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Benzo[a]pyrene diol epoxide (BPDE)-induced DNA adducts are
a risk factor for tobacco-related cancers. Excision repair cross-
complementing complementation group 1 (ERCC1) and excision
repair cross-complementing complementation group 2/xeroderma
pigmentosum D (ERCC2/XPD) participate in the nucleotide excision
repair (NER) pathway that removes BPDE–DNA adducts; however,
few studies have provided population-based evidence for this asso-
ciation. Therefore, we assayed for levels of in vitro BPDE-induced
DNA adducts and genotypes of single-nucleotide polymorphisms
(SNPs) of the NER genes ERCC1 (rs3212986 and rs11615) and
ERCC2/XPD (rs13181, rs1799793 and rs238406) in 707 healthy
non-Hispanic whites. The linear trend test of increased adduct val-
ues in never to former to current smokers was statistically signifi-
cant (Ptrend 5 0.0107). The median DNA adduct levels for the
ERCC2 rs1799793 GG, GA and AA genotypes were 23, 29 and 30,
respectively (Ptrend 5 0.057), but this trend was not observed for
other SNPs. After adjustment for covariates, adduct values larger
than the median value were significantly associated with the geno-
types ERCC1 rs3212986TT [odds ratio (OR) 5 1.89, 95% confi-
dence interval (CI) 5 1.03–3.48] and ERCC2/XPD rs238406AA
(OR 5 0.64, 95% CI 5 0.41–0.99) and rs238406CA (OR 5 0.63,
95% CI 5 0.45–0.89) compared with their corresponding wild-type
homozygous genotypes. The results of haplotype analysis further
suggested that haplotypes CAC and CGA of ERCC2/XPD, TC of
ERCC1 and CACTC of ERCC2/XPD and ERCC1 were significantly
associated with high levels of DNA adducts compared with their
most common haplotypes. Our findings suggest that the genotypes
and haplotypes of ERCC1 and ERCC2/XPD may have an effect on
in vitro BPDE-induced DNA adduct levels.

Introduction

In vivo DNA adducts detected in viable cells, such as peripheral blood
lymphocytes, are a phenotypic marker for the biologic effects of both
carcinogen exposure and host DNA repair capacity (1), because their
detectable levels depend on not only levels of exposure that cause
DNA adducts but also individual variations in response to such expo-
sure, including cellular absorption, distribution, metabolic activation
and detoxification and DNA repair capacity (2,3). Exposure to poly-
cyclic aromatic hydrocarbons from incomplete combustion of motor
vehicles or power plants can lead to elevated levels of DNA adducts
that are detectable in blood cells, such as benzo[a]pyrene diol epoxide

(BPDE)-induced DNA adducts (3,4). These adducts are repaired by
the nucleotide excision repair (NER) pathway (5), which has several
genes that perform a coordinated repair function (6). Genetic variation
in the form of single-nucleotide polymorphisms (SNPs) of these NER
genes can also modulate the levels of DNA damage in response to
carcinogen exposure (7), if they affect their protein functions.
In vitro BPDE-induced DNA adducts can be used to study host

DNA repair capacity in experimental settings. Because levels of
in vivo-induced DNA adducts depend on the dose and duration of
exposure, which are often poorly estimated in population-based stud-
ies, we developed an in vitro carcinogen-induced adduct assay to
measure in vitro carcinogen-induced adducts under experimental ex-
posure conditions (8). Because we showed that the in vitro BPDE-
induced DNA adduct levels in that study were �1000 times those
in vivo induced by smoking or other environmental carcinogens and
because BPDE is an ultimate carcinogen, the detectable level of
in vitro BPDE-induced DNA adducts in this assay reflects the host
DNA repair capacity phenotype. In two early pilot case–control stud-
ies, we assayed BPDE-induced DNA adducts in cultured peripheral
lymphocytes and found that these adducts can be a risk factor for
tobacco-related cancers, such as lung cancer and squamous cell car-
cinoma of the head and neck (8,9). These two pilot studies were later
independently confirmed by much larger studies (2,10).

Excision repair cross-complementing complementation group 1
(ERCC1) and excision repair cross-complementing complementation
group 2/xeroderma pigmentosum D (ERCC2/XPD) are two genes
involved in the NER pathway (6) that, along with other genes (5),
maintain genomic integrity by removing DNA lesions induced by
ultraviolet light and other environmental carcinogens, such as poly-
cyclic aromatic hydrocarbons in tobacco smoke (e.g. benzo[a]pyrene,
which can be metabolized to form BPDE) (11). ERCC1 interacts with
other genes, such as XPA and XPF in the NER pathway, to guide 5#-
incision activity in DNA repair, and ERCC2/XPD is part of the tran-
scription factor IIH that opens DNA strands around the site of the
lesion (12) and thus produces interstrand cross-links that can be re-
paired by other NER proteins (6).

