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Abstract

Glutathione (GSH), the major intracellular antioxidant, protects against cancer development by
detoxifying carcinogens and free radicals and strengthening the immune system. Recently, a
GAG-trinucleotide repeat polymorphism in the 5’-untraslated region of the gene for the rate
limiting enzyme for GSH biosynthesis, y-glutamine cysteine ligase (GCL), was shown to be
associated with lowered GCL activity and GSH levels /n vitroand in vivo. We tested the
hypothesis that this functional polymorphism in GCL is associated with the risk for lung and
aerodigestive tract cancers. To this end, we conducted a case-control study that included 375 lung
cancer cases, 200 aerodigestive tract cancer cases and 537 controls. GAG repeat genotype (4, 7, 8,
9 and 10 repeat alleles) was determined by capillary electrophoresis of PCR products from the
repeat region of the GCL catalytic subunit (GCLC). Odds ratios were calculated by logistic
regression and adjusted for risk factors including age, sex, body mass index and smoking history.
The GAG-7/7 genotype was associated with a 1.9-fold increased risk of lung cancer and 2.6-fold
increased risk of aerodigestive tract cancer compared to the wild type GAG-9/9 (p<0.05).
Similarly, the GAG-7 allele was associated with an increased risk of lung cancer (OR=1.5,
p=0.01) and aerodigestive tract cancer (OR=2.3, p<0.001) compared to subjects without GAG-7
allele. These findings suggest that glutathione synthesis affects the risk of lung and aerodigestive
tract cancers, and further implicates a role for oxidative stress in the development of these cancers.
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Introduction

Oxidative stress is thought to play a significant role in carcinogenesis, however, specific
mechanisms remain poorly understood [1,2]. Glutathione (GSH) is the most abundant
antioxidant in cells and tissues, and plays a primary role in protection against oxidative
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stress. GSH is also an important substrate for the conjugation and detoxification of known
carcinogens such as the polycyclic aromatic hydrocarbons (PAHS) present in tobacco smoke
[3,4]. In addition, GSH may protect against neoplasia through its role in the maintenance of
immune function, as it regulates mitogenic response and lymphocyte proliferation [5]. Low
levels of blood GSH have been associated with chronic diseases including cancer [6,7] and
GSH administration has been shown to inhibit tumor initiation, promotion and progression
in animal models [8]. While there has been a growing interest in the role of GSH and cancer
inhibition, there have been few clinical studies of factors that regulate GSH levels or its
biosynthesis.

All cells in the body synthesize GSH in a two-step ATP requiring process catalyzed by y-
glutamy!l cysteine ligase (GCL) and GSH synthetase. GCL, the rate limiting enzyme, is a
heterodimer of catalytic (GCLC) and modifier (GCLM) subunits. While several genetic
polymorphisms in both GCLC and GCLM, have been identified [9-11], a GAG-
trinucleotide repeat polymorphism in the 5’-untranslated region (UTR) of GCLC
(rs3830798) may be of particular importance as it has been linked to altered GCL activity
and GSH levels [12,13]. For this polymorphism, five different alleles have been identified
(GAG-4, GAG-7, GAG-8, GAG-9 and GAG-10 containing 4, 7, 8, 9, and 10 GAG repeats,
respectively). The GAG polymorphism has been associated with GSH levels in vitroand in
vivo [12,14]. Luciferase reporter studies on the functional mechanism of the GAG repeat
polymorphism show that the repeats affect gene expression through translation and that
GCLC5’-UTRs with 7 GAG repeats have lower luciferase activity compared to those with 8
or 9 repeats [13,15]. Individuals having the GAG-9/9 genotype had lower GSH levels and
GCL activity than those having GAG-7/9 and GAG-7/7 genotypes. This polymorphism has
also been associated with the risk for several diseases including schizophrenia [16], chronic
beryllium disease [17] and diabetes [18]. Based upon the many important roles for GSH in
protection against carcinogenesis, particularly for tobacco related cancers, we hypothesized
that the GAG repeat polymorphism is associated with increased risk for tobacco and or
oxidative stress related cancers. We tested this hypothesis by studying GAG repeat
polymorphisms in a case control study of lung and aerodigestive tract cancers.

