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Abstract

High-grade serous ovarian carcinoma (HGSOC) is the most lethal gynecologic malignancy in 

industrialized countries and has limited treatment options. Targeting ATR/CHK1-mediated S and 

G2/M cell cycle checkpoints has been a promising therapeutic strategy in HGSOC. To improve the 

efficacy of CHK1 inhibitor (CHK1i), we conducted a high-throughput drug combination screening 

in HGSOC cells. PI3K/mTOR pathway inhibitors (PI3K/mTORi) showed supra-additive 

cytotoxicity with CHK1i. Combined treatment with CHK1i and PI3K/mTORi significantly 

attenuated cell viability and increased DNA damage, chromosomal breaks and mitotic catastrophe 

compared to monotherapy. PI3K/mTORi decelerated fork speed by promoting new origin firing 

via increased CDC45, thus potentiating CHK1i-induced replication stress. PI3K/mTORi also 

augmented CHK1i-induced DNA damage by attenuating DNA homologous recombination repair 

activity and RAD51 foci formation. High expression of replication stress markers was associated 

with poor prognosis in patients with HGSOC. Our findings indicate that combined PI3K/mTORi 

and CHK1i induces greater cell death in HGSOC cells and in vivo models by causing lethal 

replication stress and DNA damage. This insight can be translated therapeutically by further 

developing combinations of PI3K and cell cycle pathway inhibitors in HGSOC.
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Introduction

Ovarian carcinoma is the deadliest gynecologic malignancy and one of the most common 

causes of cancer mortality among women worldwide (1). High-grade serous ovarian 

carcinoma (HGSOC) is the most common (~70%) and fatal subtype of ovarian cancer 

because it typically presents as an advanced disease with a high frequency of recurrence 

after initial platinum-based chemotherapy (1). Approximately 25-30% of HGSOC are 

deficient in homologous recombination (HR) repair due to BRCA1 and BRCA2 germline or 

somatic mutations (2) leading to sensitivity to poly (ADP-ribose) polymerase inhibitor 

(PARPi). However, the clinical activity of PARPi monotherapy is limited in platinum-

resistant ovarian cancer with BRCA wild-type (BRCAwt), a majority of the HGSOC 

population (3). Therefore, a critical need remains for new effective therapeutic strategies.

Checkpoint signaling is necessary for coordination between DNA damage response and cell 

cycle control. HGSOC cells are heavily dependent on ataxia-telangiectasia and Rad3-related 

(ATR)/cell cycle checkpoint kinase1 (CHK1)-mediated G2/M arrest for DNA repair because 

of its universal TP53 mutation that disrupts the G1/S cell cycle checkpoint. CHK1, which 

regulates the G2/M checkpoint, is also overexpressed in nearly all HGSOC (4), making it a 

rational target to induce DNA damage and tumor cell death.

CHK1 is activated by ATR and ataxia-telangiectasia mutated (ATM) kinases in response to 

DNA damage or replication stress (5). CHK1 suppresses the activity of cyclin-dependent 

kinases (CDKs) during S phase to keep cells from cell cycle progression without optimal 

DNA replication (6,7). CHK1 also stabilizes stalled replication forks by decreasing origin 

firing and promoting DNA repair thereby limiting replication stress (6,7). Replication stress 

is thus exaggerated in the absence of ATR/CHK1 activation because of persistent stalled 

replication forks and increased unscheduled new origin firings (7,8). Also, HR DNA double-

stranded breaks (DSBs) repair is partly involved in stalled replication fork stabilization, 

restart and repair via loading RAD51 to the single-stranded DNA (ssDNA) at replication 

forks (9,10). CHK1 contributes to HR repair by inducing RAD51 phosphorylation and 

nuclear translocation, as shown in several cancer cell lines including HGSOC (9,10). Hence, 

targeting CHK1 is a promising therapeutic strategy in HGSOC to augment replication stress 

while attenuating DNA repair responses. However, only modest clinical activity of the 

CHK1 inhibitor (CHK1i) monotherapy has been reported thus far in HGSOC patients (11) 

highlighting the critical unmet need for combination treatment strategies.

In this study, we conducted an unbiased high-throughput drug combination screening of the 

second generation CHK1i, prexasertib with 1,912 drugs using a panel of TP53 mutant 

HGSOC cell lines. Among candidates, we identified that phosphatidylinositol-3-kinase 

(PI3K)/mammalian target of rapamycin (mTOR) pathway inhibitors have supra-additive 

cytotoxic effects with a CHK1i. The PI3K/mTOR pathway is frequently (>70%) upregulated 
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in ovarian cancer (1,12) and its activation is associated with aggressive phenotypes, 

chemoresistance and poor prognosis, therefore making it an important target for treatment 

(1,12). Moreover, studies suggest that the PI3K/mTOR pathway is involved in DNA repair 

and replication stress (13). For instance, the active PI3K pathway is required for CHK1 

activation following DNA damage for optimal DNA replication (14). Also, mTORC1/2 

upregulates the protein levels of CHK1 via inhibiting the translational repressor eukaryotic 

translation initiation factor 4E (eIF4E)-binding protein 1 (4E-BP1) for protein synthesis 

upon DNA damage (15). As such, PI3K pathway inhibitors (i.e., mTOR inhibitor PP242 and 

PI3K/mTOR inhibitor omipalisib) increase replication catastrophe and DNA damage during 

S and G2 phases as shown in breast cancer cell lines (16,17). Together, these data support 

the PI3K pathway is a rational target for a CHK1i combination and also highlight the need to 

further investigate the interactions between the two pathways in HGSOC.

In the present study, we found that PI3K/mTOR blockade potentiated CHK1i-induced 

replication stress in HGSOC cells via increasing levels of CDC45 which consequently 

results in excess new origin firing, leading to lethal DNA damage and mitotic catastrophe. 

