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Abstract

Purpose: Somatic inactivating mutations in ARID1A,

a component of the SWI/SNF chromatin remodeling

complex, are detected in various types of humanmalignancies.

Loss of ARID1A compromises DNA damage repair. The

induced DNA damage burden may increase reliance on

PARP-dependent DNA repair of cancer cells to maintain

genome integrity and render susceptibility to PARP inhibitor

therapy.

Experimental Design: Isogenic ARID1A�/� and wild-type

cell lines were used for assessing DNA damage response, DNA

compactness, and profiling global serine/threonine phospho-

proteomic in vivo. A panel of inhibitors targeting DNA repair

pathways was screened for a synergistic antitumor effect with

irradiation in ARID1A�/� tumors.

Results: ARID1A-deficient endometrial cells exhibit sus-

tained levels in DNA damage response, a result further sup-

ported by in vivo phosphoproteomic analysis. Our results

show that ARID1A is essential for establishing an open

chromatin state upon DNA damage, a process required

for recruitment of 53BP1 and RIF1, key mediators of non-

homologous end-joining (NHEJ) machinery, to DNA lesions.

The inability of ARID1A�/� cells to mount NHEJ repair results

in a partial cytotoxic response to radiation. Small-molecule

compound screens revealed that PARP inhibitors act

synergistically with radiation to potentiate cytotoxicity

in ARID1A�/� cells. Combination treatment with low-dose

radiation and olaparib greatly improved antitumor efficacy,

resulting in long-term remission in mice bearing ARID1A-

deficient tumors.

Conclusions: ARID1A-deficient cells acquire high sensitiv-

ity to PARP inhibition after exposure to exogenously induced

DNA breaks such as ionizing radiation. Our findings suggest a

novel biologically informed strategy for treating ARID1A-

deficient malignancies.

Introduction

Altered chromatin structure, due to somatic mutations or

epigenetic alterations of genes involved in chromatin remodeling,

is a major contributor to tumor development (1). SWI/SNF

chromatin remodeling complexes are an important class of epi-

genetic modulators, which regulate a plethora of basic biological

functions including DNA replication, transcription, and

DNA repair by remodeling chromatin configuration. Loss-of-

function mutations in SWI/SNF genes have been identified in

many types of human cancer, and an important example is the

AT-rich interactive domain 1A (ARID1A) gene, which is the most

frequently mutated subunit in the SWI/SNF chromatin remodel-

ing complex (2–5). ARID1A mutations are frequently detected in

endometrium-derived cancers including approximately 50% of

ovarian clear cell carcinomas, approximately 35% of uterine

endometrioid carcinomas, and approximately 30% of ovarian

endometrioid carcinomas (2, 5–7). Mutations in ARID1A have

also been reported in stomach, bladder, pancreas, and hepato-

cellular carcinomas among others (8–12). ARID1A is a tumor

suppressor, and functions as a cell-cycle checkpoint protein (3).

Genetically engineered mice with ARID1A deletions in their

ovarian surface epithelium are known to develop ovarian carci-

nomas in a background of PTEN inactivation or PIK3CA

activation (13, 14).
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The finding of frequent ARID1A mutations in endometrium-

derived cancers suggests that targeting the ARID1A pathway as an

anticancer intervention has translational potential. However, it

has become apparent that targeting tumor suppressor genes such

as TP53 using a standard pharmacologic approach is highly

challenging; in contrast, targeting gain-of-function oncogenes by

pharmacologic and antibody interventions has proven to bemore

promising. Nonetheless, loss-of-function mutations in tumor

suppressors may result in acquisition of dependence of cancer

cells on alternative compensatory pathway(s) or downstream

molecular effector(s). This unique feature of loss-of-function

mutations in tumor suppressor genes offers opportunities for

targeting cancer cells by disrupting compensatory or alternative

pathway(s) (15). A well-known example is the sensitivity

of tumor cells with BRCA-inactivation to PARP inhibition, a

consequence of their deficiency on homologous repair (HR;

refs. 16, 17).

To extend this strategy to ARID1A�/� tumors, we sought first to

understand the impact of inactivation of ARID1A or other SWI/

SNF chromatin remodeling proteins in DNA damage repair

pathways (18–20). In mammalian cells, DNA double-strand

breaks (DSB) are predominantly repaired by the NHEJ and HR

pathways, each of which harness a unique set of molecular

players. The balance between both pathways is essential for

genome stability, and disturbance of the balance often leads to

disease, including cancer. SWI/SNF chromatin remodeling has

been reported to participate in the early phase (before strand

intrusion phase) of DSB repair through rapid localization to the

DSB sites, clearing local nucleosome occupancy, and physically

facilitating recruitment of DNA repair enzymes and other mod-

ulators to the vicinity of DSBs (18–20). Thus, loss of ARID1Amay

disturb the balance of HR/NHEJ DNA repair efficacy and may

render cells susceptible to specific genotoxic treatment. Indeed,

two studies reported the involvement of ARID1A in NHEJ- and

HR-mediatedDSB repair, respectively (21, 22).However, ARID1A

inactivation–induced negative regulation of both NHEJ and HR

repair pathways remains of interest, and has yet to be fully

elucidated (23). It also remains to be determined which DNA

repairmechanismormolecular pathway is employed byARID1A-

deficient tumors for survival andmaintenance ofDNA integrity in

the face of endogenous stress and environmental challenges that

result in DNA damage.

