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Background. Homologous recombination (HR) repair is an important mechanism involved in repairing double-strand 
breaks in DNA and for maintaining genomic stability. Polymorphisms in genes coding for enzymes involved in this 
pathway may influence the capacity for DNA repair. The aim of this study was to select tag single nucleotide poly-
morphisms (SNPs) in specific genes involved in HR repair, to determine their allele frequencies in a healthy Slovenian 
population and their influence on DNA damage detected with comet assay.
Materials and methods. In total 373 individuals were genotyped for nine tag SNPs in three genes: XRCC3 722C>T, 
XRCC3 -316A>G, RAD51 -98G>C, RAD51 -61G>T, RAD51 1522T>G, NBS1 553G>C, NBS1 1197A>G, NBS1 37117C>T and 
NBS1 3474A>C using competitive allele-specific amplification (KASPar assay). Comet assay was performed in a sub-
group of 26 individuals to determine the influence of selected SNPs on DNA damage.
Results. We observed that age significantly affected genotype frequencies distribution of XRCC3 -316A>G 
(P = 0.039) in healthy male blood donors. XRCC3 722C>T (P = 0.005), RAD51 -61G>T (P = 0.023) and NBS1 553G>C 
(P = 0.008) had a statistically significant influence on DNA damage.
Conclusions. XRCC3 722C>T, RAD51 -61G>T and NBS1 553G>C polymorphisms significantly affect the repair of dam-
aged DNA and may be of clinical importance as they are common in Slovenian population.
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Introduction

Maintaining genetic stability is very important for 
survival of an individual and it requires mecha-
nisms for repairing DNA damage that may result 
from exposure to heat, radiation, carcinogens and 
cytotoxic compounds from the environment or 
various endogenous metabolites.1

Most changes in DNA are transient because 
they are immediately repaired by DNA repair 
processes. Different types of DNA damage are 
recognised by different enzymes and repaired by 
different pathways: direct repair, excision repair 
and double-strand break repair. Double-strand 

breaks (DSBs) are a major threat to genomic sta-
bility, because if they are not repaired, they can 
lead to chromosome loss, chromosomal rearrange-
ments, apoptosis or carcinogenesis.2 DSBs can be 
caused by mechanical stress, transposition and 
meiosis, but they also occur during DNA replica-
tion. Two pathways of DNA repair can be used for 
DSB repair: non-homologous end joining (NHEJ) 
and homologous recombination (HR). In NHEJ, 
long homologous templates are not required, be-
cause the ends of the break are directly ligated. 
Consequently, this type of repair often leads to 
loss of base pairs.3 Unlike NHEJ, HR completely 
repairs DSBs, results in a molecule of the same 
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length as the original and preserves the integrity 
of DNA.

HR is initiated by a DSB in one of the duplexes 
and the intact homologous chromosome is used as 
a template to repair the break by DNA synthesis as 
explained in Figure 1.

HR repair is a complex process, involving many 
different enzymes, including NBS1, RAD51 and 
XRCC3. NBS1 plays an important role in initial 
steps in both types of DSB repair as a part of MRN 
complex.4 Mutations of NBS1 gene lead to Nijmegen 
breakage syndrome, presenting with immunodefi-
ciency, increased cancer risk and radiation sensitiv-
ity.5 Polymorphisms in NBS1 gene are also associat-
ed with altered cancer risk, especially in breast, lung 
and skin cancer.6 Several NBS1 polymorphisms 
are relatively common, with minor allele fre-
quency more than 5%,6 for example NBS1 553G>C 
(rs1805794), a non-synonymous polymorphism that 
changes the amino acid residue at position 185 from 
glutamic acid (Glu) to glutamine (Gln) (Glu185Gln), 
and NBS1 1197A>G (rs709816), a polymorphism 
that changes the nucleotide, but not the amino acid 
residue in the central region of the protein.

