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Introduction: Poly(ADP-ribose) polymerase (PARP) is a nuclear enzyme involved in
the repair of DNA single-strand breaks (SSB). The recent development of poly(ADP-
ribose) polymerase inhibitors (PARPI) results from over 45 years of studies. When the
activity of PARP1 or PARP2 is compromised, DNA SSB lesions are unresolved and
can be converted to DNA double-strand breaks (DSBs) by the cellular transcription
mechanisms. ARID1A (also called BAF250a) is an important component of the
mammalian Switch/Sucrose Non-Fermentable (SWI/SNF) chromatin-remodeling
complex. ARID1A gene demonstrates >50% of mutation rate in ovarian clear-cell
carcinomas (OCCC). Mutated or downregulated ARID1A significantly compromises
the Homologous Recombination Repair (HRR) of DNA DSB.

Results: The present study demonstrated that downregulated or mutated ARID1A
attenuates DNA HRR through stimulation of the PI3K/Aktl pathway and makes
tumor cells highly sensitive to PARPi and PARPi/ionizing radiation (IR) combination.
We showed that PI3K/Aktl pathway plays an important role in the sensitization of
cancer cell lines with compromised function of ARID1A to PARPI treatment.

Discussion: We believe that using of PARPi monotherapy or in combination with
radiation therapy is an appealing strategy for treating ARID1A-mutated cancers,
as well as many other types of PIZK/Aktl-driven cancers.

KEYWORDS

AKT1, ARID1A, homologous recombination repair, ionizing radiation, non-homologous
end joining repair, ovarian clear cell carcinoma, PARP inhibitors, PI3K

Abbreviations: ARID1A, AT-rich interactive domain-containing protein 1A; BER, base excision repai;
HGSCs, high-grade serous cancers; HRD, homologous recombination deficiency; HRR, homologous
recombination repair; IR, ionizing radiation; MMR, mismatch repair; NER, nucleotide excision repair;
NHE], non-homologous end joining repair; OCCC, ovarian clear-cell carcinomas; PARP, poly(ADP-ribose)
polymerase; PARPi, PARP inhibitors; PI, Propidium Iodide; PTEN, phosphatase and tensin homolog; SSB,

single-strand breaks; SWI/SNF, Switch/Sucrose Non-Fermentable chromatin-remodeling complex.
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Introduction

The recent development of poly(ADP-ribose) polymerase
inhibitors (PARPi) results from over 45 years of studies. Poly
(ADP-ribose) polymerase (PARP) is an enzyme essential for the
DNA single-strand breaks (SSB) repair (1-4). When the activity of
PARP1 or PARP2 is compromised, DNA SSB lesions are unresolved
and can be converted to DNA double-strand breaks (DSBs) by the
cellular transcription mechanisms (5). Breast cancer susceptibility
protein 1 (BRCA1) plays a significant role in the error-free
homologous recombination repair (HRR) of DNA DSBs. Loss of
BRCAL activity leads to a switch from error-free HRR to error-
prone non-homologous end-joining (NHE]) repair of DSB DNA
which resulted in genomic instability (6-8). The PARP/BRCA
genetic interaction was described as the synthetic lethality effect:
both genes when individually downregulated do not affect the cell
survival, but a contemporary loss of both genes’ activities leads to
cell death (9-11). Mechanisms of synthetic lethality can be applied
to the treatment of cancer (12) and the PARP/BRCA genetic
interaction demonstrated an effective approach for the treatment
of ovarian cancer (OC) (13-16). However, inherited BRCAI1/2
mutations are present in 13-15% of OC (17), most frequently
(18% in high-grade serous carcinomas) and less commonly for
other histologic subtypes (18) and many cancer patients with
BRCA1/2-wt tumors, sensitization to the different DNA-damaging
agents with PARPI is less effective. Enhancing the efficacy of PARPi
in the treatment of those OC without pathogenic mutations in
homologous recombination deficiency proteins is an unmet
clinical need.

ARIDIA (also called BAF250a) is an important component of
the mammalian Switch/Sucrose Non-Fermentable (SWI/SNF)
chromatin-remodeling complex that regulates gene expression by
controlling gene accessibility. ARIDIA has been identified as a
tumor suppressor gene with one of the highest mutation rates
across different cancer types. Among OCs, ARIDIA is mutated in
>50% of clear-cell carcinomas (OCCC) and >30% of endometrioid
carcinomas (19-21). Different reports demonstrated that ARID1A
deficiency sensitizes cells to the PARPi (22, 23), however, the
mechanism of this effect was not described. Previous
investigations showed that ADIRIA protein plays a significant
inhibitory role in the PI3K-Aktl pathway (24-26). Furthermore,
ARIDIA mutations were discovered to occur frequently in a
synergistic fashion with mutations in PIK3CA (26-28).
Overactivation of the PI3K-Aktl pathway suppresses the HRR of
DNA DSBs by different mechanisms. As previously shown, Akt
overactivation can suppress HRR via p70S6 kinase-dependent
downregulation of MRE11 (29). It has also been demonstrated
that stimulation of the PI3K-Aktl pathway suppresses HRR via
cytoplasmic retention of Rad51 and BRCA1 proteins (30, 31). These
findings indicate that tumors with mutant ARIDIA or ARIDIA
protein deficiency may depend more on the overactivated PI3K/
AKT pathway than on homologous recombination for DNA repair.
In the present work, we have demonstrated that downregulated or
mutated ARID1A attenuates DNA HRR by stimulating the PI3K/
Aktl pathway and renders tumor cells highly sensitive to PARPI.

Frontiers in Oncology

10.3389/fonc.2023.1124147

We have also shown that the use of PARPi in combination with a
DNA-damaging agent (for example - ionizing radiation (IR)) leads
to a synthetic lethality effect, resulting in a significantly more
pronounced therapeutic effect compared to monotherapy with
PAPRi or a DNA-damaging agent. The results of our study
provide a new strategy for using PARPi alone or in combination
with DNA-damaging agents (radio or chemotherapy) to treat
ARID1A-mutated cancers, as well as many other PI3K/Aktl-
induced cancers.

Materials and methods

Cell culture, apoptosis, and
clonogenic assays

OC cell lines CAOV-3, OVCA-429, SKOV-3, and TOV-21G
were obtained from American Type Culture Collection (ATCC)
and grown according to ATCC recommendations. The base
medium for CAOV-3 — DMEM (cat.# 12491015, ThermoFisher),
OVCA-429 - DMEM (with high glucose) (cat.# 11960044,
ThermoFisher), and SKOV-3 was grown in McCoy’s 5a medium
(cat.# 16600082, ThermoFisher). Medium for all three cell lines
contained 10% fetal bovine serum (FBS) (cat.# A5256701,
ThermoFisher), and 1% Penicillin/Streptomycin. The base
medium for the TOV-21G cell line was a 1:1 mixture of MCDB
105 medium containing a final concentration of 1.5 g/L sodium
bicarbonate and Medium 199 containing a final concentration of
2.2 g/L sodium bicarbonate with 15% of FBS and 1% Penicillin/
Streptomycin (cat.# 15140122, ThermoFisher). For the clonogenic
assay, cells were seeded into a 6-well plate or 60-mm culture dish.
After an incubation period of 2 weeks, the colonies were fixed with
methanol and stained with crystal violet. Cell apoptosis was
determined through APC Annexin V/Propidium Iodide (PI) assay
staining by using the APC-Annexin V Apoptosis Detection Kit
(cat.# 640932, BioLegend) according to the manufacturer’s
protocol. At specific time points, cells were stained and analyzed
by flow cytometry (FACS Canto II flow cytometer, BD Biosciences).

