
 International Journal of 

Molecular Sciences

Article

PARP Inhibition Increases the Reliance on
ATR/CHK1 Checkpoint Signaling Leading to
Synthetic Lethality—An Alternative Treatment
Strategy for Epithelial Ovarian Cancer Cells
Independent from HR Effectiveness

Patrycja Gralewska 1 , Arkadiusz Gajek 1 , Agnieszka Marczak 1, Michał Mikuła 2 ,
Jerzy Ostrowski 2,3, Agnieszka Śliwińska 4 and Aneta Rogalska 1,*
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Abstract: Poly (ADP-ribose) polymerase inhibitor (PARPi, olaparib) impairs the repair of DNA
single-strand breaks (SSBs), resulting in double-strand breaks (DSBs) that cannot be repaired
efficiently in homologous recombination repair (HRR)-deficient cancers such as BRCA1/2-mutant
cancers, leading to synthetic lethality. Despite the efficacy of olaparib in the treatment of BRCA1/2
deficient tumors, PARPi resistance is common. We hypothesized that the combination of olaparib
with anticancer agents that disrupt HRR by targeting ataxia telangiectasia and Rad3-related protein
(ATR) or checkpoint kinase 1 (CHK1) may be an effective strategy to reverse ovarian cancer resistance
to olaparib. Here, we evaluated the effect of olaparib, the ATR inhibitor AZD6738, and the CHK1
inhibitor MK8776 alone and in combination on cell survival, colony formation, replication stress
response (RSR) protein expression, DNA damage, and apoptotic changes in BRCA2 mutated (PEO-1)
and HRR-proficient BRCA wild-type (SKOV-3 and OV-90) cells. Combined treatment caused the
accumulation of DNA DSBs. PARP expression was associated with sensitivity to olaparib or inhibitors
of RSR. Synergistic effects were weaker when olaparib was combined with CHK1i and occurred
regardless of the BRCA2 status of tumor cells. Because PARPi increases the reliance on ATR/CHK1
for genome stability, the combination of PARPi with ATR inhibition suppressed ovarian cancer cell
growth independently of the efficacy of HRR. The present results were obtained at sub-lethal doses,
suggesting the potential of these inhibitors as monotherapy as well as in combination with olaparib.
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1. Introduction

Ovarian cancer is the most common cause of death among gynecological cancers, which is partly
attributed to the fact that epithelial ovarian cancer (EOC) is often diagnosed at an advanced stage.
The risk of ovarian cancer is associated with DNA damage [1]. Most type II ovarian carcinomas (96%)
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have TP53 mutation [2,3] and approximately 50% of germline high-grade serous ovarian cancers
(HGSOCs) carry an alteration in homologous recombination (HR) pathway genes, most commonly
in breast cancer (BRCA) gene 1/2 [4]. Moreover, DNA damage repair genes are mutated in 40.3% of
patients with HGSOC, and the rate of somatic BRCA mutations in the absence of germline mutation is
8.5% [5]. Therefore, targeting DNA repair-associated proteins is increasingly becoming an applicable
approach to cancer treatment. Single-strand breaks (SSBs) can be accurately repaired using the
other strand as a template, and this process involves the poly (ADP-ribose) polymerase (PARP)
enzyme [6]. DNA double-strand breaks (DSBs) are repaired through two pathways: the HR pathway
and non-homologous end joining, although other mechanisms also exist [7]. BRCA1 and BRCA2 are
involved in the DNA damage response; they are important members of the network of interacting
DNA repair pathways responsible for the maintenance of genome stability. Both proteins are related to
the error-free repair of DSBs by HR [8]. BRCA1 signals DNA damage and ensures cell cycle regulation,
whereas BRCA2 interacts with RAD51 and facilitates the loading and formation of RAD51 filaments
on the damaged DNA strand [9]. HR-deficient cancer cells with mutations in BRCA1 or BRCA2 are
associated with DSB repair via error-prone repair pathways, the accumulation of mutations, and cell
death [10]. PARP inhibitors (PARPi) impair SSB repair, thereby causing DSBs that cannot be repaired
efficiently in BRCA1/2-mutant cancers, leading to synthetic lethality [11]. The first FDA-approved
PARPi was olaparib (Lynparza). In 2014, olaparib gained European Medicines Agency approval for
the treatment of advanced EOC in patients with germline BRCAMUT who did not respond to at least
three lines of chemotherapy [12]. Olaparib is currently the only FDA-approved PARPi for first-line
maintenance therapy in BRCAMUT patients [13]. Despite the efficacy of olaparib in the treatment of
BRCA1/2 deficient tumors, the development of resistance to PARPi is common. It is known that PARP1
is altered in 1.12% of high-grade ovarian serous adenocarcinoma patients and in 1.05% of ovarian
carcinoma patients [14]. Mutations of the PARP1 DNA-binding zinc-finger (ZnF) domains cause PARPi
resistance and can alter PARP1 trapping [15]. Although olaparib treatment increases the survival
rate of patients with stage IV disease, the 5-year survival rate of patients with advanced stage cancer
remains below 30% [16].

ATR/CHK1 blockade prevents DNA damage-induced cell cycle arrest, resulting in inappropriate
entry into mitosis, chromosome aberrations, unequal partitioning of the genome, and cell apoptosis [17].
The ATR/CHK1 pathway stabilizes replication forks and prevents their collapse into DNA DBSs.
Phosphorylation of ATR at Thr1989 occurs in response to DNA damage and is important for the
activation of the ATR/CHK1 pathway. Replication protein A (RPA), ATR-interacting protein (ATRIP),
and ATR kinase are involved in Thr1989 phosphorylation [18]. Replication blocks and genotoxic
stress induce CHK1 phosphorylation at Ser317 and Ser345. Combination treatment with olaparib
and anticancer agents that disrupt HR repair such as ATR inhibitors (ATRi) or CHK1 inhibitors
(CHK1i) may therefore represent an effective strategy to sensitize ovarian cancer cells to olaparib.
Thus, the inhibition of ATR/CHK1 is expected to increase reliance on HR to reorganize the replication
fork structure and complete the replication. ATR is a key regulator of DNA replication stress response
(RSR) and DNA damage-activated checkpoints. Together with CHK1, ATR plays a role in M-phase
inducer phosphatase (CDC25) phosphorylation and inactivation [19]. The ATR kinase lies upstream of
its effector protein, CHK1 [20], and phosphorylates numerous factors, including Werner syndrome
ATP-dependent helicase (WRN), SWI/SNF-related matrix-associated actin-dependent regulator of
chromatin subfamily A-like protein 1 (SMARCAL1), and Fanconi anemia complementation group I
(FANCI), which may help preserve replication fork stability and control cell cycle progression [21–23].
Additionally, replication protein A (RPA), DNA replication licensing factor (MCM2), and p53 are
the direct substrates of ATR [24]. Thus, ATR is essential for cell survival, as it has a crucial role in
stabilizing genomic integrity [25].

