
Leukemia Research 31 (2007) 169–174

RAD51 homologous recombination repair gene haplotypes and risk
of acute myeloid leukaemia�

Sara Rollinson a,∗, Alexandra G. Smith b, James M. Allan b, Peter J. Adamson b,
Kathryn Scott b, Christine F. Skibola d, Martyn T. Smith d, Gareth J. Morgan c

a Division of Laboratory and Regenerative Medicine, Stopford Building, University of Manchester, Oxford Road, Manchester M13 9PT, United Kingdom
b Epidemiology and Genetics Unit, University of York, York YO10 5DD, United Kingdom

c Institute of Cancer Research, Royal Marsden Hospital, Downs Road, Surrey SM2 5PT, United Kingdom
d Division of Environmental Health Sciences, School of Public Health, University of California, Berkeley, CA 94720-7360, USA

Received 23 April 2006; received in revised form 23 April 2006; accepted 29 May 2006
Available online 4 August 2006

Abstract

Homologous recombination (HR) is one of the main pathways for the repair of DNA double strand breaks (DSBs). To investigate whether
inherited variants in genes encoding proteins that repair DSBs by HR modulate acute myeloid leukaemia (AML) risk, we have examined the
frequency of two variants in the 5′ untranslated region (UTR) of RAD51 (RAD51 135 G > C and the RAD51 172 G > T) in a large case–control
study of acute myeloid leukaemia (AML). Inheritance of a RAD51 135 C allele was associated with a reduced risk of estimate for AML (odds
ratio (OR) 0.56, 95% confidence intervals (CI), 0.38–0.83), while the RAD51 172 T allele was not associated with AML. The RAD51 135
and 172 variants were in strong linkage disequilibrium, with three out of the four possible haplotypes being observed in the population. The
protective effect associated with the RAD51 135 C allele was found to be associated with inheritance of the RAD51 135–172 C–G haplotype
(cases 3.9% versus controls 6.5%, OR 0.61, 95% CI 0.42–0.90). These data suggest that variants in the RAD51 HR gene may modulate genetic
predisposition to AML.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

DNA damage in the haemopoietic precursor cell is thought
to be an essential prerequisite for the development of acute
myeloid leukaemia (AML). Double strand breaks (DSBs) are
one of the most deleterious forms of DNA damage, represent-
ing a mechanism by which chromosomal translocations and
other common molecular events in AML may occur. Due

Abbreviations: AML, acute myeloid leukaemia; DSB, double strand
break; HR, homologous recombination; NHEJ, non-homologous end join-
ing; FA, Fanconi’s anemia; OR, odds ratio; CI, confidence interval

� SR, JA, AGS, PJA, KS, and GJM are supported by a program grant from
the Leukaemia Research Fund. MTS and CFS are supported by NIH grant
P30 ES01896 and the National Foundation for Cancer Research.

∗ Corresponding author. Tel.: +44 161 2751818.
E-mail address: Sara.Rollinson@manchester.ac.uk (S. Rollinson).

to the threat posed by DSBs, eukaryotic cells have evolved
two main pathways for the repair of DSBs; non-homologous
end joining (NHEJ) and homologous recombination (HR).
Studies in mice and yeast have shown that the absence of
either pathway leads to genomic instability [1,2], while cell
lines defective in HR are known to have high rates of sponta-
neous chromosomal abnormalities [3]. In humans, inherited
defects in HR pathways are known to predispose to AML, an
example of this, Fanconi anemia (FA) [4] is characterized by
spontaneous and mutagen-induced chromosome instability.
Recently BRCA2, was identified as an FA protein, linking
this pathway to HR through the interaction of BRCA2 with
RAD51 [5].

HR effects DNA repair through the interaction of free
DNA ends with a homologous DNA sequence that is used
as a template for the high fidelity repair of the DSB. HR is
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thought to be particularly important in DNA repair occur-
ring during cellular replication [6–8]. RAD51 is one of the
key proteins for HR, and functions by forming nucleoprotein
filaments on single stranded DNA, mediating homologous
pairing and strand exchange reactions between single and
double stranded DNA during repair [9]. The central role of
RAD51 in maintaining genomic stability is supported by the
fact that null mice are embryo lethal [10], while in the chicken
DT40 system disruption of the RAD51 gene results in chro-
mosome instability [11], a molecular feature commonly seen
in AML. In contrast, over-expression results in increased
resistance to apoptosis induced by ionizing radiation [9], a
well defined cause of DNA DSBs. The emerging role of HR
in myeloid precursor cells [12] combined with the phenotypic
features of cells associated with over- and under-expression
of RAD51 suggest that genetic variation within the gene may
mediate risk of AML.

Two polymorphisms have been described in the 5′ UTR
of RAD51, a G > C substitution at position +135 bp, and a
G > T substitution at position +172 bp from the start of the
cDNA sequence (NCBI accession number D14134). While
alone neither polymorphism has been associated with risk of
breast or ovarian cancer [13,14], nor an effect on breast can-
cer survival [15], the RAD51 135 C allele has been associated
with an increased risk of breast cancer and a reduced risk of
ovarian cancer amongst individuals that carry germline muta-
tions in BRCA1 or BRCA2 [16,17]. To examine the effects of
polymorphisms in RAD51 on AML risk, we have examined
the frequency of the RAD51 135 and RAD51 172 variants in
a large case–control study of AML.

2. Methods

2.1. Study design

Full details of the Leukaemia Research Fund population-
based AML case–control study are given elsewhere [18].
Briefly, acute leukaemia cases aged between 16 and 69 years
were recruited from the UK, and diagnoses were pathologi-
cally confirmed. For every case that participated in the study,
two controls of the same sex, race and year of birth were
recruited from the general practice of the case. All subjects
included in the study gave informed consent, and ethical
approval was obtained for all study subjects. Briefly, the study
group comprised 479 cases, of which 424 were classified as
de novo AML, and 55 as secondary AML (defined as a his-
tory of previous malignancy or myelodysplasia (MDS)). The
average age of the de novo cases was 47.6 years and 54%
were male, while for the secondary cases the average age
was 51.8 years, and 45.4% were male. The study group also
comprised of 952 age sex matched controls, with an aver-
age age of 48.1, with 53.5% being male. As the frequency
of alleles has been shown to vary with race [19], the geno-
typing and subsequent analysis was restricted to Caucasian
subjects.

2.2. Genotyping and assay validation

Genomic DNA was extracted from whole frozen blood
using a proteinase K treatment, followed by a series of phe-
nol:chloroform extractions and ethanol precipitation [20].
Quality checks, using both DNA negative and known geno-
type control samples, were run with each set of subject DNA
for both assays.

Inheritance of the RAD51 135 and 172 polymorphisms
was determined using TaqmanTM Allelic Discrimination.
Primer and probe sequences were as follows (variant base in
lower case), RAD51 135 forward primer 5′-TCTGGGTTGT-
GCGCAGA-3′, reverse primer 5′-CCGCGCTCCGACTT-
CA-3′, G allele probe 5′-FAM-AGCGTAAGCCAgGGGC-
GTTGG-3′, C allele probe 5′-VIC-GCGTAAGCCAcGGG-
CGTTGG-3′. RAD51 172 forward primer 5′-CGAGTAG-
AGAAGTGGAGCGTAAGC-3′, reverse primer 5′-CCGCG-
CTCCGACTTCA-3′, T allele probe 5′-FAM-CGTGCCA-
CtCCCGCGGG-3′, G allele probe 5′-VIC-CGTGCCA-
CgCCCGCGGG-3′. All reactions were carried out in 15 �l
volumes using 900 pmol of each primer and 100 nmol of each
probe, using the 2× Applied Biosystems (ABI) (Foster City,
CA) universal master mix. Amplification was carried out on
an ABI 9700 using the following amplification conditions for
both assays; 95 ◦C for 10 min, followed by 40 cycles of 95 ◦C
for 15 s and 61 ◦C for 1 min. Data capture and analysis were
carried out using an ABI PRISM 7700 sequence detector
and the Sequence Detection Systems software (ABI).

Genotyping results were verified by sequencing 60 ran-
domly chosen samples. A 178 bp fragment of the RAD51
sequence surrounding the two variants was amplified using
the following primers and reaction conditions; 10 pmol
each primer (forward 5′-ACCGAGCCCTAAGGAGAGTG-
3′, reverse 5′-CCGCGCTCCGACTTCA-3′), 10 ng of DNA,
1× Amplitaq Gold buffer, 200 �mol dNTPs, 1.5 mM MgCl2,
1 unit Amplitaq Gold DNA polymerase, in a final reaction
volume of 20 �l. Amplification conditions were as follows;
10 min at 95 ◦C, followed by 35 cycles of 95 ◦C 1 min,
56 ◦C 1 min, and 72 ◦C 1 min. Products were run out on
1% agarose gels and purified using the QiaQuick system
from Qiagen (West Sussex, UK). Samples were sequenced
using ABI PRISM® BigDyeTM Terminator cycle sequenc-
ing, the sequencing products being visualized on an ABI 377
sequencer.

To verify the linkage disequilibrium predicted using sta-
tistical analysis between the RAD51 172 and RAD51 135
variants, five samples identified as dual RAD51 172 GT
and RAD51 135 GC heterozygotes, were blunt-end cloned
into the pT7Blue-3 Blunt vector following the manufactures
instructions (Novagen, Germany). Plasmids that contained
insert were then amplified using the R-20mer primer (Novo-
gen) in combination with the reverse primer previously used
for sequencing, and the products were then gel purified and
sequenced as described previously.

Out of the 120 genotypes checked by sequencing, all geno-
types agreed for the RAD51 135, while 1 genotype (RAD51
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Published data regarding the association between the
apurinic/apyrimidinic endonuclease 1 (APE1) T1349G
(Asp148Glu) polymorphism and cancer risk show in-
conclusive results. To derive a more precise estimation of
the relationship, we performed a meta-analysis of 27
published studies that included 12 432 cancer cases and 17
349 controls. We used odds ratios (ORs) and 95%
confidence intervals (CIs) to evaluate the strength of the
associations. The overall results suggested that the variant
genotypes were associated with a moderately increased
risk of all cancer types (OR 5 1.09, 95% CI 5 1.01–1.18
for TG versus TT; OR 5 1.08, 95% CI 5 1.00–1.18 for
GG/TG versus TT). In the stratified analyses, the risk
remained for studies of colorectal cancer, European
populations and population-based studies. Although some
modest bias could not be eliminated, this meta-analysis
supported that the APE1 T1349G polymorphism is a low-
penetrance risk factor for cancer development.

Introduction

Cancer is a multifactorial disease that results from complex
interactions between many genetic and environmental factors
(1). This is particularly true for the sporadic forms of cancer
that, in contrast to familial cancer syndromes, tend to be
common in the population. Human cancer can be initiated by
DNA damage caused by UV, ionizing radiation, diet, tobacco
exposure and environmental chemical agents. However,
humans have developed a set of complex DNA repair systems
to safeguard the integrity of genome from the harmful
consequences of DNA damage (2,3). It has been suggested
that low-penetrance susceptibility genes combined with
environmental factors may be important in the development
of cancer.

Genetic variations in DNA repair genes can modulate DNA
repair capacity and, consequently, alter cancer risk. About
150 human DNA repair genes have been identified to date (4),
but the real number is probably higher, since ,50% of known
and putative genes have an identified function. Among these
pathways, the base excision repair (BER) pathway, which
possibly handles the largest number of cytotoxic and mutagenic
base lesions, has been associated with risk of cancers (5). It
corrects DNA modifications that arise either spontaneously or

from attack by reactive chemicals, which frequently cause
alterations that include oxidation, deamination and ring
fragmentation (6). BER is a multistep process involving the
sequential activity of several proteins (7).

The human apurinic/apyrimidinic endonuclease (APE) APE1
(also known as APE, APEX and REF-1) is involved in the BER
pathway (3). The APE1 gene is located on chromosome
14q11.2–q12 and consists of five exons spanning 2.21 kb. By
hydrolyzing 3#-blocking fragments from oxidized and alkylated
DNA, APE1 produces normal 3#-hydroxyl nucleotide termini
that are necessary for DNA repair synthesis and ligation at
single- or double-strand breaks (8,9). A total of 18 poly-
morphisms in APE1 have been reported (10), but the most
extensively studied polymorphism is a T to G transversion,
Asp148Glu (rs3136820) (Figure 1). This polymorphism has
shown that the G allele is associated with an increased mitotic
delay after exposure to ionizing radiation (11).

Recently, many studies have investigated the role of the
APE1 T1349G polymorphism in the aetiology of cancers of
various organs, including lung, bladder, colorectal, breast and
others. However, the results of these studies remain
inconclusive. In consideration of the extensive role of APE1
in the carcinogenic process, we carried out a meta-analysis on
all eligible case–control studies to estimate the overall cancer
risk of APE1 T1349G polymorphism and to quantify the
potential between-study heterogeneity.

Materials and methods

Identification and eligibility of relevant studies

PubMed and Embase were searched using the search terms: ‘APE1’, ‘APEX’,
‘polymorphism’, and ‘cancer’ (last search was updated on May 30, 2009). The
search was limited to English language papers. We also used the PubMed
option ‘Related Articles’ in each research article to search potentially relevant
articles. Moreover, references of all the included articles were also hand
searched. When more than one study of the same population was included in
several publications, only the most recent or complete study was used in this
meta-analysis (12–15). Studies included in our meta-analysis had to meet the
following inclusion criteria: (i) evaluation of the APE1 T1349G polymorphism
and cancer risk, (ii) case–control studies and (iii) contain available genotype
frequency.

Data extraction

Information was carefully extracted from all eligible publications independently
by two of the authors according to the inclusion criteria. Discrepancies were
adjudicated by a third reviewer until consensus was achieved on every item.
The following data were considered: author name, year and country of the
study and ethnicity, source of control groups (population- or hospital-based
controls), genotyping method and numbers of genotyped cases and controls.
Different ethnic descents were categorized as European, Asian or mixed that
included subjects of more than one ethnicity (13,16).

Statistical analysis

The strength of the association between the APE1 T1349G polymorphism and
cancer risk was measured by odds ratios (ORs) with 95% confidence intervals
(CIs). The statistical significance of the pooled OR was determined using the
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DNA Damage Repair and Response Proteins as Targets for Cancer Therapy 
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Abstract: The cellular response to DNA damage is critical for determining whether carcinogenesis, cell death or other deleterious bio-

logical effects will ensue. Numerous cellular enzymatic mechanisms can directly repair damaged DNA, or allow tolerance of DNA le-

sions, and thus reduce potential harmful effects. These processes include base excision repair, nucleotide excision repair, nonhomologous 

end joining, homologous recombinational repair and mismatch repair, as well as translesion synthesis. Furthermore, DNA damage-

inducible cell cycle checkpoint systems transiently delay cell cycle progression. Presumably, this allows extra time for repair before entry 

of cells into critical phases of the cell cycle, an event that could be lethal if pursued with damaged DNA. When damage is excessive 

apoptotic cellular suicide mechanisms can be induced. Many of the survival-promoting pathways maintain genomic integrity even in the 

absence of exogenous agents, thus likely processing spontaneous damage caused by the byproducts of normal cellular metabolism. DNA 

damage can initiate cancer, and radiological as well as chemical agents used to treat cancer patients often cause DNA damage. Many 

genes are involved in each of the DNA damage processing mechanisms, and the encoded proteins could ultimately serve as targets for 

therapy, with the goal of neutralizing their ability to repair damage in cancer cells. Therefore, modulation of DNA damage responses 

coupled with more conventional radiotherapy and chemotherapy approaches could sensitize cancer cells to treatment. Alteration of DNA 

damage response genes and proteins should thus be considered an important though as of yet not fully exploited avenue to enhance can-

cer therapy. 

Keywords: DNA damage, DNA repair, cell cycle checkpoints, apoptosis, radiotherapy, chemotherapy, cancer. 

INTRODUCTION 

Cells have a multitude of molecular pathways capable of re-
sponding to DNA damage. These systems include DNA repair 
mechanisms, DNA damage tolerance systems, regulatory networks 
that coordinate cell cycle progression and damage repair, and apop-
totic systems to mediate a suicide response when damage is exces-
sive, not repairable, or intolerable with respect to permitting nor-
mal, critical transactions involving DNA. Radiotherapy and chemo-
therapy used to control or eradicate cancer most often inflict dam-
age to DNA as the primary mode of action. As such, it seems logi-
cal that by manipulating elements mediating the cellular response to 
DNA damage, the effectiveness of therapy to treat individuals with 
cancer could be enhanced. This review summarizes facets of the 
cellular response to DNA damage, and strategies for manipulating 
those responses to serve as an adjuvant to current treatments based 
on the actions of radiation or chemicals that target DNA. This is not 
meant to be an exhaustive review of the relevant literature as the 
understanding of how cells respond to DNA damage is a very ex-
tensive, complex and fast-moving field of research. There are cer-
tainly excellent publications that cover these topics in depth [1, 2, 
3]. In contrast, this article is meant to serve as an overview and 
introduction to DNA damage response pathways, their importance 
in the context of radiotherapy and chemotherapy, and to raise 
awareness of the potential for exploiting the ability to manipulate 
DNA damage response mechanisms as a logical strategy with trans-
lational potential to improve treatment of individuals with cancer.  

DNA DAMAGE 

The genomes of all living organisms are constantly subjected to 
conditions that induce damage to DNA. Some of the damage occurs 
spontaneously and is the result of normal metabolic processes. For 
example, deamination of cytosine in DNA can form uracil, which is 
an aberrant base that must be removed to permit DNA to resume 
normal transactions, such as during the synthesis of new DNA 
strands. The formation of uracil is estimated to occur 100-500 times 
per human cell per day, and is the most common aberrant deamina- 
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tion product in cells [4, 5, 6, 7]. Single and double strand DNA 
breaks are other examples of damage that can occur spontaneously 
[8]. These breaks form during intermediate steps in DNA replica-
tion as well as recombination, or due to the action of reactive oxy-
gen species (ROS) generated by aerobic metabolic pathways. Aside 
from DNA strand breaks, a large variety of base damage can occur 
after exposure to ROS [9]. Errors in DNA replication can some-
times lead to insertion of the wrong base and thus result in nucleo-
tide mismatches. DNA strand breaks, as well as inappropriate uracil 
moieties or base pair mismatches, are usually processed and the 
DNA mended quickly, thus avoiding adverse biological effects. 
These are just a few examples of the numerous types of DNA dam-
age that can arise spontaneously. 

Cells are also exposed to exogenous agents, chemicals or radia-
tions, which can induce DNA damage. Individuals can be exposed 
to environmental contaminants or naturally occurring DNA damag-
ing agents, such as radon or sunlight. On the other hand, radiother-
apy or chemotherapeutic agents often target DNA and induce dam-
age [10]. Uracil in DNA cannot only form spontaneously, but also 
after cytosine in particular is subjected to ionizing radiation expo-
sure [11]. Moreover, ionizing radiation can cause single and double 
strand breaks in DNA as well, and less frequently base damage. 
Table 1 lists examples of commonly used chemotherapeutic agents 
that cause DNA damage, directly or indirectly, the types of cancers 
for which they are employed to eradicate, and the kinds of damage 
they induce. Interestingly as indicated, representatives of many 
different categories of chemotherapeutic agent cause DNA damage, 
and the exact damage induced can be different between groups as 
well as within the same category of agent. For example, alkylaing 
agents can cause aberrant methylation of guanines in DNA, and 
DNA strand cross-links. Chemotherapeutic antibiotics, for example 
bleomycin, can bind DNA, inhibit DNA replication or transcription, 
and cause DNA strand breaks.  

CELLULAR RESPONSE TO DNA DAMAGE 

Cells have multiple response pathways that can process DNA 
damage and restore genomic integrity, the normal DNA sequence 
and structure. DNA repair pathways can enzymatically reverse or 
mend the damage, and cell cycle checkpoint control mechanisms 
transiently delay cell cycle progression, thus providing extra time 
for proper repair to occur. In addition, apoptotic systems mediate 
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programmed cell death when damage is excessive, irreparable 
and/or severely interferes with standard critical transactions involv-
ing DNA. Other mechanisms are available to allow lesion tolerance, 
and thus still avoid significant interference with cellular reactions 
involving DNA. These processes are listed and their modes of ac-
tion summarized in Table 2. Many of these processes are highly 
complex [2, 12, 13]. Table 3 lists the numerous genes known to 
participate in each of these mechanisms.  

An underlying issue is that each gene in Table 3 is listed in as-
sociation with a single repair pathway, usually one where the en-
coded protein function is most prominent or first established. How-
ever, many of the proteins participate in multiple DNA damage 
response pathways. For example, there is evidence that RAD9 is 
involved in cell cycle checkpoint control, apoptosis and BER [14]. 
BRCA1 is involved in homologous recombination, cell cycle 
checkpoint control and apoptosis [15]. There are many similar 
examples. 

Another consideration is that some lesions can be mended by 
any of several pathways. For example, certain types of base damage 
can be repaired by base excision repair, nucleotide excision repair 
or homologous recombinational repair, and might also activate a 
cell cycle checkpoint or apoptosis. In addition, other types of DNA 
damage, such as inter-strand cross-links, can be repaired or proc-
essed by the coordinated effort of multiple pathways, such as ho-
mologous recombinational repair, nucleotide excision repair, and 
post-replication translesion synthesis mechanisms [16]. 

Reversal of DNA Damage 

The simplest repair process involves an enzyme-catalyzed re-
versal of DNA damage. One example is the monomerization of two 
adjacent pyrimidine dimers in DNA, such as in the form of cy-
clobutane pyrimidine dimers or (6-4)pyrimidine-pyrimidone photo-
products, which can be induced by exposure to UV light with wave-
lengths close to the absorption peak of DNA (260nm). DNA pho-
tolyase or photoreactivation enzyme, in the presence of light 
(>300nm wavelength), will reverse the dimerization by breaking the 
covalent bond joining the adjacent pyrimidines. Although this proc-
ess has been studied extensively in E. coli and several other micro-
organisms, it remains controversial as to whether enzymatic pho-
toreactivation is present in humans. Several investigators were un-

able to detect this process in human cell extracts [17, 18]. However, 
another group found such an activity in white blood cells [19], and 
a human gene encoding a protein showing extensive structural ho-
mology to the bacterial enzyme has been isolated [20]. In contrast, 
another relatively simple “damage reversal” repair process is evolu-
tionarily conserved and well established in mammals. Alkylation 
damage in DNA, such as O

6
-methylguanine, can be repaired by the 

action of O
6
-methylguanine DNA methyltransferase. This enzyme 

can remove the inappropriate methyl group from guanine and trans-
fer it to one of its own cysteine residues, thus restoring proper struc-
ture of the damaged guanine in DNA [21,22]. Similar reversals of 
damage can occur for O

4
-methylthymine, O

6
-ethylguanine and O

6
-

chlorethylguanine. DNA ligase can rejoin the 3’-OH and 5’-P free 
ends in a single strand DNA break, although it is not clear how 
often this kind of simple repair occurs in vivo.  

Base Excision Repair 

Multiple repair mechanisms function by excising damage from 
DNA, then mending the gap created by the process, essentially 
restoring DNA strands to their original, undamaged state, or at least 
to a condition that will not hinder normal activities. Base excision 
repair (BER) is one such pathway that removes damaged bases 
from DNA but can also repair DNA single strand breaks [23, 24, 
25]. The process starts by excision of a damaged base via the activ-
ity of a DNA glycosylase cleaving the glycosyl bond between the 
base and the deoxyribose-phosphate backbone of DNA. The site 
missing the purine or pyrimidine (apurinic or apyrimidinic site; AP) 
is then recognized by an AP endonuclease, APE1, which causes a 
nick in the DNA 5’ of the site. An associated lyase sometimes 
makes a nick 3’ of the AP site. The terminal deoxyribose-phosphate 
residue generated from the 5’ nick is removed by an exonuclease or 
DNA-deoxyribophosphodiesterase (dRpase). There are several 
variations of BER. In short patch BER, only the single nucleotide 
gap is filled in by repair synthesis mediated by POLB. This is the 
most frequently occurring type of BER activity in mammals. How-
ever, repair synthesis can extend beyond one nucleotide, in a proc-
ess called “long patch” BER. During this activity, a DNA strand 
can become displaced and create a flap. When this occurs, a flap 
endonuclease (FEN-1) cleaves the displaced DNA strand. The free 
ends, generated by either version of BER, are then covalently 
joined by the action of LIG3.  

Table 1. Chemotherapeutic Agents, the Kinds of Cancers for which they are Used, and their Mode of Action
a
 

 

Chemotherapeutic Agent 

(Class; Examples) 

Examples of Cancers Treated Mode of Action/DNA Damage 

Alkylating agents: 

Nitrogen mustard derivatives (i.e., cyclophosphamide, 

chlorambucil, melphalan), ethylenimines (i.e., thiotepa), 

alkylsulfonates (i.e., busulfan), triazenes (i.e., dacarba-

zine), piperazines (i.e., TFMPP, MCPP, MEOPP, and 

PFPP, nitrosoureas (i.e., BCNU, CCNU) 

Lymphomas, chronic leukemia, multiple myeloma, solid 

tumors 

• Adds methyl or other alkyl groups to guanines. 

• Causes DNA strand cross-links.  

Antibiotics: 

Bleomycin, Dactinomycin, Doxorubicin  

Choriocarcinoma, lymphomas, testicular carcinoma, 

Wilm’s tumor, breast cancer  

• Binds to DNA, inhibits DNA replication, tran-

scription. 

• DNA strand breaks.  

Topoisomerase I and II inhibitors: 

Irinotecan (Topo I), Etoposide (Topo II) 

Colorectal cancers (Irinotecan); Lung cancer (Etoposide) • Effects recombinational repair. 

Spindle poisons: 

Taxanes (paclitaxel and docetaxel) 

Breast and lung cancers • Disrupts microtubule function. 

Miscellaneous: 

Cisplatin, Hydroxyurea 

Testicular, lung and ovarian cancer (Cisplatin); Chronic 

and acute leukemias (Hydroxyurea) 

• Cisplatin: intra-strand, inter-strand DNA cross-

links. 

• Hydroxyurea: inhibits ribonucleotide reductase, 

alters deoxyribonucleotide pools, delays cell cycle 

progression, causes DNA degradation.  

aA comprehensive list and description of commonly used chemotherapeutic drugs can be found in reference [10].  
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ARTICLE

DNA repair gene XRCC3 polymorphisms and cancer
risk: a meta-analysis of 48 case–control studies

Shizhong Han1,3, Hong-Tao Zhang2,3, Zhentian Wang1, Yi Xie1, Rong Tang1, Yumin Mao1

and Yao Li*,1

1State Key Lab of Genetic Engineering, Institute of Genetics, School of Life Science, Fudan University, Shanghai, China;
2Laboratory of Medical Genetics, School of Life Science, Suzhou, China

The X-ray repair cross-complementing group 3 (XRCC3) is a highly suspected candidate gene for cancer
susceptibility. However, association studies on the XRCC3 polymorphisms (4541A4G, Thr241Met,
17893A4G) in cancer have shown conflicting results. Therefore, we performed a meta-analysis to better
assess the purported associations. Forty eight eligible case–control studies including 24 975 cancer
patients and 34 209 controls were selected for our meta-analysis. Overall, individuals carrying the XRCC3
Met/Met genotype showed a small cancer risk under a recessive genetic model. The subgroup and meta-
regression analysis demonstrated different scenarios concerning the XRCC3 Met/Met genotype’s role in
cancer susceptibility for different subgroups. Specially, there was a significantly increased risk of breast
cancer (OR, 1.14; P¼0.0004; 95% CI, 1.06–1.23; P¼0.37 for heterogeneity), elevated but not significant
risk of cancer for head and neck, bladder, surprisingly, a significantly decreased risk of non-melanoma skin
cancer (OR, 0.76; P¼0.007; 95% CI, 0.62–0.93; P¼0.61 for heterogeneity). A significantly elevated risk of
cancer was observed in population-based case–control studies but not in nested or hospital based studies.
Similarly, we found a significantly increased risk of cancer for A4541G and a decreased risk for A17893G
under dominant genetic models. Our meta-analysis results support that the XRCC3 might represent a low-
penetrance susceptible gene especially for cancer of breast, bladder, head and neck, and non-melanoma
skin cancer. A single larger study should be required to further evaluate gene–gene and gene–
environment interactions on XRCC3 polymorphisms and tissue-specific cancer risk in an ethnicity specific
population.
European Journal of Human Genetics (2006) 14, 1136–1144. doi:10.1038/sj.ejhg.5201681; published online 21 June 2006

Keywords: association; meta-analysis; XRCC3

Introduction
There is growing evidence that human cancer can be

initiated by DNA damage caused by UV, ionizing radiation,

and environmental chemical agents. Linkage analysis in

multigenerational families affected with cancer has led to

the identification of high penetrant cancer genes with roles

in the repair of damaged DNA, such as ATM, ERCC2, BRCA1,

BRCA2, etc. However, the individual high-risk alleles are

generally rare and are estimated to account for only B5% of

the incidence of cancer in the population, so several to

many other low-penetrant genes have been considered to be

involved in the pathogenesis of cancer, each contributing a

small effect to the total genetic component.1

The X-ray repair cross-complementing group 3 (XRCC3),

one of the DNA repair genes, codes for a protein

participating in homologous recombination repair (HRR)
Received 28 February 2006; revised 9 May 2006; accepted 17 May 2006;

published online 21 June 2006

*Correspondence: Professor Y Li, State Key Lab of Genetic Engineering,

Institute of Genetics, School of Life Science, Fudan University, 220
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regression analysis demonstrated different scenarios concerning the XRCC3 Met/Met genotype’s role in
cancer susceptibility for different subgroups. Specially, there was a significantly increased risk of breast
cancer (OR, 1.14; P¼0.0004; 95% CI, 1.06–1.23; P¼0.37 for heterogeneity), elevated but not significant
risk of cancer for head and neck, bladder, surprisingly, a significantly decreased risk of non-melanoma skin
cancer (OR, 0.76; P¼0.007; 95% CI, 0.62–0.93; P¼0.61 for heterogeneity). A significantly elevated risk of
cancer was observed in population-based case–control studies but not in nested or hospital based studies.
Similarly, we found a significantly increased risk of cancer for A4541G and a decreased risk for A17893G
under dominant genetic models. Our meta-analysis results support that the XRCC3 might represent a low-
penetrance susceptible gene especially for cancer of breast, bladder, head and neck, and non-melanoma
skin cancer. A single larger study should be required to further evaluate gene–gene and gene–
environment interactions on XRCC3 polymorphisms and tissue-specific cancer risk in an ethnicity specific
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There is growing evidence that human cancer can be

initiated by DNA damage caused by UV, ionizing radiation,

and environmental chemical agents. Linkage analysis in

multigenerational families affected with cancer has led to

the identification of high penetrant cancer genes with roles

in the repair of damaged DNA, such as ATM, ERCC2, BRCA1,

BRCA2, etc. However, the individual high-risk alleles are

generally rare and are estimated to account for only B5% of

the incidence of cancer in the population, so several to

many other low-penetrant genes have been considered to be

involved in the pathogenesis of cancer, each contributing a

small effect to the total genetic component.1

The X-ray repair cross-complementing group 3 (XRCC3),

one of the DNA repair genes, codes for a protein

participating in homologous recombination repair (HRR)
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of DNA double-strand breaks (DSB). It is a member of an

emerging family of Rad-51-related proteins that may take

part in homologous recombination to repair DSB and

maintain genome integrity.2 XRCC3-deficient cells exhib-

ited defects in Rad51 focus formation after radiation

damage and demonstrated genetic instability and in-

creased sensitivity to DNA damaging agents.3 Carriers of

the variant allele of XRCC3 Thr241Met had relatively high

DNA adduct levels in lymphocyte DNA, indicating that

this polymorphism was associated with relatively low DNA

repair capacity.4 Therefore, XRCC3 has been of consider-

able interest as a candidate susceptibility gene for cancer.

