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AbstrAct
Ovarian cancer is one of the most common cancers among women, accounting 

for more deaths than any other gynecological diseases. However, the survival rate 
for ovarian cancer has not essentially improved over the past thirty years. Thus, 
to understand the molecular mechanism of ovarian tumorigenesis is important for 
optimizing the early diagnosis and treating this disease. In this study, we observed 
obvious DNA lesions, especially DNA double strand breaks (DSBs) accompanying cell 
cycle checkpoint activation, in the human epithelial ovarian cancer samples, which 
could be due to the impaired DNA response machinery. Following this line, we found 
that these DNA damage response-deficient primary cancer cells were hypersensitive 
to DNA damage and lost their ability to repair the DNA breaks, leading to genomic 
instability. Of note, three key DNA damage response factors, RNF8, Ku70, and FEN1 
exhibited dramatically decreased expression level, implying the dysfunctional DNA 
repair pathways. Re-expression of wild type RNF8, Ku70, or FEN1 in these cells 
restored the DNA lesions and also partially rescued the cells from death. Our current 
study therefore proposes that accumulated DNA lesions might be a potential driver 
of ovarian cancer and the impaired DNA damage responders could be the targets for 
clinical treatment.

INtrODUctION

Ovarian cancer is the major cause of death in the 
gynecological cancers and among the most common 
malignancies for women. The estimated annual incidence 
of ovarian cancer is more than 200,000 in the world. And 
this number is much increased in developing countries 
[1]. Approximately seventy percent of ovarian cancer 
patients are diagnosed at their advanced stage with wide 
metastasis within the peritoneal cavity, and only a small 
number of them can be expected to survive five years 
[2, 3]. Due to the absence of specific signs, ovarian cancer 
shares many symptoms with common gastrointestinal, 

genitourinary and gynecological conditions, that blocks 
the early diagnosis of this disease [4]. But if diagnosed 
at the early stage, around ninety percent of patients can 
be cured by the current clinical approaches [5]. Thus, 
developing effective screening could not only advance the 
early diagnosis, but also provide potential targets for the 
therapy.

The most lethal ovarian cancer is epithelial ovarian 
cancer (EOC), which accounts for ninety percent of all 
ovarian cancers [6]. Scientists have given much effort 
towards deciphering the etiologic factors of ovarian cancer 
such as early age at menarche, delayed menopause, genetic 
alteration, use of estrogen and hormone replacement 
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therapy [7–10]. However, the survival rate for this disease 
has not essentially changed during the last thirty years. 
Previous studies have revealed various biomarkers for 
the diagnosis of EOC which shows clinical significance 
[11–14]. But the mechanical information has not yet been 
translated into clinical treatment. Thus, research focusing 
on the molecular changes underlying ovarian cancer needs 
to be conducted to identify crucial factors of signaling 
ways responsible for the initiation and progression of this 
gynecological malignancy.

Accumulative evidence has demonstrated that DNA 
damage in our body could be the culprit for tumorigenesis 
[15–17]. It has been known that every cell encounters 
up to 106 DNA lesions per day, which can be induced 
by exogenous physical agents, spontaneous chemical 
reactions, and products of endogenous metabolism [18]. 
Most of the damages could be sensed and fixed timely by 
diverse pathways of DNA repair such as base excision 
repair (BER), homologous recombination (HR), as well as 
non-homologous end joining (NHEJ) in the DNA damage 
response system [19–21]. If these lesions are not repaired, 
however, they could be a potential risk for the local tissue. 
Among the DNA damages, DNA double strand breaks 
(DSBs) are the most deleterious lesion since no intact 
complementary strand is left as a template for the repair. 
Failure of DSBs repair results in genomic instability, and 
consequently tumorigenesis [22, 23]. Thus, the well-
running machinery of the DNA damage response system 
is the guard against genomic insult and tumorigenesis. 

