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Abstract. Dysfunction of the DNA repair pathway contributes 
to tumorigenesis and drug resistance. Methyl methanesulfo-
nate and ultraviolet sensitive gene clone 81 (MUS81), a key 
endonuclease in DNA repair, is generally considered a tumor 
suppressor; however, recent studies have revealed its tumor-
promoting effect in epithelial ovarian cancer (EOC) and have 
shown that its overexpression is associated with cisplatin 
sensitization. However, the exact functional role of MUS81 
and its regulation in relation to chemotherapy sensitivity 
remains unknown. Our previous study using protein interac-
tion chip revealed that minichromosome maintenance complex 
component 2 (MCM2) is closely correlated with MUS81. This 
study aimed to investigate the biological effects and mecha-
nisms of MUS81 on cellular responses to chemotherapeutic 
drugs. To accomplish this, we downregulated MUS81 and 
MCM2 in A2780 and SKOV3 ovarian cancer cells using 
lentivirus-mediated RNAi. Using a qPCR-based HR assay kit 
to detect HR efficiency. The sensitivity of MUS81 to olaparib 
was investigated by cell proliferation, colony formation 
assays and flow cytometry. The results showed that MUS81 
modulates MCM2 levels as well as homologous recombina-
tion (HR) activity. Moreover, downregulation of MUS81 
increased the sensitivity of EOC cells to olaparib by inducing 
S phase arrest and promoting apoptosis through activation of 
MCM2. MUS81 may be a potential novel therapeutic target 
for EOC.

Introduction

Ovarian cancer is one of the most common malignant tumors 
of the gynecologic system. In particular, epithelial ovarian 
cancer (EOC) is the most common type of ovarian cancer and 
is a serious gynecological disease due to its asymptomatic 
nature, accounting for 50-70% of ovarian cancers (1). Platinum 
and paclitaxel are the most frequently used chemotherapeutic 
agents for treatment of EOC. However, frequent recurrence 
and drug resistance often affect therapeutic outcomes.

Methyl methanesulfonate and ultraviolet sensitive 
gene clone 81 (MUS81), which is critical for the repair of 
DNA double-strand breaks (DSBs), is a highly conserved 
gene across species and encodes a structure-specific DNA 
endonuclease (2,3). DNA DSBs resolve Holliday junctions 
(HJs) by constituting a heterodimer with Eme1/Mms4 and 
maintaining genetic stability (4). HJs are co-regulated by 
the BTR (BLM-topoisomerase IIIa-RMI1-RMI2) complex, 
the SLX-MUS (SLX1-SLX4-MUS81-EME1) complex and 
GEN1 (5). Changes in HJs affect both the activity and DNA 
stability of homologous recombination (HR) in the repair of 
DSBs. Our previous studies demonstrated that downregulation 
of MUS81 inhibits ovarian tumor growth and enhances plat-
inum drug sensitivity both in vivo and in vitro (6). Moreover, 
MUS81-targeting represents a novel approach for promoting 
sensitivity to chemotherapy and has recently attracted signifi-
cant research attention. Studies have reported that embryonic 
stem cells and mice that are deficient in the MUS81 gene are 
significantly more sensitive to mitomycin C (MMC). The 
survival of mice with MUS81+/- and MUS81-/- genotypes was 
significantly lower than that of wild-type mice treated with 
the same dose of MMC (7). Disruption of the MUS81 gene 
increases sensitivity of MMC and cisplatin, returning to 
normal after MUS81 is re-expressed. These results indicate 
that MUS81 plays an essential role in the chemosensitivity 
of human malignancies (8). Although previous studies have 
found that MUS81 is associated with chemotherapeutic drug 
sensitivity in ovarian cancer and potentially inhibits HR 
activity via MUS81 depletion, the role of MUS81 in regulating 
chemosensitivity in ovarian cancer remains unclear.

