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Glutathione S-transferases detoxify polycyclic aromatic
hydrocarbons found in tobacco smoke by glutathione
conjugation. Polymorphisms within the GSTM1, GSTT1
and GSTP1 genes, coding for enzymes with deficient or
reduced activity, have been studied as potential modifiers
of lung cancer risk. It is hypothesized that risk asso-
ciated with potential susceptibility gene polymorphisms
might be most evident at low levels of exposure. Never
smokers developing lung cancer represent a highly
susceptible subset of the population, exposed to tobacco
carcinogens only through environmental tobacco smoke.
This population-based case-control study examines the
association between GSTM1, GSTT1 and GSTP1 geno-
types and lung cancer in one of the largest samples of
never smokers to date. Cases (n ¼ 166) were identified
through the metropolitan Detroit Surveillance, Epide-
miology and End Results (SEER) program and age-
and race-matched population-based controls (n ¼ 181)
were identified using random digit dialing. Overall, there
was no significant association between single or combina-
tions of genotypes at GSTM1, GSTT1 or GSTP1 and lung
cancer risk after adjustment for age, race, sex and
household ETS exposure in years. However, in never
smokers exposed to 20 or more years of household
ETS, carrying the GSTM1 null genotype was associated
with a 2.3-fold increase in risk [95% confidence interval
(CI) 1.05--5.13]. Individuals in this high ETS exposure
category carrying the GSTM1 null and the GSTP1 Val
allele were at over 4-fold increased risk of developing
lung cancer (OR ¼ 4.56, 95% CI: 1.21--17.21). These
findings suggest that in the presence of ETS, the
GSTM1 genotype both alone and in combination with
the GSTP1 genotype alters the risk of developing lung
cancer among never smokers.

Introduction

In 2004, over 173 000 new lung cancer diagnoses and 160 000
lung cancer deaths are expected in the US (1). While it is well
recognized that 80--90% of all lung cancer is attributable to

cigarette smoking, only 15% of all smokers develop this
disease and ~10% of all diagnoses are among never smokers
(2). This suggests that there is great individual variation in
susceptibility to lung carcinogens. Never smokers developing
lung cancer represent an understudied population even though
the estimated number of deaths from this disease in never
smokers alone is approximately equal to the number of deaths
from ovarian cancer annually (1). Most never smokers with
lung cancer have been exposed to tobacco smoke through
environmental tobacco smoke (ETS). Developing lung cancer
despite this lower level of exposure suggests that never smo-
kers represent a particularly susceptible subset of the general
population.
It is hypothesized that a large proportion of lung cancer

susceptibility is determined by the balance between an indivi-
dual’s capacity to activate and detoxify carcinogens in tobacco
smoke. Glutathione S-transferases (GSTs), which comprise
one superfamily of phase II detoxification enzymes, detoxify
polycyclic aromatic hydrocarbons found in tobacco smoke by
conjugating them with glutathione (3). Polymorphisms exist
within the GSTM1, GSTT1 and GSTP1 genes, the focus of this
analysis. Both the GSTM1 and the GSTT1 null variants result
in the lack of enzyme production. GSTP1 is the most abundant
isoform in the lung. One polymorphism in GSTP1, an Ile to
Val conversion at codon 105, has been reported to result in an
enzyme with reduced activity (4). It is possible that deficient or
reduced activity of these enzymes might result in an increased
susceptibility to cancer.
While a number of studies have evaluated lung cancer

risk associated with GST polymorphisms in smokers, studies
of never smokers have been limited in size and in number.
Studies of GSTM1 have shown increased lung cancer risk
associated with having the null variant both in non-smokers
(5) and in heavy smokers (6). A recent meta-analysis esti-
mates increased lung cancer risk associated with the GSTM1
null genotype is moderate [odds ratio (OR) ¼ 1.17,
95% confidence interval (CI): 1.07--1.27) (7)]. Individual
studies of GSTT1 and GSTP1 variants have been conducted
predominantly in smoking populations and have yielded
conflicting results (5,6,8--10). These two polymorphisms
are most often associated with lung cancer risk only in
conjunction with at least one additional GST variant allele
(11,12).
The objective of this study is to jointly evaluate the

association between GSTM1, GSTT1 and GSTP1 polymorph-
isms and lung cancer risk in never smokers with low levels
of exposure using a population-based case-control approach.
Another group suspected to be susceptible at low levels of
exposure includes those diagnosed at an early age. One of
the studies included in the analysis is focused specifically
on individuals under the age of 50, so the analysis is
enriched for those thought to have a heightened risk
potentially mediated through genetic variation in metabolic
activity.

