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Abstract

Background: Targeting poly ADP-ribose polymerase (PARP) has been recently identified as a promising option
against gastric cancer (GC). However, PARP inhibitors alone achieve limited efficacy. Combination strategies,
especially with homologous recombination (HR) impairment, are of great hope to optimize PARP inhibitor’s efficacy
and expand target populations but remains largely unknown. Herein, we investigated whether a WEE1/ Polo-like
kinase 1 (PLK1) dual inhibitor AZD1775 reported to impair HR augmented anticancer activity of a PARP inhibitor
olaparib and its underlying mechanisms.

Methods: GC cell lines and in vivo xenografts were employed to determine antitumor activity of PARP inhibitor
combined with WEE1/PLK1 dual inhibitor AZD1775. Western blot, genetic knockdown by siRNA, flow cytometry,
Immunohistochemistry were performed to explore the underlying mechanisms.

Results: AZD1775 dually targeting WEE1/PLK1 enhanced effects of olaparib on growth inhibition and apoptotic
induction in GC cells. Mechanistic investigations elucidate that WEE1/PLK1 blockade downregulated several HR-
related proteins and caused an accumulation in γH2AX. As confirmed in both GC cell lines and mice bearing GC
xenografts, these effects were enhanced by AZD1775-olaparib combination compared to olaparib alone, suggesting
that disrupting HR-mediated DNA damage repairs (DDR) by WEE1/PLK1 blockade might be responsible for
improved GC cells’ response to PARP inhibitors. Given the DNA damage checkpoint as a primary target of WEE1
inhibition, our data also demonstrate that AZD1775 abrogated olaparib-activated DNA damage checkpoint through
CDC2 de-phosphorylation, followed by mitotic progression with unrepaired DNA damage (marked by increased
pHH3-stained and γH2AX-stained cells, respectively).

Conclusions: PARP inhibitor olaparib combined with WEE1/PLK1 dual inhibitor AZD1775 elicited potentiated
anticancer activity through disrupting DDR signaling and the DNA damage checkpoint. It sheds light on the
combination strategy of WEE1/PLK1 dual inhibitors with PARP inhibitors in the treatment of GC, even in HR-
proficient patients.
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Background
Gastric cancer (GC) is one of the most common malignan-
cies and a leading cause of cancer-related mortality in
China [1]. Although emerging targeted strategies have
brought new hope to antitumor therapy, options for ad-
vanced GC with high heterogeneity are still few, only three
drugs (trastuzumab, ramucirumab and apatinib) have been
currently approved, and the prognosis of advanced GC re-
mains poor. Hence, development of novel strategies against
advanced GC is urgently needed.
Poly ADP-ribose polymerase (PARP) inhibitors that

competitively combine and trap PARP to disrupt (SSB)
single-strand DNA breaks repairs and elicit anticancer
activity emerge as a promising strategy for GC [2–4].
However, PARP inhibitors alone exert limited efficacy in
the treatment of cancers and how to optimize PARP in-
hibitors’ eligible populations and effectiveness remain
poorly understood. Of interest, SSB can be converted
into double-strand DNA breaks (DSB), which results in
treatment failure of targeting PARP when homologous
recombination (HR) is functional [2, 3]. Thus, defects in
HR has been identified as a predictor for PARP inhibi-
tors’ sensitivity. For instance, PARP inhibitors olaparib
and rucaparib have been approved to treat
BRCA-defective ovarian or prostate cancer patients [5]
while GC patients harboring low-ATM gains greater sur-
vival benefit than high-ATM patients when treated with
olaparib plus paclitaxel [4]. Cancers deficient in alterna-
tive HR-related factors like RAD51, 53BP1, ARID1A and
CCDC6 are also proved sensitive to PARP inhibitors [3,
6, 7]. Based on these, compromising HR functions has
been proposed to improve PARP inhibitors’ efficacy
against cancers and even expand uses of PARP inhibitors
to a greater population with functional HR [8–13]. How-
ever, whether HR deficiency inducers enhance responses
of GC to PARP inhibitors and its underlying mecha-
nisms remain uninvestigated, which largely restricts the
use of PARP inhibitors.
WEE1 kinase is a gatekeeper of the DNA damage check-

point (a.k.a. G2/M checkpoint) that allows DNA repair be-
fore mitotic entry [14]. As validated in preclinical models,
WEE1 suppression is an emerging strategy against GC [15].
Of note, targeting WEE1 results in HR defects [16–19],
suggesting WEE1 blockade as a promising option for PARP
inhibitor-contained combination strategies. However, apart
from an ongoing phase Ib study addressing WEE1 inhibitor
AZD1775 combined with olaparib against refractory solid
tumors (www.clinicaltrials.gov; NCT02511795), therapeutic
potentials of PARP/WEE1 dual blockade and its effect
on HR impairment against cancer remain to be re-
vealed. Moreover, the widely-used WEE1 inhibitor
AZD1775 also targets Polo-like kinase 1 (PLK1) that
has been reported to impact on PARP inhibitor’s effi-
cacy [20, 21]. Nevertheless, whether PLK1 inhibition

