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ABSTRACT

PARP inhibitors (PARPi) have been effective in high-grade serous ovarian cancer
(HGSO0C), although clinical activity is limited against BRCA wild type HGSOC. The
nearly universal loss of normal p53 regulation in HGSOCs causes dysfunction in the
G1/S checkpoint, making tumor cells reliant on Chkl-mediated G2/M cell cycle arrest
for DNA repair. Therefore, Chkl is a reasonable target for a combination strategy
with PARPI in treating BRCA wild type HGSOC. Here we investigated the combination
of prexasertib mesylate monohydrate (LY2606368), a Chkl and Chk2 inhibitor, and
a PARP inhibitor, olaparib, in HGSOC cell lines (OVCAR3, OV90, PEO1 and PEO4)
using clinically attainable concentrations. Our findings showed combination treatment
synergistically decreased cell viability in all cell lines and induced greater DNA damage
and apoptosis than the control and/or monotherapies (p<0.05). Treatment with
olaparib in BRCA wild type HGSOC cells caused formation of Rad51 foci, whereas
the combination treatment with prexasertib inhibited transnuclear localization of
Rad51, a key protein in homologous recombination repair. Overall, our data provide
evidence that prexasertib and olaparib combination resulted in synergistic cytotoxic
effects against BRCA wild type HGSOC cells through reduced Rad51 foci formation and
greater induction of apoptosis. This may be a novel therapeutic strategy for HGSOC.

DNA damage response (DDR) proteins and pathways such
as poly(ADP-ribose)polymerase 1 and 2 (PARP1 and 2),
essential for the repair of DNA single-stranded breaks
[4]. PARP inhibition leads to the failure of DSB repair in
BRCAI and BRCA?2 defective cells, promoting genomic

INTRODUCTION

High-grade serous ovarian cancer (HGSOC) is the
most lethal gynecologic malignancy in the United States
[1]. More than 70% of women present at an advanced

stage, and recurrence is nearly universal, leading to
incurable disease where treatment options remain limited
[2]. Approximately 15% of women with HGSOC carry
deleterious germline mutations in BRCA/ and BRCA?2,
gene products of which are essential in homologous
recombination (HR) repair for DNA double-stranded
breaks (DSBs) [3]. This leaves cells dependent on other

instability, apoptosis and cell death [5]. PARP inhibitor
(PARP1) treatment is shown to be clinically effective in
advanced HGSOC, with licensing of three FDA-approved
agents to date [6-8]. Olaparib is the first licensed agent
for use in heavily pretreated germline BRCA mutation-
associated ovarian cancer [9, 10]. Only modest clinical
activity has been seen with PARPi monotherapy in BRCA
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wild type HGSOC [11]. Therefore, a critical need remains
for new therapeutic combination strategies that utilize
the unique biology of HGSOC to increase sensitivity to
PARPI.

A number of preclinical studies have attempted
to sensitize HR-proficient cancer cells to PARPi by
inhibiting elements in the HR DDR pathways, resulting in
DNA DSBs and mitigated DNA repair [12, 13]. One such
approach to modulate DNA repair activity in HGSOC is
to interfere with cell cycle checkpoint signaling. An arrest
of cell cycle progression is required to allow repair in the
event of DNA damage and to address stalled replication
forks; collapse into DSBs occurs in the absence of
stabilization of stalled replication forks [14]. Essential
members of cell cycle checkpoint signaling are the
checkpoint kinases Chk1l and Chk2. They are activated
by ATR in response to DNA replication stress or DNA
damage, after which Chkl phosphorylates and inhibits
its substrates, the phosphatases CDC25C (S216) and
CDC25A (S123), leading to arrest at the G2/M checkpoint
[15-17].

Chkl1 also plays a critical role in HR DNA repair
by facilitating the BRCA2-Rad51 interaction through
phosphorylation of the BRCA2 C-terminal domain and
Rad51 at T309, an important step that allows transnuclear
localization of the HR repair proteins in response to DSBs
[18, 19]. Over-expression of Rad51 can provide resistance
to DNA-damaging agents [20], which may partly explain
the limited monotherapy activity of PARPi against BRCA
wild type HGSOC. Dedes et al. showed a correlation
between reduced Rad51 nuclear focus formation and
PARPiI sensitivity in PTEN-deficient endometrial cancer
cell lines in vitro [21]. Furthermore, 96% of HGSOCs
harbor a mutation in TP53 [22], thus losing control in
the earlier G1/S checkpoint and making them heavily
rely on Chkl-mediated G2/M cell cycle arrest for DNA
repair [23]. Therefore, Chkl is a reasonable target for a
combination strategy with olaparib to maximize DDR
inhibition and drive tumor cell death in treating BRCA
wild type HGSOC.

Prexasertib mesylate monohydrate (hereafter
referred to as prexasertib; LY2606368) is a selective ATP
competitive small molecule inhibitor of Chk1 and Chk2
[24]. It blocks the autophosphorylation and subsequent
activation of the Chk proteins, which regulate the activity
of Rad51 and the CDC25 and cyclin-dependent kinases
[25]. Single agent prexasertib treatment induces DNA
damage and apoptosis in preclinical studies, and potential
anticancer activity was shown in phase 1 clinical trials in
solid tumors [26]. Prexasertib is currently being studied
in phase 1/2 clinical trials as both a single agent and in
combination with targeted agents or chemotherapy in
adult patients with solid tumors [27]. We hypothesized that
inhibiting Chk1 would sensitize BRCA wild type HGSOC
to PARPi by preventing the formation of Rad51 foci. In
this study, we aimed to evaluate the preclinical efficacy

of prexasertib in combination with the PARP1 olaparib in
HGSOC cells at clinically attainable concentrations.

RESULTS

Prexasertib synergizes with olaparib to decrease
cell viability in HGSOC cells

The cytotoxicity of prexasertib and olaparib was
assessed in a panel of HGSOC cell lines. Both prexasertib
and olaparib monotherapy decreased cell viability in a
dose-dependent manner in both BRCA wild type and
BRCA mutated cell lines (Figure 1A and 1B). PEOI1
(BRCA2 mutated) and PEO4 (BRCA2 mutated with a
gain-of-function reversion mutation) were sensitive to
prexasertib, and PEO4 did not show significant loss
of viability at the maximum concentration of olaparib
(200 uM) used (Supplementary Figure 4: Table 1).
Olaparib at clinically achievable concentrations (36- 99
uM) [28] yielded more than 50% cytotoxicity in PEO1
and OVCAR3. IC, values of prexasertib in all four cell
lines ranged from 6 nM to 49 nM, which were lower than
clinically attainable concentrations of the recommended
phase 2 dose (98-174 nM; Table 1) [26].

