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Introduction

Acute myeloid leukemias (AML) comprise a group of 
neoplastic diseases derived from the clonal expansion of 
myeloid precursor cells in bone marrow, blood or other 
tissues. Despite the fact that the majority of AML patients 
achieve complete remission (CR) after chemotherapy, only 
~20% of patients achieve a relatively long-term disease-free 
survival. Most patients die of their disease due to either 
refractory (initial resistance to chemotherapy) or relapsed 
AML [1]. The molecular factors that define AML as either a 
chemotherapy-sensitive entity or a chemotherapy-resistant 
relapsed and refractory disease remain unknown. 

Like solid tumors, the development of AML is associ-
ated with various types of genetic alterations. Cytogenetic 
studies have revealed two major classes of karyotypes for 
AML patients, i.e. normal and abnormal karyotypes [2, 3]. 
Patients with abnormal karyotype (~55%) are characterized 
by chromosome changes such as translocations, inversions, 
insertions, deletions, trisomies, and monosomies, whereas 
patients with normal karyotype (~45%) contain point 
mutations and duplications/deletions of certain sequences 
in genes involved in critical cellular functions, such as 
signal transduction, regulation of gene expression tumor 
initiation and progression [2, 3]. However, the molecular 
mechanism(s) responsible for the genetic instability in 
AML are not clear. 

DNA mismatch repair (MMR) plays an important role 
in maintaining genomic stability by correcting biosynthetic 
errors, blocking non-homologous recombination, and medi-
ating DNA damage-induced cell cycle arrest and apoptosis 
[4-7]. It has been well documented that defects in MMR 
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Acute myeloid leukemia (AML) is an aggressive hematological cancer. Despite therapeutic regimens that lead to 
complete remission, the vast majority of patients undergo relapse. The molecular mechanisms underlying AML devel-
opment and relapse remain incompletely defined. To explore whether loss of DNA mismatch repair (MMR) function is 
involved in AML, we screened two key MMR genes, MSH2 and MLH1, for mutations and promoter hypermethylation 
in leukemia specimens from 53 AML patients and blood from 17 non-cancer controls. We show here that whereas no 
amino acid alteration or promoter hypermethylation was detected in all control samples, 18 AML patients exhibited 
either mutations in MMR genes or hypermethylation in the MLH1 promoter. In vitro functional MMR analysis revealed 
that almost all the mutations analyzed resulted in loss of MMR function. MMR defects were significantly more frequent 
in patients with refractory or relapsed AML compared with newly diagnosed patients. These observations suggest for 
the first time that the loss of MMR function is associated with refractory and relapsed AML and may contribute to 
disease pathogenesis. 
Keywords: leukemia relapse, MSH2, MLH1, hypermethylation
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genes, particularly the MSH2 and MLH1 genes, are the 
genetic basis for certain types of hereditary and sporadic 
cancers, including hereditary nonpolyposis colorectal can-
cer (HNPCC) [4, 6, 8]. Commonly, MMR-deficient tumors 
display widespread alterations in simple repetitive DNA se-
quences, a phenomenon also called microsatellite instability 
(MSI) [4, 6, 8]. Tumor cells defective in MMR are highly 
resistant to killing by certain chemotherapeutic drugs [7]. 
Genomic instability in AML has led to a search for MSI in 
AML patients, but the results are quite controversial. While 
several studies have reported MSI in AML [9-13], a study 
of 132 cases failed to confirm the previous observations 
[14]. Although reasons for the discrepancy are unclear, 
the use of different microsatellite markers and different 
stages (i.e., diagnosis and relapse) of the disease may have 
contributed to the differences observed. To our knowledge, 
none of these studies have systematically measured the 
loss of MMR function in AML at its individual treatment 
stages (i.e., diagnosis, persistence/primary refractoriness, 
and relapse). Therefore, it is uncertain whether the genetic 
instability in AML is caused by MMR-deficiency and, if 
so, what role MMR plays in AML pathogenesis. 

Considering that most leukemia cell lines derived from 
relapsed patients are defective in MMR [15] and that 
tumor cells can acquire an MMR-deficient phenotype 
upon exposure to chemotherapeutic drugs [16-18], we 
hypothesize that a small portion of leukemic cells adopt an 

MMR deficient phenotype during chemotherapy, thereby 
leading to drug resistance and leukemia persistence and/or 
relapse. In this paper, we have tested this hypothesis. We 
have analyzed leukemia patients at different stages (diag-
nosis, persistence/primary refractoriness, and relapse) for 
mutations and promoter hypermethylation in the key MMR 
genes, MSH2 and MLH1, and examined mutant proteins 
identified in these patients for MMR activity. Our results 
revealed that MMR deficiency is associated with all stages 
of AML, but the rate of the deficiency is much higher in 
patients with refractory and relapsed AML than in newly di-
agnosed patients, suggesting that the loss of MMR function 
may contribute to the refractory and relapsed disease.

Results

Abnormal PCR-SSCP products in AML patients and control 
individuals 

To determine wherther the loss of MMR function is as-
sociated with the development of AML, individual exons 
of MSH2 (16 exons) and MLH1 (19 exons), as well as their 
exon-intron boundaries and known splice sites of these two 
genes, were PCR-amplified using genomic DNA isolated 
from leukocytes of diagnostic, primary refractory, and 
relapsed AML patients and control individuals with no his-
tory of any malignancies. The resulting PCR products were 
analyzed by single-strand conformation polymorphism 

Control                                                               AML

A                       B                       C                       D

E                       F                        G                      H

C              N1               C               N3                 C             P11               C              P20
G  A T C    G  A  T C    G  A  T  C    G  A T C       G   A  T C    G  A  T C    G  A  T C    G  A  T C

TTG          CTG           ATT           ATC                 GTG         ATG             CTC          TTC
MSH2, no aa Change   MLH1, no aa Change            MSH2, V57M                MLH1, L509F

Figure 1  SSCP and sequence analyses of MSH2 and MLH1. Individual exons of the MSH2 gene and the MLH1 gene were 
amplified by PCR using 50-100 ng of genomic DNA in the presence of dNTPs and [α-32P]-dCTP. PCR products were fraction-
ated in a 0.5× MED gel and were detected by a phosphor imager. Abnormal products were sequenced as described in Materials 
and Methods. (A and B) PCR-SSCP products of exon 11 of MSH2 and exon 19 of MLH1, respectively. (C and D) PCR-SSCP 
products of exon 1 of MSH2 and exon 13 of MLH1, respectively. (E-H) DNA sequencing analyses of the PCR products shown 
in (A-D), respectively. A normal blood sample (C) from a healthy volunteer was used as a positive control in all cases. Arrows 
in SSCP analysis (A-D) point to mutant alleles, and arrows in sequencing analysis show base substitutions. The corresponding 
changes in codon and amino acid (aa) are indicated at the bottom of each sequencing gel. 

C N1 
C N3 C P11 C P20 
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DNA repair polymorphisms and outcome of chemotherapy for
acute myelogenous leukemia: a report from the Children’s
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Abstract
Polymorphisms of DNA repair genes RAD51 and XRCC3 increase susceptibility to acute myeloid
leukemia (AML) in adults, an effect enhanced by deletion of the glutathione-S-transferase M1
(GSTM1) gene. In this study, we genotyped 452 children with de novo AML treated on CCG
protocols 2941 and 2961 and compared genotype frequencies with those of normal blood donors,
and analyzed the impact of genotype on outcome of therapy. XRCC3 Thr241Met, RAD51 G135C
and GSTM1 genotypes did not increase susceptibility to AML when assessed singly. In contrast,
when XRCC3 and RAD51 genotypes were examined together a significant increase in
susceptibility to AML was seen in children with variant alleles. Analysis of outcome of therapy
showed that patients heterozygous for the XRCC3 Thr241Met allele had improved post-induction
disease-free survival compared to children homozygous for the major or minor allele, each of
whom had similar outcomes. Improved survival was due to reduced relapse in the heterozygous
children, and this effect was most marked in children randomized to therapy likely to generate
DNA double-strand breaks (etoposide, daunomycin), compared with anti-metabolite (fludarabine,
cytarabine) based therapy. In contrast, RAD51 G135C and the GSTM1 deletion polymorphism did
not influence outcome of AML therapy in our study population.
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Definitions
OS is defined as time from study entry to death from any cause. EFS is defined as time from
study entry to failure at the end of two courses, relapse or death from any cause. DFS is
defined as time from the end of one course of therapy to failure at the end of two courses,
relapse or death from any cause. TRM is defined as the time from study entry to death from
non-progressive disease where failures at the end of two courses, relapses and deaths from
progressive disease were competing events. RFS is defined as the time from the end of one
or two courses of therapy to death from progressive disease, failure at the end of two courses
or relapse where deaths from non-progressive disease were competing events.

Results
Susceptibility to childhood AML

Genotype frequencies for the XRCC3 Thr241Met, RAD51 G135C and GSTM deletion
polymorphisms were examined in controls and patients with de novo AML. Genotype
frequencies were in Hardy-Weinberg equilibrium in both cases and controls and were not
different between cases and controls. ORs did not differ significantly from the reference
wild-type genotype for any of the polymorphisms when examined singly (Table 1). In work
by others in adult AML, a cumulative effect of more than one variant genotype has been
demonstrated, with increased risk of AML in persons with both XRCC3 Thr241Met and
RAD51 G135C variant alleles.18 To determine if a similar effect occurred in our pediatric
AML cases, we examined combinations of XRCC3 Thr241Met and RAD51 G135C
genotypes (Table 2). The data show a doubling in risk of AML in children with a variant
RAD5 G135C genotype if they carry a wild-type XRCC3 Thr241Met genotype. In addition,
risk of AML was significantly increased in children with a variant XRCC3 Thr241Met
genotype if they carried a wild-type RAD51 G135C genotype. GSTM genotype was added
to the model, examining the cumulative effect of one, two and three variants. Susceptibility
to AML was increased in children with two variant alleles (one variant (controls n = 308,
(95% cases n = 189; OR 1.20 (95% CI 0.85-1.69) P = 0.298; two variants (controls n = 174,
cases n = 136) OR 1.53 (95% CI 1.06-2.21), P = 0.024). The OR changed very little with
inclusion of three variant genotypes (OR 1.58; 95% CI 0.78-3.20; P = 0.2); however, it
should be noted that the number of children with variant alleles of each of XRCC3, RAD51
and GSTM was small (controls n = 21, cases n = 17).

XRCC3 Thr241Met genotype and outcome
Genotype frequencies for the XRCC3 Thr241Met polymorphism were compared with
known AML prognostic factors and no association was found with WBC count at
presentation, FAB type or cytogenetic abnormality (Table 3). However, black children were
more likely to have the XRCC3 C241T homozygous genotypes (CC or TT) than white
children (74 vs 49%, P = 0.01).

We observed a trend toward improved 5-year OS among the patients heterozygous for the
XRCC3 Thr241Met polymorphism (CT genotype; n = 190) compared to the CC (n = 168)
and TT (n = 55) genotypes (53 ± 8 vs 47 ± 7%; P = 0.08). There was no significant
difference in outcome between the homozygous wild type (CC) and homozygous variant
(TT) genotypes; hence, these patients are described as a single group for the remainder of
this analysis. EFS was improved in children with the heterozygote CT genotype compared to
the homozygous CC and TT genotypes (43 ± 8 vs 34 ± 7%; P = 0.08). To further analyze the
reason for the observed differences we analyzed induction outcomes and found no
differences in induction success rates according to XRCC3 genotype (Table 4). In contrast,
when post-induction events were analyzed, we observed a significant difference in 5-year
DFS from end of two courses with superior survival in heterozygotes (56 ± 9% for CT vs 44
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(40 ± 44 vs 41 ± 13 vs 38 ± 5%; P = 0.64). TRM from study entry was also similar among
the three groups (20 ± 36 vs 17 ± 9 vs 16 ± 4%; P = 0.99).

GSTM1 genotype and outcome
OS did not differ significantly in children with no copy of GSTM1 (GSTM1 null) and those
with at least one copy (GSTM1 positive) (51 ± 7 vs 49 ± 7%; P = 0.96). Similar results were
observed for EFS (39 ± 7 vs 38 ± 7%; P = 0.90), TRM from study entry (16 ± 5 vs 17 ± 5%;
P = 0.62) and RFS from the end of one course (61 ± 8 vs 58 ± 8%; P = 0.49) between the
two groups.

Discussion
In this study, we have analyzed the frequency of polymorphisms in DNA repair genes
previously linked to susceptibility to AML in adults to address the effects of these variants
on susceptibility to childhood AML.18 In addition, we investigated the influence of these
polymorphisms on the outcome of therapy for childhood AML, which has not previously
been studied. Our data show similar genotype frequencies in control and patient populations
for the RAD51 G135C, XRCC3 Thr241Met and GSTM1 polymorphisms, suggesting that
these variants, when assessed singly, do not play a role in the etiology of childhood AML.
Though the control population was dissimilar with respect to age, genotype frequencies were
in Hardy-Weinberg equilibrium and corresponded with previously reported genotype
frequencies for each of these polymorphisms, suggesting that these subsets are truly
representative. These data contrast with our previous observation of increased risk of AML
in children with GSTM1 deletion, demonstrating the importance of replicating positive
findings in genetic association studies in independent datasets for confirmation.41 It should
be noted that our patient population included only de novo childhood AML, not therapy-
related AML.

A similar study in adults by Seedhouse et al.18 showed that the presence of the variant
genotype for both RAD51 and XRCC3 significantly increased the risk of developing both de
novo and therapy-related AML (OR 3.77 and 8.11, respectively). These authors also showed
that with the addition of the GSTM1 deletion polymorphism, the risk of developing AML
was notably increased (OR 15.26). Our study showed a doubling of risk of AML in children
with a RAD 51 G135C variant allele and a wild-type XRCC3 Thre241Met genotype. In
addition risk of AML was significantly increased in children with at least one variant
XRCC3 Thr241Met allele. In contrast, risk was not significantly elevated in children with
variant alleles at both wild-type XRCC3 Thre241Met and RAD51 G135C. Addition of
GSTM1 genotype to the model did not further increase risk of AML. These data indicate the
importance of examining multiple genes in the same pathway to identify the role of
genotype. Our study is in agreement with the findings of Seedhouse et al. to the extent that
we demonstrated interaction between genotypes at different loci. Our study differs, however,
in that the largest effect was seen in children with a variant allele at one locus and a wild-
type allele at the second locus. These findings may be a consequence of biological
differences in the etiology of childhood AML, compared with adult AML. The difference in
the spectrum of cytogenetic abnormalities seen in childhood AML compared with adult
AML supports the hypothesis that the biological mechanisms resulting in childhood AML
may be somewhat distinct from those causing AML in adults.42 It is also possible that these
are chance observations and replication in an independent pediatric AML dataset will be
important to determine the reliability of this finding.

In addition to studying the influence of variant genotypes involved in homologous
recombination on susceptibility to AML, we examined the effect of genotype on the
outcome of therapy, as one of the cytotoxic effects of AML chemotherapy is the generation
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CASE REPORT

Seckel Syndrome with Spontaneous
Chromosomal Instability

Abstract: Seckel syndrome is an autosomal recessive disorder characterized by prenatal and postnatal growth
retardation, bird-headed face and mild mental retardation. It is a disorder involving the DNA damage-response
genes. Failure in the DNA damage response and repair process can cause chromosomal instability. In addition,
it is possible that there are several loci responsible for this syndrome, and variety in the molecular pathogenesis
is the cause of phenotypic heterogeneity. Three different loci have been reported thus far. The effect of the
locus with mutation on phenotype may be used in the subgrouping of Seckel syndrome. We report a case with
Seckel syndrome having spontaneous chromosomal instability. The patient had no hematologic or malignant
disease although there was a severe chromosomal instability. To date, spontaneous chromosomal instability
has been reported in two cases with Seckel syndrome.

Key Words: Seckel syndrome, chromosomal instability, chromosomal breakage syndrome

Spontan Chromosomal ‹nstabilitesi Olan Bir Seckel Sendromu

Özet: Seckel sendromu nabir bir otozomal resesif bozukluktur. Bu hastalarda prenatal ve postnatal büyüme
gerili¤i, kufl kafas› yüzü, mental retardasyon ve iskelet sistemi bozukluklar› görülür. Bu vaka takdiminde
spontan kromozomal instabilitesi olan bir Seckel sendromu hastas›n› rapor ettik. Hastada ileri derecede
chromosomal instabilite olmas›na ra¤men hematolojik ve malignite aç›s›ndan herhangi bir bulguya
rastlan›lmad›. Spontan kromozomal instabilite iki Seckel sendromu vakas›nda rapor edilmifltir.

Anahtar Sözcükler: Seckel sendromu, kromozomal instabilite, kromozomal k›r›k sendromu
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Introduction

Seckel syndrome (MIM 210600) is a rare autosomal recessive disorder associated
with short stature, prenatal and postnatal growth retardation, characteristic facial
features (bird-headed face including prominent beaked nose, micrognathia and
malformed ears), mental deficiency, microcephaly, and skeletal defects (1).
Hematological abnormalities, including pancytopenia, myelodysplasia and acute
myelogenous leukemia, have been reported in some patients with Seckel syndrome (2). 

Because of the phenotypic heterogeneity, the diagnosis is difficult. In fact, a majority
of the reported cases are suspected as not being real Seckel syndrome (3). Some
diseases such as Nijmegen breakage syndrome, osteodysplastic primordial dwarfisms
(types I, II and III) and Dubowitz syndrome can mimic Seckel syndrome.

Although Seckel syndrome is a chromosomal breakage syndrome, chromosomal
breakage is generally shown by mitomycin-C (MMC) induction. Spontaneous
chromosome breakage is very rare. Only two cases with pancytopenia have been
reported to date (4,5).

Here, the case of a four-year-old female patient with Seckel syndrome involving
spontaneous chromosomal breakage is reported.

Case Report

A four-year-old female patient was referred because of severe growth retardation
and microcephaly. She was born to a consanguineous marriage (second-degree cousins)
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New clinical findings have been added to Seckel
syndrome since it was first reported by Seckel (1,9,10).
Butler et al. (5) (1987) proposed a subgroup for Seckel
syndrome. They took hematological and chromosomal
abnormalities into consideration, which was supported by
some authors in the following years (11). Syrrou et al.
(12) (1995) reported three cases with Seckel syndrome
having chromosomal instability, one of whom developed
hematological disorder. Chanan-Khan et al. (2) (2003)
reported a case having hematological disorder without
chromosomal instability, but the hematological disorder
was not persistent. Neither hematological disorder nor
malignancy was detected in our patient despite severe
spontaneous chromosomal instability. Thus, it was
concluded that chromosomal instability may not always
be accompanied by a hematological disorder, and
chromosomal instability can not be related to
hematological pathologies. In light of this, it can be said
that chromosomal and hematological abnormalities may
not be reliable for subgrouping.

Bobabilla-Morales et al. (11) (2003) proposed taking
chromosome aberrations, in particular, into account for
subgrouping. However, chromosomal aberrations have
usually been shown as chromosome breaks by MMC
induction, and they have not been related to phenotype
(5). Although chromosomal rearrangements may badly
affect patient prognosis, it has not been observed in
patients with Seckel syndrome until now. In our patient,
even though chromosomal instability had persisted for
one year, prognosis of the patient was better than
expected. On the contrary, Woods et al. (4) (1995)
reported a case with spontaneous chromosomal
instability, and the patient died at the age of 16 months
probably because of pancytopenia.

Seckel syndrome is a disorder involving the DNA
damage-response genes. Failure in the DNA damage
response and repair process can cause chromosomal

instability. In addition, it is possible that there are several
loci responsible for this syndrome and variety in the
molecular pathogenesis is the cause of phenotypic
heterogeneity (1). So far, three different loci have been
reported: Goodship et al. (7) (2001) assigned the first
locus (SCKL1) to chromosome 3q22.1-q24; Borglum et
al. (13) (2001) assigned the second locus (SCKL2) to
chromosome 18p11.31-q11.2, and Kilinc et al. (14)
(2003) assigned the third locus (SCKL3) to chromosome
14q23. The effect of the locus with mutation on
phenotype may be used in the subgrouping of Seckel
syndrome. For proper subgrouping, the relationship
between the defective locus and findings of the patient
should be determined (15). The wide range of phenotypic
features decreases the importance of phenotype for
subgrouping; therefore, more effective criteria are
necessary. When data of molecular analysis are increased
and the relationship between molecular pathology and
phenotype is demonstrated, the locus heterogeneity may
be used in subgrouping. However, the use of this
relationship will undoubtedly not be easy because the
number of the genes responsible for the mechanism of
DNA repair is high, and these genes play a role in Seckel
syndrome.

At present, while there are problems in the
differential diagnosis of Seckel syndrome and the number
of patients is insufficient, undertaking subgrouping may
not be approved, and this type of subgrouping may not
be useful in estimating the prognosis of the patient.

To our knowledge, two cases with spontaneous
chromosomal breakage have been reported until now,
and these patients had pancytopenia (4,5). In contrast, no
hematological pathology was detected in our patient.
However, it is vital that the patients with Seckel
syndrome be followed throughout their life considering
the possibility of hematological and malignant diseases.
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Repair of damage to DNA resulting from
chemotherapy may influence drug toxicity
and survival in response to treatment. We
evaluated the role of polymorphisms in DNA
repair genes APE1, XRCC1, ERCC1, XPD,
and XRCC3 in predicting therapeutic out-
comes of older adults with acute myeloid
leukemia (AML) from 2 Southwest Oncology
Group (SWOG) clinical trials. All patients
received standard chemotherapy induction
regimens. Using logistic and proportional
hazards regression models, relationships
between genotypes, haplotypes, and toxici-

ties, response to induction therapy, and
overall survival were evaluated. Patients with
XPD Gln751C/Asp312G (‘D’) haplotype were
more likely to have complete response
(OR � 3.06; 95% CI, 1.44-6.70) and less likely
to have resistant disease (OR � 0.32; 95%CI,
0.14-0.72) than patients with other haplo-
types. ERCC1 polymorphisms were signifi-
cantly associated with lung (P � .037) and
metabolic (P � .041) toxicities, and patients
with the XRCC3 241Met variant had reduced
risk of liver toxicity (OR � 0.32; 95%CI, 0.11-
0.95). Significant associations with other

toxicities were also found for variant XPD
genotypes/haplotypes. These data from
clinical trials of older patients treated for
AML indicate that variants in DNA repair
pathways may have an impact on both out-
comes of patients and toxicities associated
with treatments. With validation of results in
larger samples, these findings could lead to
optimizing individual chemotherapy op-
tions. (Blood. 2007;109:3936-3944)

© 2007 by The American Society of Hematology

Introduction

Acute myeloid leukemia (AML) is not the most common cancer in
the United States or worldwide, but survival rates are poor and not
improving. Among adults with AML, less than 20% of patients are
living 5 years after the initial diagnosis. Despite recent scientific
advances in understanding the molecular biology of AML and
mechanisms of multidrug resistance (MDR), the targets for new
successful therapeutic interventions are still waiting to be discov-
ered. The identification of individuals who would not benefit from
aggressive chemotherapy regimens and, thus, could be spared
the risk of treatment-related mortality, requires more knowledge
from pharmacogenetic studies. The latter strategy is especially
important for elderly patients, who comprise the major age
category for AML and whose capability to endure intensive
treatment is often limited.

It has been previously noted that older patients with AML often
have more cytogenetic abnormalities than younger patients and
display MDR phenotype.1 MDR phenomenon is usually respon-
sible for cancer recurrence and treatment failures. However,
evidence also suggests that increased activity of DNA repair
mechanisms may contribute to worse clinical response, through
repair of damage resulting from therapeutic agents, leading to a
failure of the elimination of malignant clones.2-5

Chemotherapeutic drugs including topoisomerase I and II
inhibitors, alkylating agents, and antimetabolites are capable of

inducing DNA strand breaks.6-10 Variabilities in DNA repair rates
and genotoxic damage, measured by single-strand breaks and
chromosomal aberrations, have been shown to be associated with
DNA repair polymorphisms,11 particularly for XRCC1 Arg399Gln
and XPD, exon 23. Higher sensitivity to ionizing radiation and
prolonged cell-cycle delays were also associated with APE1
148Glu and XRCC1 399Gln genotypic variants.12 Functional DNA
repair capacity was previously reported to be significantly deficient
in XRCC1 399Gln, XRCC3 241Met and XPD 312Asn, 751Gln
variant allele carriers13,14; however, the ability to repair DNA
damage was also modified by environmental exposures. One of the
plausible mechanisms of action of cytosine arabinoside and
anthracyclines, primary drugs used in standard treatment regimens
for AML, is induction of single- and double-strand breaks (DSBs)
and other DNA lesions. Thus, inherited variability in certain DNA
repair pathways may modify the effects of cancer treatment with
those agents.

Damage caused to DNA by various agents must be repaired to
maintain genomic stability of a cell. Studies have noted associa-
tions between risk of de novo AML and DNA repair gene
polymorphisms.15,16 Increased risk of therapy-related AML was
also linked to several gene polymorphisms in base excision repair
(BER; XRCC1 Arg399Gln), nucleotide excision repair (NER; XPD
Lys751Gln), and DSB repair (RAD51 G135C and XRCC3
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Thr241Met) pathways,15,17,18 and may be linked to secondary AML
etiology through failure to recognize or excise accumulated DNA
lesions. Although several published reports now exist on associa-
tions between polymorphisms in DNA repair genes and cancer
risk,19-22 fewer studies have been conducted to evaluate relation-
ships between DNA repair gene polymorphisms and response to
treatment. Studies of lung cancer23-27 and colorectal carcinoma28-30

noted significant differences in overall survival by polymorphisms
in DNA repair enzymes, with an indication that poorer survival was
linked to increased DNA repair. In a recent study of AML, poorer
prognosis was associated with a polymorphism in XPD, which
participates in the NER pathway.18 Despite the fact that numerous
associations have been found between toxicity profiles of patients
and polymorphisms in drug-metabolizing enzymes,31-33 few data
are available on the impact of DNA repair gene polymorphisms on
treatment-related toxicity.34-36

To evaluate the role of variants in DNA repair genes in
predicting therapeutic outcomes, we assessed potential associations
between complete remission (CR), resistant disease (RD), overall
survival (OS) rates, and toxicity profiles and polymorphisms in
BER (APE1 (Asp148Glu), XRCC1 (Arg399Gln)), DSB repair
(XRCC3 (Thr241Met)), and NER (ERCC1 (IVS5 � 34C � A),
XPD/ERCC2 (Lys751Gln and Asp312Asn)) pathways among 200
patients who were enrolled in Southwest Oncology Group (SWOG)
clinical trials for treatment of AML.

Patients, materials, and methods

Patients

These analyses included adult patients with previously untreated AML who
entered either of 2 SWOG phase 3 randomized trials during November
1991 through December 1998.37,38 Patients were accrued from 66 participat-
ing centers treating cancer patients. For both trials, eligible patients had
established diagnoses of de novo or secondary AML excluding M3-FAB
variant and blast crisis of chronic myeloid leukemia (CML), were at least 56
years old, and met minimum liver, kidney, and cardiac function criteria.
Patients on SWOG-9031 received remission induction chemotherapy with
daunorubicin (45mg/m2/d for 3 days) and standard-dose cytosine arabino-
side (200mg/m2/d for 7 days) with or without recombinant human
granulocyte colony-stimulating factor (rhG-CSF). Patients on SWOG-9333
received induction either with the same ARA-C/DNR induction regimen
(AD), or with mitoxantrone and etoposide (ME), with addition of granulo-
cyte-macrophage CSF (GM-CSF) on remission achievement only. Since the
ME arm had somewhat poorer treatment outcomes,37 only SWOG-9333
patients in the AD arm were included in the present study. All AD patients
who met the eligibility criteria of their respective trials and had sufficient
volumes of cryopreserved marrow or blood cells in the SWOG Myeloid
Repository were included in this study.

Patients provided samples for research after informed consent was
given, in accordance with the Declaration of Helsinki. The parent trials
were approved by the institutional review boards and included permission
for samples to be used for future analyses. This study was deemed exempt
by the Roswell Park Cancer Institute Institutional Review Board because
we received only anonymous samples for genotyping. All genotyping was
performed at BioServe Biotechnologies (Laurel, MD) and all statistical
analyses were performed by SWOG statisticians. No part of this study was
ever open at Roswell Park Cancer Institute; results were provided to us by
the SWOG statistician.

Genotyping

DNA was extracted from bone marrow samples and genotyped for SNPs in
APE1 (rs3136820), XRCC1 (rs25487), ERCC1 (rs3212961), XPD/ERCC2
(rs13181 and rs1799793), and XRCC3 (rs861539), using matrix-assisted

laser desorption/ionization time of flight mass spectrometry (MALDI-TOF-
MS). Duplicate aliquots for approximately 10% of the samples were
randomly distributed throughout the plates for quality control purposes.
Controls for genotype and 2 ‘no template’ controls were also included on
each plate. All genotyping results were reviewed manually for quality
control. Five polymorphisms, excluding the one in ERCC1, were nonsyn-
onymous, resulting in amino acid changes. The ERCC1 SNP occurs in the
intronic part of the gene.

Statistical analysis

Data regarding patient and disease characteristics, treatment outcomes, and
toxicities were collected and subjected to quality review according to
standard practices of SWOG. Data analysis was performed using SAS 8.0
software (SAS Institute, Cary, NC). �2 tests and Fisher exact test were used
to evaluate associations between genotypes and haplotypes and categorical
variables (sex, race, de novo versus secondary AML onset, and FAB class).
Associations of genotypes and haplotypes with continuous variables such
as age, white blood cell (WBC) count, and bone marrow and peripheral
blast percentages were analyzed using ANOVA and Kruskal-Wallis tests. �2

test statistics with 1 degree of freedom were used to test for deviation from
Hardy-Weinberg equilibrium (HWE) in each polymorphism. Estimation
haplotype (EH) genetic linkage utility program was used to evaluate
possible linkage disequilibrium (LD) for the SNPs located in close
proximity to each other. Associations between genotypes and haplotypes
and therapeutic outcomes were analyzed using logistic regression models
for CR and RD following induction chemotherapy, and using proportional
hazards regression models for OS. Multivariate regression models were
used to investigate differences between genotypes and haplotypes after
adjusting for the effects of other prognostic factors (age, cytogenetic risk
group, AML onset, and peripheral blast percentage). For analysis of
toxicities, the following categories were created by combining specific
toxicities defined by the SWOG toxicity criteria for SWOG-903139 and the
Common Toxicity Criteria (CTC) version 2.0 (National Cancer Institute
[NCI, Bethesda, MD) for SWOG-9333: lung, liver, metabolic, gastrointesti-
nal (GI), and genitourinary (GU). Because a patient may have had multiple
occurrences of a given toxicity, each patient’s maximum grade for each
specific toxicity category was used for analysis. For each gene and each
organ group, polychotomous logistic regression analyses were run to test
whether the distributions of highest toxicity grade varied among genotypes
(each of these analyses excluded patients with toxicities of only unknown
grade). These analyses treat each patient’s maximum grade of a given type
of toxicity as an ordinal response variable. The estimated odds ratio (OR)
represents the odds, relative to the referent genotype, of having toxicity
above any given grade, averaged over all grades. For example, OR � 2
implies that the genotype of interest confers twice the risk of toxicity above
any particular grade, compared to the referent genotype.

Results

A total of 372 patients were registered on SWOG-9031 (n � 211)
or the AD arm of SWOG-9333 (n � 161), and 201 of these
(SWOG-9031: 89; SWOG-933: 112) met the criteria for inclusion
in this analysis, although one SWOG-9031 patient was not
analyzed. As shown in Table 1, the patient population was almost
equally distributed by sex and the majority (87%) were white. The
median age was 68 years, reflecting the lower age limit of 56 for
study eligibility. Forty-three (23%) of the 200 patients had AML
that was secondary to prior myelodysplastic syndrome (MDS) or
leukemogenic exposure. Overall patient genotype and haplotype
distributions, as well as by de novo versus therapy-related AML,
are displayed in Table 2. Genotypes for XRCC1, XRCC3, ERCC1,
and XPD were in HWE. However, distribution of APE1 genotypes
departed from HWE (P � .012), with smaller numbers of heterozy-
gotes and slight excess in both homozygote variants. This disequi-
librium could be explained by the larger number of missing values
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at least one ERCC1 variant A allele had more than a halving of risk,
compared to those with CC genotypes (OR � 0.39; 95% CI,
0.19-0.82; P � .041). There was also a borderline decrease in risk
of lung toxicity for those with AA genotype (OR � 0.16; 95% CI,
0.02-1.02; P � .037), although there was no reduction in risk for
heterozygotes. Borderline reduction in risk of lung toxicity was
noted for XPD Lys751Gln heterozygotes (OR � 0.54; 95% CI,
0.28-1.02). XPD Asp312Asn polymorphism was associated with
reduced GU toxicity for patients with variant AA genotype
(OR � 0.27; 95% CI, 0.09-0.81) and reduced GI toxicity for
heterozygotes (OR � 0.54; 95% CI, 0.51-0.95). Analyses of toxici-
ties by haplotypes were limited to those with combined haplotype
categories because several of the individual haplotypes had too few
patients for analysis. Patients with at least one D haplotype, as
compared to all other haplotypes, had a 2-fold increase in risk of
liver toxicity (OR � 2.00; 95% CI, 1.08-3.82). Individuals with
DC haplotype had a decreased risk of GI toxicity.

Discussion

In this study, we sought to determine if SNPs in DNA repair
pathways have an impact on therapeutic outcomes of patients with
AML. Only XPD Lys751Gln and Asp312Asn polymorphisms were
associated with major treatment outcomes: CR to induction chemo-
therapy, RD, or OS. In particular, there was reduced risk of resistant
disease for patients with variant XPD Lys751GLn genotypes, XPD
Asp312Asn heterozygotes, and patients possessing XPD Gln751C/
Asp312G (‘D’) haplotypes. The latter haplotype was also associ-
ated with better CR to treatment. Significantly decreased OS was
noted for XPD 312Asn variant genotype carriers and Gln751C/
Asn312A (‘B’) haplotype. We also noted associations between
several genotypes, as well as XPD haplotypes, and toxicities
experienced.

The SNPs under investigation in this study involve several
DNA repair pathways, including BER, DSB, and NER pathways.
Since this study was initiated several years ago, the field of
genomics has rapidly advanced, and there are accumulating data
regarding numerous SNPs and haplotype blocks in most genes,
including those under study. However, at the time this study was

begun and genes and polymorphisms were selected, we selected
SNPs based on those that were known in the literature and focused
on genes most likely to play a role in treatment response. The
earlier published reports on significance of BER, NER, and
homologous recombination repair (HRR) DNA repair pathways in
leukemogenesis, as well as significance of XRCC1 Arg399Gln,
APE1 Asp148Glu, XRCC3 Thr241Met, and XPD Lys751Gln and
Asp312Asn SNPs in modifying DNA repair functional capacity
and carcinogenesis, influenced the selection of these particular
SNPs for this study. ERCC1 was selected because of its role in
NER mechanism of DNA repair.

