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Abstract

Human cancers are often associated with numerical and structural chromosomal instability. Structural chromosomal
aberrations (CAs) in peripheral blood lymphocytes (PBL) arise as consequences of direct DNA damage or due to replication on
a damaged DNA template. In both cases, DNA repair is critical and inter-individual differences in its capacity are probably due
to corresponding genetic variations. We investigated functional variants in DNA repair genes (base and nucleotide excision
repair, double-strand break repair) in relation to CAs, chromatid-type aberrations (CTAs) and chromosome-type aberrations
(CSAs) in healthy individuals. Chromosomal damage was determined by conventional cytogenetic analysis. The genotyping
was performed by both restriction fragment length polymorphism and TagMan allelic discrimination assays. Multivariate
logistic regression was applied for testing individual factors on CAs, CTAs and CSAs. Pair-wise genotype interactions of

11 genes were constructed for all possible pairs of single-nucleotide polymorphisms. Analysed individually, we observed
significantly lower CTA frequencies in association with XPD Lys751GIn homozygous variant genotype [odds ratio (OR) 0.64, 95%
confidence interval (CI) 0.48-0.85, P = 0.004; n = 1777]. A significant association of heterozygous variant genotype in RAD54L
with increased CSA frequency (OR 1.96, 95% CI 1.01-4.02, P = 0.03) was determined in 282 subjects with available genotype.

By addressing gene-gene interactions, we discovered 14 interactions significantly modulating CAs, 9 CTAs and 12 CSAs
frequencies. Highly significant interactions included always pairs from two different pathways. Although individual variants
in genes encoding DNA repair proteins modulate CAs only modestly, several gene-gene interactions in DNA repair genes
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evinced either enhanced or decreased CA frequencies suggesting that CAs accumulation requires complex interplay between

different DNA repair pathways.

Abbreviations

BER base excision repair

CA chromosomal aberration

CI confidence interval

CSA chromosome-type aberration
CTA chromatid-type aberration
DSB double-strand break

NER nucleotide excision repair

OR odds ratio

PBL peripheral blood lymphocytes
SNP single-nucleotide polymorphism
Introduction

Human DNA is constantly exposed to physical (ultraviolet, ion-
izing radiation) and chemical (reactive oxygen species, alkylat-
ing and aralkylating) damaging agents. Efficient DNA repair
machinery, comprising several distinct pathways, maintains
effectively genomic integrity. Alterations in the DNA repair
increase the vulnerability of the cells, resulting in an accumu-
lation of mutations in the genome, which may ultimately lead
to tumorigenesis (1). Structural chromosomal aberrations (CAs)
arise as a consequence of direct DNA damage (e.g. ionizing
radiation, free radicals) or due to replication on a damaged DNA
template (2), in both cases DNA repair represents a key player
(3). The lesions causing double-strand breaks (DSBs) are mainly
responsible for chromosome-type aberrations (CSAs), whereas
chromatid-type aberrations (CTAs) arise as a consequence of
DNA lesions generated by genotoxic damage during GO phase,
which are insufficiently repaired prior the entering of the cell
into S-phase (4). CAs in peripheral blood lymphocytes (PBL) thus
reflect inter-individual sensitivity to many genotoxic substances
and serve as biomarkers of an early effect of genotoxic carcino-
gens and carcinogenic risk (5-10).

Human cancers are often associated with chromosomal
instability (both numerical and structural CAs) in the cells (11-
13); these aberrations are also considered as causative events
in malignant transformation (14). Frequencies of CA in PBL are
predictive for cancer risk in prospective epidemiological studies
(15-17), and patients with many types of cancer show elevated
CAs at the time of diagnosis (10,18,19).