Antibodies, reagents, siRNAs

Primary antibodies used for Western blotting: anti-Akt-1
(1:1000 dilution, cat.# 4691, Cell Signaling); anti-phospho-Akt-1
(S473) (1:1000 dilution, cat.# 9018, Cell Signaling); anti-phospho-
Akt-1 (T308) (1:1000 dilution, cat. 13038, Cell Signaling); anti-f3-
tubulin (1:1000 dilution, cat. 2128, Cell Signaling); anti-ARID1A
(1:1000 dilution, cat.# NB100-55334, from Novus Biologicals).
PARPi were purchased: ABT-888 from Enzo Life Sciences (cat.#
ALX-270-444-M001); Olaparib from Selleck Chemical LLC (cat.#
$1060). An inhibitor of PI3K LY294002 was obtained from Selleck
Chemical LLC (cat.# S1105) and allosteric Akt inhibitor MK-2206
from Cayman Chemical (cat.# 11593). ARIDIA Silencer' ™ siRNA
and Silencer"" Select Negative siRNA Control were purchased from
ThermoFisher Scientific (cat.# 4392420 and 4390843).
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Lipofectamine RNAIMAX (cat.# 13778075, ThermoFisher  fluorescence-based assay for measuring the frequency of HRR at a
Scientific) was used for siRNA transfection according to  single chromosomal DSB have been described previously (32, 33).
manufacturer recommendations. Infection with an I-Scel expression adenovirus (Ad-Scel-NG)
produces a DNA DSB in the SceGFP sequence that can be

repaired by 2 general mechanisms: error-free HRR or error-prone

Fluorescence-based DSB repair assay, non-homologous end joining repair (NHEJ). In this assay, a
adenovirus treatment, and flow cytometry functional GFP sequence can only be restored if the DSB is
repaired by HRR in an error-free manner using the downstream

All cell lines used in our study were stably transfected with the ~ GFP fragment (iGFP) as a template (Figure 1C). The percentage of
pDR-GFP reporter construct. The reporter constructs and the  GFP-positive cells after infection with Ad-Scel-NG represents the
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FIGURE 1

DNA HRR level depends on ARID1A protein expression. (A) Levels of ARID1A protein, total Akt-1, and phosphorylated forms of Akt-1 protein were
assessed by Western blotting. Blotting with an anti-B-Tubulin antibody was used as a loading control. (B) Levels of ARID1A protein, total Aktl, and
phosphorylated forms of Aktl protein 24 h after transfection with 20nM of ARID1A siRNA or 20nM of Negative Control siRNA. (C) Schematic drawing
of the Homologous Recombination Repair assay: The direct repeat GFP (DR-GFP) repair substrate contains a mutated GFP gene with an in-frame
stop codon and an I-Scel site inserted (shown as a blue line) and a truncated GFP gene. Cleavage of the I-Scel site in vivo and repair by HR directed
by the downstream iGFP repeat results in GFP* cells. (D) CAOV-3, OVCA-429, and SKOV-3 cell lines were transfected with 20nM of ARID1A siRNA
or 20nM of Negative Control siRNA. 24 hours after transfection all cells were infected with Ad-Scel-NG adenovirus. After 48 hours of infection, flow
cytometry was used to determine the fraction of GFP* cells in each sample. Non-transfected cells infected with Ad-Scel-NG were used as a non-
transfected positive control. Cells transfected with 20nM of Negative Control siRNA were used as a transfected negative control. Non-transfected
non-infected cells were used as a negative control. Green numbers represent the level of HRR. (E) Correlation between ARIDIA mRNA expression
and the level of HRR. Part of the CAOV-3, OVCA-429, and SKOV-3 cell lines treated as described in (C) were subjected to qPCR analysis of
endogenous ARIDIA mRNA expression 24 h after transfection with 20nM of ARID1A siRNA or 20nM of Negative Control siRNA. Results are presented
as the mean + SD of 3 independent experiments. The P-values were calculated with the Student t-test and shown as ** — p < 0.05, *** — p < 0.001.
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level of HRR in the test. The Ad-Scel-NG adenovirus was a
generous gift from Dr. Kristoffer Valerie (32, 33). Adenovirus was
added to the culture medium at 30 virus particles/cell and incubated
while rocking for 4 h at 37°C. The virus was then removed, and a
fresh medium was applied. After 48 hours of infection, flow
cytometry was used to determine the fraction of GFP-positive
cells in each sample. The amount of HRR was calculated as a
percentage of the GFP-positive cells in 30,000 cells counted.

Western blotting

Proteins were separated by SDS-PAGE and transferred to
nitrocellulose membranes. The membranes were exposed to
antibodies at specific dilutions. Specific protein bands were
detected using infrared-emitting conjugated secondary antibodies:
anti-Rabbit DyLight' 800 4XPEG Conjugate (1:10,000 dilution,
cat# 5151, Cell Signaling), and the ChemiDoc' " MP Imaging
System (Bio-Rad).

RNA extraction, real-time quantitative PCR

Total RNA was isolated from the cultured cells following the
manufacturer’s instructions with the RNeasy kit (cat.# 74004,
QIAGEN). The RNA concentration was measured using a
NanoDrop ND-1000 spectrophotometer (Thermo Scientific,
Wilmington DE). RNA purity was assessed by the ratios of A260/
A280 and A260/A230. RNA integrity was evaluated by the ratio of
285/18S ribosomal RNA (rRNA) and the RNA integrity number
(RIN) using an Agilent 2100 BioAnalyzer (Agilent Technologies,
Wilmington DE). cDNA synthesis and genomic DNA elimination
were performed by using RT? First Strand Kit (cat.# 330404,
QIAGEN). Samples were amplified using RT> SYBR® Green
qPCR Mastermix probes with ROX (carboxy-X-rhodamine)
passive reference dye from QIAGEN (cat.# 330529)on the
QuantStudio 3 RT-PCR machine (Applied Biosystems). The real-
time PCR data were normalized by ROX passive reference. The
specificity of amplicons was verified by melting curve analysis and
C, values of all amplicons were normalized using mRNA expression

2744C method was used for the

as an internal control. The
calculation of relative mRNA expression levels. The following RT*
qPCR Primer Assays (QIAGEN) were used: RT?> qPCR Primer
Assay for Human ACTB (GeneGlobe ID: PPH00073G-200), RT?
qPCR Primer Assay for Human ARID1A (GeneGlobe ID:

PPH13453B-200).

Statistical analysis

Unless indicated otherwise, data are demonstrated as mean +
standard deviation (SD). The significance of the difference between
groups was determined by paired or unpaired two-tailed Student’s
t-test or the one-way analysis of variance (ANOVA). The Data
Analysis Toolpak for Excel was used for the calculation of the
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Student’s t-test or the ANOVA. Differences were considered
significant for p-values < 0.05.

Results

Mutation or downregulation of ARID1A
expression stimulates PI3K/Aktl pathway
and reduces HRR of DNA DSB

Four different OC cell lines were used in our study. Three cell
lines contain a wild type of ARIDIA gene: CAOV-3, OVCA-429,
and SCOV-3; whereas the TOV-21G cell line contains a mutant
ARIDIA gene leading to loss of the protein expression (Figure 1A).
Since the ARID1A protein is involved in the regulation of the PI3K/
Aktl pathway, we tested the protein expression level and
phosphorylation status of Aktl. All four cell lines demonstrated
similar levels of total Aktl, however, TOV-21G showed a significant
increase in Akt-1 phosphorylation at S473 and T308 (Figure 1A). In
TOV-21G cells the ARIDIA mutation coexists with a PIK3CA
mutation which can additionally stimulate PI3K/Aktl pathway.
Hence, as a next step, we tested if ARIDIA protein expression alone
can modulate the activity of the PI3K/Akt1 pathway. All three cell
lines with wild-type ARID1A were transfected with 20nM of siRNA
against ARIDIA or 20nM of negative control siRNA. As shown in
Figure 1B, downregulation of ARIDIA protein expression
stimulated phosphorylation of Akt-1 protein on S473 and T308.
Both experiments demonstrated a strong connection between the
level of ARIDIA protein expression and PI3K/Aktl pathway
activation evaluated by Akt-1 protein phosphorylation.