To the best of our knowledge, except for the XPD Lys751Gln
polymorphism, this is the first report on relationships between
selected gene candidates in DNA repair pathways and therapeutic
outcomes of patients with AML, although the genes evaluated in
this analysis have been studied in relation to other cancer out-
comes. Several studies previously reported associations between
ERCC1 codon 8092 and ERCC1 codon 118 variant genotypes and
poorer survival outcomes in cancer patients diagnosed with non–
small-cell lung cancer23,25,26 and colorectal cancer.28,29 Data from
Stoehlmacher et al41 indicated that patients with colorectal cancer
carrying at least one Gln mutant allele of XRCC1 Arg399Gln SNP
were at a 5.2-fold (95% CI, 1.21-22.07) increased risk to develop
resistance to the 5-fluorouracil/oxaliplatin chemotherapy. Yoon et
al42 recently reported that XRCC1 polymorphisms and haplotypes
were significant predictors of progression-free survival in patients
with lung cancer. In contrast, Berwick et al43 noted no associations
between SNPs in XRCC1-Arg399Gln, XRCC3-Thr241Met, and
XPD-Lys751Gln and survival outcomes in 120 patients with soft
tissue sarcoma. In a study of 320 pediatric patients with acute
lymphoblastic leukemia, Krajinovic et al44 reported no significant
associations between polymorphic APE1 148Glu and XRCC1
194Trp variants and event-free survival. There have been recent
studies of XPD, involved in NER, and survival of patients with
AML.18 In a study of 341 elderly patients with AML conducted by
researchers in the United Kingdom, modestly increased HRs of
1.30 and 1.18 were found for disease-free and overall survival,
respectively, by XPD variant genotypes. However, in a study of
pediatric AML conducted by the Children’s Oncology Group
(COG),45 survival and treatment-related mortality were not associ-
ated with XPD codon 751 genotypes.

Table 4. Analyses of treatment outcomes by XPD haplotypes

XPD Haplotype Total no.

CR RD OS

No. OR CI No. OR CI No. of deaths HR CI

AA* 72 25 1.00 NA 34 1.00 NA 67 1.00 NA

AC 11 3 0.75 0.10-4.85 3 1.20 0.19-6.94 10 1.80 0.78-4.19

BB 13 5 0.48 0.04-3.88 3 0.62 0.06-4.60 12 2.82 1.02-7.76

BC 6 1 0.35 0.02-2.79 3 1.14 0.17-7.84 6 2.09 0.88-4.97

DA 22 16 4.06 1.05-18.6 5 0.34 0.06-1.46 20 0.94 0.50-1.76

DB 13 6 3.94 0.82-22.7 3 0.12 0.01-0.87 12 0.73 0.35-1.55

DC 54 25 2.17 0.89-5.42 13 0.36 0.14-0.92 50 0.96 0.63-1.46

AA* 72 25 1.00 NA 34 1.00 NA 67 1.00 NA

DA 22 16 4.07 1.06-18.5 5 0.35 0.06-1.47 20 0.92 0.49-1.71

DC 54 25 2.16 0.89-5.37 13 0.38 0.14-0.92 50 0.96 0.63-1.47

Other 43 15 1.12 0.39-3.16 12 0.58 0.20-1.62 40 1.32 0.82-2.14

AA/AC/BB/BC* 102 34 1.00 NA 43 1.00 NA 95 1.00 NA

DA/DB/DC 89 47 3.06 1.44-6.70 21 0.32 0.14-0.72 82 0.80 0.57-1.14

Estimates of ORs and HRs are adjusted for the following covariates: age (continuous), AML onset (de novo versus secondary), cytogenetic group (favorable, intermediate,
unfavorable, unknown), peripheral blast percentage (continuous, unknown for 7 patients who are excluded from multivariate analyses).

NA indicates not applicable.
*Referent haplotype or haplotype category.

3940 KUPTSOVA et al BLOOD, 1 MAY 2007 � VOLUME 109, NUMBER 9

 For personal use only. by guest on March 10, 2014. bloodjournal.hematologylibrary.orgFrom 

userr
Highlight

userr
Highlight

userr
Highlight

userr
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

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

http://bloodjournal.hematologylibrary.org/
http://bloodjournal.hematologylibrary.org/
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl


11. Vodicka P, Kumar R, Stetina R, et al. Genetic
polymorphisms in DNA repair genes and possible
links with DNA repair rates, chromosomal aberra-
tions and single-strand breaks in DNA. Carcino-
genesis. 2004;25:757-763.

12. Hu JJ, Smith TR, Miller MS, Mohrenweiser HW,
Golden A, Case LD. Amino acid substitution vari-
ants of APE1 and XRCC1 genes associated with
ionizing radiation sensitivity. Carcinogenesis.
2001;22:917-922.

13. Matullo G, Palli D, Peluso M, et al. XRCC1,
XRCC3, XPD gene polymorphisms, smoking and
(32)P-DNA adducts in a sample of healthy sub-
jects. Carcinogenesis. 2001;22:1437-1445.

14. Au WW, Salama SA, Sierra-Torres CH. Func-
tional characterization of polymorphisms in DNA
repair genes using cytogenetic challenge assays.
Environ Health Perspect. 2003;111:1843-1850.

15. Seedhouse C, Faulkner R, Ashraf N, Das-Gupta
E, Russell N. Polymorphisms in genes involved in
homologous recombination repair interact to in-
crease the risk of developing acute myeloid leu-
kemia. Clin Cancer Res. 2004;10:2675-2680.

16. Matullo G, Dunning AM, Guarrera S, et al. DNA
repair polymorphisms and cancer risk in non-
smokers in a cohort study. Carcinogenesis. 2006;
27:997-1007.

17. Seedhouse C, Bainton R, Lewis M, Harding A,
Russell N, Das-Gupta E. The genotype distribu-
tion of the XRCC1 gene indicates a role for base
excision repair in the development of therapy-
related acute myeloblastic leukemia. Blood.
2002;100:3761-3766.

18. Allan JM, Smith AG, Wheatley K, et al. Genetic
variation in XPD predicts treatment outcome and
risk of acute myeloid leukemia following chemo-
therapy. Blood. 2004;104:3872-3877.

19. Goode EL, Ulrich CM, Potter JD. Polymorphisms
in DNA repair genes and associations with cancer
risk. Cancer Epidemiol Biomarkers Prev. 2002;11:
1513-1530.

20. Shen M, Hung RJ, Brennan P, et al. Polymor-
phisms of the DNA repair genes XRCC1, XRCC3,
XPD, interaction with environmental exposures,
and bladder cancer risk in a case-control study in
northern Italy. Cancer Epidemiol Biomarkers
Prev. 2003;12:1234-1240.

21. Han J, Colditz GA, Samson LD, Hunter DJ. Poly-
morphisms in DNA double-strand break repair
genes and skin cancer risk. Cancer Res. 2004;
64:3009-3013.

22. Smith TR, Levine EA, Perrier ND, et al. DNA-re-
pair genetic polymorphisms and breast cancer
risk. Cancer Epidemiol Biomarkers Prev. 2003;
12:1200-1204.

23. Zhou W, Gurubhagavatula S, Liu G, et al. Exci-
sion repair cross-complementation group 1 poly-
morphism predicts overall survival in advanced
non-small cell lung cancer patients treated with
platinum-based chemotherapy. Clin Cancer Res.
2004;10:4939-4943.

24. Gurubhagavatula S, Liu G, Park S, et al. XPD
and XRCC1 genetic polymorphisms are prognos-

tic factors in advanced non-small-cell lung cancer
patients treated with platinum chemotherapy.
J Clin Oncol. 2004;22:2594-2601.

25. Isla D, Sarries C, Rosell R, et al. Single nucleo-
tide polymorphisms and outcome in docetaxel-
cisplatin-treated advanced non-small-cell lung
cancer. Ann Oncol. 2004;15:1194-1203.

26. Ryu JS, Hong YC, Han HS, et al. Association be-
tween polymorphisms of ERCC1 and XPD and
survival in non-small-cell lung cancer patients
treated with cisplatin combination chemotherapy.
Lung Cancer. 2004;44:311-316.

27. Rosell R, Taron M, Camps C, Lopez-Vivanco G.
Influence of genetic markers on survival in non-
small cell lung cancer. Drugs Today (Barc). 2003;
39:775-786.

28. Stoehlmacher J, Park DJ, Zhang W, et al. A multi-
variate analysis of genomic polymorphisms: pre-
diction of clinical outcome to 5-FU/oxaliplatin
combination chemotherapy in refractory colorec-
tal cancer. Br J Cancer. 2004;91:344-354.

29. Park DJ, Zhang W, Stoehlmacher J, et al. ERCC1
gene polymorphism as a predictor for clinical out-
come in advanced colorectal cancer patients
treated with platinum-based chemotherapy. Clin
Adv Hematol Oncol. 2003;1:162-166.

30. Park DJ, Stoehlmacher J, Zhang W, Tsao-Wei
DD, Groshen S, Lenz HJ. A xeroderma pigmento-
sum group D gene polymorphism predicts clinical
outcome to platinum-based chemotherapy in pa-
tients with advanced colorectal cancer. Cancer
Res. 2001;61:8654-8658.

31. Yamayoshi Y, Iida E, Tanigawara Y. Cancer phar-
macogenomics: international trends. Int J Clin
Oncol. 2005;10:5-13.

32. Evans WE, McLeod HL. Pharmacogenomics—-
drug disposition, drug targets, and side effects.
N Engl J Med. 2003;348:538-549.

33. Evans WE. Pharmacogenomics: marshalling the
human genome to individualise drug therapy.
Gut. 2003;52(suppl 2):ii10–18.

34. Suk R, Gurubhagavatula S, Park S, et al. Poly-
morphisms in ERCC1 and grade 3 or 4 toxicity in
non-small cell lung cancer patients. Clin Cancer
Res. 2005;11:1534-1538.

35. Chang-Claude J, Popanda O, Tan XL, et al. Asso-
ciation between polymorphisms in the DNA repair
genes, XRCC1, APE1, and XPD and acute side
effects of radiotherapy in breast cancer patients.
Clin Cancer Res. 2005;11:4802-4809.

36. Lentz F, Tran A, Rey E, Pons G, Treluyer JM.
Pharmacogenomics of fluorouracil, irinotecan,
and oxaliplatin in hepatic metastases of colorectal
cancer: clinical implications. Am J Pharmacog-
enomics. 2005;5:21-33.

37. Anderson JE, Kopecky KJ, Willman CL, et al.
Outcome after induction chemotherapy for older
patients with acute myeloid leukemia is not im-
proved with mitoxantrone and etoposide com-
pared to cytarabine and daunorubicin: a South-
west Oncology Group study. Blood. 2002;100:
3869-3876.

38. Godwin JE, Kopecky KJ, Head DR, et al. A

double-blind placebo-controlled trial of granulo-
cyte colony-stimulating factor in elderly patients
with previously untreated acute myeloid leuke-
mia: a Southwest Oncology Group study (9031).
Blood. 1998;91:3607-3615.

39. Green S, Weiss GR. Southwest Oncology Group
standard response criteria, endpoint definitions
and toxicity criteria. Invest New Drugs. 1992;10:
239-253.

40. Leith CP, Kopecky KJ, Godwin J, et al. Acute my-
eloid leukemia in the elderly: assessment of multi-
drug resistance (MDR1) and cytogenetics distin-
guishes biologic subgroups with remarkably
distinct responses to standard chemotherapy. A
Southwest Oncology Group study. Blood. 1997;
89:3323-3329.

41. Stoehlmacher J, Ghaderi V, Iobal S, et al. A poly-
morphism of the XRCC1 gene predicts for re-
sponse to platinum based treatment in advanced
colorectal cancer. Anticancer Res. 2001;21:3075-
3079.

42. Yoon SM, Hong YC, Park HJ, et al. The polymor-
phism and haplotypes of XRCC1 and survival of
non-small-cell lung cancer after radiotherapy. Int
J Radiat Oncol Biol Phys. 2005;63:885-891.

43. Berwick M, Matullo G, Song YS, et al. Association
between aryl hydrocarbon receptor genotype and
survival in soft tissue sarcoma. J Clin Oncol.
2004;22:3997-4001.

44. Krajinovic M, Labuda D, Mathonnet G, et al. Poly-
morphisms in genes encoding drugs and xenobi-
otic metabolizing enzymes, DNA repair enzymes,
and response to treatment of childhood acute
lymphoblastic leukemia. Clin Cancer Res. 2002;
8:802-810.

45. Mehta PA, Alonzo TA, Gerbing RB, et al. XPD
Lys751Gln polymorphism: etiology and outcome
of childhood acute myeloid leukemia. A Children’s
Oncology Group report. Blood. 2006;107:39-45

46. Cistulli C, Lavrik OI, Prasad R, Hou E, Wilson SH.
AP endonuclease and poly(ADP-ribose) polymer-
ase-1 interact with the same base excision repair
intermediate. DNA Repair (Amst). 2004;3:581-
591.

47. Sossou M, Flohr-Beckhaus C, Schulz I, Daboussi
F, Epe B, Radicella JP. APE1 overexpression in
XRCC1-deficient cells complements the defective
repair of oxidative single strand breaks but in-
creases genomic instability. Nucleic Acids Res.
2005;33:298-306.

48. Evans WE, Relling MV. Moving towards individu-
alized medicine with pharmacogenomics. Nature.
2004;429:464-468.

49. Moullan N, Cox DG, Angele S, Romestaing P,
Gerard JP, Hall J. Polymorphisms in the DNA re-
pair gene XRCC1, breast cancer risk, and re-
sponse to radiotherapy. Cancer Epidemiol Bi-
omarkers Prev. 2003;12:1168-1174.

50. Yin J, Rockenbauer E, Hedayati M, et al. Multiple
single nucleotide polymorphisms on human chro-
mosome 19q13.2-3 associate with risk of basal
cell carcinoma. Cancer Epidemiol Biomarkers
Prev. 2002;11:1449-1453.

3944 KUPTSOVA et al BLOOD, 1 MAY 2007 � VOLUME 109, NUMBER 9

 For personal use only. by guest on March 10, 2014. bloodjournal.hematologylibrary.orgFrom 

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

http://bloodjournal.hematologylibrary.org/
http://bloodjournal.hematologylibrary.org/
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl


CLINICAL TRIALS AND OBSERVATIONS

XPD Lys751Gln polymorphism in the etiology and outcome of childhood acute
myeloid leukemia: a Children’s Oncology Group report
Parinda A. Mehta, Todd A. Alonzo, Robert B. Gerbing, James S. Elliott, Tiffany A. Wilke, Rebekah J. Kennedy, Julie A. Ross,
John P. Perentesis, Beverly J. Lange, and Stella M. Davies

Genetic polymorphisms result in interin-
dividual variation in DNA repair capacity
and may, in part, account for susceptibil-
ity of a cell to genotoxic agents and to
malignancy. Polymorphisms in XPD, a
member of the nucleotide excision re-
pair pathway, have been associated
with development of treatment-related
acute myeloid leukemia (AML) and with
poor outcome of AML in elderly patients.
We hypothesized that XPD Lys751Gln
polymorphism may play a role in causa-

tion of AML in children and, as shown in
adults, may affect the outcome of child-
hood AML therapy. Genotyping of 456
children treated for de novo AML was
performed at XPD exon 23. Genotype
frequencies in patients were compared
with healthy control subject frequencies,
and patient outcomes were analyzed ac-
cording to genotype. Gene frequencies in
AML patients and healthy controls were
similar. There were no significant differ-
ences in overall survival (P � .82), event-

free survival (P � .78), treatment-related
mortality (P � .43), or relapse rate (RR)
(P � .92) between patients with XPD751AA
versus 751AC versus 751CC genotypes,
in contrast to reports in adult AML. These
data, representing the only data in pediat-
ric AML, suggest that XPD genotype does
not affect the etiology or outcome of
childhood AML. (Blood. 2006;107:39-45)

© 2006 by The American Society of Hematology

Introduction

DNA is continuously damaged by endogenous and exogenous
mutagens. Repair of DNA damage is a complex process carried out
by an array of DNA repair pathways, including nucleotide excision
and base excision repair pathways. The nucleotide excision repair
(NER) pathway eliminates the widest variety of damage to the
human genome, including UV-induced photoproducts, bulky mono-
adducts, cross-links, and oxidative damage.1

Hereditary genetic defects in DNA repair lead to increased risk
of cancer. Individuals with xeroderma pigmentosum (XP), a rare
autosomal recessive disease resulting from a defect in NER of
UV-damaged DNA, have a 1000-fold increased risk of skin
cancer.2 Cell-fusion analyses have identified 7 genetic complemen-
tation groups (XPA to XPG) that encode for proteins participating in
different steps of the NER pathway.3,4 Xeroderma pigmentosum
complementation group D (XPD) is a major participant in NER
pathway and is also involved in transcription initiation, control of
cell cycle, and apoptosis.5

XPD functions as an evolutionarily conserved ATP-dependent
helicase within the multisubunit transcription repair factor complex,
TFIIH.6-8 TFIIH has 2 distinct roles, first in basal transcription carried
out by RNA polymerase II and second in NER of DNA damage. It
appears that XPD protein needs to be present to maintain the stability of
the TFIIH complex. XPD possesses both single-strand DNA-dependent
ATPase and 5�-3� DNAhelicase activities and is thought to participate in

DNA unwinding during NER and transcription.9,10 Mutations in the
XPD gene can completely prevent DNA opening and dual incision,
steps that lead to the repair of DNA adducts.11

Genetic polymorphisms result in interindividual variation in
DNA repair capacity and may, in part, account for differences in
susceptibility of a cell to genotoxic agents and to malignancy.12,13

Several single nucleotide polymorphisms, including an adenine (A)
to cytosine (C) (A3 C) transition, which leads to Lys751Gln in
exon 23 of the XPD gene, have been shown to be associated with
elevated frequency of chromosomal aberrations and a variety of
environmentally induced cancers in adults.14-17 There is also
evidence that dysregulation of DNA repair proteins and NER
pathways may be involved in pathogenesis and prognosis of some
myeloid leukemia.

Recent data from elderly acute myeloid leukemia (AML)
patients treated on MRC11 trial showed reduced event-free sur-
vival (EFS) and overall survival (OS) along with increased risk of
developing treatment-related leukemia in XPD751 glutamine ho-
mozygotes (CC), suggesting that the glutamine variant confers
greater protection against chemotherapy-induced leukemic blast-
cell death, leading to earlier disease relapse and ultimately shorter
overall survival.18 In this study we show that, in contrast to the
adult data, XPD751 does not influence outcome of therapy in
children with AML.
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genotypes (P � .78). Multivariate analyses that adjusted for study
assignment, age, gender, race, and WBC count also suggested XPD
genotypes did not have different OS or EFS.

There was no difference in TRM from study entry between
different genotypes (18% 	 6% in AA vs 16% 	 5% in AC vs
12% 	 8% in CC patients at 5 years; P � .43) (Figure 3). RRs
from the end of one course of therapy for patients in remission were
also similar: 40% 	 8% in XPD751AA versus 42% 	 8% in
751AC versus 39% 	 14% in 751CC patients at 5 years (P � .92)
(Figure 4). Thus, XPD genotype was not significantly associated
with either resistant disease or treatment-related toxicity.

Discussion

Pharmacogenetic polymorphism and variations in response to
damage induced by chemotherapy are being intensively investi-
gated as causes of differential susceptibility to leukemogenesis and
differential response to therapy.26-28 When investigating the clinical
consequences of human polymorphism, it is important to target
polymorphisms that likely change protein function and occur at
significant frequencies in the population. Spitz et al29 studied the
functional consequences of the XPD Lys751Gln polymorphism
among lung cancer patients and healthy controls. They reported
that the variant Gln751Gln genotype was consistently associated
with the suboptimal DNA repair capacity (DRC). This was
determined by assessing the ability of host cells to remove DNA
adducts induced by benzo(a)pyrene, a major constituent of tobacco
smoke. This association was statistically significant among the lung
cancer cases but not among the healthy controls, indicating a role
for XPD in tobacco-related cancers. These data are controversial,
however, and others such as Duell et al and Moeller et al reported
no significant relationship between XPD Lys751Gln polymorphism
and DNA repair proficiency.30,31 These conflicting results have led
to suggestions that functionality of the codon 751 polymorphism

may be exposure—and pathway—specific, affecting both DNA
repair and cell death.32 Consistent with a role for XPD in cell death,
P53-mediated apoptosis is attenuated in XPD mutated fibro-
blasts.33,34 Furthermore, P53 interacts directly with the carboxy
terminus of XPD, which includes the polymorphic codon 751
residue.32

A previous report of adult subjects showed that XPD751
genotype influenced susceptibility to therapy-related leukemia, but
not de novo AML.18 In agreement with this, in this pediatric study
we found no influence of XPD751 genotype on susceptibility to de
novo AML in children. It should be noted that the present pediatric
study focused on de novo and not therapy-related AML.

There is evidence that DNA repair (NER) protects against
mutagenicity and toxicity by removing deleterious DNA lesions
from the genome, including those induced by chemotherapy.35-38

Because increased DNA repair plays an important role in resistance
to platinum-based compounds, Park et al evaluated the effect of
XPD Lys751Gln polymorphism on outcome of 73 patients treated
with 5-fluorouracil (5-FU)/oxaloplatin for metastatic colorectal
cancer. Their results showed a significant association between
response to 5-FU/oxaloplatin and the XPD Lys751Gln polymor-
phism. Patients with Lys/Lys genotype had the longest median
survival, and those with Gln/Gln genotype were 6 to 12 times more
likely to have progressive disease.39

Allan et al evaluated the association of XPD Lys751Gln
polymorphism with outcome following chemotherapy for AML in
341 elderly patients (� 60 years of age) entered into the United
Kingdom Medical Research Council (MRC) AML 11 trial.18 In this
study XPD751 glutamine homozygotes had significantly inferior
DFS at 1 year compared with patients with other genotypes. The
authors postulated 2 general mechanisms by which the XPD codon
751 variant may modulate myeloid-cell death in response to
chemotherapy: either via a direct role for XPD in signaling cell
death or indirectly via XPD repair of protoxic DNA lesions.

In contrast to the findings of Allan et al,18 our study did not
demonstrate any differences in outcome of AML therapy in
children with different XPD751 genotypes. It is possible that
children with AML differ from adults in terms of the biology of
their disease, for example, studies show that older adults have
increased frequency of adverse cytogenetic features compared to
children.40,41 Also, over time adult patients have more opportunity
to accumulate additional genetic insults (secondary hits), with
perhaps increased susceptibility to develop cancers that are more
resistant to therapy. Outcomes for treatment of adult AML are
commonly inferior to those reported in pediatric series.42-45 Also,
association studies involving genetic polymorphisms need to be
interpreted cautiously in the context of differences in study or
population variables. For example, compared to children, older

Figure 2. EFS from study entry: XPD 751AA versus AC versus CC genotypes.

Figure 3. TRM from study entry: XPD 751AA versus AC versus CC genotypes.

Figure 4. RR from end of one course: XPD 751AA versus AC versus CC
genotypes.
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The effect of tobacco, XPC, ERCC2 and ERCC5
genetic variants in bladder cancer development
Kamel Rouissi1, Islem Ben Bahria1, Karim Bougatef1, Raja Marrakchi1, Nejla Stambouli1, Khouloud Hamdi1,
Mohamed Cherif2, Mohamed Riadh Ben Slama2, Mohamed Sfaxi2, Fethi Ben Othman2, Mohamed Chebil2,
Amel Benammar Elgaaied1, Slah Ouerhani3*

Abstract

Background: In this work, we have conducted a case-control study in order to assess the effect of tobacco and three
genetic polymorphisms in XPC, ERCC2 and ERCC5 genes (rs2228001, rs13181 and rs17655) in bladder cancer
development in Tunisia. We have also tried to evaluate whether these variants affect the bladder tumor stage and grade.

Methods: The patients group was constituted of 193 newly diagnosed cases of bladder tumors. The controls
group was constituted of non-related healthy subjects. The rs2228001, rs13181 and rs17655 polymorphisms were
genotyped using a polymerase chain reaction-restriction fragment length polymorphism technique.

Results: Our data have reported that non smoker and light smoker patients (1-19PY) are protected against bladder
cancer development. Moreover, light smokers have less risk for developing advanced tumors stage. When we
investigated the effect of genetic polymorphisms in bladder cancer development we have found that ERCC2 and
ERCC5 variants were not implicated in the bladder cancer occurrence. However, the mutated homozygous
genotype for XPC gene was associated with 2.09-fold increased risk of developing bladder cancer compared to the
control carrying the wild genotype (p = 0.03, OR = 2.09, CI 95% 1.09-3.99). Finally, we have found that the XPC,
ERCC2 and ERCC5 variants don’t affect the tumors stage and grade.

Conclusion: These results suggest that the mutated homozygous genotype for XPC gene was associated with
increased risk of developing bladder. However we have found no association between rs2228001, rs13181 and
rs17655 polymorphisms and tumors stage and grade.

Background
Bladder cancer incidence and mortality rates vary about
10-fold worldwide [1,2]. The highest rates are found in
North America and Western Europe, and are lower in
Eastern Europe and several parts of Asia [1]. Bladder
cancer is a smoking-related cancer [3]. Urothelial cell
carcinomas (UCC) represent more than 90% of bladder
tumors and are classified into superficial (pTa and pT1)
and muscle invasive (≥ pT2) stages. The majority of
superficial tumors recur but progression to muscle inva-
sion is relatively infrequent. Only high-grade superficial
tumors (pTa GIII and pT1 GIII) progress to invasive dis-
ease and represent a high-risk for death from disease [4].

Cigarette smoking is the predominant risk factor for
bladder cancer and is estimated to be responsible for 50%
of the cases in men, and 30% of the cases in women [3].
Cigarette smoke is a rich source of reactive oxygen spe-
cies that can induce a variety of DNA damage. The
body’s two primary defence mechanisms against muta-
genic exposure are DNA damage repair systems and
metabolic enzyme checkpoints [5]. Using these two
mechanisms facilitates cellular responses to DNA damage
from endogenous and exogenous mutagenic exposures to
maintain genomic integrity [5,6]. There are four major
DNA repair pathways in human cells: mismatch repair
(MMR), nucleotide-excision repair (NER), base-excision
repair (BER), and double-strand break (DSB) repair [6].
The damage caused by cigarette smoke is mainly removed
by the nucleotide- excision repair pathway, and to a lesser
extent, the base-excision repair pathway [7]. The NER
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pathway mainly removes bulky DNA adducts typically
generated from exposure to polycyclic aromatic hydrocar-
bons present in tobacco smoke. The BER pathway is
responsible for removal of oxidized DNA bases that may
arise endogenously or from exogenous agents [8].
The NER pathway has been reported to be the most

significant modulator of bladder cancer risk and impli-
cated many enzymes such as Xeroderma pigmentosum
type C, D and G (XPC, ERCC2 and ERCC5). The XPC
enzyme is an important DNA damage recognition pro-
tein that binds to damaged DNA at a very early stage
during DNA repair [9]. The ERCC5 (xeroderma pigmen-
tosum type G) protein is essential for the two incision
steps in nucleotide-excision repair [10]. The ERCC2
(xeroderma pigmentosum type D) 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. This pro-
tein works as an ATP-dependent (5’—>3’) helicase joined
to the basal TFIIH complex to separate double helix [11].
Many polymorphisms were detected in XPC, ERCC2 and

ERCC5 genes and alter the ability of the encoded enzymes
to repair the DNA damage. These variants may increase
susceptibility to bladder cancer through complex gene-
gene and gene-smoking interactions [12]. Among variants
which were studied in association with bladder cancer we
note Lys939Gln genotype (A > C; rs2228001) in XPC gene,
Lys751Gln (rs13181) in ERCC2 gene and Asp1104His (G >
C; rs17655) in ERCC5 gene. Recently; many reported case-
control studies have analyzed the association between risk
factors (tobacco and NER genes polymorphisms) and blad-
der cancer development. However these studies have
reported conflicting results [12-17]. To the best of our
knowledge, no study has been done in Tunisia on the asso-
ciation among these 3 polymorphisms and the risk of blad-
der cancer. We hypothesized that these 3 polymorphisms
in three genes might contribute to the etiology of Bladder
cancer. To test this hypothesis, we genotyped Lys939Gln
genotype (A > C; rs2228001), ERCC2 Lys751Gln (rs13181)
and ERCC5 Asp1104His (G > C; rs17655) polymorphisms
in our ongoing hospital-based case-control study of Blad-
der cancer in a population from Tunisia. We have also try
to evaluate whether these studied single nucleotide poly-
morphisms (SNP) affect tumors phenotypes by investigat-
ing associations between the SNP and tumors stage and
grade.

Methods
Subjects
This study was approved by a local ethical committee.
After giving informed consent, the demographic details
were obtained by interviewing each subject and periph-
eral blood samples were collected from all subjects into
tubes with EDTA at pH 8. A total of 193 patients with

urothelial cell carcinoma of bladder cancer and 193 con-
trol subjects were included in the present study. The
controls were recruited daily from patients newly diag-
nosed and treated at the same urology department for
benign diseases, mainly prostatic hyperplasia, cystitis
and urolithiasis. Patients with cancer, or liver or renal
diseases, were excluded. This control group was consti-
tuted of non-related subjects who were matched to the
case group for sex proportion, geographic origin, and
age range. Patients were recruited from the Department
of Urology at the Charles Nicole Hospital in Tunisia. All
were from the North of Tunisia, 91.2% of them were
men, and the mean age at diagnosis was 65.23 ±11.3
years. These patients were classified according to their
tobacco status. The smoker category included current
smokers who smoked daily. Non consumers of tobacco
were defined as persons who had never smoked or had
consumed less than 20 packs of cigarettes or 360 g of
tobacco in their lifetime or less than one cigarette per
day. The intensity of tobacco use (PY) was defined as
the amount of tobacco consumed during the life of
patients (1 PY = 7300 cigarettes smoked during 1 year).
It was found that 79.79% (154/193) of patients were cur-
rent smokers, and 20.21% were non-tobacco consumers.
The clinical characteristics, including tumor stage and
grade, were obtained from the urologist of our depart-
ment. Tumors were staged according to the criteria of
the tumor-node-metastasis classification (TNM) and the
WHO-International Society of Urological Pathology as
follows: 13 carcinoma in Situ (CIS), 34 pTa GI, 12 pTa
GII, 3 pTa GIII, 53 pT1 GII, 34 pT1 GIII and 44 inva-
sive tumors (≥ pT2).

DNA preparation and genotyping
Genomic DNA was extracted from leukocytes using a
phenol-chloroform procedure [18]. The quality of geno-
mic DNA was controlled by electrophoresis on a 1%
agarose gel stained with ethidium bromide. The XPC,
ERCC2 and ERCC5 polymorphisms were detected with
polymerase chain reaction-restriction fragment length
polymorphism-based approaches (PCR-RFLP), as
described previously [19]. The studied polymorphisms
and details of RFLPs are shown in Table 1.

Statistical analysis
Departures from Hardy-Weinberg equilibrium were
tested using the software package Arlequin ver 3.01 [20].
We have used Epi info 6.0 software to calculate the odds
ratios (OR) value with 95% confidence intervals (CI). We
have also used the logistic regression test of SPSS 16.0
software to investigate the impact of smoking and poly-
morphisms in repair genes on the development and pro-
gression of bladder cancer. The logistic regression is a
mathematical modelling approach that is used to describe
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Abstract: Genomic instability is the driving force behind cancer

development. Human syndromes with DNA repair deficiencies

comprise unique opportunities to study the clinical consequences

of faulty genome maintenance leading to premature aging and

premature cancer development. These syndromes include

chromosomal breakage syndromes with defects in DNA damage

signal transduction and double-strand break repair, mismatch

repair defective syndromes as well as nucleotide excision repair

defective syndromes. The same genes that are severely affected in

these model diseases may harbour more subtle variations in the

‘healthy’ normal population leading to genomic instability, cancer

development, and accelerated aging at later stages of life. Thus,

studying those syndromes and the molecular mechanisms behind

can significantly contribute to our understanding of (skin)

cancerogenesis as well as to the development of novel

individualized preventive and therapeutic anticancer strategies.

The establishment of centers of excellence for studying rare

genetic model diseases may be helpful in this direction.

Key words: double-strand break repair – genetic recombination –

genetic skin diseases – mismatch repair – nucleotide excision

repair
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Introduction

The events of spontaneous mutation development are

much too rare to account for the cancer risk in humans

(1). Usually, multiple different gene mutations are neces-

sary to allow for the malignant transformation of a cell. A

cellular ‘mutator phenotype’ because of faulty genome

maintenance and repair systems may be required for

tumorigenesis. The genome of human cells as well as cells

from many other procaryotes and eucaryotes contain

mechanisms to protect themselves from endogenous or

exogenous substances that damage cellular DNA (2). The

DNA repair enzymes constantly scan the global genome to

detect and remove DNA damage and damage to single

nucleotides. To date, more than 130 DNA repair enzymes

have been identified that secure genomic integrity (3).

Direct reversion of the DNA damage, double-strand break

(DSB) DNA repair via homologous or non-homologous

recombination as well as the excision of the DNA damage

account for the most relevant DNA repair mechanisms

(4,5).

If, despite these repair mechanisms, the DNA damage

persists, cells can make use of the special DNA polymerases

that are able to bypass specific types of DNA damage

(translesion synthesis) (2,3,6). One of the best studied

polymerases is the 1999 identified polymerase eta that can

bypass cyclobutane pyrimidine dimers (7–10). The conse-

quences of a functional loss of polymerase eta are demon-

strated by xeroderma pigmentosum variant (XPV) patients

(MIM: 278750). These patients have a normal nucleotide

excision repair (NER) capacity but accumulate DNA pho-

toproduct-induced DNA mutations because of the alternat-

ive use of more error-prone polymerases. The loss of

polymerase eta function in XPV patients leads to the same

clinical XP symptoms found in other XP patients belonging

to the complementation groups A to G who accumulate

DNA mutations because of defects in NER of UV-induced

DNA photoproducts (11,12).