We next assessed synergy of the combination
treatment and the conditions under which such synergism
occurred. Cell viability curves for combination treatments
ranging from 0-20 pM for olaparib and 0-20 nM for
prexasertib were determined from XTT assays (Figure 1C-
1F). We selected two dose combinations of prexasertib/
olaparib (5nM/5puM and 10nM/10uM) to test for
synergism. Synergism was assessed by using Combination
Index (CI) values as determined by Chou and Talalay
(Supplementary Table 1) [29]. A combination of SnM/5uM
gave CI values that were <1 for all cell lines tested, and
a combination of 10nM/10uM gave CI values that were
<1 for all cell lines tested except OV90 (Supplementary
Table 1). A prexasertib/olaparib combination dose of
20nM/20uM gave CI values that were <0.3 for OVCAR3,
OV90 and PEOI, suggesting strong synergism, and
were extremely cytotoxic (cell viability <40%). Because
lower cytotoxicity would ensure that enough remaining
viable cells would be available for subsequent assays, a
combination of 5SnM/5uM prexasertib/olaparib was chosen
to further study the underlying molecular mechanisms that
may drive synergism.

Prexasertib does not affect PAR incorporation
and olaparib does not alter Chk1 activity

We first examined on-target effects of each
monotherapy treatment and their combination. Olaparib
significantly reduced PAR incorporation in all cell lines
both in monotherapy and in combination, and prexasertib
neither stimulated nor inhibited PAR incorporation (Figure
2A). Chkl and 2 protein phosphorylation was examined to
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investigate prexasertib target effects. Phosphorylation of autophosphorylation site, essential for downstream

S317 and S345 Chkl1 reflect ATR activation in response Chk1 phosphorylation activity [17, 30, 31]. Prexasertib
to DNA damage, and S296 Chkl is the activating monotherapy decreased S296 autophosphorylation
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Figure 1: Chkl and PARP inhibition reduces cell viability in HGSOC. Cytotoxicity of prexasertib (A) and olaparib (B) was
determined by XTT assay in BRCA mutated and BRCA wild type HGSOC cell lines. Cells were treated with either prexasertib (0-100 nM)
or olaparib (0-100 pM) 24 hours after cells were seeded. XTT assay was performed 3 days after treatment. The cell viability was calculated
relative to the 0.01% DMSO-treated control cells. The representative cell viability plots from 2 independent experiments were shown. Cells
were then treated with combinations of prexasertib (0-20 nM) and olaparib (0-20 pM) 24 hours after seeding. XTT assay was performed 3
days after the combination treatment for OVCAR3 (C), OV90 (D), PEO1 (E), and PEO4 (F). The cell viability was calculated relative to
the control, and was used to calculate effective combination ratios of olaparib to prexasertib and CI values as seen in Supplementary Table
1. The error bar represents the standard deviation (SD) of 3 replicates.
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Table 1: IC_, values of prexasertib and olaparib in HGSOC cells. Cell viabilities were calculated relative to the control,
and IC_ values were determined by Prism and the mean + SD of 2 independent experiments were shown.

Cell Line Olaparib (unM), mean = SD Prexasertib (nM), mean + SD
OVCAR3 6.18+£2.16 634+1.38

OoVvI0 57.00 £ 24.65 35.22+£11.71

PEO1 2.04 +0.49 12.65 £8.27

PEO4 48.79 £3.89

ND: Not determined. PEO4 did not show significant loss of viability (81-89% viable cells) at the maximum concentration

of olaparib (200 pM) used in XTT assay.

and increased Chkl phosphorylation at S317 and S345
compared to the control in all cell lines except PEO4.
Olaparib monotherapy did not significantly reduce S296
phosphorylated Chkl levels. Combination treatment
inhibited S296 Chkl autophosphorylation while it
triggered greater Chk1 S345 and S317 phosphorylation
than either monotherapy in all cell lines tested (Figure
2B). Treatment with olaparib as a monotherapy and in
combination with prexasertib increased phosphorylation
of Chk2 (T68) in all cell lines. Total Chkl and Chk2
expression did not change upon either monotherapy
treatment for all cell lines, but did decrease in the
combination treatment for OV90 (Figure 2B). The Chk1
downstream proteins CDC25A and CDC25C showed no
changes (Supplementary Figure 3B).

Chkl1 inhibition prevents nuclear Rad51 foci
formation in response to olaparib treatment

To examine our hypothesis of synergistic
cytotoxicity by reduced Rad51 response, the
extent of Rad51 focus formation was assessed by
immunofluorescence. Olaparib treatment induced nuclear
Rad51 foci formation in BRCA wild type HGSOC cell
lines and PEO4, a BRCA2 gain-of-function revertant cell
line (Figure 3), while prexasertib had no impact on nuclear
Rad51 foci formation. The induction of nuclear Rad51
foci by olaparib was almost completely abrogated when
Chk1 was inhibited by prexasertib in all BRCA wild type
HGSOC cell lines and PEO4 (Figure 3 and Supplementary
Figure 2).

Prexasertib and olaparib induce greater DNA
damage in combination

Inhibition of either Chk1 or PARP is known to cause
DNA damage and dysregulation of DNA repair [32, 33].
We next examined if the observed greater cytotoxicity in
the combination therapy was induced due to increased
DNA damage. Significantly increased DNA damage
occurred with the combination, demonstrated by greater
comet tail DNA percentage, compared to the control
conditions (p<0.05, Figure 4A). Damage incurred by

either single agent alone was not significantly different
from the control in each cell line (Figure 4A) except for
OV90, whereas significantly increased DNA damage was
observed in the prexasertib treatment compared to the
control (p<0.01, Figure 4A). Increased YH2AX (S139)
expression was also seen with the combination treatment
at 24 and 48 hours (Figure 4B). We performed yYH2AX
(S139) immunofluorescence confocal imaging to further
elucidate DNA damage induced by the combination
treatment. We found a significant increase in YH2AX focus
formation compared to the control in OVCAR3 and PEO4
(p<0.05; Supplementary Figure 1). Pan-nuclear yYH2AX
staining was observed in prexasertib and in combination
treated cells, suggesting both prexasertib alone and in
combination induced greater DNA damage and suspected
apoptosis than olaparib alone [34].