In this study,wefirst established that ARID1Adeficiency led to a

functional compromise in NHEJ repair and, to a lesser degree, in

HR or alt-NHEJ. Similar to cells with NHEJ deficiency, ARID1A-

deficient cells were partially sensitive to radiation-induced DNA

damage, likely due to sufficient HR DNA repair activity. Using a

synthetic lethal screen to identify drugs affecting DNA repair

that might act in concert with irradiation in ARID1A-deficient

tumor cells, we identified PARP inhibitor as a strong candidate.

Applying this treatment approach in animal models, we were

able to induce long-term remission in ARID1A-deficient

tumors, which persisted after completion of the treatment,

whereas the same treatment was not effective in tumors with

intact ARID1A function. Our findings indicate that disturbance of

the DNA repair balance associated with ARID1A deficiency can be

exploited to develop highly specific and potent anticancer

treatments.

Materials and Methods

Animal studies and tumor xenografts

All animal-related procedures were approved by the Johns

Hopkins University Animal Care and Use Committee. PAX8-

rtTA/TetO-Cre mouse strains were acquired from Dr. Ronny

Drapkin (13, 24). Arid1aflox/floxmice were generated as described

previously (13, 24). For xenograft assays, 2 � 106 cells were

injected subcutaneously with Matrigel (v/v; BD Biosciences) into

flanks of athymic nu/nu mice. Once the tumor volume reached

approximately 100mm3 (approximately 10–14 days), mice were

randomized into four groups for further analysis.

Human tissue samples

Archived formalin-fixed and paraffin-embedded human

tissues were provided by Seirei Mikatahara General Hospital

(Shizuoka, Japan). All specimens were deidentified and

the study was approved by local ethical committee (IRB

No.14–46; 2014/12/15) for a waiver of informed consent

of the subjects.

Cell lines

The immortalized normal human endometrial cell line, hEM3,

previously established in our team was used for this study (25).

Knockout of ARID1A was performed as described previously (25).

Twopairs of isogenic cell lines,HCT116andMCF10A(ARID1Aþ/þ,

ARID1A�/�), were purchased from Horizon Discovery Ltd. We

used a previously established ARID1A-Tet-on OVISE cell line,

which originally lacks ARID1A expression due to inactivating

mutationsandreexpressesARID1Aupontetracycline induction(3).

Other cancer cell lines (TOV21G1, RMG1, HEC151, and ECC1)

were grown as described previously (25).

Laser microirradiation assay

Cells were seeded in a Nunc glass-bottom dish (Thermo

Fisher Scientific). After 5-minute incubation with 2 mmol/L

Hoechst (Thermo Fisher Scientific), cells were mounted on a

preheated (37�C) stage of a Zeiss LSM 710 confocal microscope

equipped with a 405-nm laser source. To induce localized

DSBs, the laser setting was set to 100% power output with

four laser iterations. Image analysis was performed using Zeiss

Zen 2010 software.

Statistical analyses

Mann–Whitney test (two-tailed) was used to calculate the

statistical significance between two experimental groups. A

Translational Relevance

The role of PARP inhibitors beyond the treatment of homol-

ogous recombination–deficient cancers remains to be

explored. ARID1A-deficient tumors, which are characterized

by an attenuated capacity to carry out nonhomologous end-

joining DNA repair, are only partially sensitive to PARP

inhibitors. Here, we provide evidence that ARID1A-deficient

tumors can become highly sensitive to PARP inhibitors fol-

lowing treatments, such as irradiation, that exogenously

induce DNA breaks. Our findings provide preclinical evidence

supporting a novel strategy for targeted treatment of ARID1A-

deficient cancers and provide insight into the contribution of

ARID1A in mediating DNA repair and replication.

Ionizing Radiation Primes ARID1A-Mutated Tumors for PARPi
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combination index was calculated as described previously (26),

and synergistic drug interactions were analyzed by the method

developed by Chou and Talalay (27). Two-way ANOVA with

Bonferroni correction was used to calculate the statistical signif-

icance in experiments (Fig. 2C–E; Supplementary Fig. S4).

