
Introduction

Cancer is a multifactorial disease that results from

complex interactions between the genetic back-

ground and environmental factors. In general, no

single gene and no single environmental factor can

be identified as the only causative factor in cancer

etiology. Mutations of several genes – known as

high-penetrance genes – are associated with an ex-

ceptionally high individual risk of cancer (for a re-

view, see Vogelstein and Kinzler 2004). For

example, mutations in the BRCA1/2 gene predis-

pose females to breast or ovarian cancer (Welsh

et al. 2001). Similarly, colorectal cancer is known

to be associated with mutations in the KRAS, APC,

p53 and DCC genes (Chiang et al. 1998). How-

ever, the majority of cancer cases, both sporadic

and familial, is most probably related to so-called

low-penetrance genes, which are associated with

only a marginally increased cancer risk when ana-

lyzed separately. In addition, not only mutations

but also the variability of polymorphic forms of

such genes could contribute to the development of

cancer.
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The accumulation of genetic changes that re-

sults from unrepaired DNA damage is a molecular

background of oncogenesis. The genetic material

is damaged on a daily basis by a variety of endoge-

nous and exogenous factors, including UV light,

smoking, dietary factors, reactive oxygen species,

and numerous other carcinogens present in our en-

vironment. Thus DNA-damage-induced path-

ways, which include DNA repair and cell-cycle

checkpoint responses, are critical for maintaining

the integrity of the genetic material and for protec-

tion against the risk of cancer (for a review, see

Vogelstein and Kinzler 2004; Paz-Elizur et al.

2008). This is illustrated by xeroderma

pigmentosum (XP), a rare but dramatic disease

characterized by DNA repair deficiency and an

extremely high cancer proneness (for a review, see

Hoeijmakers 2001; Vogelstein and Kinzler 2004).

However, certain common genetic poly-

morphisms within the genes involved in DNA

damage responses may also contribute to the de-

velopment of cancer and be associated with an in-

creased risk of the disease. In fact, proteins

encoded by various polymorphic variants of DNA

repair genes might differ in their properties and ac-

tivities, thus possibly contributing to individual

cancer susceptibility (Khanna et al. 2001; Spitz

et al. 2001; Khan et al. 2002; Goode et al. 2002;

Misra et al. 2003). Thus, the association between

single-nucleotide polymorphisms (SNPs) in key

repair genes and the risk of major human cancers

is a frequent theme of molecular cancer epidemi-

ology studies.

Here we analyze the frequency of polymorphic

variants of several genes involved in DNA repair

and cell-cycle checkpoint responses in groups of

patients with head and neck, breast, and colon can-

cer, compared to 2 groups of cancer-free donors.

The genes selected included XPD, XPA, XRCC1,

APE1, NBS1 repair genes, and cyclin D1

(CCND1) involved in regulation of the cell cycle.

The analysis aimed at identification of potential

associations between frequent polymorphic vari-

ants of these genes and the risk of cancer in a Pol-

ish population.

Materials and methods

Patients

Blood samples were obtained from 105 patients
with head and neck cancer, 153 patients with co-
lon cancer, and 94 patients with breast cancer, be-
fore the start of therapy. The Polish control group

consisted of 507 cancer-free blood donors. All of
them were unrelated Caucasians living in Upper
Silesia and recruited at the Maria Sk³odowska-
Curie Memorial Cancer Center and Institute of
Oncology, Gliwice Branch. The study was ap-
proved by our institutional Ethics Committee, and
written consent was obtained from each patient
and healthy blood donor before enrolling into the
study, together with demographic data and a life-
style questionnaire. Besides, healthy European
Caucasians were selected from the National Cen-
ter for Biotechnology Information (NCBI) data-
base as an additional control group
(http://www.ncbi.nlm.nih.gov/projects/SNP/).
Both control groups were age- and sex-matched
with the cancer groups. The Hardy-Weinberg
equilibrium was maintained in all cases for both
control groups.

Isolation of genomic DNA

Blood was collected into heparin-coated 5-mL
tubes. DNA was extracted from blood, either fresh
or stored at -70C, by using Genomic Mini kits ac-
cording to the manufacturer’s protocol (A&A Bio-

technology, Poland). Briefly, 100 �L of blood
was lysed, deproteinized with Proteinase K, and
then DNA was bound to and eluted from spin col-
umns. The standard yield of such isolation was

~4 �g of DNA. Purified DNA was stored at –20oC.

Genotype determination

The selected SNPs in DNA-damage-response

genes (XPD Asp312Asn and Lys751Gln, XPA

G(-4)A, XRCC1 Arg399Gln, APE1 Asp148Glu,

NBS1 Glu185Gln, and CCND1 A870G) were

genotyped by the PCR-based restriction fragment

length polymorphism (PCR-RFLP) analysis.