Combination treatment also reduced tumor growth in an HGSOC mouse model without 

significant toxicities. Furthermore, we found that co-expression of high replication stress 

markers, i.e., high CDC45 with high RPA was associated with poor prognosis in patients 

with ovarian cancer. Collectively, our results provide initial findings and mechanistic 

insights to justify combination treatment strategies using PI3K pathway blockade, and cell 

cycle checkpoint inhibition for recurrent HGSOC.

Materials and Methods

A full description of methods was described in the Supplementary Materials, including drug 

preparation, cell viability, clonogenic assay, siRNA transfections, immunofluorescence 

staining, DNA comet assay, caspase 3/7 activity assay, immunoblotting, metaphase spread, 

cell cycle, DNA fiber assays, HR reporter assay, immunohistochemistry staining and 

databases for genomic profile, mRNA expression and progression-free survival (PFS) 

analysis of ovarian cancer.

Cell lines

BRCAwt TP53 mutant HGSOC cell lines OVCAR3, OVCAR5 and OVCAR8 were obtained 

from NCI-60 collection at the NCI Frederick (MD, USA) and OV90 was purchased from 

ATCC. BRCA2 mutant (BRCA2m) PEO1 (#10032308) and BRCA2 reversion mutant PEO4 

(#10032309) cell lines were purchased from Sigma-Aldrich (Saint Louis, MO). All cell lines 

were grown in RPMI 1640 medium with (+) L-glutamine supplemented with 10% fetal 

bovine serum, 0.01 mg/ml insulin, and 1% penicillin/streptomycin.

High-throughput drug combination screening

The screening methods conducted in this study were based on those previously published 

(18,19). Briefly, we first screened BRCA2m PEO1 cells against 1,912 oncology drugs using 

a 48-hour cell proliferation assay with an ATP-based readout CellTiterGlo (#G7570, 

Promega, Madison, WI) to determine activity and potency of compounds in a dose-response 
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manner. We created the second screen moving from 6×6 pilot format to the more robust 

10×10 matrix in PEO1 and BRCAwt TP53 mutant (OVCAR5, OVCAR8 and PEO4) 

HGSOC cell lines. Matrix blocks were dispensed using an acoustic dispenser (EDC 

Biosystems, Fremont, CA) and 48-hour CellTiterGlo or 8- and 16-hour Caspase-Glo® 3/7 

Assay System (#G8090, Promega) readouts were utilized to inform on cell viability and 

apoptosis induction as described in manufacturers. Signal was measured as median relative 

luminescence units on a ViewLux (Perkin-Elmer, Waltham, MA) reader. Efficacious 

compounds from single agent screens were advanced to matrix combinations studies to 

assess additivity and synergy.

Animal study

All animal experiments were conducted under an approved by Institutional Animal Care and 

Use Committee of National Cancer Institute (ASP 19-251, NCI, Frederick, MD). OVCAR8 

cells (5×106) were counted and prepared as suspensions in 0.1 ml PBS for subcutaneous 

injections into 5-week-old female NOD-SCID mice purchased from the Jackson Laboratory 

(Bar Harbor, ME). The volume of tumor was measured three times per week according to 

the formula V = ½ (length × width2). When tumors reached 100 mm3, mice were 

randomized into 4 groups (n=6/group). Mice received vehicle or 8 mg/kg CHK1i prexasertib 

by intraperitoneal (i.p.) injection twice daily (BID) for 3 days, followed by 4 days of no 

treatment for a total of 3 weeks. For combination studies, 2 study arms were added, and 

mice received 7.5 mg/kg LY3023414 twice orally (PO, BID) for 5 days, followed by 2 days 

of no treatment with or without 8 mg/kg prexasertib by i.p. BID for 3 days, followed by 4 

days of no treatment for 3 weeks. All mice were sacrificed at the end of treatments, and the 

xenografted tumors were harvested and assayed for subsequent experiments.

Statistical analysis

All experiments were performed at least in triplicate. Data were analyzed using one-way 

ANOVA test and shown as mean ± standard deviation (SD) or mean ± standard error of the 

mean (SEM). All differences were considered statistically significant if p < 0.05. The PFS of 

ovarian cancer patients was analyzed using Kaplan-Meier curves applying logrank (Mantel-

Cox) test, the hazard ratio with 95% confidence intervals (Mantel-Haenszel method), and 

logrank p values were also calculated. All statistical analyses were done using GraphPad 

Prism v. 7.1 (GraphPad Software, LA Jolla, CA).

Results

High-throughput drug combination screening identifies PI3K/mTOR pathways as 
actionable targets for a CHK1i combination

An initial 6×6 pilot screen in PEO1 cells found that CHK1i prexasertib combined 

synergistically with multiple drugs across multiple pharmacological classes. We then set an 

arbitrary threshold of −120 to describe synergistic combinations using the ExcessHSA 

metric. This revealed a set of 192 drugs (10%) of the United States (U.S.) Food and Drug 

Administration-approved and investigational drugs in our collection (Fig. 1A). There were 

several enriched signatures including 13 of the 24 drugs listed as mTOR inhibitors (54%), 
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i.e., sirolimus (rank 6) and everolimus (rank 9), and 14 of 42 agents (33%) listed as PI3K 

inhibitors, i.e., copanlisib (rank 106) (Supplementary Table S1).

Next, we conducted a series of 10×10 screening experiments in both BRCAwt and BRCA2m 

HGSOC cell lines (Supplementary Tables S2-6). Several of these experiments highlighted 

strong combination effects when prexasertib was combined with chemotherapeutic drugs 

(e.g., gemcitabine) (Supplementary Tables S2-5). We deprioritized chemotherapeutic drugs 

when considering candidates for translation into human clinical trials to avoid overlapping 

hematological side effects with a CHK1i. A final examination in the PEO1 cell model 

evaluated 119 drug combinations using each previous round of evaluation to enrich for the 

most promising agents (Supplementary Table S6). This experiment revealed that the PI3K/

mTOR pathway inhibitors were among the top-ranked drug candidates (Fig. 1A). We 

therefore proceeded with a PI3K/mTOR pathway inhibitor for further in vitro and in vivo 
studies with CHK1i.

