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To explore the potential role for estrogen in lung cancer suscep-
tibility, candidate single-nucleotide polymorphism (SNPs) in
tobacco and estrogen metabolism genes were evaluated. Population-
based cases (n 5 504) included women aged 18–74, diagnosed
with NSCLC in metropolitan Detroit between November 2001
and October 2005. Population-based controls (n 5 527) were iden-
tified through random digit dialing and matched on race and age.
Eleven SNPs in 10 different genes were examined in relation to
risk: CYP1A1 Msp1, CYP1A1 Ile462Val, CYP1B1 Leu432Val,
CYP17, CYP19A1, XRCC1 Gln399Arg, COMT Val158Met, NQO1
Pro187Ser, GSTM1, GSTT1 and GSTP1 Ile105Val. Lung cancer risk
associated with individual SNPs was seen for GSTP1 [A allele; odds
ratio (OR) 5 1.85; 95% confidence interval (CI), 1.04–3.27] and
XRCC1 (A/A genotype; OR 5 1.68; 95% CI, 1.01–2.79) in white
women and CYP1B1 (G allele; OR 5 11.1; 95% CI, 1.18–104)
in black women smokers. White women smokers carrying two
risk genotypes at the following loci were at increased risk of
lung cancer compared with individuals not carrying risk alleles
at these loci: CYP17 and GSTM1, COMT and GSTM1, CYP17
and GSTT1, XRCC1 and GSTP1, CYP1B1 and XRCC1 and COMT
and XRCC1. The most parsimonious model of lung cancer risk
in white smoking women included age, family history of lung
cancer, history of chronic lung disease, pack-years, body mass in-
dex, XRCC1 A/A genotype, GSTM1 null and COMT A/G or G/G
genotype. These findings support the need for continued study of
estrogen in relation to lung cancer risk. Polymorphisms in the
tobacco metabolism, estrogen metabolism and DNA repair path-
ways will be useful in developing more predictive models of indi-
vidual risk.

Introduction

Lung cancer is the second most commonly diagnosed cancer in men
and women and is the leading cause of cancer-related deaths for both
groups in the USA (1). It has been suggested that women may be at
increased risk of lung cancer compared with their male counterparts,
and several sources of evidence, though inconsistent, suggest that
estrogens may play a role in lung cancer. Variation in risk factors
and tumor characteristics between men and women has been reported
in studies showing that women are more likely to have adenocarcino-
mas of the lung (1), a higher risk in never smokers (2), higher levels of
polycyclic aromatic hydrocarbon–DNA adducts at any given level of

smoking (3), higher levels of expression of the gene encoding cyto-
chrome P450 (CYP) 1A1) (3,4), more frequent G:C to T:A transver-
sions in p53 (5) and more frequent epidermal growth factor receptor
mutations (6) than men. Evidence supporting an estrogen component to
risk based on epidemiologic studies has been inconsistent, with reports
of increased risk of adenocarcinomas with ever/never use of estrogen
replacement therapy (7,8), as well as reduced risk with ever/never use
of oral contraceptives and hormone replacement therapy (HRT) (9,10)
or increased risk associated with long duration of HRT use (11). In our
own work, we found an inverse relationship between HRT use and non-
small cell lung cancer (NSCLC) risk in post-menopausal women (12).
This association was strongest in women with tumors expressing estro-
gen receptors (ERs). In addition to exogenous exposure to hormones,
some findings report that lung cancer risk may be associated with
endogenous hormones. A prospective cohort study of Canadian women
found increased risk of lung cancer [Hazard Ratio 5 1.42; 95% con-
fidence intervals (CI), 1.06–1.88] among women with five or more
births compared with nulliparous women (11). Additionally, among
parous women, those who had their first birth after age 30 were at
reduced risk compared with those who had their first birth before age
23, after adjustment for various other risk factors, including smoking
(11). A population-based cohort study of never-smoking Japanese
women reported that the interaction between later age at menopause
and earlier age at menarche was associated with increased risk of lung
cancer (Relative Risk 5 2.76; 95% CI, 1.32–5.77) after adjusting for
age, region and passive smoking exposure, although age at menopause
and menarche were not individually associated with risk (7). Thus, the
roles that endogenous and exogenous hormones play in lung cancer
development have not been elucidated through epidemiologic studies.

Laboratory-based evidence supporting a role for estrogens in lung
cancer development and progression has also been published. Several
studies suggest frequent expression of ER in lung tissue, lung tumors
and lung cancer cell lines (13–18). Further epidemiologic evidence
suggests that ER may be associated with NSCLC prognosis (19–22).
Estrogen bound to ERs affects cell growth, and multiple pathways of
ER action in the lung are currently being studied (13,14,18).

Numerous studies have taken a candidate gene approach to under-
standing susceptibility to lung cancer. The focus of this work has been
on single-nucleotide polymorphisms (SNPs) in genes coding for en-
zymes involved in tobacco carcinogen metabolism (e.g. CYP1A1 and
NQO1) and genes involved in DNA repair (e.g. XRCC1) (23,24).
A number of the same genes involved in tobacco carcinogen metab-
olism pathways are also active in the estrogen metabolism pathway,
including CYP1A1, CYP1B1 and the glutathione S-transferases
(GSTs) (24). In addition, catechol-O-methyltransferase (COMT) en-
zymes appear to play a role in both estrogen metabolism and possibly
nicotine dependence by breaking down catecholamines in the brain
(25–27). CYP17 and CYP19A1 are both key enzymes in biosynthesis
of estradiol, but do not have an established role in tobacco carcinogen
metabolism (28–30). To further explore the role of estrogen in lung
cancer development, we evaluated the role of the following SNPs in
these tobacco and estrogen metabolism genes: CYP1A1 Msp1, CYP1A1
Ile462Val, CYP1B1 Leu432Val, CYP17, CYP19A1, XRCC1 Gln399Arg,
COMT Val158Met, NQO1 Pro187Ser, GSTM1, GSTT1 and GSTP1
Ile105Val along with tobacco use and estrogen exposures in determining
risk of NSCLC in women in a large population-based study. In addition,
we further examine the role of these SNPs as part of a risk prediction
model, including both traditional and genetic risk factors.

Materials and methods

Study subjects

Subjects were enrolled through the population-based Metropolitan Detroit
Cancer Surveillance System, a participant in the National Cancer Institute’s

Abbreviations: BMI, body mass index; CI, confidence interval; COMT, catechol-
O-methyltransferase; CYP, cytochrome P450; ER, estrogen receptor; ETS,
environmental tobacco smoke; GST, glutathione S-transferase; HRT, hormone
replacement therapy; NSCLC, non-small cell lung cancer; OR, odds ratio; PCR,
polymerase chain reaction; SNP, single-nucleotide polymorphism.
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Surveillance, Epidemiology and End Results program. This study has been
described in detail elsewhere (12). Women aged 18–74, diagnosed with pri-
mary NSCLC in Wayne, Macomb and Oakland counties between 1 November
2001 and 31 October 2005 were eligible to participate. Ascertainment was
originally limited to those with adenocarcinoma histology, but was broadened
after 1 November 2004 to include all NSCLC histologic types since many
histological diagnoses at the time of rapid case ascertainment were not more
specific. The majority of cases (71.6%) were adenocarcinoma histology, 8.9%
were squamous cell carcinoma, 3.0% large cell carcinoma and 16.5% were
NSCLC, unspecified, reflecting this sampling method.

