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Abstract Susceptibility to lung cancer has been shown to
be modulated by inheritance of polymorphic genes
encoding cytochrome P450 1A1 (CYP1A1) and gluta-
thione S transferases (GSTM1 and GSTT1), which are
involved in the bioactivation and detoxification of
environmental toxins. As the incidence of lung cancer is
known to differ according to ethnicity, we have con-
ducted a case-control study of 146 South Indian lung
cancer patients along with 146 healthy controls, to assess
any association between CYP1A1, GSTM1 and GSTT1
polymorphisms, either separately or in combination,
with the likelihood of development of lung cancer in our
population. The current weight of evidence from our
study indicated that the frequency of CYP1A1 MspI
homozygous variant alleles was significantly higher in
cases (OR=3.178). We observed a considerable differ-
ence in the GSTT1 null deletion frequency in this pop-
ulation when compared with other populations
(OR=2.472, 95% CI: 1.191–5.094, P=0.014). There
was no relative risk in GSTM1 null genotype when
analysed singly (P=0.453). Considering genotype com-
binations, risk of lung cancer increased remarkably
significantly in individuals having one variant allele of
CYP1A1, GSTM1, or GSTT1, suggesting gene–gene
interactions. Rare genotypic combinations (such as
CYP1A1 wild GSTM1 or GSTT1 either null; CYP1A1
variant both GSTM1 and GSTT1 present; CYP1A1
variant GSTM1 or GSTT1 either null), were at higher
risk compared to the reference group. Moreover, pa-
tients who had smoked <20 pack years and harboured
the CYP1A1 variant allele or the GSTT1 null genotype
also had a significant risk of lung cancer. Hence our

study—the first to analyse a South Indian popula-
tion—suggests the importance of combined CYP1A1,
GSTM1 and GSTT1 polymorphisms in the development
of smoking-induced lung cancer.
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Introduction

Lung cancer is the leading cause of cancer-related deaths
in both men and women worldwide. Molecular epide-
miology of lung cancer has received widespread atten-
tion because the primary etiology, namely tobacco
smoking, is well established, but it is also known that
only some smokers develop lung cancer while others do
not (Hecht 2002). The influence of environment–gene
interactions on lung carcinogenesis has been well dem-
onstrated by phase I and II enzymes that are involved in
the metabolic activation and detoxification of carcino-
gens primarily present in tobacco smoke. Functional
polymorphisms in genes encoding xenobiotic metabo-
lizing enzymes such as phase I cytochrome P-450s,
cytochrome P450 1A1 (CYP1A1) and glutathione S-
transferase Mu (GSTM1), as well as theta (GSTT1)
phase II detoxifying enzymes, which are involved in the
formation and elimination of carcinogens, have been
extensively studied as possible modulators of risk for
lung cancer that could explain varying susceptibilities to
the disease (Taningher et al. 1999).

Human cytochrome P450 enzymes, which represent a
large multigene family with differing substrate specifici-
ties, are important in phase I detoxification reactions
(Nebert 1991). The CYP1A1 (MIM#108330) gene is
involved in the activation step in the metabolism of
polycyclic aromatic hydrocarbons (PAHs), such as those
found in tobacco smoke, converting them to carcinogens
(Gonzalez 1990). Several restriction fragment length
polymorphism (RFLP) patterns in the CYP1A1 gene
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have been identified, including an MspI RFLP produced
by a 3801C fi T mutation in the 3¢-non-coding region
(3¢-UTR), 250 bp downstream of the polyadenylation
signal (Kawajiri et al. 1990). The CYP1A1 m1 poly-
morphic allele has been associated with alterations in
regulation and transcript half-life, which result in ele-
vated induction of the enzyme, and thus increased levels
of activated intermediates (Landi et al. 1994). The var-
iant genotype has a high prevalence among Asians
(Garte et al. 2001) compared to Caucasians (Tefre et al.
1991) and African Americans (Taioli et al. 1998).

Glutathione transferases (GSTs) comprise a multi-
gene family encoding enzymes that catalyse the conju-
gation of glutathione to a wide variety of compounds
with an electrophilic centre (Hayes and Pulford 1995).
GSTs are divided into four classes: alpha, mu, pi and
theta, based on amino acid sequence similarity and
antibody cross-reactivity (Pemble et al. 1994). GSTM1
(MIM#138350) is involved in the detoxification of to-
bacco-related carcinogens, such as epoxides and
hydroxylated metabolites of benzo(a)-pyrene (Ketterer
et al. 1992), whereas GSTT1 (MIM#600436) is involved
in the biotransformation of several low molecular weight
toxins such as ethylene oxides, butadiene, etc. (Gu-
engerich et al. 1995), which are constituents of tobacco
smoke. GSTT1 and GSTM1 are the most extensively
studied genes in the GST gene superfamily. Deletion
polymorphisms of GSTM1 and GSTT1 that result in no
functional enzymatic activity for each locus have been
characterised and assigned. Approximately 50% of
Caucasian and Asian populations (Seidegard et al. 1988)
show GSTM1 null, and 16–50% of different ethnic and
racial populations have both copies of the GSTT1 gene
deleted (Pemble et al. 1994). We were interested to test
the hypothesis that polymorphisms in genes coding for
xenobiotic-metabolizing enzymes like CYP1A1 MspI,
GSTM1 and GSTT1 may be causally associated with
lung carcinogenesis. It is likely that several genetic
polymorphisms cooperate in increasing individual risk.
There may be specific genotypes or genotype combina-
tions that greatly increase the risk of developing lung
cancer. Therefore, the study of gene–gene interactions
might be important to identify high susceptibility sub-
groups. In view of the prevalence of tobacco smoking,
and the increased incidence of lung cancer in India, we
investigated the distribution of polymorphisms in the
CYP1A1, GSTM1 and GSTT1 genes singly, as well as in
combination, in lung cancer patients and healthy con-
trols in a South Indian population to determine whether
any of the polymorphisms confer an increased risk of
developing lung cancer.