Briefly, selected gene fragments amplified by

PCR were digested by using appropriate restric-

tion enzymes, and then fragments to be tested for

polymorphism were separated by agarose gel elec-

trophoresis. PCR reaction mixtures contained

50 ng of genomic DNA, 25 pmol of each starter,

1 U of AmpliTaq thermostable DNA polymerase

(Roche), 25 mM MgCl2, 2 mM dNTPs

(Fermentas), 1× PCR buffer (100 mM Tris-HCl,

500 mM KCl, pH 8.3 at 20°C), and 5% DMSO for

XPD, XPA and XRCC1 genes, in a total volume of

30 �L. Following amplification, PCR products

were digested by using 5 U of the appropriate re-

striction enzyme for 16 h at 37°C, and then sepa-

rated electrophoretically on 2% agarose gels.

Table 1 shows details of PCR reactions (primer se-

quences, number of cycles, time and temperature
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Table 1. Details of PCR-RFLP analysis

Polymorphism analyzed PCR primers (forward/reverse) Number of cycles Annealing temperature
(°C)

Restriction enzyme Size of DNA fragments (bp) specific for
homozygous genotype

APE1 [codon 148]
T(Asp)/G(Glu)

f-AGGAACTTGCGAAAGGCTTC
r-CTGTTTCATTTCTATAGGCTA

35 56.0 Bfa I TT = 164
GG = 144 + 20

NBS1 [codon 185]
G(Glu)/C(Gln)

f-GACCGACTTCTATTTTATAGATTGTGGATT
r-TCCTGAAACAAGCATTAAAGAGG

40 57.0 Hinf I CC = 217 + 122
GG = 339

XPD [codon 312]
G(Asp)/A(Asn)

f-CAGCTCATCTCTCCGCAGGATCAA
r-GTCGGGGCTCACCCTGCAGCACTTCCT

35 66.5 Sty I GG = 165
AA = 139 + 26

XPD [codon 751]
A(Lys)/C(Gln)

f-GCAAGACTCAGGAGTCAC
r-TCTGCAGGAGGATCAGCTG

40 57.0 Pst I AA = 143 + 6
CC = 80 + 63

XPA [-4]
G/A

f-CTGGCGCAGCATCAGTGC
r-TCAGAAAGGCCGCTGGGT

38 68.0 Msp I GG = 108 + 95 + 30
AA = 138 + 95

XRCC1 [codon 399]
G(Arg)/A(Gln)

f-AGTAGTCTGCTGGCTCTGG
r-TAAGGAGTGGGTGCCGGACTGTC

45 65.0 Msp I GG = 130 + 35 + 15
AA = 165 + 15

CCND1 [870, codon 242]
A/G

f-GGGACATCACCCTCACTTAC
r-GTGAAGTTCATTTCCAATCCGC

35 66.0 Nci I AA = 167
GG = 145 + 22



for primer alignment) and the restriction enzymes

and size of the DNA fragments used for each poly-

morphism analyzed.

Statistical analysis

The genotype and allele frequency data were ana-
lyzed by using Arlequin ver. 3.0, an integrated
software package for population genetics data
analysis (Excoffier et al. 2005). P-values were cal-
culated by using the exact test of population differ-
entiation, with 1.000.000 steps in the Markov
chain and 1000 dememorization steps. If P < 0.05,
it was considered significant. No deviation from
the Hardy-Weinberg equilibrium was observed
for any of the control groups.

Results

Frequencies of the selected SNPs in
DNA-damage-response genes were analyzed in
colon, head and neck, and breast cancer patients,
and compared with those in two matched groups
of healthy control subjects (described in the Mate-
rials and methods section). We observed some dif-
ferences in frequencies of polymorphic alleles
between the actual Polish and NCBI database con-
trol groups, so differences between cancer and
control groups were considered meaningful only
when statistically significant for both control
groups.

We observed significant differences in fre-

quencies of APE1 Asp148Glu, XRCC1

Arg399Gln, and CCND1 A870G polymorphic

variants between colon cancer patients and

healthy control groups (Table 2 and Figure 1). In

the APE1 Asp148Glu polymorphism, Asp/Asp

homozygotes (TT) were more frequent in the can-

cer group, and Glu/Glu homozygotes (GG) were

more frequent in the control groups, while the fre-

quency of heterozygotes (T/G) was similar in the

patients and both control groups. Consequently,

the APE1 148Asp (T) allele was overrepresented

in the cancer group. In the XRCC1 Arg399Gln

polymorphism, Arg/Arg homozygotes (GG) were

more frequent in the control groups, and Gln/Gln

homozygotes (AA) were more frequent in the can-

cer group, while the frequency of heterozygotes

(G/A) was similar in the patients and both control

groups. Consequently, the XRCC1 399Gln (A) al-

lele was overrepresented in the cancer group. In

the CCND1 A870G polymorphism (codon 242 at

the boundary of exon 4 and intron 4), the fre-

quency of GG homozygotes was similar in the pa-

tients and both control groups, AA homozygotes

were more frequent in the control groups, while

A/G heterozygotes were overrepresented in the

cancer group. Importantly, the differences in fre-

quencies of all these polymorphic variants were

statistically significant when both control groups

were used for comparison with the group of cancer

patients. Additionally, we found significant differ-

ences in frequencies of the analyzed polymorphic

variants of the XPD gene when colon cancer pa-

tients and healthy controls were compared; the

XPD 312Asn (A) allele and the XPD 751Gln (C)

allele were overrepresented in the cancer group.

