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The mismatch repair (MMR) deficiency of cancer cells drives mutagenesis and offers a useful biomarker for im-
munotherapy.However,manyMMR-deficient (MMR-d) tumors do not respond to immunotherapy, highlighting the
need for alternative approaches to target MMR-d cancer cells. Here, we show that inhibition of the ATR kinase
preferentially kills MMR-d cancer cells. Mechanistically, ATR inhibitor (ATRi) imposes synthetic lethality on
MMR-d cells by inducing DNAdamage in a replication- andMUS81 nuclease-dependentmanner. TheDNAdamage
induced by ATRi is colocalized with both MSH2 and PCNA, suggesting that it arises from DNA structures
recognized byMMRproteins during replication. In syngeneicmousemodels, ATRi effectively reduces the growth of
MMR-d tumors. Interestingly, the antitumor effects of ATRi are partially due toCD8+T cells. InMMR-d cells, ATRi
stimulates the accumulation of nascent DNA fragments in the cytoplasm, activating the cGAS-mediated interferon
response. The combination of ATRi and anti-PD-1 antibody reduces the growth of MMR-d tumors more efficiently
thanATRi or anti-PD-1 alone, showing the ability of ATRi to augment the immunotherapy ofMMR-d tumors. Thus,
ATRi selectively targets MMR-d tumor cells by inducing synthetic lethality and enhancing antitumor immunity,
providing a promising strategy to complement and augment MMR deficiency-guided immunotherapy.
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Mutations in DNAmismatch repair (MMR) genes are fre-
quently found in patients of several cancer types and are
particularly common in colorectal cancer (Cortes-Ciriano
et al. 2017; Le et al. 2017). Loss ofMMR function results in
microsatellite instability (MSI), a type of genomic insta-
bility associated with insertions and deletions (indels) in
DNA microsatellite repeats (Guan and Li 2023). Tumor
cells with MMR deficiency or high MSI (MSI-H) tend to
have an exceptionally high mutation rate, elevating the
tumor mutation burden (TMB) (Cortes-Ciriano et al.
2017). Inactivation ofMMRgenesMlh1 orMsh2 inmouse
cancer cell lines increases mutational load in vitro and
renders tumors responsive to immune checkpoint block-
ade (ICB) in syngeneic mouse tumor models (Germano
et al. 2017; Mandal et al. 2019), leading to the model

thatMMR deficiency/MSI-H stimulate the antitumor im-
munity by increasing neoantigens. In cancer patients,
MMR deficiency/MSI-H are associated with better re-
sponses to ICB (Le et al. 2017; André et al. 2020; Cercek
et al. 2022). Pembrolizumab, an anti-PD-1monoclonal an-
tibody, has been approved by the FDA for treatment of
MMR-deficient (MMR-d)/MSI-H tumors. However, while
the use of MMR deficiency/MSI-H as biomarkers has im-
proved the efficacy of immunotherapy, half of the patients
with MMR-d tumors do not respond to pembrolizumab
(André et al. 2020), suggesting that MMR deficiency is
not sufficient to elicit robust antitumor immunity upon
ICB. Indeed, a recent mouse study showed that MMR
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deficiency did not increase T-cell infiltration and ICB re-
sponse due to substantial intratumor heterogeneity of
mutations (Westcott et al. 2023). These findings raise an
important question as to whether other therapeutic strat-
egies can be developed to target MMR-d tumors, which
may complement and augment immunotherapy. Novel
neoadjuvant therapies of patients with MMR-d/MSI-H
tumors may generate deeper clinical responses and allow
organ preservation.

Recent studies have revealed that loss of theWRN heli-
case is synthetically lethal inMSI cancer cells, providing a
promising strategy to targetMSI tumors (Chan et al. 2019;
Kategaya et al. 2019; Lieb et al. 2019; Picco et al. 2021;
Mengoli et al. 2023). Mechanistically, WRN functions to
unwind non-B-form DNA secondary structures in TA
dinucleotide repeats [(TA)ns] (van Wietmarschen et al.
2020; Mengoli et al. 2023). In MSI cancer cells, (TA)ns un-
dergo large-scale expansions, generating high levels of
DNA secondary structures in (TA)ns. In the absence of
WRN, the DNA secondary structures in (TA)ns become
susceptible to the MUS81-EME1 nuclease, giving rise to
DNA double-strand breaks (DSBs). This model explains
how MSI-associated expansion of (TA)ns confers a
dependency on WRN for cell survival. Notably, loss of
MMR does not confer a WRN dependency immediately
(Lieb et al. 2019; van Wietmarschen et al. 2020). MMR-d
cells only become WRN-dependent after large-scale ex-
pansion of (TA)ns, a process that occurs over time. These
findings suggest that inhibition of WRN may be an effec-
tive way to selectively kill MSI cancer cells harboring ex-
panded (TA)ns. Indeed, WRN-specific inhibitors are being
developed and their effects on MSI tumors are being as-
sessed (Morales-Juarez and Jackson 2022).

The ATR checkpoint kinase is a master regulator of the
DNA replication stress response and is critical for replica-
tion fork stability (Yazinski and Zou 2016; Saldivar et al.
2017). When replication forks are stalled by DNA damage
or other impediments, ATR is recruited to stalled forks,
where it is activated to orchestrate local and distal re-
sponses. A large group of DNA replication and repair pro-
teins, including several MMR proteins and WRN, are
substrates of ATR (Pichierri et al. 2003; Matsuoka et al.
2007). One of ATR’s functions at stalled replication forks
is to restrict the activities of SLX4-associated nucleases,
such as MUS81, thereby preventing excessive cleavage
of stalled forks and fork collapse (Forment et al. 2011;
Couch et al. 2013; Ragland et al. 2013). Loss of ATR leads
to increased replication fork collapse at poly(dA/dT) tracts
and other repeats prone to non-B-form DNA secondary
structures (Shastri et al. 2018; Tubbs et al. 2018), suggest-
ing that ATR is important for preventing nucleolytic
cleavage upon collisions between replication forks and
DNA secondary structures. Of note, some of the most
prominent ATR inhibitor (ATRi)-induced DSBs were
mapped to TA-rich repeats (Shastri et al. 2018). These tan-
talizing links betweenATR and the stability of replication
forks at non-B-form DNA secondary structures raise the
question as to whether ATR inhibition affects fork stabil-
ity at microsatellites and the survival of MMR-d/MSI-H
cells. In addition, ATRi enhances the DNA damage-in-

duced expression of interferon-stimulated genes (ISGs)
and immunotherapy responses (Harding et al. 2017; Ven-
detti et al. 2018, 2023; Chen et al. 2020), prompting us
to investigate whether ATRi affects these responses in
the context of MMR-d/MSI-H tumors.

In this study, we investigated how ATRi affects MMR-d
cells in vitro and MMR-d tumors in vivo. We found that
ATRi preferentially kills MMR-d cells as opposed to
MMR-proficient cells. Notably, acute depletion of MLH1
or MSH2 is sufficient to confer ATRi sensitivity without
a substantial increase in MSI, suggesting that ATR inhibi-
tion is synthetic lethal with MMR deficiency but not the
consequentMSI. Using syngeneicmousemodels,we found
that ATRi effectively reduces the growth of MMR-d tu-
mors in vivo. Interestingly, the antitumor effects of ATRi
are partially dependent onCD8+T cells. In vitro,ATRi pref-
erentially promotes the accumulation of nascent DNA
fragments in cytoplasm and activation of the cGAS–
STINGpathway inMMR-d cells. In syngeneicmousemod-
els, the combination of ATRi and anti-PD-1 reduced the
growth of MMR-d tumors more effectively than either
ATRi or anti-PD-1 alone. These results suggest that ATRi
selectively targets MMR-d tumors through both synthetic
lethality and antitumor immunity, providing a promising
strategy to complement and augment the immunotherapy
of MMR-d tumors.

