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Abstract

ARID1A is a subunit of SWI/SNF chromatin remodeling complexes and is mutated in many
types of human cancers, especially those derived from endometrial epithelium, including ovarian
and uterine clear cell carcinoma (CCC) and endometrioid carcinoma (EMCA). Loss-of-function
mutations in ARID1A alter epigenetic regulation of transcription, cell cycle checkpoint control,
and DNA damage repair. We report here that mammalian cells with ARID1A deficiency harbor
accumulated DNA base lesions and increased abasic (AP) sites, products of glycosylase in the
first step of base excision repair (BER). ARID1A mutations also delayed recruitment kinetics

of BER long-patch repair effectors. Although ARID1A-deficient tumors were not sensitive to
monotherapy with DNA-methylating temozolomide (TMZ), the combination of TMZ with PARP
inhibitors (PARPI) potently elicited double strand DNA breaks, replication stress, and replication
fork instability in ARID1A-deficient cells. The TMZ and PARPi combination also significantly
delayed /n vivo growth of ovarian tumor xenografts carrying ARID1A mutations and induced
apoptosis and replication stress in xenograft tumors. Together, these findings identified a synthetic
lethal strategy to enhance the response of ARID1A-mutated cancers to PARP inhibition, which
warrants further experimental exploration and clinical trial validation.
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Introduction

Epithelial ovarian cancer (EOC) is among the most aggressive female neoplastic diseases.
Additionally, the treatment of advanced ovarian cancer after tumor debulking surgery is
complicated because EOC is a constellation of different neoplasms rather than a monolithic
disease (1,2). Based on the pathological presentation, molecular features, and tissue of
origin, EOC has been broadly classified into Type | and Type Il tumors (3,4). Type

I EOCs include low-grade serous, clear cell, endometrioid, and mucinous carcinomas,
whereas Type 1l EOCs primarily consist of high-grade serous carcinoma (HGSC). Several
distinct molecular genetic features distinguish Type | from Type Il EOCs. For example,
chromosomal instability and 7P53and genes involved in homologous recombination DNA
repair such as BRCA1/2 are frequently mutated in Type Il ovarian cancers but rarely

in Type | ovarian cancers. On the other hand, somatic mutations involving AR/D1A,
PTEN/PIK3CA, CTNNBI, and KRAS/BRAF frequently occur in Type | ovarian cancers
while somatic mutations involving these genes are uncommon in Type Il EOCs, although
advanced Type Il tumors may develop gene amplifications that magnify signaling of the
KRAS-MAPK and PI3K pathways.

Despite having distinct features and disease presentations, for decades, chemotherapy
combining carboplatin and paclitaxel has been the first-line therapy for both Type | and
Type Il EOCs; however, clinical benefits from this regimen are mostly restricted to Type

Il EOCs, specifically, ovarian HGSC. Many Type | carcinomas, highlighted by the clear
cell carcinoma (OCCC) subtype, are intrinsically refractory to conventional chemotherapy,
and specialized treatments targeting their tumorigenesis pathways are urgently needed.

To provide a basis for precision treatment for Type | EOCs, we have performed cancer
genome sequencing to characterize the molecular landscape of Type | EOCs. This

research effort led to the discovery of frequent AR/D1A-inactivating mutations in OCCCs
(5,6). Mechanistically, AR/D1A encodes BAF250, a subunit of the SWI/SNF chromatin
remodeling complex, which binds to specific chromatin regions, mobilizes nucleosomes
through ATP hydrolysis, and modulates global and local chromatin configuration. Studies
from independent research groups have shown that ARID1A functions as a tumor suppressor
through regulating downstream target genes including p27 and CKDN1A, which regulate
cell cycle checkpoints (7,8). Alterations in the transcriptional program through regulatory
processes affecting the chromatin landscape provide one of the mechanisms whereby

the loss of ARID1A promotes tumorigenesis. In addition, dysregulation of DNA repair
mechanisms may also contribute to tumorigenesis driven by the loss of ARID1A. Indeed,
yeast studies have documented functional involvement of the SWI/SNF complex in

DNA repair (9-11). In mammalian cells, we and others have demonstrated that both non-
homologous end joining (NHEJ) and homologous recombination (HR) can be compromised
in ARID1A-deficient cells (12-14). Moreover, co-occurrence between ARID1A-loss and
mismatch repair (MMR)-deficiency in endometrioid cancers with intact p53 expression
(15,16), suggests a promiscuous or broad involvement of SWI/SNF complex in DNA repair.

Based on impaired DNA repair function in AR/D1A-deficient tumors, synthetic lethal
therapeutic approaches have been successfully developed, which include ionizing radiation
in combination with PARP inhibitor or ATR inhibitor (12,17). However, as compared to
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its therapeutic potency for BRCA-mutated cancers, PARP inhibitor as a single-agent has

not yielded adequate efficacy for ARID1A-mutated cancers (12,18). We postulated that
exogenously introduced DNA lesions and strand breaks may enhance cellular reliance on
PARP-dependent DNA repair function (12). Thus, exogenously-induced DNA lesions would
sensitize cancer cells to PARP inhibition while sparing normal cells with intact DNA repair
capacity. To test this concept, we screened a panel of genotoxic chemotherapeutic drugs in
combination with PARPI and evaluated the ability of the combination treatment to enhance
cytotoxicity. We report that Temozolomide (TMZ), an orally active chemotherapeutic drug
which methylates (or alkylates) DNA, yields DNA base lesions that cannot be effectively
repaired in ARID1A-deficient cancer cells. This “priming” step significantly enhanced
responses of ARID1A-deficient cells to PARP inhibitors. These results warrant evaluation in
the clinical setting for patients whose tumors harbor AR/D1A mutation.

