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Arsenic compound sensitizes homologous recombination
proficient ovarian cancer to PARP inhibitors
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The poly(adenosine diphosphate-ribose) polymerase (PARP) inhibitors show survival benefits in ovarian cancer patients with BRCA1/2
mutation or homologous recombination (HR) deficiency, but only limited efficacy in HR-proficient ones. Another drug, arsenic trioxide
(ATO) or arsenic drug (RIF), exerts antitumor effects via inducing DNA damage. Here, we investigated the combined therapeutic effects of
the PARP inhibitors and the arsenic compound in HR-proficient ovarian cancer. The combined treatment of niraparib, olaparib, or
fluazolepali with ATO showed a significant suppression in tumor cell viability and colony formation. The drug treatment also induced
synergistic inhibition of cell proliferation and DNA damage, and acceleration of cell apoptosis in two HR-proficient ovarian cancer cell
lines SKOV3 and CAOV3, either by simultaneous or sequential administration. The mechanism underlying these synergistic effects were
reflected by the significantly increased ratio of cleaved-PARP/total PARP and decreased ratio of p-AKT/total AKT. Consistently, the
combination of olaparib with RIF synergistically reduced the tumor growth in mouse xenograft models. In conclusion, the arsenic
compound greatly sensitizes HR-proficient ovarian cancer cells to the PARP inhibitors, and our findings provide an evidence for the
clinical treatment development of this combination in HR-proficient ovarian cancer patients.
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INTRODUCTION

Epithelial ovarian cancer is the most fatal type of gynecological
cancers worldwide [1-3]. About half of the cases harbor defects in
homologous recombination (HR) DNA repair in response to
double strand breaks (DSB), and the rest is defined as the HR-
proficient type [4, 5]. The pathogenesis of the HR-deficient type
ovarian cancer has been well described, but the ones for HR-
proficient type are poorly characterized. For the HR-deficient
ovarian cancer, recent studies have shown that the application of
the poly(adenosine diphosphate-ribose) polymerase (PARP) inhi-
bitors rapidly produce synthetic lethality in cells with HR
deficiency (HRD) [6-8].

The roles of the PARP inhibitors in HR-deficient ovarian cancer
have been fairly well studied. It has been reported that PARP
participates DNA repair in response to single-strand breaks (SSB)
[9, 10] and that silencing PARP by pharmacologic inhibitors leads
to persistent DNA SSB [11], which consequently convert to DSB at
the replication forks [12, 13]. The unrepaired DSB caused by the
PARP inhibitors trigger apoptosis in ovarian cancer cells with
defects in HR, which is one major machinery to repair DSB with
high fidelity [14]. Although they have been applied to treat HR-
deficient ovarian cancer, the PARP inhibitors have very limited
benefits for HR-proficient ovarian cancer [5].

Arsenic has been applied to a variety of cancers including
ovarian cancer [15]. One great example is arsenic-rich traditional

Chinese medicine “Ai-Ling #1” with high efficacy to cure acute
promyelocytic leukemia (APL) and other cancers [15-17]. Its active
ingredient arsenic trioxide (ATO) has been approved by FDA for
the frontline treatment of APL [18]. Notably, Zhang et al. [19]
showed that the PARP-1 inhibitor 4AN could sensitize hepatocel-
lular carcinoma HepG2 cells to ATO treatment via abrogation of
G2/M checkpoint and suppression of DNA damage repair.
Moreover, the oral arsenic formulation realgar-indigo naturalis
formula (RIF) shows a similar clinical efficacy to intravenous ATO
but with a better safety profile, which has been incorporated into
the China APL management guidelines [20-22].

In this study, we tested the combination effects of the PARP
inhibitors such as niraparib, olaparib, or fluazolepali, and ATO in
HR-proficient SKOV3 and CAOV3 human ovarian cancer cells. Our
findings shed the lights on attractive application of PARP inhibitor-
Arsenic compound for the treatment of HR-proficient ovarian
cancers.

RESULTS

Identification of the differential sensitivities of HR-proficient
ovarian cancer cell lines to PARP inhibitors and ATO

To determine the activities of the PARP inhibitors and ATO in the
HR-proficient ovarian cancer cells, we assembled a panel of six
ovarian cancer cell lines including A2780, CAOV3, OVCAR3, SKOV3,
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HO8910, and UWB1.289 cells, and selected for HR-proficient cells
based on their BRCA status and HRD score analyzed by BGI DNA
sequencing (Fig. 1A). The base line of HRD score is set on 30. The
status is HRD-positive when HRD score is =30, whereas negative
when the score is below 30. HRD scores of A2780, CAOV3,
OVCAR3, and SKOV3 cells were <1, 1652, 237, and <1,
respectively, and these four cell lines are considered as HRD-
negative. HO8910 and UWB1.289 cells carrying BRCA1/2 mutation
are HRD-positive, both of which have HRD score greater than 50.
Thus, the four HRD-negative cells were chosen as HR-proficient
ovarian cancer cell lines for further study.