Classical human models to support the hypothesis of

multistep carcinogenesis, requiring a cellular mutator phe-

notype, are congenital genetic diseases with increased

genomic instability which are characterized by enhanced

tumor formation already in the youth (13). These syn-

dromes include chromosomal breakage syndromes, mis-

match repair (MMR) defective syndromes as well as NER

defective syndromes. It is notable that the same genes that

are involved in the development of these model diseases

may also lead to genetic instability in normal individuals,

for example, via polymorphic variants or acquired somatic

mutations. This may ultimately affect cancer-proneness in

‘healthy’ individuals. Thus, the DNA repair genes may be

viewed as tumor-suppressor genes. Clearly, the DNA repair

systems that will be discussed below are not sharply demar-

cated against one another, but overlap and interact with
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several mechanisms, similar to nuclear DNA repair, exist.

Base excision repair (BER) of oxidative DNA damage is the

best characterized mechanism in mitochondria (121,122),

but also MMR activities have been demonstrated in puri-

fied human mitochondria (123) as well as repair of DNA

DSBs (121). Interestingly, there is no efficient repair of

UV-induced CPDs in mtDNA (124) and NER has so far

not been detected (121). However, Stevnsner et al. (125)

found a reduced repair capacity of 8oxoG in mitochondrial

extracts of CSB-deficient cells. The CSB protein is a com-

ponent of NER. Trifunovic et al. (126) investigated homo-

zygous knock in mice expressing a proof reading deficient

polymerase c which is involved in all the repair processes of

mitochondria. Clinically, these mutant mice exhibit an

aging phenotype characterized by progeroid symptoms, like

weight loss, kyphosis, osteoporosis, alopecia and s.c. fat

reduction.

DNA repair gene variants and cancer susceptibil-
ity/individualized cancer prevention
The knowledge gained by studying NER defective syndromes

can be transferred to the normal population. Subtle modula-

tions of DNA repair, for example via polymorphisms, may

result in increased cancer susceptibility in normals. For

example, a reduced NER capacity has been found in patients

with lung cancer, head-and-neck squamous cell cancer, and

patients with basal cell carcinomas using host cell reactiva-

tion (127–129). Wei et al. (130) recently demonstrated that

reduced DNA repair capacity is an independent risk factor

for the development of cutaneous melanoma in the general

population. We found that a functional relevant XPC poly-

morphism was associated with a 2-fold increased melanoma

risk in the normal population (131). Normal fibroblasts

harbouring this XPC polymorphism roughly showed a 50%

reduction in their NER capability (132). Other studies iden-

tified a 10% reduction of DNA repair capacities in patients

with basal cell carcinoma (133), a 25% reduction in patients

with lung cancer (134), and a 30% reduction in patients with

head and neck squamous cell cancer (127) compared with

healthy controls. This reduction in DNA damage repair func-

tion may explain the association of these polymorphisms

with the development of different cancers. In the future,

genetic profiles of cancer risks will have to be constructed to

develop risk models incorporating the combinations of

many polymorphisms in many repair genes at once. Such a

profile can serve as a molecular marker for an individual

cancer risk assessment in addition to the relatively unspecific

phenotypic risk markers used in the clinic nowadays (135).

DNA repair gene variants and efficacy of cancer
treatments/individualized cancer therapy
In addition to serving as markers for cancer predisposition,

DNA repair genes may also have great implications in the

therapeutic outcome of certain cancer treatments. Several

different mechanisms of chemoresistance have been des-

cribed, such as alterations in drug transport, an increase in

drug detoxification, an induction of cellular protective

agents, or an increased DNA repair of drug induced DNA

damage (136). For example, cisplatin sensitivity has been

linked to defective NER, with altered levels of XPA protein

in testicular germ cell tumors (137) and of XPG protein in

the mouse leukaemia line L1220 (138). Cisplatin resistant

cells exhibit enhanced NER. Recently it was shown that a

novel alkylating anticancer agent, ectainascidin 743 (Et743),

subverts normal NER by generating lethal DNA breaks dur-

ing transcription coupled NER (139). NER-defective XP

cells were resistant to this chemotherapeutic agent. It was

found that cisplatin resistant ovarian carcinoma cells with

increased NER were sensitive to killing by Et743. The

authors suggested that the evaluation of the Et743 treat-

ment for cisplatin-resistant tumors and monitoring XP and

other NER factors in tumor samples might help guide the

choice of chemotherapeutic agents (139). However, the

assessment of different melanoma cell lines resistant to

cisplatin, fotemustine, vindesine, or etoposide revealed no

altered NER of UV-induced DNA photoproducts (14). This

is in accordance with recent literature in pharmacogenetics,

which suggests that genetic polymorphisms in genes

involved in drug metabolism, drug targets and DNA repair

may contribute significantly to the variability of individual

drug response (140,141).

New therapeutic strategies/DNA repair creams
Finally, new therapeutic approaches may be developed. In

the last few years a delivery system has been studied that

utilizes the packaging of repair enzymes into liposomes that

can be applied to the skin as a hydrogel lotion on a regular

basis. This technique could deliver any repair enzyme at a

defined concentration and frequency to epidermal skin

cells, which offers a new dimension in topical dermato-

therapy (142). In the first prospective pilot study, the effic-

acy of a T4 endonuclease liposomal therapy was investigated

in 30 XP patients. A 68% and 30% reduction in the devel-

opment of actinic keratoses and basal cell cancers, respect-

ively, was demonstrated in XP patients who applied the

repair cream. The authors conclude that improved DNA

repair inhibits tumor promotion as well as tumor progres-

sion (143). Currently, this treatment is investigated for its

efficacy in skin cancer prevention in renal transplant

patients. Stege et al. (144) investigated the efficacy of a sec-

ond liposomal encapsulated repair enzyme, photolyase. The

enzyme specifically binds to cyclobutane-pyrimidine

dimers. If the enzyme is photoreactivated with visible light

(300–800 nm), it can separate the dimer into the original

monomers (direct reversion). Nineteen healthy volunteers

were treated with a photolyase containing liposomal lotion.

Thoms et al.
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Polymorphisms in DNA Repair Genes and Associations
with Cancer Risk1
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Abstract
Common polymorphisms in DNA repair genes may alter
protein function and an individual’s capacity to repair
damaged DNA; deficits in repair capacity may lead to
genetic instability and carcinogenesis. To establish our
overall understanding of possible in vivo relationships
between DNA repair polymorphisms and the development
of cancer, we performed a literature review of
epidemiological studies that assessed associations between
such polymorphisms and risk of cancer. Thirty studies of
polymorphisms in OGG1, XRCC1, ERCC1, XPC, XPD,
XPF, BRCA2, and XRCC3 were identified in the April 30,
2002 MEDLINE database (National Center for
Biotechnology Information. PubMed Database: http://
www.ncbi.nlm.nih.gov/entrez). These studies focused on
adult glioma, bladder cancer, breast cancer, esophageal
cancer, lung cancer, prostate cancer, skin cancer
(melanoma and nonmelanoma), squamous cell carcinoma
of the head and neck, and stomach cancer. We found that
a small proportion of the published studies were large
and population-based. Nonetheless, published data were
consistent with associations between: (a) the OGG1 S326C
variant and increased risk of various types of cancer; (b)
the XRCC1 R194W variant and reduced risk of various
types of cancer; and (c) the BRCA2 N372H variant and
increased risk of breast cancer. Suggestive results were
seen for polymorphisms in other genes; however, small
sample sizes may have contributed to false-positive or
false-negative findings. We conclude that large, well-
designed studies of common polymorphisms in DNA
repair genes are needed. Such studies may benefit from
analysis of multiple genes or polymorphisms and from
the consideration of relevant exposures that may
influence the likelihood of cancer in the presence of
reduced DNA repair capacity.

Introduction
DNA in most cells is regularly damaged by endogenous and
exogenous mutagens. Unrepaired damage can result in apop-

tosis or may lead to unregulated cell growth and cancer. If DNA
damage is recognized by cell machinery, several responses may
occur to prevent replication in the presence of genetic errors. At
the cellular level, checkpoints can be activated to arrest the cell
cycle, transcription can be up-regulated to compensate for the
damage, or the cell can apoptose (1). Alternatively, the damage
can be repaired at the DNA level enabling the cell to replicate
as planned. Complex pathways involving numerous molecules
have evolved to perform such repair. Because of the importance
of maintaining genomic integrity in the general and specialized
functions of cells as well as in the prevention of carcinogenesis,
genes coding for DNA repair molecules have been proposed as
candidate cancer-susceptibility genes (2–4).

At least four pathways of DNA repair operate on specific
types of damaged DNA, and each pathway involves numerous
molecules (illustrated in Fig. 1). BER3 operates on small lesions
such as oxidized or reduced bases, fragmented or nonbulky
adducts, or those produced by methylating agents. The single
damaged base is removed by base-specific DNA glycosylases;
e.g., the oxidized base 8-oxoguanine is excised by 8-oxogua-
nine DNA glycosylase. The abasic site is then restored by
endonuclease action, removal of the sugar residue, DNA syn-
thesis using the other strand as a template, and ligation (Ref. 5;
Fig. 1). Molecules involved with the restoration phase of BER
include apurinic/apyrimidinic endonuclease (APEX or APE),
polynucleotide kinase, DNA polymerase-�, and XRCC1. Ad-
ditional information on BER can be found in Lu et al. (6).

The NER pathway (Fig. 1) repairs bulky lesions such as
pyrimidine dimers, other photo-products, larger chemical ad-
ducts, and cross-links (5). The NER pathway involves at least
four steps: (a) damage recognition by a complex of bound
proteins including XPC; (b) unwinding of the DNA by the
TFIIH complex that includes XPD; (c) removal of the damaged
single-stranded fragment (usually about 27–30 bp) by mole-
cules including an ERCC1 and XPF complex; and (d) synthesis
by DNA polymerases (Ref. 7; Fig. 1). For more details on the
NER pathway of DNA repair, see a review by Friedberg (7).

Double-strand breaks can be produced by replication er-
rors and by exogenous agents such as ionizing radiation; repair
of double-strand breaks is intrinsically more difficult than other
types of DNA damage because no undamaged template is
available (8). At least two pathways of double-strand-break
repair exist. In the homologous recombination pathway, DNA
ends are resected, the newly exposed 3� single-stranded tails
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L751Q and poorer response to platinum-based treatment (87,
88). Because cancer-treatment regimens are often based on the
induction of DNA damage, polymorphisms in repair pathways
may be important for treatment response, toxicity, and survival.

In summary, 30 studies of DNA repair polymorphisms and
risk of adult glioma, bladder cancer, breast cancer, esophageal
cancer, lung cancer, prostate cancer, SCCHN, skin cancer (mel-
anoma and nonmelanoma), and stomach cancer were reviewed
here. This review, which is limited by the bias against publi-
cation of null findings (89), highlights the complexities inherent
in epidemiological research and, particularly, in molecular ep-
idemiological research. Only a small proportion of studies
reviewed here were large and population based. Despite these
challenges, there is evidence that some polymorphisms in DNA
repair genes play a role in carcinogenesis, notably OGG1
S326C, XRCC1 R194W, and BRCA2 N372H. Additional epi-
demiological analyses of these and other DNA repair-polymor-
phisms will provide essential information about the in vivo
relationships between the DNA-repair mechanisms and carci-
nogenesis and can complement in vitro analysis. Large, well-
designed epidemiological studies are needed to help further
illuminate the complex landscape of DNA repair and cancer
risk.
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Background: Polymorphisms in genes involved in detoxification and DNA-repair pathways may modify the

individual’s risk for genomic damage, and, as a consequence, the risk of developing malignant diseases.

Patients and methods: We performed a case-control study including 160 cases of acute myeloid leukaemia (AML)

and 162 matched controls to test the impact of six genomic polymorphisms on the risk to develop AML and/or

therapy-related AML.

Results: We found a significantly higher prevalence of the polymorphic variants RAD51-G135C and CYP3A4-A-290G

genes in AML cases, when compared with controls (P = 0.02 and P = 0.04), increasing the risk of AML 2.1-folds

(95% CI: 1.1–4.0) and 3.2-fold (95% CI: 1.1–11.5), respectively. Carriers of both the RAD51-G135C and CYP3A4-A-

290G variants were at highest AML risk (P = 0.003; OR:13,6; 95% CI: 2.0–585.5), suggesting a synergistic effect

between these polymorphisms.

Conclusions: These results suggest that polymorphic variants in DNA-repair and detoxification enzymes may

co-operate in modulating the individual’s risk of AML.

Key words: acute myeloid leukaemia, detoxification, DNA-repair, polymorphisms

introduction

Acute myeloid leukaemia (AML) is a clonal disorder
characterized by the acquisition of somatic mutations in
haematopoietic progenitors leading to disruption of
differentiation. Exposition to DNA damaging agents may play an
important role in the pathogenesis of AML, as 10–20% of AML
are therapy-related (t-AML), developing in patients who
received chemo- and/or radiotherapy for a primary malignancy.

Detoxification and DNA repair enzymes protect DNA from
damage, due to both endogenous and exogenous sources.
When detoxification or repair are ineffective, the DNA
damage can cause chromosomal instability leading to severe
failure of cell functions, and either apoptosis or oncogenesis.
Genetic differences defined by polymorphisms altering the
enzymatic activities in detoxification and DNA repair pathways
are prime candidates for studies to explain variation in
individual susceptibility to develop AML.

Phase I detoxification enzymes catalyse the transformation
of xenobiotics to reactive intermediates, which are then
eliminated through phase II enzymes. Human cytochrome

P450 (CYP) enzymes play a key role as phase I enzymes in
the metabolism of drugs and environmental chemicals, and
are important for carcinogenesis and cancer treatment. Several
CYP enzymes metabolically activate procarcinogens to
genotoxic intermediates. CYP3A is the most abundant
component of the CYP system in the human liver. The
A(-290)G polymorphism in the 5’ promoter region of CYP3A4,
also designated as CYP3A4-V or CYP3A4*1B was shown to
be under-represented in therapy-related AML [1, 2].

Glutathione S-transferases (GST) are the most important
family of phase II enzymes. They inactivate several carcinogens,
therapeutic drugs, environmental toxins and products of
oxidative stress. We have previously shown that GSTT1
and M1 deletions may influence AML risk and modify
patients’ prognosis [3, 4], and now focused on GSTA1 and
GSTP1 polymorphisms. The GSTA1-C-69T polymorphism
in the 5’-UTR region, named allele *B, has been associated
with a significantly lower enzyme expression [5]. The GSTP1
Ile/Val variant at position 105 reduces enzymatic activity for
several electrophilic substrates [6, 7], and was shown to be
associated to increased risk of therapy-related AML [8].

Another detoxification enzyme, with a role in the
inactivation of free radicals due to hydroquinone, a product
of benzene metabolism, is the NADPH-quinone
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oxidoreductase 1 (NQO1). This gene exhibits a polymorphism,
the NQO1-Pro187Ser allele, which leads to protein instability
and loss of function, with increase of oxidative stress damages.
This enzymatic variant has been associated with acute
leukaemia, t-AML/MDS and clonal haematopoiesis following
chemotherapy [9–12].

When undetoxified, carcinogens induce the formation of
DNA adducts, but genomic integrity may still be restored
through DNA repair. Homologus recombination (HR) and
non-homologus end-joining (NHEJ) are the two major repair
pathways for DNA double-strand breaks (DBS), the most
severe lesions in the genome. In particular, homologous
recombination (HR) is active during the S-phase of the
cell cycle, particularly in rapidly growing cells, such as
haematopoietic cells [13].

The RAD51 gene plays a crucial role in homologous
recombination and in maintaining the genetic stability of
the cell. The RAD51-G-135C polymorphism at position -135
in the 5’ UTR region is associated to RAD51 protein
over-expression and to increased DNA repair [14–16]. In
HR, RAD51 interacts with and is stabilized by XRCC3,
during strand invasion and cross-strand resolution. The
RAD51-G-135C variant and the XRCC3-Thr241Met
polymorphism at codon 241 have been associated to the
development of t-AML [17].

The aim of our study was to assess the role of polymorphisms
of six genes, involved in xenobiotic detoxification and DNA
DSB repair, as genetic risk factors for AML, and in particular,
we were interested whether combinations of polymorphic
variants between the different pathways could interact, further
increasing the AML risk.

materials and methods

study population and DNA preparation
Bone marrow or blood samples were obtained from 160 AML patients

(130 de novo and 30 therapy-related), diagnosed according to WHO

classification [18] (Table 1). Control peripheral blood samples were

obtained from 162 Caucasians, with a negative history for previous

malignancies, and matched for sex and age (79 females, 81 males,

median age 59, range 19–87 years). Informed consent was obtained

according to Institutional guidelines.

Mononuclear cells (MNCs) were separated using Ficoll gradient

centrifugation. DNA was extracted using DNAzol (Gibco BRL,

Eggenstein, Germany), following the manufacturer’s instructions.

genotyping by PCR-RFLP
The polymorphisms RAD51-G-135C, XRCC3-Thr241Met, NQO1-

Pro187Ser, GSTA1-C-69T and GSTP1-Ile105Val were detected using

PCR-RFLP techniques as described [5, 9, 17, 19]. Primer sequences,

annealing temperatures and restriction enzymes are shown in Table 2.

PCR products were generated using 100 ng of genomic DNA, 0.5 lM

of each primer (Table 2) and the HotMasterMix (Eppendorf, Hamburg,

Germany). All amplifications were carried out in a T3 Thermocycler

(Biometra GmbH, Goettingen, Germany) and PCR products were

visualized on ethidium bromide-stained 3% agarose gels.

genotyping by mismatch PCR-RFLP
We established a mismatch PCR-RFLP technique to detect the CYP3A4-A-

290G polymorphic variant. The forward primer contains a mismatch,

which in the presence of the A to G polymorphism introduces a restriction

site (5’ CCGG 3’) recognized by the Msp1 restriction enzyme (New England

Biolabs Inc., Ipswich, MA). Digestion of the PCR product with 10 U of

Msp1 restriction enzyme in a final volume of 20 ll results either in

retention of the 165-base pair (bp) product or complete digestion to 142-bp

and 23-bp fragments corresponding to individuals homozygous for the A

(wild-type) or G (variant) alleles respectively. The presence of both the 165

and 142 bp fragments corresponded to heterozygous individuals. The

polymorphism was detected on a 3% NuSieve 3:1 gel (Cambrex srl, Italy).

The specificity of this technique was confirmed by sequencing 10 ‘wild-type’

and 10 ‘variant’ samples (data not shown).

statistical analysis
Hardy–Weinberg equilibrium was calculated for each enzyme using the

Pearson v2 test. Differences in genotypes distribution between AML

(de novo and/or therapy-related) cases and control subjects were evaluated

using v2 test (Yates corrected). Odds ratios (OR) with 95% confidence

intervals (CI) were also calculated for the genotypes. When expected cell

values were less than 5, the Fisher exact test and the exact limits for

confidence intervals were preferred. The combined analysis of

polymorphisms and stratifications for sex, age and cytogenetics were

performed by logistic regression using the Stata 6.0 software

(Stata Corp., College Station, TX).

results

genotype frequencies

We examined the frequencies of six polymorphisms in
160 AML cases and 162 control subjects, matched for age and

Table 1. Patients’ characteristics

Variable Number %

Age (Median 63 years,

range 16–90)

<60 years 68 42.5

>61 years 92 57.5

Gender Female 79 49.4

Male 81 50.6

AML subtypes (WHO

classification, 2001)

t(15;17) 21 13.1

t(8;21) 4 2.5

Inv 16 2 1.2

With multilineage dysplasia 30 18.7

Therapy-related 30 18.7

Minimally differentiated 7 4.4

Without maturation 15 9.4

With maturation 16 10.0

Myelomonocytic 18 11.2

Monoblastic/monocytic 8 5.0

Erythroid 4 2.5

Megakaryblastic/byphenotypic 2 1.2

Unclassifiable 3 1.9

Karyotype (n =113) Normal 49 43.4

Complex (‡ 3 abnormalities) 17 15.0

Simple translocation 31 27.4

Other 16 14.1

t-AML following

(n = 30)

Radiotherapy 9 30.0

Chemotherapy 16 53.3

Radio-chemotherapy 5 16.7

original article Annals of Oncology
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sex. The genotype distributions and the adjusted ORs are
shown in Table 3. Genotype distributions were in Hardy–
Weinberg equilibrium, with the exception of XRCC3, whose
distribution in controls slightly deviated from expected
(P = 0.02).

When looking at phase I detoxification enzyme
polymorphisms, a higher prevalence of the variant G allele at
CYP3A4-290 was found in cases, when compared with controls
(9.5% vs 3.1%, P = 0.037). This translated into a 3.21-fold
risk for AML in carriers of CYP3A4-A-290G. On the other
hand, the frequency of the homozygous variant phase II
GSTA1*B genotype was significantly lower in AML patients,
than in controls (5.7 vs 17.7%, P = 0.003, Table 3), reducing
the AML risk. No differences between patients and controls
were found when looking at NQO1-Pro187Ser and
GSTP1-Val105Ile polymorphisms.

When analysing polymorphisms in DNA repair enzymes,
we found that carriers of the variant C allele at position -135
in the RAD51 gene were more frequent among AML patients
in comparison to the control group (21.9 vs 11.8%, P = 0.024).
This translated in to a 2.09 fold increase in the AML risk
for carriers of RAD51-G-135C allele. The XRCC3 Met allele
increased the AML risk only when enzymatic activity was
absent due to homozygous mutated genotype, when compared
with heterozygous and wild-type genotypes (24.4% in AML
cases versus 12.4% in the controls, P = 0.009, OR 2.27, 95%
CI 1.21–4.29).

We did not find significant differences in polymorphism
frequencies between de novo versus therapy-related AML
and between different cytogenetic risk groups (data not
shown). The NQO1-Pro187Ser homozygous variant was over-
represented in t-AML, when compared with AML de novo
(10.34 vs 3.94%), as previously reported [12, 20], although
this difference did not reach statistical significance (P = 0.161).

interaction between detoxification and DNA
repair polymorphisms

Since major genetic instability may result from combined minor
defects, we performed a logistic regression analysis to test

whether combinations of different polymorphisms may
modulate the AML risk. Subjects with at least one variant allele in
both RAD51 and CYP3A4 genes had a significantly increased
AML risk (P = 0.003, OR 13.96, 95% CI 1.95–585.84) (Table 4).

Other two-way combinations of polymorphisms did not
show any further impact on AML risk (data not shown).
As most of the polymorphisms tested have been previously
described as risk factors for AML/t-AML, we assumed a high
probability of association and, therefore, adjusted the P-value
for multiple testing to 0.01.

discussion

We studied the effects of DNA repair and detoxification
enzyme polymorphisms on AML and t-AML risk. We found
an increased frequency of the RAD51 -135C allele in AML,
and particularly in de novo AML, when compared with
controls, but not between t-AML and controls (data not
shown). Over-expression of RAD51 has been reported in
immortalized cell lines and primary tumours, and may lead to
altered recombination and disrupted stoichiometry of repair
complexes, contributing to chromosomal rearrangements [16].
Previous reports found increased frequency of the RAD51 -
135C allele in t-AML patients compared with controls [17],
suggesting an effect of RAD51 over-expression during
leukemogenesis induced by chemo/radiotherapy. Our negative
result in the t-AML subgroup may be due to the small number
of t-AML cases. Thus, increased homologous recombination
activity may protect the damaged cell from apoptosis, but if
carried out erroneously may allow survival of damaged cells
and increase the risk of malignant transformation.

RAD51 interacts with several other proteins, including
XRCC3, whose polymorphisms have been associated to
altered DNA double-strand break-induced HR [21]. Cell
lines defective in the XRCC3 gene had a 25-fold decrease in
homology-directed repair of DNA DSB and high frequencies
of spontaneous chromosomal aberrations [22, 23]. The C-to-T
substitution at position 18067 of XRCC3, resulting in a
Thr-to-Met amino acid substitution at codon 241 was
identified by Shen et al. [25], and this polymorphic variant has

Table 2. Primer sequences, annealing temperatures and restriction enzymes used in studied polymorphisms

Gene Primer sequences Annealing

temperature

Restriction

enzyme

Reference

CYP3A4-A-290G Fwd: GGA CAG CCA TAG AGA CAA GGG CC 62�C Msp 1 AF181105*

Rew: TCA CTG ACC TCC TTT GAG TTC ATA

NQO1 Pro187Ser Fwd: AGT GGC ATT CTG CAT TTC TGT G 62�C Hinf1 13

Rew: CAT CAC TTG GGC AAG TCC ATC

GSTP1 Ile105Val Fwd: ACC CCA GGG CTC TAT GGC AA 61�C Bsm A1 26

Rew: TGA GGG CAC AAG AAG CCC CT

GSTA1-C-69T Fwd: TGT TGA TTG TTT GCC TGA AAT T 59�C Ear1 7

Rew: GTT AAA CGC TGT CAC CCG TCC T

RAD51-G-135C Fwd: TGG GAA CTG CAA CTC ATC TGG 62�C MvaI 22

Rew: GCG CTC CTC TCT CCA GCA G

XRCC3 Thr241Met Fwd: GGT CGA GTG ACA GTC CAA AC TGG 62�C NlaIII 22

Rew: CCT CCG GCT CCT GCG GGT AG

*Gene accession number.
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In vitro studies have shown that among human GSTs, GSTA1
has the highest catalytic activity for glutathione conjugation
and the GSTA1*B allele, leads to reduced levels of GSTA1
enzyme [5, 29].

We were then interested on interactions between DNA
repair and detoxification polymorphisms in determining the
AML and/or t-AML risk. Seedhouse et al. showed that the
RAD51-G-135C variant, associated with the GSTM1 null
genotype and XRCC3-241Met allele, increases the risk of AML
15-fold [17]. We found a significantly increased AML risk
associated to the combination of at least one variant allele
of RAD51 and CYP3A4 genes. This is, to our knowledge, the
first report on the role of combined phase I and DNA repair
polymorphisms on AML risk. This association was independent
of the effects of single polymorphisms. We hypothesize that
intermediate species, due to modified CYP3A4 metabolism,
may induce increased DNA toxicity, and when the DNA
damage is defectively repaired by polymorphic RAD51, this
will increase the individual’s risk to develop AML.

Other DNA repair pathways, which have been associated to
AML risk, and are therefore prime candidates for studies on the
association to detoxification polymorphisms, are nucleotide
and base excision repair (NER and BER) [30, 31]. Among these,
of interest are polymorphisms of XRCC1 (X-ray repair
cross-complementing group 1), important for BER, and of
Xeroderma pigmentosum genes (XPD, XPF, XPG), which
encode DNA helicases necessary for the DNA unwinding
during NER.

In conclusion, polymorphic variants of enzymes involved in
xenobiotic detoxification and DNA repair via HR may
synergistically increase individual susceptibly to AML.
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Table 4. Combination analysis between RAD51-G135C and CYP3A4-
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RAD51-

G135C

CYP3A4-

A290G

Control AML OR

(95% CI)

P

WT WT 136 120 1.0 (Ref) –

WT V 4 3 0.85 (0.12–5.14)** 1.000*

V WT 18 22 1.39 (0.68–2.85) 0.432

V V 1 12 13.60 (1.95–585.54)** 0.003

‘Wild Type (WT)’ includes the homozygous genotype for the most

common and frequent genotypes. ‘Variant (V)’ genotype includes all

heterozygous and variant homozygous genotypes. OR, odds ratio;

P, P-value; CI, confidence interval; Ref, used as reference group.

*Fisher exact (two-tailed).

**Exact Confidence Limits.

Significant data are shown in bold.

Annals of Oncology original article

Volume 18 | No. 9 | September 2007 doi:10.1093/annonc/mdm191 | 1527

 by guest on M
arch 14, 2014

http://annonc.oxfordjournals.org/
D

ow
nloaded from

 

userr
Highlight

http://annonc.oxfordjournals.org/
http://annonc.oxfordjournals.org/


DNA repair gene polymorphisms and breast cancer 771

Genetics and Molecular Research 4 (4): 771-782 (2005) www.funpecrp.com.br

DNA repair gene polymorphisms and
susceptibility to familial breast cancer in a
group of patients from Campinas, Brazil

Rozany Mucha Dufloth1,3, Sandra Costa5, Fernando Schmitt3,4 and
Luiz Carlos Zeferino1,2

1Centro de Atenção Integral à Saúde da Mulher (CAISM),
Universidade Estadual de Campinas, Campinas, SP, Brasil
2Departamento de Ginecologia e Obstetrícia,
Faculdade de Ciências Médicas, Universidade Estadual de Campinas,
Campinas, SP, Brasil
3Instituto de Patologia e Imunologia Molecular, Universidade do Porto,
Porto, Portugal
4Faculdade de Medicina, Universidade do Porto, Porto, Portugal
5Instituto de Ciências da Vida e da Saúde, Universidade do Minho,
Braga, Portugal
Corresponding author: L.C. Zeferino
E-mail: zeferino@caism.unicamp.br

Genet. Mol. Res. 4 (4): 771-782 (2005)
Received January 26, 2005
Accepted October 24, 2005
Published December 21, 2005

ABSTRACT. Several studies have reported that the genes involved in
DNA repair and in the maintenance of genome integrity play a crucial
role in protecting against mutations that lead to cancer. Epidemiologic
evidence has shown that the inheritance of genetic variants at one or
more loci results in a reduced DNA repair capacity and in an increased
risk of cancer. Polymorphisms have been identified in several DNA re-
pair genes, such as XRCC1, XPD, XRCC3, and RAD51, but the influ-
ence of specific genetic variants on repair phenotype and cancer risk
has not yet been clarified. This was a case-control study design with
three case groups: 53 women with breast cancer and family history; 33
women with sporadic breast cancer; 175 women with no breast cancer
but with family history. The control group included 120 women with no
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CLINICAL OBSERVATIONS, INTERVENTIONS, AND THERAPEUTIC TRIALS

Genetic variation in XPD predicts treatment outcome and risk of acute myeloid
leukemia following chemotherapy
James M. Allan, Alexandra G. Smith, Keith Wheatley, Robert K. Hills, Lois B. Travis, Deirdre A. Hill, David M. Swirsky,
Gareth J. Morgan, and Christopher P. Wild

The xeroderma pigmentosum group D
(XPD) gene encodes a DNA helicase that
functions in nucleotide excision repair of
chemotherapy-induced DNA damage, the
efficiency of which is predicted to be
affected by a lysine to glutamine variant
at codon 751. We hypothesized that this
constitutive genetic variant may modify
clinical response to chemotherapy, and
we have examined its association with
outcome following chemotherapy for
acute myeloid leukemia (AML) in 341 el-
derly patients entered into the United

Kingdom Medical Research Council AML
11 trial, and with the risk of developing
chemotherapy-related AML. Among sub-
jects treated for AML, disease-free sur-
vival at one year was 44% for lysine
homozygotes, compared with 36% for het-
erozygotes and 16% for glutamine ho-
mozygotes (hazard ratio [HR], 1.30; 95%
confidence interval [CI], 1.01-1.70;
P � .04). Similarly, overall survival at one
year was 38% for lysine homozygotes,
35% for heterozygotes, and 23% for glu-
tamine homozygotes (HR, 1.18; 95% CI,

0.99-1.41; P � .07). Furthermore, homozy-
gosity for the XPD codon 751 glutamine
variant was associated with a signifi-
cantly increased risk of developing AML
after chemotherapy (odds ratio, 2.22 for
Gln/Gln vs Lys/Lys; 95% CI, 1.04-4.74).
These data suggest that the XPD codon
751 glutamine variant protects against
myeloid cell death after chemotherapy.
(Blood. 2004;104:3872-3877)

© 2004 by The American Society of Hematology

Introduction

The affect of somatic alterations in genes such as RAS, FLT3, and
P53 on the prognosis of acute myeloid leukemia (AML) has been
well documented.1-4 In contrast, relatively little is known about
how constitutive genetic variation may influence the response of
either leukemic or normal myeloid cells to chemotherapy. Recent
efforts have identified polymorphisms in chemotherapy-metaboliz-
ing genes, including the glutathione S-transferase genes, which
modulate AML prognosis after chemotherapy and also the etiology
of chemotherapy-related AML.5,6 Genetic variation in other path-
ways that mediate cellular response to chemotherapy, such as DNA
repair, may also modulate prognosis and etiology of AML after
chemotherapy.

Nucleotide excision DNA repair (NER) protects against mutage-
nicity and toxicity by removing deleterious DNA lesions from the
genome, including those induced by nitrogen mustards and several
other classes of chemotherapy.7-10 The chemotherapeutic nitrogen
mustards, including melphalan and cyclophosphamide, are not only
used in the treatment of AML,11,12 but are also suspected myeloid
leukemogens.13 As such, constitutive variation in NER activity is
predicted to affect how leukemic and normal myeloid cells respond
to mustard-based therapies.

The xeroderma pigmentosum group B (XPB) and group D
(XPD) genes encode DNA helicases that mediate DNA unwinding

required for initiation of both NER and basal transcription.14 Such
is the complexity of their roles in cellular function that rare
constitutive mutations in XPB and XPD can give rise to 3 distinct
human disorders: xeroderma pigmentosum, Cockayne syndrome,
and trichothiodystrophy,14-15 all of which are characterized by
deficiencies in NER and/or transcription.14,16 There is evidence to
suggest that DNA helicases and NER may be involved in the
pathogenesis and prognosis of some myeloid leukemias. First, XPB
is bound and modified by P210 BCR-ABL,17 the oncoprotein
responsible for pathogenesis of Philadelphia chromosome–positive
myeloid leukemias, suggesting that deregulated DNA helicase
activity may contribute to the genetic instability observed during
blast crisis of chronic myeloid leukemia and in Philadelphia
chromosome–positive AML.18,19 Second, expression of P210 BCR-
ABL in human myeloid cells and primary human bone marrow
up-regulates NER activity and renders cells highly resistant to the
killing effects of genotoxins,20 suggesting a plausible mechanism
for the antiapoptotic phenotype that is characteristic of Philadel-
phia chromosome–positive myeloid leukemia.21,22

Common polymorphisms in NER components, including the
DNA helicases, may give rise to subtle alterations in the DNA
repair proficiency of otherwise healthy individuals. Of particular
interest is the XPD lysine to glutamine variant at codon 751, which
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The complete remission rate of all cases was 55%. There was no
significant difference in complete remission rates between individu-
als homozygous for the glutamine-encoding allele (45%), lysine
homozygotes (56%), and heterozygotes (58%) (test for trend,
P � .8; Table 3). There were 152 (45%) patients who failed to
achieve complete remission (Table 3), with 83 of these due to
resistant disease and 69 due to induction death. XPD genotype was
not significantly associated with either resistant disease (test for
trend, P � .8) or induction death (test for trend, P � 1.0; Table 3).