RAD51 catalyzes the key steps of HR repair. It 
possesses DNA binding and ATPase activities and 
interacts with several different proteins: RAD51 
family, BRCA1, BRCA2 and RAD54.7 Several 
polymorphisms have been described in RAD51 
gene, although they are not common in the cod-
ing region. The polymorphisms in the 5’ untrans-
lated region (UTR) have an important influence on 
gene transcription and protein expression. Among 
them, RAD51 -98G>C (rs1801320) and RAD51 
-61G>T (rs1801321) were reported to increase pro-
moter activity.8 Polymorphisms in the 3’ UTR, such 
as RAD51 1522T>G (rs12593359), may play an im-
portant role in regulation of gene expression by 
controlling polyadenylation, translation rate and 
mRNA degradation.9

XRCC3 is a member of RAD51 family and one 
of XRCC genes that help protect the cell from the 
effects of ionizing radiation.10 The XRCC3 gene 
region contains mostly intronic polymorphisms, 
however a few polymorphisms that change amino 
acid residues were described in the coding region, 
but their impact is largely unknown.11 Most stud-
ies have investigated the XRCC3 722C>T (rs861539) 
polymorphism that leads to the substitution of 
threonine (Thr) with methionine (Met) at position 
241 (Thr241Met) and XRCC3 -316A>G (rs1799794) 
polymorphism in 5’ UTR.

Single nucleotide polymorphisms (SNPs) are 
the most common form of DNA variation. SNPs 

in genes coding for enzymes involved in DNA 
repair can modify the activity or expression of 
these enzymes and change the DNA repair capac-
ity, which can, in turn, result in increased risk for 
various diseases, especially cancer. They can also 
influence cancer treatment response and efficacy.12 
As they may vary considerably among different 
populations, it is important to identify the frequen-
cies of these SNPs in the population. Furthermore, 
SNPs can be used as pharmacogenetic markers 
when their functional significance and the associa-
tion with a given phenotype are proven.13 Instead 
of functional SNPs, the tagged SNP approach can 
be used to cover the variability within the gene 

FIGURE 1. Homologous recombination repair. Double-strand breaks (A) are recog-
nized by MRE11/RAD50/NBS1 (MRN) complex (B). The break is processed to single 
stranded 3’ ends, initially bound by RPA (C). With help from mediator proteins such 
as XRCC3, RAD51 forms a nucleoprotein filament with DNA (D). The central reaction 
of HR is homology search and DNA strand invasion (E), where the 3’ end of one 
strand invades the homologous chromatid and is elongated using the complemen-
tary strand of the homologous chromatid as a template. This results in formation of 
a Holliday junction with two crossovers (F). Holliday junction can be resolved in two 
different ways, leading to either crossover or non-crossover products, but in both 
cases the result of HR repair is two intact double-stranded DNA molecules (G).
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region. Based on haplotype information available 
from the International HapMap Project database 
(http://www.hapmap.org) we can select only one 
tag SNP from an area with high linkage disequilib-
rium without loss of information.

The aim of this study was to select tag SNPs in 
XRCC3, RAD51 and NBS1 genes and determine 
their frequencies in a healthy Slovenian popula-
tion. We also wished to assess their influence on 
DNA damage detected with comet assay and eval-
uate the impact of age on genotype frequencies.

Materials and methods
Participants

The study population consisted of 373 healthy 
Slovenian blood donors. A randomly selected sub-
group of 26 individuals was invited to participate 
in comet assay. All subjects in the subgroup were 
asked to refrain from physical activity for at least 
two days before venepuncture. We also obtained 
data on smoking and folate intake from this sub-
group, using a questionnaire. Daily folate intake 
was calculated using the program Alimentación 
y Salud 2.0. Written informed consent was ob-
tained from all individuals prior to participation. 
The study was approved by the Slovenian Ethics 
Committee for Research in Medicine and was car-
ried out according to the Helsinki Declaration. 

Bioinformatic analysis

We used public databases to determine the tag 
SNPs in genes for three enzymes that are part 
of homologous recombination repair: XRCC3, 
RAD51 and NBS1. We searched for the data on 
polymorphisms in these genes in the International 
HapMap Project database (http://www.hapmap.
org), checked the location and allele frequencies 
of SNPs in the Caucasian population in the SNP 
database (www.ncbi.nlm.bih.gov/projects/SNP) 
and selected the tag SNPs using HaploView (ht-
tp://www.broad.mit.edu/haploview/haploview-
downloads#DOWNLOAD).

Next, we determined which SNPs are genetical-
ly linked and therefore form haplotype blocks. We 
set the r2 value to 0.8, meaning there was an 80% 
chance for SNPs in the haplotype block to be genet-
ically linked. From each haplotype block we chose 
at least one tag SNP, preferentially a SNP that had 
been previously investigated and had an impact on 
protein expression or stability, or changed amino 
acids. We selected only SNPs with minor allele 

frequency higher than 0.050 (more than 5% of the 
population).

Genotyping

Genomic DNA was isolated from peripheral ve-
nous blood leukocytes using a Qiagen FlexiGene 
kit according to the manufacturer’s recommenda-
tions (Qiagen, Hilden, Germany). DNA concentra-
tion was determined by absorbance measurements. 