Because both ERCC1 and ERCC2/XPD are located on chromosome
19 and participate in NER that removes bulky adducts, such as those
induced by BPDE, we hypothesized that the genotypes and haplotypes
of ERCC1 and ERCC2/XPD genes determined the in vitro BPDE-
induced DNA adduct levels in cultured primary lymphocytes of healthy
people. Therefore, we performed a genotype–phenotype correlation
analysis in healthy non-Hispanic whites who had been genotyped for
SNPs of ERCC1 and ERCC2/XPD and for whom BPDE-induced DNA
adduct data were available. These individuals had been used as healthy
controls in our previously published study (13).

Patients and methods

Study population

The study population for this genotype–phenotype correlation analysis con-
sisted of 707 healthy non-Hispanic white cancer-free participants from an
ongoing case–control study of squamous cell carcinoma of the head and neck
at The University of Texas MD Anderson Cancer Center (Houston, TX). These
study participants had been recruited between 1995 and 2005 and were genet-
ically unrelated visitors or companions of patients seen at MD Anderson Can-
cer center. The study was approved by our institutional review board and
patient consent had been obtained, and the summary statistics about these
participants were reported previously (2).

Cell culture and BPDE treatment and genotyping

The detailed methods used to obtain the in vitro BPDE-induced DNA adducts
and the genotypes of study participants have been described elsewhere (2,13).

Abbreviations: BPDE, benzo[a]pyrene diol epoxide; CI, confidence interval;
ERCC1, excision repair cross-complementing complementation group 1;
ERCC2, excision repair cross-complementing complementation group 2;
FPRP, false-positive report probability; NER, nucleotide excision repair;
OR, odds ratio; RAL, relative adduct labeling; SNP, single-nucleotide
polymorphism; XPD, xeroderma pigmentosum D.
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In brief, 1 ml of whole blood from each participant was cultured in each of two
T-25 flasks (each containing 9 ml of standard RPMI 1640 supplemented with
15% fetal bovine serum and 112.5 lg/ml phytohemagglutinin). After 67 h of
phytohemagglutinin stimulation, BPDE was added to the culture to a final
concentration of 4 lmol/l, and lymphocytes for performing the assay were
harvested after another 5 h incubation. The induced BPDE–DNA adducts were
quantified by the relative adduct labeling (RAL) � 107. The SNPs of ERCC1
(MIM:126380) and ERCC2/XPD (MIM:126340) used in the analysis were
ERCC1 NT_011109.15: g.18191871T.C (rs11615; p.Asn118Asn) and g.
18180954G.T (rs3212986) and ERCC2/XPD NT_011109.15:g.18120142C.A
(rs238406; p.Arg156Arg), g.18135477G.A (rs1799793; p.Asn312Asp) and g.
18123137 A.C (rs13181; p.Lys751Gln). These five putatively functional
SNPs were chosen mainly because they were the most frequently studied to
date and because their haplotypes were able to be inferred since they were all
on chromosome 19. The detailed genotyping methods and experimental con-
ditions have been described elsewhere (13).

Statistical analysis

The distribution of the DNA adducts was evaluated by plotting their percen-
tiles. The Shapiro–Wilk normality test was used to test the normality of the
DNA adduct distribution, and the Hardy–Weinberg equilibrium was tested by
a goodness-of-fit v2 test to compare the observed genotype frequencies with
the expected genotype frequencies, assuming the study population was in the
Hardy–Weinberg equilibrium. A non-parametric Wilcoxon two-sample test or
non-parametric analysis of variance F test was used to determine DNA adduct
distributions by the categorical variables such as age, sex, smoking status,
alcohol consumption and family history of cancer. The linear trend of DNA
adduct values was tested in variables with more than two categories (14). The
linkage disequilibrium and R2 were computed for two-loci models to evaluate
allelic association among SNPs (15).

We used multiple unconditional logistic regression analysis to estimate the
odds ratios (ORs) and 95% confidence intervals (CIs) for high DNA adduct
levels in participants with zero, one or two copies of the minor allele of each
SNP. To detect interactions between smoking status and genotypes on the
adduct levels, we used the Breslow–Day test to test homogeneity among
ORs of genotype association with high DNA adduct levels stratified by smok-
ing status, and the common ORs were estimated using the Cochran–Mantel–
Haenszel test (14).