by AZD1775 play a critical role in effectiveness of
AZD1775-PARP inhibitor combination is elusive.
In this work, we investigated the therapeutic potential

and underlying mechanisms of a PARP inhibitor olaparib
plus a WEE1/PLK1 dual inhibitor AZD1775 in GC cell
lines and preclinical models. Our study sheds light upon
the improvement of current PARP targeted therapy and
provides evidence for further clinical investigation.

Materials and Methods
Reagents and antibodies
AZD1775 and olaparib were purchased from Selleck Che-
micals (Houston, TX). Reagents were formulated and
stored according to manufacturer’s protocols for in vitro
and in vivo experiments. Following antibodies were used:
primary antibodies against caspase 3 (#9664), Bax (#5023),
MRE11 (#4847), NBS1 (#14956), ATM (#2873), RAD51
(#8875), 53BP1 (#4937), γH2AX (#9718), cyclinB1
(#12231), CDC2 (#28439), pCDC2 (Y15; #4539), pHH3
(#53348), ATR (#2790), pATR (S428; #2853),Chk1
(#2360), pChk1 (S317; #12302), pChk1(S345, #2348), his-
tone H3 (#4499) and secondary HRP-conjugated goat
anti-rabbit (#7074) and anti-mouse antibodies (#7076)
from Cell Signal Technology (CST, Danvers, MA);
anti-RPA32 (#ab76420) from Abcam (Cambridge, MA);
anti-pRPA32 (S4/S8, #A300-245A) and anti-pRPA32 (S33,
#A300-246A) from Bethyl Laboratories (Montgomery,
TX); anti-PARP1(#Sc-8007) from Santa Cruz (Dallas, TX);
anti-PAR (Ab-1, 10H; #AM80) from Merck Millipore,
(Darmstadt, Germany); and anti-β-actin (#A5441) from
Sigma-Aldrich (St. Louis, MO).

Cell lines and cell culture
Human GC cell lines MKN45 and AGS were kindly pro-
vided by Professor Youyong Lv (Peking University Cancer
Hospital & Institute). Cell lines were cultured in RPMI
1640 medium (Gibco BRL, Gaithersburg, MD) supple-
mented with 10% fetal bovine serum (Gibco BRL), 1%
penicillin and streptomycin (HyClone, Logan, UT), and
incubated in a humidified incubator (37 °C) with 5% CO2.

Cell viability assays
Cells (4000 cells/well) were seeded in 96-well plates and
allowed to adhere overnight in complete medium. Follow-
ing drug treatment, cell viability was measured using a
CCK-8 commercial kit (Dojindo laboratories, Tokyo, Japan)
according to the manufacturer’s protocol. Absorbance was
measured at 450 nm using a spectrophotometer.
Combination effects were evaluated after exposure to ei-

ther AZD1775 alone or in combination with olaparib at a
fixed concentration ratio of 1:200 (AZD1775: olaparib) using
combination index (CI). The CI values were calculated with
CompuSyn Version 1.0 software (ComboSyn Inc., Paramus,
NJ) by Chou-Talalay equation [22]: CI = (D)1 /(Dχ)1 + (D)2
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/(Dχ)2. In this equation, (Dχ)1 and (Dχ)2 represented concen-
trations of each drug alone to exert χ% effect while (D)1 and
(D)2 were concentrations of drugs in combination to elicit
the same effect. CI < 1, = 1 and > 1 indicated synergism,
additivity and antagonism, respectively. Fraction affected
(Fa) represented fraction affected by a given drug concen-
tration and evolution of drug interactions was assessed by
Fa-CI plot.

