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Abstract
Lung adenocarcinoma has replaced squamous cell lung
carcinoma as the most frequent histological subtype
in lung cancers. However, genetic factors that affect
cancer susceptibility are much less understood in
adenocarcinoma than in squamous cell carcinoma. In this
study, polymorphisms in five genes involved in the
metabolism of carcinogens or in the repair of damaged
DNA in lung cells, NQO1-Pro187Ser, GSTT1-positive/null,
GSTM1-positive/null, CYP1A1-Ile462Val, and OGG1-
Ser326Cys, were examined for association with lung
adenocarcinoma risk in a case-control study of 198
patients and 152 control subjects. The NQO1 and
GSTT1 polymorphisms were associated with lung
adenocarcinoma risk with adjusted odds ratio of 2.15 for
the NQO1-Pro/Pro genotype versus the Ser/Ser genotype
and adjusted odds ratio of 1.61 for the GSTT1-null
genotype versus the positive genotype, respectively.
Furthermore, individuals with the combined genotype of
NQO1-Pro/Pro and GSTT1-null showed greater risk
compared with those of NQO1-Ser/Ser and GSTT1-
positive. In contrast, significant association was not
observed for the GSTM1, CYP1A1, and OGG1
polymorphisms with lung adenocarcinoma risk, although
several studies have shown their implication in the risk
for squamous cell lung carcinoma. The result indicates
that the NQO1-Pro/Pro and GSTT1-null genotypes are
risk factors for lung adenocarcinoma development, and

that the genetic factors for susceptibility to
adenocarcinoma are different from those to squamous
cell carcinoma. The enhanced risk of the NQO1-Pro/Pro
genotype combined with the GSTT1-null genotype was
more evident in smokers than in nonsmokers. Therefore,
carcinogens in tobacco smoke, which are activated by
NQO1 and detoxified by GSTT1, could have a role in
lung adenocarcinoma development.

Introduction
Lung cancer is the leading cause of cancer-related deaths in the
world. Lung cancer consists of at least three major histological
subtypes: adenocarcinoma, squamous cell carcinoma, and small
cell carcinoma. It is well known that the development of squa-
mous and small cell carcinomas is strongly associated with
smoking, whereas that of adenocarcinoma is less associated
compared with those two subtypes, indicating that carcinogenic
processes are different among the histological subtypes of lung
cancers. In recent years, adenocarcinoma has replaced squa-
mous cell carcinoma as the most frequent histological subtype
in lung cancers (1–4). This is considered as being attributable
to the decrease in the number of smokers, because the majority
of lung cancers in nonsmokers are adenocarcinomas (1–4). The
changes in tobacco composition associated with the prevalence
of filter cigarettes also have been thought to have a large effect
on the increase of adenocarcinoma (1–4). Another possible
reason is that smokers of filter cigarettes compensate for the
reduced nicotine yields by deep and intense inhalation of
smoke, resulting in increased deposition of tobacco carcinogens
in the peripheral lung where adenocarcinoma preferentially
develops.

Genetic factors responsible for susceptibility to lung can-
cer have been searched for to establish novel and efficient ways
of preventing the disease. The association of cancer risk with
polymorphisms in genes that encode enzymes involved in the
metabolism of tobacco carcinogens, such as cytochrome P450–
1A1 (CYP1A1) and glutathione S-transferase M1 (GSTM1),
has been extensively studied, especially in squamous cell lung
carcinoma (5–13). PAHs3 in tobacco smoke have been indi-
cated to largely contribute to the development of squamous cell
lung carcinoma (1, 14). CYP1A1 plays a major role in the
activation of PAHs, and GSTM1 plays a major role in the
detoxification of activated PAH intermediates (7, 8). SNP of
CYP1A1 at codon 462 leading to a substitution of valine (Val)
for isoleucine (Ile) results in an increase in the enzyme activity,
whereas an inherited homozygous deletion of the GSTM1 gene
(the GSTM1-null genotype) results in a lack of the enzyme
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activity (7, 8). The CYP1A1-Val/Val genotype, the GSTM1-null
genotype and their combined genotype have been reproducibly
associated with an increased risk for squamous cell lung car-
cinoma (5–13). In addition, a recent study of ours suggests that
a SNP in the OGG1 gene causing an amino acid substitution,
Ser326Cys, is also associated with the risk for squamous cell
lung carcinoma (15). OGG1 is a DNA glycosyrase for oh8G,
which is a mutagenic base formed by oxidative stresses, in-
cluding the ones caused by tobacco carcinogens. It was shown
that the ability of OGG1-Cys326 protein to suppress mutations
was significantly lower than that of OGG1-Ser326 protein (16,
17). The Cys/Cys genotype was associated with an increased
risk for squamous cell lung carcinoma (15). Therefore, indi-
viduals with weak OGG1 activity associated with the Cys/Cys
genotype could be susceptible to the development of squamous
cell lung carcinoma because of the high rate of accumulation of
mutations caused by oh8G. Thus, several genetic factors un-
derlying the risk for the development of squamous cell lung
carcinoma have been identified. In contrast, several genetic
polymorphisms that were shown to be associated with the risk
for squamous cell lung carcinoma have not been clearly asso-
ciated with the risk for lung adenocarcinoma (5–13, 15). In
addition, carcinogens and other etiological factors strongly as-
sociated with the development of lung adenocarcinoma have
not been identified. Therefore, genetic factors involved in the
risk for lung adenocarcinoma are mostly unknown at present.

