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Introduction
ARID1A is a component of the evolutionarily conserved chroma-
tin-remodeling complex SWI/SNF, which uses the energy from 
ATP hydrolysis to relax condensed chromatin structure (1). Data 
sets from the Cancer Genomic Atlas (TCGA) revealed that ARID1A 
is one of the most frequently mutated genes in a wide spectrum of 

human cancers (2). Mutations of ARID1A were found in almost 50% 
of endometrium-related carcinomas, including uterine endome-
trioid carcinoma, ovarian clear cell carcinoma, and ovarian endo-
metrioid carcinoma (3–5); approximately 30% of gastric cancers 
(6); and approximately 30% of bladder cancers (7). The majority 
of ARID1A mutations are inactivating mutations leading to loss of 
ARID1A expression, which makes ARID1A a poor therapeutic tar-
get. In studies conducted to identify druggable molecular changes 
induced by ARID1A deficiency, our group and others have shown 
that ARID1A deficiency reduces mismatch repair (MMR) capacity 
and is enriched in tumors with microsatellite instability (MSI) (6, 8–
10). In syngeneic animal models, impaired MMR in ARID1A-defi-
cient tumors increases tumor mutation load and tumor-infiltrating 
lymphocytes (TILs), and renders the tumors susceptible to immune 
checkpoint blockade (ICB) (11). However, although tumors with 
MMR deficiency or MSI exhibit remarkable clinical responses to 
ICB, largely due to increased neoantigen presentation (12–14), such 
tumors have also been found to exhibit both primary and second-
ary resistance to ICB (15, 16). Indeed, we previously reported that 
not all ARID1A-deficient tumors exhibited remarkable responses 
to ICB in syngeneic animal models even when relatively molecu-
larly homogeneous ARID1A-depleted tumors were inoculated into 
highly genetically homogeneous mouse cohorts (8). Therefore, 
development of a strategy to increase antitumor immune activity 
in ARID1A-deficient tumors will be critical for achieving extensive 
and durable responses of such tumors to ICB.

ARID1A, a component of the chromatin-remodeling complex SWI/SNF, is one of the most frequently mutated genes in 
human cancer. We sought to develop rational combination therapy to potentiate the efficacy of immune checkpoint blockade 
in ARID1A-deficient tumors. In a proteomic analysis of a data set from The Cancer Genomic Atlas, we found enhanced 
expression of Chk2, a DNA damage checkpoint kinase, in ARID1A-mutated/deficient tumors. Surprisingly, we found that 
ARID1A targets the nonchromatin substrate Chk2 for ubiquitination. Loss of ARID1A increased the Chk2 level through 
modulating autoubiquitination of the E3-ligase RNF8 and thereby reducing RNF8-mediated Chk2 degradation. Inhibition of 
the ATM/Chk2 DNA damage checkpoint axis led to replication stress and accumulation of cytosolic DNA, which subsequently 
activated the DNA sensor STING-mediated innate immune response in ARID1A-deficient tumors. As expected, tumors with 
mutation or low expression of both ARID1A and ATM/Chk2 exhibited increased tumor-infiltrating lymphocytes and were 
associated with longer patient survival. Notably, an ATM inhibitor selectively potentiated the efficacy of immune checkpoint 
blockade in ARID1A-depleted tumors but not in WT tumors. Together, these results suggest that ARID1A’s targeting of 
the nonchromatin substrate Chk2 for ubiquitination makes it possible to selectively modulate cancer cell–intrinsic innate 
immunity to enhance the antitumor activity of immune checkpoint blockade.
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activation of Chk2-mediated signaling in response to DNA dam-
age. Next, to confirm the results from RPPA analysis of TCGA 
tumors, we performed immunohistochemistry (IHC) staining of 
specimens from a cohort of patients with clear cell ovarian can-
cer. Tumor tissues from 8 patients were subdivided into 2 groups 
on the basis of IHC staining intensity: high ARID1A expression 
(case 1, at least 50% of cells ARID1A positive) and low ARID1A 
expression (case 2, less than 50% of cells ARID1A positive). As 
shown in Figure 1E, tumor samples with low expression of ARI-
D1A exhibited significantly increased expression level of total and 
phosphorylated Chk2. These data further confirmed the clinical 
relevance of an enhanced Chk2 signaling pathway in ARID1A- 
deficient tumors. In addition, we observed increased Chk2 expres-
sion in ovarian cancer cell lines with ARID1A mutations that abol-
ished ARID1A expression (Figure 2A). When we restored ARID1A 
expression in one of these cell lines, Chk2 expression was marked-
ly suppressed, demonstrating that ARID1A regulates Chk2 expres-
sion (Figure 2B). Moreover, when we treated ovarian cancer cell 
lines with ionizing radiation to induce DNA damage, we observed 
strongly enhanced activation of Chk2 in ARID1A-deficient cancer 
cells (Figure 2C). Together, these results demonstrated enhanced 
Chk2 expression and activation in ARID1A-deficient cells.

ARID1A regulates RNF8-mediated Chk2 ubiquitination. We next 
sought to determine the mechanisms by which ARID1A regulates 
Chk2. First, we stably knocked down ARID1A in U2OS osteosar-
coma cells, a cell model commonly used in DNA damage response 
and repair studies. Consistent with our observations in ovarian can-
cer cells, the expression level of total Chk2 was significantly higher 
in ARID1A-depleted cells (Supplemental Figure 1A; supplemental 
material available online with this article; https://doi.org/10.1172/
JCI130445DS1). Moreover, the induction of p-Chk2 after exposure 
to ionizing radiation was remarkably higher in ARID1A-deplet-
ed cells than in control cells (Supplemental Figure 1A). We then 
employed quantitative real-time PCR and RNASeq to detect CHK2 
mRNA expression in ARID1A-deficient cells. Depletion of ARI-
D1A had no obvious effect on mRNA levels of CHK2, excluding 
the possibility that CHK2 was regulated at the transcriptional level 
(Supplemental Figure 1, B and C). Next, we tested whether ARI-
D1A affects the ubiquitination of Chk2, which may contribute to 
regulation of Chk2 at the protein level. Loss of ARID1A expression 
reduced the global level of Chk2 ubiquitination (Figure 2D).

To explore how ARID1A regulates Chk2 ubiquitination, we 
first determined whether ARID1A depletion affects expression of 
E3-ligase RNF8, which has been reported to specifically induce 
Chk2 degradation but not Chk1 degradation (24). Neither tran-
sient nor stable knockdown of ARID1A changed RNF8 expression 
(Supplemental Figure 1D). It has been shown that most E3 ligases 
have the ability to catalyze autoubiquitination, and RNF8 was pre-
viously found to autoubiquitinate and degrade itself via its RING 
domain both in vivo and in vitro (24). Surprisingly, we found that 
ARID1A knockdown dramatically increased ubiquitination of 
RNF8 (Figure 2E). Furthermore, loss of the RING domain of RFN8 
abolished its increased ubiquitination in ARID1A-depleted cells 
(Figure 2F), indicating that the increased ubiquitination of RNF8 
in ARID1A-depleted cells was mainly dependent on autoubiquiti-
nation activity of RNF8 mediated by its RING domain. Depletion 
of ARID1A did not affect RNF8 protein level (Supplemental Figure 

Neoantigens presented by cancer cells with ARID1A deficien-
cy or MMR deficiency can activate cytotoxic T cells and thus elicit 
an antitumor adaptive immune response (8, 13). In general, adap-
tive immunity can be primed, stimulated, and refined by innate 
immunity. It has been shown that activation of the innate immune 
response, such as the stimulator of interferon genes (STING) 
DNA-sensing pathway can prime T cells and drive cytotoxic T cell 
activity (17–20). Antigen-presenting cells (APCs) such as dendrit-
ic cells and macrophages detect DNA from pathogens or dying 
tumor cells. The cytosolic DNA taken up by APCs can be recog-
nized by the pattern-recognition receptor cyclic GMP-AMP syn-
thase (cGAS) and activate the STING pathway (19). Activation of 
STING can stimulate these APCs to activate T cells and enhance 
T cell proliferation and trafficking to the tumor microenvironment 
(17, 21). Activation of STING also leads to the production of proin-
flammatory cytokines, including type 1 interferons, and thereby 
enhances antitumor immunity by promoting the function of nat-
ural killer cells and cytotoxic T cells and increasing the survival of 
memory T cells (17, 22, 23). However, it remains largely unknown 
whether cancer cell–intrinsic STING signaling instead of systemic 
STING signaling can be selectively increased to invigorate antitu-
mor immunity in the tumor microenvironment and thus potenti-
ate the therapeutic efficacy of ICB.

