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Abstract Several genes encoding DNA repair molecules

have been proposed as cancer-susceptibility genes. Many

studies have suggested that SNPs in XRCC4 could be impli-

cated in altering the risk of prostate cancer (PCa). We exam-

ined the role of the functional variant (-652T[G) in the

XRCC4 promoter in PCa. The transcriptional activity of

XRCC4 gene was measured by luciferase assay. We per-

formed real-time PCR/immunohistochemical assay to verify

the association between expression level of XRCC4 mRNA/

protein and XRCC4 -652T[G polymorphism. In addition,

electrophoretic mobility shift assay (EMSA) was used to

confirm whether this polymorphism has an effect on binding

ability of the transcription factor. We found that the G variant

significantly increased the transcription activity of the XRCC4

gene and the binding ability of transcriptional factor GATA-1

to the XRCC4 promoter. Furthermore, the results suggested

that the XRCC4 protein and mRNA were overexpressed in

individuals who carried the -652G allele compared to carriers

of the -652T allele. In addition, the expression of XRCC4 in

PCa tissues was lower than in adjacent normal tissues. Our data

suggest that the XRCC4 promoter -652G[T polymorphism is

functional and may influence genetic susceptibility to prostate

cancer. Case–control studies are required to validate our

findings in the future.
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Introduction

Prostate cancer (PCa) is one of the most common cancers in

males in western countries. Approximately 238,590 new

cases are expected to be diagnosed with 29,720 estimated

deaths in the USA in 2013 [1]. In recent years, an increasing

incidence of PCa has been found in China, mainly due to

population aging and improvement of diagnostic screening.

However, the underlying etiology of PCa is poorly under-

stood. The most recognized factors associated with PCa risk

include age, cigarette smoking, ethnicity, alcohol consump-

tion and so on. In addition, it was suggested that several

genetic polymorphisms could influence an individual’s sus-

ceptibility to PCa [2, 3].

Previous studies have suggested that the DNA repair

system may play a critical role in maintaining the integrity

of DNA and preventing various cancers. Reduced DNA

repair capacity could increase the susceptibility to
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tumorigenesis [4]. In addition, defects in DNA repair sys-

tem commonly lead to various cancers, such as PCa,

bladder cancer, gastric cancer and so on [5–7]. Eukaryotic

cells have developed the following two pathways to repair

DNA double-strand breaks (DSBs): the homologous

recombination and the nonhomologous end-joining (NHEJ)

pathways. Up until now, single nucleotide polymorphisms

(SNPs) in the NHEJ genes are considered to be associated

with altered cancer risk [8, 9].

The gene X-ray cross-complementing group 4 (XRCC4) is

a specific member of NHEJ system. Recently, it was suggested

that XRCC4 could restore DNA double-strand breaks (BSB)

and support V(D)J recombination of transiently introduced

substrates in the XR-1 CHO cell line [10, 11]. Previous studies

have demonstrated that several SNPs in the XRCC4 gene

contribute to the development of various cancers [12–14].

There are different polymorphism sites in the XRCC4 gene

located in the 5q13–q14 region. Eight of these polymorphisms,

including rs6869366, rs28360071, rs1805377, rs3734091,

rs28360317, rs2075685, rs2075686 and rs7727691, are the

most extensively studied. Both Mandal and Chang found that

rs6869366 polymorphisms were significantly associated with

PCa risk [15, 16]. In addition, plots of the pairwise linkage

disequilibrium (LD) values for the SNPs and LD structures of

the promoter in XRCC4 indicated that rs6869366 and

rs2075685 were in a block of strong LD [17–19].

Furthermore, we made a bioinformatics analysis of the

promoter region by using a computer algorithm (AliB-

aba2). The results suggested that XRCC4 -652T[G

polymorphism may affect the binding affinity of the core

sequence with GATA-1 (Fig. S1). Therefore, we performed

the study to investigate the role of the functional variant

(rs2075685, -652T[G) in the XRCC4 promoter in the

development of PCa. In addition, luciferase assay, immu-

nohistochemistry and electrophoretic mobility shift assay

(EMSA) were all used to test the function of the variant.