A large number of molecular epidemiologic studies have

been preformed to evaluate the role of XRCC3 polymorph-

isms on various neoplasm, such as cancer of breast, lung,

bladder, head and neck, skin, etc.5 – 61 The Thr241Met

substitution is the most thoroughly investigated poly-

morphism in XRCC3 due to a (C-4T) transition at exon7

(XRCC3-18067C4T, rs861539). Another two polymor-

phisms investigated by a few studies is XRCC3-4541A4G

(50-UTR, rs1799794) and XRCC3-17893A4G (IVS6-14,

rs1799796). However, the results remain fairly conflicting

rather than conclusive. One factor that would contribute

to the discrepancy between different studies is that these

polymorphisms might play a different role in different

tumor sites. Also, even at the same tumor site, considering

the possible small effect size of these genetic polymorph-

isms to cancer and the relatively small sample size in some

studies, the discrepancy will become apparent since some

single studies may have been underpowered to detect a

small but real association.

Given the amount of accumulated data now available,

it is important to perform a quantitative synthesis of the

evidence using rigorous methods. The aim of this study

was to assess the association of XRCC3 polymorphisms

with the risk of cancer by conducting a meta-analysis from

all eligible case–control studies published to date. Our

results suggest that XRCC3 would not be a major risk factor

for cancer but might represent a low-penetrance suscep-

tible gene in cancer susceptibility.

Methods
Identification and eligibility of relevant studies

To identify all studies that examined the association of

XRCC3 polymorphisms with cancer, we conducted a

computerized literature search of PubMed database (from

January 1991 to April 2006) using the following keywords

and subject terms: ‘X-ray repair cross-complementing

group 3’, ‘XRCC3’, ‘polymorphism’, ‘polymorphisms’,

and ‘cancer’. References of retrieved articles were also

screened. When a study reported results on different racial

descent subpopulations or tumor sites, we treated each

subpopulation or tumor as a separate comparison in our

meta-analysis.

Studies included in the current meta-analysis have to

meet all the following criteria: (1) use an unrelated case–

control design, (2) have available genotype frequency, and

(3) genotype distribution of control population must be in

Hardy–Weinberg equilibrium (HWE).

Data extraction

Two investigators independently extracted the data and

reached a consensus on all items. Data were collected on

the authors, journal, years of publication, country of

origin, demographics, selection and characteristics of

cancer cases and controls, matched factors as well as

adjusted factors, XRCC3 polymorphisms genotyping in-

formation, interactions between environmental factors

and genes, and racial descent (categorized as Asian,

European, or mixed descent).

Statistical analysis

The strength of the association between XRCC3 poly-

morphisms and cancer was measured by odds ratio (OR),

which was calculated according to the method of Woolf.62

We calculated the combined OR under dominant, recessive

or additive genetic model for each polymorphism, respec-

tively. A w2-based Q statistic test was performed to assess

the between-study heterogeneity.63 Owing to the low

power of the statistic, heterogeneity was considered

significant for Po0.10. A fixed effects model using the

Mantel–Haenszel method or a random-effects model using

the DerSimonian and Laird method were used to pool the

results.64 The significance of the pooled OR was deter-

mined by the Z-test.

For Thr241Met, subgroup analysis was performed stratified

by the study character of racial descent, study design and

tumor site, respectively (If the tumor site contains less than

three independent individual studies, it was categorized

into the ‘other sites’ group.). Furthermore, the factors of

racial descent, study design and tumor site were examined

in a meta-regression model to explore the possible hetero-

geneity between different kinds of studies. A random-

effects weighted linear regression model was used, whereby

the study-specific log (OR) was regressed on the characters

of each study.65 The regression incorporated both the

within-study variance as well as the between-study var-

iance, and the weights were estimated using restricted

maximum likelihood. Statistical significance was defined

as a P-value less than 0.10 because of the relatively weak

statistical power.

Publication bias was investigated by using a funnel plot,

in which the standard error of log (OR) of each study was

plotted against its OR. Funnel plot asymmetry was further

assessed by the method of Egger’s linear regression test.66

Hardy–Weinberg equilibrium was tested by the w2-test for

goodness of fit or Fisher’s exact probability test, where

appropriate.
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of DNA double-strand breaks (DSB). It is a member of an

emerging family of Rad-51-related proteins that may take

part in homologous recombination to repair DSB and

maintain genome integrity.2 XRCC3-deficient cells exhib-

ited defects in Rad51 focus formation after radiation

damage and demonstrated genetic instability and in-

creased sensitivity to DNA damaging agents.3 Carriers of

the variant allele of XRCC3 Thr241Met had relatively high

DNA adduct levels in lymphocyte DNA, indicating that

this polymorphism was associated with relatively low DNA

repair capacity.4 Therefore, XRCC3 has been of consider-

able interest as a candidate susceptibility gene for cancer.

A large number of molecular epidemiologic studies have

been preformed to evaluate the role of XRCC3 polymorph-

isms on various neoplasm, such as cancer of breast, lung,

bladder, head and neck, skin, etc.5 – 61 The Thr241Met

substitution is the most thoroughly investigated poly-

morphism in XRCC3 due to a (C-4T) transition at exon7

(XRCC3-18067C4T, rs861539). Another two polymor-

phisms investigated by a few studies is XRCC3-4541A4G

(50-UTR, rs1799794) and XRCC3-17893A4G (IVS6-14,

rs1799796). However, the results remain fairly conflicting

rather than conclusive. One factor that would contribute

to the discrepancy between different studies is that these

polymorphisms might play a different role in different

tumor sites. Also, even at the same tumor site, considering

the possible small effect size of these genetic polymorph-

isms to cancer and the relatively small sample size in some

studies, the discrepancy will become apparent since some

single studies may have been underpowered to detect a

small but real association.

Given the amount of accumulated data now available,

it is important to perform a quantitative synthesis of the

evidence using rigorous methods. The aim of this study

was to assess the association of XRCC3 polymorphisms

with the risk of cancer by conducting a meta-analysis from

all eligible case–control studies published to date. Our

results suggest that XRCC3 would not be a major risk factor

for cancer but might represent a low-penetrance suscep-

tible gene in cancer susceptibility.

Methods
Identification and eligibility of relevant studies

To identify all studies that examined the association of

XRCC3 polymorphisms with cancer, we conducted a

computerized literature search of PubMed database (from

January 1991 to April 2006) using the following keywords

and subject terms: ‘X-ray repair cross-complementing

group 3’, ‘XRCC3’, ‘polymorphism’, ‘polymorphisms’,

and ‘cancer’. References of retrieved articles were also

screened. When a study reported results on different racial

descent subpopulations or tumor sites, we treated each

subpopulation or tumor as a separate comparison in our

meta-analysis.

Studies included in the current meta-analysis have to

meet all the following criteria: (1) use an unrelated case–

control design, (2) have available genotype frequency, and

(3) genotype distribution of control population must be in

Hardy–Weinberg equilibrium (HWE).

Data extraction

Two investigators independently extracted the data and

reached a consensus on all items. Data were collected on

the authors, journal, years of publication, country of

origin, demographics, selection and characteristics of

cancer cases and controls, matched factors as well as

adjusted factors, XRCC3 polymorphisms genotyping in-

formation, interactions between environmental factors

and genes, and racial descent (categorized as Asian,

European, or mixed descent).

Statistical analysis

The strength of the association between XRCC3 poly-

morphisms and cancer was measured by odds ratio (OR),

which was calculated according to the method of Woolf.62

We calculated the combined OR under dominant, recessive

or additive genetic model for each polymorphism, respec-

tively. A w2-based Q statistic test was performed to assess

the between-study heterogeneity.63 Owing to the low

power of the statistic, heterogeneity was considered

significant for Po0.10. A fixed effects model using the

Mantel–Haenszel method or a random-effects model using

the DerSimonian and Laird method were used to pool the

results.64 The significance of the pooled OR was deter-

mined by the Z-test.

For Thr241Met, subgroup analysis was performed stratified

by the study character of racial descent, study design and

tumor site, respectively (If the tumor site contains less than

three independent individual studies, it was categorized

into the ‘other sites’ group.). Furthermore, the factors of

racial descent, study design and tumor site were examined

in a meta-regression model to explore the possible hetero-

geneity between different kinds of studies. A random-

effects weighted linear regression model was used, whereby

the study-specific log (OR) was regressed on the characters

of each study.65 The regression incorporated both the

within-study variance as well as the between-study var-

iance, and the weights were estimated using restricted

maximum likelihood. Statistical significance was defined

as a P-value less than 0.10 because of the relatively weak

statistical power.

Publication bias was investigated by using a funnel plot,

in which the standard error of log (OR) of each study was

plotted against its OR. Funnel plot asymmetry was further

assessed by the method of Egger’s linear regression test.66

Hardy–Weinberg equilibrium was tested by the w2-test for

goodness of fit or Fisher’s exact probability test, where

appropriate.
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Analyses were performed using the software Stata version

7, ReviewManage 4.2 (Oxford, England, UK). All P-values

were two-sided.

Results
Study inclusion

Through literature search and selection based on the

inclusion criteria, 57 studies (69 comparisons) were found,

but only 48 studies (57 comparisons) met our inclusion

criteria, as listed in Table 1. For Thr241Met, 12 comparisons

of nine studies were not included for various reasons.

Specifically, in two comparisons,6,50 genotype distributions

in control population significantly deviate from HWE.

Three studies20,23,51 did not contain genotype distribution

information. Another four studies38,39,47,49 investigated

the same or a subset population of reported articles and

the newest studies39,47 were retained for the analysis. At

last, three studies of Thr241Met7,11,27 and one comparison

of 4541A4G,44 in which the variant allele frequency was

extremely higher than expected that might reflect a wrong

allele counting or poor genotyping quality, were also

excluded from our meta-analysis. Hence, the data for this

analysis were available from 48 case–control studies,

including 24 975 cancer cases and 34 209 controls for

Thr241Met from 48 studies (57 comparisons), 9284 cancer

cases and 12 302 controls for 4541A4G from seven studies

(8 comparisons), and 12 518 cancer cases and 19 526

controls for 17893A4G from seven studies (11 compar-

isons).

Meta-analysis database

We established a database according to the extracted

information from each article. Table 1 lists the tumor site

of the study, ethnicity of the population, study design,

the genotype frequency of cases and controls, and the rare

variant allele frequency in controls for each XRCC3

polymorphisms. Overall, the quality of these included

studies was good: methods of recruitment, total numbers,

characters of participants and inclusion criteria were

generally clearly stated; Tumors were all confirmed by

histological or pathogenic analysis; most studies (74%)

matched in age, sex, and ethnicity in frequency. A classic

PCR-RFLP assay was performed in 50% of the studies, 58%

randomly repeated a portion of samples while genotyping.

However, only 25% of the studies described use of

blindness of the case–control status of DNA samples while

genotyping; not more than half of the studies (33%)

investigated the interactions between XRCC3 polymor-

phisms and environmental factors or other genes; few

studies have been done to explore the role of XRCC3

haplotype on cancer susceptibility (12%).

Quantitative synthesis
XRCC3 Thr241Met There were significant differences in

terms of the variant Met241 allele frequency between the

two major ethnicities (European, 36.1%; 95% confidence

interval (95% CI), 34.8–37.5; Asian, 8.22%; 95% CI, 3.00–

13.4; Po0.0001). Overall, individuals carrying the XRCC3

Met/Met genotype have a small cancer risk compared with

the individuals with the Thr/Thr or Thr/Met genotype

(OR, 1.07; P¼0.008; 95% CI, 1.02–1.13; P¼0.47 for hetero-

geneity), and this positive association maintained in some

subgroup meta-analysis stratified by cancer site, study

design and ethnicity (Table 2). Notably, there was a

significantly increased risk of breast cancer (OR, 1.14;

P¼0.0004; 95% CI, 1.06–1.23; P¼0.37 for heterogeneity),

however, a significantly decreased risk was confirmed with

non-melanoma skin cancer (OR, 0.76; P¼0.007; 95% CI,

0.62–0.93; P¼0.61 for heterogeneity) under a recessive

genetic model.

XRCC3 A4541G and A17893G As limited studies have

investigated the XRCC3 A4541G or A17893G polymor-

phism and cancer risk to date, we did not perform stratifica-

tion analysis for the two polymorphisms. For A4541G, a

significantly increased risk was associated with the variant

genotypes (G/GþA/G), compared with the wild homo-

zygote A/A genotype (OR, 1.09; P¼0.004; 95% CI, 1.03–

1.15) without between-study heterogeneity. For A17893G,

individuals with the variant genotypes (G/GþA/G) had a

significantly decreased cancer risk, compared with indivi-

duals with the A/A genotype under a dominant genetic

model (OR, 0.92; P¼0.0004; 95% CI, 0.87–0.96) without

between-study heterogeneity.

Test of heterogeneity

There was no significant heterogeneity among the 57

comparisons that included the XRCC3 Thr241Met poly-

morphism (Met/Met versus Thr/Thrþ Thr/Met, w2¼ 56.15,

df¼56, P¼0.47). Similarly, no significant heterogeneity

among the eight comparisons that included the A4541G

polymorphism (G/GþA/G versus AA, w2¼7.25, df¼ 7,

P¼0.40) and 11 comparisons that included the A17893G

polymorphism (G/GþA/G versus A/A, w2¼12.63, df¼ 10,

P¼0.25). However, for XRCC3 Thr241Met, the subgroup

meta-analysis demonstrated different scenarios concerning

the XRCC3 Met/Met genotype’s role in cancer susceptibility

for different subgroups. Specially, elevated risk of cancer

was observed in population-based case–control studies

but not in nested or hospital-based studies; there was a

significantly increased risk of breast cancer (OR, 1.14;

P¼0.0004; 95% CI, 1.06–1.23; P¼0.37 for heterogeneity),

elevated but not significant risk of cancer for head and

neck, bladder, surprisingly, a significantly decreased risk

of non-melanoma skin cancer (OR, 0.76; P¼0.007; 95% CI,

0.62–0.93; P¼0.61 for heterogeneity). Meta-regression

analysis also supported our subgroup analysis. More details

are shown in Table 2.
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Analyses were performed using the software Stata version

7, ReviewManage 4.2 (Oxford, England, UK). All P-values

were two-sided.

Results
Study inclusion

Through literature search and selection based on the

inclusion criteria, 57 studies (69 comparisons) were found,

but only 48 studies (57 comparisons) met our inclusion

criteria, as listed in Table 1. For Thr241Met, 12 comparisons

of nine studies were not included for various reasons.

Specifically, in two comparisons,6,50 genotype distributions

in control population significantly deviate from HWE.

Three studies20,23,51 did not contain genotype distribution

information. Another four studies38,39,47,49 investigated

the same or a subset population of reported articles and

the newest studies39,47 were retained for the analysis. At

last, three studies of Thr241Met7,11,27 and one comparison

of 4541A4G,44 in which the variant allele frequency was

extremely higher than expected that might reflect a wrong

allele counting or poor genotyping quality, were also

excluded from our meta-analysis. Hence, the data for this

analysis were available from 48 case–control studies,

including 24 975 cancer cases and 34 209 controls for

Thr241Met from 48 studies (57 comparisons), 9284 cancer

cases and 12 302 controls for 4541A4G from seven studies

(8 comparisons), and 12 518 cancer cases and 19 526

controls for 17893A4G from seven studies (11 compar-

isons).

Meta-analysis database

We established a database according to the extracted

information from each article. Table 1 lists the tumor site

of the study, ethnicity of the population, study design,

the genotype frequency of cases and controls, and the rare

variant allele frequency in controls for each XRCC3

polymorphisms. Overall, the quality of these included

studies was good: methods of recruitment, total numbers,

characters of participants and inclusion criteria were

generally clearly stated; Tumors were all confirmed by

histological or pathogenic analysis; most studies (74%)

matched in age, sex, and ethnicity in frequency. A classic

PCR-RFLP assay was performed in 50% of the studies, 58%

randomly repeated a portion of samples while genotyping.

However, only 25% of the studies described use of

blindness of the case–control status of DNA samples while

genotyping; not more than half of the studies (33%)

investigated the interactions between XRCC3 polymor-

phisms and environmental factors or other genes; few

studies have been done to explore the role of XRCC3

haplotype on cancer susceptibility (12%).

Quantitative synthesis
XRCC3 Thr241Met There were significant differences in

terms of the variant Met241 allele frequency between the

two major ethnicities (European, 36.1%; 95% confidence

interval (95% CI), 34.8–37.5; Asian, 8.22%; 95% CI, 3.00–

13.4; Po0.0001). Overall, individuals carrying the XRCC3

Met/Met genotype have a small cancer risk compared with

the individuals with the Thr/Thr or Thr/Met genotype

(OR, 1.07; P¼0.008; 95% CI, 1.02–1.13; P¼0.47 for hetero-

geneity), and this positive association maintained in some

subgroup meta-analysis stratified by cancer site, study

design and ethnicity (Table 2). Notably, there was a

significantly increased risk of breast cancer (OR, 1.14;

P¼0.0004; 95% CI, 1.06–1.23; P¼0.37 for heterogeneity),

however, a significantly decreased risk was confirmed with

non-melanoma skin cancer (OR, 0.76; P¼0.007; 95% CI,

0.62–0.93; P¼0.61 for heterogeneity) under a recessive

genetic model.

XRCC3 A4541G and A17893G As limited studies have

investigated the XRCC3 A4541G or A17893G polymor-

phism and cancer risk to date, we did not perform stratifica-

tion analysis for the two polymorphisms. For A4541G, a

significantly increased risk was associated with the variant

genotypes (G/GþA/G), compared with the wild homo-

zygote A/A genotype (OR, 1.09; P¼0.004; 95% CI, 1.03–

1.15) without between-study heterogeneity. For A17893G,

individuals with the variant genotypes (G/GþA/G) had a

significantly decreased cancer risk, compared with indivi-

duals with the A/A genotype under a dominant genetic

model (OR, 0.92; P¼0.0004; 95% CI, 0.87–0.96) without

between-study heterogeneity.

Test of heterogeneity

There was no significant heterogeneity among the 57

comparisons that included the XRCC3 Thr241Met poly-

morphism (Met/Met versus Thr/Thrþ Thr/Met, w2¼ 56.15,

df¼56, P¼0.47). Similarly, no significant heterogeneity

among the eight comparisons that included the A4541G

polymorphism (G/GþA/G versus AA, w2¼7.25, df¼ 7,

P¼0.40) and 11 comparisons that included the A17893G

polymorphism (G/GþA/G versus A/A, w2¼12.63, df¼ 10,

P¼0.25). However, for XRCC3 Thr241Met, the subgroup

meta-analysis demonstrated different scenarios concerning

the XRCC3 Met/Met genotype’s role in cancer susceptibility

for different subgroups. Specially, elevated risk of cancer

was observed in population-based case–control studies

but not in nested or hospital-based studies; there was a

significantly increased risk of breast cancer (OR, 1.14;

P¼0.0004; 95% CI, 1.06–1.23; P¼0.37 for heterogeneity),

elevated but not significant risk of cancer for head and

neck, bladder, surprisingly, a significantly decreased risk

of non-melanoma skin cancer (OR, 0.76; P¼0.007; 95% CI,

0.62–0.93; P¼0.61 for heterogeneity). Meta-regression

analysis also supported our subgroup analysis. More details

are shown in Table 2.

XRCC3 polymorphisms and cancer risk
S Han et al

1138

European Journal of Human Genetics

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Rectangle

userr
PolyLine

userr
PolyLine

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight



Discussion
This meta-analysis, involving a total of 24 975 cancer

patients and 34 209 controls from 48 case–control studies,

investigated the associations of the three DNA repair gene

XRCC3 polymorphisms with cancer risk. For XRCC3

Thr241Met polymorphism, individuals carrying the XRCC3

Met/Met showed a small cancer risk compared with the

individuals with the (Thr/ThrþThr/Met) genotype. How-

ever, the subgroup and meta-regression analysis demon-

strated different scenarios concerning the role of Met241

allele in cancer susceptibility for different subgroups. We

identified two potential sources of between-study hetero-

geneity: tumor site and study design. Similarly, we found a

significantly increased risk of cancer for XRCC3 A4541G

and a decreased risk for A17893G under dominant genetic

models. However, considering the limited studies of the

A4541G and A17893G polymorphisms, our results related

to these two polymorphisms should always be treated as

preliminary. In addition, we evaluated the linkage dis-

equilibrium (LD) patterns among the three polymorphisms

using the Hapmap data (EGP_SNPS-PDR90, CEU, HCB) and

found that these polymorphisms are in tight LD, so

associations found with one of these polymorphisms

might be the result of LD with one of the other two

polymorphisms. Nevertheless, our analysis suggested that

XRCC3 may play a small role in cancer susceptibility,

which is consistent with the characteristics of low-

penetrance genes.
Both biological and biochemical evidence indicate a

direct role for XRCC3 in DSBs repair.67,68 Functional data

also suggested that the XRCC3 Thr241Met polymorphism

may be associated with slightly but not significantly

decreased DNA repair capacity.69 Therefore, it seems much

reasonable to take polymorphisms in XRCC3 as the

low-penetrance variant candidate for cancer susceptibility.

As the first report, Winsey et al44 found that the Met241

allele was significantly associated with increased risk of

melanoma in the UK. Subsequently, Matullo et al37

replicated this positive association in bladder cancer in

an Italian population. Thereafter, more and more studies

were conducted in order to further verify this purported

association in different tumor sites across different nations.

However, the results were fairly confusing rather than

conclusive. Most studies cannot confirm a significantly

Table 2 Summary of ORs for XRCC3 Thr241Met polymorphism and cancer risk and meta-regression results under different
genetic models

Subgroup Comparison
Genetic models

Dominant Recessive Additive

Racial descent
Asian 7 1.08 (0.83–1.42)* 1.33 (0.70–2.53) 1.09 (0.85–1.40)*
European 40 1.01 (0.95–1.08)* 1.09 (1.03–1.15) 1.03 (0.98–1.07)*
Other 10 0.87 (0.79–0.96) 0.98 (0.85–1.13) 0.93 (0.86–0.99)

P-valuew 0.090 0.14 0.097

Study design
Pop c/c 33 1.04 (0.97–1.10)* 1.12 (1.05–1.19) 1.05 (1.00–1.10)*
Hosp c/c 11 0.92 (0.77–1.09)* 1.03 (0.89–1.20) 0.97 (0.85–1.09)*
Nested c/c 13 0.94 (0.83–1.05)* 0.93 (0.82–1.05) 0.94 (0.88–1.00)

P-valuew 0.044 0.009 0.009

Tumor site
Breast 10 1.04 (0.99–1.10) 1.14 (1.06–1.23) 1.06 (1.02–1.10)
Lung 7 0.89 (0.78–1.02) 1.09 (0.89–1.34) 0.96 (0.87–1.06)
Head and neck 9 1.05 (0.93–1.19)* 1.16 (0.96–1.40) 1.06 (0.97–1.17)
Bladder 6 1.11 (0.83–1.49)* 1.20 (0.97–1.49) 1.10 (0.92–1.32)*
Leukemia 3 1.12 (0.88–1.42) 1.09 (0.60–1.98)* 1.05 (0.88–1.26)
Non-melanoma Skin 4 0.88 (0.65–1.20)* 0.76 (0.62–0.93) 0.88 (0.73–1.06)*
Melanoma Skin 3 1.20 (0.69–2.12)* 1.08 (0.81–1.44) 1.14 (0.79–1.66)*
Colorectal 4 1.13 (0.76–1.70)* 1.03 (0.74–1.44) 1.10 (0.79–1.51)*
Gastric 3 0.90 (0.71–1.14) 0.74 (0.50–1.09) 0.88 (0.73–1.05)
Other sites 8 0.97 (0.87–1.03) 1.01 (0.90–1.14) 0.97 (0.92–1.04)

P-valuew 0.39 0.008 0.099

Overall 57 0.99 (0.94–1.05)* 1.07 (1.02–1.13) 1.01 (0.97–1.05)*

*Random effect estimate.
wThe P-value of meta-regression coefficient.
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increased risk in cancer of the polymorphisms, and even,

some studies documented a significant protective effect on

cancer susceptibility.

Actually, it should be not uncommon for the same

polymorphism playing a different role in cancer suscept-

ibility across different populations since cancer is a

complex disease. Our meta-analysis results revealed some

reasons that might contribute to the inconsistent result

across different studies. First, cancer is a complex disease

and genetic heterogeneity exists in different tumor sites.

The XRCC3 Thr241Met polymorphism might be an in-

creased risk factor for cancer of breast, head and neck,

bladder but not for lung, leukemia, colorectal, gastric and

melanoma skin cancer, and even a decreased risk factor for

non-melanoma skin cancer. Our incomplete understand-

ing of the biological function of the allele makes it difficult

to further interpret potentially meaningful differences that

may be tissue specific. Second, study design of prospective

or retrospective study might make some differences

between different studies (larger effects in population-

based case–control studies compared with cohort studies,

P¼0.009). Third, different genetic background may also

contribute to the discrepancy. There were significant

differences in terms of the variant Met241 allele frequency

between the two major ethnicities (European, 36.1%;

95%95% CI, 34.8–37.5; Asian, 8.22%; 95% CI, 3.00–13.4;

Po0.0001). We suspect that a selection pressure might

exist that play a role in maintaining the lower frequency of

Met241 allele in Asians. Last but not the least; the difference

may arise from chance. As we know that individual

study in small sample size may have not enough statistical

power to detect a small risk factor or give a fluctuated

estimation.

Assessment of effect modification may be particularly

beneficial in studies of DNA-repair polymorphisms, be-

cause a single polymorphism, with likely weak effects on

the individual’s phenotype, may not be measurable except

in the context of some supporting environmental factors,

such as tobacco smoke or ionizing radiation. Unfortu-

nately, only 18% of studies investigated the interactions

between XRCC3 polymorphisms and environmental fac-

tors. We have tried to evaluate the effect of smoking on

the susceptibility of XRCC3 Thr241Met on cancer. Four

studies9,32,33,35 were recruited for combined analysis since

their stratification data on smoking is available. We found

that risk of cancer associated with variant Met/Met

genotype was higher among smokers (OR, 3.21;

Po0.00001; 95% CI, 2.32–4.43; P¼0.14 for heterogeneity)

than among non-smokers (OR, 1.55; P¼ 0.04; 95% CI,

1.03–2.34; P¼0.83 for heterogeneity). The result is con-

sistent with the hypothesis that the effect of Met/Met

genotype on risk of cancer may be more apparent in the

presence of high level DNA damage caused by smoking

than nonsmoking. Another lesson can be gleaned from this

review is that few studies did haplotypic analysis of XRCC3

on cancer susceptibility, since the analysis of haplotype

can increase power to detect disease associations.

