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Combined Inactivation of CTPS1and ATR Is Synthetically
Lethal to MYC-Overexpressing Cancer Cells
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The “undruggable” oncogene MYC supports cancer cell prolif-
eration and survival through parallel induction of multiple anabolic
processes. Here we find that inhibiting CTP synthase (CTPS)
selectively decreases cell viability and induces DNA replication
stress in MYC-overexpressing cells. MYC-driven rRNA synthesis
caused the selective DNA replication stress upon CTPS inhibition.
Combined inhibition of CTPS and ataxia telangiectasia and Rad3-
related protein (ATR) is synthetically lethal in MYC-overexpressing
cells, promoting cell death in vitro and decreasing tumor growth
in vivo. Unexpectedly, interfering with CTPS1 but not CTPS2 is
required to induce replication stress in MYC-deregulated cancer

Introduction

Deregulation of MYC is implicated in the development of up to 70%
to 80% of human cancers primarily via genomic translocation, gene
amplification, protein stabilization, and the upregulation of mRNA
transcription (1). MYC inactivation leads to tumor growth inhibition
or regression (2-8), and has been considered an attractive cancer
therapy target for decades (9). However, directly targeting MYC is
challenging due to the lack of a defined small molecule binding pocket
in the MYC protein and severe toxicity upon prolonged inhibition of
MYC (9-12).

MYC supports cancer cell proliferation and survival through
concurrently inducing multiple key anabolic processes, and has been
proposed as a therapeutic vulnerability (13, 14). One well-established
function of MYC is to promote ribosome biogenesis to increase the
capacity of protein synthesis of MYC-overexpressing cancer cells (15).
rRNA accounts for about 85% of total cellular RNA, indicating that
MYC-mediated upregulation of ribosome biogenesis is accompanied
by a dramatically increased demand for nucleotides. To this end, MYC
activation stimulates the expression of genes encoding the nucleotide
synthesis enzymes (16-19), and also stimulates glycolysis (20-22) and
the pentose phosphate pathway (23) to fulfill the demand of essential
precursors for the synthesis of purine and pyrimidine nucleotides.
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cells and consequent cell death in the presence of an ATR inhibitor.
These results highlight a specific and key role of CTPS1 in MYC-
driven cancer, suggesting that selectively inhibiting CTPS1 in
combination with ATR could be a promising strategy to combat
disease progression.

Significance: Inhibition of CTPS in MYC-overexpressing cells
blocks pyrimidine synthesis while maintaining ribosome synthesis
activity to create an anabolic imbalance that induces replication stress,
providing a new approach to selectively target MYC-driven cancer.

See related commentary by Chabanon and Postel-Vinay, p. 969

These nucleotides will be rapidly used for RNA and, in proliferating
cells, DNA synthesis.

CTP synthase (CTPS) catalyzes the final, rate-limiting step in the
de novo synthesis of the nucleotide CTP (24-27). CTP has the lowest
concentration among the four nucleotides (UTP, ATP, GTP, and
CTP), making it the rate-limiting molecule for nucleic acid synthesis
and other CTP-dependent events (28). Elevated CTPS activity is
frequently observed in human cancers and activated lympho-
cytes (29, 30). CTPS can form filamentous structures, termed cytoo-
phidia, in many organisms across all three life domains including
archaea, bacteria, and eukaryotes such as fruit fly, yeast, plant, zebra-
fish, and mammals (31-39). Forming cytoophidium is involved in the
regulation of CTPS enzymatic activity and protein half-life (40-43).
We previously demonstrated that MYC can regulate CTPS filamenta-
tion and CTPS is required for MYC-mediated cell size control in
Drosophila (44). In humans, CTPS activity is encoded by two isoforms,
CTPS1 and CTPS2, which catalyze the same reaction and have similar
catalytic activity (27, 45, 46). The respective functions of these two
enzymes are still unknown except for the necessity of CTPS1, but not
CTPS2, in the proliferation of activated lymphocytes during the
immune response (47, 48).

In this work, we employ a specific CTPS inhibitor,
3-deazauridine (DAU; ref. 33), to address whether the inhibition of CTP
synthesis is a vulnerability of MYC-overexpressing cancer. Combined
inhibition of CTPS and the replication stress-sensing kinase ataxia
telangiectasia and Rad3-related protein (ATR; ref. 3) induces synthetic
lethality in MYC-overexpressing cells and dramatically decreases tumor
growth in vivo.

