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ABSTRACT
◥

Purpose: Despite significant benefit for other cancer subtypes,
immune checkpoint blockade (ICB) therapy has not yet been shown
to significantly improve outcomes for men with castration-resistant
prostate cancer (CRPC). Prior data have shown that DNA damage
response (DDR) deficiency, via genetic alteration and/or pharma-
cologic induction using DDR inhibitors (DDRi), may improve ICB
response in solid tumors in part due to induction of mitotic
catastrophe and innate immune activation. Discerning the under-
lying mechanisms of this DDRi–ICB interaction in a prostate
cancer–specific manner is vital to guide novel clinical trials and
provide durable clinical responses for men with CRPC.

Experimental Design:We treated prostate cancer cell lines with
potent, specific inhibitors of ATR kinase, as well as with PARP
inhibitor, olaparib. We performed analyses of cGAS–STING and
DDR signaling in treated cells, and treated a syngeneic androgen-

indifferent, prostate cancer model with combined ATR inhibition
and anti–programmed death ligand 1 (anti–PD-L1), and performed
single-cell RNA sequencing analysis in treated tumors.

Results: ATR inhibitor (ATRi; BAY1895433) directly repressed
ATR–CHK1 signaling, activated CDK1–SPOP axis, leading to
destabilization of PD-L1 protein. These effects of ATRi are distinct
from those of olaparib, and resulted in a cGAS–STING-initiated,
IFN-b–mediated, autocrine, apoptotic response in CRPC. The
combination of ATRi with anti–PD-L1 therapy resulted in robust
innate immune activation and a synergistic, T-cell–dependent
therapeutic response in our syngeneic mouse model.

Conclusions: This work provides a molecular mechanistic ratio-
nale for combining ATR-targeted agents with immune checkpoint
blockade for patients with CRPC.Multiple early-phase clinical trials
of this combination are underway.

Introduction
Although androgen receptor (AR) biosynthesis and signaling inhi-

bitors have significantly improved outcomes in patients with castration-
resistant prostate cancer (CRPC), there is still a dearth of cytotoxic
treatment options that provide durable responses. Clinical studies with
immune checkpoint blockade (ICB), including anti–programmed death

1 (PD1)/ligand 1 (PD-L1) and anti–cytotoxic T-lymphocyte–associated
protein 4 (CTLA-4), in patients with CRPC have shown relatively few
responses, mostly limited to patients with mismatch repair deficiency/
MSI-high tumors, and possibly other DNA damage response (DDR)
defects, such as variants in CDK12 and/or BRCA2 (1–7). This lack of
response to ICB in CRPC is thought to be due to multiple factors,
including, but not limited to, relatively low mutational burden and lack
of tumor-infiltrating immune cell populations. Thus, there is an urgent
need for biomarker-driven, rational combinatorial treatment strategies
to safely overcome this resistance in patients with CRPC.

Approximately 25% of men with metastatic CRPC are enriched for
germline and/or somatic alterations in DDR genes (3, 8). Clinical trials
of single-agent PARP inhibition (PARPi) have shown responses
limited mostly to patients with deleterious BRCA2 variants, resulting
in the recent FDA approval of two different PARP inhibitors, olaparib
and rucaparib, for men with CRPC with certain variants, including
BRCA2 (9, 10). Furthermore, preclinical studies of combination
PARPi with ICB have shown the potential for additive benefit, even
in BRCA1/2 wild-type cancer cells, whereby PARPi can induce
immune activation through a variety of mechanisms not yet fully
characterized (2, 11, 12). Early data from clinical trials combining
olaparib with ICB agents have yielded mixed results, with benefit
mostly seen in patients with DDR gene alterations (2, 13). DDR
inhibitors (DDRi) have rapidly expanded, now including inhibitors
of other pathways, including ATR kinase, which, along with ATM,
serves as the key player in replication stress signaling (RSS; ref. 14–16).
Although parallels between the known mechanism(s) of immune
activation can be drawn between PARPis and ATRis, there are no
known studies that compare and contrast these agents with regard to
their mechanisms of action, impact on immune activation, and
therapeutic opportunities for combination with ICB in immunocom-
petent models of prostate cancer. Previous reports have demonstrated
that PARPis activate cGAS–STING signaling and induce PD-L1
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protein expression through IRF3 activity (11, 17–19), yet the impact of
ATRi on immune pathway activation is not clear. Furthermore, a
recent report showed that ATRi treatment led to downregulation of
PD-L1 in select cancer cell lines, although the underlying mechanism
of this activity was not identified and synergy with anti–PD-1/L1
therapy not explored (20, 21). Because of these knowledge gaps, we
sought to determine the resulting impact and the mechanism of action
of ATR signaling inhibition on cytotoxicity, immune activation, PD-
L1 protein regulation, and its capacity for safely improving the efficacy
of ICB in prostate cancer, which can directly inform biomarker-driven
ICB treatment strategies for patients with CRPC.

Materials and Methods
Cell lines and reagents

RM-9, RM-1, and RM-1-BM [generated from a bone tumor
following repeated intracardiac injection of RM-1 cells (22), and
obtained from Dr. Pamala J. Russell (Australian Prostate Cancer
Research Centre and Queensland University of Technology, Queens-
land, AU)] mouse prostate cancer cell lines derived from rasþmyc–
induced mouse prostate cancer tumors (23–25) were maintained in
DMEM cell culture medium supplemented with 10% FBS (Mediatech,
Inc.). LNCaP C4–2b (C4–2b) cells (obtained fromDr. Gary E. Gallick,
MD Anderson) and PC-3 cells (purchased from the ATCC) were
maintained in RPMI-1640 cell culture medium. All cell lines were
validatedby short tandemrepeatDNAfingerprinting inMDAnderson’s
Characterized Cell Line Core Facility, and tested for Mycoplasma
(MycoAlert Mycoplasma Detection Kit, Lonza Group LTD.) prior to
storage as Mycoplasma-negative frozen stock cells before use.

BAY1895344 (#S8666), VX-970 (#S7102), olaparib (KU-0059436)
and bortezomib (PS-341, #S1013) were obtained from SelleckChem.
Isotype control IgGandanti–PD-L1 [BE0101, clone10F.9G2, anti-mouse
CD8 (BP0061, clone 2.43) antibodies] antibodies were purchased from
Bio X Cell. Anti-mouse and anti-human CD8–neutralizing antibodies
were purchased from PBL Biomedical Laboratories.