Of the 1092 women identified as eligible for the study, 582 women com-
pleted an in-person interview and provided a DNA sample (53.3%), 133 were
too ill (12.2%), 273 refused (25.0%) and a working phone number could not be
found for another 97 (8.9%). Seven women participated in the interview por-
tion of the study but did not provide a DNA sample (0.6%). Women self-
reporting race other than black or white (n 5 16) were excluded from these
analyses. Participants reporting a previous history of breast cancer (64 cases
and 27 controls) were excluded from this analysis due to the associations
between reproductive factors, estrogen-related SNPs and breast cancer risk
thus ensuring that associations detected were not driven by differences in
breast cancer risk factors between cases and controls. In total, interview data
and DNA samples were available for 504 women with lung cancer.

Population-based controls were identified through random digit dialing.
Exclusion criteria included a previous diagnosis of a primary lung cancer;
however, due to the low prevalence of this condition, no controls were excluded
for this reason. Control women were frequency matched to cases on race and 5
years age group. Of the households willing to complete the brief eligibility
screening questionnaire, 565 (68.5%) participated. Eleven controls reporting
race other than black or white and 27 with a previous breast cancer diagnosis
were excluded from this analysis, leaving 527 controls with interview data and
DNA samples for analysis.

Data and biospecimen collection

All local institutional and review boards approved this study. Informed consent
was obtained from each subject prior to study participation in an in-person
interview. Data collected included demographic information, self-reported
race, smoking history, health history, reproductive history and environmental
tobacco smoke (ETS) exposure. Health history included self-report of physi-
cian diagnoses of asthma, emphysema, allergies, pneumonia, bronchitis,
chronic obstructive pulmonary disease, tuberculosis and cancer. Emphysema,
chronic obstructive pulmonary disease and chronic bronchitis were combined
to create a broad ‘chronic obstructive lung disease’ variable. Diagnoses re-
ported within 1 year of lung cancer diagnosis (for cases) or interview (for the
controls) were excluded. Non-smokers were individuals who reported smoking
,100 cigarettes in their lifetime. Ex-smokers were women who reported quit-
ting smoking �2 years prior to diagnosis (cases) or interview (controls). Both
ex-smokers and current smokers were further categorized based on number of
pack-years of smoking, based on the median amount of smoking in the control
population. Light smokers were individuals with �25 pack-years of smoking,
and heavy smokers included women with �26 pack-years of use. Dates and
dosages for oral contraceptive use and HRT were collected. Estrogen only,
estrogen combined with progesterone, progesterone only and unknown HRT
formulations were included as HRT use in analyses. Family history of lung
cancer was coded as yes or no based on detailed first-degree family history
information.

Genotyping

DNA extraction. DNA was isolated from whole blood with a Gentra Autopure
system (Qiagen, Valencia, CA), cells from inside the mouth (Gentra Puregene
kit) or paraffin-embedded tissue (QIAamp DNA Mini Kit, Qiagen) follow-
ing the manufacturers’ protocols. When multiple biospecimens were ob-
tained from a study participant, DNA extracted from blood was used
preferentially, followed by DNA extracted from mouthwash samples and
DNA extracted from normal tissue within paraffin blocks. In cases, DNA
was obtained from blood (n 5 428, 84.9%), buccal cells (n 5 72, 14.3%)
and normal tissue blocks (n 5 4, 0.8%). Controls provided blood (n 5 484,
91.8%) or buccal cells (n 5 43, 7.2%) for genotyping.

Preamplification. DNA isolated from buccal cells or paraffin-embedded tissue
was preamplified using a nested polymerase chain reaction (PCR) strategy.
Preamplification (outer amplification) was carried out in a 25 ll reaction con-
taining 2.5 mmol/l MgCl2, 0.5 lmol/l of the gene-specific outer forward and
reverse primers, 1.25 U AmpliTaq Gold polymerase and 200 lmol/l of deox-
yadenosine triphosphate, deoxycytidine triphosphate, deoxyguanosine triphos-
phate and deoxythymidine triphosphate. The outer amplification mixture was
denatured at 95�C for 10 min and amplification was achieved by 15 cycles of
94�C for 30 s, a primer-specific annealing temperature for 30 s and 72�C for

1 min, followed by a final extension at 72�C for 10 min. The outer amplifica-
tion was performed on a Mastercycler� Gradient thermocycler (Eppendorf,
Westbury, NY). PCR failure was responsible for the following missing geno-
type data: eight cases, eight controls (CYP1A1 MspI); two cases, four controls
(CYP1A1 Ile462Val); five cases, one control (CYP1B1); two cases (CYP17);
four cases, one control (CYP19A1); four cases, one control (NQO1); two cases,
three controls (GSTM1); one case (GSTT1); four cases, one control (GSTP1);
seven cases and four controls (COMT) and two cases (XRCC1). Additionally,
we did not attempt to genotype five cases and 24 controls at CYP19A1 due to
time and financial constraints at the end of the study period. Overall, genotyp-
ing success rates were .98% for all genotypes.

Restriction fragment length polymorphism. Genotypes for the CYP1A1 MspI
(rs4646903) polymorphism were ascertained using restriction fragment length
polymorphism protocols as described by Drakoulis et al. (31). Briefly, products
of the enzyme digests were run on an 8% polyacrylamide gel and visualized
by ethidium bromide staining. Sequencing verified a random sample of 5% of
the subjects with 100% concordance. Laboratory techniques and primers are
described in greater detail in Wenzlaff et al. (32).

TaqMan assays. Genotypes for CYP1A1 Ile462Val (rs1048943), CYP17
(rs743572), CYP1B1 Leu432Val (rs1056836), XRCC1 Gln399Arg (rs25487)
and COMT Val158Met (rs4680) polymorphisms were ascertained through the
creation of custom TaqMan assays (TaqMan, Applied Biosystems, Foster City,
CA) (see Table II footnotes for specific primers). The CYP19A1 tetranucleotide
repeat polymorphism (TTTA) inner reaction contained 1� True Allele PCR
Mix (Applied Biosystems), 333 nM CYP19 IF (5#-NED-TGAATGT-
GCCTTTTTTGAAATCATA-3#) and CYP19 R primer and either 1 ll of the
preamplified outer reaction or 20 ng genomic DNA. The NED-labeled inner
PCR products were mixed with ROX-labeled 500HD size standards (Applied
Biosystems) and electrophoresed on a AB3100 (Applied Biosystems). CEPH
1347-02 DNA (Applied Biosystems) was used as a standard DNA and ampli-
fied and electrophoresed on each 96-well plate. NQO1 Pro187Ser polymor-
phism (rs1800566) genotyping was performed using a 5#-nuclease assay
(TaqMan, Applied Biosystems) for all subjects and has been described pre-
viously (33). Likewise, the Ile105Val polymorphisms of GSTP1 (rs1695) and
null mutations of GSTM1 and GSTT1 were also determined by using the
TaqMan 5#-nuclease assay and have been described previously (34). For
all markers, 5% of the products were randomly sequenced and 10% of geno-
types were carried out in duplicate, with 100% concordance between the
genotype results.