Statistical analyses were performed using GraphPad Prism 7

software. All results are expressed as means � SEM. Two-sided

P � 0.05 was considered significant.

Other methods can be found in Supplementary Materials.

Results

ARID1A deficiency is associated with a sustained DNA damage

response and DSBs

To study the role of ARID1A inDNAdamage,wefirst quantified

DNA damage and the damage response in complex atypical

hyperplasia (CAH) of endometrium, which exhibited focal and

heterogeneous loss of ARID1A in the same tissue sections

(left, Fig. 1A). IHC analysis showedmore intense phospho-H2AX

(S139, gH2AX) immunoreactivity in ARID1A-negative tumor

Figure 1.

ARID1A deficiency results in

sustained DSBs and sensitizes cells

to irradiation. A, IHC staining

patterns of ARID1A, gH2AX, and

phosphorylated-ATM (s1981) in

complex atypical hyperplasia (CAH)

of endometrium. ARID1A-loss of

expression areas are marked with

blue stars. Representative images

are shown. B, Schematic illustration

of the experimental procedure. C,

IHC staining of ARID1A and gH2AX

in endometrial tissue of ARID1Aflox/

floxmice. Mice were treated with

doxycycline for 1 week to induce

deletion of ARID1A, and were

sacrificed for analysis at the

indicated time points after

irradiation (2.5 Gy). ARID1A-loss

areas are marked with blue stars.

Representative images are shown.

D,Quantitation of gH2AX foci per

endometrial epithelial cell. Data are

presented as mean� SEM; more

than 500 cells were analyzed per

group. Mann–Whitney test (two-

tailed) was used to calculate

significance; � , P < 0.05; ��� ,

P < 0.001. E, Clonogenic formation

visualized by crystal violet staining

on day 7 postirradiation. Colony

numbers were quantified and

plotted (right). Data are presented

as mean� SEM, n¼ 6; � , P < 0.05.
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areas, compared with adjacent areas with ARID1A expression

(middle, Fig. 1A; Supplementary Fig. S1). To confirm that

increased gH2AX staining reflected DSBs, we also stained tissues

with phosphorylated ATM (S1981), amarker of an activatedDNA

damage response. We observed concordance between pATM and

gH2AX staining (right, Fig. 1A), implying that unrepaired DSBs

were more prevalent in ARID1A-deficient epithelial cells.

Although previous studies implicate chromatin remodeling

proteins such as ARID1A in DNA repair, such findings have rarely

been validated in vivo. To functionally establish the in vivo role of

ARID1A inDSB repair,we assessed the status ofDNAdamageusing

a genetically engineeredmousemodelwith conditional deletionof

ARID1A. This model was established by crossing ARID1Aflox/flox

mice with PAX8-Cre mice carrying doxycycline-inducible Cre

recombinase under control of the Pax8 promoter (Fig. 1B). Pax8

is a transcription factor expressed inMullerian epithelial cells lining

the gynecologic tract, including endometrial epithelial cells; thus,

doxycycline administration caused Pax8-driven, endometrial epi-

thelium–specific deletion of ARID1A. In early stages of doxycycline

administration, we observed a heterogeneous loss of ARID1A in

murine uterine epithelium, shown by stretches of endometrial

epithelium with ARID1A loss (stars in left panels, Fig. 1C) alter-

nating with stretches of ARID1A-expressing epithelium (Fig. 1C).

This provided an opportunity to directly compare DNA damage in

ARID1A-expressing and nonexpressing epithelium from the same

animals. Whole-animal irradiation (2.5 Gy) was used to induce

DSBs. IHC staining revealedmore prominent gH2AX punctate foci

in ARID1A�/� cells at 2 hours and 8 hours postirradiation com-

pared with ARID1A-intact cells (right, Fig. 1C). Quantification of

gH2AX foci per cell indicated that the increase in punctate foci in

ARID1A�/� cells was significant (Fig. 1D).

To further assess themechanistic role of ARID1A in DSB repair,

we deleted ARID1A in an immortalized endometrial epithelial

cell line, hEM3, using CRISPR/Cas9. Consistent with in vivo

observations, irradiation resulted in higher levels of gH2AX in

hEM3-ARID1A�/� than in hEM3-ARID1Aþ/þ cells at all time-

points examined (top, Supplementary Fig. S2A).We verified these

results in parental hEM3 cells following siRNA-mediated silenc-

ing of ARID1A (bottom, Supplementary Fig. S2A). Introduction

of ARID1A in Tet-on OVISE diminished gH2AX levels (Supple-

mentary Fig. S2B). Results of a comet assay showed that ionizing

radiation–induced DNA DSBs were exacerbated by siRNA-

mediated ARID1A silencing in parental hEM3 cells, and were

rescued by ARID1A reexpression in ARID1A-mutated OVISE cells

(Supplementary Fig. S2C and S2D).