In this study, we observed obvious DNA lesions 
especially DSBs accompanying cell cycle checkpoint 
activation, in the human epithelial ovarian cancer samples 
which could be resulted from the impaired DNA response 
machinery. Given these results, we found that these DNA 
damage response-deficient primary cancer cells were 
hypersensitive to DNA damage and had little ability 
to repair the DNA breaks. Importantly, three key DNA 
damage responders, RNF8, Ku70, and FEN1 showed 
dramatically decreased expression level, implying the 
dysfunction of DNA repair pathways. Re-expressing 
wild type RNF8, Ku70, or FEN1 in these primary cancer 
cells restored the DNA breaks and partially rescued the 
cells from DNA damage-induced death. Here, our work 
proposes that accumulated DNA lesions may be an 
original source of ovarian cancer and the impaired DNA 
damage responders could be screened as markers for early 
diagnosis and therapy targets. 

rEsULts AND DIscUssION

Massive DNA damages are present in human 
ovarian cancer tissue

To study the tumorigenesis of ovarian cancer, we 
harvested the fresh ovarian tissues from our hospital. Ten 
ovarian cancer samples were randomly selected from 38 

cases of ovarian cancer patients. These cases included six 
females diagnosed with serous ovarian cancer (T1- T6) 
and four females with clear cell ovarian cancer (T7-T10) 
(Table 1). Their average age was 51 years and all the 
patients showed representative clinical symptoms, such as 
persistent pelvic/abdominal pain and increased abdominal 
size. Eight patients had lymph node metastasis, and four 
had peritoneal metastasis. Representative morphologies of 
normal epithelium were shown in the para-tumor controls 
by hematoxylin and eosin (H&E) staining in Figure 1A. 
For the samples from the serous ovarian cancer patients, 
papillary formations were complex and multilayered 
with the nests or undifferentiated sheets of malignant 
cells invading the axial fibrous tissue. Some areas of 
the tissues exhibited deep blue stained hyperchromatic 
nuclei enlarged with pleomorphic change (Figure 1B). In 
the samples from clear cell ovarian cancer patients, cells 
with clear cytoplasm that contained glycogen invaded the 
axial fibrous tissue (Figure 1C). Figure 1D–1F exhibited 
the enlarged pictures for Figure 1A–1C. Moreover, the 
primary cells from the tumor and para-tumor control were 
harvested, and their growth rate was examined by MTT 
assay. As expected, most of the tumor cells (6 out of 8 
texted samples) gave higher proliferation than the controls 
(Supplementary Figure S1A). 

To examine the relationship between DNA 
damage and ovarian tumorigenesis, we first detected the 
occurrence of DNA damages in these ovarian samples. 
It is well known that H2AX, the variant of canonical 
histone H2A, plays a critical role in signal spreading of 
the DNA damage, and phosphorylated H2AX (γH2AX) 
is required for the stabilization of various DNA damage 
response factors at DNA damage sites [24, 25]. Thus, 
γH2AX is usually employed for the surrogate marker of 
DSBs presence [26–28]. Immunohistochemistry of these 
samples was performed with the γH2AX antibody. Of note, 
obviously positive signals were found in all of the ovarian 
cancer samples, while little positive staining was detected 
in the para-tumor controls (Figure 1G–1I). These results 
were verified by Western Blot of γH2AX (Figure 1J). 
To further confirm the presence of DNA damages, we 
isolated the primary cells from the fresh samples followed 
by the neutral comet assay to examine DSBs. As seen in 
Figure 1K and 1L, cells with long comet tails were detected 
among the cells from the tumor samples rather than from 
the controls, indicating that DNA damages occurred in 
these ovarian cancer tissues. Besides, DNA single strand 
breaks (SSBs) were tested in these samples by staining 
8-oxoguanine DNA glycosylase (OGG1), the core member 
of base-excision repair (BER) for SSBs repair [21]. As seen 
in Supplementary Figure S1B, SSBs occurred in some of 
the tested samples (5/9) with different intensities of OGG1 
staining in the nuclei. And these SSBs were accompanied 
with the activation of ATR (Supplementary Figure S1C). 
Thus, these data reveal a close relationship between DNA 
damage and ovarian tumorigenesis.   
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table 1: characteristics of the patients and tumors
NO. Age tumor size (cm) Grade Lymph node metastasis Peritoneal metastasis
T1 45 5.0 × 4.2 serous/low-IV + +
T2 41 7.8 × 5.5 serous/high-IIIb + +
T3 53 4.7 × 3.9 serous/high-IIb + –
T4 63 5.2 × 4.0 serous/low-III + –
T5 48 4.8 × 4.8 serous/low-II – –
T6 61 3.7 × 4.2 serous/high-IIb + +
T7 50 5.2 × 4.8 clear cell/IIb – –
T8 49 4.6 × 4.3 clear cell/IIIa + –
T9 53 5.8 × 4.3 clear cell/IIb + +
T10 47 5.2 × 3.9 clear cell/IIb + –