Mammalian expression vector for CDK1 kinase, Cdc2-HA, and an
expression vector for CDK1 kinase-dominant–negative inhibitor,

Cdc2-DN-HA (Addgene plasmid # 1888; http://n2t.net/addgene:1888;
RRID:Addgene_1888 and Addgene plasmid #1889; http://n2t.net/
addgene:1889; RRID:Addgene_1889) were gifts from Sander van den
Heuvel. pcDNA3.1 empty vector was purchased from Invitrogen. To
generate pcDNA3.1-flag-SPOP, SPOP coding DNA fragment was
amplified by PCR using reverse-transcribed cDNAs from NCI-
H660 prostate cancer cells. The following are the primers for PCR:
forward primer-50-CTCGGATCCATGGCTGATTACAAGGATGA-
CGACGATAAGGGTGATTACAAGGATGACGACGATAAGGGT-
GGTATGTCAAGGGTTCCAAGTCCTCC-30 (2xFlag tag coding
sequences are underlined, and BamHI restriction enzyme digestion
site for clone is in italic) and reverse primer-50-GTCTTGACCCTTT-
TAGGATTGCTTCAGGCGTTTGC-30. The DNA fragment (ampli-
fied by PCR) was digested by BamHI, and ligated to pcDNA3.1 vector
(linearized by BamHI/EcoRI and blunted at EcoRI site) using T4 DNA
ligase. The plasmid construct was confirmed by DNA sequencing.

PicoGreen staining
PicoGreen staining was performed using Quant-iT Pico-Green

dsDNA Reagent and Kits (Invitrogen) following the kit instruction
manual as previously published (12). The slides were imaged using a
Nikon microscope (TE2000-U) and a Leica SP5X laser scanning
confocal microscope.

Protein immunoblot analysis
Whole-cell proteins were extracted by cell lysis buffer (NP-40 buffer

or RIPA buffer, Cell Signaling Technology) with proteinase inhibitor
cocktail (Roche) and phosphatase inhibitor cocktail (MilliporeSigma),
and immunoblotting analysis was performed following a standard
protocol.

RT-qPCR analysis
Total cell RNAs were extracted by TRizol reagent (cat #15596026,

Invitrogen). The RNAs were reversely transcribed to cDNA using the
high-capacity cDNAreverse transcriptionkit (Invitrogen). RT-qPCRwas
conducted using fast SYBRgreenmastermix (Invitrogen), and the 2–DDCt

method was used to determine relative mRNA expressions compared
with controls. The primer sequences used for RT-qPCR detection of
genes’ expression are listed in the Supplementary Table S3.

siRNA transfection
For siRNA transfection, cells were transfected with 20 nmol/L

siRNA using the Lipofectamine RNAiMax transfection reagent (Invi-
trogen). The target sequences of siRNA used in the experiments are
listed in the Supplementary Table S4.

Protein half-life assay (CHX chase assay)
Briefly, cycloheximide (CHX,MilliporeSigma) was added to the cell

incubation at the final concentration of 100 mg/mL. The cells were
lysed and collected at elapsed time points following the introduction of
CHX incubation. The whole-cell lysates were separated by SDS-PAGE
and analyzed for detection of specific proteins’ expression by immu-
noblot assay with protein-specific antibodies. The blot signals were
scanned, quantified, and plotted to display the time-elapsed presen-
tation of proteins (compared with 0 time point) following CHX
treatment to block the protein synthesis.

Transient transfection of expression vectors in mammalian
cells

293T cells were transfected with expression vectors using
Lipofectamine 2000 transfection reagent (Invitrogen) following the

Translational Relevance

We show that treatment of prostate cancer cells with potent,
specific ATR inhibitors (ATRi) leads to robust activation of the
cGAS–STING signaling pathway, growth inhibition, and cell
death. We also demonstrate that ATRis repress ATR-Chk1 rep-
lication stress signaling, which results in activation of a CDK1–
SPOP axis, PD-L1 degradation, and derepression of a cGAS–
STING–IFN-b–IFNAR1-driven, autocrine, cytotoxic signaling
pathway. ATRi and anti–PD-L1 combination treatment resulted
in synergistic, antitumor activity in a syngeneic mouse androgen-
indifferent, aggressive prostate cancer model. Single-cell RNA
sequencing analysis of tumor tissue samples from this model
demonstrated increased activation of cGAS–STING, IFN-b, and
apoptotic signaling in combination versus ATRi single-agent
treatment. Our findings provide a molecular mechanistic rationale
for combining ATR-targeted agents with immune checkpoint
blockade, leading to the development of active early-phase clinical
trials and reveal mechanism-based opportunities for improving
outcomes for men with advanced prostate cancer by combining
immunotherapy and agents that induce mitotic catastrophe.
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manufacturer’s instructions. Forty-eight hours post-transfection, the
cells were harvested and washed with PBS. Total cell lysates or total
RNAs were prepared and used for co-immunoprecipitation (Co-IP),
immunoblot, or RT-qPCR analysis for indicated experiments.

Co-IP analysis
Briefly, 293T cells were transfected with SPOP and CDK1 or empty

vector (control) expression vectors. Forty hours after the transfection,
500 nmol/L (final concentration) PS-341 was added to incubation for
another 8 hours. The cells were collected, washed by PBS, and lysed in
NP-40 lysis buffer (Cell Signaling Technology) containing protease
inhibitor cocktail (Roche) and phosphatase inhibitors (Millipore-
Sigma). Cell lysates were incubated with protein-specific antibodies
and the immunocomplexes were collected by incubating the lysate-
antibody mix with protein G Dynabeads at 4�C on a rotator. After
extensive washing with NP-40 lysis buffer, the immunocomplexes
were eluted from the beads by 1xSDS loading buffer and analyzed by
immunoblotting.

MTS assay
Cells were plated in 96-well cell plates and treated as indicated. The

viable cells were determined using CellTiter 96 AQueous One Solution
Cell Proliferation Assay kit (Promega) following the manufacturer’s
instructions.

Flow cytometry
For cell cycle, cells were harvested after drug treatment, stained with

propidium iodide (Thermo Fisher Scientific), and analyzed on a FACS
Canto II flow cytometer (BD Biosciences). Quantitative data were
obtained and analyzed using FlowJo software (TreeStar Inc.).