It was previously demonstrated that stimulation of the PI3K/
Aktl pathway suppresses the HRR of DNA DSB by various
mechanisms (29-31). To estimate the impact of ARID1A on the
level of DNA HRR, all cell lines were stably transfected with the DR-
GFP reporter construct. Infection of stably transfected cell lines
with an I-Scel expression adenovirus (Ad-Scel-NG) generates a
DSB in the SceGFP sequence that can be repaired by 2 general
mechanisms: HRR or NHE]J. In this assay, a functional GFP
sequence can only be restored if the DSB is repaired in an error-
free manner using the downstream GFP fragment (iGFP) as a
template for HRR (Figure 1C). The percentage of GEP-positive cells
after infection with Ad-Scel-NG represents the level of DNA HRR
in the test (Figure 1D). Transfection with the negative control
siRNA did not significantly affect the level of DNA HRR for all three
cell lines with wild type of ARIDIA (Figures 1D, E). However, the
reduction of ARIDIA expression by siRNA transfection
significantly reduces the relative level of DNA HRR: CAOV-3 -
0.26+0.039 (ARIDIA siRNA transfection) vs. 1.11+0.065 (Neg.
control siRNA transfection), p<0.00I; OVCA-429 - 0.46+0.089
(ARIDIA siRNA transfection) vs. 1.13+£0.055 (Neg. control
siRNA transfection), p<0.03; SKOV-3 - 0.194+0.057 (ARID1A
siRNA transfection) vs. 0.9£0.093 (Neg. control siRNA
transfection), p<0.001 (Figure 1E).

The coexistence of ARIDIA and PIK3CA mutations in TOV-
21G cells leads to PI3K/Aktl pathway overactivation (Figure 1A)
and may result in a substantial decline in DNA HRR activity. To test
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the correlation between the level of DNA HRR and PI3K/Aktl
pathway activity, TOV-21G cells stably transfected with DR-GFP
reporter construct were treated with a potent inhibitor of PI3K
LY294002 or selective Akt inhibitor MK-2206. Both inhibitors
dramatically blocked Aktl phosphorylation on S473 and T308
(Figure 2A) and significantly enhanced DNA HRR activity
(Figures 2B, C) Relative DNA HRR for TOV-21G cell line:
Control = 1.0+0.097; Vehicle control = 1.02+0.284 (p=0.797);
LY294002 treatment 2.55%£0.365 (p<0.0001); MK-2206
treatment = 2.54+0.217 (p<0.0001). Thus ARID1A/PI3K/Aktl
vector significantly affects the ability of cells to repair the DNA
DSBs through the mechanisms of HRR.

ARID1A status and sensitivity to PARPI

All cell lines were subjected to the clonogenic assay with two
different PARPi ABT-888 and Olaparib. Survival fraction was
estimated for 4 different groups: 1) Non-treated control; 2)
Vehicle control (with DMSO); 3) 10uM of ABT-888; 4) 1uM of
Olaparib. All cell lines were incubated with the PARPi or vehicle for
24h, and then culture media were replaced with fresh media without
drug or vehicle. Only TOV-21G cells demonstrated a significant
decrease in clonogenic survival with ABT-888 and Olaparib

AKT1

p-AKT1 (S473)

p-AKT1 (T308)

B-Tubulin

10.3389/fonc.2023.1124147

treatment (Figures 3A, B): ABT-888 treatment - 0.33+0.025,
p<0.001; Olaparib treatment - 0.16+0.023, p<0.001. Similar
results were obtained when apoptosis was assessed after treatment
with ABT-888 and Olaparib (Figure 3C). Levels of apoptosis were
measured by the APC AnnexinV/PI assay after 48 h of incubation
with PARPi. As in the clonogenic experiment, only TOV-21G cells
show a significant increase in apoptosis after treatment with PARPi
(Figure 3D): ABT-888 - 18.75+0.56% (p<0.001) and Olaparib -
22.12£1.33% (p<0.001) vs. Vehicle control — 9.8+0.66%.

ARID1A status and sensitization to ionizing
radiation by PARPi

All cell lines were subjected to the clonogenic assay with
radiation doses: 0, 2, 4, 6, and 8 Gy. ABT-888 or Olaparib were
applied 4 h before IR. The cell media was replaced 24 h post-IR with
the fresh media without drugs or vehicle added. Survival fraction
was estimated for 3 treatment groups: 1) Vehicle control (with
DMSO); 2) 10 uM ABT-888; 3) 1 uM Olaparib (Figure 4A). For cell
lines with wild type of ARIDIA (CAOV-3, OVCA-429, and SKOV-
3), treatment with ABT-888 or Olaparib demonstrated significant
increases of sensitization to doses of IR >4 Gy. For wild-type cell
lines, PARPi didn’t stimulate sensitization to 2 Gy, and only the
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FIGURE 2

Inhibition of the PI3K/Aktl pathway reinforces the level of DNA HRR in the TOV-21G cell line. (A) TOV-21G cell line was treated with a potent
inhibitor of PI3K LY294002 (in a dose of 50uM), selective Akt inhibitor MK-2206 (in a dose of 2uM), or a vehicle (DMSO). After 6 h, levels of total Akt-
1 and phosphorylated forms of Akt-1 protein were assessed with Western blotting. (B) After 6 h of incubation with LY294002 or MK-2206 media was
changed to the fresh one and TOV-21G cells were infected with Ad-Scel-NG adenovirus. After 48 hours of infection, flow cytometry was used to
determine the fraction of GFP* cells in each sample. Cells incubated with the same amount of a vehicle (DMSO) were used as a vehicle positive
control. Non-treated non-infected cells were used as a negative control. Green numbers represent the level of HRR. (C) HRR level of the TOV-21G
cell line was normalized to the non-treated positive control and shown as a relative expression level. Results are presented as the mean + SD of 3
independent experiments. The P-values were calculated with the Student t-test and shown as ** — p < 0.0001.
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Olaparib for 24 h and a vehicle (DMSO). (B) Results of the clonogenic analysis were normalized to non-treated positive control and presented as the
mean + SD for quadruplicate samples. The P-value was calculated with the ANOVA t-test and shown as *** — p < 0.001. (C) Cells treated as
described in (A) and apoptosis assessed by AnnexinV FITC/Propidium iodide staining and flow cytometric analysis 48 h after the start of incubation.
Red numbers represent the percentage of apoptotic cells (early + late apoptosis). (D) Summary of flow cytometry analysis of apoptosis. Columns
represent the means + SD values for apoptotic cells obtained from three individual experiments. For (B, D), the P-values were calculated with the

ANOVA test and shown as *** — p < 0.001.