Materials and methods

The present hospital-based case-control study of inci-
dent cases of lung cancer was conducted at the Regional
Cancer Centre, Thiruvananthapuram, Kerala, India.
Eligible cases included all patients with newly diagnosed

lung cancer presented between January 2003 and
December 2004. All cases were newly diagnosed
and previously untreated patients. Histological type and
degree of differentiation of all cancer cases were assessed
by histological examination of surgery or bronchoscopy
specimens. During the study period, we included 146
lung cancer cases (133 males and 13 females) as well as
146 healthy controls (128 males and 18 females). Ethical
approval was obtained from the Ethical Committee of
the Regional Cancer Centre, Thiruvananthapuram,
Kerala, India. Controls of the same geographic origin
were randomly selected from individuals who attended
the outpatient department of the nearby medical college.

Data and sample collection

A thorough, structured questionnaire was completed by
both patient and control groups to provide relevant
information regarding the risk factors for lung cancer.
The information collected included socio-demographic
characteristics such as gender, age, lifetime occupational
history (including exposure to known carcinogens), area
of origin, family history of cancer among first degree
relatives, smoking status, which included smoking
duration and pack years smoked, medication history
and pre-existence of respiratory or lung diseases. In or-
der for the age and gender distributions of controls to
match those of lung cancer patients, most of the controls
were age matched and the majority were males. Controls
were also interviewed and asked about histories of
cancer, occupation and smoking habits. Smoking
information included past and/or present smoking sta-
tus, amount smoked and duration of smoking. Smoking
status of the subjects was calculated as the average to-
bacco consumption expressed in pack years. Pack years
were computed as the number of cigarettes smoked per
day multiplied by the duration of smoking in years.
Blood samples were collected from study subjects after
obtaining their written informed consent. Peripheral
blood (2 ml) collected from patients and all controls and
was stored at �80�C until use.

Statistical methods

The principal measure of interest was the relative risk of
lung cancer for individuals with the CYP1A1 MspI,
GSTM1 and GSTT1 polymorphisms, compared to
individuals without the respective variants. Variables
selected from the data set are age, gender, smoking
status (never a smoker and long-term smokers), pack
years of smoking, and polymorphisms in the CYP1A1,
GSTM1 and GSTT1 genes. We estimated the study-
specific odds ratios (OR) of lung cancer for each
polymorphism using unconditional logistic regression
modeling with 95% confidence intervals (CIs), and the
difference in genotype prevalence and association
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between case and control group were assessed and
adjusted for age, gender and smoking status. To deter-
mine whether the genotype frequencies were significantly
different between the patient and control population, a
probability of P<0.05 was considered. Age, gender,
smoking status and pack years were included as cov-
ariates as well as all the possible genotypes studied.
GSTM1 and GSTT1 polymorphism was dichotomized
into null genotype and wild type, while CYP1A1 MspI
polymorphism was categorized into homozygous wild
type- and variant allele-containing genotypes.

Besides the main effect of CYP1A1, GSTM1 and
GSTT1 polymorphism on lung cancer, we were also
interested in the possible combined effect of CYP1A1
variants with GSTM1 and GSTT1 null genotypes. Wild
type of CYP1A1 and non-null genotypes of GSTM1 and
GSTT1 were used as reference groups to assess the
combined effects of the two genes. To evaluate the
possible interaction between genetic polymorphisms and
smoking, a group of subjects with non-null genotype
and no current smoking habits was used as a reference
group.

DNA extraction

Genomic DNA was extracted from whole blood using
proteinase K followed by phenol–chloroform extraction
and ethanol precipitation according to standard proce-
dures (Sambrook et al. 1989) and was stored at �20�C
for genotype analysis.