Materials and Methods

Reagents and antibodies

Antibodies for Chkl (25887-1-AP), H2AX (10856-1-AP), P53
(10442-1-AP), ATR (19787-1-AP), and CTPSI1 (15914-1-AP) were
purchased from ProteinTech. Antibodies for MYC (ab32072), CTPS2
(ab196016), and P-actin (ab6276) were purchased from Abcam.
Antibodies for phospho-Chkl (Ser345; #2348), phospho-histone
H2AX (Ser139; #9718), phospho-ATR (Thr1989; #58014), and cleaved
caspase-3 (Aspl75; #9661) were purchased from Cell Signaling
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Technology. Antibody for HA (Sc-7392) was purchased from Santa
Cruz. Doxycycline (S5159), VX-680 (S1048), Purvalanol A (S7793),
cytidine (S2053), uridine (S2029), guanosine (S2439), adenosine
(S1647), VE-822 (S7102), hydroxyurea (S1896), and AZD6738
(S7693) were purchased from Selleck Chemicals. BMH-21 (B4896)
was from APExBIO. BAY-1895344 (HY-101566A), CX-3543 (HY-
14776), and CX-5461 (HY-13323) were from MedchemExpress.
3-Deazauridine (sc-394445) was purchased from Santa Cruz.

Cell culture

ARPE-19, SW480, HCT 116, and 293T were cultured in DMEM
(SH30022.01; Hyclone) whereas RKO and Raji cells were cultured in
RPMI 1640 (SH30809.01; Hyclone) supplemented with 10% FBS (04-
001; Biological Industries) in a humidified atmosphere containing 5%
CO, at 37°C. All the commercial cell lines used in this article were
purchased from Shanghai Institutes for Biological Sciences, Chinese
Academy of Sciences (Shanghai, China). They were originally pur-
chased from ATCC. The cells were authenticated by short tandem
repeat (STR) typing and routinely tested for Mycoplasma using the
GMyc-PCR Mycoplasma Test Kit (Yeasen, #40601). All cells used in
the experiments were within 15 passages from thawing.

Immunostaining and immunoblotting

Immunostaining and immunoblotting were performed as previ-
ously described (49). Data shown are representative of at least three
independent experiments.

Lentiviral short hairpin RNA cloning, production, and infection
Desalted oligonucleotides were cloned into pPLK/GFP + Puro
purchased from the Public Protein/Plasmid Library or pPLK/mCherry
+ Puro with the BamHI/EcoRI sites at the 3’ end of the human H1
promoter. The short hairpin RNA (shRNA) sequences are listed in
Supplementary Table S1. shRNAs were packaged in lentiviral particles
by cotransfection with packaging plasmids psPAX2 and pMD2.G into
293 T cells. Virus-containing supernatant was filtered with 0.45 mm
polyethersulfone (PES) filter and then used to infect cells.

RNA extraction and qRT-PCR

Total RNAs were extracted as described previously (49). The
first-strand ¢cDNA synthesis was conducted with RevertAid First-
Strand ¢cDNA synthesis kits. qRT-PCR reactions were performed
using ABI 7500 detection system. The resulting values were nor-
malized to B-actin expression. The primer sequences are listed in
Supplementary Table S2.

Comet assay

Cells treated with DAU and/or BAY-1895344 were gently scraped
and subjected to alkaline comet assay with the Comet Assay Kit (Enzo
ADI-900-166) according to the manufacturer’s instructions. Comet
tails were visualized by a fluorescent microscope and the percentages of
the comet tail DNA were measured with CASP software (CASPLab,
University of Wroclaw, Wroclaw, Poland). Fifty cells were counted per

group.

Cell viability and apoptosis assay

Cell viability was measured using the Cell Counting Kit 8 (APEx-
BIO, K1018) according to the manufacturer’s instructions. Annexin V/
propidium iodide (PI) staining was used to determine apoptosis.
Pacific Blue Annexin V (640918) was purchased from Biolegend. PI
(ST511) was purchased from Beyotime. Annexin V/PI staining was
performed according to the manufacturer’s instructions. The fluores-
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cence was measured using Becton Dickinson LSRFortessa X20 flow
cytometry and analyzed with FlowJo Version 10.6 software.

Cell-cycle profiles

Single-cell suspensions were washed with PBS and fixed with 70%
ethanol overnightat -20°C. Cells were then washed with cold PBS twice
at 4°C, followed by incubating in PBS with 50 ug/mL PI (Beyotime,
ST511), 0.1 mg/mL RNase A, 0.05% Triton X-100 for 20 minutes at
37°C. Staining was measured with Becton Dickinson LSRFortessa X20
flow cytometry and analyzed with FlowJo Version 10.6 software.

Colony formation assays

Cells cultured in 6-well plates were treated with DAU and BAY-
1895344 alone or together for 2 weeks and then fixed with 2%
paraformaldehyde and stained with 0.1% crystal violet (Sigma,
V5265-500 mL).

Three-dimensional cell culture

A 48-well plate was coated with 20 UL of Engelbreth—Holm-Swarm
mouse tumor matrix (Matrigel, Corning) and kept in cell incubator for
30 minutes. cells were trypsinized and suspended in appropriate
medium containing 2% Matrigel. One thousand cells per well were
seeded in the plate. Three days later, cells were treated with DAU
and/or BAY-1895344 for 5 further days and visualized by optical
microscope. Spheroid size was measured and quantified.

