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BACKGROUND: Metabolic stress resulting from nutrient deficiency is one of the hallmarks of a growing tumour. Here, we tested
the hypothesis that metabolic stress induces breast cancer stem-like cell (BCSC) phenotype in triple-negative breast cancer (TNBC).
METHODS: Flow cytometry for GD2 expression, mass spectrometry and Ingenuity Pathway Analysis for metabolomics,
bioinformatics, in vitro tumorigenesis and in vivo models were used.

RESULTS: Serum/glucose deprivation not only increased stress markers but also enhanced GD2" BCSC phenotype and function in
TNBC cells. Global metabolomics profiling identified upregulation of glutathione biosynthesis in GD2"9" cells, suggesting a role of
glutamine in the BCSC phenotype. Cueing from the upregulation of the glutamine transporters in primary breast tumours,
inhibition of glutamine uptake using small-molecule inhibitor V9302 reduced GD2" cells by 70-80% and BCSC characteristics in
TNBC cells. Mechanistic studies revealed inhibition of the mTOR pathway and induction of ferroptosis by V9302 in TNBC cells.
Finally, inhibition of glutamine uptake significantly reduced in vivo tumour growth in a TNBC patient-derived xenograft model
using NSG (non-obese diabetic/severe combined immunodeficiency with a complete null allele of the IL-2 receptor common

gamma chain) mice.

CONCLUSION: Here, we show metabolic stress results in GD2* BCSC phenotype in TNBC and glutamine contributes to GD2"
phenotype, and targeting the glutamine transporters could complement conventional chemotherapy in TNBC.

British Journal of Cancer (2022) 126:615-627; https://doi.org/10.1038/s41416-021-01636-y

INTRODUCTION

Triple-negative breast cancer (TNBC) is an aggressive breast cancer
subtype with a high risk of recurrence and metastasis. TNBC confers
poor outcomes compared with other breast cancer subtypes due to
its distinctive clinical and molecular characteristics. The lack of HER2
protein and hormone receptors on the surface of tumour cells limit
options for targeted therapy [1, 2].

A rapidly growing tumour needs a constant supply of micro-
nutrients to maintain bioenergetics and biosynthesis of macro-
molecules [3]. However, this phenomenon confines the supply of
nutrients within the tumour microenvironment [3, 4]. Under these
nutrient-deprived (ND) conditions, tumour cells tend to undergo
metabolic reprogramming and develop alternative approaches
to survive [4, 5]. According to the Warburg effect, tumours are
highly dependent on glycolysis [6]. However, glucose-deprived
conditions limit the entry of glucose-derived metabolites into the
tricarboxylic acid (TCA) cycle, resulting in metabolic and oxidative
stress [7-9]. Consequently, tumour cells rely on other metabolites

such as glutamine as an alternate source [10-12]. Glutamine enters
the cell predominantly through glutamine transporters and gets
converted to glutamate by the mitochondrial enzyme glutaminase
[13-15]. Glutamate contributes to the synthesis of glutathione (GSH)
and maintains the homeostasis of reactive oxygen species (ROS)
[10, 16, 17]. Given these essential roles of glutamine, inhibition of
glutaminolysis has been an effective therapeutic target. A small-
molecule inhibitor of glutaminase (CB-839) is being evaluated in
clinical studies for cancer patients [12, 13, 17, 18]. However, the role
of glutamine on the breast cancer stem-like cell (BCSC) phenotype in
TNBC is not known and the inhibition of glutamine transporters in
BCSCs is poorly studied [11, 19].

We hypothesise that metabolic stress associated with tumour
progression induces a BCSC phenotype in TNBC cells. BCSCs
constitute a small fraction of cells in the primary tumour that are
relatively quiescent, with stem cell-like properties such as self-
renewal capacity exhibiting drug resistance and metastatic
potential [20, 21]. We have recently reported ganglioside GD2 as
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a BCSC marker that selectively identifies CD44™9"/CD24'" BCSCs
in TNBC and it is upregulated in TNBC patient samples [22-24].
GD3 synthase (gene name ST8SIAT), a key player in the
biosynthesis of GD2, is highly upregulated in GD2" BCSCs and
knockout of ST8SIAT led to complete tumour growth inhibition
[24, 25]. Despite these studies, the metabolism of GD2" BCSCs
remains relatively unexplored [26]. In this report, we evaluated the
effect of nutrient deprivation on the GD2" phenotype in TNBC
cells and investigated the role of glutamine in BCSC maintenance
and function. Moreover, we tested the effects of inhibition of
glutamine uptake using a novel inhibitor of neutral amino acid
transporters (V9302) on targeting BCSCs in vitro and in vivo.

MATERIALS AND METHODS

Cell culture

Human breast cancer cell lines SUM159 and MDA-MB-231 were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) with 10% foetal bovine serum
(FBS) and 1% penicillin/streptomycin. For mimicking nutrient deprivation,
cells were cultured with or without medium replacement daily until cells
reached >90% confluency. For serum-deprivation experiments, cells were
cultured with either 1% or 10% FBS. For glucose-deprivation experiments,
DMEM without glucose was used in the presence or absence of glucose
(6 g/L), but supplemented with 10% dialysed FBS. For glycolysis inhibition,
cells were cultured with or without 2-deoxy-p-glucose (2-DG; 10 mM).
Furthermore, to observe the effect of metabolic stress on the induction of
BCSC phenotype in non-stem cells, GD2~ cells from SUM159 and MDA-MB-
231 cells were flow-sorted and cultured for 5 days with or without 2-DG, as
well as in the presence of 1 or 10% FBS. To determine the effect of glutamine
on BCSC phenotype and function, cells were cultured with or without
L-glutamine at different concentrations. To inhibit glutamine uptake, V9302
(synthesised in Dr. Henry Manning's lab or purchased from Selleck Chemicals)
was used at different concentrations. To study the chemotherapeutic effect
on the gene expression of glutamine transporter (Solute Carrier Family 1
Member 5, SLC1A5), SUM159 and MDA-MB-231 were treated with paclitaxel
or doxorubicin at different concentrations for 48 h. The compounds were
diluted from 50mM dimethyl sulfoxide (DMSO) stocks in a complete
medium. Cells were routinely checked for the presence of mycoplasma using
the Mycoplasma PCR Detection Kit (Applied Biological Materials). To confirm
purity, all cell lines are fingerprinted every 6 months at the MD Anderson’s
Characterized Cell Line Core.