Results

MSI cancer cells are increasingly dependent on ATR
for survival

To investigatewhetherMSI cancer cells can be selectively
killed by certain cancer drugs, we analyzed the drug sensi-
tivity data of cancer cell lines from the Genomics of Drug
Sensitivity in Cancer (GDSC) database. We separated the
cell lines into microsatellite stability (MSS) and MSI
groups according to the CCLE_MSI definition. Using in-
formation about the pathways targeted by various cancer
drugs, we performed pathway enrichment analysis to un-
derstand which pathways are preferentially required for
the survival of MSI cancer cells as opposed to MSS cancer
cells. Only two pathways—genome integrity and DNA
replication—were significantly associatedwith the prefer-
ential killing of MSI cancer cells by targeted drugs (Fig.
1A). This result is consistent with the idea that MSI can-
cer cells harbor high levels of genomic instability and rep-
lication stress and therefore are particularly susceptible to
drugs exacerbating genomic instability and/or replication
stress.

Next, we compared the IC50s of a large panel of cancer
drugs between MSS and MSI lines and searched for those
with lower IC50 inMSI lines than inMSS lines. The ATRi
AZD6738 emerged as one of the top hits, suggesting that it
preferentially kills MSI cancer cells (Fig. 1B). In addition,
several other inhibitors of ATR (VE-821, VE-822, and
AZ20), Wee1 (Wee1 inhibitor; MK-1775), and Chk1
(FS106) also displayed lower IC50s in MSI lines than in
MSS lines (Fig. 1B). Thus, compared with MSS cancer
cells, MSI cancer cells are generally more dependent on
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Figure 1. Loss of MMR genes increases ATRi sensitivity. (A) Pathway enrichment analysis for drugs that preferentially kill MSI cancer
cell lines in the Genomics of Drug Sensitivity in Cancer (GDSC) database. MSS and MSI cell lines were grouped according to the MSI
definition in the CCLE database. (B) Volcano plot showing the distribution of drugs according to the ratio of IC50 in MSS lines and
IC50 in MSI lines. The ATRi, Wee1i, and Chk1i that preferentially kill MSI cells are highlighted in dark red. (C ) The IC50 of different
ATR inhibitors in MSS and MSI cell lines from the GDSC database. Bars indicate the mean values of IC50 of ATR inhibitors in MSS
or MSI cell line populations. (D) Relative viability of CT26 and CT26 Mhl1 KO cells (derived from single-cell clones) after 5 d of ATRi
(AZD6738) treatment at the indicated concentrations. Cell viability was measured with CellTiter-Glo. (E) Relative viability of B16 and
B16 Mhl1 KO cells (either cell pool or single-cell clones) after 5 d of ATRi (AZD6738) treatment at the indicated concentrations. (F,G)
Clonogenic assay of B16 and B16Mhl1 KO cells (derived from single-cell clones) after 9 d of ATRi (AZD6738 in F and VE-821 inG) treat-
ment at the indicated concentrations. (H) Relative viability of U2OS cells treated with control, MLH1, or MSH2 siRNAs after ATRi (VE-
821) treatment. (I ) The MSI sensor scores of two CT26Mhl1 KO clones (#7 and #13). The score of MSI intermediate CT26Msh2 KO cells
from a previous study (Mandal et al. 2019) is used as a reference (colored in red). (J) Scheme of the genome-wide CRISPR dropout screen to
identify genes preferentially required for the survival of CT26 parental cells (MSS) or CT26 Mlh1 KO cells (clone #13; MSI). Cells were
infected with lentivirus expressing the mouse genome-wide sgRNA library and analyzed by sgRNA sequencing 8 d after infection. (K )
An S-curve plot showing the enrichment or depletion of sgRNAs targeting various genes inMSI orMSS cells. (Red) ATR, ATRIP, and non-
essential regulators; (blue) essential replication genes involved in ATR regulation; (orange) WRN.
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ATR, Chk1, and Wee1 for survival. These results suggest
thatMSI cancer cells are vulnerable to the increase of rep-
lication stress induced by ATRi, Chk1i, and Wee1i or to
the defective replication stress response caused by these
drugs (Hopkins et al. 2022). To extend our analysis from
cancer cell lines to patient tumor samples, we analyzed
the gene expression data of 91 colorectal and endometrial
tumors from a previous study (GSE146889). In this cohort,
the expression of ATR and its regulators is generally high-
er in MSI tumors than in MSS tumors (Supplemental Fig.
S1A). This observation is consistent with the possibility
that the ATR pathway is transcriptionally up-regulated
in MSI tumors to cope with genomic instability and help
tumor cell survival.

To confirm the ability of ATRi to preferentially killMSI
cancer cells, we specifically analyzed the ATRi sensitivity
data from the GDSC database. Again, cell lines were sep-
arated into MSS andMSI groups according to theMSI def-
inition of CCLE. All four ATR inhibitors tested in the
cancer cell line panel (AZD6738, VE-821, VE-822, and
AZ20) displayed lower IC50s in MSI lines than in MSS
lines (Fig. 1C). These data lend further support to the no-
tion that ATRi preferentially kills MSI cancer cells.

Loss of MMR genes increases ATRi sensitivity

To directly test whether MMR deficiency or MSI-H con-
fers ATRi sensitivity, we used CRISPR/Cas9 to knock
out the Mlh1 gene in mouse colorectal cancer cell lines
CT26 and MC38 and in mouse melanoma cell line B16
(Supplemental Fig. S1B,C). Several independent KO
clones were generated and cultured for <30 d before being
tested for ATRi sensitivity. Multiple CT26 Mlh1 KO
clones displayed increased sensitivity to two distinct
ATR inhibitors (AZD6738 and VE-821) comparedwith pa-
rental cells (Fig. 1D; Supplemental Fig. S1D). Similarly,
B16 Mlh1 KO clones and cell pool were also more sensi-
tive to the two ATR inhibitors than parental cells (Fig.
1E–G; Supplemental Fig. S1E). Interestingly, MC38 cells,
which carry mutations in theMMR geneMsh3 (Efremova
et al. 2018), were more sensitive to ATRi than CT26 and
B16 cells, but knockout ofMlh1 in MC38 did not increase
ATRi sensitivity further (Supplemental Fig. S1F). These
results suggest that loss ofMMRgenes is sufficient to con-
fer ATRi sensitivity.