OVCA-429 cell line demonstrated statistically significant
sensitization to 4 Gy by ABT-888 or Olaparib treatment (Control
= 0.28+0.054 vs. ABT-888 = 0.125+0.018 vs. Olaparib = 0.09
+0.025). In contrast, ABT-888 and Olaparib were potent
radiosensitizers of TOV-21G even at 2 Gy (Control = 0.51+0.051
vs. ABT-888 = 0.039+0.005 vs. Olaparib = 0.011+0.001) (Figure 4A).
Similar results were obtained in apoptosis assays (Figure 4B). Pre-
treatment with ABT-888 or Olaparib did not significantly enhance
apoptosis after 2 Gy radiation exposure in any of the cell lines
except for the TOV-21G. Apoptosis level for TOV-21G cell line was:
IR+Vehicle = 21.67+1.96%; IR+ABT-888 = 38.52+2.57 (p<0.001);
IR+Olaparib = 42.9£2.73 (p<0.001). Effect of ARIDIA expression
level on the sensitivity of wild-type ARIDIA cell lines to PARPi: A
decline of the cell's DNA HRR efficiency increases sensitivity to
PARPi by the synthetic lethality mechanism. Experiments in
Figures 1D, E demonstrate significant attenuation of DNA HRR
for CAOV-3, OVCA-429, and SKOV-3 cell lines in response to
inhibition of ARIDIA expression level by siRNA approach. We next
tested how the downregulation of ARIDIA expression affects the
sensitivity of wild-type ARIDIA cell lines to PARPi. CAOV-3,
OVCA-429, and SKOV-3 cells were transfected with 20nM of
ARID1A siRNA or 20nM of negative control siRNA. ABT-888 or
Olaparib was applied 24 h after transfection and 24 hrs later culture
media were replaced with fresh media not containing the drug or
vehicle. The clonogenic assay demonstrated significant decreases in
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survival for cells transfected with ARID1A siRNA and treated with
ABT-888 or Olaparib: CAOV-3 - 0.18+0.009 for ABT-888 and 0.23
+0.036 for Olaparib (both p<0.001); OVCA-429 - 0.12+0.079 for
ABT-888 and 0.09+0.032 for Olaparib (both p<0.001); SKOV-3 -
0.18+0.041 for ABT-888 and 0.18+0.054 for Olaparib (both
p<0.001) (Figures 5A, B). Similar results were obtained when cell
killing was measured by apoptosis (Figure 5C).

Inhibition of PI3K/Aktl pathway by
LY294002 or MK-2206 attenuates
sensitivity of TOV-21G cells to PARPI

In experiments in Figure 2, we demonstrated that incubation of
TOV-21G cells with a potent inhibitor of PI3K LY294002 or
selective Akt inhibitor MK-2206 blocked Akt-1 phosphorylation
on $473 and T308 (Figure 2A) and significantly increased DNA
HRR level. We next tested how inhibition of the PI3K/Aktl
pathway affects the sensitivity of the TOV-21G cell line to PARPi
and PARPi/IR combination. TOV-21 cells were pre-treated with
50uM LY294002 or the same volume as a vehicle (DMSO). After 6
hr media was replaced with the fresh media containing either
vehicle (DMSO), 10 uM ABT-888, or 1 uM Olaparib, and cells
were incubated for another 6 h, and then cells were irradiated at 2
Gy. Survival fraction was estimated by clonogenic assay
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(Figures 6A, B). Pretreatment with LY294002 significantly increased
the survival fraction for nonirradiated cells treated with ABT-888
(Vehicle - 35.74+6.14 vs. LY294002 - 142.41+6.44) or Olaparib
(Vehicle - 20.43+1.70 vs. LY294002 - 127.66+8.51) as well as for
cells received 2 Gy of IR in combination with ABT-888 (Vehicle -
4.09+0.45 vs. LY294002 - 31.74+5.11) or Olaparib (Vehicle - 1.16
+0.43 vs. LY294002 - 34.16+2.60). Of potential interest is the
finding that control cells treated with the vehicle also sowed
enhanced survival LY294002 pretreatment (No-radiation group:
Vehicle - 100£8.15 vs. LY294002 - 152.06+5.20; Irradiated group (2
Gy): Vehicle - 49.79+1.56 vs. LY294002 — 61.84+8.73) (Figure 6B).

Apoptosis was also assessed at 48 h after the start of
pretreatment with LY294002 (50uM) or MK-2206 (2 uM)
(Figure 6C). Both drugs significantly attenuated effects of ABT-
888 and Olaparib on apoptosis in non-irradiated cells (Vehicle
+ABT-888 - 18.75+1.97% vs. LY294002+ABT-888 — 8.61+1.44% vs.
MK-2206+ABT-888 - 8.77+0.83%; Vehicle+Olaparib - 22.12
*1.33% vs. LY294002+Olaparib - 8.55+1.51% vs. MK-2206
+Olaparib - 7.31+2.29%) and in cells received 2 Gy of IR
(Vehicle+ABT-888 - 38.52+1.45% vs. LY294002+ABT-888 -
24.74+2.11% vs. MK-2206+ABT-888 - 25.52+1.63%; Vehicle
+Olaparib - 42.942.43% vs. LY294002+Olaparib - 23.16+2.29%
vs. MK-2206+Olaparib - 27.33£2.53%). Pretreatment with
LY294002 or MK-2206 was also able to significantly decrease
apoptosis in vehicle-treated cells (non-irradiated cells: Vehicle -
9.91+0.84% vs. LY294002 - 6.13+1.20% vs. MK-2206 - 6.64+1.53%;
2 Gy irradiated cells: Vehicle - 21.67+1.96% vs. LY294002 — 13.23
+1.74% vs. MK-2206 - 12.84+1.93%) (Figure 6C). Clonogenic assay
with different doses of IR demonstrated that pretreatment with

Frontiers in Oncology 07

LY294002 or MK-2206 significantly reduced the ability of ABT-888
and Olaparib to sensitize the TOV-21G cell line to IR (Figure 6D).

Discussion

PARPi are the first drugs designed to use a synthetic lethality
approach. The highest efficacy for PARPi has been demonstrated
for OC patients with BRCA mutations. PARPi activity was also
demonstrated for BRCAwt cancers due to mutations in genes
critical for DNA repair (e.g., ATM, BARDI1, BRIP1, CHEK2,
NBN, PALB2, RAD51C, and RAD51D) (34, 35). The idea that
DNA HRR can be compromised by many different factors
generated great interest in enhancing individualized profiling of
homologous recombination deficiency (HRD) of OC to predict
sensitivity to therapy with PARPi (34, 36, 37). Recently, DNA-based
homologous recombination deficiency (HRD) score was developed
on the basis of loss of heterozygosity (LOH), telomeric allelic
imbalance (TAI), and large-scale state transitions (LST) (37)f.
HRD is the first phenotypically defined predictive marker for
therapy with PARPi in OC. As HRD assays are increasingly used
for treatment planning, our goal is to characterize the molecular
mechanisms behind the onset of HRD in patients with ovarian
cancer and to identify novel predictive markers for treatment with
PARPi-based therapy. Our previous work showed that cancer cells
with HRD compensated this deficiency by activation of error-prone
NHEJ (33).

A close correlation between ARIDIA mutations and the activity
of the PI3K/Akt1 signaling pathway has been previously described
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Reduction of ARIDIA expression stimulates sensitivity to PARPi ABT-888 and Olaparib. (A) Clonogenic analysis of CAOV-3, OVCA-429, and SKOV-3
cells transfected with 20 nM of ARID1A siRNA and treated with 10uM ABT-888, 1uM Olaparib, or the same amount of vehicle (DMSO). Cells
transfected with 20nM of Negative Control siRNA were used as a negative control. (B) Results of the clonogenic analysis were normalized to non-
treated control and presented as the mean + SD for quadruplicate samples. (C) Cell lines were treated as described in (A) and apoptosis was
measured at 48 h after the start of incubation with ABT-888, Olaparib, or Vehicle (DMSO) by methods described in Figure 3. Columns represent the
means + SD values for apoptotic cells obtained from three individual experiments. For (B, C), the P-values were calculated with the ANOVA test and

shown as *** — p < 0.001.