Interindividual differences in the activities of NQO1 and
GSTT1 have been shown to be involved in lung cancer sus-
ceptibility (18–25). NQO1 metabolically activates several car-
cinogens such as nitrosamines and heterocyclic amines that are
present in tobacco smoke and foods (18). GSTT1 is involved in
the detoxification of several carcinogens, such as 1, 3-butadiene
and ethylene oxide, that are present in tobacco smoke and
ambient air (19). SNP at codon 187 in NQO leads to the
substitution of proline (Pro) for serine (Ser), and NQO1-Pro187
protein has a higher enzyme activity than NQO1-Ser187 protein
does (18). There is a deletion allele for the GSTT1 gene with
null GSTT1 activity (19). Therefore, the homozygotes for the
NQO1-Pro187 allele (NQO1-Pro/Pro) and/or those for GSTT1
deletion (GSTT1-null) could be associated with an increased
risk for lung cancer. Two case-control studies indicated that the
NQO1-Pro/Pro genotype was associated with an increased risk
for overall lung cancer, although the association with specific
histological subtypes of lung cancer was not examined (20, 21).
Subsequently, Lin et al. (22) reported that this genotype was
associated with the risk for lung adenocarcinoma in Taiwan.
However, in this study, the number of adenocarcinoma subjects
examined was small (n � 36); therefore, the contribution of this
genotype to lung adenocarcinoma susceptibility should be con-
firmed by a larger study. The association of the GSTT1-null
genotype with the risk for overall lung cancer has also been
reported (23, 24). However, in these studies, the association
with specific histological subtypes of lung cancer was not
examined. Therefore, the involvement of the polymorphisms in
NQO1 and GSTT1 in susceptibility to lung adenocarcinoma
remains obscure.

In the present study, we performed a case-control study of
198 lung adenocarcinoma patients and 152 control subjects for
the distributions of genetic polymorphisms, NQO1-Pro187Ser
and GSTT1-positive/null. We also examined the distributions of
the CYP1A1-Ile462Val, GSTM1-positive/null, and OGG1-
Ser326Cys polymorphisms in these populations. The NQO1-
Pro/Pro and GSTT1-null genotypes were significantly associ-
ated with the risk for lung adenocarcinoma. Furthermore, the
combination of the NQO1-Pro/Pro genotype with the GSTT1-

null genotype showed an enhanced effect on the risk. The
association of the combined genotype with the risk was more
evident in smokers than in nonsmokers. In contrast, significant
associations of the CYP1A1, OGG1, and GSTM1 polymor-
phisms with the risk were not observed. These results indicate
that genetic factors affecting the risk for the development of
lung cancer are different between adenocarcinoma and squa-
mous cell carcinoma. Investigation of NQO1 and GSTT1, as
well as their substrates should have an implication in under-
standing carcinogenic processes of lung adenocarcinoma and
preventing the disease.

Subjects and Methods
Case-Control DNA Set. The study population consisted of
198 lung adenocarcinoma cases and 152 control subjects, re-
cruited from the National Nishigunma Hospital and the Na-
tional Cancer Center Hospital from 1999 to 2001 (Table 1). All
of the cases and control subjects were Japanese. All of the lung
adenocarcinoma cases, from whom informed consent as well as
blood samples were obtained, were consecutively included in
this study without any particular exclusion criteria. The partic-
ipation rate was approximately 80%. All of the cases were
diagnosed as being lung adenocarcinoma by cytological and/or
histological examinations according to the WHO classification
(26). The cases consisted of 87 (43.9%) of stage I, 10 (5.1%) of
stage II, 44 (22.2%) of stage III, 56 (28.3%) of stage IV, and a
case of which the information on the stage was not available.
One hundred and twelve (56.6%) were surgical cases, whereas
the remaining 86 (43.4%) received other therapies, including
chemotherapy and radiation therapy. Fifteen of the cases had
histories of other malignant tumors, including breast cancer
(5 cases), gastric cancer (3 cases), and thyroid cancer (3 cases).
Diagnoses of primary lung cancers and not of metastases of
other malignancies were carefully made by pathological and
immunohistochemical examinations for these cases. Controls
were randomly selected from inpatients and outpatients with no
history of cancer at the hospitals during the study periods. The
distribution of clinical diagnoses among the controls was as
follows: chronic obstructive lung disease, 27 cases; bronchitis
or pneumonia, 24 cases; pulmonary tuberculosis, 17 cases; old
pulmonary tuberculosis, 8 cases; pulmonary nontuberculous
mycobacteriosis, 10 cases; pulmonary abscess, 9 cases; pneu-
moconiosis, 9 cases; pulmonary mycosis, 8 cases; sarcoidosis,
3 cases; other respiratory diseases, 14 cases; benign tumor, 3
cases; diabetes mellitus, 3 cases; pancreatitis, 2 cases; gastric
ulcer, 1 case; uterine myoma, 1 case; hypertension, 1 case;
angina pectoris, 1 case; pericarditis, 1 case; rheumatoid arthri-
tis, 1 case; bone fracture, 1 case; and healthy individuals, 8
cases. Ages of the participants were computed from their date
of birth. Smoking history was obtained via interview using a
questionnaire. Smoking habit was represented by cigarette-
years, which was defined as the number of cigarettes smoked
daily multiplied by years of smoking, both in current smokers
and former smokers. Nonsmokers were defined as those who
had never smoked. Smokers were defined as those who had at
any time smoked at least one cigarette a day for 1 year or more.
Informed consent was taken from all of the participants before
blood sampling, and the study was approved by the ethical
committees of the Nishigunma Hospital and the National Can-
cer Center. Ten ml of heparinized whole-blood was obtained
from each lung adenocarcinoma patient and from each control
subject. Genomic DNA was extracted from the whole-blood by
using a QIAamp DNA blood Maxi kit (Qiagen, Tokyo, Japan)
according to the supplier’s recommendations.
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Genotyping of the CYP1A1, NQO1, and OGG1 Polymor-
phisms. The genotypes of the CYP1A1 Ile462Val and NQO1
Pro187Ser polymorphisms were determined by PCR-RFLP
methods described by Oyama et al. (27) and Chen et al. (21),
respectively. The genotypes of the OGG1 Ser326Cys polymor-
phism were determined also by a PCR-RFLP method using the
fact that the Cys polymorphism at codon 326 of OGG1 creates
a Fnu4HI restriction site between codon 326 (TGC) and codon
327 (CGC). The sequences of paired primers used for identi-
fication of the CYP1A1 and NQO1 polymorphisms were de-
scribed (21, 27). The sequences of paired primers for the OGG1
polymorphisms were 5�-ACTGTCACTAGTCTCACCAG-3�
and 5�-GGAAGGTGCTTGGGGAAT-3�. Ten ng of genomic
DNA were suspended in a total volume of 20 �l PCR buffer
containing 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM

MgCl2, 300 nM of each primer, 200 �M of deoxynucleotide
triphosphate, and 0.5 units of AmpliTaq Gold DNA polymerase
(PE Applied Biosystems, Tokyo, Japan). PCR conditions were
as follows: 30 s at 95°C and 30 s at 60°C for 45 cycles, followed
by 10 min at 60°C. Three DNA fragments of 665, 868, and 620
bp, that contain a single HincII, HinfI, and Fnu4HI site, respec-
tively, were amplified by PCR from the pcDNA3.1 (�) plasmid
DNA (Invitrogen, Tokyo, Japan) to be used as controls to
confirm complete digestion with the restriction enzymes. PCR
products containing SNP sites for CYP1A1, NQO1, and OGG1
were mixed with these control fragments and were digested
with HincII, HinfI, and Fnu4HI (New England Biolabs, Tokyo,
Japan).

In the genotyping of CYP1A1, complete digestion of
187-bp PCR products produced 139-bp and 48-bp fragments
for the Ile allele, and 120-bp, 48-bp, and 19-bp fragments for
the Val allele (21). In the genotyping of NQO1, complete
digestion of 230-bp PCR products produced 195-bp and 35-bp
fragments for the Pro allele, and 151-bp, 44-bp, and 35-bp
fragments for the Ser allele (27). In the OGG1 analysis, com-

plete digestion of 200-bp PCR products produced two 100-bp
fragments for the Cys allele, whereas they remained as 200-bp
fragments for the Ser allele. These digested products were
electrophoresed on a 3% agarose gel and visualized by ethidium
bromide staining. Complete digestion of PCR products was
confirmed by the fact that control fragments, which were mixed
with each PCR product for genotyping, produced 333-bp and
332-bp fragments for HincII, 441-bp and 427-bp fragments for
HinfI, and 315-bp and 305-bp fragments for Fnu4HI.
Genotyping of the GSTM1 and GSTT1 Polymorphisms.
The genotypes of the GSTM1 and GSTT1 polymorphisms were
determined by a multiplex PCR method described by Arand et
al. (28). The GSTM1 or GSTT1 specific primer set and a primer
set for albumin were used for the same amplification reaction.
Ten ng of genomic DNA were suspended in a total volume of
20 �l PCR buffer containing 10 mM Tris-HCl (pH 8.3), 50 mM

KCl, 2.5 mM MgCl2, 3 �g/ml of each GSTM1 primer or 1
�g/ml of each GSTT1 primer, 0.6 �g/ml of each albumin
primer, 200 �M of deoxynucleotide triphosphate, and 0.5 units
of AmpliTaq Gold DNA polymerase (PE Applied Biosystems).
PCR conditions were as follows: 60 s at 95°C, 60 s at 60°C, and
60 s at 72°C for 45 cycles, followed by 10 min at 72°C. The
219-bp GSTM1 fragments and the 459-bp GSTT1 fragments
were coamplified with the 350-bp albumin fragments in the
same reaction tube. The albumin fragments served as a positive
control for the success of the amplification reaction. The ab-
sence of either GSTM1 or GSTT1 fragments indicated the
corresponding null genotype. The PCR products were electro-
phoresed on a 3% agarose gel and visualized by ethidium
bromide staining.
Statistical Analysis. The strength of association between lung
adenocarcinoma and either the CYP1A1, NQO1, OGG1,
GSTM1, or GSTT1 polymorphisms was measured as ORs. ORs
adjusted for age, gender, and smoking habit with 95% CIs were

Table 1 Distributions of gender, age, and smoking habit among cases with lung adenocarcinoma and controls

Cases Controls
P

No. (%) No. (%)

No. of subjects 198 152
Gender

Male 124 (62.6) 108 (71.1) 0.098
Female 74 (37.4) 44 (28.9)

Age
Mean � SD 63 � 10 65 � 13 0.006
�50 18 (9.1) 22 (14.5)
50–69 124 (62.6) 69 (45.4)
�70 56 (28.3) 61 (40.1)

Smoking habit
Total

Nonsmokers 75 (37.9) 49 (32.2) 0.455
Smokers �800 65 (32.8) 47 (30.9)
(Cigarette-years) �800 55 (27.8) 50 (32.9)
Unknown 3 (1.5) 6 (4.0)

Male
Nonsmokers 15 (12.1) 11 (10.2) 0.463
Smokers �800 53 (42.7) 43 (39.8)
(Cigarette-years) �800 53 (42.7) 50 (46.3)
Unknown 3 (2.4) 4 (3.7)

Female
Nonsmokers 60 (81.1) 38 (86.4) 0.319
Smokers �800 12 (16.2) 4 (9.1)
(Cigarette-years) �800 2 (2.7) 0 (0)
Unknown 0 (0) 2 (4.5)
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calculated using an unconditional logistic regression analysis
(29). When dividing the study population into smokers and
nonsmokers, ORs adjusted for age and gender with 95% CIs
were calculated. Differences in the distributions of gender, age,
and smoking habit between cases and controls were tested by
the �2 test. Difference in the genotype distribution of the
polymorphism in the control subjects between this study and
previous case-control studies for the Japanese population was
also tested by the �2 test. The statistical analyses described
above were performed using the StatView version 5.0 software
(SAS Institute Inc., Cary, NC). The Markov chain method with
the GENEPOP program4 was used to test for deviations of
genotype distributions from the HWE. Ps � 0.05 were consid-
ered as being statistically significant, with 0.05 � P � 0.1
being marginal.