Because MSI increases over time after loss of MMR, we
asked whether MMR deficiency alone is sufficient to con-
fer ATRi sensitivity beforeMSI accumulates to a high lev-
el. We used multiple independent siRNAs to knock down
MLH1 or MSH2 in the human osteosarcoma cell line
U2OS (Supplemental Fig. S1G). Knockdown of MLH1 or
MSH2 resulted in increased sensitivity to both
AZD6738 and VE-821 (Fig. 1H; Supplemental Fig. S1H),
showing that acute loss of MMR proteins can confer
ATRi sensitivity. Furthermore, knockdown of MLH1 in
three other MSS human cancer cell lines (LS513,
SW620, and MKN45) also increased ATRi sensitivity
(Supplemental Fig. S1I,J). To check whether CT26 Mlh1
KO cells are sensitive to ATRi because of high levels of
MSI, we performedwhole-genome sequencing on parental

CT26 cells and two CT26 Mlh1 KO clones (#7 and #13)
(Fig. 1I). The genomic MSI scores of the Mlh1 KO clones
were 0.05 and 0.06, which were much lower than that of
an MSI intermediate Msh2 KO clone (0.11) generated in
a previous study (Mandal et al. 2019). This result suggests
that loss ofMLH1 confers ATRi sensitivity beforeMSI ris-
es to a significant level. Thus, while cancer cells that have
both MMR deficiency and MSI are sensitive to ATRi,
MMR deficiency alone is sufficient to confer ATRi sensi-
tivity even when MSI is not high.

A CRISPR screen confirms the dependency of Mlh1
KO cells on the ATR pathway

To unbiasedly assess whether MMR-d cells are more de-
pendent on the ATR pathway for survival, we carried
out a genome-wide CRISPR sgRNA dropout screen using
parental CT26 cells and anMlh1 KO clone with a low lev-
el of MSI (clone #13) (Fig. 1J). In addition to the sgRNAs
targeting ATR, those targeting ATRIP, the functional
partner of ATR, were also preferentially depleted in
Mlh1 KO cells (Fig. 1K), suggesting that the ATR–ATRIP
complex is required for the fitness of MMR-d cells. Fur-
thermore, sgRNAs targeting nonessential ATR regulators,
such as Rad17, Rad1, Rad9, Claspin, Timeless, Tipin,
FANCD2, MDC1, and ETAA1, were all preferentially de-
pleted inMlh1KO cells. In contrast, sgRNAs targeting the
essential DNA replication factors involved in ATR regula-
tion, such as TopBP1, RFC2-5, and RPA1-3, did not show
preferential depletion in Mlh1 KO cells. Using siRNAs
and U2OS cells, we confirmed that codepletion of
MLH1 and Rad17 or MLH1 and Tipin led to a further re-
duction in cell survival compared with depletion of
MLH1, Rad17, or Tipin alone (Supplemental Fig. S1K,L).
Of note, the ATR regulators were not among the top
hits of the CRISPR screen (Supplemental Table S1), possi-
bly because their loss also reduces the fitness of MMR-
proficient cells. Nonetheless, the preferential depletion
of gRNAs targeting multiple nonessential ATR regulators
in Mlh1 KO cells suggests that MMR-d cells are more de-
pendent on the ATR pathway for survival thanMMR-pro-
ficient cells. Notably, sgRNAs targeting WRN were not
preferentially depleted in Mlh1 KO cells, which is consis-
tentwith the notion thatMSI-associated (TA)n expansion,
but notMMR deficiency alone, confers WRN dependency
(van Wietmarschen et al. 2020).

ATRi induces DNA damage in MMR-d cells
in a replication- and MUS81-dependent manner

To understand how ATRi preferentially kills MMR-d
cells, we treated CT26 parental and Mlh1 KO cells with
ATRi (AZD6738) and followed the viability of cells over
time (Supplemental Fig. S2A). ATRi progressively and
preferentially reduced the viability of Mlh1 KO cells
over time, leading to substantial killing of Mlh1 KO cells
after 3–4 d. This result suggests that the effects of ATRi on
MMR-d cells may be cell cycle-dependent. To test wheth-
er ATRi preferentially induces DNA damage in MLH1-
and MSH2-depleted cells during DNA replication, we
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knocked down MLH1 or MSH2 with siRNAs in U2OS
cells, pulse-labeled nascent DNA with EdU, and immu-
nostained cells with anti-γH2AX antibody (Fig. 2A).
ATRi induced more γH2AX in MLH1 and MSH2 knock-
down cells than in cells treated with control siRNA (Fig.
2A,B). Importantly, this ATRi-induced increase of
γH2AX specifically occurred in EdU+ cells (Fig. 2A,B), sug-
gesting that ATRi induces DNA damage during replica-
tion. To test whether DNA replication is required for
the induction of DNA damage by ATRi in MMR-d cells,
we arrested control andMLH1 or MSH2 knockdown cells
inG2with theCDK1 inhibitor (CDK1i) RO-3360 and then
treated them with ATRi (Fig. 2C). In control as well as
MLH1 and MSH2 knockdown cell populations, CDK1i
treatment reduced the fractions of EdU+ S-phase cells
and the γH2AX-positive fractions of S-phase cells (Fig.
2C), suggesting that replication is needed for the induc-
tion of DNA damage by ATRi. These results are consis-
tent with the idea that MMR-d cells are vulnerable
during DNA replication if ATR function is compromised.
The instability of microsatellites in MMR-d cells is as-

sociated with the cleavage of non-B-form DNA secondary
structures by the MUS81 nuclease (van Wietmarschen
et al. 2021). Furthermore, ATR is known to restrict the ac-
tivity ofMUS81 at stalled replication forks (Forment et al.
2011; Couch et al. 2013; Ragland et al. 2013). Hence, we
asked whether the ATRi-induced DNA damage in
MMR-d cells is dependent on MUS81. We used siRNAs
to knock down MUS81 alone or together with MLH1 or
MSH2 in U2OS cells, pulse-labeled S-phase cells with
EdU, and then treated them with ATRi (Fig. 2D; Supple-
mental Fig. S2B). Knockdown of MUS81 did not alter
the fraction of EdU+ S-phase cells but significantly re-
duced the fraction of γH2AX-positive S-phase cells (Fig.
2D). These results suggest that ATRi preferentially induc-
es DNA damage in MMR-d cells by allowing MUS81 to
cleave DNA excessively.

ATRi induces DNA damage in MMR-d cells at sites of
MMR and replication

The induction of excessive MUS81 cleavage of DNA by
ATRi in MMR-d cells raises the possibility that DNA
damage is generated in microsatellites in this context.
To test this possibility, we performed proximity ligation
assay (PLA) with anti-γH2AX and anti-MSH2 antibodies
in ATRi-treated control U2OS and MLH1 knockdown
cells (Fig. 2E). Because MLH1 functions downstream
from MSH2 in the MMR pathway, MSH2 is expected to
localize to sites where MMR initiates (e.g., microsatel-
lites) in the absence of MLH1. Furthermore, if ATRi in-
duces DNA damage at sites of MMR, then MSH2 and
γH2AX should be in close proximity to each other, and
PLA signals should be generated. Indeed, ATRi increased
MSH2-γH2AX PLA foci in MLH1 knockdown cells but
not in control U2OS cells (Fig. 2E; Supplemental Fig.
S2C). Importantly, above-background levels of PLA foci
in MLH1 knockdown cells were only detected when
anti-MSH2 and anti-γH2AX antibodies were used togeth-
er but not when either antibody was used alone (Fig. 2E),

confirming the specificity of the PLA. Thus, in MMR-d
cells, ATRi induces DNA damage at sites where MSH2
is located, likely including microsatellites.
Since the induction ofDNAdamage byATRi inMMR-d