Materials and methods

Study subjects

21 cases of PCa tissues were obtained from the Department

of Urology at the Second People’s Hospital of Wuxi

Affiliated to Nanjing Medical University. The mean age of

these patients was 67 years (range 58–75). These included

12 cases of tissues obtained from early stage patients that

had been detected in prostate-specific antigen (PSA)

screening and who had undergone transrectal systematic

ultrasound-guided needle biopsies. Nine cases of tissues

obtained from advanced PCa patients who received trans-

urethral prostatic resection (TURP) due to urinary reten-

tion. None of them had accepted any radiology or

chemotherapy before. We used PSA staining to confirm

portion of tumor tissue. In our study, only samples with

[60 % tumor content could be adopted. The ethics

approval was obtained from the ethics committees of

Nanjing Medical University. In addition, the patients

joined this study with informed consents. Genotyping was

performed by GenScript biotechnology Nanjing Co. Ltd.

Tumor grade was evaluated by the Gleason scoring system

[20]. Disease stage was determined by imaging examina-

tion, radionucleotide bone scans and pathological findings.

Cell culture

Two human prostate cancer cell lines (DU145 and PC3)

were purchased from the Shanghai Cell Bank, Chinese

Academy of Sciences. DU145 and PC3 were cultured in

Dulbecco’s modified Eagle’s medium (DMEM) containing

10 % fetal bovine serum (FBS, Sijiqing Biological Engi-

neering Materials) and streptomycin/penicillin at 37 �C, in

an atmosphere of 5 % CO2.

Construction of reporter plasmids

We then explored whether this polymorphism had an effect on

its gene expression in vitro. Through amplifying the XRCC4

promoter region from subjects that carried T allele (-652TT),

we completed the T allelic reporter constructs. The amplified

fragments were 333 bp. The T constructs included artificial

Kpn I and Bgl II enzyme restriction sites and contained a

forward primer of 50-ATTGGTACCGAGAATAAGGTGGA

AGGG-30 and a reverse primer of 50-GGAAGATCTGTCCG

AGGAAGACTGCTG-30. The pGL3 basic vector (Promega,

Madison, WI) and the above-prepared fragment were cleaved

with the Kpn I and Bgl II enzymes together. Both of them

were then ligated by T4 DNA ligase (New England BioLabs).

After that, we used the QuikChange sitedirected mutagenesis

kit and completed the G allelic reporter constructs by site-

directed mutagenesis. At last, we confirmed the allele, the

orientation and integrity of each insert of both constructs by

sequencing.

Transient transfections and luciferase assays

The luciferase assays were similar as the reference

described elsewhere [3]. Both of cells (PC3 and DU145)

were seeded (1.0 9 106) into 24-well plates. After that, we

transfected each well with 652T or the 652G allelic

reporter constructs by using Lipofectamin 2000 (Invitro-

gen) according to the manufacturer’s protocol. pRL-SV40,

which contained the Renilla luciferase gene, were

cotransfected with the above plasmids as an internal stan-

dard. We used the pGL3-basic vector without an insert as a

negative control. Then, we collected the cells after 48 h
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and prepared cell lysates according to the manufacture’s

instruction. At last, we used Dual-Luciferase Reporter

Assay System (Promega) to measure luciferase activity and

normalize against the activity of the Renilla luciferase

gene. For each plasmid construct, independent triplicate

experiments were performed.

Electrophoretic mobility shift assay (EMSA)

