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Abstract. Enhanced in vitro chromosomal radiosensitivity 
(CRS) has been proposed as a marker for low-penetrance 
gene mutations predisposing to breast cancer (BC). Since the 
double strand break (DSB) is the most detrimental form of 
DNA damage induced by ionizing radiation, it is possible that 
mutations in genes encoding proteins involved in DSB repair 
affect breast cancer risk. The purpose of the present study 
was to examine whether five single nucleotide polymorphisms 
(SNPs) in Rad51 and Xrcc3 (rs1801320, rs1801321, rs1799796, 
rs861539 and rs1799794) exhibited an association with breast 
cancer susceptibility in a Belgian population of BC patients 
with a known or putative genetic predisposition. We also 
ascertained whether a relationship exists between the occur-
rence of the ‘variant’ alleles of these variations and in vitro 
CRS. Blood samples were obtained from BC patients and 
from healthy female individuals. Variations in the 5' UTR of 
Rad51 and Xrcc3 were genotyped, and statistical analysis was 
performed. The results showed that low-penetrant variations in 
Rad51 and Xrcc3, two proteins belonging to the homologous 
recombination DSB repair pathway, may modify BC risk in 
patients already carrying a pathological mutation in the highly 
penetrant BC genes BRCA1 and BRCA2. Combined risk geno-
type analysis revealed that Rad51 SNPs enhance BC risk in 
BRCA2 patients, whereas Xrcc3 SNPs significantly enhance 
BC risk in carriers of BRCA1 mutations and in patients with 
hereditary BC. When four putative risk genotypes of Rad51 
and Xrcc3 were combined, positive significant odds ratios 
were obtained in the entire patient population and in patients 
with a hereditary history of disease. Although obtained from 
a limited number of patients, our data are supportive of a 
polygenic model whereby combinations of weak variations 

are responsible for an enhanced BC risk by acting jointly with 
high-penetrant mutations in BRCA1 or BRCA2.

Introduction

Breast cancer (BC) is the most frequently occurring cancer 
in women worldwide, with an estimated 1.15 million new 
cases in 2002 (23% of all cancers). More than half of the cases 
occurred in the industrialized countries of Europe and North 
America (1). In Europe, BC accounted for 28.9% of all cancer 
cases in women in 2006 and was the leading cause of cancer 
death in the European Union (16.7%) (2).

In a number of independent studies, enhanced in  vitro 
chromosomal radiosensitivity (CRS) has been demonstrated 
in a significant number of breast cancer patients (3-8). In vitro 
CRS is therefore considered to be a hallmark for BC and a 
marker for low-penetrant gene mutations predisposing to BC 
(3,4,6,7,9). The most detrimental form of ionizing radiation-
induced DNA damage is the double strand break (DSB) due 
to its ability to generate chromosomal aberrations when 
misrepaired or left unrepaired. The fact that DSB-initiated 
chromosomal instability may eventually trigger carcinogen-
esis in the breast epithelium is supported by evidence that 
breast cancer susceptibility genes such as BRCA1 and BRCA2, 
and ATM and TP53 play crucial roles in DNA DSB repair and 
chromosome stability (10,11).

DSB repair in mammalian cells involves the error-free 
homologous recombination (HR) and the error-prone non-
homologous end joining (NHEJ) pathways (reviewed in ref. 12). 
The cell cycle determines which pathway is activated after 
double strand breakage in a eukaryotic cell. The more accurate 
HR response mechanism is activated in the S/G2 phase, when 
the sister chromatid provides a correct template of the damaged 
sequence for alignment. On the other hand, while the more 
error-prone mechanism of NHEJ is the favoured pathway in 
cells in the G0/G1 phase. The inactivity of either pathway was 
shown to lead to potentially oncogenic translocations and other 
karyotypic changes in animal models (13). In humans, inherited 
genetic defects in these pathways often manifest as an increased 
CRS (14). For example, downregulation or mutation of DNA 
DSB repair proteins involved in the NHEJ pathway were shown 
to be associated with both BC risk and enhanced CRS (15-18).
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The main event of HR is the homology search and DNA 
strand invasion by the Rad51-ssDNA presynaptic filament, 
positioning the invading 3'-end on a template duplex DNA to 
initiate repair synthesis. Additionally, cofactors that promote 
assembly or stabilization of the Rad51 ssDNA filament as well 
as the disassembly of the Rad51-DNA complexes are signifi-
cant. These cofactors include five Rad51 paralogs (Rad51B, 
Rad51C, Rad51D, Xrcc2 and Xrcc3) that are required for 
the in vivo Rad51 filament formation (19,20). In addition, the 
Xrcc3/Rad51C heterodimer appears to be required for the 
resolution of Holliday Junctions generated during HR (21). 
In this process, BRCA2 supports Rad51 filament formation, 
nucleation and filament stabilisation and is required for the 
ionizing radiation-induced formation of Rad51 foci in vivo. In 
addition, the formation of radiation damage-induced Rad51 
foci requires functional Xrcc3 (22) and BRCA1 (10).