Abbreviations: CI, confidence interval; ETS, environmental tobacco smoke;
ITC, isothiocyanates; OR, odds ratio.
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Materials and methods

Study subjects

Lifetime never smokers were identified through two case-control studies. The
first study included individuals newly diagnosed between 1984 and 1987, age
40--84 years (Study 1) (13) and the second (ongoing) study includes lung
cancer cases under age 50 years, newly diagnosed on or after September 15,
1990 (Study 2). Study 2 was conducted in three phases, with phase I limited
to those under age 40, phase II included those under age 45 and the current
phase III, which includes individuals under the age of 50. In both Study 1 and
Study 2, cases were identified through the population-based Metropolitan
Detroit Cancer Surveillance System (MDCSS), a participant in the National
Cancer Institute’s Surveillance, Epidemiology, and End Results (SEER) pro-
gram. Population-based controls were identified through random digit dialing.
A greater proportion of controls than cases were lifetime never smokers, so
controls were randomly selected from within each study to match never
smoking cases on race, sex, 5-year age group and county of residence. When-
ever possible, controls were frequency matched to cases in a 1:1 ratio in Study
1 and 2:1 in Study 2. Lifetime never smokers in both studies were defined as
individuals smoking fewer than 100 cigarettes in their lifetimes.

The overall interview response rate was 66.1% for cases. It was not pos-
sible to calculate a response rate for controls because eligibility could not be
determined in households refusing to answer the eligibility screening
questionnaire. Of those individuals answering the telephone and providing a
household census to determine eligibility, 93.0% participated in the study.

Data and biosample collection

All local institutional and review boards approved this study. Informed consent
was obtained from each subject prior to study participation. Trained inter-
viewers conducted telephone interviews to collect demographic information,
smoking history, health history and lifetime estimates of ETS exposure. If the
study subject was unable to participate due to illness or death, an attempt was
made to obtain proxy data by interviewing someone familiar with the subject’s
history. Demographic information included date and place of birth, residence
at time of diagnosis, marital status, race and number of years of education
completed. Medical history included physician diagnoses of asthma,
emphysema, allergies, pneumonia, bronchitis, chronic obstructive pulmonary
disease, tuberculosis and cancer. Year of first diagnosis of each illness was also
requested, when applicable. Participants were asked about their ETS exposure
at home and the workplace, as well as hours and years of exposure in each
location. Family history of lung cancer was coded as yes or no based on detailed
first-degree family history information collected. Lung cancer diagnosis dates
and histology information for cases were obtained through the MDCSS.

Biological samples were collected from cases and controls through blood,
buccal swabs and tissue blocks. Samples were available for 166 never smoking
cases and 181 selected never smoking controls. Case biospecimens consisted
of 17 blood, five buccal and 144 tissue block samples. Normal tissue could be
extracted from 54 of the blocks, 58 were determined to be mixed and 32 were
mostly tumor. Among the controls, 95 blood and 86 buccal samples were
available for analysis. A small number of these cases and controls could not
be genotyped at varying polymorphisms due to poor sample quality.

Genotyping

DNA was isolated from whole blood with the Genomic DNA Purification
System (Gentra Systems, Minneapolis, MN), buccal swabs with the
BuccalAmpTM DNA Extraction Kit (Epicentre Technologies, Madison, WI),
or paraffin-embedded tissue with the QIAamp DNA Mini Kit (Qiagen,
Valencia, CA) following the manufacturers’ protocols. When multiple tissues
were obtained from a study participant, DNA extracted from blood was used
preferentially, followed by DNA extracted from buccal swabs and then DNA
extracted from normal tissue in paraffin blocks. To evaluate whether there
might be allelic loss or somatic mutations in the GSTs in the tumor tissue we
compared genotype results for normal versus mixed and tumor tissue blocks.
No differences in genotype distribution were observed by tissue type (normal
only versus mixed/tumor). x2 P-values comparing allele frequencies for
GSTM1, GSTT1 and GSTP1 among normal versus mixed and tumor tissue
were 0.52, 0.39 and 0.27, respectively.