To overcome the challenge of resistance to chemotherapy 
agents, poly(ADP-ribose) polymerase PARP inhibitors have 
been applied for the treatment of BRCA-mutated ovarian 
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cancer and have resulted in satisfactory treatment 
effects (9,10). Recent studies found that, olaparib, a potent oral 
PARP inhibitor, can be used as a targeted therapeutic drug for 
BRCA-mutated ovarian cancer treatment (11,12). The anti-
tumor effect of olaparib was demonstrated in ovarian cancer 
and was associated with HR deficiency (13). However, the 
role of olaparib in the treatment of BRCA wild-type ovarian 
cancer, potentially via the modulation of pathways to induce 
HR deficiency, has not yet been fully elucidated. In this study, 
the role of MUS81 on the chemosensitivity of olaparib in EOC, 
its underlying molecular mechanisms and its association with 
HR were investigated.

Materials and methods

Cell lines. Human ovarian cancer A2780 and SKOV3 cells 
were purchased from the Chinese Academy of Sciences 
Committee (Shanghai, China). All ovarian cells were cultured 
in RPMI-1640 medium supplemented with 10% fetal bovine 
serum (FBS) and 1% penicillin-streptomycin. Cells were 
incubated at 37˚C in a humidified atmosphere with 5% CO2.

Immunofluorescence. For immunofluorescence studies, 
5x105 cells were seeded in 24-well plates on glass coverslips. 
After the cells adhered, they were washed with PBS and fixed 
with 4% formaldehyde at room temperature. The fixed cell 
slides were washed with PBS, and then methanol and acetone 
were added at a 1:1 ratio, followed by blocking with 1% BSA. 
The cells were then incubated with antibodies against MUS81 
(Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and MCM2 
[Cell Signaling Technology, (CST) Inc., Beverly, MA, USA)] 
overnight at 4˚C. After washing, the cells were labeled with 
Alexa Fluor 488-conjugated secondary antibody (Invitrogen, 
Carlsbad, CA, USA) and examined under a fluorescence 
microscope (SP5; Leica Microsystems, Wetzlar, Germany).

Co-immunoprecipitation. Cultured cells were care-
fully washed twice with 4˚C PBS, and IP lysis buffer 
(Beyotime Biotechnology, Shanghai, China) was added. To 
extract protein, cells were scraped off, and 50% protein A/G 
agarose (Santa Cruz Biotechnology, Inc.) was added to the 
sample solution at a ratio of 1:10. The cells were placed on a 
horizontal shaker for 1 h at 4˚C. Then, the protein A/G-agarose 
beads were discarded and the appropriate amount of primary 
MUS81 antibody was added according to the protein content. 
The antigen-antibody complex was slowly shaken in a rotating 
shaker at 4˚C overnight. The antigen-antibody complexes were 
precipitated with protein A/G-agarose beads, and the superna-
tant was collected for western blotting.

Cells treated with UV and CPT. Cells were seeded in 6-well 
plates at a density of 4x105 cells/well. CPT (20/40/80 nmol/l) 
was added to A2780 and SKOV3 cells, and a well without 
CPT was taken as a control, and the cells were cultured for 
24 h. Cells were collected and lysed for total protein extraction 
using IP lysis buffer (Beyotime Biotechnology). The expres-
sion of MUS81 and MCM2 were verified by western blotting, 
and pH2AX was used as a sign of the repair of double-strand 
breaks. The cells were irradiated with different degrees of 
ultraviolet radiation using a UV cross-linking instrument. The 

irradiation degree was calculated as number x area x 1x106. 
Protein was extracted using the same method and verified with 
western blotting.