Combined inhibition of CHK1 and PI3K/mTOR pathways shows synergistic cytotoxic 
effects in multiple HGSOC cell lines independent of BRCA mutation status

LY3023414 (LY302), a dual PI3K/mTOR inhibitor (PI3K/mTORi), was chosen as a test 

compound for in vitro validation as LY302 has been studied both clinically and preclinically 

in multiple cancer types (20,21) including gynecologic malignancy (22). IC50 values for 

prexasertib and LY302 monotherapies ranged from 6.1 nM to 53.2 nM, and 217.8 to 725.7 

nM in five BRCA-proficient (OVCAR3, OVCAR5, OVCAR8, OV90, and PEO4) and one 

BRCA-deficient (PEO1) HGSOC cell lines, respectively (Supplementary Fig. S1A). 

BRCAwt OVCAR8 and BRCA2m PEO1 cells are shown in the main figures as 

representative models. Combination therapy using clinically attainable concentrations 

(20,23) of CHK1i prexasertib (5 nM) and PI3K/mTORi LY302 (200 nM) showed additively 

or synergistically attenuated cell viability (combination index [CI] < 1) compared with each 

monotherapy in all 6 HGSOC cells (Fig. 1B and Supplementary Fig. S1B). Similarly, dual 

inhibition of CHK1 and PI3K/mTOR significantly decreased the colony-forming ability of 

all HGSOC cell lines compared with each drug alone (Fig. 1C and Supplementary Fig. 

S1C).

We next examined on-target effects of prexasertib and/or LY302 treatments using clinically 

attainable concentrations. 5 nM of prexasertib attenuated the expression of active CHK1 (p-

CHK1 S296), consistent with previous reports (24), and 200 nM of LY302 decreased the 

levels of downstream targets of PI3K/mTOR pathway such as phosphorylation of S6 

ribosomal protein (p-S6) and 4E-BP1 (p-4E-BP1) (13) (Supplementary Fig. S1D). In 

addition, LY302 (200 nM) monotherapy did not change the levels of active CHK1 or total 

CHK1 proteins in both OVCAR8 and PEO1 cells (Supplementary Fig. S1D).

To determine whether the CHK1 and PI3K pathway interactions caused underlying 

synergistic cytotoxicity, we first examined the cell survival by using other inhibitors that also 

target CHK1 or PI3K pathways and siRNAs against CHEK1, PIK3CA or MTOR. Consistent 

with the results of prexasertib and LY302 combination, the combinations of another 

CHK1/2i (AZD7762) or a highly selective CHK1i (CCT245737) (25) with either LY302, a 

PI3K inhibitor (AZD8186) or an mTOR inhibitor (AZD2014) (Supplementary Fig. S2A-E) 
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showed synergistic cytotoxic effects (CI < 1) in all HGSOC cell lines regardless of their 

BRCA mutation status. Moreover, silencing PIK3CA or MTOR in combination with 

CHEK1 knockdown significantly decreased cell viability compared to CHEK1, PIK3CA or 

MTOR knockdown alone (Supplementary Fig. S2F) indicating the synergistic cytotoxicity 

of CHK1i and PI3K/mTORi is a pathway-specific effect rather than drug’s off-target effects. 

We also knocked down PRKDC which encodes DNA-dependent protein kinase (DNA-PK) 

in cells transfected with siRNAs against CHEK1 since LY302 has been reported to inhibit 

the activity of DNA-PK (21). Knockdown of DNA-PK alone reduced the cell viability; 

however, it did not further increase cytotoxicity when combined with CHEK1 depletion 

(Supplementary Fig. S2F), indicating that the effect of LY302 on synergistic cytotoxicity is 

likely driven by PI3K/mTOR inhibition rather than DNA-PK inhibition.

Dual CHK1 and PI3K/mTOR inhibition induces greater DNA damage and apoptosis in 
HGSOC cells

Next, we performed DNA comet assay and immunofluorescence staining of γH2AX foci to 

examine if the observed greater cytotoxicity in the combination therapy was caused by DNA 

damage. Prexasertib alone induced greater DNA damage, while LY302 monotherapy showed 

no difference compared to the control (Fig. 1D and Supplementary Fig. S3A). We found the 

mean comet tail moment was further increased in cells treated with the combination, using 

clinically achievable concentrations of both drugs (prexasertib [5 nM] and LY302 [200 nM]) 

(20,23), compared with monotherapy (Fig. 1D and Supplementary Fig. S3A). The 

combination of CHK1i and PI3K/mTORi also showed increased percentage of cells with ≥ 5 

γH2AX foci, indicating cells with DNA damage, compared with either drug alone (Fig. 1E 

and Supplementary Fig. S3B). We also noted the increased percentage of cells with pan-

γH2AX staining by the combination treatment, suggesting more apoptotic cells (26) 

(Supplementary Fig. S3C).

We performed caspase 3/7 activity assay and Western blot analysis of cleaved PARP (c-

PARP) to evaluate if the combination therapy caused cell death through apoptosis. Greater 

activation of caspase 3/7 (Fig. 1F and Supplementary Fig. S3D) and c-PARP expressions 

(Fig. 1G and Supplementary Fig. S3E) were observed with the combination compared to 

each monotherapy. Together, our findings indicate the CHK1i and PI3K/mTORi 

combination induces greater DNA damage leading to apoptosis and cell death relative to 

monotherapy alone in HGSOC cells.

Dual inhibition of CHK1 and PI3K/mTOR pathways causes massive accumulation of small 
condensed chromosomal fragments, increased micronuclei and mitotic catastrophe

To investigate whether prexasertib/LY302 combination would cause direct DNA damage on 

chromosomes, a metaphase spread assay was done given that CHK1 regulates the intra-S 

and G2/M checkpoints to prevent cells with damaged or incompletely replicated DNA from 

entering mitosis (6,7). HGSOC cells were treated with monotherapy or combination for 48 

hours in the presence of pan-caspase inhibitor zVAD to exclude apoptosis-driven DNA 

fragmentation. CHK1i and PI3K/mTORi combination induced dramatic fragmentation of 

chromosomes compared to each monotherapy (Fig. 2A and Supplementary Fig. S4A). Of 

note, additional caspase inhibition did not alleviate this fragmentation, indicating it was 
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caused by DNA damage but unlikely by the induction of apoptosis (Fig. 2A and 

Supplementary Fig. S4A). Micronuclei are generally formed from mis-segregated or 

chromosome fragments indicating replication stress in early S phase (27) and abnormal 

mitosis (28). Consistently, we noted increased micronuclei by combination treatment (Fig. 