Materials and Methods

Cell lines

The human normal endometrial cell line, hEM3, was generated by immortalization of
normal human endometrial epithelium by transduction of lentivirus with a S\V40-TAg,

then subjected to CRISPR knockout of the ARID1A gene and clonal expansion, as we
previously reported (19,20). The hEM3 cells were maintained in RPMI with 15% FBS, 1%
Pen/Strep, and 1% NEAA. The hEM3 cells were transferred in RPMI with 10% FBS and
1% Pen/Strep for all experiments and analyses reported in this paper. MCF10a control and
ARID1A knockout cells (HD PAR-058 and HD 101-022, Horizon Discovery) were culture
in DMEM/F12 with 5% Horse Serum, EGF 20 ng/ml, insulin 10 ug/ml, hydrocortisone 0.5
mg/ml, cholera toxin 100 ng/ml, and 1% Pen/Strep. HCT116 control, the ARID1A knockout
counterpart (HD PAR-073 and HD 104-049, Horizon Discovery), ES2, RMG1, HEC1A,
0OV429, and TOV21G (BCRC Cat# 60407,

RRID:CVCL_3613) were cultured in RPMI with 10% FBS and 1% Pen/Strep. All cell

lines were examined for the presence of mycoplasma before usage and re-tested every two
months. All cell lines were STR authenticated by the Genetic Resource Core Facility at

the Johns Hopkins University. STR similarity search was performed using the CLASTR
1.4.4 web search tool provided by Cellosaurus. Of note, OV429 shows a 98.2% similarity to
OV433. The mutation status of ARID1A, KRAS, PIK3CA, TP53, and DNA mismatch repair
genes in cancer cell lines used in this study are shown in Table S1.

Antibodies and reagents

The following primary antibodies were used in this study: Phospho-Histone H2A.X (Ser139)
(Cell Signaling Technology Cat# 9718, RRID:AB_2118009), RPA32/RPA2 (Cell Signaling
Technology Cat# 35869, RRID:AB_2799086), pS345 CHK1 (Cell Signaling Technology
Cat# 2348, RRID:AB_331212), pT68 CHK?2 (Cell Signaling Technology Cat# 2197,
RRID:AB_2080501), CHK2 (Cell Signaling Technology Cat# 6334, RRID:AB_11178526),
H2B (Cell Signaling Technology Cat# 12364, RRID:AB_2714167), ARID1A (Cell
Signaling Technology Cat# 12354, RRID:AB_2637010), PCNA (Cell Signaling Technology
Cat# 13110, RRID:AB_2636979), Cleaved Caspase-3 (Asp175) (Cell Signaling Technology
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Cat# 9664, RRID:AB_2070042), APE1 (Abcam Cat# ab48832, RRID:AB_867690),

pS33 RPA32/RPA2 (ab211877), CHK1 (Abcam Cat# ab32531, RRID:AB_726821), p-
Actin (Santa Cruz Biotechnology Cat# sc-47778 HRP, RRID:AB_2714189), anti-CldU
(Abcam Cat# ab6326, RRID:AB_305426) and anti-ldU (BD Biosciences Cat# 347580,
RRID:AB_10015219). Secondary antibodies against rabbit (Jackson ImmunoResearch Labs
Cat# 111-035-144, RRID:AB_2307391) or mouse (Jackson ImmunoResearch Labs Cat#
115-035-166, RRID:AB_2338511) conjugated with HRP were used in this study.

Temozolomide (Cat# S1237), Camptothecin (Cat# S1288), Doxorubicin (Cat# S1208),
Topotecan (Cat# S9321), Niraparib (Cat# S7625), Veliparib (Cat# S1004), Ifosfamide

(Cat# S1302), WDR5-0103 (Cat# S2184), and HA15 (Cat# S8299) were purchased from
Selleckchem. Carboplatin (Cat# HY-17393), Paclitaxel (Cat# HY-B0015), 5-Fluorouracil
(Cat# HY-90006), and Olaparib (Cat# HY-10162) were purchased from Med Chem Express.
Methyl methanesulfonate (Cat# 129925) and H,O, (Cat# 1.08597) were purchase from
Sigma. Methyl methanesulfonate and H,O, were directly diluted to working concentration.
Carboplatin was dissolved in ddH20. Other drugs were dissolved and diluted in DMSO to
working concentrations.

Cells (1000-1500 cells/well) were plated in 96-well plates and incubated for 24 hours before
drug treatment. Each treatment condition was conducted in 4 replicates. Drugs were diluted
to indicated concentrations and combinations and were added to plated cells and incubated
for 72 hours. The concentration of Olaparib for experiments shown in Fig. 1 was fixed at 5
UM. For experiments shown in Fig. 3A, Olaparib concentrations of 2.5, 5, and 10 pM were
used for the combinations with various doses of TMZ (12.5, 25, 50, 100, and 200 pM). After
the drug treatments, cell viabilities were measured by incubation of cells with a 10-fold
dilution of PrestoBlue (Thermo Fisher) for 2—4 hours after indicated treatments. Viability
was determined by fluorescence detection using a POLARstar OPTIMA (BMG LABTECH)
plate reader.

Comet assay

Cells were incubated with indicated treatments and then harvested by resuspension.

Cells were embedded in 0.5% low melting point agarose (Promega), and comet assays
were performed following the manufacturer’s instructions (Comet Assay Kit, Trevigen).
Cells were stained with SYBR™ Gold Nucleic Acid Gel Stain (10,000-fold dilution)
(ThermoFisher, S11494), and images were taken from at least 10 independent fields.
Quantification of percentage tail DNA was performed by Image J software (ImageJ,
RRID:SCR_003070). Comet score and student #test were used for statistical comparisons.

Combination index

Cells were incubated with Olaparib and TMZ at indicated doses for 72 hours. Cell viabilities
were measured, and the Combination Index was calculated using CompuSyn software.
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DNA fiber analysis

After treatments, cells were labeled with CldU (8 pug/ml) for 20 minutes followed by IdU

(90 pg/ml) for 20 min. Labeled cells were resuspended and mixed 1:4 with unlabeled cells
and adjusted to a final concentration of 2.5 x10° cells/ml. Cell suspensions (2.5 ul) were
mixed with 7.5 pl lysis buffer (200 mM Tris pH 7.4, 50 mM EDTA, 0.5% SDS) directly on
slides by gently stirring and incubated for 8 minutes at room temperature. Slides were tilted
to 30°-45° to allow the lysed cells and chromatin to run down slowly along the slides. Slides
were air-dried for at least 2 hours at room temperature and fixed in methanol/acetic acid 1:1
at 4°C overnight. Slides were rehydrated in PBS, incubated with 2.5 M HCI for 1 hour to
denature DNA and washed in PBS three times. Slides were flooded with blocking buffer
(2% BSA, 0.1% tween 20 in PBS) and incubated with primary antibodies diluted in blocking
buffer for 2.5 hours at room temperature. Slides were washed in PBST 0.2% 3 times and
incubated with secondary antibodies for 1 hour at room temperature. Slides were washed 3
times in PBST 0.2%, mounted with Gold Antifade Mountant (Thermo Fisher) and analyzed
on a Nikon Eclipse 50i microscope.