cells is dependent on replication, we asked whether the
ATRi-induced DNA damage occurs at replication forks.
To test this possibility, we performed PLAwith antibodies
against γH2AX and PCNA, a component of replication
forks (Fig. 2F; Supplemental Fig. S2D). When DNA mis-
matches are formed during replication, PCNA interacts
with MHL1 and stimulates its endonuclease activity to
promote MMR (Kadyrov et al. 2006). In MLH1 knock-
down cells, PCNA is not engaged in MMR but serves as
amarker for replication forks. ATRi specifically increased
γH2AX-PCNA PLA foci in MLH1 knockdown cells but
not in control U2OS cells. Again, above-background levels
of PLA foci in MLH1 knockdown cells were only detected
when both antibodies were used together but not when ei-
ther antibody was used alone. These results suggest that
theDNAdamage induced byATRi inMMR-d cells indeed
occurs at replication forks.
Together, the results above suggest that in MMR-d

cells, ATRi induces MUS81-generated DNA damage at
sites where replication forks encounter non-B-form
DNA structures that accumulate due toMMR deficiency.
Since MMR proteins function at microsatellites to pre-
vent MSI, MSH2 is likely present at microsatellites
when downstreamMMR events are defective. It is plausi-
ble that the ATRi-induced DNA damage is generated by
MUS81 in DNA cruciforms at microsatellites upon colli-
sions with replication forks. Alternatively, non-B-form
DNA secondary structures can be formed at microsatel-
lites during replication, providing substrates for MUS81.
In addition to unwinding DNA cruciforms (Mengoli
et al. 2023), MSH2 is also implicated in the suppression
ofG quadruplexes (Sakellariou et al. 2022), which can stall
replication forks (Kumar et al. 2021). In all these scenarios,
the ATRi-inducedDNA damage atmicrosatellites or else-
where is in close proximity to MSH2 and PCNA, just as
observed in the γH2AX-MSH2 and γH2AX-PCNA PLA
analyses.

ATRi reduces growth of MMR-d tumors in vivo

The preferential killing of MMR-d cells by ATRi in vitro
prompted us to test whether ATRi can kill MMR-d cells
in tumors and reduce the growth of MMR-d tumors in
vivo. To test this possibility, we used CT26 parental cells
andMlh1KO cells (clone #13) to generate xenograft tumors
in immune-proficient mice and tested the effects of ATRi
(AZD6738) on tumor growth (Fig. 3A). In the absence of
ATRi, tumors generated by CT26 parental cells and Mlh1
KO cells grew at similar rates, the survival of mice was re-
duced by CT26 tumors andMlh1KO tumors similarly, and
the sizes ofCT26 tumors andMlh1KOtumorswere similar
(Fig. 3A–C). In the presence of ATRi, the growth of Mlh1
KO tumors was preferentially retarded, the survival of
mice bearing Mlh1 KO tumors was preferentially pro-
longed, and the size of Mlh1 KO tumors was preferentially
reduced (Fig. 3A–C). Similar results were obtained using
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syngeneic tumormodels of B16 parental cells andmultiple
Mlh1 KO clones (Fig. 3D; Supplemental Fig. S3A–D). To-
gether, these results demonstrate that ATRi can indeed re-
duce the growth of MMR-d tumors in vivo.

In cancer patients, MMR deficiency stimulates antitu-
mor immunity, leading to the formation of hubs of inter-
acting malignant cells and immune cells in tumors (Pelka
et al. 2021). The use of syngeneic mouse models of
MMR-d tumors gave us an opportunity to test whether im-
munity contributes to the effects of ATRi on tumor
growth. To determine whether CD8+ T cells contribute
to the inhibitory effects of ATRi on tumor growth, we first
generated CT26 Mlh1 KO tumors (clone #13) and then
treated mice with ATRi, anti-CD8, or ATRi and anti-
CD8 (Fig. 3E). In the absence of ATRi, anti-CD8 signifi-
cantly increased tumor growth (Fig. 3E; Supplemental
Fig. S3E), suggesting that CD8+ T cells restrict the growth
ofMMR-d tumors. This result is consistentwith the recent
reports thatMLH1 deficiency stimulates antitumor immu-
nity (Germano et al. 2017; Guan et al. 2021; Lu et al. 2021).
In the presence of ATRi alone, tumor growth was reduced

as expected (Fig. 3E; Supplemental Fig. S3E). When ATRi
and anti-CD8were combined, tumor growthwas increased
to a level that was significantly higher than untreated tu-
mors but still lower than tumors treated with anti-CD8
alone (Fig. 3E; Supplemental Fig. S3E). At the dose of
ATRi used, the inhibition of tumor growth by ATRi was
>30% in the presence of CD8+ T cells and <15% in the ab-
sence of CD8+ cells (Fig. 3E,F). Thus, ATRi becomes less ef-
fective at inhibitingMMR-d tumorswhenCD8+ T cells are
depleted. However, ATRi still reduces tumor growth in the
absence of CD8+ T cells, which is consistent with the syn-
thetic lethal effect independent of immunity. Together,
these results reveal that the inhibitory effects of ATRi on
MMR-d tumors in vivo are partially due to the CD8+ T-
cell-mediated antitumor immunity.

ATRi increases cytosolic DNA and interferon responses
in MMR-d cells

The contribution of CD8+ T cells to the antitumor effects
of ATRi suggests that ATRimay stimulate the infiltration

A B
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Figure 2. ATRi preferentially induces DNA
damage in MMR-d cells. (A,B) U2OS cells
were transfected with control, MHL1, or
MSH2 siRNA for 2 d; pulse-labeled with EdU
for 20 min; and then treated with 2 µM ATRi
(AZD6738) for 4 h. γ-H2AX and biotinylated
EdU were analyzed by immunofluorescence.
Representative images are shown in A. Frac-
tions of cells positive for γ-H2AX and EdU
were quantified as shown in B. Scale bar, 20
µm. (C ) U2OS cells transfected with control,
MLH1, or MSH2 siRNA were treated with 10
μM CDK1i (RO-3360) for 20 h followed by 2
μM ATRi (AZD6738) for 4 h. Fractions of cells
positive for γ-H2AX and EdU were quantified.
(D) U2OS cells were transfected with control,
MLH1, MSH1, and MUS81 siRNAs as indicat-
ed and then treated with 2 μM ATRi
(AZD6738) for 4 h. Fractions of cells positive
for γ-H2AX and EdU were quantified. Scale
bar, 20 µm. (E) U2OS cells were transfected
with control or MLH1 siRNA and treated
with 2 μM ATRi (AZD6738) for 4 h. Cells
were analyzed by PLA using γ-H2AX antibody,
MSH2 antibody, or both. The numbers of PLA
foci in individual cells were quantified. (Red
bars) Mean PLA foci per nucleus in cell popula-
tions. (F ) U2OS cells were treated as in E and
analyzed by PLA using γ-H2AX antibody,
PCNA antibody, or both. The numbers of
PLAs in individual cell foci were quantified as
in E.

Wang et al.