Combination treatment yields greater apoptosis
than either monotherapy in HGSOC cells

We next examined whether the decreased cell
viability was attributable to greater apoptosis. We
observed greater caspase 3 activity with the combination
treatment compared to the control in all cell lines (Figure
5), suggesting the combination treatment induced greater
apoptosis and cell death in both BRCA wild type and
BRCA mutated HGSOC cell lines.

Chk1 inhibition perturbs G2/M cell cycle arrest
induced by olaparib

Chkl is essential in arresting DNA damaged
cells at the G2/M checkpoint. We investigated how
this perturbation could be contributing to the observed
synergism. Cells treated with olaparib monotherapy
showed enrichment in the G2/M phase compared to DMSO
treated cells except for OV90 (Figures 6A; Supplementary
Figure 3A). Prexasertib alone did not change the cell cycle
distribution in all cell lines except in OV90. Cells in the
G2/M phase were reduced in the combination treatment
compared to olaparib monotherapy in these three cell
lines: from 73.3% to 43.7% for OVCAR3 (p<0.001),
59.4% to 51.5% for PEO1 (p=0.018) and 39.0% to 27.9%
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Figure 2: Prexasertib and olaparib display on-target effects at lower than clinically achievable doses. (A) Olaparib’s
effect on PARP1 activity was measured by assessing decreases in PAR levels. The experiment was repeated twice, with each experiment
having two replicates. The mean + SD of 2 independent experiments was shown. (B) Prexasertib’s inhibitory effect on Chk1 and Chk2 was

assessed by immunoblotting. The representative immunoblot images were shown. GAPDH was used as a loading control.
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Figure 3: Chk1 inhibition suppresses the nuclear Rad51 foci formation in response to olaparib treatment. (A) Percent of
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significance was analyzed using one-way ANOVA. (" =p < 0.05, ™ = p < 0.01). (B) Confocal microscopic images of OVCAR3 cells were
shown as representative images.
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Figure 4: Prexasertib and olaparib cause DNA damage in HGSOC cells. DNA damage was assessed with alkaline comet assay
(A) and immunoblotting (B). (A) The percentage of DNA in comet tails significantly increased by the combination treatment compared to
the control in all cell lines (p<0.05). The experiment was repeated 3 times and the data was presented as the mean + SEM. The statistical
significance was analyzed using one-way ANOVA (“=p <0.05, " =p <0.01). (B) YH2AX (S139) immunoblotting was performed with total
lysates for 24 and 48 hours after treatment. The representative immunoblot images were shown. GAPDH was used as a loading control.
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for PEO4 (p=0.018) (Figure 6A). Phospho(p)-Histone
H3 levels also increased in the combination treatment
compared to olaparib alone in OVCAR3 (Figure 6B),
indicating that prexasertib in the combination treatment
forced the olaparib-induced arrested cells to enter M
phase. Collectively, these results support the idea that
prexasertib overrides olaparib-induced G2/M arrest.

DISCUSSION

Inhibition of the ATR/Chk1 axis has been reported
to cause replication catastrophe, DNA damage and cell
death [35], making this pathway an attractive target for a
combination strategy with the PARPi olaparib in HGSOC
[36]. We demonstrated the synergistic cytotoxicity
of prexasertib and olaparib combination against both
BRCA wild type and BRCA mutant HGSOC cell lines at
clinically attainable concentrations. PARP inhibition is
associated with induction of Rad51 nuclear accumulation
and focuses to sites of DNA damage for initiation of
repair [37]. Prexasertib, with little direct effect on
Rad51 focus formation by itself, abrogated olaparib-
induced Rad51 focus formation, resulting in greater DNA

damage that was measured by several means. The drug
concentrations used in this study were carefully selected
to perform a clinically relevant in vitro study given
both drugs cause significant myelotoxicity in humans
[26, 38]. In a phase 1 study by Hong et al., prexasertib
resulted in grade 4 neutropenia in 73% of patients with
advanced solid tumors, which may become a challenge
for clinical investigations when combined with cytotoxic
chemotherapy or DNA repair inhibitors such as PARPi.
We proceeded using doses of prexasertib and olaparib at
clinically attainable concentrations, which are below the
concentrations achieved by the recommended phase 2
doses for each drug (36 uM for olaparib and 98 nM for
prexasertib) [26, 28].

One of the major cellular HR responses to DNA
damage includes the nuclear recruitment of the BRCA2-
Rad51 complex [20, 39]. Rad51 translocates into the
nucleus upon DNA damage, forming foci and assisting the
DNA strand-pairing step of HR [40, 41]. Rad51 suppression
via microRNA-506 has been shown to sensitize serous
ovarian cancer to DNA damaging drugs such as cisplatin
and PARPi [42]. Low quantities of Rad51 foci measured
by immunofluorescence in post-chemotherapy biopsies
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Figure 5: Combination treatment increases apoptosis in HGSOC. The caspase 3 activity in each condition was calculated
relative to the control. The experiment was performed in duplicate and repeated twice. The data is presented as the mean + SD of 2
independent experiments. The statistical significance was analyzed using multiple comparison t tests ("= p < 0.05, ™ =p < 0.01).
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were also associated with pathologic complete responses
to anthracycline-based chemotherapy in sporadic primary
breast cancers [43]. Additionally, reduced levels of Rad51
expression by siRNA are shown to increase sensitivity to
PARPi in human gastric cancer cells, and restoration of
Rad51 via plasmid transfection attenuated drug sensitivity
[44]. Recently, Narayanaswamy and colleagues reported
prexasertib blocked nuclear localization of Rad51 in
pancreatic cancer cell lines in response to DNA damage
by gemcitabine [45]. A Wee-1 inhibitor, AZD1775, also
attenuated RadS1 nuclear localization in pancreatic cancer
cells, and resulted in sensitization to DNA damaging effects
from radiation and PARPi [12]. We observed increased
nuclear Rad51 foci levels by olaparib treatment in non-
BRCA mutated HGSOC cell lines, and these levels were
significantly diminished in the combination treatment.
Furthermore, the combination treatment caused greater
apoptosis relative to the control in all BRCA wild type cell
lines. The PARPi olaparib has shown clinical benefit both
in BRCA mutant and wild type HGSOC, although response
is reduced in recurrent BRCA wild type HGSOC [9]. Thus,
our findings suggest a potential benefit of the combination
therapy in non-BRCA mutated HGSOC by attenuation of
DNA repair activity and greater apoptosis.