Genotyping

Genotyping of the CYP1A1 MspI polymorphism was
performed for 146 lung cancer patients and 146 healthy
controls using a polymerase chain reaction-RFLP

(PCR-RFLP) method as previously described (Hayashi
et al. 1991) with slight modifications. Briefly, PCR
amplification of a 340 bp DNA fragment containing an
MspI restriction site was performed using the primers
5¢-CAGTGAAGAGGTGTAGCCGCT-3¢ and 5¢-
TAGGAGTCTTGTCTCATGCCT-3¢. A total of 50–
100 ng DNA was amplified in a total volume of 25 ll
containing 1· buffer, 0.5 U Taq polymerase, 10 pmol
of each primer and 200 lM deoxynucleotide triphos-
phates. PCR was performed at 95�C for 10 min for the
initial denaturation, followed by 35 cycles of denatur-
ation at 95�C for 30 s, annealing at 55�C for 1 min and
final extension at 72�C for 1 min. A 10 ll aliquot of
PCR product was digested with 10 U MspI restriction
enzyme (New England Biolabs, Beverly, MA) at 37�C
overnight, and the digested PCR product was then
resolved by electrophoresis on a 2.5% agarose gel.
Three different genotypes were defined for the indi-
vidual polymorphism: the homozygous wild type (wt/
wt) characterized by an approximately 340 bp frag-
ment, a heterozygous variant (wt/m1) with fragments
of 340, 200 and 140 bp, and a homozygous variant
(m1/m1) with 200 and 140 bp fragments. Genotypes for
the GSTM1 and GSTT1 deletions were determined by
multiplex PCR using slightly modified published
methods (Bell et al. 1993; Chen et al. 1996). Briefly,
GSTM1- and GSTT1-specific primer pairs were used
together with a third primer for b-globin as an internal
control, in a multiplex PCR analysis. The absence of
the GSTM1- (210 bp) and/or GSTT1 (473 bp)-specific
PCR product indicated the corresponding null geno-
type, whereas a b-globin-specific fragment (260 bp)
confirmed proper functioning of the reaction. These
assays do not distinguish between heterozygous and
homozygous GSTM1- and GSTT1-positive genotypes.
To ensure laboratory quality control, any sample with
ambiguous results was re-tested, and a random selec-
tion of 10% of all samples was repeated. No discrep-
ancies were encountered upon replicate testing.

Table 1 Main characteristics of
the study groups. OR Odds
ratio, CI confidence interval

* P value significant

Variable Cases (%) N=146 Controls (%)
N=146

OR (95% CI) P value

Mean age (in years) 58.17±10.95 56.06±10.67
Median age 60 57.50
Age range (in years) 20–80 22–75
Gender
Female 13 (8.9%) 18 (12.32%)
Male 133 (91.09%) 128 (87.67%)

Smoking status
Non smoker 44 (30.1%) 84 (57.5%)
Smoker 102 (69.9%) 62 (45.2%) 3.141 (1.939–5.087 0.001*

Family history of cancer
No 122 (83.6%) 129 (88.36 %) 1
Yes 24 (16.44%) 17 (11.64 %) 1.493 (0.765–2.914) 0.240

Pack years
<20 61 (41.8%) 40 (27.4%) 2.911 (1.696–4.998) 0.001*
>20 41 (28.1%) 22 (15.1%) 3.557 (1.888–6.703) 0.001*
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Results

In the present study, a total of 292 study subjects com-
prising 146 lung cancer patients and 146 healthy controls
were recruited. Relevant characteristics of the patient
group are given in Table 1. The median age in the pa-
tient and control groups was 60.00 (mean age
58.17±10.95) and 57.50 (56.06±10.67) years, respec-
tively. The age range of the patients was 20–80 years old
while in controls it was 22–75. The affected and control
populations were not significantly different in terms of
age and gender by analysis of means and SD. The
majority of the lung cancer cases were males (91.09%;
females 8.9%). A positive family history of cancer
among first degree relatives was observed in 24 patients
(16.44%) and 17 (11.64%) normal controls, with a rel-
ative risk of OR=1.493, 95% CI: 0.765–2.914,
P=0.240. With regard to smoking status, 102 (69.9%)
patients were smokers and 44 (30.1%) were non-smok-
ers. The control group included 62 (45.2%) smokers and
84 (57.5%) non-smokers. A significant increase in lung
cancer risk was found in subjects having a smoking habit
(OR=3.141, 95% CI: 1.939–5.087, P=0.001). When
smoking data was stratified into pack years, 61 patients
(41.8%) had less than 20 pack years and 41 (28.1%) had
more than 20 pack years of smoking. Among the control
group, 40 (27.4%) were light smokers and 22 (15.1%)
were heavy smokers. Those subjects with <20 pack
years had a relative risk of 2.911, 95% CI: 1.696–4.998,

P=0.001, while for those with >20 pack years, the risk
for lung cancer was much higher (OR 3.557, 95% CI:
1.888–6.703, P=0.001). The PCR-RFLP analysis for the
CYP1A1 MspI polymorphism is presented in the Fig. 1.
The multiplex PCR analysis for the GSTM1 and GSTT1
polymorphisms, with b-globin as a positive internal
control are shown in Fig. 2.