Statistical analysis

Genotype frequencies for each polymorphism were calculated for cases and
controls, stratifying by race. Hardy–Weinberg equilibrium tests of genotype
distribution in controls, by race, were conducted for all genes except GSTM1,
GSTT1 and CYP19A1 because of the nature of the mutations. Comparisons
of dichotomous risk factors were made between cases and controls using
Pearson’s chi-square tests; comparisons of means were conducted using
Student’s t-tests. Heterozygotes were combined with homozygotes to assess
risk of lung cancer associated with carrying certain genotypes. Specifically,
individuals with at least one C allele at CYP1A1 Msp1 (TC or CC) were
compared with those with the TT genotype. Other combinations were as
follows: CYP1A1 Ile462Val individuals carrying at least one G allele (Ile/Val
or Val/Val) were compared with those with the AA (Ile/Ile) genotype; at
CYP1B1 Ile432Val, those with at least one G allele (Ile/Val or Val/Val) were
compared with those with the CC (Ile/Ile) genotype; at CYP17, those with at
least one G allele were compared with the AA genotype; at NQO1, those with
at least one T allele (Pro/Ser or Ser/Ser) were compared with the CC (Pro/Pro)
genotype; at GSTP1, those with at least one A allele (Ile/Ile or Ile/Val) were
compared with the GG (Val/Val) genotype; at COMT, those with at least one A
allele (Met/Met or Val/Met) were compared with the GG (Val/Val) genotype
and at XRCC1, those with the AA genotype (Gln/Gln) were compared with
those with any G allele (Gln/Arg or Arg/Arg). For the repeat polymorphism in
CYP19A1, TTTA10 was established as the cut point based on the frequency
distribution in the control population. The effect of each variant on lung cancer
risk was tested in unconditional logistic regression models, adjusting for age at
diagnosis (cases)/interview (controls), self-reported race (white/black), pack-
years of smoking, current body mass index (BMI), family history of lung
cancer and history of a chronic obstructive lung disease. Odds ratios (OR)
and 95% CIs for each genotype were calculated from coefficients in the ad-
justed models. Analyses were repeated after stratification by age (,60/60þ),
race, smoking exposure history (never/ever and light/heavy use among smok-
ers) and HRT use (ever/never).

Selecting the group that represented the majority of our lung cancer cases
(white ever smokers), two gene combinations were analyzed in unconditional
logistic regression models to assess risk of lung cancer associated with carrying
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no risk genotypes, one risk genotype or two risk genotypes. It was determined
a priori that we would analyze single SNPs that were found to be statistically
significant in the white population. Data are presented for combinations of the
GSTs and XRCC1 with the other SNPs analyzed in this study. In addition, using
data from this subgroup of white ever-smoking women, we performed a model
building procedure using forward selection which included both environmental
risk factors (age, current BMI, pack-years, obstructive lung disease and family
history) and the candidate genotypes. To assess which environmental risk
factors were important and whether the addition of genotype information into
this model would improve the fit, we used the likelihood ratio test to calculate
the statistical significance of nested models as new terms were added. Differ-
ences in the 2 ln (likelihood of full model/likelihood of null model) between
nested models (notated as ‘G’) were compared with the v2 distribution, with
the degrees of freedom equal to the difference in the degrees of freedom
between the two models. In addition to the main effects of these genes, we
considered two- and three-way gene–gene interactions. We also considered the
interaction of each gene with environmental risk factors: age (,60/60þ years

of age), BMI tertiles (�24.9/25.0–29.9/30þ), personal smoking history (0–25/
26þ pack-years), personal history of an obstructive lung disease (yes/no) and
family history of lung cancer (yes/no). When evidence of gene–gene or gene–
environment interaction was found, we examined cases and controls separately
using a log-linear model. Adjusted ORs for variables included in the most
parsimonious model are presented. The significance level was set at a 5 0.05
and all tests were two sided. All statistical analyses were done using SAS
version 9.1 (SAS Institute, Cary, NC).

Results

Table I presents the characteristics of case and control women, overall
and stratified by race. Among white women, cases and controls were
frequency matched on age (at diagnosis or interview), with the mean
for both groups of �60 years of age (P 5 0.19), with the majority of
the subjects reporting to be post-menopausal (95.1% of cases and

Table I. Characteristics of NSCLC cases and controls

Characteristic Total sample Whitea Blacka

Cases
N 5 504
(48.9%)

Controls
N 5 527
(51.1%)

P-value Cases
N 5 389
(48.9%)

Controls
N 5 406
(51.7%)

P-value Cases
N 5 115
(48.7%)

Controls
N 5 121
(51.3%)

P-value

Age (mean, SD) 59.7 (9.2) 59.0 (9.5) 0.27 60.3 (9.1) 59.5 (9.4) 0.19 57.4 (9.3) 57.5 (9.8) 0.94
Current BMI (mean, SD) 26.2 (5.8) 29.4 (7.3) ,0.0001 26.0 (5.6) 28.6 (6.6) ,0.0001 26.7 (6.6) 32.2 (8.6) ,0.0001
Education, n (%) ,0.0001 ,0.0001 0.48

Less than high school 94 (18.7) 45 (8.5) 65 (16.8) 22 (5.4) 29 (25.2) 23 (19.0)
High School graduate

or equivalent
200 (39.8) 168 (31.9) 166 (42.8) 132 (32.5) 34 (29.6) 36 (29.8)

Some college 209 (41.5) 314 (59.6) 157 (40.4) 252 (62.1) 52 (45.2) 62 (51.2)
Smoking status, n (%) ,0.0001 ,0.0001 ,0.0001

Never 40 (7.9) 259 (49.5) 32 (8.2) 204 (50.6) 8 (7.0) 55 (45.9)
Exsmokerb 159 (31.6) 164 (31.4) 166 (34.2) 130 (32.3) 26 (22.6) 34 (28.3)
Current smoker 305 (60.5) 100 (19.1) 224 (57.6) 69 (17.1) 81 (70.4) 31 (25.8)

Pack-years (mean, SD) 46.9 (29.2) 25.3 (22.8) ,0.0001 51.2 (29.6) 26.2 (22.8) ,0.0001 32.7 (22.9) 22.6 (22.7) 0.005
Exposure to ETS
as a child, n (%)

0.04 0.11 0.18

No 108 (21.4) 142 (26.9) 80 (20.6) 103 (25.4) 28 (24.3) 39 (32.2)
Yes 396 (78.6) 385 (73.1) 309 (79.4) 303 (74.6) 87 (75.7) 82 (67.8)
Years (mean, SD
among exposed)

16.5 (3.8) 15.8 (6.1) 0.08 16.8 (3.5) 16.0 (6.5) 0.07 16.5 (4.8) 16.2 (4.5) 0.76

Household exposure
to ETS as an adult, n (%)

,0.0001 ,0.0001 0.94

No 98 (19.5) 177 (33.7) 69 (17.8) 146 (36.0) 29 (25.2) 31 (25.6)
Yes 405 (80.5) 349 (66.3) 319 (82.2) 259 (64.0) 86 (74.8) 90 (74.4)
Years (mean, SD

among exposed)
27.0 (15.2) 19.8 (13.3) ,0.0001 28.0 (14.6) 19.9 (13.2) ,0.0001 23.7 (16.7) 19.8 (13.8) 0.09

Work exposure to
ETS, n (%)

,0.0001 ,0.0001 0.05

No 108 (21.5) 184 (35.0) 80 (20.6) 140 (34.6) 28 (24.6) 44 (36.4)
Yes 395 (78.5) 341 (65.0) 309 (79.4) 264 (65.4) 86 (75.4) 77 (63.6)
Years (mean, SD

among exposed)
16.4 (10.7) 13.2 (11.0) ,0.0001 16.7 (11.0) 12.9 (11.1) ,0.0001 15.4 (9.4) 14.3 (10.7) 0.47

History of chronic
obstructive lung
disease, n (%)c

,0.0001 ,0.0001 0.38

No 346 (68.7) 453 (86.0) 252 (64.8) 349 (86.0) 94 (81.7) 104 (86.0)
Yes 158 (31.3) 74 (14.0) 137 (35.2) 57 (14.0) 21 (18.3) 17 (14.0)

First-degree family
history of lung
cancer, n (%)

