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Editorial

Special Issue “Novel Anti-Proliferative Agents”

Valentina Onnis

Department of Life and Environmental Sciences, University of Cagliari, 09042 Monserrato, CA, Italy;
vonnis@unica.it

Cancer is a disease that can affect any organ and spread to other nearby or distant
organs. Cancer is the second most frequent cause of morbidity and mortality in industri-
alized countries. The American Cancer Society estimates that 1,958,310 new cancer cases
and 609,820 cancer deaths will occur in the United States in 2023 [1]. For the same year,
1,261,990 cancer deaths were predicted in EU-27 countries [2]. The availability of anticancer
drugs based on the study of oncogenes and tumor suppressors which are involved in the
emergence of human cancers has reduced the death rate and increased both the quality
of life and life expectancy of tumor patients [3–6]. However, the failure of cancer ther-
apies is still an urgent challenge due to reactions to existing treatments and multidrug
chemoresistance [7–9].

In this Special Issue, different studies were reported relating to kinase inhibitors.
Among antitumoral drugs, small molecule inhibitors of epidermal growth factor receptors
(EGFR), including Erlotinib and its analogs [10], as well as monoclonal antibodies (e.g.,
cetuximab, necitumumab), are used in the therapy of non-small-cell lung cancer (NSCLC),
breast, colon, pancreatic and thyroid cancer. Recently, studies have identified gene muta-
tions targeting the kinase domain of the EGFR that are related to the response to inhibitors.
Most EGFR mutations predict a higher benefit from treatment compared with wild-type
receptors and are correlated with clinical features related to better outcomes; some EGFR
mutations, however, confer drug resistance [11]. In this Special Issue, Youssif and co-
workers described thiazole [12], purine/pteridine [13] and quinolone derivatives [14], dual
EGFR/BRAFV600E inhibitors, as potential drugs in resistant NSCLC, in which BRAF
mutation can cause resistance, even through EGFR stimulation. The same authors also
described indole derivatives [15] as inducing apoptosis by EGFR and CDK2 dual inhibi-
tion. In NSCLC, both EGFR and its mutations, L858R/T790M, are overexpressed. New
idantoine derivatives have been reported by Beshr and collaborators as potent inhibitors of
these kinases [16].

In this Special Issue, two studies were dedicated to altering the tumor microenvi-
ronment [17,18] as a target for antiproliferative drugs. Death-associated protein kinase 1
(DAPK-1) is a positive mediator of gamma interferon-induced programmed cell death, and
the loss- and gain-of-function of DAPK1 is associated with various cancer and neurodegen-
erative diseases, respectively [19]. Roh and collaborators reported on the anti-proliferative
activity of aryl carboxamide derivatives acting as DAPK-1 inhibitors [20]. The c-Myc onco-
gene is a master regulator that has a very important role in regulating the transformed
phenotype. The effects induced by c-Myc can occur either as a primary oncogene, which is
activated by amplification or translocation, or as a downstream effect of other activated
oncogenes. c-Myc is expressed in multiple types of cancer, comprising head and neck squa-
mous cell carcinoma where it plays a fundamental role in tumor prognosis [21]. Diomede
and collaborators underlined the functional relevance of c-Myc and HIF-Myc on oral
squamous cell carcinoma (OSCC). In particular, their results indicated that c-Myc, c-Jun,
Bcl-2, hypoxia inducible factor-1α (HIF-1α), vascular endothelial growth factor, matrix
metalloproteinase-9, ERK 1/2 and pERK1/2 were overexpressed in OSCC [22]. In tumor
cells, HIF-1α is activated by a deficient oxygen supply. HIF-1α activates the Carbonic An-
hydrase (CA) IX and XII genes, leading to an improved resistance from tumoral cells to the

Pharmaceuticals 2023, 16, 1437. https://doi.org/10.3390/ph16101437 https://www.mdpi.com/journal/pharmaceuticals
1



Pharmaceuticals 2023, 16, 1437

acidic extracellular environment [23]. Shchekotikhin and collaborators described indoline-
5-sulfonamide derivatives as CAIX and CAXII inhibitors exhibiting hypoxic selectivity,
suppressing the growth of MCF7 cells and causing partial inhibition of hypoxia-induced
CA IX expression in A431 skin cancer cells [24].

Another approach to contrast tumoral cell proliferation is acting in the mitotic stage
of the cell cycle with microtubule binding agents [25] and telomerase inhibitors [26]. In
this Special Issue, Viola and collaborators described 2-anilino-triazolopyrimidines as tubu-
luin polymerization inhibitors [27], Pérez-Pérez and collaborators reported salicylamides
as affecting tubulin polymerization and/or STAT3 phosphorylation [28], Shakeel and
collaborators studied pyrazole hybrid chalcones that arrested the cell cycle, induced apop-
tosis in a dose-dependent manner and inhibited the polymerization of tubulin [29], and
El-Hamamsy and collaborators reported on selective non-nucleoside potent telomerase
inhibitor BIBR1532 derivatives that were demonstrated to inhibit telomerase inside living
cancer cells [30].

The methyltransferase-like proteins 3 (METTL3) and 14 (METTL14) in cancers have
been shown to be closely associated with the proliferation, apoptosis, metastasis and
differentiation processes in the progression of various human cancers [31,32]. In this
Special Issue, Kim and collaborators reported on Eltrombopag. This compound exhibited
selective inhibitory activity in the most active catalytic form of the METTL3–14 complex,
interacting at a putative allosteric binding site in METTL3 [33].

The Wnt/β-catenin pathway has been identified as one of the most important onco-
genic signaling pathways related to immune evasion [34,35]. In this Special Issue, Kadletz-
Wanke and collaborators reported that the inhibitor of the CBP/Beta-Catenin interaction
ICG-001 produces cytotoxic and anti-migratory effects on human papillomavirus-positive
head and neck squamous cell carcinoma [36].

In this Special Issue, the antiproliferative or cytotoxic activity of various small syn-
thetic, natural-derived molecules and their hybrids was discussed. Kim and collaborators
reported on phenylisoquinoline derivatives endowed with antiproliferative activity against
MDA-MB-231, HeLa and HepG2 cancer cell lines [37]. Ammazzalorso and collaborators
described the antiproliferative activity of benzothiazole derivatives on AsPC-1, Capan-2
and BxPC-3 pancreatic cancer cell lines [38]. Tuyun and collaborators reported that plasto-
quinone derivatives exerted notable cytotoxicity toward colon cancer HCT-116 and breast
MCF-7 cells compared to cisplatin [39]. Abdala-Díaz and collaborators reported that ulvan
polysaccharides obtained from Ulva rigida demonstrated antiproliferative activity on the
HCT-116 tumor cell line [40]. Lokeshwar and collaborators demonstrated that the conjuga-
tion of the poor bioavailable antiproliferative compounds Curcumin and dichloroacetate
by aminoacidic linkers improves bioavailability and reduced the growth of several breast
cancer cell lines and tumor growth and metastasis on transgenic mouse breast cancer (BC)
and metastatic BC tumor-bearing mice without showing signs of toxicity [41].

Curcumine and other naturally occurring agents have been proposed as cancer chemo-
preventive agents and were proposed for treating human malignancy [42,43]. Natural
products have played an important role in chemotherapy and chemoprevention by pro-
viding antitumor drugs such as camptothecin, doxorubicin, paclitaxel, vinblastine and
vincristine, as well as understanding the cellular and molecular mechanisms underlying
antitumor activity. Natural products are a rich source of bioactive molecules endowed
by a great variety of chemical scaffolds. Natural compounds are often used in traditional
medicine and used to build semisynthetic molecules with improved biological proper-
ties [44–46]. In this context, Shuvalov and collaborators reviewed the information about
plants and mushrooms, as well as their active compounds with antitumor properties. Plants
and mushrooms were divided based on the regions where they are used in ethnomedicine
to treat malignancies [47].

In conclusion, this Special Issue presented recent findings on antiproliferative com-
pounds and highlighted possible routes to discover new drugs against cancer. I hope
that this Special Issue can be of inspiration to readers working in cancer research and
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stimulate the distinct fields involved in the continuous search for novel strategies for an-
ticancer therapy. Finally, I would like to thank all of the authors and reviewers for their
valuable contributions.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: 2,3,4-trisubstituted thiazoles 3a–i, having a methyl group in position four, were synthesized
by the reaction of 1,4-disubstituted thiosemicarbazides with chloroacetone in ethyl acetate/Et3N at
room temperature or in ethanol under reflux. The structures of new compounds were determined
using NMR spectroscopy, mass spectrometry, and elemental analyses. Moreover, the structure of
compound 3a was unambiguously confirmed with X-ray analysis. The cell viability assay of 3a–i at
50 μM was greater than 87%, and none of the tested substances were cytotoxic. Compounds 3a–i

demonstrated good antiproliferative activity, with GI50 values ranging from 37 to 86 nM against the
four tested human cancer cell lines, compared to the reference erlotinib, which had a GI50 value of
33 nM. The most potent derivatives were found to be compounds 3a, 3c, 3d, and 3f, with GI50 values
ranging from 37 nM to 54 nM. The EGFR-TK and BRAFV600E inhibitory assays’ results matched the
antiproliferative assay’s results, with the most potent derivatives, as antiproliferative agents, also
being the most potent EGFR and BRAFV600E inhibitors. The docking computations were employed to
investigate the docking modes and scores of compounds 3a, 3c, 3d, and 3f toward BRAFV600E and
EGFR. Docking computations demonstrated the good affinity of compound 3f against BRAFV600E

and EGFR, with values of −8.7 and −8.5 kcal/mol, respectively.

Keywords: thiazole; thiosemicarbazide; X-ray; viability; antiproliferative; molecular modeling

1. Introduction

Kinases control many essential cancer processes, including tumor growth, metastasis,
neovascularization, and treatment resistance. Hence, the development of kinase inhibitors
has become a top priority, with several of them receiving FDA approval for a variety of
cancer purposes [1–5].

One approach for simultaneously inhibiting two or more targets is combination
chemotherapy. However, two or more drugs’ pharmacokinetic profiles and metabolic
stabilities frequently differ. Furthermore, drug–drug interactions may occur during com-
bination chemotherapy [6–8]. An alternative method for addressing these issues is to
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use a single drug to suppress two or more targets [9–12]. This approach may even make
patients’ treatment easier. The FDA has approved many dual-target or multi-target cancer
treatments. Dasatinib is a multi-targeted kinase inhibitor that can potentially be a highly
effective anticancer medication [13–17].

The acquired BRAFV600E mutation was suggested as a resistance mechanism after
therapy with an EGFR inhibitor [18,19]. The development of resistance in colorectal cancer
was also linked to the feedback stimulation of EGFR signaling [20–22]. Additionally,
BRAF inhibition can cause EGFR to become active, promoting tumor growth [23,24]. A
BRAF/EGFR combination was used to adopt these issues. In a number of studies, the
BRAF/EGFR combination was found to have a significant therapeutic effect in patients
with metastatic colorectal cancer that had BRAFV600E mutations [18,25,26]. As a result,
sequentially inhibiting the two kinases may provide a solution to the EGFR activation problem.

Thiazole and its derivatives are also among the most active chemicals, ranking first in
anticancer activity [27–29]. As well, thiazole-containing molecules were identified in a num-
ber of therapeutically available anticancer medicines (Figure 1), including tiazofurin (I) [30],
dasatinib (II) [31,32], and dabrafenib (III) [33,34].

Figure 1. Structures of thiazole-based anticancer drugs I–III and compounds IV and V.

Abdel-Maksoud et al. [35] investigated several thiazole-based compounds as potential
BRAFV600E inhibitors. Compound IV (Figure 1) had the most potent antiproliferative
activity, with a competitive BRAFV600E inhibitory action (IC50 = 0.05 μM). Furthermore,
compound IV significantly affected dose-dependent apoptosis.

We recently reported on the design and synthesis of two series of thiazole-based com-
pounds as potent antiproliferative agents targeting EGFR and BRAFV600E [36]. Compound
V (Figure 1) was shown to be the most potent derivative of all synthesized compounds,
with a GI50 value of 0.90 μM against the four evaluated cancer cell lines when compared to
the reference doxorubicin (GI50 = 1.10 μM). Compound V inhibited EGFR and BRAFV600E

with IC50 values of 74 ± 7 and 107 ± 10 nM, respectively, and was more effective than
erlotinib against EGFR (IC50 = 80 nM).
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Moreover, the sulfonamide moiety is commonly employed in medicinal chemistry as
efficient bioisosteres of the carboxylic group [37,38]. The sulfonamide motif could build
a network of hydrogen bonds similar to the carboxylic group. As the carboxylic group’s
bioisosteres, it could avoid some of the carboxylic group’s limitations, such as metabolic
instability, toxicity, and limited passive diffusion across biological membranes [37]. As
a result, the sulfonamide moiety gained popularity in medicinal chemistry, and a wide
range of sulfonamide derivatives with diverse biological properties, such as anticancer
activity [39–41], were produced.

In light of the aforementioned information, and as part of our enduring effort to develop
potent antiproliferative agents that are dual inhibitors of EGFR and BRAFV600E [42–45], we
describe the synthesis of a new set of thiazole-based compounds 3a–i (Figure 2) in this
article as antiproliferative agents that target EGFR and/or mutant BRAF. Scaffold A and B
molecules had a methyl group in position 4, a hydrazo group in position 2, a physiologically
active tosyl group for the scaffold B compounds, and a 2,4-dinitrophenyl group for the scaf-
fold A compounds (Figure 2). The cell viability of the novel derivatives was tested against a
normal human mammary gland epithelial (MCF-10A) cell line. The antiproliferative action
of 3a–i was tested on a panel of four human cancer cell lines. The ability to inhibit EGFR
and mutant BRAF was further assessed for the most active antiproliferative derivatives.
Finally, the most potent compounds’ binding modes and docking scores toward BRAFV600E

and EGFR targets were investigated.

Figure 2. The new target compounds’ 3a–i structures.

2. Results and Discussion

2.1. Chemistry

This study aimed to develop new thiazole derivatives in a straightforward manner.
Indeed, a novel series of (Z)-3-substituted-2-(2-substituted)-hydrazinylidene)-4-methyl-
2,3-dihydrothiazoles 3a–i were synthesized in an excellent yield of 78–99% via a mixture
of substituted hydrazine-carbothioamides 1a–i [46–49] and chloroacetone (2) in ethyl ac-
etate as a solvent. Et3N catalyzed the reaction by stirring overnight at room temperature
or refluxing in ethanol for 6–10 hrs (Scheme 1). For example, compound 3a was ob-
tained in (AcOEt/Et3N: 98%) and (EtOH: 85%) yield after recrystallization (Table 1). The
structure assignment for all obtained products 3a–i was confirmed by IR, NMR analysis
(Supplementary File Figures S2–S32) of the expected chemical shifts, mass spectrometry,
elemental analysis, and X-ray crystallography.
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Scheme 1. Syntheses of substituted thiazoles 3a–i.

Table 1. Yield percentage of 3a–i via method A and method B.

Compound 3a 3b 3c 3d 3e 3f 3g 3h 3i

Method A 98 99 96 94 94 92 90 89 87

Method B 85 84 83 78 83 86 83 83 78

Compound 3a was chosen as a representative example, which was assigned as (Z)-
3-benzyl-2-(2-(2,4-dinitrophenyl)hydrazinylidene)-4-methyl-2,3-dihydrothiazole and ex-
hibited a molecular formula C17H15N5O4S with mass m/z (385). Elemental analysis and
mass spectrometry confirmed that 3a was formed by an interaction between one mole of
N-benzyl-2-(2,4-dinitrophenyl)hydrazinecarbothioamide (1a) and one mole of chloroace-
tone (2), with the loss of a molecule of HCl and another molecule of H2O. FTIR analysis of
thiazole compound 3a showed different peaks at 3286 cm−1 due to hydrazo-NH stretch-
ing, 3085 cm−1 for aromatic stretching-CH, and 2978 cm−1 for aliphatic-CH as well as
two peaks at 1609 and 1548 cm−1 for C=N and C=C, respectively. IR showed a peak at
1399 and 1117 cm−1 for the NO2 group. Further, in the 1H NMR spectrum of 3a, five singlet
signals were distinguished at δH = 1.98, 5, 6.42, 8.68, and 10.38 ppm, which were assigned
as CH3, benzyl-CH2, thiazole-H, 2,4-dinitrophenyl-H-3, and hydrazono-NH, respectively
(Figure 3). The 13C NMR spectrum for compound 3a revealed signals at δC = 13.78, 47.16,
and 94.49 ppm, which were assigned as CH3, benzyl-CH2, and thiazole-C5, respectively.
Moreover, C4 and C2 gave signals at δC = 135.13 and 164.14 ppm, respectively.

 
Figure 3. Structure elucidation of compounds 3a and 3g.

To make comparable results, we chose another compound, 3g, which was assigned
as (Z)-4-methyl-N′-(4-methyl-3-phenylthiazol-2(3H)-ylidene) benzenesulfonohydrazide,
with a molecular formula C17H17N3O2S2 (m/z = 359). Compound 3g is analogous for
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the above compound by replacing the benzyl group and 2,4-dinitrophenyl with phenyl
and 4-methyl-benzensulfonoyl groups, respectively. The 1H NMR for this compound is
similar for compound 3a unless the 1,4-disubstituted benzene gives characteristic signals
as a doublet at δH = 6.40 (d, 2H) and 7.31 ppm (d, 2H), which were assigned as H-m and
H-o, respectively. Moreover, by comparing the data for the two compounds, as shown in
Figure 3, it is clear that the reaction behaves the same with the difference in the substitutes
and that the difference is a slight difference in the chemical shift’s results for the difference
only in the nature of the substituted groups.

Another example is compound 3b, which was assigned as (Z)-2-(2-(2,4-dinitrophenyl)-
hydrazinylidene)-3-ethyl-4-methyl-2,3-dihydrothiazole and has the same spectral data as
compound 3a except that the benzyl group was replaced with ethyl, which gives two char-
acteristic signals as triplet–quartet and appears in its 1H NMR spectrum at δH = 1.28–1.38
(t, J = 3 Hz; 3H, ethyl-CH3) and 3.88–3.98 ppm (q, J = 3 Hz; 2H, ethyl-CH3) and was con-
firmed from its 13C NMR spectrum, with two signals at δH = 12.98 (ethyl-CH3) and
30.67 ppm (ethyl-CH2).

Furthermore, the structures for the obtained products were confirmed via X-ray crys-
tallography. Moreover, the X-ray measurements of compound 3b showed that the molecule
(except the C-atom of the ethyl substituent, C21) is virtual planar. The aromatic ring is
coplanar with the thiazole ring, and the ethyl group has the hours conformation structure.
The angle between the thiazole and the aromatic ring is 6.37(7)◦, between the thiazole
and the hydrazinylidene moiety is 2.98(14)◦, and between the aromatic ring and the hy-
drazinylidene moiety is 6.56(9)◦ (angle between the L.S. planes of the moieties). In addition,
the geometric structure around the exocyclic C=N has cissoid geometry concerning the
thiazole S-atom and the hydrazo-group (Figure 4). The geometrical parameters (selected
bond distance, bond angles, and dihedral angles; see Table 2) are in good correlation with
the theoretical values.

 
Figure 4. The crystal structure of (Z)-2-(2-(2,4-dinitrophenyl)hydrazinylidene)-3-ethyl-4-methyl-2,3-
dihydrothiazole 3b.

Table 2. Selected geometric parameters (Å, ◦) for 3b.

S1—C5 1.742 (2) N3—C4 1.394 (2)

S1—C2 1.7465 (19) C4—C5 1.327 (3)

C2—N6 1.298 (2) N6—N7 1.377 (2)

C2—N3 1.370 (2) N7—C8 1.337 (2)

C5—S1—C2 90.45 (9) N3—C4—C22 119.73 (19)

N6—C2—N3 121.44 (17) C4—C5—S1 112.19 (14)
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Table 2. Cont.

N6—C2—S1 128.53 (15) C4—C5—H5 123.9

N3—C2—S1 110.03 (13) S1—C5—H5 123.9

C2—N3—C4 113.80 (16) C2—N6—N7 113.44 (16)

C2—N3—C20 120.49 (17) C8—N7—N6 121.10 (17)

C4—N3—C20 125.43 (18) C8—N7—H7 119.5

C5—C4—N3 113.50 (17) N6—N7—H7 119.5

C5—C4—C22 126.76 (19)

N3—C2—N6—N7 −179.55 (16) N6—N7—C8—C9 1.6 (3)

S1—C2—N6—N7 0.1 (3) N6—N7—C8—C13 −178.62 (16)

C2—N6—N7—C8 −174.03 (17)

Based on the above results and the X-ray confirmation of our obtained products, the
proposed mechanism is as follows. First, the nucleophilic attack of sulfur on the primary
carbon atom results in the formation of the intermediate, B (S-alkylation), via the transition
state, A. Another nucleophilic attack on the nitrogen atom on the carbonyl carbon gives the
intermediate, C, followed by water molecule (dehydration) loss to give the target product.
The reaction mechanism proceeds via the SN

2 reaction type (Scheme 2).

Scheme 2. The hypothesized mechanism for the synthesis of thiazole compounds 3a–i.

2.2. Biology
2.2.1. Cell Viability Assay

The human mammary gland epithelial (MCF-10A) cell line was used to test the
viability of the novel compounds [50,51]. After four days of incubation on MCF-10A cells,
the vitality of compounds 3a–i was determined using the MTT method. According to
Table 3, the cell viability at 50 μM was greater than 87% for all tested agents, and none of
the tested substances were cytotoxic.
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Table 3. IC50 values of compounds 3a–i against four cancer cell lines.

Compound Cell Viability %
Antiproliferative Activity IC50 ± SEM (nM)

A-549 MCF-7 Panc-1 HT-29 Average

3a 89 45 ± 4 49 ± 4 48 ± 4 48 ± 4 48

3b 91 78 ± 7 82 ± 8 80 ± 8 80 ± 8 80

3c 90 50 ± 5 56 ± 5 54± 5 54 ± 5 54

3d 92 43 ± 4 47 ± 4 46 ± 4 46 ± 4 46

3e 87 71 ± 7 74 ± 7 72 ± 7 72 ± 7 72

3f 89 35 ± 3 40 ± 3 37 ± 3 37 ± 3 37

3g 90 58 ± 5 63 ± 6 60± 6 58 ± 5 60

3h 92 63 ± 6 68 ± 6 65 ± 6 65 ± 6 65

3i 95 84 ± 8 89 ± 8 86 ± 8 86 ± 8 86

Erlotinib - 30 ± 3 40 ± 3 30 ± 3 30 ± 3 33

2.2.2. Antiproliferative Assay

The MTT assay was used to investigate the antiproliferative activity of 3a–i against
four human cancer cell lines: the colon cancer (HT-29) cell line, pancreatic cancer (Panc-1)
cell line, lung cancer (A-549) cell line, and breast cancer (MCF-7) cell line, using erlotinib as
the reference [52,53]. Table 3 shows the median inhibitory concentration (IC50).

In general, the examined compounds 3a–i displayed good antiproliferative activity,
with average IC50 (GI50) values ranging from 37 to 86 nM against the four tested human
cancer cell lines, compared to the reference erlotinib (GI50 = 33 nM).

The most potent derivatives were compounds 3a, 3c, 3d, and 3f, with GI50 values
ranging from 37 nM to 54 nM. Compound 3f (Ar = 2,4-di-NO2-C6H3, R = 4-CH3-C6H5) was
the most potent derivative of all synthesized compounds, with a GI50 value of 37 nM against
the four tested human cancer cell lines, comparable to the reference erlotinib (GI50 = 33 nM).
By replacing the p-tolyl group in compound 3f with a cyclohexyl moiety, compound 3d

(Ar = 2,4-di-NO2-C6H3, R = C6H11) was found to be the second-most potent compound,
with a GI50 value of 46 nM, being 1.3-fold less potent than compound 3f, demonstrating
the importance of the p-tolyl moiety in antiproliferative activity.

The benzyl derivative, 3a (Ar = 2,4-di-NO2-C6H3, R = CH2-C6H5), was less potent
than 3f and 3d, with a GI50 value of 48 nM against the tested four cancer cell lines, while
the allyl derivatives, 3c (Ar = 2,4-di-NO2-C6H3, R = CH2CH = CH2), showed moderate
antiproliferative activity, with a GI50 value more than 50 nM. These findings show that
allyl and benzyl groups are not preferred for the antiproliferative activity of scaffold A
compounds 3a–f.

The remaining scaffold A compounds, 3b (Ar = 2,4-di-NO2-C6H3, R = CH2CH3) and
3e (Ar = 2,4-di-NO2-C6H3, R = C6H5), had GI50 values of 80 nM and 72 nM, respectively.
Compounds 3b and 3e were 2.2- and 2-fold less potent than 3f, respectively, indicating
weak antiproliferative activity (Table 3).

With GI50 values of 60 nM, 65 nM, and 86 nM, scaffold B compounds 3g, 3h,
and 3i demonstrated moderate-to-weak antiproliferative activity. Compound 3i

(Ar = p-CH3-C6H4-SO2, R = CH2CH3) was the least potent derivative of any of the syn-
thesized compounds, with a GI50 value of 86 nM, which is less potent than its congeners,
3b (scaffold A), which has the same structure, but the aryl moiety was p-CH3-C6H4-SO2,
while in 3b it was 2,4-di-NO2-C6H3. These findings demonstrated that 2,4-di-NO2-C6H3
significantly affects the antiproliferative action of the newly synthesized compounds.
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2.2.3. Assay for EGFR Inhibition

The most promising antiproliferative compounds, 3a, 3c, 3d, and 3f, were further
evaluated for their suppressive impact on EGFR as a probable target for their mechanism of
action [50,54,55]. Table 4 compares the IC50 values to erlotinib, which worked as a control.

Table 4. IC50 of compounds 3a, 3c, 3d, and 3f against EGFR and BRAFV600E.

Compound
EGFR Inhibition
IC50 ± SEM (nM)

BRAFV600E Inhibition
IC50 ± SEM (nM)

3a 93 ± 8 117 ± 10

3c 98 ± 9 126 ± 11

3d 91 ± 7 112 ± 10

3f 89 ± 7 93 ± 8

Erlotinib 80 ± 5 60 ± 5

The EGFR-TK inhibitory assay results matched the antiproliferative assay results, with
the most potent derivatives, as antiproliferative agents, also being the most potent EGFR
inhibitors. Compounds 3a, 3c, 3d, and 3f inhibited EGFR, with IC50 values ranging from 89
to 98 nM, but the tested compounds were less potent than erlotinib (IC50 = 80 nM). The most
potent antiproliferative agent, compound 3f (Ar = 2,4-di-NO2-C6H3, R = 4-CH3-C6H5), was
also the most potent EGFR inhibitor, with an IC50 value of 89 ± 7, being 1.1-fold less potent
than standard erlotinib.

Compounds 3a (Ar = 2,4-di-NO2-C6H3, R = CH2-C6H5) and 3d (Ar = 2,4-di-NO2-C6H3,
R = C6H11) ranked third and second in EGFR suppression, with IC50 values of 93 ± 8 and
91 ± 7 nM, respectively, being 1.15-fold less potent than erlotinib (IC50 = 80 ± 5 nM). These
findings suggest that EGFR-TK could be a molecular target for the tested compound’s
antiproliferative action.

2.2.4. BRAFV600E Inhibitory Assay

Derivatives 3a, 3c, 3d, and 3f were further investigated as possible BRAFV600E in-
hibitors [56]. Table 4 displays the IC50 values compared to erlotinib, which was used as
a control. According to Table 4, the evaluated derivatives had a promising BRAFV600E

suppressive action, with IC50 values ranging from 93 to 126 nM, making them approxi-
mately 1.5-fold less effective than erlotinib (IC50 = 60 nM). Compound 3f, the most potent
derivative in the antiproliferative and EGFR suppressive assays, was also the most effective
derivative as anti-BRAFV600E (IC50 = 93 ± 8 nM). These findings show that compound 3a

has potent antiproliferative activity as a dual EGFR/BRAFV600E inhibitor, implying that
further structural modifications may be required to obtain a more potent lead compound
for future development.

2.3. In Silico Study

AutoDock4.2.6 software was used to investigate the binding scores and poses of com-
pounds 3a, 3c, 3d, and 3f against BRAFV600E and EGFR. The estimated docking features and
scores are listed in Table 5. As tabulated in Table 5, all inspected compounds revealed good
docking scores against BRAFV600E and EGFR targets, ranging from −7.8 to −8.7 kcal/mol
and from −7.9 to −8.5 kcal/mol, respectively. The good docking scores of the inspected
compounds toward BRAFV600E and EGFR may be imputed to their capability of forming
H-bonds and vdW, pi-based, and hydrophobic interactions with the proximal residues
within the active sites of the investigated targets (Table 5).
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Table 5. Predicted binding features and docking scores for the top investigated compounds toward
EGFR and BRAFV600E.

Compound

EGFR BRAFV600E

Docking Scores
(kcal/mol)

Binding Features
Docking Scores

(kcal/mol)
Binding Features a

3a −8.0 CYS773 (2.21 Å) −8.4 LYS483 (2.15 Å), THR529 (2.38 Å),
ASP594 (2.12 Å)

3c −7.9 CYS773 (2.15 Å) −7.8 LYS483 (2.13 Å)
ASP594 (1.93 Å)

3d −8.1 CYS773 (2.17 Å) −8.5 LYS483 (1.93 Å), GLY596 (2.32 Å),
THR529 (2.66 Å), ASP594 (2.14 Å)

3f −8.5 CYS773 (2.18 Å) −8.7 LYS483 (2.15 Å), THR529 (2.38 Å),
ASP594 (2.12 Å)

Erlotinib −8.6 MET769 (1.62 Å),
CYS773 (1.91 Å)

−8.4 THR529 (2.07),
CYS532 (2.02)

a Only hydrogen bonds are presented in Å.

Compound 3f demonstrated superior docking scores of −8.7 and −8.5 kcal/mol
against BRAFV600E and EGFR, respectively. Inspecting the docking mode of compound 3f

with the EGFR active site unveiled that this compound formed one H-bond with CYS773
(2.18 Å). Moreover, compound 3f exhibited two carbon–hydrogen bonds with LEU768
and pi–anion interaction with ASP831. On the other hand, compound 3f, complexed with
BRAFV600E, demonstrated three H-bonds with LYS483 (2.15 Å), THR529 (2.38 Å), and
ASP594 (2.12 Å). Additionally, compound 3f established pi–cation interaction with LYS483
and pi–pi stacking interaction with PHE583 and TRP531 residues (Figure 5).

Figure 5. Molecular interactions of compound 3f within (a) EGFR and (b) BRAFV600E active sites.
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Compound 3d showed the second-lowest docking score, with values of −8.5 and
−8.1 kcal/mol against BRAFV600E and EGFR, respectively. Compound 3d displayed one
hydrogen bond with the CYS773 (2.17 Å) within the active site of EGFR. However, com-
pound 3d demonstrated four H-bonds with the LYS483 (1.93Å), GLY596 (2.32 Å), THR529
(2.66 Å), and ASP594 (2.14 Å) of BRAFV600E.

Compound 3a exposed the third-lowest docking score, with values of −8.4 and
−8.0 kcal/mol against BRAFV600E and EGFR, respectively (Table 5). Compound 3a made
one H-bond with the CYS773 (2.21 Å) of EGFR, while compound 3a exhibited three H-bonds
with the LYS483 (2.15 Å), THR529 (2.38 Å), and ASP594 (2.12 Å) within the BRAFV600E

binding pocket.
Compound 3c also unveiled good docking scores, with values of −7.8 and −7.9 kcal/mol

against BRAFV600E and EGFR, respectively (Table 5). Observably, compound 3c established
one H-bond with the CYS773 (2.15 Å) of EGFR and two H-bonds with the LYS483 (2.13 Å)
and ASP593 (1.93 Å) of BRAFV600E.

Erlotinib, a reference drug, showed docking scores of −8.4 and −8.6 kcal/mol to-
ward BRAFV600E and EGFR, respectively (Table 5). From Table 5, erlotinib demonstrated
two H-bonds with the CYS773 (1.91 Å) and MET769 (1.62 Å) within the EGFR binding
pocket. In addition, erlotinib also displayed two H-bonds with CYS532 (2.02 Å) and
THR529 (2.07 Å).

3. Material and Methods

3.1. Chemistry

General information: refer to Supplementary Information.
The starting materials, 1a–i, were synthesized in accordance with the documented

methods [46–48]

3.1.1. General Procedure of Synthesis of Trisubstituted Thiazoles 3a–i

Method A

In a conical flask containing 10 mL ethyl acetate and two drops of Et3N as a catalyst,
0.092 gm of chloroacetone were dissolved (2). To this mixture, 1 mmol of thiosemicarbazides
1a–i in 10 mL ethyl acetate was added drop by drop while stirring. After addition was
complete, the reaction mixture was stirred for 24 h. The reaction mixture was monitored
with TLC. After the reaction was completed, the formed precipitate was filtered off and
recrystallized from ethanol to afford products 3a–i as fine crystals.

Method B

In a 50 mL round-bottom flask containing 20 mL absolute ethanol, a molar ratio (1:1)
mixture of chloroacetone and substituted thiosemicarbazides 1a–i was added. The flask
was fitted with a condenser and was refluxed for 6–10 h. The reaction was monitored with
TLC to assure the reaction completion. Then, the reaction mixture was cooled to room
temperature, and the formed precipitate was filtered off and recrystallized from ethanol to
afford products 3a–i.

(Z)-3-Benzyl-2-(2-(2,4-Dinitrophenyl)Hydrazineylidene)-4-Methyl-2,3-Dihydrothiazole (3a)

This compound was found as red crystals from methanol in (98% and 85%) yield, with
m.p., 215–217 ◦C; 1H NMR (DMSO-d6): δ 1.98 (s, 3H, CH3), 5.00 (s, 2H, benzyl-CH2), 6.42 (s,
1H, H-5), 7.10–8.28 (m, 6H, Ar-H), 7.96–8.01 (d, 1H, Ar-H), 8.68 (s, 1H, Ar-H), 10.38 (s, 1H,
NH) ppm; 13C NMR (DMSO-d6): δ 13.7 (CH3), 47.1 (benzyl-CH2), 94.5 (C5), 115.5, 123.4,
126.6, 127.4, 127.7, 128.7 (Ar-CH), 129.5, 136.7, 136.7, 144.3 (Ar-C), 135.1 (C4), 164.1 (C2)
ppm; IR: ν = 3286 (NH),3085 (Ar-CH), 2978 (ali-CH), 1609 (C=N), 1548 (Ar-C=C), 1399,
1117 (NO2) cm−1; MS (70 eV): m/z (%) = 385 (M+, 30). Anal. Calcd. For C17H15N5O4S
(385.40): C, 52.98; H, 3.92; N, 18.17; S, 8.32. Found: C, 52.89; H, 3.81; N, 18.06; S, 8.23.
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(Z)-2-(2-(2,4-Dinitrophenyl)Hydrazineylidene)-3-Ethyl-4-Methyl-2,3-Dihydrothiazole (3b)

This compound was found as red crystals from methanol in (99% and 84%) yield, with
m.p., 176–177 ◦C; 1H NMR (DMSO-d6): δ 1.28–1.38 (t, 3H, J = 3, CH3), 2.1 (s, 3H, CH3),
3.88–3.98 (q, 2H, J = 3, CH2), 6.14 (s, 1H, H-5), 7.48–7.54 (d, 1H, Ar-H), 8.22–8.28 (d, 1H,
Ar-H), 8.82 (s, 1H, Ar-H), 10.46 (s, 1H, NH) ppm; 13C NMR (DMSO-d6): δ 12.9 (ethyl-CH3),
13.4 (CH3), 30.6 (ethyl-CH2), 94.0 (C5), 115.5, 123.4, 127.6 (Ar-CH), 129.7, 136.8, 144.3 (Ar-C),
135.0 (C4), 163.6 (C2) ppm. IR: ν = 3115 (NH), 3078 (Ar-CH), 2988 (ali-CH), 1612 (C=N),
1557 (Ar-C=C), 1373, 1132 (NO2). MS (70 eV): m/z (%) = 323 (M+, 54). Anal. Calcd. For
C12H13N5O4S (323.33): C, 44.58; H, 4.05; N, 21.66; S, 9.92. Found: C, 44.46; H, 3.98; N, 21.57;
S, 9.87.

(Z)-3-Allyl-2-(2-(2,4-Dinitrophenyl)Hydrazineylidene)-4-Methyl-2,3-Dihydrothiazole (3c)

This compound was found as red crystals from methanol in (96% and 83%) yield, with
m.p. 197–198 ◦C; 1H NMR (DMSO-d6): δ 2.16 (s, 3H, CH3), 4.52–4.58 (m, 2H, allyl-CH2),
5.10–5.28 (m, 2H, allyl-CH2=), 5.96–6.06 (m, 1H, allyl-CH=), 6.16 (s, 1H, H-5), 7.46–7.52 (d,
1H, Ar-H), 8.22–8.28 (d, 1H, Ar-H), 8.85 (s, 1H, Ar-H), 10.48 (s, 1H, NH) ppm; 13C NMR
(DMSO-d6): δ 13.4 (CH3), 46.1 (allyl-CH2), 94.17 (C5), 116.6 (allyl-CH2=), 115.6, 123.4,
128.3 (Ar-CH), 129.7, 136.9, 144.3 (Ar-C), 135.2 (C4), 136.9 (allyl-CH=), 164.4 (C2) ppm. IR:
ν = 3105 (NH),3093 (Ar-CH), 2978 (ali-CH), 1606 (C=N), 1562 (Ar-C=C), 1374, 1206 (NO2).
MS (70 eV): m/z (%) = 335 (M+, 93). Anal. Calcd. For C13H13N5O4S (335.34): C, 46.56; H, 3.91;
N, 20.88; S, 9.56. Found: C, 46.48; H, 3.85; N, 20.79; S, 9.47.

(Z)-3-Cyclohexyl-2-(2-(2,4-Dinitrophenyl)Hydrazineylidene)-4-Methyl-2,3-Dihydrothi-
Azole (3d)

This compound was found as red crystals from methanol in (94% and 78%) yield,
with m.p., 204–206 ◦C; 1H NMR (DMSO-d6): δ 1.34–1.46 (m, 10H, cyclohexyl-CH2),
1.69–184 (m, 1H, cyclohexyl-CH), 2.21 (s, 3H, CH3), 6.10 (s, 1H, H-5), 7.36–7.39 (d,
1H, Ar-H), 8.29–8.32 (dd, 1H, Ar-H), 8.84–8.85 (d, 1H, Ar-H), 10.48 (s, 1H, NH) ppm. IR:
ν = 3110 (NH),3015 (Ar-CH), 2925 (ali-CH), 1608 (C=N), 1544 (Ar-C=C), 1323, 1034 (NO2).
MS (70 eV): m/z (%) = 377 (M+, 80) Anal. Calcd. For C16H19N5O4S (377.42): C, 50.92; H, 5.07;
N, 18.56; S, 8.49. Found: C, 50.82; H, 4.93; N, 18.48; S, 8.43.

(Z)-2-(2-(2,4-Dinitrophenyl)Hydrazineylidene)-4-Methyl-3-Phenyl-2,3-Dihydrothiazole (3e)

This compound was found as red crystals from methanol in (94% and 83%) yield, with
m.p., 231–233 ◦C; 1H NMR (DMSO-d6): δ 1.80 (s, 3H, CH3), 6.34 (s, 1H, H-5), 7.14–7.17 (d,
1H, Ar-H), 7.49–7.36 (m, 5H, Ar-H), 8.26–8.30 (dd, 1H, Ar-H), 8.85–8.86 (d, 1H, Ar-H),
10.47 (s, 1H, NH) ppm; 13C NMR (DMSO-d6): δ 14.5 (CH3), 95.3 (C5), 115.5, 123.3, 127.8,
128.5, 128.9, 129.6 (Ar-CH), 129.7, 136.2, 136.5, 144.5 (Ar-C), 135.2 (C4), 165.5 (C2) ppm; IR:
ν = 3226 (NH), 3118 (Ar-CH), 2975 (ali-CH), 1603 (C=N),1555 (Ar-C=C), 1355, 1133 (NO2)
cm−1; MS (70 eV): m/z (%) = 371 (M+, 8). Anal. Calcd. For C16H13N5O4S (371.37): C, 51.75;
H, 3.53; N, 18.86; S, 8.63. Found: C, 51.68; H, 3.49; N, 18.79; S, 8.52.

(Z)-2-(2-(2,4-Dinitrophenyl)Hydrazineylidene)-4-Methyl-3-(p-Tolyl)-2,3-Dihydrothi-
Azole (3f)

This compound was found as red crystals from methanol in (92% and 86%) yield,
with m.p., 198–199 ◦C; 1H NMR (DMSO-d6): δ 1.87 (s, 3H, CH3), 2.40 (s, 3H, tolyl-CH3),
6.32 (s, 1H, H-5), 7.14–7.17 (d, 1H, Ar-H), 7.35–7.39 (m, 4H, Ar-H), 8.19–8.24 (dd, 1H,
Ar-H), 8.81–8.83 (d, 1H, Ar-H), 10.47 (s, 1H, NH) ppm; 13C NMR (DMSO-d6): δ 14.5 (CH3),
20.7 (tolyl-CH3), 95.1 (C5), 115.5, 123.6, 127.8, 128.2, 129.7 (Ar-CH), 130.1, 134.1, 137.5, 138.4,
144.4 (Ar-C), 136.1 (C4), 165.4 (C2) ppm. IR: ν = 3226 (NH),3088 (Ar-CH), 2945 (ali-CH),
1607 (C=N), 1559 (Ar-C=C), 1383, 1172 (NO2). MS (70 eV): m/z (%) = 385 (M+, 13). Anal.
Calcd. For C17H15N5O4S (385.40): C, 52.98; H, 3.92; N, 18.17; S, 8.32. Found: C, 52.89; H,
3.87; N, 18.11; S, 8.25.

16



Pharmaceuticals 2023, 16, 1014

(Z)-4-Methyl-N′-(4-Methyl-3-Phenylthiazol-2(3H)-Ylidene) Benzenesulfonohydrazide (3g)

This compound was found as pale-yellow crystals from methanol in (90% and 83%)
yield, with m.p., 193–194 ◦C; 1H NMR (DMSO-d6): δ 2.13 (s, 3H, CH3), 2.30 (s, 3H,
tolyl-CH3), 5.93 (s, 1H, H-5), 6.40 (d, 2H, tolyl-H-m), 6.93 (m, 1H, Ar-H), 7.19 (m, 2H, Ar-H),
7.31 (d, 2H, tolyl-H-o), 7.69 (m, 2H, Ar-H), 10.92 (s, 1H, NH) ppm; 13C NMR (DMSO-d6): δ
13.8 (CH3), 20.9 (tolyl-CH3), 91.0 (C5), 120.5, 122.9, 127.7, 128.9, 129.2 (Ar-CH), 137.6, 143.5,
148.5 (Ar-C), 136.0 (C4), 155.2 (C2) ppm. IR: ν = 3130 (NH),3062 (Ar-CH), 2920 (ali-CH), 1595
(C=N), 1561 (Ar-C=C). MS (70 eV): m/z (%) = 359 (M+, 100). Anal. Calcd. For C17H17N3O2S2
(359.46): C, 56.80; H, 4.77; N, 11.69; S, 17.84. Found: C, 56.73; H, 4.69; N, 11.63; S, 17.73.

(Z)-N′-(3-Allyl-4-Methylthiazol-2(3H)-Ylidene)-4-Methyl Benzenesulfonohydrazide (3h)

This compound was found as pale-yellow crystals from methanol in (89% and 83%)
yield, with m.p., 236–238 ◦C. IR: ν = 3115 (NH),3078 (Ar-CH), 2988 (ali-CH), 1612 (C=N),
1557 (Ar-C=C), 1373, 1132 (NO2) cm−1. MS (70 eV): m/z (%) = 323 (M+, 100). Anal. Calcd.
For C14H17N3O2S2 (323.43): C, 51.99; H, 5.30; N, 12.99; S, 19.83. Found: C, 51.91; H, 5.23; N,
12.92; S, 19.78.

(Z)-N′-(3-Ethyl-4-Methylthiazol-2(3H)-Ylidene)-4-Methyl Benzenesulfonohydrazide (3i)

This compound was found as pale-yellow crystals from methanol in (87% and 78%)
yield, with m.p., 236–238 ◦C. 1H NMR (DMSO-d6): δ 1.26–1.39 (t, 3H, CH3), 2.12 (s, 3H, CH3),
3.80–3.96 (q, 2H, CH2), 5.91 (s, 1H, H-5), 6.42 (d, 2H, Ar-H), 7.13 (d, 2H, Ar-H), 10.89 ppm
(s, 1H, NH). IR: ν = 3112 (NH), 3044 (Ar-CH), 2946 (ali-CH), 1613 (C=N), 1545 (Ar-C=C),
cm−1;. MS (70 eV): m/z (%) = 311 (M+, 65). Anal. Calcd. For C13H17N3O2S2 (311.42): C, 50.14;
H, 5.50; N, 13.49; O, 10.27; S, 20.59. Found: C, 50.09; H, 5.41; N, 13.39; S, 20.53.

3.1.2. Crystal X-ray Structure Determination of 3b

Compound 3b was obtained as single crystals by recrystallization from methanol.
Bruker D8 Venture diffractometer with Photon II detector at 298(2) K using Cu-Kα radiation
(λ = 1.54178 Å) was used to study the single-crystal X-ray diffraction. Moreover, we used
dual space methods (SHELXT for 5a) [57,58] for the structure solution, and refinement was
carried out using SHELXL-2014 (full-matrix least-squares on F2) [59]. Hydrogen atoms
were localized by difference electron density determination and refined using a riding
model. Semi-empirical absorption corrections and a general RIGU restraint were applied.

3b: red crystals, C12H13N5O4S, Mr = 323.33, crystal size 0.20 × 0.04 × 0.02 mm,
triclinic, space group P-1 (No. 2), a = 7.0981(2) Å, b = 8.2929(2) Å, c = 13.0081(4) Å,
α = 101.598(1)◦, β = 103.030(1)◦, γ = 92.366(1)◦, V = 727.74(4) Å3, Z = 2, ρ = 1.476 Mg/m−3,
μ(Cu-Kα) = 2.24 mm−1, F(000) = 336, T = 298 K, 2θmax = 144.4◦, 13,774 reflections, of
which 2874 were independent (Rint = 0.058), 200 parameters, 165 restraints (see cif-file
for details), R1 = 0.063 (for 2692 I > 2σ(I)), wR2 = 0.170 (all data), S = 1.07, largest diff.
peak/hole = 0.78/−0.40 e Å−3.

CCDC 2265616 (3b) contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from the Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif (accessed on 24 June 2023).

3.2. Biology
3.2.1. Cell Viability Assay

The human mammary gland epithelial (MCF-10A) cell line was used to test the
viability of compounds 3a–i [50,60]. See Supplementary Information.

3.2.2. Antiproliferative Assay

The MTT assay was used to investigate 3a–i’s antiproliferative activity versus
four human cancer cell lines: colon cancer (HT-29) cell line, pancreatic cancer (Panc-1) cell
line, lung cancer (A-549) cell line, and breast cancer (MCF-7) cell line, using erlotinib as the
reference [52,53]. See Supplementary Information.
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3.2.3. EGFR Inhibitory Assay

Compounds 3a, 3c, 3d, and 3f were further evaluated for their suppressive effect
versus EGFR as a probable molecular target for their mechanism of action [50,54]. See
Supplementary Information.

3.2.4. BRAFV600E Inhibitory Assay

Derivatives 3a, 3c, 3d, and 3f were further investigated as possible BRAFV600E

inhibitors [61]. See Supplementary Information.

3.3. In Silico Study

The crystal structures of BRAFV600E and EGFR, with PDB codes 3OG7 [62] and
1M17 [63], respectively, were prepared for all docking computations. All heteroatoms,
water molecules, ligands, and ions were removed to prepare the PDB files. Modeler soft-
ware was applied to construct all missing amino acids [64,65]. The protonation state of
titratable residues of the investigated targets was estimated using PropKa software at
pH 7.0 [66]. The 3D structure of the investigated compounds was energetically minimized
using the MMFF94S force field within SZYBKI software [67,68].

For docking computations, AutoDock4.2.6 software was utilized [69]. All docking
parameters were set to default values, except GA run and energy evaluation, which were
250 and 25,000,000, respectively. The active site of the investigated targets was inspected
by a grid box with a size of 50 Å × 50 Å × 50 Å. The grid maps were generated using the
AutoGrid program with a spacing of 0.375 Å. Gasteiger–Marsili method was employed to
assign the atomic charges of the chemical compounds [70]. Discovery Studio module of
Biovia software 17.1.0.115 was utilized to visualize all drug–protein interactions [71].

4. Conclusions

Using simple interactions between thiosemicarbazides and chloroacetone, a novel set
of heterocycles with thiazole rings was developed. All obtained derivatives were validated
using various spectral data such as IR, NMR, mass spectrometry, elemental analysis, and
X-ray crystallography. The newly synthesized compounds, 3a–i, were evaluated against
a panel of four human cancer cell lines, with compounds 3a, 3c, 3d, and 3f being the
most potent variants. The in vitro assay results demonstrated that compound 3f possesses
potent antiproliferative activity as a dual EGFR/BRAFV600E inhibitor, signaling that further
structural modifications may be needed to establish a more potent lead molecule for future
development. Finally, the docking analysis results showed that all inspected compounds
revealed good docking scores toward BRAFV600E and EGFR.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/ph16071014/s1. Figure S1: The crystal structure of (Z)-2-(2-(2,4-
dinitrophenyl)hydrazineylidene)-3-ethyl-4-methyl-2,3-dihydrothiazole 3b; Figures S2–S32: IR and
NMR analysis of the structure assignment for all obtained products 3a–i.
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Abstract: The investigation of novel EGFR and BRAFV600E dual inhibitors is intended to serve
as targeted cancer treatment. Two sets of purine/pteridine-based derivatives were designed and
synthesized as EGFR/BRAFV600E dual inhibitors. The majority of the compounds exhibited promising
antiproliferative activity on the cancer cell lines tested. Compounds 5a, 5e, and 7e of purine-based
and pteridine-based scaffolds were identified as the most potent hits in anti-proliferative screening,
with GI50 values of 38 nM, 46 nM, and 44 nM, respectively. Compounds 5a, 5e, and 7e demonstrated
promising EGFR inhibitory activity, with IC50 values of 87 nM, 98 nM, and 92 nM, respectively, when
compared to erlotinib’s IC50 value of 80 nM. According to the results of the BRAFV600E inhibitory assay,
BRAFV600E may not be a viable target for this class of organic compounds. Finally, molecular docking
studies were carried out at the EGFR and BRAFV600E active sites to suggest possible binding modes.

Keywords: cancer; EGFR; BRAF; anti-proliferative; purine; pteridine; docking

1. Introduction

Enhanced understanding of therapeutic targets plays a significant role in the advance-
ment of new drugs in cancer research. This approach is based on the assumption that
altering a particular cancer biomarker will lead to a positive treatment result [1]. The
selectivity of anti-cancer drugs can significantly enhance their effectiveness in damaging
cancer cells while minimizing adverse reactions on healthy cells [2]. However, due to drug
resistance, suppressing just one target often has only a temporary impact. To obtain optimal
outcomes, it is essential to target multiple targets simultaneously due to the diversity in
cancers [3,4].

One strategy for simultaneously blocking two or more targets is combined chemother-
apy. Yet there are frequently discrepancies between the pharmacokinetic properties and
metabolic stabilities of two or more medications. Moreover, the use of multiple medications
at the same time may result in hazardous medication interactions [5]. These issues might be
addressed by combining two drugs within a single molecule that affects multiple targets [6].
Multi-target medications, commonly referred to as “hybrid” molecules, were shaped by
fusing two or more distinct pharmacophore moieties into a single molecule. These drugs
have attracted a lot of attention lately [7].
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It has been demonstrated that kinases control a wide range of essential tumour be-
haviours, including tumour development, metastasis, neovascularization, and chemothera-
peutic resistance. As a consequence, the FDA has recently validated many kinase blockers
for use in a wide variety of cancers, making them a key focus of therapeutic develop-
ment [8].

The established BRAFV600E mutation was expected to be a resistance mechanism
after EGFR blocker therapy [9]. The feedback activation of EGFR signalling has also been
connected to the resistance that develops in colorectal cancer [10]. Furthermore, EGFR may
be activated by BRAF suppression, leading to continuing tumour development [11]. To
address these problems, a BRAF/EGFR combination was utilized. Much research in cases
of metastatic colorectal cancer with BRAFV600E mutations discovered that the BRAF–EGFR
combination might lead to critical therapeutic action [9]. Hence, sequential suppression of
the two kinases may provide a solution for the EGFR activation issue.

Several studies have been conducted to investigate the potential activity of
1,3-dimethyl-1H-purine-2,6(3H,7H)-dione derivatives (methylxanthines) on tumour cell
molecular aspects and growth [12–14]. Theophylline and caffeine, two well-known methylx-
anthine derivatives, have the ability to suppress cell proliferation in addition to the
metastatic behaviour of melanoma cancer cells [15]. Substitution at N-7 and/or C-8 of
the xanthine ring subsequently drew the attention of many researchers seeking novel
anti-tumour agents [16–19].

Earlier, we mentioned the synthesis of a series of purine-2,6-dione derivatives with
possible anti-proliferative properties, with compound I (Figure 1) being the most effective
derivative against the investigated cell lines. Compound I demonstrated promising EGFR
suppressive effect, with an IC50 of 0.32 μM [16]. In another series [20], Compound II

(Figure 1) demonstrated promising anti-proliferative activity with a GI50 value of 1.60 μM
against four cancer cell lines tested. Compound II was tested for EGFR inhibitory activity.
The study findings revealed that II had an IC50 against the target enzyme of 0.30 μM, that
is more potent than the reference staurosporine (IC50 = 0.4 μM). In contrast to the reference
drug methotrexate, compound III (Figure 1) demonstrated good anti-proliferative action
versus the lung carcinoma cell line (A549), with an IC50 value of 12.2 μM [21].

.
Figure 1. Purine-based derivatives I, II, and III with anti-proliferative activity.

Spiro scaffolds, on the other hand, are an additional class of building block with
potential medicinal chemistry features.
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During the process of developing a new drug, chemists include a rigid ring to signifi-
cantly minimize the entropic cost upon binding to the target protein. A spiro ring fusion is
another appealing method for achieving conformational restriction.

Their inherent three-dimensional and atypical structural properties make them partic-
ularly useful in the exploration and design of novel drugs. Inhibitors of protein–protein
interactions (e.g., p53–MDM2 interaction) and enzyme inhibitors (aspartyl proteases, ki-
nases, renin, and BACE1) have effectively included spiro ring structures in recent years [22].

Pteridines are compounds with pyrimido[4,5-b]pyrazine rings IV (Figure 2). Many
living organisms produce these bicyclic compounds, which serve many biological func-
tions. The majority of naturally occurring pteridines are known as pterins V (Figure 2)
because they have a carbonyl and an amino group at ring positions 4 and 2, respectively
(Figure 2) [23].

 
Figure 2. Pteridine-based derivatives with anti-proliferative activity.

Due to their significance in both health and sickness, pteridines have long been the
subject of medicinal and biomedical chemistry research. In order to target a broad range
of human pathologies, such as neoplasms, microbial infections, chronic inflammatory
disorders, and others, many pteridine derivatives have been synthesised and evaluated
for biological actions. It has shown that these compounds have a high potential for drug
development [24]. Zhou et al., prepared and optimised a series of pteridine-7(8H)-dione
derivatives and assessed their suppressor potential against wild-type epidermal growth
factor receptor (EGFRWT) and the mutant-type (EGFRL858R/T790M). Compound VI (Figure 2)
was the most effective in the series, suppressing both mutant enzyme EGFRL858R/T790M

(IC50 = 0.68 nM) and wild EGFRWT (IC50 = 1.21 nM) [25].
In the context of cancer, molecular docking can be used to identify potential drugs

that could target specific proteins involved in cancer cell growth and survival, such as
oncogenes or proteins involved in angiogenesis. By identifying molecules that bind to these
targets with high affinity, researchers can develop drugs that specifically target cancer cells,
while minimizing side effects. However, it is important to note that molecular docking is
only a computational prediction and must be validated experimentally. It is also limited by
the accuracy of the protein structure and the quality of the small molecule library used for
screening. Therefore, molecular docking should be considered a complementary tool in
drug discovery rather than a replacement for experimental methods.

In keeping with our previous investigations on the anti-proliferative aspects of purine-
based derivatives [16,20,21], and inspired by the promising anti-proliferative and EGFR
inhibitory activities of pteridine derivatives [25], we present the synthesis and design of two
series of new compounds, 5a–e and 7a–f (Figure 3). The newly synthesized elements are
from two different scaffolds. Scaffold A elements 5a–e were purine-based derivatives with
a spiro moiety in their backbone structure. The second series consists of pteridine-based
derivatives 7a–f. Four distinct cancer cell lines were used to assess the newly created
chemicals’ anti-proliferative ability. Furthermore, the most potent elements from the two
series were studied further for their suppressive impact on BRAFV600E and EGFR. Molecular
docking analysis was utilised to evaluate how these molecules attach to the active sites of
BRAFV600E and EGFR.

25



Pharmaceuticals 2023, 16, 716

 

Figure 3. Structures of target compounds 5a–e and 7a–f.

2. Results and Discussion

2.1. Chemistry

Scheme 1 depicts the synthetic route used to synthesize purine-based derivatives
5a–e. In situ, nitrosation of 6-amino-1-alkyluracils 1a–f [21,26,27] with HNO2 afforded com-
pounds 2a–f in high yields, which were then reduced with ammonium sulphide to produce
5,6-diaminouracils 3a–f. The nucleophilic attack of the amino group of diaminouracils 3a–e

on the carbonyl group of 2,7-dibromo-9H-fluoren-9-one (4) takes place to form intermediate
VII followed by the elimination of a water molecule to form intermediate VIII (Scheme 2),
which underwent intramolecular aza-Michael addition that resulted in the formation of
compounds 5a–e in reasonable yields (59–68%). The structures of compounds 5a–e were
completely consistent with their 1H NMR, 13C NMR, mass spectra, and elemental analyses,
with compound 5a used as an example to discuss structure confirmation. The 1H NMR
spectrum of 5a revealed the disappearance of the signals of the 5,6-diamino-groups at
δH 6.0–7.5 ppm and the appearance of characteristic protons of the two NH of the dihy-
dropurine ring at δH 7.50 and 7.19 ppm. In addition to the appearance of a spiro carbon
characteristic signal in the 13C NMR spectrum at δ 102.1 ppm. Compound 5a has a molecu-
lar weight of 476 based on elemental analysis. The molecular ion peak in the mass spectrum
of 5a corresponds to the molecular weight of m/z = 476, with the appearance of M+ + 2 at
m/z = 478 and M+ + 4 at m/z = 480.

Scheme 1. Synthesis of compounds 5a–e. Reagents and conditions: (i) HNO2, r.t., 30 min; (ii) (NH4)2S,
75 ◦C, 15 min, (iii) DMF, heat under fusion for 20 min, 59–68%.
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Scheme 2. Proposed mechanism for the formation of compounds 5a–e.

Scheme 3 describes the synthesis of acenaphtho [1,2-g] pteridines 7a–f. Ram and Pandy
previously prepared compounds 7a and 7d by dissolving diaminouracil hydrochloride
salts in water and then refluxing with acenaphthoquinone 6 in acetic acid for 6 h [28]. In
the current study, we prepared compounds 7a–f by condensation of 5,6-diaminouracils
3a–f with acenaphthoquinone (6) under reflux conditions for 4 h in the presence of catalytic
amounts of acetic acid (yields 60–71%). Another method for preparing compounds 7a–f

was to heat under fusion 5,6-diaminouracils 3a–f with acenaphthoquinone (6) for 15 min in
presence of drops of DMF, which resulted in slightly higher yields (69–79%). Compounds
7a–f elemental analyses, NMR, and mass spectra all agreed with the assigned product
structures. The disappearance of the two NH2 group signals of uracils and the appearance of
the deshielded aromatic protons was revealed by 1H NMR. Furthermore, the characteristic
signal of uracil NH was found at δ 11.63–12.16 ppm, as well as thiouracil NH at δ 13.09 ppm.

Scheme 3. Synthesis of compounds 7a–f. Reagents and conditions: (i) Method (A) AcOH, reflux, 4 h.
Method (B) heating under fusion for 15 min.
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2.2. Biology
2.2.1. Cell Viability Assay

To evaluate the survivability of novel substances, the human mammary gland epithe-
lial (MCF-10A) cell line was utilized [29,30]. The vitality of compounds 5a–e and 7a–f was
assessed using the MTT method after incubation on MCF-10A cells for four days. Cell
viability at 50 μM was more than 88% for all of the agents evaluated, according to Table 1,
and none of the substances evaluated had any harmful impacts.

Table 1. IC50 of compounds 5a–e and 7a–f.

Comp. R X Cell Viability %

Anti-Proliferative Activity IC50 ± SEM (nM)

A-549 MCF-7 Panc-1 HT-29
Average
(GI50)

5a Me O 89 36 ± 3 40 ± 3 38 ± 3 38 ± 3 38

5b Et O 91 85 ± 8 88 ± 8 86 ± 8 86 ± 8 86

5c Me S 90 98 ± 9 103 ± 10 100 ± 9 102 ± 10 101

5d Bn O 91 52 ± 5 55 ± 5 54 ± 5 52 ± 5 53

5e 2-Cl-Bn O 89 44 ± 4 48 ± 4 46 ± 4 46 ± 4 46

7a Me O 92 56 ± 5 60 ± 6 58± 5 58 ± 5 58

7b Et O 90 64 ± 6 69 ± 6 66 ± 6 68 ± 6 67

7c Me S 89 80 ± 8 83 ± 8 80 ± 8 80 ± 8 81

7d Bn O 91 90 ± 9 96 ± 9 90 ± 9 92 ± 9 92

7e 2-Cl-Bn O 88 41 ± 4 46 ± 4 44 ± 4 44 ± 4 44

7f H O 90 76 ± 7 79 ± 7 75 ± 7 75 ± 7 76

Erlotinib - - ND 30 ± 3 40 ± 3 30 ± 3 30 ± 3 33

2.2.2. Anti-Proliferative Assay

With erlotinib serving as the reference medication, the MTT assessment was utilized
to evaluate the anti-proliferative effect of 5a–e and 7a–f against four human cancer cell
lines: HT-29 (colon cancer cell line), Panc-1 (pancreatic cancer cell line), A-549 (lung cancer
cell line), and MCF-7 (breast cancer cell line) [31–33]. Table 1 reveals the median inhibitory
concentration (IC50).

Compounds 5a–e “Scaffold A” and 7a–f “Scaffold B” demonstrated promising antipro-
liferative effect, with GI50 ranging from 38 nM to 101 nM for 5a–e and 44 nM to 92 nM for
7a–f. All were less effective than the reference erlotinib (GI50 = 33 nM). With a GI50 value
of 38 nM against the four cancer cell lines evaluated, molecule 5a (R = Me, X = O, Scaffold
A) was the most effective of all synthesized derivatives and was equivalent to the reference
drug erlotinib.

Substitution of the oxygen atom at position 2 of compound 5a with a sulphur atom
results in compound 5c (R = Me, X = S, Scaffold A), which has significantly reduced anti-
proliferative activity, with a GI50 value of 101 nM, being 2.7 times less effective than 5a,
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suggesting the significance of the oxygen atom at position 2 of “Scaffold A” compounds for
anti-proliferative action. The same pattern holds true when the methyl group at position 3
of compound 5a is replaced with an ethyl group as in molecule 5b (R = Et, X = O, Scaffold
A), resulting in a marked reduction in anti-proliferative action with a GI50 of 86 nM, making
5b 2.3-fold less effective than 5a. These results revealed the significance of both the oxygen
atom in the second position and the methyl group in the third position of Scaffold A
compounds for antiproliferative activity.

Surprisingly, compounds 5d (R = Bn, X = O, Scaffold A) and 5e (R = 2-Cl-Bn, X = O,
Scaffold A) where the methyl group in compound 5a has been replaced by benzyl and
2-chlorobenzyl moieties, respectively, revealed encouraging anti-proliferative action, with
GI50 values of 50 nM and 46 nM, respectively, being 1.4-fold and 1.2-fold less effective
than 5a, but much stronger than the ethyl derivative, 5b (GI50 = 86 nM). These find-
ings suggest that the nature of the third-position substitution in Scaffold A compounds
plays a significant role in anti-proliferative activity, with activity increasing in the order:
methyl > 2-chlorobenzyl > benzyl > ethyl.

As previously stated, “Scaffold B” compounds 7a–f demonstrated moderate an-
tiproliferative effect, with GI50 values ranging from 44 nM to 92 nM. Compound 7e

(R = 2-chlorobenzyl, X = O, Scaffold B) was the most significant derivative in this se-
ries, with a GI50 value of 44 nM versus the four cancer cell lines evaluated, but it was
1.3-fold less effective than the reference erlotinib. Molecule 7e was similar to its congener
5e, which has the same substitution pattern but with Scaffold A” in its backbone structure.

Compound 7a (R = Me, X = O, Scaffold B) demonstrated moderate anti-proliferative
action with a GI50 value of 58 nM, being 1.5-fold less potent than its congener 5a (R = Me,
X = O, Scaffold A). Once again, the replacement of the methyl group in 7a with the ethyl
group in 7b (R = Et, X = O, Scaffold B) led to a reduction in anti-proliferative effect, with
a GI50 value of 67 nM for 7b. Furthermore, replacing the oxygen atom with a sulphur
atom, as in compound 7c (R = Me, X = S, Scaffold B), reduces activity, with 7c; GI50 equal to
81 nM.

Compounds 7d (R = benzyl, X = O, Scaffold B) and 7e (R = 2-chlorobenzyl, X = O,
Scaffold B), in which the methyl group in 7a was replaced by benzyl and o-chlorobenzyl
moiety, respectively, demonstrated a significant difference in anti-proliferative activity.
Compound 7d demonstrated a marked decrease in anti-proliferative action with a GI50
value of 92 nM, being 1.5-fold less effective than 7a, whereas 7e outperformed 7a in activity
with a GI50 value of 44 nM.

Finally, the unsubstituted derivative, 7f (R = H, X = O, Scaffold B), showed weak
anti-proliferative action with a GI50 value of 76 nM, being 1.3-fold less effective than the
methyl derivative, 7a (R = Me, X = O, Scaffold A), indicating that the free NH group in
the third position is not favoured for activity. Unfortunately, due to a lack of a sufficient
number of compounds, such a rule cannot be generalized, necessitating further research on
this topic in the future.

2.2.3. EGFR Inhibitory Assay

The most potential anti-proliferative derivatives, 5a, 5d, 5e, 7a, and 7e, were further
assessed for their suppressive effect against EGFR, as a possible molecular target for their
mechanism of action [34,35]. Table 2 lists the IC50 values against erlotinib, which was
utilized as a reference.

The compounds assessed revealed promising EGFR inhibitory action, with IC50 values
ranging from 87 nM to 112 nM, in contrast to erlotinib that has an IC50 value of 80 nM.
The results of this assay are the same as the results of the anti-proliferative assay, where
compound 5a (R = Me, X = O, Scaffold A), the most potent anti-proliferative agent, was
determined to be the most effective EGFR suppressor, with an IC50 value of 87 ± 07 nM,
equal to erlotinib (IC50 = 80 nM).
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Table 2. IC50 of compounds 5a, 5d, 5e, 7a, and 7e against EGFR and BRAFV600E.

Compd.
EGFR Inhibition
IC50 ± SEM (nM)

BRAFV600E Inhibition
IC50 ± SEM (nM)

5a 87 ± 07 92 ± 07
5d 105 ± 09 164 ± 15
5e 98 ± 08 137 ± 12
7a 112 ± 10 183 ± 17
7e 92 ± 07 109 ± 09

Erlotinib 80 ± 05 60 ± 05

Molecules 7e (R = 2-chlorobenzyl, X = O, Scaffold B) and 5e (R = 2-chlorobenzyl, X = O,
Scaffold A) ranked second and third in terms of action with comparable IC50 values of
92 ± 07 and 98 ± 08, respectively. Finally, compounds 5d (R = benzyl, X = O, Scaffold
A) and 7a (R = Me, X = O, Scaffold B) showed weak EGFR suppressive action with IC50
values greater than 100 nM. These findings imply that EGFR can be a potential target for
compounds 5a, 5e, and 7e, which required more in-depth structural investigation to obtain
a lead compound for future development.

2.2.4. BRAFV600E Inhibitory Assay

Molecules 5a, 5d, 5e, 7a, and 7e were further explored as potential BRAFV600E in-
hibitors [36]. Table 2 shows the IC50 values in comparison to erlotinib that was utilized as a
control. Findings from Table 2 revealed that the assessed molecules had weak BRAFV600E

suppressive action, with IC50 values ranging from 92 nM to 183 nM, being at least 1.5-fold
less effective than erlotinib (IC50 = 60 nM). Once again, compound 5a, the most potent
derivative in both the anti-proliferative assay and EGFR suppressive assay, was the most
effective derivative against BRAFV600E (IC50 = 92 ± 07 nM). These results suggest that
BRAF may not be a viable target for this group of organic molecules.

2.3. Docking Study

The most effective molecules 5a, 5d, 5e, 7a, and 7e were selected for further study
of their probability of interaction modes through active sites of EGFR and BRAF using
erlotinib as a reference compound. Molecular docking simulations inside the EGFR active
site were used to evaluate the “Scaffold A” group’s potency as EGFR inhibitors, as shown in
Table 3. Compound 5a revealed the greatest docking scores −7.05 and −6.69 (S; kcal/mol)
within the five test compounds compared to the reference compound (erlotinib) at −7.06
and −8.02, respectively.

Table 3. Binding Interactions of 5a, 5d, 5e, 7a, 7e and erlotinib within the EGFR (PDB ID: 1M17)
active sites.

5a 5c 5d 5e 7a 7c 7e Erlotinib

EGFR (PDB ID): 1M17
S (kcal/mol) −7.05 −5.53 −6.34 −4.75 −6.28 −4.9 −6.70 −7.06
RMSD (Å) 1.44 1.53 1.39 1.9 1.43 2. 1.84 0.75

Amino acids
residues binding

interactions
and their bond

length (Å)

2Met 742 (3.61) c

Asp 831 (3.0) a
Asp 776 (3.53) c

Gly 695 (3.37) a
Asp 776 (3.57) c

Gly 695 (3.41) b Leu 694 (4.13) b Glu 738 (3.43) c

Met 742 (4.11) c
Lys 721 (2.97) a,
2 Val 702 (4.26) b

Lys 721 (2.80) a

Val 702 (3.98) b

Met 769 (2.70) a

H2O 10 (2.78) a

Lys 721 (4.62) b

a H-acceptor; b pi-H; c H-donor.

The five test compounds’ best docking positions with the co-crystallized ligand (er-
lotinib) revealed stability of the compounds within the cavity of the active sites with a
number of H-bonds and pi-H hydrophobic interactions with several residues of amino
acids around the active site, as illustrated in Figure 4 (See also Supplementary File, Figure
S12) Compound 5a within the active sites of EGFR has three hydrogen bonds with Met
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742 and Asp 831 whereas erlotinib forms two hydrogen bonds with Met 769 and a water
molecule and a pi-H hydrophobic interaction with Lys 721.

(5a) (7e) (Erlotinib) 

   
(5a) (7e) (Erlotinib) 

 
 

 

Figure 4. Two-dimensional and three-dimensional interaction diagram of 5a, 7e and erlotinib within
EGFR (PDB ID: 1M17).

On the other hand, compound 5a within the active sites of BRAF has two hydrogen
bonds with Ser 536 and Gly 466 and a pi-H hydrophobic interaction Phe 583. The order of
the docking scores fitted with the results of the biochemical tests. Additionally, Substitution
of the oxygen atom at position 2 of compounds 5a and 7a with a sulphur atom results in
compound 5c and 7c, respectively where (R = Me, X = S), which showed a reduction in the
docking scores (S) in both EGFR active sites (−4.75, −4.95) and BRAF active sites (3.88, 4.92)
due to an absence/decrease in hydrogen bonds, Table 4, Figure 5 (See also Supplementary
File, Figure S13). Therefore, it is obvious that the stated docking results are in agreement
with the biological findings.

Table 4. Binding Interactions of 5a, 5d, 5e, 7a, 7e and erlotinib within BRAFV600E (PDB ID: 5JRQ)
active sites.

5a 5c 5d 5e 7a 7c 7e Erlotinib

BRAFV600E (PDB ID: 5JRQ)
S (kcal/mol) −6.69 −3.88 −5.03 −5.34 −5.82 −4.92 −6.30 −8.02
RMSD (Å) 0.89 1.95 2.02 1.87 1.26 1.79 1.55 1.27

Amino acid
residues’
binding

interactions
and their bond

length (Å)

Asn 580 (2.94) c

Lys 578 (3.36) a
Ile463 (4.52) b

Gln 461 (4.38) b
Ser 536 (2.74) a

Phe 583 (3.72) b Ile 463 (3.36) c
Thr 529 (3.31) c

Cys 532 (2.80) a

Val 471 (4.62) b

Ser 535 (4.62) b

Phe 583 (3.88) b
Asp 594 (3.1) a

Phe 583 (3.85) b Cys 532 (2.95) a

a H-acceptor; b pi-H; c H-donor.
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(5a) (7e) 

 

 

(7e)  

   

Figure 5. Two-dimensional and three-dimensional interaction diagram of 5a, 7e and erlotinib within
BRAFV600E (PDB ID: 5JRQ).

3. Experimental

3.1. Chemistry

General details: Refer to Supplementary File S1
Compounds 5,6-diaminouracils 3a–f were prepared according to the reported

method [21,26,27].

3.1.1. General Procedures for the Synthesis of
2,7-Dibromo-3′-ethyl-7′,9′-dihydrospiro-[fluorene-9,8′-purines] 5a–e

A mixture of 5,6-diaminouracils (3a–e) (0.9 mmol) and 2,7-Dibromo-9-fluorenone (4)
(0.9 mmol) and drops of DMF were heated in fusion for 20 min. The residue was treated
with an appropriate amount of ethanol. The precipitate was washed with methanol, filtered,
and crystallized from DMF.

2,7-Dibromo-3′-methyl-7′,9′-dihydrospiro[fluorene-9,8′-purine]-2′,6′(1′H,3′H)-dione (5a)

Deep orange solid, Yield: 64%; mp > 300 ◦C; IR (KBr) νmax (cm−1): 3162, 3120 (NH),
3049 (CH Ar), 2839 (CH aliph), 1695 (C=O), 1489 (C=C), 735, 729 (monosubstituted phenyl);
1H NMR (400 MHz, DMSO-d6) δH 11.00 (s, 1H, NH), 8.02 (s, 1H, Ar), 7.74 (d, J = 7.8 Hz, 2H,
Ar), 7.70–7.62 (m, 1H, Ar), 7.57–7.56 (m, 2H, Ar), 7.50 (s, 1H, NH), 7.19 (s, 1H, NH), 3.38 (s,
3H, CH3) ppm. 13C NMR (DMSO-d6, 100 MHz) δC: 153.7, 153.4, 151.6, 149.3, 140.9, 138.9,
137.7, 134.2, 132.2, 132.0, 130.6, 125.3, 121.8, 121.5, 121.1, 120.7, 102.1, 29.6 ppm. MS: m/z
(rel. int.) = 480 (M+ + 4, 22), 478 (M+ + 2, 11), 476 (M+, 21), 438 (100), 302 (91), 129 (47). Anal.
Calcd for C18H12Br2N4O2 (476.12): C, 45.41; H, 2.54; N, 11.77; Found: C, 45.59; H, 2.70; N,
11.98%.
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2,7-Dibromo-3′-ethyl-7′,9′-dihydrospiro[fluorene-9,8′-purine]-2′,6′(1′H,3′H)-dione (5b)

Red solid, Yield: 68%; mp > 300 ◦C; IR (KBr) νmax (cm−1): 3196, 3167 (NH), 3075 (CH
Ar), 2977 (CH aliph), 1707, 1622 (C=O), 1516 (C=C), 759, 733 (monosubstituted phenyl); 1H
NMR (400 MHz, DMSO-d6) δH 11.01 (s, 1H, NH), 8.04 (s, 1H, Ar), 7.79 (d, J = 7.9, 2H, Ar),
7.60 (d, J = 7.9 Hz, 2H, Ar), 7.54 (s, 2H, Ar, NH), 7.18 (s, 1H, NH), 3.99 (q, J = 6.9 Hz, 2H,
CH2), 1.21 (t, J = 6.9 Hz, 3H, CH3) ppm. 13C NMR (DMSO-d6, 100 MHz) δC 153.9, 153.2,
152.1, 149.5, 141.3, 139.4, 138.2, 134.7, 132.6, 132.5, 131.1, 125.8, 122.3, 122.0, 121.6, 121.2,
102.4, 37.8, 13.5 ppm. MS: m/z (rel. int.) = 494 (M+ + 4, 44), 492 (M+ + 2, 63), 490 (M+, 35),
430 (52), 428 (87), 345 (35), 343 (31), 341 (26), 309 (100), 294 (69), 174 (83). Anal. Calcd for
C19H14Br2N4O2 (490.16): C, 46.56; H, 2.88; N, 11.43; Found: C, 46.82; H, 3.07; N, 11.65%.

2,7-Dibromo-3′-methyl-2′-thioxo-2′,3′,7′,9′-tetrahydrospiro[fluorene-9,8′-purin]-6′(1′H)-
one (5c)

Brown solid, Yield: 60%; mp: 298–300 ◦C; IR (KBr) νmax (cm−1): 3184, 3141 (NH), 3050
(CH Ar), 2980, 2837 (CH aliph), 1650 (C=O), 1498 (C=C), 761, 725 (monosubstituted phenyl);
1H NMR (400 MHz, DMSO-d6) δH 12.42 (s, 1H, NH), 8.04 (s, 1H, Ar), 7.79 (d, J = 7.9 Hz, 2H,
Ar), 7.67–7.59 (m, 2H, Ar), 7.57 (s, 2H, Ar, NH), 7.22 (s, 1H, NH), 3.86 (s, 3H, CH3) ppm.
13C NMR (DMSO-d6, 100 MHz) δC 173.7, 154.1, 152.4, 150.9, 140.5, 139.3, 138.1, 134.2, 132.9,
132.8, 130.7, 125.8, 122.1, 121.8, 121.3, 120.9, 105.7, 36.5 ppm. MS: m/z (rel. int.) = 496 (M+ +
4, 18), 492 (M+, 36), 470 (16), 468 (40), 466 (33), 464 (30), 308 (72), 387 (70), 281 (100), 160 (58).
Anal. Calcd for C18H12Br2N4OS (492.19): C, 43.93; H, 2.46; N, 11.38; Found: C, 44.17; H,
2.62; N, 11.60%.

3’-Benzyl-2,7-dibromo-7′,9′-dihydrospiro[fluorene-9,8′-purine]-2′,6′(1′H,3′H)-dione (5d)

Yellow solid, Yield: 61%; mp >300 ◦C; IR (KBr) νmax (cm−1): 3154 (NH), 3049, 3030
(CH Ar), 2833 (CH aliph), 1682 (C=O), 1486 (C=C), 756, 735 (monosubstituted phenyl); 1H
NMR (400 MHz, DMSO-d6) δH 11.69 (s, 1H, NH), 8.06–8.03 (m, 1H, Ar), 7.90–7.81 (m, 2H,
Ar), 7.63–7.58 (m, 2H, Ar), 7.50–7.46 (m, 3H, Ar, NH), 7.40–7.27 (m, 5H, Ar, NH), 5.36–5.19
(dd, 2H, CH2) ppm. 13C NMR (DMSO-d6, 100 MHz) δC 154.9, 154.0, 151.9, 151.0, 148.1,
145.6, 139.6, 138.4, 137.6, 135.3, 129.1 (2), 129.0 (2), 128.9, 128.2, 127.4, 126.8, 124.0, 123.5,
122.1 (2), 100.0, 46.4 ppm. MS: m/z (rel. int.) = 556 (M+ + 4, 16), 554 (M+ + 2, 25), 552
(M+, 10), 323 (28), 321 (48), 319 (37), 317 (29), 270 (94), 223 (100), 162 (42). Anal. Calcd for
C24H16Br2N4O2 (552.23): C, 52.22; H, 2.92; N, 10.15; Found: C, 52.46; H, 3.17; N, 10.32%.

2,7-Dibromo-3′-(2-chlorobenzyl)-7′,9′-dihydrospiro[fluorene-9,8′-purine]-2′,6′(1′H,3′H)-
dione (5e)

Bright orange solid, Yield: 59%; mp > 300 ◦C; IR (KBr) νmax (cm−1): 3183, 3156 (NH),
3056, 3033 (CH Ar), 2837 (CH aliph), 1683 (C=O), 1484 (C=C), 756, 730 (monosubstituted
phenyl); 1H NMR (400 MHz, DMSO-d6) δH 11.21 (s, 1H, NH), 8.06 (s, 1H, Ar), 7.84–7.81 (m,
2H, Ar), 7.63 (d, J = 6.9 Hz, 2H, Ar), 7.58 (s, 2H, Ar, NH), 7.55–7.53 (m, 1H, Ar), 7.37–7.35
(m, 2H, Ar), 7.31 (s, 1H, NH), 7.10–7.08 (m, 1H, Ar), 5.20 (s, 2H, CH2) ppm. 13C NMR
(DMSO-d6, 100 MHz) δC: 153.6, 153.3, 151.6, 148.5, 148.1, 144.1, 143.9, 142.6, 142.4, 138.4,
138.0, 134.0, 127.8, 127.7, 124.1, 123.2, 100.0, 46.5 ppm. MS: m/z (rel. int.) = 590 (M+ + 4, 19),
588 (M+ + 2, 17), 586 (M+, 74). Anal. Calcd for C24H15Br2ClN4O2 (586.67): C, 49.14; H, 2.58;
N, 9.55; Found: C, 49.08; H, 2.69; N, 9.73%.

3.1.2. General Procedures for the Synthesis of Acenaphtho[1,2-g]pteridines (7a–f)

Method A: A mixture of 5,6-diaminouracils 3a–f (1.2 mmol) and acenaphthoquinone
(6) (1.2 mmol) in acetic acid (3 mL) was heated under reflux for 4 h. The formed precipitate
was filtered, washed with ethanol and recrystallized from acetic acid.

Method B: A mixture of 5,6-diaminouracils 3a–f (1.2 mmol) and acenaphthoquinone (6)
(1.2 mmol) was heated under fusion with drops of DMF for 15 min. An adequate amount of
ethanol was added to the residue, the precipitate was filtered and washed with methanol.

8-Methylacenaphtho[1,2-g]pteridine-9,11(8H,10H)-dione (7a)
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Canary yellow solid, Yield: method A: 65%, method B: 73%; mp > 300 ◦C [28]; IR (KBr)
νmax (cm−1): 3170 (NH), 3057 (CH Ar), 2961(CH aliph), 1707, 1674 (C=O), 1449 (C=C); 1H
NMR (400 MHz, DMSO-d6) δH 11.97 (s, 1H, NH), 8.45 (d, J = 7.0 Hz, 1H, Ar), 8.38 (d, J = 8.2
Hz, 1H, Ar), 8.35 (d, J = 7.0 Hz, 1H, Ar), 8.27 (d, J = 8.2 Hz, 1H, Ar), 7.94 (m, 2H, Ar), 3.64 (s,
3H, CH3) ppm. 13C NMR (DMSO-d6, 100 MHz) δC 160.8, 150.6, 149.2, 148.0, 133.8, 132.2,
130.8, 130.3, 130.1, 129.8, 129.7, 129.6, 127.6, 125.9, 124.8, 123.1, 29.0 ppm. MS: m/z (rel. int.)
= 302 (M+, 11), 270 (64), 212 (45), 162 (100), 65 (67). Anal. Calcd for C17H10N4O2 (302.29): C,
67.55; H, 3.33; N, 18.53; Found: C, 67.68; H, 3.49; N, 18.80%.

8-Ethylacenaphtho[1,2-g]pteridine-9,11(8H,10H)-dione (7b)

Canary yellow solid, Yield: method A: 64%, method B: 71%; mp > 300 ◦C; IR (KBr)
νmax (cm−1): 3174 (NH), 3080 (CH Ar), 2934 (CH aliph), 1689 (C=O), 1499 (C=C); 1H NMR
(400 MHz, DMSO-d6) δH 11.95 (s, 1H, NH), 8.48 (d, J = 6.9 Hz, 1H, Ar), 8.39 (d, J = 8.2 Hz,
1H, Ar), 8.36 (d, J = 6.9 Hz, 1H, Ar), 8.29 (d, J = 8.2 Hz, 1H, Ar), 7.99–7.92 (m, 2H, Ar), 4.37
(q, J = 7.0 Hz, 2H, CH2), 1.33 (t, J = 7.0 Hz, 3H, CH3) ppm. 13C NMR (100 MHz, DMSO)
δC 160.7, 158.0, 155.7, 150.1, 132.2, 130.8, 130.4, 130.0, 129.9, 129.8, 129.7, 129.5, 124.7, 123.0,
25.1, 13.9 ppm. MS: m/z (rel. int.) = 316 (M+, 21), 308 (49), 299 (73), 252(100), 251 (82), 57
(72), 56 (76). Anal. Calcd for C18H12N4O2 (316.32): C, 68.35; H, 3.82; N, 17.71; Found: C,
68.17; H, 3.98; N, 17.98%.

8-Methyl-9-thioxo-9,10-dihydroacenaphtho[1,2-g]pteridin-11(8H)-one (7c)

Yellow solid, Yield: method A: 71%, method B: 79%; mp > 300 ◦C; IR (KBr) νmax
(cm−1): 3210 (NH), 3044 (CH Ar), 2935 (CH aliph), 1712 (C=O), 1488 (C=C); 1H NMR (400
MHz, DMSO-d6) δH 13.09 (s, 1H, NH), 8.46–8.25 (m, 4H, Ar), 7.98–7.92 (m, 2H, Ar), 4.08 (s,
3H, CH3) ppm. MS: m/z (rel. int.) = 318 (M+, 49), 315 (46), 295 (100), 277 (95), 133 (99), 83
(67). Anal. Calcd for C17H10N4OS (318.35): C, 64.14; H, 3.17; N, 17.60; Found: C, 64.31; H,
3.40; N, 17.86%.

8-Benzylacenaphtho[1,2-g]pteridine-9,11(8H,10H)-dione (7d)

Deep orange solid, Yield: method A: 70%, method B: 78%; mp > 300 ◦C [28]; IR (KBr)
νmax (cm−1): 3168 (NH), 3044 (CH Ar), 2918 (CH aliph), 1696, 1673 (C=O), 1499 (C=C); 1H
NMR (400 MHz, DMSO-d6) δH 12.08 (s, 1H, NH), 8.35 (d, J = 7.2 Hz, 2H, Ar), 8.32–8.28 (m,
1H, Ar), 8.23 (d, J = 8.6 Hz, 1H, Ar), 7.92–7.89 (m, 2H, Ar), 7.53 (d, J = 8.6 Hz, 2H, Ar), 7.33 (t,
J = 7.8 Hz, 2H, Ar), 7.25 (t, J = 7.8 Hz, 1H, Ar), 5.48 (s, 2H, CH2) ppm. 13C NMR (DMSO-d6,
100 MHz) δC 160.7, 155.5, 150.6, 148.4, 137.7, 133.8, 132.3, 130.7, 130.2, 130.1, 129.8, 129.7,
129.5, 128.9, 128.4, 127.7, 125.9, 124.8, 123.1, 44.8 ppm. MS: m/z (rel. int.) = 378 (M+, 35), 313
(68), 210 (53), 205 (97), 193 (100), 115 (60). Anal. Calcd for C23H14N4O2 (378.39): C, 73.01; H,
3.73; N, 14.81; Found: C, 72.93; H, 3.94; N, 14.98%.

8-(2-Chlorobenzyl)acenaphtho[1,2-g]pteridine-9,11(8H,10H)-dione (7e)

Light yellow solid, Yield: method A: 60%, method B: 69%; mp > 300 ◦C; IR (KBr) νmax
(cm−1): 3168 (NH), 3045 (CH Ar), 2845 (CH aliph), 1714, 1679 (C=O), 1497 (C=C); 1H NMR
(400 MHz, DMSO-d6) δH 12.16 (s, 1H), 8.39 (d, J = 7.6 Hz, 1H, Ar), 8.36 (d, J = 8.8 Hz, 1H,
Ar), 8.31 (d, J = 7.6 Hz, 1H, Ar), 8.29 (d, J = 8.8 Hz, 1H, Ar), 7.96–7.90 (m, 2H, Ar), 7.55 (d, J
= 7.4 Hz, 1H, Ar), 7.35–7.28 (m, 2H, Ar), 7.22 (t, J = 7.4 Hz, 1H, Ar), 5.57 (s, 2H, CH2) ppm.
13C NMR (DMSO-d6, 100 MHz) δC 158.3, 151.3, 148.6, 146.2, 141.9, 134.7, 132.2, 130.7, 130.3,
130.2, 130.1, 129.7, 129.6, 129.2, 128.7, 128.6, 128.2, 127.9, 127.8, 126.3, 46.5 ppm. MS: m/z
(rel. int.) = 414 (M + 2, 12), 412 (M+, 49), 334 (16), 332 (73), 185 (77), 84 (38), 82 (100). Anal.
Calcd for C23H13ClN4O2 (412.83): C, 66.92; H, 3.17; N, 13.57; Found: C, 66.80; H, 3.41; N,
13.79%.

Acenaphtho [1,2-g]pteridine-9,11(8H,10H)-dione (7f)

Yellow solid, Yield: method A: 69%, method B: 77%; mp > 300 ◦C; IR (KBr) νmax
(cm−1): 3208 (NH), 3036 (CH Ar), 2819 (CH aliph), 1688, 1643 (C=O), 1486 (C=C); 1H NMR
(400 MHz, DMSO-d6) δH 11.63 (s, 1H, NH), 11.29 (s, 1H, NH), 8.34–8.28 (m, 1H, Ar), 8.17
(m, 1H, Ar), 8.09 (m, 2H, Ar), 7.93–7.76 (m, 2H, Ar) ppm. 13C NMR (DMSO-d6, 100 MHz)
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δ 161.8, 156.4, 150.3, 149.1, 133.8, 132.8, 132.1, 131.0, 130.3, 129.8, 129.7, 129.5, 129.0, 124.5,
122.7, 121.7 ppm. MS: m/z (rel. int.) = 288 (M+, 17), 264 (53), 186 (50), 107 (62), 63 (100).
Anal. Calcd for C16H8N4O2 (288.27): C, 66.67; H, 2.80; N, 19.44; Found: C, 66.73; H, 2.91; N,
11.65%.

3.2. Biology
3.2.1. Cell Viability Assay

The normal human mammary gland epithelial (MCF-10A) cell line was used to test
the viability of new compounds [29,30]. See Supplementary File S1.

3.2.2. Anti-Proliferative Assay

The antiproliferative activity of compounds 5a–e and 7a–f was tested against the four
human cancer cell lines Panc-1 (pancreatic cancer cell line), MCF-7 (breast cancer cell line),
HT-29 (colon cancer cell line), and A-549 (lung cancer cell line) using the MTT assay and
erlotinib as the reference drug [11–31]. See Supplementary File S1.

3.2.3. EGFR Inhibitory Assay

Compounds 5a, 5d, 5e 7a, and 7e were tested for EGFR inhibitory activity as a potential
target for their antiproliferative activity [34,35]. See Supplementary File S1.

3.2.4. BRAFV600E Inhibitory Assay

Compounds 5a, 5d, 5e 7a, and 7e were further tested for BRAFV600E inhibitory activity
as a potential target for their antiproliferative activity [36]. See Supplementary File S1.

3.3. Protocol of Docking Studies

The automated docking simulation study was performed using Molecular Operating
Environment (MOE®) version 2014.09. The X-ray crystallographic structure of the target
EGFR and BRAF was obtained from the protein data bank (PDB: 1M17, 5JRQ), respectively.
The target compounds were constructed in a three-dimensional model using the builder
interface of the MOE® program. After checking their structures and the formal charges
on atoms by two-dimensional depiction, the following steps were carried out: The target
compounds were subjected to a conformational search. All conformers were subjected
to energy minimization; all the minimizations were performed with MOE until a RMSD
gradient of 0.01 Kcal/mole and RMS distance of 0.1 Å with MMFF94X force-field and
the partial charges were automatically calculated. The protein was prepared for docking
studies by adding hydrogen atoms to the system with their standard geometry. The atoms
connection and type were checked for any errors with automatic correction. Selection of the
receptor and its atoms potential were fixed. MOE Alpha Site Finder was used for the active
site search in the enzyme structure using all default items. Dummy atoms were created
from the obtained alpha spheres [37,38].

4. Conclusions

In summary, two sets of purine/pteridine-based analogues 5a–e and 7a–f were
designed and synthesised. The newly synthesised compounds were tested for anti-
proliferative activity, and compounds 5a, 5e, and 7e were found to be the most effective.
SAR analysis revealed that replacing the oxygen atom in position 2 of compounds 5a or
7a with a sulphur atom resulted in compounds 5c and 7c, which had significantly lower
anti-proliferative activity. When compared to erlotinib’s IC50 value of 80 nM, compounds
5a, 5e, and 7e demonstrated promising EGFR inhibitory activity, with IC50 values of 87 nM,
98 nM, and 92 nM, respectively. These findings suggest that EGFR could be a potential
target for compounds 5a, 5e, and 7e, which would necessitate more in-depth structural
investigation to identify a lead compound for future development. Furthermore, the molec-
ular docking study was performed on the EGFR and BRAFV600E active sites revealing good
interactions with the enzymes.
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Cancer Multidrug Resistance Treatment. Curr. Med. Chem. 2019, 26, 6074–6106. [CrossRef] [PubMed]

2. Raghavendra, N.M.; Pingili, D.; Kadasi, S.; Mettu, A.; Prasad, S.V.U.M. Dual or multi-targeting inhibitors: The next generation
anticancer agents. Eur. J. Med. Chem. 2018, 143, 1277–1300. [CrossRef] [PubMed]

3. Fu, R.-G.; Sun, Y.; Sheng, W.-B.; Liao, D.-F. Designing multi-targeted agents: An emerging anticancer drug discovery paradigm.
Eur. J. Med. Chem. 2017, 136, 195–211. [CrossRef] [PubMed]

4. Zha, G.-F.; Qin, H.-L.; Youssif, B.G.; Amjad, M.W.; Raja, M.A.G.; Abdelazeem, A.H.; Bukhari, S.N.A. Discovery of potential
anticancer multi-targeted ligustrazine based cyclohexanone and oxime analogs overcoming the cancer multidrug resistance. Eur.
J. Med. Chem. 2017, 135, 34–48. [CrossRef] [PubMed]

5. Palmeira, A.; Sousa, E.; Vasconcelos, M.H.; Pinto, M.M. Three Decades of P-gp Inhibitors: Skimming Through Several Generations
and Scaffolds. Curr. Med. Chem. 2012, 19, 1946–2025. [CrossRef] [PubMed]

6. Zheng, W.; Zhao, Y.; Luo, Q.; Zhang, Y.; Wu, K.; Wang, F. Multi-targeted anticancer agents. Curr. Top. Med. Chem. 2017, 17,
3084–3098. [CrossRef] [PubMed]

7. Mahboobi, S.; Sellmer, A.; Winkler, M.; Eichhorn, E.; Pongratz, H.; Ciossek, T.; Baer, T.; Maier, T.; Beckers, T. Novel Chimeric
Histone Deacetylase Inhibitors: A Series of Lapatinib Hybrides as Potent Inhibitors of Epidermal Growth Factor Receptor (EGFR),
Human Epidermal Growth Factor Receptor 2 (HER2), and Histone Deacetylase Activity. J. Med. Chem. 2010, 53, 8546–8555.
[CrossRef]

8. Bhullar, K.S.; Lagarón, N.O.; McGowan, E.M.; Parmar, I.; Jha, A.; Hubbard, B.P.; Rupasinghe, H.P.V. Kinase-targeted cancer
therapies: Progress, challenges and future directions. Mol. Cancer 2018, 17, 48. [CrossRef]

9. Ho, C.-C.; Liao, W.-Y.; Lin, C.-A.; Shih, J.-Y.; Yu, C.-J.; Yang, J.C.-H. Acquired BRAF V600E Mutation as Resistant Mechanism after
Treatment with Osimertinib. J. Thorac. Oncol. 2017, 12, 567–572. [CrossRef]

10. Hyman, D.M.; Puzanov, I.; Subbiah, V.; Faris, J.E.; Chau, I.; Blay, J.-Y.; Wolf, J.; Raje, N.S.; Diamond, E.L.; Hollebecque, A.; et al.
Vemurafenib in Multiple Nonmelanoma Cancers with BRAF V600 Mutations. N. Engl. J. Med. 2015, 373, 726–736. [CrossRef]

11. Desai, J.; Markman, B.; Ananda, S.; Tebbutt, N.C.; Michael, M.; Solomon, B.J.; McArthur, G.A.; Tie, J.; Gibbs, P.; Ritchie, D.; et al.
A phase I/II trial of combined BRAF and EGFR inhibition in patients (pts) with BRAF V600E mutated (BRAFm) metastatic
colorectal (mCRC): The EViCT (Erlotinib and Vemurafenib in Combination Trial) study. J. Clin. Oncol. 2017, 35, 3557. [CrossRef]

12. Makower, D.; Malik, U.; Novik, Y.; Wiernik, P.H. Therapeutic efficacy of theophylline in chronic lymphocytic leukemia. Med.
Oncol. 1999, 16, 69–71. [CrossRef]

13. Sabisz, M.; Skladanowski, A. Modulation of cellular response to anticancer treatment by caffeine: Inhibition of cell cycle
checkpoints, DNA repair and more. Curr. Pharm. Biotechnol. 2008, 9, 325–336. [CrossRef] [PubMed]

14. Tenzer, A.; Pruschy, M. Potentiation of DNA-damage-induced cytotoxicity by G2checkpoint abrogators. Curr. Med. Chem.
Anti-Cancer Agents 2003, 3, 35–46. [CrossRef]

15. Lentini, A.; Kleinman, H.K.; Mattioli, P.; Autuori-Pezzoli, V.; Nicoli, L.; Pietrini, A.; Abbruzzese, A.; Cardinali, M.; Beninati, S.
Inhibition of melanoma pulmonary metastasis by methylxanthines due to decreased invasion and proliferation. Melanoma Res.
1998, 8, 131–138. [CrossRef] [PubMed]

16. Hisham, M.; Youssif, B.G.; Osman, E.E.A.; Hayallah, A.M.; Abdel-Aziz, M. Synthesis and biological evaluation of novel xanthine
derivatives as potential apoptotic antitumor agents. Eur. J. Med. Chem. 2019, 176, 117–128. [CrossRef] [PubMed]

17. Kim, D.; Lee, H.; Jun, H.; Hong, S.-S.; Hong, S. Fluorescent phosphoinositide 3-kinase inhibitors suitable for monitoring of
intracellular distribution. Bioorg. Med. Chem. 2011, 19, 2508–2516. [CrossRef]

18. Lee, K.; Jeong, K.-W.; Lee, Y.; Song, J.Y.; Kim, M.S.; Lee, G.S.; Kim, Y. Pharmacophore modeling and virtual screening studies for
new VEGFR-2 kinase inhibitors. Eur. J. Med. Chem. 2010, 45, 5420–5427. [CrossRef]

36



Pharmaceuticals 2023, 16, 716

19. Ruddarraju, R.R.; Murugulla, A.C.; Kotla, R.; Tirumalasetty, M.C.B.; Wudayagiri, R.; Donthabakthuni, S.; Maroju, R.;
Baburao, K.; Parasa, L.S. Design, synthesis, anticancer, antimicrobial activities and molecular docking studies of theophylline
containing acetylenes and theophylline containing 1,2,3-triazoles with variant nucleoside derivatives. Eur. J. Med. Chem. 2016,
123, 379–396. [CrossRef]

20. Abou-Zied, H.A.; Youssif, B.G.; Mohamed, M.F.; Hayallah, A.M.; Abdel-Aziz, M. EGFR inhibitors and apoptotic inducers: Design,
synthesis, anticancer activity and docking studies of novel xanthine derivatives carrying chalcone moiety as hybrid molecules.
Bioorg. Chem. 2019, 89, 102997. [CrossRef]

21. El-Kalyoubi, S.; Agili, F. Synthesis, In Silico Prediction and In Vitro Evaluation of Antitumor Activities of Novel Pyrido [2,3-d]
pyrimidine, Xanthine and Lumazine Derivatives. Molecules 2020, 25, 5205. [CrossRef] [PubMed]

22. Zheng, Y.; Tice, C.M.; Singh, S.B. The use of spirocyclic scaffolds in drug discovery. Bioorg. Med. Chem. Lett. 2014, 24, 3673–3682.
[CrossRef] [PubMed]

23. Carmona-Martínez, V.; Ruiz-Alcaraz, A.J.; Vera, M.; Guirado, A.; Martínez-Esparza, M.; García-Peñarrubia, P. Therapeutic
potential of pteridine derivatives: A comprehensive review. Med. Res. Rev. 2018, 39, 461–516. [CrossRef] [PubMed]

24. Kompis, I.M.; Islam, K.; Then, R.L. DNA and RNA Synthesis: Antifolates. Chem. Rev. 2005, 105, 593–620. [CrossRef] [PubMed]
25. Zhou, W.; Liu, X.; Tu, Z.; Zhang, L.; Ku, X.; Bai, F.; Zhao, Z.; Xu, Y.; Ding, K.; Li, H. Discovery of Pteridin-7(8H)-one-Based

Irreversible Inhibitors Targeting the Epidermal Growth Factor Receptor (EGFR) Kinase T790M/L858R Mutant. J. Med. Chem.
2013, 56, 7821–7837. [CrossRef]

26. El-Kalyoubi, S.; Agili, F.; Zordok, W.A.; El-Sayed, A.S.A. Synthesis, In Silico Prediction and In Vitro Evaluation of Antimicrobial
Activity, DFT Calculation and Theoretical Investigation of Novel Xanthines and Uracil Containing Imidazolone Derivatives. Int.
J. Mol. Sci. 2021, 22, 10979. [CrossRef]

27. El-Kalyoubi, S.; Agili, F.; Adel, I.; Tantawy, M.A. Novel uracil derivatives depicted potential anticancer agents: In Vitro, molecular
docking, and ADME study. Arab. J. Chem. 2022, 15, 103669. [CrossRef]

28. Ram, V.J.; Pandey, H.K.; Vlietinck, A.J. Synthesis of 2,4-substituted 6,7-phenanthreno-and 6,7-acenaphthenopteridines. J. Heterocycl.
Chem. 1981, 18, 55–57. [CrossRef]

29. Gomaa, H.A.; Shaker, M.E.; Alzarea, S.I.; Hendawy, O.; Mohamed, F.A.; Gouda, A.M.; Ali, A.T.; Morcoss, M.M.; Abdelrahman,
M.H.; Trembleau, L.; et al. Optimization and SAR investigation of novel 2,3-dihydropyrazino[1,2-a]indole-1,4-dione derivatives
as EGFR and BRAFV600E dual inhibitors with potent antiproliferative and antioxidant activities. Bioorg. Chem. 2022, 120, 105616.
[CrossRef]

30. Youssif, B.G.; Gouda, A.M.; Moustafa, A.H.; Abdelhamid, A.A.; Gomaa, H.A.; Kamal, I.; Marzouk, A.A. Design and synthesis of
new triarylimidazole derivatives as dual inhibitors of BRAFV600E/p38α with potential antiproliferative activity. J. Mol. Struct.
2021, 1253, 132218. [CrossRef]

31. Mahmoud, M.A.; Mohammed, A.F.; Salem, O.I.; Gomaa, H.A.; Youssif, B.G. New 1,3,4-oxadiazoles linked with the 1,2,3-triazole
moiety as antiproliferative agents targeting the EGFR tyrosine kinase. Arch. Pharm. 2022, 355, 2200009. [CrossRef] [PubMed]

32. Mahmoud, M.A.; Mohammed, A.F.; Salem, O.I.; Rabea, S.M.; Youssif, B.G. Design, synthesis, and antiproliferative properties of
new 1,2,3-triazole-carboximidamide derivatives as dual EGFR/VEGFR-2 inhibitors. J. Mol. Struct. 2023, 1282, 135165. [CrossRef]

33. Mekheimer, R.A.; Allam, S.M.; Al-Sheikh, M.A.; Moustafa, M.S.; Al-Mousawi, S.M.; Mostafa, Y.A.; Youssif, B.G.; Gomaa, H.A.;
Hayallah, A.M.; Abdelaziz, M.; et al. Discovery of new pyrimido [5,4-c] quinolines as potential antiproliferative agents with
multitarget actions: Rapid synthesis, docking, and ADME studies. Bioorg. Chem. 2022, 121, 105693. [CrossRef]

34. Abdel-Aziz, S.A.; Taher, E.S.; Lan, P.; Asaad, G.F.; Gomaa, H.A.; El-Koussi, N.A.; Youssif, B.G. Design, synthesis, and biological
evaluation of new pyrimidine-5-carbonitrile derivatives bearing 1,3-thiazole moiety as novel anti-inflammatory EGFR inhibitors
with cardiac safety profile. Bioorg. Chem. 2021, 111, 104890. [CrossRef] [PubMed]

35. Mohamed, F.A.; Gomaa, H.A.; Hendawy, O.; Ali, A.T.; Farghaly, H.S.; Gouda, A.M.; Abdelazeem, A.H.; Abdelrahman, M.H.;
Trembleau, L.; Youssif, B.G. Design, synthesis, and biological evaluation of novel EGFR inhibitors containing 5-chloro-3-
hydroxymethyl-indole-2-carboxamide scaffold with apoptotic antiproliferative activity. Bioorg. Chem. 2021, 112, 104960. [CrossRef]
[PubMed]

36. El-Sherief, H.A.; Youssif, B.G.; Abdelazeem, A.H.; Abdel-Aziz, M.; Abdel-Rahman, H.M. Design, synthesis and antiproliferative
evaluation of novel 1, 2, 4-triazole/schiff base hybrids with EGFR and B-RAF inhibitory activities. Anti-Cancer Agents Med. Chem.
2019, 19, 697–706. [CrossRef] [PubMed]

37. Ibrahim, T.S.; Bokhtia, R.; Al-Mahmoudy, A.M.; Taher, E.S.; AlAwadh, M.; Elagawany, M.; Abdel-Aal, E.H.; Panda, S.; Gouda, A.M.;
Asfour, H.Z.; et al. Design, synthesis and biological evaluation of novel 5-((substituted quinolin-3-yl/1-naphthyl) methylene)-3-
substituted imidazolidin-2,4-dione as HIV-1 fusion inhibitors. Bioorg. Chem. 2020, 99, 103782. [CrossRef]

38. Shaykoon, M.S.; Marzouk, A.A.; Soltan, O.M.; Wanas, A.S.; Radwan, M.M.; Gouda, A.M.; Youssif, B.G.; Abdel-Aziz, M. Design,
synthesis and antitrypanosomal activity of heteroaryl-based 1,2,4-triazole and 1,3,4-oxadiazole derivatives. Bioorg. Chem. 2020,
100, 103933. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

37



Citation: Al-Wahaibi, L.H.; El-Sheref,

E.M.; Hammouda, M.M.; Youssif,

B.G.M. One-Pot Synthesis of

1-Thia-4-azaspiro[4.4/5]alkan-3-ones

via Schiff Base: Design, Synthesis,

and Apoptotic Antiproliferative

Properties of Dual EGFR/BRAFV600E

Inhibitors. Pharmaceuticals 2023, 16,

467. https://doi.org/10.3390/

ph16030467

Academic Editor: Valentina Onnis

Received: 28 February 2023

Revised: 13 March 2023

Accepted: 20 March 2023

Published: 22 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

pharmaceuticals

Article

One-Pot Synthesis of 1-Thia-4-azaspiro[4.4/5]alkan-3-ones via
Schiff Base: Design, Synthesis, and Apoptotic Antiproliferative
Properties of Dual EGFR/BRAFV600E Inhibitors

Lamya H. Al-Wahaibi 1, Essmat M. El-Sheref 2, Mohamed M. Hammouda 3,4 and Bahaa G. M. Youssif 5,*

1 Department of Chemistry, College of Sciences, Princess Nourah Bint Abdulrahman University,
Riyadh 11564, Saudi Arabia

2 Chemistry Department, Faculty of Science, Minia University, El Minia 61519, Egypt
3 Department of Chemistry, College of Science and Humanities in Al-Kharj, Prince Sattam Bin Abdulaziz

University, Al-Kharj 11942, Saudi Arabia
4 Chemistry Department, Faculty of Science, Mansoura University, Mansoura 35516, Egypt
5 Pharmaceutical Organic Chemistry Department, Faculty of Pharmacy, Assiut University, Assiut 71526, Egypt
* Correspondence: bahaa.youssif@pharm.aun.edu.eg or bgyoussif2@gmail.com; Tel.: +20-109-829-4419

Abstract: In this investigation, novel 4-((quinolin-4-yl)amino)-thia-azaspiro[4.4/5]alkan-3-ones were
synthesized via interactions between 4-(2-cyclodenehydrazinyl)quinolin-2(1H)-one and thioglycolic
acid catalyzed by thioglycolic acid. We prepared a new family of spiro-thiazolidinone derivatives in
a one-step reaction with excellent yields (67–79%). The various NMR, mass spectra, and elemental
analyses verified the structures of all the newly obtained compounds. The antiproliferative effects
of 6a–e, 7a, and 7b against four cancer cells were investigated. The most effective antiproliferative
compounds were 6b, 6e, and 7b. Compounds 6b and 7b inhibited EGFR with IC50 values of 84
and 78 nM, respectively. Additionally, 6b and 7b were the most effective inhibitors of BRAFV600E

(IC50 = 108 and 96 nM, respectively) and cancer cell proliferation (GI50 = 35 and 32 nM against four
cancer cell lines, respectively). Finally, the apoptosis assay results revealed that compounds 6b and
7b had dual EGFR/BRAFV600E inhibitory properties and showed promising antiproliferative and
apoptotic activity.
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1. Introduction

The development of new drugs in anti-cancer research depends on a better understand-
ing of druggable targets. According to this strategy, changing particular cancer biomarkers
will produce beneficial therapeutic effects [1]. Selective anti-cancer medications must be
more effective at destroying tumors while having fewer side effects on normal cells [2].
Single-target therapy has been recognized as causing chemotherapeutic resistance [3]. Re-
cently, combination therapy (drug cocktails combining two or more therapeutic agents with
different modes of action and non-overlapping toxicities) was authorized as an alternative
to single-target chemotherapy for cancer [4]. Despite the possibility of additive and syner-
gistic effects, combination therapy frequently results in unexpected adverse effects, such as
increased toxicity. Alternatives to combination therapy include drugs with two or more
targets, a reduced risk of drug interactions, enhanced pharmacokinetics (PK), and improved
safety profiles [5]. Additionally, a dual-target kinase may inhibit drug interactions, harmful
off-target impacts, poor patient compliance, and elevated costs of production [5].

Combining tyrosine kinase (TK) and BRAF inhibitors has proven useful in preventing
tumor growth and minimizes resistance in clinical trials. Combining vemurafenib and
EGFR inhibitors in thyroid carcinoma may help overcome resistance to BRAF inhibitors [6].
This combination has also been effective in BRAFV600E colorectal cancer [7]. Addition-
ally, several in vitro substances have been developed, including EGFR/VEGFR-2 and
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BRAF, which contain the essential pharmacophoric groups necessary to suppress tyrosine
kinase [8,9]. In summary, dual/multi-targeted kinase inhibitors can be turned into effective
anti-cancer medications [10].

In medicinal chemistry, nitrogen heterocycles are crucial structural components. The
chemical and biological uses of quinoline, one of many heterocyclic compounds, have been
studied by numerous research groups [11,12]. The FDA recently approved quinazoline
derivatives, such as gefitinib and erlotinib (Figure 1), as EGFR inhibitors for treating non-
small cell breast and lung cancers [13–15]. In addition, Thr766 in the EGFR pocket forms
a water-mediated hydrogen bond with the nitrogen atom at position 3 of the quinazoline
core [16,17]. New quinoline derivatives, such as pelitinib and neratinib, which are potent
EGFR inhibitors, were developed through the bioisosteric replacement of the quinazoline
core with a quinoline ring (Figure 1) [18–22]. The bioisosteric substitution did not require
water molecules to facilitate the interaction with amino acid residue Thr766 [23].

Figure 1. Structure of Erlotinib, Gefitinib, Neratinib, Pelitinib, and compounds I–III.

We previously reported synthesizing two novel series of quinoline-2-one-based deriva-
tives as potential apoptotic antiproliferative agents targeting the EGFR inhibitory path-
way [24]. Compounds I and II (Figure 1) inhibited EGFR effectively, with IC50 values of
0.18 and 0.09 μM, respectively. Furthermore, the two compounds significantly increased the
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apoptotic markers caspase-3, caspase-8, and the Bax levels while decreasing antiapoptotic
Bcl2. In another study [25], compound III, a quinoline-based derivative, was developed as
a dual EGFR and BRAFV600E inhibitor with IC50 values of 1.30 and 3.8 μM, respectively.

The Spiro scaffold is another building material with potential applications in medicinal
chemistry. Chemists have introduced a ring for rigidity when designing new drugs to
potentially reduce the entropic penalties upon binding to target proteins. Conformational
restriction can also be achieved by spiro ring fusion. They are frequently used in the design
and discovery of drugs due to their inherent three-dimensionality and novel structural char-
acteristics. Previously, spiro ring systems were efficiently integrated into enzyme inhibitors,
with kinases topping the list, as well as protein–protein interaction inhibitors [26–28].

On the other hand, the thiazole moiety has piqued researchers’ interest due to its robust
biological properties [29,30]. Regarding anti-cancer activity, thiazole and its derivatives
rank among the most active compounds [31–36]. Furthermore, several clinically available
anti-cancer drugs contain thiazole-containing compounds, such as dabrafenib (IV, Figure 2)
(BRAF inhibitor) [37].

Figure 2. Structures of some thiazole-based anticancer agents IV–VI.

Abdel-Maksoud et al. also developed a novel series of thiazole-based derivatives
for testing as BRAFV600E inhibitors. Compound V (Figure 2) exhibited the most potent
antiproliferative activity, with potent BRAFV600E inhibitory activity and an IC50 value of
0.05 μM [38]. We recently reported the synthesis of novel thiazole-based derivatives that
act as dual EGFR and BRAFV600E inhibitors [39]. Compound VI (Figure 2) demonstrated
significant antiproliferative activity against EGFR and BRAFV600E, with IC50 values of
74 and 107 nM, respectively.

Following our previous study on dual targeting strategies and motivated by the
findings above [40–42], we synthesized new spiro-compounds that combine quinolinone,
thiazolidinone, and spiro-cyclic in a single molecule via the reaction of thioglycolic acid
and 4-(2-cyclodenehydrazinyl)4uinoline-2(1H)-one. As a result, two new compounds,
6a–e (Scaffold A) and 7a and 7b (Scaffold B), were developed to generate new potent
antiproliferative agents targeting EGFR and/or BRAFV600E, as shown in Figure 3.

The new compounds underwent a cell viability assay test to determine their influence on
the vitality of normal cell lines. They were also tested against a panel of four cancer cell lines
as antiproliferative agents. Furthermore, the most active compounds were tested for antipro-
liferative activity against EGFR and BRAFV600E. Finally, we tested the most active compounds
for apoptotic potential against caspase 3, caspase 8, Bax, and the antiapoptotic Bcl2.
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Figure 3. Structures of new compounds 6a–e, 7a, and 7b.

2. Results and Discussion

2.1. Chemistry

We aimed to develop a novel series of spiro-compounds, namely 6a–e, 7a and 7b.
Scheme 1 depicts the steps taken to obtain our target 4-((6-substituted-2-oxo-1,2-dihydroqu
inolin-4-yl)amino)-1-thia-4-azaspiroalkan-3-ones (6a–e) in high yields via the interaction
between 4-(2-cyclodenehydrazinyl)5uinoline-2(1H)-ones (5a–e) [43–45] and thioglycolic
acid refluxed under dry benzene with a free catalyst at a molar ratio of 1:20 for 20 h.

Scheme 1. Synthesis of azaspiroalkan-3-one 6a–e.
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Reagents and reaction conditions: (a) POCl3/stirring for 1 h, 70 ◦C; (b) AcOH/H2O/refluxing
overnight; (c) Hydrazine/EtOH/refluxing for 3 h; (d) Cyclic ketone/EtOH/refluxing for
3 h; I Thioglycolic acid/Benzene/refluxing for 24 h.

The structures of our obtained products, 6a–e, were confirmed using NMR, mass
spectrometry, and elemental analysis. All of the spectral data show that the acquired molec-
ular formula for 6a–e comprises one molecule from compounds 5a–e and one molecule
of thioglycolic acid, with the elimination of the H2O molecule. Compound 6b [4-((2-oxo-
1,2-dihydroquinolin-4-yl)amino)-1-thia-4-azaspiro-[4.5]decan-3-one], with the chemical
formula C17H19N3O2S and a detectable molecular ion peak at m/z = 329, was used as a rep-
resentative example. Moreover, the 1H NMR spectra of compound 6b revealed two broad
singlet signals at δH = 11.01 and 10.07 ppm, respectively, indicative of NH-1 and exo-NH-4b.
Two singlet signals at δH = 6.11 and 3.74 ppm were assigned as H-3 and H-2′, respec-
tively, in addition to quinolinone-CH between 7.97 and 7.12 ppm (m, 4H). The 13C NMR
spectra for compound 6b had four downfield-lying lines at δC = 167.56 (C-3′), 162.85 (C-2),
151.76 (C-4), and 139.06 (C-8a) ppm, respectively. C-5 resonated at δC = 61.27 ppm and was
characteristic of a spiro-structure.

The possibility of an isomeric structure in compound 6b′ (Figure 4) was ruled out by
1H NMR, which revealed an NH chemical shift at 10.07 ppm due to hydrogen bonding
with the carbonyl group (C-3′). Furthermore, the 15N NMR spectrum revealed a signal at
δN = 131.7 ppm, which produced an HSQC correlation with the proton at δH = 10.07 ppm.
An HMBC correlation with two protons at δH = 10.07 and 6.11 ppm, assigned as NH-4b
and H-3, was also indicated (Figure 5). The latter applies to structure 6b but not 6b′.
Furthermore, the two signals at δN = 142.1 ppm, designated as NH-1, show an HSQC
correlation with the proton at H 6.11 ppm, designated as H-3. These correlations are not
possible for structure 6b′.

Figure 4. Structure of compound 6b and its isomeric structure 6b′.

We also investigated the reaction of thioglycolic acid with 4-(2-(2,2,6,6-tetramethylpiperidin-
4-ylidene)hydrazinyl)quinolin-2(1H)-one (5f) and 4-(2-(1-benzylpiperidin-4-ylidene) hydrazine-
yl)quinolin-2(1H)-one (5g). The reaction followed the same pattern and produced similar
products, 7a and 7b, in high yields (Scheme 2).
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Figure 5. 1H -15N HMBC for compound 6b.

Scheme 2. Synthesis of azaspiroalkan-3-one 7a,b.

For example, consider compound 7b, which was designated as 8-benzyl-4-((2-oxo-
1,2-dihydroquinolin-4-yl)amino)-1-thia-4,8-diazaspiro[4.5]decan-3-one with the molecular
formula C23H24N4O2S (Figure 6, Table 1). The 1H NMR of compound 7b revealed that H-3
was distinctive as the vinylic singlet at δH 6.08 ppm, with its attached carbon appearing
at δC 92.33 ppm. Furthermore, H-3 exhibits an HMBC correlation with both protonated
nitrogens at δN 141.9 and 132.0 ppm. The latter could be N-1 and N-4b, although it is
unclear which was which. Furthermore, N-1 exhibits an HMBC correlation with the proton
resonance at δH 7.28 ppm, implying that H-8 is present. Of the two carbons that exhibit an
HSQC correlation with this proton, the one at δC 115.45 ppm exhibits an HMBC correlation
with the protons in the quinoline ring, designated as C-8. The only visible 1H doublet in
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the aromatic region appears at δH 7.98 ppm and is assigned to H-5, whose attached carbon
appears at δC 122.44 ppm. H-5 establishes a COSY correlation with the dd at δH 7.12 ppm,
designated as H-6. The attached carbon appears at δC 120.31 ppm in H-6, establishing a
COSY correlation with the other dd, at δH 7.46, designated as H-7. Attached carbon appears
at δC 130.13 ppm in H-7. In turn, H-7 establishes a COSY correlation with H-8. The carbon
at δC 139.23 establishes an HMBC correlation with H-5 and H-7, designated as C-8a. The
carbon at δC 112.26 establishes a strong HMBC correlation with H-3, NH-4b, H-6, and H-8,
designated as C-4a. These six HMBC correlations are three-bond correlations. The carbon
at δC 162.90 establishes an HMBC correlation with H-3 and (weakly) NH-4b, designated as
C-2. The carbon at δC 149.51 establishes an HMBC correlation with H-3, NH-4b, H-5, and
(weakly) H-8, designated as C-4. This arrangement constituted the quinolinone structure.

Figure 6. Structure of compound 7b.

Furthermore, H-8” is distinctive as the 2H singlet at δH 3.56, whose attached carbon ap-
pears at δC 61.36 ppm., and establishes an HMBC correlation with the signal at δC 128.73 ppm,
designated as C-o. Both C-o and C-m establish HSQC correlations with the m-signal at δH
7.35 ppm. Furthermore, the carbon at δC 126.93 establishes a COSY correlation with both
H-o and H-m, and HSQC correlations with the signal at 7.28 ppm. This carbon must be C-p,
as shown in Table 1.

Compounds 6a–e were synthesized by cyclizing the corresponding hydrazones 5a–e

with thioglycolic acid according to the suggested mechanism in Scheme 3. Compounds
5a–c were catalyzed with thioglycolic acid to form tertiary carbocation 8 and a nucleophilic
addition of HS-thioglycolic, followed by rearrangement with the loss of an H+-proton
to produce the intermediate 9. Nucleophilic attacks from NH-2 to the carbonyl group
eliminated an H2O molecule, yielding the corresponding products 6a–e via intermediates 9
and 10. Compounds 7a and 7b were also formed via a similar mechanism.

Table 1. Spectral data for compound 7b.

1H NMR 1H-1H COSY Assignment

11.01 (bs; 1H) 6.08 NH-1
10.09 (s; 1H) NH-4b

7.98 (d, J = 8.1; 1H) 7.46, 7.12 H-5
7.46 (dd, J = 7.7, 7.5; 1H) 7.98, 7.28, 7.12 H-7

7.35 (m; 4H) 7.28 H-o, m
7.28 (m; 3H) 7.46, 7.35, 7.12 H-8, p

7.12 (dd, J = 7.7, 7.4; 1H) 7.98, 7.46, 7.28 H-6
6.08 (s; 1H) 11.01 H-3
3.71 (s; 2H) H-2′
3.56 (s; 2H) H-8”

2.67 (t, J = 5.6; 2H) 2.55, 2.44 H-6′/6”
2.55 (m; 4H) 2.67, 2.44 H-7′,7”

2.44 (t, J = 5.4; 2H) 2.67, 2.55 H-6”/6′
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Table 1. Cont.

13C NMR HSQC HMBC Assignment

167.33 10.09, 3.71 C-3′
162.90 10.09, 6.08 C-2
149.51 10.09, 7.98, 7.28, 6.08 C-4
139.23 7.98, 7.46 C-8a
138.31 7.35, 7.28, 3.56 C-i
130.13 7.46 7.98, 7.46, 7.28 C-7
128.73 7.35 7.35, 7.35, 3.56 C-o
128.16 7.35 7.35, 7.35 C-m
126.93 7.28 7.28 C-p
122.44 7.98 7.98, 7.46, 6.08 C-5
120.31 7.12 7.28, 7.12 C-6
115.45 7.28 7.46, 7.12 C-8
112.26 10.09, 7.98, 7.28, 7.12, 6.08 C-4a
92.33 6.08 10.09, 6.08 C-3
61.36 3.56, 2.55 C-8”
54.11 3.71 2.67, 244 C-2′

53.23, 52.07 2.55 3.56, 2.67, 2.55, 2.55, 2.44 C-7′,7”
47.33 3.56 2.67, 2.44 C-5′
34.46 2.44 2.67, 2.55 C-6′/6”
27.26 2.67 2.67, 2.55, 2.55 C-6”/6′

15N NMR: HSQC HMBC Assignment

141.9 11.00 7.28, 6.08 N-1
132.0 10.09 10.09, 6.08 N-4b
49.7 2.67, 2.44 N-8′

Scheme 3. Suggested mechanism which rationalizes compounds 6a–e.
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2.2. Biology
2.2.1. Cell Viability Assay

The epithelial (MCF-10A) cell line of a normal human mammary gland was used to
test the viability of the new substances. Compounds 6a–e, 7a, and 7b were incubated on
MCF-10A cells for four days before being tested for viability using the MTT assay [46,47].
According to Table 2, none of the tested substances revealed cytotoxic impacts, and the cell
viability for the compounds tested at 50 μM was >89%.

Table 2. IC50 of compounds 6a–e, 7a, 7b, and Erlotinib against four cancer cell lines.

Compd. Cell Viability %

Antiproliferative Activity IC50 ± SEM (μM)

A-549 MCF-7 Panc-1 HT-29
Average
(GI50)

6a 90 40 ± 4 44 ± 4 46 ± 4 48 ± 4 45

6b 89 33 ± 3 35 ± 3 36 ± 3 36 ± 3 35

6c 91 72 ± 7 74 ± 7 73 ± 7 72 ± 7 73

6d 91 48 ± 4 52 ± 5 54 ± 5 54 ± 5 52

6e 92 36 ± 3 40 ± 3 42 ± 4 42 ± 4 40

7a 89 80 ± 8 82 ± 8 81 ± 8 81 ± 8 81

7b 91 30 ± 3 34 ± 3 32 ± 3 32 ± 3 32

Erlotinib ND 30 ± 3 40 ± 3 30 ± 3 30 ± 3 33
ND: Not Determined.

2.2.2. Antiproliferative Assay

The antiproliferative role of 6a–e, 7a, and 7b was tested against the four human cancer
cell lines, namely MCF-7 (breast cancer cell line), Panc-1 (pancreatic cancer cell line), A-549
(lung cancer cell line), and HT-29 (colon cancer cell line), using the MTT assay and erlotinib
as the reference drug [48,49]. Table 2 shows the median inhibitory concentration of each
tested compound (IC50).

Overall, the recently screened derivatives 6a–e, 7a, and 7b showed encouraging an-
tiproliferative action against the four cancer cell lines tested, with an average IC50 (GI50)
ranging between 32 and 81 nM compared to the reference erlotinib, which had a GI50 of
33 nM. Compounds 6b, 6e, and 7b had the highest antiproliferative activity, with GI50
values of 35, 40, and 32 nM, respectively. Compound 7b (R = Ph-CH2, R1 = R2 = H, Scaffold
B) was the most effective derivative, with a GI50 value of 32 nM. It was comparable to, and
even more effective than, erlotinib (GI50 = 33 nM) against the MCF-7 cell line, as shown in
Table 3. The other Scaffold B compound 7a (R = H, R1 = R2= CH3) was the least effective
derivative, with GI50 values of 81 nM. It was 2.5-fold less potent than 7b, suggesting the
significance of the N-benzyl piperidine moiety for antiproliferative activity.

Compounds 6b (R = H, n = 1, Scaffold A) and 6e (R = OCH3, n = 1, Scaffold A) were the
second and third most active compounds, with GI50 values of 35 and 40 nM, respectively.
They were 1.1- and 1.25-fold less potent than 7b. Additionally, compound 6c (R = CH3,
n = 1, Scaffold A) showed modest antiproliferative activity with a GI50 value of 73 nM
against the four cancer cell lines tested. Compound 6c was 2.1- and 1.8-folds less potent
than 6b and 6e, respectively.

Compound 6a (R = H, n = 0, Scaffold A) was 1.3-fold less potent than compound
6b (R = H, n = 1, Scaffold A) against the four cancer cell lines, with a GI50 value of
45 nM. The same pattern was observed when comparing compounds 6d (R = OCH3, n = 0,
Scaffold A) and 6e (R = OCH3, n = 1, Scaffold A). Compound 6d had a GI50 of 52 nM,
whereas 6e had a GI50 of 40 nM. These results showed that the spiro moiety’s ring size
and the type of substitution at the quinoline moiety’s 6-position significantly impacted the
antiproliferative function. Regarding the ring size, the cyclohexyl ring moiety was more
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tolerated for antiproliferative activity than the cyclopentyl ring moiety. Furthermore, the
nature of substitution at the quinoline 6-position was associated with an increase in the
antiproliferative activity, in the order H > OCH3 > CH3.

Table 3. IC50 of compounds 6a–e, 7a, 7b, and Erlotinib against EGFR and BRAFV600E.

Compd.
EGFR Inhibition
IC50 ± SEM (nM)

BRAFV600E Inhibition
IC50 ± SEM (nM)

6a 97 ± 07 137 ± 12

6b 84 ± 06 108 ± 09

6c 135 ± 11 164 ± 15

6d 104 ± 08 159 ± 14

6e 92 ± 07 129 ± 10

7a 149 ± 12 187 ± 16

7b 78 ± 05 96 ± 8

Erlotinib 80 ± 05 60 ± 05

2.2.3. EGFR Inhibitory Assay

As potential targets for their antiproliferative activity, compounds 6a–e, 7a, and 7b

were tested for EGFR inhibitory activity [50]. Table 3 displays these results as IC50 values.
The outcomes of this test align with the antiproliferative test, where the two most effective
antiproliferative derivatives, compounds 7b (R = Ph-CH2, R1 = R2 = H, Scaffold B) and
6b (R = H, n = 1, Scaffold A), were the most effective EGFR inhibitors, with IC values of
78 ± 05 and 84 ± 06 nM, respectively. They were also equipotent to the reference erlotinib
(IC50 = 80 ± 05).

Compounds 6a (R = H, n = 0, Scaffold A), 6d (R = OCH3, n = 0, Scaffold A), and 6e

(R = OCH3, n = 1, Scaffold A) displayed significant anti-EGFR activity with IC50 values of
97 ± 07, 104 ± 08, and 92 ± 07 nM, respectively. They were 1.2- to 1.3-folds less potent
than erlotinib.

Once again, compounds 6c (R = CH3, n = 1, Scaffold A) and 7a (R = H, R1 = R2 = CH3,
Scaffold B) had the lowest activity as EGFR inhibitors, with IC50 values of 135 ± 11 and
149 ± 12 nM, respectively. These findings demonstrated that compounds 6b and 7b are
workable antiproliferative candidates with substantial EGFR inhibitory properties.

2.2.4. BRAFV600E Inhibitory Assay

The anti-BRAFV600E activity of compounds 6a–e, 7a, and 7b was also investigated
in vitro [51], using erlotinib as a reference compound; the results are displayed in Table 3.
According to the enzyme testing results, the investigated compounds had moderate to good
BRAFV600E inhibitory activity, with IC50 values between 96 and 187 nM. In every instance,
the compounds were less effective than the standard drug erlotinib (IC50 = 60 nM).

Table 3 shows that the most potent EGFR inhibitors, compounds 7b (R = Ph-CH2,
R1 = R2 = H, Scaffold B) and 6b (R = H, n = 1, Scaffold A), were also the most potent
BRAFV600E inhibitors, with IC values of 96 ± 8 and 108 ± 9 nM, respectively. Compounds
7b and 6b were roughly equivalent to erlotinib as antiproliferative agents; however, as
BRAFV600E inhibitors, they were 1.6- and 1.8-fold less potent. Compounds 6a, 6c, 6d, 6e,
and 7a showed weak to moderate anti-BRAF activity with IC50 values ranging between 129
and 187 nM, as shown in Table 3. The in vitro assay findings revealed that compounds 6b
and 7b are potent antiproliferative agents that can act as dual EGFR/BRAFV600E inhibitors.

2.2.5. Apoptotic Markers Activation Assay

Numerous biochemical and morphological processes are involved in apoptosis, also
called programmed cell death [52]. Antiapoptotic proteins such as Bcl-2 and Bc-W coexist
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with proapoptotic proteins such as Bad and Bax [53]. Proapoptotic proteins stimulate the
release of cytochrome-c, whereas antiapoptotic proteins control apoptosis by inhibiting the
release of cytochrome-c. The outer mitochondrial membrane becomes permeable when the
ratio of proapoptotic proteins exceeds that of antiapoptotic proteins, setting off a series of
events. The release of cytochrome c triggers both caspase-3 and caspase-9. Then, caspase-3
induces apoptosis by attacking several of the vital proteins that the cell requires [53].

Caspase 3 Activation Assay

Compounds 6b and 7b were tested as caspase-3 activators against the human pancre-
atic (Panc-1) cancer cell line [54]; the findings are shown in Table 4. Our results showed
that derivatives 6b and 7b had a significant overexpression of caspase-3 protein levels
(487.50 ± 4 and 544.50 ± 5 pg/mL, respectively) compared to the reference staurosporine
(503.00 ± 4 pg/mL). The highest active substance, 7b, caused caspase-3 protein overex-
pression (544.50 ± 5 pg/mL) in the Panc-1 cancer cell line, which was 8.5-fold higher
than the control with untreated cells, and even higher than staurosporine. Compound 6b

(487.50 ± 4 pg/mL) showed comparable caspase-3 activation to the reference staurosporine.
The above findings suggest that apoptosis may have contributed to the antiproliferative
action of the tested compounds and caspase-3 overexpression.

Table 4. Caspase-3 induction of compounds 6b and 7b.

Compound Number
Caspase-3

Conc (Pg/mL) Fold Change

6b 487.50 ± 4 7.50

7b 544.50 ± 5 8.5

Staurosporine 503.00 ± 4 8.0

Control 65.50 1

Caspase-8, Bax and Bcl-2 Levels Assay

Compounds 6b and 7b were investigated for their impact on the Bacl-2, Bax, and
caspase-8 levels against the Panc-1 cancer cell line, with staurosporine as a reference [55].
Our results are presented in Table 5.

Table 5. Caspase-8, Bax and Bcl-2 levels for compounds 6b, 7b, and Staurosporine.

Compound
Number

Caspase-8 Bax Bcl-2

Conc
(ng/mL)

Fold
Change

Conc
(Pg/mL)

Fold
Change

Conc
(ng/mL)

Fold
Reduction

6b 1.50 17 220 28 1.30 4

7b 1.90 21 295 37 1.00 5

Staurosporine 1.80 20 280 35 1.10 5

Control 0.09 1 8 1 5 1

Our findings demonstrated that the investigated substances significantly increased the
Bax and caspase-8 levels compared to staurosporine. Compound 7b had the highest level
of caspase-8 overexpression (1.90 ng/mL), followed by compound 6b (1.50 ng/mL) and the
reference staurosporine (1.80 ng/mL). Additionally, 7b showed a comparable induction of
Bax (295 pg/mL) to staurosporine (280 pg/mL), which was 37-fold higher than the control
with untreated Panc-1 cancer cells. Finally, compound 7b caused the equipotent down-
regulation of the Bcl-2 protein level (1.00 ng/mL), followed by compound 6b (1.30 ng/mL)
in the Panc-1 cell line, and the reference staurosporine (1.10 ng/mL). The apoptosis assay
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results revealed that compounds 6b and 7b possess dual EGFR/BRAF inhibitory properties
and show promising antiproliferative and apoptotic activity.

3. Conclusions

We designed and synthesized a small set of novel compounds, 4-((quinolin-4-yl)amino)
thia-azaspiro[4.4/5]alkan-3-ones 6a–e, 7a, and 7b, in order to develop new dual-targeting
antiproliferative agents. The MTT assay was used to investigate the antiproliferative
effects of the new compounds against a panel of four cancer cell lines. Compounds 6b,
6e, and 7b had higher antiproliferative activity, with GI50 values of 35, 40, and 32 nM,
than erlotinib, which had a GI50 of 33 nM. The most potent compounds were then tested
for EGFR and BRAFV600E inhibition. Our results showed that compounds 6b, 6e, and 7b

were the most potent EGFR inhibitors, with IC50 values of 84, 92, and 78 nM, respectively.
Furthermore, 6b, 6e, and 7b showed promising BRAFV600E inhibitory activity, with IC50
values of 108, 129, and 96 nM, respectively. Therefore, they can be considered effective
antiproliferative agents that act as dual EGFR/BRAFV600E inhibitors. The most active
derivative in Panc-1 cells, 7b, induces apoptosis via caspase 3 overexpression and an
increased ratio of Bax/Bcl-2 genes compared to the control cells. In the future, more in vitro
and in vivo studies, as well as chemical modifications, may be required to develop highly
effective antiproliferative agents.

4. Experimental

4.1. Chemistry

General details: See Appendix SA (Supplementary File).
The 4-(2-substitutedhydrazinyl)-6-substituted-quinolin-2(1H)-one 5a–g were prepared

as reported [36–38], the thioglycolic acid (Aldrich) was used as received.
General procedure for preparation of compounds 6a–e and 7a,b
The 5a–g (1 mmol) and thioglycolic acid (20 mmol) were refluxed in 20 mL dray

benzene in a round-bottom flask for 20 h. The reaction mixture was allowed to cool, and
a white precipitate formed. The precipitate was suction filtrated and washed four times
with 25 mL of 3% Na2CO3 solution to remove unreacted thioglycolic acid before being
thoroughly dried to yield the products 6a–e, 7a, and 7b.

4.1.1. 4-((2-Oxo-1,2-dihydroquinolin-4-yl)amino)-1-thia-4-azaspiro[4.4]nonan-3-one (6a)

White ppt (69%), m.p 215–17 ◦C; 1H NMR (DMSO-d6): δH = 11.01 (bs, 1H; NH-1),
10.07 (bs, 1H; NH-4b), 7.97 (d, J = 8.1 Hz; 1H, H-5), 7.47 (dd, J = 8.1, 7.2 Hz; 1H, H-7),
7.28 (d, J = 7.8 Hz; 1H, H-8), 7.13 (t, J = 8, 7.2 Hz, H-6), 6.09 (s, 1H; H-3), 3.74 (s, 2H;
H-2′), 1.1–1.95 ppm (m, 8H; cyclopentyl-CH2), 13C NMR (DMSO-d6): δC = 167.54 (C-3′),
162.89 (C-2), 149.69 (C-4), 139.05 (C-8a), 130.64 (C-7), 122.09 (C-5), 120.93 (C-6), 115.54 (C-8),
111.98 (C-4a), 92.64 (C-3), 54.40 (C-2′), 47.12 (C-5′), 34.11, 26.11, 25.25 ppm (Cyclopentyl-
CH2), 15N NMR (DMSO-d6): δN = 142 (N-1), 128,6 (N-4b), 93.3 ppm (N-4′). m/z, Ms = 315
(M+, 12). Anl. Calcd. For C16H17N3O2S: C, 60.93; H, 5.43; N, 13.32; S, 10.17. Found: C, 61.08;
H, 5.33; N, 13.43; S, 10.29.

4.1.2. 4-((2-Oxo-1,2-dihydroquinolin-4-yl)amino)-1-thia-4-azaspiro[4.5]decan-3-one (6b)

White ppt (70%), m.p 194–96 ◦C; 1H NMR (DMSO-d6): δH = 11.05 (bs, 1H; NH-1),
10.09 (bs, 1H; NH-4b), 7.97 (m, 1H; H-5), 7.49 (m, 1H; H-6), 7.27 (m, 1H; H-7), 7.12 (m, 1H;
H-8), 6.11 (s, 1H; H-3), 3.74 (s, 2H; H-2′), 1.11–1.92 ppm (m, 10H; cyclohexyl-CH2), 13C
NMR (DMSO-d6): δC = 167.56 (C-3′), 162.85 (C-2), 149.76 (C-4), 139.06 (C-8a), 130.34 (C-7),
122.09 (C-5), 120.69 (C-6), 115.53 (C-8), 111.99 (C-4a), 92.66 (C-3), 54.42 (C-2′), 47.17 (C-5′),
34.18, 26.17 ppm (Cyclohexyl-CH), 15N NMR (DMSO-d6): δN = 142.1 (N-1), 131,7 (N-4b),
93.5 ppm (N-4′). m/z, Ms = 329 (M+, 10). Anl. Calcd. For C17H19N3O2S: C, 61.98; H, 5.81; N,
12.76; S, 9.73. Found: C, 62.11; H, 5.77; N, 12.83; S, 9.66.
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4.1.3.
4-((6-Methyl-2-oxo-1,2-dihydroquinolin-4-yl)amino)-1-thia-4-azaspiro[4.5]decan-3-one (6c)

White ppt (75%), m.p 160–62 ◦C; 1H NMR (DMSO-d6): δH = 10.93 (bs, 1H; NH-1),
10.05 (bs, 1H; NH-4b), 7.78(s, 1H, H-8), 7.33 (m, 1H; H-8), 7.17 (m, 1H; H-5), 6.07 (s, 1H; H-3),
3.24 (s, 2H; H-2′), 1.11–1.93 (m, 10H; Ali-CH), 2.11 ppm (s, 3H, CH3), 13C NMR (DMSO-
d6): δC = 167.49 (C-3′), 162.15 (C-2), 149.75 (C-4), 139.16 (C-8a), 131.48 (C-7), 129.60 (C-6),
121.77 (C-5), 115.45 (C-8), 111.84 (C-4a), 92.61 (C-3), 54.33 (C-2′), 46.98 (C-5′), 33.90, 25.98
(Cyclohexyl-CH), 20.58 ppm (CH3). m/z, Ms = 343 (M+, 10). Anl. Calcd. For C18H21N3O2S:
C, 62.95; H, 6.16; N, 12.23; S, 9.34. Found: C, 63.10; H, 6.22; N, 12.43; S, 9.21.

4.1.4.
4-((6-Methoxy-2-oxo-1,2-dihydroquinolin-4-yl)amino)-1-thia-4-azaspiro[4.4]nonan-3-one (6d)

White ppt (67%), m.p 236–38 ◦C; 1H NMR (DMSO-d6): δH = 11.12 (bs, 1H; NH-1),
10.07 (bs, 1H; NH-4b), 7.99–7.11 (m, 3H; H-5,7,8), 6.06 (s, 1H; H-3), 3.70 (s, 3H; OMe), 3.35 (s,
2H; H-2′), 1.12–1.95 ppm (m, 8H; Cyclpentyl-CH2), 13C NMR (DMSO-d6): δC = 167.52 (C-3′),
162.84 (C-2), 149.11 (C-4), 136.07 (C-8a), 133.40 (C-6), 128.28 (C-7), 119.52 (C-5), 115.52 (C-8),
111.98 (C-4a), 92.67 (C-3), 55.55 (C-2′), 54.94 (OMe), 47.44 (C-5′), 32.77, 25.90, 23.77 ppm
(Cyclopentyl-CH). Anl. Calcd. For C17H19N3O3S: C, 59.11; H, 5.54; N, 12.17; S, 9.28. Found:
C, 59.23; H, 5.44; N, 11.99; S, 9.18.

4.1.5.
4-((6-Methoxy-2-oxo-1,2-dihydroquinolin-4-yl)amino)-1-thia-4-azaspiro[4.5]decan-3-one (6e)

White ppt (79%), m.p 238–40 ◦C; 1H NMR (DMSO-d6): δH = 10.93 (bs, 1H; NH-
1), 10.07 (bs, 1H; NH-4b), 7.50–7.34 (m, 1H; H-,8), 7.22–7.13 (m, 2H; H-5,7), 6.06 (s, 1H;
H-3), 3.71 (s, 3H; OMe), 3.33 (s, 2H; H-2′), 1.14–1.92 ppm (m, 10H; Cyclohexyl-CH2), 13C
NMR (DMSO-d6): δC = 167.60 (C-3′), 162.49 (C-2), 149.49 (C-4), 136.90 (C-8a), 133.46 (C-6),
128.28 (C-7), 119.52 (C-5), 116.82 (C-8), 112.29 (C-4a), 92.99 (C-3), 55.62 (C-2′), 55.42 (OMe),
47.56 (C-5′), 33.0, 25.94, 23.91 ppm (Cyclohexyl-CH). Anl. Calcd. For C18H21N3O3S: C, 60.15;
H, 5.89; N, 11.69; S, 8.92. Found: C, 60.25; H, 5.77; N, 11.80; S, 8.88.

4.1.6. 7,7,9,9-Tetramethyl-4-((2-oxo-1,2-dihydroquinolin-4-yl)amino)-1-thia-4,8-
diazaspiro-[4.5]decan-3-one (7a)

White ppt (78%), m.p 165–67 ◦C; 1H NMR (DMSO-d6): δH = 11.07 (bs, 1H; NH-1),
10.26 (s, 1H; NH-4b), 7.78 (t, 1H; H-5), 7.65 (m,1H; H-7), 7.05 (m, 2H; NH, H-6), 6.05 (s,
1H; H-3), 3.51 (s, 2H; H-2′), 2.67 (s, 4; H-6′), 2.44 (s, 12H; 4CH3), 13C NMR (DMSO-
d6): δC = 167.57 (C-3′), 162.68 (C-2), 149.68 (C-4), 139.02 (C-8a), 130.35 (C-7), 122.14 (C-5),
120.72 (C-6), 115.54 (C-8), 111.99 (C-4a), 92.87 (C-3), 55.55 (C-2′), 47.11 (C-5′),34.0 (C-6′),
26.33, 25.25 ppm (CH3). Anl. Calcd. For C20H26N4O2S: C, 62.15; H, 6.78; N, 14.50; S, 8.30.
Found: C, 62.29; H, 6.88; N, 14.38; S, 8.36.

4.1.7. 8-Benzyl-4-((2-oxo-1,2-dihydroquinolin-4-yl)amino)-1-thia-4,8-
diazaspiro[4.5]decan-3-one (7b)

White ppt (71%), m.p 180–82 ◦C; 1H NMR (DMSO-d6): δH = 11.01 (bs; 1H, NH-1),
10.09 (s; 1H, NH-4b), 7.98 (d, J = 8.1 Hz; 1H, H-5), 7.46 (dd, J = 7.7, 7.5 Hz; 1H, H-7), 7.35 (m;
4H, H-o, m), 7.28 (m; 3H, H-8, p), 7.12 (dd, J = 7.7, 7.4 Hz; 1H, H-6), 6.08 (s; 1H, H-3),
3.71 (s; 2H, H-2′), 3.56 (s; 2H, H-8”), 2.67 (t, J = 5.6 Hz; 2H, H-6′/6”), 2.55 (m; 4H, H-7′/7”),
2.44 ppm (t, J =5.4 Hz; 2H, H-6”/6′), 13C NMR (DMSO-d6): δC = 167.33 (C-3′), 162.90 (C-2),
149.51 (C-4), 139.23 (C-8a), 138.31 (C-i), 130.13 (C-7), 128.73 (C-o), 128.16 (C-m), 126.93 (C-p),
122.44 (C-5), 120.31 (C-6), 115.45 (C-8), 112.26 (C-4a), 92.33 (C-3), 61.36 (C-8”), 54.11 (C-2′),
53.23, 52.07 (C-7′/7”), 47.33 (C-5′), 34.46 (C-6′/6”), 27.26 ppm (C-6”/6′). Anl. Calcd. For
C23H24N4O2S: C, 65.69; H, 5.75; N, 13.32; S, 7.62. Found: C, 65.51; H, 5.89; N, 13.22; S, 7.55.
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4.2. Biology
4.2.1. Cell Viability Assay

The normal human mammary gland epithelial (MCF-10A) cell line was used to test
the viability of the new compounds [46,47]. See Appendix SA (Supplementary File).

