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Glutaminase inhibitor CB-839
causes metabolic adjustments in
colorectal cancer cells
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Colorectal cancer (CRC) cells are *addicted’ to glutamine to satisfy energy and biosynthetic needs.
Inhibiting glutamine metabolism enzymes, like glutaminase, is a potential cancer therapy strategy.
Although the GLS inhibitor CB-839 is being evaluated in clinical trials, a comprehensive assessment of
its antitumor activity in CRC cells is crucial. The present study aimed to evaluate the impact of CB-839
treatment on different CRC cell lines in terms of survival and proliferation. Furthermore, metabolic
adaptations resulting from CB-839 treatment, particularly in energetic pathways, were investigated.
Three CRC cell lines (HCT116, HT29, and SW480) were treated with different CB-839 concentrations.
Cytotoxicity was assessed via MTT assay, proliferation capacity by flow cytometry, and ATP production
rates by Seahorse XF analysis. Moreover, metabolomic profile was explored with untargeted GC-MS
and 'H-NMR, and targeted analysis of the Krebs cycle was conducted using GC-MS/MS. HT29 cells
exhibited the highest sensitivity to CB-839. Subsequent experiments focused on HT29 and SW480
cells. CB-839 treatment altered cell cycle progression and increased glycolytic ATP production in HT29
cells. Metabolomic analysis revealed changes in Krebs cycle and glutaminolysis in both cell lines, along
with alterations in amino acids, sugars, antioxidants, and organic acid levels. This study highlighted
glutamine’s key role in CRC cells and provided a foundation for elucidating the mechanisms of response
and resistance to CB-839.
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Colorectal cancer (CRC) is the second deadliest cancer and the third most diagnosed malignancy worldwide!.
Thanks to screening programs and early diagnosis, mortality rates have decreased overall. Unfortunately, the
incidence rate in young patients (under 50 years old) has increased??. It is currently known that cancer cells
rewire their metabolism to cope with rapid growth and proliferation®. Tumour cells prioritize different energy
sources than normal cells to meet the high energetic and biosynthetic demand®. Indeed, it has been found that
among these alternative sources, glutamine plays a pivotal role in supporting cancer growth and proliferation®.
Several tumor types become addicted to this amino acid’, including CRC cells®. Particularly, glutamine represents
a carbon and nitrogen source necessary for amino acid, nucleotide and lipid biosynthesis. In addition, glutamate
produced by glutamine deamination can be converted into a-ketoglutarate, supporting energy production by
fueling the Krebs cycle. Furthermore, the glutamine-derived glutamate can be used as a glutathione constituent,
thus participating in redox homeostasis’. The mitochondrial enzyme glutaminase (GLS) is responsible for
converting glutamine into glutamate, thus performing the first and rate-limiting step of glutamine metabolism.
Two main isoforms of glutaminase have been described in mammals: GLS-1(kidney-type) and GLS-2 (liver-
type), which differ in kinetic properties, protein structures, and tissue distribution®!?. Over-expression of the
GLS-1 enzyme correlates with poor prognosis and overall low survival in different types of cancer, including
breast, ovarian, and CRC'}!2, The metabolic vulnerabilities of cancer raised interest in the development of
metabolism-targeted therapies. Targeting glutamine metabolism represents an attractive and promising strategy
in cancer therapy due to the central role played by this amino acid. To date, several drugs impairing glutamine
metabolism have been introduced in clinical trials for various tumor types, including CRC!3. Among these
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drugs, Telaglenastat (CB-839) has emerged as one of the most promising drugs and represents a potent, selective,
reversible, and orally bioavailable inhibitor of GLS-1'*. Currently, CB-839 is reporting promising results in
various types of solid tumors (triple-negative breast cancer, ovarian cancer, non-small cell lung cancer) and
hematological malignancies. In particular, its combinatorial efficacy with chemotherapies and other molecularly
targeted agents is being tested in late-stage clinical trials'>-!3. Despite its efficacy in various neoplasms, the
antitumoral effect of CB-839 in CRC cells has been poorly evaluated in CRC cells, and few studies on this type of
tumor are present in the scientific literature!*?. New findings could therefore help to improve targeted therapy
in CRC patients and contribute to the development of innovative combination therapies. In the present study, we
evaluated the effect of CB-839 on proliferation and the metabolic effects of inhibiting GLS-1 activity on various
CRC cells.