Results
Genotype Distributions of the NQO1, GSTT1, GSTM1,
CYP1A1, and OGG1 Polymorphisms. Distributions of gen-
der, age, and smoking habit among cases with lung adenocar-
cinoma and controls are shown in Table 1. The difference in the
distributions of smoking habit was not significant between the
cases and controls as a whole (P � 0.455), and also between
the cases and controls of both male and female subjects (P �
0.463 and 0.319, respectively). A large portion of the male
subjects were smokers, whereas that of the female subjects
were nonsmokers, both in the cases and controls. On the other
hand, the difference in the distribution of gender was marginal
(P � 0.098), and that of age was statistically significant be-
tween the cases and controls (P � 0.006). Thus, the cases and
controls were incompletely matched in this study population.
The genotypes of the NQO1, GSTT1, GSTM1, CYP1A1, and
OGG1 polymorphisms were determined for the controls as
shown in Fig. 1, and genotype distributions of these polymor-
phisms are summarized in Table 2. We first compared the
genotype distribution of each polymorphism between this study
and that of the previous study for the Japanese population (9,
10, 17, 21, 30). The genotype distributions of the NQO1,
GSTT1, GSTM1, CYP1A1, and OGG1 polymorphisms in the
control subjects of this study were not significantly different
from those of previous case-control studies for the Japanese
population (P � 0.05). We additionally tested whether the
genotype distributions of these polymorphisms deviated from
HWE. Deviations from HWE were not tested for the distribu-
tions of the GSTM1 and GSTT1 genotypes, because the geno-
typing method used in this study did not enable us to discrim-
inate the heterozygote for the positive allele from the
homozygote for the positive allele for the GSTM1 and GSTT1
polymorphisms. The genotype distributions of the NQO1,
CYP1A1, and OGG1 polymorphisms in the controls were con-
sistent with HWE (P � 0.610, 0.799, and 0.190, respectively).
The genotypes of these polymorphisms were determined for the
cases, then the relative risks of the possibly high-risk genotypes
in these polymorphisms were obtained as ORs adjusted for
gender, age, and smoking habit to consider effects of these
factors on the risks (Table 2).

The risks of the NQO1 genotype carrying the Pro allele,
NQO1-Pro/Ser and -Pro/Pro, were 1.49 and 2.15, respectively.
Thus, the risk of the NQO1-Pro/Pro genotype was higher than
that of the NQO1-Pro/Ser genotype. Furthermore, the increased
risk of the NQO1-Pro/Pro genotype was statistically significant,

whereas that of the NQO1-Pro/Ser genotype was not. There-
fore, it was indicated that the NQO1-Pro/Pro genotype was
associated with lung adenocarcinoma risk.

The risk of the GSTT1-null genotype was 1.61 with sta-
tistical significance. Therefore, it was also indicated that the
GSTT1-null genotype was associated with lung adenocarci-
noma risk.

On the other hand, the risk of the GSTM1-null genotype
was 1.49 with marginal significance, indicating that the asso-
ciation of the GSTM1-null genotype with the risk was only
marginal.

The risks of the CYP1A1-Ile/Val and -Val/Val genotypes
were 1.22 and 1.59, respectively. Thus, the risk of the CYP1A1-
Val/Val genotype was higher than that of the CYP1A1-Ile/Val
genotype. However, the increased risks of these CYP1A1 gen-
otypes were not statistically significant. Therefore, it was indi-
cated that the association of the CYP1A1 polymorphism with4 Internet address: http://wbiomed.curtin.edu.au/genepop/genepop_op1.html.

Fig. 1. Genotyping of the CYP1A1, NQO1, OGG1, GSTM1 and GSTT1 poly-
morphisms. A, CYP1A1. Lane 1, undigested pcDNA 3.1 fragments (665 bp); Lane
2, digested pcDNA 3.1 fragments (333 bp � 332 bp); Lane 3, 139-bp fragments
for the CYP1A1-Ile/Ile genotype; Lane 4, fragments of 139 bp, 120 bp, and 48 bp
for the CYP1A1-Ile/Val genotype; Lane 5, fragments of 120 bp and 48 bp for the
CYP1A1-Val/Val genotype. In Lanes 3–5, digested pcDNA 3.1 fragments were
also visualized. B, NQO1. Lane 1, undigested pcDNA 3.1 fragments (868 bp);
Lane 2, digested pcDNA 3.1 fragments (441 bp � 427 bp); Lane 3, 195-bp
fragments for the NQO1-Pro/Pro genotype; Lane 4, fragments of 195 bp and 151
bp for the NQO1-Pro/Ser genotype; Lane 5, fragments of 151 bp for the NQO1-
Ser/Ser genotype. In Lanes 3–5, digested pcDNA 3.1 fragments were also
visualized. C, OGG1. Lane 1, undigested pcDNA 3.1 fragments (620 bp); Lane
2, digested pcDNA 3.1 fragments (305 bp � 315 bp); Lane 3, 200-bp fragments
for the OGG1-Ser/Ser genotype; Lane 4, fragments of 200 bp and 100 bp for the
OGG1-Ser/Cys genotype; Lane 5, fragments of 100 bp for the OGG1-Cys/Cys
genotype. In Lanes 3–5, digested pcDNA 3.1 fragments were also visualized. D,
GSTM1. Lanes 1, 3 and 4, 350-bp fragments of the albumin gene and 219-bp
fragments for the GSTM1-positive genotype, Lanes 2 and 5, 350-bp fragments of
the albumin gene and the absence of 219-bp fragments for the GSTM1-null
genotype. E, GSTT1. Lanes 1, 4, and 5, 350-bp fragments of the albumin gene and
459-bp fragments for the GSTT1-positive genotype; Lanes 2 and 3, 350-bp
fragments of the albumin gene and the absence of 459-bp fragments for the
GSTT1-null genotype.
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lung adenocarcinoma risk was weaker compared with that of
the NQO1, GSTT1, or GSTM1 polymorphism.