Flow cytometry

After treatment such as serum deprivation, glucose deprivation, 2-DG,
glutamine or V9302, SUM159 or MDA-MB-231, cells were trypsinized
and collected (at least 0.5 x 10° cells per flow tube). Cells were washed
with 1x phosphate-buffered saline (PBS) and incubated with 3 puL of
allophycocyanin-conjugated anti-GD2 antibody (Cat# 357306; BioLegend)
for 30 min on ice in the dark. After incubation, the cells were washed with
fluorescence-activated cell sorting (FACS) buffer containing 1 pg/mL of
4/ ,6-diamino-2-phenylindole (DAPI; Cat# D1306, Thermo Fisher Scientific)
to exclude the dead cells and analysed for GD2 expression using LSR Il (BD
Biosciences) or Gallios (Beckman Coulter) flow cytometers. Data from
10,000 events were collected and further analysed using the FlowJo
10.7.1 software (FlowJo, LLC).

Metabolomic studies

To identify the metabolic pathways associated with the GD2" phenotype,
five sets of samples were prepared. Each set consisted of a GD2°" and a
GD2M9" cell type, as follows: Set 1: ST8SIA1-knockout SUM159 cells vs. Cas9
control SUM159 cells [25], Set 2: SUM159 cells cultured with NR vs. ND
medium, Set 3 and Set 4: FACS-sorted GD2~ vs. GD2* SUM159 cells and
MDA-MB-231 cells [25] and Set 5: luminal cell-derived (BT-474, MCF-7,
MDA-MB-453, SKBR3, T47-D and ZR-75-1) vs. basal cell-derived (SUM159,
MDA-MB-231 and MDA-MB-436) breast cancer cell lines. Metabolites were
extracted from each set as previously described [27, 28]. The samples were
analysed using high-performance liquid chromatography (HPLC) coupled
to Agilent 6490 QQQ mass spectrometry using positive and negative
electrospray ionisation. The data were processed on MassHunter
quantitative analysis software. The identified metabolites were normalised
with isotopically labelled internal standard and log 2-transformed on a per-
sample, per-method basis. Two-sample t tests were performed on every

metabolite in the normalised data to compare expression levels between
different groups. Differential metabolites were identified by adjusting the p
values for multiple testing at a false discovery rate threshold of <0.25, and
a heat map was generated. A total of 300 metabolites were targeted and
differentially regulated in each set were identified and analysed by
Ingenuity Pathway Analysis.

Mammosphere and in vitro tumorigenesis assays

A mammosphere assay was performed as previously described [25]. Briefly,
MDA-MB-231 and SUM159 cells were treated with V9302 at different
concentrations and stained with 1 mg/mL of 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) (Alfa Aesar) after 1 week to count
the mammospheres [25]. A soft-agar colony formation assay was
performed as TNBC cells were treated with or without V9302, or SLCTA5-
KD cells (5x 0% cells per well) and cultured in a complete cell culture
medium containing 1 and 0.5% low-melting agarose in a dual-layer setting.
The cells were cultured at 37 °C with 5% CO, for 3 weeks. The colonies
were stained with MTT and imaged [25].

Migration assay

Migration assays were performed using 24-well trans-well chambers, using
membrane inserts with 8-um pores (Corning) as described before [25].
Briefly, SUM159 or MDA-MB-231 cells with or without V9302 at different
concentrations were seeded (1 x 10* cells per chamber) into the upper
chambers. After 8 h at 37 °C, each membrane was carefully removed from
the insert, fixed with 2% formalin and stained with DAPI (1 pg/mL) (Life
Technologies). Fluorescent images were captured using the EVOS
automated microscope (Thermo Fisher Scientific).

Measurement of total GSH and ROS levels

Total GSH was measured using a Glutathione Assay Kit (Cayman
Chemicals) according to the manufacturer's instructions. SUM159 or
MDA-MB-231 cells were treated with or without V9302 for 72 h following
the procedure for adherent cells as per the manufacturer's instructions.
The total GSH concentration of the samples was measured by the end-
point method at 405-414 nm using a VICTOR X3 automated plate reader
(Perkin-Elmer). To measure total ROS levels, the cells were incubated with a
ROS detection reagent available in the ROS-ID Total ROS Detection Kit
(Enzo Life Sciences). ROS levels were determined by LSR Il flow cytometry
as per the manufacturer’s instructions.

Detection of lipid peroxidation-induced ferroptosis

Ferroptosis was detected as previously described [29]. Briefly, TNBC cells
(1% 10° cells/well in 6-well plates) were treated with either V9302 (5, 10 or
20 pM) or tert-butyl hydroperoxide (100 pM) (Sigma) with or without
ferroptosis inhibitor ferrostatin-1 (Ferr-1, 0.5 uM) (Sigma) for 48 h at 37°C
with 5% CO,. C11-BODIPY (10 uM, Thermo Fisher Scientific) was then
added and incubated for 20 min at 37 °C. All the cells were collected and
analysed by flow cytometry using the fluorescein isothiocyanate channel.
For the measurement of in vivo lipid peroxidation, patient-derived
xenograft (PDX) tumours were disaggregated into a single-cell suspension,
immediately incubated with C11-BODIPY and prepared for flow cytometry.
Ten thousand events were collected and analysed by the FlowJo software.

