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Rationale: The glutathione S-transferases (GSTs) are important de-
toxification enzymes.
Objectives: To investigate effects of variants in GST mu genes on lung
function and assess their interactions with tobacco smoke exposure.
Methods: In this prospective study, 14,836 lung function measure-
ments were collected from 2,108 children who participated in two
Southern California cohorts. For each child, tagging single nucleo-
tide polymorphisms in GSTM2, GSTM3, GSTM4, and GSTM5 loci were
genotyped.Usingprincipal componentsandhaplotypeanalyses, the
significance of each locus in relation to level and growth of FEV1,
maximum midexpiratory flow rate (MMEF), and FVC was evaluated.
Interactions between loci and tobacco smoke on lung function were
also investigated.
Measurements and Main Results: Variation in the GST mu family locus
was associated with lower FEV1 (P 5 0.01) and MMEF (0.04). Two
haplotypes of GSTM2 were associated with FEV1 and MMEF, with
effect estimates in opposite directions. One haplotype in GSTM3
showed a decrease in growth for MMEF (2164.9 ml/s) compared
with individuals with other haplotypes. One haplotype in GSTM4
showed significantly decreased growth in FEV1 (251.3 ml), MMEF
(269.1 ml/s), and FVC (244.4 ml), compared with all other haplo-
types. These results were consistent across two independent co-
horts. Variation in GSTM2 was particularly important for FVC and
FEV1 among children whose mothers smoked during pregnancy.
Conclusions: Genetic variation across the GST mu locus is associated
with 8-year lung function growth. Children of mothers who smoked
during pregnancy and had variation in GSTM2 had lower lung
function growth.
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Low lung function in adulthood is consistently associated with
respiratory and cardiovascular disease morbidity and mortality,
including chronic obstructive pulmonary disease, cystic fibrosis,
asthma, and cardiovascular disease (1, 2). Lung function growth
in childhood is one determinant of maximum attainable lung
function in adulthood, and can have a lifelong effect on respi-
ratory disease risk (3–5). Many factors can adversely affect lung
development, including genetic variation (6, 7) and exposure to
various environmental pollutants, such as tobacco smoke,
ozone, and fine particulate matter (8, 9).

Genetic variation has the potential to affect childhood lung
development, lung maturation, and adult lung injury and repair.
Genes involved in oxidative stress may be particularly relevant,
because oxidative stress may interfere with normal lung growth
and contribute to the development of respiratory diseases (10).
One family of genes essential for antioxidant defense is the cy-
tosolic glutathione S-transferase (GST) genes. These genes code
for important phase II detoxification enzymes, which are an in-
tegral part of the defense mechanism that protects against cel-
lular damage from chemical agents. GSTs conjugate organic
compounds, such as insecticides, herbicides, and carcinogens in
tobacco smoke, and have antioxidant and antiinflammatory
activities (11).

The GST mu class spans a 97-kb region on chromosome 1p13
(59-GSTM4-GSTM2-GSTM1-GSTM5-GSTM3-39, in that or-
der). These genes are expressed in lung tissue and localize to
the bronchial wall, suggesting GST mu sequence variation may
contribute to susceptibility (12, 13). In particular, the frequently
studied GSTM1 deletion polymorphism is associated with re-
duction of enzymatic activity and individuals with this genotype
have a higher level of carcinogen-DNA adducts and more
cytogenetic damage (14). The GSTM1 null genotype is also
associated with increased susceptibility to respiratory disease
and lung function deficits in children, people with asthma, and
the general adult population (15–18). Moreover, negative effects
of tobacco smoke on lung function and asthma are exacerbated
in individuals with GSTM1 null genotype (19, 20).

Of the five isoforms within the GST mu class (GSTM1–5),
only the GSTM1 deletion polymorphism has been well studied.
Nevertheless, other GST mu genes have overlapping substrate
specificities and should also be considered in assessing health
outcomes. In this study, a comprehensive assessment of the
other isoforms, GSTM2, GSTM3, GSTM4, and GSTM5, was
conducted to evaluate their association with lung function growth
in healthy children using data collected on 2,108 children over
an 8-year time period as part of the Children’s Health Study
(21). We evaluated the global significance of the GSTM2–5 re-
gion, followed by a more detailed exploration of the significance
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Scientific Knowledge on the Subject

GSTM1 plays an important role in lung function develop-
ment. The role of variants in other GSTM genes in lung
development has yet to be determined.