RM-1-BM syngeneic mouse prostate cancer model
Aliquots of 5 � 105 mouse RM-1-BM prostate cancer cells in

100 mL (1:1, PBS:Matrigel) were subcutaneously injected into the
right flanks of 7-week-old C57BL/6N male mice (The Jackson
Laboratory). Tumors were allowed to grow until they achieved a
30 to 50 mm3 volume before they were randomly distributed
to receive one of the following treatments intraperitoneally
for 18 days: vehicle control (water mixed with DMSO) for
BAY1895344, vehicle control for olaparib [10% (2-Hydroxypropyl)-
b-cyclodextrin] powder (MilliporeSigma) in PBS, isotype IgG
control, anti–PD-L1 (Bio X Cell, 10 mg/kg/wk), BAY1895344
(40 mg/kg, every other day), olaparib (40 mg/kg/d, 5 days/week),
or BAY1895344 combined with anti–PD-L1. For the BAY1895344
combination group, BAY1895344 was administered every other
day, and initiated 2 days after the initial anti–PD-L1 injection. For
the survival study, mice in each group were monitored until the
tumor volume exceeded 1,000 mm3 or mice showed signs of being
moribund.

For the anti-CD8 depletion study, tumor-bearingmice were divided
into two groups, IgG or anti-CD8, and randomly selected to receive
one of the five treatments: vehicle control, BAY1895344, anti–PD-L1
or the combination of BAY1895344 and anti–PD-L1 as described
above. Each mouse received two intraperitoneal injections of either
IgG (200 mg) or anti-CD8 (200 mg) before the five treatments were
initiated, and then two injections/wk thereafter.

Tumor volume was measured every 3 days and calculated on the
basis of (width � width � length)/2. Eighteen days after the initial
treatment, the tumors were harvested. All animal experiments were
conducted in accordance with accepted standards of humane animal
care approved by MDACC IACUC.

Immunofluorescence analysis
Immunofluorescence analysis of cultured prostate cancer cells was

performedusing a primary antibody to cleaved caspase 7 (Asp 198; Cell
Signaling Technology, #8438) following a standard protocol. Positively
stained cells were counted using image analysis.

ELISA
Detection of IFN-b cytokine secreted by tumor cells was conducted

by ELISA according to themanufacture’s instruction (PBL Biomedical
Laboratories). To determine IFN-b expression in vivo in treated tumor
tissues, tissues were lysed by RIPA buffer (Cell Signaling Technology),
and IFN-b ELISA assay was used to detect the IFN-b expression. For
comparative analysis of treated tumor tissues, IFN-b values were
determined by normalizing primary results to the total protein of
tissue samples.

Single-cell RNA sequencing
Tumor tissues were recovered from eight RM-1-BM tumor-grafted

mice (two for each treatment) at day 10 treated by vehicle controls (2),
IgG (2), ATRi (BAY1895344; 2), or BAY1895344þanti–PD-L1 (2),
respectively. For the isolation of single cells of each treatment tumor
tissue sample, the tumors were finely minced and treated by trypsin
at 37�C for 5 minutes. Then they were transferred into DMEM
medium with 10% FBS and dissociated into single-cell suspension.
The resulting single cells were washed in BSA-PBS twice and
prepared to be picked as single cells using the Chromium Single
Cell 30 system (10X Genomics), according to the manufacturer’s
instructions. The single-cell RNA sequencing (scRNA-seq) data
were pre-processed using the Cell Ranger pipeline (26). R packages
Seurat, Monocle, and DESeq2 were used to assess the quality,
normalize, cluster, and perform differential expression analysis on
the single-cell data (27–29). Garnett software package was used to
classify the cell types in the data (30). Pre-ranked gene set enrich-
ment analysis (GSEA) was performed on the basis of test statistic
obtained from differential expression among treatment groups
using KEGG and other pathways of interest from MsigDB (31).

Statistical analysis
Data were presented as the mean � SEM. T tests were used for

analysis of MTS assay, RT-PCR, ELISA, tumor volume (growth), and
tumor wet weights. Benjamini and Hochberg adjusted P values < 0.05
were considered statistically significant. The Wilcoxon rank-sum test
was used for data with non-normal distributions in flow cytometry
assay. Synergistic effects were evaluated by the Bliss independence
model (32). Combined percentage of inhibition for the two treatments
(x-ATRi, y-anti–PD-L1) was predicted (Exy, P). The difference
between the observed combined percentage of inhibition from the
two treatments (Exy, O) and the predicted combined percentage of
inhibition was used to assess the combined effect of two treatments
(synergistic if, Eab, O > Eab, P).

Results
ATR inhibition induces cytoplasmic DNA and cGAS–STING
activation

We used prostate cancer cell lines derived from rasþmyc–induced
mouse prostate tumors [RM-9 (ARhigh), RM-1 (ARlow; refs. 33, 34),
and a highly metastatic, ARlow RM-1 derivative, RM-1-BM (22, 35);
Supplementary Fig. S1] and C4–2b and PC-3 human prostate can-
cer cells to analyze the effects of ATRi (BAY1895344 or VX-970) or
PARPi (olaparib) on cell proliferation, DNAdamage, and activation of
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Figure 1.