However, this difference was statistically signifi-

cant only when the NCBI database control group

was used for comparison with the cancer group

(Table 2).

We also assessed the hypothetical risk of can-

cer associated with a particular gene allele by cal-

culating odds ratios (ORs) with their 95%

confidence interval (95% CI). We found a protec-

tive role of the APE1 148Glu (G) allele against co-

lon cancer, as compared with both control groups

(OR 1.996, 95% CI 1.391–2.865; and OR 2.352,

95% CI 1.609–3.439, respectively). Similar com-

parisons showed a protective role of the XRCC1

399Arg (G) allele against colon cancer (OR 1.514,

95% CI 1.068–2.147; and OR 2.071, 95% CI

1.439–2.978, respectively). We also assessed the

joint risk associated with a combination of both

APE1 148Glu and XRCC1 399Arg alleles. How-

ever, because of the small size of the sample, the

analysis did not reveal any further protective role

of such a combination (OR 1.7–2.2) nor other

combinations of APE1, XRCC1 and CCND1 al-

leles against colon cancer. No statistically signifi-

cant risk connected with a particular allele was

found for other genes in colon cancer patients.

When patients with head and neck cancer were

compared with healthy control groups, we ob-

served statistically significant differences in fre-

quencies of polymorphic variants NBS1

Glu185Gln and XPD Lys751Gln, especially the

latter one (Table 3). In the NBS1 Glu185Gln poly-

morphism, the Glu/Glu homozygote (GG) was

more frequent in the cancer group, while the

Gln/Gln homozygote (CC) was more frequent in

the NCBI control group. In the XPD Lys751Gln

polymorphism, the Gln/Gln homozygote (CC)

was more frequent in the cancer group, while the

Lys/Lys homozygote (AA) was more frequent in

the NCBI control group. However, the differences

were not significant when the Polish control group

was used for comparison with the cancer group.
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When the breast cancer patients were com-
pared with the control groups, no statistically sig-
nificant difference was found for any of the
polymorphisms analyzed (Table 4).

Discussion

The APE1 and XRCC1 proteins are crucial compo-

nents of the base excision repair (BER) pathway;

the former recognizes and incises AP sites, while

the latter stimulates endonuclease action and acts

as a scaffold for other BER proteins (for a review,

see Parikh et al. 1997; Hu et al. 2001). Two com-

mon SNPs detected in the XRCC1 gene

(Arg194Trp C/T allelic change and Arg339Gln

G/A allelic change) were shown to alter DNA re-

pair capacity in vitro (Lunn et al. 1999; Matullo

et al. 2001; Wang et al. 2003). The XRCC1

Arg399Gln polymorphism occurs within the

C-terminal domain of BRCA that interacts with

PARP1 (Shen et al. 1998), which implicates a

functional significance of this SNP. Based on its

potential biological significance, this polymor-

phism has been evaluated epidemiologically in

many environmental factor-related cancers. The

presence of the 399Gln variant was reported to be

associated with the risk of head and neck cancer

(Sturgis et al. 1999; 2000; Cheng et al. 1998),

breast (Huang et al. 2009; Li et al. 2009), and lung

cancer (Improta et al. 2008; De Ruyck et al. 2007;

Sreeja et al. 2008). Other reports, however,

showed an association of the 399Arg variant with

an increased risk of lung cancer (Lopez-Cima et al.

2007) or head and neck squamous cell carcinoma

(Kowalski et al. 2009), which was not observed in

the Polish group. A meta-analysis showed no sig-

nificant association between this polymorphism

and the risk of colon cancer (Jiang et al. 2010).

Similarly, no association between XRCC1

Arg399Gln (and Arg194Trp) polymorphisms was

found in a Polish population sample (Sliwinski

et al. 2008). However, an increased risk of

colorectal cancer associated with the XRCC1

399Gln allele was reported in a Korean population

(Yun-Chul et al. 2005), and here we found a simi-

lar association with the risk of colon cancer in a

Polish population. The association between cancer

risk and APE1 Asp148Glu polymorphism has also

been analyzed for various types of human malig-

nancies. A meta-analysis confirmed that this poly-

morphism is a low-penetrance risk factor for
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Table 2. Distribution of analyzed genotypes in colon cancer patients compared with the actual Polish and the NCBI

database control groups. The statistical significance of differences was assessed for: (a) frequencies of all

genotypes simultaneously; (b) the sum of heterozygotes and higher frequency homozygotes versus lower

frequency homozygotes; and (c) the sum of heterozygotes and lower frequency homozygotes versus higher

frequency homozygotes. Underlined values are statistically significant (P < 0.05).