Figure 1: DNA damage occurs in human ovarian cancer. (A–c) H&E staining shows the histomorphology of normal ovarian 
tissue (A), serous ovarian cancer tissue (B), and clear cell ovarian cancer tissue (C). (D–F) Exhibited higher magnification for A-C, 
respectively. (G–I) Immunohistochemistry of γH2AX in the normal (G), serous ovarian cancer (H), and clear cell ovarian cancer tissues 
(I). The below insets showed the higher magnification for H and I, respectively. Representative carcinomatous regions were indicated by 
arrowheads. Scale bars, 100 µm. (J) γH2AX was detected by Western Blot in para-tumor control, serous ovarian cancer, and clear cell 
ovarian cancer tissues. H2AX was used as the loading control. (K–L) DSBs in primary cells from para-tumor and ovarian cancer tissues 
are examined by neutral comet assay and measured by tail moment. Tumor(S) indicates the serous ovarian cancer tissue, and Tumor(C) 
indicates the clear cell ovarian cancer tissue. 
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DNA damage response and cell cycle checkpoint 
are activated in human ovarian cancer tissue

To encounter DNA damages, cells evolve DNA 
damage response system to protect the integrity of the 
genome by activating cell cycle checkpoint, initiate the 
DNA repair program, or promote the cells to apoptosis 
[15, 29, 30]. In the DNA damage response system, ataxia-
telangiectasia mutated (ATM) and DNA-dependent 
protein kinase (DNA-PK) are known to be the earliest 
sensors of DNA lesions and are rapidly activated for 
the launch of DNA damage response [25, 31, 32]. Thus, 
we investigated whether the ATM and DNA-PK were 
activated in these samples. Importantly, all cancer samples 
showed the active ATM (phosphorylated ATM) and active 
DNA- PK (phosphorylated DNA-PK catalytic subunit, 
pDNA- PKcs), even though the activated strengths among 
these tissues were not strictly equal. However, little active 
ATM and DNA-PK were detected in the para-tumor 
controls (Figure 2A and 2B). Since higher level of pATM 
may trigger apoptosis, we also examined the apoptosis 
signal in these tissues. As expected, some regions of four 
samples (4 out of 10) showed obvious cleaved caspase 
3 staining (Supplementary Figure S2). It is not surprising 
that some regions of tested samples undergo apoptosis. 
ATM is one of the earliest sensors upon DNA damage. 
Active ATM triggers cell cycle activation which allows 
DNA repair machinery to have enough time to repair DNA 
lesions. If the DNA damage is too heavy to be repaired, 
cells launch apoptosis signals [33, 34]. So the active 
ATM could result in different fates for cells, including at 
least survival and apoptosis. It is well known that ATM 
and DNA-PK are the key sensors of DNA double-strand 
breaks (DSBs) in HR and NHEJ, respectively [25, 31], 
these results therefore indicate that DSBs are closely 
related with ovarian cancer. Compared with other DNA 
lesions, DSBs are more lethal to our body because both of 
the DNA strands are impaired and thus no intact template 
is left for  replication during the repair, which leads to 
chromosomal breakage and rearrangement, and finally 
genomic instability [22, 35]. Also, an increasing number 
of studies show evidence that deficiencies in DSBs repair 
are fundamental to the etiology of most, if not all, human 
cancers [23, 36, 37]. We thus assume that DNA damage 
may be an essentially potential driver of human ovarian 
cancer.