ATR inhibition is lethal in numerous ovarian cancer cell lines associated with changes in TP53
(OV-90) or BRCA1/2 (PEO-1, BRCA2MUT) [26,27]. Oncogene expression (oncogenic RAS protein
mutations and MYC proto-oncogene protein and G1/S-specific cyclin-E1 overexpression) and other
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defects such as deficiencies in DNA repair (PALB2 and the ataxia telangiectasia mutated (ATM) loss)
can cause DNA replication stress and increased reliance on the ATR [28]. The activation of CHK1 and
its downstream effectors leads to coordinated activities, including reduced new origin firing, delay of
cell cycle progression, and restoration of the stalled replication forks [29]. CHK1 is an important
molecular target for sensitizing cancer cells to DNA-damaging agents. In response to DNA damage,
CHK1 inhibits the Cdc25 phosphatase, resulting in cyclin-dependent kinase (Cdk) inhibition and cell
cycle arrest in the G2 phase mainly in p53 mutant tumor cells. Therefore, CHK1 inhibition renders
cells more sensitive to DNA damage and programmed cell death [17].

Herein, we showed that PARPi treatment increased ATR and CHK1 phosphorylation, a molecular
step crucial for the activation of the ATR/CHK1 fork protection pathway. We also investigated the
efficacy of the combination of PARPi with ATRi or CHK1i in BRCAMUT ovarian cancer cells, as well as
in serous ovarian cancers without BRCA1/2 mutation.

2. Results

2.1. PARP Inhibition Is Not Sufficient to Kill Ovarian Cancer Cells, but Acts Synergistically with CHK1 or
ATR Inhibition

The antiproliferative activity of the compounds was assessed using the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Olaparib (AZD2281) had a dose-dependent effect
and was more cytotoxic in BRCAMUT cells (PEO-1) than in HR-proficient cells (OV-90 and SKOV-3
cells, BRCAWT), as indicated by the IC50 values (Figure 1A). PARPi did not cause complete cell death
in SKOV-3 cells (48% of viable cells) or in OV-90 cells (60% of viable cells), which was also observed in
BRCAMUT cells (29% of the cells still viable) after 5 days of incubation. We therefore examined the effect
of PARPi on the ATR/CHK-1 pathway. The CHK1i MK8776 was added in increasing concentrations
and was more cytotoxic in HR-proficient cells (OV-90, SKOV-3) than in BRCAMUT cells (PEO-1) after
5 days of treatment. The ATRi AZD6738 caused a dose-dependent decrease in cell viability in all cell
lines, although its effect was stronger in BRCAMUT (PEO-1) than in BRCAWT (OV-90, SKOV-3) cell lines.
The IC50 values for ATRi in SKOV-3, OV-90, and PEO-1 were 3.59, 2.77, and 0.21 µM, respectively
(Figure 1A).
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monotherapy. (A) Cell viability after treatment with PARPi (AZD2281), CHK1i (MK8776), and ATRi 
(AZD6738) in HR-deficient (PEO-1, BRCA2MUT) and HR-proficient (OV-90, SKOV-3, BRCAWT) cells at 
increasing concentrations for 5 days was assessed by the MTT assay. (B) Structural formulas of PARPi, 
ATRi, CHKi. (C,D) Colony formation assay. Colony formation was evaluated after treatment with 
PARPi at 0.5 µM in SKOV-3, OV-90, and PEO-1 cells. Cells (200 cells/well) were seeded into six-well 
plates and incubated with the indicated drug concentrations for 14 days. Colony numbers were 
counted manually (* p < 0.05). For each sample, the results from three replicates were averaged. PARPi 
and CHK1i decreased viability to 80.17% and 97.28%, respectively, compared with the control SKOV-
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Figure 1. PARPi in combination with CHK1i or ATRi decreased viability more effectively than PARPi
monotherapy. (A) Cell viability after treatment with PARPi (AZD2281), CHK1i (MK8776), and ATRi
(AZD6738) in HR-deficient (PEO-1, BRCA2MUT) and HR-proficient (OV-90, SKOV-3, BRCAWT) cells at
increasing concentrations for 5 days was assessed by the MTT assay. (B) Structural formulas of PARPi,
ATRi, CHKi. (C,D) Colony formation assay. Colony formation was evaluated after treatment with
PARPi at 0.5 µM in SKOV-3, OV-90, and PEO-1 cells. Cells (200 cells/well) were seeded into six-well
plates and incubated with the indicated drug concentrations for 14 days. Colony numbers were counted
manually (* p < 0.05). For each sample, the results from three replicates were averaged. PARPi and
CHK1i decreased viability to 80.17% and 97.28%, respectively, compared with the control SKOV-3
cells; to 78.33% and 3.63%, respectively, in OV-90; and to 75.35% and 0.25%, respectively, in PEO-1
cells. Combination therapy with PARPi and CHK1i decreased colony formation to 68% in SKOV-3,
2.5% in OV-90, and 22.82% in PEO-1 cells. In all cell lines, drugs used in combination had a synergistic
effect compared with single drug administration (SKOV-3, CDI = 0.07; OV-90, CDI = 0.07; PEO-1,
CDI = 0.06). Combined PARPi and ATRi treatment decreased colony formation to <1% compared
with PARPi alone and ATRi alone. In all cell lines, the combination of PARPi/ATRi had a synergistic
effect compared with single compounds (SKOV-3, CDI = 0.004; OV-90, CDI = 0.03; PEO-1, CDI = 0.01).
All data correspond to three biological assays and were graphed as means ± SD. (E) The morphology of
SKOV-3, OV-90, and PEO-1 cells treated for 24 h with ATRi, CHK1i, and their combination with olaparib
(0.5 µM concentration of each single drug) was examined under an inverted microscope (Olympus IX70,
Japan) (scale bar = 100 µm). The cells were elongated and thin (blue arrows) or enlarged (red arrows).
* Statistically significant changes between samples incubated with the compound compared with
control cells (p < 0.05). + Statistically significant changes between samples incubated with PARPi and
combination treatments (PARPi/ATRi; PARPi/CHK1i) (p < 0.05). # Statistically significant differences
between samples incubated with ATRi or CHKi and their combination (PARPi/ATRi; PARPi/CHK1i)
(p < 0.05).
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The in vitro effect of single drug or combined treatment with PARPi and ATRi or CHK1i on
ovarian cancer cell lines was evaluated by colony formation assay, a reliable test for measuring cell
survival based on the ability of a cell to grow into a colony. Treatment with 0.5 µM PARPi decreased the
colony-forming ability to a greater extent in BRCAMUT cells than in HR-proficient cells (Figure 1B,C).
ATRi completely suppressed colony formation in HGSOCs (PEO-1 and OV-90) and significantly
decreased colony numbers in SKOV-3 cells (up to 28%) (Figure 2B,C). An extended incubation period
of 14 days with the tested compounds showed that cell lines with mutated BRCA2 (PEO-1) and those
with mutated p53 (OV-90) were CHK1i-sensitive. Combined therapy with PARPi and CHK1i decreased
colony formation to 74.55% in SKOV-3 (coefficient of drug interaction (CDI) = 0.79), to 46.06% in
OV-90 (CDI = 0.67), and to 45.41% in PEO-1 cells (CDI = 0.74). Combined PARPi and ATRi treatment
decreased cell viability to 66.22% in SKOV-3, 56.29% in OV-90, and 11.06% in PEO-1 cells compared
with the effect of PARPi alone and ATRi alone (p < 0.05) (Figure 2B).Int. J. Mol. Sci. 2020, 21, x 6 of 21 
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Figure 2. PARPi in combination with CHK1i or ATRi has a synergistic effect in ovarian cancer cells.
(A) The effect of combination treatment with ATRi or CHK1i and PARPi at different ratios was evaluated
by the MTT assay. In all cell lines, the combination of ATRi/PARPi had a synergistic effect compared with
either drug alone (SKOV-3, CDI = 0.69; OV-90, CDI = 0.82; and PEO-1, CDI = 0.34). Similar effects were
obtained with the combination of CHK1i/PARPi compared with either drug alone (SKOV-3, CDI = 0.79;
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OV-90, CDI = 0.66; and PEO-1, CDI = 0.74). (B) The combination effect of PARPi/ATRi and PARPi/CHK1i
at 0.5 µM was evaluated by the MTT assay. * Statistically significant differences between samples
incubated with the compound compared with control cells (p < 0.05). + Statistically significant changes
between samples incubated with PARPi and combination treatment (PARPi/ATRi; PARPi/CHK1i)
(p < 0.05). # Statistically significant differences between the samples incubated with ATRi or CHKi
and combination treatment (PARPi/ATRi; PARPi/CHK1i) (p < 0.05). (C) BRCA2MUT (PEO-1) and
HR-proficient (SKOV-3 and OV-90) cells were treated with PARPi, ATRi, CHK1i, and the combination
of PARPi/ATRi or PARPi/CHK1i at 0.5 µM, and lysates were collected at 24 h. Western blot analysis of
phosphorylated and total proteins was performed. PARP increased with PARPi by 4.9-fold in PEO-1
cells, 2.52-fold in OV-90 cells, and 2.3-fold in SKOV-3 cells. PARPi with ATRi decreased PARP by
1.43-fold in PEO-1 cells, 1.3-fold in OV-90 cells, and 1.1-fold in SKOV-3 cells. PARPi with CHK1i
decreased PARP by 1.7-fold in PEO-1 cells, 1.6-fold in OV-90 cells, and 1.1-fold in SKOV-3 cells.
ATRi treatment decreased pATR 1.4-fold in PEO-1 cells, 1.34-fold in OV-90 cells, and 2.36-fold in SKOV-3
cells. PARPi increased pATR, whereas the combination of PARPi/ATRi decreased pATR by 2-fold in
PEO-1 and OV-90 cells and 1.8-fold in SKOV-3 cells. With CHK1i, pCHK1 increased by 1.36-fold in
PEO-1 cells, 1.34-fold in OV-90 cells, and 1.17-fold in SKOV-3 cells. PARPi with ATRi decreased pCHK1
by 1.8-fold in PEO-1 cells and 1.18-fold in SKOV-3 cells compared with PARPi alone. PARPi with
CHK1i decreased pCHK1 by 2.95-fold in PEO-1 cells, 1.5-fold in OV-90 cells, and 1.25-fold in SKOV-3
cells compared with PARPi alone.

