
Abstract

Background: The genes mutated in the cancer-prone

syndrome, xeroderma pigmentosum (XP genes), have

been well studied both biochemically and mechan-

istically. These genes are important components of the

DNA nucleotide excision repair (NER) pathway,

which protects against environmentally-induced can-

cers. XP genes are also downstream of the hereditary

breast cancer syndrome gene, BRCA1, suggesting that

XP genes may be important to hereditary forms of

breast cancer as well. Although mutated XP genes are

rare, polymorphic forms with potential functional

deficiencies are common, and could pose a significant

cancer risk in the general population.

Hypothesis: This study tested the hypothesis that

common polymorphic variants of XP genes were asso-

ciated with the risk of breast cancer among a popula-

tion of women in Washington County, Maryland.

Methods: Five single nucleotide polymorphisms

(SNPs) among four XP genes (XPC, XPD, XPF and

XPG) were genotyped from DNA samples collected at

baseline, and then analyzed by conditional logistic

regression for association with the incidence of breast

cancer. 321 cases were individually matched to 321

controls, by age and menopausal status.

Results: No significant associations were found be-

tween breast cancer risk and any of the XP genotypes.

Odds ratios for all genotypes ranged from 0.61 to 1.14,

and none were statistically significant. Adjustment and

stratification for family history of breast cancer did not

alter the findings.

Conclusion: These results suggest that polymor-

phisms of XP genes are not likely to be significant risk

factors for women within the general population. This

study did not address, however, risks for subpopula-

tions of women with high exposures to DNA damaging

agents.

Keywords Breast cancer Æ DNA repair Æ Xeroderma

pigmentosum Æ Single nucleotide polymorphisms

(SNPs) Æ Genetic cancer risk

Introduction

Evidence suggests that DNA damage and repair is

important to both environmental and hereditary forms

of breast cancer. Environmental carcinogens can

produce DNA lesions that are repaired by several well-

characterized repair pathways, including nucleotide

excision repair (NER). NER removes the bulky
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DNA adducts that are produced by various physical

and chemical environmental agents [1]. Xeroderma

pigmentosum (XP) patients can have mutations in one

of several genes involved for NER, and are known to be

at very high risk for environmentally-induced cutane-

ous cancers, and probably internal cancers as well [2, 3].

Also, recent evidence shows that BRCA1, one of the

genes mutated in the most common type of hereditary

breast cancer, is responsible for transcriptional control

of multiple XP genes [4, 5], suggesting that hereditary

breast cancer susceptibility may also be mediated

through NER. Given that XP genes seem to be

potentially important to both environmental and

hereditary breast cancer, we examined whether com-

mon allelic variations among a panel of XP genes was

associated with breast cancer risk in the general pop-

ulation. We hypothesized that inheriting allelic variants

of XP genes, with potentially altered enzymatic activ-

ity, may affect the risk of somatic mutation and cancer.

We report here on the findings of a case–control

study of XP genes and primary breast cancer risk,

nested within a large well-characterized cohort study

population in Washington County, Maryland—a semi-

rural community of predominantly Caucasians.

Five non-synonymous single nucleotide polymor-

phisms (SNPs) among four XP genes were genotyped

from blood DNA collected at baseline (1989). These

genes—XPC, XPD (ERCC2), XPF (ERCC4), and

XPG (ERCC5)—are the genes mutated in XP com-

plementation groups C, D, F, and G, respectively. They

are all central players in the NER pathway. XPC and

XPD are thought to have DNA damage recognition

functions. XPF and XPG are involved in incision 5¢ and

3¢, respectively, to the DNA lesion [6]. A potential

association between specific heterozygous and homo-

zygous genotypes of these genes and subsequent

development of primary breast cancer was assessed.

