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ABSTRACT

Objectives. At the light of properties and limits of cisplatin (CDDP) as an anticancer agent,
and in view of the potential clinical relevance of the synergic effect of CDDP with the Cu(ll)-
phen complexes previously reported against T-leukemia cells (Pivetta et al., Talanta, 2013), my
research project was aimed at (1) extending the studies of CDDP-Cu(ll)-phen combinations as
such, as well as with the addition of a third drug component; (2) determining the potential degree

of selectivity of the most synergic drug combinations.

Methods. Most studies were focused on the most potent Cu(Il)Phen compound (CO0), lead of
the cupper-phen complex series. Wild type and CDDP-resistant human T-leukemia CEM cells,
wild type and CDDP-resistant human ovarian carcinoma A2780 cells, and ex vivo cultures of
human peripheral blood lymphocytes from healthy donors, were used as cell models to
characterize the cytotoxic activity of both binary and ternary drug combinations. Experimental
Design (ED) and Atrtificial Neural Network (ANN) were used for setting experiments and for

evaluation of data.

Results. Binary and ternary drug combinations showed statistically significant synergisms
either against the CDDP-sensitive and the CDDP-resistant cancer cell models. The three-drug
cocktail was the most potent with a markedly higher cytotoxicity against leukemic lymphocytes
than against ex vivo healthy proliferating lymphocytes. An ESI-MS study of CDDP-CO mixed
combination showed the formation of copper-platinum adducts which, leading to the release of
a phenantroline moiety, may -at least in part- explain the synergism observed in the cell models.
In addition, the analysis of phospholipid profiles showed lipid alterations in the CDDP-resistant

CEM and A2780 cells with respect to their parental counterparts.

Conclusions. Besides of the need of further studies to unveil the molecular target(s) of the
triple-drug cocktail, based on the promising selectivity index (SI = 5) for cancer cells,
investigations on its effectiveness in a xenograft mice models of human susceptible and CDDP-

resistant ovarian carcinoma are on the way.
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1. INTRODUCTION

1.1 Cancer

The transformation of a normal cell into a cancer cell involves the progressive accumulation

of genetic, functional and morphological abnormalities.

It is a slow process that, in most cases, is successfully fought by mechanisms of repair and by
the immune system. When these control mechanisms fail, the abnormal cells multiply and differ
further, from the viewpoint of the differentiation and function from the origin cells. Greater are
the genetic abnormalities accumulated, more the cancer cells deviate from the original and the
malignancy will be undifferentiated and invasive leading to uncontrolled proliferation to the

detriment of body tissues.

Cellular masses and aggregates can thus generate and interfere with the physiology of the
organ in which they develop, possibly migrating to distant organs, i.e. metastatic cancer, thus
threatening the life of the subject. As a synonym of the cancer, in the sense of malignant

proliferation, the term neoplasia is also used.

The benign cancer is characterized by an expanding type of growth and it is separated from
the healthy tissue by a capsule, which is not due to the proliferation of the connective tissue, but
to the fact that the cancer mass, while growing compress the surrounding connective; however,

unlike the malignant cancer, it does not spread and if surgically removed it does not relapse.

It is well known now that the causes of cancer are a combination of several internal and
external factors. Internal factors are inherent to the body's cells themselves, as gene mutations,
hormones, misfunction of the immune system and, generally, they cannot be changed. External
factors, instead, are related both to the living and working environment (infectious agents,
chemicals, ionizing and non-ionizing radiations, etc.) and the subject’s lifestyle (diet, physical
activity, smoking). These can be modified through specific prevention interventions whose

effectiveness are amply demonstrated (AIRTUM Associazione italiana dei registri tumori)

As mentioned above, cancer cell often results from mutations of oncogenes or of cancer
suppressor genes and/or alterations of signalling pathways. Among many gene products, p53
plays a key role in the prevention of cancer growth. In fact, it does not function or it works

incorrectly in most human cancers. p53 network in normal, non-activated conditions is not



functional, but it is activated in the cell in response to various signals that occur in the process of
carcinogenesis (Vogelstein et al., Nature, 2000). The main function of p53 is the inhibition of
abnormal cell growth (Sionov & Haupt, Oncogene, 1999) and the triggering of programmed cell
death (Heinrichs & Deppert, Oncogene, 2003). Because these processes ensure genomic
integrity, or destroy the damaged cell, p53 has been called the “guardian of the genome” (Lane,
Nature, 1992). Later on, other important functions, such as DNA repair (Albrechtsen, Oncogene,
1999) and inhibition of angiogenesis (Vogelstein et al., Nature, 2000), were demonstrated.

Loss of normal growth control

Normal
cell division l <

cell damage Apoptosis
Cancer

cell division

First Second Third Uncontrolled
mutation mutation mutation growth

Figure 1. Cancer progression



Cancer metastasis is a multistage process, during which the malignant cells detach from the
original tissue and spread via the hematic or lymphatic systems to other organs where they
reproduce and generate new cancers. Metastasis is a sequence of interconnected steps, each of
them can be limiting because the failure of any stage may stop the process. The result of the
process depends on the intrinsic properties of cancer cells and of the host response. For the
metastasis development, it is needed the generation of a vascular network and the escaping to the

immune response.

Moreover, organ-specific factors can influence the metastasis growth. The entry of cancer
cells into the circulation is common but they are rapidly eliminated. The development of
metastasis is a rare event and it does not exceed 0.01%. Only a few cells in a primary cancer are
able to give metastasis. Therefore, the formation of clinically relevant metastases represents the
survival and growth of selected subpopulations of cells that preexist in primary tumours
(Talmadge and Fidler, Cancer Res., 2010).

Process of Metastasis
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Figure 2. The process of cancer metastasis



1.2 Cancers Classification

The international classification system of the stage of a cancer (staging) is based on the criteria
stated by American Joint Committe on Cancer (AJCC) which considers the following three

parameters:

e size of the primary cancer (T)
¢ involvement of regional lymphnodes adjacent to the cancer (N)

e metastases (M)

Each category, in turn, is divided into subgroups, depending on the progressively growing size
of the cancer, the number of involved lymph nodes, and the presence or absence of distant

metastases.
Depending on the size stand five degrees, from TO to T4.

As regards the lymph nodes, NO is defined a condition where the regional lymph nodes are
not affected, and with an acronym growing N1 to N3 the progressive involvement of a greater
number of nodal stations. The presence of metastasis is characterized by an indication M1, while

MO indicates their absence.

Cancer staging is crucial to determine the most effective treatment plan. The main categories

of cancer are:
- Carcinoma: cancer that begins in the skin or in tissues that line or cover internal organs.

- Sarcoma: cancer that begins in 'bone, cartilage, fat, muscle, blood vessels, or other

connective or supportive tissue
- Leukemia: cancer that originates in hematopoietic tissues, such as bone marrow
- Lymphoma and Myeloma: cancers that arise from cells of the immune system.

- Cancers of the central nervous system: cancers that originate in the CNS.



1.3 Cancer Treatments
Cancer is one of the most important health problems in different countries of the world.

The data of the National Institute of Statistics (ISTAT), report about 175,000 deaths due to
cancer out of about 580,000 deaths that occurred in Italy in 2011. Cancer is the second leading

cause of death (30% of all deaths), following those due to cardio-circulatory diseases (38%).

As a general rule, aim of cancer treatments is to destroy cancer cells causing the least possible
damage to normal tissues. The type of the clinical intervention depends on different individual
factors, i.e. cancer localization, health status of the patient, characteristics and properties of the

cancer cells (Lugmani, Med Princ Pract, 2005).

In the last decades, great advances in the field of cancer therapy have produced a marked
improvement in the successful control of many types of cancer. Surgical excision, radiotherapy
and cytotoxic drugs administration are the tools available for the treatment of cancer. Often
surgery is the main option in the majority of solid cancers and it may be a decisive cure when
there is early diagnosis. Radiotherapy uses radiations to destroy the cancerous cells. Over the
past century, radiotherapy has been the main intervention for the treatment of malignant cancers.
It can be used prior to surgery to reduce the size of a solid cancer or during surgery, intraoperating
radiation therapy, or sometimes as the only therapy if the cancer is very sensitive to radiations.
‘Technological developments in physics, computing capabilities, and imaging have improved
greatly the use of this type of therapy (Ahamad and Jhingran, Int. J.Gynecol Cancer, 2004).

Drug therapy is based on the administration of four categories of drugs: cytotoxic drugs
(chemotherapy), hormones and antihormones (endocrine therapy), immunotherapeutic agents

(immunotherapy) and molecular target agents (targeted therapy).

Chemotherapy employs a wide group of drugs that have cytotoxic effects and preferentially,
but not exclusively, target the rapidly dividing cancer cells. Endocrinetherapy is a more specific
form of treatment, used for example in breast cancer, prostate cancer and endometrial cancer. It
prevents the proliferation of cancer cells that overexpress the receptor for the hormone that
stimulates proliferation. For example, in breast cancer, the drug controls growth in cells

overexpressing the oestrogen receptor. This can be effective in 60-70% of breast cancer patients.

Immunotherapy acts on the immune system with immunotherapeutic agents capable of

stimulating and amplifying the specific immune response and activating it to attack and fight


http://www.ncbi.nlm.nih.gov/pubmed/?term=Ahamad%20A%5BAuthor%5D&cauthor=true&cauthor_uid=15304149
http://www.ncbi.nlm.nih.gov/pubmed/?term=Jhingran%20A%5BAuthor%5D&cauthor=true&cauthor_uid=15304149
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cancer cells. Targeted therapies have been employed exploiting the overexpression of protein in

many cancer cells.

Metabolic inhibitors intervene on specific proteins and pathways involved especially in cancer
cell growth and associated with cell cycle regulation. However, these drugs are at an experimental
stage of development, but represent a very promising approach for future strategies (Lugmani,
Med Princ.Pract., 2005).

1.3.1 Anticancer Chemotherapy

Chemotherapy is a procedure that consists in the administration of cytotoxic drugs in order to
destroy the cancer cells. It is the therapeutic modality more used to cure cancer. The treatment
includes the administration of several drugs selected from a range of about 50 commercially
available products. The decision as to which is the best treatment depends on many factors, such
as the type and stage of the cancer and the clinical conditions of the patient. Chemotherapy may
be implemented after surgery or radiotherapy in order to destroy any remaining cancer cells,
grouped in masses too small to be detected by the diagnostic tools and so it can reduce the chances

of recurrence or, in certain types of cancer, can lead to healing.

Unfortunately, a relevant problem in cancer chemotherapy is the low selectivity of the
antineoplastic drugs. Often, toxic effects are superimposed to the therapeutic effects, as drugs
also affect healthy cells. The action of the common anticancer agents is not, in fact, determined
by specific biological differences between normal cells and cancer cells, but rather only by the
speed at which the later multiply. The conventional chemotherapy is mostly based on the
evidence that proliferating cells are more sensitive to anticancer agents than non-dividing cells.
This is the main reason why these compounds are not cancer specific and their selectivity is
generally in favour of rapidly growing cells (haematopoietic or intestine. i.e.) rather than
discriminating against any fundamental biological difference between normal and cancer cells
(Marchini et al., Curr. Med. Chem. Anticancer Agents, 2004).The sensitivity of the healthy
organs to the various chemotherapy drugs causes the appearance of a multitude of side effects
that vary in part depending on the type of drugs used. The toxicity of chemotherapy occurs mainly
in tissues with high proliferative index: bone marrow (leucopenia, thrombocytopenia, anemia,

immunosuppression, infections), gastrointestinal mucosa (stomatitis, enteritis, mucus-


http://www.ncbi.nlm.nih.gov/pubmed/16103712
http://www.ncbi.nlm.nih.gov/pubmed/?term=Marchini%20S%5BAuthor%5D&cauthor=true&cauthor_uid=15134503

membranous colitis, diarrhea), skin and skin appendages (hair loss), gonads (amenorrhea,

azoospermia)

Moreover, the real effectiveness of anticancer drugs is hampered by the mechanism(s) of
chemoresistance that emerges in the population of cancer cells during chemocycles. To
overcome drug resistance, the best therapeutic strategy is to associate more drugs with different
mechanisms of action in multidrug cocktails. Actually, combinatory chemotherapy
(polychemotherapy) is successfully used in the clinical practice as, by combining different drugs
simultaneously addressing different cell targets, the frequency of drug-resistant mutants is

strongly reduced.

Many anticancer agents are natural compounds extracted from plants, while others are of
synthetic origin. On the basis of mode and site of action, they can be divided into three major

groups: antimetabolites, genotoxic agents and mitotic spindle inhibitors.

Antimetabolites are drugs capable of interfering with the synthesis or use of a cellular

metabolite. Examples are folate, pyrimidine and purine antagonists.

Folate Antagonists or Antifolates are inhibitors of dihydrofolate reductase (DHFR). Among
Folate Antagonists there is Methotrexate that is used for the treatment of a variety of cancer
including acute lymphocytic leukaemia, large cell lymphoma, high grade lymphoma,
choriocarcinoma and cancer of the breast, bladder, head and neck and bone as well as many
inflammatory diseases. Pyrimidine Antagonists may block pyrimidine nucleotide formation or
may be incorporated into newly synthesized DNA, causing its premature termination. Among
Pyrimidine Antagonists there is 5-FU. It is used in the treatment of breast, colon, stomach,

rectum and pancreas cancers.

Purine Antagonists inhibit synthesis of adenine and guanine. The main examples are
Acyclovir, 6-Mercaptopurine and 6-Thioguanine. They are used to cure acute lymphocytic or
myelocytic leukaemia, lymphoblastic leukaemia and acute myelogenous and myelomonocytic

leukaemia.

Genotoxic Agents bind to DNA or blocking the enzymes involved in replication, leading the

cell to apoptosis. This class of drugs can be divided into several groups.

1) alkylating agents that modify the bases of DNA, interfering with replication and
transcription. Examples include Cyclophosphamide, Melphalan, Mitomycin C and

Temozolomide. 2) Intercalating Agents that bind in the grooves of the DNA, interfering with the
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activity of the polymerase during replication / transcription. Examples include Cisplatin,
Epirubicin and Doxorubicin. 3) Enzyme Inhibitors that block replication by inhibiting enzymes
such as topoisomerase. The mutagenic properties of these drugs make them carcinogenic, and so
their use involves additional risk of secondary cancers, such as leukemia. Examples of these are

Etoposide, Topotecan and Irinotecan.

Mitotic Spindle Inhibitors interrupt mitosis by preventing the polymerization of tubulin

monomers, indispensable for the formation of the microtubules that form the spindle needed for
chromosome alignment. Examples are the alkaloids of vegetable and synthetic origin paclitaxel

and docetaxel (Lugmani, Med. Princ. Pract., 2005).

Sites of action of cytotoxic agents
DNA synthesis

. s Antimetabolites

«+ Alkylating agents

DNA duplication === Mitosis
DNA trascription ' '

I

Intercalating agents Spindle poisons

Figure 3. Sites of action of cytotoxic agents.
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2. RATIONAL OF THE RESEARCH PROJECT

2.1 Cisplatin (CDDP) as anticancer agent

H;N Cl
”,” 7 \\\\\\\\
7 7 8\ \)
Yy P W
HaN Cl

CDDP, [Pt(NH3)2ClI2]cis-diammineplatinum(I1) dichloride, is a small planar molecule with
a central platinum ion surrounded by four ligands, two chloride ions and two molecules of
ammonia arranged in the cis position (Goodsell, Stem Cells, 2006). In 1845, it was synthetized
for the first time and in 1893 Alfred Werner deduced its structure (Desoize and Madoulet, Crit.
Rev. Oncol. Hematol. 2002). Later Rosenberg tested the effects of several platinum complexes
on rat sarcomas (Rosenberg, B., Spiro, T.G., Ed., Wiley & Sons, Inc., NY, USA, 1980).

In 1971, for the first time, was administered to a cancer patient (Lebwohl and Canetta, Eur.
J. Cancer, 1998). In 1978, it became available for clinical practice as Platinol® (Bristol-Myers
Squibb).

The discovery of CDDP as an anti-cancer drug gave away to new era in cancer treatment. In
fact, it is widely used in clinical therapy of several solid cancers as ovarian, testicular, breast,

head and neck and small cell lung cancer (Kelland, Nat. Rev. Cancer, 2007).

2.1.1 Mechanism(s) of action of cisplatin

Cisplatin enters the cells via passive diffusion and with protein-mediated transport systems
such as human organic cation transporter hOCT2 and copper transporter Ctr1(Ishida et al., Proc.
Natl. Acad. Sci. USA, 2002; Song, et al., Mol. Cancer Ther., 2004; Burger et al., Br. J.
Pharmacol., 2010).
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Cisplatin applies its biological activity, through hydrolysis, by interaction with DNA. When
it is inside the cell, one of the chloride ligand of the complex is displaced by a water molecule to
form the aqua-complex [Pt(NH3)2(H20)CI]+.This species binds DNA, losing the water
molecule, and forming the mono-functional adduct [PtCI(DNA)(NH3)2]+. Then the second
chloride of this species is displaced by a water molecule, forming another aqua-complex
[Pt(H20)(DNA)(NH3)2]2+. This species interacts with DNA to form the bi-functional adduct
[Pt(DNA)(NH3)2]2+ (Alderden et al., J. Chem. Educ., 2006; Trzaska, Chem. Eng. News, 2005;
Jamieson and Lippard, Chem. Rev., 1999; Toddand Lippard, Metallomics, 2009).

The damage caused by the binding of CDDP to gDNA can interfere with the normal
mechanism of replication and transcription of DNA and it can lead to death of the cancer cell. It
is also known that CDDP form a high amount of adducts in mitochondrial DNA (mtDNA)
(Jamieson and Lippard, Chem. Rev., 1999) and furthermore, the mitochondria are unable to carry
out the nucleotide excision repair (NER), an important route for the removal CDDP-DNA

adducts (Perez, Eur. J. Cancer, 1998), it can be an important pharmacological target of cisplatin.

The most accessible and reactive nucleophilic sites for platinum binding to DNA are the N7
atoms of the imidazole rings of guanine and adenine located in the major groove of the double
helix (Yang and Wang, Pharm. and Therap.,1999). The CDDP forms with the DNA various types
of adducts. At first monofunctional adducts are formed but most of them further react to produce
inter-strand or intra-strand cross-links, which block replication and prevent transcription (Payet
et al., Nucleic Acid Res., 1993).

The principal bifunctional adduct with DNA is the 1,2-intra-strand cross-linking with two
adjacent guanines, which is supposed to be responsible for the cytotoxic activity of the drug
(Toddand Lippard, Metallomics, 2009).

If the cell is not able to repair CDDP-induced DNA damage, apoptosis is triggered. In some
cell lines CDDP causes necrosis, which is considered a mode of cell death due to general cell
machinery failure. In the same population of CDDP-treated cells necrotic and apoptotic cell death
may take place together. It is also known that in the cell only 5-10% of cisplatin is bound to
DNA, while 75-85% of the drug binds to proteins through the sulphur atoms of cysteine and / or
methionine residues and to the nitrogen atoms of istidina residues. The consequence is that the

toxicity of the CDDP is also due to functional protein damage.

In addition, before CDDP accumulates in the cell, it may bind to phospholipids and

phosphotidylserine of the cell membrane. In the cytoplasm many cellular constituents that have

13



soft nucleophilic sites such as cytoskeletal microfilaments, thiol-containing peptides, proteins
and RNA react with CDDP. (Fuertes et al., Chemical Review, 2003)

CDDP also induces reactive oxygen species (ROS) that can break normal biological functions
and carry out cell death. The formation of ROS depends on the duration of exposure to CDDP

and its concentration (Brozovic et al., Crit. Rev. Toxicol., 2010).