The relationship between mutations in BRCA1/BRCA2 
and BC risk is well known. Since HR is a key pathway in the  
maintainance of genomic stability, mutations in additional 
genes encoding proteins involved in HR are likely to affect 
cancer risk. To prove this hypothesis, different polymorphisms 
in Rad51 (23-33) and Xrcc3 (22,25,26,33-43) were previously 
investigated, with conflicting results. In this study, we exam-
ined whether two single nucleotide polymorphisms (SNPs) in 
the 5' untranslated region (UTR) of the Rad51 gene and three 
SNPs in Xrcc3 exhibited an association with breast cancer 
susceptibility in a Belgian population of BC patients with a 
known or putative genetic predisposition. We also investigated 
whether a relationship existed between the occurrence of the 
variant alleles of these variations and in vitro CRS.

Materials and methods

Study population. The control population for this study 
included 172 healthy women (mainly staff members of Ghent 
University and Ghent University Hospital). Blood samples 
were obtained during the annual occupational medical exami-
nation. This control group did not include aged individuals. 
Thus, for age-matching purposes, blood samples from elderly 
healthy women were obtained during local senior club meet-
ings. Written informed consent was provided by all members 
of the control group.

Samples of breast cancer patients were obtained in 
co-operation with the Centre for Medical Genetics of the 
Ghent University Hospital. The patients met at least one of 
the following criteria: i) patients were required to have at least 
3 first-degree relatives with breast and/or ovarian cancer; or ii) 
belong to families, including at least two first- and/or second-
degree relatives diagnosed with breast and/or ovarian cancer 
before the average age of 50; or iii) be affected by bilateral 
breast cancer with both tumors diagnosed before the age of 
50; or iv) were required to have been diagnosed with BC prior 
to the age of 40, but not have a family history of the disease. 
Since a positive family history and/or diagnosis at a young age 
are regarded as significant risk factors for the development 
of hereditary breast cancer, the patients were screened for 
mutations in the BRCA1 and BRCA2 genes at the Centre for 
Medical Genetics, as previously described (44).

Patients were provided with genetic counselling and 
signed informed consent was provided by all of the patients. 

The present study was approved by the Review Board of the 
first author's institution.

For statistical analysis, the breast cancer population was 
divided into groups of patients showing: i) hereditary BC; 
ii) familial BC and iii) sporadic cases at young age, but without 
a family history of BC. In ‘hereditary’ BC families, an auto-
somal dominant Mendelian pattern indicated that the disease 
was inherited, whereas BC was considered to be ‘familial’ 
when the frequency of the disease was clearly higher within 
the family when compared to the general population, but the 
criteria for hereditary BC were not met.

To evaluate whether the presence of a known mutation in 
BRCA1 and/or BRCA2 affected the association between the 
SNPs under study and BC susceptibility, the patient popula-
tion was also divided into groups of carriers of BRCA1 and/or 
BRCA2 mutations.

Depending on the availability of genetic material, different 
numbers of patients were included for analysis of the different 
SNPs. The number of controls and patients evaluated for each 
SNP and the mean age of the population are shown in Table I.

Collection and preparation of blood samples. In  vitro CRS 
was examined in a total of 62 patients. Samples (20  ml) of 
heparinized blood were obtained from the 62  patients and 
from matched control female individuals. Within 6  h after 
venepuncture, blood cultures (from 5  ml whole blood) were 
started to assess in vitro CRS using the G2 chromatid break and 
the G0 micronucleus (MN) assays (3,4). The two cytogenetic 
assays quantify the extent of DNA damage induced by irradia-
tion during the G0 or G2 phases of the cell cycle. Lymphocyte 
separation was performed on part of the blood samples within 
24  h after venepuncture, using lymphoprep (Axis-Shield, 
Lucron, Dieren, The Netherlands). Isolated lymphocytes were 
stored in liquid nitrogen until DNA extraction was performed 
(QIAamp DNA Blood Mini Kit, Qiagen, Hilden, Germany).

Genotyping. The c.-98 G>C (rs1801320) and c.-61 G>T 
(rs1801321) variations in the 5' UTR of Rad51, and the 
c.562-14 A>G (rs1799796), c.722 C>T (rs861539) and c.-316 
A>G (rs1799794) variations in Xrcc3 were genotyped using a 
polymerase chain reaction (PCR), combined with restriction 
fragment length polymorphism analysis or a SnapShot tech-
nique. The SNPs were named using the current nomenclature 
of the Human Genome Variation Society (45). The reference 
sequences of the corresponding genes are shown in Table II.

