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Abstract

Triple negative breast cancer (TNBC) and ovarian cancer share many molecular features and are primarily treated with surgical
resection and aggressive chemotherapy regimens. Unfortunately, survival rates for patients with advanced metastatic disease are
poor, highlighting the need for innovative therapeutic approaches.

Methods: Using the DepMap database, we first sought to identify genes that were highly expressed and more essential for
proliferation/viability in TNBC cells relative to other breast cancer subtypes. Candidate genes were validated using gene-specific
siRNAs in a panel of TNBC and estrogen receptor positive breast cancer cells. CTPS1 expression, and its functional significance,
was further evaluated in ovarian cancer models, including chemotherapy- and PARP inhibitor-resistant cell lines. Pharmacologic
inhibition was assessed using STP938, a first-in-class selective CTPS1 inhibitor, in TNBC and ovarian cancer cells as well as in ex
vivo and in vivo patient-derived xenografts (PDX).

Results: Six genes (CTPSI, HUSI, PRKRA, RADI, RAD9A, and RHOA) were identified as potential TNBC selective
dependencies. Among these, CTPS1 was prioritized for further study given that it was highly expressed, further upregulated in
chemotherapy- and PARP inhibitor-resistant cell lines, and resulted in the greatest anti-neoplastic effects when depleted.
Knockdown of CTPS1 confirmed its selective essentiality and resulted in rapid and durable S-phase cell cycle arrest. Pharmacologic
inhibition of CTPSI with STP938 led to robust anti-neoplastic effects at nM concentrations across both chemotherapy-sensitive
and -resistant TNBC and ovarian cancer cell lines. Significant anti-neoplastic activity was observed in 6 independent ex vivo ovarian
cancer PDX models. Further, STP938 significantly inhibited progression of an ovarian cancer PDX model in vivo.

Conclusion: These findings identify CTPS1 as a critical dependency in TNBC and ovarian cancer. Selective pharmacologic
inhibition of CTPS1 using STP938 is a potent inhibitor of tumor cell proliferation/viability and has anti-cancer activity in patient
derived ex vivo and in vivo tumor models. These findings suggest that therapeutic targeting of CTPS1 represents an alternative
approach for the management of patients with advanced and aggressive forms of these diseases.
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Introduction

Breast cancer accounts for nearly a quarter of all
cancers in women with an estimated 2.3 million new

receptor alpha (ERa) and progesterone receptor (PR)
expression in the absence of HER2 amplification, and

diagnoses [1, 2] and over 670,000 deaths annually [3,
4]. Triple-negative breast cancer (ITNBC) is an
aggressive subtype characterized by lack of estrogen

accounts for ~15% of all breast cancer diagnoses [5-7].
Systemic chemotherapy is the backbone of treatment
for TNBC using a combination of anthracyclines and

https://lwww.thno.org



Theranostics 2026, Vol. 16, Issue 14

taxanes in the neoadjuvant or adjuvant setting [8-10].
This approach is effective, and likely curative, for a
subset of patients [11, 12]. However, for the
approximately 40% of patients that experience a
recurrence within 5 years of diagnosis [13-15],
subsequent treatment with a variety of agents offers
modest benefit at best, and essentially all recurrent
TNBC patients will succumb to their disease [12].

Like TNBC, ovarian cancer is one of the most
highly  aggressive and lethal gynecologic
malignancies, being the eighth most common cause of
cancer related death in women worldwide [16, 17].
High grade serous ovarian cancer (HGSOC) is the
most common subtype, and despite standard-of-care
debulking surgery and neoadjuvant and/or adjuvant
chemotherapy (primarily carboplatin and paclitaxel),
median disease-free survival (DFS) is dismal (1.7
years) [18]. Recurrent disease is typically less
responsive to subsequent therapy, and the recent
uptake of targeted therapies such as PARP inhibitors
(poly (ADP-ribose) polymerase inhibitor, PARPi) and
anti-angiogenic agents have done little to improve
overall survival [19, 20]. These realities underscore the
urgent need to identify alternative therapeutic
approaches that are informed by biomarker-driven
clinical trials, for the treatment of advanced and
therapy resistant forms of HGSOC.

Highly proliferative cells, such as cancer cells, are
reliant on several cellular processes, including DNA
replication, RNA expression, and phospholipid
synthesis, for support of cell division [21]. Central to
these processes is nucleotide metabolism, and as such,
many of the existing and broadly applicable anticancer
drugs are analogs of nucleotide metabolites
(cytarabine, 5-fluorouracil, and gemcitabine) [22].
While effective for cancer cell killing, these drugs
indiscriminately impact all highly proliferative cells,
leading to substantial, and in some cases intolerable,
side effects. Thus, there is significant interest in
developing alternative therapeutic approaches to
selectively disrupt nucleotide metabolism in cancer
cells. The high demand for nucleotide synthesis
renders malignant cells dependent on multiple
enzymes such as CTP synthase 1 (CTPS1), as has been
demonstrated in lymphoma [23]. CTPS1 is one of two
enzymes (the other being CTPS2) responsible for the
conversion of uridine triphosphate (UTP) to cytidine
triphosphate (CTP) [24] and is the rate-limiting step in
the de novo synthesis of CTP [25, 26]. Emerging
evidence suggests that dysregulation of nucleotide
metabolism can drive tumor growth and induce
therapeutic resistance [27-29], raising the possibility
that selective inhibition of CTPS1 is a vulnerability in
advanced neoplasms.

Here, we describe the utilization of existing
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DepMap CRISPR screen data whereby we identified 6
genes whose expression was more essential for
proliferation/viability of TNBC cells relative to other
subtypes of breast cancer cells. Through exploratory
studies we demonstrated that one of these genes,
CTPS1, is overexpressed in most TNBC and ovarian
cancer cell lines compared to representative benign
controls. Interestingly, CTPS1 expression was further
elevated in chemotherapy- and PARPi-resistant
models. The importance of CTPS1 was genomically
validated using gene-specific siRNAs in a panel of
TNBC and ovarian cancer cells. Using the first-in-class
and orally bioavailable CTPS1 inhibitor, STP938,
robust anti-neoplastic activity was demonstrated
across multiple in vitro, ex vivo, and in vivo models.
These findings indicate that many highly aggressive
and advanced forms of TNBC and ovarian cancer are
reliant on CTPS1, and as such, selective inhibition of
CTPS1 represents an alternative approach for the
treatment of these malignancies.

Materials and Methods

Bioinformatic analyses

Gene dependency data were obtained from the
DepMap portal (https:/ /depmap.org/ portal) (version
23Q2) [30], focusing on genome-wide CRISPR
knockout datasets derived from breast cancer cell
lines. Breast cancer cell lines were stratified according
to receptor subtype annotations provided within
DepMap. For every gene, median essentiality scores
were calculated for all TNBC cell lines and compared
to median gene essentiality scores of ERa* breast
cancer cells. Differential essentiality scores were
generated and ranked with negative gene effect scores
indicating a higher reliance on a given gene for
proliferation/survival in TNBC models. Statistically
significant differences were determined using
pairwise comparison ANOVAs with post hoc
corrections. Candidate genes were prioritized based
on statistical significance (P < 0.05). GraphPad Prism
software (Version 10.6.1) was used to generate forest
plots summarizing associations of gene expression
with overall survival and clinicopathologic features of
breast tumors using data from the Kaplan-Meier
plotter database (http://kmplot.com) [31]. Gene
expression analyses were performed using the
TNMplot database (https://tnmplot.com) [32] to
compare mRNA expression levels between normal,
tumor, and metastatic tissues. The MammOnc-DB
database [33] was used to analyze RNA and protein
expression levels of select genes, including
comparisons of normal versus tumor samples and
subtype-specific expression profiling. Publicly
available transcriptomic and proteomic datasets were
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additionally analyzed to evaluate gene expression
patterns [34-36].