In this study, we identified a chromatin-remodeling–indepen-
dent function of ARID1A in regulating ubiquitination of CHK2, 
a key DNA damage checkpoint kinase. Selective inhibition of 
the DNA damage checkpoint signaling axis ATM/Chk2 triggers 
cancer cell–intrinsic innate immunity through the STING DNA- 
sensing pathway and thereby potentiates the therapeutic efficacy 
of ICB in ARID1A-deficient tumors.

Results
Chk2 expression is increased in ARID1A-deficient cancer cells. To 
identify molecules that might be targeted to increase the effica-
cy of ICB in ARID1A-deficient tumors, we systematically investi-
gated molecular alterations coexisting with ARID1A mutations in 
tumors. We analyzed the reverse-phase protein array (RPPA) data 
on endometrioid carcinoma in TCGA databases because of the 
high frequency of ARID1A mutation in this cancer type. As shown 
in Figure 1A, we identified a subset of proteins, involved in diverse 
molecular pathways, whose expression levels differed significant-
ly between ARID1A-WT and ARID1A-mutant tumors. Interesting-
ly, one of these proteins was the DNA damage checkpoint kinase 
Chk2. The expression level of total Chk2 was significantly higher 
in ARID1A-mutant tumors than in ARID1A-WT tumors (Figure 
1B). Chk2 is phosphorylated and activated in response to DNA 
damage stimuli and plays a functional role in mediating and reg-
ulating DNA damage signaling. To test whether increased expres-
sion level of total Chk2 in ARID1A-mutant tumors is associated 
with a functional increase in Chk2 activation, we conducted RPPA 
proteomic analysis of WT and ARID1A-depleted xenograft tumors 
treated with poly (ADP-ribose) polymerase (PARP) inhibitor, a 
targeted therapeutic drug that induces strong DNA damage sig-
naling (Figure 1C). As expected, the level of phosphorylated Chk2 
(Thr68), a marker of Chk2 activation, was remarkably higher in 
ARID1A-depleted tumors than in the WT control (Figure 1D). This 
result confirmed that ARID1A-deficient tumors have increased 
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ed, the total level of Chk2 was significantly increased by MG132 
treatment (Supplemental Figure 2A). We then treated ovarian can-
cer cell lines HOC8 (ARID1A-WT) and OAW42 (lack of ARID1A 
expression due to mutation) with cycloheximide (CHX) to assess 
the half-life of Chk2 protein. As shown in Supplemental Figure 2B, 
the basal level of Chk2 was higher in ARID1A-deficient OAW42 
cells compared with HOC8 cells. In the presence of CHX, ARID1A- 
deficient OAW42 cells exhibited delayed Chk2 degradation com-
pared with HOC8 cells, indicating a prolonged Chk2 half-life. Col-
lectively, these data showed that ARID1A mutation status has a 
clear impact on the degradation of Chk2.

Next, we determined how ARID1A might regulate RNF8- 
mediated Chk2 ubiquitination. We first used 2 full-length con-
structs, Myc-Chk2 and FLAG-RNF8, to test whether the interac-

1D), suggesting that ubiquitination of RNF8 did not target itself 
for degradation. Previous studies demonstrated that linkage of 
polyubiquitin chain through Lys48 (UbK48) is mainly involved in 
targeting proteins for degradation. In contrast, linkage through 
Lys63 (UbK63) plays a role in nonproteolytic signaling, especially 
in DNA damage response (25, 26). Our data further showed that 
only K63 ubiquitination of RNF8, not K48 ubiquitination, was 
increased in ARID1A-deficient cells (Supplemental Figure 1E), 
confirming the observation that ARID1A deficiency did not affect 
RNF8 protein level (Supplemental Figure 1D). To further demon-
strate the increased Chk2 protein degradation in ARID1A-WT 
cells, we treated 2 ovarian cancer cell lines (HOC8 and FUOV1, 
ARID1A-WT cells) with MG132. These 2 cell lines contain profi-
cient ARID1A expression and low Chk2 expression. As expect-

Figure 1. Chk2 signaling is enhanced 
in tumors with mutant ARID1A or low 
expression of ARID1A. (A) Heatmap 
representing expression profiles of the 
31 proteins most differentially expressed 
between ARID1A-WT and ARID1A-mutant 
(ARID1A-Mut) endometrioid carcinomas 
from patients. P < 0.05 (n = 187). (B) Chk2 
protein levels in ARID1A-WT and ARID1A- 
Mut endometrioid carcinomas from 
patients. P < 0.01 (n = 187). (C) Heatmap 
representing RPPA expression profiles 
of the 45 proteins most differentially 
expressed between HCT116-WT (n = 6) 
and HCT116–ARID1A-KO (HCT116-KO) (n 
= 5) xenograft tumors treated with PARP 
inhibitor BMN 673. P < 0.05. (D) p-Chk2 
(Thr68) protein levels in HCT116-WT (n = 6) 
and HC116–ARID1A-Mut (n = 5) xenograft 
tumors treated with BMN 673. P < 0.05. 
(E) Top, representative images of IHC 
staining of ARID1A, Chk2, and p-Chk2 in 
ovarian clear cell carcinoma patient spec-
imens (n = 8). Scale bar: 200 μm. Bottom, 
quantitative results represent the mean 
± SD. *P < 0.05; ***P < 0.001. Two-tailed 
unpaired Student’s t test (A–E).
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ed, consistent with the findings with Chk2 inhibitors, ATM inhib-
itor KU-60019 selectively repressed survival of ARID1A-deplet-
ed cells in both 3D and 2D culture (Figure 3D and Supplemental 
Figure 4C). To further confirm a compensatory requirement for 
ATM/Chk2 in ARID1A-deficient cells due to the perturbation of 
ATR/Chk1 signaling, we examined the level of CDC25A protein, 
a downstream molecule regulated by both ATM/Chk2 and ATR/
Chk1 signaling. As shown in Figure 3E, the basal expression level of 
CDC25A was increased in cells with ARID1A deficiency (OAW42 
and EF027 cell lines). This observation is consistent with previous 
reports that Chk1 regulates CDC25A degradation and the impaired 
ATR/Chk1 signaling in ARID1A-deficient cells results in changes 
in CDC25A levels (30, 32). In the absence of exogenous DNA dam-
age stimuli, ATM inhibitor (KU-60019) significantly increased the 
basal CDC25A protein level in ARID1A-deficient cells, suggesting 
an increased dependency of ATM/Chk2 signaling in regulating 
CDC25A protein levels in ARID1A-deficient cells potentially due to 
the ATR/Chk1 signaling pathway being compromised. Collective-
ly, these data suggested that inhibition of the ATM/Chk2 axis may 
impair the capacity of ARID1A-deficient cells to control endoge-
nous DNA damage and thereby reduce cell survival.

DNA replication is a major generator of endogenous DNA 
damage. Thus, we visualized DNA fibers to monitor DNA replica-
tion perturbation at single-molecule resolution. Both Chk2 inhibi-
tor PV1019 and ATM inhibitor KU-60019 selectively reduced the 
number of ongoing replication forks and new origins in ARID1A- 
depleted cells (Figure 4, A and B). Moreover, in the presence of 
Chk2 or ATM inhibitor the number of stalled replication forks was 
significantly increased in ARID1A-knockdown cells compared with 
the control cells (Figure 4, A and B). These data indicated that inhi-
bition of the ATM/Chk2 axis can selectively enhance DNA replica-
tion stress in ARID1A-deficient cells. Stalled/collapsed replication 
forks resulting from replication stress generate endogenous DNA 
damage, predominantly in the form of replication-associated dou-
ble-strand DNA breaks. Homologous recombination (HR) is an 
essential mechanism used by cells to repair and resolve this type of 
DNA damage. ATM is required for processing double-strand DNA 
break ends and promoting efficient HR repair, while Chk2 mainly 
functions in cell-cycle checkpoint. In line with previous findings, 
we found that ATM inhibitor significantly suppressed HR repair 
capacity, whereas Chk2 inhibitor modestly reduced HR repair 
capacity (Figure 4C and Supplemental Figure 4D). These results 
raised the possibility that inhibition of the ATM/Chk2 axis may 
lead to accumulation of endogenous DNA damage in ARID1A- 
deficient cancer cells due to enhanced replication stress and 
reduced DNA repair capacity. Furthermore, the differential effects 
of ATM inhibitor and Chk2 inhibitor on HR repair suggested that 
the 2 types of inhibitor may lead to different levels of accumulation 
of unresolved endogenous DNA damage in ARID1A-deficient cells.