PCR products of control individuals were amplified using 
100-200  ng DNA in a 25  µl reaction containing 0.5  mM 
dNTPs (Amersham Bioscience, Gent, Belgium), 1X PCR 
buffer (Invitrogen, Merelbeke, Belgium), 1.5  mM MgCl2 
(Invitrogen), 1 mM forward and reverse primers (Invitrogen) 
and 0.6 units Platinum Taq polymerase (Invitrogen). The PCR 
reaction of patient DNA contained 60  ng DNA in a 16  µl 
reaction, including 0.3 mM dNTPs, 0.6X PCR buffer, 0.9 mM 
MgCl2, 0.9 mM forward and reverse primers and 0.36 units 
Platinum Taq polymerase. Table I shows the sequences of 
primers used in this study.

DNA fragments containing Rad51 SNPs were amplified 
by an initial denaturation step of 94˚C, followed by 12 cycles 
including steps of denaturation at 94˚C for 20 sec, annealing 
at 58˚C and elongation at 72˚C for 1 min. At each cycle, the 
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annealing temperature was decreased by 1˚C. This was 
followed by 24 cycles at 94˚C (40 sec), at 46˚C (40 sec) and at 
72˚C (30 sec), and by a final extension step at 72˚C (10 min). 
The DNA fragments containing c.562-14 A>G and c.722C>T 
in Xrcc3 and the fragment surrounding the Xrcc3 c.-316 A>G 
SNP were amplified using a 35-cycle PCR program consisting 
of an initial denaturation step at 95˚C for 5  min, followed 
by 35 cycles of 3 min, including a denaturation step at 95˚C 
(1  min), an annealing step at 58˚C  (1 min) and an elonga-
tion step at 72˚C (1 min), followed by a final extension step 
of 10  min at 72˚C. The efficiency of the PCR reaction was 
confirmed by electrophoresis on a 1.5% agarose gel. A nega-
tive control containing water was included during each PCR 
reaction to exclude contamination.

To genotype the 5' UTR c.-61 G>T SNP, the SnapShot 
multiplex system was utilized (Applied Biosystems, Halle, 
Belgium). SnapShot primers are shown in Table I. Analysis of 
2 µl of the SnapShot products [with 10 µl Amresco Capillary 
Electrophoresis buffer (Lucron Bioproducts, Dieren, 
The Netherlands) and 0.3 µl LIZ-120 Size Standard (Applied 
Biosystems)] was performed on the capillary system of the 
ABI Prism 3730 Genetic Analyser (Applied Biosystems). 
Results were visualised on an Applied Biosystems Peak 
scanner, version 1.0. To genotype the c.-98 G>C SNP in Rad51 
and the three SNPs in Xrcc3, PCR products were digested 
with sequence-specific restriction endonucleases (Table  I). 
Digested products were then analysed by electrophoresis on 

a 2% agarose gel and visualised under ultraviolet light after 
ethidium bromide staining.

Statistical analysis. Statistical analysis of the data was 
performed using Microsoft office Excel 2007 or the Statistical 
Package for Social Sciences (SPSS), version 15.0.

The association of the five SNPs with BC risk was evalu-
ated by calculating age-corrected odds ratios (ORs) by means 
of logistic regression. To improve the statistical power of the 
analytical investigation, particularly for the rare homozygous 
variant (HV) genotypes, the OR was calculated for the hetero-
zygous (He) or HV genotypes using the homozygous normal 
(HN) genotype as reference, and for the He and HV genotypes 
combined in a single group. The complete control popula-
tion was always used to compare genotype frequencies with 
those found in the different patient groups (divided by family 
history or presence of a BRCA1/BRCA2 mutation).

The observed genotype distributions were compared with 
those expected from the Hardy-Weinberg equilibrium (HWE) 
using a standard χ2 test. The linkage disequilibrium (LD) 
coefficient r2 between the analyzed SNPs was calculated using 
Haploview (version 4.0) (46).

Results

Comparison of variant allele and standard frequencies. The  
observed genotype distributions of the five analyzed SNPs 

Table II. Chromosomal location of Rad51 and XRCC3, and reference sequences used to name the polymorphisms under investigation.a

Gene, chromosomal	 SNP (alternative name,	 Variant allele	 Variant allele frequency	 HWE (p>0.05)
location and reference	 rs no. on NCBI)	 frequency	 (published in NCBI)
sequence