Cell culture

Breast cancer, ovarian cancer, and non-malignant
control (MCF10A and FT282) cell lines were obtained
from ATCC or collaborators and maintained under
recommended culture conditions in DMEM/F12
(JangoCell, Fitchburg, WI) or RPMI 1640 (Gibco,
Thermo Fisher Scientific, Waltham, MA) medium
supplemented with 10% FBS (Gemini Bioproducts,
Sacramento, CA) and 1% antibiotic-antimycotic
(Gibco, Thermo Fisher Scientific, Waltham, MA). Cells
were grown at 37 °C in a humidified incubator with
5% CO». Chemotherapy-resistant or PARPi-resistant
cells were generated through chronic drug exposure
over several months and validated with increased
IC50 values relative to parental controls as previously
described [37-42]. Briefly, doxorubicin-resistant (D-R)
and paclitaxel-resistant (P-R) MDA-MB-231 and
MDA-MB-468 TNBC models were generated using
repeated 2 h pulses of chemotherapy with increasing
drug concentrations over several months until
resistance thresholds of approximately 3-6-fold higher
IC50 values were achieved relative to parental cells
[37]. Cisplatin-resistant MDAH2774, OVSAHO, and
IGROV1 ovarian cancer models were generously
provided by Dr. Gustavo Baldassarre (National
Cancer Institute, Italy) and were previously
established through chronic escalating cisplatin
exposure [39]. PARP inhibitor-resistant ovarian cancer
models, including PEOl-derived and COV362
olaparib-resistant cells, were generated through
continuous  culture in  escalating  olaparib
concentrations ranging from 0.5-10 pM and were
generously provided by Dr. Scott Kaufmann (Mayo
Clinic, Rochester, MN) [38, 40-42]. Mycoplasma testing
(SouthernBiotech, Birmingham, AL) was performed
regularly to confirm the absence of contamination.

siRNA knockdown

Transient suppression of CTPS1, HUS1, PRKRA,
RAD1, RAD9Y9A, and RHOA was performed using
5nM control or gene-specific ON-TARGETplus
siRNA SMARTpools (Dharmacon, Lafayette, CO) with
DharmaFECT transfection reagent #4 (Dharmacon,
Lafayette, CO) according to the manufacturer’s
protocol. Detailed siRNA information is indicated in
Table S1. Knockdown efficiency was validated by RT-
qPCR and western blotting 72 h post-transfection.

RNA isolation and RT-qPCR

Total RNA from breast and ovarian cancer cell
lines, benign breast epithelial cells, normal breast
tissue, and immortalized fallopian tube epithelial cells
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was extracted using Trizol reagent (Invitrogen,
Thermo Fisher Scientific, Waltham, MA), and cDNA
was synthesized with the iScript™ cDNA Synthesis
Kit (Bio-Rad Laboratories, Hercules, CA) according to
the manufacturer’s protocol. Quantitative PCR was
performed with PerfeCTa™ SYBR Green Fast Mix™
(Quanta Biosciences, Gaithersburg, MD). Relative
expression of indicated genes was determined using
the AACt method following normalization to 185 and
ACTB. Primers were purchased from Integrated DNA
Technologies (IDT, Coralville, IA) and their sequences
are listed in Table S2.

Western blotting

Cells were washed with ice-cold PBS and lysed in
NETN buffer (150 mM NaCl, 1 mM EDTA, 20 mM pH
8.0 Tris, 0.5% NP-40) supplemented with 1x
cOmplete™ Protease Inhibitor Cocktail without EDTA
(Roche Applied Science, Indianapolis, IN). Lysates
were clarified by centrifugation at 14,000g for 20 min
at 4 °C, and protein concentrations were determined
using the Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific, Waltham, MA). Twenty micrograms
of protein were separated on SurePAGE Bis-Tris 4-12%
gradient gels (GeneScript, Piscataway, NJ) at 60 mA
for 40 min and transferred to PVDF membranes
(MilliporeSigma, Burlington, MA) at 550 mA for
30 min. Membranes were blocked for 1h at room
temperature in 5% non-fat milk in 1X TBST and
incubated overnight at 4 °C with primary antibodies
diluted in blocking buffer. Following washing in 1X
TBST, membranes were incubated with HRP-
conjugated secondary antibodies for 1 h at room
temperature, followed by another set of washing. Blots
were imaged on an Odessy Fc Imaging system (LI-
COR, Lincoln, NE). Primary antibodies used in this
study included CTPS1 (ab244492, rabbit polyclonal,
Abcam, Waltham, MA; 1:1000 dilution) and vinculin
(ab155120, rabbit polyclonal, Abcam; 1:2000 dilution).
HRP-linked anti-rabbit IgG secondary antibody
(7074S, Cell Signaling, Danvers, MA) was used at a
dilution of 1:2000.

Proliferation and cell cycle assays

Cell proliferation following siRNA knockdown
was determined using crystal violet staining as
previous described [37]. For cell cycle analysis, cells
were fixed in 70% ethanol, stained with propidium
iodide/RNase solution (MilliporeSigma, Burlington,
MA) and analyzed by flow cytometry (BD
FACSCanto, Walpole, MA). Data analysis was
performed using FlowJo Version 10.10.0.

Drug sensitivity assays for 2D cultures
Clinical grade STP938 was provided by Step
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Pharma (Saint-Genis-Pouilly, France). Indicated cell
lines were plated in 96-well plates at a density of 1000
cells per well and treated with a range of STP938
concentrations for 5-7 days. Relative cell numbers
were determined by CellTiter-Glo 2D assays
(Promega, Madison, WI) according to manufacturer
instructions. Data were normalized to DMSO treated
controls and IC50 values were calculated using
nonlinear regression analysis in GraphPad Prism
(v10.6.1).

Drug sensitivity assays for spheroid cultures

Indicated cell lines were seeded in round-bottom
ultra-low adhesion 96-well plates (Corning) at 5,000
cells per well in 100 pL of complete medium. Plates
were centrifuged at 120g for 5 min to promote
spheroid formation and incubated for 24 h prior to
treatment. Spheroids were treated with a range of
STP938 concentrations for 7 days. Relative cell
viability was determined using CellTiter-Glo 3D
assays (Promega), normalized to DMSO-treated
controls, and IC50 values were calculated by nonlinear
regression analysis in GraphPad Prism (v10.6.1).