Similarly, very few studies investigated the gene–gene

interactions or pathway analysis which would provide

more comprehensive insight into the studied associations

and should be considered in future genetic epidemiological

studies.

As being often the case with meta-analysis, several

factors limited the current study. First, the effect of XRCC3

is perhaps best represented by its haplotype. However,

most studies included in the meta-analysis restricted their

analysis to Thr241Met polymorphism of XRCC3 only and

few did the XRCC3 haplotypic analysis on cancer suscept-

ibility. It was difficult to study the role of a particular

haplotype on cancer susceptibility in current meta-analy-

sis. Second, although we attempted to evaluate the

environmental modification effects such as smoking,

alcohol, and food etc, only a few investigators reported

the same environmental condition and the definition of

each stratum varied among studies. Third, multiple testing

problem is an inevitably threat for our meta-analysis. In

the current analysis, a large number of comparisons have

been considered since we analyzed the different cancer

types, with three different polymorphisms, under three

different genetic models. Finally, the study numbers

included in the subgroup meta-analysis was small. There-

fore, some subgroup analysis may not have enough

statistical power to explore the association of these

polymorphisms with cancer susceptibility.

In spite of this, our meta-analysis shares some key

advantages in several aspects. First, substantial number of

cases and controls were pooled from different studies,

which significantly increased statistical power of the

analysis. Second, the quality of case–control studies

included in current meta-analysis was good and met our

inclusion criterion. Third, we did not detect any publica-

tion bias indicating that the whole pooled result should be

unbiased.

In conclusion, our meta-analysis supports that the

XRCC3 could not be a major increased risk factor for

cancer but it might represent a low-penetrance susceptible

gene especially for cancer of breast, bladder, head and neck,

and non-melanoma skin cancer. A single larger study

should be required to further evaluate gene–gene and

gene–environment interactions on XRCC3 polymorph-

isms and tissue-specific cancer risk in an ethnicity specific

population.
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Abstract

Several potential functional polymorphisms (Arg194Trp,
Arg280His, Arg399Gln) in the DNA base excision repair gene
X-ray repair cross-complementing group 1 (XRCC1) have
been implicated in cancer risk. Our meta-analysis on total of
11,957 cancer cases and 14,174 control subjects from 38
published case-control studies showed that the odds ratio
(OR) for the variant genotypes (Trp/Trp + Arg/Trp) of the
Arg194Trp polymorphism, compared with the wild-type
homozygote (Arg/Arg), was 0.89 [95% confidence interval
(95% CI), 0.81-0.98] for all tumor types without between-study
heterogeneity. Similarly, the overall risk for the combined
variant genotypes (His/His + Arg/His) of the Arg280His,

compared with the wild homozygote (Arg/Arg), was 1.19
(95% CI, 1.00-1.42). However, there was no main effect in
either recessive or dominant modeling for the Arg399Gln, and
the variant Gln/Gln homozygote was not associated with
overall cancer risk (OR, 1.01; 95% CI, 0.90-1.14). The analyses
suggest that XRCC1 Arg194Trp, Arg280His polymorphisms
may be biomarkers of cancer susceptibility and a single
larger study with thousands of subjects and tissue-specific
biochemical and biological characterization is warranted
to further evaluate potential gene-to-gene and gene-to-en-
vironment interactions on XRCC1 polymorphisms and cancer
risk. (Cancer Epidemiol Biomarkers Prev 2005;14(7):1810–8)

Introduction

Human cancer can be initiated by DNA damage caused by UV,
ionizing radiation, and environmental chemical agents. To
safeguard the integrity of genome, humans have developed a
set of complex DNA repair systems. Among the five main
DNA maintenance mechanisms operating in mammals, base
excision repair is the primary guardian against damage that
results from cellular metabolism, including reactive oxygen
species, methylation, deamination, and hydroxylation. There-
fore, base excision repair is a universal event in the cells and is
relevant for preventing mutagenesis.

X-ray repair cross complementing group 1 (XRCC1), one of
the >20 genes that participate in base excision repair pathway,
encodes a scaffolding protein that functions in the repair of
single-strand breaks, the most common lesions in cellular
DNA (1). Both biological and biochemical evidence indicates a
direct role for XRCC1 in base excision repair because it
interacts with a complex of DNA repair proteins, including
poly(ADP-ribose) polymerase, DNA ligase 3, and DNA
polymerase-h (1-3). There are a total of eight nonsynonymous
coding single nucleotide polymorphisms in XRCC1 , three of
which are common (variant allele frequency > 0.05) and lead to
amino acid substitutions in XRCC1 at codon 194 (exon 6, base
C to T, amino acid Arg to Trp), codon 280 (exon 9, base G to A,
amino acid Arg to His), and codon 399 (exon 10, base G to A,
amino acid Arg to Gln) (http://egp.gs.washington.edu).
Because the Arg399Gln polymorphism is located in the region
of the BRCT-I interaction domain of XRCC1 within a
poly(ADP-ribose) polymerase binding region, this polymor-
phism has been extensively investigated both in its function
and in its association with cancer risk. The presence of the
variant Gln399 allele has been shown to be associated with

measurable reduced DNA repair capacity as assessed by the
persistence of DNA adducts (4-6), elevated levels of sister
chromatid exchanges (5, 7), increased RBC glycophorin A (4),
p53 mutations (8), and prolonged cell cycle delay (9). However,
Taylor et al. (10) reported that whereas BRCT-I is critical for
XRCC1-dependent SSBR for maintenance of genetic integrity,
the Arg399Gln polymorphism in BRCT-I does not have a
significant impact on this function and negative findings were
also obtained from other individual studies (11-13). A large
number of molecular epidemiologic studies have been con-
ducted to evaluate the role of the Arg399Gln polymorphism on
cancer risk; however, the results remain conflicting rather than
conclusive (6, 14-49).

Both the XRCC1 Arg194Trp and Arg280His variants occur in
the newly identified proliferating cell nuclear antigen binding
region (50), which consists of polar Pro-, Ser-, and Arg/Lys-
rich regions. The transition from a positively charged Arg to a
hydrophobic Trp within the conserved region may alter
XRCC1 function. Recently, Wang et al. (51) reported that
individuals with the variant Trp194 allele had fewer bleomy-
cinor benzo(a)pyrene diol epoxide– induced chromosomal
breaks than those with wild-type genotype; however, others
did not find a significant association of Arg194Trp with altered
levels of DNA adducts (4) and G2 cell cycle delay (9).
Molecular epidemiologic studies on the association between
this polymorphism and cancer risk also presented contra-
dicting results (14-17, 19-23, 26-29, 31-34, 39-43, 49). To date,
there are relatively few studies conducted to examine the
association between Arg280His variant and cancer risk (19, 20,
22, 31, 33, 35, 40, 52) and only one study evaluated the
association of Arg280His and altered DNA adducts (4). Because
a single study may have been underpowered to detect the
effect of low-penetrance genes and particularly their dose-
response relationships, a quantitative synthesis to accumulate
data from different studies may provide evidence on the
association of genetic polymorphisms with cancer risk. In this
meta-analysis, we aimed to obtain summary risk estimates for
the above-mentioned three nonsynonymous coding single
nucleotide polymorphisms of XRCC1 associated with cancer
risk, as well as to quantify the potential between-study
heterogeneity.
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Abstract

Several potential functional polymorphisms (Arg194Trp,
Arg280His, Arg399Gln) in the DNA base excision repair gene
X-ray repair cross-complementing group 1 (XRCC1) have
been implicated in cancer risk. Our meta-analysis on total of
11,957 cancer cases and 14,174 control subjects from 38
published case-control studies showed that the odds ratio
(OR) for the variant genotypes (Trp/Trp + Arg/Trp) of the
Arg194Trp polymorphism, compared with the wild-type
homozygote (Arg/Arg), was 0.89 [95% confidence interval
(95% CI), 0.81-0.98] for all tumor types without between-study
heterogeneity. Similarly, the overall risk for the combined
variant genotypes (His/His + Arg/His) of the Arg280His,

compared with the wild homozygote (Arg/Arg), was 1.19
(95% CI, 1.00-1.42). However, there was no main effect in
either recessive or dominant modeling for the Arg399Gln, and
the variant Gln/Gln homozygote was not associated with
overall cancer risk (OR, 1.01; 95% CI, 0.90-1.14). The analyses
suggest that XRCC1 Arg194Trp, Arg280His polymorphisms
may be biomarkers of cancer susceptibility and a single
larger study with thousands of subjects and tissue-specific
biochemical and biological characterization is warranted
to further evaluate potential gene-to-gene and gene-to-en-
vironment interactions on XRCC1 polymorphisms and cancer
risk. (Cancer Epidemiol Biomarkers Prev 2005;14(7):1810–8)

Introduction

Human cancer can be initiated by DNA damage caused by UV,
ionizing radiation, and environmental chemical agents. To
safeguard the integrity of genome, humans have developed a
set of complex DNA repair systems. Among the five main
DNA maintenance mechanisms operating in mammals, base
excision repair is the primary guardian against damage that
results from cellular metabolism, including reactive oxygen
species, methylation, deamination, and hydroxylation. There-
fore, base excision repair is a universal event in the cells and is
relevant for preventing mutagenesis.

X-ray repair cross complementing group 1 (XRCC1), one of
the >20 genes that participate in base excision repair pathway,
encodes a scaffolding protein that functions in the repair of
single-strand breaks, the most common lesions in cellular
DNA (1). Both biological and biochemical evidence indicates a
direct role for XRCC1 in base excision repair because it
interacts with a complex of DNA repair proteins, including
poly(ADP-ribose) polymerase, DNA ligase 3, and DNA
polymerase-h (1-3). There are a total of eight nonsynonymous
coding single nucleotide polymorphisms in XRCC1 , three of
which are common (variant allele frequency > 0.05) and lead to
amino acid substitutions in XRCC1 at codon 194 (exon 6, base
C to T, amino acid Arg to Trp), codon 280 (exon 9, base G to A,
amino acid Arg to His), and codon 399 (exon 10, base G to A,
amino acid Arg to Gln) (http://egp.gs.washington.edu).
Because the Arg399Gln polymorphism is located in the region
of the BRCT-I interaction domain of XRCC1 within a
poly(ADP-ribose) polymerase binding region, this polymor-
phism has been extensively investigated both in its function
and in its association with cancer risk. The presence of the
variant Gln399 allele has been shown to be associated with

measurable reduced DNA repair capacity as assessed by the
persistence of DNA adducts (4-6), elevated levels of sister
chromatid exchanges (5, 7), increased RBC glycophorin A (4),
p53 mutations (8), and prolonged cell cycle delay (9). However,
Taylor et al. (10) reported that whereas BRCT-I is critical for
XRCC1-dependent SSBR for maintenance of genetic integrity,
the Arg399Gln polymorphism in BRCT-I does not have a
significant impact on this function and negative findings were
also obtained from other individual studies (11-13). A large
number of molecular epidemiologic studies have been con-
ducted to evaluate the role of the Arg399Gln polymorphism on
cancer risk; however, the results remain conflicting rather than
conclusive (6, 14-49).

Both the XRCC1 Arg194Trp and Arg280His variants occur in
the newly identified proliferating cell nuclear antigen binding
region (50), which consists of polar Pro-, Ser-, and Arg/Lys-
rich regions. The transition from a positively charged Arg to a
hydrophobic Trp within the conserved region may alter
XRCC1 function. Recently, Wang et al. (51) reported that
individuals with the variant Trp194 allele had fewer bleomy-
cinor benzo(a)pyrene diol epoxide– induced chromosomal
breaks than those with wild-type genotype; however, others
did not find a significant association of Arg194Trp with altered
levels of DNA adducts (4) and G2 cell cycle delay (9).
Molecular epidemiologic studies on the association between
this polymorphism and cancer risk also presented contra-
dicting results (14-17, 19-23, 26-29, 31-34, 39-43, 49). To date,
there are relatively few studies conducted to examine the
association between Arg280His variant and cancer risk (19, 20,
22, 31, 33, 35, 40, 52) and only one study evaluated the
association of Arg280His and altered DNA adducts (4). Because
a single study may have been underpowered to detect the
effect of low-penetrance genes and particularly their dose-
response relationships, a quantitative synthesis to accumulate
data from different studies may provide evidence on the
association of genetic polymorphisms with cancer risk. In this
meta-analysis, we aimed to obtain summary risk estimates for
the above-mentioned three nonsynonymous coding single
nucleotide polymorphisms of XRCC1 associated with cancer
risk, as well as to quantify the potential between-study
heterogeneity.
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Polymorphisms in Genes Involved in Homologous Recombination
Repair Interact to Increase the Risk of Developing Acute
Myeloid Leukemia

Claire Seedhouse, Rowena Faulkner,
Nadia Ashraf, Emma Das-Gupta, and
Nigel Russell
Division of Haematology, School of Clinical Laboratory Sciences,
University of Nottingham, and Nottingham City Hospital,
Nottingham, United Kingdom.

ABSTRACT
Purpose: Double-strand break repair via homologous

recombination is essential in maintaining genetic integrity.
RAD51 and XRCC3 are involved in the repair of DNA by
this pathway, and polymorphisms have been identified in
both the RAD51 (RAD51-G135C) and XRCC3 (XRCC3-
Thr241Met) genes. The object of this study was to examine
whether these polymorphisms may modulate susceptibility
to the development of acute myeloid leukemia (AML), a
disease that is characterized by genetic instability.

Experimental Design: We studied the distribution of
polymorphisms in RAD51 and XRCC3 in 216 cases of de
novo AML, 51 cases of therapy-related AML (t-AML), and
186 control subjects using PCR followed by restriction en-
zyme digestion. The polymorphic deletion of the detoxifica-
tion gene glutathione S-transferase M1 (GSTM1) was also
examined by PCR.

Results: The risk of the development of AML was found
to be significantly increased when both variant RAD51-135C
and XRCC3-241Met alleles are present [odds ratio (OR),
3.77; 95% confidence interval (CI), 1.39–10.24], whereas the
risk of t-AML development is even higher (OR, 8.11; 95%
CI, 2.22–29.68), presumably because of the large genotoxic
insult these patients receive after their exposure to radio-
therapy or chemotherapy. If we further divide the AML
group into patients in which the burden of DNA damage is
increased, because of the deletion of the GSTM1 gene, the
risk of development of AML is further increased (OR, 15.26;
95% CI, 1.83–127.27).

Conclusions: These results strongly suggest that DNA
double-strand breaks and their repair are important in the
pathogenesis of both de novo and t-AML.

INTRODUCTION
Acute myeloid leukemia (AML) is a clonal hemopoietic

disorder that is frequently associated with genetic instability
characterized by a diversity of chromosomal and molecular
changes. Most cases of AML arise de novo; however, �10–
20% of all cases of AML arise after exposure to chemotherapy
or radiotherapy after the treatment of a primary malignancy
[therapy-related AML (t-AML); reviewed by Pedersen-
Bjergaard et al. (1)].

DNA is at constant risk from damage from both endoge-
nous and exogenous sources. A large number of highly complex
mechanisms have evolved to protect DNA from damage includ-
ing DNA repair pathways and systems that protect against
oxidative stress and other damaging agents. These pathways
play a vital role in maintaining genetic integrity. The ability of
an individual to prevent and repair damage is genetically deter-
mined and is the result of combinations of multiple genes that
may display subtle differences in their activity (2–4).

Genetic polymorphisms have now been identified in a
number of DNA repair genes and damage-detoxification genes.
Polymorphisms can affect protein function, promoter activity,
mRNA stability, and splice variants and, hence, can result in a
change in the cellular ability to cope with DNA damage, which
contributes to an altered disease susceptibility. The genotype
distributions of a number of these polymorphic genes have been
shown to be associated with AML and/or t-AML including the
base excision repair gene XRCC1 (5) and the detoxification
genes NAD(P)H:quinine oxidoreductase (6, 7) and glutathione
S-transferases (8, 9).

Double-strand breaks (DSBs) in DNA are arguably the
most important class of DNA damage because they may lead to
either cell death or loss of genetic material resulting in chromo-
somal aberrations. The balance of DSB repair activity appears to
be critical to the genetic stability of cells. Too little repair leads
to the acquisition and persistence of mutations, whereas elevated
levels of repair can inhibit the apoptotic pathway and can enable
a cell with badly damaged DNA to attempt repair, potentially
mis-repair, and survive. DSBs are predominantly repaired by
either homologous recombination (HR) repair or nonhomolo-
gous end-joining pathways in mammalian cells. Polymorphisms
have now been identified in a number of genes involved in
protecting from, and repairing, DSBs and we have chosen to
study the distribution of several of these, in genes belonging to
the HR DNA DSB repair pathway.

HR uses the second, intact, copy of a chromosome as a
template to copy the information lost at the DSB site on the first
chromosome, and, hence, HR repair is a high-fidelity process.
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increase in the risk of development of both AML (OR, 3.77;
95% CI, 1.39–10.24) and t-AML (OR, 8.11; 95% CI, 2.22–
29.68) in individuals with at least one variant RAD51-135C and
at least one variant XRCC3-241Met allele. In addition to the
analysis on the combined effects of the HR repair genes, the
control and AML groups have also been analyzed with respect
to the presence or absence of the detoxification GSTM1 gene.
These results are shown in Table 3. The combination of a null
GSTM1 genotype with the double HR gene variants results in a
large increase in the risk of AML development (OR, 15.26; 95%
CI, 1.83–127.27).

DISCUSSION
Our findings suggest that the HR DSB DNA repair path-

way may be important in the pathogenesis of both de novo and
t-AML. We have demonstrated significant ORs in AML and
t-AML associated with the presence of polymorphisms in two
HR genes, namely RAD51-135C and XRCC3-241Met. In addi-
tion, when a deletion polymorphism of the detoxification gene
GSTM1 is taken into consideration, there is a greater than
15-fold increase in the risk of development of AML when all
three variant genotypes are present.

The efficient repair of DSBs is essential for genetic stabil-
ity. The knock-out model of the HR repair gene RAD51 is
embryonically lethal (11, 12) and XRCC3 is also essential for
genetic stability (26–30). Mutations in these genes are rare,
demonstrating the absolute requirement of the encoded proteins.
However subtle differences in protein levels or protein activity
resulting from polymorphisms are likely to be tolerated by cells,
although these differences would be expected to have an effect
when a high level of DNA damage is present. We have dem-
onstrated that this may indeed be the case in AML. The presence
of variant RAD51-135C and XRCC3-241Met is associated with
an increase in the risk of developing t-AML of more than 8-fold,
whereas the increase in risk for the development of de novo
AML is nearly 4-fold. The high risk associated with t-AML is
presumably because these patients have received a large geno-
toxic insult, either by chemotherapy or radiotherapy, and hence
the presence of a fully functional HR repair pathway is essential

to either repair the damage to the DNA or to stimulate apoptosis
so that the results of the damage cannot be inherited. The risk of
developing de novo AML in the RAD51-135C/XRCC3-241Met
variant group is still significant, although lower than for t-AML.
We suggest that this risk is likely to be connected to DNA
damage encountered via environmental and endogenous
sources. This hypothesis is supported if we then take into
consideration a deletion polymorphism in the detoxification
gene GSTM1. The GSTM1 protein detoxifies chemicals and
metabolites that otherwise might damage DNA and cause,
among other damage types, DNA DSBs. The absence of
GSTM1 protein, due to the deletion polymorphism, results in an
increase of DNA damage. This has been demonstrated by an
increase in DNA damage adducts (37) and higher levels of
sister-chromatid exchange (38). When we analyze the de novo
AML patients with respect to the three-variant genotype, we see
a substantial increase (15.26-fold) in the risk of developing the
disease. Hence, as with the increase in DNA damage caused by
previous therapy, an increase in DNA damage caused via defi-
cient GSTM1 activity also significantly increases the risk of
AML when variant genotypes in the RAD51 and XRCC3 HR
repair genes are present. An OR of 15.26 far exceeds the safety
“factor” of 10 generally accepted in polymorphism studies (2).

We acknowledge that there is an age difference between
our control and case populations and the limitations this gener-
ates, including the possibility that a small number of our con-
trols may develop AML. In addition, the AML genotype anal-
ysis was performed on leukemic and not constitutional DNA; it
must, therefore, be kept in mind that somatic gene alterations,
although unlikely, may have influenced the genotype data. We
have also considered that chromosomal loss of 14q32.3
(XRCC3), 15q15.1 (RAD51), or 1p13.3 (GSTM1) may have
affected our results. However, abnormalities of chromosomes 1,
14, and 15 are not common in AML; and of the patients for
whom we have cytogenetic data available, no patients had loss
of 1p13.3, only two patients had loss of chromosome 14, and
one patient had loss of chromosome 15. These patients were all
homozygous for the wild-type allele of the respective gene; and,
hence, if the missing allele was variant, this would have resulted
in our underestimating the frequency of the variant allele in the
AML group. Because of the strong significance of our results,
we think that these limitations would be unlikely to have a
substantial impact on our interpretations. We, therefore, suggest
that these genetic factors are expected to have an important
influence in AML risk in the population.

Table 2 Combined logistic regression analysis to study the
association between DNA double-strand break repair genotypes and
acute myeloid leukemia (AML)/therapy-related AML (t-AML) risk

RAD51 XRCC3-241 Control n n ORa (95% CI)b P

AML
WT WT 78 74 1 (Ref)
V WT 10 14 1.31 (0.53–3.24) 0.55
WT V 74 83 1.19 (0.74–1.90) 0.48
V V 6 21 3.77 (1.39–10.24) 0.009

t-AML
WT WT 78 16 1 (Ref)
V WT 10 4 2.03 (0.54–7.69) 0.30
WT V 74 16 1.12 (0.50–2.50) 0.79
V V 6 7 8.11 (2.22–29.68) 0.002

a OR, odds ratio; CI, confidence interval; WT, wild-type genotype;
Ref, used as reference group; V, the presence of a variant allele (either
heterozygous or homozygous).

b Adjusted for age.

Table 3 Combined logistic regression analysis to study the
association between DNA double-strand break repair genotypes,

RAD51-135C and XRCC3-241Met, and GSTM1 genotype and acute
myeloid leukemia (AML) risk

Genotype Control AML ORa (95% CI)b P

All WT 38 29 1 (Ref)
One variant 79 86 1.55 (0.85–2.82) 0.16
Two variants 41 48 1.57 (0.80–3.07) 0.19
Three variants 1 12 15.26 (1.83–127.27) 0.01

a OR, odds ratio; CI, confidence interval; WT, wild type; Ref, used
as reference group.

b Adjusted for age.
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NEOPLASIA

The genotype distribution of theXRCC1 gene indicates a role for base excision
repair in the development of therapy-related acute myeloblastic leukemia
Claire Seedhouse, Rowena Bainton, Michael Lewis, Alexander Harding, Nigel Russell, and Emma Das-Gupta

Polymorphisms in several DNA repair
genes have been described. These poly-
morphisms may affect DNA repair capac-
ity and modulate cancer susceptibility by
means of gene-environment interactions.
We investigated DNA repair capacity and
its association with acute myeloblastic
leukemia (AML). We studied polymor-
phisms in 3 DNA repair genes: XRCC1,
XRCC3, and XPD. We also assessed the
incidence of a functional polymorphism
in the NQO1 gene, which is involved in
protection of cells from oxidative dam-
age. We genotyped the polymorphisms
by using polymerase chain reaction–

restriction fragment-length polymorphism
analysis in 134 patients with de novo
AML, 34 with therapy-related AML (t-AML),
and 178 controls. The distributions of the
XRCC3 Thr241Met and NQO1 Pro187Ser
genotypes were not significantly different
in patients and controls. However, the
distribution of the XRCC1 Arg399Gln ge-
notypes was significantly different when
comparing the t-AML and control groups
(�2, P � .03). The presence of at least one
XRCC1 399Gln allele indicated a protec-
tive effect for the allele in controls com-
pared with patients with t-AML (odds ratio
0.44; 95% confidence interval, 0.20-0.93).

We found no interactions between the
XRCC1 or XRCC3 and NQO1 genotypes.
We also found no differences in the distri-
bution of the XPD Lys751Gln or XRCC1
Arg194Trp genotypes. Our data provide
evidence of a protective effect against
AML in individuals with at least one copy
of the variant XRCC1 399Gln allele
compared with those homozygous for
the common allele. (Blood. 2002;100:
3761-3766)

© 2002 by The American Society of Hematology

Introduction

Acute myeloblastic leukemia (AML) is a clonal hemopoietic
disorder that is frequently associated with genetic instability
characterized by a diversity of chromosomal and molecular changes.
Most cases of AML arise de novo, with no known exposure to
leukemogenic substances. However, approximately 10% to 20% of
all cases of AML arise after therapy, most often chemotherapy, used
to treat other malignant diseases (therapy-related AML [t-AML]1).

Many genes encode proteins that function to protect cells
against genetic instability by means of many mechanisms, includ-
ing DNA repair pathways and protection against oxidative stress.
DNA repair pathways play a vital role in maintaining genetic
integrity, and it is becoming clear that defects in repair pathways
are connected to many different types of diseases, including
leukemia and cancer. It is now thought that an individual’s DNA
repair capacity is genetically determined and is the result of
combinations of multiple genes that may display subtle differences
in their activity (see Mohrenweiser and Jones2 for review).
Inactivating mutations in DNA repair genes are rare, resulting in
embryonic death or serious genetic diseases and reflecting the
importance of the gene products; however, polymorphisms have
been identified in several DNA repair genes.3 Many of these
polymorphisms result in amino acid substitutions and hence may
alter wild-type (WT) protein function and affect cellular ability to
repair endogenous and exogenous DNA damage, thereby contribut-
ing to disease susceptibility.

XRCC1, XRCC3, andXPD are polymorphic genes belonging to
3 of the major DNA repair pathways.XRCC1 is involved in base
excision repair (BER) and the repair of single-strand breaks. The
XRCC1 gene product plays an important role in the pathway by
acting as a scaffold for other DNA repair proteins, such as DNA
polymerase�4 and DNA ligase III.5 The protein also has a BRCA1
C-terminus (BRCT) domain, which is characteristic of proteins
involved in the recognition of and response to DNA damage.
XRCC1 interacts with poly (ADP-ribose) polymerase (PARP) by
means of the BRCT domain to enable the recognition and
subsequent repair of single-strand breaks.6,7 DNA damage caused
by a variety of internal and external factors, including ionizing
radiation, alkylating agents, and oxidation, requires repair by the
BER pathway.

Several variants of XRCC1 have been described, including one
affecting codon 399 in exon 10 that results in an arginine (Arg) to
methionine (Met) substitution3 and one affecting codon 194 in exon
6 that results in an Arg to tryptophan (Trp) substitution. Both codon
194 and codon 399 are conserved across species. Codon 194
resides in a linker region connecting the domains that interact with
PARP and DNA polymerase�, whereas codon 399 resides in the
functionally important PARP-binding domain.8 Chinese hamster
ovary cell lines with nonconservative amino acid substitutions in
the PARP-binding domain were found to have a decreased ability
to repair DNA damage.9
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Introduction

Acute myeloblastic leukemia (AML) is a clonal hemopoietic
disorder that is frequently associated with genetic instability
characterized by a diversity of chromosomal and molecular changes.
Most cases of AML arise de novo, with no known exposure to
leukemogenic substances. However, approximately 10% to 20% of
all cases of AML arise after therapy, most often chemotherapy, used
to treat other malignant diseases (therapy-related AML [t-AML]1).

Many genes encode proteins that function to protect cells
against genetic instability by means of many mechanisms, includ-
ing DNA repair pathways and protection against oxidative stress.
DNA repair pathways play a vital role in maintaining genetic
integrity, and it is becoming clear that defects in repair pathways
are connected to many different types of diseases, including
leukemia and cancer. It is now thought that an individual’s DNA
repair capacity is genetically determined and is the result of
combinations of multiple genes that may display subtle differences
in their activity (see Mohrenweiser and Jones2 for review).
Inactivating mutations in DNA repair genes are rare, resulting in
embryonic death or serious genetic diseases and reflecting the
importance of the gene products; however, polymorphisms have
been identified in several DNA repair genes.3 Many of these
polymorphisms result in amino acid substitutions and hence may
alter wild-type (WT) protein function and affect cellular ability to
repair endogenous and exogenous DNA damage, thereby contribut-
ing to disease susceptibility.

XRCC1, XRCC3, andXPD are polymorphic genes belonging to
3 of the major DNA repair pathways.XRCC1 is involved in base
excision repair (BER) and the repair of single-strand breaks. The
XRCC1 gene product plays an important role in the pathway by
acting as a scaffold for other DNA repair proteins, such as DNA
polymerase�4 and DNA ligase III.5 The protein also has a BRCA1
C-terminus (BRCT) domain, which is characteristic of proteins
involved in the recognition of and response to DNA damage.
XRCC1 interacts with poly (ADP-ribose) polymerase (PARP) by
means of the BRCT domain to enable the recognition and
subsequent repair of single-strand breaks.6,7 DNA damage caused
by a variety of internal and external factors, including ionizing
radiation, alkylating agents, and oxidation, requires repair by the
BER pathway.