2B), suggesting chromosomal breakages were associated with increased replication stress 

and abnormal mitosis.

Cells with multiple micronuclei usually result from mitotic catastrophe, which is a type of 

cell death due to abnormal mitosis (28). A hallmark of mitotic catastrophe is the mitotic 

entry in the presence of unrepaired damaged DNA (28). We therefore examined the 

expressions of phosphorylated histone H3 (p-HH3, mitotic cell marker), γH2AX (DSB 

damage marker) and cleaved caspase 3 (c-casp-3, apoptosis marker) by immunofluorescence 

staining to investigate whether the chromosome breakages found in combination treatment 

were associated with increased mitotic catastrophe. Cells with γH2AX/p-HH3/c-casp-3 

triple-positive stainings were considered as cells undergoing mitotic catastrophe (29-31). We 

found that a greater number of γH2AX/p-HH3/c-casp-3 triple-positive populations with 

combination therapy compared with each monotherapy, (Fig. 2C and Supplementary Fig. 

S4B), indicating lethal mitotic catastrophe caused by combination treatment.

Inhibition of PI3K/mTOR augments CHK1i-induced replication stress

CHK1i, prexasertib has been reported to increase origin firing, fork degradation and DNA 

damage in S phase, leading to accumulation of stalled forks, resulting in replication stress 

(32,33). Although the detailed mechanism is not fully understood, PI3K or mTOR inhibition 

has also shown increased DNA damage accumulation in S phase in p53-deficient triple-

negative breast cancer (TNBC) cells (17). Therefore, we hypothesized that combined 

inhibition of the CHK1 and PI3K/mTOR pathway would exacerbate replication stress, 

leading to lethal DNA damage and cell apoptosis in HGSOC.

To test this hypothesis, we studied cell cycle using propidium iodide staining to investigate 

whether observed micronuclei in combination treatment was caused by increased replication 

stress in the early S phase. A greater portion of HGSOC cells treated with combination 

therapy arrested in S phase compared with cells treated with each monotherapy in OVCAR8 

and PEO1 cells (Fig. 3A), suggesting possible fork stalling during S phase. Next, HGSOC 

cells were labeled with 5-Bromo-2’-deoxyuridine (BrdU) treated with drugs for 1 and 4 

hours, and immunostained with anti-BrdU and anti-γH2AX antibodies to further determine 

if exposure to prexasertib and/or LY302 leads to DNA damage in the early S phase. 

Exposure of OVCAR8 and PEO1 cells to prexasertib and/or LY302 increased levels of 

γH2AX in S phase (Fig. 3B), suggesting that dual inhibition of CHK1 and PI3K/mTOR 

pathways may have arrested cells in S phase due to severe DNA damage (Fig. 3A).

Excessive replication stress is lethal to cancer cells as it induces mitotic catastrophe (34). 

ATR/CHK1 signaling activation is therefore important to maintain genomic integrity by 

preventing the accumulation of excess ssDNAs. Under replication stress, phosphorylated 

replication protein A (p-RPA) proteins protect ssDNAs at stalled replication forks from 

nucleases and serve as an indicator of ssDNAs at stalled forks (35). To address whether the 

greater mitotic catastrophe was caused by increased replication stress, we performed 
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immunofluorescence staining of γH2AX and p-RPA2 (S4/S8). PI3K/mTORi alone 

increased replication stress compared with control, and further augmented CHK1i-induced 

replication stress in HGSOC, as examined by increased γH2AX/p-RPA2 (S4/S8) double-

positive populations (Fig. 3C). Together, our data show that dual inhibition of CHK1 and 

PI3K/mTOR augments replication stress, leading to chromosome breakage and mitotic 

catastrophe.

PI3K/mTORi potentiates CHK1i-induced replication stress by promoting unscheduled 
origin firing via increasing the levels of CDC45 on chromatin

CHK1 depletion has been shown to decrease the rates of replication fork progression via 

increased unscheduled origin firing in osteosarcoma (7), however, the role of PI3K/mTOR 

pathway on replication progression has been poorly understood. We therefore investigated 

the DNA replication fork dynamics to study whether the addition of PI3K/mTORi to CHK1i 

can further slow down replication progression. We first treated cells with monotherapy or in 

combination and then incubated cells with CldU and IdU to determine the replication 

progression rate. Replication fork progression speed was significantly slower with 

combination therapy compared to each monotherapy (Fig. 4A).

Origin firing is the initiation of DNA replication that takes place at the replication origins 

(36). Increased new origin firings lead to the depletion of nucleotides for DNA synthesis and 

thus decelerate the fork progression (36). Therefore, this observed effect of CHK1i and 

PI3K/mTORi combination on delayed S phase and replication progression prompted us to 

hypothesize that combination treatment would increase new origin firings, thus slowing 

down DNA replication progression, leading to replication stress. We therefore measured the 

percentage of IdU-labeled fibers only which represent the newly fired origins. Notably, the 

PI3K/mTOR inhibition alone increased new origin firings compared to the untreated group 

(Fig. 4B). Moreover, with combination treatment, HGSOC cells showed significantly 

augmented unscheduled origin firings compared to monotherapy (Fig. 4B) supporting the 

concept that PI3K/mTORi can further delay the CHK1i-induced replication progression 

(Fig. 4A).