4.2.2. Antiproliferative Assay

The antiproliferative activity of 6a–e, 7a, and 7b was tested against the four human
cancer cell lines, Panc-1 (pancreatic cancer cell line), MCF-7 (breast cancer cell line), HT-29
(colon cancer cell line), and A-549 (lung cancer cell line), using the MTT assay and Erlotinib
as the reference drug [48,49]. See Appendix SA (Supplementary File).

4.2.3. EGFR Inhibitory Assay

Compounds 6a–e, 7a, and 7b were tested for EGFR inhibitory activity as a potential
target for their antiproliferative activity [50]. See Appendix SA (Supplementary File).

4.2.4. BRAFV600E Inhibitory Assay

The anti-BRAFV600E activity of compounds 6a–e, 7a, and 7b was also investigated
in vitro [51] using Erlotinib as a reference compound. See Appendix SA (Supplementary File).

4.2.5. Apoptotic Markers Assay
Caspase 3 Activation Assay

Compounds 6b and 7b were tested as caspase-3 activators against the human pancre-
atic (Panc-1) cancer cell line [52–54]. See Appendix SA (Supplementary File).

Caspase-8, Bax and Bcl-2 Levels Assay

Compounds 6b and 7b were further investigated for their impact on the caspase-8, Bax,
and Bacl-2 levels against the Panc-1 cancer cell line and staurosporine as a reference [55].
See Appendix SA (Supplementary File).

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ph16030467/s1.
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Abstract: The overexpression and activity of carbonic anhydrase (CA, EC 4.2.1.1) isoforms CA
IX and CA XII promote the accumulation of exceeding protons and acidosis in the extracellular
tumor environment. Sulfonamides are effective inhibitors of most families of CAs. In this study,
using scaffold-hopping, indoline-5-sulfonamide analogs 4a–u of the CA IX-selective inhibitor 3 were
designed and synthesized to evaluate their biological properties. 1-Acylated indoline-5-sulfonamides
demonstrated inhibitory activity against tumor-associated CA IX and XII with KI values up to
132.8 nM and 41.3 nM. Compound 4f, as one of the most potent inhibitors of CA IX and XII, exhibits
hypoxic selectivity, suppressing the growth of MCF7 cells at 12.9 μM, and causes partial inhibition of
hypoxia-induced CA IX expression in A431 skin cancer cells. 4e and 4f reverse chemoresistance to
doxorubicin of K562/4 with overexpression of P-gp.

Keywords: indoline-5-sulfonamide; carbonic anhydrase IX; antiproliferative activity; hypoxia; breast
cancer; skin cancer; multidrug resistance; carbonic anhydrase XII; P-glycoprotein

1. Introduction

One of the factors of the reduced effectiveness of chemo- and radiotherapy is hypoxic
regions of tumors [1–3]. The deficient oxygen supply leads to the activation of transcrip-
tional factor HIF-1α in tumor cells. In its turn, HIF-1α conceives expression of many
proteins that advantage the development of aggressive phenotype of cancer cells [4]. One
of the features of hypoxic cancer cells is the acidic extracellular pH (pHe) [5]. Increased
level of protons causes resistance to the widely applied chemotherapeutic agents, including
doxorubicin (Dox) [6] and cisplatin [7]. Aside from resistance development, acidic pHe de-
structs extracellular matrix and declines cell adhesion resulting in invasion and metastasis
of tumors [8,9].

The acidic extracellular tumor environment arises from the coordinated work of trans-
membrane carbonic anhydrase (CA) IX and CA XII with sodium-hydrogen exchanger-1 [10].
CA IX and CA XII genes have a hypoxia response element that indicates their activation
under the control of HIF-1α [11]. CA IX and CA XII are among 13 zinc metalloproteins of
the α-carbonic anhydrases family with enzymatic activity [12]. Both enzymes are anchored
in the cell membrane with active sites located in the extracellular milieu [13]. Utilizing the
Zn2+ ion and His residues, CA IX and CA XII catalyze the hydration of CO2 to HCO3

− and
H+ [14]. CA IX presence in normal tissue is limited to GI mucosa, whereas its expression
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in tumor cells is widespread and found in highly aggressive types of cancer, including
breast, lung, brain, colon, rectum and kidney tumors [12,15]. Numerous studies have
shown that the expression of CA IX is the prediction of a poor outcome [16–19]. However,
CA XII, along with expression in several types of tumors, was also found in breast and
colon normal tissues [20,21] and can correlate with a positive [22] as well as a negative
prognosis [23,24]. Despite such uncertainty, several studies demonstrated the significance
of CA XII in cancer severity [25,26]. For example, CA XII expression was increased in
chemoresistant cells and influenced P-glycoprotein (P-gp) activity [27]. The development
of CA XII as a pharmacological target for cancer therapy has led to successful reports of
selective CA XII inhibitors overcoming multidrug resistance (MDR) in vivo [28,29].

Coordinating with the Zn2+ ion, sulfonamides such as acetazolamide (1) and
SLC-0111 (2) (Figure 1) are the most studied inhibitors of the CA enzyme family [30–38].
SLC-0111 is the selective CA IX inhibitor; it reduces acidic pH, leading to the tumor and
metastasis regression in preclinical models [39–41]. Combinations of different chemother-
apeutic agents with SLC-0111 demonstrate a high potential for CA IX inhibition to treat
aggressive and resistant types of cancer [42–44]. For example, the combination of the
SLC-0111 with gemcitabine increased survival and enhanced tumor cell death of highly
hypoxic and resistant pancreatic ductal adenocarcinomas in vivo [45].

Figure 1. Chemical structures of clinically used diuretic AAZ (1) and CA IX inhibitor under clinical
trial on diarylcarbamide scaffold (2).

Different groups have reported successful approaches to inhibit cancer-related CA
IX and CA XII by indole-based sulfonamides [46–48]. Earlier, we studied 1-substituted
isatin-5-sulfonamides as new CAs inhibitors, which suppressed the growth of tumor cells
at low micromolar concentrations [49]. At this stage, we continue the work on modifying
the structure of 5-indanesulfonamide derivative 3, which selectively inhibits CA IX [50] and
enhances the therapeutic effect of tumor irradiation in vivo [51]. However, 1-aminoindane-
5-sulfonamide 3 has a limited antiproliferative effect on tumor cells [49], so the development
of carbonic anhydrase inhibitors with improved anticancer potencies is a pivotal task.
Scaffold hopping is an effective method to discover novel biologically active compounds
by central core modification of the known lead compound [52–56]. Based on the selectivity
of 3 toward CA IX and the known antiproliferative effect of indoline derivatives [57–59],
we applied the scaffold hopping approach to replace 1-aminoindane to indoline core 4,
varying the structure of hydrophobic tail for the best binding to the targets (Figure 2).

 

Figure 2. Scaffold hopping approach for the design of novel CA inhibitors based on indoline-5-
sulfonamide core 4.
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To examine the results of the scaffold hopping for the discovery of new carbonic
anhydrase inhibitors, we docked indane-5-sulfonamide 3 with indoline-5-sulfonamide
analog 4 in the active site of CA IX (Figure 3). According to the modeling, 3 and perfluoro
benzoyl derivative 4 demonstrate a similar orientation in the active site of CA IX. Both
ligands interact with Zn2+ ions as sulfonamidate anions and form identical hydrogen
bonds with Thr 199 and arene-H interactions with Leu 198 residues. The distinction of
indoline ligand 4 from indane 3 lies in the orientation of the perfluorobenzoyl group that
allows indoline inhibitor 4 to form novel interactions with the amino acid residue of CA
IX. Thus, the additional hydrogen bond between the amides group of indoline ligand 4

and Gln 92 and the similar binding mode of central cores point to a promising potential of
1-acylindoline-5-sulfonamides 4 as new CA IX inhibitors.

Figure 3. Modelling of aminoindanesulfoamide 3 (blue) and indoline analog 4e (purple) in the active
site of CA IX (PDB 5sz5).

2. Results

2.1. Chemistry

Indolines exhibit chemical properties close to N-substituted anilines. Developed meth-
ods of indole reduction and reverse dehydrogenation open the convenient synthetic way to
5-substituted indoles. In particular, Terent’ev and Preobrazhenskaya applied this method
to obtain indole-5-sulfonamide [60]. Firstly, to carry out an electrophilic substitution, in-
doline (5) was protected with acetic anhydride in quantitative yield (Scheme 1). Next,
1-acetylindoline (6) was treated with chlorosulfuric acid, which led to 1-acetylindloine-
5-sulfochloride (7) in a good yield (81%). The following interaction of sulfochloride
7 with ammonia in THF resulted in the formation of 1-acetylindoline-5-sulfonamide (8)
with an 89% yield. In the next step, hydrolysis of indoline 8 by hydrochloric acid gave
indoline-5-sulfonamide (9) with 81% yield.

 

Scheme 1. The synthesis of indoline-5-sulfonamide 9.
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To synthesize a library of 1-acylindoline-5-sulfonamides 4, indoline-5-sulfonamide 9

was acylated by a series of acyl chlorides in the presence of pyridine in CHCl3 (Scheme 2).
For the synthesis of isonicotinic derivative 4q, the corresponding acid was activated by CDI
and then treated with indoline-5-sulfonamide 9 in the presence of DMAP in THF. Applying
these procedures, a library of 21 1-acylindoline-5-sulfonamides 4a–4u was synthesized
with 50–79% yields.

 
Scheme 2. The synthesis of 1-acylindoline-5-sulfonamides 4a–4u. Reagents and conditions: (a) acyl
chloride, Py, CHCl3; r.t., (b) CDI, DMAP, THF, 40 ◦C.

To extend structure-activity relationships data, indoline-5-sulfonamide 9 was alkylated
by benzyl bromide in MeCN in the presence of K2CO3 that yielded 1-benzyl-5-sulfonamide
10 (Scheme 3).

Scheme 3. The synthesis of 1-benzylindoline-5-sulfonamide 10.

2.2. Carbonic Anhydrase Inhibition Assay

Synthesized indoline-5-sulfonamide derivatives 4a–4u, 10 were evaluated against hCA
I, hCA II, hCA IX and hCA XII by a stopped-flow technique (Table 1).
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Table 1. Inhibition of hCAs I, II, IX and XII with indoline-5-sulfonamides 4a–4u, 10 and AAZ and 3

as standards.

KI (nM) *

Cmp hCA I hCA II hCA IX hCA XII

4a 79.0 5.4 >104 258.5
4b 65.9 5.6 >104 >104

4c 88.3 9.5 2246.9 >104

4d 268.1 9.1 1330.2 41.3
4e 52.2 3.4 1297.5 126.7
4f 303.9 31.3 141.2 111.7
4g 242.1 66.2 >104 57.0
4h 350.1 54.0 >104 56.0
4i 220.1 36.1 >104 93.9
4j 67.7 9.2 >104 110.0
4k 77.7 9.3 173.0 >104

4l 71.5 4.0 203.2 112.5
4m 49.0 3.0 >104 103.0
4n 71.4 9.3 1990.1 91.0
4o 83.4 4.5 >104 119.6
4p 60.5 42.2 2109.4 198.1
4q 64.0 12.5 2394.3 >104

4r 42.2 5.0 176.7 147.3
4s 60.9 7.1 132.8 88.1
4t 51.6 3.5 176.8 >104

4u 67.0 1.8 222.6 >104

10 41.0 3.0 >104 >104

AAZ 250 12.1 25.7 5.7
3 ** 770 490 3.5 N.T.

* Mean from three different assays, by a stopped-flow technique (errors were in the range of ± 5–10% of the
reported values); ** KI data for compound 3 taken from previous research [50]; N.T.—not tested.

CA I and CA II are cytosolic proteins, that are widely expressed in erythrocytes, the
eye, the GI tract, osteoclasts, and kidney cells [61]. CA II inhibitors are used in the clinical
setting as diuretics and for glaucoma-related intraocular hypertension [62]. At the same
time, CA I and CA II are considered the main off-target isoforms for the development of
cancer-related CA IX and CA XII inhibitors [63].

The majority of indoline-5-sulfonamides 4a–4u, 10 inhibits CA I at concentrations less
than 100 nM. Structure-activity relationship points out that derivatives of benzoic acids
with chlorine atoms 4f, g, h demonstrate lower affinity toward this off-target isoform. At
the same time, replacement of the phenyl 4a by pyridine 4q, thiophene 4r or cycloalkanes
4s, t, u does not affect KI notably.

Indolines 4a–u inhibit CA II at much lower concentrations despite its structural similar-
ity to indane derivative 3. However, a group of indoline-5-sulfonamides 4f–4i, 4p has some-
what higher KI at 31–66 nM. Interestingly, previously studied 6-chloro-5-sulfamylindolines
as potential furosemide analogs did not show notable diuretic activity in vivo [64].

3-Chlorophenyl 4f, thiophene 4r and cyclopentyl 4s, t derivatives are the most potent
derivatives inhibiting CA IX around 100 nM. These compounds outperform a group of the
least active derivatives by more than 100 times, which indicates the high importance of the
structure of the lipophilic fragment for CA IX inhibition. Additionally, a comparison of
indane 3 with indoline analog 4e reveals that 1-aminoindane scaffold appears as a preferred
scaffold toward CA IX isoform. Thereby, the affinity of 1-acylindoline-5-sulfonamides 4a–u

for CA IX mainly depends on the structure of acyl moiety and is notably enhanced by
3-chlorophenyl and five-membered rings of aromatic and saturated nature.

1-Acylated indoline-5-sulfonamides 4d, g, h are potent inhibitors of CA XII. Notably,
for indoline-5-sulfonamides, the introduction of acyl group (4a), compared to less polar
alkyl fragment (10), leads to a clear gain of activity against CA XII. The majority of 1-
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acylated indoline-5-sulfonamides inhibit CA XII around 100 nM. Additionally, 4-chloro 4g

and 3,4-dichloro derivatives 4h demonstrate selectivity over CA I and CA IX isoforms and
have similar KI with CA II. Based on the CA inhibition profile, 3-chlorobenzoyl derivative
4f, as one of the most potent compounds toward CA IX and CA XII, was selected as the
lead compound for further investigation.

2.3. Docking Studies

To investigate the difference of KI against CA IX in 1-acylindoline-5-sulfonamides, we
docked compound 4f (Figure 4) in the active site of CA IX and compared it to a model of
4e. As in the case with perfluoro derivative 4e, 4f displays coordination with Zn2+ ion as a
sulfonamidate anion. Additionally, both ligands are acceptors of hydrogen bonds of Thr
199 residue. The differences between 4e and 4f occurred in interactions of indoline and
acyl fragments. In particular, ligand 4f, compared with 4e, lacks arene-H interaction with
Leu 198 but interacts with Gln 67 instead of Gln 92. Almost 10-fold higher activity of 4f

in vitro may be explained by the strength of interactions and physicochemical properties of
compounds.

 

Figure 4. Docking of 3-chlorobenzoyl derivative 4f (brown) and 4e (purple) in the active site of CA
IX (PDB 5sz5).

2.4. Antiproliferative Activity of Indoline-5-sulfonamides

A series of synthesized indoline-5-sulfonamides was tested on the MCF7 cancer cell
line under normoxia and hypoxia using the MTT test. According to the results presented in
Table 2, indoline-5-sulfonamides demonstrate a moderate antiproliferative effect. In general,
indoline-5-sulfonamides do not lose their activity under hypoxia, which is the common
reason for resistance to current antitumor agents. Comparing MTT results of 3 and indoline
analog 4e, we observed a clear gain of antiproliferative activity for the indoline derivative
against the MCF7 line in normoxia and hypoxia. Again, indoline-5-sulfonamide 4f as
the most potent compound against MCF7 cells under hypoxia conditions (IC50 = 12.9 μM)
demonstrates two-fold higher activity compared to normoxia conditions.

To evaluate the influence of CA inhibition on the antiproliferative activity, we selected
five compounds 4b, f, m, n and 10 with different inhibition profiles against CA IX for
in-depth testing on cancer cells with increased CA IX expression. The database www.
proteinatlas.org (accessed on 13 October 2022) contains data on gene expression in various
cell lines. According to the data obtained from this database, A431 cells express CA IX
at a very high level, which distinguishes them from human cell lines belonging to other
tissues [https://www.proteinatlas.org/ENSG00000107159-CA9/cell+line (accessed on 13
October 2022)]. A431 cells are skin cancer cells, and their growth has already been intensely
analyzed in hypoxia [65–67]. Hypoxia significantly alters the activity of signaling pathways
in these cells; some of the revealed changes may be related to the induced activity of CAs.
Moreover, Ren and colleagues described that hypoxia modulates cellular pathways in
A431 cells, which are associated with radioresistance and enhanced migration [65]. Given
the observations described above, we were expecting to reveal the high antiproliferative
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activity of the selected compounds against skin cancer cells. Surprisingly, the activity
turned out to be at a moderate level. The cell growth curves are shown in Figure 5A–E.
As can be seen in normoxia, the compounds inhibit cell growth by no more than 20%.
Compounds 4b and 4m were the least active in normoxia; this finding may be associated
with their low activity against CA IX (Table 1). In hypoxia, the activity of tested compounds
was increased, but the 50% inhibition of growth was never achieved.

Table 2. Antiproliferative activity of indoline-5-sulfonamides 4a–4u, 10 (the MTT assay after 72 h
exposure; IC50, μM).

Compound IC50
a against MCF7 Cells, μM

Normoxia Hypoxia

4a >50 36.9 ± 3.5
4b >50 >50
4c 40.6 ± 3.8 32.7 ± 2.8
4d >50 35.9 ± 3.4
4e 29.9 ± 2.7 20.2 ± 2.0
4f 24.5 ± 1.9 12.9 ± 1.2
4g 36.5 ± 3.3 24.2 ± 2.1
4h 35.2 ± 3.5 48.7 ± 4.5
4i >50 43.6 ± 4.0
4j 46.2 ± 3.6 >50
4k >50 >50
4l 37.0 ± 3.0 >50

4m 29.6 ± 2.2 36.7 ± 3.2
4n 18.4 ± 1.6 >50
4o 43.7 ± 3.7 39.5 ± 3.4
4p 48.8 ± 4.4 39.9 ± 3.5
4q >50 >50
4r 47.7 ± 3.8 39.1 ± 3.9
4s >50 >50
4t 38.0 ± 3.5 36.0 ± 3.3
4u 37.1 ± 3.5 39.2 ± 3.4
10 23.6 ± 2.0 34.8 ± 3.2
3 >50 >50

a IC50 values represent an average of at least three independent experiments.

Figure 5. The activity of compounds 4b, f, m, n and 10 against A431 skin cancer cells in normoxia
and hypoxia. (A–E) antiproliferative evaluation; (F) immunoblotting with antibodies against Akt,
GLUT1, PD-L1, CA IX; GAPDH antibodies were used as loading controls.

61



Pharmaceuticals 2022, 15, 1453

Compound 4f was the most active under hypoxic conditions, inhibiting the growth
of A431 cells by 44%. We wondered whether compound 4f affected CA IX expression or
whether its activity was limited to inhibiting the enzyme activity reported above (Table 1).
To induce CA IX expression, cells were placed in hypoxia for 24 h, and then protein
expression was analyzed by immunoblotting. Because the data on the expression of
hypoxia-related proteins in the literature are highly inconsistent, we introduced additional
controls. Antibodies to hypoxia-regulated and “non-hypoxic” proteins were used [68,69].
The expression of kinase Akt, which is not regulated directly by hypoxia/HIF-1α, was not
altered under hypoxia conditions (Figure 5F). On the contrary, the expression of proteins
(CA IX, PD-L1, GLUT1) associated with hypoxia pathways was significantly increased.
Thus, these data again support a high expression of CA IX in A431 cells. In A431 cells
treated with compound 4f, a moderate decrease in CA IX expression was observed, whereas
the expression of hypoxia-regulated proteins PD-L1 and GLUT1 did not change. Thus,
lead compound 4f not only blocks the enzyme activity of CA IX, but also causes partial
inhibition of hypoxia-induced CA IX expression in skin cancer cells.

Next, we examined the activity of the whole series of indoline-5-sulfonamides against
leukemia cell line K562. Surprisingly, among all tested compounds, only perfluoro deriva-
tive 4e demonstrated significant activity and inhibited the growth of the cells at 10 μM.
Other indoline derivatives showed low activity against K562 cells at 50 μM or the high-
est concentrations.

Earlier, Kopecka and colleagues have shown that CA XII can interact with P-gp and
influence its activity [27]. Subsequently, silencing or inhibition of CA XII by chemical agents
may restore the sensitivity to Dox of resistant K562 and other tumor cells [70,71]. Given
the potent inhibition of 4f against CA XII and the activity of 4e against K562, we examined
their ability to reverse the chemoresistance of K562/4 with P-gp to Dox. MTT-test results
summarized in Figure 6 show that 4e and 4f have low cytotoxic activity against MDR
subline K562/4 as monoagents. However, treatment of K562/4 cells with combinations of
Dox with 4e and 4f led to the decline of viable K562/4 cells. Specifically, the combination
of Dox with perfluoro derivative 4e demonstrated a clear dose-dependent antiproliferative
effect against K562/4 cells.
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Figure 6. Susceptibility of resistant K562/4 line to combinations of Dox (25 μM) with indoline-5-
sulfonamides 4e and 4f. Data are presented as means ± SD (n = 3).
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3. Discussion

Scaffold hopping makes it possible to reveal previously unknown data on the structure-
activity relationships. It is especially important for the search for selective inhibitors of
enzymes with off-target isoforms. In addition to a Zn2+ binding sulfonamide group, in-
hibitors of tumor-associated CA IX require a lipophilic fragment responsible for interaction
with the hydrophobic side of the enzyme. Thus, in the structure of the CA IX-selective
sulfonamide 3, we replaced the 1-aminoindane with an indoline fragment and varied the
hydrophobic tail to create new inhibitors of CA IX. As a result, we have obtained a broad
series of 1-substituted indoline-5-sulfonamides exhibiting a broad spectrum of KI against
four CA isoforms. In general, replacement of 1-aminoindane scaffold with indoline led to a
significant increase of activity against cytosolic CA I and CA II isoforms. Simultaneously,
inhibition of CA IX and CA XII by 1-acylindoline-5-sulfonamides 4a–4u can vary in the
range of two orders. Among indoline-5-sulfonamides with a high affinity toward cancer-
related isoforms, indoline 4f demonstrated a decreased activity toward cytosolic CA I and
CA II.

The antiproliferative activity of the indoline-5-sulfonamides 4a–4u series indicated the
good activity of potent CA IX and CA XII inhibitor 4f, which exhibits hypoxic selectivity
and inhibits the growth of MCF7 cells at 12.9 μM. At the same time, indoline analog
4e outperforms indane analog 3 against the MCF7 line. MTT-test of chosen indoline-5-
sulfonamides did not reveal a high antiproliferative activity against A431 cells with a
high expression of CA IX. However, immunoblotting has shown that the lead 4f not only
inhibits CA IX, but also suppresses CA IX expression under hypoxic conditions in A431
skin cancer cells.

The good inhibitory activity of some indoline-5-sulfonamides against CA XII, a new
target for overcoming MDR, made it compelling to study 4e and 4f ability to overcome the
resistance of K562/4 cells with the expression of P-gp. Combinations of compounds 4e and
4f with Dox pointed to their ability to increase the suppression of resistant cells K562/4.

Overall, 1-acylated indoline-5-sulfonamides represent a new scaffold of nanomolar
inhibitors and suppressors of tumor-associated CA IX and CA XII that points out their
potential as adjuvant and MDR-overcoming agents (Supplementary Materials).

4. Materials and Methods

4.1. Synthesis
4.1.1. Instruments and General Information

NMR spectra were recorded on a Varian VXR-400 instrument operated at 400 MHz
(1H NMR) and 100 MHz (13C NMR). Chemical shifts were measured in DMSO-d6, using
tetramethylsilane as an internal standard. Analytical TLC was performed on Silica Gel F254
plates (Merck), column chromatography with a SilicaGel Merck 60. Melting points were
determined using a Buchi SMP-20 apparatus and were uncorrected. High-resolution mass
spectra were recorded with electron spray ionization on a Bruker Daltonics microOTOF-QII
instrument. HPLC was performed using a Shimadzu Class-VP V6.12SP1 system. IR spectra
were recorded on a Nicolet iS10 Fourier transform IR spectrometer (Nicolet iS10 FT-IR,
Madison, WI). All solvents, chemicals and reagents were obtained commercially and used
without purification. The purity of final compounds 4a–4u, 10 was ≥95% as determined by
HPLC analysis.

Indoline-5-sulfonamide 9 was synthesized from indoline 5 according to a previously
reported procedure [72].

4.1.2. 1-Acetylindoline (6)

To a stirring acetic anhydride (15 mL, 0.16 mol) was added indoline (5, 4 g, 0.034 mol).
The reaction mixture was refluxed for 10 min, cooled to room temperature and poured onto
ice. The pinkish precipitate was filtered and washed with water to obtain 5.39 g (99%) of
N-acetylindoline, m.p. = 102–104 ◦C (102–104 ◦C lit.).
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4.1.3. 1-Acetyl-5-(chlorosulfonyl)indoline (7)

To a stirring chlorosulfonic acid (15 mL, 0.225 mol) cooled in an ice bath was added
N-acetylindoline (6, 5.4 g, 0.034 mol) portionwise at 0–5 ◦C. The resulting mixture was
heated to 50 ◦C for 2 h. Upon completion, the reaction mixture was cooled and poured onto
ice, and the precipitate was filtered and washed with cold water twice to obtain 7.0 g (81%)
of 5-(chlorosulfonyl)-N-acetylindoline as a white solid, m.p. = 167–169 ◦C (167–169 ◦C lit.).

4.1.4. 1-Acetylindoline-5-sulfonamide (8)

To a solution of 5-(chlorosulfonyl)-N-acetylindoline (7, 7.0 g, 0.027 mol) in THF (40 mL)
was added NH4OH (10 mL, 0.098 mol, 18% solution) at room temperature. The reaction
mixture was stirred for 1 h and then concentrated in vacuo. The residue was diluted
with water and adjusted to a pH of 7–8 with 1 N aq. HCl solution to give 5.8 g (89%) of
N-acetylindoline-5-sulfonamide as a white solid, m.p. = 223–225 ◦C (223–224 ◦C lit.).

4.1.5. Indoline-5-sulfonamide (9)

To a suspension of N-acetylindoline-5-sulfonamide (8, 5.8 g, 0.024 mol) in MeOH
(30 mL) was added concentrated HCl (10 mL, 0.1 mol). The mixture was refluxed for 2 h,
cooled, and the solvent was removed in vacuo. The product was dissolved in water (40 mL),
and the solution was adjusted to a pH of 7–8 with 1N aq. NaOH solution. The brown
precipitate was filtered and purified by flash chromatography to obtain 3.9 g (81%) of pure
indoline-5-sulfonamide. 1H NMR (400 MHz, DMSO-d6): δ 7.39 (s, 1H, Ar), 7.35 (dd, J1 = 8.3,
J2 = 1.6 Hz, 1H, Ar), 6.88 (s, 2H, NH2), 6.46 (d, J = 8.3 Hz, 1H, Ar), 6.19 (d, 1H, Ar), 3.49 (t,
J = 8.4 Hz, 2H, CH2), 2.94 (t, J = 8.4 Hz, 2H, CH2). 13C NMR (100 MHz, DMSO-d6): δ 155.9,
131.6, 129.2, 126.8, 122.5, 106.5, 46.9, 28.8.

4.1.6. 1-Benzoylindoline-5-sulfonamide (4a)

To a solution of indoline-5-sulfonamide (9, 80 mg, 0.4 mmol) and pyridine (66 μL,
0.8 mmol) in CHCl3 (3 mL) was added 56 μL (0.48 mmol) of benzoyl chloride in CHCl3
(2 mL) at 0–5 ◦C. The resulting mixture was stirred at room temperature for 2 h, and the
solvent was removed in vacuo. The residue was diluted with water (7 mL) and adjusted to
a pH of 4–5 with 1 N aq. HCl solution and filtrated. The crude product was crystallized
from MeOH to get 96 mg (79%) of pure 1-benzoylindoline-5-sulfonamide 4a. A white
powder, mp > 250 ◦C. HPLC (LW = 300 nm, gradient B 30/70/30% (35 min)) tR = 11.7 min,
purity 99%. 1H NMR (400 MHz, DMSO-d6): δ 7.96 (br s, 1H, Ar), 7.69 (s, 1H, Ar), 7.64 (d,
J = 6.4 Hz, 1H, Ar), 7.59 (d, J = 7.2 Hz, 2H, Ar), 7.54–7.45 (m, 3H, Ar), 7.27 (s, 2H, NH2),
4.04 (t, J = 8.2 Hz, 2H, CH2), 3.12 (t, J = 8.2 Hz, 2H, CH2). 13C NMR (100 MHz, DMSO-d6):
δ 169.1, 145.9, 139.6, 136.9, 134.2, 130.9, 129.0 (2C), 127.4 (2C), 125.7, 123.0, 116.3, 51.3, 27.9.
HRMS (ESI) (m/z) [M+H]+: calculated for C15H15N2O3S 303.0798, found 303.0811.

4.1.7. 1-(3-Fluorobenzoyl)indoline-5-sulfonamide (4b)

This compound was prepared from 9 and 3-fluorobenzoyl chloride as described for
4a. A white powder, yield 67%, mp > 250 ◦C. HPLC (LW = 300 nm, gradient B 30/70/30%
(35 min)) tR = 13.7 min, purity 99%. 1H NMR (400 MHz, DMSO-d6): δ 8.07 (br s, 1H, Ar),
7.69 (s, 1H, Ar), 7.65 (d, J = 7.3 Hz, 1H, Ar), 7.59–7.51 (m, 1H, Ar), 7.51–7.42 (m, 2H, Ar),
7.45 (m, 1H, Ar), 7.26 (s, 2H, NH2), 4.05 (t, J = 8.2 Hz, 2H, CH2), 3.14 (t, J = 8.2 Hz, 2H, CH2).
13C NMR (100 MHz, DMSO-d6): δ 167.5, 162.2 (d, J = 245.4 Hz, C-F), 145.6, 139.8, 139.1 (d,
J = 6.9 Hz, C-F), 134.2, 131.3 (d, J = 7.7 Hz), 125.8, 123.6, 123.0, 117.7 (d, J = 20.7 Hz), 116.4,
114.5 (d, J = 22.2 Hz), 51.2, 27.9. HRMS (ESI) (m/z) [M+H]+: calculated for C15H14FN2O3S
321.0704, found 321.0679.

4.1.8. 1-(4-Fluorobenzoyl)indoline-5-sulfonamide (4c)

This compound was prepared from 9 and 4-fluorobenzoyl chloride as described for
4a. A white powder, yield 73%, mp > 250 ◦C. HPLC (LW = 300 nm, gradient B 30/70/30%
(35 min)) tR = 13.2 min, purity 100%. 1H NMR (400 MHz, DMSO-d6): δ 7.90 (br s, 1H,
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Ar), 7.74–7.61 (m, 4H, Ar), 7.32 (m, 2H, Ar), 7.27 (s, 2H, NH2), 4.06 (t, J = 8.2 Hz, 2H,
CH2), 3.13 (t, J = 8.2 Hz, 2H, CH2). 13C NMR (100 MHz, DMSO-d6): δ 168.1, 163.5 (d,
J = 247.7 Hz, C-F), 145.8, 139.6, 134.2, 133.4, 130.3 (d, J = 8.4 Hz, 2C), 125.7, 123.0, 116.4, 116.0
(d, J = 21.5 Hz, 2C), 51.3, 27.9. HRMS (ESI) (m/z) [M+H]+: calculated for C15H14FN2O3S
321.0704, found 321.0721.

4.1.9. 1-(2,6-Difluorobenzoyl)indoline-5-sulfonamide (4d)

This compound was prepared from 9 and 2,6-difluorobenzoyl chloride as described
for 4a. A white powder, yield 72%, mp = 244–246 ◦C. HPLC (LW = 300 nm, gradient B
30/70/30% (35 min)) tR = 13.5 min, purity 98%. 1H NMR (400 MHz, DMSO-d6): δ 8.24 (d,
J = 8.6 Hz, 1H, Ar), 7.79–7.70 (m, 2H, Ar), 7.62 (m, 1H, Ar), 7.32 (s, 2H, NH2), 7.31–7.22 (m,
2H, Ar), 3.93 (t, J = 8.6 Hz, 2H, CH2), 3.21 (t, J = 8.6 Hz, 2H, CH2). 13C NMR (100 MHz,
DMSO-d6): δ 159.6, 158.4 (d, J = 248.4 Hz, C-F), 158.3 (d, J = 248.4 Hz, C-F), 144.6, 140.7, 134.3,
133.2 (t, J = 9.2 Hz), 126.1, 123.2, 116.3, 114.6 (t, J = 23.0 Hz), 112.9 (d, J = 23.0 Hz, 2C), 49.5,
27.5. HRMS (ESI) (m/z) [M+H]+: calculated for C15H13F2N2O3S 339.0609, found 339.0609.

4.1.10. 1-(Perfluorobenzoyl)indoline-5-sulfonamide (4e)

This compound was prepared from 9 and perfluorobenzoyl chloride as described
for 4a. A white powder, yield 72%, mp = 187–189 ◦C. HPLC (LW = 300 nm, gradient B
30/70/30% (35 min)) tR = 20.9 min, purity 99%. 1H NMR (400 MHz, DMSO-d6): δ 8.19
(d, J = 8.6 Hz, 1H, Ar), 7.77–7.70 (m, 2H, Ar), 7.35 (s, 2H, NH2), 4.05 (t, J = 8.2 Hz, 2H,
CH2), 3.13 (t, J = 8.2 Hz, 2H, CH2). 13C NMR (100 MHz, DMSO-d6): δ 156.3, 144.2, 141.6
(m, C-F, 2C), 141.2, 139.1 (m, C-F, 2C), 134.7, 126.1, 125.2, 123.3, 116.5, 111.6 (m, C-F), 49.6,
27.5. HRMS (ESI) (m/z) [M+H]+: calculated for C15H10F5N2O3S 393.0327, found 393.0332.
IR ν max, (film) cm−1 3373 m, 3283 m, 1654 s, 1597 m, 1552 w, 1529 m, 1486 s, 1434 m,
1419 w, 1394 s, 1342 s, 1321 w, 1303 w, 1283 w, 1252 w, 1225 w, 1183 m, 1149 m, 1137 w,
1107 m, 1070 s, 988 s, 936 m, 916 m, 891 w, 832 s, 813 w, 785 m, 702 m, 677 m.

4.1.11. 1-(3-Chlorobenzoyl)indoline-5-sulfonamide (4f)

This compound was prepared from 9 and 3-chlorobenzoyl chloride as described for
4a. A white powder, yield 75%, mp > 250 ◦C. HPLC (LW = 300 nm, gradient B 30/70/30%
(35 min)) tR = 17.0 min, purity 99%. 1H NMR (400 MHz, DMSO-d6): δ 8.25–7.90 (br s, 1H,
Ar), 7.72–7.62 (m, 3H, Ar), 7.62–7.48 (m, 3H, Ar), 7.26 (s, 2H, NH2), 4.04 (t, J = 8.2 Hz, 2H,
CH2), 3.13 (t, J = 8.2 Hz, 2H, CH2). 13C NMR (100 MHz, DMSO-d6): δ 167.4, 145.6, 139.8,
138.9, 134.2, 133.7, 131.0, 130.7, 127.3, 126.1, 125.8, 123.0, 116.4, 51.2, 27.9. HRMS (ESI) (m/z)
[M+H]+: calculated for C15H14ClN2O3S 337.0408, found 337.0386. IR ν max, (film) cm−1

3336 s, 3189 m, 3079 w, 1644 s, 1592 m, 1566 w,1539 m, 1482 s, 1433 s, 1394 s, 1333 s, 1315 s,
1257 m, 1194 s, 1169 m, 1152 s, 1111 w, 1079 s, 999 w, 912 s, 892 s, 869 s, 835 s, 802 s, 772 w,
741 w, 714 m, 683 w.

4.1.12. 1-(4-Chlorobenzoyl)indoline-5-sulfonamide (4g)

This compound was prepared from 9 and 4-chlorobenzoyl chloride as described for
4a. A white powder, yield 74%, mp > 250 ◦C. HPLC (LW = 300 nm, gradient B 30/70/30%
(35 min)) tR = 17.1 min, purity 99%. 1H NMR (400 MHz, DMSO-d6): δ 8.15–7.90 (br s, 1H,
Ar), 7.69 (s, 1H, Ar), 7.68–7.61(m, 3H, Ar), 7.56 (d, J = 8.2 Hz, 2H, Ar), 7.26 (s, 2H, NH2),
4.05 (t, J = 8.2 Hz, 2H, CH2), 3.13 (t, J = 8.2 Hz, 2H, CH2).13C NMR (100 MHz, DMSO-d6):
δ 168.0, 145.7, 139.7, 135.7 135.6, 134.2, 129.5 (2C), 129.1 (2C), 125.8, 123.0, 116.4, 51.2, 27.9.
HRMS (ESI) (m/z) [M+H]+: calculated for C15H14ClN2O3S 337.0408, found 337.0409.

4.1.13. 1-(3,4-Dichlorobenzoyl)indoline-5-sulfonamide (4h)

This compound was prepared from 9 and 3,4-dichlorobenzoyl chloride as described for
4a. A white powder, yield 73%, mp > 250 ◦C. HPLC (LW = 300 nm, gradient B 30/70/30%
(35 min)) tR = 21.5 min, purity 97%. 1H NMR (400 MHz, DMSO-d6): δ 8.35–8.02 (br s, 1H,
Ar), 7.90 (d, J = 1.4 Hz, 1H, Ar), 7.76 (d, J = 8.6 Hz, 1H, Ar), 7.69 (s, 1H, Ar), 7.68–7.63(m,
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1H, Ar), 7.60 (dd, J = 8.6 Hz, J = 1.4 Hz, 1H, Ar),7.26 (s, 2H, NH2), 4.05 (t, J = 8.2 Hz, 2H,
CH2), 3.13 (t, J = 8.2 Hz, 2H, CH2). 13C NMR (100 MHz, DMSO-d6): δ 166.5, 145.5, 139.9,
137.3, 134.2, 133.6, 131.9, 131.4, 129.6, 127.8, 125.8, 123.0, 116.5, 51.2, 27.9. HRMS (ESI) (m/z)
[M+H]+: calculated for C15H13Cl2N2O3S 371.0018, found 371.0005.

4.1.14. 1-(3-Methylbenzoyl)indoline-5-sulfonamide (4i)

This compound was prepared from 9 and 3-methylbenzoyl chloride as described
for 4a. A white powder, yield 69%, mp = 247–249 ◦C. HPLC (LW = 300 nm, gradient B
30/70/30% (35 min)) tR = 15.3 min, purity 99%. 1H NMR (400 MHz, DMSO-d6): δ 8.05–7.83
(br s, 1H, Ar), 7.68 (s, 1H, Ar), 7.63 (d, J = 6.6 Hz, 1H, Ar), 7.43–7.30 (m, 4H, Ar), 7.24 (s,
2H, NH2), 4.04 (t, J = 8.6 Hz, 2H, CH2), 3.12 (t, J = 8.6 Hz, 2H, CH2). 13C NMR (100 MHz,
DMSO-d6): δ 169.2, 145.9, 139.5, 138.4, 136.9, 134.1, 131.5, 128.9, 127.8, 125.7, 124.4, 123.0,
116.2, 51.2, 27.9, 21.4. HRMS (ESI) (m/z) [M+H]+: calculated for C16H17N2O3S 317.0954,
found 317.0981.

4.1.15. 1-(3-Methoxybenzoyl)indoline-5-sulfonamide (4j)

This compound was prepared from 9 and 3-methoxybenzoyl chloride as described
for 4a. A white powder, yield 62%, mp = 225–227 ◦C. HPLC (LW = 300 nm, gradient B
30/70/30% (35 min)) tR = 13.1 min, purity 99%. 1H NMR (400 MHz, DMSO-d6): δ 7.97 (br
s, 1H, Ar), 7.68 (s, 1H, Ar), 7.63 (d, J = 6.9 Hz, 1H, Ar), 7.40 (t, J = 7.8 Hz 1H, Ar), 7.25 (s,
2H, NH2), 7.16–7.11 (m, 2H, Ar), 7.08 (dd, J = 7.8, J = 2.4 Hz, 1H, Ar), 4.04 (t, J = 8.2 Hz, 2H,
CH2), 3.78 (s, 3H, OMe), 3.12 (t, J = 8.2 Hz, 2H, CH2). 13C NMR (100 MHz, DMSO-d6): δ
168.7, 159.6, 145.8, 139.6, 138.3, 134.2, 130.3, 125.7, 123.0, 119.4, 116.5, 116.3, 112.7, 55.8, 51.2,
27.9. HRMS (ESI) (m/z) [M+H]+: calculated for C16H17N2O4S 333.0904, found 333.0907.

4.1.16. 1-(4-Methoxybenzoyl)indoline-5-sulfonamide (4k)

This compound was prepared from 9 and 4-methoxybenzoyl chloride as described
for 4a. A white powder, yield 64%, mp = 240–242 ◦C. HPLC (LW = 300 nm, gradient B
30/70/30% (35 min)) tR = 12.2 min, purity 99%. 1H NMR (400 MHz, DMSO-d6): δ 7.82–7.73
(br s, 1H, Ar), 7.68 (s, 1H, Ar), 7.65–7.56 (m, 3H, Ar), 7.24 (s, 2H, NH2), 7.02 (d, J = 8.2 Hz,
2H, Ar), 4.10 (t, J = 8.2 Hz, 2H, CH2), 3.81 (s, 3H, OMe), 3.12 (t, J = 8.2 Hz, 2H, CH2). 13C
NMR (100 MHz, DMSO-d6): δ 168.8, 161.4, 146.2, 139.3, 134.0, 129.8 (2C), 128.8, 125.7, 122.9,
116.3, 114.2 (2C), 55.8, 51.5, 28.0. HRMS (ESI) (m/z) [M+H]+: calculated for C16H17N2O4S
333.0904, found 333.0882.

4.1.17. 1-(2,4-Dimethoxybenzoyl)indoline-5-sulfonamide (4l)

This compound was prepared from 9 and 2,4-dimethoxybenzoyl chloride as described
for 4a. A white powder, yield 64%, mp = 249–251 ◦C. HPLC (LW = 300 nm, gradient B
30/70/30% (35 min)) tR = 12.9 min, purity 97%. 1H NMR (400 MHz, DMSO-d6): δ 8.18 (br
s, 1H, Ar), 7.66 (s, 2H, Ar), 7.24 (br s, 3H, NH2, Ar), 6.66 (s, 1H, Ar), 6.61 (d, J = 7.8 Hz, 1H,
Ar), 3.81 (s, 8H, CH2, 2OMe) 3.11 (t, J = 8.2 Hz, 2H, CH2). 13C NMR (100 MHz, DMSO-d6):
δ 167.7, 162.2, 156.9, 145.7, 139.4, 134.0, 129.3, 125.9, 123.0, 119.5, 116.0, 106.0, 99.1, 56.2,
55.9, 49.5, 27.5. HRMS (ESI) (m/z) [M+H]+: calculated for C17H19N2O5S 363.1009, found
363.0993.

4.1.18. 1-(3,4,5-Trimethoxybenzoyl)indoline-5-sulfonamide (4m)

This compound was prepared from 9 and 3,4,5-trimethoxybenzoyl chloride as de-
scribed for 4a. A white powder, yield 58%, mp = 248–250 ◦C. HPLC (LW = 300 nm, gradient
B 30/70/30% (35 min)) tR = 10.9 min, purity 99%. 1H NMR (400 MHz, DMSO-d6): δ 7.85 (br
s, 1H, Ar), 7.68 (s, 1H, Ar), 7.64 (d, J = 8.3 Hz, 1H, Ar), 7.24 (s, 2H, NH2), 6.90 (s, 2H, Ar), 4.10
(t, J = 8.2 Hz, 2H, CH2), 3.79 (s, 6H, 2OMe), 3.71 (s, 3H, OMe), 3.13 (t, J = 8.2 Hz, 2H, CH2).
13C NMR (100 MHz, DMSO-d6): δ 168.7, 153.3 (2C), 145.9, 139.5 (2C), 134.1, 132.2, 125.7,
122.9, 116.3, 105.1 (2C), 60.6, 56.6 (2C), 51.3, 27.8. HRMS (ESI) (m/z) [M+H]+: calculated
for C18H21N2O6S 393.1115, found 333.1106. IR ν max, (film) cm−1 3336 s, 3189 m, 3079 w,
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1644 s, 1592 m, 1566 w, 1539 w, 1482 s, 1433 m, 1394 s, 1333 s, 1315 s, 1257 m, 1194 s, 1169 m,
1152 s, 1111 w, 1079 s, 999 w, 912 s, 892 s, 869 s, 835 s, 802 s, 772 w, 741 w, 714 m, 683 w.

4.1.19. 1-(4-(Methylthio)benzoyl)indoline-5-sulfonamide (4n)

This compound was prepared from 9 and 4-(methylthio)benzoyl chloride as described
for 4a. A white powder, yield 63%, mp = 245–247 ◦C. HPLC (LW = 300 nm, gradient B
30/70/30% (35 min)) tR = 16.4 min, purity 99%. 1H NMR (400 MHz, DMSO-d6): δ 7.98–7.76
(br s, 1H, Ar), 7.68 (s, 1H, Ar), 7.63 (d, J = 7.8 Hz, 1H, Ar), 7.55 (d, J = 8.2 Hz, 2H, Ar), 7.33
(d, J = 8.2 Hz, 2H, Ar), 7.26 (s, 2H, NH2), 4.08 (t, J = 8.6 Hz, 2H, CH2), 3.13 (t, J = 8.6 Hz, 2H,
CH2). 13C NMR (100 MHz, DMSO-d6): δ 168.6, 146.0, 142.3, 139.5, 134.1, 132.7, 128.3 (2C),
125.7, 125.5 (2C), 123.0, 116.3, 51.4, 28.0, 14.6. HRMS (ESI) (m/z) [M+H]+: calculated for
C16H17N2O3S2 349.0675, found 349.0642.

4.1.20. 1-(2-Nitrobenzoyl)indoline-5-sulfonamide (4o)

This compound was prepared from 9 and 2-nitrobenzoyl chloride as described for 4a.
A white powder, yield 66%, mp = 238–240 ◦C. HPLC (LW = 300 nm, gradient B 30/70/30%
(35 min)) tR = 11.7 min, purity 100%. 1H NMR (400 MHz, DMSO-d6): δ 8.27 (d, J = 8.2 Hz,
1H, Ar), 8.20 (d, J = 8.2 Hz, 1H, Ar), 7.30 (s, 2H, NH2), 3.83 (t, J = 8.2 Hz, 2H, CH2), 3.17
(t, J = 8.2 Hz, 2H, CH2). 13C NMR (100 MHz, DMSO-d6): δ 165.6, 145.3, 144.9, 140.1, 135.9,
133.9, 132.7, 131.4, 128.6, 126.1, 125.3, 123.1, 116.1, 50.2, 27.7. HRMS (ESI) (m/z) [M+H]+:
calculated for C15H14N3O5S 348.0649, found 348.0612.

4.1.21. 1-(4-Nitrobenzoyl)indoline-5-sulfonamide (4p)

This compound was prepared from 9 and 4-nitrobenzoyl chloride as described for 4a.
A white powder, yield 64%, mp = 247–249 ◦C. HPLC (LW = 300 nm, gradient B 30/70/30%
(35 min)) tR = 14.2 min, purity 97%. 1H NMR (400 MHz, DMSO-d6): δ 8.33 (d, J = 8.2 Hz,
2H, Ar), 8.19 (br s, 1H, Ar), 7.88 (d, J = 8.2 Hz, 2H, Ar), 7.71 (s, 2H, Ar), 7.30 (s, 2H, NH2),
4.02 (t, J = 8.2 Hz, 2H, CH2), 3.15 (t, J = 8.2 Hz, 2H, CH2). 13C NMR (100 MHz, DMSO-d6): δ
167.2, 148.7, 145.4, 142.8, 140.1, 134.3, 128.9 (2C), 125.8, 124.3 (2C), 123.0, 116.7, 51.1, 28.0.
HRMS (ESI) (m/z) [M+H]+: calculated for C15H14N3O5S 348.0649, found 348.0654. IR ν
max, (film) cm−1 3352 m, 3258 s, 1650 s, 1593 m, 1512 s, 1476 s, 1431 m, 1392 s, 1335 s,
1313 m, 1290 w, 1254 m, 1192 m, 1146 s, 1108 m, 1079 s, 1016 m, 921 w, 907 m, 885 w, 861 s,
831 s, 737 w, 722 w, 702 s.

4.1.22. 1-Isonicotinoylindoline-5-sulfonamide (4q)

To a solution of isonicotinic acid (90 mg, 0.73 mmol) in THF (5 mL) was added CDI
(119 mg, 0.73 mmol). After 30 min until the end of the release of bubbles, a solution of
indoline-5-sulfonamide (9, 110 mg, 0.6 mmol) in THF (5 mL) was added dropwise. The
resulting mixture was heated to 40 ◦C for 2 h, cooled, and the solvent was removed in
vacuo. The residue was diluted with water (7 mL) and filtrated. The crude product was
crystallized from EtOH to get 84 mg (50%) of pure 1-isonicotinoylindoline-5-sulfonamide.
A white powder, mp > 250 ◦C. HPLC (LW = 300 nm, gradient B 30/70/30% (35 min))
tR = 8.8 min, purity 96%. 1H NMR (400 MHz, DMSO-d6): δ 8.73 (d, J = 5.7 Hz, 2H, Ar),
8.25–8.11 (br s, 1H, Ar), 7.70 (s, 1H, Ar), 7.59 (d, J = 5.7 Hz, 2H, Ar), 7.27 (s, 2H, NH2), 4.01
(t, J = 8.2 Hz, 2H, CH2), 3.15 (t, J = 8.2 Hz, 2H, CH2). 13C NMR (100 MHz, DMSO-d6): δ
166.9, 150.7 (2C), 145.4, 144.1, 140.1, 134.2, 125.9, 123.0, 121.5 (2C), 116.6, 51.0, 28.0. HRMS
(ESI) (m/z) [M+H]+: calculated for C14H14N3O3S 304.0750, found 304.0752. IR ν max, (film)
cm−1 3350 w, 3180 w, 3072 w, 1638 s, 1591 m, 1545 m, 1484 s, 1440 m, 1400 s, 1332 m, 1308 s,
1255 w, 1224 w, 1197 w, 1144 s,1110 w, 1086 m, 1073 m, 992 w, 938 m, 898 w, 882 w, 832 s,
757 m, 729 w.

4.1.23. 1-(Thiophene-2-carbonyl)indoline-5-sulfonamide (4r)

This compound was prepared from 9 and thiophene-2-carbonyl chloride as described
for 4a. A white powder, yield 62%, mp > 250 ◦C. HPLC (LW = 300 nm, gradient B 30/70/30%
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(35 min)) tR = 11.0 min, purity 99%. 1H NMR (400 MHz, DMSO-d6): δ 8.11 (d, J = 8.2 Hz,
1H, Ar), 7.90 (d, J = 4.7 Hz, 1H, Ar), 7.79 (d, J = 3.9 Hz, 1H, Ar), 7.70 (s, 1H, Ar), 7.67 (d,
J = 8.2 Hz, 1H, Ar) 7.27 (s, 2H, NH2), 7.21 (t, J = 3.9 Hz, J = 4.7 Hz, 1H, Ar), 4.47 (t, J = 8.2 Hz,
2H, CH2), 3.25 (t, J = 8.2 Hz, 2H, CH2). 13C NMR (100 MHz, DMSO-d6): δ 161.6, 146.3, 139.7,
139.4, 133.8, 132.4, 131.2, 128.5, 125.8, 122.9, 116.9, 51.1, 28.3. HRMS (ESI) (m/z) [M+H]+:
calculated for C13H13N2O3S2 309.0362, found 309.0372.

4.1.24. 1-(Cyclopentanecarbonyl)indoline-5-sulfonamide (4s)

This compound was prepared from 9 and cyclopentanecarbonyl chloride as described
for 4a. A white powder, yield 58%, mp = 233–235 ◦C. HPLC (LW = 300 nm, gradient B
30/70/30% (35 min)) tR = 14.2 min, purity 99%. 1H NMR (400 MHz, DMSO-d6): δ 8.15 (d,
J = 7.8 Hz, 1H, Ar), 7.64–7.57 (m, 2H, Ar), 7.19 (s, 2H, NH2), 4.20 (t, J = 8.6 Hz, 2H, CH2),
3.18 (t, J = 8.6 Hz, 2H, CH2), 3.07–2.96 (m, 1H, CH), 1.93–1.82 (m, 2H, CH2), 1.78–1.69 (m,
2H, CH2), 1.68–1.60 (m, 2H, CH2), 1.59–1.50 (m, 2H, CH2). 13C NMR (100 MHz, DMSO-d6):
δ 175.3, 146.4, 138.8, 133.3, 125.9, 122.7, 115.8, 48.5, 43.7, 29.9(2C), 27.6, 26.2 (2C). HRMS
(ESI) (m/z) [M+H]+: calculated for C14H19N2O3S 295.1111, found 295.1133.

4.1.25. 1-(2-Cyclopentylacetyl)indoline-5-sulfonamide (4t)

This compound was prepared from 9 and 2-cyclopentylacetyl chloride as described
for 4a. A white powder, yield 60%, mp = 184–186 ◦C. HPLC (LW = 300 nm, gradient B
30/70/30% (35 min)) tR = 18.5 min, purity 100%. 1H NMR (400 MHz, DMSO-d6): δ 8.14 (d,
J = 8.2 Hz, 1H, Ar), 7.63–7.58 (m, 2H, Ar), 7.19 (s, 2H, NH2), 4.13 (t, J = 8.6 Hz, 2H, CH2), 3.16
(t, J = 8.6 Hz, 2H, CH2), 2.30–2.18 (m, 1H, CH), 1.86–1.74 (m, 2H, CH2), 1.65–1.53 (m, 2H,
CH2), 1.52–1.43 (m, 2H, CH2). 13C NMR (100 MHz, DMSO-d6): δ 171.9, 146.2, 138.7, 133.1,
125.9, 122.8, 115.5, 48.4, 41.6, 35.7, 32.6 (2C), 27.5, 25.0 (2C). HRMS (ESI) (m/z) [M+H]+:
calculated for C15H21N2O3S 309.1267, found 309.1263.

4.1.26. 1-(Cyclohexanecarbonyl)indoline-5-sulfonamide (4u)

This compound was prepared from 9 and cyclohexanecarbonyl chloride as described
for 4a. A white powder, yield 61%, mp > 250 ◦C. HPLC (LW = 300 nm, gradient B 30/70/30%
(35 min)) tR = 17.3 min, purity 100%. 1H NMR (400 MHz, DMSO-d6): δ 8.15 (d, J = 7.6 Hz,
1H, Ar), 7.62 (s, 1H, Ar), 7.60 (d, J = 7.6 Hz, 1H, Ar), 7.19 (s, 2H, NH2), 4.21 (t, J = 8.2 Hz,
2H, CH2), 3.17 (t, J = 8.2 Hz, 2H, CH2), 2.61–2.50 (m, 1H, CH), 1.77 (m, 4H, 2CH2), 1.65 (d,
J = 11.9 Hz, 1H, CH2), 1.45–1.24 (m, 4H, 2CH2), 1.23–1.13 (m, 1H, CH2). 13C NMR (100 MHz,
DMSO-d6): δ 175.1, 146.3, 138.9, 133.3, 125.8, 122.7, 115.9, 48.4, 43.1, 29.1(2C), 27.6, 25.9, 25.5
(2C). HRMS (ESI) (m/z) [M+H]+: calculated for C15H21N2O3S 309.1267, found 309.1223.

4.1.27. 1-Benzylindoline-5-sulfonamide (10)

To a suspension of 100 mg (0.5 mmol) of indoline-5-sulfonamide 9 in MeCN (5 mL)
was added 209 mg (1.5 mmol) of K2CO3 and 72 μL (0.6 mmol) of benzyl bromide at room
temperature. After completion of the reaction monitored by TLC, the mixture was diluted
with water (20 mL), adjusted to pH 7–8 with 1N HCl and extracted with EtOAc twice. The
combined organic phases were dried over anhydrous Na2SO4, filtered, and concentrated
in vacuum. The residue was purified by flash column chromatography (EtOAc/Hexane
1:2) to afford 70 mg of 1-benzylindoline-5-sulfonamide 10. A white powder, yield 47%,
mp = 144–146 ◦C. HPLC (LW = 300 nm, gradient B 30/70/30% (35 min)) tR = 20.6 min,
purity 99%. 1H NMR (400 MHz, DMSO-d6): δ 7.45 (dd, J = 8.2, J = 1.5 Hz, 1H, Ar), 8.19
(d, J = 1.5 Hz, 1H, Ar), 7.36–7.23 (m, 5H, Ar), 6.95 (s, 2H, NH2), 6.60 (d, J = 8.2, 1H, Ar),
4.38 (s, 2H, CH2), 3.42 (t, J = 8.6 Hz, 2H, CH2), 2.96 (t, J = 8.6 Hz, 2H, CH2). 13C NMR
(100 MHz, DMSO-d6): δ 154.9, 137.9, 131.9, 130.1, 129.0 (2C), 128.2 (2C), 127.6, 126.9, 122.5,
105.1, 52.5, 51.2, 27.9. HRMS (ESI) (m/z) [M+H]+: calculated for C15H17N2O2S 289.1005,
found 289.0982.
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4.2. CA Inhibitory Assay

The CO2 hydration activity of the four hCA isoforms was monitored using an Applied
Photophysics stopped-flow instrument [73]. Phenol red (at a concentration of 0.2 mM)
was used as an indicator, working at the absorbance maximum of 557 nm, with 10 mM
HEPES (pH 7.4) as a buffer, and 20 mM NaClO4 (for maintaining constant the ionic
strength), following the initial rates of the CA-catalyzed CO2 hydration reaction for a
period of 10–100 s. To determine the kinetic parameters by Lineweaver-Burk plots and the
inhibition constants, a concentration of CO2 between 1.7 to 17 mM was used. At least six
measurements of the original 5–10% reaction were used to assess the initial velocity for each
inhibitor. The uncatalyzed rates were determined and detracted from the total observed
rates. Stock inhibitor solutions (10–100 mM) were prepared in distilled-deionized water,
and dilutions up to 0.1 nM were done with the buffer test. Inhibitor and enzyme solutions
were preincubated together for 15 min at room temperature prior to assay in order to allow
for the formation of the E-I complex or for the eventual active site-mediated hydrolysis of
the inhibitor. The inhibition constants were obtained by non-linear least-squares methods
using PRISM 6 and the Cheng-Prusoff equation, as reported earlier [74–76], and represent
the mean from at least three different determinations. All enzymes were recombinant
proteins obtained in-house, and their concentration in the assay system was 4.5–12 nM.

4.3. Molecular Modelling Studies

Molecular modelling was performed using Molecular Operating Environment (MOE)
version 2014.09; Chemical Computing Group Inc., 1010 Sherbrooke St. West, Suite #910,
Montreal, QC, Canada, H3A 2R7, 2014. CA IX structure was read from a PDB file 5sz5.
Structural issues were automatically corrected using the Structure Preparation application.
The hydrogen bond network and charges were optimized. Tethered energy minimization
was performed using an AMBER10:EHT force field. The binding pocket of the receptor
was specified by proximity to the cocrystallized ligand atoms. Chosen compounds were
prepared using the wash command, and then partial charges were calculated. Ligand’s
energy minimization was done using an MMFF94x force field. Deprotonation of strong
acids and protonation of strong bases were checked in the wash panel. Docking placement
was done using the triangle matcher algorithm with the ‘rotate bonds’ option. The 1st
scoring function was London dG, and the 2nd scoring function was GBVI/WSA dG.
MOE-Dock performed 30 independent docking runs. Docked complexes were ranked
based on the docking scores (S). Finally, predicted complexes were analyzed for molecular
interactions using the MOE window.

4.4. Cells and Antiproliferative Evaluation

The MCF7 human breast, A431 human skin cancer cells and K562 (ATCC CCL-243)
chronic myelogenous leukemia cells were obtained from the ATCC collection. The MDR
subline K562/4 [77] (kind gift of Dr. Alexander Shtil, Blokhin N.N. National Medical
Research Center of Oncology) was obtained by stepwise selection of K562 cells for survival
under continuous exposure to Dox. This subline expresses the MDR1 gene and functional
P-gp and is characterized by a high resistance index for Dox [78]. The MCF7 and A431 cells
were cultured in standard 4.5 g/L glucose DMEM medium (Gibco) supplemented with 10%
FCS (HyClone), 2 mM L-glutamine, 50 U/mL penicillin, 50 μg/mL streptomycin (PanEco),
100 μg/mL sodium pyruvate (Santa Cruz) at 37 ◦C, 5% CO2 and 80–85% humidity in Nu-
Aire incubator. Suspension myelogenous leukemia cells (K562, K562/4) were propagated in
RPMI-1640 (PanEco) with 5% FCS (HyClone), 2 mM L-glutamine, 100 U/mL penicillin, and
100 μg/mL streptomycin at 37 ◦C, 5% CO2, and 80–85% humidity in Binder incubator. Cells
in the logarithmic phase of growth were used in the experiments. The growth inhibitory
activity of compounds was assessed by the MTT test based on the metabolism of the MTT
reagent (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) (Applichem) in
living cells, with modifications as described previously in [49]. Compounds at different
concentrations in 100 μL of the appropriate medium were added, and the cells were grown
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for 72 h. The hypoxia (1% O2) conditions were simulated in Binder multigas incubator,
as described in [49]. After incubation with compounds, the medium was removed, the
MTT reagent that was dissolved in the medium was added to the final concentration of
0.2 mg/mL to each well, and the incubation was performed for 2 h. Then the cell su-
pernatants were removed, and purple formazan crystals were dissolved in 100% DMSO
(350 μL per well). Culture plates were gently shaken, and the absorbance was measured
at 571 nm with a reference wavelength of 630 nm on a MultiScan reader (ThermoFisher,
Waltham, MA, USA). The viability of the cells was expressed as a percentage of the con-
trol. Dose-response curves were analyzed by regression analysis using sigmoid curves
(Log(concentration) vs. normalized absorbance).

4.5. Statistical Analysis

All results were reported as means ± SD. One-way analysis of variance was used
for the analysis of data. Differences were defined as significant at p < 0.05. GraphPad
Prism7 (GraphPad Software, San Diego, CA, USA) was used for the determination of the
half-maximal inhibitory concentration (IC50) values.

4.6. Immunoblotting

A431 cells were seeded on 100 mm dishes (Corning, Corning, NY, USA), and after 24 h
growth, the compound 4f was added to a fresh medium. To prepare cell extracts, A431 cells
were twice washed in phosphate buffer and incubated for 10 min on ice in the modified
lysis buffer containing 50 mM Tris-HCl, pH 7.5, 0.5% Igepal CA-630, 150 mM NaCl, 1 mM
EDTA, 1 mM DTT, 1 mM PMSF, 0.1 mM sodium orthovanadate and aprotinin, leupeptin
and pepstatin (1 μg/mL each) as described earlier in the work [79]. The protein content
was determined by the Bradford method.

A431 cell lysates were separated in 10% SDS-PAGE under reducing conditions, trans-
ferred to a nitrocellulose membrane (GE HealthCare, Chicago, IL, USA), and processed
according to a standard protocol. Akt, GLUT1, PD-L1, and CA IX antibodies were obtained
from Cell Signaling Technology (Danvers, MA, USA); the antibodies against GAPDH (Cell
Signaling Technology) were added to standardize loading. Goat anti-rabbit IgGs (Jackson
ImmunoResearch, West Grove, PA, USA) conjugated to horseradish peroxidase were used
as secondary antibodies. Signals were detected using the ECL reagent as described in Mruk
and Cheng’s protocol [80] and an ImageQuant LAS4000 system (GE HealthCare).

Supplementary Materials: The supporting information with 1H, 13C, IR spectra and HPLC analysis for
indoline-5-sulfonamides can be downloaded at: https://www.mdpi.com/article/10.3390/ph15121453/s1.
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5. Švastová, E.; Hulíková, A.; Rafajová, M.; Zat’Ovičová, M.; Gibadulinová, A.; Casini, A.; Cecchi, A.; Scozzafava, A.; Supuran, C.T.;
Pastorek, J.; et al. Hypoxia activates the capacity of tumor-associated carbonic anhydrase IX to acidify extracellular pH. FEBS Lett.
2004, 577, 439–445. [CrossRef]

6. Mellor, H.R.; Callaghan, R. Accumulation and distribution of doxorubicin in tumour spheroids: The influence of acidity and
expression of P-glycoprotein. Cancer Chemother. Pharmacol. 2011, 68, 1179–1190. [CrossRef]

7. Federici, C.; Petrucci, F.; Caimi, S.; Cesolini, A.; Logozzi, M.; Borghi, M.; D’Ilio, S.; Lugini, L.; Violante, N.; Azzarito, T.; et al.
Exosome release and low pH belong to a framework of resistance of human melanoma cells to cisplatin. PLoS ONE 2014, 9, e88193.
[CrossRef]

8. Chiche, J.; Ilc, K.; Laferrière, J.; Trottier, E.; Dayan, F.; Mazure, N.M.; Brahimi-Horn, M.C.; Pouysségur, J. Hypoxia-Inducible
Carbonic Anhydrase IX and XII Promote Tumor Cell Growth by Counteracting Acidosis through the Regulation of the Intracellular
pH. Cancer Res. 2008, 69, 358–368. [CrossRef]

9. Estrella, V.; Chen, T.; Lloyd, M.; Wojtkowiak, J.; Cornnell, H.H.; Ibrahim-Hashim, A.; Bailey, K.; Balagurunathan, Y.; Rothberg,
J.M.; Sloane, B.F.; et al. Acidity Generated by the Tumor Microenvironment Drives Local Invasion. Cancer Res. 2013, 73, 1524–1535.
[CrossRef]

10. Becker, H.M. Carbonic anhydrase IX and acid transport in cancer. Br. J. Cancer 2020, 122, 157–167. [CrossRef] [PubMed]
11. Wykoff, C.C.; Beasley, N.J.; Watson, P.; Turner, K.J.; Pastorek, J.; Sibtain, A.; Wilson, G.; Turley, H.; Talks, K.L.; Maxwell, P.; et al.

Hypoxia-inducible expression of tumor-associated carbonic anhydrases. Cancer Res. 2000, 60, 7075–7083. [PubMed]
12. Pastorekova, S.; Gillies, R.J. The role of carbonic anhydrase IX in cancer development: Links to hypoxia, acidosis, and beyond.

Cancer Metastasis Rev. 2019, 38, 65–77. [CrossRef] [PubMed]
13. Pastoreková, S.; Pastorek, J. Cancer-related carbonic anhydrase isozymes and their inhibition. In Carbonic Anhydrase; CRC Press:

Boca Raton, FL, USA, 2004.
14. Angeli, A.; Carta, F.; Nocentini, A.; Winum, J.-Y.; Zalubovskis, R.; Akdemir, A.; Onnis, V.; Eldehna, W.; Capasso, C.;

Simone, G.; et al. Carbonic Anhydrase Inhibitors Targeting Metabolism and Tumor Microenvironment. Metabolites 2020, 10, 412.
[CrossRef] [PubMed]

15. Ivanov, S.; Liao, S.-Y.; Ivanova, A.; Danilkovitch-Miagkova, A.; Tarasova, N.; Weirich, G.; Merrill, M.J.; Proescholdt, M.A.;
Oldfield, E.H.; Lee, J.; et al. Expression of Hypoxia-Inducible Cell-Surface Transmembrane Carbonic Anhydrases in Human
Cancer. Am. J. Pathol. 2001, 158, 905–919. [CrossRef]

16. Nordfors, K.; Haapasalo, J.; Korja, M.; Niemelä, A.; Laine, J.; Parkkila, A.-K.; Pastorekova, S.; Pastorek, J.; Waheed, A.; Sly, W.S.;
et al. The tumour-associated carbonic anhydrases CA II, CA IX and CA XII in a group of medulloblastomas and supratentorial
primitive neuroectodermal tumours: An association of CA IX with poor prognosis. BMC Cancer 2010, 10, 148. [CrossRef]

17. Trastour, C.; Benizri, E.; Ettore, F.; Ramaioli, A.; Chamorey, E.; Pouysségur, J.; Berra, E. HIF-1α and CA IX staining in invasive
breast carcinomas: Prognosis and treatment outcome. Int. J. Cancer 2007, 120, 1451–1458. [CrossRef]

18. Driessen, A.; Landuyt, W.; Pastorekova, S.; Moons, J.; Goethals, L.; Haustermans, K.; Nafteux, P.; Penninckx, F.; Geboes, K.;
Lerut, T.; et al. Expression of Carbonic Anhydrase IX (CA IX), a Hypoxia-Related Protein, Rather Than Vascular-Endothelial
Growth Factor (VEGF), a Pro-Angiogenic Factor, Correlates with an Extremely Poor Prognosis in Esophageal and Gastric
Adenocarcinomas. Ann. Surg. 2006, 243, 334–340. [CrossRef]

19. Loncaster, J.A.; Harris, A.L.; Davidson, S.E.; Logue, J.P.; Hunter, R.D.; Wycoff, C.C.; Pastorek, J.; Ratcliffe, P.J.; Stratford, I.J.;
West, C.M. Carbonic anhydrase (CA IX) expression, a potential new intrinsic marker of hypoxia: Correlations with tumor oxygen
measurements and prognosis in locally advanced carcinoma of the cervix. Cancer Res. 2001, 61, 333–340.

20. Wykoff, C.C.; Beasley, N.; Watson, P.H.; Campo, L.; Chia, S.K.; English, R.; Pastorek, J.; Sly, W.S.; Ratcliffe, P.; Harris, A.L.
Expression of the Hypoxia-Inducible and Tumor-Associated Carbonic Anhydrases in Ductal Carcinoma in Situ of the Breast. Am.
J. Pathol. 2001, 158, 1011–1019. [CrossRef]

21. Kivelä, A.; Parkkila, S.; Saarnio, J.; Karttunen, T.J.; Kivelä, J.; Parkkila, A.-K.; Waheed, A.; Sly, W.S.; Grubb, J.H.; Shah, G.; et al.
Expression of a Novel Transmembrane Carbonic Anhydrase Isozyme XII in Normal Human Gut and Colorectal Tumors. Am. J.
Pathol. 2000, 156, 577–584. [CrossRef]

22. Watson, P.H.; Chia, S.K.; Wykoff, C.C.; Han, C.; Leek, R.D.; Sly, W.S.; Gatter, K.C.; Ratcliffe, P.; Harris, A.L. Carbonic anhydrase
XII is a marker of good prognosis in invasive breast carcinoma. Br. J. Cancer 2003, 88, 1065–1070. [CrossRef] [PubMed]

71



Pharmaceuticals 2022, 15, 1453

23. Ochi, F.; Shiozaki, A.; Ichikawa, D.; Fujiwara, H.; Nakashima, S.; Takemoto, K.; Kosuga, T.; Konishi, H.; Komatsu, S.; Okamoto, K.;
et al. Carbonic Anhydrase XII as an Independent Prognostic Factor in Advanced Esophageal Squamous Cell Carcinoma. J. Cancer
2015, 6, 922. [CrossRef] [PubMed]

24. Chien, M.-H.; Ying, T.-H.; Hsieh, Y.-H.; Lin, C.-H.; Shih, C.-H.; Wei, L.-H.; Yang, S.-F. Tumor-associated carbonic anhydrase XII is
linked to the growth of primary oral squamous cell carcinoma and its poor prognosis. Oral Oncol. 2012, 48, 417–423. [CrossRef]

25. Guerrini, G.; Criscuoli, M.; Filippi, I.; Naldini, A.; Carraro, F. Inhibition of smoothened in breast cancer cells reduces CAXII
expression and cell migration. J. Cell. Physiol. 2018, 233, 9799–9811. [CrossRef] [PubMed]

26. Hsieh, M.-J.; Chen, K.-S.; Chiou, H.-L.; Hsieh, Y.-S. Carbonic anhydrase XII promotes invasion and migration ability of MDA-MB-
231 breast cancer cells through the p38 MAPK signaling pathway. Eur. J. Cell Biol. 2010, 89, 598–606. [CrossRef]

27. Kopecka, J.; Campia, I.; Jacobs, A.; Frei, A.P.; Ghigo, D.; Wollscheid, B.; Riganti, C. Carbonic anhydrase XII is a new therapeutic
target to overcome chemoresistance in cancer cells. Oncotarget 2015, 6, 6776–6793. [CrossRef]

28. Salaroglio, I.C.; Mujumdar, P.; Annovazzi, L.; Kopecka, J.; Mellai, M.; Schiffer, D.; Poulsen, S.-A.; Riganti, C. Carbonic Anhydrase
XII Inhibitors Overcome P-Glycoprotein–Mediated Resistance to Temozolomide in Glioblastoma. Mol. Cancer Ther. 2018, 17,
2598–2609. [CrossRef]

29. Mujumdar, P.; Kopecka, J.; Bua, S.; Supuran, C.T.; Riganti, C.; Poulsen, S.-A. Carbonic Anhydrase XII Inhibitors Overcome
Temozolomide Resistance in Glioblastoma. J. Med. Chem. 2019, 62, 4174–4192. [CrossRef]

30. Nocentini, A.; Angeli, A.; Carta, F.; Winum, J.-Y.; Zalubovskis, R.; Carradori, S.; Capasso, C.; Donald, W.A.; Supuran, C.T.
Reconsidering anion inhibitors in the general context of drug design studies of modulators of activity of the classical enzyme
carbonic anhydrase. J. Enzym. Inhib. Med. Chem. 2021, 36, 561–580. [CrossRef]

31. Berrino, E.; Michelet, B.; Martin-Mingot, A.; Carta, F.; Supuran, C.T.; Thibaudeau, S. Modulating the Efficacy of Carbonic
Anhydrase Inhibitors through Fluorine Substitution. Angew. Chem. 2021, 60, 23068–23082. [CrossRef]

32. Supuran, C.T. Emerging role of carbonic anhydrase inhibitors. Clin. Sci. 2021, 135, 1233–1249. [CrossRef] [PubMed]
33. McDonald, P.C.; Chafe, S.C.; Supuran, C.T.; Dedhar, S. Cancer Therapeutic Targeting of Hypoxia Induced Carbonic Anhydrase IX:

From Bench to Bedside. Cancers 2022, 14, 3297. [CrossRef] [PubMed]
34. Kumar, A.; Siwach, K.; Supuran, C.T.; Sharma, P.K. A decade of tail-approach based design of selective as well as potent tumor

associated carbonic anhydrase inhibitors. Bioorganic Chem. 2022, 126, 105920. [CrossRef] [PubMed]
35. Tawfik, H.O.; Petreni, A.; Supuran, C.T.; El-Hamamsy, M.H. Discovery of new carbonic anhydrase IX inhibitors as anticancer

agents by toning the hydrophobic and hydrophilic rims of the active site to encounter the dual-tail approach. Eur. J. Med. Chem.
2022, 232, 114190. [CrossRef] [PubMed]

36. Tawfik, H.O.; Belal, A.; Abourehab, M.A.S.; Angeli, A.; Bonardi, A.; Supuran, C.T.; El-Hamamsy, M.H. Dependence on linkers’
flexibility designed for benzenesulfonamides targeting discovery of novel hCA IX inhibitors as potent anticancer agents. J. Enzyme
Inhib. Med. Chem. 2022, 37, 2765–2785. [CrossRef]

37. Arrighi, G.; Puerta, A.; Petrini, A.; Hicke, F.J.; Nocentini, A.; Fernandes, M.X.; Padrón, J.M.; Supuran, C.T.; Fernández-Bolaños,
J.G.; López, Ó. Squaramide-Tethered Sulfonamides and Coumarins: Synthesis, Inhibition of Tumor-Associated CAs IX and XII
and Docking Simulations. Int. J. Mol. Sci. 2022, 23, 7685. [CrossRef]

38. Manzoor, S.; Angeli, A.; Zara, S.; Carradori, S.; Rahman, A.; Raza, K.; Supuran, C.T.; Hoda, N. Development of benzene and
benzothiazole-sulfonamide analogues as selective inhibitors of the tumor-associated carbonic anhydrase IX. Eur. J. Med. Chem.
2022, 243, 114793. [CrossRef]

39. Lock, F.E.; McDonald, P.C.; Lou, Y.; Serrano, I.; Chafe, S.C.; Ostlund, C.; Aparicio, S.; Winum, J.-Y.; Supuran, C.T.; Dedhar,
S. Targeting carbonic anhydrase IX depletes breast cancer stem cells within the hypoxic niche. Oncogene 2013, 32, 5210–5219.
[CrossRef]

40. Pacchiano, F.; Carta, F.; McDonald, P.C.; Lou, Y.; Vullo, D.; Scozzafava, A.; Dedhar, S.; Supuran, C.T. Ureido-Substituted
Benzenesulfonamides Potently Inhibit Carbonic Anhydrase IX and Show Antimetastatic Activity in a Model of Breast Cancer
Metastasis. J. Med. Chem. 2011, 54, 1896–1902. [CrossRef]

41. Lou, Y.; McDonald, P.C.; Oloumi, A.; Chia, S.; Ostlund, C.; Ahmadi, A.; Kyle, A.; Keller, U.A.D.; Leung, S.; Huntsman, D.; et al.
Targeting Tumor Hypoxia: Suppression of Breast Tumor Growth and Metastasis by Novel Carbonic Anhydrase IX Inhibitors.
Cancer Res 2011, 71, 3364–3376. [CrossRef]

42. Kalinin, S.; Malkova, A.; Sharonova, T.; Sharoyko, V.; Bunev, A.; Supuran, C.T.; Krasavin, M. Carbonic Anhydrase IX Inhibitors as
Candidates for Combination Therapy of Solid Tumors. Int. J. Mol. Sci. 2021, 22, 13405. [CrossRef]

43. Boyd, N.H.; Walker, K.; Fried, J.; Hackney, J.R.; McDonald, P.C.; Benavides, G.A.; Spina, R.; Audia, A.; Scott, S.E.; Libby, C.J.; et al.
Addition of carbonic anhydrase 9 inhibitor SLC-0111 to temozolomide treatment delays glioblastoma growth in vivo. JCI Insight
2017, 2, e92928. [CrossRef] [PubMed]

44. Hedlund, E.-M.E.; McDonald, P.C.; Nemirovsky, O.; Awrey, S.; Jensen, L.D.; Dedhar, S. Harnessing Induced Essentiality: Targeting
Carbonic Anhydrase IX and Angiogenesis Reduces Lung Metastasis of Triple Negative Breast Cancer Xenografts. Cancers 2019,
11, 1002. [CrossRef] [PubMed]

45. McDonald, P.C.; Chafe, S.C.; Brown, W.S.; Saberi, S.; Swayampakula, M.; Venkateswaran, G.; Nemirovsky, O.; Gillespie, J.A.;
Karasinska, J.M.; Kalloger, S.E.; et al. Regulation of pH by Carbonic Anhydrase 9 Mediates Survival of Pancreatic Cancer Cells
With Activated KRAS in Response to Hypoxia. Gastroenterology 2019, 157, 823–837. [CrossRef]

72



Pharmaceuticals 2022, 15, 1453

46. Güzel-Akdemir, Ö.; Demir-Yazıcı, K.; Vullo, D.; Supuran, C.T.; Akdemir, A. New Pyridinium Salt Derivatives of 2-
(Hydrazinocarbonyl)-3-phenyl-1H-indole-5-sulfonamide as Selective Inhibitors of Tumour-Related Human Carbonic Anhydrase
Isoforms IX and XII. Anti-Cancer Agents Med. Chem. 2022, 22, 2637–2646. [CrossRef] [PubMed]

47. Singh, P.; Goud, N.S.; Swain, B.; Sahoo, S.K.; Choli, A.; Angeli, A.; Kushwah, B.S.; Yaddanapudi, V.M.; Supuran, C.T.; Arifuddin,
M. Synthesis of a new series of quinoline/pyridine indole-3-sulfonamide hybrids as selective carbonic anhydrase IX inhibitors.
Bioorganic Med. Chem. Lett. 2022, 70, 128809. [CrossRef] [PubMed]

48. Kumar, S.; Rulhania, S.; Jaswal, S.; Monga, V. Recent advances in the medicinal chemistry of carbonic anhydrase inhibitors. Eur. J.
Med. Chem. 2020, 209, 112923. [CrossRef] [PubMed]

49. Krymov, S.K.; Scherbakov, A.M.; Salnikova, D.I.; Sorokin, D.V.; Dezhenkova, L.G.; Ivanov, I.V.; Vullo, D.; De Luca, V.; Capasso,
C.; Supuran, C.T.; et al. Synthesis, biological evaluation, and in silico studies of potential activators of apoptosis and carbonic
anhydrase inhibitors on isatin-5-sulfonamide scaffold. Eur. J. Med. Chem. 2021, 228, 113997. [CrossRef]

50. Thiry, A.; Ledecq, M.; Cecchi, A.; Dogné, J.-M.; Wouters, J.; Supuran, C.T.; Masereel, B. Indanesulfonamides as Carbonic
Anhydrase Inhibitors. Toward Structure-Based Design of Selective Inhibitors of the Tumor-Associated Isozyme CA IX. J. Med.
Chem. 2006, 49, 2743–2749. [CrossRef]

51. Dubois, L.; Peeters, S.; Lieuwes, N.G.; Geusens, N.; Thiry, A.; Wigfield, S.; Carta, F.; Mcintyre, A.; Scozzafava, A.; Dogné, J.-M.; et al.
Specific inhibition of carbonic anhydrase IX activity enhances the in vivo therapeutic effect of tumor irradiation. Radiother. Oncol.
2011, 99, 424–431. [CrossRef]

52. Langdon, S.R.; Ertl, P.; Brown, N. Bioisosteric Replacement and Scaffold Hopping in Lead Generation and Optimization. Mol.
Inform. 2010, 29, 366–385. [CrossRef] [PubMed]

53. Hu, Y.; Stumpfe, D.; Bajorath, J. Recent Advances in Scaffold Hopping. J. Med. Chem. 2016, 60, 1238–1246. [CrossRef] [PubMed]
54. Böhm, H.-J.; Flohr, A.; Stahl, M. Scaffold hopping. Drug Discov. Today: Technol. 2004, 1, 217–224. [CrossRef] [PubMed]
55. Dick, A.; Cocklin, S. Bioisosteric Replacement as a Tool in Anti-HIV Drug Design. Pharmaceuticals 2020, 13, 36. [CrossRef]
56. Alhadrami, H.A.; Sayed, A.M.; Al-Khatabi, H.; Alhakamy, N.A.; Rateb, M.E. Scaffold Hopping of α-Rubromycin Enables Direct

Access to FDA-Approved Cromoglicic Acid as a SARS-CoV-2 MPro Inhibitor. Pharmaceuticals 2021, 14, 541. [CrossRef]
57. Wang, S.-Y.; Liu, X.; Meng, L.-W.; Li, M.-M.; Li, Y.-R.; Yu, G.-X.; Song, J.; Zhang, H.-Y.; Chen, P.; Zhang, S.-Y.; et al. Discovery of

indoline derivatives as anticancer agents via inhibition of tubulin polymerization. Bioorganic Med. Chem. Lett. 2021, 43, 128095.
[CrossRef]

58. Thakur, A.; Singh, A.; Kaur, N.; Ojha, R.; Nepali, K. Steering the antitumor drug discovery campaign towards structurally diverse
indolines. Bioorganic Chem. 2019, 94, 103436. [CrossRef]

59. Fu, D.-J.; Li, M.; Zhang, S.-Y.; Li, J.-F.; Sha, B.; Wang, L.; Zhang, Y.-B.; Chen, P.; Hu, T. Discovery of indoline derivatives that inhibit
esophageal squamous cell carcinoma growth by Noxa mediated apoptosis. Bioorganic Chem. 2019, 92, 103190. [CrossRef]

60. Preobrazhenskaya, M.N. Synthesis of Substituted Indoles via Indolines. Russ. Chem. Rev. 1967, 36, 753–771. [CrossRef]
61. Supuran, C.T. Structure and function of carbonic anhydrases. Biochem. J. 2016, 473, 2023–2032. [CrossRef]
62. Mishra, C.B.; Tiwari, M.; Supuran, C.T. Progress in the development of human carbonic anhydrase inhibitors and their pharmaco-

logical applications: Where are we today? Med. Res. Rev. 2020, 40, 2485–2565. [CrossRef]
63. Supuran, C.T. Novel carbonic anhydrase inhibitors. Future Med. Chem. 2021, 13, 1935–1937. [CrossRef] [PubMed]
64. Glamkowski, E.J.; Reitano, P.A. Synthesis and evaluation for diuretic activity of 1-substituted 6-chloro-5-sulfamylindolines. J. Med.

Chem. 1979, 22, 106–109. [CrossRef] [PubMed]
65. Ren, Y.; Hao, P.; Dutta, B.; Cheow, E.S.H.; Sim, K.H.; Gan, C.S.; Lim, S.K.; Sze, S.K. Hypoxia Modulates A431 Cellular Pathways

Association to Tumor Radioresistance and Enhanced Migration Revealed by Comprehensive Proteomic and Functional Studies.
Mol. Cell. Proteom. 2013, 12, 485–498. [CrossRef] [PubMed]

66. Ren, Y.; Hao, P.; Law, S.K.A.; Sze, S.K. Hypoxia-induced Changes to Integrin α 3 Glycosylation Facilitate Invasion in Epidermoid
Carcinoma Cell Line A431. Mol. Cell. Proteom. 2014, 13, 3126–3137. [CrossRef]

67. Misra, A.; Pandey, C.; Sze, S.K.; Thanabalu, T. Hypoxia Activated EGFR Signaling Induces Epithelial to Mesenchymal Transition
(EMT). PLoS ONE 2012, 7, e49766. [CrossRef]

68. Boström, P.; Thoms, J.; Sykes, J.; Ahmed, O.; Evans, A.; van Rhijn, B.G.; Mirtti, T.; Stakhovskyi, O.; Laato, M.; Margel, D.; et al.
Hypoxia Marker GLUT-1 (Glucose Transporter 1) is an Independent Prognostic Factor for Survival in Bladder Cancer Patients
Treated with Radical Cystectomy. Bladder Cancer 2016, 2, 101–109. [CrossRef]

69. Smith, V.; Mukherjee, D.; Lunj, S.; Choudhury, A.; Hoskin, P.; West, C.; Illidge, T. The effect of hypoxia on PD-L1 expression in
bladder cancer. BMC Cancer 2021, 21, 1–11. [CrossRef] [PubMed]

70. Teodori, E.; Braconi, L.; Bua, S.; Lapucci, A.; Bartolucci, G.; Manetti, D.; Romanelli, M.N.; Dei, S.; Supuran, C.T.; Coronnello,
M. Dual P-Glycoprotein and CA XII Inhibitors: A New Strategy to Reverse the P-gp Mediated Multidrug Resistance (MDR) in
Cancer Cells. Molecules 2020, 25, 1748. [CrossRef]

71. Kopecka, J.; Rankin, G.M.; Salaroglio, I.C.; Poulsen, S.-A.; Riganti, C. P-glycoprotein-mediated chemoresistance is reversed by
carbonic anhydrase XII inhibitors. Oncotarget 2016, 7, 85861–85875. [CrossRef]

72. Borror, A.L.; Chinoporos, E.; Filosa, M.P.; Herchen, S.R.; Petersen, C.P.; Stern, C.A.; Onan, K.D. Regioselectivity of electrophilic
aromatic substitution: Syntheses of 6- and 7-sulfamoylindolines and -indoles. J. Org. Chem. 1988, 53, 2047–2052. [CrossRef]

73. Khalifah, R.G. The carbon dioxide hydration activity of carbonic anhydrase. I. Stop-flow kinetic studies on the native human
isoenzymes B and C. J. Biol. Chem. 1971, 246, 2561–2573. [CrossRef] [PubMed]

73



Pharmaceuticals 2022, 15, 1453

74. Del Prete, S.; Vullo, D.; De Luca, V.; Carginale, V.; di Fonzo, P.; Osman, S.M.; AlOthman, Z.; Supuran, C.T.; Capasso, C. Anion
inhibition profiles of the complete domain of the η-carbonic anhydrase from Plasmodium falciparum. Bioorganic Med. Chem. 2016,
24, 4410–4414. [CrossRef] [PubMed]

75. Del Prete, S.; Vullo, D.; De Luca, V.; Carginale, V.; di Fonzo, P.; Osman, S.M.; AlOthman, Z.; Supuran, C.T.; Capasso, C. Anion
inhibition profiles of α-, β- and γ-carbonic anhydrases from the pathogenic bacterium Vibrio cholerae. Bioorganic Med. Chem.
2016, 24, 3413–3417. [CrossRef]

76. De Luca, V.; Vullo, D.; Del Prete, S.; Carginale, V.; Osman, S.M.; AlOthman, Z.; Supuran, C.T.; Capasso, C. Cloning, characterization
and anion inhibition studies of a γ-carbonic anhydrase from the Antarctic bacterium Colwellia psychrerythraea. Bioorganic Med.
Chem. 2016, 24, 835–840. [CrossRef]

77. Sagnou, M.; Novikov, F.N.; Ivanova, E.S.; Alexiou, P.; Stroylov, V.S.; Titov, I.Y.; Tatarskiy, V.V.; Vagida, M.S.; Pelecanou, M.;
Shtil, A.A.; et al. Novel curcumin derivatives as P-glycoprotein inhibitors: Molecular modeling, synthesis and sensitization of
multidrug resistant cells to doxorubicin. Eur. J. Med. Chem. 2020, 198, 112331. [CrossRef]

78. Shchekotikhin, A.E.; Dezhenkova, L.G.; Susova, O.Y.; Glazunova, V.A.; Luzikov, Y.N.; Sinkevich, Y.B.; Buyanov, V.N.; Shtil, A.A.;
Preobrazhenskaya, M.N. Naphthoindole-based analogues of tryptophan and tryptamine: Synthesis and cytotoxic properties.
Bioorganic Med. Chem. 2007, 15, 2651–2659. [CrossRef]

79. Scherbakov, A.M.; Lobanova, Y.S.; Shatskaya, V.A.; Onopchenko, O.V.; Gershtein, E.S.; Krasil’nikov, M.A. Activation of mitogenic
pathways and sensitization to estrogen-induced apoptosis: Two independent characteristics of tamoxifen-resistant breast cancer
cells? Breast Cancer Res. Treat. 2006, 100, 1–11. [CrossRef]

80. Mruk, D.D.; Cheng, C.Y. Enhanced chemiluminescence (ECL) for routine immunoblotting: An inexpensive alternative to
commercially available kits. Spermatogenesis 2011, 1, 121–122. [CrossRef]

74



Citation: Elkamhawy, A.; Paik, S.;

Ali, E.M.H.; Hassan, A.H.E.; Kang,

S.J.; Lee, K.; Roh, E.J. Identification of

Novel Aryl Carboxamide Derivatives

as Death-Associated Protein Kinase 1

(DAPK1) Inhibitors with

Anti-Proliferative Activities: Design,

Synthesis, In Vitro, and In Silico

Biological Studies. Pharmaceuticals

2022, 15, 1050. https://doi.org/

10.3390/ph15091050

Academic Editor: Valentina Onnis

Received: 7 June 2022

Accepted: 3 August 2022

Published: 25 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

pharmaceuticals

Article

Identification of Novel Aryl Carboxamide Derivatives as
Death-Associated Protein Kinase 1 (DAPK1) Inhibitors with
Anti-Proliferative Activities: Design, Synthesis, In Vitro, and In
Silico Biological Studies

Ahmed Elkamhawy 1,2, Sora Paik 3, Eslam M. H. Ali 4,5, Ahmed H. E. Hassan 6, So Jin Kang 7, Kyeong Lee 1

and Eun Joo Roh 3,8,*

1 BK21 FOUR Team and Integrated Research Institute for Drug Development, College of Pharmacy,
Dongguk University-Seoul, Goyang 10326, Korea

2 Department of Pharmaceutical Organic Chemistry, Faculty of Pharmacy, Mansoura University,
Mansoura 35516, Egypt

3 Chemical and Biological Integrative Research Center, Korea Institute of Science and Technology (KIST),
Seoul 02792, Korea

4 Department of Medicinal Chemistry and Molecular Pharmacology, Purdue University,
575 West Stadium Avenue, West Lafayette, IN 47907, USA

5 Pharmaceutical Chemistry Department, Faculty of Pharmacy, Modern University for Technology and
Information (MTI), Cairo 12055, Egypt

6 Department of Medicinal Chemistry, Faculty of Pharmacy, Mansoura University, Mansoura 35516, Egypt
7 Department of Biotechnology, Graduate School Korea University, Seoul 02841, Korea
8 Division of Bio-Medical Science & Technology, University of Science and Technology, Daejeon 34113, Korea
* Correspondence: r8636@kist.re.kr

Abstract: Death-associated protein kinase 1 (DAPK1) is a serine/threonine protein kinase involved
in diverse fundamental cellular processes such as apoptosis and autophagy. DAPK1 isoform plays
an essential role as a tumor suppressor and inhibitor of metastasis. Consequently, DAPK1 became a
promising target protein for developing new anti-cancer agents. In this work, we present the rational
design and complete synthetic routes of a novel series of eighteen aryl carboxamide derivatives as
potential DAPK1 inhibitors. Using a custom panel of forty-five kinases, a single dose of 10 μM of
the picolinamide derivative 4a was able to selectively inhibit DAPK1 kinase by 44.19%. Further
investigations revealed the isonicotinamide derivative 4q as a promising DAPK1 inhibitory lead
compound with an IC50 value of 1.09 μM. In an in vitro anticancer activity assay using a library of
60 cancer cell lines including blood, lung, colon, CNS, skin, ovary, renal, prostate, and breast cancers,
four compounds (4d, 4e, 4o, and 4p) demonstrated high anti-proliferative activity with mean % GI
~70%. Furthermore, the most potent DAPK1 inhibitor (4q) exhibited remarkable activity against
leukemia (K-562) and breast cancer (MDA-MB-468) with % GI of 72% and 75%, respectively.

Keywords: death-associated protein kinase 1 (DAPK1); kinase inhibitors; DAPK1 inhibitors; anti-
proliferative activity; aryl carboxamides

1. Introduction

Death-associated protein kinase 1 (DAPK1) (a Ca2+/calmodulin dependent Ser/Thr
kinase) is an essential mediator in cell death and autophagy related signals [1,2]. It con-
sists of 1430 residues and is the largest member in the DAPK protein family, including a
Ca2+/CaM autoregulatory domain, a death domain, and a serine-rich C-terminal tail whose
phosphorylation activity is known to be responsible for specific forms of apoptosis [3,4].
It coordinates cell-death signaling pathways in response to various stimuli such as death
receptor activation, cytokines, matrix detachment, ceramide, ischemia, and glutamate toxic-
ity [5]. As previously discussed in various studies, DAPK1 as a stress-responsive kinase is
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a crucial component that transmits ER stress signals into two distinct directions, caspase
activation (via regulating type I apoptotic caspase-dependent cell death) and autophagy
(by controlling type II autophagic caspase-independent cell death) [5–13].

Among novel effective approaches to hinder apoptosis pathways, some fusion pro-
teins have been reported [14]. However, a peptide-based strategy has certain potential
scientific and technical cautions, such as lack of cell selectivity, instability, as well as un-
certainty of the effective therapeutic concentration, which influences the peptide cargo in
addition to suffering from rapid degradation after administration orally [15]. Hence, the
rational drug design of small molecule inhibitors could be a unique way to overcome such
drawbacks. Although DAPK1 has gained a lot of interest regarding the comprehension
of its functions, only a small number of chemical scaffolds, comprehensively discussed in
our recent review [4], have been found in the literature with DAPK1 inhibitory activity,
i.e., aminopyridazine [16,17], imidazo [1,2-b]pyridazine [18], pyridin-3-ylmethylene-1,3-
oxazol-5-one [19,20], pyrazolo [3,4-d]pyrimidinone [21,22], and 1H-pyrrolo [2,3-b]pyridine
(7-azaindole) [23] (Figure 1). Inspired by the various unsolved issues of reported scaffolds,
such as instability in biological systems, low potency, low selectivity profile, and/or insuffi-
cient toxicity studies, in addition to the absence of a current promising clinical candidate or
an FDA-approved specific DAPK1 inhibitor, our institute has launched a project aimed at
designing novel leads for DAPK1 activity modulation with potential anticancer activities.

Figure 1. Reported synthetic small molecules bearing different chemical scaffolds and their IC50

values or % inhibition against DAPK1 kinase.

In previous studies, a structure-based virtual screening strategy was followed to
develop an oxazol-5-one derivative III and its related analogues as DAPK inhibitors.
Further in silico studies were conducted to define the structure–activity relationship (SAR)
of the developed inhibitors [19,24]. The SAR studies stated that a nitrogen containing
group, such as pyridinyl moiety, is essential for DAPK activity due to the role of the N-atom
in H-bond formation with the backbone NH of Val96 in the hinge region at the ATP binding
site. In addition, substitution on the terminal phenyl ring was found to improve potency
against DAPK compared to the unsubstituted analogues, which might be explained by
the increase in electron density of the phenyl ring which allows for ring contribution in
hydrophobic interactions at the ATP binding site. Regarding phenyl ring substitution, the
studies reported that meta-substitution seems to be more appropriate for binding at the ATP
binding site than para-substitution because of electronic effects. Additionally, substitution
with electron withdrawing groups at meta-positions is more effective for activity than
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electron donating ones. It was also observed that the phenyl ring is located near Asp161 in
a very tight area of the binding pocket, so bulky substitution would badly affect inhibitor
affinity to the binding site and reduce their stability and activity, as well. Finally, docking
of compound III in DAPK binding sites illustrated an observed vacancy around the phenyl
group, which is considered a point of optimization for developing new DAPK inhibitors
with extended substitution on the phenyl ring.

Relying on the aforementioned SAR studies, structural optimizations of the reported
inhibitor III were conducted, while keeping the essential binding interactions, with the
aim of producing a novel series of DAPK inhibitors (4a–r) (Figure 2). In the current work,
the designed carboxamide derivatives (4a–r) were designed to retain the hinge binding
interaction with the Val96 backbone by introducing different nitrogen containing groups
(pyridine, pyridazine, and pyrazine). However, the principal modification was the ring
opening of the central oxazole into carboxamide moiety, which has been reported in many
DAPK inhibitors. The lateral phenyl group of the designed series was substituted by an
electron withdrawing meta-chloro group that was reported for better hydrophobic interac-
tion. The new designed compounds possessed a unique extension in the hydrophobic area
via additional phenoxy substitutions on the terminal phenyl group in an attempt to boost
molecular interaction with the enzyme pocket.

Figure 2. Diagrammatic representation of the structural modifications of compound III for developing
new DAPK inhibitor candidates: (A) molecular interactions of compound III into the DAPK active
site; (B) proposed binding interaction of the new synthesized derivatives 4a–r into the DAPK kinase
domain (W, X, Y, and Z could be C or N atoms).

2. Results and Discussion

2.1. Chemistry

The chemical synthesis of the target compounds 4a–r was carried out as illustrated in
Scheme 1. A nucleophilic aromatic substitution reaction of the commercially available start-
ing material 2-chloro-1-fluoro-4-nitrobenzene (1) was performed via adding the appropriate
phenolic derivative and a catalytic amount of potassium carbonate to generate 2-chloro-
4-nitrophenoxybenzene derivatives (2a–c). Catalytic hydrogenation of compounds 2a–c
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was performed using Pt/C catalyst under hydrogen atmosphere to yield compounds 3a–c.
Introduction of amide functionality to intermediate 3a–c was achieved by coupling with
the appropriate benzoic acid derivative using HATU to afford the final target compounds
4a–r (Table 1).

Scheme 1. Reagents and conditions: (a) appropriate phenol derivative, K2CO3, MeCN, 85 ◦C,
6 h; (b) H2, Pt/C, MeOH, rt, 6 h; (c) appropriate benzoic acid derivative, DIPEA, HATU, THF,
reflux, overnight.

Table 1. Key Structure of the final target compounds 4a–r.

Cpd R Ar Yield% Cpd R Ar Yield%

4a 4-F 73 4j 4-F 70

4b 3-F 50 4k 4-F 56

4c 3-F 63 4l 4-F 46

4d 3-F 59 4m 3-Cl 62

4e 3-F

 

23 4n 3-Cl

 

72

4f 3-F 29 4o 3-Cl

 
65

4g 3-F

 

 
62 4p 3-Cl

 

 
49

4h 4-F 82 4q 3-Cl 12

4i 4-F 86 4r 3-Cl 53

2.2. Biological Evaluation
2.2.1. Evaluation of Compound 4a against a Panel of 45 Kinases

In an attempt to test our design hypothesis and discover if DAPK1 is the potential
conceivable kinase target of the designed candidates, a kinase selectivity assay was carried
out to the first synthesized derivative (4a) against a group of forty-five different kinases.
Compound 4a was evaluated at a single dose concentration of 10 μM and % inhibition was
determined against each corresponding kinase (Table 2).

78



Pharmaceuticals 2022, 15, 1050

Table 2. % enzyme inhibition (relative to DMSO controls) of compound 4a in a single-dose duplicate
mode assay at a concentration of 10 μM against 45 kinases.

Kinase
DAPK1% Inhibition at 10

μM Dose a Kinase
DAPK1% Inhibition at 10

μM Dose a

ABL1 12.29 ± 0.11 JAK1 8.11 ± 1.85
ACK1 0.53 ± 3.32 JNK1 −9.39 ± 0.22
AKT1 −6.56 ± 1.56 KDR/VEGFR2 −4.28 ± 0.11

AMPK(A1/B1/G1) 2.10 ± 2.96 LCK −15.69 ± 0.45
Aurora A −5.10 ± 0.78 LRRK2 23.80 ± 1.19

BRAF −4.67 ± 0.03 MARK1 −3.12 ± 0.15
BRAF (V599E) −9.72 ± 0.04 MEK1 −16.18 ± 0.42

BTK 1.97 ± 0.21 OSR1/OXSR1 −6.76 ± 1.93
CAMK1a −49.53 ± 0.28 P38a/MAPK14 −22.83 ± 0.63

CDK1/cyclin A −8.34 ± 0.93 PAK1 1.12 ± 2.73
CHK1 −7.21 ± 0.77 PDGFRa 19.18 ± 0.68
c-Kit 15.53 ± 3.14 RAF1 4.51 ± 1.32
CLK1 −0.14 ± 0.13 RET −12.78 ± 0.99
c-MET 7.03 ± 0.34 ROCK1 −6.35 ± 1.35
c-Src 10.63 ± 1.61 ROCK2 2.96 ± 1.06

DAPK1 44.19 ± 1.95 ROS/ROS1 −7.04 ± 1.71
DDR1 5.76 ± 1.69 STK39/STLK3 −2.47 ± 1.50

ERBB2/HER2 −7.42 ± 1.74 SYK −13.26 ± 0.10
FGFR1 −14.24 ± 0.24 TAK1 −4.08 ± 1.16
FLT3 0.13 ± 1.08 TIE2/TEK −13.18 ± 2.15
FMS 3.36 ± 0.31 TLK1 −2.23 ± 3.33

IGF1R −12.67 ± 0.72 TRKA −8.71 ± 0.17
IKKb/IKBKB −15.92 ± 0.74

a Inhibition percentage values expressed as a mean of duplicate measurements ± S.E.M.

Interestingly, the preliminary data revealed a remarkable selectivity of compound 4a

towards DAPK1, with mean % inhibition of 44.19%. On the other hand, the results for
the other 44 kinases showed no activity for most of the kinases and low activity (less than
25%) for a few of the tested kinases (Figure 3). An additional inspection of compound 4a

selectivity was carried out by evaluating its activity against other DAPK isoforms (DAPK2
and DAPK3). The obtained results showed no activity for compound 4a with DAPK2 and
DAPK3 isoforms (data not shown).

2.2.2. In Vitro DAPK1 Kinase Assay and Optimization towards Lead Development

Based on the previous panel of kinase data, a series of aryl carboxamide derivatives
(4b–r) were synthesized and evaluated in vitro for their inhibitory activity against DAPK1
using the ELISA technique (enzyme-linked immune sorbent assay). The enzyme inhibition
assay was conducted with a 10 μM dose of the tested compounds and the mean % inhibition
was measured. As illustrated in Table 3, derivatives possessing the pyridinyl carboxamide
moiety (4c, 4e, 4f, 4h, 4j, 4k, 4m, 4p, and 4q) exhibited the highest inhibitory activity
(59–81%) in comparison to the pyridazine or pyrazine possessing derivatives (38–61%). In
addition, the attachment point of these nitrogen heterocycles (pyridine, pyridazine, and
pyrazine) with the amide group did not show a remarkable effect in terms of activity. In
regard to the substitution on the terminal phenoxy moiety, the overall results showed
that para-substitution with the fluoro group in compounds 4a and 4h–l has a better effect
on activity than the meta-substituted derivatives 4b–g, except for the pyridazine bearing
derivatives 4a and 4b. Moreover, replacing the m-fluoro substitution with m-chloro in
compounds 4m–r showed a slight improvement in activity, except in compounds 4d and 4o

where the chloro substitution dramatically reduced activity to 37.99%. Among the tested
series, compounds 4h, 4j, 4k, and 4q revealed the highest activity of 81%, 79%, 80%, and
72%, respectively.
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Figure 3. A schematic chart illustrating the enzyme inhibitory activity of compound 4a (10 μM)
against a panel of 45 oncogenic kinases.

Table 3. DAPK1 kinase % inhibition activity for the final target compounds 4a–r at 10 μM.

Cpd % Inhibition against DAPK1 a Cpd % Inhibition against DAPK1 a

4a 44.19 4j 79.06
4b 58.95 4k 80.61
4c 58.83 4l 61.83
4d 50.91 4m 61.73
4e 59.98 4n 61.54
4f 64.06 4o 37.99
4g 50.18 4p 61.48
4h 81.00 4q 72.10
4i 63.69 4r 59.98

a % enzyme inhibition (relative to DMSO controls) for all synthesized analogs in a single-dose duplicate mode
assay at a concentration of 10 μM with DAPK1 kinase.

2.2.3. Dose-Dependent Assay of Compounds 4h, 4j, 4k, and 4q with DAPK1 Kinase

For more clarification of the structural activity relationship of the synthesized com-
pounds, the most active derivatives (4h, 4j, 4k ,and 4q) were subjected to a dose-dependent
IC50 kinase assay. The selected candidates showed low micromolar IC50 values against
DAPK1 kinase with a range of 1.09–7.26 μM. The data obtained in Table 4 revealed the
impact of the attachment point of the pyridine moiety with the amide linker and, for the
4-F phenoxy derivatives, nicotinamide owing compound 4j exhibited the highest activity
(IC50 = 1.7 μM). In contrast, substitution with picolinamide (4h) and isonicotinamide (4k)
declined activity to 6.81 μM and 7.26 μM, respectively. Interestingly, the isonicotinamide
derivative with the terminal m-chlorophenoxy moiety (4q) emerged to be the most potent
inhibitor with an IC50 value of 1.09 μM. In order to determine its selectivity against DAPK1,
compound 4q was evaluated at a single dose concentration (10 μM) against the other two

80



Pharmaceuticals 2022, 15, 1050

isoforms (DAPK2/DAPK3). The two isoforms exhibited no inhibition at all by compound
4q (data not shown), indicating the high potential of compound 4q to be a promising
selective DAPK1 inhibitory lead compound.

Table 4. IC50 values of compounds 4h, 4j, 4k, and 4q against DAPK1 kinase.

Cpd DAPK1 a, IC50 (μM)

4h 6.81
4j 1.70
4k 7.26
4q 1.09

a Mean values of duplicate mode 10-dose IC50 assays with DAPK1 kinase, with 3-fold serial dilution starting at
10 μM.

2.2.4. In Vitro Anticancer Assay

The anticancer effects of all newly synthesized compounds (4a–r) were assessed
through determining their anti-proliferative activities against a panel of NCI-60 human
cancer cell lines belonging to nine cancer types (leukemia, non-small cell lung cancer, colon
cancer, CNS cancer, melanoma, ovarian cancer, renal cancer, prostate cancer, and breast
cancer). All the subjected compounds were selected for one-dose 60 cell line assays. The
tested compounds showed wide spectrum activity against the different human cancer cell
lines with maximum mean inhibition of 71% (Figure 4). Among the tested compounds,
only compounds 4d, 4e, 4o, and 4p displayed high anti-proliferative activities (67.02%,
67.87%, 70.83%, and 69.27%, respectively). The data obtained from NCI assays are analyzed
in this section.

 

Figure 4. Mean % inhibition of NCI-60 cell lines after treatment with a single dose (10 μM) of
compounds 4a–r.

� Anti-proliferative activity against leukemia:

The efficacy of the synthesized compounds against leukemia cell lines (CCRF-CEM,
HL-60(TB), K-562, MOLT-4, RPMI-8226, and SR) is illustrated in Table 5. It was observed
that leukemia cells (HL-60(TB) and K-562) are the most sensitive cell lines towards treatment
with the tested compounds (Figure 5). The pyrazine carboxamide derivatives 4d and 4o,
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with meta-(F or Cl) substitution on the terminal phenoxy group, totally inhibited the growth
of the leukemia HL-60(TB) cell line with almost 100% inhibition and showed above 90%
growth inhibition for leukemia K-562. Compounds 4e, 4h, and 4p exhibited satisfactory
inhibitory activity against both cell lines (78–83%), while most of the tested candidates
showed moderate anti-proliferative activity against leukemia (30–60%).

Table 5. Anti-proliferative activities (% growth inhibition) of the target compounds 4a–r against
leukemia cell lines.

Cpd. CCRF-CEM HL-60(TB) K-562 MOLT-4 RPMI-8226 SR

4a 24.87 43.74 44.47 40.16 37.38 2.35
4b 24.49 26.45 38.23 19.72 42.72 −6.10
4c 6.71 11.44 10.98 6.93 21.08 −4.05
4d 81.59 96.88 86.57 58.79 82.05 79.23
4e 76.04 87.94 83.79 59.83 84.21 76.25
4f 41.83 32.93 67.22 27.56 54.45 36.39
4g 40.77 30.04 44.68 24.07 55.39 8.58
4h −5.45 −5.22 4.80 −24.34 −1.85 −26.54
4i 35.87 78.57 78.88 54.90 19.59 50.71
4j −0.75 16.79 49.09 -5.20 12.69 24.85
4k 21.90 16.39 53.90 5.43 34.21 10.68
4l 21.39 15.06 19.57 12.50 33.55 −2.96

4m −0.92 12.35 −7.67 −12.52 0.39 −26.02
4n 16.03 10.46 23.01 19.89 28.89 13.01
4o 83.35 98.50 86.78 73.85 81.94 73.68
4p 82.54 93.94 88.94 62.59 88.07 80.15
4q 43.23 40.60 71.93 32.16 59.20 18.60
4r 34.26 18.01 41.54 14.16 46.55 −11.83

 

Figure 5. Mean % inhibition of the target compounds 4a–r against leukemia cell lines (HL-60(TB) and
K-562).

� Anti-proliferative activity on non-small cell lung cancer:

The synthesized candidates were evaluated against a panel of nine NSCLCs (A549,
EKVX, HOP62, HOP92, NCI-H226, NCI-H23, NCI-H322M, NCI-H460, and NCI-H522). The
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results are represented in Table 6. Among the tested series, compounds 4d, 4e, 4o, and 4p

were the most active anti-proliferative agents against the nine NSCLCs (% GI = 55–60%).

Table 6. Anti-proliferative activities (% growth inhibition) of the target compounds 4a–r against
non-small cell lung cancer cell lines.

Cpd
A549/
ATCC

EKVX HOP-62 HOP-92
NCI-
H226

NCI-H23
NCI-

H322M
NCI-
H460

NCI-
H522

4a 34.51 25.04 15.76 33.54 45.00 37.68 12.42 23.21 38.20
4b 32.62 25.29 0.90 17.89 30.57 23.57 6.18 3.78 27.10
4c 18.95 10.63 −7.22 15.05 1.09 6.75 2.94 0.03 17.87
4d 60.88 48.75 57.56 48.48 38.23 55.06 53.70 77.90 77.71
4e 64.48 50.41 65.97 36.59 43.08 55.14 49.18 75.35 63.79
4f 44.90 46.82 31.88 12.60 37.44 49.29 10.81 22.18 24.20
4g 36.08 35.47 10.18 NT 30.80 33.47 −0.14 11.06 22.76
4h 1.70 13.06 −8.34 7.68 5.54 14.36 1.66 0.15 20.06
4i 56.25 21.95 43.80 41.84 25.60 34.41 17.83 71.99 45.79
4j 14.04 18.08 −6.37 8.10 0.24 20.04 −0.70 3.01 27.70
4k 12.58 60.37 29.52 20.18 17.62 51.60 1.00 18.70 37.11
4l 24.02 19.22 1.57 16.91 26.86 25.71 7.09 5.29 20.81

4m 8.08 −0.64 −6.77 3.98 −8.86 −5.18 −5.68 −0.87 5.22
4n 24.70 12.67 −0.67 15.62 21.16 15.91 6.13 0.21 26.35
4o 76.05 46.82 59.01 37.99 35.91 53.91 52.07 84.28 87.52
4p 63.21 49.14 62.02 38.66 45.68 52.09 52.92 77.80 72.66
4q 50.61 47.56 33.07 13.96 42.84 55.74 19.25 28.11 35.65
4r 32.61 28.53 6.68 5.58 29.92 32.81 1.73 7.58 27.65

As depicted in Figure 6, NCI-H460 and NCI-H522 were the highest affected cell lines
by the mentioned active compounds. NCI-H460 showed % GI of 77.9%, 75.34%, 84.28%,
and 77.8%, while NCI- H522 growth was inhibited by 77.7%, 63.79%, 87.25%, and 72.65%
upon treatment with 10 μM of 4d, 4e, 4o, and 4p, respectively. Compounds 4i and 4q

elicited moderate activity with average inhibition of 40% and 36%, respectively. Meanwhile,
the rest of the tested series did not exhibit significant activity towards NSCLCs (average %
GI < 30%).

 

Figure 6. Anti-proliferative activities (% GI) of compounds 4d, 4e, 4i, 4o, 4p, and 4q against NSCLCs.

� Anti-proliferative activity on colon cancers:
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The target compounds were assayed against a panel of seven colon adenocarcinoma
cell lines (COLO-205, HCC-2998, HCT-116, HCT-15, HT29, KM12, and SW-620) and the re-
sults are summarized in Table 7. The tested compounds revealed a wide range of inhibitory
activity against the seven cell lines, with average % GI from 0% to 78%. The overall data
indicated that compounds 4d, 4e, 4o, and 4p had the highest growth inhibitory activity
and showed average % GI of 71.84%, 69.73%, 78.16%, and 71.11%, respectively (Figure 7).
Compounds 4d and 4e significantly inhibited the growth of HOP92 adenocarcinoma with
% GI of 90.87% and 87.13%, respectively. The two compounds also exhibited outstanding
activity towards the COLO 205 cell line (% GI = 84.52% and 77.29%, respectively).

Table 7. Anti-proliferative activities (% growth inhibition) of the target compounds 4a–r against colon
adenocarcinoma cell lines.

Cpd COLO 205 HCC-2998 HCT-116 HCT-15 HT29 KM12 SW-620

4a −11.74 10.88 3.23 22.43 23.27 20.85 5.86
4b −0.78 3.23 44.58 48.54 13.03 17.64 −3.69
4c −10.09 7.89 14.49 24.71 15.35 4.65 −2.86
4d 84.52 43.81 67.97 68.78 90.87 69.66 77.31
4e 77.29 42.26 66.25 70.11 87.31 70.73 74.22
4f 9.29 −6.85 52.29 19.16 3.92 29.08 15.56
4g 1.75 −5.80 21.38 20.12 0.43 25.11 1.33
4h −24.87 6.42 8.49 3.76 −3.35 1.13 5.68
4i 30.70 23.68 41.31 52.26 76.34 72.49 63.04
4j −20.33 8.79 11.85 15.67 11.48 23.60 7.30
4k 4.83 27.39 56.60 13.33 1.72 22.04 14.96
4l −2.63 3.36 6.44 9.12 12.54 10.52 −5.05

4m −12.61 −17.45 −3.79 −0.91 −2.08 −1.10 −0.09
4n −5.90 4.76 33.28 43.26 10.11 14.71 −4.84
4o 87.71 49.22 79.08 76.69 97.86 79.27 77.28
4p 84.61 42.04 70.09 63.16 91.43 71.89 74.59
4q 17.91 −0.82 55.73 24.37 15.41 32.88 23.45
4r −1.57 −10.77 15.72 17.28 3.02 21.25 −0.48

 
Figure 7. Anti-proliferative activities (% GI) of compounds 4d, 4e, 4i, 4o, and 4p against colon cancer
cell lines.

Moreover, compounds 4o and 4p emerged to be the most potent inhibitors of HOP92
adenocarcinoma with % GI of 97.8% and 91.4%, respectively. Furthermore, the COLO 205
cell line was also inhibited by the two compounds with % GI of 87.71% and 84.61% for
the two compounds. Compound 4i moderately inhibited the growth of HCT-15, HT29,
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KM12, and SW-620 and exhibited % GI of 52.26%, 76.34%, 72.49%, and 63.04%, respectively
(Figure 7).

� Anti-proliferative activity on CNS cancers:

The anti-proliferative activities of the target derivatives were determined against six
CNS cancer cell lines (SF-268, SF-295, SF-539, SNB-19, SNB-75, and U251) and the resulting
% GIs were tabulated in Table 8. As illustrated, compounds 4d, 4e, 4o, and 4p kept their
ranking among the tested derivatives as the most potent anti-proliferative agents. It was
observed that SF-539 and SNB-75 were the most sensitive cell lines that showed growth
inhibition around 100% upon treatment with 10 μM of compounds 4d, 4o, 4p, 4e (Figure 8).
In addition, the mentioned derivatives broadly inhibited the growth of the remaining
four cell lines (44.50–83.53%). Compound 4q moderately inhibited the growth of SF-295
(67.42%), while there was no observable activity from the compound towards the other five
cell lines.

Table 8. Anti-proliferative activities (% growth inhibition) of the target compounds 4a–r against CNS
cancer cell lines.

Cpd SF-268 SF-295 SF-539 SNB-19 SNB-75 U251

4a 19.64 26.63 14.50 33.85 12.24 37.09
4b 15.24 19.22 3.77 13.63 19.94 30.61
4c 3.67 6.83 −4.47 8.03 20.26 21.79
4d 44.50 63.96 103.46 59.62 99.15 74.34
4e 46.35 59.88 95.94 57.35 92.15 67.54
4f 15.83 59.58 17.49 32.89 10.07 27.52
4g 18.94 22.54 7.93 18.58 14.60 21.98
4h −1.32 8.92 4.25 8.73 NT 12.52
4i 27.80 27.12 32.90 36.26 52.28 61.85
4j 5.00 14.00 5.58 6.79 NT 10.97
4k 16.97 58.92 18.58 26.78 NT 14.64
4l 18.14 14.27 4.69 11.91 28.81 15.77

4m −1.72 5.99 −3.28 4.33 12.89 9.88
4n 16.12 17.78 4.69 10.47 22.28 23.31
4o 45.68 58.77 135.24 66.47 120.94 83.53
4p 46.58 58.61 108.37 58.71 123.19 76.10
4q 20.45 67.42 24.18 41.32 18.27 37.68
4r 17.40 27.73 4.39 18.63 12.21 19.46

 
Figure 8. Anti-proliferative activities (% GI) of compounds 4d, 4e, 4o, and 4p against CNS cancer
cell lines.
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� Anti-proliferative activity on melanoma:

Melanoma anti-proliferative activity of the synthesized compounds was evaluated
using a panel of nine melanoma cell lines (LOX IMVI, MALME-3M, M14, MDA-MB-435, SK-
MEL-2, SK-MEL-28, SK-MEL-5, UACC-257, and UACC-62) with the % GI results illustrated
in Table 9. The highest potency was observed on the MDA-MB-435 cell line which was
strongly inhibited by compounds 4d, 4e, 4i, 4o, and 4p (% GI = 121%, 98%, 102%, 139%, and
144%, respectively) (Figure 9). Compound 4e exhibited high potency against the SK-MEL-5
cell line with % GI of 124%, while the same cell line was highly inhibited by 4d, 4o, 4p, and
4q (% GI of 90.39%, 74.19%, 85.47%, and 73.04%, respectively) and moderately inhibited
by 4a, 4f, 4i, and 4k (% GI of 69.25%, 58.84%, 50.48%, and 67.41%, respectively). Moreover,
compounds 4o and 4p showed moderate activity against the M14 cell line (80.21% and
78.15%, respectively) and UACC-62 cell line (71.64% and 62.37%, respectively).

Table 9. Anti-proliferative activities (% growth inhibition) of the target compounds 4a–r against
melanoma cell lines.

Cpd LOX IMVI
MALME-

3M
M14

MDA-MB-
435

SK-MEL-2
SK-MEL-

28
SK-MEL-5 UACC-257 UACC-62

4a 27.24 −4.65 −14.00 32.75 22.30 9.15 69.25 35.74 37.47
4b 25.22 7.97 7.10 19.00 8.32 1.43 32.67 7.10 31.60
4c 2.62 2.27 −1.30 8.65 5.50 −0.68 9.49 −9.00 16.27
4d 56.13 48.64 74.39 121.17 62.33 39.39 90.39 35.06 66.46
4e 47.19 52.84 84.06 98.36 63.46 45.96 123.95 43.92 68.80
4f 38.68 16.33 15.91 33.96 30.20 13.40 58.84 41.05 48.32
4g 18.38 −3.55 11.13 23.66 14.50 2.85 41.79 19.72 36.67
4h 3.90 −1.10 −5.94 5.26 −4.51 −14.37 2.21 −12.41 12.42
4i 48.55 29.89 7.62 102.80 46.40 23.13 50.48 20.25 49.67
4j 8.76 −2.94 2.72 58.51 8.69 −2.54 20.48 8.59 18.73
4k 29.89 8.49 6.80 28.75 40.51 1.54 67.41 23.72 40.20
4l 10.38 −2.67 5.36 10.47 2.21 −0.94 21.76 6.33 25.61

4m -2.57 −9.79 −4.28 6.16 −7.38 0.87 −3.94 −4.90 6.68
4n 11.48 −3.78 7.23 22.44 −2.18 0.55 16.20 −3.76 25.33
4o 70.14 46.63 80.21 139.73 56.37 35.07 74.19 27.57 71.64
4p 48.29 49.87 78.15 144.28 55.91 36.16 85.47 35.81 62.37
4q 44.43 27.35 26.33 40.27 35.39 17.55 73.04 38.68 49.14
4r 14.41 2.90 15.11 21.71 14.60 5.10 29.20 16.23 33.19

 

Figure 9. Anti-proliferative activities (% GI) of compounds 4a, 4d, 4e, 4i, 4k, 4o, 4p, and 4q against
Melanoma cell lines.
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� Anti-proliferative activity on ovarian cancers:

The growth inhibition results of the tested compounds against a panel of six ovarian
cancer cell lines are demonstrated in Table 10. Among the employed ovarian cell lines,
OVCAR-3 emerged to be the most sensitive cell line, which was strongly inhibited by com-
pounds 4d, 4e, 4o, and 4p with % GI of 117.85%, 93.03%, 107.23%, and 97.34%, respectively.
The 4d, 4e, 4o, and 4p compounds also inhibited the growth of the NCI/ADR-RES cell
line with % GI over 85%. OVCAR-3 and NCI/ADR-RES were moderately inhibited by
compound 4i (56.36% and 59.16%, respectively). In addition, moderate growth inhibition
activity was detected against three cell lines: SK-OV-3 by compounds 4e and 4p (69.98% and
65.75%, respectively); OVCAR-8 by compounds 4d, 4e, 4o, and 4p (62.49%, 65.37%, 72.05%,
and 67.92%, respectively); OVCAR-4 by compounds 4d, 4e, 4f, 4o, 4p, and 4q (55.46%,
53.83%, 54.30%, 61.05%, 52.16%, 56.18%, respectively); and IGROV1 by compounds 4d, 4e,
4o, and 4p (59.49%, 58.28%, 72.96%, 57.85%, respectively) (Figure 10).

Table 10. Anti-proliferative activities (% growth inhibition) of the target compounds 4a–r against
ovarian cancer cell lines.

Cpd IGROV1 OVCAR-3 OVCAR-4 OVCAR-5 OVCAR-8 NCI/ADR-RES SK-OV-3

4a 2.39 26.40 NT 15.95 28.75 30.57 11.16
4b 7.95 21.21 38.86 3.48 6.93 7.85 −3.63
4c 5.29 5.30 21.99 2.65 −2.78 −3.02 −7.73
4d 59.49 117.85 55.46 43.39 62.49 90.94 14.03
4e 58.24 93.03 53.83 27.40 65.37 86.14 69.98
4f 10.32 24.90 54.30 −3.67 33.96 30.30 18.97
4g −0.70 18.15 26.00 −8.04 11.94 8.76 −1.53
4h 1.79 −2.65 11.49 −5.31 −5.64 11.70 −14.73
4i 37.38 56.36 NT 18.94 28.56 59.16 −0.47
4j 4.59 14.21 14.85 0.07 1.40 14.87 −10.36
4k 7.73 31.85 22.92 7.00 27.11 36.38 19.08
4l 3.35 12.54 24.55 −2.71 9.85 7.17 3.83

4m −4.42 −2.87 1.25 6.70 −3.01 −14.69 −3.50
4n 8.57 14.44 31.35 8.86 8.33 15.03 −2.30
4o 72.96 107.23 61.05 39.64 72.05 85.16 16.73
4p 57.85 97.34 52.16 28.80 67.92 88.11 65.75
4q 14.33 27.51 56.18 9.72 40.42 33.17 19.67
4r 7.86 14.64 31.04 −5.97 10.63 4.76 0.32

 

Figure 10. Anti-proliferative activities (% GI) of compounds 4d, 4e, 4f, 4o, 4p, and 4q against ovarian
cancer cell lines.
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� Anti-proliferative activity on renal cancers:

The synthesized compounds 4a–r exhibited a wide range of inhibitive activity towards
a panel of eight renal cancer cell lines (786-0, A498, ACHN, CAKI-1, RXF 393, SN12C,
TK-10, and UO-31), as shown in Table 11. The uppermost activity was observed against the
growth of the RXF 393 cell line which was totally inhibited (% GI > 100%) by compounds 4o

and 4p and greatly inhibited by compounds 4d and 4e (92.63% and 86.46%, respectively).
Additionally, the A498 cell line showed inhibition of 100% by compound 4p and 95.84%
by compound 4e (Figure 11). Modest activity was noticed against the 786-0 cell line by
compounds 4d, 4e, 4o, and 4p (% GI of 53.47%, 59.13%, 55.36%, and 60.79%, respectively),
the ACHN cell line by compounds 4d, 4e, 4o, 4p, and 4q (% GI of 62.30%, 64.82%, 60.04%,
58.34%, and 52.45%, respectively), the CAKI-1 cell line by compounds 4d, 4e, 4o, and 4p (%
GI of 74.84%, 67.45%, 78.37%, and 69.44%, respectively), the SN12C cell line by compounds
4d, 4e, 4o, and 4p (% GI of 54.42%, 63.63%, 55.60%, and 56.56%, respectively), and the
UO-31 cell line by compounds 4d, 4e, 4o, and 4p (% GI of 56.60%, 60.28%, 62.66%, and
55.92%, respectively) (Figure 11).

Table 11. Anti-proliferative activities (% growth inhibition) of the target compounds 4a–r against
renal cancer cell lines.

Cpd 786-0 A498 ACHN CAKI-1 RXF 393 SN12C TK-10 UO-31

4a −5.04 38.95 26.30 45.20 17.36 36.18 35.56 45.01
4b 23.45 21.77 14.60 24.59 20.89 15.74 25.76 33.84
4c 21.26 10.29 2.04 14.58 −4.88 7.62 22.97 17.68
4d 53.47 30.57 62.30 74.84 92.63 54.42 40.46 56.60
4e 59.13 95.84 64.82 67.45 86.46 63.63 40.07 60.28
4f 23.38 41.23 44.98 33.92 −6.80 18.18 22.50 31.83
4g 15.44 24.78 31.68 37.07 0.38 18.44 18.94 31.99
4h 5.85 22.23 −2.59 15.45 −0.44 −4.70 1.08 22.52
4i 18.95 32.33 5.89 50.35 27.74 30.22 14.22 34.97
4j 7.73 29.16 0.47 13.15 9.82 4.16 2.30 19.09
4k 16.26 56.91 25.12 30.56 8.16 16.37 15.85 28.68
4l 13.93 19.59 12.22 22.93 −11.93 14.96 18.03 40.38

4m 9.93 5.35 −1.09 7.21 −11.85 2.65 7.95 12.70
4n 22.57 12.65 2.11 19.24 9.70 16.79 24.95 35.06
4o 55.36 49.81 60.04 78.37 104.58 55.60 43.63 62.66
4p 60.79 103.10 58.34 69.44 100.14 56.56 40.23 55.92
4q 27.67 40.37 52.45 41.45 9.56 30.90 25.70 43.59
4r 14.13 27.83 26.38 33.64 −20.50 16.91 17.18 35.82

 

Figure 11. Anti-proliferative activities (% GI) of compounds 4d, 4e, 4o, 4p, and 4q against renal
cancer cell lines.
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� Anti-proliferative activity on prostate cancers:

Two prostate cancer cell lines (PC-3 and DU-145) were used for the anti-proliferative
evaluation of the target compounds 4a–r (Table 12). Among the tested series, only com-
pounds 4d, 4e, 4o, and 4p exhibited satisfactory potency against the two cell lines. The four
candidates inhibited the growth of the PC-3 cell line by % GI of 83.31%, 75.41%, 88.90%,
and 85.15%, respectively. However, the DU-145 cell line was inhibited by % GI of 80.87%,
78.17%, 77.35%, and 83.88% by the four compounds, respectively (Figure 12).

Table 12. Anti-proliferative activities (% growth inhibition) of the target compounds 4a-r against
prostate cancer cell lines.

Cpd PC-3 DU-145

4a 35.59 23.29
4b 47.62 17.49
4c 33.62 8.58
4d 83.31 80.87
4e 75.41 78.17
4f 20.74 9.42
4g 28.39 16.44
4h 2.71 3.23
4i 23.96 20.47
4j 9.30 12.96
4k 24.42 22.70
4l 13.07 5.67

4m 9.03 −3.53
4n 42.83 13.68
4o 88.90 77.35
4p 85.15 83.88
4q 25.02 22.55
4r 19.59 15.68

 
Figure 12. Anti-proliferative activities (% GI) of compounds 4d, 4e, 4o, and 4p against prostate cancer
cell lines.

� Anti-proliferative activity on breast cancers:

Finally, the target compounds were evaluated as anti-proliferative agents against six
different breast cancer cell lines (MCF7, MDA-MB-231/ATCC, HS 578T, BT-549, T-47D,
and MDA-MB-468) and the results were summarized. As shown in Table 13, the growth
of the MDA-MB-468 cell line was completely inhibited (100–109%) by compounds 4d, 4e,
4o, and 4p, while its growth was moderately inhibited by compounds 4a, 4f, 4g, 4i, 4k,
4q, and 4r (52–76%). The MCF7 cell line was less sensitive to the tested compounds and
showed maximum growth inhibition of 82.54% and 80.44% with compounds 4d and 4e,
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respectively. The HS 578T and T-47D cell lines were moderately inhibited by compounds
4a, 4d, 4e, 4o, and 4p (% GI 59.27–81.27%). MDA-MB-231/ATCC and BT-549 were the most
resistant cell lines to the tested compounds, except for compound 4o that inhibited the
growth of MDA-MB-231/ATCC by % GI of 68.29% (Figure 13).

Table 13. Anti-proliferative activities (% growth inhibition) of the target compounds 4a–r against
breast cancer cell lines.

Cpd MCF7 MDA-MB-231/ATCC HS 578T BT-549 T-47D MDA-MB-468

4a 34.71 11.88 4.36 −3.11 62.39 60.73
4b 12.80 6.93 −4.53 15.34 42.13 41.58
4c 11.41 −0.05 1.61 7.71 23.18 14.77
4d 82.54 46.50 72.17 40.15 61.71 99.92
4e 80.44 39.78 68.75 51.44 66.51 109.22
4f 44.11 14.71 7.30 40.61 46.75 76.00
4g 18.46 1.84 8.39 8.12 39.23 55.16
4h 13.86 0.09 −0.49 2.31 27.84 20.32
4i 70.32 41.29 37.62 −0.40 57.08 68.17
4j 23.32 6.34 8.51 7.52 29.40 42.77
4k 39.38 19.70 6.71 36.00 56.60 78.17
4l 9.28 9.19 −7.24 5.75 30.08 36.63

4m 3.69 −2.42 3.47 1.02 −4.39 −2.35
4n 8.35 4.49 −6.22 1.47 27.64 36.69
4o 79.69 68.29 81.27 42.55 59.27 99.57
4p 78.44 41.02 68.95 46.72 64.41 109.21
4q 56.26 20.80 10.84 40.15 51.56 74.71
4r 14.03 5.90 2.82 1.87 38.96 52.01

 
Figure 13. Anti-proliferative activities (% GI) of compounds 4d, 4e, 4o, 4p, and 4q against breast
cancer cell lines.

2.2.5. Docking Study

In an attempt to introduce a reasonable explanation for the observed DAPK1 kinase
activity with respect to the inhibitors’ binding affinity, the potent inhibitor 4j was subjected
to a molecular docking study as a representative example of the designed inhibitors. In
this study, Molecular Operating Environment (MOE, 2014) software was used to operate
the docking protocol. The X-ray crystallographic structures of DAPK1 in complex with
Genistein (PDB ID: 5AUZ) were downloaded from the protein data bank (PDB). Validation
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of the docking protocol was achieved by re-docking of the co-crystalized ligand, Genistein,
in the binding site of DAPK1. The re-docked ligand retained the same binding manner in
the DAPK1 active site (docking score= −6.1511 kcal/mol) with an RMSD value of 0.8894 Å.
As illustrated in Figure 14A, the iso-flavone moiety of the native ligand, Genistein, is
binding in the adenine pocket via H-bonding between the hydroxyl group and Glu100
residue while the pyran ring is additionally embedded in the pocket by AreneH interaction
with Val27. Furthermore, the DAPK1 hydrophobic pocket is occupied by the lateral hydroxy
phenyl moiety, which exhibits H-bonding between its para-hydroxyl group and the Glu94
residue. Accordingly, the target compounds should conserve the binding mode of the
native ligand, which in turn would also be an indication of their binding affinity and
enzymatic activity. In Figure 14B, docking of compound 4j in the active site of DAPK1
(docking score= -5.5545 kcal/mol) illustrates that the NH of the amide linker is introduced
to the adenine pocket and forms H-bonding with Glu100, while the phenoxy moiety is
inserted deeply in the pocket via Arene-H interaction with Val27. On the other hand, the
pyridine ring, which is substituted on the amide linker, exhibits additional H-bonding with
Arg150.

 

Figure 14. 3D representation of Genistein (A) and compound 4j (B) molecular interactions in the
DAPK1 kinase.

3. Materials and Methods

3.1. Chemistry

General: All reactions and manipulations were performed in a nitrogen atmosphere
using standard Schlenk techniques. All reaction solvents and reagents were purchased
from commercial suppliers and used without further purification. The NMR spectra were
obtained with a Bruker Avance 400 (400 MHz 1H and 100.6 MHz 13C NMR). 1H NMR
spectra were referenced to tetramethylsilane (δ = 0.00 ppm) as an internal standard and
were reported as follows: chemical shift, multiplicity (b = broad, s = singlet, d = doublet,
t = triplet, dd = doublet of doublet, m = multiplet). Column chromatography was performed
on Merck Silica Gel 60 (230–400 mesh) and eluting solvents for all of these chromatographic
methods were noted as appropriated-mixed solvent with given volume-to-volume ratios.
TLC was carried out using glass sheets pre-coated with silica gel 60 F254 purchased by Merk.
For more details, see Supplementary Files.

3.1.1. General Procedure of 2-Chloro-4-nitrophenoxybenzene Derivatives (2a–c)

Potassium carbonate (1.25 mmol) and the appropriate phenol (1 mmol) were added to
a solution of commercially available 2-chloro-1-fluoro-4-nitrobenzene (1 mmol) in MeCN
(12 mL). The reaction mixture was heated at 85 ◦C for 6 h. The mixture was extracted
with EtOAc and water. The organic layer was dried over Na2SO4 and concentrated under
reduced pressure to give the target compound.
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2-Chloro-1-(4-fluorophenoxy)-4-nitrobenzene (2a)

Yellowish white solid, yield: 77%, mp: 76.3−92.4 ◦C, 1H NMR (400 MHz, CDCl3) δ
6.76 (d, J = 8.9 Hz, 1H), 7.00−7.09 (m, 4H), 7.98 (d, J = 8.9 Hz, 1H), 8.31 (s, 1H) [25,26].

2-Chloro-1-(3-fluorophenoxy)-4-nitrobenzene (2b)

Yellow oil, yield: 96%, 1H NMR (400 MHz, CDCl3) δ 6.80−6.87 (m, 2H), 6.95−7.00 (m,
2H), 7.40 (dd, J = 8.2 Hz, 14.6 Hz, 1H), 8.10 (dd, J = 2.7 Hz, 9.0 Hz, 1H), 8.40 (d, J = 2.7 Hz,
1H). 13C NMR (100.6 MHz, CDCl3) δ 107.68 (JC−F = 24.1 Hz), 112.49 (JC−F = 21.1 Hz),
115.27 (JC−F = 3.0 Hz), 117.91, 123.69, 125.39, 126.66, 131.27 (JC−F = 9.1 Hz), 143.29, 115.83
(JC−F = 10.1 Hz), 158.07, 163.58 (JC−F = 248.5 Hz) [27].

2-Chloro-1-(3-chlorophenoxy)-4-nitrobenzene (2c)

Yellow solid, yield: 90%, mp: 92.4−93.1 ◦C, 1H NMR (400 MHz, CDCl3) δ 6.95−6.98
(m, 2H), 7.09 (s, 1H), 7.24 (d, J = 8.0 Hz, 1H), 7.37 (t, J = 8.1 Hz, 1H), 8.09 (dd, J = 2.0 Hz,
9.0 Hz, 1H), 8.38 (d, J = 2.0 Hz, 1H). 13C NMR (100.6 MHz, CDCl3) δ 117.84, 117.91, 120.22,
123.71, 125.36, 125.71, 126.67, 131.15, 135.73, 143.28, 155.41, 158.07 [28].

3.1.2. General Procedure of 3-Choro-4-phenoxyaniline Derivatives (3a–c)

Pt/C catalyst was added to a solution of the appropriate 2-chloro-4-nitrophenoxybenzene
derivative (0.1 mmol) in MeOH (15 mL) under hydrogen atmosphere. The mixture was stirred
at room temperature for 6 h. The reaction mixture was filtered with celite and washed
with MeOH. The filtrate was evaporated in vacuo. The residue was purified by column
chromatography to give the target compound.

3-Chloro-4-(4-fluorophenoxy) aniline (3a)

Brown oil, yield: 65%, 1H NMR (400 MHz, DMSO-d6) δ 5.34 (s, 2H), 6.55 (d, J = 8.8 Hz,
1H), 6.72 (s, 1H), 6.80–6.84 (m, 2H), 6.90 (d, J = 8.6 Hz, 1H), 7.13 (t, J = 8.2 Hz, 2H) [29].

3-Chloro-4-(3-fluorophenoxy) aniline (3b)

Yellow oil, yield: 78%, 1H NMR (400 MHz, DMSO-d6) δ 5.40 (s, 2H), 6.57 (d, J = 8.6 Hz,
1H), 6.63 (d, J = 8.4 Hz, 2H), 6.73 (s, 1H), 6.86 (t, J = 8.5 Hz, 1H), 6.96 (d, J = 8.8 Hz, 1H), 7.33
(t, J = 8.0 Hz, 1H) [27,30].

3-Chloro-4-(3-chlorophenoxy) aniline (3c)

Brown oil, yield: 60%, 1H NMR (400 MHz, DMSO-d6) δ 5.41 (s, 2H), 6.58 (dd, J = 2.6 Hz,
8.7 Hz, 1H), 6.73 (d, J = 2.6 Hz, 1H), 6.77–6.82 (m, 2H), 6.96 (d, J = 8.6 Hz, 2H), 7.09 (dd,
J = 1.0 Hz, 8.0 Hz, 1H), 7.34 (t, J = 8.1 Hz, 1H) [28,30].

3.1.3. General Procedure of Target Compounds 4a–r

The appropriate 3-chloro-4-phenoxyaniline derivative (0.1 mmol) was dissolved in
THF (12 mL), followed by adding DIPEA (0.27 mmol), HATU (0.11 mmol), and the appro-
priate benzoic acid derivative (0.1 mmol). The reaction mixture was refluxed overnight.
The mixture was extracted with EtOAc, water, and brine. The organic layer was dried over
Na2SO4 and concentrated under reduced pressure. The residue was purified by column
chromatography to give the target compound.

N-(3-chloro-4-(4-fluorophenoxy) phenyl) picolinamide (4a)

Brown solid, mp: 95.6–97.0 ◦C, 1H NMR (400 MHz, CDCl3) δ 6.91–6.95 (m, 2H), 7.01
(dd, J = 8.8 Hz, 17.2 Hz, 3H), 7.49–7.52 (m, 1H), 7.60 (dd, J = 2.4 Hz, 8.8 Hz, 1H), 7.92
(t, J = 7.6 Hz, 1H), 8.03 (d, J = 2.4 Hz, 1H), 8.29 (d, J = 7.8 Hz, 1H), 8.61 (d, J = 4.6 Hz,
1H), 10.04 (s, 1H). 13C NMR (100.6 MHz, CDCl3) δ 116.30 (JC−F = 23.1 Hz), 118.91, 119.16
(JC−F = 31.2 Hz), 121.03, 121.97, 122.48, 126.22, 126.72, 134.55, 137.82, 148.05, 148.89, 149.37,
153.14, 158.69 (JC−F = 241.4 Hz), 162.02. HRMS (ESI) m/z calculated for C17H11ClFN3NaO2
[M+Na]+: 366.0416, found: 366.0408.

N-(3-chloro-4-(4-fluorophenoxy) phenyl) pyridazine-3-carboxamide (4b)
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White solid, mp: 134.1–134.9 ◦C, 1H NMR (400 MHz, CDCl3) δ 6.95–7.06 (m, 5H), 7.57
(d, J = 8.8 Hz, 1H), 7.77 (dd, J = 5.4 Hz, 7.9 Hz, 1H), 8.08 (s, 1H), 8.43 (d, J = 8.3 Hz,
1H), 9.36 (d, J = 4.4 Hz, 1H), 10.11 (s, 1H). 13C NMR (100.6 MHz, CDCl3) δ 116.37
(JC−F = 23.1 Hz), 119.15, 119.40 (JC−F = 34.2 Hz), 120.86, 122.32, 125.90, 126.23, 128.09,
133.80, 149.54, 157.27, 152.92, 153.17, 158.80 (JC−F = 241.4 Hz), 160.15. HRMS (ESI) m/z
calculated for C17H11ClFN3NaO2 [M+Na]+: 366.0416, found: 366.0420.

N-(3-chloro-4-(4-fluorophenoxy) phenyl) pyrazine-2-carboxamide (4c)

White solid, mp: 155.5–156.0 ◦C, 1H NMR (400 MHz, CDCl3) δ 6.92–7.05 (m, 5H), 7.59
(dd, J = 2.4 Hz, 8.8 Hz, 1H), 7.99 (d, J = 2.4 Hz, 1H), 8.60 (s, 1H), 8.84 (d, J = 2.2 Hz, 1H), 9.51
(s, 1H), 9.67 (s, 1H). 13C NMR (100.6 MHz, CDCl3) δ 116.35 (JC−F = 23.1 Hz), 119.10, 119.33
(JC−F = 27.2 Hz), 120.86, 122.18, 126.20, 133.85, 142.40, 143.98, 144.72, 147.81, 149.45, 152.92,
158.79 (JC−F = 242.4 Hz), 160.67. HRMS (ESI) m/z calculated for C18H13ClFN2O2 [M+H]+:
343.0644, found: 343.0638.

N-(3-chloro-4-(4-fluorophenoxy) phenyl) nicotinamide (4d)

White solid, mp: 112.0–113.2 ◦C, 1H NMR (400 MHz, CDCl3) δ 6.89–6.93 (m, 3H), 7.02
(t, J = 9.1 Hz, 2H), 7.38–7.41 (m, 1H), 7.46 (dd, J = 2.5 Hz, 8.8 Hz, 1H), 7.83 (d, J = 2.4 Hz,
1H), 8.18 (dt, J = 1.8 Hz, 8.0 Hz, 1H), 8.71 (dd, J = 1.5 Hz, 4.8 Hz, 1H), 9.05 (s, 1H). 13C
NMR (100.6 MHz, CDCl3) δ 116.38 (JC−F = 23.1 Hz), 118.85, 119.26 (JC−F = 8.0 Hz), 120.49
(JC−F = 12.1 Hz), 123.15, 123.81, 125.91, 130.43, 130.04, 135.57, 147.91, 149.70, 152.52, 152.77,
158.82 (JC−F = 241.4 Hz), 164.20. HRMS (ESI) m/z calculated for C17H12ClFN3O2 [M+H]+:
344.0597, found: 343.0600.

N-(3-chloro-4-(4-fluorophenoxy) phenyl) isonicotinamide (4e)

White solid, mp: 57.0–58.5 ◦C, 1H NMR (400 MHz, CDCl3) δ 6.90–6.93 (m, 3H),
7.00–7.04 (m, 2H), 7.46 (dd, J = 2.5 Hz, 8.8 Hz, 1H), 7.68–7.70 (m, 2H), 7.83 (d, J = 2.5 Hz,
1H), 8.70–8.71 (m, 3H). 13C NMR (100.6 MHz, CDCl3) δ 116.41 (JC−F = 24.1 Hz), 118.82,
119.35 (JC−F = 9.1 Hz), 120.43 (JC−F = 10.1 Hz), 123.12, 125.91, 133.74, 141.74, 149.92, 150.58,
152.68, 158.87 (JC−F = 241.4 Hz), 164.10. HRMS (ESI) m/z calculated for C18H13ClFN2O2
[M+H]+: 343.0644, found: 343.0640.