DNA isolated from buccal cells or paraffin-embedded tissue was
pre-amplified using a nested PCR strategy. Outer amplification was carried
out in a 25 ml reaction containing 2.5 mmol/l MgCl2, 0.5 mmol/l of the gene-
specific primers, 1.25 U AmpliTaq Gold polymerase, and 200 mmol/l of dATP,
dCTP, dGTP and dTTP. 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,
63�C for 30 s and 72�C for 1 min, followed by a final extension at 72�C for
10 min. The outer amplification was performed on a Mastercycler� Gradient
thermocycler (Eppendorf, Westbury, NY). Gene-specific allelic discrimination
(as described below) was determined directly from amplification of DNA from

whole blood or pre-amplified DNA from buccal or paraffin-embedded tissue.
Five percent of the products were randomly sequenced and 10% of genotypes
were carried out in duplicate. Table I lists the sequences of the primers
and probes used in genotyping GSTM1, GSTT1 and GSTP1 polymorphisms.
Beta-globin was used as an amplification control for the null mutations of
GSTM1 and GSTT1. No template controls and sequenced controls were used
for all assays.

The GSTM1 null mutation was assayed using quantitative PCR methods as
described previously (14). Briefly, 25 ng of DNA extracted from whole blood
or 2 ml of pre-amplification reaction was mixed with forward (GSTM1-194F)
and reverse (GSTM1-273-2) primer and the product was detected with a
fluorescent probe (GSTM1-215T) at an annealing temperature of 55�C.

The GSTT1 null mutation was determined as described previously (15).
Briefly, following amplification with an annealing temperature of 58�C, the
PCR products were electrophoresed through 3% NuSieve 3:1 agarose (FMC)
and visualized with ethidium bromide.

Primers for amplification of the region of the GSTP1 gene containing the
functional polymorphism and fluorescent probes for allelic discrimination
were designed using Primer Express software (Applied Biosystems). Standard
TaqMan conditions were applied in an ABI PRISM 7900 Sequence Detection
System (Applied Biosystems) for amplification and detection of both alleles.
Briefly, 25 ng of DNA derived from whole blood or 2 ml of pre-amplification
reaction was added to 1�Universal PCRmix (Applied Biosystems) containing
forward (GSTP1-IF) and reverse (GSTP1-IR) primers and GSTP1 A313 allele
(GSTP1-A) and GSTP1 G313 allele (GSTP1-G) probes at an annealing tem-
perature of 64�C.

Statistical analysis

Allele frequencies for each polymorphism were calculated for cases and
controls, stratifying by race. For GSTM1 and GSTT1, our genotyping methods
did not distinguish between homozygous non-null and heterozygous indi-
viduals. Therefore, Hardy--Weinberg equilibrium tests of genotype distribution
in controls, by race, were conducted only for GSTP1. The effect of each GST
variant and each combination of GST variants on lung cancer risk was tested in
unconditional logistic regression models, adjusting for age at diagnosis (cases)/
interview (controls), race (Caucasian/African American), sex and years
exposed to household ETS. To increase the study power when testing gene--
gene interactions, GSTP1 genotypes were collapsed so that individuals with at
least one valine allele (Ile/Val or Val/Val) were compared with individuals
carrying the Ile/Ile genotype. Inclusion of ETS at work, education, history of
congestive lung diseases and family history of lung cancer did not alter results
in the multivariate models and therefore were not included in the final models.