Among ovarian cancer cells treated with PARPi, ATRi, or CHK1i for 24 h (Figure 1D), a small
percentage of cells exhibited morphological changes such as elongation and thinning. Exposure of
HR-deficient and HR-proficient cells to the combined action of PARPi/ATRi or PARPi/CHK1i significantly
increased the number of deteriorated, elongated cells. PARPi/ATRi- and PARPi/CHK1i-treated cells
showed an increase in volume, which is characteristic of a defective cell division arrest [30]. In addition,
exposure to combinations of compounds led to cell disintegration and detachment of cells from the culture
well surface.

To determine the most effective ratio of PARPi to ATRi or CHK1i, the effect of multiple-dose
combinations was examined as displayed in Figure 2A,B. The 1:1 (0.5 µM: 0.5 µM) combination was
the most effective among those tested. Subtoxic concentrations of PARPi had a smaller effect on cell
viability in SKOV-3 and OV-90 cells than in PEO-1 cells (71.15 % of control). CHK1i caused a significant
loss of viability (68%) in OV-90 cells and resulted in 86% of viable PEO-1 cells.

The effect of PARP inhibition on activating the ATR/CHK1 pathway was demonstrated by Western
blotting as shown in Figure 2C. PARPi treatment at 0.5 µM upregulated phospho-ATR (pATR) and
phospho-CHK1 (pCHK1) in both BRCAMUT (PEO-1) and HR-proficient cells (OV-90) within 24 h,
although it was more effective in BRCAMUT cells, suggesting the activation of ATR/CHK1 for survival.
PARPi did not significantly affect the level of pATR and pCHK1 in the SKOV-3 line (HR-proficient cells),
whereas it caused a 2.36-fold increase of pATR in PEO-1 and 1.3-fold increase in OV-90. In PEO-1 and
OV-90 cells, pCHK1 increased 1.5- and 1.21-fold, respectively, compared with the controls after 24 h
(Figure 2C). In all cell lines, PARPi in combination with ATRi or CHK1i decreased the PARPi-induced
upregulation of pATR and pCHK1. CHK1i treatment upregulated pCHK1 in PEO-1 and OV-90 cells.