(38). In endometrial cancer (39), ovarian clear cell carcinoma (28),
colon cancer (40), and gastric cancer (24), loss of ARIDIA
expression stimulates Aktl phosphorylation. ARID1A protein
activates SWI/SNF complex which inhibits PIK3CA and PDKI1
transcription (24). Also, ARIDIA mutations frequently occur with
mutations in PIK3CA (26-28, 39, 41), leading to stimulation of the
PI3K/Aktl pathway synergistically. Hence, cancer cells with
ARIDIA mutation or deficiency depend more on the PI3K/Aktl
pathway than the cells expressing normal ARIDIA. Previous
investigations demonstrated that stimulation of the PI3K/Aktl
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pathway suppresses the HRR of DNA DSBs by multiple
mechanisms (29-31).

Our data show a high correlation between ARIDIA protein
expression level, PI3K/Aktl pathway activity, and DNA HRR
efficacy. Inhibition of ARIDIA expression or its functional
impairment due to mutation leads to stimulation of the PI3K/
Aktl pathway as shown by the increase in phosphorylation on S473
and T308 of Aktl and subsequent impairment of DNA HRR
mechanisms. In contrast, inhibiting the PI3K/Aktl pathway by
the potent inhibitor of PI3K LY294002 or selective Akt inhibitor
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Pretreatment with LY294002 or MK-2206 attenuates the sensitivity of the TOV-21G cell line to PARPi and PARPi/IR combination. (A) Clonogenic
analysis of TOV-21G cells pre-treated with 50uM LY294002 and subjected to treatment with 10uM ABT-888, 1uM Olaparib, their combination, or
vehicle (DMSO) with 2 Gy of IR. (B) Results of the clonogenic analysis were normalized to non-treated control and presented as the mean + SD for
quadruplicate samples. (C) TOV-21 cell line was pre-treated with 50uM LY294002, 2 uM MK-2206, or vehicle (DMSO). After 6 h of pre-treatment
media was changed to the fresh one and cells were incubated with the vehicle (DMSO), 10 uM ABT-888, or 1 uM Olaparib for the next 6 h. 48h after
the start of incubation cells were assayed for apoptosis as described in Figure 3. Columns represent the means + SD values for apoptotic cells
obtained from three individual experiments. (D) Clonogenic analysis of TOV-21G cells pre-treated with 50uM LY294002 or 2uM MK-2206 and
subjected to treatment with 10uM ABT-888, 1uM Olaparib, or their combination with different doses of IR. Results of the clonogenic analysis were
normalized to non-irradiated vehicle control and presented as the mean + SD for quadruplicate samples. The P-values were calculated for (B) with
the Student t-test, for (C, D), with the ANOVA test and shown as ** — p < 0.05, *** — p < 0.001.

MK-2206 significantly led to a recovery in DNA HRR in the
ARIDIA mutant TOV-21G cells. Treatment of wild-type ARIDIA
OC cell lines with PARPi ABT-888 or Olaparib did not affect
survival fraction or apoptosis level. Only TOV-21G demonstrated
significant stimulation of apoptosis and a decrease in survival
fraction in response to PARPi in monotherapy. The same
correlation was demonstrated when ABT-888 and Olaparib were
used for sensitization to IR. Pretreatment of the TOV-21G cell line
with PARPi demonstrated very high stimulation of sensitivity to all
doses of IR. In contrast with the ARIDIA wild-type CAOV-3,
OVCA-429, and SKOV-3 cells PARPi were not effective
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radiosensitizers at 2 Gy of IR and only higher IR doses revealed
sensitization by PARPi.

The importance of the ARID1A/PI3K/Akt] pathway to PARPi
sensitivity was demonstrated in our study by two approaches. First,
we showed that the downregulation of ARID1A protein expression
in CAOV-3, OVCA-429, and SKOV-3 cell lines significantly
stimulated the sensitivity of these cells to PARPi ABT-888 and
Olaparib. Second, inhibition of PI3K/Akt1 activity in the TOV-21G
cell line by pre-treatment with LY294002 and MK-2206 revoked the
sensitivity of this cell line to PARPi as well as abolished the
sensitization effect of PARPi to IR. In summary, we demonstrated

frontiersin.org


https://doi.org/10.3389/fonc.2023.1124147
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Yakovlev et al.

that ARIDIA mutation stimulates PI3K/Aktl pathway, attenuates
DNA HRR, and makes tumor cells highly sensitive to PARPi and
PARPi/IR combination.

Our study contains several limitations. First, only IR was used as a
DNA-damaging agent. Further research into chemotherapeutic drugs
as DNA-damaging agents is needed. Second, in our study, we use only
the siRNA approach to decrease the expression of ARID1A in several
cancer cell lines. In future studies, cell lines with knockout ARID1A
and members of the PI3K/AKT pathway provide us with more
information. Third, studying cell lines in vitro gives us only proof of
principle. Animal model studies are needed to obtain more data.

The effect of ARIDIA mutation can be compared with another
commonly mutated gene in human cancers, phosphatase and tensin
homolog (PTEN) (42). Both ARIDIA and PTEN proteins share a
common function of inhibition of the PI3K/Aktl pathway. As for
ARIDI1A, cells with mutated or depleted PTEN show over-activation of
the PI3K/Aktl pathway and impairment of DNA HRR (43-46).
Consistently, PI3K/Akt1 inhibition restored DNA HRR efficiency in
PTEN-depleted cells (47). As for ARID1A, the DNA HRR inefficiency
caused by PTEN depletion or mutation, sensitizes tumor cells to
PARPi, both in vitro and in vivo (43, 47).

Activation of the PI3K/Aktl pathway can occur not only by
mutations in PI3K, inactivating mutations or the loss of PTEN and
ARIDIA, but also mutations in other upstream oncogenes (e.g.
RAS) (38, 48). According to current research, over 25% of lung
adenocarcinoma mutations are RAS mutations (49), and the Kristin
isoform of Ras (K-Ras) is mutated in over 90% of pancreatic ductal
adenocarcinomas (50). As mutations in RAS are common to a
variety of cancers many different strategies that aim to down-
regulate constitutively active PI3K/Aktl pathway have been
explored (51, 52). We propose that another appealing strategy for
treating cancers with RAS mutations, as well as many other types of
PI3K/Akt1-driven cancers, is the use of PARPi in monotherapy or
in combination with chemo- or radiation therapy.

ARIDIA mutations, although uncommon in high-grade serous
carcinoma of the ovary, are relatively common in cancers with clear cell
and endometrioid histology (21, 53). As these subtypes of OC are
relatively chemotherapy resistant (54), finding effective therapies is an
unmet need. The use of PARPi in combination with different DNA-
damaging agents can significantly reduce the resistance of these cancer
subtypes to standard chemotherapy. In some cases, PARPi can also be
used in combination with RT. The safety of treatment with PARPi in
combination with RT in OC has been already demonstrated in several
early-phase clinical trials (55, 56). Targeting this therapy to ARIDIA
mutant/deficient malignancies should be strongly considered in future
clinical trials of enhancing PARPI efficacy for women without germline
mutations in HR deficiency pathways and those with BRCAwt tumors
with few therapeutic options.