Table I. Primer and probe sequences used in GSTM1, GSTT1 and GSTP1
genotyping

Primer name Sequence

GSTM1-194F 50-GGA GAA GAT TCG TGT GGA CA-30

GSTM1-273R-2 50-CTG GAT TGT AGC AGA TCA TAC-30

GSTM1-OF 50-ATG CTG AGA TTG AGT CTG TGT TTT GT-30

GSTM1-OR 50-AAA CTC TGT CAG ATG CAG CTC ACT-30

GSTP1-IF 50-CCC TGG TGG ACA TGG TGA A-30

GSTP1-IR 50-CAA CCC TGG TGC AGA TGC T-30

GSTP1-OF 50-GGT TGG CCC ATC CCC A-30

GSTP1-OR 50-CTT TCT TTG TTC AGC CCC CA-30

GSTT1-IF 50-TTC CTT ACT GGT CCT CAC ATC TC-30

GSTT1-IR 50-TCA CCG GAT CAT GGC CAG CA-30

GSTT1-OF 50-TTG GAT GTG ACC CTG CAG TT-30

GSTT1-OR 50-TGC AAG GGT GAG GTT TCC C-30

HBB-354F 50-GTG CAC CTG ACT CCT GAG GAG A-30

HBB-455R 50-CCT TGA TAC CAA CCT GCC CAG-30

HBB-OF 50- TTG GCC AAT CTA CTC CCA GGA-30

Probe name Sequence

GSTM1-215T 50-6FAM-TTT GGA GAA CCA GAC CAT GGA
CAA C-TAMRA-30

GSTP1-A 50-6FAM-CCG CTG CAA ATA CAT CTC CCT
CAT CTA-TAMRA-30

GSTP1-G 50-VIC-CGC TGC AAA TAC GTC TCC CTC ATC
TA-TAMRA-30

HBB-402T 50-JOE-AAG GTG AAC GTG GAT GAA GTT GGT
GG-TAMRA-30
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ORs and 95% CIs for each genotype were calculated from coefficients in the
final models. Analyses were repeated after stratification by histology, ever/
never exposure to household ETS, and years of household ETS exposure. The
Cochran--Armitage test was used to assess possible linear trends in stratified
data and power calculations were conducted (16). All statistical analyses were
performed using SAS version 8.02.

Results

Demographics for cases and controls are shown in Table II.
The mean age was 62.4 years for the cases and 54.9 years for
the controls (P5 0.001). This age difference was due to the
oversampling of non-smoking controls from Study 2, where
the participants were younger. Among those reporting ETS
exposure, the mean number of years of household ETS expo-
sure was greater in cases (28.2 years) than controls (23.8 years)
(P¼ 0.02). There were no significant differences in sex or race
between cases and controls (P ¼ 0.19 and P ¼ 0.57, respec-
tively). Cases were less likely to have finished high school than

controls and had significantly lower education levels overall.
In this group of lifetime never smokers, adenocarcinoma was
the most prominent histological type (54.2%), with squamous
cell carcinoma as the second most common histologic
type (15.7%).
Genotype data were available for GSTM1 for 160 cases and

177 controls, forGSTT1 for 153 cases and 175 controls, and for
GSTP1 for 141 cases and 180 controls. Allele frequencies for
these polymorphisms are reported in Table III. The GSTP1
genotype distribution for the total sample of controls was in
Hardy--Weinberg equilibrium (x2 P-value ¼ 0.35), as were the
distributions in controls by race (x2 P-value ¼ 0.64 in
Caucasians and x2 P-value ¼ 0.17 in African Americans).
Racial differences in allele frequencies in the controls were
seen only for GSTM1, with African Americans having a lower
frequency of the null allele (27%) than Caucasians (52%)
(P ¼ 0.01).
There was no significant association between genotype

at GSTM1 and lung cancer risk after adjustment for age at
diagnosis (cases)/interview (controls), sex, household ETS
exposure in years and race where appropriate (Table IV).
The allele frequency distribution for GSTM1 varied signifi-
cantly by race. While there were no observed differences in
risk for the GSTM1 null genotype among Caucasians, there
was a non-significant 2-fold increase in risk in African
Americans (OR ¼ 1.92, 95% CI: 0.49--7.45).
Neither theGSTT1 null variant nor theGSTP1 Val allele was

found to be significantly associated with lung cancer risk
among never smokers, a finding that was similar across racial
groups (Table IV). While none of the findings were statisti-
cally significant, ORs estimating the association between
GSTT1 null variant and lung cancer risk were all 51. Evalua-
tion of combinations of GST genotypes (Table IV) also
revealed no significant association between genotypes and
the development of lung cancer among never smokers.
In this group of never smokers, exposure to tobacco

carcinogens was in the form of ETS. Risk of lung cancer
increased with increasing quartile of household ETS expo-
sure, however, the trend was not statistically significant
(Cochran--Armitage two-sided P-value ¼ 0.08) (data not
shown). Stratifying by ever/never household ETS exposure
demonstrated increased risks for GSTM1 null individuals
with at least some ETS exposure. Furthermore, the interaction
between GSTM1 null and quartile of household ETS exposure

Table II. Select characteristics of cases and controls

Characteristic Cases
(n ¼ 166)

Controls
(n ¼ 181)

P-value

Mean age (SD) 62.4 (13.9) 54.9 (13.3) 50.0001
Mean ETS yearsa (SD) 28.2 (15.8) 23.8 (14.0) 0.02

n % n %
Gender

Male 70 42.2 89 49.2 0.19
Female 96 57.8 92 50.8

Race
Caucasian 135 81.3 151 83.4 0.57
African American 31 18.7 30 16.6

Education
Less than high school 45 27.1 24 13.3 0.03
H.S. graduate or GED 46 27.7 55 30.4
At least some college 66 39.8 102 56.3
Do not know 9 5.4 0 0.0

Histology
Squamous cell carcinoma 26 15.7
Small cell carcinoma 11 6.6
Adenocarcinoma 90 54.2
Large cell carcinoma 12 7.2
Other/unknown type 27 16.3

aHousehold ETS exposure among exposed individuals only.