Methods

Study population

A nested case–control study was conducted using the

population-based CLUE II cohort. The CLUE II co-

hort was established in 1989. Individuals residing in

Washington County, Maryland, and surrounding re-

gions were invited to donate blood for cancer and heart

disease research (campaign slogan ‘‘Give us a clue to

cancer and heart disease’’). The CLUE II cohort con-

sists of 32,892 individuals including approximately 30%

of county residents [7]. Collected blood specimens

were centrifuged, separated as buffy coat, red blood

cells, and plasma, and then stored at –70�C. Cancers that

develop among cohort participants were ascertained

through linkage to both the Washington County and,

since 1992, the Maryland State Cancer Registries. In

1996, and about every 2 years afterwards, participants

were asked to complete a follow-up questionnaire

asking about health events, medication use, and cancer

risk factors.

For this study, 321 incident cases of breast cancer

that occurred after blood donation to CLUE II in 1989

were identified. Incident cases were defined as women

with a first-time diagnosis of breast cancer (Interna-

tional Classification of Disease-8 174 and ICD-9 174).

Cases were excluded if they had a diagnosis of any

other cancer except for non-melanoma skin cancer and

cervical cancer in situ, or were under 18 at the time of

blood donation. Controls were individually matched to

cases (1:1) by gender (female sex), age at blood

donation (within 1 year), and menopausal status at

blood donation. Selected controls were cancer-free,

except possibly for non-melanoma skin cancer and

cervical cancer in situ, and were not known to be

deceased up to the date of diagnosis of the case.

Information on breast cancer risk factors was obtained

from several sources, including a questionnaire that was

sentin1995toaportionoftheCLUEIIbreastcancercases

and controls who were part of a case–control study on

organochlorine compounds and a 1996 follow-up ques-

tionnaire that was sent to all CLUE II participants. The

overall response rate to the 1996 questionnaire was 79%,

with an 81% response rate among CLUE II female par-

ticipants.The1995questionnaireresponserateswere89%

for breast cancer cases and 79% for controls [7]. The

questionnaires contained detailed information on family

historyofbreastcancer,reproductivehistory,medication

history and selective dietary intake. The study was ap-

provedbytheCommitteeonHumanResearchoftheJohns

HopkinsBloombergSchoolofPublicHealth.

Genotyping

Among the four XP genes studied here, five validated

non-synonymous SNPs (rs2228001; rs17655; rs1799793;

rs2228000; rs1800067) were identified from public da-

tabases (NIH dbSNP, NCI SNP:500, and NIEHS

GeneSNPs). These SNPs were chosen because they

involved amino acid changes that could alter protein

function (i.e., non-synonymous), and they had minor

allelic frequencies of at least 5% among Caucasians,

which would make them prevalent enough within our

study population to demonstrate statistically significant

associations with disease.

66 Breast Cancer Res Treat (2007) 101:65–71

123



Genomic DNA was extracted from peripheral buffy

coat using the alkaline lysis method [8]. Extracted

DNA samples were resuspended in 10 mM Tris-HCl/

1 mM EDTA (TE) and the DNA concentration

quantified by absorbance at 260 nm (A260). DNA

concentration was set at 100 lg/ml. The genotypes

were assessed using the patented fluorogenic method

for nucleic acid analysis commonly known as the

Taqman� or 5¢nuclease assay (Applied Biosystems

Division, Perkin-Elmer, Foster City, CA). Hardy-

Weinberg equilibrium of the observed frequency of the

genotypes among controls was confirmed by the

goodness of fit chi-square (Table 1). The success rate

for genotyping was 85%.

Statistical analysis

Differences in the distribution of breast cancer risk

factors between breast cancer cases and controls were

compared using chi square tests. These included: edu-

cation ( < 12, ‡ 12 years), history of first or second

degree relative with breast cancer (no, yes), age at

menarche ( < 12, 12–13, >13), age at first birth ( < 20,

20–24, 25–29 and ‡ 30), history of oral contraceptive

use (never, former, current), history of other hormone

use (never, current estrogen, current progesterone,

former estrogen or progesterone) and smoking expo-

sure (never, former and current).