To examine whether the T652G polymorphisms had an

effect on protein binding, synthetic double-stranded oli-

gonucleotides 50-ttaagagaataaggtggaa-30 and 50-ttaagagaa-

gaaggtggaa-30 were labeled with biotin corresponding to

the -652T and -652G sequence from the XRCC4 pro-

moter region. EMSA were uesd with the LightShift

Chemiluminescent electrophoretic mobility shift assay/

Gel-Shift kit (Beyotime). Each gel shift reaction (10 ll)

composed of 1 ll 30-end labeled probe, 2 ll nuclear extract

prepared from Du145 cells, 2 ll EMSA/Gel-Shift binding

buffer (59) including poly(deoxyinosinic–deoxycytidylic

acid) and 5 ll nuclease-free water. For the negative control

reaction (10 ll), a total of 1 ll 30-end labeled probe were

combined with 2 ll EMSA/Gel-Shift binding buffer (59)

and 7 ll nuclease-free water. For the probe or mutated

probe cold competition reaction (10 ll), 1 ll labeled probe

combined with 1 ll 100-fold molar excess of unlabeled

probe or 1 ll 100-fold molar excess of unlabeled mutated

probe, 2 ll nuclear extract prepared from Du145 cells, 2 ll

EMSA/Gel-Shift binding buffer (59) and 4 ll nuclease-

free water. For each supershift reaction (10 lL), 1 ll

labeled probe was combined with 1 ll GATA-1 antibodies,

2 ll nuclear extract prepared from Du145 cells, 2 ll

EMSA/Gel-Shift binding buffer (5X) and 4 ll nuclease-

free water.

The unlabeled probe was preincubated for 10 min at

room temperature with nuclear extracts prior to addition of

the labeled probe for competition assays. For supershift

assays, 1 lL GATA-1 antibodies was incubated with

nuclear extracts for 0.5 h at 4 �C. Then, an additional

incubation for 0.5 h at room temperature with a labeled

probe was needed. After that, samples were separated on a

native nondenaturing 4.5 % polyacrylamide gel and then

transferred to an anylon membrane. At last, chemilumi-

nescent reaction with the stabilized Streptavidin-horserad-

ish peroxidase conjugate was used to detect the positions of

the biotin-labeled probe in the membrane according to the

manufacturer’s instructions.

Real-time analysis of XRCC4 mRNA

TRIzol reagent (Molecular Research Center) was used to

isolate total RNA from tissues. By using oligo primer and

SuperscriptII (Invitrogen, CA, USA), 2 lg aliquot of total

RNA from each specimen was reverse transcribed into

single-strand cDNA. Then, the ABI Prism 7000 sequence

detection system (Applied Biosystems) was used to per-

form relative gene expression quantitation for XRCC4,

with b-actin as an internal reference gene. For XRCC4, the

primers were 50-TGGACTGGGACAGTTTCTGA-30 and

50-CTGCTCCTGACAACAATGCT-30 and for b-actin

were 50-GGCGGCACCACCATGTACCCT-30 and 50-AG-

GGGCCGGACTCGTCATACT-30. For PCR reaction

mixture (final volume 20 lL), 0.1 lmol/L each primer and

19 SYBR Premix EX-Taq premix reagent were combined

with 50 ng cDNA. Cycling conditions were 95 �C for

2 min, followed by 40 cycles at 95 �C for 15 s and 60 �C

for 1 min. The expression of individual XRCC4 was

measured relative to expression of b-actin. At last, all

experiments were performed in a blinded fashion, with

laboratory persons unaware of the genotyping results.

Immunohistochemistry

10 % buffered formalin was used to fix each PCa tissues.

The archival paraffin-embedded tissue blocks were cut into

4-lm thick sections and mounted on slides coated with

silane. Immunohistochemical staining was performed

according to the manufacturer’s protocols. Three high-

power fields (HPFs, 1009 or 200) were selected randomly

in each specimen after immunohistochemical staining for

XRCC4. After that, 100 cells were counted in each field.

For each sample, the average percentage of positive cells

from the three HPFs were calculated. Expression levels of

XRCC4 were assessed semiquantitatively as follows. Per-

centage of positive cells (PP): 0, negative staining; 1,

B10 % of PCa cells positive; 2, 11–50 % of PCa cells

positive; 3, 51–80 % of PCa cells positive; 4, [80 % of

PCa cells positive. In addition, staining intensity (SI) was

determined as follows: 0 for no staining, 1 for slight

staining, 3 for strong staining, and 2 for staining between 1

and 3. Immunoreactive score (IRS) = SI*PP [21].