934 GENES & DEVELOPMENT

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.351084.123/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.351084.123/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.351084.123/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.351084.123/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.351084.123/-/DC1


and/or function of T cells in tumor microenvironments.
Recent studies have suggested that activation of the
cGAS pathway by cytosolic DNA in tumor cells can stim-
ulate the type I interferon response in dendritic cells,
which in turn activates CD8+ T cells to eliminate tumor
cells (Schadt et al. 2019). Furthermore, MLH1 deficiency
stimulates cGAS in tumor cells and promotes antitumor
immunity (Guan et al. 2021; Lu et al. 2021). The induction
of DNA damage by ATRi in MMR-d cells raises the possi-
bility that ATRi may preferentially increase cytosolic
DNA in MMR-d cells to activate cGAS. Because ATRi
likely induces cleavage of replication forks in microsatel-
lites, we postulated that ATRi increases nascent DNA

fragments and their accumulation in the cytoplasm. To
test this possibility, we designed a PLA to monitor the ac-
cumulation of nascent DNA in the cytoplasm. In this as-
say, we pulse-labeled nascent DNA with EdU and then
exposed cells to ATRi for 3 h. To detect the nascent
DNA in the cytoplasm, we biotinylated EdU through a
click reaction and then performed PLA with antibiotin
and antiactin antibodies. As actin is mostly cytoplasmic,
the accumulation of nascent DNA in the cytoplasm
would bring it close to actin, generating PLA signals. In-
deed, treatment of B16 cells with ATRi increased EdU-ac-
tin PLA foci (Fig. 4A,B), suggesting that ATRi increases
the accumulation of nascent DNA fragments in the

A

C

E F

D

B

Figure 3. ATRi reduces growth of MMR-d tumors in vivo. (A) CT26 and CT26 Mlh1 KO (clone #13) xenograft growth with or without
treatment of 50 mg/kg ATRi (AZD6738) by oral gavage every 2 d after tumor size reached 70–100 mm3. (B) Curves for overall survival for
mice bearingCT26 orCT26Mhl1KO tumorswith orwithout treatment of 50mg/kgATRi (AZD6738) by oral gavage every 2 d. (C ) Images
for CT26 and CT26 Mlh1 KO tumors from the indicated mouse groups. (D) B16 and B16 Mlh1 KO (clone #4) xenograft growth with or
without treatment of 50mg/kg ATRi (AZD6738) by oral gavage every 2 d after tumor size reached 70–100mm3. (E) CT26Mlh1KO (clone
#13) xenograft growth after depletion of CD8+ T cells by injection of anti-CD8 antibody every 3–4 d for the duration of the experiment
starting 1 d before tumor implantation.Micewere treatedwith or without 50mg/kg ATRi (AZD6738) by oral gavage every 2 d after tumor
size reached 70–100mm3. (F ) The percentage of inhibition of tumor growth by ATRi was quantified in the presence or absence of CD8+ T
cells and after 6–12 d of ATRi treatment. Mice were treated with 50 mg/kg ATRi (AZD6738) as in A.
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cytoplasm. Importantly, ATRi induced higher levels of
EdU-actin PLA foci in two independent Mlh1 KO clones
than in B16 parental cells (Fig. 4A,B), showing that ATRi
preferentially induces cytosolic DNA in MMR-d cells.
Similarly, ATRi preferentially increased the accumula-
tion of nascent DNA in the cytoplasm of CT26 Mlh1
KO cells compared with parental cells (Supplemental
Fig. S4A,B). The ATRi-induced PLA foci were detected
only when both antibiotin and antiactin antibodies were
used but not when one of these antibodies was used alone
(Supplemental Fig. S4C). Furthermore, in MMR-d MC38
cells, ATRi induced EdU-actin PLA foci robustly (Supple-
mental Fig. S4D,E). These results suggest that ATRi in-
deed stimulates the accumulation of cytosolic DNA in
MMR-d cells.

To test whether ATRi stimulates cGAS activation in
MMR-d cells, we analyzed the levels of p-IRF3 and p-
STAT1, two downstream phosphorylation events induced
by cGAS activation. The levels of p-IRF3 and p-STAT1
were significantly higher in Mlh1 KO cells than in paren-
tal B16 cells and were further increased by ATRi (Fig. 4C),
suggesting that cGAS is activatedmore robustly inMMR-
d cells after ATRi treatment. In addition, we analyzed the
mRNA levels of several ISGs known to be regulated by
cGAS, including IL6, TNF, IRF7, and IFNβ. In both
CT26 and B16 parental lines and their derived Mlh1 KO
lines, ATRi preferentially stimulated the expression of
ISGs in Mlh1 KO cells (Fig. 4D,E). These results lend fur-
ther support to the notion that ATRi preferentially stimu-
lates the interferon response inMMR-d cells by increasing
the accumulation of nascent DNA fragments in the
cytoplasm.

ATRi stimulates cGAS-mediated interferon responses
in MMR-d cells

Next, we asked whether the ATRi-induced interferon re-
sponse inMMR-d cells is dependent on the cGAS–STING
pathway. First, we tested the effects of the cGAS inhibitor
RU.251 on the ATRi-induced IFNβ expression in MMR-d
cells. As expected, ATRi preferentially increased the
mRNA of IFNβ in Mlh1 KO cells compared with parental
B16 cells (Fig. 5A). The induction of IFNβ expression by
ATRiwas drastically reduced byRU.251 treatment, show-
ing that this event is indeed cGAS-dependent. To test the
roles of cGAS and STING in the ATRi-induced interferon
response further, weknocked out cGAS and STING in B16
Mlh1 KO cells. Compared with parental B16 cells, Mlh1
KO cells displayed higher levels of p-STAT1 before and af-
ter ATRi treatment (Fig. 5B), supporting the idea that
MMR deficiency stimulates the interferon response even
when the response is enhanced by ATR inhibition. The
levels of p-STAT in Mlh1 KO cells were significantly re-
duced by the loss of cGAS and modestly reduced by the
loss of STING (Fig. 5B), showing that this is a largely
cGAS-dependent and partially STING-dependent event.
Of note, we cannot exclude the possibility that the partial
STING dependency observed is due to the incomplete
depletion of STING. Consistent with these findings, loss
of cGAS in Mlh1 KO cells reduced the ATRi-induced ex-

pression of ISGs, including IL6, TNF, IRF7, and IFNβ
(Fig. 5C). Together, these results suggest that ATRi prefer-
entially stimulates the cGAS-mediated interferon re-
sponse in MMR-d cells, providing a possible explanation
for the T-cell-mediated antitumor effects induced by
ATRi.

ATRi enhances the response of MMR-d tumors to
immunotherapy

The ability of ATRi to stimulate CD8+ T-cell-mediated
antitumor immunity against MMR-d tumors raises the
possibility that ATRi can enhance the response of
MMR-d tumors to immunotherapy. To test this possibil-
ity, we used parental CT26 cells andMlh1 KO cells (clone
#13) to generate xenograft tumors in immune-proficient
mice and then treated the mice with ATRi, anti-PD-1, or
a combination of both (Fig. 5D). The growth of CT26 tu-
mors was not significantly affected by ATRi, anti-PD-1,
or the combination (Fig. 5D; Supplemental Fig. S5A). Fur-
thermore, the survival of the mice bearing CT26 tumors
was not substantially extended by ATRi, anti-PD-1, or
the combination (Supplemental Fig. S5B). In contrast, al-
though Mlh1 KO tumors did not respond to anti-PD-1
alone, their growth was reduced by a low dose of ATRi
and was further reduced by the combination of ATRi
and anti-PD-1 (Fig. 5D; Supplemental Fig. S5A). Impor-
tantly, the survival of the mice bearing Mlh1 KO tumors
was substantially extended by the combination of a low
dose of ATRi and anti-PD-1 (Supplemental Fig. S5B). We
also usedMMR-dMC38 cells to generate tumors in a syn-
geneic model and tested the effects of ATRi and anti-PD-
1. ATRi or anti-PD-1 alone reduced the growth of MC38
tumors, but the combination of ATRi and anti-PD-1 re-
tarded tumor growth more efficiently than either drug
alone (Fig. 5E), lending further support to the notion that
the combination of ATRi and anti-PD-1 can target
MMR-d tumors more effectively. These results show
that ATRi, even when used at a low dose, can indeed com-
plement and augment the immunotherapy of MMR-d
tumors.