Drug sensitivity assays for 3D bioprinted
cultures

Three-dimensional hydrogel cultures were
generated using the Rastrum 3D bioprinter (Inventia
Life Science, Beaconsfield, Australia). Indicated cell
lines were resuspended in the Rastrum cell carrier
solution at a density of 1-2x10¢ cells/mL and
bioprinted into 96-well flat bottom plates according to
manufacturer guidelines. Cell-laden droplets were
immediately  encapsulated  within = Rastrum-
compatible bioinks composed of tumor-relevant
extracellular matrix components (collagen, laminin,
and fibronectin). Bioinks were formulated to have both
low (Px02.31P, 1.1 kPa, containing peptides RGD) or
high (Px03.28, 3 kPa, containing peptides GFOGER,
RGD, DYIGSR) stiffnesses mimicking the mechanical
properties of breast and ovarian tumors respectively.
Following printing, hydrogel droplets were overlaid
with 200 pL of complete medium and cells incubated
for 24 h. Cultures were then exposed to a range of
STP938 concentrations for 7 days. Cell viability was
quantified using CellTiter-Glo 3D assays (Promega)
according to the manufacturer’s instructions. Briefly,
cultures were equilibrated to room temperature and
100 pL of cell culture medium was removed from each
well prior to addition of 100 pL CellTiter-Glo 3D
reagent. Plates were shaken at 500 rpm for 10 min to
facilitate complete lysis within the hydrogel matrices
and incubated at room temperature for an additional
25 min to stabilize the luminescent signal prior to
measurement using a luminescence plate reader
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(Promega). Luminescence values were normalized to
DMSO-treated controls, and IC50 values were
calculated using nonlinear regression analysis in
GraphPad Prism (v10.6.1).

STP938 activity in PDX models

All animal studies were approved by the Mayo
Clinic Institutional Animal Care and Use Committee
(IACUC) and conducted under the institutional
guidelines. Ovarian cancer PDX models were
generated and maintained in female SCID mice as
previously described [43-45]. For ex vivo studies,
freshly harvested PDX tumors were dissociated into
single-cell suspensions and plated in nano-culture
plates (OrganoGenix, Kanagawa, Japan) to allow
spheroid formation as previously described [38].
Spheroids were treated with vehicle control or STP938
for 3-5 days and cell viability was measured using
CellTiter-Glo 3D (Promega). For in vivo studies, PDX
tumors were established in female SCID mice (n = 3-
10) and monitored until measurable tumor burden
was achieved. Following tumor establishment, mice
were randomized based on ultrasound-indicated
tumor size to one of two treatment groups including
vehicle control (90% castor oil and 10% benzyl alcohol,
Sigma) or STP938 (50 mg/kg, subcutaneous injection,
5 days/week). Tumor size was monitored by weekly
ultrasound imaging as previously described [44, 45].
Investigators conducting tumor measurements were
blinded to treatment allocation. The PDX models
minimal information standard (PDX-MI) is detailed in
Table S3. Longitudinal tumor area measurements
were analyzed on the natural log scale via linear mixed
effects models as described previously [46]. Fixed
effects included time, drug, and the time-by-drug
interaction; the spatial (power) covariance structure
was used and estimated via restricted maximum
likelihood estimation (REML). Goodness of fit was
assessed via Akaike and Bayesian Information Criteria
(AIC, BIC). Growth trajectories were compared
between drug arms via 2-degree of freedom test of
coincidence curves.

CTP quantification by LC-MS

Intracellular CTP levels were quantified using
targeted liquid chromatography-mass spectrometry
(LC-MS). IGROV1 and IGROV1/CP cells were seeded
into 15c¢m dishes (5-10 x10° cells per dish) and treated
the following day with 500nM STP938 or DMSO for 24
or 72 h. At the end of treatment, cells were washed
once with cold PBS and collected on ice. Cell pellets
were resuspended in 200 pL of 2.5% 5-sulfosalicylic
acid (SSA) containing stable isotope-labeled internal
standards for CIP (Cambridge Isotope Laboratories,
Tewksbury, MA). Samples were mixed thoroughly
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and subjected to brief probe sonication (3 s, 10%
amplitude) to disrupt cells. Lysates were centrifuged
at 11,500 g for 2 min at 4 °C, and clarified supernatants
were transferred to new tubes for analysis. LC-MS
analysis was performed using an Agilent 1260 Infinity
II LC system coupled to an Agilent 6150 single
quadrupole MSD (Santa Clara, CA). The samples were
injected into an Agilent Poroshell 120 EC-C18 column
(particle size 2.7 um, 3.0 x 50 mm) with an InfinityLab
Poroshell 120 Bonus-RP, UHPLC guard column
(particle size 2.7 pm, 2.1 mm). Temperatures for the
auto-sampler were set at 4 °C and the column
compartment at 40 °C, respectively. The mobile phase
was composed of solvent A (50 mM formic acid in
LCMS-grade H20, adjusted to pH 82 with
ammonium hydroxide) and solvent B (100% LCMS-
grade methanol). The chromatographic gradient was
run at a flow rate of 0.3 mL/min as follows: 0-1 min:
hold at 20% B; 1-11 min: linear gradient from 20% to
100% B; 11-12 min: hold at 100% B; 12-13 min: linear
gradient from 100% to 0% B; 13-20 min: hold at 100%
B. The mass spectrometer was operated in selected ion
monitoring (SIM), positive ion mode with the capillary
voltage set to 3.5 kV, the nozzle voltage set to 2 kV. The
sheath gas was held at 250 °C at a flow rate of 10 L/ min
and the drying gas was held at 300 °C at a flow rate of
5 L/min. The nebulizer pressure was set to 20 psig.
The peak area/height was quantified using Agilent
ChemStation. The mass to charge ratio (m/z) of the
following ions were detected: CTP (m/z 484.2), D5-
CTP (m/z 489.2). Peak areas were normalized to the
internal standard and expressed relative to DMSO-
treated controls. Three independent biological
replicates were analyzed for each condition. D5-CTP-
only samples were included during LC-MS runs as a
quality control to monitor instrument performance,
retention time consistency, and signal detection.

Nucleotide rescue assays

IGROV1 and IGROV1/CP cells were plated in 96-
well tissue culture plates and allowed to adhere
overnight. The following day, medium was replaced
with increasing concentrations of STP938 in the
presence or absence of 20 uM exogenous nucleotide
supplementation (CIP, ATP, GIP, or UTP;
MedChemExpress, Monmouth Junction, NJ).
Medium, drug, and nucleotides were refreshed on day
3 and cells were maintained under treatment
conditions for a total of 6 days. Cell proliferation was
measured using crystal violet assays as previously
described [37].

Statistical analysis

All experiments were performed in at least three
independent biological replicates with 2-8 technical
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replicates per condition depending on the assay. Data
are presented as mean + SEM. One-way or two-way
ANOVA with appropriate post hoc corrections were
applied wunless otherwise indicated. Statistical
significance was defined as P < 0.05.

Results

Identification of novel molecular
dependencies in TNBC cells

To identify genes that are more essential for
proliferation/viability in TNBC cells relative to non-
TNBC cells, we interrogated the results of genome-
wide CRISPR knockout screens from the DepMap
portal. This analysis revealed six genes (CTPS1, HUS1,
PRKRA, RAD1, RAD9A, and RHOA) whose
expression was found to be more essential for the
proliferation/viability of TNBC cells compared to
ERa* cells (Table 1). We subsequently assessed the
essentiality scores of these 6 genes in cell lines derived
from other breast cancer subtypes (HER2* and
ERa*/HER2*). As shown in Figure 1, there was gene-
dependent variability between subtypes, but TNBC
cells remained among the most reliant on expression
of these 6 genes.