N-(3-chloro-4-(4-fluorophenoxy) phenyl) pyridazine-4-carboxamide (4f)

White solid, mp: 164.2–165.2 ◦C, 1H NMR (400 MHz, DMSO-d6) δ 7.02 (s, 2H),
7.16–7.23 (m, 3H), 7.69–7.79 (m, 1H), 8.11 (d, J = 6.1 Hz, 2H), 9.52 (d, J = 4.6 Hz, 1H),
9.65 (s, 1H), 10.89 (s, 1H). 13C NMR (100.6 MHz, DMSO-d6) δ 117.07 (JC−F = 23.1 Hz), 119.40
(JC−F = 8.0 Hz), 121.19, 121.88, 122.61 (JC−F = 11.1 Hz), 124.90, 125.01, 132.39, 135.97, 148.45,
149.34, 152.62, 153.35, 158.46 (JC−F = 225.3 Hz), 162.98.

N-(3-chloro-4-(3-fluorophenoxy) phenyl) picolinamide (4g)

White solid, mp: 79.0–80.0 ◦C, 1H NMR (400 MHz, CDCl3) δ 6.65 (dt, J = 2.4 Hz,
10.2 Hz, 1H), 6.72 (dd, J = 2.2 Hz, 8.3 Hz, 1H), 6.75–6.80 (m, 1H), 7.09 (d, J = 8.8 Hz,
1H), 7.23–7.28 (m, 1H), 7.48–7.51 (m, 1H), 7.64 (dd, J = 2.6 Hz, 8.8 Hz, 1H), 7.92 (td,
J = 1.7 Hz, 7.7 Hz, 1H), 8.05 (d, J = 2.6 Hz, 1H), 8.29 (d, J = 7.8 Hz, 1H), 8.61 (dt, J = 0.64 Hz,
4.12 Hz, 1H), 10.08 (s, 1H). 13C NMR (100.6 MHz, CDCl3) δ 104.73 (JC−F = 25.2 Hz), 109.76
(JC−F = 21.1 Hz), 112.49 (JC−F = 3.0 Hz), 119.36, 121.91, 122.44, 122.50, 126.77, 127.05, 130.53
(JC−F = 10.1 Hz), 135.34, 137.82, 147.49, 148.07, 149.30, 158.83 (JC−F = 10.1 Hz), 162.07, 163.55
(JC−F = 246.5 Hz). HRMS (ESI) m/z calculated for C17H12ClFN3O2 [M+H]+: 344.0597, found:
344.0601.

N-(3-chloro-4-(3-fluorophenoxy) phenyl) pyridazine-3-carboxamide (4h)

White solid, mp: 130.3–131.2 ◦C, 1H NMR (400 MHz, CDCl3) δ 6.65–6.82 (m, 3H), 7.12
(d, J = 8.8 Hz, 1H), 7.27 (dd, J = 8.0 Hz, 15.0 Hz, 1H), 7.62 (dd, J = 1.8 Hz, 8.6 Hz, 1H),
7.75–7.79 (m, 1H), 8.10 (d, J = 1.8 Hz, 1H), 8.44 (d, J = 8.3 Hz, 1H), 9.37 (d, J = 4.3 Hz, 1H),
10.16 (s, 1H). 13C NMR (100.6 MHz, CDCl3) δ 104.90 (JC−F = 25.2 Hz), 109.93
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(JC−F = 21.1 Hz), 112.64 (JC−F = 3.0 Hz), 119.62, 120.33, 121.61, 122.33 (JC−F = 9.1 Hz),
125.91, 127.13, 128.09, 130.55 (JC−F = 10.1 Hz), 134.60, 148.13, 152.22, 153.19, 160.19, 160.5
(JC−F = 366.2 Hz).

N-(3-chloro-4-(3-fluorophenoxy) phenyl) pyrazine-2-carboxamide (4i)

White solid, mp: 156.6–157.2 ◦C, 1H NMR (400 MHz, DMSO-d6) δ 6.75 (d, J = 8.4 Hz,
1H), 6.83 (d, J = 10.3 Hz, 1H), 6.96 (t, J = 8.2 Hz, 1H), 7.30 (d, J = 8.9 Hz, 1H), 7.41 (dd,
J = 8.2 Hz, 15.4 Hz, 1H), 7.95–7.97 (m, 1H), 8.28 (d, J = 2.0 Hz, 1H), 8.85 (s, 1H), 8.97
(d, J = 2.1 Hz, 1H), 9.33 (s, 1H), 11.05 (s, 1H). 13C NMR (100.6 MHz, DMSO-d6) δ 104.75
(JC−F = 25.2 Hz), 110.26 (JC−F = 21.1 Hz), 112.87, 120.26, 121.45, 122.87 (JC−F = 31.2 Hz),
125.56, 131.81 (JC−F = 10.1 Hz), 136.70, 143.74, 144.63, 145.21, 146.89, 148.37, 158.88 (JC−F =
11.1 Hz), 162.45, 163.38 (JC−F = 244.5 Hz). HRMS (ESI) m/z calculated for C17H11ClFN3NaO2
[M+Na]+: 366.0416, found: 366.0415.

N-(3-chloro-4-(3-fluorophenoxy) phenyl) nicotinamide (4j)

White solid, mp: 117.3–118.2 ◦C, 1H NMR (400 MHz, MeOD) δ 6.63 (dt, J = 2.3 Hz,
10.4 Hz, 1H), 6.69 (dd, J = 2.3 Hz, 8.4 Hz, 1H), 6.81 (td, J = 1.9 Hz, 8.4 Hz, 1H), 7.12 (d,
J = 8.8 Hz, 1H), 7.27–7.32 (m, 1H), 7.55–7.59 (m, 1H), 7.65 (dd, J = 2.5 Hz, 8.8 Hz, 1H), 8.02
(d, J = 2.5 Hz, 1H), 8.34 (dt, J = 1.8 Hz, 8.1 Hz, 1H), 8.72 (dd, J = 1.5 Hz, 5.0 Hz, 1H), 9.09 (d,
J = 1.5 Hz, 1H). HRMS (ESI) m/z calculated for C18H13ClFN2O2 [M+H]+: 343.0644, found:
343.0648.

N-(3-chloro-4-(3-fluorophenoxy) phenyl) isonicotinamide (4k)

White solid, mp: 49.8–51.0 ◦C, 1H NMR (400 MHz, CDCl3) δ 6.63 (d, J = 10.1 Hz, 1H),
6.70 (d, J = 8.2 Hz, 1H), 6.75–6.81 (m, 1H), 7.04 (t, J = 8.7 Hz, 1H), 7.26 (dd, J = 8.2 Hz,
14.9 Hz, 1H), 7.52–7.62 (m, 1H), 7.70 (d, J = 4.8 Hz, 2H), 7.88 (d, J = 1.8 Hz, 1H), 8.71 (d,
J = 5.0 Hz, 2H), 8.81 (s, 1H). 13C NMR (100.6 MHz, CDCl3) δ 104.95 (JC−F = 24.1 Hz), 110.07
(JC−F = 21.1 Hz), 112.73, 120.24 (JC−F = 25.2 Hz), 121.11, 122.10, 122.49, 123.02, 126.88, 130.61
(JC−F = 10.1 Hz), 134.71, 148.43, 150.57, 158.43 (JC−F = 10.1 Hz), 163.21 (JC−F = 187.1 Hz),
164.74. HRMS (ESI) m/z calculated for C18H13ClFN2O2 [M+H]+: 343.0644, found: 343.0639.

N-(3-chloro-4-(3-fluorophenoxy) phenyl) pyridazine-4-carboxamide (4l)

Yellow solid, mp: 141.3–142.7 ◦C, 1H NMR (400 MHz, CDCl3) δ 6.64 (d, J = 10.1 Hz,
1H), 6.72 (d, J = 8.4 Hz, 1H), 6.80 (t, J = 8.1 Hz, 1H), 7.06 (d, J = 8.7 Hz, 1H), 7.27 (dd,
J = 8.0 Hz, 15.0 Hz, 1H), 7.58–7.68 (m, 1H), 7.95–8.02 (m, 2H), 9.30 (d, J = 5.0 Hz, 1H),
9.59 (s, 1H), 9.82 (s, 1H). 13C NMR (100.6 MHz, CDCl3) δ 105.04 (JC−F = 25.2 Hz), 110.15
(JC−F = 21.1 Hz), 112.84 (JC−F = 3.0 Hz), 120.07, 120.56, 122.05, 123.22, 125.23, 126.87, 130.63
(JC−F = 10.1 Hz), 133.09, 134.57, 148.67, 151.96, 158.29, 162.13, 163.52 (JC−F = 247.5 Hz).
HRMS (ESI) m/z calculated for C17H12ClFN3O2 [M+H]+: 344.0597, found: 344.0596.

N-(3-chloro-4-(3-chlorophenoxy) phenyl) picolinamide (4m)

Brown solid, mp: 92.7–93.5 ◦C, 1H NMR (400 MHz, CDCl3) δ 6.82 (dd, J = 1.9 Hz,
8.3 Hz, 1H), 6.92 (t, J = 2.1 Hz, 1H), 7.03–7.08 (m, 2H), 7.22 (t, J = 8.1 Hz, 1H), 7.47–7.50 (m,
1H), 7.63 (dd, J = 2.5 Hz, 8.8 Hz, 1H), 7.90 (td, J = 1.6 Hz, 7.7 Hz, 1H), 8.05 (d, J = 2.5 Hz, 1H),
8.28 (d, J = 7.8 Hz, 1H), 8.59 (d, J = 4.5 Hz, 1H), 10.07. 13C NMR (100.6 MHz, CDCl3) δ 115.18,
119.38, 121.91, 122.35, 122.47, 123.09, 126.76, 126.99, 130.52, 135.11, 135.35, 137.80, 147.43,
148.06, 149.27, 158.27, 162.06. HRMS (ESI) m/z calculated for C18H13Cl2N2O2 [M+H]+:
359.0349, found: 359.0346.

N-(3-chloro-4-(3-chlorophenoxy) phenyl) pyridazine-3-carboxamide (4n)

Light brown solid, mp: 138.0–139.6 ◦C, 1H NMR (400 MHz, DMSO-d6) δ 6.90 (dd,
J = 1.9 Hz, 8.2 Hz, 1H), 7.01 (t, J = 2.0 Hz, 1H), 7.18 (d, J = 8.0 Hz, 1H), 7.31 (d, J = 8.9 Hz,
1H), 7.40 (t, J = 8.1 Hz, 1H), 7.99–8.02 (m, 2H), 8.32–8.36 (m, 2H), 9.50 (dd, J = 1.4 Hz, 4.9 Hz,
1H), 11.40 (s, 1H). 13C NMR (100.6 MHz, DMSO-d6) δ 115.63, 116.98, 121.63, 122.86, 123.12,
123.46, 125.59, 126.67, 129.19, 131.96, 134.50, 136.81, 146.78, 153.40, 154.13, 158.49, 162.23.
HRMS (ESI) m/z calculated for C17H11Cl2N3NaO2 [M+Na]+: 382.0121, found: 382.0123.
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N-(3-chloro-4-(3-chlorophenoxy) phenyl) pyrazine-2-carboxamide (4o)

Light brown solid, mp: 153.2–154.6 ◦C, 1H NMR (400 MHz, DMSO-d6) δ 6.90 (d,
J = 8.0 Hz, 1H), 7.00 (s, 1H), 7.19 (d, J = 8.1 Hz, 1H), 7.30 (d, J = 8.8 Hz, 1H), 7.40 (t,
J = 8.0 Hz, 1H), 7.96 (dd, J = 2.0 Hz, 8.8 Hz, 1H), 8.28 (d, J = 1.8 Hz, 1H), 8.84 (s, 1H), 8.96 (s,
1H), 9.32 (s, 1H), 11.05 (s, 1H). 13C NMR (100.6 MHz, DMSO-d6) δ 115.61, 116.98, 121.47,
122.72, 123.08, 123.45, 125.59, 131.94, 134.50, 136.76, 143.73, 144.63, 145.17, 146.75, 148.37,
158.47, 162.43. HRMS (ESI) m/z calculated for C17H12Cl2N3O2 [M+H]+: 360.0301, found:
360.0304.

N-(3-chloro-4-(3-chlorophenoxy) phenyl) nicotinamide (4p)

White solid, mp: 141.0–141.5 ◦C, 1H NMR (400 MHz, DMSO-d6) δ 6.89 (dd, J = 1.6 Hz,
8.4 Hz, 1H), 6.99 (s, 1H), 7.18 (d, J = 9.0 Hz, 1H), 7.30 (d, J = 8.8 Hz, 1H), 7.40 (t, J = 8.2 Hz,
1H), 7.58–7.61 (m, 1H), 7.77 (dd, J = 2.4 Hz, 8.9 Hz, 1H), 8.14 (d, J = 2.4 Hz, 1H), 8.30
(d, J = 8.1 Hz, 1H), 8.78–8.79 (m, 1H), 9.12 (d, J = 1.6 Hz, 1H), 10.66 (s, 1H). 13C NMR
(100.6 MHz, DMSO-d6) δ 115.61, 116.93, 121.10, 122.34, 123.23, 123.45, 124.04, 125.65, 130.68,
131.96, 134.51, 135.97, 137.39, 146.53, 149.16, 152.83, 158.53, 164.73. HRMS (ESI) m/z calcu-
lated for C18H13Cl2N2O2 [M+H]+: 359.0349, found: 359.0351.

N-(3-chloro-4-(3-chlorophenoxy) phenyl) isonicotinamide (4q)

White solid, mp: 124.3–126.0 ◦C, 1H NMR (400 MHz, DMSO-d6) δ 6.91–7.00 (m, 2H),
7.19 (s, 1H), 7.28–7.40 (m, 2H), 7.78–7.88 (m, 3H), 8.15 (s, 1H), 8.82 (s, 2H), 10.72 (s, 1H).

N-(3-chloro-4-(3-chlorophenoxy) phenyl) pyridazine-4-carboxamide (4r)

Yellow solid, mp: 133.2–134.0 ◦C, 1H NMR (400 MHz, DMSO-d6) δ 6.91 (dd, J = 2.2 Hz,
8.3 Hz, 1H), 7.01 (s, 1H), 7.20 (d, J = 8.0 Hz, 1H), 7.32 (d, J = 8.8 Hz, 1H), 7.42 (t, J = 8.2 Hz,
1H), 7.76 (dd, J = 2.4 Hz, 8.9 Hz, 1H), 8.13 (d, J = 2.3 Hz, 2H), 9.53 (d, J = 5.2 Hz, 1H), 9.67 (s,
1H), 10.92 (s, 1H). 13C NMR (100.6 MHz, DMSO-d6) δ 115.74, 117.09, 121.22, 122.49, 123.18,
123.57, 125.01, 125.65, 131.97, 132.34, 134.53, 136.74, 147.03, 149.32, 152.62, 158.38, 163.04.
HRMS (ESI) m/z calculated for C17H12Cl2N3O2 [M+H]+: 360.0301, found: 360.0304.

3.2. Biological Evaluation
3.2.1. In Vitro Kinase Screening

Kinase assays were performed at the Reaction Biology Corporation (Malvern, PA)
using the “HotSpot” assay platform. All the target compounds were evaluated according
to the Reaction Biology Corp implemented protocol as reported on their website (http:
//www.reactionbiology.com/ 25 January 2019).

3.2.2. NCI Cell Line Screening

The target compounds were evaluated for their anti-proliferative activity at the Na-
tional Cancer Institute (NCI), Bethesda, Maryland, USA, applying the standard protocol of
the NCI (http://www.dtp.nci.nih.gov/).

3.2.3. Docking Methodology

The X-ray crystal structures of DAPK1 kinase in complex with Genistein (PDB ID:
5AUZ) were downloaded from the protein data bank (www.rcsb.org) in PDB format. The
2D structure of compound 4j was drawn using ChemDraw software. Molecular Operating
Environment (MOE, 2014.0901) software was used for the molecular docking operation
docking protocol. DAPK1 kinase was prepared for the molecular docking procedure by
applying 3D protonation of both enzyme amino acids and the native ligand (Genistein). In
addition, water from crystallization was removed from the kinase domain. The active site
was isolated. The grid space was determined from the coordinates of the reference ligand
(−22.780412, 2.367623, −10.682060) and expanded to cover all amino acid residues in the
DAPK1 active site cavity (r = 8.383472). The docking protocol was validated by re-docking
of Genistein with RMSD = 0.8894 Å and retained the same binding pose in the DAPK1
active site.
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4. Conclusions

In the current study, a series of 3-chloro-4-(phenoxy)phenyl carboxamide derivatives
featuring different substituents on the terminal phenoxy group, along with diverse nitrogen
containing heterocycles on the carboxamide linker, has been designed and synthesized as
DAPK1 inhibitors with potential anti-proliferative activity. A preliminary kinase inhibition
evaluation was conducted on the first synthesized compound 4a in an attempt to explore
its DAPK1 activity and selectivity. Among the 45 panel kinases, compound 4a exhibited
higher activity and selectivity against DAPK1 kinase. Hence, DAPK1 inhibitory activity of
the synthesized derivatives was detected; pyridinyl moiety owing derivatives 4h, 4j, 4f,
and 4q displayed the highest activity and were subjected to 10-dose evaluation. The IC50
values of the mentioned compounds were determined and compound 4q emerged to be
the most potent DAPK1 inhibitor (IC50 =1.09 μM). Additionally, all the target compounds
were evaluated for their cytotoxic activity against a panel of 60 NCI cancer cell lines at
10 μM concentration. Out of the tested series, compounds 4d, 4e, 4o, and 4p revealed the
highest anti-proliferative activities against most of the employed cell lines (67.02%, 67.87%,
70.83%, and 69.27%. Moreover, two leukemia cell lines (HL-60(TB) and K-562) exhibited
the highest sensitivity towards the tested candidates.

Supplementary Materials: The following are available online at: https://www.mdpi.com/article/
10.3390/ph15091050/s1.
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Abstract: The apoptotic antiproliferative actions of our previously reported CB1 allosteric modulators
5-chlorobenzofuran-2-carboxamide derivatives VIIa–j prompted us to develop and synthesise a novel
series of indole-2-carboxamide derivatives 5a–k, 6a–c, and 7. Different spectroscopic methods of anal-
ysis were used to validate the novel compounds. Using the MTT assay method, the novel compounds
were examined for antiproliferative activity against four distinct cancer cell lines. Compounds 5a–k,
6a–c, and 7 demonstrated greater antiproliferative activity against the breast cancer cell line (MCF-7)
than other tested cancer cell lines, and 5a–k (which contain the phenethyl moiety in their backbone
structure) demonstrated greater potency than 6a–c and 7, indicating the importance of the phenethyl
moiety for antiproliferative action. Compared to reference doxorubicin (GI50 = 1.10 μM), compounds
5d, 5e, 5h, 5i, 5j, and 5k were the most effective of the synthesised derivatives, with GI50 ranging
from 0.95 μM to 1.50 μM. Compounds 5d, 5e, 5h, 5i, 5j, and 5k were tested for their inhibitory impact
on EGFR and CDK2, and the results indicated that the compounds tested had strong antiproliferative
activity and are effective at suppressing both CDK2 and EGFR. Moreover, the studied compounds
induced apoptosis with high potency, as evidenced by their effects on apoptotic markers such as
Caspases 3, 8, 9, Cytochrome C, Bax, Bcl2, and p53.

Keywords: indole; carboxamide; apoptosis; antiproliferative; multi-target

1. Introduction

In response to increased global morbidity and mortality rates from so-called incurable
diseases, medication research and development has never been static but has grown
increasingly dynamic. Traditionally, therapeutic drug discovery has relied on the design of
highly selective chemical entities that target a single biological entity assumed to play a
dominant role in a particular disease [1,2]. By means of this method, researchers hoped to
eliminate any unwanted side effects and ensure that drug candidates had more drug-like
properties. Highly selective or specific therapeutic medicines focused on single molecular
targets, on the other hand, have shown to be ineffective, particularly in the treatment
of complicated disorders. Drug resistance has been linked to the use of highly selective
therapeutic agents.

However, due to the low efficacy of single target medications against multifactorial
disorders whose aetiology is based on a collection of biochemical processes and many biore-
ceptors acting concurrently, drug design methodologies have to be reconsidered. Over the
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last few years, medicinal chemistry has been exploring new tools and alternatives to attain
more agility, security, and efficiency in the synthesis and prospection of drug candidates.

Because of the ineffectiveness of certain single-drug therapies, the hunt for improved
clinical outcomes has prompted the introduction of polypharmacology as a novel therapeu-
tical technique. Polypharmacology is the development or application of pharmacological
drugs that operate on several molecular targets or metabolic pathways. This multi-target
strategy can take several forms, such as drug associations, drug combinations, or a single
agent with numerous ligands, all of which are aimed at multiple targets. HIV/AIDS treat-
ment, cancer treatment, TB treatment, and hypertension medication are all examples of
combination therapy [3–5]. However, the inefficiency of combination therapy, as well as
the negative consequences of drug–drug interactions, different pharmacokinetics, toxicity,
and costs, has fuelled the development of new drug discovery methodologies. This current
technique promotes combining diverse structural components in a single scaffold to allow
molecular recognition by more than one bioreceptor, operating in many targets associated
with biochemical networks responsible for multifactorial disease pathophysiology [6–8].

A breakdown of balance between cell proliferation and apoptosis is a symptom that
enhances the inability of damaged cells to be removed by apoptosis. Activating apoptotic
pathways in tumour cells is a critical practise for cancer treatment [9]. Apoptosis is triggered
by extracellular or intracellular cues, which initiate a signalling cascade with characteristics
such as nuclear condensation and DNA fragmentation [10]. Furthermore, the deregulations
responsible for cancer genesis and progression involve hundreds of genes or signalling
cascades [11]

Caspase, a highly specialized family of cysteine proteases, is known to mediate an
important stage of the apoptotic process [12]. Numerous in vitro and in vivo research
demonstrated that aberrant caspase activation control is critical to avoiding cancer cell
death [13]. Furthermore, other genes, including Bcl-2 and p53, are known to be involved in
apoptotic pathways. Overexpression of anti-apoptotic Bcl-2 has been linked to a variety of
cancers [14]. The suppression of caspase proteins is thought to be the mechanism by which
Bcl-2 prevents apoptosis [15]. p53 has been discovered to be required for cellular senescence
caused by mutations in genes involved in mitosis and chromosomal segregation [16]. To
maintain genomic integrity, the p53 gene can activate cell cycle checkpoints, DNA repair,
and apoptosis (Ahmad et al., 2012). Most malignancies are caused by p53 mutations or
deletions [17].

Antiproliferative actions have been documented for cannabinoids such as THC (I)
and the CB1 allosteric modulator CBD (II) [18–22], but no data for other CB1 allosteric
modulators such as the 5-chloroindole-2-carboxamide derivatives III and IV, and their
furan congeners V and VI have been reported (Figure 1). Recently, we reported on the
antiproliferative action of 5-chlorobenzofuran-2-carboxamide CB1 allosteric modulators
V and VI for the first time [23]. Based on this, we designed and synthesised a novel
series of 5-chlorobenzofuran-2-carboxamide derivatives VIIa–j (Figure 1). The newly
synthesized compounds were tested for their antiproliferative effects in A549 lung, MCF-7
breast, Panc-1 Pancreatic, and HT-29 colon cancer cell lines. VIIa–j compounds showed
significant antiproliferative action, the most potent derivative of VIIa–j had a GI50 value of
1.35 μM against the four examined cell lines, being equipotent to the reference doxorubicin
(mean GI50 = 1.13 μM) and even more potent than doxorubicin in MCF-7. The compounds
examined had a strong apoptotic effect, with significant increases in caspase 3, 8, and 9,
as well as Cytochrome C levels. Furthermore, compared to doxorubicin, the investigated
compounds triggered a significant rise in Bax levels and a decrease in anti-apoptotic Bcl-2
protein levels in MCF-7 cells [23].
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Figure 1. Structures of compounds I–VI and VIIa–j.

In the present work, the apoptotic antiproliferative actions of our previously reported 5-
chlorobenzofuran-2-carboxamide derivatives VIIa–j (Figure 1) prompted us to develop and
synthesise a novel series of indole-2-carboxamide derivatives 5a–k, 6a–c, and 7 (Figure 2).
A small library of fifteen new compounds in which the methyl group was kept as a sub-
stituent at C3. To investigate the effect of substituent modification, the para positions of the
phenethyl tails in the newly synthesised compounds were left unsubstituted or substituted
with 4-dimethylamino, morpholin-4-yl, piperidin-1-yl, or 2-methylpyrrolidine-1-yl. To
investigate the impact of the linker nature on anticancer activity, the phenethyl amino
carbonyl moieties were modified to 4 phenylpiperazin-1-yl carbonyl as in compounds
6a–c or benzyl carbonyl as in compound 7. The position and number of halogen atoms on
the indole moiety’s phenyl ring were also investigated. The antiproliferative activity of
compounds 5a–k, 6a–c, and 7 against a panel of cancer cell lines were investigated. The
most active compounds were evaluated for mechanistic activity as multi-targeted kinase
inhibitors such as EGFR and CDK2. Furthermore, the compounds were evaluated for
apoptotic activity against caspases 3, 8, and 9, as well as Cytochrome C, Bax, Bcl2, and p53.
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Figure 2. Structures of new compounds 5a–k, 6a–c, and 7.

2. Results and Discussion

2.1. Chemistry

Scheme 1 depicts the synthesis of target compounds 5a–k, 6a–c, and 7. Derivatives
of phenyl hydrazine Hydrochloride 1a–d under Fisher Indole cyclization were reacted
with 2-oxopropanoic acid 2 in the presence of PTSA (p-toluenesulfonic acid) to provide 3-
methylindole-2-carboxylates 3a–d [24]. The carboxylic acids 4a–d was obtained by alkaline
hydrolysis of the esters 3a–d [25]. The appropriate amines were coupled with carboxylic
acids 4a–d in the presence of DIPEA in DCM using BOP as a coupling reagent [23], yielding
target carboxamides 5a–k, 6a–c, and 7. 1H NMR, 13C NMR, and HRESI-MS were used
to identify the newly synthesised derivatives. The 1H NMR spectrum of 5d revealed the
appearance of three singlet signals: one at δ 11.34 ppm (1H) consistent with indole NH,
one at δ 7.89 ppm (1H) relating to amidic NH, and one at δ 2.41 ppm (3H) corresponding
to the methyl group. The spectrum also indicated the existence of signals corresponding
to ethylene protons at δ 3.48 (q, J = 7.1 Hz, 2H, NHCH2) and δ 2.77 (t, J = 7.4 Hz, 2H,
NHCH2), in addition to the morpholine group’s distinctive signals at δ 3.70 (t, J = 4.8 Hz,
4H, morph-H) and δ 3.02 (t, J = 4.8 Hz, 4H, morph-H). HRESI-MS revealed a peak for [M +
H]+ at m/z 398.1629, which corresponds to the molecular formula C22H25ClN3O2.

2.2. Evaluation of Biological Activities
2.2.1. In Vitro Anticancer Activity
Cell Viability Assay

The MCF-10A (human mammary gland epithelial) cell line was used in the cell
viability experiment. Compounds 5a–k, 6a–c, and 7 were incubated with MCF-10A cells
for 4 days at 50 μM concentration, and the viability of cells was determined using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) test. [26]. All compounds
had no cytotoxic effects, and the vitality of the cells was more than 83% for most of the
compounds examined.

Antiproliferative Activity

Using the MTT assay with doxorubicin as the reference drug, the antiproliferative
activities of 5a–k, 6a–c, and 7 against four human cancer cell lines, including pancreas
cancer cell line (Panc-1), breast cancer cell line (MCF-7), colon cancer cell line (HT-29),
and epithelial cancer cell line (A-549) were investigated [27]. Table 1 shows the results
of calculating the median inhibitory concentration (IC50) for all derivatives. Generally,
compounds 5a–k, 6a–c, and 7 demonstrated greater antiproliferative activity against the
breast cancer cell line (MCF-7) than other tested cancer cell lines, and 5a–k (which contain
the phenethyl moiety in their backbone structure) demonstrated greater potency than 6a–c

and 7, indicating the importance of the phenethyl moiety for antiproliferative action.
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Scheme 1. Synthesis of the target compounds 5a–k, 6a–c, and 7. Reagents and conditions: (a) PTSA,
EtOH, reflux, 20 h, 82%; (b) 5% NaOH, EtOH, 40 ◦C, overnight, 95%; (c) BOP, DIPEA, DCM, rt,
overnight, 75–94%.
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Table 1. Antiproliferative activity of compounds 5a–k, 6a–c, 7, and Doxorubicin.

Compd. Cell Viability %
Antiproliferative Activity IC50 ± SEM (μM)

A-549 MCF-7 Panc-1 HT-29 Average

5a 89 3.70 ± 0.30 3.20 ± 0.30 3.90 ± 0.30 3.90 ± 0.30 3.70
5b 87 3.20 ± 0.30 2.90 ± 0.30 3.50 ± 0.30 3.60 ± 0.30 3.30
5c 87 1.70 ± 0.20 1.40 ± 0.20 1.80 ± 0.20 1.80 ± 0.20 1.70
5d 89 1.05 ± 0.10 0.90 ± 0.10 1.10 ± 0.10 1.10 ± 0.10 1.05
5e 93 0.95 ± 0.05 0.80 ± 0.05 1.00 ± 0.20 1.10 ± 0.10 0.95
5f 90 1.90 ± 0.20 1.70 ± 0.20 2.10 ± 0.20 2.10 ± 0.20 1.95
5g 89 4.90 ± 0.50 4.80 ± 0.50 5.20 ± 0.50 5.10 ± 0.50 5.00
5h 87 1.00 ± 0.10 0.90 ± 0.10 1.20 ± 0.10 1.20 ± 0.10 1.10
5i 90 1.55 ± 0.20 1.30 ± 0.10 1.60 ± 0.20 1.65 ± 0.20 1.50
5j 83 1.20 ± 0.10 1.00 ± 0.10 1.30 ± 0.10 1.30 ± 0.10 1.20
5k 87 1.40 ± 0.20 1.20 ± 0.10 1.50 ± 0.20 1.50 ± 0.20 1.40
6a 90 2.90 ± 0.30 2.60 ± 0.20 2.80 ± 0.20 2.90 ± 0.20 2.80
6b 91 2.50 ± 0.20 2.30 ± 0.20 2.65 ± 0.20 2.80 ± 0.20 2.60
6c 89 2.20 ± 0.20 2.10 ± 0.20 2.40 ± 0.20 2.50 ± 0.20 2.30
7 91 4.10 ± 0.40 4.00 ± 0.40 4.40 ± 0.40 4.60 ± 0.40 4.30

Doxorubicin - 1.20 ± 0.20 0.90 ± 0.10 1.40 ± 0.20 1.00 ± 0.10 1.10

The 2-methylpyrrolidin-4-yl phenethyl derivative 5e (R1 = Cl, R2 = R3 = H, R4 = 2-
methylpyrrolidin-1-yl) was the most potent derivative, with a GI50 value of 0.95 μM against
the four cell lines, being more potent than the reference doxorubicin (GI50 = 1.10 μM) and
also it was more potent than doxorubicin in A-549, MCF-7, and Panc-1 cell lines (IC50 =
0.95, 0.80, and 1.00 μM, respectively, while for doxorubicin IC50 = 1.20, 0.90, and 1.40 μM,
respectively). The unsubstituted derivative 5a (R1 = Cl, R2 = R3 = R4 = H) was roughly four-
fold less effective than 5e, with a GI50 = 3.70 μM, whereas the 4-dimethylamino derivative
5b (R1 = Cl, R2 = R3 = H, R4 = dimethylamino) had a GI50 = 3.30 μM.

Compound 5d (R1 = Cl, R2 = R3 = H, R4 = morpholin-4-yl) rated second in activity with
a GI50 of 1.05 μM against the four cancer cell lines, being somewhat less potent (1.1-fold)
than 5e but equipotent to doxorubicin and even more potent than doxorubicin against
A-549 and Panc-1 cell lines.

Replacement of the 2-methylpyrrolidin-4-yl moiety in compound 5e or the morpholin-
4-yl in 5d by 4-piperidin-1-yl in compound 5c resulted in at least 1.8- and 1.6-fold reduction
of the mean GI50 values, respectively, signifying the importance of the 2-methylpyrrolidin-
4-yl and 4-morpholinophenethyl moieties for the antiproliferative activity.

The 5-substitution impact was also investigated. As indicated in Table 1, compound
5g (R2 = Cl, R1 = R3 = H, R4 = 4-piperidin-1-yl) had much lower antiproliferative efficacy
(3 times) than compound 5c (R1 = Cl, R2 = R3 = H, R4 = 4-piperidin-1-yl). Compound 5f (R2
= Cl, R1 = R3 = H = R4 = H) was, on the other hand, more potent (1.9 times) than compound
5a (R1 = Cl, R2 = R3 = R4 = H).

Furthermore, we attempt to explore the effect of increasing the number of halogen
atoms on antiproliferative activity. For instance, the dihalo derivatives 5h (R1 = R3 = Cl,
R2 = H, R4 = 4-piperidin-1-yl) and 5k (R1 = R3 = F, R2 = H, R4 = 4-piperidin-1-yl) had
higher antiproliferative activity than the monohalo derivative 5c (R1 = Cl, R2 = R3 = H, R4
= 4-piperidin-1-yl) with GI50 values of 1.10 μM and 1.40 μM, respectively, compared to 5c

(GI50 = 1.70 μM), indicating the relevance of dihalo atoms for antiproliferative activity and
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that the chlorine atom is better tolerated than the fluorine one. The same is true for 5j (R1 =
R3 = F, R2 = R4 = H), which has higher potency (GI50 = 1.20 μM) than 5a (R1 = Cl, R2 = R3 =
R4 = H, GI50 = 3.7 μM) and 5f (R2 = Cl, R1 = R3 = H = R4 = H, GI50 = 1.95 μM). The situation
is somewhat different in the case of 5,7-dichloro derivative 5i (R1 = R3 = Cl, R2 = H, R4 =
morpholin-4-yl), which demonstrated lower potency (GI50 = 1.50 μM) than the 5-chloro
derivative 5d (R1 = Cl, R2 = R3 = R4 = morpholin-4-yl) with a GI50 value of 1.05 μM.

Furthermore, among the tested compounds, the 4-benzyl carbonyl derivative 7 and
the 4-phenylpiperazin-1-yl carbonyl derivatives 6a–c had the lowest mean GI50 values,
implying that the N-phenethyl carboxamide architecture is important for antiproliferative
action and correlating with previous SAR studies [23].

2.2.2. EGFR Inhibitory Activity

The inhibitory efficacy of 5d, 5e, and 5h–k against EGFR was evaluated using the
EGFR-TK assay [28], and the findings are presented in Table 2. The results of this test
supplement the findings of the cancer-cell-based investigation. All the tested derivatives
(5d, 5e, and 5h–k) inhibited EGFR significantly, with IC50 values ranging from 89 to
137 nM. Based on the findings given, three derivatives 5d, 5e, and 5j were found to
be the most potent, with EGFR inhibitory effects (IC50 = 89 ± 6 nM and 93 ± 8 nM,
and 98 ± 8 nM, respectively) comparable to the positive erlotinib (IC50 = 80 ± 5 nM).
Again, the 2-methylpyrrolidin-1-yl phenethyl derivative 5e (R1 = Cl, R2 = R3 = H, R4 =
2-methylpyrrolidin-1-yl) and the 4-morpholin-4-yl phenethyl 5d (R1 = Cl, R2 = R3 = H, R4
= morpholin-4-yl) were the most potent of all synthesized derivatives, with IC50 value of
93 nM and 89 nM being equipotent to the reference erlotinib.

2.2.3. CDK2 Inhibitory Assay

Compounds 5d, 5e, and 5h–k were further examines for their ability to inhibit the
CDK2 enzyme [29]. The IC50 values are shown in Table 2. In comparison to the reference
dinaciclib (IC50 = 20 nM), all investigated derivatives inhibited CDK2 effectively, with IC50
values ranging from 11 nM to 34 nM. Three derivatives, 5e, 5h, and 5k, were shown to be
superior to the standard dinaciclib as CDK2 inhibitors, with IC50 values of 13, 11, and 19
nM, respectively. Compound 5e, the most potent antiproliferative derivative, displayed
significant anti-CDK2 activity with an IC50 value of 13 nM, which is 1.5-fold more active
than the reference dinaciclib. On the other hand, compounds 5d, 5i, 5j, and 5k exhibited
significant activity against CDK2 (IC50 = 23, 27, 34, and 19 μM) comparable to dinaciclib.
The findings of the EGFR and CDK2 tests revealed that the examined compounds exhibit
significant antiproliferative activity and are efficient at suppressing both CDK2 and EGFR.

2.2.4. Apoptosis Assay

A previous report has shown that CBD (2), a CB1 allosteric modulator, can trigger
apoptosis [30]. Therefore, to assess the proapoptotic potential of our target compounds,
we evaluated the most active compounds 5d, 5e, and 5h for their capacity to initiate the
apoptosis cascade in the breast cancer (MCF-7) cell line.

Activation of Proteolytic Caspases Cascade

Caspases play a crucial role in the initiation and completion of the apoptotic pro-
cess [31]. Caspase-3 is a crucial caspase that cleaves a variety of proteins in cells, causing
apoptosis [32]. The effects of compounds 5d, 5e, and 5h on caspase 3 were assessed and
compared to doxorubicin, which was used as a control [33]. The results showed that when
compared to control cells, the tested compounds increased the level of active caspase 3 by
8–10 folds and that 5d, 5e, and 5h induce outstanding overexpression of caspase-3 protein
level (570.00 ± 5.00, 635.50 ± 5.50 and 537.50 ± 5.00 pg/mL, respectively) compared to
doxorubicin (503.50 ± 4.50 pg/mL). In comparison to the control untreated cells, the most
active antiproliferative derivative 5e increases caspase 3 levels by 9.70 times.
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Table 2. Effects of compounds 5d, 5e, 5h–k, and Erlotinib on EGFR and Dinaciclib.

Compd. R1 R2 R3 R4

EGFR
Inhibition

IC50 ± SEM
(nM)

CDK2
Inhibition

IC50 ± SEM
(nM)

5d Cl H H 89 ± 6 23 ± 2

5e Cl H H 93 ± 8 13 ± 1

5h Cl H Cl 118 ± 10 11 ± 1

5i Cl H Cl 137 ± 12 27 ± 3

5j F H F H 98 ± 8 34 ± 3

5k F H F 129 ± 11 19 ± 2

Erlotinib – – – – 80 ± 5 ND
Dinaciclib – – – – ND 20 ± 2

The impact of compounds 5d, 5e, and 5h on caspases 8 and 9 was also investigated
to highlight the involvement of the intrinsic and extrinsic apoptotic pathways in the
antiproliferative actions of these compounds, Table 3. When compared to control cells,
compound 5e increased caspase 8 and 9 levels by 10.90 and 18.15 folds, respectively,
while compound 5d increased caspase 8 and 9 levels by 9.70 and 17.80 folds, respectively,
indicating activation of both intrinsic and extrinsic pathways with a stronger effect on the
intrinsic pathway because caspase 9 levels were higher [34].

Table 3. Effects of compounds 5d, 5e, 5h and doxorubicin on active Caspases 3, 8, 9 and Cytochrome
C in MCF-7 breast cancer cell line.

Compound
Number

Caspase-3 Caspase-8 Caspase-9 Cytochrome C
Conc

(pg/mL)
Fold

Change
Conc

(ng/mL)
Fold

Change
Conc

(ng/mL)
Fold

Change
Conc

(ng/mL)
Fold

Change

5d 570.00 ± 5.00 8.70 1.94 9.70 16.90 17.80 0.70 14
5e 635.50 ± 5.50 9.70 2.17 10.90 17.25 18.15 0.80 16
5h 537.50 ± 5.00 8.20 1.88 9.50 16.65 17.50 0.65 13

Doxorubicin 503.50 ± 4.50 7.70 1.80 9.00 16.25 17.00 0.60 12
Control 65.50 1 0.20 1 0.95 1 0.05 1
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Cytochrome C Assay

The quantity of cytochrome C within the cell is important for activating caspases and
commencing the intrinsic apoptosis process [35]. Table 3 shows the findings of testing
indole-2-carboxamide derivatives 5d, 5e, and 5h as Cytochrome C activators in the MCF-7
human breast cancer cell line. Compounds 5d, 5e, and 5h increased Cytochrome C levels in
the MCF-7 human breast cancer cell line by 14, 16, and 13 times, respectively, compared to
untreated control cells. The findings add to the evidence that apoptosis can be attributed to
Cytochrome C overexpression and activation of the intrinsic apoptotic pathway triggered
by the investigated compounds.

Bax and Bcl-2 Levels Assay

The most potent caspase activators, 5d and 5e, were investigated further for their
influence on Bax and Bacl-2 levels in a breast cancer cell line (MCF-7) using doxorubicin
as a control [36]. Table 4 shows that 5d and 5e caused a significant increase in Bax levels
when compared to doxorubicin. Compound 5e demonstrated a comparable induction of
Bax (296.50 pg/mL) compared to doxorubicin (276 pg/mL) with a 36-fold increase over
control untreated breast cancer cells, followed by compound 5d (290 pg/mL and 35-fold
rise). Finally, compound 5e reduced the anti-apoptotic Bcl-2 protein levels to 0.87 ng/mL
in MCF-7 cells, followed by compound 5d (0.89 ng/mL) in comparison to doxorubicin
(0.98 ng/mL).

Table 4. Effects of compounds 5d, 5e, and doxorubicin on Bax and Bcl-2.

Compd. No.
Bax Bcl-2

Conc (pg/mL) Fold Change Conc (ng/mL) Fold Change

5d 289.70 ± 2.50 35 0.89 5.70
5e 296.50 ± 2.50 36 0.87 5.90

Doxorubicin 275.80 ± 2.50 33 0.98 5.20
Cont. 8.25 1 5.10 1.00

Effect of Compounds 5d and 5e on p53 Transcription in MCF-7

p53 is a unique protein that participates in several physiological processes such as
cell metabolism [37], stem cell maintenance [38], and cell adhesion [39]. Because p53 is
frequently inactivated in cancer cells, the cells are unable to undergo apoptosis [40,41].
Similarly, activating, or stabilizing p53 aids cancer cells in normalizing p53-controlled
physiological processes and increasing apoptotic activity [42]. The effects of 5d and 5e on
p53 transcription were evaluated and compared to doxorubicin as a control [43], Table 5.
The results revealed an increase of at least 27-folds in p53 level compared to the test cells
and that the p53 protein level of 5d and 5e was significantly inductive (1375 and 1435
pg/mL, respectively) in relation to doxorubicin (1265 pg/mL).

Table 5. Effects of compounds 5d, 5e, and doxorubicin on p53.

Compd. No.
p53

Conc (pg/mL) Fold Change

5d 1375 ± 15 27
5e 1435 ± 15 28

Doxorubicin 1265 ± 10 25
Cont. 51.50 1

2.3. Docking Study

Interestingly, running docking simulations of compounds 5d and 5e within EGFR
active site revealed docking scores (S; −6.90 and −6.79 kcal/mol; respectively), so much
close to that of co-crystallized ligand, erlotinib (−7.30 kcal/mol), which co-insides with
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what obtained in-vitro against EGFR enzyme (as shown in Table 2). Moreover, visual
inspection of the best docking poses of compounds 5d and 5e showed their close distance
to key amino acids lining EGFR active site. Additionally, compounds 5d and 5e showed
a number of H-bonding and pi–H interactions with LEU 694 and THR 766 amino acid
residues (as listed in Table 6 and shown in Figure 3).

Table 6. MD of compounds 5d and 5e within EGFR and CDK2 active sites.

Compd.

EFGR (PDB ID: 1M17) CDK2 (PDB ID: 1PYE)

S a RMSD
(Å)

Binding Interactions

S
RMSD

(Å)

Binding Interactions

a.a.
Residue

Type
Distance

(Å)
a.a.

Residue
Type

Distance
(Å)

5d −6.90 1.49
THR 766 H-acceptor 2.91 −6.03 1.77 GLN 131 H-donor 3.60LEU 694 pi-H 3.99

5e −6.79 1.51 LEU 694 pi-H 3.70 −6.99 1.68 LYS 33 pi-cation 4.65

Ref −7.3 b 1.28
GLN 767 H-donor 3.15 −5.89

c 1.84
GLU 81 H-donor 3.05

MET 769 H-acceptor 2.70 LEU 83 H-acceptor 3.07
a S: docking score (kcal/mol); b Ref: co-crystallized ligand (Erlotinib); c Ref: co-crystallized ligand (Dinaciclib).

  

Figure 3. Schematic 2D representation of best docking poses of 5d (left) and 5e (right) within
EGFR (PDB ID: 1M17) active site showing pi-H (green-dotted line) and H-acceptor interactions
(green arrow).

Both compounds 5d and 5e showed a common settling profile within EGFR active
represented by U-shaped bending of the whole molecule, so its indole ring interacts with
LEU 694 (as shown in Figure 3). On the other hand, compound 5d showed additional
H-acceptor bonding with THR 766 that resulted in its better docking score over its congener,
compound 5e.

Additionally, and as shown in Table 6, MDs of compound 5e within the CDK2 active
site revealed its better docking score (S = −6.99 kcal/mol) over its congener 5d (S =
−6.03 kcal/mol), although its inability to have strong H-bonding with amino acid residues
lining active site, its close proximity to key amino acid residues (revealed by its proximity
contour as shown in Figure 4) could explain its better scoring over 5d.
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Figure 4. Schematic 2D representation of best docking poses of 5d (left) and 5e (right) within
CDK2 (PDB ID: 1PYE) active site showing pi-cation (green-dotted line) and H-donor interactions
(blue arrow).

3. Materials and Methods

3.1. Chemistry

3-Methylindole-2-carboxylates 3a–d [24], carboxylic acids 4a–d [25], and carboxamides
5a–k, 6a–c, and 7 [23] were synthesized according to previously reported procedures.

3.1.1. 5-Chloro-3-methyl-N-phenethyl-1H-indole-2-carboxamide (5a)

Yield % 91, m.p 182–184 ◦C, 1H NMR (400 MHz, CDCl3) δ 9.21 (s, 1H, indole NH), 7.53
(d, J = 2.2 Hz, 1H, Ar-H), 7.39–7.17 (m, 7H, Ar-H), 5.97 (s, 1H, amide NH), 3.81 (q, J = 6.4 Hz,
2H, NHCH2), 2.97 (t, J = 6.8 Hz, 2H, NHCH2CH2), 2.26 (s, 3H, CH3). 13C NMR (101 MHz,
CDCl3) δ 162.10 (C=O), 138.50, 133.32, 128.85, 128.81, 128.53, 126.84, 125.53, 125.00, 119.38,
112.79, 110.80, 40.83, 35.51, 9.88. HRESI-MS m/z calcd for [M + H]+ C18H18ClN2O: 313.1102,
found: 313.1104.

3.1.2. 5-Chloro-N-(4-(dimethylamino)phenethyl)-3-methyl-1H-indole-2-carboxamide (5b)

Yield % 89, m.p 202–204 ◦C. 1H NMR (400 MHz, DMSO-d6) δ 11.34 (s, 1H, indole
NH), 7.87 (t, J = 5.6 Hz, 1H, amide NH), 7.62 (d, J = 2.0 Hz, 1H, Ar-H), 7.37 (d, J = 8.6
Hz, 1H, Ar-H), 7.16 (dd, J = 8.7, 2.1 Hz, 1H, Ar-H), 7.06 (d, J = 8.6 Hz, 2H, Ar-H), 6.66 (d,
J = 8.7 Hz, 2H, Ar-H), 3.46 (q, J = 6.7 Hz, 2H, NHCH2), 2.82 (s, 6H, N(CH3)2), 2.74 (t, J = 6.6
Hz, 2H, NHCH2CH2), 2.41 (s, 3H, CH3). 13C NMR (101 MHz, DMSO-d6) δ 162.01 (C=O),
149.54, 134.07, 129.94, 129.59, 129.55, 127.31, 124.06, 123.97, 119.35, 113.92, 113.13, 112.93,
41.47, 40.79, 34.69, 9.98. HRESI-MS m/z calcd for [M + H]+ C20H23ClN3O: 356.1524, found:
356.1522.

3.1.3. 5-Chloro-3-methyl-N-(4-(piperidin-1-yl)phenethyl)-1H-indole-2-carboxamide (5c)

Yield % 92, m.p 216–218 ◦C, 1H NMR (400 MHz, CDCl3) δ 9.17 (s, 1H, indole NH), 7.53
(s, 1H, Ar-H), 7.29 (d, J = 8.6 Hz, 1H, Ar-H), 7.20 (dd, J = 8.6, 0.7 Hz, 1H, Ar-H), 7.13 (d, J =
8.6 Hz, 2H, Ar-H), 6.92 (d, J = 8.6 Hz, 2H, Ar-H), 5.97 (s, 1H, amide NH), 3.76 (q, J = 6.6 Hz,
2H, NHCH2), 3.17–3.09 (m, 4H, piperidin-H), 2.87 (t, J = 6.7 Hz, 2H, NHCH2CH2), 2.27 (s,
3H, CH3), 1.74–168 (m, 4H, piperidin-H), 1.63–1.53 (m, 2H, piperidin-H). 13C NMR (101
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MHz, CDCl3) δ 162.03 (C=O), 151.21, 133.26, 129.74, 129.37, 128.77, 128.68, 125.48, 124.90,
119.37, 116.95, 112.75, 110.71, 50.82, 40.92, 34.48, 25.79, 24.25, 9.94. HRESI-MS m/z calcd for
[M + H]+ C23H27ClN3O: 396.1837, found: 396.1837.

3.1.4. 5-Chloro-3-methyl-N-(4-morpholinophenethyl)-1H-indole-2-carboxamide (5d)

Yield % 91, m.p 210–212 ◦C. 1H NMR (400 MHz, DMSO-d6) δ 11.34 (s, 1H, indole
NH), 7.89 (t, J = 5.6 Hz, 1H, amide NH), 7.62 (s, 1H, Ar-H), 7.38 (d, J = 8.6 Hz, 1H, Ar-H),
7.21–7.08 (m, 3H, Ar-H), 6.85 (d, J = 8.3 Hz, 2H, Ar-H), 3.70 (t, J = 4.8 Hz, 4H, morph-H),
3.48 (q, J = 7.1 Hz, 2H, NHCH2), 3.02 (t, J = 4.8 Hz, 4H, morph-H), 2.77 (t, J = 7.4 Hz, 2H,
NHCH2), 2.41 (s, 3H, CH3). 13C NMR (101 MHz, DMSO-d6) δ 162.05 (C=O), 149.99, 134.08,
130.44, 129.91, 129.62, 129.59, 124.08, 124.00, 119.36, 115.72, 113.94, 112.98, 66.57, 49.17, 41.29,
34.71, 9.98. HRESI-MS m/z calcd for [M + H]+ C22H25ClN3O2: 398.1630, found: 398.1629.

3.1.5. 5-Chloro-3-methyl-N-(4-(2-methylpyrrolidin-1-yl)phenethyl)-1H-indole-2
-carboxamide (5e)

Yield % 85, m.p 186–188 ◦C. 1H NMR (400 MHz, CDCl3) δ 9.67 (s, 1H, indole NH), 7.53
(d, J = 2.0 Hz, 1H, Ar-H), 7.32 (d, J = 8.6 Hz, 1H, Ar-H), 7.20 (dd, J = 8.7, 2.0 Hz, 1H, Ar-H),
7.10 (d, J = 8.5 Hz, 2H, Ar-H), 6.57 (d, J = 8.5 Hz, 2H, Ar-H), 6.07 (t, J = 5.5 Hz, 1H, amide
NH), 3.91–3.71 (m, 3H, pyrrolidin-H, NHCH2), 3.47–3.37 (m, 1H, pyrrolidin-H), 3.18–3.12
(m, 1H, pyrrolidin-H), 2.87 (t, J = 6.7 Hz, 2H, NHCH2CH2), 2.31 (s, 3H, CH3), 2.15–1.94
(m, 3H, pyrrolidin-H), 1.73–1.70 (m, 1H, pyrrolidin-H), 1.17 (d, J = 6.2 Hz, 3H, CHCH3).
13C NMR (101 MHz, CDCl3) δ 162.23 (C=O), 146.18, 133.48, 129.68, 129.54, 128.78, 125.34,
124.78, 124.45, 119.29, 112.92, 112.16, 110.77, 53.67, 48.26, 41.25, 34.42, 33.09, 23.28, 19.29,
10.01. HRESI-MS m/z calcd for [M + H]+ C23H27ClN3O: 396.1837, found: 396.1832.

3.1.6. 6-Chloro-3-methyl-N-phenethyl-1H-indole-2-carboxamide (5f)

Yield % 80, m.p 170–172 ◦C, 1H NMR (400 MHz, CDCl3) δ 9.67 (s, 1H, indole NH), 7.46
(d, J = 8.6 Hz, 1H, Ar-H), 7.42–7.22 (m, 6H, Ar-H), 7.07 (dd, J = 8.6, 1.9 Hz, 1H, Ar-H), 6.00
(s, 1H, amide NH), 3.82 (q, J = 6.4 Hz, 2H, NHCH2), 2.98 (t, J = 6.7 Hz, 2H, NHCH2CH2),
2.28 (s, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ 162.39 (C=O), 138.53, 135.49, 130.42, 128.84,
128.83, 127.88, 127.20, 126.81, 120.92, 120.67, 111.61, 40.89, 35.53, 9.94. HRESI-MS m/z calcd
for [M + H]+ C18H18ClN2O: 313.1102, found: 313.1101.

3.1.7. 6-Chloro-3-methyl-N-(4-(piperidin-1-yl)phenethyl)-1H-indole-2-carboxamide (5g)

Yield % 75, m.p 218–220 ◦C, 1H NMR (400 MHz, CDCl3) δ 9.19 (s, 1H, indole NH),
7.47 (d, J = 8.6 Hz, 1H, Ar-H), 7.37 (d, J = 1.8 Hz, 1H, Ar-H), 7.13 (d, J = 8.6 Hz, 2H, Ar-H),
7.08 (dd, J = 8.6, 1.8 Hz, 1H, Ar-H), 6.92 (d, J = 8.6 Hz, 2H, Ar-H), 5.97 (s, 1H, amide
NH), 3.76 (q, J = 6.6 Hz, 2H, NHCH2), 3.17–3.09 (m, 4H, piperidin-H), 2.88 (t, J = 6.6 Hz,
2H, NHCH2CH2), 2.29 (s, 3H, CH3), 1.76–1.66 (m, 4H, piperidin-H), 1.64–1.54 (m, 2H,
piperidin-H). 13C NMR (101 MHz, CDCl3) δ 162.12 (C=O), 151.17, 135.22, 130.41, 129.39,
128.87, 128.04, 127.32, 120.95, 120.70, 116.97, 111.44, 111.39, 50.86, 40.93, 34.51, 25.79, 24.24,
9.97. HRESI-MS m/z calcd for [M + H]+ C23H27ClN3O: 396.1837, found: 396.1837.

3.1.8. 5,7-Dichloro-3-methyl-N-(4-(piperidin-1-yl)phenethyl)-1H-indole-2
-carboxamide (5h)

Yield % 85, m.p 178–180 ◦C, 1H NMR (400 MHz, DMSO-d6) δ 11.43 (s, 1H, indole NH),
8.36 (t, J = 5.6 Hz, 1H, amide NH), 7.66 (d, J = 1.8 Hz, 1H, Ar-H), 7.36 (d, J = 1.9 Hz, 1H,
Ar-H), 7.07 (d, J = 8.0 Hz, 2H, Ar-H), 6.83 (d, J = 8.3 Hz, 2H, Ar-H), 3.45 (q, J = 7.3 Hz, 2H,
NHCH2), 3.03 (t, J = 5.4 Hz, 4H, piperidin-H), 2.75 (t, J = 7.5 Hz, 2H, NHCH2CH2), 2.46 (s,
3H, CH3), 1.63–1.43 (m, 6H, piperidin-H). 13C NMR (101 MHz, DMSO-d6) δ 161.24 (C=O),
150.70, 131.41, 130.65, 130.24, 129.68, 129.53, 124.16, 123.24, 118.73, 117.38, 116.60, 116.52,
50.33, 41.27, 34.69, 25.76, 24.34, 10.19. HRESI-MS m/z calcd for [M + H]+ C23H26Cl2N3O:
430.1447, found: 430.1448.
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3.1.9. 5,7-Dichloro-3-methyl-N-(4-morpholinophenethyl)-1H-indole-2-carboxamide (5i)

Yield % 84, m. p 185–187 ◦C. 1H NMR (400 MHz, CDCl3) δ 9.25 (s, 1H, indole NH),
7.43 (d, J = 1.7 Hz, 1H, Ar-H), 7.25 (d, J = 1.8 Hz, 1H, Ar-H), 7.15 (d, J = 8.5 Hz, 2H, Ar-H),
6.88 (d, J = 8.7 Hz, 2H, Ar-H), 6.02 (s, 1H, amide NH), 3.90–3.83 (m, 4H, morph-H), 3.77 (q,
J = 6.6 Hz, 2H, NHCH2), 3.17–3.09 (m, 4H, morph-H), 2.89 (t, J = 6.7 Hz, 2H, NHCH2CH2),
2.28 (s, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ 161.59 (C=O), 150.23, 130.98, 130.33, 129.69,
129.53, 129.33, 125.41, 123.94, 118.19, 117.65, 116.11, 111.86, 66.86, 49.47, 41.01, 34.48, 10.12.
HRESI-MS m/z calcd for [M + H]+ C22H24Cl2N3O2: 432.1240, found: 432.1240.

3.1.10. 5,7-Difluoro-3-methyl-N-phenethyl-1H-indole-2-carboxamide (5j)

Yield % 82, m.p 198–200 ◦C, 1H NMR (400 MHz, DMSO-d6) δ 11.95 (s, 1H, indole NH),
8.45 (t, J = 5.6 Hz, 1H, amide NH), 7.69–7.50 (m, 6H, Ar-H), 7.42 (t, J = 11.6 Hz, 1H, Ar-H),
3.86 (q, J = 7.8 Hz, 2H, NHCH2), 3.20 (t, J = 7.4 Hz, 2H, NHCH2CH2), 2.75 (s, 3H, CH3). 13C
NMR (101 MHz, DMSO-d6) δ 161.91 (C=O), 140.15, 130.98, 129.46, 129.17, 126.95, 120.88,
116.06, 101.43, 101.15, 99.81, 99.61, 99.50, 41.29, 35.83, 10.49. HRESI-MS m/z calcd for [M +
H]+ C18H17F2N2O: 315.1303, found: 315.1305.

3.1.11. 5,7-Difluoro-3-methyl-N-(4-(piperidin-1-yl)phenethyl)-1H-indole-2
-carboxamide (5k)

Yield % 88, m.p 192–194 ◦C, 1H NMR (400 MHz, DMSO-d6) δ 11.61 (s, 1H, indole NH),
8.07 (s, 1H, amide NH), 7.25 (dd, J = 9.3, 2.2 Hz, 1H, Ar-H), 7.13–7.04 (m, 3H, Ar-H), 6.84 (d,
J = 8.6 Hz, 2H, Ar-H), 3.46 (q, J = 7.2 Hz, 2H, NHCH2), 3.05 (t, J = 5.4 Hz, 4H, piperidin-H),
2.74 (t, J = 7.4 Hz, 2H, NHCH2CH2), 2.42 (s, 3H, CH3), 1.64–1.55 (m, 4H, piperidin-H),
1.51–1.48 (m, 2H, piperidin-H). 13C NMR (101 MHz, DMSO-d6) δ 161.50 (C=O), 157.34,
155.00, 150.69, 147.63, 131.03, 129.65, 120.65, 116.52, 115.77, 101.08, 99.44, 99.24, 50.33, 41.24,
34.64, 25.76, 24.35, 10.17. HRESI-MS m/z calcd for [M + H]+ C23H26F2N3O: 398.2038, found:
398.2038.

3.1.12. (5-Chloro-3-methyl-1H-indol-2-yl)(4-phenylpiperazin-1-yl)methanone (6a)

Yield % 85, m.p 165–167 ◦C, 1H NMR (400 MHz, CDCl3) δ 9.0 (s, 1H, indole NH),
8.25 (d, J = 8.8 Hz, 1H, Ar-H), 7.56 (d, J = 2.0 Hz, 1H, Ar-H), 7.40 (dd, J = 8.7, 2.0 Hz, 1H,
Ar-H), 7.35–7.21 (m, 5H, Ar-H), 3.76 (t, J = 7.6 Hz, 4H, piperazin-H), 3.00 (t, J = 8.0 Hz, 4H,
piperazin-H), 2.65 (s, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ 164.41 (C=O), 150.78, 134.46,
129.28, 128.23, 127.44, 125.47, 124.14, 120.80, 119.61, 118.01, 116.80, 112.67, 49.87, 18.26, 14.76.
HRESI-MS m/z calcd for [M + H]+ C20H21ClN3O: 354.1368, found: 354.1367.

3.1.13. (6-Chloro-3-methyl-1H-indol-2-yl)(4-phenylpiperazin-1-yl)methanone (6b)

Yield % 80, m.p 180–182 ◦C, 1H NMR (400 MHz, CDCl3) δ 9.68 (s, 1H, indole NH), 7.47
(d, J = 8.5 Hz, 1H, Ar-H), 7.37–7.25 (m, 2H, Ar-H), 7.08 (d, J = 8.0 Hz, 1H, Ar-H), 6.95–6.92
(m, 3H, Ar-H), 3.88 (t, J = 5.1 Hz, 4H, piperazin-H), 3.22 (t, J = 5.3 Hz, 4H, piperazin-H), 2.38
(s, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ 164.69 (C=O), 150.82, 136.51, 129.76, 129.29,
127.52, 126.64, 120.73, 120.67, 120.56, 116.78, 112.10, 111.53, 49.88, 10.18. HRESI-MS m/z
calcd for [M + H]+ C20H21ClN3O: 354.1368, found: 354.1368.

3.1.14. (5,7-Difluoro-3-methyl-1H-indol-2-yl)(4-phenylpiperazin-1-yl)methanone (6c)

Yield % 82, m.p 171–173 ◦C, 1H NMR (400 MHz, CDCl3) δ 9.61 (s, 1H, indole NH),
7.29 (t, J = 7.9 Hz, 2H, Ar-H), 7.13–6.66 (m, 5H, Ar-H), 3.89 (t, J = 5.8 Hz, 4H, piperazin-H),
3.23 (t, J = 5.7 Hz, 4H, piperazin-H), 2.34 (s, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ 163.99
(C=O), 150.78, 129.34, 129.28, 120.79, 116.82, 100.35, 100.31, 100.12, 100.08, 99.28, 99.08, 98.78,
49.94, 10.12. HRESI-MS m/z calcd for [M + H]+ C20H20F2N3O: 356.1569, found: 356.1568.

3.1.15. N-Benzyl-5-chloro-3-methyl-1H-indole-2-carboxamide (7)

Yield % 84, m.p 203–205 ◦C, 1H NMR (400 MHz, DMSO-d6) δ 11.38 (s, 1H, indole
NH), 8.43 (t, J = 5.9 Hz, 1H, amide NH), 7.64 (d, J = 2.1 Hz, 1H, Ar-H), 7.41–7.20 (m, 6H,
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Ar-H), 7.17 (dd, J = 8.7, 2.1 Hz, 1H, Ar-H), 4.50 (d, J = 5.9 Hz, 2H, NHCH2), 2.48 (s, 3H,
CH3). 13C NMR (101 MHz, DMSO-d6) δ 162.16 (C=O), 139.83, 134.16, 129.66, 129.56, 128.76,
127.82, 127.28, 124.10, 119.41, 113.96, 113.46, 42.92, 10.07. HRESI-MS m/z calcd for [M + H]+

C17H16ClN2O: 299.0946, found: 299.0946.

3.2. Biology
3.2.1. In Vitro Anticancer Activity
Cell Viability Assay

The MCF-10A (human mammary gland epithelial) cell line was used in the cell
viability experiment. Compounds 5a–k, 6a–c, and 7 were incubated with MCF-10A cells
for 4 days at 50 μM concentration, and the viability of cells was determined using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) test [26].

Antiproliferative Activity

Using the MTT assay with doxorubicin as the reference drug, the antiproliferative
activities of 5a–k, 6a–c, and 7 against four human cancer cell lines, including pancreas
cancer cell line (Panc-1), breast cancer cell line (MCF-7), colon cancer cell line (HT-29), and
epithelial cancer cell line (A-549) were investigated [27].

3.2.2. EGFR Inhibitory Activity

The inhibitory efficacy of 5d, 5e, and 5h–k against EGFR was evaluated using the
EGFR-TK assay [28].

3.2.3. CDK2 Inhibitory Assay

Compounds 5d, 5e, and 5h–k were further examined for their ability to inhibit the
CDK2 enzyme [29].

3.2.4. Apoptosis Assay
Activation of Proteolytic Caspases Cascade

The effects of compounds 5d, 5e, and 5h on caspases 3, 8, and 9 were assessed and
compared to doxorubicin, which was used as a control [33].

Cytochrome C Assay

Indole-2-carboxamide derivatives 5d, 5e, and 5h were evaluated as Cytochrome C
activators in the MCF-7 human breast cancer cell line [35].

Bax and Bcl-2 Levels Assay

The most potent caspase activators, 5d and 5e, were investigated for their influence on
Bax and Bacl-2 levels in a breast cancer cell line (MCF-7) using doxorubicin as a control [36].

Effect of Compounds 5d and 5e on p53 Transcription in MCF-7

The effects of 5d and 5e on p53 transcription were evaluated and compared to doxoru-
bicin as a control [43].

4. Conclusions

A new series of EGFR/CDK2 dual inhibitors containing indole-2-carboxamides has
been reported. A total of fifteen target compounds were synthesized and evaluated in vitro
against four cancer cell lines as well as these two kinases. The majority of the compounds
examined had promising antiproliferative activity. The most effective of these compounds
were 5d, 5e, 5h, 5i, 5j, and 5k. The novel compounds induced apoptosis and increased
Caspase 3, 8, 9, and Cytochrome C levels. Furthermore, the investigated compounds
increased Bax and p53 levels while decreasing anti-apoptotic Bcl2 protein levels. Following
optimization, these compounds form a novel class of compounds capable of acting as
potent apoptotic anticancer agents for both EGFR and CDK2.
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Abstract: Epidermal Growth Factor Receptor (EGFR), its wild type and mutations L858R/T790M,
is overexpressed in non-small cell lung cancer (NSCLC) patients and is considered an inevitable
oncology target. However, while the potential EGFR inhibitors have been represented in the literature,
their cellular activity failed to establish broad potency against EGFR and its mutations. This study
identifies a new series of EGFRL858R/T790M inhibitors bearing hydantoin acetanilides. Most com-
pounds revealed strong antiproliferative activity in a range of NSCL cancer models (A549, H1975, and
PC9), in which 5a and 5f were the most potent. Compounds 5a and 5f possessed potent anticancer
activity on H1975 cells with IC50 values of 1.94 and 1.38 μM, respectively, compared to 9.70 μM for
erlotinib. Favorably, 5a and 5f showed low activity on WI-38 normal cells. Western blotting and
an EGFR kinase assay test proved the significant EGFR inhibitory activity of 5a. Besides, active
hydantoin derivative 5a strongly arrested the cell cycle at the sub G1 and S phases and triggered
apoptosis in A549 cells. These results imply that 5a could be considered a promising lead compound
for additional development as a potential active agent for anticancer therapy.

Keywords: EGFR; mutation; hydantoin; anticancer; molecular docking

1. Introduction

The Epidermal Growth Factor family (EGFR) is a transmembrane protein that plays
a critical role in cell proliferation, survival, migration, adhesion, and differentiation [1].
Unfortunately, overexpression of the EGFR gene initiates diverse downstream signaling
pathways, resulting in cancer aggressiveness and invasiveness [2]. Non-small cell lung
cancer (NSCLC) is one of the major causes of cancer-related mortality and morbidity
globally, accounting for about 80–90% of all lung malignancies [2–5]. EGFR overexpression
and mutation (L858R and T790M) is highly prevalent in NSCLC [6,7]. Approximately
10–50% of NSCLC patients harbor EGFR containing the activating mutations [8]. Therefore,
EGFR is a valuable clinically proven therapeutic target for anticancer therapy, particularly
in the treatment of NSCLC.

The approved first-generation EGFR tyrosine kinase inhibitors, such as gefitinib and
erlotinib (Figure 1), provided significant clinical benefits in patients with activating mu-
tations, resulting in marked tumor shrinkage [9–11]. However, acquired drug resistance
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usually develops after approximately a year of gefitinib or erlotinib treatment [4]. Ac-
cording to reports, around 60% of EGFR-mutant NSCLC patients have the EGFRT790M

mutation, which renders first-generation EGFR inhibitors less effective in these patients [1].
Drastically, the T790M mutation boosts the affinity of the EGFR receptor for ATP, leading
to a lowering of the ability of EGFR inhibitors to compete with ATP effectively [12]. In the
T790M mutation, a secondary Thr790 to Met790 mutation occurs in the gatekeeper site of
the EGFR catalytic domain, whereas the L858R mutation is a single-nucleotide substitution
that replaces leucine with arginine at position 858 [3,4]. In the case of the latter mutation,
the EGFR receptor shows a 50-fold of raised catalytic activity, symbolizing a vital hub for
cancer cells in rising cell growth, downstream signaling, and metastasis [13]. As a result,
the binding of these inhibitors is sterically blocked by the bulky methionine moiety, which
disrupts water-mediated hydrogen bond formation between the inhibitors and the T790M
of EGFR [4,12]. In this respect, second-generation inhibitors (afatinib and dacomitinib)
have been developed to overcome the resistance associated with the T790M mutation
(Figure 1) [14,15]. However, they have poor kinase selectivity between EGFRT790M mutants
and the wild type (WT) EGFR. In addition, these inhibitors are associated with dose-limiting
toxicities [2,16]. Seminal work was conducted to discover the third-generation EGFR in-
hibitors, rociletinib and Osimertinib, that block both activating mutations and the T790M
drug resistance mutation of EGFR (Figure 1) [17–20]. As a result, they have the benefits
of a better selectivity profile, an increased time to resistance, and better toxicity profiles.
Among these third-generation inhibitors, osimertinib was identified as a breakthrough
drug for treating mutant NSCLC and was authorized by the FDA in 2015 to treat NSCLC
patients with the T790M EGFR mutation. Subsequently, it is still important to discover
more compounds that could target EGFR and its mutations. Moreover, hydantoin moiety
is emerging as a cornerstone scaffold in potential anticancer agents, particularly EGFR
inhibitors (Figure 2) [21–23].

Figure 1. Chemical structures of the FDA-approved EGFR inhibitors.

Figure 2. Hydantoin-based EGFR inhibitors.
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As part of our ongoing efforts to discover new probes in our armamentarium for treat-
ing cancer, a new series of hydantoin acetanilide derivatives were designed and synthesized
to conquer NSCLC through inhibiting EGFRWT and its mutations EGFRL858R/T790M. The
prepared derivatives 5a–5n were evaluated for their anti-NSCLC activity in A549, H1975,
and PC9 cell lines. The most potent members 5a and 5f were tested for their safety on
the normal fibroblast WI-38 cells, and their EGFRWT/L858R/T790M inhibitory activity. The
effect of 5a on the EGFR downstream signaling transduction pathways Akt and ERK was
investigated. Molecular docking was performed within the EGFRT790M binding site to gain
further insights into possible modes of action.

Rational Design of EGFR Inhibitors

Designing an inhibitor with a higher affinity to Met790 in NSCLC is our aim to
overcome the resistance associated with the T790M mutation in which Met790 replaces
Thr790 (Figure 3). The hydantoin group was designed to interact with Met790 in a manner
similar to ribose of the agonist ATP, whereas the phenyl ring needs to interact with Leu777
and Asp855 similar to the adenine group of the ATP. The carbonyl group of the hydantoin
group interacts with Thr854 similar to that of gefitinib. The carbonyl of the acetamide
group binds with Lys745 by hydrogen bonding similar to ATP but ATP interacts with
Lys745 by an ionic bond. The acetamide N-substituted phenyl group showed hydrophobic
bonding with Cys797 of the kinase hinge area. The design of the target compounds shows
the advantage of combining the binding properties of both ATP and gefitinib.

Figure 3. Design of 4-phenyl hydantoin acetanilide derivatives as EGFR inhibitors.

2. Results and Discussion

2.1. Chemistry

The synthesis of the alkylated hydantoin derivatives 5a–5n (Table 1) is outlined in
Scheme 1. The anilines 1a–1n were treated with chloroacetyl chloride in the presence of
triethylamine (TEA) to afford the corresponding acetylated anilines 2a–2n. The parent
hydantoin (5-methyl-5-phenylimidazolidine-2,4-dione) 4 was prepared in a good yield,
via the non-stereospecific Bucherer–Bergs reaction, by refluxing acetophenone 3 with
potassium cyanide and anhydrous ammonium carbonate [24]. In the presence of potassium
carbonate and potassium iodide, hydantoin 4 was alkylated with the appropriate acylated
aniline 2a–2n to afford the targeted alkylated hydantoin derivatives 5a–5n. The synthesized
compounds were identified by 1HNMR, 13CNMR, and mass spectroscopy, and further
confirmed by elemental analyses. The purity of compound 5a was checked by HPLC
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analysis using a gradient elution of methanol: water mixture at a rate of 1.0 mL/min
leading to elution of 5a as a single peak after 19.94 min at λmax of 254 nm (supp info).
1H NMR spectra of compounds 5a–5n showed the hydantoin methyl protons as a singlet
integrated for three protons at approximately δ 1.69–1.74 ppm. The hydantoin amidic NH
proton appeared as a singlet at δ 9.03–8.92 ppm, whereas the other amide proton appeared
more downfield shifted as a singlet at 10.71–9.48 ppm due to the anisotropic effect of the
benzene ring.

Table 1. Variable attachment points and substituents of the prepared compounds.

Cpd R1 R2 R3 R4 Cpd R1 R2 R3 R4

5a H OCH3 OCH3 H 5h H F F H
5b H SO2NH2 H H 5i F F F H
5c H Cl OCH3 H 5j CH3 H OCH3 H
5d OCH3 H H CH3 5k H Cl F H
5e H H F H 5l H H OC2H5 H
5f F H H H 5m OCH3 H H H
5g H F H H 5n H OCH3 H H

Scheme 1. Synthetic approach of compounds 5a–5n. (a) ClCH2COCl, TEA, CH2Cl2; (b) KCN,
(NH4)2CO3, 60% ETOH, 58–61 ◦C, 48 h; (c) (i) K2CO3, acetonitrile, 25 ◦C, 30 min, (ii) KI, an appropriate
acylated aniline (2a–2n), Reflux, 3–6 h.
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2.2. In Vitro Antiproliferative Activity

The synthesized hydantoin acetanilide derivatives 5a–5n were evaluated for their
anticancer activity in three various cells derived from NSCLC tumor subpanels, including
A549 (harbor EGFRWT), H1975 (harbor EGFRL858R/T790M), and PC9 (harbor EGFRL858R)
cells, using the MTT assay (Table 2). Erlotinib was used as a positive control. Interestingly,
six hydantoin derivatives exhibited promising activity. Among them, 5a, 5b, 5e, 5f, 5i, and
5n were the most potent against the three evaluated cell lines (average IC50 = 2.57–9.29 μM).
The synthesized compounds’ half-maximal inhibitory concentration (IC50) revealed a
substantial ability of 5a, 5e, 5f, 5i, 5j, 5l, and 5n to inhibit A549 lung cancer growth; their
IC50 values were superior to erlotinib. On the other hand, compounds 5b, 5h, and 5m

possessed moderate potency (IC50 = 7.19–14.54 μM), whereas compounds 5c, 5d, 5g, and 5k

showed a low potency (IC50 = 35.82–91.39 μM). Regarding H1975 cells, compounds 5a, 5b,
5e, 5f, 5g, 5k, and 5m showed better activity than the reference erlotinib, in which 5a and
5f showed their activity in low micromolar concentrations. Interestingly, all the prepared
compounds showed better anticancer activity in the PC9 cell line than the reference erlotinib,
except 5c and 5m. These results revealed that the synthesized hydantoin acetanilide
derivatives possessed promising anticancer potency, and among them 5a and 5f were the
most potent.

Table 2. IC50 (μM) values for the target hydantoin acetanilide against A549, H1975, and PC9 cell lines
compared to erlotinib.

Cpd
IC50 (μM)

Cpd
IC50 (μM)

A549 H1975 PC9 Average A549 H1975 PC9 Average

5a 2.26 ± 0.12 1.94 ± 0.25 10.19 ± 0.53 4.79 5i 0.73 ± 0.05 14.00 ± 0.76 6.06 ± 0.35 6.93
5b 14.54 ± 0.92 8.20 ± 0.45 5.12 ± 0.56 9.29 5j 4.11 ± 0.26 30.90 ± 1.68 9.97 ± 1.08 14.99
5c 91.39 ± 5.75 55.30 ± 3.01 21.34 ± 2.31 56.01 5k 68.57 ± 4.32 5.84 ± 0.32 3.25 ± 0.35 25.89
5d 35.82 ± 2.26 11.90 ± 0.65 7.50 ± 0.81 18.41 5l 2.37 ± 0.15 43.80 ± 2.39 6.69 ± 0.73 17.62
5e 7.19 ± 0.45 9.34 ± 0.51 2.52 ± 0.27 6.35 5m 12.33 ± 0.78 2.27 ± 0.12 28.34 ± 3.08 14.31
5f 1.94 ± 0.12 1.38 ± 0.07 4.40 ± 0.48 2.57 5n 0.42 ± 0.03 18.80 ± 1.02 6.87 ± 0.75 8.70
5g 37.65 ± 2.37 6.84 ± 0.37 11.50 ± 1.25 18.66 Erloinib 7.81 ± 0.43 9.70 ± 0.53 16.26 ± 0.84 11.26
5h 11.94 ± 0.75 21.30 ± 1.16 15.41 ± 1.67 16.22

2.3. In Vitro EGFR Inhibition Assay

As our rationale was to target EGFR and its mutations, activities of the most potent
derivatives 5a and 5f were evaluated against EGFRWT, EGFRL858R, and EGFRT790M using
EGFR kinase assay tests. Erlotinib was used as a positive control. The results in Table 3
showed that 5a and 5f have potent EGFRWT inhibitory activity, however, they were ap-
proximately three and seven-folds lower than the reference erlotinib, respectively. On
the other hand, 5a showed approximately the same EGFRL858R and EGFRT790M inhibitory
activities (IC50 = 0.05 and 0.09 μM, respectively) compared to erlotinib (IC50 = 0.03 and
0.07 μM, respectively), whereas 5f showed a five and four-fold decrease in EGFRL858R and
EGFRT790M inhibitory activities compared to erlotinib, respectively. These results revealed
that 5a was potent against the mutations of EGFR.

Table 3. EGFR tyrosine kinase (wild type and mutations) inhibitory activities of the hydantoin
acetanilide derivatives 5a–5n.

Cpd
EGFR Enzymatic Inhibition, IC50, (μM)

WT L858R T790M

5a 0.03 ± 0.005 0.05 ± 0.001 0.09 ± 0.002
5f 0.06 ± 0.011 0.17 ± 0.003 0.26 ± 0.005

Erlotinib 0.09 ± 0.002 0.03 ± 0.001 0.07 ± 0.002
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2.4. In Vitro Inhibition of the EGFR Downstream Pathway

The ability of 5a to inhibit Akt and ERK, the downstream signaling transduction of
EGFR, was investigated using Akt and ERK enzyme assays. Treating A549 cells with the
IC50 value of 5a resulted in a substantial inhibition of Akt and ERK (IC50 = 33.75 and
25.76 nM, respectively) (Table 4). Besides, 5a revealed a comparable Akt and ERK inhibition
compared to the reference erlotinib (IC50 = 25.41 and 17.46 nM, respectively). Interestingly,
these findings indicated that the hydantoin derivative 5a targeted EGFR and inhibited its
related downstream proteins ERK and Akt.

Table 4. Effect of 5a on the downstream signaling transduction Akt and ERK in A549 cells.

Cpd
Enzymatic Inhibition, IC50, (nM)

Akt ERK

5a 33.75 ± 0.55 25.76 ± 41
Erlotinib 22.97 ± 0.20 17.46 ± 0.18

2.5. Inhibition of EGFR Phosphorylation Expression Using Western Blot Analysis

To further investigate the biochemical effects of the most active compound 5a on EGFR,
Western blot analysis was conducted on A549 cell lines. In addition, the obtained data were
attuned to β-actin expression to exclude the deviations further. The hydantoin derivative
5a maintained a strong EGFR inhibitory activity; treating A549 cells with 0.03 μM of 5a

significantly lessened the expression level of EGFR phosphorylation and showed a 2.5-fold
decrease in the expression compared to the control A549 cells (Figure 4).

Figure 4. Western blot and statistical analysis of the expression level of EGFR and pEGFR in A549
cells treated by 5a.

2.6. In Vitro Cytotoxic Activity towards Normal Fibroblast (WI-38) Cells

An MTT in vitro cytotoxic assay was conducted on the normal fibroblast WI-38 cells
to examine the safety of 5a and 5f. Erlotinib was used as a positive control (Table 5). The
obtained IC50 values revealed that both hydantoin derivatives possessed low cytotoxicity
on the normal fetal lung WI-38 cells, in which 5a and 5f were 2.6 and 2.3-folds superior
to the reference erlotinib, respectively. These results implied that 5a and 5f were barely
cytotoxic on the normal WI-38 cell line.

Table 5. The concentration of 50% growth inhibition (IC50, μM ± SEM) of compounds 5a and 5f on
WI-38 normal cells.

Compound WI-38, IC50 (μM)

5a 49.30 ± 2.75
5f 42.45 ± 2.32

Erlotinib 18.62 ± 1.24
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2.7. Cell Cycle Analysis and Detection of Apoptosis

The active hydantoin derivative 5a was further investigated for its effect on cell cycle
progression and the induction of apoptosis in A549 cells. Exposure of A549 cells to 5a

at its IC50 value led to an interference with the normal cell cycle distribution of the cell
(Figure 5). We observed that compound 5a arrested the cell cycle at sub G1 and S phases
(35.25% and 40.40%, respectively). Interestingly, 5a caused a substantial boost of cells at
pre-G1 by 22-folds compared to the control. Meanwhile, 5a was evaluated for its ability to
induce apoptosis in A549 cells by staining with propidium iodide and Annexin V-FITC.
After treatment with its IC50 concentration, the acquired data showed a significant ability
of 5a to induce apoptosis and increase the early and late apoptotic cells by 3.77% and
19.89%, respectively (Figure 6). Interestingly, 5a elevated the early and late apoptotic cells
77 and 9-folds compared to the negative control, respectively. These results implied that the
hydantoin acetanilide derivatives arrested cells at the sub G1 and S phases and exhibited
most of their antiproliferative activity by inducing cellular apoptosis and dissipating
cellular integrity.

Figure 5. Compound 5a arrested the cell cycle at the sub G1 and S phases in A549 cells. Representative
cell cycle distribution data are shown by flow cytometric analysis upon incubation with 5a or DMSO
as a negative control for 24 h.

 

Figure 6. Apoptotic effect of compound 5a on A549 cells. Representative cytograms of apoptotic
A549 cells stimulated with 5a or DMSO as a negative control for 24 h.
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2.8. Wound Healing Assay Tau Aggregation Inhibition in a Cell Model of Tauopathy and Western
Blot Analysis

Various articles have highlighted the role of EGFR in the migration of tumor cells [25].
Accordingly, the migratory effects of 5a in A549 cells were assessed using a wound heal-
ing assay. Compound 5a reduced the wound closure and the migration of A549 cells
substantially in a dose-dependent manner (Figure 7).

Figure 7. Wound closure and cell migration in A549 cells. (A) control cells; (B) cells treated with
0.5 μM of 5a; (C) cells treated with 1 μM of 5a; (D) cells treated with 2 μM of 5a.

2.9. Molecular Docking Study

The docking study on the EGFR (PDB: 5GTY) showed that all the target compounds
5a–5n could interact with the active sites of the co-crystallized ligand binding sites with
Met790 by hydrogen bonds [24]. Moreover, all compounds showed a hydrogen bonding
interaction with Thr854 while the formed pi-H interaction with Leu777 in addition to
hydrogen bonding with Lys745. The most potent derivative 5a formed two hydrogen
bonds with the gatekeeper mutant Met790, whereas the p-methoxy group was in a higher
proximity to Cys797 of the kinase hinge (Figure 8). Conversely, erlotinib showed no binding
interaction with Met790 which may explain the superiority of the target compound in the
in vitro inhibition of the mutated EGFR growth (Figure S1). The target compounds showed
docking scores (kcal/mole) ranging from −7.9294 to −9.2064 while gefitinib (Figure S2),
erlotinib, and ATP showed −9.5254, −9.5245, and −9.54906, respectively. Interestingly, 5a

approximately occupied the EGFR pocket the same as the native ligand, and ATP (Figure 9).

 

Figure 8. Three-dimensional representation of compound 5a (cyan) within the EGFR active site.
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Figure 9. Superimposition of compound 5a (cyan), co-crystallized ligand (yellow), and ATP (magenta)
within the EGFR active site.

3. Materials and Methods

3.1. Chemistry

Chemicals were purchased from Aldrich (Burlington, MA, USA), Merck (Darmstadt,
Germany), and El-Nasr pharmaceutical chemicals companies (Qalyubia, Egypt), and used
without further purification. Reactions were monitored by thin layer chromatography
(TLC), using Merck9385 pre-coated aluminum plate silica gel (Kieselgel 60) 5 × 20 cm
plates with a layer thickness of 0.2 mm. The spots were detected by exposure to a UV
lamp at 254 nm. Melting points were determined on Stuart electro thermal melting point
apparatus and were uncorrected. NMR spectra were carried out using a Bruker Avance
400 MHz 1HNMR spectrometer and 100 MHz 13CNMR spectrometer (Beni Sweif, Egypt),
using TMS as internal reference. Chemical shifts (δ values are given in parts per million
(ppm) relative to TMS DMSO-d6 (2.5 and 3.5 ppm for 1HNMR and 76.9 ppm for 13CNMR)
and coupling constants (J) were measured in Hertz. Splitting patterns were designated as
follows: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet. Elemental analyses were
recorded on Shimadzu GC/MS-QP5050A, Regional center for Mycology and Biotechnology,
Al-Azhar University, Cairo, Egypt. Mass spectra were recorded on an Advion compact
mass spectrometer (CMS) and reported as mass/charge (m/z), Nawah scientific center
for research, Almokattam, Cairo, Egypt. HPLC analysis of compound 5a was performed
on a Waters 2690 Alliance HPLC system equipped with a Waters 996 photodiode array
detector, and UV detection at λmax 254 nm, and HPLC run data were processed at Nawah
Scientific, Egypt.

3.2. General Procedure for the Synthesis of Compounds 2a–2n

The appropriate aniline 1a–1n (1 mmol) was dissolved in DCM, TEA (2 mmol) was
added, and the reaction mixture was stirred in an ice bath. Chloroacetyl chloride (2 mmol)
was added dropwise to the reaction mixture. The progress of the reaction was monitored
by TLC. After the reaction was completed, the organic solvent evaporated, and the product
was washed with distilled water.
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3.3. General Procedure for the Synthesis of Compound 4

In a stoppered flask, acetophenone (1 mmol) was dissolved in a mixture of ethanol and
distilled water (1:1). Potassium cyanide (3 mmol) and anhydrous ammonium carbonate
(7 mmol) were carefully added. The mixture was heated in an oil bath at 58–61 ◦C for 48 h.
After the reaction was completed, the mixture was concentrated under a vacuum to the
third of its initial volume and diluted with water and acidified with diluted hydrochloric
acid. The precipitate formed was filtered off, washed with water, and recrystallized from
water ethanol mixture.

General procedure for the synthesis of compounds 5a–5n was as follows.
The hydantoin 4 (190, 1 mmol) was stirred with K2CO3 (10 mmol) in CH3CN for

30 min. The appropriate acylated aniline derivative 2a–2n (1 mmol) was then added
portion wise then KI (10 mmol) was added. The mixture was heated at reflux for 3–6 h. The
reaction progress was monitored by TLC, then concentrated under reduced pressure. The
residue was triturated with ethyl acetate (3 × 30 mL) and the combined organic phase was
washed with water (3 × 30 mL), dried over anhydrous sodium sulphate, and evaporated
to dryness. The obtained product was recrystallized from a mixture of ethyl acetate and
petroleum ether.

N-(3,4-dimethoxyphenyl)-2-(4-methyl-2,5-dioxo-4-phenylimidazolidin-1-yl)acetamide (5a).

Pale pink powder (165 mg, 43% yield); mp 145–148 ◦C; 1HNMR (400 MHz, DMSO-d6)
δ (ppm): 10.11 (s, 1H, CO-NH-Ar), 8.96 (s, 1H, CO-NH), 7.5–7.49 (m, 2H, Ar-H), 7.40 (t,
J = 7.5 Hz, 2H, Ar-H), 7.33 (t, J = 7.2 Hz, 1H, Ar-H), 7.21 (d, J = 2.3 Hz, 1H, Ar-H), 7.02 (dd,
J = 8.7, 2.3 Hz, 1H, Ar-H), 6.86 (d, J = 8.7 Hz, 1H, Ar-H), 4.15 (s, 2H, CO-CH2-N), 3.69 (s,
3H, O-CH3), 3.69 (s, 3H, O-CH3), 1.71 (s, 3H, CH3); 13CNMR (100 MHz, DMSO-d6) δ (ppm):
175.36 (C=O), 164.17 (C=O), 155.36 (C=O), 148.60 (C quaternary), 144.99 (C quaternary),
139.51 (C quaternary), 132.18 (C quaternary), 128.52 (CH), 128.01 (CH), 125.68 (CH), 112.10
(CH), 110.98 (CH), 104.18 (CH), 63.12 (C quaternary), 55.71 (O-CH3), 55.39 (O-CH3), 40.67
(CH2), 24.96 (CH3); ESI/MS: m/z Calcd. for [M + Na]+: 406.1, Found: 405.8; Anal. Calcd for
C20H21N3O5 (383.1): C, 62.65; H, 5.52; N, 10.96. Found: C, 62.93; H, 5.80; N, 11.23; HPLC-
analysis: gradient elution H2O-MeOH (90:10) for 20 min, followed by with H2O-MeOH
(20:80) for 5 min, and finally with a further isocratic elution with H2O-MeOH (90:10) for
5 min at a flow rate 1 ml/min, Rt = 19.947 min.

N-(4-aminosulphonylphenyl)-2-(4-methyl-2,5-dioxo-4-phenylimidazolidin-1-yl)ace-

tamide (5b).

Pale yellow powder (137 mg, 35% yield); mp 122–125 ◦C; 1HNMR (400 MHz, DMSO-d6)
δ (ppm):10.60 (s, 1H, CO-NH-Ar), 9.01 (s, 1H, CO-NH), 7.57–7.47 (m, 4H, Ar-H), 7.45–7.31
(m, 5H, Ar-H), 4.24 (s, 2H, CO-CH2-N), 2.87 (s, 1H, SO2NH), 2.72 (s, 1H, SO2NH), 1.73
(s, 3H, CH3); 13CNMR (100 MHz, DMSO-d6) δ (ppm): 175.32 (C=O), 165.13 (C=O), 155.27
(C=O), 144.74 (C quaternary), 139.44 (C quaternary), 138.88 (C quaternary), 129.61 (CH),
128.53 (CH), 128.02 (CH), 125.66 (CH), 121.92 (CH), 120.61 (CH), 116.08 (CH), 63.16 (C
quaternary), 40.79 (CH2), 24.87 (CH3); ESI/MS: m/z Calcd. for [M + Na]+: 425.1, Found:
424.8; Anal. Calcd for C18H18N4O5S (402.1): C, 53.72; H, 4.51; N, 13.92; S, 7.97. Found: C,
53.94; H, 4.59; N, 13.75; S, 8.04.

N-(3-chloro-4-methoxyphenyl)-2-(4-methyl-2,5-dioxo-4-phenylimidazolidin-1-yl)ac-

etamide (5c).

Pale black powder (192 mg, 50% yield); mp 163–166 ◦C; 1HNMR (400 MHz, DMSO-d6)
δ (ppm):10.29 (s, 1H, CO-NH-Ar), 8.98 (s, 1H, CO-NH), 7.71 (d, J = 2.5 Hz, 1H, Ar-H),
7.55–7.49 (m, 2H, Ar-H), 7.44–7.30 (m, 4H, Ar-H), 7.09 (d, J = 9.0 Hz, 1H, Ar-H), 4.18
(s, 2H, CO-CH2-N), 3.80 (s, 3H, O-CH3), 1.72 (s, 3H, CH3); 13CNMR (100 MHz, DMSO-
d6) δ (ppm): 175.33 (C=O), 164.54 (C=O), 155.31 (C=O), 150.64 (C quaternary), 139.46 (C
quaternary), 132.23 (C quaternary), 128.52 (C quaternary), 128.00 (CH), 125.67 (CH), 125.32
(CH), 120.66 (CH), 118.91 (CH), 113.02 (CH), 63.13 (C quaternary), 56.16 (O-CH3), 40.66
(CH2), 24.84 (CH3); ESI/MS: m/z Calcd. for [M + Na]+: 410.1, Found: 410.0; Anal. Calcd
for C19H18ClN3O4 (387.1): C, 58.84; H, 4.68; N, 10.84. Found: C, 58.95; H, 4.80; N, 11.02.
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N-(2-methoxy-5-methylphenyl)-2-(4-methyl-2,5-dioxo-4-phenylimidazolidin-1-yl)ac-

etamide (5d).

Pale yellow powder (203 mg, 55% yield); mp 170–173 ◦C; 1HNMR (400 MHz, DMSO-d6)
δ (ppm): 9.48 (s, 1H, CO-NH-Ar), 8.97 (s, 1H, CO-NH), 7.75 (s, 1H, Ar-H), 7.55–7.50 (m, 2H,
Ar-H), 7.41 (t, J = 7.4 Hz, 2H, Ar-H), 7.36–7.31 (m, 1H, Ar-H), 6.93–6.85 (m, 2H, Ar-H), 4.27
(s, 2H, CO-CH2-N), 3.80 (s, 3H, O-CH3), 2.20 (s, 3H, Ar-CH3), 1.72 (s, 3H, CH3); 13CNMR
(100 MHz, DMSO-d6) δ (ppm): 175.37 (C=O), 164.79 (C=O), 155.36 (C=O), 147.24 (C qua-
ternary), 139.50 (C quaternary), 129.02 (C quaternary), 128.51 (C quaternary), 127.97 (CH),
126.50 (CH), 125.65 (CH), 124.65 (CH), 122.12 (CH), 111.06 (CH), 63.08 (C quaternary), 55.75
(O-CH3), 40.81 (CH2), 24.90 (CH3), 20.42 (CH3); ESI/MS: m/z Calcd. for [M + Na]+: 390.2,
Found: 390.0; Anal. Calcd for C20H21N3O4 (367.2): C, 65.38; H, 5.76; N, 11.44. Found: C,
65.46; H, 5.94; N, 11.65.

N-(4-fluorophenyl)-2-(4-methyl-2,5-dioxo-4-phenylimidazolidin-1-yl)acetamide (5e).

Pale gray powder (120 mg, 35% yield); mp 226–228 ◦C; 1HNMR (400 MHz, DMSO-d6)
δ (ppm): 10.33 (s, 1H, CO-NH-Ar), 8.97 (s, 1H, CO-NH), 7.58–7.49 (m, 4H, Ar-H), 7.40 (t,
J = 7.5 Hz, 2H, Ar-H), 7.35–7.30 (m, 1H, Ar-H), 7.13 (t, J = 8.9 Hz, 2H, Ar-H), 4.19 (s, 2H, CO-
CH2-N), 1.71 (s, 3H, CH3); 13CNMR (100 MHz, DMSO-d6) δ (ppm): 175.37 (C=O), 164.62
(C=O), 159.30 (C=O), 155.33 (C quaternary), 139.47 (C quaternary), 134.95 (C quaternary),
128.51 (CH), 128.01 (CH), 125.69 (CH), 120.81 (CH), 115.32 (CH), 63.13 (C quaternary), 40.69
(CH2), 24.79 (CH3); ESI/MS: m/z Calcd. for [M + Na]+: 364.1, Found: 364.0; Anal. Calcd
for C18H16FN3O3 (341.1): C, 63.34; H, 4.72; N, 12.31. Found: C, 63.57; H, 4.79; N, 12.39.

N-(2-fluorophenyl)-2-(4-methyl-2,5-dioxo-4-phenylimidazolidin-1-yl)acetamide (5f).

Pale yellow powder (100 mg, 30% yield); mp 153–155 ◦C; 1HNMR (400 MHz, DMSO-d6)
δ (ppm): 10.14 (s, 1H, CO-NH-Ar), 8.99 (s, 1H, CO-NH), 7.94–7.84 (m, 1H, Ar-H), 7.55–7.52
(m, 2H, Ar-H), 7.41 (t, J = 7.5 Hz, 2H, Ar-H), 7.38–7.31 (m, 1H, Ar-H), 7.30–7.23 (m, 1H, Ar-
H), 7.21–7.11 (m, 2H, Ar-H), 4.30 (s, 2H, CO-CH2-N), 1.73 (s, 3H, CH3); 13CNMR (100 MHz,
DMSO-d6) δ (ppm): 175.36 (C=O), 165.28 (C=O), 155.30 (C=O), 154.49 (C quaternary), 152.06
(C quaternary), 139.46 (C quaternary), 128.51 (CH), 128.00 (CH), 125.68 (CH), 124.47 (CH),
123.64 (CH), 115.63 (CH), 115.44 (CH), 63.12 (C quaternary), 40.62 (CH2), 24.76 (CH3);
ESI/MS: m/z Calcd. for [M + Na]+: 364.1, Found: 363.9; Anal. Calcd for C18H16FN3O3
(341.1): C, 63.34; H, 4.72; N, 12.31. Found: C, 63.50; H, 4.88; N, 12.42.

N-(3-fluorophenyl)-2-(4-methyl-2,5-dioxo-4-phenylimidazolidin-1-yl)acetamide (5g).

Pale yellow powder (240 mg, 70% yield); mp 182–185 ◦C; 1HNMR (400 MHz, DMSO-d6)
δ (ppm): 10.52 (s, 1H, CO-NH-Ar), 8.99 (s, 1H, CO-NH), 7.55–7.47 (m, 3H, Ar-H), 7.40 (t,
J = 7.5 Hz, 2H, Ar-H), 7.35–7.30 (m, 2H, Ar-H), 7.25 (d, J = 8.2 Hz, 1H, Ar-H), 6.91–6.84 (m,
1H, Ar-H), 4.21 (s, 2H, CO-CH2-N), 1.71 (s, 3H, CH3); 13CNMR (100 MHz, DMSO-d6) δ
(ppm): 175.33 (C=O), 165.11 (C=O), 163.34 (C=O), 160.94 (C quaternary), 155.28 (C quater-
nary), 139.43 (C quaternary), 130.50 (CH), 128.52 (CH), 128.02 (CH), 125.67 (CH), 114.84
(CH), 110.12 (CH), 106.03 (CH), 63.15 (C quaternary), 40.81 (CH2), 24.83 (CH3); ESI/MS:
m/z Calcd. for [M + Na]+: 364.1, Found: 363.9; Anal. Calcd for C18H16FN3O3 (341.1): C,
63.34; H, 4.72; N, 12.31. Found: C, 63.49; H, 4.86; N, 12.34.

N-(3,4-difluorophenyl)-2-(4-methyl-2,5-dioxo-4-phenylimidazolidin-1-yl)acetamide

(5h).

Pale yellow powder (110 mg, 31% yield); mp 195–198 ◦C; 1HNMR (400 MHz, DMSO-d6)
δ (ppm): 10.71 (s, 1H, CO-NH-Ar), 9.03 (s, 1H, CO-NH), 7.57–7.51 (m, 2H, Ar-H), 7.42 (t,
J = 7.5 Hz, 2H, Ar-H), 7.38–7.32 (m, 1H, Ar-H), 7.29–7.22 (m, 2H, Ar-H), 6.98–6.88 (m, 1H,
Ar-H), 4.24 (s, 2H, CO-CH2-N), 1.74 (s, 3H, CH3); 13CNMR (100 MHz, DMSO-d6) δ (ppm):
175.27 (C=O), 165.49 (C=O), 163.61 (C=O), 161.35 (C quaternary), 155.20 (C quaternary),
140.95 (C quaternary), 139.40 (C quaternary), 128.53 (CH), 128.03 (CH), 125.65 (CH), 102.15
(CH), 101.86 (CH), 98.75 (CH), 63.17 (C quaternary), 40.86 (CH2), 24.85 (CH3); ESI/MS: m/z
Calcd. for [M + Na]+: 382.1, Found: 381.8; Anal. Calcd for C18H15F2N3O3 (359.1): C, 60.17;
H, 4.21; N, 11.69. Found: C, 60.41; H, 4.37; N, 11.88.

N-(2,3,4-trifluorophenyl)-2-(4-methyl-2,5-dioxo-4-phenylimidazolidin-1-yl)acetamide

(5i).
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Yellow powder (110 mg, 30% yield); mp 205–210 ◦C; 1HNMR (400 MHz, DMSO-d6) δ
(ppm): 10.36 (s, 1H, CO-NH-Ar), 9.00 (s, 1H, CO-NH), 7.69–7.59 (m, 1H, Ar-H), 7.56–7.49
(m, 2H, Ar-H), 7.41 (t, J = 7.4 Hz, 2H, Ar-H), 7.34 (t, J = 7.3 Hz, 1H, Ar-H), 7.31–7.24 (m, 1H,
Ar-H), 4.29 (s, 2H, CO-CH2-N), 1.72 (s, 3H, CH3); 13CNMR (100 MHz, DMSO-d6) δ (ppm):
175.30 (C=O), 165.55 (C=O), 155.21 (C=O), 139.41 (C quaternary), 128.51 (C quaternary),
128.01 (C quaternary), 127.81 (C quaternary), 125.66 (C quaternary), 125.32 (CH), 123.55
(CH), 118.42 (CH), 111.96 (CH), 111.78 (CH), 63.13 (C quaternary), 40.52 (CH2), 24.73 (CH3);
ESI/MS: m/z Calcd. for [M + Na]+: 400.1, Found: 399.9; Anal. Calcd for C18H14F3N3O3
(377.1): C, 57.30; H, 3.74; N, 11.14. Found: C, 57.46; H, 3.90; N, 11.30.

N-(4-methoxy-2-methylphenyl)-2-(4-methyl-2,5-dioxo-4-phenylimidazolidin-1-yl)ac-

etamide (5j).

Pale yellow powder (112 mg, 30% yield); mp 143-146 °C; 1HNMR (400 MHz, DMSO-d6)
δ (ppm): 9.48 (s, 1H, CO-NH-Ar), 8.92 (s, 1H, CO-NH), 7.50 (d, J = 7.4 Hz, 2H, Ar-H), 7.38
(t, J = 7.4 Hz, 2H, Ar-H), 7.31 (t, J = 7.2 Hz, 1H, Ar-H), 7.17 (d, J = 8.7 Hz, 1H, Ar-H), 6.77 (d,
J = 2.7 Hz, 1H, Ar-H), 6.70 (dd, J = 8.7, 2.7 Hz, 1H, Ar-H), 4.19 (s, 2H, CO-CH2-N), 3.69 (s,
3H, O-CH3), 2.13 (s, 3H, Ar-CH3), 1.69 (s, 3H, CH3); 13CNMR (100 MHz, DMSO-d6) δ (ppm):
175.44 (C=O), 164.93 (C=O), 156.90 (C=O), 155.42 (C quaternary), 139.55 (C quaternary),
133.83 (C quaternary), 128.63 (C quaternary), 128.49 (CH), 127.99 (CH), 126.52 (CH), 125.73
(CH), 115.42 (CH), 111.24 (CH), 63.08 (C quaternary), 55.16 (O-CH3), 40.42 (CH2), 24.72
(CH3), 17.97 (CH3); ESI/MS: m/z Calcd. for [M + Na]+: 390.2, Found: 390.1; Anal. Calcd
for C20H21N3O4 (367.2): C, 65.38; H, 5.76; N, 11.44. Found: C, 65.49; H, 5.84; N, 11.57.

N-(3-chloro-4-fluorophenyl)-2-(4-methyl-2,5-dioxo-4-phenylimidazolidin-1-yl)aceta-

mide (5k).

Pale yellow powder (195 mg, 55% yield); mp 170–173 ◦C; 1HNMR (400 MHz, DMSO-d6)
δ (ppm): 10.53 (s, 1H, CO-NH-Ar), 9.01 (s, 1H, CO-NH), 7.86 (dd, J = 6.8, 2.3 Hz, 1H, Ar-H),
7.56–7.51 (m, 2H, Ar-H), 7.46–7.39 (m, 3H, Ar-H), 7.38–7.32 (m, 2H, Ar-H), 4.22 (s, 2H,
CO-CH2-N), 1.73 (s, 3H, CH3); 13CNMR (100 MHz, DMSO-d6) δ (ppm): 175.30 (C=O),
165.05 (C=O), 155.24 (C=O), 154.43 (C quaternary), 152.01 (C quaternary), 139.42 (C quater-
nary), 135.74 (C quaternary), 128.52 (CH), 128.01 (CH), 125.65 (CH), 120.48 (CH), 119.36
(CH), 116.99 (CH), 63.15 (C quaternary), 40.72 (CH2), 24.83 (CH3); ESI/MS: m/z Calcd. For
[M + Na]+: 398.1, Found: 397.9; Anal. Calcd for C18H15ClFN3O3 (375.1): C, 57.53; H, 4.02;
N, 11.18. Found: C, 57.75; H, 4.21; N, 11.40.

N-(4-ethoxyphenyl)-2-(4-methyl-2,5-dioxo-4-phenylimidazolidin-1-yl)acetamide (5l).

Pale brown powder (225 mg, 62% yield); mp 153–155 ◦C; 1HNMR (400 MHz, DMSO-d6)
δ (ppm): 10.12 (s, 1H, CO-NH-Ar), 8.97 (s, 1H, CO-NH), 7.56–7.51 (m, 2H, Ar-H), 7.47–7.39
(m, 4H, Ar-H), 7.35 (t, J = 7.3 Hz, 1H, Ar-H), 6.87 (d, J = 9.0 Hz, 2H, Ar-H), 4.18 (s, 2H,
CO-CH2-N), 3.97 (q, J = 7.0 Hz, 2H, O-CH2CH3), 1.73 (s, 3H, -CH3), 1.30 (t, J = 7.0 Hz, 3H,
-CH3CH2); 13CNMR (100 MHz, DMSO-d6) δ (ppm): 175.39 (C=O), 164.10 (C=O), 155.38
(C=O), 154.61 (C quaternary), 139.50 (C quaternary), 131.63 (C quaternary), 128.50 (CH),
127.98 (CH), 125.70 (CH), 120.56 (CH), 114.47 (CH), 63.09 (C quaternary), 63.09 (O-CH2),
40.63 (CH2), 24.80 (CH3), 14.68 (CH3); ESI/MS: m/z Calcd. for [M + Na]+: 390.2, Found:
389.9; Anal. Calcd for C20H21N3O4 (367.2): C, 65.38; H, 5.76; N, 11.44. Found: C, 65.46; H,
5.89; N, 11.56.

N-(2-methoxyphenyl)-2-(4-methyl-2,5-dioxo-4-phenylimidazolidin-1-yl)acetamide (5m).

Yellow powder (160 mg, 45% yield); mp 85–90 ◦C; 1HNMR (400 MHz, DMSO-d6) δ
(ppm): 9.56 (s, 1H, CO-NH-Ar), 8.98 (s, 1H, CO-NH), 7.93 (d, J = 7.8 Hz, 1H, Ar-H), 7.57–7.50
(m, 2H, Ar-H), 7.42 (t, J = 7.4 Hz, 2H, Ar-H), 7.34 (t, J = 7.3 Hz, 1H, Ar-H), 7.11–7.02 (m, 2H,
Ar-H), 6.92–6.87 (m, 1H, Ar-H), 4.30 (s, 2H, CO-CH2-N), 3.85 (s, 3H, O-CH3), 1.73 (s, 3H,
-CH3); 13CNMR (100 MHz, DMSO-d6) δ (ppm): 175.42 (C=O), 164.89 (C=O), 155.38 (C=O),
149.31 (C quaternary), 139.49 (C quaternary), 128.50 (C quaternary), 127.99 (CH), 126.79
(CH), 125.68 (CH), 124.53 (CH), 121.53 (CH), 120.27 (CH), 111.21 (CH), 63.10 (C quaternary),
55.69 (O-CH3), 40.85 (CH2), 24.79 (CH3); ESI/MS: m/z Calcd. for [M + Na]+: 376.1, Found:
375.9; Anal. Calcd for C19H19N3O4 (353.1): C, 64.58; H, 5.42; N, 11.89. Found: C, 64.31; H,
5.31; N, 11.70.
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N-(3-methoxyphenyl)-2-(4-methyl-2,5-dioxo-4-phenylimidazolidin-1-yl)acetamide (5n).

Pale yellow powder (230 mg, 65% yield); mp 148–151 ◦C; 1HNMR (400 MHz, DMSO-d6)
δ (ppm): 10.25 (s, 1H, CO-NH-Ar), 8.98 (s, 1H, CO-NH), 7.55–7.49 (m, 2H, Ar-H), 7.40 (t,
J =7.5 Hz, 2H, Ar-H), 7.33 (t, J = 7.2 Hz, 1H, Ar-H), 7.22–7.20 (m, 1H, Ar-H), 7.20–7.17 (m,
1H, Ar-H), 7.06 (d, J = 8.0 Hz, 1H, Ar-H), 6.63 (dd, J = 8.1, 2.2 Hz, 1H, Ar-H), 4.18 (s, 2H,
CO-CH2-N), 3.70 (s, 3H, O-CH3), 1.71 (s, 3H, -CH3); 13CNMR (100 MHz, DMSO-d6) δ (ppm):
175.36 (C=O), 164.71 (C=O), 159.58 (C=O), 155.34 (C quaternary), 139.73 (C quaternary),
139.48 (C quaternary), 129.69 (CH), 128.52 (CH), 128.01 (CH), 125.68 (CH), 111.33 (CH),
109.01 (CH), 104.82 (CH), 63.14 (C quaternary), 55.01 (O-CH3), 40.80 (CH2), 24.88 (CH3);
ESI/MS: m/z Calcd. for [M + Na]+: 376.1, Found: 375.9; Anal. Calcd for C19H19N3O4
(353.1): C, 64.58; H, 5.42; N, 11.89. Found: C, 64.79; H, 5.56; N, 11.96.

3.4. Anti-Proliferative Activities against A549, H1975, PC9, WI-38 Cell Lines

The new prepared candidates 5a–5n were evaluated for their antitumor activities
against four selected cell lines, the adenocarcinomic human alveolar basal epithelial
cells NCI-A549, NCI-H1975, human pulmonary adenocarcinoma PC9, and the caucasian
fibroblast-like fetal lung cells WI-38 (purchased from American Type Culture Collection
(ATCC), United States of America), using an MTT assay [26], as described earlier [27].

3.5. EGFR Inhibition Assay

The EGFR inhibitory assay was performed using EGFR (wild, L858R, or T790M) Kinase
Assay Kits (Cat. # 40321, 40324, or 40323, respectively, BPS Bioscience, San Diego, CA, USA)
as described earlier [28,29].

3.6. In Vitro Inhibition of EGFR Downstream Pathway
3.6.1. Akt Enzyme Assay

Akt expression level was assayed using the Phospho Sandwich Akt (Phospho-Ser473)
ELISA Kit (Cat. # MBS9511022, MyBioSource, San Diego, CA, USA) containing the com-
ponents necessary for the semi-quantitative determination of Akt concentrations within
experimental cell lysate samples. The assay was performed according to company proto-
cols: the lysates were diluted with assay diluent and 100 μL/well was dispensed, wrapped
with parafilm, and incubated for 2 h. They were shaken with RT or overnight at 4 ◦C. The
plate was washed 3 times with 1× Wash Buffer 300 μL/well with a vacuum-based plate
washer. Then, the plate was stricken on absorbent paper to remove as much residual liquid
as possible. The Detection Antibody was diluted to 1× and 100 μL/well was dispensed,
wrapped with parafilm, and incubated on a shaker for 2 hrs at RT, and the washing step was
repeated. Streptavidin-HRP was diluted to 1× and 100 μL/well was dispensed, wrapped
with parafilm, and incubated on a shaker for 30 min at RT. Ready-to-use substrate was
brought to RT and 100 μL/well was dispensed and the reaction was allowed to incubate on
an orbital shaker for 20–30 min. The reaction was stopped with stop solution 100 μL/well.
The wells turned from blue to yellow and were read at 450 nm.

3.6.2. ERK Enzyme Assay

ERK ELISA Kit (Cat. # E4317-100, BioVision, Inc., Waltham, MA, USA) was used
for the in vitro quantitative determination of Human ERK. Firstly, the plate was washed
2 times with Wash Solution before the standard, sample, and control wells were added.
A total of 100 μL of each standard or sample was added into appropriate wells. It was
covered well and incubated for 1.5 h at 37 ◦C. The cover was removed and the plate content
was discarded without washing or letting the wells completely dry. A total of 0.1 mL of
Biotin-detection antibody work solution was added into the above wells. The plate was
sealed and incubated at 37 ◦C for 60 min. The solution was discarded and washed 3 times
with Wash Solution. It was washed by filling each well with Wash Buffer (350 μL) using
a multi-channel pipette or auto-washer. It was soaked for 1–2 min, and then all residual
wash-liquid was removed from the wells by aspiration. After the last wash, any remaining
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wash buffer was removed by aspirating or decanting. The plate was clapped on absorbent
filter papers or other absorbent materials. A total of 0.1 mL of SABC working solution
was added into each well, and the plate was covered and incubated at 37 ◦C for 30 min.
The solution was discarded and washed 5 times with wash solution as mentioned before.
A total of 90 μL of TMB substrate was added into each well, the plate was covered and
incubated at 37 ◦C in the dark within 15–30 min. The shades of blue were seen in the first
3–4 wells by the end of the incubation. A total of 50 μL of Stop Solution was added to each
well. The result was read at 450 nm within 20 min.

3.7. Inhibition of EGFR Phosphorylation Expression Using Western Blot Analysis

The western blot experiment was performed according to the same procedure de-
scribed earlier [30].

3.8. Cell Cycle Analysis and Detection of Apoptosis

Cell cycle analysis and Annexin V-FITC apoptosis assay were performed as described
earlier [26].

3.9. Wound Healing Assay

Wound healing assay of 5a was performed using CytoSelect™ 24-well Wound Healing
Assay kit (Cat. # CBA-120, Cell Biolabs Inc., Cambridge, UK) per manufacturer’s instruc-
tions. In brief, the 24-well plate wound healing inserts were allowed to warm up at room
temperature for 10 min., then to each well, 500 μL of A549 cells suspension (1.0 × 106) in
media containing 10% fetal bovine serum (FBS) was added. Cells were kept in a cell culture
incubator until a monolayer formed. Carefully, the insert was removed from the well. The
media were slowly aspirated and discarded from the wells. The wells were washed with
media to remove dead cells and debris. Finally, the media were added to wells to keep
cells hydrated, then wells were visualized under a light microscope. Media containing the
indicated concentrations of compound 5a (0.5, 1, or 2 μM) were then added into the wells
for 72 h. the wound closure was monitored with a light microscope. The percent closure of
the cells into the wound field was measured.

3.10. Molecular Docking to EGFR Active Site

All processes of docking algorithms and visualization were performed within the
EGFR active site, using Molecular Operating Environment (MOE) 2019.01 (Chemical Com-
puting Group, Montreal, QC, Canada) software (PDB: 5GTY) [31], downloaded from the
Protein Data Bank [32]. The protein structure (PDB: 5GTY) was prepared through the Quick-
Prep suite executed in MOE. Then, all the structures of the docked hydantoin acetanilides
were built, and their energies were minimized using the default force field, AMBER10.
The native ligand was re-docked into EGFR active site to validate the docking study at
the binding site using the default parameters. The top ranked re-docked pose had energy
score of −10.82 kcal/mol and an RMSD value of 1.3070 Å. The acetanilides were docked in
the EGFR active site using rigid receptor docking protocol, where ligand placement was
performed with Triangle Matcher method using AMBER10 as a default force field and
eventually ranking the docking poses by the London dG scoring function. The generated
poses of the best binding affinities were considered.

4. Conclusions

A series of hydantoin acetanilide derivatives 5a–5n were designed and synthesized as
potent inhibitors of EGFRL858R/T790M. The synthesized derivatives exhibited potent activity
on NSCLC tumor subpanels A549, H1975, and PC9 cells. Interestingly, compounds 5a and
5f showed a strong ability to EGFR with better affinity to the mutations L858R/T790M
than the wild type and were safer than the reference erlotinib on the normal cells WI-38.
Western blotting revealed a significant decrease in the expression of EGFR in A549 cells
upon the treatment of 5a at its IC50 value. Besides, 5a inhibited EGFR related downstream
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proteins (ERK and Akt), induced cellular apoptosis, and arrested sub G1 and S phases of
the cell cycle. The wound healing assay revealed the substantial ability of 5a to decrease
A549 cells’ migration in a dose-dependent manner. Eventually, it is conceivable that further
in vivo investigation will be of significant interest to afford promising recipes to overcome
the obstacle of EGFR resistance.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph15070857/s1, Figure S1: 3D representation of erlotinib within
EGFR active site; Figure S2: 3D representation of gefitinib within EGFR active site; Figure S3: 1H-NMR
spectrum of compound 5a in DMSO-d6 at 400 MHz; Figure S4: 13C-NMR spectrum of compound 5a
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Abstract: The superimposition of the X-ray complexes of cyclohexanediones (i.e., TUB015), described
by our research group, and nocodazole, within the colchicine binding site of tubulin provided an
almost perfect overlap of both ligands. This structural information led us to propose hybrids of
TUB015 and nocodazole using a salicylanilide core structure. Interestingly, salicylanilides, such as
niclosamide, are well-established signal transducers and activators of transcription (STAT3) inhibitors
with anticancer properties. Thus, different compounds with this new scaffold have been synthesized
with the aim to identify compounds inhibiting tubulin polymerization and/or STAT3 signaling. As a
result, we have identified new salicylanilides (6 and 16) that showed significant antiproliferative ac-
tivity against a panel of cancer cells. Both compounds were able to reduce the levels of p-STAT3Tyr705

without affecting the total expression of STAT3. While compound 6 inhibited tubulin polymerization
and arrested the cell cycle of DU145 cells at G2/M, similar to TUB015, compound 16 showed a more
potent effect on inhibiting STAT3 phosphorylation and arrested the cell cycle at G1/G0, similar to
niclosamide. In both cases, no toxicity towards PBMC cells was detected. Thus, the salicylanilides
described here represent a new class of antiproliferative agents affecting tubulin polymerization
and/or STAT3 phosphorylation.

Keywords: tubulin polymerization inhibitors; colchicine site; salicylanilides; niclosamide; signal
transducer and activator of transcription (STAT3) inhibitors

1. Introduction

Compounds binding in the colchicine site at the αβ-tubulin interface have been
extensively studied as antimitotic agents, although their therapeutic applications could be
much wider than their effect on mitosis [1]. Colchicine (1, Figure 1) is used for the treatment
of gout and familial Mediterranean fever [2]. Its anti-inflammatory properties have led to
its inclusion as a therapeutic agent for COVID-19 [3], although its use outside clinical trials
has been discouraged [4]. The natural stilbene combretastatin A-4 (CA-4, 2), which also
binds to tubulin at the colchicine site, has been shown to have vascular disrupting activity
in the tumor microenvironment and its phosphate prodrug fosbretabulin has progressed to
phase III clinical trials [5]. The therapeutic interest related to compounds binding at the
colchicine site in tubulin has made these compounds an extremely active area of research,
and different chemical classes have been described [6–8].
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Figure 1. Chemical structures of colchicine-site binders in tubulin (1–5) and different
salicylanilides (6–9) including niclosamide (7) and the here addressed compounds (6,9).

Our group has been involved in the identification and optimization of new scaffolds
that are able to bind at the colchicine site in tubulin. Performing a ligand-based virtual
screening approach, using TN-16 (3) as the model compound, we identified a series of
cyclohexanediones that are potent colchicine-site binders [9]. Recently, the binding mode
of these cyclohexanediones [i.e., TUB015 (4), Figure 1] into the colchicine site in tubulin
has been determined by X-ray diffraction [10]. As expected, the compound binds in a
similar way to TN-16 into the deeper part of the β-subunit (Figure 2A). The 5-phenyl ring
of the cyclohexanedione is lodged into a cavity lined by residues βIle4, βTyr52, βGln136,
βPhe169, βTyr202, βThr239, βLeu242, and βLeu252, among others, while there is a polar
interaction between one of the carbonyls of the cyclohexanedione and the side chain of
βGlu200. On the other hand, the 2-methoxyaniline of TUB015 is stabilized by hydrophobic
interactions. Among the published structures of colchicine ligands with tubulin, nocodazole
(5, Figure 1) occupies the same deep pocket as TUB015, and, interestingly, it also interacts
with βGlu200 (Figure 2B) [11]. Indeed, when the binding modes of TUB015 and nocodazole
are superimposed, there is almost a perfect fit, as shown in Figure 2C.
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Figure 2. (A) X-ray complex structure of TUB015 (4, magenta sticks) in tubulin (α-tubulin shown in
blue marine and β-tubulin in cyan). (B) X-ray complex structure of nocodazole (5, violet sticks) in
tubulin (α-tubulin is shown in orange and β-tubulin in light orange). (C) Superimposition of X-ray
structures of TUB015 (4) and nocodazole (5). Selected residues of the binding pocket are shown in
sticks and labeled. Dashed lines represent hydrogen bonds.

In our aim to identify new scaffolds able to bind at the colchicine binding site of
tubulin, we designed the hybrid molecule 6 (Figure 1), carrying a methyl carbamate
as in nocodazole, an OH able to interact with βGlu200, and a 2-methoxyaniline as in
TUB015. The resulting molecule 6 is a salicylanilide that can be structurally considered
as a niclosamide analog. Niclosamide (7) is extensively studied for anticancer purposes
affecting different pathways [12,13]. Among the described activities, niclosamide has
been reported to inhibit the cytoplasmic signal transducer and activator of transcription-3
(STAT3) signaling [14,15], a pathway regulating important processes for tumorigenesis
such as cell proliferation, cell cycle progression, or apoptosis. While in normal cells the
levels of STAT3 remain transient, in a high number of solid tumors and hematological
cancers, STAT3 is constitutively active [16]. Cytoplasmic STAT3 is activated through the
phosphorylation at residue Tyr705 by Janus associated kinase (JAK) or other kinases,
leading to its dimerization and translocation into the nucleus where STAT3 activates the
transcription of a wide variety of genes related to cell proliferation and differentiation,
immune response, or apoptosis among others [17]. Very recently, niclosamide has been
shown to increase the efficacy of PD-1/PD-L1 immune checkpoint by the blockage of
phosphorylated STAT3 to the promoter of PD-1 [18], opening new possibilities for cancer
immunotherapy through targeting STAT3 [19].

Other salicylanilides based on hydroxynaphthalene carboxamides have also been
recently described as STAT3 inhibitors [20]. Interestingly, in this naphthalene series, the
best results were obtained with compound 8 (Figure 1), carrying a 3,5-diCF3 aniline. Thus,
we hypothesized that compounds with the general structure 9, with one or two substituents
(R1 and R2) at the aniline moiety, including a 3,5-diCF3 substitution, may constitute a new
class of antiproliferative agents by combining tubulin-binding at the colchicine site (similar
to TUB015) and STAT3 inhibition based on the reported activities for niclosamide and
hydroxynaphthalene derivatives exemplified by compound 8. Additionally, the importance
of the phenolic OH in this series has been studied by its replacement with F (9, X = F).
Besides the synthesis of this new family of salicylanilides, their antiproliferative activity
against a panel of cancer cell lines is reported here. Moreover, additional assays have been
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performed to propose tubulin and STAT3 signaling as relevant targets that account for the
antiproliferative effects.

2. Results and Discussion

2.1. Synthesis

The synthesis of the hybrid molecule 6 was addressed by reaction of 4-amino-2-
hydroxybenzoic acid (10) with methyl chloroformate in ethyl acetate as reported in other
hydroxyanilines [21] to provide a 95% yield of carbamate 11 (Scheme 1). Further reaction of
11 with o-anisidine was performed by heating in toluene to 150 ◦C under MW irradiation
in the presence of PCl3 [22] to yield the target compound 6. Similarly, acid 11 reacted
with m- or p-anisidine (PCl3, toluene, 150 ◦C, MW) to afford the salicylanilides 12 and 13

in 43 and 35% yields, respectively, where the methoxy group is located at positions 3 or 4
in the aniline moiety. In the cyclohexanedione series exemplified by TUB015, the 2-OMe
could be replaced by a 2-Cl without a significant loss in antiproliferative activity [9].
Thus, a chlorine substituent was also introduced at positions 2 or 3 of the aniline in the
salicylanilide series (compounds 14 and 15). Compound 14 was obtained by reaction of
11 with 2-chloroaniline in the presence of N,N′-dicyclohexylcarbodiimide in DMF [23]
after 20 min of irradiation in the MW at 100 ◦C, while compound 15 was obtained by the
standard procedure with PCl3.

Scheme 1. Reagents and conditions: (a) Methyl chloroformate, ethyl acetate, 80 ◦C, 1.5–3 h, (11,
95% yield; 20, 62% yield); (b) for 6, 12, 13, 15–17 appropriate aniline, PCl3, anhydrous toluene, MW:
150 ◦C, 10 min, (6, 27% yield; 12, 43% yield; 13, 35% yield; 15, 34% yield; 16, 29% yield; 17, 35% yield);
(c) for 14, 18: appropriate aniline, N,N′-dicyclohexylcarbodiimide, DMF, MW, 100 ◦C, 20 min (14,
35% yield; 18, 31% yield); (d) o-anisidine, PCl3, anhydrous toluene, 110 ◦C, 3 h, 66% yield.

Based on the antiproliferative activity and mechanism of action described for com-
pound 8 [20], the synthesis of 16 was addressed by reaction of 11 with the 3,5-bis-
(trifluoromethyl)aniline using PCl3. Furthermore, the 3,5-bis-fluoro derivative 17 was
synthesized following the same approach. As will be later discussed, compound 16 af-
forded potent antiproliferative activity; thus, the monosubstituted compound with a CF3
at position 3 (compound 18) was also synthesized. In all cases (6, 12–18), the 1H NMR
spectra registered in DMSO-d6 showed the presence of a broad singlet at 11.66–12.31 ppm
corresponding to the phenol, as described for other salicylanilides. [24] Finally, in order
to study the influence of the hydroxyl substituent of 6, the synthesis of the corresponding
fluorinated derivative was accomplished. The reaction between 2-fluoro-4-aminobenzoic
acid (19) and methyl chloroformate provided the acid 20, which further reacted with o-
anisidine to give the benzamide 21 in 66% yield. It should be mentioned that the 1H NMR
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spectrum of compound 21 showed the signal corresponding to the NH of the amide as a
doublet, with a coupling constant of 11 Hz. By recording a fluorine-decoupled 1H NMR
spectrum, this signal was observed as a broad singlet, indicating that the splitting is due to
a long-range coupling with the fluorine (see Supplementary Materials). This splitting has
been reported in similar compounds [25,26].

2.2. Biological Evaluation
2.2.1. Antiproliferative Activity

The synthesized compounds were evaluated against a panel of cancer cell lines, as
shown in Table 1. Compounds TUB015, niclosamide, and nocodazole were included as
reference compounds.

Table 1. Antiproliferative activity of the synthesized compounds against different tumor cell lines.

IC50 (μM) a

Comp Capan-1 b HCT-116 b NCI-H460 b DND-41 b HL-60 b K-562 b Z-138 b

6 1.3 ± 0.1 1.4 ± 3.5 2.8 ± 1.6 1.3 ± 0.5 1.5 ± 0.1 1.3 ± 0.1 1.3 ± 0.7
12 >100 >100 >100 >100 >100 ≥84.5 >100
13 35.3 ± 20.1 39.8 ± 25.0 33.3 ± 0.2 ≥39.4 37.3 ± 20.4 ≥67.8 >100
14 2.5 ± 0.6 10.4 ± 1.6 15.2 ± 6.3 3.8 ± 0.2 9.1 ± 1.9 2.9 ± 1.1 13.5 ± 3.3
15 >100 >100 >100 ≥74.1 ≥89.6 ≥75.8 ≥88.4
16 6.9 ± 1.6 4.6 ± 0.07 9.2 ± 3.9 8.7 ± 1.2 4.8 ± 4.5 6.7 ± 2.4 12.2 ± 4.0
17 49.9 ± 28.5 ≥47.1 >100 >100 3.3 ± 1.1 35.7 ± 21.0 >100
18 28.0 ± 0.7 71.4 ± 40.4 62.3 ± 12.0 29.9 ± 3.0 68.0 ± 1.4 26.3 ± 13.3 60.2 ± 35.9
21 >100 >100 >100 >100 >100 >100 >100

TUB015 0.06 ± 0.003 1.1 ± 0.3 0.30 ± 0.01 0.40 ± 0.007 0.6 ± 0.1 0.5 ± 0.1 0.1 ± 0.06
Nic b 1.35 ± 0.6 0.4 ± 0.3 0.9 ± 0.3 0.45 ± 0.4 2.1 ± 0.6 0.7 ± 0.7 0.3 ± 0.4
Noc b 0.018 ± 0.01 0.070 ± 0.04 0.20 ± 0.10 0.21 ± 0.16 0.13 ± 0.09 0.095 ± 0.04 0.088 ± 0.04

a IC50: Concentration of compound at which 50% of cell proliferation is inhibited. Mean value of two independent
experiments ±SEM. b Capan-1: pancreatic adenocarcinoma; HCT-116: colorectal carcinoma; NCI-H460: lung
carcinoma; DND-41: acute lymphoblastic leukemia; HL-60: acute myeloid leukemia; K-562: chronic myeloid
leukemia; Z-138: non-Hodgkin lymphoma. b Nic stands for niclosamide; Noc stands for nocodazole.

Compound 6 showed marked antiproliferative activity against the different cancer
cell lines tested, either carcinoma or leukemia cells, with IC50 values in the low μM range.
Moving the methoxy substituent to position three of the aniline (12) resulted in an inactive
compound, while the incorporation of the same substituent at position four (13) led to
moderate antiproliferative activity. A similar trend was observed with the chloro substitu-
tion in the aniline, with the 2-Cl derivative (14) showing antiproliferative activity in the
low μM range while the 3-Cl derivative (15) was inactive. Interestingly, the salicylanilide
bis-substituted with a trifluoromethyl group at positions 3 and 5 (16) also showed clear
antiproliferative activity against all the cell lines tested with IC50 values in the low μM
range, while the 3,5-diF compound (17) was barely active against most cell lines tested,
except for the HL-60 cell line. The monosubstitution with a CF3 at position 3 (18) led
to a significantly less active compound than the 3,5-disubstituted analog 16. Finally, the
replacement of the phenolic OH in compound 6 by an F atom (21) resulted in the annulation
of the antiproliferative activity.

Thus, compounds 6 and 16 were selected for additional assays in order to gain insights
into their mechanism of action as antiproliferative agents.

2.2.2. Inhibition of Tubulin Polymerization

In order to determine whether the observed antiproliferative activity was due to inter-
action with tubulin, compounds 6 and 16, as well as controls TUB015, niclosamide, and
nocodazole were tested in a cell-free tubulin polymerization assay, as shown in Figure 3A.
Polymerization of tubulin is followed by fluorescence enhancement caused by the incorpo-
ration of a fluorescent reporter into the microtubules as polymerization occurs. Without
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treatment (DMSO control, dashed line), tubulin subunits assemble to form microtubules
in a time-dependent manner. Microtubule-destabilizing agents TUB015 and nocodazole
prevent tubulin polymerization in a clear dose-dependent manner, with the highest con-
centration tested (10 μM) completely blocking polymerization (Figure 3A). Compound
6 exhibited a similar dose-dependent effect on tubulin polymerization confirming that
compound 6 directly inhibited tubulin polymerization. The highest dose tested (100 μM)
fully suppressed polymerization, and 30 and 10 μM also inhibited the polymerization
almost completely. At 3 μM, compound 6 slowed down the rate of the polymerization but
could not completely suppress it. The IC50 value of the effect of compound 6 in tubulin
polymerization (3.9 μM) was comparable to those obtained for the positive control com-
pounds TUB015 and nocodazole (Figure 3B). Compound 16 did not show a significant
effect on tubulin polymerization, providing curves similar to the DMSO control or the
negative control drug niclosamide.

Figure 3. Compound 6 inhibits the rate and extent of tubulin polymerization in vitro. (A) Dose
dependent effect on in vitro tubulin polymerization in the presence of vehicle (DMSO, dashed
line) or a range of concentrations of TUB015 (4), nocodazole (5), compound 6, (upper panel), or
niclosamide (7) and compound 16 (lower panel). All conditions were tested in duplicate, and graphs
represent average values of two (n = 2) independent experiments. (B) The measured IC50 values for
tubulin polymerization inhibition induced by compound 6, TUB015 (4), and nocodazole (5).

Moreover, immunofluorescence staining of α-tubulin in HEp-2 cells illustrated that
salicylanilide 6 disrupts tubulin polymerization in a dose-dependent manner, similarly to
TUB015 or nocodazole (see Supplementary Figure S1), further supporting that compound 6

promotes tubulin disassembly. Docking studies performed with compound 6 using the
coordinates of the TUB015-tubulin complex indicated that the compound fits in this binding
site (see Supplementary Figure S2).

2.2.3. Antiproliferative Activity in Human Prostate Cancer Cells DU145

As mentioned in the introduction, niclosamide and other recently reported salicy-
lanilides (exemplified by compound 8) have been shown to inhibit STAT3 signaling. In
order to determine if our salicylanilides 6 and 16 were also interfering with this signaling
pathway, proliferation assays were performed in human DU145 prostate cancer cells where
STAT3 is constitutively activated [27]. As shown in Table 2, both compounds were able
to considerably inhibit DU145 proliferation as determined by WST-1 analysis; this effect
was most pronounced after 48 to 72 h. Compound 16 was significantly more active than
compound 6 in this cell line, although both compounds showed IC50 values higher than
those of the reference drug niclosamide.
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Table 2. Cell proliferation analysis in DU145 cells. Cell proliferation was determined using WST-1 as-
say after 24, 48, and 72 h incubation with serial dilutions of tested compounds 6, 16, and niclosamide.

Compound Incubation Time (h) IC50 (μM) a

6

24 >30
48 11.87 ± 0.69
72 10.81 ± 1.83

16

24 13.67 ± 1.82
48 1.95 ± 0.63
72 1.83 ± 0.49

Niclosamide

24 0.94 ± 0.13
48 0.36 ± 0.12
72 0.25 ± 0.04

a Values shown are the mean ± SD from three independent experiments, each performed in triplicate.

2.2.4. Effects of Compounds 6 and 16 in Regulating STAT3 Signaling Pathway In Vitro

To investigate the effect of compounds 6 and 16 on the regulation of STAT3 signaling,
the phosphorylation of STAT3 at Tyr705 was measured in DU145 cells using niclosamide
as a positive control. The levels of STAT3 and p-STAT3Tyr705 were examined by immuno-
blot after 24 h or 48 h of treatment to better describe the kinetics of phosphorylation
changes induced by the compounds under study. Both compounds were tested at con-
centrations ranging from 1 to 20 μM for a 24 h incubation period and from 0.5 to 10 μM
for a 48 h incubation period, while niclosamide was used at a fixed concentration of
5 μM. Compounds 6 and 16 markedly reduced phosphorylation of STAT3 at Tyr705 in a
concentration-dependent manner both after 24 h (Figure 4A) or after 48 h (Figure 4B), while
the total expression of STAT3 was not affected.

Figure 4. Compounds 6 and 16 reduced phosphorylation of STAT3 in human prostate cancer
cells. DU145 cells were treated with both compounds at indicated concentrations for (A) 24 h and
(B) 48 h. The levels of STAT3 and its phosphorylated form (p-STAT3Tyr705) were detected by im-
munoblot analysis using appropriate antibodies. Samples treated with 5 μM of niclosamide (Nic)
for 24 h and 48 h were used as positive controls. Representative immunoblots of one out of three
experiments are shown. CTRL, drug-free control.

The levels of p-STAT3Tyr705 were quantified and represented as fold-change relative to
control in Figure 5. After treatment with either compound 6 or 16, p-STAT3Tyr705 phospho-
rylation decreased with time of exposure and concentration of the tested compounds. At
both time points (24 h, Figure 5A or 48 h, Figure 5B), the effect on STAT3 phosphorylation
was more significant for compound 16 than for 6. Indeed, the reduction of the levels of
p-STAT3Tyr705 after 48 h of treatment with compound 16 at 10 μM was very relevant, being
quite comparable to the effect observed with niclosamide at 5 μM. Thus, we may conclude
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that both compounds are able to reduce STAT3 phosphorylation, and in this way, they
might affect STAT3 signaling.

Figure 5. Compounds 6 and 16 reduced phosphorylation of STAT3 in human prostate cancer cells.
DU145 cells were treated with both compounds at indicated concentrations for (A) 24 h and (B) 48 h.
The levels of the phosphorylated form (p-STAT3Tyr705) were detected by immunoblot analysis using
an appropriate antibody. Samples treated with 5 μM of niclosamide (Nic) for 24 h and 48 h were used
as positive controls. Summary data of p-STAT3Tyr705 levels, where the values shown are means ± SD
of three independent experiments. The levels of p-STAT3Tyr705 protein are expressed in relative units
following normalization for the intensity of the corresponding β-actin bands. * p < 0.05, ** p < 0.01,
*** p < 0.001, significantly different from drug-free control.

2.2.5. STAT3 Translocation Experiments

Once phosphorylated, STAT3 forms dimers that are translocated to the cell nucleus,
where it binds to specific DNA sequences and induces transcription of the target genes [28].
It has been described that niclosamide inhibits the step of phosphorylation of STAT3
and reduces STAT3 nuclear translocation [14]. Our results showed that compound 16,

similarly to niclosamide, suppressed the EGF-induced nuclear translocation of STAT3
in DU145 cells (Figure 6), while the total amount of cellular STAT3 was not affected by
any of the tested compounds. Interestingly, only slight suppression of STAT3 nuclear
translocation was observed upon treatment by 20 μM of compound 6. Thus, we can assume
that salicylanilide 16, similar to niclosamide, might interfere with STAT3 signaling by
suppressing its translocation into the cell nucleus.
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Figure 6. Compound 16 suppresses the EGF-induced nuclear translocation of STAT3 in human
prostate cancer cells. Serum-starved DU145 cells were treated with compounds 6 and 16 at indicated
concentrations for 2 h. Then the cells were stimulated with EGF (100 ng/mL) for 15 min, and the
levels of STAT3 were detected by immunoblot analysis in nuclear extracts and whole cell lysates using
an appropriate antibody. Samples treated by indicated concentrations of niclosamide (Nic) for 2 h
were used as positive controls. Representative immunoblots of one out of at least three experiments
are shown. CTRL, drug-free control.

2.2.6. Effects of Compounds 6 and 16 in Cell Cycle Progression

Since the tested compounds showed an antiproliferative effect in DU145 cells, we
further investigated how they affected progression through cell cycle phases. As seen
in Figure 7A, compound 6 at 2.5 μM induced accumulation of cells in the G2/M phase
as described for TUB015 and similarly to other colchicine site binders [9]. However,
compound 16 increased the proportion of cells in G1/G0 phases together with a decrease in
the percentage of cells in the S phase (Figure 7B). Similarly, exposure of cells to niclosamide
also led to cell accumulation in the G1/G0 phase of the cell cycle (Figure 7C).

Figure 7. Distribution of DU145 cells in cell cycle phases after 48 h treatment with each compound.
Results are expressed as the mean ± SD from three independent experiments. * p < 0.05, ** p < 0.01,
*** p < 0.001, significantly different from drug-free control (CTRL). (A) shows the results obtained
with 6; (B), results obtained with 16, and (C) results obtained with niclosamide.
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2.2.7. Analysis of Apoptosis Induction in PBMC

Compounds 6, 16, TUB015, nocodazole, and niclosamide were tested in peripheral
blood mononuclear cells (PBMC) in order to evaluate their selectivity toward non-cancerous
cells. Compounds 6 and 16 were tested at five different concentrations ranging up to 100 μM,
while for the rest of the compounds, the highest concentration tested was 10 μM. As shown
in Figure 8 compound 6 did not affect the viability of normal cells, in line with the profile
seen for the other microtubule targeting agents TUB015 and nocodazole. For compound 16,

an increase in the number of dead PBMCs is detected only at the highest concentration
tested (100 μM). Still, this slightly toxic effect is lower than that observed with niclosamide
at 10 or even 3 μM. These results indicate that compounds that mainly target microtubules
showed almost no impact on the percentages of live cells even at high concentrations, while
those acting as STAT3 inhibitors showed a higher proportion of dead and apoptotic cells.

Figure 8. Percentages of live (cyan), apoptotic (orange), and dead (light grey) peripheral blood
mononuclear cells (PBMC) after treatment for 72 h with compounds as 6, 16, TUB015, nocodazole,
and niclosamide at the indicated concentration points. Results are reported as mean ± SD of two
(n = 2) experiments.

3. Materials and Methods

3.1. Chemistry Procedures

Melting points were measured on an M170 apparatus (Mettler Toledo, Columbus, OH,
USA) and are uncorrected. The elemental analysis was performed with a CHN-O-RAPID
instrument (Heraus, Hanau, Germany). The elemental compositions of the compounds
agreed within ±0.4% of the calculated values.

1H and 13C NMR spectra were recorded on a Varian INNOVA-300 (now Agilent,
Santa Clara, CA, USA) operating at 299 MHz (1H) and 75 MHz (13C), respectively, and
a Varian INNOVA-400 operating at 399 MHZ (1H) and 99 MHz (13C), respectively, and
a VARIAN SYSTEM-500 operating at 499 MHz (1H) and 125 MHz (13C), respectively.
Monodimensional 1H and 13C spectra were obtained using standard conditions.

Compounds were also analyzed by HPLC/MS with an e2695 LC (Waters, Milford,
MA, USA), coupled to a Waters 2996 photodiode array detector and a Waters Micromass
ZQ. The column used is a Waters SunFire C18 2.1 mm × 50 mm, 3.5 μm, and the mobile
phases were A: acetonitrile and B: H2O, together with a constant 5% of C (H2O with 2%
formic acid) to assure 0.1% of formic acid along the run.

Analytical TLC was performed on silica gel 60 F254 (Merck, Dramstand, Germany)-
precoated plates (0.2 mm). Spots were detected under UV light (254 nm) and/or charring
with ninhydrin or phosphomolybdic acid.

Separations on silica gel were performed by preparative centrifugal circular thin-layer
chromatography (CCTLC) on a ChromatotronR (Kiesegel 60 PF254 gipshaltig Merck), with
a layer thickness of 1 and 2 mm and a flow rate of 4 or 8 mL/min, respectively.

The following is the general procedure for the reaction of 2-hydroxybenzoic acids with
anilines (General procedure A): the appropriate aniline (1.0–2.0 mmol) in toluene (5–10 mL),
PCl3 (0.5–1.0 mmol) was added to a microwaveable vial containing the corresponding
2-hydroxybenzoic acid (1.0 mmol). The reaction vessel was sealed and heated in a mi-
crowave reactor at 150 ◦C for 10 min. The reaction mixture was diluted with DCM (20 mL)
and washed with a saturated solution of NH4Cl (10 mL). The organic layer was dried over
Na2SO4, filtered, and evaporated to dryness. The residue was purified by CCTLC in the
Chromatotron as specified.
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2-Hydroxy-4-((methoxycarbonyl)amino)benzoic acid (11)
4-Aminosalicylic acid (10) (1 g, 6.53 mmol) was dissolved in ethyl acetate (45 mL).

After heating to reflux for 15 min, methyl chloroformate (253 μL, 3.26 mmol) was slowly
added. The final mixture was heated to reflux for 1.5 h and cooled. The mixture was filtered,
and the filtrate was concentrated to yield 654 mg (95%) of compound 11 as an amorphous
white solid. MS (ES, positive mode): m/z 212 (M + H)+. 1H NMR (400 MHz, DMSO-d6) δ:
3.69 (s, 3H, OCH3), 6.97 (dd, J = 8.7, 2.2 Hz, 1H, Ar), 7.15 (d, J = 2.1 Hz, 1H, Ar), 7.68 (d,
J = 8.7 Hz, 1H, Ar), 10.00 (br s, 1H, NH), 11.34 (br s, 1H, OH), 13.61 (br s, 1H, COOH).

Methyl (3-hydroxy-4-((2-methoxyphenyl)carbamoyl)phenyl)carbamate (6)
Following the general procedure A, the acid 11 (100 mg, 0.47 mmol) and o-anisidine

(64 μL, 0.57 mmol) reacted in the presence of PCl3 (41 μL, 0.47 mmol) in anhydrous
toluene (4.7 mL). After workup, the residue was purified by CCTLC in the Chromatotron
(hexane/ethyl acetate/ammonia solution 30%, 2:1:0.03) to yield 41 mg (27%) of compound 6

as a white solid. Mp 199–201 ◦C. MS (ES, positive mode): m/z 317 (M + H)+. 1H NMR
(400 MHz, DMSO-d6) δ: 3.69 (s, 3H, OCH3), 3.87 (s, 3H, OCH3), 6.95 (m, 1H, Ar), 6.99 (dd,
J = 8.7, 2.0 Hz, 1H, Ar), 7.06–7.08 (m, 2H, Ar), 7.34 (d, J = 2.0 Hz, 1H, Ar), 7.91 (d, J = 8.7 Hz,
1H, Ar), 8.35 (d, J = 7.7 Hz, 1H, Ar), 9.92 (br s, 1H, NH), 10.64 (br s, 1H, NH), 11.71 (br s,
1H, OH). 13C NMR (101 MHz, DMSO-d6) δ: 52.3, 56.5 (OCH3), 105.6, 110.1, 111.4, 113.4,
120.8, 121.0, 124.1, 128.5, 131.8, 144.1, 149.1 (Ar), 154.2 (CO), 157.6 (Ar), 163.8 (CO). Analysis
calculation for (C16H16N2O5): C, 60.76; H, 5.10; N, 8.86. Found: C, 60.60; H, 5.01; N, 8.72.

Methyl (3-hydroxy-4-((3-methoxyphenyl)carbamoyl)phenyl)carbamate (12)
Following the general procedure A, the acid 11 (200 mg, 0.95 mmol) and m-anisidine

(220 μL, 1.89 mmol) reacted in the presence of PCl3 (41 μL, 0.47 mmol) in anhydrous toluene
(4.5 mL). After workup, the residue was purified by CCTLC in the Chromatotron (hex-
ane/ethyl acetate/ammonia solution 30%, 1:2:0.03) to yield 132 mg (43%) of compound 12

as a white solid. Mp 196–198 ◦C. MS (ES, positive mode): m/z 317 (M + H)+. 1H NMR
(400 MHz, DMSO-d6) δ: 3.69 (s, 3H, OCH3), 3.76 (s, 3H, OCH3), 6.71 (dt, J = 7.6, 2.2 Hz,
1H, Ar), 7.01 (dd, J = 8.9, 2.1 Hz, 1H, Ar), 7.19–7.29 (m, 3H, Ar), 7.37 (br s, 1H, Ar), 7.91 (d,
J = 8.8 Hz, 1H, Ar), 9.94 (br s, 1H, NH), 10.20 (br s, 1H, NH), 12.08 (br s, 1H, OH). 13C NMR
(101 MHz, DMSO-d6) δ: 52.3, 55.5 (OCH3), 105.8, 107.1, 109.4, 110.0, 111.4, 113.6, 129.9,
130.2, 139.8, 144.7 (Ar), 154.2 (CO), 159.9, 160.3 (Ar), 167.0 (CO). Analysis calculation for
(C16H16N2O5·0.5H2O): C, 59.07; H, 5.27; N, 8.61. Found: C, 59.20; H, 5.57; N, 8.40.