Results

CB-839 exerted cytotoxic effects on CRC cells

To investigate whether CB-839 exerted cytotoxic effects on CRC cells, cell viability was assessed on CRC cell
lines using the MTT assay. The results showed that CB-839 treatment decreased the viability in the HT29 cell
line in a dose-dependent manner (Fig. 1). Moreover, the cytotoxic effect of CB-839 on HT29 cells was stronger
after 96 h of treatment (CC,=8.75 uM) than after 48 h (CC,,=19.10 uM). SW480 cells were the least sensitive
and required a higher drug concentration to achieve a 50% viability reduction. Surprisingly, the CC was higher
after 96 h (CC,,=51.41 uM) than after 48 h of treatment (CC50 =37.48 uM). Lastly, HCT116 cells were modestly
sensitive to the drug (CC,,=43.26 uM at 48 h and CC,;=26.31 uM at 96 h). These results prompted us to
select HT29 and SW480 cells, the most and the least sensitive cell lines, to further investigate CB-839 effects.
All following experiments were performed exposing HT29 and SW480 at different CB-839 concentrations to
investigate changes occurring after a cytotoxic or an adaptive response.
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Fig. 1. Cell viability curves of colorectal cancer cell lines: (A) HT29; (B) SW480; (C) HCT116 after CB-
839 treatment. Cell viability was assessed by MTT assay at 48 h in blue and 96 h in red at different CB-938
concentrations, reported in the x-axis. Representative growth curves of three independent experiments are
shown. Data are presented as means of at least 4 replicates. On the right, the equation of the curve and the
corresponding correlation coefficient for 48 h and 96 h were reported for each cell line.
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Fig. 2. Flow cytometry analysis of cell cycle distribution in HT29 and SW480 cells exposed for 48 h to
different CB-839 concentrations (10-15-20 uM). The result of one representative assay from three similar
independent experiments is shown. x- and y-axes indicate cell number and DNA content, respectively.

Sub-GO Phase GO/G1 Phase S Phase G2/M Phase
p-value p-value p-value p-value

Cell line % of cells£SD | (vs. Cont) | % of cells+=SD | (vs. Cont) | % of cells+SD | (vs. Cont) | % of cells=SD | (vs. Cont)
Cont 0.73+£0.18 74.41+0.36 14.40x0.22 9.92+0.51

HT29 CB-839 10 uM | 1.28£0.17 ns 76.74+0.19 ns 16.31+0.22 ns 5.45+0.32 0.0002
CB-83915uM | 2.91+0.72 0.0006 73.99+2.82 ns 18.20+1.30 0.0014 4.62+1.02 0.0001
CB-83920 uM | 2.14+0.37 0.0091 67.41+1.35 ns 24.78+1.00 0.0001 6.58+1.00 0.0020
Cont 3.69+0.45 65.41+£1.22 21.96+0.64 8.71+1.10

SW480 CB-839 10 uM | 4.18+0.52 ns 67.34+1.13 ns 20.12+1.54 ns 9.35+0.66 ns
CB-839 15 uM | 3.38+0.66 ns 65.08+£0.62 ns 21.55+0.28 ns 9.31+£0.90 ns
CB-83920 uM | 5.02+1.14 ns 62.57+£2.03 ns 22.92+1.32 ns 8.76+0.13 ns

Table 1. Effects of CB-839 on the cell cycle distribution of CRC cell lines. CRC cells were treated with
different concentrations of CB-839 for 48 h, stained with propidium iodide, and subjected to flow cytometric
analysis. Experiments were performed in triplicate and data were expressed as cell percentages and represent
mean + SD; ns: not signiﬁcant.

CB-839 altered cell cycle progression in HT29 cells

Based on the results of cell viability, a reduction in proliferation capacity due to CB-839 was assumed. After 48 h
of treatment, the distribution of HT29 and SW480 cell lines in the different phases of the cell cycle was explored
by FACS analysis. The HT29 cells accumulated in the S phase in a dose-dependent way after the treatment, and
at the same time, a reduction of the cell percentage in the mitotic phase (G2/M) was observed (Fig. 2). Moreover,
an increase in the sub-GO phase was observed in HT29 cells. No significant alterations in cell cycle progression
were noticed in SW480 cells after the treatment. Detailed information on the cell percentage distribution and the
relative statistical significance is reported in Table 1.