Competitive allele-specific amplification 
(KASPar assay, KBioscience, Hoddesdon, Herts, 
UK) was used for genotyping selected polymor-
phisms. This assay uses a pair of allele-specific 
primers and a pair of probes. Allele-specific primer 
binds to target DNA sequence at the 3’ end, but has 
a 5’ tail sequence that is not complementary to the 
target sequence. A different probe binds to the tail 
sequence of each allele-specific primer. Each probe 
consists of a region, complementary to the respec-
tive tail sequence, and a stem loop structure with 
a different fluorophore and a quencher. During 
PCR, the allele - specific primer is elongated and 
the tail sequence becomes incorporated in the PCR 
product. One of the probes hybridizes with the 
respective tail sequence and is also coupled to the 
PCR product. During the next PCR cycle, the stem 
loop is linearized and the termination of quenching 
effect results in a fluorescence signal. The wave-
length of the signal is probe specific and depends 
on which allelic variant is present in the sample.14

We performed the amplifications in GeneAmp 
PCR System 9700 AB (Applied Biosystems, Foster 
City, California, USA) as recommended by the 
manufacturer (KBioscience). We measured the flu-
orescence on a 7500 Real Time PCR System AB and 
analysed the data with 7500 System SDS Software 
(both Applied Biosystems).

Comet assay

Comet assay (also called single-cell gel electro-
phoresis), a simple and sensitive method for de-
tecting single and double-strand breaks,15 was 
used to assess DNA damage in lymphocytes from 
26 healthy individuals as previously described.16 
Comet assay was performed blind to the genotyp-
ing data. In brief, lymphocytes embedded in low 
melting point agarose were lysed and subjected 
to unwinding and electrophoresis under alkaline 
conditions.17 After staining with a DNA-binding 
dye, DNA damage was visualised by fluorescence 
microscopy and quantified using Comet 5 software 
(Kinetic Imaging Ltd, 2000, UK). The level of DNA 



Radiol Oncol 2012; 46(1): 46-53.

Goricar K et al. / HR repair polymorphisms and DNA damage 49

damage was evaluated by two parameters: the per-
centage of DNA in the tail (% TD) and the Olive 
Tail Moment (OTM). OTM is the product of the % 
TD and tail length.

Statistical analysis

The median was used to present central tendency of 
normally distributed parameters, while the range 
(minimum-maximum) was a measure of variabil-
ity. To describe non-normally distributed parame-
ters mean values and standard deviation (SD) were 
used. A chi-square statistic was used to verify that 
allele frequencies were in Hardy-Weinberg equilib-
rium (HWE). In all statistical analysis the dominant 
genetic model was used, which specifically tests the 

associations of having at least one minor allele ver-
sus having two wild type alleles. We tested the nor-
mality of variables’ distribution with the Shapiro-
Wilk test. We used nonparametric correlations to 
compare genotype frequency distributions between 
the age groups. As % TD and OTM were not nor-
mally distributed, we used nonparametric Mann-
Whitney U-test to determine the influence of poly-
morphisms on DNA damage. Multivariable linear 
regression was used to determine the influence of 
studied genetic polymorphisms on OTM using 
normally distributed logarithmic values of OTM. 
All non-genetic variables that had an influence on 
DNA damage were included in the multivariable 
model. The level of significance for all tests was set 
to P < 0.050. All statistical analyses were performed 

TABLE 2. The distribution of genotype frequencies for NBS1 553G>C polymorphism in different Caucasian populations

Genotype frequencies (%)

Population N GG GC CC P Reference

Slovenia 373 8.8 48.3 42.9 - present study

HapMap-CEU 120 8.3 40.0 51.7 0.233 dbSNP

United Kingdom 734 10.5 43.3 46.2 0.272 Kuschel et al.19

Poland 275 40.4 48.7 10.9 < 0.001 Mosor et al.20

Hungary, Romania, Slovakia 533 46.9 41.5 11.6 < 0.001 Thirumaran et al.21

Czech Republic 530 45.1 41.5 13.4 < 0.001 Pardini et al.22

HapMap-CEU, population with European ancestry, included in HapMap project

TABLE 1. Genotype frequencies of selected tag SNPs in healthy individuals (N = 373)

Polymorphism SNP rs number Genotype frequencies N (%)

XRCC3 722C>T
(Thr241Met) rs861539

CC CT TT
153 (41.0) 158 (42.4) 62 (16.6)