Main adducts formed in the interaction
of cisplatin with DNA

Figure 4. Main adducts formed in the interaction of cisplatin with DNA
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2.1.2 CDDP side effects

CDDP shows a high toxicity for normal tissues and this is a restriction for the dose which can
be administered. Side effects are nausea and vomiting, decreased blood cell and platelet
production in bone marrow (myelosuppresion) and decreased response to infection
(immunosuppression). More specific side effects include damage to the kidney (nephrotoxicity),
damage of neurons (neurotoxicity) and hearing loss. (Desoize and Madoulet, Crit. Rev. Oncol.
Hematol., 2002; Tsang et al., Drug Saf., 2009).

Management and strategies are renoprotection and enhance elimination of the drug by

intravenous hydration with the possibility of using an osmotic diuretic.

Earing loss occurs mainly at high frequencies and is more pronounced when cisplatin is given
once every second week (Rademaker-Lakhai, J. Clin. Oncol., 2006). It is necessary to use
otoprotective agents to avoid compromising cancer treatment (Drottar et al., Laryngoscope

2006). Cardio toxicity has also been associated to CDDP treatment.

2.1.3 Mechanisms of CDDP resistance

The effectiveness of CDDP is limited by the emergence of drug resistant cells in the
population of susceptible cancer cells. As said, drug resistance acquired in the course of therapy
IS a major obstacle in the successful treatment of many cancers. A promising initial response of
the cancer to chemotherapy by shrinking of the cancer volume is frequently observed, followed
by appearance of chemoresistance, so that cancer cells do not respond to treatment with the drug
(Duhem et al., The Oncologist, 1996).

CDDP-resistant cells often show several resistance mechanisms acting simultaneously

(Eckstein N., Journal of Experimental and Clinical Cancer Research 2011), which include:

e increased drug efflux / diminished drug accumulation

e reduced uptake

¢ increased drug inactivation

o increased DNA repair / elevated DNA damage tolerance
e inhibition of apoptosis

e inactivation of the p53 pathway

15
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One of the best studied mechanisms of chemoresistance is the increased drug efflux. The drug
efflux reduces intracellular drug concentration and it is partially mediated by cell surface
glycoproteins, which belong to the family of ATP-binding cassette (ABC) of multidrug
transporters (Gottesman, Annu. Rev. Med., 2002). ABC transporters — such as MDR1 and
MRP1- are highly expressed in many human cancers (Haber et al., European Journal of Cancer,
1997; Norris et al., Pharm. Res., 1997; Blanc et al., American Journal of Pathology, 2003;
Munoz et al., IUBMB Life, 2007), and they are associated with the resistance of these cancers to
chemotherapeutic drugs (Haber et al., 1997; Norris et al., Pharm. Res.1997; Gottesman et al.,
Annu. Rev. Med., 2002).

Alternatively, CDDP-resistance emerges in mutant cells with an increased ability to repair or
tolerate damaged DNA (Andrews et al., Cancer Cells 2, 1990; et al., Anticancer Res., 1989 ) or
in cancer cells able to increase the intracellular levels of GSH (reduced glutathione) (Florea et
al., Cancers, 2011), which binds to and inactivate CDDP. Altered sensitivity to CDDP may also
be due to modified expression of regulatory proteins involved in signal transduction pathways
that controls the apoptotic pathways and alterations in the expression of oncogenes (such as c-
fos, c-myc, H-ras, c-jun, and c-abl) and cancer suppressor genes (such as p53) have also been

implicated in the cellular resistance to CDDP (Kartalou et al., Mutat. Res., 2001).

It also has been suggested that Copper transporter 1 (CTR1) can play an important role in
CDDP uptake and resistance. High expression of CTRL1 in patients with ovarian carcinoma was
associated with good therapeutic response, while low levels of the protein lead to poor therapeutic
outcome so the transporter appears to be clinically relevant (Lee Y.Y. et al., Gynecol. Oncol.
2011). Deletion of CTR1 was reported to decrease cisplatin accumulation and to increase
resistance in vitro and in vivo (Ishida et al., Proc. Natl. Acad. Sci. U.S.A. 2002; Lin et al., Mol.
Pharmacol., 2002).

Whatever is the underlying mechanism of resistance, and despite of CDDP is part of several
effective polychemotherapeutic protocols for the treatment of various types of cancer, its real
effectiveness is yet limited by the emergence of drug resistant cell populations. Efforts to
overcome the CDDP resistance have long been made (DeVita et al., Cancer, 1975); for example,
CDDP has been tested in combination with other antineoplastic drugs, such as Fluvastatin
(Taylor-Harding et al., Gynecol. Oncol., 2012), 5-Fluorouracil, Vincristine (Tang et al.,W. J. of
Gastroent., 1998) and Taxol (Huang et al., Jpn J. Clin. Oncol., 2004) leading to promising results.

Although some of these drug combinations have further progressed to Phase I and 11 in vivo trials,
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due to inefficacy or intolerable toxicity, none of them reached a standard use in the clinic
(Rodriguez-Enriquez et al., Mol. Nutr. Food Res., 2009)

2.2 Glutathione and its involvement in CDDP-resistance
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GSH is a thiol-containing tri-peptide (Glu-Cys-Gly), constituting 1-10mM in mammalian
cells. De novo biosynthesis of GSH is controlled by the rate-limiting enzyme, glutamate-cysteine
ligase (GCL, also known as y-glutamylcysteinesynthetase, y-GCS) which consists of a catalytic
(heavy) (y-GCSh) and a regulatory (light) subunit (y-GCSI).

v-GCS carries out the initial ligating reaction of glutamine (Glu) and cysteine (Cys).
Production of GSH is accomplished by the subsequent reaction involving glycine (Gly) by GSH
synthetase.GSH has different physiological functions, first of all the protection of the cell against
oxidative damage. It can reduce metal ions and oxidant species such as reactive oxygen species
(ROS). The oxidized form of glutathione (GSSG) is formed by two glutathione molecules bound
with a disulfide bridge between the cysteine residuals. GSH is oxidized to GSSG by GSH
peroxidase, whereas GSSG can be reduced back to GSH by GSSG reductase using NADPH as a
cofactor.In physiological conditions the intracellular concentration of GSSG is 1/10 of that of

GSH. When the normal ratio GSH / GSSG decreases, glutathione depletion derives.

This problem is correlated with pathologic conditions including cancer. In fact, it has been
shown that the level of GSH in cancer cells is lower with respect to that in normal ones (Chen
and Kuo, Metal-Based Drugs, 2010) and increased cellular GSH levels have been correlated with
resistance to CDDP (Godwin et al., PNAS, 1992).

To explain the role of glutathione (GSH) in regulation of cisplatin resistance several

mechanisms have been proposed: (1) GSH may serve as a cofactor of multidrug resistance
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protein 2 (MRP2) that mediates CDDP efflux in mammalian cells; (2) GSH can serve as a
cytoprotective through detoxification, based on the observations that many CDDP-resistant cells
overexpress y- glutamylcysteine (y-GCS), the rate-limiting enzyme for GSH biosynthesis (Chen
and Kuo, Metal-Based Drugs, 2010); (3) Platinum (1) shows high affinity versus the thiolic
group. Indeed Pt(I1) is a soft ion and it has more affinity towards a soft donor such as the sulfur
atom of GSH than toward a hard one such as nitrogen of DNA bases. If CDDP reacts and forms
adducts with GSH, is no longer able to interact with DNA, resulting deactivated as a drug
(Kasherman et al., J. Med. Chem., 2009). Actually, the formation of this kind of adduct is
controversial in literature. In fact, according to some authors there is the displacement of both
the amine ligands of CDDP to form with GSH the bis-(glutathionato)-platinum [Pt(GS)2].
(Ishikawaand Ali-OsmanJ. Biol Chem.,1993). Other authors propose that direct binding of
CDDP with GSH is not the most important cellular interaction that leads to the inactivation of
the cellular cisplatin (Kasherman et al., J. Med. Chem., 2009). Since the increasing of GSH
concentration is not associated to a decreasing in Pt(I1)-DNA adducts in the tumor cell, it has
been supposed that GSH plays a role in apoptotic regulatory pathways (Siddik, Oncogene, 2003).

GSH may also function as a copper (Cu) chelator. Elevated GSH expression depletes the
cellular bioavailable Cu pool, resulting in upregulation of the high-affinity Cu transporter
(hCtrl), which is also a CDDP transporter. Copper transporter 1 (CTR1) is the major plasma-
membrane transporter involved in intracellular Cu homeostasis, and it has been found to play a
substantial role in the active transport of the CDDP. According to some authors, the increase of
the GSH levels inside the cells could enhance the sensibility of cancer cells to CDDP by
increasing the number of copper transporter and thus the drug uptake within the cell (Chen et al.,
Mol. Pharm., 2008).

2.3 Copper physiology and copper complexes as novel anticancer agents

Copper is a ubiquitous essential metal ion and it is a catalytic enzymatic co-factor in several
biological pathways, as energy metabolism, respiration and DNA synthesis (Marzano et al., Anti-
Cancer Agents in Med. Chem., 2011).Copper produces reactive oxygen species (ROS) and so,

in large quantities, it is toxic to organisms (Halliwelland Gutteridge, Methods Enzymol., 1990)

To control copper levels there is a fine mechanism of homeostasis, based on proteins that
contain cysteine, methionine or histidine-rich domains, that bind free copper (Marzano et al.,

Anti-Cancer Agents in Med. Chem., 2011). In human serum, copper is bound to ceruloplasmin,
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an enzyme containing six copper atoms that are present both as Cu(l) and as Cu(Il), or to albumin

or amino acids (Laussac and Sarker, Biochemistry, 1984 ).

The Cu(Il) can reach the cell where it is reduced to Cu(l) by a hypothetical membrane bound
metalloreductase and absorbed by membrane transporters, basically CTR1 (Marzano et al.,
Anti-Cancer Agents in Med. Chem., 2011). Inside the cell the copper is complexed by a large
variety of ligands, preventing the interaction of free copper with DNA and keeping its
concentration lower than 108 M, (Safaei et al., J. Inorg. Biochem., 2004). The cytoplasmatic
copper(l) is complexed mainly by GSH (Freedman et al., J. Biol. Chem., 1989) that can provide
the metal ion to different intracellular proteins, such as metallothioneins and copper chaperones
(Ferreira et al., Biochem., J. 1993). Being copper an essential element, Cu-complexes might be
less toxic than those of non-essential metal ions, like platinum. As a consequence, in the last
years many copper complexes have been prepared and tested as potential antitumoral agents.
Copper(1l) complexes are supposed to act against cancer cells in different ways with respect to
cisplatin (Santini et al., Chem. Rev., 2014). In most studies, cell apoptosis and enzyme inhibition
(proteasome, topoisomerase | and I, tyrosin protein kinase) were involved (Tripathi et al., Indian
J. Cancer 2007; Nelson and Cox, Lehninger Principles of Biochemistry, 5th ed., 2008), whereas
DNA appears to be the target of copper complexes containing nitrogen chelators, such as phen
(Sigman et al., J. Biol. Chem., 1979).

Copper-phen complexes possess antiproliferative activity towards several tumor cell lines,
since they are able to act as chemical nucleases, cleaving DNA and leading the cancer cells to
death (Chakravarty et al., Proc.Indian Acad. Sci., 2002); some of them have shown anticancer

effects in vitro and in vivo studies (Carvallo-Chaigneau et al., Biometals, 2008).

In a previous work made in my lab, an interesting in vitro antiproliferative activity towards
several tumor cell lines, i.e. murine neuroblastoma , human prostate and lung carcinoma cell
lines, T and B leukemia derived cells, has been shown by a novel class of copper complexes(I1)
withl1,10-phenantroline (phen) (Pivetta et al., J. Inorg. Biochem., 2011 and 2012). In a further
study, it was also shown that three Cu(ll)-phen complexes of the series, i.e. Cu(phen)(OH2)2
(OCI103)2 [1], [Cu(phen)2(OH2)](CIO4)2 CO and [Cu(phen)2(imidazolidine-2-thione)](CIO4)2
[C1], synergistically interact with CDDP in cells derived from a human T-lymphoblastic
leukemia, CCRF-CEM (Pivetta T. et al., Talanta, 2013).

The cytotoxic effects of CDDP in combination with the above Cu(ll)-phen complexes were

evaluated by using the Experimental Design (ED) - Artificial Neural Network (ANN), a new and
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treatments

more reliable methodological approach to determine types of effect and extent of multiple drug
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Figure 5 (A-C). Chemical structure of the compounds [1], Cland.CO

2.4 The research project

In the light of the large amount of information available in the literature on the properties and
limits of CDDP as anticancer agent, including mechanisms of drug-resistance and in view of the
potential clinical relevance of the synergic effect of CDDP with the Cu(ll)-phen complexes,
previously reported in T-leukemia cells (Pivetta et al., Talanta, 2013), my research project was
aimed at extending the studies on the efficacy of CDDP - Cu(ll)Phens combinations in:

a) cells derived from a human type of carcinoma usually treated with CDDP (i.e ovarian

cancer);
b) CCDP-resistant cancer cell populations of hematologic and carcinoma origin;

¢) human peripheral blood lymphocytes from healthy donors, in order to assess the

potential degree of selectivity of the most synergic drug combinations.

Most studies were focused on the most potent compound CO (fig.5B), the lead of our new
Cu(Il)-phen series. As experimental cell models, CDDP-resistant CEM cells (CEMres) selected

from the parental T-leukemia CEM cells (CEMwt; reference cell line), and human ovarian
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carcinoma A2780 cells, either wild type (A2780wt) and CDDP-resistant (A2780res), were used.
The CEMres subline was purposely selected by myself in order to verify whether the synergistic
effect of CO and CDDP in CEM cells was maintained in a CDDP-resistant counterpart. The
A2780 cells were chosen because they are derived from ovarian cancer for which CDDP yet
remains one of the drugs of choice, and because this type of carcinoma is very sensitive to
cisplatin at first, but it becomes resistant to the drug during the chemotherapy cycles, or in
recurrences (Eckstein N., J. Exp. Clin. Cancer Res, 2011).

In regard to the role of GSH in the CDDP-resistance (Florea and Busselberg, Cancers 2011),
worth mentioning is that GSH can reduce free Cu(ll) to Cu(l), with the subsequent oxidation of
GSH to GSSG, but not Cu(ll) to Cu(l) in the CO complex, due to the stabilization effect of phen
ligand towards the bivalent form of the metal ion. Recent data from my lab showed in fact the
formation of two complexes, with one or two molecules of GSH per metal ion (Pivetta et al., J.
Inorg. Biochem., 2012).

Finally, based on the notion that neoplastic cells generally display altered lipid composition
and distribution (Llad6 et al., Biochim. Biophys. Acta, 2014; Szachowicz-Petelska et al., J.
Environ. Biol., 2010; Riboni et al., Glia, 2002), the phospholipid profiles of CDDP-resistant vs.

those of wild type leukemia and carcinoma cell lines were also investigated.

All studies implying drug combinations were performed using the Experimental Design (ED),
for the choice of the mixtures, and the Artificial Neural Network (ANN), for the evaluation of

experimental results in terms of type and degree of drugs’ interactions.
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3. RESULTS AND DISCUSSION

3.1 Selection of CDDP-resistant CEM cells

As said above, a synergic cytotoxic effect was previously observed (Pivetta et al., Talanta,
2013) in T-leukemia CEM cells by combinatory cell treatments of CDDP with the Cu(ll)-phen
complexes [1], [C1], and, especially,CO, by using the Experimental Design (ED) - Atrtificial
Neural Network (ANN), the novel methodological approach that allows to determine type and

extent of drug interactions in multiple drug treatments.

Given the potential relevance of this finding for the clinic of cancer, it was of primary
importance to investigate the effect of such drug combinations in sub-populations of the same
cell line that showed a phenotype of resistance to CDDP (CEMres). To this end, a parallel culture
of CEM cells was serially passaged in the presence of increasing concentrations of CDDP. The
selection of a CEM subline with a stable phenotype of CDDP resistance was a long procedure
that took about 7 months as cell cultivation in the presence of increasing drug doses had to be

alternate with several passages at a constant concentration in order to avoid total cell death.

At first, cells were grown in the presence of a concentration of CDDP equal to 1/2 of the CCsq,
i.e. 0.5 uM. This CDDP concentration was initially increased by 0.25 uM doses at each passage,
but once the concentration of1.50 uM was reached, it was necessary to dwell for five consecutive
passages at the same concentration. If further increased, in fact, the cells started growing with
difficulty, the percentage of viability dropped, and the few viable cells showed the tendency to
form clusters, an unusual feature for this type of cells. After that, the CDDP concentration could
be increased to1.75uM for 2 passages, to 2 uM for 12 passages, then to 2.50 uM for 14 passages,
and finally to 5 uM, the maximum drug concentration at which cells seemed able to multiply; in
my hands, in fact, CEM cells were not able to adapt to CDDP concentrations higher than 5 pM.
The latter cell population was stabilized at 5 uM CDDP by further 15 passages, then amplified,
grown for one passage in the absence of the drug. Aliquots were stored in liquid nitrogen for

experimental use.

At different times during the selection procedure, the sensitivity of cells to CDDP was
determined and compared to that of the wild type-CEM cells by the MTT method. As can be
seen (Table 1A, B, C), only after 52 passages in the presence of CDDP it was possible to obtain
a stable CEM-CDDPres subline showing a Resistance Index (RI) of about 6 (Table 1C).
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It is worth mentioning that cell populations growing in the presence of CDDP, as well as the
final one resistant to CDDP, never showed at any extent cross-resistance to the Cu(ll)Phen
complex CO, indicating a different mechanism(s) of resistance of the two drugs, and thus also
different molecular targets and modes of action. No modification in the cell sensitivity to the

reference compound doxorubicin was ever observed (Table 1 A-C).

Table 1 (A-C). Citotoxicity of CDDPand CO against CEMwtand CEMres

A
CDDP CO Doxorubicin
CEMwt 1.12 pM 1uM 0.02 uM
CEMres 2.6 UM 0.8 uM 0.02 uM
R.1.= 2.32 (14" passage)
B
CDDP CO Doxorubicin
CEMwt 1.12 yM 1.1 uM 0.02 uM
CEMres 2.52 uM 0.8 uM 0.02 uM
R.1.= 2.25 (26" passage)
C
CDDP CO Doxorubicin
CEMwt 1.12 pM 1uM 0.02 uM

CEMres 6.98 uM 0.74 uM 0.02 uM
R.1.= 6.23 (52" passage)

Because cell resistance to CDDP has been reported to be multifactorial, i.e. reduced drug
accumulation, increased drug inactivation, enhanced DNA-repair and increased DNA-damage
tolerance, we deemed appropriate to obtain mechanistically homogenous cell clones from the
mixed CDDP-resistant cell population in order to study them separately. However, despite of the
several efforts made to grow cell clones by single-cell dilutions, an otherwise successful
procedure to obtain cloned cell populations, in no case single-cell cultures were able to survive
and multiply. Failed the separation of CDDP-resistant cells into different cloned populations, all
studies implying CDDP-resistant CEM cells had to be performed on the cell subline stabilized at
5 uM CDDP (Table 1C).
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3.2 Cytotoxic effects of drug combinations against leukemia CEM cells

3.2.1 Set up of the ED

For the study of drug combinations, the concentrations of the drugs should be chosen in the
range within 0 and twice the CCso (concentration of compound that reduce the viable cell by 50%
with respect to untreated cells). Then the knowledge of a simple estimation of CCsp is needed.
To model the dose response curve of each drug and the cytotoxicity response surface an adequate

number of experiments is required. A non-symmetrical experimental design has been used.

The CO and CDDP compounds were studied in the range of concentration of 0-2 uM while
GSH in the interval 0-1000 pM.

We prepared for CEMwt i) 6 combinations of GSH and CO; ii) 6 combinations of GSH and
CDDP; iii) 7 combinations of CO and CDDP; iv) 52 combinations of GSH, C0 and CDDP; v) 10
solutions of CDDP alone, vi) 9 solutions of GSH alone and vii) 11 solutions of CO alone; for
CEM-res i) 9 combinations of GSH and CO0; ii) 9 combinations of GSH and CDDP; iii) 9
combinations of CO and CDDP; iv) 27 combinations of GSH, CO and CDDP; v) 3 solutions of

CDDP alone, vi) 3 solutions of GSH alone and vii) 3 solutions of CO alone.