CB-839 treatment led to metabolic rewiring in CRC cells
Considering the key role of glutamine in energetic and biosynthetic processes, the metabolomic profile was
explored through an untargeted GC-MS and '"H-NMR analysis. All identified metabolites and their relative
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concentrations were merged and scaled into a single matrix, before being subjected to statistical analysis. The
unsupervised PCA was performed and as shown in Fig. 3, a good separation between control and treated groups
was observed in both HT29 (Fig. 3A) and SW480 (Fig. 3B) cell lines. This observed distribution suggested that
GLS-1 inhibition exerted a strong influence on CRC cell metabolism. Moreover, the spatial disposition of the
different groups of cells in the score plot reflected the rising drug concentrations, suggesting a dose-dependent
metabolic response.

Subsequently, univariate statistical analysis was performed to identify which metabolites were mostly
affected by the treatment and, thus, responsible for the separation. Specifically, the ANOVA test was performed
for each metabolite, and the treated groups were compared to the respective control. The analysis showed
extensive metabolic rewiring in both CRC cells after CB-839 treatment. A schematic representation of the main
metabolic alterations observed in the two cell lines after CB-839 treatment is reported in Fig. 4. A detailed
list of identified metabolites, trend of alterations, and statistical parameters is stated in Table 1S. As expected,
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Fig. 3. PCA scores plot based on metabolite concentrations measured by GC-MS and '"H-NMR analysis. The
metabolic profile of HT29 (3 A) and SW480 (3B) cells treated with different concentrations of CB-839 (10-15-
20 pM) and in control conditions was. The unsupervised analysis showed a good separation among groups and
a trend according to the drug concentration. PCA scores plot: 62.4% of total variance explained for HT29 and
60.3% for SW480.
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Fig. 4. The figure shows the metabolic pathways mainly involved in the treatment of CRC cells with CB-839.
The figure summarizes the alterations presented by both cell lines treated with CB-839 at a concentration of 20
uM. The metabolites found to be significantly modified show an arrow indicating the trend of the alteration,
red if the treatment induced an increase in the levels of the metabolite, and blue if there is a reduction in its
concentration compared to the control. The complete list of metabolites identified by metabolomic analysis,
the relative concentrations for each dose of CB-839 tested, and the statistical parameters for each of the two
studied CRC cells are reported in Table 2 S. This image has been created with BioRender.

glutamine concentration increased in treated cells, while glutamate abundance decreased after GLS-1 inhibition.
In HT29 cells a reduction of sugar content was observed in treated cells (glucose, fructose, galactose), while in
SW480 cells only the glucose amount was decreased. Furthermore, lactic acid intracellular levels increased with
treatment. The results of the metabolic analysis suggest a decrease in energy substrate content in the form of
ATP due to CB-839. Moreover, the aminoacidic pool was deeply altered after GLS-1 inhibition, in particular,
alanine, aspartate, isoleucine, methionine, and tyrosine showed a strong reduction in both cell lines. Other
amino acids displaying a severe decrease after treatment were glycine, ornithine, and phenylalanine. Leucine,
lysine, and threonine were only found strongly reduced in HT29 cells, while proline decreased mainly in SW480
cells. Serine and valine were the only two amino acids significantly increased, but only in HT29 cells and after
the treatment with the highest concentration of the drug. The monophosphate nucleotides, inosine, and uridine
monophosphate (IMP and UMBP, respectively) were significantly decreased after the treatment. Concerning
fatty acid metabolism, a significant decrease in carnitine and several short-chain fatty acids (2-hydroxybutirate,
3-hydroxybutyrate, 3-methyl-2-oxovalerate) was found in both treated cell lines. Drug treatment caused the
alteration of species involved in redox homeostasis, in particular, glutathione content was affected in both cell
lines, while NAD* and NADP* were decreased especially in HT29 cells.
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CB-839 induced a shift in ATP production from mitochondrial respiration to
Glycolysis in HT29 cells