Flow cytometry
Cells were treated with 0.3 μM AZD1775 in the presence
or absence of 20 μM olaparib. For apoptosis analysis, cells
were collected, washed in PBS and double-stained using
an Annexin V-Phycoerythrin (PE)/7-amino-actinomycin
(7-AAD) apoptosis detection kit (BD Biosciences, Erem-
bodegem, Belgium) following the vendor’s protocol. For
cell cycle analysis, cells were digested with trypsin, washed
in PBS, fixed in 70% immediately prepared precooled
ethanol overnight at 4 °C. After PBS washing, cells were
stained with a propidium iodide (PI)/RNase staining buffer
(BD Biosciences) at room temperature for 15 min in the
dark according to the manufacturer’s instruction. For
quantifying pHH3 and γH2AX positive cells at separate
cell cycle stages, cells were fixed in 70% ice-cold ethanol
overnight at 4 °C, permeabilized with 0.5% Triton X-100
(Amresco, Solon, OH) for 10 min at room temperature,
incubated with primary antibodies against pHH3 (1:300)
and γH2AX (1:200), probed with the FITC-conjugated
goat anti-rabbit antibody (1:200; ZSGB-BIO, Beijing,
China) and stained with a PI/RNase staining buffer (BD
Biosciences) as described in protocols. All steps were
followed by PBS washing. Samples were detected by flow
cytometry within 1 h (BD Biosciences) and analyzed using
FlowJo Version 7.6.1 software (FlowJo, Ashland, OR) or
ModFit Version 3.0 software (Verity Software House,
Topsham, ME).

Immunoblotting analysis
After drug treatment, GC cells and tumor tissues were
lysed using a CytoBuster protein extraction reagent (Merck
Millipore) in the presence of protease and phosphatase in-
hibitor cocktail tablets (Roche, Basle, Switzerland). Chro-
matin fractions were extracted as previously described [23].
Protein concentration was measured with a BCA protein
assay Kit (Beyotime, Jiangsu, China). Soluble lysates were
subjected to SDS-PAGE and transferred to PVDF mem-
branes (Merck Millipore). After blocking with 5% BSA
(Amresco) or fat-free milk, membranes were probed with
primary antibodies (1:1000 diluted in blocking solutions ex-
cept 1:10,000 for β-actin) at 4 °C overnight and secondary
antibodies (1:2000) at room temperature for 1 h. Signals
were visualized using Amersham Imager 600 (GE Health-
care, Chicago, IL) after incubation with Clarity Western
ECL substrate (Bio-Rad, Hercules, CA). Trapped/total

PARP1 was quantified by Image J Version 1.48 software
(NIH, Bethesda, MD).

Genetic knockdown by siRNA
a WEE1 siRNA kit was purchased from RiboBio
(Guangzhou, China). PLK1 siRNA (#6292) and negative
control siRNA (#6568) were purchased from CST. Cells
were seeded in 6-well plates and transfected at about
80% confluence with WEE1/PLK1 siRNAs and their cor-
responding negative control siRNA by Lipofectamine
3000 (Invitrogen, Carlsbad, CA) according to manufac-
turer’s protocol. Cells transfected for 48 h were har-
vested for immunoblotting analysis.

In vivo studies
MKN45 cells were detached with trypsin/EDTA (Gibco
BRL) and re-suspended with PBS to a final concentration
of 2 × 107 cells/ml. Then, 100 μl cell suspension was inoc-
ulated subcutaneously in the right flank of 6-week-old fe-
male NOD/SCID mice (Vital River Laboratories, Beijing,
China). When tumor volume reached approximately 150–
250 mm3, mice bearing MKN45 cells were randomly
assigned to treatment groups (n = 5) and given daily PBS
(100 μl, by gavage), either AZD1775 (30 mg/kg/d, by gav-
age) alone or in combination with olaparib (25 mg/kg/d,
ip) for 21 days. Tumor size and body weight were mea-
sured every 3 days and tumor volume (V) was calculated
by formula: V = L ×W2/2 (L, long diameter of the tumor;
W, short diameter of the tumor). After the final drug ad-
ministration, mice were sacrificed and tumors were
stripped for successive assays. All animal experiments
were approved by Peking University Cancer Hospital’s In-
stitutional Animal Care and Use Committee and complied
with the internationally-recognized Animal Research:
Reporting of in vivo Experiments guideline.

Immunohistochemistry (IHC)
After dewaxing, hydration, endogenous peroxidase removal
and blocking with 5% BSA according to standard proce-
dures, 4-μm thick formalin-fixed and paraffin-embedded
(FFPE) sections were incubated with the primary
anti-Ki-67 antibody (1:300) overnight at 4 °C followed by
IgG/HRP polymer (ZSGB-BIO) and diaminobenzidine
substrate (Gene Tech, Shanghai, China) complying to pro-
tocols. Staining results were independently evaluated by
two pathologists from the department of pathology in Pe-
king University Cancer Hospital & Institute as described in
our previous study [24].

Statistical analysis
All data were representative of 3 independent experi-
ments and illustrated as means ± SD. Differences be-
tween groups were analyzed by one-way or repeated
measures ANOVA using SPSS Version 20.0 software
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(SPSS Inc., Chicago, IL) (P < 0.05 was considered
statistically significant).