Establishment of cell lines with downregulation of MUS81 and 
MCM2. A MUS81 lentivirus expressing a specific RNAi inter-
ference sequence was first designed. The nucleotide sequences 
were cloned into the AgeІ and EcoRІ sites of the pLKO.1-
puro vector (Addgene, Cambridge, MA, USA) to generate 
the pLKO.1-puro-MUS81 (shMUS81-1 and shMUS81-2) and 
pLKO.1-puro-control (shCtrl) (Table I) recombinant vectors. 
Lentiviruses were packaged by transfecting 293T cells with 
the above lentivirus recombinant vectors, the packing plasmid 
psPAX2, and the envelop vector pMD2.G (Addgene) using 
Lipofectamine 2000 transfection reagent (Invitrogen). Culture 
medium containing lentivirus particles was collected after 
48 h. Ovarian cancer cells were transfected with 1x106 IFU/ml 
lentivirus in 8 mg/ml Polybrene (Sigma-Aldrich, St. Louis, 
MO, USA) for 24 h. Stably transduced cells were selected 
using 1 mg/ml puromycin (Sigma-Aldrich) for 7 days, and the 
RNAi knockdown efficiency was detected by western blotting. 
A2780 cells with MCM2 downregulation were established via 
the same method.

Western blotting. Total protein was collected as described 
above. Cell lysates were resolved by SDS-PAGE, and proteins 
were electro-transferred to polyvinylidene fluoride (PVDF) 
membranes (Millipore, USA). The PVDF membranes were 
blotted with 10% non-fat milk (Solarbio, Beijing, China). The 
primary antibodies included MUS81 (1:200 dilution; Santa 
Cruz Biotechnology, Inc.), β-actin (1:3,000 dilution; Abcam, 
Cambridge, MA, USA), pH2AX (1:400 dilution; CST), 
cyclin B (1:3,000 dilution; Abcam), POLE (1:200 dilution; 
Santa Cruz Biotechnology, Inc.), NBS1 (1:3,000 dilution; 
Abcam) and MCM2 (1:1,000 dilution; CST).

Quantitative RT-PCR. Preparation of MUS81 and MCM2 gene 
downregulated cell lines. RNA was isolated from cells using 
TRIzol® reagent (Thermo Fisher Scientific, Shanghai, China) 
and reverse transcribed using a PrimeScript® RT reagent 
kit (Takara, Shiga, Japan) according to the manufacturer's 
protocol. RT-PCR was performed in a 10 µl reaction solution 
containing 10 ng cDNA, 0.1 mmol/l primer (Table I), and 5 ml 
2X SYBR Premix Ex Taq (Takara). PCR amplification was 
performed at 95˚C for 5 min, followed by 40 cycles at 95˚C for 
15 sec, and 65˚C for 40 sec, using a Mastercycler® ep realplex 
(Quantstudio dx, Thermo Fisher Scientific). The abundance 
of MUS81 and MCM2 transcripts was expressed relative to 
β-actin as a control.

Measurement of HR efficiency. HR efficiency was detected 
using a qPCR-based HR assay kit (Norgen BiotekCorp., 
Thorold, ON, Canada). The dl-1 and dl-2 plasmids were 
co-transfected into shCtrl, shMUS81-1 and shMUS81-2 cells, 
and the total cellular DNA was isolated using a Blood & 
Cell Culture DNA Mini kit (Qiagen, Hilden, Germany) after 
48 h. qPCR was performed using a set of universal primers 
and the assay primer. The difference in the number of cycles 
to reach the amplification curve inflection point generated 
using HR-specific primers and the number of cycles to reach 
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the universal primer amplification curve inflection point 
was converted to the difference in DNA content based on a 
standard DNA content curve. This value was set to 1 for the 
control cell populations, and the amount of recombinant HR 
DNA produced in the experimental groups was normalized to 
this value.

Olaparib sensitivity assay. Single-cell suspensions were 
prepared and seeded in 96-well plates (1x104 cells/well). After 
treatment with serial dilutions of olaparib (MCE, Shanghai, 
China) ranging from 2 to 10 µmol/l for 48 h, cell viability 
was assessed using a CCK-8 kit (Dojindo, Kumamoto, Japan). 
Each well was read at a wavelength of 450 nm (Synergy H4; 
Bio-Tek). Cell viability was calculated as follows: Viability of 
cells (%) = (drug group-blank) OD450/(no drug group-blank) 
OD450 x 100%.

