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Abstract
8092C > A polymorphism (A/A versus C/C) and 0.93 (95% CI,
0.67-1.30) for the 19007T > C polymorphism (C/C versus
T/T). Stratified analyses revealed that the AORs for the
8092C > A polymorphism (A/A versus C/C) decreased
significantly as pack-years increased, with the AOR of
2.11 (95% CI, 1.03-4.31) in never smokers and 0.50 (95% CI,
z56 pack-years), respectively.
0.25-1.01) in heavy smokers (z
Consistent results were found when gene-smoking interaction was incorporated by joint effects and interactions
models that considered both discrete and continuous
variables for cumulative smoking exposure. The same direction for the gene-smoking interaction was found for the
19007T > C polymorphism, although the interaction was not
statistically significant. In conclusion, ERCC1 8092C > A
polymorphism may modify the associations between cumulative cigarette smoking and lung cancer risk. (Cancer
Epidemiol Biomarkers Prev 2005;14(2):491 – 6)

Introduction
DNA repair and maintenance is essential in protecting the
genome of the cell from environmental hazards such as
tobacco smoke. Nucleotide excision repair (NER) is the major
pathway in humans for repairing DNA damages induced by
smoking-related carcinogens, such as benzo[a]pyrene diol
epoxide adducts (1). This complex DNA repair process
consists of f30 proteins involved in sequential damage
recognition, chromatin remodeling, incision of the damaged
DNA strand on both sides of the lesion, excision of the
oligonucleotide containing the damage, and gap-filling DNA
synthesis followed by strand ligation (2). Excision repair crosscomplementing group 1 (ERCC1), a highly conserved enzyme,
is the lead component of the NER process and is absolutely
required for the incision step of NER (3, 4). Among the
proteins involved in NER, a defect in ERCC1 seems to be
associated with the most severe DNA repair deficiency (3).
Low expression of ERCC1 mRNA levels in peripheral blood
lymphocytes have been associated with a statistically significant increased risk of squamous cell carcinoma of the head and
neck and a nonsignificant higher risk of lung cancer (5, 6).
Two common polymorphisms of ERCC1, 8092C > A
(rs3212986) and 19007T > C (codon 118, rs11615), have
been reported. The 8092C > A polymorphism is located in
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the 3V-untranslated region of the gene and may affect ERCC1
mRNA stability (7) and has been associated with significantly
higher risk of adult-onset glioma (7) and nonsignificant higher
risk of squamous cell carcinoma of the head and neck (8). The
synonymous 19007T > C polymorphism is associated with
differential ERCC1 mRNA levels (9, 10), and there is no report
on the association between this polymorphism and the risk of
cancers.
Impaired DNA repair capacity (DRC) may increase carcinogenesis and lead to the development of lung cancer;
however, decreased DNA repair may contribute to the
persistence of functional platinum-DNA adducts that confer
antitumor activity. Therefore, DNA repair is regarded as a
‘‘double-edged sword’’ in cancer susceptibility and drug
resistance (11). We and other groups have found statistically
significant gene-smoking interactions between polymorphisms
of DNA repair genes X-ray repair cross-complementing group
1 (XRCC1) and ERCC2 and the risk of lung cancer (12-16).
Associations between ERCC1 polymorphisms and lung cancer
risk have not been reported before. We hypothesized that the
association between ERCC1 polymorphisms and the risk of
lung cancer is modified by cumulative smoking exposure.
Drawing from a large sample, we tested this hypothesis using
gene-smoking interaction analysis.