We next interrogated the expression profiles of
these genes in publicly available datasets at both the
RNA and protein levels. Using the TNMplot database,
(Figure 2A), CTPS1, PRKRA, RAD1, and RHOA
transcripts were significantly higher in primary
tumors compared to normal tissue. No differences in
RADOYA expression were detected between primary
breast tumors and normal breast tissue, while HUS1
was significantly lower in malignant tissue (Figure
2A). The expression levels of PRKRA, RADI1, and
RHOA were further elevated in metastatic specimens
compared to normal tissue and primary breast tumors
(Figure 2A). Conversely, HUS1 and RAD9A exhibited
lower mRNA expression in malignant tissue
compared with normal tissue (Figure 2A). In the
MammOnc-DB TCGA database, 4 of the 6 genes
(CTPS1, HUS1, RAD1, and RAD9A) were significantly
upregulated at the mRNA level in luminal, HER2* and
TN breast tumors compared with normal breast tissue
(Figure 2B). PRKRA and RHOA transcripts varied
little between cancer subtypes and normal tissue
except for slight increases in PRKRA and slight
decreases in RHOA in TNBC (Figure 2B). To assess
protein levels of these genes in breast tumors, we
interrogated the MammOnc-DB CPTAC database.
CTPS1 and HUS1 protein abundance were elevated in
TNBC compared to normal breast tissue (Figure 2C).
No significant differences were detected for PRKRA,
RAD1, and RAD9A protein in TNBC whereas RHOA
protein expression was lower (Figure 2C). HUSI,
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PRKRA, RAD1, and RHOA did exhibit significant
differences in protein expression levels between other
breast cancer subtypes as indicated (Figure 2C).

We next assessed the prognostic relevance of
these genes by analyzing their expression in relation to
breast cancer clinicopathologic features and overall
survival using the Kaplan-Meier Plotter database.
Higher expression of each of the 6 genes was generally
associated =~ with  more  aggressive  disease
characteristics, including advanced tumor grade,
lymph node positivity, and a greater likelihood of
receiving chemotherapy. More specifically, PRKRA,
RAD1, and RHOA exhibited the largest number of
statistically significant associations with features such
as worse overall survival, lymph node positivity, and
elevated Ki67 expression (Figure 3). HUS1 and
RADOYA expression exhibited very few significant
associations with these features, and for those that
were statistically significant, the hazard ratios were
numerically small (Figure 3). High CTPS1 expression
was correlated with worse overall survival, lymph
node positivity, HER2 negativity, Ki67 positivity, and
a greater likelihood of receiving chemotherapy (Figure
3). Overall, these findings demonstrate that elevated
expression of CTPS1, PRKRA, RAD1, and RHOA are
frequently associated with more aggressive breast
cancer phenotypes and worse outcomes in this patient
cohort.
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Validation of selective essentiality between
breast cancer subtypes

Having integrated selective dependency patterns
from DepMap with differential gene expression,
clinicopathologic features, and survival outcomes in
breast cancer patient cohorts, we sought to validate the
reliance of TNBC cells on expression of these 6 genes
for growth/survival. CTPS1, HUS1, PRKRA, RAD1,
RAD9A, and RHOA  gene-specific  siRNA
SMARTpools were transfected into three TNBC cell
lines (MDA-MB-231, MDA-MB-468, and SUM185) and
two ERa*/HER2- cell lines (ZR75-1 and T47D).
Transfection conditions were optimized and
successful knockdown was confirmed by RT-qPCR
(Figure S1A) and western blotting (Figure S1B). The
effects of knockdown on cell proliferation were
assessed using crystal violet staining. Knockdown of
CTPS1, RAD1, and RHOA, significantly inhibited
proliferation in all 5 cell lines compared to the non-
targeting control siRNA (Figure 4A). RAD9A was
found to suppress two of the three TNBC models and
one ERa*/HER2- model (Figure 4A). Suppression of
PRKRA expression only inhibited MDA-MB-468 cells
while knockdown of HUS1 had no significant effect on
any of the cell lines tested (Figure 4A). When
considering the magnitude of these effects between the
two subtypes of breast cancer cell line models, only
knockdown of CTPS1 was shown to more inhibitory in
all three TNBC models compared to ERa*/HER2-
models (Figure 4A).
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Figure 1. Genetic dependencies in breast cancer cells. Graphical depiction of essentiality scores for indicated genes in over 30 breast cancer cell lines, grouped by specified
subtypes, contained within the DepMap Portal. Statistically significant differences between subtypes were identified using one-way ANOVA with correction for multiple

comparisons. * P < 0.05, ** P < 0.01.
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Figure 2. Transcript and protein expression levels of CTPSI, HUSI, PRKRA, RAD1, RAD9A, and RHOA in normal and malignant breast tissue. (A) RNA expression levels of
the six genes in normal, primary tumor, and metastatic breast tissues acquired from the TNMplot gene chip database and represent normalized microarray signal intensities
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(linear scale, arbitrary units). (B) RNA expression across breast cancer subtypes (Luminal, HER2*, TNBC) acquired from the MammOnc-DB database within TCGA. (C) Protein
abundance for the same genes across breast cancer subtypes obtained from MammOnc-DB within the CPTAC database. Protein abundance is shown as Z-scores representing
standardized log2 protein expression across CPTAC samples. Statistically significant differences were identified using one-way ANOVA with correction for multiple
comparisons. * P < 0.05, ** P < 0.01, **** P < 0.0001.
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Figure 3. Forest plots summarizing associations between elevated expression of indicated genes with clinicopathologic features and overall survival of breast cancer patients
using the Kaplan-Meier Plotter database. Hazard ratios with confidence intervals and P Values are indicated. Hazard ratios were calculated using Cox proportional hazards
regression comparing patients with high versus low gene expression (median cutoff). P values were calculated using the log-rank (Mantel-Cox) test. Statistically significant
associations are accentuated with colored hazard ratios and confidence intervals as well as red text for P-values.

Table 1. Mean essentiality scores for indicated genes in TNBC

and ERa* cell lines contained within the DepMap Portal.

Gene TNBC (Gene Effect) ERa* HER2 (Gene Effect) P-value
CTPS1 -0.949 -0.509 0.0023
HUS1 -0.734 -0.417 0.0251
PRKRA -0.952 -0.553 0.0048
RAD1 -0.573 -0.323 0.0164
RADYA -1.254 -0.852 0.0095
RHOA -0.526 -0.007 0.0044

To determine the impact of knockdown on cell
cycle progression, propidium iodide staining followed
by flow cytometry was performed using MDA-MB-
231 cells harvested 72 h after siRNA transfection.
Consistent with the proliferation data, knockdown of
HUS1 and PRKRA in MDA-MB-231 cells had little to
no effect on the cell cycle (Figure 4B). Following
suppression of RAD1 and RAD9YA, significantly more
cells were observed in S phase with concomitant
decreases in the proportion of cells in G1 (Figure 4B).
Significant accumulation of cells in G2/M was also
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targets (Figure 4B). RHOA inhibition led to a reduction
in both G1 and G2/M phases while CTPS1 knockdown
resulted in a significant decrease in G1 alongside an
increase in G2/M (Figure 4B).

observed in RAD9A depleted cells (Figure 4B).
Knockdown of CTPS1 and RHOA induced significant
S phase arrest, however, the downstream effects on
other cell-cycle phases differed between the two
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Figure 4. Impact of gene-specific knockdown on cell proliferation and cell cycle progression. (A) Relative proliferation rates of indicated cell lines following siRNA mediated
gene suppression relative to a non-targeting siRNA control across a panel of triple negative and ERa*/HER2- breast cancer cell lines. (B) MDA-MB-231 cell cycle profiles
following knockdown of indicated genes as quantified via propidium iodide staining and flow cytometry. Data are represented as mean + SEM. Two-way ANOVA with correction
for multiple comparisons was used to identify significant differences. * P < 0.05, ** P < 0.01, *** P < 0.001, *** P < 0.0001.
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Among the six candidate genes identified
through integrated dependency, transcriptomic, and
proteomic analyses, CTPS1 was prioritized for further
investigation based on its consistent dependency
across TNBC models, elevated RNA and protein
expression in malignant breast tumors including
TNBC relative to normal tissue, association with
aggressive clinicopathologic features and poor patient
outcomes, established role in nucleotide biosynthesis,
and limited investigation of its therapeutic utility.
Collectively, these observations suggested that CTPS1
represented a biologically and clinically relevant
candidate for further study.