Gene Genotype Cancer patients Control groups

Polish P-value NCBI P-value

APE1 [148] TT 49 38 0.0001
a 32 0.0001

a

T/G 59 87 0.0006
b 54 0.0001

b

GG 5 28 0.0023
c 34 0.0090

c

CCND1 [242] GG 12 44 0.0287
a 34 0.0025

a

G/A 33 71 0.0280
b 48 0.0033

b

AA 5 38 0.5896c 38 0.7045c

NBS1 [185] GG 55 60 0.7498a 10 0.2868a

G/C 62 71 0.4852b 48 0.5267b

CC 15 22 0.7161c 62 0.1318c

XPA [-4] GG 29 46 0.2285a 38 0.0986a

G/A 33 70 0.2188b 60 0.0969b

AA 4 17 0.2157c 18 0.1509c

XPD [312] GG 41 33 0.3781a 52 0.0285
a

G/A 59 65 0.4670b 58 0.0166
b

AA 21 15 0.4846c 8 0.1156c

XPD [751] AA 54 66 0.3651a 50 0.0446
a

A/C 47 68 0.2342b 60 0.0353
b

CC 22 19 0.9034c 10 0.7951c

XRCC1 [339] GG 35 56 0.0089
a 68 0.0003

a

G/A 49 80 0.0027
b 62 0.0002

b

AA 29 17 0.3657c 12 0.0069
c



cancer development (Gu et al. 2009). For example,

the 148Glu allele was associated with a risk of

lung cancer in Asians but not in Europeans

(Kiyohara et al. 2006). However, no association

between this polymorphism and the risk of

colorectal cancer was reported in a multi-gene

study (Moreno et al. 2006), although here we ob-

served an association between the APE1 148Asp

allele and the risk of colon cancer in a Polish popu-

lation.

The XPD protein is an essential 5’–3’ helicase

involved in the nucleotide excision repair (NER)

pathway, as well as in regulation of transcription,

the cell cycle, and apoptosis. Polymorphisms of

the XPD gene could modulate its functions (for a

review, see Sancar 1996; Benhamou and Sarasin

2002). In fact, the XPD Asp312Asn and

Lys751Gln polymorphic variants were associated

with changes in efficiency of DNA repair and the

frequency of apoptosis in lymphocytes irradiated

in vitro (Rzeszowska-Wolny et al. 2005). These

polymorphisms may be involved in smok-

ing-related lung cancer, but the existing reports are

not conclusive (Benhamou and Sarasin 2005). The

312Asn allele was shown to have a protective ef-

fect when compared with the Asp/Asp genotype in

a study of 96 lung cancer patients (Butkiewicz

et al. 2001), whereas the same allele was associ-
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Figure 1. Frequencies of analyzed genotypes in colon

cancer patients and healthy control groups

Table 3. Distribution of analyzed genotypes in patients with head and neck cancer and in healthy control groups.

Statistical significance of differences was assessed as in Table 2

Gene Genotype Cancer patients Control groups

Polish P-value NCBI P-value

APE1 [148] TT 28 22 0.4973a 32 0.2387a

T/G 56 66 1.0000b 54 0.1186b

GG 20 22 0.2571c 34 1.0000c

CCND1 [242] GG 23 32 0.4834a 34 0.3317a

G/A 52 51 0.5403b 48 0.6616b

AA 30 27 0.2769c 38 0.2842c

NBS1 [185] GG 39 44 0.4272a 10 0.0379
a

G/C 47 54 0.2371b 48 0.0653b

CC 18 12 0.7791c 62 0.0429
c

XPA [-4] GG 34 28 0.0563a 38 0.1669a

G/A 29 47 0.2169b 60 1.0000b

AA 12 7 0.1881c 18 0.0941c

XPD [312] GG 10 14 0.4531a 52 0.2061a

G/A 14 36 0.7536b 58 0.1348b

AA 5 8 0.3209c 8 0.4043c

XPD [751] AA 29 38 0.1065a 50 0.0098
a

A/C 52 60 0.0416
b 60 0.0070

b

CC 22 12 0.3802c 10 0.0486
c

XRCC1 [339] GG 47 35 0.1038a 68 0.7537a

G/A 50 62 0.2460b 62 0.8098b

AA 7 13 0.0489
c 12 0.6994c



ated with a higher risk of lung cancer in another

study (Zhou et al. 2002). The 751 Gln/Gln

homozygote genotype was associated with a

higher risk of head and neck cancer in

non-Hispanic white Americans (Sturgis et al.