What This Study Adds to the Field

Haplotypes of GSTM2, GSTM3, and GSTM4 are associ-
ated with lung function growth during adolescence. The
association between GSTM2 haplotypes and lung function
is modified by in utero exposure to tobacco smoke.
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of specific genetic polymorphisms. Because the GSTs play a
critical role in detoxification of tobacco smoke, we also evalu-
ated whether variants in these genes might alter the effects of
active smoking, current exposure to secondhand tobacco smoke
(SHS), or maternal smoking during pregnancy on lung function
growth. Some of the results of these studies have been pre-
viously reported in the form of an abstract (22).

METHODS

Study Subjects

Two cohorts of 4th grade children (n 5 3,887), one in 1993 and the
second in 1996, were enrolled and followed for 8 years, through 12th
grade in public high school. Children were recruited from elementary
schools in 12 southern California communities as part of an investiga-
tion of the long-term effects of air pollution on children’s respiratory
health (21, 23, 24). Pulmonary function and questionnaire data were
obtained annually by trained field technicians at the schools. Details of
the testing protocol have been previously published (24, 25). Ques-
tionnaire details are provided in the online supplement. The cohorts
were restricted to non-Hispanic white (n 5 2,108) and Hispanic white
(n 5 1,152) children due to relatively low sample sizes in other racial
groups and concerns about possible population stratification bias. An
additional 94 children with no pulmonary function data were excluded.
Of the remaining 3,166 children, complete genetic information was
available on 2,108 (67%). Although 46% of the original population was
excluded, a comparison of these children to the included children across
several baseline characteristics showed no substantial differences (see
Table E1 in the online supplement). Excluded children had a slightly
higher prevalence of SHS exposure and lower socioeconomic status.

The study protocol was approved by the institutional review board
for human studies at the University of Southern California, and consent
was provided by a parent or legal guardian for all study subjects.

Laboratory Methods

Buccal cells were collected from participants and used as the source of
DNA for genotyping assays. DNA was extracted using a PUREGENE
DNA isolation kit (Gentra, Minneapolis, MN). Twenty-two tagging
single nucleotide polymorphisms (SNPs) in GSTM2, GSTM3, GSTM4,
and GSTM5 genes were genotyped using an Illumina BeadArray
platform (Illumina Inc., San Diego, CA). In addition, one deletion
polymorphism in GSTM3 (RS1799735) was determined by real-time
polymerase chain reaction using a TaqMan 7700 (Applied Biosystems,
Foster City, CA) as described previously (15).

Single Nucleotide Polymorphism Selection and Genotyping

for Illumina Assay

For each locus, we identified a set of SNPs from dbSNPs and other
sequencing databases with an SNP density of 1 to 3 SNPs/kb over
a region 20 kb upstream and 10 kb downstream of each gene. Details of
the SNP selection process are provided in the online data supplement.
SNPs were genotyped on the Illumina BeadArray platform, a highly
accurate, high-throughput assay (Illumina, Inc.). Twenty-two SNPs
were used in this analysis across the four genes, with an r2

h of greater
than 0.95 for each gene. Reference SNP ID (RS) numbers, gene location,
minor allele frequencies, and Hardy-Weinberg Equilibrium values are
shown in Table E2 and the GSTM locus is shown in Figure E1.
Haplotype frequencies of unphased GSTM SNPs for Hispanic and non-
Hispanic white children were estimated separately using TagSNPs (the
program is available at http://www-hsc.usc.edu/zstram/tagSNPs.html)
and are shown in Table E3. Some haplotypes were uncommon (,5%)
and were collapsed into a combined ‘‘other’’ category. The estimated
number of copies of each haplotype was used as a proxy for the true
haplotype, a single imputation procedure that provides unbiased
estimates and appropriate confidence intervals (26, 27). Three haplo-
type blocks were initially determined based on the Gabriel method
(28): one for GSTM3, GSTM5, and a portion of GSTM4. We added
three additional SNPs in GSTM4 to that haplotype block because they
were in high linkage disequilibrium (LD). We also created a custom
haplotype block for GSTM2 using the SNPs we had genotyped. Within

each block, the haplotypes explained at least 95% of the variability of
both ethnic groups. To understand the correlation between the GSTM3
deletion polymorphism (RS1799735) and the GSTM3 haplotype,
RS1799735 was included in the GSTM3 haplotype.