CTPSI expression in ovarian cancer

In parallel to the breast cancer studies, we also
discovered that CTPS1 was a growth promoting factor
in ovarian cancer cell lines (gene effect scores < 0),
some of which were reliant on its expression for
survival (gene effect scores <-1), according to DepMap
(Figure 5A). No significant differences in CTPS1
essentiality were detected between the various
histological subtypes (Figure 5A). Like that of breast
cancer, CIPS1 mRNA expression was elevated in
malignant vs. normal ovarian tissue (TNMplot
database) for which histologic subtypes are not
indicated (Figure 5B). Additionally, no significant
differences were observed in CTPS1 expression
between metastatic ovarian cancer and normal tissue
(Figure 5B). Using a separate patient cohort
(Etemadmoghadam et al. dataset) [35], no differences
in CTPS1 expression were found between serous (low-
and high-grade) and endometrioid ovarian (Figure
5C).

CTPS1 mRNA expression in breast and
ovarian cancer cell lines and drug-resistant
models

Using a panel of available breast and ovarian
cancer cell lines, CTPST mRNA expression was found
to be variable, but overall increased, relative to non-
malignant control cell lines and tissues including
benign breast epithelial cells (MCF10A), normal breast
tissue (B4469A and B451B) and immortalized normal
fallopian tube epithelial cells (FT282) (Figure 6A-B).
Overall, TNBC cell lines exhibited the highest levels of
CTPS1 expression, while ERa*/HER2* models had the
lowest levels with minimal to mno significant
differences from benign cells or normal tissue (Figure
6A). Ovarian cancer cell lines were found to be
similarly heterogeneous for CTPS1 expression, with
serous and endometrioid models showing robustly
increased levels compared to F1282 cells (Figure 6B).
Clear cell and mixed histology cell lines showed
greater variability, with some exhibiting very high
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CTPS1 expression and others showing little to no
difference from FT282 control cells (Figure 6B).
Doxorubicin-resistant (D-R) and paclitaxel-resistant
(P-R) TNBC models were found to exhibit decreased
CTPS1 expression relative to their isogenic parental
cells (Figure 6C). In contrast, cisplatin-resistant
(MDAH2774, IGROV1, PEO1) and/ or PARP inhibitor-
resistant (COV362, PEO1) ovarian cancer cell lines
were found to express higher levels of CTPS1
compared to their respective isogenic parental controls
(Figure 6D).

CTPSI inhibition as a targeted therapeutic
strategy

In partnership with Step Pharma, which
developed the first-in-class CTPS1 small molecule
inhibitor, STP938 (dencatistat), we evaluated the effect
of STP938 on breast and ovarian cancer cell lines.
Clinically achievable nanomolar IC50s were found for
many breast cancer cells and all ovarian cancer models
tested, including therapy-resistant models (Table 2).
Interestingly, little to no inhibitory activity was
observed in multiple non-TNBC breast cancer cell
lines (Table 2). Consistent with on-target CTPS1
inhibition, short-term STP938 treatment induced S-
phase cell cycle arrest in both parental and therapy-
resistant TNBC and ovarian cancer models (Figure S52)
as was the case following transfection with CTPS1
specific siRNAs.

Given that ovarian tumors frequently induce the
formation of ascites fluid in which tumor cells grow in
the absence of attachment to a basement membrane,
we next examined the activity of STP938 in spheroid
cultures generated using ultra-low-attachment (ULA)
plates. Across matched cisplatin-sensitive
(MDAH2774, OVSAHO, PEOl) and -resistant
(MDAH2774#42, OVSAHO#56, ABTR#2) cell lines, as
well as PARPi-sensitive (COV362, PEO1) and -
resistant (COV3620lap, ABTR#2) models, ULA
spheroids exhibited significantly reduced sensitivity
to STP938 compared with 2D monolayer cultures
(Figure 8). Interestingly, some cell lines were
unaffected by STP938 even at concentrations above 10
uM when grown in ULA conditions (Figure 7).

We further examined STP938 responses in 3D
bioprinted cultures generated using Rastrum
hydrogels, which better recapitulate the architectural
and extracellular-matrix features of native tumors [47].
For a subset of models (OVSAHO, OVSAHO#56,
COV362, and COV3620lap), 3D printed cultures were
significantly more sensitive to STP938 than 2D
cultures as reflected by left-shifted dose response
curves (Figure 7). Cisplatin-sensitive and -resistant
MDAH2774 models exhibited similar levels of
sensitivity in 3D hydrogels as in 2D cultures (Figure 7).
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The sensitivity of PEO1 and ABTR#2 cells to STP938in  findings demonstrate that for most ovarian cancer cell
3D cultures were intermediate to that of 2D monolayer  lines, STP938 elicits anti-neoplastic activity across
cultures and ULA spheroid cultures (Figure 7). These = multiple culture systems.
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Figure 5. CTPSI essentiality and expression patterns in ovarian cancer. (A) Essentiality scores for CTPSI across ovarian cancer cell lines included in the DepMap Portal
stratified based on histologic subtype. (B) CTPS] mRNA expression in normal ovarian tissue, primary ovarian cancers, and metastatic ovarian tissues contained within the
TNMplot gene chip database and represent normalized microarray signal intensities (linear scale, arbitrary units). (C) CTPST mRNA expression in serous and endometrioid
ovarian tumors based on the Etemadmoghadam et al. cohort. Statistically significant differences between subtypes were assessed using one-way ANOVA with correction for
multiple comparisons. **** P < 0.0001.
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Figure 6. CTPSI expression in breast and ovarian cancer cell lines. RT-PCR analyses indicating the relative expression levels of CTPSI in a panel of (A) breast and (B) ovarian
cancer cell lines compared to benign cells and normal tissue. Data are normalized to MCFI0A cells in panel A and FT282 cells in panel B. CTPSI expression levels in
chemotherapy-resistant, and PARP inhibitor-resistant isogenic (C) breast and (D) ovarian cancer cell line models following normalization to their respective parental controls.
Par, parental cells; D-R, doxorubicin-resistant cells; P-R, paclitaxel-resistant cells. Data are represented as mean + SEM from n = 3 replicates. Significance was assessed using
two-way ANOVA with correction for multiple comparisons. * P < 0.05; *#* P < 0.0001.

Table 2. STP938 IC50s in a panel of breast and ovarian cancer cell lines.