Other preclinical studies have provided evidence
that the combination of Chk1 inhibitors and PARPi result
in increased YH2AX phosphorylation and apoptosis in
mammary carcinoma cells [46]. The combination therapy
that we used demonstrated increased cytotoxicity by
causing DNA damage, inhibiting Rad51 transnuclear
localization and abrogating critical cell cycle checkpoints
in BRCA wild type HGSOC [42]. Kim et al. recently
demonstrated that combination of the ATR inhibitor
AZD 6738 with olaparib caused an accumulation in
chromosomal breakage, abrogation of the G2/M cell cycle
checkpoint and increased apoptosis in BRCA2 mutated
ovarian cancer cells [47]. Similar to our results, they also
found that the combination of the Chk1 inhibitor MK8776
with olaparib was synergistically cytotoxic in PEO1 cells,
but not in PEO4 cells [47]. Our results show Rad51 foci
formation was inhibited by prexasertib, indicating that
decreased efficiency of HR DNA repair contributed to the
sensitization of the cell lines to olaparib.

Accumulated DNA damage is a key factor resulting
in greater cell death and possible synergistic cytotoxicity
of olaparib with Chk1 or ATR inhibitors [48]. Sen ef al.
demonstrated the synergistic cytotoxicity of prexasertib
and olaparib in small cell lung cancer, documenting
increased YH2AX expression and apoptotic cell death [49].
It has been reported that DNA damage and replication
stress induce YH2AX phosphorylation, either with separate
foci formation in damaged cells or pan-nuclear staining in
apoptotic cells by immunofluorescence [50]. Consistent
with this, our findings showed YH2AX foci formation in
olaparib-treated cells. Pan-nucleic YH2AX staining was
observed in prexasertib and in the combination treated

cells, suggesting prexasertib induced greater apoptosis and
replication stress than olaparib alone [51-53].

Most tumor cells largely rely on the G2/M
checkpoint for DNA damage response because of a lack
of G1/S checkpoint function, due to aberrant p53 function
[54]. Our study confirms olaparib induces HGSOC cells to
arrest in the G2/M phase as previously demonstrated [55].
This G2/M arrest was abrogated by prexasertib treatment
in HGSOC cell lines. Thus, it is plausible that the
combination of olaparib and prexasertib largely inhibits
the function of the G2/M checkpoint, and speeds up the
cell cycle, forcing cells with unrepaired DNA damage into
mitosis and eventually leading to apoptosis and cell death
[56], more dominantly in the BRCA wild type cell lines.

Prexasertib monotherapy is currently under clinical
investigation and demonstrates early clinical activity in
women with recurrent HGSOC (NCT02203513) [57].
Transient grade 4 neutropenia has been reported in 73%
of prexasertib-treated patients, but clinically significant
febrile neutropenia was rare [26, 57]. PARPi as a class
also result in reduction of neutrophils [58], although this
class of agents has been documented to have activity at
submaximal doses when used in combination treatments
[47]. Synergistic drug combinations carry the expectation
of greater therapeutic efficacy, although they may also
increase the severity of adverse effects. In addition, an
ongoing phase 1 study of prexasertib and olaparib in
advanced solid tumors (NCT03057145) and phase 2 study
of prexasertib in solid tumors with replication stress or
HR deficiency (NCT02873975) will reveal greater insight
into the possible mechanisms driving clinical activity, as
well as strategies for chemotherapeutic combinations that
exploit such mechanisms.

Here we demonstrated the synergistic cytotoxicity
of the combination treatment of prexasertib and olaparib
against HGSOC. Prexasertib treatment increased cell cycle
replication stress, and impaired Rad51 foci formation
induced by olaparib in the combination treatment. Our
study supports further evaluation of the therapeutic
potential of the combination treatment including a Chk1
inhibitor and PARPi for BRCA wild type HGSOC.

MATERIALS AND METHODS

Cell lines

OVCAR3 (BRCA wild-type) cells were obtained
from ATCC (Manassas, VA, USA), and OV90 (BRCA
wild-type), PEO1 (BRCA1 wild-type and BRCA2 mutated
4035T>C) [47, 59], and PEO4 (BRCAI wild-type and
BRCA2 mutated with gain-of-function mutation) cells
were gifted by Dr. Annunziata (National Cancer Institute;
Bethesda, MD, USA) [60-62]. The authentication of all cell
lines was performed at the Frederick National Laboratory
for Cancer Research on March 18th, 2016. 15 STR markers
(D8S1179, D21S11, D7S820, CSF1P0, D3S1358, THOI,
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D13S317, D16S539, D2S1338, D19S433, vWA, TPOX,
D18S51, D5S818, and FGA) and amelogenin for gender
determination were tested to determine unique identity.
All cell lines were grown in RPMI 1640 medium with (+)
L-glutamine supplemented with 10% fetal bovine serum
and 1% Penicillin/Streptomycin.

Drug preparations

Stock solutions of 100 mM olaparib (AZD2281)
(Selleck Chemicals; Houston, TX, USA, Cat No.
S1060) and 100 uM prexasertib (LY2606368) (Eli Lilly;
Indianapolis, IN, USA; MTA in disclosures) were prepared
in dimethylsulfoxide (DMSO) and stored in aliquots at
-80 °C. Treatment solutions with concentrations of 5 nM
and 5 uM for prexasertib and olaparib, respectively, were
prepared by diluting stock solutions in cell culture medium.