XRCC3 -316A>G rs1799794
AA AG GG
247 (66.2) 107 (28.7) 19 (5.1)

RAD51 -98G>C rs1801320
GG GC CC
304 (81.5) 61 (16.4) 8 (2.1)

RAD51 -61G>T rs1801321
GG GT TT
133 (35.7) 176 (47.2) 64 (17.2)

RAD51 1522T>G rs12593359
TT TG GG
103 (27.6) 176 (47.2) 94 (25.2)

NBS1 553G>C
(Glu185Gln) rs1805794

GG GC CC
33 (8.8) 180 (48.3) 160 (42.9)

NBS1 1197A>G
(Asp399Asp) rs709816

AA AG GG
139 (37.3) 188 (50.4) 46 (12.3)

NBS1 37117C>T rs1805811
CC CT TT
347 (93.0) 25 (6.7) 1 (0.3)

NBS1 3474A>C rs1063054
AA AC CC
163(43.7) 170 (45.6) 40 (10.7)

SNP, single nucleotide polymorphism
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using SPSS for Windows 14.0.1 software (Statistical 
Package for the Social Sciences, Chicago, IL).

Results and discussion

The study group consisted of 373 healthy Slovenian 
subjects, 219 (58.9%) male and 153 (41.1%) female 
with a median age of 30 (range 18-65) years. 

In our study we first selected the tag SNPs in 
three genes that have an important role in HR re-
pair. Most of the genetic variability within the re-
spective gene regions was covered with two tag 
SNPs for XRCC3, three SNPs for RAD51 and four 
SNPs for NBS1. The distribution of genotype fre-
quencies for selected tag SNPs is summarized in 
Table 1. All genotype distributions were consistent 
with HWE (P > 0.050).

The observed genotype frequencies in the 
Slovenian population were mostly in agreement 
with values published for other Caucasian popula-
tions in the SNP database (dbSNP) and other stud-
ies.8,18-21 The distribution of genotype frequencies 
among populations differed significantly only for 
NBS1 553G>C polymorphism, as shown in Table 2. 

Polymorphic NBS1 553C allele was the common 
allele both in our study and in dbSNP, while the 
normal NBS1 553G allele was reported to be more 
common in Eastern European populations.20-22

To determine whether age affected genotype 
distribution for selected tag SNPs, we divided the 
subjects into ten five-year age groups (18-22 years, 
23-27 years, 28-32 years, 33-37 years, 38-42 years, 
43-47 years, 48-52 years, 53-57 years, 58-62 years 
and 63-65 years). Because the age groups had a 
considerably different sex distributions (P < 0.001) 
and XRCC3 722C>T genotype frequencies were dif-
ferently distributed between males and females (P 
= 0.007), we determined the impact of age on geno-
type frequency distribution only in men. 

The nonparametric correlations were used to de-
termine if the genotype frequencies differ among 
the age groups. A statistically significant difference 
was observed only for the frequency distribution 
of XRCC3 -316A>G polymorphism (Kendall’s tau 
= -0.121, P = 0.039). With increasing age, the per-
centage of individuals carrying the polymorphic 
allele decreased, most notably above the age of 
50 years (Figure 2A). As this age coincides with a 
rapid increase in cancer incidence in the Slovenian 
population (Figure 2B),23 the loss of the polymor-
phic XRCC3 -316G allele from the healthy popula-
tion with increasing age may indicate that this or 
another closely linked SNP influences DNA repair 
capacity and plays a role in cancer risk. Previous 
studies did not find a direct association between 
this polymorphism and cancer risk19, however a re-
cent study showed an association of polymorphic 
XRCC3 -316GG genotype with worse prognosis 
and survival in gastric and oesophageal cancer.24

We also investigated the influence of selected 
SNPs in genes coding for HR repair enzymes on 
level of DNA damage. DNA damage was deter-
mined by the comet assay in a subgroup of 26 indi-
viduals. This subgroup consisted of 20 female and 
6 male individuals with median age of 24 (range 
20 – 29) years. The values for folate intake varied 
between 41.5 and 645.1 μg folate per day (mean 
value 327.46 ± 167.90 μg per day). Three individu-
als in the subgroup were smokers. DNA damage 
was quantified as % TD and OTM. The mean % TD 
(±SD) was 7.40 (± 2.36) and mean OTM (±SD) was 
0.99 (± 0.56). Even though the % TD is linearly re-
lated to DNA damage, we chose OTM as a better 
marker of DNA damage, because we only investi-
gated healthy individuals and we expected a low 
degree of DNA damage. In such a case the most 
informative parameter is tail length, which is used 
to calculate OTM.25