Following the Experimental Design reported in Figures 6-7, solutions as i), vi) and vii) were
used to study the binary system GSH-CO (Figures 6A,7A); solutions as ii), v) and vi) were used
to study the binary system GSH-CDDP (Figures 6B, 7B); solutions as iii), v) and vii) were used
to study the binary system CDDP-CO (Figures 6C, 7C); solutions as iv), v), vi) and vii) were used
to study the ternary system CDDP-GSH-CO (Figures 6D, 7D).
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Figure 6. Concentration of combinations of (A) GSH and CO0, (B) GSH and CDDP, (C) CDDP and CO, (D) GSH,
CO0 and CDDP for CEMwt cell line.
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Figure 7. Concentration of combinations of (A) GSH and CO0, (B) GSH and CDDP, (C) CDDP and CO, (D) GSH,
CO0 and CDDP for CEMres cell line.
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3.2.2 Determination of the cytotoxicity of the drugs

The experiments were carried out in three replicates. The vitality (% of living cells) after the
treatment with the drugs was measured for each solution with respect to the control (untreated

cells) and converted, for calculation purpose, into mortality (as 100% minus vitality).

3.2.3 Training and verification of the artificial neural network

The concentrations of drugs and the related mortality values were used to form the data matrix.
Concentrations of drugs were used as input data and the experimental mortality as output ones.
The standard back-propagation was used as training algorithm. The optimal neural network
architecture was searched for using the criteria of lowest RMSE and it was found that a three
layers structure with 4 (binary systems) and 5 (ternary system) neurons in the hidden layer was
sufficient. The architecture of the network for the ternary system is shown in Figure 8.

Input layer Hidden layer Output layer

Concentration of CO

Cytotoxicity
Concentration of CDDP

Concentration of GSH

Figure 8. Architecture of the network used for the study of CO-CDDP-GSH ternary system.

The network was trained and verified using the training and validation sets. All points lying
on the borders of the experimental design were included in the training set. Validation points
were chosen randomly on the working space. Among the prepared 101 solutions for CEMwt, 80
were used as training set, 9 as validation set and 12 as test set, among the prepared 63 solutions
for CEMres, 40 were used as training set, 11 as validation set and 12 as test set.

The generalization ability of the network was used to predict the cytotoxicity on the whole
working space according to a bi-dimensional grid with 40 points per side for the binary systems

and according to a cube with 20 points per side for the ternary system. At first, the data of binary
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systems were processed individually. Then, data of binary and ternary systems were processed
together. The results for the binary systems obtained in the two processes were strictly
comparable, proving the robustness and the reliability of the method. The agreement between

calculated and experimental values for all the data for CEMwt cell line is shown in Figure 9 as

example.
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Figure 9. Comparison between experimental and calculated mortality values (m training set, ¥ validation set) for
the ternary systems CO-CDDP-GSH for CEMwit cell line (linear fitting parameters for the equation y = mx+q are m
=0.9951, g = 0.007 with r = 0.9974 for training set, m =0.9536, q = 0.0038 with r = 0.9947 for validation set, m =
0.9912, g = 0.0092 with r = 0.9974 for all the data).

3.2.4 Prediction of the response (cytotoxicity surfaces) for CEMwt cell line

The cytotoxicity of the mixtures and that of the drugs alone for the whole working space, were
calculated by using the network. The dose-response curves for each compound and the

cytotoxicity surface were then obtained.

The calculated dose-response curves together with the experimental points for CDDP, GSH

and CO for CEMwt cell line are reported in Figure 10 A,B,C, respectively.
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Figure 10. Calculated dose-response curve (-s-) and experimental points (m) for (A) CDDP, (B) GSH and (C) CO,
for CEMwt cell line.
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The different trends of the curves may suggest a different action mechanism inside the cells.
The threshold doses (the minimum dose at which the drug presents an effect) for the three
compounds are: 0.25 uM for CDDP, 150 uM for GSH and 0.5 uM for CO. The CCsq values are
in the order CDDP (0.78 uM) <C0(1.05 uM) << GSH (332.1 uM).

The cytotoxicity of CO and CDDP are comparable. Also GSH presents a cytotoxic activity
towards cancer cells.

Binary mixtures

The response surfaces calculated by the network (together with the experimental points) and
the related contour plots for CO-CDDP, CDDP-GSH, and C0O-GSH systems are shown in Figure
11 A,B,C. The calculated values are in good agreement with the experimental ones. The mortality

increases with the concentrations of the two drugs, having similar trend to that one of the dose-
response curve.
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Figurell. Calculated response surface and contour plot of cytotoxicity iso-values for the systems (A) CO-CDDP,
(B) CDDP-GSH and (C) C0-GSH for CEMwt cell line; experimental points (m) are superimposed.
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The areas of cytotoxicity iso-values of the contour plot for the binary mixtures can be explored
to discover the combination with desired cytotoxicity and the related dose of both drugs. For
example, if a toxicity of 50% is searched for, instead of choosing CO alone at a concentration of
0.99 uM or CDDP alone at a concentration of 0.77 uM or GSH alone at a concentration of

403 uM, selected combination may be choosen, as:

e COat0.26 uM and CDDP at 0.40 uM (Figure 11A);
e CDDP at 0.32 uM and GSH at 200 uM (Figure 11B);
e COat0.42 uM and GSH at 200 uM (Figure 11C).

For a toxicity of 70%, instead of choosing CO alone at a concentration of 1.20 uM or CDDP
alone at a concentration of 1.13 pM or GSH alone at a concentration of 769 uM, selected

combination may be choosen, as:

e COat 0.32 uM and CDDP at 0.40 uM (Figure 11A);
e CDDP at 0.63 uM and GSH at 240 uM (Figure 11B);
e CO at 0.47 uM and GSH at 200 uM (Figure 11C).

The possibility to reach the same effect but with lower doses of the drugs gives the chance to

minimize the side effects related to the doses.

Ternary mixtures

The mortality surfaces calculated by the network for the ternary system CDDP-GSH-CO is
shown in Figure 12 A (colour is proportional to the cytotoxic activity of the mixtures). To
simplify the interpretation of the graph and to appreciate the trend of the cytotoxicity also in the

core of the cube, only seven planes along the z axis have been reported in Figure 12 B.

As can be seen from the graph, a low value of cytotoxicity appears for low concentrations of
all the compounds, while for concentration higher than 1 uM for CO or CDDP the activity reaches
quickly the highest value of 100%. Several combinations with a cytotoxic activity of 50% or 70%

may be chosen, as for example:

e COat0.11 puM, CDDP at 0.21 pM and GSH at 250 uM (mortality values of 50%)
e COat0.32 uM, CDDP at 0.11 pM and GSH at 200 uM (mortality values of 50%)
e COat0.11 uM, CDDP at 0.63 uM and GSH at 200 uM (mortality values of 70%)
e COat0.11 uM, CDDP at 0.11 uM and GSH at 650 uM (mortality values of 70%)
e COat0.11 uM, CDDP at 0.42 uM and GSH at 400 uM (mortality values of 70%)
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Figure 12. Full calculated response surface for the ternary systems CDDP-GSH-CO0 for CCRF-CEMwt cell line (A),
some selected planes are reported for clarity (B); the colour of the point is proportional to the cytotoxic activity.

3.2.5 Calculation of the non-additive effect and of the net multidrug effect index in
CEMwt cell line

The non-algebraic additive effect (NAEE) of the combined drugs was calculated according to
the equation already presented (Pivetta et al. Talanta, 2013). The synergistic/antagonistic effect
was evaluated calculating the net multi drug effect index (NMDEI) (Pivetta et al. Talanta, 2013)
for all the points of the used grid. The calculated surfaces show (Figure 13 for the binary systems

and Figure 14 for the ternary system) the possible interactions occurring between two or among
three drugs, allowing to determine if there is a synergistic or an antagonistic effect.
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Figure 13. Synergistic surfaces for the binary systems of (A) CDDP and GSH, (B) C0 and GSH, (C) C0 and CDDP
for CEMwt cell line.
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Figure 14. Synergistic surfaces for the ternary systems CDDP-GSH-CO for CEMwt cell line (A), some selected
planes are reported for clarity (B); the color of the points is proportional to the synergistic effect.
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Binary mixtures of CDDP and GSH

In the plot of the NMDEI as a function of CDDP and GSH concentrations (Figure 12A) a
maximum (value is 42.0) is present for a concentration of CDDP 0.39 uM and of GSH 247 pM.
At these concentrations both the two drugs, taken individually, present a mortality value of 10%,
while their combination present a mortality value of 53.9% (Figure 11B). A synergistic effect is

evident.

In the plot there is a wide area of negative values, in particular in the region where 0.76 uM <
CDDP <1.48 uM and 384 uM < GSH < 684 uM, with a minimum (value is -12.4) at CDDP 1.14
UM and GSH 533 pM. This combination presents a cytotoxicity value of 75.7% (Figure 11B),
while the two drugs alone show at the same concentrations, a cytotoxicity of 69.6% and 65.0%,

respectively. In this case an antagonistic effect is present.

Binary mixtures of CO and CDDP

In Figure 13C is showed the plot of NMDEI as a function of the concentration of CO and
CDDP. There is a wide positive area that indicates a synergistic effect between the two drugs. A
maximum of NMDEI (value is 91.9) appears for CDDP 0.34 uM and CO 0.54 pM. This
combination shows a cytotoxicity of 96.7% (Figure 11A) while the two compounds alone show
at the same concentration of the combination, a cytotoxicity values of 3% and 6%, respectively.
The synergistic effect between CO and CDDP is in agreement with previous findings (Pivetta T.
et al., Talanta, 2013)

Binary mixtures of CO and GSH

In Figure 13B is reported the plot of the NMDEI as a function of CO and GSH concentrations.
A maximum (value is 89.2) is present for CO at 0.60 uM and GSH at 220 pM. At these
concentrations the two drugs, taken individually, present a mortality value of 8% and 6%
respectively, while their combination present a mortality value of 95.7% (Figure 11C). A clear

synergistic effect is evident.

Ternary mixtures of CDDP, GSH and CO

For the evaluation of the three-drug system, cubic surface has been build up, representing the

NMDEI value with the colour of the points (Figure 14A). For clarity, only 6 planes were
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represented in Figure 14B. It shows the influence of the concentration of CO to the cytotoxicity
of the mixtures. In absence of CO (first plane from the bottom), for high concentrations of GSH,
there is antagonism between CDDP and GSH. In presence of concentrations of CO higher than
0.5 uM the antagonism between CDDP and GSH disappears. There is synergism between CO
and CDDP only at low concentration of GSH (for [CO]=[CDDP]= about 0.75 puM) (this could be
explained by the formation of an adduct Pt-CO and high concentration of GSH interfere with this

reaction).
Summarizing it is possible to see that:

- at low concentrations of CO, there is antagonism between GSH and CDDP;
- at low concentrations of GSH, there is a good synergy between CO and CDDP, for a
combination in molar ration of about 1:1.

3.2.6 Calculation of the non-additive effect and of the net multidrug effect index in CEMres

cell line

The cytotoxicity of mixtures and drugs alone, together with the response surfaces, were
calculated by using the network, for the case CEM-res, following the same procedure adopted
for the CEM-wt. The calculated surfaces for the binary systems and that for the ternary system

are reported in Figure 15 and Figure 16, respectively.
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Figure 15. Synergistic surfaces for the binary systems of (A) CDDP and GSH, (B) C0 and GSH, (C) C0 and CDDP
for CEM-res cell line.
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Figure 16. Synergistic surfaces for the ternary system CDDP-GSH-CO for CEM-res cell line (A), some selected
planes are reported for clarity (B); the color of the points is proportional to the synergistic effect.

Binary mixtures

In the plot of the NMDEI as a function of CDDP and GSH concentrations (Figure 15A), there
is a wide negative area that indicates an antagonistic effect between the two drugs. A minimum
of NMDEI (value is -53.8) appears for CDDP 15 pM and GSH 950 puM. This combination shows
a cytotoxicity of 42 %, while the two drugs alone show at the same concentrations, a cytotoxicity

of 94.4 % and 24.9 %, respectively. In the plot, there is a limited positive area, in particular in
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the region where 0.79 uM <CDDP< 3.95 uM and 50 pM < GSH < 300 uM, with a maximum of
4.1.

In Figure 15B, is reported the plot of NMDEI as a function of the concentration of CO and
GSH. In all the studied region, a synergistic effect is evident. Two maximums (values are 70.9
and 65.4) appear for C0 0.42 uM and GSH 900 uM, and for C0 0.53 uM and GSH 350 uM. The
second combination presents a cytotoxicity value of 95.6 %, while the two drugs alone show at
the same concentrations, a cytotoxicity of 10.8 % and 21.8 %, respectively.

In Figure 15C, is showed the plot of the NMDEI as a function of CO and CDDP concentrations.
The wide positive area indicates a synergistic effect between the two drugs. A maximum of
NMDEI (value is 28.3) appears for C0 0.74 uM and CDDP 4.74 pM. This combination shows a
cytotoxicity of 87.8 %, while the two compounds alone show at the same concentrations of the
combination, a cytotoxicity values of 45.5 % and 25.7 %, respectively. In the plot there is a
limited negative area, in particular in the region where 0.11 uM <C0< 0.52 uM and 0.78 uM
<CDDP< 8.68 pM, with a minimum of -2.9.

Ternary mixtures of CDDP, GSH and CO

In Figure 16, the plots show the influence of the concentration of CO to the cytotoxicity of the
mixtures CDDP-GSH. As for CEMwit, in absence of CO there is antagonism between CDDP and
GSH. In presence of concentrations of CO higher than 0.4 uM the antagonism between CDDP
and GSH disappears.

3.2.7 Test points

The most relevant combinations of drugs were chosen as test point and the mixture were
prepared and the corresponding cytotoxicity measured, to compare the experimental values with
the ones calculated by the network. The mortality values calculated with the network are in good
agreement with the experimental ones, confirming the predicting abilities of the network.

3.3 Cytotoxic effects of drug combinations against ovarian carcinoma A2780 cells

It was interesting to investigate if the drugs in binary and ternary combinations one with
another were also active against human ovarian carcinoma cell lines, wild type (A2780wt) and
CDDP-resistant (A2780res). As said above, in fact, CDDP yet remains one of the drugs of choice
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in the treatment of ovarian cancer. This type of carcinoma is very sensitive to cisplatin at first,

but it becomes resistant to the drug during the chemotherapy cycles or in recurrences.

3.3.1 Cytotoxic effects of drug combinations against A2780wt

Cytotoxicity of CO, CDDP and GSH, alone, in binary, and ternary combinations was evaluated
against A2780wt cells after 96 hours of treatment. The numbers of viable cells, as determined by
trypan blue exclusion method, were reported as percentage of untreated controls and converted
in percentage of mortality. Dose-response curves for each compound were determined (not
shown); CCsg values were 0,11uM for CO and 0,22uM for CDDP. GSH displayed a biphasic
curve, but the mortality of GSH-treated cells was below 50% at any concentration (range 1mM-
300uM) tested. With the ED/ANN experimental approach, we prepared for A2780wt cells: i) 9
combinations of GSH and CO0;ii) 9 combinations of GSH and CDDP; iii) 9 combinations of
CDDP and CO0;iv) 27 combinations of CDDP, GSH and CO0; v) 3 solutions of CDDP alone; vi) 3

solutions of GSH alone; vii) 3 solutions of CO alone.

The non-algebraic addictive effect (NAEE) of the combined drugs was calculated according

to the equation already reported (Pivetta et al., Talanta, 2013).

The synergistic/antagonistic effect was determined by calculating the net multidrug effect
index (NMDEI) (Pivetta et al., Talanta, 2013) for all the combinations.

In tables 2 and 3 are reported some of the results with the binary and ternary combinations. In
A2780wt cells, single drug treatment with 0,5 uM, 1 uM and 1,5 uM CDDP showed a cell
mortality values of 66,5%, 68,52 % and 73,91%, respectively. In agreement with the detoxifying
role of GSH into the cells (Godwin et al., Proc. Nat. Ac. Sc. U.S.A., 1992), when CDDP was in
binary combinations with 333 puM, 666 puM and 1000 uM GSH, the mortality was reduced to
only 8%, clearly indicating an antagonistic effect in these range of GSH concentrations. On the
contrary, when CDDP was tested in binary combinations with CO, a strong synergism was
obtained with a percentage of cell mortality of 93%. A synergistic effect was also observed with
the combinations of CO - GSH: the highest index of synergism (SI > 26) was obtained with
0,075uM CO and 1000uM GSH.

As already seen in T-leukemia (CEM) cells, also in the A2780wt, when CO was added to the
antagonistic combinations of CDDP+GSH , mortality values reached 100%, thus clearly showing
that CO was not only able to annul the antagonism of GSH on the cytotoxicity of CDDP, but even

to increase further the anti-cellular effect of CDDP-COQ combinations.
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Table 2. Antiproliferative activity (%) against A2780wt of CO, CDDP, GSH, alone and in binary
combinations

Cell mortality (%)
Compound Binary
. co CDDP GSH L Effect Index (%)
concentrations combinations
C0 0,075 pM 18,62811 .
76,60443 synergism | 2,274408
CDDP 1 pM 68,527236
C0 0,155 pm 63,68527 .
93,30247 synergism | 2,8328006
CDDP 1,5 pM 73,907156
C0 0,075 pM 18,62811 .
47,34364 synergism | 12,90082
GSH 333 pM 19,4351
CDDP 0,5 pM 66,509751 .
37,12172 antagonism | -35,8969
GSH 333 puM 19,4351
C00,25 pm 86,0121
98,4768 synergism | 7,413248
GSH 666 pM 36,11298
CDDP 0,5 pm 66,509751
35,44048 antagonism | -43,1636
GSH 666 pM 36,11298
CDDP 1 pM 68,527236
49, 96638 antagonism | -29,9266
GSH 666 pM 36,11298
C0 0,075 pM 18,62811 .
51,91661 synergism | 26,11989
GSH 1000 pM 8,809684
CDDP 0,5 pM 66,509751 .
30,93477 antagonism | -35,5254
GSH 1000 pM 8,809684
CDDP 1 pM 68,527236
45,52791 antagonism | -25,772
GSH 1000 pM 8,809634

Cell mortality (%)

Table 3. .Antiproliferative activity (%) against A2780wt of CO, CDDP, GSH, alone and in ternary
combinations.

Compound
concentrations

Cco

cDhDpP GSH

Ternary
combinations

Effect

Index (%)

C0 0,155 pM
CDDP 0,5 pM
GSH 666 pM

63,68527

66,50975
36,112398

97,26967

synergism

5,039541

€0 0,155 pM
CDDP 1 pM
GSH 666 M

63,68527

68,52724
36,11298

95,76328

synergism

3,063088

C0 0,155 pM
CDDP 0,5 pM
GSH 1000 pM

63,68527

66,50975
8,809684

97,56557

synergism

8,656037

€0 0,155 pM
CDDP 1 pM
GSH 1000 pM

63,68527

68,52724

8,809684

100

synergism

10,42237
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3.3.2 Cytotoxic effects of drug combinations against A2780res

Cytotoxicity of CO, CDDP and GSH, alone, in binary and ternary combinations was also
evaluated against A2780res cells under the same experimental conditions. Dose-response curves
for each compound were determined (not shown). CC50 values were 0,38 uM for CO and 5.7uM
for CDDP. Again, GSH displayed a biphasic curve, but in the A2780res it did not show any
cytotoxicity at any of the concentrations used (i.e. 1mM-300 pM).