When we examined accumulation of unrepaired/unresolved 
endogenous DNA damage, we were surprised to find higher cyto-
solic DNA accumulation in ARID1A-knockdown and -KO cells 
than in control cells (Figure 5, A and B, and Supplemental Figure 
5A). Consistent with the differential effects of ATM inhibitor and 
Chk2 inhibitor on HR repair, ATM inhibitor caused a higher level 
of cytosolic DNA accumulation compared with Chk2 inhibitor in 
ARID1A-deficient cancer cells (Figure 5, A and B).

tion between RNF8 and Chk2 was affected by loss of ARID1A. As 
shown in Figure 2G, E3 ligase RNF8 can bind to its substrate Chk2 
directly. Interestingly, the interaction between RNF8 and Chk2 
was compromised in ARID1A-depleted cells. To further confirm 
this finding, we used isogenic HCT116 cell lines with ARID1A-WT 
and ARID1A depletion to test the endogenous interaction between 
RNF8 and Chk2. Likewise, the capacity of RNF8 to bind Chk2 
was partially reduced in ARID1A knockout (KO) cells (Figure 2H). 
Collectively, these data suggested that the increased K63 ubiquiti-
nation of RNF8 in ARID1A-deficient cells may partially block the 
interaction between RNF8 and Chk2, thereby impairing ubiquiti-
nation of Chk2 and preventing Chk2 degradation.

To gain molecular insights into Chk2 ubiquitination, we used a 
bioinformatic approach to predict the possible protein ubiquitina-
tion sites on Chk2 by using Ubpred (27). Three sites (K492, K494, 
and K520) were identified with medium confidence and one site 
(K534) was identified with high confidence. Based on the pre-
diction, we conducted site-directed mutagenesis and generated 
mutant Chk2 construct with these 4 potential sites by replacing K 
(lysine) with R (arginine) (Supplemental Figure 3A). As shown in 
Supplemental Figure 3B, the mutant Chk2 construct exhibited sig-
nificantly impaired polyubiquitination compared with the WT Chk2 
construct. This result indicated the requirement of these 4 lysine 
sites (K492, K494, K520, and K534) for Chk2 polyubiquitination.

Inhibition of the ATM/Chk2 axis augments replication stress and 
triggers cancer cell–intrinsic innate immune response in ARID1A- 
deficient cells. In response to DNA damage, WT cells have 2 coor-
dinated and compensatory pathways, one mediated by the ATM 
and Chk2 kinases and the other by the ATR and Chk1 kinases, to 
properly control DNA damage response and DNA repair, which 
are required for cell survival (refs. 28, 29 and Figure 3A). We pre-
viously reported that in ARID1A-deficient cancer cells, activation 
of ATR in response to DNA damage is impaired, which leads to a 
weak ATR/Chk1 signaling axis (30). Consistent with this obser-
vation, we observed that phosphorylation of Chk1, a downstream 
kinase activated by ATR, was markedly reduced in ARID1A- 
deficient ovarian cancer cells (Supplemental Figure 4A). It has also 
been reported that ARID1A-deficient cancer cells were sensitive 
to further chemical ablation of ATR kinase activity (31). On the 
basis of these observations and our observation of enhanced Chk2 
signaling in ARID1A-deficient tumors (Figure 1, A–E, and Figure 
2, A–C), we reasoned that an enhanced ATM/Chk2 axis may play 
a crucial role in allowing ARID1A-deficient cells to cope with DNA 
damage. Findings supporting this hypothesis would suggest that 
the ATM/Chk2 axis could be a potential target to reduce DNA 
damage tolerance in ARID1A-deficient tumors.

To test our hypothesis, we treated isogenic parental and ARI-
D1A-KO HCT116 cell lines with 2 different Chk2 inhibitors, II 
hydrate and PV1019. In 3D culture, ARID1A-deficient cancer cells 
and ARID1A-WT cells exhibited very similar colony formation 
capacities in the absence of Chk2 inhibitors (Figure 3, B and C). 
Interestingly, ARID1A-deficient cancer cells exhibited increased 
sensitivity to Chk2 inhibition (Figure 3, B and C). In contrast, at 
the same concentrations, neither Chk2 inhibitor had an obvious 
inhibitory effect on parental cells. Similarly, both Chk2 inhibitors 
selectively targeted ARID1A-KO cells by 2D colony formation 
assay (Figure 3, B and C, and Supplemental Figure 4B). As expect-
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Figure 2. ARID1A regulates E3-ligase RNF8-mediated Chk2 ubiquitination. (A) Left, Western blots of ARID1A and Chk2 in ARID1A-WT (HOC8 and FUOV1) 
and -mutant (OAW42 and EF027) ovarian cancer cells. Right, quantitative results represent the mean ± SD from 3 independent experiments. (B) Left, 
Western blots of ARID1A induction by doxycycline (Dox, 2 μg/mL, 3 days) in ARID1A-null OAW42 cells. Right, quantitative results represent the mean ± SD 
from 3 independent experiments. (C) Left, Western blots of p-Chk2 (T68) induction by ionizing radiation (IR) (10 Gy) in ARID1A-WT (HOC8 and FUOV1) and 
-mutant (OAW42 and EF027) ovarian cancer cells. Right, quantitative results represent the mean ± SD from 3 independent experiments. (D) Immunoblot 
(IB) of U2OS cells transfected with indicated plasmid and siRNA, SFB-tagged (S-tag, Flag epitope tag, and streptavidin-binding peptide tag) Chk2 (SFB-
Chk2), si-Nontarget, or siRNA targeting ARID1A along with His-ubiquitin (His-Ub) constructs; Ni–nitrilotriacetic acid (Ni-NTA), nickel bead precipitate. IB, 
FLAG (immunoblotting by anti-FLAG antibody). (E) Immunoblot of U2OS cells transfected with indicated plasmid and siRNA, SFB-RNF8, si-Nontarget, or 
siRNA targeting ARID1A along with His-Ub constructs. IB, FLAG. (F) Immunoblot of U2OS cells transfected with indicated plasmid and siRNA, SFB-RNF8, 
SFB-RNF8 RING domain depletion (ΔRING), si-Nontarget, or siRNA targeting ARID1A along with His-Ub constructs. IB, FLAG. (G) Immunoprecipitation (IP) 
of SFB-RNF8 with Myc-Chk2 in U2OS cells with si-Nontarget or siRNA targeting ARID1A. (H) Left, coimmunoprecipitation (Co-IP) of endogenous RNF8 and 
Chk2 in HCT116-WT and ARID1A-KO (HCT116-KO) cells. Right, quantitative analysis from normalization of Chk2 bound by RNF8 represent the mean ± SD 
from 3 independent experiments. One-way ANOVA with Holm-Šidák’s multiple comparisons test (A and C); 2-tailed unpaired Student’s t test (B and H). 
**P < 0.01; ***P < 0.001; ****P < 0.0001. 
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Previous studies have shown that cytosolic DNA can be recog-
nized by the STING DNA-sensing pathway, which induces phos-
phorylation and nuclear translocation of interferon transcriptional 
regulatory factor TANK-binding kinase 1 (TBK1) and leads to pro-
duction of proinflammatory cytokines, including CCL5 and CXCL10 
(20, 33). As expected, we found that ATM inhibitor triggered TBK1 
phosphorylation more efficiently than Chk2 inhibitor did (Figure 5, 
C and D, and Supplemental Figure 5B). Furthermore, KU-60019 
treatment significantly increased CCL5 expression, but PV1019 only 
modestly increased CCL5 expression (Figure 5, E and F).