Materials and Methods
Study Population. The study was approved by the Human
Subjects Committees of Massachusetts General Hospital and
the Harvard School of Public Health, Boston, MA. Details of
this case-control population have been described previously
(15, 17-19). In brief, all eligible cases (patients with histologically confirmed lung cancers) at Massachusetts General
Hospital were recruited between December 1992 and April
2003. Before the year 1997, only early-stage (stages I and II)
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Cigarette smoking may induce DNA damage. Lower DNA
repair capacities have been associated with higher risk of
lung cancer. Excision repair cross-complementing group 1
(ERCC1) is the lead enzyme in the nucleotide excision
repair process, and low expression of ERCC1 mRNA levels
has been associated with higher risk of cancers. We
examined the association between two polymorphisms of
ERCC1, 8092C > A (rs3212986) and 19007T > C (codon 118,
rs11615), which are associated with altered ERCC1 mRNA
stability and mRNA levels, in 1,752 Caucasian lung cancer
patients and 1,358 controls. The results were analyzed using
logistic regression models, adjusting for relevant covariates.
The two polymorphisms were in Hardy-Weinberg disequilibrium and in linkage disequilibrium. There was no
overall association between ERCC1 polymorphisms and
lung cancer risk, with the adjusted odds ratios (AOR) of
1.26 [95% confidence interval (95% CI), 0.81-1.96] for the
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patients were recruited in this study; after 1997, all stages of
lung cancer patients were recruited in this study. Controls
were recruited among healthy friends and nonblood-related
family members (usually spouses) of several groups of hospital
patients: (a) patients with cancer, whether related or not
related to a case or (b) patients with a cardiothoracic condition
undergoing surgery (e.g., cardiac valvular disease, which
typically afflicts patients with similar age and gender
demographics as lung cancer patients). No matching was
done. Importantly, none of the controls were themselves
patients. Potential controls who carried a previous diagnosis
of any cancer (other than nonmelanoma skin cancer) were
excluded from participation. Over 85% eligible cases and over
90% controls participated in this study and provided blood
samples. Interviewer-administered questionnaires collected
information on demographic and detailed smoking histories
from each subject.

Statistical Analysis. Although individuals of all races were
recruited for this study, we restricted our analyses to
Caucasians (97%) to minimize confounding due to allele
frequency variation by ethnicity. We analyzed all Caucasians
with complete information on age, gender, smoking status
(never smokers, ex-smokers, and current smokers), pack-years
of smoking, and years since smoking cessation (for exsmokers).
Detection of linkage disequlibrium between the two
polymorphisms was based on Lewontin’s D‘ in controls
(20). Haplotypes of the two ERCC1 polymorphisms were
generated using the Partition Ligation-Expectation Maximization (PL-EM) version 1.0 (21, 22), which has been used in
other association studies (23, 24). This software uses an
efficient variant of the EM algorithm, to reconstruct
individual probabilities for individual phasing accuracy
based on unphased genotype data. At the same time, it
also provides estimates on the overall haplotype frequencies
as well as their SEs.
Analyses of all genotype and haplotype associations with
lung cancer risk were based on logistic regression models (25).
Logistic regression models were fit to examine the relationship between the log odds of lung cancer and each covariate,
after adjusting for possible confounding factors such as age,
gender, smoking status, pack-years of smoking, and years
since smoking cessation (if ex-smoker). For gene-smoking
interaction analyses, we used multiple approaches to evaluate
consistency of results, including stratified analyses in specific
categories of cumulative smoking exposure (i.e., pack-years),
and genotype-smoking joint effects and interactions models
that considered both discrete and continuous variables for
cumulative smoking exposure. As suggested before (14, 15,
26, 27), square root of pack-years (SR-PY) and log transformed
cigarettes per day were used in the analyses instead of the
original untransformed variables. We fit the interactions
between either the 8092C > A or the 19007T > C polymorphism or ERCC1 haplotypes and SR-PY in separate geneenvironment interaction models. A lack of fit test, as described
in Hosmer and Lemeshow (25), was done to summarize the
goodness-of-fit for each logistic regression model. Where