Results
PARP inhibitor olaparib combined with WEE1/PLK1 dual
inhibitor AZD1775 further reduces growth in GC cells
As a widely-used WEE1 inhibitor, AZD1775 has recently
proved functional for WEE1/PLK1 dual blockade [20]. In-
deed, AZD1775 lowered WEE1 and PLK1 expressions in a
dose-dependent manner in our GC cells (Fig. 1a). To evalu-
ate therapeutic potentials of combined inhibition of PARP
and WEE1/PLK1, GC cells were treated with either ola-
parib/AZD1775 alone or in combination. Monotherapy of
either olaparib or AZD1775 reduced GC cell growth
(Fig. 1b and c), while the combination of olaparib and
AZD1775 intriguingly exerted higher growth inhib-
ition than single-agent groups (Fig. 1d), indicating an
augmented antitumor effect of PARP inhibitor in the
presence of WEE1/PLK1 dual blockade against GC
cells. Besides, the synergism between these two drugs
was indicated by CI values less than 1 using the
Chou-Talalay method (Additional file 1: Figure S1)
[22]. Consistent with unchanged WEE1 levels in

olaparib-treated GC cells, AZD1775-olaparib combin-
ation reduced WEE1 expressions to the same extent
as AZD1775 monotherapy did compared to controls
(Fig. 1e). In contrast, olaparib-induced PLK1 upregula-
tions were attenuated by combined AZD1775 while PLK1
levels were higher in combination groups than AZD1775
alone. In line with previous observations that blockade of
olaparib-upregulated PLK1 improved olaparib’s anticancer
efficacy [21], potentiated cytotoxicity by olaparib plus
AZD1775 might be, at least partially, due to PLK1
suppression by AZD1775 in GC cells.

AZD1775 facilitates olaparib-induced apoptosis in GC
cells
Both PARP inhibitors and WEE1 inhibitors exert antitu-
mor activity by inducing apoptosis [25, 26], so we assessed
impacts of olaparib combined with AZD1775 on apop-
tosis. Compared to controls, AZD1775 or olaparib alone
induced apoptosis to some extent, while more apoptosis
was induced by their combination (Fig. 2a and b). Simi-
larly, the cleavage of caspase3 and the expression of Bax
were increased in GC cells exposed to AZD1775 or ola-
parib alone while further enhanced in combination groups

Fig. 1 PARP inhibitor olaparib combined with WEE1/PLK1 dual inhibitor AZD1775 further reduces growth in GC cells. a-c MKN45 and AGS cells
were treated with either olaparib or AZD1775 alone for 48 h in a dose-dependent manner. Protein extracts were probed with antibodies against
WEE1 and PLK1 and CCK-8 assays were performed. d and e After exposure to 0.3 μM AZD1775 with/without 20 μM olaparib for 48 h, CCK-8
assays and immunoblots were performed in MKN45 and AGS cells. AZD, AZD1775; Ola, olaparib; Com, Combination. Data expressed as Mean ± SD
and representative of three independent experiments. *, P < 0.05 by ANOVA analysis
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(Fig. 2c). These data suggest that PARP inhibitor olaparib
combined with WEE1/PLK1 dual inhibitor AZD1775
exerted strengthened pro-apoptotic capacity than their
monotherapy in GC cells.

WEE1/PLK1 blockade induces HR deficiency in GC cells
WEE1 inhibition has been reported to cause defects in
HR-mediated DDR [16–19], a potential predictive biomarker
of PARP inhibitor sensitivity [6], suggesting that the en-
hanced cytotoxicity of olaparib combined with AZD1775 ob-
served might be, at least partially, due to AZD1775’s effects
on HR. Thus, changes of several key DDR factors involved
in HR (MRE11, NBS1, ATM, RAD51 and 53BP1) were
assessed. As expected, these HR-related molecules were
downregulated by AZD1775 and largely unaffected by ola-
parib, while the effect and subsequent DNA damage marked
by upregulated γH2AX were observed in AZD1775-olaparib

combination compared to olaparib alone (Fig. 3a). These
findings suggest that the HR impairment and DNA damage
in response to AZD1775 administration remained in the
presence of olaparib, enabling olaparib to be functional even
in HR-proficient GC. When performing WEE1/PLK1 RNA
knockdown for validation, the majority of HR-related pro-
teins decreased after WEE1/PLK1 interference as in
AZD1775 groups, emphasizing AZD1775-induced HR in-
hibition were dependent on WEE1/PLK1 repression (Fig. 3b
and c). Taken together, AZD1775 disrupted HR and in-
creased DNA damage via inducing WEE1/PLK1 dual inhib-
ition, thus subsequently enhanced GC cells’ response to
PARP inhibitors.