Individual DNA repair capacity in response to DNA damage,
effectively preventing an accumulation of CAs, is often modu-
lated by the gene variants in different DNA repair pathways (20—
22).Indeed, a correlation between gene variants involved in base
excision repair (BER) and the corresponding BER repair capacity
has been documented (23). However, single-nucleotide poly-
morphisms (SNPs) in non-coding regions and even changes in
wobble bases, which do not affect amino acid sequence, may be
important as well (24). The investigation of DNA repair gene var-
iants in association with DNA repair capacity or DNA damage,
often performed on small study groups, does not usually bring
consistent results, with the exception of the BER gene 8-oxog-
uanine DNA glycosylase, OGG1 (23-26) and the nucleotide exci-
sion repair (NER) gene XPA (27-29). Few reports analysed effects
of genetic predispositions on inter-individual variability in CAs
by studying variants in genes encoding xenobiotic-metaboliz-
ing enzymes, enzymes of DNA repair or folate metabolism and

DNA repair capacity (8,30-33). Most recently, by investigating
SNPs in metabolic genes, modulations of DNA damage and CAs
by gene-gene interactions were reported (34,35). In our recent
study, we have described the significant association of rs9344
polymorphism in Cyclin D1 at a splice site with non-specific CAs
in healthy individuals (36). Interestingly, Cyclin D1 participates
in DNA DSB repair pathway by binding to RAD51 that is a main
recombinase involved in homologous recombination (37).

In the present study, we examined the hypothesis that func-
tionally relevant SNPs in the BER, NER and DSB repair pathways
and their gene—gene interactions may modulate frequencies of
structural CAs in a large set of healthy subjects.

Materials and methods

Study population

The group of studied subjects (>2100) with measured frequencies of CAs
has been very recently described in Hemminki et al. (35). The above healthy
subjects were recruited between 2002 and 2011 in eastern Bohemia and
1997-2006 in Slovakia and consisted of unexposed controls as well as
subjects with defined occupational exposures, such as small organic com-
pounds, cytostatics, anaesthetics, metals, asbestos, mineral fibres and
ionizing radiation. Peripheral blood sampling and data collection were
carried out simultaneously only in the subjects apparently healthy at
the time of sampling. Likewise, individuals with close relatives with any
malignant diseases were excluded from the study. Otherwise, no other
exclusion criteria were applied. All individuals completed a questionnaire
regarding the job category, mode and duration of exposure, various exog-
enous factors (such as smoking, drug usage, exposure to X-ray radiation,
alcohol consumption and dietary habits) prior to blood collection and pro-
vided a written consent.

The present study adheres to all principles of the Helsinki Declaration
and its design was approved by the Local Ethical Committees of the
Jessenius Medical Faculty (Martin, Slovakia) and of the Slovak Medical
University (Bratislava, Slovakia).

Cytogenetic analysis

Cytogenetic analysis was performed in PBL stimulated to grow by phyto-
haemagglutinin and cultured for 48h. Two scores conducted microscopi-
cally analysis (each evaluating half of the 100 mitoses scored per subject)
in a double-blind fashion on coded slides. The frequency of CAs and the
constituent CTAs and CSAs were evaluated as stated in refs. 6-9,19,32,38.
The subjects were classified according to the median of CA distributions
into either low-frequency (<2%) or high-frequency (>2%) groups. Regarding
CTAs and CSAs, the cut-off was set up at 1%. These arbitrary cut-off levels
were introduced on the basis of the long-term experience with human
biological monitoring in the Czech and Slovak Republics (9,10,39).

