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ABSTRACT
XRCC2 has been shown to increase the radioresistance of some cancers. Here, 

XRCC2 expression was investigated as a predictor of preoperative radiotherapy (PRT) 
treatment response in locally advanced rectal cancer (LARC). XRCC2 was found to 
be overexpressed in rectal cancer tissues resected from patients who underwent 
surgery without PRT. In addition, overall survival for LARC patients was improved 
in XRCC2-negative patients compared with XRCC2-positive patients after treatment 
with PRT (P < 0.001). XRCC2 expression was also associated with an increase in 
LARC radioresistance. Conversely, XRCC2-deficient cancer cells were more sensitive 
to irradiation in vitro, and a higher proportion of these cells underwent cell death 
induced by G2/M phase arrest and apoptosis. When XRCC2 was knocked down, the 
repair of DNA double-strand breaks caused by irradiation was impaired. Therefore, 
XRCC2 may increases LARC radioresistance by repairing DNA double-strand breaks 
and preventing cancer cell apoptosis. Moreover, the present data suggest that XRCC2 
is a useful predictive biomarker of PRT treatment response in LARC patients. Thus, 
inhibition of XRCC2 expression or activity represents a potential therapeutic strategy 
for improving PRT response in LARC patients.

INTRODUCTION

Rectal cancer is currently one of the most common 
human malignancies diagnosed. In China, the incidence of 
rectal cancer is increasing at a rate of 4.2% per year [1]. 
Preoperative radiotherapy (PRT) is an essential treatment 
option for locally advanced rectal cancer (LARC) [2-4]. 
However, its efficacy is highly debated as responses to 
PRT have been found to vary among individuals [5-7]. 
Several biomarkers for predicting PRT response in LARC 
patients have been investigated, although their clinical 
applications remain unclear [8-11]. Thus, the investigation 
of novel biomarkers to predict radiosensitivity, as well 
as the tailoring of treatments to individual patients, are 
imperative [12, 13].

Ionizing radiation (IR) kills tumor cells mainly by 

inducing DNA double-strand breaks (DSBs) [14]. The 
homologous recombination repair (HRR) pathway plays 
a role in repairing radiation-induced DNA DSBs, and 
inhibition of this pathway could improve radiosensitivity 
[15-17]. In the HRR pathway, the protein, X-ray repair 
complementing defective repair in Chinese hamster 
cells 2 (XRCC2), is a key factor and it contributes to 
the repair of DNA DSBs [18, 19]. Consequently, it has 
been hypothesized that XRCC2 may enhance tumor 
radioresistance [20]. Indeed, overexpression of XRCC2 
has been shown to increase the radioresistance of 
glioblastoma multiforme, cervical cancer, and lung cancer 
cells [16, 21, 22]. In addition, we previously demonstrated 
that XRCC2 is overexpressed in colorectal cancer tissues 
and cell lines [23, 24]. However, it remains unclear 
whether XRCC2 overexpression increases radioresistance 



Oncotarget32194www.impactjournals.com/oncotarget

in LARC. 
In this study, XRCC2 expression was detected 

in pretreatment biopsy LARC specimens and then was 
correlated with PRT responses and overall survival. In 
addition, the role of XRCC2 in mediating the response of 
the SW480 cell line to IR was examined. In combination, 
these data were used to determine whether XRCC2 is a 
useful biomarker for guiding PRT in LARC.

RESULTS

XRCC2 expression was higher in specimens 
obtained from rectal cancer patients who 
underwent surgery without PRT and was also 
associated with TNM stage

Levels of XRCC2 mRNA were detected in 50 snap-
frozen rectal cancer tissue samples and 50 matched, 
adjacent noncancerous tissue samples. The mRNA levels 
were significantly elevated (i.e., exhibited greater than 

a two-fold difference) in the rectal cancer tissues versus 
the adjacent noncancerous tissues (P < 0.01, Figure 1A). 
In subsequent Western blots, levels of XRCC2 protein 
were also higher in the rectal cancer samples than in the 
matched adjacent non-tumor tissues (Figure 1B). These 
results suggest that XRCC2 is upregulated in rectal cancer. 