Conclusions

The present study demonstrates that mutated or downregulated
ARIDIA compromises the HRR of DNA DSBs through stimulation
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of the PI3K-Aktl pathway. Attenuation of DNA HRR in ARID1A-
mut tumor cells sensitizes them to PARPi and PARPi/IR
combination by a mechanism of synthetic lethality.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Author contributions

VY and ST participated in the conception and design of the
study. Conceptualization: VY, EF, and ST. Methodology: VY.
Validation: SS, EF, and ST. Formal analysis: VY, SS, EF, and ST.
Writing-original draft preparation: VY. Writing- review and
editing: SS, EF, and ST. Visualization and supervision: VY and
ST. All authors contributed to the article and approved the
submitted version.

Funding

This project was supported by VCU’s internal VETAR (Value
and Efficiency Teaching and Research) Grand. Services and
products in support of the research project were generated by the
Virginia Commonwealth University Flow Cytometry Shared
Resource, supported, in part, with funding from NTH-NCI Cancer
Center Support Grant P30 CA016059.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fonc.2023.1124147/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2023.1124147/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2023.1124147/full#supplementary-material
https://doi.org/10.3389/fonc.2023.1124147
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Yakovlev et al.

References

1. Durkacz BW, Omidiji O, Gray DA, Shall S. (ADP-ribose)n participates in DNA
excision repair. Nature. (1980) 283(5747):593-6. doi: 10.1038/283593a0

2. El-Khamisy SF, Masutani M, Suzuki H, Caldecott KW. A requirement for PARP-
1 for the assembly or stability of XRCCI1 nuclear foci at sites of oxidative DNA damage.
Nucleic Acids Res (2003) 31(19):5526-33. doi: 10.1093/nar/gkg761

3. Hassa PO, Hottiger MO. The diverse biological roles of mammalian PARPS, a
small but powerful family of poly-ADP-ribose polymerases. Front Biosci (2008)
13:3046-82. doi: 10.2741/2909

4. Weil MK, Chen AP. PARP inhibitor treatment in ovarian and breast cancer. Curr
Probl Cancer. (2011) 35(1):7-50. doi: 10.1016/j.currproblcancer.2010.12.002

5. Saleh-Gohari N, Bryant HE, Schultz N, Parker KM, Cassel TN, Helleday T.
Spontaneous homologous recombination is induced by collapsed replication forks that
are caused by endogenous DNA single-strand breaks. Mol Cell Biol (2005) 25
(16):7158-69. doi: 10.1128/MCB.25.16.7158-7169.2005

6. Weaver Z, Montagna C, Xu X, Howard T, Gadina M, Brodie SG, et al. Mammary
tumors in mice conditionally mutant for Brcal exhibit gross genomic instability and
centrosome amplification yet display a recurring distribution of genomic imbalances
that is similar to human breast cancer. Oncogene. (2002) 21(33):5097-107. doi:
10.1038/sj.0nc.1205636

7. Quaresima B, Faniello MC, Baudi F, Crugliano T, Cuda G, Costanzo F, et al. In
vitro analysis of genomic instability triggered by BRCA1 missense mutations. Hum
Mutat (2006) 27(7):715. doi: 10.1002/humu.9427

8. Konishi H, Mohseni M, Tamaki A, Garay JP, Croessmann S, Karnan S, et al.
Mutation of a single allele of the cancer susceptibility gene BRCA1 leads to genomic
instability in human breast epithelial cells. Proc Natl Acad Sci U S A. (2011) 108
(43):17773-8. doi: 10.1073/pnas.1110969108

9. Farmer H, McCabe N, Lord CJ, Tutt AN, Johnson DA, Richardson TB, et al.
Targeting the DNA repair defect in BRCA mutant cells as a therapeutic strategy.
Nature. (2005) 434(7035):917-21. doi: 10.1038/nature03445

10. Aly A, Ganesan S. BRCA1, PARP, and 53BP1: conditional synthetic lethality and
synthetic viability. ] Mol Cell Biol (2011) 3(1):66-74. doi: 10.1093/jmcb/mjq055

11. Dedes KJ, Wilkerson PM, Wetterskog D, Weigelt B, Ashworth A, Reis-Filho JS.
Synthetic lethality of PARP inhibition in cancers lacking BRCA1 and BRCA2
mutations. Cell Cycle (2011) 10(8):1192-9. doi: 10.4161/cc.10.8.15273

12. Hartwell LH, Szankasi P, Roberts CJ, Murray AW, Friend SH. Integrating
genetic approaches into the discovery of anticancer drugs. Science. (1997) 278
(5340):1064-8. doi: 10.1126/science.278.5340.1064

13. Lord CJ, Tutt AN, Ashworth A. Synthetic lethality and cancer therapy: lessons
learned from the development of PARP inhibitors. Annu Rev Med (2015) 66:455-70.
doi: 10.1146/annurev-med-050913-022545

14. Rouleau M, Patel A, Hendzel MJ, Kaufmann SH, Poirier GG. PARP inhibition:
PARP1 and beyond. Nat Rev Cancer. (2010) 10(4):293-301. doi: 10.1038/nrc2812

15. Oza AM, Tinker AV, Oaknin A, Shapira-Frommer R, McNeish IA, Swisher EM,
et al. Antitumor activity and safety of the PARP inhibitor rucaparib in patients with
high-grade ovarian carcinoma and a germline or somatic BRCA1 or BRCA2 mutation:
Integrated analysis of data from study 10 and ARIEL2. Gynecol Oncol (2017) 147
(2):267-75. doi: 10.1016/j.ygyno.2017.08.022

16. Kurnit KC, Coleman RL, Westin SN. Using PARP inhibitors in the treatment of
patients with ovarian cancer. Curr Treat Options Oncol (2018) 19(12):1. doi: 10.1007/
s11864-018-0572-7

17. Konstantinopoulos PA, Norquist B, Lacchetti C, Armstrong D, Grisham RN,
Goodfellow PJ, et al. Germline and somatic tumor testing in epithelial ovarian cancer:
ASCO guideline. J Clin Oncol (2020) 38(11):1222-45. doi: 10.1200/JC0O.19.02960

18. Pennington KP, Walsh T, Harrell MI, Lee MK, Pennil CC, Rendi MH, et al.
Germline and somatic mutations in homologous recombination genes predict
platinum response and survival in ovarian, fallopian tube, and peritoneal
carcinomas. Clin Cancer Res (2014) 20(3):764-75. doi: 10.1158/1078-0432.CCR-13-
2287

19. Murakami R, Matsumura N, Brown JB, Higasa K, Tsutsumi T, Kamada M, et al.
Exome sequencing landscape analysis in ovarian clear cell carcinoma shed light on key
chromosomal regions and mutation gene networks. Am J Pathol (2017) 187(10):2246-
58. doi: 10.1016/j.ajpath.2017.06.012

20. Wu JN, Roberts CW. ARID1A mutations in cancer: another epigenetic tumor
suppressor? Cancer Discovery (2013) 3(1):35-43. doi: 10.1158/2159-8290.CD-12-0361

21. Jones S, Wang TL, Shih Te M, Mao TL, Nakayama K, Roden R, et al. Frequent
mutations of chromatin remodeling gene ARIDIA in ovarian clear cell carcinoma.
Science. (2010) 330(6001):228-31. doi: 10.1126/science.1196333

22. Zhao XS, Zhou J, Dong L, Zhang H, Ye YJ. Durable response to olaparib in
pancreatic duct adenocarcinoma with deleterious ARID1A mutation. Chin Med J (Engl)
(2019) 132(24):3012-4. doi: 10.1097/CM9.0000000000000550