Statistical Methods

The data consisted of 14,836 pulmonary function tests recorded from
2,108 participants during 8 years of follow-up. Three measures of
pulmonary function were evaluated: FVC, FEV1, and maximal mid-
expiratory flow rate (MMEF, also known as FEF25–75). The primary
exposures of interest were the GSTM2–5 genotypes described above.

A hierarchical mixed effects model was used to relate 8-year growth
in each lung function measure to principal components (PCs), hap-
lotypes, and SNPs, with basic model structure that has been previously
described (29). Growth patterns in lung function were modeled using
linear splines with knots at ages 12, 14, and 16 (30), parameterized so
that 8-year growth in lung function was estimated jointly with other
model parameters. Random effects for the intercept and 8-year growth
parameters were included at the subject level. We estimated and tested
the effect of GSTM2–5 SNPs on 8-year growth and on mean lung
function level at age 18. We allowed for separate growth curves by sex,
race, ethnicity, cohort, and asthma status at baseline across the age range
of 10 to 18 years with knots at ages 12, 14, and 16. The model also
included adjustments for height, height2, body mass index (BMI), BMI2,
current asthma status, exercise or respiratory illness on the day of the
test, any tobacco smoking by the child in the last year, GSTM1 null
genotype, and indicator variables for field technician. Handling of
missing data for covariates is addressed in the online data supplement.

To address potential confounding by population stratification, four
coefficients of ancestry variables were also included in the model (31,
32). These variables were constructed from 4 principal components
derived from a set of 233 unlinked ancestry informative markers, which
were selected to differentiate 4 parental populations (African, Euro-
pean, American Indian, and East Asian). Controlling for these ancestry
variables provided adjustment for ancestral history beyond adjustment
for typical self-reported racial and ethnic categories.

Principal components analysis was used to test the significance of
the entire GSTM2–5 locus in relation to 8-year lung function growth
and level at age 18 (33). The set of PCs that explained greater than
80% of the SNP variance across the entire locus was included in the
hierarchical model for lung function. Haplotype analyses were then
used to investigate individual gene loci. Each evaluated locus contained
only one haplotype block. A likelihood ratio test was used to evaluate
the overall association between a given block and lung function growth
and level. For single SNP analysis, an additive genetic model, in which
genotype was coded as zero, one, or two for the number of minor
alleles, was used for all SNPs. Single SNP analyses were adjusted for
multiple testing within gene, but separately for each lung function
outcome, using PACT (available at http://csg.sph.umich.edu/boehnke/
p_act.php) (34).

Based on a priori hypotheses, we also evaluated whether genetic
variation altered the effects of SHS, active smoking, and maternal
smoking during pregnancy on lung function growth. Active smoking
and SHS variables were incorporated as time-dependent covariates in
the analysis. Interactions between these smoke variables and haplo-
types were tested using likelihood ratio tests comparing models with
and without the appropriate interaction terms for evidence of statistical
significance.

Regression procedures in SAS were used to fit all models (35).
Adjustment for multiple testing using PACT was done using R version
2.6.1 (R Foundation for Statistical Computing, Vienna, Austria) (34).
Associations denoted as statistically significant were those that yielded
a P value less than 0.05, assuming a two-sided alternative hypothesis.

RESULTS

Over 8 years of follow-up, an average of seven pulmonary
function tests were performed per child. Eight-year growth in
FVC, FEV1, and MMEF averaged 1,569 ml, 1,367 ml, and 1,442
ml/s in girls and 2,848 ml, 2,441 ml, and 2,512 ml/s in boys.
Approximately one-third of the sample was of Hispanic origin,
17% of children had mothers who smoked during their preg-
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nancy, and 18% reported exposure to SHS in the household at
baseline (Table 1).