Conditional logistic regression was used to calculate

the odds ratio (OR) and 95% confidence interval (CI)

for the association between the genotypes and breast

cancer. The breast cancer risk factors considered as

possible confounders were age at menarche, age at first

birth, family history of breast cancer, hormone use,

duration of breastfeeding, and smoking history. With

the exception of family history, none of these risk

factors was statistically significantly associated with

breast cancer and none changed the parameter esti-

mates by greater than 10% when entered in the mul-

tivariate conditional logistic model. Therefore, only

family history of breast cancer was adjusted for in the

multivariate conditional logistic model.

Because there was some missing information on

family history (16.8% for cases, 20.2% for controls)

and genotypes (15.8%), we approached the conditional

logistic analysis in two different ways. First, the anal-

ysis was carried out omitting paired observations that

had missing data for any model parameter. Second, the

data analysis was carried out using complete data sets

generated by multiple imputation [9, 10]. We gener-

ated probability distributions for the missing values,

given the observed data, using decision trees. Inde-

pendent samples from those probability distributions

were used to generate 10 replicates of imputed com-

plete data sets. Parameter estimates and standard

errors were then combined from the analyses of the

individual complete data sets, taking the variability

between the parameter estimates from the 10 data sets

as well as the standard error in each parameter esti-

mate into account [9, 10]. Adjusting with imputed data

was done to reduce the possibility that the missing data

introduced some type of information bias. Imputation

has the advantage in that it requires fewer assumptions

than simply dropping observations with missing data

and, therefore, can support the validity of a finding

where some observations have missing data [11].

Results

Cases and controls were nearly identical for age at

blood donation (mean age 56.8 vs. 56.6 years, respec-

tively) and menopausal status in 1989 (70.7% and

70.4% postmenopausal, respectively) due to individual

matching on these factors. Cases were slightly more

likely than controls to be nulliparous (12.1% vs. 7.8%),

to have a history of current or former oral contracep-

tive use (26.5% vs. 23.7%) and current or former

estrogen and/or progesterone use (20.2% vs. 19.6%),

but none of these differences were statistically signifi-

cant. However, cases were much more likely than

controls to have a family history of breast cancer

(20.6% vs. 9.0%; P = < 0.001). In univariate analysis,

family history was associated with a statistically

significant increased risk of breast cancer of approxi-

mately 2.4-fold (OR 2.43, 95% CI 1.54–3.84). (Distri-

bution of these and other selected characteristics and

risk factors in breast cancer cases and matched popu-

lation controls has been previously reported [12]).

Genotypes frequency distributions for cases and

controls are shown in Table 1. Chi-square tests showed

none of the genotype distributions were significantly

different between cases and controls, and the Hardy-

Weinberg equilibrium test showed that distributions of

the alleles among the genotypes was not significantly

different from equilibrium for any of the genes, with

the possible exception of XPD Asp312Asn, which

showed borderline significance in both cases (P = 0.07)

and controls (P = 0.05).

Odds ratios and 95% confidence interval for each

genotype’s association with breast cancer were calcu-

lated by conditional logistic regression, as appropriate

to the matched study design, using the most common

homozygous genotype as the reference group. Results

from univariate analysis are shown in Table 2. There

were no statistically significant associations between
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any of the genotypes and risk of breast cancer. How-

ever, there appeared to be a potentially protective

association for the variant XPD Asn312 allele, with an

apparent allelic dose response (heterozygote

OR = 0.83; homozygote OR = 0.61), but the test for

trend was not statistically significant (P = 0.19). Since a

family history of breast cancer was potentially a phe-

notypic marker for the genotypic associations of

interest here, and because a valid association between

a highly prevalent genotype and breast cancer might be

expected to account for some proportion of family

history risk, the analysis was repeated with either

adjustment for family history (Table 2) or stratification

by family history (data not shown). Neither approach

revealed any genotype associations with breast cancer.

Also, models with and without imputed data observa-

tions did not change the negative genotype findings

(Table 2). Family history, however, remained a signif-

icant risk factor in all of the models tested.

