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Abstract

Analyzing the CYP2A46 gene of subjects who showed a poor metabolic phenotype toward SM-12502, we discovered a novel mutant
allele (CYP2A6*4C) lacking the whole CYP2A6 gene. Using genetically engineered Salmonella typhimurium expressing a human CYP,
we found that CYP2A6 was involved in the metabolic activation of a variety of nitrosamines such as 4-(methylnitrosamino)-1-(3-pyr-
idyl)-1-butanone (NNK) contained in tobacco smoke. Taking these results into consideration, we hypothesized that the subjects carrying
the CYP2A46*4C allele had lower risk of tobacco-related lung cancer. In accordance with our hypothesis, our epidemiological studies
indicated that smokers homozygous for the CYP2A6*4C allele showed much lower odds ratios toward cancer risk. Other mutant alleles
reducing the CYP2A6 activity, besides CYP2A6*4C, also reduced the risk of lung cancer in smokers, particularly of squamous-cell
carcinoma and small-cell carcinoma, both smoking-related cancers. 8-Methoxypsoralen, an inhibitor of CYP2AG6, efficiently prevented

the occurrence of adenoma caused by NNK in A/J mice.
© 2005 Elsevier Inc. All rights reserved.
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Roles of cytochrome P450 (CYP) in carcinogenesis

CYP is now widely known as a family of enzymes
metabolizing a wide variety of xenobiotics, including drugs
and carcinogens. Most carcinogens are metabolically acti-
vated to generate ultimate carcinogens, leading to chemical
carcinogenesis. Such functions of the monooxygenase in
activating chemical carcinogens must not have been as-
sumed 50 yr ago, when oxygenases were discovered. Thus,
the discovery of monooxygenases contributes greatly to the
mechanism of chemical carcinogenesis. CYP1ALl is a well-
studied enzyme in carcinogenesis for its capacity to activate
polycyclic aromatic hydrocarbons, including benzo[a]pyr-
ene. CYP1A2 activates heterocyclic amines such as 2-ami-
no-3,5-dimethly-imidazo[4,5-f]quinoline [1]. CYP2A6 and
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CYP2E1 are responsible for the metabolic activation of
N-nitrosamines [1].

Another important aspect of the xenobiotic metaboliz-
ing enzyme is the existence of genetic polymorphisms.
The genetic polymorphism of CYP causes interindividual
differences in the undesired as well as therapeutic effects
of drugs. Also, it has been postulated that the genetic poly-
morphisms cause interindividual differences in the suscepti-
bility of individuals to carcinogens.

Genetic polymorphism of CYP and cancer risk

It has been generally accepted that most cancers are
caused by environmental chemicals contained in foods
and tobacco smoke [2,3]. These environmental chemicals
are first metabolically activated by enzymes present in the
body to generate reactive intermediates, which subsequent-
ly bind covalently to DNA. Almost all the damaged DNA
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is repaired by repairing enzymes, while some of the injured
DNA remains unrepaired, which is called cancer initiation.
Thus, the metabolic activation process can be regarded as
the first step by which environmental chemicals cause can-
cer. However, no direct evidence has been reported to date
to confirm this idea in humans.

CYP plays central roles in the activation of many envi-
ronmental chemicals to generate reactive intermediates [4].
Thus, it can be expected that the activity of this enzyme
determines the risk of cancer. Accordingly, the idea that
the genetic polymorphism of CYP affects cancer risk has
been demonstrated. The first report on the association be-
tween genetic polymorphism of CYP and lung cancer risk
appeared on CYP2D6 in 1984 [5]. However, many conflict-
ing results have been reported; the idea is still a matter of
controversy [6]. Afterward, the effects of the genetic poly-
morphism of CYPIAI on lung cancer risk were proposed
by Kawajiri and his associates [7]. This idea seemed to be
reasonable, since Kellermann et al. [8] reported that the
inducibility of arylhydrocarbon hydroxylase in lympho-
cytes closely correlated with lung cancer risk. However, this
idea has not been reproduced in other ethnic groups, prob-
ably because of low frequency of the Msp I site mutation of
the CYPIAI gene [9,10].

Discovery of whole gene deletion-type polymorphism
(CYP2A46%40)

Among many forms of cytochrome P450, CYP2AG6 is
known to be responsible for the metabolism of drugs
including coumarin [11,12], nicotine [13], tegafur [14,15],
fadrozole [16], methoxyflurane [17], and valproic acid
[18]. The genetic polymorphism of CYP2A6 was first sug-
gested by evidence that there was large interindividual var-
iation in the capacity for coumarin 7-hydroxylation [19,20].

During the course of the development of an anti-platelet
activating agent, (+)-cis-3,5-dimethyl-2-(3-pyridyl)thiazo-
line-4-one hydrochloride (SM-12502), in the Sumitomo
Pharmaceutical Industry, three volunteer subjects showed
a poor metabolic phenotype toward this agent. Following
their clinical data, we determined which enzyme(s) was in-
volved in the metabolism of SM-12502, and found that this
agent was metabolized mainly by CYP2A6 [21]. Analyzing
the CYP2A6 gene of the three subjects, we discovered a
novel deletion-type polymorphism (CYP2A6*4C) [22,23].
We developed a gene diagnosis method for the
CYP2A6*4C variant [24].