Genotyping

SNPs in DNA repair genes were taken into the study on the basis of pre-
dicted functional effects (SIFT and PolyPhen databases) and relevant
published literature. Genotyping of DNA repair gene polymorphisms XPD
Lys751Gln (rs13181; T > G), XPG Asp1104His (rs17655; C > G), XPC Lys939GIn
(rs2228001; A > C), XPA S'UTR (rs1800975; G > A), XRCC1 Argl94Trp
(rs1799782; C > T), Arg280His (rs25489; G > A) and Arg399GIn (rs25487G >
A), OGG1 Ser326Cys (rs1052133; C > G), XRCC2 Argl88His (rs3218536; G >
A), RAD54L Ala730Ala (rs1048771; C > T) and XRCC3 Thr241Met (rs861539;
C >T) was carried out using primers and conditions described previously
(23,40). The amplified fragments were digested with appropriate restric-
tion endonucleases and the digested PCR products resolved on 2% agarose
gel and visualized under ultraviolet light after staining with ethidium bro-
mide. Genetic polymorphisms in APE1 Asn148Glu (rs1130409; G > T) and
NBS1 Glu185GlIn (rs1805794; C > G) were analysed using the TagMan allelic
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discrimination assay (Applied Biosystems, Foster City, CA, Assay-on-
demand, SNP Genotyping products: C 26470398 10 for NBS1 and C 8921503
10 for APEI). The TagMan genotyping reaction was amplified on a 7500
Real-Time PCR System (Applied Biosystems) using the following cycling
conditions: 95°C for 10min and 40 cycles at 92°C for 15 s and 60°C for 60
s. The results were regularly confirmed by random re-genotyping of more
than 10% of the samples for each polymorphism analysed (40).

Statistical analysis

Statistical calculations have been conducted essentially as recently
described in Hemminki et al. (35). Briefly, odds ratios (ORs) from the multi-
variate logistic regression analysis were used to investigate simultaneous
effects of occupational exposures and main confounders on the frequen-
cies of CAs, CTAs and CSAs. For each SNP, adjusted ORs were calculated
to discern their effect on chromosomal damage. Additionally, all possible
pairs of two SNPs were evaluated in binary interaction analysis. In par-
ticular, the following genetic models were tested for each pair. ‘Three
genotypes’ assumed the SNP to be a categorical covariate comprising
of genotypes AA, AB and BB. For the dominant mode of inheritance, AB
and BB were merged as one group, whereas AA and AB together repre-
sented the reference group for recessive models. Moreover, genotypes
were converted into zero, one or two risk alleles for the log-additive ‘allele
number’ model. Likelihood ratio tests were performed to assess whether
including the SNP-SNP interaction term yielded a significantly better fit
of the data. If both SNPs significantly interacted with each other for vari-
ous modes of inheritance for the same pair of SNPs, the model with the
lowest Akaike information criterion was chosen. For each best model, the
corresponding ORs and the Wald estimates for their confidence inter-
vals (CIs) and P-values were calculated. To assess the contribution of all
genetic components (both SNPs and interaction term) to the model, likeli-
hood ratio-based P-values were computed. Considering multiple compari-
sons performed in the present study, we have also highlighted significant
results after applying Dunn-Bonferroni correction. After correction, the
new threshold of P-value significance results is 0.004.

Results

Gene polymorphisms in major DNA repair pathways included
into the study with respect to their functional relevance are
shown in Table 1. Distribution of subjects with high and low
CA, CTA and CSA frequencies, also in relation to their main
confounders (age, gender, smoking and occupational expo-
sure), is summarized in Table 2. The frequency of individuals
with particular CAs, CTAs and CSAs percentage is illustrated

Table 1. DNA repair polymorphisms evaluated in this study
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in Figure la-c. In the whole set, the mean (+ standard devia-
tion) frequencies of CAs, CTAs and CSAs were 1.54+1.54%,
0.74+0.98% and 0.80+1.16%, respectively, with median and
range being 1 (0-11), 0 (0-6) and 0 (0-10). Chromatid-type
exchanges (mean + standard deviation 0.02+0.14%) were sub-
stantially less abundant than chromosome-type exchanges
(mean + standard deviation 0.09+0.35%), which included
mainly dicentrics and centric rings. Chromatid-type exchanges
occurred in 2% of subjects with CTAs, whereas chromosome-
type exchanges were detected in 7.7% of individuals with
CSAs. Based on the data from 2196 investigated individuals,
CAs as well as the constituent CTAs and CSAs were signifi-
cantly increased in occupationally exposed subjects (ORs 2.36,
1.73 and 1.64, respectively). Age was only moderately associ-
ated with increasing CAs, whereas its association with CSAs
was borderline significant (OR 1.07, 95% CI 1.00-1.13, P = 0.04).
Smoking did not affect significantly frequencies of either CAs
or the constituent CTAs and CSAs.