,0.0001 ,0.0001 0.01

No 374 (74.2) 463 (87.9) 287 (73.8) 356 (87.7) 87 (75.6) 107 (88.4)
Yes 130 (25.8) 64 (12.1) 102 (26.2) 50 (12.3) 28 (24.4) 14 (11.5)

HRT use, n (%) 0.13 0.25 0.24
Ever 233 (46.2) 269 (51.0) 203 (52.3) 177 (43.6) 30 (26.1) 40 (33.1)
Never 270 (53.8) 258 (49.0) 185 (47.7) 229 (56.4) 85 (73.9) 81 (66.9)

aWhite cases were missing one response for education, one for household exposure to ETS as an adult and one response for HRT use. White controls were missing
three responses for smoking status and one response for household exposure to ETS as an adult. Black cases were missing one response for work exposure to ETS
and black controls were missing one response for smoking status.
bQuit smoking at least 2 years prior to diagnosis (cases) or interview (controls).
cChronic bronchitis, chronic obstructive pulmonary disease or emphysema.
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85.5% of controls, P , 0.0001, data not shown). White controls had
higher BMIs than case women (P , 0.0001) and had attained higher
levels of education (P , 0.0001). White control women were less
likely to be current smokers (P , 0.0001). Among those who did
smoke (either current or ex-smokers), white control women reported
significantly fewer pack-years of smoking (P , 0.0001). Exposure to
ETS as a child was similar among all white women (P 5 0.11), but
among those who were exposed (approximately three quarters of
women in both groups), the mean number of years was similar for
both groups (P 5 0.07). As adults, both household exposure to ETS
and work exposure to ETS was more common among the white case
women (both P , 0.0001), and the number of years exposed at home
and work was also significantly higher (both P , 0.0001). White
cases were also more likely than controls to report a personal history
of chronic obstructive lung disease (P , 0.0001) and to report a fam-
ily history of lung cancer in a first-degree relative (P , 0.0001).
There were no differences in reported ever/never use of HRT between
the white case and control women (P 5 0.25).

The mean age reported among black cases and controls was similar
(P 5 0.94), with 88.7% of cases and 81.8% of controls reporting to be
post-menopausal (P 5 0.14, data not shown). Black controls had
higher BMIs than case women (P , 0.0001). Educational attainment
was similar for both groups (P 5 0.48). Black control women were
less likely to be current smokers (P , 0.0001), and those that were
ever smokers reported significantly fewer pack-years of smoking
compared with black case women (P , 0.0001). Exposure to ETS
as a child and as an adult at home was similar among all black women
(P 5 0.18 and P 5 0.94, respectively). Work exposure to ETS was
more common among the black case women (P 5 0.05), but the
number of years exposed did not differ significantly (P 5 0.47).
Black cases were not more likely than controls to report a personal
history of chronic obstructive lung disease (P 5 0.38), but were more
likely to report a family history of lung cancer in a first-degree relative
(P , 0.01). There were no differences in reported ever/never use of
HRT between the black case and control women (P 5 0.24).

Table II reports the genotype frequency by case or control status,
stratified by race. The following genotype distributions in controls
differed between white and black women: CYP1A1 Msp1 (P 5 0.03),
CYP1B1 (P , 0.0001), CYP19A1 (P , 0.0001), GSTM1 (P
, 0.0001), GSTP1 (P , 0.005), COMT (P , 0.0001) and XRCC1
(P , 0.0001). We examined Hardy–Weinberg equilibrium in the
white controls and black controls separately, and no evidence of de-
viation from Hardy–Weinberg equilibrium in either group was found.
The only significant difference between cases and controls was seen in
black women for the CYP17 genotypes (P 5 0.01). All other geno-
type frequencies were similar between cases and controls in unad-
justed analyses.

Table III presents lung cancer risk associated with each genotype
for all women combined, then stratified by race and by smoking
status and race and HRT use, after adjusting for BMI, age, family
history of lung cancer, pack-years of smoking (among smokers) and
obstructive lung disease (in the smokers groups only). Among all
women, those with GSTM1 null genotypes were more likely to have
lung cancer than those with a GSTM1 present genotype (OR 5 1.40;
95% CI, 1.02–1.91). Women carrying at least one A allele at GSTP1
were also at greater risk of having lung cancer compared with those
with the GG genotype (OR 5 1.59; 95% CI, 1.02–2.47); a similar
association was seen for white women only (OR 5 1.85; 95% CI,
1.04–3.27). Women carrying the A/A genotype at XRCC1 were 1.6-
fold more likely to have lung cancer compared with women with the
at least one G allele (OR 5 1.62; 95% CI, 1.01–2.60), and this
association was also seen for white women only (OR 5 1.68; 95%
CI, 1.01–2.79), particularly in ever-smoking white women (OR
5 2.11; 95% CI, 1.13–3.94). Among black ever-smoking women,
those carrying the C/G or G/G genotype were 11.09-fold more likely
to have lung cancer compared with those carrying the C/C genotype
at CYP1B1 (OR 5 11.09; 95% CI, 1.18–104.25), although it should
be noted that these results are based on six individuals with the
C/C genotype. There were no other associations between single

genotypes and lung cancer risk among the entire group, by race or
by HRT use.

Table IV presents lung cancer risk associated with single genotypes
and two gene combinations (the GSTs and XRCC1) for white ever-
smoking women, with ORs and 95% CIs adjusted for age, BMI, pack-
years of smoking, family history of lung cancer and history of
obstructive lung disease. GSTM1 and GSTT1 were included because,
although not statistically significant at the 0.05 level in our popula-
tion, they are among the most commonly analyzed gene–gene combi-
nations in the literature and have both been identified singularly in
larger pooled and meta-analyses as having modest associations with
lung cancer risk (35,36). When examining two genes and coding risk
as 0 risk genotypes, 1 risk genotype or 2 risk genotypes, the combi-
nation of carrying GSTM1 null genotype and the CYP17 risk genotype
(A/G and G/G) was associated with an increased risk of lung cancer
compared with individuals who carried 0 risk genotypes at these loci
(OR 5 1.83; 95% CI, 1.02–3.30). Increased risk was also seen for
individuals carrying one or two risk genotypes at GSTM1 and COMT
compared with those with no risk genotypes at these loci (OR 5 2.28;
95% CI, 1.07–4.84 and OR 5 2.57; 95% CI, 1.18–5.59, respectively).
Risk was also increased for individuals carrying either risk genotype
for GSTM1 or XRCC1 (OR 5 1.73; 95% CI, 1.12–2.65) compared
with those with no risk genotypes at these loci. Individuals with both
GSTM1 and XRCC1 risk genotypes had non-statistically significant
increased risk compared with those with no risk genotypes (OR
5 2.12; 95% CI, 0.92–4.89). Increased risk of lung cancer was also
seen among individuals who carry both the GSTT1 and CYP17 risk
genotypes compared with those who do not (OR 5 2.06; 95% CI,
1.02–4.19). Increased risk was also seen for those carrying either the
GSTT1 or XRCC1 risk genotypes (OR 5 1.76; 95% CI, 1.11–2.77)
and for individuals carrying GSTT1 and GSTP1 risk genotypes com-
pared with those with no risk alleles at these loci (OR 5 2.56; 95%
CI, 1.02–6.42). Individuals with GSTP1 and XRCC1 risk genotypes
were .3-fold more likely to have lung cancer compared with those
with no risk genotypes at these loci (OR 5 3.57; 95% CI, 1.38–9.21).
Individuals with both risk genotypes for XRCC1 and CYP1B1 were
also .3-fold more likely to have lung cancer compared with those
with neither risk genotype (OR 5 3.39; 95% CI, 1.35–8.53), and
those with XRCC1 and COMT risk genotypes were .2-fold more
likely to have lung cancer compared with those without risk genotypes
at these loci (OR 5 2.54; 95% CI, 1.10–5.83).