HCT 116 xenografts

Nude mice (BALB/c, 8 weeks old) were injected subcutaneously
with 100 uL HCT 116 cells (2 x 10%). Six days later, mice were
administered with DAU (75 mg/kg) and/or BAY-1895344 (10 mg/kg)
diluted in olive oil intraperitoneally once daily, 5 days on/2 days off.
Tumor volume was measured every third day. Mice were killed after
drug treatment and tumor volume was measured. All manipulations
involving mice were approved by the Institutional Animal Care and
Use Committee of ShanghaiTech University (Shanghai, China).

Generation of CRISPR/Cas9-mediated knockout cell lines

Single-guide RNA (sgRNA) oligonucleotides were cloned into the
plasmid pU6-(BbsI)_CBh-Cas9-T2A-mCherry (Addgene plasmid
#64324) with the BbsI site at the end of the human U6 prompter.
Two independent sgRNAs were used to knockout one gene and the
sgRNA sequences are listed in Supplementary Table S3. Two days after
transfection, mCherry positive cells were sorted and seeded into a 96-
well plate. About 2 weeks later, cells were harvested and subjected to
immunoblotting with appropriate antibodies to identify the knockout
cell lines. Successful knockout colonies were randomly picked and
used for further study.

Bioinformatics

The dataset used comprised mRNA sequencing (mRNA-seq) data
from The Cancer Genome Atlas (TCGA) tumors (see TCGA Data
Portal at https://tcga-data.nci.nih.gov/tcga/; the two-gene correlation
map is realized by the R software package ggstatsplot). We used
Pearson correlation analysis to describe the correlation between
quantitative variables without a normal distribution. P < 0.05 was
considered statistically significant.

Statistical analysis

Data are provided as means + SEM. Two-tailed unpaired Student
t test was used for comparisons between two groups. One-way
ANOVA was used to compare variables among three or more groups.
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P < 0.05 was considered statistically significant. In each experiment,
“n” means the number of independent experiments and the number of
mice in in vitro and in vivo study, respectively. All tests were performed
using GraphPad Prism version 6.00 (GraphPad Software; www.

graphpad.com).

Results

DAU selectively inhibits the viability of cells overexpressing
MYC

To understand the potential role of CTPS in MYC-driven cancer cells,
we stably transfected the construct Tet-On-MYC-CMV-Puro into
ARPE-19 cells, a spontaneously arisen retinal pigment epithelium cell
line. The resulting cells cultured in the presence or absence of doxycy-
cline are called ARPE-19-MYC (doxycyclinet) and ARPE-19-MYC
(doxycycline ), respectively. We first validated our experimental system
by examining the sensitivity of ARPE-19-MYC (doxycycline™) and
ARPE-19-MYC (doxycycline ™) cells to Purvalanol A and VX-680. Both
can induce synthetic lethality to MYC-overexpressing cells by targeting
cyclin-dependent kinase 1 (CDKI) and aurora-B kinase, respective-
ly (50, 51). Both Purvalanol A and VX-680 selectively decreased the
viability (Supplementary Fig. SIA and S1B) and increased cell death
(Supplementary Fig. S1C) of ARPE-19-MYC (doxycycline) cells.

DAU treatment for 2 or 7 days resulted in a dramatic decrease in the
viability of ARPE-19-MYC (doxycycline ™) cells, while a significantly
smaller reduction was observed in ARPE-19-MYC (doxycycline )
cells (Fig. 1A and B; Supplementary Fig. S1D). MYC was knocked
down by two independent MYC-specific lentiviral shRNAs (Fig. 1D, F,
and H). After treated for 2 or 7 days, DAU dose-dependently sup-
pressed the viability of the control cells (Fig. 1C, E, and G; Supple-
mentary Fig. S1E-S1G). However, the MYC knockdown cells showed
reduced sensitivity to DAU as compared with their MYC-expressing
counterparts (Fig. 1C, E, and G; Supplementary Fig. SIE-S1G).

DAU treatment for 7 days induced an increase (up to 13.7%) of cell
death in ARPE-19-MYC (doxycycline™) cells, but not in ARPE-19-
MYC (doxycycline ™) cells (Supplementary Fig. S1H). The induction of
cell death by DAU treatment for 7 days can also be observed in
HCT116 (approximately 15%) and RKO (approximately 8%) cells,
which was significantly alleviated by MYC knockdown (Supplemen-
tary Fig. S1I and S1J). No obvious increase in cell death could be
detected in SW480 cells expressing either control or MYC shRNA after
DAU treatment (Supplementary Fig. S1K). Though DAU induced
selective cell death in ARPE-19-MYC (doxycycline™), HCT116 and
RKO cells, the percentage of dead cells is less than 15%, which is
incomparable to the approximately 80% loss of cell viability after
1 week of DAU treatment (Fig. 1A, C, E, and G).