Results for individual genotypes, including the numbers of
subjects with the particular allele in relation to the frequency
of CAs, are shown in Table 3. By assessing individual DNA repair
gene polymorphisms, we observed a strong association between
variant GG genotype in rs13181 of XPD gene and decreased CTA
frequency (OR 0.64, 95% CI 0.48-0.85, P = 0.004; n = 1777 subjects).
This association was strong enough to withstand a correction
for multiple testing (P-value after correction for multiple com-
parison is 0.004). The effect of homozygous variant G allele in
XPD on CTAs is additionally documented in Figure 2, where this
allele was associated with the lowest CTA frequencies. Further,
a significant association of CT genotype in rs1048771 of RAD54L
with increased CSAs was also observed (adjusted OR 1.96, 95%
CI 1.01-4.02, P = 0.03; determined in 282 subjects with available
genotype). None of the other studied DNA repair gene variants
modulated the frequencies of CAs, CTAs and CSAs.

We performed pair-wise interactions for each of the 11
genes, which were tested for association with CA frequen-
cies. Various genetic models were examined, and if both SNPs
significantly interacted with each other for various modes of
inheritance for the same pair of SNPs, the model with the low-
est Akaike information criterion was chosen. The data based
on the interaction term analysis and the likelihood ratio test

Amino
acid Alleles

Function (SIFT, PolyPhen-2

Gene SNP ID substitution (major/minor) Chromosome Location MAF (NCBI) MAF in controls algorithms)
BER
XRCC1 rs1799782 Argl94Trp  G/A 19q13.2 Missense 0.13 0.06 Deleterious
XRCC1  rs25489 Arg280His C/T 19q13.2 Missense 0.07 0.04 Possibly deleterious
XRCC1  rs25487 Arg399GIn  A/G 19q13.2 Missense 0.26 0.37 Benign
OGG1  1s1052133 Ser326Cys  C/G 3p26.2 Missense 0.30 0.20 Deleterious
APEX1 1s1130409 Aspl48Glu T/G 14q11.2 Missense 0.38 0.46 Ambiguous
NER
XPA rs1800975 — G/A 9922.3 5'UTR 0.35 0.34 —
XPD rs13181 Lys751GIn T/G 19q13.3 Missense 0.24 0.41 Deleterious
XPG 1s17655  Aspl104His G/C 13933 Missense 0.36 0.22 Deleterious
XPC 1s2228001 Lys939GIn  T/G 3p25 Missense 0.32 0.41 Benign
DSB
XRCC2 1rs3218536 Argl88His C/T 7q36.1 Missense 0.05 0.06 Benign
XRCC3 1s861539 Thr241Met G/A 14q32.3 Missense 0.22 0.36 Deleterious
NBN rs1805794 Glul85GIn  C/G 8921 Missense 0.36 0.33 Benign
RAD54L 1rs1048771 Ala730= C/T 1p32 Synonymous 0.19 0.10 Splicing regulation

MAF, minor allele frequency.
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Table 2. Numbers of subjects with high and low frequency of CAs, CSAs and CTAs and their distribution according to basic variables

CAs CSAs CTAs
Variable Persons OR 95% CI P OR 95% CI P OR 95% CI P
CAs (high/low) 951/1245
CTAs (high/low) 1041/1154
CSAs (high/low) 983/1213

Age (minimum, maximum, mean) 18, 88, 43 1.062

1.00-1.13 0.07 1.07 1.00-1.13 0.04 0.95 0.90-1.01 0.11

Occupational exposure (exposed/unexposed) 1207/989  2.36 1.97-2.83 <0.01 1.73 1.45-2.06 <0.01 1.64 1.38-1.96 <0.01