Results
Population Characteristics. There were no significant
demographic differences (age and gender) between enrolled
and unenrolled eligible cases and controls. A total of 3,345 of
3,371 (99%) enrolled subjects were genotyped successfully for
both ERCC1 polymorphisms. The distributions of race, gender,
age, and smoking characteristics for those with genotype data
was similar to the corresponding distributions observed for the
entire study population. Complete information on age, gender,
and detail smoking variables was available for 3,220 subjects
(96%). We restricted our analysis to the 3,110 Caucasians with
complete data (110 non-Caucasians were excluded). Of these,
there were 1,752 lung cancer cases and 1,358 controls. There
was 100% concordance of the 5% randomly repeated samples
and 10% of data entry.
The distributions of demographic characteristics for cases
and controls are summarized in Table 1. Compared with the
controls, cases were older, had a higher proportion of males,
more likely to be current smokers or heavy smokers, and had
a shorter time since smoking cessation (if an ex-smoker) and
larger pack-years of smoking. Adenocarcinoma, squamous cell
carcinoma, large cell carcinoma, and small-cell carcinoma
represented 50%, 22%, 8%, and 9% of cases, respectively.
Eleven percent were of mixed histologic subtype or had more
than one primary tumor. Clinical American Joint Committee
on Cancer stage data were available for 1,714 cases: 53% were
early stage (I or II).
The distribution of smoking variables in our controls was
similar to the general Massachusetts population over age 45
years (Massachusetts Tobacco Survey, Massachusetts Department of Public Health Publication, http://www.state.ma.us/
dph/mtcp/report/mats.htm). The proportions of never
smokers, ex-smokers, and current smokers were 35%, 46%,
and 19% in our controls and 36%, 47%, and 17% in the general
Massachusetts population over age 45 years, respectively.
For current smokers, mean cigarettes per day (controls,
20 cigarettes; Massachusetts, 21 cigarettes) and earliest age of
smoking (controls, 18 years; Massachusetts, 18) were similar.
For ex-smokers, the proportions of those who have
quit smoking for >5 years were 88% (controls) and 86%
(Massachusetts).
Distribution of ERCC1 Polymorphisms among Cases and
Controls. Both ERCC1 polymorphisms in this control and
case populations were consistent with Hardy-Weinberg
equilibrium (P > 0.05, m 2 goodness-of-fit). The frequencies of
C/C, C/A, and A/A genotypes for the 8092C > A polymorphism
were 56%, 37%, and 7% in cases, and 56%, 38%, and 6% in
controls, respectively. The frequencies of T/T, C/T, and C/C
genotypes for the 19007T > C polymorphism were 37%, 47%,
and 16% in both cases and controls. For the 19007T > C
polymorphism, although the T/T genotype generates the less
commonly associated triplet codon sequence encoding the
amino acid and has been termed the ‘‘variant’’ by convention,
the T/T genotype indeed has higher frequencies in a number of
studies (9, 10, 28, 29). Hence, the T/T genotype is used as
reference group in all of our analyses. Genotype frequencies of
the two polymorphisms were comparable to previous studies
(7, 8, 28, 29).
The two polymorphisms were in linkage disequilibrium
(D’ = 0.79). Genotype concordances between the two polymorphisms were 71% in cases and 70% in controls (i.e., carriage of
the A allele of 8092C > A polymorphism correlated with
carriage of the C allele of 19007T > C polymorphism). ERCC1
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ERCC1 Genotyping. DNA was extracted from peripheral
blood samples using the Puregene DNA Isolation Kit (Gentra
Systems, Minneapolis, MN). The ERCC1 8092C > A and
19007T > C polymorphisms were genotyped by the 5V
nuclease assay (Taqman) using the ABI Prism 7900HT
Sequence Detection System (Applied Biosystems, Foster city,
CA). The primers, probes, and reaction conditions were
available upon request. Genotyping was done by laboratory
personnel blinded to case-control status, and a random 5% of
the samples were repeated to validate genotyping procedures. Two authors reviewed independently all genotyping
results.

appropriate, odds ratio (OR) and 95% confidence interval
(95% CI) for the risk of lung cancer were calculated from these
models. Statistical analyses were all undertaken using SAS
statistical packages (SAS Institute, Cary, NC).
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Table 1. Distribution of demographic characteristics among lung cancer cases and controls
Characteristics

Controls (n = 1,358)

n (%)

n (%)

67 (26-91)

P

60 (27-100)

<0.001

922 (53%)
830 (47%)

602 (44%)
756 (56%)

<0.001

135
927
690
51
30
40

481
618
259
25
20
26

<0.001

(8%)
(53%)
(39%)
(0.1-231)
(0.1-120)
(0.5-73)

(35%)
(46%)
(19%)
(0.1-210)
(0.1-100)
(0.5-65)

<0.001
<0.001
<0.001

12 (1-59)

18 (1-65)

<0.001

117 (7%)
658 (37%)
977 (56%)

86 (6%)
512 (38%)
760 (56%)

0.93

279 (16%)
819 (47%)
654 (37%)

213 (16%)
636 (47%)
509 (37%)

0.98

*Tested by nonparametric Wilcoxon rank sum test.
cCases and controls were compared using m 2 tests.
bExcludes individuals who have never smoked.
xEx-smokers only.