For the haplotype analysis, we applied an expectation–maximization algo-
rithm to infer haplotypes from the observed genotype data, because the current
high-throughput genotyping techniques are not able to determine which two
alleles are present at each locus for diploid individual and the haplotypes (i.e.
combinations of alleles are transmitted from each of the two parents) of un-
related individuals are not known based on the available genotype information
(16). In this study, we used the PHASE (version 2) program (17,18) to infer
haplotypes. Details of the haplotype association analysis were described pre-
viously (19). In brief, we included the inferred haplotype in the unconditional
logistic regression model to estimate haplotype-specific OR by using the most
common haplotype as the reference group and collapsed all haplotypes with
a frequency of ,5% into one group. We used the likelihood ratio test to test the
significance of the haplotype effect by comparing the logistic regression model
that included haplotypes with the model containing the intercept only.

Finally, we used false-positive report probabilities (FPRPs) to detect false-
positive associations (20) with the prior probabilities from 0.25 to 0.001. We
considered FPRP ,0.2 a noteworthy association for further validation. All
statistical tests were two sided with P value ,0.05 considered statistically
significant and were performed using the SAS statistical software (version
9.13; SAS Institute, Cary, NC).

Results

The characteristics of the study population in this study have been
described previously (2). Of the 707 healthy non-Hispanic white par-
ticipants, 183 were women and 524 were men; ages ranged from
20 to 85 years (mean, 56.1 years and median, 57 years). The levels
of in vitro DNA adducts ranged from 0 to 1237 (RAL) � 107, with
a median of 27 (RAL) � 107 in this study population. The raw and
the log-transformed DNA adduct distributions were not normal
(P , 0.0001 and P 5 0.017, respectively), but highly skewed to high
values.

We first described the distribution of DNA adduct levels by age,
sex, alcohol consumption, smoking status and family history of can-
cer. The levels of DNA adducts were not influenced by these cova-
riates except for smoking status. The median DNA adduct levels in

never, former and current smokers were 20, 31 and 38 (RAL) � 107,
respectively. The linear trend test of increased DNA adduct levels in
never to former to current smokers was statistically significant
(P 5 0.0107). Never smokers had significantly lower DNA adduct
levels than did former smokers (P 5 0.015) and current smokers
(P 5 0.001). To better describe the adduct distribution in three smok-
ing subgroups, we plotted the percentiles of DNA adduct levels at the
5th, 10th, .95th by smoking status. The shape and the pattern of the
percentiles of the never, former and current smokers were similar for
the raw and log-transformed DNA adducts with current smokers hav-
ing the highest value (Figure 1A and B). Thus, even though the levels
of in vitro DNA adducts significantly increased from never to former
to current smokers, the shapes of the DNA adduct percentile distri-
butions were similar in these three groups (Figure 1A and 1B).

Next, we examined the distribution of DNA adduct levels by the
genotypes for each of the five SNPs (Table I). The median DNA
adduct levels for the ERCC1 rs11615 and rs3212986 genotypes with

Fig. 1. Plot of the 5th, 10th, . to 95th percentiles of DNA adducts in never
(fine-dotted line), former (short-dashed line) and current (long-dashed line)
smokers (A) and plot of the log-transformed DNA adducts percentiles in
never (fine-dotted line), former (short-dashed line) and current (long-dashed
line) smokers (B). The sample sizes for never, former and current smokers in
these two plots were 331, 255 and 121, respectively.
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zero, one and two copies of minor alleles were distributed similarly,
with the highest median DNA adduct level seen in the genotype with
two minor alleles and the lowest value seen in the genotype with either
zero or one minor allele. The median DNA adduct levels were signif-
icantly higher in the ERCC1 rs3212986TT than in the ERCC1
rs3212986GG (P 5 0.029). For the ERCC2/XPD rs238406, the me-
dian DNA adducts decreased as the copy number of the minor allele
increased from zero to two. However, neither the trend test nor the
two-sample Wilcoxon test results were statistically significant. The
median DNA adduct levels of the ERCC2/XPD rs1799793 and
rs13181 increased as the copy number of minor allele increased in
genotypes. This linear trend was borderline significant for the
ERCC2/XPD rs1799793 (Ptrend 5 0.057).

The genotype frequency and allelic association of the five SNPs are
summarized in Table I. The genotype frequencies of these five SNPs
in the study population were similar to those of 31 white cancer
controls in the SNP500Cancer database and consistent, with 60 Utah
residents with ancestry from northern and western European ancestry
in the International HapMap Project and with cancer controls in other
published studies (21–23) (data not shown). Among the five SNPs,
ERCC1 rs3212986 and rs11615 had the highest correlation, with
a correlation coefficient R2 of 42%. The five SNPs in our study also
passed the Hardy–Weinberg equilibrium test, but the pairwise linkage
disequilibrium tests for the five SNPs were all statistically significant,
and the largest P value was ,10�6 (data not shown). The significant
linkage disequilibrium among these SNPs was accounted for by ad-
ditional haplotypes analyses.