Statistical analysis

Lewontin’s standardized coefficient D’ and the linkage

disequilibrium (LD) coefficient r2 were used to eaxamine

LD among the polymorphisms [22]. Haploview program

was then used to estimate the pairwise LD between

markers and partition haplotype blocks. The method of LD

confidence interval was used to define LD blocks [23].

When the one-sided upper 95 % CI boundary on D’ is

[0.98 with the lower boundary [0.7, the pair of SNPs is

defined as a strong LD SNPs. The statistical analyses of

comparing the expression levels of XRCC4 between 652T

and 652G PCa tissues were calculated using the Mann–

Whitney test. The difference in levels of luciferase reporter
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gene expression between different constructs was exam-

ined by Student’s t test. The SPSS software, version 16.0

(SPSS, Inc.) was used to perform all statistical analyses

through two-sided p values.

Results

Haplotype block structure

Figure 1 shows plots of the pairwise linkage disequilibrium

(LD) values for the SNPs and LD structures of the pro-

moter in XRCC4 in Chinese. The LD plot indicated that

rs7727691, rs6869366, rs2075685 were in a block of strong

LD (size = 5 kb, Fig. 1.)

Effects of the XRCC4 -652T[G polymorphism

on the transcriptional activity

We constructed two luciferase reporter vectors (pGL3) to

test the allele-specific effect of the XRCC4 -652T[G

variants on the promoter activity. The reporter constructs

contained a T or G allele at the -652 polymorphic site and

spanned the 333 bp of the XRCC4 promoter region

(Fig. 2a). Then, they were used to transiently transfect he

DU145 and PC3 cells.

As shown in Fig. 2b, the vectors with the G allele had

significantly higher luciferase activities, compared with the

T allele in PC3 and Du145 cell lines (p \ 0.01 for all).

These results indicated that the -652G allele in the

XRCC4 promoter region had an increased transcriptional

activity compared with -652T allele.

Identification of the GATA-1-binding region and allele-

specific effects of the XRCC4 promoter

The EMSA was performed to confirm whether -652T[G

polymorphism has an effect on binding ability of the

transcription factor by analyzing the binding of oligo

probes containing either -652T or -652G alleles to

nuclear proteins extracted from the Du145 cells.

As shown in Fig. 3, a specific DNA/nuclear protein

complex (a shifted band) was generated by the -652G. In

addition, the levels of the protein complex generated by the

-652G allele probes were significantly higher than those

generated by the 652T allele probes (lanes 1 and 2).

However, the shifted band was abolished by both 100-fold

unlabeled 652G and 100-fold unlabeled 652T probes (lanes

3–6). Moreover, anti-GATA-1 antibodies caused a super-

shift band of the biotin-labeled probe/nuclear protein (lane

7 and 8). Besides, the levels of supershift band caused by

the 652G allele probes were significantly higher than those

Fig. 1 Graphical representation of the SNP locations and LD

structure of the promoter in XRCC4 in chinese

Fig. 2 XRCC4 reporter gene constructs for the XRCC4 promoter and

luciferase expression of the constructed promoter in different cell

lines. a Schematic drawing of the reporter gene constructs containing

a 333 bp XRCC4 promoter region; the only difference between the

two constructs was a G or T at the -652T[G polymorphic site.

b Luciferase activity of the two XRCC4 promoter constructs in two

cell lines: DU145 and PC3. The luciferase activity of each construct

was normalized against the internal control of Renilla luciferase.

Columns, mean from two independent experiments; bars, p \ 0.01 for

both comparisons of each cell line between the activities of the

reporter gene constructs
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caused by the -652T allele probes. It further suggests that

the GATA-1 was the transcription factor that binds the

promoter region containing the -652G allele. In addition,

as a negative control, no band could be found with only

labeled -652G or -652T probe and without nuclear

extract (Fig. S2).

In summary, these results suggest that the T652G

polymorphism in the XRCC4 promoter sits in the core of

the GATA-1 binding motif, and the T to G substitution

enhances the affinity of GATA-1 to this region in the

XRCC4 promoter, possibly leading an increased expres-

sion level of the XRCC4.