To further investigate the expression of XRCC2 in 
situ, paraffin-embedded rectal cancer tissue blocks (n = 
100) were subjected to immunohistochemical analysis. 
Positive XRCC2 staining was only detected in 57/100 
(57%) primary rectal cancer tissues (Figure 1C & 1D). 
In contrast, expression of XRCC2 was not detected in the 
adjacent non-tumor tissues (Figure 1E).

When XRCC2 expression and clinicopathological 
parameters were compared for the rectal patients of 
the present cohort, XRCC2 expression was found to 
significantly correlate with TNM stage (P < 0.05; Table 
1). However, no correlation between XRCC2 expression 
and patient age, gender, lymph node metastasis, depth of 
invasion, or degree of differentiation was observed (P > 
0.05; Table 1).

Figure 1: XRCC2 expression in the resected specimens that did not receive PRT. A. Expression levels of XRCC2 mRNA 
were higher in the 50 rectal cancer samples compared with the 50 corresponding normal colorectal mucosa tissue samples (Wilcoxon 
signed rank test, **P < 0.01). B. Expression of XRCC2 was detected by Western blotting and higher levels were present in the rectal cancer 
samples (T1-T4) compared with the matched adjacent non-tumor tissues (N1-N4). C., D. Representative images of rectal cancer tissues 
that were positive C. and negative D. for XRCC2 expression in the immunohistochemical analysis performed (×200 magnification). E. 
A representative image of normal colorectal mucosa tissue that was negative for XRCC2 expression by immunohistochemistry (×200 
magnification).
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Expression of XRCC2 in pretreatment biopsy 
tissue samples predicts postoperative histological 
tumor regression grade (TRG) and long-term 
prognosis in LARC patients who underwent 
surgery after PRT

The associations between XRCC2 expression in 
pretreatment biopsy tissue samples and postoperative 
histological tumor regression and long-term prognosis 
were evaluated in 67 LARC patients who received PRT 
(Figure 2). Of these patients, 42/67 (62.7%) exhibited 
positive XRCC2 expression (Figure 2A) and 25/67 
(37.3%) patients exhibited negative XRCC2 expression 
(Figure 2B). Following PRT, 40/67 (59.8%) cases showed 
a poor response (TRG ≤ 2) (Figure 2C), while in 27/67 
(40.2%) cases, a good pathologic response was achieved 
(TRG ≥ 3) (Figure 2D). Of the latter, 18/27 (72.0%) cases 
were negative for XRCC2 expression, while 9/27 (21.5%) 
cases were positive for XRCC2 expression (Table 2). In 
addition, the overall 3-year survival rate for the XRCC2-
negative group was significantly better than the XRCC2-

positive group (71.2% vs. 46.7%, respectively; P < 0.01) 
(Figure 2E). Based on these results, it appears that XRCC2 
is of clinical significance in the prognosis of patients with 
LARC who undergo surgery after PRT.

Validation of XRCC2 knockdown in SW480 cells

Using lentivirus-mediated short hairpin RNAs 
(shRNAs) (XRCC2-sh1 and XRCC2-sh2), expression of 
XRCC2 was knocked down in SW480 cells (Figure 3A 
& 3B). In particular, the SW480 cells that were infected 
with XRCC2-sh1 exhibited lower expression of XRCC2 
compared with the controls, and these cells were used in 
subsequent experiments.

Knockdown of XRCC2 increased the 
radiosensitivity of human colorectal cancer cells

To examine the DSB repair efficiency of XRCC2 
knockdown cells compared to control cell lines, 
phosphorylation of H2AX (γ-H2AX) was assayed. In 

Table 1: Clinicopathological features and XRCC2 expression of rectal cancer patients who 
underwent surgery without PRT.