BC Subtypes BC Cell Lines IC50 (nM) OC Subtypes OC Cell Lines 1C50 (nM)
TNBC HS578T 111.9+33.6 Serous COV362 81.8+30.4
TNBC MDA-MB-231 142.0+37.5 Serous COV362 OlapR 91.4+294
TNBC MDA-MB-231-Par 1323 +22.2 Serous OVSAHO 1383 +£26.2
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TNBC MDA-MB-231-D-R 180.4 £29.4 Serous OVSAHO#56 (Cis-R) 79.6 £16.9
TNBC MDA-MB-231-P-R 330.2 £128.6 Serous PEO1 589+10.4
TNBC MDA-MB-436 742+19.8 Serous ABTR2 (pan-PARPi-R) 263+5.5
TNBC MDA-MB-468 130.7 £ 33.5 Endometrioid MDAH2774 65.5+11.6
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Figure 7. STP938 sensitivity across 2D, ULA spheroid, and 3D bioprinted ovarian cancer models. Dose-response curves for cisplatin- and PARP inhibitor-sensitive ovarian
cancer cell lines (top row) and their respective isogenic cisplatin-resistant (MDAH2774, OVSAHO, ABTR#2) or PARP inhibitor-resistant (COV362OIlap, ABTR#2) derivatives
(bottom row), treated with increasing concentrations of STP938 in 2D monolayer culture (grey triangles), ultra-low attachment (ULA) spheroid culture (green circles), and
Rastrum 3D bioprinted hydrogel cultures (pink diamonds). Relative proliferation was measured after 7 days for 2D and ULA cultures and after 14 days for 3D bioprinted
models, normalized to DMSO controls, and plotted as mean + SEM. Data represent n = 3-6 replicates per condition. Significant differences from 2D cultures were assessed
using two-way ANOVA with correction for multiple comparisons. ** P < 0.01, *** P < 0.0001.

to be PARP inhibitor-resistant following repeated
niraparib exposure in wvivo [38, 45, 48, 49]. The
remaining models (PH365, PH626, and PH723) were

STP938 activity in ovarian cancer PDX
models

To determine whether the anti-neoplastic activity
of STP938 observed in established ovarian cancer cell
line models also occurs in patient-derived tumor
models, we evaluated the effects of this drug using
both ex vivo and in vivo approaches. For ex vivo studies,
six ovarian cancer PDX models (PH39R, PH77S,
PH77R, PH365, PH626, and PH723) were expanded in
mice, resected, mechanically and enzymatically
digested into single cell suspensions, and cultured as
spheroids. Spheroids included both human tumor
cells and any associated intra-tumoral mouse stromal
cells. Among these models, PH77S was derived from a
treatment-naive tumor previously shown to respond
to platinum-based therapy, whereas PH39R and
PH77R represent related models that were developed

established from high-grade serous or clear cell
ovarian tumors obtained from treatment-naive
patients with advanced stage disease, thereby
representing additional clinically relevant ovarian
cancer subtypes within the PDX cohort. In all six
models, STP938 treatment resulted in dose-dependent
inhibition of spheroid viability with IC50 values in the
nanomolar range (Figure 8A). We next sought to
evaluate the in vivo efficacy of STP938. We chose to use
a seventh PDX model derived from a patient with
high-grade serous primary peritoneal carcinoma
following neoadjuvant therapy (PH354) given that this
closely mimics the clinical situation of the ongoing
clinical trial. Additionally, this model exhibits robust
tumor engraftment and growth characteristics and has
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proven to enable reliable assessment of therapeutic  treated mice (Figure 8B-C). These findings further
response to a variety of drugs in wvivo. STP938  demonstrate the efficacy of STP938 in a highly
treatment was well tolerated with no overt signs of  aggressive and therapy resistant patient-derived
toxicity or weight loss observed during the study.  model, further supporting the pre-clinical and clinical
Pharmacologic inhibition of CTPS1 significantly = development of this drug.

suppressed tumor growth relative to vehicle control
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Figure 8. Efficacy of STP938 in ovarian cancer PDX models. (A) Dose-response curves for STP938 in six ovarian cancer PDX models, including both therapy-sensitive and
PARP inhibitor-resistant tumors, assessed in ex vivo spheroid cultures. Relative cell viability was normalized to vehicle-treated controls and IC50 values are indicated for each
model. Data represent mean *+ SEM from n = 4 replicates. (B) Tumor growth curves generated from ultrasound-based measurements (cm2) of the PH354 ovarian cancer PDX
model treated with vehicle control (n = 3) or STP938 (50 mg/kg, n = 10). Tumor size at each timepoint was normalized to starting tumor size prior to treatment initiation and
plotted as relative values throughout the course of the experiment. Shaded areas represent SEM. Significant differences between treatment groups were determined using a
linear mixed-effects model for repeated measures and p-values are indicated for the overall model, slope of the lines, and intercept of the lines. Tumor doubling time was also
calculated. (C) Representative ultrasound images of a vehicle treated and STP938 treated mouse showing intraperitoneal tumors at indicated time points. Yellow dashed lines

define the tumor area. Scale bar = 5 mm.
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Figure 9. On-target activity of STP938 in cisplatin-sensitive and cisplatin-resistant ovarian cancer cells. (A) Intracellular CTP abundance was quantified by LC-MS in IGROV1
(cisplatin-sensitive) and IGROV1/CP (cisplatin-resistant) cells following treatment with 500 nM STP938 for 24 or 72 h. Data are presented as mean * SEM from n = 3 biological
replicates. Significant differences from vehicle treatment were assessed using two-way ANOVA with correction for multiple comparisons. ** P < 0.01, ¥* P < 0.001, ¥ P <
0.0001. (B) IGROV1 and IGROVI1/CP cells were treated with increasing concentrations of STP938 in the presence or absence of 20 uM exogenous nucleotides (CTP, ATP,
GTP, or UTP) for 6 days with treatment refreshed on day 3. Data are presented as mean * SEM from n = 4 biological replicates. Significant differences between vehicle and
nucleotide rescue conditions were assessed using one-way ANOVA with correction for multiple comparisons. *** P < 0.0001.

Intracellular CTP levels following CTPSI
inhibition

To determine whether STP938 achieves on-target
biochemical inhibition of CTPS] in cisplatin-sensitive
and -resistant ovarian cancer models at clinically
relevant concentrations, we quantified intracellular
CTP levels by LC-MS in IGROV1 and IGROV1/CP
cells following drug treatment. Because CTPS1
catalyzes the rate-limiting step in the conversion of
UTP to CTP, effective target inhibition should result in
measurable depletion of intracellular CTP pools. As
shown in Figure 9, treatment with 500 nM STP938
ablated intracellular CTP in both IGROV1 and
IGROV1/CP cells 24 h after drug treatment. At the 72
h timepoint, CTP levels remained very low but
showed evidence of slight recovery (Figure 9A). These

findings demonstrate that STP938 achieves potent
suppression of CTP synthesis after a single treatment
administration in ovarian cancer cells and provide
biochemical evidence of robust target engagement.