Several variants of XRCC1 have been described, including one
affecting codon 399 in exon 10 that results in an arginine (Arg) to
methionine (Met) substitution3 and one affecting codon 194 in exon
6 that results in an Arg to tryptophan (Trp) substitution. Both codon
194 and codon 399 are conserved across species. Codon 194
resides in a linker region connecting the domains that interact with
PARP and DNA polymerase�, whereas codon 399 resides in the
functionally important PARP-binding domain.8 Chinese hamster
ovary cell lines with nonconservative amino acid substitutions in
the PARP-binding domain were found to have a decreased ability
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NEOPLASIA

The genotype distribution of theXRCC1 gene indicates a role for base excision
repair in the development of therapy-related acute myeloblastic leukemia
Claire Seedhouse, Rowena Bainton, Michael Lewis, Alexander Harding, Nigel Russell, and Emma Das-Gupta

Polymorphisms in several DNA repair
genes have been described. These poly-
morphisms may affect DNA repair capac-
ity and modulate cancer susceptibility by
means of gene-environment interactions.
We investigated DNA repair capacity and
its association with acute myeloblastic
leukemia (AML). We studied polymor-
phisms in 3 DNA repair genes: XRCC1,
XRCC3, and XPD. We also assessed the
incidence of a functional polymorphism
in the NQO1 gene, which is involved in
protection of cells from oxidative dam-
age. We genotyped the polymorphisms
by using polymerase chain reaction–

restriction fragment-length polymorphism
analysis in 134 patients with de novo
AML, 34 with therapy-related AML (t-AML),
and 178 controls. The distributions of the
XRCC3 Thr241Met and NQO1 Pro187Ser
genotypes were not significantly different
in patients and controls. However, the
distribution of the XRCC1 Arg399Gln ge-
notypes was significantly different when
comparing the t-AML and control groups
(�2, P � .03). The presence of at least one
XRCC1 399Gln allele indicated a protec-
tive effect for the allele in controls com-
pared with patients with t-AML (odds ratio
0.44; 95% confidence interval, 0.20-0.93).

We found no interactions between the
XRCC1 or XRCC3 and NQO1 genotypes.
We also found no differences in the distri-
bution of the XPD Lys751Gln or XRCC1
Arg194Trp genotypes. Our data provide
evidence of a protective effect against
AML in individuals with at least one copy
of the variant XRCC1 399Gln allele
compared with those homozygous for
the common allele. (Blood. 2002;100:
3761-3766)

© 2002 by The American Society of Hematology

Introduction

Acute myeloblastic leukemia (AML) is a clonal hemopoietic
disorder that is frequently associated with genetic instability
characterized by a diversity of chromosomal and molecular changes.
Most cases of AML arise de novo, with no known exposure to
leukemogenic substances. However, approximately 10% to 20% of
all cases of AML arise after therapy, most often chemotherapy, used
to treat other malignant diseases (therapy-related AML [t-AML]1).

Many genes encode proteins that function to protect cells
against genetic instability by means of many mechanisms, includ-
ing DNA repair pathways and protection against oxidative stress.
DNA repair pathways play a vital role in maintaining genetic
integrity, and it is becoming clear that defects in repair pathways
are connected to many different types of diseases, including
leukemia and cancer. It is now thought that an individual’s DNA
repair capacity is genetically determined and is the result of
combinations of multiple genes that may display subtle differences
in their activity (see Mohrenweiser and Jones2 for review).
Inactivating mutations in DNA repair genes are rare, resulting in
embryonic death or serious genetic diseases and reflecting the
importance of the gene products; however, polymorphisms have
been identified in several DNA repair genes.3 Many of these
polymorphisms result in amino acid substitutions and hence may
alter wild-type (WT) protein function and affect cellular ability to
repair endogenous and exogenous DNA damage, thereby contribut-
ing to disease susceptibility.

XRCC1, XRCC3, andXPD are polymorphic genes belonging to
3 of the major DNA repair pathways.XRCC1 is involved in base
excision repair (BER) and the repair of single-strand breaks. The
XRCC1 gene product plays an important role in the pathway by
acting as a scaffold for other DNA repair proteins, such as DNA
polymerase�4 and DNA ligase III.5 The protein also has a BRCA1
C-terminus (BRCT) domain, which is characteristic of proteins
involved in the recognition of and response to DNA damage.
XRCC1 interacts with poly (ADP-ribose) polymerase (PARP) by
means of the BRCT domain to enable the recognition and
subsequent repair of single-strand breaks.6,7 DNA damage caused
by a variety of internal and external factors, including ionizing
radiation, alkylating agents, and oxidation, requires repair by the
BER pathway.

Several variants of XRCC1 have been described, including one
affecting codon 399 in exon 10 that results in an arginine (Arg) to
methionine (Met) substitution3 and one affecting codon 194 in exon
6 that results in an Arg to tryptophan (Trp) substitution. Both codon
194 and codon 399 are conserved across species. Codon 194
resides in a linker region connecting the domains that interact with
PARP and DNA polymerase�, whereas codon 399 resides in the
functionally important PARP-binding domain.8 Chinese hamster
ovary cell lines with nonconservative amino acid substitutions in
the PARP-binding domain were found to have a decreased ability
to repair DNA damage.9
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 Introduction

The myelodysplastic syndromes (MDS) are a collection of heterogeneous disor-
ders arising from a clonal myeloid stem cell. They are characterised by ineffective 
haematopoiesis and are frequently associated with genetic instability manifested as 
chromosomal abnormalities. MDS progresses through a pathway of one or more 
dysplasias and ends in myeloid leukaemia—the risk of developing acute myeloid 
leukaemia (AML) depends on the subtype of MDS. Similar to other malignant dis-
eases, the stepwise disease progression is likely to be the consequence of the ac-
cumulation of mutations, probably due to an increased DNA damage burden and/or 
reduced ability to deal with the damage.

MDS risk has previously been associated with benzene exposure or exposure 
to a number of other environmental toxins. In addition a subset of patients develop 
the disease following chemotherapy or radiotherapy treatment for a primary dis-
ease (therapy-related MDS (t-MDS)). Mammalian cells have a number of efficient 
systems designed to metabolise and inactivate harmful genotoxic agents, or if the 
agents manage to induce damage then complex DNA repair mechanisms effectively 
remove the damage. Importantly, if the damage is excessive, DNA damage response 
proteins will trigger the apoptotic pathway to get rid of the cell for the good of the 
whole organism. These systems are not only required for protection from exog-
enous damaging agents but also for the constant damage cells receive from endog-
enous cellular processes, predominantly oxidative stress.

MDS incidence increases with increasing age suggesting that the genotoxic bur-
den on DNA eventually reaches a critical level resulting in disease. What, however, 
predisposes some individuals to the development of MDS when they have encoun-
tered a similar level of damage as an individual who remains healthy? A large body 
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and minimise its deleterious effects. The balance of DNA repair is critical—whilst 
too little repair can result in the acquisition and persistence of mutations and genetic 
instability, too much repair can be equally harmful by inhibiting the apoptotic path-
way and enabling a cell with badly damaged DNA to attempt repair, possibly mis-
repair and survive. DNA damage is known to accumulate with age and eventually 
overloads the repair systems leading to haeamatopoietic stem cell (HSC) exhaus-
tion. A number of studies using mouse models have effectively demonstrated the 
importance of DNA repair genes, involved in a number of different repair pathways, 
in maintaining HSC function (reviewed in Niedernhofer [55]).

MDS is primarily a disease of the elderly and some cases can occur following large 
genotoxic insults such as chemotherapy drug treatment. If the damage levels sustained 
with increasing age or genotoxic insult are unrepaired and reach a certain threshold, 
protective cell senescence or apoptosis should be triggered. If these mechanisms fail 
then the genomic instability may prime stem cells for further mutation development 
and functional cellular abnormalities ultimately resulting in MDS and/or leukaemia.

There is a significant body of research demonstrating high levels of DNA dam-
age in MDS samples. Increased levels of the major oxidative damage product, 
7,8-dihydro-8-oxoguanine (8-oxoG), have been found in MDS patient bone mar-
row samples when compared to normal bone marrow controls [33] and increased 
levels of oxidised pyrimidine nucleotides are seen in CD34+ enriched MDS bone 
marrow samples compared to either CD34− MDS samples or CD34+ bone mar-
row cells from normal subjects [60]. Novotna et al. have also shown higher levels 
of oxidative damage and genetic instability in samples from MDS patients when 
compared to age matched controls [56, 57]. It is not clear whether the increased 
DNA damage is a cause, or a result, of the MDS disease. Whilst genetic instability 
is one of the main prerequisites for disease development, once the disease is estab-
lished iron overload in transfusion-dependent patients and reactive oxygen species 
generation from inflammation also have to be considered among important factors 
in determining the burden of DNA damage. Whatever the case, the additional DNA 
damage burden means that aberrant activities of DNA repair genes are likely to be 
particularly important in MDS.

Double Strand Break Repair

DNA double strand breaks (DSBs) are the most important class of DNA damage 
because, if unrepaired, they can result in a loss of genetic material, chromosome 
abnormalities and possibly cell death. The two major mechanisms that repair DSBs 
are the homologous recombination and non-homologous end-joining pathways.

Non-homologous End Joining

Non homologous end joining (NHEJ) is active in all phases of the cell cycle and is 
considered to be the most important DSB repair pathway in mammalian cells. In 
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Abstract. Background: The DNA repair gene XRCC4, an
important caretaker of overall genome stability, is thought to
play a major role in the development of human
carcinogenesis. However, the association of the polymorphic
variants of XRCC4 with oral cancer susceptibility has never
been reported. Materials and Methods: In this hospital-based
case-control study, the association of XRCC4 codon 247
(rs3734091), G-1394T (rs6869366), intron 7 (rs28360317)
and intron 7 (rs1805377) polymorphisms with oral cancer
risk in a Central Taiwanese population was investigated. In
total, 318 patients with oral cancer and 318 age- and
gender-matched healthy controls recruited from the China
Medical Hospital in Central Taiwan were genotyped. Results:
A significantly different distribution was found in the
frequency of the XRCC4 codon 247 genotype, but not the
XRCC4 G-1394T or intron 7 genotypes, between the oral
cancer and control groups. A/C heterozygosity at XRCC4
codon 247 conferred a significant (2.04-fold) increased risk
of oral cancer. As for XRCC4 G-1394T and intron 7
polymorphisms, there was no difference in distribution
between the oral cancer and control groups. Gene-
environment interactions with smoking, but not with betel
quid chewing or alcohol consumption, were significant for
XRCC4 codon 247 polymorphism. The XRCC4 codon 247
A/C genotype in association with smoking conferred an
increased risk of 3.44 (95% confidence interval = 1.24-9.60)
for oral cancer. Conclusion: Our results provide the first

evidence that the heterozygous A allele of the XRCC4 codon
247 may be associated with the development of oral cancer
and may be a novel useful marker for primary prevention
and anticancer intervention.

Oral cancer is one of the most commonly diagnosed cancers
all over the world (1-4), and with continuously increasing
incidence and mortality for the past two decades, oral cancer
has become the fourth most common cause of male cancer
death in Taiwan (5). The genomic etiology of oral cancer is
of great interest but largely unknown. Human DNA repair
mechanisms protect the genome from DNA damage caused
by endogenous and environmental agents (6). Mutations or
defects in the DNA repair system are essential for
tumorigenesis (7). It is therefore logical to suspect that some
genetic variants of DNA repair genes might contribute to oral
cancer pathogenesis.

The responses of the cell to genetic injury and its ability
to maintain genomic stability by means of a variety of DNA
repair mechanisms is essential in preventing tumor initiation
and progression which can be brought about by mutations or
defects in the repair system (8). Sequence variants in DNA
repair genes are also thought to modulate DNA repair
capacity and consequently may be associated with altered
cancer risk (9). The X-ray cross-complementing group 4
(XRCC4) gene, which is important in the non-homologous
end-joining repair pathway, is found to restore DNA double-
strand break repair and the ability to support V(D)J
recombination of transiently introduced substrates in the XR-
1 CHO cell line (10). The XRCC4 protein interacts directly
with Ku70/Ku80 (11), and it is hypothesized that XRCC4
serves as a flexible tether between Ku70/Ku80 and its
associated protein Ligase4 (11). XRCC4 is required for
precise end-joining of blunt DNA double-strand breaks in
mammalian fibroblasts (12). In the gene-targeting mutation
mouse model, XRCC4 gene inactivation leads to late
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Discussion

The present study investigated the role of XRCC4 gene
polymorphisms, which has never been reported to be
associated with oral cancer risk. At the time of writing, there
were very few papers studying the XRCC4 gene
polymorphisms and their associations with carcinogenesis,
not to mention their joint effects with environmental factors.
To the best of our knowledge, there are no reports
concerning any XRCC4 polymorphism in oral cancer risk.

Our larger sample size and concise data analysis strengthen
the accuracy and reliability of our finding. Moreover, the
frequencies of XRCC4 polymorphism variant alleles were
similar to those reported on the NCBI website
(http://www.ncbi.nlm.nih.gov) in the Asian population studies:
for example A allele frequencies of XRCC-1 are 2.5~4.9 here
and 4.2~15.9 in NCBI, which suggest no selection bias for
enrolment of participants in terms of genotypes.

In this study, the genotype distribution of the A allele at
XRCC4 codon 247 (4.9% ) was significantly higher in the
oral cancer group than in the control group (2.5% ) (Table
I). It was also found that participants heterozygous for
XRCC4 codon 247A had a 2.04-fold higher risk of oral
cancer (Table II). The lack of A/A XRCC4 codon 247
homozygotes in our investigated populations and those in the
NCBI may indicate that such individuals bear fetal defects
related to this SNP which lead to apoptosis of the cells or
early lethality, thus no cancer incident arises in this case. All
these data suggest that 247A may be a novel and important
biomarker for oral carcinogenesis, and when detected, the
carriers may be more susceptible to oral cancer. As for other
XRCC4 polymorphisms, our results indicate that their genetic
differences were not associated with oral cancer risk.

Three potential gene-environment interactions in oral
carcinogenesis, cigarette smoking, alcohol consumption and
betel quid chewing, were also investigated and further evaluated
in our study. Smoking is associated with free radical-induced
DNA damage and strand breaks (14), and tobacco smoke
contains potential carcinogens, including polycyclic aromatic
hydrocarbons, aromatic amines, tobacco nitroamines and 7,8-
dihydroxy-9,10-oxy-7,8,9,10-tetrahydrobenzo(α)pyrene
(BPDE), which may all form bulky DNA adduct (15). Our
study provides some evidence for these gene-environment
interactions. There were positive associations of variant XRCC4
codon 247 genotypes with smoking, but not betel quid chewing
or alcohol use. Our results showed that XRCC4 codon 247, A/C
“ever” user groups exhibited an increased risk of 3.44 (95%
CI=1.24-9.60) for smoking (Table III).

Together with our previous findings (16-18), these results
suggest that genetic variants involved in DNA repair
pathways are indeed involved in oral cancer etiology. Risk
factors, such as consumption of betel quid and alcohol, may
also modulate oral cancer risk in combination with genetic

susceptibility in these repair pathways (19, 20). Therefore,
replication in larger studies and other functional repair assays
may be performed in the future to preclude chance findings,
particularly those among subgroups, and clarify the
mechanisms involved.

It is agreed that complex environmental carcinogens may
generate various types of DNA damage, activate their
responsible DNA proteins in different DNA repair pathways
to remove them. In this case, further investigations of other
SNPs in DNA repair genes and the repair capacity of cells
from oral cancer patient can contribute to a better
understanding of oral carcinogenesis.

In conclusion, this is the first report to investigate the
association between XRCC4 gene polymorphisms and oral
cancer. Our findings suggest that the presence of the A allele of
XRCC4 codon 247 was associated with a higher susceptibility
to oral cancer, and the A allele of XRCC4 codon 247 may be a
useful novel marker in oral oncology for primary prevention
and intervention.
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Genetic variations in DNA repair genes are thought to modulate DNA repair capacity and are suggested to be
related to cancer risk. However, epidemiologic findings have been inconsistent. The authors conducted meta-
analyses of associations between genes in the base excision repair pathway and cancer risk, focusing on three key
genes: 8-oxoguanine DNA glycosylase (OGG1), apurinic/apyrimidinic endonuclease (APE1/APEX1), and x-ray
repair cross-complementing group 1 (XRCC1). They found increased lung cancer risk among subjects carrying the
OGG1Cys/Cys genotype (odds ratio (OR)¼ 1.24, 95% confidence interval (CI): 1.01, 1.53), using 3,253 cases and
3,371 controls from seven studies; this is consistent with experimental evidence that this isoform exhibits de-
creased activity. They found a protective effect of the XRCC1 194Trp allele for tobacco-related cancers (OR ¼
0.86, 95%CI: 0.77, 0.95), using 4,895 cases and 5,977 controls from 16 studies; this is compatible with evidence of
lower mutagen sensitivity for this allele. The XRCC1 399Gln/399Gln genotype was associated with increased risk
of tobacco-related cancers among light smokers (OR ¼ 1.38, 95% CI: 0.99, 1.94) but decreased risk among heavy
smokers (OR ¼ 0.71, 95% CI: 0.51, 0.99), suggesting effect modification by tobacco smoking. There was no
association between cancer risk and the APE1/APEX1 Asp148Glu and XRCC1 Arg280His polymorphisms. Rec-
ommendations for future studies include pooling of individual data to facilitate evaluation of multigenic effects and
detailed analysis of effect modification by environmental exposure.

apurinic/apyrimidinic endonuclease; DNA repair; meta-analysis; neoplasms; 8-oxoguanine DNA glycosylase,
human; polymorphism, genetic; XRCC1 protein

Abbreviations: APE1/APEX1, apurinic/apyrimidinic endonuclease; CI, confidence interval; dbSNP, Database of Single
Nucleotide Polymorphisms; OGG1, 8-oxoguanine DNA glycosylase; OR, odds ratio; XRCC1, x-ray repair cross-complementing
group 1.

Editor’s note: This paper is also available on the website
of the Human Genome Epidemiology Network (http://
www.cdc.gov/genomics/hugenet/).

There is growing evidence that genetic predisposition to
cancer acts via a combination of high-risk variants in a set of
low- and medium-penetrance genes rather than a few high-
penetrance genes. Recent genetic association studies on can-

cer risk have focused on identifying effects of single nucle-
otide polymorphisms in candidate genes, among which DNA
repair genes are increasingly studied because of their critical
role in maintaining genome integrity. The base excision re-
pair pathway is one DNA repair pathway which removes
various forms of base damage via a number of coordinated
sequential reactions that detect and process the damage (1).
Mammalian cells contain 11 different glycosylases, each
with a specialized function, as reviewed by Barnes and
Lindahl (2). In the first step, a DNA glycosylase, such as
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has not yet been elucidated, it has been suggested that
Asp148Glu may be associated with hypersensitivity to ion-
izing radiation (14).

X-ray repair cross-complementing group 1

The XRCC1 protein is essential for mammalian viability.
XRCC1 deficiency in mice results in embryonic lethality,
and XRCC1 is required for the efficient repair of single-
strand breaks and damaged bases in DNA. XRCC1 has no
known enzymatic activity, and it is thought to act as a scaf-
fold protein for both single-strand break repair and base
excision repair activities (4). XRCC1 has been shown to
physically interact with DNA polymerase b, polyadenosine
diphosphate-ribose polymerases 1 and 2, APE1/APEX1,
OGG1, and proliferating cell nuclear antigen. Its absence
leads to a substantial reduction in the levels of its partner
ligase III (15–17). The gene is located on chromosome
19q13.2; it consists of 17 exons and encodes a protein of
633 amino acids (4). More than 60 validated single nucleo-
tide polymorphisms in XRCC1 are listed in the Ensembl
database, among which approximately 30 variants are lo-
cated in exons or promoter regions. The most extensively
studied single nucleotide polymorphisms are Arg194Trp on
exon 6 (dbSNP no. rs1799782), Arg280His on exon 9
(dbSNP no. rs25489), and Arg399Gln on exon 10 (dbSNP
no. rs25487). The Arg194Trp variant has been shown to be
associated with lower bleomycin and benzo(a)pyrene diol
epoxide sensitivity in vitro (18). The functional significance
of Arg280His is not yet well-established; however, the
280His is located in the proliferating cell nuclear antigen-
binding region and was suggested in a small study (n ¼ 80)
to be associated with higher bleomycin sensitivity (16, 19).
The 399Gln allele is located at the carboxylic acid terminal
side of the polyadenosine diphosphate-ribose polymerase-
interacting domain. It was shown to be associated with
higher levels of aflatoxin B1-DNA adducts and higher bleo-
mycin sensitivity in several studies (18, 20, 21), while an-
other study did not find such an association (22).

Reliable knowledge on which base excision repair se-
quence variants are associated with cancer risk would help
to elucidate the disease mechanism. Given that most of the
previous studies had inadequate statistical power, we have
conducted a systematic review on sequence variants in these
three key players in this repair pathway.

Prevalence of gene variants

To estimate the prevalence of XRCC1, OGG1, and APE1/
APEX1 variants and their associated cancer risk, we con-
ducted MEDLINE searches for case-control studies pub-
lished up to February 1, 2005, on the associations between
these genes and cancer risk. When more than one article was
identified for the same study population, we included the
most recent publication. When one publication reported re-
sults from more than one population, with an indication that
different populations were recruited separately, we consid-
ered them to be separate study populations (23–25). Cancers
studied included lung, upper aerodigestive tract (Inter-
national Classification of Diseases for Oncology codes
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example, the effect of OGG1 Cys/Cys on lung cancer risk
was predominantly detected in population-based studies:
When studies were stratified by control source, the lung
cancer odds ratio for the OGG1 Cys/Cys genotype was 1.78
(95 percent CI: 1.22, 2.59) using data from population-
based studies and 1.09 (95 percent CI: 0.86, 1.31) using data
from hospital-based studies. This indicates that the allele
distribution of the OGG1 polymorphism in the hospital
control groups might not have been representative of the
general population. On the other hand, the effects of the
XRCC1 Arg194Trp polymorphism on tobacco-related can-
cers from population-based studies (OR ¼ 0.88, 95 percent
CI: 0.76, 1.03) and hospital-based studies (OR ¼ 0.82, 95
percent CI: 0.71, 0.94) were comparable. The differences
among studies were estimated by tests of heterogeneity and
influence analysis, and only the summary estimates without
significant heterogeneity at the 0.05 level were considered
valid, although the standard test of heterogeneity generally
has low statistical power.

The effect of a single common sequence variant might
not be detectable in population association studies, and the
combination of multiple sequence variants in the same gene
and in genes functioning in the same biochemical pathway
might be more important in carcinogenesis. A segregation
analysis of breast cancer in United Kingdom families sug-
gested that the residual family clustering in noncarriers of
BRCA 1/2 mutations may be explained by a large number
of low-penetrance sequence variants (47, 48). Likewise, an-
other recent segregation analysis suggested a multigenic
model for lung cancer susceptibility (49). However, it is
difficult to assess the effect of the combination of multiple
sequence variants via meta-analysis. A large-scale inves-
tigation of the multigenic model of cancer through pool-
ing of individual data would be feasible.

Similarly, although we attempted to evaluate effect mod-
ification by age of onset and tobacco smoking, only a few
investigators reported such results. In addition, interpre-
tation of the results is limited, since the definition of each
stratum varied among studies. Moreover, the cancer sites
shown to be related to tobacco smoking were combined
(34) to obtain sufficient statistical power for further stratified
analysis on smoking. However, the magnitudes of the asso-
ciations with smoking vary across these cancer sites, and the
modification of effects on sequence variants might also dif-
fer. A more appropriate investigation requires the pooling of
individual data; such a coordinated effort can be achieved
via collaborative arrangements such as consortia.

Consortia that may be able to undertake pooled analysis
have been created for lung cancer (e.g., the International
Lung Cancer Consortium (ILCCO)) and head and neck can-
cer (e.g., the International Head and Neck Cancer Epidemi-
ology Consortium (INHANCE)). Their aims are to increase
statistical power to detect low-risk genetic variants and
gene-environment interactions and to focus on special sub-
groups such as early-onset cases, nonsmokers, or patients
with tumors of rare histology. Consortia also provide an
opportunity for researchers in the field to rapidly test the
repeatability of results, as well as discuss markers that may
be most relevant for a specific cancer site. With regard to
genetic association studies, consortia and international col-

laborations may be a way to maximize study efficiency and
overcome the limitations of individual studies.

ACKNOWLEDGMENTS

This study was funded by a National Cancer Institute R01
grant (contract CA 092039-01A2), a National Cancer In-
stitute R03 grant (contract CA 119704-01), and an Associ-
ation for International Cancer Research grant (contract
03-281). Dr. Rayjean Hung worked on this study under the
tenure of Special Training Awards from the International
Agency for Research on Cancer.

Conflict of interest: none declared.

REFERENCES

1. Krokan HE, Nilsen H, Skorpen F, et al. Base excision repair
of DNA in mammalian cells. FEBS Lett 2000;476:73–7.

2. Barnes DE, Lindahl T. Repair and genetic consequences of
endogenous DNA base damage in mammalian cells. Annu Rev
Genet 2004;38:445–76.

3. Ide H, Kotera M. Human DNA glycosylases involved in the
repair of oxidatively damaged DNA. Biol Pharm Bull 2004;
27:480–5.

4. Lindahl T, Wood RD. Quality control by DNA repair. Science
1999;286:1897–905.

5. Lu AL, Li X, Gu Y, et al. Repair of oxidative DNA damage:
mechanisms and functions. Cell Biochem Biophys 2001;35:
141–70.

6. Spitz MR, Wei Q, Dong Q, et al. Genetic susceptibility to
lung cancer: the role of DNA damage and repair. Cancer
Epidemiol Biomarkers Prev 2003;12:689–98.

7. Shinmura K, Yokota J. The OGG1 gene encodes a repair en-
zyme for oxidatively damaged DNA and is involved in human
carcinogenesis. Antioxid Redox Signal 2001;3:597–609.

8. Kohno T, Shinmura K, Tosaka M, et al. Genetic polymor-
phisms and alternative splicing of the hOGG1 gene, that is
involved in the repair of 8-hydroxyguanine in damaged DNA.
Oncogene 1998;16:3219–25.

9. Weiss JM, Goode EL, Ladiges WC, et al. Polymorphic varia-
tion in hOGG1 and risk of cancer: a review of the functional
and epidemiologic literature. Mol Carcinog 2005;42:127–41.

10. Janssen K, Schlink K, Gotte W, et al. DNA repair activity of
8-oxoguanine DNA glycosylase 1 (OGG1) in human lym-
phocytes is not dependent on genetic polymorphism Ser326/
Cys326. Mutat Res 2001;486:207–16.

11. Dherin C, Radicella JP, Dizdaroglu M, et al. Excision of oxi-
datively damaged DNA bases by the human alpha-hOgg1
protein and the polymorphic alpha-hOgg1 (Ser326Cys) pro-
tein which is frequently found in human populations. Nucleic
Acids Res 1999;27:4001–7.

12. Dianov GL, Sleeth KM, Dianova II, et al. Repair of abasic
sites in DNA. Mutat Res 2003;531:157–63.

13. Izumi T, Hazra TK, Boldogh I, et al. Requirement for human
AP endonuclease 1 for repair of 3#-blocking damage at DNA
single-strand breaks induced by reactive oxygen species.
Carcinogenesis 2000;21:1329–34.

14. Hu JJ, Smith TR, Miller MS, et al. Amino acid substitution
variants of APE1 and XRCC1 genes associated with ionizing
radiation sensitivity. Carcinogenesis 2001;22:917–22.

Base Excision Repair Polymorphisms and Cancer Risk 939

Am J Epidemiol 2005;162:925–942

 by guest on Septem
ber 3, 2015

http://aje.oxfordjournals.org/
D

ow
nloaded from

 

userr
Highlight

http://aje.oxfordjournals.org/


Administrator
Typewriter
The Cancer Handbook 1st Edition. Edited by Malcolm R. Alison, 2002,  John Wiley & Sons Ltd.