It has been shown that the active ATM and DNA-
PK phosphorylate the downstream substrates checkpoint 
kinase 1 (Chk1) and checkpoint kinase 2 (Chk2) [31, 38], 
which inactivate the CDC25 family of dual-specificity 
phosphatases and stop the cell cycle [38–40]. Thus, we 
tested the active status of both Chk1 and Chk2 in the 
ovarian tissues by using their phosphorylation antibodies. 
Little active Chk1 or Chk2 was found in the control 
samples. However, these kinases were obviously activated 
in the tumors (Figure 2C and 2D), indicating that in the 

tumor cells, due to the persistent DNA damage, the cell 
cycle checkpoint was over-activated. In particular, the 
G2/M checkpoint is only a quite transient cell cycle 
arrest at the G2/M boundary which occurs immediately 
following DNA damage [41]. Thus, the persistent arresting 
at the G2/M transition induced by the over-activated Chk 
may result in the mitotic exit and genomic instability 
[25, 42–44], and this could be the driver of ovarian 
tumorigenesis. Further study aiming for the accurate 
cell cycle investigation of the primary cancer cell in situ 
derived from the tumor tissue would provide more insight 
on the precision medicine for ovarian tumorigenesis.

Primary cells from human ovarian cancer tissue 
are hypersensitive to DNA damage

Since massive DNA damages were found in the 
ovarian cancer tissue, we assumed that the DNA repair 
system in these cancerous cells was impaired. Thus, 
we harvested the primary cells from the fresh ovarian 
specimens and examined the DNA repair ability. The 
primary cells were cultured in vitro and treated with or 
without ionizing radiation (IR). Notably, 89.8%–96.8% of 
the tumor cells went to death within one week after the IR 
exposure (for T04 tumor sample, we did not have enough 
primary cells for the assay, and thus omitted this group in 
this part), while most cells from the controls survived from 
the treatment (Figure 3A). 

If DSBs are accumulated in the genome without 
timely repair, they could result in chromosome breaks. 
Thus, after 72 hours of the recovery from IR exposure, 
we tested the chromosome status of the primary cells by 
mitotic spreads. As expected, most of the cells in control 
tissue exhibited normal chromosome pattern with 46 
chromosomes. However, cells from the tumor sample 
showed broken chromosomes, accompanied with obvious 
aneuploidy (Figure 3B and 3C). When we prolonged the 
recovery time to 108 and 144 hours, the chromosome 
breaks and aneuploidy could be still detected (Figure 3C). 
These data suggested that the DNA repair ability in these 
cancer cells was impaired, and thus the IR-induced DSBs 
were not fixed. 

the expression of DNA damage response factors 
are disturbed in human ovarian cancer tissue 

Since DNA repair system was deficient in the 
ovarian cancer tissues, we hypothesized that factor(s) 
for DNA damage response may be impaired. The 
expressions of key factors of DNA damage response 
were tested by quantitative reverse transcription PCR 
(qRT-PCR). Here we selected nineteen candidates of the 
repair factors including BRCA1, RPA1, RNF8, RAD50, 
RAD51, MRE11, Ku70, Ku80, PARP1, 53BP1, PNKP, 
OGG1, FEN1, DDB1, REV1, NBS1, Ligase3, FANCA, 
and RNF168 (Figure 4A). These factors are proposed to 
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Figure 2: Activated DNA damage response and cell cycle checkpoint in human ovarian cancer. (A, b) Phosphorylation 
status of ATM and DNA-PK was tested by Western Blot in para-tumor and tumor ovarian tissues. Total ATM and DNA-PK were used for 
the loading controls, respectively. (c, D) Phosphorylation status of Chk1 and Chk2 was tested by Western Blot in para-tumor and tumor 
ovarian tissues. Total Chk1 and Chk2 were used for the loading controls, respectively. 

