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Abstract

Objective: The Ile462Val substitution in the cytochrome P450 1A1 gene (CYP1A1) results in increased enzymatic
activity. Preliminary data suggesting a link between this polymorphism and lung cancer risk in Caucasians are
inconsistent, reflecting small sample sizes and the relatively low frequency of the variant.
Methods: The data set consisted of 1050 primary non-small cell lung cancer cases and 581 controls, a large
homogenous population designed specifically to address previous inconsistencies. Patients were genotyped using a
PCR-RFLP technique.
Results: Carriers of the valine allele, CYP1A1*2C, (Ile/Val or Val/Val genotypes) were significantly over-
represented in non-small cell lung cancer compared to controls (OR¼ 1.9; 95% CI¼ 1.2–2.9; p¼ 0.005) when
adjusted for confounders, particularly in women (OR¼ 4.6; 95% CI¼ 1.7–12.4; p¼ 0.003). The valine variant was
statistically significantly over-represented in cases of lung cancer younger than the median age (64 years) (OR¼ 2.5;
95% CI¼ 1.3–4.8; p¼ 0.005) and cases with less than the median cumulative tobacco-smoke exposure (46 pack-
years) (OR¼ 2.4; 95% CI¼ 1.3–4.7; p¼ 0.007).
Conclusions: These new data establish an association between the CYP1A1 Ile462Val polymorphism and the risk of
developing non-small cell lung cancer, especially among women.

Introduction

Lung cancer is attributable to cigarette smoking yet less
than 20% of life-long smokers will develop lung cancer
suggesting the possibility of genetic predisposition [1].
Enzymes encoded by polymorphic genes that activate or
detoxify harmful chemicals may account for wide inter-
individual differences in sensitivity to cancer-inducing or
cancer-promoting compounds [2].
Phase I enzymes (mainly cytochrome P450) metabol-

ically activate carcinogens such as polycyclic aromatic
hydrocarbons (PAHs) and N-nitrosamines to reactive

intermediates [3]. These intermediates are capable of
binding covalently to DNA to form DNA adducts,
thereby potentially initiating the carcinogenic process.
Increased activity of benzo[a]pyrene (B[a]P) hydroxy-
lase, encoded by cytochrome P4501A1 (CYP1A1) has
been associated with lung cancer risk [4–6]. Hayashi
et al. [7] first described a base substitution of adenine to
guanine at position 2455 in the heme-binding region of
exon 7, that results in an isoleucine to valine amino acid
substitution at codon 462 (Ile462Val). The valine allele,
designated CYP1A1*2C following the initial trivial
designation of CYP1A1 m2, correlates with increased
enzymatic activity [8–10], thought to lead to greater
carcinogen susceptibility and consequently higher risk of
tobacco smoke-related lung cancer.
An over-representation of the valine allele among lung

cancer cases has been reported in numerous studies in
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Asian and Caucasian populations [11–15]. Whilst results
from Asian populations are fairly consistent, studies in
Caucasian populations are more controversial, most
likely caused by ethnic differences in allele frequency.
Although relatively frequent in Asian populations [0.20–
0.25], the valine allele is quite rare in Caucasian popula-
tions (0.05). Thus, smaller epidemiological studies may
have lacked the statistical power to accurately define the
relationship between the CYP1A1 Ile462Val polymor-
phism and lung cancer. In addition, conflicting results
may arise from population heterogeneity, as well as
failure to control for the potential confounding effect of
tobacco smoke, the main determinant of lung cancer.
To address this, a recent pooled analysis of original

data sets combined the results of eleven studies creating a
collective Caucasian population of 1153 lung cancer cases
and 1449 controls [16]. The authors found individuals
with the exon 7 variant at an increased risk of lung cancer,
particularly squamous cell carcinoma (SCC). Concur-
rently, we have conducted an adequately powered asso-
ciation study in a homogenous population of non-small
cell lung carcinomas (NSCLCs) (of similar sample size to
the total of the eleven cumulative studies) to investigate
the role of CYP1A1 Ile462Val in modifying lung cancer
risk. Our aim was to conclusively define the role of this
polymorphism in the risk of lung cancer in a single, large
homogenous population of NSCLCs.