Methyl (3-hydroxy-4-((4-methoxyphenyl)carbamoyl)phenyl)carbamate (13)
Following the general procedure A, the acid 11 (100 mg, 0.47 mmol) and p-anisidine

(116 mg, 0.95 mmol) reacted in the presence of PCl3 (41 μL, 0.47 mmol) in anhydrous toluene
(4 mL). After workup, the residue was purified by CCTLC in the Chromatotron (hex-
ane/ethyl acetate/ammonia solution 30%, 1:1:0.02) to yield 52 mg (35%) of compound 13

as a pale yellow solid. Mp 203–205 ◦C. MS (ES, positive mode): m/z 317 (M + H)+. 1H
NMR (400 MHz, DMSO-d6) δ: 3.69 (s, 3H, OCH3), 3.75 (s, 3H, OCH3), 6.94 (d, J = 9.0 Hz,
2H, Ar), 7.00 (dd, J = 8.8, 2.1 Hz, 1H, Ar), 7.18 (d, J = 2.1 Hz, 1H, Ar), 7.56 (d, J = 9.0 Hz, 2H,
Ar), 7.92 (d, J = 8.8 Hz, 1H, Ar), 9.92 (br s, 1H, NH), 10.12 (br s, 1H, NH), 12.31 (br s, 1H,
OH). 13C NMR (101 MHz, DMSO-d6) δ: 52.3, 55.7 (OCH3), 105.8, 109.3, 110.8, 114.3 123.4,
129.7, 131.4, 144.6 (Ar), 154.2 (CO), 156.4, 160.9 (Ar), 167.2 (CO). Analysis calculation for
(C16H16N2O5): C, 60.76; H, 5.10; N, 8.86. Found: C, 60.69; H, 5.02; N, 8.77.

Methyl (4-((2-chlorophenyl)carbamoyl)-3-hydroxyphenyl)carbamate (14)
To a mixture of compound 11 (80 mg, 0.38 mmol), 2-chloroaniline hydrochloride

(124 mg, 0.76 mmol) and triethylamine (106 μL, 0.76 mmol) in anhydrous DMF (1.5 mL) in
a microwaveable vial, DCC (156 mg, 0.76 mmol) was added. The reaction vessel was sealed
and heated in a microwave reactor at 100 ◦C for 20 min. The solvent was removed, and
the residue was dissolved in ethyl acetate (20 mL) and washed with a saturated solution
of NH4Cl (10 mL). The organic layer was dried over Na2SO4, filtered, and evaporated to
dryness. The residue was purified by CCTLC in the Chromatotron (hexane/ethyl acetate,
3:1) to yield 42 mg (35%) of compound 14 as a white solid. Mp 197–199 ◦C. MS (ES, positive
mode): m/z 321 (M + H)+. 1H NMR (400 MHz, DMSO-d6) δ: 3.69 (s, 3H, OCH3), 7.01 (dd,
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J = 8.7, 2.1 Hz, 1H, Ar), 7.15 (td, J = 7.7, 1.6 Hz, 1H, Ar), 7.34–7.40 (m, 2H, Ar), 7.54 (dd,
J = 8.0, 1.5 Hz, 1H, Ar), 7.93 (d, J = 8.7 Hz, 1H, Ar), 8.38 (dd, J = 8.3, 1.6 Hz, 1H, Ar), 9.97
(br s, 1H, NH), 10.76 (br s, 1H, NH), 11.97 (br s, 1H, OH). 13C NMR (101 MHz, DMSO-d6)
δ: 52.3 (OCH3), 105.6, 110.2, 112.6, 123.3, 123.9, 125.4, 128.3, 129.8, 131.8, 135.9, 144.6 (Ar),
154.2 (CO), 158.0 (Ar), 164.4 (CO). Analysis calculation for (C15H13ClN2O4·H2O): C, 53.19;
H, 4.46; N, 8.27. Found: C, 53.23; H, 4.37; N, 8.24.

Methyl (4-((3-chlorophenyl)carbamoyl)-3-hydroxyphenyl)carbamate (15)
Following the general procedure A, the acid 11 (70 mg, 0.33 mmol) and 3-chloroaniline

(70 μL, 0.66 mmol) reacted in the presence of PCl3 (14 μL, 0.17 mmol) in anhydrous
toluene (1.7 mL). After workup, the residue was purified by CCTLC in the Chromatotron
(DCM/ethyl acetate, 20:1) to yield 36 mg (34%) of 15 as a white solid. Mp 213–215 ◦C. MS
(ES, positive mode): m/z 321 (M + H)+ with a Cl isotopic pattern. 1H NMR (400 MHz,
DMSO-d6) δ: 3.69 (s, 3H, OCH3), 7.01 (dd, J = 8.8, 2.1 Hz, 1H, Ar), 7.18 (dd, J = 8.0, 2.1 Hz,
1H, Ar), 7.24 (d, J = 2.1 Hz, 1H, Ar), 7.38 (t, J = 8.1 Hz, 1H, Ar), 7.59 (dd, J = 8.1, 2.0 Hz, 1H,
Ar), 7.86–7.93 (m, 2H, Ar), 9.97 (br s, 1H, NH), 10.34 (br s, 1H, NH), 11.91 (br s, 1H, OH).
13C NMR (101 MHz, DMSO-d6) δ: 52.4 (OCH3), 105.7, 109.5, 111.4, 119.6, 120.7, 124.1, 130.3,
130.8, 133.5, 140.2, 144.8 (Ar), 154.2 (CO), 160.1 (Ar), 167.0 (CO). Analysis calculation for
(C15H13ClN2O4): C, 56.17; H, 4.09; N, 8.73. Found: C, 56.05; H, 3.95; N, 8.67.

Methyl (4-((3,5-bis(trifluoromethyl)phenyl)carbamoyl)-3-hydroxyphenyl) carbamate (16)
Following the general procedure A, 11 (80 mg, 0.38 mmol) and 3,5-bis (trifluoromethyl)

aniline (61 μL, 0.38 mmol) reacted in the presence of PCl3 (31 μL, 0.38 mmol) in anhydrous
toluene (3.8 mL). After workup, the residue was purified by CCTLC in the Chroma-
totron (hexane/ethyl acetate/ammonia solution 30%, 2:1:0.02) to yield 47 mg (29%) of
compound 16 as a white solid. Mp 228–230 ◦C. MS (ES, positive mode): m/z 423 (M + H)+.
1H NMR (400 MHz, DMSO-d6) δ: 3.70 (s, 3H, OCH3), 7.03 (dd, J = 8.7, 2.1 Hz, 1H, Ar), 7.28
(d, J = 2.2 Hz, 1H, Ar), 7.81 (s, 1H, Ar), 7.87 (d, J = 8.7 Hz, 1H, Ar), 8.44 (s, 2H, Ar), 9.99 (br s,
1H, NH), 10.70 (br s, 1H, NH), 11.66 (br s, 1H, OH). 13C NMR (101 MHz, DMSO-d6) δ: 52.4
(OCH3), 105.7, 109.6, 111.5 (Ar), 117.0 (m, C4′), 187.4 (q, CF3), 120.9 (d, J = 4.6 Hz, C2′/C6′),
130.5 (Ar), 131.3 (q, J = 33.1 Hz, C3′/C5′), 140.9, 145.1 (Ar), 154.2 (CO), 160.0 (Ar), 167.3
(CO). Analysis calculation for (C17H12F6N2O4): C, 48.35; H, 2.86; N, 6.63. Found: C, 47.98;
H, 3.14; N, 6.47.

Methyl (4-((3,5-difluorophenyl)carbamoyl)-3-hydroxyphenyl)carbamate (17)
Following the described procedure A, 11 (80 mg, 0.38 mmol) and 3,5-difluoroaniline

(50 mg, 0.38 mmol) reacted in the presence of PCl3 (31 μL, 0.38 mmol) in anhydrous
toluene (3.8 mL). After workup, the residue was purified by CCTLC in the Chroma-
totron (hexane/ethyl acetate/ammonia solution 30%, 2:1:0.02) to yield 42 mg (35%) of
compound 17 as a white solid. Mp 231–233 ◦C. MS (ES, positive mode): m/z 323 (M + H)+.
1H NMR (400 MHz, DMSO-d6) δ: 3.69 (s, 3H, OCH3), 6.96 (tt, 6.96 (tt, JH,F = 9.3 Hz,
JH,H = 2.5 Hz, 1H1H, Ar), 7.01 (dd, J = 8.7, 2.1 Hz, 1H, Ar), 7.26 (d, J = 2.1 Hz, 1H, Ar),
7.49 (dd, JH,F = 9.3 Hz, JH,H = 2.4 Hz 2H, Ar), 7.84 (d, J = 8.7 Hz, 1H, Ar), 9.96 (br s, 1H,
NH), 10.45 (br s, 1H, NH), 11.73 (br s, 1H, OH). 13C NMR (101 MHz, DMSO-d6) δ: 52.3
(OCH3), 99.3 (t, J = 26.2 Hz, C4′), 103.8 (m, C2′/C6′), 105.7, 109.6, 111.8, 130.6 (Ar), 141.4 (t,
J = 13.8 Hz, C1′), 144.9 (Ar), 154.2 (CO), 159.7 (Ar), 162.8 (dd, J = 242.8, 15.2 Hz, C3′/C-5′),
166.8 (CO). Analysis calculation for (C15H12N2O4): C, 55.91; H, 3.75; N, 8.69. Found: C,
55.79; H, 3.60; N, 8.58.

Methyl (3-hydroxy-4-((3-(trifluoromethyl)phenyl)carbamoyl)phenyl)carbamate (18)
Following a synthetic procedure similar to the one described for 14, the acid 11 (60 mg,

0.28 mmol) and 3-(trifluoromethyl)aniline (71 μL, 0.57 mmol) reacted in the presence of DCC
(117 mg, 0.57 mmol) in anhydrous DMF (1.1 mL). After workup, the residue was purified
by CCTLC in the Chromatotron (DCM/ethyl acetate, 20:1). The fractions containing the
compound were evaporated and the residue obtained was purified by CCTLC in the
Chromatotron (hexane/ethyl acetate 1:1) to yield 31 mg (31%) of compound 18 as a white
solid. Mp (decomp at 212 ◦C). MS (ES, positive mode): m/z 355 (M + H)+. 1H NMR
(400 MHz, DMSO-d6) δ: 3.69 (s, 3H, OCH3), 7.02 (dd, J = 8.8, 2.1 Hz, 1H, Ar), 7.25 (d,
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J = 2.1 Hz, 1H, Ar), 7.47 (d, J = 7.8 Hz, 1H, Ar), 7.60 (t, J = 8.0 Hz, 1H, Ar), 7.87–7.96 (m, 2H,
Ar), 8.19 (t, J = 2.0 Hz, 1H, Ar), 9.99 (br s, 1H, NH), 10.47 (br s, 1H, NH), 11.89 (br s, 1H,
OH). 13C NMR (101 MHz, DMSO-d6) δ: 52.4 (OCH3), 105.8, 109.6, 111.5, 117.4 (q, J = 4.1 Hz,
Ar), 120.8 (d, J = 4.0 Hz, Ar), 124.7 (q, J = 272.4 Hz, CF3), 124.9 (Ar), 129.8 (q, J = 31.8 Hz,
Ar), 130.5, 139.7, 145.0 (Ar), 154.3 (CO), 160.3 (Ar), 167.3 (CO). Analysis calculation for
(C16H13F3N2O4): C, 54.24; H, 3.70; N, 7.91. Found: C, 54.23; H, 3.62; N, 7.99.

2-Fluoro-4-((methoxycarbonyl)amino)benzoic acid (20)
As described for the synthesis of compound 11, a mixture of 4-amino-2-fluorobenzoic

acid (19) (500 mg, 3.2 mmol) and methyl chloroformate (126 μL, 1.6 mmol) in ethyl acetate
(23 mL) was refluxed for 3 h. The reaction was filtered, and the filtrate was concentrated to
yield 422 mg (62%) of compound 20 as an amorphous white solid. MS (ES, negative mode):
m/z 212 (M−H)−. 1H NMR (400 MHz, DMSO-d6) δ: 3.71 (s, 3H, OCH3), 7.29 (dd, J = 8.7,
2.1 Hz, 1H, Ar), 7.45 (dd, J = 13.7, 2.1 Hz, 1H, Ar), 7.82 (t, J = 8.6 Hz, 1H, Ar), 10.23 (br s, 1H,
NH), 12.90 (br s, 1H, OH).

Methyl (3-fluoro-4-((2-methoxyphenyl)carbamoyl)phenyl)carbamate (21)
Adapting the general procedure A, to a mixture of compound 20 (100 mg, 0.47 mmol)

and o-anisidine (66 μL, 0.56 mmol) in anhydrous toluene (2.5 mL) in a pressure flask, PCl3
was added (83 μL, 0.94 mmol). The reaction was stirred and heated to 110 ◦C for 3 h. The
reaction mixture was dissolved in DCM (20 mL) and washed with HCl 1M (10 mL) and
NaCl (10 mL). The organic layer was dried over Na2SO4, filtered and evaporated to dryness.
The residue was purified by column chromatography on silica gel (DCM/MeOH, 20:1) to
yield 99 mg (66% yield) of compound 21 as a white solid. Mp 216–218 ◦C. MS (ES, positive
mode): m/z 319 (M + H)+. 1H NMR (400 MHz, DMSO-d6) δ: 3.71 (s, 3H, OCH3), 3.87 (s,
3H, OCH3), 6.96 (ddd, J = 7.9, 6.6, 2.2 Hz, 1H, Ar), 7.06–7.16 (m, 2H, Ar), 7.34 (dd, J = 8.7,
2.1 Hz, 1H, Ar), 7.53 (dd, J = 14.7, 2.0 Hz, 1H, Ar), 7.86 (t, J = 8.8 Hz, 1H, Ar), 8.20 (d, J = 8.0
Hz, 1H, Ar), 9.24 (d, J = 11.3 Hz, NH), 10.23 (br s, 1H, NH). 13C NMR (101 MHz, DMSO-d6)
δ: 52.6, 56.5 (OCH3), 105.2 (d, J = 29.9 Hz), 111.6, 114.5 (d, J = 2.5 Hz), 115.8 (d, J = 12.5 Hz),
121.0, 121.2, 125.0, 127.7, 132.3 (d, J = 3.7 Hz), 144.6 (d, J = 12.3 Hz), 149.4 (Ar), 154.2 (CO),
160.6 (d, J = 244.8 Hz, Ar), 161.5 (CO). Analysis calculation for (C16H15FN2O4): C, 60.37; H,
4.75; N, 8.80. Found: C, 60.21; H, 4.82; N, 8.64.

3.2. Biological Assays
3.2.1. Cell Culture and Reference Compounds

Cancer cell lines Capan-1, HCT-116, NCI-H460, HL-60, K-562, and Z-138 were acquired
from the American Type Culture Collection (ATCC, Manassas, VA, USA). The DND-41 cell
line was purchased from the Deutsche Sammlung von Mikroorganismen und Zellkulturen
(DSMZ Leibniz-Institut, Brunswick, Germany). All cell lines were cultured as recom-
mended by the suppliers. Culture media were purchased from Gibco Life Technologies
and supplemented with 10% fetal bovine serum (HyClone, GE Healthcare Life Sciences,
Chicago, IL, USA).

A human prostate cancer cell line DU145 was obtained from ATCC and cultivated in
RPMI 1640 supplemented with the antibiotic solution (100 U/mL of penicillin, 100 μg/mL
of streptomycin (HyClone, GE Healthcare Life Sciences, Chicago, IL, USA), and 10% fetal
bovine serum. Cells were maintained in a humidified incubator with 5% CO2 at 37 ◦C and
were regularly tested for the presence of mycoplasma contamination.

TUB015 was obtained as previously described [9]. Niclosamide was purchased from
Acros (Acros Organics, Geel, Belgium) and Abcam (Cambridge, UK), and nocodazole from
TCI (TCI Chemicals, Zwijndrecht, Belgium).

Tested compounds were dissolved in dimethyl sulfoxide (DMSO) from Sigma Aldrich
(St. Louis, MO, USA). The final concentration of DMSO in the assays never exceeded
0.1% (v/v).
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3.2.2. Cell Proliferation Assays

Adherent cell lines HCT-116, NCI-H460, and Capan-1 cells were seeded at a density
between 500 and 1500 cells per well in 384-well tissue culture plates (Greiner). After
overnight incubation, cells were treated with different concentrations of the test compounds.
Suspension cell lines HL-60, K-562, Z-138, and DND-41 were seeded at densities ranging
from 2500 to 5500 cells per well in 384-well culture plates containing the test compounds at
the same concentration points. The plates were incubated and monitored at 37 ◦C for 72 h
in an IncuCyte (Essen BioScience Inc., Sartorius; Göttingen, Germany for real-time imaging
of cell proliferation. Brightfield images were taken every 3 h, with one field imaged per well
under 10× magnification. Cell growth was then quantified based on the percent cellular
confluence, as analyzed by the IncuCyte image analysis software and used to calculate IC50
values. Compounds were tested in at least two independent experiments and represented
as mean ± SEM.

3.2.3. WST-1 Analysis of Cell Proliferation

DU145 cells were seeded at 7 × 103 cells/100 μL per well in 96-well plates and al-
lowed to attach to the wells for 24 h. Cells were then treated with various concentrations
of compound 6 or 16 to reach the final concentration range of 0.1–30 μM, and with vari-
ous concentrations of niclosamide to reach the final concentration range of 0.01–10 μM.
Cells were then incubated for 24 h, 48 h, or 72 h. Cell proliferation of DU145 cells was
determined using Cell Proliferation Reagent WST-1 (2-(4-iodophenyl)-3-(4-nitrophenyl)-5-
(2,4-disulfophenyl)-2H-tetrazolium) (Roche Diagnostics, Mannheim, Germany), as it was
previously described [29,30]. WST-1 analysis was performed in three independent experi-
ments, with each condition tested in triplicate. The IC50 values were determined using the
nonlinear regression four-parameter logistic model using GraphPad Prism 5.03 software
(GraphPad Software, San Diego, CA, USA).

3.2.4. In Vitro Tubulin Polymerization Assay

In vitro tubulin polymerization was carried out using the fluorescence-based tubu-
lin polymerization assay (BK011P, Cytoskeleton, Denver, CO, USA) as described by the
manufacturer. Briefly, half area 96-well plates were warmed to 37 ◦C 10 min prior to
assay start. Test compounds and reference drugs were prepared at 10× stock solutions
and added in 5 μL in duplicate wells. Ice-cold tubulin polymerization buffer (2 mg mL−1

tubulin in 80 nM Pipes, 2 mM MgCl2, 0.5 mM EGTA, pH 6.9, and 10 μM fluorescent
reporter + 15% glycerol + 1 mM GTP) was added into each well, followed by reading with
a Tecan Spark fluorimeter in kinetic mode, 61 cycles of 1 reading per minute at 37 ◦C,
4 reads per well (Ex. 350 nm and Em. 435 nm).

3.2.5. Tubulin Immunofluorescence Staining

HEp-2 cells (human cervix carcinoma) were seeded at 15,000 c/well in 8-well chamber
slides (Ibidi). After overnight incubation, cells were treated with test compounds or ref-
erence drugs for 3 h and then fixed with 4% PFA, washed, and permeabilized. Standard
immunofluorescence procedures were performed using primary mouse anti-alpha tubulin
antibody (sc-5286, Santa Cruz Biotechnology) and secondary goat anti-mouse IgG conju-
gated to Alexa Fluor® 488 (A11001, Invitrogen). Nuclei were counterstained with DAPI.
Images were taken with a Leica TCS SP5 confocal microscope using an HCX PL APO 63x
(NA 1.2)/water immersion objective.

3.2.6. Western Blotting

Cell lysates were prepared using radioimmunoprecipitation assay (RIPA) buffer sup-
plemented with phenylmethanesulfonylfluoride (PMSF, 1 mM), both from Cell Signal-
ing Technology (Danvers, MA, USA) and protease and phosphatase inhibitor cocktails
(Roche Diagnostics, Mannheim, Germany). SDS-PAGE and western blotting were per-
formed according to the previously described protocols [20]. Membranes were stained with
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anti-β-actin antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) to assess equal
sample loading. Antibodies against STAT3 (79D7, 4904) and p-STAT3 [Tyr 705] (D3A7,
9145) were purchased from Cell Signaling Technology. The intensity of bands was semi-
quantitatively analyzed using the ImageJ software (National Institute of Mental Health,
Bethesda, MD, USA).

3.2.7. Analysis of STAT3 Nuclear Translocation

DU145 cells were serum-starved overnight and treated with the indicated concentra-
tions of compounds 6, 16, and niclosamide for 2 h. After that, the cells were stimulated
with 100 ng/mL EGF (Abcam, Cambridge, UK) for 15 min. Nuclear extracts were prepared
using Nuclear Extraction Kit (Abcam, Cambridge, UK) according to the manufacturer’s
instructions. Whole cell lysates were prepared by use of RIPA buffer supplemented with
PMSF (1 mM) and protease and phosphatase inhibitor cocktails. DU145 cells were detached
with trypsin/EDTA and counted with a hemocytometer. For nuclear extract preparation,
cells were centrifuged for 5 min at 1000 rpm, and the supernatant was discarded. The cell
pellet was resuspended in 100 μL of 1X Pre-Extraction Buffer per 106 cells and incubated on
ice for 10 min. Then, samples were centrifuged for 1 min at 12,000 rpm, and the cytoplasmic
extract was removed from the nuclear pellet. Extraction Buffer containing DTT and PIC was
added to the nuclear pellet (10 μL per 106 cells). After 15 min of incubation on ice, samples
were centrifuged for 10 min at 14,000 rpm at 4 ◦C. Then, supernatants were collected,
and the protein concentration of the nuclear extracts was measured using Roti®-Quant
universal (Carl Roth, Karlsruhe, Germany) according to the manufacturer’s instructions.
Western blotting was performed according to the previously described protocol [20].

3.2.8. Cell Cycle Analysis

Sub-confluent DU145 cells were treated and subsequently incubated with indicated
concentrations of compounds 6, 16, and niclosamide for 48 h. Cell cycle analysis was
performed as it was previously described [29]. The cell cycle distribution was analyzed
using a flow cytometer BriCyte-E6 (Mindray, Shenzhen, China). The quantification of cell
cycle distribution was carried out using the software ModFit LT™ (Verity Software House,
Topsham, ME, USA). A total number of 2 × 104 cells were analyzed per sample.

3.2.9. Statistical Analysis

Experimental data are expressed as the mean ± standard deviation (SD). Statistical sig-
nificance between values was evaluated by one-way analysis of variance (ANOVA) paired
with Dunnett’s post hoc test using GraphPad Prism 5.00 software (GraphPad Software,
San Diego, CA, USA) at levels of * p < 0.05, ** p < 0.01 and *** p < 0.001.

3.2.10. Apoptosis Induction Assay

Buffy coat preparations from healthy donors were obtained from the Blood Transfusion
Center in Leuven, Belgium. Peripheral blood mononuclear cells (PBMC) were isolated
by density gradient centrifugation over Lymphoprep (d = 1.077 g/mL) (Nycomed, Oslo,
Norway) and cultured in cell culture medium (DMEM/F12, Gibco Life Technologies,
Europe, Merelbeke, Belgium) containing 8% FBS. PBMC were seeded at 28,000 cells per
well in 384-well, black-walled, clear-bottomed tissue culture plates containing the test and
reference compounds at five different concentrations. Propidium iodide was added at
a final concentration of 1 μg/mL, and IncuCyte® Annexin V Green Reagent was added
as recommended by the supplier. The plates were incubated and monitored at 37 ◦C
for 72 h in the IncuCyte®. Images were taken every 3 h in the brightfield and the green
and red fluorescence channels, with one field imaged per well under 10× magnification.
Quantification of the fluorescent signal after 72 h in both channels using the IncuCyte®

image analysis software allowed for the calculation of the percentage of live, dead, and
apoptotic cells. All compounds were tested in two independent experiments, implying
PBMC originated from two different donors.
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4. Conclusions

Molecular hybridization is considered an interesting approach in drug design to
identify new compounds that may present dual modes of action while reducing non-
desired side effects. Here we have undertaken a double strategy based on the binding
mode of our cyclohexanediones, exemplified by TUB015, at the colchicine site in tubulin
and its almost perfect overlap with the binding mode of nocodazole, in the search for novel
chemical series that inhibit tubulin polymerization and affect STAT3 signaling. First, we
have identified a central core of salicylanilide that could replace the cyclohexanedione
of TUB015, employing a scaffold hopping strategy, while the functionalization of both
ends of this scaffold has been performed following a hybridization approach incorporating
a methoxycarbonylamino, present in nocodazole and a 2-methoxyphenylamino, similar
to TUB015, resulting in compound 6. Since salicylanilides, including niclosamide, have
been reported to inhibit STAT3, different anilines were also assayed to replace the 2-
methoxyaniline, being particularly relevant for compound 16, functionalized with a 3,5-
diCF3-anilide. Compounds 6 and 16, which showed antiproliferative activity against a
panel of cancer cell lines with IC50 values in the low μM range, were tested as tubulin
polymerization inhibitors (similarly to TUB015) and as STAT3 inhibitors, using niclosamide
as a reference compound. Interestingly, compound 6, with a 2-methoxyaniline as the
amidine, inhibited tubulin polymerization with IC50 values close to those of nocodazole or
TUB015 and arrested the cell cycle of DU145 cells at G2/M but also showed a moderate
effect on inhibiting STAT3 phosphorylation. On the other hand, compound 16, with a
3,5-diCF3-anilide, significantly affected STAT3 phosphorylation, inhibited STAT3 nuclear
translocation, and arrested the cell cycle at G0/G1 phases, similar to niclosamide, while no
effect on tubulin polymerization was observed. Thus, the substitution pattern on the aniline
on the same scaffold determines the mechanism of action underlying the antiproliferative
activity of this new family of salicylanilides. Interestingly, both compounds did not show
significant toxicity to PBMC cells up to 100 μM, while for niclosamide there are dead
and apoptotic cells already at concentrations of 1 to 3 μM. The lack of toxicity in PBMC
and the involvement of two different and complementary targets in their antiproliferative
activity makes these salicylanilides a promising family of anticancer compounds that will
be further explored. Moreover, our results also support the general strategy that molecular
hybridization may lead to new molecules being able to achieve high efficacy through a
multi-target mechanism of action whilst also reducing toxicity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph15070835/s1, Figures S1 and S2: immunofluorescence staining
assay of the salicylanilide 6 against α-tubulin in HEp-2 cells and docking of compound 6 in the
complex tubulin-TUB015. 1H and 13C NMR spectra of the tested compounds.
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Abstract: Telomeres serve a critical function in cell replication and proliferation at every stage of the
cell cycle. Telomerase is a ribonucleoprotein, responsible for maintaining the telomere length and
chromosomal integrity of frequently dividing cells. Although it is silenced in most human somatic
cells, telomere restoration occurs in cancer cells because of telomerase activation or alternative
telomere lengthening. The telomerase enzyme is a universal anticancer target that is expressed in
85–95% of cancers. BIBR1532 is a selective non-nucleoside potent telomerase inhibitor that acts
by direct noncompetitive inhibition. Relying on its structural features, three different series were
designed, and 30 novel compounds were synthesized and biologically evaluated as telomerase
inhibitors using a telomeric repeat amplification protocol (TRAP) assay. Target compounds 29a, 36b,
and 39b reported the greatest inhibitory effect on telomerase enzyme with IC50 values of 1.7, 0.3, and
2.0 μM, respectively, while BIBR1532 displayed IC50 = 0.2 μM. Compounds 29a, 36b, and 39b were
subsequently tested using a living-cell TRAP assay and were able to penetrate the cell membrane
and inhibit telomerase inside living cancer cells. Compound 36b was tested for cytotoxicity against
60 cancer cell lines using the NCI (USA) procedure, and the % growth was minimally impacted,
indicating telomerase enzyme selectivity. To investigate the interaction of compound 36b with the
telomerase allosteric binding site, molecular docking and molecular dynamics simulations were used.

Keywords: 2-Amino-3-cyanothiophene; BIBR1532; telomerase enzyme; TRAP assay; molecular
dynamics simulation; inhibitors; lung cancer

1. Introduction

Telomeres are unique structures composed of noncoding hexanucleotide tandem
repeats 5′-(TTAGGG)n-3′ with 4–12 kb as a double-strand, followed by 50–400 nucleotides
as a single strand overhang located at the ends of eukaryotic chromosomes [1–3]. Telomeres
play a crucial role in the replication and proliferation of most somatic cells, as in each
cell division, the telomere length gradually shortens [4]. After reaching approximately
50 cycles of cell division (Hayflick limit) [4,5], the telomere becomes too short for adopting
the T-loop configuration, eliciting the DNA damage signaling pathway [1,4,6,7]. In case the
linear telomere has sufficient length (7–4 kb) for binding with shelterin proteins, it will be
protected from fusions by activation of p53. p53 activation resulting in cell cycle arrest at
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the G1 phase is known as replicative senescence or mortality stage 1 (M1). Some cells can
escape from senescence by p53 suppression, resulting in further replication producing a
shorter telomere. A too-short linear telomere with a critical length (2–3 kb) cannot bind
with shelterin proteins, resulting in replicative crisis or mortality stage 2 (M2) [1]. By these
mechanisms, telomeres function as a mitotic clock granting the cells a finite capacity for
replication, and as a genetic time bomb limiting tumor growth [8–11].

Telomerase is a ribonucleoprotein complex composed of two essential components:
the catalytic core subunit hTERT (human telomerase reverse transcriptase) and the template
RNA hTERC (human telomerase RNA component) [12]. Telomerase is responsible for
maintaining telomere length and chromosomal integrity of the frequently dividing cells [13].
Despite being silent in most human somatic cells, cancer cells undergo telomere restoration
via telomerase activation or alternative telomere lengthening (ALT) [4,14,15]. Interestingly,
85–90% of human cancers are concomitant with the reactivation of the telomerase enzyme
to maintain the chromosomal ends during cellular proliferation, resulting in unlimited
proliferation and immortalization of tumor cells [13,16].

Telomerase activity has been identified in various types of human cancers such as
breast, kidney, colon, cervix, lung, liver, pancreas, thyroid, prostate, and urinary bladder
cancers [4].

Most of the chemotherapeutic drugs used are not selective to cancer cells, consequently
affecting normal and healthy cells [4]. Telomerase has emerged as a potent and selective
molecular target for cancer treatment that is only activated in cancerous cells [4]. Unlike
growth factor receptors, the gene nonredundancy of telomerase makes tumors less likely to
develop resistance to telomerase-based therapies [9,17]. A potential drawback is the delay
needed for telomere consumption [18]. Therefore, telomerase inhibitors cannot be used as
the first line of cancer treatment [19]. Instead, they can prevent the reactivation of cancer
cells that have survived after standard treatment [19].

Lung cancer is the world’s second most common cancer and the leading cause of
cancer mortality [20–22]. NSCLC (non-small cell lung cancer) accounts for about 84% of
lung cancer cases, with telomerase activity seen in 80% [21,23]. The telomerase enzyme
has been reactivated in NSCLC due to hTERT promoter (hTERTp) mutations, hTERTp
methylation, or hTERT gene amplification [24,25]. Chemotherapies for advanced NSCLC
are usually associated with tumor recurrences requiring additional treatments in the second-
and third-line settings [26]. This recurrence is due to cancer heterogeneity and acquired
resistance [24,27]. Therefore, there is an outstanding need to develop novel approaches that
work across resistant types to provide patients with enduring remission [19]. Accordingly,
telomerase inhibitors can be used as adjuvant therapy to block the regrowth of residual
cancer cells [19].

The development or synthesis of compounds that may effectively interfere with
numerous essential factors in carcinogenesis is one of the potential approaches to overcome
the above mentioned disadvantages, and a number of dual-hybrid carbonic anhydrase-
hTERT inhibitors have been discovered [28,29].

Telomerase targeting strategies range from immunotherapies such as the hTERT vac-
cine (GV1001) in phase III clinical trials to direct and indirect telomerase inhibitors [30].
Indirect telomerase inhibitors can be classified as G-quadruplex stabilizers and telomere-
disrupting nucleoside analogs [30]. G-quadruplex stabilizers are small molecules that can
stabilize telomeric G-quadruplex structures and make them unavailable for the action of
telomerase, but toxicity is expected by binding to nontelomeric G-quadruplexes [30,31].
6-Thio-dG (6-thio-2′-deoxyguanosine) is an example of a telomere-disrupting nucleoside
analog that is in phase II of clinical trials (Figure 1) [30,32]. It acts as an uncapping agent by
its incorporation into the telomere, impeding shelterin complex binding and resulting in the
activation of the DNA damage response (DDR) [30]. Direct telomerase inhibitors can either
act on hTERC as oligonucleotide inhibitors or on hTERT as small molecule inhibitors [30].
Imetelstat (GRN163L) is a lipid-conjugated thiophosphoramidate oligonucleotide that is
complementary to the hTERC template region (Figure 1) [30]. However, in phase II clin-
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ical trials, no improvement in overall survival was evident in patients with advanced
non-small cell lung cancer [30,33]. BIBR1532 is a selective non-nucleoside potent telom-
erase inhibitor that acts by direct noncompetitive inhibition of the hTERT allosteric site
(Figure 1) [34]. It decreases telomere length, obstructs cell proliferation, and cell senescence
in a dose-dependent manner in vitro [35].

Figure 1. Chemical structures of 6-Thio-dG, Imetelstat, and BIBR1532 as inhibitors of telomerase
enzyme.

Unfortunately, BIBR1532 suffers from poor pharmacokinetics and low cellular uptake,
which limits its progress from preclinical to clinical trials [9,30,36]. Moreover, optimization
of BIBR1532 by the synthesis of various derivatives was not satisfactory [37]. The aim
of the research project is to design and synthesize novel BIBR1532 related analogous as
inhibitors of telomerase enzyme, considering the BIBR1532 pharmacophoric features.

2. Results and Discussion

2.1. Rational Design

The design of our target compounds was based on the pharmacophoric features de-
duced from the crystal complex of Tribolium castaneum TERT (tcTERT) with BIBR1532 (PDB
ID: 5CQG), in addition to valuable structure activity relationship studies (SARs) [37–39].
BIBR1532 lays in a shallow, solvent-accessible, hydrophobic FVYL pocket that is conserved
between tcTERT and hTERT [38]. BIBR1532 displayed a dog bone shaped structure with
two lipophilic heads separated by a four-atom linker made of an α,β-unsaturated secondary
amide (Figure 2), which was essential for activity [39]. The introduction of the nitrile group
is an important lead optimization approach that could enhance the ligand–receptor in-
teraction [39]. Accordingly, 2-amino-3-cyanothiophene analogs were constructed as an
advantageous lipophilic scaffold offering the amine part for our model. To enhance the
lipophilicity of the amines, analog 2-amino-3-cyanocyclopenta[b]thiophene 2a and 2-amino-
3-cyano-tetrahydrobenzothiophene 2b were prepared. Each amine was then connected
to an amide linker to form an acetamide core as 2-Cyano-N-(3-cyano-4,5,6,7-tetrahydro-1-
benzothiophen-2-yl)acetamide (9b) which has an anticancer activity [40–42].The second
lipophilic head was designed to enclose three different series of aromatic compounds
comprising monocyclic, bicyclic, and fused-ring structures (Figure 3), pointing to improved
biological activity. Finally, the two lipophilic heads were connected with the essential four-
atom of the α,β-unsaturated amide linker with the same geometry that mimics BIBR1532.
Three different series were designed, and thirty novel compounds were synthesized as
demonstrated in Figure 3.
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Figure 2. Rational design of our target compounds relying on the dog-bone-shaped structure of
BIBR1532.

Figure 3. The workflow of three different series showing the chemical structures of 30 novel com-
pounds designed as telomerase inhibitors.
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2.2. Chemistry

A total of 30 compounds were designed and synthesized. Preparation of the antic-
ipated amines, 2-amino-3-cyanothiophene derivatives 3a and 3b, was accomplished by
the one-pot Gewald reaction of three components: cyclic ketone (cyclopentanone 1a or
cyclohexanone 1b), malononitrile 2, and elemental sulfur, using morpholine as a basic
catalyst [43–45]. For linker construction, two subsequent reactions were employed, start-
ing with the reaction between hydrazine hydrate (99%) 4 and ethyl cyanoacetate 5 in
ethanol at 5 ◦C to give cyanoacetic acid hydrazide 6 [46,47], which was then reacted with
acetyl acetone 7 in acidified distilled water (aq. HCl: 32%) at room temperature to yield
1-cyanoacetyl-3,5-dimethylpyrazole 8 (Scheme 1) [48,49].

For effective N-cyanoacetylation of 2-amino-3-cyanothiophene derivatives 3a and
3b, cyanoacetic acid hydrazide 6 was converted to 1-cyanoacetyl-3,5-dimethylpyrazole
8 [48,49]. 1-Cyanoacetyl-3,5-dimethylpyrazole 8 consumed less time and produced a higher
yield of products than 9a and 9b compared to the direct use of ethyl cyanoacetate 5 [50].
Finally, amine derivatives 3a and 3b were heated under reflux with 1-cyanoacetyl-3,5-
dimethylpyrazole 8 in toluene to form N-cynoacetylated compounds 9a and 9b, while
3,5-dimethylpyrazole evolved as a highly soluble leaving group (Scheme 1) [50,51].

Scheme 1. Chemical synthesis of compounds 9a and 9b.
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The target compounds 25a–39b were synthesized via a Knoevenagel condensation
reaction to construct the α,β-unsaturated amide linker between the two lipophilic heads
for series 1, 2, and 3 (Scheme 2). Thereby, the aldehydes 10–24 were heated under the reflux
for 6 h with the active methylene group containing compounds 9a–9b using piperidine as
a catalyst (Scheme 2) [52]. To confirm whether the designed compounds were in E or Z
configuration, compound 38b was subjected to 2D NOESY NMR. If compound 38b was in
Z configuration, we would notice that the vinyl and nitrogen protons were close in space,
unlike the E configuration, in which the vinyl and nitrogen protons were not close in space
(Figure S92 in Supplementary File). In case of Z configuration, we would expect a cross
peak because of coupling between nitrogen and vinyl protons by drawing a line from both
8.30 ppm (vinyl H) and 8.96 ppm (NH) signals. In our case, the absence of this cross peak
at (8.30, 8.96 ppm) refers to the fact that our compound is in E configuration (Figure S93 in
Supplementary File). Another evidence is calculation of the potential energy. The potential
energy of compound 38b was calculated by MOE 2020.9010 software and was 77.50 and
79.95 for both E and Z configurations, respectively [53]. Therefore, compound 38b is in E
configuration, which is more stable, and the geometry of 24 synthesized analogs is in the
stable E-isomer form. However, compounds 25a, 26a, 26b, 27a, 27b, and 28a were obtained
as mixtures of E and Z isomers. It was reported that telomerase inhibition is not affected by
geometrical isomerism [37,39]. Resolution of geometrical isomers for compounds 26a and
26b was accomplished by fractional crystallization [54].

Scheme 2. Synthesis of target compounds 25a–39b.

Aldehydes 14–16 were synthesized via an aromatic nucleophilic substitution reaction
of p-fluorobenzaldehyde with different amines, such as piperidine, morpholine, and N-
methylpiperazine (Scheme 3) [55,56].
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Scheme 3. Synthesis of aldehydes 14–16.

The chemical structures of the target compounds in series 1, 2, and 3 were confirmed
by elemental analysis and spectroscopic data (1H, 13C NMR, and mass spectrometry)
as reported in the experimental section. The 1H NMR spectra for compounds 9a and
9b were characterized by singlet signals at δ = 4.12 and 3.72 ppm, representing the two
protons of the active methylene group, respectively. The disappearance of this signal
in the 1H NMR spectra of compounds 25a–39b is an indication of the completion of the
Knoevenagel reaction, in addition to the appearance of the characteristic singlet signal
of the alkenyl proton in the range of δ from 7.98 to 9.06 ppm. Another evidence of the
completion of the Knoevenagel reaction is the 2D NOESY NMR. For compound 38b, the
vinyl proton at 8.30 ppm is coupled to both C6-H of benzodioxole ring at 7.47 ppm and
C4-H of benzodioxole at 7.71 ppm (Figure 4).

 

Figure 4. 2D NOESY NMR for compound 38b showing dipolar interactions at (8.30, 7.47 ppm) and
(8.30, 7.71 ppm).

The IR spectrum of compound 38b showed the characteristic peaks at 1279.83 cm−1

(C-O of benzodioxole ring), 1648.26 cm−1 (C=O of amide), 1673.84 cm−1 (C=C), 2223.38 cm−1

(CN), 2931.53 cm−1 (aliphatic protons), 3002.25 cm−1 (aromatic protons), and 3433.83 cm−1

(NH of amide).
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2.3. Biological Studies
2.3.1. In Vitro Inhibition of Telomerase Enzyme

A TRAP-based assay was used to assess telomerase inhibitory activity of target com-
pounds 25a–39b. In cell-free investigations, human A549 (epithelial cell lung carcinoma)
lysates were utilized to evaluate telomerase with various inhibitor concentrations. We used
a highly selective telomerase and reverse transcriptase inhibitor, BIBR1532, as a positive
control [37]. All tested compounds demonstrated dose-dependent telomerase inhibition
within the range of 0.1−100 μM (Figure 5). Compounds 29a, 36b, and 39b exhibited the
best inhibition profile compared to the control.

Figure 5. Suppression of telomerase activity in A549 cell-free lysates treated with several concentra-
tions of inhibitors 29a, 36b, and 39b. Representative telomeric repeat amplification protocol (TRAP)
gel electrophoresis for treated lysates and quantification of TRAP. For each of the experiments, one
representative TRAP gel out of a total of four is presented. The mean ± SEM is used to present
the results.

The IC50 and IC90 values for 25a–39b are presented in Table 1. Compounds 29a,
36b, and 39b exhibited the best IC50 values. The most active compound, 36b, exhibited
IC50 = 0.3 μM. Compound 36b revealed the strongest potency compared to BIBR1532,
IC50 = 0.2 μM (Table 1).

Table 1. The IC50 and IC90 values were determined for all tested target compounds as telomerase
inhibitors, using BIBR1532 as a positive control.

Compound IC50 (μM) IC90 (μM) Compound IC50 (μM) IC90 (μM)

25a 20.9 ± 0.7 108.7 ± 3.2 33a 205.3 ± 4.0 643.0
25b 25.8 ± 1.0 140.2 ± 4.7 33b 177.5 ± 3.3 573.8
26a 13.5 ± 0.6 153.5 34a 188.8 ± 6.4 1078.1
26b 53.6 ± 1.8 750.8 34b 38.8 ± 1.0 284.2 ± 6.6
27a 6.5 ± 0.3 163.6 35a 5.1 ± 0.2 31.1 ± 1.1
27b 12.5 ± 0.6 138.0 35b 5.3 ± 0.2 18.6 ± 0.9
28a 6.7 ± 0.1 67.8 36a 5.2 ± 0.2 34.9 ± 1.6
28b 8.3 ± 0.3 57.4 36b 0.3 ± 0.01 6.2 ± 0.3
29a 1.7 ± 0.04 6.3 ± 0.3 37a 23.5 ± 0.9 136.6 ± 2.6
29b 4.8 ± 0.2 32.8 ± 1.5 37b 97.8 ± 2.6 173.9
30a 5.2 ± 0.2 112.5 ± 3.6 38a 25.4 ± 1.0 282.4
30b 5.9 ± 0.2 119.4 ± 4.6 38b 40.3 ± 1.7 339.4
31a 98.5 ± 3.8 200.5 39a 2.5 ± 0.1 9.5 ± 0.3
31b 89.9 ± 3.6 165.2 39b 2.0 ± 0.03 7.1 ± 0.3
32a 6.4 ± 0.2 177.4 BIBR1532 0.2 ± 0.01 5.6 ± 0.02
32b 109.7 ± 3.7 180.8

2.3.2. Living-Cell TRAP Assay

To determine whether the target compounds can affect telomerase inside living cancer
cells, we incubated cancer cells A549, HCC-44, or NCI-H23 with the most potent inhibitors,
29a, 36b, and 39b, and then measured telomerase activity using the TRAP assay protocol
(Table 2).
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Table 2. Telomerase activity in cancer cells as a percent of control cells with target compounds 29a,
36b, and 39b.

% Telomerase Activity in Cancer Cells

Compound A549 HCC44 NCI-H23

29a 22.1 ± 4.8% 66.1 ± 2.4% 28.2 ± 3.9%
36b 18.1 ± 5.4% 54.4 ± 4.4% 25.1 ± 3.2%
39b 41.5 ± 6.9% 75.6 ± 7.9% 50.3 ± 5.1%

Fortunately, the results indicated that all the assessed compounds suppressed telom-
erase in all investigated cell lines (Figure 6a,b). The most potent inhibitor was compound
36b, which induced the most significant decrease in telomerase activity in all tested cancer
cell lines. Compound 39b demonstrated the lowest ability to inhibit telomerase up to
75.6 ± 7.9% in HCC-44 cells, while compound 29a established moderate activity. The high-
est telomerase inhibition activity was observed in A549 cells. Moreover, A549 cancer cells
were the most sensitive to all three tested compounds. The most active compound, 36b,
reduced telomerase activity up to 18.1 ± 5.4%. HCC-44 initially demonstrated low telom-
erase activity and was more resistant to inhibition (up to 54.4 ± 4.4% for 36b). NCI-H23
demonstrated reasonable sensitivity for the tested inhibitors, and 36b reduced telomerase
up to 25.1 ± 3.2%. The results of this experiment revealed that target compounds that
demonstrated significant antitelomerase activity in cell-free lysates effectively penetrated
the cell membrane and inhibited telomerase inside living cancer cells.

Figure 6. Compounds 29a, 36b, and 39b suppress the activity of telomerase. (a) Electrophoresis of
A549, HCC-44, or NCI-H23 cells treated for 48 h with 10 μM compounds 29a, 36b, and 39b on a
TRAP gel. (b) For live cells, TRAP quantification. The mean ± SEM is used to display the results.
Con, control intact cells.

2.3.3. Telomerase Selectivity and Safety

Telomerase inhibitors exhibit a delayed onset for their cytotoxic effect to be recognized
and, consequently, can be used to solve the problem of cancer relapse. The selectivity
and lack of off-target effects toward other enzymes are important requirements for novel
telomerase inhibitors to avoid side effects. Compound 36b was submitted for in vitro
anticancer screening to the National Cancer Institute in Bethesda, Maryland, USA [57].
NCI-60 cell line anticancer screening was implemented to ensure that compound 36b was
free from any cellular targets other than telomerase, where the incubation with cells was
performed for 48 h. From the results in Table 3, we can observe that the growth percentage
is barely affected by compound 36b, suggesting the selectivity to telomerase enzyme and
safety of compound 36b.
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Table 3. The percentage growth of compound 36b in vitro anticancer screening against NCI-subpanel
60 tumor cell lines at a dose of 10 μM.

Cell Line Growth Percent Cell Line Growth Percent Cell Line Growth Percent

Leukemia KM12 101.43 OVCAR-5 104.98
CCRF-CEM 104.69 SW-620 103.69 OVCAR-8 102.91
HL-60(TB) 99.47 CNS cancer NCI/ADR-RES 99.44

K-562 99.98 SF-268 104.45 SK-OV-3 89.18
MOLT-4 100.37 SF-295 95.53 Renal cancer

RPMI-8226 99.85 SF-539 98.71 786-0 101.2
SR 95.72 SNB-19 100.30 A498 99.38
Lung cancer (NSCLC) SNB-75 101.09 ACHN 103.29

A549/ATCC 100.18 U251 98.73 CAKI-1 94.28
EKVX 92.47 Melanoma RXF 393 111.16

HOP-62 98.36 LOX IMVI 102.88 SN12C 100.72
HOP-92 90.75 MALME-3M 109.97 TK-10 113.35

NCI-H226 89.78 M14 94.57 UO-31 81.95
NCI-H23 94.56 MDA-MB-435 101.92 Prostate cancer

NCI-H322M 98.58 SK-MEL-2 100.31 PC-3 104.77
NCI-H460 102.88 SK-MEL-28 102.31 DU-145 99.89
NCI-H522 94.31 SK-MEL-5 97.65 Breast cancer

Colon cancer UACC-257 102.32 MCF7 92.41
COLO 205 103.10 UACC-62 91.73 MDA-MB-231/ATCC 92.15
HCC-2998 114.98 Ovarian cancer HS 578T 103.54
HCT-116 100.18 IGROV1 103.06 BT-549 107.71
HCT-15 99.95 OVCAR-3 98.78 T-47D 97.26
HT29 112.60 OVCAR-4 100.16 MDA-MB-468 90.36

2.4. In Silico Study
2.4.1. Molecular Docking

A molecular docking was performed on the allosteric binding site, since our com-
pounds have some similarity to allosteric inhibitor BIBR1532. The docking results showed
that all compounds interact in similar poses, and the values of the scoring functions varied
from −7.6 kcal/mol to −10.0 kcal/mol. Slight correlation of scoring function to the exper-
imental inhibitory values was observed. The compounds interact with allosteric site by
hydrophobic forces, hydrogen bonds, and π-cation interactions (Figure 7).

(b)(a)

Figure 7. Position of compound 36b in the allosteric site of telomerase as predicted by molecular
docking. (a) Structure of telomerase presented as molecular surface. (b) The main interaction of
compound 36b with allosteric site. The H-bond is represented by the yellow line, π-cation interaction
by the red dashed line, and hydrophobic interaction by the cyan dashed lines.
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2.4.2. Molecular Dynamics Simulation

To evaluate the stability of the obtained docking pose, the simulation of molecular
dynamics with the most potent inhibitor 36b was performed. The root-mean-square
deviation (RMSD) values for the heavy atoms of telomerase in the complex with compound
36b are displayed (Figure 8). The amino acid residues deviated rapidly from the initial
protein structure, stabilized between 3 and 5 Å, and were still stable over the time scale of
the simulation. The RMSD value for compound 36b in the complex was also stable.

Figure 8. Root-mean-square deviation (RMSD) during molecular dynamics simulation of telomerase
(red) in complex with compound 36b (black).

2.4.3. In Silico Pharmacokinetic, Physicochemical Prediction, and PAINS Filters

SwissADME is a free web tool developed by the Swiss Institute of Bioinformatics (SIB)
(http://www.swissadme.ch/, accessed on 20 December 2021) [58]. We applied SwissADME
tools to predict the pharmacokinetic and physicochemical properties of the most potent
inhibitor, 36b. Compound 36b exhibited a predicted logPo/w = 3.04, high GIT absorption
with no blood–brain barrier (BBB) permeability. Accordingly, compound 36b has a good
CNS safety profile.

The brain or intestinal estimated permeation (BOILED-Egg) model was developed
by calculating both lipophilicity using the Wildman log P method (WLOGP) and polarity
expressed in topological polar surface area (tPSA), followed by plotting the relationship
between them in a BOILED-Egg diagram, as illustrated in Figure 9 [59]. Therefore, we can
predict both gastrointestinal absorption and BBB permeability for the tested compound.
BOILED-Egg was assembled for compounds 36b and BIBR1532 (Figure 9). With no BBB
permeability, compound 36b appeared in the zone of human intestinal absorption (HIA).
However, BIBR1532 exists in the BBB zone, giving a privilege to compound 36b by avoiding
CNS side effects. Moreover, both inhibitors are not P-glycoprotein substrates (negative
Pgp); thus, they are not susceptible to the efflux mechanism by the Pgp transporter, which is
a mechanism that emerged by some tumor cells as a drug resistance strategy (Figure 9) [60].
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Figure 9. Predicted BOILED-Egg for both compound 36b and BIBR1532. BBB (blood–brain barrier),
HIA (human intestinal absorption), PGP+ (P-glycoprotein substrate), PGP− (not P-glycoprotein
substrate).

In addition, the bioavailability radar was constructed for inhibitors 36b and BIBR1532.
It is composed of six axes bearing six physicochemical properties, which are size (SIZE),
lipophilicity (LIPO), solubility (INSOLU), polarity (POLAR), saturation (INSATU), and
flexibility (FLEX) (Figure 10) [58]. Compound 36b showed an improvement in fraction
Csp3 (as illustrated by the INSATU property in the bioavailability radar) compared to
BIBR1532, explaining the importance of the aliphatic portion attached to the thiophene
ring. Both compounds 36b and BIBR1532 pass the Lipinski (Pfizer), Ghose (Amgen), Veber
(GSK), and Egan (Pharmacia) filters, which are used by some pharmaceutical companies to
define drug-like qualities.

Figure 10. Bioavailability radar for compounds 36b and BIBR1532. The red line represents each
structure, and the range of optimal property values for oral bioavailability is shown in pink.

SwissADME-achieved data classified compound 36b as non-PAINS (pan-assay inter-
ference compounds), signifying the high selectivity of our target compound 36b. It did not
display a potent response in assays other than its target which is consistent with the NCI-60
cell line panel assay.

2.5. Structure-Activity Relationship (SAR)

Telomerase inhibitory activities for target compounds were accomplished by a mod-
ified TRAP assay [61–63], since BIBR1532 served as a positive control. Thirty novel in-
hibitors, 25a–39b, disclosed IC50 values ranging from 0.3 μM to 205.3 μM compared to
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BIBR1532, IC50 = 0.2 μM. The TRAP assay results (IC50 and IC90), recorded in Table 1,
specified that we designed and synthesized three series of novel telomerase inhibitors.
Sixteen compounds showed the strongest inhibitory effect, with IC50 values ranging be-
tween 0.3 and 13.5 μM. Seven compounds revealed a moderate inhibitory effect, with
IC50 values ranging between 20.9 and 53.6 μM, while seven compounds displayed the
weakest activity, with IC50 values ranging between 89.9 and 205.3 μM. Regarding the ring
size of the amine part, where (n = 1 or 2), it was observed that target compounds having
cyclopenta[b]thiophen amine, (n = 1), were stronger telomerase inhibitors than tetrahy-
drobenzothiophene (n = 2), analogs except for compounds 31, 33, 34, 36, and 39. Meanwhile,
the aldehyde part revealed that in series 3, inhibitors with lipophilic fused aromatic analogs,
such as naphthalene in 35a–b and 36a–b and indole in 39a–b, exhibited the best activity,
with IC50 values ranging between 0.3 and 5.3 μM. The presence of the less lipophilic benzo-
dioxole ring in compounds 37a–b and 38a–b reduced the activity, and the reported IC50
values ranging from 23.5 to 97.8 μM. In series 1, the presence of electron withdrawing
groups, such as chloride and trifluoromethyl groups, enhanced the potency. Compounds
27a–b and 28a–b disclosed a dichlorobenzyl group bearing two chloride atoms either in the
ortho, meta, or meta-para positions, and exhibited IC50 values ranging from 6.5 to 12.5 μM.
Meanwhile, inhibitors 25a–b with the p-trifluorometheylbenzyl group revealed IC50 values
of 20.9 and 25.8 μM, respectively. In contrast, the presence of electron-donating groups
reduced the potency, as revealed in compounds 26a–b with m,p-dimethoxybenzyl group,
which reported IC50 values of 13.5 and 53.6 μM, respectively. In series 2, having inhibitors
with substituted benzaldehyde revealed that the presence of piperidine and morpholine
rings in the para position enhanced the activity and displayed strong telomerase inhibition
(29a–b and 30a–b) with IC50 values ranging between 1.7 and 5.9 μM. The presence of
the N-methylpiperazinyl group in the para position of the benzene ring in compounds
31a–b showed a significant decrease in activity, as their polarity is not consistent with
the lipophilic portion of the active site. Compounds 31a–b displayed IC50 values of 98.5
and 89.9 μM, respectively. Moreover, compound 32b with m-methoxy-p-benzyloxybenzyl
group and n = 2 showed IC50 = 109.7 μM. Compound 32a was an exception in the m-
methoxy-p-benzyloxybenzyl group, and n = 1 showed IC50 = 6.4 μM. The presence of the
polar pyrazole ring in compounds, 33a–b and 34a–b significantly decreased their activity
(Figure 11).

Figure 11. Structure–activity relationship summary for compounds 25a–39b as telomerase inhibitors.

3. Materials and Methods

3.1. Chemistry

Sigma-Aldrich, Alfa Aesar, and Merck provided all of the organic reagents used in
this research. The open capillary method was used to determine melting points on the
electrothermal melting point apparatus (Stuart SMP10), and the results were reported
uncorrected. TLC was used to monitor reactions on a precoated sheet (Fastman Kodak,
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Silica 60 F254) with the following developing system: n-hexane:ethyl acetate (66.7:33.3)
and UV light at 254 nm. The elemental analysis was conducted using a PerkinElmer 2400
CHNS analyzer (% C, H, N, and S). It was measured at Nasr City, Cairo, Egypt, at Al-Azhar
University’s Regional Center for Mycology and Biotechnology. 1H, 13C NMR, and 2D
NOESY spectra were recorded using CDCl3, DMSO-d6, or CF3COOD as a solvent and
tetramethylsilane (TMS) as an internal reference on a Bruker FT-NMR spectrometer at
400 MHz and 100 MHz, respectively, and a JEOL ECA-500 II FT-NMR spectrometer at
500 MHz and 125 MHz. All values of chemical shift, coupling constants, J, and splitting
[singlet (s), doublet (d), triplet (t), quintet (quint), multiplet (m), broad(br)] are expressed in
ppm and Hz. The Faculty of Pharmacy at Mansoura University in Egypt and the Faculty of
Science at Mansoura University in Egypt both provided 1H and 13C NMR spectra. Except
for compounds 25a, 26a, 26b, 27a, 27b, and 28a, which had the E-Z mixture, all remaining
compounds were obtained in the E configuration. Absence of some signals in compounds
25a, 26b, 30b, 31b, 32a, 32b, and 38a was due to very low solubility. At Tanta University’s
Central Laboratory, infrared (IR) spectroscopy measurements were performed at using a
Bruker to record infrared spectra in the range 4000–500 cm−1. Thermo-Scientific ISQ Single
Quadruple MS was used to record electron ionization mass spectra (EI-MS) using a 70-eV
ionization energy and helium gas (carrier gas) at a constant flow rate of 1 mL/min. The
mass spectrometry was performed in Nasr City, Cairo, Egypt, at Al-Azhar University’s
Regional Center for Mycology and Biotechnology.

3.1.1. General Procedure for the Preparation of 3a,b

At room temperature, a stirred solution of suitable ketone 1a,b (10 mmol) and mal-
ononitrile 2 (10 mmol) in ethanol (20 mL) was added with sulfur (10 mmol). After heating
the reaction mixture to 60 ◦C, morpholine (12 mmol) was added dropwise and stirred for
30 min. The reaction mixture was permitted to cool and stirred for 5 h at rt. The formed
precipitates 3a,b were filtered and rinsed with cold MeOH and then recrystallized from
EtOH [43–45].

2-Amino-4H,5H,6H-cyclopenta[b]thiophene-3-carbonitrile (3a). Compound 3a was syn-
thesized according to typical procedure using cyclopentanone 1a. The yield was (1.31 g,
79.94%) as brown powder with m.p. 159–161 ◦C [43–45].

2-Amino-4,5,6,7-tetrahydro-1-benzothiophene-3-carbonitrile (3b). Compound 3b was syn-
thesized according to typical procedure using cyclohexanone 1b. The yield was (1.49 g,
84.09%) as off-white powder with m.p. 149–151 ◦C [43–45].

3.1.2. Cyanoacetic Acid Hydrazide (6)

Hydrazine hydrate (99%) 4 (10 mmol) was added to a solution of ethyl cyanoacetate
5 (10 mmol) in ethanol (20 mL) and stirred for 1 h at 0 ◦C. The formed crystals were then
filtered and rinsed with cold MeOH and recrystallized from EtOH. The yield was (0.89 g,
89.91%) as colorless crystals with m.p. 114–116 ◦C [46,47].

3.1.3. 1-Cyanoacetyl-3,5-dimethylpyrazole (8)

Acetyl acetone 7 (10 mmol) was added to a solution of cyanoacetic acid hydrazide 6

(10 mmol) in distilled water (20 mL) containing a catalytic amount of HCl (32%) and stirred
for 1 h at rt. The formed precipitate was filtered and washed with water. The yield was
(1.38 g, 84.99%) as white powder with m.p. 124–126 ◦C [48,49].

3.1.4. General Procedure for the Preparation of 9a,b

1-Cyanoacetyl-3,5-dimethylpyrazole 8 (1.2 mmol), and either 3a or 3b (1 mmol) in dry
toluene (20 mL) were heated under reflux for 6 h [50,51]. Filtered precipitates 9a,b were
washed in diethyl ether before being recrystallized from EtOH.

2-Cyano-N-{3-cyano-4H,5H,6H-cyclopenta[b]thiophen-2-yl}acetamide (9a). Compound 9a

was synthesized according to typical procedure using 3a as a starting material. The yield
was (0.15 g, 64.85%) as brown powder with m.p. 239–241 ◦C. 1H NMR (400 MHz, DMSO-d6)
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δ (ppm): 2.37 (2H, quint., J = 8.0 Hz, CH2 of C5-Hs of cyclopenta[b]thiophen ring), 2.74 (2H,
t, J = 8.0 Hz, CH2 of C4-Hs of cyclopenta[b]thiophen ring), 2.85 (2H, t, J = 8.0 Hz, CH2 of
C6-Hs of cyclopenta[b]thiophen ring), 4.12 (2H, s, CH2), 11.96 (1H, s, NH).

2-Cyano-N-(3-cyano-4,5,6,7-tetrahydro-1-benzothiophen-2-yl)acetamide (9b). Compound
9b was synthesized according to typical procedure using 3b as a starting material. The yield
was (0.17 g, 69.71%) as grayish-white precipitate with m.p. 244–246 ◦C [50,51]. 1H NMR
(400 MHz, CDCl3) δ (ppm): 1.80–2.10 (4H, m, 2 CH2 of C5,6-Hs of tetrahydrobenzothiophene
ring), 2.60–2.75 (4H, m, 2 CH2 of C4,7-Hs of tetrahydrobenzothiophene ring), 3.72 (2H, s,
CH2), 9.85 (1H, s, NH).

3.1.5. General Procedure for the Preparation of 14–16

Suitable aliphatic cyclic amines piperidine, morpholine, or N-methyl piperazine
(15 mmol), and p-fluorobenzaldehyde (15 mmol) in DMSO (30 mL) were heated under
reflux in the presence of potassium carbonate anhydrous (16 mmol) as a base for 6 h [55,56].
After pouring the reaction mixture into distilled water (30 mL), ethyl acetate was used to
extract it (3 × 30 mL). The extracts were collected, brine-washed, dried over anhydrous
MgSO4, and then evaporated in vacuo.

4-(Piperidin-1-yl)benzaldehyde (14). Compound 14 was synthesized according to typical
procedure using piperidine as a starting material. The yield was (1.99 g, 69.99%) as a pink
powder with m.p. 63–65 ◦C [55].

4-(Morpholin-4-yl)benzaldehyde (15). Compound 15 was synthesized according to typical
procedure using morpholine as a starting material. The yield was (2.09 g, 72.96%) as a
yellow powder with m.p. 65–67 ◦C [55].

4-(4-Methylpiperazin-1-yl)benzaldehyde (16). Compound 16 was synthesized according
to typical procedure using N-methyl piperazine as a starting material. The yield was (2.05 g,
66.96%) as a yellow powder with m.p. 56–58 ◦C [55].

3.1.6. General Procedure for the Preparation of 25a–39b

In CH3CN (10 mL), a suitable aldehyde 10–24 (1 mmol), and either 9a or 9b (1 mmol)
were heated under reflux with piperidine (three drops) as a catalyst [53]. The 25a–39b

precipitate was filtered and washed in acetone before being recrystallized from EtOH.
(2E/2Z)-2-Cyano-N-{3-cyano-4H,5H,6H-cyclopenta[b]thiophen-2-yl}-3-[4-(trifluoromethyl)

phenyl]prop-2-enamide (25a). Compound 25a was synthesized according to the typical proce-
dure using 9a and 4-(trifluoromethyl)benzaldehyde 10 as starting materials. The yield was
(0.25 g, 64.53%) as off-white powder with m.p. 354–356 ◦C. 1H NMR (500 MHz, CF3COOD)
δ (ppm): 2.65–2.75 (2H, m, CH2 of C5-Hs of cyclopenta[b]thiophen ring), 3.08–3.14 (2H, t,
J = 7.0 Hz, CH2 of C4-Hs of cyclopenta[b]thiophen ring), 3.14–3.23 (2H, t, J = 7.0 Hz, CH2 of
C6-Hs of cyclopenta[b]thiophen ring), 7.65 (2H, d, J = 8.0 Hz, 2 CH of C2,6-Hs of phenyl
ring), 7.85 (2H, d, J = 8.0 Hz, 2 CH of C3,5-Hs of phenyl ring), 8.30 (1H, s, vinyl-H), 8.53 (1H,
s, NH). 13C NMR (125 MHz, CF3COOD) δ (ppm): 29.76, 30.59, 30.90, 103.02, 115.41, 128.73
(2C), 131.53 (2C), 140.22, 149.91, 153.08, 159.37 (2C), 171.17, 184.12. EI-MS: m/z: 387.39 [M+].
Anal. Calcd. for C19H12F3N3OS: C, 58.91; H, 3.12; N, 10.85; S, 8.28. Found: C, 59.17; H, 3.29;
N, 11.08; S, 8.37.

(2E)-2-Cyano-N-(3-cyano-4,5,6,7-tetrahydro-1-benzothiophen-2-yl)-3-[4-(trifluoromethyl)
phenyl]prop-2-enamide (25b). Compound 25b was synthesized according to the typical
procedure using 9b and 4-(trifluoromethyl)benzaldehyde 10 as starting materials. The
yield was (0.22 g, 54.56%) as a yellow powder with m.p. 225–227 ◦C. 1H NMR (500 MHz,
DMSO-d6) δ (ppm): 1.70–1.85 (4H, m, 2 CH2 of C5,6-Hs of tetrahydrobenzothiophene ring),
2.50–2.55 (2H, m, CH2 of C7-Hs of tetrahydrobenzothiophene ring), 2.60–2.65 (2H, m, CH2
of C4-Hs of tetrahydrobenzothiophene ring), 7.97 (2H, d, J = 8.5 Hz, CH of C2,6-Hs of phenyl
ring), 8.15 (2H, d, J = 8.5 Hz, CH of C3,5-Hs of phenyl ring), 8.45 (1H, s, vinyl-H), 12.03 (1H,
s, NH). 13C NMR (125 MHz, DMSO-d6) δ (ppm): 21.43, 22.33, 23.85, 24.56, 94.41, 104.80,
114.98, 117.42, 125.42, 126.21 (2C), 127.47 (2C), 133.37, 134.05, 136.50, 145.08, 148.00, 157.40,
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157.91. EI-MS: m/z: 401.08 [M+]. Anal. Calcd. for C20H14F3N3OS: C, 59.84; H, 3.52; N,
10.47; S, 7.99. Found: C, 59.70; H, 3.72; N, 10.68; S, 8.15.

(2E)-2-Cyano-N-{3-cyano-4H,5H,6H-cyclopenta[b]thiophen-2-yl}-3-(3,4-dimethoxyphenyl)
prop-2-enamide (26a). Compound 26a was synthesized according to typical procedure
using 9a and 3,4-dimethoxybenzaldehyde 11 as starting materials. In fractional crystal-
lization, compound 26a was subjected to hot dioxane, where the E isomer was dissolved,
leaving the Z isomer insoluble. The hot dioxane was filtered to remove the insoluble Z
isomer and then allowed to cool to give the E isomer. The yield was (0.26 g, 68.52%) as a
yellow powder with m.p. 249–251 ◦C. 1H NMR (500 MHz, DMSO-d6) δ (ppm): 2.30–2.45
(2H, m, CH2 of C5-Hs of cyclopenta[b]thiophen ring), 2.60–2.95 (4H, m, 2 CH2 of C4,6-Hs
of cyclopenta[b]thiophen ring), 3.81 (3H, s, CH3 of OCH3 at C3 of phenyl ring), 3.87 (3H,
s, CH3 of OCH3 at C4 of phenyl ring), 7.19 (1H, d, J = 7.5 Hz, CH of C5-H of phenyl ring),
7.68 (1H, d, J = 7.5 Hz, CH of C6-H of phenyl ring) 7.73 (1H, s, CH of C2-H of phenyl ring),
8.26 (1H, s, vinyl-H), 11.72 (1H, s, NH). 13C NMR (125 MHz, CF3COOD) δ (ppm): 29.24,
29.32, 30.77. 57.12 (2C), 96.92, 109.67, 113.22, 113.93, 117.25, 126.63, 132.36, 140.10, 150.50,
152.88, 154.28, 155.00, 156.87, 157.08, 171.60. EI-MS: m/z: 379.2 [M+]. Anal. Calcd. for
C20H17N3O3S: C, 63.31; H, 4.52; N, 11.07; S, 8.45. Found: C, 63.49; H, 4.68; N, 11.29; S, 8.52.

(2E)-2-Cyano-N-(3-cyano-4,5,6,7-tetrahydro-1-benzothiophen-2-yl)-3-(3,4-dimethoxyphenyl)
prop-2-enamide (26b). Compound 26b was synthesized according to typical procedure using
9b and 3,4-dimethoxybenzaldehyde 11 as starting materials. In fractional crystallization,
compound 26b was subjected to hot dioxane, where the E isomer was dissolved, leaving
the Z isomer insoluble. The hot dioxane was filtered to remove the insoluble Z isomer and
then allowed to cool to give the E isomer. The yield was (0.25 g, 62.78%) as a yellow powder
with m.p. 264–266 ◦C. 1H NMR (500 MHz, DMSO-d6) δ (ppm): 1.70–1.80 (4H, m, 2 CH2
of C5,6-Hs of tetrahydrobenzothiophene ring), 2.50–2.55 (2H, m, CH2 of C7-Hs of tetrahy-
drobenzothiophene ring), 2.60–2.65 (2H, m, CH2 of C4-Hs of tetrahydrobenzothiophene
ring), 3.81 (3H, s, CH3 of OCH3 at C3 of phenyl ring), 3.87 (3H, s, CH3 of OCH3 at C4 of
phenyl ring), 7.19 (1H, d, J = 9.0 Hz, CH of C5-H of phenyl ring), 7.68 (1H, d, J = 9.0 Hz, CH
of C6-H of phenyl ring) 7.73 (1H, s, CH of C2-H of phenyl ring), 8.26 (1H, s, vinyl-H), 11.74
(1H, s, NH). 13C NMR (125 MHz, DMSO-d6) δ (ppm): 21.67, 22.56, 23.48, 23.60, 55.53, 55.91,
111.98, 112.59 (2C), 124.24, 126.27, 148.73 (2C), 153.19 (2C), 160.67. EI-MS: m/z: 393.64 [M+].
Anal. Calcd. for C21H19N3O3S: C, 64.11; H, 4.87; N, 10.68; S, 8.15. Found: C, 64.38; H, 4.92;
N, 10.85; S, 8.34.

(2E/2Z)-2-Cyano-N-{3-cyano-4H,5H,6H-cyclopenta[b]thiophen-2-yl}-3-(3,4-dichlorophenyl)
prop-2-enamide (27a). Compound 27a was synthesized according to the typical procedure
using 9a and 3,4-dichlorobenzaldehyde 12 as starting materials. The yield was (0.21 g,
54.09%) as a gray powder with m.p. 329–331 ◦C. 1H NMR (500 MHz, CF3COOD) δ (ppm):
2.70–2.80 (2H, m, CH2 of C5-Hs of cyclopenta[b]thiophen ring), 3.10–3.25 (4H, m, 2 CH2 of
C4,6-Hs of cyclopenta[b]thiophen ring), 7.38 (1H, s, CH of C5-H of phenyl ring), 7.60–7.85
(2H, m, 2 CH of C2,6-H of phenyl ring), 8.32 (1H, s, vinyl-H), 8.65 (1H, s, NH). 13C NMR
(125 MHz, CF3COOD) δ (ppm): 29.65, 30.49, 30.81, 103.10, 112.48, 112.71, 115.33, 129.62,
132.58, 133.66, 136.67, 139.37, 140.09, 144.09, 149.80, 152.58, 158.01, 158.94. EI-MS: m/z: 388.5
[M+]. Anal. Calcd. for C18H11Cl2N3OS: C, 55.68; H, 2.86; N, 10.82; S, 8.26. Found: C, 55.87;
H, 3.15; N, 11.04; S, 8.42.

(2E/2Z)-2-Cyano-N-(3-cyano-4,5,6,7-tetrahydro-1-benzothiophen-2-yl)-3-(3,4-dichlorophenyl)
prop-2-enamide (27b). Compound 27b was synthesized according to typical procedure using
9b and 3,4-dichlorobenzaldehyde 12 as starting materials. The yield was (0.23 g, 57.42%) as
a gray powder with m.p. 376–378 ◦C. 1H NMR (500 MHz, CF3COOD) δ (ppm): 1.85–1.95
(4H, m, 2 CH2 of C5,6-Hs of tetrahydrobenzothiophene ring), 2.55–2.65 (2H, m, CH2 of
C7-Hs of tetrahydrobenzothiophene ring), 2.70–2.80 (2H, m, CH2 of C4-Hs of tetrahydroben-
zothiophene ring), 7.39 (1H, d, J = 7.0 Hz, CH of C5-H of phenyl ring), 7.67 (2H, m, 2 CH
of C2,6-H of phenyl ring), 8.56 (1H, s, vinyl-H), 8.88 (1H, s, NH). 13C NMR (125 MHz,
CF3COOD) δ (ppm): 22.89, 25.71, 26.19, 27.39, 114.72, 115.50, 116.97, 117.80, 129.53, 130.16,
132.00, 132.47, 133.57, 134.77, 136.56, 145.67, 146.33, 158.30, 158.90. EI-MS: m/z: 402.98 [M+].
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Anal. Calcd. for C19H13Cl2N3OS: C, 56.73; H, 3.26; N, 10.45; S, 7.97. Found: C, 56.81; H,
3.42; N, 10.69; S, 7.92.

(2E/2Z)-2-Cyano-N-{3-cyano-4H,5H,6H-cyclopenta[b]thiophen-2-yl}-3-(2,3-dichlorophenyl)
prop-2-enamide (28a). Compound 28a was synthesized according to typical procedure using
9a and 2,3-dichlorobenzaldehyde 13 as starting materials. The yield was (0.27 g, 70.57%)
as a gray powder with m.p. 302–304 ◦C. 1H NMR (500 MHz, DMSO-d6) δ (ppm): 2.37
(2H, quint, J = 7.0 Hz, CH2 of C5-Hs of cyclopenta[b]thiophen ring), 2.76 (2H, t, J = 7.0 Hz,
CH2 of C4-Hs of cyclopenta[b]thiophen ring), 2.87 (2H, t, J = 7.0 Hz, CH2 of C6-Hs of
cyclopenta[b]thiophen ring), 7.61 (1H, t, J = 8.0 Hz, CH of C5-H of phenyl ring), 7.80 (1H,
d, J = 8.0 Hz, CH of C6-H of phenyl ring), 7.94 (1H, d, J = 8.0 Hz, CH of C4-H of phenyl
ring), 8.48 (1H, s, vinyl-H), 11.99 (1H, s, NH). 13C NMR (125 MHz, DMSO-d6) δ (ppm):
27.48, 27.67, 29.27, 93.08, 110.58, 114.31, 114.68, 128.69, 128.97, 131.85, 132.81, 133.55, 136.11,
141.98, 149.26 (2C), 159.11 (2C). EI-MS: m/z: 388.33 [M+]. Anal. Calcd. for C18H11Cl2N3OS:
C, 55.68; H, 2.86; N, 10.82; S, 8.26. Found: C, 55.79; H, 3.04; N, 11.03; S, 8.44.

(2E)-2-Cyano-N-(3-cyano-4,5,6,7-tetrahydro-1-benzothiophen-2-yl)-3-(2,3-dichlorophenyl)
prop-2-enamide (28b). Compound 28b was synthesized according to typical procedure
using 9b and 2,3-dichlorobenzaldehyde 13 as starting materials. The yield was (0.31 g,
77.06%) as a dark yellow powder with m.p. 232–234 ◦C. 1H NMR (500 MHz, DMSO-d6) δ
(ppm): 1.70–1.80 (4H, m, 2 CH2 of C5,6-Hs of tetrahydrobenzothiophene ring), 2.50–2.55
(2H, m, CH2 of C7-Hs of tetrahydrobenzothiophene ring), 2.60–2.65 (2H, m, CH2 of C4-Hs
of tetrahydrobenzothiophene ring), 7.61 (1H, t, J = 8.0 Hz, CH of C5-H of phenyl ring),
7.87 (1H, d, J = 8.0 Hz, CH of C6-H of phenyl ring), 7.94 (1H, d, J = 8.0 Hz, CH of C4-H of
phenyl ring), 8.48 (1H, s, vinyl-H), 12.02 (1H, s, NH). 13C NMR (125 MHz, DMSO-d6) δ
(ppm): 21.62, 22.53, 23.50, 23.59, 96.90, 110.64, 114.00, 114.70, 128.65, 128.94, 130.00, 131.83
(2C), 132.79, 133.00, 149.18 (2C), 159.10 (2C). EI-MS: m/z: 402.54 [M+]. Anal. Calcd. for
C19H13Cl2N3OS: C, 56.73; H, 3.26; N, 10.45; S, 7.97. Found: C, 56.85; H, 3.44; N, 10.78; S,
7.89.

(2E)-2-Cyano-N-{3-cyano-4H,5H,6H-cyclopenta[b]thiophen-2-yl}-3-[4-(piperidin-1-yl)phenyl]
prop-2-enamide (29a). Compound 29a was synthesized according to typical procedure
using 9a and 4-(piperidin-1-yl)benzaldehyde 14 as starting materials. The yield was (0.28 g,
70.55%) as a dark red powder with m.p. 262–264 ◦C. 1H NMR (500 MHz, DMSO-d6)
δ (ppm): 1.50–1.65 (6H, m, 3 CH2 of C3,4,5-Hs of piperdine ring), 2.30–2.40 (2H, quint,
J = 6.5 Hz, CH2 of C5-Hs of cyclopenta[b]thiophen ring), 2.70–2.80 (2H, t, J = 6.5 Hz, CH2
of C4-Hs of cyclopenta[b]thiophen ring), 2.80–2.90 (2H, t, J = 6.5 Hz, CH2 of C6-Hs of
cyclopenta[b]thiophen ring), 3.45–3.55 (4H, m, 2 CH2 of C2,6-Hs of the piperdine ring), 7.04
(2H, d, J = 8.0 Hz, 2 CH of C3,5-Hs of phenyl ring), 7.91 (2H, d, J = 8.0 Hz, 2 CH of C2,6-Hs
of phenyl ring), 8.10 (1H, s, vinyl-H), 11.45 (1H, s, NH). 13C NMR (125 MHz, DMSO-d6)
δ (ppm): 23.96, 25.00 (2C), 27.45, 27.64, 29.17, 47.40 (2C), 94.93, 113.21 (2C), 117.67, 119.18,
133.65 (2C), 141.55, 152.52, 153.57, 161.32. EI-MS: m/z: 402.67 [M+]. Anal. Calcd. for
C23H22N4OS: C, 68.63; H, 5.51; N, 13.92; S, 7.96. Found: C, 68.80; H, 5.62; N, 14.20; S, 8.05.

(2E)-2-Cyano-N-(3-cyano-4,5,6,7-tetrahydro-1-benzothiophen-2-yl)-3-[4-(piperidin-1-yl)phenyl]
prop-2-enamide (29b). Compound 29b was synthesized according to typical procedure
using 9b and 4-(piperidin-1-yl)benzaldehyde 14 as starting materials. The yield was (0.28 g,
66.26%) as an orange powder with m.p. 262–264 ◦C. 1H NMR (500 MHz, DMSO-d6) δ
(ppm): 1.55–1.65 (6H, m, 3 CH2 of C3,4,5-Hs of piperdine ring), 1.70–1.80 (4H, m, 2 CH2
of C5,6-Hs of tetrahydrobenzothiophene ring), 2.45–2.55 (2H, m, CH2 of C7-Hs of tetrahy-
drobenzothiophene ring), 2.60–2.65 (2H, m, CH2 of C4-Hs of tetrahydrobenzothiophene
ring), 3.49 (4H, t, J = 5.0 Hz, 2 CH2 of C2,6-Hs of piperdine ring), 7.06 (2H, d, J = 8.5 Hz, 2
CH of C3,5-Hs of phenyl ring), 7.91 (2H, d, J = 8.5 Hz, 2 CH of C2,6-Hs of phenyl ring), 8.10
(1H, s, vinyl-H), 11.43 (1H, s, NH). 13C NMR (125 MHz, DMSO-d6) δ (ppm): 21.68, 22.57,
23.45, 23.59, 23.99 (2C), 25.02 (2C), 47.40, 94.98, 95.80, 113.22 (2C), 114.20, 117.72, 119.18,
128.80, 131.39, 133.67 (2C), 146.24, 152.56, 153.58, 161.29. EI-MS: m/z: 416.22 [M+]. Anal.
Calcd. for C24H24N4OS: C, 69.20; H, 5.81; N, 13.45; S, 7.70. Found: C, 69.43; H, 5.96; N,
13.72; S, 7.81.
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(2E)-2-Cyano-N-{3-cyano-4H,5H,6H-cyclopenta[b]thiophen-2-yl}-3-[4-(morpholin-4-yl)phenyl]
prop-2-enamide (30a). Compound 30a was synthesized according to the typical proce-
dure using 9a and 4-(morpholin-4-yl)benzaldehyde 15 as starting materials. The yield was
(0.28 g, 69.96%) as an orange powder with m.p. 296–298 ◦C. 1H NMR (500 MHz, DMSO-d6)
δ (ppm): 2.35 (2H, quint, J = 6.5 Hz, CH2 of C5-Hs of cyclopenta[b]thiophen ring), 2.74 (2H,
t, J = 6.5 Hz, CH2 of C4-Hs of cyclopenta[b]thiophen ring), 2.85 (2H, t, J = 6.5 Hz, CH2 of
C6-Hs of cyclopenta[b]thiophen ring), 3.35–3.45 (4H, m, 2 CH2 of C3,5-Hs of morpholine
ring), 3.65–3.75 (4H, m, 2 CH2 of C2,6-Hs of morpholine ring), 7.09 (2H, d, J = 9.0 Hz, 2 CH
of C3,5-Hs of phenyl ring), 7.95 (2H, d, J = 9.0 Hz, 2 CH of C2,6-Hs of phenyl ring), 8.15 (1H,
s, vinyl-H), 11.54 (1H, s, NH). 13C NMR (125 MHz, DMSO-d6) δ (ppm): 27.45, 27.64, 29.18,
46.30 (2C), 65.74 (2C), 92.11, 96.65, 113.42 (2C), 114.47, 117.36, 120.56, 133.22 (2C), 135.25,
141.60, 152.65, 153.90 (2C), 161.13. EI-MS: m/z: 404.62 [M+]. Anal. Calcd. for C22H20N4O2S:
C, 65.33; H, 4.98; N, 13.85; S, 7.93. Found: C, 65.47; H, 5.12; N, 14.09; S, 7.81.

(2E)-2-Cyano-N-(3-cyano-4,5,6,7-tetrahydro-1-benzothiophen-2-yl)-3-[4-(morpholin-4-yl)
phenyl]prop-2-enamide (30b). Compound 30b was synthesized according to typical pro-
cedure using 9b and 4-(morpholin-4-yl)benzaldehyde 15 as starting materials. The yield
was (0.29 g, 69.05%) as an orange powder with m.p. 246–248 ◦C. 1H NMR (500 MHz,
DMSO-d6) δ (ppm): 1.70–1.82 (4H, m, 2 CH2 of C5,6-Hs of tetrahydrobenzothiophene ring),
2.49–2.54 (2H, m, CH2 of C7-Hs of tetrahydrobenzothiophene ring), 2.59–2.64 (2H, m, CH2
of C4-Hs of tetrahydrobenzothiophene ring), 3.40 (4H, t, J = 5.0 Hz, 2 CH2 of C3,5-Hs of
morpholine ring), 3.72 (4H, t, J = 5.0 Hz, 2 CH2 of C2,6-Hs of morpholine ring), 7.10 (2H,
d, J = 9.0 Hz, 2 CH of C3,5-Hs of phenyl ring), 7.95 (2H, d, J = 9.0 Hz, 2 CH of C2,6-Hs of
phenyl ring), 8.14 (1H, s, vinyl-H), 11.52 (1H, s, NH). 13C NMR (125 MHz, DMSO-d6) δ
(ppm): 21.71, 22.60, 23.48, 23.60, 46.31 (2C), 65.77 (2C), 113.44 (2C), 114.30, 117.48, 120.64,
126.82, 130.60, 131.37, 133.20 (2C), 146.70, 153.88, 161.19. EI-MS: m/z: 418.81 [M+]. Anal.
Calcd. for C23H22N4O2S: C, 66.01; H, 5.30; N, 13.39; S, 7.66. Found: C, 66.28; H, 5.47; N,
13.58; S, 7.85.

(2E)-2-Cyano-N-{3-cyano-4H,5H,6H-cyclopenta[b]thiophen-2-yl}-3-[4-(4-methylpiperazin-1-
yl)phenyl]prop-2-enamide (31a). Compound 31a was synthesized according to typical proce-
dure using 9a and 4-(4-methylpiperazin-1-yl)benzaldehyde 16 as starting materials. The
yield was (0.29 g, 69.45%) as a red powder with m.p. 254–256 ◦C. 1H NMR (500 MHz, MHz,
DMSO-d6) δ (ppm): 2.25–2.35 (2H, m, CH2 of C5-Hs of cyclopenta[b]thiophen ring), 2.44
(3H, s, CH3 of N-methyl of piperazine ring), 2.60–2.85 (8H, m, 2 CH2 of C4,6-Hs of cy-
clopenta[b]thiophen ring and 2 CH2 of C3,5-Hs of piperazine ring), 3.40–3.55 (4H, m, 2 CH2
of C2,6-Hs of piperazine ring), 7.06 (2H, d, J = 7.5 Hz, 2 CH of C3,5-Hs of phenyl ring), 7.87
(2H, d, J = 7.5 Hz, 2 CH of C2,6-Hs of phenyl ring), 7.98 (1H, s, vinyl-H), 10.39 (1H, br s,
NH). 13C NMR (125 MHz, CF3COOD) δ (ppm): 29.20, 29.31, 30.76, 45.25, 50.40 (2C), 54.37
(2C), 100.28, 109.91, 117.14, 120.24, 130.83, 135.88 (2C), 140.28 (2C), 149.49, 150.87, 151.99,
154.82, 163.01, 164.10. EI-MS: m/z: 417.73 [M+]. Anal. Calcd. for C23H23N5OS: C, 66.16; H,
5.55; N, 16.77; S, 7.68. Found: C, 66.34; H, 5.67; N, 16.89; S, 7.76.

(2E)-2-Cyano-N-(3-cyano-4,5,6,7-tetrahydro-1-benzothiophen-2-yl)-3-[4-(4-methylpiperazin-
1-yl)phenyl]prop-2-enamide (31b). Compound 31b was synthesized according to typical pro-
cedure using 9b and 4-(4-methylpiperazin-1-yl)benzaldehyde 16 as starting materials. The
yield was (0.32 g, 74.14%) as a golden powder with m.p. 257–259 ◦C. 1H NMR (500 MHz,
CF3COOD) δ (ppm): 2.00–2.10 (4H, m, 2 CH2 of C3,5-Hs of piperazine ring), 2.95–3.15
(4H, m, 2 CH2 of C5,6-Hs of tetrahydrobenzothiophene ring), 3.21 (3H, s, CH3 of N-methyl
of piperazine ring), 3.70–3.80 (2H, m, CH2 of C7-Hs of tetrahydrobenzothiophene ring),
4.05–4.15 (4H, m, 2 CH2 of C2,6-Hs of piperazine ring), 4.30–4.35 (2H, m, CH2 of C4-Hs of
tetrahydrobenzothiophene ring), 7.68 (2H, d, J = 9.5 Hz, 2 CH of C3,5-Hs of phenyl ring),
8.29 (2H, d, J = 9.5 Hz, 2 CH of C2,6-Hs of phenyl ring), 8.71 (1H, s, vinyl-H), 9.39 (1H, s,
NH), 8.91 (1H, s, NH4

+ of piperazine ring as a result of ionization). 13C NMR (125 MHz,
CF3COOD) δ (ppm): 20.72, 22.64, 23.11, 26.58, 45.41, 49.44 (2C), 54.84 (2C), 98.84, 115.15,
117.50, 121.69, 131.41, 135.38, 136.29 (2C), 145.36 (2C), 151.06, 152.93, 155.62, 167.26. EI-MS:
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m/z: 431.25 [M+]. Anal. Calcd. for C24H25N5OS: C, 66.80; H, 5.84; N, 16.23; S, 7.43. Found:
C, 67.04; H, 5.98; N, 16.48; S, 7.60.

(2E)-3-[4-(Benzyloxy)-3-methoxyphenyl]-2-cyano-N-{3-cyano-4H,5H,6H-cyclopenta[b]thiophen-
2-yl}prop-2-enamide (32a). Compound 32a was synthesized according to typical procedure
using 9a and 4-(benzyloxy)-3-methoxybenzaldehyde 17 as starting materials. The yield was
(0.22 g, 48.30%) as a yellow powder with m.p. 233–235 ◦C. 1H NMR (500 MHz, pyridine-d5)
δ (ppm): 2.05–2.15 (2H, m, CH2 of C5-Hs of cyclopenta[b]thiophen ring), 2.55–2.75 (4H, m,
2 CH2 of C4,6-Hs of cyclopenta[b]thiophen ring), 3.78 (3H, s, CH3 of OCH3 at C3 of phenyl
ring), 5.21 (2H, s, benzylic CH2), 7.08 (1H, d, J = 9.0 Hz, C5-H of phenyl ring), 7.22 (1H,
hindered by solvent peak, C4-H of benzyl group), 7.32 (2H, d, J = 6.5 Hz, C2,6-Hs of benzyl
group), 7.38 (2H, t, J = 6.5 Hz, C3,5-Hs of benzyl group), 7.58 (1H, hindered by solvent peak,
C6-H of phenyl ring), 7.80 (1H, s, C2-H of phenyl ring), 8.53 (1H, s, vinyl-H). 13C NMR
(125 MHz, pyridine-d5) δ (ppm): 27.93, 28.05, 29.49, 55.68, 70.79, 93.85, 101.89, 112.84, 113.30,
127.02, 128.10 (2C), 128.46, 128.90 (2C), 153.49, 161.37. EI-MS: m/z: 455.3 [M+]. Anal. Calcd.
for C26H21N3O3S: C, 68.55; H, 4.65; N, 9.22; S, 7.04. Found: C, 68.74; H, 4.82; N, 9.43; S, 7.18.

(2E)-3-[4-(Benzyloxy)-3-methoxyphenyl]-2-cyano-N-(3-cyano-4,5,6,7-tetrahydro-1-benzothiophen-
2-yl)prop-2-enamide (32b). Compound 32b was synthesized according to typical procedure
using 9b and 4-(benzyloxy)-3-methoxybenzaldehyde 17 as starting materials. The yield was
(0.20 g, 42.38%) as yellow powder with m.p. 220–222 ◦C. 1H NMR (500 MHz, DMSO-d6) δ
(ppm): 1.70–1.85 (4H, m, 2 CH2 of C5,6-Hs of tetrahydrobenzothiophene ring), 2.45–2.55
(2H, m, CH2 of C7-Hs of tetrahydrobenzothiophene ring), 2.55–2.65 (2H, m, CH2 of C4-Hs
of tetrahydrobenzothiophene ring), 3.82 (3H, s, CH3 of OCH3 at C3 of phenyl ring), 5.22 (2H,
s, benzylic CH2), 7.28 (1H, d, J = 8.5 Hz, C5-H of phenyl ring), 7.35 (1H, d, J = 6.5 Hz, C4-H
of benzyl group), 7.40 (2H, t, J = 6.5 Hz, C3,5-Hs of benzyl group), 7.45 (2H, d, J = 6.5 Hz,
C2,6-Hs of benzyl group), 7.65 (1H, d, J = 8.5 Hz, C6-H of phenyl ring), 7.74 (1H, s, C2-H
of phenyl ring), 8.25 (1H, s, vinyl-H), 11.72 (1H, s, NH). 13C NMR (125 MHz, DMSO-d6) δ
(ppm): 21.74, 22.64, 23.57, 23.67, 55.65, 70.10, 112.96, 113.30, 116.82, 116.86, 124.58, 126.00,
128.14 (2C), 128.26, 128.62 (2C), 131.62, 136.31, 149.00, 152.17, 160.78. EI-MS: m/z: 469.13
[M+]. Anal. Calcd. for C27H23N3O3S: C, 69.06; H, 4.94; N, 8.95; S, 6.83. Found: C, 69.34; H,
4.81; N, 9.17; S, 7.01.

(2E)-2-Cyano-N-{3-cyano-4H,5H,6H-cyclopenta[b]thiophen-2-yl}-3-(3-methyl-1-phenyl-1H-
pyrazol-4-yl)prop-2-enamide (33a). Compound 33a was synthesized according to typical
procedure using 9a and 3-methyl-1-phenyl-1H-pyrazole-4-carbaldehyde 18 as starting
materials. The yield was (0.32 g, 78.8%) as a yellow powder with m.p. 267–269 ◦C. 1H
NMR (500 MHz, CDCl3) δ (ppm): 1.58 (3H, s, CH3 at C4 of pyrazole ring), 2.46 (2H,
quint, J = 7.0 Hz, CH2 of C5-Hs of cyclopenta[b]thiophen ring), 2.84 (2H, t, J = 7.0 Hz,
CH2 of C4-Hs of cyclopenta[b]thiophen ring), 2.92 (2H, t, J = 7.0 Hz, CH2 of C6-Hs of cy-
clopenta[b]thiophen ring), 7.39 (1H, t, J = 8.0 Hz, C4-H of phenyl ring), 7.51 (2H, t, J = 8.0 Hz,
2 CH of C3,5-H of phenyl ring), 7.72 (2H, d, J = 8.0 Hz, 2 CH of C2,6-H of phenyl ring), 8.34
(1H, s, C5-H of pyrazole ring), 8.80 (1H, s, vinyl-H), 8.93 (1H, s, NH). 13C NMR (125 MHz,
CDCl3) δ (ppm): 11.74, 28.06, 28.13, 29.44, 91.28, 97.32, 113.86, 116.11, 116.75, 119.83 (2C),
128.13, 128.76, 129.70 (2C), 136.20, 138.69, 141.58, 145.45, 149.73, 154.23, 157.67. EI-MS: m/z:
399.8 [M+]. Anal. Calcd. for C22H17N5OS: C, 66.15; H, 4.29; N, 17.53; S, 8.03. Found: C,
66.42; H, 4.36; N, 17.79; S, 8.21.

(2E)-2-Cyano-N-(3-cyano-4,5,6,7-tetrahydro-1-benzothiophen-2-yl)-3-(3-methyl-1-phenyl-1H-
pyrazol-4-yl)prop-2-enamide (33b). Compound 33b was synthesized according to typical
procedure using 9b and 3-methyl-1-phenyl-1H-pyrazole-4-carbaldehyde 18 as starting
materials. The yield was (0.33 g, 78.59%) as a yellow powder with m.p. 256–258 ◦C. 1H
NMR (500 MHz, CDCl3) δ (ppm): 1.80–1.90 (4H, m, 2 CH2 of C5,6-Hs of tetrahydrobenzoth-
iophene ring), 2.50 (3H, s, CH3 at C4 of pyrazole ring), 2.62 (2H, t, J = 6.0 Hz, CH2 of C7-Hs
of tetrahydrobenzothiophene ring), 2.67 (2H, t, J = 5.5 Hz, CH2 of C4-Hs of tetrahydroben-
zothiophene ring), 7.39 (1H, t, J = 7.5 Hz, C4-H of phenyl ring), 7.50 (2H, t, J = 7.5 Hz, 2
CH of C3,5-H of phenyl ring), 7.72 (2H, d, J = 7.5 Hz, 2 CH of C2,6-H of phenyl ring), 8.34
(1H, s, C5-H of pyrazole ring), 8.81 (1H, s, vinyl-H), 8.92 (1H, s, NH). 13C NMR (125 MHz,
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CDCl3) δ (ppm): 11.73, 21.99, 22.99, 23.97, 24.01, 95.54, 97.38, 113.60, 116.09, 116.73, 119.79
(2C), 128.10, 128.73, 129.69 (2C), 129.86, 131.65, 138.67, 144.98, 145.45, 154.21, 157.66. EI-MS:
m/z: 413.27 [M+]. Anal. Calcd. for C23H19N5OS: C, 66.81; H, 4.63; N, 16.94; S, 7.75. Found:
C, 67.09; H, 4.81; N, 17.15; S, 7.94.

(2E)-2-Cyano-N-{3-cyano-4H,5H,6H-cyclopenta[b]thiophen-2-yl}-3-(3-phenyl-1H-pyrazol-4-
yl)prop-2-enamide (34a). Compound 34a was synthesized according to typical procedure
using 9a and 3-phenyl-1H-pyrazole-4-carbaldehyde 19 as starting materials. The yield was
(0.24 g, 60.96%) as golden powder with m.p. 226–228 ◦C. 1H NMR (400 MHz, DMSO-d6) δ
(ppm): 2.30–2.50 (2H, m, CH2 of C5-Hs of cyclopenta[b]thiophen ring), 2.70–2.95 (4H, m, 2
CH2 of C4,6-Hs of cyclopenta[b]thiophen ring), 7.65 (5H, m, 5 CH of C2,3,4,5,6-Hs of phenyl
ring), 8.14 (1H, s, vinyl-H), 8.56 (1H, br s, NH), 11.71 (1H, s, C5-H of pyrazole ring), 14.16
(1H, br s, NH of pyrazole ring). 13C NMR (100 MHz, DMSO-d6) δ (ppm): 27.94, 28.10, 29.66,
92.88, 100.33, 112.64, 113.33, 114.86, 117.35, 129.49 (4C), 129.68, 136.00, 142.10 (3C), 151.02,
160.92 (2C). EI-MS: m/z: 385.48 [M+]. Anal. Calcd. for C21H15N5OS: C, 65.44; H, 3.92; N,
18.17; S, 8.32. Found: C, 65.67; H, 4.09; N, 18.30; S, 8.58.

(2E)-2-Cyano-N-(3-cyano-4,5,6,7-tetrahydro-1-benzothiophen-2-yl)-3-(3-phenyl-1H-pyrazol-
4-yl)prop-2-enamide (34b). Compound 34b was synthesized according to typical procedure
using 9b and 3-phenyl-1H-pyrazole-4-carbaldehyde 19 as starting materials. The yield was
(0.24 g, 60.07%) as a yellow powder with m.p. 263–265 ◦C. 1H NMR (400 MHz, DMSO-d6) δ
(ppm): 1.70–1.85 (4H, m, 2 CH2 of C5,6-Hs of tetrahydrobenzothiophene ring), 2.55–2.65 (4
H, m, 2 CH2 of C4,7-Hs of tetrahydrobenzothiophene ring), 7.65 (5H, m, 5 CH of C2,3,4,5,6-Hs
of phenyl ring), 8.13 (1H, s, vinyl-H), 8.54 (1H, br s, NH), 11.70 (1H, s, C5-H of pyrazole
ring), 14.14 (1H, br s, NH of pyrazole ring). 13C NMR (125 MHz, DMSO-d6) δ (ppm): 21.65,
22.56, 23.47, 23.58, 96.36, 99.89, 112.14, 114.06, 116.86, 129.02 (4C), 129.21, 129.35 (2C), 131.50
(2C), 145.69 (2C), 160.46 (2C). EI-MS: m/z: 399.22 [M+]. Anal. Calcd. for C22H17N5OS: C,
66.15; H, 4.29; N, 17.53; S, 8.03. Found: C, 65.97; H, 4.38; N, 17.71; S, 8.14.

(2E)-2-Cyano-N-{3-cyano-4H,5H,6H-cyclopenta[b]thiophen-2-yl}-3-(naphthalen-1-yl)prop-2-
enamide (35a). Compound 35a was synthesized according to typical procedure using 9a

and 1-naphthaldehyde 20 as starting materials. The yield was (0.24 g, 64.69%) as a dark
orange powder with m.p. 238–240 ◦C. 1H NMR (500 MHz, DMSO-d6) δ (ppm): 2.38 (2H,
quint, J = 7.0 Hz, CH2 of C5-Hs of cyclopenta[b]thiophen ring), 2.77 (2H, t, J = 7.0 Hz,
CH2 of C4-Hs of cyclopenta[b]thiophen ring), 2.89 (2H, t, J = 7.0 Hz, CH2 of C6-Hs of
cyclopenta[b]thiophen ring), 7.67 (1H, t, J = 7.0 Hz, C6-H of naphthalene ring), 7.70 (2H, t,
J = 8.0 Hz, 2 CH of C3,7-Hs of naphthalene ring), 8.07 (1H, d, J = 8.0 Hz, C4-H of naphthalene
ring), 8.12 (1H, d, J = 7.0 Hz, C5-H of naphthalene ring), 8.18 (1H, d, J = 8.0 Hz, C2-H of
naphthalene ring), 8.26 (1H, d, J = 8.0 Hz, C8-H of naphthalene ring), 9.06 (1H, s, vinyl-H),
12.06 (1H, s, NH). 13C NMR (125 MHz, DMSO-d6) δ (ppm): 27.50, 27.71, 29.28, 92.48, 108.92,
114.48, 115.73, 124.02, 125.56 (2C), 127.06, 127.72 (2C), 128.90, 129.19, 130.85, 132.59, 133.09,
135.65, 141.91, 151.43, 160.14. EI-MS: m/z: 369.21 [M+]. Anal. Calcd. for C22H15N3OS: C,
71.52; H, 4.09; N, 11.37; S, 8.68. Found: C, 71.38; H, 4.23; N, 11.58; S, 8.90.

(2E)-2-Cyano-N-(3-cyano-4,5,6,7-tetrahydro-1-benzothiophen-2-yl)-3-(naphthalen-1-yl)prop-
2-enamide (35b). Compound 35b was synthesized according to typical procedure using 9b

and 1-naphthaldehyde 20 as starting materials. The yield was (0.24 g, 63.1%) as a yellow
powder with m.p. 265–267 ◦C. 1H NMR (500 MHz, DMSO-d6) δ (ppm): 1.73–1.83 (4H, m,
2 CH2 of C5,6-Hs of tetrahydrobenzothiophene ring), 2.52–2.58 (2H, m, CH2 of C7-Hs of
tetrahydrobenzothiophene ring), 2.63–2.69 (2H, m, CH2 of C4-Hs of tetrahydrobenzothio-
phene ring), 7.66 (1H, t, J = 7.0 Hz, C6-H of naphthalene ring), 7.70 (2H, t, J = 8.0 Hz, 2 CH
of C3,7-Hs of naphthalene ring), 8.07 (1H, d, J = 8.0 Hz, C4-H of naphthalene ring), 8.11 (1H,
d, J = 7.0 Hz, C5-H of naphthalene ring), 8.18 (1H, d, J = 8.0 Hz, C2-H of naphthalene ring),
8.26 (1H, d, J = 8.0 Hz, C8-H of naphthalene ring), 9.06 (1H, s, vinyl-H), 12.06 (1H, s, NH).
13C NMR (125 MHz, DMSO-d6) δ (ppm): 21.67, 22.56, 23.50, 23.63, 96.33, 114.64, 116.25,
124.03, 125.55, 127.05, 127.71, 127.75, 128.89, 129.20, 129.30, 130.83, 132.57, 133.08, 133.17,
133.58, 133.65, 151.51, 160.12. EI-MS: m/z: 383.23 [M+]. Anal. Calcd. for C23H17N3OS: C,
72.04; H, 4.47; N, 10.96; S, 8.36. Found: C, 71.88; H, 4.69; N, 11.23; S, 8.49.
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(2E)-2-Cyano-N-{3-cyano-4H,5H,6H-cyclopenta[b]thiophen-2-yl}-3-(naphthalen-2-yl)prop-2-
enamide (36a). Compound 36a was synthesized according to typical procedure using 9a

and 2-naphthaldehyde 21 as starting materials. The yield was (0.19 g, 51.42%) as a dark
orange powder with m.p. 228–230 ◦C. 1H NMR (500 MHz, DMSO-d6) δ (ppm): 2.25–2.35
(2H, m, CH2 of C5-Hs of cyclopenta[b]thiophen ring), 2.65–2.80 (4H, m, 2 CH2 of C4,6-Hs of
cyclopenta[b]thiophen ring), 7.54–7.66 (2H, m, C6,7-Hs of naphthalene ring), 7.92–8.02 (3H,
m, C3,5,8-Hs of naphthalene ring), 8.15 (1H, d, J = 8.0 Hz, C4-H of naphthalene ring), 8.38
(1H, s, C1-H of naphthalene ring), 8.38 (1H, s, vinyl-H). 13C NMR (125 MHz, DMSO-d6) δ
(ppm): 27.06, 27.95, 29.63, 87.54, 113.98, 118.68 (2C), 125.09, 126.97, 127.72, 127.83, 128.55,
128.76, 130.00 (2C), 131.03, 131.09, 132.75, 134.00, 139.05, 146.09, 162.53. EI-MS: m/z: 369.53
[M+]. Anal. Calcd. for C22H15N3OS: C, 71.52; H, 4.09; N, 11.37; S, 8.68. Found: C, 71.69; H,
4.21; N, 11.62; S, 8.79.

(2E)-2-Cyano-N-(3-cyano-4,5,6,7-tetrahydro-1-benzothiophen-2-yl)-3-(naphthalen-2-yl)prop-
2-enamide (36b). Compound 36b was synthesized according to typical procedure using 9b

and 2-naphthaldehyde 21 as starting materials. The yield was (0.19 g, 49.5%) as a dark
yellow powder with m.p. 252–254 ◦C. 1H NMR (500 MHz, DMSO-d6) δ (ppm): 1.73–1.81
(4H, m, 2 CH2 of C5,6-Hs of tetrahydrobenzothiophene ring), 2.50–2.55 (2H, m, CH2 of
C7-Hs of tetrahydrobenzothiophene ring), 2.59–2.65 (2H, m, CH2 of C4-Hs of tetrahydroben-
zothiophene ring), 7.63 (1H, t, J = 7.5 Hz, C6-H of naphthalene ring), 7.68 (1H, t, J = 7.5 Hz,
C7-H of naphthalene ring), 8.01 (1H, d, J = 8.0 Hz, C5-H of naphthalene ring), 8.06 (1H, d,
J = 8.0 Hz, C8-H of naphthalene ring), 8.10 (1H, d, J = 9.0 Hz, C3-H of naphthalene ring),
8.19 (1H, d, J = 9.0 Hz, C4-H of naphthalene ring), 8.44 (1H, s,C1-H of naphthalene ring),
8.51 (1H, s, vinyl-H), 11.94 (1H, s, NH). 13C NMR (125 MHz, CF3COOD) δ (ppm): 23.03,
25.17, 25.73, 26.23, 114.74, 115.16, 124.92, 125.31, 129.68, 129.80, 130.02, 130.16, 130.90, 131.55,
131.88, 134.64, 135.02, 135.96, 136.88, 146.66, 151.79, 158.56, 162.32. EI-MS: m/z: 383.26 [M+].
Anal. Calcd. for C23H17N3OS: C, 72.04; H, 4.47; N, 10.96; S, 8.36. Found: C, 71.92; H, 4.65;
N, 11.18; S, 8.47.

(2E)-3-(2H-1,3-Benzodioxol-4-yl)-2-cyano-N-{3-cyano-4H,5H,6H-cyclopenta[b]thiophen-2-yl}
prop-2-enamide (37a). Compound 37a was synthesized according to typical procedure
using 9a and 2,3-methylenedioxybenzaldehyde 22 as starting materials. The yield was
(0.30 g, 82.55%) as a yellow powder with m.p. 286–288 ◦C. 1H NMR (500 MHz, DMSO-d6)
δ (ppm): 2.36 (2H, quint, J = 7.0 Hz, CH2 of C5-Hs of cyclopenta[b]thiophen ring), 2.75
(2H, t, J = 7.0 Hz, CH2 of C4-Hs of cyclopenta[b]thiophen ring), 2.86 (2H, t, J = 7.0 Hz,
CH2 of C6-Hs of cyclopenta[b]thiophen ring), 6.21 (2H, s, CH2 of C2-Hs of benzodioxole
ring), 7.04 (1H, t, J = 7.75 Hz, C6-H of benzodioxole ring), 7.16 (1H, d, J = 7.75 Hz, C5-H of
benzodioxole), 7.63 (1H, d, J = 7.75 Hz, C7-H of benzodioxole ring), 8.23 (1H, s, vinyl-H),
11.91 (1H, s, NH). 13C NMR (125 MHz, CF3COOD) δ (ppm): 29.46, 29.59, 30.98, 100.17,
104.41, 110.21, 115.87, 116.37, 117.46, 121.20, 124.79, 140.53, 149.70, 150.43, 151.23, 152.48,
152.65, 163.39, 171.42. EI-MS: m/z: 363.33 [M+]. Anal. Calcd. for C19H13N3O3S: C, 62.80; H,
3.61; N, 11.56; S, 8.82. Found: C, 63.04; H, 3.78; N, 11.82; S, 8.98.

(2E)-3-(2H-1,3-Benzodioxol-4-yl)-2-cyano-N-(3-cyano-4,5,6,7-tetrahydro-1-benzothiophen-2-
yl)prop-2-enamide (37b). Compound 37b was synthesized according to typical procedure
using 9b and 2,3-methylenedioxybenzaldehyde 22 as starting materials. The yield was
(0.20 g, 52.99%) as a yellow powder with m.p. 226–228 ◦C. 1H NMR (500 MHz, CDCl3) δ
(ppm): 1.80–1.90 (4H, m, 2 CH2 of C5,6-Hs of tetrahydrobenzothiophene ring), 2.60–2.70
(4H, m, 2 CH2 of C4,7-Hs of tetrahydrobenzothiophene ring), 6.10 (2H, s, CH2 of C2-Hs of
benzodioxole ring), 6.93–6.99 (2H, m, C5,6-Hs of benzodioxole ring), 6.75 (1H, d, J = 7.5 Hz,
C7-H of benzodioxole ring), 8.55 (1H, s, vinyl-H), 8.93 (1H, br s, NH). 13C NMR (100 MHz,
CDCl3) δ (ppm): 22.03, 23.03, 24.02, 24.08, 95.97, 102.00, 102.16, 113.02, 113.54, 114.24, 115.98,
119.78, 122.52, 130.17, 131.81, 144.78, 147.02, 148.21, 149.58, 157.11. EI-MS: m/z: 377.13 [M+].
Anal. Calcd. for C20H15N3O3S: C, 63.65; H, 4.01; N, 11.13; S, 8.49. Found: C, 63.89; H, 4.23;
N, 11.41; S, 8.60.

(2E)-3-(2H-1,3-Benzodioxol-5-yl)-2-cyano-N-{3-cyano-4H,5H,6H-cyclopenta[b]thiophen-2-yl}
prop-2-enamide (38a). Compound 38a was synthesized according to typical procedure
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using 9a and 3,4-methylenedioxybenzaldehyde 23 as starting materials. The yield was
(0.22 g, 60.54%) as a golden powder with m.p. 219–221 ◦C. 1H NMR (500 MHz, DMSO-d6)
δ (ppm): 2.25–2.35 (2H, m, CH2 of C5-Hs of cyclopenta[b]thiophen ring), 2.60–2.80 (4H, m,
2 CH2 of C4,6-Hs of cyclopenta[b]thiophen ring), 6.19 (2H, s, CH2 of C2-Hs of benzodioxole
ring), 7.15 (1H, d, J = 10.0 Hz, C7-H of benzodioxole ring), 7.58 (1H, d, J = 10.0 Hz, C6-H
of benzodioxole ring), 7.65 (1H, s, C4-H of benzodioxole), 8.24 (1H, s, vinyl-H), 11.73 (1H,
s, NH). 13C NMR (125 MHz, DMSO-d6) δ (ppm): 27.53, 27.73, 29.28, 92.59, 101.39, 102.64,
108.19, 109.26, 114.45, 116.49, 129.09, 135.71, 141.87, 148.27, 150.47, 151.83, 152.86, 160.55.
EI-MS: m/z: 363.13 [M+]. Anal. Calcd. for C19H13N3O3S: C, 62.80; H, 3.61; N, 11.56; S, 8.82.
Found: C, 63.07; H, 3.49; N, 11.80; S, 8.65.

(2E)-3-(2H-1,3-Benzodioxol-5-yl)-2-cyano-N-(3-cyano-4,5,6,7-tetrahydro-1-benzothiophen-2-
yl)prop-2-enamide (38b). Compound 38b was synthesized according to typical procedure
using 9b and 3,4-methylenedioxybenzaldehyde 23 as starting materials. The yield was
(0.20 g, 52.99%) as a yellow powder with m.p. 204–206 ◦C. FT-IR (KBr) νmax (cm−1): 1279.83
(C-O of benzodioxole ring), 1648.26 (C=O of amide), 1673.84 (C=C), 2223.38 (CN), 2931.53
(aliphatic protons), 3002.25 (aromatic protons), 3433.83 (NH of amide). 1H NMR (400 MHz,
CDCl3) δ (ppm): 1.80–1.90 (4H, m, 2 CH2 of C5,6-Hs of tetrahydrobenzothiophene ring),
2.60–2.75 (4H, m, 2 CH2 of C4,7-Hs of tetrahydrobenzothiophene ring), 6.14 (2H, s, CH2
of C2-Hs of benzodioxole ring), 6.96 (1H, d, J = 8.0 Hz, C7-H of benzodioxole ring), 7.47
(1H, d, J = 8.0 Hz, C6-H of benzodioxole ring), 7.71 (1H, s, C4-H of benzodioxole ring), 8.30
(1H, s, vinyl-H), 8.96 (1H, s, NH). NOESY: dipolar interaction detected between C6-H of
benzodioxole ring (7.47, d) and vinyl-H (8.30, s) and between C4-H of benzodioxole ring
(7.71, s) and vinyl-H (8.30, s). 13C NMR (100 MHz, CDCl3) δ (ppm): 17.30, 18.30, 19.28,
19.33, 91.04, 93.89, 97.76, 104.07, 104.39, 108.82, 111.69, 121.20, 125.24, 125.60, 127.01, 140.22,
144.12, 148.12, 149.74, 152.96. EI-MS: m/z: 377.53 [M+]. Anal. Calcd. for C20H15N3O3S: C,
63.65; H, 4.01; N, 11.13; S, 8.49. Found: C, 63.81; H, 4.23; N, 11.40; S, 8.65.

(2E)-2-Cyano-N-{3-cyano-4H,5H,6H-cyclopenta[b]thiophen-2-yl}-3-(1H-indol-3-yl)prop-2-enamide
(39a). Compound 39a was synthesized according to typical procedure using 9a and indole-
3-carboxaldehyde 24 as starting materials. The yield was (0.23 g, 65.28%) as a golden
powder with m.p. 284–286 ◦C. 1H NMR (500 MHz, DMSO-d6) δ (ppm): 2.30–2.40 (2H,
m, CH2 of C5-Hs of cyclopenta[b]thiophen ring), 2.70–2.95 (4H, m, 2 CH2 of C4,6-Hs of
cyclopenta[b]thiophen ring), 7.25–7.35 (2H, m, 2 CH of C5,6-Hs of indole ring), 7.57 (1H,
d, J = 6.5 Hz, C7-H of indole ring), 7.99 (1H, d, J = 5.5 Hz, C4-H of indole ring), 8.57 (1H,
s, C4-H of indole ring), 8.64 (1H, s, vinyl-H), 11.52 (1H, s, NH), 12.54 (1H, s, NH of indole
ring). 13C NMR (100 MHz, DMSO-d6) δ (ppm): 27.92, 28.13, 29.66, 92.49, 95.20, 110.47,
113.44, 115.06, 118.74, 119.10, 122.51, 124.11, 127.62, 132.39, 135.61, 136.65, 142.03, 145.62,
151.53, 161.66. EI-MS: m/z: 358.42 [M+]. Anal. Calcd. for C20H14N4OS: C, 67.02; H, 3.94; N,
15.63; S, 8.94. Found: C, 66.85; H, 4.12; N, 15.79; S, 9.08.

(2E)-2-Cyano-N-(3-cyano-4,5,6,7-tetrahydro-1-benzothiophen-2-yl)-3-(1H-indol-3-yl)prop-2-
enamide (39b). Compound 39b was synthesized according to typical procedure using 9b

and indole-3-carboxaldehyde 24 as starting materials. The yield was (0.20 g, 53.69%) as dark
yellow powder with m.p. 284–286 ◦C. 1H NMR (400 MHz, DMSO-d6) δ (ppm): 1.60–1.90
(4H, m, 2 CH2 of C5,6-Hs of tetrahydrobenzothiophene ring), 2.60–2.70 (4 H, m, 2 CH2 of
C4,7-Hs of tetrahydrobenzothiophene ring), 7.20–7.40 (2H, m, 2 CH of C5,6-Hs of indole
ring), 7.61 (1H, s, C7-H of indole ring), 8.02 (1H, s, C4-H of indole ring), 8.61 (1H, s, C2-H
of indole ring), 8.67 (1H, s, vinyl-H), 11.57 (1H, s, NH), 12.58 (1H, s, NH of indole ring).
13C NMR (100 MHz, CDCl3) δ (ppm): 22.17, 23.07, 23.95, 24.09, 31.19, 95.28, 110.46, 113.46,
114.74, 118.76, 119.15, 122.51, 124.11, 127.61, 129.33, 131.91, 132.43, 136.67, 145.70, 146.61,
161.69. EI-MS: m/z: 372.18 [M+]. Anal. Calcd. for C21H16N4OS: C, 67.72; H, 4.33; N, 15.04;
S, 8.61. Found: C, 67.51; H, 4.60; N, 15.28; S, 8.73.

3.2. In Vitro Telomerase Activity Assay

The tested compound and BIBR1532 (R&D Systems, Minneapolis, MN, USA) were dis-
solved in an appropriate solvent (according to recommendations from TSCA certification)
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at stock concentrations of 10 mM, and further diluted to appropriate concentrations in assay
buffer. The Telomeric Repeat Amplification Protocol (TRAP) [61] was used to evaluate
the activity of telomerase, with some changes that we have previously described [62,63].
A549 cells (human epithelial cell lung carcinoma, ATCC, Manassas, VA) were lysed in
(10 mM) Tris-HCl, pH 7.5, (1 mM) EGTA, (1 mM) MgCl2, (5 mM) 2-mercaptoethanol, (0.1
mM) PMSF, (0.5%) CHAPS, and (10%) glycerol (Sigma-Aldrich, St. Louis, MO, USA) and
centrifugation. The supernatants were kept at −80 ◦C. The BCA-1 Protein Assay Kit was
used to assess the protein concentration in cell extracts (Sigma-Aldrich, St. Louis, MO,
USA). An amount of 5 μg total protein and appropriate amounts of AZT and BIBR1532

were added to a reaction mixture of (67 mM) Tris-HCl, pH 8.8, (1.5 mM) MgCl2, (0.01%)
Tween-20, (16.6 mM) (NH4)2SO4, and (1 mM) EGTA (Sigma-Aldrich, St. Louis, MO, USA),
(0.25 mM) each dNTP (Evrogen, Moscow) (TS-primer) (5′-AATCCGTCGAGCAGAGTT-
3′). To inactivate telomerase, the cells were elongated for 30 min at 37 ◦C and 10 min
at 96 ◦C. Copy CX-primer was added to the elongation mixture along with 0.1 μL (5′-
CCCTTACCCTTACCCTTACCCTAA-3′) and 2.5 units Taq-polymerase, followed by the
following PCR: 94 ◦C for 5 min; 30 cycles of 94 ◦C for 30 s, 50 ◦C for 30 s, and 72 ◦C for
40 s, and 72 ◦C for 5 min. TBE buffer and (12%) nondenaturing PAAG electrophoresis were
used to visualize the PCR product. 10 μL of each sample was placed in each well of gel
comb. The gels were stained with the SYBR Green I (Invitrogen, Grand Island, NY, USA),
then photographed under the UV light in ChemiDocTM XRS imaging system and analyzed
with GelAnalyzer 2010.

3.3. Cell Lines and Incubation with the Compounds

The human A549 (epithelial cell lung carcinoma, ATCC, Manassas, VA, USA), HCC44
(non-small cell lung adenocarcinoma, Leibniz Institute DSMZ-German Collection of the
Microorganisms and the Cell Cultures, Braunschweig, Germany), and NCI-H23 (non-small
cell lung adenocarcinoma, ATCC, Manassas, VA, USA) cell lines (compounds 29a, 36b, and
39b) were diluted to 10 μM and incubated for 48 h before being tested using the TRAP
method.

3.4. In Vitro Anticancer Screening

The cancer screening panel’s human tumor 60 cell lines were cultured in the RPMI 1640
medium with (5%) fetal bovine serum and (2 mM) L-glutamine. For a screening experiment,
cells were injected onto 96-well microtiter plates (100 μL), with plating densities varying
from 5 to 40 × 103 cells per well, depending on different cell lines’ doubling times. Before
introducing experimental drugs, the microtiter plates were incubated overnight at 37 ◦C,
95% air, 5% CO2, and 100% relative humidity after cell injection. TCA was employed to
keep each cell line in place overnight, resembling a computation of the cell population for
every cell line at the time of the addition of the drug. The experimental drugs were chilled
after solubilization in DMSO at 400 times the final maximum test concentration. At the
moment of the addition of the drug, the aliquot of the frozen concentrate was thawed and
diluted to twice the required final maximum concentration with the complete medium
containing (50 μg/mL) gentamicin. The required final concentration of the drug (10 μM)
was reached by adding 100 μL aliquots of these definite dilutions of the drug to suitable
microtiter wells previously holding a medium of 100 μL. The same technique was utilized
for controls containing only DMSO and phosphate-buffered saline at identical dilutions.
Following drug addition, the plates were incubated for a further two days at 37 ◦C, 95%
air, 5% CO2, and 100% relative humidity. The experiment was finished with addition
of cold TCA. The cells were fixed in situ by adding (50 μL) cold 50% (w/v) TCA (final
concentration: 10% TCA) and incubating for 1 hr at 4 ◦C. The plates were rinsed numerous
times with distilled water and dried after the supernatant was removed. Sulforhodamine
B (SRB) solution (100 μL) containing 0.4% (w/v) sulforhodamine in 1% acetic acid was
added and plates were incubated at rt for 10 min. The unbound dye was washed away
numerous times with (1%) acetic acid after the staining, and plates were dried. The bound
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dye was then solubilized with a (10 mM) trizma base, and absorbance was calculated at
515 nm on an automatic reader. The process was typical for suspension cells, except that
the experiment was finished by gradually adding (50 μL) of 80% TCA to fix settling cells at
the bottoms of the wells (final conccentration:, 16% TCA). The % growth of treated cells
was established using seven absorbance measurements and compared to untreated control
cells [57].

3.5. Statistical Analysis

Analysis was carried out using SPSS 25 software, a 2-way ANOVA, and a student’s
t-test (IBM SPSS Statistics, Armonk, NY, USA). The mean ± SEM is used to express the
findings. The significance level was set at p ≤ 0.05. An amount of 1 μL was submitted to
the Real-Time Quantitative Telomeric Repeat Amplification Protocol Assay (RTQ-TRAP)
as reported by Hou M., et al. to obtain the IC50 and IC90 values (inhibitor concentrations
where the response is decreased by 50% and 90%, respectively) [64]. According to Sebaugh
J.L., et al.’s guidelines, the values were assessed using the Prism 6 software (GraphPad, San
Diego, CA, USA) [65].

3.6. Molecular Docking

The RSCB Protein Data Bank was employed to get the structure of telomerase from
Tribolium castaneum (PDB ID: 5CQG) for complex modelling [66]. The SYBYL 8.1 suite was
used to design the structures of compound 36b. The structure was optimized in a vacuum
using a Tripos force field and energy minimization. The Gasteiger–Huckel method was
used to compute the partial atomic charges. The AutoDock Vina package was used to
perform the docking [67]. The docking parameters were established using the AutoDock
Tools package. Based on the values of their scoring functions and poses in the binding
site, the ligand poses acquired via docking were graded and chosen. Ligand positions
from crystal structures were used as a reference template to assess the accuracy of the
docked molecules’ poses. The PLIP server and the PyMol package were used to study
intermolecular interactions between proteins and docked molecules [68].

3.7. Molecular Dynamics Simulation

The Gromacs-2020 software package was used to simulate molecular dynamics, with
the explicit solvent (TIP3P) and Na+ ions used to neutralize the system. For atomic
parametrization of protein molecules, the AMBER99SB-ILDN forcefield was employed,
while for ligand molecules, the GAFF forcefield was used. Steepest descent minimization
with a solvent was performed for 50,000 steps. The minimization was followed by a
5 ns NVT equilibration, which was followed by a 5 ns NPT equilibration. During both
phases of equilibration, movements of protein- and ligand-heavy atoms were restricted. The
equilibrated structure was used as a starting point for MD. MD calculations were performed
during 100 ns trajectories. An integrator step was set to 2 fs. The values of the temperature
and the pressure were set to 300 K and 1 atm, respectively. The Berendsen thermostat was
used for temperature coupling, and the Parrinelo–Ranman barostat was used for pressure
coupling. Hydrogen atoms were restricted with the LINCS algorithm. The particle mesh
Ewald (PME) was utilized to treat long-range electrostatic interactions. The cutoff distance
for nonbonded interactions was set to 12 Å. Data frames were saved every 10 ps. To avoid
nonequilibrium effects, the last 50 ns were used for analysis. For simulations, the docked
pose of compound 36b was employed as a starting point. The Gromacs-2020 built-in tools
and VMD-1.9.1 software were used to perform trajectory analysis. The conformational
changes in the interaction were identified using RMSD of protein structures and RMSF of
residues.

3.8. In Silico Pharmacokinetic; Physicochemical Prediction and PAINS Filters

The Swiss Institute of Bioinformatics (SIB) provided the free SwissADME web tool for
calculating physicochemical parameters, pharmacokinetic properties, drug-like nature, and
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medicinal chemistry friendliness [58,59,69]. The structures of BIBR1532 and compound 36b

were translated to the SMILES data and then uploaded to the online server for evaluation.

4. Conclusions

Our goal was to design a new, simply synthesized, and highly derivable chemical
scaffold as a telomerase inhibitor. Therefore, 30 novel compounds were designed and
simply synthesized using readily available and inexpensive starting materials. The activity
of telomerase of all synthesized compounds was assessed through TRAP assay. Compounds
29a, 36b, and 39b showed the greatest inhibitory effect on the telomerase enzyme. The
most active compound was 36b, with IC50 values of 0.3 μM. The IC50 of compounds 29a

and 39b were 1.7 and 2 μM, respectively. To test whether these compounds (29a, 36b, and
39b) can penetrate the cells, a living-cell TRAP assay was performed using three NSCLC
cell lines: A549, HCC44, and NCI-H23. All three compounds were successfully capable
of penetrating the cell membrane. Compound 36b was selected to investigate whether
it can bind to another target using the NCI-60 cell line panel assay as a screening test.
Surprisingly, the growth percentage of the 60 cell lines was barely affected, confirming
the selectivity of compound 36b along with the PAINS filter. According to SwissADME
prediction, compound 36b has a good CNS safety profile and enhanced bioavailability in
comparison with BIBR1532. The simple synthesis, easily modifiable structure, and cellular
penetration capability offer our new scaffold as a valuable new genetic bomb trigger.
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Abstract: Wnt/Beta-Catenin signaling is involved in the carcinogenesis of different solid malignant
tumors. The interaction of Creb-binding protein (CBP) with Beta-Catenin is a pivotal component of
the Wnt/Beta-Catenin signaling pathway. The first aim of this study was to evaluate the association of
CBP expression with survival in patients with human papillomavirus (HPV)-positive head and neck
squamous cell carcinoma (HNSCC). Second, the in vitro effects of the inhibition of CBP/Beta-Catenin
interaction were analyzed. In particular, the effects of ICG-001, an inhibitor of CBP/Beta-Catenin
interaction, on proliferation, cell death, modulation of Wnt/Beta-Catenin target expression, and cell
migration were examined in vitro. High CBP expression is significantly associated with better survival
on mRNA and protein levels. Furthermore, we observed cytotoxic as well as anti-migratory effects
of ICG-001. These effects were particularly more potent in the HPV-positive than in the -negative
cell line. Mechanistically, ICG-001 treatment induced apoptosis and led to a downregulation of CBP,
c-MYC, and Cyclin D1 in HPV-positive cells, indicating inhibition of Wnt/Beta-Catenin signaling. In
conclusion, high CBP expression is observed in HPV-positive HNSCC patients with a good prognosis,
and ICG-001 showed a promising antineoplastic potential, particularly in HPV-positive HNSCC
cells. Therefore, ICG-001 may potentially become an essential component of treatment de-escalation
regimens for HPV-positive HNSCC. Further studies are warranted for additional assessment of the
mechanistic background of our in vitro findings.

Keywords: Wnt; Beta-Catenin; HPV; head and neck cancer; cell culture; immunohistochemistry

1. Introduction

Head and neck squamous cell carcinoma (HNSCC) derives from the mucosa of the
larynx, oropharynx, hypopharynx, nasal cavity, and paranasal sinuses and nasopharynx.
They account for almost half a million new cases annually and represent the sixth most
common malignancy worldwide [1]. HNSCC is most commonly induced by carcinogens to
which the mucosa of the upper aerodigestive tract is constantly exposed. Usually, exposure
is a result of alcohol consumption and tobacco smoking. However, the numbers of users
for these lifestyle habits are stable or slowly declining from a worldwide perspective [1,2].
In contrast, a rise in the incidence of oropharyngeal squamous cell carcinoma (OPSCC)
has been observed, and the most probable underlying cause is the human papillomavirus
(HPV) [2].
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The role of double-stranded HPV in HNSCC, and OPSCC in particular, has been well
known for the last two decades [3]. HPV is able to infect squamous cells of the upper
aerodigestive tract. In particular, the oropharynx is most commonly affected. The crypts,
which are widely spread in the epithelium of the tongue base and tonsils, facilitate the
replication of HPV [4]. This potentially explains why HPV is found about five to ten times
more often in malignancies of the oropharynx than in other head and neck areas [5].

In general, HPV-positive OPSCC is linked to excellent survival outcomes. Never-
theless, therapy for HPV-positive OPSCC is still very intense. To date, cisplatin is the
most extensively used systemic agent in first-line therapeutic approaches for this type
of cancer. Although cisplatin is very effective as systemic therapy, it is associated with
multiple severe side effects which include, among others, acute kidney failure, hearing loss,
and neuropathy [6].

In HPV-positive OPSCC, treatment de-escalation options are currently heavily dis-
cussed [7]. However, little focus lies on the identification of new tools to predict prognosis
in those patients and new substances that show fewer side effects than cisplatin with
similar survival outcomes. Interestingly, classical risk-factors and clinical outcome prog-
nosticators in non-HPV HNSCC do not necessarily have the same prognostic value in
HPV-positive malignancies [8]. Furthermore, a specific patient subset has a bad prognosis
and/or develops distant metastases [2,9]. Finding markers that help to identify high-risk
patients early might contribute to better patient care. Moreover, particularly those patients
might benefit from new therapeutic targets in order to improve survival and quality of life.
Currently, there are no available systemic treatment alternatives to cisplatin. For example,
trials focusing on the usage of cetuximab as de-escalation treatment were inferior regarding
the outcome in comparison to cisplatin [6]. Therefore, identification of novel substances
that may reduce side effects while enhancing radiotherapy efficacy is warranted.

The Wnt/Beta-Catenin (WBC) pathway is an important, well-conserved signaling
pathway in cancer. It is responsible for different processes during embryonic develop-
ment, such as proliferation, migration, and differentiation [10]. Furthermore, it is already
established that deregulation/activation of the WBC pathway can contribute to the car-
cinogenesis of different frequently diagnosed solid tumors, such as colorectal and ovarian
cancer [11]. Recent studies indicated that activation of the canonical WBC pathway might
contribute to disease progression in HNSCC [12]. However, the effects of deregulated WBC
signaling in HPV-positive head and neck tumors are still unknown.

Bello et al. [13] hypothesized and reviewed the interaction between HPV infection and
dysregulation of the WBC pathway. E6 and E7, two oncogenic HPV-associated proteins,
significantly contribute to the malignant transformation of squamous epithelial cells. They
inhibit apoptosis and induce suprabasal cell proliferation, but in addition, they may even
play an important role in the deregulation of important core cancer pathways, such as the
WBC pathway [14].

The small molecule inhibitor “ICG-001” blocks the interaction between Beta-Catenin
and the Creb-binding protein (CBP), therefore inhibiting the WBC pathway [15]. Chemically,
ICG-001 is a nitrogen-heterocyclic derivative of decahydronaphthalene with a molecular
weight of 548.6 g/mol and has the molecular formula C33H32N4O4 [16]. Specifically, ICG-
001 interacts with CBP and therefore competes with Beta-Catenin for CBP. Consequently,
this leads to the inhibition of Beta-Catenin/CBP interaction and blocks the activation of the
WBC signaling pathway, ultimately leading to a reduction of WBC-induced tumor-initiation
and -proliferation [17]. Several studies have already assessed the anti-neoplastic effects and
potential therapeutic value of ICG-001 for different malignant tumors, including oral [15],
nasopharyngeal [18], gastric [19] and, pancreatic cancer [20].

However, to the best of our knowledge, no studies have analyzed its effects in HPV-
positive malignancies yet. Therefore, our study aimed to assess the association of WBC
signaling with survival in HPV-positive HNSCC. In particular, we aimed to assess the
prognostic potential of CBP expression in silico. Furthermore, using in vitro experiments,
we sought to analyze the antineoplastic effects of CBP/Beta-Catenin inhibition using a
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small molecule inhibitor ICG-001 in an HPV-positive cell line as well as HPV-negative cell
line serving as a control.

2. Results

2.1. High Expression of Crebbp at mRNA Level Associates with Better Survival

The data for a total of 41 patients with HPV-positive HNSCC were retrieved from “The
Cancer Genome Atlas” (TCGA). Table 1 shows the patient characteristics for the whole
cohort and stratified according to the Crebbp mRNA expression.

Table 1. TCGA cohort patient characteristics and distribution into the two groups post-stratification
based on Crebbp expression. Crebbp; Creb-binding protein, T; T-stage, N; N-stage, M; M-stage,
Tx/Nx/Mx; unknown stage.

Crebbp Low Crebbp High Total

Number of patients 17 24 41

Age, median (years) 59.5 53.5 57.0
Range (years) 41.1–68.3 40.6–71.5 40.6–71.5

T4, n 4 4 8
T3, n 3 2 5
T2, n 7 14 21
T1, n 3 3 6
Tx, n 0 1 1

N3, n 0 1 1
N2, n 13 13 26
N1, n 1 4 5
N0, n 2 6 8
Nx, n 1 0 1

M0, n 15 23 38
Mx, n 2 1 3

The median overall survival (OS) for the whole cohort was 1.70 years (range 0.36–4.75 years).
In order to test if Crebbp mRNA expression is associated with OS, the log-rank test was
performed and showed significantly longer OS in the high expression group (median OS
for both groups not reached due to a small number of events, p = 0.016). Figure 1 shows the
Kaplan–Meier survival curve for the TCGA cohort stratified according to the optimized
threshold value (OTV) of the Crebbp mRNA expression.

 

Figure 1. High Crebbp mRNA expression is associated with better survival in HPV-positive OPSCC
patients. Kaplan–Meier survival curve for patients with HPV-positive OPSCC extracted from the
TCGA database and stratified according to the OTV of Crebbp. HPV; human papillomavirus, OPSCC;
oropharyngeal squamous cell carcinoma, TCGA; The Cancer Genome Atlas, Crebbp; CREB-binding
protein, OTV; optimized threshold value.
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2.2. Association of CBP Protein Expression with Survival in the In-House Cohort

A total of 29 patients fulfilled the inclusion criteria and had available follow-up
data. The detailed patient and tumor characteristics are presented in Table 2. Thirteen
patients were female (44.8%). The median age of the whole cohort was 63.7 years (range
37.0–80.5 years). A smaller number of patients were presented with advanced local disease.
Indeed, only five patients (17.2%) had a T3 or T4 tumor. Furthermore, the majority of
patients had a regional cancer spread (N > 0 in 24 patients, 82.8%), and no distant metastases
were observed during the initial work-up. All patients underwent a primary surgical
resection, and 21 patients (72.4%) received postoperative radiotherapy.

Table 2. Patient and tumor characteristics of the in-house cohort. PORT; post-operative radiotherapy.
y; years, T; T-stage, N; N-stage, M; M-stage.

Patients 29

Age, median (y) 63.7
Range (y) 37.0–80.5

n %
Female 13 44.8
Male 16 55.2

T4 4 13.8
T3 1 3.4
T2 15 51.7
T1 9 31.0

N3 1 3.4
N2 13 44.8
N1 10 34.5
N0 5 17.2

M0 29 100.0

PORT
Yes 21 72.4
No 8 27.6

The median OS and disease-free survival (DFS) for the whole cohort were 1.8 years
(range 0.3–12.3 years) and 1.5 years (range 0.0–9.8 years), respectively. Analog to the
TCGA analysis, significantly longer survival times were observed in the group with high
CBP expression as calculated by the OTV and a minimum patient distribution of 20% per
group (median OS and DFS for both groups not reached due to a small number of events,
p = 0.016 and p = 0.039, respectively). Figure 2A,B present the Kaplan–Meier survival
curves for OS and DFS, respectively. The number of patients in each group is noted in
the respective figure. In addition, Figure 2C illustrates the measured CBP expression for
every patient in the two groups (low CBP expression vs. high CBP expression) based
on the stratification by the OTV for OS (left) and DFS (right). Figure 2D shows images
from the immunohistochemistry (IHC) staining of three independent patients for each of
the two groups (low CBP expression vs. high CBP expression) with low magnification
(5× magnification, total view of the tissue microarray (TMA) core) and high magnification
(20× magnfication, zoomed in to the center of the core).
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Figure 2. (A) Kaplan–Meier survival curve for OS stratified into a high and low group according
to the OTV of the CBP expression. Significantly longer overall survival was observed in the group
with high CBP protein expression (p = 0.016). (B) Kaplan–Meier survival curve for DFS stratified into
high and low group according to the OTV of the CBP expression. Significantly longer disease-free
survival was observed in the group with high CBP protein expression (p = 0.039). (C) Respective
CPB expression values per patient stratified into the two groups (“low” [brown] and “high” [blue])
according to the OTV for OS (left) and DFS (right). (D) Representative images from the IHC staining
for CBP, stratified into “low expressors” (top) and “high expressors” (bottom) according to the
OTV. OS; overall survival, DFS; disease-free survival, CBP; Creb-binding protein, OTV; optimized
threshold value, IHC; immunohistochemistry staining, μm; micrometer, low; the group with low CBP
expression according to the OTV, high; the group with high CBP expression according to the OTV.

182



Pharmaceuticals 2022, 15, 378

2.3. Combining ICG-001 with Irradiation Leads to a Decreased Cell Viability in a Dose-Dependent
Manner in SCC154 and Cal27

Both cell lines were treated with a dilution series of ICG-001 (from 0–10 μM) in
combination with irradiation (from 0–8 Grey (Gy)) in order to assess the cytotoxicity and a
potential synergistic effect in combination treatment. The cell viability was measured 72 h
post-treatment using a resazurin assay. A dose-dependent proliferation inhibition could be
observed in both cell lines, and the IC50 was notably lower in the HPV-positive HNSCC
cell line SCC154 than in HPV-HNSCC cell line Cal27 (0.88 μM and 4.65 μM, respectively;
Figure 3A,B). The combinatorial effects of ICG-001 and irradiation are graphically illustrated
in Figure 3C,D (Cal27 and SCC154, respectively). Relative mean Zip-synergy scores of
0.714 and 5.206 were calculated for SCC154 and Cal27, respectively. Overall, mostly
additive effects were observed for both cell lines, and the strongest (synergistic) effects
were calculated at a combination of 2 Gy irradiation and 2.5 μM of ICG-001 for Cal27 and
0.625 μM of ICG-001 for SCC154. According to calculated IC50 values for the two cell
lines, different ICG-001 concentrations were used in subsequent experiments. In particular,
SCC154 was treated with lower inhibitor concentrations than Cal27.

 

Figure 3. ICG-001 treatment specifically reduces cell proliferation in HPV-positive HNSCC cells in
a dose-dependent manner, and its effect can be augmented by concomitant irradiation of the cells.
Changes in cell viability in SCC154 (A) and Cal27 (B) cell lines following treatment with ICG-001
and irradiation. (C,D) Graphical illustration of the combinatorial analysis of ICG-001 inhibition and
irradiation in regard to cell viability of Cal27 (C) and SCC154 (D) cell line. The Synergyfinder was
used, and the Zip score reference model was applied. A score above 10 is regarded as synergistic
interaction, between −10 and 10 as additive and less than −10 is regarded as antagonistic interaction.
HPV; human papillomavirus, Gy; Gray, IC50; half-maximal inhibitory concentration.
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2.4. Treatment with ICG-001 Downregulates CBP and Shows Different Down-Stream Modulation
of Cell-Cycle Control between HPV-Negative and HPV-Positive HNSCC Cells

We could generate evidence that ICG-001 treatment leads to a downregulation of CBP
(Figure 4A,B). In addition, screening for two bona fide transcriptional targets of the WBC
pathway revealed that ICG-001 treatment leads to a strong repression of Cyclin D1 and
c-MYC (two strong drivers of cell survival and proliferation and WBC pathway target
genes [10–12]) in the HPV-positive cell line SCC154, whereas in the HPV-negative cell line
Cal27, an upregulation thereof was observed (Figure 4A,B). The increased levels of Cyclin
D1 and c-MYC in the HPV-negative cell line (Cal27) post-ICG-001 treatment potentially
compensate partially for the anti-neoplastic-effects of ICG-001 treatment—hence limiting
the overall efficacy of ICG-001 in the HPV-negative Cal27 cell line.

 

Figure 4. ICG-001 treatment leads to a downregulation of CBP and shows differential effects on WBC
target genes in HPV-negative and HPV-positive HNSCC cells. (A,B) Representative immunoblotting
results and quantification for CBP, c-MYC, and Cyclin D1 expression in control and ICG-001-treated
cells. Cells were treated with ICG-001 for 72 h. Bar plots represent mean ± SD. Statistical differences
between control and ICG-001-treated cells were assessed using the one-way ANOVA test. HPV;
human papillomavirus, CBP; Creb-binding protein, WBC; Wnt/Beta-Catenin, SD; standard deviation.

2.5. Treatment with ICG-001 Induces Apoptosis in SCC154 and Cal27 Cells

A significant change in the amount of early apoptotic, late apoptotic, and dead cells
could be observed in one or both tested cell lines post 72 h treatment with ICG-001 at
1.5 μM and 5 μM, respectively. In particular, the early apoptotic cell percentage increased
significantly in Cal27 cells upon treatment (10.5 ± 1.8% vs. 17.5 ± 3.7%, Figure 5A,C).
Moreover, a significant increase in dead cells could be detected in ICG-001-treated Cal27
cells (2.2 ± 0.8% vs. 5.9 ± 3.5%, Figure 5A,C). Interestingly, for the HPV-positive cell line
(SCC154), the amount of late apoptotic cells significantly differed between control and
ICG-001-treated cells (7.6 ± 3.0% vs. 18.9 ± 4.6%, Figure 5B,C)—potentially indicating
that these cells already entered apoptosis earlier than the Cal27 cells. Furthermore, in both
cell lines, the fraction of viable cells was significantly different between the control and
treated sample (Cal27: 81.3 ± 2.7% vs. 70.4 ± 3.3%, SCC154: 78.3 ± 4.1% vs. 60.6 ± 4.2%,
Figure 5A–C). Combined with the increase of cleaved PARP (c-PARP) in ICG-001-treated
samples (Figure 5D), this strongly indicates that WBC pathway blockade via ICG-001
induces apoptosis in the tested cell lines, especially in the HPV-positive cell line SCC154.
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Figure 5. ICG-001 treatment induces apoptosis in HPV-negative and HPV-positive HNSCC cells.
(A) Representative dot plots of Annexin V/7-AAD assay performed after 72 h of treatment with ICG-
001. One plot each is shown for control (untreated) and ICG-001-treated cells for Cal27 and SCC154,
respectively (A,B). Proportion of “viable”, “early apoptotic”, “late apoptotic”, and “dead” cells in
control and in treated cells was quantified and is shown in the staggered bar plots as mean ± SD (A,B).
Numeric representation of the quantification of the Annexin V / 7-AAD assay (C). Immunoblotting
results and quantification for PARP and c-PARP expression in control as well as in ICG-001-treated
cells after 72 h of treatment. Bar plots represent mean ± SD (D,E). Statistical differences between
control and ICG-001-treated cells were assessed using the one-way ANOVA test (Immunoblotting
results) and the two-way ANOVA test (Annexin V/7-AAD results). HPV; human papillomavirus,
PARP; Poly(ADP-ribose)-Polymerase, SD; standard deviation.
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2.6. Treatment with ICG-001 Shows Antimigratory Effects In Vitro

Cal27 and SCC154 were treated with 1.5 and 6 μM, and 0.5 and 1 μM of ICG-001,
respectively. The anti-migratory effects were assessed by the wound healing tool in ImageJ
after 18 h in Cal27 and after 48 h in SCC154 (Figure 6A,B). Cal27 cells treated with ICG-001
showed a gap closure of 72.6% (1.5 μM, Figure 6A,C) and 36.81% (6 μM, Figure 6A,C),
whereas DMSO-treated Cal27 cells showed a gap closure of 85.73% (Figure 6A,C. In
SCC154 cells treated with ICG-001, the calculated gap closure measured 71.44% (0.5 μM,
Figure 6B,D) and 33.76% (1 μM, Figure 6B,D) in contrast to 88.43% in the DMSO-treated
control group (Figure 6B,D). Overall, ICG-001 treatment showed a significant reduction
of cell migration for both cell lines; indeed, for SCC154 cells, lower concentrations were
needed to obtain a similar inhibitory effect.