Table III. Distribution of GST genotypes in a population of lifetime never smokers stratified by race

Characteristic Total sample Caucasians African Americans

Cases
n (%)

Controls
n (%)

P-value Cases
n (%)

Controls
n (%)

P-value Cases
n (%)

Controls
n (%)

P-value

GSTM1a

Present 82 (51) 92 (52) 0.89 62 (47) 70 (48) 0.96 20 (69) 22 (73) 0.71
Null 78 (49) 85 (48) 69 (53) 77 (52) 9 (31) 8 (27)

GSTT1b

Present 125 (82) 138 (79) 0.52 100 (81) 115 (79) 0.81 25 (86) 23 (77) 0.35
Null 28 (18) 37 (21) 24 (19) 30 (21) 4 (14) 7 (23)

GSTP1c

Ile/Ile 47 (33) 68 (38) 0.64 39 (35) 61 (40) 0.65 8 (27) 7 (24) 0.69
Ile/Val 73 (52) 90 (50) 58 (52) 72 (48) 15 (52) 18 (62)
Val/Val 21 (15) 22 (12) 15 (13) 18 (12) 6 (21) 4 (14)

aResults missing for four Caucasian cases, two African American cases, four Caucasian controls and zero African American controls.
bResults missing for 11 Caucasian cases, two African American cases, six Caucasian controls and zero African American controls.
cResults missing for 23 Caucasian cases, two African American cases, zero Caucasian controls and one African American control.
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years was significant in the full analysis model (P ¼ 0.01).
To investigate this possible interaction and still maintain
study power, individuals were stratified into no household
ETS exposure, 520 household ETS years (the median level
among exposed controls and �20 years of household ETS).
Among individuals with no household ETS exposure, there
appeared to be a protective effect for the GSTM1 and GSTT1
null genotypes individually, although these associations were
not statistically significant (GSTM1 OR ¼ 0.52, 95% CI:
0.22--1.23; GSTT1 OR ¼ 0.32, 95% CI: 0.10--1.03). Carrying
the null genotype in both of these genes was associated
with reduced risk of lung cancer in those not exposed to ETS
(OR¼ 0.16, 95% CI: 0.03--0.93), however, this group included
only two cases and six controls. No single genotype or combi-
nation of genotypes was significantly associated with lung
cancer among individuals with greater than zero and less
than the median exposure (Table V). Among individuals
with the median ETS exposure or greater, however,
having the null variant of GSTM1 more than doubled the
risk of lung cancer (OR ¼ 2.32, 95% CI: 1.05--5.13).
Similarly, carrying both the GSTM1 null variant and a valine
residue at the GSTP1 locus was associated with a 4-fold
increased risk of lung cancer among those with greater ETS
exposure (OR ¼ 4.56, 95% CI: 1.21--17.21). Power calcula-
tions based on available sample size indicated 70% power to
detect a true OR of 2.08 among individuals with one or two
risk genotypes for the GSTM1/GSTP1 combination or a 60%
power to detect a true OR of 1.67. Stratification by histologic
type did not reveal any significant differences in the results
(data not shown).

Discussion

Numerous previous studies of GSTM1 genotype in smokers
have reported moderate increases in lung cancer risk asso-
ciated with the null genotype [meta-analysis (7)]. Less has
been reported for GSTT1 and GSTP1 polymorphisms, particu-
larly in never smokers, and for combinations of all these
polymorphisms. In our study, the GSTM1 null genotype
and the GSTM1 null/GSTP1 Val combination were asso-
ciated with increased lung cancer risk in never smoking
individuals with 20 or more years of household ETS expo-
sure. Studies focusing solely on the risk of lung cancer in
never smokers have been limited in size and in number. A
recent report by Hung et al. used pooled data collected on
non-smoking lung cancer cases and controls from 14 primar-
ily European studies and reported no significant association
between the GSTM1 null genotype and lung cancer (17).
Through stratification of cases by ETS levels, Bennett et al.
showed a strong interaction between the GSTM1 null geno-
type and higher ETS exposure, including a significant trend.
Kiyohara et al. reported no significant increase in lung
cancer risk associated with the GSTM1 null genotype in
non-smoking individuals with low ETS exposure, but an
over 2-fold increase among individuals with 40 or more
packyears of ETS exposure in a hospital-based case-control
study conducted in Japan (18). Similar suggestive, but not
statistically significant, findings for increased risk associated
with ever exposure to ETS among non-smokers carrying the
GSTM1 null genotype were reported in a primarily European
case-control study (19). Our population-based study is one of