Disease-free survival and overall survival of all patients at one
year was 37% and 35%, respectively (Table 3). The XPD codon
751 variant was associated with both disease-free survival and
overall survival. Specifically, disease-free survival at one year for
lysine homozygotes, heterozygotes, and glutamine homozygotes
was 44%, 36%, and 16%, respectively (adjusted hazard ratio [HR],
1.30; 95% confidence interval [CI], 1.01-1.70; test for trend,
P � .04) (Table 3; Figure 1). Consistent with this, overall survival
at one year for lysine homozygotes, heterozygotes, and glutamine
homozygotes was 38%, 35%, and 23%, respectively (adjusted HR,
1.19; 95% CI, 0.99-1.41; P � .07) (Table 3; Figure 1).

These data suggest a role for the XPD codon 751 polymorphism
in modulating clinical outcome after chemotherapy for AML, and
specifically that the glutamine variant confers greater protection
against chemotherapy-induced leukemic blast cell death relative to
the lysine variant, giving rise to earlier disease relapse and
ultimately to shorter overall survival.

XPD polymorphism and risk of AML

Given that the codon 751 polymorphism may modulate myeloid
leukemic blast cell death after chemotherapy, we next wished to
address association of this variant with risk of developing myeloid
leukemia, particularly t-AML arising after chemotherapy. In order
to do this, we determined the codon 751 polymorphism status of
420 cases of de novo AML, 91 cases of t-AML, and 729 noncancer
controls. XPD codon 751 polymorphism was not significantly
associated with risk of de novo AML (Table 4). However, it is
possible that cell death does not significantly contribute to determin-
ing de novo AML risk, or that NER is not involved in repairing
DNA damage induced by endogenous or environmental leukemo-
gens. In order to further examine these 2 possibilities, we deter-
mined the XPD codon 751 genotype distribution in a case series of
51 individuals who developed t-AML as a consequence of chemo-
therapy for a prior condition. The majority of these cases had prior
exposure to alkylating agents, including melphalan, chlorambucil,
mitomycin C, and cisplatin derivatives,5 many of which are human
leukemogens13 and all of which induce DNA damage that is
repaired by NER.7-10 Furthermore, therapeutic doses of many of

these chemotherapy agents cause acute and severe bone marrow
toxicity.37 Thus, the ability to appropriately engage apoptosis after
chemotherapy, eliminating mutated myeloid precursor cells, is
likely to play a critical role in protecting against the development of
t-AML. Consistent with a role for the XPD glutamine variant in
protecting against chemotherapy-induced myeloid cell death, and
potentiating the survival of mutated clones, individuals homozy-
gous for the glutamine-encoding allele were significantly overrep-
resented in t-AML cases after chemotherapy, compared with
controls (odds ratio [OR], 2.22 [Gln/Gln vs Lys/Lys]; 95% CI,
1.04-4.74; Table 4).

We also determined the XPD codon 751 genotype distribution
in a series of 40 t-AML cases whose disease developed subsequent
to radiotherapy only. The toxicity and mutagenicity of radiotherapy
is mediated predominantly via the direct induction of DNA single-
and double-strand breaks, which are not substrates for NER.
Consistent with this repair specificity, the XPD genotype distribu-
tion between the postradiotherapy t-AML case series and controls
was not significantly different (Table 4).

Discussion

We have shown that the XPD codon 751 polymorphism is an indepen-
dent prognostic marker for disease-free survival and overall survival in
elderly AML patients treated with chemotherapy, and specifically that
the glutamine variant was associated with a poorer prognosis relative to
the lysine variant. It is likely, therefore, that at least one chemotherapy
agent used in the United Kingdom Medical Research Council AML 11
trial induces DNA damage that is repaired by NER. Recognition and
repair of DNA damage induced by other nitrogen mustards7,10 suggest
that NER may also repair cyclophosphamide-induced DNA damage. If
this is the case, the use of cyclophosphamide as consolidation therapy in
the AML 11 trial, but not as induction therapy, may explain why the
XPD codon 751 variant was not associated with remission,
resistant disease, or induction death (Table 3). Further work to
identify those chemotherapy agents that interact with NER may

Figure 1. XPD codon 751 polymorphism status and outcome after chemo-
therapy for AML. (A) Overall survival (n � 341). (B) Disease-free survival (n � 189).

Table 3. XPD codon 751 polymorphism status and clinical outcome
after chemotherapy of 341 patients enrolled in the United Kingdom
Medical Research Council AML 11

XPD
codon

751

All
cases,

no.

Complete
remission,

no. (%)

Resistant
disease,
no. (%)

Induction
death,
no. (%)

Disease-free
survival at
12 mo, %

Overall
survival

at 12
mo, %

All patients 341 189 (55) 83 (24) 69 (20) 37 35

Lys/Lys 134 75 (56) 29 (22) 30 (22) 44 38

Lys/Gln 163 94 (58) 42 (26) 27 (17) 36 35

Gln/Gln 44 20 (45) 12 (27) 12 (27) 16 23

P NA .8 .8 1.0 .04* .07*

All P values are for trend; NA indicates not applicable.
*Adjusted for cytogenetic status, age, performance status, and white blood cell

count.
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Abstract Many studies have examined the association

between the APE1 T1349G (Asp148Glu) gene polymor-

phisms and lung cancer risk in various populations, but their

results have been inconsistent. To assess this relationship

more precisely, a meta-analysis was performed. The PubMed,

Embase, Web of Science, and CNKI database was searched

for case–control studies published up to June 2010. Data were

extracted and pooled odds ratios (OR) with 95% confidence

intervals (CI) were calculated. Ultimately, ten studies, com-

prising 2,696 lung cancer cases and 3,948 controls were

included. Overall, for the G allele carriers (TG ? GG) versus

homozygote TT, the pooled OR was 1.037 (95%

CI = 0.928–1.159 P = 0.001 for heterogeneity), for GG

versus TT the pooled OR was 0.997 (95% CI = 0.861–1.154

P = 0.005 for heterogeneity). In the stratified analysis by

ethnicity, significantly risks were not found among Asians or

Caucasians. However, in the subgroup analyses by smoking

status, significantly risks were found among smokers not in

non-smokers. This meta-analysis suggested that the APE1

T1349G (Asp148Glu) polymorphism was not associated with

lung cancer risk among Asians or Caucasians. But, the APE1

G allele was an increased risk factor for developing lung

cancer among smokers.

Keywords APE1 � Polymorphism � Lung cancer �
Susceptibility � Meta-analysis

Introduction

Lung cancer remains the most lethal cancer worldwide,

despite improvements in diagnostic and therapeutic tech-

niques [1]. Its incidence has not peaked in many parts of

world, particularly in China, which has become a major

public health challenge all the world [2]. The mechanism

of lung carcinogenesis is not understood. Although smok-

ing status is the single most important factor that causes

lung cancer, host factors including genetic polymorphism,

had garnered interest with regard to the study of the

tumorigenesis of lung cancer [3]. Otherwise, accumulating

studies have suggested that lung cancers occurring in never

smokers have different molecular profiles. In this way, host

genetic susceptibility is a very important factor in the

development of lung cancer, contributing to the variation in

individual cancer risk.

DNA repair gene system plays a crucial role in pro-

tecting against gene mutation caused by tobacco smoke.

Recent studies have revealed that single nucleotide poly-

morphisms (SNPs) in DNA repair genes may be the

underlying molecular mechanism of the individual varia-

tion of DNA repair capacity [4, 5]. The human apurinic/

apyrimidinic endonuclease (APE) APE1 (also known as

APE, APEX and Ref-1) is an important enzyme in the base
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Discussion

The APE1 T1349G (Asp148Glu) polymorphism is the only

known common non-synonymous APE1 coding region

variant. Functional studies on this polymorphism have

shown that the G allele may have altered endonuclease and

DNA-binding activity and reduced ability to communicate

with other BER proteins [24]. Lo and colleagues have

examined APE1 (Asn148Glu) polymorphism in China for

its relationship with lung cancer risk in case–control study

and draw a conclusion that it was significantly associated

with developing of lung cancer [16]. However, Deng et al.

case–control study [14] showed the conflicting results, they

observed that APE1 (Asn148Glu) polymorphism might

play a protective role in lung cancer development in

smokers but not in non-smokers. This study performed a

meta-analysis to explore the association between the APE1

Asn148Glu gene polymorphisms and lung cancer risk.

Our results indicated that APE1 Asn148Glu gene

polymorphism was not significantly associated with the

susceptibility to lung cancer among Asians or Caucasians.

But, it was associated with a significantly increased risk of

lung cancer among smokers.

In the subgroup analysis by smoking status, the

increased risks in APE1 G allele carriers and homozygote

G were found among smokers but not non-smokers, sug-

gesting that there could be an interaction between cigarette

smoking and APE1 G allele. Only small number of studies

examined the association between the XPD gene poly-

morphism and lung cancer risk in smokers or nonsmokers;

moreover, the P value of Q test for heterogeneity test was

significant. Considering the limited studies and P value of

Q test for heterogeneity test included in this meta-analysis,

our results should be interpreted with caution.

Population stratification is a troubling issue and can lead

to spurious evidence on the association between markers

and a disease, implicating the disparate effects of envi-

ronment and ethnic differences on genetic background

[25]. In this meta-analysis, ethnicity stratification of dif-

ferences between Asians and Caucasians was not found.

Our results were inconsistent with the previous meta-

analysis [26] showed that the APE1 T1349G polymor-

phism was a low penetrance risk factor for cancer

development. That meta-analysis showed that the variant

genotypes were associated with a moderately increased risk

of all cancer types. The risk remained for studies of colo-

rectal cancer, European populations and population-based

studies with the stratified analyses. Since then, several

additional studies with large cohort populations had been

reported. Furthermore, the previous studies lacked proper

controls for the potential confounding effect of smoking,

the main risk determinant for lung cancer. Simple differ-

ences in cohort populations and study design may also

contribute to the disparate findings.

Meta-analysis has been recognized as an effective

method to solve a wide variety of clinical questions by

summarizing and reviewing the previously published

quantitative research. By using meta-analysis, a multitude

of genetic polymorphisms have been associated with spe-

cific disease states. TGFBR-1 [27], COX-2 [28], TNF-308

[29], ERCC2/XPD [30], CYP2E1 [31] polymorphism had

been proved associated with cancer risk by means of meta-

analysis. Some limitations of this meta-analysis should be

acknowledged. First, heterogeneity can interfere with the

interpretation of the results of a meta-analysis. Although

we minimized this likelihood by performing a careful

search of published studies, using explicit criteria for a

study’s inclusion and performing strict data extraction and

analysis, significant interstudy heterogeneity nevertheless

existed in nearly every comparison. The presence of het-

erogeneity can result from differences in the selection of

controls, age distribution, and prevalence of lifestyle

Fig. 3 Begg’s funnel plot of APE1 T1349G (Asp148Glu) polymor-

phism and lung cancer risk for the (TG ? GG) versus TT

Fig. 4 Begg’s funnel plot of APE1 T1349G (Asp148Glu) polymor-

phism and lung cancer risk for the GG versus TT
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Introduction 
 
Numerous studies have shown that anti-
neoplastic drug effects are subject to significant 
inter-individual variability. Based on an abun-
dance of accumulated literature from twin stud-
ies, pre-clinical experimental data, clinical trials, 
biomarker-driven and epidemiologic studies, it 
is widely accepted that this variability is largely 
due to inherited genetic variation [1-3]. The aim 
of pharmacogenetics/genomics is to identify 
genetic predictors of treatment outcomes that 
would allow individualization of therapy for   

cancer patients.  
 
Identification of pharmacogenomic determi-
nants is especially needed for cancers with poor 
treatment outcomes. Acute myeloid leukemia 
(AML) in adult populations is associated with 
poor (approximately 20%) overall five-year  rela-
tive survival (OS) rates. Despite continuing ef-
forts to stratify AML patients according to prog-
nostic host and tumor characteristics, including 
crucial cytogenetic and molecular markers, and 
despite new pharmaceutical agents, outcome 
remains suboptimal [4]. Overall prognosis for 

Int J Mol Epidemiol Genet 2010;1(4):278-294 
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Original Article  
XPD DNA nucleotide excision repair gene polymorphisms 
associated with DNA repair deficiency predict better treat-
ment outcomes in secondary acute myeloid leukemia  
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Abstract: Pharmacogenetic studies in DNA repair pathway have consistently demonstrated correlations between the 
XRCC1 Arg399Gln, XPD Lys751Gln and XPD Asp312Gln genotypes, previously associated with suboptimal DNA re-
pair, and differential cancer treatment outcomes.  We evaluated these polymorphisms and XPD haplotypes in adult 
de novo (n=214) and secondary (n=79) acute myeloid leukemia (AML) patients treated with cytarabine and anthracy-
cline chemotherapy. Genotyping was performed by MALDI-TOF mass spectrometry. Logistic and proportional hazards 
regression models were used to evaluate relationships. Differential responses were observed in secondary, but not 
de novo, AML. Among secondary AML patients, the odds of achieving complete remission (CR) were higher for the 
XPD 312Asn/Asn (OR= 11.23; 95% CI, 2.23-56.63) and XPD 751Gln/Gln (OR= 7.07; 95% CI, 1.42-35.18) genotypes. 
The XPD diplotypes were coded as the combination of two of the following haplotypes: haplotype A=(Lys)751A/(Asp)
312G; B=(Gln)751C/(Asn)312A; C=(Lys)751A/(Asn)312A; and D=(Gln)751C/(Asp)312G. The BB diplotype was asso-
ciated with CR attainment [OR=18.31; 95% CI: 2.08-283.57] and longer survival [HR=0.31; 95% CI: 0.14-0.73] com-
pared to the referent AA diplotype. The XPD 751 CC, 312GA, 312AA genotypes and the XPD DC diplotype were also 
associated with longer overall survival (OS).Thus, XPD codon 312 and 751 variant genotypes and haplotypes contain-
ing at least one variant allele may predict better treatment responses. If validated, these findings could support 
stratification of chemotherapy in secondary AML. 
 
Keywords: Acute Myeloid Leukemia (AML), secondary AML, pharmacogenetics/pharmacogenomics, DNA repair gene 
polymorphisms  
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OS and XRCC1 and XPD genotypes. Significantly 
increased odds of CR were associated with one 
or both variant XPD751 genotypes (OR 2.05; 
95% CI, 1.20-3.52 for AC+CC). Patients with 
sAML and any of the variant genotypes had 
highly significant greater odds of achieving CR 
(OR=8.42 [2.08-34.01] for AC+CC). Similar 
trends were observed for the XPD312 geno-
types: in the overall AML RPCI cohort the odds 
of achieving CR in homozygous variant AA geno-
type carriers were 4 times higher than in those 
with the common GG genotype (OR 4.34, [1.80-
10.48], and within the sAML subgroup, odds 
were 11-fold higher (OR 11.23, 95% CI, 2.23-
56.63). Variant XPD312 (GA, AA, GA+AA) and 
XPD751 (CC, AA+CC) genotypes predicted sig-
nificantly lower hazards of death among pa-
tients with sAML, with OR 0.39 [0.20-0.79] and 
OR 0.46 [0.23-0.88] for the XPD312 Asn/Asn 
(or AA) genotype and XPD751 Gln/Gln (or CC) 
genotypes, respectively. In the sAML subgroup 
there were inverse associations between risk of 
RD and the AC XPD751 gene polymorphism 
(OR=0.28 [95% CI, 0.08-0.88]), but no other 
significant associations with RD were seen 
(data not shown).  
 
Associations between CR, RD, OS and XPD hap-
lotypes are presented in Table 3. Because of 
the limited number of CRs in each of the seven 
ungrouped XPD diplotypes (and CC and DD were 
excluded due to their small numbers), these 
analyses were not stratified by AML onset.  The 
AA diplotype (with all common genotype alleles 
for both XPD polymorphisms) was used as the 
referent category. The BB diplotype (containing 
all variant alleles of both XPD genotypes) was 
the best predictor of CR achievement (OR=4.53, 
95% CI, 1.60-12.87). When a joint analysis was 
performed grouping haplotypes by number of 
variant alleles, no clear effect was observed. 
However, the DC diplotype with two variant al-
leles was associated with a 2-fold increase in 
CR odds (OR=2.00, 95% CI 1.04-3.83), and pa-
tients with the BB diplotype (with four variant 
alleles) had the highest CR odds, as mentioned 
above. Signficantly higher CR odds were not 
observed in patients with the DA diplotype and/
or the D haplotype-containing diplotype group 
(DA, DB, DC, DD), and XPD haplotypes were not 
associated with RD.  
 
Table 4 presents results for XPD diplotype 
groups, stratified by AML onset. In these analy-
ses, the DC and BB diplotypes emerged as pre-
dictors of better CR and OS: The AA group 

served as the referent and consisted of all com-
mon XPD alleles. As mentioned above, there 
was a 4.56-fold increase in odds of CR in the BB 
group, likely associated with deficient DNA re-
pair. The associations were not significant in de 
novo AML, but among sAML patients an 18.31-
fold higher CR rate [OR=18.31, 95% CI, 2.08-
283.57] was observed in the BB group; due to 
small numbers (7 patients with CR in BB diplo-
type category) the exact conditional probabilities 
were calculated in the logistic regression model 
for these estimates. Overall Survival in the BB 
group was also longer among sAML patients 
only [HR=0.31, 95% CI, 0.14-0.73]. Compared 
to the AA diplotype, a significantly higher CR 
rate was also observed in the DC//CC/DD 
group, but results were only significant in sAML 
(OR=6.35, 95% CI, 1.14-47.16). Since there 
were only one patient with CC diplotype (who 
had de novo AML and achieved CR) and three 
patients with DD diplotype (two with sAML who 
failed to achieve CR and one with de novo onset 
who achieved CR), the DC diplotype most likely 
contributes to these findings. OS in the DC/CC/
DD group was also longer among sAML patients 
only [HR=0.44, 95% CI, 0.23-0.87]. No evident 
associations were noted for RD (results not 
shown).  
 
Tables 5 and 6 present polytomous regression 
results of toxicity categories in relation to 
XRCC1 and XPD genotypes/haplotypes. Analy-
ses of toxicities by haplotypes were limited to 
combined haplotype categories due to small 
numbers. As shown in Table 5, the homozygote 
variant XPD genotypes C751C and A312A were 
both associated with significantly reduced risks 
of nausea/vomiting [OR=0.47 (.23-0.94) and 
OR=38 (0.17-0.81), respectively]. The BB diplo-
type was associated with a three-fold reduction 
in risk of nausea/vomiting (OR 0.31; 95% CI, 
0.11-0.79), and  the heterozygote XPD geno-
types A751C and G312A were both associated 
with increased risk of infectious complications 
[OR=1.71 (1.05-2.78) and OR=1.68 (1.03-
2.76), respectively]. The DC diplotype group was 
also associated with increased risk of infectious 
complications (OR=1.77, 95%CI: 1.02-3.11). 
The XRCC1 variant genotypes were associated 
with metabolic and pulmonary toxicities (Table 
6). 
 
Discussion 
 
In this study, we evaluated the role of XPD and 
XRCC1 gene polymorphic variation in response 
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to induction chemotherapy, toxicities and sur-
vival in a population of 293 predominantly Cau-
casian adult patients treated for AML. We found 
that the strongest predictors of CR were Asn/
Asn codon 312 XPD genotypes and BB diplotype 
(751Gln/312Asn-751Gln/312Asn). 
 
Variant DNA sequence in ERCC2/XPD gene 
codons 312 and 751 is associated with im-
paired DNA repair activity 29-31. In accordance, 
Morvan et al.32 showed that ERCC2 expression 
in the NCI-60 tumor cell line panel was associ-
ated with reduced DNA NER activity, and en-
hanced drug cytotoxicity. If variant alleles of 
NER-related polymorphisms are associated with 
less proficient DNA repair activity, they may lead 
to decreased repair of DNA damage in malig-
nant cells, facilitating their apoptosis. Hence, 
less resistance to chemotherapy and better 
odds of achieving CR can be anticipated, as well 
as longer survival of patients. Furthermore, 
compromised repair activity may lead to accu-
mulation of more DNA damage, leading to more 
profound treatment-related toxicities in normal 
tissues, and may predispose towards secondary 
cancers.  
 
Our findings at least partially confirm the above 
hypothesis. First, we observed significantly 
higher CR rates after induction chemotherapy 
for AML in association with variant codon 312 
and codon 751 XPD gene polymorphisms, as 
well as diplotypes containing variant alleles (BB, 
DC). Highly significant increased CR odds were 
observed among sAML patients with variant 
allele genotypes/haplotypes in the two studied 
XPD polymorphisms. In particular, in the BB dip-
lotype group, patients had 18.31 times higher 
chance of achieving CR (95% CI, 2.0-283.57) 
compared to the AA diplotype category. In re-
gard to OS, lower hazards of dying were associ-
ated with variant XPD genotypes or XPD haplo-
type group, containing variant alleles, in the 
sAML subgroup.  
 
The reasons for the association of variant XPD 
genotypes and haplotypes and better treatment 
outcomes in sAML, but not de novo AML, are 
not fully understood. These results could reflect 
germ-line XPD alleles that predispose toward 
development of MDS or t-AML by compromised 
DNA repair activity and resultant accumulation 
of mutations. The same alleles may then predict 
better reponse to chemotherapy by virtue of 
less proficient repair of cytotoxic damage. It is 

unclear whether the association described is 
direct or indirect.  In a direct association, the 
SNPs studied here would directly govern the 
responses to agents in the AML cells. In a direct 
association, the SNPs should play a similar role 
in de novo and secondary AML cells, but this 
was not the case, suggesting that other modifier 
elements likley had an impact.  Zijno et al. [33] 
demonstrated that healthy volunteers with XPD 
751 Gln/Gln genotype had  a 4.55-fold higher 
rate of sister chromatid exhanges per cell than 
individuals with Lys/Lys genotype. In addition, 
Allan et al. [18], had previously reported that 
the Gln/Gln genotype XPD751 polymorphism 
was associated with a 2.22-fold increased risk 
of t-AML development among patients treated 
with chemotherapy only [18]. In that study, how-
ever, Lys/Lys de novo patients had a better sur-
vival, which we cannot confirm. In another UK 
study by Seedhouse et al. [14], sAML was not 
associated with XPD genotypes, but carrying at 
least one variant XRCC1 399Gln allele pre-
dicted a lower risk of t-AML. Investigators from 
the Children’s Oncology Group, however, did not 
observe any associations of XPD with outcome 
in children with AML [34]. In our previous analy-
sis of the same XRCC1 and XPD genotypes in 
relation to clinical outcomes of a smaller-sized 
AML patient population from SWOG clinical tri-
als (n=200), we did not observe significant as-
sociations with XPD variant genotypes. How-
ever, the ‘D’ (751Gln/312Asp) haplotype was 
associated with 4-fold higher odds of CR. In that 
study, we analysed patients with de novo and 
secondary AML together and did not stratify 
analyses by AML onset. Similarly to those obser-
vations, in the present study we did not observe 
any significant associations between XRCC1 
genotypes and any treatment outcome [20], but 
we were unable to replicate the previous results 
with respect to significantly higher CR rates for 
the DA diplotype and D-haplotype overall.  
 
Our findings suggest that in AML, variation in 
the XPD gene may be associated with subopti-
mal DNA repair activity and may thus predis-
pose to sAML development. However at the 
same time, suboptimal DNA repair capacity may 
contribute to better sensitivity to chemotherapy 
and better treatment outcomes in AML. Since 
the multiplicative interaction between AML on-
set and genotypes/haplotypes was not ob-
served and the numbers for the sAML analysis 
were limited, leading to wide confidence inter-
vals, it cannot be clearly concluded from our 
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Abstract Ku70 plays an important role in the DSBR (DNA

double-strand breaks repair) and maintenance of genomic

integrity. Genetic variations within human Ku70 have been

demonstrated to be associated with increased risk of several

types of cancers. In this hospital-based case–control study, we

aimed to investigate whether a single nucleotide polymor-

phism (SNP) in the promoter region (rs2267437) of Ku70

gene is associated with susceptibility to breast cancer in

Chinese Han population. A total of 293 patients with breast

cancer and 301 age-matched healthy controls were enrolled in

this study. The Ku70 -1310C/G polymorphism was deter-

mined by polymerase chain reaction-restriction fragment

length polymorphism (PCR–RFLP) analysis. A significant

difference in genotype distribution and allele frequency was

observed between patients and controls. The CG or GG car-

ries were at higher risk of breast cancer compared with the CC

homozygotes (OR = 1.43, 95% CI = 1.02–2.00, P = 0.038

and OR = 3.53, 95% CI = 1.60–7.80, P = 0.002, respec-

tively). Further stratification analysis revealed that G allele

was associated with an increased risk of breast cancer among

premenopausal women (OR = 1.68, 95% CI = 1.21–2.33,

P = 0.002), but not in postmenopausal women (OR = 1.33,

5% CI = 0.85–2.10, P = 0.216). Our study suggests that the

Ku70 -1310C/G promoter polymorphism may be a suscep-

tibility factor for breast cancer in Chinese Han population.

Keywords Genetic polymorphism � Ku70 �
Breast cancer � Genomic instability

Introduction

Breast cancer is the most common cancer among women

worldwide, and more than 1,000,000 new cases are diag-

nosed every year [1]. In China, the incidence of breast

cancer has been significantly increasing both in urban and

rural areas in the past three decades [2–4]. There are

approximately 400,000 women with breast cancer in

China, with approximately 168,000 new cases of breast

cancer reported in China each year. The peak age group for

the cancer is 45–50 for Chinese women, five to 10 years

younger than Western counterparts. Although the

researchers have reached a consensus that breast cancer

develops as the result of multiple environmental and

hereditary risk factors, the exact molecular mechanisms of

breast cancer are still under intensive investigation [5, 6].

Genomic instability is a hallmark of carcinogenesis in

human solid tumors, including sporadic and familial breast

cancer [7–9], which promotes a wide range of mutations,

including chromosome deletions, gene amplifications,

translocations and polyploidy. During multistage carcino-

genesis, the presence of genomic instability in cells is

considered to have a key role in the generation of genetic

and phenotypic heterogeneity [10]. Genetic variations in

DNA repair genes have been reported to be associated with

breast cancer risk and prognosis [11–14]. Up to now, two

major familial breast cancer susceptibility genes involved
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Small Molecule Inhibitors of DNA Repair Nuclease Activities of
APE1

David M. Wilson III1,* and Anton Simeonov2
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Abstract
APE1 is a multifunctional protein that possesses several nuclease activities, including the ability to
incise at apurinic/apyrimidinic (AP) sites in DNA or RNA, to excise 3’-blocking termini from DNA
ends, and to cleave at certain oxidized base lesions in DNA. Pre-clinical and clinical data indicate a
role for APE1 in the pathogenesis of cancer and in resistance to DNA-interactive drugs, particularly
monofunctional alkylators and antimetabolites. In an effort to improve the efficacy of therapeutic
compounds, such as temozolomide, groups have begun to develop high-throughput screening assays
and to indentify small molecule inhibitors against APE1 repair nuclease activities. It is envisioned
that such inhibitors will be used in combinatorial treatment paradigms to enhance the efficacy of
DNA-interactive drugs that introduce relevant cytotoxic DNA lesions. In this review, we summarize
the current state of the efforts to design potent and selective inhibitors against APE1 AP site incision
activity.

Keywords
APE1/APEX1/REF-1; abasic endonuclease; DNA damage; base excision DNA repair; inhibitor;
cancer treatment

Introduction
It was not until after the elucidation of the DNA structure by Watson and Crick that the scientific
community began to fully recognize the vulnerability of genetic material to spontaneous
decomposition or reactions with exogenous or endogenous physical and chemical agents [1].
This realization prompted interest in the prospect that organisms had evolved corrective
systems to preserve genome integrity to avert deleterious outcomes such as mutagenesis and
cell death. The first evidence for the existence of “DNA repair” was described by Kelner [2]
and Dulbecco [3], who discovered independently, although not deliberately, that the variability
in survival of cells following ultraviolet irradiation was due to differences in exposure to visible
light after treatment. It was later uncovered that there exists a light-dependent photoreactivation
process (catalyzed by the enzyme photolyase) that removes cytotoxic photodamage (i.e.
cyclobutane pyrimidine dimers) produced within the genome [4].

As the DNA repair field began to emerge, it was soon recognized that the most common forms
of DNA damage are likely those that arise as spontaneous hydrolytic products due to the
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DNA Repair Pathways in Clinical Practice: Lessons From
Pediatric Cancer Susceptibility Syndromes
Richard D. Kennedy and Alan D. D’Andrea

A B S T R A C T

Human cancers exhibit genomic instability and an increased mutation rate due to underlying defects in DNA
repair. Cancer cells are often defective in one of six major DNA repair pathways, namely: mismatch repair, base
excision repair, nucleotide excision repair, homologous recombination, nonhomologous endjoining and
translesion synthesis. The specific DNA repair pathway affected is predictive of the kinds of mutations, the
tumor drug sensitivity, and the treatment outcome. The study of rare inherited DNA repair disorders, such as
Fanconi anemia, has yielded new insights to drug sensitivity and treatment of sporadic cancers, such as
breast or ovarian epithelial tumors, in the general population. The Fanconi anemia pathway is an example
of how DNA repair pathways can be deregulated in cancer cells and how biomarkers of the integrity of
these pathways could be useful as a guide to cancer management and may be used in the development
of novel therapeutic agents.

J Clin Oncol 24:3799-3808. © 2006 by American Society of Clinical Oncology

INTRODUCTION

Genomic Instability in Human Cancer

Cancer cells have several phenotypic features
that distinguish them from healthy cells. They often
have heightened proliferative rates, decreased apo-
ptosis, and an intrinsic ability to invade basement
membranes and to metastasize.1 Cancer cells also
exhibit genomic instability,2 and this feature allows
them to break and reform chromosomes, generate
new oncogene fusions, inactivate tumor suppressor
genes, amplify drug resistance genes, and conse-
quently become more malignant and drug resistant
over time. In short, genomic instability is a critical
feature that enables tumor progression. In order to
achieve a state of genomic instability, a cancer cell
must tolerate DNA damage. This can be achieved
through the loss of DNA damage signaling and
check pointing pathways, such as those regulated by
p53, retinoblastoma proteins, as well as ataxia telan-
giectasia mutated and ataxia telangiectasia and
Rad3-related (ATR) kinases.3,4 Alternatively, as will
be discussed in this article, cancer cells may knock
out one of six major DNA repair pathways namely:
base excision repair (BER), nucleotide excision re-
pair (NER), mismatch repair (MMR), homologous
recombination (HR), nonhomologous endjoining
(NHEJ), and translesion DNA synthesis (TLS; Table
1). As will be discussed, current evidence suggests
that the Fanconi anemia pathway functions to coor-
dinate the major pathways following a specific form
of DNA damage.

Disruption of DNA repair allows an increased
rate of chromosome breakage and mutagenesis, but

it comes at a cost to the cancer cell that exhibits an
increased sensitivity to DNA damage. This damage
may result from endogenous replication errors, sus-
tained due to the tumors high proliferation rate, or
from exogenous genotoxic stress. A defective DNA
repair pathway can account for the increased sensi-
tivity of tumors to therapeutic ionizing radiation
and chemotherapy observed in the oncology clinic.

There is also considerable redundancy in the
function of the DNA repair pathways. When one
pathway is disrupted another pathway can partially
compensate, especially if the second pathway is up-
regulated. For instance, a cell that is deficient in HR
repair may depend more on the error-prone repair
NHEJ pathway for the repair of double-strand
breaks (DSBs). Also, thymine dimers that are gener-
ated by UV light exposure can be repaired by NER
repair or bypassed and effectively ignored by TLS
polymerases. In some cases, the absence of one DNA
repair pathway results in a hyperdependence on one
or more other DNA repair pathways.48,49

Some of the DNA repair pathways are not con-
stitutively activated, but instead are regulated. First,
some pathways are activated in response to DNA
damage at discrete times in the cell cycle. For in-
stance, HR repair and TLS repair are active during
the S phase of the cell cycle. Second, the DNA repair
pathways are differentially active in various tissues
and cell types. For example, HR and TLS are more
active in rapidly growing cells, such as hematopoi-
etic cells, while NHEJ is more active in postreplica-
tive cells. Accordingly, absence of a particular DNA
repair pathway may be particularly disruptive to the
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or alternatively it may have a role independent of DNA repair such
as apoptotic signaling.

NER. NER acts on a variety of helix-distorting DNA lesions,
caused mostly by exogenous sources that interfere with normal base
pairing. A major function of NER appears to be the removal of dam-
age, for example pyrimidine dimers that are induced by UV. This
pathway may also be particularly important in conferring resistance to
adduct forming chemotherapeutic agents such as platinum-based
chemotherapy. Members of the NER pathway include the XPA, XPB,
XPC, XPD, XPE, XPF, and XPG proteins. As for the other DNA repair
pathways, these proteins cooperate to recognize and excise the dam-
aged nucleotides, and resynthesize and ligate the damaged DNA
strand.5 Eukaryotic NER includes two major branches, transcription-
coupled repair and global genome repair.54,55 Global genome re-
pair is a slow random process of inspecting the entire genome for
damage, while transcription-coupled repair is highly specific and
efficient and repairs DNA damage that blocks the progression of
RNA polymerase II.

HR Repair. DNA DSBs can be caused by many different envi-
ronmental factors, including reactive oxygen species, ionizing
radiation and certain antineoplastic drugs, such as bleomycin,
anthracyclines, and topoisomerase inhibitors. Alternatively, DSBs can
result from endogenous factors, especially during normal S phase
progression.56 Failure to repair DSBs can lead to a number of conse-
quences, including mutations, gross chromosomal rearrangements,
and other aberrations, and eventually cell death. HR is a process by
which DSBs are repaired through the alignment of homologous se-
quences of DNA and occurs primarily during the late S to M phase of
the cell cycle. Initially the RAD50, MRE11, and NBS1 complex, which
possesses a 3�–5� exonuclease activity, exposes the 3� ends on either
side of the DSB, a process that may also require BRCA1.57 The 3�
advancing strand from the damaged chromosome then invades the
complementary sequence of the homologous chromosome. The
breast cancer susceptibility protein, BRCA2, and the single strand
DNA binding protein, RAD51, are required for this process.58,59 The
3� end of this strand is then extended by a DNA polymerase that reads
off of the complementary sequence. After replication has extended
past the region of the DSB, the 3� end of the advancing strand returns
to the original chromosome and replication continues.5,56

NHEJ. NHEJ is another major pathway used to repair DSBs.
Similar to HR, this pathway is important in the response to agents that
result in DSBs, such as ionizing radiation, bleomycin, topoisomerase
poisons, and anthracyclines. The DNA-dependent protein kinase
consists of the catalytic subunit and the regulatory subunit (the Ku70/
Ku80 heterodimer). The DNA protein kinase catalytic subunit sub-
unit is a serine/threonine kinase that belongs to the phosphatidyl
inositol-3 kinase family. The Ku80/Ku70 heterodimer (Ku) exhibits
sequence-independent affinity for double-stranded termini and on
binding to DNA ends recruits and activates the DNA protein kinase
catalytic subunit catalytic subunit. Additional proteins are required
for the completion of NHEJ, including the artemis protein and DNA
ligase IV.60,61 Importantly, NHEJ is an error-prone repair pathway.
Since the process does not use a complementary template, the fusion
of the blunt-ended DNA duplexes may result in deletion or insertion
of base pairs.