Discussion

The ‘‘common allele, common disease’’ hypothesis is

the central paradigm for most all SNP association

studies of cancer [13]. It proposes that allelic variation

among normal genes can account for some portion of

the variation in cancer risk seen within normal

populations. Major candidate genes for allelic effects

are typically those responsible for genetic diseases with

high cancer risk phenotypes. In this regard, DNA re-

pair genes, or more specifically NER pathway genes,

have received the most attention, and for good reason.

The autosomal recessive DNA repair diseases, xero-

derma pigmentosum, Cockayne syndrome, and

trichothiodystrophy (TTD), account for mutations in at

least 13 separate genes in the NER pathway, and most

of these are associated with increased risk of cancer

among affected individuals [14]. Additionally, human

cellular studies [15] and knockout mouse models [16]

indicate that intermediate phenotypes exist for het-

erozygotes, suggesting that carriers of these relatively

rare mutated alleles may be at higher than normal

cancer risk.

The question of whether more common allelic vari-

ants of NER genes can also modify risk, however, is

more difficult to answer. The fundamental hypothesis

has been that allelic variants, with potential functional

deficiencies, may be responsible for significant cancer

risk. Determining whether common alleles can modify

cancer risks at or near normal baseline risk levels is a

more challenging to ascertain, but potentially more

significant from a public health perspective, because

allelic variants could be important even at low pene-

trance since they have high prevalence within the

general population. For breast cancer in particular,

Table 1 SNP genotype
frequencies among cases and
controls*

*The P value for the Hardy-
Weinberg equilibrium test is
shown for cases and controls,
for each SNP. Differences in
genotype frequency
distribution between breast
cancer cases and controls
were compared using chi
square tests and the P values
are shown

Gene/SNP codon Genotype Cases n = 321 Controls n = 321 X2 P value

XPC Ala499Val GG 153 157 0.12
AG 87 104
AA 13 14
Missing 68 46
HW P value 0.89 0.54

XPC Lys939Gln TT 98 105 0.86
GT 136 136
GG 47 46
Missing 40 34
HW P value 0.99 0.86

XPD (ERCC2) Asp312Asn GG 110 102 0.32
GA 128 142
AA 22 29
Missing 61 48
HW P value 0.07 0.05

XPF (ERCC4) Arg415Gln GG 221 231 0.38
AG 37 43
AA 1 1
Missing 62 46
HW P value 0.68 0.50

XPG (ERCC5) Asp1104His GG 159 165 0.65
CG 93 95
CC 12 15
Missing 57 46
HW P value 0.73 0.79
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segregation analysis of residual family clustering in

among non-carriers of BRCA1/2 mutations suggests

that family clustering is best explained by a number of

low-penetrance sequence variants [17, 18].

In this study, we tested the hypothesis that common

variant alleles of the genes involved in XP contributed

to breast cancer risk in the general population. We chose

five SNPs among four XP genes, based on their potential

functional role (i.e., non-synonymous) and frequency in

the population (> 5% allele frequency). We found no

significant associations between any of the tested XP

genotypes and breast cancer incidence, regardless of

family history, and reanalysis with imputation of missing

data did not alter the findings. In addition, the findings

for these five XP gene SNPs are consistent with our

earlier negative finding for another non-synonymous

SNP of XPD (Lys751Gln; rs13181) [12].

The identification of SNPs of candidate DNA repair

genes that contribute to cancer susceptibility is an area

of intense investigation [19], and several previous case–

control studies have explored XP genes and breast

cancer. Recently, Zhang and coworkers, in a study of

Chinese women, have reported a marginally significant

breast cancer risk associated with XPC Lys939Gln (AC

genotype, OR 1.46 95%CI 1.00–2.16), and protection

associated with XPD Asp312Asn (AA genotype ref-

erenced to GG; OR 0.51, 95% CI 0.27–0.94) [20]. With

regard to XPD Asp312Asn, an earlier study of German

women also suggested a protective effect of the AA

genotype for breast cancer. Using the AA genotype as

a reference group, they reported GG as a risk genotype

(GG genotype referenced to AA, OR: 2.06; 95%CI:

1.39–3.07), which translates into a reciprocal protective

association for the AA genotype (OR = 0.48) that is

very similar to the one reported for the Chinese wo-

men. Our study also suggested a protective trend for

the variant A allele in univariate analysis (Table 2).