Figure 3: cells from ovarian cancer tissue are hypersensitive to DNA damage. (A) Primary cells from control and cancer 
tissues were treated by low dose of IR followed by the living cell counting. More than 89% of cancer cells died within 7 days, significantly 
higher than that in control group. The error bars represent the standard deviation. (b, c) Primary cells from control and cancer tissues were 
treated by low dose of IR followed by mitotic spreads. Most of the cancer cells showed aneuploidy and broken chromosomes after 3, 4.5, 
and 6 days recovery from the IR.



Oncotarget49715www.impactjournals.com/oncotarget

function mainly, but not limited to, in HR, NHEJ, BER, 
nucleotide excision repair (NER), and fanconi anemia 
(FA) [17, 19, 20, 23, 33, 45–48]. The primers used for 
the quantification were listed in Supplementary Table S1. 
Notably, we found that the expressions of RNF8, Ku70, 
and FEN1 were significantly decreased in three tumor 
samples (T2, T5, and T9), respectively (Figure 4B). 

To confirm the qRT-PCR results, we examined 
the protein levels of these three candidates in the 
tumor samples. As expected, the T2, T5 and T9 tissues 
showed lower protein level of RNF8, Ku70, and FEN1, 
respectively, correlated to their mRNA expression 
levels (Figure 4C). Since Ku70 and Ku80 form a stable 
heterodimeric complex in vivo [49, 50], it is expected that 
Ku80 would be reduced if Ku70 is down-regulated. No 
significant difference of Ku80 mRNA was found between 
the para-tumor and tumor tissues. However, the protein 
level exhibited a decrease, suggesting that loss of Ku70 
led to an unstable status of the functional partner Ku80. 
It is no surprising that not all the tumor samples showed 
the dramatic expression change of the tested DNA repair 
factors. In the DNA damage response system, besides the 
nineteen candidates we selected, numerous other factors 
also participate in the repair progress such as Ligase4, 
CtIP, PALB2, XLF, PCNA, APTX, and other members in 
the RAD family [34, 51, 52]. Moreover, many pathways 
are regulated by post-transcriptional modification such 
as phosphorylation, acetylation, ubiquitination, as well 
as ADP-ribosylation [26, 53, 54]. Thus, the abnormal 
expression of RNF8, Ku70, and FEN1 may only show 
a fraction of impaired DNA damage factors. More 
detailed investigation focusing on the post-transcriptional 
modification, mutations screening, and structure biology 
will provide mechanistic insights on the dysregulation 
of DNA damage response. Although the expression 
deficiency of DNA repair factors is different among 
tumors, the resulting outcome is similar, that is, the DNA 
repair ability in each sample was impaired. Thus, these 
unrepaired DNA lesions could eventually lead to genomic 
instability [15, 22, 29]. Also, the most deleterious DNA 
damage, DSBs, could be generated directly and indirectly. 
For instance, Ku70 deficiency results in the failure of 
DSBs repair [52], while FEN1 dysfunction leads to SSBs 
[55]. Accumulated SSB lesions will be duplicated during 
DNA replication, which converts into DSBs. Alternatively, 
if two SSBs during BER in the complement strands locate 
close to each other, DSBs may also occur naturally [17]. 