 

Figure 6. ICG-001 treatment reduces the migratory potential of HPV-negative and HPV-positive
HNSCC cells. (A,B) Graphical illustration of the analyzed migration assay of Cal27 (0 and 18 h,
(A) and SCC154 (0 and 48 h, (B)) cells treated with ICG-001 or vehicle control (DMSO). With lower
inhibitor concentrations, a similar anti-migratory effect was observed in the SCC154. (C,D) Visual-
ization performed with the TECAN reader for Cal27 (C) and for SCC154 (D) at the indicated time
points. The free area was measured immediately after the gap generation, as well as after 24 h
and 48 h in SCC154. Due to faster cell migration and gap closure, the second measurement was
performed after 18 h in Cal27. Statistical differences between control and ICG-001-treated cells were
assessed using the one-way ANOVA test. HPV; human papillomavirus, DMSO; dimethyl sulfoxide,
SD; standard deviation.
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2.7. Proposed Mechanism of ICG-001 in the Tested HNSCC Cell Lines

Our in vitro findings on the mechanism of action of ICG-001 in HPV-negative Cal27
and HPV-positive SCC154 cells are graphically summarized in Figure 7.

Figure 7. The mechanism of action of ICG-001 in HPV-negative and HPV-positive HNSCC cells.
Schematic representation of WBC signaling at baseline (homeostasis) and the effects of CBP inhibition
via ICG-001 (the molecular structure was retrieved from the publicly available and free reproducible
source [16]) in HPV-negative and HPV-positive HNSCC tumor cells. The scheme was created with
BioRender.com (accessed on 30 December 2021).

3. Discussion

The current study revolved around the role of the WBC pathway in HPV-positive
HNSCC in terms of its prognostic relevance and therapeutic potential of its inhibition.
First, we provided evidence that high Crebbp mRNA expression is associated with better
survival in patients with HPV-associated HNSCC. These results could be validated in an
independent, in-house cohort on protein level. Therefore, CBP expression can facilitate
the identification of patients with a potentially better prognosis. Furthermore, in our
in vitro experiments, we presented anti-migratory, proapoptotic, cytotoxic, as well as
synergistic effects with radiotherapy of CBP/Beta-Catenin inhibition via ICG-001 in both
cell lines, SCC154 and Cal27. Effects were indeed more potent in the HPV-positive cell line
(SCC154). Moreover, downregulation of WBC transcriptional targets was observed in ICG-
001-treated SCC154 cells, further supporting the hypothesis of HPV-induced deregulation
of the WBC pathway.

The interaction between CBP and Beta-Catenin is an important component of the WBC
pathway [21]. Therefore, we first evaluated the association of Crebbp mRNA and protein
expression with survival in HPV-positive HNSCC in silico. High CBP expression was linked
to better survival times. Similar results on protein level were shown by Rühlmann et al. [22]
for patients with locally advanced rectal cancer. The mechanistic background behind
the association of high CBP expression with better survival in HPV-positive HNSCC
patients certainly warrants further elucidation. One possible explanation is the proposed
association of higher HPV viral load with better survival in patients with an HPV-associated
malignancy [23]. Higher viral load is supposed to induce a higher expression of HPV
oncogenes E6 and E7. Rampias et al. [24] were able to observe an E6 and E7-mediated
upregulation of Wnt/Beta-Catenin signaling. Thus, overexpression of Wnt-associated genes
(including Crebbp) could be the result of a higher viral load and have a similar positive
prognostic effect, such as the high viral load, in those tumors. Indeed, further studies are
needed in order to decipher the exact mechanistic background behind this observation.
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The above-noted interaction of the HPV with the WBC pathway via the HPV-associated
oncoproteins E6 and E7 was further elucidated in a recent study by Muñoz-Bello et al. [25].
They were able to show that E6 with its spliced isoform upregulates the WBC signaling
cascade through the transcription factor TCF-4. In particular, WBC target gene overexpres-
sion is achieved by upregulation of TCF-4 via E6 and its spliced isoform. We investigated
the therapeutic potential of WBC inhibition by ICG-001 in HNSCC cell lines with a specific
focus on the HPV-positive HNSCC cell line SCC154. We show here for the first time a
downregulation of WBC signaling induced by CBP/Beta-Catenin inhibition via ICG-001.
The treatment with ICG-001 resulted in pronounced early apoptotic and late apoptotic cell
death, which was also observed in Cal27, albeit to a lesser extent than in SCC154. Treatment
with ICG-001 specifically decreases cell proliferation in the HPV-positive HNSCC cell line
in a dose-dependent manner, and its effect can be enhanced by simultaneous irradiation in
both tested cell lines. Furthermore, our data support the observation that HPV-positive
HNSCC shows a better response to radiotherapy [26] than HPV-negative tumors. Similarly,
ICG-001 increased radiosensitivity in a hepatocellular carcinoma cell line [27] and reversed
radiotherapy resistance in a non-small cell lung cancer cell line [28]. In addition, we show
high anti-migratory effects of ICG-001 treatment on the HPV-positive cell line. Up to now,
this was the first study analyzing the anti-migratory effects of ICG-001 for an HPV-positive
HNSCC cell line (SCC154). Interestingly, lower inhibitor concentrations were needed to
achieve a reduction of cellular migration in SCC154 compared to Cal27. Similarly, antipro-
liferative and proapoptotic effects were stronger in SCC154 than in Cal27. This further
supports the hypothesis that HPV may interfere with the activation of the WBC pathway,
and hence, stronger antineoplastic effects of CBP inhibition are observed in HPV-positive
cancer cells. Hypothetically, HPV infection might lead to an overexpression of CBP by
activating WBC pathway transcription via E6-regulated TCF-4. Moreover, the interaction
between E6 and E7 HPV oncoproteins and the nuclear accumulation of active Beta-Catenin
in HPV-positive oropharyngeal cell line was shown by Rampias et al. [24] They even
proposed Beta-Catenin as a biomarker for developing an HPV-induced carcinoma.

In the study by Schultz et al. [29], the expression of the Beta-Catenin as well as of
the c-kit was assessed in p16-positive, and HPV-negative HNSCC treated with imatinib.
However, this study lacks in vitro analyses of the therapeutic potential of the Wnt/Beta-
Catenin signaling blockade. On the other hand, we show here for the first-time mechanistic
evidence that the antineoplastic effects induced by ICG-001 are specific for an HPV-positive
HNSCC cell line (SCC154). ICG-001 strongly downregulated the transcriptional targets
c-MYC and Cyclin D1 in the HPV-positive cell line SCC154, which was in contrast to the
HPV negative cell line Cal27, where we observed an upregulation of both proteins. In our
opinion, this different modulation may explain the dissimilar sensitivity of the two cell
lines to ICG-001 in our experiments.

The various side-effects of cisplatin, including acute kidney failure or hearing loss [6],
are well-known and impose an important limitation. Therefore, other chemotherapy
options or add-on therapies for patients with HPV-positive OPSCC are certainly needed.
On the other hand, small molecule inhibitors that are currently in clinical use or studies
were associated with low side-effect-rates [30,31]. Furthermore, the safety of PRI-724, a
small-molecule inhibitor of CBP/Beta-Catenin interaction and an analog of ICG-001, was
demonstrated in phase 1 clinical trial of Kimura et al. [32]. Moreover, Lenz et al. [33]
summarized preclinical and clinical studies regarding PRI-724 safety. The perhaps most
interesting trial comprised 18 patients continuously receiving rising doses from 40 to
1280 mg/m2/day for 1 week. Indeed, the cytotoxicity rate was acceptable, with only
one patient developing hyperbilirubinemia [34]. Ko et al. [35] conducted a phase Ib
study on PRI-724 with gemcitabine as a second-line treatment for advanced pancreatic
adenocarcinoma. Similarly, a low side-effect profile, as well as the satisfactory clinical
activity of PRI-724, were recorded. Although still not elucidated, it can be hypothesized that
the clinical toxicity of ICG-001 should be comparable to PRI-724. Interestingly, CBP/Beta-
Catenin inhibitors are not necessarily potential treatment agents only for tumors with
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overexpressed canonical Wnt pathways. Indeed, Deng et al. [36] reported on the therapeutic
effects of ICG-001 in neurofibromin 2 gene mutated meningioma, using in vitro and in vivo
xenograft models.

As noted, the majority of patients with HPV-positive OPSCC associate with good
outcomes. Therefore, efforts are made to investigate possible treatment de-escalation
regimens [7,37]. These should contribute to a reduction of treatment morbidity while
maintaining comparable efficiency. As CBP was highly expressed in patients with good
survival rates, the CBP/Beta-Catenin targeted chemotherapy agents, which are associated
with low cytotoxicity, may potentially have future clinical utilization as a part of de-
escalation regiments in HPV-positive OPSCC.

Limitations of the current study include that the size of the TCGA cohort is relatively
small. Nevertheless, a significant association between high Crebbp expression and better
survival outcome was observed in silico and validated on protein level in an independent
cohort. For future validation studies of our in vitro data, additional HPV-negative and
HPV-positive cell lines should be included. In addition, the current study did not provide
information on the exact mechanistic effects of ICG-001 treatment in vitro, particularly
for HPV-negative cells. Despite the above-mentioned shortcomings of the study, CBP
expression may become a valuable survival biomarker for HPV-positive HNSCC. Moreover,
the ICG-001 may become a candidate for targeted therapy in HPV-associated HNSCC. Taken
together, we showed that CBP expression might be a valuable prognostic marker and the
specific blockade of its interaction with Beta-Catenin a potential therapy option for low-risk
patients with HPV-positive HNSCC.

4. Materials and Methods

4.1. The Cancer Genome Atlas (TCGA)—TCGA Cohort

First, the association of CBP expression on mRNA level (gene name of CBP: Crebbp) with
OS in HPV-positive HNSCC was analyzed. The data were retrieved using the TCGA database
(https://portal.gdc.cancer.gov/projects/TCGA-HNSC. accessed on 1 March 2021) [38]. All
patients with a primary treated and HPV-positive HNSCC were included in the analysis.
Besides all available clinical and follow-up data, gene expression results from Illumina
HiSeq RNA sequencing (RNA-seq) were downloaded from the GDC Legacy Archive
(https://portal.gdc.cancer.gov/legacy-archive/search/f. accessed on 30 December 2021)
and normalized utilizing the R package “TCGA biolinks” (version 2.19.0) and processed
in R (version 4.0.3, R Foundation for Statistical Computing, Vienna, Austria). Survival
analysis was performed with packages “survival” and “survminer” (versions 3.2.13 and
0.4.9, respectively) in R. Kaplan–Meier curves were plotted with “ggplot” (version 3.3.3).
The OTV of Crebbp expression in regard to OS was calculated (>OTV was considered as
high expression) with a patient distribution of at least 20% per group. The whole cohort
was stratified according to the OTV into high and low and a Kaplan–Meier survival curve
for OS was calculated and plotted.

4.2. Immunohistochemistry—The MUV Cohort

All patients with a histologically verified HPV-positive HNSCC, primarily surgically
treated in our institution from 1 January 2012 to 31 December 2019, were included in
this study. Patients with recurrent disease or a second malignancy were excluded from
the analysis. Furthermore, data on age, sex, tumor staging, and other clinically relevant
data were retrieved. The association of CBP expression on protein level with OS and DFS
was analyzed.

For this analysis, a TMA of formalin-fixed paraffin-embedded tumor samples of
all included patients was constructed. This was performed with the computer-assisted
tissue microarray platform (TMA Grand Master, 3D Histech, Budapest, Hungary). The
subsequent staining was performed on 4 μm slices.

The immunohistochemical staining was performed with the Lab Vision UltraVision Kit
(Thermo Scientific, Waltham, MA, USA, TL-060-HL), with colon tissue serving as a positive
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control. For the staining, the TMA was first dewaxed and dehydrated. Then, antigen
retrieval was performed using ethylenediaminetetraacetic acid in a microwave (10 min (min)
at 600 Watt). Next, 3% H2O2 and Ultra V Block were used in order to block the endogenous
peroxidase activity. Then, the samples were incubated for 1 h (h) with the primary antibody
against CBP 1:100 (Santa Cruz, sc-7300) at room temperature. Subsequently, the primary
antibody enhancer and horseradish peroxidase enhancer were applied for 10 and 15 min,
respectively. In order to visualize the staining, the UltraVision Plus Detection System
DAB Plus Substrate System (Thermo Scientific, Waltham, MA, USA, TL-060-HL) was
utilized. The counterstaining of the tissues was performed with hematoxylin Gill II (Merck,
Darmstadt, Germany, 105175). The tissues were scanned using the Panoramic Flash 250
II. The expression of the CBP was analyzed. We performed the quantification of the
staining using QuPath (Version 0.2.3). Tissue was analyzed for the percentage (0–100%)
of stained cells. The survival analysis was conducted with the R packages “survival” and
“survminer” (R: A language and environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria. URL https://www.R-project.org/, accessed
on 23 October 2020). The optimized threshold values in regards to overall and DFS were
calculated, serving as a cutoff for the patient stratification into high and low CBP groups
(>optimized threshold was considered as high). The calculation of the optimized threshold
was performed with a patient distribution of at least 20% per group. Kaplan Meier curves
were plotted with “ggplot”.

4.3. Cell Culture

Next, we evaluated the effect of WBC pathway inhibition in vitro. For these experi-
ments, we used the HPV-positive HNSCC cell line SCC154. The Cal27, an HPV-negative
HNSCC, cell line served as a control. They were both acquired from the American Type
Culture Collection (ATCC, Manassas, VA, USA) and were regularly tested for mycoplasma
contamination. Dulbecco’s modified eagle’s medium (DMEM), Penicillin/Streptomycin
(P/S) and fetal calf serum (FBS) were obtained from Gibco (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA). Cells were kept in a humidified environment at 37 ◦C and 5% CO2
(Hera Cell 240, Heraeus Holding GmbH, Hanau, Germany) and cultivated in DMEM sup-
plemented with 10% FBS and 1% P/S. Cells were split once per week by trypsinization. The
inhibitor ICG-001 was acquired from Selleckchem (Selleckchem S2662, Houston, TX, USA).
All in vitro experiments were performed at least three times. Mean values ± standard
deviations (SD) were calculated and used for further analysis and graphical representation.
Displayed graphical presentation show representative images.

4.4. Cytotoxicity Assay

In order to analyze cell proliferation, cells were seeded in 96-well plates (Sarstedt,
Nürnbrecht, Germany) in the following fashion: SCC154 20,000 cells/100 μL/well; Cal27
5000 cells/100 μL/well. A set of five replicates for each dose was used. One day after
seeding, cells were treated with 100 μL of inhibitor diluted in DMEM. Ascending in-
hibitor concentrations were used and ranged between 0.625 and 10 μM. Dimethyl sulfoxide
(DMSO) (Sigma-Aldrich, D8418, St. Louis, MO, USA) treated cells served as control. Fur-
thermore, cells were irradiated at 2, 4, and 8 Gy (YXLON International GmbH, Hamburg,
Germany). The Synergyfinder tool (https://synergyfinder.org, accessed on 31 January 2021)
was used for calculating synergistic/additive effects of irradiation and ICG-001 treatment.

After 72 h of treatment, the medium was removed, 100 μL of 56 μM Resazurin (Sigma-
Aldrich, St. Louis, MO, USA), diluted in DMEM, was added to each well, and the cells
were incubated. The measurements were performed with a TECAN Spark reader (Tecan
Group, Männedorf, Switzerland); for Cal27 after 90 min of incubation and for SCC154 after
150 min.

Based on IC50 inhibitor values calculated in the cytotoxicity assay, corresponding
inhibitor concentration ranges of ICG-001 were used in subsequent experiments for two
cell lines.
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4.5. Migration Assay

In order to assess the anti-migratory effects of WBC inhibition in a dose-dependent
manner, the cells were seeded in 24-well plates (Greiner Bio-One, Frickenhausen, Germany)
with 150,000 Cal27 cells/well and 700,000 SCC154 cells/well. The medium was prepared
with DMEM containing 1% P/S and 1% FBS (in order to starve the cells, thereby limiting
their proliferation). Cells were seeded at 100% confluency, and simultaneously, a migration
gap was created by a culture insert (Ibidi, Gräfelfing, Germany) which was removed 24 h
after seeding. Then, the cells were washed with 1x DPBS (Gibco, Thermo Fischer Scientific,
Waltham, MA, USA) once followed by treatment with ICG-001. Concentrations of 1.5 and
6 μM in Cal27 and 0.5 and 1 μM in SCC154 of ICG-001 were used.

The initial visualization was performed immediately after treatment with a TECAN
Spark reader. The same was performed after 24 and 48 h in SCC154 and after 18 h in Cal27
(as the gap was already closed after this time). Before visualization, cells were washed
with 1x DPBS, and fresh DMEM was added (in order to remove dead and floating cells).
The analysis and calculation of the gap closure percentage were performed with ImageJ
1.53e [39].

4.6. Cell Apoptosis: Fluorescence-Activated Cell Sorting (FACS)—Annexin V Assay

In order to assess cell apoptosis after treatment with ICG-001, a FACS Annexin V
assay was performed. Firstly, 80,000 Cal27 and 150,000 SCC154 cells were seeded into
each well on a 12-well plate. On the next day, the cells were either treated with DMSO
(vehicle control) or the approximate IC50 concentrations of ICG-001 (5 μM for Cal27 and
1.5 μM for SCC154). After 72 h of treatment, the cells were trypsinized, washed, and
pelleted, and the apoptotic cell death was determined by Annexin V (Invitrogen, Thermo
Fisher Scientific, R37174, Waltham, MA, USA)/7-AAD (Abcam, ab228563, Cambridge, UK)
co-staining, following the instructions from the manufacturer. Data from stained cells were
acquired with a BD FACSCanto II (Becton Dickinson, Franklin Lakes, NJ, USA). Analysis
of results was performed with the FACSDiva software 8.0.1 (Becton Dickinson, Franklin
Lakes, NJ, USA).

4.7. Immunoblotting

After trypsinization, washing, and pelleting of the cells, the cell pellet was lysed in
RIPA buffer (Sigma-Aldrich, D8418, St. Louis, MO, USA) supplemented with phosphatase
(PhosSTOP™, Roche, Basel, Switzerland) and protease inhibitors (complete protease in-
hibitors, Roche, Basel, Switzerland). For all samples, equivalent amounts of protein were
diluted in RIPA buffer and separated by a 10% SDS-PAGE. Next, proteins were transferred
to a nitrocellulose membrane (Millipore, Burlington, MA, USA) with a Trans-Blot Turbo
Transfer System (Bio-Rad, Hercules, CA, USA). In the following step, membranes were
blocked with 5% BSA in 1 × TBS/0.1% Tween-20 for 1 h and incubated overnight at 4 ◦C
on a roller shaker with the following primary antibody: β-TUBULIN (1:1000, Cell Signaling
Technology, #86298, Danvers, MA, USA), PARP (1:1000, Cell Signaling Technology, #9542,
Danvers, MA, USA), CBP (1:500, Santa Cruz, sc-7300, Santa Cruz Biotechnology, Dallas, TX,
USA), c-MYC (1:500, Cell Signaling Technology, #18583, Danvers, MA, USA) and Cyclin
D1 (1:1000, Cell Signaling Technology, #55506, Danvers, MA, USA). On the following day,
membranes were incubated with the second antibody (specific for the host species of the
primary antibody) at a dilution of 1:5000 (in 1× TBS / 0.1% Tween-20) for 1 h at room
temperature. The target protein expression was visualized using the ECL™ Prime Western
Blot System from Cytiva (Merck, Darmstadt, Germany) and the ChemiDoc XRS+ (Bio-Rad,
Hercules, CA, USA). Quantification of results from immunoblotting was conducted using
ImageJ 1.53e [39].

4.8. Statistics

The statistical analysis of the patient cohort data was performed with the R software.
The level of statistical significance was set at 0.05, two-tailed. Survival analysis was
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performed using R, as described above, and the log-rank test was used to assess if the two
groups have a statistically significant difference in survival times.

In order to assess the differences in gap closure between different inhibitor concentra-
tions in the migration assay and to analyze results from the Annexin V/7-AAD assay, the
two-way ANOVA test was used. Differences in protein expression between treated and
untreated cells were assessed using the one-way ANOVA test. Graphical presentation of
cell culture results, as well as the one-way/two-way ANOVA analyses, were performed
with GraphPad Prism (GraphPad Prism version 8.4.2 for Windows, GraphPad Software,
www.graphpad.com. accessed on 5 December 2020).

5. Conclusions

In the current study, we provided novel insights into the potential therapeutic value
of WBC inhibition in HNSCC, particularly in the HPV-positive cell line SCC154. ICG-001
treatment not only led to a decrease in cancer cell proliferation via apoptosis induction but
also had synergistic effects with irradiation and showed anti-migratory potential in both
tested cell lines (Cal27 and SCC154). The antineoplastic potential seems to be higher in
SCC154, supporting the hypothesis of HPV-induced WBC pathway deregulation. Indeed, a
strong downregulation of WBC transcriptional targets was observed in the HPV-positive
cell line SCC154 treated with ICG-001. Furthermore, high CBP expression could possibly
facilitate the identification of low-risk patients with HPV-positive HNSCC. Finally, ICG-
001 may become a viable therapy option for these low-risk patients, particularly as a
component of proposed treatment de-escalation regimens for this patient group. Indeed,
further research is warranted in order to decipher the exact molecular effects of ICG-001, as
well as to assess further in vitro and in vivo antineoplastic effects of ICG-001, particularly
for HPV-positive HNSCC.
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Abstract: N6A-methyladenosine (m6A) post-transcriptional modification, the most abundant internal
RNA modification, is catalyzed by the METTL3-14 methyltransferase complex. Recently, attention
has been drawn to the METTL3-14 complex regarding its significant roles in the pathogenesis of
acute myeloid leukemia (AML), attracting the potential of novel therapeutic targets for the disease.
Herein, we report the identification and characterization of eltrombopag as a selective allosteric
inhibitor of the METTL3-14 complex. Eltrombopag exhibited selective inhibitory activity in the most
active catalytic form of the METTL3-14 complex by direct binding, and the mechanism of inhibition
was confirmed as a noncompetitive inhibition by interacting at a putative allosteric binding site
in METTL3, which was predicted by cavity search and molecular docking studies. At a cellular
level, eltrombopag displayed anti-proliferative effects in the relevant AML cell line, MOLM-13, in
correlation with a reduction in m6A levels. Molecular mechanism studies of eltrombopag using m6A-
seq analysis provided further evidence of its cellular function by determining the hypomethylation
of leukemogenic genes in eltrombopag-treated MOLM-13 cells and the overlapping of the pattern
with those of METTL3-knockdown MOLM-13 cells. In conclusion, eltrombopag was first disclosed
as a functional METTL3-14 allosteric inhibitor in AML cells, which could be utilized for the further
development of novel anti-AML therapy.

Keywords: eltrombopag; METTL3-14; allosteric inhibitor; acute myeloid leukemia

1. Introduction

Of the over 170 RNA modifications occurring in diverse cell systems, N6-methyladenosine
(m6A) is the most prevalent and abundant internal modification of particular mRNAs in
the long exon and 3′ untranslated region (3′ UTR) near the stop codon of mRNA with
the consensus sequence RRACH (R = A or G, H = A, C or U) [1–4]. The mechanisms and
functions of this modification have been recently explored, revealing regulatory functions
in the fate of mRNA by affecting its nuclear export, splicing, stability, and translation
efficiency [5–7]. Consequently, the m6A modification turned out to be closely involved in
multiple biological processes, including self-renewal, development, metabolism, home-
ostasis, and immunity [8–13]. As the components play various roles in m6A modification,
the N6-methyltransferase complex (writers) and demethylases (erasers) catalyze the re-
versible regulatory functions by methylation and demethylation, respectively, and the
resulting products are recognized by m6A binding protein (readers) to further forward
biological processes [14–16].

Among them, the N6-methyltransferase complex consists of catalytic components,
methyltransferase-like protein 3 (METTL3) and 14 (METTL14), and other regulatory m6A-
associated complexes, such as Wilms tumor 1-associated protein (WTAP), Vir-like m6A
methyltransferase associated (VIRMA), Cbl protooncogene like 1 (CBLL1), RNA-binding
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motif 15 (RBM15), and zinc finger CCCH-type containing 13 (ZC3H13) [17–20]. The indi-
vidual METTL3 and METTL14 exhibit relatively weak catalytic activity in vitro, but their
heterodimeric complex has a much higher activity, which is the physiologically relevant
form in the nucleus [17,21]. The crystal structure of the heterodimeric complex of METTL3-
14 demonstrated that METTL3 is mainly responsible for catalytic function, transferring
a methyl group from S-(5′-adenosyl)-L-methionine (SAM) to the N6-amine of adenine,
while METTL14 promotes METTL3 catalytic activity by providing an RNA-binding surface
composed of positively charged residues [22–24].

Recent studies of METTL3 and METTL14 in cancers have shown that they are closely
associated with the processes involved in the proliferation, apoptosis, metastasis, and
differentiation in the progression of various human cancers [25–27]. In particular, acute
myeloid leukemia (AML), one of the most common types of leukemia with diverse genetic
and molecular abnormalities in adults, expresses higher levels of METTL3 and METTL14
compared with other cancer types in the analysis of The Cancer Genome Atlas (TCGA)
dataset [28–31]. The significance of METTL3 and METTL14 in AML progression was
further investigated by knockdown experiments of the AML cell line, which resulted
in the induction of apoptosis and cell differentiation [30,32,33]. The role of METTL3 in
tumorigenesis has been reported to promote the translation of c-MYC, BCL2, and PTEN in
MOLM-13, a human AML cell line [32]. Another report showed that METTL3 is recruited at
the transcription initiation site (TSS) by the CAATT enhancer binding protein zeta (CEBPZ),
which resulted in the enhanced translation of oncogenes SP1 and SP2 to maintain the
leukemic state [33]. In addition, METTL14 has been reported to play a critical oncogenic
role by increasing the mRNA stability and translational efficiency of MYB and MYC
through the m6A modification in the NB4 human AML cell line [30]. Therefore, METTL3
and METTL14 have drawn increased attention as attractive new therapeutic targets for the
treatment of AML.

As such, chemical inhibitors of METTL3-14 have been developed for the discovery of
novel mechanism-based anti-AML therapies. At first, the enzyme reaction product S-(5′-
adenosyl)-L-homocysteine (SAH) and non-selective nucleoside analog sinefungin (1) were
reported as the inhibitors of METTL3-14 [34,35]. Until recently, only a few SAM compet-
itive inhibitors of METTL3 have been developed, including adenine derivatives (2) [36],
UZH1a (3) [37], UZH2 (4) [38], and STM2457 (5) [39] (Figure 1). Although some SAM
competitive inhibitors have shown selective inhibition profiles in the methyltransferase
panel screening, allosteric inhibitors are preferred to avoid possible nonselective inhibitions,
since the SAM binding region was conserved in most of the methyltransferase enzyme
family [40–42]. In that sense, our group recently reported 4-[2-[5-chloro-1-(diphenylmethyl)-
2-methyl-1H-indol-3-yl]-ethoxy]benzoic acid (CDIBA) derivatives (6) as the first allosteric
inhibitor of METTL3-14 [43].

In this article, we report the discovery of eltrombopag as another allosteric inhibitor of
METTL3-14 identified by screening the drug library from the Korea Chemical Bank. Eltrom-
bopag was first reported as a thrombopoietin receptor (TPO-R) agonist for the treatment of
immune thrombocytopenia (ITP), and approved by the U.S. Food and Drug Administration
for the treatment of chronic ITP and aplastic anemia in 2008 and 2014, respectively [44–46].
Herein, we present the identification and characterization of eltrombopag as a METTL3-14
allosteric inhibitor, including the prediction of a putative binding site, anti-proliferative
effects on AML cell lines, and an analysis of the influences on the m6A abundance on a
cellular level. Furthermore, the molecular mechanism of eltrombopag was confirmed using
m6A-seq analysis.
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Figure 1. Chemical structures of current METTL3-14 inhibitors.

2. Results and Discussion

2.1. Enzyme Assay and Hit Identification of Eltrombopag as a METTL3-14 Inhibitor

To aid in the discovery of METTL3-14 inhibitors, we developed an enzyme-based bio-
luminescence assay protocol measuring the METTL3-14 enzymatic reaction product, SAH,
by converting it to adenosine triphosphate (ATP), which could be quantitatively detected
by the luminescence-mediated luciferase enzymatic activity. Then, the Michaelis–Menten
of the kinetic parameters of METTL3-14 with SAM and RNA substrates were determined
as the Km values with 98.6 nM and 70.5 nM for SAM and RNA, respectively (Figure S1),
which are similar to those of the previously reported METTL3-14 assay systems [34,35].

Using the verified assay system, the drug compound library (2300 compounds) from
the Korea Chemical Bank was initially screened at 25 μM, identifying 20 hit compounds with
more than 70% inhibition (Figure 2A). After the exclusion of 9 false-positive compounds,
which inhibit the coupled enzyme reaction processes converting SAH to ATP (Figure S2A),
and further dose-response titration experiments of the true positive 11 compounds, el-
trombopag (7) was discovered as the most potent final hit compound with an IC50 value
of 3.65 μM (Figure 2B,C)—which was previously reported as a thrombopoietin receptor
agonist [44]. The similar inhibitory potency (IC50 = 4.55 μM) of eltrombopag at METTL3-14
was additionally confirmed in a counter assay system using mass spectrometric analysis
that measured the m6A level of the single strand RNA substrate (Figure 2D). Moreover, the
METTL3-14 inhibitory activity of eltrombopag was further clarified in the centrifugation
experiment, which could exclude the possible false-positive inhibition induced by colloidal
aggregation (Figure S2B).

To determine whether eltrombopag directly binds to the METTL3-14 complex, the
dissociation constant between eltrombopag and the METTL3-14 complex was measured
using surface plasmon resonance (Figure 3). As a result, the binding of eltrombopag
was observed in a concentration dependent manner with 13.2 μM of the calculated KD
value, as shown in Figure 3, demonstrating that the inhibition of eltrombopag on the
METTL3-14 enzyme activity could occur by direct binding. To explore the selectivity
profile of eltrombopag for METTL3-14, seven other methyltransferase family enzymes were
investigated, resulting in a relatively low inhibitory activity of 10 μM eltrombopag on the
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SAM-dependent methyltransferases listed in Table 1. Taken together, our data suggest that
eltrombopag has selective inhibitory activity at the METTL3-14 complex by direct binding
to the enzyme protein.

Figure 2. Identification of Eltrombopag as a novel inhibitor of the METTL3-14 complex through
library screening. (A) Eltrombopag was discovered as a METTL3-14 inhibitor through the de-
scribed procedure for screening of drug compound library. (B) Chemical structure of eltrombopag.
(C) Concentration-dependent enzymatic inhibitory activity of eltrombopag on METTL3-14 was
confirmed in a bioluminescence enzyme-based assay system with an IC50 value of 3.65 μM. (D) Enzy-
matic inhibitory activity of eltrombopag on METTL3-14 was confirmed in the mass spectrometric
enzyme based assay system with an IC50 value of 4.55 μM.

Table 1. Methyltransferase selectivity profile of eltrombopag at 10 μM.

Methyltransferase Remaining Activity (%) 1 Control IC50 (μM) 2 Control Compound

DOT1L 90.0 ± 2.8 0.217 Chaetocin
G9a 99.0 ± 3.3 0.762 SAH

MLL4 complex 70.9 ± 2.4 5.09 SAH
PRDM9 130 ± 4 4.16 SAH
PRMT1 96.1 ± 3.9 0.637 SAH
SETD2 97.3 ± 4.1 10.8 SAH
SMYD3 98.7 ± 5.7 35.3 SAH

1 The remaining activity is the percentage of enzymatic activity in the presence of 10 μM eltrombopag to the
buffer containing DMSO. 2 IC50 (50% inhibitory concentrations of activity) values were obtained based on the
concentration−response curves.
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Figure 3. The Binding affinity of eltrombopag was evaluated by measuring the equilibrium dissociation
constant (KD value) to the METTL3-14 complex as 13.2 μM in surface plasmon resonance assay.

2.2. Mode of Enzyme Inhibition and Predicted Binding Mode of Eltrombopag in METTL3-14

To understand the mechanism of action of eltrombopag in the METTL3-14 complex,
the tendency of its inhibitory activity was determined from a variation of IC50 values of
eltrombopag depending on the different substrate concentrations. As shown in Figure 4,
the IC50 values of eltrombopag were not affected even when the concentrations of the
SAM and RNA substrates varied from 50 to 1600 nM and from 25 to 800 nM, respectively.
These results suggest that eltrombopag acts as a noncompetitive inhibitor, possibly by
binding to the allosteric site of METTL3-14 rather than to the catalytic active sites of the
SAM or RNA substrate binding pockets. Although allosteric modulators generally show
lower binding affinity than orthosteric ligands, they could have other advantages, such as
potentially higher selectivity and fewer side effects than orthosteric ligands [47]. Therefore,
further optimization studies of eltrombopag, to improve the binding affinity and inhibitory
activities based on its binding mode in METTL3-14, could achieve distinguished novel
inhibitors with higher selectivity than other SAM competitive inhibitors.

Figure 4. Studies on the mechanism of action showed that eltrombopag inhibited the METTL3-14
complex in a noncompetitive manner. (A) IC50 values of eltrombopag at increasing concentrations of
SAM ranging from 50 to 1600 nM at fixed concentrations of RNA substrate (2 μM). (B) IC50 values
of eltrombopag at increasing concentrations of RNA substrate ranging from 25 to 800 nM at fixed
concentrations of SAM substrate (3 μM).
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Next, in order to predict the allosteric binding site in which eltrombopag might
interact and bind, its inhibitory activities were evaluated first at various enzyme forms of
METTL3-14, such as each single form of METTL3 and METTL14 and the truncated form of
METTL3-14 with only the methyltransferase domain (Figure 5A). As a result, eltrombopag
maintained its inhibitory activity with an IC50 value of 7.04 μM in the single subunit enzyme
form of METTL3, whereas a dramatically reduced partial inhibition was observed in the
single subunit enzyme form of METTL14 with 59.3% at 36 μM. The profile of inhibitory
activities suggests that the main interacting enzyme form of eltrombopag might be the
METTL3 subunit rather than the METTL14 subunit. In the case of the truncated form of the
METTL3-14 complex, of which the crystal structure was reported, eltrombopag maintained
its full inhibitory activities with a 3.5-fold decreased IC50 value of 12.0 μM (Figure 5A).
Therefore, it could be predicted that some part of the binding regions for eltrombopag
might exist in the truncated form of the METTL3 monomer.

Figure 5. Predicted binding mode of eltrombopag with the METTL3 crystal structure. (A) Inhibitory
activities of eltrombopag in various METTL3-14 enzyme forms (METTL3-14 FL: full length of
METTL3-14, METTL3-14 TR: truncated form of METTL3-14 consisting of a methyltransferase do-
main). (B) Hydrophobicity surface view at the predicted allosteric binding pocket with the docked
eltrombopag into METTL3 crystal structure (PDB: 5IL1 A chain). (C) Docking pose of eltrombopag
with METTL3 (the green dashed lines represent hydrogen bond).

Consequently, potential allosteric binding pockets were investigated in the METTL3
crystal structure (PDB: 5IL1 A chain) through computational cavity searching algorithms
using Allosite [48] and Discovery Studio software (version 3.5). As a result, a new allosteric
binding pocket—distinct from the SAM binding site—was simultaneously predicted by
both of the independent programs (Figure 5B). Then, a molecular docking experiment was
performed on eltrombopag at the predicted allosteric binding pocket using the CDOCKER
protocol of the Discovery Studio software. As illustrated in Figure 5B,C, eltrombopag was
successfully docked to the predicted binding pocket, displaying several interactions with
amino acids in the region. The putative binding modes include the hydrogen bonding
interactions between the backbone amide group of Asp499 and Cys500 residues, the
carboxylate group of Asp453, and the carboxamide group of Gln 496 with the carboxylic
acid, the phenolic alcohol, and the hydrazine of eltrombopag, respectively. Additionally,
some van der Waals interactions with aromatic groups of eltrombopag were predicted
with several hydrophobic amino acids, including Val452, Val485, and Val487. It might
be speculated that the putative binding could be further tightened by more interactions
with the missing domains from the full-length METTL3-14 complex, such as the zinc
finger domain.

The attempt of the X-ray analysis to verify the predicted binding site of eltrombopag
at METTL3 was unfortunately not feasible since it was hard to generate a crystal of eltrom-
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bopag with METTL3 due to the low water solubility of eltrombopag [49]. Therefore, the
interactions of eltrombopag in the predicted binding site of METTL3-14 were indirectly
investigated by evaluating the inhibitory activities of its derivatives, thereby disrupting the
hydrogen bonding donors of eltrombopag, such as carboxylic acid or the phenol groups,
which might be responsible moieties for the key interactions in docking results. Thus,
compounds 14a (removal of carboxylic acid), 14b (carboxylate methyl ester), and 14d (re-
moval of phenol group) were synthesized as Scheme S1 in the Supplementary Materials
and evaluated for their enzyme inhibitory activities.

As a result, compounds 14a,b exhibited a significant loss of METTL3-14 inhibitory
activities with only 23.3 and 23.7% inhibitions even at 60 μM, respectively, indicating that
the acidic proton of the carboxylic acid moiety of eltrombopag is essential for maintain-
ing the inhibitory activity (Figure 6). In addition, the importance of phenolic alcohol in
maintaining the inhibitory activity of eltrombopag was also confirmed and observed in
the 4-fold decreased inhibitory activity of compound 14d with an IC50 value of 15.3 μM.
Collectively, these results, consistent with the reduced docking scores in the molecular
docking experiments, indirectly support the predicted binding mode of eltrombopag in a
complex with METTL3.

Figure 6. METTL3-14 enzymatic inhibitory activities of compounds 14a, 14b, and 14d with struc-
tural modifications to disrupt the predicted hydrogen bonding interactions between METTL3-14
and eltrombopag.

2.3. Cellular Activity Evaluation of Eltrombopag on Acute Myeloid Leukemia Cell Lines

Based on the close relationship of METTL3-14 for the proliferation of AML, the cellular
level of anti-leukemic potential associated with the inhibition of METTL3-14 was investi-
gated by the anti-proliferative activity of eltrombopag in MOLM-13 as an AML cell line
closely related with METTL3 for its growth [32,33]. As shown in Figure 7A, eltrombopag
exhibited the growth inhibition of the MOLM-13 cell line with a GI50 value of 8.28 μM.
In addition, dose-dependent inhibition of m6A levels on poly-A+-enriched mRNA was
also confirmed in the MOLM-13 cell line after 24 h eltrombopag treatment (Figure 7B),
indicating that eltrombopag exhibited anti-leukemic effects on the MOLM-13 cell line by a
correlated reduction of the m6A levels through the inhibition of METTL3-14. The maximum
m6A inhibition by eltrombopag in MOLM-13 cells was shown to be 50% at 40 μM, which
was similar to those of the shMETTL3 treated case (Figure S4) and the previously reported
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data (60–70%) with UZH1a [37]. Moreover, eltrombopag also showed the antiproliferative
effects against other AML cell lines, including MOLM-14, HL60, MV4-11, and THP-1, with
a range of GI50 values from 10~22 μM (Figure 7C).

Figure 7. Anti-proliferative activity and cellular activity of eltrombopag on AML cell lines. (A) Anti-
proliferative activity of eltrombopag against the MOLM-13 cell line. A global methyltransferase
inhibitor, Sinefungin (1), was evaluated as a positive control in MOLM-13 cell line with a GI50 value of
24.8 μM. (Gilteritinib, an FLT3 targeted anti-AML drug, showed a GI50 value of 16.6 nM in Figure S3).
(B) Dose-response curve of m6A/A reduction on poly-A+-enriched mRNA after 24 h of MOLM-13
treatment with eltrombopag. (C) Anti-proliferative activities of eltrombopag against AML cell lines
including MOLM-14, HL60, MV4-11, and THP-1 cell lines.

The Steidl group has previously reported that eltrombopag displayed anti-proliferative
activity, inducing the differentiation of human acute myeloid cells, which have an indepen-
dent biological activity at the original target, TPO-R, without presenting a clear mechanism
of eltrombopag for anti-leukemic effects [50]. In the present study, we have demonstrated
that the mechanism of action of eltrombopag for its anti-leukemic effects would be direct
inhibition of METTL3-14 and a consequent decrease of the m6A levels of mRNA. In addi-
tion, the in–vivo anti-leukemic effect of eltrombopag, through prolonging the survival of a
mouse model transplanted with an AML cell line, has been reported in the abovementioned
paper [50]. Therefore, eltrombopag might be a starting point for the development of a novel
mechanism-based drug candidate for the treatment of acute myeloid leukemia through a
further optimization study of the chemical structure of eltrombopag based on its binding
mode in METTL3-14.

To investigate the applicability of eltrombopag for combination therapy with current
AML drugs, we evaluated the antiproliferative activity of combination treatments of eltrom-
bopag and current AML drugs, including venetoclax, cytarabine, gilteritinib, and sorafenib,
against MOLM-13. The synergy scores for each combination were calculated using the
Highest Single Agent (HSA) model in the Synergyfinder software [51]. As a result, a clear
synergistic inhibitory effect of the venetoclax/eltrombopag combination was determined
with an average HSA synergy score of 11.68 and a peak value of 26.37 (Figure 8A,B). In
addition, this synergistic effect of the venetoclax/eltrombopag combination was further
confirmed from the analysis with the Zero Interaction Potency (ZIP), Loewe additivity
model, and Bliss independence models in the Synergyfinder software [51]. In the case of
the cytarabine/eltrombopag combination, a relatively weak synergistic effect was observed
with an average HSA synergy score of 6.86 (Figure 8C,D), which was consistent with the pre-
viously reported result that eltrombopag enhanced the anticancer effect of cytarabine [52].
However, the treatments with the combination of eltrombopag with gilteritinib or sorafenib
didn’t display a significant synergistic effect (Figure S5). Collectively, the results indicated
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that eltrombopag could have a potential for use in combination with current AML drugs,
including venetoclax and cytarabine, for the treatment of AML.

Figure 8. Synergistic effect of the combination treatment of eltrombopag and current AML drugs,
venetoclax and cytarabine, on MOLM-13. (A) Dose-response matrix for the venetoclax/eltrombopag
combination in MOLM-13 cell line. (B) 2D synergy maps and calculated HSA synergy scores for the
venetoclax/eltrombopag combinations using Synergyfinder software. (C) Dose-response matrix for
the cytarabine/eltrombopag combination in MOLM-13 cell line. (D) 2D synergy maps and calculated
HSA synergy scores for the cytarabine/eltrombopag combinations using Synergyfinder software.
Red and green areas represent synergy and antagonism, respectively. All experiments were repeated
at least three times.

In clinical studies of eltrombopag, although monotherapy treatment didn’t show
any safety concerns, increased progression to acute myeloid leukemia was observed in
the combination treatment with azacitidine compared with the treatment of azacitidine
alone [53,54]. Therefore, attention to various safety concerns should be drawn when
attempting a combination therapy of drugs with eltrombopag.

2.4. Identification of Anti-Leukemia Potential of Eltrombopag at Molecular Level

To determine whether eltrombopag has anti-leukemia potential on a molecular level,
we performed N6-methyladenosine-sequencing (m6A-seq) using the eltrombopag-treated
MOLM-13 cell line and analyzed the differential m6A methylation sites in the transcriptome.
As shown in Figure 9A and Table S1, we identified 10,723 differential m6A methylation
sites, and 71% of them were hypomethylated, similarly to the previously reported METTL3
inhibitor STM2457 treatment [39]. Additionally, we found that about 30% of hyperme-
thylation was also detected when treated with eltrombopag or STM2457. To find out
whether this hypermethylation is specifically caused by chemical METTL3 inhibitors, we
obtained m6A individual-nucleotide-resolution cross-linking and immunoprecipitation
(miCLIP) sequencing results for the METTL3-deficient MOLM-13 cell line from the Gene
Expression Omnibus (GEO) database [32] and re-analyzed the differential m6A methylation

203



Pharmaceuticals 2022, 15, 440

sites. As a result, hypomethylation was predominant in the METTL3 knockdown cells, but
hypermethylation was also observed (Figure S6, Table S2). Our observations regarding
hypermethylation upon METTL3 inhibition suggest that it might be considered in the
development of anti-AML therapies.

Figure 9. Eltrombopag reduces m6A levels in AML cells. (A) Distribution of significantly differentiated
m6A methylated peaks detected in MOLM-13 cell line with 25 μM of eltrombopag. If diff.log2.fc is
larger than 0 it is indicated as hypermethylation (blue), and if smaller than 0 it is indicated as hy-
pomethylation (yellow). (B) Top consensus motif in eltrombopag-treated differentiated m6A methylated
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peaks with HOMER. GGAC, a subset of the m6A common motif, was detected. (C) Distribution of
hypomethylated gene identity. Protein-coding, non-coding RNA (ncRNA), and pseudogenes (pseudo)
are shown in blue, yellow, and gray, respectively. (D) Common and unique hypomethylated peaks in
eltrombopag-treated or shMETTL3-treated MOLM-13 cell lines. A proportional Venn diagram was
drawn with VennDiagram. (E) Peak annotation of DMSO or eltrombopag-treated hypomethylation
with HOMER. TSS, transcription start site (from −1 kb to +100 bp); TTS, transcription termination
site (from −100 bp to +1 kb); UTR, untranslated region. (F) Gene ontology enrichment analysis of
eltrombopag-treated hypomethylation genes. The number of genes associated with the GO term is
shown at the end of the bar.

M6A RNA methylation tends to occur in the RRACH consensus motif [2,4]. To inves-
tigate the specificity of eltrombopag-regulated m6A methylation, we analyzed motifs in
differentially methylated peaks. Figure 9B shows that GGAC, a subset of the m6A common
motif, is highly enriched in its differential methylation sites. Since eltrombopag acts as a
METTL3 inhibitor, we focused on the hypomethylation genes in subsequent analyses. We
further analyzed the types of hypomethylated genes, and, as a result, most of them were
protein-coding (~80%), noncoding-RNA (ncRNA), and pseudogenes accounting for 17%
and 3%, respectively (Figure 9C).

Next, we compared hypomethylated genes in eltrombopag-treated or METTL3 knock-
down cells. As shown in Figure 9D, a significant number of them overlapped, suggesting
that eltrombopag leads to gene hypomethylation through the METTL3 inhibitory effect.
In addition to the overlapping regions, there were eltrombopag-specific hypomethylated
genes, which may be due to eltrombopag not targeting METTL3 alone but inhibiting the
roles of other components of the METTL3-14 complex. To further examine the m6A peak
distribution affected by eltrombopag, we performed a peak annotation analysis. As a result,
hypomethylation in the 3′UTR and intron, in which the m6A peak is widely distributed,
was significantly decreased during eltrombopag treatment, whereas it was increased in the
promoter-TSS and non-coding region (Figure 9E, Table S1).

Finally, we applied gene ontology enrichment analysis to an in-depth study of the
biological process of differentially eltrombopag-treated hypomethylated genes. As shown
in Figure 9F, hypomethylated genes were highly enriched in apoptotic processes, cell
cycle and growth, and hematopoietic progenitor cell differentiation events, suggesting
that eltrombopag might be involved in the physiological processes of AML cells. A re-
cent study has shown that the N6-methyltransferase complex, including METTL3-14, is
recruited near the promoter and promotes RNA polymerase II pausing, leading to gene
regulation [55]. The eltrombopag-treated m6A peak distribution at the promoter-TSS and
transcription-related events shown in the GO analysis suggest that eltrombopag may affect
gene expression through the regulation of m6A RNA methylation around promoter-TSS
(Figure 9E, Table S3). Taken together, eltrombopag reduced m6A levels in the MOLM-13
transcriptome, indicating the anti-leukemia potential of eltrombopag on a molecular level.

3. Materials and Methods

3.1. General Methods for Chemistry

All reagents and solvents were obtained from commercial sources and used without
further purification. Eltrombopag (1) was purchased from Axonmedchem (SB 497115)
(Groningen, The Netherlands). The 1H and 13C Nuclear magnetic resonance (NMR) spec-
tra were recorded with a JEOL JNM-ECX 400p spectrometer at 400 MHz and 101 MHz,
respectively. All spectra were taken using CDCl3 and dimethyl sulfoxide (DMSO)-d6. Mass
spectroscopy was performed on a BEH C18 column (1.7 μM, 2.1 mm × 50 mm; Waters) and
maintained at 40 ◦C during separation under isocratic conditions (mobile phase A: mobile
phase B = 20:80) by using a Waters ACQUITY ultraperformance liquid chromatograph cou-
pled to a triple quadrupole mass spectrometer (Micromass Quattro Micro, Waters, Milford,
MA, USA). The mobile phase was as follows: A, water (LC-MS grade) with 0.1% formic acid
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(v/v); and B, CH3CN (LC-MS grade) with 0.1% formic acid (v/v); flow rate, 0.2 mL/min.
Synthetic procedures and characterization data for all the synthesized compounds are
provided in the Supplementary Materials.

3.2. Cloning, Expression and Purification of METTL3 and METTL14

For recombinant protein production, genes encoding the full-length and MTase do-
main of human METTL3 (residues 369 to 580) or METTL14 (residues 106 to 396) were
cloned between the XbaI and NotI sites in the pVL1393 baculovirus transfer vector (BD Bio-
sciences, NJ, USA) with a thrombin-cleavable decahistidine (10× His) tag at the C-terminus
and N-terminus. The plasmids were transfected into Spodoptera frugiperda (Sf9) cells
using BestBac 2.0 linearized baculovirus DNA (Expression Systems, Davis, CA, USA) and
Cellfectin II transfection reagent (Gibco, Waltham, MA, USA). The METTL3-METTL14
complex was obtained by co-infection of Trichoplusia ni (Hi5) cells with two recombinant
baculoviruses. The transgenic cells were cultured for 72 h at 28 ◦C and harvested by
centrifugation at 14,000× g for 10 min at 4 ◦C.

The purification of the human METTL3 and METTL14 complex was performed with
slight modifications [22]. Briefly, cells were re-suspended and broken using a sonicator
(6 cycles of 10 s on/10 s off, 40% amplitude, Branson, CT, USA) in a lysis buffer containing
20 mM Tris-HCl pH 8.0, 200 mM NaCl, 10 μg/mL DNase I and 0.1 mM phenylmethyl-
sulfonyl fluoride (PMSF). Cell debris was removed by ultracentrifugation at 240,000× g
for 1 h at 4 ◦C, and the supernatant was loaded onto Ni-NTA affinity resin (Goldbio, MO,
USA). The resin was washed with 20 column volumes of lysis buffer containing 50 mM
imidazole. The protein was eluted with a 100-, 300-, and 500-mM imidazole gradient. After
cleavage by thrombin to remove the histidine tag, the protein was further purified by Hi-
Trap Q (GE Healthcare, Chicago, IL, USA) anion exchange chromatography and Superdex
200 Increase (GE Healthcare) gel filtration chromatography in a buffer containing 25 mM
Tris-HCl pH 8.0, 150 mM NaCl, and 3 mM DL-Dithiothreitol (DTT, Goldbio). Fractions
containing the complex protein were pooled and concentrated to an amount of 1 mg/mL
for functional assays. All purification steps were performed on ice or at 4 ◦C.

3.3. METTL3-14 Enzyme-Based Bioluminescence Assay (Screening Assay)

An enzymatic bioluminescence assay was established to identify the METTL3-14
inhibitor through screening. During the screening, all enzymatic reactions were performed
in 96-well plates using a reaction buffer (20 mM Tris pH 7.5, 1 mM DTT, 0.01% Triton
X-100, and 40 U of RNaseOUT (Invitrogen, Waltham, MA, USA) with a final reaction
volume of 20 μL. In total, a final concentration of 30nM of METTL3-14 was incubated
with 300 nM final concentration of SAM, 300 nM final concentration of RNA substrates
(5′-ACGAGUCCUGGACUGAAACGGACUUGU-3′), and serially diluted compounds at
23 ◦C for 1 h. Furthermore, 5 μL of 5% trifluoroacetic acid was added to each well to stop
the enzymatic reaction. After a 10-min incubation period, the reaction product, SAH, was
converted to ATP as a substrate of luciferase using the MTase-GloTM Methyltransferase
Assay kit (Promega, Madison, WI, USA). METTL3-14 activity was assessed by measuring
the luminescence using a Victor multilabel reader (PerkinElmer, Waltham, MA, USA).
The IC50 values were calculated by a nonlinear regression analysis using OriginPro 9.1
software (OriginLab).

To confirm the mechanism of action of eltrombopag in the METTL3-14 complex, 30 nM
METTL3-14 and serially diluted eltrombopag were reacted with various concentrations of
SAM or RNA substrate and saturating concentrations of the other substrate (3 μM SAM
or 2 μM RNA substrate) for 20 min. To evaluate the inhibitory activity in a single form
of METTL3 and METTL14, 1 μM of METTL3 and 300 nM of METTL14 were incubated
with 1 μM of SAM, 500 nM of RNA substrates, and serially diluted eltrombopag for 5 h. To
measure the inhibitory activity in the truncated form of the METTL3-14 complex, 1 μM
of the truncated METTL3-14 complex was reacted with 1 μM of SAM, 500 nM of RNA
substrates, and serially diluted eltrombopag for 5 h.
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3.4. METTL3-14 Enzyme-Based Bioluminescence Assay (False Positive Response Experiment)

To determine whether hit compounds are false positives that inhibit the coupled en-
zyme reaction processes converting SAH to ATP, 30 nM of METTL3-14, 300 nM of SAM, and
300 nM of RNA substrates were incubated at 23 ◦C for 1 h without a hit compound. After
incubation, 5 μL of 5% trifluoroacetic acid was added to each well to stop the enzymatic
reaction. Then, the hit compound was added to the reaction mixture at a concentration of
25 μM before the product SAH was converted to ATP. Finally, the reaction product, SAH,
was converted to ATP as a substrate of luciferase using the MTase-GloTM Methyltransferase
Assay kit (Promega). METTL3-14 activity was assessed by measuring the luminescence
using a Victor multilabel reader (PerkinElmer). If it shows the inhibitory activity in a false
positive response experiment, this hit compound is a false positive affecting the coupled
enzyme system.

To investigate whether the hit compound was a false positive, thereby causing colloidal
aggregation, a hit compound diluted in enzyme assay buffer was centrifuged at 15,000× g
for 10 min at 4 ◦C. After centrifugation, the supernatant was used for the METTL3-14
enzyme-based bioluminescence assay as described above. According to this method, if it is
not possible to identify the inhibitory activity in a false positive centrifugation test, the hit
compound is a false positive that will lead to colloidal aggregation.

3.5. Mass Spectrometry Based METTL3-14 Enzyme Based Assay

The 30 nM of METTL3-14 was incubated with 300 nM of SAM, 300 nM of RNA
substrates, and serially diluted compounds at 23 ◦C for 1 h as described above. The
enzymatic reaction was stopped by heating at 80 ◦C for 10 min and centrifuged at 15,000× g
for 10 min. Then, the reacted RNA in the supernatant was digested to nucleosides by using
2 units of nuclease P1 (NEB, Ipswich, MA, USA) and dephosphorylated by using 1 unit of
alkaline phosphatase (NEB) at 37 ◦C for 2 h.

The produced nucleosides were detected by reversed-phase high-performance liquid
chromatography on an ACQUITY BEH C18 column (1.7 μM, 2.1 mm × 50 mm; Waters)
coupled with mass spectrometry detection using an EVOQ Elite ER LC-TQ (Bruker, Billerica,
MA, USA). The adenosine and m6A were quantified using an MRM transition as follows:
m/z = 267.9 -> 136.1 and m/z = 282.1 -> 150.1, respectively. (Retention time 5 min).
The m6A/A nucleoside ratio of the eltrombopag-treated sample was normalized to the
corresponding value of the DMSO treated negative control. The IC50 values were calculated
by a nonlinear regression analysis using OriginPro 9.1 software (OriginLab).

3.6. Surface Plasmon Resonance

The interaction between eltrombopag and the METTL3-14 complex was explored
using a Reichert SR7000DC instrument optical biosensor (Reichert Technologies, Depew,
NY, USA) equipped with a carboxymethyl dextran sensor chip (part no. 13206066, Reichert
Technologies). To activate the sensor chip, free carboxyl groups on the surface were
modified by injecting a mixture of 0.1 M of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride and 0.05 M of N-hydroxysuccinimide at a flow rate of 10 μL/min to generate
a reactive succinimide ester surface. Then, the METTL3-14 complex (9.5 μg/mL; prepared
in 10 mM sodium acetate buffer, pH 4.5) was coupled to the sensor via free amine coupling
to the immobilized succinimide and followed by the quenching of the remaining activated
succinimide ester with 1 M of ethanolamine, pH 8.5. The eltrombopag was diluted in
PBS that was supplemented with 0.005% Tween, thereby maintaining a final 5% DMSO
concentration. The binding experiments were performed using a flow rate of 30 μL/min
with an association time of 5 min and a dissociation time of 7 min. The regeneration of the
surfaces was performed, when necessary, by 10 mM of NaOH. The Langmuir model of
the Scrubber2 software was used to determine the equilibrium dissociation constant and
kinetic dissociation and association constants.
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3.7. Selectivity Profiling

The selectivity profile of eltrombopag was investigated by testing the level of inhibition
in a methyltransferase panel. The inhibition of 7 RNA methyltransferase was tested at
Reaction Biology (Malvern, PA, USA) using a gold standard radioisotope-based MT assay
(MT HotSpotTM) with 10 μM of eltrombopag in duplicate. SAH and chaetocin were used
as positive controls in the methyltransferase panel screening.

3.8. Allosteric Binding Pocket Prediction and Molecular Docking

The potential allosteric binding pocket in METTL3 was independently predicted based
on the METTL3 crystal structure (PDB ID: 5IL1 A chain) obtained from the Protein Data
Bank via the “From Receptor Cavities” protocol in the Discovery Studio 3.5 software and
Allosite 2.0 [48], which detects allosteric sites based on a structure-based machine learn-
ing method. After prediction, the protein preparation process was carried out using the
“Prepare Protein” wizard included in Discovery Studio and a radius of 15 Å around the
predicted allosteric binding pocket was set as a binding site. For the molecular docking, lig-
ands applied with a CHARMM force field were docked into the above-predicted allosteric
binding pocket in METTL3 using the CDOCKER protocol in Discovery Studio.

3.9. Cell Culture and shMETTL3 Knockdown

The MOLM-13, MOLM-14, and MV4-11 cell lines were supplied by the Leibniz In-
stitute DSMZ-German Collection of Microorganisms and Cell Cultures GmbH (DSMZ)
(Braunschweig, Germany). The HL60 and THP-1 cell lines were supplied by the Korea
Cell Line Bank (KCLB) (Seoul, Korea). The MOLM-13, MOLM-14, HL60, MV4-11, and
THP-1 cells were cultured in RPMI 1640 medium (HyClone, Logan, UT, USA) with 10%
fetal bovine serum (Gibco) and 1% penicillin/streptomycin in 5% CO2 at 37 ◦C in a humidi-
fied incubator. METTL3 shRNA was produced by transfection of shRNA plasmid DNA
(Open Biosystems), psPAX2 (packaging plasmid), and pMD2.G (envelope plasmid) with
polyethyleneimine (PEI) reagent into HEK293T cells. After 24 h, the media were freshly
replaced, and 48 h after transfection the supernatant was passed through a 0.45 μm filter
to obtain a viral supernatant. The viral supernatant was transfected into MOLM-13 cells
using a polybrene reagent.

3.10. Anti-Proliferative Assay Protocol

The MOLM-13, MOLM-14, HL60, MV4-11, and THP-1 cells were seeded in white
96-well clear bottomed plates with 100 μL of medium (5000 cells/well). The plated cells
were treated with serially diluted compounds and incubated for 72 h at 37 ◦C. After
incubation, 10 μL of EZ-cytox kit reagent from the EZ-cytox cell viability assay kit (DaeiLab,
Seoul, Korea) was added to each well and then incubated for 3 h at 37 ◦C. The absorbance of
metabolically active cells was measured at a wavelength of 450 nm using a Victor multilabel
reader (PerkinElmer). The GI50 values were calculated by nonlinear regression analysis
using OriginPro 9.1 software (OriginLab).

3.11. Combinatorial Analysis of AML Drugs with Eltrombopag

The MOLM-13 cells were seeded in white 96-well clear bottomed plates with 50 μL of
medium (5000 cells/well). The plated cells were treated with serially diluted eltrombopag
and current AML drugs, including venetoclax, cytarabine, gilteritinib, and sorafenib, to
a final volume of 100 μL and incubated for 72 h at 37 ◦C. After incubation, 10 μL of EZ-
cytox kit reagent from the EZ-cytox cell viability assay kit (DaeiLab) was added to each
well and then incubated for 3 h at 37 ◦C. The absorbance of metabolically active cells
was measured at a wavelength of 450 nm using a Victor multilabel reader (PerkinElmer).
The synergy scores of each combination were quantified by the HAS model, ZIP model,
Loewe additivity model, and Bliss independence models using Synergyfinder software [51].
Positive or negative synergy scores obtained through these models represent synergy and
antagonism, respectively.
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3.12. Quantitative Analysis of m6A Level by Mass Spectrometry

The MOLM-13 cells were seeded in 10 cm2 dishes at a density of 1.5 × 106 cells/mL
with 10 mL of complete medium. After 24 h, the plated cells were treated with the vehicle
(DMSO) or serial dilutions of eltrombopag and incubated for 24 h. Following incubation
in the cell culture incubator, total RNA was extracted using TRIsureTM (Bioline, Brisbane,
Australia) according to the manufacturer’s instructions. Then, poly-A+-enriched mRNA
was purified from the extracted total RNA using the MagnosphereTM ultrapure mRNA
purification kit (Takara, Shiga, Japan). One microgram of mRNA was digested to the
nucleosides using 2 units of nuclease P1 (NEB) and dephosphorylated using 1 unit of
alkaline phosphatase (NEB) at 37 ◦C for 2 h.

The produced nucleosides were detected by reversed-phase high-performance liquid
chromatography on an ACQUITY BEH C18 column (1.7 μm, 2.1 mm × 50 mm; Waters)
coupled with mass spectrometry detection using an EVOQ Elite ER LC-TQ (Bruker). The
adenosine and m6A were quantified using MRM transition as follows: m/z = 267.9 -> 136.1
and m/z = 282.1 -> 150.1, respectively. (Retention time 5 min). The m6A/A nucleoside
ratio of the eltrombopag-treated sample was normalized to the corresponding value of the
DMSO treated negative control. The inhibition curves were plotted using OriginPro 9.1
software (OriginLab) and fitted using nonlinear regression analysis.

3.13. N6-Methyladenosine-Sequencing (m6A-seq) and Sequencing Data Analysis

mRNA was purified using a GenElute™ mRNA Miniprep Kit (SIGMA, MRN10-1KT,
St. Louis, MO, USA) according to the manufacturer’s protocol. Briefly, the total RNA
was mixed with 2× Binding Solution and oligo(dT) beads, vortexed, and left for 10 min
at room temperature. The beads:mRNA complex was passed through a GenElute spin
filter/collection tube and washed twice with Wash Solution. The mRNA was eluted in an
Elution Solution incubated at 70 ◦C.

m6A-seq was performed using the EpiMark® N6-Methyladenosine Enrichment Kit
(NEB, E1610S). Briefly, 25 μL of Dynabeads™ Protein G (Invitrogen, 10004D) and 1 μL
of N6-Methyladenosine Antibody were incubated in a 4 ◦C rotator for 2 h. The purified
mRNA was fragmented at 95 ◦C for 10 min in a fragmentation buffer (100 mM Tris (pH 8.0),
8 mM MgCl2) with spike-in control RNA (m6A and unmodified, 0.1 fmol of each RNA).
The fragmented RNA was concentrated with RNA Clean & Concentrator™-5 (ZYMO
RESEARCH, R1014, Irvine, CA, USA) and then 5% was saved as the input. The remaining
95% of the fragmented RNA was added to the beads/antibody complex. RNA was eluted
in Buffer RLT (QIAGEN, 79216, Hilden, Germany), followed by ethanol precipitation and
was used for sequencing library construction. All sequencing experiments were performed
in triplicate via Novaseq. Adapter trimming and QC were performed using Trim Galore.
Reads were mapped to hg38 by HISAT2 [56], and exomePeak [57] and HOMER [58] were
used to analyze the differential methylation peaks, motifs, and gene annotations.

4. Conclusions

In this study, we reported on the use of eltrombopag as a METTL3-14 allosteric in-
hibitor that was identified through the screening of a drug library from the Korea Chemical
Bank, and its mechanism of action was determined by various biochemical analyses. El-
trombopag exhibited selective inhibitory activity against the METTL3-14 complex with an
IC50 value of 3.65 μM, and its direct binding to the enzyme complex was confirmed by the
analysis in surface plasmon resonance experiments. In addition, exploring the mode of en-
zyme inhibitory mechanisms revealed that eltrombopag acts as a noncompetitive inhibitor
interacting at a putative allosteric binding site predicted by molecular docking studies and
the main enzyme of its interaction was experimentally determined as the METTL3 subunit
rather than the METTL14 subunit. On a cellular level, eltrombopag showed anti-leukemic
activity in the relevant AML cell line, MOLM-13, in correlation with the reduction of m6A
levels. Molecular mechanism studies of eltrombopag using m6A-seq analysis provided fur-
ther evidence of its cellular function by determining the hypomethylation of leukemogenic
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genes in eltrombopag-treated MOLM-13 cells and the overlapping of the pattern with those
of the METTL3-knockdown MOLM-13 cells. Taken together, in this study, eltrombopag
was identified as a METTL3-14 allosteric inhibitor with anti-leukemic activity against AML,
which could provide a potential opportunity for the development of new drug candidates
for AML via further optimization of the structure of eltrombopag at the binding site.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph15040440/s1, Scheme S1: Reagents and conditions: (a) Sodium
acetate, AcOH, reflux, 24 h; (b) R1-PhB(OH)2, Pd(PPh3)4, K2CO3, THF/water/EtOH, 60 ◦C, 18 h;
(c) Pd/c, THF/MeOH, rt, 3 h; (d) NaNO2, NaHCO3, MeOH, rt, 3 h; (e) KOH, MeOH, water, 60 ◦C,
18 h; Figure S1: Kinetic parameter determination of the METTL3-14 complex by using screening assay
system, Figure S2: Confirmation of false-positive potential, Figure S3: The anti-proliferative activity
of gilteritinib as positive control was confirmed a GI50 value of 16.6 nM in MOLM-13. Figure S4: m6A
levels on poly-A+-enriched mRNA after 24 h of eltrombopag treatment (40 μM) or 4 days after post-
transduction of siRNA in MOLM-13, Figure S5: Analysis of combination treatment of AML drugs,
gilteritinib and sorafenib, with eltrombopag in MOLM-13, Figure S6: Distribution of significantly
differential m6A methylated peaks detected in shMETTL3-treated Molm-13 cells, Figure S7: NMR
spectrum of compound 14a, Figure S8: NMR spectrum of compound 14b, Figure S9: NMR spectrum
of compound 14d, Table S1: Differential m6A methylation sites and peak annotation in Eltrombopag-
treated Molm-13 cells, Table S2: Differential m6A methylation sites in shMETTL3-treated Molm-13
cells, Table S3: GO enrichment analysis of differentially m6A methylated genes.
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Abstract: Some (E)-3-(3-(4-(benzyloxy)phenyl)-1-phenyl-1H-pyrazol-4-yl)-1-phenylprop-2-en-1-one
conjugates 5a–r were designed; synthesized; characterized by 1H, 13C NMR, and ESI-MS; and evalu-
ated for tubulin polymerization inhibitory activity and in vitro cytotoxicity against breast (MCF-7),
cervical (SiHa), and prostate (PC-3) cancer cell lines, as well as a normal cell line (HEK-293T). The
compounds were also tested to determine their binding modes at the colchicine-binding site of tubulin
protein (PDB ID-3E22), for in silico ADME prediction, for bioactivity study, and for PASS prediction
studies. Among all the synthesized conjugates, compound 5o exhibited excellent cytotoxicity with
an IC50 value of 2.13 ± 0.80 μM (MCF-7), 4.34 ± 0.98 μM (SiHa), and 4.46 ± 0.53 μM (PC-3) against
cancer cell lines. The compound did not exhibit significant toxicity to the HEK cells. Results of the in
silico prediction revealed that the majority of the conjugates possessed drug-like properties.

Keywords: pyrazole conjugate; anticancer; MTT assay; molecular docking; cytotoxicity; tubulin
polymerization inhibitors

1. Introduction

Cancer is significantly the most common health issue worldwide. It is considered the
second most recurrent death-causing factor after cardiovascular disorders [1,2]. It accounts
for nearly 10 million deaths in 2020, with most deaths due to lung cancer, followed by
colon, liver, stomach, and breast cancer [3]. The World Health Organization (WHO) has
projected that by 2030, more than 13 million annual deaths are expected to occur from cancer
globally [4]. Currently available chemotherapeutic agents that target cell division and
angiogenesis, or induce cancer cell death through different signaling pathways comprise
the major treatment options for cancer. While these therapies are effective in treating
early-stage cancers, the efficacy against advanced cancers, especially multidrug-resistant
cancers, is limited. Furthermore, these classes of drug molecules face numerous restrictions
such as greater systemic toxicity and complex synthesis [5].
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The microtubules are a dynamic polymeric network of two closely related 55 kDa
proteins in cells known as α and β-tubulin dimers [6]. It is responsible for the formation of
the mitotic spindle during cell division and the severance of duplicated chromosomes. It
also plays a crucial role as an important target for cancer therapy because of its essential
role in cell proliferation and angiogenesis [7]. Since rapidly dividing cancer cells are
highly dependent on tubulin polymerization/depolymerization, interfering with tubulin
dynamics has become an important approach for the development of mitotic inhibitors [8,9].
The tubulin inhibitors have been classified based on their binding domains to tubulin viz.
microtubule destabilizers (e.g., Combretastatin A-4) [10], colchicine site-binding agents (e.g.,
colchicine and podophyllotoxin) [11,12], and the vinca site-binding agent (e.g., vinblastine
and vincristine) [13]. The microtubule disrupters inhibit tubulin polymerization and
consequently interfere with the formation of the necessary mitotic assembly required for
cell division. On the other hand, microtubule stabilizers, such as taxanes [14], paclitaxel,
docetaxel, and laulimalide, prevent the depolymerization of microtubules [15]. Both
agents, which can disrupt as well as stabilize microtubules, have found clinical success as
anticancer agents, therefore the compounds that can affect tubulin or microtubule stability
may show potential against various cancers. That is why, nowadays, scientists draw
attention to the drug discovery of microtubule-targeting agents/inhibitors for anticancer
therapy. The trimethoxy/dimethoxy phenyl rings of reported ligands are well-defined
pharmacophores that bind to the interface of the α-tubulin and β-tubulin of the colchicine-
binding site, which destabilizes the microtubules [16–19]. In the past few years, several
chalcone derivatives were found as the most effective tubulin polymerization inhibitors
as well as safer anticancer molecules [20]. The three binding sites are present in tubulin
as the colchicine-binding site, vinca-binding site, and taxane-binding site. The tubulin
polymerization inhibitors are docked into the colchicine-binding site of the tubulin protein.
The colchicines always interact and bind with the α-tubulin and β-tubulin interface, which
was also established by molecular docking [21] (Figure 1). The colchicine forms hydrogen,
bonding with the Cys-241 of the β subunit of tubulin.

Figure 1. Colchicine-binding site (PDB: 1SA0).

Pyrazole is a significant class of heterocyclic compounds in pharmaceutical chem-
istry. Many pyrazole-based lead compounds have been evaluated for their biological
effects, including anti-inflammatory, antimicrobial, antioxidant, anti-depressant, and anti-
influenza activities [22,23]. Several recent reports suggested that pyrazole derivatives
have shown promising anticancer activity, indicating their use in the development of
new anticancer agents [24]. Among the anticancer pyrazole moieties, 1,3-diphenyl pyra-
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zole derivatives have been shown as potent and effective cytotoxic agents [25]. Chalcone
conjugates have shown wide pharmacological efficacy as well as synthetic applications
in pharmaceutical chemistry [26,27]. Presently, colchicine (A), combretastatin A-4 (B)
analogs, pyrazole linker chalcone congeners, and the marketed drug nocodazole (C) are the
most important tubulin-binding agents that inhibit tubulin depolymerization [28]. In the
recently reported literature, Peyrot et al. synthesized (E)-3-(4-(dimethylamino)phenyl)-1-
(2,5-dimethoxyphenyl)-2-methylprop-2-en-1-one (D, MDL-27048) [29] as anti-mitotic agents
with rapid and reversible binding to the colchicine-binding site for inhibiting its assembly
to microtubules. Kamal et al. [30] designed and synthesized a novel scaffold (Z)-3-((3-
phenyl-1H-pyrazol-5-yl)methylene)indolin-2-one (E), which has significant polymerization
inhibitory activity. Moreover, various 1,3,4 thiadiazole ring-based cinnamide derivatives’
tubulin (F) [31] also exhibited significant growth inhibition effects against MCF-7 and A549
cell lines apart from effectively inhibiting tubulin polymerization. Srinivasa and co-workers
synthesized a new class of (Z)-1-(1,3-diphenyl-1H-pyrazol-4-yl)-3-(phenylamino)prop-2-
en-1-one derivatives (G) as an effective anticancer agent with IC50 values ranging from
1.25 to 3.98 μM [32]. In addition, Kamal and co-workers synthesized a series of pyrazole-
linked arylcinnamides (H) as potential antiproliferative agents with significant tubulin
polymerization inhibitory action (Figure 2) [33].
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Figure 2. Structures of some potential cytotoxic agents and tubulin polymerization inhibitors:
colchicine (A), combretastatin-A4 (B), nocodazole (C), MDL-27048 (D), reported pyrazole-linked
conjugates (E), reported chalcone-linked conjugates (F), reported pyrazole-linked chalcone conjugates
(G,H), and novel hybrid compound (5o).

Hybrid chalcone derivatives possess structural similarities to occurring moieties,
such as Combretastatin A-4, obtained from the bark of Combretum caffrum [34]. It has
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exhibited cytotoxicity against a broad range of human cancer cell lines by binding at
the colchicine-binding site on β tubulin with a percentage of inhibition in the range of
28.42–66.40%. Furthermore, hybrid chalcones linked to other heterocyclic moieties have
resulted in enhanced anticancer activity [35]. With this background, the present work was
carried out to design and synthesize novel pyrazole-linked hybrid chalcone conjugates,
and to evaluate their ability to inhibit tubulin polymerization and consequently prevent
cancer growth.

2. Results and Discussion

2.1. Chemistry

The protocol for the synthesis of analog (5a–r) is described in Scheme 1. Compound 1

was prepared by reacting 4-hydroxyacetophenone and benzyl chloride. It was then re-
acted with phenylhydrazine (2) to give compound 3, which was further cyclized in the
presence of POCl3 and DMF (Vilsmeier Haack reaction) to give 3-(4-(Benzyloxy) phenyl)-1-
phenyl-1H-pyrazole-4-carbaldehyde (4). Equimolar quantities of compound 4 and various
substituted acetophenones underwent Claisen–Schmidt condensation to yield the final
pyrazole–chalcone conjugates. All compounds were characterized by FT-IR, 1H NMR,
13C NMR, and mass spectral data. The 1H NMR, 13C NMR, and mass spectra of lead
compounds are presented in Figures S1–S14. The 1H NMR spectra of the aldehydic proton
in compound 4 appeared as a singlet at δ 9.82 ppm. The H-6 and H-7 of compound 5a

appeared as a doublet at δ 7.95 and δ 8.01 ppm, respectively, with the coupling constant
(J = 15.6–15.7 Hz), which agrees with the trans-configuration of α,β-unsaturated ketone
and the disappearance of the signal corresponding to the C-H of aldehyde. Moreover,
in the 13C NMR spectrum, the signal for C-1 was in the range of δ 127.8–139.6 ppm and
the signal for C-7 appeared at δ 113.1–127.7 ppm, while the C=O carbon atom appeared
at δ 186.3–196.1 ppm. The IR spectra showed absorption bands at 1755–1675, 1653–1590,
and 1590–1512 cm−1, corresponding to the C=O, C=N, and C=C functionalities, respec-
tively. Mass spectra showed a molecular ion peak, i.e., (m/z) [M+] with a characteristic
fragmentation pattern involving the loss of the phenyl group in all cases.

2.2. Molecular Docking Study

Molecular docking was performed to establish the binding ability of the newer synthe-
sized compounds to the colchicine-binding site of tubulin (PDB code: 3E22). The docking
scores of the compounds (5a–r) and co-crystal ligand colchicine are given in Table 1. The
protein backbone of tubulin is depicted in purple and yellow colors for α and β chains,
respectively. The favorable hydrogen bonding interactions are shown with yellow dashed
lines and the amino acid residues that interact with the compounds are represented as
purple and yellow tubes. The standard compounds were docked as co-crystal ligands
at the colchicine-binding site of tubulin. Docking studies revealed that eighteen newer
compounds (5a–r) exhibited a higher docking score than that of the co-crystal ligand, sug-
gesting that the synthesized molecules have better interaction and better accommodation
within the binding site. The different binding sites of tubulin protein complexes with 5o viz.
GTP, Mg+2, and GDP are shown in Figure 3. The 3D docked images of compound 5o and
5p complexes with tubulin are represented in Figure 4. The most promising compound 5o

could fit well into the colchicine-binding site of the tubulin, making five hydrogen bond in-
teractions with the most important active site residues ASN 249 (O....H2N, 3.53 Å, β-), ALA
250 (O....H2N, 3.70 Å) and LYS 254 (O....H3N+, 3.30 Å), SER 178 (O....HN, 3.65 Å), and TYR
224 (O....HO, 3.23 Å) pi-cation LYS 352 (pyrazole....H3N+, 6.17 Å, and phenyl....H3N+, 6.26
Å), as depicted in Figure 5a. The methoxy group of the 3,4-dimethoxy aryl moiety exhibited
interaction with the side chain of SER 178 (O....H2N, 1.93 Å) and TYR 224 (O....H2N, 1.93 Å)
in a similar manner as the co-crystal ligand colchicine. Introduction of a methoxy group at
positions two and four of the aromatic ring of compounds leads to a slight decrease in the
inhibitory activity primarily due to the changing of the orientation of the 2,4-dimethoxy
group in the binding site, as observed for compound 5p. The carbonyl group of 5p also
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showed hydrogen bond interaction with the side chain of ASN 249 (O....H2N, 2.87 Å), ALA
250 (O....H2N, 2.91 Å), and LYS 254 (O....H3N+, 3.10 Å).
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Scheme 1. General synthesis of (E)-3-(3-(4-(benzyloxy)phenyl)-1-phenyl-1H-pyrazol-4-yl)-1-
phenylprop-2-en-1-one derivatives (5a–r). Reagents and conditions: (a) absolute ethanol and glacial
acetic acid, 50–60 ◦C, refluxed for 6–8 h; (b) DMF and POCl3, heated for 2 h on steam bath; and
(c) absolute ethanol, 40% NaOH, reflux.
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Table 1. Docking score and anti-tubulin activity of E-3-(3-(4-(benzyloxy) phenyl)-1-phenyl-1H-
pyrazol-4-yl)-1-phenylprop-2-en-1-one analogs (5a–r).

 

NN

ArO

O

Comp. Ar Docking Score
% Inhibition of Tubulin

Polymerization at 10 μM b

Inhibition of Tubulin
Polymerization

IC50 (μM) a

5a −5.994 Nd Nd

5b −5.934 Nd Nd

5c −5.873 Nd Nd

5d −6.967 49.78 1.65 ± 0.06

5e −6.937 48.44 1.58 ± 0.04

5f −6.241 Nd Nd

5g −5.531 Nd Nd

5h −5.752 Nd Nd

5i −6.249 28.42 3.58 ± 0.83

5j −5.952 Nd Nd

5k −6.432 32.79 3.03 ± 0.44

5l −7.072 55.17 1.73 ± 0.04

5m −6.664 33.76 2.97 ± 0.03

5n −6.751 47.56 2.73 ± 0.07
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Table 1. Cont.

Comp. Ar Docking Score
% Inhibition of Tubulin

Polymerization at 10 μM b

Inhibition of Tubulin
Polymerization

IC50 (μM) a

5o −7.002 66.40 1.15 ± 0.06

5p −7.277 51.11 1.93 ± 0.03

5q −6.111 Nd Nd

5r −6.367 31.50 2.34 ± 0.63

Co-crystal–
colchicine —- −7.059 —- —-

Control —- — 0.0 0.0

Paclitaxel (3 μM) —- — −25.73 0.53 ± 0.12

Combretastatin
A-4 (6 μM) —- — 72.30 1.46 ± 0.05

Vincristine (3 μM) —- — 75.45 1.54 ± 0.54
a Half-maximal inhibitory concentration: compound concentration required to inhibit tubulin polymerization
by 50%; data are the mean ± SD of n = 3 independent experiments performed in triplicates. b Inhibition of
tubulin polymerization at 10 μM (final volume = 10 mL); compounds were pre-incubated with tubulin at a final
concentration of 10 μM.

Figure 3. Different binding sites of tubulin protein complexes with 5o (turquoise-color stick model),
GTP, Mg+2, and GDP. The α-chain is represented in purple color and the β-chain is represented in
yellow color.

219



Pharmaceuticals 2022, 15, 280

 

Figure 4. (a) Docked pose of compound 5o (turquoise color) showing hydrogen bond interaction
(yellow dashed lines) with ASN 249, ALA 250, LYS 254, SER 178, and TYR 224; pi-cation interaction
with LYS 352 in the colchicine-binding site of tubulin. (b) Docked pose of compound 5p (turquoise
color) showing hydrogen bond interaction (yellow dashed lines) with ASN 249, ALA 250, and LYS
254 in the colchicine-binding site of tubulin. The α-chain is represented in a purple color cartoon and
the β-chain is represented in a yellow color cartoon model.

 

Figure 5. (a) Docked pose of colchicine (blue color) showing hydrogen bond interaction (red dashed
lines) with ASN 249, ALA 250, LYS 254, and CYS 241 in the colchicine-binding site of tubulin. The
α-chain is represented in a purple color cartoon and the β-chain is represented in a yellow color
cartoon model. (b) Receptor surface of superimposing docked pose of compound 5o (turquoise-color
stick model) with colchicine (blue-color stick model) at colchicine-binding site of tubulin. The α-chain
is represented in the purple color surface and the β-chain is represented in the yellow color surface.
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The present study showed that the presence of methoxy groups at positions three and
four of the aromatic ring of the ligand has a significant inhibitory effect on the tubulin
polymerization at positions two and four. The positions of the methoxy (OCH3) groups
in these two (5o and 5p) compounds showed slight differences in the in silico as well as
in vitro studies. This could be due to the difference in the position of the substituents
present in the aryl rings. These observations also provide a possible explanation as to why
the 3,4-dimethoxy derivative 5o is the only compound from the series which shows high
affinity as well as a high docking score. The docked compound 5o was superimposed
with co-crystal ligand colchicine and its binding pattern was then compared (Figure 5a).
The co-crystal ligand colchicine formed four hydrogen bond interactions with the most
important active site residues ASN 249 (O....H2N, 1.76 Å), ALA 250 (O....H2N, 1.95 Å), LYS
254 (O....H3N+, 3.61 Å), and CYS 241 (O....HS, 2.40 Å and 2.61 Å). The receptor surface of
the docked conformer 5o complex with tubulin is presented in Figure 5b. The dG binding
energy of the compounds was found in the range of −48.34 to −91.43 Kcal/mol for the
receptor sites (Table 1). All compounds displayed a higher binding free energy (dG bond)
for tubulin, which indicates that the compounds may have higher affinity and stability for
the tubulin protein. To validate the molecular docking results, the synthesized compounds
with higher dock scores were screened by the in vitro tubulin inhibitory assay. The outcome
of molecular docking studies, along with the biological activity, revealed that compound
5o was the most potent inhibitor.

2.3. Pharmacological Activities
2.3.1. In Vitro Cytotoxicity Activity

The resultant compounds were tested for their in vitro cytotoxic activity by MTT
assay against breast (MCF-7), cervical (SiHa), and prostate (PC-3) cancer cell lines, and
the human embryonic kidney cell line (HEK) [36]. The relative absorbance of the treated
versus control (untreated) cells was used in determining the percentage viability and the
IC50 value of Combretastatin A4 (CA4), which was used as the standard. IC50 values of
various compounds in the MTT assay are presented in Table 2. Almost all synthesized
conjugates were selectively cytotoxic against breast MCF-7 cancerous cells. Moreover,
compounds 5d, 5o, and 5p displayed pronounced growth inhibition on MCF-7 cells with
IC50 values in the range of 2.13–4.10 μM, which were equivalent or better than the standard
CA-4 (4.12–5.23 μM). The effective growth inhibitory activity was exhibited by compound
5o (IC50 −2.13 ± 0.80 μM), followed by the compounds 5p (IC50 3.45 ± 1.28 μM) and 5d

(IC50 4.10 ± 1.12 μM) against MCF-7 cancer cells. The other two cancer cell lines, SiHa
and PC-3, also showed maximum sensitivity towards these two compounds with IC50
values of less than 6.52 μM. Moreover, compound 5n showed higher potency against
SiHa cells with an IC50 value of 3.60 ± 0.45 μM, while compound 5d revealed selective
potency against PC-3 cells with an IC50 value of 2.97 ± 0.88 μM. All compounds were
further tested on non-cancerous HEK cells, where most compounds did not show any
significant cytotoxicity (IC50 > 50 μM). The compounds 5r and 5i displayed moderate
growth inhibition on HEK cells with IC50 values of 38.30 and 45.23 μM, respectively.
These results expressed the selectivity of 1,3-diphenyl-1H pyrazole hybrids towards cancer
cells compared to normal HEK cells. Therefore, the high cytotoxicity of the synthesized
anticancer agents and their selectivity towards cancer cells were found to be characteristic
factors. Subsequently, SAR studies were done by investigating the effect of substituents
on cytotoxic activity. It has been shown that compounds with strong electron-donating
groups on the aromatic ring (OH > OCH3) exhibited potent cytotoxic activity. Furthermore,
the compounds with electron-donating groups such as 3,4-dimethoxy substitution and
2,4-dimethoxy (5o and 5p) exhibited higher potency than para-Methoxy substitutions (5k).
Furthermore, compounds with electron-withdrawing groups such as para-chloro, para-
nitro, 3,4-dichloro, and trifluoromethyl substitutions (5e, 5i, 5l, and 5r) on the phenyl rings
displayed good cytotoxic strength (Cl > NO2 > CF3) on cancerous cells (Figure 6). The
majority of the compounds in this scheme exhibited moderate selectivity index values.

221



Pharmaceuticals 2022, 15, 280

Moreover, the pharmacological efficacy of the synthesized entities 5d, 5n, 5o, and 5p has
created a scope to explore their profound efficacy at the cellular level and particularly using
the mechanism proposed for cytotoxic effects.

Table 2. In vitro cytotoxic effect (IC50, μM) of the E-3-(3-(4-(benzyloxy) phenyl)-1-phenyl-1H-pyrazol-
4-yl)-1-phenylprop-2-en-1-one against a panel of human cancer and normal cell lines.

Comp.
Cell Line (IC50) a

MCF-7 b SiHa c PC3 d HEK-293 e

5d 4.10 ± 1.12 4.85 ± 0.89 2.97 ± 0.88 >50
5e 11.50 ± 1.62 12.3 ± 1.32 9.68 ± 1.42 >50
5i 42.70 ± 0.34 34.53 ± 0.90 13.14 ± 1.6 45.23 ± 2.60
5k 7.23 ± 0.74 5.65 ± 0.71 5.45 ± 0.94 >50
5l 8.23 ± 1.45 11.70 ± 2.83 5.84 ± 1.65 >50

5m 17.14 ± 2.25 6.46 ± 1.52 11.22 ± 1.44 >50
5n 6.98 ±1.12 3.60 ± 0.45 3.56 ± 0.63 >50
5o 2.13 ± 0.80 4.34 ± 0.98 4.46 ± 0.53 >50
5p 3.45 ± 1.28 4.98 ± 0.54 6.52 ± 1.23 >50
5r 14.82 ± 2.76 >50 >50 38.3 ± 1.72

CA-4 4.12 ± 0.38 5.23 ± 0.85 3.86 ± 0.39 19.25 ± 1.65
Cell lines were treated with different concentrations of compounds for 48 h as described under experimental
protocol. Cell viability was measured by employing MTT assay. a IC50 values are the concentrations causing 50%
inhibition of cancer cell growth (μM). Data represent the mean values ± standard deviation of three independent
experiments performed in triplicates. b Breast cancer, c cervical cancer, d prostate cancer cell line, and e human
normal cell line CA-4: Combretastatin A-4.
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2.3.2. Tubulin Polymerization Assay

The α and β tubulin subunits are recognized by heterodimers and self-assemble into
a stable microtubule in a time-dependent manner. Assessment of the inhibitory effect of
new pyrazolic chalcone conjugates on tubulin polymerization was also carried out. The
progression of tubulin polymerization was thus examined by monitoring the increase in
the fluorescence intensity at 450 nm (excitation wavelength of 360 nm) in a 384-plate for
1 h at 37 ◦C with and without the conjugate at 10 μM concentration. CA-4 (6 μM) and
Vincristine (3 μM) were used as the positive control, whereas paclitaxel (3 μM) was used as
the negative control. The effect of lead conjugates on tubulin polymerization is presented
in Figure 5. The compounds 5d, 5e, 5i, 5k, 5l, 5m, 5n, 5o, 5p, and 5r exhibited 28.42–66.40%
inhibition on tubulin polymerization (Figure 7). Among these compounds, 5o, 5l, and
5p showed significant inhibition of tubulin polymerization with IC50 values of 1.15, 1.65,
and 1.95 μM, respectively, as compared with 1.46 μM for Combretastatin A-4, as shown in
Table 1. In general, these outcomes imply that the lead molecules 5o, 5l, and 5p possess a
potent inhibitory effect on microtubule assembly in vitro.

Figure 7. Effect of conjugates on in vitro tubulin polymerization. Values indicated are the mean ± SD
of two different experiments performed in triplicates.

2.4. In Silico Computational Studies

Physicochemical properties of lead compounds are important for their development
as anticancer agents with an inhibitory effect on tubulin polymerization agents. Improved
lipophilicity with reduced water solubility is an essential factor. Different online software
are available for the computation of these factors, such as the Molinspiration property
calculation toolkit, Osiris Property explorer, PASS prediction, etc. The drug-like characters,
such as water solubility (clogS), the number of rotatable bonds (NROTB), hydrophobicity
(clogP), molecular weight (MW), and the drug-like score of Lipinski’s rule of five [37–39],
calculated for the lead compounds (5a–r) are represented in Table 3. Most of the synthesized
compounds showed an acceptable range of solubility (clogS), which is less than (−4.6).
The synthesized lead with a clogP-value < 5 is regarded as the compound with a better
drug-likeness profile [40,41]. Most of the compounds were found to have a clogP-value
of <5, which indicated their potential for oral administration. Parameters such as the
TPSA (topological polar surface area) of new pyrazole derivatives (5a–r) were found to be
within the acceptable range of 39.08–108.08 A◦. The Molinspiration property calculation
toolkit used for calculating the drug-likeness properties recommends that derivatives with
negative or zero values should not be regarded as a drug-like candidates. However, all
synthesized compounds, except 5c and 5i, were found to have scores > 0, as shown in
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Table 3. The predicted toxicity risks of all the synthesized derivatives were envisaged
by Osiris Property Explorer and are given in Table 3. The compounds, except for 5c, 5i,
and 5j, were found to be non-mutagenic and non-carcinogenic. PASS prediction was
performed for the synthesized compounds to omit the compounds with a probability of
activity (Pa) < 0.400 [42,43]. The remaining compounds were selected for evaluation based
on the net probability of activity over inactivity (Pa-Pi), being more than 0.400 (Table 3).

Table 3. In silico physicochemical properties for oral bioavailability and bioactivity of the test
compounds using computational predictive software.

Comp.

Cancer
Treatment cLogP cLogS n OHNH n ON MW

Rotatable
Bonds

Drug
Likeness

Drug
Score

TPSA Toxicity

Pa Pa-Pi

5a 0.65 0.64 4.59 −4.60 0 4 456.18 8 0.97 0.34 61.80 NM, NC
5b 0.40 0.30 3.20 −2.23 1 4 491.88 8 1.23 0.24 63.08 NM. NC
5c 0.25 0.08 4.20 −3.42 1 4 501.17 8 −2.34 0.26 39.08 SR
5d 0.43 0.34 4.34 −3.36 0 4 472.18 8 3.45 0.35 65.08 NM, NC
5e 0.40 0.29 4.80 −2.07 1 4 491.88 8 4.62 0.05 68.08 NM, NC
5f 0.37 0.25 3.40 −4.34 0 4 477.70 8 2.82 0.36 63.60 NM, NC
5g 0.47 0.46 3.60 −3.45 0 4 535.09 8 1.24 0.32 70.08 NM, NC
5h 0.43 0.42 4.56 −2.67 1 4 472.18 8 2.87 0.23 62.07 NM, NC
5i 0.35 0.23 4.90 −3.60 1 4 501.17 8 −2.24 0.25 80.08 SM
5j 0.49 0.493 4.90 −3.78 1 4 471.20 8 1.37 0.11 102.30 SM
5k 0.44 0.36 2.34 −3.56 0 10 487.19 10 −1.92 0.34 87.00 NM, NC
5l 0.43 0.42 2.23 −4.02 1 7 524.11 9 3.45 0.25 62.90 NM, NC

5m 0.23 0.22 4.25 −3.35 2 5 524.11 8 2.64 0.15 59.31 NM, NC
5n 0.49 0.41 3.60 −2.54 1 5 488.17 9 −1.56 0.56 63.31 NM, NC
5o 0.47 0.40 3.45 −2.63 1 6 516.20 10 1.67 0.34 63.56 NM, NC
5p 0.48 0.41 2.50 −2.67 1 4 516.20 8 2.12 0.27 63.34 NM, NC
5q 0.29 0.13 5.20 −3.24 3 7 525.17 9 3.44 0.48 80.20 NM, NC
5r 0.31 0.16 4.50 −3.48 3 7 554.17 9 2.65 0.65 75.23 NM, NC

Pa: probability of being active; Pi: the probability of being inactive; cLogP: lipophilicity; cLogS: water solubility; n
OHNH: number of hydrogen bond donors; n ON: number of hydrogen bond acceptors; MW: molecular weight;
TPSA; topological polar surface area; NM: non-mutagenic; NC: non-carcinogenic; SM: slightly mutagenic; and SR:
slightly reproducible.

3. Materials and Methods

3.1. General Chemistry

The chemicals and reagents employed were of LR grade and procured from Sigma
Aldrich (Mumbai, India), E. Merck (Mumbai, India), S.D. Fine Chemicals Ltd. (Mumbai,
India), and Qualigens (New Delhi, India). Thin-layer chromatography (TLC) was carried
out to observe the advancement of the reactions using benzene and acetone (80:20, v/v), as
well as toluene/ethyl acetate/formic acid (50:40:10, v/v/v) as a solvent system, and spots
were traced using iodine vapor or UV-light (254 nm). Melting points of the synthesized
molecules were calculated using an electrical melting point apparatus (open capillary
method) and are uncorrected. The infrared spectra were noted in the region from the 4000
to 400 cm−1 range on the Shimadzu FT-IR spectrometer, while 1H and 13C-NMR spectra
were recorded on the Bruker Advance-500 MHz and 125 MHz spectrometer using DMSO-
d6 or CDCl3 as an NMR solvent. Synapt-mass spectrometric detection was performed
on UPLC-MS (Q-TOF-ESI; Waters Corp., Milford, MA, USA) using the ESI technique.
Elemental analysis was executed on the CHNOS-Elemental analyzer (Vario EL III) and
found to be ±0.4%, i.e., within the theoretical values.

3.1.1. Synthesis of Substituted (E)-1-(1-(4-(Benzyloxy)phenyl)ethylidene)-2-phenylhydrazine (3)

A solution of 1 (10 mmol) and 2 (15 mmol) in absolute ethanol (30 mL) was refluxed
for 6–8 h in the presence of glacial acetic acid (0.3 mL). The reaction advancement was
determined by the TLC method using a mixture of ethyl acetate: hexane (8:2). The product
obtained was then washed, dried in shade, and recrystallized from ethanol [44]; white solid,
yield: 78%; m.p.: 123–125 ◦C.
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3.1.2. Synthesis of Substituted
(E)-3-(4-(Benzyloxy)phenyl)-1-phenyl-1H-pyrazole-4-carbaldehyde (4)

Compound 3 in dry dimethylformamide at a temperature of 0–5 ◦C in a 100 mL RBF
was reacted with POCl3 (drop-wise addition) for a time interval of 15–20 min and then
heated in a steam bath for a period of 2 h; allowed to cool down to room temperature;
poured in crushed ice; and then basified with a saturated solution of NaHCO3. The product
obtained was then filtered, washed 2–3 times with water, dried, and recrystallized from
ethanol to get yellow crystals (needle-like) [45].

White solid, yield: 72%; m.p.: 127–129 ◦C, IR (KBr, cm−1): 3093 (CH aromatic),
1710 (C=O), 1633 (C=N), and 1626 (C=C), 1255 (C-O). 1H NMR (CDCl3, 500 MHz) δ (ppm):
5.13 (s, 2H,-CH2-benzyloxy), 6.57 (d, 2H, Ar-H, J = 8.0 Hz), 7.05 (d, 2H, Ar-H, J = 8.4 Hz), 7.21
(d, 1H, Ar-H, J = 8.2 Hz), 7.30–7.59 (m, 4H, Ar-H), 7.67 (d, 2H, Ar-H, J = 8.8 Hz), 7.75–7.99
(m, 3H, Ar-H), 8.45 (s, 1H, pyrazole-CH), and 9.82 (s, 1H, CHO). Analysis calculated for
C23H18N2O2: C, 77.93; H, 5.11; and N, 7.90. Found: C, 77.81; H, 5.16; and N, 7.81.

3.1.3. Synthesis of
(E)-3-(3-(4-(Benzyloxy)phenyl)-1-phenyl-1H-pyrazol-4-yl)-1-phenylprop-2-en-1-one
derivatives (5a–r)

A mixture of 3-(4-(benzyloxy)phenyl)-1-phenyl-1H-pyrazole-4-carbaldehyde (4; 10 mmol)
and different substituted acetophenones (10 mmol) were dissolved in 20 mL ethanol. To this
mixture, sodium hydroxide (40%, 2 mL) was added at 0–5 ◦C and then stirred at room
temperature for 24 h. Then, this reaction mixture was poured over crushed ice and acidified
with dilute HCl (10%) until pH = 5. The light-yellow solid thus obtained was filtered, washed
with water, dried, and recrystallized from ethanol to obtain the final product, i.e., (E)-3-(3-(4-
(benzyloxy)phenyl)-1-phenyl-1H-pyrazol-4-yl)-1-phenylprop-2-en-1-one (5a–r) [46].

(E)-3-(3-(4-(benzyloxy)phenyl)-1-phenyl-1H-pyrazol-4-yl)-1-phenylprop-2-en-1-one (5a):
White solid, yield: 74%; m.p.: 190–194 ◦C; IR (KBr, cm−1): 3045 (CH aromatic), 2930

(CH aliphatic), 1710 (C=O), 1643 (C=C), 1627 (C=N), and 1245 (C-O); 1H NMR (CDCl3,
500 MHz); δ (ppm): 5.15 (s, 2H, CH2-benzyloxy), 7.12 (d, 2H, Ar-H, J = 8.4 Hz), 7.05 (d, 2H
Ar-H, J = 8.4 Hz), 7.36 (t, 1H, Ar-H, J = 7.5 Hz), 7.54–7.62 (m, 5H, Ar-H), 7.64 (d, 2H, Ar-H,
J = 8.8 Hz), 7.67 (d, 2H, Ar-H, J = 8.8 Hz), 7.74–7.85 (m, 3H, Ar-H), 7.89 (d, 2H, J = 7.7 Hz),
7.95 (d, 1H, chalcone H-7, J = 15.6 Hz), 8.01 (d, 1H, chalcone-H-6, J = 15.7 Hz), and 8.42
(s, 1H, pyrazole-H); 13C NMR (CDCl3, 125 MHz): δ (ppm) 71.1 (benzyloxy CH2), 113.1,
114.8, 119.4, 125.2, 126.7, 127.1, 127.7 (chalcone-C-7), 127.8, 128.4, 128.6, 129.1, 129.8, 130.2
(pyrazole-C-5), 134.5, 136.8, 137.9, 139.6 (pyrazole phenyl-C-1), 145.1 (chalcone-C-6), 150.7
(pyrazole-C-3), 159.1, and 189.8 (C=O); ESI-MS (m/z): 456.18 (M+). Analysis calculated for
C31H24N2O2: C, 81.54; H, 5.29; N, 6.13; and O, 7.01. Found: C, 81.61; H, 5.22; and N, 6.17.

(E)-3-(3-(4-(benzyloxy)phenyl)-1-phenyl-1H-pyrazol-4-yl)-1-(2-chlorophenyl)prop-2-en-
1-one (5b):

Off white solid, yield: 70%; m.p.: 182–184 ◦C; IR (KBr, cm−1): 3050 (CH aromatic),
2935 (CH aliphatic), 1715 (C=O), 1640 (C=N), 1597 (C=C), and 1255 (C-O), 745 (C-Cl); 1H
NMR (CDCl3, 500 MHz); δ (ppm): 5.19 (s, 2H, CH2-benzyloxy), 6.97 (t, 2H, Ar-H, J = 8.7
Hz), 7.08 (d, 2H, Ar-H, J = 8.2 Hz), 7.31 (d, 2H, Ar-H, J = 9.6 Hz), 7.35 (t, 1H, Ar-H, J = 8.2
Hz), 7.57 (d, 2H, Ar-H, J = 8.3 Hz), 7.50–7.68 (m, 3H, Ar-H), 7.74 (d, 2H, Ar-H, J = 8.4 Hz),
7.96 (d, 2H, Ar-H, J = 7.6 Hz), 7.98 (d, 2H, Ar-H, J = 8.7 Hz), 7.93 (d, 1H, chalcone-H-7, J =
15.6 Hz), 8.06 (d, 1H, chalcone-H-6, J = 15.7 Hz), and 8.52 (s, 1H, pyrazole-H); and 13C NMR
(CDCl3, 125 MHz): δ (ppm): 71.4 (benzyloxy-CH2), 113.8, 114.7, 119.5, 125.6, 126.4, 127.2,
127.8 (chalcone-C-7), 127.9, 128.4, 128.8, 129.5, 130.4 (pyrazole-C-5), 130.6, 131.8 (C-Cl),
136.2, 137.9, 139.4 (pyrazole-phenyl-C-1), 144.7 (Chalcone-C-6), 150.5 (pyrazole-C-3), 159.4,
and 189.4 (C=O). ESI-MS (m/z): 491.88 (M++1) and 492.75 (M++2). Analysis calculated for
C31H23ClN2O2: C, 75.82; H, 4.71; and N, 5.70. Found: C, 75.91; H, 4.62; and N, 5.75.

(E)-3-(3-(4-(benzyloxy)phenyl)-1-phenyl-1H-pyrazol-4-yl)-1-(3-nitrophenyl)prop-2-en-
1-one (5c):

Orange red solid, yield: 78%; m.p.: 203–205 ◦C; IR (KBr, cm−1): 3046 (CH aromatic),
2940 (CH aliphatic), 1690 (C=O), 1625 (C=N), 1612 (C=C), 1510 and 1350 (NO2), and 1245
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(C-O); 1H NMR (CDCl3, 500 MHz); δ (ppm): 5.11 (s, 2H, CH2-benzyloxy), 7.35 (d, 2H, Ar-H,
J = 7.8 Hz), 7.44 (d, 2H, Ar-H, J = 7.8 Hz), 7.58 (t, 1H, Ar-H, J = 8.0 Hz), 7.63 (d, 2H, Ar-H,
J = 8.8 Hz), 7.66–7.78 (m, 5H, Ar-H), 7.80 (d, 1H, chalcone-H-7, J = 15.5 Hz), 7.88 (d, 2H,
Ar-H, J = 7.6 Hz), 8.00 (d, 1H, chalcone-H-6, J = 15.7 Hz), 8.02 (t, 1H, Ar-H, J = 8.8 Hz), 8.42
(s, 1H, Ar-H), 8.56 (d, 2H, Ar-H, J = 9.4 Hz), and 8.48 (s, 1H, pyrazole-H); 13C NMR (CDCl3,
125 MHz): δ (ppm) 71.2 (benzyloxy-CH2), 113.3, 114.5, 119.2, 123.7, 125.6, 126.6, 127.1, 127.6
(chalcone-C-7), 128.3, 128.8, 129.2, 129.4, 130.2 (pyrazole-C-5), 130.6, 134.9, 136.8, 138.5,
139.6 (pyrazole-phenyl-C-1), 143.3 (chalcone-C-6), 148.6 (Ar-C-NO2), 150.6 (pyrazole-C-3),
159.1, and 189.9 (C=O); ESI-MS (m/z): 501.17 (M+). Analysis calculated for C31H23N3O4: C,
74.21; H, 4.61; and N, 8.31. Found: C, 74.26; H, 4.55; and N, 8.42.

(E)-3-(3-(4-(benzyloxy)phenyl)-1-phenyl-1H-pyrazol-4-yl)-1-(3-hydroxyphenyl)prop-2-
en-1-one (5d):

White buff solid, yield: 64%; m.p.: 184–186 ◦C; IR (KBr, cm−1): 3445 (OH), 3055 (CH
aromatic), 2958 (CH aliphatic), 1705 (C=O), 1620 (C=N), 1597 (C=C), and 1245 (C-O); 1H
NMR (CDCl3, 500 MHz); δ (ppm): 5.22 (s, 2H, CH2-benzyloxy), 5.42 (s, 1H, OH), 6.72 (d,
2H, Ar-H, J = 7.6 Hz), 6.94 (d, 2H, Ar-H, J = 7.8 Hz), 7.14 (s, 1H, Ar-H), 7.24 (t, 2H, Ar-H,
J = 6.8 Hz), 7.31 (d, 2H, Ar-H, J = 6.4 Hz), 7.42–7.53 (m, 3H, Ar-H), 7.74 (d, 1H, chalcone-
H-7, J = 15.8 Hz), 7.58–7.76 (m, 4H, Ar-pyrazole), 7.94 (d, 1H, chalcone-H-6, J = 16.0 Hz),
7.98 (d, 2H, Ar-H, J = 7.8 Hz), and 8.03 (s, 1H. pyrazole-H); 13C NMR (CDCl3, 125 MHz):
δ (ppm) 70.8 (benzyloxy-CH2), 113.6, 114.7, 117.3, 119.4, 121.6, 123.2, 125.3, 126.3, 127.1,
127.4 (chalcone-C-7), 127.9, 128.3, 129.4, 130.5 (pyrazole-C-5), 131.4, 136.9, 137.3, 139.3
(pyrazole-phenyl-C-1), 146.4 (chalcone-C-6), 150.2 (pyrazole-C-3), 159.1, 164.8 (C-OH), and
196.1 (C=O); ESI-MS (m/z): 472.18 (M+). Analysis calculated for C31H24N2O3: C, 78.80; H,
5.13; and N, 5.94. Found: C, 78.85; H, 5.17; and N, 5.89

(E)-3-(3-(4-(benzyloxy)phenyl)-1-phenyl-1H-pyrazol-4-yl)-1-(4-chlorophenyl)prop-2-en-
1-one (5e):

White buff solid, yield: 76%; m.p.: 212–214 ◦C; IR (KBr, cm−1): 3080 (CH aromatic),
2960 (CH aliphatic), 1720 (C=O), 1657 (C=C), 1610 (C=N), 1235 (C-O), and 790 (C-Cl);
1H NMR (CDCl3, 500 MHz); δ (ppm): 5.17 (s, 2H, CH2-benzyloxy), 7.15 (d, 2H, Ar-H,
J = 8.7 Hz), 7.28 (d, 2H, Ar-H, J = 7.8 Hz), 7.31–7.43 (m, 3H, Ar-H), 7.46–7.55 (m, 4H, Ar-H),
7.59 (d, 2H, Ar-H, J = 8.4 Hz), 7.64 (d, 2H, Ar-H, J = 8.4 Hz), 7.83 (t, 3H, Ar-H, J = 7.8 Hz), 7.95
(d, 1H, chalcone-H-7, J = 15.6 Hz), 8.05 (d, 1H, chalcone-H-6), and 8.38 (s, 1H, pyrazole-H);
13C NMR (CDCl3, 125 MHz): δ (ppm) 69.7 (benzyloxy-CH2), 112.8, 115.9, 118.9, 119.2, 124.7,
126.1, 126.5, 128.5, 128.8 (chalcone-C-7), 128.9, 129.2, 129.9, 130.3 (pyrazole-C-5), 137.4, 139.9
(pyrazole-phenyl-C-1), 146.8 (chalcone-C-6), 150.7 (pyrazole-C-3), 158.6, and 189.7 (C=O);
ESI-MS (m/z): 491.88 (M++1) and 492.75 (M++2). Analysis calculated for C31H23 ClN2O2:
C, 75.82; H, 4.73, and N, 5.70. Found: C, 75.88; H, 4.69; and N, 5.75.

(E)-3-(3-(4-(benzyloxy)phenyl)-1-phenyl-1H-pyrazol-4-yl)-1-(4-fluorophenyl)prop-2-en-
1-one (5f):

Off white solid, yield: 66%; m.p.: 168–170 ◦C; IR (KBr, cm−1): 3105 (CH aromatic), 2950
(CH aliphatic), 1708 (C=O), 1605 (C=N), 1593 (C=C), 1210 (C-O), and 755 (C-F); 1H NMR
(CDCl3, 500 MHz); δ (ppm): 5.18 (s, 2H, CH2-benzyloxy), 7.16 (d, 2H, Ar-H, J = 8.7 Hz), 7.33
(t, 1H, Ar-H, J = 8.2 Hz), 7.43 (d, 2H Ar-H, J = 8.8 Hz), 7.54 (d, 2H, Ar-H, J = 8.2 Hz), 7.52–7.72
(m, 5H, Ar-H), 7.74 (d, 2H, Ar-H, J = 8.4 Hz), 7.76 (d, 1H, chalcone-H-7, J = 15.3 Hz), 7.96 (d,
2H, Ar-H, J = 7.6 Hz), 7.98 (d, 2H, Ar-H, J = 8.7 Hz), 8.06 (d, 1H, chalcone-H-6, J = 15.7 Hz),
and 8.54 (s, 1H, pyrazole-H); 13C NMR (CDCl3, 125 MHz): δ (ppm) 70.7 (benzyloxy-CH2),
113.2, 114.5, 116.0, 119.6, 125.3, 126.4, 127.2, 127.4 (chalcone-C-7), 127.8, 128.6, 129.4, 130.4
(pyrazole-C-5), 131.8, 133.6, 136.1, 136.6, 139.7 (pyrazole-phenyl-C-1), 145.3 (chalcone-C-6),
150.8 (C-3-pyrazole), 159.6, 164.8 (C-F), and 189.5 (C=O); ESI-MS (m/z): 477.70 (M++1).
Analysis calculated for C31H23 FN2O2: C, 78.48; H, 4.90; and N, 5.92. Found: C, 78.55; H,
4.95; and N, 5.86.

(E)-3-(3-(4-(benzyloxy)phenyl)-1-phenyl-1H-pyrazol-4-yl)-1-(4-bromophenyl)prop-2-en-
1-one (5g):
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Off white solid, yield: 62%; m.p.: 178–180 ◦C; IR (KBr, cm−1): 3095 (CH aromatic),
2965 (CH aliphatic), 1708 (C=O), 1610 (C=N), 1585 (C=C), 1210 (C-O), and 665 (C-Br); 1H
NMR (CDCl3, 500 MHz); δ (ppm): 5.14 (s, 2H, CH2-benzyloxy), 7.10–7.97 (m, 20H, aromatic
H), 7.90 (d, 1H, CH=CH, Cis, J = 15.5 Hz), 7.83 (d, 1H, CH=CH, J = 9 Hz), and 8.33 (s,
1H, CH of pyrazole); 13C NMR (CDCl3, 125 MHz): δ (ppm) 70.1 (benzyloxy-CH2), 115.24,
118.01, 119.36, 120.56, 124.96, 125.86, 127.28, 127.52, 127.76, 128.10, 128.68 (chalcone-C-7),
129.61 (pyrazole-C-5), 129.92, 130.10 (pyrazole-phenyl-C-1), 131.90, 136.19 (chalcone-C-6),
136.79 (pyrazole-C-3), 139.40, 153.78 (C-Br), 159.36, and 188.92 (C=O); ESI-MS (m/z): 537.09
(M++1). Analysis calculated for C31H23 BrN2O2: C, 69.55; H, 4.31; and N, 5.24. Found: C,
69.62; H, 4.36; and N, 5.20.

(E)-3-(3-(4-(benzyloxy)phenyl)-1-phenyl-1H-pyrazol-4-yl)-1-(4-hydroxyphenyl)prop-2-
en-1-one (5h):

White buff solid, yield: 65%; m.p.: 167–169 ◦C; IR (KBr, cm−1): 3415 (OH), 3065 (CH
aromatic), 2934 (CH aliphatic), 1695 (C=O), 1618 (C=N), 1605 (C=C), and 1248 (C-O); 1H
NMR (CDCl3, 500 MHz); δ (ppm): 5.20 (s, 2H, CH2-benzyloxy), 5.68 (s, 1H, OH), 6.56 (d,
2H, Ar-H, J = 7.2 Hz), 6.80 (d, 2H, Ar-H, J = 7.6 Hz), 7.27 (t, 2H, Ar-H, J = 7.3 Hz), 7.31 (d, 2H,
Ar-H, J = 6.4 Hz), 7.38–7.48 (m, 3H, Ar-H), 7.66 (d, 1H, chalcone-H-7, J = 15.5 Hz), 7.69–780
(m, 4H, Ar-pyrazole), 7.82 (d, 1H, chalcone-H-6, J = 15.5 Hz), 7.92 (d, 2H, Ar-H, J = 7.4 Hz),
and 8.01 (s, 1H. pyrzole-H); 13C NMR (CDCl3, 125 MHz): δ (ppm) 71.8 (benzyloxy-CH2),
113.2, 114.5, 119.8, 125.8, 126.4, 127.2, 127.5 (chalcone-C-7), 127.9, 128.4, 128.8, 129.7, 130.5
(pyrazole-C-5), 130.8, 131.5, 136.8, 139.9 (pyrazole-phenyl-C-1), 146.4 (chalcone-C-6), 150.7
(pyrazole-C-3), 159.6, 164.5 (C-OH), and 189.8 (C=O); ESI-MS (m/z): 472.18 (M+). Analysis
calculated for C31H24N2O3: C, 78.79; H, 5.12; and N, 5.93. Found: C, 78.84; H, 5.16; and
N, 5.88.

(E)-3-(3-(4-(benzyloxy)phenyl)-1-phenyl-1H-pyrazol-4-yl)-1-(4-nitrophenyl)prop-2-en-
1-one (5i):

Orange red solid, yield: 82%; m.p.: 223–225 ◦C IR (KBr, cm−1): 3035 (CH aromatic),
2956 (CH aliphatic), 1675 (C=O), 1630 (C=N), 1576 (C=C), 1505 and 1363 (NO2), and 1238 (C-
O); 1H NMR (CDCl3, 500 MHz); δ (ppm): 5.12 (s, 2H, CH2-benzyloxy), 7.13 (d, 2H, Ar-H, J
= 7.8 Hz), 7.42 (d, 2H, Ar-H, J = 8.6 Hz), 7.54 (t, 1H, Ar-H, J = 7.4 Hz), 7.62 (d, 2H, Ar-H,
J = 8.8 Hz), 7.66–7.76 (m, 5H, Ar-H), 7.82 (d, 1H, chalcone-H-7, J = 15.6 Hz), 7.86 (d, 2H,
Ar-H, J = 7.6 Hz), 8.08 (d, 1H, chalcone-H-6, J = 15.8 Hz), 8.16 (d, 2H, Ar-H, J = 8.6 Hz),
8.30 (d, 2H, Ar-H, J = 8.8 Hz), and 8.38 (s, 1H, pyrazole-H); 13C NMR (CDCl3, 125 MHz):
δ (ppm) 69.5 (benzyloxy-CH2), 113.3 (pyrazole-C-4), 115.2, 119.6, 122.4, 125.6, 126.6, 127.5,
127.4 (chalcone-C-7), 127.8, 128.1, 128.6, 129.2, 130.8 (pyrazole-C-5), 130.6, 136.5, 139.6
(pyrazole-phenyl-C-1), 142.5 (chalcone-C-6), 150.5 (pyrazole-C-3), 153.6 (C-NO2), and 159.2,
189.3 (C=O); ESI-MS (m/z): 501.17 (M+). Analysis calculated for C31H23N3O4: C, 74.27; H,
4.64; and N, 8.41. Found: C, 74.32; H, 4.58; and N, 8.46.

(E)-3-(3-(4-(benzyloxy)phenyl)-1-phenyl-1H-pyrazol-4-yl)-1-(p-tolyl)prop-2-en-1-one (5j):
Off white solid, yield: 78%; m.p.: 205–207 ◦C; IR (KBr cm−1): 3028 (CH aromatic),

2960 (C-H str in CH3), 2968 (CH aliphatic), 1724 (C=O), 1645 (C=N), 1618 (C=C), and 1205
(C-O); 1H NMR (CDCl3, 500 MHz); δ (ppm): 3.75 (s, 3H, CH3), 5.16 (s, 2H, CH2-benzyloxy),
7.14 (d, 2H, Ar-H, J = 7.1 Hz), 7.29 (d, 2H, Ar-H, J = 5.1 Hz), 7.54 (t, 3H, Ar-H, J = 8.1
Hz), 7.62 (d, 2H, Ar-H, J = 8.4 Hz), 7.64–7.72 (m, 3H, Ar-H), 7.74 (d, 1H, chalcone-H-7,
J = 15.4 Hz), 7.76–7.81 (m, 4H, Ar-H), 7.86 (d, 1H, chalcone-H-6, J = 15.1 Hz), 7.95 (d, 2H,
Ar-H, J = 7.5 Hz), and 8.52 (s, 1H. pyrazole-H); 13C NMR (CDCl3, 125 MHz): δ (ppm)20.5
(Ar-CH3), 70.8 (benzyloxy-CH2), 11.9 (pyrazole-C-4), 115.3, 118.3, 119.2, 124.9, 126.1, 126.4,
128.2 (chalcone-C-7), 128.3, 128.9, 129.1, 129.7, 130.0 (pyrazole-C-5), 139.4 (pyrazol-phenyl-
C-1), 146.8 (chalcone-C-6), 150.7 (pyrazole-C-3), 158.6, and 189.7 (C=O); ESI-MS (m/z):
471.20 (M++1). Analysis calculated for C32H26N2O2: C, 81.67; H, 5.59; and N, 5.96. Found:
C, 81.73; H, 5.53; and N, 6.02.

(E)-3-(3-(4-(benzyloxy)phenyl)-1-phenyl-1H-pyrazol-4-yl)-1-(4-methoxyphenyl)prop-
2-en-1-one (5k):
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Greenish solid, yield: 68%; m.p.: 187–189 ◦C; IR (KBr, cm−1): 3090 (CH aromatic), 2970
(CH aliphatic), 1745 (C=O), 1655 (C=N), 1633 (C=C), and 1267 (OCH3), 1220 (C-O); 1H NMR
(CDCl3, 500 MHz); δ (ppm): 3.86 (s, 3H, OCH3), 5.14 (s, 2H, CH2-benzyloxy), 7.10–7.97
(m, 20H, aromatic H), 7.90 (d, 1H, CH=CH Cis, J = 8.5 Hz), 7.83 (d, 1H, CH=CH, J = 8 Hz),
and 8.53 (s, 1H, CH of pyrazole); 13C NMR (CDCl3, 125 MHz): δ (ppm) 70.1 (Ar-OCH3),
70.5 (benzyloxy-CH2), 115.15 (pyrazole-C-4), 119.34, 119.74, 122.36 (chalcone-C-7), 124.10,
127.53, 127.93, 128.13, 128.68 (pyrazole-C-5), 129.70, 130.70, 131.20 (phenyl-pyrazole-C-1),
136.70 (chalcone-C-6), 139.06 (pyrazole-C-3), 154.51, 159.75, and 185.24 (C=O); ESI-MS
(m/z): 487.22 (M++1). Analysis calculated for C32H26N2O3: C, 78.97; H, 5.40; and N, 5.78.
Found: C, 78.94; H, 5.34; and N, 5.84.

(E)-3-(3-(4-(benzyloxy)phenyl)-1-phenyl-1H-pyrazol-4-yl)-1-(3,4-dichlorophenyl)prop-
2-en-1-one (5l):

Off white solid, yield: 76%; m.p.: 243–245 ◦C; IR (KBr, cm−1): 3030 (CH aromatic), 2980
(CH aliphatic), 1745 (C=O), 1653 (C=N), 1637 (C=C), 1225 (C-O), and 785 (C-Cl); 1H NMR
(CDCl3, 500 MHz); δ (ppm): 5.17 (s, 2H, CH2-benzyloxy), 7.16 (d, 2H, Ar-H, J = 8.4 Hz),
7.25 (s, 1H Ar-H), 7.36 (d, 2H, Ar-H, J = 7.6 Hz), 7.48–7.51 (d, 2x 2H, Ar-H, J = 8.4 Hz), 7.55
(s, 1H, Ar-H), 7.56 (s, 1H, Ar-H), 7.58 (s, 1H, Ar-H), 7.67 (d, 2H, Ar-H, J = 8.4 Hz), 7.79–7.83
(m, 3H, Ar-H), 7.95 (d, 1H, chalcone-H, J = 15.6 Hz), 8.05 (d, 1H, chalcone-H, J = 16.2 Hz),
and 8.37 (s, 1H, pyrazole-H); 13C NMR (CDCl3, 125 MHz): δ (ppm) 70.2 (benzyloxy-CH2),
113.4, 114.4, 119.6, 125.5, 126.2, 127.2, 127.4 (chalcone-C-7), 127.7, 128.3, 128.6, 128.8, 129.5,
130.2 (pyrazole-C-5), 130.6, 131.4, 133.6, 136.6, 137.3, 139.3 (C-Cl), 139.8 (phenyl-C-1), 145.2
(chalcone-C-6), 150.3 (pyrazole-C-3), 159.1, and 189.5 (C=O); ESI-MS (m/z): 524.11 (M++1),
525.08 (M++2), and 526.06 (M++4). Analysis calculated for C31H22 Cl2N2O2: C, 70.85; H,
4.23; and N, 5.31. Found: C, 70.92; H, 4.18; and N, 5.41.

(E)-3-(3-(4-(benzyloxy)phenyl)-1-phenyl-1H-pyrazol-4-yl)-1-(2,4dichlorophenyl)prop-
2-en-1-one (5m):

Off white solid, yield: 67%; m.p.: 192–194 ◦C; IR (KBr, cm−1): 3065 (CH aromatic), 2985
(CH aliphatic), 1753 (C=O), 1620 (C=N), 1598 (C=C), 1275 (C-O), and 785 (C-Cl); 1H NMR
(CDCl3, 500 MHz); δ (ppm): 5.12 (s, 2H, CH2-benzyloxy), 7.14 (d, 2H, Ar-H, J = 8.4 Hz),
7.53 (d, 2H, Ar-H, J = 8.4 Hz), 7.46–7.52 (d, 2x 2H, Ar-H, J = 8.4 Hz), 7.57 (s, 1H, Ar-H), 7.55
(s, 1H, Ar-H), 7.59 (d, 2H, Ar-H, J = 7.8 Hz), 7.72 (d, 2H, Ar-H, J = 8.4 Hz), 7.75–7.80 (m,
3H, Ar-H), 7.62 (d, 1H, chalcone-H, J = 15.5 Hz), 7.69 (d, 1H, chalcone-H, 15.3 Hz), and 8.47
(s, 1H, pyrazole-H); 13C NMR (CDCl3, 125 MHz): δ (ppm) 70.6 (benzyloxy-CH2), 113.3,
114.6, 119.7, 125.4, 126.5, 127.2, 127.3 (chalcone-C-7), 127.6, 128.7, 129.2, 129.3, 129.7, 130.3
(pyrazole-C-5), 131.7 (C-Cl), 133.3, 135.4, 136.9, 139.7 (phenyl-C-1), 145.3 (chalcone-C-6),
146.3, 150.2 (pyrazole-C-7), 159.2, and 189.1 (C=O); ESI-MS (m/z): 524.11 (M++1), 525.08
(M++2), and 526.06 (M++4). Analysis calculated for C31H22 Cl2N2O2: C, 70.85; H, 4.21; and
N, 5.32. Found: C, 70.92; H, 4.18; and N, 5.41.

(E)-3-(3-(4-(benzyloxy)phenyl)-1-phenyl-1H-pyrazol-4-yl)-1-(2,4-dihydroxyphenyl)prop-
2-en-1-one (5n):

White buff solid, yield: 72%; m.p.: 176–178 ◦C; IR (KBr, cm−1): 3435 (OH), 3086 (CH
aromatic), 2950 (CH aliphatic), 1782 (C=O), 1620 (C=N), 1603 (C=C), and 1250 (C-O); 1H
NMR (CDCl3, 500 MHz); δ (ppm): 5.18 (s, 2H, CH2-benzyloxy), 5.60 (s, 2H, 2x OH), 6.42 (s,
1H, Ar-H), 7.10 (t, 3H, Ar-H, J = 6.8 Hz), 7.38 (d, 2H, Ar-H, J = 6.4 Hz), 7.46–7.64 (m, 3H,
Ar-H), 7.72 (d, 1H, chalcone-H-7, J = 15.2 Hz), 7.62–7.76 (m, 4H, Ar-pyrazole), 7.80 (d, 1H,
chalcone-H-6, J = 15.8 Hz), 7.86 (d, 2H, Ar-H, J = 8.8 Hz), 7.90 (d, 2H, Ar-H, J = 7.6 Hz), and
8.05 (s, 1H. pyrazole-H); 13C NMR (CDCl3, 125 MHz): δ (ppm) 71.2 (benzyloxy-CH2), 104.6,
113.2, 113.5, 114.3, 114.7, 119.6, 125.4, 126.4, 127.8, 127.4 (chalcone-C-7), 127.5, 128.5, 128.6,
129.4, 130.4 (pyrazole-C-5), 133.5, 136.4, 139.8 (pyrazole-phenyl-C-1), 145.2 (chalcone-C-6),
150.6 (pyrazole-C-3), 159.2, 165.4 (C’-4-OH), 166.8 (C’-2-OH), and 192.2 (C=O); ESI-MS
(m/z): 488.17 (M+). Analysis calculated for C31H24N2O4: C, 76.21; H, 4.95; and N, 5.73.
Found: C, 76.28; H, 4.88; and N, 5.76.

(E)-3-(3-(4-(benzyloxy)phenyl)-1-phenyl-1H-pyrazol-4-yl)-1-(3,4-dimethoxyphenyl)prop-
2-en-1-one (5o):
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Green solid, yield: 79%; m.p.: 206–208 ◦C; IR (KBr, cm−1): 3085 (CH aromatic), 2955
(CH aliphatic), 1730 (C=O), 1610 (C=N), 1596 (C=C), 1225 (OCH3), and 1265 (C-O); 1H
NMR (CDCl3, 500 MHz); δ (ppm): 3.96 (s, 6H, OCH3), 5.12 (s, 2H, CH2-benzyloxy), 6.91–
7.97 (m, 19H, aromatic H), 7.90 (d, 1H, CH=CH, Cis, J = 13 Hz), 7.7 (d, 1H, CH=CH,
J = 9 Hz), and 8.32 (s, 1H, CH of pyrazole); 13C NMR (CDCl3, 125 MHz): δ (ppm) 56.1
(C’-4-OCH3), 70.1 (benzyloxy-CH2), 109.9 (Pyrazole-C-4), 110.7, 115.2, 118.27, 119.33, 120.93,
122.79, 125.21, 126.83, 127.15, 127.52, 128.09, 128.68, 129.59 (Chalcone-C-7), 130.13, 131.36,
134.75 (pyrazole-C-5), 136.80, 139.50 (pyrazole-phenyl-C-1), 149.18 (chalcone-C-6), 151.15
(pyrazole-C-3), 153.51, 159.28 (C-4′-OCH3), and 188.25 (C=O); ESI-MS (m/z): 517.19 (M+).
Analysis calculated for C33H28N2O4: C, 76.73; H, 5.46; and N, 5.42. Found: C, 76.78; H, 5.40;
and N, 5.48.

(E)-3-(3-(4-(benzyloxy)phenyl)-1-phenyl-1H-pyrazol-4-yl)-1-(2,4-dimethoxyphenyl)prop-
2-en-1-one (5p):

Green solid, yield: 76%; m.p.: 226–228 ◦C; IR (KBr, cm-1): 3096 (CH aromatic), 2967
(CH aliphatic), 1738 (C=O), 1625 (C=N), 1563 (C=C), 1245 (OCH3), and 1272 (C-O); 1H
NMR (CDCl3, 500 MHz); δ (ppm): 3.73–3.75 (s, 6H, 2xOCH3), 5.17 (s, 2H, CH2-benzyloxy),
7.14 (d, 2H, Ar-H, J = 8.6 Hz), 7.35 (d, 2H, Ar-H, J = 8.1 Hz), 7.38 (s, 1H, Ar-H), 7.39–7.60
(m, 10H, Ar-H), 7.67 (d, 2H, Ar-H, J = 8.7 Hz), 7.99 (d, 1H, chalcone-H-7, J = 15.3 Hz), 8.36
(s, 1H, chalcone-H-6), and 8.54 (s, 1H. pyrazole-H); 13C NMR (CDCl3, 125 MHz): δ (ppm)
56.3 (C’-4-OCH3), 69.5 (benzyloxy-CH2), 113.4 (pyrazole-C-4), 113.7, 114.2, 119.6, 119.1,
125.6, 126.3, 127.3, 127.65 (chalcone-C-7), 127.2, 128.3, 128.5, 129.4, 130.4 (pyrazole-C-5),
130.8, 133.7, 136.4, 139.3 (pyrazole-phenyl-C-1), 145.5 (chalcone-C-6), 150.7 (pyrazole-C-3),
151.2 (C-3′-OCH3), 156.2 (C-4′-OCH3), 159.5, and 189.5 (C=O); ESI-MS (m/z): 516.20 (M+).
Analysis calculated for C33H28N2O4: C, 76.73; H, 5.46; and N, 5.42. Found: C, 76.75; H, 5.38;
and N, 5.45.

(E)-3-(3-(4-(benzyloxy)phenyl)-1-phenyl-1H-pyrazol-4-yl)-1-(2-bromo-4-methoxyphenyl)
prop-2-en-1-one (5q):

Off white solid, yield: 56%; m.p.: 174–176 ◦C; IR (KBr, cm−1): 3070 (CH aromatic),
2938 (CH aliphatic), 1765 (C=O), 1647 (C=N), 1588 (C=C), 1229 (C-OCH3), 1260 (C-O),
and 630 (C-Br); 1H NMR (CDCl3, 500 MHz); δ (ppm): 3.82 (s, 3H, OCH3), 5.13 (s, 2H,
CH2-benzyloxy), 7.14 (d, 2H, Ar-H, J = 7.1 Hz), 7.21 (s, 1H, Ar-H), 7.38 (d, 2H, Ar-H,
J = 6.4 Hz), 7.32–7.44 (m, 5H, Ar-H), 7.48 (s, 1H, Ar-H), 7.62 (d, 2H, Ar-pyrazole, J = 7.6 Hz),
7.64 (d, 2H, Ar-H, J = 7.6 Hz), 7.86 (d, 1H, chalcone-H-7, J = 15.5 Hz), 7.90 (d, 2H, Ar-H,
J = 7.6 Hz), 8.32 (d, 1H, chalcone-H-6, J = 16.4 Hz), and 8.43 (s, 1H. pyrazole-H); 13C NMR
(CDCl3, 125 MHz): δ (ppm) 56.3 (C’-4-OCH3), 69.5 (benzyloxy-CH2), 113.4 (pyrazole-C-4),
113.7, 114.2, 119.6, 119.1, 125.6, 126.3, 127.3, 127.65 (chalcone-C-7), 127.2, 128.3, 128.5, 129.4,
130.4 (pyrazole-C-5), 130.8, 133.7, 136.4, 139.3 (pyrazole-phenyl-C-1), 145.5 (chalcone-C-6),
150.7 (pyrazole-C-3), 151.2 (C-3′-OCH3), 156.2 (C-4′-OCH3), 159.5, and 189.5 (C=O); ESI-MS
(m/z): 525.17 (M+). Analysis calculated for C32H25 BrN2O3: C, 67.97; H, 4.46; amd N, 4.95.
Found: C, 68.02; H, 4.42; and N, 4.98.

(E)-3-(3-(4-(benzyloxy)phenyl)-1-phenyl-1H-pyrazol-4-yl)-1-(4-(trifluoromethyl)Phenyl)
prop-2-en-1-one (5r):

White buff solid, yield: 68%; m.p.: 186–188 ◦C; IR (KBr, cm−1): 3075 (CH aromatic),
2985 (CH aliphatic), 1760 (C=O), 1650 (C=N), 1520 (C=C), and 1265 (C-O), 780 (C-F);
1H NMR (CDCl3, 500 MHz); δ (ppm): 5.14 (s, 2H, CH2-benzyloxy), 7.17 (d, 2H, Ar-H,
J = 7.2 Hz), 7.36 (t, 1H, Ar-H, J = 7.3 Hz), 7.44–7.52 (m, 5H, Ar-H), 7.58 (d, 2H, Ar-H,
J = 7.5 Hz), 7.69 (d, 2H Ar-H, J = 8.4 Hz), 7.74 (d, 2H, Ar-H, J = 8.4 Hz), 7.80 (d, 2H, Ar-H,
J = 8.7 Hz), 7.88 (d, 1H, chalcone-H-7, J = 15.6 Hz), 7.92 (d, 2H, Ar-H, J = 8.6 Hz), 8.06
(d, 1H, chalcone-H-6, J = 15.76 Hz), and 8.34 (s, 1H, pyrazole-H); 13C NMR (CDCl3, 125
MHz): δ (ppm) 70.6 (benzyloxy-CH2), 113.1, 114.9, 119.8, 124.5 (C-F3), 125.4, 125.7, 126.2,
127.1, 127.4 (chalcone-C-7), 127.9, 128.5, 128.8, 129.4, 130.2 (C-2′), 130.3 (pyrazole-C-5), 136.4,
136.93 (C-4′), 139.8 (pyrazole-phenyl-C-1), 141.4, 145.7 (chalcone-C-6), 150.6 (pyrazole-C-3),
159.1, and 189.6 (C=O); ESI-MS (m/z): 554.17 (M++1). Analysis calculated for C32H23
F3N2O2: C, 73.27; H, 4.42; and N, 5.34. Found: C, 73.36; H, 4.36; and N, 5.42.
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3.2. Molecular Docking Simulation

The molecular docking study of the designed molecules was carried out to assess their
interaction and binding modes with the target receptors using Glide Extra precision (XP)
Maestro 10.1 Schrodinger running on the Linux 64 operating system [47]. The 2D structure
of the synthesized compounds was generated and then converted to their respective 3D
structures using Ligprep. The PDB file of the X-ray crystal structure of the tubulin domain
bound to colchicine (PDB ID:3E22) was downloaded from the RCSB Protein Data Bank. The
protein preparation wizard was used to prepare the protein and the grid was generated for
the co-crystal ligand using receptor grid generation. The water residues beyond 5 Å were
eliminated. The protein was optimized by assigning H-bonds and the minimization of the
OPLS 2005 force field. The docked pose of ligands and their interactions were analyzed
after the end of the molecular docking.

3.3. Biological Activity
3.3.1. In Vitro Anticancer Activity by MTT Assay
Materials and Methods

(3-(4,5-Dimethyl-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), Dulbecco’s modified
Eagle’s medium (DMEM), 0.25% trypsin, and 0.02% EDTA mixture were purchased from
HiMedia (Mumbai, India), and fetal bovine serum (FBS) was obtained from Gibco (Grand
Island, NY, USA).

Cell Line and Culture Conditions

Human cervical cancer cell line SiHa, human breast cancer cell line MCF-7, human
prostate cancer cell line PC-3, and human embryonic kidney HEK-293 cells were procured
from the National Centre for Cell Sciences (NCCS) Pune, India. In this experiment, antibi-
otics (100 units/mL penicillin and 100 mg L−1 streptomycin were grown as a monolayer
culture in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum) were
cultured in a humidified atmosphere of 5% CO2 at 37 ◦C in T-75 flasks and subcultured
twice a week.

In Vitro Cytotoxicity

The cytotoxic effects of the selected compounds were evaluated by MTT assay [48]
on the above-mentioned cell lines. Initially, 2 × 104 cells/well were seeded into 96-well
plates (150 μL/well) in triplicates and allowed to grow. The cells were incubated for 24 h
and subsequently treated with varying concentrations of the compounds. After 48 h, the
cells were incubated with 20 μL of MTT (5 mg/mL in PBS) in a fresh medium for 4 h at
37 ◦C. MTT is a metabolic substrate that is reduced to give formazan crystals, which were
solubilized in DMSO (150 μL/well) and analyzed by reading the absorbance at 540 nm
after 15 min of the incubation period on the iMark Microplate Reader (Bio-Rad). Percentage
viability and IC50 values were used to determine the relative absorbance of treated versus
control (untreated) cells.

3.3.2. In Vitro Tubulin Polymerization Assay

Tubulin polymerization is a dynamic process by enhancement of fluorescence intensity
due to the combination of a fluorescent reporter into the microtubules as polymerization
occurs [49]. Tubulin polymerization was performed by using a purified brain tubulin
polymerization kit purchased from Cytoskeleton (BK110P, Denver, CO, USA). The tubulin
polymerization assay was monitored by the increase in fluorescence over a 60 min period at
37 ◦C, with excitation at 360 nm and emission at 450 nm. The final buffer concentration for
tubulin polymerization contained 80 mM PIPES, pH 6.9; 2 mM MgCl2; 0.5 mM EGTA; 1μM
GTP; and 15% glycerol. Firstly, 5 μL of the test compounds (final concentration of 10 μM)
was added and then warmed to 37 ◦C for 1 min. The reaction was initiated by adding 50 μL
of the tubulin reaction mix as specified for 6 min.
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3.3.3. In Silico Bioactivity Study

All newly synthesized derivatives were screened for their physicochemical properties,
oral bioavailability, toxicity, and online biological activity by using online software such as
Molinspiration, Osiris Property Explorer, and the PASS prediction study. Hydrophobicity
(c-log P), molecular weight (MW), number of rotatable bonds (NROTB) of Lipinski’s rule
of five [33], water solubility (c-log S), toxicity [35], and drug-likeness [34] were calculated
using the online Molinspiration property calculation toolkit and online OSIRIS Property
explorer. With the help of Osiris Property Explorer software, the toxicities of the synthesized
derivatives were predicted, which showed that the newly synthesized compounds would
be free of carcinogenicity, mutagenicity, reproductive adverse effects, and irritation. All
these derivatives were also projected for their pharmacological activity by using the online
PASS computer program (prediction of activity spectra for substances).

3.4. Statistical Analysis

Statistical analyses were performed using Graph Pad Prism 5 software. All data were
analyzed by ANOVA, followed by Dunnett’s multiple comparison test for n = 6; (a) p < 0.05
and (b) p < 0.001. Relative to normal and data were analyzed by paired Student’s t-test for
n = 6; (c) p < 0.0001 and (d) p < 0.005.

4. Conclusions

A series of E-3-(3-(4-(benzyloxy)phenyl)-1-phenyl-1H-pyrazol-4-yl)-1-phenylprop-2-
en-1-one conjugates were synthesized, characterized, and evaluated for anticancer potential
and tubulin polymerization inhibition. The conjugates 5d, 5k, 5n, 5o, and 5p revealed po-
tent cytotoxic activities against MCF-7 (human breast), SiHa (human cervical), PC-3 (human
prostate), and non-cancerous cell lines using combretastatin A4 as the standard. Compound
5o displayed the most potent cytotoxic activity with the IC50 value of 2.13 ± 0.80 μM for
the MCF-7 cancer cell line. Furthermore, compound 5o considerably arrested the cell cycle,
induced apoptosis in a dose-dependent manner, and inhibited polymerization of tubulin
by 66.40%. Molecular docking studies of compound 5o (highest docking score of −7.22)
showed that the colchicine-binding site of tubulin established promising interactions with
ASN 249, ALA 250, LYS 254, SER 178, and TYR 224, and pi-cation interaction with LYS 352
in the active site of tubulin. The in silico bioactivity study and PASS prediction studies
exposed that most of the synthesized compounds displayed excellent physicochemical
properties within the ideal range. These results established that compound 5o is a newer
tubulin polymerization inhibitor and is commendable of advanced investigation in the
future, directing to the progress of newer potential anticancer agents. Therefore, these
conjugates can further be structurally modified to promote a new potential target for the
optimization and development of anticancer agents.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ph15030280/s1, Figure S1: 1H NMR of (E)-3-(3-(4-(benzyloxy)phenyl)-1-phenyl-1H-pyrazol-4-
yl)-1-(3,4-dimethoxyphenyl)prop-2-en-1-one; Figure S2: 13C NMR of (E)-3-(3-(4-(benzyloxy)phenyl)-1-
phenyl-1H-pyrazol-4-yl)-1-(3,4-dimethoxyphenyl)prop-2-en-1-one; Figure S3: 1H NMR of (E)-3-(3-(4-
(benzyloxy)phenyl)-1-phenyl-1H-pyrazol-4-yl)-1-(3,4-dimethoxyphenyl)prop-2-en-1-one; Figure S4:
13C NMR of (E)-3-(3-(4-(benzyloxy)phenyl)-1-phenyl-1H-pyrazol-4-yl)-1-(3,4-dimethoxyphenyl)prop-
2-en-1-one; Figure S5: Mass spectra of (E)-3-(3-(4-(benzyloxy)phenyl)-1-phenyl-1H-pyrazol-4-yl)-
1-(3,4-dimethoxyphenyl)prop-2-en-1-one; Figure S6: 1H NMR of (E)-3-(3-(4-(benzyloxy)phenyl)-
1-phenyl-1H-pyrazol-4-yl)-1-(4-bromophenyl)prop-2-en-1-one; Figure S7: 1H NMR of (E)-3-(3-(4-
(benzyloxy)phenyl)-1-phenyl-1H-pyrazol-4-yl)-1-(4-bromophenyl)prop-2-en-1-one; Figure S8: 13C
NMR of (E)-3-(3-(4-(benzyloxy)phenyl)-1-phenyl-1H-pyrazol-4-yl)-1-(4-bromophenyl)prop-2-en-1-one;
Figure S9: Mass spectra of (E)-3-(3-(4-(benzyloxy)phenyl)-1-phenyl-1H-pyrazol-4-yl)-1-(4-bromophenyl)
prop-2-en-1-one; Figure S10: 1H NMR of (E)-3-(3-(4-(benzyloxy)phenyl)-1-phenyl-1H-pyrazol-4-
yl)-1-(4-methoxyphenyl)prop-2-en-1-one; Figure S11: 13C NMR of (E)-3-(3-(4-(benzyloxy)phenyl)-
1-phenyl-1H-pyrazol-4-yl)-1-(4-methoxyphenyl)prop-2-en-1-one; Figure S12: 1H NMR of (E)-3-(3-
(4-(benzyloxy)phenyl)-1-phenyl-1H-pyrazol-4-yl)-1-(4-methoxyphenyl)prop-2-en-1-one; Figure S13:
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13C NMR of (E)-3-(3-(4-(benzyloxy)phenyl)-1-phenyl-1H-pyrazol-4-yl)-1-(4-methoxyphenyl)prop-2-
en-1-one; Figure S14: Mass spectra of (E)-3-(3-(4-(benzyloxy)phenyl)-1-phenyl-1H-pyrazol-4-yl)-1-(4-
methoxyphenyl)prop-2-en-1-one; and Figure S15: Effect of lead conjugates 5d, 5e, 5i, 5k, 5l, 5m, 5n,
5o, 5p, and 5r on tubulin polymerization. Tubulin polymerization was monitored by the increase in
fluorescence at 360 nm (excitation) and 420 nm (emission) for 1 h at 37 ◦C. Combretastatin A-4 was
used as the reference standard in this study.
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Abstract: A series of (S)-3-(1-aminoethyl)-8-pyrimidinyl-2-phenylisoquinoline-1(2H)-ones 3a–3k was
synthesized in 40–98% yield through Suzuki–Miyaura coupling using Pd(PPh3)2Cl2, Sphos, and
K2CO3 in THF/H2O mixed solvent. All newly synthesized compounds were evaluated for cell
viability (IC50) against MDA-MB-231, HeLa, and HepG2 cells. The antitumor activities of 3a–3k were
improved when various pyrimidine motifs were introduced at position C-8 of the isoquinolinone ring.

Keywords: (S)-3-(1-aminoethyl)-8-pyrimidinyl-2-phenylisoquinoline-1(2H)-one; Suzuki–Miyaura
coupling; antitumor; cytotoxicity

1. Introduction

Isoquinolin-1(2H)-one derivatives are heterocyclic compounds exhibiting various
bioactivities [1]. For example, the isoquinolin-1(2H)-one structure is known as an important
pharmacophore of an effective 5-HT3 antagonist [2] and an inhibitor for the production of
tumor necrosis factor α (TNF-α) [3]. In particular, 2-phenylisoquinolin-1(2H)-one has been
reported as the main structure of several anticancer drugs that have been recently devel-
oped [4–7]. Duvelisib, which is used for the treatment of chronic lymphocytic leukemia
(CLL) and somatic cell lymphoma (SLL), contains 2-phenylisoquinolin-1(2H)-one as a basic
structure [6]. BR1018018, which has recently been developed as a PI3K selective inhibitor
by Boryung Pharmaceutical (Korea), also has a 2-phenylisoquinoline-1(2H)-one moiety
(Figure 1) [7].

Figure 1. Examples of anti-cancer drugs containing the 2-phenylisoqunolin-1(2H)-one.

On the other hand, 2-substituted pyrimidines consist of the basic structure of sev-
eral drugs with various pharmacological activities. Recently, 2-substituted pyrimidines
in RhoJ (Rho-related GTP-binding protein) inhibitor [8], CDK (Cyclin-dependent kinase)
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inhibitor [9], and PI3K (phosphoinositide 3-kinase) inhibitor [10] are important basic struc-
tures (Figure 2).

Figure 2. Candidates for anticancer drugs with pyrimidine cores.

Based on these previous reports, we have become interested in whether 8-pyrimidinyl-2-
phenylisoquinolin-1(2H)-one derivatives synthesized by the combination of 2-phenylisoquinolin-
1(2H)-one and pyrimidine can be used as a new pharmacophore. Therefore, we investigated
the synthesis of new (S)-3-(1-aminoethyl)-8-pyrimidinyl-2-phenylisoquinolin-1(2H)-one
derivatives (3) by the Suzuki–Miyaura coupling (SMC) of (S)-3-(1-aminoethyl)-8-chloro-
2-phenylisoquinolin-1(2H)-one (1) with various pyrimidinyl boronic acids 2 (Scheme 1).
SMC is well known as the most common method for forming new carbon–carbon bonds in
organic synthesis chemistry [11–13]. Well-known highly efficient SMC reactions, such as
those using microwave chemistry, can be simply performed in a laboratory to produce a
small amount of product by the column chromatography separation method [14]. However,
there is a need to develop a mild, general, and practical SMC reaction capable of the bulk
synthesis required in drug discovery research. Herein, we report an effective and mild
synthesis method for (S)-3-(1-aminoethyl)-8-pyrimidinyl-2-phenylisoquinolin-1(2H)-one
derivatives (3) and their anticancer activities.