Three PARP1/2 inhibitors were tested in our studies. Among
the three, niraparib and olaparib were approved by FDA, and
fluazolepali was newly approved by National Medical Products
Administration of China. To assess the relative sensitivity of PARP
inhibitors and ATO, we assayed the cell viability in four HR-
proficient ovarian cancer cells treated with each individual drugs
(Fig. 1B-E). We found that the half maximal inhibitory
concentration (IC50) of the three PARP inhibitors was much
lower in A2780 cells than in the other three cell lines (Fig. 1F),
which might be due to the differential expression of PTEN and
BRAF. A2780 cells carry PTEN and BRAF mutation, while the other
three lines harbor PTEN and BRAF wild type [23]. The IC50 of ATO
was fairly lower in OVCAR3 cells, compared with CAOV3 or
SKOV3 cells. Thus, we chose SKOV3 and CAOV3 cells, the
relatively more resistant to all three PARP inhibitors or ATO, for
further studies.

Synergistic effects of PARP inhibitors and ATO in HR-proficient
ovarian cancer cells

The PARP inhibitors alone lack great effects on HR-proficient
cancer. Here, we explored whether the add-on of PARP
inhibitors and ATO has a synergistically apoptotic effect in HR-
proficient ovarian cancer cells, since both the PARP inhibitors
and ATO act to regulate DNA damage signaling. Figure 2A
compared the cell viabilities of SKOV3 or CAOV3 cells treated
with multiple set of drugs given at different IC50 doses (Fig. 2A).
The synergetic effects of the drug combination were evaluated
by the combination indexes (Cls) (Fig. 2A). For SKOV3 cells, the
combination of olaparib or fluazolepali with ATO at 25, 50, 75,
100, or 125% of IC50s showed a significant collaboration on the
cancer cell viabilities, given that the addition of ATO greatly
reduced cell viabilities than the PARP inhibitors alone and that
the according Cl values were below 1. In contrast, the results for
combination of niraparib and ATO were not conclusive since the
synergistic effects (Cl < 1) only occurred when the given dose
was more than 100% of IC50s. Similar to the results observed in
SKOV3 cells, the treatment of CAOV3 cells with olaparib or
fluazolepali and ATO at 75 and 100% ratios of IC50s significantly
sensitized cells than each itself individually. Niraparib and ATO
showed a synergistic effect in CAOV3 cells at the 100 and 125%
of IC50s. Overall, these results suggest that the addition of ATO
sensitizes HR-proficient ovarian cancer cells to the PARP
inhibitors, especially olaparib and fluazolepali, though the
optimized efficacy appears at specific concentrations for each
drug.

Next, we tested the cell viability inhibitory effects of ATO or the
PARP inhibitors alone or the combination of both by Cell Counting
Kit-8 (CCK8) assay (Fig. 2B). The cells were treated with different
sets of drug conditions at 100% IC50 at various times. Indeed, both
SKOV3 and CAOV3 cells exhibited increased sensitivities to the
combination of ATO and niraparib, olaparib, or fluazolepali,
compared to each alone. However, only olaparib or fluazolepali
and ATO worked synergistically in both SKOV3 and CAOV3 cells,
while the colony formation assays showed that the formed
colonies of SKOV3 and CAQOV3 cells were markedly reduced by all
three combinations, probably due to the longer incubation time
than the conditions in Fig. 2A, B (Fig. 2C).
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Combination of the PARP inhibitors and ATO increases DNA

damage in HR-proficient ovarian cancer cells

It is known that both the PARP inhibitors and ATO regulate DNA
damage response. Here, we investigated whether the synergistic
effects of the drug combination described above were due to
changes of DNA damage response. To address this question, the
effects on the accumulation of DNA DSB were studied in SKOV3
and CAQV3 cells treated with various drug combinations for 48 h.
We examined the DNA DSB by monitoring DSB marker, yH2AX (Ser
139) by immunofluorescence. Both SKOV3 and CAOV3 cells
accumulated more yH2AX expression when treated with the drug
combination than that when treated with ATO, niraparib, olaparib,
or fluazolepali alone (Fig. 3A, B). The immunofluorescent
intensities of yH2AX expression under each condition were
quantized in the bar figures accordingly.