To further determine whether reduced CTP
availability contributes directly to the anti-neoplastic
effects of STP938, IGROV1 and IGROV1/CP cells were
treated with increasing concentrations of STP938 in the
presence or absence of exogenous nucleotides.
Supplementation with exogenous CTP significantly
rescued STP938-mediated growth inhibition in both
cell lines, while ATP, GTP, and UTP supplementation
had no effect (Figure 9B). These findings support the
conclusion that selective depletion of intracellular CTP
pools contributes directly to impaired proliferation
following CTPS1 inhibition and further support the
on-target activity of STP938.
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Figure 10. Associations of CTPS| and CTPS2 expression with STP938 sensitivity in TNBC and ovarian cancer cell lines and tumors. (A) Scatter plots depicting correlation
between CTPSI ACt, CTPS2 ACt, or the CTPSI:CTPS2 ACt ratio, and STP938 IC50 values in TNBC cell lines. (B) Paired CTPSI and CTPS2 ACt values for TNBC cell lines
are shown in the left panel, with lines connecting values derived from the same cell line. Association of CTPS1 and CTPS2 mRNA expression among TNBC models are shown
to the right. (C) Correlation analyses of CTPS1 and CTPS2 mRNA expression with their respective protein abundance in TNBC tumors contained within the DLDCC dataset.
Scatter plots show z-score-normalized RNA vs CTPS protein abundance. (D)Correlation analyses of CTPS1 and CTPS2 mRNA (left) and protein (right) in TNBC tumors within
the DLDCC dataset. (E) Scatter plots showing the relationship between CTPS1 ACt, CTPS2 ACt, or the CTPS1:CTPS2 ACt ratio and STP938 IC50 values in ovarian cancer
cell lines. (F) Paired CTPS1 and CTPS2 ACt values for ovarian cancer cell lines are shown in the left panel, with lines connecting values derived from the same cell line.
Association of CTPS| and CTPS2 mRNA expression among ovarian cancer models are shown to the right. (G) Correlation analyses of CTPS| and CTPS2 mRNA expression
with their respective protein abundance in ovarian tumors contained within the TCGA dataset. (H) Correlation analyses of CTPS1 and CTPS2 mRNA (left) and protein (right)
in ovarian tumors within the TCGA dataset. For all correlation plots, linear regression analyses were performed, and correlation coefficients (r) and p-values are displayed
within each panel. ACt values represent transcript levels of indicated gene following normalization to 18S rRNA. Higher ACt values indicate lower CTPS1 or CTPS2 mRNA

expression.

Association of CTPS1 and CTPS2 expression
with STP938 sensitivity

In addition to CTPS1, a second gene, CTPS2, is
also able to catalyze the synthesis of CTP. We therefore
determined if a correlation exists between expression
of the CTPS isoforms and STP938 efficacy in TNBC
and ovarian cancer cell lines. As shown in Figure 10A,
neither CTPS1 nor CTPS2 transcript levels were
associated with drug sensitivity in TNBC models,
although higher expression of both genes trended
toward increased sensitivity to STP938. The ratio of
CTPS1:CTPS2 also showed no association with STP938
responsiveness (Figure 10A). CTPS1 and CTPS2
expression levels were found to correlate with one

another in the tested panel of TNBC cells (Figure 10B).
To determine whether mRNA expression reflected
protein abundance in TNBC, we analyzed the DLDCC
TNBC dataset [34]. CTPS1 and CTPS2 RNA levels each
showed strong and highly statistically significant
correlations with their respective protein abundances
(Figure 10C). CTPS1 and CTPS2 RNA levels were
weakly associated with one another in this dataset
(Figure 10D, left) and their protein abundances were
found to be significantly correlated (Figure 10D, right).

In contrast, ovarian cancer cell lines showed
robust and statistically significant correlations
between CTPS1 and CTPS2 expression, as well as the
ratio of CTPS1:CTPS2, with STP938 IC50 values.
Specifically, higher expression of both genes, as
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reflected by lower ACt values, was strongly associated
with lower IC50 values (Figure 10E). Notably, ovarian
cancer cell lines exhibited greater variability in STP938
IC50 values compared with TNBC models (Figure
10A&E). As in TNBC, CTPS1 and CTPS2 mRNA
expression levels were tightly correlated with each
other in the tested ovarian cancer cell line panel
(Figure 10F). Analysis of the TCGA ovarian cancer
dataset further demonstrated strong correlations
between CTPS1 RNA and protein levels, between
CTPS2 RNA and protein levels, and between CTPS1
and CTPS2 expression at both the RNA and protein
levels (Figure 10G-H). Taken together, these finding
demonstrate that mRNA expression for CTPS1 and
CTPS2 may be a valid surrogate for protein levels in
TNBC and ovarian cancer, and that isoform specific
expressions are predictive of response to STP938 for
ovarian cancer.

Discussion

As outlined here, we identified CTPS1 as a critical
molecular dependency in TNBC and ovarian cancer
cell lines through interrogation of the DepMap Portal.
We validated the reliance of many TNBC and ovarian
cancer cells on CIPSl via siRNA-mediated
knockdown and assessment of cell proliferation and
cell cycle profiling. We demonstrate using multiple
publicly available patient databases that CTPS1
expression is elevated in malignant tissue relative to
non-malignant and benign models. We also show that
elevated CTPS1 mRNA levels are associated with
more aggressive tumor characteristics and worse
patient outcomes. Notably, transcript and protein
abundance were not fully concordant for all candidate
genes identified in our analyses. For example, RHOA
mRNA expression was elevated in some patient
datasets whereas corresponding protein abundance
was not similarly increased in TNBC tumors. Such
discrepancies are common and may reflect post-
transcriptional regulation, differences in translational
efficiency, altered protein stability, or enhanced
protein turnover [50]. These observations further
highlight the importance of integrating both
transcriptomic and proteomic datasets when
prioritizing candidate molecular dependencies for
functional validation. We discovered that CTPS1
expression is further elevated in ovarian cancer
models of chemotherapy- and PARPi-resistance.
Using the first-in-class CTPS1 selective inhibitor,
STP938, we demonstrate robust anti-cancer activity of
this small molecule across a panel of TNBC and
ovarian cancer cells and confirm its on-target activity
by demonstrating abolition of intracellular CTP within
24 h of drug treatment. Overall, our findings establish
CTPS1 as a potential therapeutic vulnerability in

8210

TNBC and ovarian cancer, supporting the continued
pre-clinical and clinical of STP938. These findings
align with growing evidence that dysregulated
nucleotide metabolism represents a hallmark of highly
proliferative, therapy-resistant cancers [27, 51, 52].
Prior studies have implicated CTPS1 in cell-cycle
progression, replication stress tolerance, immune cell
proliferation, and dependency in some solid tumors
including TNBC [24, 53-57]. However, the therapeutic
activity of the selective CTPS1 inhibitor STP938 has not
previously been evaluated in TNBC or ovarian cancer
models. The results presented here expand our
understanding of CTPS1 in TNBC and ovarian cancer
and provide the first demonstration of STP938 efficacy
in models of these two forms of cancer.

The identification of CITPS1 as a dependency in
TNBC is particularly important given the lack of
targeted therapies and alternative treatment
approaches for this subtype of cancer. Unlike ERa* or
HER2* breast tumors, which derive great benefit from
endocrine therapies or HER? targeting antibodies and
small molecules respectively, the treatment of TNBC
remains heavily reliant on chemotherapy. TNBC
patients have extremely poor outcomes when they
experience a recurrence within 5-years of diagnosis, or
present with de novo resistant forms of the disease [4,
12-15, 37]. Similarly, ovarian cancer remains one of the
most lethal forms of cancer due to frequent and rapid
recurrence following curative intent treatment [18]
with limited alternative maintenance therapies [17, 19,
20]. Thus, the discovery that many TNBC and ovarian
cancer cell lines and tumors exhibit elevated CTPS1
expression, and have become reliant on its activity for
growth, suggests that STP938 may be a tractable
therapeutic for these diseases.