Rad51
  15q15.1	 c.-98 G>C 	 Controls: 4%	 European pop: 6.7%	 Controls: 0.834
	 (5' UTR 135 G>C,	 Cases: 6%		  Cases: 0.543
	 rs1801320)
  Ref. sequence:	 c.-61 G>T	 Controls: 41%	 European pop: 46.7%	 Controls: 0.571
  NM_002875.3	 (5' UTR 172 G>T,	 Cases: 42%	 Caucasian pop: 43.3%	 Cases: 0.582
	 rs1801321)
XRCC3
  14q32.3	 c.562-14A>G	 Controls: 29%	 European pop: 31.7%	 Controls: 0.631
	 (IVS5-14 A>G,	 Cases: 31%	 Caucasian pop: 33.3%	 Cases: 0.615
	 A17893G,
	 rs1799796)
  Ref. sequence:	 c.722C>T	 Controls: 43%	 European pop: 41.7%	 Controls: 0.964
  NM_001100119.1	 (Thr241Met,	 Cases: 38%	 Caucasian pop: 45%	 Cases: 0.858
	 C18067T,
	 rs861539)
	 c.-316A>G	 Controls: 17%	 European pop: 18.4%	 Controls: 0.590
	 (5' UTR 4541	 Cases: 21%	 Caucasian pop: 15.5%	 Cases: 0.743
	 A>G, rs1799794)

aThe five single nucleotide polymorphisms with variant allele frequencies in the control and patient populations are compared to the variant 
allele frequencies shown in NCBI (http://www.ncbi.nlm.nih.gov/). The genotype distributions were compared to those expected from the 
Hardy-Weinberg equilibrium (HWE) using a χ2 test.
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showed no systematic deviation from the HWE (p>0.05). 
Comparison of the variant allele frequency of our control 
population with standard frequencies published on NCBI (47) 
resulted in no significant deviations (Table II).

Variations in Rad51 and Xrcc3 and breast cancer risk. 
Age-corrected ORs indicative of an association between 
individual SNPs in Rad51 or Xrcc3 and BC risk in the total 
patient population are recorded in Table III. Table IV shows 
the ORs for patient groups classified on the basis of familial 
history, whereas in Table V patient groups are subdivided 
depending on the presence or absence of a mutation in BRCA1 
or BRCA2. No significant associations were found between 
individual SNPs and breast cancer risk. On the other hand, the 

c.-316 A>G SNP in Xrcc3 exhibited high, borderline-signif-
icant ORs in BRCA1 mutation carriers (ORHe+HV=1.92, 
p=0.053, Table V). The ORs calculated for the c.722 C>T 
(Thr241Met) variation in Xrcc3 were found to be ≤1 in most 
cases (Tables III-V), indicating that the variant 'T' allele is not 
a risk allele for BC. Concerning the c.-98 G>C SNP in Rad51, 
a non-significant enhancement of BC risk was observed 
for the heterozygous genotype (OR>1) in the total patient 
population (Table III) as well as in patient groups divided on 
the basis of familial history or BRCA mutations (Tables  IV 
and V), with the exception of sporadic cases diagnosed at a 
young age (Table IV). As regards the c.-61 G>T variation in 
Rad51, and the c.562-14 A>G and c.-316 A>G SNPs in Xrcc3, 
the 'homozygous variant' genotypes mostly yielded ORs >1.

Table III. Genotype frequencies in control subjects and in the total patient population (all cases). 

	 Controls	 All Cases
		  ----------------------------------------------------------------------------------------------------------------------
		  % (No.)	 % (No.)	 Corr OR	 (95% CI)	 p (α=0.05)

Rad51	 GG	 91.18 (155)	 87.54 (302)	 Ref.		
  c.-98	 GC	 8.82 (15)	 12.46 (43)	 1.42	 (0.76-2.67)	 0.275
  G>C	 CC	 0.00 (0)	 0.00 (0)			 
	 GC+CC	 8.82 (15)	 12.46 (43)	 1.42	 (0.76-2.67)	 0.275
Rad51	 GG	 32.47 (50)	 33.86 (86)	 Ref.		
  c.-61	 GT	 52.60 (81)	 45.28 (115)	 0.93	 (0.58-1.47)	 0.742
  G>T	 TT	 14.94 (23)	 20.87 (53)	 1.40	 (0.76-2.59)	 0.287
	 GT+TT	 67.53 (104)	 66.14 (168)	 1.03	 (0.67-1.60)	 0.882
XRCC3	 AA	 48.21 (81)	 48.29 (169)	 Ref.		
  c.562-14	 AG	 44.64 (75)	 43.14 (151)	 0.93	 (0.63-1.38)	 0.714
  A>G	 GG	 7.14 (12)	 8.57 (30)	 1.22	 (0.58-2.55)	 0.600
	 AG+GG	 51.79 (87)	 51.71 (181)	 0.97	 (0.66-1.42)	 0.869
	 CC	 32.14 (54)	 36.84 (119)	 Ref.		
XRCC3	 CT	 50.00 (84)	 49.23 (159)	 0.86	 (0.56-1.31)	 0.479
  Thr241Met	 TT	 17.86 (30)	 13.93 (45)	 0.78	 (0.44-1.41)	 0.414
	 CT+TT	 67.86 (114)	 63.16 (204)	 0.84	 (0.56-1.26)	 0.396
XRCC3	 AA	 68.02 (117)	 64.14 (220)	 Ref.		
  c.-316	 AG	 30.23 (52)	 31.49 (108)	 1.03	 (0.68-1.56)	 0.892
  A>G	 GG	 1.74 (3)	 4.37 (15)	 2.47	 (0.68-8.94)	 0.168
	 AG+GG	 31.98 (55)	 35.86 (123)	 1.11	 (0.74-1.65)	 0.619

Risk genotype analyses.