To test whether ATO pretreatment would better improve the
cell sensitivities to the PARP inhibitors, we added ATO 24 h before
treatment with the PARP inhibitors. The yH2AX expression was
significantly enhanced with sequential administration of ATO and
the PARP inhibitors than the single agents in SKOV3 and CAOV3
cells (Fig. S1A, B). The DNA damage effects by this procedure were
similar to that by the simultaneous treatment (Fig. 3A, B).
Collectively, the combination of the PARP inhibitors and ATO
result in accumulation of DNA DSB, suggesting that synergistic
effect of the PARP inhibitors and ATO might be associated with
enhanced DNA damage.

The PARP inhibitors and ATO are synergistic in increasing
apoptosis of SKOV3 and CAOV3 cells

DNA damage is a trigger to cellular apoptosis. To test whether the
combination of the PARP inhibitors and ATO accelerates cell
death, we performed apoptosis analysis in the drug-treated SKOV3
and CAOVS3 cells. The cell lines were monitored by flow cytometry
using recombinant annexin V conjugated to green-fluorescent
FITC dye to detect apoptotic cells and propidium iodide (PI) for
dead cells. The PARP inhibitors or ATO individually demonstrated
a slight increase of apoptosis, but the combination of ATO and
olaparib or fluazolepali led to apoptosis at significantly higher
levels (Fig. 4). In addition, combination of ATO and niraparib only
modestly increased the percentage of apoptotic cells compared to
the single drug treatment in SKOV3 and CAOV3 cells. Taken
together, the PARP inhibitors combined with ATO induce cell early
apoptotic signals in HR-proficient ovarian cancer cells.

Combination of the PARP inhibitors and ATO decreases
phospho-AKT (p-AKT) and cleaved-PARP expression

To further investigate how the drug combination leads to cell
apoptosis as well as DSB in HR-proficient SKOV3 and CAOV3 cells,
we investigated the role of AKT in these synergistic effects, which
is known for regulating apoptosis. As shown in Fig. 5A, B,
niraparib, olaparib, fluazolepali, or ATO alone could slightly
suppress the protein levels of p-AKT. However, they did not
significantly change the expression ratio of p-AKT/total AKT. In
contrast, the combination of olaparib or fluazolepali with ATO
greatly reduced the expression ratio of p-AKT/total AKT. Con-
sistently, the expression ratio of cleaved-PARP/total PARP was
modestly augmented in single drug-treated SKOV3 and CAOV3
cells, and largely induced in the cells treated with the combination
of olaparib or fluazolepali with ATO. The effects were much
stronger in ATO-olaparib and ATO- fluazolepali groups than those
in ATO-niraparib group, consistent with our observation men-
tioned above in the Fig. 4. We also tested the expression of the
DNA DSB marker yH2AX by western blot analysis. Consistent with
the results detected by IF, western blot assay revealed the
upregulation of yH2AX protein in SKOV3 and CAOV3 cells treated
with ATO, niraparib, olaparib, or fluazolepali. The combination
treatment significantly increased the expression of yH2AX protein
as compared to single-agent treatment (Fig. 5A, B).
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The sensitivity of HR-proficient ovarian cancer cell lines to PARP inhibitors and ATO. A BRCA1/2 and HRD status of selected ovarian

cancer cell lines. B-F Drug-response curves of cell viability after PARP inhibitors (niraparib, olaparib, and fluazolepali) and ATO treatment,
respectively, in HR-proficient ovarian cancer cells (A2780 (B), CAOV3 (C), OVCAR3 (D), and SKOV3 (E)) measured by CCK8 assay at 72 h. Mean +
SD shown (n = 3 biologically independent replicates per treatment and experiment repeated thrice). ICsq was calculated by GraphPad Prism

9.0 (F).

RIF and olaparib are synergistic in suppressing the tumor
growth of HR-proficient SKOV3-derived xenograft models
The tumor cells marked by luciferized SKOV3 (SKOV3-luc) were
transplanted in mice intraperitoneally. The mice were then treated
with vehicle (control), olaparib, RIF (the only commercially
available oral arsenic drug), or a combination of olaparib and

Cell Death Discovery (2021)7:259

RIF. One pill of RIF is 270 mg, containing 125mg of indigo
naturalis, 50mg of radix salviae miltiorrhizae, 45mg of radix
pseudostellariae, 30 mg of realgar, and 20 mg of garment film. For
the PARP inhibitors, we selected the FDA-approved olaparib for
animal study, because we found the much stronger inhibitory
effects of olaparib with ATO than that of niraparib with ATO