Administrator
Rectangle



userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight



userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight



 
 

iv 
 

 

ABSTRACT 
 

DNA REPAIR GENES, XRCC3 AND RAD51, POLYMORPHISMS AND 
RISK OF CHILDHOOD ACUTE LYMPHOBLASTIC LEUKEMIA 

 

TANRIKUT, Cihan 

 

M.Sc., Department of Biochemistry 

Supervisor: Prof. Dr. Emel ARINÇ 

Co‐Supervisor: Assoc. Prof. Dr. Nursen ÇORUH 

       December 2010, 121 pages 

 

In  this  study,  the  role  of  two  DNA  repair  genes,   X‐ray  repair  cross 

complementing  group  3  (XRCC3)  Thr241Met  and  Rad51  G135C 

polymorphisms were  investigated  in  the  risk  of  development of  childhood 

ALL  in  Turkish  population  among  193  healthy  controls  and  184  ALL 

patients,  by  using  PCR‐RFLP  technique.  For  XRCC3  Thr241Met 

polymorphism,  the  frequencies  of  both   heterozygous  and  homozygous 

mutant genotypes were  found to be higher in the controls compared to ALL 

patients  (OR:  0.59, p  =  0.02; OR:  0.48, p  =  0.02,  respectively).  In  addition, 

either  heterozygous  (Thr/Met)  or  homozygous  mutant  (Met/Met) 

genotypes  were  significantly  more  common  in  the  controls  than  the  ALL 

patients  (OR:  0.55,  p  =0.005).  In  case  of  Rad51  G135C  polymorphism,  no 

significant  associations  have  been  found  with  the  risk  of  childhood  ALL. 

Combination  of  XRCC3  heterozygote  and  Rad51  heterozygote  genotypes 

increased  the  protective  effect   for  risk  of  childhood  ALL.  (OR=0.35  ;  p 
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1.4.1 Direct Repair Mechanism 

This  is  the  simplest  repair  mechanism  compared  to  other  repair 

system regarding number of molecules involved. In that repair mechanisms, 

the  lesion  is  removed  or  reversed  by  a  single  step  reaction  restoring  the 

local sequence to its original state. There are several direct  repair enzymes 

each  having  a  different  substrate.  As  an  example,  photolyases  reverse  the 

DNA  damage  resulting  from  UV  or  cisplatin  treatment  (Sancar,  1996). 

Secondly,  O6‐ methyl  guanine  DNA methyltransferase  (MGMT)  repairs  the 

alkylation damage.  It  transfers  the alkyl  group  from  the damaged  site  to a 

cysteine residue found in the active site of MGMT (Hazra et al., 1997). 20% 

of  human  tumor  cell  lines  have  decreased  MGMT  activity  and  increased 

sensitivity to alkylating agent (Sancar, 1995), but there are few direct data 

suggesting that mutations in the mgmt gene contribute to cancer.  

1.4.2 Base Excision Repair 

  Nonbulky base  adducts  such as methylated, oxidized,  reduced bases 

and  also  fragmented  bases  by  ionizing  radiation  or  oxidative  damage  are 

repaired by Base Excision Repair (BER) system. The repair system involves 

three steps; removal of damaged bases from DNA by DNA glycosylases, than 

formed abasic  site  is  removed and  finally gap  is  filled by DNA  polymerase 

and DNA  ligase seals  the nick. Schematic representation of BER  is given  in 

Figure 1.1 A. X‐ray repair cross‐complementing group 1 (XRCC1) is a critical 

enzyme for this repair pathway, which enables the assembly and activity of 

DNA ligase III, DNA polymerase β, human AP endonuclease, polynucleotide 

kinase and, poly(ADP‐Ribose) polymerase (PARP) at the site of DNA damage 

(Caldecot,  1996;  Masson,  1998;  Whitehouse,  2001;  and  Vidal,  2001).  The 

human XRCC1 gene  is  located on  chromosome 19q13.2 which  contains 17 
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1.4.1 Direct Repair Mechanism 

This  is  the  simplest  repair  mechanism  compared  to  other  repair 

system regarding number of molecules involved. In that repair mechanisms, 

the  lesion  is  removed  or  reversed  by  a  single  step  reaction  restoring  the 

local sequence to its original state. There are several direct  repair enzymes 

each  having  a  different  substrate.  As  an  example,  photolyases  reverse  the 

DNA  damage  resulting  from  UV  or  cisplatin  treatment  (Sancar,  1996). 

Secondly,  O6‐ methyl  guanine  DNA methyltransferase  (MGMT)  repairs  the 

alkylation damage.  It  transfers  the alkyl  group  from  the damaged  site  to a 

cysteine residue found in the active site of MGMT (Hazra et al., 1997). 20% 

of  human  tumor  cell  lines  have  decreased  MGMT  activity  and  increased 

sensitivity to alkylating agent (Sancar, 1995), but there are few direct data 

suggesting that mutations in the mgmt gene contribute to cancer.  

1.4.2 Base Excision Repair 

  Nonbulky base  adducts  such as methylated, oxidized,  reduced bases 

and  also  fragmented  bases  by  ionizing  radiation  or  oxidative  damage  are 

repaired by Base Excision Repair (BER) system. The repair system involves 

three steps; removal of damaged bases from DNA by DNA glycosylases, than 

formed abasic  site  is  removed and  finally gap  is  filled by DNA  polymerase 

and DNA  ligase seals  the nick. Schematic representation of BER  is given  in 

Figure 1.1 A. X‐ray repair cross‐complementing group 1 (XRCC1) is a critical 

enzyme for this repair pathway, which enables the assembly and activity of 

DNA ligase III, DNA polymerase β, human AP endonuclease, polynucleotide 

kinase and, poly(ADP‐Ribose) polymerase (PARP) at the site of DNA damage 

(Caldecot,  1996;  Masson,  1998;  Whitehouse,  2001;  and  Vidal,  2001).  The 

human XRCC1 gene  is  located on  chromosome 19q13.2 which  contains 17 
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exons and it encodes a protein of consisting 633 amino acids (Lindahl T et 

al., 1999). Shen et al. (1998) have identified three polymorphisms of XRCC1 

gene at codon 194(Arg  to Trp), 280 (Arg  to His), and 399 (Arg  to Gln). All 

these  3  polymorphisms  are  studied  with  association  to  different  types  of 

cancer.  It  is  reported  that XRCC1 Arg399Gln polymorphism  located within 

the BRCT1 domain which  interacts with  PARP  and may  result  in  deficient 

DNA repair (Lunn RM et al. 1999; Zhang X et al., 1998).  

1.4.3 Nucleotide Excision Repair  

The NER pathway  is  responsible  for  repair  of  bulky  lesions  such  as 

larger  chemical  adducts,  pyrimidine  dimers,  other  photo‐products;,  and 

cross‐links  (Squire,  1998).  NER  pathway  involves  4  steps;  damage 

recognition, incision, gap filling, and ligation.  

The  enzymes  of  that  pathway  are  multifunctional  and  involved  in 

other cellular processes, like cell cycle regulation (Hwang, 1996). Schematic 

representation of NER is given in Figure 1.1 B 
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1.4.4  Mismatch Repair  

Mismatch  Repair  (MMR)  is  responsible  for  repair  of  mismatched 

basepairs  which  occurs  through  processes  including  misincorporations 

during  DNA  replication,  formation  of  heteroduplexes,  and  secondary 

structure such as imperfect palindromes (Bishop, 1985). Also, deamination 

of  5‐methylcytosine  to  uracil,  following  by  removal  of  uracil  by  uracil  N‐

glycosylase results  in a G: T mismatch. The repair mechanism  is  similar  to 

that of excision repair; a patch of nucleotides  is  removed  from one strand, 

and followed by resynthesis and ligation processes.  

There  are  two  types  of  mismatch  repair  systems,  long‐patch  and 

short‐patch.  In  short‐patch  repair  system  there  are  3  enzymes  possessing 

nicking  activities  specific  for  mismatch  repair;  T/G  specific  (Wiebauer, 

1989),  A/G  specific,  and  all‐type  mismatch  nicking  enzymes  (Yeh,  1991). 

That three enzymes have different mode of action, but interestingly in either 

an A/G mismatch or a T/G mismatch, it is usually the guanine that remains 

untouched by mismatch specific glycosylases (Wiebauer, 1990; Yeh, 1991).  

1.4.5 Double Strand Break Repair 

Double  strand  break  repair  is  responsible  for  the  repair  of  double 

strand DNA  breaks.  Double  strand  breaks  (DSBs)  can  be  produced  due  to 

exogenous agents such as  ionizing radiation  (IR)  (Dizdaroglu, 1992),  some 

chemotherapeutic  drugs,  endogenously  formed  reactive  oxygen  species, 

mechanical  stress  on  the  chromosomes.  When  DNA  replication  forks 

encounter DNA single strand breaks or other types of lesion, it might result 

in  formation  of  DSBs.  In  addition,  DSBs  are  generated  to  initiate 
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recombination between homologues chromosomes during meiosis, and also 

during the immunoglobulin class‐switch recombination.  

DSBs  are  the  most  dangerous  type  of  DNA  damage,  because 

unrepaired DSBs block replication, and transcription of involved sequences. 

Moreover,  the  breaks  are  prone  to  nuclease  attack  with  subsequent 

destruction (Rufer, 1992). Furthermore, DSBs can result in death of the cell, 

if  it  occurs  within  an  essential  gene.  Repair  of  DSBs  is  intrinsically  more 

difficult  than  other  type  of  DNA  damage  because  there  is  no  undamaged 

template available (Khanna, 2001) 

  There are  two pathways of double strand break  repair; homologous 

end joining (HR) and non‐homologous end joining (NHEJ).  

In  HR  pathway,  DNA  ends  are  resected  in  the  5’  to  3’  direction  by 

nucleases,  newly  exposed  3’  single  stranded  tails  then  invade  the  double 

helix  of  the  homologous,  undamaged  partner  molecule,  and  strands  are 

extended by action of DNA polymerase, the cross‐overs yield two intact DNA 

molecules  (Khanna,  2001).  The  key molecules  of  HR  are Rad51  and  X‐ray 

cross‐complementing group 3 (XRCC3) genes (Richardson, 2005).  

The  Rad51  recombinase  interacts  directly  with  breast  cancer‐

associated  tumor  suppressor BRCA2  (Tarsounas, 2004; Davies,  2001),  and 

this interaction is required for the control of RAD51 function (Davies, 2001), 

necessary  for  normal  recombination  proficiency,  radiation  resistance  and 

genome  stability  (Tarsounas,  2003).  Homozygous  loss  of  Rad51  in  mice 

results  in  early  embryonic  lethality  and  cells  recovered  from  mutant 

embryos do not proliferate (Lim, 1996; Tsuzuki, 1996) 
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Database). According to NCBI SNP database, XRCC3 gene has 111 SNPs. The 

most important polymorphism identified for XRCC3 is Thr241Met SNP in 7th 

exon  region.  Some  studies  demonstrated  that  XRCC3  Thr241Met  variant 

allele  is  associated  with  relatively  high  DNA  adduct  levels  in  lymphocyte 

DNA,  indicating  relatively  low  DNA  repair  capacity  (Matullo,  2001;  Shen, 

1998) 

Regarding  the  role  of  XRCC3  in  the  Homologous  DNA  repair 

mechanism, several studies have examined the relationship between XRCC3 

Thr241Met polymorphism and risk of certain cancers. However the results 

from  these  previous  studies  are  conflicting.  For  this  reason,  additional 

studies  to  address  the  role  of  XRCC3  Thr241Met  polymorphism  in  human 

carcinogenesis are needed. In case of childhod ALL, so far, there has been no 

study  evaluating  the  role  of  XRCC3  Thr241Met  polymorphism  as  risk 

modifier.  In  this  study,  the  role of XRCC3 Thr241Met polymorphism  in  the 

development of childhood ALL was investigated. 

1.6 The Aim of This Study 

Acute lymphoblastic leukemia is the most common type of childhood 

cancer,  accounting  for  30%  of  all  cancers  diagnosed  in  children  younger 

than  15  years  (Linet,  1999).  However,  there  are  limited  and  little 

information  about  risk  factors  for  childhood  leukemia  progression. 

Observation  of  association  between  some  cancer  types  and  DNA  repair 

defects  suggested  the DNA  repair  genes  as  candidate  cancer  susceptibility 

genes. Homologous recombination repair is the most important mechanism 

for  the  sake  of  the  cell.  It  is  well  established  that  individuals  having  a 

modified  ability  to  repair  double  strand  breaks  are  at  increased 

susceptibility  to  cancer.  Therefore,  polymorphisms  in  genes  encoding DSB 
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Translesion synthesis is an important mechanism by which cells replicate past DNA damage. The

sliding clamp DNA polymerase processivity factors play a central role in this process. The clamps are

dimeric in bacteria and trimeric in eukaryotes and archaea, raising the question of whether more than

one polymerase can interact with the clamp simultaneously. Recently published data suggest that this

is indeed the case.
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The way in which cells replicate past unrepaired DNA dam-
age has been the subject of intensive research for many years.
This topic received a major boost with the independent dis-
covery in 1999 by several groups of the various members of
what is now known as the Y-family of DNA polymerases [1].
In addition to the palm, thumb and finger domains found in
all classical DNA polymerases, members of the Y-family have
a fourth domain designated “little finger” or PAD. Members
of this family of polymerases also differ from classical DNA
polymerases by having a much more open structure, which
allows them to accommodate different damaged bases in their
active sites. This enables them to carry out translesion syn-
thesis (TLS) past damaged sites. There are two Y-family poly-
merases in Escherichia coli (polIV and polV, the products of the
dinB and umuCD genes, respectively) and four in mammalian
cells (pol�, �, � and Rev1). Depending on the exact structure of
their active sites, different members of the Y-family are able
to carry out TLS past different damaged substrates. Thus, for
example, pol�, deficient in the variant form of xeroderma pig-
mentosum, is able to accommodate UV-induced cyclobutane
pyrimidine dimers in its active site. This confers on pol� the
ability to synthesise past the T-T CPD at least as efficiently as
past-undamaged thymines [2]. The price paid for this more
open structure is a very low fidelity when copying undam-

aged templates, and a high probability of dissociating from
the template DNA. This contrasts sharply with the replicative
polymerases, which are highly processive machines that have
a very high fidelity, but are unable to accommodate damaged
bases in their active sites.

1. Polymerase switching

A crucial step in TLS is polymerase switching [3]. When the
replicative polymerase is blocked at a lesion, it must be dis-
placed from the DNA and replaced by a TLS polymerase. After
TLS has been accomplished there must be a switch back to
the replicative polymerase. Several papers in the last few
years have highlighted the central role in polymerase switch-
ing of the ring-shaped sliding clamp accessory proteins. The
dimeric �-clamp in E. coli and trimeric PCNA in eukaryotes
have very similar ring structures [4]. They tether the replica-
tive DNA polymerases to the DNA and are essential for their
processivity. Many proteins bind to PCNA, and it has become
apparent that most if not all of the Y-family polymerases are
able to bind to �-clamp or PCNA, e.g. [5–7]. The first clues to
the importance of this binding for TLS came from the labo-
ratory of Robert Fuchs. After first showing that the �-clamp
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a fourth domain designated “little finger” or PAD. Members
of this family of polymerases also differ from classical DNA
polymerases by having a much more open structure, which
allows them to accommodate different damaged bases in their
active sites. This enables them to carry out translesion syn-
thesis (TLS) past damaged sites. There are two Y-family poly-
merases in Escherichia coli (polIV and polV, the products of the
dinB and umuCD genes, respectively) and four in mammalian
cells (pol�, �, � and Rev1). Depending on the exact structure of
their active sites, different members of the Y-family are able
to carry out TLS past different damaged substrates. Thus, for
example, pol�, deficient in the variant form of xeroderma pig-
mentosum, is able to accommodate UV-induced cyclobutane
pyrimidine dimers in its active site. This confers on pol� the
ability to synthesise past the T-T CPD at least as efficiently as
past-undamaged thymines [2]. The price paid for this more
open structure is a very low fidelity when copying undam-

aged templates, and a high probability of dissociating from
the template DNA. This contrasts sharply with the replicative
polymerases, which are highly processive machines that have
a very high fidelity, but are unable to accommodate damaged
bases in their active sites.

1. Polymerase switching

A crucial step in TLS is polymerase switching [3]. When the
replicative polymerase is blocked at a lesion, it must be dis-
placed from the DNA and replaced by a TLS polymerase. After
TLS has been accomplished there must be a switch back to
the replicative polymerase. Several papers in the last few
years have highlighted the central role in polymerase switch-
ing of the ring-shaped sliding clamp accessory proteins. The
dimeric �-clamp in E. coli and trimeric PCNA in eukaryotes
have very similar ring structures [4]. They tether the replica-
tive DNA polymerases to the DNA and are essential for their
processivity. Many proteins bind to PCNA, and it has become
apparent that most if not all of the Y-family polymerases are
able to bind to �-clamp or PCNA, e.g. [5–7]. The first clues to
the importance of this binding for TLS came from the labo-
ratory of Robert Fuchs. After first showing that the �-clamp
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Targeting DNA repair pathways in AML
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Cancer cells often have DNA repair pathway deficiencies, which
render cancer more sensitive to treatment but can also cause
resistance if the DNA repair pathway is restored. By using DNA
repair pathway inhibitors, cancers can be resensitized to conven-
tional therapies, such as radiation and chemotherapy. There are 6
major DNA repair pathways, and each pathway has druggable
targets and biomarkers to identify pathway activity. DNA repair
inhibitors, such as poly-ADP-ribose polymerase (PARP) inhibitors,
may be useful in a small subset of acute myeloid leukemia (AML)
patients, especially those who have complex karyotypes or those
with secondary AML. Biomarkers in the Fanconi anemia repair
pathway may provide a predictor to identify this subset of patients
who are sensitive to this new class of drugs.

� 2010 Elsevier Ltd. All rights reserved.

Introduction

Conventional cancer therapydradiation and cytotoxic chemotherapydkills cancer cells by causing
DNA damage. So why is DNA repair important in cancer diagnosis and treatment? Leukemic cells and
other cancer cells are often deficient in one DNA repair pathway, which results in a high mutation
frequency and can render cancer more sensitive to treatment. Cancers then may become resistant to
conventional chemotherapy by restoring that missing DNA repair pathway through DNA repair.
Profiling DNA repair pathways could potentially predict the responsiveness of leukemia to radiation or
chemotherapy. DNA repair pathway inhibitors, such as poly-ADP-ribose polymerase (PARP) inhibitors,
might be able to resensitize cancers.
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E-mail address: alan_dandrea@dfci.harvard.edu.

Contents lists available at ScienceDirect

Best Practice & Research Clinical
Haematology

journal homepage: www.elsevier .com/locate/beha

1521-6926/$ – see front matter � 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.beha.2010.09.005

Best Practice & Research Clinical Haematology 23 (2010) 469–473

Administrator
Rectangle

mailto:alan_dandrea@dfci.harvard.edu
www.sciencedirect.com/science/journal/15216926
http://www.elsevier.com/locate/beha
http://dx.doi.org/10.1016/j.beha.2010.09.005
http://dx.doi.org/10.1016/j.beha.2010.09.005


DNA repair pathways

There are 6 major DNA repair pathways in human cells: base excision repair (BER), nucleotide
excision repair (NER), mismatch repair (MMR), homologous recombination, Fanconi anemia/BRCA
pathway (HR), nonhomologous end-joining (NHEJ), and translesion DNA synthesis (TLS). Each pathway
repairs a different type of lesion. For instance, BER releases guanine residues that have large adduct,
and NER can repair thymine dimers. Each DNA repair pathway has a cell-cycle specificity, e.g., the HR
pathway is very active during S-phase. Each repair pathway also has a tissue specificity; the HR
pathway is hyperactive in blood cells and hematopoietic stem cells, which may account for the anemia
of Fanconi patients. Also, terminally differentiated neuronal cells are more inclined to use NHEJ.

Each repair pathway also has an associated genetic disease in humans. Accordingly, each pathway
has a druggable target for generating an inhibitor and a suitable biomarker for determining its activity.
In the BER pathway, one of the simplest repair pathways, one base in the double helix is chemically
altered by a DNA damaging alkyl group.

DNA glycosylase cleaves the base, and apurinic endonuclease cleaves the deoxyribosylphosphate
backbone, thus renewing the entire nucleotide. In the presence of the PARP1 enzyme, a nucleotide is
inserted, and polymerase b and a DNA ligase close the helix. The druggable targets in this pathway are
PARP1 and ligase. Inhibiting these targets would inhibit the pathway, knocking out base excision repair.
The level of certain biomarkers, such as the level of polymerase b expression or the level of 8-oxo-
guanine, can also be measured in order to judge the activity of the pathway in a cell.

In normal human cells, all 6 of these DNA repair pathways may be working all the time. Conversely,
cancer cells often have one defective DNA repair pathway [1]. The specific pathway lost in cancer cells
may determine the best personalized course of chemotherapy and radiation. For instance, in breast
cancers, the loss of BRCA1, which is loss of the HR pathway, predicts that these tumors will be sensitive
to PARP inhibitors. Similarly, in some other cancers, like lung cancers, ERCC1 is lost, which affects NER,
resulting in cisplatin hypersensitivity. In some brain tumors, gliobastomas, the loss of a different DNA
repair O6-methylguanine-DNA-methyltransferase (MGMT) pathway can predict temozolomide
sensitivity.

Fanconi anemia

Fanconi anemia (FA) is a rare autosomal recessive disease that occurs in 1 of every 100,000 live
births. The disease is characterized by developmental defects and bonemarrow failure, such as aplastic
anemia by age 5 years. If patients survive the bonemarrow failure through treatment like an allogeneic
transplant, they are still susceptible to cancers, usually myeloid leukemias, squamous cell carcinomas,
or gynecologic cancers. Cells from FA patients are hypersensitive to the DNA damaging agents cisplatin
and mitomycin C. Children with FA, in addition to having a characteristic clinical phenotype with
thumb abnormalities, bone marrow failure, and short stature, also have a very characteristic cellular
abnormality or cellular phenotype. One diagnostic test for FA involves exposing cells to diepoxybutane
or mitomycin C (MMC) and examining chromosomes for breaks and radial forms.

Thirteen different complementation groups for FA have been defined by somatic cell fusion studies
(Table 1) [2]. Human geneticists believe that the 13 FA proteins work together in a common pathway,
and knocking out any of these proteins can produce a similar clinical phenotype. These 13 proteins
work together in the FA DNA repair pathway [3]. Eight of the proteins (FANC A, B, C, E, F, G, L, andM) are
assembled into a core complex that functions as an E3 ubiquitin ligase. This ligase activates in response
to DNA damage from a crosslinking drug, adding a 76-amino acid moiety onto two other Fanconi
proteins, D2 and I. This monoubiquinated D2/I complex is translocated into chromatin, where it
interacts with the downstream Fanconi proteins BRCA2, N, and J. This combination of proteins medi-
ates the DNA repair process. After the repair has occurred, there is another enzyme complex, called
USP1, which removes the ubiquitin and inactivates the pathway. Knocking out any of the proteins in
this pathway causes FA.

Three of the FANC proteins, BRCA2, BRIP1, and PALB2, are also breast cancer susceptibility proteins.
FANCD1 is identical to BRCA2. Heterozygote parents of patients with BRCA2mutation have an increased
cancer risk, though their risk is for breast, ovarian, and pancreatic cancers, not myeloid leukemia. In
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Review

Homologous recombination and maintenance of genome integrity:
Cancer and aging through the prism of human RecQ helicases

Karen J. Ouyang a, Leslie L. Woo b, Nathan A. Ellis a,c,*
a Committee on Genetics, University of Chicago, Chicago, IL, United States
b Department of Biochemistry and Molecular Biology, University of Chicago, Chicago, IL, United States
c Department of Medicine, University of Chicago, Chicago, IL, United States

1. Maintenance of genome integrity

Genome integrity is the capacity of the cell to avoid mutations.
Tantamount to genome integrity is the accurate replication and
faithful transmission of the genetic information. Tightly associated
with the DNA replication and chromosome segregation mechan-
isms are biochemical pathways that contend with DNA damage.
Because cells are continuously exposed to DNA damage, generated
by either the products of normal cellular metabolism or the
environment, cells have evolved biochemical pathways that
respond to specific DNA lesions that are encountered (Friedberg
et al., 2004). Cells coordinate proficient DNA repair with a highly
regulated DNA damage-signaling network that controls the
progression of cells through the cell-cycle, referred to as
checkpoints (Hartwell, 1992).

Error-free repair of DNA damage preserves the genome
and allows continued normal function. If DNA damage is too

extensive, the cell may commit to apoptosis. Alternatively, the
cell may repair the damage but introduce one or more errors,
thereby surviving with acquired mutations that potentially
compromise normal cellular functions. Mutations in proteins
that are themselves important in the repair of DNA damage and
cell-cycle checkpoints are especially insidious for the cell.
Mutations in DNA repair and checkpoint functions increase the
rate at which mutations accumulate in a cell, a condition
referred to as genomic instability (Loeb, 2001). Genomic
instability is a common condition of cancer cells (Lengauer
et al., 1998). An increased rate of mutation increases the
probability that cancer-causing mutations will occur, and
failure to engage checkpoints allows cells to proliferate in
the presence of DNA damage. Genomic instability is also the
unifying characteristic of a group of hereditary disorders
that contain germline mutations in the DNA repair or the
checkpoint genes (Table 1). In these syndromes, mutations
accumulate at higher rates than normal given the same level of
exposure to the relevant mutagen. Although genetic defects in
each repair or checkpoint pathway are associated with clinically
distinct entities, as a group they are characterized by develop-
mental abnormalities, cancer predisposition, and accelerated
aging.

Mechanisms of Ageing and Development 129 (2008) 425–440

A R T I C L E I N F O

Article history:

Available online 15 March 2008

Keywords:

Double-strand break repair

Genomic instability

Telomere

Anti-recombination

A B S T R A C T

Homologous recombination (HR) is a genetic mechanism in somatic cells that repairs DNA double-strand

breaks and restores productive DNA synthesis following disruption of replication forks. Although HR is

indispensable for maintaining genome integrity, it must be tightly regulated to avoid harmful outcomes.

HR-associated genomic instabilities arise in three human genetic disorders, Bloom syndrome (BS),

Werner syndrome (WS), and Rothmund–Thomson syndrome (RTS), which are caused by defects in three

individual proteins of the RecQ family of helicases, BLM, WRN, and RECQL4, respectively. Cells derived

from persons with these syndromes display varying types of genomic instability as evidenced by the

presence of different kinds of chromosomal abnormalities and different sensitivities to DNA damaging

agents. Persons with these syndromes exhibit a variety of developmental defects and are predisposed to a

wide range of cancers. WS and RTS are further characterized by premature aging. Recent research has

shown many connections between all three proteins and the regulation of excess HR. Here, we illustrate

the elaborate networks of BLM, WRN, and RECQL4 in regulating HR, and the potential mechanistic

linkages to cancer and aging.

� 2008 Elsevier Ireland Ltd. All rights reserved.
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Abstract 
Bloom’s syndrome (BS) is a rare human autosomal recessive disorder belonging to a group of 
“chromosomal breakage syndromes”. BS is characterized by marked genetic instability, including a high 
level of sister chromatid exchanges, associated with a greatly increased predisposition to a wide range of 
cancers commonly affecting the general population. The constant clinical features of BS are proportionate 
pre- and postnatal growth retardation and cancer predisposition. Additional clinical features include 
dolichocephaly, facial sun-sensitive telangiectatic erythema, patchy areas of hyper- and hypopigmentation 
of the skin and moderate to severe immunodeficiency manifested by recurrent respiratory tract and 
gastrointestinal infections. A 10-fold increase in the rate of sister chromatid exchanges (SCEs) in BS cells 
compared to normal cells is the only objective criteria for BS diagnosis. Clinical diagnosis is confirmed 
cytogenetically by demonstrating characteristic chromosome instability. BS arises through mutations in 
both copies of the BLM gene which encodes a 3’-5’ DNA helicase, a member of the RecQ family. The 
function of the BLM protein remains unclear, but several lines of evidence support a major role in 
maintaining genomic stability during DNA replication, recombination and repair. BS frequency in the 
general population is unknown, probably because this disease is very rare. In Askenazic Jewish 
population, the frequency of BS is approximately 1 in 48 000. This is due to a founder effect, 
approximately 1% of the Ashkenasi Jewish population being heterozygous carriers for the blmAsh 
mutation. There is no curative treatment for BS. However, a physician should carefully follow BS patients 
in order to ensure early diagnosis of cancer. 
 
Key-words 
Bloom’s syndrome, cancer predisposition, genetic instability, sister chromatid exchanges, RecQ helicase. 
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Disease name/synonyms 
Bloom syndrome (Bloom’s syndrome) 
Synonyms: Bloom-Torre-Mackacek syndrome, 
Congenital Telangiectatic Erythema. 
 
Definition 
Bloom’s syndrome (BS) is a rare human 
autosomal recessive disorder characterized by 
marked genetic instability associated with a 
greatly increased predisposition to a wide range 
of cancers commonly affecting the general 
population. The predominant and constant 
clinical feature of BS is proportionate pre- and 
postnatal growth retardation. Additional clinical 
features are dolichocephaly, narrow facies with 
nasal prominence and malar and mandibular 
hypoplasia, facial sun-sensitive telangiectatic 
erythema in the butterfly area, patchy areas of 
hyper- and hypopigmentation of the skin (café-
au-lait spots), and moderate to severe 
immunodeficiency manifested by recurrent 
respiratory tract and gastrointestinal infections 
(German, 1993). BS was first described in 1954 
as “congenital telangiectatic erythema 
resembling lupus erythematosus in dwarfs” 
(Bloom, 1954). 
 