Table IV. OR and associated CI for lifetime never smokers by race

Caucasiansa African Americansb Total ORd (95% CI)

Cases/controls ORc (95% CI) Cases/controls ORc (95% CI)

GSTM1 59/70 1.00 (ref.) 19/21 1.00 (ref) 1.00 (ref.)
GSTM1 null 66/76 1.03 (0.62--1.71) 8/8 1.92 (0.49--7.45) 1.11 (0.70--1.78)
GSTT1 96/114 1.00 (ref.) 23/22 1.00 (ref) 1.00 (ref.)
GSTT1 null 22/30 0.81 (0.43--1.54) 3/7 0.40 (0.08--2.01) 0.74 (0.41--1.33)
GSTP1 Ile/Ile 37/61 1.00 (ref.) 7/7 1.00 (ref) 1.00 (ref.)
GSTP1 Ile/Val 54/71 1.37 (0.78--2.41) 14/17 0.83 (0.20--3.40) 1.28 (0.76--2.14)
GSTP1 Val/Val 15/18 1.45 (0.64--3.30) 5/4 1.59 (0.24--10.37) 1.51 (0.72--3.17)
GSTP1 Ile/Val or Val/Val 69/89 1.39 (0.81--2.37) 19/21 0.95 (0.24--3.72) 1.32 (0.81--2.17)

Joint effectse

GSTM1 and GSTT1
0 48/56 1.00 (ref.) 16/14 1.00 (ref) 1.00 (ref.)
1 55/67 0.95 (0.54--1.66) 8/15 0.59 (0.16--2.15) 0.89 (0.54--1.48)
2 12/17 0.75 (0.31--1.82) 1/0 f 0.81 (0.35--1.90)

GSTT1 and GSTP1g

0 26/46 1.00 (ref.) 7/5 1.00 (ref.) 1.00 (ref.)
1 63/80 1.49 (0.81--2.74) 15/19 0.62 (0.13--3.05) 1.33 (0.76--2.33)
2 10/18 1.00 (0.39--2.56) 3/4 0.50 (0.06--4.00) 0.91 (0.39--2.14)

GSTM1 and GSTP1g

0 16/30 1.00 (ref.) 5/5 1.00 (ref.) 1.00 (ref.)
1 55/69 1.62 (0.78--3.36) 14/17 0.69 (0.13--3.57) 1.41 (0.73--2.71)
2 32/47 1.43 (0.65--3.14) 6/6 1.74 (0.24--12.65) 1.43 (0.70--2.93)

aMissing household ETS exposure estimates for six Caucasian cases and one Caucasian control.
bMissing household ETS exposure estimates for three African American cases and one African American control.
cAdjusted for age at diagnosis (cases)/interview (controls), sex and years of household ETS exposure (continuous).
dAdjusted for age at diagnosis (cases)/interview (controls), race, sex and years of household ETS exposure (continuous).
eTesting for joint effects by the following scheme: 0 ¼ no risk genotypes, 1 ¼ only one gene exhibits a risk genotype, 2 ¼ both genes exhibit a risk genotype.
fNot enough events to calculate.
gIle/Val and Val/Val are classified as risk alleles for GSTP1.
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the largest of never smokers and our findings support an
association between the GSTM1 null genotype and increased
lung cancer risk among individuals with high ETS expo-
sures. This is consistent with the hypothesis that reduced
ability to detoxify tobacco carcinogens in ETS through the
enzymatic activity of GSTM1 contributes to lung cancer
susceptibility.
Increased risk is even more evident in never smokers with 20