Chromatin fractionation

Cells were treated or transfected as indicated and pre-extracted as described previously
(21), then washed once with pre-extraction buffer. Chromatin fractions were fixed using
the Fixation/Permeabilization Solution Kit (BD) for flow cytometry or boiled in Laemmli
Sample Buffer (Biorad) for immunoblot.

Flow cytometry

The intact cells were fixed, permeabilized, blocked, and washed according to instructions
for the Fixation/Permeabilization Solution Kit (BD) for cell cycle profiling coupled with
DNA damage markers. The permeabilized cells were incubated with primary antibody at
4°C overnight. The cells were washed once in wash buffer and incubated with secondary
antibodies (1:200 dilution) conjugated with Dylight 488 in Propidium iodide (PI, 5 ug/ml) at
RT for 2 hours. The stained cells were washed once in wash buffer prior to analysis.

Chromatin fractions for flow cytometric analysis were prepared as above: first incubated
with primary antibody at 4°C overnight, washed, then incubated with secondary antibodies
conjugated with Dylight 488 and Dylight 650 in DAPI (1 ug/ml) at RT for 2 hours. Fractions
were washed once prior to analysis on an LSR2 or LSR-Fortessa (BD) flow cytometer.
Student’s t-test was used for statistical comparisons.

Immunofluorescence staining

Cells were treated as indicated and fixed in 4% paraformaldehyde for 10 minutes at RT,
rinsed three times with TBS, blocked and permeabilized in blocking buffer (10% normal
goat serum, 0.3% Triton X-100, 100 mM Tris (pH 7.5), 150 mM NaCl) for 1 hour at RT.
Primary antibodies in blocking buffer (1:200) against indicated targets were incubated with
cells for 2-3 hours at room temperature in a humidified chamber. Cells were washed 4-5
times in TBS and incubated with secondary antibodies (1:200) conjugated with Dylight 488
(Jackson ImmunoResearch) or Dylight 594 (Jackson ImmunoResearch) in blocking buffer
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for 2 hours at RT. Cells were washed 4-5 times in TBS and mounted using Gold Antifade
Mountant (Thermo Fisher).

Genomic DNA was harvested from cells after indicated treatments using a QlAamp DNA
Micro Kit (QIAGEN) and dot blotted on positively charged nylon membrane, Amersham™
Hybond ™-N+ (GE). Membranes were dried for 2 hours at RT and cross-linked with a UVC
500 Crosslinker (Amersham Biosciences) at 0.25 J/cm2. The membrane was blocked in

5% fat-free milk/TBST (TBS 0.1% tween 20) for 30 minutes and incubated with primary
antibodies (1:000) against 3-meC (Active Motif, Cat# 61179, RRID:AB_2793540) and
06-meG (Squarix, Cat# SQM003.1) at 4°C overnight. Membranes were washed three times
in TBST and incubated with secondary antibodies (1:10,000) at RT for 2 hours. Membranes
were washed three times in TBST, and images were acquired on a ChemiDoc Imaging
System (Biorad). Quantifications were performed using Image J.

Micro-irradiation

Cells were plated in Nunc™ Glass Bottom Dishes (Thermo) and transfected with indicated
proteins tagged with GFP (OriGene). Cells were incubated in sensitizer (Hoechst 33342;
Thermo) for 10 minutes; sensitizer was replaced with phenol red-free RPMI for reduction
of background. Micro-irradiation and image collection were performed on a Confocal
microscope Al (Nikon) equipped with a 405 nm diode laser set to 30% (spot irradiation, 1
iteration, zoom 1, and dwell time of 30 ps) at 37°C, 5% CO2 as described for analysis of
BER factors (22,23). Quantifications were performed using Image J.

Immunohistochemistry

Deparaffinization and rehydration were performed by incubation in xylene and serial alcohol
dilutions. Antigen retrieval was performed by immersion in citrate buffer (Sigma) at 90°C
followed by incubation in H,O, in methanol for 15 minutes at RT to inhibit endogenous
peroxidase. Slides were blocked in Antibody diluent (Dako) for 30 minutes at RT. Slides
were incubated with primary antibodies against indicated targets overnight at 4°C. Slides
were washed three times in TBST for 5 minutes and then incubated with HRP-conjugated
secondary antibodies (Dako) for 30 minutes at RT. Slides were washed three times in TBST,
chromogen substrate was added, slides were counterstained with hematoxylin (Sigma) and
mounted in Cytoseal (Thermo Scientific) mounting medium for analysis.

AP site quantification

Following incubation with indicated treatments, genomic DNA was isolated from cells. An
AP site quantification kit (Cat#: STA-324, Cell Biolabs) was used for analyzing the number
of AP sites following the manufacturer’s instruction.

Tumor xenografts in mice

HEC1A or TOV21G cells (2 or 4 x 10%) suspended in Matrigel were injected
subcutaneously into both flanks of 6-8-week-old female Nu/Nu mice. Since ovarian cancer
is a female disease, only female mice were used in this study. When tumor sizes reached
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~200 mm3, mice were randomly divided into four groups and treated with vehicle (10%
DMSO in PBS), TMZ (20 mg/kg), Olaparib (10 mg/kg), or TMZ + Olaparib combination
by intraperitoneal (i.p.) injection every other day for three weeks. Measurement of tumor
size was initiated on the first day of treatment and was performed twice per week. The
experiment was terminated when the total tumor load reached ~2000 mm3. Mice were
euthanized, and tumors were fixed in formalin or frozen at —80°C. Immuno-stained slides
were evaluated by an experienced gynecological pathologist (IMS) blinded to each /n vivo
treatment condition. The use of animal has been reviewed and approved by the Institutional
Animal Care and Use Committee (IACUC).

Statistical analyses

Mann-Whitney test (two-tailed) was used for the calculation of significance in experiments
when n=5. Student’s ftest was used when n<3. Statistical calculations were performed using
Prism. Non-linear mixed effects model adjusting for correlation among repeated measures
was used for analyzing data in Figure 5. All experiments were performed in at least three
biological repeats.

Data availability

Results

Data were generated by the authors and included in the article.