Discussion

MMR deficiency/MSI-H are clinically useful biomarkers
for immunotherapy inmultiple cancer types. Recent stud-
ies suggest that MSI-H may also be a good biomarker for
WRN inhibitors (Chan et al. 2019; van Wietmarschen
et al. 2020), which are still under development (Morales-
Juarez and Jackson 2022). Our findings in this study sug-
gest thatMMRdeficiency/MSI-H are also useful biomark-
ers to guide patient stratification for treatment with ATR
inhibitors, which are already extensively tested in clinical
trials (Sundar et al. 2017; Ngoi et al. 2022). Our findings
are consistent with those from an independent study by
the Nussenzweig laboratory (Zong et al. 2023), who also
found that ATRi preferentially kills MMR-d/MSI-H tu-
mor cells. Both studies suggest that the use of MMR defi-
ciency/MSI-H as biomarkers to guide ATRi therapy may

Wang et al.

936 GENES & DEVELOPMENT

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.351084.123/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.351084.123/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.351084.123/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.351084.123/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.351084.123/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.351084.123/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.351084.123/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.351084.123/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.351084.123/-/DC1


rapidly extend the use of ATRi in patients and improve the
treatment of MMR-d/MSI-H tumors.
Although MMR deficiency/MSI-H are approved by the

FDA as biomarkers to guide immunotherapy, half of the
patients withMMR-d tumors do not respond to pembroli-

zumab (André et al. 2020). The lack of response ofMMR-d
tumors to immunotherapy could be a result of several
mechanisms of immune evasion. For example, some
MMR-d tumorsmay lack high levels of TMB or fail to gen-
erate neoantigens that are efficiently recognized by T cells

B
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Figure 4. ATRi increases cytosolic DNA and triggers interferon responses in MMR-d cells. (A,B) B16 or B16Mlh1 KO cells were labeled
with EdU for 2 h and then treatedwith 10 μMATRi (VE-821) for 3 h. Cells were analyzed by PLAusing antibodies to biotin (EdU) and actin.
(A) Images of cells with or without EdU-actin PLA foci. (B) The numbers of PLA foci in multiple image frames were quantified, and the
number of PLA foci per cell in each framewas determined (represented as individual dots). (Red bars) Mean number of PLA foci per cell in
cell populations. (C ) Western blots showing the levels of the indicated proteins and phosphorylated proteins in CT26 and CT26Mlh1 KO
cells after 2 μM ATRi (AZD6738) treatment at the indicated time points. (D,E) The mRNA levels of the indicated interferon-stimulated
genes (ISGs)were analyzed byRT-qPCR inCT26 andCT26Mlh1KOcells (D) or in B16 and B16Mlh1KOcells (E) aftermock or 2 μMATRi
(AZD6738) treatment for 2 d.
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(Westcott et al. 2021). SomeMMR-d tumorsmay not have
tumor microenvironments that favor the infiltration and
function of immune cells (Guan et al. 2021; Lu et al.
2021). One way to complement the immunotherapy of
MMR-d tumors is to induce synthetic lethality in

MMR-d cells by inhibiting DNA repair or DNA damage
signaling. Because this approach to selectively kill
MMR-d tumor cells is independent of the immune sys-
tem, it should work even in the MMR-d tumors that fail
to respond to immunotherapy. It is conceivable that

A
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Figure 5. ATRi stimulates cGAS-mediated interferon response and augments immunotherapy of MMR-d tumors. (A) B16 and B16Mlh1
KO cells were treated with 2 μM ATRi (AZD6738) for the indicated lengths of time in the presence or absence of the cGAS inhibitor
RU.521. The mRNA levels of INFβ were determined by RT-qPCR. (B) B16, B16 Mlh1 KO, B16 Mlh1;STING DKO (double KO), and B16
Mlh1;cGASDKO cells were treated with ATRi for the indicated lengths of time. Levels of the indicated proteins and phosphorylated pro-
teins were analyzed byWestern blot. (C ) B16, B16Mlh1KO, and B16Mlh1;cGASDKO cells weremock-treated or treated with 2 μMATRi
(AZD6738) for 2 d. ThemRNA levels ofTNF, IL6, IRF7, and INFβwere determined by RT-qPCR. (D) CT26 andCT26Mlh1KO (clone #13)
xenograft growthwith orwithout treatmentwith 35mg/kgATRi (AZD6738) by oral gavage every 3 d andwith 3mg/kg anti-PD-1 by intra-
parietal injection every 3–4 d. ATRi and anti-PD-1 were used either alone or in combination after tumor size reached 70–100 mm3. (E)
MC38 xenograft growth with or without treatment with ATRi and anti-PD-1 as in D.
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both ATR and WRN inhibitors can be useful for comple-
menting the immunotherapy of MMR-d/MSI-H tumors,
thus expanding the population of MMR-d patients who
can benefit from biomarker-guided therapies.
It should be noted that ATR inhibition andWRN loss in-

duce synthetic lethality in MMR-d/MSI-H cells in slightly
different ways. While the synthetic lethality induced by
WRN loss is dependent on MSI-H (Chan et al. 2019; Lieb
et al. 2019; van Wietmarschen et al. 2020), MMR defi-
ciency is sufficient to confer ATR dependency even when
MSI is low. The mechanism underlying this difference be-
tween WRN loss and ATR inhibition is still unclear. Both
WRN loss and ATR inhibition seem to induce MUS81-de-
pendent DSBs in microsatellites during DNA replication,
and their effects are likely exacerbated by the expansion
of (TA)ns in MSI-H cells. It is possible that the substrates
of MUS81 in (TA)ns are formed during DNA replication.
Unlike WRN loss, ATR inhibition elevates origin firing
andmay increase thenumberof replication forks traversing
microsatellites. The ability of ATRi, Chk1i, and Wee1i to
increase origin firing may allow them to induce DSBs in
(TA)ns efficiently even when the copy number of (TA)ns
is relatively low. This property of ATRi, Chk1i, and
Wee1i may be particularly useful for targeting the MMR-
d tumors that lack high levels of MSI or TMB.
Another interesting finding of this study is that ATRi

stimulates the CD8+ T-cell-mediated antitumor immunity
against MMR-d tumors by activating the cGAS pathway.
Because ATRi stimulates the cleavage of non-B-form
DNA secondary structures byMUS81 inMMR-d cells dur-
ing replication, fragments of nascent DNA are likely gener-
ated during this process. We found that ATRi increases the
accumulation of nascentDNA fragments in the cytoplasm,
explaining how cGAS is triggered byATRi inMMR-d cells.
It is plausible that the activation of cGAS by ATRi in
MMR-d tumor cells induces a further type I interferon re-
sponse through dendritic cells, which in turn stimulates
CD8+ T cells to eliminate tumor cells (Schadt et al.
2019). It is particularly worth noting that ATRi selectively
kills MMR-d tumor cells through two distinct mecha-
nisms: It induces synthetic lethality by increasing DNA
damage in microsatellites and stimulates the antitumor
immunity by activating the cGAS pathway. These comple-
mentary effects ofATRimay render it particularly effective
in the therapy ofMMR-d/MSI-H tumors evenwhenused at
lowdoses, reducing its hematological toxicities (Martorana
et al. 2022). It will be exciting to test the combination of
ATRi and ICB in patients with MMR-d/MSI-H tumors, es-
pecially those that do not respond to ICB therapy alone.
Our findings on the effects of ATRi inMMR-d tumors pro-
vide an example for targeting cancer cells throughboth syn-
thetic lethality and antitumor immunity, suggesting a
promising strategy that can bewidely adapted to the devel-
opment of future therapies.