FIGURE 2. XRCC3 -316A>G polymorphism and age. Proportion of men with polymor-
phic XRCC3 -316G allele decreases with increasing age, especially above the age 
of 50 years (A). Cancer incidence in Slovenia for men in 2007. Cancer incidence 
significantly increased above the age of 50 years (B).
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Because some studies reported that smoking in-
fluenced the level of DNA damage,26,27 while others 
observed no influence,28 we checked for the influ-
ence of smoking in our subgroup. Similar to the 
results of the latter study, we did not observe any 
association between smoking and OTM (P = 0.507), 
so we did not exclude the smokers from further 
analysis.

We analysed the influence of polymorphisms on 
DNA damage using nonparametric tests and the 
results are summarized in Table 3. The variability 
of the average OTM between genotypes was rather 
low in general. Although none of the investigated 
polymorphisms had a statistically significant ef-
fect on % TD (P≥0.050 for all associations), XRCC3 
722C>T (P = 0.004), RAD51 -61G>T (P = 0.034) and 
NBS1 553G>C (P = 0.002) had a statistically signifi-
cant influence on OTM in univariable analysis.

We also determined the influence of non-genetic 
factors on DNA damage in univariable regression 
analysis. Sex and age did not significantly influ-
ence OTM (P = 0.969 and P = 0.069, respectively), 
but folate intake had a statistically significant in-
fluence on OTM (P = 0.048). Only polymorphisms 
XRCC3 722C>T, RAD51 -61G>T and NBS1 553G>C 
that had a statistically significant influence on 
DNA damage were included in multivariable re-
gression model adjusted for age and folate intake. 
Because the variables must be normally distributed 
for this analysis, we used the normally distributed 
logarithmic values of OTM (P > 0.050 in Shapiro-

Wilk analysis). Even though all P values were not 
statistically significant (P > 0.050), all variables in-
cluded in the regression model contributed to R2 
value (R2 = 0.565). As shown in Table 4, only the 
influence of the XRCC3 722C>T polymorphism on 
DNA damage remained significant in this model.

Because XRCC3 722C>T, NBS1 553G>C and 
RAD51 -61G>T have a functional effect, it is not sur-
prising that they influence DNA damage. Several 
studies have investigated the impact of these poly-
morphisms on cancer risk, but the results are in-
consistent.

The NBS1 553G>C polymorphism changes the 
amino acid in the BRCA1 C-terminal domain, im-
portant for interaction with histones and relocali-
sation of the MRN complex closer to DNA dam-

TABLE 4. The influence of genetic and non-genetic factors on 
DNA damage

Variable P*

Constant 0.126

Age 0.258

Folate intake 0.103

XRCC3 722C>T 0.040

RAD51 -61G>T 0.122

NBS1 553G>C 0.129

* in multiple regression model for logarithmically transformed OTM values

TABLE 3. The influence of selected polymorphisms on DNA damage detected with comet assay in a subgroup of 26 individuals