Overexpression of MYC in ARPE-19 cells promoted cell cycle
progression from Go-G; phase into S-G,-M (Fig. 1I). Upon DAU
treatment, ARPE-19-MYC (doxycycline™) cells showed a dramatic
reduction of cells in Go—G, phase, and a significant increase of cells in
S phase without altering the proportion of cells in G,-M phase as
compared with ARPE-19-MYC (doxycycline™) cells (Fig. 1J), indi-
cating that DAU treatment selectively blocks MYC-overexpressing
cells in S phase. The induction of S phase cell-cycle arrest can also be
observed in HCT116, RKO, and SW480 cells (Fig. 1K-M), and this
effect was abolished by MYC knockdown (Fig. IN-P).

DAU causes selective replication stress in MYC-overexpressing

cells, which originates from MYC-driven rRNA synthesis
Hydroxyurea (HU) was used as a positive control for Chkl and

ATR activation (Supplementary Fig. S2A). DAU treatment caused a
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dose-dependent increase of Chkl Ser345 and ATR Thr1989 phos-
phorylation in ARPE-19-MYC (doxycycline*) cells, while no Chk1
phosphorylation and a slight ATR phosphorylation could be detected
in ARPE-19-MYC (doxycycline™) cells (Fig. 2A). The induction of
replication stress can also be observed in MYC-upregulated cancer
cells such as SW480, HCT116, RKO, and Raji (Fig. 2B).

Expression of MYC shRNA efficiently reduced the protein levels of
MYC (Fig. 2C and D). Concomitantly, DAU-induced phosphoryla-
tion of Chk1 Ser345 and ATR Thr1989 was significantly decreased
(Fig. 2C and D). Either cytidine or uridine, but not adenosine and
guanosine, can effectively reverse DAU-induced Chkl Ser345 and
ATR Thr1989 phosphorylation, (Fig. 2E and F; Supplementary
Fig. S2B and S2C).

Pol T inhibition decreased DAU-induced replication stress in
HCT116 and RKO cells (Fig. 2G and H), evidenced by the decreased
Chk-1 Ser345 and ATR Thr1989 phosphorylation in CX-5641-treated
cells. To further confirm this phenomenon, two other Pol I inhibitors
BMH-21 and CX-3543 were used to inhibit rRNA biosynthesis.
Pretreated with either BMH-21 or CX-3543 can also abolish DAU-
induced Chkl Ser 345 phosphorylation (Supplementary Fig. S2D and
S2E).

The combination of DAU with ATR inhibitor induces DNA
damage in a MYC-dependent manner

DAU-induced Chkl1 Ser345 phosphorylation was blocked by ATR
selective inhibitors BAY-1895344, VE-822, and AZD6738 (Fig. 3A;
Supplementary Fig. S3A), indicating the key role of ATR in DAU-
induced Chkl Ser345 phosphorylation. Next, we examined if the
combination of DAU with ATR inhibitor could induce selective DNA
damage in MYC-overexpressing cells. The phosphorylation of histone
H2AX (S139) was used as a molecular marker to evaluate DNA
damage. Treatment with DAU together with ATR inhibitor induced
H2AX phosphorylation in SW480, HCT116, and RKO cancer cells
(Fig. 3B-D), and this effect was significantly abolished by MYC
knockdown (Fig. 3E and F). For further confirmation of this phe-
nomenon, we conducted a single-cell electrophoresis assay (comet
assay) to measure DNA damage. The comet assays showed a dramatic
increase in the percentage of comet tail DNA in the cells treated with
the combination of DAU and BAY-1895344 (Supplementary Fig. S3B
and S3C), and this phenotype was reversed by the knockdown of MYC
(Supplementary Fig. S3D and S3E). Consistently, the combination of
DAU with ATR inhibitor caused phosphorylation of histone H2AX
specifically in ARPE-19-MYC (doxycycline”) but not in ARPE-19-
MYC (doxycycline™) cells (Fig. 3G and H; Supplementary Fig. S3F),
and this effect was blocked by the addition of exogenous cytidine or
uridine (Fig. 3I). Comet assay also showed a specific increase in the
percentage of comet tail DNA in ARPE-19-MYC (doxycycline™) cells
after being treated with DAU and BAY-1895344 in combination
(Supplementary Fig. S3G and S3H).

DAU combined with ATR inhibitor induces synthetic lethality to
MYC-overexpressing cells

We next determined whether the combination of DAU and ATR
inhibitor could induce selective cell death in MYC-overexpressing
cells. Cell death was approximately two-fold higher in ARPE-19-MYC
(doxycycline™) cells compared with ARPE-19-MYC (doxycycline )
cells upon DMSO treatment (Fig. 4A). After being treated with the
combination of DAU and BAY-1895344 for 24 hours, more than 60%
of ARPE-19-MYC (doxycycline *) cells were positive for Annexin V, or
both Annexin V and PI. In comparison, about 8% of DMSO-treated
cells exhibited these traits while no obvious change was observed in
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Figure 1.