To further explore the nature of accu-
mulated cytosolic DNA, first we exam-
ined whether the nature of cytosolic DNA 
induced by ATM inhibitor in ARID1A- 
deficient cells is dsDNA or ssDNA by using 
specific antibodies for immunostaining. As 
shown in Supplemental Figure 5, C and D, 
ATM inhibitor induced the accumulation 
of both dsDNA and ssDNA in ARID1A- 
deficient cells. Second, we tested whether 
the accumulation of cytosolic DNA is depen-
dent on the DNA replication process, as we 
observed that ATM inhibitor caused elevat-
ed replication stress and reduced repair of 
replication-associated DNA damage. To this 
end, we used hydroxyurea (HU) as the tool 
drug, which is known to deplete dNTPs and 
lead extensively stalled or collapsed replica-
tion forks (34). As shown in Supplemental 
Figure 5, E and F, HU treatment promoted 
cytosolic DNA and the production of proin-
flammatory cytokines, including CCL5 and 
CXCL10, similarly to ATM inhibitor. Fur-
thermore, ATM inhibitor synergized HU 

to promote higher levels of CCL5 and CXCL10 compared with 
either single treatment. This result suggested the contribution of 
replication stress underlying the accumulation of cytosolic DNA 
induced by ATM inhibitor. Third, we confirmed that the cytoso-
lic DNA arises from stalled or collapsed replication forks by using 
BrdU-pulsed labeling. BrdU is incorporated into the newly syn-
thesized DNA in S-phase cells. We then costained BrdU and cyto-
solic DNA in ARID1A-knockdown cells following ATM inhibitor 
treatment. As we expected, we observed that BrdU-labeled DNA 
partially overlapped with cytosolic DNA staining (Supplemental 

Figure 3. Inhibition of the ATM/Chk2 axis 
selectively inhibits ARDI1A-deficient cancer cell 
growth. (A) Schematic diagram of DNA damage 
response signaling in ARID1A-WT and ARID1A- 
deficient cells. (B–D) ARID1A-WT and ARID1A-KO 
HCT116 cells treated with the Chk2 inhibitors II 
hydrate (B) and PV1019 (C) and the ATM inhibitor 
KU-60019 (D) at indicated concentrations. Clono-
genic assays were performed. Left, representative 
images of 3D culture. Scale bar: 100 μm. Middle, 
representative images of colony formation. Right, 
quantitative results represent the mean ± SD 
from 3 independent experiments from colony 
formation. **P < 0.01; ***P < 0.001; ****P < 
0.0001 by 2-tailed unpaired Student’s t test. (E) 
Expression of the basal level of CDC25A in ARI-
D1A-WT (HOC8 and FUOV1) and -mutant (OAW42 
and EF027) ovarian cancer cells. Left, cells were 
treated with ATM inhibitor KU-60019 for 48 
hours and the whole-cell lysis was subjected to 
Western blot analysis. Right, quantitative results 
represent the mean ± SD from 3 independent 
experiments. ****P < 0.0001 by 1-way ANOVA 
with Holm-Šidák’s multiple comparisons test.
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Figure 5G). These results indicated that S-phase replication stress 
is a potential resource of cytosolic DNA in ARID1A-deficient cells 
treated with ATM inhibitor.

Collectively, these data demonstrated that inhibition of the 
ATM/Chk2 axis in ARID1A-deficient cells enhances replication 
stress, which leads to accumulation of cytosolic DNA and in turn 
activates the STING DNA-sensing pathway, a component of the 
innate immune response.

Impaired ATM/Chk2 axis increases TILs and predicts better 
prognosis in ARID1A-deficient tumors. To determine the clinical 
relevance of the ATM/Chk2 axis in regulating immune respon-
siveness in ARID1A-mutated tumors, we analyzed TIL signa-
tures in a TCGA data set. As shown in Supplemental Figure 6A, 
ovarian tumors with ARID1A mutations or with ATM mutations 
exhibited enhanced T cell cytotoxic and STING signatures. Inter-
estingly, comutation of ATM with ARID1A significantly promot-
ed TILs in a cohort of 242 uterine corpus endometrial carcinoma 
(UCEC) tumors (Figure 5G, left). Furthermore, analysis from the 
TCGA data set containing 567 UCEC tumors showed that tumors 
with low mRNA expression of both ARID1A and ATM exhibited 
a significantly increased number of TILs (Figure 5G, middle). 
As expected given that Chk2 is a substrate of ATM, tumors with 
low mRNA expression of both ARID1A and CHK2 also exhibit-

ed a significantly increased number of TILs (Figure 5G, right). 
These data from TCGA analysis were in accordance with our 
observation that inhibition of the ATM/Chk2 axis in ARID1A- 
deficient cancer cells induces endogenous DNA damage, stim-
ulates the STING DNA-sensing pathway, and thus promotes 
immune responsiveness. Notably, in cohorts of patients with 
UCEC and esophagus-stomach cancers, a better prognosis was 
observed for patients whose tumors had comutations of ARID1A 
and ATM or comutations of ARID1A and CHK2 than for patients 
whose tumors had only ARID1A mutation (Figure 5H and Supple-
mental Figure 6B). On the basis of these results, we next deter-
mined whether ATM inhibitor may potentiate the therapeutic 
efficacy of ICB in ARID1A-deficient tumors.

ATM inhibition enhances the therapeutic efficacy of ICB in  
ARID1A-deficient tumors. To determine whether ATM inhibitor 
potentiates the therapeutic efficacy of ICB in ARID1A-deficient 
tumors, we used luciferase-tagged ID8 ovarian cancer syngeneic 
mouse models. Beginning 5 days after tumor cell injection, mice 
were treated with anti–PD-L1 antibody every 3 days and ATM 
inhibitor daily (Figure 6A). The treatment was given for 28 days. 
Parental tumors did not respond to either monotherapy or combi-
nation therapy (Figure 6, B and C). In contrast, ARID1A-deficient 
tumors showed increased sensitivity to anti–PD-L1 treatment, 

Figure 4. Inhibition of the ATM/Chk2 axis selectively enhances replication stress in ARID1A-deficient cancer cells. (A and B) Left, representative images 
of DNA fiber assay in control (sh-Luc) and ARID1A-depleted (sh-ARID1A#1 and #2) HOC8 cells treated with PV1019 (A) and KU-60019 (B) at indicated 
concentrations. Middle, quantitative results represent the mean ± SD from 3 independent experiments. **P < 0.01; ***P < 0.001; ****P < 0.0001 by 1-way 
ANOVA with Dunnett’s multiple comparisons test. Right, Western blots indicate effective ARID1A knockdown. (C) Analysis of homologous recombina-
tion (HR) efficiency with the DR-green fluorescent protein (GFP) assay. Left, representative flow cytometry profiles. Right, values are normalized to the 
percentage of GFP-positive cells in I-SceI–transfected cells without treatment and represent the mean ± SD of 3 independent experiments. ****P < 0.0001 
1-way ANOVA with Holm-Šidák’s multiple comparisons test.
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ARID1A mutations or low expression. Notably, treatment with 
the combination of an ATM inhibitor and anti–PD-L1 antibody 
reduced tumor burden and prolonged survival compared with 
either monotherapy in mice bearing ARID1A-deficient ovarian 
tumors but not in mice bearing Arid1a-WT ovarian tumors.

ARID1A is a component of the chromatin-remodeling complex 
SWI/SNF, a large protein complex containing 12 subunits (35). The 
SWI/SNF complex has an evolutionarily conserved role in chro-
matin remodeling from yeast to mouse and human and regulates 
chromatin transaction activities, including gene transcription, 
DNA replication, and DNA damage response/repair (36). KO of 
different SWI/SNF subunits in mouse models produces different 
phenotypes (37). Consistent with these observations, mutations 
in subunits of the SWI/SNF complex have been found to occur in 
approximately 20% of all human cancers (38). Mutations of dif-
ferent subunits are enriched in distinct cancer types and are asso-
ciated with unique pathological changes. For example, in ovarian 
cancers, mutations of ARID1A (BAF250) are found in almost 50% 
of endometrium-related carcinomas, including uterine endome-
trioid carcinoma, ovarian clear cell carcinoma, and ovarian endo-
metrioid carcinoma (3–5). In contrast, mutations of BRG1 (SMAR-
CA4), a catalytic subunit of the SWI/SNF complex, are found in 
almost 100% of small cell carcinomas of the ovary (39, 40). It 
remains largely unknown how the impaired function of individual 
subunits of the SWI/SNF complex leads to such discrete pheno-
types in mouse models and human cancers, even though impaired 
function in any subunit can disrupt the chromatin-remodeling 
activity of SWI/SNF. One explanation is that different subunits 
of SWI/SNF are essential for the chromatin-remodeling func-
tion of the SWI/SNF complex in different cellular and molecular 
contexts. To our surprise, we identified a novel role of ARID1A in 
regulating ubiquitination of Chk2, a checkpoint kinase, which is 
not one of the conventional chromatin substrates of the SWI/SNF 
complex, which include DNA, histones, and nucleosomes. Stud-
ies in yeast have shown that the chromatin-remodeling complex-
es SWI/SNF and INO80 can target nonchromatin substrates to 
stimulate activity of DNA damage checkpoint kinases Mec1 (ATR 
in mammals) and Rad53 (Chk2 in mammals), respectively (41, 
42). In line with these findings, our study suggested that targeting 
nonchromatin substrates such as Chk2 and nonchromatin trans-
actions such as protein ubiquitination may provide a new mech-
anistic basis to explain the diverse molecular and pathological 
changes caused by mutations in subunits of the SWI/SNF complex 
in human cancers. It is worth noting that the increased levels of 
Chk2 in the HCT116-derived ARID1A-KO xenografts (Figure 1C) 
did not seem apparent when the cells were grown in culture (Fig-
ure 2H). This could reflect a dependence of Chk2 on growth rate. 
In our previous study, we observed that HCT116 ARID1A-KO cells 
grew slower than ARID1A-WT cells in culture dish. In contrast, 
in vivo HCT116-derived ARID1A-KO xenografts showed larger 
tumors when compared with HCT116-WT xenografts (30). Chk2 
plays an essential role in regulating cell-cycle G1-S-G2/M phases 
checkpoints (43), which underlies the regulation between Chk2 
and the growth rate. HCT116 ARID1A-KO cells in culture exhibit-
ed a much slower growth rate. It is possible that additional mech-
anisms might be activated in ARID1A-deficient cells to reduce the 
Chk2 level and thus allow cells to progress in cell cycles.