haplotype frequencies are presented in Table 2. Applying
Partition Ligation-Expectation Maximization algorithm, the
posterior probabilities of individual haplotypes were all
>99%; therefore, we assigned each individual haplotype with
the highest posterior probability. There were no statistically
significant differences in the distribution of genotype or
assigned haplotype frequencies of cases and controls by
different subgroups of gender, age, and histologic subtypes.
Association between ERCC1 Genotypes and Lung Cancer
Risk. There was no overall relationship between either
ERCC1 polymorphism and lung cancer risk. For the 8092C
> A polymorphism, the adjusted OR (AOR; 95% CI) that
adjusted for age, gender, smoking status, SR-PY, and years
since smoking cessation were 1.26 (95% CI, 0.81-1.96) for the
A/A genotype and 1.00 (95% CI, 0.80-1.25) for the C/A
genotype when each was compared with the C/C genotype.
For the 19007T > C polymorphism, the AORs were 0.93
(95% CI, 0.67-1.30) for the C/C genotype and 1.03 (95% CI,
0.83-1.29) for the C/T polymorphism, when each was
compared with the T/T genotype. No association was found
between either ERCC1 polymorphism and lung cancer risk in
different age or gender groups.
Association between ERCC1 Genotypes and Cumulative
Cigarette Smoking in Lung Cancer Risk. We first classified
pack-years of smoking into discrete categories. Mild, moderate, and heavy smokers were stratified by tertiles of packyears (divided at 30 and 56) in ever smokers of all
participants. For the ERCC1 8092C > A polymorphism, the
A/A genotype was a risk factor in nonsmokers, but a
protective factor in heavy smokers (i.e., highest tertile of
pack-years) when compared with the C/C genotype, with
the AORs (95% CI) of 2.11 (1.03-4.31), 1.12 (0.61-2.05),
1.46 (0.73-2.93), and 0.50 (0.25-1.01) for never, mild, moderate,
and heavy smokers, respectively.
Similar trends of the gene-smoking interactions were also
suggested for the ERCC1 19007T > C polymorphism; however,
none of the crude or AORs were statistically significant in each
smoking subgroup. The AORs (95% CI) of C/C versus T/T

were 1.51 (0.86-2.65), 0.99 (0.63-1.54), 0.98 (0.61-1.55), and
0.76 (0.45-1.29) for never, mild, moderate, and heavy smokers,
respectively.
In addition to the stratified analysis by different smoking
categories, we also investigated the joint effects of ERCC1
polymorphisms and different levels of cigarette smoking. For
the 8092C > A polymorphism, the combined C/C genotype +
heavy smoking has the highest AOR when compared with the
reference group, the C/C genotype + never smoking (Table 3),
which is consistent to the stratified analysis. Similar genesmoking joint effects were also found for the 19007T > C
polymorphism.
We then evaluated a genotype-smoking interaction model
that considered SR-PY as a continuous variable. The interaction terms between ERCC1 genotypes and SR-PY were
statistically significant for the 8092C > A polymorphism (A/A
versus C/C, P = 0.02 for the interaction term; Fig. 1). Similar
to the results of stratified analyses, the AORs of the A/A versus
C/C genotypes decreased significantly as pack-years increased.
No statistically significant interaction was found between the
19007T > C polymorphism (C/C versus T/T) and SR-PY
(P = 0.15 for the interaction term).

Table 2. Distribution of assumed ERCC1 haplotypes
among lung cancer cases and controls
ERCC1 haplotypes*

Haplotype 1
(8092C + 19007T)
Haplotype 2
(8092C + 19007C)
Haplotype 3
(8092A + 19007T)
Haplotype 4
(8092A + 19007C)

Case (n = 3,504)

Controls (n = 2,716)

Frequency (%)

SE

Frequency (%)

SE

60

0.8

60

0.9

15

0.6

15

0.7

1

0.1

1

0.2

24

0.7

24

0.8

*The sample size of haplotypes are based on number of chromosomes.
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Age*, median (range)
Genderc, n (%)
Male
Female
Smoking statusc, n (%)
Never
Ex-smoker
Current smoker
Pack-years*,b, median (range)
Cigarettes/d*,b, median (range)
Smoking duration*,b,
median (range)
Years since quitting smoking*,x,
median (range)
ERCC1 8092C> A
polymorphismc, n (%)
A/A
C/A
C/C
ERCC1 19007T > C
polymorphismc, n (%)
C/C
C/T
T/T