Materials and methods

Cases consisted of patients with cytologically or histo-
logically confirmed primary NSCLC (n¼ 1050) treated
at The Prince Charles Hospital from 1980 to 2003.
Controls consisted of patients with chronic obstructive
pulmonary disease (COPD) but without lung cancer
(n¼ 358), treated at the same hospital from 1998 to
2003, or healthy smokers attending a smoking cessation
clinic held at the hospital from 2000 to 2003 (n¼ 223).
These two patient groups were selected as controls as
they possessed a median tobacco-smoke exposure
approximately equivalent to cases, this factor being the
greatest risk factor for lung cancer. Thus, in smokers of
equivalent tobacco-smoke exposure, the effect of the
polymorphism could be compared between those with
and without lung cancer. Approximately 95% of eligible
subjects consented to participate in the study and the
population from which our study group was drawn was
more than 99% Caucasian.
The study and use of archived NSCLC paraffin blocks

(n¼ 259) was approved by the Ethics Committee of The
Prince Charles Hospital, and patients (both cases and
controls) gave informed written consent for use of

resected fresh lung tissue or blood (n¼ 1372). Demo-
graphic characteristics of cases and controls (Table 1)
were collected by the research nurse or treating physi-
cian, and data were checked against patient records and
the institutional lung cancer database.
DNA from control subjects was extracted from periph-

eral blood. DNA from subjects diagnosed with NSCLC
was extracted from peripheral blood or resected normal
lung tissue, either fresh-frozen or paraffin embedded
[17—19]. In 166 cases, DNA was extracted from more
than one source (94 cases with paraffin-extracted and
fresh tissue-extracted DNA, 72 cases with blood lympho-
cyte-extracted and fresh tissue-extracted DNA). In such
cases, all available DNA samples were genotyped and the
results were found to be identical, reinforcing the repro-
ducibility of genotyping methodology.
PCR-based restriction fragment length polymorphism

(RFLP) methods were used to analyze CYP1A1 geno-
types at the Ile462Val site as described [20]. About 10%of
samples were randomly selected and retested for consis-
tency. Genotypingwas performed blinded to case/control
status. Odds ratios (OR) and 95% confidence intervals
(CI) were calculated using logistic regression analysis
where log odds of lung cancer was adjusted for smoking
(pack-years) and age (as continuous variables) and sex (as
a categorical variable). In order to detect important
differences in population subgroups, stratification by
subgroup analysis of clinically relevant factors was
performed. All tests were two-sided and a p value of
0.05 or less was considered significant. Formal tests of
interaction were tested for significance by fit models
comparing )2 log (likelihood) in models that included
main effects (CYP1A1 genotype and the potential
high-risk variable) with the interaction term. Interactions
were tested for significance by fit models comparing
)2 log (likelihood) in models that included main effects
(gene and smoking) with and without the interaction
term. Data were analyzed using the SPSS for Windows
Version 11.5 (SPSS Inc., Chicago, Illinois, USA). The
population attributable risk (PAR%) for NSCLC of the
CYP1A1 valine allele, was estimated as follows: PAR%=
1)(1/((p2 · g2)+(2pq · g1)+(q2)), where p is the fre-
quency of the variant in the general population, q¼ 1)p,
and g1 and g2 are the estimated OR of the association
between the heterozygous genotype and homozygous
variant genotype respectively and the presence of
NSCLC [21].

Results

Initially, to confirm the validity of combining the
two subgroups of controls, the CYP1A1 valine allele
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frequency was compared between COPD patients and
healthy smokers. There was no significant difference in
the variant frequency between these two subgroups of
controls (p>0.05, data not shown) thus the two
subgroups were combined to form one control group.
The genotype frequencies are listed in Table 1.
Genotype frequencies in the case and control population
were in Hardy–Weinberg equilibrium and, similar to
other Caucasian populations, the combined frequency
of CYP1A1 Ile/Val and Val/Val genotypes in the control
group was 5% [22]. The very rare Val/Val homozygotes
were grouped with the Ile/Val heterozygotes for

statistical analysis (Table 2). The study had more than
80% statistical power to detect an odds ratio of 1.8 or
more for the variant allele with an @¼ 0.05.
The CYP1A1 Ile/Val-Val/Val genotype was associ-

ated with a significantly increased risk of NSCLC
when compared to controls (OR¼ 1.85; 95%
CI¼ 1.20–2.85; p¼ 0.005, logistic regression) after
adjustment for the confounding effects of smoking
exposure, age, and sex. The population attributable
risk percent of the heterozygous and homozygous
valine variant genotypes of CYP1A1 Ile462Val for the
development of NSCLC was calculated as 4%.