Differential diagnosis 
Bloom’s syndrome belongs to a group of 
“chromosomal breakage syndromes” which are 
genetic disorders that are typically transmitted in 
an autosomal recessive mode. Cells from 
affected individuals are characterized by an 
increased frequency of breaks and interchanges 
occurring either spontaneously or following 
exposure to various DNA-damaging agents. 
Patients with these disorders show increased 
predisposition to cancer. The commonly 
acknowledged chromosomal breakage 
syndromes are Fanconi anemia, ataxia 
telangiectasia, Xeroderma Pigmentosum and 
Bloom’s syndrome. However, the hallmark of BS 
cells is an approximately 10-fold increase in the 
rate of sister chromatid exchanges (SCEs) 
compared to normal cells (Chaganti et al., 1974). 
The increased level of SCEs is the only objective 
criteria for BS diagnosis. It should be noted that 
in about 20% of BS patients, normal levels of 
SCE are observed in a subpopulation of B and T 
lymphocytes (Ellis et al., 1995a; Weksberg, 
1995). These low-SCE revertant BS cells result 
from an intragenic crossing over between the 
paternal and maternal BLM alleles, generating a 
wild type allele in compound heterozygote 
patients (Ellis et al., 1995a; Foucault et al., 
1997).  
 
Etiology 
Bloom’s syndrome arises through mutations in 
both copies of the BLM gene, which is located 

on chromosome 15 at 15q26.1. Currently, there 
is no argument for a possible genetic 
heterogeneity in BS. Nonsense or frameshift 
mutations leading to a premature termination 
codon as well as missense mutations have been 
found in BLM gene from BS patients (Ellis et al., 
1995b; Foucault et al., 1997; Barakat et al., 
2000). One particular BLM gene mutation 
corresponding to a 6-bp deletion and a 7-bp 
insertion at nucleotide position 2281, referred as 
blmAsh mutation, is homozygous in nearly all BS 
patients with Ashkenasi Jewish ancestry (Ellis et 
al., 1995b) due to a founder effect (Ellis et al., 
1994).  
BLM gene codes for the 1417 amino acids BLM 
protein with a predicted molecular mass of 159 
kDa, and which belongs to the DExH box-
containing RecQ helicase subfamily (Ellis et al., 
1995b). Recombinant (Karow et al., 1997) and 
endogenous (Dutertre et al., 2002) BLM display 
an ATP- and Mg2+ dependent 3’-5’-DNA 
helicase activity that separate the 
complementary strands of DNA in a 3’-5’ 
direction. But BLM function is still unclear. BLM 
protein has been shown to accumulate in S and 
G2 phases of the cell cycle (Dutertre et al., 2000; 
Sanz et al., 2000; Bischof et al., 2001a) and to 
localize in two distinct nuclear structures, PML 
nuclear bodies (also called ND10) (Ishov et al., 
1999) and the nucleolus (Yankiwski et al., 2000). 
The preferred substrates for BLM are G-
quadruplex DNA (Sun et al., 1998; Mohaghegh 
et al., 2001), D-loops structures (van Brabant et 
al., 2000) and X-junctions (Karow et al., 2000). 
BLM also promotes branch migration of RecA-
generated Hollyday junctions (Karow et al., 
2000). BLM interacts with several proteins 
involved in the maintenance of genome integrity. 
It participates in a super complex of BRCA1-
associated proteins named BASC (BRCA1-
Associated genome Surveillance Complex) that 
includes BRCA1, mutated in some familial breast 
cancers, ATM, NBS1 and MRE11 proteins, 
defective in Ataxia Telangectasia (AT), Nijmegen 
syndrome and ataxia-telangiectasia-like 
disorder, respectively, MLH1, MSH2 and MSH6, 
involved in Human non-polyposis colorecal 
cancer (HNPCC syndrome), and several other 
proteins known to be involved in replicational 
and/or post-replicational repair process (Wang et 
al., 2000). BLM also participates in a complex 
containing RPA and topoisomerase IIIa, known 
to interact independently with BLM (Brosh et al., 
2000; Wu et al., 2000; Hu et al., 2001), and five 
of the Fanconi anemia (FA) complementation 
group proteins (FANCA, FANCG, FANCC, 
FANCE and FANCF): this complex has been 
termed BRAFT (BLM, RPA, FA, Topoisomerase 
IIIa) (Meetei AR et al., 2003). The other proteins 
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Association Between Aryl Hydrocarbon Receptor
Genotype and Survival in Soft Tissue Sarcoma
Marianne Berwick, Giuseppe Matullo, Yan Shuang Song, Simonetta Guarrera, Gemma Dominguez,
Irene Orlow, Mary Walker, and Paolo Vineis

A B S T R A C T

Purpose
Accumulating evidence shows that germline polymorphisms may affect survival in cancer.
The purpose of this study was to investigate the association between polymorphisms in a
group of candidate genes and survival with soft tissue sarcoma.

Patients and Methods
We measured single nucleotide polymorphisms in the metabolizing, detoxifying, and DNA
repair pathways in 120 newly diagnosed patients with soft tissue sarcoma. We assessed
polymorphisms in the aryl hydrocarbon receptor (AhR-Arg554Lys), null variants of the
glutathione S-transferase superfamily (GSTM1 and GSTT1), x-ray repair cross-
complementing 1 and 3, and Xeroderma pigmentosum, group D (XRCC1-Arg399Gln,
XRCC3-Thr241Met, XPD-Lys751Gln). We followed the patients for survival for a median of
7.6 years.

Results
Cox proportional hazards models demonstrated that a polymorphism at codon 554 in exon 10
of the AhR was significantly and adversely associated with survival (hazard ratio, 2.2; 95% CI,
1.3 to 3.9; P � .01), even while accounting for major clinical characteristics such as tumor
grade, tumor size, anatomic site, and patient age.

Conclusion
Further study of the role of the AhR polymorphism is warranted.

J Clin Oncol 22:3997-4001. © 2004 by American Society of Clinical Oncology

INTRODUCTION

To date, genetic characterization of progno-
sis for soft tissue sarcoma has focused on
somatic alterations in the tumors. However,
as in other cancers, a number of candidate
germline characteristics may affect survival.
Candidates from molecular pathways im-
portant to the pathogenesis of soft tissue
sarcoma include detoxification, DNA re-
pair, and metabolic pathways.

Glutathione S-transferases (GSTs) in-
teract with both endogenous and exogenous
compounds, such as free radicals generated
by normal physiologic processes and poly-
cyclic aromatic hydrocarbons omnipresent

in the environment, to produce less reactive
metabolites.1 GSTM1 and GSTT1 each have
a null form that results in loss of the enzyme.
GSTM1 has been associated with improved
survival in acute myeloid leukemia2 but not
in advanced colorectal cancer,3 nor in chil-
dren with acute lymphoblastic leukemia.4

DNA repair gene variants have been
identified as prognostic markers in acute
lymphocytic leukemia4 and in colorectal
cancer.5,6 Three (of many) DNA repair
genes have variants that are common and
have the potential to influence survival
from soft tissue sarcoma: x-ray cross-
complementing 1 (XRCC1), XRCC3, and
Xeroderma pigmentosum group D (XPD).
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XRCC1 plays a role in the base excision repair pathway,
interacts with DNA polymerase beta, polyadenosine ribose
polymerase, and DNA ligase III. It has a structure charac-
teristic of proteins involved in cell cycle checkpoint func-
tions and responsive to DNA damage.7 XRCC3 participates
in DNA double-strand break/recombination repair and is a
member of the family of Rad-51–related proteins that par-
ticipate in homologous recombination to maintain chro-
mosome stability and repair DNA.8,9 XPD is involved in the
nucleotide-excision repair pathway and repairs lesions such
as bulky adducts.10

Variants of genes, such as the aryl hydrocarbon recep-
tor (AhR), that regulate the transcriptional expression of
metabolic enzymes may also affect survival. The AhR be-
longs to the basic helix-loop-helix/PAS family of transcrip-
tion factors and is a key regulator of the transcriptional
expression of cytochromes P4501A1, 1A2, and 1B1.11 Acti-
vation of AhR to a DNA binding form by exogenous xeno-
biotic ligands, such as 2,3,7,8-tetrachlorodibenzo-p-dioxin
or polycyclic aromatic hydrocarbons (PAH), leads to the
potent induction of these P450 enzymes, and human expo-
sure to dioxin and dioxin-like chemicals has been associated
with the etiology of soft tissue sarcoma.12

We sought to investigate the role that polymorphisms
in detoxifying genes (GSTM1 and GSTT1), DNA repair
genes (XRCC1, XRCC3, and XPD), and a transcription
factor that regulates metabolic enzyme expression (AhR)
may play in survival of individuals with soft tissue sarcoma.

PATIENTS AND METHODS

We identified adult patients (N � 120) admitted with a new
diagnosis of soft tissue sarcoma between 1983 and the end of 1994
to the Department of Surgery at Memorial Sloan-Kettering Cancer
Center (MSKCC; New York, NY), who had frozen normal tissue
saved from their first operation. Clinical records supplied infor-
mation on tumor characteristics. Vital status and cause of death
were traced through February 2002. The MSKCC institutional
review board approved this study conducted at MSKCC and the
University of Turin in Italy.

DNA was extracted from frozen normal tissue. Polymor-
phisms in GSTM1 and GSTTI were detected with polymerase
chain reaction (PCR)– based assays, first with gene specific prim-
ers (detection of one or two alleles) and then by multiplex PCR
(verification of nulls in the presence of a housekeeping gene,
ANDRR). Specific primers used were as follows: GSTM1 [forward
5�-tgccctacttgattgatggg-3�; reverse 5�-ctggattgtagc agatcatgc-3�],
GSTT1 [forward 5�-TTCCCTTACCCATCATGACC�3�; re-
verse 5�-ACATTCCCAGCCTCACCTTA- 3�], ANDRR [forward
5�-GTGCGCGAAGTGATCCAGAA-3�; reverse 5�-TCTGGGAC-
GCAACCTCTCTC-3�]. PCR followed by enzymatic digestion
was used for the genotyping of the XRCC1-Arg399Gln,
XPD-Lys751Gln, and XRCC3-Thr241Met polymorphisms.13

PCR followed by sequencing was used for genotyping the
AhR-Arg554Lys polymorphism. Specific primers used were as

follows: [forward 5�-ACCAGCCTCAGGATGTGAAC-3�; reverse
5�- GAATCTTGGACATACGTCAG-3�].

Survival was calculated as the time from diagnosis to death
from sarcoma or until last contact if the patient was known to be
alive. The Cox proportional hazards model was used to estimate
the hazard ratio for variables singly and in combination. Tests for
Hardy-Weinberg equilibrium were not significant.

RESULTS

Fifty-six patients were alive at the end of follow-up (me-
dian, 7.6 years), whereas 64 were deceased (median time to
death, 2.4 years). Seventy-seven percent of subjects were
white, with the other 23% distributed evenly among black,
Hispanic, Asian, and Indian patients. The AhR variants
were also more prevalent among nonwhite patients (39.3%
v 19.5%). The median age at diagnosis was 55 years (range,
23 to 88 years; median age for male patients, 59.4 years;
median age for female patients, 51.5 years). Anatomic sites
were classified as lower extremity (n � 50), retro-
interabdominal (n � 40), upper extremity (n � 10), vis-
ceral (n � 7), thoracic (n � 7), trunk (n � 5), and head and
neck (n � 1). Histology was classified as liposarcoma
(n � 44), leiomyosarcoma (n � 25), malignant fibrous
histiocytoma (n � 21), fibrosarcoma (n � 12), and other
(n � 18). These histologies are quite similar to the entire
group (n � 1,975) of soft tissue sarcoma patients seen at
MSKCC between 1983 and 1994.

The best predictor of survival in univariate analysis was
histologic grade (Table 1). Median survival was 3.6 years for
high-grade cancers and 6.9 years for low-grade cancers (log-
rank test � 19.1; P � .0001). Survival was similar in the two
sexes (median, 5.5 years for men and 6.3 years for women;
log-rank test � 0.69; P � .40). No differences in survival
were associated with the three DNA repair polymorphisms
or the null genotypes of GSTM1 and GSTT1. Survival
curves for these genotypes were largely overlapping, with
P values (log-rank test) of .9.

DISCUSSION

We found that after accounting for the important clinical
factors of grade, size of tumor, age, and anatomic site, a
single nucleotide polymorphism in codon 554 of exon 10
(1661G�A) in AhR significantly and adversely affected sur-
vival (Fig 1). In multivariate analysis, we combined the
heterozygote form (20%) with the homozygous mutant
form (4.2%) because of small numbers. Had we treated
them separately, the corresponding hazard ratios would
have been 2.1 (95% CI, 1.2 to 3.8; P � .02) and 7.1 (95% CI,
2.0 to 24.9; P � .01). Subjects received differing forms of
therapy (radiation or chemotherapy). As the AhR polymor-
phism was not associated with any or all forms of therapy, it
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with exposure to a known exogenous xenobiotic ligand. In a
second study, healthy young women smokers exhibited sig-
nificantly higher CYP1A2 activity, as assessed by urinary
caffeine metabolite ratios.17 These data would suggest that
the polymorphism may increase the inducibility of CYP1A2
when AhR is activated by PAH found in cigarette smoke.
This conclusion is supported by a third study in which
peripheral-blood lymphocytes from healthy nonsmoking
subjects exhibited significantly higher ethoxyresorufin-O-
deethylase activity when exposed to a PAH in vitro.18

Induction of CYP1A activity is associated with bioacti-
vation of procarcinogens to genotoxic electrophilic inter-
mediates,19 and thus an AhR polymorphism that enhances
basal or inducible CYP1A activity could theoretically in-
crease the production of genotoxic metabolites and the
incidence of cancer. In support of this idea, a constitutively
active AhR leads to an increased incidence of stomach tu-
mors in mice,20 whereas loss of AhR expression results in

resistance to PAH-induced skin tumors in mice.21 These
studies would suggest that overactivation of AhR promotes
the development of cancer, whereas loss of AhR may protect
against the development of cancer.

It must also be noted, however, that conflicting evi-
dence exists as to the functional effects of the codon 554
polymorphism. Studies involving both French and Japa-
nese individuals expressing this AhR polymorphism have
failed to uncover any phenotypic changes in CYP1A regu-
lation or any association with lung cancer, commonly asso-
ciated with elevated pulmonary CYP1A2 activity.22,23 The
nucleotide change in codon 554 results in a conservative
amino acid substitution of a Lys for an Arg. Although the
wild-type Arg residue is conserved among human, rat, and
mouse AhR sequences, the polymorphic Lys residue is
found at this codon in other mammalian species, including
guinea pig and hamster. Thus a phenotypic functional
change associated with this conservative amino acid substi-
tution might not be expected. More recently, it has been
demonstrated that two additional polymorphisms in the
human AhR exhibit apparent linkage disequilibrium
with the codon 554 polymorphism.17 Thus it is possible
that the codon 554 polymorphism might not itself be
functionally significant, but rather could be linked in
white individuals to other polymorphisms that contrib-
ute to a functional change.

In sum, the major finding of this study is that germ-
line codon 554 AhR polymorphism affects the survival of
individuals with soft tissue sarcoma. However, further
study is needed to reveal the functional mechanism by
which this polymorphism contributes to the poor prog-
nosis of this cancer.
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(includes heterozygotes and homozygous mutants).
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The aim of this study was to investigate the possible association of three single nucleotide 
polymorphisms (SNPs), C194T, G399A, and G280A, in the X-ray repair cross-complementing group 1 
(XRCC1) gene with the risk of developing colon cancer in Saudi patients. Samples of 65 colon cancer 
patients, aged 45 to 80 years old, and 65 age-matched controls were genotyped. The results 
demonstrated that carriers of the variant A-allele of 280 had a higher risk for colon cancer than carriers 
of the normal (GG) genotype (OR=2.27; 95% CI 0.89-5.83; P=0.08), and carriers of the variant A-allele of 
399 were found to have a lower risk for colon cancer than carriers of the normal (GG) genotype 
(OR=0.73; 95% CI 0.43-1.23; P=0.23). Additionally, the genotype combination showed that the 
individuals carrying XRCC1 280GA and 399GG genotypes had an elevated risk for colon cancer 
(OR=3.73; 95% CI 1.14-12.27; P=0.03), whereas subjects carrying the XRCC1 280GA and 399GA 
genotypes had a decrease risk for colon cancer (OR=0.44; 95% CI 0.04-4.63; P=0.63). These results 
suggest that the A-allele of 280 might be a risk factor and the A-allele of 399 a protective factor for colon 
cancer risk.  
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INTRODUCTION 
 
Deoxyribonucleic acid (DNA) repair genes play a critical 
role in protecting the genome of the cell from cancer-
causing agents (Kovacs and Almendral, 1987; Knight et 
al., 1993; Scott et al., 1994; Helzlsouer et al., 1995; 1996; 
Wei et al., 1996; Spitz et al., 1997). In humans, more 
than 150 genes are involved in DNA repair, which are 
crucial for maintaining genomic integrity (Wood et al., 
2001, 2005). Genetic variants associated with repair of 
DNA substantially increase the risk of cancer in carriers 
because of biochemical alterations caused by polymer-
phisms (Goode et al., 2002; Spitz et al., 2003; Weiss et 
al., 2005). Several polymorphisms in DNA repair genes 
representing different repair pathways have been 
reported. Base excision repair (BER) is the predominant 
DNA damage repair pathway for the processing of small 
base  lesions,   derived   from   oxidation   and   alteration 
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damage. X-ray repair cross-complementing group 1 
(XRCC1) is one of the most important proteins in BER 
and is closely associated with BER pathway coordination 
by interacting with most components of the BER short-
patch pathway. 

Human XRCC1 was cloned in 1990 and it is the first 
mammalian gene to be isolated (Thompson, 1990). The 
size of the gene was identified to be 31.9 kb (Trask et al., 
1993). The gene is mapped to chromosome 19q 13.2-
13.3 and consists of 17 exons. It encodes a 2.2 kb 
transcript, which corresponds to a putative protein of 633 
amino acids (Trask et al., 1993). The XRCC1 gene 
exhibits more than 300 single nucleotide polymorphisms 
(SNPs), among these, approximately

 
35 variants are 

located in the exons or the promoter region of the gene. 
The most common SNPs that result in amino acid substi-
tutions are in exon 6 (Arg194Trp),

 
exon 9 (Arg280His), 

and exon 10 (Arg399Gln). These non-conservative amino 
acid alteration may influence DNA repair capability by 
altering the protein-protein interaction between  XRCC1  
and   other   BER  proteins. A  growing number of  reports 
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Genetic variations of DNA repair genes and their prognostic
significance in patients with acute myeloid leukemia

Jing-Yi Shi1, Zhi-Hong Ren1,2, Bo Jiao1,3, Run Xiao1, Hai-Yang Yun1, Bing Chen1, Wei-Li Zhao1, Qi Zhu2,
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Shanghai, People’s Republic of China
3 Institute of Health Sciences, Shanghai Institutes for Biological Sciences and Graduate School, Chinese Academy of Sciences, Shanghai,

People’s Republic of China

Common genetic variations in genes involved in DNA repair or response to genotoxic stress may influence both cancer

susceptibility and treatment response individually or interactively. However, in acute myeloid leukemia (AML), the relevance of

these genetic variations remains to be fully established. In this study, we analyzed 42 genetic variations among 15 candidate

genes in 307 AML patients and 560 age-sex matched controls. Their associations with chemotherapy response were further

evaluated in combination with other well-established prognostic factors. An increased risk of AML was found in individuals

heterozygous for XPD 2251A>C (rs13181) with an odds ratio (OR) of 1.637 (95% confidence interval [CI]: 1.118–2.395), and

the increased risk could be attributed to C allele (OR 5 1.505, 95% CI: 1.061–2.134). Postchemotherapy response analysis

revealed that AML patients heterozygous for ATM 4138C>T (rs3092856) or GG homozygous for TP53 215C>G (rs1042522)

were independently linked to inferior treatment outcomes. These results uncover novel prognostic factors for AML patients

treated with chemotherapy and may also indicate an etiological role of XPD in this disease.

Acute myeloid leukemia (AML) is a malignant neoplasm of
hematopoietic cells characterized by diverse clonal genetic
aberrations, ranging from gross chromosomal abnormalities

to DNA mutations. The etiological significance of DNA
lesions in the pathogenesis of AML is further upheld by epi-
demiological observations that AML, but not acute lymphoid
leukemia, is clustered among individuals with congenital
defects involving DNA repair genes (e.g., in Fanconi anemia)
or those with prior history of genotoxic chemotherapy and/
or irradiation.1,2 Certain common genetic variations of DNA
repair genes confer a subtle alteration of the constitutive
capacity of the host cells in dealing with DNA lesions and
lead to an alteration of susceptibility to specific malignancies
or sensitivity to chemo- and radiotherapy. It is of great inter-
est whether certain genetic variations influence the predispo-
sition to and/or treatment response of AML individually or
interactively. Several previous studies have revealed associa-
tions between AML and genetic variations of certain DNA
repair genes.3–6 However, most of these studies focused on
genes encoding enzymes involved in drug metabolism such
as NQO1/2, MTHFR or GSTT1, and studies were performed
separately within patients of different ethnic origins.7 In this
study, we performed a systematic screening of 42 nonsynony-
mous variations in 15 genes functioning in DNA repair for
association with AML and therapy response in a cohort of
307 Chinese patients.

Material and Methods
Cases and controls

From March 2001 to March 2007, a total of 307 consecutive
patients with newly diagnosed AML were enrolled in this

Key words: AML, genetic variation, outcome, DNA repair
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Genetic variations of DNA repair genes and their prognostic
significance in patients with acute myeloid leukemia
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Common genetic variations in genes involved in DNA repair or response to genotoxic stress may influence both cancer

susceptibility and treatment response individually or interactively. However, in acute myeloid leukemia (AML), the relevance of

these genetic variations remains to be fully established. In this study, we analyzed 42 genetic variations among 15 candidate

genes in 307 AML patients and 560 age-sex matched controls. Their associations with chemotherapy response were further

evaluated in combination with other well-established prognostic factors. An increased risk of AML was found in individuals

heterozygous for XPD 2251A>C (rs13181) with an odds ratio (OR) of 1.637 (95% confidence interval [CI]: 1.118–2.395), and

the increased risk could be attributed to C allele (OR 5 1.505, 95% CI: 1.061–2.134). Postchemotherapy response analysis

revealed that AML patients heterozygous for ATM 4138C>T (rs3092856) or GG homozygous for TP53 215C>G (rs1042522)

were independently linked to inferior treatment outcomes. These results uncover novel prognostic factors for AML patients

treated with chemotherapy and may also indicate an etiological role of XPD in this disease.

Acute myeloid leukemia (AML) is a malignant neoplasm of
hematopoietic cells characterized by diverse clonal genetic
aberrations, ranging from gross chromosomal abnormalities

to DNA mutations. The etiological significance of DNA
lesions in the pathogenesis of AML is further upheld by epi-
demiological observations that AML, but not acute lymphoid
leukemia, is clustered among individuals with congenital
defects involving DNA repair genes (e.g., in Fanconi anemia)
or those with prior history of genotoxic chemotherapy and/
or irradiation.1,2 Certain common genetic variations of DNA
repair genes confer a subtle alteration of the constitutive
capacity of the host cells in dealing with DNA lesions and
lead to an alteration of susceptibility to specific malignancies
or sensitivity to chemo- and radiotherapy. It is of great inter-
est whether certain genetic variations influence the predispo-
sition to and/or treatment response of AML individually or
interactively. Several previous studies have revealed associa-
tions between AML and genetic variations of certain DNA
repair genes.3–6 However, most of these studies focused on
genes encoding enzymes involved in drug metabolism such
as NQO1/2, MTHFR or GSTT1, and studies were performed
separately within patients of different ethnic origins.7 In this
study, we performed a systematic screening of 42 nonsynony-
mous variations in 15 genes functioning in DNA repair for
association with AML and therapy response in a cohort of
307 Chinese patients.

Material and Methods
Cases and controls

From March 2001 to March 2007, a total of 307 consecutive
patients with newly diagnosed AML were enrolled in this

Key words: AML, genetic variation, outcome, DNA repair
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Abstract
Tobacco smoking and occupational exposures are the
main known risk factors for bladder cancer, causing
direct and indirect damage to DNA. Repair of DNA
damage is under genetic control, and DNA repair genes
may play a key role in maintaining genome integrity and
preventing cancer development. Polymorphisms in DNA
repair genes resulting in variation of DNA repair
efficiency may therefore be associated with bladder
cancer risk. A hospital-based case-control study was
conducted in Brescia, Italy, to assess the relationship
between polymorphisms in DNA repair genes XRCC1
(Arg399Gln), XRCC3 (Thr241Met), and XPD (Lys751Gln)
and bladder cancer risk. A total of 201 male incident
bladder cancer cases and 214 male controls with
urological nonneoplastic diseases were recruited and
frequency-matched on age, period, and hospital of
recruitment. Detailed information was collected using a
semistructured questionnaire on demographic, dietary,
environmental, and occupational factors. Genotypes were
determined by PCR-RFLP analysis. The XRCC3 codon
241 variant genotype exhibited a protective effect against
bladder cancer [odds ratio (OR), 0.63; 95% confidence
interval (CI), 0.42–0.93], which was prominent among
heavy smokers (OR, 0.49; 95% CI, 0.28–0.88) but not
among never and light smokers. No overall impact of the
XRCC1 codon 399 polymorphism was found (OR, 0.86;
95% CI, 0.59–1.28), but a protective influence of the
homozygous variant was suggested among heavy smokers
(OR, 0.38; 95% CI, 0.14–1.02). XPD polymorphisms did
not show an association with bladder cancer (OR, 0.92;

95% CI, 0.62–1.37). There was no statistical evidence of
an interaction between these three genetic polymorphisms
and either tobacco smoking or occupational exposure to
polycyclic aromatic hydrocarbons and aromatic amines.
The XRCC3 codon 241 polymorphism had an overall
protective effect against bladder cancer that was most
apparent among heavy smokers. Similarly, the XRCC1
codon 399 polymorphism also had a protective effect on
bladder cancer among heavy smokers. The XPD
polymorphism was not, however, associated with bladder
cancer risk.

Introduction
Bladder cancer is the most important urinary tract cancer with
an estimated 336,000 new cases diagnosed worldwide in 2000
(1). The burden of bladder cancer is high in Italy, with esti-
mated age-standardized incidence rates in 2000 of 28.0 and
5.0/100,000 for men and women, respectively (1).

Tobacco smoking is the leading determinant of bladder
cancer to which 66% male cases were attributable in Europe
(2). Tobacco smoke contains several potent chemical carcino-
gens, including PAHs,5 aromatic amines, and N-nitroso com-
pounds. Some occupational and industrial activities that involve
exposure to aromatic amines and PAHs have also been asso-
ciated with bladder cancer (3). These carcinogens may lead to
direct and indirect DNA damage (4). Different biological mech-
anisms respond to repair DNA damage and maintain genome
integrity. Variation in DNA repair capacity results in different
biological response to DNA damage and thus different suscep-
tibility to develop malignant neoplasms (5). Many DNA repair
genes have been identified: they are involved in several rare
recessive inherited DNA repair syndromes such as ataxia-
telangiectasia, Fanconi’s anemia, Bloom’s syndrome, and xe-
roderma pigmentosum, which are characterized by hypersensi-
tivity to carcinogens and high risk of cancer (6). Polymorphism
in DNA repair genes that leads to amino acid substitution may
influence the hosts’ capacity to repair DNA damage and thus
susceptibility to cancer (7). Although genetic variants of these
genes at one or more loci are likely to be associated with only
moderate changes in cancer risk, they are prevalent in the
population and may contribute to the overall population risk of
cancer.

Various types of DNA damage are repaired through mul-
tiple repair pathways in which a number of proteins play a role.
XRCC1 gene is mapped at human chromosome 19q13.2-13.3
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(8) and XRCC1 protein (Mr 70,000) is an important component
of the base excision repair pathway, which fixes base damage
and DNA single strand breaks caused by ionizing radiation and
alkylating agents. The XRCC1 protein has no known catalytic
activity but serves to orchestrate base excision repair via its role
as a central scaffolding protein physically associated with DNA
ligase III at its COOH terminus, DNA polymerase � at its NH2

terminus, human AP endonuclease, polynucleotide kinase, and
poly(ADP-ribose) polymerase, and via its function in recogniz-
ing and binding to single strand breaks (9–12). This gene was
found to restore DNA repair activity in Chinese hamster ovary
mutant EM9 cells (13). The XRCC1 codon 399 (G3A) tran-
sition is located at the COOH-terminal side of the poly(ADP-
ribose) polymerase-interacting domain within a relatively non-
conserved region between conserved residues of the BRCT
domain (10) and leads to amino acid substitution of Arg to Gln
(14). Although this polymorphism results in amino acid sub-
stitutions, there is no direct evidence on its functional conse-
quences. Two other XRCC1 polymorphisms (Arg194Trp and
Arg280His) were not included in this study because they are
infrequent in Caucasians (15).