Cell viability (XTT) assay

Cell viability was assessed by the Cell Proliferation
Kit II (XTT assay) (Roche; Indianapolis, IN, USA)
according to manufacturer’s instructions. 2000 cells/
well were seeded in 96-well plates and treated with
either olaparib (0-100 puM), prexasertib (0-100 nM),
both or 0.01% DMSO 24 hours after seeding. Cells were
treated for 3 days, and the absorbances were measured
by SpectraMax M5 (Molecular Devices, Sunnyvale, CA,
USA). Cell viability was calculated relative to DMSO-
treated control cells. Based on the dose-response curves
plotted from the relative absorbance values, IC, values
were calculated using GraphPad Prism v. 7.0 (GraphPad
Software Inc., La Jolla, CA, USA) (Table 1). Combination
Index (CI) values were calculated using the Compusyn
software (ComboSyn Inc., Paramus, NJ, USA). CI values
less than 1 indicate synergism [63].

PAR concentration assay

Cells were seeded at 2000 cells/well were seeded
in 96-well plates and treated with either 5 uM olaparib,
5 nM prexasertib, both or 0.01% DMSO for 48 hours,
and 50 pg of the lysate were used in the analysis. PAR
levels in cellular lysates were measured using a PARP
in vivo Pharmacodynamic Assay II (Trevigen) per the
manufacturer’s instructions. PAR level was calculated
relative to the 0.01% DMSO-treated cells.

Immunoblotting

Cells were seeded at 2000 cells/well in 96-
well plates and treated with either 5 uM olaparib, 5
nM prexasertib, both or 0.01% DMSO for 48 hours,
and subjected to immunoblotting [64]. The following
antibodies were used: CDC25C (Cell Signaling

Technology, #4688; Danvers, MA, USA), S216-pCDC25C
(Cell Signaling, #9528), T48-pCDC25C (Cell Signaling,
#9527), CDC25A (Cell Signaling, #3652), S124-
pCDC25A (Abcam, #ab156574), CDC2 (Cell Signaling,
#9112), Y15-pCDC2 (Cell Signaling, #9111), Chk1 (Cell
Signaling, #2360), S296-pChk1 (Cell Signaling, #2349),
S317-pChkl (Cell Signaling, #2344), S345-pChk1 (Cell
Signaling, #2341), Chk2 (Cell Signaling, #2662), T68-
pChk2 (Cell Signaling, #2197), GAPDH (Cell Signaling,
#2118), S139-yH2AX (Abcam, #ab11174), ECL goat anti-
mouse IgG HRP and ECL goat anti-rabbit IgG HRP (Cell
signaling, #7076 and #7074).

Immunofluorescence confocal microscopy (IF)

Cells were grown on 12mm poly L-Lysine-coated
coverslips (Corning Inc., Oneonta, NY, USA) and
treated with either 5 uM olaparib, 5 nM prexasertib,
both or 0.01% DMSO. OVCAR3, OV90, and PEO1
were treated for 48 hours while PEO4 was treated for 72
hours. Cells were fixed in 4% paraformaldehyde for 10
minutes, permeabilized with 0.25% Triton-X, and blocked
with 1% BSA in PBS. Cells were incubated in primary
and secondary antibodies for 1 hour each. For primary
antibodies, anti-rabbit Rad51 (Santa Cruz Biotechnology,
Santa Cruz, CA, #8349) at 1:50 ratio or anti-human
YH2AX (Abcam; Cambridge, MA, USA, #11174) at
1:600 ratio in 1% BSA were used. Alexa Fluor 488nm
(Invitrogen, Carlsbad, CA) goat anti-rabbit secondary
antibodies (1:100) and Alexa Fluor 647nm (Invitrogen)
goat anti-mouse secondary antibodies (1:200) were used
for Rad51 and yYH2AX detection. The slides were mounted
with Vectashield mounting medium with DAPI (Vector
Labs, Burlingame, CA, USA), and images were collected
with the LSM 780 confocal microscope with a 63x/1.4
oil immersion objective. The number of Rad51 foci was
quantified in more than 100 cells per condition using the
Focinator software [65]. Rad51 foci positive cells were
defined as cells with more than 5 foci in the nucleus [12].
For yYH2AX staining, cells with YH2AX foci formation
were categorized as having 5-9, 10-14 or >15 foci per
nucleus, or having pan-nuclear staining [66].

Comet assay

Cells were seeded in 6-well plates at a range of 2-3x10°
cells/well, and treated with 5 uM olaparib, 5 nM prexasertib,
both or 0.01 % DMSO for 48 hours. DNA double-strand
breaks were measured by alkaline comet assay according
to the manufacturer’s instruction (Trevigen; Gaithersburg,
MD, USA). Stained cells were imaged with a Nikon Diaphot
microscope. The percentage of DNA in tail was measured in
more than 50 cells/condition with CometScore Pro (TriTek
Corporation; Sumerduck, VA, USA). Three independent
experiments were performed for each condition.
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Caspase 3 activity assay

Cells were seeded in 6-well plates at 3 x 10° cells/
well and treated with 5 uM olaparib, 5 nM prexasertib,
both or 0.01% DMSO for 24 hours and 48 hours, and
50 pg of the lysate were used in analysis. Caspase 3
activity was examined using a CaspACE Assay System,
Colorimetric (Promega; Madison, WI, USA) according
to the manufacture’s instruction. Caspase 3 activity was
calculated relative to the control.

Flow cytometry

Cells were seeded in 6-well plates at 3x10° cells/
well and treated with 5 uM olaparib, 5 nM prexasertib,
both or 0.01% DMSO. Cells were treated with indicated
drugs for 24 hours and 48 hours for cell cycle analysis.
Briefly, cells were fixed in 4% paraformaldehyde for
15 minutes, permeabilized with 0.25% Triton-X for
5 minutes, and blocked with 10% goat serum in PBS
for 30 minutes. Cells were incubated in primary and
secondary antibodies for 1 hour each at 4°C. Cellular
DNA was stained using 7-AAD. For primary antibodies,
anti-mouse phospho-Histone H3 (Ser10) (Cell Signaling,
#9701) at 1:50 ratio in 10% goat serum/PBS was used.
Alexa Fluor 488nm goat anti-rabbit secondary antibodies
(Invitrogen) and Alexa Fluor 647nm goat anti-mouse
secondary antibodies (Invitrogen) were used at 1:500
dilutions. Cell cycle analysis was performed using the
BD Pharmingen APC BrdU flow kit according to the
manufacturer’s protocol (BD Biosciences; San Jose, CA,
USA). Stained cells were collected with a FACScalibur
(BD Biosciences) and analyzed using the FlowJo v. X.0.8
software (Treestar; Ashland, OR, USA).