Table 1. Characteristics of the study subjects

NSCLC Controls (All)a Controls

COPD Smokers

N 1050 581 358 223

Age (years)b

Mean Age (SD) 63.3 (±9.4) 62.7 (±12.9) 68.5 (±9.0) 53.4 (±12.9)

Range 29–92 18–87 43–87 18–85

Sexb,c

Male 760 (72.4) 396 (68.2) 232 (64.8) 164 (73.5)

Female 290 (27.6) 185 (31.8) 126 (35.2) 59 (26.5)

Pack-Yearsb,d

Mean (SD) 52.1 (±37.3) 52.0 (±33.0) 58.0 (±34.9) 42.4 (±27.1)

Range 0–400 0.8–246.2 0.8–220.0 1.6–246.2

Statusc,e

Never 58 (5.5) 0 (0.0) 0 (0.0) 0 (0.0)

Former 150 (13.7) 298 (47.5) 248 (65.3) 50 (20.2)

Current 881 (80.5) 329 (52.5) 132 (34.7) 197 (79.8)

Data Missingc 5 (0.5) 0 (0.0) 0 (0.0) 0 (0.0)

Histologic Typec

Adenocarcinoma 479 (45.6)

Squamous cell carcinoma 479 (45.6)

Othersf 92 (8.8)

TNM Stagingc

I 537 (51.1)

II 237 (22.6)

III 197 (18.8)

IV 38 (3.6)

Unknown 41 (3.9)

CYP1A1 Ile462Val genotype

Ile/Ile 958 (91.2) 552 (95.0) 341 (95.3) 211 (94.6)

Ile/Val 84 (8.0) 27 (4.7) 16 (4.5) 11 (4.9)

Val/Val 8 (0.8) 2 (0.3) 1 (0.3) 1 (0.4)

a As there was no significant difference in CYP1A1 genotype frequency between COPD patients and healthy smokers (p > 0.05), the two

control populations were combined to form the control group.
b There was no significant difference in pack-years, age, or sex between cases and controls (p = 0.87, p = 0.05, and p = 0.07, respectively),

v2 or t test. All statistical tests were two-sided.
c Presented as number (%).
d Pack-years (a measure of cumulative smoking exposure) was defined as the average number of packs (20 cigarettes/pack) of cigarettes smoked

per day multiplied by the number of years of smoking.
e Never = less than 100 cigarettes in lifetime; Former = smoking cessation for one year or more at time of sample collection;

Current = current smoker or smoking cessation less than one year at time of sample collection.
fComprising of large cell carcinoma (n = 36), adenosquamous carcinoma (n = 32), unspecified NSCLC (n = 21).
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Stratification for the two main cell-types of lung cancer
revealed a greater increase in risk for adenocarcinoma
(AC) (OR¼ 2.38; 95% CI¼ 1.49–3.82; p < 0.001) than
for SCC (OR¼ 1.22; 95% CI¼ 0.71–2.08; p¼ 0.470)
(Table 2).
Due to reports of gender differences in lung cancer

susceptibility, the CYP1A1 Ile462Val genotype was
stratified around sex. In nested analyses, the risk of
NSCLC in subjects heterozygous or homozygous for the
exon 7 polymorphism was statistically significant in
females (OR¼ 4.58; 95% CI¼ 1.69–12.42; p¼ 0.003)
but not in males (OR¼ 1.47; 95% CI¼ 0.97–2.39;
p¼ 0.118). A formal test of interaction however,
between CYP1A1 Ile462Val and sex was not significant
(p > 0.05, data not shown).
Cumulative tobacco-smoke exposure and age are

known risk factors for lung cancer. Thus, cases and
controls were stratified to determine if the risk effect of
CYP1A1 Ile462Val was modified by pack-years smoked
or age. To investigate the interaction of CYP1A1

Ile462Val genotype and smoking exposure, study sam-
ples were stratified around the median of 46 pack-years.
The CYP1A1 Ile/Val-Val/Val genotype was associated
with a greater risk of NSCLC in subjects with a
cumulative tobacco-smoke exposure less than the
median (OR¼ 2.44; 95% CI¼ 1.27–4.68; p¼ 0.007)
while in subjects with more than the median
tobacco-smoke exposure, there was no significant asso-
ciation between the CYP1A1 Ile/Val-Val/Val genotype
and lung cancer risk (OR¼ 1.46; 95% CI¼ 0.80–2.56,
p¼ 0.222) (Table 2). A formal test of interaction
between CYP1A1 Ile462Val and tobacco-smoke expo-
sure (stratified around the median) was not significant
(p > 0.05, data not shown).
Stratification around the median age of 63 years

found CYP1A1 Ile/Val-Val/Val individuals younger
than the median age at a significantly higher risk of
lung cancer (OR¼ 2.52; 95% CI¼ 1.33–4.79; p¼ 0.005)
with no effect observed in CYP1A1 Ile/Val-Val/Val
individuals older than the median age (OR¼ 1.27; 95%