XRCC3 participates in homologous recombination repair
of DNA double strand breaks and cross-links. It is a member of
an emerging family of Rad-51-related proteins that may take
part in homologous recombination to maintain chromosome
stability and to repair DNA damage (16). XRCC3 was shown
to interact directly with HsRad51 and, as with Rad55 and
Rad57 in yeast, may cooperate with HsRad51 during recombi-
nation repair (17). XRCC3-deficient cells were found to be
unable to form Rad51 foci after radiation damage and demon-
strated genetic instability and increased sensitivity to DNA-
damaging agents (18). The Thr241Met substitution in XRCC3 is
due to a (C3T) transition at exon 7 and is a nonconservative
change but does not reside in the ATP-binding domains, which
are the only functional domains that have been identified in the
protein at this time (14).

The XPD protein takes part in the nucleotide excision
repair pathway, which recognizes and repairs a wide range of
structurally unrelated lesions such as bulky adducts and
thymidine dimers. XPD works as an ATP-dependent
(5�33�) helicase joined to the basal TFIIH complex to
separate double helix (19). The XPD protein is necessary for
normal transcription initiation and nucleotide excision repair
(20). Mutations in the XPD gene can diminish the activity of
TFIIH complexes giving rise to repair defects, transcription
defects, and abnormal responses to apoptosis (21). The XPD
Lys751Gln substitution is attributed to a (A3C) transversion
at exon 23 (14).

Polymorphisms of DNA repair genes have been suggested
to be risk factors for various neoplasms such as cancer of the
lung, stomach, and head and neck (15). Several studies have
been conducted to assess the relationship between polymor-
phisms of several DNA repair genes and the risk of bladder
cancers (15), but the results are fairly inconsistent, and no
conclusions can be drawn at present. In this study, we hypoth-
esized that there exists an association between bladder cancer
and three genetic polymorphisms in DNA repair genes, XRCC1
(Arg399Gln), XRCC3 (Thr241Met), and XPD (Lys751Gln). To
investigate the role of polymorphisms of these three genes and
their joint effect with smoking, occupational PAHs, and aro-
matic amines exposure, we performed a hospital-based case-
control study on men in Brescia, Italy.

Materials and Methods
Study Population. This study was carried out in the Brescia
province, northern Italy, a highly industrialized area with ex-
tensive metal and mechanic industries, construction, and man-
ufacture of textiles. Although there are no obvious industrial
activities traditionally associated with an increased risk of blad-
der cancer such as rubber and dyestuffs industry, this area has
one of highest mortality rates from bladder cancer among men
in Italy and in Western Europe (22).

Eligible subjects were male residents in the province of
Brescia, ages 20–80 years. The case group comprised 216 male
incident bladder cancer patients who were admitted to the
Urology Department of two main hospitals in the province of
Brescia, where almost all incident cases in the town of Brescia
and the majority of those occurring in the province are admit-
ted. All bladder cancer diagnoses were histologically con-
firmed. Controls were 220 men admitted to the urology depart-
ments of the same hospitals, who were diagnosed with
nonneoplastic diseases, including hydronephrosis, urolithiasis,
malformative urological diseases, prostatic adenomas and hy-
pertrophia, urological traumas, orchiepididymitis, hydrocele, or
unspecified urinary symptoms. Controls were frequency
matched to cases by age (�5 years), period of recruitment, and
hospital of admission. A written informed consent describing
aims, methods, and personal responsibility for the study was
obtained from each subject, except 15 cases and 6 controls, who
refused either the interview or the blood test. The final study
population consisted of 201 cases and 214 controls. The study
period was from July 1997 through December 2000. Women
were excluded from this study because of their low incidence of
this disease and low prevalence of exposure to tobacco smoking
and occupational bladder cancer carcinogens. All study subjects
were Caucasians of Italian nationality.
Exposure Information. Cases and controls were interviewed
face-to-face during their hospitalization by three interviewers,
who were experienced in occupational medicine and aware of
the case and control’s status. A semistructured questionnaire
was developed, which included sections dedicated to sociode-
mographic status, clinical and histological data, occupational
history, dietary habits, tobacco smoking, beverages and alcohol
consumption, frequency of diuresis, total fluid consumption,
environmental PAH exposure, and leisure-time activities en-
tailing chemical exposures. Lifetime occupational history was
collected for each job that lasted for at least 1 year. Information
included job title, plant activity, type of production, exposure to
chemicals, with detailed description of workplaces and job
tasks, as well as the use of personal protective devices in the
workplace. Job titles and plant activities were coded according
to the “International Standard Classification of Occupation”
and “International Standard Classification of All Industrial Ac-
tivities.” For each specific job title, exposure to PAHs and
aromatic amines was assessed by an expert in occupational
medicine and industrial hygiene who was blind to case/control
status. Exposure was classified as absent, possible, ,probable or
definite. In the case of exposure, level and frequency of expo-
sure were classified on a three-category scale, and mode of
exposure was also classified as respiratory or dermal according
to the methodology described in previous studies (23, 24). The
average duration of an interview was �1.5 h.
Laboratory Analysis. During hospitalization, an aliquot
(20–25 ml) of venous blood was drawn from each subject and
sent to a local laboratory for centrifugation and cell extraction.
WBC samples were shipped to IARC for genotype identifica-
tion.
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Bladder Cancer Predisposition: A Multigenic Approach to DNA-Repair
and Cell-Cycle–Control Genes
Xifeng Wu,1 Jian Gu,1 H. Barton Grossman,2 Christopher I. Amos,1 Carol Etzel,1
Maosheng Huang,1 Qing Zhang,1 Randal E. Millikan,3 Seth Lerner,4 Colin P. Dinney,2 and
Margaret R. Spitz1

Departments of 1Epidemiology, 2Urology, and 3Genitourinary-Medical Oncology, University of Texas M. D. Anderson Cancer Center, and
4Scott Department of Urology, Baylor College of Medicine, Houston

The candidate-gene approach in association studies of polygenic diseases has often yielded conflicting results. In
this hospital-based case-control study with 696 white patients newly diagnosed with bladder cancer and 629
unaffected white controls, we applied a multigenic approach to examine the associations with bladder cancer risk
of a comprehensive panel of 44 selected polymorphisms in two pathways, DNA repair and cell-cycle control, and
to evaluate higher-order gene-gene interactions, using classification and regression tree (CART) analysis. Individually,
only XPD Asp312Asn, RAG1 Lys820Arg, and a p53 intronic SNP exhibited statistically significant main effects.
However, we found a significant gene-dosage effect for increasing numbers of potential high-risk alleles in DNA-
repair and cell-cycle pathways separately and combined. For the nucleotide-excision repair pathway, compared with
the referent group (fewer than four adverse alleles), individuals with four (odds ratio [OR] p 1.52, 95% CI 1.05–
2.20), five to six (OR p 1.81, 95% CI 1.31–2.50), and seven or more adverse alleles (OR p 2.50, 95% CI 1.69–
3.70) had increasingly elevated risks of bladder cancer (P for trend !.001). Each additional adverse allele was
associated with a 1.21-fold increase in risk (95% CI 1.12–1.29). For the combined analysis of DNA-repair and
cell-cycle SNPs, compared with the referent group (!13 adverse alleles), the ORs for individuals with 13–15, 16–
17, and �18 adverse alleles were 1.22 (95% CI 0.84–1.76), 1.57 (95% CI 1.05–2.35), and 1.77 (95% CI 1.19–
2.63), respectively (P for trend p .002). Each additional high-risk allele was associated with a 1.07-fold significant
increase in risk. In addition, we found that smoking had a significant multiplicative interaction with SNPs in the
combined DNA-repair and cell-cycle–control pathways ( ). All genetic effects were evident only in “everP ! .01
smokers” (persons who had smoked �100 cigarettes) and not in “never smokers.” A cross-validation statistical
method developed in this study confirmed the above observations. CART analysis revealed potential higher-order
gene-gene and gene-smoking interactions and categorized a few higher-risk subgroups for bladder cancer. Moreover,
subgroups identified with higher cancer risk also exhibited higher levels of induced genetic damage than did
subgroups with lower risk. There was a significant trend of higher numbers of bleomycin- and benzo[a]pyrene
diol-epoxide (BPDE)–induced chromatid breaks (by mutagen-sensitivity assay) and DNA damage (by comet assay)
for individuals in higher-risk subgroups among cases of bladder cancer in smokers. The P for the trend was .0348
for bleomycin-induced chromosome breaks, .0036 for BPDE-induced chromosome breaks, and .0397 for BPDE-
induced DNA damage, indicating that these higher-order gene-gene and gene-smoking interactions included SNPs
that modulated repair and resulted in diminished DNA-repair capacity. Thus, genotype/phenotype analyses support
findings from CART analyses. This is the first comprehensive study to use a multigenic analysis for bladder cancer,
and the data suggest that individuals with a higher number of genetic variations in DNA-repair and cell-cycle–
control genes are at an increased risk for bladder cancer, confirming the importance of taking a multigenic pathway-
based approach to risk assessment.
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The candidate-gene approach is hypothesis driven, uses
a priori knowledge of SNP and gene functions, and has
yielded sometimes informative but often conflicting data
in cancer association studies. In many studies where a
significant association is reported, the odds ratios (ORs)
for individual variants are !2 (Goode et al. 2002; Neu-
mann et al. 2005). There are innumerable instances in
which association studies have been unable to replicate

an initial positive candidate-gene finding. Among the
reasons for this lack of replication are small sample size,
inadequate statistical methods, and failure to evaluate
the effect of multiple pathophysiologically related genes
(Horne et al. 2005). The low risk conferred by an in-
dividual polymorphism is not surprising, given that car-
cinogenesis is usually a multistep, multigenic process,
and it is unlikely that any one single genetic polymor-
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phism would have a dramatic effect on cancer risk.
Therefore, single-gene studies are likely to provide lim-
ited value in predicting risk. A pathway-based genotyp-
ing approach, which assesses the combined effects of a
panel of polymorphisms that interact in the same path-
way, may amplify the effects of individual polymor-
phisms and enhance the predictive power. Several recent
small-scale multigenic studies provide evidence of the
promising potential of applying such a pathway-based
multigenic approach in association studies (Han et al.
2004; Popanda et al. 2004; Cheng et al. 2005; Gu et al.
2005). In this article, we use bladder cancer as the cancer
prototype and focus on two relevant physiologic path-
ways, DNA repair and cell-cycle control, to illustrate
our theme.

Bladder cancer is the malignancy with the fifth highest
incidence in the United States, with ∼63,210 new cases
in 2005 (Jemal et al. 2005). Cigarette smoking is the
predominant risk factor and is estimated to be respon-
sible for half the cases in men and for a third in women.
Occupational exposure to carcinogens is the second ma-
jor risk factor. Despite the overwhelming evidence that
most bladder cancers are attributable in part to envi-
ronmental carcinogenic exposures, only a fraction of ex-
posed individuals actually develop bladder cancer, and
the working hypothesis is that there are also predispos-
ing genetic factors (Shields and Harris 2000; Wu et al.
2004).

DNA damage repair and cell-cycle checkpoints are
two primary defense mechanisms against mutagenic ex-
posures. There are four major DNA-repair pathways in
human cells: mismatch repair, nucleotide-excision repair
(NER), base-excision repair (BER), and double-strand–
break (DSB) repair (Christmann et al. 2003). The NER
pathway mainly removes bulky DNA adducts typically
generated from exposure to polycyclic aromatic hydro-
carbons in tobacco smoke. The BER pathway is re-
sponsible for removal of oxidized DNA bases that may
arise endogenously or from exogenous agents. The DSB
pathway is responsible for repairing double-strand
breaks caused by a variety of exposures, including ion-
izing radiation, free radicals, and telomere dysfunction.
There are two distinct and complementary pathways for
DSB repair—namely, homologous recombination (HR)
and nonhomologous end joining (NHEJ). Cell-cycle
checkpoints are regulatory pathways that control the
order and timing of cell-cycle transitions to ensure the
fidelity of critical events such as DNA replication and
chromosome segregation (Elledge 1996). Cells may be
arrested at any of the checkpoints, temporarily halting
the cell cycle and allowing DNA repair to be completed.
Checkpoint loss and perturbation of cell-cycle control
results in genomic instability and is a hallmark of cancer,
as evidenced by the frequent inactivation of cell-cycle–

control genes, including p53, p16, and Rb, in various
cancers (Hanahan and Weinberg 2000).

There is considerable interindividual variation in
DNA-repair capacity (DRC) and strong evidence that
reduced DRC is associated with increased cancer risk
(Berwick and Vineis 2000; Spitz et al. 2003; Wu et al.
2004). Polymorphisms in DNA-repair genes are hy-
pothesized to be a contributor to this individual DRC
variation (Mohrenweiser et al. 2003). There have been
numerous studies, often with conflicting results, assess-
ing the associations of polymorphisms in DNA-repair
and cell-cycle genes with cancer risk on the basis of the
hypothesis that individuals with “adverse” genotypes
that result in reduced DRC or perturbed cell-cycle con-
trol are at a higher risk of developing cancer than the
general population (Goode et al. 2002; Wu et al. 2004;
Neumann et al. 2005).

In this study, we applied a pathway-based multigenic
approach to examine the associations of a comprehen-
sive panel of polymorphisms in DNA-repair and cell-
cycle genes with bladder cancer risk. We selected 13
SNPs from the NER pathway, 8 SNPs from the BER
pathway, 8 SNPs from the HR pathway, 5 SNPs from
the NHEJ pathway, and 10 SNPs from the cell-cycle–
control pathway. The majority of these SNPs were se-
lected from published association studies, and a few were
chosen from dbSNP on the basis of their location (pro-
moter or coding regions) and minor-allele frequencies
(15%). To our knowledge, this is the largest multigenic
cancer association study reported. We examined the
combined effects of the minor alleles and evaluated
higher-order gene-gene interactions, using several statis-
tical models. In addition, we used two functional assays
assessing genetic instability to determine genotype-phe-
notype correlations, in an attempt to validate our an-
alytic approach. This pathway-based multigenic ap-
proach may provide a refinement of epidemiologic
profiles associated with risk.

Material and Methods

Study Subjects

This study included patients with newly diagnosed bladder
cancer and age-, gender-, and ethnicity-matched control sub-
jects. The cases were enrolled at The University of Texas M.
D. Anderson Cancer Center and the Scott Department of Urol-
ogy at Baylor College of Medicine between 1999 and 2003.
All patients had histopathologically confirmed bladder cancer,
and none had received chemotherapy or radiation before en-
rollment. The control subjects were healthy individuals with
no prior history of cancer (except nonmelanoma skin cancer)
who were recruited from Kelsey Seybold, the largest multis-
pecialty, managed-care physician group in the Houston met-
ropolitan area. We also excluded control subjects with chronic
urinary tract disease, obstructive airway disease, and diabetes.
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XRCC1, but not APE1 and hOGG1 gene polymorphisms is a risk
factor for pterygium

Pei-Liang Chen,1,2 Kun-Tu Yeh,3 Yi-Yu Tsai,4 Hank Koeh,5 Yu-Ling Liu,6 Huei Lee,7,8 Ya-Wen Cheng2,9
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7Institute of Medical Molecular Toxicology, Chung Shan Medical University, Taichung, Taiwan; 8Division of Environmental Health
and Occupational Medicine, National Health Research Institutes, Zhunan, Miaoli County, Taiwan, ROC; 9Department of Medical
Research, Chung Shan Medical University Hospital, Taichung, Taiwan

Purpose: Epidemiological evidence suggests that UV irradiation plays an important role in pterygium pathogenesis. UV
irradiation can produce a wide range of DNA damage. The base excision repair (BER) pathway is considered the most
important pathway involved in the repair of radiation-induced DNA damage. Based on previous studies, single-nucleotide
polymorphisms (SNPs) in 8-oxoguanine glycosylase-1 (OGG1), X-ray repair cross-complementing-1 (XRCC1), and AP-
endonuclease-1 (APE1) genes in the BER pathway have been found to affect the individual sensitivity to radiation exposure
and induction of DNA damage. Therefore, we hypothesize that the genetic polymorphisms of these repair genes increase
the risk of pterygium.
Methods: XRCC1, APE1, and hOGG1 polymorphisms were studied using fluorescence-labeled Taq Man probes on 83
pterygial specimens and 206 normal controls.
Results: There was a significant difference between the case and control groups in the XRCC1 genotype (p=0.038) but
not in hOGG1 (p=0.383) and APE1 (p=0.898). The odds ratio of the XRCC1 A/G polymorphism was 2.592 (95%
CI=1.225–5.484, p=0.013) and the G/G polymorphism was 1.212 (95% CI=0.914–1.607), compared to the A/A wild-type
genotype. Moreover, individuals who carried at least one C-allele (A/G and G/G) had a 1.710 fold increased risk of
developing pterygium compared to those who carried the A/A wild type genotype (OR=1.710; 95% CI: 1.015–2.882,
p=0.044). The hOGG1 and APE1 polymorphisms did not have an increased odds ratio compared with the wild type.
Conclusions: XRCC1 (Arg399 Glu) is correlated with pterygium and might become a potential marker for the prediction
of pterygium susceptibility.

Pterygium is a chronic condition characterized by the
encroachment of a fleshy triangle of conjunctival tissue into
the cornea. The pathogenesis of pterygium is under
investigation and several factors including ultraviolet
radiation, immunoinflammatory process, virus infection, and
genetic factors have been reported to be related to pterygial
formation [1]. Epidemiological evidence suggests that UV
irradiation plays an important role [1-3]. The noxious effects
of UV irradiation are either directly by UV phototoxic effects
or indirectly by formation of radical oxygen species (ROS)
[4-6].

ROS are very harmful to cells because they injure cellular
DNA, proteins, and lipids (called oxidative stress) [4-7].
Among the numerous types of oxidative DNA damage, 8-
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Taiwan, ROC; Phone: 886-4-24730022 ext.11605; FAX:
886-4-24723229; email: yawen@csmu.edu.tw

hydroxydeoxyguanosine (8-OHdG) has received
considerable attention because of its demonstrated mutagenic
potential and it is a ubiquitous marker of oxidative stress [7,
8].

The base excision repair (BER) pathway is considered an
important pathway involved in repair of radiation-induced
DNA damage [9-11]. In particular, common single-nucleotide
polymorphisms (SNPs) in the 8-oxoguanine glycosylase-1
(OGG1), X-ray repair cross-complementing-1 (XRCC1), and
the apyrimidinic endonuclease-endonuclease-1 (APE1) genes
in the BER pathway have been the most extensively studied
for their influences in the individual sensitivity to radiation
exposure and induction of DNA damage [12-18].

Polymorphisms in human 8-oxoguanine glycosylase 1
(hOGG1) may alter glycosylase function and an individual’s
ability to repair damaged DNA, possibly resulting in genetic
instability that can foster carcinogenesis. An amino acid
change from serine to cysteine at codon 326 (Ser326Cys) is
the most frequently studied SNP. Kohno et al. [19] observed
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Purpose: Epidemiological evidence suggests that UV irradiation plays an important role in pterygium pathogenesis. UV
irradiation can produce a wide range of DNA damage. The base excision repair (BER) pathway is considered the most
important pathway involved in the repair of radiation-induced DNA damage. Based on previous studies, single-nucleotide
polymorphisms (SNPs) in 8-oxoguanine glycosylase-1 (OGG1), X-ray repair cross-complementing-1 (XRCC1), and AP-
endonuclease-1 (APE1) genes in the BER pathway have been found to affect the individual sensitivity to radiation exposure
and induction of DNA damage. Therefore, we hypothesize that the genetic polymorphisms of these repair genes increase
the risk of pterygium.
Methods: XRCC1, APE1, and hOGG1 polymorphisms were studied using fluorescence-labeled Taq Man probes on 83
pterygial specimens and 206 normal controls.
Results: There was a significant difference between the case and control groups in the XRCC1 genotype (p=0.038) but
not in hOGG1 (p=0.383) and APE1 (p=0.898). The odds ratio of the XRCC1 A/G polymorphism was 2.592 (95%
CI=1.225–5.484, p=0.013) and the G/G polymorphism was 1.212 (95% CI=0.914–1.607), compared to the A/A wild-type
genotype. Moreover, individuals who carried at least one C-allele (A/G and G/G) had a 1.710 fold increased risk of
developing pterygium compared to those who carried the A/A wild type genotype (OR=1.710; 95% CI: 1.015–2.882,
p=0.044). The hOGG1 and APE1 polymorphisms did not have an increased odds ratio compared with the wild type.
Conclusions: XRCC1 (Arg399 Glu) is correlated with pterygium and might become a potential marker for the prediction
of pterygium susceptibility.

Pterygium is a chronic condition characterized by the
encroachment of a fleshy triangle of conjunctival tissue into
the cornea. The pathogenesis of pterygium is under
investigation and several factors including ultraviolet
radiation, immunoinflammatory process, virus infection, and
genetic factors have been reported to be related to pterygial
formation [1]. Epidemiological evidence suggests that UV
irradiation plays an important role [1-3]. The noxious effects
of UV irradiation are either directly by UV phototoxic effects
or indirectly by formation of radical oxygen species (ROS)
[4-6].

ROS are very harmful to cells because they injure cellular
DNA, proteins, and lipids (called oxidative stress) [4-7].
Among the numerous types of oxidative DNA damage, 8-
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hydroxydeoxyguanosine (8-OHdG) has received
considerable attention because of its demonstrated mutagenic
potential and it is a ubiquitous marker of oxidative stress [7,
8].

The base excision repair (BER) pathway is considered an
important pathway involved in repair of radiation-induced
DNA damage [9-11]. In particular, common single-nucleotide
polymorphisms (SNPs) in the 8-oxoguanine glycosylase-1
(OGG1), X-ray repair cross-complementing-1 (XRCC1), and
the apyrimidinic endonuclease-endonuclease-1 (APE1) genes
in the BER pathway have been the most extensively studied
for their influences in the individual sensitivity to radiation
exposure and induction of DNA damage [12-18].

Polymorphisms in human 8-oxoguanine glycosylase 1
(hOGG1) may alter glycosylase function and an individual’s
ability to repair damaged DNA, possibly resulting in genetic
instability that can foster carcinogenesis. An amino acid
change from serine to cysteine at codon 326 (Ser326Cys) is
the most frequently studied SNP. Kohno et al. [19] observed
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a significantly lower capacity to repair 8-OHdG for the
hOGG1-Cys326 protein than for the hOGG1-Ser326 protein.

Apurinic/apyrimidinic endonuclease/redox
factor-1(APE1/Ref-1) is an essential enzyme in the BER
pathway involved in the excision of abasic sites formed in
DNA cleavage by OGG1. Several sequence variants were
identified in APE1, including an amino acid change from
aspartic acid to glutamic acid (Asp148Glu) in exon 5 that may
be associated with hypersensitivity to ionizing radiation [12].

X-ray cross-complementing group 1 (XRCC1) is one of
the major DNA repair proteins involved in the base excision
repair pathway. A functional polymorphism in the XRCC1
gene may lead to decreased DNA repair capacity and thus
confer an inherited predisposition to cancer risk. Several
variants of XRCC1 have been described, including one
affecting codon 194 in exon 6 that results in an arginine (Arg)
to tryptophan (Trp) substitution and one affecting codon 399
in exon 10 that results in an arginine (Arg) to glutamine (Gln)
change. Arg399Gln occurs in the vicinity of the Poly-ADP
ribose polymerase (PARP) binding domain. The presence of
the variant 399Gln has been shown to be associated with
measurable reduced DNA repair capacity and increased risk
of several types of cancers [12-14].

Recently, researchers have begun to use single nucleotide
polymorphisms (SNPs) to identify the genes associated with
pterygium [20-23]. Single nucleotide polymorphisms are the
most abundant types of DNA sequence variation in the human
genome, and the SNP marker has provided a good method for
identification of complex gene-associated diseases and
recognition of patients predisposing to the diseases [24,25].

Therefore, the aim of this study was to determine the
relationship between XRCC1 (Arg399Gln), hOGG1
(Ser326Cys), and APE1 (Asp148Glu) SNPs and pterygium.

METHODS
Patients: Primary pterygial samples were harvested from 83
patients undergoing pterygium surgery at China Medical
University Hospital and other institutions. Control blood
samples were the hospital controls collected from patients
without pterygium and pinguecula. This study was performed
with the approval of the Human Study Committee at China
Medical University Hospital.
Genomic DNA of blood samples from pterygium patients and
controls: Pterygium tissues from patients and venous blood
samples from controls were obtained for the collection of
genomic DNA. The blood cells were isolated by the Ficoll-
Paque method. Frozen tissues were homogenized in 10 mM
Tris, 0.1 M NaCl, 25 mM EDTA (pH 8.0), and 0.5% SDS on
ice. The aqueous supernatant was incubated with RNase A
and RNase T1 (250 mg/ ml; Sigma Chemical Co., St. Louis,
MO) at 37 °C for 60 min, followed by proteinase K digestion
(10 mg/ml; Merck, Darmstadt, Germany) at 55 °C for 12 h.
The supernatant was extracted twice with phenol:chloroform:

isoamyl alcohol (25:24:1, v/v/v). Then, sodium acetate (0.3
M final concentration) was added to the aqueous supernatant.
DNA was precipitated with ethanol and dissolved in water.
XRCC1 (Arg399Gln), OGG1 (Ser326Cys), and APE1
(Asp148Glu) SNP analysis: The XRCC1 Arg399Gln
(rs25487), hOGG1 Ser326Cys (rs1052133), and APE1
Asp148Glu (rs3136820) polymorphisms were genotyped
using TaqMan allelic discrimination assays (Applied
Biosystems, Foster City, CA). Probes, primers and TaqMan
universal PCR master mix were purchased from ABI. Briefly,
the genomic DNA region containing one of the two SNPs was
amplified separately using a PCR reaction. Each PCR reaction
contained: 20.0 ng DNA, 12.5 μl TaqMan Universal PCR
Master Mix, 1.25 μl 20× TaqMan SNP Genotyping Assay Mix
(including sequence-specific forward and reverse primers and
two TaqMan MGB probes: one probe labeled with VIC- dye
detects the Allele 1 sequence, one probe labeled with FAMTM

dye detects the Allele 2 sequence), and 9.25 μl ultrapure water
in a 25 μl reaction volume. Reactions were incubated at 95 °C
for 10 min, then denatured at 92 °C for 30 s, annealed and
extended at 60 °C for 1 min. The last two procedures went
through the cycle 40 times. The final products were analyzed
on an ABI StepOne system.
Statistical analysis: Statistical analysis of frequency
distributions was done by the χ2 test, and the correlations
between various genotypes of XRCC1, hOGG1, and APE1 of
case and control groups were analyzed by statistical software
SPSS 10.0 (SPSS, Chicago, IL). Adjusted odd ratios (ORs)
and a 95% confidence interval (95% CI) on pterygium were
evaluated for various factors using a multiple logistic
regression model.

RESULTS
There were 50 males and 33 females in the pterygium group
(age range from 50 to 83 years, mean of 57 years) and 126
males and 80 females in the control group (age range from 55
to 75 years, mean of 62 years). There were no significant
differences between both groups in age and sex.

Relationship of XRCC1 but not APE1 and hOGG1 gene
polymorphisms and pterygium: To verify the association of
risk and the genetic change in the base excision repair (BER)
pathway in pterygium development, the polymorphisms of
XRCC1, APE1, and hOGG1 in the pterygium and control
groups were analyzed. The results of the genotypes of XRCC1
(Arg399Gln), hOGG1 (Ser326Cys), and APE1 (Asp148Glu)
in the pterygium and control groups are shown in Table 1. The
analysis of the polymorphisms located at XRCC1 codon 399
in pterygium showed that 31 (37.3%) were homozygous for
the A/A genotype, 17 (20.5%) were homozygous for the G/G
genotype, and 35 (42.2%) were heterozygous for the A/G
genotype. There was a significant difference between the case
and control groups in the XRCC1 genotype (p=0.038).
However, no clear patterns were observed between the

Molecular Vision 2010; 16:991-996 <http://www.molvis.org/molvis/v16/a109> © 2010 Molecular Vision
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Nucleotide excision repair 

Nucleotide excision repair is a DNA repair mechanism. DNA constantly requires repair due to 

damage that can occur to bases from a vast variety of sources including chemicals but also 

ultraviolet (UV) light from the sun. Nucleotide excision repair (NER) is a particularly important 

mechanism by which the cell can prevent unwanted mutations by removing the vast majority of 

UV-induced DNA damage (mostly in the form of thymine dimers and 6-4-photoproducts). The 

importance of this repair mechanism is evidenced by the severe human diseases that result from 

in-born genetic mutations of NER proteins including Xeroderma pigmentosum and Cockayne's 

syndrome. While the base excision repair machinery can recognize specific lesions in the DNA 

and can correct only damaged bases that can be removed by a specific glycosylase, the 

nucleotide excision repair enzymes recognize bulky distortions in the shape of the DNA double 

helix. Recognition of these distortions leads to the removal of a short single-stranded DNA 

segment that includes the lesion, creating a single-strand gap in the DNA, which is subsequently 

filled in by DNA polymerase, which uses the undamaged strand as a template. NER can be 

divided into two subpathways (Global genomic NER and Transcription coupled NER) that differ 

only in their recognition of helix-distorting DNA damage.  