23. Shen ], Peng Y, Wei L, Zhang W, Yang L, Lan L, et al. ARID1A deﬁciency
impairs the DNA damage checkpoint and sensitizes cells to PARP inhibitors. Cancer
Discovery (2015) 5(7):752-67. doi: 10.1158/2159-8290.CD-14-0849

Frontiers in Oncology

11

10.3389/fonc.2023.1124147

24. Zhang Q, Yan HB, Wang J, Cui SJ, Wang XQ, Jiang YH, et al. Chromatin
remodeling gene AT-rich interactive domain-containing protein 1A suppresses gastric
cancer cell proliferation by targeting PIK3CA and PDKI. Oncotarget. (2016) 7
(29):46127-41. doi: 10.18632/oncotarget.10060

25. YangY, Wang X, YangJ, Duan J, Wu Z, Yang F, et al. Loss of ARIDIA promotes
proliferation, migration and invasion via the akt signaling pathway in NPC. Cancer
Manag Res (2019) 11:4931-46. doi: 10.2147/CMAR.S207329

26. Huang HN, Lin MC, Huang WC, Chiang YC, Kuo KT. Loss of ARID1A
expression and its relationship with PI3K-akt pathway alterations and ZNF217
amplification in ovarian clear cell carcinoma. Mod Pathol (2014) 27(7):983-90. doi:
10.1038/modpathol.2013.216

27. Zang ZJ, Cutcutache I, Poon SL, Zhang SL, McPherson JR, Tao J, et al. Exome
sequencing of gastric adenocarcinoma identifies recurrent somatic mutations in cell
adhesion and chromatin remodeling genes. Nat Genet (2012) 44(5):570-4. doi:
10.1038/ng.2246

28. Chandler RL, Damrauer JS, Raab JR, Schisler JC, Wilkerson MD, Didion JP,
et al. Coexistent ARID1A-PIK3CA mutations promote ovarian clear-cell tumorigenesis
through pro-tumorigenic inflammatory cytokine signalling. Nat Commun (2015)
6:6118. doi: 10.1038/ncomms7118

29. Piscitello D, Varshney D, Lilla S, Vizioli MG, Reid C, Gorbunova V, et al. AKT
overactivation can suppress DNA repair via p70S6 kinase-dependent downregulation
of MRE11. Oncogene. (2018) 37(4):427-38. doi: 10.1038/0nc.2017.340

30. Jia Y, Song W, Zhang F, Yan ], Yang Q. Aktl inhibits homologous
recombination in Brcal-deficient cells by blocking the Chkl-Rad51 pathway.
Oncogene. (2013) 32(15):1943-9. doi: 10.1038/0nc.2012.211

31. Plo I, Laulier C, Gauthier L, Lebrun F, Calvo F, Lopez BS. AKT1 inhibits
homologous recombination by inducing cytoplasmic retention of BRCA1 and RAD51.
Cancer Res (2008) 68(22):9404-12. doi: 10.1158/0008-5472.CAN-08-0861

32. Anglana M, Bacchetti S. Construction of a recombinant adenovirus for efficient
delivery of the I-Scel yeast endonuclease to human cells and its application in the in
vivo cleavage of chromosomes to expose new potential telomeres. Nucleic Acids Res
(1999) 27(21):4276-81. doi: 10.1093/nar/27.21.4276

33. Yakovlev VA. Nitric oxide-dependent downregulation of BRCA1 expression
promotes genetic instability. Cancer Res (2013) 73(2):706-15. doi: 10.1158/0008-
5472.CAN-12-3270

34. Ledermann JA, Drew Y, Kristeleit RS. Homologous recombination deficiency
and ovarian cancer. Eur J Cancer. (2016) 60:49-58. doi: 10.1016/j.¢jca.2016.03.005

35. Norquist BM, Brady MF, Harrell MI, Walsh T, Lee MK, Gulsuner S, et al.
Mutations in homologous recombination genes and outcomes in ovarian carcinoma
patients in GOG 218: An NRG Oncology/Gynecologic oncology group study. Clin
Cancer Res (2018) 24(4):777-83. doi: 10.1158/1078-0432.CCR-17-1327

36. How JA, Jazaeri AA, Fellman B, Daniels MS, Penn S, Solimeno C, et al.
Modification of homologous recombination deficiency score threshold and
association with long-term survival in epithelial ovarian cancer. Cancers (Basel)
(2021) 13(5):946-62. doi: 10.3390/cancers13050946

37. Telli ML, Timms KM, Reid J, Hennessy B, Mills GB, Jensen KC, et al.
Homologous recombination deficiency (HRD) score predicts response to platinum-
containing neoadjuvant chemotherapy in patients with triple-negative breast cancer.
Clin Cancer Res (2016) 22(15):3764-73. doi: 10.1158/1078-0432.CCR-15-2477

38. Liu P, Cheng H, Roberts TM, Zhao J]. Targeting the phosphoinositide 3-kinase
pathway in cancer. Nat Rev Drug Discovery (2009) 8(8):627-44. doi: 10.1038/nrd2926

39. Liang H, Cheung LW, Li ], Ju Z, Yu S, Stemke-Hale K, et al. Whole-exome
sequencing combined with functional genomics reveals novel candidate driver cancer
genes in endometrial cancer. Genome Res (2012) 22(11):2120-9. doi: 10.1101/
gr.137596.112

40. Xie C, FuL, Han Y, Li Q, Wang E. Decreased ARID1A expression facilitates cell
proliferation and inhibits 5-fluorouracil-induced apoptosis in colorectal carcinoma.
Tumour Biol (2014) 35(8):7921-7. doi: 10.1007/s13277-014-2074-y

41. Yamamoto S, Tsuda H, Takano M, Tamai S, Matsubara O. Loss of ARIDI1A
protein expression occurs as an early event in ovarian clear-cell carcinoma
development and frequently coexists with PIK3CA mutations. Mod Pathol (2012) 25
(4):615-24. doi: 10.1038/modpathol.2011.189

42. Salmena L, Carracedo A, Pandolfi PP. Tenets of PTEN tumor suppression. Cell.
(2008) 133(3):403-14. doi: 10.1016/j.cell.2008.04.013

43. Mendes-Pereira AM, Martin SA, Brough R, McCarthy A, Taylor JR, Kim JS,
et al. Synthetic lethal targeting of PTEN mutant cells with PARP inhibitors. EMBO Mol
Med (2009) 1(6-7):315-22. doi: 10.1002/emmm.200900041

44. Shen WH, Balajee AS, Wang J, Wu H, Eng C, Pandolfi PP, et al. Essential role for
nuclear PTEN in maintaining chromosomal integrity. Cell. (2007) 128(1):157-70. doi:
10.1016/j.cell.2006.11.042