Despite the dose-dependent cytotoxic effects of olaparib on all ovarian cancer cell lines tested,
its activity was not sufficient to significantly reduce cancer cell populations at the concentration range
used. Combination treatment with two compounds, PARPi and CHK1i, had a significantly greater
cytotoxic effect, decreasing colony formation ability to a greater extent than either drug alone in
BRCA2MUT cells compared with BRCAWT. ATRi in combination with PARPi was equally cytotoxic in
both BRCA2-deficient and wild-type cells. The PARPi/ATRi combination demonstrated synergy in all
the tested cell lines, whereas the PARPi/CHK1i combination showed synergism only in BRCAMUT cells.
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2.2. PARPi in Combination with CHK1i or ATRi Increases DNA Damage in BRCAMUT and BRCAWT

Ovarian Cells

We hypothesized that treatment with the ATRi/CHK1i and PARPi combination may result in
DNA damage. Alkali-labile sites, SSBs, and DSBs were analyzed by the comet assay, and the data
are presented in Figure 3. The alkaline comet assay was performed after exposure to 0.5 µM of each
drug for 2, 24, and 48 h. DNA damage in comet tails was detected as early as 2 h after treatment.
The results of the comet assay showed that PARPi, ATRi, or CHK1i alone induced DNA damage in a
time-dependent manner. The level of DNA damage was associated with cytotoxicity, measured by
the MTT assay. DNA damage increased after PARPi treatment in BRCAMUT and HR-proficient lines,
and it increased markedly in HR-deficient cells (by approximately 1.8-fold). After 48 h of treatment,
the level of DNA damage differed among the cell lines in response to ATRi (SKOV-3: 0.5%, OV-90: 33%,
and PEO-1: 54.4%) or CHK1i (SKOV-3: 21%, OV-90: 30%, and PEO-1: 51%). Combination treatment
with PARPi and ATRi increased the level of DNA damage in all cell lines after 24 h of incubation
and the effect was not dependent on HR proficiency. Treatment with the combination of PARPi and
ATRi caused a steady increase in DNA damage in comet tails that reached 38.9% in SKOV-3 cells,
48.2% in OV-90 cells, and 70.13% in PEO-1 cells after 48 h. In the OV-90 and PEO-1 cell lines, the effect
of combination treatment on the level of DNA damage differed from that of PARPi alone by >15%.Int. J. Mol. Sci. 2020, 21, x 8 of 21 
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Figure 3. CHK1i and ATRi have a synergistic effect with PARPi on inducing DNA damage. The level
of DNA damage in EOC cell lines treated with PARPi, ATRi, and CHK1i alone and in combination,
measured as a percentage of the DNA in the comet tail. (A) The alkaline version, (B) the neutral version
of the comet assay. Samples were treated for 2, 24, and 48 h. Error bars denote SD, * indicates statistically
significant differences between the samples incubated with the drugs compared with control cells
(p < 0.05). + Statistically significant differences between samples incubated with PARPi and combination
treatment (PARPi/ATRi; PARPi/CHK1i) (p < 0.05). # Statistically significant differences between the
samples incubated with ATRi or CHKi and combination treatment (PARPi/ATRi; PARPi/CHK1i)
(p < 0.05). Statistical analysis was performed using the ANOVA test with the Tukey’s post-hoc test for
multiple comparisons.
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We also tested the level of DNA damage using the neutral comet assay, which directly measures
DNA DBSs. PARPi/ATRi and PARPi/CHK1i significantly increased DNA damage compared with each
drug alone in a time-dependent manner (Figure 3B). Taken together, these results are consistent with
the synergy observed in the antiproliferative studies. The representative images of comets are shown
in Supplementary Figure S1.

2.3. Combined Treatment Induces Higher Levels of Apoptosis than Monotherapy in EOC Cells

We showed that PARPi combined with ATRi and CHK1i increased DNA damage in EOC cell
lines to a greater extent than PARPi, ATRi, and CHK1i alone. Because DNA damage induces apoptosis,
we investigated the effect of the compounds on the caspase 3/7 ratio, a marker of apoptosis. The results are
presented in Figure 4. Changes in the level of caspase 3/7 were time-dependent. Combination treatment
induced apoptosis even in HR-proficient cells (SKOV-3 and OV-90 cells). PARPi, ATRi, or CHK1i alone
at sub-lethal doses increased apoptosis only slightly. In all cell lines, the most significant changes in
caspase activation were observed after 48 h of treatment. The PEO-1 cell line showed the highest levels of
caspase 3/7 and was also the most sensitive cell line. After 48 h of treatment, ATRi combined with PARPi
caused the highest increase in caspase 3/7 activity in all cell lines. For the CHK1i and PARPi combination,
prolonged treatment time also caused a significant increase in caspase 3/7 activity. These results indicate
that the major mechanism by which olaparib and ATRi/CHKi induced death of EOC cells may be apoptosis
since we observed significant elevation of the caspase 3/7 activity. However, further studies are required
to finally determine which processes are responsible for cell death.
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Figure 4. ATRi/CHK1i combined with PARPi increases apoptosis. Caspase 3/7 expression was used as an
indicator of apoptosis in EOC cell lines exposed to 0.5 µmol/L PARPi, 0.5 µmol/L CHK1i, and 0.5 µmol/L
ATRi for 24 and 48 h. Untreated cells were used as controls and considered 100%. In SKOV-3 cells,
apoptosis was increased by both ATRi in combination with PARPi (30%) and CHK1 combination with
PARPi (22%) after 48 h of treatment. In OV-90 (p53MUT) cells, apoptosis was increased after 24 and 48 h of
incubation with ATRi in combination with PARPi (16% and 17%, respectively) and CHK1 in combination
with PARPi (13% and 9% respectively). In PEO-1 (BRCA2MUT) cells, apoptosis was increased by ATRi
in combination with PARPi (35%) and CHK1 in combination with PARPi (24%) after 48 h of treatment.
Error bars denote standard deviation, * indicates statistically significant differences between the samples
incubated with the drugs compared with control cells (p < 0.05). + Statistically significant differences
between the samples incubated with PARPi and combination treatment (PARPi/ATRi; PARPi/CHK1i)
(p < 0.05). # Statistically significant differences between samples incubated with ATRi or CHKi and
combination treatment (PARPi/ATRi; PARPi/CHK1i). Statistical analysis was performed using the
ANOVA test with the Tukey’s post-hoc test for multiple comparisons.

3. Discussion

First-line chemotherapy for ovarian cancer, which is usually based on a platinum drug, has little
impact on the overall survival of patients. Combination treatment with carboplatin and a taxane
leads to a better overall clinical response than anthracyclines in patients with ovarian cancer [31,32].
However, the slight improvement in survival is associated with a significant increase in adverse effects,
underscoring the need to identify and design novel therapeutic strategies.