Analysis of the metabolomic profile of CRC cell lines suggested impaired energy production pathways after
CB-839 administration. Therefore, the energetic phenotype and its changes in HT29 and SW480 cells after the
treatment with 15 uM of CB-839 was evaluated, through the XF Real-Time ATP Rate Assay using the Seahorse
Analyzer. Figure 5 shows the extracellular acidification rate and intracellular ATP levels measured after 48 h
of treatment with 15 uM CB-839 in HT29 and SW480 cells. A significant decrease in mitochondrial ATP
production rates and an increase in glycolytic ATP rates were observed in HT29 cells, after CB-839 treatment.
The increase in glycolytic activity of HT29 cells was also confirmed by the significant increase in the extracellular
acidification rate, due to the raised release of lactic acid by the cells. In contrast, no significant changes were
observed in SW480 cells, and total ATP production rates and the release of lactic acid remained almost constant.

CB-839 impaired Krebs cycle in HT29 and SW480 cells

Considering the metabolic rewiring towards the glycolytic pathway after CB-839 treatment, and the role of
glutamine as anaplerotic substrate of tricarboxylic acid (TCA) cycle, the Kreb’s cycle intermediates were analyzed
through a targeted approach. HT29 and SW480 cells were investigated at three different concentrations of CB-
839 (10, 15, and 20 puM) after 48 h of treatment. The targeted analysis showed significant alterations in both
tested cell lines, despite the resistance of SW480 cells to CB-839 proliferative inhibitory activity. Specifically, a
significant decrease in the levels of TCA intermediates, especially downstream of glutaminolysis in HT29 cells
(a-ketoglutaric acid, succinic acid and fumaric acid) was observed. Lower levels of oxaloacetic acid and malic
acid were observed at the highest doses of CB-839, while no changes were found in citric acid abundance at
different drug concentrations. On the other hand, an alteration in the content of all Krebs cycle intermediates
was observed in SW480 cells, as well as citric acid, in contrast to HT29 cells. An overview of Krebs cycle
intermediates identified using a targeted approach, and the main anaplerotic pathways, glutaminolysis and
GABA shunt, detected with an untargeted approach, in HT29 and SW480 cells were shown in Fig. 6A and B,
respectively.

Discussion

In recent years, glutamine metabolism has become an intriguing target in CRC therapy in light of its central
role in cell growth and survival?!-?%. Consequently, various molecules impairing glutamine metabolism have
been introduced in clinical trials for several tumors, including CRC'®. Among these drugs, the compound CB-
839 has been widely tested alone or in combination with classical antineoplastic agents'> however, its efficacy
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Fig. 5. Quantification of ATP production by Seahorse XF real-time ATP rate assay following 15 pM of
CB-839 treatment at 48 h in HT29 and SW480 cells. In (A) and (B) the extracellular acidification rate and
ATP production from mitochondrial and glycolytic pathways, respectively, of HT29 cells are reported.

In (C) and (D) the same parameters are reported for SW480 cells. Data are presented as the mean of 3
replicates + standard deviation. * p <0.05, ** p <0.005.
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has been poorly evaluated in CRC. Therefore, the present study aimed to test the efficacy of CB-839 on cell
viability, proliferation, and energy metabolism in CRC cell lines. Although all tested cell lines were sensitive to
glutamine deprivation®, HT29 cells were the most sensitive to CB-839 treatment, whereas HCT116 and SW480
cells required higher drug concentrations to achieve 50% inhibition of viability, suggesting that CRC cell lines
may rely on different mechanisms to overcome the impairment of glutamine metabolism. Cell cycle progression
analysis showed a decrease in proliferative capacity in HT29 cells, with an increase in the S-phase cell percentage
and the simultaneous reduction of cells in the G2/M phase, suggesting that HT29 cells entered the S-phase but
were not able to complete the replication. During S-phase, cells duplicate their genetic material, and, when DNA
breakage occurs, the synthesis is interrupted to allow DNA repair, and consequently S phase is prolonged?’, thus it
can be hypothesized that DNA damage occurs after the treatment in HT29 cells. Consistent with our hypothesis,
Shen and colleagues®® demonstrated an increased expression of replication stress response markers (pRPA,
YH2AX, and pAT) in ovarian cancer cells after CB-839 treatment. In SW480 cells no significant alterations were
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observed in the cell cycle after the treatment, confirming the resistance of SW480 cells to the drug. Moreover,
numerous works attribute the arrest of proliferation to the lack of nucleotides, of which glutamine represents the
precursor27‘3°. Indeed, metabolomic analysis showed decreased levels of nucleotide precursors, such as inosine
and uridine monophosphate. Furthermore, in HT29 cells a significant increase in cell percentage in the sub-GO
phase was observed, especially at high concentrations of the drug. A slight rise, but not statistically significant,
was noticed also in SW480 cells. As demonstrated in previous studies®' =%, glutamine plays a critical role in the
regulation of apoptosis. The apoptotic programme can be triggered by the increase in ROS species due to the
decrease in GSH content®*** Accordingly, the decrease of GSH observed in CRC-derived cells emphasises the
alteration of the redox balance after treatment with CB-839 and thus its possible involvement in the induction
of programmed death mechanisms.