2000), and here we show a similar association in a

Polish population. However, no clear association

between XPD Asp312Asn or Lys751Gln

polymorphisms and the risk of colon cancer was

detected (Moreno et al. 2006; Sliwinski et al.

2009). Here we found an association between both

these polymorphisms and the risk of colon cancer,

yet it was much weaker as compared to those for

the APE1, XRCC1 and CCND1 genes. The NBS1

gene encodes nibrin, an essential member of the

MRE11-RAD50-nibrin complex, indispensable

for DNA double-strand break repair. Its biallelic

mutation is responsible for Nijmegen (chromo-

some) breakage syndrome (Varon et al. 1998).

It was shown that the A>G substitution in codon

171 of the NBS1 gene (which caused Ile to Val ex-

change) contributed to an increased risk of larynx

cancer (Zió³kowska et al. 2007). However, we

show here that the NBS1 Glu185Gln polymor-

phism was only marginally associated with a risk

of head and neck cancer.
Cyclin D1 controls cell proliferation and is in-

volved in DNA-damage-induced cell-cycle check-

points, thus playing a significant role in
carcinogenesis (Kong 2000). The CCND1 A870G
polymorphism (codon 242) is located at the
boundary of exon 4 and intron 4, and affects
CCND1 transcript splicing, so that exon 5 is not
expressed in the 870A allele. In consequence, the
protein variant that corresponds to the 870A allele
has a longer half-life because exon 5 is involved in
rapid turnover of cyclin D1 (Betticher et al. 1995;
Sawa et al. 1998). It has been shown that the pres-
ence of the 870A allele increases the risk of spo-
radic colorectal adenomas in an American
population (Lewis et al. 2003). However, we show
here that in a Polish population the risk of colon
cancer was associated with the A/G heterozygote
genotype. In fact, a similar association was found
previously between the CCND1 A870G
heterozygote and the risk of squamous cell carci-
noma of the larynx (Rydzanicz et al. 2006).

We found clear associations between genetic

polymorphisms in genes involved in DNA damage

response, especially in the BER pathway, and the

risk of sporadic colon cancer. This association was

stronger than that identified for head and neck can-

cer, another malignancy putatively related to ex-

posure to genotoxic factors. In fact, smoking (and

so-called tobacco chewing) is among the strongest

risk factors for head and neck cancer (Lewin et al.

1998), thus one could expect that factors related to
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Table 4. Distribution of analyzed genotypes in breast cancer patients and in healthy control groups. Statistical