Critically, we found that CTPS1 expression is
elevated in some chemotherapy- and PARPi-resistant
ovarian cancer models which concomitantly display
increased susceptibility to CTPS1 inhibition. These
results suggest that CTPS1 expression may be part of a
stress adaptive program that supports cell survival
and eventual tumor outgrowth following standard-of-
care therapy. Importantly, our findings do not
establish CTPS1 as a direct driver of chemotherapy or
PARP inhibitor resistance but rather support a model
in which increased CTPS1 dependency reflects
elevated nucleotide demand associated with
proliferation and DNA repair in therapy-stressed
tumor cells. Interestingly, increased CTPS1 expression
was more consistently observed in therapy-resistant
ovarian cancer models than in resistant TNBC models.
This difference may reflect lineage-specific metabolic
dependencies that emerge during therapeutic
adaptation.  Therapy-resistant ovarian tumors
frequently exhibit enhanced replication stress and
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increased reliance on nucleotide biosynthesis
pathways to sustain DNA repair and survival [58, 59].
In contrast, resistant TNBC models may utilize more
heterogeneous adaptive mechanisms, including
metabolic plasticity, altered apoptotic signaling,
epithelial-to-mesenchymal transition programs, or
increased reliance on nucleotide salvage pathways [60-
62]. Differential CTPS2 expression or compensatory
pathway redundancy may also contribute to these
lineage-specific differences and may partially explain
the stronger relationship between CTPS1/CTPS2
expression and STP938 sensitivity observed in ovarian
cancer models. However, the mechanisms driving
CTPS1 overexpression in advanced and therapy-
resistant cancers remain unclear. According to TCGA
data, amplification of CTPS1 is infrequent in primary
TNBC and ovarian tumors and additional cohorts of
recurrent/ metastatic tumors are needed to determine
if amplification during later stage disease contributes
to elevated expression. Previous studies have
suggested that CTPS1 is transcriptionally regulated by
oncogenic signaling pathways such as MYC, P53,
YBX1, metabolic rewiring, or stress-induced activation
of nucleotide synthesis programs [23, 56, 63-66].
Additionally, elevated CTPS1 expression may involve
epigenetic =~ reprograming  or  stress-adaptive
transcriptional programs. Future studies aimed at
interrogating the contribution of MYC-, YBX1-, or
stress-associated signaling pathways to CTPS1
upregulation in therapy-resistant cancer models will
be important to better define the mechanisms
underlying CTPS1 dependency.

Using the STP938 small molecule, we
pharmacologically validated that many TNBC and
ovarian cancer cells are highly reliant on CTPSI.
Although CTPS1 and CTPS2 catalyze the same
biochemical reaction, our data support prior evidence
that CTPS2 is unable to fully compensate for loss of
CTPS1 expression and activity, given the near
complete loss of CTP following STP938 treatment [24,
54]. This functional non-redundancy likely explains
why STP938 is able to elicit such robust anti-neoplastic
activity despite the fact that it does not engage CTPS2
at the IC50s identified here [23]. Indeed, the present
studies demonstrate that STP938 exhibits nanomolar
potency across TNBC and ovarian cancer models,
whereas ER* breast cancer cells are significantly more
resistant, underscoring the specificity of CTPS1
dependency. Interestingly, several ovarian cancer cell
lines cultured within 3D bioprinted hydrogels

exhibited greater sensitivity to STP938 than
corresponding 2D monolayer cultures. These
observations suggest that extracellular matrix

composition and biomechanical properties may
influence CTPS1 dependency and therapeutic
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response. Matrix stiffness and cell-ECM interactions
are known to alter proliferation dynamics, replication
stress responses, metabolic activity, and therapeutic
sensitivity in solid tumor models [67-69]. It is therefore
possible  that the  physiologically relevant
microenvironment created by the 3D hydrogel system
enhances reliance on nucleotide biosynthesis
pathways in a subset of ovarian cancer models,
thereby increasing sensitivity to CTPS1 inhibition.
Importantly, we observed similar anti-neoplastic
activity in seven independent ovarian cancer PDX
models, where STP938 significantly inhibited PDX cell
viability ex vivo and suppressed tumor growth in vivo,
including in models with acquired PARP inhibitor
resistance. Previous studies have also implicated the
reliance of some solid tumor cancer cell lines on CTPS1
expression [28, 54, 57], including TNBC [56]. However,
prior to this report, there was no published literature
related to the efficacy of STP938 in any solid tumor
model. Our findings further support the recently
activated clinical trial studying this drug in advanced
solid tumors, including breast and ovarian cancer
(NCT06297525).

As shown by cell cycle profiling, STP938 induces
S-phase cell cycle arrest which is consistent with the
observation that intracellular CTP levels plummet in
cancer cells following exposure to this drug. Cells
actively undergoing DNA synthesis encounter
difficulties with DNA duplication in the absence of
CTP. Given these findings, it is curious why some
cancer cells are largely able to persist and divide in the
presence of STP938. The partial recovery of
intracellular CTP pools observed at later timepoints
could simply be reflective of drug metabolism or
degradation over time since these studies were
performed following a single administration of the
compound. However, it is also possible that these
observations are reflective of adaptive metabolic
compensation that occurs in response to CTPS1
inhibition such as activation of the pyrimidine salvage
pathway. These findings also highlight the necessity of
sustained target suppression that will need to be
critically evaluated and optimized in clinical trials to
ensure durable depletion of intracellular CTP pools
and maximize anti-neoplastic efficacy.

Along these lines, our findings raise the
possibility of several rational combinatorial treatment
approaches. Given that STP938 effectively depletes
intracellular CTP levels, an imbalance in nucleotide
pools would result. Such imbalances are known to
cause replication-fork stalling, DNA breaks, and
activation of DNA damage and repair mechanisms,
frequently leading to apoptosis [70-72]. Therefore,
pairing STP938 with DNA-damaging agents,
replication stress inducers, or DNA repair inhibitors
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may yield synergistic effects [55, 64, 65]. This strategy
could be especially valuable in resistant tumors, where
CTPS1 is most highly expressed. Indeed, we
demonstrate here that STP938 monotherapy is highly
effective in chemotherapy- and PARPi-resistant
models of TNBC and ovarian cancer. Further, STP938
may prove to be an ideal drug partner for PARP, even
in patients whose tumors are homologous
recombination proficient where PARPi are known to
be largely ineffective [73, 74].

Given the importance of CTPS1 for the
proliferation of activated T- and B- cells as part of
normal immune system function [24, 53], it will be
critical to determine how STP938 impacts anti-tumor
immunity, and whether checkpoint inhibitors or other
immune-targeting strategies could enhance efficacy.
Additionally, a mechanistic understanding for why
CIPS1 expression is elevated in advanced and
resistant forms of many solid tumors is needed.
Finally, the basis by which some cancer cells exhibit de
novo or acquired resistance to STP938 remain to be
elucidated.

Conclusion

In conclusion, we conducted an unbiased and
genome-wide approach through which we identified
CTPS1 as an essential gene in many TNBC and ovarian
cancer cell lines. These findings were validated using
genetic and pharmacologic approaches whereby
potent anti-neoplastic activity of the selective CTPS1
inhibitor, STP938, was demonstrated. Importantly,
STP938 retained substantial activity at clinically
relevant concentrations in physiologically relevant 3D
culture systems and diminished tumor cell viability in
ex vivo PDX models. Further, STP938 was shown to
suppress tumor growth of an aggressive and therapy
resistant PDX model in vivo. These results highlight a
previously underexplored metabolic vulnerability and
provide further rationale for the continued pre-clinical
investigation and early-phase clinical evaluation of
STP938 as both a monotherapy and combinatorial
agent. Further translational studies aimed at
identifying ideal biomarkers of sensitivity that can be
employed for patient stratification, in addition to
elucidating the mechanisms of de novo and acquired
resistance, are warranted.
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