We next performed a clonogenic assay to determine whether

ARID1A-deficient cells were more sensitive to radiation-induced

DNA damage. After irradiation, we observed amodest decrease in

survival of HCT116-ARID1A�/� cells; however, we could not

observe a different clonogenic survival after irradiation in hEM-

ARID1Aþ/þ and ARID1A�/� cells (Fig. 1E). These results suggest

that increased DNA damage in ARID1A-deficient cells could be

rescued by a compensatory survival pathway, and suggest that an

additional treatment combined with irradiation would be

required for killing ARID1A-deficient cells.

DNA repair and cell-cycle regulatory proteins associated with

ARID1A deficiency identified by global in vivo

phosphoproteomic profiling

To explore the underlying mechanism of increased DNA

damage signals in ARID1A-depleted cells, we performed global

in vivo serine/threonine phosphoproteomic profiling as an unbi-

ased approach to interrogate differential cellular responses to

irradiation between ARID1A�/� and ARID1Aþ/þ tumor xeno-

grafts (Supplementary Table S1). Network analysis showed

enrichment of proteins with altered phosphorylation involved

in DNA replication and repair, including ATM, 53BP1, TOP2A,

and TOP2B, in ARID1A�/� tumors (Supplementary Fig. S3A). The

finding of enriched pATM expression by phosphoproteomic

profiling orthogonally validated our immunostaining data. Using

ingenuity pathway analysis (IPA), we found enriched pathways

including NHEJ and base excision repair (BER) DNA repair path-

ways involving XRCC1, XRCC4, ATM, and PRIM1, as well as cell-

cycle control of chromosomal replication pathway involving

TOP2A, TOP2B, and CDC7 (Supplementary Fig. S3B). Collec-

tively, our data provide new evidence of ARID1A in DSB, repli-

cation, and repair regulation. The data also support a view that

defects in these pathways resulting from ARID1A loss led to a

prolonged DNA damage response and persistence of DSBs after

DNA damage insults.

ARID1A-dependent chromatin regulation and recruitment of

NHEJ repair proteins

To determine whether ARID1A was required for NHEJ and/or

HR, we monitored both repair mechanisms simultaneously

(Fig. 2A; ref. 28). A significant decrease in NHEJ activity was

observed in ARID1A�/� cells. HR activity was also slightly

decreased in ARID1A�/� cells, although precise quantitation of

HR was difficult due to the low level of HR even in the setting of

ARID1A-intact cells. The impact of ARID1A loss on NHEJ appears

to be of biological significance, as a high proportion of cells rely

on this pathway. We further characterized the impact of ARID1A

in alt-NHEJ, a NHEJ subpathway (29, 30). Knockdown of CtIP

(effector) and 53BP1 (suppressor) served as controls. We found

that alt-NHEJ was also decreased in ARID1A-depleted cells

(Fig. 2B). Thus, the data indicate that ARID1A deficiency causes

impairment ofDSB repairs, withNHEJ repair pathway beingmost

significantly compromised.

Because the activity of NHEJ and HR DNA repair pathways is

cell-cycle dependent (31), we asked whether ARID1A-deletion

caused cell-cycle alterations, which may indirectly affect DNA

repair. Cell-cycle analysis of hEM3 isogenic cell lines indicated

that ARID1A�/� cells displayed reduced S and G2–M fractions

compared with ARID1Aþ/þ cells (Supplementary Fig. S4). This

result is consistent with that observed in a pair of isogeneic

HCT116 cell lines (22). Because HR occurs primarily during S

and G2–M phases, we postulate that reduced HR observed in

ARID1A-deficient cells can likely be attributed to attenuation in S

and G2–M phases.

To determine whether an ARID1A-dependent process is

required for recruitment of NHEJ repair proteins, we monitored

recruitment of 53BP1 to DNA damage lesions induced by laser

microirradiation. We found a significant delay in the recruitment

of this key NHEJ repair factor to sites of laser-induced DNA

damage in ARID1A-deficient cells (Fig. 2C). Restoration of

ARID1A expression in ARID1A-deficient cells partially restored

53BP1 recruitment efficiency (Fig. 2D). Similar results were

observed for RIF1, another crucial component of the NHEJ repair

pathway acting downstream of 53BP1 (Fig. 2E). There was no

evidence of reciprocal regulation of ARID1A recruitment to DSBs

by 53BP1. Knockdown or knockout of ARID1A in mammalian

cells did not affect 53BP1 recruitment to DSBs induced by

Ionizing Radiation Primes ARID1A-Mutated Tumors for PARPi
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microirradiation (Supplementary Fig. S5). Collectively, our

results show that ARID1A deficiency compromises NHEJ repair

by preventing the recruitment of key NHEJ proteins, including

53BP1 and RIF1, to DSB sites.