We then prepared: i) 9 combinations of GSH and CO0;ii) 9 combinations of GSH and CDDP;
iii) 9 combinations of CDDP and CO; iv) 27 combinations of CDDP, GSH and CO; v) 3 solutions
of CDDP alone; vi) 3 solutions of GSH alone; vii) 3 solutions of CO alone (Figure 17). The non-
algebraic addictive effect (NAEE) and the synergistic/antagonistic effect was calculated as

above.

In tables 4 and 5 are reported some of the results with binary and ternary combinations. Similar
effects to those showed in wild type cell line, were observed in the resistant cells. Single drug
treatment with 4 uM, 8 uM and 13uM CCDP showed a cell mortality values of respectively 38%,
70% and 87%. When CDDP was in binary combinations with 333 pM, 666 pM and 1000 pM
GSH, its toxic effect decreased, while using the highest GSH concentration it became no toxic
demonstrating a strong antagonism effect. When CDDP was tested in binary combinations with
CO0 a synergic effect was detected, and the percentage of mortality increased until 94% with a
index of synergy of 7%. A synergistic effect was also observed when cells were treated with the
combinations of CO and GSH; 0,2 uM CO with GSH 333uM showing the highest index of
synergy of 87% (table 4).

When CO was added to binary combinations of CDDP+GSH, the antagonism disappeared and
all the ternary combinations resulted synergistic. CCDP 4 pM in single-drug treatment had a
cytotoxic effect (38% of cell mortality) whereas with GSH and 0,2 uM CO cytotoxicity increased
leading to up to a 98% of cell mortality with a index of synergy of 60 % (table 5). The calculated

surfaces (Figure 18) show the possible interactions occurring between the three drugs.

38



Table 4. Antiproliferative activity (%) against A2780res of CO, CDDP, GSH, alone and in binary
combinations.

Cell mortality (%)
Bi
co CDDP GSH Inary Effect | Index (%)
combinations
C00,2puM 0
52 synergism 14
CDDP 4 pM 38
C0 0,4 uM 53
86 synergism 15,14
CDDP 4 uM 38
€004 uM 53
92,4 synergism 6,5
CDDP 8 pM 70
coo2um 0
94,1 synergism 7.1
CDDP 13 pM 87
C0 0,1 uM 0
81 synergism 81
GSH 333 uMm 0
C002uMm 0
87 sSynergism 87
GSH 333 M 0
Coo4pum 53 .
99 synergism 46
GSH 333 pMm 0
CDDP 8 uM 70
30 antagonism -40
GSH 333 uMm 0
coo1pum 0
64 sSynergism 64
GSH 666 uM 0
c00,2um 0 , 85
85 synergism
GSH 666 pM 0
C0 0,4 uM 53
96,3 synergism 43,3
GSH 666 pM 0
CDDP 4 pM 38
7 antagonism -31
GSH 666 pM 0
CDDP & uM 70 i
H 596 antagonism 104
GSH 666 pM 0
CDDP 13 pM 87
69,2 antagonism -17.8
GSH 666 uM 0
C00.2uMm 0
84,8 synergism 84,8
GSH 1000 pM 0
€004 uM 53 _
90,3 synergism 37,3
GSH 1000 pM 0
CDDP 4 pM 38 _
0 antagonism -38
GSH 1000 pM 0
CDDP 8 pM 70
0 antagonism -70
GSH 1000 pM 0
CDDP 13 pM 87
0 antagonism -87
GSH 1000 pM 0

39



Table 5. Antiproliferative activity (%) against A2780res of CO, CDDP, GSH, alone and in ternary
combinations.

Cell mortality (%)

Ternary
co CDDP GSH combinations | Effect Index (%)

C0 0,1 pM 0
CDDP 4 pM a8 81 38 43
GSH 333 uMm 0
C0 0,2 pM o
CDDP 4 pM as 98 38 60
GSH 333 pM 0
C0 0,2 pM 0
CDDP 8 pM 70 98,6 70 28,6

GSH 333 uMm 0
C0 0,1 pM 0
CDDP 4 pM 38 63 38 25
GSH 666 puM 0

C0 0,2 pM 0
CDDP 4 pM a8 85 38 a7
GSH 666 uM 0

C00,2 pM 0
CDDP 8 pM 70 93,4 70 23,4
GSH 666 UM 0
C0 0,2 pM 0
CDDP 4 pM 38 85 38 47
GSH 1000 pM 0
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Figure 17. Concentrations of combinations of (A) CDDP and CO, (B) GSH and CDDP, (C)GSH and CO (D) GSH,
CO0 and CDDP for A2780res cell line.

Figure 18. Some selected planes of the synergistic surfaces for the ternary system CDDP-GSH-CO for A2780res

cells; the color of the points is proportional to the synergistic effect.
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3.4 Copper-Platinum complexes as a mechanism to explain the synergism of

combinations of CDDP with Cu(ll)complexes

The results of the effects of the some binary combinations CDDP+CO against CEMres and
A2780res have altready been published in the Journal of Inorganic biochemistryin 2015 (see

below).

The combinations showed a synergistic cytotoxic effect in both resistant cell lines, and have
proved able to suppress the drug-resistance This synergistic effect could be due to the
simultaneous involvement of the same or different targets (DNA, proteins, enzymes,
biomolecules), or by the formation of adducts, containing copper and platinum. To verify the
presence of these adducts, mass spectra of solutions containing CDDP and Cu(ll)-phen
complexes, have been measured, using the atmospheric pressure Electrospray lonisation at
atmospheric pressure Mass Spectroscopy (ESI-MS). This method was more useful than others,
because the processes of fragmentation are greatly reduced, allowing the detection of even weak
complexes, which cannot be put in evidence with the other systems of ionization stronger which
detected only the signals of the individual complexes. The stoichiometry of the complex observed
with this method was then evaluated based on the models and the results of isotopic
fragmentation spectroscopy tandem MS-MS. Although the same method was used to verify the
presence of adducts between CDDP and the other two complexes of Cu (Il)phen,[1] and C1, but
they have not been tested in the resistant cell lines. In all cases, regardless of the copper complex
used, the formation of a mixed complex was detected. In the adducts the copper and platinum
ions were connected by a bridge of two chlorine atoms, with stoichiometry [CuPt(1,10-
phenathroline)(NH3)(H20)CI]+. In reactions of CO, or C1, with CDDRP it is also released a
phenanthroline, that being itself cytotoxic, could explain the higher antiproliferative activity
shown by the mixtures containing these two complexes, rather than the one containing C1. The
formation of the mixed compound detected with this method, may be a possible mechanism of
the synergistic effect observed. Since the synergistic effect was observed against CDDP-resistant
cell lines, it could also be involved in one or more of the mechanisms that lead to the CDDP
resistance. Worth mentioning, in the published article, complex CO was named [2], while

throughout my thesis the term CO was preferred.

Link at the published article: http://dx.doi.org/10.1016/j.jinorghio.2015.05.004
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gy. A synergistic effect had been previously found when testing binary combinations of cisplatin and three copper
complexes in vitro, namely, Cu(phen}(OH,}>(0ClO5)},, [Cu(phen),{OH,}](Cl04)> and [Cu(phen),(Hdit)]
(Cl0y4)5,(phen 1,10-phenanthroline, H,dit = imidazolidine-2-thione), against the human acute T-
lymphoblastic leukaemia cell line {CCRF-CEM). In this work [Cu(phen)>(OH,}](Cl04), was also tested in combi-
nation with cisplatin against cisplatin-resistant sublines of CCRF-CEM (CCRF-CEM-res) and ovarian (A2780-res)
cancer cell lines. The tested combinations show a synergistic effect against both the types of resistant cells. The
possibility that this effect was caused by the formation of new adducts was considered and mass spectra of solu-
tions containing cisplatin and one of the three copper complexes at a time were measured using electrospray
ionisation at atmospheric-pressure mass spectrometry (ESI-MS). A mixed complex was detected and its stoichi-
ometry was assessed on the basis of the isotopic pattern and the results of tandem mass spectrometry experi-

ments. The formed complex was found to be [Cu(phen)(OH)u-(Cl);Pt(NHs)(H,0)]T.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Cisplatin, cis-diammineplatinum(II} dichloride, is a metal complex
widely used in clinical practice for the treatment of cancer. Cisplatin is
able to enter the cells through passive diffusion and with protein-
mediated transport systems such as human organic cation transporter
T2 and copper transporter Ctr1[1-3]. Cisplatin exerts its biological activ-
ity by interacting with DNA through hydrolysis. In fact, once inside the
cell, one chloride ligand of the complex is displaced by a water molecule
to form the aquo-complex [Pt(NH3)>(H,0)Cl]™. This species binds
DNA, losing the water molecule, and forming the mono-functional
adduct [PtCl(DNA)(NH3),]". The second chloride of this species is
now displaced by a water molecule, forming another aquo-complex
[Pt(H,0)(DNA)(NH5),]>*. This species interacts with DNA to form the
bi-functional adduct [Pt(DNA)(NH;3),]*" [4-7]. The principal bi-
functional adduct with DNA is the 1,2-intra-strand cross-linking with
two adjacent guanines, which is supposed to be responsible for the

* Corresponding author. Tel: +38 0706754473; fax: + 39 070 584597.
E-mail address: tpivetta@unica.it (T. Pivetta).

http://dx.doiorg/10.1016/j.jinorghio.2015.05.004
0162-0134/© 2015 Elsevier Inc. All rights reserved.
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cytotoxic activity of the drug [7]. Despite its great efficacy against deadly
types of tumour, such as breast, ovarian, prostate, testes, and non-small
cell lung cancers [8-11], it causes adverse reactions with dose-
dependent side effects. Furthermore, after some treatment, most pa-
tients develop resistance to cisplatin [12], and, in order to reach the
same therapeutic efficacy, higher doses of the drug are required with a
higher incidence of side effects related to the dose. Cisplatin resistance
could be caused by several mechanisms, such as a decreased influx in-
side the cell, an increased deactivation by biomolecules present in the
cytosol, an increased capacity of DNA repair and an increased efflux out-
side the cell [13,14]. To defeat the drug resistance and reduce the side
effects, a multi-drug (MD) therapy was introduced as a modern ap-
proach. Under the MD regimen, two or more drugs are administered si-
multaneously to exploit their synergism, achieving several advantages
[15]. Synergism arises when the mixture of drugs shows a cytotoxic
activity higher than the pure additive effect of the single drugs. In
synergistic drug combinations, lower doses of each drug can be ad-
ministered, achieving equal or higher therapeutic effects while reducing
side effects and lowering resistance development. With this pur-
pose, cisplatin has often been proposed in combinatorial therapies
with other drugs or with natural products [16-22]. We tested, in a
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previous study, several binary combinations of cisplatin with
[Cu(phen)(OH,}5(0C103),] (1), [Cu(phen);(OH2}](Cl04), (2) and
[Cu(phen),(H,dit}](ClO4), (C1) (phen 1,10-phenanthroline,
H,dit = imidazolidine-2-thione} in vitro against the wild type human
acute T-lymphoblastic leukaemia cell line (CCRF-CEM-wt}, finding a
synergistic effect. Especially, the maximum of synergistic effect was ob-
served for particular combinations of copper complexes and cisplatin,
i.e.5:1 for 1 and cisplatin, 1:1 for 2 and cisplatin and 1:2 for C1 and cis-
platin [15]. In this work, we extended the study of the cytotoxic activity
of the most promising copper complex 2 as a leader compound, on
cisplatin-resistant sublines of leukemic (CCRF-CEM-res) and ovarian
(A2780-res) cancer cell lines. The CCRF-CEM-res cells were purposely
selected in order to verify whether the synergistic effect shown by 2
and cisplatin in the CCRF-CEM-wt cell line [15] was maintained in a
cisplatin-resistant counterpart, even if cisplatin is not used in the
chemotherapic treatment of leukaemia. The A2780-res cells were se-
lected since they are derived from the ovarian cancer for which cisplatin
is still now one of the chemotherapic agent of choice. This kind of cancer
is actually sensitive to cisplatin but becomes resistant to this drug dur-
ing chemotherapy cycles or in recurrences [23].

Copper(Il) complexes are supposed to act against cancer cells in dif-
ferent ways with respect to cisplatin, but the real mechanisms are not
completely clarified to date [24]. Furthermore, as both copper(I} and
copper(II) are involved in several biological functions, it is not univer-
sally accepted that the cytotoxic properties of copper complexes are re-
lated to a specific oxidation state of the metal ion. In most studies, cell
apoptosis and enzyme inhibition (proteasome, topoisomerase I and II,
tyrosin protein kinase) are involved [25,26], whereas DNA appears to
be the target of copper complexes containing nitrogen chelators, such
as phen [27]. The synergistic effect shown by cisplatin and our copper
complexes containing one or two phen molecules may then arise from
several mechanisms, that is, simultaneous involvement of the same or
different targets, such as DNA, proteins, enzymes, biomolecules, but
also through the formation of new adducts. According to the Pearson
acid-base concept [28], platinum(Il} and copper(l} are both soft ions,
whereas copper(Il} has a hard-soft intermediate character. These ions
present an affinity for the same ligands, which may lead to the forma-
tion of polynuclear complexes containing both platinum and copper.
Starting from the above considerations, we decided to verify the forma-
tion of mixed complexes, acquiring mass spectra of solutions containing
cisplatin and copper complexes, using electrospray ionisation in
atmospheric-pressure mass (ESI-MS). This ionisation system limits
fragmentation processes, allowing the additional detection of com-
plexes that fragment readily. The ESI-MS technique is, in fact, suitable
for the study of various complexes [29] and was successfully
applied for the study of copper and platinum complexes [30-36]. Pre-
liminary measurements made using stronger ionisation systems, such
as laser desorption ionisation (LDI} or matrix-assisted laser desorption
ionisation (MALDI}, only showed evidence of signals deriving from the
platinum ion and from copper—phen complexes [15]. Instead, using
ESI-MS, polynuclear complexes containing copper and platinum were
found, and their stoichiometry was assessed on the basis of isotopic
patterns and fragmentation results of tandem mass spectrometry
(MS-MS). The molecules studied in this work are reported in Fig. 1.

2. Experimental section
2.1. Reagents and apparatus

Methanol (CH30H), propanol (CH3(CH»),OH), isopropanol
((CH3),CHOH), CH3CN, DMSO, Hadit, phen and trifluoroacetic acid
(HTFA) were purchased from Sigma-Aldrich. Cis-diammineplatinum(Il}
dichloride (cisplatin} was purchased from Alfa-Aesar. The commercial
reagents were used as received, without any further purification. Ultra-
pure water obtained with MilliQ Millipore was used for all experiments.
Mass spectra in positive-ion mode were obtained on a triple quadruple
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Fig. 1. Formulas and acronyms of the molecules studied in this work. Complex 1 is
Cu(phen )(OH;)2(0CIO3)s, 2 is [ Cu(phen)>(OH)](Cl04 )2, €1 is [Cu(phen), (Hydit) [(CI04).
and cisplatin is cis-diammineplatinum(II) dichloride (phen = 1,10-phenanthroline,
Hodit = the imidazolidine-2-thione).

QqQ Varian 310-MS mass spectrometer using the atmospheric-
pressure ESI technique. The sample solutions were infused directly into
the ESI source using a programmable syringe pump at a flow rate of
1.50 ml/h. A dwell time of 14 s was used and the spectra were accumu-
lated for at least 10 min in order to increase the signal-to-noise ratio.
Tandem MS-MS experiments were performed with argon as the colli-
sion gas (1.8 PSI) using a needle voltage of 6000 V, shield voltage of
800 V, housing temperature of 60 °C, drying gas temperature of 120 °C,
nebuliser gas pressure of 40 PSI, drying gas pressure of 20 PSI and a de-
tector voltage of 2000 V. The collision energy was varied from 2 to 45 V.
The isotopic patterns of the measured peaks in the mass spectra were
analysed using mMass 5.5.0 software package [37-39]. The assignments
were based on the copper-63 and platinum-195 isotopes.

2.2. Preparation of 1, 2 and C1

The synthesis methods for 1, 2 and C1 have previously been reported
[40,41]. However, in this work, we report new synthetic routes with
less-toxic solvents and/or with higher yields.

[Cu(phen}(OH,),(0Cl03),] (1): The basic carbonate of copper(II}
Cu2(CO3)}(OH), (1.0 g, 4.54 mmol} was suspended in isopropanol
(50 ml}, and the suspension was warmed to boiling point. Concentrated
perchloric acid was slowly added to the suspension, whilst stirring, until
a clear-blue solution was obtained. The solution was boiled for 10 min to
remove all carbon dioxide that was formed, and then it was cooled to
room temperature. An isopropanolic solution of phen (0.4 g,
2.22 mmol) was slowly added drop-wise whilst stirring. In presence
of opalescence, the addition of phen was interrupted and the solution
was left stirring until the precipitate disappeared, and phen addition
was then resumed. The entire process required 3 h. The resulting blue
solution was filtered, concentrated under vacuum (10 ml) and left to
crystallise. Blue crystals were obtained after 12 h. The percentage yield
was 95% (calculated on the basis of the amount of phen). The product
was re-crystallised from CH3CN. The final yield was 98%. Anal. Calcd.
for Cu(phen)(OH2)2(Cl04)>: €30.11, H 2.53, N 5.85, found: C 30.87, H
2.66,N 5.79.

[Cu(phen}>(OH,}](Cl04)2 (2): The basic carbonate of copper(Il}
Cu2(CO3)}(OH), (1.0 g, 2.22 mmol} was suspended in isopropanol
(50 ml} and the suspension was warmed to boiling point. Concentrated
perchloric acid was slowly added to the suspension, whilst stirring, until
a clear-blue solution was obtained. The solution was boiled for 10 min to
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remove all carbon dioxide that was formed, and then it was cooled to
room temperature and an isopropanolic solution of phen (1.64 g,
444 mmol) was slowly added. The resulting turquoise precipitate was
filtered off under vacuum, washed with isopropanol and dried at
room temperature. The percentage yield was 88%. The product was re-
crystallised from CH;CN. The final yield was 99%. Anal. Calcd. for
Cu(phen),(OH,)}(Cl04),: C 44.98, H 2.84, N 8.74, found: C 44.30, H
2.96,N 891.

[Cu(phen},(H,dit}](ClO4), (C1): A portion of 2 (0.30 g, 0.41 mmol}
and H,dit (0.048 g, colourless) were suspended in distilled water
(50 ml). The suspension was stirred for 12 h at room temperature,
after which a green powder was recovered by filtration under vacuum.
The product was washed with water and dried at room temperature.
Yield: 80%. The product was re-crystallised from CH3CN. The final
yield was 97%. Anal. Calcd. for Cu(phen),(Hadit)(ClO4)2: € 44.73, H
3.06,N 11.59, found: C45.01, H 2.98,N 11.30.

2.3. ESI-MS measurements

2.3.1. Copper complexes

A solution of 1 was prepared by dissolving an appropriate amount of
the compound in water containing 0.05% of HTFA (v/v). Solutions of 2
and C1, which are both insoluble in water, were prepared by dissolving
an appropriate amount of the compounds in DMSO (100 ul) and diluting
to 50 ml with water containing 0.05% of HTFA (v/v). The stability of the
compounds in DMSO or in DMSO/water/HTFA solutions was checked by
measuring the UV-visible (UV-Vis} absorbance of the resulting solu-
tions during the time. No changes in the UV-Vis absorbance were evi-
denced in 14 days.

All sample solutions were mixed with methanol in 1:1 H0/CH;0H
volume ratio immediately before the mass measurements in order to
improve the quality of the spectra. Mass spectra of 1, 2 and C1 were re-
corded in the m/z range 100-1000 at a final concentration of 0.5 mM.
The same experimental conditions were used for the three compounds
(needle voltage 4500 V, shield voltage 600 V, housing temperature
60 °C, drying gas temperature 120 °C, nebuliser gas pressure 40 PSI, dry-
ing gas pressure 20 PSI, and detector voltage 1450 V).