CTPS inhibition selectively suppresses cell viability in a MYC-dependent manner. A, Cell viability analysis of ARPE-19-MYC (DOX™) and ARPE-19-MYC (DOX ") cells
treated with the indicated concentrations of DAU for 1 week. B, MYC expression was measured by immunoblotting. C, E, and G, Cell viability analysis of control and
MYC knockdown RKO (C), SW480 (E), and HCT116 (G) cells treated with the indicated concentrations of DAU for 1week. D, F, and H, MYC knockdown efficiency was
analyzed by immunoblotting. I and J, Cell-cycle analysis of ARPE-19-MYC (DOX ™) and ARPE-19-MYC (DOX ™) cells treated with vehicle (1) or DAU (20 umol/L; J) for
24 hours. *, P< 0.05; **, P < 0.01. Cell-cycle analysis of control (K, L, and M) and MYC knockdown (N, O, and P) of RKO, HCT116, and SW480 cells treated with the
indicated concentrations of DAU for 24 hours. *, P<0.05; **, P< 0.01; ***, P< 0.001, significantly different from DMSO-treated group. Data are means 4 SEM. For cell
viability and cell-cycle analysis, n = 3-4. DOX, doxycycline; ctrl, control; NS, not significant.

cells treated with DAU or BAY-1895344 alone (Fig. 4A). Importantly,
neither DAU nor BAY-1895344 treatment alone or in combination
could induce cell death in ARPE-19-MYC (doxycycline™) cells
(Fig. 4A). A dramatic induction of cell death was also observed when
ARPE-19-MYC (doxycycline™) cells were treated with DAU in com-
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bination with another ATR inhibitor, either VE-822 or AZD6738
(Fig. 4B). This was rescued by the pan-caspase inhibitor Q-VD-Oph,
suggesting that apoptosis is primarily responsible for cell death
induced by the combination of DAU and ATR inhibitor (Fig. 4C).
Meanwhile, the presence of exogenous cytidine or uridine rescued
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DAU causes selective replication stress in MYC-overexpressing cells. A, Immunoblots of the indicated proteins in ARPE-19-MYC (DOX™) and ARPE-19-MYC (DOX ")
cells treated with DAU for 24 hours. B, Immunoblots of the indicated proteins in SW480, HCT116, RKO, and Raji cells treated for 24 hours with DAU. C and D,
Immunoblot analysis of the effect of MYC expression on DAU-induced Chk1and ATR phosphorylation. E and F, RKO (E) and HCT116 (F) cells treated with vehicle or
DAU (5 umol/L) in the presence or absence of 50 umol/L cytidine (cyti), uridine (urid), guanosine (guan), or adenosine (aden) were analyzed by immunoblotting.
G and H, HCT116 (G) and RKO (H) cells were pretreated with 200 nmol/L CX-5461 for 12 hours, and then treated with 5 umol/L DAU for another 5 or 10 hours. Cell

extracts were analyzed by immunoblotting. One of three to five similar experiments is shown. DOX, doxycycline; ctrl, control; hr, hours.

apoptosis induced by the combination of DAU and BAY-1895344,
while guanosine and adenosine did not have this effect (Fig. 4D).
Culturing ARPE-19-MYC (doxycycline™) cells in the presence of both
DAU and BAY-1895344 led to little loss of viability even after 2 days of
treatment, whereas ARPE-19-MYC (doxycycline™) cells showed per-
sistent induction of cell death over the time course (Fig. 4E).
Human cancer cells with amplification or translocation of the MYC
gene or the dysregulation of MYC protein degradation might have
adapted to high MYC protein expression, rendering them insensitive
to the combination of DAU and BAY-1895344. We investigated this in
a variety of cancer cell lines with high MYC expression. Our data
showed a significant increase in the percentage of apoptosis among
cells treated with DAU and BAY-1895344 in combination, while either
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DAU or BAY-1895344 alone has no obvious effect on cell death
(Fig. 4F; Supplementary Fig. S4A and S4B). shRNA-mediated knock-
down of ATR combined with DAU treatment can also induce dramatic
apoptotic cell death among HCT116 and RKO cells (Fig. 4G). The
knockdown of ATR in both HCT116 and RKO was confirmed by
Western immunoblotting (Supplementary Fig. S4C and S4D). The
colony formation assay showed that DAU with BAY-1895344 exhib-
ited much stronger inhibitory effects on SW480 and RKO than either
of them alone (Fig. 4H; Supplementary Fig. S4E and S4F). In agree-
ment with the observation in ARPE19-MYC (doxycycline™) cells, the
pan-caspase inhibitor Q-VD-Oph was able to suppress cell death
induced by the combination of DAU and BAY-1895344 in SW480,
HCT116, RKO, and Raji cells (Fig. 4I). In addition, cell death was
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Figure 3.