SPRINGER NATURE
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Fig. 2 ATO-PARP inhibitor cotreatment decreases cell viability and colony formation. A Synergy analysis for ATO and PARP inhibitors,
niraparib, olaparib, or fluazolepali, in HR-proficient SKOV3 and CAOV3 cells. Cells were treated with the indicated concentrations of ATO and
niraparib or olaparib or fluazolepali for 72 h. Cell viability was detected by CCK8 assay. The combination index (Cl) value was determined by
CompusSyn software. Cl value indicates the following: >1, antagonism; =1, additive effect; and <1, synergism. Bars indicate mean + SD and are
representative of three biological experiments. B Cells were treated with ATO or niraparib or olaparib or fluazolepali or ATO-niraparib or ATO-
olaparib or ATO-fluazolepali using IC50 of each drug, and the cell viability was analyzed by time-lapse imaging for 120 h in the continued
presence of drugs by CCK8 assay. Values represent the mean from three technical replicates. C Colony formation assays demonstrated synergy
for the combination of ATO with niraparib or olaparib or fluazolepali in SKOV3 and CAOV3 cells. The concentration of these drugs used in this
experiment was 10% of IC50. Representative images are shown of three independent experiments. Bars indicate mean +SD and are
representative of three biological experiments. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 3 ATO and PARP inhibitors induce markers of DNA damage in SKOV3 and CAOV3 cells. SKOV3 (A) and CAOV3 (B) cells were treated
with DMSO, ATO, niraparib, olaparib, fluazolepali, combination of ATO and niraparib, combination of ATO and olaparib, or the combination of
ATO and fluazolepali using the IC50 of each drug for 48 h. Co-IF for yH2AX was performed. Cells were counterstained with DAPI.
Representative images are shown of three biologically independent experiments. Magnification is x60. Scale bar is 10 pm. Quantization of
YH2AX expression was analyzed. The yH2AX fold change was evaluated by number of foci/cell and normalized with DMSO-treated group. A
total of 50 cells from each slide were counted. Error bars represent mean + SD. **P < 0.01; ***P < 0.001.

in vitro. Two doses of RIF, namely low dose of 135 mg/kg and high
dose of 600 mg/kg, were tested for its synergistic effect with
olaparib.

First, the mice were fed with low-dose RIF, 100 mg/kg of olaparib,
or cotreatment of low-dose RIF and 100 mg/kg of olaparib every day
for 3 weeks. We found that the cotreatment effectively reduced
tumor growth, compared to RIF or olaparib alone (Fig. 6A, B).
Importantly, RIF and olaparib cotreatment dramatically reduced the
invasive potential of SKOV3-derived xenograft tumors by reducing
the formation of abdominal tumor nodules in the colon, spleen, and
liver, compared with that in single drug treatment group (Fig. 6C).
Moreover, the cotreatment also downregulated the expression of Ki-
67, a cell proliferation marker, in the xenograft tumors (Fig. 6D). In
addition, the safety of RIF and olaparib was tested in heart, lung,
kidney, liver, colon, and spleen of the 5-week female BALB/c nude
mice. The BALB/c nude mice were directly administered orally each
day with low-dose RIF, 100 mg/kg of olaparib, or the combination of
RIF-olaparib. The administered mice were executed after 2 months
and analyzed for HE staining of heart, lung, kidney, liver, colon, and
spleen. No fatal toxicity of these organs was found (Fig. S2).

Cell Death Discovery (2021)7:259

Secondly, high-dose RIF with olaparib were given to the tumor
mice to determine whether there were better cooperative effects
to suppress the tumor growth. We assessed tumor growth in
response to daily treatment with high-dose RIF, olaparib, or high-
dose RIF plus olaparib for 2 weeks. While we found that each drug
treatment alone led to an inhibition in tumor growth compared to
the control, the most significant suppression of tumor growth was
achieved by the treatment of the combination of RIF plus olaparib,
and the effect by high-dose RIF plus olaparib is stronger than the
one of low-dose RIF plus olaparib (Fig. S3). Collectively, these
in vivo findings highlight RIF plus olaparib as a promising
alternative for current clinical therapy.

DISCUSSION

Our studies demonstrated the first evidence that combination of
the PARP inhibitors and the arsenic compound, which individually
have poor therapeutic effects for HR-proficient ovarian cancer,
show a greatly synergistic impact on this specific type of ovarian
cancer.