Because the in vitro DNA adduct levels were not normally distrib-
uted, we dichotomized the study participants into two groups using
median DNA adduct levels as the cutoff point. As a result, 347 study
participants with DNA adducts .27 (RAL) � 107 were classified as

high-level adduct group and the remaining 360 with DNA adducts
�27 (RAL) � 107 were grouped as low-level adduct group. The
distributions of age, sex, alcohol use and family history of cancer
in the high-level adduct group were comparable with those in the
low-level adduct group, as also evidenced by the ORs and 95% CIs
(Table II). However, the percentage of self-reported former and cur-
rent smokers was higher in the high-level adduct group than in the
low-level adduct group. For example, the ORs for high-level versus
low-level adducts were 1.58 (95% CI 5 1.13–2.19) and 1.53 (95%
CI 5 1.00–2.32) for former and current smokers, respectively. These
results suggest that former or current smokers had a higher risk of
having a high adduct level.

We then studied associations between genotypes of ERCC1 and
ERCC2/XPD and high adduct levels (Table III). Individuals with
the ERCC1 rs3212986TT were nearly as twice as likely to have high
adduct levels than were those with the ERCC1 rs3212986GG, both
before (OR 5 1.95, 95% CI 5 1.06–3.65) and after (OR 5 1.89,
95% CI 5 1.03–3.48) adjustment for other covariates. For ERCC1
rs11615CC, the OR (1.56, 95% CI 5 0.99–2.46) was borderline
statistically significant before adjustment for other covariates. In
contrast, participants with ERCC2/XPD rs238406AA or rs238406CA
had a lower risk of having high-level adducts (OR 5 0.63, 95%
CI 5 0.45–0.89 and OR 5 0.64, 95% CI 5 0.41–0.99, respectively)
compared with ERCC2/XPD rs238406CC after adjustment for other
covariates.

Because DNA adduct levels distributed similarly in former and
current smokers (Wilcoxon two-sample test P 5 0.16) but differently
in former and never or current and never smokers (P 5 0.015 or
0.001, respectively), we combined the former and current smokers
into one group of ever smokers and performed the genotype associa-
tion with risk of high-level adduct in the never and ever smokers. Even
though all the ORs were not significant in the stratified analysis, the
ORs of genotype ERCC1 rs3212986TT, rs11615CC and ERCC2/XPD
rs238406AA and CA in never and ever smokers were similar to those
of the overall study population (Table IV). Furthermore, the interac-
tions between smoking status and genotypes were not significant in
the stratified analysis because of the limited power of the small sample
size in the subgroups. Because the common ORs estimated by the
Cochran–Mantel–Haenszel test were comparable with those we re-
ported in Table III, therefore, we used the overall study population for
the haplotype analysis.

Table V shows the association between ERCC1 and ERCC2/XPD
haplotypes and risk of high adduct levels. For the most common
ERCC2/XPD haplotype AGA in the study, we found frequencies of
37.14 and 42.56% for the high- and low-level adduct groups, respec-
tively (P 5 0.011). All alleles of this haplotype were of low risk for
each of the SNPs, according to the aforementioned genotype associ-
ation analysis (Table III). For the second most common ERCC2/XPD
haplotype CAC, we found frequencies of 29.57 and 22.93% for the
high- and low-level adduct groups, respectively (P 5 0.011). All
alleles in this haplotype were of high-risk allele of each of the SNPs.
Compared with AGA, high adduct levels were associated with the
CAC (OR 5 1.54, 95% CI 5 1.16–2.05) and CGA (OR 5 1.48,
95% CI 5 1.06–2.06) haplotypes after adjustment for other covari-
ates. The association between ERCC2/XPD haplotypes and risk of
high adduct levels was significant (the likelihood ratio test, P , 0.05,
comparing the logistic regression model of haplotypes with the in-
tercept-only model or the model adjusted for covariate variables). For
ERCC1 rs3212986 and rs11615, haplotype TC was associated with an
increased risk of having high adduct levels (OR 5 1.29, 95% CI 5
1.00–1.66) compared with the most common haplotype, GT. The
combined haplotypes with frequencies of ,5% were also associated
with an elevated OR of 2.79 (95% CI 5 1.13–6.92) after adjustment
for other covariates. Haplotypes inferred from the five SNPs in
ERCC1 and ERCC2/XPD are listed in Table V. Five haplotypes had
frequencies of .5%, and the frequency differences between high- and
low-level adduct groups were not statistically significant (P 5 0.111).
The haplotype AGAGT, which is composed of low-risk alleles of
the five SNPs, was the most common haplotype in both high- and