Polymorphism Genotype N (%) OTM (mean ± SD) P

XRCC3 722C>T
CC 13 (50.0) 1.192 ± 0.706

0.004
CT+TT 13 (50.0) 0.795 ± 0.280

XRCC3 -316A>G
AA 22 (84.6) 1.002 ± 0.607

0.663
AG+GG 4 (15.4) 0.948 ± 0.253

RAD51 -98G>C
GG 22 (84.6) 1.019 ± 0.606

0.856
GC+CC 4 (15.4) 0.853 ± 0.220

RAD51 -61G>T
GG 7 (26.9) 1.419 ± 0.946

0.034
GT+TT 19 (73.1) 0.837 ± 0.221

RAD51 1522T>G
TT 8 (30.8) 0.779 ± 0.179

0.173
TG+GG 18 (69.2) 1.089 ± 0.650

NBS1 553G>C
GG 4 (15.4) 1.355 ± 0.224

0.002
GC+CC 22 (84.6) 0.9277 ± 0.585

NBS1 1197A>G
AA 6 (23.1) 0.778 ± 0.127 0.290
AG+GG 20 (76.9) 1.058 ± 0.629

NBS1 37117C>T
CC 23 (88.5) 1.018 ± 0.594

0.600
CT+TT 3 (11.5) 0.8033 ± 0.170

NBS1 3474A>C
AA 10 (38.5) 0.783 ± 0.148

0.132
AC+CC 16 (61.5) 1.125 ± 0.685

SD, standard deviation
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age.29 It could therefore affect interaction with 
other proteins that are part of HR repair. In comet 
assay, individuals with NBS1 553GG genotype had 
a higher OTM value than individuals with 553GC 
or 553CC genotypes. A previous study reported 
that this polymorphism modulates the frequen-
cies of chromatid-type aberrations30 and some 
other studies investigated the impact of this poly-
morphism on cancer risk. One study reported that 
polymorphic allele increased the risk for basal cell 
carcinoma in males21, but no association was found 
between this polymorphism and breast cancer19 or 
acute lymphoblastic leukaemia risk.20

XRCC3 722C>T polymorphism leads to amino 
acid substitution, which could affect the protein 
structure or function. In the present study, indi-
viduals with XRCC3 722CC genotype had higher 
OTM value than carriers of 722T allele. Previous 
studies that investigated the influence of XRCC3 
722C>T polymorphism on chromosomal aberra-
tions and single-stranded breaks did not report 
any influence of this polymorphism on DNA dam-
age.31 Several studies investigated the effect of 
this polymorphism on cancer risk, but the results 
were also inconclusive.18,19,21,32,33 Most studies link 
this polymorphism with breast cancer risk, where 
homozygotes for the polymorphic allele have an 
increased risk compared to homozygotes for the 
normal allele.19 The polymorphic allele was also 
associated with increased risk of lung cancer.32 In 
contrast with these studies, no influence on the 
risk of stomach cancer was found18 and the poly-
morphic allele was even associated with a reduced 
risk of basal cell carcinoma.21 A meta-analysis that 
compared the findings of different studies con-
cluded that polymorphisms in XRCC3 gene defi-
nitely modify the risk, especially for some types 
of cancer, but do not represent the most important 
risk factor.33

RAD51 -61G>T modifies promoter activity and 
the polymorphic allele facilitates binding of a tran-
scription factor, thus increasing the transcription 
of the gene.8 In our study, individuals with RAD51 
-61GG genotype had a higher OTM value than in-
dividuals with -61GT or -61TT genotypes. It was 
also established that cells with RAD51 -61TT geno-
type had fewer gamma radiation-induced chroma-
tid breaks8, which is consistent with the proposed 
protective effect of this genotype. These results 
suggest that the polymorphic allele is associated 
with a smaller amount of DNA damage. Some 
studies also investigated the influence on cancer 
risk and a decreased risk was observed for squa-
mous cell carcinoma of the head and neck among 

homozygotes for the polymorphic allele8 and for 
breast cancer among the carriers of the polymor-
phic RAD51 -61T allele.19 

We report the results of the first study investi-
gating polymorphisms in genes for HR repair en-
zymes in a Slovenian population and their influ-
ence on DNA damage. Our study included subjects 
from an ethnically homogenous population, which 
is important because the association between 
genotype frequencies and risk of cancer can dif-
fer among populations.34 Because the participants 
in our study were blood donors, we could not in-
clude people older than 65 years. This could be a 
limitation when assessing the influence of age on 
genotype frequencies, but we were able to show 
that age significantly affects genotype frequencies 
already above the age of 50 years, which coincides 
with a significant increase of cancer incidence. The 
main limitation of our study though was the small 
number of individuals included in the subgroup 
for analysis of DNA damage with comet assay. 
Despite this limitation, we managed to show that 
three selected tag SNPs had a statistically signifi-
cant influence on DNA damage. Because they are 
very common in Slovenian population, they are of 
major interest for further pharmacogenetic studies, 
investigating the association between DNA repair 
polymorphisms and cancer risk or cancer treat-
ment response as a part of generic testing which 
became extremely important in oncology.35

Acknowledgements

The authors wish to acknowledge Prof. Emilio 
Martínez de Victoria Muñoz, PhD, Maria del 
Carmen Ramirez Tortosa, PhD and Jose L Quiles, 
PhD from the Institute of Nutrition and Food 
Technology (Instituto de Nutrición y Tecnología 
de los Alimentos, INYTA), University of Granada, 
Spain for their kind help with setting up the comet 
assay and for providing the program Alimentación 
y Salud 2.0. The authors wish to thank Prof. Romana 
Marinšek Logar, PhD from University of Ljubljana, 
Biotechnical Faculty for providing time on their 
Olympus CH 50 microscope. The authors also wish 
to express thanks to Gareth Morgan, MPhil, MSc, 
FIBMS, Director of Studies, Masters Programme 
in Diagnostic Cytology, Division of Pathology, 
Karolinska Institutet, Stockholm, Sweden for the 
language corrections.