Estimates for each variable in the best fitting unconditional regres-
sion model are presented in Table V for white ever-smoking women.
The most parsimonious model consisted of traditional risk factors for
lung cancer, including age at diagnosis (P 5 0.34), family history of
lung cancer in a first-degree relative (P 5 0.0011), personal history
of a chronic obstructive lung disease (P 5 0.008) and BMI (with
a higher BMI showing a protective effect) (P 5 0.0003). Among
the traditional risk factors, pack-years of cigarette smoking was the
most significant predictor of lung cancer risk (P , 0.0001). Three of
the SNPs examined in this study were also selected in the most par-
simonious model, namely GSTM1 (P 5 0.11), COMT A/G or G/G
genotype (P 5 0.59), and XRCC1 A/A was the strongest genetic pre-
dictor of risk that was examined in this study (P 5 0.02). The addi-
tion of XRCC1 provided a better fit than the risk factor model alone
(G 5 5.91), and the addition of GSTM1 further improved the fit
(G 5 5.47). Only the addition of COMT significantly improved the
fit of the model once XRCC1 and GSTM1 were included with the
traditional risk factors (G 5 4.11), resulting in the most parsimonious
model. It should be noted that after the inclusion of the traditional risk
factors associated with lung cancer, adding any combination of two
SNPs was found to result in a significantly improved model fit, even
when the main effects of each single SNP by itself were not signifi-
cant. No statistically significant interactions were noted between the
SNPs, although there was a significant interaction between GSTM1
(null/present) and BMI (underweight or normal/overweight/obese)
(P 5 0.007). After stratification by case or control status, this asso-
ciation was not seen among case women (P 5 0.26), only control
women (P 5 0.02) and may represent a chance finding. No other
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interactions between the traditional risk factors for lung cancer risk
and the genetic risk factors were identified.

Discussion

The associations between the SNPs involved in tobacco carcinogen
metabolism and lung cancer have been examined in numerous studies
with variable results, as we have recently reviewed (37). There is
evidence from studies of human lung tissue suggesting that the path-
ways involved in carcinogen metabolism and sex steroid synthesis
interact with GSTT1, CYP1B1 and NQO1 correlated with plasma
estradiol levels or ER expression (24). NQO1 expression was also

correlated with hormonal factors in human lung tumor tissue. Further
work by this group suggests that ER-alpha regulates CYP1A1 protein
expression when exposed to cigarette smoke extract in normal human
bronchial epithelial cells and increases both basal expression of
CYP1B1 at the messenger RNA level and protein level (38). The
modest ORs and 95% CIs estimated for the association between lung
cancer and polymorphisms in GSTM1, GSTT1, GSTP1, NQO1,
CYP1A1 and XRCC1, both individually and combined, in our study
population of women with NSCLC are similar to the ranges reported
in the literature. The genes involved in sex steroid synthesis
(CYP19A1, COMT, CYP17 and CYP1B1) have been less well studied
in relation to lung cancer risk and are described in more detail in the

Table II. Genotype distribution in women with lung cancer and controls, by race

Genotype Total sample White Black

Cases
N 5 504, n (%)

Controls
N 5 527, n (%)

P-
value

Cases
N 5 389, n (%)

Controls
N 5 406, n (%)

P-
value

Cases
N 5 115, n (%)

Controls
N 5 121, n (%)

P-
value

CYP1A1 Msp1
T/T 373 (75.2) 402 (77.4) 0.23 308 (80.0) 320 (80.0) 0.60 65 (58.6) 82 (68.9) 0.16
C/T 109 (22.0) 110 (21.2) 70 (18.2) 76 (19.0) 39 (35.1) 34 (28.6)
C/C 14 (2.8) 7 (1.4) 7 (1.8) 4 (1.0) 7 (6.3) 3 (2.5)

CYP1A1 Ile462Vala

A/A 464 (92.4) 489 (93.5) 0.25 359 (92.8) 372 (92.5) 0.38 105 (91.3) 117 (96.7) 0.08
A/G 38 (7.6) 32 (6.1) 28 (7.2) 28 (7.0) 10 (8.7) 4 (3.3)
G/G 0 (0) 2 (0.4) 0 (0) 2 (0.5) 0 (0) 0 (0)

CYP1B1b

C/C 120 (24.0) 144 (27.4) 0.45 119 (30.9) 136 (33.6) 0.70 1 (0.9) 8 (6.6) 0.07
C/G 234 (46.9) 240 (45.6) 190 (49.4) 195 (48.1) 44 (38.6) 45 (37.2)
G/G 145 (29.1) 142 (27.0) 76 (19.7) 74 (18.3) 69 (60.5) 68 (56.2)

CYP17c

A1/A1 180 (35.9) 209 (39.7) 0.34 136 (35.1) 159 (39.2) 0.36 44 (38.6) 50 (41.3) 0.01
A1/A2 246 (49.0) 251 (47.6) 200 (51.5) 189 (46.5) 46 (40.4) 62 (51.2)
A2/A2 76 (15.1) 67 (12.7) 52 (13.4) 58 (14.3) 24 (21.0) 9 (7.4)

CYP19A1d

,10 222 (44.8) 217 (43.2) 0.61 137 (35.8) 133 (34.6) 0.74 85 (75.9) 84 (71.2) 0.42
10þ 273 (55.2) 285 (56.8) 246 (64.2) 251 (65.4) 27 (24.1) 34 (28.8)

NQO1
C/C 348 (69.6) 350 (66.5) 0.40 271 (70.0) 271 (66.9) 0.32 77 (67.5) 79 (65.3) 0.82
C/T 129 (25.8) 155 (29.5) 97 (25.1) 119 (29.4) 32 (28.0) 36 (29.8)
T/T 23 (4.6) 21 (4.0) 19 (4.9) 15 (3.7) 4 (3.5) 6 (4.9)

GSTM1
0 (þ) 256 (51.0) 299 (57.1) 0.05 178 (45.9) 206 (51.1) 0.14 78 (68.4) 93 (76.9) 0.15
1 (null) 246 (49.0) 225 (42.9) 210 (54.1) 197 (48.9) 36 (31.6) 28 (23.1)

GSTT1
0 (þ) 398 (79.3) 419 (79.5) 0.88 311 (80.1) 324 (79.8) 0.90 87 (75.7) 95 (78.5) 0.60
1 (null) 105 (20.7) 108 (20.5) 77 (19.9) 82 (20.2) 28 (24.3) 26 (21.5)

GSTP1
G/G 63 (12.6) 84 (16.1) 0.30 38 (9.8) 56 (13.8) 0.21 25 (21.9) 28 (23.3) 0.86
A/G 238 (47.6) 244 (46.3) 177 (45.9) 184 (45.3) 61 (53.5) 60 (50.0)
A/A 199 (39.8) 198 (37.6) 171 (44.3) 166 (40.9) 28 (24.6) 32 (26.7)

COMTe

G/G 134 (27.0) 151 (28.9) 0.47 78 (20.3) 92 (22.8) 0.46 56 (50.0) 59 (49.2) 0.79
A/G 251 (50.5) 244 (46.6) 205 (53.2) 197 (48.9) 46 (41.1) 47 (39.2)
A/A 112 (22.5) 128 (24.5) 102 (26.5) 114 (28.3) 10 (8.9) 14 (11.7)