Results from PC analysis suggested that variation in the
GSTM family locus was significantly associated with lung
function growth and level (global P values of 0.01, 0.04, and
0.13 for FEV1, MMEF, and FVC, respectively). When haplo-
type analyses were conducted to test individual loci, GSTM2
and GSTM4 were associated with 8-year growth in several
outcomes, whereas GSTM3 and GSTM5 were only associated
with one outcome. GSTM2 was associated with FEV1 (Table 2)
and MMEF, and GSTM4 with FEV1 (Table 3), FVC, and
MMEF, whereas GSTM3 and GSTM5 were only associated
with MMEF (Tables E4, E5).

GSTM2

For GSTM2, two haplotypes were observed: one that increased
and one that decreased lung function growth. The most com-
mon haplotype (00101, with frequencies of 35% in non-
Hispanic whites and 30% in Hispanic whites) was associated
with lower FEV1 (238.6 ml, P 5 0.02) and lower MMEF (271.0
ml/s, P 5 0.02) compared with other haplotypes (Table 4).
Moreover, two copies of this risk haplotype had twice the deficit
of lung function growth compared with one copy (Table E6).
The protective haplotype (10000) occurred with a frequency of
28% in non-Hispanic whites and 44% in Hispanic whites. Eight-
year growth in FEV1 and MMEF was larger by 28.4 ml and
109.4 ml/s in individuals with this haplotype compared with
individuals with other haplotypes, although no increase in
strength of association was seen by number of haplotypes.

GSTM3

For GSTM3, a haplotype association was only observed with 8-
year growth in MMEF (P 5 0.03) (Table E4). The risk
haplotype 001001 (frequency 8% in non-Hispanic whites, 6%
in Hispanic whites) had a strong negative effect on lung func-
tion growth for MMEF (Table 4). Eight-year growth was
164.9 ml/s lower for MMEF in individuals with this risk hap-
lotype compared with individuals with other haplotypes. The
two SNPs underlying this haplotype were RS1537236 and the
deletion polymorphism RS1799735. Single SNP analysis of
RS1799735 also resulted in lower MMEF (295.7 ml/s) com-
pared with the common variant (Table E7).

It is possible that SNP RS1799735 is driving the haplotype
effect; however, this SNP was split across two haplotypes, only
one of which was associated with MMEF. To explore further,
we conducted a likelihood ratio test to evaluate whether the
haplotype had an independent effect on lung function beyond
the effect of the SNP. We found the haplotype contributed
a significantly independent association for MMEF (likelihood
ratio test [LRT] P 5 0.01). These results suggest that the haplo-
type captures additional variation in the GSTM3 locus besides
the deletion polymorphism that may be important for lung function.

GSTM4

For GSTM4, haplotype 1101000 occurred with a frequency of
22% in non-Hispanic whites and 16% in Hispanic whites,
and showed significantly decreased rates of growth for FEV1

(251.3 ml), FVC (244.4 ml), and MMEF (269.1 ml/s) com-
pared with all other haplotypes (Table 4). In addition, two
copies of this haplotype showed twice the deficit in lung
function growth compared with one copy (Table E6).

GSTM5

For GSTM5, a global haplotype association was only observed
with 8-year growth in MMEF (P 5 0.01) (Table E5). This

association was driven by the ‘‘other’’ category, which consti-
tuted less than 5% of all haplotypes and no individual haplotype
was associated with 8-year lung function growth. Therefore no
further analyses of GSTM5 are presented.

Consistency of Effect

The main haplotype associations for all genes were consistent
across our two independent cohorts and were similar by
ethnicity (Tables E8a–c). Haplotype associations were consis-
tent with single SNP analyses (Table E7). Sensitivity analyses
were conducted to evaluate whether presence of socioeconomic
status (SES) and inclusion of children with asthma might have
affected the observed associations. Results for GSTM2, 3, and 4
haplotypes remained significant even after adjustment for SES
and after restriction to only children without asthma (Table
E9). Similarly, SES did not affect the associations in the joint
effects model of GSTM2 and in utero tobacco smoke exposure
(Table E10).