This work was financially supported by The 
Slovenian Research Agency (bilateral project BI-
ES/04-05-016 and ARRS Grant No. PO-0503-0381).



Radiol Oncol 2012; 46(1): 46-53.

Goricar K et al. / HR repair polymorphisms and DNA damage 53

References
1. Wood  RD, Mitchell M, Sgouros J, Lindahl T. Human DNA repair genes. 

Science 2001; 291: 1284-9.

2. Li X,  Heyer WD. Homologous recombination in DNA repair and DNA damage 
tolerance. Cell Res 2008; 18: 99-113.

3. Wille ms P, Claes K, Baeyens A, Vandersickel V, Werbrouck J, De Ruyck K, et 
al. Polymorphisms in nonhomologous end-joining genes associated with 
breast cancer risk and chromosomal radiosensitivity. Genes Chromosomes 
Cancer 2008; 47: 137-48.

4. van d en Bosch M, Bree RT, Lowndes NF. The MRN complex: coordinating 
and mediating the response to broken chromosomes. EMBO Rep. 2003; 
4: 844-9.

5. Lu J,  Wei Q, Bondy ML, Li D, Brewster A, Shete S, et al. Polymorphisms and 
haplotypes of the NBS1 gene are associated with risk of sporadic breast 
cancer in non-Hispanic white women <or=55 years. Carcinogenesis 2006; 
27: 2209-16.

6. Lu M,  Lu J, Yang X, Yang M, Tan H, Yun B, et al. Association between the 
NBS1 E185Q polymorphism and cancer risk: a meta-analysis. BMC Cancer 
2009; 9: 124.

7. Thack er J. The RAD51 gene family, genetic instability and cancer. Cancer Lett 
2005; 219: 125-35.

8. Lu J,  Wang LE, Xiong P, Sturgis EM, Spitz MR, Wei Q. 172G>T variant in the 
5’ untranslated region of DNA repair gene RAD51 reduces risk of squamous 
cell carcinoma of the head and neck and interacts with a P53 codon 72 vari-
ant. Carcinogenesis 2007; 28: 988-94.

9. Conne  B, Stutz A, Vassalli JD. The 3’ untranslated region of messenger RNA: 
A molecular ‘hotspot’ for pathology? Nat Med 2000; 6: 637-41.

10. Thack er J, Zdzienicka MZ. The XRCC genes: expanding roles in DNA double-
strand break repair. DNA Repair 2004; 3: 1081-90.

11. Manug uerra M, Saletta F, Karagas MR, Berwick M, Veglia F, Vineis P, et al. 
XRCC3 and XPD/ERCC2 single nucleotide polymorphisms and the risk of 
cancer: a HuGE review. Am J Epidemiol 2006; 164: 297-302.

12. Ercul j N, Kovac V, Hmeljak J, Dolzan V. The influence of platinum pathway 
polymorphisms on the outcome in patients with malignant mesothelioma. 
Ann Oncol 2011 Jul 15. [Epub ahead of print].

13. Dolza n V. Genetic polymorphisms and drug metabolism. Zdrav Vestn 2007; 
76 Supll II: 5-12.

14. Strer ath M, Marx A. Genotyping--from genomic DNA to genotype in a single 
tube. Angew Chem Int Ed Engl 2005; 44: 7842-9.

15. Miklo s M, Gajski G, Garaj-Vrhovac V. Usage of the standard and modified 
comet assay in assessment of DNA damage in human lymphocytes after 
exposure to ionizing radiation. Radiol Oncol 2009; 43: 97-107.

16. Ercul j N, Zadel M, Dolzan V. Genetic polymorphisms in base excision repair 
in healthy Slovenian population and their influence on DNA damage. Acta 
Chim Slov 2010; 57: 182-8.

17. Tice  RR, Agurell E, Anderson D, Burlinson B, Hartmann A, Kobayashi H, et al. 
Single cell gel/comet assay: guidelines for in vitro and in vivo genetic toxicol-
ogy testing. Environ Mol Mutagen 2000; 35: 206-21.

18. Huang  WY, Chow WH, Rothman N, Lissowska J, Llaca V, Yeager M, et 
al. Selected DNA repair polymorphisms and gastric cancer in Poland. 
Carcinogenesis 2005; 26: 1354-9.