Table 2. Association of CYP1A1 Ile462Val polymorphism and lung cancer risk

Ile462Val Genotypea Caseb Controlb OR (95%CI)

Overall

Crudec Ile/Ile 958 (91.2) 552 (95.0) 1.0

Ile/Val, Val/Val 92 (8.8) 29 (5.0) 1.83 (1.19–2.81)

Adjustedd Ile/Ile 958 (91.2) 552 (95.0) 1.0

Ile/Val, Val/Val 92 (8.8) 29 (5.0) 1.85 (1.20–2.85)

Sexd

Male Ile/Ile 695 (91.4) 372 (93.9) 1.0

Ile/Val, Val/Val 65 (8.6) 24 (6.1) 1.47 (0.91–2.39)

Female Ile/Ile 263 (90.7) 180 (97.3) 1.0

Ile/Val, Val/Val 27 (9.3) 5 (2.7) 4.58 (1.69–12.42)

Pack-Yearse,f

<median (46) Ile/Ile 466 (90.8) 288 (96.0)

Ile/Val-Val/Val 47 (9.2) 12 (4.0) 2.44 (1.27–4.68)

‡ median (46) Ile/Ile 492 (91.6) 264 (94.0)

Ile/Val-Val/Val 45 (8.4) 17 (6.0) 1.46 (0.80–2.56)

Ageg,h

<median (63) Ile/Ile 430 (89.2) 254 (95.1) 1.0

Ile/Val, Val/Val 52 (10.8) 13 (4.9) 2.52 (1.33–4.79)

‡ median (63) Ile/Ile 528 (93.0) 298 (94.9) 1.0

Ile/Val, Val/Val 40 (7.0) 16 (5.1) 1.27 (0.69–2.32)

ACd Ile/Ile 426 (88.9) 551 (95.0) 1.0

Ile/Val, Val/Val 53 (11.1) 29 (5.0) 2.38 (1.49–3.82)

SCCd Ile/Ile 450 (93.9) 551 (95.0) 1.0

Ile/Val, Val/Val 29 (6.1) 29 (5.0) 1.22 (0.71–2.08)

a Due to the low frequency of Val/Val genotypes in CYP1A1, risk estimates associated by Ile/Ile versus Ile/Val+Val/Val.
b Presented as number (%).
c p Values and OR not adjusted for confounding factors.
d p Values and OR adjusted for pack years, age and sex.
e p Values and OR adjusted for age and sex.
f Cumulative tobacco-smoke exposure stratified around the median of 46 pack-years.
g Age stratified around the median age of 63 years.
h p values and OR adjusted for pack years and sex.
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CI¼ 0.69–2.32; p¼ 0.445) (Table 2). A formal test of
interaction between CYP1A1 Ile462Val and age was not
significant (p > 0.05, data not shown).
Additional analyses of combined effects of risk factors

were not performed due to small sample sizes.

Discussion

To resolve the uncertainty of increased lung cancer risk
with the CYP1A1 Ile462Val in Caucasians, we studied
the largest ethnically homogenous population to date
and found the CYP1A1*2C allele (heterozygous and
variant homozygous genotypes) was associated with an
increased risk of NSCLC (OR = 1.85) in tobacco
smokers. Results from this single study substantiate a
recent pooled analysis of similar size based on a
heterogeneous population [16], in addition to being
biologically consistent with the higher enzymatic activity
reported for the valine variant [8–10].
Relative to histological subtypes, a significant effect

for the CYP1A1*2C allele was observed in ACs
(OR¼ 2.38) but not in SCCs (OR¼ 1.22). A Japanese
study also reported a risk effect within ACs, particularly
poorly differentiated carcinomas [11]. This difference,
together with data linking tobacco-specific nitrosamines
to lung ACs and tobacco smoke PAHs to SCCs, adds
emphasis to the growing biological and epidemiological
evidence that histological subtypes of NSCLC are
distinct etiological entities that should be analyzed
separately [23–25].
Previous studies have reported a stronger effect of the