	 Risk genotypes	 Controls	 All cases
			   ---------------------------------------------------------------------------------------------------------------------------
	 (No.)	 % (No.)	 % (No.)	 Corr OR	 (95% CI)	 p (α=0.05)

Rad51a 	 0	 75.32 (116)	 68.11 (173)	 Ref.		
	 >1	 24.68 (38)	 31.11 (89)	 1.39	 (0.87-2.20)	 0.387
XRCC3b	 0	 91.67 (154)	 86.18 (293)	 Ref.		
	 >1	 8.33 (14)	 13.82 (47)	 1.79	 (0.94-3.41)	 0.076
Rad51 and	 0	 70.67 (106)	 60.32 (152)	 Ref.		
XRCC3c	 >1	 29.33 (44)	 39.68 (100)	 1.59	 (1.02-2.47)	 0.041

ac.-98 G>T and c.-61 G>T; bc.562-14 and c.-316 A>G; cc.-98 G>T and c.-61 G>T (Rad51), and c.562-14 and c.-316 A>G (Xrcc3). Age-corrected 
ORs (Corr OR) for each individual single nucleotide polymorphism (SNP) and for grouped ‘risk genotypes’ are shown, together with 95% 
confidence intervals (95% CI). Significant and borderline-significant findings are highlighted.
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Since the five SNPs investigated in this study are not in LD 
with each other (Fig. 1), we analyzed whether the combination 
of different DSB repair risk genotypes (RGs) may result in a 
significant association with BC risk. For this specific analysis, 
the He genotype 'GC' of the c.-98 G>C SNP in Rad51 and 
the HV genotypes 'TT' of the c.-61 G>T variant (Rad51), as 
well as 'GG' of c.562-14 A>G (Xrcc3) and 'GG' of c.-316 A>G 
(Xrcc3), were considered as putative breast cancer suscepti-
bility genotypes (Table III).

The ORs calculated for various combinations of DSB 
repair RGs and BC are shown in Tables III-V.

Combination of Xrcc3 RGs resulted in high and significant 
ORs in the hereditary patient group (OR>1RG=2.48; 95%  CI, 
1.20-5.15; p=0.015; Table IV) and BRCA1 mutation carriers 
(OR>1RG=2.77; 95% CI: 1.04-7.36; p=0.041; Table V).

The combined Rad51 risk genotype analysis yielded ORs 
of >1 in most cases, indicating a possible enhancement of BC 
risk in the presence of at least 1 risk genotype. In particular, 
BRCA2 mutation carriers showed a borderline-significant 
OR>1RG of 2.23 (95% CI, 0.94‑5.26; p=0.06; Table V).

When all of the DSB repair genotypes were combined, a 
significant positive association between the putative risk alleles 
listed in the previous paragraph and BC was found in the total 
patient population (OR>1RG=1.59; 95%, CI: 1.02‑2.47; p=0.041; 
Table III) and in hereditary cases (OR=1.80; 95% CI, 1.03‑3.15; 
p=0.04, Table IV). Familial non-BRCA1 or non-BRCA2 cases 
showed borderline-significant ORs (Table V).

Variations in Rad51 and Xrcc3 and in vitro CRS. To examine 
the potential effect of the 5 variations under study on CRS, 
we previously determined the in vitro CRS of 62 patients and 
100 healthy female individuals using the G2 chromatid-break 
or G0 MN assays (4). In this study, the 75 percentiles of the G0 
MN or G2 chromatid-break values calculated in the healthy 
female population were used as cut-off points for radio- 
sensitivity, as previously described (8). Age-corrected ORs 

were calculated by logistic regression. The genotype frequen-
cies in radiosensitive patients were compared to frequencies 
assessed in the non-radiosensitive patient group (Table  VI). 
The two SNPs in Rad51 and the c.-316 A>G variation in 
Xrcc3 showed ORs of <1, suggesting a potential protective 
effect of the variant alleles towards CRS. High but non-
significant ORs were assessed for the c.562-14 A>G SNP in 
Xrcc3 (ORHe=3.45, ORHV=1.65) and for the He genotype of 
the c.722 C>T variation in Xrcc3 (ORHE=1.73).