ARID1A-deficient mammalian cells are highly sensitive to TMZ/Olaparib combination

PARP inhibitors show significant anti-tumor effects in many Type Il ovarian high-grade
serous carcinomas, especially those with HR defects including BRCAL and BRCA2
mutations. However, Type | ovarian cancers are mostly BRCA-wildtype, do not display
homologous recombination deficiency signatures nor have high DNA copy number
alterations, and their response to PARP inhibitor as a monotherapy or in combination
therapy remains to be evaluated (24). As compared to high-grade serous carcinomas,
frequent mutations in ARID1A of the SWI/SNF chromatin remodeler complex, were
identified in ovarian clear cell carcinoma, a Type | ovarian cancer (5,6). Previous studies

in mammalian systems reported promiscuous involvement of ARID1A in DNA damage
repairs (12-14). In cancer cells with mutations of key tumor suppressor genes guarding the
genome such as TP53 and ARID1A, multiple DNA repair pathways and cellular functions
were concurrently impacted, readjusted, and rebalanced to maintain cell survival and support
tumor growth (25). This alteration in DNA repair processes is specific for cancer cells,
thereby providing opportunities for developing highly specific synthetic lethal treatments.

To identify clinically available genotoxic drugs that may enhance the response of ARID1A-
mutated Type | ovarian cancers to PARP inhibitors and thus can be re-purposed for cancer
therapy, we tested drug-induced cytotoxic effects in a pair of isogenic cell lines, hEM3, with
or without CRISPR-mediated ARID1A knockout (19,20). hEM3 originated from human
endometrial epithelium, the cellular origin of ovarian clear cell carcinoma and endometrioid
carcinoma, and its application in drug screening and functional studies have been reported
previously (19,20). The genotoxic drugs tested here include Topoisomerase |1 inhibitor:
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Doxorubicin (Doxo); Topoisomerase | inhibitor: Camptothecin (CPT); DNA cross-linkers:
Carboplatin (Carbo) and Ifosfamide (IFA); DNA replication inhibitor; 5-Fluorouracil (5-
FU); and DNA alkylating drugs: Temozolomide (TMZ) and Methyl methanesulfonate
(MMS). In addition, an experimental drug, WDR5-0103, which inhibits MLL histone
methyltransferase activity, as well as HA15, which induces endoplasmic reticulum stress,
and Paclitaxel (PTX), which stabilizes microtubules, were also evaluated.

With the exception of CPT, when these drugs were applied singly, none produced a
differential cytotoxicity between ARID1A-KO and -WT cells (Fig. S1A). However, when
co-applied with PARP inhibitor, alkylating drugs including TMZ and MMS induced
significant cell killing of ARID1A-KO cells but not WT cells at most testing doses,

(Fig. 1A). TMZ significantly sensitized ARID1A-KO hEM3 to Olaparib (Fig. 1B). Similar
observations were made in clonogenic assays performed on another pair of isogenic
ARID1A-WT and —KO lines created from MCF10a (Fig. S1B). Clonogenic assays
performed on isogenic hEMS3 cell lines also confirmed the cytotoxicity data (Fig. S1C). The
sensitivity of hREM3 and MCF10a to Olaparib single agent was also assessed. The response
to Olaparib did not differ between ARID1A-KO versus -WT cells, except for higher doses of
Olaparib (Fig. S2).

When compared to phenotypes observed in the immortalized normal epithelial cells, hEM3
and MCF10a, an endometrioid cancer cell line, OVCA429, with a mutation in MSH6 and
HCT116, a colorectal cell line with well-recognized deficiency in DNA mismatch repairs
(MMR), were highly sensitive to TMZ/Olap regimen, and ARID1A deficiency displayed a
minimal sensitization effect (Fig. 1B).

Since both hEM3 and MCF10a are not MMR-deficient, our results suggest that the
alkylating drug, TMZ, significantly enhanced Olaparib sensitivity in MMR-proficient
epithelial cells with AR/D1A deletion or inactivation, although a future study with a large
repertoire of MMR-deficient and -proficient cells is needed to test this hypothesis. We

also applied another two PARPI, Veliparib and Niraparib, to verify TMZ/Olap-induced
cytotoxicity in ARID1A-KO cells. When co-applied with TMZ, these PARP inhibitors also
provoked synergistic cytotoxic responses in ARID1A-KO cells (Fig. S3A).

TMZ has been widely used for treating brain tumors, however, its clinical benefit for solid
tumors such as ovarian or lung cancers remains to be established. Recent data from a TMZ/
Olaparib combination treatment trial on patients with small cell lung cancer restores the
promise of using TMZ to enhance PARPI response in some solid tumors (26).

Next, we evaluated TMZ and Olaparib drug-drug interaction in four pairs of isogenic
ARID1A-KO and ARID1A-WT cancer cell lines. Among which HCT116 and OVCA429
are characterized by MMR deficiencies, whereas hEM3 and MCF-10a have no other known
DNA repair defects. The logarithmic combination index in ARID1A-KO EM3 and MCF-10a
cells was significantly lower than 0, indicating a synergistic cytotoxic effect of TMZ/

Olap drug combination, whereas the index in their ARID1A-WT counterparts was close

to 0, indicating an additive effect (Top, Fig. 2A). Similar synergistic effects in ARID1A-

KO hEMS3 cells were observed when another alkylating drug, Methyl methanesulfonate
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(MMS), was co-applied with Olaparib (Fig. S3B). In contrast, MMR-deficient HCT116 and
OVCA429 lines showed a synergistic response to the TMZ/Olap combination treatment,
irrespective of AR/D1A status (Bottom, Fig. 2A).

We also evaluated the TMZ/Olaparib combination interaction in four Type | ovarian cancer
lines, two of them (HEC1A and TOV21G) harbor AR/D1A mutation and the other two
(ES2 and RMGL1) do not have AR/D1A mutation (Fig. 2B). ARID1A protein expression can
be detected in the two ARID1A-WT cancer cell lines, ES2 and RMG1, whereas HEC1A
and TOV21G, which have ARID1A mutation lose ARID1A protein expression (Top, Fig.
2B). In the drug combination assessment, we observed that TMZ/Olaparib regimen produces
a synergistic effect in ARID1A-mutated Type | ovarian cancer cell lines and an additive
effect in ARID1A-wildtype ovarian cancer cell lines (analyzed by COMPUSY N software,
Fig. 2B). Experiments were also conducted on Type | ovarian cancer cell lines using the
same drug combination condition as depicted in Fig. 1A (fixed Olaparib concentration of 5
UM and a serial dose of TMZ). The results demonstrated that Type I cancer cell lines with
ARID1A mutations are generally more sensitive to this drug combination treatment than the
cell lines without ARID1A mutation (Fig. S3C).