The discovery of drugs that induce replication stress has emerged as a new research area to
identify therapies against resistant tumors or tumors with poor prognosis. Olaparib, which is the
most extensively studied PARPi, constitutes a significant step forward in ovarian cancer treatment.
Phase II clinical trials revealed that it increases efficacy of the standard treatment when combined
with carboplatin and paclitaxel. Progression-free survival was approximately 3 months longer in the
olaparib with additional chemotherapy group than in the monotherapy group. Two additional PARP
inhibitors have been approved by the FDA: rucaparib (Rubraca) and niraparib (Zejula), which are a
promising class of agents for targeted EOC therapy [33]. The SOLO-1 Phase III trial demonstrated
that olaparib therapy reduces the risk of disease progression or death by 70% in patients with newly
diagnosed advanced BRCA-mutated ovarian cancer [13]. As a result, olaparib was approved as first-line
maintenance therapy for BRCAMUT advanced ovarian cancer. However, a small percentage (~15%)
of EOC cases are BRCA-mutated. Most patients with high-grade serous EOC exhibit a phenotype
of defective HR without BRCA mutations known as BRCAness [33]. One approach to overcome
the limitations of olaparib is the use of cediranib, a vascular endothelial growth factor inhibitor.
Cediranib suppresses pro-survival and anti-apoptotic signaling, thereby enhancing the efficacy of
olaparib against BRCAWT EOC cells [34]. Despite the contribution of olaparib to modern ovarian cancer
therapy, the response rate in women is not satisfactory [35]. Identifying novel and effective treatments
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is extremely important. Therefore, the purpose of this study was to show that the efficacy of PARP
inhibition can be increased by targeting critical cell cycle checkpoints, which may cause a significant
reduction in the survival of EOC lines. Because the ATR/CHK1 pathway stabilizes replication forks and
prevents DSBs [36], inhibition of ATR/CHK1 is expected to increase dependence on HR to complete
replication. The combination of olaparib with anticancer agents that disrupt HR repair, namely, ATRi or
CHK1i, represents a novel strategy to effectively sensitize ovarian cancer cells to olaparib.

We started our research by establishing cytotoxicity of drugs in a wide range of concentrations
(0.1–30 µM) after 120 h of continuous incubation in order to make preliminary findings on their
potential efficacy in cancer therapy. We showed that PARPi, ATRi, and CHK1i are cytotoxic in all the
investigated ovarian cancer cell lines (SKOV-3, resistant, among others, to doxorubicin and cisplatin,
grade 1/2, serous type (S); OV-90, human ovarian papillary serous adenocarcinoma, grade 3, high-grade
serous (HGS); PEO-1, (BRCA2MUT; c.C4965G) grade 3). The results obtained by George et al. [37] are
similar to our observations. They demonstrated that olaparib at 1 µM was significantly more cytotoxic
to BRCAMUT cell lines (PEO-1, JHOS4) than to the BRCAREV (BRCA reverse) platinum-resistant PEO-4
cell line. Similar to PARPi, CHK1i was significantly more cytotoxic in BRCA2MUT cells than in BRCAWT

ovarian cancer cells. On the other hand, ATRi (AZD6738) was cytotoxic to both BRCAMUT and BRCAWT

cells [37]. In another study, it was shown that olaparib, after 5 days of treatment in the 0.1–1 µM range
of concentration, was more cytotoxic in BRCAMUT cells (PEO-1, JHOS4) compared with HR-proficient
cells (PEO4REV, WO-20 ATR/CHK1 primary tumor cultures, BRCAWT). The authors also demonstrated
that CHK1i (0.1–10 µM) was more effective in BRCAMUT cells than in BRCAWT cells as compared to
ATRi (0.1–5 µM), which was equally active in all the tested cell lines [38].

We showed that ATRi and CHK1i increased the effect of olaparib in all the investigated ovarian
cancer cell lines. To confirm the toxicity of the tested compounds and their combination, we performed
a long-term survival assay (colony formation assay). The results were particularly significant in
HR-deficient PEO-1 cells, in which combination therapy with ATRi decreased cell viability most
effectively compared with olaparib alone. In HR-proficient lines (OV-90, SKOV-3), both combinations
of inhibitors were also highly effective. Our results are in accordance with the study by Kim et al. [38]
who revealed that the colony-forming ability after treatment with ATRi in combination with PARPi
had been decreased. This observation confirmed a significantly higher cytotoxicity of the combination
of ATRi and PARPi than the cytotoxicity of either drug alone in both BRCA2-deficient and wild-type
cells [38]. The same group of authors extended cytotoxicity determination with multiple cell lines.
Using Kuramochi (BRCA2MUT), FUOV1 (CCNE1-amplified; CCNE1AMP, Cyclin E gene amplification),
OVKATE (BRCAWT and CCNE1 copy normal), COV318 (CCNE1AMP), and OVCAR3 (CCNE1AMP),
they reported findings similar to their previous study [39]. Moreover, ATR/CHK1 and DNA repair
pathways were confirmed to be significantly altered in PARPi-resistant cells (PEO1-PR). ATRi alone
was insufficient to overcome PARPi resistance in comparison to ATRi combined with PARPi [39].
Another study showed that the combination of PARPi with ATRi or CHK1i is as cytotoxic as the standard
chemotherapy (carboplatin/paclitaxel) in BRCAMUT cells (PEO-1, JHOS4) [37]. The combination of olaparib
with both ATRi and CHK1i drastically decreases the viability of UWB-BRCA1MUT ovarian cancer cells
and UWB1-resistant cells compared with single agent administration [40]. Moreover, olaparib acts
synergistically with ATRi (AZD6738) in ATM deficient cancer cells [41]. Combined treatment with ATRi
and PARPi caused 84% cell death of ATM deficient cancer cells in contrast to only 37% growth inhibition
in ATM-proficient wild-type cells [42]. The ATRi VE-821 sensitizes OVCAR-8, SKOV-3, and PEO-1 ovarian
cancer cells to common chemotherapeutics, such as cisplatin, topotecan, and veliparib [26]. Furthermore,
prexasertib (CHK1i) and olaparib monotherapy decrease cell viability in a dose-dependent manner in
both BRCAWT and BRCAMUT ovarian cancer cells (OVCAR-3, OV-90, PEO-1, and PEO-4). Synergism was
assessed at the lowest doses of prexasertib/olaparib (5 nM/5 µM) [43].

PARP1 coordinates and increases the speed of DNA repair, probably by detecting DNA lesions.
The enzyme is essential not only for SSB repair binding, but also for DSBs, and is involved in the
restart of stalled forks after release from replication blocks [44]. Small molecule inhibitors of PARP
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inhibit PARP activity, thereby preventing the dissociation of PARP from DNA damage sites on
chromatin [45]. We detected a significant increase in PARP1 expression in all cell lines after exposure
to olaparib. The combined action of the inhibitors led to a decrease in PARP expression in all cell
lines. Osoegawa et al. showed that the basal level of PARP activity is positively correlated with PARP
abundance in solid tumor cells [46], which is consistent with results of the present study. Other studies
showed that PARP expression increases after exposure to 1.5 µM olaparib for 24 or 48 h. Studies on
cervical cancer found a direct correlation between the abundance of PARP, its activity, and sensitivity
to olaparib treatment. Cell lines with higher PARP expression are more sensitive to olaparib [47].