TLS. The process of TLS is another mechanism for dealing with
thymine dimers and bases with bulky chemical adducts.62 At a DNA
replication fork, DNA adducts may cause a replicative polymerase,
such as DNA polymerase delta, to stall. Cells have therefore developed

sophisticated mechanisms for switching off the replicative polymerase
and switching on alternative polymerases (ie, a polymerase such as pol
�, that will replicate past certain DNA lesions with high fidelity).
Interestingly, human cells have at least ten DNA polymerases, al-
though the situations and mechanisms of their deployment are largely
unknown.63 Cancer cells may have a heightened dependence on one of
the error-prone TLS polymerases, such as polymerases � or kappa,
accounting for high rates of mutagenesis.6,64

Inherited Chromosome Instability Syndromes

Rare pediatric chromosome instability disorders, such as
Fanconi anemia and Xeroderma pigmentosum, provide important
insights into the function of DNA repair pathways and their role in
cancers in the general population. Children born with a defective
DNA repair pathway generally have congenital abnormalities, cellular
hypersensitivity to DNA damaging agents, genomic instability, and an
increased risk of specific cancers. Although these syndromes are rare,
the DNA repair pathways disrupted by germline mutations in these
individuals are often the same pathways disrupted by somatic muta-
tion or epigenetic inactivation in cancers from the general population.
For these sporadic cancers, a knowledge of which DNA repair mech-
anism is disrupted provides important clues to the behavior of the
cancer and may help predict the specific drug sensitivity spectrum.

At least five of the major DNA repair pathways have correspond-
ing inherited human diseases (Table 1). Coordination of NER,
HR, and TLS repair is thought to be defective in Fanconi anemia
cells.65 NER repair is defective in Xeroderma pigmentosum cells
and Cockayne syndrome cells.20 MMR is defective in children with
Turcot’s syndrome and in tumor cells derived from adult patients with
hereditary nonpolyposis colorectal cancer.66 TLS repair is defective in
patients with the Xeroderma pigmentosum variant disease.67 Most of
these pediatric diseases exhibit autosomal recessive inheritance, such
as Xeroderma pigmentosum, Fanconi anemia, and Cockayne syn-
drome.20,68 Turcot’s syndrome has been reported to exhibit autoso-
mal dominant or autosomal recessive inheritance depending on the
particular mutation affecting MMR.66,69 Inherited mutations in BER
genes have not been observed, suggesting that this pathway is essential
for human development, however, a polymorphisms of the DNA
glycosylase OGG1 and adenosine diphosphate ribosyl transferase have
been reported to predispose to lung cancer,7,8 possibly through a
requirement for BER in repairing smoking related DNA damage.

The systematic study of these rare diseases has led to a better
understanding of the genes and proteins involved in the major DNA
repair pathways; how an inherited (or germline) defect in a DNA
repair pathway can lead to genomic instability, cancer progression,
and drug hypersensitivity and; how an acquired (or somatic) defect in
a DNA repair pathway can influence tumor progression and drug
sensitivity of tumors in the general population. Although the specific
detail of these individual inherited diseases is beyond the scope of this
review, an example of how a study of these rare diseases can lead to
general insights to tumor biology can be appreciated from recent
insights into the Fanconi anemia pathway.

SPECIFIC EXAMPLE: FANCONI ANEMIA

Fanconi anemia is an autosomal recessive or X-linked recessive
cancer susceptibility syndrome characterized by multiple congen-
ital abnormalities, progressive bone marrow failure, and cellular
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hypersensitivity to DNA crosslinking agents, such as cisplatin and
mitomycin C (MMC). Fanconi anemia patients are prone to de-
veloping acute myeloid leukemia (AML) as well as squamous cell
carcinomas of the head and neck or gynecologic system.70

The study of Fanconi anemia cells has led to the elucidation of
a repair pathway for interstrand DNA crosslinks. Clinically, this
pathway is particularly important as many DNA crosslinking
agents, such as cisplatin, cyclophosphamide, MMC, or melphalan,
are used for cancer treatment. The Fanconi anemia defect results
from biallelic mutation of any one of twelve known Fanconi ane-
mia genes (A, B, C, D1, D2, E, F, G, I, J, L, M). The proteins encoded
by these Fanconi anemia genes cooperate in a common DNA repair
pathway, referred to as the Fanconi anemia /BRCA pathway (Fig
1). In this pathway, eight of the Fanconi anemia proteins (A, B, C, E, F,
G, L, M) are subunits of a nuclear E3 ubiquitin ligase (complex 1),
required for the monoubiquitination of the downstream D2 protein
on lysine 561, which is a critical step for the function of the Fanconi
anemia pathway.65 The FANCL subunit is the putative catalytic E3
ligase subunit of the complex.71 Monoubiquitinated FANCD2 inter-
acts with FANCD1/BRCA2 and other DNA repair proteins to form
complex 2.72 The recently cloned FANCJ protein is a helicase that may
work in concert with monoubiquitinated FANCD2 and BRCA2 or
may function independently of the Fanconi anemia pathway.73-76

Recent research has suggested that the Fanconi anemia pathway
may have a specific role in coordinating at least three DNA repair
pathways following DNA crosslinking damage. Consequently, disrup-
tion of any of the Fanconi anemia proteins leads to MMC hypersen-
sitivity and chromosome instability.65,77

The Fanconi Anemia Pathway in Malignancy

Loss of genomic stability through defects in the Fanconi anemia
pathway predisposes individuals to cancer.65 In the case of Fanconi
anemia individuals who have a germline disruption of Fanconi ane-
mia pathway function, cancer development can occur early in life and
primarily affects hematopoietic cells. For individuals who acquire a

disruption of the Fanconi anemia pathway, say through epigenetic
silencing of a Fanconi anemia gene, the tumors occur later in life and
mainly affect epithelial cells.

Cancer in Fanconi Anemia Patients

Approximately one third of patients homozygous for a Fanconi
anemia gene mutation will develop a hematologic or solid tumors by
the age of 40 years.78 The most common hematologic maliganancy is
AML, often associated with monosomy 7 and duplication of 1q.79

Solid tumors include squamous cancer of the head and neck and
gynecological system, skin cancers, esophageal cancers, liver tumors,
and renal tumors.78,80 Interestingly, Fanconi anemia patients with a
homozygous mutation in FANCD1/BRCA2 have a different cancer
spectrum with medulloblastoma being the predominant malignan-
cy.81,82 This may be because BRCA2 has other functions in HR outside
the Fanconi anemia pathway. Fanconi anemia patients have a systemic
DNA repair defect that results in a low tolerance for DNA damaging
chemotherapeutic agents. Accordingly chemotherapeutic regimens
are often modified, given at low dosage, or are avoided in favor of
surgical approaches.83

Cancer Risk in Heterozygous Carriers of Fanconi

Anemia Gene Mutation

A strong association exists between heterozygous mutation of
Fanconi anemia genes and susceptibility to breast or ovarian cancer.
Carriers of mutations in BRCA1 or BRCA2/FANCD1 have an 82%
lifetime risk of breast cancer and a 54% and 23% risk of ovarian cancer
respectively.23 In addition to breast and ovarian cancer, heterozygosity
for a mutation in BRCA2/FANCD1 predisposes to pancreatic cancer.
In one study, 19% of families with a history of hereditary pancreatic
cancer had either a frameshift mutation or an unclassified variant of
BRCA2/FANCD1.41 Other cancers that have been reported to be asso-
ciated with heterozygous mutation of BRCA2/FANCD1 include pros-
tate cancer, gastric cancer, and melanoma.24

Fig 1. The Fanconi anemia DNA repair path-
way. After DNA damage, ataxia telangiectasia
and Rad3-related kinase activates complex 1.
Complex 1 functions as an E3 ubiquitin ligase
and monoubiquitinates FANCD2. Monoubiq-
uitinated FANCD2 forms DNA damage induc-
ible foci with other DNA repair proteins. After
DNA repair, FANCD2 is deubiquitinated by
USP1 and the DNA replication fork proceeds.
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Abstract

Apurinic/apyrimidinic endonuclease 1 (APE1) is an
essential enzyme in the base excision repair pathway,
which is the primary mechanism for the repair of DNA
damage caused by oxidation and alkylation. We
hypothesized that polymorphisms of APE1 are associ-
ated with risk for lung cancer. In the hospital-based
matched case-control study, a total of 730 lung cancer
cases and 730 cancer-free controls were genotyped
for four APE1 haplotype-tagging polymorphisms (that
is, -656T>G, 400A>G, 630T>C, and 1350T>G). Among
them, the single-nucleotide polymorphism -656T>G
located in the promoter region of APE1 was signifi-
cantly associated with risk for lung cancer. We found
that, compared with -656 TT homozygotes, the variant
genotypes were associated with a significantly de-
creased risk [adjusted odds ratio, 0.51; 95% confidence

interval (95% CI), 0.33-0.79 for -656 TG; adjusted odds
ratio, 0.43; 95% CI, 0.25-0.76 for -656 GG, respectively].
Furthermore, we found a statistically significant re-
duced risk of -656T>G variants among heavy smokers
(adjusted odds ratio, 0.52; 95% CI, 0.30-0.93 for -656 TG;
adjusted odds ratio, 0.27; 95% CI, 0.13-0.57 for -656 GG,
respectively), with a significant gene-smoking interac-
tion (P = 0.013). A similar gene-smoking interaction in
the context of APE1 haplotypes was also observed. The
in vitro promoter assay revealed that the -656 G allele
had a significantly higher transcriptional activity than
that of the -656 T allele. Together, our results suggest
that polymorphisms of the APE1 gene possibly interact
with smoking and may contribute to the development
of lung cancer. (Cancer Epidemiol Biomarkers Prev
2009;18(1):223–9)

Introduction

Lung cancer is the leading cause of cancer-related
mortality worldwide and in Taiwan (1) and is thus a
major public health problem. Cigarette smoke contains
many carcinogens and reactive oxygen species that can
induce various types of DNA damage (2). Although
cigarette smoking is a major risk factor in the develop-
ment of lung cancer, only 10% to 15% of all smokers
develop lung cancer, suggesting that variation in
individual susceptibility to tumorigenesis of lung cancer
(3-5). Susceptibility differences may be inherited in genes
encoding for the metabolism of carcinogens or DNA
repair molecules, which are essential in protecting the
genomic integrity of the cells (6-8).

One of the DNA repair pathways is the DNA base
excision repair pathway, which repairs the DNA damage

caused by oxidation and alkylation and thus protects
cells against the toxic effects of endogenous and
exogenous agents (9, 10). Specifically, the damaged bases
of purine and pyrimidine are recognized and excised by
specific DNA glycosylases, leaving abasic sites. Apur-
inic/apyrimidinic endonuclease (APE) then incise the
DNA 5¶ to the abasic sites; further repair proceeds to
short-patch (when the gap is only one nucleotide) or
long-patch (when the gap is two or more nucleotides)
subpathways of base excision repair (11). The major
human APE, APE1 (also known as APE, APEX, HAP1,
and REF-1), plays a central role in the base excision
repair pathway. As a member of APE, it initiates repair of
apurinic/apyrimidinic sites in DNA produced either
spontaneously hydrolyzing the 5¶-phosphodiester bone
of the apurinic/apyrimidinic site or after enzymatic
removal of damaged bases. The repair activity of APE1
serves to protect the cell from the apurinic/apyrimidinic
sites that can accumulate in DNA via endogenous and
exogenous sources. In addition to APE activity, it can
also act as a 3¶-phosphodiesterase, initiating repair of
DNA strands breaks with 3¶-blocking damage, which are
produced either directly by reactive oxygen species or
indirectly through the enzymatic removal of damaged
bases (12, 13). As importantly, APE1 also functions as a
reduction-oxidation activators of several transcription
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apurinic/apyrimidinic sites arise per day in mammalian
cell grown under normal physiologic conditions (22). In
this study, we found that the -656T>G variant in the
APE1 promoter was associated with a significantly
decreased risk for lung cancer (Table 2). We subsequently
showed that the -656T>G polymorphism was associated
with altered promoter activity in vitro (Fig. 1). Further-
more, APE1 variant genotypes or haplotypes were
significantly associated with the risk for lung cancer for
the heavy smokers, but not for the light or never
smokers, which reflects a gene-environment interaction
(Tables 3-5). This study is an important addition to
previously published work investigating polymorphisms
in the genes involved in the base excision repair pathway
(7, 8, 23) and provides a new base excision repair marker
for detecting genetic susceptibility to lung cancer.

In the current study, the APE1 promoter polymor-
phism was first evaluated for its role in risk for lung
cancer, and we provided evidence from both genotypic
and phenotypic approaches. Firstly, carriers with -656 G
alleles in the APE1 gene were at a decreased risk for lung
cancer compared with individuals having -656 T alleles
(Table 2). Second, the in vitro promoter assay revealed
that the -656 G allele had a significantly higher
transcriptional activity than that of the -656 T allele
(Fig. 1). The -656 G allele with a higher APE1 promoter
activity was associated with a significantly decreased risk

for lung cancer, suggesting that the "higher production"
genotype for APE1 may offer protection against the
development of lung cancer. This is biologically plausible
because APE1 plays an important role in the base
excision repair pathway, which is a protective mecha-
nism against the largest number of cytotoxic and
mutagenic base lesions and has been associated with
risk for human cancers (23). More extensive studies on
APE1 may provide additional insight into the function-
ality of the -656T>G single-nucleotide polymorphism.

The APE1 promoter polymorphism and their haplo-
types interacted with cigarette smoking were also
evaluated. We found that APE1 promoter variant
genotypes or haplotypes were significantly associated
with a decreased risk for lung cancer among heavy
smokers (Tables 3-5), suggesting that the APE1 promoter
polymorphism or haplotype in core base excision repair
reaction had a great effect on the risk of heavy smokers
only, not of light or never smokers. It is possible the
variant protein is associated with increased repair
activity and that this increase is influenced by gene-
environment interaction. One example in support of such
a model is that the XRCC1 Arg194Trp was associated
with a decreased risk for lung cancer among heavy
smokers (24, 25); it has been shown that individuals with
wild-type XRCC1 Arg194Trp (Arg/Arg) exhibited more
chromosomal breaks per cell in mutagen sensitivity assay

Table 4. Distribution of APE1 haplotypes between lung cancer cases and controls and association with risk for
lung cancer stratified by smoking habit

Haplotypes* Never smokers Light smokers
c

Heavy smokers
c

Controls,
n (%)

Cases, n (%) OR (95% CI)
b

Controls,
n (%)

Cases,
n (%)

OR (95% CI)
b

Controls,
n (%)

Cases,
n (%)

OR (95% CI)
b

TATT 345 (37.33) 365 (39.54) 1.00 (reference) 116 (40.97) 60 (41.85) 1.00 (reference) 70 (34.93) 163 (44.97) 1.00 (reference)
GATT 187 (20.26) 171 (18.46) 0.86 (0.67-1.12) 33 (11.66) 21 (14.49) 1.23 (0.66-2.31) 51 (25.51) 54 (14.81) 0.45 (0.28-0.73)
GATG 128 (13.85) 126 (13.65) 0.93 (0.70-1.24) 58 (20.62) 21 (14.38) 0.70 (0.39-1.26) 32 (15.85) 44 (12.18) 0.59 (0.35-1.04)
TATG 145 (15.64) 145 (15.66) 0.95 (0.72-1.24) 31 (10.97) 22 (15.46) 1.37 (0.73-2.57) 21 (10.71) 62 (17.11) 1.27 (0.72-2.24)
GACG 61 (6.62) 66 (7.17) 1.02 (0.71-1.49) 25 (8.97) 13 (8.74) 1.01 (0.48-2.11) 14 (7.00) 24 (6.67) 0.74 (0.36-1.51)
TGTG 17 (1.86) 24 (2.61) 1.33 (0.71-2.53) 3 (1.17) 3 (1.84) 1.93 (0.38-9.87) 9 (4.43) 9 (2.35) 0.68 (0.14-1.13)
Global
test

P5df = 0.765 P5df = 0.486 P5df = 0.003

Abbreviations: OR, odds ratio; 5df, 5 degree of freedom.
*Composed of four polymorphic sites: -656T>G, 400A>G, 630T>C, and 1350T>G polymorphisms. Haplotypes that had a frequency of <2% were excluded
from analysis.
cLight and heavy were defined according to the median pack-year value of cumulative cigarette dose among the control population (light, pack-years V
27.80; heavy, pack-years > 27.80).
bCrude odds ratio was calculated by using the most common haplotype as the reference.

Table 5. Association between combined diplotypes of APE1 and risk for lung cancer stratified by smoking habit

Haplotype pairs* Never smokers Light smokers
c

Heavy smokers
c

Controls,
n (%)

Cases,
n (%)

aOR (95% CI)
b

Controls,
n (%)

Cases,
n (%)

aOR (95% CI)
b

Controls,
n (%)

Cases,
n (%)

aOR (95% CI)
b

Othersx/othersx 186 (40.23) 181 (39.16) 1.00 (reference) 50 (35.51) 30 (41.38) 1.00 (reference) 30 (29.03) 82 (45.19) 1.00 (reference)
Othersx/G(NNN) 200 (43.33) 211 (45.70) 1.05 (0.77-1.44) 65 (46.37) 30 (41.38) 0.79 (0.39-1.58) 47 (49.46) 75 (41.40) 0.44 (0.25-0.78)
G(NNN)/G(NNN) 76 (16.44) 70 (15.14) 1.01 (0.66-1.54) 26 (18.12) 12 (17.24) 0.80 (0.32-2.0) 23 (21.51) 24 (13.41) 0.28 (0.13-0.57)
Trend test P = 0.900 P = 0.551 P < 0.001

Abbreviation: aOR, adjusted odds ratio.
*Composed of four polymorphic sites: -656T>G, 400A>G, 630T>C, and 1350T>G polymorphisms.
cLight and heavy were defined according to the median pack-year value of cumulative cigarette dose among the control population (light, pack-years V
27.80; heavy, pack-years > 27.80).
bData were adjusted for age and gender.
x Other than G(NNN) combination.
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Mutations in Pericentrin cause Seckel syndrome with defective
ATR-dependent DNA damage signalling

Elen Griffith1,7, Sarah Walker2,7, Carol-Anne Martin1, Paola Vagnarelli3, Tom Stiff2,
Bertrand Vernay1, Nouriya Al Sanna4, Anand Saggar5, Ben Hamel6, William C. Earnshaw3,
Penny A. Jeggo2, Andrew P. Jackson1, and Mark O'Driscoll2

1 Medical Research Council (MRC) Human Genetics Unit, Western General Hospital, Crewe
Road, Edinburgh, EH4 2XU, UK. 2 Genome Damage and Stability Centre, University of Sussex,
East Sussex, BN1 9RQ, UK. 3 Wellcome Trust Centre for Cell Biology, School of Biological
Sciences, University of Edinburgh, Kings Buildings, Mayfield Road, Edinburgh, EH9 3JR, UK. 4
Pediatric Services Division, Box 76, Dhahran Health Center, Saudi Arabia 5 Southwest Thames
Regional Genetics Service, St. George's Hospital Medical School, London, UK 6 Radboud
University Nijmegen Medical Center, Department of Human Genetics 417, Geert Grooteplein 20,
6525GA,Nijmegen, The Netherlands.

Abstract
Expansion of the brain is one of the defining characteristics of modern humans. Seckel syndrome
(MIM210600), a disorder of markedly reduced brain and body size1,2, is associated with defective
ATR-dependant DNA damage signalling3. Previously, only a single hypomorphic mutation of
ATR has been identified in this genetically heterogeneous condition4. We now report that
mutations in pericentrin (PCNT) also cause Seckel syndrome, resulting in its loss from the
centrosome, where it has key functions anchoring both structural and regulatory proteins5,6.
Furthermore, we find that PCNT-Seckel patient cells have defects in ATR-dependent checkpoint
signalling, providing the first evidence linking a structural centrosomal protein with DNA damage
signalling. These findings also suggest that other known microcephaly genes implicated in either
DNA repair responses7 or centrosomal function8,9, may act in common developmental pathways
determining human brain and body size.

Seckel syndrome is an autosomal recessive disorder of intra-uterine growth retardation,
severe proportionate short stature and marked microcephaly1,2. The ataxia-telancgiectasia
and Rad3-related (ATR) gene is mutated in Seckel syndrome (ATR-Seckel)4, and encodes a
phosphotidylinositol-3-kinase-like kinase which has distinct, but overlapping functions with
ATM, in co-ordinating the response to DNA damage10. ATR is activated by single stranded

Correspondence should be addressed to A.P.J. (andrew.jackson@hgu.mrc.ac.uk).
7These authors contributed equally to this work.
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DNA whilst ATM responds to DNA double strand breaks. MCPH1, encoded by another
gene whose mutations cause severe (primary) microcephaly, also acts in the ATR damage
response pathway7. Furthermore, other, non-ATR Seckel patient cell lines also exhibit
ATR-pathway dysfunction3, suggesting that mutation of further genes encoding proteins
involved in this DNA damage response cascade may cause this disorder.

To identify such components, we performed a SNP-microarray genome-wide homozygosity
scan on two consanguineous families from the Middle-East with a clinical diagnosis of
Seckel syndrome (Supplementary Fig. 1 and 2) and showing cellular evidence of defective
ATR signalling. Multipoint linkage analysis identified a novel locus, Sckl4, with a
maximum LOD score of 4.03 at 70.9cM on chromosome 21q22.3 between rs1598206 and
rs2330591 (Fig. 1 and Supplementary Fig. 2). 55 Refseq annotated genes lay within this
interval, including pericentrin (PCNT), which encodes a centrosomal protein. As several
centrosomal genes, CenpJ, ASPM and CDK5RAP2, cause the related condition, primary
microcephaly8,9, we postulated that PCNT might be the causative gene and therefore
sequenced its 47 coding exons in affected individuals from both families.

We identified a homozygous nonsense mutation in exon 4 of family 1 (E220X). A
homozygous single base-pair deletion in exon 12 in family 2 (S629fs, Fig. 1c,d) produces a
frameshift, predicted to result in premature protein truncation after an additional 65 amino
acids. Both mutations segregated with the disease in each family, with all parents being
heterozygous for the respective mutations. From screening of additional cases we identified
a further patient with a homozygous single base-pair insertion in exon 18, resulting in a
frameshift at codon 1190 (C1190fs). Neither this, nor the other two mutations were present
in over 200 control alleles screened. Collectively, these mutations disrupt all described
mammalian protein isoforms of PCNT11,12. We therefore concluded that homozygous
truncating mutations in PCNT cause Seckel syndrome.

Pericentrin (also known as kendrin) is a huge 360kDa coiled-coil protein with a C-terminal
PACT domain that targets it to the centrosome (Fig. 1d). Two protein isoforms have been
described in humans11, the full length protein, pericentrin B, and a C-terminally truncated
isoform, pericentrin A. Pericentrin localises to the pericentriolar material (PCM), where it
interacts with several structural centrosomal proteins, including γ-tubulin and PCM113,14
and is important for microtubular nucleation and spindle organisation15,16 Anti-pericentrin
antibodies disrupt mitosis, suggesting it is essential for mitotic progression15. However, its
Drosophila homolog, D-PLP, though required for timely recruitment of PCM components, is
apparently dispensible for cell division17. Furthermore, as well as its structural roles,
pericentrin acts as a scaffold to recruit signalling proteins, such as Protein Kinase A (PKA)
and Protein Kinase CβII, to the centrosome5,18.

As all mutations identified were homozygous and significantly truncated the protein, this
would suggest that they are functionally ‘null’ alleles. To test this prediction, we examined
pericentrin localisation in patient lymphoblastoid cell lines (LCLs). Centrosomal pericentrin
staining was lost in three independent LCLs, in contrast to control cell lines (Fig. 2a and
Supplementary Fig. 3), both in interphase and mitosis.

We also examined protein expression by immunoblotting (Fig. 2b). Two bands were
detected in controls (Wild-type (WT), and heterozygous relatives, PCNTE220X/+,
PCNTS629fs/+), representing two isoforms of pericentrin, which were not present in mutant
LCLs. A smaller ∼170kD band was present in PCNTE220X lymphoblastoid cells,
(potentially representing an aberrant truncated PCNT protein product), while no significant
PCNT protein was apparent in the other two mutant cell lines, therefore supporting the
molecular genetic findings that protein function is significantly, if not completely, disrupted.

Griffith et al. Page 2
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SHORT COMMUNICATION

OGG1 is a novel prognostic indicator in acute myeloid leukaemia

K Liddiard, R Hills, AK Burnett, RL Darley and A Tonks

Department of Haematology, School of Medicine, Cardiff University, Cardiff, UK

OGG1 (8-oxoguanine DNA glycosylase) constitutes a key
component of the DNA base excision repair pathway,
catalysing the removal of 8-oxoguanine nucleotides from
DNA, thereby suppressing mutagenesis and cell death. We
found that OGG1 expression was significantly down-
regulated by the RUNX1-ETO fusion protein product of
the t(8;21) chromosome translocation in normal haema-
topoietic progenitor cells and in patients with acute
myeloid leukaemia (AML). Further examination of
OGG1 expression in 174 AML trial patients using
Affymetrix microarrays showed that the prevalence rate
of OGG1 expression was 33% and correlated strongly
with adverse cytogenetics. OGG1-expressing patients had
a worse relapse-free survival and overall survival and an
increased risk of relapse at 5-years of follow-up. There
remained a trend towards increased relapse rate among
OGG1-expressing patients, even after adjusting for other
known risk factors in comprehensive stratified analyses.
We also determined a trend for OGG1 expression to have
a more adverse impact on disease outcome in the context
of the FLT3-ITD mutation. This study highlights OGG1
as a valuable prognostic marker that could be used to
sub-stratify AML patients to predict those likely to fail
conventional chemotherapies but those likely to benefit
from novel therapeutic approaches that modulate DNA
repair activity.
Oncogene (2010) 29, 2005–2012; doi:10.1038/onc.2009.462;
published online 21 December 2009

Keywords: OGG1; acute myeloid leukaemia; prognosis;
DNA repair

Expression of the DNA repair gene, OGG1,
is downregulated by RUNX1-ETO in normal
haematopoietic progenitor cells and AML patients

One of the most common molecular abnormalities
(B12% frequency) in acute myeloid leukaemia (AML)
is the t(8;21)(q22;q22) translocation (Peterson and
Zhang, 2004) that produces the RUNX1-ETO (also
known as AML1-ETO or RUNX1-RUNX1T1) fusion
protein (Miyoshi et al., 1991; Erickson et al., 1992). This

translocation disrupts wild-type RUNX1 transcription
factor signalling with significant impact on myeloid
differentiation and function (Yergeau et al., 1997;
Kitabayashi et al., 1998). RUNX1 signalling is also
perturbed by the related AML chromosomal aberration,
inv(16)(p13q22), which fuses the RUNX protein-bind-
ing partner, core binding factor (CBF)b, with myosin-11
(Liu et al., 1993). De novo diagnosed CBF leukaemias
(t(8;21) and inv(16)) are generally associated with good
patient prognosis in terms of complete remission (CR),
relapse risk (R) and overall survival (OS) compared with
other subtypes (Keating et al., 1988; Grimwade et al.,
1998). Hence, although CBF fusion proteins are leukaemo-
genic, they are not linked to aggressive cellular transforma-
tion and patients remain responsive to therapy.

To identify genes dysregulated by the RUNX1-ETO
fusion protein that could contribute to the characteristic
t(8;21) FAB-M2 AML disease pathology (Oshimura
et al., 1982), we previously carried out Affymetrix
microarray gene expression profiling using transgenic
haematopoietic progenitor cells overexpressing
RUNX1-ETO as a single molecular abnormality (Tonks
et al., 2007). Importantly, we found expression of the
DNA repair enzyme, OGG1 (8-oxoguanine glycosylase),
to be significantly downregulated in RUNX1-ETO-
overexpressing progenitor cells (twofold downregulated;
Po0.05). OGG1 is a critical component of the base
excision repair pathway required for the removal of
oxidized guanine nucleotides (8-oxoguanine) from both
nuclear and mitochondrial DNA exposed to reactive
oxygen species (ROS) (Van Der Kemp et al., 1996;
Nishioka et al., 1999). Indeed, OGG1 expression and
activity have previously been found to be increased in
response to increased ROS levels (Ishchenko et al., 2003)
and oxidative DNA damage (Jankowska et al., 2008).
The excision of 8-oxoguanine residues by OGG1
protects against aberrant adenine–cytosine and gua-
nine–thymine conversions (Sunaga et al., 2001) that can
lead to heritable mutagenesis, particularly in non-
proliferative cells in which lesions accumulate without
dilution by cell division (Klungland et al., 1999). OGG1
expression therefore preserves genomic integrity, and
Ogg1-deficient mice experience enhanced incidences of
mutations and tumours (Klungland et al., 1999; Osterod
et al., 2001; de Souza-Pinto et al., 2001). Furthermore,
in humans, a polymorphic variant (S326C) with reduced
repair activity has been associated with increased risk of
several cancers (Weiss et al., 2005).

To validate the downregulation of OGG1 expression
by RUNX1-ETO, we performed quantitative reverse
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November 2009; published online 21 December 2009
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Abstract. Ataxia telangiectasia (AT) is a rare neurodegenerative,
autosomal recessive disorder characterized by chromosome
instability, radiosensitivity, immunodeficiency and a
predisposition for cancer. Epidemiological studies have shown
that AT heterozygotes have a predisposition for cancer,
especially for breast cancer in women. The disease is caused
by mutations in the ATM gene, leading to total loss of the
ATM protein, which normally recognizes DNA damage,
activates the DNA repair machinery and the cell cycle check
points in order to minimize the risk of genetic damage. This
review summarizes the clinical features of AT and the natural
history of the disease and puts recent molecular advances into
the context of the cellular and clinical phenotype. 

Ataxia telangiectasia (AT) is a rare neurodegenerative
disorder characterized by extreme sensitivity to radiation and
predisposition to cancer (1). Affected children are normal at
birth, but by the age of 2 to 3 lose muscle coordination and
by the age of 10 are usually confined to a wheelchair (2).
Telangiectasia, that is chronic dilation of capillaries leading
to the development of dark red blotches on the skin or the
eyes, appears after the onset of ataxia. Eye movements are
jerky and oculomotor apraxia is common. In addition,
patients display cerebral degeneration, sterility and immune
system defects. The immunodeficiency phenotype in AT is
variable and usually manifests as decreased or absent IgA,
IgE and IgG2 (1, 3). 

In young children, the neurological symptoms are often
incomplete and the diagnosis of AT is usually possible by
the age of 10, when magnetic resonance imaging (MRI)
shows significant thinning of the molecular layer of the
cerebellum and cerebellar atrophy (4). Although
substantial advances have been made in the clinical
diagnosis of this disease, treatment for the progressive
neurodegeneration is lacking and only symptomatic
therapy of secondary symptoms is offered to the patients.
The cause of death is often pneumonia, or chronic lung
disease resulting from immunodeficiency, or from defects
in chewing and swallowing due to the progressive
neurological impairment (2, 4, 5).

AT is transmitted as an autosomal recessive disorder,
has an incidence of about 1 in 40,000-100,000 births and
seems to have an ethnic component (6-8). The carrier
frequency is estimated to be approximately 1%. It is
important to distinguish AT from other autosomal
recessive cerebellar ataxias, such as Friedreich ataxia,
oculomotor apraxias 1 and 2, Aicardi syndrome and
Nijmegen breakage syndrome (6). 

Laboratory Investigation of AT Patients

Elevated levels of serum ·-fetoprotein (AFP) are detected
in more than 95% of AT patients. This finding is used for
the diagnosis of AT and in order to distinguish it from AT
variants (2). It is not clear why AFP remains high in AT
patients, since there is no obvious liver damage and it is
thought that it may be due to abnormal regulation of RNA
transcription in the absence of ATM protein (ATM) (5).
Cytogenetic investigation reveals chromosome instability,
accelerated telomere shortening, radiosensitivity and
sensitivity to other DNA damaging agents. In addition,
chromosome analysis of peripheral blood lymphocyte
cultures reveals an increased incidence of translocations
involving mainly the loci of immunoglobulin and T-cell
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receptor genes on chromosomes 7 and 14. These
translocations can be detected in 10% of circulating T-cells
in AT patients during their lifetime (5).

Molecular Basis of AT 

The gene responsible for AT, ATM, is localized on
chromosome 11q23 and was cloned in 1995 (9). Molecular
analysis has indicated that the disease is due to mutations
in the gene, which spans more than 150 kb, is composed of
66 exons (62 coding) and encodes a 350 kDa protein kinase.
ATM protein is fairly large, almost exclusively nuclear, and
is expressed in most of the tissues (10, 11). Over 400 distinct
AT mutations have been described and most of the patients
are compound heterozygotes inheriting distinct AT
mutations from each parent (12). About 85% are null
mutations, resulting in premature protein truncation,
causing complete inactivation of the gene and absence of a
protein product. Less that 15% are missense mutations or
short in-frame deletions or insertions (5, 13-16). Mutations
are reported in every part of the gene with no hot spots (3). 

ATM protein contains a phosphatidyl-inositol 3-kinase
like enzyme that is involved in cell cycle control, mitotic
recombination, telomere length monitoring and DNA
damage response (17). A rapid increase in kinase activity
occurs after exposure to ionizing radiation or in the
presence of double-stranded breaks (18). The phenotypic
manifestation of AT is due to the broad range of substrates
for the ATM kinase, involving DNA repair, apoptosis,
various checkpoints in the cell cycle, gene regulation,
translation, initiation and telomere maintenance (6, 19). 

ATM and p53 are two proteins that are believed to play a
major role in maintaining the integrity of the genome. They
both cooperate in enforcing G1 and G2 checkpoint control
and ATM-dependent phosphorylation is directly responsible
for p53 activation (1, 11, 20). Alterations in these proteins
may contribute to an increased incidence of genomic
changes, such as deletions, translocations and amplifications,
which are common during oncogenesis. Initial evidence came
from reports of AT patients who had fatal reactions to
radiation therapy. In addition, cell lines derived from AT
patients exhibit defects in several ionizing radiation-induced
cell cycle checkpoints, the most critical of which is arrest in
the G2 phase (18). 