The risk of the OGG1-Ser/Cys and -Cys/Cys genotypes
were 1.33 and 0.90, respectively. Thus, the risk of the OGG1-
Cys/Cys genotype was lower than that of the OGG1-Ser/Cys
genotype. Furthermore, the risks of these OGG1 genotypes
were not statistically significant. Therefore, we concluded that
the OGG1 polymorphism was not associated with lung adeno-
carcinoma risk.
Genotype Distributions of the NQO1, GSTT1, GSTM1,
CYP1A1, and OGG1 Polymorphisms in Smokers and Non-
smokers. To assess the relationship between smoking and each
polymorphism in the contribution to lung adenocarcinoma risk,
genotype distributions of these polymorphisms were re-exam-
ined after dividing the study population into smokers and non-
smokers. Then, the relative risks of the possibly high-risk

genotypes were obtained as ORs adjusted for gender and age
(Table 3).

In smokers, the risks of the NQO1-Pro/Ser and -Pro/Pro
genotypes were 1.57 and 2.25, respectively. The increased risk
of the NQO1-Pro/Pro genotype was statistically marginal and
that of the NQO1-Pro/Ser genotype was not statistically signif-
icant in smokers. In nonsmokers, the risks of the NQO1-Pro/Ser
and -Pro/Pro genotypes were 2.56 and 2.97, respectively, but
were not significantly increased. Therefore, the association of
the NQO1 polymorphism with lung adenocarcinoma risk ap-
peared to be weak both in smokers and in nonsmokers.

The risk of the GSTT1-null genotype in smokers was 1.66,
and was statistically marginal. In nonsmokers, the risk of the
GSTT1-null genotype was 1.81, and was higher than that in
smokers. However, the risk in nonsmokers was not signifi-
cantly increased, probably due to the small number of non-

Table 2 Distributions of the NQO1, GSTT1, GSTM1, CYP1A1, and OGG1 polymorphisms

Gene Genotype No. of cases (%)/controls (%) ORa 95% CI P

NQO1 Ser/Ser 22 (11.1)/23 (15.1) 1.00
Pro/Ser 93 (47.0)/77 (50.7) 1.49 0.74–2.98 0.263
Pro/Pro 83 (41.9)/52 (34.2) 2.15 1.03–4.48 0.042

GSTT1 Positive 99 (50.0)/93 (61.2) 1.00
Null 99 (50.0)/59 (38.8) 1.61 1.04–2.52 0.035

GSTM1 Positive 105 (53.0)/96 (63.2) 1.00
Null 93 (47.0)/56 (36.8) 1.49 0.95–2.33 0.084

CYP1A1 Ile/Ile 115 (58.1)/99 (65.1) 1.00
Ile/Val 70 (35.3)/47 (30.9) 1.22 0.76–1.96 0.419
Val/Val 13 (6.6)/6 (4.0) 1.59 0.57–4.48 0.378

OGG1 Ser/Ser 54 (27.3)/50 (32.9) 1.00
Ser/Cys 106 (53.5)/66 (43.4) 1.33 0.80–2.23 0.274
Cys/Cys 38 (19.2)/36 (23.7) 0.90 0.48–1.70 0.753

a Adjusted for gender, age and smoking habit.

Table 3 Distributions of the NQO1, GSTT1, GSTM1, CYP1A1, and OGG1 polymorphisms in smokers and nonsmokers

Population Gene Genotype No. of cases (%)/controls (%) ORa 95% CI P

Smokers NQO1 Ser/Ser 13 (10.8)/16 (16.5) 1.00
Pro/Ser 57 (47.5)/50 (51.5) 1.57 0.66–3.73 0.308
Pro/Pro 50 (41.7)/31 (32.0) 2.25 0.91–5.56 0.079

GSTT1 Positive 60 (50.0)/60 (61.9) 1.00
Null 60 (50.0)/37 (38.1) 1.66 0.96–2.89 0.072

GSTM1 Positive 69 (57.5)/57 (58.8) 1.00
Null 51 (42.5)/40 (41.2) 1.05 0.61–1.83 0.851

CYP1A1 Ile/Ile 73 (60.8)/61 (62.9) 1.00
Ile/Val 40 (33.3)/33 (34.0) 0.96 0.54–1.73 0.898
Val/Val 7 (5.8)/3 (3.1) 2.01 0.49–8.25 0.330

OGG1 Ser/Ser 36 (30.0)/31 (35.1) 1.00
Ser/Cys 58 (48.3)/45 (43.3) 1.11 0.60–2.08 0.698
Cys/Cys 26 (21.7)/21 (21.6) 1.15 0.53–2.50 0.724

Nonsmokers NQO1 Ser/Ser 9 (12.0)/7 (14.3) 1.00
Pro/Ser 34 (45.3)/25 (51.0) 2.56 0.67–9.75 0.169
Pro/Pro 32 (42.7)/17 (34.7) 2.97 0.75–11.78 0.121

GSTT1 Positive 36 (48.0)/29 (59.2) 1.00
Null 39 (52.0)/20 (40.8) 1.81 0.80–4.11 0.156

GSTM1 Positive 35 (46.7)/36 (73.5) 1.00
Null 40 (53.3)/13 (26.5) 3.32 1.41–7.84 0.006

CYP1A1 Ile/Ile 40 (53.3)/34 (69.4) 1.00
Ile/Val 29 (38.7)/12 (24.5) 2.06 0.85–4.99 0.108
Val/Val 6 (8.0)/3 (6.1) 1.50 0.30–7.48 0.622

OGG1 Ser/Ser 18 (24.0)/16 (32.6) 1.00
Ser/Cys 47 (62.7)/19 (38.8) 1.95 0.74–5.17 0.180
Cys/Cys 10 (13.3)/14 (28.6) 0.52 0.15–1.78 0.300

a Adjusted for gender and age.
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smokers analyzed. Therefore, the association of the GSTT1
polymorphism with lung adenocarcinoma risk appeared to be
weak both in smokers and in nonsmokers.