Generation of SLC1A5-knockdown cells

Lentiviral-mediated short hairpin RNA (shRNA) was used to stably knock
down SLCTA5 in SUM159 cells as described before [30]. The shRNA
constructs were purchased from Horizon Discovery (sequencing primer: 5’
AAACCCAGGGCTGCCTTGGAAAAG-3/, vector map: pLKO.1, NM_00114514
4.2; NM_001145145.2; NM_005628.3; clone ID: TRCN0000043121). Lentiviral
pLKO.1 vector (GE-Dharmacon) was used as a scramble control. To select
the transduced cells, the medium was replaced with DMEM containing
puromycin (1 pg/mL) (InvivoGen). Knockdown efficiency was quantified by
quantitative PCR (qPCR) and Western blotting (ASCT2 antibody; Cat# PA5-
83265; Thermo Fisher), respectively.

Western blotting

For western blotting, the cells were lysed and proteins were extracted as
described previously [25]. The membranes were incubated with the primary
antibodies overnight at 4 °C (Supplementary Table 1). The membranes were
then washed and incubated with donkey anti-mouse immunoglobulin G
antibody conjugated with Alexa Fluor 680 or donkey anti-rabbit antibody
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conjugated with Alexa Fluor 800 (Cat# A10038 and A32808; Thermo Fisher
Scientific). The membranes were washed again and scanned using the
ChemiDoc Imaging System (Bio-Rad) or Odyssey Fluorescence Imaging
System (LI-COR Biosciences).

Real-time qPCR

RNA extraction was performed using RNeasy Mini Kit (Qiagen) following
the manufacturer’s instructions. The complementary DNA for each sample
was synthesised using 1 ug of RNA and SuperScript IV VILO Master Mix
(Invitrogen). Real-time gqPCR was performed using the TagMan gene
expression assay (Applied Biosystems). The primers used were provided in
Supplementary Table 2. Relative messenger RNA expression was normal-
ised to glyceraldehyde 3-phosphate dehydrogenase expression.

Animals

All experiments involving animals were approved by and conducted in
accordance with the policies of the Institutional Animal Care and Use
Committee (IACUC) of The University of Texas MD Anderson Cancer Center.
Female NSG mice (non-obese diabetic/severe combined immunodeficiency
with a complete null allele of the IL-2 receptor common gamma chain
[IL2rg™™"; 8 weeks old) were housed in the plastic cages in groups of five and
allowed a week to adapt to the housing facility. Animals were supplied with
rodent maintenance food, water and inspected twice daily. At the end of the
experiment, the animals were humanely euthanized per IACUC guidelines by
placing them in a euthanasia chamber and providing CO, using a gauge and
pressure regulator. As a secondary physical method, cervical dislocation was
performed after euthanasia. No anaesthesia was given during this procedure.

In vivo tumour growth

ShRNA control or SLCTA5-KD SUM159 cells (1 x 10°) were resuspended in
ECMatrix solution (EMD Millipore) and implanted into the mammary fat
pads of NSG mice (n=10; 5 mice per group). Once the tumours were
palpable at week 3, tumour volumes were measured using callipers every
week until the tumours reached 2 cm in diameter. To study the effect of
V9302 on tumour growth, TNBC PDX cells (PIM 005, 3x10°% were
implanted into the mammary fat pads of NSG mice (n=20; 5 mice per
group) [31]. Once the tumours were palpable after week 4, the mice were
randomly divided into four groups. Treatments and measurements were
performed serially based on cage number and this order was maintained
throughout the study. However, any other potential confounders were not
controlled for. From week 5, each group of mice were treated with
V9302 (15 mg/kg/day) or vehicle control (2% DMSO in PBS) three times a
week (Monday, Wednesday and Friday). Each week, tumour volumes were
measured using callipers and mouse body weights were measured
using a simple balance. When the tumour reached 2 cm in diameter, the
mice were sacrificed. The tumours were harvested from both groups,
minced and digested using collagenase Il (Sigma) and dispase (Stemcell
Technologies) to obtain single-cell suspensions.

Statistics

METABRIC dataset (cBioPortal database), comprising 2509 breast cancer
samples (including 199 basal, 199 claudin-low, 220 HER2, 679 luminal A
and 461 luminal B) and 140 normal-like adjacent breast tissues was used to
analyse different glutamine transporters genes. Differential expression
between the subgroups was tested by using one-way analysis of variance
(ANOVA) with Tukey's honestly significant difference post hoc test. The
Kaplan-Meier method was used to plot survival curves and was evaluated
by the log-rank test. All the statistical analysis was conducted in R software
(version 3.5.3), and p values <0.05 were considered statistically significant.
For synergism analysis, the cells were treated with V9302 or paclitaxel or
both for 72 h. The combination index (Cl) was evaluated by the CompuSyn
software. Dose-response curves from combined treatment were fitted to
Chou-Talalay lines, which were derived from the law of mass action. Cl < 1
indicates synergistic interaction; Cl= 1, additive interaction; and Cl>1,
antagonistic interaction. All other statistical analyses were performed using
GraphPad Prism software (version 8.2.1). Unless otherwise indicated, the
data shown represent the mean +standard deviation. The statistical
significance between two-sample groups was analysed by unpaired t test;
for three or more groups, one-way ANOVA was used. Differences within
the treatment groups were analysed with two-way ANOVA. For in vivo
experiments, one-way ANOVA followed by Bonferroni’s multiple compar-
ison test was performed for tumour volumes, and an unpaired t test was
performed for the tumour weights.
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RESULTS