Case (n = 1,752)
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Association between ERCC1 Haplotypes and Cumulative
Cigarette Smoking in Lung Cancer Risk. In the haplotype
analysis, two indicator variables were generated to identify
subjects with two copies or a single copy of haplotype 4 (8092A
+ 19007C), where each group was compared with subjects with
zero copy of haplotype 4. The frequencies of subjects assumed
to be carrying two, one, and zero copies of haplotype 4 were
6%, 37%, and 57% in both cases and controls. There was no
significant overall association between ERCC1 haplotypes and
lung cancer risk, with the AORs (95% CI) of 1.02 (0.85-1.22) and
1.16 (0.81-1.66) for subjects with 1 and 2 copies of haplotype 4,
respectively. In the haplotype-smoking interaction analyses
where SR-PY was treated as a continuous variable, statistically
significant interactions were found for subjects with two copies
of haplotype 4 (P < 0.01 for the interaction term between

Discussion
Cigarette smoking may induce DNA damage and also
stimulate DNA repair (30). Lung cancer patients have lower
DRC when compared with healthy subjects (30, 31). Therefore,
smoking may modify both lung cancer risk and the function of
DNA repair genes, and polymorphisms that can alter DRC
may lead to synergistic effects with smoking on lung cancer
development. We tested this biological hypothesis by evaluating the statistical relationships between two polymorphisms
of the DNA repair gene ERCC1, cumulative cigarette smoking,
and the risk of lung cancer. We found a statistically significant
interaction between cumulative cigarette smoking and ERCC1
8092C > A polymorphism (or ERCC1 haplotypes) in its
association with lung cancer risk.
Tobacco carcinogens may induce various types of DNA
damages including benzo[a]pyrene diol epoxide adduct,
strand breaks, cross-links, and recombination, which are
repaired through different DNA repair pathways. In addition
to its critical role in NER pathway, ERCC1 is also involved in
other DNA metabolism pathways (32). The ERCC1-ERCC4
complex participate in the cleavage of damaged DNA strand 5V
to the DNA lesion (33), and ERCC1-defective cells or knockout
mice are highly sensitive to DNA cross-linking agents (34, 35).
Cells from ERCC1-deficient mice show increased genomic
instability and a reduced frequency of S-phase-dependent
illegitimate chromosome exchange and signs of premature
aging in addition to a repair deficient phenotype (35).

Table 3. AORs (95% CI) for the joint effect of ERCC1 polymorphisms and cumulative smoking exposure
Genotype

Smoking (case/control)*
Never (135/481)

ERCC1 8092C > A polymorphism
C/C
1.00
C/A
0.91 (0.59-1.38)
A/A
2.24 (1.08-4.62)
Marginal
1.00
ERCC1 19007T > C polymorphism
T/T
1.00
C/T
1.00 (0.64-1.57)
C/C
1.53 (0.86-2.71)
Marginal
1.00

Mild (338/504)

Moderate (560/240)

Heavy (719/138)

Marginal

4.24 (2.81-6.38)
4.39(2.85-6.74)
4.75 (2.42-9.32)
4.20 (2.99-5.88)

8.60
9.72
12.92
8.97

(5.84-12.66)
(6.42-14.72)
(11.6-42.1)
(6.60-12.19)

19.89
17.37
9.94
17.46

(13.16-30.07)
(11.12-27.13)
(4.95-19.94)
(12.67-24.06)

1.0
1.00 (0.84-1.20)
1.17 (0.83-1.66)
—

4.72
4.45
4.38
4.21

9.27
10.25
9.23
9.00

(5.86-14.68)
(6.56-16.01)
(5.41-15.74)
(6.62-12.24)

19.07
20.95
14.34
17.52

(11.75-30.95)
(13.00-33.77)
(8.14-25.27)
(12.71-24.15)

1.0
1.03 (0.85-1.23)
0.99 (0.77-1.27)
—

(2.94-7.58)
(2.81-7.06)
(2.52-7.60)
(3.01-5.90)