Because SWI/SNF complexes function as master regulators of

chromatin structure, we hypothesized that regulation of the

chromatin landscape by ARID1A is a key step in response to

DSBs. To assess genome-wide chromatin configuration (openness

vs. compactness), we performed ATAC-seq in ARID1Aþ/þ and

ARID1A�/� cells before, and 1 hour after, irradiation (Fig. 2F).

Enrichment of 146bpDNA fragments indicates an increasedopen

chromatin state because these fragments correspond to mono-

nucleosome occupancy. As compared with ARID1A�/� cells, a

larger 146 bp DNA peak was observed in ARID1Aþ/þ cells after

irradiation, implicating a functional role of ARID1A in modulat-

ing the global chromatin state in response to ionizing radiation.

We introduced site-specific DSBs near the AAVS1 locus (chromo-

some 19) and theGAPDH locus (chromosome 12) in ARID1Aþ/þ

and ARID1A�/� cells using CRISPR/Cas9, and evaluated chroma-

tin accessibility near the introduced DSBs (described in Supple-

mentary Materials). As expected, we observed increased chroma-

tin accessibility at genomic regions proximal to theAAVS1 locus in

ARID1Aþ/þ cells compared with ARID1A�/� cells (Fig. 2G). We

did not observe significant differences in chromatin accessibility

at genomic regions near GAPDH in ARID1Aþ/þ cells compared

with ARID1A�/� cells (Fig. 2G). On the basis of these data, we

conclude that ARID1A-dependent alteration in chromatin con-

figuration, which facilitates the recruitment of key effectors of the

DNA repair machinery to the damaged sites, is a prerequisite step

for initiating DSB repair.

Synergistic cytotoxicity of PARP inhibition and irradiation in

ARID1A-deficient cells

Because ARID1A-deficient cells were only marginally more

radiosensitive than ARID1A-intact cells, we sought to identify an

approach to enhance the therapeutic index. Because platinum-

based chemotherapy (for example, carboplatin), is routinely used

for treatment of ovarian and endometrial carcinomas, and has

been shown to increase sensitivity to radiotherapy (32, 33), we

tested the sensitivity of ARID1A-deficient cells to carboplatin,

either as a single agent or in combination with radiation. Clono-

genic assays were performed on isogenic pairs of ARID1Aþ/þ and

ARID1A�/� cells derived from hEM3 and HCT116 parental cell

lines. Although hEM3-ARID1A�/� cells were slightly more sensi-

tive to carboplatin than ARID1Aþ/þ cells, differences were less

apparent in the HCT116 isogenic model. For both cell types,

carboplatin combined with irradiation did not result in appreci-

able improvements over single-agent treatment (Supplementary

Fig. S6A and S6B). This negative result prompted us to screen a

panel of additional chemotherapeutic drugs and inhibitors of

DNA repair and of epigenetic regulators (Fig. 3A; Supplementary

Fig. S7). Among these drugs screened, the PARP inhibitor, ola-

parib, emerged as the most potent and specific radiosensitizer for

ARID1A�/� cells (Fig. 3A). ATR inhibitor, AZD-6783, also

enhanced potency of radiotherapy for ARID1A�/� cells. PIK-

587, a dual PI3K and mTOR kinase inhibitor, potently inhibited

cell growth irrespective of ARID1A deletion status (Supplemen-

tary Fig. S7). Next, we tested the efficacy of combining PARP

inhibitor and irradiation in a 3D culture system on both HCT116

and hEM3 pairs of isogenic cell lines. In these experiments, we

observed synergistic cytotoxicity in ARID1A�/� cells (Fig. 3B). The

increased sensitivity to ionizing radiationplus PARP inhibitorwas

further verified in clonogenic cell survival analysis in both hEM3

and HCT116 isogenic cell lines (Fig. 1E).

To gain molecular insight into the synergistic effects, we com-

paredPARP activity betweenARID1A�/� andARID1Aþ/þ cells.We

observed elevated basal levels of PolyADP-ribosylation (PARyla-

tion) in ARID1A�/� cells (Fig. 3C). This result was confirmed by

gene silencing using twodifferent siRNAs (Fig. 3D). BecausePARP-

mediated PARylation occurs via consumption of NADþ, the rel-

ative level of NADþ (NAD/NADH ratio) is another indicator of

cellular PARP activity. We found that the NAD/NADH ratio was

reduced in hEM3 cells after ARID1A knockdown, confirming

increased PARP activity in ARID1A-deficient cells (Fig. 3D). The

extent of DNA breaks resulting from single or combined irradia-

tion and PARP inhibitor exposure was assessed by measuring the

levels of gH2AX (Fig. 3E). We found that combining PARP inhi-

bition with irradiation led to significant increases in gH2AX levels

in ARID1A�/� cells but not in isogenic ARID1Aþ/þ cells (Fig. 3E).