Nutrient/glucose deprivation induces a GD2* BCSC phenotype
in TNBC cells

To study the effect of nutrient deprivation on the CSC
phenotype, SUM159 and MDA-MB-231 cells were cultured with
or without fresh media replacement on daily basis to mimic
gradual nutrient deprivation in the tumour microenvironment.
GD2 expression was analysed prior to seeding and at 24-h
intervals after seeding. Interestingly, on day 5, SUM159 cells with
fresh media had a lower number of GD2" cells (15+1.5%)
compared with cells without media replacement (33 + 2.5%), and
the same was found for MDA-MB-231 cells (4 +0.5% compared
with 15+ 0.5%) (Fig. 1a, b). These data suggest that nutrient
deprivation could induce a GD2™ stem cell phenotype. In further
validations with nutrient-rich (NR, 10% serum) or ND (1% serum)
medium, both cell lines showed a percentage of ~20% GD2*
cells at the end of 4 days in NR, compared with ~50% in ND
medium (Fig. 1c). To determine whether the increase in GD2*
cells under metabolic stress is a true induction of stem cell-like
phenotype, but not the expansion of the residual GD2™ cells, we
sorted GD2 cells from SUM159 and MDA-MB-231 cells and
cultured them with or without glycolysis inhibitor 2-DG
or medium with 1 or 10% FBS for 5 days. Both SUM159 and
MDA-MB-231 cells showed a significant increase (p <0.05) in
their percentage of GD2™ cells when cultured in the presence of
2-DG (from 1.64 to 5.63% in SUM159 cells and from 0.84 to 4.68%
in MDA-MB-231 cells) or in the media supplemented with 1%
serum (from 1.9 to 11.8% in SUM159 cells and 0.83 to 2% in
MDA-MB-231 cells) compared to the cultures in the absence of
2-DG and media supplemented with 10% serum, respectively
(Supplementary Fig. 1). Next, to investigate whether nutrient
stress induced a GD2" stem cell in vivo, NSG mice xenograft
model with MDA-MB-231 cells was examined for GD2 expression
in the implanted tumours once a week (Supplementary Fig. 1a—c).
Interestingly, the percentage of GD27 cells increased from 18 +
1.5 to 45 +2.5% with the tumour growth over a 6-week period
(Supplementary Fig. 2b, c), suggesting that the metabolic stress
within the tumour induced a GD2" BCSC phenotype.

Since glucose is an essential source of energy, we tested the
effects of glucose deprivation. Interestingly, we observed a 2-3-
fold increase in GD2" cells in a time-dependent manner from
28.77 £4.87% at 48 h to 33.63 £4.5% at 96 h in SUM159 and 15.9 +
1.2% at 48h to 20.5+£1.2% at 72h in MDA-MB-231 cells in
glucose-deprived conditions compared with control conditions
(Fig. 1d). Although it was not significant at the 96 h time point for
MDA-MB-231 cells; GD2 expression was higher when glucose was
deprived. Further validations using 2-DG, which inhibits glycolysis
showed a 2-3-fold increase of GD2" cells (17.7 +1.45% at 48 h,
27.2+1.5% at 72h and 16.05+ 1.4 at 96 h in SUM159 and 119+
0.6% at 48 h, 11.65+£0.57 at 72 h and 13.5 £ 0.58% at 96 h in MDA-
MB-231 cells) compared to control cells (~10% in SUM159 or
ranging from 5.4% at 48 h to 10.7% at 96 h in MDA-MB-231 cells)
(Fig. Te). The lower number of GD2* SUM159 cells at 96 h might
be due to saturation of cell growth influencing the phenotype
transition. However, there is a significant difference (2-fold)
between 2-DG-treated and -untreated cells. Unlike glucose
deprivation, 2-DG treatment did not reduce cell viability, which
could be due to alternative metabolites present in the FBS
(Supplementary Fig. 2d). Taken together, these results suggest
that glucose deficiency aids in the conversion/dedifferentiation of
GD2™ into GD2" BCSCs.

Nutrient deprivation induces metabolic stress and enhances
BCSC functions in TNBC cells

To validate the effects of nutrient deprivation on metabolic stress
in cancer cells, we first examined the expression of metabolic
stress markers such as ATF4 and SESN2 in cells cultured in serum/
glucose-deprived medium. As expected, expression of ATF4 and
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Fig.1 Serum and glucose deprivation induces GD2 expression in TNBC. a, b SUM159 (50,000 cells/well) or MDA-MB-231 (75,000 cells/well) cells
were plated in 24-well plates and maintained with or without replacing the cell culture media after initial seeding. GD2 expression was analysed using
flow cytometry with APC-conjugated anti-GD2 antibody at 24-h intervals. ¢ SUM159 and MDA-MB-231 cells were grown in cell culture media
supplemented with either 1 or 10% FBS for 24 and 48 h. d For glucose deprivation, SUM159 and MDA-MB-231 cells were grown in dialysed FBS
supplemented with or without glucose for 48, 72 and 96 h. e For glycolysis inhibition, SUM159 and MDA-MB-231 cells were grown in 10% FBS with or
without 2-DG (10 mM) for 48, 72 and 96 h. GD2 expression was analysed using flow cytometry after every time point as indicated. f Gene expression
of stress markers (ATF4 and SESN2) in SUM159 and MDA-MB-231 cells cultured under serum deprivation, glucose depletion and glycolysis inhibition
for 48 h. g Mammosphere formation from the cells cultured under serum deprivation, glucose depletion and glycolysis inhibition. Two-way ANOVA
followed by Sidak’s post hoc multiple comparison test was performed for GD2 expression between the treatment groups. ***p = 0.001, **p = 0.002

and *p =0.033. An unpaired t test was performed to calculate the significance for gene expression of stress markers and mammosphere counts;
***p = 0.001, **p =0.002 and *p = 0.033.
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SESN2 was induced under metabolic stress in both SUM159 (2-3-
fold) and MDA-MB-231 (2-4-fold) cells (Fig. 1f). In addition,
we also observed that the mammosphere-forming capabilities
were significantly enhanced when cells were grown under
serum- or glucose-deprived conditions (2.5-fold in SUM159 and
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1.5-3-fold in MDA-MB-231; Fig. 1g). In corroboration to the
in vitro (Supplementary Fig. 1) and in vivo results (Supplemen-
tary Fig. 2b, c), these data suggest that TNBC cells can adapt to
nutrient deprivation-mediated metabolic stress by inducing a
GD2* BCSC phenotype.
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Fig.2 Metabolomic profiling of breast cancer stem cells. a TNBC cell lines MDA-MB-231 and SUM159 were subjected to different conditions,
and metabolomics profiling of >300 metabolites was performed using a mass spectrometry-based assay. The resulting data were analysed in
five different sets as shown and described in ‘Materials and methods. Samples were subjected to metabolite extraction followed by
purification and mass spectrometry analysis. The elevated pathways were identified using Ingenuity Pathway Analysis. b Glutamine regulates
GD2 expression in TNBC cells. TNBC cell lines SUM159 (3 x 10°/well) and MDA-MB-231 (4.5 x 10°/well) in 12-well plates were cultured with
increasing concentrations of L-glutamine (0, 2, 4 and 8 mM) for 72 h and GD2 expression was measured by flow cytometry. One-way ANOVA
followed by Dunnett’s post hoc multiple comparison test was performed for GD2 expression, taking untreated cells as the control. **p = 0.006,
*p < 0.05 and n.s. not significant. c Illustration of nutrient-replete and nutrient-deprived conditions regulating GD2 expression. The left-side
panel represents glucose-rich conditions (bold arrow) to maintain an optimal level of GD2 in a stress-free environment. The right-side panel
depicts glucose depletion in metabolic stress conditions leading to an upregulation of GD2 expression by utilising the glutamine-mediated
pathways (bold arrow). Grey colour represents low levels and blue represents higher levels of metabolites.