Colony formation assay. For the colony formation assay, 
1,000 cells/well were seeded into 6-well plates and incubated 
for 10-14 days until visible clones appeared. The control group 
was cultured in RPMI-1640 medium supplemented with 10% 
FBS and 1% penicillin-streptomycin, and the experimental 
group was treated with 5 µmol/l olaparib. Colonies were 
stained with 0.5% crystal violet. The number of colonies was 
determined using a microscope.

Cell cycle and apoptosis assay. Cells were seeded onto 6-well 
plates at a density of 4x105 cells/well, and then treated with 
olaparib (5 µmol/ml) for 48 h. To examine apoptosis, 1x105 cells 
were collected and washed twice with 4˚C PBS. Then, the cells 
were resuspended in 1X Annexin V binding buffer and stained 
with propidium iodide (PI) and Annexin V according to the 
instructions of the Annexin V-fluorescence apoptosis detection 
kit I (BD Biosciences; Pharmingen, San Diego, CA, USA). For 
cell cycle analysis, transduced cells were harvested, fixed in 
70% alcohol overnight at 4˚C, and then incubated with 500 ml 
of PI (BD Pharmingen™) for 15 min in the dark. Finally, 

apoptosis and the cell cycle were analyzed by flow cytometry 
(BD, Caliburn), and the assays were repeated three times.

Statistical analysis. Data are presented as the mean ± SD 
of three independent experiments, and SPSS 17.0 software 
was used for statistical analyses. The differences between 
groups were examined by analysis of variance (ANOVA) and 
Student's t-tests. P<0.05 was considered to indicate statistical 
significance.

Results

MUS81 interacts with MCM2 to participate in the DNA 
damage repair process. MUS81 induces an important endo-
nuclease effect on the repair of damaged replication forks of 
HJ. MCM2, a pivotal component of MCM2-7 helicase, induces 
helicase activity at the replication fork and regulates the 
formation of DNA double strands with downstream molecules. 
In this study, we found that both MUS81 and MCM2 were 
localized in the nucleus, as shown by immunofluorescence 
assays (Fig. 1A). Our previous data generated using protein 
interaction chips revealed five proteins that bind to MUS81, 
of which MCM2 had the highest correlation. In A2780 cells, 
MUS81 co-existed with MCM2 and POLE in co-immunopre-
cipitation experiments, and therefore, we speculated that the 
interaction between MUS81 and MCM2 is regulated by POLE 
(Fig. 1B). To study the roles of MUS81 and MCM2 in DSB 
repair in vitro, a DNA DSB model was established via physical 
treatment with UV irradiation, and chemical treatment with 
camptothecin (CPT). The results indicated that DNA DSBs 
occurred after 24 h of UV irradiation, at which time MUS81 
and MCM2 were upregulated with increasing degrees of UV 
irradiation-induced damage (Fig. 2A). After 1 h of irradiation, 
nuclear MUS81 and MCM2 were involved in the process of 
repairing gene damage, resulting in no rupture of the DNA 
double strand. CPT treatment can lead to DNA DBSs in cells 
and induce the formation of replication forks, which can be 

Table I. Sequences of primers and targets.

