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Application of Molecular Epidemiology to Lung Cancer
Chemoprevention

LaVerne A. Mooney" and Frederica P. Perera’

Columbia University School of Public Health, Division of Environmental Health Sciences,
New York, New York

Abstract Molecular epidemiology has made great progress in detecting and documenting carcinogenic expo-
sures and host susceptibility factors, in an effort to explain interindividual variation in disease. Interindividual differences
in cancer risk have been hypothesized to result from an array of both genetic and acquired factors including nutritional
status. Elevated risk of lung cancer has been associated with polymorphisms of metabolic genes such as CYPTAT and
GSTM1. On the other hand, numerous studies have demonstrated that diets rich in fruits and vegetables are protective
against cancer, and have correlated high levels of antioxidants in the blood with decreased risk.

As a first step in identifying susceptible individuals, we have assessed the combined effect of genetic factors and
nutritional status on DNA adducts in a population of healthy smokers. Plasma retinol, B-carotene, a-tocopherol, and
zeaxanthin were inversely correlated with DNA damage, especially in subjects lacking the “protective” GSTM1 gene.
Research is ongoing using biomarkers to determine the effect of supplementation with antioxidants/vitamins on DNA
damage, especially in population subsets with putative “at risk” genotypes. Information on mechanisms of interactions
between exposure, micronutrients, and other susceptibility factors is important in the development of effective practical

interventions. J. Cell. Biochem. 255:63-68.
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Molecular epidemiology is a discipline that
merges highly sophisticated laboratory tech-
niques with epidemiologic methods, producing
a powerful tool that can be used in cancer
prevention [1]. In the past 10 years, molecular
epidemiology has made substantial progress in
validating biomarkers in populations with well-
defined exposures and/or with a defined risk of
cancer. Molecular markers or biomarkers have
been used to identify hazards and assess dose-
response relationships in populations with ex-
posure to carcinogens via ambient air pollution,
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occupation, and/or lifestyle (diet, smoking, etc.)
[2,3]. In addition, molecular markers of suscep-
tibility and early biologic response have the
potential to identify high-risk populations as
candidates for interventions such as exposure
reduction and chemoprevention. Examples of
validated biomarkers include: internal and mo-
lecular dosimeters of carcinogens (e.g., carcino-
gen-DNA adducts), alterations in oncogenes and
fumor suppressor genes (e.g., ras and p53) and
genetic factors such as polymorphisms in spe-
cific genes (e.g., CYP1A1, GSTM1) involved in
the metabolism of carcinogens.

A major goal of molecular epidemiology is to
elucidate the mechanisms that explain why
persons with the same apparent exposure vary
in their risk of disease. Interindividual varia-
tion in response is thought to be due to interac-
tions between environmental exposures and
host susceptibility factors. Once these interac-
tions are identified, mechanistically relevant
biomarkers could be used as “targets” or moni-
tors of interventions in susceptible populations
[4-9].

Using lung cancer as a model, this paper will
illustrate the potential benefits of applying mo-
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lecular epidemiology to chemoprevention. A brief
summary of environmental and host susceptibil-
ity risk factors for lung cancer will be pre-
sented, followed by a discussion of several re-
cent molecular epidemiologic studies in high-
risk populations. Criteria for using biomarkers
in chemoprevention and future studies will be
described.

ENVIRONMENTAL RISK FACTORS
FOR LUNG CANCER

Cigarette smoke has been identified as the
major environmental cause of lung cancer [10].
Epidemiologic studies now estimate that smok-
ing is responsible for > 80% of all lung cancers
{11]. Exposure to radon, asbestos and organic
solvents have also been associated with in-
creased risk of lung cancer, alone or in combina-
tion with smoking [10,11]. Although the expo-
sures associated with the disease are well-
documented, there 1is still tremendous
interindividual variability in lung cancer risk
in smokers. The odds of getting lung cancer for
smokers are more than 10 times higher than
those for nonsmokers, yet only a fraction of
smokers will be diagnosed with the disease in
their lifetime [12]. In recent years the ability to
analyze human samples for genetic polymor-
phisms, DNA damage, nutrient status, and on-
coproteins has shed light on the sources of
variability that may indicate inherited or ac-
quired susceptibility. Although many of the ex-
posure risk factors were individually identified
for lung cancer, the state of knowledge has
advanced to the point where these environmen-
tal risk factors are being investigated in conjunc-
tion with multiple host susceptibility factors so
that gene-environment interactions can be as-
sessed.