 

Uvr Proteins 

The process of nucleotide excision repair is controlled in E. coli by the UvrABC endonuclease 

enzyme complex, which consists of four Uvr proteins: UvrA, UvrB, UvrC, and DNA helicase II 

(sometimes also known as UvrD in this complex). First, a UvrA-UvrB complex scans the DNA, 

with the UvrA subunit recognizing distortions in the helix, caused for example by thymine 

dimers and other cyclobutyl dimers. When the complex recognizes such a distortion, UvrA exits 

and UvrB melts the base pairs between the two DNA strands. UvrB then recruits UvrC, which 

incises the DNA 8 nucleotides away from the distortion on the 5’ end and 4 nucleotides away on 

the 3’ end, creating a 12-nucleotide long single-stranded DNA that is excised with the help of the 

DNA helicase II. The resultant gap is then filled in using DNA polymerase I and DNA ligase. 

The basic excision process is very similar in higher cells, but these cells usually involve many 

more proteins – the E.coli example was merely used as a simple example.  

Nucleotide Excision Repair in Eukaryotes 

Nucleotide excision repair has more complexity in eukaryotes. But the general principles upon 

which it operates are similar. There are 9 major proteins involved in NER in mammalian cells 

and their names come from the diseases associated with the deficiencies in those proteins. 
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Nucleotide excision repair 

Nucleotide excision repair is a DNA repair mechanism. DNA constantly requires repair due to 

damage that can occur to bases from a vast variety of sources including chemicals but also 

ultraviolet (UV) light from the sun. Nucleotide excision repair (NER) is a particularly important 

mechanism by which the cell can prevent unwanted mutations by removing the vast majority of 

UV-induced DNA damage (mostly in the form of thymine dimers and 6-4-photoproducts). The 

importance of this repair mechanism is evidenced by the severe human diseases that result from 

in-born genetic mutations of NER proteins including Xeroderma pigmentosum and Cockayne's 

syndrome. While the base excision repair machinery can recognize specific lesions in the DNA 

and can correct only damaged bases that can be removed by a specific glycosylase, the 

nucleotide excision repair enzymes recognize bulky distortions in the shape of the DNA double 

helix. Recognition of these distortions leads to the removal of a short single-stranded DNA 

segment that includes the lesion, creating a single-strand gap in the DNA, which is subsequently 

filled in by DNA polymerase, which uses the undamaged strand as a template. NER can be 

divided into two subpathways (Global genomic NER and Transcription coupled NER) that differ 

only in their recognition of helix-distorting DNA damage.  

 

Uvr Proteins 

The process of nucleotide excision repair is controlled in E. coli by the UvrABC endonuclease 

enzyme complex, which consists of four Uvr proteins: UvrA, UvrB, UvrC, and DNA helicase II 

(sometimes also known as UvrD in this complex). First, a UvrA-UvrB complex scans the DNA, 

with the UvrA subunit recognizing distortions in the helix, caused for example by thymine 

dimers and other cyclobutyl dimers. When the complex recognizes such a distortion, UvrA exits 

and UvrB melts the base pairs between the two DNA strands. UvrB then recruits UvrC, which 

incises the DNA 8 nucleotides away from the distortion on the 5’ end and 4 nucleotides away on 

the 3’ end, creating a 12-nucleotide long single-stranded DNA that is excised with the help of the 

DNA helicase II. The resultant gap is then filled in using DNA polymerase I and DNA ligase. 

The basic excision process is very similar in higher cells, but these cells usually involve many 

more proteins – the E.coli example was merely used as a simple example.  

Nucleotide Excision Repair in Eukaryotes 

Nucleotide excision repair has more complexity in eukaryotes. But the general principles upon 

which it operates are similar. There are 9 major proteins involved in NER in mammalian cells 

and their names come from the diseases associated with the deficiencies in those proteins. 
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3.2 NUCLEOTIDE EXCISION REPAIR AND CROSSLINK REPAIR 

 

Processes like the hydrolytic deamination of cytosine or the oxidation of guanine lead to altered bases with an 

increased potential for mispairing. However, neither change interferes principally with DNA replication or transcription. 

This is different for some other types of damage inflicted on DNA. Ultraviolet radiation (UV) causes chemical 

reactions in DNA. UV radiation with wavelengths in the absorption maximum of DNA cannot penetrate into the body 

(—>12.1), but the UVB range from 280-320 nm can and just reaches into the absorption spectrum of DNA. This type 

of UV induces mainly reactions between adjacent pyrimidine bases such as thymine- thymine cyclobutane dimers 

and thymine-cytosine (or cytosine-cytosine) 6-4 photoproducts (Figure 3.5). These intra-strand dimers present 

obstacles to transcription and replication of DNA. 

  

Figure 3.5 Pyrimidine base reactions induced by UV irradiation 

 

Likewise, chemical reactions of endogenous compounds and activated chemical carcinogens can lead to modified 

bases that are too bulky to fit into a double helix and cannot be recognized by polymerases. Adducts of aflatoxin or 

benzopyrene at guanines are important examples (Figure 3.6). Even proteins can become covalently linked to DNA 

bases. Transcription and replication are also prevented, when opposite DNA strands in the double helix are 

crosslinked. This is exploited in cancer therapy by compounds like cis-platinum and mitomycin C (^22.2). 

 

Figure 3.6 Reactions of chemical carcinogens with guanosine 

 

Photoproducts and bulky adducts are removed by nucleotide excision repair (NER). Two interlinked systems are 

known in man, called 'global-genome' and 'transcription-coupled' repair. Transcription-coupled repair is more rapid, 

but is restricted to regions of the genome transcribed by RNA polymerase II. When the transcription polymerase 

encounters a bulky adduct or a cyclobutane photoproduct that prevents further progress, it activates repair through its 

associated TFIIH complex. This complex contains «10 proteins, including Cyclin H. This cyclin regulates kinases that 

normally phosphorylate and activate Polll, but also the DNA helicases XPB and XPD (also known as ERCC2 and 

ERCC3) which are involved in NER. The complex successively binds the CSB and CSA proteins which start the 

actual repair sequence (Figure 3.7). 

The actual repair mechanism appears to be identical in transcription-coupled and in global-genome repair. However, 

recognition of lesions in global-genome repair does not involve the RNA polymerase, but is performed by the XPC 

and HHR23 proteins. It does also not require the CSA and CSB proteins. Global-genome repair is slower than 

transcription-coupled repair and has a broader specificity. Following lesion recognition, however, both repair systems 

use TFIIH components such as XPB and XPD, as well as the single-strand binding protein RPA and the XPA protein 

to fully unwind and mark the lesion in an ATP-dependent manner. The damaged segment of DNA is excised as a 18-

24 nt single strand through 5'-incision by the ERCC1/XPF endonuclease and 3'-incision by the XPG (also ERCC5) 
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3.2 NUCLEOTIDE EXCISION REPAIR AND CROSSLINK REPAIR 

 

Processes like the hydrolytic deamination of cytosine or the oxidation of guanine lead to altered bases with an 

increased potential for mispairing. However, neither change interferes principally with DNA replication or transcription. 

This is different for some other types of damage inflicted on DNA. Ultraviolet radiation (UV) causes chemical 

reactions in DNA. UV radiation with wavelengths in the absorption maximum of DNA cannot penetrate into the body 

(—>12.1), but the UVB range from 280-320 nm can and just reaches into the absorption spectrum of DNA. This type 

of UV induces mainly reactions between adjacent pyrimidine bases such as thymine- thymine cyclobutane dimers 

and thymine-cytosine (or cytosine-cytosine) 6-4 photoproducts (Figure 3.5). These intra-strand dimers present 

obstacles to transcription and replication of DNA. 

  

Figure 3.5 Pyrimidine base reactions induced by UV irradiation 

 

Likewise, chemical reactions of endogenous compounds and activated chemical carcinogens can lead to modified 

bases that are too bulky to fit into a double helix and cannot be recognized by polymerases. Adducts of aflatoxin or 

benzopyrene at guanines are important examples (Figure 3.6). Even proteins can become covalently linked to DNA 

bases. Transcription and replication are also prevented, when opposite DNA strands in the double helix are 

crosslinked. This is exploited in cancer therapy by compounds like cis-platinum and mitomycin C (^22.2). 

 

Figure 3.6 Reactions of chemical carcinogens with guanosine 

 

Photoproducts and bulky adducts are removed by nucleotide excision repair (NER). Two interlinked systems are 

known in man, called 'global-genome' and 'transcription-coupled' repair. Transcription-coupled repair is more rapid, 

but is restricted to regions of the genome transcribed by RNA polymerase II. When the transcription polymerase 

encounters a bulky adduct or a cyclobutane photoproduct that prevents further progress, it activates repair through its 

associated TFIIH complex. This complex contains «10 proteins, including Cyclin H. This cyclin regulates kinases that 

normally phosphorylate and activate Polll, but also the DNA helicases XPB and XPD (also known as ERCC2 and 

ERCC3) which are involved in NER. The complex successively binds the CSB and CSA proteins which start the 

actual repair sequence (Figure 3.7). 

The actual repair mechanism appears to be identical in transcription-coupled and in global-genome repair. However, 

recognition of lesions in global-genome repair does not involve the RNA polymerase, but is performed by the XPC 

and HHR23 proteins. It does also not require the CSA and CSB proteins. Global-genome repair is slower than 

transcription-coupled repair and has a broader specificity. Following lesion recognition, however, both repair systems 

use TFIIH components such as XPB and XPD, as well as the single-strand binding protein RPA and the XPA protein 

to fully unwind and mark the lesion in an ATP-dependent manner. The damaged segment of DNA is excised as a 18-

24 nt single strand through 5'-incision by the ERCC1/XPF endonuclease and 3'-incision by the XPG (also ERCC5) 
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endonuclease. The DNA gap is filled by DNA polymerases 5 or e supported by PCNA and RFC and sealed by a DNA 

ligase, presumably DNA ligase I. 

independent of nucleotide excision repair, photoproducts and other lesions encountered by the replisome can be 

bypassed through 'translesional repair' which makes use of DNA polymerase "q, a more robust enzyme: It it capable 

of replicating 

  

Figure 3.7 Nucleotide excision repair Nucleotide excision repair, e.g. of base dimers induced by UVB, can be 

performed by the convergent global genome (left) and transcription-coupled (right) pathways. See text for details. 

 

DNA with very different types of damage, but at the price of a higher error rate than during replication by standard 

polymerases like Pol 5. Mutations in genes involved in nucleotide excision repair underlie the diseases xeroderma 

pigmentosum, Cockayne syndrome, and trichothiodistrophy. These rare diseases are inherited in a recessive fashion. 

Patients with Cockayne syndrome and trichothiodistrophy suffer from growth defects and progressive mental 

retardation. Specific and less specific skin defects are apparent, in particular scaly skin (ichthyosis) and brittle hair 

and nails which are diagnostic for trichothiodistrophy. The patients do not seem to be particularly prone to cancers, 

but show some symptoms of premature aging (^7.4) and their life expectancy is diminished. In contrast, patients with 

xeroderma pigmentosum usually do not display growth defects and mental retardation, except for those in a subgroup 

overlapping with Cockayne syndrome. Instead, they suffer from extreme photosensitivity of the skin, with abnormal 

pigmentation. UV-exposed parts of the eyes are also subject to damage. The main clinical problem in these patients 

is a huge increase in skin cancer risk, estimated as «2000-fold. Almost all xeroderma pigmentosum patients develop 

multiple skin cancers in sun-exposed areas before the age of 30, and often already during their first decade of life. All 

types of skin cancers are increased, basal cell carcinoma, squamous carcinoma, and melanoma (^12). Other cancer 

types may also occur at an increased frequency. Typical Cockayne syndrome is caused by homozygous mutations in 

the CSA or CSB genes (hence the designation CS). Xeroderma pigmentosum is caused by mutations in XPA - XPG 

genes (now officially called ERCC genes), and likely in others. Some remain unidentified, but mutations in the gene 

encoding DNA polymerase ^ are responsible for a subgroup of the disease, XP-V. The very rare trichothiodistrophy 

syndrome is sometimes caused by mutations in a specific gene (TTD-A), but more often by certain mutations in XPB 

or XPD. Specific XPD mutations also account for most cases of combined xeroderma pigmentosum/Cockayne 

syndrome. A simplified explanation for these relationships is illustrated in Figure 3.8. Mutations in Cockayne 

syndrome cause defects specifically in transcription-coupled repair which impair growth in general and the function of 

specific tissues such as the brain, since they diminish the efficiency of transcription. Apparently, other repair systems 

including global-genome repair are not fast enough to prevent this, but remove DNA damage eventually, at least 

preventing a large increase in cancer risk. In contrast, most defects in XP genes will compromise transcription-

coupled as well as global-genome repair leading, in particular, to an increased sensitivity towards UV in exposed 

tissues. In the case of XPC, the defect is restricted to global-genome repair, with transcription-coupled repair 

apparently intact. It is not entirely clear, why defects in other XP genes do not regularly lead to impaired growth and 

neuronal degeneration. Neither is it obvious, why different mutations in the XPB and XPD genes lead to very 

different, in some respects even complementary phenotypes such as trichothiodistrophy and xeroderma 

pigmentosum. Crosslinks between DNA strands are a still more severe impediment to transcription and DNA 

replication. Their repair is often only possible by sacrificing a fragment of DNA. The mechanisms involved in this type 

of repair are only partly understood. As in nucleotide excision repair, the actual mechanism may vary depending on 

when exactly the DNA modification is recognized, i.e. before, during or after DNA replication. 

  

Figure 3.8 Relationship of xeroderma pigmentosum and Cockayne syndrome to transcription-coupled repair and 

global-genome repair In each panel, transcribed regions of the genome are indicated by the black line and non- 
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Abstract

Defective DNA repair has been reported to be a risk factor for various malignancies. Genetic polymorphisms of DNA repair

genes are thought to result in different phenotypic features compared to the wild type. Genetic polymorphisms in XRCC1 gene

could, through alteration of protein structure, lead to defective functioning of DNA Polb, PARP and LIG3 enzymes resulting in

defective DNA repair and increased risk of childhood acute lymphoblastic leukemia (ALL). The role of DNA repair gene

XRCC1 in susceptibility to childhood ALL has, however, not been widely studied and no data exists from Indian children. In

this pilot study, through the use of PCR and RFLP, further confirmed by DNA sequencing, we have shown an increased risk of

ALL among children with XRCC1 codons 194 and 399 variant genotypes. Among the three variants, only the association

between codon 399 variant and risk of ALL appeared to be significant. The risk of ALL was higher in males with codons 194

and 399 polymorphisms than in females. However, no relation was found between the presence of these variant genotypes and

treatment outcome.

q 2004 Elsevier Ireland Ltd. All rights reserved.

Keywords: XRCC1; Genetic polymorphism; Leukemia

1. Introduction

It has been known that genes involved in DNA

repair are critical in maintaining the integrity of

genetic material as well as protection against

mutations that could result in cancer. Maintenance

of genomic integrity in mammalian cells depends

heavily on the presence of efficient DNA repair

systems. Reduction in mammalian DNA repair

capacity is associated with increasing birth defects,

cancer and reduced lifespan [1]. Although mutations

have long been identified as early events in carcino-

genesis [2], defective DNA repair is also a risk factor

for many types of cancer [3–6]. The development of

hematologic malignancies—leukemia and lym-

phoma—in case of Fanconi anemia or ataxia

0304-3835/$ - see front matter q 2004 Elsevier Ireland Ltd. All rights reserved.

doi:10.1016/j.canlet.2004.06.055

Cancer Letters 217 (2005) 17–24

www.elsevier.com/locate/canlet
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2.3. Statistical analysis

Statistical analysis was done using the Statistical

Package for Social Sciences (SPSS) statistical soft-

ware (SPSS Windows Version) release 9. Risk of

ALL was analyzed using Chi square (X2) test.

The association between genotypes and ALL risk

were analyzed by calculating the crude Odds Ratios

(OR) and 95% Confidence Intervals (95% CI). The

OR adjusted for suspected risk factors for ALL like

age and sex, were calculated using unconditional

logistic regression analysis with the low risk genotype

(in all three XRCC1 genotypes, the Arg/Arg allele)

designated as the referent category to evaluate

potential effect modification for each of these factors.

P-values reported in the study are based on two-sided

probability test with a significance level of P!0.05.

Hardy–Weinberg analysis was evaluated for each

group by using 2!3 contingency table analysis.

Analysis of disease outcome was examined using the

Kaplan–Meier method [16]. Overall survival distri-

butions were compared using log-rank global X2

analysis.

3. Results

This study analyzed the distribution of XRCC1

genotypes in 234 pediatric subjects (14 years age)

consisting of 117 ALL cases and 117 apparently

normal age and sex matched controls. The distri-

butions of the genotypes are shown in Table 1.

Varying results were obtained with respect to

susceptibility to ALL among each type of variant. No

significant differences were observed between the

crude risk of ALL and that obtained when adjusted for

age and sex. Cases with a codon 194 Trp/Trp

homozygous variant as well as the heterozygous

Arg/Trp variant had an increased risk of ALL with a

greater risk in the case of the homozygous codon 194

Trp/Trp allele (ORZ2.36, 95% CIZ0.69–8.15 for

Trp/Trp; ORZ1.72, 95% CIZ0.92–3.20). However,

these were not statistically significant. In the case of

the codon 280 polymorphism on exon 9 of the XRCC1

gene, no significance was observed in the risk of ALL

among those with heterozygous and homozygous

variant alleles. There was a significantly high risk of

ALL among patients who are carriers of the variant

allele 399Gln (ORZ2.42, 95% CIZ1.00–5.89 for

Gln/Gln and ORZ1.90, 95% CIZ1.08–3.35 for

Arg/Gln). In all the three variant forms, the Arg/Arg

wild type allele was taken as the referent category.

The various alleles were seen to show no significant

Fig. 1. (A) RFLP analysis of XRCC1 codon194 PCR product: Lane

1,2,3 shows Arg/Arg wild genotype, lane 4 homozygous and lane

5,6,7 heterozygous variant respectively. Lane M is the DNA

molecular weight marker. (B) Codon 280 genotype analysis: lanes

2,4 and 6—Arg/Arg wild genotype, lanes 3 and 5—Arg/His

heterozygous genotype and lane 1—His/His homozygous variant.

Lane M is the DNA molecular weight marker. (C) RFLP Analysis of

XRCC1 codon 399 PCR product: lanes 1 and 2 show a Arg/Gln

heterozygous genotype and Gln/Gln homozygous polymorphic

genotype, respectively. Arg/Arg wild genotype is seen in lane 3.

Lane M—DNA molecular weight marker.

T. Joseph et al. / Cancer Letters 217 (2005) 17–24 19
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A polymorphism in the promoter region of Ku70/XRCC6, 
associated with breast cancer risk and oestrogen exposure
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Abstract
Purpose Polymorphisms in double strand break repair
genes could be involved in genetic breast cancer predispo-
sition as enhanced chromosomal radiosensitivity is a hall-
mark for breast cancer. Previously, the c.-1310 C>G SNP,
located in the Ku70 promoter, showed a signiWcant odds
ratio (OR) of 1.85 (P = 0.048) in sporadic, but not familial
breast cancer patients, indicating that other factors besides
genetic aptitude inXuence this association. As breast epithe-
lium is exposed to endogenous oxidative stress through
oestrogen exposure, the inXuence of hormone exposure was
further examined.
Methods and results A signiWcant OR (1.69, P = 0.017)
was found for an enlarged patient population through PCR-
RFLP assays in a case–control study in a Belgian popula-
tion. After dividing the patient population according to

oestrogen exposure, high and signiWcant ORs were seen for
patients with a longer oestrogen exposure (late age at men-
opause: OR = 1.96, P = 0.029).
Conclusion These results show that the variant allele of
c.-1310 C>G, located in the Ku70 promoter, is a risk allele
for breast cancer. Furthermore, the association of the c.-
1310 C>G SNP with breast cancer risk was stronger in
women with a long oestrogen exposure.

Keywords Double strand break (DSB) repair · 
Non-homologous end-joining (NHEJ) · Ku70/XRCC6 · 
Breast cancer · Hormone exposure · Single nucleotide 
polymorphism (SNP)

Introduction

A family history of breast cancer is a well-known risk fac-
tor for the disease (Teare et al. 1994) and extensive epide-
miological studies have identiWed a number of breast
cancer susceptibility genes of which BRCA1 and BRCA2
are the best known (Dunning et al. 1999). However, the
proportion of breast cancer cases caused by mutations in
BRCA1/2 in the general patient population is estimated to
be only 5%, thus indicating that mutations in low penetrant
genes or subtle defects arising from low penetrant varia-
tions in other highly penetrant genes may predispose to
breast cancer (Peto et al. 1999; Rebbeck 1999; Nathanson
et al. 2001; Fu et al. 2003). As the preservation of genomic
integrity is essential in the prevention of tumour initiation
and progression, mutations and variations in DNA repair
genes may play a role in the genetic predisposition to breast
cancer. One of the most detrimental forms of DNA damage
is the double strand break (DSB), because the DNA loses
physical integrity and information content on both strands.
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Besides being the result of normal metabolic processes,
DSBs can also be induced by carcinogenic or mutagenic
agents such as ionizing radiation (Khanna and Jackson
2001; Valerie and Povirk 2003). The fact that lymphocytes
of breast cancer patients are characterized by an enhanced
in vitro chromosomal radiosensitivity (Jones et al. 1995;
Scott et al. 1998, 1999; Baeyens et al. 2002, 2005), sug-
gests that breast cancer can be driven by DSB-initiated
chromosomal instability. This hypothesis is further sup-
ported by the involvement of BRCA1 and BRCA2 in DSB
repair (Tutt and Ashworth 2002) and by several population-
based case–control studies, showing a link between single
nucleotide polymorphisms (SNPs) in DSB repair genes and
breast cancer risk (Dunning et al. 1999; Kuschel et al.
2002; Fu et al. 2003; Bau et al. 2004, 2007; Zhang et al.
2006; Ralhan et al. 2007; Nowacka-Zawiszac et al. 2008;
Willems et al. 2008). Repair of DSBs in mammalian cells
occurs by two main pathways, homologous recombination
(HR) and non-homologous end-joining (NHEJ) (reviewed
in Valerie and Povirk 2003). HR is mainly used by simple
eukaryotes, but can also be applied for DSB repair in multi-
cellular eukaryotes, during late S and G2 phases of the cell
cycle. The missing information is copied from an undam-
aged homologous chromatid or chromosome, making HR
an error-free pathway (Valerie and Povirk 2003). Con-
versely, NHEJ is an error-prone pathway as the broken
DNA termini are Wrst processed to make them compatible
and then sealed by a ligation step which often results in the
loss of a few nucleotides at the broken ends. Nonetheless,
this pathway is considered to be the major repair pathway
of DSBs in eukaryotic cells during most phases of the cell
cycle, particularly during G0 and G1 (PfeiVer et al. 2004),
and is suggested to be the main mechanism through which
DSBs induced by ionizing radiation are removed from the
DNA of higher eukaryotes (Iliakis et al. 2004). The key
protein components of NHEJ (reviewed in Lieber et al.
2003) include the catalytic subunit of DNA protein kinase
(DNA-PKCS), the two regulatory subunits of the DNA-PK
complex Ku70 and Ku80, DNA ligase IV with its cofactor
XRCC4 (the X-ray cross complementing group 4 protein)
and the nuclease artemis. The Ku70/Ku80 (Ku) heterodi-
mer is the Wrst protein to bind to the damaged DNA ends.
When bound to the DSB, Ku recruits and activates DNA-
PKCS. As these proteins play a prominent role in DNA DSB
repair, they are substantial for genome stability and will act
as tumour suppressors. However, either the DNA protein
kinase complex, or its three subunits individually, can also
act as oncogenes, depending on the compartment of the cell
in which they are expressed and on the cell cycle phase
(Downs and Jackson 2004; Gullo et al. 2006). Furthermore,
expression of the Ku heterodimer on the cell surface seems
to play a role in cell adhesion and invasion (Muller et al.
2005).

In recent years, DSB repair pathways have also been
implicated in cancer treatment. In breast cancer patients
carrying a BRCA1 or BRCA2 mutation, tumour cells usu-
ally lose the wild type allele, leading to a loss of function of
the BRCA1/BRCA2 protein. These tumours generally
show a signiWcantly lower ability to repair DSBs then the
normal tissue, which could indicate that DSB-inducing
agents, used in radiation therapy and chemotherapy, selec-
tively aVect the BRCA-deWcient tumour cells. Results of
preclinical and clinical studies conWrm that the loss of
BRCA1 function through mutation, sensitizes the cell to
DNA-damaging chemotherapy commonly used in breast
and ovarian cancer (Kennedy et al. 2004).

The rationale described here can also be extended to spo-
radic cancers. The development of DSB repair inhibitors,
could sensitize tumour cells to DSB-inducing radiation
therapy and chemotherapy in cancer patients (Belzile et al.
2006). As DNA-PK is a central actor in NHEJ, its inactiva-
tion has been considered to have clinical potential (Salles
et al. 2006).

In our previous study we investigated the association
between SNPs in NHEJ genes and breast cancer suscepti-
bility (Willems et al. 2008). A positive association was
found between the variant allele of the c.-1310 C>G SNP
(NCBI rs2267437)—located in the promoter region of
Ku70, overlapping with a directionally divergent intronic
sequence of the gene FAM152B—and breast cancer risk,
with a signiWcantly increased odds ratio (OR) observed in
sporadic breast cancer patients. In familial breast cancer
patients, this SNP did not signiWcantly increase breast can-
cer risk, which could indicate that other factors besides
genetic aptitude modify the association between the c.-1310
C>G SNP in the Ku70 promoter and breast cancer (Willems
et al. 2008).

Other important risk factors associated with breast can-
cer are an early age of Wrst menarche, nulliparity or late Wrst
childbirth, and late menopause (McPherson et al. 2000).
The major determinant common for these risk factors is the
prolonged exposure to female sex hormones and these hor-
monal inXuences on breast cancer risk have been mainly
attributed to exposure to elevated levels of oestrogens
(reviewed in Yager and Davidson 2006). Three mecha-
nisms have been considered to be responsible for the carci-
nogenity of oestrogens: (1) receptor-mediated hormonal
activity (Clarke et al. 2004; Pearce and Jordan 2004), (2) a
cytochrome P450 (CYP)-mediated metabolic activation
(Roy et al. 2007) and (3) the induction of aneuploidy
(Russo et al. 2003).

In this study, we investigated if prolonged oestrogen
exposure modiWes the association between the variant allele
of the c.-1310 C>G SNP in the Ku70 promoter and breast
cancer in an enlarged group of sporadic breast cancer
patients.
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Abstract
Background: Major genomic surveillance mechanisms regulated in response to DNA damage
exist at the G1/S and G2/M checkpoints. It is presumed that these delays provide time for the repair
of damaged DNA. Cells have developed multiple DNA repair pathways to protect themselves from
different types of DNA damage. Oxidative DNA damage is processed by the base excision repair
(BER) pathway. Little is known about the BER of ionizing radiation-induced DNA damage and
putative heterogeneity of BER in the cell cycle context. We measured the activities of three BER
enzymes throughout the cell cycle to investigate the cell cycle-specific repair of ionizing radiation-
induced DNA damage. We further examined BER activities in G2 arrested human cells after
exposure to ionizing radiation.

Results: Using an in vitro incision assay involving radiolabeled oligonucleotides with specific DNA
lesions, we examined the activities of several BER enzymes in the whole cell extracts prepared from
synchronized human HeLa cells irradiated in G1 and G2 phase of the cell cycle. The activities of
human endonuclease III (hNTH1), a glycosylase/lyase that removes several damaged bases from
DNA including dihydrouracil (DHU), 8-oxoguanine-DNA glycosylase (hOGG1) that recognizes
7,8-dihydro-8-oxo-2'-deoxyguanosine (8-oxoG) lesion and apurinic/apyrimidinic endonuclease
(hAPE1) that acts on abasic sites including synthetic analog furan were examined.

Conclusion: Overall the repair activities of hNTH1 and hAPE1 were higher in the G1 compared
to G2 phase of the cell cycle. The percent cleavages of oligonucleotide substrate with furan were
greater than substrate with DHU in both G1 and G2 phases. The irradiation of cells enhanced the
cleavage of substrates with furan and DHU only in G1 phase. The activity of hOGG1 was much
lower and did not vary within the cell cycle. These results demonstrate the cell cycle phase
dependence on the BER of ionizing radiation-induced DNA damage. Interestingly no evidence of
enhanced BER activities was found in irradiated cells arrested in G2 phase.

Background
Cells have developed multiple DNA repair pathways to
protect themselves from different types of DNA damage.
Oxidative DNA damage is processed by the short-patch
base excision repair (BER) pathway. Depending on the
structure of broken DNA ends, oxidative damage may be

repaired by long-patch BER pathway. The nucleotide exci-
sion repair (NER) pathway appears to play a secondary
role in the repair of these lesions, whereas recombination
and translesion synthesis occur as mechanisms of damage
tolerance [1-3]. Hydroxyl radicals affect DNA either by
oxidizing its bases or by generating single strand breaks.
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