significance of differences was assessed as in Table 2

Gene Genotype Cancer patients Control groups

Polish P-value NCBI P-value

APE1 [148] TT 16 90 0.6090a 32 0.2420a

T/G 50 223 0.5004b 54 1.0000b

GG 25 99 0.3990c 34 0.1344c

CCND1 [242] GG 19 114 0.2019a 34 0.0848a

G/A 52 186 1.0000b 48 0.2864b

AA 23 98 0.1220c 38 0.2013c

NBS1 [185] GG 40 160 0.6142a 10 0.4514a

G/C 43 208 0.6103b 48 0.6395b

CC 10 57 0.3509c 62 0.2189c

XPA [-4] GG 35 142 0.9335a 38 0.6133a

G/A 45 168 0.8610b 60 0.5475b

AA 11 48 0.9043c 18 0.4641c

XPD [312] GG 37 104 0.1124a 52 1.0000a

G/A 40 163 0.1344b 58 1.0000b

AA 6 42 0.0716c 8 1.0000c

XPD [751] AA 37 131 0.6283a 50 0.3370a

A/C 43 169 0.4545b 60 0.1906b

CC 14 70 0.4721c 10 0.7804c

XRCC1 [339] GG 41 138 0.1676a 68 0.4088a

G/A 40 214 1.0000b 62 0.2047b

AA 13 57 0.0711c 12 0.5942c



DNA repair, especially the NER pathway, would

be essential in the etiology of this cancer. How-

ever, apparent heterogeneity of head and neck can-

cers and their causative factors (e.g. alcohol abuse,

HPV and EBV infections) could largely explain a

lack of clear association between polymorphisms

of repair genes and cancer risk that was shown in

this report. Not surprisingly, no association be-

tween polymorphisms of DNA repair genes and

cancer risk was identified for breast cancer, where

exposure to environmental genotoxins is only a

minor etiological factor (Gray 2008). DNA lesions

induced by reactive oxygen species, which are the

major target for the BER pathway, appear to be

highly important for colorectal cancer (Jiricny and

Marra 2003). Mutations in the MUTYH gene, en-

coding a DNA glycosylase involved in the repair

of oxidative damage (e.g. 8-oxoguanine) strongly

predispose to a hereditary form of colorectal can-

cer (Paz-Elizur et al. 2008). Consistent with this, a

large case-control study aimed to identify associa-

tions between common polymorphic variants of

different DNA repair genes, and the risk of this

malignancy found such an association for the

genes OGG1 (Ser326Cys polymorphism) and

POLB (Pro242Arg polymorphism), which are es-

sential BER components. Importantly, this study

did not find any association between the risk of

sporadic colon cancer and polymorphic variants of

genes involved in other pathways of DNA repair

(i.e. NER, direct reverse, and DNA double-strand

break repair) (Moreno et al. 2006). In line with

those data, our findings confirm that the genes en-

coding BER components are important for the risk

of colorectal cancer.

Conclusions

Here we show that polymorphic variants of genes

encoding two BER proteins, namely APE1

(148Asp allele) and XRCC1 (399Gln allele), are

associated with an increased risk of sporadic

colorectal cancer. This finding clearly indicates

the functional importance of the BER pathway and

oxidative DNA damage in the etiology of

colorectal cancer.

Acknowledgements. We thank Prof. Ronald Han-

cock for help in preparation of the manuscript. This

work was supported by the Polish Ministry of Sci-

ence (Grant 2 P05B 126 30 and Grant N519579938).

REFERENCES

Benhamou S, Sarasin A, 2002. ERCC2/XPD gene
polymorphisms and cancer risk. Mutagenesis. 6:
463–469.

Benhamou S, Sarasin A, 2005. ERCC2/XPD gene
polymorphisms and lung cancer: a huge review. Am
J Epidemiol. 161: 1–14.

Betticher DC, Thatcher N, Altermatt HJ, Hoban P,
Ryder DJ, Heighway J, 1995. Alternate splicing
produces a novel cyclin D1 transcript. Oncogene
11: 1005–1011.

Butkiewicz D, Rusin M, Enewold L, Shields PG,
Chorazy M, Harris CC, 2001. Genetic
polymorphisms in DNA repair genes and risk of
lung cancer. Carcinogenesis 22: 593–597.

Cheng L, Eicher SA, Guo Z, Hong WK, Spitz MR,
Wei Q, 1998. Reduced DNA repair capacity in head
and neck cancer patients. Cancer Epidemiol
Biomarkers Prev 7: 465–468.

Chiang JM, Chou YH, Chou TB, 1998. K-ras codon 12
mutation determines the polypoid growth of
colorectal cancer. Cancer Res 58: 3289–3293.

De Ruyck K, Szaumkessel M, De Rudder I,
Dehoorne A, Vral A, Claes K, et al. 2007.
Polymorphisms in base-excision repair and nucleo-
tide-excision repair genes in relation to lung cancer
risk. Mutat Res 631: 101–110.

Excoffier L, Laval G, Schneider S, 2005. Arlequin ver.
3.0: An integrated software package for population
genetics data analysis. Evolutionary Bioinformatics
Online 1: 47–50.

Goode EL, Ulrich CM, Potter JD, 2002.
Polymorphisms in DNA repair genes and associa-
tions with cancer risk. Cancer Epidemiol
Biomarkers Prev 12: 1513–1530.

Gray J, 2008. State of the evidence: the connection be-

tween breast cancer and the environment. Breast

Cancer Fund, San Francisco, 2008.

Gu D, Wang Meilin, Wang Miaomiao, Zhang Z, Chen J,
2009.TheDNArepairgeneAPE1T1349Gpolymor-
phism and cancer risk: a meta-analysis of 27
case-control studies. Mutagenesis 24: 507–512.

Hoeijmakers JH, 2001. Genome maintenance mecha-
nisms for preventing cancer. Nature 411: 366–374.

Hu JJ, Smith TR, Miller MS, 2001. Amino acid substitu-
tion variants of APE1 and XRCC1 genes associated
with ionizing radiation sensitivity. Carcinogenesis
22: 917–922.

Huang Y, Li L, Yu L, 2009. XRCC1 Arg399Gln,
Arg194Trp and Arg280His polymorphisms in breast
cancer risk: a meta-analysis. Mutagenesis 24:
331-339.

ImprotaG,SgambatoA,BianchinoG,ZupaA,GriecoV,
La Torre G, et al. 2008. Polymorphisms of the DNA
repairgenesXRCC1andXRCC3andriskof lungand
colorectal cancer: a case-control study in a Southern
Italian population. Anticancer Res 28: 2941–2946.

Jiang Z, Li C, Xu Y, Cai S, 2010. A meta-analysis on
XRCC1 and XRCC3 polymorphisms and colorectal
cancer risk. Int J Colorectal Dis 25: 169–180.