Characteristics Number XRCC2 positive XRCC2 negative P value
Gender 0.223

Male 55 34 21
Female 45 33 12 

Age (years) 0.840
≤60 38 25 13
>60 62 42 20

Tumor depth 0.750
T1/ T2 20 14 6
T3/ T4 80 53 27

Lymph node metastasis 0.721
Positive 48 33 15
Negative 52 34 18

Degree of differentiation 0.825
Well/moderate 83 56 27

Poor/undifferentiated 17 11 6
TNM stage 0.024

1 14 10 4
2 31 15 16
3 48 38 10
4 7 6 1

Table 2: Correlation between XRCC2 expression and tumor response to 
treatment according to TRG in locally advanced rectal cancer patients who 
underwent surgery after PRT.
XRCC2 expression Good response* Poor response# P value

Positive 9 33 0.0002
Negative 18 7

*TRG≥3, #TRG R≤2
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this assay, the persistence of γ-H2AX foci following IR 
reflects an impaired cellular capacity to repair DNA DSBs 
[25, 26]. Thus, γ-H2AX foci were assayed at different 
time points after the delivery of 2 Gy of IR. There was 
no difference in the number of γ-H2AX foci that were 
detected in the XRCC2 knockdown cells compared to 
the control cells 0.5 h post-IR (Figure 4A). This was an 
expected result since IR induces DNA damage in both 
cell types. However, the γ-H2AX foci disappeared faster 
in the control cells at the 6 h and 24 h timepoints post-IR 
compared with the cells expressing sh-XRCC2 that were 
irradiated (Figure 4A & 4B). These results suggest that 

XRCC2 may play a role in enhancing the capacity of cells 
to repair radiation-induced DNA DSBs.

To further support this DNA repair role of XRCC2, 
we performed a clonogenic cell survival assay in the 
three cell lines after IR. Following the application of IR 
to the sh-XRCC2, vector, and SW480 cell lines, a dose-
dependent decrease in the survival of all three cell lines 
was observed. However, the sh-XRCC2 cells formed 
fewer colonies following the IR treatment compared 
to the controls (Figure 4C & 4D). Taken together, these 
results confirm that XRCC2 expression contributes to 
radioresistance in colorectal cancer cells.

Figure 2: Decreased XRCC2 expression in pretreatment biopsy tissue samples of LARC patients who received PRT 
is associated with improved postoperative histological tumor regression and better long-term prognosis. A. Positive 
XRCC2 expression in a representative biopsy specimens from a patient who exhibited resistance to PRT. B. Negative XRCC2 expression 
in a representative biopsy specimen from a patient who exhibited sensitivity to PRT. C. Positive XRCC2 expression in a representative 
biopsy specimen with poor tumor regression grade (TRG ≤ 2). D. Negative XRCC2 expression in a representative biopsy specimen with 
good tumor regression grade (TRG ≥ 3). E. Kaplan-Meier plot of overall survival. Survival was significantly improved in patients with 
XRCC2-negative tumors (blue line) than in patients with XRCC2-positive tumors (green line) (P < 0.01).
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Figure 3: Successful knockdown of XRCC2 in SW480 colorectal cancer cells. A. Western blotting was used to detect XRCC2 
knockdown efficiency in untransfected SW480 cells, SW480 cells transfected with nonsilencing (vector) shRNAs, and SW480 cells 
transfected with shRNA1 and shRNA2. B. Lower expression of XRCC2 mRNA was detected in XRCC2 knockdown SW480 cells using 
quantitative real-time PCR 