Genotype distribution of CYP1A1, GSTM1 and GSTT1
and lung cancer incidence

Table 2 shows the distribution of individual genotypes
for CYP1A1 MspI, GSTM1 and GSTT1 in the study
population. The proportions of homozygous wild (wt/
wt), heterozygous variant (wt/m1) and homozygous
variant (m1/m1) genotypes in CYP1A1 were 71 (48.6%),
53 (36.3%) and 22 (15.1%) in the patient group. On the
other hand, the control group showed 93 (63.7%), 45
(30.8%) and 8 (5.5%), respectively. Evaluation of the
CYP1A1 MspI polymorphism analysis revealed that,
compared to the homozygous wild type, the homozy-
gous variant genotype had a significant higher risk, with
an adjusted OR of 3.178 (95% CI: 1.294–7.803,
P=0.012). Further analysis was carried out by com-
bining CYP1A1 heterozygous and homozygous geno-
types, and the OR estimate revealed a significant 1.76-
fold higher risk of developing lung cancer compared
with the wild type genotype (1.072–2.902, P=0.026).

Fig. 2 Representative examples
of multiplex PCR assays for
GSTM1 and GSTT1
polymorphism with b globin as
a positive control. Lanes: M
DNA marker ladder; 1, 2
GSTM1 and GSTT1+; 3
GSTM1 null; 4 GSTT1 null; 5
GSTM1 and GSTT1 null

Fig. 1 Representative examples
of CYP1A1 MspI
polymorphism analysis. Lanes:
M 100 bp ladder; 1 uncut
CYP1A1 PCR product; 2, 3
homozygous wild type samples;
4 heterozygous sample; 5, 6
homozygous m1 samples

621



About 107 controls (73.3%) and 100 patients (68.5%)
had an intact GSTM1 gene. GSTM1 null genotype was
observed in 39 (26.7%) of the healthy controls, but 46
patients (31.5%) had the GSTM1 gene deletion (OR
1.232; 95% CI: 0.714–2.126). However, the OR estimate
revealed that these differences did not attain formal
statistical significance (P=0.453). Regarding the GSTT1
genotype, the GSTT1 gene was present in 114 patients
(78.1%) and 133 controls (91.1%). The frequencies of
the GSTT1 null genotype increased in cases, with 32
patients (21.9%) having the GSTT1 deletion as com-
pared to 13 (8.9%) controls. The OR was 2.472 (95%
CI: 1.191–5.094, P=0.014), which was statistically
significant. Thus, individuals harboring the null deletion
of GSTT1 gene had a 2.4-fold increase in the risk of
developing lung cancer.

Any analysis of lung cancer without separation of
smokers and non-smokers would be strongly influenced
by the results among smokers, who account for at least
90% of cases. We also examined the association between
polymorphisms and lung cancer risk by cumulative
smoking status and pack years. Detailed results are gi-
ven in Table 3. Even after adjustment for smoking, age
and gender, there was not much effect modification in
the genotypes. However, when stratified on the basis of
non-smokers vs smokers, the age- and gender-adjusted
OR in the group of individuals who had smoked seemed
to indicate a significant 2.2-fold risk associated with the
GSTT1 null genotype (OR=2.242, 95% CI: 1.020–
4.929, P=0.045), the CYP1A1 homozygous mutant
(OR=2.947, 95% CI: 1.090–7.968, P=0.033) and the
CYP1A1 heterozygous and homozygous mutant

Table 2 Genotype distribution among lung cancer patients and controls

Genotype Cases/controls OR 95% CI P value

CYP1A1
Wild 71/93 1
Hetero variant 53/45 1.543 0.933–2.552 0.091
Homo variant 22/8 3.597 1.513–8.551 0.004*

3.178b 1.294–7.803b 0.012b*

Hetero variant/homo varianta 75/53 1.854 1.161–2.960 0.010*
1.763b 1.072–2.902b 0.026b*

GSTM1
Present 100/107 1
Null 46/39 1.262 0.761–2.094 0.368

1.232b 0.714–2.126b 0.453b

GSTT1
Present 114/133 1
Null 32/13 2.870 1.438–5.730 0.003*

2.472b 1.191–5.094b 0.014b*

* P value significant
aHeterozygous and homozygous variants combined
bOR adjusted with age, gender, smoking status and other genotypes

Table 3 ORs of lung cancer associated with CYP1A1, GSTM1 and GSTT1 genotypes stratified by smoking exposure