as we previously reported (Figure 6, B and C, and ref. 8). As we 
expected, ATM inhibitor in combination with anti–PD-L1 treat-
ment remarkably reduced tumor burden. More importantly, ATM 
inhibitor in combination with anti–PD-L1 treatment significantly 
prolonged the survival of mice bearing ARID1A-deficient tumors 
but not mice bearing control tumors (Figure 6, B–D). Furthermore, 
IHC analysis revealed that the combination therapy significant-
ly increased the number of cells positive for CD8, a key cytotoxic 
T lymphocyte marker, and PD-L1, a key molecule in the immune 
checkpoint pathway, in ARID1A-depleted tumors compared with 
either monotherapy (Figure 6E). Collectively, these data indicated 
that the ATM/Chk2 DNA damage checkpoint axis could be a prom-
ising target to activate immune responsiveness and thus potentiate 
the efficacy of ICB in patients with ARID1A-deficient tumors.

Discussion
Our findings from this study support the model outlined in Sup-
plemental Figure 7. We found that loss of ARID1A leads to an 
increased level of Chk2 and activation due to disrupted RNF8- 
mediated Chk2 ubiquitination and degradation. Furthermore, 
inhibition of the ATM/Chk2 axis in the DNA damage response 
pathway selectively promotes the accumulation of cytosolic DNA 
due to elevated replication stress and reduced repair of repli-
cation-associated DNA damage in ARID1A-deficient tumors, 
potentially due to impaired ATR/Chk1 axis. As a consequence, the 
STING DNA-sensing pathway is activated and stimulates type I 
interferon signaling. Consistent with these observations, tumors 
from cancer patients with ARID1A and ATM mutations or low 
expression exhibited an increased number of TILs and were asso-
ciated with a better prognosis compared with tumors with only 

Figure 5. Inhibition of the ATM/Chk2 axis stimulates cytosolic DNA 
accumulation and promotes immune responsiveness in ARID1A-deficient 
tumors. (A and B) Left, representative images of PicoGreen staining in 
control (sh-Luc) and Arid1a-depleted (sh-Arid1a#1 and #2) ID8 cells treated 
with DMSO, PV1019 (2 μM) (A), or KU-60019 (2 μM) (B) for 48 hours. DAPI 
(blue) was used to visualize the nuclei. Scale bar: 10 μm. Right, quantita-
tive results represent the mean ± SD of 3 independent experiments. ***P 
< 0.001; ****P < 0.0001. (C and D) Left, Western blots of phosphorylated 
TBK1 (p-TBK1) and total TBK1 (TBK1) in ID8 cells treated with PV1019 (C) or 
KU-60019 (D) for 48 hours. Right, quantitative data represent the mean ± 
SD from 3 independent experiments. *P < 0.05; **P < 0.01, ***P < 0.001. 
(E) qPCR analysis of Ccl5 mRNA expression in ARID1A knockdown ID8 cells 
under DMSO, KU-60019, or PV1019 treatment. Data represent mean ± SD 
of 3 independent experiments. ****P < 0.0001. (F) ELISA quantification 
of mouse CCL5 level in ARID1A knockdown ID8 cells treated with DMSO or 
KU-60019. Data represent mean ± SD of 3 independent experiments. ****P 
< 0.0001. (G) Association of TILs with mutation and expression of ARID1A, 
ATM, and CHK2 in UCEC patient samples as analyzed by TIL signatures. The 
box plot represents median and quantiles of the data. UCEC mutation data 
set: n = 242, ARID1A/ATM WT/WT vs. Mut/Mut, P = 0.0271; UCEC expres-
sion data set: n = 567, ARID1A/ATM high/high vs. low/low, P = 0.000642; 
ARID1A/CHK2 high/high vs. low/low, P = 0.023. (H) Survival analysis for 
UCEC patients with ARID1A, ATM, and CHK2 mutation (Mut). Left, comu-
tation of ARID1A and ATM. Right, comutation of ARID1A and CHK2. UCEC 
(n = 239): ARID1A/ATM Mut (n = 19) vs. ARID1A Mut (n = 63), P < 0.0001; 
ARID1A/CHK2 Mut (n = 9) vs. ARID1A Mut (n = 74), P = 0.5441. One-way 
ANOVA with Dunnett’s multiple comparisons test (A–D); 1-way ANOVA 
with Holm-Šidák’s multiple comparisons test (E and F); 2-tailed unpaired 
Student’s t test (G and H).
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There are several possible mechanisms underlying how ARI-
D1A mediates RNF8 autoubiquitination. First, the ubiquitin ligase 
RNF8 recruits ubiquitin-conjugating enzymes such as the het-
erodimeric E2 enzyme UBC13-UEV, which promotes K63-linked 
polyubiquitination (44, 45). It is possible that ARID1A interacts 
with the RNF8-UBC13-UEV ubiquitination complex and inhibits 
RNF8 autoubiquitination by shielding RNF8 from the UBC13-
UEV heterodimeric E2 enzyme. Loss of ARID1A thus increases 
RNF8 autoubiquitination. Second, loss of ARID1A may cause pro-
tein conformational changes of the RNF8-UBC13-UEV ubiquiti-
nation complex. These conformational changes may localize the 
protein domains of RNF8 to the proximity of the E2 enzyme and 
promote RNF8 autoubiquitination. Third, autoubiquitination may 

A previous study showed that E3-ligase RNF8 can induce 
K48-linked ubiquitination chains on chromatin, which promote 
substrate degradation and regulate the abundance of DNA dam-
age response and DNA repair proteins at DNA damage sites (24). 
However, it remains unclear how RNF8-mediated ubiquitination 
and protein degradation is regulated. Our study showed that ARI-
D1A may regulate the function of RNF8 through RNF8 autoubiq-
uitination and thus alter RNF8’s substrate targeting capacity. Our 
data suggest that chromatin-remodeling proteins residing on chro-
matin, such as the ARID1A-SWI/SNF complex, may, in addition to 
their well-established role in regulating DNA-histone contact, have 
additional functions that impact protein-protein interactions, such 
as the interaction between E3-ligase RNF8 and its substrate Chk2.

Figure 6. ATM inhibition enhances the therapeutic efficacy of ICB in ARID1A-deficient tumors. (A) Schematic of isotype control IgG, KU-60019, and 
anti–PD-L1 antibody treatment. Treatments were started on day 5 after inoculation and stopped on day 32. (B) Representative images for bioluminescence 
of mice with i.p. ID8 tumors on day 7 and day 26. Left, parental ID8 tumors. Right, ARID1A-depleted (sgRNA) ID8 i.p. tumors. (C) Endpoint of biolumi-
nescence in mice bearing parental and ARID1A-depleted (sgRNA) ID8 i.p. tumors. Parental: IgG vs. anti–PD-L1, not significant; IgG vs. combination, not 
significant. sgRNA: IgG vs. anti–PD-L1, P = 0.097; IgG vs. combination, P = 0.014. Data represent mean ± SD (n = 3–5). (D) Survival curves of mice with ID8 
i.p. tumors. Top, parental ID8 tumors. Bottom, ARID1A-depleted (sgRNA) ID8 tumors. Parental: anti–PD-L1 vs. combination, not significant; sgRNA: anti–
PD-L1 vs. combination, P = 0.0069. (E) Top, CD8 and PD-L1 fluorescence-based IHC staining in parental and ARID1A-depleted ID8 i.p. tumors (n = 3 or 4). 
Bottom, quantitative analysis represent mean  ±  SD with indicated P value. +, positive. Scale bar: 50 μm. Two-tailed unpaired Student’s t test (C and E); 
log-rank (Mantel-Cox) test (D).
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text–dependent targeting of DNA damage responses as a means 
to selectively promote innate immune response. Thus, results 
from our study elucidate a mechanistic basis for developing ratio-
nal combination therapy to promote the efficacy of ICB beyond 
increased mutation burden and antigenicity in ARID1A-deficient 
tumors, or more broadly in MMR-deficient tumors, by modulating 
complementary innate immune responses.