1171/1025 1.03
614/1557 1.19

Gender (male/female)
Smoking (smokers/non-smokers)

0.86-1.23 0.77 1.05 0.88-1.26 0.59 0.83 0.69-0.99 0.04
0.97-1.45 0.09 0.95 0.78-1.16 0.63 1.13 0.93-1.38 0.23

Significant results are highlighted in bold.
20Rs for age were calculated for 10 years age difference (unit = 10).
P-value was considered significant if it was <0.05.

a) CAs

60%
50%
40%
30%
20%
10%

0%

b) CTAs

c) CSAs

Figure 1. The frequency of individuals with particular percentage of CAs (a), CTAs (b) and CSAs (c). x-axis represents the percentage of chromosomal aberrations, y-axis

represents the percentage of subjects with corresponding chromosomal aberrations.

are shown in Table 4. We have discovered several significant
interactions, involving gene variants from BER, NER and DSB
pathways: 14 interactions modulated CA, 9 CTA and 12 CSA
frequencies. The overall genotype effect, considering individ-
ual SNPs, their interactions and adjustment variable combina-
tions are shown by the global null hypothesis test. Tests for
the global null hypothesis provided mostly highly significant
outcomes. The ORs and the significances of the models for
each combination of genotypes are showed in Supplementary
Material, available at Carcinogenesis Online, and partially pre-
sented in Table 4.

For CAs, significant gene-gene interactions were observed
mainly for genes participating in BER (APE1, hOGG1), NER
(XPC, XPD) and DSB repair (XRCC3) together with (NBS1, XRCC2
and XPG1). Rs1805794 in NBS1 gene appeared most often in
these interactions; although interactions with BER gene vari-
ants resulted in the higher CA frequency, opposite effect was
recorded for the interactions with NER variants. Individuals
both with homozygous variant GG and GG genotypes in OGG1
and XPG genes, respectively, resulted in significant decrease of
CAs (OR 0.59, 95% CI 0.37-0.96, P = 0.03).

For CTAs, the combinations of homozygous variant geno-
types of XPD and XPG (OR 0.54) and/or XRCC1 (OR 0.68) genes
showed decreased frequencies of CTAs. So did the combina-
tion of variant alleles in OGG1 and XRCC3 (OR 0.52). On the
contrary, a combination of variant alleles in DSB repair genes
(XRCC3 and XRCC2) resulted in the significant increase of OR
to 2.56.

For CSAs, again variant alleles in XRCC1 and OGG1 (both BER
genes) in combination with homozygous variant genotype in
XPG resulted in significantly decreased frequencies of CSAs (OR
0.22 and 0.72, respectively).

Discussion

The onset and development of human cancer are associated
with genome instability (41,42), resulting in both numerical and
structural chromosomal abnormalities in cancer cells (11-13).
CAs in PBL have been employed as biomarkers reflecting indi-
vidual sensitivity to exogenous and endogenous genotoxic sub-
stances for many years (4,5). There are several reports pointing
to the occupational exposure as a causative of enhanced CA
frequencies for small molecular chemicals in plastics industry
(32,43,44), for anaesthetic gases and antineoplastic drugs (9), for
heavy metals (45) and for mineral fibres (6,7,38). In the present
study, individuals that were occupationally exposed mainly to
small molecular organic chemicals, anaesthetic gases, heavy
metals and fibres (1207 subjects) indeed exhibited higher CAs,
CTAs and CSAs in comparison with 989 unexposed individuals.
Frequencies of chromatid- or chromosome-type exchanges con-
tributed only marginally to the total CTAs and CSAs irrespective
of exposure, as shown by us earlier (9). We recorded a border-
line effect of smoking on CAs. The exposure of human DNA to
above-listed agents inevitably leads to DNA damage. The capac-
ity of DNA repair machinery to cope with these DNA alterations
preserves the genomic integrity and prevents carcinogenesis
(46,47). Thus, we investigated the role of functional variants in
various DNA repair pathways, comprising BER (represented by
XRCC1, hOGG1 and APE1), NER (XPA, XPC, XPD and XPG) and DSB
repair (XRCC2, XRCC3, NBN and RAD54L) genes. Interestingly, we
observed a strong association between XPD Lys751GIn homozy-
gous variant genotype and decreased CTA frequency. Our study
on 1777 subjects confirmed our earlier observations on 225
healthy subjects (30) and later report on 140 subjects with higher
age (8). XPD represents an important helicase involved in NER