Table I. Median DNA adduct levels and genotypes of ERCC2/XPD and
ERCC1

SNP No. (%) Median
(RAL � 107)

Pa Pb

All subjectsc 707 (100) 27.0
ERCC2/XPD, g.18123137A.C, rs13181

AA 289 (40.9) 22.0 Reference
AC 330 (46.7) 28.0 0.098
CC 88 (12.4) 30.5 0.075 0.114
C allele 506 (35.8)

ERCC2/XPD, g.18135477G.A, rs1799793
GG 290 (41.0) 23.0 Reference
GA 335 (47.4) 29.0 0.029
AA 82 (11.6) 30.0 0.079 0.057
A allele 499 (35.3)

ERCC2/XPD, g.18120142C.A, rs238406
CC 207 (29.3) 32.0 Reference
CA 366 (51.8) 24.0 0.133
AA 134 (19.0) 22.5 0.242 0.397
A allele 634 (44.8)

ERCC1, g.18180954G.T, rs3212986
GG 399 (56.5) 23.0 Reference
TG 257 (36.4) 29.0 0.529
TT 50 (7.1) 41.5 0.029 0.096
T allele 357 (25.3)

ERCC1, g.18191871T.C, rs11615
TT 274 (38.9) 25.5 Reference
CT 324 (46.0) 24.0 0.666
CC 107 (15.2) 34.0 0.074 0.082
C allele 538 (38.2)

aP value was obtained using the Wilcoxon two-sample test for the genotype of
one or two copies of the minor allele compared with zero copies of the minor
allele in each SNP.
bPtrend value was obtained using the non-parametric analysis of variance test
for the trend among genotypes.
cTwo observations for genotype ERCC1 rs11615 and one observation for
genotype ERCC1 rs3212986 in this sample were missing.
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low-level adduct groups. The other four haplotypes were associated
with an increased risk of high adduct levels; however, only the hap-
lotype CACTC was associated with a significantly elevated OR of
1.66 (95% CI 5 1.14–2.62) after adjustment for other covariates.

Finally, we performed the FPRP analysis and found that under the
assumption of a prior probability of 0.1, the FPRPs of ERCC1 and
ERCC2 haplotypes yielded values of 0.17 and 0.11, respectively,
suggesting that these findings were noteworthy (data not shown).

Discussion

To our knowledge, few studies have investigated the associations
between in vitro-induced DNA adduct levels and genetic variations

in NER genes in normal cells from the same individuals, although
many studies have investigated the association between NER geno-
types and cancer risk (11,24). In our current study, we found
that ERCC2/XPD rs238406AA and CA, ERCC1 rs3212986TT,
ERCC2/XPD haplotypes of CAC and CGA and ERCC1 haplotype
TC were significantly associated with high levels of DNA adducts
induced in vitro, suggesting that genotypes and haplotypes of ERCC1
and ERCC2/XPD may determine the DNA repair phenotype in the
cultured primary lymphocytes. This finding is consistent with our
previous findings of a correlation between ERCC2/XPD variant gen-
otypes and the host DNA repair capacity, as measured by a different
cell culture-based assay in a much smaller sample of healthy control
subjects (7). The strength of the current study is our inclusion of
a large sample of healthy participants and the use of a cell culture-
based assay for experimentally induced adducts that are relatively free
of environmental exposure, such as tobacco exposure, because the
in vitro-induced adduct levels are 1000 times that of in vivo induced
by tobacco smoke (8). As a result, we were able to identify the asso-
ciations between in vitro BPDE-induced DNA adducts (reflecting the
host-cell DNA repair capacity) and haplotypes of ERCC1 and
ERCC2/XPD.

The formation of DNA adducts in cellular DNA can be influenced
not only by levels of exposure but also by individual genetic suscep-
tibility. Matullo et al. (25) performed a stratified analysis and reported
a significant OR of 3.81 (95% CI 5 1.02–14.16) for the association
between high levels of in vivo DNA adducts and the ERCC2/XPD
rs13181CC compared with the ERCC2/XPD rs13181AA in never
smokers. In our current study of in vitro-induced DNA adducts, we
observed a borderline statistically significant OR associated with the
ERCC2/XPD rs13181CC compared with ERCC2/XPD rs13181AA in
never smokers. Although the study of Matullo et al. (25) measured
in vivo adducts and ours measured in vitro adducts, we both concluded
that ERCC2/XPD rs13181CC was associated with high levels of DNA
adducts and this association was unrelated to smoking status.