350 K. Jelonek et al.



Jiricny J, Marra G, 2003. DNA repair defects in colon
cancer. Curr Opin Genet 13: 61–69.

Khan SG, Muniz-Medina V, Shahlavi T, Baker CC,
Inui H, Ueda T, et al. 2002. The human XPC DNA
repair gene: arrangement, splice site information
content and influence of a single nucleotide poly-
morphism in a splice acceptor site on alternative
splicing and function. Nucleic Acids Res 30:
3624–3631.

Khanna KK, Lavin MF, Jackson SP, Mulhern TD,
2001. ATM, a central controller of cellular re-
sponses to DNA damage. Cell Death Differ 8:
1052–1065.

Kiyoharaa C, Takayamab K, Nakanishib Y, 2006. As-
sociation of genetic polymorphisms in the base ex-
cision repair pathway with lung cancer risk: a
meta-analysis. Lung Cancer 54: 267–283.

Kong S, Amos CI, Luthra R, Lynch PM, Levin B,
Frazier ML, 2000. Effects of cyclin D1 polymor-
phism on age onset of hereditary nonpolyposis
colorectal cancer. Cancer Res 60: 249–252.

Kowalski M, Przyby³owska K, Rusin P, Olszewski J,
Morawiec-Sztandera A, Bielecka-Kowalska A,
et al. 2009. Genetic polymorphisms in DNA base
excision repair gene XRCC1 and the risk of
squamous cell carcinoma of the head and neck. J
Exp Clin Cancer Res 28: 37.

Lewin F, Norell SE, Johansson H, Gustavsson P,
Wenneberg J, Biorklund A, Rutqvist LE, 1998.
Smoking tobacco, oral snuff, and alcohol in the etiol-
ogyofsquamouscellcarcinomaoftheheadandneck;
a population-based case-referent study in Sweden.
Cancer 82: 1367–1375.

Lewis RC, Bostick RM, Xie D, Deng Z, Wargovich MJ,
Fina MF, et al. 2003. Polymorphism of the cyclin D1
gene, CCND1, and risk for incident sporadic
colorectal adenomas. Cancer Res 63: 8549–8553.

Li H, Ha TC, Tai BC, 2009. XRCC1 gene
polymorphisms and breast cancer risk in different
populations: a meta-analysis. Breast 18: 183–191.

Lopez-Cima MF, Gonzalez-Arriaga P, Garcia-Castro L,
Pascual T, Marron MG, Puente XS, Tardon A, 2007.
Polymorphisms in XPC, XPD, XRCC1, and XRCC3
DNA repair genes and lung cancer risk in a popula-
tion of Northern Spain. BMC Cancer 7: 162.

Lunn RM, Langlois RG, Hsieh LL, Thompson CL,

Bell DA, 1999. XRCC1 polymorphisms: effects on

aflatoxin B1-DNA adducts and glycophorin A vari-

ant frequency. Cancer Res 59: 2557–2561.

Matullo G, Guarrera S, Carturan S, Peluso M,
Malaveille C, Davico L, et al. 2001. DNA repair
gene polymorphisms, bulky DNA adducts in white
blood cells and bladder cancer in a case-control
study. Int J Cancer 92: 562–567.

Matullo G, Palli D, Peluso M, Guarrera S, Carturan S,
Celentano E, et al. 2001. XRCC1, XRCC3, XPD
gene polymorphisms, smoking and (32)P-DNA ad-
ducts in a sample of healthy subjects.
Carcinogenesis 22: 1437–1445.

Misra RR, Ratnasinghe D, Tangrea JA, Virtamo J,
Andersen MR, Barrett M, et al. 2003.
Polymorphisms in the DNA repair genes XPD,

XRCC1,XRCC3,andAPE/ref-1,and the riskof lung
cancer among male smokers in Finland. Cancer Lett
191: 171–178.

Moreno V, Gemignani F, Landi S, Gioia-Patricola L,
Chabrier A, Blanco I, et al. 2006. Polymorphisms in
genes of nucleotide and base excision repair: risk and
prognosis of colorectal cancer. Clin Cancer Res 12:
2101–2108.

Parikh SS, Mol CD, Tainer JA, 1997. Base excision re-
pair enzyme family portrait: integrating the structure
and chemistry of an entire DNA repair pathway.
Structure 5: 1543–1550.

Paz-Elizur T, Sevilya Z, Leitner-Dagan Y, Elinger D,
Roisman LC, Livneh Z, 2008. DNA repair of oxida-
tive DNA damage in human carcinogenesis: poten-
tial application for cancer risk assessment and pre-
vention. Cancer Lett. 266: 60–72.

Rzeszowska-Wolny J, Polañska J, Pietrowska M,
Palyvoda O, Jaworska J, Butkiewicz D, Hancock R,
2005. Influence of polymorphisms in DNA repair
genes XPD, XRCC1 and MGMT on DNA damage
inducedbygammaradiationandits repair in lympho-
cytes in vitro. Radiat Res 164: 132–140.