Primers/targets Sequences

MUS81 qRT-PCR forward 5'-CTGAAGCGCTGTGGTCTG-3'
MUS81 qRT-PCR reverse 5'-AGTGTTGGTGACAGCCTG-3'
β-actin qRT-PCR forward 5'-AAGGTGACAGCAGTCGGTT-3'
β-actin qRT-PCR reverse 5'-TGTGTGGACTTGGGAGAGG-3'
MCM2 qRT-PCR forward 5'-AGAGGATCGTGGTACTGCTATGGC-3'
MCM2 qRT-PCR reverse 5'-TTATGGATGGCATAGGGCCTCAGA-3'
shMUS81-1 5'-ACACTGCTGAGCACCATTAAG-3'
shMUS81-2 5'-GCAGCCCTGGTGGATCGATAC-3'
shCtrl/SRC (scrambled sequence) 5'-CCTAAGGTTAAGTCGCCCTCG-3'
 5'-GCTCTTCATACTGAAGCAGTTCT
MCM2-1     CGAGAACTGCTTCAGTATGAAGAGC-3'
 5'-CTATCAGAACTACCAGAGTATCTCG
MCM2-3     AGATACGCTGGTAGTTCTGATAG-3'

Methyl methanesulfonate and ultraviolet sensitive gene clone 81; MCM2, minichromosome maintenance complex component 2.
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assessed by measuring P-H2AX as an indicator of represent 
damage repair. MCM2 and MUS81 expression in A2780 and 
SKOV3 cells dose-dependently increased with CPT treatment 
after 24 h (Fig. 2B), suggesting that both MUS81 and MCM2 
are involved in the formation of replication forks and HR.

HR activity decreases after MUS81 downregulation, and there 
is negative feedback regulation between MUS81 and MCM2. 
A2780 and SKOV3 cells with downregulation of MUS81 
expression were constructed using a lentivirus-mediated 
method, and the regulatory relationship between MUS81 and 
MCM2 at the protein level in ovarian cancer was further inves-
tigated in vitro. Increased expression of MCM2 was found in 
shMUS81-1 and shMUS81-2 ovarian cells compared with 
shCtrl cells according to western blotting, and MUS81 played 
a negative role in the regulation of MCM2. Consistent results 
were observed at the RNA level by RT-PCR (Fig. 3A). To 

further define the regulatory relationship between MUS81 and 
MCM2, we constructed MCM2-downregulated A2780 cell 
lines and found that MUS81 levels decreased following the 
downregulation of MCM2 (Fig. 3B). In accordance with these 
results, we hypothesized that MCM2, as a molecule upstream 
of MUS81, is involved in regulating MUS81 expression 
levels and that MUS81 expression exerts negative feedback 
regulation on MCM2. STRING database results revealed 
that POLE may regulate the interaction between MUS81 and 
MCM2 (Fig. 3C). As the main factor of HJ decomposition and 
involved in HR, the association of MUS81 with HR activity 
was further investigated. A significant reduction in the HR 
efficiency of shMUS81 cells compared with shCtrl cells was 
observed via qPCR using an HR assay kit (P<0.05) (Fig. 3D). 
These results suggested that MUS81 and MCM2 are involved 
in HR of DSBs. The suspension of HJ formation and dissocia-
tion of the replication fork may be inhibited by the activation of 

Figure 1. MUS81 and MCM2 co-expression and interaction in the nucleus. (A) Confocal microscopy revealed co-localization of MUS81 and MCM2 protein in 
A2780 cells. (B) Cell lysates were denatured and then immunoprecipitated with MUS81 or MCM2 antibodies. Both forward and reverse immunoprecipitation 
showed that MUS81 bound to MCM2.
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Figure 2. DNA double strand break damage and repair model. (A and B) Different degrees of DNA damage caused by UV irradiation and various concentra-
tions of CPT, and western blot assays of MUS81 and MCM2 expression levels in A2780 and SKOV3 cells. P-H2AX was used as an indicator of DSBs.

Figure 3. MUS81 regulates MCM2 via negative feedback and reduces HR activity. (A) Lentivirus-mediated RNAi constructs were used to generate the 
MUS81-downregulated A2780 and SKOV3 cell lines, and increased expression of MCM2 was revealed by western blotting and RT-PCR. (B) The MCM2 
downregulated A2780 cell line was constructed using the same method and analyzed by western blotting and RT-PCR. (*P<0.05, **P<0.01). (C) MUS81 and 
MCM2 exhibited a negative regulatory relationship. (D) Among A2780 ovarian cancer cells lines, the HR efficiency of shMUS81-1 cells was significantly 
lower than that of shCtrl cells. (P<0.05).
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MCM2 helicase function through downregulation of MUS81 
and subsequent inhibition of HR activity.