The TMZ and Olaparib combination decreased growth of ARID1A-mutated tumors

To evaluate the efficacy of TMZ/Olap treatment /n7 vivo, we established tumor xenografts
from the four Type | ovarian cancer cell lines (HEC1A, TOV21G, ES2, and RMG1) and
tested TMZ/Olap either singly or in combination. Significant tumor growth inhibition of
HEC1A and TOV21G xenografts, both of which harbor a deleterious ARID1A-mutation,
was observed in TMZ/Olap combination-treated mice. Tumor growth inhibition was absent
in single agent-treated mice or in mice with ARID1A-wildtype ES2 and RMG1 xenografts
(Fig. 3A).

We next assessed expression of the DDR/replication stress markers, yH2A.X and pS33

RPA, and the apoptosis marker, cleaved caspase 3, on tissue sections from these xenograft
tumors (Fig. 3B-D). The TMZ/Olaparib combination led to an increased number of
YH2A.X-positive, cleaved caspase 3-positive, and pS33 RPA-positive cells in ARID1A-
mutated xenograft tumors compared to single agent or vehicle control-treated tumors (Fig.
3B-D). In contrast, we did not detect a significant number of cells positive for either of these
markers in ARID1A-wildtype tumor xenografts (Fig. S4A-C).

ARID1A deletion compromised base excision repair upon exposure to DNA alkylating

agents

Alkylating drugs, such as TMZ, methylate DNA bases at N (80%) and O (8.3%) atoms (27).
In response, N-methylations are repaired by DNA base excision repair (BER) or nucleotide
excision repair (NER). During normal replication, O6-methylation often occurs on guanines
to form O6MeG:T mismatch pairs, which are recognized and repaired by the DNA MMR
system. In BER, methylated bases are removed by a DNA glycosylase, resulting in abasic
(AP) sites that are recognized by an apurinic/apyrimidinic endonuclease, APE1 (Fig. 4A).
In MMR, a gapped duplex is created by incision of the newly replicated strand and a futile
repair loop, which creates double-strand break (DSB) intermediates that activate DSB repair
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pathways or induce apoptosis. Accordingly, methylating agents induce both the DSB repair
pathway and G2/M cell cycle arrest.

Because DNA base methylation adducts introduced by TMZ can be repaired by the

BER mechanism, we first evaluated BER capacity in ARID1A-KO cells versus wildtype
controls. The levels of methylated DNA bases including Methylcytosine (3-mC) and O6-
Methylguanine (O6-mG) were assessed by dot blot assay using antibodies against each
specific methylated base (28) (Fig. 4B). As expected, we detected higher levels of alkylated
DNA bases in ARID1A-KO cells than in ARID1A-WT cells. Furthermore, the differences
were more pronounced in TMZ/Olap-treated cells (Fig. 4C). We also verify the findings in
Type | ovarian cancer cell lines, HEC1A and TOV21G, with deleterious ARID1A mutation
and in ES2 and TOV21G ovarian cancer cell lines without ARID1A mutation (Fig. 4D-E).
These results are in agreement with the above findings in which cancer cells with ARID1A
mutation after alkylating drug and PARPi combined treatment accumulated more abundant
DNA base lesions than cancer cells without ARID1A mutation.

We also measured the number of apurinic/apyrimidinic sites (AP) sites generated by BER

or spontaneous depurination (29) and found a higher number of endogenous AP sites

in ARID1A-KO cells than in ARID1A-WT cells. Moreover, the number of AP sites in
ARID1A-KO cells was increased by drug treatment involving either TMZ or PARPI. Since
AP sites are generated by glycosylase, the data suggest both KO and WT cells likely have
active glycosylase activity. However, since drug-induced AP sites returned to basal levels in
ARID1A-WT cells within 16 hours, but did not return in ARID1A-KO cells, KO cells likely
have a delayed BER activity, downstream of glycosylase (Fig. 4F).

DNA comet assays in alkaline or neutral conditions were also performed to assess SSDNA
and dsDNA breaks, respectively (Fig. 4G-J). A marginal increase in sSSDNA breaks, comet
tail lengths in alkaline condition, can be observed in the hEM3 ARID1A-KO as compared to
the ARID1A-WT cells. When cells were exposed to TMZ/PARPI, both ssDNA and dsDNA
breaks were increased in ARID1A-KO as compared to the ARID1A-WT cells (Fig. 4H &
4J). The increased endogenous sSDNA breaks in ARID1A-KO cells are congruent with the
greater number of AP sites generated by glycosylase in these KO cells (data shown in Fig.
4F).

To determine whether there is a hindrance of BER in ARID1A-KO, we assessed recruitment
kinetics of BER effectors after micro-irradiation-induced base lesions and single-strand
DNA breaks in ARID1A-KO or -WT cells (23,30). Plasmids containing GFP-tagged
XRCC1 or PNKP (short-patch BER repair) or APE1 or FEN1 (long-patch BER repair) were
transfected into ARID1A-KO or ARID1A-WT cells. The relative intensity curve of APE1
and FEN1 peaked at a significantly higher rate in the ARID1A-WT cells than the ARID1A-
KO cells (P= 6.5251e-09 and P= 1.3029e-09, respectively, Fig. 5A). The peak relative
intensity was 1.8043 + 0.1444 from the APE1transfected WT cells as compared to 1.2537

+ 0.1021 from the APEltransfected KO cells (p= 8.6058e-07). For FEN-transfected cells,
the peak relative intensity was 1.5663 + 0.1218 from the ARID1A-WT cells, compared to
1.1716 £ 0.0709 in the KO cells (P= 6.2096e-06) (Fig. 5A). In contrast, recruitment kinetics
of short-patch BER effectors, XRCC1 and PNKP, were not affected by the ARID1A status
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(Fig. 5B). There was no difference in the peak intensity or rate to reach peak between the
ARIDA-WT and ARID1A-KO cells. Collectively, the data suggest that ARID1A influences
long-patch BER effectors but perhaps does not affect short-patch BER effectors (Fig. 4A).