ATRi demonstratesmarked cytotoxicity and cGAS–STING activation in prostate cancermodels.A–D,MTS assayof human (C4–2b and PC-3) andmouse (RM-9, RM-1,
and RM-1-BM) prostate cancer cell lines treated with ATRi (BAY1895344 and VX-970) or olaparib (OLA). Concentrations range from 0.125 to 8 mmol/L as labeled in
the figures (x-axis). Specific concentrations within this range (0.125, 0.25, 0.5, 1, 2, 4, and 8 mmol/L) were used for other experiments as indicated. Viable cells are
represented as the fold change relative toDMSO (vehicle control) treatment. E andF,Flow cytometry cell-cycle analyses of BAY1895344-treated (10 and 100 nmol/L,
in E) and olaparib-treated (250 and 500 nmol/L, in F) C4–2b, PC-3, RM-9, and RM-1-BM prostate cancer cell lines. G–I,Quantitative analysis of PicoGreen staining in
prostate cancer cells treated with DMSO (vehicle control), BAY1895344 (concentrations were 0.5, 1, and 2 mmol/L), VX-970 (concentrations were 0.75, 1.5, and
3 mmol/L), or olaparib (concentrations were 1.2, 2.5, and 5 mmol/L) for 48 hours. Data represent mean � SEM of three independent experiments. J, Immunoblots
of select proteins in prostate cancer cells treated with increasing doses of BAY1895344, VX-970, or olaparib (concentrations ranging from 0.125 to 2 mmol/L). K–N,
RT-qPCR analysis of CCL5 and CXCL10 in prostate cancer cells treatedwith DMSO (vehicle control), BAY1895344, VX-970, or olaparib (concentrations ranging from
0.5 to 2 mmol/L).O and P,RT-qPCR analysis of CCL5 and CXCL10 in RM-1-BMor C4–2b prostate cancer cells in response to BAY1895344 (2 mmol/L) or DMSO (vehicle
control) following knockdown of cGAS, STING, TBK1, or IRF3 gene expression in vitro via transfection with control siRNA or gene-specific siRNA (sicGAS, siSTING,
siTBK1, or siIRF3). n.s., not significant; � P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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cGAS–STING signaling. Previous publications and sequencing anal-
ysis data from our laboratory and others have shown that these human
and mouse prostate cancer cell lines are wild-type for canonical DDR
genes, including BRCA1, BRCA2, and ATM genes (Supplementary
Table S1). ATRis and olaparib treatments both resulted in significant
suppression of cell proliferation (MTS assay), with ATRis demon-
strating marginally greater activity than olaparib, reflecting different
potencies in this assay, particularly in human prostate cancer cells
(Fig. 1A–D). Analysis of cell cycle with flow cytometry revealed
marked differences in the effects of ATRi (BAY1895344) compared
with olaparib, with ATRi demonstrating reduced cell accumulation in
G2–M, and olaparib showing increased accumulation in G2–M.
Increased accumulation of prostate cancer cells in subG1 (indicating
apoptosis) was generally observed for ATRis compared with olaparib
for all cell lines (Fig. 1E and F). Quantitative analysis of cytoplasmic
double-strand DNA (dsDNA) indicated that ATRis or olaparib gen-
erated significantly higher levels of this cGAS–STING activator com-
pared with controls at the concentrations used (Fig. 1G–I; Supple-
mentary Fig. S2). Immunoblotting (IB) analysis was performed to
analyze the cGAS–STING downstream signaling in mouse prostate
cancer cells. The results showed marked activation of this pathway,
including induction of p-TBK1 and p-IRF3 following treatment with
ATRis or olaparib (Fig. 1J; Supplementary Table S2). Markedly
increased levels of IRF3-induced cytokines CCL5 and CCL10 follow-
ing ATRi or olaparib treatment were also apparent (2–10-fold,
P < 0.05; Fig. 1K–N). Importantly, siRNA knockdown of cGAS–
STING signaling components (cGAS, STING, TBK1, or IRF3) led to
suppression of CCL5 and CXCL10 gene expression following ATRi
treatment (P < 0.05; Fig. 1O and P; Supplementary Fig. S3, Supple-
mentary Tables S3 and S4).

ATR inhibition suppresses PD-L1 protein expression
A recent study demonstrated that olaparib can upregulate PD-L1

protein levels through cGAS–STING signaling and IRF3-mediated
transcriptional activation in small cell lung cancer cells (11), yet recent
studies have shown that ATRi treatment leads to downregulation of
PD-L1 protein in various cell line models (20, 21). To determine the
mechanisms ofATRi regulation of PD-L1, we first analyzed expression
of PD-L1 following ATRi (BAY1895344). We found that ATRi
treatment led to upregulation of PD-L1 mRNA in RM-9 and RM-
1-BM cells that was suppressed by cGAS–STING pathway siRNAs
(Fig. 2A). Congruent with the results of published studies in other
tumor types, olaparib treatment increased PD-L1protein expression in
RM-9 and RM-1-BM prostate cancer cells, as revealed by IB analysis.
In contrast, ATRi or ATR siRNA treatment led to downregulation of
PD-L1 protein expression (Fig. 2B; Supplementary Fig. S4A and S4B),
but ATRi treatment induced the expression of PD-L1 mRNA
(Fig. 2A). Further studies demonstrated that an ATRi- and protea-
somal degradation–dependent mechanism led to suppression of
PD-L1 protein levels (Fig. 2C), which resulted in a significant reduc-
tion in PD-L1 protein half-life in ATRi- but not olaparib-treated
prostate cancer cells (Fig. 2D and E). These results indicate opposing
regulatory pathways for ATRi and PARPi with regard to PD-L1
protein levels.

To determine the origins of these opposing PD-L1 protein regu-
latory pathways implicated in ATRi and olaparib treatment, we
analyzed the effects of these agents on RSS, with a focus on regulation
of the G2–M checkpoint (36, 37). As expected, IB analysis showed that
ATRi suppressed p-ATR/total ATR, and p-Chk1 (S317)/total Chk1 in
mouse (RM-1-BM) and human (C4–2b and PC-3) prostate cancer
cells. In contrast, olaparib treatment led to ATR-Chk1 activation

(Fig. 2F). Analysis of ATRi- versus olaparib-regulated ATR-Chk1
activities were extended to specific downstream Chk1 target proteins
that regulate G2–M, including CDC25C, WEE1, and CDK1. ATRi
treatment led to activation of CDC25C [reduced p-CDC25C (S216)/
total CDC25C] and inhibition of WEE1 [reduced p-WEE1 (S642)/
total WEE1], whereas olaparib suppressed CDC25C and activated
WEE1 (Fig. 2F). Importantly, ATRi activation of CDC25C and
repression of WEE1 was associated with dephosphorylation of CDK1
(p-Y15), and its activation (see below), whereas olaparib suppres-
sion of CDC25C and activation of WEE1 was associated with
inhibitory phosphorylation of CDK1 (p-Y15) and its repression
(Fig. 2F). These results provide an underlying mechanism for
possible superior cytotoxicity of ATRi against BRCA–wild-type
prostate cancer cells compared with olaparib, in light of recent
findings that premature, unregulated activation of CDK1 can lead to
lethal mitotic events (38, 39).