Recently, PARP inhibitor is emerging as the 
promising chemotherapy drug against breast and ovarian 
cancers [56–59], and cells with repair deficiency for DSBs 
are hypersensitive to this compound [60, 61]. Thus, we 
investigated the chemotherapy effect of PARP inhibitor 
on the RNF8, Ku70, and FEN1 deficient primary cancer 
cells. As expected, both RNF8 and Ku70 deficient cancer 
cells were hypersensitive to PJ34 and olaparib, the two 
widely used PARP inhibitors [27, 59]. However, the 

chemotherapy efficiency on FEN1 deficient cells was 
weaker than those on RNF8 and Ku70 deficient cells 
(Figure 4D). Previous study reported that cells losing 
DSBs repair ability are more dependent on PARP for their 
survival since PARP functions mainly on BER pathway 
[56]. As FEN1 mainly functions in BER [45, 55], PARP 
inhibitor could not further hit these FEN1 deficient cells. 

re-expression of DNA damage response factors 
decreases DNA damage in ovarian cancer cells   

Since RNF8, Ku70, and FEN1 showed the low 
expression level in the tumor tissues (T2,  T5, and T9) with 
DNA damage, we proposed that the DNA damage might 
be resulted from these impaired DNA repair machineries. 
Human wild type RNF8, Ku70, and FEN1 were subcloned 
into the Flag-tagged plasmid. Primary cells from the tumor 
samples were harvested and cultured, followed by the 
re-expression of the wild type RNF8, Ku70, and FEN1, 
respectively (Figure 5A–5C). Cells were then treated with 
IR and cell death was recorded, comparing between the 
mock and re-expressed groups. As seen in Figure 5D, 
only 6.9% of the RNF8 deficient cells (T2), 3.9% of 
the Ku70 deficient cells (T5), and 9.5% of the FEN1 
deficient cells survived seven days after the IR assault. 
Interestingly, 44.6%, 37.1%, and 59% cells were restored 
by the wild type RNF8, Ku70, and FEN1, respectively. We 
further tested the DNA damage by immunofluorescence 
of γH2AX or OGG1 in the cells. As expected, persistent 
γH2AX foci were observed in the cells from T2, T5, and 
T9 tumor tissues, and OOG1 foci were observed in the 
cells from T9 sample. However, both the foci number and 
intensity were decreased in the wild type RNF8, Ku70, 
and FEN1 re-expressed cells (Figure 5E–5H), indicating 
that regain of normal DNA repair machinery could , at 
least partially, rescue the IR-induced DNA damage. 

Remarkably, an increasing body of evidence has 
shown the close relationship between DNA damage 
and tumorigenesis [16, 62, 63]. Recent study found that 
down-regulation of RAD51 by microRNA augmented the 
chemotherapy response in the treatment of serous ovarian 
cancer [64]. Similarly, decreasing the expression of RNF8 
by microRNA resulted in the impaired DNA repair and 
induced chromosomal instability in ovarian cancer cells 
[65]. Also, the expression of numerous DNA repair genes 
was evidenced to be misregulated in ovarian carcinoma 
caused by the mutation of CDK12, and the CDK12 
mutation is one of the major recurrent somatic mutations 
in high-grade serous ovarian carcinoma [66]. Each cell 
in our body encounters nearly 106 DNA damages per day 
and these genomic assaults come from the endogenous 
metabolism and exogenous physical agents [17, 18]. Most 
of these lesions can be sensed and fixed by DNA damage 
response system. Thus, in this DNA damage response 
network, dysfunction of one or multiple key factor(s) 
such as BRCA1, RNF8, Ku70 or NBS1, could cause the 
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Figure 4: Expression level of DNA damage response factors in human ovarian cancer. (A) A general pattern of DNA damage 
response factors in HR, NHEJ, BER, NER, and FA pathways. The included members function mainly, but not limited to, in the indicated 
pathways. (b) Expression level of the nineteen DNA damage response factors in control and tumor tissues was tested by qRT-PCR. 
Representative data were summarized from T2, T5, and T9 samples. (c) Expression levels of RNF8, Ku70, Ku80, and FEN1 were tested 
by Western Blot with the indicated antibodies. β-actin was used as the loading control. (D) Primary cells from RNF8, Ku70, and FEN1 
deficient tumor tissues were treated by low dose of IR in the presence of mock or PARP inhibitor (PJ34 or olaparib) followed by the living 
cell counting. The error bars represent the standard deviation. 
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Figure 5: re-expression of DNA repair factors rescues cancer cells from DNA damage. (A–c) Wild type RNF8, Ku70, and 
FEN1 with flag tag were expressed in T2, T5, and T9 primary cells. The re-expressed proteins were detected by anti-RNF8, anti-Ku70, 
and anti-FEN1 antibodies, respectively. β-actin was used as the loading control. (D) Primary cancer cells from T2, T5, and T9 tissues re-
expressed with or without RNF8, Ku70, or FEN1 were treated by IR followed by living cell counting. (E–H) Primary cancer cells from 
T2,  T5, and T9 tissues re-expressed with or without RNF8, Ku70, or FEN1 were treated by 5 Gy IR followed by immunofluorescence of 
γH2AX or OGG1. The foci number in each cell was counted. For the re-expressed groups, only cells with positive RNF8, Ku70, or FEN1 
staining were recorded. Each subgroup included 50 cells. The error bars represent the standard deviation.
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DNA response failure and genomic instability. The current 
medicine strategy against ovarian cancer emphasizes 
targeting the dominant factor(s) during the clinical trials. 
One of the efficient approaches is developed by trying to 
identify the germline and sporadic key mutations in the 
primary site of the tumors [67–69]. The study here not 
only reveals the DNA damage as a potential driver of 
ovarian tumorigenesis, but also provides possible gene 
targets for clinical treatment.