PARP inhibitors are thought to compromise DNA damage

repair through two major mechanisms. First, they cause "PARP-

trapping" by preventing PARP dissociation from DNA. Another

mechanism is through persistence of single-strand breaks, which

ultimately progress to DSBs during replication. To determine

which mechanisms are relevant to our model, we excluded a

PARP-trapping effect by RNAi-mediated knockdown of PARP1 in

Figure 2.

ARID1A deficiency suppresses NHEJ-mediated repair of DSBs and chromatin accessibility. A, Left, Flow cytometric analysis of TLR expressing HCT116 ARID1Aþ/þ

and ARID1A�/� cells performed 72 hours after transduction with the I-Sec/GFP donor lentiviral construct. DSB repair mediated by HR is seen as GFPþ, and repair

mediated by NHEJ is seen as mCherryþ. Right, histograms show quantification of NHEJ repair in both isogenic HCT116 and gEM3 cells. Data are presented as

mean� SEM, n¼ 4. Mann–Whitney test (two-tailed) was used to calculate statistical significance; � , P < 0.05. B, Flow cytometric analysis of EJ2-expressing

U2OS cells after transfection with specific siRNAs. Four days after transfection with I-Sec, alt-NHEJ repair ability, seen as a GFPþ signal, was quantified and

plotted. Data are presented as mean� SEM, n¼ 4; �, P < 0.05. C, Left, Representative live-cell images of ARID1Aþ/þ and ARID1A�/� cells expressing 53BP1-GFP

at the indicated time points after microirradiation (red arrow). Right, Intensity of GFP at irradiated area (yellow box) was measured every 3 seconds and plotted

after normalization. Data are presented as mean� SEM; more than 7 cells were analyzed per group.D, Immunoblots showing expression of ARID1A, GFP, and

GAPDH. ARID1A�/� cells were cotransfected with 53BP1-mCherry and/or ARID1A-GFP. The intensity of mCherry at the microirradiated sites from the indicated

cells was monitored over time. Data are presented as means� SEM; more than 6 cells were analyzed per group. E, Left, Representative live images of cells

transfected with RIF1-GFP at the indicated time points after microirradiation (red arrow). Right, Intensity of GFP at irradiated area (yellow box) was measured

every 3 seconds and plotted after normalization. Data were plotted as described in C; more than 12 cells were analyzed per group. (C–E) Two-way ANOVAwith

Bonferroni correction was used to calculate the statistical significance; ��� , P < 0.001. F, ATAC-seq analysis was performed in ARID1Aþ/þ and ARID1A�/� cells

before (blue) and 1 hour after (red) irradiation (4 Gy). Fragment size (�146 bp) shownwith dotted lines. G, Schematic representation of the genomic locus of

AAVS1 (chromosome 19) and regions amplified with specific primers (orange arrows). Following localized DSB at the AAVS1 site (red; CRISPR/Cas9–transfected

cells), chromatin was isolated from ARID1Aþ/þ and ARID1A�/� cells and was subjected to nuclease digestion or was untreated. Chromatin accessibility at

specified regions was calculated and plotted after normalization to no-DSB control (CRISPR/Cas9 control plasmid transfection). GAPDH, which is located on a

different chromosome (chromosome 12), was used as a control. Data are presented as mean� SEM, n¼ 4; � , P < 0.05.
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Figure 3.

Synergy between PARP inhibition and radiation in ARID1A-deficient cells. A, Logarithmic combination index (CI) plot of irradiation (1–2 Gy) in combination with

PARP inhibitor, olaparib, over a range of concentrations in ARID1Aþ/þ and ARID1A�/� cells. The horizontal dashed line at Log (CI) ¼ 0 separates synergy [Log

(CI)<0] and antagonism [Log(CI)>0]. B, Representative images of 3-D culture spheroids are shown. After treatment as indicated, cell survival was measured and

plotted. Data are presented as mean� SEM, n¼ 4. Mann–Whitney test (two-tailed) was used to calculate the statistical significance between two comparison

groups; � , P < 0.05. C, Immunoblots for ARID1A, PARylation, and GAPDH of extracts from indicated cell lines. D, Left, Immunoblots for ARID1A, PARylation,