2.3.2. Cisplatin

A solution of cisplatin was prepared by dissolving an appropriate
amount of the compound in water containing 0.05% of HTFA (v/v).
The solution was mixed with methanol in 1:1 H,0/CH30H volume
ratio immediately before the mass measurements in order to improve
the quality of the spectra. The mass spectrum of cisplatin was recorded
in the m/z range 100-1000 at a final concentration of 0.5 mM. The ex-
perimental conditions were: needle voltage 6000 V, shield voltage
600 V, housing temperature 60 °C, drying gas temperature 120 °C,
nebuliser gas pressure 40 PSI, drying gas pressure 20 PSI, and detector
voltage 2000 V.

2.3.3. Binary combinations

Solutions containing a copper complex and cisplatinin 10:1, 5:1 and
1:1 Pt/Cu molar ratios were prepared, keeping the cisplatin concentra-
tion constant (1.0 mM}). Sample solutions were mixed with methanol
in 1:1 H,0/CH30H volume ratio in order to improve the quality of the
spectra. So as not to alter the complex formation equilibria, methanol
was added immediately before the mass spectra were recorded. Solu-
tions containing cisplatin and the copper complex were analysed at
4500, 600 and 1500 V as needle, shield and detector voltages, respec-
tively, for studying masses in the m/z range 100-450, and at 6000, 800
and 2000 V as needle, shield and detector voltages, respectively, for
studying masses in the m/z range 450-1000. All other parameters
were kept constant during the experiments (housing temperature
60 °C, drying gas temperature 120 °C, nebuliser gas pressure 40 PSI,
and drying gas pressure 20 PSI).
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2.4. Biological assays

24.1. Cell lines

The cisplatin-resistant subline of human acute T-lymphoblastic leu-
kaemia (CCRF-CEM-res) and cisplatin-resistant subline of human ovar-
ian carcinoma (A2780-res) were used in the study. The CCRF-CEM-res
subline was obtained by us (see Section 2.4.2); the cell line was main-
tained in culture between 1 x 10° cells/ml and 1 x 10° cells/ml in
RPMI medium 10% foetal bovine serum (FBS) with 1% kanamycin
(growth medium). To the growth medium for CCRF-CEM-res cell cul-
tures, we also added cisplatin (5 uM}. A2780-res cells were a generous
gift by Dr. Eva Fischer (Tumor Biology Laboratory, The Ion Chiricuta
Oncology Institute, Cluj-Napoca, Romania) and were grown in RPMI
medium with 2 mM glutamine and 10% FBS. Cell monolayers were
sub-cultivated when they reached 70% confluency (every 3—4 days)
by a 1:3 ratio. In order to keep the cisplatin resistance, A2780-res
were cultured in the presence of 1 uM cisplatin every two to three pas-
sages. All cell lines were periodically checked for micoplasma contami-
nation. For the experiments, each cell line was replaced every 3 months
with freshly-towed cells from the cell stores in liquid nitrogen.

2.4.2. Selection of the cisplatin-resistant CCRF-CEM subline

A CCRF-CEM subline able to grow at the same extent in the absence
and in the presence of 5 UM cisplatin (CCRF-CEM-res) was obtained by
serial passages of wild-type cells in the presence of increasing cisplatin
concentrations, starting from a sub-inhibitory concentration (0.5 uM).
At each cell passage (every 3-4 days}), the number of viable cells of
cisplatin-treated cultures was compared to that of duplicate untreated
cultures. The cisplatin concentration was increased at each cell passage
up to 1.50 uM; from then on, cisplatin-treated cultures grew poorly and
much slower than their untreated counterparts and had to be kept
(5-10 passages) at the same cisplatin concentration until the cell popu-
lation had regained original growth timing and viability. At intervals
during the selection process, the level of cisplatin resistance was
checled by the 3-(4,5-dimethylthiazol-2-y1}-2,5-diphenyl-tetrazolium
bromide (MTT) method in cells that had grown without the drug for
one passage; doxorubicin was used as a reference compound to evalu-
ate the cisplatin-resistance specificity. Given that cell cultures never
survived at concentrations over 5 pM, the cell population was stabilised
by 15 further passages at 5 uM cisplatin, and then grown without the
drug for one passage, checked for the level of resistance as described
above, and finally stored in aliquots in liquid nitrogen for further use.

2.4.3. Cytotoxic assays

Stock solutions of the copper complexes were prepared in DMSO
(1 mM} and stored at 4 °C in the dark. The biological stability of these
solutions was checked verifying the cytotoxic activity measured by
using the same solutions over more than 6 months. The tested com-
pounds maintained the same IC50 (concentration required to inhibit
cell proliferation by 50% with respect to untreated cells) in all the per-
formed experiments. The DMSO solutions of cisplatin (1000 x of the
highest concentration to be used on the cell culture), being stable only
for few hours and showing a decreasing of the cytotoxic potency during
the time, were prepared in DMSO and diluted to the necessary concen-
tration each time immediately before the experiments.

Dilutions of the drug stocks for biologic investigations were made
in RPMI medium at 2 x the final concentration for single drug evalua-
tions, or at 4x the final concentration for evaluation of dual drug com-
binations. The concentration of DMSO in the cells was never higher
than 0.1%. The effects of the drugs and drug combinations were evaluat-
ed in cultures of exponentially growing cells; for experiments in
cisplatin-resistant cell cultures, both CCRF-CEM-res and A2780-res
cells were allowed to grow in the absence of the drug for 1 passage.
CCRF-CEM-res cells were seeded at a density of 1 x 10° cells/ml of
growth medium in flat-bottomed 96-well plates and simultaneously ex-
posed to the drugs or drug combinations. A2780-res cells were seeded
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at 5 x 103 cells/well of flat-bottomed 96-well plates and allowed to ad-
here overnight before of the addition of the drugs or the drug combina-
tions. Cell growth in the absence and presence of drugs was determined
after 96 h of incubation at 37 *Cand 5% CO, (corresponding to three to
four duplication rounds of untreated cells}, through both the viable cell
counting, with the trypan blue exclusion method, and the MTT method
[42,43]. Values obtained in drug-treated samples were expressed as
percentages of those of their respective controls. Dose-response curves
for each drug were determined and the IC50s of single drugs and drug
combinations were calculated.

3. Results and discussion
3.1. Synthesis

The synthesised compounds were characterised, in addition to ele-
mental analysis, by infrared (IR} and UV-Vis spectroscopy, finding
results in agreement with the previously reported data [40,41]. The
new synthesis method of 1 led to a crystalline product with a higher
purity (295%) and yield. The obtained compound, which must be stored
under vacuum, is hygroscopic and deliquescent. It is stable for a number
of months at room temperature in a desiccator, but if warmed, its colour
changes from blue to turquoise. The turquoise product was
characterised by elemental analysis and IR spectroscopy and it resulted
to be 2. In the synthesis method of C1, the previously used solvent
CH3CN was changed to H,0.

3.2. Cytotoxicity measurements

The cytotoxic activities of 2 and cisplatin, both alone and in dual drug
combinations, were evaluated against CCFR-CEM-res and A2780-res
human cell lines. Dose-response curves for 2 and cisplatin were obtain-
ed, and the IC50 values were determined. Copper complex 2 showed
IC50 values of 0.75 and 0.24 pM in CCFR-CEM-res and A2780-res cells,
respectively. Cisplatin showed IC50 values of 6.98 and 5.3 uM for
CCFR-CEM-res and A2780-res cells, respectively. Dose-response curves
of 2 and cisplatin in cisplatin-resistant cell lines are reported in the
Supplementary Information (Fig. S1). The effects of single drugs and
dual drug combinations on the tested cell lines are reported in Table 1
as a percentage of the untreated controls. In all cases, combinatorial
treatment gave rise to a synergistic interaction between cisplatin
and the studied copper complex. In particular, it is worth mentioning
the synergistic effect shown by combinatorial treatments against
cisplatin-resistant cell lines, which has evident potential in the clinic
of cisplatin-resistant cancers.

Table 1

Antiproliferative activity (%) against cisplatin-resistant leukemic cancer cells (CCRF-CEM-
res), cisplatin-resistant ovarian cancer cells (A2780-res) exhibited by copper complex 2,
cisplatin and their binary combinations.

2 Cisplatin  Antiproliferative  Cell line Effect Index of
M) (M) activity (%) synergy”
0.67 40.0 CCRF-CEM-res

5.0 282
0.67 5.0 88.0 synergism  31%
0.60 24.0

4.0 17.5
0.60 4.0 59:5, synergism  22%
0.20 327 A2780-res

40 6.0
020 40 58.4 synergism  22%
c.10 6.0
010 40 20.0 synergism 8%

* Calculated as in Ref. [15].
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3.3. ESI-MS results

3.3.1. Copper complexes

In the mass spectra of 1, 2 and C1, only mono-charged species con-
taining copper(Il) or copper(I} were evidenced. Reduction of Cu(Il} to
Cu(I) is commonly observed in the ESI phase for solutions of Cu(Il}
salts [44]. Characteristic isotopic peaks for copper- and copper—chlo-
rine-containing ions were clearly seen, and the isotopic patterns of
these peaks confirmed the elemental composition of the observed
ions. The most relevant peaks are assigned in the shown spectra
(Fig. 2}, whereas calculated and experimental isotopic patterns for se-
lected peaks are reported in the Supplementary Information (Fig. S2}.
In the spectrum of 1 (Fig. 2A), the most important signals correspond
to [Cu™(phen)(ClO4)]* (m/z 342), [Cu™(phen)Cl]* (m/z 278) and
[Cu®(phen)|* (m/z 243) species. The last two species derive from frag-
mentation-recombination reactions occurring during the MS-MS of the
parent compound [Cu™(phen)(Cl0,4)]*. In the insert the peaks falling
in the m/z range 340-350 are reported. Also other complexes were
recognised, but they were identified as adducts with TFA or as the prod-
ucts of exchange reactions with fluorine carried out by the TFA. These
complexes were [Cu™(phen)(TFA)]* (m/z 356), [Cu®(phen)F]* (m/z
262), and [Cu™(phen),(TFA)]* (m/z 536). In the spectrum of 2
(Fig. 2B}, some species observed in the spectrum of 1 are present
([Cu™(phen)Cl]* (m/z 278), [Cul®(phen)(TFA)]* (m/z 356),
[Cu™(phen),(TFA)]* (m/z 536)) together with [phen-+H]*( m/z
181), [Cu®(phen),] ™ (m/z 423), [Cu™(phen),Cl] ™ (m/z 458), and
[Cu™(phen),(ClO4)]T (m/z 522). The species [phen+H]™,
[cu®(phen),]* and [Cu™(phen),Cl]* are fragmentation products
of the parent compound [Cu'(phen),(ClO4)]*. In the spectrum of
C1 (Fig. 2C), some species observed in the spectrum of 1 and 2 are
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Fig. 2.ESI mass spectra (4) of 1 (A), 2 (B) and €1 (C); 0.5 mM, 50:50 methanol/water with
0.05% of trifluroacetic acid (phen = 1,10-phenanthroline, Hodit = the imidazolidine-2-
thione, TFA = trifluroacetate ion).
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present ([phen+H]*(m/z 181), [Cul’(phen)]t* (m/z 243),
[cu™(phen)Cl]* (m/z 278), [Cul™(phen)(TFA)]* (m/z 356),
[Cu™(phen),CI]™ (mjz 458), [Cul™(phen),(CIO4H ]+ (m/z 522),
[cul(phen),(TFA)]* (m/z 536)) together with species containing
the thionic ligand Hadit, that is, [Cu"™®(phen), (Hdit)]™ (m/z 524),
[Cu™(phen)(Hdit)]™ (m/z 344), and [Hodit+H]* (m/z 103). In the
inserts are reported the peaks falling in the m/z ranges 340-350
and 520-530. The presence of the [phen+H] ™ signal in the spectra
of 2 and C1, is due to the fragmentation of the Cu-phen complexes.
The species [Cu™(phen)]*, [Cu™(phen)Cl] ™, [Cul(phen)(TFA)]™,
[cu™(phen),(TFA)]* are detectable in all the spectra, as fragmenta-
tion products of the parent compounds. The species [Cu'"(phen)
(Hdit)] " and [Hpdit-+H]™ are fragmentation products of the parent com-
pound [Cu™ (phen),(Hdit)]*. The occurrence of [Cu(phen),(TFA)]*
also in the spectrum of 1, is due to a reaction in ESI phase between the
monochelate complex Cu-phen and the freed phen (the intensity of
the related signal at m/z 536, lowers directly with the needle potential}.
All the fragmentation processes were studied by tandem MS-MS. The
assignments are tabulated with calculated m/z values in Table 2 (rows
1-18).

It is interesting to remark that, although the copper complexes have
been measured at the same molar concentration, their mass spectra
presented different intensities, from 4.5 x 10° (for 1) to 1.75 x 10° a.w.
(for 2).

3.3.2. Cisplatin

The ESI-MS spectrum of cisplatin is reported from m/z 200 to 315 in
Fig. 3 and from 300 to 600 in Fig. S3. Due to the number of the isotopic
peaks of the metal ion and to the limited resolving power of the instru-
ment, the peaks in the spectrum appear broad. The signal related to the
protonated cisplatin, [Pt(NH3},Cl,+H] ", appears at m/z 300. Other sig-
nals related to [Pt(NH3),Cl] T, [Pt(NH3)CI]* and [Pt(NH,)] " are present
at m/z 264, 247, and 211, respectively. A signal interpreted as a mixture
of [Pt(NH3)3(H20),Cl]T (78%) and [Pt(NH3)2(H20)sCl]T (22%) is

Table 2
Spedies identified from the ESI-MS studies.
Row Ion Composition Exp. Calc.
miz=  mjz
1 [Cu(phen)s(TFA),(ClO4)|* CasHisClCUsFsN O 810.94 81091
2 [Cuy(phen),(TFA)CI]* CasHisClCUFN O 746.90 746.94
3 [Cus(phen)y(TFA)(OH)(H20)2]t  CogHaCusFsNgOs  714.86 71493
4 [Cuz(phen),(TFA)CL, |+ CogHysClCu,FsN4D,  668.87 668.92
5 [Cu(phen),(TFA)|* CoH1gCUFsN40, 536.11 536.05
6 [Cu(phen),(Hdit)]* Ca7Hz CuNgS 522.02 524.08
7 [Cu(phen)2(Cl04)]* Ca4H1sC1CUN4O, 521.95 522.01
8  [Cu(phen),Cl]* CaqHysCICUN, 458.03 458.04
9 [Cu(phen),]* CaqHisCuN, 423.05 423.07
10 [Cu(phen)(TFA)|* Cy4HsCUFsN;04 35594 35598
1 [Cu(phen)(Hdit)]* CysHyzCuNgS 343.99 344.02
12 [Cu(phen)(ClO,)]* Cy2H5CICUN,04 341.88 34195
13 [Cu(phen)Cl]t Cy2HsCICuN, 277.92 277.97
14 [Cu(phen)F]* Cy2HgCUFN, 261.95 262.00
15 [Cu(phen)(H,0)]* Cy2H1oCuN,0 260.94 261.01
16  [Cu(phen)|* Cy2HsCuN; 242.96 243.00
17 [phen+H]* CyoHoNy 181.05 181.08
18 [Hadit+H]* CsH7N,S 102.99 103.03
19 [PLy(NHs),Cl]* HyzCLN4PG, 562.79 562.94
20 [Pty(NH3)sCls]* HsClaN5Pt, 54580 54592
21 [Pt(NHz)2(Hz0):Cl* Hi2CIN,03Pt 318.88 318.02
22 [Pt(NHs)s(H,0):Cl]*+ HyzCIN;0,Pt 317.84 317.03
23 [Pt(NHs),Cl+H]* HClN,Pt 300.84 299.96
24 [Pt(NHs)Cl]*" HeCIN,Pt 263.88 263.99
25 [Pt(NHs)CI* HsCINPt 246.85 246.96
26 [Pt(NHy)|* H,NPt 210.88 21098
27 [CuPt(phen)(H,0),(OH)ClL]* CioHiaClLCUN, 0Pt 560.90 560.92
28 [CuPt(phen)(H,0)(NH3)(OH)ChL]"  CipHiyClLCuN;0Pt  559.90 559.94
28 [CuPt(phen)(H,0),Cl,]* Cy2HypClLCUN,O-Pt 54395 543.92

* The experimental and calculated m/z values refer to the peak representative of the
monoisotopic mass.
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Fig. 3. ESI-MS (+) spectrum of cisplatin in the m/z 200-315 range; 0.5 mM, 50:50 meth-
anol/water with 0.05% of trifluroacetic acid.

present at m/z 317-318. At m/z 546 and 563, signals of the di-nuclear
complexes [Pty(NH3)3Cl3] " and [Pty (NH3)4Cl3]™ can be seen. Calculated
and experimental isotopic patterns for selected peaks are reported in
the Supplementary Information (Fig. S4). In the species containing plat-
inum and NH3, a double bond between platinum and nitrogen ion is
present, which has already been reported [36,45]. It is important to re-
mark that the mass-spectral profile of cisplatin solutions begins to
change 1 h after preparation, as the compound undergoes hydrolysis.
In fact, the signals at m/z 300, 264 and 247 decrease in intensity and ad-
ducts with water and methanol are formed. The assignments are tabu-
lated with calculated mj/z values in Table 2 (rows 19-26).

3.3.3. Binary combinations

Several binary mixtures of cisplatin and copper complexes were pre-
pared and their mass spectra were acquired in order to verify the forma-
tion of a mixed complex.

3.3.3.1. Cisplatin and copper complexes. The number and the aspect of the
signals present in the spectra are strongly dependent on the chosen ex-
perimental conditions of needle, shield and detector voltages. Generally,
increasing the voltage of the needle, shield and detectors causes the
fragmentation processes to increase. The fragmentations are helpful,
as they are characteristic of the molecule and provide structural infor-
mation. However, as the fragments themselves can undergo to a further
fragmentation, the resulting spectra could become difficult to under-
stand. On the other hand, a voltage that is too low determines a fall in
the overall ion current, leading to a reduction in the ionisation efficien-
cy. These issues could determine non-reliable signals [46].

The mass spectra of the binary combinations were collected by vary-
ing the voltage values in order to find the optimal conditions. In all the
experiments, signals with isotopic pattern characteristic of species
containing both copper and platinum were observed. However, at nee-
dle, shield, and detector voltages of 4500, 600, and 1500 V, respectively,
the signals with reliable intensities (10° magnitude) were characteristic
of species containing only copper as the metal ion. In particular, signals
of the species [Cu*(phen)(TFA)] ™ (m/z 356), [Cu(phen)(H,0)]* (m/z
261), and [Cu™(phen)]™ (m/z 243) were present. To observe signals of
the other ions with sufficient intensity, needle, shield, and detector
voltages of 6000, 800, and 2000 V, respectively, were used. The binary
combinations were tested at 1:1, 5:1 and 10:1 platinum/copper molar
ratios. In the spectra of the equimolar mixtures, the signals originating
from the copper complexes were more intense than those originating
from cisplatin. The measured mass spectra of the solutions containing
cisplatin and 2 at the three different molar ratios are reported as an ex-
ample in Fig. S5. The signals of the mixed complexes containing both
copper and platinum appeared at all molar ratios for all of the studied
systems; however, at 1:1 platinum/copper, the more intense signals
(marked with “*" in Fig. S5) were attributed to mono- and poly-
nuclear copper complexes. The stoichiometry of these complexes
were identified from the m/z value and from the isotopic pattern as
[Cu®™(phen)o(TFA)CL] T (m/z 669), [Cus(phen),(TFA)(OH) (H>0),] "
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(m/z 715), [Cu™,(phen),(TFA),Cl]* (m/z 747) and [Cu®™,(phen),
(TFA),(ClO4)] " (m/z 811).

At 10:1 platinum/copper molar ratio, together with signals of copper
and mixed copper-platinum complexes, signals of poly-nuclear com-
plexes containing two or more platinum ions and a variable number
of chlorine, ammonia and water molecules, were present in the m/z
range 800-1000. The lack of a good pattern resolution prevented the de-
termination of their exact stoichiometry. From these results, it followed
that the combination at 5:1 platinum/copper molar ratio was the best
one to study mixed platinum-copper complexes.