The risk of the GSTM1-null genotype in smokers was 1.05,
and was not statistically significant. In contrast, the risk of the
GSTM1-null genotype in nonsmokers was 3.32 with statistical
significance. Thus, it is likely that the association of the
GSTM1-null genotype with lung adenocarcinoma risk is greater
in nonsmokers than in smokers. However, the distribution of
the GSTM1 genotype in the nonsmoker controls of this study
was significantly different from that of a previous case-control
study for the Japanese population (P � 0.017; Ref. 9). There-
fore, it is also likely that the risk of the GSTM1-null genotype
in nonsmokers was enhanced by a biased allele distribution in
the nonsmoker controls.

In smokers, the risks of the CYP1A1-Ile/Val and -Val/Val
genotypes were 0.96 and 2.01, respectively. Thus, the risk of
the CYP1A1-Val/Val genotype was higher than that of the
CYP1A1-Ile/Val genotype. However, the risks of these CYP1A1
genotypes were not statistically significant. Therefore, the as-
sociation of the CYP1A1 polymorphism with lung adenocarci-
noma risk appears to be weak in smokers. In nonsmokers, the
risks of the CYP1A1-Ile/Val and -Val/Val genotypes were 2.06
and 1.50, respectively. Thus, the risk of the CYP1A1-Val/Val
genotype was lower than that of the CYP1A1-Ile/Val genotype.
The increased risk of the CYP1A1-Val/Val genotype was not
statistically significant, whereas that of the CYP1A1-Ile/Val
genotype was marginal. The marginal association of the
CYP1A1-Ile/Val genotype in nonsmokers is likely to be be-
cause of the few nonsmoker controls or a biased allele distri-
bution of the CYP1A1 polymorphism in the controls, although
the genotype distribution did not significantly deviate from
HWE (P � 0.178). Therefore, the association of the CYP1A1
polymorphism with the risk was not evident in nonsmokers.

The risks of the OGG1-Ser/Cys and -Cys/Cys genotypes
in smokers were 1.11 and 1.15, respectively. Thus, the risk of
the OGG1-Ser/Cys genotype was almost the same as that of the
OGG1-Cys/Cys genotype. The increased risks of these OGG1
genotypes in smokers were not statistically significant. In non-
smokers, the risks of the OGG1-Ser/Cys and -Cys/Cys geno-
types were 1.95 and 0.52, respectively. Thus, the risk of the

OGG1-Cys/Cys genotype was lower than that of the OGG1-
Ser/Cys genotype in nonsmokers, and the risks of these OGG1
genotypes were not statistically significant. Therefore, it was
indicated that the OGG1 polymorphism was not associated with
lung adenocarcinoma risk in either smokers or nonsmokers.
Enhanced Effect of the Combined Genotypes for NQO1 and
GSTT1 on Lung Adenocarcinoma Risk. The NQO1-Pro/Pro
and GSTT1-null genotypes showed significant association with
lung adenocarcinoma risk. Therefore, we additionally exam-
ined the relative risk of each combined genotype as ORs ad-
justed for gender, age, and smoking habit to assess the effect of
the combined genotypes for NQO1 and GSTT1 on the risk
(Table 4). When using the NQO1-Ser/Ser plus GSTT1-positive
genotype as a reference, the risks of all of the other combined
genotypes were increased. Especially, the risk of the NQO1-
Pro/Pro plus GSTT1-null genotype was highest with OR of
4.61, and was statistically significant. The risk of the NQO1-
Pro/Pro plus GSTT1-null genotype versus all of the other com-
bined genotypes was also significantly increased with OR of
2.39. Thus, the combination of the NQO1-Pro/Pro genotype
with the GSTT1-null genotype enhanced the effect of each
genotype on lung adenocarcinoma risk.

We additionally assessed the relationship between smok-
ing and each combined genotype in the contribution to lung
adenocarcinoma risk. Distribution of the combined genotypes
for NQO1 and GSTT1 was re-examined after dividing the study
population into smokers and nonsmokers, and the relative risks
for these genotypes were obtained as ORs adjusted for gender
and age (Table 5). In smokers and nonsmokers, the risks of the
NQO1-Pro/Pro plus GSTT1-null genotype versus the NQO1-
Ser/Ser plus GSTT1-positive genotype were increased with
ORs of 6.77 and 3.63, respectively. The increased risk in
smokers was statistically significant, whereas that in nonsmok-
ers was not. The risks for the NQO1-Pro/Pro plus GSTT1-null
genotype versus all of the other combined genotypes in smokers
and nonsmokers were also increased with ORs of 2.89 and 1.61,
respectively. The increased risk in smokers was also statisti-
cally significant, whereas that in nonsmokers was not. Thus, the
enhanced effect of the combined genotype, NQO1-Pro/Pro plus

Table 4 Enhanced risk of the NQO1-Pro/Pro genotype by combination with the GSTT1-null genotype

Combined genotype No. of cases (%)/controls (%) ORa 95% CI P

NQO1-Ser/Ser � GSTT1-positive 11 (5.6)/15 (9.9) 1.00
NQO1-Pro/Ser � GSTT1-positive 46 (23.2)/43 (28.3) 1.65 0.66–4.16 0.286
NQO1-Pro/Pro � GSTT1-positive 42 (21.2)/35 (23.0) 1.65 0.64–4.29 0.303
NQO1-Ser/Ser � GSTT1-null 11 (5.6)/8 (5.3) 1.54 0.44–5.47 0.502
NQO1-Pro/Ser � GSTT1-null 47 (23.7)/34 (22.4) 2.21 0.84–5.77 0.107
NQO1-Pro/Pro � GSTT1-nullb 41 (20.7)/17 (11.2) 4.61 1.59–13.34 0.005

a Adjusted for gender, age and smoking habit.
b NQO1-Pro/Pro � GSTT1-null versus all the other combined genotypes: adjusted OR, 2.39; 95% CI, 1.25–4.57; P � 0.009.