Recruitment of Study Subjects

We conducted a case-control study of lung and aerodigestive tract cancers at the H. Lee
Moffitt Cancer Center (Tampa, Florida, USA) from 1999-2003. Results for other genetic
variants from the lung cancer component have been previously described [19-21]. The
current analysis was limited to white study subjects. Informed consent was obtained from all
subjects as per the guidelines of the institutional review board. Cases were patients recruited
within one year after diagnosis with histologically confirmed cancers of the lung and
aerodigestive tract (gingiva, hard-palate, dorsal tongue, floor of mouth, inner lip, soft-palate,
buccal mucosa, tongue, tonsil, oropharynx, larynx, and esophagus). Controls were randomly
selected from the Moffitt Lifetime Cancer Screening Center. The Center screens healthy
individuals for prostate-specific antigen testing, skin examinations, endoscopy, or
mammography. A trained interviewer used a structured questionnaire to collect information
on demographics, medical history, smoking and alcohol drinking habits. DNA was available
for 375 lung cancer cases, 200 aerodigestive tract cancer cases and 537 controls.

Determination of GAG Genotype

Genomic DNA was extracted from exfoliated buccal mucosal cells collected from all the
subjects as described previously [14]. Briefly, buccal mucosal cells were obtained by having
the subjects wash their mouth with distilled water, brush their cheeks and gums with a soft
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tooth brush, and rinsing with 20 ml of saline. The rinse was centrifuged at 3000 x g for 10
min and genomic DNA was extracted from the cell pellet using
phenol:chloroform:isoamylalcohol (25:24:1). GAG genotype was determined by PCR
amplification of the GAG repeat region from genomic DNA followed by capillary
electrophoresis. DNA containing the GAG repeat region was amplified in 96-well PCR
plates using Qiagen multiplex PCR kits (Qiagen, Valencia, CA) in a reaction volume of 10
pL.

The reaction mixture consisted of 5 yL of 2x Qiagen mastermix, 0.25 pL each of 20 pM
6FAM-labeled forward (51-6FAM-CGGCTGAGTGTCCGTCTCGC-31) and unlabeled
reverse primers (51-CCACTTGAGAACGTCCTTGTGCCGG-31; Applied Biosystems,
Foster City, CA), 500 ng of genomic DNA, and distilled water to a final volume of 10 pL.
Thermocycling parameters were as follows: initial activation at 95°C for 15 min followed by
40 cycles of denaturation at 94°C for 30 sec, annealing at 63°C for 45 sec and extension at
72°C for 30 sec; and a final extension at 72°C for 10 min. Amplification of the PCR product
was confirmed by running 10% of randomly chosen samples per 96-well plate in 2%
agarose gels.

The number of GAG repeats in the 5 UTR region was derived based on the number of bp in
the PCR products as determined by capillary electrophoresis of fluorescent PCR products in
an ABI 3130 xlI genetic analyzer (ABI, Foster City, CA). Depending on the number of GAG
repeats, the length of the PCR products ranged from 211 bp (for 4 GAG repeats) to 229 bp
(for 10 GAG repeats). Amplified PCR products (1 ul) were denatured by addition of 8.5 pl
of deionized formamide. DNA ladder (0.5 pl, GeneScan 500 LIZ containing DNA fragments
of various lengths ranging from 35 nucleotides to 500 nucleotides) was added and samples
were incubated at 95°C for 2 min and immediately cooled on ice. Denatured products were
subjected to capillary electrophoresis and the number of nucleotides (and therefore, the
number of GAG repeats) was determined by analyzing electropherograms with Genemapper
software (ABI, Foster city, CA). Genotypes from DNA of 20 individuals determined by this
method were confirmed by alternate methods of direct sequencing and running P32 PCR
products in 10% polyacrylamide gels as described previously [14] and found to be 100%
concordant.