Figure 4: XRCC2 knockdown cells exhibit impaired repair of radiation-induced DNA DSBs. A. The levels of 
immunofluorescence that were observed in a phosphorylation of H2AX (γ-H2AX) assay. Images of γ-H2AX foci were obtained 0, 0.5, 6, 
and 24 h after 2 Gy of IR was applied to vector control cells and SW480 cells transduced with shRNA1. B. The average number of γ-H2AX 
foci per nucleus was calculated based on the number of γ-H2AX foci that were detected in more than 100 cells for each treatment group. 
The error bars represent the SD from three independent experiments. Statistical differences between the numbers of γ-H2AX foci in the 
control cells (SW480 and vector alone) and the shXRCC2 cells 6 h and 24 h after an IR treatment were calculated (*P < 0.05, **P < 0.01). 
C. Representative images of the clonogenic cell survival assays that were performed. IR treatment inhibited the colony-forming capacity 
of the cancer cells in a dose-dependent manner. Furthermore, sh-XRCC2 enhanced the tumor suppressive effect of the IR. D. The survival 
fraction curves for the SW480, vector, and sh-XRCC2 cells that were tested in clonogenic survival assays. Data shown are the mean ± SD 
of three independent experiments. 
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Knockdown of XRCC2 enhanced radiation-
induced apoptosis

In our previous study, XRCC2 overexpression was 
found to inhibit colorectal cancer cell apoptosis [23]. To 
determine whether XRCC2-mediated radioresistance 
in colorectal cancer cells is also due to inhibition of 
apoptosis, cell apoptosis was detected by flow cytometry. 
As shown in Figures 5A and 5B, the vector and SW480 
cells exhibited a significant reduction in radiation-induced 
apoptosis compared with the XRCC2 knockdown cells (P 
< 0.01). To investigate the possible mechanisms for this 
observed increase in radiosensitivity, biochemical markers 
of apoptosis were detected. These markers included: 
poly adenosine diphosphate ribose polymerase (PARP), 
cleaved caspase-9, cleaved caspase-3, and anti-apoptosis 
(Bcl-2) [27,28]. Higher levels of cleaved PARP, cleaved 
caspase-9, and cleaved caspase-3 were detected in the sh-

XRCC2 cells compared to the vector and SW480 cells 24 
h after 6 Gy of IR was applied to the cells (Figure 5C). 
In contrast, a significant decrease in the levels of Bcl-2 
were detected in the sh-XRCC2 cells following IR (Figure 
5C). Taken together, these findings indicate that XRCC2 
overexpression may protect LARC cells from IR-induced 
apoptosis.

XRCC2 knockdown increased radiation-induced 
G2/M arrest and p-Chk2 activation

Cells arrested at the G2/M point of the cell cycle 
are generally more sensitive to radiation than cells that 
are arrested in other phases of the cell cycle [29]. To 
determine the cell cycle progression of colorectal cancer 
cells after exposure to IR, exponentially growing cancer 
cells were exposed to 6 Gy of IR and then were analyzed 
for DNA content 24 h later by flow cytometry. XRCC2 

Figure 5: XRCC2 knockdown significantly increases cell apoptosis that is induced by IR treatment. A. Levels of apoptosis 
in the XRCC2 knockdown cells versus the control cells (SW480 and vector alone) that were treated with 6 Gy of IR for 24 h. The cells 
were stained with Annexin V and PI. B. The percentage of cells that underwent apoptosis following IR treatment were quantitated and the 
data are expressed as the mean ± SD from three independent experiments (*P < 0.05, **P < 0.01). C. Detection of PARP, caspase-9, cleaved 
caspase-3, and Bcl-2 protein levels by Western blotting. Arrow heads and stars represent the pro-forms and the cleaved forms of PARP and 
caspase 9, respectively. Detection of GAPDH was used as a loading control.



Oncotarget32199www.impactjournals.com/oncotarget

knockdown was found to significantly disturb cell cycle 
progression (Figure 6A & 6B). Specifically, there was a 
dramatic increase in the percentage of sh-XRCC2 cells in 
the G2/M phase compared with the control cells (Figure 
6B), thereby indicating that downregulation of XRCC2 
in LARC cells leads to an arrest of the cell cycle in the 
G2/M phase. To confirm these findings, changes in Chk2, 
a key effector protein of the G2/M checkpoint [30,31], 
were monitored. As shown in Figure 6C, higher levels 
Chk2-Thr68 phosphorylation were detected in sh-XRCC2 
cells compared to control cells 24 h after the cells were 
treated with 6 Gy of IR. Therefore, knockdown of XRCC2 
in colorectal cancer cells may activate Chk2-Thr68, 
thereby leading to G2/M cell cycle arrest and improved 
radiosensitivity.