PARP1, and GAPDH of extracts from hEM3 cells transfected with ARID1A siRNA or scramble control siRNAs. Right, NAD/NADH ratio determined in hEM3 cells

transfected with ARID1A or control siRNAs. Data are presented as mean� SEM, n¼ 4; � , P < 0.05. E, Immunoblots for ARID1A, gH2AX, and GAPDH. The ratio of

gH2AX/GAPDH is indicated at the bottom. F, (top) Immunoblots showing efficiency of PARP1 silencing by siRNAs. (bottom) Effect of PARP1 knockdown on

survival of ARID1Aþ/þ and ARID1A�/� tumor cells in the presence or absence of irradiation. Data are presented as mean� SEM, n¼ 4; � , P < 0.05. Mann–Whitney

test (two-tailed).
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hEM3-ARID1A�/� and ARID1Aþ/þ cells. When PARP1 was

depleted, ARID1A�/� cells were still more sensitive to irradiation

than ARID1Aþ/þ cells (Fig. 3F). These data are consistent with the

notion that suppression of PARP1 catalytic activity is the primary

mechanism underlying synergy between PARP inhibitor and

irradiation.

Combining PARP inhibitor with irradiation is more effective

than monotherapy for treating ARID1A-mutated tumors

In light of the observation that irradiation increases PARP

inhibitor sensitivity in ARID1A�/� cells, we evaluated this treat-

ment strategy in mice using isogenic HCT116 cell lines that

differed only in ARID1A status (right, Fig. 4A). Tumor volumes

Figure 4.

Combination of PARP inhibitor and ionizing radiation inhibits growth and induces apoptosis in ARID1A-deficient tumor xenografts.A, Left, Schematic of

treatment regimen in mice. Immunocompromised athymic nu/numice were inoculated with indicated human tumor cells, and 10–14 days later, mice were

randomly stratified into 4 treatment groups. Olaparib (50 mg/kg) and/or irradiation (1–2 Gy) were administrated 3 times per week. Right, Immunoblots

performed to assess ARID1A protein expression in each cell line. B, Tumor volume of HCT116-ARID1Aþ/þ and ARID1A�/� xenografts monitored for 2 weeks. Data

are presented as mean� SEM, n¼ 5. Mann–Whitney test (two-tailed) was used to calculate the statistical significance between two comparison groups on day

13; �, P < 0.05; ���� , P < 0.0001. C, Relative tumor volumemeasured in mice inoculated with HCT116 cancer cells and treated with olaparib and ionizing radiation

(2 Gy) combined therapy for 3 weeks. Tumor growthwas monitored until day 53. Data are presented as mean� SEM, n¼ 4; ���� , P < 0.0001. D, Tumor volume

measured in different groups. RMG1 and ECC1 are ARID1A wild-type and express ARID1A protein while TOV21G and HEC151 harbor inactivating mutations and lose

ARID1A protein expression. Data are presented as mean� SEM, n¼ 5; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001. E, IHC staining of ARID1A, gH2AX,

and cleaved caspase-3 in tumor xenografts excised frommice treated with olaparib and ionizing radiation (2 Gy).

Ionizing Radiation Primes ARID1A-Mutated Tumors for PARPi

www.aacrjournals.org Clin Cancer Res; 25(18) September 15, 2019 5591

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
lin

c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/2

5
/1

8
/5

5
8
4
/2

0
5
4
2
5
8
/5

5
8
4
.p

d
f b

y
 g

u
e

s
t o

n
 2

8
 A

u
g

u
s
t 2

0
2
2



and animal weights did not differ between different groups before

treatment (Supplementary Fig. S8A and S8B). Strikingly, irradi-

ation combined with PARP inhibitor completely prevented the

growth of ARID1A�/� tumors, demonstrating superior efficacy

over either treatment alone (Fig. 4B). In contrast, the addition of

PARP inhibitor did not enhance the effect of irradiation on

reducing growth of ARID1Aþ/þ tumors, which continued to

progress insidiously (Fig. 4B). Immunoblotting of tumor lysates

confirmed ARID1A expression and depletion of PARylated pro-

teins by olaparib (Supplementary Fig. S8C and S8D). To deter-

mine whether combination treatment led to long-lasting effects

that persisted after treatment was terminated, we followed the

animals that received combination therapy for 4 additional

weeks after the final treatment. We found that ARID1Aþ/þ tumors

regrew quickly after cessation of therapy, whereas ARID1A�/�

tumors continued to shrink (Fig. 4C).

To determine the generalizability of these findings, we evalu-

ated the same treatment regimen in additional xenograft models:

ovarian clear cell carcinoma cell lines (RMG-1 and TOV21G) and

uterine endometrioid cancer cell lines (ECC1 and HEC151).