45. McEllin B, Camacho CV, Mukherjee B, Hahm B, Tomimatsu N, Bachoo RM,
et al. PTEN loss compromises homologous recombination repair in astrocytes:
implications for glioblastoma therapy with temozolomide or poly(ADP-ribose)

frontiersin.org


https://doi.org/10.1038/283593a0
https://doi.org/10.1093/nar/gkg761
https://doi.org/10.2741/2909
https://doi.org/10.1016/j.currproblcancer.2010.12.002
https://doi.org/10.1128/MCB.25.16.7158-7169.2005
https://doi.org/10.1038/sj.onc.1205636
https://doi.org/10.1002/humu.9427
https://doi.org/10.1073/pnas.1110969108
https://doi.org/10.1038/nature03445
https://doi.org/10.1093/jmcb/mjq055
https://doi.org/10.4161/cc.10.8.15273
https://doi.org/10.1126/science.278.5340.1064
https://doi.org/10.1146/annurev-med-050913-022545
https://doi.org/10.1038/nrc2812
https://doi.org/10.1016/j.ygyno.2017.08.022
https://doi.org/10.1007/s11864-018-0572-7
https://doi.org/10.1007/s11864-018-0572-7
https://doi.org/10.1200/JCO.19.02960
https://doi.org/10.1158/1078-0432.CCR-13-2287
https://doi.org/10.1158/1078-0432.CCR-13-2287
https://doi.org/10.1016/j.ajpath.2017.06.012
https://doi.org/10.1158/2159-8290.CD-12-0361
https://doi.org/10.1126/science.1196333
https://doi.org/10.1097/CM9.0000000000000550
https://doi.org/10.1158/2159-8290.CD-14-0849
https://doi.org/10.18632/oncotarget.10060
https://doi.org/10.2147/CMAR.S207329
https://doi.org/10.1038/modpathol.2013.216
https://doi.org/10.1038/ng.2246
https://doi.org/10.1038/ncomms7118
https://doi.org/10.1038/onc.2017.340
https://doi.org/10.1038/onc.2012.211
https://doi.org/10.1158/0008-5472.CAN-08-0861
https://doi.org/10.1093/nar/27.21.4276
https://doi.org/10.1158/0008-5472.CAN-12-3270
https://doi.org/10.1158/0008-5472.CAN-12-3270
https://doi.org/10.1016/j.ejca.2016.03.005
https://doi.org/10.1158/1078-0432.CCR-17-1327
https://doi.org/10.3390/cancers13050946
https://doi.org/10.1158/1078-0432.CCR-15-2477
https://doi.org/10.1038/nrd2926
https://doi.org/10.1101/gr.137596.112
https://doi.org/10.1101/gr.137596.112
https://doi.org/10.1007/s13277-014-2074-y
https://doi.org/10.1038/modpathol.2011.189
https://doi.org/10.1016/j.cell.2008.04.013
https://doi.org/10.1002/emmm.200900041
https://doi.org/10.1016/j.cell.2006.11.042
https://doi.org/10.3389/fonc.2023.1124147
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Yakovlev et al.

polymerase inhibitors. Cancer Res (2010) 70(13):5457-64. doi: 10.1158/0008-
5472.CAN-09-4295

46. Bassi C, Ho J, Srikumar T, Dowling RJ, Gorrini C, Miller SJ, et al. Nuclear PTEN
controls DNA repair and sensitivity to genotoxic stress. Science. (2013) 341(6144):395-
9. doi: 10.1126/science.1236188

47. Mansour WY, Tennstedt P, Volquardsen ], Oing C, Kluth M, Hube-Magg C,
et al. Loss of PTEN-assisted G2/M checkpoint impedes homologous recombination
repair and enhances radio-curability and PARP inhibitor treatment response in
prostate cancer. Sci Rep (2018) 8(1):3947. doi: 10.1038/541598-018-22289-7

48. Vivanco I, Sawyers CL. The phosphatidylinositol 3-kinase AKT pathway in
human cancer. Nat Rev Cancer. (2002) 2(7):489-501. doi: 10.1038/nrc839

49. Castellano E, Sheridan C, Thin MZ, Nye E, Spencer-Dene B, Diefenbacher ME,
et al. Requirement for interaction of PI3-kinase p110alpha with RAS in lung tumor
maintenance. Cancer Cell (2013) 24(5):617-30. doi: 10.1016/j.ccr.2013.09.012

50. Morris J, Wang SC, Hebrok M. KRAS, hedgehog, wnt and the twisted
developmental biology of pancreatic ductal adenocarcinoma. Nat Rev Cancer. (2010)
10(10):683-95. doi: 10.1038/nrc2899

51. Chen K, Shang Z, Dai AL, Dai PL. Novel PI3K/Akt/mTOR pathway inhibitors
plus radiotherapy: Strategy for non-small cell lung cancer with mutant RAS gene. Life
Sci (2020) 255:117816. doi: 10.1016/j.1f5.2020.117816

Frontiers in Oncology

12

10.3389/fonc.2023.1124147

52. Hubbard PA, Moody CL , Murali R. Allosteric modulation of ras and the PI3K/
AKT/mTOR pathway: emerging therapeutic opportunities. Front Physiol (2014) 5:478.
doi: 10.3389/fphys.2014.00478

53. Wiegand KC, Shah SP, Al-Agha OM, Zhao Y, Tse K, Zeng T, et al. ARID1A
mutations in endometriosis-associated ovarian carcinomas. N Engl ] Med (2010) 363
(16):1532-43. doi: 10.1056/NEJMo0al008433

54. Colombo N, Sessa C, du Bois A, Ledermann ], McCluggage WG, McNeish I,
et al. ESMO-ESGO consensus conference recommendations on ovarian cancer:
pathology and molecular biology, early and advanced stages, borderline tumours and
recurrent diseasedagger. Ann Oncol (2019) 30(5):672-705. doi: 10.1093/annonc/
mdz062

55. Reiss KA, Herman JM, Armstrong D, Zahurak M, Fyles A, Brade A, et al. A final
report of a phase I study of veliparib (ABT-888) in combination with low-dose
fractionated whole abdominal radiation therapy (LDFWAR) in patients with
advanced solid malignancies and peritoneal carcinomatosis with a dose escalation in
ovarian and fallopian tube cancers. Gynecol Oncol (2017) 144(3):486-90. doi: 10.1016/
j-ygyno.2017.01.016

56. Lakomy DS, Urbauer DL, Westin SN, Lin LL. Phase I study of the PARP
inhibitor talazoparib with radiation therapy for locally recurrent gynecologic cancers.
Clin Transl Radiat Oncol (2020) 21:56-61. doi: 10.1016/j.ctr0.2019.12.005

frontiersin.org


https://doi.org/10.1158/0008-5472.CAN-09-4295
https://doi.org/10.1158/0008-5472.CAN-09-4295
https://doi.org/10.1126/science.1236188
https://doi.org/10.1038/s41598-018-22289-7
https://doi.org/10.1038/nrc839
https://doi.org/10.1016/j.ccr.2013.09.012
https://doi.org/10.1038/nrc2899
https://doi.org/10.1016/j.lfs.2020.117816
https://doi.org/10.3389/fphys.2014.00478
https://doi.org/10.1056/NEJMoa1008433
https://doi.org/10.1093/annonc/mdz062
https://doi.org/10.1093/annonc/mdz062
https://doi.org/10.1016/j.ygyno.2017.01.016
https://doi.org/10.1016/j.ygyno.2017.01.016
https://doi.org/10.1016/j.ctro.2019.12.005
https://doi.org/10.3389/fonc.2023.1124147
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	PARP inhibitors in the treatment of ARID1A mutant ovarian clear cell cancer: PI3K/Akt1-dependent mechanism of synthetic lethality
	Introduction
	Materials and methods
	Cell culture, apoptosis, and clonogenic assays
	Antibodies, reagents, siRNAs
	Fluorescence-based DSB repair assay, adenovirus treatment, and flow cytometry
	Western blotting
	RNA extraction, real-time quantitative PCR
	Statistical analysis

	Results
	Mutation or downregulation of ARID1A expression stimulates PI3K/Akt1 pathway and reduces HRR of DNA DSB
	ARID1A status and sensitivity to PARPi
	ARID1A status and sensitization to ionizing radiation by PARPi
	Inhibition of PI3K/Akt1 pathway by LY294002 or MK-2206 attenuates sensitivity of TOV-21G cells to PARPi

	Discussion
	Conclusions
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References