DISCUSSION

Lower levels of XRCC2 expression have been 
found in breast cancer tissues [32], while higher levels 
of XRCC2 expression have been detected in several 
other cancers [16, 23, 33]. It is hypothesized that 
XRCC2 expression is involved in either the initiation or 
progression of tumorigenesis [23, 34]. In the present study, 
XRCC2 expression was detected in freshly frozen rectal 
cancer specimens, and both mRNA and protein levels of 
XRCC2 were found to be higher in rectal cancer tissues 
than in matched adjacent noncancerous tissues. In the 
paraffin specimens obtained from rectal cancer patients, 
positive XRCC2 expression was found to be associated 
with TNM stage (P = 0.024). These results suggest that 
overexpression of XRCC2 may promote the invasive 
behavior of rectal cancer. Therefore, to our knowledge, we 
have provided the first clinical evidence that XRCC2 may 

Figure 6: XRCC2 knockdown increases cell cycle arrest in the G2 phase and activates p-Chk2 after IR treatment. A. 
Flow cytometry analysis of the proportion of the cells indicated in each stage of the cell cycle (G1, G2, and S) after the IR treatment. B. 
The percentage of cells in the G2/M phase of the cell cycle were quantitated and expressed as the mean ± SEM from three independent 
experiments (*P < 0.01). C. Expression levels of the γ-H2AX, phosphorylated Chk2-Thr68, and Chk2 proteins that were detected by 
Western blotting in the SW480, vector, and Sh-XRCC2 cell lines. Expression levels of phosphorylated Chk2-Thr68 and -H2AX were 
higher in the sh-XRCC2 cells compared to the controls after IR. Detection of GAPDH was used as a loading control.
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play an important role in the progression of rectal cancer.
PRT has become a standard treatment for LARC, 

however, not all patients are radiosensitive. TRG has 
been used to capture the early response of LARC to 
PRT, since this score has previously been used as a 
prognostic factor in rectal cancer [35-37]. In the present 
study, negative XRCC2 expression was associated with a 
higher TRG score after PRT. Thus, XRCC2 appears to be 
an independent biomarker for predicting how well rectal 
cancer will respond to PRT. In addition, 3-year overall and 
disease-free survival rates have previously been used to 
evaluate the long-term effects of therapies for colon cancer 
patients [38]. In the present cohort, LARC patients with 
high levels of XRCC2 expression were found to have 
poorer progression-free survival. Therefore, we propose 
that XRCC2 overexpression may be predictive of tumor 
resistance to PRT.

Due to the observed association between XRCC2 
and poor PRT results in LARC patients, we sought to 
determine the mechanisms that mediate XRCC2-induced 
radioresistance. Cell cycle phase is one of the most 
important determinants of radiosensitivity, and cells 
arrested in the G2 phase are generally more sensitive to 
radiation than cells that are arrested in other phases of the 
cell cycle [39, 40]. Correspondingly, when XRCC2 was 
knocked down in the SW480 cells, a greater number of 
cells arrested in the G2/M phase after exposure to the IR. 
These results suggest that cell cycle arrest in the G2/M 
phase is enhanced in the tumor cells of XRCC2-negative 
LARC patients, and this leads to improved radiosensitivity. 