CDC45 is a rate-limiting factor for the firing of active replication origins (37). CHK1 

inhibition induces CDC45 accumulation at unscheduled fired origins and ongoing 

replication forks (32). We thus examined the CDC45 expression levels using 

immunofluorescence to evaluate whether PI3K/mTORi can further enhance CHK1i-induced 

origin firings via regulating CDC45 loading. We noted increased CDC45 expression in cells 

treated with CHK1i and PI3K/mTORi combination compared to those treated with 

monotherapy (Fig. 4C).

CDC45 knockdown rescues cells from CHK1i and PI3K/mTORi combination-induced 
replication stress and cell death by reducing new origin firings

Next, we transfected the cells with siRNA against CDC45 and then treated them with 

prexasertib and/or LY302 to investigate the role of CDC45 on this augmented unscheduled 

origin firings by combination treatment. As shown in Fig. 4D, exposure to either CHK1i or 

CHK1i and PI3K/mTORi combination induced p-RPA2 (S4/S8) and γH2AX. The effects 
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were partially rescued by CDC45 knockdown in both BRCAwt and BRCA2m cells. Further, 

cell viabilities were reduced after treated with prexasertib and/or LY302, whereas rescued 

after CDC45 knockdown (Fig. 4E). We then performed DNA fiber assays in CDC45-

knockdown cells treated with prexasertib and/or LY302 to further study whether CDC45 is a 

key player of increased origin firings and reduced replication progression by combination 

therapy. While there was no significant change of replication speed between cells transfected 

with control siRNA and CDC45 siRNA, the observed reduced replication speed and 

increased new origins by CHK1i and PI3K/mTORi combination were reversed by CDC45 

knockdown (Figs. 4F and 4G).

In addition, we preformed DNA fiber assays to investigate whether PI3K/mTORi enhances 

CHK1i-induced replication stress via increasing both unscheduled origin firing and fork 

destabilization. PI3K/mTORi did not augment CHK1i-induced fork destabilization when 

compared to CHK1i treatment alone (Supplementary Fig. S5A), suggesting fork degradation 

is unlikely the main mechanism underlying CHK1i and PI3K/mTORi combination.

Inhibition of PI3K/mTOR pathway increases CHK1i-induced DNA damage by attenuating 
HR repair, thus further worsening replication stress

Replication stress is aggravated when DNA repair process is interfered (38). CHK1 

inhibition impairs HR repair by attenuating transnuclear localization of RAD51 which 

subsequently leads to augmented replication stress (10). Similarly, the suppression of PI3K 

function impairs HR via down-regulating BRCA2 or RAD51 in BRCAwt HGSOC cell lines 

(39). We therefore assessed whether combination treatment would decrease HR functionality 

in HGSOC cells. The DRGFP reporter system-based assay was adapted to assess the HR 

function (40). We co-transfected a DRGFP-expressing and an I-Sce1 expression plasmid to 

induce DSBs in cells treated with CHK1i and/or PI3K/mTORi. Cells were analyzed for GFP 

expression by flow cytometry and we observed significant HR deficiency in cells with 

combination therapy compared to monotherapy (Fig. 5A).

Also, we evaluated RAD51 foci formation in BRCAwt OVCAR8 cells following DNA 

damage induced by 5 μM PARP inhibitor olaparib. Notably, we observed a significant 

reduction in nuclear RAD51 foci formation in OVCAR8 cells with CHK1i and PI3K/

mTORi combination compared to each drug alone (Fig. 5B), suggesting attenuated DNA 

repair through HR. We also found a trend of reduced RAD51 foci in combination therapy in 

comparison with monotherapy in BRCA2m PEO1 cells despite the relative deficiency of 

BRCA2 function in this cell line (Fig. 5B). We further confirmed decreased RAD51 protein 

levels in both BRCAwt and BRCA2m HGSOC cells treated with CHK1i and PI3K/mTORi 

combination (Supplementary Fig. S5B). Together, PI3K/mTORi accelerates CHK1i-induced 

DNA damage in part by attenuating HR repair, thus promoting lethal replication stress.

Combined inhibition of both CHK1 and PI3K/mTOR pathway decreases tumor growth and 
increases replication stress in vivo

Lastly, the NOD-SCID mice were subcutaneously implanted with BRCAwt OVCAR8 cells 

to confirm the efficacy of CHK1i and PI3K/mTORi in in vivo. Our in vivo data showed that 

CHK1i and PI3K/mTORi combination reduced tumor growth (Fig. 6A) without significant 
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weight loss (Fig. 6B). Western blotting and IHC staining were performed to study whether 

combined CHK1i and PI3K/mTORi would increase replication stress and DNA damage via 

CDC45 in in vivo. Consistent with in vitro findings, the expression levels of p-RPA2 (S4/

S8), γH2AX and CDC45 were significantly elevated in tumors treated with combination 

treatment compared to monotherapy (Figs. 6C and 6D). Together, these findings demonstrate 

the therapeutic potential of combined inhibition of CHK1 and PI3K/mTOR in HGSOC in 
vivo.

Co-occurrence of high CDC45 with high RPA is associated with poor prognosis in ovarian 
cancer patients

To explore whether differential levels of CDC45 expression could be used as a biomarker for 

patient selection for combination therapy, we analyzed mRNA expression, gene alteration 

and prognostic impact of CDC45 from cBioPortal, Gene Expression Profiling Interactive 

Analysis (GEPIA) and Kaplan-Meier plotter [Ovarian Cancer] databases. The expression of 

CDC45 was upregulated in ovarian tumor tissues compared to those of normal ovary tissues 

(Fig. 6E) and CDC45 amplification/overexpression was found in approximately 5.6% 

(34/606) of serous ovarian cancer (Fig. 6F). Furthermore, survival analysis showed a trend 

of poor prognosis in ovarian cancer patients with high CDC45 levels (n=1,050) compared to 

those with low CDC45 levels (n=385) using Kaplan-Meier plotter [Ovarian Cancer] 

databases (median PFS 19.13 vs 21.29 months) (Fig. 6G). We thus investigated other 

replication factors interacting with CDC45 such as RPA (41,42). RPA1 or RPA2 expression 

alone did not correlate with prognosis in ovarian cancer (Supplementary Fig. 6). However, 

ovarian cancer patients with high/high co-expressions of replication stress markers, i.e., 
CDC45/RPA1 (median PFS 15.01 vs 19.27 months; logrank p = 0.0025) or CDC45/RPA2 
(median PFS 19.13 vs 22 months; logrank p = 0.0072) were associated with worse PFS, 

representing subgroups of patients with unmet medical need (Fig. 6G).