MAtErIALs AND MEtHODs

chemicals and antibodies

All chemicals and media were purchased from 
Sigma Chemical Company (St. Louis, MO) except for 
those specifically mentioned. Anti- γH2AX, pATM, ATM, 
pChk1, Chk1, pChk2, Chk2 antibodies were purchased 
from Cell Signaling. Anti- pDNA-PKcs, RNF8, Ku70, and 
FEN1 antibodies were purchased from Abcam.

samples 

Ovarian tissues were collected from patients at 
Peking University Third Hospital in China after informed 
consent was obtained from all the patients. Briefly, 
tissues were obtained from the operating room from 
the consenting donors. After PBS wash, each tissue 
was separated into three parts which were fixed in 10% 
Buffered Formalin for at least 16 hours, frozen at –80°C, 
and frozen in liquid nitrogen, respectively. All the samples 
used in this study were harvested after obtaining approval 
from the ethics committees at Peking University Third 
Hospital and Peking University.

Hematoxylin and eosin (H&E) staining

Tissues from both experimental and control samples 
were fixed overnight in 10% neutral buffered formalin, 
embedded in paraffin, and sectioned. Embedding and 
sectioning were performed by the Immunohistochemistry 
Core at Peking University Third Hospital. Sections were 
then subjected to hematoxylin and eosin staining.

Western blot

Protein samples from the tissues were extracted by 
using a total protein extraction kit (Millipore, #2140). 
The proteins were separated by SDS-PAGE and then 
electrically transferred to polyvinylidene fluoride 
membranes. Following transfer, the membranes were 
blocked in TBST (TBS containing 0.1% Tween 20) 
containing 5% skimmed milk for 2 hours, followed by 
incubation overnight at 4°C with the indicated primary 
antibodies, respectively. After washing in TBST, the 
membranes were incubated for 1 hour at room temperature 

with 1:1000 horseradish peroxidase (HRP)-conjugated 
IgG. To detect total ATM, DNA-PK, Chk1 or Chk2, the 
membranes were washed in the stripping buffer (100 mM 
β-mercaptoethanol, 20% SDS, and 62.5 mM Tris, pH 6.7) 
for 30 minutes at 55°C, and then subjected to another 
round of incubation. Finally, the membranes were detected 
by the enhanced hemiluminescence detection system 
(Amersham, Piscataway, NJ).