TMZ/Olaparib combination elicits replication stress and hampers replication fork stability
in ARID1A-KO cells

Delayed or hindered recruitment of DNA repair effectors to sites of single stranded DNA
damage can result in accumulation of unrepaired ssSDNA lesions to dsDNA breaks during
DNA replication and can cause replication stress followed by cell death if the lesions are
not swiftly resolved. To determine the levels of replication stress, we used the following
approaches. First, we directly measured RPA loading onto chromatin coupled with yH2A.X
levels (31) and observed a higher percentage of chromatin-bound RPA and yH2A.X in
TMZ treated ARID1A-KO hEM3 and MCF-10a cells compared to their ARID1IA-WT
counterparts (Fig. 6A). Adding Olaparib to TMZ further increased replication stress in
ARID1A-KO cells (Fig. 6A). Immunofluorescence analysis of the replication stress markers
YH2A.X and pS33 RPA2 showed significantly upregulated nuclear expression of both
markers in TMZ/Olaparib-treated ARID1A-KO hEM3 cells (Fig. 6B). In contrast, single
agent- or vehicle control-treatment did not elicit significant upregulation of either marker in
these cell lines.

We further evaluated DNA damage patterns, assessed by yH2A.X positivity, throughout

the cell cycle. Delayed progression of yH2A.X* in S phase was seen at 16 h after TMZ/
Olaparib treatment ARID1A-KO cells (Fig. 6C & 6D), but by 24 h the percentage of
yH2A.X* cells in S phase was similar between ARID1A-KO and -WT cells (Fig. 6C &
6D). Cell cycle distribution was assessed simultaneously in this experiment. In the first 4-8
h, the percentages of cell populations in G1, S, and G2/M phases were similar between
ARID1A-KO and ARID1A-WT cells (Fig. S5A). By 16-24 h, G2/M arrest became apparent
in the ARID1A-WT cells. At the same time, G2/M arrest also occurred in ARID1A-KO
cells, but to a lesser extent than in the ARID1A-WT cells (Fig. S5A).

Significantly increased numbers of yH2A.X* cells in S phase were also observed in
MCF-10a ARID1A-KO cells 16 h after TMZ+Olap treatment (Fig. S5B). However, S phase
repair in MCF-10a ARID1A-KO cells was slower than in hEM3, as a significant fraction of
yH2A.X* cells were still in S phase 24 h after TMZ+Olap treatment.

Replication stress was further assessed on the basis of expression of pS345 CHK1, pS33
RPA2, and yH2A.X, all of which are ATR kinase substrates. Western blots demonstrated
increased phosphorylation levels in ATR-related proteins including pS345 CHK1 and pS33
RPAZ2 alongside elevated yH2A.X levels in ARID1A-KO cells upon exposure to TMZ/
Olaparib (Fig. 6E, Western blot quantification in Fig. S6). However, we did not observe a
similar effect on phosphorylation of the ATM-related protein, pT68 CHK2. Taken together,
the results indicate that the TMZ/Olaparib combination aggravated replication stress in cells
lacking ARID1A.

Since replication stress portends replication fork abnormalities, we evaluated replication
fork stability by DNA fiber analysis in cells subjected to different treatments (Fig. 6F).
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Shortening of the second track (red) relative to the first track (green) in the treated cells
reflects degradation of the stalled forks. In the absence of drug treatment, the ratio of 1dU/
CldU tracks was close to 1.0 (Fig. 6G). TMZ/Olaparib treatment was associated with a
shorter second track in both ARID1A-KO and -WT cells but the track shortening was most
pronounced in ARID1A-KO cells (Fig. 6G).

Discussion

It has been well recognized that one of the most celebrated advances in treating advanced
ovarian cancer in recent years is the introduction of PARP inhibitors as the first-line
maintenance therapy (32). PARP inhibitors were initially used for treating patients with
ovarian high-grade serous carcinomas having germline mutations in BRCA1 and BRCAZ
or other genes of the homologous recombination DNA repair pathway for mending double-
strand DNA breaks (32). Subsequent studies showed that patients without such mutations
could also benefit from PARP inhibitors, suggesting their broader applications beyond

the initial intended use focusing on cancers with a BRCAness genotype (33). While the
development of future generation PARP inhibitors is in sight, exploring other therapeutic
agents to enhance PARP inhibitor response or to sensitize PARP refractory cancers and to
identify cancer biomarkers to predict treatment response for PARP inhibitors will open new
avenues for the next era of ovarian cancer treatment.

The results of this study are significant in the following accounts. First, we identified a new
synthetic lethal strategy to enhance responses of ARID1A-mutated or deficient cancer cells
to PARP inhibitors. We demonstrated that cancer cells with AR/D1A-deficiency became
highly vulnerable to PARP inhibitors when alkylating drugs were co-administrated. Second,
because ovarian clear cell carcinomas are intrinsically refractory to conventional platinum-
based chemotherapy (34-36), there is an unmet need to develop novel and effective
treatments for women with this subtype of ovarian cancers. The genetic-specific targeting
strategy reported here warrants clinical evaluation in this population of patients. Third, our
findings suggest that well-established cancer drugs can be repurposed to treat cancer types
that have not been evaluated previously. In support of this view, TMZ, which was discovered
more than two decades ago as a treatment for glioblastoma multiforme, was recently found
to have substantial clinical activity for relapsed small cell lung cancer when combined with
the PARP inhibitor, Olaparib (26).

ARID1A-deficient mammalian cells exhibit modestly increased DNA strand breaks while
maintaining a comparable proliferation rate as ARID1A-expressing cells, suggesting some
level of dysregulated DNA repair function. In cancer cells, mutations in ARID1A gene may
cause dysregulated or “rebalanced” DNA repair mechanisms, rendering them susceptible

to genotoxic insults and PARP inhibitors. In terms of mechanism, we speculate that DNA
base lesions elicited by an alkylating drug could not be swiftly and efficiently resolved in
endometrial epithelial cells or Type I ovarian cancer cells with AR/D1A mutation. This
could be attributed to dysregulated expression of one or more BER pathway members or
compromised recruitment of BER factors to DNA lesions. As a result, ARID1A-deficient
cells largely rely on the PARP1-dependent DNA repairs including NER and alternative
NHEJ to safeguard their survival. Therefore, PARP inhibition aggravates DNA repair defects
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associated with ARID1A deficiency, causing replication fork stalling, fork collapse, and
cancer cell death. In the DNA fiber assays, we indeed observed that end resection of the
replication fork, resulting from prolonged stall, was significantly enhanced in TMZ plus
Olaparib treated ARID1A-deficient cells.