We also analyzed RNA-seq datasets from pretreatment biopsy samples of 20 recurrent 

HGSOC patients on CHK1i prexasertib monotherapy clinical trial (11). The HGSOC 

patients were divided into high- (n=10) and low-expression (n=10) groups based on the 

median expression of CDC45. Similarly, our data also showed a trend of poor prognosis in 

recurrent HGSOC patients with high CDC45 levels compared to those with low CDC45 
expressions (median PFS 5.75 vs 7.75 months) (Fig. 6H). We also found that HGSOC 

patients with high/high co-expressions of CDC45/RPA1 or CDC45/RPA2 (median PFS 2 vs 

9 months and median PFS 2 vs 9 months, respectively) showed a trend of worse PFS (Fig. 

6H). Taken together, these data suggest that co-expression patterns of high CDC45 and high 

RPA might represent a subgroup of ovarian cancers with high replication stress which may 

benefit from the combination treatment.

Discussion

Here, we demonstrate that inhibition of PI3K/mTOR pathway augments CHK1i-induced 

replication stress and acts synergistically in HGSOC in vitro and in vivo models, 

representing a new therapeutic opportunity for HGSOC. Mechanistically, combined 

inhibition of CHK1 and PI3K/mTOR pathways interferes with successful DNA replication 
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by causing excess new origin firings via increasing CDC45, leading to replication stress, 

genomic instability and consequent mitotic catastrophe. The combination of CHK1i and 

PI3K/mTORi also increases DNA damage via impairing RAD51 mediated-HR repair, thus 

further enhancing lethal replication stress and cell death. Another key strength of the current 

study lies in the use of clinically attainable concentrations of two inhibitors and commonly 

used validated in vitro and in vivo ovarian cancer models (21,43).

There are emerging data demonstrating synergistic cytotoxicity of inhibition of cell cycle 

and PI3K pathways in various tumor types (15,44), although the mechanisms underlying 

synergistic effect require further investigation. In TNBC, Chopra et al. reported that mTOR 

inhibition increased an ATR inhibitor AZ20 or CHK1i rabusertib-induced replication stress 

in PI3K-activated TNBC cell models with underlying PIK3CA mutation (H1047R) or low 

levels of PTEN and/or INPP4B (16). In the present study, we demonstrated augmented 

replication stress in HGSOC cell lines that do not have PIK3CA-activating mutation or 

PTEN loss, thus representing broader applicability of this combination (45,46). Furthermore, 

we found increased micronuclei by the combination treatment which prompted us to 

speculate that these micronuclei may be partly associated with immune-response signaling 

(47), requiring further investigation. Overall, our results in HGSOC models align with those 

findings in different tumor types, indicating that the synergy between CHK1 and PI3K/

mTOR inhibition may be ubiquitous.

In addition, our findings provide novel insights into the mechanisms of the PI3K pathway 

inhibition on replication stress via CDC45 in HGSOC although CHK1 inhibition-mediated 

CDC45 overexpression has been previously reported in other tumor types (48,49). CDC45 

acts as a proliferation-associated antigen, promoting the rapid division of cancer cells (50). 

Our findings demonstrated that CDC45 knockdown by siRNAs attenuated DNA damage, 

RPA phosphorylation and rescued cell death in HGSOC cells from combination therapy, 

supporting a major role of CDC45 in the highly regulated replication process. We also found 

that CDC45 gene was upregulated in a subgroup of serous ovarian cancer tissues and co-

expression of high CDC45 and high RPA was associated with worse PFS. Hence, we 

hypothesize that dual inhibition of CHK1 and PI3K/mTOR pathways may benefit this 

subgroup of HGSOC patients by inducing excess origin firings and lethal replication stress, 

and may be applied as a biomarker for optimal patient selection, requiring further validation 

in prospective clinical trials.

It is possible that other factors, i.e., CDKs and CDC7, may have played a role in this 

unscheduled origin firing resulting in synergistic cytotoxicity by the combination treatment 

because they also participate in DNA replication by assembling CDC45, MCM2-7 and 

GINS (CMG complex) at the origins and by activating the replicative helicases (51). As 

such, the CHK1/2 inhibitor (AZD7762) induces CDK1-mediated RIF1 phosphorylation and 

disrupts the interaction between RIF1 and PP1 at licensed origins, leading to increased 

dormant origin firing and replication stress in U2OS osteosarcoma cells (52). In TNBC cell 

lines, CHK1 inhibition also causes over-activation of CDC7- or CDK2-mediated origin 

firing, leading to augmented replication stress (7,53). Further mechanistic studies of the 

interactions between these factors with a CHK1i and PI3K/-based therapy are needed in the 

context of HGSOC.
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In this study, we found that most HGSOC cells treated with prexasertib were arrested in S 

phase. We speculate that this S phase arrest was likely due to a simultaneously activated 

DNA replication machinery and decreased HR DNA repair response by CHK1i, all leading 

to prolonged accumulation of cells in the S phase for optimal DNA replication before 

entering the mitosis. Similar observations have been made in head and neck cancer cell lines 

(54) demonstrating that prexasertib induced an increased S phase population and less DNA 

synthesis. Other groups also noted that the prexasertib causes cells predominantly arrested in 

the S phase and speculated this S phase arrest was likely related to DNA damage response 

(32,54-56).

Lastly, HR repair is involved in DNA replication by protecting, restarting and repairing 

dysfunctional stalled forks through loading RAD51 to the ssDNAs at replication forks (57). 