19. Kusch el B, Auranen A, McBride S, Novik KL, Antoniou A, Lipscombe JM, 
et al. Variants in DNA double-strand break repair genes and breast cancer 
susceptibility. Hum Mol Genet 2002; 11: 1399-407.

20. Mosor  M, Ziolkowska I, Januszkiewicz-Lewandowska D, Nowak J. 
Polymorphisms and haplotypes of the NBS1 gene in childhood acute leu-
kaemia. Eur J Cancer 2008; 44: 2226-32.

21. Thiru maran RK, Bermejo JL, Rudnai P, Gurzau E, Koppova K, Goessler W, 
et al. Single nucleotide polymorphisms in DNA repair genes and basal cell 
carcinoma of skin. Carcinogenesis 2006; 27: 1676-81.

22. Pardi ni B, Naccarati A, Novotny J, Smerhovsky Z, Vodickova L, Polakova V, et 
al. DNA repair genetic polymorphisms and risk of colorectal cancer in the 
Czech Republic. Mutat Res 2008; 638: 146-53.

23. SLORA : Slovenija in rak. Epidemiologija in register raka. Onkološki inštitut 
Ljubljana. www.slora.si. Accessed April 22, 2011.

24. Ott K , Rachakonda PS, Panzram B, Keller G, Lordick F, Becker K, et al. DNA 
repair gene and MTHFR gene polymorphisms as prognostic markers in lo-
cally advanced adenocarcinoma of the esophagus or stomach treated with 
cisplatin and 5-fluorouracil-based neoadjuvant chemotherapy. Ann Surg 
Oncol 2011; 18: 2688-98.

25. Colli ns AR, Oscoz AA, Brunborg G, Gaivao I, Giovannelli L, Kruszewski M, et 
al. The comet assay: topical issues. Mutagenesis 2008; 23: 143-51.

26. Molle r P, Knudsen LE, Loft S, Wallin H. The comet assay as a rapid test in 
biomonitoring occupational exposure to DNA-damaging agents and effect 
of confounding factors. Cancer Epidemiol Biomarkers Prev 2000; 9: 1005-15.

27. Weng  H, Weng Z, Lu Y, Nakayama K, Morimoto K. Effects of cigarette smok-
ing, XRCC1 genetic polymorphisms, and age on basal DNA damage in hu-
man blood mononuclear cells. Mutat Res 2009; 679: 59-64.

28. Hoffm ann H, Isner C, Hogel J, Speit G. Genetic polymorphisms and the effect 
of cigarette smoking in the comet assay. Mutagenesis 2005; 20: 359-64.

29. Kobay ashi J, Antoccia A, Tauchi H, Matsuura S, Komatsu K. NBS1 and its 
functional role in the DNA damage response. DNA Repair 2004; 3: 855-61.

30. Musak  L, Soucek P, Vodickova L, Naccarati A, Halasova E, Polakova V, et 
al. Chromosomal aberrations in tire plant workers and interaction with 
polymorphisms of biotransformation and DNA repair genes. Mutat Res 
2008; 641: 36-42.

31. Vodic ka P, Kumar R, Stetina R, Sanyal S, Soucek P, Haufroid V, et al. 
Genetic polymorphisms in DNA repair genes and possible links with DNA 
repair rates, chromosomal aberrations and single-strand breaks in DNA. 
Carcinogenesis 2004; 25: 757-63.

32. Jacob sen NR, Raaschou-Nielsen O, Nexo B, Wallin H, Overvad K, Tjonneland 
A, et al. XRCC3 polymorphisms and risk of lung cancer. Cancer Lett 2004; 
213: 67-72.

33. Han S , Zhang HT, Wang Z, Xie Y, Tang R, Mao Y, et al. DNA repair gene XRCC3 
polymorphisms and cancer risk: a meta-analysis of 48 case-control studies. 
Eur J Hum Genet 2006; 14: 1136-44.

34. Vidan -Jeras B, Jurca B, Dolzan V, Jeras M, Breskvar K, Bohinjec M. Slovenian 
Caucasian normal. In: Gjertson D, Terasaki P, editors. HLA 1998. Kansas: 
American society for histocompatibility and immunogenetics, Lenexa; 
1998. p. 180-1.

35. Zhou YL, Boardman L A, Miller RC. Genetic testing for young-onset colorec-
tal cancer: case report and evidence-based clinical guidelines. Radiol Oncol 
2010; 44: 57-61.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /ArialCE
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialTur
    /ArialUnicodeMS
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga
    /Tunga-Bold
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