Nowadays, also thanks to the support of artificial intelligence, metabolomics can describe the pathological
profile®*38, the response to therapy™+° or the physio-pathological mechanisms*' underlying several morbid
conditions. The metabolomic analysis conducted in the present study, which included both untargeted and
targeted approaches, revealed numerous and significant changes after CB-839 treatment. The metabolome
is extensive and intricated, making it challenging to examine in its entirety. Furthermore, glutamine plays
a multifaceted role in cellular and tumor metabolism, contributing to various biosynthetic and energetic
processes’. Consequently, despite a fair number of metabolites were identified and one of the main pathways of
glutamine metabolism, namely glutaminolysis, was investigated, it is possible that the pharmacological inhibition
of GLS-1 could impact other metabolites. These alterations may emerge from further studies, Metabolomics
was used to understand which mechanisms might underlie the response or resistance to CB-839 treatment in
colorectal cancer cells. Metabolic profiling analysis highlighted differences between controls and treated cells,
indicating a dose-dependent phenotypic change in CRC cells. As expected, metabolomics investigation showed
the accumulation of the substrate (glutamine) and the decrease of the product (glutamate) after GLS-1 inhibition
with CB-839. Moreover, several metabolite levels, such as alpha-ketoglutarate and aspartate, linked to glutamate,
dropped due to GLS-1 inhibition. Furthermore, the reduction of aspartate concentration was reported, indeed
its amino group is transferred by an aminotransferase to alpha-ketoglutarate to produce glutamate*?. Probably,
CRC cells improve aspartate catabolism to counteract glutamate deficit due to CB-839 treatment. Metabolomics
analysis highlighted the alteration of the aminoacidic pool. Most of the amino acid levels, such as alanine, glycine,
isoleucine, phenylalanine, and tyrosine, were decreased after the treatment. Glutamine-derived glutamate
represents the precursor of non-essential amino acids*?, so the lack of this substrate could induce the decrease
of the aminoacidic pool in CRC cells. Moreover, it is well known that glutamine deprivation alters amino acid
transport*, thus modifying intracellular amino acid contents. Interestingly, in HT29 cells, serine and valine
levels were significantly upregulated while leucine and lysine intracellular content was remarkably diminished.
The altered intake and consumption of certain amino acids in the susceptible HT29 cells could be due to stress
caused by glutamine metabolism impairment. It can be supposed that HT29 cells enhance leucine catabolism to
compensate for the lack of glutamate due to CB-839 treatment, since the leucine amino group is transferred to
alpha-ketoglutarate, leading to the production of a-ketoisocapropic acid and glutamate®®. Polet et al. reported
the upregulation of the serine pathway during glutamine withdrawal in leukemia cells to counteract oxidative
stress. This raised metabolic activity could justify the increased levels of serine at a high CB-839 doses*. The
same trend was observed in glioma cells, where serine uptake was upregulated to provide biosynthetic precursors
and carbon to fuel one-carbon metabolism*.