DAU combined with ATR inhibitors induces DNA damage in a MYC-dependent manner. A, Immunoblots of the indicated proteins in SW480, HCT116, and RKO cells
treated for 24 hours with DAU alone or together with BAY-1895344. B, Phosphorylation of H2AX in HCT116, SW480, and RKO cells treated with DAU and BAY-
1895344 alone or together were revealed by immunostaining. Phospho-H2AX (14) and DAPI (blue). Quantified data are shown in €. ¥, P < 0.0001; significantly
different from vehicle-treated group. D, Immunoblots of the indicated proteins in SW480, HCT116, and RKO cells treated with DAU and BAY-1895344 alone or
together for 24 hours. E and F, Immunoblots of the indicated proteins in control and MYC knockdown SW480 (E) and HCT116 (F) cells treated with DAU alone or
together with BAY-1895344, VE-822, or AZD6738 for 24 hours. G, Phosphorylation of H2AX in ARPE-19-MYC (DOX ™) and ARPE-19-MYC (DOX ™) cells treated with 20
umol/L DAU and 50 nmol/L BAY-1895344 alone or together for 16 hours. Quantified data are shown in H. # P <0.0001. I, Immunoblots of the indicated proteins in
ARPE-19-MYC (DOX™) and ARPE-19-MYC (DOX ") cells treated with DAU and BAY-1895344 with or without 50 umol/L cytidine (cyti), uridine (urid), guanosine
(guan), or adenosine (aden). Graphic data are means 4 SEM. For Western blotting, one of three to five similar experiments is shown. Scale bar, 20 um. Ctrl, control;

DOX, doxycycline.

blocked by cotreatment with cytidine or uridine, but not guanosine or
adenosine (Supplementary Fig. S4G-S4]).

We next investigated whether the induction of cell death by the
DAU and BAY-1895344 combination was MYC-dependent. To this
end, we evaluated the impact on cellular apoptosis in HCT116,
RKO, and SW480 cells expressing control or MYC shRNA. Annexin
V/PI staining showed that knockdown of MYC significantly
reduced cell death induced by the DAU and BAY-1895344 com-
bination in all cell lines (Fig. 4]; Supplementary Fig. S4K and S4M).
In agreement with this observation, caspase-3 activation was also
significantly reduced in the MYC knockdown cells (Fig. 4K; Sup-
plementary Fig. S4L and S4N).

DAU and BAY-1895344 combination suppresses tumor growth
in 3D assays and in vivo

To test the combination in vivo, we first investigated the impacts of
DAU and BAY-1895344 alone or together on the spheroid growth of
HCT116, RKO, and ARPE-19-MYC (doxycycline™) cells in the three-
dimensional (3D) tumor cell culture system, which can simulate the
in vivo physiologic state of the tumor microenvironment. Though both

Cancer Res; 82(6) March 15, 2022

DAU and BAY-1895344 alone showed about a 40% to 50% reduction
in spheroid size, their combination reduced the spheroid size to 5% to
10% of the control group (Fig. 5A). We further administered nude
mice bearing subcutaneously implanted HCT116 xenografts with
DAU and BAY-1895344 alone or together. While DAU and BAY-
1895344 alone both showed a slight anti-tumor effect, their combi-
nation inhibited the growth of the HCT116 tumor substantially
(Fig. 5B and C). At the end of the treatment, the tumors were excised
and their volumes were measured (Fig. 5D).

Because MYC overexpression is known to sensitize cells to
apoptosis, combined inhibition of CTPS and ATR might exacerbate
the apoptotic program normally regulated by MYC. To test this
hypothesis, we overexpressed apoptosis-resistant MYC mutants
MYC™*7S, MYCF*%€, and MYC™®* in ARPE-19 cells (52-55). Cells
overexpressing P57S or F138C mutant MYC retained the sensitivity
to apoptosis, similarly to the cells overexpressing wild-type (WT)
MYC, when treated with DAU and BAY-1895344 in combination
for 24 hours (Fig. 5E). For the cells overexpressing T58A mutant
MYGC, the percentage of apoptosis was about half of that for the cells
overexpressing WT MYC upon DMSO treatment (Fig. 5E), which is
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DAU and BAY-1895344 combination suppresses tumor growth 3D assays and in vivo. A, HCT116, RKO, and ARPE-19-MYC (DOX ") cells grown on Matrigel were treated
with 5 umol/L (RKO and HCT116) or 20 umol/L (ARPE-19-MYC; DOX™) DAU alone or together with 50 nmol/L BAY-1895344 for 5 days. Representative images of
spheroids are shown (left). Quantified spheroid sizes (right). n = 3. B, Nude mice bearing HCT116 xenograft tumors were treated with vehicle, DAU, and/or BAY-
1895344 once daily, 5 days on/2 days off, intraperitoneally. The tumor volume was monitored and recorded. C and D, Tumors were excised at day 21(C) and weighed
(D). E, ARPE-19 cells expressing WT or the indicated mutant MYC were treated with DAU/BAY-1895344 for 24 hours and then subjected to apoptosis analysis.n = 4; *,
P<0.05;*% P<0.0001.F, Apoptosis analysis of ARPE-19-MYCT>®A treated with DAU/BAY-1895344 for 24 or 48 hours.n = 4;*, P<0.05; ¥, < 0.0001. G, ARPE-19-MYC
(DOX+) and ARPE-19-MYC (DOX ™) cells expressing HRAS®™Y or P53 ShRNA were treated with DAU/BAY-189534 for 24 hours, followed by apoptosis analysis. H and
1, Knockdown efficiency of P53 and the expression of HA-HRAS®'™?Y. n = 4; # P < 0.0001. Graphic data are means + SEM. For Aand D, *, P< 0.05; **, P< 0.0T, ¥ P<
0.0007; significantly different from vehicle-treated group. DOX, doxycycline; ctrl, control; hr, hours.