The primary function of ATM, therefore, is to respond to
DNA damage, in particular to double strand breaks (14, 21)
(Figure 1). A crucial survival function when double- strand
breaks occur is the inhibition of the cell cycle through the
activation of cell cycle checkpoints (15). 

Checkpoints occur to introduce a pause in proliferation,
in order to address cellular stress. For this reason, it is
believed that proteins that influence checkpoints are
required to prevent cancer, and factors involved in DNA

damage response are often linked to the activation of
checkpoints. Since many ATM substrates are key effectors
of the cell cycle, cells derived from AT individuals have
defective cell cycle checkpoints after DNA damage due to
defective phosphorylation of ATM substrates (11).

ATM and Telomere Length Maintenance

Telomeres, found at the ends of eukaryotic chromosomes,
prevent their erosion, facilitate the recruitment of telomere-
binding factors and stop the activation of the DNA damage
response pathways. In humans, progressive telomere
shortening causes impaired proliferation and premature
senescence of cells. During senescence, ATM goes to
shortened telomeres and prevents cell cycle reentry (22).
Since the development of lymphocytes goes through periods
of rapid proliferation, telomere erosion and cell cycle
dysfunction may generate the immunodeficiency noted in
AT patients. In humans, ATM deficiency results in
accelerated telomere loss and T lymphocytes derived from
AT patients exhibit frequent telomeric fusions (23).
Although the telomere erosion observed in AT patients is
thought to underlie their accelerated aging, there is no
evidence of a correlation between telomeric fusions and risk
for leukemia or lymphoma (23). 

ATM and Cancer

Since cancer is linked to genomic instability, individuals
who suffer from syndromes characterized by defects in
DNA damage responses are usually cancer prone (Figure
1). Approximately one third of AT patients develop cancer,
mainly leukemias and lymphomas which develop in
childhood and are a common cause of death (6, 11, 27). Of
these cases, 40% are non-Hodgkin's lymphomas, 25%
leukemias and 10% Hodgkin lymphomas. Most leukemias
and lymphomas are of T-cell origin (10). Solid tumors in
AT patients are usually adenocarcinoma of the stomach,
dysgerminoma, gonadoblastoma and medulloblastoma (24).
The range and frequency of tumors are thought to be due
to genome instability arising from defective recognition and
repair of double strand DNA breaks, as well as defective
cell cycle check points. Typical cytogenetic changes seen in
tumors from AT individuals often involve rearrangements
at the T-cell receptor loci (1). In lymphoid malignancies,
missense mutations of the AT gene, rather than truncating
mutations are usually identified (24).

Epidemiological studies have consistently shown that
female relatives of AT patients, carriers of the mutation,
have an increased risk for developing neoplasia, particularly
breast cancer, suggesting a dominant expression of the
defective gene, even though the disease is an autosomal
recessive disorder. Combined analysis of the available data
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AT Related Disorders

As well as for AT, defective DNA damage responses underlie
the molecular basis of other neurodegenerative syndromes
that are closely related to AT. Molecular cloning has now
allowed for the distinction between AT and other autosomal
recessive cerebellar ataxias such as Friedreich ataxias 1and 2,
Aicardi syndrome, AT-like disorder (ATLD) and Nijmegen
breakage syndrome (NBS). It is now clear that patients with
AT variant syndromes have mutations in genes other than AT
(1). Mutations in the MRE11 gene, for example, lead to the
development of ATLD, a less severe form of AT (29, 30), and
in NBS1 gene to Nijmegen syndrome, phenotypically similar
to AT but with distinct neurological defects (30). It is
believed that all AT-related conditions are characterized by
extreme radiosensitivity and must be caused by deficiencies
at common genetic pathways like AT (7).

Conclusion

Genetic instability and abnormalities of the nervous, immune
and reproductive systems are among the complex clinical
features of AT. In addition, patients display a predisposition
to lymphoid malignancies and extreme radiosensitivity. The
cause for radiosensitivity remains controversial and is
generally attributed to checkpoint defects, abnormal
apoptosis and DNA repair abnormalities. ATM protein is
believed to have a role in controlling recombination repair
but the underlying defect is unclear. Although AT is a rare
neurodegenerative disease, understanding its biology will
lead to a greater understanding of the fundamental
processes that are involved in cancer and neurodegeneration.
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Polymorphisms of XRCC4 are involved in reduced
colorectal cancer risk in Chinese schizophrenia
patients
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Abstract

Background: Genetic factors related to the regulation of apoptosis in schizophrenia patients may be involved in a
reduced vulnerability to cancer. XRCC4 is one of the potential candidate genes associated with schizophrenia
which might induce colorectal cancer resistance.

Methods: To examine the genetic association between colorectal cancer and schizophrenia, we analyzed five SNPs
(rs6452526, rs2662238, rs963248, rs35268, rs2386275) covering ~205.7 kb in the region of XRCC4.

Results: We observed that two of the five genetic polymorphisms showed statistically significant differences
between 312 colorectal cancer subjects without schizophrenia and 270 schizophrenia subjects (rs6452536, p =
0.004, OR 0.61, 95% CI 0.44-0.86; rs35268, p = 0.028, OR 1.54, 95% CI 1.05-2.26). Moreover, the haplotype which
combined all five markers was the most significant, giving a global p = 0.0005.

Conclusions: Our data firstly indicate that XRCC4 may be a potential protective gene towards schizophrenia,
conferring reduced susceptibility to colorectal cancer in the Han Chinese population.

Background
The correlation between schizophrenia and cancer has
been investigated for over a century, but the research on
this epidemiological puzzle has produced contradictory
findings [1,2]. According to recent studies, reduced risk
and incidence for cancer were found to be associated
with schizophrenia [3-5]. The explanations proposed for
this finding have included genetic factors, neuroleptic
medication, and environmental aspects [5-7]. The
genetic basis of this lower risk has been ascribed to spe-
cific protective mechanism against cancer found in schi-
zophrenia patients [7]. But until now p53 is the only
gene to have been reported as being involved in this

protective mechanism [8]. Recently, Park et al. [8] made
a genetic association analysis of SNPs in the p53 gene
between 104 lung cancer patients and 179 schizophrenia
patients, and the results indicated that the p53 poly-
morphisms might be a genetic marker for lower sus-
ceptibility to lung cancer in schizophrenia patients.
The X-ray repair complementing defective repair in

Chinese hamster cells 4 (XRCC4) gene is located on
chromosome 5q14.2, which showed loss of heterozygosity
(LOH) in sporadic colorectal cancer (Ratio 37.7%), and
high ratio LOH indicates the presence of tumor suppres-
sor locus. Moreover, in this region nearby allelic losses
for tumor suppressor genes have been suggested as being
associated with colorectal tumorigenesis [9]. The protein
encoded by XRCC4 consists of 336 amino acid residues
distributed among 8 exons, and has a long helical stem
domain responsible for multimerization and interaction
with DNA ligase IV [10]. By forming a complex with
DNA ligase IV and DNA-dependent protein kinase,
XRCC4 functions in the repair of DNA double-strand
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breaks (DSBs) by non-homologous end joining (NHEJ)
and the completion of V(D)J recombination events [11].
The NHEJ pathway is required not only for normal

development but also for suppression of tumors. Since it is
one of the ubiquitous NHEJ components [12], XRCC4
might be considered as a potential tumor suppressor gene
in several types of carcinoma. Disruption of XRCC4 in
mouse embryonic cells leads to chromosomal instability,
radiation hypersensitivity, and severely impaired V(D)J
recombination [13]. In addition, Yan et al. have suggested
that XRCC4 and, by extension, the NHEJ pathway is cru-
cial for suppressing genomic instability in neuronal cells of
mice [14]. Recently, Bau et al. have reported significant
association of SNPs in the XRCC4 gene with colorectal
cancer, indicating that the genetic polymorphisms of
XRCC4 might be involved in colorectal carcinogenesis
[15]. On the basis of the above evidence and the findings
of Sugai et al., we deduced that XRCC4 might be involved
in the development of colorectal carcinoma. Moreover,
data from recent reports have revealed schizophrenia sus-
ceptibility loci on chromosome 5q14 [16,17], which is
in the vicinity of the XRCC4 gene. In mice, XRCC4-
deficiency leads to massive neuronal apoptosis [12].
We therefore concluded that variants within the

XRCC4 gene might confer genetically reduced suscept-
ibility to colorectal cancer among patients with schizo-
phrenia. To examine this assumption, we investigated
five genetic polymorphisms (rs6452526, rs2662238,
rs963248, rs35268 and rs2386275) between Chinese col-
orectal cancer subjects without schizophrenia and schi-
zophrenia subjects, a genetic association strategy similar
to that used by Park et al. [8].

Methods
Subjects
A total of 312 sporadic colorectal cancer patients (178
male and 134 female, age 61.23 ± 14.03 years) and 270

schizophrenia patients (191 male and 79 female, age
57.25 ± 11.55 years) were recruited for this study. All
the CRC patients underwent curative resection between
1999 and 2007 at the surgical department of the Shang-
hai First People’s Hospital or the Shanxi People’s Hospi-
tal, China. The cancerous tissue and adjacent normal
control tissue (>10 cm) were immediately frozen in
liquid nitrogen. The pathologic tumor staging was per-
formed according to Duke’s criteria. The DSM-III-R was
used as the diagnostic criterion for schizophrenia
patients, all of whom were from Shanghai and were Han
Chinese in origin. Two independent psychiatrists made
a final diagnosis on the basis of interview data and hos-
pital case notes. All subjects gave informed consent for
the genetic analysis, which was reviewed and approved
by the ethics committee of the Human Genetics Center
in Shanghai. DNA was extracted using standard meth-
ods with phenol/chloroform purification.

Genotyping
We genotyped five genetic polymorphisms, namely
rs963248, which had been reported by Hayden et al. [11],
and four other SNPs (rs6452526, rs2662238, rs35268 and
rs2386275) from the HapMap project database http://
www.hapmap.org and dbSNP http://www.ncbi.nlm.nih.
gov/SNP/ to cover a ~205.7 kb region of XRCC4. All five
markers are intronic SNPs (Figure 1). We genotyped
these SNPs by the TaqMan® assay method using the ABI
7900 DNA detection system (Applied Biosystems, Foster
City, California). All probes and primers were designed
by the Assay-on-Design service of Applied Biosystems.
The standard PCR was performed using the Taqman®
Universal PCR Master Mix (Applied Biosystems) reagent.

Statistical analysis
We analyzed Hardy-Weinberg equilibrium, allelic and gen-
otypic distributions on http://202.120.31.137/myanalysis.

Figure 1 The five SNPs selected among the genomic region of XRCC4.
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Since haplotypes constructed from closely located
markers will typically increase the statistical power for
association with the disease, we performed haplotype
analysis in SNPs with strong linkage disequilibrium (D’
> 0.7). Our results indicated that one two-SNP-based
haplotype and one five-SNP-based haplotype showed
significant global frequency difference between the CRC
and schizophrenia groups (Table 4). The most signifi-
cant window spanned all five SNPs giving a global
p = 0.0005 (p = 0.0141, after the FDR correction). In
addition, we observed that the most significant haplotype
C-G-A-T-G (rs6452526-rs2662238-rs963248-rs35268-
rs2386275, OR 2.07, 95% CI 1.32-3.24, p = 0.001,
p = 0.025, after the FDR correction) was twice as com-
mon in the CRC group (15.2%) as in the schizophrenia
group (8.2%), suggesting that C-G-A-T-G is a risk haplo-
type for CRC. In addition, we have compared the
frequencies of C-G-A-T-G haplotype between CRC
patients and normal controls, but the individual P value
showed there was no difference.
Park et al. using genetic association analysis, showed

that p53, as a protective gene, induced a lower incidence
of lung cancer among Korean patients with schizophrenia
[8]. Using a similar research strategy, we found that poly-
morphisms of XRCC4 may confer genetically reduced
susceptibility to CRC among Chinese schizophrenia
patients. Compared to the study of Park et al. our sample
was twice as large and involved better age-matched sub-
jects, thus decreasing the possibility of false-positive
results [24]. However, the genetic contribution to this
reduced risk for CRC among schizophrenia subjects is
likely to involve a series of susceptibility loci, each influ-
encing but not determining overall risk. In addition, our
sample size is relatively small, thus additional replication
studies using more SNPs in large non-Asian samples are
needed. Genetic, environmental, and pharmacological
influences are all thought to be contributing factors,
which poses a major challenge for solving this epidemio-
logical puzzle [5-7].

Conclusions
In summary, our results provide a first indication that
XRCC4 might be a potential protective gene with respect
to schizophrenia, conferring decreased susceptibility to
colorectal cancer in the Han Chinese population. Genetic
studies to date have focused on subjects of Asian ethni-
city, and further research needs to be undertaken in
other ethnic groups. Replicating studies with more mar-
kers and with larger samples will be necessary to clarify
the correlation between schizophrenia and cancer.
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A novel variable number of tandem repeats (VNTR) polymorphism containing Sp1 binding 

elements in the promoter of XRCC5 is a risk factor for human bladder cancer  
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Abstract  
 

X-ray repair cross-complementing 5 (XRCC5) is a gene involved in repair of DNA double-

strand breaks. Abnormal expression of the XRCC5 protein is associated with genomic instability 

and an increased incidence of cancers. In our study, a polymorphism with a variable number of 

tandem repeats (21-bp repeat elements at position -201 to -160 relative to the initiation of 

transcription) in the promoter of XRCC5 was identified. As determined with gel-shift and super-

shift assays, the binding affinity of the transcription factor Sp1 to the allele with two 21-bp 

repeats was greater than that for the allele with one 21-bp repeat. As established with a reporter 

assay, plasmids containing zero or one repeat element had higher transcriptional activities than 

plasmids containing two repeat elements. Furthermore, fewer tandem repeats in the promoter of 

XRCC5 was associated with enhanced levels of the XRCC5 protein in bladder cancer patients. 

Although, in a case-control study, the different genotypes were not associated with the risk of 

bladder cancer, individuals not carrying the two tandem repeats allele had an increased risk of 

bladder cancer compared with those carrying the allele with two repeats. These results indicated 

that, at least in a population in southeastern China, this polymorphism in the promoter of XRCC5 

could regulate the expression of XRCC5 and thereby contribute to susceptibility to bladder 

cancer. (C) 2007 Elsevier B.V. All rights reserved. 
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Original Article: Laboratory Investigation

Genetic variants of the XRCC7 gene involved in DNA repair and
risk of human bladder cancer
Shou-Yu Wang, Lei Peng, Chun-Ping Li, Ai-Ping Li, Jian-Wei Zhou, Zheng-Dong Zhang and Qi-Zhan Liu

Institute of Toxicology, School of Public Health, Nanjing Medical University, Nanjing, China

Objective: To investigate the association between the polymorphisms of the KU70 and X-ray repair cross complementing group 7 (XRCC7)
genes and the risk of bladder cancer.
Methods: This hospital-based case-control study included 213 patients with newly diagnosed bladder transitional cell carcinoma and 235
cancer-free controls frequency-matched by age and sex. Two polymorphisms, KU70 and XRCC7, using a method involving polymerase chain
reaction-restriction fragment length polymorphism were genotyped.
Results: The risk of bladder cancer decreased in a dose–response manner as the number of XRCC76721G alleles increased (adjusted odds
ratio [OR] = 0.70, 95% confident interval [CI] = 0.47–1.03 for 6721GT and OR = 0.31, 95% CI = 0.10–0.99 for 6721GG; Ptrend = 0.013). However,
when we used 6721 (GT + GG) as the reference, we found a statistically significant increased risk of bladder cancer associated with the 6721TT
genotype (OR = 1.53, 95% CI = 1.04–2.25). In the stratification analysis, this increased risk was more pronounced among subgroups of patients
aged >65 years (OR = 2.27; 95% CI = 1.25–4.10) and ever smokers (OR = 2.06, 95% CI = 1.15–3.68). Furthermore, we observed a 3.24-fold
increased risk (95% CI = 1.35–7.78) for smokers aged >65 years carrying 6721TT genotype compared with those carrying the 6721 (GG + GT)
genotype. However, the KU70 -61C > G polymorphism was not associated with a significantly increased risk of bladder cancer.
Conclusions: The XRCC7 but not the KU70 polymorphism appears to be involved in the etiology of human bladder cancer. Larger studies with
more detailed data on environmental exposure are needed to verify these initial findings.

Key words: bladder cancer, genetic variant, KU70, molecular epidemiology, XRCC7.

Introduction

Bladder cancer is the most common urinary tumor worldwide. There
were 340 000 newly diagnosed cases and 130 000 related deaths in 2000,
and the majority (70%) of cases occurred in men.1 In China, bladder
cancer is the tenth most frequently diagnosed cancer, accounting for
17 365 deaths in 2005, and the mortality has steadily increased between
1991 and 2005.2 Epidemiological studies have shown that many different
environmental and/or occupational factors, such as chemical carcino-
gens, including polycyclic aromatic hydrocarbons, aromatic amines and
N-nitroso compounds, some anticancer drugs, and reactive oxygen
species (ROS), are responsible for the development of bladder cancer.3–6

Although many people are exposed to these risk factors, only a fraction
of exposed individuals develop bladder cancer, suggesting an individual
susceptibility to exposure-related carcinogenesis.

Studies have revealed that ROS can induce DNA base damage, DNA
single-strand breaks (SSBs), and double-strand breaks (DSBs).7 The
DSBs may lead to genome instability, which in turn may enhance the
development of cancer.8 There are two DSB repair pathways in mam-
malian cells: the homologous recombination (HR) repair and non-
homologous end-joining (NHEJ).8 The NHEJ is responsible for
repairing most DSBs.9 A key component of the NHEJ apparatus is
DNA-dependent protein kinase (DNA-PK), which is composed of KU,
a heterodimeric DNA-binding component (KU70/KU80) and a large
(approximately 465-kDa) catalytic subunit of DNA-PK (DNA-PKcs).10

The human KU70 gene (GenBank accession no: NM_006904), also
known as XRCC6/G22P1, is mapped to chromosome 22q1311 and

encodes the KU70 protein, which forms a heterodimer complex with
KU80. KU70, however, may perform functions independent of KU80.12

Ku70-knockout mice have small populations of mature T-lymphocytes,
a significant incidence of thymic lymphomas, and an increased rate of
fibroblast transformation, but the Ku80-knockout mice do not. The
underlying mechanisms for this difference remain unknown.13KU70
can translocate to the nucleus without forming a heterodimer complex
with KU80 following its own nuclear location signal.14,15 The defects in
KU70 may induce not only deficiencies in DSB repair but also growth
retardation, hypersensitivity to ionizing radiation, and severe combina-
tion immune deficiency due to severely impaired variable division
joining (V[D]J) recombination.16,17

The human XRCC7 gene (GenBank accession no: NM_001469),
also known as PRKDC/HYRC/HYRC1, is located on chromosome 8q11
and encodes DNA-PKcs, which is recruited to the site of DSBs by the
KU70/KU80 heterodimer to form an active DNA-PK complex.18 Each
KU and DNA-PKcs can bind to one end of DNA independently, and
KU can improve the affinity of DNA-PKcs for DNA ends by 100-fold.19

Murine mutants defective in the XRCC7 gene have non-detectable
DNA-PK activity and share similar phenotypes to those of KU70
deficiency, except for growth retardation.20

Genetic variants of KU70 -61C > G (rs2267437) and
XRCC76721G > T (rs7003908) are located in the promoter region of
the KU70 gene and the intron 8 of the XRCC7 gene, respectively.
Although the functional relevance of these two polymorphisms is
unknown, bioinformatics analysis (http://www.gene-regulation.com/
pub/programs/alibaba2/index.html) suggests that DNA sequence con-
taining KU70–61G has more recognition elements (i.e. Sp1 and
AP-2alpha) than the DNA sequence containing KU70 -61C (i.e. Sp1),
implying that this polymorphism has the potential to alter KU70 tran-
scription. Furthermore, in the reported gene assay, we have determined
that the polymorphism of KU70 -61C > G affects KU70 promoter
activity (Wang S, 2007, unpublished data). The XRCC76721G > T
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lymphomas.27 XRCC7 encodes DNA-PKcs, which also may have a
caretaker role in colon carcinogenesis.28 Therefore, the variants of the
KU70 and XRCC7 genes, if functional, could be expected to have an
effect on DSB repair, and thus, on carcinogenesis.

The KU70 polymorphism is associated with risk of breast cancer,21

and the XRCC7 polymorphism is associated with risk of glioma.22 Our
data support the notion that the XRCC76721G > T polymorphism,
which is located in intron 8 of the XRCC7 gene and may regulate
splicing and cause mRNA instability,18 is implicated in cancer risk.

In this study, we also observed a significantly increased risk of
bladder cancer among older smokers, suggesting that a gene–
environment interaction may be involved in the development of bladder
cancer. Compounds in smoke, such as 2-naphthylamine and
4-aminobiphenyl, can cause genotoxic events in the urothelium.29–33 In
addition, the chemicals in cigarette smoke can result in carcinogenic
events in bladder epithelium. Tobacco smoking enhances cellular pro-
liferation and may have a synergistic effect on bladder carcinogen-
esis.31,34 In addition, older individuals may be exposed to more risk
factors (e.g. tobacco smoking, clinical drugs, or occupational chemical
carcinogens).4,35,36 These data may explain the possible role of the

XRCC7 polymorphism in tobacco-induced bladder cancer. However,
this finding may be by chance, owing to the small number of observa-
tions in the stratification analysis.

Compared with published data, our results showed that the frequen-
cies of the genotype distributions of the XRCC76721G > T vary with
ethnicity. For example, the frequencies of the GG, GT, and TT geno-
types of the XRCC76721G > T polymorphism among our 235 southern
Han Chinese control subjects were 6.0%, 43.8%, and 50.2%, compared
with 16.4%, 44.7%, and 38.9%, respectively, of 342 Caucasians in the
study by Wang et al.22 For the KU70 -61C > G polymorphism, the
frequencies of the CC, CG, and GG genotypes (63.4%, 31.5%, and
5.1%, respectively) among our controls were similar to the published
data by Fu et al. (68.9%, 27.9%, and 3.2%, respectively),21 suggesting
that there was no variation in residential regions (i.e. South China and
Taiwan regions). However, these findings require further investigation.

There are several limitations in our study. First, selection bias may
exist in a hospital-based case-control study. Second , because there
were genetic variants that were not assayed in this study, this hypothesis
needs to be verified in larger studies with data from dense gene maps
such as the HapMap database.37 Third , it is difficult to compare our

Table 3 The stratification analysis of association between the XRCC7 polymorphism and risk of the bladder cancer

Variables n (cases/controls) Percentage (cases/controls) P† Adjusted OR (95% CI)‡

GT + GG TT GT + GG TT

Age (years)

�65 110/122 43.6/46.7 56.4/53.3 0.637 1.00 1.13 (0.67–1.91)

>65 103/113 35.0/53.1 65.0/46.9 0.007 1.00 2.27 (1.25–4.10)

Sex

Male 176/179 40.9/51.4 59.1/48.6 0.048 1.00 1.50 (0.98–2.31)

Female 37/56 32.4/44.6 67.6/55.4 0.239 1.00 1.63 (0.67–3.98)

Smoking status

Never 99/153 40.4/46.4 59.6/53.6 0.349 1.00 1.22 (0.72–2.06)

Ever 114/82 38.6/56.1 61.4/43.9 0.015 1.00 2.06 (1.15–3.68)

Drinking status

Never 105/151 42.9/50.3 57.1/49.7 0.239 1.00 1.36 (0.82–2.27)

Ever 108/84 36.1/48.8 63.9/51.2 0.077 1.00 1.71 (0.95–3.10)

†Two-sided c2 test for genotype distributions between the cases and controls. ‡ORs were adjusted for age, sex, smoking status, and alcohol use in a logistic

regression model. CI, confidence interval; OR, odds ratio.

Table 4 The bladder cancer risk by age, smoking status and the XRCC7 polymorphism

Variables n (cases/controls) Percentage (cases/controls) P† Adjusted OR (95% CI)‡

GT + GG TT GT + GG TT

Age and smoking status§ 213/235 39.4/49.8 60.6/50.2 0.028 1.00 1.53 (1.04–2.25)

0 58/76 46.6/44.7 53.4/55.3 0.848 1.00 0.94 (0.47–1.86)

1 52/46 40.4/50.0 59.6/50.0 0.358 1.00 1.46 (0.65–3.27)

2 41/77 31.7/48.0 68.3/52.0 0.071 1.00 2.14 (0.94–4.86)

3 62/36 37.1/63.9 62.9/36.1 0.009 1.00 3.24 (1.35–7.78)

†Two-sided c2 test for genotype distributions between the cases and controls. ‡ORs were adjusted for age, sex, smoking status and alcohol use in a logistic

regression model. §Subjects were divided into four groups: 0, non-smoker aged less than 65 years; 1, non-smoker aged over 65 years; 2, smoker aged less

than 65 years; 3, smoker aged over 65 years. CI, confidence interval; OR, odds ratio.
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results with genotyping data from other studies because few studies of
the KU70 and XRCC7 polymorphisms have been published.

In conclusion, the XRCC7 (but not the KU70) polymorphism had
an effect on the risk of bladder cancer; the risk was more pronounced
among older smokers. However, because the number of observations
in the subgroup analyses was limited , the findings could be due to
chance. Larger studies involving more detailed data on environmental
exposure and inclusion of more single nucleotide polymorphisms in
one gene or genes in the same biological pathway are needed to
verify these findings.
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Abstract
 Objective:To investigate the association between the X-ray repair cross complementing(XRCC) group 5, XRCC6 and XRCC7
polymorphisms and risk of acute myeloid leukemia(AML). Methods:This hospital-based case-control study included 120 AML patients
and 210 cancer-free controls in a Chinese population. Three polymorphisms of XRCC5, XRCC6 and XRCC7 were genotyped using the
polymerase chain reaction(PCR) or polymerase chain reaction-restriction fragment length polymorphism(PCR-RFLP) method. Results:
We found that there was a significant decrease in risk of AML associated with the XRCC6 -61 CG/GG genotype(adjusted odd ratio
(OR) = 0.55; 95% confident interval(CI) = 0.34-0.89) compared with the -61CC genotype. For the novel tandem repeat polymorphism
(VNTR) in the XRCC5 promoter, we found when the XRCC5 six genotypes were dichotomized(i.e., 2R/2R, 2R/1R versus 2R/0R, 1R/1R,
1R/0R and 0R/0R), the latter group was associated with increased risk of AML(adjusted OR = 1.67; 95% CI = 1.00~2.79) compared to 2R/
2R+2R/1R genotype. However, the XRCC7 6721G>T polymorphism had no effect on risk of AML. Conclusion:The XRCC6 -61C >
G and XRCC5 2R/1R/0R polymorphisms, but not XRCC7 6721G > T polymorphism, could play an important role in the development of
AML. Larger scale studies with more detailed data on environment exposure are needed to verify these findings.

Keywords: XRCC5; XRCC6; XRCC7; single nucleotide polymorphism; tandem repeat polymorphism; acute myeloid leukemia
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INTRODUCTION
 Acute myeloid leukemia(AML) is the most common
acute leukemia(AL) in adults, with a median incidence
of 2.4 cases per 100,000 inhabitants in the western world[1].
In China, AML accounts for approximately 25% of all
leukemias in adults, and is the most frequent form of
AL. Epidemiologic and genotypic data showed that

AML cells possess more than one recurring mutation,
either as point mutations, gene rearrangements and/or
chromosomal translocations[2]. Epidemiological studies
have shown that many different environmental and
occupational factors, such as exogenous agents, ioniz-
ing radiation(IR) and topoisomerase inhibitors, and
some endogenous agents encompassing anticancer drugs
and reactive oxygen species(ROS), are responsible for
the development of AML[3-7]. Although many people
are exposed to these dangerous factors, only a fraction
of exposed individuals develop AML, suggesting an
individual susceptibility to exposure -rela ted
carcinogenesis.
 Each individual’s genetic material contains a unique
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single nucleotide polymorphism(SNP) pattern on the
human genome map that is made up of many different
genetic variants. Although, most SNP do not produce a
disease per se, SNP serve as biological markers for
genetic determinants to identify a disease, as they are
usually located near a gene found to be associated with
diseases. SNP may be associated with the development
of a disease and therefore, used to search for and isolate
the disease-causing gene[8].
 DNA damage, induced by ROS and chemo-or radio-
therapeutic agents, generally includes base modifications,
single and double-strand DNA breaks(SSB and DSBS),
and DNA strands crosslink in the cell [9,10], and the DNA
damage may lead to genome instability, which in turn
may promote the development of cancer. Some evidence
indicates that the incidence of leukemia in mouse and
man is associated with exposure to chemo-or radio-
therapeutic agents, which cause DSBS

[11]. There are two
DSBS repair pathways in mammalian cells: the homolo-
gous recombination(HR) and non-homologous end-
joining(NHEJ)[12]. The latter plays a predominant role
in repairing DSBS in mammals[13]. A key component of
the NHEJ apparatus is the DNA-dependent Protein
Kinase(DNA-PK), which consists of a heterodimeric
DNA targeting subunit(i.e., KU70/KU80, encoded by
XRCC6/ XRCC5 genes) and a catalytic subunit DNA-
PKcs(encoded by XRCC7 gene)[14].
 There are dozens of genetic variants of the XRCC5,
XRCC6 and XRCC7 that have been identified.
However, to date, there are limited variants that have
been determined. Fu et al.[15] reported XRCC6 -61C>
G，but not XRCC6 43009G>T or XRCC6 46922A>G
polymorphisms, in the promoter region was associated
with an increased risk of breast cancer. In contrast, we
found previously that the XRCC7 but not the XRCC6 -
61C>G appears to be involved in the etiology of
human bladder cancer[16]. Two SNPs of XRCC5, 69506
G>A(rs3835) and 69632 G>A(rs3834), which are
located in the intron of XRCC5,  are not associated
with breast cancer[15]. Recently, we identified a novel
variable number of tandem polymorphisms located in
the promoter region of XRCC5(at -201~-159 nucle-
otide sites for the initiation of transcription)[17]. This
polymorphism contains three different alleles, which
are two 21 nucleotides repeats(2R), one 21 nucleotides
repeat (1R), and zero repeat unit(0R). We also found
that this tandem repeat polymorphism was associated
with bladder cancer and could affect XRCC5 promoter
activity and protein expression[18]. Genetic variants of
the XRCC7 6721G>T locating in the intron 8 might
regulate splicing and cause mRNA instability[19], and
were also shown to elevate risk of glioma and renal cell
carcinoma[20,21]. Some researchers reported that XRCC6

-61C>G and XRCC7 6721G>T polymorphisms are
associated with an increased risk of cancers, including
breast cancer and glioma[15,20]. To the best of our
knowledge, there is no report on the relationship
between XRCC5, XRCC6 and XRCC7 polymorphisms
and risk of AML. As we all know, XRCC5, XRCC6
and XRCC7 play an important role in the NHEJ pathway,
so we hypothesized that the polymorphisms of the
XRCC5, XRCC6 and XRCC7 contribute to the etiol-
ogy of AML. The aim of the present study is to inves-
tigate the associations between the XRCC5, XRCC6 and
XRCC7 polymorphisms and the development of AML
in a Chinese population.
MATERIALS AND METHODS
Study participants
 Study participants included 120 patients who were
newly diagnosed with AML and 210 cancer-free
controls from a Southern Chinese population, who were
Han nationals. The subjects were recruited from the
First and the Second Affiliated Hospitals of Nanjing
Medical University, Jiangsu Province Hospital of
Traditional Chinese Medicine and Suzhou City Hospital,
respectively, from 2003 to 2007. All cases had
cytogenetically, immunologically and marrow cyto-
morphologically confirmed AML and were without
history of other cancers. All cases were recruited
immediately after being diagnosed. The controls were
randomly selected from a database used for recording
regular physical examinations of cancer-free indivi-
duals living in the same residential areas, who were
genetically unrelated and frequency-matched to the cases
by age and gender. All cases and controls agreed to
participate in the present study. After the study subjects
provided written informed consent to participate in this
study, and an interview was scheduled and conducted
by trained interviewers using a structured questionnaire,
which elicited information on demographic features and
risk factors, such as age, gender. At the end of the
interview, all subjects donated a single 5 ml peripheral
blood sample that was stored and frozen at -70℃ within
6 h. The institutional review board of Nanjing Medical
University approved the research protocol.
Genotyping
 Genomic DNA was extracted from leukocyte pellets
by Proteinase K digestion, followed by phenol-chloro-
form extraction and ethanol precipitation. The XRCC5
2R/1R/0R polymorphism was identified by polymerase
chain reaction(PCR) and the XRCC6 -61C>G and
XRCC7 6721G>T polymorphisms were identified
using the polymerase chain reaction-restriction frag-
ment length polymorphism(PCR-RFLP) methods. The
following primers were used to amplify the target
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fragments containing the polymorphisms to be studied:
5′-AGGCGGCTCAAACACCACAC-3′(forward) and
5′-CAAGCGGCAGATAGCGGAAAG-3′(reverse) to
amplify the target fragment of XRCC5 gene. The
annealing temperature was 62℃. The fragment size was
266 bp, 245 bp or 224 bp, which were 2R allele, 1R
allele or 0R allele,respectively;5′-TCTCCAC-
TCGGCTT-TTCTTCCA-3′(forward) and 5′-TCT-
CCCTCCGC-TTCGCACTC-3′(reverse) for the
XRCC6 -61C>G polymorphism and 5′-CGGCT-
GCCAACGTTC-TTTCC-3′(forward) and 5′-TGCC-
CTTAGTGGTT-CCCTGG-3′(reverse) for the XRCC7
6721 G > T polymorphism. The annealing temperature
was 63℃ for the XRCC6-61C>G polymorphism and
61℃ for the XRCC7 6721 G > T polymorphism. The
fragment size was 320 bp for the XRCC6 -61C>G
polymorphism and 368 bp for the XRCC7 6721 G>T
polymorphism. The BanⅠ and PvuⅡ restriction
enzymes(New England Biolabs, Beverly, MA) were
used to distinguish the XRCC6 -61C>G and XRCC7
6721 G>T, respectively, which resulted in fragments
of 182, 80, and 58 bp in the presence of the XRCC6 -
61G allele, 262 and 58 bp in the presence of the XRCC6
-61C allele, 368 bp in the XRCC7 6721 G allele and
274 and 94 bp in the presence of the XRCC7 6721 T
allele[20]. The polymorphism analysis was performed by
two individuals independently in a blind fashion. More
than 30% of the samples were chosen randomly
selected for repeated assays, and the results were 100%
consistent.
Statistical analysis
 Theχ2 test was used to evaluate differences in the
frequency distributions of selected demographic
variables and the frequencies of allele and genotype of
the XRCC5, XRCC6 and XRCC7 polymorphisms
between cases and controls. Both the univariate and
multivariate logistic regression analysis were used to
obtain the adjusted odds ratios(ORs) and 95% confi-
dence intervals (CIs). The multivariate analysis was
performed with adjustment for age and gender. Theχ2

test of statistical significance was conducted using the
SAS software (version 9.1.3; SAS Institute Inc., Cary,
NC). The criterion for significance was set at P＜0.05
in two-sided tests.
RESULTS
Characteristics of the study subjects
 The frequency distributions of selected characteris-
tics between the cases and controls are shown in Table 1.
The mean age was 43.9 years for the cases(±20.8 years)
and 43.7 years for controls(± 20.2 years), and the
difference was not statistically significant(P = 0.15).
Similarly, the distribution of gender was not signifi-

cantly different(P = 0.57), suggesting that age and
gender were equally matched between two populations.
Genotype distributions and association
between XRCC5, XRCC6 and XRCC7 poly-
morphisms and risk of AML
 Table 2 shows the genotype and allele frequencies of
the XRCC5, XRCC6 and XRCC7 polymorphisms among
cases and controls and the associations with AML
development. For the XRCC7 6721G>T polymorphism,
the frequencies of the TT, TG, and GG genotypes were
59.2%, 35.8%, and 5.0%, respectively, among AML
cases, and 54.3%, 39.5%, and 6.2%, respectively, among
controls. However, the difference was not statistically
significant(P=0.68). For the XRCC6 61C > G
polymorphism, the frequencies of the CC, CG, and GG
genotypes were 69.2%, 29.2%, and 1.6%, respectively,
among AML cases, and 55.2%, 41.0%, and 3.8%,
respectively, among controls. Similarly, the frequen-
cies of 2R/2R, 2R/1R, 2R/0R, 1R/1R, 1R/0R and 0R/
0R genotypes of the XRCC5 were 10.0%, 14.2%, 27.5%,
0.8%, 32.5% and 15.0%, respectively, among AML
cases and 13.3%, 20.5%, 27.1%, 4.3%, 16.7% and 18.1%,
respectively, among controls. These differences were
statistically significant(P = 0.04 for XRCC6 -61C > G
and P = 0.01 for XRCC5 2R/1R/0R). As shown in Table 2,
the genotypes of 2R/2R, 2R/1R were more common
(13.3%, 20.5%) and that of 2R/0R was less common
(27.1%) among the controls than among the cases
(10.0%, 14.2%, and 27.5% respectively). When these
six genotypes were dichotomized into two groups(i.e.,
2R/2R, 2R/1R vs. 2R/0R, 1R/1R, 1R/0R and 0R/0R),
their distributions differed significantly between the
cases and controls(P = 0.05). The genotype frequencies
of these three polymorphisms among the controls were
all in agreement with the Hardy-Weinberg equilibrium.
 As shown in Table 2, logistic regression analysis
revealed that compared with the XRCC6 -61CC wild-
type homozygote, subjects carrying the -61CG heterozy-
gote had a significant 43% decreased risk of AML
(adjusted OR=0.57; 95% CI=0.35~0.92) and those
carrying-61CG/GG variant genotypes had 45% decrease
in risk of AML(adjusted OR=0.55; 95% CI=0.34~0.89).