This study confirmed the link between PARP expression and the sensitivity to PARPi or inhibitors
of replication stress proteins. DSBs and SSBs may result from the inactivation of tumor suppressor
genes, activation of oncogenes, and alterations in the structure of mutator genes [48]. Aberrant products
of ATR/CHK1 pathway genes may contribute to the induction, promotion, and progression of cancer
transformation. DNA repair is the main cellular response to DNA damage. If cellular repair systems
are ineffective against DNA damage, the repair time may be prolonged to allow for checkpoint
activation [49]. PARPi increases ATR/CHK1 signaling and causes replication fork collapse into DSBs
through different mechanisms. Thus, the combination of ATRi or CHK1i with PARPi would be
more effective to diminish cancer cell survival. In the present study, we assessed the overall level
of DNA damage, including SSBs and DSBs, using the alkaline and neutral variants of the comet
assay. The results showed that ATRi and CHK1i had a marked effect on DNA strand breaks, inducing
damage in all cell lines. Recently, the presence of DSBs was monitored by measuring the DSB marker
γH2AX in BRCA2MUT cells. The level of γH2AX increases in BRCA2MUT cells relative to wild-type
cells in the S-phase. The study suggests that fork destabilization or defects during the S-phase might
be a source of DNA damage and leads to elevated sensitivity to combined action of PARPi and
ATRi [38]. Prexasertib (CHK1i) predisposes cells to DSBs and allows cells to die [50]. ATR and CHK1
are pro-survival proteins playing a critical role in maintaining genome integrity against DNA damage.
Synthetic lethality is a cellular phenomenon, indicating that simultaneous inactivation of two or more
genes, which are nonlethal when inactivated alone, become lethal when inactivated together. Moreover,
it is a consequence of the tendency to maintain genome stability despite various alterations occurring
in the cell. Although BRCAMUT tumors are selectively sensitive to PARPi [51], even a small number of
persistent DSBs may be dangerous for the cancer cell. Simultaneous administration of ATRi/CHK1i and
PARPi induced a higher level of DSBs than both compounds administered as single agents. Previously,
it was described that PARPi/ATRi treatment exerts its dominant effects on replication by slowing fork
progression and increasing fork asymmetry that leads to DSBs [39].

The highest level of DNA damage occurred in the BRCAMUT cell line (PEO-1), although DNA
damage was also observed in HR-proficient lines, such as SKOV-3 and OV-90 (HGSOCs) cells with
p53MUT. The synergistic effect observed in our study was the result of high accumulation of DSBs after
combination treatment with ATRi or CHK1i and olaparib in HR-deficient and HR-proficient cell lines.
The increased genotoxic effect of the combined action of inhibitors may be related to a mutation in the
p53 gene in the OV-90 line. The tumor suppressor p53 plays a crucial role in the DNA damage response.
Mutation or loss of p53 occurs in approximately 50% of cancers [52]. However, whether p53 is a useful
biomarker of the effect of RSR inhibitor treatment remains unclear. In this study, the OV-90 line was
more sensitive to inhibitor treatment than the SKOV-3 line. Previous studies showed that checkpoint
inhibitors synergize with genotoxins more effectively in cells with defects in the p53 pathway than
in p53-proficient cells, which may be related to the increased replication stress caused by a relaxed
S-phase entry [27,53]. Olaparib therapy combined with CHK1i selectively radiosensitizes p53 mutant
pancreatic cancer cells, suggesting that inhibition of HR by CHK1i is a useful strategy for selective
induction of a BRCA1 “deficient-like” phenotype in p53 mutant tumor cells sparing normal tissue [54].

The present results showing the effectiveness of the synergistic action of olaparib with the standard
drug therapy or RSR modulators are consistent with previous studies. CDK4/6 inhibition by palbociclib
has a synthetic lethal effect in combination with PARP inhibition by olaparib by inducing HR deficiency
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in a MYC-dependent manner in HGSOCs [55]. Combination treatment with BKM120 (phosphoinositide
3-kinase, PI3K, inhibitor) and olaparib is more effective than single agent treatment for inducing
DNA damage in OVCAR-433, OVCAR-5, and OVCAR-8 cells, as indicated by the production of
large numbers of DNA DSBs as a result of dual inhibition of PI3K and PARP. The combination of
BKM120 and olaparib is effective in ovarian cancers with a broader spectrum of cancer-associated
genetic alterations, but not limited to those with mutant PI3KCA or BRCA genes [56]. Exposure of
cells to PARPi PJ34 blocks CHK1i-induced PARP1 activation and PARP1 adenosine diphosphate (ADP)
ribosylation [57]. Suppression of ATR by VE-821 (ATRi) can affect HR repair in ovarian cancer cells,
leading to accumulation of DNA DSBs in cell nuclei, thereby increasing the sensitivity of ovarian
cancer SKOV-3 cells to cisplatin [58]. Therefore, inhibition of ATR/CHK1 and PARP together increases
DSB generation from fork collapse and diminished alternative DNA repair mechanisms.

Cells treated with replication stress inhibitors die through two major pathways: apoptosis
(the predominant type of programmed cell death) or necrosis. Both processes differ biochemically and
morphologically. Cell destruction through the apoptotic pathway is the most effective way to eradicate
cancer cells because it does not cause inflammation in adjacent healthy tissues. Programmed cell death
ensures removal of mutated, infected, or damaged cells and maintains normal tissue homeostasis,
regulating the balance between cell division and a “silent disappearance” of cells. The proliferation and
colony formation assays used in this study did not clarify whether the toxic effects of the investigated
drugs resulted from the activation of the apoptotic cell death machinery. PARPi, as well as ATRi and
CHK1i, also cause necrotic cell death. Therefore, we examined the type of cell death induced by the
drugs and the role of apoptosis in their cytotoxic and antiproliferative activities. Members of the
caspase family are crucial mediators of the complex biochemical events associated with apoptosis.
Caspase 3, a key effector in the apoptotic pathway, amplifies the signal from initiator caspases leading to
full commitment to cellular disassembly. It was demonstrated that PARPi/ATRi combination treatment
significantly increased apoptosis compared with monotherapy in HR-deficient and HR-proficient
ovarian cancer cells. Our results are in agreement with the study performed on BRCAMUT PEO-1 and
BRCAREV PEO-4 cell lines. Cleaved caspase 3 after 48 h of treatment with 1 µM CHK1i and 1 µM
ATRi was significantly increased as compared with untreated control cells. However, contrary to our
results, the combination of PARPi/ATRi and PARPi/CHK1i did not substantially increase caspase 3
in relation to each agent alone [38]. Interestingly, the combination of drugs led to worse apoptosis
than monotherapy in the olaparib and carboplatin-resistant cell lines (PEO1-PR, JHOS4-PR, PEO1-CR,
OVCAR-3) [39]. Additional studies are necessary to confirm whether apoptosis is a leading process
responsible for cytotoxicity of tested inhibitors’ combinations.