NOTE: Interaction models: Separate logistic regression model for the ERCC1 8092C > A and 19007T > C polymorphisms included the following covariates: age,
gender, three dummy variables for pack-years, smoking status, time since smoking cessation (in years), genotype groups, and interaction terms between genotype
groups and the three dummy variables of smoking. Logistic regression models for marginal calculations included the above covariates, except for the interaction
terms. The ORs in different smoking categories are for current smokers or nonsmokers only. For ex-smokers, the ORs for each comparison are f25% less than for
current smokers.
*Mild, moderate, and heavy smokers correspond to the three tertiles of pack-years in ever smokers for all participants. The tertiles were divided at 30 and 56 packyears.
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Figure 1. Adjusted interaction model evaluating ERCC1 8092C > A
polymorphism and smoking exposure (continuous variable). The
fitted ORs of the lung cancer risk of carrying A/A genotype (left) or
C/A genotype (right), when each is compared individually to the C/C
genotype, at various of pack-years. The logistic regression model
included the following covariates: age, gender, square root of packyears, smoking status, time since smoking cessation (in years),
genotype, and interaction terms between homozygote and heterozygote variant genotypes and square root of pack-years. P = 0.02 for
interaction terms between genotype and square root of pack-years for
the homozygote variant; P = 0.83 for interaction terms between
genotype and square root of pack-years for the heterozygote variant.
ORs (95% CI) for never smokers (0 pack-years) and for 15, 40, and
80 pack-years, which represent the approximate midpoints for the
mild (1-30 pack-years), moderate (31-56 pack-years), and heavy
(>56 pack-years) smokers.

haplotype groups and SR-PY), with the AORs decreased
significantly as pack-years increased. The AORs (95% CI) of
two copies of haplotype 4 versus zero copy of haplotype 4 was
2.18 (1.21-3.95) for never smokers and 0.67 (0.40-1.14) for heavy
smokers (80 pack-years).
We repeated interaction analyses adjusting for smoking
variables in different ways. Pack-years was decomposed into its
component parts of smoking intensity (mean number of
cigarettes per day) and duration (in years). When either
component (as a continuous variable) was substituted for
pack-years in the logistic regression models, the gene-smoking
interaction term was statistically significant between ERCC1
haplotype (two copies of haplotype 4 versus zero copy of
haplotype 4) and log-transformed cigarettes per day (P < 0.01)
or between haplotypes and years of smoking (P = 0.03). Similar
results were obtained in haplotype-smoking interaction models
that incorporated different stratifications of pack-years of
smoking, in place of a continuous variable for pack-years (data
not presented).