Variable Cases/controls OR (95% CI)a Cases/controls OR (95% CI)a

Smoking status Non-smoker Smoker
GSTM1+ 17/46 1 83/61 1
GSTM1� 10/15 1.984 (0.728–5.407), P=0.235 36/24 1.120 (0.601–2.086), P=0.722
GSTT1+ 24/58 1 90/75 1
GSTT1� 3/3 2.729 (0.500–14.902), P=0.246 29/10 2.242 (1.020–4.929), P=0.045*
CYP1A1 wild 16/39 1 55/54 1
CYP1A1 heterozygous 9/20 1.143 (0.412–3.173), P=0.797 44/25 1.565 (0.834–2.935), P=0.163
CYP1A1 mutant 2/2 2.190 (0.265–18.122), P=0.467 20/6 2.947 (1.090–7.968), P=0.033*
CYP1A1 combined 11/22 1.245(0.471–3.296), P=0.659 64/31 1.832 (1.024–3.277), P=0.041*
Pack years smoked <20 pack years >20 pack years
GSTM1+ 50/23 1 24/41 1
GSTM1� 21/5 1.881 (0.616–5.746), P=0.267 12/24 0.829 (0.349–1.966), P=0.670
GSTT1+ 47/25 1 33/59 1
GSTT1� 24/3 3.952 (1.065–14.668), P=0.040* 3/6 0.780 (0.176–3.458), P=0.744
CYP1A1 wild 31/22 1 18/40 1
CYP1A1 heterozygous 28/5 3.427 (1.126–10.427), P=0.030* 12/21 1.189 (0.480–2.944), P=0.709
CYP1A1 mutant 12/1 6.879 (0.817–57.933), P=0.075 6/4 3.163 (0.791–12.539), P=0.103
CYP1A1 combined 40/6 3.997 (1.418–11.266), P=0.009* 18/25 1.504 (0.658–3.440), P=0.334

*P value significant
aOR adjusted for age and gender
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genotypes combined (OR=1.832, 95% CI: 1.024–3.277,
P=0.041). On stratification based on pack years, those
individuals who had <20 pack years and GSTT1 null
genotype (OR=3.952, 95% CI: 1.065–14.668,
P=0.040), CYP1A1 heterozygous (OR=3.427, 95% CI:
1.126–10.427, P=0.030) and CYP1A1 heterozygous and
homozygous mutant combined (OR=3.997, 95% CI:
1.711–13.088, P=0.003) had a 4-fold higher significant
relative risk of lung cancer.

Combined genotyping of the CYP1A1, GSTM1
and GSTT1 genes

To further elucidate the genetic factors associated with
susceptibility to the development of lung cancer, and to
assess the existence of any interactions between the dif-
ferent genotypes studied, the role of combined genetic
polymorphisms in the CYP1A1, GSTM1 and GSTT1
genes was investigated. CYP1A1MspI heterozygote (wt/
m1) and homozygote (m1/m1) variants were combined
for the analysis. CYP1A1 wild (wt/wt) genotype and
individuals with GSTM1 and GSTT1 genes served as the
reference group. Analyses were performed considering
the two loci, GSTM1 and GSTT1, simultaneously. Fif-
ty-two (35.6%) cases compared to 43 (29.5%) controls
had at least one of the alleles deleted. The relative risk
was 1.367 (95% CI: 0.812–2.302, P=0.240). When
analysis was carried out selecting both null genotypes
together, 13 (8.9%) cases compared to 5 (3.4%) controls
carried a null deletion at both loci. We found that car-
rying a deletion at both the GSTM1 and the GSTT1 loci
increased the OR to 2.98, but this value was not signif-
icant (95% CI: 0.984–9.024, P=0.053).

The genotype combinations between CYP1A1,
GSTM1 and GSTT1 examined are given in Table 4.
Although combinations between CYP1A1 and GSTM1
indicated a higher OR compared to reference groups
(both involving CYP1A1, which had at least one variant
allele), formal statistical significance was not obtained.
Individuals who possessed a CYP1A1 wild GSTM1�
genotype had a 1.43-fold increased risk of cancer (95%
CI: 0.706–2.927, P=0.317), and those with CYP1A1
variant GSTM1+ genotype had a 1.7-fold higher risk
(OR=1.726, 95% CI: 0.968–3.076, P=0.064). Similarly,

those with both variant alleles, CYP1A1 variant
GSTM1�, also had a significantly higher OR
(OR=2.124, 95% CI: 0.965–4.671, P=0.061). Gene
combinations of CYP1A1 wild GSTT1� (OR= 4.469,
95% CI: 1.632–12.239, P=0.004), CYP1A1 variant
GSTT1+ (2.106, 95% CI: 1.235–3.592, P=0.006) and
CYP1A1 variant GSTT1� (OR=2.472, 95% CI: 0.895–
6.826, P=0.081) also gave substantially higher risk
compared to the reference group.

In addition, we also evaluated whether lung cancer
risk is modified by rare genotype combinations of
CYP1A1 MspI, GSTM1 and GSTT1. The ORs for
genotype combinations of these three genes in the risk of
lung cancer among the study population are shown in
Table 5. Six different genotypes from different combi-
nations of these genes were analysed. Although the
sample size was small, the genotype combinations had
ORs >2. It was noteworthy that three combinations, i.e.
(1) CYP1A1 wild GSTM1 or GSTT1 either null
(OR=2.230, 95% CI: 1.105–4.501, P=0.025), (2)
CYP1A1 variant both GSTM1 and GSTT1 present
(OR=2.331, 95% CI: 1.246–4.361, P=0.008), and (3)
CYP1A1 variant GSTM1 or GSTT1 either null
(OR=2.323, 95% CI: 1.057–5.102, P=0.036) were sig-
nificantly associated with lung cancer. Even though the
genotype combinations GSTM1 null, GSTT1 null,
CYP1A1 wild (OR=4.401, 95% CI: 0.819–23.662,
P=0.084) and GSTM1 null, GSTT1 null, CYP1A1
variant (OR=3.747, 95% CI: 0.084–17.038, P=0.087)
appeared to confer a higher risk, there was no statistical
significance.