A risk allele (RA) analysis was performed to assess the 
effect of combining different DSB repair variant alleles on 
CRS (Table  VI). ORs of <1 were obtained by combining 
variant alleles of the SNPs in Rad51. The protective effect 
for radiosensitive patients carrying two Rad51 variant alleles 
was significant (OR2VA=0.10, 95%  CI, 0.01-0.96; p=0.046; 
Table VI). Non-significant results were obtained by analyzing 
the combined effect of the c.562-14 A>G and c.722 C>T SNPs 
in Xrcc3.

Discussion

Misrepair or inefficient repair of DSBs may lead to genetic 
instability and ultimately to carcinogenesis. This process is 
confirmed by the fact that different cancer-prone genetic disor-
ders such as Ataxia-telangiectasia and Nijmegen Breakage 
syndrome, are linked to the HR-DSB repair pathway, and by the 
finding that genes involved in HR, such as BRCA1 and BRCA2, 
are tumor-suppressor genes (11). However, BC-predisposing 
genes such as BRCA1 and BRCA2 account for only 15-20% 
of inherited susceptibility (48,49). Epidemiological analysis 
suggests that the remaining 80-85% can mainly be explained 
by a polygenic model whereby the combined effects of 
numerous individual weak genetic variants are responsible 
for an enhanced breast cancer risk (50). This model is also 
supported by the results obtained in this study, where a signifi-
cant association between the genetic variants and BC risk was 
observed only after combined risk genotype analysis.

Although the c.-98 G>C SNP in Rad51 was initially shown 
to have no impact on BC risk in the general BC population 
(24,31,33,51), contradicting results were obtained concerning 
the effect of the variant 'C' allele of c.-98 G>C on BC risk 
in a population of BC patients with a familial history of the 
disease (25,26,28). Various studies reported that the c.-98 G>C 
variation appeared to modify BC risk in BRCA1 or BRCA2 
carriers. In their study, Jakubowska et al (27) demonstrated a 
protective effect of this variation on BC susceptibility in cases 
carrying the BRCA1 gene, one of the three most common 
Polish founder mutations. Notably, a protective effect was also 
shown against colon cancer risk in Polish cohorts (52).

In different studies involving BRCA2 mutation carriers, 
the c.-98 G>C variation was shown to enhance BC suscep-
tibility (29,30,32). In 2007, a meta-analysis of 19 studies 
confirmed that the c.-98 G>C SNP is a BC risk modifier in 
BRCA2, but not in BRCA1 mutation carriers (23). A significant 
odds ratio was also found between BC risk and c.-98 G>C in 
BRCA2 mutation carriers in a recent meta-analysis by Zhou 
and coworkers (53). Most recently, four meta-analysis studies 
were published concerning the role of the c.-98 G>C SNP in 
breast cancer predisposition (53-56). With the exception of the 
Yu et al study (55), the findings of the meta-analyses showed a 

Figure 1. Linkage disequilibrium (LD) plot of the c.-98 G>C (rs1801320) and 
c.-61 G>T (rs1801321) variations in the 5' UTR of Rad51, and the c.562-14 
A>G (rs1799796), c.722 C>T (rs861539) and c.-316 A>G (rs1799794) varia-
tions in Xrcc3. Analysis was performed in 172 healthy control individuals. 
The LD coefficient r2 is shown in the plot squares.
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significant association with BC risk in the carriers of the c.-98 
G>C variation. In particular, the study by Gao et al demon-
strated a correlation between the CC genotype and elevated 
BC risk in sporadic patients and in the broader European 
population (54). Although no significant association of this 
polymorphism with BC was found by Wang et al in overall 
and European populations, the authors observed a significant 
increase in breast cancer risk (recessive model CC vs. GG/
CG: OR=1.35, 95% CI, 1.05-1.74) following the exclusion of 
studies that did not show a Hardy-Weinberg equilibrium for 
the SNP (56). Finally, the Zhou study found significant ORs 
in both additive (1.34; 95% CI, 1.01-1.78) and recessive (1.37; 
95% CI, 1.03-1.82) models (53).

The c.-61 G>T SNP in the 5' UTR of Rad51 has been 
studied less extensively and no association with BC risk was 
found (32,57,58). Our results indicate that the He genotype of 
c.-98 G>C and the HV genotype of c.-61 G>T may be consid-
ered as putative RGs for BC since the combined effect of the 
two genotypes exhibited a borderline significant OR of 2.23 in 
the BC patient group with a BRCA2 mutation (95% CI, 0.94-
5.26). This combined effect on BC risk in BRCA2 carriers may 
be due to the fact that the c.-98 G>C and c.-61 G>T variations 
are functional and result in an increased promoter activity (59).

The functionality of the two variations also substantiates 
the finding that the variant alleles of the two SNPs in Rad51 
have a protective effect towards in vitro CRS. The protective 

Table VI. Genotype frequencies, age-corrected OR and 95% confidence intervals (95% CI) assessed in both radiosensitive (RS) 
and non-radiosensitive (NRS) cases. 