or more years of household ETS exposure who carry both the
GSTM1 null and at least one Val allele at GSTP1. Similar
findings of increased lung cancer risk associated with carrying
the GSTM1 null/GSTP1 Val allele genotype were reported by
Wang et al., however this study included only 64 non-smoking
cases (20). Miller et al. report increased (although not statisti-
cally significant) risk of lung cancer associated with ETS
exposure (OR¼ 1.62, 95% CI: 0.51--5.14) among non-smokers
(n ¼ 66 cases) carrying the GSTP1 Val/Val genotype, while
those carrying the Ile/Ile genotype had lower risks associated
with ETS exposure (21). While Miller’s results are not
statistically significant, they support the findings reported
here. Studies of GSTP1 in smokers, either alone or in combi-
nation with other genotypes, have reported conflicting results.
In only two of nine studies of GSTP1 alone (reviewed in
ref. 22), the exon 5 GSTP1 Val low activity allele was asso-
ciated with an ~2-fold increased risk of developing lung can-
cer. In a recent hospital-based study, Wang et al. reported no
association between the exon 5 polymorphism and lung cancer
risk, but did find evidence of risk associated with the exon 6
Ala114Val polymorphism (OR ¼ 1.40, 95% CI: 1.03--1.91)
(10). Nazar-Stewart et al. evaluated GSTP1 in combination
with GSTM1 and found no increased risk associated with the
exon 5 polymorphism (6). Two other studies of this combined
genotype support our findings (23,24). The apparently

conflicting findings in the literature suggest complex interac-
tions between genetic polymorphisms, metabolism of tobacco
carcinogens and smoking patterns. More than one GST iso-
form is responsible for the detoxification of tobacco smoke
carcinogens. GSTP1 codes for the most abundant isoform in
the lung and it would be expected that further reduction in
detoxification ability from carrying risk genotypes at two loci
would increase risk under certain exposure conditions. The
increase in risk associated with decreased detoxification activ-
ity may only be evident when exposures are relatively low, as
we see in never smokers exposed to ETS, and when multiple
enzymes in a pathway are lacking.
Findings of associations between GSTT1 and lung cancer

have been less consistent than findings for GSTM1, some
suggesting a possible interaction with smoking. Among studies
of mostly smokers, the GSTT1 null genotype has been asso-
ciated with increased lung cancer risk (25,26) and no differ-
ence in risk (6). Although not statistically significant, our study
found that never smokers who reported no household ETS
exposure and who were GSTT1 null were at one-third the
risk of lung cancer than individuals not GSTT1 null. A possible
protective effect of being GSTT1 null in non-smokers has also
been reported by Hou et al. (27). The potential protective
effect of the GSTT1 null genotype in never smokers without
ETS exposure suggests that there are non-tobacco related
exposures that need to be explored. One possibility is that
never smokers deficient in GSTT1 (GSTT1 null) who consume
foods rich in isothiocyanates (ITC) are protected against lung
cancer. ITCs are found in cruciferous vegetables, are sub-
strates for GSTs, and are associated with reduced cancer risk.
Reduced intake of ITCs has been associated with increased
risk of lung cancer in current smokers who are either GSTM1
or GSTT1 null (26). London et al. demonstrated in a cohort of

Table V. OR and associated CI for lifetime non-smokers by ETS exposure

No household ETS 1--19 household ETS years 20þ household ETS years

Cases/Controls ORa (95% CI) Cases/Controls ORa (95% CI) Cases/Controls ORa (95% CI)

GSTM1 gene present 34/27 1.0 (ref.) 23/34 1.0 (ref.) 22/31 1.0 (ref.)
GSTM1 null 16/23 0.52 (0.22--1.23) 18/27 1.07 (0.44--2.61) 43/35 2.32 (1.05--5.13)
GSTT1 gene present 42/39 1.0 (ref.) 30/48 1.0 (ref.) 49/51 1.0 (ref.)
GSTT1 null 6/12 0.32 (0.10--1.03) 7/9 0.77 (0.22--2.71) 14/16 1.16 (0.48--2.79)
GSTP1 Ile/Ile 15/20 1.0 (ref.) 11/23 1.0 (ref.) 18/25 1.0 (ref.)
GSTP1 Ile/Val 21/27 1.01 (0.40--2.54) 22/28 1.58 (0.57--4.35) 29/35 1.29 (0.56--3.00)
GSTP1 Val/Val 6/6 1.57 (0.40--6.19) 6/10 1.39 (0.38--5.09) 8/6 1.72 (0.48--6.12)
GSTP1 Ile/Val or Val/Val 27/33 1.11 (0.46--2.66) 28/38 1.52 (0.59--3.94) 37/41 1.36 (0.61--3.07)