Glutamine upregulates GD2 expression in TNBC cells

Since serum or glucose deprivation induced the GD2™" phenotype
in TNBC cells, we conducted global metabolic profiling of TNBC
cells to understand the alternate metabolic processes in GD2"
cells. TNBC and non-TNBC cells were grouped into five different
sets based on the levels of GD2 expression (Fig. 2a). The targeted
mass spectrometry detected metabolites associated with GSH
metabolism, including glutamyl-alanine, 5-oxy-proline, Broline,
glutamine and GSH itself, were highly upregulated in GD2"'9" cell
types (Supplementary Data Set 1). Ingenuity Pathway Analysis of
differentially expressed metabolites revealed that GSH-mediated
detoxification, GSH redox reactions and GSH biosynthesis are the
top canonical pathways highly associated with GD2™ cells (Fig. 2a).
These data suggest that GSH-mediated pathways play a key role in
the GD2" BCSC phenotype. Since glutamine is a major precursor
for GSH biosynthesis, we speculated that glutamine contributes to
GD2 biosynthesis and tested the involvement of glutamine. The
percentage of GD2" cells significantly increased from 16.4 +0.28
to 21+0.91% in SUM159 cells and from 9.25+0.2 to 1135+
0.49% in MDA-MB-231 cells with increasing concentration of
glutamine (Fig. 2b). These results indicate that glutamine may
directly contribute to GD2 biosynthesis through the TCA cycle and
lipid synthesis (Fig. 2c).

Upregulation of glutamine transporters is associated with
poor overall survivability in breast cancer patients
Based on the above results, we focused on the expression of
glutamine transporters in breast cancer patients. METABRIC breast
cancer patient data analysis showed a significant upregulation of
SLCTAS5 in basal, HER2 and luminal A breast cancer subtypes (p <
0.05) compared to normal-like adjacent breast tissue (Fig. 3a). Also,
significant upregulation of SLCTA5 in stage 2 and 3 tumours
compared to stage 1 suggests an association of SLCTA5 expression
with disease progression (p<0.05) and (p<0.001), respectively
(Fig. 3b). In addition, SLCTA5 is upregulated in the TNBC subtype (p
= 0.015; Fig. 3c), which was also supported by our in vitro analysis of
SLCTA5 expression in different breast cancer cells (p<0.05)
(Supplementary Fig. 2a). However, SLCTA5 expression showed no
difference among the subtypes of TNBC (Supplementary Fig. 3a).
Moreover, metastatic tumours (p =0.0003; Fig. 3d) and patients
treated with chemotherapy (p =0.003; Fig. 3e) showed higher
SLCTA5 expression compared to their respective controls. Our
in vitro validation with paclitaxel and doxorubicin has significantly
increased SLCTA5 in SUM159 and MDA-MB-231 cells (Supplementary
Fig. 3c—f). Furthermore, high SLC1A5 expression is associated with
poor overall survival in breast cancer patients (p < 0.00001; Fig. 3f).
Collectively, the expression analysis emphasises the role of the
predominant glutamine transporter (ASCT2) in the progression of
breast cancer and chemotherapy resistance. Our further analysis on
the other glutamine transporters showed that 50% of the SLC38A
(SNAT) family (SLC38A3, 5, 7, 8 and 10) and SLC7A5 (LAT1) are
upregulated in TNBC patients suggesting their significance in TNBC
progression (Supplementary Fig. 3g, h).

Next, to examine the effects of inhibition of glutamine uptake
on in vivo tumour growth, we knocked down SLCTA5 in SUM159

cells (Supplementary Fig. 3i, j). Knockdown of SLC1A5 in SUM159
cells decreased GD2 expression by 45% and soft-agar colony
formation by 2-fold compared to the scramble control (Fig. 3g, h),
suggesting the importance of glutamine uptake in the main-
tenance of GD2" BCSC phenotype. In vivo studies using SLCTA5-
KD SUM159 showed a significant reduction of tumour volume (p
<0.001) in the xenograft mice model compared to mice injected
with scramble control cells (Fig. 3i). This support our in vitro data
emphasising the significance of glutamine transport for BCSC
phenotype and tumour growth.

Inhibition of glutamine uptake regulates GD2 expression and
BCSC functions

As glutamine transporters facilitate glutamine uptake for BCSC
function, we, therefore, used V9302, a small-molecule inhibitor of
glutamine transporters [32-34]. Although its specificity remains
debatable, here our objective is to understand the effects of
inhibition of glutamine uptake on GD2" BCSC phenotype.
Interestingly, V9302 treatment on SUM159 and MDA-MB-231 cells
resulted in ~70-80% reduction of GD2 expression in a dose-
dependent manner (Fig. 4a, h and Supplementary Fig. 4a). This
strengthens our case that glutamine is an essential metabolite for
GD2 biosynthesis.