Discussion

A plethora of studies have examined the risk for lung
cancer among individuals possessing variant forms of
CYP1A1, GSTM1 and GSTT1. Polymorphic genes
involving metabolic polymorphisms almost universally
exhibit ethnic and racial variation (Garte et al. 2001),
and thus may have large population impacts due to a
high prevalence of the relevant polymorphism. Among
several candidates for high-risk alleles for lung cancer,
CYP1A1, GSTM1 and GSTT1 have been investigated
most extensively because of their potential involvement

Table 4 ORs for the risk of
lung cancer associated with
genotype combinations
(CYP1A1, GSTM1 and
GSTT1) in study subjects

*P value significant
aOR adjusted for age, gender
and smoking status

Genotype combinations Case/control OR (95% CI)a P value

GSTM1+ GSTT1+ 81/98 1
GSTM1 or GSTT1 either null 52/43 1.367 (0.812–2.302) 0.240
GSTM1 GSTT1 both null 13/5 2.980 (0.984–9.024) 0.053
GSTM1+ CYP1A1 wild 48/68 1
GSTM1� CYP1A1 wild 23/24 1.437 (0.706–2.927) 0.317
GSTM1+ CYP1A1 variant 52/40 1.726 (0.968–3.076) 0.064
GSTM1� CYP1A1 variant 23/14 2.124 (0.965–4.671) 0.061
GSTT1+ CYP1A1 wild 52/87 1
GSTT1� CYP1A1 wild 19/6 4.469 (1.632–12.239) 0.004*

GSTT1+ CYP1A1 variant 62/46 2.106 (1.235–3.592) 0.006*

GSTT1� CYP1A1 variant 13/7 2.472 (0.895–6.826) 0.081
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in carcinogenesis. The levels of expression and catalytic
activities of cytochrome P450 and GSTM1 and GSTT1
enzymes in lungs, and their metabolic balance, may be
an important determinant host factor underlying lung
cancer.

In the present analysis, we evaluated the effect of
genetic polymorphisms in a series of South Indian lung
cancer patients and controls. Worldwide, numerous
studies investigating the association between CYP1A1
MspI, GSTM1 and GSTT1 polymorphisms have led to
conflicting reports, although several studies have poin-
ted out that individuals polymorphic for the carcinogen-
activating or -detoxifying genes are at increased risk for
the development of lung cancer. To the best of our
knowledge, this is the first report on the combined effect
of CYP1A1, GSTM1 and GSTT1 genes in South Indian
lung cancer patients.

The CYP1A1 gene is important for the activation of
pre carcinogens (Ingelman-Sundberg et al. 2001). In the
present study, there was a high frequency of CYP1A1
MspI gene polymorphisms (wt/m1 and m1/m1). A
higher prevalence of the CYP1A1 homozygous variant
genotype was recorded among lung cancer patients
compared to controls with an OR of 3.178 (95% CI:
.294–7.803, P=0.012). The MspI polymorphism located
in the 3¢ flanking region of the CYP1A1 gene was
originally found to be associated with lung cancer in
Asians (Kawajiri et al. 1990). This was in accordance
with the results of a clear association between the m1/m1
genotype and lung cancer risk in Caucasians (Taioli
et al. 2003). For further analysis, those having at least
one mutant allele of the CYP1A1 MspI gene were
combined, and this combination gave a significant OR
of 1.763 (95% CI: 1.072–2.902, P=0.026), thus indi-
cating a possible risk genotype. The results of our study
are comparable with another study from North India
where the relative risk for the carriers of variant
CYP1A1 genotypes was high (Sobti et al. 2003). Strong
correlations between lung cancer risk and homozygosity
for the CYP1A1 variant alleles have been reported in
several studies (Xu et al. 1996). A similar relative risk for
lung cancer associated with a single mutated allele in
CYP1A1 was obtained in a Chilean population (Qui-
nones et al. 1999). We therefore suggest that this mu-
tated genotype plays an important role in the
development of lung cancer.