The ATM/Chk2 kinase signaling axis is the central regulator 
of the DNA damage response, particularly in response to dou-
ble-strand DNA breaks (60). Thus, ATM and Chk2 are logical 
therapeutic targets for developing inhibitors to block DNA dam-
age response when given as monotherapies or in combination with 
genotoxic agents (61). However, owing to low therapeutic efficacy 
or toxic effects, no inhibitors of ATM or Chk2 have progressed in 
the clinic (61). It has been proposed that the genetic context of the 
tumor is important for the efficacy of DNA damage response inhib-
itors. Cancer cells with p53 deficiency showed increased sensitivity 
to the inhibition of CHK2 (62). One patient whose small cell lung 
cancer exhibited RAD50 mutation and ATM deficiency achieved 
a complete response to the combination of an inhibitor targeting 
both Chk1 and Chk2 and irinotecan (63). These data suggest that 
inhibition of the ATM/Chk2 axis, or more broadly inhibitors of 
DNA damage response, may require synergistic association with 
defects in DNA damage checkpoint and repair pathways to achieve 
optimal immune-modulating effects. Indeed, our study demon-
strated that ARID1A-deficient cancer cells were more sensitive 
than ARID1A-WT cancer cells were to ATM or Chk2 inhibitors in 
the in vitro experiments and exhibited a stronger innate immune 
response, possibly because of their increased dependence on the 
ATM/Chk2 axis resulting from weakened ATR/Chk1 signaling. 
Notably, in our in vivo syngeneic mouse models, ATM inhibitor did 
not significantly cause cytotoxic effects to inhibit tumor growth. It 
is possible that the dosage we used for our in vitro experiment was 
not achieved in vivo at the concentration of ATM inhibitor we gave 
to mice. Interestingly, the addition of ATM inhibitor at the current 
dosage to anti–PD-L1 treatment enhanced therapeutic respons-
es to anti–PD-L1. These data raise an important consideration 
regarding the clinical applications of ATM/Chk2 inhibitors or DNA 
damage response inhibitors: the dosages needed for these drugs to 
modulate immune responses in tumors may be less than the doses 
needed to inhibit or kill tumor cells. Our data suggest that the com-
bination of ICB with these inhibitors at their suboptimal dosages, 
which do not cause significant cytotoxic effects, may be sufficient 
to elicit cancer cell–intrinsic innate immunity and thus enhance 
the antitumor efficacy of ICB. In summary, our study may reveal 
a new strategy for using inhibitors of the ATM/Chk2 axis or more 
broadly DNA damage response as immune-modulating agents in 
tumors with a defined genetic background, such as ARID1A-defi-
cient tumors, to overcome the current clinical challenges of ICB, 
including toxic effects and low efficacy.

Methods
Cell culture. U2OS cell was purchased from the American Type Cul-
ture Collection (ATCC). Colon cancer HCT116 WT and ARID1A-KO 
(Q456*/Q456*) cell lines were purchased from Horizon Discovery 
Ltd. and maintained according to the manufacturer’s instructions. 
Ovarian cancer HOC8, FUOV1, OAW42, and EF027 cells were provid-

occur intramolecularly or intermolecularly. It is possible that loss 
of ARID1A may facilitate accessibility of intramolecular and/or 
intermolecular RNF8 protein domains to the RNF8-UBC13-UEV 
ubiquitination complex. Finally, a study in the budding yeasts 
showed that the chromatin-remodeling complex SWI/SNF, of 
which ARID1A is a component, regulates activation of the DNA 
damage checkpoint kinase Mec1 (ATR in mammals) through 
direct interaction between Snf2 ATPase, the catalytic core com-
ponent of SWI/SNF, and Mec1 (42). The ATP-dependent SWI/SN 
complex had previously been proposed to use nucleosomes as sub-
strates to alter DNA-protein interactions. This study suggested a 
new role of the chromatin-remodeling complex in regulating pro-
tein-protein interactions in the absence of chromatin substrates 
(DNA-protein). It also remains to be determined whether the sub-
unit requirement of SWI/SNF-mediated ubiquitination regulation 
differs from that of SWI/SNF-mediated chromatin remodeling 
or whether the chromatin-remodeling activity is required for the 
ubiquitination regulation by the SWI/SNF complex.

Our study revealed that inhibition of the ATM/Chk2 axis 
stimulates cancer cell–intrinsic innate immune response mediat-
ed by the SING pathway in ARID1A-deficient tumors. This finding 
serves as a mechanistic basis for combining ATM inhibitor with 
anti–PD-L1 to enhance therapeutic responses in ARID1A-defi-
cient tumors. Recent studies have shown that the therapeutic 
efficacy of IBC requires cytotoxic T cell activation and infiltration 
into tumors (46). Preclinical studies have shown that activation of 
the STING pathway increases TILs and thereby leads to increased 
T cell priming, activation, and survival of memory T cells and 
an inflamed tumor microenvironment (18, 47, 48). As expected, 
STING agonists have recently been shown to elicit strong antitu-
mor activity (49). Furthermore, STING activation and ICB have 
also exhibited synergistic promotion of antitumor immunity in 
mouse models (50–52). However, these studies using STING ago-
nists aim to amplify the signaling of the STING pathway by boost-
ing its general activation. This approach to STING activation lacks 
selectivity against tumor cells. Uncontrolled or excessive activa-
tion of the STING pathway can induce autoimmune responses in 
normal cells and result in tissue damage and autoimmune disease 
(33). To gain targeting specificity, STING agonists are commonly 
administrated to tumors by localized intratumor injections, which 
may not be easily applied in the clinic (53, 54). In addition to being 
activated by administration of STING agonists, STING can be 
activated by endogenous DNA damage generated from radiation 
therapy and mitotic progression (17–20, 55–59).

In our study, instead of directly inducing DNA damage, we 
selectively activated a cancer cell–intrinsic STING response in 
tumors by targeting their molecular vulnerabilities conferred by 
altered DNA damage checkpoint signaling. ARID1A-deficient 
cancer cells exhibit an enhanced ATM/Chk2 axis in DNA dam-
age response, which may provide an adaptive mechanism to com-
pensate for the impaired signaling from the ATR/Chk1 axis. As 
expected, in this specific molecular context, we found that inhibi-
tion of ATM/Chk2 selectively led to the accumulation of cytosolic 
DNA and increased immune responsiveness, and subsequently 
enhanced the therapeutic efficacy of ICB in ARID1A-deficient 
tumors. In contrast, fewer effects were observed in control tumors. 
Our study provides a proof-of-principle example of genetic con-
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and UGAAGAACUCGAACGGGAA. The shRNA sequences were 
as follows: ARID1A: V3LHS 410041(#1), TAAATAGCTGTGTCTC-
GCT; V2LHS_71866 (#2), TCTTGAGATAGCTCCTGCG; mouse 
Arid1a: TRCN0000238304 (#1), CTAGGCAGCCTAACTATAAT; 
TRCN0000238306 (#2), TTTATAGTATGGCGAGTTAA. For CRIS-
PR/Cas9 gene knockout, the mouse Arid1a sgRNAs were purchased 
from GeneCopoeia (MCP225840-SG01-3). Specificity and efficacy of 
ARID1A knockdown or -KO were evaluated by Western blotting.

Colony-forming assay and 3D culture. For colony-forming assay, 
cells were seeded in a 6-well plate at a low density (500 cells/well), and 
the drug was added the next day. The cells were cultured for 2 weeks to 
allow colony formation. Colonies were fixed with 4% buffered parafor-
maldehyde and stained with 0.01% Crystal violet. Colonies containing 
50 or more cells were scored as positive for statistical analysis.

For 3D culture, briefly, 50 μL Matrigel was coated to each well of 
a pre-cooled 8-chamber slide (BD Falcon), which was placed immedi-
ately in a 37°C incubator and left there for 30 minutes to allow recon-
stituted basement membrane to solidify. Then 4000 cells were seed-
ed in 400 μL medium in each well of the 8-chamber slide. After 2 days, 
drug was added at the indicated concentration and 3 days later cells 
were subjected to microscopy.