XRCC1f

G/G 258 (51.4) 248 (47.1) 0.05 172 (44.4) 160 (39.4) 0.06 86 (74.8) 88 (72.7) 0.80
A/G 182 (36.2) 228 (43.2) 159 (41.1) 200 (49.3) 23 (20.0) 28 (23.2)
A/A 62 (12.4) 51 (9.7) 56 (14.5) 46 (11.3) 6 (5.2) 5 (4.1)

aCYP1A1 primers: 5#-GGCAAGCGGAAGTGTATCG-3# and 5#-CAGGATAGCCAGGAAGAGAAAGAC-3#. CYP1A1 probe sequences: 5#-VIC-
TGAGACCATTGCCCGC-MGB-3# and 5#-FAM-AGACCGTTGCCCGC-MGB-3#.
bCYP1B1 primers: 5#-CACTGCCAACACCTCTGTCTTG-3# and 5#-AAGAATCGAGCTGGATCAAAGTTC-3#. CYP1B1 probe sequences: 5#-6FAM-
ATGACCCACTGAAGTG-MGBNFQ-3# and 5#-VIC-ATGACCCAGTGAAGTG-MGBNFQ-3#.
cCYP17 primers: 5#-CACGAGCTCCCACATGGT-3# and 5#-CCTCCTTGTGCCCTAGAGTTG-3#. CYP17 probe sequences: 5#-VIC-
ATAGACAGCAGTGGAGTAG-MGB-3# and 5#-FAM-ACAGCGGTGGAGTAG-MGB-3#.
dIndividuals are recorded as ‘10þ’ if they have at least one set of repeats that is �10 repeats in length and ,10 if both sets of repeats are ,10 repeats.
eCOMT primers: 5#-CGACTGTGCCGCCATCA-3# and 5#-AACGGGTCAGGCATGCA-3#. COMT probe sequences: 5#-FAM-
CTTGTCCTTCACGCCAGCGAAAT-TAMRA-3# and 5#-VIC-CCTTGTCCTTCATGCCAGCGAA-TAMRA-3#.
fXRCC1 primers: 5#-GTGGGTGCTGGACTGTCA-3# and 5#-AACGGGTCAGGCATGCA-3#. XRCC1 probe sequences: 5#-VIC-CCCTCCCAGAGGTAA-
MGB-3# and 5#-FAM-CCTCCCGGAGGTAA-MGB-3#.
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Table III. Risk of NSCLC associated with polymorphisms in candidate genes, by cigarette smoking, hormone use and race

Total
a

White women
b

White ever smokers
b

White non-smokers
c

White ever HRT
b

White never HRT
b

OR 95% CI OR 95% CI OR 95% CI OR 95% CI OR 95% CI OR 95% CI
n 5 504 cases,
n 5 527 controls

n 5 389 cases,
n 5 406 controls

n 5 351 cases,
n 5 196 controls

n 5 31 cases,
n 5 199 controls

n 5 233 cases,
n 5 269 controls

n 5 270 cases,
n 5 258 controls

CYP1A1 Msp1
T/T 1.00 1.00 1.00 1.00 1.00 1.00
T/C and C/C 0.95 0.66–1.36 0.78 0.50–1.22 0.78 0.48–1.27 0.54 0.15–1.89 0.96 0.53–1.16 0.59 0.30–1.16

CYP1A1 Ile462Val
A/A 1.00 1.00 1.00 1.00 1.00 1.00
A/G and G/G 0.77 0.42–1.41 0.57 0.29–1.14 0.58 0.27–1.23 0.78 0.17–3.63 0.83 0.33–2.12 0.36 0.13–1.04

CYP1B1
C/C 1.00 1.00 1.00 1.00 1.00 1.00
C/G and G/G 1.26 0.88–1.81 1.15 0.79–1.68 1.19 0.77–1.82 1.06 0.47–2.39 1.22 0.74–2.04 1.05 0.59–1.86

CYP17
A1/A1 1.00 1.00 1.00 1.00 1.00 1.00
A1/A2 and A2/A2 1.21 0.88–1.65 1.16 0.81–1.67 1.11 0.73–1.68 1.52 0.67–3.46 1.41 0.86–2.30 0.83 0.47–1.46

CYP19A1
,10 1.00 1.00 1.00 1.00 1.00 1.00
10þ 0.93 0.67–1.30 1.02 0.70–1.49 1.06 0.69–1.64 0.81 0.37–1.80 0.76 0.46–1.27 1.45 0.82–2.57

NQO1
C/C 1.00 1.00 1.00 1.00 1.00 1.00
C/T and T/T 0.93 0.67–1.28 0.94 0.65–1.38 0.93 0.61–1.43 0.97 0.42–2.25 0.72 0.43–1.20 1.25 0.71–2.20

GSTM1
Present 1.00 1.00 1.00 1.00 1.00 1.00
Null 1.40 1.02–1.91 1.28 0.90–1.83 1.38 0.92–2.07 0.97 0.46–2.08 1.20 0.74–1.94 1.45 0.85–2.48

GSTT1
Present 1.00 1.00 1.00 1.00 1.00 1.00
Null 1.23 0.85–1.78 1.20 0.77–1.85 1.51 0.91–2.53 0.47 0.15–1.46 1.45 0.82–2.54 0.92 0.45–1.87

GSTP1
G/G 1.00 1.00 1.00 1.00 1.00 1.00
A/G and A/A 1.59 1.02–2.47 1.85 1.04–3.27 1.69 0.90–3.16 4.75 0.62–36.57 1.50 0.69–3.28 2.21 0.95–5.16

COMT
G/G 1.00 1.00 1.00 1.00 1.00 1.00
A/G and A/A 1.10 0.78–1.56 1.13 0.73–1.74 1.22 0.74–2.01 0.79 0.34–1.86 1.51 0.85–2.68 0.80 0.41–1.58

XRCC1
A/G and G/G 1.00 1.00 1.00 1.00 1.00 1.00
A/A 1.62 1.01–2.60 1.68 1.01–2.79 2.11 1.13–3.94 0.92 0.29–2.90 1.70 0.82–3.55 1.57 0.76–3.26

Black women
b

Black ever smokers
b

Black non-smokers
c

Black ever HRT
b

Black never HRT
b

OR 95% CI OR 95% CI OR 95% CI OR 95% CI OR 95% CI
n 5 115 cases,
n 5 121 controls

n 5 102 cases,
n 5 63 controls

n 5 8 cases,
n 5 53 controls

n 5 30 cases,
n 5 40 controls

n 5 85 cases,
n 5 81 controls

CYP1A1 Msp1
T/T 1.00 1.00 1.00 1.00 1.00
T/C and C/C 1.48 0.78–2.80 1.42 0.68–2.93 1.01 0.18–5.85 0.62 0.18–2.18 1.99 0.88–4.48

CYP1A1 Ile462Val
A/A 1.00 1.00 1.00 1.00 1.00
A/G and G/G 2.95 0.63–13.77 2.80 0.55–14.27

d d
2.88 0.27–30.64 1.64 0.21–12.58

CYP1B1
C/C 1.00 1.00 1.00 1.00 1.00
C/G and G/G 8.29 0.95–72.28 11.09 1.18–104.25

d d d d
5.95 0.61–58.46

CYP17
A1/A1 1.00 1.00 1.00 1.00 1.00
A1/A2 and A2/A2 1.28 0.69–2.35 1.00 0.50–2.03 2.30 0.40–13.25 2.81 0.79–10.05 1.07 0.50–2.29

CYP19A1
,10 1.00 1.00 1.00 1.00 1.00
10þ 0.73 0.36–1.46 0.62 0.28–1.41 1.40 0.29–6.83 0.87 0.24–3.12 0.82 0.34–1.99