¥202 Iudy 01 uo 1senb Aq 99/20.E/6621L/1 L/9E/8101B/UIDIBI/WO02 dNO"olWepede//:sd)y Wolj papeojumoq


http://carcin.oxfordjournals.org/lookup/suppl/doi:10.1093/carcin/bgv127/-/DC1
http://carcin.oxfordjournals.org/lookup/suppl/doi:10.1093/carcin/bgv127/-/DC1

P.Vodickaetal. | 1303
Table 3. Odds ratios for high and low frequency groups by gene polymorphisms
Cas CTAs CSAs
Variables (SNP) HF LF  OR  95%CI PP HF LF OR  95%CI pe HF LF OR  95%CI pe
XPD rs13181
TT 271 358 0.98 301 328 0.004 287 342 0.87
TG 367 484 1.02 0.83-1.26 399 452  0.99 0.80-1.21 377 474 0.95 0.77-1.17
GG 128 169 1.00 0.75-1.33 112 185 0.64 0.48-0.85 135 162 1.01 0.76-1.33
XPG 1517655
CC 460 601 0.67 477 584 0.43 485 576 0.57
CG 270 350 1.04 0.85-1.27 293 327 112 0.92-1.37 273 347 0.95 0.78-1.17
GG 30 45 083 0.51-1.35 32 43  0.88 0.54-1.42 30 45 0.78 0.48-1.26
XPC rs2228001
AA 251 368 0.17 284 335 0.65 271 348 0.06
AC 398 467 120 0.97-1.49 403 462  0.99 0.81-1.23 409 456 112 0.91-1.38
CC 117 171 1.00 0.75-1.33 124 164 0.88 0.66-1.17 112 176 0.81 0.61-1.08
XRCC1 rs1799782
CcC 361 201 047 331 231 0.67 357 205 0.99
CT 49 25 1.09 0.66-1.85 40 34 0.80 0.49-1.31 47 27 102 0.62-1.71
TT 1 2 025 0.01-2.66 2 1 097 0.09-21.1 2 1 1.04 0.10-22.7
XRCC1 rs25489
GG 212 120 070 200 132 0.18 209 123 0.13
GA 14 7 126 0.50-3.48 15 6 174 0.67-5.10 13 8 1.09 0.44-2.86
AA 1 1 037 0.01-9.61 2 0o — — 0 2 — —
XRCC1 rs25487
GG 310 374 0.18 316 368 0.69 321 363 0.26
GA 352 507 086 0.70-1.02 385 474 0.96 0.78-1.18 384 475 0.93 0.76-1.14
AA 98 119 1.07 0.78-1.45 102 115 1.09 0.80-1.49 86 131 0.77 0.56-1.05
OGG1 rs1052133
CC 495 623 0.44 526 592 0.31 511 607 0.32
CG 237 337 0.89 0.73-1.10 251 323 089 0.72-1.09 247 327 090 0.73-1.10
GG 28 46 0.81 0.49-1.32 29 45 0.76 0.46-1.22 28 46 074 0.45-1.19
XRCC3 rs861539
CcC 302 395 0.51 308 389 0.86 321 376 0.34
CT 355 454 098 0.79-1.21 375 434 1.06 0.86-1.30 358 451 0.91 0.74-1.11
TT 83 126 0.83 0.60-1.14 95 114 1.04 0.76-1.42 8 123 0.80 0.58-1.09
APE1 rs1130409
GG 179 195 0.82 192 182 0.60 188 186 0.71
GT 316 338 1.03 0.78-1.35 313 341 0.89 0.69-1.16 321 333 094 0.72-1.22
TT 144 127 111  0.79-1.55 145 126 1.00 0.72-1.38 146 125 1.06 0.77-1.47
NBS1 rs1805794
CcC 245 189 0.85 242 192 0.47 249 185 0.89
CG 243 177 1.07 0.81-1.42 238 182 1.05 0.80-1.38 234 186 0.94 0.71-1.24
GG 63 49 098 0.63-1.51 57 55 0.81 0.53-1.23 63 49 093 0.61-1.43
XPA rs1800975
GG 246 389 0.69 260 375 0.29 262 373 0.96
GA 236 406 092 0.73-1.15 274 368  1.08 0.86-1.35 262 380 0.98 0.79-1.23
AA 57 109 0.89 0.61-1.27 59 107 081 0.56-1.16 68 98 1.03 0.72-1.46
XRCC2 rs3218536
GG 177 533 0.36 231 479 0.14 203 507 0.34
GA 23 77 0.88 0.52-1.43 39 61 1.30 0.84-2.00 31 69 113 0.70-1.78
AA 0 3 — — 0 3 — — 0 3 — —
RADS54L s1048771
CC 134 93 0.16 114 113 0.84 138 89 0.03
CT 30 2 095 0.51-1.79 26 26 1.04 0.57-1.93 39 13 1.96 1.01-4.02
TT 3 0o — — 2 1 203 0.19-44.5 3 0o — —