SPRINGER NATURE
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Fig. 4 Cooperative treatment effects of ATO and PARP inhibitors on cell apoptosis in SKOV3 and CAOV3 cells. ATO and PARP inhibitors,
niraparib, olaparib, or fluazolepali, cooperatively induced apoptosis of SKOV3 and CAOV3 cells. Cells were treated with DMSO, ATO, niraparib,

olaparib, fluazolepali, combination of ATO and niraparib, combination o
48 h, followed by FACS analysis of cell apoptosis with annexin V and
Representative images of three biologically independent experiments. Er|

The PARP inhibitors are known for their great benefits for HR-
deficient ovarian cancer but poorly for HR-proficient ovarian
cancer. This leads scientists to seek possible combination of the
PARP inhibitors and other drugs as new therapeutic approaches
for HR-proficient ovarian cancer. We chose to combine ATO and
the PARP inhibitors based on the facts that both participate
regulation of DNA damage [24-28]. Our data in SKOV3 and CAOV3
HR-proficient ovarian cancer cell lines showed that ATO combina-
tion with all three PARP inhibitors, especially olaparib and
fluazolepali, led to significant accumulation of DNA damage as
well as cell apoptosis, promoting cancer cell death. Moreover, the

SPRINGER NATURE

f ATO and olaparib, or the combination of ATO and fluazolepali for
Pl staining. We used the IC50 of each drug for this experiment.
ror bars represent mean + SD. NS not significant; *P < 0.05; **P < 0.01.

treatment of the oral arsenic drug RIF and olaparib also displayed
cooperative effects in inhibiting transplanted tumor growth and
metastasis in mice.

Our studies suggest that the drug combination among the PARP
inhibitors and ATO collaboratively act on DNA damage and cell
apoptosis in HR-proficient ovarian cancer. Since it was reported
that PARP inhibition could induce AKT alterations in a set of
cancers [29-31], we tested the possibilities of whether AKT plays a
critique role in the drug-induced DNA damage and cell apoptosis.
In the HR-proficient cells, the cotreatment significantly upregulated
the levels of cleaved-PARP and decreased the phosphor-AKT levels.
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Fig. 5 ATO cooperates with PARP inhibitors to induce cleaved-PARP and yH2AX expression and inhibits phosphor-AKT expression.
SKOV3 (A) and CAOV3 (B) cells were treated with DMSO, ATO, niraparib, olaparib, fluazolepali, combination of ATO and niraparib, combination
of ATO and olaparib, or the combination of ATO and fluazolepali for 72 h, followed by assaying total PARP, cleaved-PARP, total AKT, phosphor-
AKT, and yH2AX by western blotting. f-actin loading as control. The shown blots are of samples derived from the same experiment.
Representative of n =3 biologically independent experiments. Error bars represent mean + SD. NS not significant; *P < 0.05; **P < 0.01.

Consequently, the drug combination significantly increased the
levels of yH2AX expression. Consistently, Huang et al. reported that
ATO treatment could cause AKT inactivation, followed by increased
GSK3B-mediated MCL1 degradation and apoptosis in leukemia
cells [32]. Another study showed that ATO leveled up the p53
protein expression and induced cleavage of PARP, with appear-
ance of the 85 kDa cleavage product in human gastric cancer cells
[28]. Taken together, our findings, along with those from previous
studies [33], suggest that olaparib combined with ATO enhance
inhibition of PI3K/AKT pathway, leading to phosphorylation of
H2AX and induction of DNA damage in HR-proficient cells.
Altogether, our results herein demonstrate the synergistic
effects of the PARP inhibitors and the arsenic compound in HR-
proficient ovarian cancer cells in vitro and xenograft tumors
derived from HR-proficient ovarian cancer cells in vivo, which do
not respond well to the PARP inhibitors alone. Further, our
findings provide an evidence for the clinical development of this
combination in HR-proficient ovarian cancer patients.

MATERIALS AND METHODS

Cell lines

Human ovarian cancer cell lines CAOV3, OVCAR3, SKOV3, and UWB1.289
were purchased from the American Type Cell Culture. A2780 was
purchased from Sigma (Cat# 93112519). HO8910 was purchased from
National Collection of Authenticated Cell Cultures of China (Cat# TCHu 24).
SKOV3 cells (Cat# HTB-77) were cultured in McCoy's 5A (BasalMedia,
L630KJ). UWB1.289 cells (Cat# CRL-2945) were grown in RPMI 1640
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(Cellmax, CGM112.05) and MEGM Bullet Kit (Lonza, CC-3150) at a 1:1 ratio.
CAOV3 (Cat# HTB-75) and OVCAR3 (Cat# HTB-161) were cultured in
Dulbecco’s Modified Eagle’s Medium (BasalMedia, L110KJ). A2780 and
HO8910 were grown in RPMI 1640 (BasalMedia, L210KJ). All culture media
contained 10% fetal bovine serum (Gibco, 7471) and 1% penicillin/
streptomycin (Invitrogen, 15140-122). The cells were determined to be
mycoplasma-free and cultured at 37 °C with 5% CO,.