NQO1
C/C 1.00 1.00 1.00 1.00 1.00
C/T and T/T 0.90 0.47–1.72 0.94 0.44–2.00 1.36 0.25–7.52 0.49 0.14–1.67 1.29 0.55–3.01

GSTM1
Present 1.00 1.00 1.00 1.00 1.00
Null 1.80 0.92–3.51 1.82 0.81–4.08 2.53 0.55–11.69 1.40 0.39–5.01 1.60 0.69–3.71

GSTT1
Present 1.00 1.00 1.00 1.00 1.00
Null 1.31 0.65–2.65 1.84 0.79–4.28 0.30 0.03–3.24 2.51 0.62–10.19 1.16 0.48–2.79

GSTP1
G/G 1.00 1.00 1.00 1.00 1.00
A/G and A/A 1.25 0.62–2.54 1.17 0.51–2.66 2.28 0.25–20.55 1.18 0.31–4.53 1.45 0.59–3.56

COMT
G/G 1.00 1.00 1.00 1.00 1.00
A/G and A/A 1.07 0.59–1.95 1.13 0.56–2.28 1.02 0.22–4.63 2.00 0.62–6.49 0.83 0.39–1.77

XRCC1
A/G and G/G 1.00 1.00 1.00 1.00 1.00
A/A 1.40 0.35–5.58 4.52 0.48–42.99

d d
2.24 0.20–24.54 0.92 0.15–5.76

aAdjusted for race, BMI, age, family history of lung cancer, pack-years of smoking and obstructive lung disease.
bAdjusted for BMI, age, family history of lung cancer, pack-years of smoking and obstructive lung disease.
cAdjusted for BMI, age and family history of lung cancer.
dUnable to calculate due to sample size.
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following paragraphs. Our goal was to examine SNPs in a set of genes
involved in one or both of these pathways to investigate whether they
were related to development of NSCLC in women. In addition, the
SNPs examined here were also considered in the risk model incorpo-
rating both traditional and genetic risk factors for lung cancer.

Genes involved in sex steroid synthesis

The CYP19A1 gene codes for the aromatase enzyme, which converts
testosterone to estradiol, and has a common tetranucleotide simple
tandem repeat polymorphism (TTTA) in intron 4 (39). Longer repeats
(which various studies define as between 7 and 10 repeats) have been
associated with higher levels of circulating estrogen levels in older
men (40) and women (41). Studies of hormone-related cancers report
conflicting findings with regard to this polymorphism and cancer risk,
with inconsistent findings reported for breast (42,43), prostate (44,45)
and endometrial cancer (46) studies. It has been suggested that the
associations identified may be due to linkage disequilibrium across
this locus. We did not identify any association with carrying TTTA10þ
repeats and lung cancer risk, either alone or in combination with
other SNPs.

COMT is involved in methylation of catechol estrogens and re-
duced activity of this enzyme may increase the accumulation of cat-
echolestrogens, leading to oxidative DNA damage (47,48). In the
COMT gene, a G/A transition at codon 158 results in the substitu-
tion of methionine for valine (47) and carriage of the Val/Met or Met/
Met genotypes is thought to result in lower enzyme activity (48). An
analysis of 105 SNPs in 31 genes was the first to report risk associated
with COMT (Val158Met) and NSCLC in 365 Norwegian lung cancer
cases and 413 smokers without lung cancer (49). Zienolddiny et al.
(49) found that individuals who carried the Val/Met or Met/Met gen-
otypes were at 1.69-fold increased risk of NSCLC compared with
those with the Val/Val genotype, after adjusting for age, sex and
pack-years of smoking (95% CI, 1.16–2.47). Our findings in the total
study population (OR 5 1.10) and in the white ever-smoking women
(OR 5 1.22) were similar in magnitude but did not reach statistical
significance after adjustment for BMI, age, family history of lung
cancer, pack-years of smoking and obstructive lung disease. When
combined with carrying the null mutation in GSTM1, white women
smokers with either one or both risk genotypes atGSTM1 or COMTwere
at statistically significantly increased risk of lung cancer compared

Table IV. Risk of lung cancer and GST combinations in white ever-smoking women

Single gene ORa 95% CI Combinations GSTM1 GSTT1 GSTP1 XRCC1

ORa 95% CI ORa 95% CI ORa 95% CI ORa 95% CI

CYP1A1 Msp1 CYP1A1 Msp1
T/T 1.00 0 1.00 1.00 1.00 1.00
T/C and C/C 0.78 0.48–1.27 1 1.22 0.79–1.89 1.00 0.64–1.54 1.44 0.72–2.91 1.21 0.78–1.89

2 1.00 0.51–1.96 1.25 0.47–3.32 1.22 0.53–2.79 1.18 0.31–4.51
CYP1A1 Ile462Val CYP1A1 Ile462Val

A/A 1.00 0 1.00 1.00 1.00 1.00
A/G and G/G 0.58 0.27–1.23 1 1.31 0.86–1.99 1.18 0.73–1.91 1.77 0.90–3.48 1.44 0.84–2.47

2 0.83 0.31–2.26 0.95 0.20–4.38 0.94 0.31–2.81 0.84 0.16–4.34
CYP1B1 CYP1B1

C/C 1.00 0 1.00 1.00 1.00 1.00
C/G and G/G 1.19 0.77–1.82 1 1.75 0.98–3.13 1.26 0.79–2.02 0.79 0.22–2.84 1.13 0.72–1.77

2 1.74 0.96–3.15 1.72 0.86–3.43 1.03 0.28–3.87 3.39 1.35–8.53
CYP17 CYP17

A1/A1 1.00 0 1.00 1.00 1.00 1.00
A1/A2 and A2/A2 1.11 0.73–1.68 1 1.75 1.00–3.06 0.87 0.55–1.37 1.20 0.50–2.92 1.32 0.85–2.05

2 1.83 1.02–3.30 2.06 1.02–4.19 1.46 0.62–3.44 1.97 0.88–4.42
CYP19A1 CYP19A1

,10 1.00 0 1.00 1.00 1.00 1.00
10þ 1.06 0.69–1.64 1 0.97 0.53–1.78 0.95 0.59–1.53 1.85 0.69–4.92 1.14 0.72–1.80

2 1.35 0.70–2.59 1.91 0.89–4.11 2.39 0.87–6.53 1.98 0.89–4.43
NQO1 NQO1

C/C 1.00 0 1.00 1.00 1.00 1.00
C/T and T/T 0.93 0.61–1.43 1 1.00 0.63–1.60 1.10 0.72–1.69 0.45 0.11–1.84 0.89 0.56–1.41

2 1.33 0.71–2.48 1.35 0.58–3.13 1.26 0.55–2.91 2.36 0.89–6.30
COMT COMT

G/G 1.00 0 1.00 1.00 1.00 1.00
A/G and A/A 1.22 0.74–2.01 1 2.28 1.07–4.84 1.04 0.59–1.82 1.51 0.43–5.33 1.17 0.69–1.97

2 2.57 1.18–5.59 1.96 0.92–4.20 1.90 0.57–6.34 2.54 1.11–5.83
XRCC1 XRCC1

A/G and G/G 1.00 0 1.00 1.00 1.00
A/A 2.11 1.13–3.94 1 1.73 1.12–2.65 1.76 1.11–2.77 1.95 1.00–3.80