Both in vivo (26) and in vitro (2,10) DNA adduct levels have been
shown to be associated with cancer risk, and individual variations in
the genes that are responsible for removing these adducts may also
influence cancer risk (11,24); therefore, the in vitro-induced DNA
adducts in normal lymphocytes may be considered a surrogate

Table III. Association between ERCC1 and ERCC2/XPD genotypes and DNA adduct levels

SNP DNA adducts (RAL � 107) Crude OR (95% CI) Adjusted ORa (95% CI) Pb

.27, no. (%) �27, no. (%)

All participants 347 (49.1) 360 (51.0)
ERCC2/XPD, g.18123137A.C, rs13181

AA 133 (38.3) 156 (43.3) Reference Reference
AC 166 (47.8) 164 (45.6) 1.19 (0.87–1.63) 1.18 (0.86–1.63)
CC 48 (13.8) 40 (11.1) 1.41 (0.87–2.27) 1.39 (0.86–2.26) 0.312

ERCC2/XPD, g.18135477G.A, rs1799793
GG 131 (37.8) 159 (44.2) Reference Reference
GA 171 (49.3) 164 (45.6) 1.27 (0.92–1.73) 1.21 (0.88–1.66)
AA 45 (13.0) 37 (10.3) 1.48 (0.90–2.42) 1.44 (0.87–2.38) 0.183

ERCC2/XPD, g.18120142C.A, rs238406
CC 117 (33.7) 90 (25.0) Reference Reference
CA 169 (48.7) 197 (54.7) 0.66 (0.47–0.93) 0.63 (0.45–0.89)
AA 61 (17.6) 73 (20.3) 0.64 (0.42–1.00) 0.64 (0.41–0.99) 0.039

ERCC1, g.18180954G.T, rs3212986
GG 182 (52.6) 217 (60.3) Reference Reference
TG 133 (38.4) 124 (34.4) 1.28 (0.93–1.75) 1.27 (0.92–1.74)
TT 31 (9.0) 19 (5.3) 1.95 (1.06–3.56) 1.89 (1.03–3.48) 0.050

ERCC1, g.18191871T.C, rs11615
TT 131 (38.0) 143 (39.7) Reference Reference
CT 151 (43.8) 173 (48.1) 0.95 (0.69–1.32) 0.95 (0.68–1.31)
CC 63 (18.3) 44 (12.2) 1.56 (0.99–2.46) 1.51 (0.95–2.38) 0.079

aOR adjusted for age, sex, smoking status, alcohol consumption and family history of cancer.
bP value was obtained using the omnibus v2 test with two degrees of freedom.

Table II. Association between covariates and DNA adducts levels

Covariates DNA adducts (RAL � 107) Pa OR (95% CI)

.27, no. (%) �27, no. (%)

Age (years)
�56.5 169 (48.7) 180 (50.0) Reference
.56.5 178 (51.3) 180 (50.0) 0.73 1.05 (0.78–1.41)

Sex
Female 85 (24.5) 98 (27.2) Reference
Male 262 (75.5) 262 (72.8) 0.408 1.15 (0.82–1.62)

Smoking status
Never 143 (41.2) 188 (52.2) Reference
Former 139 (40.1) 116 (32.2) 1.58 (1.13–2.19)
Current 65 (18.7) 56 (15.6) 0.013 1.53 (1.00–2.32)

Alcohol consumption
Never 141 (40.6) 150 (41.7) Reference
Former 56 (16.1) 66 (18.3) 0.90 (0.59–1.38)
Current 150 (43.2) 144 (40.0) 0.612 1.11 (0.80–1.53)

Family history
of cancer

No 206 (59.5) 219 (61.0) Reference
Yes 140 (40.5) 140 (39.0) 0.691 0.94 (0.70–1.27)

aP value was obtained using the v2 test for covariate frequency distributions in
the high (adduct .27) and low (adduct �27) adduct levels.
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phenotype for cancer risk. However, obtaining phenotype data are
time consuming and costly compared with obtaining genotyping data,
although the latter data may be inconsistent in small studies. For
example, in a meta-analysis, Manuguerra et al. (21) reported that
ERCC2/XPD rs238406AA and CA compared with CC were associ-
ated with a high risk of skin cancer, whereas Lovatt et al. (27) reported
that these genotypes were associated with a low risk of skin cancer.
Therefore, additional information on the phenotype may help explain
the discrepancies in these studies. For example, Crew et al. (23)
reported that ERCC1 rs3212986AA increased the risk of breast cancer

only in individuals with detectable polycyclic aromatic hydrocarbon
adducts in their peripheral blood. In our study, the rs3212986TT
(equivalent to rs3212986AA in Crew’s study because we used re-
versed primers) was associated with high DNA adduct levels, and
in previous epidemiologic studies (28,29), high levels of DNA adducts
were associated with breast cancer risk; therefore, our result is con-
sistent with Crew’s findings that DNA adduct levels can be used as
a surrogate intermediate end point for breast cancer risk.
ERCC2/XPD is a key player in the NER pathway. Matullo et al.