Several quality control measures were followed during the genotyping procedure. The
genotypes of several actual samples as obtained by capillary electrophoresis were confirmed
by direct sequencing (Figure 1A). An allelic ladder was constructed by pooling genomic
DNA from several individuals with different genotypes (determined by direct sequencing)
representing each of the five observed alleles (GAG-4, GAG-7, GAG-8, GAG-9 and
GAG-10) and run as an assay control during capillary electrophoresis (Figure 1B). The
number of GAG repeats for unknown samples were determined based on the elution times
of DNA fragments from the Liz 500 internal DNA ladder (Figures 1B and 1C).

Statistical Analysis

Data were analyzed using SAS 9.2 (SAS Cary, NC). Hardy-Weinberg equilibrium (HWE)
between the major allele and major genotype frequencies was calculated for each type of
cancer and controls using the chi-square test for goodness of fit. Odds ratios for lung and
aerodigestive tract cancers were calculated by unconditional logistic regression using the
entire control series as the comparison group for both cancer sites. For lung cancer,
unadjusted odds ratios and odds ratios adjusted for age, sex, body mass index and smoking
status (former smokers, current smokers and never smokers) were calculated. For
aerodigestive tract cancer, odds ratios were adjusted for age, sex, body mass index, smoking
status (former smokers, current smokers and never smokers) and alcohol drinking. Odds
ratios were calculated for men and women together and separately as well. Effect
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modification of smoking and histology for lung cancer and smoking, alcohol consumption,
and site for aerodigestive tract cancer was assessed by including multiplicative interaction
terms in the regression models. All tests were two-sided and considered significant if
p<0.05. Subgroup analysis for lung cancer was performed by histologic type of lung cancer,
and by site of aerodigestive tract cancer.

Genetic data was analyzed using two different approaches. Genotype modeling was
conducted by comparing the genotypes of the 7, 8, and 9 alleles, using the GAG-9/9
genotype as the referent group. Since the prevalence of GAG-4 and GAG-10 alleles were
less than 1%, meaningful odds ratios could not be calculated for these alleles. Allelic
association models were used where all GAG genotypes were separated into groups based
on the presence or absence of a single allele. For example, there were two possible genotype
groups for GAG-7, one where at least one of the two alleles is a GAG-7 and the other where
neither of the alleles is a GAG-7. Similarly two groups were considered for both alleles
GAG-8 and GAG-9. This 2" genetic model was considered to determine if any of the three
major alleles were individually associated with cancer risk.

Demographics and study subject characteristics are shown in Table 1. For cancer cases and
controls, the mean ages were between 56 and 65 y. The majority of cases of lung and
aerodigestive tract cancer were men (60-75%). As expected, the percentage of never
smokers among lung cancer cases (11%) and aerodigestive tract cancer cases (24%) were
lower than among controls (40%) (P<0.0001) and lifetime tobacco smoke exposure
expressed in pack years was ~2-fold greater in cases than in controls (P<0.0001).
Comorbidities significantly associated with cancer cases included chronic bronchitis (lung),
emphysema (lung), heart disease (lung and aerodigestive tract), diabetes (lung and
aerodigestive tract) and osteoarthritis (aerodigestive tract). For lung cancers,
adenocarcinoma was the most common histologic type (37%), followed by squamous cell
carcinoma (21%). For aerodigestive tract cancers, squamous cell carcinoma was the major
histologic type (87%). The most common site for aerodigestive tract cancer was the tongue
(24%), followed by the larynx (21%), pharynx (16%), esophagus (13%) and floor of mouth
(6%).

A representative electropherogram obtained from capillary electrophoresis for determining
GAG repeat genotype is shown in Figure 1C. A total of five alleles GAG-4, GAG-7,
GAG-8, GAG-9, and GAG-10 were identified. Genotyping was repeated for 5% of the
samples from the study and the repeated genotypes were 100% concordant. In both cases
and controls, GAG-7 was the most frequent allele (control, 58%; lung cancer, 61%;
aerodigestive tract cancer, 62%), followed by GAG-9 (control, 27%; lung cancer, 24%;
aerodigestive tract cancer, 22%) and GAG-8 (control, 13%; lung cancer, 12%; aerodigestive
tract cancer, 15%). GAG-4 and GAG-10 occurred less frequently in both cases and controls
(0-0.6% for GAG-4 and 0-2.3% for GAG-10). These GAG allele frequencies are similar to
those observed in previous studies [12,14,22]. When genotypes were examined, GAG-7/7
occurred most frequently genotype, followed by GAG-7/9, GAG-7/8, GAG-8/9, GAG-9/9
and GAG-8/8 in both cases and controls (Table 2). Allele and genotype frequencies were in
HWE for cancer cases (p>0.05) but not controls (p=0.01).