Tet-ON expression of ARID1A. ARID1A-deficient OAW42 ovarian 
cancer cells were infected by the lentivirus vectors pLenti-3-TR and 
pLenti6-ARID1A in sequence, and after selection by puromycin (1 μg/
mL), cells were treated with doxycycline (1 μg/mL) for 48 hours to 
induce the expression of ARID1A.

Immunohistochemistry. Patient tissue specimens were obtained 
from Tongji Hospital, The University of Huazhong Science & Technol-
ogy. IHC was completed by using Vectastain Elite ABC-peroxidase kits 
according to the manufacturer’s instructions. Briefly, paraffin-embed-
ded tissue slides were baked at 60°C for 1 hour, deparaffinized, rehy-
drated with serial passage through changes of xylene and graded alco-
hol, and washed in water. Antigen retrieval was performed by citrate 
buffer. Endogenous peroxidase in tissues was blocked by incubation 
of slides in 3% hydrogen peroxide solution before incubation with pri-
mary antibody. Stained slides were counterstained with hematoxylin 
and coverslipped for review. The multiplexed immunofluorescence 
analysis was performed according to the manufacturer’s instructions 
(PerkinElmer). Stained slides were counterstained with DAPI and cov-
erslipped for review by Vectra Polaris Automated Quantitative Pathol-
ogy Imaging System (at the Flow Cytometry and Cellular Imaging 
Core Facility, MD Anderson Cancer Center). Positivity was defined as 
at least 5% of cells staining, or the percentage of positive cells per slide 
was calculated. The following antibodies were used for IHC: human 
anti-ARID1A (1:100), human anti-Chk2 (1:100), human anti–p-Chk2 
(1:100), anti-CD8 (1:200), and anti–PD-L1 (1:100).

Immunoblotting and immunoprecipitation. Cell pellets were 
washed in PBS and total proteins were extracted using 8 mol/L urea 
lysis buffer containing protease and phosphatase inhibitors (Gen-
DEPOT) for 30 minutes at 4°C. Lysates were cleared by centrifugation, 
and then proteins were separated by SDS-PAGE. PVDF membranes 
(Bio-Rad) were blocked using 5% (wt/vol) nonfat dried milk in PBST 
(PBS containing 0.1% Tween-20) for 1 hour at room temperature 
(20°C–25°C) and then incubated with primary antibodies at 4°C over-
night. Subsequently, membranes were washed with PBST 3 times and 
incubated with horseradish peroxidase secondary antibody (1:2000; 
Santa Cruz). After extensive washing with PBST, bound antibody was 

ed by Gordon Mills’s laboratory (MD Anderson Cancer Center, Hous-
ton, Texas, USA). U2OS and HCT116 cells were cultured in McCoy’s 
5A medium (Cellgro). Ovarian cancer cells were cultured in RPMI 
1640 medium (Cellgro). All media were supplemented with 10% FBS 
with glutamine, penicillin, and streptomycin. ID8 mouse ovarian sur-
face epithelial cells were provided by Vahid Afshar-Kharghan’s labora-
tory (MD Anderson Cancer Center, Houston, Texas, USA) and main-
tained in DMEM (high glucose, Cellgro) supplemented with 4% FBS, 
100 U/mL penicillin, 100 μg/mL streptomycin, 5 μg/mL insulin, 5 μg/
mL transferrin, and 5 ng/mL sodium selenite. Cells were incubated in 
a 37°C humidified incubator with 5% CO2.

Antibodies, reagents, and plasmids. Anti-Myc (catalog sc-40), -RNF8 
(catalog sc-271462) (for IP), and -CD8 (catalog sc-7970) antibodies 
were purchased from Santa Cruz. Anti-FLAG (catalog F1804) and 
–β-Actin (catalog A1978) antibodies were purchased from Millipore-
Sigma. Anti-human ARID1A (catalog A301-040A) antibodies were 
purchased from Bethyl Laboratories. Anti-Chk1 (catalog 2360), -Chk2 
(catalog 2662), –p-Chk2 (Thr68) (catalog 2661), –p-Chk1 (s345) (cata-
log 2348), -CDC25A (catalog 3652), -mouse ARID1A (catalog 12354), 
–PD-L1 (mouse specific; IHC specific catalog 64988), –phospho-TBK1/
NAK (Ser172) (catalog 5483), and -TBK1/NAK (catalog 3013) antibod-
ies were purchased from Cell Signaling Technology. Anti-BrdU (cata-
log ab6326) antibody was purchased from Abcam. Anti-BrdU (catalog 
347580) antibody was purchased from BD Biosciences. Anti-DNA anti-
body single stranded specific (catalog MAB3299) and anti-DNA anti-
body double stranded (catalog MAB1293) were purchased from Milli-
poreSigma. Isotype control IgG and anti–PD-L1 (catalog BE0101, clone 
10F.9G2) antibodies were purchased from Bio X Cell. RNF8 antibody 
used in Western blotting was a gift from MSY Huen (The University of 
Hong Kong, Hong Kong, China).

Doxycycline was purchased from MilliporeSigma. D-luciferin 
potassium (catalog 217531G) and Pico-Green dsDNA reagent and 
kits (catalog P7581) were purchased from Thermo Fisher Scientific. 
The ATM inhibitor KU-60019 (catalog S1570) was purchased from 
Selleck Chemicals. Chk2 inhibitors II hydrate (catalog C3742) and 
PV1019 (catalog 220488) were purchased from MilliporeSigma. Vec-
tastain Elite ABC-Peroxidase kits (catalog PK-6200) were purchased 
from Vector Laboratories. An Opal 4-color manual IHC kit (catalog 
NEL810001KT) was purchased from PerkinElmer Health Sciences. 
A mouse/rat CCL5/RANTES Quantikine ELISA kit (catalog MMR00) 
was purchased from R&D Systems.

Plasmids encoding histidine-tagged (his-tagged) WT ubiquitin 
and the ubiquitin mutants containing only Lys48 and Lys63 were 
gifts from Hui-Kuan Lin (Wake Forest School of Medicine, Winston- 
Salem, North Carolina, USA). SFB-tagged (S-tag, Flag epitope tag, and 
streptavidin-binding peptide tag) Chk2, Myc-Chk2, WT RNF8, and 
RNF8 RING domain depletion plasmid were gifts from Junjie Chen 
(MD Anderson Cancer Center, Houston, Texas, USA). SFB-tagged 
Chk2 mutation construct (K492, K494, K520, and K534) was generat-
ed and purchased from Epoch Life Science. pLenti-3-TR and pLenti6- 
ARID1A were described previously (8).

RNA interference and CRISPR/Cas9 gene editing. ARID1A knock-
down was achieved by RNA interference using a lentiviral vector–
based MISSION shRNA or siRNA (MilliporeSigma). Transfection of 
siRNA duplex was performed by using oligofectamine (Life Tech-
nology) according to the manufacturer’s instructions. The siRNA 
sequences were as follows: ARID1A CCAACAACAUGGCGGACAA 
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medium with a final concentration of 3 μL/mL, and cells were cultured 
in a 37°C incubator for 1 hour. The cells were then washed and fixed for 
confocal microscopy with an FV1000 Olympus Laser Confocal Micro-
scope at the Flow Cytometry and Cellular Imaging Core Facility at MD 
Anderson Cancer Center with DAPI counterstaining. For BrdU incor-
poration, cells were labeled with 10 μM BrdU for 30 minutes, fixed by 
4% paraformaldehyde for 30 minutes at room temperature. Cells were 
then treated with 2M HCl for 20 minutes and neutralized with 0.1 M 
sodium borate buffer pH 8.5 for 2 minutes. Cells were stained with 
anti-BrdU antibody, followed by secondary antibody Alexa Fluor 594 
from Thermo Fisher Scientific.

Cytosolic ssDNA and dsDNA staining. ssDNA and dsDNA stain-
ings were performed as previously described (69). Briefly, cells were 
fixed according to manufacturer’s instructions for dsDNA antibody 
and treated with 2 mg/mL RNase A for 30 minutes at 37°C. Cells 
were stained with ssDNA or dsDNA antibody, followed by secondary 
antibody Alexa Fluor 594 from Thermo Fisher Scientific. The cells 
were then washed and fixed for confocal microscopy with an FV1000 
Olympus Laser Confocal Microscope at the Flow Cytometry and 
Cellular Imaging Core Facility at MD Anderson Cancer Center with 
DAPI counterstaining.

ELISA. Following a 2-day KU-60019 treatment, the cell culture 
supernatants were collected and processed using a mouse/rat CCL5/
RANTES Quantikine ELISA Kit (R&D Systems) according to the man-
ufacturer’s instructions.