Scheme 1. Synthesis of novel pyrimidinyl-2-phenylisoquinolin-1(2H)-ones 3 using SMC.

2. Results and Discussion

2.1. Synthesis of Compounds

First, we compared the SMC reaction efficiencies of (S)-3-(1-aminoethyl)-8-chloro-2-
phenylisoquinolin-1(2H)-one (1) prepared in a known method [15] with (2-methoxypyrimidin-
5-yl)boronic acid (2a) on various Pd catalysts in dioxane/H2O for 12 h at 80 ◦C with
reference to a previously reported mixed solvent system [16,17]. To screen Pd catalysts
in SMC reactions, the synthesis efficiencies of 3a for various Pd catalyst systems were
compared under the above reaction conditions, including 5 mol% of Pd complex and
10 mol% of ligand (Table 1, Entries 1–5). When Pd(PPh3)2Cl2 and PPh3 (Entry 5) were used,
3a was obtained in a low yield of 39%. Lower yields were also observed when using other
common catalysts, such as Pd(PPh3)4, Pd(OAc)2/PPh3, or PdCl2/PPh3.
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Table 1. Screening of catalysts on the Suzuki–Miyaura cross-coupling of 1 with 2a *.

Entry
Catalyst
(Mol%)

Ligand
(Mol%)

3a(%) b 1(%) b

1 Pd(PPh3)4 (5) - 18.5 74.5
2 Pd(PPh3)Cl2 (5) - 28.7 63.5
3 Pd(OAc)2 (5) PPh3 (10) 19.4 73.3
4 PdCl2 (5) PPh3 (10) 21.4 72.4
5 Pd(PPh3)2Cl2 (5) PPh3 (10) 39.2 53.5
6 Pd(PPh3)2Cl2 (2.5) PPh3 (5) 28.2 64.5
7 Pd(PPh3)2Cl2 (2.5) P(O-tol)3 (5) 31.2 62.9
8 Pd(PPh3)2Cl2 (2.5) P(Cy)3 (5) 66.2 27.4
9 Pd(PPh3)2Cl2 (2.5) Dppf (5) 35.6 58.4

10 Pd(PPh3)2Cl2 (2.5) Aphos (5) 76.9 17.8
11 Pd(PPh3)2Cl2 (2.5) Xantphos (5) 65.6 29.2
12 Pd(PPh3)2Cl2 (2.5) Xphos (5) 86.3 9.0
13 Pd(PPh3)2Cl2 (2.5) Sphos (5) 96.5 a 0
14 Pd(PPh3)2Cl2 (2.5) Ruphos (5) 96.4 a 0
15 Pd(PPh3)2Cl2 (2.5) Davephos (5) 96.1 a 0

* Reaction conditions: 1 (1.67 mmol), 2a (2.0 mmol), K2CO3 (5 mmol), 1,4-dioxane (5 mL), H2O (5 mL), 12 h.
a Reaction time 2 h. b The yields were determined by HPLC (area%). HPLC system using an Kromasil 100-5 C18
column (4.6 mm × 250 mm, 5 μM). The mobile phase consisted of two eluents: A: Ammonium Acetate Buffer
Solution (Accurately weighed 1.54 g of ammonium acetate buffer solution is completely dissolved in 1 L of water
and the pH level is adjusted to pH 4.5 with acetic acid) and eluant B: Acetonitrile: Methanol (80:20).

SMC reactions with Pd(PPh3)2Cl2 (2.5 mol%), selected as a Pd catalyst, and various
phosphine ligands (5 mol%) were studied under conditions in which the amount of catalyst
used was reduced by half of that given above. First, the reaction efficiency was investigated
by increasing the bulkiness of the ligand using mono-phosphine ligands (PPh3 < P(O-
tol)3 < P(Cy)3) (Entries 6–8) and di-phosphine ligands (dppf < Xantphos) (Entries 9,11).
It was observed that mono-phosphine ligands or di-phosphine ligands [18] showed low
reactivity (Entries 1–9,11). However, the yield increased in the electron-rich phosphine
ligands, such as Aphos (Entry 10). Unlike the mono-aryl type Aphos, the yield as well
as the reaction rate increased dramatically when using Buchwald ligands, such as Sphos,
Ruphos, and Davephos, which are biaryl types (Entries 13–15). We attributed this to the
structural characteristics of the electron-rich and bulky phosphine ligands substituted with
cyclohexyl or biaryl groups. This is consistent with reports that electron-rich and bulky
phosphine Buchwald ligands accelerate reductive elimination and oxidative addition in
SMC reactions, resulting in increased reactivity [19–21].

Subsequently, base screening with various solvents was performed in SMC (Table 2).
The SMC reaction occurred in the highest yield in the THF/H2O mixed solvent

system. In addition, phase separation occurred in the THF/H2O solvent system after the
reaction was completed, but phase separation was not observed in the aqueous solution
system mixed with other solvents. Therefore, in this solvent system, the separated organic
layer was extracted with an acidic aqueous solution, neutralized, and then crystallized to
easily obtain a high-purity product without a chromatographic separation, which is very
advantageous for a large-scale synthesis process. To further develop this process, a design
of experiments (DoE; using Design Expert 12) was performed and optimized. The optimal
conditions established through the DoE were Pd(PPh3)2Cl2 (0.5 mol%), Sphos (1.5 mol%),
and K2CO3 (3.0 eq) in THF and H2O mixed solvent. It was found that the amount of solvent
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THF/H2O used to facilitate phase separation between the organic layer and the aqueous
layer after the reaction was more than 10 mL per gram of substrate 1.

Table 2. Screening of base and solvent *.

Entry Base Solvent T(°C) 3a(%) c 1(%) c

1 - 1,4-dioxane/H2O a 80 0 96.0
2 KtOBu 1,4-dioxane/H2O a 80 31.4 0
3 Na2CO3 1,4-dioxane/H2O a 80 96.0 0
4 KOH 1,4-dioxane/H2O a 80 35.4 0
5 KOAc 1,4-dioxane/H2O a 80 95.1 0.1
6 Cs2CO3 1,4-dioxane/H2O a 80 96.9 0.1
7 K2CO3 1,4-dioxane/H2O a 80 96.9 0
8 K2CO3 THF 64 b 25.1 70.3
9 K2CO3 1,4-dioxane 104 b 9.1 67.5

10 K2CO3 EtOH 80 b 87.4 0
11 K2CO3 H2O 101 b 49.7 45.3
12 K2CO3 THF/H2O a 65 b 99.0 0
13 K2CO3 EtOH/H2O a 78 b 97.6 0

* Reaction condition: 1 (1.67 mmol), 2a (2.0 mmol), base (5 mmol), 12 h, solvent (10 mL). a Solvent (5 mL)/H2O(5
mL). b Reflux. c The yields were determined by HPLC (area%).

Novel (S)-3-(1-aminoethyl)-8-pyrimidinyl-2-phenylisoquinolin-1(2H)-one derivatives
(3) were synthesized by using SMC reactions under these optimized conditions (Table 3).
The structure of 3a–3k were confirmed by 1H-NMR, 13C-NMR spectrosco-py (Supplemen-
tary Materials Figures S1–S22). In the case of unstable boronic acid, pinacol boronate (in
case of 3g and 3k) was used as a reactant. Electron-rich pyrimidinyl boronic acid substi-
tuted with methoxy, ethoxy, dimethylamino, and piperidinyl groups at the para position
of the pyrimidine ring gave the product in good yield (3a, 3b, 3i and 3j). In the case of
other boronic acids with low reactivity, the reaction could be completed in good yield
by increasing the amount of catalyst and ligand (3c, 3e–3g). Boronic acids with steric
hindrance, such as 2,4-dimethoxypyrimidinyl boronic acid, still showed low yield even
when the amount of catalyst and ligand was increased (3d). In addition, electron-deficient
boronic acid (e.g., 2-cyanopyrimidinyl boronic acid) showed the lowest reactivity (3k).

2.2. Anti-Cancer Activity

All newly synthesized compounds (3a–3k) were evaluated for cell viability (IC50)
against MDA-MB-231 (metallic breast cancer cells), HeLa (cervical epithelial carcinoma
cell), and HepG2 (hepatic carcinoma cell) to evaluate the effect of different pyrimidinyl
groups on (S)-3-(1-aminoethyl)-8-chloro-2-phenylisoquinolin-1(2H)-one 1 (Table 4). The
cell toxicity data of compounds 1, 3a–3k for MDA-MB 231, HeLa, HepG2 were de-scribed
in Supplementary Materials Figures S23–S34.

238



Pharmaceuticals 2022, 15, 64

Table 3. Various 8-pyrimidinyl-2-phenylisoquinolin-1(2H)-one derivatives 3 *.

    
3a

98% a
3b

97% a
3c

95% b
3d

45% b

  
3e

91% b
3f

95% b
3g

94% c
3h

61% b

 
3i

87% a
3j

92% a
3k

40% d

* Reaction conditions: 1 (1.67 mmol), boronic acid or Pinacol boronate (2.0 mmol), Pd(PPh3)2Cl2 (0.5~5 mol%),
Sphos (1.5–15 mol%), K2CO3 (5.0 mmol), 12 hr, THF (5 mL)/H2O (5 mL), Isolated yield. a boronic acid (2.0 mmol),
Pd(PPh3)2Cl2 (0.5 mol%), Sphos (1.5 mol%). b boronic acid (2.0 mmol), Pd(PPh3)2Cl2 (5 mol%), Sphos (15 mol%)
c Pinacol boronate (2.0 mmol), Pd(PPh3)2Cl2 (1.0 mol%), Sphos (3 mol%). d Pinacol boronate (2.0 mmol),
Pd(PPh3)2Cl2 (5 mol%), Sphos (15 mol%).

Table 4. Selected IC50 values of 3 against different cancer cell lines.

Entry Compound
MDA-MB231
IC50 (μM) a

HeLa
IC50 (μM) a

HepG2
IC50 (μM) a

1 1 ND b ND b ND b

2 3a ND b 5.07 ± 0.13 2.20 ± 0.26
3 3b 2.28 ± 0.10 1.55 ± 0.15 2.01 ± 0.05
4 3c 2.83 ± 0.10 1.86 ± 0.12 1.79 ± 0.13
5 3d ND b 2.07 ± 0.46 4.85 ± 0.21
6 3e ND b 2.12 ± 0.17 5.12 ± 0.23
7 3f ND b 5.38 ± 0.22 5.22 ± 0.23
8 3g 5.25 ± 0.09 2.43 ± 0.25 5.27 ± 0.39
9 3h 2.72 ± 0.24 1.94 ± 0.11 2.93 ± 0.10

10 3i 2.29 ± 0.11 1.42 ± 0.19 3.08 ± 0.20
11 3j 1.62 ± 0.12 1.11 ± 0.70 3.87 ± 1.58
12 3k 1.18 ± 0.08 1.99 ± 0.28 1.57 ± 0.17

a MTT assay. b ND: Not determined. At the 10 μM, less than 50% cell death was observed. The viability test was
performed in triplicate and repeated at least three times. The cell viability represents the mean ± SD from three
independent experiments.
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Compound 1 without a pyrimidine substituent showed less than 50% cell death in
MDA-MB-231, HeLa, and HepG2 cells at a concentration of 10 μM, so its IC50 value could
not be determined. However, compound 3 substituted with various pyrimidines showed ex-
cellent cytotoxic activity in tumor cell lines. Since in MDA-MB-231 simple pyrimidinyl (3e),
4-methylpyrimidinyl (3f), 4-methoxypyrimidinyl (3a), or 2,4-dimethoxypyrimidinyl (3d)
compounds had no cytotoxic activity, their IC50 values could not be determined. On the other
hand, 4-alkoxypyrimidinyl (3b,3c), 4-aminopyrimidinyl (3h,3i), 4-piperidinopyrimidinyl
(3j), and 4-cyanopyrimidinyl (3k) compounds showed strong anticancer activity. In par-
ticular, the cytotoxic activity increased as the alkyl chain of the alkoxy substituent in the
4-alkoxypyrimidinyl compounds increased (3a < 3b,3c). These results indicate that the
cytotoxic activity of the novel synthetic 8-pyrimidinylisoquinolinones 3a–3k on cancer cells
was slightly different depending on the type of cell. Although cell viability assays, such
as the MTT assay, alone cannot fully explain these results, overall cytotoxicity appears to
be dependent on the polarity of the compound. In HeLa and HepG2 cells, all pyrimidine-
substituted isoquinolinones 3a–3k showed excellent cytotoxic activity. Although all com-
pounds showed good cytotoxic activity, 4-alkoxypyrimidinyl (3b, 3c), 4-aminopyrimidinyl
(3h, 3i), 4-piperidinopyrimidinyl (3j), and 4-cyanopyrimidinyl (3k) compounds showed
higher activity than others. In particular, compound 3k, which has an electron-withdrawing
group (CN) in a pyrimidine ring, showed the lowest IC50 value under this condition.

3. Materials and Methods

3.1. General

All commercially available materials from Sigma-Aldrich (Burlington, MA, USA),
Daejung (Siheung, Korea), TCI (Tokyo, Japan), Chemieliva (Chongqing, China) and solvents
were used without further purification. All small-scale screening reactions (≤10 mL of
solvent) were performed in 50 mL round bottom flasks on a Radleys Carousel 6 Plus
Reaction Station under an air atmosphere. HPLC was performed on a Hitachi LaChrom
Elite HPLC system. 1H NMR (400 MHz) and 13C NMR (100 MHz) were measured on a
Bruker Avance 400 spectrometer system. 1H NMR spectra chemical shifts were expressed
in parts per million (ppm) downfield from tetramethylsilane, and coupling constants were
reported in Hertz (Hz). Splitting patterns are indicated as follows: s, singlet; d, doublet; t,
triplet; and q, quartet; m, multiplet. 13C NMR spectra were reported in ppm, referenced to
deuterochloroform (77.16 ppm). Melting points were determined by DSC (Mettler Toledo).
High resolution mass spectra (HRMS, JEOL MStation JMS-700) were obtained using an
electron impact (EI) ionization technique (magnetic sector—electric sector double focusing
mass analyzer) from the KBSI (Korea Basic Science Institute Daegu Center).

3.2. General Procedure for the Suzuki-Miyaura Coupling Reactions (3a~3k)

Suzuki–Miyaura coupling reactions (Table 3) were typically performed on a 1.67 mmol
scale of the aryl halide 1. A mixture of (S)-3-(1-aminoethyl)-8-chloro-2-phenylisoquinolin-
1(2H)-one 1 (0.5 g, 1.67 mmol), 2-substituted pyrimidinyl boronic acid or 2-substituted
pyrimidinyl pinacol boronate 2 (1.2 equiv, 2 mmol), K2CO3 (0.3 g, 2.17 mmol), Pd(PPh3)2Cl2
(0.50–5 mol%), and Sphos (1.5–15 mol%) in mixed solvent (THF 5 mL, water 5 mL) was
stirred at 65 ◦C in 50 mL round bottom flasks for 12 h. After the biphasic reaction solution
was cooled to room temperature, the organic layer was separated. The organic layer was
concentrated under vacuum and diluted with CH2Cl2 (20 mL) and 0.3 N HCl (20 mL).
The aqueous layer was separated and washed with CH2Cl2 (20 mL). The aqueous layer
was basified with aqueous NH4OH (1 mL) and extracted two times with CH2Cl2 (2 × 20
mL). The organic phase was concentrated under vacuum. Further purification of product
was isolated from a flash chromatography using silica gel (300–400 mesh) with CH2Cl2–
methanol as an eluent.

3-[(1S)-1-aminoethyl]-8-(2-methoxypyrimidin-5-yl)-2-phenyl-isoquinolin-1-one (3a).
White solid, [α]20

D −1.33 (c 0.01, CH3CN), mp 210–214 ◦C. 610 mg, 98% yield. 1H NMR
(400 MHz, CDCl3) δ 8.45 (s, 2H), 7.62–7.70 (m, 2H), 7.47–7.51 (m, 2H), 7.40–7.44 (m, 1H),
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7.19–7.23 (m, 3H), 6.84 (s, 1H), 3.98 (s, 1H), 3.69 (q, J = 6.5 Hz, 1H), 1.53 (s, 2H), 1.28
(d, J = 6.5 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 164.3, 162.9, 157.9, 149.8, 139.0, 138.1,
137.2, 132.0, 130.5, 130.0, 129.8, 129.7, 129.2, 128.9, 128.7, 127.3, 122.1, 102.1, 54.8, 54.8, 46.9,
23.7 HRMS (EI+): m/z [M + H] + calcd for C22H20N4O2 372.1586, found 372.1584.

3-[(1S)-1-aminoethyl]-8-(2-ethoxypyrimidin-5-yl)-2-phenyl-isoquinolin-1-one (3b). White
solid, [α]20

D −3.51 (c 0.01, CH3CN), mp 185–188 ◦C. 629 mg, 97% yield. 1H NMR (400 MHz,
CDCl3) δ 8.44 (s, 2H), 7.60–7.69 (m, 2H), 7.47–7.51 (m, 2H), 7.40–7.44 (m, 1H), 7.19–7.23 (m,
3H), 6.83 (s, 1H), 4.39 (q, J = 7.1 Hz, 2H), 3.69 (q, J = 6.5 Hz, 1H), 1.41 (t, J = 7.1 Hz, 3H), 1.34 (s,
2H), 1.28 (d, J = 6.5 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 164.0, 162.9, 157.90, 149.8, 139.0,
138.1, 137.4, 132.0, 130.5, 129.8, 129.7, 129.3, 128.9, 128.7, 127.2, 122.1, 102.1, 63.3, 46.9, 23.7,
14.6 HRMS (EI+): m/z [M + H] + calcd for C23H22N4O2 386.1743, found 386.1743.

3-[(1S)-1-aminoethyl]-8-(2-isopropoxypyrimidin-5-yl)-2-phenyl-isoquinolin-1-one (3c).
White solid, [α]20

D −0.99 (c 0.01, CH3CN), mp 142–148 ◦C. 638 mg, 95% yield. 1H NMR
(400 MHz, CDCl3) δ 8.43 (s, 2H), 7.62–7.70 (m, 2H), 7.47–7.51 (m, 2H), 7.40–7.44 (m, 1H),
7.19–7.23 (m, 3H), 6.83 (s, 1H), 5.25(m, J = 6.2 Hz, 1H), 3.70 (q, J = 6.5 Hz, 1H), 1.52 (s,
2H), 1.37 (d, J = 6.2 Hz, 6H), 1.28 (d, J = 6.5 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 163.6,
163.0, 158.0, 149.7, 139.0, 138.2, 137.5, 132.0, 130.6, 129.9, 129.8, 129.6, 129.3, 128.9, 128.8,
127.2, 122.1, 102.1, 70.0, 46.9, 23.7, 22.1 HRMS (EI+): m/z [M + H] + calcd for C24H24N4O2
400.1899, found 400.1902.

3-[(1S)-1-aminoethyl]-8-(2,4-dimethoxypyrimidin-5-yl)-2-phenyl-isoquinolin-1-one (3d).
White solid, [α]20

D −1.82 (c 0.01, CH3CN), 303 mg, 45% yield. 1H NMR (400 MHz, CDCl3)
δ 8.04 (s, 1H), 7.65 (m, 1H), 7.58 (m, 1H), 7.43–7.50 (m, 3H), 7.19 (m, 3H), 6.79 (s, 0.5H), 6.75
(s, 0.5H), 3.95 (s, 3H), 3.87 (s, 0.5H), 3.85 (s, 0.5H), 3.67 (m, J = 6.3 Hz, 1H), 1.44 (s, 2H), 1.30
(d, J = 6.4 Hz, 1.5H), 1.26 (d, J = 6.4 Hz, 1.5H). 13C NMR (100 MHz, CDCl3) δ 168.6, 164.6,
162.8, 184.7, 154.6, 149.4, 149.3, 138.5, 138.4, 135.4, 132.1, 130.0, 130.0, 129.9, 129.8, 129.4,
129.2, 129.0, 128.9, 128.7, 127.0, 123.6, 123.5, 118.8, 102.0, 101.9, 54.7, 53.9, 47.0, 46.9, 23.8,
23.4 HRMS (EI+): m/z [M + H] + calcd for C23H22N4O3 402.1692, found 402.1689.

3-[(1S)-1-aminoethyl]-2-phenyl-8-pyrimidin-5-yl-isoquinolin-1-one (3e). White solid,
[α]20

D −2.24 (c 0.01, CH3CN), mp 205–209 ◦C. 522 mg, 91% yield. 1H NMR (400 MHz,
CDCl3) δ 9.08 (s, 1H), 8.68 (s, 2H), 7.66–7.73 (m, 2H), 7.47–7.51 (m, 2H), 7.40–7.44 (m, 1H),
7.19–7.22 (m, 3H), 6.86 (s, 1H), 3.70 (q, J = 6.5 Hz, 1H), 2.12 (s, 2H), 1.28 (d, J = 6.5 Hz, 3H).
13C NMR (100 MHz, CDCl3) δ 162.8, 156.7, 155.6, 150.1, 139.0, 138.0, 137.0, 136.7, 132.0,
130.4, 129.9, 129.8, 129.2, 128.9, 128.7, 127.7, 122.1, 102.1, 46.9, 23.7 HRMS (EI+): m/z [M +
H] + calcd for C21H18N4O 342.1481, found 342.1484.

3-[(1S)-1-aminoethyl]-8-(2-methylpyrimidin-5-yl)-2-phenyl-isoquinolin-1-one (3f). White
solid, [α]20

D −1.55 (c 0.01, CH3CN), mp 221–237 ◦C. 567 mg, 95% yield. 1H NMR (400 MHz,
CDCl3) δ 8.58 (s, 2H), 7.63–7.71 (m, 2H), 7.46–7.50 (m, 2H), 7.39–7.43 (m, 1H), 7.19–7.22 (m,
3H), 6.84 (s, 1H), 3.70 (q, J = 6.5 Hz, 1H), 2.71 (s, 3H), 1.50 (s, 2H), 1.28 (d, J = 6.5 Hz, 3H). 13C
NMR (100 MHz, CDCl3) δ 165.7, 162.84, 155.6, 149.9, 139.0, 138.1, 137.3, 133.3, 13, 130.4, 129.8,
129.7, 129.2, 128.9, 128.7, 127.5, 122.1, 102.0, 46.9, 25.8, 23.7 HRMS (EI+): m/z [M + H] + calcd
for C22H20N4O 356.1637, found 356.1639.

3-[(1S)-1-aminoethyl]-8-[2-(1-hydroxy-1-methyl-ethyl)pyrimidin-5-yl]-2-phenyl-isoquinolin-
1-one (3g). White solid, [α]20

D −2.44 (c 0.01, CH3CN), mp 216–220 ◦C. 629 mg, 94% yield.
1H NMR (400 MHz, CDCl3) δ 8.68 (s, 2H), 7.68–7.75 (m, 2H), 7.50–7.52 (m, 2H), 7.44–7.47
(m, 1H), 7.21–7.24 (m, 3H), 6.88 (s, 1H), 3.71 (q, J = 6.5 Hz, 1H), 1.62 (s, 6H), 1.30 (d, J = 6.5
Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 171.8, 162.9, 155.6, 150.1, 139.1, 138.1, 137.0, 134.1,
132.1, 130.8, 129.9, 129.2, 129.1, 128.7, 127.8, 122.1, 102.2, 73.1, 46.9, 30.0, 23.8 HRMS (EI+):
m/z [M + H] + calcd for C24H24N4O2 400.1899, found 400.1898.

3-[(1S)-1-aminoethyl]-8-(2-aminopyrimidin-5-yl)-2-phenyl-isoquinolin-1-one (3h). White
solid, [α]20

D −1.83 (c 0.01, CH3CN), mp 242–247 ◦C. 365 mg, 61% yield. 1H NMR (400 MHz,
CDCl3) δ 8.27 (s, 2H), 7.63–7.67 (m, 1H), 7.59–7.57 (m, 1H), 7.46–7.51 (m, 2H),7.40–7.43 (m,
1H), 7.19–7.23 (m, 3H), 6.80 (s, 1H), 5.11(s, 2H), 3.68 (q, J = 6.5 Hz, 1H), 1.47 (s, 2H), 1.27 (d,
J = 6.5 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 163.0, 161.6, 157.2, 149.7, 139.0, 138.3, 138.2,
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132.0, 130.4, 129.8, 129.7, 129.3, 128.8, 126.8, 126.6, 122.1, 102.1, 46.9, 23.7 HRMS (EI+): m/z
[M + H] + calcd for C21H19N5O 357.1590, found 357.1593.

3-[(1S)-1-aminoethyl]-8-[2-(dimethylamino)pyrimidin-5-yl]-2-phenyl-isoquinolin-1-one
(3i). White solid, [α]20

D −7.03 (c 0.01, CH3CN), mp 244–248 ◦C. 563 mg, 87% yield. 1H NMR
(400 MHz, CDCl3) δ 8.30 (s, 2H), 7.62–7.66 (m, 1H), 7.54–7.56 (m, 1H), 7.45–7.49 (m, 2H),
7.38–7.42 (m, 1H), 7.19–7.22 (m, 3H), 6.78 (s, 1H), 3.68 (q, J = 6.5 Hz, 1H), 3.16 (s, 6H), 1.52 (s,
2H), 1.27 (d, J = 6.5 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 163.0, 161.0, 156.7, 154.9, 149.4,
139.0, 138.9, 138.4, 132.0, 130.3, 129.7, 129.7, 129.4, 128.9, 128.7, 126.4, 123.6, 122.0, 102.0, 46.9,
37.3, 23.6 HRMS (EI+): m/z [M + H] + calcd for C23H23N5O 385.1903, found 385.1905.

3-[(1S)-1-aminoethyl]-2-phenyl-8-[2-(1-piperidyl)pyrimidin-5-yl]isoquinolin-1-one (3j).
White solid, [α]20

D −5.03 (c 0.01, CH3CN), 655 mg, 92% yield. 1H NMR (400 MHz, CDCl3)
δ 8.28 (s, 2H), 7.62–7.65 (m, 1H), 7.53–7.56 (m, 1H), 7.46–7.50 (m, 2H), 7.39–7.43 (m, 1H),
7.19–7.23 (m, 3H), 6.78 (s, 1H), 3.76 (t, J = 4.9 Hz, 4H), 3.69 (q, J = 6.5 Hz, 1H), 1.58-1.64 (m,
8H), 1.27 (d, J = 6.5 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 163.0, 160.4, 156.8, 149.4, 139.0,
138.9, 138.4, 132.0, 130.0, 129.8, 129.7, 129.4, 128.9, 128.8, 126.4, 123.8, 122.0, 102.1, 46.9, 44.8,
25.9, 24.9, 23.6 HRMS (EI+): m/z [M + H] + calcd for C26H27N5O 425.2216, found 425.2212

5-[3-[(1S)-1-aminoethyl]-1-oxo-2-phenyl-8-isoquinolyl]pyrimidine-2-carbonitrile (3k).
White solid, [α]20

D −3.54 (c 0.01, CH3CN), 246 mg, 40% yield. 1H NMR (400 MHz, CDCl3)
δ 8.74 (s, 2H), 7.74–7.75 (m, 2H), 7.42–7.52 (m, 3H), 7.20–7.21 (m, 3H), 6.91 (s, 1H), 3.71 (q,
J = 6.3 Hz, 1H), 1.47 (s, 2H), 1.28 (d, J = 6.3 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 162.8,
156.5, 150.5, 142.7, 139.2, 139.2, 137.7, 135.2, 132.2, 130.1, 130.0, 129.9, 129.2, 129.0, 128.7,
128.5, 121.8, 116.1, 102.3, 46.9, 24.9, 23.8 HRMS (EI+): m/z [M + H] + calcd for C22H17N5O
367.1433, found 367.1435.

3.3. Scale up Procedure for the Synthesis of 3-[(1S)-1-Aminoethyl]-8-(2-Methoxypyrimidin-5-yl)-
2-Phenyl-Isoquinolin-1-one (3a)

In a 2 L three-neck round-bottom flask equipped with a condenser, a mechanical stirrer,
and a thermometer maintained under air atmosphere was charged with (S)-3-(1-aminoethyl)-8-
chloro-2-phenylisoquinolin-1(2H)-one 1 (100.0 g, 334.7 mmol), (2-methoxypyrimidin-5-yl)boronic
acid 2a (61.8 g, 401.6 mmol), Pd (PPh3)2Cl2 (1.172 g, 0.5 mol%), Sphos (2.06 g, 1.5 mol%),
K2CO3 (60.1 g, 435 mmol), THF (500 mL), and H2O (500 mL). The reaction mixture was
well-stirred (120 rpm) under reflux at 65 ◦C for 12 h. After the biphasic reaction solution
was cooled to room temperature, the organic layer was separated. The organic layer was
concentrated under vacuum and diluted with CH2Cl2 (1000 mL), H2O (1000 mL), and conc.
HCl (100 mL). The mixture was well-stirred (160 rpm) and left for 10 min. The aqueous
layer was separated and washed with CH2Cl2 (500 mL). The aqueous layer was filtered
and basified with NH4OH (200 mL). The mixture was extracted two times with CH2Cl2
(2 × 1000 mL). The combined organic layer was concentrated in vacuo. The concentrated
product was recrystallized with ethyl acetate (250 mL) and added n-heptane (500 mL). The
mixture was stirred at room temperature for 1hr, and the solid was collected by filtration
and dried to give 3a (118.3 g, 94.9%) as a white solid.

3.4. Cell Culture and Viability Assay

Three types of human cancer cell lines, such as MDA-MB-231 (metallic breast cancer
cells), HeLa (cervical epithelial carcinoma cell), and HepG2 (hepatic carcinoma cell), were
cultured with Dulbecco’s Modified Eagle Medium (DMEM, Welgene, Seoul, Korea) with
10% fetal bovine serum (FBS), 2 mM glutamine, and 100 units/mL antibiotics (Gibco BRL,
Rockville, MD). The cells were incubated at 37 ◦C in a humidity atmosphere of 5% (v/v)
air/CO2. Cells for in vitro MTT assay were inoculated into 3 × 105 cells/well in a 96-cell
culture palate and were stored for 24 h in a 5% CO2 incubator at 37 ◦C. Then, the cells
were treated with indicated-differential concentrations of newly synthetic samples. After
incubation for 24 h, 10 μL of the EZ cytox (DogenBio, Seoul, Korea) was added to each
well, and the sample was further incubated for 30 min at 37 ◦C and 5% CO2 according to
the manufacturer’s recommendation. The value of the cell viability was determined by
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measuring the formazan production with a micro-plate UV-spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA) at an absorbance of 450 nm.

4. Conclusions

In this study, we developed an effective method of introducing various pyrimidine
groups into (S)-3-(1-aminoethyl)-8-chloro-2-phenylisoquinolin-1(2H)-one (1) via SMC to
provide new pyrimidine-substituted isoquinoline derivatives 3. To evaluate the activity
of the compounds 3, their cell viability (IC50) was measured in cancer cell lines of MDA-
MB-231, HeLa, and HepG2. From the antitumor activity of compounds 3, it was found that
antitumor activity was increased when various pyrimidine rings were introduced instead of
Cl at position 8 of the isoquinoline derivative 1. This is further evidence that the pyrimidine
functional group is a very good pharmacophore. In the future, we hope to identify more
novel compounds with enhanced pharmacological activity using this synthetic method.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ph15010064/s1. Analytical data for synthesized compounds. 1H NMR, 13C NMR for
compounds 3a–3k: Figure S1–S22; Cell toxicity data of compounds 1, 3a–3k for MDA-MB 231, HeLa,
HepG2: Figure S23–S34.
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Abstract: Oral squamous cell carcinoma (OSCC) represents 90% of malignant epithelial cancer that
occurs in the oral cavity. The c-Myc factor is expressed in multiple types of cancer, comprising
head and neck squamous cell carcinoma (HNSCC), where it plays a fundamental role in tumor
prognosis and in the self-renewal of tumor stem cells. However, the role of c-Myc in controlling
OSCC cells is not well-known. The aim of the present study is the evaluation of the biological roles
and regulatory mechanism of c-Myc in the pathogenesis of OSCC. Results indicated that c-Myc,
c-Jun, Bcl-2, hypoxia inducible factor-1α (HIF-1α), vascular endothelial growth factor (VEGF), matrix
metalloproteinase-9 (MMP-9), ERK 1/2 and pERK1/2 were overexpressed in a cellular model of
squamous cell carcinoma, Cal-27. Doxorubicin (Doxo), a common chemotherapeutic agent, inhibited
cell invasion, hypoxia, angiogenesis and inflammation in a cellular model of Cal-27 cells as indicated
by downregulation of MMP-9, VEGF, ERK 1/2 and pERK 1/2 as well as promoted apoptosis as
evidenced by the downregulation of Bcl-2 protein. This work aimed at underlying the functional
relevance of c-Myc in OSCC and the HIF-Myc collaboration by integrating the knowledge on this
molecular link in an OSCC tumor microenvironment. The results obtained showed for the first
time the vital role of c-Myc in Cal-27 in cell survival/proliferation and tumor growth as well as the
negative regulatory effect of Doxo against c-Myc signaling pathway.

Keywords: squamous cell carcinoma; doxorubicin; tumor microenvironment; c-Myc; Cal-27

1. Introduction

Head and neck squamous cell carcinomas (HNSCCs) have a great incidence world-
wide, with a mortality rate of 40–50%. The tumors initiate in the epithelial cells of the
mucosal layers in the oral cavity, oropharynx, larynx or hypopharynx [1] and they represent
the most widespread malignancies that originate in the head and neck. Head and neck car-
cinoma is notably heterogeneous and is characterized by different etiologies and molecular
alterations [2]. Different therapeutic approaches such as chemotherapy, radiotherapy and
surgery are used to treat this complex malignancy. Due to the lack of efficient therapeutic
approaches, the necessity to find a valuable target molecule against HNSCCs is strongly
needed. c-Fos upregulation has been found in HNSCC cells and clinical data suggest that
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c-Fos may be associated with lymph node metastasis in oral cancer [3,4]. c-Fos is a proto-
oncogene that encodes for a nuclear DNA-binding protein, which then dimerizes with the
c-Jun gene product and finally forms the transcription factor 1 activating protein (AP-1).
Since the c-Fos protein is a member of the AP-1 family, it is mainly associated with signal
transduction and cell differentiation/proliferation [5]. Furthermore, c-Fos is associated
with lymphonoidal metastatic progression and poor differentiation, mainly in coexpression
with c-Jun, especially the simultaneous co-expression of c-Jun/c-Fos/p53 in oral cell squa-
mous carcinoma (OSCC) has been identified as a prognostic factor for survival [4]. c-Myc
proto-oncogene is correlated with c-Fos and c-Jun in gene regulation for cell proliferation
and this protein has many unusual features that are shared by some other oncogenes such
as c-Fos. Myc, a multifunctional transcription factor, regulates many genes involved in
multiple biological processes such as cell growth, proliferation and apoptosis. Moreover,
it promotes invasion events by activating MEK–ERK pathways [6–8]. It is well-known
that c-Myc is expressed in many different types of cancer, including HNSCCs, in which
c-Myc overexpression is responsible for poor tumor prognosis as well as the self-renewal
of tumor stem cells [9,10]. Based on the literature, oncogenic c-Myc has been shown to be
necessary to maintain the constitutive level of hypoxia inducible factor-1α (HIF-1α) protein
in multiple myeloma (MM) cells, and thus influences VEGF secretion and angiogenic
activity [11]. The present work was aimed at studying the underlying functional relevance
of c-Myc in OSCC and in the HIF-Myc collaboration in Cal-27 OSCC cell line by integrating
the knowledge on the molecular links in OSCC tumor microenvironment. For this reason,
the current study was based on the analysis of the molecular links of c-Myc/HIF-1α gene
expression as well as on the expression of other markers such as c-Jun, ERK 1/2, pERK
1/2, VEGF, MMP-9, and Bcl-2, which are involved in Cal-27 survival/proliferation and
tumor progression. Moreover, the biological effect of Doxorubicin (Doxo), a well-known
chemotherapeutic agent, has been evaluated in the same pathways. Our work revealed
the vital role of c-Myc/HIF-1α collaboration and the potential utilization of c-Myc as a
potential target for OSCC clinical treatment.

2. Results

2.1. Effects of Doxo on Cal-27 Cell Viability

The effects of Doxo against the survival of Cal-27 cell line was studied by MTS assay.
Initially, Doxo was tested at different concentrations ranging from 1 to 10 μM to evaluate the
effect on cell viability, based on previous data obtained (data not shown). The cell-viability
graph showed a cell-viability reduction in a dose-dependent manner. A total of 1 μM Doxo
treatment on Cal-27 cell line showed a cell-viability percentage of 80% after 24 h, while
5 μM to 10 μM treatment exerted a cell-viability percentage of less than 50% (Figure 1A).
Then, we extrapolated the IC50 for Doxo using Graph Pad Prism result and obtained the
value of 2.5 μM as the IC50 value (Figure 1B). Hence, Doxo at 2.5 μM was used for further
investigations. To evaluate the effects of Doxo at 2.5 μM, MTT assay was performed at
24, 48 and 72 h on Cal-27 cells. Cell viability was reduced at all considered endpoints, as
reported in Figure 1C.
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Figure 1. (A) Cell viability on Cal-27 cells treated with Doxo at 1, 2.5, 5 and 10 μM for 24 h. Cell
viability was assessed using MTS assay and normalized to control cells treated with DMSO (0.2% as
final concentration). ** p < 0.01; * p < 0.05. (B) the IC50 value graph for Doxo. (C) MTT assay reported
the Doxo treatment on Cal-27 cells at 24, 48 and 72 h. * p < 0.05.

2.2. Expression Level of c-Myc, c-Jun, Bcl-2, HIF-1α, VEGF, MMP-9, ERK 1/2 and pERK 1/2 in
Doxo-Treated Cells

Immunofluorescence results evidenced that c-Myc, c-Jun, Bcl-2, HIF-1α, VEGF, MMP-9,
ERK 1/2 and pERK1/2 proteins were expressed significantly in Cal-27 untreated cells. On
the contrary, Cal-27 cancer cells treated with 2.5 μM Doxo showed a marked reduction of
these proteins compared to the untreated cells (Figures 2–5). These results were confirmed
by Western blot analysis, in which the expression of c-Myc, c-Jun, Bcl-2, HIF-1α, VEGF,
MMP-9, ERK 1/2 and pERK 1/2 were significantly reduced in Doxo-treated cells compared
to the untreated cells (Figure 6). To evaluate the Doxo treatment on apoptosis-related
markers, Western blotting analysis was performed on Cal-27 cells to evaluate the expression
of caspase-3, caspase-9 and Bax. Caspase-3, caspase-9 and Bax showed a down-expression
in Cal-27 Doxo-treated cells when compared to the CTRL group, as demonstrated by
protein-specific bands (Figure 7A) and these results were confirmed by densitometric
analyses (Figure 7B1–B3).
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Figure 2. Confocal microscopic analysis on the expression of c-Myc and c-Jun in Cal-27 cell
lines. Expression of c-Myc and c-Jun analyzed by confocal microscopy in untreated cells (CTRL)
(A1–A4,C1–C4); expression of c-Myc and c-Jun expression in Cal-27 treated with Doxo 2.5 μM
(B1–B4,D1–D4). Red fluorescence: cytoskeleton actin. Green fluorescence: c-Myc and c-Jun. Blue
fluorescence: cell nuclei. Scale bar: 20 μm.
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Figure 3. Confocal microscopic analysis on the expression of Bcl-2 and HIF-1α in Cal-27 cell
lines. Expression of Bcl-2 and HIF-1α analyzed by confocal microscopy in untreated cells (CTRL)
(A1–A4,C1–C4); expression of Bcl-2 and HIF-1α expression in Cal-27 treated with Doxo 2.5 μM
(B1–B4,D1–D4). Red fluorescence: cytoskeleton actin. Green fluorescence: Bcl-2 and HIF-1α. Blue
fluorescence: cell nuclei. Scale bar: 20 μm.
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Figure 4. Confocal microscopic analysis on the expression of VEGF and MMP-9 in Cal-27 cell
lines. Expression of VEGF and MMP-9 analyzed by confocal microscopy in untreated cells (CTRL)
(A1–A4,C1–C4); expression of VEGF and MMP-9 analyzed by confocal microscopy in Cal-27 treated
with Doxo 2.5 μM (B1–B4,D1–D4). Red fluorescence: cytoskeleton actin. Green fluorescence: VEGF,
MMP-9, ERK 1/2 and pERK 1/2. Blue fluorescence: cell nuclei. Scale bar: 20 μm.
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Figure 5. Confocal microscopic analysis on the expression of ERK 1/2 and pERK 1/2 in Cal-27cell
lines. Expression of ERK 1/2 and pERK 1/2 analyzed by confocal microscopy in untreated cells
(CTRL) (A1–A4,C1–C4); expression of ERK 1/2 and pERK 1/2 analyzed by confocal microscopy
in Cal-27 treated with Doxo 2.5 μM (B1–B4,D1–D4). Red fluorescence: cytoskeleton actin. Green
fluorescence: ERK 1/2 and pERK 1/2. Blue fluorescence: cell nuclei. Scale bar: 20 μm.
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Figure 6. Western blotting analysis. (A) c-Myc, c-Jun, Bcl-2, HIF-1α, VEGF, MMP-9, ERK 1/2 and
pERK1/2 proteins expression in Cal-27 cell line untreated and treated with 2.5 μM Doxo. Each
membrane was probed with β-actin antibody to verify loading consistency. Western blot data
shown are the representative data from three different experiments. (B1–B8) Histograms represent
densitometric measurements of protein bands expressed as integrated optical intensity (IOI) mean of
three separate experiments. The error bars show standard deviation (±SD). Densitometric values
analyzed by t-test (unpaired t-test) return significant differences. *** p < 0.001, ** p < 0.01.
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Figure 7. Western blotting analysis of apoptosis related markers. (A) Caspase-3, caspase-9 and Bax
proteins expression in Cal-27 cell line untreated and treated with 2.5 μM Doxo. Each membrane
was probed with β-actin antibody to verify loading consistency. Western blot data shown are the
representative data from three different experiments. (B1–B3) Histograms represent densitometric
measurements of proteins bands expressed as integrated optical intensity (IOI) mean of three separate
experiments. The error bars show standard deviation (± SD). Densitometric values analyzed by t-test
(unpaired t-test) return significant differences. *** p < 0.001, * p < 0.05.

3. Discussion

Tumor is a heterogeneous illness with complex molecular changes that consist of
genetic and epigenetic alterations. OSCC is the eighth-most common oral malignancy,
constituting 90% of all oral malignancies [12]. The main aspects of tumor biology are
proliferation, apoptosis and differentiation.

Although Doxo is not considered the gold standard for chemotherapy in OSCC,
some studies have been reported the use of Doxo for noninvasive diagnostic imaging and
therapeutical application using multifunctional nanotechnology to increase the intracellular
uptake [13,14]. In tumor advancement, proto-oncogenes such as c-Myc and Bcl-2 are
considered as genes that regulate cellular proliferation and apoptosis [15].

C-MYC gene is involved in the initiation of cyclin-dependent kinases which promote
transcription followed by cellular proliferation.

Chen et al. reported that the c-Myc inhibitor 10058-F4 could work synergistically
with Doxo treatment to inhibit the proliferation of drug-resistant cells and promote their
apoptosis in triple-negative breast cancer (TNBC) [16]. Doxo treatment is also related to the
epithelial-to-mesenchymal transition (EMT) repression through targeting c-Myc in in vitro
study in lung cancer [17]. EMT is a biological process through which epithelial cells are
transformed into mesenchymal-phenotype and plays a pivotal role in regulating tumor
pathogenesis [18].

Gonzalez-Gonzalez et al. reported the molecular mechanism that targets the EMT
process in the HNSCC [19]. During EMT, the alteration of epithelium-specific adhesion
proteins and the induction of mesenchymal proteins such as matrix metalloproteinases
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(MMPs) was occurred. In tumor progression, the extracellular matrix (ECM) destruction
and hypoxia are the main studied processes. In HNSCC MMP-9 plays an important role
during tumor invasion [20], as well as the participation of ERK-1/2 and PI3K signaling
pathways [21]. Several genes were reported in the promotion of carcinogenesis of HNSCC
as c-Myc and cyclin D1 [22]. On the other hand, in OSCC, tumor progression and metastasis
are also sustained by the presence of hypoxia-inducible factor (HIF) and related genes
induced by hypoxia, such as VEGF, interleukin 1A (IL-1A), endothelin 1, platelet-derived
growth factor B (PDGFB) and erythropoietin (EPO) [23].

BCL2 gene was first discovered in follicular B-cell lymphoma, which is connected to the
immunoglobulin heavy-chain locus at the breakpoints of t(14;18) translocation. The effect
of this translocation is the induction of Bcl-2 protein transcription. Bcl-2 protein preserves
membrane integrity of mitochondria and was found to inhibit cell death [24]. C-MYC
and BCL2 oncogenes evidence parallel outcomes in cancer development. Previous studies
documented the synergistic mechanism of Bcl-2 and c-Myc in the abrogation of apoptosis
and facilitating abnormal proliferation of the cell. The role of these genes is still unspecified
in the progression, aggressiveness and prognosis in OSCC. The role of C-MYC in regulating
the proliferation of OSCC cells is not well-identified [25]. The antiapoptotic Bcl-2 protein
is overexpressed in cancer cells, as demonstrated in the Intrahepatic cholangiocarcinoma
(iCCA) model, in which the increase expression of BCL-2 and c-FLIP is associated with the
reduction in apoptosis due to the lack of activation of the caspase cascade [26]. Our results
showed an overexpression of Bcl-2, caspase-3, caspase-9 and Bax in untreated Cal-27 cells,
while Doxo treatment showed a reduction in all considered proteins.

Emerging studies suggest that c-Myc and HIF also collaborate to induce cancer cell
growth and progression [27]. C-Myc signaling plays a key part in controlling cancer-cell
metabolism and vasculogenesis. The Myc oncoprotein is a master regulator of transcrip-
tion that activates or represses gene expression to coordinate diverse cellular processes,
including cellular differentiation, apoptosis and angiogenesis [28]. C-Myc and HIFs also
cooperate to promote tumor angiogenesis and metastasis. Under hypoxic conditions, HIF-
1α can stimulate the expression of various proangiogenic factors, including VEGF and
matrix metalloproteinases (MMP-2 and MMP-9). Based on the literature, oncogenic c-Myc
cooperates with HIF-1α to trigger VEGF production and release [29,30].

Our results showed the down-expression of c-Myc and HIF-1α after Doxo treatment in
Cal-27 cells. It is also possible that the Myc-HIF link further interplays with other oncogenic
pathways such as ERK/MAPK, Akt/mTOR and Notch signaling to alter cell metabolism,
cell cycle, ribosome biogenesis and genomic stability in tumorigenesis.

High levels of c-Jun are found in multiple types of cancer [31], and c-Jun overexpres-
sion might lead to an overexpression of c-Myc, since in other types of tumors it has been
shown that c-Jun controls the exposure of c-Myc binding directly to its promoter, and that
induces an overexpression of c-Jun accelerating the c-Myc promoter activity [32]. Based
on this knowledge, the c-Myc expression in a cellular model of squamous cell carcinoma,
Cal-27, was investigated. The activity of the Raf/MEK/ERK signaling pathway plays an
important role in the processes of proliferation, survival and metastasis in several types
of cancers, in which ERK 1/2 are activated through phosphorylation by MAPK/ERK ki-
nases, which are activated through phosphorylation by the upstream serine/threonine Raf
protein kinases [33]. The KRAS mutant activates the Raf/MEK/ERK signaling pathway
to upregulate c-Myc. In many types of cancer it has been shown that ERK is involved in
the increase in c-Myc expression associated with development, growth and invasion [34].
Furthermore, the EGF receptor also activates the PI3K pathway, which is always correlated
with c-Myc to stimulate the proliferation of tumor cells [35].

In the present study, we focused our attention on the biological roles and regulatory
mechanism of c-Myc in OSCC. Obtained data showed that that c-Myc, c-Jun, Bcl-2, HIF-1α,
VEGF, MMP-9, ERK 1/2 and pERK 1/2 were overexpressed in a cellular model of OSCC,
Cal-27, as reported by confocal microscopy observations and protein-expression analysis.

254



Pharmaceuticals 2022, 15, 890

All these proteins are associated with cell invasion, hypoxia, angiogenesis, migration
and inflammation. On the other hand, Cal-27 cells treated with Doxo, at a concentration of
2.5 μM (IC50 value obtained), showed a down-expression of the above-mentioned proteins.

The current study explores one of the molecular mechanisms targeting oral squa-
mous cell carcinoma cells. Novel ideas are provided by an in-depth exploration of its
signal pathways for treating OSCC from the molecular level. In conclusion, the functional
relevance of c-Myc in OSCC and in the Myc-HIF collaboration by integrating the knowl-
edge on this molecular link in the OSCC tumor microenvironment was investigated. The
outcomes achieved showed for the first time the pivotal role of c-Myc in Cal-27 in cell
survival/proliferation and cancer development as well as the inhibitory consequence of
Doxo in downregulating the signaling pathways stimulated by c-Myc. These data suggest
a possible route for the control of OSCC, even if further insights into the understanding of
the Myc-HIF interplay are necessary for developing novel targeted therapeutics.

4. Materials and Methods

4.1. Reference Compound

Doxorubicin hydrochloride (98.0–102.0% purity as assessed by HPLC) was purchased
from Sigma-Aldrich (Milan, Italy).

4.2. Cell-Culture Establishment

Cal-27 cells (ATCC, Manassas, Virginia, VA, USA) were maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (Euroclone,
Milan, Italy). Cultures were incubated at 37 ◦C in a humidified atmosphere of 5% CO2 in
air and subcultured when they were 80% confluent.

4.3. Experimental Study Design

All experiments were performed in triplicate. The study was designed as follows:

(i) Untreated Cal-27, used as negative control (CTRL);
(ii) Cal-27 treated with Doxo (2.5 μM) for 24 h.

4.4. Cell-Viability Assay

The Cal-27 cancer cells were seeded at the cell density of 15,000/well in a 96-well
tissue culture plate. The cell viability was evaluated through the 3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-phenyl)-2H-tetrazolium (MTS) assay (CellTiter
96® Aqueous One Solution Cell Proliferation Assay, Promega, Madison, WI, USA). After
24 h of treatment with Doxo at 1, 2.5, 5 and 10μM concentration, 20 μL/well of MTS dye
solution was added to culture medium, and cells were incubated for 3 h at 37 ◦C [36].
The amount of formazan product is directly proportional to the number of living cells in
culture and it was detected by absorbance measurements at 490 nm wavelength utilizing
the Synergy™ HT Multi-detection microplate reader (Biotech, Winooski, VT, USA). The
MTS assay was executed in three independent experiments. To evaluate the Doxo effects at
2.5 μM concentration on Cal-27 cells3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium
bromide (MTT) assay was used with a previously reported methodology [37].

4.5. Confocal Microscopy (CLSM)

The Cal-27 cells were seeded at 40,000/well on 8-well culture glass slides (Corning,
Glendale, AZ, USA) treated with Doxo at 2.5 μM for 24 h. Then, the samples were fixed for
1 h with 4% paraformaldehyde in 0.1 M PBS (pH 7.4) (Lonza, Basel, Switzerland) at room
temperature. After washing, cell samples were processed for the immunofluorescence
staining as previously described [38]. Successively, the cells were permeabilized with
0.5% Triton X-100 in PBS (Lonza) for 10 min and blocked with 5% skimmed milk in PBS
for 1 h. Then, the cells were incubated with the primary antibodies for 2 h at room
temperature. The following primary antibodies were used in this experiment: anti-c-Myc
(1:200) (sc-293072, Santa Cruz Biotechnology, Dallas, TX, USA), anti-c-Jun (1:200) (sc-8008,
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Santa Cruz Biotechnology), anti-Bcl-2 (1:200) (sc-134306, Santa Cruz Biotechnology), anti-
HIF-1α (1:200) (sc-53546, Santa Cruz Biotechnology), anti-VEGF (1:200) (sc-57496, Santa
Cruz Biotechnology), anti-MMP-9 (1:200) (sc-21733, Santa Cruz Biotechnology), anti-ERK
1/2 (1:200) (sc 514302, Santa Cruz Biotechnology) and anti-pERK 1/2 (1:200) (sc-81492,
Santa Cruz Biotechnology). Next, samples were incubated with Alexa Fluor 488 green
fluorescent conjugated goat antirabbit secondary antibody (1:200) (A32731, Molecular
Probes, Invitrogen, Eugene, OR, USA) or Alexa Fluor 488 green fluorescent conjugated goat
antimouse secondary antibody (1: 200) (A32723, Invitrogen, Eugene, OR, USA) for 1 h at
37 ◦C. To stain the cytoskeleton actin, cells were treated with Alexa Fluor 568 phalloidin
red conjugate (1:200) (A12380, Invitrogen, Eugene, OR, USA) for 1 h, and to stain the
nuclei, cells were stained with TOPRO (1:200) (T3605, Invitrogen, Eugene, OR, USA)
for 1 h. The Zeiss LSM800 confocal system (Carl Zeiss, Jena, Germany) was used to
acquire microphotographs.

4.6. Western Blot

The cell lysates (50 μg) underwent electrophoresis and transferred to the polyvinyli-
denfluoride (PVDF) membrane. Successively, they were blocked in 5% of non-fat milk in
PBS + 0.1% Tween-20. Then, the blotted membranes were incubated overnight at 4 ◦C
with primary antibodies of anti-c-Myc (1:500) (sc-40, Santa Cruz Biotechnology, Dallas,
TX, USA), anti-c-Jun (1:500) (397500, Life Technologies), anti-Bcl-2 (1:500) (sc-7382, Santa
Cruz Biotechnology), anti-HIF-1α (1:500) (sc-53546, Santa Cruz Biotechnology), anti-VEGF
(1:500) (sc-57496, Santa Cruz Biotechnology), anti-MMP-9 (1:500) (sc-21733, Santa Cruz
Biotechnology), anti-ERK 1/2 (1:500) (sc-514302, Santa Cruz Biotechnology), anti-pERK1/2
(1:500) (sc-81492, Santa Cruz Biotechnology), anti-caspase-3 (1:500) (sc-56052, Santa Cruz
Biotechnology), anti-caspase-9 (1:500) (sc-56076, Santa Cruz Biotechnology) and anti-Bax
(1:500) (sc-493, Santa Cruz Biotechnology). β-actin was used as a loading control (1:750,
Santa Cruz Biotechnology). After five washings in PBS containing 0.1% Tween-20, mem-
branes were incubated for 1 h at room temperature with peroxidase-conjugated antimouse
secondary antibody (A90-116P Goat antimouse; 1:5000 dilution in 2.5% milk made by 1X
PBS and 0.1% Tween-20). Protein expression was visualized using the enhanced chemi-
luminescence detection method (ECL) (Amersham Pharmacia Biotech, Milan, Italy) with
photo documenter Alliance 2.7 (Uvitec, Cambridge, UK). Signals were analyzed by ECL
enhancing and evaluated through UVIband-1D gel analysis (Uvitec, Cambridge, UK). Data
were normalized with densitometric values derived from β-actin, the loading control.

4.7. Statistical Analysis

Statistical significance was analyzed with GraphPad Prism 5 (GraphPad, San Diego,
CA, USA) software using t-test. Values of p < 0.05 were considered statistically significant.

5. Conclusions

The present work reported the regulatory role of c-Myc in cell survival/proliferation
and cancer progression in Cal-27 cells. Moreover, our results showed that Doxo treatment
downregulated the activation of the c-Myc signaling pathway.
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Abstract: The antiproliferative effects played by benzothiazoles in different cancers have aroused the
interest for these molecules as promising antitumor agents. In this work, a library of phenylacetamide
derivatives containing the benzothiazole nucleus was synthesized and compounds were tested for
their antiproliferative activity in paraganglioma and pancreatic cancer cell lines. The novel synthe-
sized compounds induced a marked viability reduction at low micromolar concentrations both in
paraganglioma and pancreatic cancer cells. Derivative 4l showed a greater antiproliferative effect and
higher selectivity index against cancer cells, as compared to other compounds. Notably, combinations
of derivative 4l with gemcitabine at low concentrations induced enhanced and synergistic effects
on pancreatic cancer cell viability, thus supporting the relevance of compound 4l in the perspective
of clinical translation. A target prediction analysis was also carried out on 4l by using multiple
computational tools, identifying cannabinoid receptors and sentrin-specific proteases as putative
targets contributing to the observed antiproliferative activity.

Keywords: benzothiazole; antiproliferative; pancreatic cancer; paraganglioma; gemcitabine
combination; target prediction

1. Introduction

Heterocycles represent precious scaffolds in natural and synthetic molecules, endowed
with a great variety of biological activities. Benzothiazoles are members of the bicyclic
heteroaromatic family, and they are widely used in medicinal chemistry as the scaffolds of
several drugs, including antimicrobial, anti-inflammatory, anticonvulsant, neuroprotective
and many others [1,2]. The easy functionalization of the aromatic ring of benzothiazole
and the 2-amino or 2-mercapto substituents, which are frequently used as building blocks,
makes them attractive and reactive components that are useful in organic and medicinal
chemistry programs [3,4]. The development of benzothiazole-based drugs has led to
a number of derivatives currently marketed to treat different pathologies, such as the
neuroprotective agent riluzole, the diuretic ethoxzolamide, the antidiabetic zopolrestat, the
immunosuppressant frentizole, or the diagnostic tool thioflavin T (Figure 1A).
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Figure 1. (A) Selected marketed drugs containing the benzothiazole nucleus; (B) Chemical structures
of some benzothiazole derivatives endowed with strong antiproliferative effects in cancer cell models.

The potent antiproliferative effects exerted by benzothiazoles in different cancer models
has elicited interest in these molecules as promising antitumor agents (Figure 1B) [5,6]. Con-
sidering that 2-phenylbenzothiazoles have been recognized as highly potent cytotoxic com-
pounds, several derivatives were identified and tested in different cancer cell lines. In partic-
ular, the chemical manipulation of the lead compound DF203 [7], a 2-phenylbenzothiazole
derivative, led to the development of the clinic candidate prodrug Phortress [8]. More re-
cently, the derivative BLZ945, acting as a CSF-1R kinase inhibitor [9,10], has been identified,
and it is currently under evaluation as single agent and in combination with spartalizumab
for the treatment of advanced solid tumors in adults (ClinicalTrials.gov, NCT02829723) [11].
The 2-ureidobenzothiazole derivative KST016366 has been reported as a potent multikinase
inhibitor, displaying a broad-spectrum antiproliferative activity against a wide panel of
cancer cell lines [12].

In previous studies, our research group synthesized 2-mercaptobenzothiazole derivatives
as Peroxisome Proliferator-Activated Receptor Alpha (PPARα) antagonists [13] (Figure 2).
These compounds were able to antagonize PPARα at low micromolar concentrations, and
displayed also interesting antiproliferative effects when tested in paraganglioma, glioblas-
toma, colorectal and pancreatic cancer cell models [14,15]. Interestingly, the benzothiazole
derivative 2b showed a marked cytotoxic effect, mainly in paraganglioma cells, with a
dose-dependent inhibition profile and a potency comparable to that of the commercially
available PPARα antagonist GW6471 [16,17]. However, it cannot be excluded that other
mechanisms of action, or molecular targets, in addition to PPARα inhibition, may emerge
for explaining the antiproliferative activity of this compound.
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Figure 2. Cytotoxic 2-mercaptobenzothiazole derivatives containing sulfonimide or amide groups,
and novel derivatives 4a–p synthesized in this study.

To further explore the potential of this class of molecules as antiproliferative agents, we
synthetized novel derivatives of the lead compound 2b by keeping unaltered the benzothia-
zole scaffold and the amide functional group, and by introducing substituents on the distal
aromatic ring. In particular, substituents with different electronic properties and steric
hindrance were selected to obtain a series of para-substituted (4a–f), meta-substituted (4g–l)
and disubstituted analogs that bear electron-withdrawing substituents (4m–p). These mod-
ifications were performed to test how this molecular portion could modulate the cytotoxic
activity in different cancer cell lines.

In this regard, the synthesized compounds 4a–p were tested for their antiproliferative
activity in three distinct pancreatic cancer cell lines (AsPC-1, Capan-2, BxPC-3) and two
paraganglioma cell lines (PTJ64i, PTJ86i) that have been established by Prof. Cama’s
research group at the University of Chieti [17]. Compounds of the series that consistently
affected cell viability across the tested cancer cell lines more potently than the lead compound
2b were further analyzed against normal HFF-1 fibroblast cells, to evaluate their toxicity.
In the perspective of clinical translation, we also tested whether the most potent and less
toxic derivatives could be usefully combined with already approved drugs by analyzing
the effects of combined treatments on cancer and normal cell viability.

A target prediction study was also performed to shed light on the putative mechanisms
of action contributing to the antiproliferative effects of novel compounds.

2. Results and Discussion

2.1. Chemistry

The synthesis of the planned compounds 4a–p was carried out as depicted in Scheme 1.
Briefly, the commercially available ethyl mandelate was treated with mesyl chloride
and triethylamine in THF at 0 ◦C. The resulting mesylate 1 was reacted with 5-chloro-
2-mercaptobenzothiazole and triethylamine in THF at 50 ◦C for 24 h; the ester 2 was
hydrolyzed in a basic medium to afford acid 3. The direct coupling of 3 with the proper
amines HOBt, DCC, and N-methylmorpholine in DMF led to the amides 4a–p. Crude
products were purified by column chromatography or crystallization, obtaining desired
amides in good purity and discrete yields.
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Scheme 1. Synthetic route to final compounds 4a–p. Reagents and conditions: (a) mesyl chloride,
TEA, THF, 0 ◦C-r.t.; (b) 5-chloro-2-mercaptobenzothiazole, TEA, THF, 0◦-r.t.−50 ◦C; (c) NaOH 2N,
THF, r.t.; (d) substituted aniline, DCC, HOBt, NMM, DMF, 0 ◦C-r.t.

Final compounds, including para-substituted 4a–f, meta-substituted 4g–l and a group
of m–p disubstituted analogues 4m–p bearing electron-withdrawing substituents, are
reported in Table 1. For each compound, the method of purification, the yield, and the
melting point are also specified.

Table 1. Final compounds 4a–p synthesized in this study.

Cpd R Purification Conditions Yield % m.p.

4a p-OCH3 Silica gel, eluent chloroform 58 190 ◦C (dec)

4b p-Cl Silica gel, eluent chloroform 63 178–180 ◦C

4c p-F Silica gel, eluent dichloromethane 52 168–170 ◦C

4d p-CF3 Silica gel, eluent dichloromethane 47 183–185 ◦C

4e p-NO2 Silica gel, eluent dichloromethane 43 191–193 ◦C

4f p-NHCOCH3 Crystallization from ethyl acetate/methanol 59 243 ◦C (dec)

4g m-OCH3 Silica gel, eluent cyclohexane/ethyl acetate 7:1 44 160–162 ◦C

4h m-Cl Silica gel, eluent dichloromethane 76 175–177 ◦C

4i m-F Silica gel, eluent dichloromethane 51 151–153 ◦C

4j m-CF3 Silica gel, eluent cyclohexane/diethyl ether 4:1 45 155–157 ◦C

4k m-NO2 Silica gel, eluent dichloromethane 48 193–195 ◦C

4l m-NHCOCH3 Crystallization from chloroform 41 197–199 ◦C

4m 3,4-diCl Silica gel, eluent dichloromethane 44 203–204 ◦C

4n 2-Br, 5-NO2 Crystallization from cyclohexane/methanol 48 176–178 ◦C

4o 2-Br, 4-CF3 Crystallization from petroleum ether/methanol 51 179–180 ◦C

4p 2-Br, 5-CF3 Crystallization from petroleum ether 46 157–159 ◦C

2.2. Antiproliferative Activity

We analyzed by MTT assays the effects of synthesized compounds 4a–p on the viability
of three pancreatic cancer cell lines (AsPC-1, Capan-2, BxPC-3) and two paraganglioma cell
models (PTJ64i, PTJ86i), based on relevant antiproliferative effects previously shown by the
lead compound 2b in the same cells [16].

Compounds 4a–p were submitted to a preliminary MTT assay at a one-point screening
concentration of 75 μM for 72 h, including 2b as a reference compound (Figure 3). Overall,
the majority of the tested compounds affected cancer cell viability, with a potency compara-
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ble, or superior to, 2b with the exception of 4g (m-methoxy) and the 2-bromo-substituted
derivatives 4n (2-Br, 5-NO2), 4o (2-Br, 4-CF3), and 4p (2-Br, 5-CF3). The presence of the
electron-donating methoxy group decreased the activity of 2b, in both the para and meta
positions. Conversely, the introduction of electron-withdrawing substituents, such as
halogens, nitro, trifluoromethyl and acetylamino groups, improved the antiproliferative
activity of the lead compound 2b, and this effect was observed for meta and para positions,
including the m,p-dichloro derivative 4m. This general trend was observed for 4a–p in
all the selected cancer cell lines. Starting from these data, we selected nine compounds
displaying a greater antiproliferative activity than 2b to perform concentration–response
curves. Specifically, these compounds, namely 4d, 4e, 4f, 4h, 4i, 4j, 4k, 4l, and 4m, were
tested at concentrations of 3, 6, 12 and 24 μM for 72 h. In addition, the nine compounds,
together with 2b, were tested against human fibroblasts HFF-1, in order to evaluate their
selectivity against tumor cells, as compared to normal cells. Effects on cancer or normal cell
viability were extrapolated from concentration–response curves and are expressed as IC50
values in Table 2.

Figure 3. Screening of the effects of novel derivatives (4a–p) on the viability of pancreatic (AsPC-1,
BxPC-3, and Capan-2) and paraganglioma (PTJ64i and PTJ86i) cancer cell lines. The lead compound
2b was included as a reference and the histograms show the relative decrease of cancer cell viability
observed after treatments, as compared to 2b. Cell viability was assessed by an MTT assay using
compounds at 75 μM for 72 h. Data shown are the means ± SD of duplicate experiments with
quintuplicate determinations and are calculated as ratios relative to the reference compound 2b

(dashed line).

Notably, the compounds 4k and 4l displayed the greatest and most consistent selec-
tivity index (SI) values across the tested cancer cell lines (Table 3 and Table S1), which
supported their potential as effective and safe anticancer agents in pancreatic cancer and
paraganglioma treatment.

Considering that gemcitabine is one of the first-line therapies in pancreatic cancer, to
deepen the potential clinical relevance of compounds 4k and 4l we further analyzed the
effects of the combinations between each of them and gemcitabine on pancreatic cancer cell
line viability (Figure 4 and Figure S1, and Table 4).
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Table 2. IC50 values of 2b and its nine most active derivatives on cancer and normal cell lines.

IC50 (μM)

Pancreatic Cancer Paraganglioma Normal Cells

AsPC-1 BxPC-3 Capan-2 PTJ64i PTJ86i HFF-1

2b 12.44 14.99 19.65 8.49 16.70 21.37
4d 7.66 3.99 8.97 6.79 12.39 9.23
4e 12.77 10.69 14.11 9.81 18.87 16.69
4f 10.04 18.85 20.10 12.34 12.82 6.54
4h 12.16 11.99 17.67 7.27 16.58 11.55
4i 14.80 18.60 28.50 8.60 11.70 15.00
4j 9.53 13.96 24.18 11.20 17.46 18.10
4k 10.08 11.92 16.87 7.47 13.51 23.33
4l 14.78 13.67 33.76 10.13 19.88 67.07

4m 8.49 9.81 13.33 7.84 19.92 10.32
Note: IC50 values for 2b in paraganglioma cells were previously published [17].

Table 3. Selectivity index values for compounds 4k and 4l.

Selectivity Index (SI) Values

Pancreatic Cancer Paraganglioma

AsPC-1 BxPC-3 Capan-2 PTJ64i PTJ86i

4k 2.31 1.96 1.38 3.12 1.73
4l 4.54 4.91 1.99 6.62 3.37

Figure 4. Effect of combined treatments with compound 4l and gemcitabine on the viability of
pancreatic cancer and normal fibroblast cells. Cell viability was assessed by MTT assays after a
72 h incubation of cells with 4l and gemcitabine at the indicated concentrations, as single agents
or in combination. Histograms represent the means ± SD of two independent experiments with
quintuplicate determinations. Combination indexes (CIs) were calculated by CompuSyn software.
Combinations assessed as synergistic by CIs < 1 are indicated.
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Table 4. Percentage of cell viability inhibition after compound 4l and gemcitabine treatments in PC
and normal fibroblast cell lines.

Inhibition Rate of Cell Viability, %

Pancreatic Cancer Normal Cells

AsPC-1 BxPC-3 Capan-2 HFF-1

4l–0.5 μM 13.40 6.00 9.34 0.00
4l–5 μM 18.87 9.54 30.25 1.00
4l–50 μM 42.97 70.50 43.30 17.69
GEM—0.1 μM 54.21 65.02 26.87 27.39
GEM—1 μM 63.25 64.65 27.22 25.43
GEM—10 μM 64.63 62.50 38.65 26.27
4l (0.5 μM) + GEM (0.1 μM) 62.85 65.98 47.66 36.69
4l (5 μM) + GEM (1 μM) 61.70 64.01 25.40 28.16
4l (50 μM) + GEM (10 μM) 54.27 64.09 27.79 25.19

Remarkably, the combination between the lowest concentrations of gemcitabine and
4l (0.1 and 0.5 μM, respectively) decreased pancreatic cancer cell viability in a more marked
and synergistic manner (CIs < 1) across the three pancreatic cancer cell lines, as compared to
combinations with higher concentrations of the two agents (Figure 4 and Table 4). Notably,
the combination with the lowest concentrations of the two compounds appeared safer in
normal fibroblast HFF-1 cells, as compared with the pancreatic cancer cell lines (inhibition
rate 37% in HFF-1, as compared with 63% in AsPC-1, 66% in BxPC-3 and 48% in Capan-2),
supporting the relevance of compound 4l in the perspective of clinical translation (Table 4).

2.3. Target Prediction Studies

In principle, there could be multiple putative molecular targets for explaining the
cytotoxic activity of derivatives 4a–p, and their identification may contribute to a more
comprehensive understanding of their bioactivity. Since the high-throughput in vivo target
profiling of compounds to identify a potential binding protein for a specific molecule
could be expensive and time-consuming, an in silico target fishing study was applied to
identify novel proteins possibly involved in the network of molecular events underlying
the cytotoxic activity against the cancer cell lines. In silico target fishing (also known as
target prediction or target identification) is emerging as an efficient alternative to predict
the macromolecular target speedily [18]. A primary distinction divides these methods into
ligand-based, i.e., comparing the characteristics (fingerprints) of the query molecule with
those present in the databases, and structure-based, i.e., comparing the putative ligand
with the features of the target protein’s active site [19]. Various tools, freely accessible or
not, have been designed to this aim.

In the present work, all query molecules were analyzed using different web-based tools
including ligand-based methods such as SEA SEARCH, PLATO, PPB2, and SuperPred, and
structure-based tools such as PharmMapper (Table 5). The resulting targets were filtered,
selecting only those expressed in the human organism. Furthermore, as most tools retrieve
many possible targets, only the highest-ranked (more reliable) were selected and analyzed.
Results for the selected derivative 4l are shown in Table 6, and the prediction results for
other analogue compounds are very similar to those presented.

By analyzing the obtained results, to reduce the risk of false-positive prediction [30]
we focused on the target protein classes more frequently retrieved by multiple tools, namely
cannabinoid receptors (CBR1, CBR2, and G-protein coupled receptor 55—GPCR55—an
orphan GPCR binding cannabinoid), which were predicted by four over six programs,
as well as sentrin-specific proteases (SENP6, SENP7, SENP8), which were suggested by
three over six programs (Table 6). To further assess the significance of our prediction, the
potential role of these two targets in pancreatic cancer was explored by a literature research.
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Table 5. Description, database, and target ranking criterion of the used web tools. The URL of each
tool is indicated. All sites were accessed in 1 March 2022.

Web Tool Description Database Target ranking URL

SwissTargetPrediction
[20]

A combination of 2D and 3D
similarities with
known ligands

ChEMBL23 Similarity threshold
of compounds http://www.swisstargetprediction.ch

PLATO
[21–24]

Multifingerprint Similarity
Predictive Approach ChEMBL30

Similarity between query
molecule and known
target ligands using
different fingerprints

http://plato.uniba.it/

SEA Search
[25] Similarity searching ChEMBL27

E-value indicating the
reliability of
the prediction

https://sea.bkslab.org/

PPB2
[26]

Similarity searching
combined with Machine
Learning models

ChEMBL22 Score calculated by the
applied model http://ppb2.gdb.tools/

SuperPred
[27]

Similarity searching by
ECFP4 fingerprints ChEMBL29

Similarity between query
molecule and known
target ligands

https://prediction.charite.de/subpages/
target_prediction.php

ChemMapper
[28]

Pharmacophore/shape
superposition and statistical
background distribution

database of 300M drug-like
compounds (ChEMBL,
BindingDB, DrugBank,
KEGG, PDB)

Similarity between query
molecule and known
target ligands

http://www.lilab-ecust.cn\T1
\guilsinglrightchemmapper

PharmMapper
[29]

Reverse
Pharmacophore screening

TargetBank DrugBank,
BindingDB and PDTD.

Z-score based on fit score
(match feature types
and positions)

http://www.lilab-ecust.cn/pharmmapper/

Cannabinoid receptors belong to the Class A GPCR family and regulate several func-
tions, such as neurotransmission, immune and inflammatory responses [31]. It is worth
noting that the cannabinoid system is a well-known player in cancer biology [32]. The
overexpression of both CB1 and CB2 receptors on pancreatic cancer cells, as compared to a
very limited expression in healthy pancreatic cells, was revealed by a study in patients [33].
In addition, antagonists to these receptors seem to be extremely promising as antitumor
agents, since they are selective in interacting with pancreatic tumor cells, as compared to
healthy cells [34].

Sentrin-specific proteases, also known as SUMO-specific proteases, are cysteine pro-
teases responsible for the DeSUMOylation of target proteins, an essential post-translational
modification process [35]. To date, seven SENP isoforms have been identified, showing dif-
ferent localization and substrate preference [36]. Considering that SENPs regulate proteins
involved in DNA repair, cell cycle, and neovascularization, the deregulation (overexpres-
sion or downregulation) of SENP activity results in cellular dysfunction associated with the
development of different diseases, including prostate, thyroid, colon, lung, and pancreatic
cancer [37]. For instance, the upregulation of SENP3 is a prognostic marker of pancreatic
cancer according to the Cancer Genome Atlas (TCGA) [38]. For these reasons, in recent
years SENP proteases have emerged as potential targets for cancer therapy [39]; the high
sequence homology of members of human SENPs, along with the differences in substrate
specificity and subcellular localization might be an interesting way to discover selective
SENP inhibitors [40].
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Table 6. Predicted targets for compound 4l.

PLATO SwissTargetPrediction SEA PPB2 SuperPRED PharmMAPPER ChemMapper

Peroxisome
proliferator-
activated
receptor alpha

Dual specificity
mitogen-activated
protein kinase1

Potassium
voltage-gated
channel subfamily B
member 2

Arachidonate
5-lipoxygenase

Glutaminase kidney
isoform,
mitochondrial

Cbp/p300-
intE4:E27

Voltage-dependent
T-type calcium
channel
subunit alpha-1H

Cathepsin K
ATP-binding
cassette sub-family
G member 2

Neuronal calcium
sensor 1

Peroxisome
proliferator-
activated
receptor alpha

Casein kinase II
alpha/beta

Coagulation factor
XIII A chain

G-protein coupled
receptor 55

Cathepsin L
Voltage-gated
potassium channel
subunit Kv1.5

Ubiquitin
carboxyl-terminal
hydrolase BAP1

G-protein coupled
receptor 55

Muscarinic
acetylcholine
receptor M3

Cold shock
domain-containing
protein E1

Cannabinoid
receptor 2

Tyrosine-protein
kinase LCK Insulin receptor Survival motor

neuron protein
Cannabinoid CB1
receptor ADAM10

Short-chain specific
acyl-CoA
dehydrogenase,
mitochondrial

Cannabinoid
receptor 1

C-C chemokine
receptor type 3

Cannabinoid
receptor 1

Potassium channel
subfamily K
member 9

Cannabinoid
CB2 receptor

Aurora kinase
B/Inner
centromere protein

Homeobox
protein Hox-B13

DNA
dC->dU-editing
enzyme
APOBEC-3G

G-protein coupled
receptor 55

ALK tyrosine
kinase receptor

Cysteinyl
leukotriene
receptor 1

Vascular endothelial
growth factor
receptor 2

Caspase-8
Disheveled-
associated activator
of morphogenesis 1

Probable DNA
dC->dU-editing
enzyme
APOBEC-3A

Carboxy-terminal
domain RNA
polymerase II
polypeptide A small
phosphatase 1

Receptor
protein-tyrosine
kinase erbB-4

Glutamate receptor
ionotropic, kainate 1

Coagulation
factor X

DNA
topoisomerase I

Protection of
telomeres protein 1

E3 ubiquitin-protein
ligase Mdm2

11-beta-
hydroxysteroid
dehydrogenase 1

Peroxisome
proliferator-
activated
receptor alpha

6-phosphofructo-2-
kinase/fructose-2,6-
bisphosphatase 4

Sentrin-specific
protease 7 Galectin-3

Regulator of
G-protein
signaling 6

Eukaryotic
translation
initiation factor 4H

G-protein coupled
receptor 35

MAP kinase
p38 alpha

Sentrin-specific
protease 8

Epidermal growth
factor
receptor erbB1

Indoleamine
2,3-dioxygenase

Heterogeneous
nuclear
ribonucleoprotein R

Polyadenylate-
binding
protein 1

Sentrin-specific
protease 7

c-Jun N-terminal
kinase 2

Sentrin-specific
protease 7

Tyrosine-protein
kinase SRC

Sphingosine
kinase 1 Calpain-9 MCOLN3 protein

PI3-kinase
p110-alpha subunit

Cyclin-dependent
kinase 4

Probable G-protein
coupled
receptor 139

Beta-secretase 1 Adenosine A3
receptor

Glycogen
phosphorylase,
liver form

Estrogen receptor

Caspase-3
Serine/threonine-
protein
kinase AKT

Free fatty acid
receptor 2

Adenosine
A3 receptor

Integrin
alpha-V/beta-3

Transcription
initiation factor
TFIID subunit 13

Putative
hexokinase HKDC1

Cannabinoid CB2
receptor

Vascular endothelial
growth factor
receptor 2

Sentrin-specific
protease 6

Dopamine D2
receptor

DNA (cytosine-5)-
methyltransferase 1

Proto-oncogene
tyrosine-protein
kinase Fes/Fps

Hexokinase-1

C-C chemokine
receptor type 1

Ribosomal protein
S6 kinase alpha 3

Solute carrier family
22 member 6

Serine/threonine-
protein
kinase Aurora-A

Muscarinic
acetylcholine
receptor M5

Ig gamma-1 chain C
region
secreted form

Coagulation
factor XII

Sentrin-specific
protease 6

Phosphodiesterase
10A

Acyl-CoA
(8–3)-desaturase Vanilloid receptor Protein-tyrosine

phosphatase 2C
Cytochrome
P450 2E1

Glyceraldehyde-3-
phosphate
dehydrogenase

Sentrin-specific
protease 8 Pregnane X receptor Trypsin-3

Induced myeloid
leukemia cell
differentiation
protein Mcl-1

Muscarinic
acetylcholine
receptor M1

Threonine
dehydratase
biosynthetic

Induced myeloid
leukemia cell
differentiation
protein Mcl-1

1-acylglycerol-3-
phosphate
O-acyltransferase
beta

Cytochrome
P450 19A1

10 kDa heat shock
protein,
mitochondrial

Adenosine
A1 receptor

Glutathione
S-transferase Pi Heme oxygenase 1

Carboxy-terminal
domain RNA
polymerase II
polypeptide A small
phosphatase 1

MAP
kinase-activated
protein kinase 2

60 kDa heat shock
protein,
mitochondrial

Serine/threonine-
protein kinase
Aurora-B

Histone deacetylase 4 Eukaryotic
initiation factor 4A-I

Apoptotic
protease-activating
factor 1

Carnitine O-
palmitoyltransferase
1 liver isoform

Multidrug
resistance-
associated
protein 4

Calcium
sensing receptor Neprilysin 72 kDa type IV

collagenase
Tumor
necrosis factor
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2.4. Docking Studies

To further validate our predictions, docking calculations were carried out on two
representative target proteins. Ligands were flexibly docked in the binding site of the
Cannabinoid CB1 receptor (CBR1) using the crystallographic structure of CBR1 retrieved
by the Protein Data Bank (PDB: 6KPG) [41].

Docked poses in the CBR1 binding site are pretty well conserved among studied
compounds: Figure 5a reports the binding mode of compound 4l highlighting the optimal
fitting of the ligand in the CB1 binding pocket. The reported ligand establishes interactions
with Phe108, Val110, Leu111, Asn112, Phe170, Phe174, His178, Phe189, Val196, Thr197,
Ile267, Phe268, Leu359, Met363, Lys376, Phe379, Ala380, and Ser383 (Figure 5b). These
contacts are common to the other ligands as demonstrated by the interaction diagram
reported in the Supplementary Materials (Supplementary Figure S2).

Figure 5. Predicted binding pose of 4l in the catalytic site of CBR1 (PDB:6KPG). Panel (A) CBR1:
gray cartoon, binding cavity: gray surface. Panel (B) Residues that interact with 4l: gray lines. (A,B)
Compound 4l, magenta stick. (O, red; N, blue; S, yellow; Cl, green).

Since the crystallographic structure of SENP6 and SENP7 is not available, the chimeric
form of SENP2 containing the SENP6 characteristic loop 1 (similar to SENP7) was used
for the structure-based studies (PDB: 3ZO5) [42]. To explore the possible binding sites
of the protein, the Sitemap tool was used. Among the identified sites, the one that was
superimposable to the most studied SENPs was chosen for the grid generation. This
binding site possesses a characteristic form that is able to host all studied compounds. The
tridentate structure of the compounds fits well with the structure of the binding site. In
Figure 6a, the binding mode of 4l is shown by the surface representation of the protein,
while in Figure 6b, the residues that make contacts with the ligand are reported. In detail,
these residues are Leu401, Asn 423, Asn427, Val430, Lys434, Leu441, His442, Val443, Phe444,
Ser445, Thr464, Val467, and Gln472. The interaction diagram of all compounds and residues
is reported in Supplementary Figure S3.

Although the identified protein classes seem to be promising targets of our ben-
zothiazole derivatives, further in vitro and in vivo studies will be necessary to validate
our prediction.

Figure 6. Predicted binding pose of 4l in the catalytic site of the chimera SENP2-loop1 of SENP6
(PDB:3ZO5). (A) Chimera SENP2: gray surface. (B) Residues that interact with 4l: gray lines. (A,B)
Compound 4l, magenta stick. (O, red; N, blue; S, yellow; Cl, green).
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2.5. Physicochemical and Pharmacokinetic Properties Calculation

QikProp [43] calculations were carried out to predict the parameters affecting the
drug-likeness and bioavailability of the studied benzothiazoles (Table 7). The calculated
physicochemical and pharmacokinetic properties denote that the studied compounds
have a drug-like profile, presenting at most one violation of the rule of five due to their
lipophilicity (logPoct/water > 5). The predicted low solubility and possible HERG inhi-
bition represent limiting aspects that need further optimization. On the other hand, our
compounds present excellent oral absorption and remarkable cell permeability. Moreover,
some of the analyzed compounds show good CNS activity and a promising brain/blood
partition coefficient.

Table 7. Physicochemical and pharmacokinetic properties of the studied ligands.

ID MW accptHB donorHB QPlogPo/w
Rule

OfFive
PSA #Rotor

CIQP
logS

2b 410.935 4 1 6.005 1 41.544 5 −7.236

4d 478.934 4 1 6.986 1 41.011 5 −8.646

4e 455.933 5 1 5.283 1 85.806 6 −7.758

4f 467.987 6.5 2 4.932 0 85.243 6 −7.325

4h 445.38 4 1 6.535 1 38.018 5 −7.949

4i 428.926 4 1 6.201 1 42.618 5 −7.608

4j 478.934 4 1 6.949 1 45.48 5 −8.646

4k 455.933 5 1 5.082 1 87.682 6 −7.758

4l 467.987 6.5 2 5.289 1 86.742 6 −7.325

4m 479.825 4 1 6.96 1 37.855 5 −8.665

ID

Percent
Human

Oral
Absorption

QPPCaco QPPMDCK QPlogBB
QPlog
HERG

QPlogKhsa CNS #metab

2b 100 4797.201 10,000 0.264 −7.033 0.884 1 4

4d 100 5598.932 10,000 0.616 −6.735 1.136 2 3

4e 95.015 629.287 1753.816 −0.773 −6.819 0.818 −1 4

4f 100 675.963 1383.764 −0.86 −7.087 0.69 −1 3

4h 100 5564.24 10,000 0.509 −7.021 0.991 2 4

4i 100 4890.181 10,000 0.387 −6.754 0.916 1 4

4j 100 3372.682 10,000 0.324 −7.26 1.185 1 5

4k 90.944 433.678 857.42 −1.064 −7.137 0.81 −2 5

4l 100 896.897 2297.395 −0.712 −7.352 0.763 −1 5

4m 100 5649.57 10,000 0.654 −6.934 1.096 2 3

QPlogPo/w: Predicted octanol/water partition coefficient (−2.0–6.5); RuleOfFive: Number of violations of
Lipinski’s rule of five; PSA: Van der Waals surface area of polar nitrogen and oxygen atoms and carbonyl carbon
atoms (7–200); #rotor: Number of non-trivial (not CX3), non-hindered (not alkene, amide, small ring) rotatable
bonds. (0–15); CIQPlogS: Conformation Independent predicted aqueous solubility, log S. S in mol dm−3 is the
concentration of the solute in a saturated solution (−6.5–0.5); PercentHumanOralAbsorption: Predicted human
oral absorption on a 0 to 100% scale; QPPCaco: Predicted apparent Caco-2 cell permeability in nm/sec. Caco-2
cells are a model for the gut–blood barrier (<25 poor, >500 great); QPPMDCK: Predicted apparent MDCK cell
permeability in nm/sec. MDCK cells are considered to be a good mimic for the blood–brain barrier (<25 poor,
>500 great); QPlogBB: Predicted brain/blood partition coefficient (−3.0–1.2); QPlogHERG: Predicted IC50 value
for the blockage of HERG K+ channels (concern below −5); QPlogKhsa: Prediction of binding to human serum
albumin (−1.5–1.5); CNS: Predicted central nervous system activity on a −2 (inactive) to +2 (active) scale; #metab:
Number of likely metabolic reactions.
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3. Materials and Methods

3.1. Chemistry

Melting points were determined with a Buchi Melting Point B-450 and were uncor-
rected. NMR spectra were recorded on a Varian Mercury 300 spectrometer with 1H at
300.060 MHz and 13C at 75.475 MHz. Proton chemical shifts were referenced to the TMS
internal standard. Chemical shifts are reported in parts per million (ppm, δ units). Coupling
constants are reported in units of Hertz (Hz). Splitting patterns are designed as s, singlet;
d, doublet; t, triplet; q, quartet; dd, double doublet; m, multiplet; b, broad. Elemental
analyses were carried out on a PerkinElmer 240B micro-analyzer, obtaining results within
± 0.4 % of the theoretical values. The purity of all compounds was over 98%. All com-
mercial chemicals and solvents were reagent grade and were obtained from Merck; they
were used without further purification, unless otherwise specified. Chemical reactions
were monitored by thin layer chromatography on silica gel plates (60F-254, Sigma Aldrich,
Italy) and the analysis of the plates was carried out using a UV lamp 254/365 nm. Flash
chromatography was performed on silica gel 60 (Merck).

3.1.1. Synthesis of Ethyl 2-[(Methylsulfonyl)oxy]-2-phenylacetate 1

Triethylamine (834 μL, 6 mmol) was added to a solution of ethyl mandelate (162 mg,
1 mmol) in THF (8 mL) at 0 ◦C under stirring. Then methanesulfonyl chloride (232 μL,
3 mmol) was added dropwise, and the reaction was allowed to stir for two hours at room
temperature. A saturated solution of ammonium chloride was added to the mixture, that
was extracted with dichloromethane. Combined organic phases were washed with a satu-
rated sodium chloride solution, dried on sodium sulfate, and the solvent was evaporated
under reduced pressure. The crude material was purified by column chromatography
on silica gel, with petroleum ether/ethyl acetate 8:2 as eluent. White solid, 93% yield,
m.p. 60–61 ◦C; 1H NMR (CDCl3) δ 1.23 (t, 3H, J 7.2 Hz), 3.08 (s, 3H), 4.16–4.30 (m, 2H),
5.91 (s, 1H), 7.39–7.46 (m, 5H); 13C NMR (CDCl3) δ 13.9, 39.4, 62.3, 79.0, 127.7, 129.0, 129.9,
132.7, 167.7.

3.1.2. Synthesis of Ethyl 2-[(5-Chlorobenzo[d]thiazol-2-yl)thio]-2-phenylacetate 2

Triethylamine (278μL, 2 mmol) was added to a solution of 5-cloro-2-mercaptobenzothiazole
(202 mg, 1 mmol) in THF (10 mL) at 0 ◦C under stirring. After 30 min mesylate 1 (258 mg,
1 mmol) was added dropwise, and the temperature was allowed to reach room temperature.
The mixture was then heated at 50 ◦C and stirred for 48 h. After the removal of THF, the
resulting oil was dissolved in distilled water and extracted with dichloromethane. The
organic phase was washed with a saturated solution of sodium chloride, dried on sodium
sulfate, and evaporated under reduced pressure. The crude product was purified by
column chromatography on silica gel, with petroleum ether/ethyl acetate 8:1 as eluent.
Pale yellow solid, 87% yield; 1H NMR (CDCl3) δ 1.26 (t, 3H, J 6.9 Hz), 4.19 and 4.28 (dq, 2H,
J 6.9 Hz), 5.76 (s, 1H), 7.25–7.38 (m, 5H), 7.52 (dd, 1H, J 8.4, 1.8 Hz), 7.64 (d, 1H, J 8.4 Hz),
7.83 (d, 1H, J 1.8 Hz); 13C NMR (CDCl3) δ 14.3, 54.8, 62.5, 121.7, 121.9, 125.0, 128.7, 129.1,
129.2, 132.3, 133.9, 153.9, 167.0, 169.6.

3.1.3. Synthesis of 2-[(5-Chlorobenzo[d]thiazol-2-yl)thio]-2-phenylacetic Acid 3

NaOH 2N (4 mL, 8 mmol) was added to ester 2 (363 mg, 1 mmol) in THF (5 mL) and
the solution was stirred at room temperature overnight. THF was removed under reduced
pressure, and the aqueous phase was acidified by HCl 2N, obtaining a precipitate that was
collected by filtration under vacuum and recrystallized from cyclohexane. White crystals,
99% yield, m.p. 186–188 ◦C; 1H NMR (CD3OD) δ 5.79 (s, 1H), 7.31–7.41 (m, 5H), 7.54 (dd,
1H, J 8.4, 1.8 Hz), 7.81 (d, 1H, J 8.4 Hz), 7.84 (d, 1H, J 1.8 Hz); 13C NMR (CD3OD) δ 55.0,
120.9, 122.2, 124.8, 128.4, 128.7, 128.9, 132.2, 133.8, 135.0, 153.8, 167.9, 171.2.
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3.1.4. General Procedure for the Synthesis of Amides 4a–p

To a stirred solution of acid 3 (168 mg, 0.5 mmol) in DMF (5 mL) at 0 ◦C, N,N’-
dicyclohexylcarbodiimide (DCC, 103 mg, 0.5 mmol) and hydroxybenzotriazole (HOBt,
77 mg, 0.5 mmol) were added. After 15 min, N-methylmorpholine (NMM, 55 μL, 0.5 mmol)
and the selected amine (0.5 mmol) were added in sequence to the reaction mixture. The
resulting solution was then stirred at room temperature for 24 h, concentrated and the
residue was dissolved in dichloromethane, and washed with a saturated solution of sodium
bicarbonate and brine. The combined organic layers were dried on sodium sulfate and
concentrated under vacuum to provide the crude products, which were purified by column
chromatography or crystallization.

2-[(5-Chlorobenzo[d]thiazol-2-yl)thio]-N-(4-methoxyphenyl)-2-phenylacetamide 4a

Pale yellow solid (silica gel, chloroform), 58% yield; m.p. 190 ◦C (dec); 1H NMR
(CDCl3) δ 3.76 (s, 3H), 5.81 (s, 1H), 6.82 (d, 2H, J 8.7 Hz), 7.30–7.42 (m, 6H), 7.54–7.57 (m, 2H),
7.67 (d, 1H, J 8.4 Hz), 7.91 (d, 1H, J 1.8 Hz), 9.01 (bs, 1H); 13C NMR (CDCl3) δ 55.0, 55.4,
114.1, 121.1, 121.4, 121.9, 125.3, 128.8, 128.9, 129.0, 130.8, 132.6, 133.5, 134.5, 152.9, 159.5,
166.4, 168.3. Calcd for C22H17ClN2O2S2: C, 59.92; H, 3.89; N, 6.35. Found: C, 59.81; H, 3.90;
N, 6.33.

2-[(5-Chlorobenzo[d]thiazol-2-yl)thio]-N-(4-chlorophenyl)-2-phenylacetamide 4b

Pale yellow solid (silica gel, chloroform), 63% yield; m.p. 178–180 ◦C; 1H NMR (CDCl3) δ
5.83 (s, 1H), 7.26 (d, 1H, J 8.7 Hz), 7.34–7.56 (m, 9H), 7.70 (d, 1H, J 8.7 Hz), 7.95 (d, 1H, J 1.8 Hz),
9.39 (bs, 1H); 13C NMR (CDCl3) δ 54.8, 120.9, 121.0, 125.5, 128.8, 129.0, 129.1, 129.5, 132.7,
133.5, 134.1, 136.3, 152.8, 166.9, 168.5. Calcd for C21H14Cl2N2OS2: C, 56.63; H, 3.17; N, 6.29.
Found: C, 56.77; H, 3.18; N, 6.27.

2-[(5-Chlorobenzo[d]thiazol-2-yl)thio]-N-(4-fluorophenyl)-2-phenylacetamide 4c

Pale yellow solid (silica gel, dichloromethane), 52% yield; m.p. 168–170 ◦C; 1H NMR
(CDCl3) δ 5.77 (s, 1H), 6.98 (t, 2H, J 8.4 Hz), 7.32–7.55 (m, 8H), 7.67 (d, 1H, J 8.7 Hz),
7.91 (d, 1H, J 2.4 Hz), 9.23 (bs, 1H); 13C NMR (CDCl3) δ 54.8, 115.5, 115.8, 121.1, 121.3,
121.5, 122.0, 125.4, 128.8, 128.9, 129.0, 132.6, 133.7, 134.2, 153.1, 157.9, 161.4, 166.8. Calcd for
C21H14ClFN2OS2: C, 58.80; H, 3.29; N, 6.53. Found: C, 58.69; H, 3.30; N, 6.54.

2-[(5-Chlorobenzo[d]thiazol-2-yl)thio]-2-phenyl-N-[4-(trifluoromethyl)phenyl]
Acetamide 4d

Pale yellow solid (silica gel, dichloromethane), 47% yield; m.p. 183–185 ◦C;
1H NMR (CDCl3) δ 5.79 (s, 1H), 7.34–7.41 (m, 4H), 7.51–7.56 (m, 4H), 7.64 (d, 2H, J 8.1 Hz),
7.70 (d, 1H, J 8.1 Hz), 7.93 (d, 1H, J 1.5 Hz), 9.71 (bs, 1H); 13C NMR (CDCl3) δ 54.6, 119.2,
121.0, 122.1, 125.6, 126.3 (q), 128.9, 129.0, 132.8, 133.5, 133.8, 140.8, 152.7, 167.3, 168.7. Calcd
for C22H14ClF3N2OS2: C, 55.17; H, 2.95; N, 5.85. Found: C, 55.22; H, 2.94; N, 5.84.

2-[(5-Chlorobenzo[d]thiazol-2-yl)thio]-N-(4-nitrophenyl)-2-phenylacetamide 4e

Pale yellow solid (silica gel, dichloromethane), 43% yield, m.p. 191–193 ◦C; 1H NMR
(CDCl3) δ 5.79 (s, 1H), 6.61 (d, 2H, J 9.3 Hz), 7.33–7.41 (m, 4H), 7.50–7.54 (m, 2H),
7.70 (d, 2H, J 8.7 Hz), 7.91 (d, 1H, J 1.8 Hz), 8.05 (d, 2H, J 9 Hz), 8.18 (d, 2H, J 9.3 Hz),
10.05 (bs, 1H); 13C NMR (CDCl3) δ 54.5, 113.3, 119.1, 120.9, 122.2, 125.1, 125.7, 126.3, 128.9,
129.1, 129.2, 133.0, 133.4, 143.6, 143.7, 152.5, 167.6, 168.9. Calcd for C21H14ClN3O3S2:
C, 55.32; H, 3.09; N, 9.22. Found: C, 55.57; H, 3.10; N, 9.24.

N-(4-Acetamidophenyl)-2-[(5-chlorobenzo[d]thiazol-2-yl)thio]-2-phenylacetamide 4f

White cristals (from ethyl acetate/methanol), 59% yield; m.p. 243 ◦C (dec); 1H NMR
(DMSO-d6) δ 1.98 (s, 3H), 5.96 (s, 1H), 7.29–7.51 (m, 8H), 7.64–7.69 (m, 2H,),
7.86 (d, 1H, J 2.4 Hz), 8.03 (d, 1H, J 8.4 Hz), 9.89 (bs, 1H) 10.64 (bs, 1H); 13C NMR (DMSO-d6)
δ 24.3, 42.5, 110.0, 119.7, 120.2, 121.0, 123.9, 125.2, 128.7, 129.2, 131.7, 134.0, 135.9, 136.5,
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153.7, 166.4, 167.0, 168.0, 168.4. Calcd for C23H18ClN3O2S2: C, 59.03; H, 3.88; N, 8.98. Found:
C, 59.08; H, 3.87; N, 8.96.

2-[(5-Chlorobenzo[d]thiazol-2-yl)thio]-N-(3-methoxyphenyl)-2-phenylacetamide 4g

White solid (silica gel, cyclohexane/ethyl acetate 7:1), 44% yield; m.p. 160–162 ◦C;
1H NMR (CDCl3) δ 3.75 (s, 3H), 5.78 (s, 1H), 6.64 (dd, 1H, J 8.1, 2.4 Hz), 6.92 (d, 1H, J 8.1 Hz),
7.17 (t, 1H, J 8.1 Hz), 7.30–7.43 (m, 5H), 7.53 (dd, 2H, J 8.1, 2.4 Hz), 7.67 (d, 1H, J 8.1 Hz),
7.93 (d, 1H, J 1.8 Hz), 9.30 (bs, 1H); 13C NMR (CDCl3) δ 54.8, 55.2, 104.9, 110.8, 111.6, 121.1,
122.0, 125.3, 128.8, 128.9, 129.0, 129.7, 132.6, 133.6, 134.2, 139.0, 153.0, 160.1, 166.8, 168.4.
Calcd for C22H17ClN2O2S2: C, 59.92; H, 3.89; N, 6.35. Found: C, 59.80; H, 3.89; N, 6.37.

2-[(5-Chlorobenzo[d]thiazol-2-yl)thio]-N-(3-chlorophenyl)-2-phenylacetamide 4h

White solid (silica gel, dichloromethane), 76% yield; m.p. 175–177 ◦C; 1H NMR
(CDCl3) δ 5.77 (s, 1H), 7.08 (d, 1H, J 8.1 Hz), 7.20–7.41 (m, 6H), 7.52 (dd, 2H, J 8.1, 2.4 Hz),
7.69 (d, 1H, J 8.1 Hz), 7.72 (s, 1H), 7.93 (d, 1H, J 1.8 Hz), 9.42 (bs, 1H); 13C NMR (CDCl3)
δ 54.7, 171.5, 119.8, 121.1, 122.0, 124.5, 125.5, 128.8, 129.0, 129.1, 130.0, 132.8, 133.5, 133.9,
134.7, 138.9, 152.8, 167.0. Calcd for C21H14Cl2N2OS2: C, 56.63; H, 3.17; N, 6.29. Found: C, 56.67;
H, 3.16; N, 6.27.

2-[(5-Chlorobenzo[d]thiazol-2-yl)thio]-N-(3-fluorophenyl)-2-phenylacetamide 4i

White solid (silica gel, dichloromethane), 51% yield; m.p. 151–153 ◦C; 1H NMR (CDCl3)
δ 5.77 (s, 1H), 6.79 (dt, 1H), 7.08–7.55 (m, 9H), 7.68 (d, 1H, J 8.1 Hz), 7.92 (d, 1H, J 2.4 Hz),
9.44 (bs, 1H); 13C NMR (CDCl3) δ 54.8, 107.1, 107.4, 111.1, 111.4, 114.8, 114.9, 121.1, 122.0,
125.4, 128.8, 128.9, 129.0, 130.0, 130.1, 132.7, 133.6, 134.1, 139.2, 152.9, 161.3, 164.5, 167.1.
Calcd for C21H14ClFN2OS2: C, 58.80; H, 3.29; N, 6.53. Found: C, 58.63; H, 3.30; N, 6.55.

2-[(5-Chlorobenzo[d]thiazol-2-yl)thio]-2-phenyl-N-[3-(trifluoromethyl) phenyl]acetamide 4j

White solid (silica gel, cyclohexane/diethyl ether 4:1), 45% yield; m.p. 155–157 ◦C;
1H NMR (CDCl3) δ 5.77 (s, 1H), 7.33–7.41 (m, 7H), 7.53 (d, 2H, J 6.3 Hz), 7.61 (d, 1H, J 8.1 Hz),
7.70 (d, 1H, J 8.7 Hz), 7.93 (s, 2H); 13C NMR (CDCl3) δ 54.6, 116.4 (q), 112.0, 121.0, 122.0, 122.4,
125.5, 128.8, 129.0, 129.5, 132.8, 133.6, 133.8, 138.3, 152.9, 167.2. Calcd for C22H14ClF3N2OS2:
C, 55.17; H, 2.95; N, 5.85. Found: C, 55.21; H, 2.96; N, 5.83.

2-[(5-Chlorobenzo[d]thiazol-2-yl)thio]-N-(3-nitrophenyl)-2-phenylacetamide 4k

Pale yellow solid (silica gel, dichloromethane), 48% yield; m.p. 193–195 ◦C; 1H NMR
(CDCl3) δ 5.77 (s, 1H), 7.34–7.54 (m, 7H), 7.70 (d, 1H, J 8.7 Hz), 7.83 (dd, 1H, J 8.1, 1.2 Hz),
7.92–7.95 (m, 2H), 8.47 (t, 1H, J 2.1 Hz), 9.88 (bs, 1H); 13C NMR (CDCl3) δ 54.6, 110.0, 114.5,
119.0, 121.0, 122.1, 125.1, 125.7, 128.8, 129.1, 129.8, 133.0, 133.6, 139.0, 148.5, 167.4. Calcd for
C21H14ClN3O3S2: C, 55.32; H, 3.09; N, 9.22. Found: C, 55.45; H, 3.08; N, 9.22.

N-(3-Acetamidophenyl)-2-[(5-chlorobenzo[d]thiazol-2-yl)thio]-2-phenylacetamide 4l

White crystals (from chloroform), 41% yield; m.p. 197–199 ◦C; 1H NMR (CDCl3) δ 2.11
(s, 3H), 5.76 (s, 1H), 7.21 (d, 2H, J 5.4 Hz), 7.25–7.39 (m, 6H), 7.52 (dd, 2H, J 8.1, 2.4 Hz),
7.65 (d, 1H, J 8.7 Hz), 7.80 (s, 1H), 7.94 (d, 1H, J 1.8 Hz), 9.18 (bs, 1H); 13C NMR (CDCl3)
δ 24.6, 55.2, 110.0, 110.9, 115.2, 115.7, 121.4, 121.9, 125.3, 128.8, 128.9, 129.0, 129.6, 132.6,
133.6, 134.2, 138.2, 138.5, 153.1, 166.9, 168.4. Calcd for C23H18ClN3O2S2: C, 59.03; H, 3.88;
N, 8.98. Found: C, 59.08; H, 3.89; N, 9.00.

2-[(5-Chlorobenzo[d]thiazol-2-yl)thio]-N-(3,4-dichlorophenyl)-2-phenyl Acetamide 4m

White solid (silica gel, dichloromethane), 44% yield; m.p. 203–204 ◦C; 1H NMR
(DMSO-d6) δ 5.96 (s, 1H), 7.33–7.47 (m, 5H), 7.54–7.64 (m, 3H), 7.85 (d, 1H, J 1.5 Hz),
7.94 (d, 1H, J 2.4 Hz), 8.03 (d, 1H, J 8.1 Hz), 11.03 (bs, 1H); 13C NMR (DMSO-d6) δ 56.2,
119.8, 120.9, 123.9, 125.1, 125.9, 128.7, 129.2, 129.4, 131.3, 131.6, 131.7, 134.0, 135.7, 138.9,
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153.6, 167.3, 167.7. Calcd for C21H13Cl3N2OS2: C, 52.57; H, 2.73; N, 5.84. Found: C, 52,44;
H, 2.72; N, 5.85.

N-(2-Bromo-5-nitrophenyl)-2-[(5-chlorobenzo[d]thiazol-2-yl)thio]-2-phenyl Acetamide 4n

White crystals (from cyclohexane/methanol), 48% yield; m.p. 176–178 ◦C; 1H NMR
(CDCl3) δ 5.98 (s, 1H), 7.31–7.57 (m, 7H), 7.69 (d, 1H, J 8.7 Hz), 7.87–7.92 (m, 2H),
9.32 (d, 1H, J 3 Hz), 9.51 (bs, 1H); 13C NMR (CDCl3) δ 54.5, 116.7, 119.4, 121.5, 122.0, 125.4,
128.8, 129.2, 129.3, 129.6, 132.6, 133.5, 133.6, 135.5, 152.9, 167.7 Calcd for C21H13BrClN3O3S2:
C, 47.16; H, 2.45; N, 7.86. Found: C, 47.07; H, 2.46; N, 7.85.

N-[2-Bromo-4-(trifluoromethyl)phenyl]-2-[(5-chlorobenzo[d]thiazol-2-yl)thio]-2-
phenylacetamide 4o

White crystals (from petroleum ether/methanol), 51% yield; m.p. 179–180 ◦C;
1H NMR (CDCl3) δ 5.95 (s, 1H), 7.24–7.28 (m, 1H), 7.34–7.44 (m, 3H), 7.53–7.60 (m, 3H),
7.67 (d, 1H, J 8.7 Hz), 7.75 (s, 1H), 7.91 (d, 1H, J 1.8 Hz), 8.49 (d, 1H, J 8.7 Hz), 9.14 (bs, 1H);
13C NMR (CDCl3) δ 55.5, 113.3, 121.6, 121.7, 121.8, 125.3, 125.5, 125.6, 128.7, 129.2, 129.3,
129.4, 132.4, 133.6, 133.8, 153.2, 166.6, 167.3. Calcd for C22H13BrClF3N2OS2: C, 47.37;
H, 2.35; N, 5.02. Found: C, 47.39; H, 2.35; N, 5.01.

N-[2-Bromo-5-(trifluoromethyl)phenyl]-2-[(5-chlorobenzo[d]thiazol-2-yl)thio]-2-
phenylacetamide 4p

White crystals (from petroleum ether), 46% yield; m.p. 157–159 ◦C; 1H NMR (CDCl3) δ
5.96 (s, 1H), 7.20–7.32 (m, 2H), 7.39–7.44 (m, 3H), 7.56 (dd, 2H, J 7.5, 1.2 Hz), 7.61 (d, 1H, J 8.1 Hz),
7.67 (d, 1H, J 8.7 Hz), 7.92 (d, 1H, J 1.8 Hz), 8.67 (s, 1H), 9.16 (bs, 1H); 13C NMR (CDCl3)
δ 55.2, 119.0, 121.7, 121.8, 121.9, 122.0, 125.2, 128.7, 129.2, 129.3, 132.4, 132.8, 133.9, 136.1,
153.2, 167.4. Calcd for C22H13BrClF3N2OS2: C, 47.37; H, 2.35; N, 5.02. Found: C, 47.27;
H, 2.35; N, 5.04.

3.2. Cell Lines, Treatments, and Cell Viability Assay

Pancreatic cancer (AsPC-1, BxPC-3, and Capan-2), paraganglioma (PTJ86i and PTJ64i)
and normal fibroblast (HFF-1) cell lines were cultured as previously described [17]. All
compounds were dissolved in DMSO (stock solutions) and then diluted in culture media
to the final working concentrations. In this way, the solutions were completely clear and
devoid of any undissolved material by microscopic inspection. The final concentration
of DMSO in the experiments was at most 0.18% and showed no cell toxicity. The effects
of compounds 4a-p and 2b on cancer cell viability were tested by an MTT assay (Sigma-
Aldrich, St. Louis, MO, USA), as described by Florio et al. [17]. In the initial screening
all compounds were tested at a one-point screening concentration of 75 μM for 72 h (five
replica wells per each condition). Then, concentration–response curves were generated by
incubating cancer or normal fibroblast cell lines for 72 h with compounds showing a greater
antiproliferative activity than 2b, at concentrations ranging from 0 μ M to 24 μM (five
replica wells per each condition). For combined treatments, the experimental design was
made according to the Chou–Talalay method for drug combination studies, as previously
described [44].

3.3. Calculation of Half Maximal Inhibitory Concentration (IC50), Selectivity Index (SI),
Combination Index (CI) Values and Statistical Analysis

IC50 values were extrapolated from concentration–response curves and calculated
using the CompuSyn software [45]. The interactions between compound 4l and gemc-
itabine were assessed by calculating the CI values using the CompuSyn software. Based on
this analysis, a CI < 1 indicates synergism, a CI = 1 indicates additive effects and a CI > 1
indicates antagonism. SI values were calculated as previously described [46]. Comparisons
of mean values were performed using an unpaired Student’s t-test. For multiple compar-
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isons, a one-way ANOVA followed by Dunnett’s test were employed. A p-value < 0.05 was
estimated as statistically significant.

3.4. In Silico Studies

The SMILE string of the selected compound was obtained from Marvin Sketch
(ChemAxon). Swiss Target Prediction database (http://www.swisstargetprediction.ch/),
PLATO (http://platomussel.uniba.it/), SEASearch (https://sea.bkslab.org/), PPB2 (http:
//ppb2.gdb.tools/), SuperPred (https://prediction.charite.de/subpages/target_prediction.
php), ChemMapper (http://www.lilab-ecust.cn/chemmapper), and PharmMapper (http:
//www.lilab-ecust.cn/pharmmapper/) were used to predict potential targets. “Homo
sapiens” as the organism and “cancer target” were chosen as an option when possible
(SuperPred). In all other cases, the predicted targets were screened by UniProt database
(http://www.uniprot.org/uniprot/) by entering the target protein names and selecting
only those belonging the “Homo sapiens (Human)” organism and “cancer” as protein
name or tissue. Finally, the targets that did not meet the setting parameters were removed.
Since these programs use different methods to score the targets, only a max of 20 targets
was taken into consideration. All used programs were accessed on 1 March 2022.

The structure-based analysis was carried out using the Schrödinger Life-Sciences Suite
2021–4 [43]. The 2D sketcher in Maestro was used to construct ligand structures that were
submitted to LigPrep to obtain ligand 3D geometry, identify all potential tautomers, and
protonation states at pH 7.0 ± 0.4. The resulting structures were minimized utilizing Macro-
Model, the OPLS4 force field, and 5000 steps of the PRCG algorithm with a convergence
criterion of 0.05 KJ/mol. Docking calculations were carried out on the 3D coordinates of
CBR1 with PDB ID 6KPG and the chimeric form of SENP2 containing the SENP7 loop,
PDB ID 3ZO5. Before docking calculations, protein structures were prepared using the
Protein Preparation routine in Maestro [47] that fixes the protein structure and relaxes it
through a constrained minimization. For the CBR1 the docking protocol was validated by
reobtaining the X-ray geometry of the crystallographic ligand (RMSD 0.5135Å). To define
the more proper binding site in SENP6, a SiteMap [48,49] calculation was carried out and
the subsequent Glide Grid was generated on the predicted site. Glide [50,51] SP flexible
docking calculations were carried out on both proteins

4. Conclusions

In conclusion, a library of phenylacetamide derivatives containing the benzothiazole
nucleus was synthesized and tested for its antiproliferative activity in three pancreatic
and two paraganglioma cancer cell lines. Most of the derivatives showed an improved
antiproliferative activity, as compared to the lead compound 2b, allowing us to trace some
preliminary structure–activity relationships. Considering both the antiproliferative activi-
ties and selectivity profiles, 4l was further analyzed in combination with gemcitabine on
the three pancreatic cancer cell lines. Notably, the combination of the two compounds
when used at the lowest concentrations (0.1 μM gemcitabine and 0.5 μM 4l, respectively)
affected pancreatic cancer cell viability in a potent and synergistic manner. This synergistic
effect supports the interest in this class of benzothiazoles in view of a possible translation
into cancer treatment. A computational study was also conducted to predict the putative
targets involved in the observed antiproliferative activity in pancreatic cancer cells: the
different tools used to this aim identified the cannabinoid receptors and the sentrin-specific
proteases as potential targets contributing to the bioactivity of this family of compounds.
Docking studies on representative targets (CBR1 and SENP6) show that all compounds fit
well in their binding site. Future in vitro and in vivo studies will be necessary to validate
the predicted molecular targets of our compounds and gain novel insights into the under-
explored potential of these molecules as antitumor agents in paraganglioma and pancreatic
cancer treatment.
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Abstract: A further investigation aiming to generate new potential antitumor agents led us to
synthesize a new series of twenty-two compounds characterized by the presence of the 7-(3′,4′,5′-
trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidine pharmacophore modified at its 2-position. Among
the synthesized compounds, three were significantly more active than the others. These bore the
substituents p-toluidino (3d), p-ethylanilino (3h) and 3′,4′-dimethylanilino (3f), and these compounds
had IC50 values of 30–43, 160–240 and 67–160 nM, respectively, on HeLa, A549 and HT-29 cancer cells.
The p-toluidino derivative 3d was the most potent inhibitor of tubulin polymerization (IC50: 0.45 μM)
and strongly inhibited the binding of colchicine to tubulin (72% inhibition), with antiproliferative
activity superior to CA-4 against A549 and HeLa cancer cell lines. In vitro investigation showed
that compound 3d was able to block treated cells in the G2/M phase of the cell cycle and to induce
apoptosis following the intrinsic pathway, further confirmed by mitochondrial depolarization and
caspase-9 activation. In vivo experiments conducted on the zebrafish model showed good activity of
3d in reducing the mass of a HeLa cell xenograft. These effects occurred at nontoxic concentrations to
the animal, indicating that 3d merits further developmental studies.

Keywords: colchicine binding site; antitumor activity; [1,2,4]triazolo[1,5-a]pyrimidine; apoptosis;
microtubule-targeting agents

1. Introduction

Eukaryotic cells possess a complex cytoskeletal system. One of its major components is
the microtubule network, composed of polymeric protein structures formed by the assembly
of αβ-tubulin heterodimers, which are in a dynamic equilibrium with the microtubules.
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These are critical for several fundamental cellular functions, including cell division, where
microtubules form the mitotic spindle required for proper chromosomal separation [1–4].
Since microtubules are critical in the proliferation of cancer cells, the design of new and
improved molecules that exert their effects by interfering with microtubule dynamics
continues to receive substantial attention [5–7].

Among the seven distinct classes of tubulin-binding agents that have been identified
on the basis of their different mechanisms of action and binding sites on tubulin, only
three groups of antimitotic agents are used clinically for cancer treatment [8,9]. First are
the vinca alkaloids, typified by vinblastine, vincristine, vinorelbine and vinflunine, that
destabilize microtubules by inhibiting polymerization of tubulin into microtubules [10–12].
Second is the halichondrin B analogue eribulin, which also inhibits tubulin polymerization.
Third, are compounds that bind in the taxoid site and stabilize microtubules. This group
includes paclitaxel, the structurally related compounds docetaxel and cabazitaxel and the
epothilone analogue ixabepilone [13–15]. These drugs are in clinical use to treat both adult
and pediatric cancers [16–19]. Taxoid site compounds, eribulin and vinca alkaloids all
interact with β-tubulin, but at different binding sites [12,14]. Nevertheless, the clinical
success of these three classes of compounds has stimulated intensive research aimed at
discovering additional microtubule-targeting drugs with clinical potential [20–23].

The colchicine site agents that inhibit tubulin assembly belong to another important
class of tubulin interactive compounds, due to the discovery of numerous natural products
and synthetic compounds with wide structural heterogeneity that target this site [24–27].
The colchicine site is located on β-tubulin at its interface with α-tubulin and is distinct
from the vinca and eribulin sites [25,26]. One of the most notable of these compounds,
both for its potency and structural simplicity, is the naturally occurring polymethoxylated
cis-stilbene derivative combretastatin A-4 (CA-4, 1a, Figure 1) [28,29]. Moreover, several
studies have documented that this compound also acts as a powerful vascular disrupting
agent [30], particularly for the neovasculature of tumors. To improve its water solubility,
the corresponding phosphate derivative of combretastatin A-4 (CA-4P, also known as
fosbretabulin disodium, 1b) was synthesized as a water-soluble pro-drug of CA-4 [31]. The
European Medicines Agency (EMA) approved combretastatin CA-4P as an orphan drug
for the treatment of anaplastic thyroid cancer and ovarian cancer, and CA-4P is in phase
III clinical trials in combination with bevacizumab for recurrent ovarian cancer or with
everolimus in neuroendocrine tumors [32,33].

While the vinca alkaloids and the taxoids have achieved notable success in the treat-
ment of human cancers, no colchicine site inhibitor has yet been approved for cancer
chemotherapy in human patients [34–36]. KXO1 (tirbanibulin or KX2–391), a dual Src and
tubulin polymerization inhibitor acting at the colchicine site of β-tubulin [37], was ap-
proved by the FDA in December 2020 for the topical treatment of actinic or solar keratosis,
the most common chronic and precancerous skin disease that occurs on skin damaged by
long-term exposure to ultraviolet radiation [38].

Emerging multidrug resistance (MDR) due to the overexpression of membrane-bound
drug efflux proteins, such as ATP binding cassette (ABC) transporters, along with aberrant
expression of the βIII-tubulin isoform, has limited the use of taxoids and vinca alkaloids
in clinical practice [39–42]. Resistance to different types of microtubule-targeting agents
was recently suggested to be related to their binding sites and that βIII-tubulin-mediated
drug resistance might be circumvented by colchicine site inhibitors [43–47]. These obser-
vations emphasize the need to discover novel scaffolds active at the colchicine site and
amenable to rapid derivatization because such compounds could be readily prepared
by rapid and concise synthetic procedures [48,49]. In addition, several colchicine site
binders have been shown to be effective against p53-mutant cell lines and to circumvent
P-glycoprotein-mediated multidrug resistance. This lack of susceptibility to MDR pumps
further emphasizes the importance of novel inhibitors of tubulin assembly that have activity
against drug-resistant tumors [50–52].
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Figure 1. Structures of CA-4 (1a), CA-4P (1b), tirbanibulin, general structure (2) of 1-(3′,4′,5′-
trimethoxybenzoyl)-5-amino-1,2,4-triazoles and [1,2,4]triazolo[1,5-a]pyrimidines reported in this
manuscript (3) and reported in the literature (4 and 5).

In a previous article, we designed and synthesized a new class of antimitotic agents
with general structure 2 based on the 3-arylamino-5-amino-1,2,4 triazole moiety [53]. The
structure–activity relationship study was carried out on the phenyl ring of the anilino
moiety present on the C-3 position of a triazole scaffold. Compound 2a, with a para-
methyl substitution on the phenyl ring, exhibited potent antiproliferative effects in the low
nanomolar range on several cancer cell lines. This compound was almost twice as potent
as CA-4 against inhibition of tubulin polymerization, displaying an IC50 value of 0.75 μM.
The X-ray crystal structure of compound 2a showed the formation of an intramolecular
hydrogen bond between the carbonyl oxygen of the 3′,4′,5′-trimethoxybenzoyl function and
the hydrogen of the amino moiety at the 1- and 5-position, respectively, of the 1,2,4-triazole
ring. In the present study, a cyclization approach was adopted to form an additional
six-membered fused pyrimidine ring that incorporated these elements, the carbonyl moiety
and the amino group, to obtain the bicyclic [1,2,4]triazolo[1,5-a]pyrimidine framework 3.
This scaffold hopping approach strategy [54,55] also revealed a potential bioisosteric rela-
tionship between the 1-(3′,4′,5′-trimethoxybenzoyl)-5-amino-1,2,4-triazole structure and
the 7-(3′,4′,5′-trimethoxyphenyl)[1,2,4]triazolo[1,5-a]pyrimidine system. In addition, sev-
eral studies have shown that the carbonyl moiety is a metabolically labile site and that
carbonyl reduction to a secondary alcohol is one of the major metabolic processes used by
liver microsomes [56]. A promising approach to overcome this metabolic instability is by
incorporating the carbonyl moiety into a five- or six-membered heterocyclic ring [57–60].

The [1,2,4]triazolo [1,5-a]pyrimidine scaffold incorporating the 1,2,4-triazole nucleus
(Figure 1) was previously identified by us and others as a promising nucleus for the design
of new microtubule-destabilizing agents [61–65]. Two different series of compounds that
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retain the 3,4,5-trimethoxyphenyl ring at the 7-position of the triazolopyrimidine core
variably functionalized at its 2-position were evaluated for their antitumor activity [62–64].

Yang et al. reported a novel series of 2,7-diaryl-[1,2,4]triazolo[1,5-a]pyrimidine deriva-
tives substituted at the 2- and 7-positions as tubulin polymerization inhibitors [62,63]. By
inversion of the C-2/C-7 substituents on the triazolopyrimidine ring, compound 4, char-
acterized by the presence of 4′-methoxy-3′-hydroxyphenyl and 3′,4′,5′-trimethoxyphenyl
moieties at the 2- and 7-positions, respectively, of the triazolopyrimidine scaffold display
potent and selective antiproliferative activity (IC50: 60 nM) against HeLa cells [63]. The
same compound showed reduced inhibitory activity against a panel of four cancer cell
lines with IC50 values of 3–18 μM. Mechanism studies indicate that 4 exerts antiprolif-
erative effects by inhibition of tubulin assembly, with 3-fold greater potency than CA-
4, and these data, together with data obtained with compound 5 recently identified by
Mohamed et al. [64], confirm that the 3′,4′,5′-trimethoxyphenyl ring located at the 7-position
of the triazolopyrimidine system contributes to maximal activity. This latter derivative,
as an analogue of 4 where the aryl ring was moved from the 2- to the 5-position of the
7-(3′,4′,5′-trimethoxyphenyl) triazolopyrimidine scaffold and replaced by an amino group,
exhibits significant antiproliferative activity (IC50: 0.53 μM) against the HCT-116 cancer
cell line, with four-fold less activity than CA-4 as a tubulin polymerization inhibitor (IC50:
3.84 and 1.1 μM, respectively) [64].

Thus, once the 7-(3′,4′,5′-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidine motif was
identified as the minimum structural requirement for antimitotic activity, in the new class of
designed compounds 3a–v reported in this article, modifications were focused on varying
the substituent at the 2-position of the triazolopyrimidine ring to maximize activity against
cancer cell lines (Figure 2). For the anilino derivative 3a, we evaluated the replacement
of phenyl with a bioisosteric pyrimidin-2-yl ring, to yield 3b. For compounds 3c–o, char-
acterized by the presence of aromatic amines at the 2-position of the triazolopyrimidine
scaffold, modifications were focused on varying the substituents on the phenyl ring of the
anilino moiety, by introduction electron-withdrawing (F) or electron-releasing (alkyl or
alkoxy) groups.

 
Figure 2. Chemical structures of newly synthesized compounds 3a–v based on the 7-(3′,4′,5′-
trimethoxyphenyl)[1,2,4]triazolo[1,5-a]pyrimidine scaffold and general molecular formula 6a–d of
triazolopyrimidines published by us (ref. [65]).

We also investigated a further structural modification by the synthesis of compounds
3p–v, characterized by the presence of a methylene (-CH2)-), ethylene (-CH2CH2-) or
propylene (-(CH2)3-) spacer between the nitrogen at the 2-position of the triazolopyrimidine
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scaffold and the phenyl ring, to furnish compounds 3p–t, 3u and 3v, respectively. By
the preparation of this latter small series, we evaluated if an increased flexibility of the
substituent at the 2-position of the triazolopyrimidine scaffold was correlated with further
enhancement of antiproliferative activity. The design of the linker chain in derivatives
3p–t was based on preserving flexibility similar to that of a series of compounds with
general structure 6 previously published by us [65], characterized by a common 7-(3′,4′,5′-
trimethoxyanilino)-[1,2,4]triazolo[1,5-a]pyrimidine scaffold and modified at its 2-position.
Three benzylamino derivatives, 6a (4′-Cl), 6b (4′-Me) and 6c (3′,4′-methylendioxy), along
with the 3′-phenylpropylamino derivative 6d, were the most active compounds identified
in this series.

2. Results and Discussion

2.1. Chemistry

The 2-substituted-7-(3′,4′,5′-trimethoxyphenyl)[1,2,4]triazolo[1,5-a]pyrimidines 3a–v were
synthesized using a three-step synthetic procedure described in Scheme 1. The conden-
sation of dimethyl cyanodithioimidocarbonate 7 with the appropriate amine (aniline or
substituted aniline, benzylamine or substituted benzylamine, 2′-phenylethylamine or 3′-
phenylpropylamine) resulted in the formation of imidates 8a–v, which were cyclized into
the corresponding 3-substituted 5-amino-1H-[1,2,4]-triazole derivatives 9a–v in the pres-
ence of hydrazine hydrate in refluxing methanol.

 
Scheme 1. Reagents. a: Appropriate ArNH2, i-PrOH, reflux, 18 h for the preparation of compounds
8a–o or appropriate ArCH2NH2/C6H5(CH2)2NH2/C6H5(CH2)3NH2, i-PrOH, room temperature,
18 h for the synthesis of derivatives 8p–v, 75–92%; b: NH2NH2.H2O, MeOH, reflux, 18 h, 68–93%;
c: AcOH, 80 ◦C, 2 h, 47–66%.

Finally, the cyclization reaction of compounds 9a–v with enaminone 10 in glacial acetic
acid at 80 ◦C for 2 h resulted in 2-substituted-7-(3′,4′,5′-trimethoxyphenyl)-[1,2,4]triazolo[1,5-
a]pyrimidine derivatives 3a–v in good yield. As reported in the literature, enaminone 10

was obtained by the condensation of 3′,4′,5′-trimethoxyacetophenone with dimethylformamide
dimethyl acetal (DMF-DMA) as the solvent/reagent at 120 ◦C for 6 h [66]. The 1H NMR and
13C NMR spectra of derivatives 3a–v are presented in the Supplementary Materials.
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2.2. Biological Activity and Molecular Docking Studies
2.2.1. In Vitro Antiproliferative Activities

The series of 2-substituted 7-(3′,4′,5′-trimethoxyphenyl)[1,2,4]triazolo[1,5-a]pyrimidine
derivatives 3a–v was screened for antiproliferative activity against a panel of four different
human cancer cell lines and compared with the reference compound CA-4 (1a) (Table 1).
The cell lines used were a breast cancer cell (MDA-MB-231), a cervix carcinoma (HeLa),
a non-small cell lung carcinoma (A549) and a colon adenocarcinoma (HT-29). CA-4 had
single-digit nanomolar activity (IC50: 4–5 nM) against MDA-MB-231 and HeLa cancer
cell lines, while A549 and HT-29 cells were more resistant to CA-4, with IC50 values of
180 and 3100 nM, respectively. Eight of twenty-two compounds were found to be more
active than CA-4 against HT-29 cells, while only derivative 3d was more potent (4-fold)
than CA-4 against A549 cells. The compounds were generally less active against the
MDA-MB-231 cells.

Table 1. In vitro cell growth inhibitory effects of compounds 3a–v and CA-4 (1a).

Compound R n IC50 (μM) a

MDA-MB-231 HeLa A549 HT29

3a C6H5 0 2.27 ± 0.31 0.80 ± 0.09 1.56 ± 0.06 1.02 ± 0.67

3b 0 >10 >10 >10 3.42 ± 0.41

3c 4′-F-C6H4 0 >10 5.44 ± 1.05 >10 >10
3d 4′-CH3-C6H4 0 0.43 ± 0.11 0.038 ± 0.009 0.043 ± 0.024 0.030 ± 0.003
3e 3′-CH3-C6H4 0 >10 0.39 ± 0.02 1.87 ± 0.17 1.38 ± 0.09
3f 3′,4′-(CH3)2-C6H3 0 >10 0.067 ± 0.0023 0.16 ± 0.045 0.16 ± 0.041
3g 3′,5′-(CH3)2-C6H3 0 >10 >10 >10 >10
3h 4′-C2H5-C6H4 0 >10 0.24 ± 0.074 0.2 ± 0.044 0.16 ± 0.033
3i 4′-n-C3H7-C6H4 0 >10 >10 >10 >10
3j 4′-i-C3H7-C6H4 0 >10 4.7 ± 0.59 >10 >10
3k 4′-OCH3-C6H4 0 5.2 ± 1.8 1.27 ± 0.08 5.32 ± 1.43 2.8 ± 0.20
3l 3′-OCH3-C6H4 0 1.76 ± 0.9 0.44 ± 0.08 0.76 ± 0.18 0.76 ± 0.18

3m 4′-OC2H5-C6H4 0 >10 >10 >10 6.16 ± 0.97

3n 0 6.1 ± 1.72 0.84 ± 0,19 1.44 ± 0.26 1.39 ± 0.06

3o 0 >10 0.29 ± 0.031 2.42 ± 0.12 0.67 ± 0.12

3p C6H5 1 9.3 ± 0.22 >10 >10 >10
3q 4′-Cl-C6H4 1 >10 >10 >10 >10
3r 4′-CH3-C6H4 1 >10 >10 >10 >10
3s 4′-OCH3-C6H4 1 >10 >10 >10 >10

3t 1 >10 >10 >10 >10

3u C6H5 2 8.7 ± 1.1 >10 >10 6.74 ± 0.50
3v C6H5 3 >10 >10 >10 >10

CA-4 (1a) - - 0.005 ± 0.002 0.004 ± 0.001 0.18 ± 0.05 3.10 ± 0.03
a IC50 = compound concentration required to inhibit tumor cell proliferation by 50% determined by a resazurin
viability assay. Values are the mean ± SE from the dose–response curves of at least three independent experiments
carried out in triplicate.

From a structure–activity point of view, the presence of a 3,4,5-trimethoxyphenyl ring
at position 7 of the triazolopyrimidine scaffold combined with the p-toluidino moiety at
position 2 were important structural features for this class of compounds. The p-toluidino
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derivative 3d was the most active compound of the series, showing similar activity toward
the HeLa, A549 and HT29 cancer cell lines (IC50: 38, 43 and 30 nM, respectively), with
ten-fold reduced antiproliferative activity (IC50: 0.43 μM) toward MDA-MB-231 cells. The
activity of 3d was 4- and 100-fold greater than that of the reference compound CA-4
against A549 and HT-29 cells, respectively, but was one and two orders of magnitude
less potent than CA-4 against MDA-MB-231 and HeLa cells, respectively. Compound 3d

was 4–30-fold more potent as an antiproliferative agent than the corresponding 5-methyl-
2-(p-toluidino)-7-(3′,4′,5′-trimethoxyanilino)-[1,2,4]triazolo[1,5-a]pyrimidine counterpart
previously published by us (IC50 0.43–0.030 μM and 0.52–1.55 μM, respectively) [65].

While the aniline derivative 3a showed antiproliferative activity ranging from 0.80 to
2.27 μM against the four cancer cell lines, increasing the length of the alkyl spacer between
the phenyl ring and the nitrogen at the 2-position of the triazolopyrimidine scaffold from
one (3p) to two (3u) to three (3v) methylene units caused a profound loss of activity
compared with 3a, with IC50 values generally > 10 μM.

Replacement of the unsubstituted phenyl ring of compound 3a with the bioisosteric
pyridin-3-yl moiety (compound 3b) also dramatically reduced antiproliferative activity
against three of the four cancer cell lines (IC50 > 10 μM), with a 3-fold reduction in potency
against HT-29 cells (IC50: 1.02 and 3.42 μM, respectively).

The substitution pattern on the phenyl ring of the arylamino moiety at the 2-position
of the [1,2,4]triazolo[1,5-a]pyrimidine nucleus ring played an important role in antiprolif-
erative activity. While the introduction of the electron-withdrawing fluorine atom at the
para-position of the phenyl group, to furnish 3c, was detrimental for activity relative to the
unsubstituted phenyl derivative 3a, the weak electron-releasing p-methyl group, to furnish
compound 3d, enhanced biological activity and resulted in the most active compound of
the whole series.

The position of the methyl on the phenyl ring was critical for the antiproliferative
activity of 3d. Significant loss in activity (10–46-fold) occurred when the methyl group
was moved from the para- to the meta-position, to obtain the isomeric derivative 3e. The
reduction in potency was most dramatic against MDA-MB-231 cells (IC50 > 10 μM).

Relative to the activity of the p-toluidino derivative 3d, the insertion of an additional
methyl group at the meta-position of the p-tolyl moiety, to furnish the m,p-xylyl derivative
3f, reduced antiproliferative activity 2–5-fold on three cancer cells, and the reduction in
potency was most pronounced against MDA-MB-231 cells (IC50 >10 μM), while the isomeric
m,m′-xylyl analogue 3g was completely inactive (IC50 > 10 μM). Lengthening the alkyl
chain from methyl (3d) to ethyl (3h) resulted in a 5–7-fold reduction in antiproliferative
activity, most pronounced with the MDA-MB-231 cells (IC50 > 10 μM).

The data showed that the homologation of the alkyl chain from ethyl to n-propyl or
isopropyl (compounds 3i and 3j, respectively) at the para-position of the phenyl ring was
not tolerated and provided a strong reduction in activity against all four cancer cell lines.

For the p-toluidine derivative 3d, replacement of the methyl moiety by the stronger
electron-releasing methoxy group, to furnish the p-anisidino analogue 3k, was detrimental
for antiproliferative activity, which was reduced 12–124-fold as compared to 3d. In contrast
to the two isomeric toluidine derivatives 3d and 3e, comparing the biological activities of the
para- and meta-anisidino derivatives 3k and 3l, respectively, the highest antiproliferative
activity was observed with the methoxy moiety at the meta-position of the phenyl ring. As
observed for the p-toluidino derivative 3d, with the p-anisidino 3k, homologation of the
alkyl chain from methoxy to ethoxy (compound 3m) was detrimental for antiproliferative
activity against all four cancer cell lines (IC50 > 10 μM).

Replacement of the p-methoxy with a 3′,4′-methylendioxy moiety (compounds 3k

and 3n, respectively) produced a 1.5- to 4-fold increase in antiproliferative activity against
three of the four cancer cell lines, while 3k and 3n were equipotent against MDA-MB-231
cells. For derivative 3n, the introduction of an additional methylene unit between the two
oxygens, to yield the 3′,4′-ethylenedioxy homologue 3o, had contrasting effects, producing
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a reduction in potency against MDA-MB-231 and A549 cells, while 3o was 2- and 3-fold
more active than 3n against HT-29 and HeLa cancer cells, respectively.

With the anilino derivatives 3a (phenyl), 3d (p-tolyl), 3k (p-methoxyphenyl) and 3n

(3′,4′-methylendioxyphenyl), the corresponding benzylamino analogues 3p, 3r, 3s and 3t,
respectively, showed a dramatic drop in potency (IC50 > 10 μM).

In conclusion, SAR studies have underlined that the presence of small substituents
such as methyl or ethyl at the para-position as well as two methyl groups at the meta- and
para-positions (compounds 3d, 3h and 3f, respectively) on the phenyl ring of the aniline
moiety are critical for optimal antiproliferative activity. Electron-releasing substituents
at the para-position of the phenyl ring showed antiproliferative activity in the order of
Me > Et > OMe � OEt = n-C3H7 = i-C3H7.

2.2.2. In Vitro Inhibition of Tubulin Polymerization and Colchicine Binding

To investigate whether the antiproliferative activities of tested compounds derived
from an interaction with microtubules, the most active molecules 3d, 3f, 3h and 3l were
selected to determine their inhibition of tubulin polymerization and for effects on the
binding of [3H]colchicine to tubulin (Table 2). For comparison, CA-4 was examined in
contemporaneous experiments.

Table 2. Inhibition of tubulin polymerization and colchicine binding by compounds 3d, 3f, 3h, 3l and
CA-4 (1a).

Compounds
Tubulin Assembly a

IC50 ± SD (μM)
Colchicine Binding b

% Inhibition ± SD

3d 0.45 ± 0.1 72 ± 5
3f 0.80 ± 0.1 18 ± 5
3h 1.9 ± 0.2 21 ± 0.9
3l 2.2 ± 0.2 39 ± 5

CA-4 (1a) 0.75 ± 0.06 98 ± 2
a Inhibition of tubulin polymerization. Tubulin was at 10 μM. b Inhibition of [3H]colchicine binding. Tubulin,
[3H]colchicine and tested compound were at 0.5, 5 and 5 μM concentrations, respectively.

In the assembly assay, compound 3d was found to be the most active (IC50: 0.45 μM),
and it was almost twice as potent as CA-4 (IC50: 0.75 μM), while 3f was equipotent
to CA-4. When comparing the inhibition of tubulin polymerization versus the growth
inhibitory effect, we found that compound 3d, although it was 2-fold more active than
CA-4 as an inhibitor of tubulin assembly, was 10- and 100-fold less potent than CA-4 as
an antiproliferative agent against HeLa and MDA-MB-231 cells, respectively. The reduced
potency of 3d on these two cancer cell lines can possibly be rationalized by any mechanism
limiting the accessibility of this molecule to the cellular tubulin. Compounds 3h and 3l

showed weak antitubulin polymerization activity (IC50: 1.9 and 2.2 μM, respectively),
which is consistent with their low antiproliferative activities.

In competition experiments, in reaction mixtures containing 0.5 μM tubulin and 5.0 μM
[3H]colchicine, compound 3d strongly inhibited the binding of [3H]colchicine to tubulin,
with 72% inhibition occurring when 3d and the radiolabeled drug were both at 5.0 μM in
the reaction mixture. Compound 3d was less potent than CA-4, which in these experiments
inhibited colchicine binding by 98%, while 3f, 3h and 3l inhibited colchicine binding by
only 21, 18 and 39%, respectively.

In this small series of four compounds, the results obtained demonstrated that the
antiproliferative activity was correlated with the inhibition of tubulin polymerization.
Moreover, inhibition of tubulin assembly was correlated more closely with antiproliferative
activity than with inhibition of [3H]colchicine binding.

2.2.3. Molecular Modeling Studies

To rationalize the experimental data obtained for compounds 3d, 3f, 3h and 3l, a series
of molecular docking simulations were performed.
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The four derivatives occupy the tubulin colchicine site in a similar manner, mimicking
the binding of the co-crystallized colchicine (Figure 3A–E), with the [1,2,4]triazolo[1,5-
a]pyrimidine core lying on the central part of the binding site, the trimethoxyphenyl ring in
position 7 placed in proximity of βCys241 and the differently substituted phenyl rings in
position 2 sited at the interface between the two tubulin subunits, pointing toward a loop
in the α-subunit (αSer178-αThr179).

Figure 3. Colchicine binding conformation (A) and proposed binding for compounds 3d (B), 3f (C),
3h (D) and 3l (E) in the colchicine site. All the derivatives presented the trimethoxyphenyl ring in
proximity to βCys241, while the substituted phenyl group at position 2 of the central core was sited
at the interface between the two tubulin subunits, pointing toward a loop in the α-subunit (αSer178-
αThr179). Compound 3d presented two main interactions with βCys241, different anchoring contacts
with the surrounding residues and no clashes with the tubulin structure. The rest of the compounds,
even if conserving different interactions, including the important interaction with βCys241, presented
different clashes with the surrounding residues, suggesting a non-optimal occupation of the colchicine
site and indicating a reduced affinity for tubulin. The carbon atoms of the tubulin α unit residues
are shown in lilac, while the carbon atoms of the β unit residues are represented in teal. Hydrogen
bonds are shown as orange dashed lines, hydrophobic interactions as green dashed lines and distance
clashes as red dashed lines.

According to this binding site occupation prediction, the four derivatives would bind
in this area of tubulin in a similar manner. Analyzing in more detail the interactions and
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any potential clash between the four molecules and the tubulin structure, some interesting
observations were made.

The trimethoxyphenyl ring of 3d presented two main interactions with βCys241
(Figure 3B), forming an important key contact point for inhibition of tubulin polymerization,
and established different anchoring contacts with the surrounding residues (βLys254,
βLeu255, βMet259, βLys352, αAla180), and these contacts further stabilized the compound–
protein complex. Moreover, no clashes between the compound and the protein were
present, indicating that 3d had an optimal occupation of the colchicine site. This could then
translate to 3d being the best compound of the series in inhibiting tubulin polymerization
and competing for the colchicine site.

Introduction of a second methyl group in the m,p-xylyl derivative 3f did not seem
to affect the interactions with the tubulin residues, including interaction with βCys241
(Figure 3C), but the additional methyl group at the meta-position did present a possible
sterical clash with βAsn249, and this could affect the compound–protein complex, reducing
its stability. Moreover, to accommodate the second methyl group, 3f had a slightly different
binding orientation as compared with compound 3d, and this caused other possible steric
clashes with the surrounding residues (βAsn249, βLys352, αAla180). The presence of these
potential issues suggests that 3f could not have an optimal occupation of the colchicine
site, hence a reduced affinity towards tubulin, and therefore a detrimental effect in the
inhibition of tubulin polymerization.

A similar effect was also observed for 3h (p-ethyl, Figure 3D) and 3l (m-methoxy,
Figure 3E), where the longer ethyl chain in position 4′ and the presence of the methoxy
groups in position 3′ for compounds 3h and 3l, respectively, caused some potential steric
clashes with αGln11 and with αGln11/αTyr224, respectively. These negative structural
features forced the compounds to adjust their binding, possibly reducing compound–
protein complex stability. This could suggest a lower affinity for the binding site, negatively
affecting the inhibition of tubulin polymerization.

2.2.4. Compound 3d Induced G2/M Arrest of the Cell Cycle

With the aim of evaluating the effects of compound 3d on the cell cycle, we analyzed
HeLa cells after treatment for 24 h at 10, 25 or 50 nM. As shown in Figure 4A, compound
3d caused a significant G2/M arrest in a concentration-dependent manner. The increase in
G2/M cells was evident at 25 nM and accompanied by a concomitant reduction in both G1
and S phase cells.

Figure 4. (Panel (A)) Quantitative analysis of cell cycle phase distribution in HeLa cells after a 24 h
treatment with 3d, at the concentrations of 10, 25 or 50 nM. Cells were stained with PI to analyze the
DNA content by flow cytometry. Data are presented as means of three independent experiments
± SEM. (Panel (B)) Effects of compound 3d on cell cycle regulatory proteins and DNA damage
checkpoint proteins. HeLa cells were treated for 24 h with the indicated concentration of 3d, and
expression of ATR, cdc2 (Y15) and cyclin B was detected by Western blot analysis.
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We then evaluated by Western blot analysis the effects of 3d on the expression of
several proteins regulating the mitotic checkpoint. When damage to the mitotic spindle
occurs, the mitotic spindle assembly checkpoint is activated, causing an accumulation of
cyclin B and the dephosphorylation of cdc2 [67,68]. We found (Figure 4B) that treatment
with 3d induced an increase in cyclin B expression and, at the same time, a significant
reduction in cdc2 phosphorylation (Y15).

The prolonged arrest in metaphase induces the activation of a DNA damage signal
cascade that involves primarily ATR kinase, which becomes phosphorylated at Ser428. As
shown in Figure 4B, we found a considerable increase in ATR phosphorylation (Ser428) [69],
suggesting that 3d induced the activation of the DNA damage signaling response with
consequent accumulation of cyclin B and a block of cells in the G2/M phase.

2.2.5. Compound 3d Induced Apoptosis in HeLa Cells through Mitochondrial
Depolarization

With the aim of evaluating the type of cell death induced by the treatment of compound
3d, we treated HeLa cells with different concentrations of 3d, and, after 24 or 48 h, we
labeled the cells with both annexin-V conjugated with FITC and propidium iodide (PI). The
cells were then subjected to flow cytometric analysis, and the results are shown in Figure 5.
Compound 3d induced, in a concentration- and time-dependent manner, apoptosis in the
treated cells. The effect was evident at 25 nM and stronger still at 50 nM. With 3d at 50 nM
and at long incubation times, a fair percentage of cells (about 25%) became necrotic, being
positive only for PI (A−/PI+).

Figure 5. Apoptotic effects caused by 3d. HeLa cells were treated with the indicated concentrations
of 3d for either 24 or 48 h and then were analyzed by flow cytometry after double staining with
annexin-V-FITC and PI. A−/PI− Alive cells; A+/PI− Early apoptotic cells; A+/PI+ Late apoptotic
cells; A−/PI+ Necrotic cells. In the histograms, data are represented as mean ± SEM of three
independent experiments.

Since many drugs acting as inhibitors of tubulin polymerization induce apoptosis
through mitochondrial depolarization [70–74], we wanted to investigate whether 3d-induced
apoptosis was accompanied by a reduction in mitochondrial potential. To do this, we
treated the Hela cells with the compound, and after 24 or 48 h we labeled the cells with the
fluorescent dye JC-1.

In physiological conditions, JC-1 aggregates and emits red fluorescence, while, in
depolarization conditions, the dye disaggregates and forms monomers that emit green
fluorescence. As can be seen from Figure 6, after a 24 h treatment, a significant increase in
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the percentage of monomers was observed, and this percentage increased further at 48 h,
in good agreement with the appearance of apoptotic cells described above.

Figure 6. Assessment of mitochondrial depolarization after treatment with 3d. HeLa cells were
treated with the indicated concentrations of compound for 24 or 48 h. Data are represented as mean
± SEM of three independent experiments (** p < 0.01, *** p < 0.001).

2.2.6. Compound 3d Induces Caspase-9 Activation and Causes a Decrease in the
Expression of Bcl-2 Protein

To further study the 3d-induced apoptosis process we evaluated the expression of
caspase-9. As shown in Figure 7, we observed at both 25 and 50 nM 3d the appearance of
the cleaved fragment of caspase-9. In this context, many studies have demonstrated that
activation of initiator pro-caspase-9 causes a decrease in Bcl-2 expression, thus indicating
the occurrence of apoptosis [75].

Figure 7. Western blot analysis of Caspase-9 (D330) (Cleaved form) and Bcl-2 levels. HeLa cells were
treated for 24 h with 3d at the indicated concentrations.