ATR inhibition suppresses PD-L1 through the CDK1–SPOP axis
A recent report showed that cyclin D–mediated activation of CDK4

regulates PD-L1 levels through phosphorylation-mediated stabiliza-
tion and upregulation of SPOP, a substrate-binding adaptor protein of
SPOP/Cullin3 E3 ubiquitin ligase complex that binds to and promotes
ubiquitination of PD-L1 for degradation through the ubiquitination
proteomic pathway (40). Interestingly, we found that the phosphor-
ylation site in SPOP that is recognized by CDK4 is also a CDK1
consensus sequence (Supplementary Fig. S4C), raising the possibility
that SPOP may be differentially regulated by ATRi or PARPi through
CDK1-mediated phosphorylation. Indeed, our IB analysis showed that
activated CDK1 increased total SPOP, and suppressed PD-L1, whereas
olaparib, which suppresses CDK1 activity, reduced total SPOP and
upregulated PD-L1 protein (Fig. 2F). Our results further suggest that
the observed tumor cell–intrinsic innate immune pathway induced by
DDR-targeting agents is modulated by the SPOP E3 ubiquitin ligase
complex, which is differentially regulated by ATRi or PARPi.

To determine whether ATRi-induced signaling targets PD-L1
through CDK1 activation of SPOP, we initially co-transfected
FLAG-tagged SPOP together with HA-tagged CDK1 or HA-
tagged–dominant negative inhibitor of CDK1 kinase activity
(CDK1-DN) in 293T cells and showed that increased expression of
CDK1 led to upregulation of SPOP, whereas overexpression of CDK1-
DN (41) effectively destabilized and downregulated SPOP levels in a
dose-dependent manner (Fig. 3A). Additional experiments using this
system demonstrated that CDK1 significantly increased the half-life of
SPOP from approximately 30 to more than 120 minutes in 293T cells
(Fig. 3B and C). Using the co-IP assay, we observed that CDK1 and
SPOP directly interact within the same complex pulled down by
protein-specific antibody recognizing SPOP or CDK1 (Fig. 3D). To
examine the regulatorymechanisms controlling ATRi–CDK1–SPOP–
PD-L1 interactions, we transfected C4–2b and RM-1-BM cells with
CDK1 siRNA and analyzed SPOP and PD-L1 levels by IB. The results
supported our hypothesis (Fig. 3E), showing that CDK1 siRNA led to
downregulation of SPOP expression, but upregulation of PD-L1, and
that transfection of SPOP siRNA led to upregulation of PD-L1 protein
expression, but did not alter PD-L1 mRNA levels (Fig. 3F; Supple-
mentary Fig. S4D). Furthermore, transfection of SPOP siRNA or non-
silencing control siRNA (siCtrl) followed by ATRi (BAY1895344)
treatment demonstrated that SPOP siRNA “rescued” PD-L1 protein
expression levels reduced by ATRi (Fig. 3G). In summary, these
observations demonstrate that the suppression of PD-L1 protein in
prostate cancer cells via ATRi is dependent on activation of the CDK1–
SPOP axis.
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IFN-b–driven autocrine, apoptotic signaling following ATR or
PARP inhibition

A previous report showed that cell-intrinsic PD-L1 signaling
protects cancer cells from IFN-b–mediated cytotoxicity and accel-
erates tumor progression by inhibiting the IFNAR1-JAK1–
promoted phosphorylation of STAT3 at Y705 (42). On the basis

of this report and our own results, we hypothesized that ATRi-
mediated downregulation of PD-L1 may lead to enhanced tumor
cell–intrinsic, pro-apoptotic IFN-b signaling. To test this hypoth-
esis, we initially analyzed intrinsic IFN-b expression in human
(C4–2b, PC-3) and mouse (RM-9, RM-1-BM) prostate cancer cells
in response to ATRi (BAY1895344) or olaparib in vitro using

Figure 2.

CDK1-SPOP-PD-L1 signaling is selectively activatedbyATRi.A,RT-qPCR analysis showing thatATRi BAY1895344 (2mmol/L) transcriptionally activates expression of
PD-L1 mRNA through the cGAS–STING pathway. RM-9 and RM-1-BM prostate cancer cells were transfected with control siRNAs or gene-specific siRNAs (sicGAS,
siSTING, siTBK1, or siIRF3), and cellswere treatedwithDMSOorBAY1895344 (2mmol/L) for 48 hours before total RNAswere extracted for RT-qPCRanalysis of PD-L1
mRNA expression.B, Immunoblot analysis to showPD-L1 protein expression in RM-9 or RM-1-BM cells following BAY1895344 or olaparib (OLA) treatment (2 mmol/L
for 24 and 48 hours). C, Immunoblot analysis of protein expression of PD-L1 and phosphorylated ATR in human (C4–2b and PC-3) and mouse (RM-9 and RM-1-BM)
prostate cancer cells treated with BAY1895344 (2 mmol/L for 24 hours), or concomitant treatment with BAY1895344 and the proteasome inhibitor bortezomib
(PS-341, 0.5 mmol/L for 8 hours).D and E,Cycloheximide (CHX)-chase protein half-life analysis to examine the degradation of PD-L1 protein affected by BAY1895344
and olaparib in RM-1-BM prostate cancer cells. RM-1-BM cells were pretreated with DMSO (vehicle control), BAY1895344 (2 mmol/L), or olaparib (2 mmol/L) for
36 hours before treatment with CHX. Immunoblot analysis was used to determine the expression of PD-L1 protein expression and the autoradiographic bands were
scanned, quantified by densitometer, and normalized (to the internal reference protein blot signals, vinculin protein, and plotted; in E). F, Immunoblot analysis to
show dose-dependent CDK1 activation (dephosphorylation of p-Y15-CDK1 by ATRi BAY1895344 in doses ranging from 0.125 to 2 mmol/L) compared with CDK1
inhibition (increase in p-Y15-CDK1 by olaparib) resulting from inhibition of the cell-cycle kinase signaling cascade ATR-CHK1-CDC25C/WEE1-CDK1 in human (C4–2b
and PC-3) and mouse (RM-1-BM) prostate cancer cells.
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RT-qPCR. The results indicated that IFN-b mRNA expression was
induced by ATRi or olaparib compared with controls, at the
indicated concentrations (Fig. 4A). In line with this observation,
higher levels of secreted IFN-b protein were also detected
(by ELISA assay) in conditioned culture media from ATRi- or
olaparib-treated cancer cells, at the indicated concentrations
(Fig. 4B). Analysis of the effects of ATRi or olaparib in the
presence or absence of exogenously added IFN-b on the viability
of human and mouse prostate cancer cells demonstrated signifi-
cantly greater ATR-induced cytotoxicity in the presence of exog-
enously added IFN-b, whereas this was not the case with olaparib
at the indicated concentrations. Importantly, IFN-b–induced cyto-
toxicity was neutralized by antibody depletion of IFN-b under
ATRi or olaparib treatment conditions (Fig. 4C). We further
analyzed the effects of ATRi (BAY1895344) or olaparib on con-
stitutive IFNAR1 signaling to determine the potential effects of
differentially expressed IFN-b on these treatments in vitro. We
found that ATRi treatment specifically led to increased levels of
IFNAR1, p-JAK1/tJAK1, p-STAT3 (Y705)/tSTAT3, and cleaved
caspases 3 and 7 in RM-1-BM and C4–2b prostate cancer cells
(Fig. 4D). Although olaparib treatment led to induction of
IFNAR1-JAK1 signaling, the effects (JAK1-STAT3 signal trans-
duction to phosphorylate STAT3 at Y705) were largely blunted
compared with ATRi treatment. These results are similar to those