Table 1 Frequency distributions of selected variables
in the AML cases

Cases(n=120)        Controls(n=210)
  n             %              n              %Variables                                                                            Pa

Age(years)
≤ 45
＞ 45

Gender
  Male
  Female

5 4
6 6

5 9
6 1

4 4
5 5

4 9
5 1

112
9 8

110
100

53.3
46.7

52.4
47.6

0.15

0.57

 aTwo-sided χ2 test
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For the XRCC5 2R/1R/0R polymorphism, we found
that XRRC5 1R/0R genotype was associated with a
2.60-fold increase in risk of AML(95% CI=1.42~5.92)
compared with the 2R/2R genotype. When compared
with the combined genotypes(2R/2R+2R/1R), the(2R/

0R+1R/1R+1R/0R+0R/0R) genotypes had a 1.67-fold
elevated risk with AML(95% CI=1.00~2.79). In this
study, we found that XRCC7 6721G >T polymorphism
was not associated with the risk of AML(Table 2).

Table 2 Genotype and allele frequencies of XRCC5, XRCC6 and XRCC7 polymorphisms among AML cases and
associations with odds of AML

XRCC7 6721G > T
TT
TG
GG
TG+GG
XRCC6 -61C > G
CC
CG
GG
CG+GG
XRCC5 2R/1R/0R
2R/2R
2R/1R
2R/0R
1R/1R
1R/0R
0R/0R
Dichotomized groups
2R/2R, 2R/1R
2R/0R, 1R/1R,
1R/0R, 0R/0R

114
8 3
1 3
9 6

116
8 6

8
9 4

2 8
4 3
5 7

9
3 5
3 8

7 1
139

54.3
39.5

6.2
45.7

55.2
4 1

3.8
44.8

13.3
20.5
27.1

4.3
16.7
18.1

33.8
66.2

7 1
4 3

6
4 9

8 3
3 5

2
132

1 2
1 7
3 3

1
3 9
1 8

2 9
9 1

59.2
35.8

5
40.8

69.2
29.2

1.6
30.8

1 0
14.2
27.5

0.8
32.5

1 5

24.2
75.8

0.68

0.04

0.01

0.05

1.00(reference)
0.81(0.50~1.30)
0.73(0.26~2.01)
0.80(0.50~1.26)

1.00 (reference)
0.57 (0.35~0.92)
0.36 (0.07~1.74)
0.55 (0.34~0.89)

1.00 (reference)
0.91 (0.38~2.20)
1.42 (0.63~3.19)
0.25 (0.03~2.17)
2.60 (1.42~5.92)
1.16 (0.48~2.82)

1.00 (reference)
1.67 (1.00~2.79)

Controls(N =210)a                     AML(N =120)
N                     %                     N                     %Genotypes                                                                                                                              P b             Adjusted OR(95% CI)c

 The observed genotype frequency among the control subjects was in agreement with the Hardy-Weinberg equilibrium(p2+2pq+q2=1)
(χ2=0.17, P =0.68 for XRCC7 6721G>T, and 2.71,0.10, for XRCC6-61C>G,χ2=1.55, P =0.21 for XRCC5 2R>1R,χ2=0.55, P =0.46 for
XRCC5 2R>0R). bTwo-sidedχ2 test for either genotype distribution; cObtained from logistic regression models with adjustment for age, gender.

Association and stratification analyses
between genotypes of the XRCC5, XRCC6 and
XRCC7 polymorphisms and risk of AML
 The association between the XRCC5 2R/1R/0R,
XRCC6 -61C>G and XRCC7 6721G>T variant geno-
types and risk of AML was further examined by strati-
fying potential confounding variables, such as age and
gender. As shown in Table 3 and Table 4, males and
aged≤ 45 years subjects carrying the XRCC6 -61
(CG+GG) genotypes were associated with 51%
(adjusted OR=0.49; 95% CI=0.25~0.98), 54% (adjusted
OR=0.46; 95% CI=0.23~0.93), respectively, decrease
in risk of AML. However, corresponding females and
aged >45 years subjects were not associated with risk
of AML. In the case of XRCC5(2R/0R+1R/1R+1R/
0R+0R/0R) genotypes, we observed highly significant
risks among males(adjusted OR=2.17; 95% CI=1.06~
4.43) and aged >45 years subjects (adjusted OR=3.31;
95% CI=1.59~6.88), whereas they were not statistically
significant among females and aged≤ 45 years
individuals. However, there were no significant asso-
ciations between the XRCC7 6721G>T polymorphism

and AML risk stratified by age and gender.
DISCUSSION
 In our study, three polymorphisms, XRCC5 2R/1R/
0R, XRCC6 -61C>G and XRCC7 6721G>T were
selected to investigate the associations between the
polymorphisms and risk of AML in a hospital-based
case-control study in a southern Chinese population.
We found a significant association with the polymor-
phisms of XRCC5 2R/1R/0R, XRCC6 -61C>G and the
risk of AML. However, there was no evidence for an
association between the XRCC7 6721G>T variants and
AML. To the best of our knowledge, this is the first
report that the XRCC5 2R/1R/0R, XRCC6 -61C>G and
XRCC7 6721G>T polymorphisms are associated with
the risk of AML.
 Given the critical roles of the NHEJ pathway in DNA
repair[22-24], it is biologically plausible that the XRCC5,
XRCC6 and XRCC7 variants may modulate the risk of
cancer, including leukemia. It has been shown that
increased NHEJ activity is due to the presence of
XRCC5 and XRCC6 protein, which result in genomic
instability in myeloid leukemia cells[25-26].
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 There are several reports that support our finding.
For example, Ku is best known for its crucial role in
DNA repair, especially in NHEJ. NHEJ is a homology-
independent mechanism that rejoins broken ends
irrespective of sequence, and this may result in genomic
disorders[22]. XRCC6 was elevated in bladder tumor
tissues and neck cancer cell line[27]; and Holgersson et al.[28]

reported increased expression of XRCC5 and XRCC7
protein in high-grade lymphoma patients. XRCC5 and
XRCC6 may function as a caretaker gene for the
development of T-cell lymphomas[29]. XRCC7 encodes
DNA-PKcs, which also may have a caretaker role in
colon carcinogenesis[30]. Therefore, the polymorphisms
of the XRCC5, XRCC6, XRCC7, if functional, could
be expected to have an effect on DSB repair, and thus,
on carcinogenesis.
 We previously reported that fewer repeats(1R/1R,1R/
0R) of XRCC5 in the promoter region enhance the
transcriptional activity and were associated with
increased risk of bladder cancer, and this finding was
supported by other research studies in gastric cancer[31],
esophageal cancer[24], colorectal cancer[32], and head and
neck cancer[23]. This over-activity of XRCC5 leads to
excess DNA repair, which can increase the resistance
of cells to genotoxic agents and interfere with normal

apoptosis, and thus increase the likelihood for the
development of neoplasia. In the present study, we
observed that XRCC5 2R/1R/0R polymorphism had a
1.67-fold increased risk of AML, which was consistent
with our previous findings in bladder cancer[18].
 The associations between XRCC6-61C>G and
XRCC7 6721G>T polymorphisms and susceptibility to
cancer have been extensively studied in some cancers.
However, the results are conflicting. For example,
XRCC6 -61C>G and XRCC7 6721G>T were associ-
ated with an increased risk of breast cancer[15], and
glioma[20], respectively, while recent studies reported
that there were no significant associations between the
XRCC7 6721G>T polymorphism and risk of renal cell
carcinoma and differentiated thyroid cancer[21-33]. Our
findings further support that the polymorphisms of the
XRCC6 -61C>G (not XRCC7 6721G>T polymorphism)
may contribute to genetic susceptibility to AML. Com-
pared with the published data, our findings indicate that
the genotype distributions of XRCC7 6721G>T poly-
morphisms vary with ethnicity. In the present study,
the MAF of 6721G allele was 0.29(data not shown),
which is consistent with the report by Hiroshi et al.[21]

among Japanese, but differs from American Caucasians
(0.39)[20]. However, the frequency of the XRCC6 -61

Table 3 Distribution of XRCC5, XRCC6 and XRCC7 polymorphisms in AML cases and controls stratified for gender
Male

 Cases      Controls
(n=59)     (n=110)

Female
 Cases     Controls
(n=61)    (n=100)

Adjusted OR
(95% CI)b

XRCC7 6721G > T
TT

TG+GG
XRCC6 -61C>G

CC
CG+GG

XRCC5 2R/1R/0R
2R/2R, 2R/1R
2R/0R, 1R/1R
1R/0R, 0R/0R

3 4
2 5

4 1
1 8

1 6
4 3

5 7
5 3

6 0
5 0

4 5
6 5

0.42

0.04

0.03

1.00(reference)
0.77(0.40~1.46)

1.00(reference)
0.49(0.25~0.98)

1.00(reference)
2.17(1.06~4.43)

3 7
2 4

4 2
1 9

1 3
4 8

5 7
4 3

5 6
4 4

2 6
7 4

0.66

0.10

0.50

1.00(reference)
0.86(0.45~1.66)

1.00(reference)
0.57(0.29~1.12)

1.00(reference)
1.30(0.61~2.77)

P aAdjusted OR
(95% CI)bGenotypes P a

aTwo-sided χ2 test for the genotypes distribution between the cases and controls; bObtained from a logistic regression model with adjustment for age

Table 4 Distribution of XRCC5, XRCC6 and XRCC7 polymorphisms in AML cases and controls stratified for age
Age(≤ 45 years)

 Cases      Controls
(n=54)    (n=112)

Age(＞ 45 years)
 Cases     Controls
(n=66)     (n=98)

OR(95% CI)b

XRCC7 6721G > T
TT

TG+GG
XRCC6 -61C > G

CC
CG+GG

XRCC5 2R/1R/0R
2R/2R, 2R/1R
2R/0R, 1R/1R
1R/0R, 0R/0R

3 2
2 2

3 8
1 6

1 5
3 9

6 6
4 6

6 1
5 1

2 7
8 5

0.84

0.03

0.54

1.00(reference)
1.07(0.55~2.10)

1.00(reference)
0.46(0.23~0.93)

1.00(reference)
0.79(0.38~1.67)

3 9
2 7

4 5
2 1

1 4
5 2

4 8
5 0

5 5
4 3

4 4
5 4

0.22

0.10

0.001

1.00(reference)
0.67(0.36~1.26)

1.00(reference)
0.57(0.29~1.11)

1.00(reference)
3.31(1.59~6.88)

P aOR(95% CI)bGenotypes P a

aTwo-sided χ2 test for the genotypes distribution between the cases and controls; bObtained from a logistic regression model with adjustment for gender.
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Abstract

Genetic variations in the XPD gene may increase
cancer susceptibility by affecting the capacity for DNA
repair. Several studies have investigated this possibil-
ity; however, the conclusions remain controversial.
Therefore, we did a systematic review and executed
a meta-analysis to explore the association. From 56
studies, a total of 61 comparisons included 25,932 cases
and 27,733 controls concerning the Lys751Gln polymor-
phism; 35 comparisons included 16,781 cases and
18,879 controls in the case of Asp312Asn were reviewed.
In this analysis, small associations of the XPD
Lys751Gln polymorphism with cancer risk for esopha-
geal cancer [for Lys/Gln versus Lys/Lys: odds ratio (OR),
1.34; 95% confidence interval (95% CI), 1.10-1.64; for
Gln/Gln versus Lys/Lys: OR, 1.61; 95% CI, 1.16-2.25]

and acute lymphoblastic leukemia (for Gln/Gln versus
Lys/Lys: OR, 1.83; 95% CI, 1.21-2.75) are revealed.
Overall, individuals with the Gln/Gln genotype have
a small cancer risk compared with Lys/Lys genotype
for the reviewed cancer in total (OR, 1.10; 95% CI,
1.03-1.16). Subtle but significant cancer risk was
observed for the XPD Asp312Asn polymorphism in
bladder cancer (for Asp/Asn versus Asp/Asp: OR, 1.24;
95% CI, 1.06-1.46). No significant associations were
found for other cancers separately and all the reviewed
cancer in total assessed for the Asp312Asn polymor-
phism. Our study suggests that XPD is a candidate
gene for cancer susceptibility regardless of environ-
mental factors. (Cancer Epidemiol Biomarkers Prev
2008;17(3):507–17)

Introduction

Many environmental factors, such as radiation, diet,
smoking, and endogenous or exogenous estrogens, are
associated with DNA damage. Unrepaired or misre-
paired DNA results in gene mutations, chromosomal
alterations, and genomic instability. Several studies have
suggested that genes involved in DNA repair system
play a crucial role in protecting against mutations.
Patients with certain cancers have reduced DNA repair
proficiencies (1). Similarly, the enzymes of the nucleotide
excision repair (NER) pathway have been implicated in
cancer (2).

The excision repair cross-complementing group 2 (ERCC2)
gene (formerly named XPD) maps to chromosome
19q13.3 and is composed of 23 exons (3). Its protein is
761 amino acids in length. The DNA repair process and
gene transcription are coupled via activity of the TFIIH
complex, a multiprotein complex with functions includ-
ing transcription, NER, transcription-coupled repair,
apoptosis, and cell cycle regulation. The XPD protein is
involved in transcription-coupled NER and is an integral

member of the basal transcription factor BTF2/TFIIH
complex. The XPD gene product has an ATP-dependent
DNA helicase activity and belongs to the RAD3/
XPD subfamily of helicases (4). Mutations in the XPD
gene can result in three different disorders: xeroderma
pigmentosum, trichothiodystrophy, and Cockayne syn-
drome (5).

The XPD gene is abundant with polymorphisms (6).
The single nucleotide polymorphisms (SNP) in XPD in
the HapMap and dbSNP database are adequate (7, 8).
However, in coding regions, most exhibit a low
frequency of heterozygosity. Only four SNPs [rs13181
(9), rs1799793 (9), rs238406 (10), and rs1052555 (11)] that
have been subjects of association studies have compara-
bly high heterozygosity frequencies. Two SNPs (rs238406
and rs1052555) have not been well studied and are
not matured enough to execute a meta-analysis (10, 11).
The other two SNPs, which were considered as ‘‘tagging
SNP,’’ have been mostly described to date are ERC-
C2_18880_A>C (rs13181) and ERCC2_6540_G>A
(rs1799793; ref. 12). rs13181 is predicted to result in a
lysine-to-glutamine transition at position 751. rs1799793
would confer an aspartic acid-to-asparagine change
at position 312. They are in strong linkage disequilibria
with each other (13). These polymorphisms may affect
different protein interactions, diminish the activity of
TFIIH complexes, and alter the genetic susceptibility for
cancer.

Recently, several studies investigated the role of these
two polymorphisms on the risk of various cancers
including breast, bladder, lung, prostate, head and neck,
basal cell carcinoma, and melanoma. However, the
results of these studies remain controversial. It is possible
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Genetic analysis identifies putative tumor suppressor sites at 2q35–q36.1

and 2q36.3–q37.1 involved in cervical cancer progression
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We performed comparative genomic hybridization (CGH)
and high-resolution deletion mapping of the long arm of
chromosome 2 (2q) in invasive cervical carcinoma (CC).
The CGH analyses on 52 CCs identified genetic losses at
2q33–q36, gain of 3q26–q29, and frequent chromosomal
amplifications. Characterization of 2q deletions by loss of
heterozygosity (LOH) in 60 primary tumors identified two
sites of minimal deleted regions at 2q35–q36.1 and
2q36.3–q37.1. To delineate the stage at which these
genetic alterations occur in CC progression, we analysed
33 cervical intraepithelial neoplasia (CIN) for LOH. We
found that 89% of high-grade (CINII and CINIII) and
40% of low-grade (CINI) CINs exhibited LOH at 2q. To
identify the target tumor suppressor gene (TSG), we
performed an extensive genetic and epigenetic analyses of
a number of candidate genes mapped to the deleted
regions. We did not find inactivating mutations in
CASP10, BARD1, XRCC5, or PPP1R7 genes mapped
to the deleted regions. However, we did find evidence of
downregulated gene expression in CFLAR, CASP10 and
PPP1R7 in CC cell lines. We also found reactivated gene
expression in CC cell lines in vitro after exposure to
demethylating and histone deacetylase (HDAC) inhibiting
agents. Thus, these data identify frequent chromosomal
amplifications in CC, and sites of TSGs at 2q35–q36.1
and 2q36.3–q37.1 that are critical in CC development.
Oncogene (2003) 22, 3489–3499. doi:10.1038/sj.onc.1206432

Keywords: cervical carcinoma; chromosome 2; CGH;
gene amplification; LOH; cervical intraepithelial neo-
plasia

Introduction

Cervical carcinoma (CC) is the second most common
malignancy among women in both incidence and
mortality (NIH Consensus Statement, 1996). Although
much is known about the etiology and treatment of CC,
the role of genetic alterations in the multistep pathway
of cervical tumorigenesis is largely unknown. Conver-
ging points of evidence implicate infection by high-risk
human papilloma virus (HPV) types as a critical
etiologic factor (Kubbutat and Vousden, 1996). Epide-
miological and experimental data, however, show that
only a small fraction of HPV-infected cervical intrae-
pithelial neoplastic (CIN) lesions progress to invasive
CC (Murthy et al., 1990; Ostor, 1993; zur Hausen and
Rosl, 1994). These findings, therefore, suggest that other
somatic genetic mutations play a major role in the
initiation and progression of CC. Delineation of these
genetic changes is critical in understanding the mole-
cular basis of CC.

The development of CC is preceded by distinct
morphological changes from normal epithelium to
carcinoma through low-grade and high-grade squamous
intraepithelial lesions (SILs), which represent mild to
severe dysplasias. The genetic basis of this progression is
poorly understood. Molecular studies on early and
invasive CC has identified several structural and
functional alterations in oncogenes and candidate tumor
suppressor gene (TSG) sites (Lazo, 1999). Despite this
molecular characterization of cervical precancerous and
cancerous lesions, no critical genes or chromosomal
regions that play role in the development of CC have
been identified so far. Studies on comparative genomic
hybridization (CGH) have identified chromosomal
changes involving loss of 2q, 3p, 4p, 4q, 5q, 6q, 11q,
13q, and 18q regions and gain of 1q, 3q, 5p, and 8q
regions at various stages of CC (Heselmeyer et al., 1996,
1997; Dellas et al., 1999; Kirchhoff et al., 1999; Hidalgo
et al., 2000; Umayahara et al., 2002). Although a limited
number of CGH studies (Heselmeyer et al., 1997;
Hidalgo et al., 2000) and low-resolution loss of
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amplifications are characteristic genetic changes in
invasive CC.

High-resolution deletion mapping in invasive CC identifies
two minimal deleted regions of LOH at 2q35–q36.1 and
2q36.3–q37.1

To further characterize the 2q losses identified by CGH
analysis, we evaluated LOH in 60 primary CCs, using 31
STRP markers mapped to this chromosomal arm
(Figure 2). A total of 41 of these tumors were also
studied by CGH. We found LOH of at least one marker
in 37 (61.7%) of the tumors. Two of these tumors
showed LOH at all the informative markers, while the
remaining 35 tumors exhibited partial deletions on 2q.
The patterns of LOH from the 33 tumors with partial
losses identified two common sites of minimal deletions
at the 2q36.3–q37.1 and 2q35–q36.1 regions (Figure 2).

The 2q36.3–q37.1 minimal deletion derived from 32
tumors span six markers (D2S1392, D2S427, D2S2176,
D2S206, D2S331, and D2S2348). The deletion bound-
aries were identified based on the patterns of LOH in at
least five tumors (T-29, T-869, T-939, T-968, and T-
1068) (Figure 2). The 2q35–q36.1minimal deletion
spans five STRP loci (D2S163, D2S120, D2S377,
D2S339, and D2S126) and was identified based on the
patterns of LOH in 26 tumors. The 2q35–q36.1 deletion
boundaries were identified from the pattern of LOH in
at least six tumors (T-93, T-63, T-98, T-58, T-70, T-28,
and T-21) (Figure 2). A total of 21 tumors commonly
exhibited LOH at both sites of minimal deletions,
whereas nine tumors had deletions only at 2q36.3–
q37.1 and three had deletions only at the 2q35–q36.1
region (Figure 2). The 2q36.3–q37.1 deletion spans a
10.6-cM distance between 242.4 and 253 cM on the
genetic map, and the 2q35–q36.1minimal deletion maps
to a 6.8-cM distance between 223.2 to 230 cM on the
genetic map. Thus, our deletion analysis identified two
distinct but closely mapped sites of common regions of
deletions on 2q in CC.

2q deletions occur in cervical precancerous lesions

To evaluate whether the 2q genetic losses occur early in
the progression of CC, we studied LOH in 33 cervical
intraepithelial neoplasia (CIN) specimens (28 high-grade
and five low-grade lesions) using six STRP markers
mapped to 2q23–2q37.2 regions. In total, 25 of 28
(89.3%) high-grade CINs exhibited LOH in at least one
informative locus. Of the five low-grade CINs, two
(40%) had LOH (Figure 3). Consistent with the
localization of common deleted regions to the distal 2q
in invasive CC, the CINs also had a higher incidence of
LOH with the markers D2S1392, D2S2176, and
D2S2348 mapped to 2q36.3–q37.1 regions compared
to the proximal marker D2S321, which maps to the 2q23
region and the distal marker D2S338 that maps to
2q37.2 (Figure 3). The finding of 2q deletions in both
low-grade and high-grade CINs suggests that these
genetic alterations occur at very early stages in the
development of CC.

Analysis of candidate genes at the 2q deleted regions

Lack of inactivating mutations in PPP1R7, BARD1,
XRCC5, and CASP10 genes Despite the well-defined
morphologic changes at various stages in the develop-
ment, the genetic alterations associated with the initia-
tion and progression of CC are unclear. To find
inactivated genes at the 2q36.3–q37.1 and 2q35–q36.1
minimal deleted regions, we identified genes with
potential tumor suppressor function mapped to these
regions by searching the human genome resources at the
NCBI web site (http://www.ncbi.nlm.nih.gov/genome/
guide/human/). We identified three candidate genes for
tumor suppressor function, NCL, NEDD5 and
PPP1R7, in the vicinity of the 2q36.3–q37.1 deletion.
The PPP1R7 gene encodes a protein phosphatase 1,
regulatory subunit 7 that is required for the completion
of mitosis in Saccharomyces pombe (Renouf et al., 1995).
The NEDD5 gene plays an essential role in cytokinesis
(Kinoshita et al., 1997). The NCL, nucleolin, gene is a
major nucleolar protein in growing eucaryotic cells; it
induces chromatin decondensation by binding to histone
H1. Although NCL is upregulated in proliferating cells,
its multiple roles in the cell cycle implicate this gene in
the regulation of cell growth (Srivastava and Pollard,
1999). We analysed the PPP1R7 gene for mutations in
30 primary tumors with a 2q36–q37 region of LOH and
did not find any inactivating genetic alterations.

The vicinity of 2q35–q36.1 deleted region contains
five potential TSGs. These are BARD1, XRCC5,
CFLAR, CASP10, and CASP8. The BARD1 gene,
which encodes brca1-associated ring domain protein, is
implicated in brca1-mediated tumor suppression, cell
growth regulation, and the cellular response to DNA
damage in vitro (Wu et al., 1996). The BARD1 gene has
earlier been shown to exhibit infrequent mutations in
sporadic and hereditary breast, ovarian, and endome-
terial tumors (Thai et al., 1998). In view of the high
frequency of 2q35–q36.1 deletions in cervical precancer-
ous and cancerous lesions, and the chromosomal
localization of the BARD1 gene at this region, we
analysed 73 DNA samples from invasive CC for
mutations. We found a very high frequency of
conformational variations in CC. Follow-up studies on
DNA from the corresponding blood specimens, together
with sequencing analysis confirmed these changes as
polymorphic variants (Table 1). We found 12 different
single-nucleotide alterations in the BARD1 gene. All of
these were within the coding region except two that were
in the 50 noncoding sequence (Table 1). One of these two
was a splice donor variant of exon 3. In addition, we
found a two base pair AT deletion in intron 2. Both
these changes were also found in the corresponding
normal DNA. Thus, our extensive mutation analysis
excluded BARD1 as the target of mutational inactiva-
tion at 2q35–q36.1 deletions in CC.

The XRCC5 gene mapped to 2q35 encodes the 80-
kDa subunit of the Ku autoantigen. The Ku80 is
essential for maintaining genomic integrity through its
ability to bind DNA double-strand breaks and to
facilitate repair by the nonhomologous end-joining
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pathway in mammalian cells (Taccioli et al., 1994).
XRCC5 functions as a caretaker gene, acting synergis-
tically with the loss of p53 in mice. XRCC5�/�/p53�/�

mice exhibit hypersensitivity to gamma radiation and
develop a spectrum of cancers, including pro B-cell
lymphomas with specific chromosome translocations
and gene amplifications (Difilippantonio et al., 2000;
Lim et al., 2000). As expression of the high-risk HPV E6
gene results in functional inactivation of p53 through

binding and degradation (Munger et al., 1992), the
XRCC5 could be a strong candidate TSG at the 2q35–
36.1 deletion. However, our mutation analysis of this
gene in 30 cases of CC provided no evidence of the
presence of inactivating mutations (Table 1).

The CFLAR, CASP10, and CASP8 genes, which
encode functionally related cysteine proteases and play a
central role in apoptosis, have been mapped within a
150-kb genomic region proximal to the BARD1 gene at
the 2q35–q36.1 minimal deletion (Fernandes-Alnemri
et al., 1996; Shu et al., 1997). These caspases have been
implicated in various diseases, including cancer. For
example, germline mutations in the CASP10 gene result
in autoimmune lymphoproliferative syndrome, type II;
ALPS2 (Wang et al., 1999). Caspase 8 has been shown
to function as a tumor suppressor resulting from 2q
deletions in neuroblastoma (Teitz et al., 2000, 2001;
Takita et al., 2001). To assess the role of the CASP10
gene in cervical tumorigenesis, we performed mutation
analysis in 22 primary tumors and eight cell lines. We
found no pathogenic mutations in the CASP10 gene,
except two single-nucleotide changes that were present
in both the tumors and the corresponding normal
DNAs (Table 1). Thus, we conclude that the four
candidate genes we tested so far are not targets of
mutational inactivation of 2q deletions in CC.

Gene expression and methylation analysis in CC cell
lines In a further effort to identify the mechanisms of
gene inactivation involved in the recurrent 2q deletions
in CC, we performed a semiquantitative RT–PCR
analysis on eight genes (CFLAR, CASP8, CASP10,
BARD1, XRCC5, NCL, NEDD5, and PPP1R7) in eight
CC cell lines (Figure 4a). Five of these genes (CASP8,
BARD1, XRCC5, NCL, and NEDD5) showed no
evidence of downregulated expression relative to their

Figure 3 Identification of 2q LOH in high-grade and low-grade CINs. (a) Pattern and frequency of LOH in CINs. In total, 14 high-
grade and five low-grade CINs studied are shown on top. The STRP markers studied and their patterns of LOH are shown below.
Filled square, LOH; hatched square, retention of heterozygosity; empty square, homozygous and uninformative; ND, not done.
Percentage of LOH of each marker is shown on right in the box. (b) Illustration of LOH in CINs. C-16 is a low-grade CIN and C-6
represents a high-grade CIN. The STRP markers and the CIN numbers are shown above each panel. N, normal; C, CIN; Asterisks
indicate LOH

Table 1 Nucleotide variations in genes mapped to the common
regions of deletions at 2q35–q36.1 and 2q36–q37 in CC

Gene Nucleotide
variation

Amino-acid
change

No of
casesa

BARD1 A26G Noncoding region 7
C44G Noncoding region 7
C143T Pro24Ser 12
AT deletion Intron 2 4
A373C Gly100His 11
A378C Asp102Ala 15
G385C Met104Ile 11
Exon 3 splice donor
GT-CT

— 2

C1126G Thr351Thr 6
G1207C Arg378Ser 6
C1591T His506His 2
G1592A Val507Met 4
G1743C Cys558Ser 2

XRCC5 T1218C Tyr395Tyr 1
A58416G (intron 12)b — 2
C1590T Pro519Leu 1
G2361C Noncoding region 5
T2263A Noncoding region 1

CASP10 C402G Leu70Val 1
C1293T Val367Ile 2

aThe frequency is based on combined SSCP and sequencing data. bThe
nucleotide number is based on the clone AC009521
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Briefly, tumor DNA was modified by sodium bisulphite
treatment. We used placental DNA treated in vitro with SssI
methyltransferase (New England Biolabs, Beverly, MA, USA)
and normal lymphocyte DNA treated similarly to tumor
DNAs as positive controls for methylated and unmethylated
templates, respectively. PCR products were run on 2% agarose
gels and viewed after ethidium bromide staining. PCR
products generated from bisulfite-converted tumor DNA were
sequenced to identify partially methylated residues.
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a b s t r a c t

Objective: Polymorphisms in DNA repair genes may be associated with altered DNA repair capacity,
thereby influencing an individual’s susceptibility to smoking-related cancers such as bladder cancer.
Therefore, we sought to examine the correlation between single nucleotide polymorphisms in DNA repair
genes and bladder cancer.
Methodology: We undertook a case-control study of 212 urothelial bladder cancer (UBC) cases and 250
controls to investigate the association between OGG1 (C1245G rs1052133), XRCC3 (C18067T, rs861539)
and XRCC7 (G6721T, rs7003908) polymorphisms and bladder cancer susceptibility by PCR–RFLP and the
ARMS method. We also investigated gene-environment interactions.
Results: The OGG1 GG genotype was associated with an elevated risk of urothelial bladder cancer (UBC)
(OR, 2.10; p, 0.028). XRCC7 + 6721 GG was also associated with increased susceptibility to UBC (OR, 4.45;
p, 0.001). In a recessive model, the OGG1 GG genotype showed an increased risk of TaG2,3 + T1G1–3 tumors.
Additionally, the OGG1 GG genotype in non-smokers represented a 2.46-fold greater risk (OR, 2.46; p,
0.035) in bladder cancer patients. Subsequent analysis demonstrated more pronounced association of
XRCC7 with smokers (OR, 4.39; p, 0.001). XRCC7 also showed increased association with TaG2,3 + T1G1–3

tumors and muscle invasive tumors (OR, 3.16; p, 0.001 and OR, 4.24; p, 0.001, respectively). Multiple Cox
regression analysis in non-muscle invasive bladder tumor (NMIBT) patients demonstrated an association
of the OGG1 GG polymorphism with a high risk of recurrence in patients on cystoscopic surveillance (HR,
4.04; p, 0.013). Subsequently, shorter recurrence-free survival (log rank p, 0.024; CC/GG, 42/24) was
observed.
Conclusion: Our data suggest association of a variant (GG) genotype of OGG1 with increased UBC suscep-
tibility and a high risk of tumor recurrence in NMIBT patients on cystoscopic surveillance. XRCC7 G allele
carriers (TG + GG) are also at an elevated risk for susceptibility to UBC as evidenced by a high odds ratio
throughout the analysis.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Mutations in DNA repair genes are increasingly being studied
for an increased cancer risk because of their critical role in main-
taining genome integrity. Deficiencies in the DNA repair system are
likely to cause chromosomal aberrations which in turn lead to cell
malfunctioning, cell death and tumorigenesis [1]. Indeed, several
studies have demonstrated that polymorphisms in genes responsi-
ble for maintaining genomic integrity are modifiers of disease risk
[2,3]. Therefore, single nucleotide polymorphisms (SNPs) of genes

Abbreviations: OGG1, 8-oxoguanine glycosylase 1; XRCC3, X-ray repair cross
complementing group 3; XRCC7, X-ray repair cross complementing group 7; BCG,
Bacillus Calmette Guerin; UBC, Urothelial bladder Cancer.