It is worth mentioning that genome-wide sequencing performed on Type | and Type 11
ovarian cancers clearly demonstrated that uniquely dysregulated DNA repair mechanisms
stratify subtypes of ovarian cancers (37). Mutation signatures or genomic scars as a
consequence of defective DNA repair/guarding mechanisms and exposure to endogenous
or exogenous factors were categorized, and the patterns were used to indicate mutational
processes contributing to the development of specific tumor types (38). Studies using

this approach have demonstrated that approximately 50% of ovarian HGSCs display
homologous recombination deficiencies, attributed to inactivation of the BRCA pathway
(37). On the other hand, OCCCs predominately display mutation signatures corresponding
to dysregulated APOBEC and aging. Mutation signatures/genomic scars associated with
smoking and transcription-coupled DNA repair, likely related to BER and NER, were

also identified in OCCC genomes. Collectively, dysregulated DNA repair/DNA guarding
mechanisms in OCCCs predicted by their unique mutation signatures may shed light on
OCCC etiology and pathogenesis. Mutation signatures can also be exploited for correlation
with treatment response and disease prognosis, thus their roles and clinical significance in
OCCCs warrant future active investigation.

The synthetic lethal approach reported here is expected to be specific for tumor cells,
because normal cells are mutation-free and have intact DNA repair programs. The results
are also congruent with our previous report showing that priming A/R/D1A mutated ovarian
cancer cells by low-dose ionizing radiation, which induces simple DNA lesions and simple
DNA breaks, sensitized these cancer cells to PARP inhibitors (12). The increased DNA
base lesions and DNA breaks induced by TMZ or IR in cancer cells increase their reliance
on PARP-dependent DNA repairs. Consequently, we see a marked synergistic effect with
combined treatment of TMZ or IR and PARP inhibition in ARID1A-deficient cancers.

Collectively, the preclinical data reported herein provide a promising synthetic lethal
strategy for treating cancer patients whose tumors harbor inactivating mutations in AR/D1A
while sparing normal cells and tissues which should not harbor such mutations. Clinically,
the FDA-approved alkylating agent, TMZ, has long been used for cancer treatment.
Similarly, at least four PARP inhibitors have been approved to date for cancer first-line or
maintenance therapy. The combination of TMZ and PARPi which shows synergistic effects
in ARID1A-deficient cancers reported here merits further clinical evaluation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

The combination of temozolomide and PARP inhibitors exploits the specific DNA
damage repair status of ARID1A-inactivated ovarian cancers to suppress tumor growth.
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Figure 1. Alkylating agent sensitizes ARID1A-KO cellsto Olaparib
(A) Viabilities of hEM3 ARID1A-WT and ARID1A-KO cells. Cells were treated with the

indicated chemotherapeutic drugs agents in the presence of 5 uM Olaparib (Olap). **P <
0.01, ***P < 0.001, ****P < 0.001, Student’s ~test.

(B) Viability of hEM3 and OVCA429 ARID1A-WT or ARID1A-KO cells assessed in the
presence of 100 uM temozolomide (TMZ) in combination with serially increased doses of
Olaparib. ***P < 0.001, ****P < 0.001, Student’s *test.
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Figure 2. Synergy between DNA alkylating drug and PARP inhibitor in ARID1A-deficient and

ARID1A-proficient cell

lines.

(A) Cytotoxicity test reported by logarithmic combination index (CI) plots of DNA
alkylating agent Temozolomide (TMZ) in combination with PARP inhibitor, Olaparib,
in ARID1A-WT and ARID1A-KO hEM3 cells from endometrial tissue, MCF-10a cells
derived from mammary gland epithelium, OVCA429 cells from an ovarian cancer case,
and HCT116 cells from a colorectal cancer case. Drugs were applied over a range of
concentrations, and the Fa (Fraction Affected) represents the fraction of affected cells by
treatment. The horizontal dashed line at Log (CI)= 0 separates synergistic [Log (C1)<0]
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from antagonistic [Log (C1)>0] and additive [Log (C1)=0] drug-drug interactions. (B) ( 79p)
Immunoblot of ARID1A protein expression in tumor cell lines ES2, RMG1, HEC1A, and
TOV21G. ES2 and RMG1 express ARID1A and lack mutations in the ARID1A gene.
HEC1A and TOV21G do not display detectable ARID1A expression, and both cells have
deleterious mutations in ARID1A. (Bottom) Log (CI) plots showing response to TMZ/
Olaparib (T+0) in ARID1A-WT and in ARID1A-mutated cells.
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Figure 3. TMZ and Olap combination is effectivein treating ovarian xenogr aft tumorswith
ARID1A mutations.

(A) In vivotumor xenografts from ES2, RMG1, HEC1A, and TOV21G cells. Tumor-bearing
mice were treated with vehicle (control), TMZ, Olap, or TMZ+Olap (T+O). Tumor growth
was measured as tumor volume over a period of 30 days (/ef?) and end point tumor volume
compared to day 1 (righf). Data are normalized to tumor volume collected at day 1 and
presented as mean £ SEM (n = 5). Mann—-Whitney test (two-tailed) was used to calculate
significance of differences between two comparison groups; *P < 0.01; **P < 0.001.

(B-D) In the two ARID1A-mutant xenograft tumors, HEC1A and TOV21G, the effect of
in vivo treatment on replication stress and apoptotic tendency was evaluated using three
different markers: yH2A.X (B), cleaved caspase 3 (C), and pS33 RPA (D). (7op) IHC
imaging results. Cells expressing the selected markers were immunodetected with DAB.
(Bottom) H-score was used to quantify IHC signals of the three markers and is presented as
mean £ SEM (n = 3); *P < 05, **P < 0.01, ***P < 0.001, ****P < 0.0001, Student’s #test.
Scale bar in each photomicrograph represents 60 pm.
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Figure 4. Defective Base Excision Repair in ARID1A-Deficient Endometrial Epithelial Cells.