Rydzanicz M, Golusiñski P, Mielcarek-Kuchta D,
Golusiñski W, Szyfter K, 2006. Cyclin D1 gene
(CCND1) polymorphism and the risk of squamous
cell carcinoma of the larynx. Eur Arch
Otorhinolaryngol 263: 43–48.

Sancar A, 1996. DNA excision repair. Annu Rev
Biochem 65: 43–81.

Sawa H, Ohshima TA, Ukita H, Murakami H, Chiba Y,
KamadaH,etal.1998.Alternativelysplicedformsof
cyclin D1 modulate entry into the cell cycle in an in-
verse manner. Oncogene 16: 1701–1712.

Shen MR, Zdzienicka MZ, Mohrenweiser H, Thompson
LH, Thelen MP, 1998. Mutations in hamster sin-
gle-strand break repair gene XRCC1 causing defec-
tiveDNArepair.NucleicAcidsRes26:1032–1037.

Sliwinski T, Krupa R, Wiœniewska-Jarosiñska M,
LechJ,MorawiecZ,Chojnacki J,B³asiakJ,2008.No
association between the Arg194Trp and Arg399Gln
polymorphisms of the XRCC1 gene and colorectal
cancer risk and progression in a Polish population.
Exp Oncol 30: 253–254.

Sliwinski T, Krupa R, Wiœniewska-Jarosinska M,
Paw³owska E, Lech J, Chojnacki J, B³asiak J, 2009.
Common polymorphisms in the XPD and hOGG1
genes are not associated with the risk of colorectal
cancer in a Polish population. Tohoku J Exp Med
218: 185–191.

Spitz MR, Wu X, Wang Y, Wang LE, Shete S, Amos CI,
et al. 2001. Modulation of nucleotide excision repair
capacity by XPD polymorphisms in lung cancer pa-
tients. Cancer Res 61: 1354–1357.

Sreeja L, Syamala V, Syamala V, Hariharan S,
Raveendran P, Vijayalekshmi R, et al. 2008. Prog-
nostic importance of DNA repair gene
polymorphisms of XRCC1 Arg399Gln and XPD
Lys751Gln in lungcancerpatients fromIndia. JCanc
Res Clin Oncol 134: 645–652.

Sturgis EM, Castillo EJ, Li L, Zheng R, Eicher SA,
Clayman GL, et al. 1999. Polymorphisms of DNA
repair gene XRCC1 in squamous cell carcinoma of
the head and neck. Carcinogenesis. 20: 2125–2129.

SNPs in DNA repair genes vs risk of cancer 351



Sturgis EM, Zheng R, Li L, Castillo EJ, Eicher SA,
Chen M, et al. 2000. XPD/ERCC2 polymorphisms
and risk of head and neck cancer: a case-control
analysis. Carcinogenesis 21: 2219–2223.

Varon R, Vissinga CH, Platzer M, Cerosaletti KM,
Chrzanowska KH, Saar K, et al. 1998. Nibrin, a
novel DNA double-strand break repair protein, is
mutated in Nijmegen breakage syndrome. Cell 93:
467–476.

Vogelstein B, Kinzler KW, 2004. Cancer genes and the
pathways they control. Nat Med 10: 789–799.

Wang Y, Spitz MR, Zhu Y, Dong Q, Shete S, Wu X,
2003. From genotype to phenotype: correlating
XRCC1 polymorphisms with mutagen sensitivity.
DNA Repair 2: 901–908.

Welsh JB, Zarrinkar PP, Sapinoso LM, Kern SG,
Behling CA, Monk BJ, et al. 2001. Analysis of gene
expression profiles in normal and neoplastic ovar-
ian tissue samples identifies candidate molecular

markers of epithelial ovarian cancer. Proc Natl
Acad Sci U S A. 98: 1176–1181.

Yun-Chul H, Kwan-Hee L, Woo-Chul K, Sun-Keun C,
Ze-Hong W, Soo-Kyung S, Ho K, 2005.
Polymorphisms of XRCC1 gene, alcohol consump-
tion and colorectal cancer. Int J Cancer. 116:
428–432.

Zhou W, Liu G, Miller DP, Thurston SW, Xu LL,
Wain JC, et al. 2002. Gene-environment interaction
for the ERCC2 polymorphisms and cumulative cig-
arette smoking exposure in lung cancer. Cancer Res
62: 1377–1381.

Zió³kowska I, Mosor M, Wierzbicka M, Rydzanicz M,
Pernak-Schwarz M, Nowak J, 2007. Increased risk
of larynx cancer in heterozygous carriers of the
I171V mutation of the NBS1 gene. Cancer Sci. 98:
1701–1705.

352 K. Jelonek et al.