∗ Corresponding author. Tel.: +91 522 2668004 8x2116; fax: +91 522 2668 017.
E-mail addresses: ramamittal@yahoo.com, rmittal@sgpgi.ac.in (R.D. Mittal).

involved in DNA repair are good candidates for low penetrance
bladder cancer susceptibility alleles.

Urothelial bladder cancer (UBC) is one of the most common
cancers worldwide, with the highest incidence in industrial-
ized countries. The lowest median bladder cancer incidence rate
for males was in Asia (5.9) and the highest in Europe (23.9)
[4]. Recent epidemiological studies in different populations have
shown inconsistent associations between the mentioned poly-
morphisms and an increased risk for bladder cancer. Exposure
to tobacco smoke, a major cause of UBC, stimulates the gen-
eration of reactive oxygen species (ROS) which cause oxidative
damage. Among many types of oxidative DNA damage, 8-hydroxy-
2-deoxyguanine (8-OHdG) caused by tobacco smoke is highly
mutagenic and mispairs with adenine, ultimately causing G:C to T:A
transversions [5]. The human 8-oxoguanine glycosylase 1 (OGG1)
enzyme encoded by the OGG1 gene (located on chromosome 3p25-
26) directly removes 8-OHdG from DNA as a part of the base

1383-5718/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.mrgentox.2009.09.008
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Table 6
Association of OGG1, XRCC3 and XRCC7 genotypes on the outcome of BCG immunotherapy.

Genotype No recurrence n (%) Recurrence n (%) p value HR, (95%CI)

OGG1
No BCG

CC 20 (52.6) 13 (46.4) Reference –
CG 15 (39.4) 8 (28.5) 0.83 0.89 (0.30–2.60)
GG 3 (8.0) 7 (25.1) 0.013 4.04 (1.33–12.1)
CC + CG/GG 35 (92) 21 (74.9) 0.395 1.71 (0.49–5.89)

BCG
CC 19 (44.3) 18 (50.0) Reference –
CG 21 (48.8) 14 (38.8) 0.68 0.86 (0.42–1.76)
GG 3 (6.9) 4 (11.2) 0.32 1.76 (0.56–5.45)
CC+CG/GG 40 (93.1) 32 (88.8) 0.280 1.78 (0.62–5.14)

XRCC3
No BCG

CC 21 (55.2) 11 (39.3) Reference –
CT 16 (42.1) 15 (53.6) 0.124 2.07 (0.81–5.21)
TT 1 (2.7) 2 (7.1) 0.145 3.69 (0.63–15.6)
CC + CT/TT 37 (97.3) 26 (92.9) 0.494 1.66 (0.38–7.23)

BCG
CC 29 (67.6) 26 (72.2) Reference –
CT 11 (25.5) 10 (27.8) 0.852 1.07 (0.49–2.32)
TT 3 (6.9) 0 (0.0) 0.984 NC
CC + CT/TT 40 (93.1) 36(100) 0.984 NC

XRCC7
No BCG

TT 6 (15.8) 9 (32.1) Reference –
TG 19 (50.0) 7 (25.0) 0.292 0.58 (0.21–1.59)
GG 13 (34.2) 12 (42.9) 0.563 0.76 (0.31–1.89)
TT + TG/GG 25 (65.8) 16(57.1) 0.950 1.02 (0.48–2.18)

BCG
TT 6 (14.0) 8 (22.2) Reference –
TG 21 (48.8) 12 (33.3) 0.004 0.25 (0.09–0.65)
GG 16 (37.2) 16 (44.5) 0.084 0.44 (0.17–1.11)
TT + TG/GG 27 (62.8) 20 (55.5) 0.739 1.11(0.57–2.16)

HR, age, gender and smoking adjusted hazards ratio; CI, confidence interval.

reported that 326Ser(C)-containing OGG1 has a 7-fold higher 8-
oxoguanine repair activity than 326Cys(G)-containing OGG1 [6].
This was further augmented by Yamane et al., whose results indi-
cated that OGG1-Cys326 has a lower ability to prevent mutagenesis
by 8OHG in vivo in human cells than OGG1-Ser326 [21]. Previously,
the association of the OGG1 GG genotype with increased risk of
bladder cancer [22], lung cancer [23] and hepatocellular carcinoma
[24] has been reported. Hence, our results (OR, 2.10; p, 0.028) sup-
port the results of these recent association studies that indicate
that OGG1-Cys326 is a risk allele for several types of human can-
cers. In TaG2–3,T1G1–3 stage/grade tumors, an increased risk was
observed with the OGG1 GG genotype (OR, 2.46; p, 0.027). Though
the occurrence of the G allele was higher in cases, no risk was found
in smokers. However, among non-smokers, the patients were at a
higher risk compared to controls (OR, 2.46; p, 0.035).

The XRCC3 variant, T241M, has been reported to be associated
with an increased risk of some cancers [25]. However, a recent
experimental study did not show a functional difference between
the 241 variant and the common genotype of XRCC3 in homolo-
gous recombination repair of DNA in XRCC3-deficient irs1SF cells
(or in sensitivity to the interstrand cross-linking agent mitomycin
C) [26]. In our study, no significant association was observed with
the susceptibility to UBC and smoking status in XRCC3. The XRCC3
homozygous variant TT genotype demonstrated an increased risk
with low risk tumors (TaG1) which was not statistically signifi-
cant. Polymorphisms of this gene may result in reduced DNA repair
capacity, but direct functional evidence is lacking, and epidemio-
logical research results are presently inconclusive [27].

DSBs may result in genetic instability and ultimately may
enhance the rate of cancer development. The XRCC7 gene is
involved in the NHEJ pathway, which is responsible for repairing

most DSBs [28]. The expression of XRCC7 is elevated in bladder
tumor tissue and head and neck cancer cell lines [29,30]. There-
fore, the variants of the XRCC7 gene product, if functional, could
be expected to have an effect on DSB repair, and thus, on carcino-
genesis. In the present study, the XRCC7 6721 GG genotype was
associated with an increased UBC risk which was more pronounced
in smokers. However, the role of the XRCC7 G6721T polymor-
phism in cancers is not yet very well elucidated. No association
of XRCC7 +6721 polymorphisms was reported with increased risks
of prostate cancer or renal cell carcinoma [31,32]. Conversely, it
was associated with an increased risk of glioma [11]. Wang et al.
also reported association of the XRCC7 6721 TT genotype with an
increased risk for UBC [17], but this is contradictory to our findings.

Ethnic variations may account for this discrepancy as the
allele frequencies of the XRCC7 G6721T polymorphism have been
reported to vary dramatically among different ethnic groups. For
example, GG, GT and TT genotype frequencies were 21.6%, 46.4%
and 32.0%, respectively in our North Indian study population, com-
pared to 6.0%, 43.8%, and 50.2%, respectively, in the Han Chinese
population of a previous study [17]. The genotype frequency dis-
tribution in our population, however, is compatible with that of
Caucasians which is 16.4%, 44.7% and 38.9% [33]. These observa-
tions suggest that ethnic variations may modify the susceptibility
risk of a population.

The GG genotype was also observed to be associated with an
increased risk in TaG2,3 + T1G1–3 and T2+ muscle invasive tumors.
A significantly increased risk was observed for G allele carriers (GG)
when smokers were stratified into former and current groups. It is
known that compounds in smoke, such as 2-naphthylamine and
4-aminobiphenyl, can cause genotoxic events in the urothelium
[34]. In addition, the chemicals in cigarette smoke can result in
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carcinogenic events in the bladder epithelium. Tobacco smoking
enhances cellular proliferation and may have a synergistic effect on
bladder carcinogenesis. These data may explain the possible role of
the XRCC7 polymorphism in tobacco-induced bladder cancer [34].
Together, all of these observations suggest that the G allele is a sig-
nificant risk factor. In support of the functional significance of the
XRCC7 G6721T polymorphism, XRCC7 is thought to regulate splic-
ing and may cause mRNA instability [28]. Another possibility is its
linkage association with another functional genetic polymorphism.
However, these hypotheses remain to be investigated.

To estimate the risk on UBC, combined analyses of all three
gene polymorphisms were performed. Significant results were
seen in cases where the variant G allele of XRCC7 was present in
the analysis. The combinations of OGG1/XRCC7 and XRCC3/XRCC7
demonstrated increased risks of UBC in comparison to individuals
carrying wild type alleles of both genes. This observation suggests
that the association of the XRCC7 polymorphism may significantly
enhance the risk observed with the OGG1 and XRCC3 polymor-
phisms.

Earlier reports have suggested the OGG1 gene polymorphism
as an important determinant in the risk of recurrence in blad-
der cancer [35]. The data of our study provide evidence for the
association of OGG1 polymorphisms and the risk of recurrence
in NMIBT patients in the North Indian population. The OGG1
Ser326Cys variant GG genotype was associated with an increased
risk of recurrence (HR = 4.04, p = 0.013) as compared to the wild
type genotype (CC) in NMIBT patients receiving no BCG treatment.
The Kaplan–Meier curve further demonstrates the potential asso-
ciation of the GG genotype with reduced recurrence-free survival
with a median of 24 months (p = 0.024). This suggests that the GG
genotype is associated with sub-optimal DNA repair capacity and
poor clinical outcome in NMIBT patients. In XRCC7, the TG genotype
showed reduced risk of recurrence among BCG therapy-receiving
patients.

To the best of our knowledge, this is the first molecular epi-
demiologic study to investigate the association between genetic
polymorphisms in the OGG1, XRCC3 and XRCC7 DNA repair genes
and the risk of bladder cancer recurrence from North India. In the
future, more comprehensive genotyping and haplotyping are war-
ranted for using genomic polymorphisms as clinically applicable
predictive markers. Functional studies are also required to evaluate
genotype and phenotype correlation in context to recurrence-free
survival.
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INTRODUCTION
DNA repair pathways are responsible for maintaining the 
integrity of  the genome in face of  environmental insults 
and general DNA replication errors, playing a role in pro-
tecting it against mutations that lead to cancer[1]. So, poly-
morphisms of  DNA repair enzymes, which may alter the 
function or effi ciency of  the DNA repair, may contribute 
to an increased risk of  environmental carcinogenesis[2]. 
These low-penetrance susceptibility genes have common 
variants and interact with environmental factors, contrib-
uting as a major factor to the populational incidence of  
cancer[3]. Several polymorphisms in genes that participate 
in different DNA repair pathways, such as XPD, XPF, 
ERCC1, XRCC1, XRCC3[4], hOGG1[5], XPA, XPB[6] and  
XPC[7], have been  identifi ed and related to cancer suscep-
tibility.
    The XRCC1 gene is responsible for a scaffolding pro-
tein that directly associates with other proteins such as 
DNA polymerase β, PARP (ADP-ribose polymerase) 
and DNA ligase III in a complex, to facilitate the proc-
esses of  base excision repair (BER) or single-strand break 
repair[8]. The BER pathway repairs DNA damage caused 
by a variety of  endogenous and exogenous factors, includ-
ing oxidation, alkylating agents and ionizing radiation[1,9]. 
The XRCC1 protein can bind directly to both gapped and 
nicked DNA, as well as to gapped DNA associated with DNA 
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Abstract
AIM: To evaluate the association between poly-
morphisms XRCC1 Arg194Trp and Arg399Gln and XRCC3 
Thr241Met and the risk for chronic gastritis and gastric 
cancer, in a Southeastern Brazilian population.

METHODS: Genotyping by PCR-RFLP was carried out on 
202 patients with chronic gastritis (CG) and 160 patients 
with gastric cancer (GC), matched to 202 (C1) and 150 
(C2) controls, respectively. 

RESULTS: No differences were observed among the 
studied groups with regard to the genotype distribution 
of XRCC1 codons 194 and 399 and of XRCC3 codon 
241. However, the combined analyses of the three 
variant alleles (194Trp, 399Gln and 241Met) showed 
an increased risk for chronic gastritis when compared 
to the GC group. Moreover, an interaction between the 
polymorphic alleles and demographic and environmental 
factors was observed in the CG and GC groups. XRCC1 
194Trp was associated with smoking in the CG group, 
while the variant alleles XRCC1 399Gln and XRCC3 
241Met were related with gender, smoking, drinking and 
H pylori infection in the CG and GC groups. 

CONCLUSION: Our results showed no evidence of 
a rela-tionship between the polymorphisms XRCC1 
Arg194Trp and Arg399Gln and XRCC3 Thr241Met and the 
risk of chronic gastritis and gastric cancer in the Brazilian 

Polymorphisms of DNA repair genes XRCC1 and XRCC3 , interaction 
with environmental exposure and risk of chronic gastritis and gastric 
cancer
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Durval Wornrath, Ana Elizabete Silva

population, but the combined effect of these variants 
may interact to increase the risk for chronic gastritis, 
considered a premalignant lesion. Our data also indicate 
a gene-environment interaction in the susceptibility to 
chronic gastritis and gastric cancer.
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polymerase β, suggesting that this protein might be inde-
pendently involved in DNA damage recognition[10]. Two 
polymorphisms, more often found in XRCC1’ conserved 
sites, lead to a C→T substitution at codon 194 in exon 6 
and to a G→A substitution at codon 399 in exon 10 of  the 
gene, leading to the amino acid alterations arginine (Arg) 
to tryptophan (Trp) and arginine (Arg) to glutamine (Gln), 
respectively. These changes in conserved protein sites may 
alter the BER capacity, increasing the chances of  DNA 
damage[4].

The Arg399Gln variant is more frequent and has been 
associated mainly with head and neck[11], colorectal[12], 
gastric[13], esophageal[14,15], breast[16] and lung[17,18] cancers. 
The Arg194Trp polymorphism has been related to color-
ectal[12], gastric[13], head and neck[19] and skin[20] cancers.

Protein XRCC3 functions in the DNA double-strand 
break (DSB) and cross-link repair[21] and interacts and 
stabilizes Rad51[22], one of  the key components of  the 
homologous repair (HR) pathway. The HR pathway uses 
a second intact copy of  a homologous chromosome as 
a template to copy the information lost at the DSB site, 
resulting in a high-fi delity process and preventing chromosomal 
aberrations[9]. The main polymorphism in this gene involves 
the change of  threonine (Thr) to methionine (Met) at co-
don 241 in exon 7[4]. Little is known about the functional 
consequences of  this variation, although some studies 
observed a positive relation between the Thr241Met poly-
morphism and an increased risk for skin[23], bladder[24], 
breast[25] and lung[26] cancers.

So far, the investigations about interactions between 
XRCC1 and XRCC3 polymorphisms and environmental 
carcinogenesis have produced scarce and conflicting 
results[27,28,29,30], showing the functional complexity of  
these variants, that can include their interaction with en-
vironmental factors, thus modulating the susceptibility to 
cancer. Regarding gastric cancer, only a few studies were 
conducted to investigate its association with XRCC1 and 
XRCC3 variants[13, 27,29,31].

In Brazil, gastric cancer is still one of  the most fre-
quent types of  cancer. The estimate for 2005 points to the 
fourth place in incidence and mortality, with about 23 000 
new cases and 12 000 deaths[32]. However, multiple factors 
are thought to play a role in gastric carcinogenesis, including 
diet[33], lifestyle[34], pathological changes in the stomach such 
as chronic gastritis[35], and genetic alterations[36,37], besides 
the infection by Helicobacter pylori, the fi rst bacterium to be 
termed as a defi nitive cause of  cancer[38]. 

Thus, we conducted a study to evaluate the association 
between the polymorphisms XRCC1 Arg194Trp and Arg-
399Gln and XRCC3 Thr241Met and the risk of  chronic 
gastritis and gastric cancer in a Brazilian population, as 
well as the interaction between these polymorphisms and 
environmental factors involved in gastric carcinogenesis.

MATERIALS AND METHODS
Subjects 
This was a case-control study on chronic gastritis and 
gastric cancer. The case groups comprised 202 patients 

with a histopathologically confi rmed diagnosis of  chronic 
gastritis (100 men and 102 women), with a mean age 
of  52 years (range 19-86 years), and 160 patients with 
a histopathologically confirmed diagnosis of  gastric 
adenocarcinoma (118 men and 42 women), with a mean 
age of  61 years (range 28-93 years). All subjects were 
recruited from the Hospital de Base in São José do Rio 
Preto, SP, and from the Pio XII Foundation in Barretos, 
SP, Brazil. Gastric adenocarcinomas were classified as 
diffuse or intestinal types, according to the classifi cation 
proposed by Lauren[39], and the chronic gastritis cases 
according to the Sidney System[40]. H pylori infection was 
histologically established by the Giemsa staining technique. 
Two cancer-free control groups with no previous history 
of  gastric disease were matched to the case groups with 
respect to age, gender and ethnicity. The control group 
for chronic gastritis (C1) was composed of  202 healthy 
individuals (100 men and 102 women) with a mean age 
of  51 years (range 20-85 years), and the control group for 
gastric cancer (C2) consisted of  150 healthy volunteers 
(108 men and 42 women) with a mean age of  59 years 
(range 22-93 years). Epidemiological data on the study 
population were collected using a standard interviewer-
administered questionnaire, with questions about current 
and past occupation, smoking habits, alcohol intake and 
family history of  cancer. This work was approved by 
the National Research Ethics Committee and written 
informed consent was obtained from all individuals. 

DNA extraction and genotype analyses
About 5 mL of  whole blood were collected from all study 
participants in sterile EDTA-coated vacutainers. The 
samples were assigned a unique identifi er code. DNA was 
extracted according to Abdel-Rahman et al.[41] and stored 
at -20 ºC until used for genotyping.

Genotypic analyses of the XRCC1 gene were carried out 
by multiplex PCR-RFLP, using primers for codons 399 (F 5’
-TTGTGCTTTCTCTGTGTCCA-3’ and R 5’-TCCTCCAGCC
TTTTCTGATA-3’) and 194 (F 5’-GCCCCGTCCCAGGTA-3’ 
and R 5’-AGCCCCAAGACCCTTTCACT-3’), which 
generate a fragment of  615 and 491 bp, respectively, 
as previously described[12] with modifications. Briefly, 
PCR was performed in 25 μL reaction buffer containing 
12.5 pmol each primer, 0.2 mmol/L of  dNTPs, 3 mmol/
L of  MgCl2, about 100 ng DNA and 1 U of  Taq DNA 
polymerase. The PCR products were digested overnight 
with 10 U of  MspI at 37 ºC. The wild-type Arg allele for 
codon 194 is identifi ed by the presence of  a 293 bp band, 
and the mutant Trp allele by the presence of  a 313 bp 
band (indicative of  the absence of  the MspI cutting site). 
For codon 399, the presence of  two bands of  375 and 
240 bp, respectively, identifies the wild-type Arg allele, 
while the uncut 615 bp band identifies the mutant Gln 
allele (indicative of  the absence of  the MspI cutting site). 
A 178 bp band, resulting from an additional invariant 
MspI cutting site in the 491 bp amplified fragment, is 
always present and serves as an internal control for 
complete enzyme digestion.

Polymorphism of  the XRCC3 gene was det e r -
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in H pylori-negative gastric cancer patients, as compared 
to chronic gastritis patients. However, these data must 
have been influenced by the great number of  H pylori-
negative individuals, as compared to the H. pylori-positive 
individuals found in the gastric cancer group, probably due 
to an underestimate of  the histological diagnosis in these 
patients.

In smokers, the presence of  XRCC1 194Trp was more 
frequent in chronic gastritis cases, while polymorphisms 
XRCC1 399Gln and XRCC3 241Met were more frequent 
in both the chronic gastritis and the gastric cancer groups, 
compared with healthy controls. Whether the mechanisms 
of  tobacco carcinogens act in human gastric cancer is 
currently uncertain. The main carcinogens contained 
in tobacco smoke include polyaromatic hydrocarbons 
(PAH), N-nitrosamines and aromatic amines. Cigarette 
smoking increases the number of  single-strand breaks 
and DNA adducts, which, if  left unrepaired, can lead to 
gene mutation[51]. These DNA damages can be repaired 
by BER, in which the XRCC1 protein has an important 
role. Functional studies of  XRCC1 variants observed a 
significantly elevated level of  sister chromatid exchange 
(SCE) in peripheral blood lymphocytes after in vitro 
exposure to the tobacco-specifi c NNK in carriers of  the 
399Gln allele, but the same was not observed for the 
194Trp polymorphism[52]. Duell et al.[53] reported higher 
frequencies of  SCE for current smokers with the 399Gln 
polymorphism than for smokers with the Arg/Arg 
genotype. 

Protein XRCC3 participates in the DSB repair by the 
homologous repair pathway and the 241Met variant may 
lead to biological implications for the enzyme’s function 
and/or the interaction with other proteins involved in 
DNA damage repair. Matullo et al.[54] associated the 241Met 
polymorphism with 32P-DNA adduct levels, indicating a 
possible role of  the XRCC3 gene in the repair of  bulky 
DNA adducts. Thus, variations in DNA repair capacity 
caused by polymorphisms of  DNA repair genes may 
modulate the genotoxic effect of  tobacco smoking.

Excessive alcohol consumption can also lead to 
DNA damage through the production of  free radical 
intermediates, such as reactive oxygen species, which are 
produced during the ethanol metabolism[55]. The frequency 
of  DNA single-strand breaks also increases with chronic 
exposure to alcohol[56]. We observed an association with 
alcohol consumption in the patients with chronic gastritis 
and gastric cancer, and found an increased risk for these 
diseases when polymorphisms XRCC1 399Gln and 
XRCC3 241Met were present. 

In conclusion, in the Brazilian population studied, 
we did not find evidence of  a relationship between the 
polymorphisms XRCC1 Arg194Trp and Arg399Gln and 
XRCC3 Thr241Met and the development of  chronic 
gastritis and gastric cancer. However, intra- and inter-
gene interactions may contribute to the development of  
chronic gastritis, a precursor lesion of  stomach cancer. 
We also verifi ed a gene-environment interaction between 
the XRCC1 and XRCC3 polymorphisms, mainly with the 
habits of  smoking and drinking, in the chronic gastritis 

and gastric cancer patients. Our study is an important 
addition to the small number of  previously published 
reports on DNA repair gene variants in gastric cancer 
and shows the need for further studies in different 
populations, to elucidate the role of  these polymorphisms 
in carcinogenesis.
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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.

Keywords: Acute myeloid leukaemia; DNA repair; Double strand break; Homologous recombination; Non-homologous end joining; Case–control study

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
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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

0145-2126/$ – see front matter © 2006 Elsevier Ltd. All rights reserved.
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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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The DNA repair gene APE1 T1349G polymorphism and cancer risk: a meta-analysis
of 27 case–control studies

Dongying Guy, Meilin Wang1,2,y, Miaomiao Wang1,
Zhengdong Zhang1,2 and Jinfei Chen*

Department of Oncology, The Affiliated Nanjing First Hospital, Nanjing
Medical University, 68 Changle Road, Nanjing 210006, People’s Republic of
China, 1Department of Molecular and Genetic Toxicology and 2Department of
Epidemiology and Biostatistics, Cancer Center of Nanjing Medical University,
Nanjing 210029, People’s Republic of China, yThese authors contributed
equally to this work.

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

*To whom correspondence should be addressed. Tel: þ86 25 52271251; Fax: þ86 25 52271251; Email: jinfeichen@sohu.com
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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.
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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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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
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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.

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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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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Of the many types of DNA damage that exist within the cell, probably the most dangerous is the DSB. These result from exogenous agents such as
ionizing radiation (IR) and certain chemotherapeutic drugs, from endogenously generated reactive oxygen species and from mechanical stress on
the chromosomes. They can also be produced when DNA replication forks encounter DNA single-strand breaks or other types of lesion. They can
occur at the termini of chromosomes due to defective metabolism of chromosome ends (telomeres). In addition, DNA DSBs are generated to
initiate recombination between homologous chromosomes during meiosis and occur as intermediates during developmentally regulated
rearrangements, such as V(D)J recombination and immunoglobulin class-switch recombination. Whereas these programmed rearrangements are
initiated by specific enzymes that generate DNA DSBs in the target locus (the RAG1 and RAG2 proteins in V(D)J recombination, for example) the
recombination intermediates seem to be resolved by the same pathways that are used to repair IR-induced DSBs.

Although cells can adapt to low levels of irreparable damage [1], as little as one DNA DSB can be sufficient to kill a cell if it inactivates an
essential gene or, in metazoa, triggers apoptosis [2]. DNA DSBs are considered to be particularly biologically important because their repair is
intrinsically more difficult than that of other types of DNA damage. Moreover, erroneous rejoining of broken DNA DSBs may occur, leading to
the loss or amplification of chromosomal material or, under certain circumstances, to translocations in which segments of chromosomal arms are
exchanged, sometimes in a reciprocal fashion. These events can lead to tumorigenesis if, for example, the deleted chromosomal region encodes a
tumor suppressor or if an amplified region encodes a protein with oncogenic potential. In the cases of chromosomal translocations, this can
sometimes lead to a gene fusion that dysregulates or alters the functions of a proto-oncogene [3]. Notably, a large proportion of cancers of
lymphoid origin exhibit chromosomal rearrangements involving the immunoglobulin or T-cell receptor loci, indicating that they have arisen
through the inappropriate resolution of DNA DSBs corresponding to V(D)J recombination intermediates. Although the mechanisms underlying the
generation of chromosomal translocations in non-lymphoid tissues are less clear, it seems likely that they are initiated by DNA DSBs generated by
endogenous or exogenous DNA-damaging agents. Experimental evidence supporting the causal link between DSBs and the induction of gene
mutations, chromosomal aberrations and cell transformation has been reviewed elsewhere [4]. Consistent with these ideas, recent work has shown
that a defined chromosomal DNA DSB generated by the site-specific endonuclease I-Sce I serves as a potent inducer of chromosomal
translocations [5].

The road to repair

There are two distinct and complementary mechanisms for DNA DSB repair--homologous recombination (HR) and non-homologous end-joining
(NHEJ)--both of which have been the subjects of recent reviews [6, 7] (Fig. 1). In HR, the DNA ends are first resected in the 5' to 3' direction by
nucleases. The resulting 3' single-stranded tails then invade the DNA double helix of a homologous, undamaged partner molecule, and are
extended by the action of DNA polymerase, which copies information from the partner. Following branch migration, the resulting DNA crossovers
(Holliday junctions) are resolved to yield two intact DNA molecules (Fig. 1). Although this is a widely accepted paradigm for DSB repair in
meiotic cells, recent studies indicate that this model may not be applicable to mitotic HR, as mitotic gene conversions, unlike meiotic events, are
not usually associated with crossing over, whether in yeast or mammalian cells [8]. Therefore, it seems that mitotic recombination may not involve
the resolution of Holliday junctions, but instead may be coupled intimately with DNA replication. A variant of HR--the single-strand annealing
pathway--takes place when direct repeat sequences flank the two DNA ends, and leads to loss of one of the two direct repeats and the intervening
DNA.

In contrast, NHEJ of two DNA ends does not require an undamaged partner and does not rely on extensive homologies between the two
recombining ends. In this process, sometimes after limited degradation at the termini, the two ends are ligated together. Consequently, NHEJ is
often prone to error, and small sequence deletions are usually introduced. Initial studies suggested that NHEJ was the predominant mechanism of
DSB repair in higher eukaryotes, but it is now established that HR also has a crucial role. Conversely, despite the fact that the NHEJ pathway was
not identified through classical genetic approaches in the yeasts Schizosaccharomyces pombe and Saccharomyces cerevisiae , it is now known that
these organisms possess an NHEJ apparatus that is evolutionarily conserved with that of higher eukaryotes. Recent research has begun to clarify
the enzymology of DNA DSB repair pathways and has indicated key roles for these pathways in preventing mutations, chromosomal instability
and cancer.

Homologous recombination

In S. cerevisiae , HR is carried out by the products of the RAD52 epistasis group: RAD50 , RAD51 , RAD52 , RAD54 , RAD55 , RAD57 , RAD59 ,
MRE11 and XRS2 . Although functional mammalian homologs exist (Fig. 2), there are some important differences between the two systems. For
example, S. cerevisiae Rad51p, which catalyzes DNA strand-exchange, is non-essential, whereas homozygous loss of Rad51 in mice results in
early embryonic lethality [9]. Indeed, loss of Rad51 in a chicken B-lymphocyte cell line (DT-40) leads to chromosomal breaks [7], indicating that
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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.

© 2005 Elsevier B.V. All rights reserved.

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

1568-7864/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.dnarep.2005.12.005
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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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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

A.D. D’Andrea / Best Practice & Research Clinical Haematology 23 (2010) 469–473470
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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

Berwick et al

3998 JOURNAL OF CLINICAL ONCOLOGY

Copyright © 2004 by the American Society of Clinical Oncology. All rights reserved. 
Downloaded from jco.ascopubs.org on March 12, 2014 . For personal use only. No other uses without permission. 

userr
Underline

userr
Underline

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight



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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Fig 1. Kaplan-Meier plot of survival in soft tissue sarcoma stratified by aryl
hydrocarbon receptor (AhR) status (P � .02). wt, wild type; var, variant
(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,

Zhu Chen1 and Sai-Juan Chen1

1 State Key Laboratory of Medical Genomics, Shanghai Institute of Hematology, Ruijin Hospital, Shanghai Jiao Tong University School of Medicine,

Shanghai, People’s Republic of China
2 Division of Hematology, Department of Internal Medicine, Shanghai 9th People’s Hospital, Shanghai Jiao Tong University School of Medicine,

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
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cytogenetic risk groups (with a hazard ratio value of 1.679,
95% CI: 1.121–2.514, p ¼ 0.012) were independently associ-
ated with overall survival of patients (Table 2).

Discussion
Because of their distinctive cellular biological features, hema-
topoietic cells, especially myelopoietic cells, show an extraor-
dinary vulnerability to malignant transformation induced by
genotoxic chemicals or irradiative exposure. This scenario
warrants this study on the association between genetic varia-
tions of the main DNA repair genes and susceptibility to
AML.

XPD (xeroderma pigmentosum group D, also known as
ERCC2) encodes a DNA helicase involved in nucleotide exci-
sion repair. Because of the biological significance of XPD, the
XPD 2251A>C (Lys751Gln) polymorphism has been a com-
mon subject of studies in different malignant diseases in
recent years. Although the XPD 2251C variant was associated
with an increased risk of esophageal cancer and acute lymph-
oid leukemia,21 its significance in AML was not established.
Allan et al. investigated XPD 2251A>C polymorphism in
341 adult British AML patients and observed an excessive
risk of disease for individuals with 2251CC genotype in both
de novo and secondary AML, but only in the cohort of sec-
ondary AML the difference reached statistical significance.22

A similar trend existed in another study composed of pediat-
ric AML patients in USA.23 Of note, the allele frequency of
XPD 2251C was 7.0% in our Chinese control cohort, com-
paring with 35.5 and 36.4% in the healthy British/American
controls reported in these two studies.22,23 Although the low
allele frequency of XPD 2251C in Chinese population hin-
dered analysis on CC homozygotes separately in our study,
we found XPD 2251AC variant were associated with
increased risk of AML, upholding the notion that C allele in
XPD 2251 conveyed an increase risk of AML. The consider-
able variety of the XPD 2251C allele prevalence in different
ethnic groups was also noticed by a recent meta-analysis
study.21 We believe the underlying discrepancies in the prev-
alence of the XPD 2251C variant may contribute greatly to
the inconsistent results of those association studies based on

different ethnic populations. In addition, the functional sig-
nificance of the Lys751Gln amino acid substitution on the
capacity of XPD in nucleotide excision repair has not been
established and merits further investigation.

Chemotherapy holds an irreplaceable role in AML, even
in settings where molecular targeting therapy (such as reti-
noids treatment in AML with PML/RARa fusion gene) or
allogeneic hematopoietic stem cell transplantation plays an
active role for treatment. AML is a heterogeneous disease en-
tity. Chemotherapy confers a high remission rate to 70%
patients of certain subtypes, while relapsed or resistant dis-
ease remains in more than 80% of patients with specific
genetic aberrations even after autologous stem cell supported
high-dose chemotherapies.13 Although much of the heteroge-
neity of AML is still unresolved, approaches aiming to clarify
these issues are of unequivocal importance. In patients with
AML, the innate genetic and molecular aberrations of leuke-
mic cells have been proved the most relevant factors for
prognosis evaluation among common clinical parameters
including lineage specificities, maturation stages or even bur-
dens of leukemic cells. So, it is of extraordinary interest
whether certain genetic variants of genes involved in DNA
repair could affect treatment outcomes in patients with AML
receiving chemotherapies. In this study, we discovered for the
first time the significance of polymorphisms at TP53
215C>G and ATM 4138C>T in chemotherapy-treated AML
patients. The inferior treatment response conveyed by these
genetic variations could be proved in short-term response
rate and long-term survival analysis, indicating the intrinsic
refractoriness to chemotherapies of leukemic cells accounts
for the worse treatment outcomes.

The significance of the TP53 215C>G polymorphism,
which results in a proline to arginine substitution in the pro-
line rich domain of p53 protein, had been enthusiastically
investigated in both biological researches and disease-associa-
tion studies as its discovery, nonetheless, with inconsistent
results.24–28 The heterogeneity of the TP53 deletion and
mutation status in different tumors renders additional com-
plexity to the analysis of these results. In contrast, the rela-
tively low frequency of TP53 mutation in AML (about 5% in

Table 2. Multivariate COX regression analysis of factors on the overall survival of AML patients

Variable

Univariate Multivariate

p-value OR (95% CI) p-value HR (95% CI)

ATM 4138C>T 0.044 2.262 (1.074–5.253) NS

TP53 215C>G 0.003 1.359 (1.100–1.680) 0.019 1.807 (1.101–2.966)

FLT3-ITD 0.053 1.334 (0.996–1.788) NS

NPM1 mutation 0.738 0.955 (0.728–1.252) ND

WBC (�50�109/L) 0.002 2.150 (1.326–3.487) NS

Age (�55 years) 0.228 1.376 (0.819–2.312) ND

Cytogenetic risk groups 0.012 1.694 (1.122–2.560) 0.012 1.679 (1.121–2.514)

NS, no significance; ND, not done.
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Risk in a Case-Control Study in Northern Italy
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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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and Occupational Medicine, National Health Research Institutes, Zhunan, Miaoli County, Taiwan, ROC; 9Department of Medical
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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-

Correspondence to: Ya-Wen Cheng, Ph.D., Institute of Medicine,
Chung Shan Medical University, Chien-Kuo N. Rd., Taichung 402,
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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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
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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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