Next, to determine the effect of V9302 on BCSC function, we
tested the ability of TNBC cells to form soft-agar colonies and
mammospheres and to undergo migration in vitro. Interestingly,
V9302 reduced soft-agar colonies (Fig. 4b, i and Supplementary
Fig. 4b) and mammosphere formation (Fig. 4¢, j and Supplemen-
tary Fig. 4c) by 70-90% in both SUM159 and MDA-MB-231 cells.
We also assessed the readout of stem cell counts post V9302
treatment. Prior treatment of SUM159 and MDA-MB-231 cells with
V9302 for 72 h before seeding cells for mammosphere assay also
inhibited mammosphere development in a dose-dependent
manner, with the greatest effect at 20uM concentration
(Supplementary Fig. 4d). In addition, V9302 also inhibited the
migration of TNBC cells (Fig. 4d, k). Together, these data indicate
that inhibition of glutamine uptake greatly reduces BCSC
functionality. Our further assessment of inhibition of glutamine
uptake under glucose-deprived conditions V9302 reduced the
GD2 expression in cells treated with 2-DG (Fig. 4e, | and
Supplementary Fig. 4e), suggesting that TNBC cells acquire
GD2" BCSC phenotype by consuming more glutamine under
glucose-deprived conditions.

V9302 disrupts redox homeostasis in TNBC cells

Since glutamine is the main precursor for glutamate and GSH
synthesis, we investigated the downstream mechanistic effects of
V9302 on the regulation of GSH and ROS levels in TNBC cells.
V9302 treatment reduced total GSH in a concentration-dependent
manner in both SUM159 and MDA-MB-231 cells (Fig. 4f, m). In
addition, the V9302 treatment increased ROS levels in both cell
lines (Fig. 49, n). These data indicate that V9302 targeting
glutamine transporters reduce GSH synthesis and downregulates
GSH-mediated redox homeostasis, strengthening their potential
as therapeutic targets in TNBC treatment.
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V9302 synergises with paclitaxel in inducing cell death in
TNBC

Since inhibition of glutamine uptake reduces GSH levels, we
hypothesised that V9302 induces synergistic killing of TNBC cells
when combined with chemotherapeutic agents. We tested the
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combination of V9302 with paclitaxel. At a high concentration (20
M), V9302 induced 30% cell death, while paclitaxel induced
20-90% cell death in a dose-dependent manner in both SUM159
and MDA-MB-231 cells (Fig. 5a, b). The combination of both
compounds induced 80-90% cell death at higher concentrations.

621



A. Jaggupilli et al.

622

Fig.3 METABRIC dataset show higher expression of SLC1A5 in breast cancer patients and is associated with poor survivability. METABRIC
dataset was retrieved from the cBioPortal database and grouped into different clinical attributes for the comparative analysis. a Expression of
SLC1A5 in different subtypes of breast cancer. With p < 0.05, higher expression was observed in basal, HER2 and luminal B in comparison with
normal-like adjacent breast tissues. b Comparison of SLC1A5 expression at different stages of breast cancer. With a very low sample number,
stages 0 and 4 were excluded from the statistical analysis. One-way ANOVA followed by Tukey’s HSD post hoc test was performed.
¢ Comparison of expression of SLC1A5 between non-TNBC and TNBC patient samples, d non-metastatic and metastatic patient samples,
e untreated and chemotherapy. Unpaired Student’s t test was performed with p < 0.05 statistically significant. The data represent mean +
standard deviation. f The Kaplan-Meier survival curves compare the outcomes of patients with high (red) and low (black) expression of
SLC1A5, divided by the median value, among the 762 breast cancer patients. g Flow cytometry analysis of GD2 expression in SLC1A5-KD and
shRNA control cells. h Soft-agar colony formation of SLC1A5-KD and shRNA control cells. An unpaired t test was performed between untreated
and V9302-treated tumour cells. *p =0.033. i SLC1A5-KD and shRNA control SUM159 cells were implanted (1 x 10° per mouse) into the
mammary fat pads of NSG mice (n =10, 5 mice per group). Tumour volume was measured every week; shown are tumours at the end of the

experiment 7 weeks after implantation. ***p < 0.001.

V9302 exhibited synergism at 5-20 uM with paclitaxel at 0.625-10
nM, with Cls <1 (Fig. 5¢, d). Collectively, a significant increase in
cell death suggests the potential of V9302 in combination with
chemotherapeutic agents in TNBC treatment.

Reduced levels of the antioxidant GSH may induce ROS-
mediated cancer cell death. Therefore, to investigate the
mechanism of V9302-mediated cell death, TNBC cells were
treated with various concentrations of V9302, and activation of
caspase-9 was measured. Although V9302 treatment induced
partial activation of caspase-9 (Supplementary Fig. 5a), there
were no significant changes in annexin V binding (Supplemen-
tary Fig. 5b), indicating that V9302 may not mediate apoptosis.
As GSH is the precursor for GSH peroxidase 4 (GPX4), a regulator
of lipid peroxides, we then analysed lipid peroxidation-induced
ferroptosis, an iron-dependent means of cell death. Interest-
ingly, V9302 treatment significantly induced C11-BODIPY bind-
ing, which detects lipid peroxides, in a concentration-dependent
manner from the mean fluorescence intensity of 1661-2350
in SUM159 cells (p<0.01) and 986-1342 in MDA-MB-231
cells (p<0.001). The control treatment with Ferr-1-reduced
V9302-induced ferroptosis in both cell lines (Fig. 5e, f and
Supplementary Fig. 5c¢). These results suggest that V9302
induces ferroptosis in TNBC cells.

V9302 inhibits signalling pathways downstream of GD2
Considering GD2-mediated activation of FAK-AKT-mTOR pathway
and significance of glutamine metabolism in mMTOR-mediated
cancer cell growth, we investigated the effects of inhibition of
glutamine uptake on mTOR signalling [19, 25, 35]. Western blot
analysis showed that 24h treatment with V9302 significantly
reduced phospho-AKT (5473), phospho-ERK (T202/Y204), phospho-
mTOR (52448) and phospho-4E-BP1 (S65) in SUM159 and MDA-MB-
231 cells in a dose-dependent manner (Fig. 5g). Consistent with
the previous studies, these data demonstrate that inhibition
of glutamine uptake negatively regulates signalling downstream
of GD2.