The presented results indicate that ovarian cells harboring loss-of-function mutations other
than BRCA may also benefit from novel treatments. In addition, most EOC patients are BRCAWT,
underscoring the importance of these results. We also showed that the combination of ATRi and
PARPi is more cytotoxic than that of CHK1i and PARPi. Thus, ATR may stabilize replication forks
independently from CHK1 [59]. Our observation can also be explained by the action of MRE11
that mediates PARPi sensitivity of BRCA1-deficient cells. ATRi disrupts BRCA1-independent RAD51
leading to DSBs and stalled forks in PARPi-resistant BRCA1-deficient cells. Thus, ATRi enables
MRE11-mediated fork degradation [60]. Another study also confirmed that ATR plays the main role
in avoiding replication catastrophe. Two- to ten-fold reduction in fork speed led to global chromatin
recruitment of sensors and mediators of the ATR pathway without substantial activation of CHK1, ATM,
or p53. Analysis of the cell phenotypes depleted of ATR or CHK1 and their exposure to moderate levels
of stress shows that ATR, but not CHK1, is crucial for common fragile site (CFS) integrity. Moreover,
in ATR-deficient cells, single stranded DNA (ssDNA) foci result from the MRE11-dependent resection
of collapsed forks, suggesting that long stretches of ssDNA are a consequence rather than a cause of
CFS instability [61]. It is also known that RPA protein (replication protein A) binds to single-stranded
DNA generated in the replication forks. The study by Toledo et al. confirmed that if replication is
blocked, ssDNA is formed, linked to RPA, and led to the recruitment of the ATR kinase. Although ATR
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requires the RPA-coated ssDNA for its own activation, the endpoint of ATR signaling to protect forks
against fatal breakage also feeds back on the level of RPA. Partial reduction in RPA enhanced fork
breakage and forced elevation of RPA was sufficient to delay such replication catastrophe even in the
absence of ATR activity. ATR inhibition increases ssDNA break generation up to the point where it
would deplete all available RPA [62]. The research by Mengwasser et al. also points to the extremely
important role of ATR kinases. They found that BRCA2MUT cells (colonic DLD-1 BRCA2MUT cell line
and PEO-1 BRCA2MUT) are dependent on ATR activation; that was confirmed by using VE-821 as ATRi.
Ape2 (Apurinic/apyrimidinic endonuclease) depletion led to a more prominent phosphorylation of
CHK1 and RPA32 in the BRCA2MUT cell line than in the BRCA2WT cell line (C4–2 clone that contains
BRCAREV selected for cisplatin resistance), suggesting increased ATR activation [63].

Although the efficacy of the PARPi/ATRi and PARPi/CHK1i combinations differed, each of these
combinations was significantly more effective than single agent treatment in ovarian cancer cells.

4. Materials and Methods

4.1. Reagents

Culture media (RPMI 1640, DMEM) were obtained from Gibco (Thermo Fisher Scientific, Waltham,
MA, USA), and fetal bovine serum (FBS) was from Capicorn Scientific GmbH (Ebsdorfergrund, Germany);
trypsin–EDTA, penicillin, and streptomycin were acquired from Sigma-Aldrich (St. Louis, MO, USA).
CellEvent™ Caspase-3/7 Green Detection Reagent was from Thermo Fisher Scientific, Waltham, MA,
USA (cat # C10423). PARPi (AZD2281), ATRi (AZD6738), and CHK1i (MK8776) were purchased from
Selleckchem (Munich, Germany). Other chemicals and solvents were of high analytical grade and were
obtained from Sigma-Aldrich or Avantor Performance Materials Poland S.A. (Gliwice, Poland).

4.2. Cell Culture and Drug Administration

The human OV-90 (human malignant papillary serous carcinoma, American Type Culture
Collection (ATCC) CRL-11732™) and SKOV-3 (human ovarian adenocarcinoma, ATCC HTB-77) cell
lines were bought from ATCC (Rockville, MD, USA), and PEO-1 cells (human ovarian cancer; estrogen
rec, 10032308) for preliminary research were donated by Dr. Gallo (Fondazione Policlinico Universitario
A. Gemelli, IRCCS, Rome, Italy), and then bought from the European Collection of Authenticated
Cell Cultures. The newly received cells were expanded and aliquots of less than 10 passages were
stored in liquid nitrogen. All cell lines were kept at low passage, returning to original frozen stocks
every 6 months. During the course of the study, cells were thawed and passaged within 2 months in
each experiment. The cells were cultured in DMEM and RPMI with 10% FBS, penicillin (10 U/mL),
and streptomycin (50 µg/mL) and regularly checked for mycoplasma contamination. The cells were
cultured in an atmosphere of 5% CO2 and 95% air at 37 ◦C.

4.3. MTT Assay

To select the most effective PARPi/ATRi and PARPi/CHK1i ratios, several concentration ratios
of the compounds (1:1; 2:1; 10:1; 1:2; 1:10) were tested at the lowest effective concentration based on
the survival curve (0.5 µM). To analyze the drug interaction between ATRi and CHK1i and PARPi
combined with either agent, the coefficient of drug interaction (CDI) was calculated [64]. The CDI is
defined by the following formula: CDI = AB/(A × B). According to the absorbance of each group, AB is
the ratio of the two-drug combination group to the untreated control group, and A or B is the ratio of
the single drug group to the control group. A CDI < 1 indicates synergism, CDI < 0.7—significant
synergism, CDI = 1—additivity, and CDI > 1—antagonism.

4.4. Clonogenic Assay

The effect of PARPi, CHK1i, and ATRi on cell growth was assessed using a clonogenic assay.
For this analysis, 200 cells were plated onto six-well plates in a growth medium, and after overnight
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attachment, cells were exposed to the test compounds for 5 days. The cells were washed with a fresh
medium and allowed to grow for 10–14 days under drug-free conditions. Then, the cell colonies
were fixed with methanol mixed with acetic acid (7:1) for 10 min and stained with 0.5% crystal violet
for 20 min. The plates were rinsed with water, air-dried, photographed, and evaluated for colony
estimation. Colonies containing more than 50 cells were counted. For each sample, the results from
three replicates were averaged.

4.5. Morphological Assessment

SKOV-3, OV-90, and PEO-1 cells were treated with olaparib, ATRi, CHK1i, and a combination of
PARPi with ATRi or PARPi with CHK1i, each at a concentration of 0.5 µM, for 24 h and then examined
under an inverted optical microscope (Olympus IX70, Tokyo, Japan).