Drug sensitivity assay and cell viability assay

Stock solutions of niraparib (Shanghai Zai Lab Co., Ltd; 100 mmol/L), olaparib
(MedChemExpress, HY-10162; 100 mmol/L), and fluazolepali (Jiangsu Hengrui
Medicine Co., Ltd; 100 mmol/L) were prepared in dimethyl sulfoxide (DMSO)
(Sigma, D2660) and stored in aliquots at —80 °C. Ai-Ling #1 solution (Harbin
Yida Pharmaceutical Co., Ltd; 1 mg/mL) was stored at room temperature.
Appropriate dilutions were prepared in culture medium. For viability assays,
2000 cells per well were seeded in 96-well plates and treated with DMSO or
graded concentrations of niraparib, olaparib, fluazolepali ATO, or a
combination of PARP inhibitor-ATO drugs for 72 or 120 h. Cell survival was
determined by CCK8 assay (DOJINDO Laboratories, CK04). Cell viability was
then calculated relative to DMSO-treated groups and dose-response curves or
IC50 plots were generated using GraphPad Prism 9.0. Synergy between PARP
inhibitor and ATO was calculated using CompuSyn software [34].

Animal studies and ethical approval

A total of 48 female BALB/c nude mice, age 5 weeks, were purchased from
the SLAC (Shanghai Slack Laboratory Animal Co., Ltd, Shanghai, China) and
kept under standard recommended conditions in the animal research
center of Zhejiang Chinese Medical University. For xenograft experiments,
approximately 1x 10° luciferized ovarian cancer cells (SKOV3-luc) were
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Fig. 6 Low dose of RIF sensitizes SKOV3-derived xenograft tumors to olaparib in vivo. A Female BALB/c nude mice bearing luciferized
SKOV3-derived tumors were randomized into four treatment groups and treated with vehicle control, low dose of RIF (135 mg/kg, daily by i.g.),
olaparib (100 mg/kg, daily by i.g.), or RIF/olaparib combination for each model till 3 weeks (n = 8 mice per group). Tumor growth was monitored
by weekly bioluminescence imaging of the mice. Representative images of mice bearing SKOV3 xenografts. B Tumor burden at the end of the
treatment is represented as mean + SD. C Representative images of the abdominal tumor nodules in colon, spleen, and liver in the four different
treated groups are shown. D Tumors dissected from the SKOV3 xenografts with the indicated treatments were examined for Ki-67 protein
expression by IHC and HE staining. Scale bar, 100 pm. *P < 0.05; **P < 0.01.

mixed in 100 yL PBS, injected intraperitoneally into the nude mice, and
randomized eight or four mice for each group in a blinded manner.
Tumors were typically established 5-7 days after implantation. For the
drug administration, the animals were injected orally with olaparib alone,
RIF alone, and olaparib combined with RIF or control (PBS) daily for 3 or
2 weeks. Tumor burden was measured serially once per week by
bioluminescence imaging using the In Vivo Imaging System Lumina LT
system (PerkinEImer, USA). The bioluminescence value of the tumors in
each mouse was analyzed by Living Image software (PerkinElmer, USA).
Results were presented as means + SD.

SPRINGER NATURE

Statistical analysis

Experiments were routinely performed using at least two biological
replicates and independently repeated at least three times. GraphPad
Prism 9.0 was used for statistical analyses. All data are presented as the
means + SD, followed by determining significant differences using the
two tailed Student’s t test or one-way analysis of variance test, where
*P < 0.05, **P < 0.01, and ***P < 0.001. Drug combinations between PARP
inhibitor and ATO were analyzed using CompuSyn software [34]. Cl value
indicates the following: >1, antagonism; =1, additive effect; and <1,
synergism.

Cell Death Discovery (2021)7:259



REFERENCES

1.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Siegel RL, Miller KD, Jemal A. Cancer statistics, 2020. CA Cancer J Clin.
2020;70:7-30.

. Lheureux S, Braunstein M, Oza AM. Epithelial ovarian cancer: evolution of man-

agement in the era of precision medicine. CA Cancer J Clin. 2019;69:280-304.

. Torre LA, Trabert B, DeSantis CE, Miller KD, Samimi G, Runowicz CD, et al. Ovarian

cancer statistics, 2018. CA Cancer J Clin. 2018;68:284-96.

. Cancer Genome Atlas Research N. Integrated genomic analyses of ovarian car-

cinoma. Nature. 2011;474:609-15.