ECC1 and RMG-1 are ARID1A wild-type and express ARID1A

protein, while HEC151 and TOV21G lose expression of ARID1A

due to inactivation mutations (right, Fig. 4A). In mice bearing

ARID1A-expressing tumors (ECC1 and RMG-1), PARP inhibition

did not confer additional antitumor benefits over irradiation,

whereas combination therapy was more effective than irradiation

or PARP inhibitor monotherapy in mice bearing ARID1A-

deficient tumors (HEC151 or TOV21G; Fig. 4D). IHC staining

for gH2AX and cleaved caspase-3 revealed significantly higher

levels of DSBs and cell death in ARID1A-deficient tumors than in

ARID1A-expressing tumors following combination treatment

(Fig. 4E). We continued monitoring the mice for another 3 weeks

after treatment. While long-term remissions were achieved in

mice bearing ARID1A-deficient tumors (HEC151 and TOV21G),

early recurrence and tumor regrowth was observed in mice with

ARID1A-expressing tumors (Supplementary Fig. S8E).

Discussion

This investigation of mechanisms underlying the biological

functions of ARID1A in NHEJ repair yielded novel biological and

translational implications. Of particular importance, we discov-

ered that combining radiation with PARP inhibitor therapy is

highly effective in eradicating ARID1A-mutated tumors. The effect

of PARP inhibition on ARID1A-mutated tumors is mechanisti-

cally distinct from effects on HR-deficient tumors, such as those

harboring deleterious BRCA mutations, which are intrinsically

sensitive to PARP inhibitor monotherapy due to their loss of

ability to repair PARP inhibitor–induced replication fork col-

lapse (34, 35). As to why PARP inhibitor monotherapy is less

effective in ARID1A-deficient tumors, we speculate that the HR

machinery in ARID1A-deficient cells remains intact, and the

activity is sufficient to repair DSBs resulting from replication fork

stalling, including those induced by PARP trapping.

NHEJ is the primary repair mechanism for ionizing radiation–

induced DSBs and the repair is active at all stages of cell cycle

including G1 (36). We hypothesize that due to the reduced NHEJ

repair capacity in ARID1A-deficient cells, radiation-induced DNA

breaks are not effectively repaired. As a result, ARID1A-deficient

cells depend on other PARP-dependent DNA repair systems

including HR, alt-NHEJ, and replication fork repairs to maintain

DNA integrity. Accordingly, ionizing radiation–induced DNA

breaks causeARID1A-deficient cells tobecomeprofoundly depen-

dent on these PARP-dependent repair pathways, which renders

them highly sensitive to PARP inhibitors (Fig. 5; ref. 35). If this

hypothesis is correct, DNA-damaging agents that induce similar

types of DNA breaks should exhibit synergy with PARP inhibition

in ARID1A-mutated tumors, including human tumors. Indeed,

Figure 5.

ARID1A deficiency renders cells dependent on compensatory DNA repair pathways involving PARP for repairing radiation-induced DNA breaks.A, Schematic

models of the DNA repair pathways in ARID1A-mutant cells following irradiation. B,ARID1A-mutated cells with irradiation and PARP inhibitor combined

treatment.
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our unpublished data using the alkylating agent, temozolomide,

supports this view.

A treatment regimen of combined ionizing radiation and PARP

inhibition could, in principle, mediate effective killing of

ARID1A-mutated tumor cells while sparing normal tissues, which

retain ARID1A expression and functionality for efficient DNA

repair. While the synthetic lethality of PARP inhibition in HR-

defective BRCA-mutated ovarian carcinomas is well-documented,

this study provides evidence in a new arena, demonstrating

compromised DNA repair efficiency as an Achilles' heel in

ARID1A-mutated malignancies.

Radiotherapy is often a consideration in the management of

locally advanced and recurrent endometrial cancers, particularly

for patients who are too frail for surgery (37, 38). The anatomic

distribution of clear cell and endometrioid carcinomas, which are

characteristically confined to the pelvis, but which may metasta-

size to lymph nodes, renders these tumor types amenable to

radiotherapy. ARID1A loss, which occurs in a significant propor-

tion of cases, also confers intrinsic sensitivity to radiation. Impor-

tantly, our preclinical data support enhancement of efficacy by the

combination of fractionated radiation with PARP inhibition, and

should be tested in late-stage, recurrent uterine endometrioid and

clear cell carcinomas. With improvements in delivery of targeted

radiation, there is renewed interest for applications of radiother-

apy for ovarian cancer (39), and future studies should consider the

addition of a PARP inhibitor to treat chemoresistant ovarian

endometrioid and clear cell carcinomas.

Importantly, identifying molecular genetic alterations predict-

ing clinical response to radiotherapy remains an unmet need.

Future clinical trials to test the proposed combination treatment

strategy might consider accruing patients based on ARID1A

mutation status, with the intent to evaluate ARID1A mutation

or inactivation as a potential biomarker for predicting treatment

outcome. A relevant question to be addressed is whether tumors

with mutations in other subunits of the ARID1A chromatin

remodeling complex display a similar phenotype. Finally, efforts

to optimize dosing schedules and safety monitoring will be

necessary for translation of our preclinical findings to human

trials.
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