Western blot analysis showed that treatment with 3d induced a reduction in Bcl-2
expression starting at 10 nM and, at higher concentrations, we also observed the appearance
of the phosphorylated form of Bcl-2, a phenomenon frequently observed with antimitotic
drugs and probably linked to mitotic death [76,77].
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2.2.7. Effects of 3d Treatments on Zebrafish Embryos

To evaluate the toxicity of 3d in vivo, wild-type embryos were exposed to 3d diluted in
fish water to 30 and 300 nM. Three replicates were performed, and, for each one, 20 embryos
were used per drug concentration (60 embryos in total). The embryos were exposed
to chemicals from the shield stage (6 h post-fertilization (hpf)) to larval stage (72 hpf),
and phenotypical observations were recorded every 24 h. As shown in Figure 8A, no
morphological abnormalities or embryonic lethality were observed in embryos treated with
the 30 nM dose. The compound at 300 nM generated a small yolk sac edema in the majority
of 48 hpf embryos (red arrow), and the edema was completely re-absorbed within the next
24 h in all treated animals, suggesting that 3d was well tolerated by the embryos.

Figure 8. Effects of 3d treatment on the zebrafish xenotransplantation model (A). Compound 3d

did not induce abnormal phenotypes or developmental anomalies in zebrafish embryos after 24, 48
and 72 h of incubation. DMSO-treated embryos were used as control. (B) Representative images
of Tg(fli1:EGFP) zebrafish embryos (blood vessels shown in white) transplanted with DiI + HeLa
cells (red). The embryos were treated with the indicated concentrations of 3d for 24 h and then the
fluorescence intensity was quantified as depicted in panel (C). Data are expressed as mean ± SD
(**** p < 0.001). Scale bar, 200 μm. Effects of 3d treatment on zebrafish embryos. No abnormal
phenotypes or developmental defects were seen in comparison to DMSO-treated embryos (as a
normal control) after 24, 48 and 72 h. (B) Effects of 3d treatment on the zebrafish xenotransplantation
model. Representative images of Tg(fli1:EGFP) zebrafish embryos (blood vessels shown in white)
transplanted with DiI + HeLa cells (red). Embryos were treated for 24 h with DMSO (control group),
30 nM 3d or 300 nM 3d. (C) Histograms represent the fluorescence intensity of the tumor xenografts,
indicating total HeLa cells present in each embryo after a 24 h treatment with 3d at the indicated
concentrations. Data are expressed as mean ± SD (**** p < 0.001). Scale bar, 200 μm.
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2.2.8. In Vivo Antitumor Activity of Compound 3d in a Zebrafish Xenograft Model

To evaluate the effects of 3d on tumor maintenance and dissemination in vivo, we took
advantage of a zebrafish xenograft model. About 200 DiI-labeled HeLa cells were injected
within the duct of Cuvier of 48 hpf zebrafish embryos. After xenotransplantation, the
animals were treated with 3d at 30 or 300 nM and circulating tumor cells were visualized
and quantified in real time through fluorescence microscopy.

Upon 24 h treatment, HeLa cells were engrafted into the trunk and tail regions of
DMSO-treated zebrafish embryos (controls). Interestingly, 3d significantly reduced the
number of disseminated cancer cells (Figure 8B), in agreement with in vitro cytotoxic effects
of this compound on HeLa cancer cells. Notably, as shown in Figure 8C, the fluorescence
intensity decreased in a dose-dependent manner, reaching statistical significance at 300 nM,
indicating the effectiveness of 3d in eradicating DiI-positive tumor cells.

3. Materials and Methods

3.1. Chemistry

The 1H and 13C NMR spectra were recorded on a Varian 400 Mercury Plus spec-
trometer. Chemical shifts (δ) are given in ppm upfield, and the spectra were recorded
in appropriate deuterated solvents, as indicated. Mass spectra were recorded by an ESI
single quadrupole mass spectrometer (Waters ZQ 2000; Waters Instruments, UK), and the
values are expressed as [M+1]+. Melting points (mp) were determined on a Buchi-Tottoli
apparatus and are uncorrected. All products reported showed 1H and 13C NMR spectra
in agreement with the assigned structures. The purity of tested compounds was deter-
mined by combustion elemental analyses conducted by the Microanalytical Laboratory
of the Chemistry Department of the University of Ferrara with a Yanagimoto MT-5 CHN
recording elemental analyzer. All tested compounds yielded data consistent with a purity
of at least 95% as compared with the theoretical values. Reaction courses and product
mixtures were routinely monitored by TLC on silica gel (precoated F254 Merck plates), and
compounds were visualized with aqueous KMnO4. Flash chromatography was performed
using 230–400 mesh silica gel and the indicated solvent system. Organic solutions were
dried over anhydrous Na2SO4.

3.1.1. General Procedure A for the Synthesis of Compounds 8a–v

To a solution of dimethyl cyanodithioimidocarbonate 7 (292 mg, 2 mmol) in isopro-
propanol (10 mL) was added the appropriate amine (2 mmol, 1 equiv.), and the mixture
was refluxed for 18 h for the synthesis of compounds 8a–o, while the mixture was stirred at
room temperature (18 h) for the preparation of compounds 8p–v. After this time, the sol-
vent was removed under reduced pressure, the resulting residue was washed with diethyl
ether (10 mL) and filtered to furnish the final compound 8a–v used for the next reaction
without any purification. For the characterization of compounds 8a, 8c–f, 8h and 8j–n see
reference [53]. The characterization of compounds 8p–v was described previously [78].

(Z)-Methyl N′-Cyano-N-(pyridin-3-yl)carbamimidothioate (8b)

Following general procedure A, compound 8b was obtained as a white solid, yield
89%, mp 188–190 ◦C; 1H-NMR (DMSO-d6) δ: 2.62 (s, 3H), 7.10 (d, J = 8.0 Hz, 1H), 7.26 (m,
1H), 7.69 (s, 1H), 8.62 (d, J = 8.0 Hz, 1H), 10.0 (s, 1H). MS (ESI): [M+1]+ = 193.2.

(Z)-Methyl N′-Cyano-N-(3,5-dimethylphenyl)carbamimidothioate (8g)

Following general procedure A, compound 8g was obtained as a white solid, yield
78%, mp 142–144 ◦C; 1H-NMR (DMSO-d6) δ: 2.22 (s, 6H), 2.44 (s, 3H), 6.36 (s, 1H), 7.10 (s,
2H), 10.0 (bs, 1H). MS (ESI): [M+1]+ = 220.3.

(Z)-Methyl N-(4-n-Propylphenyl)-N′-cyanocarbamimidothioate (8i)

Following general procedure A, compound 8i was obtained as a white solid, yield
84%, mp 154–156 ◦C; 1H-NMR (DMSO-d6) δ: 0.93 (t, J = 7.2 Hz, 3H), 1.60 (m, 2H), 2.53 (s,
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3H), 2.62 (t, J = 7.2 Hz, 2H), 7.20 (d, J = 8.4 Hz, 2H), 7.24 (d, J = 8.4 Hz, 2H), 10.1 (bs, 1H).
MS (ESI): [M+1]+ = 234.3.

(Z)-Methyl N′-Cyano-N-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)carbamimidothioate (8o)

Following general procedure A, compound 8o was obtained as a white solid, yield
92%, mp 202–204 ◦C; 1H-NMR (DMSO-d6) δ: 2.48 (s, 3H), 4.2 (s, 4H), 7.10 (d, J = 8.0 Hz,
1H), 6.84 (s, 2H), 6.94 (s, 1H), 10.0 (s, 1H). MS (ESI): [M+1]+ = 250.2

3.1.2. General Procedure B for the Synthesis of Compounds 9a–v

To a stirred suspension of compound 8a–v (2 mmol) in methanol (10 mL) was added
hydrazine monohydrate (0.2 mL, 4 mmol, 2 equiv.), and the mixture was heated under
reflux for 18 h. After this time, the volatiles were removed, and the residue suspended with
diethyl ether (10 mL) was sonicated for 10 min. The resultant solid was collected by filtration
and then used for the next reaction without any purification. For the characterization of
compounds 9a, 9c–f, 9h and 9j–n see reference [53].

N3-(Pyridin-3-yl)-1H-1,2,4-triazole-3,5-diamine (9b)

Following general procedure B, compound 9b was obtained as a grey solid. Yield 68%,
mp 178–179 ◦C; 1H-NMR (d6-DMSO) δ: 5.76 (bs, 2H), 7.31 (dd, J = 7.7 and 4.8 Hz, 1H), 7.71
(dt, J = 7.8 and 1.8 Hz, 1H), 8.12–8.21 (m. 1H), 8.33 (s, 1H), 8.52 (d, J = 1.8 Hz. 1H), 11.0 (br.
s., 1H). MS (ESI): [M+1]+ = 177.2.

N3-(3,5-Dimethylphenyl)-1H-1,2,4-triazole-3,5-diamine (9g)

Following general procedure B, compound 9g was obtained as a white solid. Yield
88%, mp 188–190 ◦C; 1H-NMR (d6-DMSO) δ: 2.15 (s, 6H), 5.76 (bs, 2H), 6.34 (s, 1H), 7.09 (s,
2H), 8.40 (s, 1H), 11.0 (bs, 1H). MS (ESI): [M+1]+ = 204.3.

N3-(4-n-Propylphenyl)-1H-1,2,4-triazole-3,5-diamine (9i)

Following general procedure B, compound 9i was obtained as a white solid. Yield
82%, mp 186–188 ◦C; 1H-NMR (d6-DMSO) δ: 0.88 (t, J = 7.0 Hz, 3H), 1.48 (m, 2H), 2.41 (t,
J = 7.6 Hz, 2H), 5.80 (bs, 2H), 6.94 (d, J = 8.2 Hz, 2H), 7.36 (d, J = 8.2 Hz, 2H), 8.43 (bs, 1H),
11.1 (bs, 1H). MS (ESI): [M+1]+ = 218.3.

N3-(2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)-1H-1,2,4-triazole-3,5-diamine (9o)

Following general procedure B, compound 9o was obtained as a white solid. Yield
82%, mp 202–204 ◦C; 1H-NMR (d6-DMSO) δ: 4.10–4.16 (m, 4H), 5.73 (bs, 2H), 6.60 (d,
J = 8.8 Hz, 1H), 6.82 (dd, J = 8.8 and 2.4 Hz, 1H), 7.15 (d, J = 2.4 Hz, 1H), 8.31 (s, 1H), 10.8
(bs, 1H). MS (ESI): [M+1]+ = 234.2.

N3-Benzyl-1H-1,2,4-triazole-3,5-diamine (9p)

Following general procedure B, compound 9p was obtained as a white solid. Yield
75%, mp 203–205 ◦C; 1H-NMR (d6-DMSO) δ: 4.21 (d, J = 6.4 Hz, 2H), 5.32 (bs, 2H), 6.12 (t,
J = 6.4 Hz, 1H), 7.18–7.20 (m, 1H), 7.27–7.30 (m, 4H), 10.6 (bs, 1H). MS (ESI): [M+1]+ = 190.2.

N3-(4-Chlorobenzyl)-1H-1,2,4-triazole-3,5-diamine (9q)

Following general procedure B, compound 9q was obtained as a white solid. Yield
88%, mp 176–178 ◦C; 1H-NMR (d6-DMSO) δ: 4.20 (d, J = 6.4 Hz, 2H), 5.30 (bs, 2H), 5.86 (t,
J = 6.4 Hz, 1H), 7.29-7.38 (m, 4H), 10.8 (bs, 1H). MS (ESI): [M+1]+ = 224.7.

N3-(4-Methylbenzyl)-1H-1,2,4-triazole-3,5-diamine (9r)

Following general procedure B, compound 9r was obtained as a white solid. Yield
87%, mp 188–190 ◦C; 1H-NMR (d6-DMSO) δ: 2.25 (s, 3H), 4.14 (d, J = 6.2 Hz, 2H), 5.27 (bs,
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2H), 5.85 (t, J = 6.2 Hz, 1H), 7.05 (d, J = 8.0 Hz, 2H), 7.16 (d, J = 8.0 Hz, 2H), 10.7 (bs, 1H).
MS (ESI): [M+1]+ = 203.9.

N3-(4-Methoxybenzyl)-1H-1,2,4-triazole-3,5-diamine (9s)

Following general procedure B, compound 9s was obtained as a white solid. Yield
88%, mp 198–200 ◦C; 1H-NMR (d6-DMSO) δ: 3.71 (s, 3H), 4.11 (d, J = 6.4 Hz, 2H), 5.28 (bs,
2H), 5.92 (t, J = 6.4 Hz, 1H), 6.82 (d, J = 8.6 Hz, 2H), 7.20 (d, J = 8.6 Hz, 2H), 10.8 (bs, 1H).
MS (ESI): [M+1]+ = 220.2.

N3-(Benzo[d][1,3]dioxol-5-ylmethyl)-1H-1,2,4-triazole-3,5-diamine (9t)

Following general procedure B, compound 9t was obtained as a white solid. Yield
93%, mp 204–206 ◦C; 1H-NMR (d6-DMSO) δ: 4.12 (d, J = 6.4 Hz, 2H), 4,24 (bs, 1H), 5.38 (bs,
2H), 5.97 (s, 2H), 6.74 (dd, J = 8.2 and 2.2 Hz, 1H), 6.80 (d, J = 8.2 Hz, 1H), 6.88 (d, J = 2.2 Hz,
1H), 10.8 (bs, 1H). MS (ESI): [M+1]+ = 234.2.

N3-(2-Phenylethyl)-1H-1,2,4-triazole-3,5-diamine (9u)

Following general procedure B, compound 9u was obtained as a white solid. Yield
90%, mp 206–208 ◦C; 1H-NMR (d6-DMSO) δ: 2.82 (t, J = 7.2 Hz, 2H), 3.35–3.37 (m, 2H), 5.30
(bs, 2H), 6.22 (t, J = 6.4 Hz, 1H), 7.19–7.22 (m, 2H), 7.27–7.30 (m, 3H), 10.6 (bs, 1H). MS (ESI):
[M+1]+ = 204.2.

N3-(3-Phenylpropyl)-1H-1,2,4-triazole-3,5-diamine (9v)

Following general procedure B, compound 9v was obtained as a white solid. Yield
92%, mp 188–190 ◦C; 1H-NMR (d6-DMSO) δ: 1.74 (m, 2H), 2.55 (t, J = 7.2 Hz, 2H), 2.95–2.99
(m, 2H), 5.32 (bs, 2H), 6.14 (bs, 1H), 7.14–7.18 (m, 3H), 7.22–7.25 (m, 2H), 10.6 (bs, 1H). MS
(ESI): [M+1]+ = 218.3.

3.1.3. General Procedure C for the Synthesis of Compounds 3a–v

To a solution of (E)-3-(dimethylamino)-1-(3,4,5-trimethoxyphenyl)prop-2-en-1-one 10

(132 mg, 0.5 mmol) in glacial acetic acid (3 mL) was added the appropriate 3-substituted 5-
amino-1,2,4-triazole 9a–v (0.75 mmol, 1.5 equiv.), and the resulting mixtures were stirred for
2 h at 80 ◦C and then evaporated to dryness in vacuo. The residue was portioned between
dichloromethane and a 2 M solution of Na2CO3 in water, the organic phase was separated,
washed with brine, dried over sodium sulfate, filtered and concentrated. The crude
residue was subjected to column chromatography on silica gel using a mixture of ethyl
acetate–methanol as eluent or recrystallized from diethyl ether, yielding the appropriate
2-substituted-7-(3′,4′5′-trimethoxyphenyl)[1,2,4]triazolo[1,5-a]pyrimidines 3a–v.

N-Phenyl-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-amine (3a)

Following general procedure C, the crude residue was purified by crystallization
with diethyl ether to furnish 3a as a yellow solid. Yield: 49%, mp 235–236 ◦C; 1H-NMR
(DMSO-d6) δ: 3.79 (s, 3H), 3.91 (s, 6H), 6.94 (t, J = 8.4 Hz, 1H), 7.27 (t, J = 8.4 Hz, 2H), 7.52
(d, J = 4.8 Hz, 1H), 7.71 (s, 2H), 7.73 (t, J = 8.4 Hz, 2H), 8.66 (d, J = 4.8 Hz, 1H), 9.89 (s, 1H);
13C-NMR (DMSO-d6) δ: 56.60 (2C), 60.71, 107.70 (2C), 108.21, 117.39 (2C), 121.15, 125.36, 129.17
(2C), 140.69, 141.18, 145.52, 153.17 (2C), 153.36, 155.71, 163.57. MS (ESI): [M+1]+ = 378.4. Anal.
calcd for C20H19N5O3. C, 63.65; H, 5.07; N, 18.56; found: C, 63.48; H, 4.88; N, 18.34.

N-(Pyridin-3-yl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-amine (3b)

Following general procedure C, the crude residue was purified by crystallization with
diethyl ether to furnish 3b as a brown solid. Yield: 47%, mp 172–174 ◦C; 1H-NMR (DMSO-
d6) δ: 3.79 (s, 3H), 3.81 (s, 6H), 7.31 (dd, J = 8.4 and 8.0 Hz, 1H), 7.55 (d, J = 4.8 Hz, 1H), 7.56
(s, 2H), 8.08–8.09 (m, 1H), 8.10–8.14 (m, 1H), 8.70 (d, J = 4.8 Hz, 1H), 8.97 (d, J = 2.8 Hz, 1H),
10.1 (s, 1H); 13C-NMR (DMSO-d6) δ: 56.62 (2C), 60.72, 107.69 (2C), 108.54, 123.78, 123.94,
125.27, 137.88, 139.51, 140.72, 142.18, 145.77, 153.19 (2C), 153.66, 155.75, 163.23. MS (ESI):
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[M+1]+ = 379.3. Anal. calcd for C19H18N6O3. C, 60.31; H, 4.79; N, 22.21; found: C, 60.12; H,
4.67; N, 22.03.

N-(4-Fluorophenyl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-amine (3c)

Following general procedure C, the crude residue was purified by crystallization
with diethyl ether to furnish 3c as a white solid. Yield: 58%, mp 234–235 ◦C; 1H-NMR
(DMSO-d6) δ: 3.78 (s, 3H), 3.90 (s, 6H), 7.12 (t, J = 8.8 Hz, 2H), 7.50 (d, J = 4.8 Hz, 1H), 7.66 (s,
2H), 7.66–7.73 (m, 2H), 8.66 (d, J = 4.8 Hz, 1H), 9.91 (s, 1H); 13C-NMR (DMSO-d6) δ: 56.62
(2C), 60.71, 107.66 (2C), 108.30, 115.60 and 115.82 (J2CF = 22.1 Hz, 2C), 118.75 and 118.82
(J3CF = 6.9 Hz, 2C), 125.35, 137.67, 140.67, 145.57, 153.19 (2C), 153.36, 155.74, 155.95 and
158.31 (J1CF = 236 Hz, 1C), 163.54. MS (ESI): [M+1]+ = 396.2. Anal. calcd for C20H18FN5O3.
C, 60.75; H, 4.59; N, 17.71; found: C, 60.56; H, 4.43; N, 17.48.

N-(p-Tolyl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-amine (3d)

Following general procedure C, the crude residue was crystallized with diethyl ether
to furnish 3d as a yellow solid. Yield: 58%, mp 208–209 ◦C; 1H-NMR (DMSO-d6) δ: 2.23
(s, 3H), 3.79 (s, 3H), 3.91 (s, 6H), 7.06 (d, J = 8.4 Hz, 2H), 7.50 (d, J = 4.8 Hz, 1H), 7.59 (d,
J = 8.4 Hz, 2H), 7.68 (s, 2H), 8.64 (d, J = 4.8 Hz, 1H), 9.57 (s, 1H); 13C-NMR (DMSO-d6) δ:
20.77, 56.60 (2C), 60.71, 107.68 (2C), 108.09, 117.43 (2C), 125.39, 129.56 (2C), 129.90, 138.69,
140.66, 145.42, 153.16 (2C), 153.23, 155.74, 163.81. MS (ESI): [M+1]+ = 392.4. Anal. calcd for
C21H21N5O3. C, 64.44; H, 5.41; N, 17.89; found: C, 64.31; H, 5.18; N, 17.77.

N-(m-Tolyl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-amine (3e)

Following general procedure C, the crude residue was purified by crystallization with
diethyl ether to furnish 3e as a yellow solid. Yield: 62%, mp 229–230 ◦C; 1H-NMR (DMSO-d6)
δ: 2.26 (s, 3H), 3.78 (s, 3H), 3.89 (s, 6H), 6.74 (d, J = 8.0 Hz, 1H), 7.14 (t, J = 8.0 Hz, 1H), 7.46
(d, J = 2.0 Hz, 1H), 7.48 (d, J = 4.8 Hz, 1H), 7.60 (d, J = 8.0 Hz, 1H), 7.65 (s, 2H), 8.66 (d,
J = 4.8 Hz, 1H), 9.81 (s, 1H); 13C-NMR (DMSO-d6) δ: 21.79, 56.65 (2C), 60.71, 107.64 (2C),
108.22, 114.57, 117.97, 121.94, 125.44, 128.98, 138.32, 140.65, 141.14, 145.58, 153.17 (2C),
153.31, 155.67, 163.61. MS (ESI): [M+1]+ = 392.6. Anal. calcd for C21H21N5O3. C, 64.44; H,
5.41; N, 17.89; found: C, 64.23; H, 5.31; N, 17.69.

N-(3,4-Dimethylphenyl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-
amine (3f)

Following general procedure C, the crude residue was crystallized with diethyl ether
to furnish 3f as a yellow solid. Yield: 54%, mp 189–190 ◦C; 1H-NMR (DMSO-d6) δ: 2.14
(s, 3H), 2.16 (s, 3H), 3.78 (s, 3H), 3.89 (s, 6H), 7.02 (d, J = 8.4 Hz, 1H), 7.41 (d, J = 1.2 Hz,
1H), 7.47 (d, J = 4.8 Hz, 1H), 7.54 (dd, J = 8.4 and 1.2 Hz, 1H), 7.65 (s, 2H), 8.64 (d,
J = 4.8 Hz, 1H), 9.68 (s, 1H); 13C-NMR (DMSO-d6) δ: 19.08, 20.24, 56.64 (2C), 60.70, 107.73
(2C), 108.08, 114.86, 118.81, 125.47, 128.72, 130.01, 138.74, 138.97, 140.62, 145.47, 153.17 (2C),
155.71, 158.64, 163.73. MS (ESI): [M+1]+ = 406.4. Anal. calcd for C22H23N5O3. C, 65.17; H,
5.72; N, 17.27; found: C, 64.92; H, 5.53; N, 17.05.

N-(3,5-Dimethylphenyl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-
amine (3g)

Following general procedure C, the crude residue was purified by flash chromatogra-
phy, using ethyl acetate as eluent, to furnish 3g as a yellow solid. Yield: 58%, mp 228–230 ◦C;
1H-NMR (DMSO-d6) δ: 2.21 (s, 6H), 3.77 (s, 3H), 3.87 (s, 6H), 6.55 (s, 1H), 7.32 (s, 2H), 7.44
(d, J = 4.8 Hz, 1H), 7.60 (s, 2H), 8.65 (d, J = 4.8 Hz, 1H), 9.72 (s, 1H); 13C-NMR (DMSO-d6)
δ: 21.15 (2C), 56.13 (2C), 60.13, 107.22 (2C), 107.86, 114.64 (2C), 122.27, 124.98, 137.51 (2C),
140.01, 140.53, 145.10, 152.61 (2C), 152.71, 155.06, 163.07. MS (ESI): [M+1]+ = 406.4. Anal.
calcd for C22H23N5O3. C, 65.17; H, 5.72; N, 17.27; found: C, 64.97; H, 5.52; N, 17.11.
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N-(4-Ethylphenyl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-amine (3h)

Following general procedure C, the crude residue crystallized with diethyl ether
furnished 3h as a yellow solid. Yield: 63%, mp 199–200 ◦C; 1H-NMR (DMSO-d6) δ: 1.14
(t, J = 8.4 Hz, 3H), 2.52 (q, J = 8.4 Hz, 2H), 3.79 (s, 3H), 3.91 (s, 6H), 7.09 (d, J = 8.4 Hz, 2H),
7.50 (d, J = 4.8 Hz, 1H), 7.61 (d, J = 8.4 Hz, 2H), 7.69 (s, 2H), 8.64 (d, J = 4.8 Hz, 1H), 9.77
(s, 1H); 13C-NMR (DMSO-d6) δ: 16.34, 27.93, 56.59 (2C), 60.72, 107.68 (2C), 108.09, 117.56
(2C), 125.38, 128.16, 128.36 (2C), 136.52, 138.89, 140.66, 145.41, 153.16 (2C), 155.75, 163.71.
MS (ESI): [M+1]+ = 406.3. Anal. calcd for C22H23N5O3. C, 65.17; H, 5.72; N, 17.27; found: C,
64.91; H, 5.54; N, 17.12.

N-(4-Propylphenyl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-amine (3i)

Following general procedure C, the crude residue crystallized with diethyl ether
furnished 3i as a yellow solid. Yield: 64%, mp 185–187 ◦C; 1H-NMR (DMSO-d6) δ: 0.86 (t,
J = 7.2 Hz, 3H), 1.52–1.55 (m, 2H), 2.52 (q, J = 7.2 Hz, 2H), 3.78 (s, 3H), 3.91 (s, 6H), 7.07 (d,
J = 8.4 Hz, 2H), 7.50 (d, J = 4.8 Hz, 1H), 7.60 (d, J = 8.4 Hz, 2H), 7.69 (s, 2H), 8.64 (d,
J = 4.8 Hz, 1H), 9.77 (s, 1H); 13C-NMR (DMSO-d6) δ: 14.04, 24.75, 37.05, 56.59 (2C), 60.71,
107.68 (2C), 108.08, 117.50 (2C), 125.38, 128.95 (2C), 134.88, 138.90, 140.66, 145.40, 147.92,
153.16 (2C), 155.75, 163.71. MS (ESI): [M+1]+ = 420.4. Anal. calcd for C23H25N5O3. C, 65.85;
H, 6.01; N, 16.70; found: C, 65.69; H, 5.88; N, 16.52.

N-(4-Isopropylphenyl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-
amine (3j)

Following general procedure C, the crude residue crystallized with diethyl ether
furnished 3j as a yellow solid. Yield: 53%, mp 212–214 ◦C; 1H-NMR (DMSO-d6) δ: 1.12 (d,
J = 6.8 Hz, 6H), 2.46–2.48 (m, 1H), 3.79 (s, 3H), 3.91 (s, 6H), 7.12 (d, J = 8.4 Hz, 2H), 7.50
(d, J = 4.8 Hz, 1H), 7.61 (d, J = 8.4 Hz, 2H), 7.69 (s, 2H), 8.64 (d, J = 4.8 Hz, 1H), 9.76 (s,
1H); 13C-NMR (DMSO-d6) δ: 24.52 (2C), 33.17, 56.59 (2C), 60.71, 107.69 (2C), 108.08, 115.95,
117.63 (2C), 125.38, 126.84 (2C), 138.95, 140.65, 141.25, 145.38, 153.16 (2C), 155.77, 163.73.
MS (ESI): [M+1]+ = 420.5. Anal. calcd for C23H25N5O3. C, 65.85; H, 6.01; N, 16.70; found: C,
65.70; H, 5.88; N, 16.51.

N-(4-Methoxyphenyl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-amine (3k)

Following general procedure C, the crude residue was purified by crystallization with
diethyl ether to furnish 3k as a yellow solid. Yield: 62%, mp 213–215 ◦C; 1H-NMR (DMSO-d6)
δ: 3.70 (s, 3H), 3.78 (s, 3H), 3.90 (s, 6H), 7.48 (d, J = 4.8 Hz, 1H), 6.85 (d, J = 8.8 Hz, 2H), 7.61 (d,
J = 8.8 Hz, 2H), 7.68 (s, 2H), 8.62 (d, J = 4.8 Hz, 1H), 9.65 (s, 1H); 13C-NMR (DMSO-d6) δ:
55.69, 56.60 (2C), 60.71, 107.65 (2C), 107.98, 114.45 (2C), 118.90 (2C), 125.40, 134.54, 140.63,
145.30, 153.08, 153.16 (2C), 154.15, 155.82, 163.85. MS (ESI): [M+1]+ = 408.4. Anal. calcd for
C21H21N5O4. C, 61.91; H, 5.20; N, 17.19; found: C, 61.77; H, 5.02; N, 17.01.

N-(3-Methoxyphenyl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-amine (3l)

Following general procedure C, the crude residue was purified by crystallization
with diethyl ether to furnish 3l as a yellow solid. Yield: 54%, mp 165–166 ◦C; 1H-NMR
(DMSO-d6) δ: 3.70 (s, 3H), 3.78 (s, 3H), 3.90 (s, 6H), 6.54 (dd, J = 8.0 and 2.0 Hz, 1H), 7.19 (t,
J = 8.4 Hz, 1H), 7.24 (dd, J = 8.0 and 2.0 Hz, 1H), 7.40 (d, J = 2.0 Hz, 1H), 7.49 (d, J = 4.8 Hz, 1H),
7.65 (s, 2H), 8.66 (d, J = 4.8 Hz, 1H), 9.88 (s, 1H); 13C-NMR (DMSO-d6) δ: 55.35, 56.59 (2C),
60.70, 103.88, 105.92, 107.69 (2C), 108.31, 110.17, 125.42, 129.92, 140.66, 142.29, 145.69, 153.19
(2C), 153.43, 155.61, 160.33, 163.48. MS (ESI): [M+1]+ = 408.3. Anal. calcd for C21H21N5O4.
C, 61.91; H, 5.20; N, 17.19; found: C, 61.72; H, 5.10; N, 17.02.

N-(4-Ethoxyphenyl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-amine (3m)

Following general procedure C, the crude residue was purified by crystallization
with diethyl ether to furnish 3m as a yellow solid. Yield: 61%, mp 205–207 ◦C; 1H-NMR
(DMSO-d6) δ: 1.28 (t, J = 6.8 Hz, 3H), 3.78 (s, 3H), 3.90 (s, 6H), 3.96 (q, J = 6.8 Hz, 2H), 6.83
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(d, J = 9.2 Hz, 2H), 7.48 (d, J = 4.8 Hz, 1H), 7.60 (d, J = 8.8 Hz, 2H), 7.68 (s, 2H), 8.62 (d,
J = 4.8 Hz, 1H), 9.65 (s, 1H); 13C-NMR (DMSO-d6) δ: 15.28, 56.59 (2C), 60.70, 63.60, 107.65
(2C), 107.97, 114.92, 115.03, 117.04, 118.88 (2C), 125.41, 134.45, 140.63, 145.29, 153.08, 153.16,
153.39, 155.82, 163.85. MS (ESI): [M+1]+ = 422.4. Anal. calcd for C22H23N5O4. C, 62.70; H,
5.50; N, 16.62; found: C, 62.58; H, 5.38; N, 16.49.

N-(Benzo[d][1,3]dioxol-5-yl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-
amine (3n)

Following general procedure C, the crude residue purified by crystallization with
diethyl ether furnished 3n as a white solid. Yield: 63%, mp 234–236 ◦C; 1H-NMR (DMSO-
d6) δ: 3.78 (s, 3H), 3.90 (s, 6H), 5.95 (s, 2H), 6.82 (d, J = 8.4 Hz, 1H), 7.03 (dd, J = 8.4 and
2.0 Hz, 1H), 7.48-7.50 (m, 2H), 7.66 (s, 2H), 8.64 (d, J = 4.8 Hz, 1H), 9.76 (s, 1H); 13C-NMR
(DMSO-d6) δ: 56.62 (2C), 60.70, 99.91, 101.24, 107.64 (2C), 108.11, 108.65, 109.97, 125.37, 135.89,
140.65, 141.62, 145.44, 147.78, 153.17 (2C), 153.27, 155.71, 163.64. MS (ESI): [M+1]+ = 422.4. Anal.
calcd for C21H19N5O3. C, 59.85; H, 4.54; N, 16.62; found: C, 59.72; H, 4.33; N, 16.48.

N-(2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-
a]pyrimidin-2-amine (3o)

Following general procedure C, the crude residue purified by crystallization with
diethyl ether furnished 3o as a white solid. Yield: 58%, mp 212–214 ◦C; 1H-NMR (DMSO-d6)
δ: 3.78 (s, 3H), 3.91 (s, 6H), 4.16–4.22 (m, 4H), 6.74 (d, J = 8.4 Hz, 1H), 7.02 (dd, J = 8.4 and
2.4 Hz, 1H), 7.39 (d, J = 2.8 Hz, 1H), 7.48 (d, J = 4.8 Hz, 1H), 7.66 (s, 2H), 8.63 (d, J = 4.8 Hz,
1H), 9.67 (s, 1H); 13C-NMR (DMSO-d6) δ: 56.58 (2C), 60.69, 64.32, 64.74, 86.40, 106.42, 107.59
(2C), 108.06, 110.89, 117.31, 125.42, 135.04, 138.01, 140.62, 143.63, 145.44, 153.19 (2C), 155.71,
163.63. MS (ESI): [M+1]+ = 436.4. Anal. calcd for C22H21N5O5. C, 60.68; H, 4.86; N, 16.08;
found: C, 60.54; H, 4.72; N, 15.98.

N-Benzyl-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-amine (3p)

Following general procedure C, the crude residue was purified by flash chromatog-
raphy, using ethyl acetate:methanol 9.5:0.5 as eluent, to furnish 3p as a white solid. Yield:
58%, mp 144–146 ◦C; 1H-NMR (DMSO-d6) δ: 3.73 (s, 3H), 3.76 (s, 6H), 4.48 (d, J = 6.0 Hz,
2H), 7.22 (t, J = 8.4 Hz, 1H), 7.29 (t, J = 8.4 Hz, 2H), 7.34 (d, J = 8.4 Hz, 2H), 7.38 (d, J = 5.2 Hz,
1H), 7.59 (s, 2H), 7.61 (t, J = 6.4 Hz, 1H), 8.51 (d, J = 5.2 Hz, 1H); 13C-NMR (DMSO-d6) δ:
45.85, 56.49 (2C), 60.63, 107.38, 107.64 (2C), 125.45, 127.03, 127.29 (2C), 128.66 (2C), 140.44,
140.64, 144.61, 152.04, 153.02 (2C), 156.73, 167.43. MS (ESI): [M+1]+ = 392.4. Anal. calcd for
C21H21N5O3. C, 64.44; H, 5.41; N, 17.89; found: C, 64.24; H, 5.16; N, 17.67.

N-(4-Chlorobenzyl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-amine (3q)

Following general procedure C, the crude residue was purified by flash chromatog-
raphy, using ethyl acetate:methanol 9:1 as eluent, to furnish compound 3q as a yellow
solid. Yield: 58%, mp 171–173 ◦C; 1H-NMR (DMSO-d6) δ: 3.76 (s, 6H), 3.81 (s, 3H), 4.47 (d,
J = 6.4 Hz, 2H), 7.33–7.35 (m, 4H), 7.38 (d, J = 5.2 Hz, 1H), 7.57 (s, 2H), 7.68 (t, J = 6.4 Hz, 1H),
8.52 (d, J = 5.2 Hz, 1H); 13C-NMR (DMSO-d6) δ: 45.22, 56.48 (2C), 60.64, 107.48, 107.64 (2C),
125.42, 128.60 (2C), 129.14 (2C), 131.55, 139.73, 140,12, 144.70, 152.13 (2C), 153.03, 156.72,
167.30. MS (ESI): [M+1]+ = 426.4. Anal. calcd for C21H20ClN5O3. C, 59.23; H, 4.73; N, 16.44;
found: C, 59.11; H, 4.60; N, 16.33.

N-(4-Methylbenzyl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-amine (3r)

Following general procedure C, using ethyl acetate:methanol 9.5:0.5 as eluent, com-
pound 3r was obtained as a white solid. Yield: 61%, mp 156–158 ◦C; 1H-NMR (DMSO-d6)
δ: 2.23 (s, 3H), 3.74 (s, 3H), 3.77 (s, 6H), 4.43 (d, J = 6.0 Hz, 2H), 7.07 (d, J = 8.0 Hz, 2H),
7.21 (d, J = 8.0 Hz, 2H), 7.38 (d, J = 4.8 Hz, 1H), 7.54 (t, J = 6.4 Hz, 1H), 7.59 (s, 2H), 8.51 (d,
J = 4.8 Hz, 1H); 13C-NMR (DMSO-d6) δ: 20.61, 45.15, 56.02 (2C), 60.17, 106.88, 107.17 (2C),
125.00, 126.83 (2C), 128.72 (2C), 135.56, 137.09, 139.96, 144.11, 151.54, 152.57 (2C), 156.25,
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166.95. MS (ESI): [M+1]+ = 406.3. Anal. calcd for C22H23N5O3. C, 65.17; H, 5.72; N, 17.27;
found: C, 65.03; H, 5.58; N, 17.18.

N-(4-Methoxybenzyl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-amine (3s)

Following general procedure C, the crude residue was purified by flash chromatog-
raphy, using ethyl acetate:methanol 9.5:0.5 as eluent, to furnish 3s as a white solid. Yield:
66%, mp 190–192 ◦C; 1H-NMR (DMSO-d6) δ: 3.69 (s, 3H), 3.74 (s, 3H), 3.79 (s, 6H), 4.40 (d,
J = 6.4 Hz, 2H), 6.83 (d, J = 8.4 Hz, 2H), 7.26 (d, J = 8.4 Hz, 2H), 7.38 (d, J = 4.8 Hz, 1H),
7.53 (t, J = 6.4 Hz, 1H), 7.61 (s, 2H), 8.30 (d, J = 4.8 Hz, 1H); 13C-NMR (DMSO-d6) δ: 45.33,
55.46, 56.52 (2C), 60.64, 107.35, 107.67 (2C), 114.06 (2C), 125.48, 128.65 (2C), 132.53, 140.44,
144.57, 151.98, 153.03 (2C), 156.71, 158.56, 167.41. MS (ESI): [M+1]+ = 422.4. Anal. calcd for
C22H23N5O4. C, 62.70; H, 5.50; N, 16.62; found: C, 62.55; H, 5.36; N, 16.44.

N-(Benzo[d][1,3]dioxol-5-ylmethyl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-
a]pyrimidin-2-amine (3t)

Following general procedure C, the crude residue purified by flash chromatography,
using ethyl acetate:methanol 9.5:0.5 as eluent, furnished 3t as a white solid. Yield: 61%, mp
233–235 ◦C; 1H-NMR (DMSO-d6) δ: 3.74 (s, 3H), 3.79 (s, 6H), 4.38 (d, J = 6.0 Hz, 2H), 5.94 (s,
2H), 6.81 (s, 2H), 6.92 (s, 1H), 7.37 (d, J = 5.2 Hz, 1H), 7.57 (t, J = 8.4 Hz, 1H), 7.60 (s, 2H), 8.51
(d, J = 5.2 Hz, 1H); 13C-NMR (DMSO-d6) δ: 45.68, 56.51 (2C), 60.64, 101.19, 107.42, 107.65
(2C), 108.02, 108.41, 120.44, 125.49, 134.59, 140.45, 144.64, 146.37, 147.62, 152.03, 153.04 (2C),
156.70, 167.33. MS (ESI): [M+1]+ = 436.4. Anal. calcd for C22H21N5O5. C, 60.68; H, 4.86; N,
16.08; found: C, 60.60; H, 4.77; N, 15.88.

N-Phenethyl-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-amine (3u)

Following general procedure C, the crude residue was purified by flash chromatog-
raphy, using ethyl acetate:methanol 9.5:0.5 as eluent, to furnish 3u as a white solid. Yield:
59%, mp 138–139 ◦C; 1H-NMR (DMSO-d6) δ: 2.44 (t, J = 7.6 Hz, 2H), 3.42-3.46 (m, 2H), 3.76
(s, 3H), 3.84 (s, 6H), 7.14 (t, J = 8.4 Hz, 1H), 7.23–7.27 (m, 5H), 7.38 (d, J = 4.8 Hz, 1H), 7.66 (s,
2H), 8.51 (d, J = 4.8 Hz, 1H); 13C-NMR (DMSO-d6) δ: 35.60, 44.23, 56.56 (2C), 60.66, 107.28,
107.73 (2C), 125.56, 126.48, 128.72 (2C), 129.07 (2C), 140.16, 144.61, 147.72, 151.96, 153.06
(2C), 156.83, 167.26. MS (ESI): [M+1]+ = 406.3. Anal. calcd for C22H23N5O3. C, 65.17; H,
5.72; N, 17.27; found: C, 64.98; H, 5.59; N, 17.11.

N-(3-Phenylpropyl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-amine (3v)

Following general procedure C, the crude residue was purified by flash chromatog-
raphy, using ethyl acetate:methanol 9:1 as eluent, to furnish 3v as a light yellow solid.
Yield: 58%, mp 98–100 ◦C; 1H-NMR (DMSO-d6) δ: 1.86–1.92 (m, 2H), 2.64 (t, J = 7.6 Hz,
2H), 3.25–3.30 (m, 2H), 3.75 (s, 3H), 3.83 (s, 6H), 7.09 (t, J = 8.4 Hz, 1H), 7.12–7.14 (m, 1H),
7.18-7.24 (m, 4H), 7.37 (d, J = 5.2 Hz, 1H), 7.64 (s, 2H), 8.50 (d, J = 5.2 Hz, 1H); 13C-NMR
(DMSO-d6) δ: 31.27, 32.99, 42.12, 56.53 (2C), 60.64, 107.20, 107.65 (2C), 125.57, 126.15 (2C),
128.70 (2C), 128.74, 140.39, 142.22, 144.53, 151.89, 153.04 (2C), 156.69, 167.45. MS (ESI):
[M+1]+ = 419.9. Anal. calcd for C23H25N5O3. C, 65.85; H, 6.01; N, 16.70; found: C, 65.72; H,
5.89; N, 16.60.

3.2. Biological Assays and Computational Studies
3.2.1. Cell Cultures and Viability Assay

All the cell lines used in this paper were of human origin and purchased from the
American Type Culture Collection (ATCC, Manassas, VA, USA). Colon adenocarcinoma
(HT-29), non-small cell lung carcinoma (A549), cervix carcinoma (HeLa) and breast ade-
nocarcinoma (MDA-MB-231) cells were grown in RPMI (HT29) or DMEM (A549, HeLa,
MDA-MB-231) medium (Gibco, Milano, Italy). Both media were supplemented with
115 units/mL of penicillin G (Gibco, Milano, Italy), 115 μg/mL of streptomycin (Invitrogen,
Milano, Italy) and 10% fetal bovine serum (Invitrogen, Milano, Italy). All cell lines were
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grown at 37 ◦C in a humidified 5% CO2 atmosphere. The cells were grown in 2 mL of
complete medium.

Stock solutions were prepared for each compound by dissolving in DMSO at the final
concentration of 10 mM.

The cells were seeded in 96-well plates at the appropriate density for each cell line.
The respective cell line densities used for the antiproliferative assay were HeLa and HT29
5000 cells/well, A549 4000 cells/well and MDA-MB-231 7000 cells/well. The total volume
of medium was 100 μL. After 24 h, the cells were treated by performing serial 5-fold
dilutions of the tested compounds starting from a concentration of 10 μM. All experimental
conditions were tested in triplicate for statistical analysis. After 72 h of incubation, 10 μL
of 100 μg/mL resazurin solution was added to each well and the plate was re-incubated
for 3–4 h. The fluorescence of the wells in each plate was monitored using a Spark 10M
spectrophotometer (Tecan Group Ltd., Mannedorf, Switzerland) with a 535 nm excitation
wavelength and a 600 nm emission wavelength.

The IC50 was defined as the compound concentration required to inhibit cell prolifera-
tion by 50%, in comparison with cells treated with the maximum amount of DMSO (0.25%),
which was considered 100% viability.

3.2.2. Effects on Tubulin Polymerization and on Colchicine Binding to Tubulin

Bovine brain tubulin was purified as described previously [79]. To evaluate the ef-
fects of the compounds on tubulin assembly in vitro [80], varying concentrations were
preincubated with 10 μM tubulin in 0.8 M monosodium glutamate (pH 6.6) at 30 ◦C and
the reaction mixtures then cooled to 0 ◦C. After addition of GTP, the mixtures were trans-
ferred to 0 ◦C cuvettes in Beckman Coulter (Brea, CA, USA) DU-7400/DU-7500 recording
spectrophotometers equipped with electronic temperature controllers and warmed to
30 ◦C, and the assembly of tubulin was observed turbidimetrically. The IC50 was de-
fined as the compound concentration that inhibited the extent of assembly by 50% after a
20 min incubation. Inhibition of colchicine binding to tubulin was measured as described
before [81], except that the reaction mixtures contained 0.5 μM tubulin and 5 μM each of
[3H]colchicine and test compound. Only one DEAE-cellulose filter was used per sample,
and filtration was by gravity.

Bovine brain tubulin (see ref. [79] for details of purification) was used to examine
effects on tubulin polymerization [80] and colchicine binding [81]. Briefly, in the polymer-
ization experiments, different compound concentrations were preincubated with 10 μM
tubulin for 15 min at 30 ◦C and cooled on ice. After GTP was added to each reaction mix-
ture, the samples were transferred to 0 ◦C cuvettes in recording spectrophotometers with
electronic temperature controllers. The temperature was raised to 30 ◦C over about 30 s,
and turbidity development was followed for 20 min at 350 nm. The IC50 was the compound
concentration that inhibited net assembly by 50%. In the current studies, [3H]colchicine
(from American Radiolabeled Corp., St. Louis, MO) binding was measured after 10 min at
37 ◦C. Reaction mixtures contained 0.5 μM tubulin and 5.0 μM each of the [3H]colchicine
and the potential inhibitor, and a single DEAE-cellulose filter was used for each sample,
with gravity filtration.

3.2.3. Molecular Modeling

All molecular docking studies were performed on a Viglen Genie Intel®CoreTM i7-
3770 vPro CPU@ 3.40 GHz x 8 running Ubuntu 18.04. Molecular Operating Environment
(MOE) 2022.02 [82] and Maestro (Schrödinger Release 2022-2) [83] were used as molecular
modeling software. The tubulin structure was downloaded from the protein data bank,
(http://www.rcsb.org/, accessed on 1 July 2022; PDB code 4O2B) and then the dimeric
tubulin structure was prepared using the Schrödinger Protein Preparation Wizard by
assigning bond orders, adding hydrogens and performing a restrained energy minimization
of the added hydrogens using the OPLS_2005 force field. Compounds to be docked were
built with MOE and then prepared using the Maestro LigPrep tool by energy minimizing
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the structures (OPLS_2005 force filed), generating possible ionization states at pH 7 ± 2,
tautomers and low-energy ring conformers. A 16 Å docking grid (inner-box 10 Å and
outer-box 26 Å) was prepared using as centroid the co-crystallized colchicine. Glide SP
precision was adopted for molecular docking studies, using the default parameters, and
including 15 output poses per input ligand in the solution. The docking output database
was saved as a mol2 file. The docking poses were visually inspected to evaluate their ability
to bind in the colchicine binding site. Ligand–protein interactions and ligand–protein
clashes were calculated using the MOE contacts tool.

3.2.4. Analysis of Cell Cycle by Flow Cytometry

For these experiments, HeLa cells were used, which were seeded in 6-well plates
at a concentration of 5 × 105/well in a final volume of 2 mL culture medium. The cells
were then treated with the test compounds for 24 h at the indicated concentrations. After
this incubation period, the cells were detached with trypsin-EDTA and harvested by
centrifugation. The pellet thus obtained was fixed in 70% ice-cold ethanol.

After this incubation period, the cells were detached with trypsin-EDTA and harvested
by centrifugation. The pellet thus obtained was fixed in 70% ice-cold ethanol for at least
1 h. The cells thus fixed were treated with a 0.1% v/v solution of Triton_X-100 in phosphate
buffered saline (PBS) containing RNAseA and propidium iodide (PI) at the final concentra-
tion of 0.02 mg/mL. The cells were incubated at room temperature for 30 min and then
analyzed on a Cytomic FC500 flow cytometer (Beckman Coulter) in the FL3 channel. DNA
histograms were analyzed using MultiCycle for Windows (Phoenix Flow Systems, San
Diego, CA, USA).

3.2.5. Apoptosis Assay

The quantification of the apoptosis induced by the test compounds was carried out
by flow cytometric analysis using the Annexin-V Fluos kit (Roche Diagnostics, Rotkreuz,
Switzerland) following the manufacturer’s instructions. The HeLa cells treated with the
test compounds for different incubation times and at the indicated concentrations were
then labeled with annexin V/FITC and PI and analyzed with Coulter Cytomics FC500
(Beckman Coulter) in the FL1 and FL3 channel, respectively.

3.2.6. Analysis of Mitochondrial Potential

The analysis of the mitochondrial potential was carried out by flow cytometric analysis.
Briefly, the cells treated with the test compound were labeled with the JC-1 dye as previously
described [53]. The labeled cells were analyzed using the Coulter Cytomics FC500 (Beckman
Coulter) in the FL1 and FL2 channel, respectively.

3.2.7. Western Blot Analysis

Hela cells treated with the test compounds were harvested by centrifugation and then
lysed with 0.1% (v/v) Triton X-100 containing RNase A at 0 ◦C. The protein content of the
solutions was measured and analyzed as described previously [65]. The antibodies directed
against cyclin B, cdc2 (Y15), ATR,Bcl-2, cleaved caspase-9 (D330) and actin were purchased
from Cell Signaling. The membranes were visualized using ECL select (GE Healthcare,
Uppsal, Sweden), and images were acquired using an Uvitec-Alliance imaging system.

3.2.8. In Vivo Experiments on Zebrafish Model
Husbandry and Maintenance

Zebrafish (Danio rerio) were obtained, staged and raised as described previously [65]
and maintained according to the OPBA of the Istituto di Ricerca Pediatrica guidelines. All
procedures were conducted following the recommendations and the guidelines of the Animal
Use Ethics Committee concerning the protection of animals used for scientific purposes.
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Drug Toxicity Assessment on Zebrafish Embryos

Wild-type AB zebrafish embryos were treated with chemicals from shield stage (6 hpf)
to larval stage (72 hpf) in a 12-well plate, by adding 20 larvae/well for each experimental
condition. The zebrafish embryos were treated with compound 3d at the concentration of
30 nm and 300 nM. These concentrations were selected on the basis of the IC50 found above
in HeLa cells. The drugs were added directly to the fish water diluted directly from the
stock solution in DMSO. Embryos treated with the highest dose of DMSO were used as
negative controls and to confirm that this dose of vehicle does not cause any adverse effects
towards zebrafish. Subsequently, the treated embryos were kept at a constant temperature
(28.5 ◦C). Embryos are monitored daily through a stereo microscope (Nikon SMZ745T;
Nikon, Japan) and the morphological changes as well as the number of dead embryos were
evaluated and recorded.

Xenograft Model: Injection and Treatment

Prior to microinjections into Tg zebrafish embryos (fli1: EGFP) [84], HeLa tumor
cells were labeled with the VybrantTM DiI dye (Invitrogen, ThermoFisher, Carlsbad, CA,
USA). The fluorescent cells were loaded into borosilicate glass capillary needles (OD/ID:
1.00/0.75 mm, World Precision Instruments (WPI, Friedberg, Germany) and injected
(200 cells), through a pneumatic picopump, into the Cuvier duct of 48 hpf embryos previ-
ously anesthetized with tricaine (0.02%, Sigma-Aldrich, Milan, Italy).

After injection, the xenograft-harboring larvae were incubated to recover at 34◦ C in
fish water containing phenylthiourea (PTU) to inhibit the pigmentation process. After 2 h
from the injection, the embryos were examined to ensure homogeneity of the xenografts.
For drug treatments, only successfully injected xenograft larvae were selected, with approx-
imately 200 HeLa fluorescent cells scattered around the caudal area.

The injected xenografts were exposed to the doses of 3d used above with DMSO
as control.

For cancer cell imaging and fluorescence quantification, anesthetized embryos were
distributed to 96-well plates with one embryo/well. Initially (time 0 h, pre-treatment) and
after one-day post-treatment, the tumors were photographed with a Zeiss AxioObserver
microscope for live-cell imaging.

4. Conclusions

A series of twenty-two compounds, based on different amines at the 2-position of the
7-(3′,4′,5′-trimethoxyphenyl) [1,2,4]triazolo[1,5-a]pyrimidine pharmacophore, was synthe-
sized by a facile and efficient three-step procedure. The modifications were focused at the
2-position of the triazolopyrimidine scaffold by using aromatic amines or arylalkyl amines
such as benzylamines, 2-phenylethylamine and 3-phenylpropylamine, with the phenyl
ring decorated with electron-releasing or electron-withdrawing groups.

Three of the synthesized aniline derivatives, 3d (p-Me), 3f (m,p-diMe) and 3h (p-Et), had
the best antiproliferative activities against the HeLa, A549 and HT-29 cell lines. Compounds
3d and 3f strongly inhibited tubulin assembly, with inhibitor potency superior to (3d) or
comparable with (3f) that of CA-4. The p-toluidino derivative 3d was the most potent
inhibitor of tubulin polymerization and of colchicine binding (IC50 = 0.45 μM for assembly,
72% inhibition of the binding of 5 μM colchicine, with tubulin and the inhibitor at 0.5 and
5 μM, respectively), and the antiproliferative activity of this molecule in terms of IC50s
ranged from 30 to 430 nM in the four tumor cell lines examined, superior to the IC50
obtained with CA-4 against the A549 and HeLa lines.

In comparison with the 1-(3′,4′,5′-trimethoxybenzoyl)-5-amino-1,2,4-triazole 2a, com-
pound 3d was almost 2-fold more potent as an inhibitor of tubulin assembly but about
1-2-fold less active as an antiproliferative agent against HeLa, HT-29 and A549 cells, sug-
gesting that the previously published derivative 2a may exert its potent antiproliferative
effect by a mechanism other than inhibition of tubulin polymerization. Alternatively, the
reduced potency of 3d with respect to 2a on the panel of cancer cell lines can possibly
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be rationalized by a limited penetration into the cells or any other mechanism limit-
ing the accessibility of this molecule to the cellular tubulin. As a result, the 7-(3′,4′,5′-
trimethoxyphenyl)[1,2,4]triazolo[1,5-a]pyrimidine nucleus can be regarded as the same
pharmacophore skeleton as the 1-(3′,4′,5′-trimethoxybenzoyl)-5-amino-1,2,4-triazole system.

In agreement with this consideration, we found, as expected, that 3d in vitro led to
cell cycle arrest in the G2/M phase. Immunoblot analysis also showed that treatment
of HeLa cells induced the activation of ATR signaling, with the consequent increased
expression of cyclin B and a reduction in cdc2 phosphorylation. Compound 3d induced
apoptosis associated with the loss of mitochondrial membrane potential. Moreover, we
also demonstrated caspase-9 activation and phosphorylation of the anti-apoptotic Bcl-2
protein, two crucial events in the apoptotic cascade induced by antimitotic compounds.

In vivo experiments carried out in the zebrafish model showed that 3d had significa-
tive anticancer activity because it reduced HeLa cell growth in xenografts implanted in
zebrafish embryos and, more importantly, this effect occurred at concentrations that did
not cause developmental toxicity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph15081031/s1. 1H-NMR and 13C-NMR spectra of compounds
3a–v. Supplementary data associated with this article can be found in the online version.
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Abstract: Colorectal cancer (CRC) and breast cancer are leading causes of death globally, due to
significant challenges in detection and management. The late-stage diagnosis and treatment failures
require the discovery of potential anticancer agents to achieve a satisfactory therapeutic effect. We
have previously reported a series of plastoquinone analogues to understand their cytotoxic profile.
Among these derivatives, three of them (AQ-11, AQ-12, and AQ-15) were selected by the National
Cancer Institute (NCI) to evaluate their in vitro antiproliferative activity against a panel of 60 human
tumor cell lines. AQ-12 exhibited significant antiproliferative activity against HCT-116 CRC and
MCF-7 breast cancer cells at a single dose and further five doses. MTT assay was also performed
for AQ-12 at different concentrations against these two cells, implying that AQ-12 exerted notable
cytotoxicity toward HCT-116 (IC50 = 5.11 ± 2.14 μM) and MCF-7 (IC50 = 6.06 ± 3.09 μM) cells in
comparison with cisplatin (IC50 = 23.68 ± 6.81 μM and 19.67 ± 5.94 μM, respectively). This compound
also augmented apoptosis in HCT-116 (62.30%) and MCF-7 (64.60%) cells comparable to cisplatin
(67.30% and 78.80%, respectively). Molecular docking studies showed that AQ-12 bound to DNA,
forming hydrogen bonding through the quinone scaffold. In silico pharmacokinetic determinants
indicated that AQ-12 demonstrated drug-likeness with a remarkable pharmacokinetic profile for
future mechanistic anti-CRC and anti-breast cancer activity studies.

Keywords: colorectal cancer; breast cancer; plastoquinone; NCI-60; growth inhibition; cytotoxicity;
apoptosis; DNA binding; pharmacokinetic determinants

1. Introduction

Colorectal cancer (CRC), the third most common cancer type and the fourth leading
cause of cancer-related death, comprises nearly 10% of all annually diagnosed tumors across
the world [1–4]. Male gender, old age, dietary habits, and environmental factors affect
the pathogenesis of CRC as well as the genetic background [5]. In spite of advancements
in CRC screening and treatment options such as surgery, radiotherapy, local ablative
therapy, chemotherapy, targeted therapy, and immunotherapy, most of cases in particular
diagnosed at an advanced stage with metastases, result in subsequent cancer-related deaths.
The size, stage, and metastasis of tumor whether the therapy will be curative or palliative.
Among CRC treatment options, chemotherapy incorporates single-agent therapy (primarily
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fluoropyrimidine, oxaliplatin, irinotecan, and capecitabine) or combined regimens of these
agents. Targeted therapy is another approach, which has been reported to extend survival
of patients with CRC. However, the resistance and toxicity problems restrict the success of
the therapy. Therefore, there is an urgency to find more effective and safer drugs [2,6].

The history of breast cancer was shown to be a risk factor for CRC in several studies,
implying low or high relative risks. These risks were considered due to the common
etiologic factors associated with the development of both cancers and administration of
antihormone drugs in breast cancer treatment, which alter sex hormone levels and con-
tribute to the development of CRC [7–11]. New efficacious therapeutic options have been
also developed for the battle with breast cancer related to its clinical stage, histopathologic
properties, and biomarker profiling. These options include traditional, personalized, neoad-
juvant, and targeted therapies. The treatment still remains limited mainly in the breast
cancer metastasis owing to heterogeneity of the disease, acquired and primary resistance,
and toxicity problems during the treatment. New agents should be also developed to
overcome or prevent these problems in breast cancer treatment [12–14].

Much effort to design and discover efficient and safe drug candidates led to identifying
several hit compounds and analogues of natural products. In silico analyses were exploited
to improve molecules with greater potential efficacy to cope with the adverse toxicological
outcomes by emphasizing physicochemical parameters [15]. In addition, the study of the
structure–activity relationship (SAR) has provided valuable information on the design of
safe drug candidates with continuity about how structural changes can improve potency
and bioavailability [16].

1,4-Quinones have been explored as attractive anticancer hit molecules to their mul-
titargeted mode of actions [17–22]. In this field, a small library of amino-quinones based
on bioactive natural products (fifty Plastoquinone (PQ) [23–25] and thirty-four LY83583
analogues [26,27]) that specifically target leukemia cancer cell lines, in the period 2017–2021,
was generated for the purpose of discovering the SAR of various substituents in amino-
quinones for their further mechanistic anticancer potential. Knowing that the PQ analogues
are active toward some cancer cell lines, and considering our previous findings that demon-
strated greater activity by the introduction of a chlorine atom in the quinone moiety, we
also designed and evaluated the effect on inhibitory activity against some cancer cell lines
caused by replacing the chlorine with a bromine atom in PQ analogues [28]. Regarding all
PQ analogues, including halogenated (brominated and chlorinated) and non-halogenated
analogues, a major breakthrough was the discovery of AQ-11, AQ-12, and AQ-15 [25], as
illustrated in Figure 1. These analogues showed consistent growth-inhibitory activities
with low IC50 value against K562 human chronic myelogenous leukemia (CML) cell line
and low toxicity toward human peripheral blood mononuclear cells (PBMCs) (healthy)
(Table 1) [25].

Table 1. The cytotoxic effects of AQ-11, AQ-12, and AQ-15 on K562 cells and PBMCs in comparison
with imatinib [25].

Compound
Substitution Groups Cell Type (IC50, μM)

R K562 a PBMC a SI c

AQ-11 H 0.75 ± 0.05 5.14 ± 1.76 6.85
AQ-12 m-CF3 0.88 ± 0.06 3.00 ± 1.22 3.41
AQ-15 p-CH3 0.76 ± 0.04 7.64 ± 1.58 10.05

Imatinib b 5.58 ± 1.83 33.92 ± 4.19 6.08
a Cell lines include K562 leukemia cells and peripheral blood mononuclear cells (PBMC). b Used as a reference.
c selectivity index (SI) = IC50 for PBMCs/IC50 for K562 cells.
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Figure 1. Line of thought. Structures of target molecules (AQ-11, AQ-12, and AQ-15).

Considering the encouraging results of the target PQ analogues, further studies were
assessed aiming at the identification of new analogues for their antiproliferative activity
against HCT-116 human CRC and MCF-7 human breast cancer cell lines. In addition,
apoptosis-inducing activity in both cell lines, DNA binding characteristics, and a number
of pharmacokinetic descriptors of the most effective anticancer analogue were examined.

2. Results

2.1. Anticancer Activity Assessment
2.1.1. In Vitro Screening of Tumor Cell Growth Inhibition at One Dose

Continuing our efforts on anticancer drug discovery, most effective PQ analogues
from our previous study [25] were submitted to the National Cancer Institute (NCI) of
Bethesda within the Developmental Therapeutics Program (DTP) for their in vitro anticancer
activity with the protocol of the Drug Evaluation Branch, NCI. A single dose (10 μM) of all
tested PQ analogues was used in the panel of 60 human cancer cell lines, including nine
tumor subpanels, namely: leukemia, lung, CRC, central nervous system (CNS), melanoma,
ovarian, renal, prostate, and breast cancer cell lines [29–31]. The in vitro growth inhibition
and lethality were ascertained as percentages as follows: growth inhibition (G%) (values
between 0 and 100) and lethality (values less than 0). Herein, three PQ analogues (AQ-11,
NCI: D-827199/1; AQ-12, NCI: D-827200/1; and AQ-15, NCI: D-827201/1) were selected
by the NCI for in vitro disease-oriented human-cell-screening panel assay.

The results of each tested PQ analogue were reported in terms of percent growth
inhibition (GI% = 100 − G%) and lethality [32] (Table 2) and were also depicted as bars in
the single-dose mean graphs (Supplementary Materials, Figures S1–S3). Overall, consistent
with the previous data, PQ analogues showed the most notable anticancer activity against
leukemia cancer cell lines. AQ-11 and AQ-15 were found ineffective against the other cancer
cell lines except for significant anticancer effects of AQ-11 on MDA-MB-231 breast cancer
cell line with 84.65% inhibition percent. On the other hand, NCI-60 data suggested that
AQ-12 revealed prominent anticancer activity toward the subpanel cell line of CRC (HCT-
116 cells, 66.14% inhibition; SW-620 cells, 82.93% inhibition) and breast cancer (MCF-7 cells,
64.64% inhibition; MDA-MB-231 cells, 81.04% inhibition). Additionally, this analogue also
showed promising anticancer effects against NCI-H522 lung cancer cells.
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Table 2. Anticancer activity results as per single-dose assay at 10 μM concentration as percent cell
growth of AQ-11, AQ-12, and AQ-15 after 48 h, based on Sulforhodamine B (SRB) assay at NCI.

Panel/Cancer Cell Line

Compound

AQ-11 AQ-12 AQ-15

Growth Percentage of Cell Lines in NCI 60

Leukemia
CCRF-CEM 5.28 5.90 47.98
HL-60(TB) 45.64 38.46 73.23
K-562 15.93 3.78 54.03
MOLT-4 12.72 23.53 66.29
RPMI-8226 53.63 −3.12 87.67
SR 62.86 24.97 79.88

Non-Small Cell Lung Cancer
A549/ATCC 99.81 96.78 101.90
EKVX 55.24 49.44 93.61
HOP-62 92.60 90.98 89.82
HOP-92 46.02 48.86 95.70
NCI-H226 96.94 90.87 101.59
NCI-H23 ND ND ND
NCI-H322M 99.29 100.88 104.93
NCI-H460 95.74 94.85 100.91
NCI-H522 83.46 17.73 93.90

CRC
COLO 205 107.07 101.80 111.35
HCC-2998 ND ND ND
HCT-116 79.11 33.86 95.79
HCT-15 94.19 65.71 101.63
HT29 99.13 103.04 104.47
KM12 78.34 67.20 100.25
SW-620 96.49 17.07 102.49

CNS Cancer
SF-268 95.39 94.34 95.65
SF-295 102.14 96.20 107.03
SF-539 95.42 93.40 97.15
SNB-19 88.79 92.41 96.00
SNB-75 65.44 66.47 65.44
U251 84.30 78.99 99.94

Melanoma
LOX IMVI ND ND ND
MALME-3M 107.98 94.35 102.03
M14 95.87 85.23 102.50
MDA-MB-435 102.30 98.46 107.59
SK-MEL-2 85.48 85.77 95.31
SK-MEL-28 106.11 98.26 104.07
SK-MEL-5 ND ND ND
UACC-257 90.27 78.53 106.17
UACC-62 90.28 80.22 96.80

Ovarian Cancer
IGROV1 9.69 −7.20 80.83
OVCAR-3 101.79 70.40 105.64
OVCAR-4 −97.92 −80.41 99.38
OVCAR-5 103.60 100.01 100.88
OVCAR-8 94.89 87.14 104.55
NCI/ADR-RES ND ND ND
SK-OV-3 ND ND ND

Renal Cancer
786-0 99.18 101.74 104.29
A498 91.24 55.17 72.19
ACHN 100.46 −37.69 96.49
CAKI-1 96.08 92.74 91.53
RXF 393 96.80 97.82 108.41
SN12C 91.13 87.62 96.37
TK-10 128.28 183.73 142.33
UO-31 98.81 77.33 92.50

Prostate Cancer
PC-3 73.87 64.35 86.95
DU-145 101.26 99.72 107.98

Breast Cancer
MCF7 90.72 35.36 96.29
MDA-MB-231/ATCC 15.35 18.96 94.55
HS 578T 100.91 87.57 90.46
BT-549 113.97 120.60 119.94
T-47D −38.88 −38.96 84.68
MDA-MB-468 −76.01 −65.55 52.82
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2.1.2. In Vitro Full-Panel Five-Dose 60-Cell Lines Assay

From the single-dose assay data from the NCI screen, AQ-12 was selected as a lead
PQ analogue because of its pronounced anticancer selectivity compared with other PQ
analogues. AQ-12 exhibited the threshold inhibition criterion in the single-dose screening
and was qualified for the evaluation in the full-panel five-dose in vitro anticancer screening
at 10-fold dilutions in the range 0.01–100 μM. Three response parameters (50% cell growth
inhibition (GI50) (growth inhibitory activity), total cell growth inhibition (TGI) (cytostatic
activity), and 50% cell death (LC50) (cytotoxic activity)) [33] were used to establish biological
potential of the tested AQ-12. The GI50 is an indicative concentration at 50% growth
inhibitory activity, whereas TGI reflects total growth inhibition, and LC50 is an indicative
concentration at which 50% of cancer cells are killed. In this assay, three parameters were
calculated for each cell line from log concentration versus percent growth inhibition curves
on nine panels of human cancer cell lines to generate dose response curves [31,34]. GI50 is
the concentration of the test drug where 100 × (T − T0)/(C − T0) = 50. Herein, T explains
the optical density of the test well after a 48 h period of treatment with the test drug; T0
explains the optical density at time zero; ultimately, C is the control (nondrug) optical
density. The “50” is called the GI50PRCNT, a T/C-like parameter that can have values from
+100 to −100. The TGI is the concentration of test drug where 100 × (T − T0)/(C − T0) = 0.
LC50 is the concentration of the drug where 100 × (T − T0)/T0 = −50 [31].

The GI50, TGI, and LC50 (in μM) values against subpanel cell lines are illustrated in
Table 3, indicating that AQ-12 displays high anticancer activity against all leukemia cell lines
with GI50 values ranging from 1.32 to 2.59 μM. This compound also demonstrated superior cy-
totoxic activity against HL-60(TB) and RPMI-8226 cell lines with TGI values 6.54 and 7.32 μM,
respectively. On the other hand, LC50 values were more than 100 μM against the entire panel
of cancer cell lines. Moderate cytotoxicity was recorded against non-small cell lung cancer
cells, except for EKVX cell line with a GI50 value of 1.49 μM, HOP-92 cell line with a GI50
value of 1.51 μM, and NCI-H522 cell line with a GI50 value of 2.24 μM. Moreover, good
TGI values ranging from 3.04 to 32.20 μM were obtained against lung cancer cell lines.
Additionally, AQ-12 showed high activity with GI50 values ranging from 1.93 to 2.20 μM
against some CRC cell lines (HCT-116 cells GI50 = 1.93 μM; HCT-15 cells GI50 = 2.20 μM;
SW-620 cells GI50 = 2.09 μM). It also possessed notable TGI values against these three
CRC cell lines in the range of 3.99–5.05 μM. Moderate cytotoxicity was recorded against
CNS cancer with GI50 values ranging from 4.45 μM to 6.55 μM against most of the tested
cancer cell lines. Moreover, important TGI values ranging from 13.60 to 28.60 μM were
detected against CNS cell lines. AQ-12 demonstrated pronounced cytotoxicity with GI50
values ranging from 3.36 to 9.96 μM, except for three cell lines (LOX IMVI, MALME-3M,
and UACC-257 cells). Concerning the TGI values of AQ-12, the most prominent TGI value
was observed with the LOX IMVI melanoma cell line (TGI = 3.32 μM). Furthermore, this
analogue demonstrated notable anticancer activity against the entire panel of ovarian
cancer cell lines with GI50 values ranging from 1.30 to 3.16 μM, as shown in (Table 3).
Its TGI values ranged from 2.97 to 50.70 μM against all tested cancer cell lines. Finally,
its LC50 values were found as 7.15, 5.58, and 8.61 μM against IGROV1, OVCAR-4, and
OVCAR-5 cell lines; whereas, with regard to the lethality (LC50 values), AQ-12 showed
values exceeding 100 μM toward the other panel cancer cell lines. This analogue exhib-
ited remarkable anticancer activity against the renal, prostate, and breast cancer cell lines
with GI50 values ranging from 1.17 to 2.67 μM. Accepted pronounced TGI values were
recorded against ACHN renal (TGI = 3.19 μM), RXF 393 renal (TGI = 2.85 μM), UO-31 re-
nal (TGI = 4.18 μM), MCF-7 breast (TGI = 3.79 μM), MDA-MB-231 breast (TGI = 3.28 μM),
T-47D breast (TGI = 3.60 μM), and MDA-MB-468 breast (TGI = 2.94 μM) cancer cell lines,
together with PC-3 prostate (TGI = 12.80 μM) cancer cell line. All the five-dose response
curves of AQ-12 against the full panel of 60 human cancer cell lines are presented in
Figure 2 and Table 3, which include nine tumor subpanels, namely: leukemia, melanoma,
CRC, lung, CNS, ovarian, renal, prostate, and breast cancer cell lines.
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Table 3. GI50, TGI, and LC50 values (in μM) of anticancer activity data, as per five doses (0.01, 0.1, 1,
10, and 100 μM) of AQ-12 after 48 h based on SRB assay at NCI.

Panel/Cell Line GI50 TGI LC50

Leukemia
CCRF-CEM 1.93 >100 >100
HL-60(TB) 2.34 6.54 >100
K-562 2.40 >100 >100
MOLT-4 2.22 >100 >100
RPMI-8226 1.32 7.32 >100
SR 2.59 >100

Non-Small Cell Lung Cancer
A549/ATCC 13.30 >100 >100
EKVX 1.49 3.73 9.31
HOP-62 11.50 27.60 66.50
HOP-92 1.51 3.04 6.14
NCI-H226 10.80 34.90 >100
NCI-H23 6.87 24.00 65.40
NCI-H322M 22.70 >100 >100
NCI-H460 11.60 32.20 89.30
NCI-H522 2.24 5.66 >100

CRC
COLO 205 13.00 29.30 66.00
HCC-2998 5.88 18.40 46.00
HCT-116 1.93 3.99 8.22
HCT-15 2.20 5.05 16.20
HT29 7.29 51.80 >100
KM12 3.58 25.70 >100
SW-620 2.09 4.73 >100

CNS Cancer
SF-268 4.99 28.60 >100
SF-295 6.55 24.00 74.10
SF-539 2.40 6.61 24.80
SNB-19 5.83 23.40 77.40
SNB-75 1.16 13.60 91.00
U251 4.45 17.90 58.20

Melanoma
LOX IMVI 1.69 3.32 6.51
MALME-3M 1.98 6.04 30.90
M14 9.96 32.70 >100
MDA-MB-435 5.98 19.50 49.20
SK-MEL-2 8.26 21.70 50.90
SK-MEL-28 3.36 10.80 36.00
SK-MEL-5 4.14 15.70 43.80
UACC-257 2.61 6.72 26.90
UACC-62 3.46 16.10 56.00

Ovarian Cancer
IGROV1 1.42 3.19 7.15
OVCAR-3 2.31 5.58 >100
OVCAR-4 1.58 2.97 5.58
OVCAR-5 1.98 4.13 8.61
OVCAR-8 2.68 6.89 >100
NCI/ADR-RES 3.16 42.30 >100
SK-OV-3 1.30 50.70 >100

Renal Cancer
786-0 10.60 24.30 55.70
A498 13.70 45.20 >100
ACHN 1.73 3.19 5.87
CAKI-1 1.94 9.11 32.40
RXF 393 1.49 2.85 5.44
SN12C 2.25 23.40 >100
TK-10 19.00 37.00 71.90
UO-31 1.46 4.18 14.20

Prostate Cancer
PC-3 2.67 12.80 >100
DU-145 15.60 34.80 77.70

Breast Cancer
MCF7 1.71 3.79 8.39
MDA-MB-231/ATCC 1.59 3.28 6.77
HS 578T 6.00 64.40 >100
BT-549 8.56 22.20 51.70
T-47D 1.17 3.60 >100
MDA-MB-468 1.24 2.94 7.00
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Figure 2. Cont.
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Figure 2. Graphical presentation of growth inhibition of the PQ analogue AQ-12 at five dose concen-
trations (0.01, 0.1, 1, 10, and 100 μM) after 48 h based on SRB assay at NCI.

2.1.3. Cell Viability Assay on CRC and Breast Cancer Cells

AQ-12 was found to possess a superior sensitivity profile toward HCT-116 CRC and
MCF-7 breast cancer cell lines with a higher growth inhibitory percent compared to AQ-11

and AQ-15. AQ-12 also displayed sensitivity toward MDA-MB-468 breast and NCI-H522
lung cancer cell lines. However, AQ-11 also presented significant growth inhibitory effects
on MDA-MB-468 breast cancer cells, restricting the selectivity of AQ-12 against this cell line,
and GI50, TGI, and LC50 parameters were found very high against NCI-H522 lung cancer
cells. Satisfactory results obtained from both single and five doses of NCI-60 screening
toward HCT-116 CRC and MCF-7 breast cancer cells encouraged us to further investigate
the anticancer effects of AQ-12 against these two cell lines by MTT (3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyltetrazolium bromide) assay at five dose concentrations (1, 3, 10, 30,
and 100 μM) in comparison with cisplatin, the reference agent.

Cisplatin, a metallic coordination compound leading to DNA damage and subse-
quently apoptosis induction in cancer cells, is one of the most important chemotherapeutic
agents, which has been approved for the treatment of different fatal cancer types, including
CRC and breast cancer [35–41].

Results indicated that AQ-12 showed cytotoxic effects on HCT-116 and MCF-7 cells
with IC50 values of 5.11 ± 2.14 μM and 6.06 ± 3.09 μM when compared with cisplatin
(IC50 = 23.68 ± 6.81 μM for HCT-116 cells and 19.67 ± 5.94 μM for MCF-7 cells). The
definite decline in percentage of viable cells was detected between 3 and 10 μM after
AQ-12 exposure while a similar decline was observed between 10 and 30 μM after cisplatin
implementation (Figure 3, Table 4).

Table 4. The cytotoxic effects of AQ-12 on MCF-7 and HCT-116 cells based on MTT assay at five dose
concentrations (1, 3, 10, 30, and 100 μM).

Compound
IC50 Value (μM)

MCF-7 Cells HCT-116 Cells

AQ-12 6.06 ± 3.09 5.11 ± 2.14
Cisplatin 19.67 ± 5.94 23.68 ± 6.81
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Figure 3. The cytotoxic effects of AQ-12 and cisplatin at varying concentrations (1, 3, 10, 30,
and 100 μM) on MCF-7 and HCT-116 cells based on MTT assay. All descriptive data are expressed as
the mean ± standard deviation (SD). All experiments were repeated three times.

2.1.4. Cell Death Investigation

Based on significant anticancer activity results of AQ-12 on HCT-116 and MCF-7 cells,
we also further investigated potential effects of this compound on apoptosis in both cell
lines using the annexin V/ethidium homodimer III staining procedure, which was observed
by fluorescence microscopy, indicating apoptosis, necrosis or late apoptosis, and necrosis
with green, yellow, and red staining, respectively (Figure 4A). AQ-12 induced apoptotic
behavior of HCT-116 cells (62.30%) in a similar manner with cisplatin (67.30%). This
compound exhibited 21.30% late apoptotic/necrotic and 16.40% necrotic effects in HCT-116
cells compared to cisplatin (12.30% and 20.40%, respectively) (Figure 4B). The difference of
apoptosis induction between AQ-12 and cisplatin treatment in HCT-116 cells was found
not significant, contrary to that of MCF-7 cells, which was found significant (Figure 4C).
AQ-12 enhanced apoptosis in MCF-7 cells significantly with 64.60% when compared with
cisplatin (78.80%). AQ-12-treated MCF-7 cells underwent late apoptosis/necrosis and
necrosis with 25.30% and 10.10%, respectively when compared with cisplatin (16.40%
and 4.80%, respectively) (Figure 4B,C).

(A)

Figure 4. Cont.
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(B)

(C)

Figure 4. (A) Alteration of HCT-116 and MCF-7 cells after treatment with IC50 concentration of
the control (DMSO), AQ-12, and cisplatin (B) for 12 h. The percentage of apoptosis, late apop-
tosis/necrosis, and necrosis (green, yellow, and red, respectively) cells (C) was determined by
analyzing 100 randomly selected stained cells in each experiment (ns: not statistically significant).
Data from three independent experiments were expressed as means ± standard deviation and p
values were determined using Student’s test.

2.2. In Silico Studies
2.2.1. Molecular Docking

In our previous studies, we manifested that PQ analogues were able to bind DNA
significantly [26,27,42]. In this study, the DNA binding effects of AQ-11, AQ-12, and AQ-15

were also searched with molecular docking studies in the minor groove of the double helix
of DNA (PDB ID: 2GWA) [43] via Maestro software [44]. Results corresponded to previous
DNA cleavage outcomes, implying that AQ-15 showed the most promising DNA binding
potential through a key π-π interaction between DG-4 with its 4-methyl substituent. However,
AQ-11 and AQ-12 displayed less binding capacity compared to AQ-15, forming hydrogen
bonding with DT-5 and DG-4, respectively (Figure 5A,B). The docking scores were determined
as −4.641 kcal/mol, −5.087 kcal/mol, and −5.097 kcal/mol for AQ-11, AQ-12, and AQ-15,

indicating higher binding capacity of AQ-15 compared to AQ-11 and AQ-12.

(A) 

Figure 5. Cont.
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AQ-11 

 
AQ-12 

 
AQ-15 

(B) 

Figure 5. Docking poses (A) and docking interactions (B) of AQ-11, AQ-12, and AQ-15 in the minor
groove of the DNA double helix (AQ-11, AQ-12, and AQ-15 are shown in dark green, maroon, and
turquoise, respectively) (PDB ID: 2GWA).
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2.2.2. Estimation of Pharmacokinetic Parameters

AQ-12 was profiled in silico for various pharmacokinetic properties of interest such
as octanol/water partition coefficient (QPlogPo/w), aqueous solubility (QPlogS), human
serum albumin binding (QPlogKhsa), brain/blood partition coefficient (QPlogBB), and
compliance to Lipinski’s rule of five and Jorgensen’s rule of three using the QikProp algo-
rithm [45]. We also checked the in silico inhibitory potential of AQ-12 on several cytochrome
P450 (CYP) enzymes such as CYP1A2, CYP2C19, CYP2C9, CYP2D6, and CYP3A4, along
with the evaluation of bioavailability and passive gastrointestinal absorption and brain
penetration using the SwissADME web service [46,47].

AQ-12 represented a remarkable pharmacokinetic profile in which all the descriptors
were found in appropriate ranges: QPlogPo/w, QPlogS, QPlogKhsa, and QPlogBB were
computed with the values of 3.513, −5.035, 0.197, and 0.140, respectively, within the limits
(−2 to 6.5, −6.5 to 0.5, −1.5 to 1.5, and −3 to 1.2, respectively). Additionally, AQ-12 revealed
robust human oral absorption (100%) and was found to possess of all the conditions of
drug-likeness characters without any violation of Lipinski’s rule of five and Jorgensen’s
rule of three.

The pink region of bioavailability radar (Figure 6) identifies the values of saturation
(INSATU), size (SIZE), polarity (POLAR), solubility (INSOLU), lipophilicity (LIPO), and
flexibility (FLEX) for oral bioavailability. AQ-12 was found only beyond the saturation
value for other values it was participating in, as shown in the pink area. AQ-12 matched
with CYP1A2, CYP2C19, CYP2C9, and CYP3A4 inhibition, apart from CYP2D6 inhibition,
indicating that AQ-12 could cause possible drug–drug or drug–food interactions. The
boiled-egg model (Figure 7) explains whether a molecule has properties for the passive
gastrointestinal absorption and blood–brain barrier (BBB) permeation. According to the
results, AQ-12 was predicted as brain-penetrant (in the yellow area) and not a substrate
for P-glycoprotein (red dot), which decreased the possibility of its resistance by tumor cell
lines through efflux [47–50].

Figure 6. Bioavailability radar for AQ-12 from the SwissADME web tool.

Figure 7. Boiled-egg graph of AQ-12 from the SwissADME web tool.
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3. Discussion

Worldwide, CRC and breast cancer are prevalent and deadly cancers. The complete
cure for both cancers is still far from success, albeit to increase overall survival rate obtained
with new therapeutic options. Therefore, the discovery of new and better therapeutics is
still needed [51,52]. In spite of numerous efforts in the search for more effective anticancer
agents, quinone moiety still remains one of the most versatile members against cancer cell
lines in drug discovery [53,54].

In our previous studies, we also reported the significant outcomes of quinone deriva-
tives against CRC or breast cancer cell lines. We showed that compound PQ11, PQ analogue
with N-phenylpiperazine (Figure 8), exhibited the most potent anticancer activity against
MCF-7, MDA-MB-231, and UACC-2087 cell lines, with the IC50 values of 6.58, 16.66,
and 38.52 μM [28]. In our recently published studies, we also confirmed anti-CRC and
anti-breast cancer effects of PQ analogues. In the first study [42], the most significant cyto-
toxic effects were observed with PQ2, amino-1,4-benzoquinone (Figure 8), against HCT-116
CRC cells with an IC50 value of 4.97 ± 1.93 μM. In the latter one [55], compound ClPQ1,
quinone-benzocaine hybrid molecule, (Figure 8) was found as the most effective anti-breast
cancer agent against T47D and MCF-7 breast cancer cells, with IC50 values of 2.35 ± 0.30
and 6.53 ± 0.71 μM, respectively.

Figure 8. PQ analogues that were previously determined by our research group as potential anticancer
agents against CRC and breast cancer.

In the current work, PQ analogues (AQ-11, AQ-12, and AQ-15) were selected by
the NCI in vitro disease-oriented antitumor screening to be evaluated for their anticancer
effects. Testing of the PQ analogues against the NCI-60 cell line panel revealed valuable
information on their inhibitory activity across a broad variety of human cancer cell lines.
In particular, AQ-12 displayed potential growth inhibitory activity against HCT-116 and
MCF-7 cell lines at a single dose and a super-sensitivity profile with low micromolar GI50,
TGI, and LC50 values against both cell lines at five doses. These findings indicated that meta
trifluoromethyl substitution of AQ-12 played an important role in its significant anti-CRC
and anti-breast cancer activity when compared with the para methyl substitution of AQ-15

and non-substitution of AQ-11. Moreover, AQ-12 exerted similar cytotoxic effects against
both cell lines in comparison with our aforementioned studies [28,42,55]. Current results
once more confirmed that the presence of PQ moiety played an important role in anti-CRC
and anti-breast cancer activity.

Genetically encoded programmed cell death (apoptosis) leads to elimination of cancer
cells, and DNA degradation is one of the crucial indicators of apoptosis. Aberrant apoptotic
activity can increase not only the pathogenesis of CRC and breast cancer, but also their
resistance to current therapy options [56–59]. Regarding the anticancer efficacy of AQ-12

in CRC and breast cancer cells, it was ascertained that AQ-12 led to apoptosis in both cells
with similar apoptotic pattern with PQ2 (Figure 8) [42].

Molecular docking studies were carried out for AQ-12 in order to discover its binding
efficacy in the minor groove of the double helix of DNA (PDB ID: 2GWA). We previously
showed that PQ analogues occupied this region with key interactions [26,27,42]. The 3,5-
dimethyl phenyl [26] and benzodioxole [27] moieties were determined to be crucial in
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binding with DNA, forming π-π stacking interactions with DA-17 and DG-16, and DA-5
and DG-4, respectively. In other our previous study [27], the methoxy substitution was also
found to be important for high interaction between PQ2 and DT-5 in the minor groove of
DNA. In the current study, AQ-12 was found less capable of binding DNA compared to
AQ-15, albeit to hydrogen bonding with DG-4 through quinone moiety. The trifluoromethyl
substitution of AQ-12 played no significant role in binding with DNA. AQ-15 bound to
DG-4 through its p-methyl moiety, forming π-π stacking interactions. The docking score
with the lowest energy (high negative scores) was found to pertain to AQ-15, followed by
AQ-12 and AQ-11, indicating their binding affinities. Compare to our previous studies, it
can be concluded that CH3 substitution (−σ effect), OCH3 substitution (−σ effect), and
(-CH2-O-CH2-) (−σ effect) [26,27,42] were found to increase the binding capacity of the
tested compounds, whereas CF3 substitution (+σ effect) was not detected to contribute to
binding capacity of AQ-12. The higher docking score and the binding capacity of p-methyl-
substituted AQ-15 also complied with the previous data. This finding also suggested that
the high apoptotic effect of AQ-12 might be independent from DNA cleavage-associated
cell death.

Absorption, distribution, metabolism, and excretion (ADME) parameters of a drug
molecule have an enormous impact for successful drug discovery. Some of these essential
parameters were predicted in silico for AQ-12. Lipophilicity is crucial for absorption, which
is the process of movement of a drug into the systemic circulation crossing the lipid bilayers
of cell membranes. On the other hand, optimum water solubility is also necessary since
the active ingredient must be dissolved in aqueous compartments to some extent before
drug absorption. The human serum albumin binding is directly associated with the volume
of distribution and half-life of drugs. The transition of drugs from blood into brain is
particularly important for brain metastases of other cancer types. According to the results
of the QikProp module, AQ-12 was endowed with drug-like properties. The outcomes
of SwissADME web server signified that AQ-12 was predicted not orally bioavailable.
This was due to the out-of-limits for saturation, as shown in the bioavailability chart, in
which a molecule must be entirely included in the pink area. AQ-12 exerted inhibition
against all tested CYP enzymes, except for CYP2D6, which had a higher risk for drug–drug
interactions [60–63].

4. Materials and Methods

4.1. Chemistry

The synthesis and spectral analysis of AQ-11, AQ-12, and AQ-15 were performed
previously [25].

4.2. Anticancer Activity Studies
4.2.1. In Vitro Single-Dose Anticancer Screening by NCI

The PQ analogues were submitted to NCI, Bethesda, USA, and screened based on
the procedures of NCI; all compounds were investigated for their cancer cell growth
inhibitory activity at 10 μM concentration against a wide range of cancer cell lines stemming
from leukemia, melanoma, CRC, non-small cell lung, CNS, ovarian, renal, prostate, and
breast cancers. Tested compounds were added to the microtiter culture plates followed by
incubation for 48 h at 37 ◦C. SRB was used for end point detection. The percent of growth of
the treated cells was observed compared to the untreated control cells. Data from one-dose
experiments corresponded to the percentage growth at 10 μM [29–31,34,64].

4.2.2. In Vitro Five-Dose Anticancer Screening by NCI

Initial DMSO stock solution was carried out for serial 5 × 10-fold dilution before
incubation at each individual concentration. AQ-12 was selected for a higher testing level
by DTP-NCI to identify GI50, TGI, and LC50 for each cell line after generating a dose
response curve from 5 different concentrations (0.01, 0.1, 1, 10, and 100 μM). The definite
protocol for the latter assay was explained in detail previously. The cells were assayed
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by using the SRB method. The optical densities were measured by a plate reader and a
microcomputer processed the optical densities into the special concentration parameters,
as defined above [29,34,64,65].

4.2.3. Cell Culture, Drug Treatment, and MTT Assay

The HCT-116 cell line (provided by the RIKEN BRC through the National Bio-Resource
Project of the MEXT/AMED, Japan (RCB2979)) and MCF-7 cell line (Precision Bioservices,
Frederick, MD, USA) were incubated in Dulbecco’s modified Eagle’s medium (DMEM)
(Wako Pure Chemical Industries, Osaka, Japan) and RPMI 1640 (Wako Pure Chemical
Industries, Osaka, Japan), respectively. Ten percent fetal bovine serum (FBS) (Sigma Aldrich,
St. Louis, MO, USA) and 89 μg/mL streptomycin (Meiji Seika Pharma, Tokyo, Japan) were
added to total media (Wako Pure Chemical Industries) at 37 ◦C and 5% CO2 atmosphere.
HCT-116 and MCF-7 cells were cultured for 48 h in a 24-well plate (Iwaki brand Asahi Glass
Co., Chiba, Japan) at 4 × 104 cells/mL concentration [42]. The stock solution of AQ-12

and cisplatin in concentrations were prepared in DMSO (Wako Pure Chemical Industries,
Osaka, Japan) (0.1 to 10 mM), and fresh culture medium was used for further dilution. The
final DMSO concentration was set at 1% to prevent any effect of it on cell viability. MTT
(Dojindo Molecular Technologies, Kumamoto, Japan) was used to examine the cytotoxic
effects of AQ-12 and cisplatin, as previously indicated [66]. HCT-116 and MCF-7 cells
were treated with AQ-12 and cisplatin at five dose concentrations (1, 3, 10, 30, and 100 μM)
at 37 ◦C for 48 h, and then treated with MTT solution and incubated for 4 h. Eventually,
100 μL DMSO was added to each well following removal of supernatants. Infinite M1000
(Tecan, Mannedorf, Switzerland) was used for the analysis of the absorbance of the solution.
All experiments were repeated three times, and IC50 values were calculated as the drug
concentrations that diminished absorbance to 50% of control values.

4.2.4. Cell Death Analysis

The HCT-116 and MCF-7 cell lines were incubated with AQ-12 and cisplatin at IC50
concentration for 12 h before the apoptotic/necrotic/detection kit (PromoKine, Heidelberg,
Germany) was applied, with some alterations to the manufacturer’s guidance [42]. HCT-
116 and MCF-7 cells, treated with appropriate content including binding buffer and staining
solution, were analyzed by an all-in-one fluorescence microscope, Biorevo Fluorescence BZ-
9000 (Keyence, Osaka, Japan). Numbers of apoptotic, late apoptotic/necrotic, and necrotic
cells were determined based on the staining with annexin V and ethidium homodimer III,
as previously explained [66].

4.2.5. Statistical Analyses

All results were reported as means ± SD. One-way analysis of variance was used for
the analysis of data. Differences were defined as significant at * p < 0.05, ** p < 0.01, and
*** p < 0.001. GraphPad Prism7 (GraphPad Software, San Diego, CA, USA) was used for
the determination of the IC50 values.

4.3. In Silico Studies
4.3.1. Molecular Docking

AQ-11, AQ-12, and AQ-15 were prepared with energy minimization by applying the
OPLS_2005 force field at physiological pH using the LigPrep module. The crystallographic
structure of DNA was downloaded from the PDB server (PDB ID: 2GWA) [43,44] and
prepared for the docking assessment by the PrepWizard module of Maestro. Then, the
determined grid by Grid Generation was used for molecular docking with Glide/XP
docking procedures [26,27,42].

4.3.2. ADME Prediction

The pharmacokinetic determinants of AQ-12 were estimated by QikProp [45] and
SwissADME web tool [46,47].

319



Pharmaceuticals 2022, 15, 1266

5. Conclusions

Our previous encouraging anticancer activity results obtained from PQ analogues
guided us to analyze AQ-11, AQ-12, and AQ-15 for further effects toward a wide spectrum
of cancer cells by NCI-60 in vitro screening. AQ-12 presented a promising growth inhibition
in HCT-116 and MCF-7 cells at a single dose and submicromolar level anticancer activity at
five doses. It was established that these two cell lines were found susceptible for further
anticancer activity studies. The MTT assay outcomes also corresponded to notable anti-
CRC and anti-breast cancer activity of AQ-12 at different concentrations compared to
cisplatin. This compound also enhanced apoptosis in both cell lines. Taken together, AQ-12

could serve as a valuable lead molecule for CRC and breast cancer treatment with orally
bioavailable favorable drug-like features.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ph15101266/s1, Figure S1: One-dose mean graph of AQ-11 against
different cancer cell lines based on Sulforhodamine B (SRB) assay at NCI at 10 μM concentration after
48 h; Figure S2: One-dose mean graph of AQ-12 against different cancer cell lines based on SRB assay
at NCI at 10 μM concentration after 48 h; Figure S3: One-dose mean graph of AQ-15 against different
cancer cell lines based on SRB assay at NCI at 10 μM concentration after 48 h.
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Abstract: Traditional herbal medicine (THM) is a “core” from which modern medicine has evolved
over time. Besides this, one third of people worldwide have no access to modern medicine and rely
only on traditional medicine. To date, drugs of plant origin, or their derivates (paclitaxel, vinblastine,
vincristine, vinorelbine, etoposide, camptothecin, topotecan, irinotecan, and omacetaxine), are very
important in the therapy of malignancies and they are included in most chemotherapeutic regimes.
To date, 391,000 plant and 14,000 mushroom species exist. Their medical and biochemical capabilities
have not been studied in detail. In this review, we systematized the information about plants and
mushrooms, as well as their active compounds with antitumor properties. Plants and mushrooms
are divided based on the regions where they are used in ethnomedicine to treat malignancies.
The majority of their active compounds with antineoplastic properties and mechanisms of action
are described. Furthermore, on the basis of the available information, we divided them into two
priority groups for research and for their potential of use in antitumor therapy. As there are many
prerequisites and some examples how THM helps and strengthens modern medicine, finally, we
discuss the positive points of THM and the management required to transform and integrate THM
into the modern medicine practice.

Keywords: traditional medicine; ethnomedicine; medical plants and mushrooms; cancer; anti-
neoplastic compounds; medical herbs; pharmacology; standardization; bioavailability; safety

1. Introduction

Cancer is the second greatest cause of mortality worldwide, accounting for nearly
10 million deaths in 2020 (World Health Organization, www.who.int/; accessed on 16 Febru-
ary 2022). Thus, this continuous challenge forces scientists to search for new antineoplastic
drugs and approaches, and investigate their combinations, to better fight various types
of malignancies.

Chemotherapy in combination with surgery is now the standard way to treat cancer.
We analyzed the National Institutes of Health (NIH) list of cancer chemotherapeutic drugs
(https://www.cancer.gov/about-cancer/treatment/drugs; accessed on 16 February 2022).
Twenty-six of them (Table S1) are natural compounds derived from plants, actinomycetes,
and marine organisms, or semi-synthetic derivates of these compounds. Despite the fact
that this number does not look impressive, these compounds constitute the most frequently
used drugs: doxorubicin, paclitaxel, docetaxel, etoposide, camptothecin, irino- and topote-
can, vinblastine, vincristine, and vinorelbine. They are included in most chemotherapeutic
regimes (Table S2) and have made a key impact on the chemotherapeutic cancer treatment.
The chemical manipulation of these compounds continues to create new improved drugs.

However, our planet harbors a great biodiversity with about 391,000 plant species
worldwide. These individual species produce tens of thousands of chemical compounds
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with a wide range of biological activities. Undoubtedly, dozens of them possess antineo-
plastic activity and may become important anticancer therapeutics. This assumption is
confirmed through the examples of the biological compounds already mentioned above,
which have been successfully applied to cure various types of malignancies.

On the other hand, up to 2 billion people (approximately one third of the population)
have no access to modern medicines. For instance, in high-income countries, where
comprehensive medical services are generally accessible, more than 80% of children with
cancer are cured, opposed to less than 30% in low- and middle-income countries [1]. Under
these circumstances of economic disparity, people from poor countries have no other choice
but to rely on traditional medicine, which represents empirically collected evidence over
many hundreds of years. Firstly, traditional medicine relies on the application of plants
which are reservoirs of thousands of biologically active compounds. Thus, different cultures
have adapted to use certain plants in their region to treat a spectrum of illnesses, including
malignancies.

The use of traditional medicine is beneficial not only due to a lack of access to modern
medicine, but also through sociocultural factors. The best examples are India, China,
and Japan.

The Ayurveda medical system, which has roots that are millennia old, is based on a
holistic (“whole-body”) healing system, which deals not only with the body but also with
the mind and spirit [2,3]. A part of this system is associated with medical plants. Ayurvedic
formulations are often complex and consist of several herbal-mineral ingredients, and
are governed by well-described pharmacological principles of preparation, compatibility,
and administration. With the support of the Government of India, a book in two parts—
Ayurvedic Pharmacopoeia of India (API)—has been established. Part I (Volumes 1–6) of
it contains information about natural substances (medical plants, minerals), whereas part
II contains healing formulations which can be created from the constituents described in
part I.

Ayurveda has been very popular in India for millennia and is of considerable interest
all over the world. It applies dozens of plants with strong antineoplastic properties, which
are now the focus of anticancer research [2,4].

Another example is traditional Chinese medicine (TCM). This is also a holistic body
approach, which is aimed at restoring the body’s balance and harmony between the natural
opposing forces of “yin” and “yang”, which can block the free circulation of internal
‘’qi” energy and cause disease. Traditional Chinese medicine includes acupuncture, diet,
herbal therapy, meditation, physical exercise, and massages. The material part of TCM has
partially evolved into Chinese proprietary medicine (CPM). This takes the form of a finished
product, such as a capsule, tablet, or injection, all featuring the effective ingredients for use
are documented in TCM [5]. CPM is a modern from of TCM which, due to standardization,
can be used in modern medicine [6]. China’s government strongly supports this, exports
CMP products to different countries for trials and therapy, and sets up research partnerships
with the big international pharmaceutical companies [7,8].

Originally based on traditional Chinese medicine, Japan has created its own traditional
medical system—Kampo—which has then evolved separately from TCM. Thus, Kampo
is a uniquely Japanese form of medicine. It had been Japan’s primary health care system
for over 1500 years. Despite the government approval of the Medical Care Law in 1874,
which called for the adoption of the German model of health care and legitimized only
western medical licenses, Japanese physicians continued to use and develop Kampo. Thus,
148 Kampo formulation extracts, 241 crude drugs, and 5 crude drug preparations are
reported to be officially approved by National Health Insurance system, as well as under
the Good Manufacturing Practice (GMP) Law, which was established by the government in
1987 to ensure that all Kampo products are of uniformly high quality [9]. Kampo is mainly
based on plant extracts and formulations and is prescribed in line with modern drugs to
treat various diseases including cancer and takes part in various clinical evaluations [10–16].
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All of these traditional medical systems use herbs to a large extent. Despite these three
examples, various other regions have their own medical traditions where herbs play most
important roles (the traditional medicine of Maya, New Guinea, Philippines, etc.), which
are not discussed in this paper but have been described in detail in several reviews [17–19].

Many of the herbs and formulations empirically defined over the centuries have also
proven to be effective in preclinical and clinical investigations. They affect tumor cells
both directly and through the modulation of the immune system, as well as through in-
terrupts with cellular signaling pathways, miRNAs, and metabolic pathways [20–22], etc.
We discuss here the antineoplastic properties of folk medicine plants and mushrooms;
the molecular mechanisms of their bioactive constituents; and the advantages and limita-
tions of using plants, mushrooms, and their active compounds in parallel with modern
antineoplastic drugs.

We collected information from the common databases (MEDLINE/PubMed, Google
Scholar, Web of Science, Scopus, Elsevier, SpringerLink, Wiley Online Library), as well as
from several books and dissertations, and open databases.

Below, we summarized the information about some plants and mushrooms which
have been applied by ethnomedicine to cure malignancies on five continents for a long time.
We considered their antineoplastic properties and will focus on the molecular mechanisms
of their activity. Finally, based on the data collected, we suggest two priority groups from
the selected plants, mushrooms, and their bioactive compounds, for research and potential
use in antineoplastic therapy.

2. Cancer Features Affected by Natural Drugs

There are common features of malignant cells which are well established (Figure 1) [23].
It is clear that both the genetic background, and somatic factors including cell-to-cell inter-
actions, immunity, humoral factors, microenvironmental conditions, metabolic alterations,
and others, are orchestrated during neoplasia. As a result, the altered balance in the equi-
librium between oncogenes and tumor suppressors favors malignization. This disbalance
results in uncontrolled cell division, resistance to apoptosis, metabolic rewiring, altered
interactions with the microenvironment, as well as the acquisition of the ability to migrate
and invade neighboring tissues, induce angiogenesis, evade the immune system, and
become resistant to therapeutics, etc.

The genetic background is associated with “switch-on” mutations in gene coding for
important oncogenes and “switch-off” mutations in tumor suppressors. Many known
“switch-on” mutations of oncogenes, which are frequently observed in different neopla-
sia, lead to the constant activation of signaling pathways, including phosphoinositide
3-kinase/AKT serine/threonine kinase 1 (PI3K/AKT), Kirsten rat sarcoma virus/mitogen-
activated protein kinases (Ras/MAPKs), Wnt family member 1, and others, which in turn
drive and maintain cancer development. On the other hand, “switch-off” mutations in
tumor suppressors, such as p53 (tumor protein p53), retinoblastoma (Rb), phosphatase
and tensin homolog (PTEN), von Hippel–Lindau (VHL) tumor suppressor, and CDK4
inhibitor P16-INK4 (p16INK4), turn off their functions and mitigate the ability to combat
malignization [24]. This results in the abnormalities within signaling pathway networks.

Certainly, all of the signaling pathways in our cells are involved in neoplasia develop-
ment including PI3K/AKT, the extracellular signal-regulated kinase/mitogen-activated
protein kinase (ERK/MAPK), Wnt, the Janus kinase/signal transducer and activator of
transcription (JAK/STAT), transforming growth factor beta 1 (TGF-β), Hippo (mammalian
Ste20-like 1 and 2) kinase—yes-associated protein 1 and transcriptional coactivator with
PDZ-binding motif (Hippo—YAP/TAZ), Notch, and others [25]. One of the key roles in ma-
lignant cells is occupied by the PI3K/AKT and ERK/MAPK signaling pathways. Different
biological stimuli and other signaling pathways converge on them. Thus, various growth
factors, such as the epidermal growth factor (EGF), the fibroblast growth factor (FGF), the
insulin-like growth factor (IGF), and the vascular endothelial growth factor (VEGF), bind to
and activate their tyrosine kinase receptors which induce the signal transduction following
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the involvement of PI3K/AKT and ERK/MAPK signaling [26,27]. Thereby, the inhibition
of these pathways is usually associated with the attenuation of tumor growth, migration,
invasion, as well as the induction of apoptosis which makes them desirable drug targets.
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Figure 1. Main “hallmarks” of cancer.

AKT activates the master regulator of anabolism (mTOR) and deactivates AMP-
activated protein kinase (AMPK) which is the inducer of autophagy. The inhibition of
mTOR is one of the emerging successful strategies to kill malignant cells [28]. However,
autophagy possesses a dual role in cancer. While it may contribute to cell death, it may also
have cancer promoting properties including chemoresistance [29].

AMPK and mTOR are closely related to metabolic rewiring which is another “hallmark
of cancer”. This supplies cancer cells with the materials needed for growth and provides an
adaptational plasticity to changing conditions [30–33]. As an antineoplastic strategy, the use
of metabolic inhibitors first started in the 1950s [34]. Now, their use during successful cancer
therapies is once again a hot topic for discussion. The metabolic inhibitors which have
been used clinically are methotrexate and its analogs, as well as gemcitabine, 5-fluouracil,
lonidamine, AZD3965, telaglenastat, and others [32]. Moreover, new drugs have been
designed, and preclinical and clinical studies are underway.

The balance between the expression of oncogenes and tumor suppressors is also
regulated by epigenetics [35,36]. DNA and histone methyl transferases, histone deacety-
lases, and other chromatin-modifying participants are important targets for anti-cancer
therapy [37–39].

As uncontrol growth and a resistance to programmed cell death are two major cancer
cell features, the blocking of cell division and the induction of their death are the two
key attributes of any chemotherapeutic methods. Several strategies can be implemented
for this. The first relies on DNA-damaging agents, which stop the cell cycle and induce
apoptosis (doxorubicin, cisplatin, etoposide, camptothecin, and others). Another way is
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based on mitotic poisons disrupting microtubule dynamics (paclitaxel, vinblastine, and
vincristine). One more is the application of targeted therapy—drugs which specifically
inhibit important modulators of the cell cycle and apoptosis. Some examples of them
are tyrosine kinase inhibitors (TKIs—gefitinib, lapatinib, and sunitinib [40]), inhibitors of
cyclin-dependent kinase (CDK—palbociclib, ribociclib, and abemaciclib [41]), inhibitors of
antiapoptotic proteins B-cell lymphoma 2 (Bcl-2), and myeloid leukemia cell differentiation
protein (Mcl-1—venetoclax and navitoclax) [42].

Upon cancer, the main reason of death is metastasis which disrupts the functions
of organs. The initiation of metastazing is associated with the epithelial–mesenchymal
transition (EMT). Epithelial cancer cells which underwent EMT become able to invade
surrounding tissues and blood and lymph vessels, disseminate across the body, extravasate
into new related niches, and establish secondary tumors. To create new tumor heaths,
cancer cells undergo the reverse to a EMT process—mesenchymal–epithelial transition
(MET) [43]. Today, it is suggested that malignant cells dwell in hybrid E/M state which
allows them to switch between EMT and MET if required [43,44]. The targeting invasive
and migration properties of tumor cells is very important for all chemotherapeutic regimes.

Cancer stem cells (CSCs) are a small subpopulation of cells within malignancy groups
with capabilities of self-renewal, differentiation, and tumorigenicity when transplanted
into an animal host [45]. Generally, they are resistant to chemotherapeutics, possess tumor-
initiating and metastasis-initiating capacities, and are responsible for tumor recurrence and
development [46,47].

Immunity plays a critical role in the clearance from neoplasia. Various molecular
mechanisms make the anticancer response of immune cells ineffective, e.g., macrophages,
as well as B- and T- lymphocytes. Thus, stimulating the activity of immune system by
various mechanisms represents a very promising approach [48,49].

In this review, we aimed to focus on those plants and mushrooms, whose biological
activity in cancer treatment has been proven, and discuss the mechanisms of their action
using the knowledge of modern molecular medicine.

3. Plants from Different Continents Used in Ethnomedicine for the Treatment
of Malignancies

Ethnobotanical and ethnomedicine studies point to medical plants with certain prop-
erties. Below, we summarized data on plants with anti-neoplastic capabilities which are
implicated to heal cancer by indigenous people from five continents.

3.1. Africa

Due to its weak economic development, Africa is a continent with an elevated level of
poverty. For most people, modern methods of cancer treatment are not available, such as
chemotherapy, irradiation, and surgical resection [50,51].

The most famous example of African plant with anticancer properties is Madagascar
periwinkle plant, Catharanthus roseus G. Don (Syn. Vinca roseus Linn), which is a source of
vincristine and vinblastine. These compounds are often used to treat different malignancies
worldwide.

Approximately 45,000 plant species grow in Africa [52] with the richest species diver-
sity maximum in countries of West Sea coast from Gabon to Guinea, South African republic,
and Western Africa (spanning Kenya, Tanzania, Uganda, Ethiopia, and South Sudan) [53].

According to a number of reviews, about a hundred of plants with anti-neoplastic
properties are reported by ethnomedicine practitioners and are still used for a cancer
treatment. However, for most of them, extremely limited information about their efficiency
and selectivity in pre-clinical studies, active compounds, and molecular mechanisms of
action is currently available.

Acacia nilotica (the Fabacea family, “Egyptian mimosa”) which grows almost every-
where in Africa is widely used in traditional African medicine. It has been shown to possess
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antispasmodic, anti-inflammatory, antithrombotic, antioxidant, antidiarrheal, antibacterial,
antihypertensive, and anticancer properties [54].

The seeds of this plant are used by people to treat breast, colon, head, and neck
tumors [55]. Several in vitro and in vivo studies have demonstrated anticancer properties
of alcohol and methanol extracts derived from A. nilotica. This plant turned out to be toxic
predominantly to a breast cancer model (MCF7) than for normal liver cells [56]. Other
researches have shown anticancer activity of this plant against glioblastoma [57], colon
cancer [58], and other types of malignant cell models [55].

In vivo study has shown the significantly decreased development of solid and ascitic
tumors induced by Dalton’s ascitic lymphoma in BALB/c mice [59], as well as Helicobacter
pylori-induced colon tumors [60].

Foremost, the well-known chemicals quercetin, kaempferol, and ethyl-gallate are
thought to be associated with antitumor and other activities of A. nilotica [54,61,62]. Pyro-
gallol was also shown to be the important anticancer chemical of A. nilotica which was able
to strongly reduce colon tumors in mice models [58]. For all of these individual compounds,
the significant anti-neoplastic properties have been demonstrated.

A detailed survey of A. nilotica traditional application, phytochemistry, and pharma-
cology is presented in review [54].

Guiera senegalensis is a small shrub (the Combretaceae family) which grows in the
savannah region of West and Central Africa. It is widely used in African traditional
medicine to treat different ailments including malignancies [55,63].

A number of phenolic compounds which may mediate antitumor effects of G. senegalis
were identified: gisorhamnetin, eupatorin, alpinumisoflavone, procyanidin B3, syringin,
gallic acid, galloylquinic acid derivatives, quercetin, rhamnetin, kamferol, myricetin, (−)-
epicatechin, and alkaloid guieranone A, etc. [63,64].

Plant-derived aqueous and methanolic extracts were cytotoxic against breast can-
cer [64]. The alkaloid guieranone A isolated from G. senegalensis demonstrated cytotoxic
activity rather similar to doxorubicin against a panel of malignant cell models but not to
normal hepatocytes [65]. The authors have also demonstrated the significant inhibition
of angiogenesis. The study of silver nanoparticles derived from the leaves extract of G.
senegalensis has shown a significant antiproliferative effect on human prostate (PC3), breast
(MCF7), and liver (HepG2) cell models [66].

Thus, despite the antineoplastic activity of this plant, there are still not many studies
devoted to this subject. However, the composition of chemicals with anti-cancer properties
makes this plant perspective for cancer research.

Combretum caffrum is the Eastern Cape South African bushwillow tree. The bark
of this plant was shown to contain combretastatins—closely related stilbenes (combretas-
tatins A), dihydrostilbenes (combretastatins B), phenanthrenes (combretastatins C), and
macrocyclic lactones (combretastatins D).

Three common structural features of combtretastatins are: trimethoxy “A”-ring, a
“B”-ring containing substituents o at C3’ and C4’, and (often) an ethene bridge between the
two rings, which provides necessary structural rigidity and allows synthesis of different
derivates [67].

The most promising and frequently tested compound in preclinical and clinical tri-
als is water-soluble prodrug phospho-combretastatin A4 (CA-4P) which can be rapidly
metabolized to combretastatin A4 (CA-4). This molecule exhibits anti-tumor properties
by the attenuation of proliferation, and by targeting tumor vasculature paves [68]. It has
a similar structure to colchicine, and binds tubulin at the same site. Moreover, CA-4 is
effective against multidrug-resistant (MDR) cancer cells. A comprehensive overview of the
structure, probable mechanisms of action, and potential applications is described in this
review [68].

There are several detailed reviews systematizing the use of specific plants for the
treatment of oncology in various regions of Africa: Western Africa [51,69], Central, Eastern,
and North Africa [50], and South Africa [70–73].
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There is no doubt that Africa, with its huge plant species diversity, is fraught with
many currently unexplored plants and their biologically active compounds with strong
antitumor properties. Some other African plants and their chemicals with anti-neoplastic
activity are listed in Table 1.

Table 1. Some African plants and their compounds with anti-neoplastic activity.

Plant Active Compounds Effects References

Aristolochia ringens Triterpenes
Cytotoxic effects of root extract against several

cancer cell lines, solid tumors, and leukemia
models in vivo.

[74,75]

Beilschmiedia acuta Flavonoids, saponins,
alkaloids

Bark-derived extract inhibited proliferation and
induced apoptosis in human leukemia

CCRF-CEM cells, but was less toxic to human
normal hepatocytes AML12 cells.

[76]

Dorstenia psilurus Alkaloids, phenolic compounds,
flavonoids

Cytotoxic and anti-proliferative effects in HeLa
cancer cells; caspase 3/7 up-regulation and

induction of apoptosis in HL-60 cells.
[77,78]

Echinops giganteus Brominated oleanolide Root extract inhibited proliferation and induced
apoptosis in leukemia CCRF-CEM cells. [79,80]

Imperata cylindrica
Saponins, flavonoids

Antineoplastic activity:
arundoin, daucosterol

Cytotoxicity against the panel of cancer cells.
Root extracts induced apoptosis, increased

caspase 3/7 activity, and significant
down-regulated MMPs.

[77,81]

Piper capense Alkaloids, polyphenols,
saponins

Seeds extracts were cytotoxic for a number of
cancer cell lines. Fruits extracts induced the
shrinkage of tumor size in animal models by
inhibiting the development of VM tubes and

microvessel density.

[79,82]

Polyscia fulva Anthocyanins, flavonoids, triterpenes,
saponins

Roots extracted inhibited proliferation and
induced apoptosis in leukemia CCRF-CEM cells

via the enhanced production of ROS. It was
significantly less toxic for human normal

hepatocytes AML12 cells.

[76]

According to a review by Alves-Silva and colleagues [28], the frequency with which
different parts of the plant are used for cancer treatment: seeds (27%), hole aerial parts of
plants (23%), leaves (22%), followed by roots (8%), fruits (7%), flowers (4%), bulbs (2%),
cortex (2%), stamen (2%), rhizome (1%), hole plant mass (1%), and rinds (1%). For sure,
the long-standing ethnical knowledge about the use of specific parts of a particular plant
may reflect the distribution and amount of biologically active compounds among the plant.
As stated by the same authors, the preparation methods for consumption are as follows:
decoction (30%), grind with honey (24%), infusion (20%), brut (6%), extraction (4%), powder
(4%), oil (3%), pomade (2%), ingestion (2%), cataplasm (1%), chewing (1%), washing (1%),
mouth washing (1%), and inhalation (1%). Diverse types of preparation can be associated
with the specific assimilation of biologically active compounds required across the body for
treatment certain types of malignancies.

3.2. South America

South America is the territory of growth for about 82,000 plant species [83] which
is approximately 1.6 times more than in Africa. However, the degree of study of their
biochemical diversity and antitumor properties is similar to Africa.

Tabebuia impetiginosa (“Lapacho”, the Bignoniaceae family) is a tree with rosy or
purple flowers widely distributed among South and Central America. This is a very
important medical tree which is used to treat inflammatory diseases, bacterial and viral

330



Pharmaceuticals 2022, 15, 868

infections, snake’s venom, and cancer [84]. In Brazil, T. impetiginosa is the most used plant to
cure neoplasia. The stem bark and/or inner bark of this tree is utilized. It contains iridoid,
lignan, isocoumarin, phenylethanoid, and phenolic glycosides [85]. Naphthoquinones
lapachol and β-lapachone are the most attractive compounds from a medical point of view.

The application of both T. impetiginosa extracts and lapachone exhibits strong antipro-
liferative and cytotoxic activities [86–89] for human breast, colon, and hepatic cancer cell
models. Lapachone was sold in Brazil by the Pernambuco Pharmaceutical Laboratory
(LAFEPE) and used to cure malignancies [90].

It was shown that lapachol is a pyruvate kinase M2 (PKM2) inhibitor [91], thus quench-
ing glycolysis and anabolic capacities. PKM2 is an enzyme which branches glucose flux into
biosynthetic pathways [92,93]. β-lapachone inhibited lung metastasis in colorectal cancer
models [87]. It selectively killed NADPH quinone oxidoreductase 1 (NQO1)-overexpressing
hepatoma cells which were accompanied by ROS induction and PARP1 hyperactivation,
causing a decrease in NAD+ and ATP levels, as well as a dramatic increase in DNA double-
strand break lesions [94]. NQO1 is a prognostic marker in HCC; it was increased 18-fold in
HCC versus normal livers, and its high level predicts poor outcome [95,96].

Active studies of lapachones started in the 1960s when these compounds were isolated
from T. impetiginosa, but then were terminated due to their side effects. However, further
experiments have shown that β-lapachone, α-lapachone, and some of their synthetic
analogs are safe and are promising antineoplastic compounds (for a comprehensive review,
see [89,97]).

As an example, Rone and colleagues have created lapachone-containing ruthenium (II)
complexes which enhanced lapachone toxicity to cancer cells relative to normal cells over
100-fold. The cytotoxic effects were mediated by Aurora-B down-regulation and G2/M-
phase cell cycle arrest [98]. The other group [99] developed long-circulating lapachone
nanoparticles which remarkably prolonged its half-life in the body and increased brain
intake in order to affect glioma cells.

A number of patents cover promising synthetic derivates of lapachones. Further
chemical modifications are required to improve their safety and bioavailability. Recently,
positive results were obtained in phase I/Ib of a multi-center clinical trial (NCT02514031)
of β-lapachone with gemcitabine/nab-paclitaxel in patients with advanced pancreatic
cancer [100]. However, further insights into the molecular mechanisms of lapachone
anticancer activity are required.

Besides lapachone, furanonaphthoquinones from T. impetiginosa possess anticancer ca-
pabilities. They were the key structures required to hamper signal transducer and activator
of transcription 3 (STAT3) phosphorylation which inhibits the JAK/STAT pathway [101].

Taken together, these data demonstrate the potential of T. impetiginosa and lapachones
in cancer healing.

Aloe vera and A. arborescence (the Asphodelaceae family) are stemless or very short-
stemmed succulent plants of the genus Aloe. These species grow on several continents and
are very frequently used to treat various diseases in Brazil including rheumatism, eczema,
blood clots, diabetes, gastritis, inflammation, and malignancies.

A. vera and A. arborescence contain different biologically active secondary metabolites
including anthraquinones, dihydroisocoumarins, naphthalenes, and polyketides [102].
Anthraquinones aloe-emodin, aloin A (barbaloin), and aloin B (isobarbaloin) are especially
interesting for anticancer therapy. Extracts and individual compounds of Aloe induce
cell cycle arrest [103,104] and apoptosis [105], exhibit antiangiogenic and antimetastatic
properties [105,106], and decrease glucose flux and telomerase activity in a huge number
of studies (including both solid and blood neoplasia) [107,108]. A comprehensive review
of anticancer properties of Aloe vera, A. arborescence, and its active compounds is given
in [108].

Aloe-emodin (Ae) exerts a plethora of important pharmacological properties including
the anticancer ones (reviewed in [109]). The treatment of colorectal cancer cells with Ae
induced ER stress and the activation of key components of the PERK pathway—glucose-
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related protein 78 (GRP78) and transcriptional factor C/EBP homologous protein (CHOP)
up-regulation, protein kinase R (PKR)-like ER kinase (p-PERK), and eukaryotic initiation
factor-2α (p-eIF2α) [110]. In NSCLCs, this compound activated MAPK signaling and
inhibited Akt/mTOR pathway which led to an increase in ROS and autophagy [111].

Wang’s group have found that the AE compound is a competitive inhibitor of telom-
erase (hTERT) and a G-quadruplex structure stabilizer. In addition, Ae transcriptionally
repressed tTERT via the up-regulation of E2F1 and the down-regulation of c-myc expres-
sions [112]. G-quadruplexes are specific structures in DNA and RNA which are frequently
observed in promotors of proliferation-related genes, chromosome ends, and telomeric
regions, and are involved in transcription regulation. Due to the stability of G-quadruplexes
and their presence within most human promoters of oncogenes, and at telomeres, G4 struc-
tures are promising targets and are currently being tested as a way to block the transcription
of oncogenes and telomere elongation in cancer cells [113]. In line with this evidence, other
groups have reported that Ae and Ae-8-glucoside are G4-binding ligands, especially for
c-KIT and c-Myc oncogenes [114].

In melanoma cells, aloin down-regulates HMGB1 expression at the transcriptional
level, preventing its translocation to the cytoplasm and interaction with TLR4, which indeed
blocks HMGB1-mediated ERK activation [115]. In line with these data, in gastric cancer,
the other group has shown an aloin-mediated inhibition of HMGB1 expression and release,
as well as a HMGB1-induced activation of the Akt-mTOR-P70S6K and ERK-P90RSK-CREB
signaling pathways [116].

Finally, aloin was shown to mitigate doxorubicin-induced cardiotoxicity by reducing
proinflammatory cytokines—TNF-α, IL-1β, and IL-6 (Birari 2020) [117].

The polysaccharide acemannan exerts antitumor activity through the stimulation of
the immune system and the production of antitumor cytokines, and has been approved by
the U.S. Department of Agriculture (USDA) for treatment of fibrosarcoma in cats and dogs
(Acemanna, CarraVet Acemannan immunostimulant) [108].

Although there have been numerous in vitro and in vivo studies, the antineoplastic
potential of Aloe ssp. has not been fully studied. However, several clinical trials have
been conducted. The combined adjuvant chemotherapy which includes Aloe arborescence,
oxaliplatin, and 5-fluorouracil (5-FU), given to 240 patients with metastatic solid tumors,
significantly improved tumor regressions and 3-year survival rates [118]. Two other trials
have also indicated the potential of Aloe for anticancer therapy [119,120].

Despite the strong anticancer properties of Aloe, caution and further research is needed
before its intake. Several studies have described the potential carcinogenic effects of Ae
and aloin. Thus, Ae reportedly may have hepato- and nephrotoxicity [109] whereas aloin is
able to induce the Wnt/β-catenin pathway [121].

Capsicum frutenese is a member of the Solanaceae family which is frequently used in
South American ethnomedicine to treat cancer. Other pepper species, including C. chinensies
(Chili pepper), are also used. The spicy taste of these plants is caused mainly by alkaloid
capsaicin.

A huge number of studies have demonstrated the capsaicin-mediated anticancer
effects [122,123]. In non-small cell lung cancer (NSCLC), capsaicin inhibits vascular en-
dothelial growth factor (VEGF) expression and angiogenesis via the p53-HIF1-VEGF path-
way [124]. It was also shown that capsaicin, in combination with sorafenib, inhibited
epidermal growth factor receptor (EGFR) and PI3K/Akt/mTOR signaling [125]. This
synergic effect attenuated the growth, migration, and invasion, and also induced apoptosis,
in three hepatocellular carcinoma cell lines. In nasopharyngeal carcinoma, capsaicin extin-
guished the PI3K/Akt/mTOR pathway which induced autophagy and apoptosis [126].

It is interesting to note that Chang and colleagues [127] have shown that Ecto-NADPH
oxidase disulfide thiol exchanger 2 (ENOX2) is a direct target of capsaicin. Authors have
shown that capsaicin induces autophagy-related apoptosis in p53-mutant oral carcinoma
cells, but only autophagy-dependent cytotoxicity (without apoptosis) in cells with wild-
type p53.
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However, several contrary results have also been reported, implicating capsaicin’s
pro-cancer properties [128]. For instance, high doses of capsaicin activated AMPK, and
also induced autophagy, EMT, and chemoresistance [129]. These contradictions may
depend on various factors including both the background of the cells and experimental
conditions. While different studies report autophagy as a mechanism of capsaicin-mediated
effects [129], the opposite results can also be linked to this fundamental process. It is
already known that autophagy has a dual role in cancer, creating both pro-survival and
antineoplastic effects [29]. Autophagy is typically associated with apoptosis. However, in
other cases, it protects cancer cells from chemotherapy [130]. Arguably, the exact effects
of capsaicin may depend on whether autophagy plays a pro- or anti-survival role in
corresponding malignant cells.

Taken together, there is a possibility that capsaicin is a potential anticancer therapeu-
tic; however, due to contradictory results, more detailed studies about its properties are
required.

Some other South American plants and their compounds with anti-neoplastic activity
are listed in Table 2.

Table 2. Some South American plants and their compounds with anti-neoplastic activity.

Plant Active Compounds Effects References

Achyrocline satureioides
Achyrobichalcone,

3-O-methylquercetin, and other
flavonoids

In vitro cytotoxicity and apoptosis in
human breast cancer cells; inhibition of

c-MYC and ERK/JNK in glioma cell lines.
[82,131]

Aloysia polystachya Flavonoids

In vitro apoptosis in human colorectal
cancer cells, and a decrease in the

percentage of cancer stem cells (CSCs).
In vivo inhibition of tumor growth in

non-toxic doses.

[132]

Azorella glabra Mulinic acid, azorellane terpenoids
G0/G1 cell cycle arrest and apoptosis in
AML cell lines. A slight decrease in the

survival of non-tumor cells
[133]

Ephedra chilensis Terpens and fatty acids

IC50 of non-polar extracts for one breast
cancer and three colon cell lines was at the
level of doxorubicin; in vitro cytotoxicity

for normal colon epithelium cells was less
than doxorubicin.

[134]

Croton lechleri Taspine

Leaf extracts exhibited cytotoxic
antiproliferative effects on HeLa and SK23
cells in vitro, and antitumor effects in mice

in vivo; moderate toxicity to mice.

[135,136]

Laetia corymbulosa Corymbulosins B, C, D, E, F, G Bark extract exhibited cytotoxicity to panel
of cancer cells. [137]

Lepidium meyenii macamide and macaene fractions Macadamine displayed anticancer
activities against multiple cancer cell lines. [138]

Leptocarpha rivularis Leptocarpin Cytotoxic effects against several cancer
cell lines. [139]

Passiflora alata Flavonoids and saponins

In vitro cytotoxicity against the set of
cancer cell lines, and in vivo antitumor

activity against sarcoma S180-bearing mice
with low general toxicity.

[140]

Thevetia peruviana Thevetiaflavone, and individual
cardiac glycosides

Fruit extract exhibited cytostatic and
cytotoxic effects in cancer cell lines with

moderate toxicity to non-tumor cells.
[141]
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3.3. Asia

Asia occupies a vast territory with various climate zones which range from tropical to
arctic. It is a habitat for 100,000 plant species, many of which have been medically used in
ethnomedicine for centuries.

Cephalotaxus harringtonia (Japanese plum yew, the Cephalotaxaceae family) is an
evergreen tree up which can grow up to 10 m tall and is native to Japan. Initially, the
ethanolic extract from the seed of Cephalotaxus harringtonia showed antineoplastic activity
against mouse leukemia L-1210 and P388 cells. Several alkaloids with potential antitumor
activity were isolated from this extract and from other parts of the plant [142]. They are
identified as cephalotaxin esters: harringtonine, isoharringtonine, homoharringtonine
(HHT), and doxyharringtonine.

Clinical trials of HHT have been actively conducted in China and the USA in acute
myeloid leukemia (AML) and chronic lymphocytic leukemia (CLL) [143]. The initial data
obtained showed conflicting results; thus, interest among American scientists towards HHT
has significantly weakened, unlike their Chinese colleagues.

Meanwhile, Chinese scientists continued clinical trials with varying regimes and HHT
dosing. They carried out detailed studies and then successfully used HHT in a HAG
combination scheme (homoharringtonine, cytarabine, and G-CSF) to treat hematological
malignancies, including AML and myelodysplastic syndrome [144,145]. Thus, HHT be-
came a part of the standard AML therapy in China [143]. In 2012, the Food and Drug
Administration (FDA) approved omacetaxine—a semisynthetic purified HHT derivate
for the treatment of patients with chronic myelogenous leukemia (CML) refractory or
intolerance to two or more TKIs [146].

The mechanism of HHT and omacetaxine action is the inhibition of translation. These
compounds compete with tRNA to bind the A-site cleft in the large ribosomal subunit
which blocks elongation. Furthermore, another mechanism of HHT action in AML cells was
discovered. It has been shown that HHT directly binds the NF-κB-repressing factor (NKRF)
and arrests it in the cytoplasm, which in turn strengthens p65-NKRF interaction, thereby
attenuating the transactivation activity of p65 on the MYC gene [147]. HHT was also shown
to decrease p-JAK2, p-STAT5, and p-AKT, which suggests it may be a broad-spectrum PTK
inhibitor [148]. Thus, multiple mechanisms of HHT activity may exist.

Oldenlandia diffusa (Hedyotis diffusa) or “Snake-Needle Grass” and O. corymbose are
the annual plants widely distributed in China, Japan, and Korea. In China, this plant is
actively used in traditional medicine. Oldenlandia diffusa has analgetic, antibacterial, anti-
inflammatory, antitumor, cardiotonic, diuretic, and sedative effects on the body. Regarding
cancer, it is well known in Chinese folk medicine, primarily for the treatment of liver, lung,
and stomach malignancies [149].

O. diffusa has been extensively used as a part of adjuvant therapy for metastatic
breast cancer and gastric cancer patients in traditional Chinese medicine (TCM) with
proven efficacy [150,151]. Regarding breast cancer studies, extracts of O. diffusa possessed
cytotoxicity towards highly invasive breast cancer cells, but not towards normal cells of
different origins. It abrogates the expression of metalloproteinases (MMPs) and caveolin-
1 [152]. The extract inhibited p-ERK, p-38, NF-κB, MMP-9, and Icam-1 [153], and may also
inhibit AMPK [154].

Hedyotis diffusa contains various iridoids (asperuloside, geniposidic acid, diffusoside,
and alpigenoside), triterpenes (arborinone, ursolic acid, and oleanolic acid), flavonoinds
(quercetin, rutin, and kaempferol), athraquinones, phenolic acids (p-coumaric acid, caffeic
acid, and caffeoyl-quinic acids), and a broad spectrum of volatile oils (reviewed in [155]).
Such a diverse composition of compounds with antineoplastic properties may explain the
use of O. diffusa by Chinese people as an anticancer substance for centuries.

Feng and colleagues have demonstrated that Hedyotis diffusa extract attenuated the
phosphorylation of AKT, ERK1/2, JNK, p38, ribosomal protein S6 kinase beta-1 (p70S6K),
STAT3, and the secretion of pro-inflammatory interleukins IL-1β, IL-6, and TNF-α. Addi-
tionally, at the time, it also induced anti-inflammatory IL-4 and IL-10 [156].
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A number of studies have shown that oleanic and ursolic acids fractioned from this
plant are very important compounds due to their antitumor properties. The ursolic-acid-
mediated inhibition of the RAF/ERK, IKK/NF-κB [157], and STAT3 pathways [158] is
reported. It has also been shown that ursolic acid suppressed proliferation and induced
apoptosis in breast cancer cells, but not in non-malignant cells. Ursolic acid also repressed
metastasis in both zebrafish and mouse models via the suppression of glycolysis through
the activation of SP1/caveolin-1 signaling [159]. Another research group has demonstrated
that ursolic acid inhibited energy metabolism. It inhibited Akt which was also associated
with decreased HK2, PKM2, ATP, and lactate levels [160]. The derivate of ursolic acid
mimics glucose, and competes with it for hexokinase 2 (HK2) binding [161].

Oleanolic acid (OA), which is another bioactive component of Hedyotis diffusa, similarly
attenuates cancer development through several mechanisms [162]. In gastric cancer, OA
was shown to down-regulate glucose uptake and aerobic glycolysis through the inhibition
of YAP and HIF-1α [163], and through the induction of autophagic death by deactivating
PI3K/AKT/mTOR and ERK/p38 MAPK [164,165].

OA was shown to activate ferroptosis in Hela cells by promoting the expression
of ACSL4 [166] (Xiaofei, et al., 2021) in the purine salvage pathway. It suppressed the
purine salvage pathway (PSP), thus interfering with nucleotide synthesis. OA induced the
autophagy-dependent degradation of hypoxanthine–guanine phosphoribosyltransferase
(HGPRT) and 5’-nucleotidase (5’-NT), i.e., two enzymes of PSP [167]. The other group was
able to show that OA may suppress angiogenesis in colorectal cancer by blocking VEGFR2
signaling [168].

For medical purposes in China, Hedytois diffusa is often used in tandem with another
plant—Scutellaria barbata. This pare is a “core” of Chinese herbal medicine (CHM) which is
utilized to treat different types of tumors [151,169].

Scutellaria barbata (SB) is a perennial herb (the Lamiaceae family) living in southern
central China. This medical plant is frequently used in TCM to cure malignancies, inflam-
mation, infection, cirrhosis, etc. Among the chemical compounds identified, there are:
flavonoids (scutellarein, scutellarin, carthamidin, isocarthamidin, wogonin, naringenin,
apigenin, hispidulin, eriodictyol, and luteolin), diterpenoids (scutellones, scuterivulactones,
barbatins, and scutebarbatines), and volatile oils (linalool, α-terpineol, thymol, and globu-
lol) [155]. Flavonoids (scutellarein, scutellarin, and carthamidin) are thought to be the main
compounds that are responsible for anticancer properties of SB.

BZL101 is an orally specified aqueous SB extract which has been extensively studied
for the treatment of metastatic breast cancer. It provokes cell cycle arrest, apoptosis [170],
inhibition of glycolysis, and OXPHOS [171].

Scutellarein inhibited the enhancer of zeste homolog 2 (EZH2), increased the ex-
pression of its target forkhead box protein O1 (FOXO1), and reduced tumor growth and
metastasis [172]. Moreover, in HCC, scutellarein increased the level of PTEN—a negative
regulator of Akt signaling pathway [173].

Another flavonoid compound—scutellarin—mitigates colitis-derived colorectal cancer
by inhibiting the Wnt/β-catenin signaling pathway [174]. In gastric cancer cells, this
compound up-regulates PTEN, which attenuates p-PI3K and EMT [167].

Extracts of this plant reduced p-STAT3, the expression of cyclin D1 and CDK4 [175], as
well as the Wnt/β-catenin signaling pathway [176]. It may also attenuate the PI3K/AKT
pathway, inhibit ABC transporters, and restore susceptibility to 5-FU [177].

Thus, the combination of O. diffusa and S. barbata extracts displays proven anti-
neoplastic capacity and involves multiple mechanisms acting in a synergistic way. The
study of a combination of extracts or individual compounds of these plants is a promising
area of anticancer research.

The power of plants to fight cancer is exhaustively represented by traditional Chinese
medicine (TCM) and Indian Ayurveda.
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3.3.1. Traditional China Herbal Medicine

The herbal part of TCM relies on the application of a cocktail consisting of several
herbs, used in the treatment of complex diseases such as cancer. It has at least 2000 years of
history. According to Chen and colleagues, Chinese Pharmacopoeia (2015 edition) counted
25 formulations with antineoplastic properties [178].

Traditional personal medicine (TPM) is the improved and more standardized kind
of TCM application. TPM includes herbal medicines in traditional Chinese medicine,
modernized into a ready-to-use form (such as tablets, oral solutions, or dry suspensions),
as opposed to herbs that require cooking (hot water extraction).

The benefit of TCM formulas in the therapy of various neoplasms is based on multiple
components, which can target multiple signaling pathways, providing synergistic therapeu-
tic effects. Plants described in the earlier section are often the components of various TCM
formulations. The analysis of a number of TCM formulas uncovered the mechanisms of
their antitumor activities and enumerates their bioactive anticancer compounds [178–181].

Wu and colleagues have analyzed the application of the top 15 TPMs and modern
western drugs according to the frequency of their use in a particular type of malignancy
and the cost per patient [5]. This statistical analysis has shown that TPMs are used with
about the same frequency as western therapeutics, whereas the cost per patient was lower
for TPMs. It is interesting to note that different TPMs can be applied to treat certain types of
malignancy with varying frequencies. Moreover, TPMs are often applicated in combination
with western medicines [5]. The most frequently used antineoplastic formulations are given
in Table 3 with brief descriptions.

Table 3. Some frequently used traditional Chine’s formulations for a cancer treatment.

Clinical
Formulation

Composition Type of Cancer Effects References

Aidi Injection

Mylabris Phalerata,
Astragalus Membranaceus,

Panax Ginseng,
Acanthopanax Senticosus

Different solid
tumors,

gynecologic
tumors

Suppression of proliferation,
migration, invasion, angiogenesis, and

metastasis. Decreased p-PI3K and
Bcl-xL in liver cancer cells. Induction

of apoptosis.
In Clinic: improved overall survival,

the quality of life, and the
effectiveness of chemotherapy.

[182–184]

Fufangkushen
Injection

Sophora flavescens,
Heterosmilacis Japonica

Different solid
tumors

Reduced proliferation, tumor growth,
and TRPV1-ERK phosphorylation;

decreased IFN-γ, IL-6, and KC levels
in S-180 sarcoma. Induced apoptosis

via up-regulation of caspase-3 and Fas
in esophageal carcinoma.

In Clinic: improved the quality of life
and the effectiveness of chemotherapy.

[185,186]

Kanglaite injection Coix lacryma-jobi

Non-small cell
lung cancer,

colorectal cancer,
pancreatic cancer

In vitro suppressed cell growth and
induced apoptosis via up-regulation

of p53, Fas, and caspase-3. In vivo
down-regulation of the

PI3K/Akt/mTOR signaling pathway,
and tumor growth suppression.

[187,188]

Kushen injection Sophorae Flavescentis, Radix,
Smilacis Glabrae Rhixoma

Different solid
tumors

Immunomodulatory activity via
regulation of macrophages and CD8+

T cells, TNFR1, NF-κB p65, and
MAPK p38.

[189]
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Table 3. Cont.

Clinical
Formulation

Composition Type of Cancer Effects References

Qing-Dai
Baphicacanthus cusia,

Polygonum tinctorium, Isatis
indigotica

Acute
promyelocytic

leukemia

Down-regulation of NF-κB, Iap1, Iap2,
Bcl-2, BCL-xL, cyclin D1, and c-Myc;

inhibition of angiogenesis by reducing
JAK/STAT3, VEGFR2, ERK 1/2,

Ang-1, PDGFB, and MMP2.
Immunomodulatory activity through

impact on CD4+ CD25+ Treg cells.

[190]

Tien-Hsien

Cordyceps sinensis,
Oldenlandia diffusa, Indigo
Pulverata Levis, Polyporus

umbellatus, Radix Astragali,
Panax ginseng, Solanum

nigrum, Pogostemon cablin,
Atractylodis Macrocephalae

Rhizoma, Trichosanthes
Radix, Clematis Radix,
Margarite, Ligustrum

lucidum, Glycyrrhizae Radix

Acute
promyelocytic

leukemia, breast
cancer

Down-regulation of DNMT1, cyclin A,
cyclin B1, p-AKT, Bcl-2, Akt/mTOR,

Stat3, and ERK; induction of p21, p15,
and apoptosis. Suppression of

angiogenesis, metastasis, and tumor
growth. Radiosensitization and

immunomodulatory activity.

[191–193]

Zeng-Sheng-Ping

Sophora tonkinensis,
Polygonum bistorta, Prunella
vulgaris, Sonchus brachyotus,

Dictamnus dasycarpus,
Dioscorea bulbifera

Alimentary tract
cancer; oral, lung,

and bladder
cancer

Inhibition of EGFR and Notch
signaling.

In Clinic: slowed down tumor growth
and increased overall survival.

[194–196]

3.3.2. Ayurvedic Medicine

Ayurveda, translated from Sanskrit, meaning “life knowledge”, is an ancient Indian
traditional medical system which has been practiced for more than 5000 years and is still
applied now by many cultural tribes in Indian sub-continent. Ayurvedic medicine is a
unique holistic approach where herbal medicines, special diets, yoga, relaxation methods,
and lifestyle management are key strategies for curing various chronic diseases such as
diabetes, cancer, cardiovascular, neurological disorders, and many others.

As reported by Kuruppu and colleagues, between 70 and 80% of people in India,
Nepal, and Shri Lanka practice this medical system [197]. Ayurveda attracts attention in
other regions and countries, including the USA and Europe, as an alternative medical way
for health recovery and maintenance [198,199].

About 1700 medical substances of herbal, animal, and mineral origin give birth to
40,000 different formulations for internal consumption and hundreds for external applica-
tion (Sujatha, et al., 2021).

Ayurveda is supported by the government of India through the Ayurvedic Pharma-
copoeia of India (API). This is a unique book divided in two parts. Part I (volumes 1–6)
contains information about medical plants and their substances, whereas part II contains
formulations from compounds described in part I. All in all, 450 medical herbs are listed in
this book.

Bhandari and colleagues reported about 10 formulations which are readily available in
the Indian market to cure neoplasia [200]. Thus, Ayurveda accounts a few dozen plants with
anticancer properties [2,197,201]. Some of them have been also used in TCM and elsewhere,
so they were described earlier. Several other very important anticancer ayurvedic plants
are discussed below.

Withania somnifera (WS, “ashwagandha” or “winter cherry”, the Solanaceae family)
is an annual evergreen shrub which grows in India, the Middle East, and in some African
regions. This is a very important Ayurvedic plant which is used as an energy balancer, and
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to cure arthritis, anxiety, insomnia, bronchitis, male disfunctions, etc. Ashwagandha is also
sold in western markets as a food supplement to increase energy and endurance [202].

The main biologically active chemical constituents of WS are alkaloids (isopelletier-
ine, anaferine, cuseohygrine, anahygrine, etc.), steroidal lactones (withanolides and with-
aferins), and saponins [203]. The extracts of Ashwagandha selectively killed cancer cells
and inhibited xenograft’s growth [204,205] through mitochondria-dependent apoptosis
and G2/M cell cycle arrest. In other studies, extracts of WS suppressed the growth of
malignant cell models and xenografts of breast, prostate, lung, gastrointestinal cancer,
glioma, etc. This was associated with the down-regulation of p-AKT, VEGF, MMP-2,
ERKp44/42 [206], cyclin D1, NF-kB, HSP-70, and NCAM, bcl-xl [207], as well as the reacti-
vation of FOXO3a/Par4 [208]. The antineoplastic activity of WS is significantly associated
with the presence of steroidal lactone whithaferin A.

A large number of studies have demonstrated the pleiotropic whithaferin-A-mediated
down-regulation of cancer. This affects many characteristics of malignant cells (reviewed
in [209,210]).

Withaferin A and withanone were able to attenuate EMT, driven by TNF-α and TGF-β
in NSCLC cell lines H1299 and A549 [211]. Withaferin A inhibited glycolysis and complex
III of the respiratory chain in breast cancer mouse models, indicating that it can interfere
with metabolic rewiring in neoplasms [212]. A couple of studies reported that withaferin A
can effectively target cancer stem cells (CSCs) [213,214].

Bearing in mind the safety and antitumor properties of Withania somnifera (Ashwa-
gandha), its active constituent withaferin A should be studied in detail regarding therapeu-
tical usage.

Curcuma longa (“Tumeric”, the Zingiberaceae family) is a flowering plant, which is
native to South Asia, India, and Indonesia. Its roots and rhizomes are widely used as a
spice named “turmeric” which is a key ingredient in curry. This plant helps to reduce
inflammation, hepatic and neurodegenerative disorders, metabolic syndrome, obesity, and
other illnesses.

The major biologically active constituents of turmeric are diarylheptanoids, which
occur in a mixture of dubbed curcuminoids (curcumin, desmethoxycurcumin, and bis-
desmethoxycurcumin) that generally amount to approximately 1–6% of the plant by dry
weight [215]. In addition, C. longa is another species of the Curcuma genus that contains a
diverse composition of volatile (zingiberone, tumerone, and atlantone) compounds with a
set of biological activities, including anticancer activity (reviewed in [216]).

However, the main pharmacological activity of C. longa is attributed to curcumin [217].
Curcumin acts through the modulation of multiple signaling pathways. It is known to
inhibit the activity of transcriptional factors (STATs, Notch-1, NF-κB, PPAR-γ, WTG-1,
and β-catechin), growth factors (FGF, VEGF, TGF-β1, TF, CTGF, and EGF), a number of
receptors and kinases (EGFR, HER-2, CXCR4, MAPK, ERK1/2, RAK, PKA/B/C, Bcr-Abl,
JNK, and IKK), and pro-survival proteins (Survivin, Mcl-1, Bcl-xL, cIAP-1, cIAP-2, and
Bcl-2) [218,219].

Curcumin down-regulates cyclooxygenase (COX-2), EGFR, and ERK1/2 in lung and
pancreatic cancer [220]. A number of literature sources report that curcumin activates
autophagy in various malignancies, including melanoma, pancreatic [221] and gastric
cancer [222], and glioma [223]. It may also target CSCs in esophageal carcinoma [224], hepa-
tocellular carcinoma [225], and glioma [223]. Curcumin makes cancer cells more vulnerable
to chemotherapeutic agents (doxorubicin, paclitaxel, 5-fluorouracil, and cisplatin) [226–229]
and radiotherapy [230,231].

Zingiber officinale is a widely known plant because its whole rhizome—ginger—is
widely used as a spice and in folk medicine. Its healing effects extend to diseases of the
gastrointestinal tract, as well as the broncho pulmonary system.

Ginger is rich in phenolic compounds including gingerols (6-gingerol, 8-gingerol, and 10-
gingerol), shogaols, paradols, quercetin, zingerone, gingerenone-A, and 6-dehydrogingerdione.
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Moreover, ginger contains bioactive volatile oils. Its terpene compounds are zingiberene,
β-bisabolene, α-curcumene, α-farnesene, and β-sesquiphellandrene [232,233].

There is a lot of evidence which shows the potential of ginger to prevent and sup-
press tumors, especially gastrointestinal cancer (GI). Ginger extracts and its individual
constituents allow the multitargeted influence on cancer cells affecting Bcl2, p38/MAPK,
EGFR, VEGF, AKT, ERK1/2, etc. [234].

In vivo studies have shown that ginger extract reduced NF-κB and TNF-α expres-
sion in rat livers with induced cancer [235]. Furthermore, 6-shogaol inhibits JAK2 and
c-Src kinases [236], interleukin (IL)-6-induced STAT3, and TNF-α-induced NF-κB activa-
tion [237]. Zingerone and its derivates synergistically suppressed TGF-β-induced EMT and
the invasion of hepatocellular carcinoma [238].

In addition, 6-shogaol reduced breast CSCs (CD44 + CD24−) and killed spheroids.
This was associated with reduced Notch and its targets Hes1 and cyclin D1, and induced
autophagy-based cell death [239].

In mice bearing Ehrlich carcinoma, the administration of doxorubicin in combination
with ginger extract reduced the tumor volume and increased the survival rate by activating
the AMPK pathway and reducing the cyclin D level [240]. In addition, both ginger extract
and its isolated constituencies were shown to overcome methotrexate [241] and dodetaxel
resistance [242] in AML and prostate cancer.