Taken together, these epidemiological studies of breast

cancer risk and cellular studies of apoptosis support a

protective role for the variant A allele (i.e., Asn312).

Table 2 Conditional logistic regression analysis of breast cancer risk associated with SNP genotypes and family history of breast
cancer*

Gene/SNP codon Odds ratio (95% Confidence interval)

Variable Univariate
(unadjusted)

Multivariate Model I
(family history-adjusted)

Multivariate Model II
(family history-adjusted)

No. of pairs 214 n/a n/a
Family Hist 2.32 (1.35–3.97) n/a n/a

XPC Ala499Val No. of pairs 228 142 321
GG 1.00 1.00 1.00
AG 0.99 (0.66–1.48) 1.14 (0.69–1.90) 0.83 (0.56–1.24)
AA 1.11 (0.44–2.75) 1.09 (0.36–3.32) 0.92 (0.41–2.08)
Family Hist n/a 2.11 (1.08–4.09) 2.41 (1.44–4.02)

XPC Lys939Gln No. of pairs 259 168 321
TT 1.00 1.00 1.00
GT 1.05 (0.72–1.54) 1.08 (0.66–1.77) 1.08 (0.75–1.57)
GG 1.07 (0.61–1.88) 1.05 (0.51–2.17) 1.09 (0.60–1.99)
Family Hist n/a 2.65 (1.43–4.90) 2.37 (1.44–3.89)

XPD (ERCC2) Asp312Asn No. of pairs 233 147 321
GG 1.00 1.00 1.00
GA O.83 (0.57–1.20) 1.03 (0.63–1.68) 0.84 (0.58–1.20)
AA 0.61 (0.32–1.13) 0.87 (0.38–1.98) 0.82 (0.45–1.48)
Family Hist n/a 1.98 (1.04–3.78) 2.36 (1.42–3.91)

XPF (ERCC4) Arg415Gln No. of pairs 233 143 321
GG 1.00 1.00 1.00
AG/AA 1.04 (0.61–1.78) 0.89 (0.47–1.71) 0.88 (0.55–1.39)
Family Hist n/a 2.09 (1.10–3.96) 2.38 (1.45–3.92)

XPG (ERCC5) Asp1104His No. of pairs 239 152 321
GG 1.00 1.00 1.00
CG 0.96 (0.65–1.41) 1.14 (0.69–1.86) 0.96 (0.66–1.40)
CC 0.98 (0.38–2.52) 0.68 (0.16–2.91) 0.85 (0.35–2.07)
Family Hist n/a 2.01 (1.06–3.83) 2.38 (1.44–3.93)

*Odds ratios for univariate models of SNP genotypes or family history alone (unadjusted odds ratios) are shown, along with odds ratios
for SNP genotypes adjusted for family history (Models I and II). In Model I, observations with missing data were omitted from the
regression calculation (actual number of case/control pairs used in analysis is shown). In Model II, all observations were retained and
the missing data were imputed, using a multiple imputation approach. (Confidence intervals for Model II incorporate variability
introduced by the use of imputed data)
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In terms of DNA repair function, there are some

reasons to doubt the validity of a protective role for

the A allele. First, an adverse effect of the variant A

allele on DNA repair would be more likely, since the

non-variant Asp312 amino acid, coded by the com-

mon G allele, is evolutionarily highly conserved,

suggesting an important role for this residue in the

protein’s DNA repair function. Second, the Asn co-

ded by the variant A allele is neutral, while the

common G allele’s Asp is negatively charged, sug-

gesting a potentially substantial disruption to DNA

repair function of the protein. Taken together, these

factors suggest that a protective role for the A allele

in terms of DNA repair is suspect. Nevertheless, XPD

has an additional functional role in apoptosis [21], and

there has been a report that cells homozygous for the

variant A allele have more apoptotic cells that those

either heterozygous or homozygous for the common

allele [22]. Since it has been proposed that apoptosis

of DNA-damaged cells may preclude their transfor-

mation [23], the enhanced apoptosis by Asn312 may

afford some protection against cancer by eliminating

cells with mutagenic DNA damage, and this may su-

percede any DNA repair role for this gene in breast

cancer risk.