2 2.12 0.92–4.89 3.61 0.75–17.34 3.57 1.38–9.21
GSTP1 GSTP1

G/G 1.00 0 1.00 1.00
A/G and A/A 1.69 0.90–3.16 1 1.79 0.70–4.57 1.57 0.75–3.26

2 2.17 0.85–5.54 2.56 1.02–6.42
GSTT1 GSTT1

Present 1.00 0 1.00
Null 1.51 0.91–2.53 1 1.42 0.92–2.19

2 1.92 0.96–3.86
GSTM1

Present 1.00
Null 1.38 0.92–2.07

aAdjusted for BMI, age, family history of lung cancer, pack-years of smoking and obstructive lung disease.
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with individuals who carried GSTM1 non-null and COMT GG geno-
types (OR 5 2.57; 95% CI, 1.18–5.59) after adjustment for BMI, age,
family history of lung cancer, pack-years of smoking and obstructive
lung disease. In combination with the XRCC1 risk genotype, carrying
the COMT A allele also resulted in 2.5-fold increased risk. These find-
ings suggest that a combination of accumulated catechol estrogens and
associated oxidative damage with impaired detoxification and/or DNA
repair may lead to increased lung cancer risk.
CYP17 is another potential candidate gene in hormone-associated

cancers based on its role in steroid hormone biosynthesis. A single
polymorphism (T/C, A1/A2) in the 5# untranslated region had
been associated with higher levels of estradiol among carriers of the
A2 allele (50), but more recent work suggests that circulating estro-
gens and androgens do not significantly differ by CYP17 genotype at
this locus (51). This polymorphism has not been shown to be associ-
ated with increased risk of prostate or endometrial cancers, either
alone or in combination with other steroid hormone-related genes
(44,52). An analysis of major single-gene effects of CYP17 variants
found no associations with breast or prostate cancer, although the
combination of two SNPs in CYP17 was mildly associated with
high-grade prostate cancers (53). This SNP has not been previously
studied in people with lung cancer. In our population of white women
smokers, the CYP17 A1/A2 or A2/A2 genotypes did not increase risk
of lung cancer until combined with the null mutations of GSTM1 or
GSTT1 compared with women with no risk genotypes at these loci.
These findings provide additional support to the idea that increased
estrogen biosynthesis in combination with reduced detoxification of
metabolites might contribute to lung cancer risk in women.
CYP1B1, in addition to activating procarcinogens to reactive metab-

olites (i.e. in the metabolism of tobacco smoke), is also thought to
mediate the hydroxylation of 17b-estradiol. The Val allele at Leu432Val
involves a change from an aliphatic amino acid to a smaller aliphatic
amino acid, enabling higher catalytic efficiency for the 4-hydroxylation
of estradiol and may play a dual role in carcinogenesis depending on
the substrate (54). We recently reported increased risk of lung cancer
in non-smokers associated with this single SNP and also in combination
with other phase II enzymes (32). We did replicate these findings in our
current population, but only for black women smokers, and we did find
a statistically significant increased risk of lung cancer among white
smoking women who carried both risk genotypes for CYP1B1 and
XRCC1 (OR 5 3.39; 95% CI, 1.35–8.53). We are unable to disentangle
the metabolic pathway (estrogen or tobacco metabolism) through
which these genotypes are affecting lung cancer risk, but the findings
suggest that the inability to repair DNA damage caused by the 4-
hydroxestradiol may contribute to lung cancer risk.

Risk model of NSCLC in white ever-smoking women

We also presented a systematic model building procedure that incor-
porated traditional non-modifiable (i.e. age and family history of lung
cancer), potentially modifiable (i.e. personal history of chronic ob-
structive lung disease, pack-years of smoking and BMI) and genetic
risk factors. Given the differences in the allele frequencies reported
here between black and white women and the potentially different

pathways by which never smokers and smokers develop lung cancer,
our model building was limited to ever-smoking white women. This
represented the largest subgroup in our study population. In addition,
recent work by Etzel et al. (55) presents a risk prediction model in
African-Americans and includes some of the participants from our
study in the validation of their model. For these reasons, the model
presented was limited to white ever-smoking women. The traditional
risk factors, namely age, family history of lung cancer, personal his-
tory of lung disease, BMI and pack-years of smoking were more
strongly associated with lung cancer risk than any of the SNPs tested;
however, genotypes at XRCC1, GSTM1 and COMT all contributed to
the most parsimonious risk model. The model presented here is lim-
ited by both sample size and the number of SNPs examined, and
should not be considered a predictive risk model. Instead, our findings
highlight the importance of examining the associations identified be-
tween SNPs in genes in candidate pathways versus single genes and
suggest that future lung cancer modeling efforts will benefit from the
inclusion of genotyping results.

The need for an individual risk prediction model for lung cancer has
been well described (56). Past work in this area has focused on bio-
markers found in sputum samples from individuals suspected to be at
increased risk due to personal smoking histories and airflow obstruc-
tion (57) or asbestos exposures (58). A more recently proposed model
included smoking pack-year histories, past diagnoses of pneumonia or
another cancer, family history of early/later onset lung cancer and
occupational exposure to asbestos. It was estimated that approxi-
mately two-thirds of lung cancer cases in a 5 year period could be
predicted through use of this model (59). The most detailed model to
date provided separate risk estimates for never, former and current
smokers and considered 10 different exposures, family history of
smoking-related and other cancers and information about smoking
initiation, cessation and pack-years (60). The discriminatory abilities
of all of these models are similar and modest in predictive ability, but
have the advantage of using questionnaire and/or clinical data that are
relatively easy to obtain compared with genetic information. The
addition of information from pathway-based candidate genes repre-
sents the next step in the development of better risk prediction models
for lung cancer.

There are limitations to the findings presented here. First, the
majority of the subjects in our study had lung adenocarcinomas,
so our findings may not be representative of all NSCLCs. In addi-
tion, while our population included a substantial number of black
women, we were still underpowered to examine gene–environment
interactions in these women. Since many of the SNPs studied varied
in frequency significantly by self-reported race, we chose to present
our data stratified by race or limited to white women smokers (our
largest subgroup) only. Thus, our ability to adequately assess risk in
other subgroups, such as non-smokers, was limited. The ORs and
CIs for single SNP and gene–gene combinations presented here were
not adjusted for multiple comparisons and need to be validated in
other populations. Lastly, only a limited number of candidate
SNPs were genotyped and included in this analysis, which is not
fully representative of the complexity in the tobacco or estrogen
metabolism pathways.

The strengths of this study include the detailed, in-person data
collected from each subject, including information on past medical
and reproductive histories, over-the-counter and prescribed medica-
tion use, occupational exposures, BMI, family history of lung cancer
and smoking history. These data are from a large, population-based
sample of women and are probably representative of the women in
their birth cohorts. The ability to integrate risk factors identified via
questionnaires, clinical exam and through the use of data derived from
genotyping is an additional strength of this study. Data from this study
can be analyzed with other comparable data to better elucidate the
gene–gene and gene–environment interactions which influence indi-
vidual lung cancer risk and can provide further validation of existing
models in under-studied populations (i.e. women, blacks and non-
smokers). The continued study of the role of estrogen and estrogen
metabolism as a contributor to lung cancer risk is also warranted.

Table V. Estimates of main effects for environmental and genetic risk factors
associated with lung cancer risk, from the most parsimonious model, white
ever-smoking women

OR (95% CI) P-value

Age at diagnosis/interview 0.99 (0.97–1.01) 0.34
Family history of lung cancer 2.56 (1.46–4.50) 0.0011
History of chronic obstructive lung disease 1.93 (1.19–3.12) 0.008
Pack-years of cigarette smoking 1.04 (1.03–1.05) ,0.0001
BMI 0.93 (0.90–0.97) 0.0003
XRCC1 A/A genotype 2.10 (1.12–3.94) 0.02
GSTM1 null 1.40 (0.93–2.12) 0.11
COMT A/G or G/G genotype 1.15 (0.69–1.92) 0.59
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