from a recent study that demonstrated a cancer cell intrinsic
IFNAR1–JAK1–STAT3 (p-Y705)–caspase 7–dependent cytotoxic
pathway induced by deletion of a specific intracytoplasmic domain
of PD-L1 (42). In addition, multiple studies previously showed
that caspase 7 mediates IFN-b–induced apoptosis in cancer
cells (42–44). RT-qPCR analysis of cGAS mRNA levels indicated
that ATRi (BAY1895344) or olaparib treatment produced a dose-
dependent increase in cGAS mRNA expression in RM-1-BM and/
or C4–2b prostate cancer cells, at the indicated concentrations
(Fig. 4E).

PD-L1 knockdown sustained STAT3 proapoptotic signaling
following PARP inhibition

Todemonstrate the role of PD-L1 in regulation of IFNAR1 signaling
in prostate cancer cells, we transfected RM-1-BM or C4–2b prostate
cancer cells with PD-L1 siRNA before olaparib treatment and
analyzed selected IFNAR1 signaling activities using IB (Fig. 5A).
In addition, we assessed the impact of the PD-L1 siRNA on cGAS
mRNA expression by RT-qPCR and levels of cleaved caspase 7 by
immunofluorescence analysis in olaparib-treated cells (Fig. 5B–D,
respectively). The results showed that PD-L1 siRNA treatment led to
increased cGAS mRNA levels and sustained robust IFNAR1–JAK1–
STAT3–cleaved caspase 7 signaling in these cell lines following
olaparib treatment. These results are consistent with a previous

Figure 3.

TheCDK1–SPOPaxis regulates PD-L1 protein levels.A, Immunoblot analysis to demonstrate that dose-dependent overexpression ofHA-taggedCDK1 stabilizes SPOP
and that overexpression of dominant negative inhibitor of the kinase activity of CDK1 (HA-tagged CDK1-DN) led to destabilization of SPOP expression in 293T cells.
Specifically, 293T cells were cotransfected with Flag-tagged SPOP together with HA-tagged CDK1 or HA-tagged CDK1-DN expression vectors. After 48 hours, cells
were lysed and immunoblot analysis was performed to analyze the expression of SPOP (anti-Flag). B, Protein half-life analysis for CDK1-targeted SPOP. 293T cells
were cotransfected with expression vectors for Flag-tagged SPOP and empty vector (non-overexpression control) or HA-tagged CDK1. Thirty-six hours after
transfection, CHX-chase assay was conducted, followed by immunoblot analysis of cell lysates. C, Autoradiographic bands from the immunoblots were scanned,
quantified by densitometer, normalized (to the internal reference protein blot signals, vinculin protein), and plotted to show the increased half-life of SPOPwith CDK1
overexpression (from�30 to over 60minutes).D,Co-IP analysis to examine the protein–protein interaction of SPOP andCDK1 in vitro. 293T cellswere cotransfected
by SPOP, CDK1, or empty vector control. E, Knockdown of CDK1 with siRNA (siCDK1) downregulates SPOP expression and upregulates PD-L1 protein in C4–2b and
RM-1-BM prostate cancer cells. F, Immunoblot analysis of lysates from RM-1-BM and C4–2b cells previously transfected with SPOP siRNA (siSPOP), showing that
SPOP knockdown effectively stabilizes PD-L1 in these prostate cancer cells. G, Immunoblot analysis of PD-L1 protein expression in cell lysates from RM-1-BM
and C4–2b cells pre-transfected with control siRNA (siCtrl, siRNA non-silencing transfection control) or siSPOP followed by treatment with BAY1895344
(0.5 and 2 mmol/L) showed that SPOP knockdown in C4–2b and RM-1-BM cells effectively prevents the degradation of PD-L1 caused by BAY1895344. n.s., not
significant; � , P < 0.05; ��, P < 0.01; ���, P < 0.001.
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report demonstrating that cGAS is an IFN-stimulated gene (ISG)
that contains IFN-sensitive response elements in its promoter
region (45).

ATR inhibition leads to greater induction of innate immune
pathway activation and prolonged survival in a syngeneic
prostate cancer model

Having used comparative analysis of ATRi and olaparib activities
in vitro to clarify intrinsic cytotoxic mechanisms induced by specif-
ically ATRi in prostate cancer cells, we next focused on ATRi therapy
activities using a syngeneic prostate cancer model. Analysis of single-
agent ATRi (BAY1895344), anti–PD-L1, or ATRi and anti–PD-L1

combination treatment showed that ATRi together with anti–PD-L1
was safe and resulted in significantly greater inhibition of tumor
growth than either single agent in an RM-1-BM syngeneic prostatic
cancer model (Fig. 6A and B). The combination treatment revealed a
synergistic interaction between ATRi and anti–PD-L1 by Bliss inde-
pendence analysis (Fig. 6B; Supplementary Fig. S5A), and IB analysis
of tumor tissues showed that ATRi suppressed PD-L1 protein levels
compared with vehicle control–treated tumors (Supplementary
Fig. S5B). To determine the role of specific host immune cells in these
treatment responses, we used anti-CD8 antibody to generate mice
deficient in CD8þ T cells and treated RM-1-BM tumors with ATRi or
ATRiþanti–PD-L1. Compared with IgG antibody, which we used as

Figure 4.