The results of multivariate logistic regression models and GAG genotypes are shown in
Table 2. In initial analysis, unadjusted ORs were significant for GAG-7/7 (OR=1.80, 95%
Cl=1.03-3.16) for lung cancer and for GAG-7/7 (OR=2.40, 95% CI=1.13-5.09), GAG-7/8
(OR=2.56, 95% Cl=1.14-5.76) and GAG-8/9 (OR=2.89, 95% CI=1.14-7.30) for
aerodigestive tract cancer. Adjusted odds ratios resulting from multivariate models
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controlling for age, sex, BMI, and smoking history for lung cancer and age, sex BMI,
smoking history and alcohol consumption for aerodigestive tract cancers for the major
genotypes were estimated (Table 2). Due to low frequency (<3%), odds ratios could not be
obtained for genotypes having alleles GAG-4 and GAG-10. Among the six most frequent
genotypes (GAG-7/7, GAG-7/8, GAG-7/9, GAG-8/8, GAG-8/9 and GAG-9/9), the
GAG-7/7 genotype was associated with increased risk for both lung cancer (OR=1.87,
p=0.04) and aerodigestive tract cancer (OR=2.56, p=0.03) compared to the GAG-9/9
genotype. Higher risk was also observed for aerodigestive tract cancer in individuals with
the GAG 7/8 genotype (OR=2.60) and GAG-8/9 (OR=3.09) genotypes (P<0.05). When
examined separately by sex, no significant associations with risk were observed except for
GAG-7/8 which was associated with lung cancer in women (OR=3.21, 95% CI=1.01-10.22,
p=0.04) (data not shown).

The analysis of the association of lung cancer with GAG-7/7 genotype stratified by specific
histologic type showed a significant association for adenocarcinoma (OR=2.91, P<0.05)
compared to GAG-9/9 (Supplementary Material, Table 1). While no significant associations
were observed for other histologic cell types, these analyses were limited due to the
relatively low numbers of cases. Likewise, examination of the association between GAG
genotype and aerodigestive tract cancer by site did not provide conclusive results due to the
relatively low number of cases for each individual site (Supplementary Material, Table 2).

Allele specific effects on risk for cancer were also observed (Table 3). Individuals with at
least one GAG-7 allele were at greater risk for lung cancer (OR=1.52, p=0.01) and
aerodigestive tract cancer (OR=2.40, p=0.0001) compared to those not having any GAG-7
alleles. No differences were observed when comparing subjects with all genotypes having at
least one GAG-8 allele versus subjects without a GAG-8 allele, or when comparing subjects
with all genotypes having at least one GAG-9 allele versus subjects without a GAG-9 allele.

The association of GAG repeat genotype with risk for lung and aerodigestive tract cancers
stratified by smoking status was examined (Table 4). We observed evidence of effect
modification of smoking status on the associations between GAG genotype and both lung
cancer and aerodigestive tract cancer (Pinteraction<0.05). For lung cancer significant
associations were observed for GAG-7/7 (OR=2.53, P=0.01), GAG-7/8 (OR=2.20, P=0.05),
GAG-7/9 (OR=2.12, P=0.04) and GAG-8/9 (OR=2.81, P=0.04) among ever-smokers but not
in never-smokers. For aerodigestive tract cancers, significant associations were observed for
GAG-7/7 (OR=3.72, P=0.01), GAG-7/8 (OR=3.82, P=0.02), GAG-7/9 (OR=2.92, P=0.04)
and GAG-8/9 (OR=5.71, P=0.01) among ever-smokers but not in never-smokers.