In Fig. 4, the mass spectra of solutions containing cisplatin and 1, cis-
platin and 2 as well as cisplatin and €1, at 5:1 platinum/copper molar
ratio, are reported (signals from the copper complexes are marked
with “*"). As can be seen, the mass spectra of all systems present a sim-
ilar profile, even if they have different intensities, indicating that the
same mixed complexes were formed. In particular, the signals with
the isotopic pattern typical of mixed platinum-copper complexes fall
in the m/z range 540-660. As for the copper complexes, the stoichiom-
etry of these mixed complexes was identified from the m/z value and
from the isotopic pattern. In many cases, convoluted signals were
observed, owing to the simultaneous presence of complexes with simi-
lar masses. In this case, the experimental pattern was attributed to a
weighted combination of the isotopic pattern of the different molecules.
The weights, that is, the percentage in which each molecule was pres-
ent, were obtained by multivariate regression analysis of the experi-
mental data. An example of this treatment is reported in Fig. S6, in
which the experimental pattern can be compared to the theoretical
one, calculated as a contribution of four molecules.

From the analysis of the spectra, we identified three principal com-
plexes, all mono-charged with the following stoichiometries: I)
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Fig. 4. ESI mass (+) spectra of cisplatin and 1 (A), cisplatin and 2 (B), cisplatin and C1

(C€) (cisplatin 0.5 mM, copper complex 0.1 mM, 50:50 methanol/water with 0.05% of
trifluroacetic acid). In the spectra, copper complexes are marked with “*”.
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Fig. 5. Tandem MS-MS spectrum of the signals at m/z 561. The isotopic pattermn was par-
tially lost for the low signal intensity and for the little range of m/z isolated (collision en-
ergy 20 V, charges are omitted for clarity, the two nitrogen connected by a curved line
represent the phen molecule).

[CuPt(phen)(H,0),(OH)Cl,] " (m/z 561}, 1) [CuPt{phen }(H,0)(NH3)
(OH)Cl,] ™ (m/z 560), and II) [CuPt(phen)(H,0),Cl,]" (m/z 544). To-
gether with I-III, nine other complexes were identified, but they turned
out to be adducts with TFA or products of exchange reactions with the
fluorine carried out by the TFA. These nine complexes could be thought
as by-products (the complete list of these complexes is reported in the
Supplementary, Table S1). The assignments are tabulated with calculat-
ed m/z values in Table 2 (rows 27-29).

3.3.3.2. Tandem MS-MS. Tandem mass spectrometry was essential to
confirm the proposed stoichiometry and to hypothesise the structure
of the formed complexes. A brief description of this technique is report-
ed in the caption of the Fig. S7.

The fragmentation profiles obtained for compounds -1l are reported
in Figs. 5-7. As can be seen in Fig. 5 for I, species with stoichiometries
[Cu(phen)]™ (m/z 243), [Cu(phen)Cl]™ (m/z 278), and [CuPt(phen)Cl,]™
(m/z 508) were visible as fragments of the parent compound
[CuPt(phen)(H,0),(OH)Cl,]* (m/z 561). The structures of the
[Cu(phen)] ™, [Cu(phen)Cl]" and [CuPt(phen)Cl,]" ions were easily
proposed, as shown in the figure. To define the structure of the frag-
ment at m/z 544, it was convenient to consider it as (m/z 508 + m/z
2 x 18). Three possibilities were considered as two water molecules
linked to the copper (case i) or to the platinum (case ii} or one water
molecule linked to the copper and one to the platinum (case iii). If
one or two water molecules were linked to the copper, the resulting
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Fig. 6. Tandem MS-MS spectrum of the signals at m/z 560. The isotopic pattermn was par-
tially lost for the low signal intensity and for the little range of m/z isolated (collision en-
ergy 20 V, charges are omitted for clarity, the two nitrogen connected by a curved line
represent the phen molecule).
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Fig. 7. Tandem MS-MS spectrum of the signals at m/z 544. The isotopic pattern was par-
tially lost for the low signal intensity and for the little range of m/z isolated (collision en-
ergy 20 V, charges are omitted for clarity, the two nitrogen connected by a curved line
represent the phen molecule).

complex should have had a 4 2 charge, while, if the water molecules
were linked to the platinum the charge of the complex should have
been + 1 (note that when copper is tetra-coordinated its oxidation
number is + 1, if it is penta- or esa-coordinated its oxidation number
is + 2). The fragment was mono-charged, then only the case ii was
considered. To define the structure of the parent compound at m/z
561, it was convenient to consider it as (m/z 544 + m/z 17). Ammo-
nia and hydroxide ions have an m/z of 17; therefore, the two possibil-
ities were considered as hydroxide or ammonia linked to the copper.
If OH™ was linked to the copper, the resulting complex should have
had a +1 charge, whereas, if ammonia was present, the charge of
the complex should have been +2. The fragment was mono-
charged, then only the OH™ ion was considered. Therefore, the struc-
ture of the parent ion was proposed as reported in the figure, that is,
[Cu(phen)(OH )u-(CL)>PL{H,0),]F.

The study of compound Il appeared more complicated. As for I, the
structures of the [Cu(phen)]™, [Cu(phen}Cl] ™", and [CuPt(phen)Cl,]™
were easily proposed, as shown in Fig. 6. As for the fragment at m/z
525, it was considered as (m/z 508 4 m/z 17). Then, four possibilities
were considered, that is, hydroxide linked to platinum (i) or to copper
(ii} and ammonia linked to platinum (iii} or to copper (iv). If OH or
NH; were linked to platinum, the resulting complexes (cases i and iii}
should have had 0 or +1 as the charge, respectively. If OH™ or NH;
were linked to copper, the resulting complexes (cases ii and iv) should
have had a +1 or 42 charge, respectively. As the fragment was
mono-charged, only cases ii and iii were considered. With regards to
the fragment at m/z 542, as before, it was considered as (m/z 525 +
mj/z 17). Then, six possibilities were taken into account, starting from
the previous cases ii and ifi, that is, ii - OH or NH3 linked to platinum
(cases v and vi), iii + OH™ or NH;3 linked to copper (cases vi and ix), iii
+ OH" or NH; linked to platinum (cases vii and viii). As the fragments
are mono-charged, the only possibilities that were considered were vi
and viii. The last fragment was considered as (m/z 525 + m/z 18}, and
a water molecule was added to vi and viii, to obtain x (with + 1 charge)
and xi (with +2 charge). Then, the most probable structure of the par-
ent ion was that of x, that is, [Cu(phen)(OH u-(Cl),Pt(NH3)(H,0)] .
The entire route is shown in Fig. S7. As far as compound Ill is concerned,
similar considerations were made to obtain as the most probable struc-
ture, [Cu(phen)u-(CL),Pt(H,0),] ™, as shown in the Fig. 7. All of the re-
ported fragmentations were obtained with a CE of 20 V. To fragment
the [Cu(phen)]™ complex, a collision energy of 45 V was necessary,
but at this energy value, the other fragments were no longer observable.

Compound III can be considered as a fragment of I, which itself can
be considered as a hydrolysis product of I A precursor with the formula
[Cu(phen)(OH)p-(Cl)2Pt(NH3)2)]* can be hypothesised in solution;
however, this species was not detected in our experiments. The
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proposed reaction between copper complexes and cisplatin is finally re-
sumed in Scheme 1. As can be seen, the same complex is formed, re-
gardless of the copper complex (1, 2 or C1} involved. In the reaction of
2 or C1 with cisplatin, one phen unit is released; in the case of C2, a
Hadit unit is also released. In the formed complex, copper and platinum
are linked by two bridging chlorides and the coordination spheres of
copper is completed by a phen and a hydroxide ion, and that of platinum
is completed by ammonia and water molecules. From the mass spectral
evidence, the mixed copper—platinum complex was formed in aqueous
solution a few minutes after the mixing of the reagents, and it was stable
for at least 1 week. The same reaction carried out in water-acetonitrile
required 3 weeks to be completed.

4. Conclusions

Binary combinations of cisplatin and the copper complex
[Cu(phen},(OH,)](Cl0O,4), present a synergistic antiproliferative ef-
fect against the cisplatin-resistant sublines of leukemic (CCRF-
CEM-res} and ovarian (A2780-res} cancer cells in vitro. Considering
that the synergy may arise from a chemical reaction between the
two metal complexes, solutions containing cisplatin and the copper
complex Cu(phen)(OH,),(0Cl03},, [Cu(phen),;(OH,)](Cl04), or
[Cu(phen}),(H,dit}](ClO,4), were studied by ESI-MS and tandem
MS-MS. A mixed complex containing copper and platinum with a
stoichiometry of [Cu(phen)(OH )p-(Cl},Pt(NH;)}(H,0)]* was detect-
ed. This complex was able to hydrolyse to form [Cu(phen)({OH )u-
(Cl)2Pt(H20)2]™ that was actually detected. Both the complexes
were formed, regardless of the copper complex used; then, in the re-
action of [Cu{phen),(OH,}](Cl04), and [Cu(phen}),(Hodit)](ClO4)2
with cisplatin, one phen and/or one H,dit was released. Phen pre-
sents itself an IC50 value of approximately 2 uM towards the tested
cell lines, and it can contribute to the overall cytotoxic activity
shown by the mixtures, unlike Hodit, which is devoid of any biologi-
cal activity against the tested cells. The formation of the mixed cop-
per—platinum complex could be related to the synergistic effect of
the combination of the studied copper complexes with cisplatin
shown towards the tested cell line. Given that the synergy was also
observed against cisplatin-resistant cells, the formed copper-plati-
num complex is likely to interfere with one or more of the mecha-
nisms that lead to cisplatin resistance. Furthermore, considerations
about the reactivity can be made. In fact, it is accepted that the deter-
mining steps in the interaction of cisplatin with DNA are the hydrolysis
processes that are slow in saline solutions. Complexes [Cu(phen }{OH)p-
(Cl)2Pt(NH3)(H20)]* and [Cu(phen){OH)p-(Cl)2Pt(H,0),]" are
formed within a few minutes and are already hydrolysed. They can
then react with DNA more readily than cisplatin. More experiments
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Scheme 1. Reaction mechanism between 1 and cisplatin (A) and 2 or C1 and cisplatin (B).
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have to be carried out in order to obtain more insights and possibly clar-
ify the underlying molecular mechanism(s). In this regards, as a future
perspective, we intend to extend these studies to other cisplatin-
resistant cell lines.

From the reported results, the ESI-MS and tandem MS-MS appear as
suitable tools for the study of the metal complexes formed in solution.
Of course, in the transition process from the solution to gas phase, the
structure of the complexes may be affected, and this is particularly rel-
evant for large molecules such as metal complexes with biomolecules.
In the case of the metal complexes, the electrochemical reactions occur-
ring at the capillary may also modify the valence state of the metal ion
inducing a structural change. Also the fragmentation products may re-
combine to form new species. Then, the species detected in ESI-MS
not necessarily correspond to those actually present in the sample solu-
tion. Nevertheless, relevant information on the solution stability and re-
activity of complexes that are not easily isolable in the solid state can
indeed be obtained under several experimental conditions such as dif-
ferent media, pH values and ionic buffers.

Abbreviations

ESI-MS electrospray ionisation mass spectroscopy

Phen 1,10-phenanthroline

CCRF-CEM human acute T-lymphoblastic leukaemia

CCRF-CEM-res cisplatin resistant human acute T-lymphoblastic
leukaemia

A2780  ovarian cancer

A2780-res cisplatin resistant ovarian cancer

MD multi-drug

MALDI  matrix assisted laser desorption ionisation

LDI laser desorption ionisation

HTFA trifluoroacetic acid

TFA trifluoroacetate

Hodit imidazolidone-2-thione

FBS foetal bovine serum

MTT 3-(4,5-dimethylthiazol-2-y1}-2,5-diphenyl-tetrazolium
bromide

IC50 concentration required to inhibit cell proliferation by 50%
with respect to untreated cells

MS-MS tandem mass spectrometry

CE collision energy
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3.5 Analysis of the phospholipid profiles of CDDP-resistant vs. wild type leukemia and
carcinoma cell extracts

In neoplastic cells changes in lipid distribution and composition of cellular membranes have been
reported In particular, increased levels of glycerophosphoinositol(Pl), glycerophosphoserine
(PS), glycerophosphoethanolamine (PE) and glycerophosphocholine (PC), as well as of
esterified cholesterol have been found. (Kojima, K.. Nagoya J Med Sci 1993,

Lladé et al., Biochim. Biophys. Acta - Biomembr., 2014; Szachowicz-Petelsk, et al., J. Environ.
Biol., 2010). Considering that the mechanisms of transport through the plasma membrane
depends on its structure, particularly on its rigidity and permeability, and that these characteristics
are determined by the composition of the membrane constituents, an alteration of the
physiological membrane condition could readily be directly or indirectly related to the
undesirable phenomena of drug-resistance, including cisplatin resistance. On the basis of these
considerations, the qualitative PL profile in our leukemia and carcinoma cell models were
determined.

The results of this study were recently submitted to the journal PLoS One in the manuscript

attached below.
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Abstract

Changes in lipid distribution and composition of the cellular membranes have been observed in
cancer and several other pathologies. The conformation of the cell membrane could directly or
indirectly be related with the cisplatin resistance. With the aim to highlight possible differences
between wild type and cisplatin-resistant cells and to identify some specific phospholipids, we
studied the phospholipid profile of wild type and cisplatin-resistant cells of two kinds of tumours,
acute T-lymphoblastic leukaemia (CCRF-CEM) and ovarian carcinoma (A2780).The analytical
procedure proposed in this work, based on solid phase extraction and mass spectrometry, allowed to
identify specific components of the cisplatin-resistant cells. With respect to their wild type
counterparts, it was found that some glycerophosphocholines were strongly down-represented in the
cisplatin-resistant CCRF-CEM cells, while some sphingomyelins were up-represented in the
cisplatin-resistant A2780 cells. In both the resistant cell lines, dihydroxyacetone phosphate was
found to be more up-represented. The evidenced phospholipid changes play a key role in the
detection of the transformation from wild type to cisplatin-resistance cells and can help to clarify
the mechanisms underlying the development of the resistance. Moreover, the potential use of some
lipids as “markers” for resistant cells could be important for a possible clinical application. In fact,
the onset of the resistance during cisplatin treatment could be monitored by detecting those specific
lipids. Under this perspective, the obtained findings represent an advancement of knowledge and

can be exploited for the design of new strategies in cancer treatment.

Introduction

Cell membranes consist of a lipid bilayer with inserted proteins, whose content depends both on the
cell type and on the cell compartment of the membrane itself. In the plasma membrane, for
example, lipids and proteins are almost equally distributed, whereas in the inner membrane of
mitochondria, a higher proportion of proteins is present (about 75%) [1]. Membranes can be

considered as fluids in which lipids and proteins are free to rotate and shift laterally. The fluidity of
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the membranes depends principally on the lipid composition. Regions of membrane with long fatty
acid residues are more rigid, since the interactions among long acyl chains are stronger than those
among short ones, while the degree of unsaturation of the fatty acids increases the membrane
fluidity as folds in the chains decrease interactions among them. The asymmetric distribution of
lipids between the inner and the outer leaflets defines the characteristics of the cell membranes
[1,2]. Three classes of lipids constitute the cell membrane: phospholipids (PLs), glycolipids and
sterols. PLs are commonly present in the highest concentration and are considered the fundamental
components of all the cell membranes. PLs are amphipathic molecules, consisting of two
hydrophobic fatty acid chains linked to a hydrophilic phosphate-containing head group. The
principal PLs present in the membranes are glycerophospholipids (GPLs), which contain a glycerol
backbone with a fatty acyl or alkyl group at the sn-1 position, a fatty acyl group at the sn-2 position,
and a phosphodiester moiety linked to a polar head-group at the sn-3 position [3]. GPLs are
classified on the basis of the polar head: glycerophosphocholine (PC), glycerophosphoserine (PS),
glycerophosphoethanolamine (PE), and glycerophosphoinositol (PI), in the presence of choline,
serine, ethanolamine and inositol, respectively. PC derivatives represent more than 50% of the PLs
in most eukaryotic membranes [4]. The second important family of structural polar lipids is
represented by the sphingolipids (SLs), which consist of a ceramide unit with phosphocholine or
phosphoethanolamine as a head group. In Fig. 1, the most important PLs are depicted.

Changes in lipid distribution and composition of the cellular membranes have been observed in
several pathologies and in cancer [5-8]. In neoplastic cells, alterations of the PL’s composition, [6]
increases in the concentration of PI, PS, PE and PC derivatives, as well as increases in the level of
esterified cholesterol were observed [6,9]. Moreover, considering that the mechanisms of transport
through the plasma membrane depends on its assembly, particularly on its rigidity and permeability,
and that these characteristics are determined by composition and structure of the membrane
constituents, an alteration of the physiological membrane condition could readily affect drug influx

and efflux across cell membrane. The conformation of the cell membrane could be then directly or
3
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indirectly also be related to the undesirable phenomena of drug resistance, such as cisplatin
resistance. Cisplatin (CDDP) is used for the treatment of breast, ovarian [10], prostate [11], testes
[12], and non-small cell lung cancer [13]. However, the administration of CDDP is limited by its

side effects and the onset of inherited or acquired resistance.

Fig. 1 Principal phospholipids contained in the cell membranes. For a complete description of the

nomenclature of the phospholipids see ref. [1] and [14].

Cisplatin resistance is supposed to be related to its mechanism of action. Briefly, cisplatin enters the
cells by passive diffusion or by active protein-mediated transport systems, i.e. human organic cation
transporter (hOCT2) and copper transport protein (Ctrl). Once in cytoplasm, one of the two
chloride ligands of CDDP is displaced by a water molecule to form the complex
[PtCI(H2O)NH3),]". This species binds DNA bases, mainly in the N7 position of guanine and
adenine, and the N3 of cytosine, to form the monofunctional adduct [PtCI(DNA)NH3z),]". Also the
second chloride ion can be displaced by a water molecule to form [Pt(H.O)DNA)(NH;3)2]*". This
last may bind DNA by crosslinking to form a bifunctional adduct that is responsible of the
triggering of cell death [15-21]. The influx of the drug inside the cell and/or drug efflux outside the
cell represent possible mechanisms for the onset of cisplatin resistance [22]. On the basis of these
considerations, we decided to study the qualitative PL profile of two cancer cell lines and of their
corresponding cisplatin-resistant sublines, to highlight possible differences and identify some cell-
line specific PLs. With this aim, we set up a procedure to analyse the PL content of the cell lysate
sample in a fast, routine, accurate, and reproducible method, based on the solid phase extraction
(SPE) and electrospray ionisation mass spectrometry (ESI-MS) and tandem mass spectrometry
(MS-MS). In particular, the proposed method allows one to obtain mass spectra with high signal to

noise ratio, preventing the interference of peptides that act as ionic suppressors and removing the
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metabolites that can be recovered for other uses. Moreover, we analysed both the supernatants and
pellet of each cell lysate, finding interesting differences between the two lysate fractions. We
studied the PL composition of #) the acute T-lymphoblastic leukaemia derived CCRF-CEM cell line
(CCRF-CEM-wt), ii) the ovarian carcinoma derived A2780 cell line (A2780-wt), ii7) the cisplatin-
resistant subline of acute T-lymphoblastic leukaemia cells (CCRF-CEM-res), and 7v) the cisplatin-
resistant subline of ovarian carcinoma cells (A2780-res). The leukemic CCRF-CEM cells were
selected since they represent a classical model widely used for studies in biochemistry and
biomedicine, while the A2780 cells were selected because ovarian cancer is actually treated with

cisplatin.