Isolation and culture of primary ovarian cancer 
cells 

The isolation and culture of primary ovarian cancer 
cells was performed according to the previous report [70]. 
Briefly, the fresh clinical specimens of ovarian cancer 
are collected after surgery and cut into small pieces 
constituting the cell slurry. The minced tissues were then 
exposed to DMEM with 2.4 U/ml dispase II for 30 mins 
at 37°C. After that, the cell slurry was transferred onto a 
cell strainer to separate EOC cells from any undissociated 
tissue. The recovered cell suspension was placed at 5% 
CO2 and 37°C. By day 6–7, EOC cells formed swirl-like 
shapes and started to spread to the plastic to form larger 
multicellular aggregates leading to the typical cobblestone 
morphology of EOC cells. By day 14, typical EOC cells 
were formed and were ready for downstream experiments.

Mtt assay

The cell proliferation rate was measured by 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltrazolium bromide  
(MTT) assay. In brief,  2 × 103 cells were seeded on each 
well of 96-well culture plates and cultured for 48, 96, and 
120 hours, respectively. After the indicated time points of 
the culture, 10 µl of MTT reagent was added to the cells, 
followed by another 4 hours of incubation at 37°C. DMSO 
was added to dissolve the formazan product for 10 minutes 
at room temperature. Finally, the absorbance was measured 
at 492 nm using a microplate reader (Bioteck Powerwave™, 
USA). 

Immunofluorescence microscopy

Immunofluorescence was performed as described 
previously [71]. In brief, tissues were fixed in 4% 
paraformaldehyde in PBS (pH 7.4) for at least 3 hours 
at room temperature. After being permeabilized with 
0.5% Triton X-100 at room temperature for 30 minutes, 
tissues were blocked in 1% BSA-supplemented PBS for 
1 hour and incubated overnight at 4°C with the indicated 
antibodies, respectively. After washing 3 times in PBS 
containing 0.1% Tween 20 and 0.01% Triton X-100 for 
5 minutes each, the tissues were labeled with 1:500 FITC-
conjugated IgG or Rho-conjugated IgG for 1 hour at room 
temperature. After washing in PBS containing 0.1% Tween 
20 and 0.01% Triton X-100, the tissues were co- stained 
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with Hoechst 33258 (10 mg/ml in PBS). Finally, the 
tissues were mounted on glass slides and examined with a 
fluorescent microscope (Olympus, Japan).

Ionizing radiation treatment and living cell 
counting

For the ionizing radiation, cells were irradiated 
with a 137Cs source at the indicated dose. For living cell 
counting, five hundred cells were seeded into 6-well plates 
and cultured for one week. After the culture, the viable 
cells were harvested, followed by cell counting.

comet assay

Single-cell gel electrophoretic comet assay was 
performed under neutral condition to detect DSBs. Cells 
were collected and rinsed twice with ice-cold PBS; 
2 × 104/ml cells were combined with 1% LMAgarose at 
40°C at the ratio of 1:3 (v/v) and immediately pipetted 
onto slides. For cellular lysis, the slides were immersed in 
the neutral lysis solution (2% sarkosyl, 0.5 M Na2EDTA, 
0.5 mg/ml proteinase K in pH 8.0) overnight at 37°C in 
dark, followed by washing in the rinse buffer (90 mM 
Tris buffer, 90 mM boric acid, 2 mM Na2EDTA in 
pH 8.5) for 30 minutes with two repeats. The slides were 
then subjected to electrophoresis at 20 V (0.6 V/cm) for 
25 minutes and stained in 2.5 µg/ml propidium iodide for 
20 minutes. All images were taken with a fluorescence 
microscope and analyzed by Comet Assay IV software.

statistical analysis

All the experiments were performed at least three 
times. Results were analyzed using unpaired two-tailed 
Student’s T-test and data were expressed as mean ± s.d. 
P values less than 0.05 were considered statistically 
significant.
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