Statistical analysis

The data were subjected to one-way ANOVA with
Tukey post-comparison tests and multiple comparison t
tests in GraphPad Prism v. 7.0 (GraphPad Software). All
differences were considered statistically significant if
p<0.05.

ACKNOWLEDGMENTS

This work was funded by the Intramural Program of the
Center for Cancer Research (CCR), National Cancer Institute
(NCI), National Institutes of Health (JML, #ZIA BC011525).
Prexasertib was provided by Eli Lilly under a Material
Transfer Agreement between the Center for Cancer Research/
NCI and Eli Lilly. We thank Dr. Elise C. Kohn (Women’s
Malignancies Branch, CCR, NCI) and Dr. Junko Murai
(Developmental Therapeutics Branch, CCR, NCI, NIH) for
their careful review and comments for the manuscript.

CONFLICTS OF INTEREST

The authors disclose no potential conflicts of
interest.

REFERENCES

1. Jemal A, Siegel R, Ward E, Hao Y, Xu J, Thun MJ. Cancer
statistics, 2009. CA Cancer J Clin. 2009; 59:225-49.

2. Maringe C, Walters S, Butler J, Coleman MP, Hacker N,
Hanna L, Mosgaard BJ, Nordin A, Rosen B, Engholm
G, Gjerstorff ML, Hatcher J, Johannesen TB, et al, and
ICBP Module 1 Working Group. Stage at diagnosis and
ovarian cancer survival: evidence from the International
Cancer Benchmarking Partnership. Gynecol Oncol. 2012;
127:75-82.

3. Liu G, Yang D, Sun Y, Shmulevich I, Xue F, Sood AK,
Zhang W. Differing clinical impact of BRCA1 and BRCA2
mutations in serous ovarian cancer. Pharmacogenomics.
2012; 13:1523-35.

4. Lord CJ, Ashworth A. PARP inhibitors: synthetic lethality
in the clinic. Science. 2017; 355:1152-58.

5. Helleday T. The underlying mechanism for the
PARP and BRCA synthetic lethality: clearing up the
misunderstandings. Mol Oncol. 2011; 5:387-93.

6. Lee JM, Ledermann JA, Kohn EC. PARP Inhibitors
for BRCA1/2 mutation-associated and BRCA-like
malignancies. Ann Oncol. 2014; 25:32-40.

7. Swisher EM, Lin KK, Oza AM, Scott CL, Giordano H, Sun
J, Konecny GE, Coleman RL, Tinker AV, O’Malley DM,
Kristeleit RS, Ma L, Bell-McGuinn KM, et al. Rucaparib in
relapsed, platinum-sensitive high-grade ovarian carcinoma
(ARIEL2 Part 1): an international, multicentre, open-label,
phase 2 trial. Lancet Oncol. 2017; 18:75-87.

8. Scott LJ. Niraparib: First Global Approval. Drugs. 2017;
77:1029-34.

9. Kaufman B, Shapira-Frommer R, Schmutzler RK, Audeh
MW, Friedlander M, Balmaifia J, Mitchell G, Fried G,
Stemmer SM, Hubert A, Rosengarten O, Steiner M, Loman
N, et al. Olaparib monotherapy in patients with advanced
cancer and a germline BRCA1/2 mutation. J Clin Oncol.
2015; 33:244-50.

10. Kim G, Ison G, McKee AE, Zhang H, Tang S, Gwise
T, Sridhara R, Lee E, Tzou A, Philip R, Chiu HJ, Ricks
TK, Palmby T, et al. FDA approval summary: olaparib
Monotherapy in patients with deleterious germline BRCA-
mutated advanced ovarian cancer treated with three or
more lines of chemotherapy. Clin Cancer Res. 2015;
21:4257-61.

11. Meehan RS, Chen AP. New treatment option for ovarian

cancer: PARP inhibitors. Gynecol Oncol Res Pract.
2016; 3:3.

www.impactjournals.com/oncotarget

Oncotarget



13.

14.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

Karnak D, Engelke CG, Parsels LA, Kausar T, Wei D,
Robertson JR, Marsh KB, Davis MA, Zhao L, Maybaum J,
Lawrence TS, Morgan MA. Combined inhibition of Weel
and PARP1/2 for radiosensitization in pancreatic cancer.
Clin Cancer Res. 2014; 20:5085-96.

Hosoya N, Miyagawa K. Targeting DNA damage response
in cancer therapy. Cancer Sci. 2014; 105:370-88.

Kastan MB, Bartek J. Cell-cycle checkpoints and cancer.
Nature. 2004; 432:316-23.

Patil M, Pabla N, Dong Z. Checkpoint kinase 1 in DNA
damage response and cell cycle regulation. Cell Mol Life
Sci. 2013; 70:4009-21.

Zannini L, Delia D, Buscemi G. CHK?2 kinase in the DNA
damage response and beyond. J Mol Cell Biol. 2014;
6:442-57.

Parsels LA, Qian Y, Tanska DM, Gross M, Zhao L, Hassan
MC, Arumugarajah S, Parsels JD, Hylander-Gans L,
Simeone DM, Morosini D, Brown JL, Zabludoff SD, et al.
Assessment of chk1 phosphorylation as a pharmacodynamic
biomarker of chkl inhibition. Clin Cancer Res. 2011;
17:3706-15.

Serensen CS, Hansen LT, Dziegielewski J, Syljudsen RG,
Lundin C, Bartek J, Helleday T. The cell-cycle checkpoint
kinase Chkl is required for mammalian homologous
recombination repair. Nat Cell Biol. 2005; 7:195-201.

Bahassi EM, Ovesen JL, Riesenberg AL, Bernstein WZ,
Hasty PE, Stambrook PJ. The checkpoint kinases Chk1 and
Chk2 regulate the functional associations between hBRCA2
and Rad51 in response to DNA damage. Oncogene. 2008;
27:3977-85.

Klein HL. The consequences of Rad51 overexpression
for normal and tumor cells. DNA Repair (Amst). 2008;
7:686-93.

Dedes KJ, Wetterskog D, Mendes-Pereira AM, Natrajan R,
Lambros MB, Geyer FC, Vatcheva R, Savage K, Mackay
A, Lord CJ, Ashworth A, Reis-Filho JS. PTEN deficiency
in endometrioid endometrial adenocarcinomas predicts
sensitivity to PARP inhibitors. Sci Transl Med. 2010;
2:53ra75.