Experimental

Reagents

Acetonitrile (CH3CN), ammonium hydroxide (NH4OH), formic acid (HCOOH), methanol
(CH30H), and trifluoroacetic acid (HTFA) were purchased from Sigma-Aldrich (Milan, Italy).
Cisplatin was purchased from Alfa Aesar (Karlsruhe, Germany). Fetal Bovine Serum, Kanamyecin,
L-Glutamine medium, and RPMI medium were purchased from Euroclone (Milan, Italy). The
commercial reagents were used as received. Ultra-pure water obtained with MilliQ Millipore was

used for all the experiments.

Cell culture

The human acute T-lymphoblastic leukaemia cell line (CCRF-CEM-wt) was purchased from the
American Type Culture Collection (ATCC, USA), whereas a subline cisplatin-resistant cells
(CCRF-CEM-res), was obtained by us via serial passages of the CCRF-CEM cell line in the
presence of increasing concentrations of cisplatin. The CCRF-CEM-res subline was stabilized at 5

uM cisplatin (for details see ref. [23]). The human ovarian carcinoma cell line (A2780-wt) and the
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cisplatin-resistant subline (A2780-res), were a generous gift by Dr. Eva Fischer (Tumor Biology
Laboratory, The Ion Chiricuta Oncology Institute, Cluj-Napoca, Romania). CCRF-CEM cell lines
were maintained in culture between 1x10° cells/ml and 2x10° cells/ml, in RPMI medium with
stable L-Glutamine medium supplemented with 10% Fetal Bovine Serum and 1% Kanamycin
(growth medium). A2780 cell lines were maintained in culture between 1.5x10° cells/ml and 3x109
cells/ml (~70% confluency) in the same medium. Mycoplasma contamination was periodically
monitored. All cell lines were replaced every 3 months with cells freshly thawed from liquid
nitrogen. In addition, CCRF-CEM-res and A2780-res were treated with 5 uM (every passage) and 1
uM (every two or three splits) cisplatin, respectively, in order to maintain the drug resistance.
Cisplatin resistance was checked every month. All experiments with cisplatin-resistant sublines

were performed using cell populations that were grown for one passage without cisplatin.

Cell lysates

Exponentially growing CCRF-CEM-wt/CCRF-CEM-res (2x 107 total) and A2780-wt/A2780-res
(4x10° total) cells were centrifuged at 1500 rpm for 5 minutes. Pellets were resuspended in 1 ml of
deionized H,O. Cell lysates were obtained by using a 2 ml dounce tissue grinder set (Sigma
Aldrich) followed by centrifugation at 4600 rpm for 2 minutes. PLs were extracted from
supernatants and pellets and analysed by ESI-MS, immediately after the lysis in order to minimize

the enzymatic activity. During manipulation, the samples were kept on ice.

Extraction of phospholipids

The SPE of PLs from the crude cell lysate was performed with the Visiprep™ Solid Phase
Extraction Vacuum Manifolds 12-Port Model and the SPE HybridSPE-Phospholipid Ultra
Cartridge (Supelco). The cartridges were conditioned with 1 ml of CH3CN containing 1% of
HCOOH, followed by 1 ml of water. The lysate pellets or 200 pul of each cell lysate supernatants,

was put into a cartridge with 600 ul of CH3CN containing 1% of HCOOH. To facilitate the protein
6

58



precipitation, the mixture was mixed by repeated pipetting with a micropipette. The solution,
containing almost metabolites, was extracted under vacuum and stored in freezer for other uses. The
cartridge was washed with 1 ml of CH3CN containing 1% of HCOOH and afterwards the
phospholipids were extracted with 1 ml of CH3OH containing 5% of NH4OH. The resulting
solution was divided in two fractions: one was immediately used for negative ESI-MS
spectrometry, the other one was evaporated under vacuum and the solid residue was dissolved in 1
ml of H20 containing 0.5% HTFA and CH30H (1:1) for positive ESI-MS. Five different lysate
samples of each cell line were analysed and every extraction was repeated six times from every

sample. The error percentage of the repeated measurements was always lower than 1%.

Mass spectrometry

Mass spectra were collected on a triple quadrupole QqQ Varian 310-MS mass spectrometer using
the atmospheric-pressure ESI technique.

The sample solutions were infused directly into the ESI source using a programmable syringe pump
at a flow rate of 0.70 ml/h. A dwell time of 14 s was used and the spectra were accumulated for at
least 10 minutes in order to increase the signal-to-noise ratio. Mass spectra were recorded in the m/z
50-1000 range. The experimental conditions for positive- and negative-ion mode were: needle
voltage 4500 V and —5500 V, shield voltage 600 V and —600 V, housing temperature 60 °C, drying
gas temperature 100 °C and 120 °C, nebuliser gas pressure 40 PSI, drying gas pressure 20 PSI, and
detector voltage 1600 V and —1800 V. Tandem MS-MS experiments were performed with argon as
the collision gas (1.8 PSI). The collision energy was varied from 2 to 45 V. The isotopic patterns of
the measured peaks in the mass spectra were analysed using mMass 5.5.0 software package [24—
26]. The assignment of the PLs to the spectral peaks was performed by using the human metabolite
database HMDB (www.hmdb.ca) [27-29], on the basis of the MS-MS spectra. In case of ambiguity
the human biofluid location of the chosen PL was also considered. Only peaks with intensities

higher than 2x107a.u. were considered. In some cases, due to the simultaneous presence of PLs with
7
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similar masses, convoluted signals were observed. In these cases, the experimental pattern was
attributed to a weighted combination of the isotopic pattern of the different molecules [23]. The
weights, that represent the percentage in which each molecule was present, were obtained by

multivariate regression analysis of the experimental data.

Results and discussion

Sample preparation for ESI-MS spectrometry

The PLs of the cellular lysate samples were extracted in a fast, routine, accurate, and reproducible
method based on the solid phase extraction and analysed by mass spectrometry (Fig. 2).

The mass spectrum of the cell lysate analysed without any pre-treatment is characterised by a high
number of overlapped peaks of low intensity and a baseline with poor quality (Fig. 3A). The low
intensity of the signals (10% a.u.) is mainly due to the presence of proteins that act as ionic
suppressors [30]. Following the procedure reported in Fig. 2, a reliable spectrum is instead obtained.
Proteins are precipitated inside a cartridge (HybridSPE-Phospholipid Ultra Cartridge, Supelco,
HybridSPE is a registered trademark of Sigma-Aldrich Co. LLC.) by addition of CH3CN and
HCOOH. The resulting mixture is passed, under vacuum, through the cartridge to remove the liquid
phase containing almost metabolites, while the precipitated proteins are retained in the upper frit of
the cartridge. PLs are retained by the cartridge via a selective Lewis acid-base interaction between
the proprietary zirconia ions, functionally bonded to the stationary phase, and the phosphate moiety
of the PLs [31]. The PLs are then recovered by extraction with NH4OH in CH30H. The resulting
solution is divided in two fractions: one is used for negative ESI-MS spectrometry, the other one is
evaporated under vacuum and the solid residue is dissolved in a proper amount of 1:1 H2O (0.5%
HTFA) and CH3O0H for positive ESI-MS spectrometry. The proposed procedure was followed for
lysate samples of the four cell lines. Sixteen replicates for each cell line were analysed to check the

reproducibility of the results and the robustness of the method.
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Fig. 2 Experimental procedure followed in this work to extract the phospholipids from the cell
lysate. In the picture, the SPE extractor is shown (Visiprep Solid Phase Extraction Manifold - 12

Port Model).

Mass spectrometry

Cell lysates were obtained by a mechanical method using a dounce homogenizer without detergents.
The supernatant solutions containing cytoplasmic extracts and the respective pellets having nuclei
and cell debris of the cell lysates were analysed by ESI-MS and different results were obtained for
the two lysate fractions. The spectra recorded in positive ion mode for supernatant and pellet
fractions and untreated lysate of CCRF-CEM-wt cells are reported in Fig. 3. The mass spectra
recorded in positive, ESI(+), and negative, ESI(-), ion mode for all the samples are reported in the

Supporting Information (Fig. S1-S4).

Fig. 3 ESI(+) mass spectra of the lysate solutions of CCRF-CEM wild type cells without any
pretreatment (A), after SPE extraction from the supernatant fraction (B), and from the pellet fraction
(C). The intensities are reported in different scales; the intensity of the signals in the m/z 500-1000

range was multiplied by a factor of 10 in B and C.

The spectrum of the untreated lysate (Fig. 3A) is characterised by a very low intensity (103 vs 10°
a.u. of 3B and 3C) and by the presence of many broad peaks due most probably to multi-charged
protonated peptides. Comparing the spectrum of the lysate with those of the supernatant and pellet,
it appears evident that the SPE treatment produces higher quality spectra. Signals of the PLs fall in
the mass/charge ratio (m/z) 500—-1000 range, while signals falling in the m/z 50-400 range are

principally due to their fragment products, as confirmed by the MS-MS experiments.
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The PL peaks observed in the spectra were identified on the basis of the masses, isotopic
distribution patterns and the structural information obtained from tandem MS-MS. PLs were
assigned to a given family on the basis of characteristic peaks in the tandem MS-MS spectra and by
precursor/product ion scan and neutral loss scan experiments. For example, the m/z 184 precursor
ion scan gives the possibility to detect all the lipids containing the phosphocholine ion, while the
neutral loss of phosphoethanolamine (m/z 141) helps in the identification of PEs. The collision-
induced fragmentation experiments were carried out varying the collision energy, in order to
observe partial and complete fragmentation of the parent peaks. Considering the specific fragments
and the common rules of fragmentation, in some cases it is possible to determine precisely the fatty-
acyl group and the structure of the long-chain base (number and position of the double bonds).
Some MS-MS spectra of PLs with the corresponding assignment are reported in the Supporting

Information (Fig. S5-S10).

Phospholipid content

The height of a mass peak is proportional to the concentration of the species that originated that
signal but depends also on its ionisation efficacy. Therefore, the intensity of two or more signals
originated by different species cannot be directly compared. Instead, providing that the
experimental conditions are kept constant, the intensity of signals arising from the same species can
be compared each other. The heights of the mass peaks for the studied samples, recorded in ESI(+)

and ESI(-), are reported in Fig. 4-7

Fig. 4 Phospholipids identified with ESI(+) in the lysate fractions of supernatant (S) and pellet (P)
for the CCRF-CEM wild type (CEM-wt) and cisplatin-resistant (CEM-res) cells (charges of proton
and sodium ions are omitted for clarity), the MS-MS spectra of the marked () PLs are presented
and discussed in the supporting (Fig. S5-S7). The error percentage in intensity for repeated

measurements was always lower than 1%.
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Fig.5 Phospholipids identified with ESI(+) in the lysate fractions of supernatant (S) and pellet (P)
for A2780 wild type (A2780-wt) and cisplatin-resistant (A2780-res) cells (charges of proton and
sodium ions are omitted for clarity), the MS-MS spectra of the marked (*) PLs are presented and

discussed in the supporting (Fig. S5 and S7). The error percentage in intensity of the repeated

measurements was always lower than 1%.

Fig. 6 Phospholipids identified with ESI(-) in the lysate fractions of supernatant (S) and pellet (P)
for the CCRF-CEM wild type (CEM-wt) and cisplatin-resistant (CEM-res) cells (charges of proton,
sodium, potassium and formate ions are omitted for clarity), the MS-MS spectra of the marked (x)

PLs are presented and discussed in the supporting (Fig. S8-S10). The species C37H7207P was not
distinguishable between PA(P-34:0) and PA(O-34:1). The error percentage in intensity of the

repeated measurements was always lower than 1%.

Fig. 7 Phospholipids identified with ESI(-) in the lysate fractions of supernatant (S) and pellet (P)
for the CCRF-CEM wild type (CEM-wt) and cisplatin-resistant (CEM-res) cells (charges of proton,
sodium, potassium and formate ions are omitted for clarity), the MS-MS spectra of the marked (x)
PLs are presented and discussed in the supporting (Fig. S9 and S10). The species C37H7207P was
not distinguishable between PA(P-34:0) and PA(O-34:1). The error percentage in intensity of the

repeated measurements was always lower than 1%.

The number of PLs detected in supernatant (S) and pellet (P) is different for each studied cell lines,

as reported in Table 1.

11
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Table 1. Number of PLs detected in ESI(+) and ESI(-) in supernatant and pellet fractions of lysates
of CCRF-CEM and A2780 cell lines in the chosen experimental conditions.

Number of detected phospholipids

ESI(+) ESI(-)
Cell Line
supernatant  pellet supernatant pellet
CCRF-CEM-wt 21 17 18 15
CCRF-CEM-res 12 7 18 8
A2780-wt 12 23 8 12
A2780-res 14 22 9 15

In ESI(+), the number of PLs detected in the supernatant fraction is higher than that of the pellet
fraction in the CCRF-CEM lysate and lower in the A2780 lysate. In ESI(-), the number of PLs
detected in the supernatant or pellet fractions is almost identical in the CCRF-CEM lysate, while is
higher in the pellet fraction of A2780 lysate compared to the supernatant. Some PLs were detected
only in one of the two fractions of the cell lysates.

The intensities of the peaks recorded in ESI(+) are generally higher than those recorded in ESI(-),
except for the signals of (DHAP+Na) and (LysoPA(18:2)+K-2H), where the presence of the metal
ion increases the ionisation efficacy and originates a very high response. Regards the ESI(+)
experiments, the PLs SM(d16:1/24:1), PC(P-34:0), PC(18:0/14:0), LysoPE(22:1), and
LysoPE(20:1) are present only in the CCRF-CEM cells, in particular LysoPE(22:1) is present only
in the CEM-resS, LysoPE(20:1) only in CEM-wtS, and SM(d16:1/24:1) only in CEM-wtP. The PLs
PC(42:10), PE(40:8), PE(28:1), LysoPS(22:5), LysoPS(18:1), LysoPS(15:0), LysoPE(22:5),
LysoPE(15:0) and S1P(d20:0) are detected only in A2780 cells. Regards the ESI(-) experiments, the
PLs sphinganine 1-phosphate, LysoPC(18:1) and PC(P-34:0) are present only in the CEM cell

lysate. PG(40:9) and SM(d18:0/22:2(13Z,16Z)(OH)) are present only in A2780 cell lysate.
12
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From the MS-MS experiments (precursor ion mode and parent ion mode), lysophospholipids were
found to be present in the lysate but also formed by collision-induced fragmentation of PLs or by
decomposition of precursor ions in ESI phase. LysoPE(15:0), for example, was derived from
PE(36:3), PE(34:3) and PE(32:3).

Considering the different results obtained for surpernatant and pellets, it follows that in the study of
cell lysates, it is important to analyse both supernatant and pellet fractions and consider the total PL

content.

CCRF-CEM wild type and cisplatin-resistant cell lines

The total PL content for CCRF-CEM-wt and CCRF-CEM-res is reported in Fig. 8. Intense changes
between cisplatin-resistant and wild type cells are observable in the PL abundances and kinds. In
particular, from ESI(+) results, in the resistant cells it appears that i) PC(20:2), PC(34:1), PC(P-
34:0), SM(d18:0/18:0), LysoPC(18:1), and LysoPC(16:0) are strongly down-represented, while ii)
LysoPE(22:1) and DHAP(18:0¢) are moderately up-represented. From ESI(-) results, it appears that
i) PC(36:1), PC(18:1/16:0), PC(P-34:0), PC(32:1), LysoPC(18:1), LysoPC(16:0), LysoPA(18:2),
DHAP(18:0¢) are down-represented, while ii) SM(d18:0/14:1(9Z)(OH)), PA(O-
20:4(57,87,117,147)/2:0), LysoPE(15:0), LysoPA(P-16:0¢/0:0) are up-represented. The PLs
S1P(d19:1-P), LysoPE(14:1), LysoPE(O-16:0), PE(31:0), SM(d18:0/16:0), PE(34:3), PE(36:3) are
almost retained from wild type to cisplatin-resistant cells.

From the reported results, the principal outcome is that the PC content is strongly reduced in the
cisplatin-resistant CCRF-CEM cells, with respect to the wild type ones. This could be due to
increased PC catabolism or decreased PC biosynthesis. The biological turnover of PCs produces
phosphatidic acid (PA) and choline, by the action of phospholipase D, and arachidonic acid and
LysoPC, by the action of phospholipase A2. PA can be then converted in LysoPA, while
arachidonic acid can be converted in prostaglandins and leukotriens. LysoPCs play an important

role in lipid signaling by acting on the LysoPLs receptors. LysoPA stimulates proliferation,
13
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decreases apoptosis, platelet aggregation, smooth muscle contraction, and tumour cell invasion. PC
biosynthesis is regulated by the cytidine 5'-diphosphocholine (CDP-choline), involved in the
modulation of choline-phosphate cytidylyltransferase binding to membranes [32]. The CDP-choline
reduces phospholipase A2 activity, increases the synthesis of S-Adenosyl methionine and
glutathione, stimulates the glutathione reductase activity, and fixes the level of arachidonic acid
[33-36]. DHAP(18:0¢e), moderately up-represented in the resistant cells, is the octadecanoyl
derivative of the dihydroxyacetone phosphate (DHAP). DHAP is involved in the glycolysis
metabolic pathway and it is produced by dehydrogenation of L-glycerol-3-phosphate (glycolytic
pathway). DHAP(18:0¢) or 1-octadecyl-glycerone-3-phosphate is converted from 1-octadecanoyl-
glycerone-3-phosphate via alkylglycerone phosphate synthase [37]. The alkyl derivatives of DHAPs
are intermediates in the synthesis of ether phospholipids, molecules with one or more carbon atoms
on a glycerol moiety bonded to the alkyl chain via ether linkage. If a vinyl ether group is present in
the first position of the glycerol chain, these lipids are called plasmalogens (1-O-1'-alkenyl-2-

acylglycerophospholipids) [38].

Fig. 8 Phospholipids identified with ESI(+) (A) and ESI(-) (B) in the lysate extract of CCRF-CEM
wild type (CEM-wt) and cisplatin-resistant (CEM-res) cells (charges of proton, sodium, potassium
and formate ions are omitted for clarity). The species C37H7207P was not distinguishable between
PA(P-34:0) and PA(O-34:1). The phospholipids that are up-represented (') or down-represented

(%) in the cisplatin-resistant cells with respect to the wild type ones, are marked.

A2780 wild type and cisplatin-resistant cell lines

As shown in Fig. 9, from ESI(+) measurements, almost all the PLs are present to the same extent in
the wild type and cisplatin-resistant cells, except SM(d34:1) which is slightly down-represented,
and SM(d18:0/18:0) and PC(20:2(11Z,147)/16:0), which are slightly up-represented. On the

contrary, the PLs detected in ESI(-) are all up-represented in resistant cells, and some of them are
14

66



strongly up-represented. In particular, SM(d18:0/14:1(9Z)(OH)), C37H7207P, PA(O-
20:4(57,87,117,147)/2:0), LysoPA(18:2), DHAP(18:0¢) and LysoPA(P-16:0e/0:0) are up-
represented.

SM(d18:0/14:1(9Z7)) is a sphingolipid found in the membranous myelin sheath. The plasma
membrane of cells is rich in sphingomyelin, in particular in the exoplasmic leaflet. Sphingomyelins
(SMs) are important for signal transduction and are synthesized by the transfer of
phosphorylcholine from phosphatidylcholine to a ceramide in a reaction catalyzed by
sphingomyelin synthase. Sphingolipids are involved in the formation of rafts and caveolae (lipid
raft of 50-100 nm in size), which are cellular domains involved in the regulation of cell function,
transporters and proteins, and in the skin barrier permeability. Sphingomyelin turnover alters the

structure of membrane domains [39,40].

Fig. 9 Phospholipids identified with ESI(+) (A) and ESI(-) (B) in the lysate extract of A2780 wild
type (A2780-wt) and cisplatin-resistant cells (A2780-res) (charges of proton, sodium, potassium

and formate ions are omitted for clarity). The species C37H7207P was not distinguishable between
PA(P-34:0) and PA(O-34:1). The phospholipids that are up-represented () or down-represented

(¥) in the cisplatin-resistant cells with respect to the wild type ones, are marked.