(22) determined the association between the haplotype GAT of

Table V. Association between ERCC1 and ERCC2/XPD haplotypes and DNA adduct levels

Haplotypes DNA adducts (RAL � 107) OR (95% CI) ORa (95% CI) Pb

.27, no. (%) �27, no. (%)

ERCC2/XPD, g.18123137A.C, rs13181; g.18135477G.A, rs1799793; g.18120142C.A, rs238406
AGA 247 (37.14) 291 (42.56) Reference Reference
CAC 197 (29.57) 157 (22.93) 1.56 (1.17–2.07) 1.54 (1.16–2.05)
CGA 125 (18.84) 108 (15.73) 1.43 (1.04–1.98) 1.48 (1.06–2.06)
CGC 34 (5.17) 51 (7.47) 0.78 (0.49–1.26) 0.80 (0.49–1.29)
CAA 29 (4.29) 42 (6.07) 0.80 (0.46–1.38) 0.77 (0.44–1.33)
Otherc 33 (4.96) 36 (5.21) 1.19 (0.75–1.90) 1.13 (0.70–1.82) 0.011

ERCC1, g.18180954G.T, rs3212986; g.18191871T.C, rs11615
GT 396 (57.46) 451 (62.98) Reference Reference
TC 176 (25.54) 154 (21.50) 1.29 (1.00–1.66) 1.29 (1.00–1.66)
GC 100 (14.52) 105 (14.66) 1.09 (0.81–1.48) 1.07 (0.79–1.45)
Otherc 17 (2.46) 6 (0.83) 2.83 (1.14–7.04) 2.79 (1.13–6.92) 0.019

ERCC1 and ERCC2/XPD combined
AGAGT 188 (31.02) 231 (37.09) Reference Reference
CGAGT 83 (13.73) 84 (13.46) 1.23 (0.85–1.79) 1.29 (0.88–1.89)
CACTC 104 (17.17) 82 (13.25) 1.65 (1.14–2.40) 1.66 (1.14–2.42)
CACGT 50 (8.34) 42 (6.82) 1.49 (0.94–2.38) 1.48 (0.92–2.36)
Otherc 180 (29.71) 183 (29.34) 1.28 (0.93–1.74) 1.25 (0.91–1.72) 0.111

aAdjusted for age, sex, smoking status, alcohol consumption and family history of cancer.
bP values were calculated with use of the omnibus v2 test.
cOther haplotypes with frequency less than 5%.

Table IV. Association between ERCC1 and ERCC2/XPD genotypes and DNA adduct levels (RAL � 107) in never and ever smokers

SNP Never smokers Ever smokers Pa ORb

.27, no. (%) �27, no. (%) OR (95% CI) .27, no. (%) �27, no. (%) OR (95% CI)

Totalc 143 (43.2) 188 (56.8) 204 (54.3) 172 (45.2)
ERCC2/XPD, g.18123137A.C, rs13181

AA 57 (39.9) 80 (42.6) Reference 76 (37.3) 76 (44.2) Reference Reference
AC 62 (43.4) 91 (48.4) 0.96 (0.60–1.53) 104 (51.0) 73 (42.4) 1.42 (0.92–2.20) 0.222 1.18 (0.86–1.63)
CC 24 (16.8) 17 (9.0) 1.98 (0.98–4.02) 24 (11.8) 23 (13.4) 1.04 (0.54–2.01) 0.192 1.40 (0.87–2.26)

ERCC2/XPD, g.18135477G.A, rs1799793
GG 63 (44.1) 89 (47.3) Reference 68 (33.3) 70 (40.7) Reference Reference
GA 60 (42.0) 79 (42.0) 1.07 (0.67–1.71) 111 (54.4) 85 (49.4) 1.34 (0.87–2.08) 0.489 1.21 (0.88–1.66)
AA 20 (14.0) 20 (10.6) 1.41 (0.70–2.84) 25 (12.3) 17 (9.9) 1.51 (0.75–3.05) 0.891 1.46 (0.89–2.40)

ERCC2/XPD, g.18120142C.A, rs238406
CC 56 (39.2) 47 (25.0) Reference 61 (29.9) 43 (25.0) Reference Reference
CA 55 (38.5) 105 (55.9) 0.44 (0.26–0.73) 114 (55.9) 92 (53.5) 0.87 (0.54–1.41) 0.052 0.63 (0.45–0.90)
AA 32 (22.4) 36 (19.1) 0.75 (0.40–1.38) 29 (14.2) 37 (21.5) 0.55 (0.30–1.03) 0.501 0.64 (0.42–1.00)