(A) The mechanism of Base Excision Repair (BER). Alkylating agents such as

Temozolomide (TMZ) can induce methylation of DNA bases, which is repaired through
BER. When such lesions are induced, the DNA glycosylase MPG will remove the entire

—

base from the DNA strand resulting in an abasic (AP) site. Subsequently, AP endonuclease
(APE1) cleaves the AP site where a 5’ deoxyribose phosphate (dRP) end is exposed. From
here, this pathway may diverge into two DNA repair routes: short patch repair or long

patch repair. In the short patch repair pathway, the dirty ends are cleaned up by Pol B or
PNKP. PARP1 first binds to damaged DNA and initiates recruitment of XRCC1 and DNA
polymerase beta (Pol B). They collectively form a complex and replace a complementary
nucleotide using the sister strand as a template. The newly synthesized DNA is ligated by

DNA ligase I (Lig I). In the long patch repair pathway, a longer strand (2-10 bases) is

synthesized by DNA polymerase delta/epsilon (Pol 6/¢) to replace the redundant 5’ dRP

100
% 80
= 60
'_ 40

L

end, which is then removed by the flap endonuclease (FEN1). The newly synthesized DNA
strand is ligated by DNA ligase 111 (Lig I11).
(B) Dot blot showing levels of alkylated DNA in hEM3 ARID1A-WT and ARID1A-
KO cells exposed to the indicated treatment regimens for 4 hrs, then recovery for 16

hrs. (Left) Methylcytosine (3-mC), (Right) O6-Methylguanine (06-mG). Untreated (UT),

Temozolomide (TMZ), combination of Temozolomide and Olaparib (T+0). Methylene blue
staining is used as a loading control.
(C) Normalized blot intensity calculated from result shown in B. Student’s t-test was used to
calculate significance and to normalize the result. Data are presented as mean = SEM. n=3;

*P < 0.05; **P < 0.01.
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(D) Dot blot showing levels of alkylated DNA assessed in Type | ovarian cancer cell

lines with (HEC1A, TOV21G) or without (ES2, RMG1) ARID1A mutation exposed to the
indicated condition. Methylene blue staining is used as a loading control. *P < 0.05; **P <
0.01 (Multiple unpaired #test).

(E) Normalized blot intensity calculated from results shown in D. **P < 0.01 (Multiple
unpaired #test).

(F) Number of apurinic (AP) sites per 108 base pair (bp) in hEM3 ARID1A-WT and
ARID1A-KO cells at 0 hr and 16 hr after TMZ drug treatment. AP sites result from DNA
glycosylase, an upstream effector in the BER pathway. The value was measured using an
AP site quantification kit (Cell Biolabs). Student t-test was used to calculate significance.
Data are presented as mean £ SEM. n=3; ***P < 0.001, ****P < 0.0001 (Multiple unpaired
Etest).

(G) Alkaline comet assay was performed on hEM3 cells (ARID1A-WT and -KO) 16 hours
after the treatment with TMZ, TMZ+O, or vehicle control (UT).

(H) Quantification of data from (G). Data are presented as mean + SEM, **P < 0.01,
****p < 0.0001 (Mann-Whitney test). (I) Neutral comet assay was performed on hEM3
cells (ARID1A-WT and ARID1A-KO) 16 hours after the treatment with TMZ, TMZ+0, or
vehicle control.

(J) Quantification of data from (I). Data are presented as mean £ SEM; **P < 0.01, ****P <
0.0001 (Mann-Whitney test).
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Figure 5. Short patch pathway isnot influenced by ARID1A-KO under micro-irradiation
(micro-IR).

(A) (Left) Representative live-cell images of hEM3 ARID1A-KO and control cells
expressing APE1-GFP and FEN1-GFP at 0 and 10 seconds after micro-IR. (Right) Relative
fluorescence intensity at irradiated area measured every second for 2 minutes and plotted as
mean + SEM after normalization to the background fluorescence intensity using Image

J. (B) (Left) Representative live-cell images of hEM3 ARID1A-KO and control cells
expressing PNKP-GFP and XRCC1-GFP at 0 and 10 seconds after micro-IR. (Right)
Relative fluorescence intensity at irradiated area measured every second for 2 minutes and
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plotted as mean £ SEM after normalization to the background fluorescence intensity using
Image J.
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Figure 6. Elevated replication stressin ARID1A-KO cells after combination treatment with
TMZ+Olap.
(A) Level of replication stress in response to indicated drug treatment is represented by

percentage of cells positive for both yH2A.X signaling (yH2A.X*) and RPA chromatin
binding (RPA*) in ARID1A-WT and ARID1A-KO cell lines derived from hEM3, MCF-10a,
HCT116, and OVCA429. n=3; *P < 0.05. **P < 0.01; ***P < 0.005 (Multiple unpaired

t-test).

(B) Immuno-fluorescence images of hREM3 ARID1A-WT and ARID1A-KO cells treated
with TMZ+Olap for 4 hrs then recovery for 16 hrs. Anti-pS33 RPA antibody is tagged
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with a red fluorophore and anti-yH2A.X with a green fluorophore. Scale bar in each
photomicrograph is 10 um.

(C) Flow cytometric analysis of cell cycle distribution and yH2A.X expression in hEM3
ARID1IA-WT and ARID1A-KO cells at 0, 16, and 24 hours after TMZ+Olap treatment.

(D) Quantification of yH2A. X" cells normalized to each cell cycle stage. Data are presented
as mean + SEM, n = 3; *P < 0.05 (Multiple unpaired t-test).

(E) Expression levels of replication markers assessed by immunoblots. CHK1 and RPA are
phosphorylation substrates of ATR, whereas CHK?2 is the phosphorylation substrate of ATM.
(F) Top: Schema showing cells incubated with thymidine analogue CldU for 20 min
followed by I1dU for 20 min, and then treated with TMZ+Olap for 16 h. CldU (green) and
IdU (red) incorporation into DNA tracks was visualized by immunofluorescence. Bottom:
DNA fiber analysis showing DNA tracks with incorporation of CldU (green) and IdU (red)
analogues.

(G) Length of each labeled track (CldU and IdU) in DNA combing assay was measured
using Image J and quantified by violin plot after normalization of 1dU to CldU. Mann
Whitney test was used calculate significance. Approximately 300 tracks were counted for
each group; ****P < 0.0001.
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