Conclusions

We studied the phospholipid profile of wild type and cisplatin-resistant cells of two kinds of
tumour, T-lymphoblastic leukaemia (CCRF-CEM) and ovarian carcinoma (A2780), with the aim to
highlight possible differences and identify some specific phospholipids between wild type and
cisplatin-resistant cells.

The analytical method proposed in this work is based on solid phase extraction and mass
spectrometry and allowed us to study the phospholipidic (PL) profile of cell lysates, obtaining

reliable and reproducible results and preventing peptide and metabolite interferences. A different
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phospholipidic profile was detected in supernatant and pellet fractions of the cell lysates, suggesting
that these two fractions have to be taken into account simultaneously for a correct interpretation and
a complete characterization of the phospholipidic profile.

Comparing the PL profiles of wild type and cisplatin-resistant cells, the absence of PC(34:1),
LysoPC(18:1), PC(20:2(117,147)/16:0) and PC(P-34:0) was observed as specific for cisplatin-
resistant CCRF-CEM cells, whereas the presence of PC(20:2(117,147)/16:0) and SM(d18:0/18:0)
and the absence of SM(d34:1) were observed as specific for cisplatin-resistant A2780 cells. These
lipids can be considered, within a specific line, as “markers” to distinguish between wild type and
cisplatin-resistant cells.

Considering that the PL composition influences the transport of drugs across the membrane, affects
the activity of the drug transporters and the ability of the cells to load and accumulate drugs, it is
evident that a change of the PL content is connected with the development of the resistance.
However, from the obtained results, it is not possible to define if these changes are the cause or the
consequence of the cisplatin-resistance occurrence. Nevertheless, the potential use of some lipids as
“markers” for resistant cells could be important for a possible clinical application. In fact, the onset
of the resistance during cisplatin treatment could be monitored by detecting those specific lipids.
Under this perspective, the obtained findings represent an advancement of knowledge and can be

exploited for the design of new strategies in cancer treatment.

Abbreviations used

A2780-res, cisplatin resistant sub-line of ovarian carcinoma cells; A2780-wt, wild type ovarian
carcinoma cells; CCRF-CEM-res, cisplatin resistant sub line of acute T-lymphoblastic leukaemia
cells; CCRF-CEM-wt, wild type acute T-lymphoblastic leukaemia cells; CDP-choline, cytidine 5'-
diphosphocholine; CID, collision-induced decomposition; DHAP, dihydroxyacetone phosphate;

ESI(+), electrospray ionisation positive ion mode; ESI(-), electrospray ionisation negative ion
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mode; ESI-MS, electrospray ionisation mass spectrometry; FBS, foetal bovine serum; GPLs,
glycerophospholipids; HTFA, trifluoroacetic acid; MS-MS, tandem mass spectrometry; P, pellet
fraction; PA, phosphatidic acid; PC, glycerophosphocholine; PE, glycerophosphoethanolamine; PI,
glycerophosphoinositol; PS, glycerophosphoserine; PLs, phospholipids; RPMI medium, Roswell
Park Memorial Institute medium; S, supernatant fraction; SLs, sphingolipids; SMs, sphingomyelins;

SPE, solid phase extraction; TFA, trifluoroacetate.
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3.6 Study of the selectivity of the ternary drug combination: cytotoxic effect in CEM versus
PBLs

On the basis of the strong cytotoxic synergism shown by the CDDP-C0-GSH combination in
CEMwt and CEMres tumour cell lines, either drug-sensitive and CDDP-resistant, it was of
critical importance to investigate their toxic effect on normal cells so as to have an estimate of

the selectivity of action of these cocktails of drugs.

To this end, human peripheral blood lymphocytes (PBLs) freshly isolated from blood samples
of healthy donors were seeded at the same cell density as such (i.e. resting PBLS), in the presence
of the mitogen PHA (i.e. PHA-activated PBLS), or in the presence of both PHA and the growth
factor Interleukin-2 (i.e. PHA/IL2-stimulated PBLs). Each of these cultures were then incubated
in the presence of the most synergic three-drug combination in CCRF-CEM-wt cells and in the
presence of the single drugs, each of them at the same concentrations present in the combination;
i.e. 0.5 uM CDDP, 0.5 uM CO0, and 300 uM GSH. The numbers of viable cells were determined
by the trypan blue exclusion method and reported as percentage of untreated controls after 24 h
(Figure 19A-C), 48 h (Figure 20A-C) and 72 h (Figure 21A-C) of incubation in comparison to
those of CEM cells incubated in parallel under the same drug conditions (Figures 19D, 20D,
21D). It has to be mentioned that the PBL values in Figures 19, 20, 21 are the mean data of
independent experiments with PBLs isolated from three different donors, whereas in Figure 22
PBL growth curves and viable cell counts of untreated vs. drug combination treated PBLsS

isolated from one single donor are shown.
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Figure 19. Cytotoxic activity of CO, CDDP, and GSH, alone and in ternary combinations, in freshly isolated human
PBLs and in CCRF-CEMwt cells after 24 h of treatment. (A) resting PBLs, (B) PHA-stimulated PBLs, (C) PHA+
IL2- stimulated PBLs, (D)CEM. Values obtained in drug-treated samples were expressed as percentages of their
respective controls.

Results are the mean + SD from three determinations from three different subjects compared with the corresponding
control and . Ternary combination is also compared with each compounds.

*p<0,05; **p<0,001; ***p<0,001; ****p<0,0001 (Anova).
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Figure 20. Cytotoxic activity of CO, CDDP and GSH, alone and in ternary combinations, in freshly isolated human
PBLs and in CCRF-CEM cells after 48 hours of treatment. (A) resting PBLs, (B) PHA-stimulated PBLs, (C) PHA+
IL2- stimulated PBLs, (D) CCRF-CEM-wt. Values obtained in drug-treated samples were expressed as percentages
of their respective controls.

Results are the mean + SD from three determinations from three different subjects compared with the corresponding
control. Ternary combination is also compared with each compounds.

*p< 0,05; **p<0,001; ***p<0,001; ****p<0,0001 (Anova).
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Figure 21. Cytotoxic activity of CO, CDDP and GSH, alone and in ternary combinations, in freshly isolated human
PBLs and in CCRF-CEM-wt cells after 72 h of treatment. (A) Resting PBLs, (B) PHA-stimulated PBLs, (C) PHA+
IL2- stimulated PBLs, (D) CCRF-CEM-wt. Values obtained in drug-treated samples were expressed as percentages
of their respective controls.

Results are the mean + SD from three determinations from three different subjects compared with the corresponding
control . Ternary combination is also compared with each compounds.

*p< 0,05; **p<0,001; ***p<0,001; ****p<0,0001 (Anova).
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Figure 22. Growth curves and cell numbers of untreated vs. ternary combination-treated CEM and PBL cells. (A)
Growth curves of CCRF-CEM-wt and PBLs. Viable cell numbers in untreated vs. ternary combination-treated

CCRF-CEM-wt and PBLs after 24 h (B), 48 h (C), 72 h (D).
Results are the mean + SD from three determinations from three different subjects compared with the corresponding

control. Ternary combination is also compared with each compounds.
*p< 0,05; **p<0,001; ***p<0,001; ****p<0,0001 (Anova).

Single-drug treatments with 0.5 uM CDDP showed a cytotoxic effect increasing over time
only against active/proliferating cell cultures, i.e. against both PHA-activated and PHA/IL2-
stimulated PBLs, and against CCRF-CEM cells, while, as expected, it had only negligible effects
against non-activated/non-proliferating cells (i.e. resting-PBLs). After 72 h of incubation, the
degree of cytotoxicity of CDDP was comparable in PBLs and CEM cells, with an average of
60%-70% cell viability with respect to their respective untreated controls. In the PBL cultures,
however, the CDDP effect was more precocious (i.e. in PHA/IL2-stimulated at 24 h; in PHA-
activated at 48 h) than in the CCRF-CEM cultures; viable CCRF-CEM cells being still over 80%

of controls at 24 h, and over 70% of controls at 48 h.
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The cytotoxic effect in PBLs of 0.5 uM CO appeared to better correlate with the activation
stage of the cells; the viability of PHA/IL2-stimolated PBLs was reduced by 30% already after
24 h, while that of the PHA-activated PBLs by 35% only after 72h. Differently from CDDP, CO
seemed to affect the viability also of the resting PBLs as a slight toxic effect, i.e. around 20%
mortality was observed in each PBL preparation of the three different donors. In CCRF-CEM
cells, the cytotoxicity of CO appeared to be even lower, if any, than in the resting PBLs: the
viability of treated CCRF-CEM cells being over 90% of controls at all time points considered.

Treatments with 300uM GSH were instead more toxic in CEM cells than in PBLs, and among
the latter, the PHA/IL2-stimulated were affected the most followed by the PHA-activated,
whereas resting PBLs were not affected at all. Although GSH cytotoxicity was greater against
the CEM cells (60%-70% mortality) than against PHA/IL2-stimulated PBLs (50% mortality), in

both types of cell cultures the maximum effect was reached after 48 h of exposure to GSH.

Compared to the single-drug treatments, in CEM cells the drug cocktail confirmed the
synergic effect showing a very strong toxic activity already in the first 24 h (over 80% mortality)
which further increased at 48 h and 72 h with a mortality of 87% and 92%, respectively.

For the PBLs, the PHA/IL2-stimulated were the most sensitive of all PBL cultures to the toxic
effect of the drug combination that was, however, both less potent and more delayed with respect
to that exerted in the CEM cells, i.e. a 50% and 40% mortality after 48 h and 72h respectively,
The toxic effect against the PHA-activated PBLs was even slower than that shown in the
PHAV/IL2-stimulated, 20%- 30% mortality at the first two time points, and comparable only after
72 h. The drug cocktail was totally devoid of cytotoxicity on the resting PBLs at any time points
considered (see Figures 23 and 24).

Moreover, if we consider the effects of the ternary combination vs. the single-drug treatments
in the PBLs, the drug cocktail always showed a degree of cytotoxicity comparable to that of the
CDDRP alone, whereas in the CEM cells the toxic effect of the combination was 7 fold greater
than that of CDDP alone.

Taken together, these findings are very promising given that the ternary combination showed
a selective cytotoxic effect for T-leukemia CEM cells with respect to proliferating normal T-
cells. Beside of being more potent against the leukemic CEM cells (8% viability after 72 h) than
against PHA/IL2-stimulated PBLs (50% viability at 72 h), the effect of the ternary combination
against CEM cells appeared to be also very precocious, i.e. only 17% viability left at 24 h,

compared to 80% in the proliferating PBLs at the same time point.
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Figure 23. CEM and PBLs after 24 hours of incubation in the absence and in the presence of ternary combination :
A: CEM control, B: CEM + ternary combination, C: resting PBLs control,

D: resting PBLs + ternary combination, E: PBLs +PHA control, F: PBLs + PHA + ternary combination, G: PBLs +
PHA+ IL2, PBLs+PHA+IL2+ ternary combination
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Figure 24. CEM and PBLs after 72hours of incubation in the absence and in the presence of ternary combination :
A: CEM control, B: CEM + ternary combination, C: resting PBLs control, D: resting PBLs + ternary combination,
E: PBLs +PHA control, F: PBLs + PHA + ternary combination, G: PBLs + PHA+ IL2, H: PBLs+PHA+IL2+ ternary

combination
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4. GENERAL CONCLUSIONS

The work of my PhD thesis further investigated the in vitro anticancer effect against wild type
and CDDP-resistant (i.e. CEM and A2780) cancer cells, of binary combinations of CDDP with
CO0, as well as of a ternary combination that included GSH as a third component of the drug

cocktail,.

The data obtained demonstrated that, although the three-drug cocktail was markedly more
potent than the two-drug combination, both types of drug associations showed statistically

significant synergisms against either the CDDP-sensitive and the CDDP-resistant cancer cells.

Contrarily to most if not all anticancer agents, the cytotoxicity of the most potent cocktail was
markedly higher against leukemic lymphocytes (CEM cells) than against normal proliferating
lymphocytes (i.e. 90% mortality vs. 50%mortality, respectively). Worth mentioning is that resting
PBLs were the least susceptible to the toxic effect of the cocktail (i.e. up to max 15% mortality

at 72 hours).

Analyses of the phospholipid profiles in leukemia and carcinoma cell extracts from CDDP-
resistant vs. wild type, highlighted specific modifications in the overall cellular lipids, i.e.
glycerophosphocholines were strongly lower represented in the CDDP-resistant CEM cells,
while some sphingomyelins were up-represented in the CDDP-resistant A2780 cells. Presently,
however, we do not know if these changes in membrane lipids are or not related to the drug-

resistant status of the cells.

Besides of further studies to unveil the molecular targets of the triple-drug cocktail, and based
on the promising selectivity (SI 5) showed against cancer cells in vitro, investigations on its
effectiveness in a xenograft mice models of human susceptible and CDDP-resistant ovarian

carcinoma are on the way.
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5. MATERIALS AND METHODS

5.1 Reagents

[Cu(phen)2(OH2)](C104)2 (compound CO ) was synthesized as previously described (Pivetta
J InorgBiochem 2011). Cis-diammineplatinum (11) dichloride (CDDP), dimethyl sulphoxyde
(DMSO0), Glutathione (GSH), Trypan blue, Doxorubicin were purchased from Sigma-Aldrich,
Interleukin-2-human (hIL-2) from Roche; Kanamycin Sulphate, Phytohemagglutinin (PHA)
and Foetal bovine serum (FBS) were purchased by Gibco; RPMI 1640 medium with stable L-
glutamine was purchased by EuroClone.

Stock solutions of compound CO and CDDP were prepared in DMSO, at 1000x of the highest
concentration to be used on the cell culture and stored at 4 °C in the dark. CDDP stock solution,
being stable only for few hours and showing a decreasing of the cytotoxic potency during the
time, was prepared fresh each time immediately before the experiments. GSH stock solution was

prepared in RPMI medium and filtered before use.

5.2 Cell lines

CCRF-CEM, human acute T-lymphoblastic leukaemia cells, with their respective cisplatin-
resistant subline were used in the study. CCRF-CEMwt and CCRF-CEMres cell line was
maintained in culture between 1 x 10° cells/ml and 1 x 10° cells/ml in RPMI medium
supplemented with10% foetal bovine serum (FBS) and 1% kanamycin (growth medium). To the
growth medium for CEMres cell cultures, we also added CDDP (5uM). A2780wt and A2780resS
cells were grown in RPMI medium with 2 mM glutamine and 10% FBS. Cell monolayers were
sub-cultivated when they reached 70% confluency (every 3—4 days) by a 1:3 ratio. A2780res
cells were a generous gift by Dr. Eva Fischer (Tumor Biology Laboratory, The lon Chiricuta
Oncology Institute, Cluj-Napoca, Romania) and in order to keep the cisplatin resistance,
A2780res were cultured in the presence of 1 uM of cisplatin every two or three passages .The
cells were periodically checked for micoplasma contamination. For the experiments, the cell lines

were replaced every 3 months with freshly-thawed cells from the cell stores in liquid nitrogen.

5.3 Selection of the cisplatin-resistant CCRF-CEM subline

A CEM subline able to grow at the same extent in the absence and in the presence of 5 uM

cisplatin (CCRF-CEM-res) was obtained by serial passages of wild-type cells in the presence of
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increasing cisplatin concentrations, starting from a sub-inhibitory concentration (0.5 uM).At each
cell passage (every 3—4 days), the number of viable cells of cisplatin-treated cultures was
compared to that of duplicate untreated cultures. Initially the CDDP concentration was increased
by 0.25 uM at each cell passage up to 1.50 uM; from then on, cisplatin-treated cultures grew
poorly and much slower than their untreated counterparts and had to be kept (5 consecutive
passages) at the same CDDP concentration until the cell population had regained original growth
timing and viability. After that the CDDP concentration was gradually increased. Given that cell
cultures never survived at concentrations over SuM, the cell population was stabilised by 15
further passages at 5 uM CDDP. The number of viable cells was determined at each cell passage
by the trypan blue exclusion method. At intervals during the selection process, the level of CDDP
resistance was checked by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazoliumbromide
(MTT) method in cells that had grown without the drug for one passage; Doxorubicin was used

as a reference compound to evaluate the cisplatin-resistance specificity.

5.4 Cytotoxic assays

The biological stability of stocks solutions checked verifying the cytotoxic activity measured
by using the same solutions over more than 6 months. The tested compounds maintained the
same CCsp (concentration of compound that reduce the viable cell by 50% with respect to
untreated cells) in all the performed experiments. Dilutions of the drug stocks for biologic
investigations were made in RPMI medium at 2x the final concentration for single drug
evaluations, or at 4x the final concentration for evaluation of binary and ternary drug
combinations. The concentration of DMSO in the cells was never higher than 0.1%. The effects
of the drugs and drug combination were evaluated in cultures of exponentially growing cells; for
experiments in cisplatin-resistant cell cultures, both CEMres and A2780res cells were allowed to
grow in the absence of the drug for one passage. Initially in the experiments with the binary
combinations of CDDP and [2], CEMwt and CEMres were seeded at a density of 1 x 10°
cells/well of growth medium in flat-bottomed 96-well plates and simultaneously exposed to the
drugs or drug combinations. A2780wt and A2780res cells were seeded at a density of 5 x 103
cells/well of flat-bottomed 96-well plates and allowed to adhere overnight before of the addition
of the drugs or the drug combinations. Cell growth in the absence and presence of drugs was
determined after 96 hrs of incubation at 37 °C and 5% CO. (corresponding to three to four
duplication rounds of untreated cells), through the MTT method (Pauwels et al., Virol. Methods,
1988). Afterwards, for the binary combinations of CDDP+GSH, CO+GSH, CDDP+CO and for
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the ternary combinations, CEMwt and CEMres cells were seeded at a density of 1 x 10° cells/well
of grow the medium in flat-bottomed 24-well plates and simultaneously exposed to the drugs or
drug combinations. A2780wt and A2780res cells were seeded at a density of 1 x 10° cells/well
of flat-bottomed 24-well plates and allowed to adhere overnight before of the addition of the
drugs or the drug combinations. Cell growth in the absence and presence of drugs was determined
after 96 hrs of incubation at 37 °C and 5% CO., through Trypan Blue Exclusion Test of Cell
Viability (Strober W., Curr. Protoc. Immunol.John Wiley & Sons, Inc., 2001).This method was
used because coloured GSH solution interfered with the MTT method. Values obtained in drug-
treated samples were expressed as percentages of those of their respective controls. All
experiments were repeated three times. Dose-response curves for each drug were determined and
the CCsp of single drug and drug combinations were calculated with OriginPro8. To evaluate the
cytotoxic effects of CDDP in combination with CO and GSH the ED-ANNs method was used.

5.5 Peripheral blood Lymphocytes (PBLS) separation and Cytotoxic assays

Peripheral blood Lymphocytes from healthy donors were obtained by method of gradient
separation Lympholyte-H (Cedarlane). After extensive washing, cells were resuspended (1
x106/ml) in RPMI-1640 with 10% FBS and incubated overnight. For evalutations in resting
PBLs, 1 x 10° cells/well were incubated in RPMI-1640 with 10% FBS in the absence or presence
of the compounds at the indicate concentration in 24-well plat, at 37° C and 5% CO , for 24h,
48h, 72h.

For experiments with proliferating PBLs, 1 x 10° cells/well were incubated in RPMI-1640
with 10% FBS supplemented with PHA (2.5 pg/ml) or with PHA (2.5 pg/ml) and 1L-2 (5 U/mL)
in the absence or presence of the compounds at the indicate concentration in flat-bottomed 24-
well plates, at 37° C and 5% CO..

Cell growth in the absence and presence of drugs was determined after 24h, 48h and 72h of
incubation at 37 °C and 5% CO: as described above. All experiments were repeated three times
using PBLs from three different healthy donors.
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