Network CG, and Cancer Genome Atlas Research Network.
Integrated genomic analyses of ovarian carcinoma. Nature.
2011; 474:609-15.

Chung JH, Bunz F. Cdk2 is required for p53-independent
G2/M checkpoint control. PLoS Genet. 2010; 6:¢1000863.
Kim MK, James J, Annunziata CM. Topotecan synergizes
with CHEK1 (CHK1) inhibitor to induce apoptosis in
ovartian cancer cells. BMC Cancer. 2015;15:196.
McNeely S, Beckmann R, Bence Lin AK. CHEK again:
revisiting the development of CHK1 inhibitors for cancer
therapy. Pharmacol Ther. 2014; 142:1-10.

Hong D, Infante J, Janku F, Jones S, Nguyen LM, Burris H,
Naing A, Bauer TM, Piha-Paul S, Johnson FM, Kurzrock
R, Golden L, Hynes S, et al. Phase I Study of LY2606368, a

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Checkpoint Kinase 1 Inhibitor, in Patients With Advanced
Cancer. J Clin Oncol. 2016; 34:1764-71.

Lin AB, McNeely SC, Beckmann RP. Achieving precision
death with cell cycle inhibitors that target DNA replication
and repair. Clin Cancer Res. 2017; 23:3232—40.

Yamamoto N, Nokihara H, Yamada Y, Goto Y, Tanioka M,
Shibata T, Yamada K, Asahina H, Kawata T, Shi X, Tamura
T. A Phase I, dose-finding and pharmacokinetic study of
olaparib (AZD2281) in Japanese patients with advanced
solid tumors. Cancer Sci. 2012; 103:504—-09.

Chou TC. Drug combination studies and their synergy
quantification using the Chou-Talalay method. Cancer Res.
2010; 70:440-46.

Kim MK, James J, Annunziata CM. Topotecan synergizes
with CHEK1 (CHK1) inhibitor to induce apoptosis in
ovarian cancer cells. BMC Cancer. 2015; 15:196.

Smith J, Tho LM, Xu N, Gillespie DA. The ATM-Chk2 and
ATR-Chk1 pathways in DNA damage signaling and cancer.
Adv Cancer Res. 2010; 108:73-112.

Wayne J, Brooks T, Massey AJ. Inhibition of Chk1 with the
small molecule inhibitor V158411 induces DNA damage
and cell death in an unperturbed S-phase. Oncotarget. 2016;
7:85033-85048. https://doi.org/10.18632/oncotarget.13119.

Javle M, Curtin NJ. The role of PARP in DNA repair and its
therapeutic exploitation. Br J Cancer. 2011; 105:1114-22.
Solier S, Pommier Y. The apoptotic ring: a novel entity
with phosphorylated histones H2AX and H2B and
activated DNA damage response kinases. Cell Cycle. 2009;
8:1853-59.

Toledo LI, Altmeyer M, Rask MB, Lukas C, Larsen DH,
Povlsen LK, Bekker-Jensen S, Mailand N, Bartek J, Lukas
J. ATR Prohibits Replication Catastrophe by Preventing
Global Exhaustion of RPA. 2013; 155:1088-103.

Krajewska M, Fehrmann RS, Schoonen PM, Labib S,
de Vries EG, Franke L, van Vugt MA. ATR inhibition
preferentially targets homologous recombination-deficient
tumor cells. Oncogene. 2015; 34:3474-81.

Miyasaka A, Oda K, Ikeda Y, Wada-Hiraike O, Kashiyama T,
Enomoto A, Hosoya N, Koso T, Fukuda T, Inaba K, Sone K,
Uehara Y, Kurikawa R, et al. Anti-tumor activity of olaparib,
a poly (ADP-ribose) polymerase (PARP) inhibitor, in cultured
endometrial carcinoma cells. BMC Cancer. 2014; 14:179.
Lee JM, Hays JL, Annunziata CM, Noonan AM, Minasian
L, Zujewski JA, Yu M, Gordon N, Ji J, Sissung TM, Figg
WD, Azad N, Wood BJ, et al. Phase I/Ib study of olaparib
and carboplatin in BRCA1 or BRCA2 mutation-associated
breast or ovarian cancer with biomarker analyses. J Natl
Cancer Inst. 2014; 106:dju089.

Panier S, Boulton SJ. Double-strand break repair: 53BP1
comes into focus. Nat Rev Mol Cell Biol. 2014; 15:7-18.

Haaf T, Golub EI, Reddy G, Radding CM, Ward DC.
Nuclear foci of mammalian Rad51 recombination protein
in somatic cells after DNA damage and its localization in

WWw

.impactjournals.com/oncotarget

111038

Oncotarget


https://doi.org/10.18632/oncotarget.13119

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

synaptonemal complexes. Proc Natl Acad Sci USA. 1995;
92:2298-302.

Krejci L, Altmannova V, Spirek M, Zhao X. Homologous
recombination and its regulation. Nucleic Acids Res. 2012;
40:5795-818.

Liu G, Yang D, Rupaimoole R, Pecot CV, Sun Y, Mangala
LS, Li X, Ji P, Cogdell D, Hu L, Wang Y, Rodriguez-
Aguayo C, Lopez-Berestein G, et al. Augmentation of
response to chemotherapy by microRNA-506 through
regulation of RADS1 in serous ovarian cancers. J Natl
Cancer Inst. 2015; 107:djv108.

Graeser M, McCarthy A, Lord CJ, Savage K, Hills M,
Salter J, Orr N, Parton M, Smith IE, Reis-Filho JS, Dowsett
M, Ashworth A, Turner NC. A marker of homologous
recombination predicts pathologic complete response to
neoadjuvant chemotherapy in primary breast cancer. Clin
Cancer Res. 2010; 16:6159-68.

Min A, Im SA, Yoon YK, Song SH, Nam HJ, Hur HS, Kim
HP, Lee KH, Han SW, Oh DY, Kim TY, O’Connor MJ, Kim
WH, Bang YJ. RAD51C-deficient cancer cells are highly
sensitive to the PARP inhibitor olaparib. Mol Cancer Ther.
2013; 12:865-77.