Other case–control studies have reported positive

associations between various XP gene SNPs and

breast cancer incidence. Terry and coworkers found

breast cancer risk associated with the Gln/Gln geno-

type of XPD751 specifically among women who cur-

rently smoked, suggesting an interaction between

smoking and DNA repair [24]. We did not find any

associations for any of our XP genotypes, when we

stratified by smoking. Smith and coworkers reported a

statistically significant difference in the XPF

Arg415Gln genotype distributions between breast

cancer cases and controls (P = 0.02), but the rarity of

the homozygous variant precluded calculation of odds

ratios [25]. We also found the homozygous variant

genotype to be too rare for reliable measures of

association. We, therefore, collapsed the homozygous

and heterozygous variants, but still found no signifi-

cant difference between our cases and controls

(P = 0.38). Kumar and coworkers reported a mar-

ginally significant increase in breast cancer risk asso-

ciated with the variant allele of XPG Asp1104His

(combined heterozygote and homozygote OR = 1.50,

95%CI 1.04–2.16) [26]. We saw no association for

XPG Asp1104His.

One limitation with the epidemiological evidence

has been that most reported associations fail to be

confirmed by subsequent studies in other populations

[13]. For example, Forsti and coworkers studied XPC

and XPD SNPs among Finish and Polish breast

cancer case–control groups and found some marginal

associations for both genes in the Finns, but these

associations could not be reproduced in the Poles [27].

This problem is often most apparent with hospital-

based retrospective studies with community controls

that could have had biases, since hospital admissions

are often selective and their catchment populations are

complex. The strength of this current study is its

design. Being that this case–control study is nested

within a large prospective cohort study that had DNA

collected before disease and is under continuous lon-

gitudinal follow-up with a comprehensive cancer reg-

istry, it is less likely to suffer from selection, recall, or

information biases that can influence retrospective

case–control studies. Also, the environmental exposure

experience of women in this study population is typical

of many other communities in the United States, sug-

gesting that the findings are generalizable to those

communities as well.

In conclusion, our findings suggest that common

polymorphisms in these XP genes are not significant

determinants of breast cancer risk in this population.

Nevertheless, it is possible that an association exists for

these genes, but the particular SNPs chosen did not pick

up the association. We believe, however, that this is

unlikely. Sequence variations of these particular genes

are well-described and validated in public databases,

and the non-synonymous high-prevalence SNPs we

chose would have the greatest potential to alter protein

function and impact on breast cancer incidence within

our population. Also, there is high linkage disequilib-

rium within these four genes (http://www.hapmap.org),

so that the findings for our specific SNPs are likely to

be informative for linked polymorphic variants that

were not directly assessed. Nevertheless, it is possible

that rarer SNPs might confer susceptibility to breast

cancer, but their low frequencies in the general popu-

lation would require a very high relative risk in order

for them to have significant population attributable

risks for breast cancer.

Although little evidence for breast cancer associa-

tion was found for these XP genes, it could be that

increased breast cancer risk would only be apparent

under exposures to specific environmental carcinogens.

Since little information was available about individual

exposures to DNA damaging agents, we cannot rule

out the possibility that subpopulations of women with

high exposures to DNA damaging agents might be at

significantly greater risk of breast cancer due to their

XP genotype. In fact, it is highly likely that DNA

repair genes would interact with their exposure envi-

ronment. The possibility of gene-environment
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interactions for XP and other NER genes warrants

further study.
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