The association of GAG genotype with aerodigestive tract cancer risk stratified by alcohol
consumption was examined (Table 5). We observed evidence of effect modification of
alcohol consumption on the associations between GAG genotype and aerodigestive tract
cancer (Pinteraction<0.05).

Significant associations for GAG-7/7 (OR=5.79, P=0.006), GAG-7/8 (OR=6.39, P=0.01),
GAG-7/9 (OR=4.03, P=0.05) and GAG-8/9 (OR=13.1, P=0.003) were observed for heavy
drinkers (>2 drinks/day), but not for occasional/non-drinkers (<1 drink/day) or light drinkers
(1-2 drinks/day).

Discussion

Low GSH levels have been implicated in increasing risk for several diseases related to
oxidative stress including cancer [7,23]. In this study we investigated if a functional
trinucleotide repeat polymorphism in the gene for the rate-limiting enzyme for GSH
biosynthesis can affect the risk for the major tobacco related cancers. Results from this study
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suggest that the GAG repeat polymorphism in the 5° UTR of GCLC, which is linked to
decreased production of GSH, is associated with increased risk for lung and aerodigestive
tract cancers. Among the six most frequent GAG genotypes (GAG-7/7, GAG-7/8, GAG-7/9,
GAG-8/8, GAG-8/9 and GAG-9/9), individuals with genotype GAG-7/7 were at
approximately 2-fold higher risk for lung and aerodigestive tract cancers compared to those
with genotype GAG-9/9. Overall, these findings support a critical role for the GSH
biosynthetic pathway in the development of cancers which are linked to tobacco smoke.
Protection from smoking related cancers by GSH could be due to its ability to fight
oxidative stress induced by tobacco smoke, or alternatively due to its role in the
detoxification of tobacco smoke derived carcinogens (e.g. polycyclic aromatic
hydrocarbons) and toxins.

The association between the GAG-7/7 and GAG-7/8 genotypes and higher risk for lung
cancer and aerodigestive tract cancer may be due to a lower capacity for GSH production
and possibly lower GSH levels in target tissues (lung and tissues of the aerodigestive tract)
compared to those with GAG-9/9 genotype. These results are consistent with findings from
previous functional studies where GAG-7 constructs were associated with decreases in
protein expression compared to GAG-8 and GAG-9 [13]. While this is the first report of an
association between the GAG polymorphism and cancer risk, in a previous study comparing
survival rates for lung cancer, patients with the GAG-7/7 genotype had lower 1-year
survival rates (40%) than those having any other genotypes (100%) [24]. Findings from
previous epidemiological studies for other diseases, such as cystic fibrosis [25] and chronic
obstructive pulmonary disease [26], also showed associations of the GAG polymorphism
with disease risk. In cystic fibrosis patients, the GAG-7/7 genotype was associated with
decreased lung function [25]. Association of the GAG polymorphism with various lung
related diseases including lung cancer highlights the importance of GSH levels in protecting
the lung tissue. GSH levels are typically high in lung [27] and environmental exposures such
as tobacco smoking can cause depletion of lung GSH, thus leading to oxidative damage
[28,29].

Itis likely that the GAG repeat polymorphism is having a direct effect on GCL C expression
and hence GSH levels in target tissues. Previous /n vitro studies demonstrated that GAG
repeat number affects /uciferase expression through translation with GAG-7 being
associated with decreased expression compared to GAG-8 or GAG-9 [13]. In addition to the
GAG repeat, a C/T single nucleotide polymorphism has been observed in the promoter of
GCL Cwith the mutant T allele having reduced promoter activity compared to the wild type
C allele [10]. It has been suggested that the C allele is in linkage disequilibrium with the
GAG-8 and GAG-9 [26]. Thus, it is possible that both of these polymorphisms are acting
together to impact GSH biosynthesis. In fact, an interaction between these two
polymorphisms has been observed /n vitro[15]. Given the association of this polymorphism
with cancer and other diseases, it might be important to consider this polymorphism in
genome wide association studies, which are usually related to SNPs but not trinucleotide
repeat polymorphisms.