Interaction between PD-L1 and tumor cell–intrinsic IFN-b cytotoxic signaling. A, RT-qPCR of IFN-b expression in cells treated with DMSO vehicle control,
BAY1895344 (BAY; 0.5 and 2 mmol/L), or olaparib (OLA; 0.5 and 2 mmol/L) in human and mouse prostate cancer cells. B, ELISA assay to detect the IFN-b
protein secreted by C4–2b and RM-1-BM cancer cells following treatment with BAY1895344 (2 and 4 mmol/L) or olaparib (5 and 10 mmol/L) in vitro
(36 hours). n.s., not significant; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001. C, MTS assay of human prostate cancer cells (top) and mouse prostate cancer cells
(bottom) treated with BAY1895344 or olaparib in the absence or presence of mouse or human recombinant IFN-b (100 U/mL). Separate prostate cancer cell
cultures treated with BAY1895344 (2 mmol/L) or olaparib (5 mmol/L) in the presence of recombinant IFN-b were also treated with IFN-b–neutralizing
antibody. After these treatments, viable cells were determined by MTS assays. n.s., not significant; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001. D, Immunoblot
analysis showed greater induction of IFN-b–induced cytotoxic signaling through IFN-b-JAK1-STAT3–caspase 7 cascade following treatment with
BAY1895344 than olaparib (42). E, BAY1895344 treatment (0.5 and 2 mmol/L) led to a dose-dependent induction of cGAS mRNA (RT-PCR) in C4–2b
and RM-1-BM prostate cancer cells, whereas olaparib treatment (0.5 and 2 mmol/L) led to increased cGAS mRNA in C4–2b to a lesser extent than ATRi and
did not induce cGAS mRNA in RM-1-BM.
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a control for anti-CD8, we found that CD8þ T-cell depletion via
anti-CD8 substantially abrogated, but did not entirely eliminate,
the therapy effect in all treatment groups, demonstrating that
CD8þ T cells were key effectors of growth suppression in the
RM-1-BM tumors treated with ATRi and anti–PD-L1, but also that
T-cell–independent mechanisms contributed to the therapeutic
response (Fig. 6C). T-cell–dependent therapeutic effects of PARPi
þ anti–PD-L1 have been previously shown for PARPi in small cell
lung cancer and triple-negative breast cancer mouse mod-
els (11, 17). To determine the relative levels and downstream
effects of IFN-b in the tumor microenvironment, we analyzed
IFN-b, CCL5, and CXCL10 mRNA (RT-qPCR) and IFN-b protein
(ELISA) in tumor tissues from all treatment conditions. The results
showed significant differences between ATRi and ATRiþanti–PD-
L1 treatment for the specified cytokine mRNAs (Fig. 6D) and
IFN-b protein (Fig. 6E). In a survival study, we examined the
treatment response durability of ATRi as a single agent or together
with anti–PD-L1 in the RM-1-BM model in vivo, which demon-
strated significantly increased survival of tumor-engrafted animals
for ATRiþanti–PD-L1 compared with ATRi or anti–PD-L1 single-
agent treatment (Fig. 6F).

We further analyzed the impact of ATR inhibition on the immune
microenvironment, stroma, and tumor cells using single scRNA-seq

(day 10 following treatment, see Fig. 6A). Epithelial (cancer cell)-,
T-cell–, macrophage-, and endothelial cell–specific markers were used
to identify cell types after clustering the single-cell data (Fig. 6G;
Supplementary Fig. S6 and Supplementary Table S5). GSEA in the
epithelial cell cluster demonstrated enrichment of IFN-g signaling,
IFN-b signaling, STING signaling, and JAK–STAT signaling pathways
in ATRiþanti–PD-L1–treated cells compared with ATRi- or anti–PD-
L1–treated cells (Fig. 6H). The apoptotic signaling pathway also
illustrated a trend of enrichment in ATRiþanti–PD-L1–treated cells
compared with ATRi-treated cells.

Discussion
The results of our study uncover a novel ATRi-induced, IFN-b–

IFNAR1-driven, autocrine, cytotoxic signaling pathway in prostate
cancer cells that underlies synergistic ATRiþanti–PD-L1 therapeutic
response. ATRi can promote superior therapeutic effects in prostate
cancer cells through abrogation of the ATR–Chk1–CDK1-regulated
G2–M cell-cycle checkpoint, which leads to cell death and activation of
cGAS–STING signaling (Fig. 6I). This mechanism differs from PARPi,
which activates the ATR–Chk1–CDK1 cell-cycle checkpoint (G2–M
arrest) through unrepaired DNA damage, but also leads to cell death
and, in surviving cancer cells, activation of cGAS–STING signaling. The

Figure 5.

PD-L1 knockdown sustains IFNAR1–JAK1–STAT3–cleaved caspase 7 signaling following olaparib treatment.A, Immunoblotting analysis shows that PD-L1 knockdown
by siRNA effectively sustains the JAK1–STAT3–caspase 7 apoptotic signaling cascade, including p-STAT3, p-STAT1, and cleaved caspase 7, following olaparib
(2 mmol/L) treatment in C4–2b and RM-1-BM cells. Immunoblotting also demonstrated that sequential siPD-L1 and olaparib treatment maintained induction
of cGAS protein levels in these cells. B, RT-qPCR analysis demonstrated that siPD-L1 treatment led to increased cGAS mRNA levels following olaparib treatment in
C4–2b and RM-1-BM cells. C, Immunostaining analysis of cleaved caspase 7 (Asp198) also showed that siPD-L1 resulted in significant upregulation of caspase 7 following
olaparib in C4–2b and RM-1-BM cells.D, Image analysis demonstrated that the numbers of caspase 7–positive cells were significantly higher in C4–2b and RM-1-BM cells
that were treated with siPD-L1 before olaparib treatment compared with olaparib treatment alone. n.s., not significant; � , P < 0.05; ��, P < 0.01; ��� , P < 0.001.
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Figure 6.