Therefore, the unresolved replication intermediates and un-replicated DNA persist and some 

of them enter into mitosis when HR repair is impaired (57), leading to lethal replication 

stress and mitotic catastrophe. PI3K indirectly regulates the recruitment of RAD51 to foci of 

DNA damage via promoting the transcription of BRCA genes (58). Suppression of the 

PI3K/mTOR pathway increases γH2AX in concert with a decrease of RAD51 in PIK3CA-

mutated and wild-type ovarian cancer cell lines as well as in vivo models (39,59). 

Consistently, we showed that CHK1i and PI3K/mTORi acted synergistically to attenuate HR 

activity as well as DSB-induced RAD51 foci formation, thus potentiating lethal replication 

stress in HGSOC.

In summary, we demonstrate the therapeutic potential of combining CHK1i with PI3K/

mTORi in HGSOC models and combination treatment is tolerable in mouse tumors. Here, 

we report the novel mechanistic insights how CHK1i and PI3K/mTORi combination leads to 

synergistic DNA damage and anti-tumor activity in HGSOC through augmenting replication 

stress via CDC45-mediated origin firing and reduced HR. Together, our study provides a 

clear rationale for CHK1i and PI3K/mTORi-based clinical trials, aids the development of 

new treatment options and biomarkers, and ultimately results in improved clinical outcomes 

for women with recurrent HGSOC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

Dual inhibition of CHK1 and PI3K/mTOR pathways yields potent synthetic lethality by 

causing lethal replication stress and DNA damage in high-grade serous ovarian 

carcinoma, warranting further clinical development.
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Figure 1. Inhibition of PI3K/mTOR induces synergistic cytotoxic effects with a CHK1 inhibitor 
by causing DNA damage and cell apoptosis.
A, The workflow of drug combination screen in BRCA wild-type (BRCAwt, OVCAR5, 

OVCAR8 and PEO4) and BRCA2 mutant (BRCA2m, PEO1) HGSOC cells. 20% of top 30 

drugs that showed synergistic cytotoxic effects with a CHK1 inhibitor prexasertib (Prex) 

were PI3K/mTOR pathway inhibitors. B, Cell viability was examined using XTT assay. 

Cells were treated with Prex, PI3K/mTOR inhibitor LY3023414 (LY302) or in combination 

at indicated doses for 72 hours. The combination index (CI) quantitatively depicts synergism 

(CI < 1). C, Cells were seeded at low density and treated with Prex (5 nM) and/or LY302 

(200 nM) grown for 7 days in normal serum medium. Colonies were visualized by 0.01% 

(w/v) crystal violet staining. Quantification was performed by ImageJ software with 

ColonyArea plugin. D, Cells were treated with Prex (5 nM) and/or LY302 (200 nM) for 48 

hours. DNA damage was examined by alkaline comet assay. At least 100 cells events in each 

treatment were quantified using CometScore© software. Representative images are shown 

(left) and the mean tail moment which considers both the migration of the genetic material 
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as well as the relative amount of DNA is plotted (right). Scale bar is 50 μm. E, Cells were 

assessed by staining for γH2AX foci (pink) and confocal immunofluorescence imaging. 

Cell nuclei were stained with DAPI (blue). Representative images were taken at x 63 

magnification and scale bar is 10 μm (left). The percentage of cells with ≥ 5 γH2AX foci 

representing cells with DNA damage is plotted (right). F-G, Cell apoptosis effect was 

assessed by caspases 3/7 activity assay (F) and Western blotting of cleaved PARP (c-PARP) 

and GAPDH (G). Densitometric values of c-PARP relative to GAPDH are shown. All data 

are shown as mean ± SD. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Figure 2. Inhibition of PI3K/mTOR pathway increases CHK1 inhibitor-induced chromosome 
breaks and mitotic cell death in HGSOC cells.
A, Cells were treated with prexasertib (Prex, 5 nM) and/or LY3023414 (LY302, 200 nM) for 

48 hours in the presence of 20 μM zVAD pan-caspase inhibitor to exclude apoptosis-driven 

DNA fragmentation. Metaphase spreads were prepared as described in Supplementary 

Methods. A total of 35 metaphases were analyzed from each sample. Representative images 

of metaphase spreads are shown (left). Chromosomal breaks and fusions under each 

condition are plotted (right). Scale bar is 2 μm. B, Cells were treated with Prex (5 nM) 

and/or LY302 (200 nM) for 48 hours. Representative images of cells with micronuclei are 

shown (arrowheads, left). Percentage of cells containing micronuclei are plotted (right). 
Scale bar is 10 μm. At least ten field images were counted (> 100 cells). C, Cells were 

treated with Prex (5 nM) and/or LY302 (200 nM) for 48 hours. The DNA double-stranded 

break marker γH2AX (pink), mitotic marker phosphorylated histone H3 (p-HH3; green) and 

apoptosis marker cleaved caspase 3 (c-casp 3; red) were analyzed by immunofluorescence 

(left). Scale bar is 25 μm. Quantification of triple-positive cells as mitotic catastrophe was 

performed by ImageJ software and plotted (right). All data are shown as mean ± SD. *, p < 

0.05; **, p < 0.01; ***, p < 0.001.
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Figure 3. PI3K/mTOR inhibitor augments CHK1 blockade-induced replication stress compared 
with monotherapy in HGSOC cells.
A, Cells were treated with prexasertib (Prex, 5 nM) and/or LY3023414 (LY302, 200nM) for 

24 hours. Cells were fixed and stained with propidium iodide for cell cycle distribution 

analyzed using flow cytometry. Representative images of cell cycle distribution are shown 

(left). Percentage of cells in different phases is plotted (right). Data are shown as mean ± 

SD. * compared to Prex; *p < 0.05, **p < 0.01. # compared to LY302; ##, p < 0.01; ###, p < 

0.001. B, Cells were treated with Prex (5 nM) and/or LY302 (200 nM) for 1 and 4 hours and 

incubated with BrdU for 1 hour. Cells were fixed and stained with anti-BrdU and anti-

γH2AX using flow cytometry. Representative images are shown (left). Percentage of cells in 