	 NRS cases	 RS cases
		  --------------------------------------------------------------------------------------------------------------------------------------
		  % (No.)	 % (No.)	 Corr OR	 (95% CI)	 p (α=0.05)

Rad 51	 GG	 78.57 (22)	 88.24 (15)	 -	 -	 -
  c.-98	 GC	 21.43 (6)	 11.76 (2)	 0.49	 (0.09-2.78)	 0.422
  G>C	 CC	 0.00 (0)	 0.00 (0)	 -	 -	 -
	 GC+CC	 21.43 (6)	 11.76 (2)	 0.49	 (0.09-2.78)	 0.422
Rad 51	 GG	 16.67 (4)	 33.33 (5)	 -	 -	 -
  c.-61	 GT	 45.83 (11)	 46.67 (7)	 0.50	 (0.10-2.54)	 0.402
  G>T	 TT	 37.50 (9)	 20.00 (3)	 0.27	 (0.04-1.70)	 0.161
	 GT+TT	 83.33 (20)	 66.67 (10)	 0.39	 (0.09-1.81)	 0.230
XRCC3	 AA	 67.86 (19)	 47.06 (8)	 -	 -	 -
  c.562-14	 AG	 21.43 (6)	 41.18 (7)	 3.45	 (0.78-15.31)	 0.104
  A>G	 GG	 10.71 (3)	 11.76 (2)	 1.65	 (0.23-12.06)	 0.622
	 AG+GG	 32.14 (9)	 52.94 (9)	 2.73	 (0.73-10.17)	 0.135
XRCC3	 CC	 37.04 (10)	 35.29 (6)	 -	 -	 -
  Thr241	 CT	 40.74 (11)	 58.82 (10)	 1.73	 (0.44-6.83)	 0.437
  Met	 TT	 22.22 (6)	 5.88 (1)	 0.26	 (0.02-2.76)	 0.262
	 CT+TT	 62.96 (17)	 64.71 (11)	 1.12	 (0.31-4.02	 0.863
XRCC3	 AA	 65.38 (17)	 76.47 (13)	 -	 -	 -
  c.-316	 AG	 34.62 (9)	 23.53 (4)	 0.58	 (0.15-2.31)	 0.438
  A>G	 GG	 0.00 (0)	 0.00 (0)	 -	 -	 -
	 AG+GG	 34.62 (9)	 23.53 (4)	 0.58	 (0.15-2.31)	 0.438

Risk allele analysis.

	 Risk alleles	 NRS cases	 RS cases
			   --------------------------------------------------------------------------------------------------------------------------------------
	 (No.)	 % (No)	 % (No)	 Corr OR	 (95% CI)	 p (α=0.05)

Rad51a	 0	 8.70 (2)	 28.57 (4)	 -	 -	 -
	 1	 47.83 (11)	 57.14 (8)	 0.37	 (0.05-2.55)	 0.313
	 2	 43.48 (10)	 14.29 (2)	 0.10	 (0.01-0.96)	 0.046
	 3	 4.35 (1)	 7.14 (1)	 0.56	 (0.02-15.01)	 0.732
XRCC3b	 0	 19.23 (5)	 17.65 (3)	 -	 -	 -
	 1	 26.92 (7)	 41.18 (7)	 1.72	 (0.29-10.23)	 0.551
	 2	 53.85 (14)	 41.18 (7)	 0.89	 (0.16-4.94)	 0.889

ac.-98 G>T and c.-61 G>T; bc.562-14 and Thr241Met. The odds ratios (ORs) for each individual single nucleotide polymorphism (SNP) and 
for the risk allele analysis are shown. Significant findings are highlighted in bold.
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effect became significant after analysis of the combined risk 
alleles (OR2RA=0.10, 95% CI, 0.01-0.96; p=0.046; Table VI). 
According to Hasselbach et al (59), the two variations are 
gain-of-function mutations. This observation explains the 
protection observed towards in  vitro CRS as cells with an 
increased level of Rad51 are expected to be more resistant 
to DNA damage. The enhanced BC risk observed in BRCA2 
mutation carriers in this study appear to be contradictory to 
this rationale. However, increased levels of Rad51 have been 
found in cell lines derived from breast carcinoma. It is likely 
that a balanced relationship between Rad51 expression and 
other repair factors is required. Additionally, the overexpres-
sion of Rad51 may lead to increased genomic instability and 
therefore contribute to carcinogenesis (60). In contrast to 
Hasselbach et al (59), Antoniou et al (23) found that the c.-98 
'C' allele may cause an overall lower abundance of the Rad51 
protein. The effects of these SNPs on Rad51 protein levels, 
particularly in breast tissue, require further investigation.

The association between the c.562-14 A>G SNP in Xrcc3 
and BC is controversial. Some studies showed a protective 
effect of the HV genotype against BC (58,36), whereas other 
reports showed no association with BC risk (37).