ATRi is synergistic with anti–PD-L1 in a syngeneic mouse prostate cancer model. A, RM-1-BM subcutaneous tumor volume (growth), and (B) wet weight
(fold-change relative to vehicle control) at the study termination of vehicle control, IgG, BAY1895344, anti–PD-L1, and BAY1895344þanti–PD-L1 treatment.
C, Tumor volume during vehicle control, BAY1895344, anti–PD-L1, and BAY1895344þanti–PD-L1 treatment, administered together with IgG or anti-CD8.
D, RT-qPCR analysis of IFN-b, CCL5, and CXCL10 mRNA from tumor samples following treatments described previously in A and B. E, ELISA analysis of IFN-b
from tumor samples following treatments described previously in A and B. F, Survival curve of mice treated with vehicle control, IgG, anti–PD-L1,
BAY1895344, or BAY1895344þanti–PD-L1. �, P < 0.05; �� , P < 0.01; ��� , P < 0.001. P values determined by the Mantel–Cox test. ^, indicates that the
combination treatment revealed a synergistic interaction between ATRi and anti–PD-L1 by Bliss independence analysis. G, Selective markers were used to
define cell types in the data using Garnett, which include endothelial cells, epithelial (predominantly tumor) cells, macrophages, and T cells. H, GSEA for
BAY1895344þanti–PD-L1 treatment versus BAY1895344 or anti–PD-L1 single-agent treatment in epithelial cell cluster. I, Conceptual mechanistic model
for ATRi-mediated intrinsic cytotoxicity driven by activation of the CDK1–SPOP axis, suppression of PD-L1 levels through SPOP destabilization, and
derepression of intrinsic IFN-b–driven apoptosis. Degradation of PD-L1 through the CDK1–SPOP axis activity leads to derepression of an IFN-b-IFNAR1-
driven, STAT3–caspase 7 autocrine, cytotoxic signaling pathway (42). ATRi-mediated induction of cGAS mRNA through IFN-b–IFNAR1 signaling (45)
completes a feed-forward loop.
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differences in the mechanisms of action for ATRi and PARPi demon-
strated by our results point to distinctive properties of agents that
specifically target RSS. These differences must be considered when
selecting drug candidates for combination therapy approaches using
DDRi-based therapies. ATRi- or PARPi-induced cGAS–STING activa-
tionresults in increased IFN-b and ISG (CCL5andCXCL10) expression.
However, cGAS–STING output and IFN-b response are sustained and
greater in ATRi-treated than in PARPi-treated prostate cancer cells
(Figs. 1 and 4). Importantly, we demonstrate that, in opposition to
PARPi, ATRi-induced abrogation of ATR–Chk1 signaling and activa-
tion of CDK1 results in activation of the CDK1–SPOP axis, which leads
to destabilization and degradation of PD-L1 in prostate cancer cells.We
also show that ATRi in the RM-1-BM syngeneic prostate cancer model
leads to reduced PD-L1 protein levels (Supplementary Fig. S5B). Nota-
bly, previous studies have shown that Chk1 inhibition is similar to
PARPi, in that both treatments lead to induction ofPD-L1 in a syngeneic
mouse small cell lung cancer model (11). Degradation of PD-L1 via the
CDK1–SPOP axis leads to derepression of an IFN-b–IFNAR1-driven,
STAT3–caspase 7 autocrine, cytotoxic signaling pathway (Figs. 2 and 4;
ref. 42).We further demonstrate significant transcriptional induction of
cGAS expression mediated by ATRi, reflecting a previously described
IFN-b–IFNAR1 signaling activity that identified cGAS as an ISG (45),
mechanistically constituting a feed-forward loop (Fig. 5). Together with
the continued generation of immune-stimulatory cytoplasmic DNA,
this signaling pathway sustains cGAS–STING activation in tumor cells
that escape cell death, and induces intrinsic IFN-b expression
and production of downstream ISG products. These ISG products,
includingCCL5 andCXCL10, in turn, stimulate cGAS–STINGpathway
activities in specific immune cells that comprise the tumor
microenvironment (11, 17, 46–48). Analysis of epithelial tumor cells
using scRNA-seq provided mechanistic insight into the synergistic
effects of ATRi and anti–PD-L1 combination therapy in the RM-1-BM
syngeneic prostatic cancer model. In particular, GSEA analysis dem-
onstrated significantly greater induction of IFN-b signaling and the
STING pathway, and apoptotic signaling inATRiþanti–PD-L1–treated
prostate cancer cells compared with single-agent treatment(s) in vivo
(Fig. 6H). Increased IFN-b production within the tumor micro-
environment certainly contributed to the marked increase in IFN-b
signaling in tumor epithelial cells induced by ATRi and anti–PD-L1
combination therapy (Fig. 6DandE). In addition, althoughCD8þT-cell
depletion via anti-CD8 demonstrated that CD8þ T cells were key
effectors of growth suppression in the RM-1-BM tumors treated with
ATRi and anti–PD-L1, our results showed that T-cell–independent
mechanisms contributed to the therapeutic response (Fig. 6C). Taken
together, these results are consistent with a novel, intrinsic, IFN-b–
driven, proapoptotic signalingmechanism, regulated byATRi-mediated
PD-L1 destablization, which can potentially augment T-cell–mediated
tumor cell death inducedbyATRi and anti–PD-L1 combination therapy
in prostate cancer (Fig. 6I).

In addition to identifying this ATRi-induced, IFN-b–IFNAR1-
driven, autocrine, cytotoxic signaling pathway in prostate cancer, our
study also raises important considerations and potential applications
for combinedDDR targeting and ICB for patients with prostate cancer
and other malignancies. First, suppression of ATR replication stress
response signaling and activation of the CDK1–SPOP axis will likely

lead to the identification of other SPOP functions that are relevant to
this therapeutic approach. These functionsmay reveal novel predictive
biomarkers and new therapy targets that will expand the landscape of
DDR targeting and combination therapies. Second, our results dem-
onstrate a mechanistic interaction between DDR targeting and
immune checkpoint suppression that can inform clinical trials involv-
ing these agents, including our early-phase clinical trials combining
ATR inhibition and immune checkpoint blockade in patients with
advancedmalignancies, including prostate cancer (NCT04266912 and
NCT04095273). Overall, our findings provide underlying molecular
rationale for combining ATR-targeted agents with ICB, and reveals
mechanism-based opportunities for improving outcomes of therapeu-
tic strategies using DDRi and I–O agents for men with advanced
prostate cancer.
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