ERCC1, g.18180954G.T, rs3212986
GG 75 (52.4) 113 (60.1) Reference 107 (52.7) 104 (60.5) Reference Reference
TG 58 (40.6) 65 (34.6) 1.34 (0.85–2.13) 75 (36.9) 59 (34.3) 1.24 (0.80–1.91) 0.794 1.29 (0.94–1.76)
TT 10 (7.0) 10 (5.3) 1.51 (0.60–3.80) 21 (10.3) 9 (5.2) 2.27 (0.99–5.18) 0.517 1.91 (1.04–3.51)

ERCC1, g.18191871T.C, rs11615
TT 51 (35.7) 80 (42.6) Reference 80 (39.6) 63 (36.6) Reference Reference
CT 67 (46.9) 88 (46.8) 1.19 (0.74–1.92) 84 (41.6) 85 (49.4) 0.78 (0.50–1.22) 0.197 0.95 (0.69–1.32)
CC 25 (17.5) 20 (10.6) 1.96 (0.99–3.89) 38 (18.8) 24 (14.0) 1.25 (0.68–2.29) 0.332 1.52 (0.96–2.39)

aP value is the homogeneity test of the OR between never and ever smokers.
bOR is the estimated common OR from the Cochran–Mantel–Haenszel test.
cTotal is the subgroup sample size. Former smokers had one missing value for ERCC1 rs3212986 and two missing values for rs11615.
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ERCC2/XPD rs13181 and rs1799793 and ERCC1 rs11615 and risks
of bladder cancer and leukemia by using a codominant or recessive
model. We used the most common haplotype, AGA, as our reference
group and found that haplotypes CAC and CGA were associated with
an increased risk of high levels of DNA adducts. We believe that our
fairly large sample size allowed us to detect relatively rare haplotypes
in the study population.

Although cancer risk has been shown to be associated with reduced
DNA repair capacity in a number of published studies (30–36), the
roles of genetic and environmental risk factors may be more complex
in cancer risk than in the DNA repair phenotype. However, the ge-
netically determined DNA repair capacity may also determine the
levels of induced DNA adducts. For example, in a study of 137 fam-
ilies (158 women with breast cancer and 154 sisters of these women),
the levels of BPDE-induced adducts in lymphoblastoid cell lines ob-
tained from these individuals were used as a surrogate tissue for
measuring the DNA repair phenotype, assuming the genetically de-
termined DNA repair phenotype would not be changed after the pri-
mary lymphocytes had been transfromed (36). The quartiles of the
percent DNA repair capacity were inversely associated with breast
cancer risk, i.e. the higher the levels of the BPDE-induced DNA
adducts (or the lower the DNA repair capacity), the higher the cancer
risk. We reported similar findings in a pilot study in which reduced
host-cell DNA repair capacity, as measured by the reporter assay
using BPDE as a DNA-damaging agent, was associated with breast
cancer risk; in addition, variant genotypes of both ERCC2/XPD
rs1799793 and rs13181 were predictive of the DNA repair capacity
(34).

Because no change occurs in the amino acids in ERCC2/XPD
rs238406 and ERCC1 rs3212986, linkage disequilibrium with adjunct
functional variants of these two SNPs may be the reason for the
observed effects on the phenotype. ERCC2/XPD rs238406, ERCC1
rs11615 and ERCC1 rs3212986 are adjacent on chromosome 19.3.2-
3, and two other important cancer-associated genes, RAI and ASEI, are
also located in this region (37,38). Therefore, further evaluation of the
SNPs in this region is needed to identify other possible genetic
markers for levels of induced DNA adducts or cancer risk.

There are limitations to our current study. First, we studied non-
Hispanic white participants; thus, whether the same associations exist
in other ethnic groups are unknown. Further studies with additional
ethnic populations are needed. Second, the use of in vitro-induced
DNA adducts as a surrogate measure of an individual’s DNA repair
capacity may be less reliable because of large observed variations in
the levels of DNA adducts. Some refining of the assay is needed for
further validation studies.

In conclusion, we found that ERCC1 rs3212986TT, haplotypes
CAC and CGA of ERCC2/XPD, TC of ERCC1 and CACTC of
ERCC2/XPD and ERCC1 were significantly associated with high
levels of induced DNA adducts. The FPRP tests further suggest that
the findings of ERCC1 and ERCC2 haplotypes are noteworthy but
need additional validation.
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