Interaction of the GSTM Family Locus with Tobacco

Smoke Exposure

We evaluated whether the genes might alter susceptibility to
active smoking by the child (prevalence 1.7%), current expo-
sure to secondhand tobacco smoke (prevalence 17.6%) or in
utero tobacco smoke exposure (prevalence 17.2%). No inter-
actions between GSTM loci and SHS or active smoking were
observed, although the frequency of active smoking was partic-
ularly small, which limited the power to detect interactions for
that exposure. GSTM2 was the only gene to show significant
interactions with in utero tobacco smoke exposure (Table 5).
Children of mothers who smoked during pregnancy had lower
FEV1 (2127.6 vs. 223.2 ml) and FVC (2169.7 vs. 22.7 ml) if
they had the GSTM2 risk haplotype 00101. In a complementary
fashion, the haplotype 10000 was protective in the exposed
children. These associations were consistent with single SNP
results for the SNPs underlying the haplotypes.

DISCUSSION

We found that genetic variation across the family of GST mu
genes was associated with lung function development in chil-
dren 10 to 18 years of age. In our population, we observed
a global association between the entire region spanning GSTM2

TABLE 1. BASELINE CHARACTERISTICS FOR THE 2,108 FOURTH
GRADE CHILDREN’S HEALTH STUDY SUBJECTS INCLUDED IN
LUNG FUNCTION ANALYSES

Variables N %

Sex

Boys 1022 48.5

Ethnicity

Non-Hispanic white 1398 66.3

Hispanic white 710 33.7

Ever diagnosed with asthma 310 15.0

Cohort

Recruited in 1993 912 43.3

Recruited in 1996 1196 56.7

Exposure to secondhand smoke 361 17.6

Personal smoking in last year 36 1.7

In utero exposure to smoke 354 17.2

Mean (SD)

Height, cm 139.6 (6.6)

BMI, kg/m2 18.2 (3.5)

Age, yr 10.0 (0.4)

Definition of abbreviation: BMI 5 body mass index.
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through GSTM5 and lung function growth, as well as locus-
specific haplotype associations for three of the four GST mu
isoforms studied: GSTM2, GSTM3, and GSTM4. These associ-
ations remained after adjustment for presence or absence of
GSTM1 null genotype. Moreover, children with variants in
GSTM2 were more susceptible to effects of in utero tobacco
smoke exposure on lung function than were children with the
common variant. The joint effects of the variant and in utero
exposure to maternal smoking were not altered when postnatal
exposure to SHS was considered.

A substantial body of evidence supports a role for GST mu
variants in lung function and growth (36, 37). GSTM1, the
most–well-studied isoform, is associated with a reduction in
enzymatic activity and has been implicated in respiratory
diseases, including lung cancer, asthma, and deficits in lung
function, although the data are not conclusive (15–18, 38, 39).
GST mu genes are expressed to varying degrees in lung tissue,
particularly in the bronchial wall, and therefore may have
a direct effect on lung function development (12, 13). GST
mu genes have a central role in phase II detoxification of
reactive oxygen species. Failure to detoxify reactive oxygen
species, which could be due to alterations in GST function
caused by sequence variants, can enhance the inflammatory
cascade, promote bronchoconstrictor mechanisms and airway
hyperresponsiveness, contribute to asthma-like symptomatol-
ogy, and impair lung development (36). GST mu genes are
colocated across a 97-kb region on chromosome 1p13. Because
the five isoforms have overlapping substrate specificities, vari-
ation in other isoforms has the potential to affect respiratory
disease. However, no reports to date have been published
demonstrating effects of variants in GSTM2–5 on lung function
in human populations.

For GSTM2, two haplotypes were associated with lung
function growth. A risk haplotype conferred lower 8-year
growth in FEV1 and MMEF compared with other haplotypes,
whereas a protective haplotype conferred higher 8-year growth
in FEV1 and MMEF. None of the SNPs constituting these
haplotypes are known to be functional. A functional SNP in
GSTM2 does exist (rs592792); however, it did not track with the
protective or risk haplotypes that we observed. Thus, a more

extensive investigation is needed to determine which causal
SNPs these haplotypes are marking.