A more detailed description of ginger effects on the properties of various malignancies
types is reviewed in [232,243,244].

Boswellia serrata and other Boswellia species are very important ayurveda plants
which have been used for centuries to treat chronic ailments—arthritis, inflammatory
bowel disease, diabetes, asthma, cancer, and others.

This plant is the source of “Frankincense”, which is oleo gum resin extracted from the
Boswellia species. Frankincense is a mixture of essential oils, polysaccharides, and resin
acids. It contains a number of different types of boswellic acids (BAs) which are pentacyclic
terpenoids. The main ones are: α- and β-BA, acetylated α- and β-BAs (ABA), 11-keto-β-BA
(KBA), and 3-O-acetyl-11-keto-β-BA (AKBA) [245,246].

Essential oils are represented by α-thujene, α-terpineol, eudesmol, verbenene, thujone,
pinocarveol, etc. [247,248]. Both BAs and volatile oils are responsible for Boswellia’s
antineoplastic properties [246].

A number of studies have shown the anticancer properties of frankincense [249]. A
study on the cytotoxicity of oleo gum resin fractions revealed anticancer activity at the IC50
levels even lower than for doxorubicin and 5-fluouracil [250].

An in vivo study has demonstrated that frankincense suppressed melanoma in C57BL/6
mice with no detrimental effects on body weight; observable histopathologic differences in
the brain, heart, liver, and kidney tissues; and hematological biochemical parameters [251].
The cytotoxicity was associated with a decreased Bcl2/BAX ratio.

A number of papers are devoted to the anticancer properties of BAs and their natural
variants [246]. They down-regulate NF-kb and STAT3 [252,253], MAPK, AKT, ERK1/2, and
other key signaling mediators.

As a possible mechanism of activity, Shen and colleagues [254] have shown that
BAs may induce epigenetic alterations by modulating DNA methylation. The authors
have shown that, in CRC cell lines, there was a modest increase in genome-wide DNA
demethylation. This resulted in the re-expression of SAMD14 and co-suppressor genes
SMPD3, as well as in the inhibition of DNMT activity. In line with this evidence, Mazzio
and colleagues [255] have carried out transcriptomic profiling of TNBC MDA-MB-231
cells treated with Boswellia serrata or 3-O-acetyl-B-boswellic acid. They found that this
treatment elicits the activation of several key components of the PERK pathway (unfolded
protein response (UPR))—PERK, CHOP, GADD34, and ATF3), the induction of tumor
suppressor genes and mTOR inhibitors (e.g., sestrin 2 (SESN2)), and Tribbles homolog
3 (TRIB3). On the contrary, this treatment inhibited the hyaluronan binding (CEMIP) of
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oncogenes, transglutaminase 2 (TG2), and SRY box 9 (SOX9) which was associated with
cell death induction.

Taken together, Boswellia serrata and BAs possess significant antineoplastic effects. BAs
are considered to be excellent structures to develop lead compounds which may also be
conjugated with other therapeutic drugs [256]. Numerous semisynthetic BAs have been
developed with very good cytotoxicity [257].

The phase 1 clinical trial on Boswellia (which is the extract from frankincense) for
breast cancer primary tumors (NCT03149081) is ongoing and intends to assess its influence
on markers of proliferation, angiogenesis, and apoptosis.

Plants of the genus Xanthium (the Asteraceae family) are sources of bicyclic sesquiter-
pene lactone xanthatin. Several species, including Xanthium strumarium, have been used as
medical plants in Ayurveda, Chinese, and other traditional Asian medical systems.

In triple negative breast cancer MDA-MB-231 cells, xanthatin decreased the catalytic
function of topoisomerase II, which led to GADD45γ up-regulation and arrested cells in
the G2-M state [258]. Using the same breast cancer cell model and mouse xenografts, other
authors have shown that xanthatin inhibits vascular endothelial growth factor receptor
2 (VEGFR2), reducing VEGF-stimulated angiogenesis, microvessel density, and tumor
growth [259].

In A549 cells (NSCLCs), xanthatin disrupted NF-κB signaling and induced p53,
which resulted in G2-M arrest and the activation of the intrinsic apoptotic pathway [260].
Xanthatin also suppressed NSCLC by diminishing STAT3 and GSK3β transcription fac-
tors [261,262].

Through its application to child retinoblastoma cell models and zebrafish xenografts,
Yang and colleagues have shown that xanthatin targets polo-like kinase 1 (PLK1), mediating
G2-M cell cycle arrest and apoptosis [263]. In colon cancer cells, xanthatin similarly stopped
cells in G2-M. It elevated ROS, autophagy, and apoptotic response [264], while suppressing
glycolysis and mTOR signaling [265].

Xanthatin induced the cell death of glioma cell lines and xenografts via the elevation
of endoplasmic reticulum (ER) stress-related proteins, including glucose-regulated protein
78 C/EBP-homologous protein (CHOP) [266].

In this way, xanthatin is very interesting in terms of antitumor therapy.
In general, many Asian plants are known with neoplastic properties described in

reviews [267–270]. In addition, other plants and their active substances with emerging
antitumor activities have recently been identified [271,272], which indicates that there are
many such plants that have not yet been discovered.

Other major medical plants traditionally used in ayurveda for cancer healing are
described in the excellent review [2].

3.4. Europe

Hypericum perforatum (HP, St. John’s wort, SJW, the Hypericaceae family) is a flowering
plant native to Europe and Asia. It was also introduced to North and South America, South
Africa, and Australia. HP is still used in folk medicine and now is commercially grown
in different countries. It is effective in the treatment of anxiety and depression which is
mediated by inhibiting the uptake of monoamine neurotransmitters (serotonin, dopamine,
noradrenaline, GABA, and L-glutamate) [273]. HP is effective against inflammation and
urinary cystitis.

The pharmacological properties of Hypericum perforatum are associated mainly with
hyperforin (HPF) and hypericin, which usually present in a total hydro-alcoholic HP extract
concentrations ranging between 1 and 5% and 0.1 and 0.3%, respectively [274]. Other HP
constituents are hyperoside, rutin, quercetin, catechin polyphenols, acylphloroglucinols,
and naphthodianthrones [275].

HP extracts and hyperforin decrease the inflammation by suppressing 5-lipoxygenase
(5-LO), cytochrome c oxidase subunit I (COX-1) activity [276], and prostaglandin PGE2
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production [277]. It also reduces ROS [278] and genotoxic stress [279]. These, and other,
properties of HP protect from carcinogenesis [274].

In multiple studies, both HP extracts and hyperforin have demonstrated antineoplastic
activity against different types of malignancies. They attenuated cell growth, angiogene-
sis, and metastases, while inducing apoptosis (reviewed in [274]). Hyperforin inhibited
EGFR/ERK/NF-κB [280] and AKT [281] signaling pathways. It suppressed antiapoptotic
proteins Bcl-2 and Mcl-1 [282]; reduced the production of angiogenic chemokines CXCL8
and CCL2 [283]; and decreased metalloproteasis MMP2, MMP9, elastase, and cathepsin,
which are important for migration and invasiveness [284].

It is interesting to note that the mechanism of hyperforin’s antineoplastic activity is
thought to be associated with its protonophor properties. Due to a low ΔpH between inter-
cellular space and cytosol in non-cancer cells, protonofor hyperforin does not significantly
change their intracellular pH. At the same time, the ΔpH of cancer cells is much higher
because of the acidic extracellular space and more basic cytoplasm. In this case, hyperforin
induces the increased H+ influx which leads to cytosol acidification and interferes with
biochemical processes in malignant cells [274,285].

The analysis of 87 HP samples which were collected from 14 countries concluded
that there was limited chemical variability [286]. In view of HP’s inclusion in European
Pharmacopeia and standardization opportunities, it can be considered a potential anti-
neoplastic substance.

Betula pubescens (BP, syn. Betula alba, the Betulaceae family), commonly known as
white birch, is native and abundant throughout northern Europe and northern Asia. Its
bark contains betulinic acid (BA)—a lupane-type pentacyclic triterpenoid saponin.

In tumor cells, BA activates the mitochondrial pathway of apoptosis. It permeabilized
the outer mitochondrial membrane, and also induced cytochrome c release and caspase
activation [287].

Several signaling pathways are shown to be affected by BA [288]. It dampens STAT3
and HIF-1α which reduce angiogenesis. BA augments the MAPK/p38 and JNK signaling
pathways [289]. Guo and colleagues have shown that mTOR signaling was targeted
by BA which initiated apoptosis [290]. In turn, another group has demonstrated that BA
suppressed p-AKT and mTOR while inducing autophagy [291]. Apparently, this autophagic
response can mitigate BA-induced mitochondria-dependent cell death [292].

In breast cancer cells, BA attenuated glycolysis and respiration [293]. It is important to
note that BA attenuates the expression of multidrug resistance proteins P-gp, BCRP, and
ABCB5, hence decreasing chemotherapeutic resistance mediated by mutant EGFR [294].

To improve the water solubility and antineoplastic activity of BA, different research
groups are currently working on the synthesis of its soluble derivatives [295].

Glycyrrhiza glabra (GG, “Liquorice”, the Fabaceae family) is an herbaceous perennial
legume flowering plant native to Europe, Western and Central Asia, Siberia, and Northern
Africa. This plant was used in folk medicine in ancient Egypt, Rome, Greece, and China,
and has been included in Ayurveda.

GG has a rich biochemical composition as 400 compounds were isolated from this plant.
The most important among them are triterpenoid glycyrrhizin; saponin glycyrrhizic acid;
the flavonoids liquiritin and isoliquiritin; and the isoflavones glabridin and hispaglabridins
A and B [296]. This set of chemicals mediate a huge number of beneficial pharmacological
properties, including antitussive, expectorant, antimicrobial, anticoagulant, and memory-
enhancing activity, as well as antioxidant, anti-inflammatory, antidiabetic, hepatoprotective,
immunomodulator, and antineoplastic capabilities.

Regarding the antineoplastic properties of GG, isoliquiritigenin (2′,4′,4-trihydroxychalcone,
ISL) is one of the most important compounds extracted from licorice roots. ISL displays a
suite of antitumor properties [297]. In lung cancer cell models, ISL inhibited proliferation
by interfering with AKT/mTOR [298] and FAK/Src signaling pathways [299]. Src family
kinase (SFK) transmits signals from integrins, growth factors, and G protein-coupled
receptors to AKT/mTOR, MAPK/ERK, and Hippo signaling pathways. Src/FAK mediates
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modifications in the actin cytoskeleton and focal adhesion complexes, facilitating migration
and invasion [300]. In renal carcinoma cells, ILS down-regulates Jak2/STAT3 and MDM2
ubiquitin ligase. MDM2 possesses oncogenic properties, i.e., the main negative regulator of
the p53 tumor suppressor [301], as well as through various p53-independent ways [302,303].
ISL treatment of melanoma cells decreased miR-301b and recovered its target leucine-
rich repeats and immunoglobulin-like domains 1 (LRIG1) which down-regulates tumor
growth [304].

In silico docking experiments suggest that ISL can possibly directly target VEGF-
2, both wild-type and double-mutant (L858R/T790M) EGFR, 78-kDa glucose-regulated
protein (GRP78), sirtuin 1 (SIRT1), COX-2, and Ikkb [297].

Besides ILS, other compounds of GG (glycyrrhizin, glycyrrhizinic acid, etc.) possess
antineoplastic activities (reviewed in [297]). This, together with the safety of GG, which
is proven by centuries of use, makes this plant a very promising candidate for anticancer
therapy studies.

Silybum marianum (SM, “milk thistle”, the Asteraceae family) is a biennial herb, 30 to
200 cm tall with red-to-purple-colored flowers. Its native distribution area includes the
Mediterranean Sea coast, the coast of southeast England, Iran, and Afghanistan. How-
ever, this plant was introduced to other continents and was cultivated due to its medical
properties.

SM is important for medicine as a source of silymarine, which is the standardized
extract from the thistle milk seeds, containing at least seven flavonolignans (silybin A,
silybin B, isosilybin A, isosilybin B, silychristin, isosilychristin, and silydianin) and one
flavonoid (taxifolin). Symilarin accounts for 65–80% of SM seeds. Its compounds provide
the main SM pharmacological activity. The important pharmacological activity also has
silybinin which is a semi-purified fraction of silymarin, consisting of a mixture of two
diastereoisomers, silybin A and silybin B, in an approximate 1:1 ratio [305].

Silymarine possesses hepatoprotective (chronic hepatitis B and C, alcoholic hepatitis,
fatty liver disease, and cirrhosis), antidiabetic, anti-ischemic, and skin-protective properties,
as well as others [306]. In the oral cancer models, sylimarin induced the extrinsic apoptotic
pathway, decreased tumor volumes, and prolonged mouse lifespan [307]. In human
colorectal cancer cells, silymarin may down-regulate the Wnt signaling pathway through
β-catenin proteasomal degradation and TCF4 transcriptional inhibition [308].

Silibinin also possesses anticancer activities: the inhibition of proliferation, migration,
and metastasis; angiogenesis; and the induction of apoptosis due to the down-regulation of
EGFR, Akt, MAPK, and Wnt signaling pathways [309,310]. Silibinin suppressed the growth
of human gastric cancer cells by down-regulating MAPK signaling. In the TNBC cell line
MDA-MB-231, this compound also reduced the TGF-β-mediated expression of fibronectin
and metalloproteinases MMP2, MMP9, and metastasis in xenograft models [311]. In hepa-
tocellular carcinoma models, the combination of silibinin with sorafenib was demonstrated
to down-regulate Akt-STAT3 signaling, anti-apoptotic proteins (Bcl-2 and Mcl-1), and
stemness-related proteins (homeobox transcription factor (NANOG)) and Krueppel-like
factor 4 (Klf4) [312].

Several studies have demonstrated that silymarin is safe for humans and is tolerated
even at a high dose of 700 mg three times a day for 24 weeks (reviewed in [313]). This
obstacle, in light of its anti-neoplastic and hepatoprotective capabilities, as well as the
presence of standardization, makes silymarin the excellent candidate for cancer treatment,
especially for hepatocarcinoma.

Some other European plants and their compounds with anti-neoplastic activity are
listed in Table 4.
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Table 4. Some European plants and their compounds with anti-neoplastic activity.

Plant
Biologically Active

Compounds
Effects References

Allium sativum

Allicin, alliin, diallyl disulfide, diallyl
trisulfide, Z-ajoene, S-allyl cysteine,

S-propargyl-L-cysteine, S-allyl
cysteine

Multiple anticancer effects and known
molecular mechanisms of both crude extracts
and individual compounds. Suppression of

angiogenesis and migration in vivo.

[314]

Arctium lappa Arctigenin, lappaol F, stigmasterol
ß-sitosterol

Suppression of growth, invasion, and
migration of cancer cell lines. Inhibition of

hippo-signaling pathway. Reduction in
tumor growth in vivo.

[315–317]

Centaurea solstitialis Solstitialin A Cytotoxic and cytostatic effects in a panel of
cancer cell models [276,318]

Ebenus boissieri
Antiproliferative and cytotoxic effects in

human breast, cervical, and lung cancer cell
lines. Induction of TNF-α expression.

[319–321]

Rosmarinus officinalis Carnosol, carnosic acid, sageone,
rosmarinic acid

Multiple antineoplastic effects in vitro and
in vivo with known molecular mechanisms,

including epigenetic regulation.
[322]

Menyanthes trifoliata Betulinic acid, syringic acid, ellagic
acid, rutin, chlorogenic acid

Cell cycle G2/M arrest and apoptosis in
grade IV glioma. No toxicity to normal

human astrocytes.
[323]

Vitis vinifera Viniferin, resveratrol Multiple anticancirogenic and antineoplastic
effects with known molecular mechanisms. [324,325]

Viscum album

Iscodor, helixor A, lectins (ML-I,
ML-II, and ML-III), viscotoxins,

polysaccharides, phenolic
compounds

Cytostatic and cytotoxic effects in vitro and
in vivo. Immunomodulatory activity and

reduction in cancer-related fatigue in clinical
studies. Helixor A and Iscador are used in

Europe as adjuvants in cancer therapy.

[326,327]

3.5. North America

Panax quinquefolius (PQ, Panax americanus, the Araliaceae family) is a perennial
herbaceous plant 30–100 cm high with a thick tuberous rhizome. It mainly grows in the USA,
in the wooded areas of Maine and Missouri, and in Canada, in the provinces of Ontario,
British Columbia, and Quebec. It is known that various Indian peoples took decoctions
and infusions from the ginseng root to treat ulcers, asthma, and various inflammatory eye
diseases, as well as to increase fertility levels. PA is a close relative of Panax ginseng which
is the most widely used ginseng in China, Korea, and Japan. These plants have similar
pharmacological properties.

According to the FDA, ginsengs are generally recognized as safe (GRAS) plants,
and their inhibitory effects on malignant tumors have been widely accepted in the USA
and Europe [328]. Ginseng is characterized by the presence of ginsenosides, which are
ginsengs triterpenes saponins (Rx), considered to be the main bioactive compounds of
ginseng. They are also metabolized by the gut microbiota to undergo sequential de-
glycosylation and are finally converted to prosaposin or sapogenins within the human
body. Based on the structure of aglicon, Rx may be divided into five types: panaxatriol
saponin, protopanaxadiol, protopanaxatriol, oleanolic acid, and ocotillol types [329].

Various ginsenosides have demonstrated anticancer properties in vitro and in vivo
following the inhibition of cell cycle, angiogenesis, and the induction of apoptosis in
different types of malignancies [328,330].

Ginsenoside Rg3 reduced colon carcinoma in HCT116 cells, whereas its derivate
20(S)-protopanaxadiol effectively attenuated NF-κB, JNK, and MAPK/ERK signaling path-
ways [331]. Other ginsenosides, Rb3, R1, and Rc, bound Hsp90α, suppressing the activity
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of SRC and PI3K kinases. This led to the inactivation of Akt and ERK pathways and lung
cancer suppression [332]. In patient-derived xenograft mouse models and glioblastoma
stem cell lines, ginsenosids Rg3 and Rh2 suppressed cell viability and the self-renewal
capacity of GSCs via the inhibition of the Wnt/β-catenin signaling pathway [333]. In
pancreatic cancer in vitro and in vivo models, Rg3 treatment reduced the levels of vasculo-
genic mimicry, matched with the decrease in VE-cadherin, EphA2, MMP-2, and MMP-9
mRNA [334].

The structure–activity relationships of ginsenosides and the molecular mechanisms of
their actions are summarized in the following review [335]. According to literature data
surveys, Rh1, Rh2, and Rg3 have strong anti-cancer activities. Because of a number of
biologically active compounds identified, as well as FDA-reported safety concerns, Panax-
standardized plant material and ginsenosides are promising candidates for anti-neoplastic
adjuvant therapy.

Some other North American plants and their compounds with anti-neoplastic activity
are listed in Table 5.

Table 5. Some others North American plants and their compounds with anti-neoplastic activity.

Plant
Biologically Active

Compounds
Effects References

Aristolochia foetida β-sitosterol, stigmasterol, and
other compounds

Apoptosis in MCF-7 cancer cells with less
toxicity to non-tumor cells. [336]

Asimina triloba Acetogenins

Extracts from different parts of plant
suppressed proliferation; induced apoptosis

in AGS and HeLa cells; inhibited
inflammatory makers NO, TNF-α, IL-6, and

iNOS (inducible nitric oxide synthase).

[337]

Capraria biflora Biflorin
Different anticancer effects in a number of

tumor cell lines. Inhibition of c-MYC
expression.

[338,339]

Echinacea purpurea Echinacoside, alkylamides

Reduced proliferation, increased level of
ROS, caspase 3 activity, and apoptosis in

human lung cells. Inhibition of
Wnt/β-catenin pathway.

Immunomodulatory activity in vivo.

[340,341]

Sanguinaria canadensis Sanguinarine, chelerythrine,
berberine

Cytotoxic and antiproliferative effects in
melanoma and child ALL cell lines.

Induction of apoptosis by cIAP1, cIAP2, and
XIAP suppression in pre-ALL cell lines.

Sanguinarine and berberine binds
G-quadruplex in oncogenes and telomeres.

[342–344]

3.6. Australia

Although Australia is a habitat for more than 21,000 plant species, there is extremely
limited information about their medical use by indigenous peoples. There is especially
little data on their anti-neoplastic properties. The well-known example is Eremophila
galeata (EG, the Scrophulariaceae family), a flowering shrub which is endemic to Western
Australia. This plant has a long history of use in medicine by indigenous peoples because
of its valuable pharmacological properties [345].

Petersen and colleagues identified that the crude extract prepared from EG leaves
significantly sensitized HT-29 cells to SN-38—a modern topoisomerase I inhibitor. One of its
major compounds, the 5,3′,5′-trihydroxy-3,6,7,4′-tetramethoxyflavone, strongly suppressed
the breast cancer resistance protein (BCRP/ABCG2) [346] which belongs to the family of
ATP-binding cassette proteins. BCRP mediates multidrug resistance and promotes an efflux
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of such potent drugs, such as methotrexate, irinotecan, topotecan, sorafenib, gefitinib, and
doxorubicin, from cancer cells [347].

Some other medical Australian plants with anticancer properties are listed in Table 6.
Thereby, Australian plants are extremely unstudied to date in terms of antitumor properties.

Table 6. Some other Australian plants and their compounds with anti-neoplastic activity.

Plant Active Compounds Effects References

Terminalia ferdinandiana
Tannins, flavonoids: gallic acid,
ellagic acid, lutein, hesperitin,

kaempferol, luteolin, and quercetin

Antiproliferative and proapoptotic activity in
cancer cell lines. No toxicity to human
dermal fibroblasts and shrimp Artemia

franciscana bioassay.

[348,349]

Tasmannia lanceolata

Phenolic acids: coumaric acid,
chlorogenic acid. Flavonoids:

quercetin, quercetin 3-rutinoside, and
anthocyanin (cyanidin

3-rutinoside)

Cytotoxicity to different cancer cell models
with non-significant effects on normal colon,

stomach, and intestine cells.
[350]

Davidsonia pruriens Anthocyanin compounds, flavanoids
Significant cytotoxicity to a panel of cancer
cell models and low toxicity in the Artemia

nauplii bioassay.
[351,352]

Elaeocarpus angustifolius Not identified
Significant cytotoxicity to Hela and Caco-2
cell models and low toxicity in the Artemia

nauplii bioassay.
[352]

Pittosporum angustifolium Alcaloids, saponins
Antiproliferative effects of 7 saponins with
IC50 values in a range of 1.74–34.1 μM for

MCF7, HaCaT, LN18, and 5637 cancer cells.
[353]

4. Mushrooms

About 2.2–3.8 million fungi exist on our planet, including 14,000 mushroom species [354].
Interest in mushrooms as a medical supply is rooted in the mists of time and prevails to
these days. Mushrooms are used in the traditional medicine of China, Ayurveda, East
Asia, Europe, South America, etc. A number of mushroom species are implicated as
food supplements to improve health in different regions, including the USA and Europe.
Several big company sale food supplements contain, or are fully derived from, mush-
rooms. For instance, iHerb (USA, California, www.iherb.com; accessed on 30 March 2022),
Fungi Perfecti (USA, Olympia, www.fungi.com; accessed on 30 March 2022), Ommush-
rooms (USA, Carlsbad, www.ommushrooms.com; accessed on 30 March 2022), Terezia
(Czech Republic, Praha, https://www.terezia.eu/en/; accessed on 30 March 2022), Real-
mushrooms (Canada, Roberts Creek (BC), www.realmushrooms.com/; accessed on 30
March 2022), Time Health (UK, www.timehealth.co.uk; accessed on 30 March 2022), Zipvit
(UK, Staffordshire, https://www.zipvit.co.uk/; accessed on 30 March 2022), Hangzhou
Molai Biotech Co., Ltd. (China, Hangzhou, https://phytonutri.en.made-in-china.com;
accessed on 30 March 2022), and Shaanxi Shineherb Biotech Co., Ltd. (China, Shaanxi,
www.shineherb.en.made-in-china.com; accessed on 30 March 2022) are among them. The
main mushrooms which are explored by humans as beneficial for health are reishi, cordy-
ceps, turkey tail, maitake, lion’s mane, chaga, and others.

Nowakowski and colleagues have summarized 92 mushroom species with antineoplas-
tic activity, which could be effective against 38 various cancers [355]. Mushrooms display
a great number of secondary metabolites with different biological activities [356–358]. In
addition, these metabolites are different from secondary metabolites of plants. Regarding
cancer healing, mushroom and fungi, in general, as well as their biochemical diversity, are
almost fully unexplored to date.

Below, we give some examples of mushrooms that possess antitumor properties and
have been used in traditional medicine.
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Lentinula edodes is a mushroom that grows in East Asia. It is known as “Xianggu” in
China and “Shiitake” in Japan. The mushroom has been used as food and in traditional
Chinese medicine for at least 2000 years. It possesses analgesic, tonic, and antiparasitic
activities [359].

Preclinical studies have identified that shiitake has immunostimulating, antibacterial,
antiviral, hepatoprotective, antimutagenic, antihypercholemic, and anticancer properties
due to the content of lentin, lignin, and erytadenine in the fruiting body [359].

Among others, shiitake chemical composition includes polysaccharides, polysaccha-
ropeptides, lectinss, and lentinan, the last of which is especially focused on the medical
attributes of this mushroom [355].

The polysaccharide lentinan (1,3 beta-D-glucan), when isolated from shiitake, has
shown strong antitumor properties. There are studies demonstrating the existence of the
direct cytotoxic effects of shiitake extracts on cancer cells in parallel with minimal impact
on non-malignant cells. One group reports the direct apoptotic effects of shiitake mycelia
extracts on human hepatocellular carcinoma cells with minimal toxicity to normal rat
cells [360]. Other researchers have shown the direct cytotoxic effects of fruit bodies, but not
mycelia extract, on MCF7 cells, with far less significant cytostatic effects on fibroblasts [361].

In several in vitro studies, the synergistic effects of lentinan with docetaxel, paclitaxel,
and cisplatin on proliferation and apoptosis have been shown. Lentinan sensitized lung
cancer cells to paclitaxel through ROS-TXNIP-NLRP3 inflammasome and ASK1/p38MAPK
signaling pathways [362]. It also sensitized bladder cancer to gemcitabine [363] and gastric
cancer cells to docetaxel and cisplatin [364]. Lentinan increased the sensitivity of HepG2
hepatoma cells and xenograft H22-bearing mice to oxaliplatin, which was associated with
NF-kb, STAT3, and surviving suppression [365].

One more application may be doxorubicin-conjugated lentinan nanoparticles, which
increased cytotoxicity for breast cancer while decreasing it for human normal cells [366].

The direct antitumor activity of water-extracted polysaccharide on cancer cells has
also been demonstrated using athymic nude mice and human colon cancer cells [367]. In
this model, lentinan-induced ROS mediated both TNF-α and mitochondria-dependent
apoptosis.

Nevertheless, the main mechanism of the lentinan-mediated anticancer response is
proposed to be associated with the stimulation of the immune system. Different mecha-
nisms are suggested to be responsible for this. The modulation of the TLR4/dectin1-MAPK
and Syk-PKC-NFκB signaling in immune cells is reported. In patients with digestive
cancer, lentinan removed the dominant state of Th2 which restored Th1-Th2 lympho-
cyte (Tregs) balance [368–371]. Th1 cells possess antitumor activity and produce IFN-γ
and IL-12, whereas Th2 is characterized by IL-4 and IL-10 production and may promote
malignization [372,373].

In clinical concentrations, lentinan down-regulated PD-L1 which enhances the effi-
ciency of adaptive immunity.

Lentinan decreased the granulocytes–lymphocytes (G/L) ratio in gastric cancer pa-
tients opposed to those who have only received chemotherapy, and prolonged their sur-
vival [374]. The G/L ratio (neutrophil–lymphocyte ratio) is suggested as a prognostic
marker, and is associated with an increased tumor progression, invasion, and shortened
survival in different types of malignancies including gastric cancer [375,376]. Solid tumors
express granulocyte colony-stimulating factor (G-CSF) which induces the proliferation of
leukocytes (neutrophils) and myeloid-derived suppressor cells (MDSCs). Both of them
suppress the proliferation of lymphocytes and lymphocyte-activated tumor cells killing
those which favor malignization [377]. Lentinan was shown to decrease the G-CSF serum
level and inhibited MDSCs via a CARD9-NF-κB-Ido pathway which may be responsible
for a decrease in the G/L ratio and partially responsible for anticancer properties [378,379].

Wang and colleagues reported that the addition of lentinan to the combination therapy
of vinorelbine and cisplatin in a cohort of 73 patients with NSCLC resulted in an approxi-
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mately two-fold increase in NKT-cells [379]. This was accompanied by the shift of Tregs
status from Th2 to Th1, in accordance with the elevation of IFN-γ, TNF-α, and IL-12.

In China and Japan, lentinan was used as an adjuvant therapeutic drug. The meta-
analysis of 650 gastric cancer patients has shown that lentinan significantly increased their
survival and was mostly effective in patients with lymph node metastasis [380]. Lentinan
also increased the lifespan of patients with hepatocellular carcinoma [381] and improved
the quality of life of patients with unresectable pancreatic cancer [382].

Zhang and colleagues reported about 9500 cancer patients who were treated with
lentinan for a period of 12 years [371]. A number of studies demonstrated that lentinan
improved a patient’s survival rate, seemingly irrespective of the tumor type [374,383].

Nevertheless, the mechanisms of this phenomenon are not fully understood today. In
summary, shiitake and lentinan are valuable for cancer treatment, but further intensive
studies of their antineoplastic mechanisms with possible side effects and limitations are
required, as well as well-designed clinical trials.

Ganoderma lucidum (Gl) is a mushroom that grows on plum trees in many Asian
countries. It is commonly known as “Reishi” in Japan and “Ling-zhi” in China. In tra-
ditional Chinese medicine, reishi has been called the “mushroom of immortality” or the
“spirit plant” and has been actively used to prevent cardiovascular diseases; strengthen the
immune system; and cure neurological afflictions, allergies, and liver disorders for many
centuries [384]. Moreover, reishi is a part of adjuvant therapy of cancer and diabetes.

As in the case of shiitake, reishi suppresses tumor cells both directly and through
fine-tuning of the immune system. Severe combined immunodeficient (SCID mice) cells,
bearing human inflammatory breast cancer cells, when treated with Gl extract, significantly
reduced tumor growth and weight, accompanied with the attenuation of Ki-67, vimentin, p-
ERK1/2, Akt, and mTOR (as well as its targets p70S6K and eIF4G) [385]. The in vitro model
has also proven the reishi-mediated suppression of protein synthesis and proliferation,
whereas it was not toxic to non-tumor breast MCF10A cell lines [386]. The Gl extract was
able to attenuate lamellipodia formation, thus inhibiting the motility of MDA-MB-231
breast cancer cell lines. This was associated with a reduction in Rac kinase activity, as well
as p-FAK (Tyr925), Cdc42, and c-Myc expression [387].

Different compounds with medical properties have been identified in reishi extracts.
Although the plethora of them may be responsible for antitumor activity, ganoderic acid
(GA) and Ganoderma lucidum polysaccharides (GLPs) are proposed to be the most important
of them [388]. The antineoplastic activity of reishi is manifested as both direct cytotoxicity
to cancer cells or indirect cytotoxicity through the stimulation of the immune system [389].

GA is a natural triterpenoid whose molecular structure is similar to steroid hormones
and has multiple isoforms [390]. It is proposed that GA targets several receptors (IGFR-1,
VEGFR-1 and -2, and ER) [391] and is shown to inhibit the PI3K/Akt/mTOR pathway [392],
induce DNA damage [393], down-regulate MMP-2 and -9 [394], and affect other oncogenic
activities [388].

Ganoderma lucidum polysaccharides (GLPs) are considered to be the main antitumor
compound of reishi [389,395]. GLP inhibited autophagic flux in colorectal and gastric
cancer cells [396,397] and suppressed “aerobic glycolysis” (the Warburg effect) [398]. It
down-regulated vimentin and EMT-associated TF Slug, and also inhibited the JAK/STAT5
pathway, motility, and the invasion of ovarian cancer cells [399]. Water-soluble glucose-
enriched Gl polysaccharide attenuated the activation of EGFR and Akt, suppressed oral
cancer cells, and sensibilized them to cisplatin, while protecting normal human oral epithe-
lial cells from cisplatin-mediated cytotoxicity [400].

The major antitumor activity of GLP occurs through the modulation of the immune
system [401]. GLP increased the proliferation and differentiation of B-lymphocytes, the
activity of T-lymphocytes, and their IFN-γ production [402]. It increased several-fold the
number of natural killer (NK) cells [403], and also increased the granulocyte–macrophage
colony-stimulating factor (GM-CSF), the granulocyte colony-stimulating factor (G-CSF),
and the macrophage colony-stimulating factor (M-CSF) [404].
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Zhang and co-authors developed gold GLP composite nanoparticles which activated
dendritic cells, promoted the proliferation of T killers and Tregs in splenocytes, elevated
the percentage of CD4+/CD44+ memory T cells, and reduced tumor weight and metastasis
in the 4T1 breast cancer mouse cell model [405].

GLP may be a promising prebiotic substance for the treatment of colorectal cancer.
Using a mouse model of inflammatory colorectal cancer, Guo and colleagues reported that
GLP treatment normalized dysbiosis; improved the gut barrier function; and suppressed
IL-1β, iNOS, COX-2, and macrophage infiltration [406].

A randomized double-blind placebo-controlled study has shown beneficial effects
for healthy volunteers upon Gl intake in terms of hepatoprotective and antioxidant ac-
tivity [407]. An evaluation of 120 breast and lung cancer patients whose treatment was
supplemented or not with Gl revealed the reverse correlation between Gl intake and
immunosuppressive factors COX2 and TGF-β1 and positive correlation with anticancer
IL-12 [408].

In conclusion, reishi is a safe non-toxic plant, and has been utilized as an alternative
adjuvant in the therapy of cancer patients without obvious toxicity. It acts in synergy with
antineoplastic drugs and is used clinically to treat various malignancies [389]. It deserves
more attention as a potential adjuvant.

Grifola frondosa, commonly known as maitake, is an edible and medicinal mushroom
that grows in Asian regions, especially in China, India, Japan, Korea, and some European
countries. It has been used for centuries in traditional medicine for different purposes. The
anticancer properties of this mushroom are especially attractive.

Several bioactive polysaccharide fractions could be separated from Gf: D-fraction,
MD-fraction, X-fraction, Grifolan, MZ-fraction, and MT-α-glucan, which possess different
biological activities [409]. For medical usage, in most cases, the so-called “D-Fraction” is
prepared via extraction from fruit bodies. In this way, D-fraction is a standardized form
of protein-bound β-glucans (proteoglucans) extracted from the fruit bodies of maitake. It
predominantly contains β-D-glucans with β-(1→6) main chains and β-(1→4) branches, as
well as more common β-(1→3) main chains and β-(1→6) branches [410].

It was shown that in the MDA-MB-231 TNBC cell line, D-fraction favored apoptosis,
decreased motility, increased E-cadherin protein levels and β-catenin membrane localiza-
tion, and reduced activity of MMP-2 and MMP-9 [411,412]. In the corresponding xenograft
mouse model, D-fraction also inhibited tumor growth and metastasis.

The inhibitory effect was associated with the cell cycle arrest, diminished motility,
and induced apoptosis. D-fraction suppressed hepatoma cells both in vitro and in vivo,
which was associated with PI3K/AKT attenuation and an autophagy increase [413]. The
Konno group demonstrated the strong synergistic cytotoxicity of D-fraction combined with
vitamin C on prostate and renal cancer cells [414,415].

However, numerous studies have shown that the key ability of maitake to affect
tumors is hidden in the stimulation of the immune system. Both the innate and acquired
immunities are affected by D-fraction. In BALB/C mice, D-fraction blocked more than
60% of breast cancer development and prevented oncogenesis in 26%, with regards to
control animals [416]. The other group has shown a long-term immunity activation in
MM46-bearing C3H/HeN mice which was associated with an increase in TNF-alpha,
IFN-gamma, and macrophage-derived interleukin (IL)-12, as well as the activity of NK
cells [417]. Furthermore, D-fraction combined with vitamin C increased the percentage of
CD4 + CD8 + T-cells, B-cells, and Treg cells, and also elevated IL-2, IL-12p70, TNF-α, and
IFN-γ levels in Heps-bearing mice [418].

In B16 melanoma and colon-26 carcinoma mice, maitake-derived α-glucan (a highly
α-1,6-branched α-1,4 glucan, YM-2A) elevated the antitumor immune response through
the up-regulation of INF-γ-expressing CD4+ and CD8+ T-cells in the spleen and INF-γ-
expressing T-CD8+ cells in tumor-draining lymph nodes. Moreover, orally administered
YM-2A increased the expression of the MHC class II and CD86 on dendritic cells and the
MHC class II on macrophages in Peyer’s patches [419].
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The meta-analysis of pre-clinical data revealed that Gf usage upon cancer treatment
significantly inhibited tumor growth, and, on the contrary, improved remission rates, and
also increased CD4+ and CD8+ T cell percentages, as well as IL-2, IL-12, and TNF-α [420].

Maitake-derived polysaccharide-based drugs were subjected to clinical trials. The
Japan group reported cancer regression in about 58.3% of liver cancer patients, 68.8% of
breast cancer patients, and 62.5% of lung cancer patients [421]. At the same time, there was
only a 10–20% improvement for leukemia, stomach cancer, and brain cancer patients. In
another investigation, D-fraction increased NK cell activity, attenuated metastatic progress,
and improved the expression of tumor markers in all examined patients [422].

In China, a maitake-derived polysaccharide-based drug was approved by the State
Food and Drug Administration (SFDA) in 2010 [423].

Strong antitumor properties and the safety of its use place maitake at the top of
biological organisms which should be studied with respect of neoplasia.

Cordyceps sinensis (CS) and Cordyceps militaris (CM) are important mushroom
species for China and Korea. Both of them are entomopathogenic fungi which parasitize on
the larvae of moth caterpillars. However, these mushrooms can be cultivated in a variety
of media, including silkworm pupae, rice, and liquid nutrition. They have been used in
Chinese medicine because of their anti-inflammatory, anti-microbial, immunostimulant,
and antineoplastic properties [424]. The known bioactive compounds of these mushrooms
are cordycepin, cordycepic acid, ergothioneine, lovastatin, and polysaccharides [425,426].

In the 4T1 orthotopic xenograft breast mouse model, an extract of Cs inhibited tumor
growth and promoted macrophage polarization toward the M1 phenotype [427]. Cm
extract was shown to suppress KRAS-driven colorectal cancer by attenuating the RAS/ERK
pathway [428]. Another study reported that the Cm extract overcame cisplatin resistance
in NSCLC cell lines when proteomic profile analysis revealed H-Ras down-regulation [429].
Other authors have demonstrated that its extract down-regulated hedgehog signaling in
NSCLCs via TCTN3 inhibition and GLI1 nuclear translocation suppression [430].

The main pharmacologic activity of CS and CM is attributed to cordycepin. This is 3-
deoxyadenosine, which has a similar structure to adenosine but lacks the 3′-hydroxyl group
of the ribose moiety [431]. Adenosine receptors are in the family of G-protein-coupled
receptors, which are found in almost all human body tissues and organs. Specific ligands,
agonists, or antagonists activate these receptors which modulate tumor growth via a range
of signaling pathways [432].

Cordycepin is suggested to act through ADORA2 and ADORA3 receptors. It has
been shown that the cordycepin-mediated activation of ADORA3 inhibits growth and
induces apoptosis in bladder cancer and murine B16 melanoma, which can be associated
with glycogen synthase kinase-3β activation and cyclin D 1 suppression [433–435]. In
the HCC model, cordycepin suppressed focal adhesion kinase (FAK) activation which
plays an important role in angiogenesis [436,437]. Cordycepin down-regulates PI3/AKT,
MAPK/ERK, β-catenin, bcl-2, and cdk2, and also induces JNK, caspase-3 and -9, and PARP
cleavage in renal, colon, bladder, lung, breast, prostate, glioblastoma cancer, and leukemia.
This compound inhibited cell cycle, motility, invasion, and vascularization, while inducing
apoptosis (reviewed in [431,438]). One more mechanism has been proposed for cordycepin
neoplastic activity. It activates death receptors (DRs) which induce extrinsic apoptotic path-
ways [439,440]. With respect to the testicular cancer mouse model, cordycepin suppressed
FGFs/FGFRs pathways, ERK1/2, Rb/E2F1, cell cycle, and tumor growth [441].

Cordyceps acid diminished lung cancer development in nude mice which was associ-
ated with the inhibition of the Nrf-2/HO-1/NLRP3/NF-κB pathway in tumor tissue [442].

Like other mushrooms discussed, Cordyceps possess immunomodulatory effects. It is
assumed that this effect is mainly attributed to polysaccharides. The mushroom is able to
increase the production of interleukin (IL)-1β, IL-2, IL-6, IL-8, IL-10, and IL-12, as well as
the tumor necrosis factor (TNF)-α, and also induce the phagocytosis of macrophages and
mononuclear cells [443–445]. Thus, cordyceps are able to strengthen the immune system,
which is an additional bonus for cancer therapy.
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A cordyceps sinensis-derived polysaccharide provoked apoptosis and autophagy in
human colon HCT1166 cells, which were associated with Akt, mTOR inhibition, and AMPK
and ULK1 activation [446].

Ergothioneine is a diet-derived amino acid which exhibits antioxidant, cytoprotec-
tive, and other activities beneficial to human health [447]. It likely enters the cells by
binding the solute carrier family 22, member 4 (SLC22A4), which is an organic cation
carrier. Although there is not enough information about the role of ergothioneine in human
physiology, there are strong evidences about its protective properties in our organism [447].
Ergothioneine mitigated oxaliplatin-induced peripheral neuropathy in rats (Nishida 2018),
provoked necroptosis in colorectal cancer cells [448], and favored adjuvant vaccine cancer
immunotherapy by suppressing the function of tumor-associated macrophages [449]. The
blood level of ergothioneine was negatively associated with the risk of cardiometabolic
disease and mortality [450], as well as chronic peripheral neuropathy upon colorectal cancer
chemotherapeutic treatment [451].

Like reishi, shiitake, chaga, and maitake, the natural Cordyceps-derived products are
manufactured and commonly sold as healthy food products.

Chaga (Inonotus obliquus, the Hymenochaetaceae family) is a plant parasitic fungus,
predominantly widespread in Russia and in the countries of Northern Europe. Chaga
penetrates into the trunks of various tree species through wounds in the bark, but its main
host is birch. Chaga has been used in folk medicine, especially in Russia, Baltic countries,
Korea, China, and Japan. As a medical plant, it was first mentioned by Hippocrates [359].

Different types of Chaga extracts have demonstrated their antineoplastic properties in
both in vitro and in vivo models (reviewed in [452]).

Chaga contains biologically active polysaccharides, hispidin analogues, melanins,
ergosterol, sesquiterpenes, triterpenoids, and benzoic acid derivates. Eighty-six of them are
listed with the examples of their antineoplastic properties in [452].

In the Lewis lung mice carcinoma model, the extract of chaga decreased the size of
tumors by 60%, and, in parallel, reduced the number of metastatic nodules [453].

In the orthotopic 4T1 mouse mammary cancer model, chaga extract induced au-
tophagy, as well as LCIII and AMPK phosphorylation [454]. Authors have also shown
that both inotodiol- and trametenolic-acid-enriched fractions displayed cytotoxicity. Tra-
mentolic acid was shown to decrease the expression and activity of P-gp, which reverted
multidrug resistance in breast cancer cells [455].

Inonotus obliquus polysaccharides (IOPSs) are considered to be very important bio-
logically active compounds derived from this mushroom. Their hypoglycemic, antioxi-
dant, anti-inflammatory, and neuroprotective properties, among others, have been identi-
fied [456].

The intraperitoneal administration of IOPSs at a dose of 30 mg/kg/day led to 4.07-fold
increase in the survival rate of B16F10-implanted mice. Moreover, the authors reported that
approximately 67% of the initial number of mice survived with no tumor incidence after 60
days of feeding. At the same time, no cytotoxic IOPS activity was observed for both normal
and cancer cells in vitro. Thus, the authors suggested that the anti-cancer effects of endo-
polysaccharides are associated with immunostimulation [457]. However, another study has
shown that Inonotus polysaccharides directly activate autophagy through LKB1/AMPK,
which provoked MMP loss as well as the down-regulation of glycolysis and respiration,
and subsequently elicited the death of lung cancer cells both in vitro and in allograft tumor
models [458].

Other bioactive compounds from chaga are hispidin, hispolon, inotodiol, and syringic
acid. They were shown to reduce proliferation, invasion, migration, and angiogenesis.
On a molecular level, these bioactive compounds attenuated the expression of MMPs and
antiapoptotic proteins that, in turn, were mediated by onco-associated signaling pathways:
TNF-alpha signaling, Nox/ROS/NF-kB/STAT3, PI3K/AKT, and ERK1/2 [452,459,460].
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Inotodiol is lanostane triterpenoid with anticancer properties. It down-regulated
β-catenin, c-Myc, and cyclin D1 in breast cancer [461] and suppressed the migration and
invasion of ovarian cancer cells through a p53-dependent mechanism [462].

Hispolon is a natural polyphenol compound with antidiabetic and anti-inflammatory
activities which may also kill cancer cells through multiple mechanisms (reviewed in [463]).
Hispolon attenuated STAT3 signaling, and also induced S-phase arrest and mitochondria-
dependent apoptosis in prostate cancer cells [464]. In melanoma cells, it compromised the
activities of mitochondrial respiration complexes I and IV, i.e., the level of Bcl-2, and also
increased ROS, nitrite, and lipid peroxide levels [465]. Regarding breast cancer, hispolon,
on the contrary, attenuated ROS levels, ERK activity, and the expression of Slug, there-
fore reversing EMT (Zhao 2016). In another study, hispolon degraded cathepsin S in an
autophagy-dependent way which suppressed metastasis [466].

Polyketide hispidin exerts a variety of beneficial properties and may help to reduce can-
cer, metabolic syndrome, cardiovascular, neurodegenerative, and viral diseases (reviewed
in [467]). Hispidin induced the microtubule and depolymerization induced lysosomal
membrane permeabilization, which resulted in the death of cancer but not normal cell
lines [468]. Moreover, it synergized with gemcitabine to inhibit pancreatic cancer stem
cells [469].

Thus, like the well-known Asian medical mushrooms, chaga also has strong antineo-
plastic properties, both in vitro and in vivo.

Despite the fact that chaga is not as well known as reishi, shiitake, or maitake, and
thus was not found associated with any clinical trials, the biodiversity of chaga-derived
compounds with strong antineoplastic activities makes this mushroom noteworthy. Ad-
ditionally, it should be kept in mind as a potential anticancer substance, and therefore
warrants further studies.

A number of several mushroom-derived compounds are known today with anti-
neoplastic properties and are of primary interest for cancer investigation. These include
various mushroom polysaccharides such as lentinan, D-fraction of Grifola frondose, Tram-
etes versicolor-derived PSK, gandoderic acid, grifolin, cordycepin, illudin-S, antroquinonol,
hispidin, hispolon, inotodiol, theanine, phellinulin A, atractylenolide I, phellifuropyranone,
meshimakobnol A, and meshimakobnol B (Tables 7 and 8).

Table 7. Others mushrooms and their compounds with strong anti-neoplastic activity.

Mushroom Active Compounds Effects References

Agaricus subrufescens (“mushroom
of the sun”)

β-glucans (β-(1–3) linked
backbone with (1–6) linked side

branches); ergosterol

Pre-clinic: various immune stimulatory response.
Clinic: increased activity of natural killer (NK) cells,
and improved quality of life; increased number of

plasmacytoid dendritic cells (DCs), Tregs, IL-5, and
IL-7 in the blood.

[470–472]

Phellinus linteus

Polysaccharides, hispolon,
phellinulin A, atractylenolide I,

phellifuropyranone,
meshimakobnol A, and

meshimakobnol B

Pre-clinic: down-regulation of PI3K/AKT, ERK1/2,
NF-kB Snail and Twist, cyclin D1 and -E, MMP-2 and

-9, TGF-α; increased p53, p21, p27, and Bax;
suppression of pancreatic CSCs.

In clinic: Disease-free and overall survival of
pancreatic cancer patients after tumor resection.

[469,473,474]

Hericium erinaceus (Lion’s mane)
4-chloro-3,5-dimethoxybenzoic

methyl ester, erinacine A, herierin
III, herierin IV, and erinacerin G

The epigenetic regulation of FasL and TRAIL;
sustained phosphorylation of FAK/AKT/p70S6K

and the PAK1 pathways; generation of ROS;
apoptosis via activation of JNK, p300, and NFκB p50;

increased expression of TNFR, Fas, and FasL.

[475–478]

Trametes versicolor (Turkey tail)
Protein polysaccharide

beta-glucan β-1,4 main chain with
β-1,3 and β-1,6 side chains (PSKs)

In clinic: PSK, including adjuvant
immunochemotherapy, significantly prolonged
5-year survival and disease-free rate for patients

with gastric and colorectal cancer; slows progression
of advanced non-small cell lung cancer.

[479,480]
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Table 8. Selected plants, mushrooms, and their active compounds in the order of their priority to
study anticancer capabilities. The priority was suggested based on the available information about
the anti-neoplastic efficacy and safety in preclinical and clinical studies.

High Priority

Plants Mushrooms Individual Compounds

Cephalotaxus harringtonia, Oldenlandia diffusa,
Scutellaria barbata, Curcuma longa,

Xanthium ssp.,
Zingiber officinalis, Hypericum perforatum,

Glycyrrhiza glabra, Silybum marianum, Panax
americanus and P. ginseng, Aloe vera and A.
arborescence, Tabebuia impetiginosa, Viscum

album, Allium sativum, Vitis vinifera,
Rosmarinus officinalis, Echinacea purpurea,

Sanguinaria canadensis

Lentinula edodes (Shiitake),
Ganoderma lucidum (Reishi), Grifola

frondosa (Maitake),
Cordyceps sinensis and C. militaris,
Agaricus blazei, Trametes versicolor,

Phellinus linteus

Quercetin, kaempferol, ginsenosides
(especially Rg3), silibinin, isoliquiritigenin,

(−)- epicatechin, oleanolic acid, ursolic acid,
hyperforin, hypericin, xanthatin, curcumin,

withaferin A, withanone, scutellarein,
scutellarin, homoharringtonine and its

semi-synthetic derivates, chlorogenic acid,
caffeic acid, carnosol, rosmarinic acid,

resveratrol, iscodor, helixor A, shogaol,
boswellic acids, hispolon, lentinan,

cordycepin, echinacoside, and myricetin

Secondary priority

Betula pubescens, Eremophila galeata,
Combretum caffrum, Acacia nilotica, Guera
senegalis, Tasmannia lanceolata, Davidsonia

pruriens,
Elaeocarpus angustifolius, Pittosporum

angustifolium, Terminalia ferdinandiana,
Aristolochia ringens, Beilschmiedia acuta,
Dorstenia psilurus, Aristolochia ringens,
Beilschmiedia acuta, Dorstenia psilurus,

Echinops giganteus, Imperata cylindrica, Piper
capense, Polyscia fulva, Achyrocline satureioides,

Aloysia polystachya, Azorella glabra, Ephedra
chilensis, Croton lechleri, Laetia corymbulosa,

Lepidium meyenii, Leptocarpha rivularis,
Passiflora alata, Thevetia peruviana, Menyanthes
trifoliata, Ebenus boissieri, Centaurea solstitialis,
Arctium lappa, Capraria biflora, Asimina triloba,

Aristolochia foetida

Hericium erinaceus (Lion’s mane),
Inonotus obliquus (Chaga)

Gallic acid, combrestastatins, pyrogallol,
betulinic acid, guieranone B, harringtonine,
isoharringtonine, and doxyharringtonine,

aloe-emodin, aloins, leptocarpin, macamide
and macaene, corymbulosins,

taspine, mulinic acid, achyrobichalcone,
3-O-methylquercetin, arctigenin, lappaol F,
solstitialin A, sageone, biflorin, acetogenins,
β-sitosterol, stigmasterol, sanguinarine,

gandoderic acid, grifolin, illudin-S, lapachol
and β-lapachone, carthamidin, carnosic acid,
hispidin, inotodiol, syringic acid, p-coumaric
acid, caffeoyl quinic acids, viniferin, lectins

(ML-I, ML-II, and ML-III) from Viscum
album

The antitumor activities of Grifola frondosa (Maitake) polysaccharide are reported in a
meta-analysis based on preclinical evidence and quality assessment.

5. Why Should Medical Plants and Mushrooms Be Used Today?

At its core, modern western medicine has evolved from the folk medicine of different
regions around the world over the past few centuries. As stated earlier, the most frequently
used anti-neoplastic therapeutics came from live organisms (Tables S1 and S2, Supple-
mentary Materials). Regarding pharmaceuticals, in the process of its evolution, modern
medicine has created a certain set of drugs with a known efficacy, safety, side effects, and
known molecular targets. However, it lost a wide profile of pharmacological activity of the
plant extracts’ initial biological crude material.

Anticancer therapeutics from plants remain extremely important and are still in use
to treat various types of neoplasia. They include mitotic poisons from Pacific yew Taxus
brevifolia—paclitaxel (Taxol®) and its semi-synthetic dodetaxel (Taxotere®); vinca alkaloids
from Madagascar periwinkle (Catharanthus roseus L.)—vinblastine (Velban®), vincristine
(leurocristin, Oncovin®) and their semi-synthetic derivate vinorelbine (Navelbini®); topoi-
somerase I inhibitors, i.e., semi-synthetic analogs of camptothecin from Camptotheca
acuminata—irinotecan (Camptosar®) and topotecan (Hycamtin®); topoisomerase II inhibitor—
etoposide (VP-16, Toposar®), which is a semi-synthetic derivative of 4’-demethylepipodophyllotoxin
from Podophyllum peltatum; and omacetaxine (Synribo®)—a semi-synthetic derivate of
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homoharringtonine from Cephalotaxus harringtonia. These drugs occupy the majority of
existing chemotherapeutic schemes.

These examples illustrate the importance of plant-derived chemotherapeutics. How-
ever, even today, despite being seemingly irrelevant due to a wide assortment of synthetic
anticancer drugs, interest in studies of natural compounds from plants and fungi is con-
stantly increasing according to PubMed statistics (Figure 2). It is interesting to note that,
although fungi or their active compounds are not clinically used in the western world
today, their known safety and use in clinical practice in China and Japan can lead to an
increase in studies on their antineoplastic capabilities. These mushrooms are represented
by shiitake, maitake, reishi, and others, and act mainly through the stimulation of the
anti-tumor immune system.

Figure 2. PubMed statistics by years on published articles on plants and fungi with antitumor
properties (April 2022). Query on (A) “cancer plants” and (B) “cancer mushrooms”.

One of the actual strategies used to develop anticancer drugs is the search for agents
which are capable of simultaneously inhibiting several signaling pathways. A large amount
of clinical data highlights that the highly selective inhibition of only one of the signaling
pathways in the tumor cell usually leads to a limited response. Another significant problem
of targeted therapy is the rapid acquisition of resistance by tumor cells due to the prolifer-
ation of cell clones bearing mutations that abolish the effects of the targeted drug. Thus,
multitargeted therapy is considered a promising approach.

Based on the examples of plants and mushrooms described above, the anticancer
activity of their extracts is attributed to the plethora of biologically active compounds with
a number of biological activities. Thus, different compounds may target simultaneously
different cellular processes resulting in synergistic effects. In light of this, there may be
benefits from sharing them with known strong antineoplastic therapeutics in adjuvant
or neoadjuvant therapy. The published data of many in vitro and in vivo experiments
described here point to the fact that plant and mushroom substances with anticancer
properties often increase susceptibility to genotoxic drugs.

In terms of safety and predictability, the usage of individual compounds for therapy is
much better than the plant extract, which is a complex mixture of primary and secondary
metabolites. However, the well-known phenomenon states that the pharmacological
activities of many bioactive constituents are much weaker than those of the corresponding
herbal extracts. Upon separation and purification from herbal extracts, the pharmacological
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effects of many bioactive constituents diminish or even disappear [481,482]. In practice, the
pharmacokinetics (AUC values) between some herbal extracts and their pure constituents
may differ up to 130 times. This phenomenon depends a lot on the pharmacokinetic
synergies during intestinal absorption. This means that additional constituents of plant
and mushroom extracts increase solubility, reduce first-pass elimination mediated by drug-
metabolizing enzymes and drug efflux transporters (ABC transporters), and enhance the
membrane permeability of enterocytes (reviewed in [482]).

For instance, in the Hypericum perforatum (St. John’s) extract, the co-existing constituent
hyperoside increased the water solubility of the active compound, hypericin, by 400-
fold [483]. The antimalaria agent, artemisinin, which is one of the most important natural
drugs, is a substrate of cytochrome P450 enzymes. Artemisia annua extract co-occurs
with arteannuin B, which inhibits hepatic cytochromes P450 and doubles the peak serum
concentration of artemisinin in vivo [484].

There are evidences that coexisting compounds may change the solubility and bioavail-
ability of their active constituents via the formation of natural nanoparticles, greatly modi-
fying their pharmacological activities [482,485,486].

Another important point is associated with a strong deterioration in the health of
patients undergoing chemotherapy. In this case, all of the medical plants and mushrooms
described here can significantly improve the physical and mental health of patients due to
the anti-inflammatory, hepatoprotective, cardioprotective, immunomodulatory, anxiolytic,
and metabolism-normalizing properties. The simultaneous use of plant- and mushroom-
derived medical substances along with chemotherapy may ameliorate its toxic impact on
normal tissues.

Finally, standardized herbal medicine can be more cost-efficient than most other
synthetic compounds.

Based on the information discussed in this review, we divided medical plants, mush-
rooms, and their active compounds into two priority groups for research and potential of
use in antitumor therapy. This priority is suggested based on the available literature on
their anti-neoplastic efficacy and safety in preclinical and clinical studies (Table 8). The
chemical structures of active compounds with their sources are demonstrated in Figure S1.

6. Limitations of Using Plants and Mushrooms as Medicine

6.1. Bioavailability

Despite the promising antineoplastic activity of several natural herbs and mushrooms,
their translation to human studies is limited due to their low bioavailability.

First of all, this is based on poor water solubility. This is a problem limiting the
efficiency and application of compounds with significant antineoplastic properties in both
animal and human studies. Curcumin, resveratrol, quercetin, hypericin, ursolic acid,
silybin, pterostilbene, berberine, betulinic acid, and other valuable compounds are among
them [487].

Besides solubility, other reasons affecting bioavailability include an increased intestine
metabolism (by both microbiota and enterocytes), absorption and intestinal efflux (the
activity of P-gp and other ABC transporters), and the activity of liver drug-metabolizing en-
zymes. The drug-metabolizing system consists of phase I and phase II drug-metabolizing
enzymes which are cytochromes (CYPs), especially CYP3A4, and UDP glucuronosyl-
transferases (UGTs), primarily UGT1A1 and 2B1 [482]. These enzymes are active in both
hepatocytes and enterocytes.

In preclinical and clinical investigations, curcumin, quercetin, resveratrol, and other
promising natural compounds with anticancer properties have displayed problems with
the dissolvement into gastrointestinal fluids, permeability across the intestinal epithelium,
and “first-pass” metabolism due to the aforementioned molecular limitations which greatly
reduce oral bioavailability [488]. To challenge this, chemical modifications of natural
molecules can be carried out to improve them. However, after chemical modifications, this
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molecule will not be natural anymore, but rather will become a new compound, which will
require new exhaustive preclinical studies.

As an alternative, several approaches have been used including nanoparticle formula-
tions, phytosomes, and the use of bioenhancers [488].

To increase bioavailability, self-microemulsifying drug delivery systems (SMEDDSs)
are frequently formulated [489]. SMEDDS are isotropic mixtures of oils, surfactants, or (al-
ternatively) co-surfactants and co-solvents [488,490]. To avoid drug precipitation, SMEDDS
are supplied with hydrophilic polymers, such as polyvinylpyrrolidone and hydroxypropyl
methylcellulose. The use of SMEDDSs significantly improved the stability, effectiveness,
and Cmax and AUC values of curcumin, quercetin, and resveratrol [490].

Another way to improve the bioavailability of natural compounds is the application
of phosphatidylcholine complexes, called “phytosomes” [487,488,491]. Their effectiveness
has been demonstrated regarding silibinin. In prostate cancer patients, phytosomes were
able to increase the Cmax of silibinin by up to 100 uM, with an average concentration of
1.2 uM at the end of the trial [492,493].

Phytosomes loaded with quercetin and scorpion venom peptides were able to target
breast cancer cells [494]. Thymoquinone-loaded phytosomes exhibited cytotoxic effects in
the lung cancer cell line [495].

Taken together, the application of a nanoparticle delivery system is considered as one
of the most important ways to improve the bioavailability of herbal therapeutics (reviewed
in [487,496,497]).

Piperine is a commonly used “bioenhancer” for many herbal products marketed in
the USA [488,498]. This compound inhibits both CYP3A4 and P-glycoprotein. As reported,
other inhibitors of CYP and UGT isoforms are α-mangostin, magnobol, peppermint oil,
grapefruit juice (naringin), lysergol, chrysin, ginger extract, pterostilbene, silybin, gallic
acid ester, genestein, and others (reviewed in [499]).

However, as stated in the previous subsection, one more option to address the chal-
lenge with bioavailability is to use herbal and mushroom extracts where a mixture of
naturally co-occurring constituents promote the bioavailability and strong pharmacological
properties of active compounds.

6.2. Safety

Undoubtedly, two key advantages of modern western medicine are the known profiles
of efficacy and safety. International agencies including the Food and Drug Administration
(FDA) and the Europe Medicine Agency (EMA) require at least one trail with control phase
III significant results to launch a substance into clinics [500]. However, in some cases, drugs
which are not approved by the FDA and EMS can be registered in certain countries.

There is a widespread belief that herbal medicine is safe and non-toxic. Despite the
fact that herbal medicines are widely considered to be of a lower risk compared to synthetic
drugs, they are not completely free from the possibility of toxicity or adverse effects. Thus,
herbal and mushroom pharmacological products should be accurately and exhaustively
managed.

Several reasons for the unsafety of herbal and mushroom medicine can be recognized:
“intrinsic” and “external” toxicities, wrong indication, and herb–drug interactions [501].

“Intrinsic” toxicity is determined by the toxicity of some plants and mushrooms at a
normal therapeutic dosage or in overdose. Herbal extracts represent a mixture of dozens of
constituents with multiple pharmacological properties. Moreover, active compounds in
the form of natural extracts frequently display synergistic effects. As stated by Paracelsus,
‘’Everything is poison, everything is medicine; either effect is determined by the dose”. Even
medical plants well-known for being safe for centuries may have serious adverse effects.
For instance, it was recently reported that aloe–emodin and aloin—two principle active
components of Aloe vera—may have hepato- and nephrotoxicity [109] and may even induce
the Wnt/β-catenin pathway which may be associated with potential carcinogenesis [121].
Moreover, there are media stories (e.g., https://www.bbc.com/news/stories-45971416;
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accessed on 20 February 2022) and scientific reports [502–504] about serious hepatotoxicity
in people who consumed excessive amounts of green tea or used its extract as a food
supplement. The green-tea-induced hepatotoxicity occurs due to the excessive consumption
of (−)-epigallocatechin-3-gallate (EGGG). Its consumption safety level was determined by
the European Commission [503,505].

“External toxicity” is associated with the possible environmental pollution of herbal
sources with heavy metals, pesticides, and poisons.

As herbal and mushroom extracts are composed of a complex mixture of biologically
active constituents, their intake in parallel with the usage of conventional drugs may result
in herbal–drug interactions. Herbal–drug interactions display the synergistic or additive
actions of herbal products with conventional medications as a result of overlapping affinities
for common receptor sites. They may affect different physiological processes (the induction
and inhibition of drug-metabolizing enzymes and ABC transporters, the alteration of
gastrointestinal functions, and the modulation of the effects of antipsychotic therapeutics)
which needs to be taken into account (reviewed in [506]).

All of these issues are addressed by complex investigations and through the pro-
cedure of standardization of manufacturing, ranging from pharmacological studies on
human physiology to the precise monitoring of the herbal source quality, as well as the
quantification of active and marker compounds.

6.3. Standardization

Besides safety, there is another closely related problem. The chemical composition
of plants and mushrooms may vary depending on the genetic background and growth
conditions. A major source of distrust towards the use of plants in modern medicine is the
impossibility of the full standardization of plant material.

Standardization refers to all the information and activities aimed at developing and
establishing requirements and control to ensure minimum quantitative and qualitative
variations of active biochemicals in a herbal product. This is archived through assurance
practices applied to agricultural and manufacturing processes [507]. Thus, standardization
guarantees the content of one or more active constituents and marker compounds. This is
closely associated with both efficiency and safety. It includes the evaluation of chemical
constituents present in a herbal drug. This may involve the quantification of individual
compounds of interest or chemical groups (total phenolics, total triterpenic acids, total
alkaloids, and tannins). Standardization may use multiple marker-based fingerprint pro-
files [508]. The step-by-step standardization procedure, from primary culturing to the
finished herbal product, is described in another review [509].

Whether the substance is synthetic or natural, the standardized procedure of its
preclinical studies should be followed. Recently, the FDA adopted an ICH guideline on the
nonclinical evaluation of anticancer drugs, including 41 questions and answers aimed at
providing additional clarity about oncology drug development [369].

7. Overcoming Limitations to Integrate Folk and Modern Medicine

To integrate folk and modern medicine, standardization is required to be highly
developed. Although this is by far a difficult obstacle, there are well-known examples of
successful standardization approaches.

China is an upper–middle-income country with the second largest world economy
(https://www.worldbank.org/en/country/china/; accessed on 26 March 2022). However,
in China, both western modern medicine and TCM are officially used today, alone or in
combination. One of the reasons is that TCM has proven its effectiveness for 2000 years.
Now, China’s government strongly supports TCM (in the form of CPM), exporting its
products to different countries for trials and therapy, and setting up a research partnership
with the big international pharmaceutical companies such as Novartis or Astrazeneca,
displaying global ambitions [7] (http://www.news.cn/english/2021-10/03/c_13102247
91.htm; accessed on 26 March 2022). The fears of western medicine are related both to
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the concern about the safety profile, and a possible reduction in the monopoly currently
held by large pharmaceutical corporations. Various aspects such as economic and political
components, fears, and real examples of insecurity (both related to efficacy and a lack of
evidence in various clinical trials) intertwine and both contribute to and hinder TCM’s
application in developed countries [8]. Nevertheless, TCM actively continues to develop
its niche in the modern world’s pharmacology.

In China, the standardization of TCM was set as one priority area to become the
standard specification of international traditional medicine, with a lot of TCM standards
established [510]. Thus, as demonstrated by China, it is possible to improve traditional
medicine like this.

Thus, the standardization of plants and for anticancer clinical trials is also possible.
Standardized medical substances derived from herbal sources are applied in different
regions of the world. For instance, there are drops, syrups, and tablets used against
coughs, which are derived from various companies including Kodelak™ (Moscow, Russia),
Herbion™ (Burlington, ON, Canada), Dabur Honitus™ (New Delhi, India), Dr. Müller
Syrups™ (Hradec Králové, Czech Rebublic), and Naturactive™ (Boe, France), etc.

Moreover, there are standardized dietary supplements which are manufactured by
large world-class companies such as Solgar™ (Leonia, NJ, USA), Himalaya™ (Bangalore,
India), NOW™ (Bloomingdale, IL, USA), and others, in accordance with developed stan-
dardized protocols. Some of these supplements are consumed worldwide and are derived
from plants and mushrooms with strong antineoplastic properties described in this review:
Silybum marianum (thistle), Withania somnifera (Ashwagandha), Plumbago zeylanica (Chi-
trak), Boswellia serrata (Boswellia extract), Curcuma longa (turmeric-based supplements),
Panax gingseng (different supplements), Glyzzhiriza glabra (licorice), Hypericum perforatum
(St. John’s wort), Zingiber officinale (ginger), Agaricus blazei (Andosan™, Oslo, Norway),
etc. A plausible experimental approach to test the antineoplastic therapeutic properties of
these plants and mushrooms can be exerted by using the corresponding supplements in
preclinical experiments on animal tumor models. The quality control, standardized consti-
tution, and orally available form can create good opportunities to credibly evaluate their
anticancer potential, safety, and other possible beneficial effects on health. It is important
to analyze the potential synergy between such supplements and conventional anticancer
therapeutics. Taking into account that the bioavailability of active compounds is usually
several-fold higher in the form of a herbal or mushroom extract (due to the co-existing
constituents), the usage of dietary supplements derived from standardized extracts is very
promising.

As was reported earlier, a mixture of naturally co-occurring constituents promotes
the bioavailability and strong pharmacological properties of active compounds. Thus, the
use of plant and mushroom medical products derived from their standardized extracts
may also significantly increase the bioavailability of active compounds without additional
manipulations.

One more interesting approach to bring herbs and mushrooms into modern medicine
is the concept of “medical food based on certain herbs and mushrooms” [511,512]. In
theory, food supplementation with anticancer herbs and mushrooms (e.g., shiitake, reishi,
etc.) may help to prevent and reduce tumor growth. Chen and colleagues fed mice with
gastric cancer with six medical edible plants used in TCM and observed the suppression
of neoplastic growth through several molecular mechanisms [512]. All of the plants used
possess well-known anticancer properties.

This new approach seems to be promising but requires more experimental data to
confirm its efficiency.

8. Conclusions and Future Perspectives

Summarizing the information discussed above, we would like to highlight several
points that should help implement traditional herbal medicine in current medicine:
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− To date, a lot of information about a number of plants and mushrooms, and their indi-
vidual bioactive compounds with well-documented antitumor properties, has been
accumulated. Their respective full-scale multi-level studies should be top priorities.

− Despite there being a lot of investigations on the anticancer properties of a certain
plant using tumor cell models, only a limited number of studies have been carried
out with implication of control non-tumor cell models and subsequent animal studies.
As the next step, comprehensive studies on their effectiveness, toxicity to non-cancer
cells, and animal tissues in various doses are required to authorize natural-derived
extracts and individual compounds into the next pre-clinical or clinical investigation.

− Progress in standardization is highly required to transform anecdotal folk herbal
medicine into modern molecular pharmacology with clear mechanisms of action. This
process includes investments into big programs regarding investigations, monitoring,
and certifications of manufacturing the final product.

− On the examples of etoposide, irino- and topotecan, vinorelbine, docetaxel, and
omacetaxine, the development of semi-synthetic derivates of newly identified natural
compounds with significant anticancer properties may improve their characteristics
and lead to new antineoplastic drugs.

− The study of a synergistic interaction of isolated natural compounds and crude plant-
and mushroom-derived extracts with widely used anticancer therapeutics should
help define the right dosage and compatibility between the natural and synthetic
therapeutics.

− Natural compounds may sensitize tumors for modern therapeutics and be effective in
adjuvant and neoadjuvant therapy.

− There is a variety of standardized dietary supplements from plants and mushrooms
with presumable antineoplastic properties produced by large world-class companies.
The important approach is to test their antitumor potential using animal models,
especially in combination with relevant modern therapeutics.

− The pharmacological effects of active compounds are much higher in herbal extracts
than in pure compounds due to co-existing constituents which may provide the phar-
macokinetic synergy during intestinal absorption and the ‘’first-path” metabolism.

− Folk medicine may point to certain plants or mushrooms with highly potent anti-
cancer properties and bioactive compounds. Herewith, the cooperation between
cancer researchers and ethnobotanists or ethnomedicine specialists can benefit the
development of new therapeutics.

To conclude, a systematic approach in studying the traditional herbal medicine is
required to successfully integrate this unique knowledge into modern molecular medicine.
This combined knowledge that encompasses both the empirical and theoretical approaches
may provide a window of opportunities to facilitate the development of new chemothera-
peutic strategies to treat malignancies.
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Abstract: Curcumin (CUR) has received great attention over the past two decades due to its anti-
cancer, anti-inflammatory, and antioxidant properties. Similarly, Dichloroacetate (DCA), an pyruvate
dehydrogenase kinase 1 (PKD1) inhibitor, has gained huge attention as a potential anticancer drug.
However, the clinical utility of these two agents is very limited because of the poor bioavailability and
unsolicited side effects, respectively. We have synthesized fusion conjugates of CUR and DCA with an
amino acids linker to overcome these limitations by utilizing the molecular hybridization approach.
The molecular docking studies showed the potential targets of Curcumin-Modified Conjugates
(CMCs) in breast cancer cells. We synthesized six hybrid conjugates named CMC1-6. These six CMC
conjugates do not show any significant toxicity in a human normal immortalized mammary epithelial
cell line (MCF10A) in vitro and C57BL/6 mice in vivo. However, treatment with CMC1 and CMC2

significantly reduced the growth and clonogenic survival by colony-formation assays in several
human breast cancer cells (BC). Treatment by oral gavage of a transgenic mouse BC and metastatic
BC tumor-bearing mice with CMC2 significantly reduced tumor growth and metastasis. Overall,
our study provides strong evidence that CUR and DCA conjugates have a significant anticancer
properties at a sub-micromolar concentration and overcome the clinical limitation of using CUR and
DCA as potential anticancer drugs.

Keywords: curcumin; DCA; amino acid; molecular hybridization; molecular docking; breast cancer

1. Introduction

Breast cancer (BC) is the second most common cancer in women, with an estimated
290,560 cases in 2022 and 43,780 deaths. BC is a complex biological disease that becomes
lethal as it progresses, with limited options for curing it beyond the early stage of local-
ized cancer. Like many other human cancers, BC results from significant alterations in
genetic and epigenetic mechanisms and targeting multiple signaling pathways in growth
and malignant progression towards incurable lethal disease [1]. Targeting a single-cell
signaling pathway is unlikely to prevent or cure BC. Combination therapy (adjuvant ther-
apy) is a current strategy for BC treatment and prevention of its progression [2]. The
chemotherapeutic drugs for treating BCs, only target rapidly growing tumor cells but are
less lethal to cancer stem cells [3]. However, these anticancer drugs inevitably produce
severe, systemic toxicities in patients after chemotherapy. The emergence of resistance
to drugs used in chemotherapy and rapid regrowth of tumors is another limitation of
chemotherapy. Therefore, the development of novel small molecules that can be used as a
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non-toxic adjuvant to chemotherapy is a promising strategy for prolonging the quality and
longevity of BC patients.

Curcumin (CUR, 1) (Figure 1), the spice turmeric’s major ingredient, is well-documented
for its anti-inflammatory and pro-apoptotic activities against many solid tumors [4,5]. How-
ever, CUR is ineffective as an anticancer agent because of its low bioavailability, even
at high pharmacological doses [6]. Almost two decades of scientific work on CUR has
minimal utility in treating human cancers. Several chemical approaches are utilized, such
as optimizing the pharmacological formulations’ nano-formulation [7], prodrugs [8], and
molecular modifications [9] to increase the bioactivity and potency of CUR. Biological eval-
uation of the modified form of CUR has mainly been limited to in vitro testing and seldom
for their bioavailability by multiple routes, such as oral, intravenous, and intraperitoneal
administration [10].

 

Figure 1. Keto-enol tautomeric forms of curcumin (CUR).

Dichloroacetate (DCA) is another leading natural product against BC since 2007 [11].
DCA targets the pyruvate-led glycolytic pathway in cancer cells because of its structural
similarities with pyruvate. DCA could trigger apoptosis of human BC cells, and this
is very effective and shows the synergistic effect when used in combination with other
drugs [12–15]. A recent report suggests that DCA treatment led to a significant increase
in ROS production (up to 15-fold) in hypoxic cancer cells but not in aerobic cells [16].
However, its use in the treatment of BC has been absent as some studies showed unusual
adverse toxicity [17].

Several CUR analogs and conjugates have been reported upon in the last decade for
their anticancer properties [18,19]. Most of the CUR analogs and conjugates are studied for
their anticancer properties against various cell lines [18–20]. However, very few reports
on animal studies on synthesized compounds administered orally at a very high dose [21]
or other routes [22,23]. We adopted a molecular hybridization approach to synthesize
our proposed molecules (Figure 2). Our synthesized compounds overcome the barriers
associated with CUR and DCA.

 

Figure 2. Target hybrid conjugates.

Among various rational drug design strategies, molecular hybridization (conjugation
of two or more anticancer molecules via a covalent bond) is an effective and efficient tool
for developing new drug candidates for BC. Furthermore, the molecular hybrids could also
overcome drug resistance, lower the risk of drug–drug interactions, have cost-effective,
synergistic effects, improve interactions with multiple pharmacological sites, and minimize
redundant side effects [24–26]. Previously, we reported various conjugates with amino
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acids (AAs) of enhanced lipophilic properties, which retain or increase the biological
properties with respect to the parent molecule(s) [27]. To aid in the discovery of new
drug developments, we have actively explored the molecular hybridization approach to
synthesize hybrid conjugates using CUR, DCA, and AAs as building blocks.

In the present study, we have designed and synthesized a set of novel CUR–DCA
conjugates with potential anticancer properties against BC using a conjugate chemistry
approach employing amino acids as linkers. The well-characterized synthesized hybrid
conjugates were screened against a human normal immortalized mammary epithelial cell
line (MCF10A), human ER + BC cell line (T47D), and TNBC cell line (MB231) using MTT
cell proliferation and colony formation assays. The most potent conjugate was further
validated in the spontaneous mouse mammary tumor model (MMTV–PyMT–Tg).

2. Results and Discussion

For our present study, we tried several reaction conditions and coupling reagents to
establish an optimized condition to prepare the desired set of CMC conjugates of CUR and
DCA with an AA linker in pure form with chiral integrity. We successfully synthesized six
CMC conjugates designed using the molecular hybridization approach (CMC1–6, Figure 1)
and fully characterized by spectral studies.

To better understand the role of the amino acids as a linker, we have also prepared a
conjugate of DCA and CUR (CMC1) without any linker. For the rest of the conjugates, we
used glycine (CMC2). L-alanine (CMC3). β–alanine (CMC4). L-phenylalanine (CMC5) and
γ–aminobutyric acid (CMC6). All purely synthesized conjugates were screened against BC
cell lines, and the most potent ones (CMC1 and CMC2) were further considered for animal
studies. The toxicity study was also carried out against a human normal immortalized
mammary epithelial cell line (MCF10A) and normal C57BL/6 mice. In addition, the
molecular docking studies support the experimental observations.

2.1. Chemistry

The current study is focused on evaluating some CUR–DCA conjugates with and
without an amino acid linker to correlate activity, structure, and bioavailability. To synthe-
size the CUR–DCA conjugates without any linker, DCA was activated by benzotriazole
3 using our previously reported method [28]. The benzotriazole activated DCA 4 treated
with CUR in the presence of 4-(dimethylamino)pyridine (DMAP) in tetrahydrofuran (THF)
under microwave irradiation. We also synthesized CMC1 by using an alternative route
where DCA was treated with CUR in the presence of N-(3-Dimethylaminopropyl)-N′-ethyl
carbodiimide hydrochloride (EDAC) and DMAP in DCM to obtain the hybrid conjugate of
DCA and CUR after recrystallizing with ethanol (Scheme 1). The reaction condition was
optimized in our previous report [29]. We found that the alternative route for preparing
CMC1 was more efficient in yield and purity.

 

Scheme 1. Synthesis of DCA–curcumin conjugate CMC1.
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To introduce amino acid as a linker in the conjugate, the benzotriazole activated DCA 4

was treated with amino acids in the presence of triethylamine (TEA) in aqueous acetonitrile
at room temperature to form the DCA–amino acid conjugates 5a–e [30]. Conjugates 5a–e

is further coupled with CUR 1 under optimized reaction conditions to yield the hybrid
conjugates CMC2–6 (Scheme 2).

 

Scheme 2. Synthesis of DCA–curcumin conjugate with amino acid as linker CMC2–6.

We successfully synthesized the following six curcumin conjugates (Figure 3) in pure
form, which were fully characterized by spectral studies.

 

Figure 3. Structures of synthesized CUR and DCA hybrid conjugates CMC1–6.
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2.2. Biology

We tested the antitumor potential of all six CMC conjugates (CMC1–6) in a hu-
man normal immortalized mammary epithelial cell line (MCF10A), human ER + BC
cell line (T47D), and TNBC cell line (MB231) using MTT (3-(4,5-dimethylthiazol-2yl)-2,5-
diphenyltetrazolium bromide) cell proliferation and colony formation assays, as described
in our previous manuscripts [30,31]. Our results show that none of these CMC conjugates
inhibited cell proliferation in human normal immortalized cell lines, but most of these
CMC conjugates are effectively inhibited cell proliferation in both ER + BC and TNBC cell
lines at a nanomolar concentration (Figure 4).

Figure 4. CMC conjugates inhibit human BC cell growth at submicromolar concentration. (A,C,E) MTT
and (B,D,F) colony formation assays were carried out in MCF10A, T47D, and MB231 cells with
CMC1–6 at different concentrations (0, 1, 5, and 10 μM).
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We also tested the antitumor potential of the parent CUR and DCA compounds in these
cell lines (MCF10A, T47D, and MB231). However, CUR and DCA inhibited cell viability
and colony formation in T47D and MB231 cells (Figure 5) but not in MCF10A cells. Based on
these results, we calculated EC50 values for these conjugates and found that most of these
compounds inhibited BC cell growth at submicromolar concentrations (Table 1). These
observations provide a strong rationale to test the hypothesis that CMC conjugates would
have high antitumor potential and, therefore, it is imperative to establish the antitumor
potential of these compounds in BC growth and metastasis. Several curcumin analogs
were synthesized and screened against various cancer cell lines according to the literature
data. The reported data are all in the range of micromolar to molar concentration [21,23].
However, our synthesized conjugates showed potency at submicromolar concentrations.
As shown in Table 1, all CMCs had very low activity against the normal breast epithelial
cells, MCF10. The EC50 values of CMCs against MCF10A were about 8–16 times that
against TNBC cell lines. These results show high tumor specificity.

Figure 5. CUR and DCA inhibit cell viability and colony formation, to a lower extent, in human BC
cells. (A) MTT, and (B) colony formation assays were carried out in MCF10A, T47D, and MB231 cells
with CUR and DCA at different concentrations (0, 1, 5, and 10 μM).

Table 1. EC50 values for CMC compounds were determined by a clonogenic survival assay for two
human BC cell lines.

Name of the
Compound

EC50 for MCF10A EC50 for T47D Cells EC50 for MB231 Cells

CMC1 8.982 μM 1.648 μM 0.4240 μM

CMC2 9.675 μM 1.421 μM 0.7780 μM

CMC3 9.714 μM 1.595 μM 0.5179 μM

CMC4 8.859 μM 1.255 μM 1.1320 μM

CMC5 9.604 μM 1.245 μM 0.8375 μM

CMC6 9.474 μM 1.372 μM 0.9418 μM

2.3. Toxicity Studies

We tested whether the synthesized conjugates are free of toxicity and safer to use in
human normal cells and animal models. We treated human normal immortalized cell line
(MCF10A) and normal C57BL/6 mice at different concentrations and time points. We found
that none of these conjugates (CMC1-6) inhibited cell viability, measured by MTT assay, in
human normal immortalized cell lines (Figures 4 and 5). Similarly, treatment of normal
C57BL/6 mice with two different concentrations (50 and 100 mg/kg body for 7 days) of

385



Pharmaceuticals 2022, 15, 451

CMC1 and CMC2 conjugates showed no changes in the body weight, morphology, kidney
functions (serum creatinine and blood urea and nitrogen), and liver functions (ALT and
AST) (Figure 6A–F). These observations clearly show that CMC conjugates are safer and
free of toxicity.

 

Figure 6. CMC conjugates are safer and do not show any contraindication. Normal C57BL/6 mice
(n = 6) were treated with CMC1 and CMC2 at two different concentrations (50 and 100 mg/kg
body) by oral gavage for 7 days. Bodyweight, (A) movement, hair loss, food, and water intake were
monitored. At the end of the experimental period (7 days after the treatment), mice were euthanized,
tissues (kidney, liver, and lung) were collected to monitor morphological changes by H&E staining.
Representative images are shown at 20x magnification (B). Blood samples were collected to measure
Creatinine (C), BUN (D), ALT (E), and AST (F) levels. Values are shown as the mean ± SD of
6 animals in each group.

2.4. Animal Studies

We chose and studied the antitumor potential of the most active CMC conjugates,
CMC2, in a spontaneous mouse mammary tumor model (MMTV–PyMT–Tg mice). We
chose MMTV–PyMT–Tg mouse mainly because the tumor formation and progression in
this mouse is characterized by four different stages (hyperplasia, adenoma/mammary
intra-epithelial neoplasia, early and late carcinoma) and also mimics human BC; the tumor
develops first as ER-positive (ER+) but ultimately becomes ER-negative BC (ER− BC) [31,32].
We randomly assigned 6-week-old MMTV–PyMT–Tg mice into two groups (6 mice in
each); one control and one CMC2 treated (10 mg/kg body, three times a week by oral
gavage for 7 weeks). We measured the tumor volume twice a week. Tumor volume was
calculated using the formula V = L × W2/2, where L represents the largest tumor diameter,
and W represents the smallest tumor diameter. Mice were euthanized after seven weeks
of treatment, and tumor tissues were collected. The total tumor weight was measured.
Tumor tissue sections were prepared and stained with Hematoxylin and Eosin (H&E) for
morphometric analysis and Ki67 for cell proliferation analysis. As shown in Figure 6,
CMC2 treatment significantly reduced tumor growth without affecting the normal body
weight and organ histology (Figure 7A,B) and tumor weight (Figure 7B). CMC2 treatment
significantly reduced tumor growth by inhibiting tumor cell proliferation in the mammary
tumor tissue (Figure 7C,D) and lung tumor tissue (Figure 7F,G), reducing lung nodules
(Figure 7E) with increased overall survival rate (Figure 7H).
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Figure 7. CMC2 treatment inhibits tumor growth in spontaneous mouse mammary tumor models.
Six-week-old MMTV–PyMT–Tg mice were treated with DCA and CMC2 (10 mg/kg body for 3× a
week for 7 weeks. Control mice received PBS. (A) Tumor size was measured twice a week and tumor
volume was calculated as described in our previous manuscript [31]. After seven weeks, mice were
euthanized, tumor tissue was collected, and measured tumor weight (B). Tumor tissue sections were
prepared and stained with H&E, and Ki67- and Ki67-positive cells were quantitated manually (C,D).
Lung tissues were collected, visible lung nodules were manually counted (E). Lung tissue sections
were prepared and stained with H&E and Ki67. The density of Ki67-positive cells per objective field
was manually counted (F,G). Finally, we monitored the overall survival (H). Values are shown as
mean ± SD of six mice in each group.

Overall, our studies provided evidence for the following three important observations:
(1) CMC conjugates do not show any adverse side effects like kidney, liver, or lung tox-
icity. Therefore, these compounds are safe to use for clinical trials; (2) CMC conjugates
show a potential antitumor activity in both luminal ER-positive (T47D cells) and basal
triple-negative breast cancer (TNBC) cells by inhibiting cell growth and colony formation.
(3) One of the CMC conjugates (CMC2) has a strong antitumor potential in vivo by in-
hibiting tumor growth in the GEM mouse model of BC (MMTV–PyMT–Tg), which mimics
human BC [33,34].

2.5. Computational Studies

The experimental anticancer data was interesting and promising, which encouraged
us to validate the experimental data by docking studies. According to a recent report, CUR
inhibits 26S proteasome activity by directly inhibiting dual-specificity tyrosine-regulated
kinase 2 (DYRK2) [35,36], and we deployed this target protein for our docking studies. The
docking results interpret the most active conjugate of the six synthesized compounds to
have a better docking score. Obtaining balanced pharmacokinetic (ADME—Absorption,
Distribution, Metabolism, and Excretion) properties of drug-like molecules is one of the
most difficult and challenging parts of the drug development process [37].

The execution of the molecular docking study is to identify whether CMC compounds
modulate T47D and identify potential binding sites for a well-established ER- Breast cancer
target (PDB ID:5ZTN). Prediction of binding sites was performed by a combinatorial
analysis. Binding site prediction was made by conducting literature reviews on the DYRK2
target. Computational tools such as DoGSiteScorer and ScanProsite were used to predict
the binding sites for the same. DoGSiteScorer reported a drug score of 81% having 41% non-
polar, 28% polar, 18% of −ve, and 13% of +ve amino acids and including 225 interaction
points within the binding pocket. Validation of binding sites was carried out by establishing
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a comparative analysis of binding sites obtained from all three sources. Predicted binding
sites for DYRK2 include Ile, Ala, Lys, Phe, Leu, and Asp involved in the key binding
interactions (Table 2).

Table 2. Molecular docking and predicted ADME properties of CMC compounds.

Name CMC Docking with DYRK2 dG kJ/mol Score L.E

CUR −24 −29.24 0.22

CMC1 −27 −22.86 0.18

CMC2 −67 −33.02 0.35

CMC3

 

−21 −16.71 0.11
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Table 2. Cont.

Name CMC Docking with DYRK2 dG kJ/mol Score L.E

CMC4

 

−49 −25.09 0.25

CMC6

 

−58 −21.10 0.28

Molecular docking studies were carried out by FlexX4, which exploits incremental
construction algorithms to predict dock scores. The significance of the docking score implies
how comfortable the ligand is interacting with the protein. Prediction of binding affinity
and ligand efficiency (L.E) were performed by the HYDE algorithm [38]. Chain A of protein
was considered for docking study since the amino acid residues present in the binding
site were associated with chain A. The top 100 poses of the solutions were generated by
considering three different stereo modes of ligands such as E/Z, R/S, and pseudo-R/S. The
binding of ligand to protein is driven by the enthalpy-entropy-based hybrid approach.

Even though CUR has a good docking score and comfortably binds to the pocket of
the protein target, the compound is not stable while considering desolvation terms and
torsional alerts. On the other hand, CMC2 has acceptable docking scores along with free
binding affinity in agreement with desolvation terms and torsional alerts. Docking analysis
revealed the selectivity of interactions with key amino acids, surface characteristics, includ-
ing the regulatory mechanism of the DYRK2. To better characterize and make decisions
on drug-like derivatives, we carried out pharmacokinetic studies to predict a few ADME
properties to understand the liability. CMC2 showed optimally balanced properties of
aqueous solubility (Sol), HERG liability (HERG II), developmental toxicity (Dev. Tox.),
P-glycoprotein substrate/non-substrate (P-gp), and 2D6 isoform of P450 affinity data. The
violation of drug-likeness, the Lipinski rule, including oral bioavailability, could be over-
come by lead optimization methods to design derivatives within the applicability domain
of potency and all pharmacokinetic properties. The predicted ADME data looks promising
(Table 3). Even though the orally administered animal studies provided preliminary results,
we will investigate the blood serum of the treated animal at different intervals of time to
analyze the presence of our conjugate and or the hydrolyzed products and communicate in
the future.
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Table 3. Predicted ADME properties of CMC compounds.

Name Log P
Aq. Sol

(log mol/L)
HERG II
Inhibitor

Dev Tox
CYP2D6
Substrate

P-gp
Substrate

HIA %

CUR 3.852 −3.878 + + Med - 84.38

CMC1 5.859 −4.644 - - Low - 81.65

CMC2 4.092 −4.031 - - Low + 66.25

CMC3 4.869 −4.010 - - Low + 68.18

CMC4 4.872 −3.700 - + Low + 61.82

CMC5 7.314 −2.981 + + Med - 81.50

CMC6 5.65 −3.336 - + Med + 67.89

In vitro studies confirmed the significant role of CMC2 in eliciting anticancer activity.
In silico studies conducted on synthesized hybrid conjugates reported the binding affinity,
significant interactions as well as bioavailability of these novel compounds concerning
curcumin. Out of six hybrid conjugates, CMC2 exhibited a higher dock score, binding
energy as well as ligand efficiency. The binding energy of curcumin was found to be
−24 kJ/mol, ligand efficiency 0.22, and dock score of −29.24. However, CMC2 exhibited a
much higher range of these parameters, which indicates the likeliness of this compound
to inhibit DYRK2. Even though the docking score of CMC6 is considerably low, binding
energy and ligand efficiency are comparable to CMC2. All conjugates showed significant
interactions with DYRK2. The comparative analysis of binding interactions revealed the
presence of H-bonds with two significant amino-acid residues, Leu231 and Asp295, in all
the derivatives. The NH- group of Leu231 made H-bond interactions with the protein,
while polar amino acid Asp295 contributes to making stronger interactions with the target
protein by donating hydrogen atoms.

Bioavailability studies emphasize the significance of human intestinal absorption,
affinity towards P450 isoform CYP2D6, developmental toxicity, hERG inhibition, and
lipophilicity. Affinity toward the P450 isoform confirms the metabolic stability of com-
pounds. A low/medium range of affinity is acceptable since higher affinity towards
cytochrome P450 results in the decreased therapeutic value of lead-like compounds. This
is due to the higher rate of conversion of compounds into metabolic end products before
eliciting its therapeutic activity [39]. Developmental toxicity is highly undesirable since
this could affect the entire homeostasis process. hERG is a gene encoding the alpha subunit
of the potassium ion channel. Drug-induced inhibition of hERG results in the development
of cardiac-related disorders [40]. Lipophilicity is an essential parameter depicting the
permeability of lead-like molecules into biological membranes.

The curcumin reported for anticancer activity was found to inhibit hERG and possess
developmental toxicity, which is not appreciable. However, the hybrid conjugate CMC2

has the optimal balance for all the above-mentioned parameters. Hence, the potency of
CMC2 in executing anticancer activity is confirmed by in vitro and in silico approaches.
CMC3 got good bioavailability scores which are comparable to CMC2. All conjugates
exhibited good intestinal absorption profiles, metabolic profiles, and lipophilicity. However,
CMC4, CMC5, and CMC6 were found to exhibit developmental toxicity, and CMC5 was
reported for hERG inhibition. Hence, future studies focusing on the optimization of these
derivatives could bring the most promising lead molecules having anticancer activity.

3. Materials and Methods

Melting points were determined on a capillary tube melting point apparatus equipped
with a digital thermometer. NMR spectra were recorded in DMSO-d6 on a Bruker NMR
spectrometer operating at 500 MHz for 1H (with TMS as an internal standard) and 125 MHz
for 13C. were performed on reverse phase gradient using Agilent (Santa Clara, CA, USA)
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1200 series binary pump (G1312B), waters XTerra MS C18 (3.5 mm; 2.1–150 mm) þ Phe-
nomenex C18 security guard column (2–4 mm) using 0.2% acetic acid in H2O/methanol as
mobile phases; wavelength 1

4 254 nm; and mass spectrometry was done with 6220 Agilent
(Santa Clara, CA, USA) TOF in electrospray ionization (ESI) mode with a positive and nega-
tive method in both Profile and Centroid mode. HPLC studies were done with 6120 Agilent
(quadrupole LC/MS) [29].

3.1. Synthesis of CUR–DCA Hybrid Conjugate (CMC1)

A dried round bottom flask containing a small stir bar was charged with CUR
(1.0 equivalent) and DCA (2.0 equivalent) dissolved in DCM (5 mL) along with EDAC
(2.5 equivalent) and DMAP (0.5 equivalent). The reaction mixture was cooled down to
−5 ◦C in an ice bath and continued stirring for 4 h. The progress of each mixture was
monitored through thin layered chromatography (TLC), and upon completion, the DCM
was evaporated under reduced pressure. The residues were treated with 10% saturated
sodium carbonate, and the solid obtained was filtered and washed with water (50 mL)
followed by 2N HCl (10 mL) and water (50 mL) to give the desired compounds. The
products were recrystallized by aqueous ethanol to obtain in pure form.

((1E,3Z,6E)-3-Hydroxy-5-oxohepta-1,3,6-triene-1,7-diyl)bis(2-methoxy-4,1-phenylene)
bis(2,2-dichloroacetate) (CMC1) (See Supplementary Material).

Light yellow amorphous, yield: 90%, m.p. 145–147 ◦C; 1H NMR (DMSO-d6) δ: 7.67
(d, J = 15.8 Hz, 2H), 7.59 (bs, 2H), 7.39 (d, J = 10.2 Hz, 2H), 7.28 (d, J = 8.2 Hz, 2H),
7.23 (s, 2H), 7.04 (d, J = 15.8 Hz, 2H), 6.21 (s, 1H), 3.87 (s, 6H). 13C NMR (DMSO-d6) δ:
183.1, 165.8, 162.7, 150.8, 139.8, 139.5, 134.8, 125.2, 122.6, 121.5, 112.5, 101.9, 65.8, 64.5, 56.3.
HPLC (CHIRIBIOTIC T 15 cm × 4.6 mm in acetonitrile and water): 95.4%. HRMS m/z for
C25H20Cl4O8 [M+H]+ Calcd. 588.9945. Found: 588.9984.

3.2. General Method for Preparation of CUR–DCA Hybrid Conjugates with an AA Linker (CMC2–6)

A dried round-bottom flask containing a small stir bar was charged with CUR
(1.0 equivalent) and the respective DCA-amino acid conjugates (2.0 equivalent) dissolved
in DCM (5 mL) along with EDAC (2.5 equivalent) and DMAP (0.5 equivalent). The reaction
mixture was cooled down to −5 ◦C in an ice bath and stirred for 4–6 h. The DCA-amino
acid conjugates were synthesized following our previously reported method (CBDD). The
progress of each mixture was monitored through thin layered chromatography (TLC), and
upon completion, the DCM was evaporated under reduced pressure. The residues were
treated with 10% saturated sodium carbonate, and the solid obtained was filtered and
washed with water (50 mL) followed by 2N HCl (10 mL) and water (50 mL) to give the
desired compounds. The products were recrystallized by aqueous ethanol to obtain their
pure form.

((1E,3Z,6E)-3-Hydroxy-5-oxohepta-1,3,6-triene-1,7-diyl)bis(2-methoxy-4,1-phenylene)
bis(2-(2,2-dichloroacetamido)acetate) (CMC2) (See Supplementary Material).

Bright yellow amorphous, yield: 92%, m.p. 167–16975 ◦C; 1H NMR (DMSO-d6) δ: 9.19
(bs, 2H), 7.65 (d, J = 15.8 Hz, 2H), 7.54 (bs, 2H), 7.34 (d, J = 8.4 Hz, 2H), 7.17 (d, J = 8.2 Hz,
2H), 7.00 (d, J = 15.8 Hz, 2H), 6.63 (s, 2H), 6.20 (s, 1H), 4.27 (d, J = 5.8 Hz, 4H), 3.85 (s,
6H). 13C NMR (DMSO-d6) δ: 183.2, 167.3, 164.3, 151.0, 139.8, 140.4, 139.7, 134.0, 129.7,
124.8, 123.1, 121.4, 112.3, 101.8, 66.3, 56.1, 41.1. HPLC (CHIRIBIOTIC T 15 cm × 4.6 mm in
acetonitrile and water): 96.6%. HRMS m/z for C29H26Cl4N2O10 [M+Na]+ Calcd. 727.0342.
Found: 727.0249.

((1E,3Z,6E)-3-Hydroxy-5-oxohepta-1,3,6-triene-1,7-diyl)bis(2-methoxy-4,1-phenylene)
(2S,2′S)-bis(2-(2,2-dichloroacetamido)propanoate) (CMC3) (See Supplementary Material).

Yellow amorphous, yield: 89%, m.p. 92–93 ◦C; 1H NMR (DMSO-d6) δ: 9.24 (d, J = 6.6 Hz,
2H), 7.65 (d, J = 15.8 Hz, 2H), 7.54 (bs, 2H), 7.35 (d, J = 8.2 Hz, 2H), 7.15 (d, J = 8.0 Hz, 2H),
7.00 (d, J = 15.8 Hz, 2H), 6.52 (s, 2H), 6.21 (s, 1H), 4.63–4.57 (m, 2H), 3.85 (s, 6H), 1.52 (d,
J = 7.0 Hz, 6H). 13C NMR (DMSO-d6) δ: 183.5, 170.3, 164.0, 151.5, 141.1, 140.2, 134.4, 125.2,
123.5, 121.9, 112.7, 102.2, 66.8, 56.6, 48.9, 17.2. HPLC (CHIRIBIOTIC T 15 cm × 4.6 mm in
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acetonitrile and water): 98.6%. HRMS m/z for C31H30Cl4N2O10 [M+H]+ Calcd. 731.0655.
Found: 731.0733.

((1E,3Z,6E)-3-Hydroxy-5-oxohepta-1,3,6-triene-1,7-diyl)bis(2-methoxy-4,1-phenylene)
bis(3-(2,2-dichloroacetamido)propanoate) (CMC4) (See Supplementary Material).

Light yellow amorphous, yield: 93%, m.p. 140–142 ◦C; 1H NMR (DMSO-d6) δ: 8.79
(bs, 2H), 7.66 (d, J = 15.8 Hz, 2H), 7.52 (bs, 2H), 7.34 (bs, 2H), 7.18 (d, J = 6.3 Hz, 2H), 7.00 (d,
J = 15.8 Hz, 2H), 6.51 (s, 2H), 6.20 (s, 1H), 3.85 (s, 6H), 3.49 (s, 4H), 2.82 (s, 4H). 13C NMR
(DMSO-d6) δ: 183.7, 169.6, 164.3, 151.6, 141.2, 140.3, 134.3, 125.1, 123.8, 121.8, 112.5, 102.2,
67.2, 56.5, 36.0, 33.4. HPLC (CHIRIBIOTIC T 15 cm × 4.6 mm in acetonitrile and water):
95.6%. HRMS m/z for C31H30Cl4N2O10 [M+H]+ Calcd. 731.0655. Found: 731.0545.

((1E,3Z,6E)-3-Hydroxy-5-oxohepta-1,3,6-triene-1,7-diyl)bis(2-methoxy-4,1-phenylene)
(2S,2′S)-bis(2-(2,2-dichloroacetamido)-3-phenylpropanoate) (CMC5) (See Supplementary
Material).

Yellow amorphous, yield: 90%, m.p. 192–194–75 ◦C; 1H NMR (DMSO-d6) δ: 9.27
(d, J = 7.2 Hz, 2H), 7.66 (d, J = 15.8 Hz, 2H), 7.56 (bs, 2H), 7.35–7.25 (m, 11H), 7.12 (d,
J = 7.8 Hz, 2H), 7.02 (d, J = 15.8 Hz, 2H), 6.50 (s, 2H), 6.21 (s, 1H), 4.63–4.57 (m, 2H), 3.85
(s, 6H), 1.52 (d, J = 7.0 Hz, 6H). 13C NMR (DMSO-d6) δ: 183.6, 169.1, 164.1, 151.5, 140.9,
140.2, 136.8, 134.5, 129.8, 128.8, 127.3, 125.3, 123.5, 121.9, 112.8, 102.3, 66.7, 56.6, 54.4, 36.6.
HPLC (CHIRIBIOTIC T 15 cm × 4.6 mm in acetonitrile and water): 97.2%. HRMS m/z for
C43H38Cl4N2O10 [M+H]+ Calcd. 883.1281. Found: 883.1318.

((1E,3Z,6E)-3-Hydroxy-5-oxohepta-1,3,6-triene-1,7-diyl)bis(2-methoxy-4,1-phenylene)
bis(4-(2,2-dichloroacetamido)butanoate) (CMC6) (See Supplementary Material).

Bright yellow amorphous, yield: 96%, m.p. 130–132 ◦C; 1H NMR (DMSO-d6) δ: 8.68
(bs, 2H), 7.65 (d, J = 15.8 Hz, 2H), 7.52 (bs, 2H), 7.34 (d, J = 8.7 Hz, 2H), 7.17 (d, J = 8.2 Hz,
2H), 6.99 (d, J = 15.8 Hz, 2H), 6.46 (s, 2H), 6.20 (s, 1H), 3.84 (s, 6H), 3.27–3.30 (m, 4H),
2.61 (t, J = 7.5 Hz, 4H), 1.83 (t, J = 7.2 Hz, 4H). 13C NMR (DMSO-d6) δ: 183.2, 170.6, 163.7,
151.1, 140.9, 139.8, 133.7, 124.6, 123.3, 121.4, 112.1, 101.7, 66.9, 56.0, 38.5, 30.5, 24.0. HPLC
(CHIRIBIOTIC T 15 cm × 4.6 mm in acetonitrile and water): 98.6%. HRMS m/z for
C33H34Cl4N2O10 [M+Na]+ Calcd. 783.0968. Found: 783.0809.

3.3. MTT Assay

MCF10A, T47D, and MB231 cells (5 × 103) were seeded in 96-well plates and incubator
at 37 ◦C with 5% CO2 in MEGM, DMEM, and RPMI medium (100 μL), respectively. After
24 h, the medium was replaced with the CMC conjugates at different concentrations (0, 1, 5,
and 10 μM) for 72 h. After 72 h, 10 μL MTT reagent was added to each well and incubated
for 2 h for the formation of purple formazan and then added 100 μL detergent to dissociate
the formazan precipitate and measured at 570 nm. Values are shown as mean ± SD of three
experiments with 3 wells in each, a total of 9 repeats [28].

3.4. Colony Formation Assay

MCF10A, T47D, and MB231 cells (5 × 103) were seeded in 24-well plates, and cells
were exposed to different CMC conjugates at different concentrations (0, 1, 5, and 10 μM)
for 2 weeks, changing the medium for every 3 days with respective CMC conjugates at
the indicated concentrations. After 2 weeks, cells were washed with PBS and fixed in
100% methanol for 30 min followed by staining with KaryoMax Giemsa stain for 1 h. The
unfound dyes were removed by washing the wells with water and dried overnight at room
temperature. Finally, cells were lysed with lysis buffer (1% SDS in 0.2 N NaOH) for 5 min,
and the absorbance of the released dye was measured at 630 nm, as described before [28].
Values are shown as mean ± SD of three experiments with 3 wells in each, for a total of
9 repeats.
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3.5. Institutional Compliance

The animal experiments reported in this study were approved by the Augusta Uni-
versity IACUC (protocol #2015-0737, approval date 30 July 2021) and Biosafety (protocol
#1462, approval date 30 July 2021) Committees.

3.6. Cell Lines

The human non-transformed normal mammary epithelial cell line MCF10A was ob-
tained from the American Type Culture Collection (ATCC). The estrogen receptor-positive
breast cancer (ER + BC) cell line MCF7 and triple-negative breast cancer (TNBC) cell
line MDA-MB231 (MB231) were obtained from ATCC. Cell lines from ATCC have been
thoroughly tested and authenticated, and morphology, karyotyping, and PCR-based ap-
proaches were used to confirm the identity of the cell lines. The MCF10A cells were grown
in MEGM complete medium; MCF7 cells were grown in DMEM medium with 10% FBS;
MDA-MB-231 cells were grown in Leibovitz’s L-15 medium with 10% FBS and 1% P/S.
All these cell lines have been routinely tested for mycoplasma contamination using the
Universal mycoplasma detection kit obtained from ATCC (Manassas, VA, USA), and the
last mycoplasma test was performed in July 2021. Mycoplasma-free cell lines were used in
all our experiments.

3.7. Animals

C57BL/6 (Stock #000664) and MMTV–PyMT–Tg (Stock #002374) mice were obtained
from the Jackson laboratories. All these mice were bred and maintained in Augusta Univer-
sity Animal Facility by the guidelines of the Institutional Animal Care Use Committees.
All euthanasia protocols were performed by the regulations and guidelines presented by
IACUC and LAS of Augusta University.

Administration of CMC compounds to the mice: For toxicity studies, CMC1 and CMC2
conjugates at two different concentrations (50 and 100 mg/kg body) were given oral gavage
daily for 7 days. At the end of the experiment, animals were euthanized, kidneys, liver,
and lungs were analyzed for morphological changes. We also collected blood samples to
measure Creatinine using a Creatinine assay kit (obtained from Millipore Sigma, Burlington,
MA, USA, Catalog # MAK080), Alanine aminotransferase (ALT), using an ALT assay kit
(obtained from the Millipore Sigma, Catalog #MAK053), Aspartate aminotransferase (AST),
using an AST assay kit obtained from Millipore Sigma, Catalog #MAK055), and blood urea
and nitrogen (BUN), using a urea nitrogen assay kit (obtained from ThermoFisher Scientific,
Waltham, MA, USA, Catalog #EIABUN) as per the manufacturer’s instruction.

Similarly, six-week-old MMTV–PyMT–Tg mice were grouped into two groups—one
control and one CMC2 treatment. The control mice received PBS, and the CMC2-treated
group received CMC2 conjugate (10 mg/kg body by oral gavage, three times a week) for
7 weeks. We monitored animal weight and measured the tumor volume twice a week.
At the end of the experimental period, mice were euthanized, and tumor tissues were
harvested and measured for tumor weight. Tumor tissues were processed to extract RNA
and protein and fixed in 10% buffered formalin phosphate solution (obtained from Fisher
Scientific, Catalog #SF100-4) for morphological analysis.

3.8. Statistical Analysis

Statistical analysis was done using one-way ANOVA followed by the Bonferroni
multiple comparison test and also using Student’s t-test with the two-tail distribution. The
software used was Graph Pad Prism, version 8.0, San Diego, CA, USA. A value of p < 0.05
was considered statistically significant. GraphPad, Sigma Plot, and Excel programs were
used to draw figures.

4. Conclusions

CUR–DCA hybrid conjugates CMC1-6 were synthesized in good yields by an opti-
mized facile reaction condition. Two of the synthesized conjugates (CMC1 and CMC2)
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exhibit enhanced anticancer properties against BC with reduced possible toxicity to human
normal immortalized mammary epithelial cell line (MCF10A) and normal C57BL/6 mice.
Animal studies suggest CMC2 is a highly effective and safer therapeutic agent for BC. We
believe the hybrid conjugates work as an effective prodrug of curcumin, and DCA provides
a synergistic effect. The molecular docking and ADME studies support the drug candi-
dacy of CMC2 for BC. The potential conjugates need further investigation with different
animal models to develop the pharmacokinetic profile to better understand the molecular
mechanism and develop safer as well as efficient oral drug candidates for BC.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ph15040451/s1, 1H NMR and 13C NMR of all the synthesized compounds.
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Abstract: One of the main bioactive compounds of interest from the Ulva species is the sulfated
polysaccharide ulvan, which has recently attracted attention for its anticancer properties. This
study investigated the cytotoxic activity of ulvan polysaccharides obtained from Ulva rigida in the
following scenarios: (i) in vitro against healthy and carcinogenic cell lines (1064sk (human fibroblasts),
HACAT (immortalized human keratinocytes), U-937 (a human leukemia cell line), G-361 (a human
malignant melanoma), and HCT-116 (a colon cancer cell line)) and (ii) in vivo against zebrafish
embryos. Ulvan exhibited cytotoxic effects on the three human cancer cell lines tested. However,
only HCT-116 demonstrated sufficient sensitivity to this ulvan to make it relevant as a potential
anticancer treatment, presenting an LC50 of 0.1 mg mL−1. The in vivo assay on the zebrafish embryos
showed a linear relationship between the polysaccharide concentration and growth retardation at
7.8 hpf mL mg−1, with an LC50 of about 5.2 mg mL−1 at 48 hpf. At concentrations near the LC50,
toxic effects, such as pericardial edema or chorion lysis, could be found in the experimental larvae.
Our in vitro study supports the potential use of polysaccharides extracted from U. rigida as candidates for
treating human colon cancer. However, the in vivo assay on zebrafish indicated that the potential use of
ulvan as a promising, safe compound should be limited to specific concentrations below 0.001 mg mL−1

since it revealed side effects on the embryonic growth rate and osmolar balance.

Keywords: cytotoxic activity; human cancer cell lines; polysaccharides; Ulva rigida; ulvan; zebrafish
embryo toxicity test

1. Introduction

According to the World Health Organization, cancer was the second leading cause of
death globally in 2020 [1]. Breast cancer is the most prevalent cancer worldwide, whereas
colorectal cancer, leukemia, and skin melanoma rank third, thirteenth, and seventeenth
amongst the main forms of cancer, according to the Global Cancer Observatory (GCO)
of the International Agency for Research on Cancer (IARC) (gco.iarc.fr). The frequency
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of this disease is expected to rise to more than 30 million people by 2040, a 56% increase
from 2020 (gco.iarc.fr). Effective therapy strategies remain limited even though significant
breakthroughs have been made in understanding the different pathways that drive the
emergence of cancer. These strategies entail a combination of therapies, such as chemother-
apies, which use various chemicals to target malignant and healthy cells [2,3]. Despite
promising improvements in targeted therapeutics [4,5], their efficiency is restricted in some
situations due to drug resistance [6,7].

Natural product research has emerged as a serious alternative for finding new bioac-
tive compounds, with seaweed being one of the most promising sources of therapeutic
candidates due to the vast richness of the marine environment [8]. Seaweeds, which live in
harsh environmental and ecological circumstances, have been used for various purposes,
including feed, food, and biotechnological applications [9]. This is due to their bioactive
and nutritious compounds, which make them a valuable resource [10,11]. Green macroal-
gae species of Ulva are distributed around the world and are capable of occupying diverse
habitats because of their tolerance to determinant factors, such as light, temperature, and
salinity [12]. They present high growth rates and productivity under very variable condi-
tions, having highly exploitable biochemical profiles [13], including bioactive metabolites
that are of interest with regard to many economic applications, such as food, feed, fertilizers,
and biomedicine [14].

One of the main bioactive compounds present in Ulva species is the sulfated polysac-
charide ulvan. The ulvan complex structure varies according to the algae species, the
growing location and conditions, and the extraction procedures [15]. Ulvans constitute
between 8 and 29 % of the dry weight depending on the Ulva species and growing condi-
tions [16]. These complex sulfated polysaccharides are interesting in terms of biomedical
applications due to their antioxidant, antitumor, anticoagulant, antiviral, anti-inflammatory,
and immune-modulator properties [17–20]. Recent attention has been given to the anti-
cancer properties that ulvans possess because ulvans obtained from different Ulva species
have demonstrated significant cytotoxic activity against hepatocellular carcinoma (HepG2),
human breast cancer (MCF7), human colon carcinoma (HCT-116), and cervical cancer
(HeLa) cells [21–24]. Their anticancer activity seems to operate via different pathways,
including promoting cancer cell apoptosis, reducing cancer cell proliferation, and stimulat-
ing the innate immune response [14]. Furthermore, the pathways affected depend on the
source and/or structure of the ulvans [15]. Therefore, specific research should be conducted
on each Ulva species and cancer cell line.

Polysaccharide extracts have also been tested on living organisms, for example, on
zebrafish embryos, in the so-called zebrafish embryo toxicity test (ZFET) [25]. Zebrafish
have become an alternative model to rodent toxicity in in vivo assays [26–28]. This model
provides important features, namely, rapid external embryonic development, a small size,
optical transparency, a large number of offspring, and genetic similarities to humans [29,30].
Furthermore, zebrafish have been reported to have functional homologs for more than 90
of the 450 human genetic dysplasias [31].

Several interesting tests that use these embryos have also been proposed, such as rapid,
high-throughput, cost-effective drug and chemical screening tests [29,32–35]. Zebrafish em-
bryos have already been used to test for beneficial fungicidal [36], antioxidant [37–41], anti-
inflammatory [40,42–46], immunomodulatory [47–50], genoprotective [51], hepatoprotective [52],
disease-resistant [49], and antitumor activities [53]. Conversely, these tests have been employed
to show the detrimental toxic effects of drugs and chemicals [25,54–57] leading to limitations
in their potential clinical or veterinary use. Among these studies, several works specifically
analyzed the effects of algal polysaccharides on zebrafish embryos [39,43,44,58].

In this study, we obtained ulvan polysaccharides from the green macroalga Ulva rigida.
The in vitro antitumor activity of the ulvans was evaluated with MTT assays using healthy
cell lines (1064sk (human fibroblasts) and HACAT (immortalized human keratinocytes))
and carcinogenic cell lines (U-937 (a human leukemia cell line), G-361 (a human malignant
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melanoma), and HCT-116 (a colon cancer cell line)). In addition, the cytotoxic activity of
the ulvans was evaluated using a zebrafish embryo toxicity test (ZFET) [25].

2. Results

2.1. Ulvan Composition and Structure
2.1.1. Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopy of the ulvans from U. rigida showed the presence of several func-
tional groups (Figure 1). The strong broad absorption band centered at about 3402 cm−1

corresponds to the hydroxyl group (OH) stretching vibration. The weak absorption at
2938 cm−1 was due to the stretching vibration of C–H. Two other bands were observed
between 1650 and 1430 cm−1, characteristic of the carboxylate groups of uronic acids in
the ulvan. The strong absorption at 1640 cm−1 was ascribed to the asymmetric stretching
mode of the COO– group, and weaker absorption around 1438 cm−1 arose from the sym-
metric COO– stretching mode. The most important absorptions were those revealed at
approximately 1260 cm−1 and 1056 cm−1, considered the fingerprint region for ulvan [59].
A moderate absorption at the 1200 cm−1 wavelength is characteristic of the stretching
vibration of the polysaccharide’s sulfate ester (S=O), referring to the C–O stretching of the
two principal sugars, namely, rhamnose and uronic acid. The absorption peaks at about
850 cm−1 correspond to the C–O–S bending vibration of sulfate in the axial position.
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Figure 1. FTIR spectroscopy of ulvans from U. rigida.

2.1.2. Gas Chromatography–Mass Spectrometry (GC–MS)

In the GC–MS spectrum of the ulvans from U. rigida, the highest peak corresponds to
rhamnose, followed by glucuronic acid and xylose (Figure 2). The rhamnose, glucuronic acid,
and xylose percentages were 80.60%, 9.14%, and 4.01%, respectively (Table 1). Other monosac-
charides, namely, glucose and galactose, were also detected (3.78% and 2.48%, respectively).
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Figure 2. Gas chromatography–mass spectrometry (GC–MS) of ulvans from U. rigida.

Table 1. Percentage of monosaccharides for ulvans extracted from U. rigida.

Monosaccharide %

Rhamnose 80.60
Glucuronic acid 9.14

Xylose 4.01
Glucose 3.78

Galactose 2.48

2.2. Cytotoxic Activity of Ulvan Polysaccharides

The cytotoxic activities of the ulvans at different concentrations (ranging from 0.009 to
5 mg mL−1) against the healthy and carcinogenic cell lines are presented in Figure 3. With
regard to the cytotoxicity against the healthy cells, a lower cytotoxic effect was observed in
the keratinocyte (HACAT) cells, presenting an IC50 value of 4.2 ± 0.5 mg mL−1, than in the
fibroblast (1064sK) cells, which exhibited an IC50 of 1.2 ± 0.1 mg mL−1 (Figure 3a,b). For
the carcinogenic cells, the IC50 values were estimated for the colon (HCT-116), leukemia
(U-937), and melanoma (G-361) cells as being 0.1 ± 0.02, 2.4 ± 0.4, and 4.3 ± 1.2 mg mL−1,
respectively (Figure 3c–e).
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Figure 3. Cytotoxic activity of ulvan polysaccharides, expressed as survival (%) of each cell line
depending on the ulvan polysaccharide concentration (mg mL−1). Each figure represents a cell
line: (a) immortalized human keratinocytes (HACAT), (b) human fibroblasts (1064SK), (c) human
colorectal carcinoma cell line (HCT-116), (d) human myeloid leukemia (U-937), and (e) human
malignant melanoma (G-361).

After obtaining the IC50 values, the selectivity index (SI) was also calculated (Table 2).
The SI is the ratio obtained by dividing the IC50 value of the healthy cells by that of the
cancer cells. The higher the SI, the more effective and safer a drug would theoretically
be during in vivo treatment. The selectivity between the healthy and cancer cell lines
varied for our compound. The highest selectivity indexes were estimated as 40.9 and 11.5,
respectively, for the ulvans used against the HCT-116 cells compared to the HACAT and
1064sk cells.
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Table 2. Selectivity index (SI) of U. rigida polysaccharides.

Selectivity Index

HACAT/HCT-116 40.9
1064sk/HCT-116 11.5
HACAT/U-937 1.8
1064sk/U-937 0.5

HACAT/G-361 0.9
1064sk/G-361 0.3

2.3. Zebrafish Exposure to Increasing Concentrations of Ulvan Polysaccharides

Several anatomical characteristics were studied to understand how ulvans affect
zebrafish embryogenesis. The frequencies of viability, pericardial edema, and hatching
were measured daily in zebrafish embryos exposed to increasing ulvan concentrations.
As described in the Section 4, other variables, such as the standard length or head–trunk
angle (Figure 4), were calculated after digital images were obtained at 72 hpf. Other less
frequent anatomical characteristics, such as body abnormalities or short size, body mobility,
abnormal head or yolk, curved body or tail, or depigmentation, were eventually annotated
when observed.

Figure 4. Standard length and head–trunk angle of zebrafish embryos. (A) Control untreated ze-
brafish embryos. The double discontinuous arrow shows the standard length (SL). (B) Polysaccharide-
treated 72 hpf embryo. α indicates the head–trunk angle as suggested by Kimmel et al. [60]. Bars
represent 500 μm.

The increasing ulvan concentrations gradually affected embryo viability. At 48 hpf, the
polysaccharides steadily reduced viability (from 100 to 70%) up to about 2.5 mg mL−1, at
which point a sharp decline in this index was observed (Figure 5). Following the log-linear
regression approach [61], we measured an LC50 of 5.127 mg mL−1.

A detailed anatomical description of the 72 hpf embryos exposed to dispersions below
the LC50 suggests a reduction in the growth rate. To quantify this effect, we measured the
standard length and the head–trunk angle, which are two anatomical variables that increase
throughout development. The increase in the first variable is gradual over time, whereas
the second ranges from 60–70◦ to 180◦. This 180◦ angle is reached at 72 hpf, and it remains
stable through the rest of development [60]. As described in the Section 4, we reproduced
data from Kimmel et al. [60] (Figure 6) to obtain four quadratic minimum adjustments that
allowed for a linear transformation of these two variables into hours of development (hpf).
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Figure 5. LC50 estimation for ulvan polysaccharide treatment of zebrafish 48 hpf embryos. Circles and
vertical bars are the means and standard deviations of data from three replicates. Gray, transparent circles
are data used to estimate the LC50. The empty circle intersects the regression line and 50 % viability. The
white circle is the log (LC50) estimation. Linear adjustment is y = −7.2237x + 5.6279 (R2 = 0.8357).

Figure 6. Linear functions used to transform standard lengths and head–trunk angles into hours of
post-fertilization development. Graphs show the linear adjustments recovered from approximations
to standard length (A) and head–trunk angle (B) data in Kimmel et al. [60] (Figures 16 and 33, re-
spectively, of Kimmel et al. [60]). Data were obtained using ImageJ 1.50i (nih.gov, accessed on
13 January 2023). The variable transformation functions are (A) y = 0.0207x + 2.0153 (R2 = 0.8716;
p ≈ 0.0000) (greater sizes); y = 0.1124x − 0.9848 (R2 = 0.931; p ≈ 0.0000) (lesser sizes); and
(B) y = 0.8216x + 97.927 (R2 = 0.6126; p < 0.00059) (greater angles); y = 3.2744x − 12.452 (R2 = 0.9081;
p < 0.000835) (lesser angles). Discontinuous lines represent the variable transformation limits.

Using this variable transformation method, the stages were estimated from both mor-
phometric variables. The estimated hours post-fertilization showed linear reductions in the
concentration of the ulvan polysaccharide dispersions (Figure 7A,B), whereas the embryos
exposed to between 0.25 and 1 mg mL−1 presented a developmental stage resembling that
of the control specimen; the embryos exposed to the highest concentration (5 mg mL−1)
showed a significant reduction. The linear reduction slopes obtained for both variables
were almost identical (7.3 and 7.4 hpf mL mg−1) (Figures 7A and 7B, respectively), support-
ing the initial observation of growth delay. Using this method, the dispersion of the data
was high (low R2 values) (Figure 7) when compared with the non-transformed variables
(see Figure 6A).
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Figure 7. Embryo stage estimation after anatomical variable transformation using data from Kimmel
et al. [60] (see Figure 4). (A–C) Linear regressions of standard length (A), head–trunk α angle (B),
and anatomical-based estimations (C) with respect to the ulvan concentration. (D) Linear reduction
in the compound stage estimation (A+ B + C) with respect to the ulvan concentration. The linear
adjustments are (A) y = −7.2x + 66.234 (R2 = 0.7232; p ≈ 0.0000), (B) y = −7.3294x + 76.026 (R2 = 0.8003;
p < 0.00015), (C) y = −8.8x + 70.857 (R2 = 0.8738; p ≈ 0.0000), and (D) y = −7.88x + 71.036 (R2 = 0.7479;
p < 0.000085).

Furthermore, a detailed anatomical description of the digital images from each
72 hpf embryo compared to the descriptions provided by Kimmel et al. [60] supported
this hypothesis. Several anatomical characteristics (see above) were compared to the data
from Kimmel et al. [60] to provide a tentative developmental stage for each embryo. When
possible, the vascular pattern was also observed using the Tg(fli1a:EGFP)y1 transgene to
confirm the proposed stage [62]. Almost all the variables supported the occurrence of
a growth rate reduction with respect to the ulvan concentration. This anatomy-based
estimation also showed a linear decline with regard to the ulvan concentration, having a
slightly higher slope of 8.8 hpf mL mg−1 (Figure 7C).

To perform a global stage estimation, we calculated the linear variation based on the
summary of our three estimations for each embryo (Figure 7D). This global estimation
also showed a linear reduction in ulvan concentration with a slope of 7.8 hpf mL mg−1

(Figure 7D).
The mean value and standard deviation of each stage estimation are also shown in

Table 3. All the experimental conditions differ from those of the control, showing an
increasing statistical significance with regard to the ulvan concentration (from p < 0.05 * to
p < 0.001 ***) and proportionally higher standard deviations. All these data support the
sub-lethal effects of ulvans at concentrations lower than the LC50.

In this study, we further dechorionated the embryos and replicated the experiment at
a concentration of 2.5 mg mL−1 to rule out the potential involvement of hypoxia caused by
chorion pore obliteration resulting from ulvan precipitation. In these replicated experiments,
no significant modification was found in the mean delay observed (data not shown).
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Table 3. Embryo stage estimation following the anatomical features.

Ulvan (mg mL−1) Head–Trunk Angle (hpf) Standard Length (hpf) Developmental Stage (hpf) Mean Estimation (hpf)

5 40.25 ± 3.55 *** 31.56 ± 2.15 *** 29.90 ± 4.23 *** 33.91 ± 5.56 (13) ***
2.5 49.73 ± 8.94 *** 47.03 ± 8.50 *** 41.64 ± 8.46 *** 46.13 ± 4.12 (16) ***
1 70.10 ± 5.34 *** 59.98 ± 5.56 *** 63.14 ± 3.61 *** 64.41 ± 5.18 (19) ***

0.5 70.62 ± 7.78 ** 61.24 ± 6.92 *** 66.80 ± 5.49 ** 66.22 ± 4.72 (15) **
0.25 73.06 ± 3.86 ** 61.70 ± 8.91 ** 69.88 ± 4.21 * 68.21 ± 5.86 (16) **

0 77.61 ± 5.28 69.60 ± 5.02 72.00 ± 0.00 73.07 ± 4.11 (18)

The results are expressed as the mean and standard deviation. p < 0.05 (*); p < 0.01 (**); p < 0.001 (***). Underlined
symbols represent non-parametric analysis. N = 97, 99, and 107 for the head–trunk angle, SL, and developmental
stage estimations, respectively. The total number of embryos used to calculate the mean estimation are placed in
parentheses (total: 97).

Two other toxic effects were frequently observed at sub-lethal concentrations: peri-
cardial edema and chorion lysis (Figure 8). This pericardial edema also augmented in
size (Figure 8A,B) along with the increasing ulvan concentration. This effect presented an
exponential rather than a linear trend as the ulvan concentration increased (Figure 8C).
Larvae with pericardial edemas may also present an apparent increase in yolk sac size.
This may be because the yolk is physically displaced by the augmentation of interstitial
liquid in the edemas. In our experiments, at concentrations over 2 mg mL−1, a slight
amount of precipitate could be found over the plastic well and the yolk sac. At these
concentrations, a second effect was also observed. As in cell plasmolysis, extra-chorionic
hypertonic ulvan solutions generate chorion shrinkage (Figure 8D). This was not observed
at lower concentrations.

Figure 8. Pericardial edema and chorion lysis increase with the ulvan polysaccharide concentra-
tion. Slight (A) and significant (B) pericardial edemas are seen in zebrafish embryos treated with
a 0.25 mg mL−1 ulvan concentration. (C) Exponential regression of edema frequency versus ul-
van polysaccharide concentrations (y = 0.0386x0.2325, R2 = 0.9351). (D) Chorion lysis observed at
2.5 mg mL−1 ulvan. Bars represent 500 μm.

3. Discussion

Ulvan, the main polysaccharide found on the cell wall of Ulva species, is a bioactive
compound of great biotechnological interest. Different reviews (see [14,63]) have described
the potential of ulvans as an anticancer, immune-modulating, anticoagulant, antiviral,
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antihyperlipidemic, and antioxidant molecule. Among the bioactivities mentioned above,
the anticancer aspect is always highlighted due to the social impact of the disease and,
consequently, the need for therapeutic compounds that act selectively on those cells. In
2018, it was estimated that there were almost 290,000, 1,100,000, and 440,000 new cases of
melanoma, colon cancer, and leukemia, respectively, and about 61,000, 555,000, and 310,000
deaths worldwide [64].

Our study provides further evidence of the anticancer effects of ulvan polysaccha-
rides from U. rigida. The anticancer activity of ulvan from different sources is highly
variable. Ahmed and Ahmed [21] previously showed that the ulvan from Ulva lactuca in-
duced antitumor cytotoxic effects against HepG2 (IC50 55.56 μg mL−1) and HCT-116 (IC50
22.65 μg mL−1) human cell lines. Thanh et al. [22] also reported a high cytotoxic ef-
fect of ulvan polysaccharides on HepG2, MCF7, and HeLa, obtaining IC50 values of
29.67 ± 2.87, 25.09 ± 1.36, and 36.33 ± 3.84 μg mL−1, respectively. In our study, ul-
van exhibited cytotoxic effects against the three human cancer cell lines tested. However,
only the HCT-116 cells exhibited sufficient sensitivity to this ulvan in terms of its potential
as an anticancer treatment, presenting an IC50 of 0.1 mg mL−1; however, this was signif-
icantly lower than that found by Ahmed and Ahmed [21]. In general, the mechanisms
involved in ulvan’s anticancer effect are not fully understood. Some preliminary studies
indicate that apoptosis may stimulate programmed cell death or reduce DNA replication
and cell proliferation [21,22,65,66]. Other scientists have observed that the polysaccha-
ride’s structure (the number of monosaccharides, glycosidic linkages, sulfate, carboxyl,
and hydroxyl groups) might enhance its contact with tumor cells and boost its anticancer
effect [67–69]. This is supported by the FTIR spectra and monosaccharide composition
obtained in our results, in which rhamnose, glucuronic acid, and xylose were the most
represented (80.60%, 9.14%, and 4.01%, respectively). Furthermore, the tested molecules
must present a specific selectivity for cancer cells over healthy cells to be considered a
safe cancer treatment compound. This parameter can be stipulated using the selectivity
index (SI). According to Weerapreeyakul et al. [70], a promising, safe compound should
present an SI > 3. In our study, ulvan exhibited SI values > 3 on the HCT-116 cells compared
to the healthy epithelial cells (40.9 for HACAT and 11.5 for 1064sk). Our work supports
the polysaccharide’s potential as a candidate for use in colon cancer treatment. Unfortu-
nately, this promising effect was not observed in the human myeloid leukemia (U-937)
or human malignant melanoma (G-361) cells. It is also worth noting that other authors
found only extremely low to moderate cytotoxic activity compared to cancer chemotherapy
drugs [71,72]. For example, ulvan from U. intestinalis demonstrated no cytotoxic effects on
sarcoma 180 tumor cells in vitro at 50–800 μg mL−1 but reduced the sarcoma 180 tumor
weight by 61–71% in mice dosed with 100–400 mg kg−1 [73]. Furthermore, immunological
organs (such as the thymus and spleen) were increased in ulvan-treated mice, suggesting
that the polysaccharide’s anticancer activity stems from its immunomodulatory function.
In summary, the anticancer activity of ulvans appears to be mediated through one or more
routes, which include enhancing cancer cell apoptosis, decreasing cancer cell growth, and
activating the innate immune response. In addition, the affected pathways are altered
depending on the ulvan source and/or structure. More research is needed to investigate
the structural and chemical components that influence ulvan’s ability to reduce the number
of cancer cells and to figure out the relationship between them.

To further study the toxicity effects of ulvans in vivo, we conducted a zebrafish embryo
toxicity test (ZFET). In general, our data agree with the idea of using zebrafish embryos
as an effective system to evaluate the effects of glycans in relatively short procedures.
Previous studies [74] suggest a close homology between zebrafish embryogenesis and
human carcinogenesis, thus supporting its use as a screening assay to evaluate potential
anticancer compounds. In this sense, Rusdi et al. [74] and other studies [25,56] have already
evaluated the toxicity of algal and fungal polysaccharides on zebrafish embryos, suggesting
either absent [74] or low [25,56,74] toxicity. Nevertheless, the measurement of the LC50 of
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these polysaccharides has revealed a variable susceptibility of early zebrafish embryos to
their presence in the embryo medium.

Although fucoidan from Fucus vesiculosus showed no LC50, alginate LC50 was mea-
sured at 245 μg mL−1 after 24 h [74]. A decline in zebrafish embryo survival (from about
75% at 48 hpf to 23% at 72 hpf) was also reported when using 5 mg mL−1 of exopolysaccha-
rides from a fungus species, Ganoderma applanatum. In contrast, its endopolysaccharides
showed a viability decline from about 75% at 72 hpf to 32% at 96 hpf [56]. These results
suggest an LC50 higher than that found for F. vesiculosus alginate at 24 h or ulvans in our
study at 48 hpf (5.2 mg mL−1). Moreover, 5 mg mL−1 of natural mycelial biomass from Lig-
nosus rhinoceros showed a survival rate decline between 72 hpf (65%) and 96 hpf (5%), while
5 mg mL−1 of exopolysaccharides showed a 50 % zebrafish mortality rate at 72 hpf [25]. In
these cases, fungal exopolysaccharides presented slightly higher LC50 values than those
found for ulvans, whereas those of endopolysaccharides and mycelial extracts were even
higher. These effects mimic the anticancer activity discussed above and further support
the case for ulvans as a candidate cancer treatment compound. From this comparison, the
ulvans tested in our study seem to be a better option for a potential anticancer product than
others from brown algae [74] or fungi [25,56] species, although they are less effective than
Fucus alginate [74].

A teratogenic effect on zebrafish pigmentation has also been described at lower polysac-
charide concentrations, molecularly related to the interference of several tyrosine kinase down-
stream effectors in carcinogenesis [74,75]. In our study, ulvans between 0.1 and 5 mg mL−1

linearly delayed pigmentation and embryonic development at a rate of 7.6 hpf per mg mL−1.
Partial hypoxia generated by the obliteration of chorionic pores [76] from ulvan precipitates
was initially considered the potential cause of this delay. Our results ruled out this hypothesis
because of the delay observed in our experiment on dechorionated embryos.

Recent studies have proposed alternative assays to the ZFET test, such as the zebrafish
embryo acute toxicity test (ZET) or the General and Behavioral Embryo Toxicity Assay [28].
In both tests, several phenotypes have been proposed to describe toxicity. The most critical
phenotypes in these tests are developmental abnormalities; a short body size; body mobility
and position; a slow heartbeat; pericardial, yolk or head edemas; an abnormally sized or
darkened head, yolk or liver; a curved body or tail; or pigment abnormalities [28]. Our
study associated a short body size, an abnormal head size, and pigment abnormalities
with signs of developmental delay, all of which are phenotypes included in the scoring
panel of the ZET [28] and ZFET [25] tests. Three different estimations of this effect were
evaluated to support our hypothesis: anatomical descriptions, the standard length, and the
head–trunk angle. This association is not explicitly included in the ZET and ZFET assays.
Parallel to our study, we conducted experiments with five other polysaccharides from algal
and fungal species in search of an appropriate positive control [77]. In certain instances,
this developmental delay effect has also been observed, suggesting a new toxic phenotype
produced by increasing algal and fungal polysaccharide concentrations (Abdala-Díaz and
Marí-Beffa, in preparation). Furthermore, the variables used to support the occurrence
of this phenomenon always show high dispersion estimates. This suggests a potential
variable susceptibility of zebrafish embryos to this type of substance in the culture medium.
This new growth delay effect of algal polysaccharides may also be tested over cancer and
zebrafish development in xenograft experiments [78]. These experiments are currently
underway and will be published elsewhere. In our results, no other teratogenic defects
were consistently associated with the ulvan concentration.

Finally, new osmolar and toxicity effects were observed at the highest viable concen-
trations, such as chorion lysis and pericardial edema. In principle, chorion lysis may be
caused by osmolar imbalance and increased water loss. Moreover, in various substances,
pericardial edema is a well-established toxicity symptom seen in zebrafish embryos [79].
In our study, we did not test whether zebrafish toxicity is associated with inflammation
or any other cell stress process. In principle, the food, feed, fertilizing, and biomedical
modulatory effects of ulvan [12,14] could be accompanied by relevant metabolic perturba-
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tions that might induce toxicity and affect osmolar imbalance and embryonic growth as the
concentration increases from 0.25–1 mg mL−1.

The lowest ulvan concentration in our study, 0.25 mg mL−1, is higher than the
0.05 mg mL−1 of Spirulina maxima pectins, a concentration within the range of the above-
mentioned cytotoxic IC50 indexes [21,22], which stimulates larval fin regeneration [58].
Studies on the immunomodulatory effects of U. rigida ulvans in model organisms are also
in progress to support the beneficial effects of these compounds at concentrations within
the colon cancer cytotoxic LC50 range (data not shown).

4. Materials and Methods

4.1. Ulvan Preparation

Ulva rigida was cultivated in 500 L aerated semi-circular fiberglass tanks under natu-
ral outdoor conditions at the facilities of the Andalusian Institute of Blue Biotechnology
and Development (IBYDA) at Malaga University (Málaga, Spain). The algal biomass was
harvested weekly, washed gently with abundant natural seawater, and dried at 60 ◦C for
24 h. Afterwards, the biomass was milled to obtain a fine powder (50 μm) and stored at
−20 ◦C. Ulvan was then extracted from the powdered sample using the ethanol precipita-
tion method according to Béress et al. [80]. The U. rigida powder was submerged in 95%
ethanol (a biomass-to-ethanol ratio of 1:10) until de-pigmentation was apparent. Subse-
quently, the de-pigmented biomass was suspended in distilled water and heated at 90 ◦C
for 2 h. The solution was then centrifuged for 15 min at 6000 rpm at room temperature. The
supernatant was concentrated to 1/5th of the original volume. Following this, five times
the volume of 95% ice-cold ethanol was added to the concentrated solution and stored at
4 ◦C. The precipitate that formed was collected via centrifugation at 12,000 rpm for 10 min
at 4 ◦C, washed twice with absolute ethanol, and freeze-dried.

4.2. Chemical Composition and Structure of Ulvans
4.2.1. Fourier-Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of the U. rigida ulvans were obtained by pressing 13 mm diameter
self-supporting pressed discs comprising a mixture of ulvans and KBr (1% w/w) with
a hydraulic press at a force of 15.0 tcm−2 for 2 min. The FTIR spectra were obtained
in the 400–4000 cm−1 region using a Thermo Nicolet Avatar 360 IR spectrophotometer
(Thermo Electron Inc., Franklin, MA, USA), having a resolution of 4 cm−1, with a deuterated
triglycine sulfate (DTGS) detector and OmnicTM 7.2 software (bandwidth of 50 cm−1 and
an enhancement factor of 2.6). Thermo Nicolet OMNIC software was used for baseline
correction to smooth the baseline of each spectrum. To compare the sample spectra to those
in the spectral collection, the OMNIC correlation algorithm was used.

4.2.2. Gas Chromatography–Mass Spectrometry (GC–MS)

The GC–MS of the ulvans was determined following the methodology described in detail
by Parra-Riofrío et al. [81,82]. In brief, GC–MS analyses were carried out using a Trace GC gas
chromatograph (Thermo Fisher Scientific, Franklin, MA, USA), a Triplus RSH autosampler
(Thermo Fisher Scientific, Franklin, MA, USA), and a DSQ quadrupole mass spectrometer
(Thermo Fisher Scientific, Franklin, MA, USA). The identification of monosaccharides in the
polysaccharide samples was carried out by comparing the retention time and mass spectra of
monosaccharide standards, previously analyzed under identical conditions (glucose, galactose,
mannose, arabinose, xylose, rhamnose, ribose, fucose, galacturonic acid, and glucuronic acid).
The compounds were identified by comparing the mass spectra with those in the National
Institute of Standards and Technology (NIST 2014) library.

4.3. Cytotoxic Effect Assay

Five human cell lines, 1064sk (human fibroblasts; CIC cell bank of CIC of the Universi-
dad de Granada, Spain), HACAT (immortalized human keratinocytes; ATCC, Manassas,
VA, USA), U-937 (human leukemia cell line; ATCC, Manassas, VA, USA), G-361 (human

408



Pharmaceuticals 2023, 16, 660

malignant melanoma; ATCC, Manassas, VA, USA), and HCT-116 (colon cancer cell line;
ATCC, Manassas, VA, USA), were used for the assays. The cells were cultured in either
Dulbecco’s Modified Eagle’s Medium (DMEM) (Capricorn Scientific, Ebsdorfergrund, Ger-
many, ref. DMEM-HPSTA), for the 1064sk, U-937, and HCT-116 cells, or in RPMI-1640
medium (BioWhittaker, ref. BE12-167F), for the HACAT and G-361 cells, both containing
10% Fetal Bovine Serum (FBS, Biowest, ref. S1810-500), 1% penicillin–streptomycin solution
100× (Capricorn Scientific, ref. PS-B), and 0.5% amphotericin B (Biowest ref. L0009-100).
The cells were maintained sub-confluent at 37 ◦C in humidified air containing 5% CO2.

The cytotoxic effect on the cell lines mentioned above was measured using an MTT assay.
The cells were incubated independently in 96-well plates, containing 1 × 104 cell/well for
1064sk and 6 × 103 cell/well for the other cell lines, with different ulvan concentrations
(ranging from 0.009 to 5 mg mL−1) at 37 ◦C in a humid atmosphere with 5% CO2 for
72 h. As a control, the same cell lines were used without treatment. The trial was carried
out following the method proposed by Abdala-Díaz et al. [83]. The cytotoxicity was
calculated, and it is expressed as the inhibition concentration at 50% (IC50 values). The
analyses were carried out in three independent experiments. In addition, the selectivity
index (SI) was calculated as the ratio of dividing the IC50 value of the healthy cell lines by
that of the cancer cell lines.

4.4. Zebrafish Husbandry and Embryo Collection

The zebrafish (Danio rerio) embryos were the offspring of mating AB wild-type and/or
Tg(fli-1: EGFP) y1 adults. The adults were obtained from the breeding stock at the fish
facilities belonging to the Centre of Experimentation and Animal Behavior at the University
of Málaga, where they were cultured in a 12:12 h light:dark photoperiod following standard
procedures [61,62]. The adults were the offspring of fish obtained from the Zebrafish Inter-
national Resource Centre (ZIRC, Eugene, OR). The eggs were collected after fertilization
and then bleached, washed, and incubated at 28 ± 0.1 ◦C in a Petri dish with an embryo
medium. The fish were handled in accordance with notification A/ES/12/I-22 (activity
A/ES/12/24) of the National Laws. The Universidad de Málaga Bioethics Commission ap-
proved the experiments as part of the grants BIO2014-56092-R and UMA18-FEDERJA-274.

4.5. Zebrafish Embryo Toxicity Assay

The AB wild-type or Tg(fli-1:EGFP)y1 embryos were placed in 96-well plates (1 fish
per well using 300 μL embryo medium) at 4 h post-fertilization (4 hpf) [84]. Each replicate
comprised 8 embryos immersed in the embryo medium with a specific polysaccharide
concentration (from 0.25 to 6.5 mg mL−1), comprising 56 embryos per experiment and
including both negative and positive controls. The embryos were immersed for three days
following the ZFET procedure [25] without further modifications. The concentrations were
obtained by diluting 5 or 10 mg mL−1 stock solutions. The stock solutions were prepared
from polysaccharide lyophilized powder and stored at 4 ◦C after preparation. The embryo
medium served as the negative control [84]. Polysaccharides from the macroalga Sarcopeltis
skottsbergii and the fungus Calvatia (in preparation) were used as positive controls in parallel
experiments. Both polysaccharides presented a relevant LC50 and a significant induction of
growth delay at lower concentrations. LPS was discarded as a positive control due to its
well-known inflammatory effects [77]. Each experiment was run at least three times with a
minimum of 24 embryos for each experimental condition. Basic statistics were obtained
from the data described below. After the experiments, the live embryos were euthanized
using MS-222 (0.2 mg mL−1) over-anesthetization and stored as organic waste following
the University of Málaga procedures.

4.6. Phenotypic Analysis

In the ZFET, several phenotypes were annotated to support the toxic effects of the
reagents tested. The following were used in this test: embryo viability, hatching, and
heart rate [25]; tail malformations; or the absence of fins, the gut, or melanophores [56].
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Other phenotypes, such as the standard length, head–trunk angle [60], or pericardial
edema, were estimated for each living specimen at the end of the experiment. Additional
characteristics were used for an anatomical comparison with a standard embryological
atlas [60]; these were the shape of the eyes, cochlea, and pec and tail fins; the form and size
of the yolk sac, the notochord, and the craniofacial skeleton; and the pigment distribution
(see Table 3 for the number of measured embryos). The analysis was performed under a
magnifying microscope (Nikon SMZ-445 model) or using digital images obtained with
a Nikon Microphot-FX Fluorescence Research Microscope with a Nikon DS-L1 digital
camera. The lethal concentration that kills 50% of the sample (LC50) was estimated from
mortality/viability data following a linear regression test [61]. To estimate the growth delay,
the actual age of the embryos was compared to three different stage estimations made from
embryo anatomy, the standard length, and the head–trunk angle. The last two variables
were transformed into a potential developmental stage using data from Kimmel et al. [60]
(see the Results Section 2.2). The quantitative variables were measured from digital images
using the ImageJ 1.50i settings (National Institutes of Health, Bethesda, MD, USA) and
verified in a single-blind evaluation.

4.7. Statistical Analysis

Statistical differences between the means were calculated using the Student t-test.
Linear regressions were calculated using a least squares analysis. The statistical analyses
were performed using the Statistical Package for the Social Sciences software (IBM, SPSS-
version 25), Statgraphics software (Statgraphics Technologies, Inc., The Plains, VA, USA),
or the Excel program (Microsoft Office, Windows 11, Redmond, WA, USA). Significant
differences were noted when p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***).

5. Conclusions

Our in vitro study supports the potential use of polysaccharides extracted from
U. rigida as candidates for treating human colon cancer. This is further supported by
our zebrafish toxicity and phenotypic assay. These in vivo tests revealed the side effects of
these molecules on zebrafish development, such as developmental abnormalities and delay.
Perturbations of cancer or development-associated signaling pathways may be underlying
these phenocopies as previously suggested by other authors. Ulvans may be a promising,
safe compound at concentrations below 0.1–0.2 mg mL−1.
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