In vivo inhibition of glutamine uptake reduces tumour growth
Finally, we tested the effect of V9302 on TNBC tumours in vivo
using PDX cells (3 x 10° per mouse) implanted into the mammary
fat pads of NSG mice. After palpable tumours were observed
after week 5, randomly grouped mice (5 per group) were injected
with either V9302 (20 mg/kg) or vehicle (2% DMSO) (Fig. 6a).
V9302 showed a significant reduction in the PDX tumour growth
from week 6 onwards without affecting the weight of the mice
(Fig. 6b—e). In addition, we tested the ability of V9302 to generate
in vivo lipid peroxides as a measure of ferroptosis and found
significant induction of the C11-BODIPY signal in V9302-treated
tumours compared to controls (Fig. 6f). Together, the data
suggest that regulation or pharmacological inhibition of gluta-
mine uptake by targeting glutamine transporters decrease
in vivo tumour growth while inducing ferroptosis of the tumour
cells (Fig. 6g).

DISCUSSION

Building on our prior identification of GD2 as a BCSC marker, here
we show that metabolic stress caused by nutrient deprivation
induces a GD2" BCSC phenotype in TNBC. We found that GSH-
mediated metabolic pathways are highly upregulated in GD2"
cells and that glutamine acts as a metabolic source for GD2
biosynthesis. Finally, inhibiting glutamine uptake reduced GD2
expression, BCSC function, mTOR pathway signalling and in vivo
tumour growth by inducing ferroptosis.

Nutrient deprivation induces metabolic stress and modulates
the BCSC phenotype and metastatic potential in breast cancer
[4, 36]. Under these conditions, cells tend to adapt and contribute
to tumour progression by utilising alternative metabolites [37-
39]. Our study suggests the spontaneous adaptation and
modulation of the GD2" BCSC phenotype in response to
metabolic stress. Glucose is a major precursor for N-acetylneur-
aminic acid (sialic acid) biosynthesis, contributing its carbons
through the hexosamine pathway [40, 41]. Interestingly, sialic acid
is the most common glycoside moiety in gangliosides such as
GD2 [40, 42]. Targeting the enzymes involved reduced sialic acid
levels and impaired lung metastasis [43]. We have previously
reported a similar strategy by downregulating ST8SIA1, the gene
encoding for GD3 synthase and a crucial enzyme in GD2
biosynthesis, to impair tumour growth and metastasis in TNBC
[22, 24, 25]. However, GD2 expression was enhanced by glucose
depletion and little is known about other factors contributing to
the GD2" BCSC phenotype. A link between glycosphingolipids
and glutamine metabolism was recently proposed [44]. Therefore,
it is possible that cells depend on both glucose and glutamine
metabolism to synthesise gangliosides under normal conditions.
Our metabolomics analysis followed by glutamine supplementa-
tion revealed the underlining role of glutamine metabolism in
GD2 biosynthesis (Fig. 2b). Interestingly, the blockade of
glutamine transporters has been gaining traction as druggable
targets to control TNBC growth [11, 19]. Recent studies reported
that V9302, targeting glutamine uptake reduced tumour volume
[32, 34, 45]. Interestingly, an association of ASCT2 with GD2 in
glycolipid-enriched microdomain/rafts was studied in small cell
lung cancer [46]. However, their study was focused on elucidating
that glutamine uptake was elevated in GD2™ compared to GD2~
cells. Here, we show that V9302 inhibited GD2 expression in TNBC
cells, in vitro tumorigenesis and in vivo tumour growth,
supporting our hypothesis that glutamine metabolism regulates
GD2-mediated BCSC functions in TNBC.

Disruption of redox homeostasis through nutrient deprivation-
induced ROS levels has been considered for redox-based cancer
therapies [47, 48]. In this study, inhibition of glutamine transport
disrupted redox homeostasis in TNBC cells. However, the V9302
treatment did not induce apoptosis as expected. TNBC is known to
be enriched for a ferroptosis gene signature and is susceptible to
ferroptosis [49]. GPX4 is known to be the key regulator of
ferroptosis [50]. Thus, we tested V9302 effects and interestingly it
induced lipid peroxides suggesting that targeting glutamine
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Fig. 4 V9302 inhibits GD2 expression, BCSC function and the glutathione (GSH) pathway in TNBC cells. a, h SUM159 (50,000 cells/well) or
MDA MB-231 (75,000 cells/well) were plated in 24-well plate treated with or without V9302 (small-molecule inhibitor of ASCT2) in a dose-
g)endent manner (0, 5, 10, and 20 uM) for 72 h, and GD2 expression was measured by flow cytometry. b, i SUM159 or MDA-MB-231 cells (5 x
cells/well) were seeded into soft-agar medium containing different concentrations of V9302 (0, 5, 10 and 20 uM). After 3 weeks, the
colonles were fixed and stained by the MTT method. Tumorigenesis was assessed by counting the resulting colonies by an automated colony
counter. ¢, j SUM159 or MDA-MB-231 cells were seeded (5 x 10° per well) into low-adherent dishes containing MammoCult medium with
different concentrations (0, 5, 10 and 20 uM) of V9302. After 3 weeks, the mammospheres were stained with MTT reagent and counted by an
automated coIony counter. d, k SUM159 or MDA-MB- 231 cells were cultured in 24-well trans-well chambers, using membrane inserts with
8-um pores in DMEM containing 1% FBS. The cells (1 x 10* per chamber) were seeded into the upper chambers for 8 h. Membranes were fixed
with 2% formalin and stained with DAPI. Fluorescent images were captured using the EVOS automated microscope. One-way ANOVA followed
by Dunnett’s post hoc test was performed for GD2 expression, taking untreated cells as the control. ***p = 0.001, **p = 0.002 and *p = 0.033.
e, | Combinatorial effect of V9302 and 2-DG on TNBC cells. SUM159 and MDA-MB-231 cells were treated with either V9302 (10 uM) or 2-DG
(10 mM) alone or in combination for 72 h. GD2 expression was analysed using flow cytometry analysis. Unpaired t test was performed
between untreated and V9302-treated cells in the presence or absence of 2-DG. ***p = 0.001, **p = 0.002 and *p = 0.033. f, m SUM159 and
MDA-MB-231 cells were incubated with V9302 (0, 5, 10 and 20 pM) for 72 h. Total GSH was measured using an assay kit and end-point reading
method. g, n After 72 h treatment with V9302, cells were collected and incubated with ROS detection reagent (1 pM) using an Enzo ROS-1D
Detection Kit. ROS levels were measured using flow cytometry.