The GSTM1 and GSTT1 members of the glutathione
S-transferase multigene family are candidate cancer
susceptibility genes because of their ability to regulate
the conjugation of carcinogenic compounds to excret-
able hydrophilic metabolites. Individuals who are car-
riers of homozygous deletions in the GSTM1 and
GSTT1 genes may have an impaired ability to eliminate
carcinogenic compounds metabolically and may there-
fore be at an increased cancer risk. The frequencies of
homozygous GSTM1 and GSTT1 deletion carriers are
surprisingly high in most human populations, and
noticeable differences between ethnic groups exist. Nel-
son et al. (1995) reported that the GSTM1 null or
deletion genotype was present in about 50% of Cauca-
sians, 33% of African Americans and 45% of Japanese,
which is in accordance with the studies of Roy et al.
(2001). Similar results were obtained in a few other
studies (Persson et al. 1999; Chan et al. 2004). Previous
studies showed an increased lung cancer risk for GSTM1
null patients independent of ethnic background (Gao
and Zhang 1999; Chen et al. 2001). In the case of
GSTT1, Nelson et al. (1995) reported that the GSTT1
null genotype is present in 64% of Chinese, 60% of
Koreans, 28% of Caucasians and 22% of African
Americans. On the basis of our study results, 31.5% of
lung cancer cases are carriers of the GSTM1 null
genotype, and 21.9% of diseased individuals are
homozygous GSTT1 deletion carriers in our geographic
region compared to 26.7 and 8.9% in controls. In our
study, the GSTM1 null genotype was not associated
with an increased risk of lung cancer, although a higher
proportion of the patients exhibited the GSTM1 null
genotype compared to controls. The OR obtained for
the GSTM1 null genotype was 1.262, although this was
not statistically significant. For the first time in this
population, we have also demonstrated that the GSTT1
null genotype is associated with a significantly increased
risk of lung cancer compared with the GSTT1 gene, with
an OR of 2.870. This is consistent with some other
similar findings (Taioli et al. 2003; Sorensen et al. 2004),
but conflicts with other reports (Lan et al. 2000).
Regarding the frequency of the homozygous null dele-
tion at the GSTM1 and GSTT1 loci, the putative worst
genotype combination of GSTM1 null and GSTT1 null
was observed in 13 (8.9%) cases and 5 (3.4%) controls
(OR=3.143, 95% CI: 1.075–9.184, P=0.036) with sig-

Table 5 Risk of lung cancer associated with genotype combinations of CYP1A1, GSTM1 and GSTT1

Genotype Case/control OR (95% CI)a P value

GSTM1+, GSTT1+, CYP1A1 wild 46/49
GSTM1 or GSTT1 either null, CYP1A1 wild 27/31 2.230 (1.105–4.501) 0.025*

GSTM1 null, GSTT1 null, CYP1A1 wild 5/0 4.401 (0.819–23.662) 0.084
GSTM1+, GSTT1+, CYP1A1 variant 40/46 2.331 (1.246–4.361) 0.008*

GSTM1 or GSTT1 either null, CYP1A1 variant 22/17 2.323 (1.057–5.102) 0.036*

GSTM1 null, GSTT1 null, CYP1A1 variant 6/3 3.747 (0.824–17.038) 0.087

*P value significant
aOR adjusted for age, gender and smoking status

624



nificant risk. Although intra ethnic as well as inter ethnic
differences exist in the Indian population, the prevalence
of null genotypes in GSTM1 and/or both GSTT1 genes
in our population is comparable with that found in other
Indian studies (Naveen et al. 2004; Mishra et al. 2004).
Thus, our results signify an impact of ethnicity in the
distribution of these genotypes. However, in most of
studies the ORs have been found to be higher than 1,
suggesting a moderate effect of the GSTT1 null genotype
(Lewis et al. 2002; Sunaga et al. 2002). As a result of
deletions at one or both of these loci and, consequently,
less detoxification of xenobiotic toxic substances, an
individual may become susceptible to diseases produced
by toxic substances present in the environment; hence,
finding a positive correlation raises the possibility that
the two enzymes are working in tandem rather than in a
complementary way.

Overall, the distribution of patients showed that
variant genotypes were predominant in the smoking
group. In the analysis combining polymorphisms and
interactions with smoking, those patients who were
smokers and having a GSTT1 null genotype had an
increased lung cancer risk (OR=2.242, 95% CI:
1.020–4.929, P=0.045) after adjustment for age and
gender. Patients who smoked and had the CYP1A1
mutant allele also had a higher risk (OR=2.947, 95%
CI: 1.090–7.968, P=0.033) when compared with their
non-smoking counterparts who had wild-type geno-
types. In the analysis including heterozygous and
homozygous variants together, patients who were
smokers and with variant genotypes also had increased
ORs when compared to the reference group. Lung
cancer risk rose significantly with higher cumulative
cigarette consumption, confirming the association with
smoking-related lung cancer risk. Stratified analysis be-
tween tobacco smoking and variant genotypes revealed,
for light smokers with <20 pack years, increasing risks
with the presence of at least one copy of the CYP1A1
mutant allele (OR=3.427, 95% CI: 1.126–10.427,
P=0.030) or GSTT1 null genotype (OR=3.952, 95%
CI: 1.065–14.668, P=0.040) suggesting a gene–envi-
ronment interaction (Alexandrie et al. 2004). When
CYP1A1 heterozygous and homozygous individuals
were combined, for light smokers (<20 pack years),
cancer risk was increased up to �4-fold (OR=3.997,
95% CI: 1.418–11.266, P=0.009). In a study conducted
by Ishibe et al. (1997), an approximately 2-fold increase
in lung cancer risk among individuals with one or more
of the variant alleles was observed among light smokers
(defined as having smoked £ 30 pack years). No such
increase in risk was found among heavy smokers (>30
pack years). Thus, patients with a combination of high
inducibility variants at CYP1A1 together with the
GSTT1 null genotype, particularly at low smoking lev-
els, confers a highly significant increase in risk.