Joint effectsb

GSTM1 and GSTT1
0 28/22 1.0 (ref.) 20/25 1.0 (ref.) 17/24 1.00 (ref.)
1 17/20 0.60 (0.24--1.49) 11/30 0.53 (0.20--1.42) 36/33 1.88 (0.80--4.42)
2 2/6 0.16 (0.03--0.93) 6/2 2.38 (0.35--16.43) 7/9 1.89 (0.50--7.13)

GSTT1 and GSTP1c

0 13/14 1.0 (ref.) 9/19 1.0 (ref) 11/18 1.00 (ref.)
1 24/29 0.95 (0.35--2.53) 21/32 1.31 (0.45--3.78) 35/40 1.91 (0.73--5.00)
2 4/8 0.38 (0.08--1.73) 5/6 1.01 (0.19--5.39) 6/8 1.73 (0.43--7.00)

GSTM1 and GSTP1c

0 10/9 1.0 (ref.) 7/11 1.0 (ref.) 4/15 1.00 (ref.)
1 24/27 0.86 (0.29--2.56) 18/35 0.85 (0.26--2.78) 28/25 4.64 (1.25--17.22)
2 7/14 0.45 (0.12--1.67) 13/15 1.59 (0.40--6.33) 21/25 4.56 (1.21--17.21)

aAdjusted for age at diagnosis (cases)/interview (controls), race, sex and years of exposure to household ETS (continuous).
bTesting for joint effects by the following scheme: 0 ¼ no risk genotypes, 1 ¼ only one gene exhibits a risk genotype, 2 ¼ both genes have a risk genotype.
cIle/Val and Val/Val are classified as risk alleles for GSTP1.
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Chinese men that individuals with detectable levels of ITC
who were either GSTM1 or GSTT1 null were at reduced risk of
lung cancer (28). We did not measure ITC intake so we cannot
look at this directly in our study.
While differences in histology types and possible carci-

nogenesis pathways between non-smokers and smokers are
hypothesized, differences in risk related to varying levels of
ETS in non-smokers have not been well categorized.
Stratifying this population of never smokers by histology did
not reveal significant differences in risk by ETS levels or GST
genotype.
Despite the large sample of Caucasian and African

American population-based never smokers included in this
study, analyses by race and ETS exposure were limited by
the small number of cases. In particular, our power to detect a
true difference in lung cancer risk for GST combinations was
limited. Our finding of a 4-fold increase in lung cancer risk
associated with the combination of GSTM1 and GSTP1 risk
genotypes must therefore be considered with caution. In addi-
tion, estimates of ETS exposure are subject to misclassifica-
tion. Both estimates of lifetime years and hours of ETS
exposure were collected, however, years of exposure was
chosen for the analysis because we believe that it was a more
reliable measure than the estimates of hours exposed. Another
potential limitation of this study is the difference in mean ages
of the cases and controls. Younger controls were more likely to
provide a blood sample than older controls and were over-
sampled. However, none of the genotype distributions varied
by age (comparing those 555 years, the mean age in the
controls, to those age 55 and older) in either cases or controls,
so it is unlikely that this age difference confounded the results
(data not shown). Additionally, age was included in all the
multivariate models. While not all subjects interviewed pro-
vided biologic specimens for genotyping, the observed allele
frequencies for each genotype in our controls are comparable
with those reported in the literature (6,17).
It is only recently that studies have evaluated combinations

of polymorphisms for a possible association with lung cancer
risk and few studies have evaluated these combinations among
never smokers. Our study of lifetime never smokers has iden-
tified significant differences in lung cancer risk associated
with both GSTM1 null and GSTM1 null/GSTP1 Val combined
genotypes in the presence of high levels of ETS exposure.
Because these polymorphisms play important overlapping
roles in detoxifying tobacco carcinogens and because risk
associated with these polymorphisms might only be evident
at low exposure levels (such as ETS exposure rather than
active smoke exposure) (29), the continued study of risk asso-
ciated with multiple polymorphisms simultaneously among
low exposure groups is essential. While studies of high fre-
quency, low penetrant candidate susceptibility genes, includ-
ing the GSTs, have not been as revealing as originally hoped
(30,31), continued study in large populations is needed to
fully understand the complexities underlying susceptibility.
This is likely to be best accomplished through collaborative
consortiums.
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