Establishment of Salmonella typhimurium tester strains
carrying human CYP to predict the mutagenicity of
chemicals in humans

Promutagens and carcinogens exert their mutagenicity
and carcinogenicity after undergoing metabolic activation
by enzymes, including CYP. Remarkable species differenc-
es are seen in both the activity and the amounts of corre-
sponding forms of CYP. These species differences are

recognized as one of the causes of species differences in
responses to drugs and toxicants. In classical mutation as-
say systems to predict the mutagenicity of chemicals, the
9000g supernatant (S9) fraction of rat liver homogenates
has routinely been used to activate promutagens in the
S. typhimurium mutation assay. Because of species differ-
ences enzymes such as CYP, the S9 fraction prepared from
human liver homogenates is sometimes used. However,
there is still a disadvantage of this assay: the sensitivity is
not high enough because of the possible trapping of reac-
tive intermediates by components present on the surfaces
of cell membranes. To overcome the disadvantages, we
established new genetically engineered tester strains of
S. typhimurium expressing human CYP together with
NADPH-CYP reductase inside of the cells [25]. Using the
established S. typhimurium strains, we examined many
chemicals to evaluate the usefulness of the genetically engi-
neered bacteria. When we tested N-nitrosamines to deter-
mine which human CYP enzyme was responsible for the
mutagenic activation, we found that CYP2A6 was mainly
involved in the N-nitrosamines with relatively bulky alkyl
moieties, such as 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone (NNK), contained in tobacco smoke, while
CYP2E1 was involved in the N-nitrosamines with relatively
small alkyl groups, such as N-nitrosodimethylamine
[26,27].

Large-scale epidemiological study on the association of
genetic polymorphism of CYP2A46 and tobacco-related
cancer risk

Based on results obtained as mentioned above, we
hypothesized that smokers carrying the CYP2A6*4C allele
might have less risk of tobacco-related cancers, since the
subjects lacking the CYP2A6 gene cannot activate N-ni-
trosamines such as NNK and N’-nitrosonornicotine, which
are contained in tobacco smoke as nicotine-derived carcin-
ogens. The results of our epidemiological studies clearly
showed that subjects homozygous for CYP2A46*4C have
considerably less risk of lung cancer [28]. This tendency
was seen in smokers but not in nonsmokers [29].

Further epidemiological studies to confirm the linkage
between CYP2A6 genetic polymorphism and tobacco-related
cancer risk

The aim of our next study was to confirm the possibility
that the reduced lung cancer risk seen in subjects carrying
the CYP2A6*4C allele was caused by the low metabolic
capacity of CYP2AG6, but not by a possible gene linkage be-
tween the CYP2A6*4C mutation and the mutation of
oncogenes or anti-oncogenes.

After we discovered the CYP2A46*4C variant allele, our
and other groups discovered many novel variants of the
CYP2A6 gene, such as CYP2A6*7 [30], CYP2A6*9
[31,32], and CYP2A6*10 [33], which have been proven to
decrease the catalytic capacity or expression level of
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Fig. 1. Genetic polymorphism of CYP2A46 is one of the determinants of tobacco-related cancer risk. NNK, 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone; EM, extensive metabolizer; IM, intermediate metabolizer; PM, poor metabolizer; 8-MOP, 8-methoxypsoralen.

CYP2AG6. If our hypothesis that the capacity of CYP2A6
to activate the N-nitrosamines is one of the key determi-
nants of tobacco-related cancer risk is correct, tobacco-re-
lated cancer risk can be expected to decrease in association
with these variant alleles. We analyzed our data again by
classifying the subjects according to the histological types
of lung cancer. Squamous-cell carcinoma and small-cell
carcinoma are known to be the most frequent types of lung
cancer in smokers. At least two papers have appeared dem-
onstrating that adenocarcinoma is also caused by smoking
of filter-equipped cigarettes [34,35]. We obtained clear epi-
demiological data indicating that the cancer risk was de-
creased by the predicted capacity (or genotypes) of
CYP2AG6 [36]. The tendency was seen more clearly in sub-
jects suffering from squamous-cell carcinoma and small-cell
carcinoma and less clearly in patients suffering from adeno-
carcinoma. These data were in complete agreement with
our expectations. We also analyzed the same data after
classifying subjects into two groups, heavy smokers and
light smokers, smoking larger and smaller amounts of cig-
arettes than average (approx 38 pack-years), respectively.
The reduced risk for lung cancer was seen more clearly in
the heavy smokers than in the light smokers, lending sup-
port to the previous data that the genetic polymorphism
of CYP2A6 affects the lung cancer risk in smokers but
not in nonsmokers. Together with the result that CYP2A6
was involved in the metabolism of nicotine [13], less con-
sumption of cigarettes is also a factor in reduced risk of
lung cancer. However, even when we calculated the data
adjusting for the number of cigarettes, the reduced risk of
lung cancer in subjects homozygous for CYP2A6*4C allele
was clear.

Effects of 8-methoxypsoralen on NNK-induced adenoma in
mice

Based on the results of epidemiology, it seemed possi-
ble to assume that the inhibitors of CYP2A6 reduced
the risk of cancer. Instead of performing human prospec-
tive studies, we performed experiments using the A/J
strain of mice. Pretreatment of mice with 8-methoxypsor-
alen, a known inhibitor of CYP2AG6, completely prevented
the occurrence of adenoma and hyperplasia caused by
NNK, which supported our human epidemiological stud-
ies [37].

Conclusions

Genetic polymorphism of CYP2A6 affected cancer risk
in smokers but not in nonsmokers. The effects were in
accordance with the capacity of CYP2A6 in subjects, as
proven by the fact that other mutated alleles of the
CYP2A6 gene known to reduce the metabolic capacity also
reduced the cancer risk. This hypothesis was supported
experimentally. Pretreatment of mice with 8-methoxypsor-
alen clearly prevented the occurrence of adenoma caused
by NNK. Based on these lines of evidence, it is suggested
that genetic polymorphism of CYP2A6 is one of the deter-
minants of tobacco-related cancer risk (Fig. 1).
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