AZD1775 abrogates olaparib-activated DNA damage
checkpoint and causes mitotic DNA damage in GC cells
The DNA damage checkpoint, a pivotal target of WEE1 by
CDC2 phosphorylation, stalls the cell cycle and protects
cancer cells from death in response to unrepaired DNA le-
sions [14, 27]. Of note, PARP inhibition has been reported
to activate the DNA damage checkpoint, which gave a ra-
tionale for synergy of PARP blockade with modulation that
impaired DNA damage checkpoint [28]. Thus, we assessed
a role of the DNA damage checkpoint disruption in
AZD1775’s facilitation to olaparib’s antitumor activity. Our
data show that olaparib did activate the DNA damage
checkpoint marked by increased G2/M phase proportions
and elevated cyclinB1/phosphorylated-CDC2 expressions,
while AZD1775 intriguingly antagonized these effects
(Fig. 4a-c). On the other hand, abrogation of DNA damage
checkpoint is generally followed by mitotic DNA damage,
particularly marked by the mitotic-related pHH3 and the
DSB-related γH2AX changes [19, 29, 30]. Our data reveal
that pHH3 or γH2AX staining in GC cells were signifi-
cantly strengthened by AZD1775 while further enhanced
by AZD1775-olaparib combination (Fig. 4d and e), validat-
ing the presence of an enhanced mitotic DNA damage in
combination of AZD1775 and olaparib. Thus, administra-
tion of AZD1775 rescued the DNA damage checkpoint
triggered by olaparib, which exerted stronger antigrowth
efficacy than olaparib alone.

AZD1775 enhances olaparib’s antitumor efficacy via HR
defect in vivo
Considering the effectiveness of AZD1775-olaparib combin-
ation scheme observed in vitro, we assessed whether these
effects extended to in vivo contexts. Compared to the con-
trol group, AZD1775-olaparib combination achieved higher
inhibition in gastric tumor growth than their monotherapy
(Fig. 5a). The lowest overall proliferation rate (Ki-67 immu-
nostaining, Fig. 5b) and the highest pro-apoptotic capacity
(cleaved caspase3 and Bax, Fig. 5c) were also observed in the
combination group, further validating the improved antican-
cer efficiency of AZD1775 plus olaparib in mice bearing GC

Fig. 2 AZD1775 facilitates olaparib-induced apoptosis in GC cells.
a-c Apoptosis analysis using Annexin V-PE/7-AAD double-staining
and immunoblots with anti-caspase 3 and Bax antibodies were
carried out in MKN45 and AGS cells treated with 0.3 μM AZD1775 in
the presence or absence of 20 μM olaparib for 48 h. AZD, AZD1775;
Ola, olaparib; Com, Combination. Data expressed as Mean ± SD and
representative of three independent experiments. *, P < 0.05 by
ANOVA analysis
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tumors. On molecular levels, the WEE1/PLK1 dual inhibitor
AZD1775 induced HR deficiency (marked by reduced
MRE11, NBS1, ATM, 53BP1 and RAD51), leading to DNA
damage (marked by γH2AX) in GC xenografts as seen in
vitro (Fig. 5c). Notably, these antitumor actions were
stronger in the combined group compared to olaparib
alone (Fig. 5c). In conclusion, our study revealed that
AZD1775 augmented olaparib’s therapeutic efficiency
in GC xenografts, at least partially through disrupting
HR-mediated DDR.

Discussion
Despite that targeted therapy has unveiled a new era to
cancer treatment, current strategies for advanced GC is
insufficient to remarkably improve patients’ prognosis.
Hence, identifying potential novel targets and developing
new combination strategies are critical to benefit new
subgroups and optimize effectiveness of current therapy
against GC. PARP inhibitors targeting DDR pathways
exhibit potent anticancer activity in preclinical models
and clinical studies of GC, especially in those with low
ATM or RAD51 expression [4, 31, 32]. Due to a close
association between efficacy of PARP inhibitors and HR
impairment, more and more combination strategies with
HR deficiency inducers have been developed against
many cancers [8–13]. However, dual inhibition of PARP
and HR functions has not yet been investigated in GC.
Of interest, targeting WEE1, an alternative promising

strategy against GC [15], can impair HR functions and is
proposed to be a sensitizer of PARP inhibitors [14]. For
the first time, our data show that by inducing growth in-
hibition and apoptosis, combination of the PARP inhibi-
tor olaparib with the WEE1/PLK1 dual inhibitor
AZD1775 exerted evidently enhanced antitumor effects
in GC cell lines and xenografts than either olaparib or
AZD1775 alone (Figs. 1, 2 and 5). Apart from efficacy,
safety and tolerability are also key issues in the treatment