Materials and methods

Cell lines

CT26 is a murine colorectal carcinoma cell line that was derived
from BALB/cmice. MC38 is a murine colon adenocarcinoma cell

line that was derived from C57BL/6J mice. B16F10 is a murine
melanoma cell line that was derived from C57BL/6J mice.
U2OS is an osteosarcoma cell line with epithelial morphology.
For cell lines with genes knocked out, guide RNA sequences

targeting mouse MLH1 and cGAS were inserted into the
CRISPR/Cas9 system plasmid PX458. PX458-MLH1 sg1 and
PX458-MLH1 sg2 were transfected into the CT26, MC38, and
B16F10 cell lines with Lipofectamine 3000. Forty-eight hours fol-
lowing transfection, GFP+ cells were seeded at one cell per well in
96-well plates by flow cytometry. Single-cell clones were expand-
ed, and depletion of MLH1 was confirmed by immunoblotting
(BD Pharmingen purified mouse antihuman MLH-1). The
MLH1 KO cell lines were cultured and passaged for 4 wk before
freezing. PX458-cGAS cells were transfected into the CT26
MLH1 KO or B16F10 MLH1 KO cell lines with Lipofectamine
3000. Forty-eight hours following transfection, GFP+ cells were
seeded at one cell per 96-well by flow cytometry. Single-cell
clones were expanded, and depletion of cGAS was confirmed by
immunoblotting (cGAS [D3O8O] rabbit mAb 31659). B16
MLH1 KO or CT26 MLH1 KO single clones were infected with
lentiCRISPR-V2 STING virus (a gift from Jun Tian). Forty-eight
hours following infection, the cells were treated with puromycin
for 5 d. STING KO cell lines were expanded, and depletion of
cGAS was confirmed by immunoblotting (STING [D2P2F] rabbit
mAb).

Cell culture and RNAi

U2OS cells were cultured inDMEMsupplementedwith 10% fetal
bovine serum (FBS). For RNAi experiments, U2OS cells were plat-
ed into six-well dishes, and small interfering RNA (siRNA) against
MLH1, MSH2, and MUS81 was transfected using Lipofectamine
RNAiMax (Thermo). The siRNA sequences used were MLH1-1
(GAAAUUGGAUGUGAGGAUA), MLH1-2 (CCACCAAGCUU
AGUGAAGATT), MSH2-1 (GGAUAUUACUUUCGUGUAA),
MSH2-2 (GCAAACAGAUUAAACUGGATT), RAD17 (CUUU
AUGCCUCCAAACUCATT), TIPIN (GCAAAGCUGCUGAGU
AAUATT) (Leung et al. 2023), and MUS81 (CAGCCCUGGUGG
AUCGAUA) (Ouyang et al. 2015; Matos et al. 2020). Cells were
harvested for Western blotting or stained for immunofluorescence
72 h after transfection.

Western blotting

For Western blotting, cells were washed twice with cold PBS, and
whole-cell proteins were extracted in lysis buffer (40 mM Tris at
pH 8.0, 150 mM NaCl, 1% NP40, 0.5% sodium deoxycholate,
0.1% SDS, 2mM sodium orthovanadate) containing phosphatase
inhibitor cocktail. The protein concentration was normalized us-
ing a protein assay dye reagent. Samples were boiled for 5 min at
95°C and loaded onto SDS-PAGE. After transfer, membranes
were blocked with 5% milk or BSA in TBST buffer (0.1% Tween
20) for 1 h. Primary antibodies were diluted and incubated over-
night at 4°C. After three washes with TBST buffer, antirabbit or
antimouse secondary antibodies and HRP conjugates were incu-
bated with membranes for 1 h. After three washes, membranes
were covered with the ECL reagent and imaged.

Immunofluorescence

Cells transfected with the indicated siRNAs or treated for 20 h
with 10 µM RO-3306 (Selleck Chemicals) were incubated for 20
min with 10 µM EdU (Thermo) followed by 2 µM ATRi
AZD6738 (Selleck Chemicals) for 4 h. Cells were subsequently
fixed, permeabilized, and stained for nascent DNA using click
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chemistry (Thermo) and γ-H2AX (Cell Signaling Technologies).
Cells were imaged using an Axioimager wide-field microscope
(Zeiss).

Cell viability assay

For theMLH1KO cell viability assay, cells were cultured in ATRi
AZD6738 or VE-821 (Selleck Chemicals) for 4–5 d before cell vi-
ability was examined using CellTiter-Glo (Promega) according to
the manufacturer’s instructions. For the siRNA transfected cell
viability assay, cells transfected with the indicated siRNAs
were cultured in ATRi AZD6738 or VE-821 (Selleck Chemicals)
for 5 d before cell viability was examined using CellTiter-Glo
(Promega) according to the manufacturer’s instructions.

Clonogenic survival assay

Seven-hundred cells were seeded into 12-well plates and subse-
quently propagated for 9 d in the medium with or without
AZD6738 or VE-821. For crystal violet staining, cells were fixed
withmethanol for 10min at room temperature and subsequently
stainedwith 250 μL of 0.1%crystal violet in 70%ethanol perwell
for 10 min at room temperature. To remove unbound crystal vio-
let, cells were washed with deionized water three times for 5 min
each.

Proximity ligation assay (PLA)

For the γ-H2AX-MSH2 PLA, U2OS cells transfected with control
or MLH1 siRNA were incubated with 2 µM ATRi AZD6738 for
4 h. Subsequently, cells were fixed in 4% paraformaldehyde and
permeabilized in 0.5% Triton X, and PLA was performed using
the Duolink PLA kit (Sigma) according to the manufacturer’s in-
structions using the γ-H2AX (Cell Signaling Technologies) and
MSH2 (Abcam) antibodies. For the γ-H2AX-PCNA PLA, U2OS
cells transfected with control or MLH1 siRNA were incubated
with ATRi AZD6738 for 4 h. Subsequently, cells were fixed in
ice-cold methanol and permeabilized in 0.5% Triton X, and
PLAwas performed using the Duolink PLA kit (Sigma) according
to themanufacturer’s instructions using the γ-H2AX (Cell Signal-
ing Technologies) and PCNA (Santa Cruz Biotechnologies) anti-
bodies. For the EdU-actin PLA, B16, MC38, and CT26 cells
were labeled with 10 mM EdU for 2 h and treated with DMSO
or 10 mM ATRi VE-821 for 3 h. Next, the cells were treated
with permeabilization solution (0.1% Tween 20 in PBS) and pri-
mary antibodies to biotin (Jackson Laboratories) and actin (Cell
Signaling Technologies).