. Konstantinopoulos PA, Ceccaldi R, Shapiro Gl, D’Andrea AD. Homologous

recombination deficiency: exploiting the fundamental vulnerability of ovarian
cancer. Cancer Discov. 2015;5:1137-54.

. Bryant HE, Schultz N, Thomas HD, Parker KM, Flower D, Lopez E, et al. Specific

killing of BRCA2-deficient tumours with inhibitors of poly(ADP-ribose) poly-
merase. Nature. 2005;434:913-7.

. Farmer H, McCabe N, Lord CJ, Tutt AN, Johnson DA, Richardson TB, et al. Tar-

geting the DNA repair defect in BRCA mutant cells as a therapeutic strategy.
Nature. 2005;434:917-21.

. Kohn EC, Lee JM, Ivy SP. The HRD decision—which PARP Inhibitor to use for

whom and when. Clin Cancer Res. 2017;23:7155-7.

. Lord CJ, Ashworth A. PARP inhibitors: synthetic lethality in the clinic. Science.

2017;355:1152-8.

. de Murcia JM, Niedergang C, Trucco C, Ricoul M, Dutrillaux B, Mark M, et al.

Requirement of poly(ADP-ribose) polymerase in recovery from DNA damage in
mice and in cells. Proc Natl Acad Sci USA. 1997,94:7303-7.

. Caldecott KW. Single-strand break repair and genetic disease. Nat Rev Genet.

2008;9:619-31.

. Ashworth A. A synthetic lethal therapeutic approach: poly(ADP) ribose poly-

merase inhibitors for the treatment of cancers deficient in DNA double-strand
break repair. J Clin Oncol. 2008;26:3785-90.

. Arnaudeau C, Lundin C, Helleday T. DNA double-strand breaks associated with

replication forks are predominantly repaired by homologous recombination invol-
ving an exchange mechanism in mammalian cells. J Mol Biol. 2001;307:1235-45.

. Helleday T. The underlying mechanism for the PARP and BRCA synthetic lethality:

clearing up the misunderstandings. Mol Oncol. 2011;5:387-93.

. Liu JX, Zhou GB, Chen SJ, Chen Z. Arsenic compounds: revived ancient remedies in

the fight against human malignancies. Curr Opin Chem Biol. 2012;16:92-8.

. Zhu J, Chen Z, Lallemand-Breitenbach V, de Thé H. How acute promyelocytic

leukaemia revived arsenic. Nat Rev Cancer. 2002;2:705-13.

. Sweeney CJ, Takimoto C, Wood L, Porter JM, Tracewell WG, Darwish M, et al. A

pharmacokinetic and safety study of intravenous arsenic trioxide in adult cancer
patients with renal impairment. Cancer Chemother. Pharmacol. 2010;66:345-56.

. Wang ZY, Chen Z. Acute promyelocytic leukemia: from highly fatal to highly

curable. Blood. 2008;111:2505-15.

. Luo Q, Li Y, Deng J, Zhang Z. PARP-1 inhibitor sensitizes arsenic trioxide in

hepatocellular carcinoma cells via abrogation of G2/M checkpoint and suppres-
sion of DNA damage repair. Chem Biol Interact. 2015;226:12-22.

Jun M.Chinese Society of Hematology, Chinese Medical Association & Chinese
Society of Hematologist, Chinese Medical Doctor Association. [Chinese guidelines
for diagnosis and treatment of acute promyelocytic leukemia (2014)]. Zhonghua
Xue Ye Xue Za Zhi. 2014;35:475-7.

Chinese Society of Hematology CMDA, Chinese Medical Association CMDA.
[Chinese guidelines for diagnosis and treatment of acute promyelocytic leukemia
(2018)]. Zhonghua Xue Ye Xue Za Zhi. 2018;39:179-83.

Zhu HH, Hu J, Lo-Coco F, Jin J. The simpler, the better: oral arsenic for acute
promyelocytic leukemia. Blood. 2019;134:597-605.

Domcke S, Sinha R, Levine DA, Sander C, Schultz N. Evaluating cell lines as
tumour models by comparison of genomic profiles. Nat Commun. 2013;4:2126.
Nakamura S, Nagano S, Nagao H, Ishidou Y, Yokouchi M, Abematsu M, et al.
Arsenic trioxide prevents osteosarcoma growth by inhibition of GLI transcription
via DNA damage accumulation. PLoS ONE. 2013;8:€69466.

Kumar S, Yedjou CG, Tchounwou PB. Arsenic trioxide induces oxidative stress,
DNA damage, and mitochondrial pathway of apoptosis in human leukemia (HL-
60) cells. J Exp Clin Cancer Res. 2014;33:42.