Downregulation of MUS81 induces HR deficiency that 
promotes olaplarib-mediated inhibition of ovarian cancer 
cell growth. We found that olaparib acts on BRCA wild-type 
ovarian tumor cells with HR pathway defects and increases 
sensitivity to PARP inhibitors. No BRCA gene mutation was 
found in A2780 and SKOV3 cell lines in the COSMIC data-
base. In MUS81-downregulated ovarian cancer cells, olaparib 
dose-dependently inhibited cell growth and significantly 
increased drug sensitivity in shMUS81-1 and shMUS81-2 cells 
compared to shCtrl cells (Fig. 4A). Furthermore, we performed 
colony formation assays and found significantly fewer stably 
transduced shMUS81-1/shMUS81-2 colonies than shCtrl cell 
colonies after treatment with olaparib (P<0.05) (Fig. 4B). 
These results indicate an impairment of the repair process 

in ovarian cancer cells resulting from HR deficiency medi-
ated DSBs produced by the inhibition of MUS81 in BRCA 
wild-type cells.

Increased MCM2 expression resulting from MUS81 downreg-
ulation enhances drug sensitivity to olaparib. To investigate 
the mechanism of MUS81 activity on enhancing drug sensi-
tivity to olaparib through the negative regulation of MCM2, 
flow cytometry was implied for cell cycle and apoptosis 
analysis. According to western blotting, 5 µmol/l olaparib 
inhibited MUS81 expression in shCtrl and shMUS81 ovarian 
cancer cells. The expression of MCM2 in shMUS81 cells 
significantly increased compared with shCtrl cells (Fig. 5A). 
Cell cycle analysis demonstrated that PARP inhibitor treat-
ment of the stably transfected shMUS81 SKOV3 and A2780 
cells induced significant S phase arrest, and the percentage 
of G0/G1 phase cells significantly decreased (Fig. 5B). 

Figure 4. (A) Olaparib inhibits the growth of MUS81-downregulated cells. The IC50 values for olaparib in shMUS81-1 cells (A2780 IC50, 4.56 µmol/l; SKOV3 
IC50, 5.63 µmol/l) and shMUS81-2 cells (A2780 IC50, 4.79 µmol/l; SKOV3 IC50, 5.68 µmol/l) were significantly lower than those in shCtrl cells (A2780 
IC50, 6.74 µmol/l; SKOV3 IC50, 10.2 µmol/l) as assessed by CCK-8 assays. The data are presented as the mean ± SD. (B) Downregulation of MUS81 increases 
drug sensitivity to olaparib. Olaparib treated SKOV3 and A2780 cells were assessed by colony formation assays. shMUS81-1 and shMUS81-2 cells were 
compared to shCtrl cells, and the data are presented as the mean ± SD of three independent experiments. **P<0.01, ***P<0.001.
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Apoptosis assay also showed that olaparib treatment signifi-
cantly increased apoptosis of shMUS81 A2780 and SKOV3 
cells (Fig. 6). These results suggested that inhibition of 
MUS81 activates MCM2 expression and arrests cells in the 

S phase. Consistent with previous studies, MCM2 is involved 
in promoting apoptosis. We confirmed that downregulation 
of MUS81 can enhance the sensitivity of BRCA wild-type 
ovarian cancer cells to olaparib.