The treatment with CB-839 affects sugars metabolism: HT29 cells showed decrease in glucose, fructose,
and galactose levels, while in SW480 only glucose content was reduced. This suggests a raised consumption of
carbohydrates to provide carbon for biosynthetic purposes particularly in HT29 cells. Moreover, the increased
glucose consumption could be addressed by the raised glycolytic rate, which consumes glucose at a higher rate
in comparison to oxidative phosphorylation®®. The high glycolytic rate in HT29 cells has been confirmed by
XF Real-Time ATP Rate Assay analysis, which showed a significant increase in glycolytic activity to produce
energy, in the form of ATP. The boosted glycolytic rate after GLS-1 inhibition is confirmed by the increased
lactic acid release in the extracellular environment, observed with Seahorse analysis, and by the significant
increase of intracellular lactic acid, detected with metabolomic experiments. Mitochondrial ATP production
was significantly decreased after CB-839 treatment in HT29 cells indicating the reduction in Krebs’ cycle activity.
CB-839-induced deregulation of TCA cycle has been previously observed in different cell lines*>*. This data was
supported by targeted analysis of TCA cycle intermediates, which showed a significant drop in metabolite levels
downstream of glutaminolysis. Although Seahorse analysis only displayed a slight alteration of ATP production
via oxidative pathway in SW480 cells, surprisingly, targeted analysis showed alterations of Krebs cycle with
reduction of all TCA cycle intermediates after treatment. Interestingly, in SW480 cells, citric acid levels were
lower after the treatment, probably due to its anaplerotic role under nutrient-limited conditions. Indeed, it has
been shown that exogenous citrate supplementation helps cell growth during stress conditions, fuelling fatty
acid synthesis®’. It can be hypothesized that citrate is redirected to lipid synthesis, and this would represent
a mechanism implemented by SW480 cells to counteract glutamine metabolism impairment. Furthermore,
after CB-839 treatment a significant decrease of gamma-aminobutyric acid (GABA), a storage molecule for
succinate®?, was observed. Cells exploit the pathway called GABA shunt to supply the Krebs cycle and overcome
metabolic stress®>>*, This observation suggests a possible and potential combination of the compound CB-839
with drugs targeting GABA biosynthetic enzymes, providing an important starting point for future studies.

Moreover, HT29 cells showed a significant decrease in NAD* and NADP* content, representing an intriguing
difference in the response to CB-839 between HT29 and SW480 cells. NAD* was discovered as an electron
transporter in redox reactions®. Nowadays, it is known that the maintenance of high NAD* and NADP*
production is required for numerous cellular processes involved in cancer cell growth and proliferation, such as
pentose phosphate pathways, serine biosynthesis and fatty acid synthesis®®*”. The deficiency of these important
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cofactors could be due to their use as electron carriers to compensate for the redox imbalance due to CB-839
treatment. Consequently, the failure of NAD* and NADP* could determine impairment of the pathways that
use these cofactors and that contribute to the growth and proliferation of tumor cells. The difference in terms of
NAD* and NADP* concentrations between HT29 and SW480 could therefore be responsible for the different
responses of the two cell lines and deserves further investigation.

Conclusion

In the present study, the effects of the GLS-1 inhibitor, CB-839 and, therefore, the effects of the impairment
of glutamine metabolism in CRC cells were investigated. Specifically, two glutamine-dependent cell lines
were compared. Despite the dependence on glutamine, the CRC cells showed different responses to CB-839
treatment. In particular, glutamine metabolism impairment mainly affected proliferation capacity, energy
metabolism and ATP production pathways, aminoacidic profile, and redox balance. Although SW480 cells
were less sensitive to the drug, they showed profound alterations at the metabolic level similar to HT29 cells.
These alterations probably represent an attempt by the cells to adapt and respond to the drug CB-839. On the
other hand, the decrease of citrate levels observed in SW480 cells could represent an intriguing mechanism that
counteract pharmacological inhibition of GLS-1 and explain at least in part the lower sensitivity to the drug.
Moreover, this study revealed an important difference in the response to the drug between the two cell lines,
indeed a decrease in NAD* and NADP* was found only in HT29 cells. Considering the fundamental role of
these two cofactors in tumour growth and proliferation, it can be assumed that they are involved in the different
outcomes of treatment with CB-839. This study serves as a starting point to investigate the efficacy of CB-839
in colorectal cancer and the possible resistance mechanisms of CRC cells. The experiment conducted revealed a
reduction of viability and proliferation capacity in HT29 cells and metabolic alterations, both in respondent and
resistant cells, following the treatment. However, additional research is required to fully elucidate the underlying
mechanisms responsible for these changes and if these alterations are responsible for the different response of
studied CRC cells to the drug. Despite these limitations, the study suggests valuable insights for understanding
the biochemical characteristics and mechanisms predisposing to drug sensitivity or resistance and offers a strong
rationale for promising combined therapy.