probably due to the impaired induction of the BH3-only protein
Bim [a proapoptotic member of the B-cell lymphoma 2 (Bcl2)
family] by MYCT84 (55). After treatment with DAU and BAY-
1895344 in combination for 24 hours, the percentage of apoptotic
cells was about three times higher than after vehicle treatment for
MYC"# expressing cells but was significantly lower than for WT
MYC-expressing cells (10% vs. 60%; Fig. 5E). Yet, a prolonged

1020 Cancer Res; 82(6) March 15, 2022

treatment time of 48 hours did induce apoptosis in about 60% of
MYC™*34._expressing cells (Fig. 5F).

We pondered whether p53 loss or coexpression of the constitu-
tively active Ras could prevent apoptosis in the context of the
combination of DAU and BAY-1895344 treatment. APRE-19-MYC
cells expressing HRas%'?" or shRNA targeting P53 showed a similar
degree of cell death as compared with the parental APRE-19-MYC
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were treated with BAY-1895344 for 48 hours, followed by apoptosis analysis. C, Apoptosis analysis of WT, CTPSI/~, CTPS2/~, and CTPSI/2~/~ RKO cells treated
with BAY-1895344 for 48 hours. D-F, Immunoblots of p-Chk1in HCT116 and RKO cells from A, B, and C. G-J, Pearson correlation analysis of the mRNA expressions of
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(DOX™) cells. Land M, Immunoblots of the indicated proteins in RKO (L) and HCT116 (M) cells expressing control or MYC shRNA. Graphic data are means 4= SEM; n = 3.

* P <0.05; **, P < 0.01; ***, P < 0.001; ¥ P < 0.0001. NS, not significant; ctrl,

cells after treatment with both DAU and BAY-1895344 (Fig. 5G).
The knockdown of p53 and the expression of HRas®'?V were
confirmed by Western immunoblotting (Fig. 5H and I). Thus,
activated Ras or p53 deficiency does not block the apoptosis
induced by a combination of DAU and BAY-1895344 in MYC-
overexpressing cells.

AACRJournals.org

control; DOX, doxycycline.

Inhibition of CTPS1 is required and sufficient to induce selective
cell death when combined with BAY-1895344

CTPS1 and CTPS2 proteins share 74% identity and homology.
To understand the precise role of these two isoforms, two distinct
lentivirus shRNAs were used to knock down CTPS1 and CTPS2
alone or together in HCT116 and RKO cells. Unexpectedly, we
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observed that CTPS1 knockdown cells showed a dramatic increase
in apoptosis when treated with BAY-1895344. This increase was
specific to the knockdown of the CTPSI1 isozyme; knockdown of
CTPS2 had no obvious effect on cellular apoptosis under BAY-
1895344 treatment (Fig. 6A and B). However, the degree of
apoptosis induction was relatively lower than with the combination
of DAU and BAY-1895344.

In the presence of BAY-1895344, CTPSI1 knockout cells showed
a significant increase in apoptosis, while no obvious effect was
observed in CTPS2 knockout cells (Fig. 6C). Noticeably, the extent
of BAY-1895344-induced apoptosis among CTPS1-inhibited cells was
comparable with the cells in which both CTPS1 and CTPS2 were
inhibited (Fig. 6A-C). To rule out the possible off-target effects of
the CRISPR-mediated CTPS1 knockout, we performed a rescue
experiment by expressing a Flag-tagged CTPSI or CTPS2. BAY-
1895344-induced CTPS1-depleted RKO cell apoptosis was completely
reversed by the expression of either CTPS1 or CTPS2 (Supplementary
Fig. S5A and S5B).