Cancer Epidemiology, Biomarkers & Prevention
did not match individually our controls to cases on age,
gender, or smoking variables, we did adjust for these variables
in the analyses. We found consistent gene-smoking interactions for the 8092C > A polymorphism, regardless of how we
defined or categorized the smoking variables, or which model
was used. The crude and AORs and adjusted joint effects ORs
for different pack-years categories of smoking were similar in
magnitude and direction to the point estimates obtained from
fitted ORs of the interaction models (Fig 1). Similar associations were also found between different histologic cell types
(adenocarcinoma and squamous cell carcinoma) and clinical
stages of patients (early and late), when each group of patients
were compared with controls (data not shown). Second, we
only evaluated two polymorphisms of ERCC1, which have
been suggested to be associated with ERCC1 mRNA levels and
DRC. It is possible that other polymorphisms of this gene or
polymorphisms of other DNA repair genes including ERCC4
may affect the association between these two polymorphisms
and lung cancer risk, which may help to explain why we did
not observe the significant association between the C/A
genotype of the ERCC1 8092C > A polymorphism and the risk
of lung cancer. However, adding other polymorphisms into
the analysis (gene-gene interaction or gene-gene joint effects)
will introduce three-way interactions and require a larger
sample size. Third, although we adjusted for various smoking
variables in our analysis, second hand smoke exposure,
alcohol consumption, diet, environmental, and occupational
exposure data were not adjusted in our logistic regression
models because of incomplete and missing information. Given
the strong associations between cigarette smoking and DNA
damage and between smoking and lung cancer risks, these
confounders will only likely had mild effects on the results of
gene-smoking interactions, if any. Fourth, although we and
other epidemiologic studies suggested statistically significant
interactions between DNA repair polymorphisms and lung
cancer risk, more biological background data are needed to
explain our results, especially for the protective effect in heavy
smokers of a polymorphism entailing a lower DRC. Last, we
used Partition Ligation-Expectation Maximization program to
infer the haplotype probabilities of each individual. Although
the posterior probabilities of individual haplotypes were all
>99%, inherit error still existed.
In conclusion, our results suggested statistically significant
interactions between ERCC1 genotypes or haplotypes and
cumulative cigarette smoking in lung cancer risk. The A/A
genotype of the 8092C > A polymorphism and specific
haplotypes of the two polymorphisms (8092A + 19007C) are
associated with higher lung cancer risks in never smokers,
and lower lung cancer risks in heavy smokers. The results
need to be confirmed in other independent studies, and
further studies are needed to detect the function of these
polymorphisms and its associations with cigarette smoking
exposure.
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Although no functional difference has been described for
the 8092C > A polymorphism, this polymorphism has been
suggested to be associated with ERCC1 mRNA stability (7) and
may therefore, be associated with lower DRC. In a case-control
study of squamous cell carcinoma of the head and neck where
most of the cases were heavy smokers, the C/C genotype of this
polymorphism was also associated with a nonsignificant
higher risk of squamous cell carcinoma of the head and neck
(36), consistent with our results in heavy smokers. Inconsistent
results have been reported for the function of 19007T > C
polymorphism: one study found that ovarian cell lines
containing the T/T genotype have decreased ERCC1 mRNA
induction after cisplatin exposure when compared with the
C/C genotype cell line (9). However, another study found a
trend toward higher intratumoral ERCC1 mRNA levels with
an increasing number of T alleles in a study of 31 advanced
colorectal cancer patients (10). In our study, we did not find a
statistically significant association between the 19007T > C
polymorphism and the risk of lung cancer. In the haplotype
analysis, although we found statistically significant interactions between ERCC1 haplotypes and cumulative cigarette
smoking, the major effect of the haplotypes is driven by the
8092C > A polymorphisms, given the high linkage disequilibrium between the two polymorphisms (Table 2).
The exact mechanism of the gene-smoking interaction
association for the ERCC1 8092C > A polymorphism warrants
further investigation. One possible explanation is that in
lifetime never smokers, the A/A genotype that is associated
with lower DRC may not repair DNA damage from environmental exposures effectively and is associated with higher
DNA damage levels and in turn, a higher risk of lung cancer.
However, cigarette smoking may stimulate DRC (30). In heavy
smokers, high exposure to tobacco carcinogens may induce
serious DNA damage and generate preneoplastic cells. It is
possible that effective DNA repair may decrease the apoptosis
rate of some of the preneoplastic cells. Therefore, in heavy
smokers lower DRC may also be associated with a higher
apoptosis rate of these preneoplastic cells, which may be one
reason that we observed lower risk of lung cancer for the A/A
genotype in heavy smokers.
Gene-smoking interactions for the associations between
DNA repair gene polymorphisms and the risk of lung cancer
have been observed consistently. Homozygous variant genotypes of the DNA repair genes XRCC1 (Gln/Gln genotype of
the Arg399Gln polymorphism) and ERCC2 (Asn/Asn genotype
of Asp312Asn polymorphism and Gln/Gln genotype of
Lys751Gln polymorphism) that are associated with lower
DRC have been shown to be consistently associated with
higher risk of lung cancer in never smokers, and lower risk in
heavy smokers, when compared with the corresponding wild
genotypes (12-16). Similar gene-environment interactions have
also been suggested between the XRCC1 Arg399Gln polymorphism and sunburn exposure in the risk of skin cancer (37). In
addition, the Gln/Gln genotype of the XRCC1 Arg399Gln
polymorphism and the Gln/Gln genotype of the ERCC2
Lys751Gln polymorphism are associated with higher DNA
adduct levels in WBC in never smokers only, and not in
smokers (38).
This study has several limitations. First, this is a hospitalbased case-control study, where a subset of the controls
included healthy spouses and friends of lung cancer cases.
This subset of controls has a tendency to be more similar to
cases than population controls because they may share similar
health behaviors; thus, a potential bias may exist. However,
bias in the estimate of the stratum specific OR due to a specific
gene with strata defined by levels of measured confounders
and effect modifiers (such as smoking, etc.) will only occur if,
within these strata, this subset of controls is more likely than
other types of controls to have a particular allele or alleles of
the genotype under study; an unlikely scenario. Although we
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