Materials and methods
Cell culture and chemicals
HCT116 cells were kindly gifted by Dr. Giuseppina Sanna (University of Cagliari, Italy). HT29 cells were
purchased from Elabscience, Houston, TX, USA. SW480 cells were obtained from the cell bank ICLC (San
Martino Polyclinic Hospital, Genova, Italy). The cell lines were maintained and assayed in Dulbecco’s Modified
Eagle’s Medium (DMEM) with high glucose, supplemented with 10% heat-inactivated bovine serum (FBS,
Life Technologies, Milan, Italy), 100 U/mL penicillin, 100 mg/mL streptomycin (Sigma-Aldrich, Milan, Italy),
L-glutamine 2 mM (Euroclone, Milan, Italy) and sodium pyruvate 1 mM (Euroclone, Milan, Italy), at 37 °C and
5% CO,. The drug CB-839 was purchased from Sigma-Aldrich, Milan, Italy.

All experiments described in this work were evaluated at 48 h, except for viability assay, which was also

assessed at 96 h, as reported in the literature®®-%°.

Cell viability assay

For viability assays, HCT116, HT29, and SW480 cells were seeded in 96-well plates (1 x 10° cells/mL; 100 uL/
well). The following day cells were treated with different concentrations of CB-839 (2.5, 5, 10, 15, 20 uM) for
48 and 96 h. The cell viability was assessed with MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium
bromide) assay®!. Data were expressed as absorbance at 570 nm * standard deviation. A viability curve was built
for each cell line. The CC, (cytotoxicity concentration 50%, i.e. the concentration able to achieve a viability
reduction of 50%) was extrapolated from the curve. All experiments were carried out in at least quadruplicate
and repeated 3 times.

Fluorescence-Activated cell sorting (FACS) analysis

Cell cycle progression was explored by flow cytometry, using the FxCycle™ PI/RNase Staining Solution kit, as
previously described by Dettori and colleagues®?. Additional information is provided in the supplementary
materials.

Metabolomics analysis through GC-MS, H-NMR, and GC-MS/MS techniques

The samples were processed for Gas Chromatography-Mass Spectrometry (GC-MS) and 'H-NMR analysis, as
described in our previous work®®. Hydrophilic intracellular metabolites were extracted following the method
described by Tronci and colleagues®. Untargeted metabolomic analysis was performed with GC-MS and
"H-NMR techniques. Further details are reported in the supplementary materials. The Krebs’ cycle intermediates
were analyzed with a targeted approach through the GC-MS/MS technique. Technical information and the
transitions of metabolites monitored are reported in Table 2 S.

XF Real-Time ATP assay (Seahorse)

The ATP production rates were measured using XF Real-time ATP Assay Kit (Agilent Technologies, CA,
USA) according to the manufacturer’s instructions. Based on the oxygen consumption and the extracellular
acidification rate, this assay measures real-time ATP production from the two major bioenergetics pathways,
glycolysis and mitochondrial respiration. Additional technical information is reported in the supplementary
materials.

Scientific Reports |

(2025) 15:37028 | https://doi.org/10.1038/s41598-025-20528-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Multivariate and univariate statistical analysis

Multivariate statistical data analysis was performed using SIMCA version 17.0 (U Sartorius Stedim Biotech,
Umea, Sweden). First, data underwent a Principal Component Analysis (PCA), which is important for the
investigation of sample distributions without classification. The univariate statistical analysis was performed
using GraphPad Prism software (version 7.01, GraphPad Software, Inc., CA, USA). A Student’s t-test or ANOVA
test was performed to evaluate statistical significance and a p-value <0.05 was considered statistically significant.
Data are presented as means + standard deviation. All experiments were performed three times independently,
each time at least in triplicate. Results were considered significant when * p<0.05, ** p<0.01, *** p <0.001, ****
p<0.0001.

Data availability
The data produced and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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