Significant results are highlighted in bold. HF, high-frequency group—cases; LF, low-frequency group—controls.
“Based on likelihood ratio test.
P-value was considered significant if it was <0.05.

and communicates with other DNA repair gene products in deal-
ing with exogenous DNA damage (48), but the functional role of
XPD Lys751GIn remains unclear. The assumption that functional
SNPs in XPD gene modulate CTA frequency is consistent with
mechanistic understanding, since CTAs arise as a consequence

of DNA lesions generated by genotoxic compounds during GO
phase, which are insufficiently repaired prior to S-phase. On
the other hand, scarce reports suggest increased DNA repair
capacity associated with variant G allele of XPD gene (49,50) or
are inconclusive (22). Unless the function of variant G allele in
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CTA frequency (%) for XPD
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Figure 2. The frequency of individuals by CTA percent in relation to the XPD genotype. x-axis represents the frequency of individuals by CTA percent in relation to
XPD genotype (TT, black bar; TG, light grey and GG, dark grey). y-axis represents the percentage of subjects with corresponding CTA frequency per particular genotype.

Table 4. Pair-wise interactions of genotypes with cases and controls

Global null hypothesis
test for significance of all
Interaction term analysis covariates
SNP 1 Mode for SNP 1 SNP 2 Mode for SNP 2 df e P df ha P
CAs APE1 Three genotypes NBS1 Allele number 2 11.80 0.003 9 67.45 <0.001
hOGG1 Dominant XPG Allele number 1 7.58 0.005 7 65.78 <0.001
CSAs APE1 Three genotypes XPD Recessive 2 9.78 0.008 9 94.40 <0.001
XPD Dominant XRCC3 Allele number 1 8.33 0.004 7 31.31 <0.001
XPG Recessive NBS1 Three genotypes 2 11.04 0.004 9 47.20 <0.001
XRCC1 Allele number XPG Recessive 1 6.04 0.01 7 30.84 <0.001
hOGG1 Allele number XPC Three genotypes 2 8.85 0.01 9 35.24 <0.001
hOGG1 Dominant XPG Dominant 1 9.93 0.002 7 31.41 <0.001
CTAs XPG Allele number XRCC2 Dominant 1 6.81 0.009 7 20.90 0.004
XRCC3 Allele number XRCC2 Dominant 1 6.71 0.01 7 21.06 0.003

Only the most significant genetic models for each interaction are shown (P < 0.01 in interaction term analysis). To assess the contribution of all genetic components

(both SNPs and interaction term) to the model, likelihood ratio-based P-values were computed. df, degrees of freedom.