S phase with DNA damage (γH2AX) is plotted (right). C, Levels of γH2AX (red; DNA 

double-stranded break marker) and p-RPA2 (S4/S8) (green; stalled replication forks marker) 

were analyzed by immunofluorescence. Representative images are shown (left) and scale 

bar is 50 μm. The percentage of double-positive cells suggesting replication stress is plotted 
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(right). Data from B and C are shown as mean ± SD. *, p < 0.05; **, p < 0.01; ***, p < 

0.001.
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Figure 4. PI3K/mTOR inhibition enhances CHK1 blockade-induced replication stress by causing 
new origin firings through increased CDC45.
A-B, DNA fiber assays were performed to study alterations in replication fork dynamics, as 

described in Supplementary Methods. Cells were pretreated with prexasertib (Prex, 5 nM), 

LY3023414 (LY302, 200 nM) or in combination for 24 hours and then pulse labeled with 

CldU (green) and IdU (red) for 30 minutes each. Average replication fork speeds (top) and 

representative images of CldU and IdU replication tracks (bottom) in each group are shown 

(A). Relative percentage of cells with IdU only represent newly fired origins compared to 

control group are shown (B). C, Immunofluorescence staining of CDC45 (red) in cells 

treated with Prex (5 nM) and/or LY302 (200 nM) for 48 hours was conducted. Fluorescence 

intensity for CDC45 was quantified for at least 200 cells by using ImageJ and plotted. Scale 

bar is 50 μm. D, Cells were transfected with or without CDC45 siRNA and then treated with 

prexasertib (Prex, 5 nM) and/or LY3023414 (LY302, 200 nM) for 48 hours. Replication 

stress was measured by immunoblotting of γH2AX and p-RPA2 (S4/S8). Densitometric 

values of CDC45, γH2AX and p-RPA2 (S4/S8) relative to GAPDH are shown. E, Cell 
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viability was examined using XTT assay. Cells were treated with Prex, LY302 or in 

combination at indicated doses with CDC45 knockdown for 72 hours. F-G, DNA fiber 

assays were performed to study replication speed (F) and new origin firing (G) in cells with 

CDC45 knockdown and treated with Prex and/or LY302. All data are shown as mean ± SD. 

*, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Figure 5. Combined PI3K/mTOR and CHK1 inhibition mitigates RAD51-mediated HR repair in 
HGSOC cells.
A, Combination of CHK1 and PI3K/mTOR pathway inhibitors attenuated homologous 

recombination (HR) repair activity in a DRGFP reporter assay in both OVCAR8 and PEO1 

cells. GFP-positive cells were analyzed by flow cytometry. B, Cells were treated with 

prexasertib (Prex, 5 nM) and/or LY3023414 (LY302, 200 nM) following the PARP inhibitor 

olaparib (5 μM) treatment for 48 hours. Immunofluorescence staining of RAD51 foci 

(green) was conducted for HR repair activity. Representative images were taken at x 63 

magnification and scale bar is 20 μm (up). Cells with ≥ 5 RAD51 foci were counted as 

RAD51+ cells and the percentage of RAD51+ cells is plotted (bottom). All data are shown 

as mean ± SD. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Figure 6. Dual inhibition of PI3K/mTOR and CHK1 suppresses tumor growth accompanied by 
high levels of replication stress in vivo and CDC45 combined with replication stress markers 
shows potential prognostic impacts in patients with ovarian cancer.
A-B, Combination efficacy of prexasertib (Prex) with LY3023414 (LY302) on tumor growth 

in OVCAR8 HGSOC xenograft tumors. Dosing schedules are described in Methods. Tumor 

volume (A) and body weight (B) are plotted. Scale bar is 1 cm. Data are shown as mean ± 

SEM. ***, p < 0.001. C-D, Tumor tissues from A were collected. C, Representative IHC 

results for CDC45, p-RPA2 (S4/S8) and γH2AX. All images were taken at x 60 

magnification and scale bar is 20 μm (top). Quantification was performed by ImageJ 

software with IHC Profiler plugin as described in Methods. The IHC optical density (OD) 

scores of nuclear CDC45, replication stress marker p-RPA2 (S4/S8) and DSBs marker 

γH2AX are plotted (bottom). Data are shown as mean ± SD. *, p < 0.05; **, p < 0.01; ***, 

p < 0.001. D, Immunoblotting results and densitometric values of p-RPA2 (S4/S8) and 

γH2AX relative to β-actin are shown. E, The boxplots present the expression of CDC45 in 
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serous ovarian cancer tissues and normal ovary tissue were produced by the Gene 

Expression Profiling Interactive Analysis online platform (GEPIA, http://gepia.cancer-

pku.cn). *, p < 0.05. F, The alteration frequency of CDC45 in patients with serous ovarian 

cancer from The Cancer Genome Atlas (TCGA, Firehose Legacy) was determined using 

cBioPortal (http://www.cbioportal.org). The alteration frequency included amplification 

(red), deep deletion (blue), mRNA high (pink), mRNA low (benzo blue) and multiple 

alterations (gray). G, The prognostic value of CDC45 was obtained from Kaplan-Meier 

plotter (KM plotter, http://kmplot.com/analysis/) [ovarian cancer] databases. Ovarian cancer 

patients with high CDC45 levels (n=1,050) and low CDC45 levels (n=385) were divided 

using auto select best cutoff shown on the website (left). Patients with high CDC45 levels 

were further divided into high- and low-expression groups based on the median expression 

of RPA1 (middle) or RPA2 (right) using multiple genes analysis. The PFS of ovarian cancer 

patients during 120-month follow-up was analyzed by KM plotter website, and the hazard 

ratio with 95% confidence intervals and logrank p values were calculated. H, RNA-seq 

datasets were performed using pretreatment biopsy samples from 20 recurrent HGSOC 

patients (5). According to the median expression of CDC45, HGSOC patients were divided 

into high- (n=10) and low-expression (n=10) groups (left). HGSOC patients with high 

CDC45 levels were further divided into high- and low-expression groups of RPA1 (middle) 

or RPA2 (right) based on their median expression levels.
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