Effects of XRCC4 -652T[G SNP on XRCC4 mRNA

levels

Real-time PCR quantization of XRCC4 mRNA in indi-

vidual PCa tissues was performed to examine the effect of

-652T[G SNP on XRCC4 expression. It was found that

subjects with the -652TG genotypes had significantly

higher XRCC4 mRNA levels than those with the -652TT

genotype (t = 2.290, p = 0.034), as shown in Fig. 4.

Association of XRCC4 -652T[G SNP with expression

levels of XRCC4

To confirm the results of luciferase assays and real-time PCR,

we performed the immunohistochemical assay to verify the

Fig. 3 Analysis of transcription factor binding sites in the XRCC4

promoter region containing the -652T[G polymorphism. Electroph-

oreticmobility shift assay (EMSA) with biotin-labeled either -652T

or G probe and Du145 cell nuclear extracts. Lanes 1 and 2, mobilities

of the labeled probes with nuclear extracts in the absence of

competitor. Lanes 3, 4, 5 and 6, a specific nuclear protein binding can

be completely abolished both by 100-fold unlabeled -652T or G

probes. Lanes 7 and 8, Super shift assays incubating with anti-GATA-

1 antibody showed a supershifted protein complex

Fig. 4 XRCC4 mRNA expression level in PCa tissue. Expression

level among the -652TG genotype was significantly higher than

those with the -652TT genotype (p \ 0.05)
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association between the expression level of XRCC4 protein

and XRCC4 -652T[G polymorphism. We collected 21

tumor tissues. Of these, 7 cases carried the -652TG genotype

and the remaining 14 cases carried the -652TT genotype.

There were no tumor tissues of who carried the -652GG

genotype due to few corresponding PCa patients.

Immunostaining signals of XRCC4 were distributed evenly.

XRCC4 staining was positive in tumor cells and normal pros-

tate epithelial cells. Almost[90 % of PCa cells were positive

and strong staining in PCa tissues of patients carrying

the -652TG genotype was noted. Our analysis showed that the

expression of XRCC4 in PCa tissues of patients carrying the

-652TG genotype were moderately higher than those carrying

the -652TT genotype. (Mann–Whitney test, Z = -2.428,

p = 0.015, Fig. 5.) In addition, the expression of XRCC4 in

PCa tissues were lower than in adjacent normal tissues (z =

-3.093, p = 0.002, Table 1). However, there were no signif-

icant differences between the expression of XRCC4 and stages

of PCa or Gleason scores. (Z = -0.165, p = 0.869; Z =

-1.114, p = 0.265, respectively, Table 1).

Discussion

Over the past years, multiple studies have suggested that

polymorphic variations in humans may be responsible for

interindividual differences in susceptibility to various

cancers. Previous studies have found that genes in DNA

repair pathways could play an important role in the

development of tumors. XRCC4, a member of DNA repair

genes, has been studied extensively regarding its relation-

ship with human cancers such as urothelial bladder cancer,

lung cancer, gastric cancer and so on [8, 24–27]. Among

them, rs6869366, rs1805377 and rs2075685 polymor-

phisms were the most extensively studied. However, two

Fig. 5 Immunohistochemical analysis of XRCC4 protein expression

levels in PCa tissues. Immunohistochemical staining in PCa tissues

from individuals who carried TG genotype (a 9100, b 9200).

Immunohistochemical staining in PCa tissues from individuals who

carried TT genotype (c 9100, d 9100)

Table 1 Expression of XRCC4 (IHC) and clinicopathological char-

acteristics in Chinese patients with PCa

Group N IRS ± SD p Z

XRCC4 -652TG 7 12 ± 0

XRCC4 -652TT 14 9.43 ± 2.409 0.015 -2.428

PCa tissues 21 10.29 ± 2.305

Adjacent normal tissues 21 12 ± 0 0.002 -3.093

Gleason \7 2 12 ± 0

Gleason C7 19 10.11 ± 2.355 0.265 -1.114

Localized 12 10.33 ± 2.535

Advanced 9 10.22 ± 2.108 0.869 -0.165

Localized: T1–2N0M0; Advanced: T3–4NxMx or TxN1Mx or TxNxM1

Clinical staging according to the international tumor-node-metastasis

(TNM) system for prostate cancer
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studies that investigated XRCC4 polymorphisms in PCa

did not investigated rs2075685 polymorphism [14, 15].