Figure 5. (A) The effect of olaparib on protein expression. Western blot assays of MUS81 and MCM2 expression levels in A2780 and SKOV3 cells after treat-
ment with 5 µmol/l olaparib compared with a blank control. β-actin was used as the loading control. The bars (fold change) represent the relative expression of 
target protein to β-actin. (B) The effect of olaparib on cell cycle distribution. shCtrl and shMUS81 cells were exposed to 8 µmol/l olaparib for 48 h. A2780 and 
SKOV3 cell cycle were analyzed by flow cytometry, and the data are presented as the mean ± SD of three independent experiments.
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Figure 6. The effect of olaparib on cell cycle apoptosis. shCtrl and shMUS81 cells were exposed to 8 µmol/l olaparib for 48 h. A2780 and SKOV3 cell apoptosis 
were analyzed by flow cytometry, and the data are presented as the mean ± SD of three independent experiments.

Figure 7. DNA replication and homologous recombination synergistically maintain genomic stability. Reference KEGG pathway.
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Discussion

Eukaryotic cells rely on accurate DNA replication and 
recombination to maintain genomic stability. HR and DNA 
replication mechanisms are required to coordinate activity 
at DNA DSBs and stalled replication forks (Fig. 7). Genomic 
instability resulting from either the loss or rearrangement 
of genetic material is closely related to the development of 
various human diseases, such as colorectal cancer and ovarian 
cancer (14,15). DNA DSBs, which primarily result from the 
collapse of replication forks (16,17), are often repaired through 
HR. The activity of HR machinery is closely related to the 
degree of injury repair. HR may lead to the formation of a 
DNA structure called Holliday junctions (HJs), which must 
be resolved for chromosome segregation. The first nuclear 
enzyme identified in both fission yeast and in human cells 
to possess a resolvase activity was MUS81, which exists as 
the MUS81-Eme1 complex. MUS81 is the catalytic subunit 
of a structural-specific endonuclease that has a preference 
for cleaving branched DNA substrates, including structures 
that are replication and recombination intermediates such as 
3'flaps, ‘Y’-shaped structures, D-loops and ‘X’-shaped struc-
tures (HJs and HJ incisions) (18,19). MUS81 also regulates the 
rate of DNA replication during normal cell growth by facili-
tating replication fork progression and reducing the frequency 
of replication initiation events. In the absence of MUS81 
endonuclease activity, the rate of DNA synthesis declines, and 
the frequency of replication initiation events increases (20). 
The key step of the selection of the initiation replication site 
is the binding of the MCM helicase complex, which triggers 
replication (21). MCM2, as the regulatory protein of the repli-
cation initiation site, is an important component of MCM2-7 
and plays an important role in the formation and decomposi-
tion of the replication fork (22,23). Higher-order eukaryotes 
depend on high fidelity DNA replication and recombination 
mechanisms to maintain genomic stability. The dynamics of 
replisome components during fork collapse and restart are 
poorly understood. The repair of severe lesions in DNA, such as 
DSBs or stalled replication forks, requires coordinated activi-
ties of HR and DNA replication machineries (24). Growing 
evidence has also indicated that so-called ‘accessory proteins’ 
in two systems, such as helper protein RAD52, BRCA, and 
DNA replication proteins MCM2-7 and RAD54, are necessary 
for the effective coupling of recombination to replication that 
is essential for restoring genomic integrity after severe DNA 
damage (25). We discovered that both MUS81 and MCM2 
act on the replication fork during HR, which in turn, acti-
vates MCM2 helicase when MUS81 endonuclease activity is 
blocked, leading to an unstable replication fork that dissociates 
from the DNA strand and inhibits the reformation of the DNA 
double strand.