transporters induce ferroptosis in TNBC. Glutamine transporters of neutral amino acid transporters are highly expressed in
such as ASCT2 is highly expressed in TNBC patients and play a vital TNBC patients. In addition, the significant association of
role in TNBC cell growth [19]. In this study, we observed that the SLC1A5 with chemotherapy resistance and poor survival of breast
ASCT2 gene (SLC1A5) along with 50% of the SNAT family (SLC38A) cancer patients emphasises targeting glutamine metabolism for
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Fig. 5 V9302 induces synergistic killing and ferroptosis and inhibits the mTOR pathway in TNBC cells. a-d For synergy analysis, SUM159
and MDA-MB-231 cells were treated with paclitaxel (0, 0.625, 1.25, 5 and 10 nM) and V9302 (0, 2.5, 5 and 10 pM) individually or in combination
at different concentrations for 72 h. The combination index (Cl) was evaluated by combined dose-response curves fitted to Chou-Talalay
lines. CI<0.7 indicates weak synergistic interaction, whereas Cl<0.3 and <0.1 indicate moderate and strong synergistic interaction,
respectively. e, f TNBC cells were treated with V9302 at different concentrations with or without ferrostatin-1 for 48 h. T-BHP, a ferroptosis
inhibitor, was used as a positive control. Cells were stained with C11-BODIPY dye and analysed on a flow cytometry using the FL-1 channel.
One-way ANOVA followed by Dunnett’s post hoc test was performed for GD2 expression, taking untreated cells as the control. ***p = 0.001
and *p = 0.033. g Western blot analysis of SUM159 and MDA-MB-231 cells treated with V9302 (0, 5, 10 and 20 uM) for 24 h. The membranes
were incubated with primary antibodies for p-AKT, p-ERK, p-mTOR and p-4E-BP1 at 1:500 dilution and GAPDH at 1:1000. Then, the membranes
were incubated with respective fluorochrome-conjugated secondary antibodies at 1:3000 and scanned using a ChemiDoc Imaging System.
The symbols, # and §, indicate Combination Index (Cl) at different cutoff values (0.7, 0.3 and 0.1).
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Fig. 6 Inhibition of glutamine metabolism reduces in vivo tumorigenesis. a Scheme of the treatment plan of mice injected with PDX cells.
After the palpable tumours formed at week 5, mice were treated alone or in combination with V9302 (15 mg/kg) for 3 days per week.
b Chansges in the mouse weight from each group was monitored on weekly basis until the end of the study. c-e PDX cells were implanted
(3 x 10° per mouse) into the mammary fat pads of NSG mice (n = 20, 5 mice per group). Once palpable tumours were formed, mice were
randomly grouped into V9302 and vehicle control (2% DMSO in PBS) groups; V9302 treatment (15 mg/kg) was given thrice a week until
the end of the study. After the tumour diameters reached 2 cm, mice were euthanized for tumour visualisation; shown are the tumours at
9 weeks after the implantation and tumour weights were measured. One-way ANOVA with Bonferroni’s multiple comparison test was
performed for tumour volumes, *p < 0.05 and ***p < 0.001. An unpaired t test was performed for the tumour weights, ***p < 0.001. f In vivo
ferroptosis on the cells isolated from the PDX tumours obtained from mice treated with vehicle or V9302. Lipid peroxide levels
were measured by C11-BODIPY staining using flow cytometry. An unpaired t test was performed between untreated and V9302-treated
tumour cells. *p =0.033. g Summarised illustration of metabolic stress-inducing glutamine uptake that may contribute to GD2
biosynthesis through TCA cycle and fatty acid synthesis (dotted arrows). Glutamine is required for glutathione synthesis and homeostasis

of ROS. However, inhibition of ASCT2 by V9302 not only downregulate GD2 expression but also inhibits glutathione production and
induces ferroptosis.
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therapeutics development. Glutamine metabolism is also critical in
activating the mTOR-mediated nutrient-sensing pathway to
regulate cell growth and progression of cancer cells [19, 35].
Recently, we demonstrated that GD3 synthase regulates tumour
growth and metastasis in TNBC via the FAK-AKT-mTOR pathway
[24, 25]. Therefore, it is obvious from our study that targeting
glutamine transporters by V9302 inhibited the glutamine uptake
resulting in reduced GD2 expression and downregulation of the
AKT-mTOR pathway (Fig. 6g).

Our study is confined to understanding the role of metabolic
stress on the GD2' BCSC phenotype and nutrient substrates
contributing to GD2 biosynthesis in the absence of glucose. Further
studies will complement our understanding of the impact of GD2 on
the recruitment of immune cells to the tumour microenvironment.
Given that glutamine is the major source of other biomolecules,
inhibition of glutamine uptake may result in adverse effects that
need to be further investigated. Moreover, the transport of
glutamine by multiple transporters and the availability of amino
acids such as asparagine may compensate and satisfy essential
metabolic requirements of BCSCs. A variant of ASCT2 specific to
mitochondria was recently reported and its interaction with V9302
need to be explored [14]. To the best of our knowledge, this is
the first study to report that glutamine plays a vital role in the
biosynthesis of GD2 and maintenance of the GD2* BCSC phenotype
in TNBC. Our study provides insights into the molecular targets for
GD2" BCSCs that can help in the development of novel therapeutic
strategies for the treatment of TNBC.
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