of GC, especially for combination strategies. Olaparib
has been approved to treat BRCA-mutated ovarian can-
cer at the dose of 400 mg twice a day [33] and proved
well tolerated for patients with advanced GC at the dose
of 100 mg twice daily in clinical trials [4, 34]. Given the
clinical data and olaparib’s daily dose of 25-100 mg/kg
extensively-used in mice experiments [13, 32, 35–37],
25 mg/kg equal to about 140-150 mg in human with
70 kg of body weight [38, 39] was applied in our GC
mice studies. As for AZD1775, the human maximum
tolerated dose of 225 mg twice daily [40, 41] equates to
a rough 79 mg/kg daily dose for mice. Based on previous
mice experiments [42–46], daily oral administration of
30 mg/kg AZD1775 for 3 weeks were used in our work.
Consistently, our GC xenograft models had no weight
loss after exposure to olaparib (25 mg/kg/d) with/with-
out AZD1775 (30 mg/kg/d) (Fig. 5a), lower than their
clinically achievable levels, suggesting safety and toler-
ability of this combination strategy in GC.
WEE1 repression has been reported to compromise HR

functions marked by reduced RAD51 and 53BP1 along
with subsequent accumulated γH2AX [16–19]. Consist-
ently, our findings manifest a downregulation of RAD51
and 53BP1 and an upregulation of γH2AX in GC cell lines
and xenografts treated with AZD1775 (Fig. 3a and 5c).
RAD51 and 53BP1 was also decreased by olaparib in the
presence of AZD1775 compared to olaparib alone, further
confirming that AZD1775 potentiated olaparib’s efficiency
in GC via impairing HR. Alternative HR-related proteins,
such as MRE11, NBS1 and ATM, have been also reportedly
lowered by modulation that disrupts HR to improve antitu-
mor efficacy of PARP inhibitors [11, 12]. Resembling
RAD51 and 53BP1, responses of these factors to olaparib
were replenished by AZD1775 administration (Fig. 3a and
5c), emphasizing that HR impairment was indispensable for
the augmented anticancer activity of AZD1775-olaparib
combination. As reported, PARP inhibitors primarily

Fig. 3 WEE1/PLK1 blockade induces HR deficiency in GC cells. a MKN45 and AGS cells were subjected to 0.3 μM AZD1775 with/without 20 μM
olaparib for 48 h and protein extracts were probed with indicated antibodies for immunoblots. b and c Upon treatment of WEE1/PLK1 knockdown by
siRNA, immunoblots were performed for WEE1, PLK1 and indicated HR-related proteins. AZD, AZD1775; Ola, olaparib; Com, Combination
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blocked repairs of SSB to exert anticancer activity; however,
SSB converted into DSB, which could be repaired by HR
feedback reactions to impede PARP inhibitors’ responses in
HR-functional populations [2, 3]. As an improvement, our
data show that AZD1775 in combined therapy caused HR
impairment and prevented DSB from repairs to augment
DNA damage-mediated cytotoxicity against GC. WEE1/
PLK1 blockade provided a HR-defective context, which
served as a replenishment to PARP inhibitor functions and
gave a rationale for the enhanced antitumor efficacy of the
AZD1775-olaparib combination scheme (Fig. 6). Of note,
HR dysfunctions that provide an opportunity of optimizing
PARP inhibitors’ antitumor efficiency are prevalently evalu-
ated by defective total HR-mediated DDR protein levels be-
yond which phosphorylation status or immunofluorescent
foci of these proteins as well as HR function assays are
widely-used methods to monitor HR activity [12, 13, 17, 25,

47]. Thus, other HR function experiments warrant HR im-
pairment’s contribution to enhanced efficacy of AZD1775
plus olaparib against GC in future studies. Besides, PARP
trapping serves as key actions for PARP inhibitors in the
treatment of cancer [2, 23] and thus we also assessed effects
of AZD1775-olaparib combination on it using methods as
previously described [23]. Additional file 2: Figure S2b dem-
onstrates olaparib-mediated trapping of PARP to chromatin
marked by an increased ratio of trapped PARP1 to total
PARP1, however, AZD1775 had no PARP trapping ability
and failed to augment olaparib-induced PARP trapping in
GC cells. Similarly, PARP catalytic activity, another pivotal
factor of PARP inhibitors’ cytotoxicity [23], was inhibited by
olaparib indicated by a robust reduction of PARs compared
to controls whereas AZD1775 almost had no impact in GC
cells (Additional file 2: Figure S2b). Taken together, PARP
trapping to chromatin and PARP catalytic inhibition were