The effects of GSTM2 haplotypes showed significant var-
iation for FEV1 and FVC when prenatal exposure to tobacco
smoke was considered. The magnitude of the genetic associ-
ations was substantially larger among the children of mothers
who smoked during pregnancy. To our knowledge, this is the
first study to demonstrate an interaction between GSTM2 var-
iants and prenatal tobacco smoke exposure on lung function.
We previously found that in utero exposure to maternal smok-
ing was associated with decreased lung function in children,
especially for small airway flows (40), and an increased risk
of asthma and wheeze among GSTM-null children (20). In
this study, the GSTM2 results remained significant after ad-
justment for GSTM1, indicating that they have independent
effects.

GST mu genes are expressed in fetal tissue at low levels.
However, the phase II enzymes are relatively uninducible,
whereas activating enzymes are highly inducible. This suggests
that fetuses are much more susceptible to environmental expo-
sures than adults (41). Genetic polymorphisms in phase II en-
zymes that further inhibit enzyme activity may exacerbate this
susceptibility. For example, subjects carrying the GSTM1 null
genotype had a higher susceptibility to DNA damage induced
by tobacco smoke than GSTM1-positive ones (42). Our results
for an interaction between GSTM2 and in utero smoke expo-
sure are consistent with the known role for GST genes in de-
toxification of carcinogens and with other studies showing that
variation in the GST family of genes can alter the effects of
cigarette smoke on respiratory outcomes.

The results for GSTM3, although not robust across all lung
function outcomes in our study, are worth mentioning particu-
larly because several studies have evaluated functional SNPs in
this gene. The functional SNPs rs1799735, rs7483, and rs1332018
have been associated with risk of diseases such as Alzheimer,
cancers, multiple sclerosis, and lung disease (43–48). In our
analyses, we directly evaluated two of these functional SNPs

TABLE 2. GLOBAL ASSOCIATION OF GSTM2 WITH
FEV1 (ml) LEVEL AT AGE 18 AND 8-YEAR GROWTH USING
HAPLOTYPE ANALYSIS: CHILDREN’S HEALTH STUDY, FOURTH
GRADE COHORTS

Haplotype* b† P Value Global P Value‡

Level at age 18 0.04

00101 Ref

10000 32.9 0.12

00000 223.5 0.43

10001 17.7 0.62

01110 7.3 0.86

Other 25.4 0.42

Growth

10000 53.8 0.005

00000 15.6 0.56

10001 34.9 0.27

01110 28.7 0.44

Other 49.1 0.08

* Haplotypes were defined by the following SNPs, in order: RS2073483,

RS574344, RS655315, RS619686, and RS12024479, where ‘‘1’’ is the variant

and ‘‘0’’ the common variant allele.
† Difference in FEV1 comparing each haplotype to reference haplotype. All

models adjusted for covariates listed in the METHODS section.
‡ Global P value from likelihood ratio test of all haplotypes for growth and level

at age 18 combined for the locus.

TABLE 3. GLOBAL ASSOCIATION OF GSTM4 WITH
FEV1 (ml) LEVEL AT AGE 18 AND 8-YEAR GROWTH USING
HAPLOTYPE ANALYSIS: CHILDREN’S HEALTH STUDY, FOURTH
GRADE COHORTS

Haplotype* b† P Value Global P Value‡

Level at age 18 0.003

0010000 Ref

1101000 226.3 0.24

1101001 246.9 0.10

1000010 225.2 0.47

1000110 21.9 0.96

0000000 21.5 0.60

1100000 30.5 0.41

Other 78.5 0.17

Growth

1101000 251.4 0.01

1101001 226.6 0.30

1000010 216.4 0.60

1000110 29.6 0.38

0000000 32.5 0.38

1100000 4.7 0.89

Other 79.9 0.12

* Haplotypes were defined by the following SNPs, in order: RS12745189,

RS668413, RS1010167, RS560018, RS650985, RS506008, and RS521999, where

‘‘1’’ is the variant and ‘‘0’’ the common variant allele.
† Difference in FEV1 comparing each haplotype to reference haplotype. All