Classically, it has been proposed that HRR is a 
relatively slow process and it only occurs during the 
G2/M phase [41]. When we examined whether XRCC2 
knockdown suppressed the repair of DNA DSBs, it was 
observed that the number of γ-H2AX foci, which are 
used to measure DNA DSBs, were higher in XRCC2 
knockdown cells than in the control cells, especially 6 
h and 24 h after IR treatment. These results indicate that 
inefficient HRR occurred in the irradiated cells that had 
XRCC2 knocked down. Furthermore, XRCC2 knockdown 
exacerbated the G2/M arrest after the IR treatment, and a 
majority of the damaged cells in the G2/M phase could not 
be repaired via homologous recombination. 

Disruption of the signaling pathways that lead 
to apoptosis is a key mechanism by which cancer cells 
become radioresistant [42]. In the present study, XRCC2 
inhibition significantly increased the extent of IR-induced 
apoptosis that was detected, thereby supporting the 
hypothesis that XRCC2 plays a role in apoptosis evasion. 
To further explore the mechanism by which XRCC2 
mediates radioresistance, levels of PARP , caspase-9, 
and cleaved caspase-3 were detected. In the XRCC2 
knockdown cells that were treated with IR, significantly 
higher levels of cleaved PARP, caspase-9, and caspase-3 
were detected, along with lower levels of Bcl-2, compared 
to control cells. Thus, XRCC2 may confer radioresistance 

through anti-apoptotic pathways. 
IR induces Ataxia-telangiectasia mutated (ATM)- 

and Chk2-dependent checkpoint signaling, and this 
induces apoptosis in sublethally damaged cancer cells 
[43,44]. Conversely, reduced Chk2 phosphorylation 
may facilitate the escape of cancer cells from apoptosis, 
thereby leading to radioresistance [45,46]. Increased 
levels of phosphorylated Chk2 were detected in the 
XRCC2 knockdown cells of the present study compared 
to the controls cells after IR, and these results suggest 
that in XRCC2-negative LARC patients, activation 
of Chk2-dependent signaling may improve tumor cell 
radiosensitivity.

In conclusion, the results of this study demonstrate 
that XRCC2 is upregulated in rectal cancer compared 
to adjacent normal rectal tissues and this may promote 
rectal cancer progression. Furthermore, a functional 
relationship between XRCC2 overexpression and 
reduced radiosensitivity was observed in vivo, and 
this was consistent with the observations that XRCC2-
negative tumor cells exhibited an increase in G2/M 
cell cycle phase arrest and apoptosis-related cell death. 
In combination, these results suggest that detection of 
XRCC2 expression in pretreatment biopsy specimens has 
the potential to be a predictive factor for PRT response 
in LARC patients. These results remain to be confirmed 
in a strict, randomized, and controlled clinical trial, 
although the ability to reduce XRCC2 expression or 
activity may represent a promising therapeutic option 
for radioresistant LARC that is not well-controlled by 
traditional radiotherapy. 

MATERIALS AND METHODS

Patients and the clinical database

Resection specimens were collected from patients 
with primary rectal cancer who underwent gastrointestinal 
surgery without PRT between January 2013 and July 2014 
at The First Affiliated Hospital of Sun Yat-sen University. 
All excised tissues were immediately frozen in liquid 
nitrogen and then were stored at -80 °C. In addition, 67 
patients clinically diagnosed with LARC (T3-4 and/or 
N0-2 lesions) were recruited between January 2010 and 
December 2012. Biopsy tissue samples were obtained 
before these patients received PRT involving a total 
dose of 45.0-50.4 Gy of IR to the pelvic region in 25-
28 fractions over a period of five weeks. Radical surgery 
(low anterior resection or abdominoperineal resection) 
was performed 2-3 weeks after completing PRT at The 
First Affiliated Hospital of Sun Yat-sen University or at 
the Huaihe Hospital of Henan University. 
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Immunohistochemistry and tumor regression 
grading (TRG)