Fig. 4 AZD1775 abrogates olaparib-activated DNA damage checkpoint and caused mitotic DNA damage in GC cells. Following cell cycle
synchronization with serum deprivation for 24 h, 0.3 μM AZD1775 with/without 20 μM olaparib were exposed to MKN45 and AGS cells for 24 h.
a and b Cell cycle was analyzed by flow cytometry. c Protein extracts were probed with anti-cyclin B1, CDC2 and pCDC2 antibodies. d and e
pHH3 and γH2AX-positive cells at separate cell cycle stages were assessed by double-staining with pHH3/PI and γH2AX/PI, respectively, and
quantified using FlowJo and ModFit software. AZD, AZD1775; Ola, olaparib; Com, Combination. Data expressed as Mean ± SD and representative
of three independent experiments. *, P < 0.05 by ANOVA analysis

Lin et al. Journal of Experimental & Clinical Cancer Research  (2018) 37:129 Page 7 of 11



responsible for PARP inhibitors’ efficacy but dispensable for
augmented cytotoxicity of olaparib-AZD1775 combination
in GC. Since SSB accumulations followed by replication
stress enhancement are a major cause behind single-agent
antitumor activity of AZD1775 [23, 46], we also investi-
gated AZD1775-olaparib combination’s impacts on replica-
tion stress-associated ATR/Chk1 cascade. Additional file 2:
Figure S2a revealed AZD1775-enhanced ATR/PRA32/
Chk1 phosphorylation and similar/a bit larger effects when
combined with olaparib (phosphorylation sites of PRA32 or
Chk1 used are ATR/WEE1 dependent [23, 48–50]). Thus,
AZD1775 induced excessive SSB accumulations and repli-
cation stress in our GC cells consistent with previous publi-
cations [23, 49, 51], which may facilitate SSB’s conversion
to DSB and ensuing AZD1775-induced HR defect in syn-
thetic lethality with olaparib.
Lethality of disrupting DNA damage repairs can be miti-

gated by functional DNA damage checkpoint (a.k.a. G2/M
checkpoint) that allows DNA repairs before mitotic entry
and keeps cancer cells with unrepaired DNA lesions from
death [14, 27]. WEE1 inhibitors primarily target DNA dam-
age checkpoint [14, 27], enabling DNA damage checkpoint
inactivation to augment lethality of HR deficiency in the
context of dual PARP/WEE1 inhibition. As marked by an al-
teration in G2/M checkpoint-related proteins (upregulated
cyclinB1 and CDC2 phosphorylation; Fig. 4a-c), olaparib-ind
uced G2/M arrest resulted from an activation of G2/M
checkpoint [18, 28]. WEE1 inhibition has been reported to
improve efficacy of G2 arrest inducers through G2/M check-
point inactivation [18, 52], which is dependent on WEE1

blockade’s effects on CDC2 de-phosphorylation [18, 29, 53].
In our GC cells, AZD1775 abrogated olaparib-activated G2/
M checkpoint through CDC2 de-phosphorylation and
AZD1775-olaparib combination forced mitotic progression
with unrepaired DNA lesions (Fig. 4c-e), called mitotic DNA
damage that is responsible for an potentiated anticancer effi-
ciency of AZD1775-combined strategies [18, 19, 29, 52–54].
Beyond mitotic DNA damage, well-described AZD1775-me
diated prolonged mitosis also contributes to pHH3 incre-
ment and apoptosis seen in our work (Fig. 2 and 4d). As an-
ticipated, mitosis exit after nocodazole release (marked by a
gradual decline in cyclinB1) [55, 56] could be impeded by
AZD1775 in our models, which relied on AZD1775-media
ted CDC2 de-phosphorylation/activation (Additional file 2:
Figure S2c). These data suggest presence of AZD1775-me
diated prolonged mitosis in GC cells [55, 57]. In the context
of forced mitotic progression and prolonged mitosis induced
by AZD1775, AZD1775-olaparib combination ensued to ac-
cumulate DNA damage and increase apoptosis (Figs. 2, 5
and 6). Consistent with our data, DNA damage-associated
apoptosis can be mediated by HR defect and DNA damage
checkpoint inactivation [10–12, 14, 26, 30]. Taken together,
olaparib plus AZD1775 augmented DNA damage-mediated
growth inhibition and apoptotic cell death by disrupting HR
functions and the DNA damage checkpoint in GC.
Recently, dual targeting of PLK1 and WEE1 has been

reported to elicit AZD1775’s single agent cytotoxicity in
lung cancer [20]. However, molecular mechanisms
underlying AZD1775-decresed exprexssion of the new
target PLK1 as observed in our study (Fig. 1a, e and 5c)