Table 5 Risk of the NQO1-Pro/Pro plus GSTT1-null genotype in smokers and nonsmokers

Genotypes compared Population No. of cases/controls ORa 95% CI P

NQO1-Pro/Pro � GSTT1-null vs.
NQO1-Ser/Ser � GSTT1-positive

Smoker
Nonsmoker

27/9 vs. 7/11
14/6 vs. 4/4

6.77
3.63

1.65–27.73
0.57–23.24

0.008
0.174

NQO1-Pro/Pro � GSTT1-null vs.
all the other combined genotypes

Smoker
Nonsmoker

27/9 vs. 93/88
14/6 vs. 61/43

2.89
1.61

1.28–6.52
0.52–5.04

0.011
0.411

a Adjusted for gender and age.
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GSTT1-null, on lung adenocarcinoma risk was more evident in
smokers than in nonsmokers.

Discussion
In this study, polymorphisms in five genes involved in the
metabolism of carcinogens or in the repair of damaged DNA in
lung cells, NQO1-Pro187Ser, GSTT1-positive/null, GSTM1-
positive/null, CYP1A1-Ile462Val, and OGG1-Ser326Cys, were
examined for association with lung adenocarcinoma risk in a
case-control study of 198 patients and 152 control subjects.
Two of them, NQO1-Pro187Ser and GSTT1-positive/null, were
associated with lung adenocarcinoma risk, whereas the other
three polymorphisms were not. The NQO1-Pro/Pro genotype
was associated with the increased risk, with OR of 2.15 when
the NQO1-Ser/Ser genotype was used as a reference. The result
of the NQO1 analysis is consistent with that of a previous small
study with Taiwanese patients (22), and it further supports the
idea that the NQO1-Pro/Pro genotype is a risk factor for the
development of lung adenocarcinoma. A similar trend was also
observed in the analyses of overall lung cancers of Japanese
Hawaiians and Mexican-Americans in the United States (20,
21). The GSTT1-null genotype has been indicated as being a
risk factor for the development of overall lung cancer (23, 24).
However, its contribution to each histological subtype of lung
cancer has not been examined. In the present study, we showed
that the GSTT1-null genotype is associated with an increased
risk for lung adenocarcinoma with OR of 1.61 when the
GSTT1-positive genotype was used as a reference. Further-
more, the association was enhanced with OR of 4.61 when the
NQO1-Pro/Pro and GSTT1-null genotypes were combined, and
when the NQO1-Ser/Ser genotype combined with the GSTT1-
positive genotype was used as a reference. These results
strongly indicate that two genetic polymorphisms, NQO1-
Pro187Ser and GSTT1-positive/null, are critical genetic factors
involved in susceptibility to lung adenocarcinoma.

NQO1 is an oxidoreductase that has dual functions of both
activating and detoxifying carcinogens. Therefore, whether the
NQO1-Pro/Pro genotype, related to the high enzymatic activity,
is at a higher or lower risk depends on the types of cancer. In
this study, NQO1-Pro/Pro was associated with an increased risk
for lung adenocarcinoma. Therefore, it was suggested that
carcinogens activated by NQO1 have a role in lung adenocar-
cinoma development. Nitrosamines, such as 4-(methylnitro-
samino)-1-(3-pyridyl)-1-butanone (NNK), and heterocyclic
amines, which are present in tobacco smoke and foods, are
candidate carcinogens, because they are activated by NQO1
and are known to induce lung adenocarcinoma in rodents (18,
31–33). The NQO1 allele associated with high reductase activ-
ity has been associated with lung cancer risk in three studies
including Mexican-Americans in the United States, Japanese
Hawaiians, and Taiwanese, as described above (20–22). The
present study adds to this trend in associating high reductase
activity with risk for adenocarcinoma among Japanese. How-
ever, contrary to these observations, the high activity allele
appears protective in Caucasian populations (34). Studies of
ethnic minorities in the United States and several populations in
Hawaii indicated that ethnicity rather than histology was a
significant factor for the risk of NQO1 genotypes to lung cancer
(20, 21). In addition, a recent study of Caucasians indicated that
the association of NQO1 genotypes with lung cancer risk is
influenced by smoking behavior rather than histology (25).
Thus, unmeasured ethnic factors, including genetic and envi-
ronmental ones, that influence the nature of tobacco carcinogen
exposure, may be related to the effect of NQO1 genotypes on

lung cancer risk. GSTT1 is known to detoxify several environ-
mental carcinogens, including those in tobacco smoke, but not
to detoxify PAHs efficiently (19). In addition, GSTT1 also
functions as an activating enzyme for several carcinogens by
metabolizing them to mutagenic intermediates (19). The asso-
ciation of the GSTT1-null genotype with the adenocarcinoma
risk in this study indicates that carcinogens detoxified by
GSTT1, probably those other than PAHs, have a role in lung
adenocarcinoma development.