Narayanaswamy PB, Tkachuk S, Haller H, Dumler I,
Kiyan Y. CHK1 and RADS51 activation after DNA damage
is regulated via urokinase receptor/TLR4 signaling. Cell
Death Dis. 2016; 7:2383.

Booth L, Cruickshanks N, Ridder T, Dai Y, Grant S, Dent
P. PARP and CHK inhibitors interact to cause DNA damage
and cell death in mammary carcinoma cells. Cancer Biol
Ther. 2013; 14:458-65.

Kim H, George E, Ragland R, Rafial S, Zhang R, Krepler C,
Morgan M, Herlyn M, Brown E, Simpkins F. Targeting the
ATR/CHK1 Axis with PARP Inhibition Results in Tumor
Regression in BRCA-Mutant Ovarian Cancer Models. Clin
Cancer Res. 2016.

Morgan MA, Parsels LA, Zhao L, Parsels JD, Davis
MA, Hassan MC, Arumugarajah S, Hylander-Gans L,
Morosini D, Simeone DM, Canman CE, Normolle DP,
Zabludoff SD, et al. Mechanism of radiosensitization by the
Chk1/2 inhibitor AZD7762 involves abrogation of the G2
checkpoint and inhibition of homologous recombinational
DNA repair. Cancer Res. 2010; 70:4972-81.

Sen T, Tong P, Stewart CA, Cristea S, Valliani A, Shames
DS, Redwood AB, Fan YH, Li L, Glisson BS, Minna JD,
Sage J, Gibbons DL, et al. CHK1 inhibition in small cell
lung cancer produces single-agent activity in biomarker-
defined disease subsets and combination activity with
cisplatin or olaparib. Cancer Res. 2017; 77:3870-84.
Ivashkevich A, Redon CE, Nakamura AJ, Martin RF, Martin
OA. Use of the y-H2AX assay to monitor DNA damage and

repair in translational cancer research. Cancer Lett. 2012;
327:123-33.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Murga M, Bunting S, Montana MF, Soria R, Mulero F,
Caniamero M, Lee Y, McKinnon PJ, Nussenzweig A,
Fernandez-Capetillo O. A mouse model of ATR-Seckel
shows embryonic replicative stress and accelerated aging.
Nat Genet. 2009; 41:891-98.

Gagou ME, Zuazua-Villar P, Meuth M. Enhanced H2AX
phosphorylation, DNA replication fork arrest, and cell death
in the absence of Chk1. Mol Biol Cell. 2010; 21:739-52.

Toledo L, Neelsen KJ, Lukas J. Replication Catastrophe:
When a Checkpoint Fails because of Exhaustion. Mol Cell.
2017; 66:735-49.

Muller PA, Vousden KH. p53 mutations in cancer. Nat Cell
Biol. 2013; 15:2-8.

Dale Rein I, Solberg Landsverk K, Micci F, Patzke S, Stokke
T. Replication-induced DNA damage after PARP inhibition
causes G2 delay, and cell line-dependent apoptosis, necrosis
and multinucleation. Cell Cycle. 2015; 14:3248-60.

Gabrielli B, Brooks K, Pavey S. Defective cell cycle
checkpoints as targets for anti-cancer therapies. Front
Pharmacol. 2012; 3:9.

Lee J, Karzai FH, Zimmer A, Annunziata CM, Lipkowitz
S, Parker B, Houston N, Ekwede I, Kohn EC. A phase 11
study of the cell cycle checkpoint kinases 1 and 2 inhibitor
(LY2606368; Prexasertib monomesylate monohydrate)
in sporadic high-grade serous ovarian cancer (HGSOC)
and germline BRCA mutation-associated ovarian cancer
(gBRCAm plus OvCa). Ann Oncol. 2016; 27:296-312.

Gelmon KA, Tischkowitz M, Mackay H, Swenerton K,
Robidoux A, Tonkin K, Hirte H, Huntsman D, Clemons
M, Gilks B, Yerushalmi R, Macpherson E, Carmichael
J, Oza A. Olaparib in patients with recurrent high-grade
serous or poorly differentiated ovarian carcinoma or triple-
negative breast cancer: a phase 2, multicentre, open-label,
non-randomised study. Lancet Oncol. 2011; 12:852-61.

Stordal B, Timms K, Farrelly A, Gallagher D, Busschots S,
Renaud M, Thery J, Williams D, Potter J, Tran T, Korpanty
G, Cremona M, Carey M, et al. BRCA1/2 mutation analysis
in 41 ovarian cell lines reveals only one functionally
deleterious BRCA1 mutation. Mol Oncol. 2013; 7:567-79.

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.

Sakai W, Swisher EM, Jacquemont C, Chandramohan KV,
Couch FJ, Langdon SP, Wurz K, Higgins J, Villegas E,
Taniguchi T. Functional restoration of BRCA2 protein by
secondary BRCA2 mutations in BRCA2-mutated ovarian
carcinoma. Cancer Res. 2009; 69:6381-86.

Cooke SL, Ng CK, Melnyk N, Garcia MJ, Hardcastle
T, Temple J, Langdon S, Huntsman D, Brenton JD.
Genomic analysis of genetic heterogeneity and evolution
in high-grade serous ovarian carcinoma. Oncogene. 2010;
29:4905-13.

WWw

.impactjournals.com/oncotarget

111039

Oncotarget



63.

64.

65.

Chou TC. Theoretical basis, experimental design, and
computerized simulation of synergism and antagonism in
drug combination studies. Pharmacol Rev. 2006; 58:621-81.
Langdon SP, Lawrie SS, Hay FG, Hawkes MM,
McDonald A, Hayward IP, Schol DJ, Hilgers J, Leonard
RC, Smyth JF. Characterization and properties of nine
human ovarian adenocarcinoma cell lines. Cancer Res.
1988; 48:6166-72.

Oeck S, Malewicz NM, Hurst S, Rudner J, Jendrossek V.
The Focinator - a new open-source tool for high-throughput

66.

foci evaluation of DNA damage. Radiat Oncol. 2015;
10:163.

Ding D, Zhang Y, Wang J, Zhang X, Gao Y, Yin L, Li Q,
Li J, Chen H. Induction and inhibition of the pan-nuclear
gamma-H2AX response in resting human peripheral blood
lymphocytes after X-ray irradiation. Cell Death Dis. 2016;
2:16011.

www.impactjournals.com/oncotarget

111040

Oncotarget