Real-time PCR

Cells were collected 24 h after treatment and lysed with Trizol
(Invitrogen). RNA was isolated by phenol–chloroform extraction
and converted to cDNA using a SuperScript III first-strand syn-
thesis system (Invitrogen). qPCR was performed on a Roche
LightCycler 480 Instrument II using SYBR Green master mix
(Bio-Rad). To measure the transcription level, primers recogniz-
ing the transcripts of genes of interest and GAPDH (which served
as the internal control) were designed, and the RNA level of each
target gene was normalized to that of GAPDH.

GDSC database analysis

We retrieved drug sensitivity data from the Genomics of Drug
Sensitivity in Cancer (GDSC) database and categorized the cell
lines into MSS and MSI groups based on the CCLE_MSI defini-

tion. Subsequently, we calculated the IC50 variations between
the MSS and MSI groups using the Wilcoxon test for the statisti-
cal test and the Benjamini–Hochberg (BH) procedure for adjusting
P-values.

Pathway enrichment of drug sensitivity data sets

We performed drug sensitivity pathway enrichment using a
methodology akin to gene set enrichment analysis. In brief, we
compiled data sets comprising pathways related to drugs. Next,
R package enrichR (https://github.com/wjawaid/enrichR) was
used for enrichment analysis for drugs exhibiting significant dif-
ferences in sensitivity between MSS and MSI cell lines.

RNA-seq analysis of MSS and MSI tumors

Weobtained the gene expressionmatrix fromGSE146889 for a to-
tal of 91 colorectal and endometrial tumors, comprising 19 MSS
and 72 MSI tumors. Next, the average RPKM (reads per kilobase
per million mapped reads) values of each gene in both MSS and
MSI tumors were calculated. The R package ComplexHeatmap
was used to construct a heat map illustrating the expression lev-
els of ATR regulators in both MSS and MSI tumors.

Calculation of MSI score

MSIsensor2 (https://github.com/niu-lab/msisensor2) was used to
access the genomic MSI status. The MSI sensor score for MLH1
KO mice was determined using tumor-paired modules, with
CT26 wild-type mice serving as the control group. Additionally,
we obtained the raw data from a previous study (Mandal et al.
2019), which provided the MSI intermediate score for compara-
tive purposes.

Genome-wide CRISPR screening

Approximately 140 million CT26 or CT26 Mlh1 KO cells were
dissociated into single cells and infected with the lentiviral Brie
genome-wide library at an MOI of 0.3 in a reaction volume of
140 mL. Cells were subsequently seeded into seven 15-cm dishes
and cultured in fresh medium overnight after the infection. On
day 2, 10 µg/mL puromycin was used to select the infected cells.
On day 8, ∼40 million (∼500× coverage) infected cells were col-
lected for genomic DNA extraction and library construction, fol-
lowed by sgRNA library sequencing. Differential sgRNA
representation between the CT26 and CT26 Mlh1 KO cells was
analyzed using MAGeCK 0.5.9.5 (Li et al. 2014). The MAGeCK
count command was used to generate counts for individual small
guide RNAs, while the MAGeCK test command was used for
conducting sample comparisons. A single data set was analyzed.

Mice

C57BL/6J and BALB/cmicewere purchased from the Jackson Lab-
oratory. All mice were maintained in a specific-pathogen-free an-
imal facility, and experiments were conducted in compliance
with Institutional AnimalCare andUseCommittee-approved an-
imal protocols according to Massachusetts General Hospital in-
stitutional guidelines.

CT26 cell line xenografts

To establish a murine colon adenocarcinoma cancer model, 10 ×
105 to 15 ×105 CT26 orCT26Mlh1KOcellswere subcutaneously
implanted into the right flanks of female BALB/c mice. Tumor
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size and body weight were measured three times weekly. Tumor
sizes were measured and calculated by the formula (length) ×
(width)2/2. For ATR inhibitor treatment, when the mean tumor
volume reached ∼70–100 mm3, animals were randomized into
two groups (group A [control] and group B [ATRi]) and dosed
with 50 mg/kg ATRi treatment by oral gavage every 2 d. Mice
were monitored for 15 min after administration to ensure no dif-
ficulty breathing. For ATR inhibitor and anti-PD-1 combination
treatment, when the mean tumor volume reached ∼100–200
mm3, animals were randomized into four groups (group A [con-
trol], group B [ATRi], group C [anti-PD-1], and group D [ATRi+

anti-PD-1]) and dosed. Each group needed more than four mice.
Antimouse PD-1 (3 mg/kg) was administered intraperitoneally
every 3–4 d, and mice received 35 mg/kg ATRi treatment by
oral gavage every 1–3 d. Mice weremonitored for 15 min after ad-
ministration to ensure no difficulty breathing. During the obser-
vation period, animals bearing oversized tumors >2000mm3were
sacrificed by CO2 asphyxiation.

B16 cell line xenografts

To establish amurine cancermodel, 3 × 105 to 10 ×105 B16 or B16
Mlh1 KO cells in 100 µL of PBS were subcutaneously implanted
into the right flanks of female C57BL/6 mice. Tumor size and
body weight were measured three times weekly. Tumor sizes
were measured and calculated by the formula (length) ×
(width)2/2. When the mean tumor volume reached ∼70–100
mm3, animals were randomized into two groups (group A [con-
trol] and group B [ATRi]) and dosed with 50 mg/kg ATRi treat-
ment by oral gavage every 2 d. Mice were monitored for 15 min
after administration to ensure no difficulty breathing. During
the observation period, animals bearing oversized tumors >2000
mm3 were sacrificed by CO2 asphyxiation.

MC38 cell line xenografts

To establish a murine cancer model, 3 × 105 to 10 ×105 MC38
cells in 100 µL of PBS were subcutaneously implanted into the
right flanks of femaleC57BL/6mice. Tumor size and bodyweight
were measured three times weekly. Tumor sizes were measured
and calculated by the formula (length) × (width)2/2. When the
mean tumor volume reached ∼70–100 mm3, animals were ran-
domized into four groups (groupA [control], group B [ATRi], group
C [anti-PD-1], and group D [ATRi+ anti-PD-1]) and dosed. Each
group needed more than four mice. Antimouse PD-1 (3 mg/kg;
clone 29F.1A12, Bio X Cell) was administered intraperitoneally
every 3–4 d, and mice received 35 mg/kg ATRi treatment by
oral gavage every 2 d. Mice were monitored for 15 min after ad-
ministration to ensure no difficulty breathing. During the obser-
vation period, animals bearing oversized tumors >2000mm3were
sacrificed by CO2 asphyxiation.

CD8+ T-cell depletion

To establish a murine cancer model, 3 × 105 to 10 ×105 CT26
MMR-d cells in 100 µL of PBS were subcutaneously implanted
into the right flanks of 6- to 8-wk-old female BALB/cmice. Tumor
size and body weight were measured three to four times weekly.
Tumor sizes were measured and calculated by the formula
(length) × (width)2/2. When the mean tumor volume reached
∼70–100mm3, animalswere randomized into three groups (group
A [control], group B [ATRi], and group C [ATRi+ anti-CD8b]) for
treatment. Each group included at least four mice. For depletion
experiments, C57BL/6J mice were treated with 200 μg of anti-
CD8b (clone 53-5.8, Bio XCell) via intraperitoneal injection every

3–4 d for the duration of the experiment starting 1 d before tumor
implantation. Mice were monitored for 15 min after administra-
tion to ensure no difficulty breathing. During the observation pe-
riod, animals bearing oversized tumors >2000 mm3 were
sacrificed by CO2 asphyxiation.
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