In the present study, we observed a significant associa-

tion between the rs2075685 (-652T[G) polymorphism

and transcriptional activity of XRCC4 in vitro. In addition,

the results showed that the T to G substitution of this

polymorphism significantly increased the transcription

activity of the XRCC4 gene. It was also found that the T to

G substitution of this polymorphism significantly enhanced

the binding affinity of the transcriptional activator GATA-1

in vitro. Besides, subjects with the -652TG genotypes had

higher XRCC4 mRNA levels than those with the -652TT

genotype. Furthermore, the results suggested that the

XRCC4 protein were overexpressed in individuals who

carried the -652G allele in vivo. In addition, the expres-

sion of XRCC4 in PCa tissues were lower than in adjacent

normal tissues. As a result, the XRCC4 rs2075685

(-652T[G) polymorphism could be considered a func-

tional SNP both in vitro and in vivo.

Polymorphisms represent most common variations in a

DNA sequence, which may alter the activity of the encoded

gene. In recent years, SNPs have been considered the main

approach to describe interindividual differences and the

implications for cancer predisposition. XRCC4 plays an

important role in the repair of DNA DSB. The DNA repair

system is needed to maintain the genetic integrity of all

tissues. Deficiencies in the DNA repair system may result

in chromosomal aberrations, which in turn cause cell

malfunctioning, cell death and tumorigenesis. One of the

most deleterious DNA damaging types is DSB, which is

repaired in eukaryotes by the following two major path-

ways: homologous recombination (HR) and NHEJ.

XRCC4 forms a complex with DNA ligase IV, and this

complex is essential for the repair of all double-strand

DNA breaks by the NHEJ pathway in eukaryotes [28–30].

As XRCC4 is a member of DNA repair genes, SNPs in the

promoter region of XRCC4 may influence its functions.

Therefore, SNPs of XRCC4 and environmental carcino-

gens may have some joint effects and change the suscep-

tibility to cancers significantly.

Taking our results into account, rs2075685 (-652T[G)

polymorphism could be considered a functional SNP. We

hypothesized that the T to G substitution of this polymor-

phism may overexpress XRCC4 and possibly affect sus-

ceptibility to PCa. This was supported by the results of our

luciferase assays, EMSA and immunohistochemistry

experiments. Together, our study suggest that the -652G

variant allele is a protective factor for PCa. However, the

associations between rs2075685 (-652T[G) polymor-

phisms and PCa risk requires well-designed genotyping

experiments with large sample sizes to validate.

The protective role of XRCC4 -652G genetic variants

in PCa we found indicated that rs2075685 (-652T[G)

polymorphisms is an important SNP and worthy of further

study. However, our study may have certain limitations

because of its design. The current sample size is too small

to perform genotyping experiments. Selection bias and/or

systematic errors may have occurred because the fields

were randomly selected in each specimen during immu-

nohistochemistry. Other limitations may be related to the

fact that the present study was restricted to a Chinese Han

population. Because the role of SNPs in cancer risk may

vary with ethnicity, prospective studies with larger num-

bers of participants from other ethnicities are warranted.

In conclusions, we observed a significant association

between the rs2075685 (-652T[G) polymorphism and

transcriptional activity of XRCC4 in vitro. We also found

that the G variant increased the binding ability of tran-

scriptional factor GATA-1 to the XRCC4 promoter. Fur-

thermore, the results suggest that the XRCC4 protein and

mRNA was overexpressed in individuals who carried the

-652G allele. In addition, the expression of XRCC4 in

PCa tissues was lower than in adjacent normal tissues.

Therefore, the XRCC4 promoter -652G[T polymorphism

is functional and may influence genetic susceptibility to

prostate cancer. Well-designed case–control studies are

needed to validate our findings in the future.
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