RPPA and statistical analysis. RPPA assays were performed at 
the Functional Proteomics RPPA Core Facility at MD Anderson 
Cancer Center as previously described (70–72). BMN 673–treated 
xenografts have been previously described (30). Briefly, the protein 
lysates of xenograft or patient tumor tissues were serially diluted and 
spotted onto FAST slides (Schleicher & Schuell BioSciences) using 
a robotic GeneTAC arrayer (Genomic Solutions). After printing, the 
slides were probed with primary antibodies and then biotin-conju-
gated secondary antibodies, and the signals were captured using 
a DakoCytomation-catalyzed system and DAB colorimetric reac-
tion (DakoCytomation). The processed slides were scanned with a 
flatbed scanner, and spot intensities were analyzed and quantified 
using Micro Vigene software (VigeneTech). Slide quality control was 
performed as described (73), and SuperCurve software (available at 
https://bioinformatics.mdanderson.org/public-software/supercurve/) 
was used to process the spot intensities to calculate protein expres-
sion levels (74). The protein expression measurements were correct-
ed and normalized for loading using a median centering approach as 
previously described (71, 72, 75, 76).

Two-tailed Student’s t test was used to compare protein expres-
sion between the ARID1A-mutant and ARID1A-WT groups, and the 
differentially expressed proteins were selected using a false discov-
ery rate adjusted P value of less than 0.05 as the cutoff. The expres-
sion patterns of the significant proteins were visualized by 2-way 
unsupervised hierarchical clustering heatmaps for which Pearson’s 
correlation coefficient was used as distance matrix and Ward was 
used as linkage rule.

TIL scoring analysis. As we previously described (8), we analyzed 
gene expression and mutation of UCEC tumors and gene expression 
of ovarian cancer (OV) tumors from TCGA. RNA-Seq data were down-
loaded from the TCGA Data Portal and were log-transformed. TIL 
scores were determined by an 8-gene signature from the study that 

detected by enhanced chemiluminescence according to the manufac-
turer’s instructions (Bio-Rad).

For immunoprecipitation, whole-cell extracts (1–2 mg) were pre-
pared with RIPA buffer (50 mM Tris-HCl, pH 7.4, 1% Nonidet P40, 
150 mM NaCl, 1 mM EDTA, 10% sodium deoxycholate, freshly added 
with 1 mM phenylmethylsulfonyl fluoride, 1 mM Na3VO4, and 1 mM 
NaF) on ice and were incubated with corresponding antibody (1:100) 
at 4°C overnight, followed by addition of 30 μL protein G magnetic 
beads (Cell Signaling Technology). The precipitates were washed 4 
times with ice-cold lysis buffer, resuspended in 5 times SDS loading 
buffer, boiled at 95°C for 5 minutes, resolved by SDS-PAGE, and then 
immunoblotted. Blotting was quantitated by ImageJ software, and sta-
tistics were calculated using Prism software.

Protein stability assay. Ovarian cancer cells were treated with 25 
μg/mL CHX for 0, 3, 6, 12, and 24 hours. Ovarian cancer cells were 
treated with 1 μM proteasome inhibitor MG132 for 6 hours before the 
cells were harvested for Western blots.

In vivo ubiquitination assay. In vivo ubiquitination assays were per-
formed as described elsewhere (64). U2OS or 293T cells were trans-
fected with the indicated plasmids. At 60 hours after transfection, cells 
were trypsinized and lysed in denaturing buffer (6 M guanidine-HCl, 
0.1 M Na2HPO4/NaH2PO4, pH 8.0, 10 mM imidazole). This step was 
followed by affinity purification with nickel-nitrilotriacetic acid resins 
(MilliporeSigma) and immunoblotting analysis.

Quantitative real-time PCR. Total RNAs (1–2 μg), which were puri-
fied by using PureLink RNA mini kit (Life Technologies), were used in 
a reverse transcriptase reaction with the high-capacity RNA-to-cDNA 
kit (Thermo Fisher Scientific). Power SYBR Green PCR Master Mix 
(Thermo Fisher Scientific) was used for the thermocycling reaction in 
an ABI-VIIA7 real-time PCR system (Thermo Fisher Scientific).

The PCR analysis was carried out in triplicate with the follow-
ing primer sets: mouse Ccl5 (forward: 5′-ATATGGCTCGGACAC-
CACTC-3′; reverse: 5′-TCCTTCGAGTGACAAACACG-3′); mouse 
β-Actin (forward: 5′-TGTCCACCTTCCAGCAGATGT-3′; reverse: 
5′-AGCTCAGTAACAGTCCGCCTAG-3′); human CHK2 (forward: 
5′-GCAGACCCAGCTCTCAATGT-3′; reverse: 5′-CCCTTCCAT-
CAATTCCAAAA-3′); and human β-Actin (forward: 5′-GAGCACAGAG-
CCTCGCCTTT-3′; reverse: 5′-TCATCATCCATGGTGAGCTG-3′).

DNA fiber assay. DNA fiber assays were performed as described 
previously (65). In brief, HOC8 cells were labeled with CldU (100 μM) 
for 40 minutes, followed by exposure to KU-60019 (2 μM) or PV1019 
(2 μM) for 2 hours, and chased with IdU (250 μM) for 40 minutes. 
Labeled DNA fibers were then diluted by unlabeled ones and were 
essentially spread as described (66) before standard detection of CldU 
and IdU tracts (primary antibodies: anti-IdU, anti-BrdU from BD Bio-
sciences, catalog 347580; anti-CldU, anti-BrdU from Abcam ab6326; 
secondary antibodies: Alexa Fluor 488 and Alexa Fluor 594 from Ther-
mo Fisher Scientific). Fibers were imaged with an FV1000 Olympus 
Laser Confocal Microscope at the Flow Cytometry and Cellular Imag-
ing Core Facility at MD Anderson Cancer Center and analyzed using 
ImageJ software. Statistics were calculated using Prism software.

HR repair assays. The HR repair assays were performed as previ-
ously described (67).

PicoGreen staining and BrdU incorporation. PicoGreen staining was 
performed as we previously described (68). Briefly, PicoGreen stain-
ing was performed using Quant-iT Pico-Green dsDNA reagent and 
kits (Thermo Fisher Scientific). PicoGreen was diluted into cell culture 
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profiled the mRNA expression landscape of immune cells (77). The 
TIL scores were analyzed in OV and UCEC patients stratified by (a) 
mutations and mRNA levels of ARID1A and ATM and (b) mRNA levels 
of ARID1A and CHK2. Differential expression of TIL scores in subsets 
of patients were examined by using Student’s t test.

Survival analysis. Patients survival data were obtained from 
CBioPortal for Cancer Genomics (78, 79). Two data cohorts, one 
of patients with UCEC (TCGA Firehose Legacy, previously known 
as TCGA Provisional) and one of patients with esophagus-stomach 
cancer (TCGA, ref. 80), were selected. Gene expression profiles were 
categorized by 4 mutation statuses: ARID1A mutation, ATM/ARID1A 
double mutation, CHK2/ARID1A double mutation, and WT. A total 
of 239 patients with UCEC and 518 patients with esophagus-stomach 
cancer were divided into subgroups as described above. Overall sur-
vival of various treatment groups was analyzed using the Cox regres-
sion model unless otherwise noted.

In vivo mouse models. Animals were randomly assigned to different 
groups. For the i.p. model, ID8 cells (5 × 106) were injected into the 
peritoneal cavity of C57BL/6 mice (female, 6–8 weeks old, CRL/NCI). 
Tumor progression was monitored once a week by using a Xenogen 
IVIS Spectrum in vivo bioluminescence imaging system (Small Ani-
mal Imaging Facility, MD Anderson Cancer Center). Tumor volume 
was determined on the basis of the total flux (photons per second). 
Tumor-bearing mice were treated with isotype control IgG (i.p. injec-
tion) or anti–PD-L1 antibody (i.p. injection, 200 μg/mouse, Bio X Cell) 
every 3 days, KU-60019 (100 mg/kg, oral delivery) daily, or combina-
tion treatment. Mice reaching a humane endpoint or weighing more 
than 32 g as a result of tumor burden and/or ascites were euthanized. 
There were 3–5 mice in each treatment group.

Statistics. All statistical analyses were done using GraphPad Prism 
8 software. Overall survival of various treatment groups was analyzed 
using the Cox regression model. For other analyses, unpaired t tests 
were used to generate 2-tailed P values. Otherwise, 1-way ANOVA was 
used to generate P values.

Study approval. All animal studies were conducted in compliance 
with protocols approved by the MD Anderson Cancer Center Institu-
tional Animal Care and Use Committee (Houston, Texas, USA).
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