4.6. Western Blot Analysis

The cells were lysed in a cell extraction buffer (Invitrogen™, Waltham, MA, USA) containing a
protease inhibitor cocktail and phenylmethylsulfonyl fluoride (PMSF) (Roche, Mannheim, Germany)
in accordance with the manufacturer’s protocol. The protein concentration was determined using
the Bradford method. SDS polyacrylamide gel electrophoresis and the wet transfer of proteins
(35 µg per lane) onto 0.45 µm polyvinylidene difluoride (PVDF) membranes were performed using
standard procedures. To confirm equal loading and transfer, Precision Plus Protein™ WesternC™
Blotting Standards were used. After blocking nonspecific sites using 5% bovine serum albumin (BSA)
(Sigma-Aldrich) or 5% non-fat dry milk, membranes were incubated with the rabbit monoclonal
antibody against PARP at a dilution of 1/1000 (cat. # 9532), phospho-ATR (Thr1989) (cat. # 30632),
total ATR (cat. # 13934), phospho-CHK1 (Ser345) (cat. # 2348), and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (cat. #2118), all from Cell Signaling Technology, Inc. (Danvers, MA, USA),
and the rabbit anti-CHK1 polyclonal antibody (cat. # STJ92269, St John’s Laboratory). The membranes
were then exposed to the anti-rabbit IgG horseradish peroxidase-conjugated secondary antibody
(cat. # 7074, Cell Signaling Technology), followed by detection using a chemiluminescent substrate
(Thermo Fisher Scientific, Waltham, MA, USA). Immunoreactive bands were visualized using a DNR
MicroChemi system. Band intensities were quantified using the ImageJ software (NIH, Bethesda, MD,
USA). The integrated optical density of the bands was measured in a digitized image. Relative expression
was expressed as the ratio of the densitometric volume of the test band to that of the respective
GAPDH band.

4.7. Comet Assay

The alkaline version of single cell gel electrophoresis (comet assay) was used to detect
alkali-labile sites, single-strand breaks (SSBs), and DSBs caused by exposure to the tested compounds.
Each experiment was repeated three times. In the neutral versions, the tail DNA percentage is positively
correlated with DSBs. The cells were plated on 12-well plates (105 cells/well) and treated with PARPi,
ATRi, CHKi, and their combination at the 0.5 µM dose for 2, 24, and 48 h at 37 ◦C. Next, the cells
were collected into Eppendorf tubes and rinsed with PBS. The cells were then suspended in 0.75% low
melting point agarose dissolved in PBS (pH 7.4) and placed on microscope slides precoated with 0.5%
normal melting point agarose. Subsequently, the slides were treated with a cooled lysis buffer (2.5 M
NaCl, 100 mM EDTA, 10 mM Tris, 1% Triton X-100, pH 9.0) for 1–24 h at 4 ◦C. Then, slides were placed
in the developing buffer (300 mM NaOH, 1 mM EDTA) for 20 min. Electrophoresis was performed in a
buffer composed of 30 mM NaOH and 1 mM EDTA at 0.73 V/cm and 290 mA for 20 min. In the neutral
version of the comet assay, electrophoresis was run in a buffer consisting of 100 mM Tris and 300 mM
sodium acetate, with the pH adjusted to 9.0 using glacial acetic acid. Electrophoresis was performed
for 60 min after a 20 min equilibrium period at an electric field strength of 0.41 V/cm and 50 mA at 4 ◦C.

The samples were stained with 4,6-diamidino-2-phenylindole (DAPI) (1 g/mL). The slides were
stored in a wet chamber at 4 ◦C and analyzed under a fluorescence microscope. Fifty randomly selected
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cells from each slide were measured using an image analysis system (Nikon, Japan) attached to a
COHU 4910 video camera, which was equipped with a UV-1 filter block consisting of an excitation
filter (359 nm) and a barrier filter (461 nm) connected to the image analysis system Lucia-Comet v. 4.51
(Laboratory Imaging, Prague, Czech Republic) [30].

4.8. Caspase 3/7 Assay

The activities of caspases 3 and 7 were estimated with CellEvent™ Caspse-3/7 Green Detection
Reagent (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s protocol.
The cells were seeded on 96-well plates (15 × 103/well) and after 24 h they were incubated with
the appropriate drugs for 24 h or 48 h. The cells were fixed by adding a final concentration of
4% paraformaldehyde solution (10 min, room temperature). Cells were labeled with CellEvent™
Caspase-3/7 Green Detection Reagent (5 µM) diluted in PBS with 5% FBS to avoid fluorescence
background. After activation of caspase 3/7 in apoptotic cells, the four amino acid (Asp-Glu-Val-Asp,
DEVD) peptide was cleaved, enabling the dye to bind to DNA, which produced a bright fluorogenic
response with absorption/emission maxima of 502/530 nm according to the manufacturer’s protocol.
Fluorescence intensity was measured using a Fluoroskan Ascent FL plate reader (Labsystem, Stockholm,
Sweden). Cysteine protease activity was expressed as a ratio of the fluorescence of drug-treated samples
to that of the corresponding untreated controls (taken as 100%).

4.9. Statistical Analysis

The data are presented as means± SD of at least three independent experiments. Statistical analyses
were performed with the Student’s t-test and ANOVA with the Tukey’s post-hoc test for multiple
comparisons as appropriate (StatSoft, Tulsa, OK, USA) [30]. p-values < 0.05 were considered
statistically significant.

5. Conclusions

ATR and CHK1 suppressed DNA break formation and induced DSB repair to remove DNA
damage (Figure 5). PARPi increased the dependence on ATR/CHK1 for maintaining genome stability.
Combination treatment with PARPi and ATRi completely suppressed ovarian cell growth independently
from HR effectiveness. Inhibition of ATR or CHK1 concomitant with PARP inhibition increased DSB
generation, resulting in apoptosis induction. The present results were obtained at sub-lethal doses,
underscoring the high potential of the inhibitors tested. The effect of PARPi/ATRi and PARPi/CHK1i
was dependent on the genetics of the tumor. The present results confirmed the sensitivity of ovarian
cancer cells to CHK1i and especially to ATRi. The simultaneous use of olaparib with inhibitors of RSR
proteins leads to synthetic lethality and sensitizes cells to olaparib therapy by blocking DNA repair.
Thus, the present data may provide new prospects for the treatment of ovarian cancer patients and
establish a basis for further research.
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ADP Adenosine diphosphate
ATM Ataxia telangiectasia mutated protein
ATR Ataxia telangiectasia and Rad3-related protein
ATRi Ataxia telangiectasia and Rad3-related protein inhibitor
BSA Bovine serum albumin
CDI Coefficient of drug interaction
CHK1 Checkpoint kinase 1
CHK1i Checkpoint kinase 1 inhibitor
DAPI 4,6-diamidino-2-phenylindole
DSB Double-strand break
FANCI Fanconi anemia complementation group I
GAPDH Glyceraldehyde 3-phosphate dehydrogenase
HRR Homologous recombination repair
MCM2 DNA replication licensing factor
MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide
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PARP Poly (ADP-ribose) polymerase
PARPi Poly (ADP-ribose) polymerase inhibitor
PMSF Phenylmethylsulfonyl fluoride
PVDF Polyvinylidene difluoride
RPA Replication protein A
SMARCAL1 SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily A-like protein 1
SSB Single-strand break
ssDNA single stranded DNA
WRN Werner syndrome ATP-dependent helicase
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