Kuschel et al (58) revealed that the c.-316 A>G variation 
in Xrcc3 did not correlate with BC susceptibility. The Breast 
Cancer Consortium pooled data from 5 and 6 studies focusing 
on c.562-14 A>G and c.-316 A>G, respectively, and found no 
correlation between the frequency of the variant alleles and BC 
risk (34). In our study, positive but non-significant ORs were 
obtained for the rare HV genotype of the two SNPs. However, 
the analysis performed by combining the two HV RGs, 
resulted in significant ORs in hereditary (OR>1RG=2.48; 95% 
CI, 1.20-5.15; p=0.015; Table IV) and in BRCA1 patient groups 
(OR>1RG=2.77; 95% CI, 1.04-7.36; p=0.041; Table V), and 
borderline-significant-positive ORs for the total patient popu-
lation (OR>1RG=1.79; 95% CI, 0.94-3.41; p=0.076; Table  III).  
Houlston and Peto (61) estimated that, depending on the risk 
exhibited by a variant allele, genotype studies in familial 
populations may be 2-5 times more powerful than studies 
involving unselected patients. The genotyping explains the 
occurence of the strongest associations between SNPs and 
BC in the hereditary patient group. The strong association 
observed in BRCA1 patients indicates that low-penetrant vari-
ations are capable of modifying BC risk in patients already 
carrying a high penetrant mutation. Although the BRCA1 and 
Xrcc3 proteins do not physically interact, both are indispens-
able components of the same HR pathway. Xrcc3 is essential 
for the Rad51 filament formation (20), whereas BRCA1 plays 
a role as a ‘molecular scaffold’ for the assembly of the HR 
machinery, and recruits checkpoint factors to initiate a signal-
ling cascade that halts cell cycle progression (10).

The c.722 C>T variation in Xrcc3, encoding the missense 
mutation Thr241Met, has been extensively studied. Published 
data have produced varying results, ranging from i) a protec-
tive effect towards BC (37), particularly in post-menopausal 
women carrying at least one 'T' allele (57); to ii) no association 
with breast (or colon) cancer risk (26,33,38,42,62); to iii) an 
enhanced susceptibility to BC, (58,25,35-37,39-41,43); or iv) 
to an increased risk of onset of local metastases (51). A pooled 
analysis of nine studies revealed no association of the variant 
'T' allele with breast cancer (34). Our results confirm the 

absence of an association between the presence of the variant 
'T' allele and BC risk (Tables III-V). The lack of an associa-
tion between this variation and BC is further supported by the 
fact that no significant difference in DNA repair activity was 
found between cells expressing the wild-type Thr protein of 
Xrcc3 and the Met variant (63).

Xrcc3 has also been extensively tested for its association 
with in  vivo radiosensitivity after radiotherapy in a variety 
of cancers (reviewed in ref. 64). The majority of the studies 
studies failed to note a correlation between the c.722 C>T 
variant and radiotherapy-induced acute complications (64). 
However, in non-cancer subjects the protein encoded by the 
gene harboring the c.722 C>T variant has been found to repair 
radiation-induced damage with significantly less efficiency 
than its wild-type counterpart (65). In patients treated for 
gynaecological tumors, the c.-316 A>G SNP exhibited an asso-
ciation with incidence of cancer, but not with the development 
of acute reactions following radiotherapy. In the same study, 
the c.562-14 A>G variation exhibited no correlation with 
cancer incidence, but the variant 'G' allele was predisposed to 
more severe acute complications following radiotherapy (66). 
When genotype distributions were compared in radiosensitive 
vs. non-radiosensitive BC patients (Table VI), the positive 
ORs exhibited by c.562-14 A>G and c.722 C>T may indicate 
that these SNPs are correlated with in  vitro CRS. However, 
risk allele analysis results were inconclusive.

In conclusion, the effects of SNPs in Rad51 and Xrcc3 
on BC risk remain to be elucidated. Nevertheless, findings 
of this study revealed that low-penetrant variations in Rad51 
and Xrcc3, two proteins belonging to the HR repair pathway, 
may modify BC risk in patients already carrying a patho-
logical mutation in the highly penetrant BC genes BRCA1 and 
BRCA2. Combined risk genotype analysis also revealed that 
Rad51 SNPs enhanced BC risk in BRCA2 patients, whereas 
Xrcc3 SNPs enhanced BC risk in BRCA1 patients and in 
patients with hereditary BC. When the four putative RGs of 
Rad51 and Xrcc3 were combined, a positive significant OR 
was observed for the total patient population. This finding 
is supportive of a polygenic model whereby combinations of 
weak variations are responsible for enhanced breast cancer 
risk. Since the different subpopulations of BC patients used 
in this report were relatively small, larger sample sizes are 
required to confirm the conclusions (study in progress).
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