Walker AM, Stevens JJ, Ndebele K, Tchounwou PB. Evaluation of arsenic trioxide
potential for lung cancer treatment: assessment of apoptotic mechanisms and
oxidative damage. J Cancer Sci Ther. 2016;8:1-9.

Stevens JJ, Graham B, Walker AM, Tchounwou PB, Rogers C. The effects of arsenic
trioxide on DNA synthesis and genotoxicity in human colon cancer cells. Int J
Environ Res Public Health. 2010;7:2018-32.

Jiang XH, Wong BC, Yuen ST, Jiang SH, Cho CH, Lai KC, et al. Arsenic trioxide
induces apoptosis in human gastric cancer cells through up-regulation of p53
and activation of caspase-3. Int J Cancer. 2001;91:173-9.

Cell Death Discovery (2021)7:259

J. Xu et al.

29. De P, Sun Y, Carlson JH, Friedman LS, Leyland-Jones BR, Dey N. Doubling down on
the PI3BK-AKT-mTOR pathway enhances the antitumor efficacy of PARP inhibitor in
triple negative breast cancer model beyond BRCA-ness. Neoplasia. 2014;16:43-72.

30. Gallyas F, Jr,, Sumegi B, Szabo C. Role of Akt activation in PARP inhibitor resis-
tance in cancer. Cancers. 2020;12:532.

31. Yap TA, Kristeleit R, Michalarea V, Pettitt SJ, Lim JSJ, Carreira S, et al. Phase | trial of
the PARP inhibitor olaparib and AKT inhibitor capivasertib in patients with
BRCA1/2- and non-BRCA1/2-mutant cancers. Cancer Discov. 2020;10:1528-43.

32. Huang CH, Lee YC, Chiou JT, Shi YJ, Wang LJ, Chang LS. Arsenic trioxide-induced
p38 MAPK and Akt mediated MCL1 downregulation causes apoptosis of BCR-
ABL1-positive leukemia cells. Toxicol Appl Pharm. 2020;397:115013.

33. Juvekar A, Burga LN, Hu H, Lunsford EP, Ibrahim YH, Balmana J, et al. Combining a
PI3K inhibitor with a PARP inhibitor provides an effective therapy for BRCA1-
related breast cancer. Cancer Discov. 2012;2:1048-63.

34. Chou TC. Drug combination studies and their synergy quantification using the
Chou-Talalay method. Cancer Res. 2010;70:440-6.

AUTHOR CONTRIBUTIONS

JX, YS, XX, and XC conceived the project and designed the study. JX and YS developed
methodology. JX, CW, and ST performed experiments. JX, SH, and WL analyzed the data.
JX wrote the manuscript. SH, WL, XX, and XC revised the manuscript. The study
supervisor is XC. All authors read and approved the final manuscript.

FUNDING INFORMATION

This work was supported by the Key Research and Development Program of Zhejiang
Province (No. 2019C03010, to XC) and Beijing Kanghua Foundation for the
Development of Traditional Chinese and Western Medicine (KH-2021-LLZX-016).

COMPETING INTERESTS

The authors declare no competing interests.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE

The animal experiments were performed in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and approved by the
Institutional Animal Care and Use Committee (IACUC) of Zhejiang Chinese Medical
University (approval no. IACUC-20200525-05).

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541420-021-00638-2.

Correspondence and requests for materials should be addressed to Xiaodong Cheng.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
5Y Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the article’s
Creative Commons license and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

SPRINGER NATURE


https://doi.org/10.1038/s41420-021-00638-2
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Arsenic compound sensitizes homologous recombination proficient ovarian cancer to PARP inhibitors
	Introduction
	Results
	Identification of the differential sensitivities of HR-proficient ovarian cancer cell lines to PARP inhibitors and ATO
	Synergistic effects of PARP inhibitors and ATO in HR-proficient ovarian cancer cells
	Combination of the PARP inhibitors and ATO increases DNA damage in HR-proficient ovarian cancer cells
	The PARP inhibitors and ATO are synergistic in increasing apoptosis of SKOV3 and CAOV3 cells
	Combination of the PARP inhibitors and ATO decreases phospho-AKT (p-AKT) and cleaved-PARP expression
	RIF and olaparib are synergistic in suppressing the tumor growth of HR-proficient SKOV3-derived xenograft models

	Discussion
	Materials and methods
	Cell lines
	Drug sensitivity assay and cell viability assay
	Animal studies and ethical approval
	Statistical analysis

	Author contributions
	Funding information
	Competing interests
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