Fig. 5 AZD1775 enhances olaparib’s antitumor efficacy via HR defect in vivo. AZD1775 (30 mg/kg/d, by gavage) with/without olaparib (25 mg/kg/d, ip)
were given to mice bearing MKN45 tumors for 21 days (n= 5 per group). a Tumor volume was measured every 3 days after treatment and xenograft
growth curves were shown. Data expressed as Mean ± SD. *P < 0.05 by repeated measures ANOVA analysis. b and c FFPE sections were
stained with Ki-67 using IHC and tumor lysates were immunoblotted for indicated proteins. Original magnification, 200×. AZD, AZD1775;
Ola, olaparib; Com, Combination
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remain uninvestigated. Intriguingly, several AZD1775’s
functions can be partially explained by PLK1 inhib-
ition. For one thing, AZD1775-reduced PLK1 may
contribute to AZD1775-induced DNA damage and
apoptosis still presented in WEE1 CRISPR-Cas9
knockout cancer cells [20], in line with reliance of
AZD1775’s cytotoxicity on targeting PLK1 and WEE1
in our GC cells (Figs. 1 and 2). We also for the first time
demonstrated that PLK1 knockdown lowered HR-related
proteins as WEE1 knockdown and AZD1775 (Fig. 3), sug-
gesting that PLK1 inhibition-mediated HR defect potenti-
ated DNA damage-associated anticancer efficacy of
olaparib plus AZD1775 against GC, resembling WEE1
blockade. For another, the serine/threonine kinase PLK1,
governs several mitotic steps, especially mitotic exit and
entry into mitosis, keeping cancer cells from genome in-
stability [58]. The spindle assembly checkpoint activation
that often delays mitotic exit can be triggered by potent
PLK1 inhibitors like AZD1775 and WEE1 knockdown
[55, 57, 58], which gives a rationale for AZD1775-p
rolonged mitosis (Additional file 2: Figure S2c). Of note,
PLK1 blockade can directly inhibit WEE1’s phosphoryl-
ation and ensuing proteasomal degradation [14] to yield
opposite effects on CDC2 activity and DNA damage
checkpoint to WEE1 knockdown and AZD1775 (Fig. 4).
Moreover, suppression of olaparib-induced PLK1 upregu-
lation can optimize olaparib’s anticancer efficacy in
p53-mutated prostate cancer rather than those with p53

wild type [21]. AZD1775 plus olaparib had similar effects
in our p53 wild type GC cells (MKN45 and AGS; Fig. 1)
despite unknown mechanisms underlying the discrepancy.
Thus, whether dual PLK1/WEE1 inhibition elicits antican-
cer efficacy superior to WEE1 blockade, especially in the
presence of olaparib in GC, merits further investigations.

Conclusions
By disrupting DDR pathways and the DNA damage
checkpoint to increase DNA damage and apoptosis,
WEE1/PLK1 dual inhibitors augmented PARP inhibitors’
antitumor activity in GC cells and xenografts. Hence, the
combination scheme with WEE1/PLK1 dual inhibitors
may potentially optimize PARP inhibitor’s effect against
GC and extend PARP inhibitor’s accessibility from
HR-defective to a larger range of HR-proficient patients,
which will be helpful for future clinical settings on cancer
targeted therapy.

Additional files

Additional file 1: Figure S1. Synergistic growth-inhibition between
AZD1775 and olaparib in GC cells. After GC cells were treated with
combination of AZD1775 and olaparib at a fixed ratio of 1:200 (AZD1775:
olaparib) for 48 h, cell viability were measured by CCK-8 assays and Fa-CI
plots were made using the Chou-Talalay method. CI < 1, =1 and > 1
indicated synergism, additivity, and antagonism, respectively. (TIF 206 kb)

Fig. 6 Representation of potentiated anticancer activity by PARP inhibitor combined with WEE1/PLK1 dual inhibitor against GC. PARP inhibitors
prevent repairs of SSB that convert into DSB in the context of functional HR, which limits efficacy of PARP inhibitors against GC. In the presence
of WEE1/PLK1 dual inhibitors, HR can be impaired and DNA damage checkpoint be inactivated to promote lethality of GC cells subjected to
PARP inhibitors
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Additional file 2: Figure S2. Effects of AZD1775 plus olaparib on SSB
accumulations, PARP trapping and prolonged mitosis in GC cells. (a-c)
after drug treatment as indicated, proteins extracted from whole cell
lysates or chromatin were probed with indicated antibodies. Trapped/
total PARP1 indicated the ratios of PARP1 levels in chromatin to PARP1
levels in whole cell lysates which were then normalized to controls.
Noco, Nocodazole. (TIF 647 kb)
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