HR is an important pathway contributing to DNA repair 
and HR defects are found in many cancers, such as ovarian 
cancer and hereditary breast cancer (26). Tumor cells with HR 
repair defects are sensitive to chemotherapeutic agents (cispl-
atin, carboplatin, etc.) (27,28). Recent studies have indicated 
that HR-defective tumors are also exquisitely sensitive to novel 
agents, such as PARP inhibitors (29,30). PARP inhibitors have 
been identified as a new class of drugs for the treatment of 
ovarian cancer, and they induce significant effects in ovarian 

tumors with BRCA mutations. Olaparib is a recently discov-
ered targeting drug for the treatment of ovarian cancer and 
exerts favorable effects against EOC with BRCA mutations. 
PARP inhibitors have good sensitivity for HR-deficient BRCA 
mutants in ovarian cancer and showed significant therapeutic 
effects in the treatment of recurrent EOC in phase I clinical 
trials (10). We found that the inhibitory effect of olaparib was 
enhanced in BRCA wild-type ovarian cancer cells and after 
downregulation of MUS81 DSBs. In BRCA wild-type ovarian 
cancer cells, DSBs were caused by DNA accumulation due 
to the inhibition of PARPs. The BRCA gene is involved in 
the HR pathway, but downregulation of MUS81 can inhibit 
the activity of endonucleases, reducing the efficiency of HR, 
and thus, they cannot complete DSB repair or inhibit tumor 
cell growth. Consequently, cell cycle and apoptosis assays 
revealed that olaparib affected cell cycle arrest in the S phase 
and increased cell apoptosis in MUS81+/BRCA-ovarian cancer 
cells.

We further found that downregulation of MUS81 improved 
the chemical sensitivity to olaparib. Treatment of cells with 
olaparib increases MCM2 expression, and activation of 
MCM2 is involved in regulation of the cell cycle and apop-
tosis. HR is required to use the homologous sequence of the 
intact sister chromatid as a template for its repair. Therefore, 
the repair process of HR is generally limited from the S to 
the G2 phase of the cell cycle. MCM2, as a cyclin-dependent 
protein, is present in the G1 phase in the form of the MCM2-7 
complex in a dormant state (31). During S phase, many factors 
are activated by binding to the MCM2-7 helicase or are chemi-
cally modified to activate the replication site (32). Helicase 
activation depends on the replisome component of Cdc45 (33), 
in addition to MCM2-7 and concomitant GINS assembly 
(together with the formation of CMG) (34). Activation of 
MCM2-7 with Cdc45 and GINS (CMG) is involved in the 
helicase, but inactivation of endonuclease activity results from 
the downregulation of MUS81, which is unable to form a 
3'-single-stranded end. The stalled replication fork is unable 
to form HJs and separate from the replication fork, causing 
the cell to arrest in the S phase. Furthermore, increasing 
MCM2 induces marked increases in Cdc45. Previous studies 
have shown that overexpression of Cdc45 in cells promotes 
cell apoptosis (35). Overexpression of Cdc45 significantly 
reduced the rate of replication fork extension by two-fold, and 
the replication fork was significantly asymmetric and arrested 
in the S phase. In addition, increased Cdc45 leads to depletion 
of the single-stranded binding protein RPA and accumulation 
of single-stranded DNA. Single-stranded DNA accumulation 
is a marker of replication disaster, which results in decreases 
in the ATR/Chk1 pathway response, followed by activation 
of ATM/Chk2 via a replication fork break, which activates 
pH2AX expression and promotes cell apoptosis (36).

We propose for the first time that MUS81 and MCM2 play 
important roles in the regulation of HR and clarify the dynamic 
effect between stalled replication forks and DNA replication 
during HR in DSB repair. Furthermore, the mechanisms of 
MCM2 activation in the regulation of DNA damage repair and 
DNA replication remain to be further explored.

In this study, the roles of MUS81 in the regulation of DNA 
damage repair in EOC and its potent effects on HR, the cell 
cycle and apoptosis via MCM2 activation were observed 
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in vitro. These results suggest that MUS81 may be a new target 
of olaparib for the treatment of EOC, as it potently improved 
the sensitivity of BRCA wild-type EOC to PARP inhibitors, 
and that MUS81 can be used in new therapeutic approaches for 
future ovarian cancer treatment.
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