Given the important role of GSH in protection against oxidative stress, it is likely that the
interaction of the GAG polymorphism with other antioxidant genes and environmental
exposures may affect risk for oxidative stress related diseases. Indeed, functional
polymorphisms have been identified in other critical antioxidant genes including superoxide
dismutase, GSH peroxidases, GSH-S-transferases etc [24,30]. The GAG polymorphism is
also likely to be affected by environmental factors such as smoking, alcohol consumption,
occupational exposures etc. In this study, the effects of the GAG polymorphism on lung
cancer risk were most readily apparent in smokers but not in hon-smokers for both lung and
aerodigestive tract cancers. In addition, the association of GAG genotype with aerodigestive
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tract cancer was predominantly apparent in heavy drinkers compared to moderate or non-
drinkers. A similar effect of smoking was also found on the association of the GAG repeat
polymorphism and measures of lung function in healthy adults [26]. Further studies aimed at
identifying potential gene/gene and gene/environment interactions will aid in our
understanding of the roles of oxidative stress and GSH in cancer development.

Our study has some limitations. We could not calculate odds ratios for rare genotypes
(containing GAG-4 and GAG-10 alleles) due to the very low numbers of individuals with
these genotypes. However, we have adequate power (0.8) for detecting differences among
the major genotypes (GAG-7/7, GAG-7/8, GAG-7/9, GAG-8/8, GAG-8/9 and GAG-9/9).
While the genotype frequencies observed in the present study were not found to be different
from our previous study [14] it was noted that the allele and genotype frequencies in control
subjects were not in HWE (P=0.01). This is not necessarily unexpected because unlike
single nucleotide polymorphisms, trinucleotide repeat polymorphisms are often found to be
not in HWE due to the pattern of inheritance (DNA polymerase slippage and frequent
unequal crossing over) [31]. In one study designed to examine the inheritance patterns of
trinucleotide repeats, only 4.6% of polymorphisms were in HWE [32]. Lastly, we recognize
that the findings need to be replicated to accept the hypothesis that the GCL variants
contribute to cancer risk. Although genetic association findings are often not reproducible,
studies indicate that false negatives from underpowered replication studies are the major
reasons for lack of consistency rather than false positives [33]. Our sample size is relatively
small but significant results were observed suggesting some confidence in the finding. Still,
confirmation of these results is needed to determine if the association is valid.

Findings from this study suggest that enhancement of GSH levels may be an important
target for chemoprevention. In a case control study on oral cancer, an association between
increased dietary intake of GSH from fruits and vegetables and a decreased risk for cancer
was observed (OR=0.5) [34]. In another oral cancer case control study, we observed that
high GSH levels in blood were associated with decreased cancer risk [35]. Indeed, numerous
chemoprevention agents are known to act through induction of GSH levels as well as
through up-regulation of GSH utilizing enzymes including GSH-S-transferases and GSH-
peroxidases [36—38]. Further development of agents which specifically target GSH
biosynthetic and recycling pathways as well as the transport of GSH and its precursors
represents an important area for future research. Altogether these findings suggest that
variation in GSH biosynthetic capacity is associated with differences in the risk for tobacco-
related cancers. Susceptibility to other GSH-related diseases such as COPD,
neurodegenerative diseases as well as drug and xenobiotic toxicities might also be affected
by the GAG polymorphism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

GSH Glutathione
GCL y-glutamine cysteine ligase
GCLC catalytic subunit of y-glutamine cysteine ligase
GCLM modifier subunit of y-glutamine cysteine ligase
UTR untranslated region
HWE Hardy-Weinberg equilibrium
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Figure 1. Determination of GAG repeat genotypes by capillary electrophoresis

A) Several samples were selected at random and the resulting PCR products were sequenced
to determine the number of GAG-repeats (representative sample result shown). The GAG
repeats are underscored. B) Electropherogram of allelic ladder, made by pooling samples
with different genotypes (determined by DNA sequencing) to represent all the five GAG
alleles. This ladder was also was run on each plate as a control. The two peaks at 200bp and
250bp are the DNA fragments from LI1Z 500 internal ladder. c) A representative
electropherogram of a PCR product from a single individual shows alleles GAG-7 and

GAG-8 (L1Z 500 not shown).
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