CYP1A1*2C allele in females as observed in our study
with the odds ratio in females more than three times
greater than in males (OR¼ 4.58 and OR¼ 1.47,
respectively) [15, 16]. Recent epidemiological and bio-
chemical studies have suggested increased susceptibility
to tobacco carcinogens in women compared to men [26–
28]. CYP1A1 mRNA expression in the lung has been
observed to be more than two-fold higher in female
smokers compared with male smokers [29], a difference
possibly due to the effect of circulation estrogens, which
have been shown to induce expression of PAH-metab-
olizing enzymes, such as CYP1A1, thereby increasing
metabolic activation of carcinogens [15, 30].
The CYP1A1*2C allele also conferred a heightened

risk for smokers with lower cumulative tobacco-smoke
exposure (less than the median of 46 pack-years), and
younger individuals (less than the median age of
63 years). A possible explanation is that genetic suscep-
tibility factors would be most apparent in those with
modest conventional risk factors (age and smoking).
Others have also reported that variants within the

CYP1A1 gene were associated with a higher risk of lung
cancer in individuals with less smoking exposure [11, 31–
33] as well as a younger age [34].
To date, four polymorphic variants have been

described in the CYP1A1 gene: the exon 7 A2455G
variant (CYP1A1*2C) investigated in this report, a
T3801C variant in the 3’end (CYP1A1*2A), a C2453A
substitution (CYP1A1*4) also located in exon 7, and an
African-American specific T3205C variant (CYP1A1*3)
located in intron 7. The former two variants have been
shown to be in close linkage disequilibrium and lead to a
more inducible form of CYP1A1 with increased enzyme
activity [10, 35]. Considering the known linkage effect,
and the comparable genotype effect observed in the
CYP1A1*2C polymorphism in our study population
and CYP1A1*2A in another large study of Caucasians
[36], we now intend to investigate the combined effect of
these two polymorphisms, in addition to other known
CYP1A1 polymorphisms, in our study population
through haplotyping. Haplotyping analyses facilitate
the fine-scale mapping of susceptibility genes through
linkage disequilibrium analysis of the surrounding
markers [37]. This allows characterization of the effects
of genetic variation across the entire gene to subse-
quently allow associations to be made between different
haplotypes and the disease. A recent haplotype study
found the variant frequency to differ significantly
between prostate cancer when compared to controls
[38] but, to date, the only haplotyping study performed
in lung cancer examined the promoter region only and
consequently did not include the exon 7 variant A2455G
investigated in this report [39].
Potential limitations of this study should be ad-

dressed. The design of this study may generate a possible
vulnerability to a misclassification bias from the control
group – at risk individuals who may develop lung cancer
in time. However this bias would be expected to reduce
rather than increase the strength of association. A
second polymorphism in exon 7, a base substitution of
cytosine to adenine at position 2453 leading to the
Thr461Asn polymorphism (CYP1A1*4) [13], may result
in genotype misclassification in studies using genotyping
methods that cannot distinguish between base changes
at positions 2455 (Ile462Val) and 2453 (Thr461Asn).
The RFLP method used in this study however, selec-
tively digests in the presence of the guanine nucleotide
(the valine variant) irrespective of the nucleotide at
position 2453. Thus, we can be confident that polymor-
phic effects observed in this analysis are specifically
associated with CYP1A1 Ile462Val.
In conclusion, this large study provides evidence for

CYP1A1 as a susceptibility gene for tobacco smokers in
lung cancer, confirming a recent pooled analysis of past
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studies of inadequate sample size [16]. Whilst genetic
epidemiological evidence should be interpreted cau-
tiously and in the light of previous results and in vitro
data, these data now consistently implicate CYP1A1
Ile462Val in modifying lung cancer risk. Whilst the
increased risk is modest, the potential effect on a
population basis is highly relevant with a calculated
population-attributable risk of 4%, which indicates the
proportion of NSCLC in smokers attributable to the
CYP1A1 valine allele, CYP1A1*2C. The effect of the
exon 7 CYP1A1 polymorphism in lung cancer risk –
especially in women, and younger and moderate smok-
ers – may assist in risk stratification for early lung cancer
detection and prevention efforts such as low dose CT
screening and chemoprevention. Further research using
adequately powered studies is needed to test the
hypothesis that risk is modified by gender, age, and
tobacco-smoke exposure. In addition, it would be
beneficial to investigate the role of the other polymor-
phic variants present within the CYP1A1 gene and
explore possible linkage effects between the variants.
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