Immunohistochemical analyses of rectal cancer 
tissue samples were performed to detect the expression 
and subcellular localization of XRCC2, according to our 
previous experiment protocol [23]. Pathological tumor 
response to PRT was evaluated according to hematoxylin 
and eosin-stained slides using the TRG system as 
previously described [47]. The characteristics of each 
grade were as follows: TRG 0, no regression; TRG 1, 
dominant tumor mass with obvious fibrosis in ≤ 25% of the 
tumor mass; TRG 2, dominant tumor mass with obvious 
fibrosis in 26-50% of the tumor mass; TRG 3, dominant 
fibrosis outgrowing the tumor mass; and TRG 4, no viable 
tumor cells (only a fibrotic mass). Immunohistochemical 
and TRG evaluations were performed by two pathologists 
that were blinded to the clinical and pathological 
characteristics associated with the specimens.

Vector and retroviral infection

The colorectal cancer cell line, SW480, was obtained 
from American Type Culture Collection (Manassas, VA, 
USA). The cells were cultured in RPMI 1640 medium 
(Life Technologies, Carlsbad, CA, USA) that was 
supplemented with 10% fetal bovine serum (HyClone, 
Logan, UT, USA) and 1% penicillin/streptomycin. All 
cells were maintained in a humidified atmosphere at 37 
°C with 5% CO2.

Several lentiviral-based plasmids, each containing 
a short hairpin RNA (shRNA) designed to target 
human XRCC2 were purchased from RiboBio Co., Ltd 
(Guangzhou, China). Nonsilencing (vector) shRNAs were 
used as negative controls. The infection of SW480 cells 
with human XRCC2-targeted shRNAs was performed as 
previously described [23, 48]. Briefly, stable clones were 
generated by transfecting SW480 cells in 6-well dishes 
with 2 μg of each shRNA plasmid. Forty-eight hours 
later, antibiotic selection with 2.0 μg/mL puromycin 
was initiated. After 10 d, multiple clones from the same 
transfection were pooled and were grown under puromycin 
selection. The knockdown efficiency of XRCC2 was 
examined by quantitative RT-PCR and western blots.

Western blotting

Western blotting was performed as previously 
described [49]. Briefly, equal amounts of lysates were 
resolved with SDS-PAGE and were transferred onto 
PVDF membranes. Membranes were incubated with 
primary antibodies followed by horseradish peroxidase 
(HRP)-conjugated secondary antibodies. Signal 
amplification and detection were achieved by exposing 

the membrane to enhanced chemiluminescence reagent 
(GE Healthcare, Buckinghamshire, UK), followed by 
visualization using the Storm imaging system (Amersham 
Biosciences, Piscataway, NJ, USA). The following 
primary antibodies were used: γ-H2AX (1/1000; Cell 
Signaling Technology, Beverly, MA, USA), Chk2 (1/500; 
Cell Signaling Technology), Phospho-Chk2 (Thr68) 
(1/1000; Cell Signaling Technology), XRCC2 (1:1500; 
Abcam), Caspase-9 (1/500; Proteintech, Chicago, 
IL, USA), Caspase-3 (1/500; Proteintech), PARP 
(1/500; Proteintech), and BCL-2 (1/500; Santa Cruz 
Biotechnology). Detection of GADPH (1/10000; Cell 
Signaling Technology) was used as a loading control. 
Bound antibodies were visualized with peroxidase-linked 
secondary antibodies (anti-rabbit antibody: 1/10000; Cell 
Signaling Technology and anti-mouse antibody: 1/5000; 
Sigma-Aldrich, St. Louis, MO, USA).

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted and qRT-PCR was 
performed as described in our previous study [23]. All 
experiments were performed at least in triplicate.