models adjusted for covariates listed in the METHODS section.
‡ Global P value from likelihood ratio test of all haplotypes for growth and level

at age 18 combined for the locus.
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(rs1799735 and rs7483). We also evaluated a third SNP
(rs10735234) that was in high LD (D9 5 0.96) with the
functional SNP, rs1332018. A global test of the GSTM3 locus
suggested a negative association for haplotype h010001 with
MMEF. We also observed an independent single SNP associ-
ation for rs1799735, in which we observed a significant decrease
in MMEF in subjects carrying the GSTM3*B allele. This is in
contrast to results observed in a small study of children with
cystic fibrosis, in which the GSTM3*B allele was found to
increase lung function (FEV1 and FVC) relative to the
GSTM3*A allele (16). However, this discrepancy may be
explained by the presence of the disease itself. We observed
no associations for the other two SNPs.

For GSTM4, consistent associations with all lung function
outcomes suggest that haplotype 1101000 may be an important
determinant for lung function growth. Of the SNPs included in
our analyses, two are functional: RS506008 is a synonymous

SNP and RS17024663 a missense mutation. These functional
SNPs were not associated with any lung function outcomes in
our single SNP analyses. RS506008 did not contribute to the
observed risk haplotype and RS17024663 was excluded from
haplotype creation due to a large number of missing data for
that SNP. Variation in GSTM4 is not well studied with respect
to disease outcomes. One study did find that a C-T poly-
morphism in intron 6 of GSTM4 conferred an increased risk
for lung cancer (49). However, we observed no association for
this SNP (rs650985) in our data nor did it drive the observed
haplotype association.

A strength of this study was the long-term, prospective
nature of the data with consistent follow-up and measurement
of exposure and outcome data. However, certain limitations
should also be considered. Haplotypes were used as part of the
analytic strategy. The ability to detect a true disease variant
using a haplotype approach can be attenuated if the variant is

TABLE 4. THE ASSOCIATION OF GSTM 2, 3, AND 4 HAPLOTYPES COMPARED WITH ALL OTHERS WITH LUNG FUNCTION GROWTH:
CHILDREN’S HEALTH STUDY, 4TH GRADE COHORTS

8-yr Growth in Lung Function

FEV1 (ml) FVC (ml) MMEF (ml/s)

Gene Haplotype b* 95% CI P Value b* 95% CI P Value b* 95% CI P Value

GSTM2†

00101 None Ref 0.02 Ref 0.15 Ref 0.02

At least one 238.6 (271.4, 25.7) 226.2 (262.2, 9.8) 271.0 (2130.9, 211.0)

10000 None Ref 0.10 Ref 0.15 Ref 0.001

At least one 28.4 (25.7, 62.5) 20.1 (237.5, 37.2) 109.4 (47.3, 171.6)

GSTM3‡

001001 None Ref 0.14 Ref 0.99 Ref 0.002

At least one 244.5 (2103.2, 14.3) 2.1 (262.3, 66.6) 2164.9 (2271.5, 258.2)

GSTM4x

1101000 None Ref 0.01 Ref 0.03 Ref 0.05

At least one 251.3 (288.8, 213.8) 244.4 (285.5, 23.4) 269.1 (2137.2, 21.0)

Definition of abbreviations: CI 5 confidence interval; MMEF 5 maximal midexpiratory flow.

* Difference in lung function measure comparing risk haplotype to all other haplotypes combined. All models include adjustment for covariates listed in the METHODS

section.
† The risk haplotypes were defined by the following SNPs, in order: RS2073483, RS574344, RS655315, RS619686, and RS12024479, where ‘‘1’’ is the variant and ‘‘0’’

the common variant allele.
‡ The risk haplotype 001001 was defined by the following SNPs, in order: RS11101993, RS11101996, RS1537236, RS7483, RS10735234, and RS1799735.
x The risk haplotype 1101000 was defined by the following SNPs, in order: RS12745189, RS668413, RS1010167, RS560018, RS650985, RS506008, and RS521999.