P-value was considered significant if it was <0.05.

XPD gene is clarified, the assumptions that higher level of DNA
damage blocks replication fork and CTAs cannot be propagated
remain speculative. An association of variant T allele in RAD54L
with increased frequency of CSAs is a novel observation. RAD54L
exhibits a DNA-dependent ATPase and supercoiling activities
and plays a role in homologous recombination related repair
of DSBs (51,52). However, this association is less robust due to
the number of subjects with available genotype. Individually, a
small risk is irrelevant, but the combination of several low-risk
alleles can add up to substantial risks, even in the absence of
multiplicative statistical interactions (53).

Similarly as in our recent study (35), we have addressed pair-
wise interactions of the genotypes of each of the 11 DNA repair
genes, which were tested for association with CA frequencies.
We have discovered several highly significant interactions,
involving gene variants from BER, NER and DSB pathways: 14
interactions modulated CA, 9 CTA and 12 CSA frequencies. For
CAs, gene variants participating in BER (APE1, hOGG1), NER (XPC,
XPD) and DSB repair (XRCC3) were mainly involved in significant

interactions with other DNA repair gene variants (NBS1, XRCC2
and XPG1). Interestingly, NBS1 gene variant appears most often
in these interactions. However, in interaction with their BER
variants the CA frequency increases, whereas the interaction
with NER gene variants shows the opposite. NBS1 plays a rel-
evant role in the maintenance of genomic integrity by being
involved in the cellular response to DNA damage. The contradic-
tory effect on CA frequencies in the interplay of NBS1 variants
with either BER or NER polymorphisms is certainly interest-
ing and may reflect the specificity of these two excision repair
pathways towards different kinds of DNA damage. For CTAs, the
homozygous variant combinations in XPD with XPG or XRCC1
decrease the frequencies. So does the combination of variant
alleles in OGG1 and XRCC3. On the contrary, a combination of
variant alleles in DSB repair genes results in the significant
increase. These results point again to an effect of the G allele of
XPD Lys751GIn on CTA frequency modulation as stated above.
For CSAs, variant alleles in BER genes XRCC1 and OGG1 in combi-
nation with homozygous variant genotype in XPC or XPG result
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in significantly decreased frequencies. Interestingly, variant G
allele in rs1052133 of OGG1 in combination with variant alleles
in genes involved in NER or DSB repair resulted in decreased
frequencies of CAs, CTAs and CSAs, despite the fact that variant
G allele is associated with the lower capacity to repair oxidative
DNA damage (24). This phenomenon may be connected with the
fact that 8-hydroxy-deoxyguanine adducts may block replica-
tion fork, thus preventing accumulation of CAs.

CAs arise as a consequence of the interaction between occu-
pational exposure to various genotoxicants. In this study, we
tested the impact of functional gene variants in DNA repair
pathways on the frequency of CAs. Although individuals with
homozygous variant genotype GG for XPD gene showed an
association with CTAs, several gene—-gene combinations in DNA
repair genes evinced either enhanced or decreased frequencies
of CAs, CTAs and CSAs. As suggested by Melis et al. (54) and now
confirmed by us, the complex mechanism of CAs accumulation
requires complex interplay between different DNA repair path-
ways. However, the mechanism may not be tracked without the
knowledge of the experimentally proven functional impact of
DNA repair gene variants.

Supplementary material

Supplementary Material can be found at http://carcin.oxford-
journals.org/
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