Immunof﻿﻿﻿luorescence

A previously reported immunofluorescence protocol 
was used [16,50], with some modifications. Cells were 
irradiated with 2 Gy of IR after they were attached to 
chamber slides (Nest, Wuxi, China) in 24-well plates. 
At various timepoints following exposure to IR (0, 0.5, 
6 and 24 h), the cells were washed three times in PBS 
and then were fixed in 4% paraformaldehyde at room 
temperature. After 15 min, the cells were permeabi lized 
in 0.2% Triton X-100 for 15 min, then were washed three 
times in PBS and were blocked in 10% goat serum for 
1 h. The coverslips were incubated with anti-γ-H2AX 
monoclonal antibody (Cell Signaling Technology) diluted 
1:100 in 1% BSA/PBS/0.1% Tween overnight at 4 ˚C. 
After being washed three times with PBS, the cells were 
incubated with DyLight 488 AffiniPure Goat Anti-Mouse 
IgG (Abbkine, Redlands, CA, USA) at room temperature 
in the dark. After 1 h, the cells were washed with PBS 
three times before being counterstained with 1 μg/ml 
4’,6-diamidino-2-phenylindole (DAPI) for 3 min in the 
dark. Finally, the slides were mounted with an antifading 
reagent and were examined with a confocal microscope 
(Zeiss, Germany). In each sample, the number of γ-H2AX 
foci per nucleus were counted using an automated foci 
counter under a high-power field, and an average of 100 
nuclei were analyzed.
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Clonogenic cell survival assay

Cellular sensitivity to radiation was determined by 
loss of colony-forming ability as described previously 
[51]. Briefly, exponentially growing cells were seeded 
into 6-well plates (500 cells/well). After 24 h, the cells 
were exposed to varying doses of IR (0, 2, 4, 6, and 8 Gy) 
and then were kept in an incubator at 37 °C with 5% CO2 
for 10-14 d. The colonies were fixed with methanol for 
30 min and then were stained with crystal violet. Only 
colonies with more than 50 cells were counted manually. 
The surviving fraction was calculated using GraphPad 
Prism 5.0 software (GraphPad Software, Inc., San Diego, 
CA, USA) based on a muti-target/single-hit model (y = 
1 - (1 - exp(-k*x)) ^ N). Experiments were performed in 
triplicate and were repeated three times.

Flow cytometry analysis of cell cycle and apoptosis

Cultured cells were harvested 24 h after receiving 
6 Gy of IR and then cell cycle progression and apoptosis 
were analyzed by flow cytometry. For cell cycle analysis, 
the cells were trypsinized and washed in PBS for 5 
min prior to collection by centrifugation at 1500 rpm. 
The cells were then fixed with ice-cold 70% ethanol at 
-20 °C overnight. The fixed cells were subsequently 
stained with 20 mg/mL propidium iodide (PI) staining 
buffer (containing 1% Triton X-100 and 100 mg/mL 
RNase A) for 30 min. DNA content was assessed using 
a FACSCalibur unit (Becton Dickinson, Franklin Lakes, 
NJ, USA) equipped with ModFit LT v2.0 software. For the 
apoptosis assay, the cells were harvested by trypsinization 
and were washed with PBS. The cells were resuspended 
in 1× binding buffer at a concentration of 3 × 106 cells/
mL. After staining the cells with fluorescein isothiocyanate 
(FITC) Annexin V and PI, the cells were analyzed using 
an Epics Profile II flow cytometer (Beckman Coulter, 
Fullerton, CA, USA) and Multicycle software (Phoenix 
Flow Systems, San Diego, CA, USA). All of the 
experiments were repeated at least three times.

Statistical analysis

The paired-samples Wilcoxon signed rank test was 
used to compare the expression of XRCC2 between tumor 
and adjacent normal tissues. A two-fold difference was 
considered the cut-off point for defining high versus low 
levels of expression. The correlation between XRCC2 
expression and clinicopathological features was examined 
using Pearson’s Chi-squared test. Survival rates were 
calculated using the Kaplan-Meier method. One-way 
analysis of variance (ANOVA) was used to compare 
quantitative data among the different cell groups. All 
values are expressed as the mean ± standard deviation 

(SD). A P-value of less than 0.05 was considered to be 
statistically significant. The statistical software package 
SPSS (version 17.0; IBM, Armonk, NY, USA) was 
employed for all analyses. 
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