Several studies have correlated lung cancer risk with
combinations of CYP1A1, GSTM1 and GSTT1 geno-
types, which has been of particular interest since the
combined action of phases I and II enzymes with in-

creased activation and decreased metabolism of PAHs in
tobacco smoke have been hypothesized to lead to in-
creased lung cancer risk. Individuals having a defective
genotype for more than one of these genes can thus be
expected to be at greater risk for lung cancer than those
having a defective genotype of only one gene. The
importance of GSTM1, GSTT1 and CYP1A1 genotypes
is further emphasized by the increased significance of
their interactions. Even though genotype combinations
between GSTM1 and CYP1A1 did not achieve formal
statistical significance for the combination studied, we
obtained an OR of above 1.5 for all combinations.
Regarding GSTT1 and CYP1A1 combinations, the risk
was found to be significantly high for the genotype
combination with the following variant alleles: CYP1A1
wild GSTT1� (OR=4.469, 95% CI: 1.632–12.239,
P=0.004) and CYP1A1 variant GSTT1+ (2.106, 95%
CI: 1.235–3.592, P=0.006). Co-inheritance of two
variants, such as CYP1A1 polymorphism with GSTM1/
GSTT1 null genotype was associated with increased
cancer risk in several studies (Hayashi et al. 1991). This
latter study reported a relative risk of 5.8 for lung cancer
in individuals with CYP1A1 and GSTM1 null combi-
nation genotype. The variant CYP1A1 genotype had a
higher risk when present in individuals with the GSTM1
null genotype (Alexandrie et al. 2004). In a study from
North India, Sobti et al. (2004) reported a 2-fold ele-
vated risk for lung cancer in individuals with a single
copy of the variant CYP1A1 and null GSTM1.

Combinations of the three genes, e.g. (1) CYP1A1
wild (wt/wt), GSTM1, or GSTT1 either null
(OR=2.230, 95% CI: 1.105–4.501); (2) CYP1A1 variant
(wt/m1 or m1/m1), both GSTM1 and GSTT1 present
(OR=2.331, 95% CI: 1.246–4.361); or (3) CYP1A1
variant (wt/m1 or m1/m1) GSTM1 or GSTT1 either null
(OR=2.323, 95% CI: 1.057–5.102) were significantly
associated with lung cancer with high OR. There was a
trend of 4.4-fold increased relative risk for the GSTM1
null, GSTT1 null, CYP1A1 wild genotype combination
(OR=4.401, 95% CI: 0.819–23.662) and a 3.5-fold in-
creased risk, although not statistically significant
(OR=3.747, 95% CI: 0.824–17.038), in individuals
possessing the GSTM1 null, GSTT1 null, CYP1A1
variant genotype combination. A similar combination
association of similar combination genotypes with lung
cancer has been reported previously (Dialyna et al.
2003). Due to gene–environment interactions, the effects
of inheritance at independent loci can be additive, and
each locus contributes incrementally to cancer develop-
ment or epistasis in which inheritance at multiple loci is
required to develop lung cancer. Thus, inheritance of
variant genotypes in patients can be additive and may
contribute to the development of lung cancer with dif-
ferent susceptibility in the presence of environmental
exposures like smoking compared to individuals with a
single common variant of the gene (Vineis 2002).

Certain limitations that may give rise to some
uncertainty regarding our results should be mentioned.
In the present study, the small sample size might have
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impaired our ability to recognize association with
smaller effects. Although combined genotype compari-
son of a relatively small sample size might show bias and
uncertainty, we observed a significant trend towards
association between these gene polymorphisms and the
development of lung cancer. In conclusion, the results
from this study indicate that the CYP1A1 homozygous
variant genotype and GSTT1 null genotypes are more
strongly associated with the risk of lung cancer. This
study suggest a plausible combined role for these en-
zymes in lung cancer susceptibility. The presence of
variant CYP1A1 protein may result in increased for-
mation of carcinogenic metabolites due to the hyperac-
tive phase I enzyme, with detoxification of these reactive
metabolites being restrained by the absence of functional
phase II enzymes like GSTM1 and GSTT1, which might
have a role in the initiation or progression of lung can-
cer. It seems that combinations of rare metabolic
genotypes should be considered more appropriate for
cancer risk assessment rather than individual genotypes.
The associations discussed in this paper demonstrate the
importance of genetic variation in phase I and II genes
in lung cancer susceptibility and it is conceivable that
these variants will interact with environmental carcino-
gens and that certain combinations of genotypes will
better define at-risk groups. Thus, the high public health
significance of these low prevalence genes will hopefully
allow us to obtain more mechanistic insights into human
lung carcinogenesis, as well as targeted-preventive ap-
proaches to individuals at risk.
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