We further examined the respective impact of CTPS1 and CTPS2
inhibition on replication stress by analyzing the phosphorylation of
Chk1 Ser345. By using the previously established CTPS1 or CTPS2
knockdown and knockout cell lines, we found that the induction of
replication stress is specific to CTPS1 activity inhibition. This is
supported by the observation that the suppression of CTPS1 resulted
in a dramatic increase in Chkl Ser345 phosphorylation, which is
comparable with the inhibition of both CTPS1 and CTPS2, while the
inhibition of CTPS2 has no dramatic effects (Fig. 6D-F). Thus, these
results indicate that interfering with CTPS1 is required and sufficient
to provoke replication stress and subsequent apoptosis when com-
bined with an ATR inhibitor.

To understand the unique function of CTPSlI in MYC-
overexpressing cells, we first performed a pan-cancer correlation
analysis of MYC, CTPSI, and CTPS2 mRNA expression using the
TCGA databases. Pearson r revealed that CTPSI expression is posi-

tively associated with MYC (r = 0.4; Fig. 6G), which is comparable
with two other well-known nucleotide metabolism-related MYC target
genes CAD and PPAT (r = 0.38 and r = 0.49, respectively; Fig. 61
and J). However, the correlation coefficient of CTPS2 and MYC
expression is much lower compared with CTPSI (r = 0.1 vs. r =
0.4; Fig. 6H). In agreement with the correlation analysis, real-time RT-
PCR data showed a higher increase in the mRNA levels of CTPS1 than
CTPS2, when MYC was overexpressed (Supplementary Fig. S5C).
Furthermore, knockdown of MYC in colon cancer cells RKO and
HCT116 showed a dramatic decrease in CTPSI mRNA levels whereas
only a minor change can be observed in CTPS2 mRNA levels (Sup-
plementary Fig. S5D and S5E).

Consistent with the changes in mRNA, overexpression or knock-
down of MYC causes a dramatic increase or decrease of CTPS1
protein levels, respectively (Fig. 6K-M). However, only a weak
effect was observed on CTPS2 protein levels under the same
experimental conditions (Fig. 6K-M), indicating that CTPSI is
the major transcription target of MYC and is the main driver of the
increase in the CTP pool in MYC-driven cancer. Meanwhile, by
using the TCGA pan-cancer databases, we found that the high
CTPS1 expression is significantly associated with poor prognosis in
MYC-amplified patients, while the high CTPS2 expression is asso-
ciated with a good prognosis (Supplementary Fig. S5F and S5G).
Together, these results highlight a specific and key role of CTPS1 in
MYC-driven cancer by supplying CTP for DNA replication and
rRNA synthesis. Inhibiting CTPS1 causes limiting of the CTP
pool for DNA replication and replication stress, resulting in selec-
tive apoptosis when combined with an ATR inhibitor in MYC-
overexpressing cells (Fig. 7).

Discussion

In this study, we show that inhibiting pyridine nucleotide syn-
thesis coupled with sustained activation of ribosome biosynthesis

/
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Figure 7.

Combined inhibition of CTPS1 and ATR induces synthetic lethality in MYC-overexpressing cells. MYC-overexpressing cells are dependent on CTPS1 for DNA
replication and rRNA synthesis. Inhibiting CTPS1induces replication stress and consequent apoptosis when combined with ATR inhibitor in MYC-overexpressing cells.
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induces an anabolic imbalance that causes nucleotide limiting and
selective DNA replication stress in MYC-overexpressing cells. This
selective replication stress can be converted into selective cell death
when combined with an ATR inhibitor. Thus, we illustrate an
alternative strategy to selectively kill cancer cells with elevated
MYC activation.

An unexpected finding in our study is the necessity of CTPS1, but
not CTPS2, in maintaining the homeostasis of DNA replication and
ribosome biosynthesis in MYC-overexpressing cells. We show that,
despite the expression of CTPS2, interference with CTPS1 is sufficient
to induce DNA replication stress and subsequent cell death when
combined with ATR inhibition in MYC-overexpressing cancer cells.
These data indicate a unique function of CTPS1 in MYC-driven
cancer, but the reason is not fully understood.

In conclusion, here we report an alternative strategy for targeting
MYC-driven cancer by inhibiting pyrimidine nucleotide synthesis
while maintaining ribosome synthesis activity to create a state of
anabolic imbalance. One significant finding in this study is the
requirement of CTPSI in the maintaining of DNA replication and
ribosome biosynthesis homeostasis in MYC-overexpressing cells.
Because CTPS1 deficiency results in no significant clinical conse-
quences other than immune deficiency in humans, the development of
CTPS1-specific inhibitors would be clinically significant. The inhibi-
tion of CTPS1 has potential to be highly specific in killing MYC-
overexpressing cancer cells when combined with an ATR inhibitor.
Our experiments are primarily performed in colon cancer cell lines and
in a retinal pigment epithelial cell line. A revalidation in other in vivo
MYC-driven malignancies (solid and hematologic malignancy) may
be important to see if our finding is generalized to other MYC-driven
tumors.
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