The combination of the NQO1-Pro/Pro genotype with the
GSTT1-null genotype showed an enhanced effect on lung ad-
enocarcinoma risk. This result may imply that NQO1 and
GSTT1 function in overlapping pathways of metabolism for
environmental carcinogens, as in the case of CYP1A1 and
GSTM1 (5–9, 12, 13). Interestingly, the enhanced risk of the
NQO1-Pro/Pro genotype combined with the GSTT1-null gen-
otype was more evident in smokers than in nonsmokers. There-
fore, it is possible that tobacco carcinogens activated by NQO1
and detoxified by GSTT1 play a major role in the development
of lung adenocarcinoma. In tobacco smoke, 3800 compounds
have been identified, and �100 of them have been shown to be
carcinogenic or mutagenic (33, 35). Therefore, it is possible
that some carcinogenic compounds are sequentially metabo-
lized by these enzymes, although, to our knowledge, such
compounds have not been identified in tobacco smoke. It was
indicated recently by a large case-control study that the risk of
NQO1 genotypes for lung cancer is largely influenced by in-
dividual smoking behavior (25). Therefore, it would be critical
to compare the risks of NQO1 and GSTT1 genotypes among
smokers based on smoking behavior to elucidate the signifi-
cance of the NQO1 and GSTT1 polymorphisms on the adeno-
carcinoma risk in smokers. However, we did not undertake such
analyses because the number of smokers both in the cases and
controls in this study was not enough to be analyzed after
dividing them according to smoking behavior. Those studies
are now in progress in our laboratory by collecting a larger
number of cases and controls. The enhanced risk of the NQO1-
Pro/Pro genotype with the GSTT1-null genotype was observed
in nonsmokers as well as smokers, suggesting the presence of
carcinogens other than those in tobacco smoke that are sequen-
tially metabolized by NQO1 and GSTT1. However, their asso-
ciation with lung adenocarcinoma risk was not statistically
significant in nonsmokers, probably because the number of
nonsmokers examined was smaller than that of smokers in this
study population. The contribution of this combined genotype
to the risk in nonsmokers should be further investigated in a
larger number of subjects.

In contrast to the results of NQO1 and GSTT1, possible
risk genotypes CYP1A1-Val/Val, OGG1-Cys/Cys, and GSTM1-
null, which have been implicated in the risk for squamous cell
lung carcinoma, did not show statistically significant associa-
tion with lung adenocarcinoma risk. These results are well
consistent with previous results that the polymorphisms of
CYP1A1 and GSTM1 were not or only marginally associated
with lung adenocarcinoma risk, and that the polymorphism of
OGG1 was not associated with it (5–13, 15). These results
indicate that the genetic factors responsible for susceptibility to
the development of adenocarcinoma are different from those of
squamous cell carcinoma. The difference in the effect of these
three genetic polymorphisms on the risk among the histological
subtypes may be because of the difference in the contribution of
carcinogens, which are metabolized by the enzymes encoded by
the polymorphic genes, to cancer development among the sub-
types. PAHs in tobacco smoke are thought to play a role in the
development of squamous cell lung carcinoma (1, 14).

736 NQO1 and GSTT1 Polymorphisms and Lung Adenocarcinoma

D
ow

nloaded from
 http://aacrjournals.org/cebp/article-pdf/1741200/ce0802000730.pdf by guest on 19 M

ay 2023



CYP1A1 plays a major role in the activation of PAHs, and
GSTM1 plays a major role in the detoxification of activated
PAH-intermediates (7, 8). Therefore, among individuals ex-
posed to tobacco carcinogens including PAHs, the CYP1A1 and
GSTM1 polymorphisms may preferentially modulate the risk
for the development of squamous cell lung carcinoma. Several
tobacco carcinogens including PAHs have been shown to in-
duce intracellular oh8G (36). The OGG1-Cys/Cys genotype has
been shown to be associated with the risk for squamous cell
lung carcinoma and another tobacco-related cancer, squamous
cell carcinoma of the esophagus (15, 37). In contrast, the
association with the risk was not evident in adenocarcinomas of
the lung and stomach, which are not strongly related to tobacco
smoking (15, 38). Thus, the tobacco carcinogens that lead to the
induction of oh8G could contribute to the development of
defined types of cancers, and the risk for these cancers could be
modulated by the OGG1 polymorphism.

In terms of histological appearance and clinical features,
lung adenocarcinoma is known to show a greater diversity than
other histological subtypes of lung cancer (26). The fact that no
etiological factors have been identified inhibited the elucidation
of molecular mechanisms underlying the susceptibility to this
disease. In this study, genetic polymorphisms of NQO1 and
GSTT1 were identified as candidates for the genetic factors
underlying the susceptibility. Additional studies on their asso-
ciations with the risk of each histological subtype of adenocar-
cinoma, such as bronchioloalveolar type, would provide us with
valuable information for the elucidation of the possible etio-
logical heterogeneity of lung adenocarcinoma. This study in-
cluded a large number of individuals with respiratory and other
diseases associated with smoking in the control subjects; there-
fore, the majority of the subjects were smokers. In addition, a
considerable number of nonsmokers were present in the ade-
nocarcinoma cases. Thus, the smoking habit was almost
matched between the cases and controls in this study (Table 1).
However, the use of these control subjects could lead to under-
estimation or overestimation of the risks of NQO1 and GSTT1
genotypes for lung adenocarcinoma if these genotypes were
related to the risks for diseases observed in the control subjects.
Thus, associations of these polymorphisms should be con-
firmed in different populations of adenocarcinoma cases as well
as controls. Both the NQO1 and GSTT1 genes are expressed in
epithelial cells in the peripherally located bronchioles and al-
veoli where adenocarcinoma preferentially develops (19, 39).
Therefore, it is possible that interindividual difference in the
activities of NQO1 and GSTT1 enzymes in lung cells because
of the polymorphisms leads to the difference in the quantity of
some carcinogens and/or DNA adducts in lung cells. Identifi-
cation of environmental carcinogens, which are activated by
NQO1 and detoxified by GSTT1, will be of great help to
elucidate the etiology of lung adenocarcinoma and to develop
effective methods for its prevention.
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