TABLE 5. THE ASSOCIATION OF GSTM2 HAPLOTYPES WITH 8-YEAR LUNG FUNCTION GROWTH IN FEV1, FVC, AND MAXIMAL
MIDEXPIRATORY FLOW STRATIFIED BY IN UTERO SMOKE EXPOSURE: CHILDREN’S HEALTH STUDY, FOURTH GRADE COHORTS

Lung Function

Growth

In utero Smoke Exposed In utero Smoke Unexposed
Interaction

P Value‡GSTM2* Haplotype b† 95% CI b† 95% CI

FEV1 (ml) 00101 None Ref Ref 0.05

At least one 2127.6 (2205.6, 249.5) 223.2 (260.1, 13.7)

10000 None Ref Ref 0.16

At least one 105.2 (22.8, 187.5) 17.9 (220.4, 56.3)

FVC (ml) 00101 None Ref Ref 0.001

At least one 2169.7 (2258.6, 280.9) 22.7 (242.6, 37.2)

10000 None Ref Ref 0.05

At least one 100.6 (5.3, 195.9) 213.2 (254.6, 28.3)

MMEF (ml/s) 00101 None Ref Ref 0.87

At least one 2115.4 (2258.6, 27.8) 265.8 (2133.0, 1.4)

10000 None Ref Ref 0.59

At least one 116.2 (233.8, 266.1) 116.3 (46.7, 186.0)

Definition of abbreviations: CI 5 confidence interval; MMEF 5 maximal midexpiratory flow.

* The risk haplotypes were defined by the following SNPs, in order: RS2073483, RS574344, RS655315, RS619686, and RS12024479, where ‘‘1’’ is the variant and ‘‘0’’

the common variant allele.
† Difference in lung function measure comparing risk haplotype to all other haplotypes combined. All models include adjustment for covariates listed in the METHODS

section.
‡ Wald P value for the interaction between haplotype and in utero smoke exposure.
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distributed across several haplotypes in the population. This
may be particularly relevant to the analysis of GSTM3, because
the GSTM3 deletion was split across two haplotypes. Moreover,
we adopted the commonly used approach of clustering rare
haplotypes into a composite category. This composite category
likely included one or more haplotypes carrying the variant,
thereby reducing the analytical power to contrast this variant
against other haplotypes.

Confounding by population admixture is often a concern
with genetic studies. We attempted to control for admixture by
adjusting for ancestry variables in addition to typical adjustment
for self-reported race and ethnicity. The ancestry variables pro-
vided better control for genetic descent of four distinct groups:
African, European, American Indian, and East Asian. Adjusting
for these variables did not appreciably change our results.

Misclassification of environmental or genetic risk factors
may reduce the power to detect gene–environment interactions
(50). The smoking exposures in this study may be of particular
concern because they were assessed by self-report via question-
naire and smokers may be inclined to not report the fact that
they smoke, particularly during the sensitive time of pregnancy,
thereby underestimating true exposure. In cohort studies, such
misclassification typically biases effect estimates toward the
null. Despite the likelihood of some misclassification of smoking
status, our study had a large sample size and we were able to
observe significant differences in lung function growth of at
least 100 ml or more.

To address concerns regarding multiple testing, we first
assessed the entire family locus for association with lung
function phenotypes, followed by test of each gene locus. For
loci with significant associations, we followed with single SNP
analyses that were corrected for multiple testing within gene
using PACT, a method for adjusting for multiple correlated tests
particularly relevant for genetic studies and less conservative
than a Bonferroni approach, which does not account for the
correlations among SNPs.

In conclusion, we found that GST mu genes appear to play
an important role in lung function development in children from
10 to 18 years of age. In general, the direction of the asso-
ciations for haplotype and single SNP analyses were negative,
implying that variants in these genes collectively tended to de-
crease lung capacity or small airway flow. GSTM2, in particular,
may play a critical role in oxidative defense to environmental
insults during fetal development. GSTs are a primary pathway
for detoxifying lipid peroxidation products formed from to-
bacco smoke. Thus, children with GST mu variants may have
decreased antioxidant defense compared with those with the
common variant genotypes during prenatal and postnatal lung
development. The GST mu genes constitute a larger family of
GSTs with complex and overlapping substrates and functions.
Future investigations into potential interactions between genes
in this family may further clarify their individual roles in lung
function development.
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