KNOWN OR SUSPECTED LUNG CANCER
SUSCEPTIBILITY FACTORS

Genetic factors play an important role in
influencing individual susceptibility to a vari-
ety of cancers. Susceptibility to disease may
result from modulation of metabolic pathways
that activate and detoxify carcinogens, inactiva-
tion of tumor suppressor genes, poor DNA re-
pair capacity or reduced immunologic function,
and nutrient status [4,5,13]. Genetic predisposi-
tion to cancer induction may also result from
inherited mutations in tumor suppressor genes
(e.g., retinoblastoma or p53) which regulate cell

growth and terminal differentiation [for review
see 14,15].

While most of these susceptibility variables
are substantially under genetic control, environ-
mental or acquired factors may also play a role.
For example, many carcinogens are metaboli-
cally activated or detoxified by P450 enzymes
before binding to DNA. Thus, a number of stud-
ies indicate that elevated metabolic activity of a
specific cytochrome P450 enzyme (CYP1Al) is
associated with lung cancer risk [reviewed in
16]. Moreover, although studies in Caucasians
have not seen the same strong effect, two closely-
linked polymorphisms in the CYP1Al gene
{exon 7 variant polymorphism and Mspl RFLP)
have been associated with a 2-3-fold increased
risk of lung cancer in Japanese and Brazilian
homozygous individuals [17-19]). Japanese lung
cancer patients with the Mspl variant genotype
have also reported a lower lifetime consump-
tion of cigarettes than lung cancer patients
without the genotype, suggesting increased sus-
ceptibility at lower doses [18]. The exon 7 vari-
ant protein (valine) has been correlated with
increased CYP1A1 enzyme activity in vitro sup-
porting the biological plausibility of this poly-
morphism in cancer [20].

Lack of activity of the “phase II” detoxifying
enzyme glutathione-S-transferase M; (GSTM1)
has been associated with a 2-3 fold greater risk
of developing lung adenocarcinoma in some but
not all, case-control studies [reviewed in 21]. A
recent metanalysis of these studies yielded an
average increased risk of lung cancer of 1.4 for
subjects with the GSTM1 deletion [21]. In Japa-
nese subjects, the combination of both CYP1A1
exon 7 and GSTMI1 at risk genotypes resulted
in a greater than additive increased risk for all
histological types of lung cancer 5.8 (95% CI =
2.3-13.3), and a greater than multiplicative
relative risk of 9.1 (95% CI = 3.4-24.4) for
squamous cell carcinoma [18]. These results
highlight the importance of assessing multiple
polymorphisms.

Another factor which may influence suscepti-
bility to certain cancers is an individual’s nutri-
tional status, resulting from intake of dietary
fat and vitamins [22-24]. Epidemiologic stud-
ies are convincing of a protective effect of fruits
and vegetables rich in vitamins C, E, and B-caro-
tene for epithelial cancers in many organs in-
cluding the lung [reviewed in 24]. Twenty-nine
of 31 studies showed a significant protective
effect for vitamin C and B-carotene and lung
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cancer [24]. Overall, for the major epithelial
cancers, 120/130 studies showed a statistically
significant reduction in risk by vitamins C, E,
B-carotene or food sources rich in these micronu-
trients. By contrast, the epidemiologic evidence
for a protective effect of retinol is less compel-
ling [23,24]. More recently, studies indicate that
treatment with high doses of B-carotene may
not be protective in heavy smokers and may
even be harmful (NI in press).

The experimental evidence for a protective
effect of micronutrients in lung cancer is re-
viewed elsewhere [4,24]. The available experi-
mental data largely concern the antioxidants
and free radical scavengers (vitamin C, B-caro-
tene, and the carotenoids) and retinol. Micronu-
trients, including the antioxidants mentioned
above and retinol, are involved in a variety of
functions and mechanisms that affect metabo-
lism of endogenous and exogenous chemicals.
They may act directly to quench oxidants, in-
cluding polycyclic aromatic hydrocarbons
(PAHs), and thereby reduce DNA damage. In
addition, they may operate indirectly by modu-
lating immune function or gene expression.
There is also evidence that retinol and the
retinoids enhance cell differentiation, suppress
malignant transformation and counteract the
effect of tumor promoters. Experimentally, they
reduce the production of DNA adducts, DNA
damage, mutation and/or SCE by diverse car-
cinogens (including benzo(a)pyrene (BP), afla-
toxin B, (AFB,), and N-nitrosodimethylamine
(DMN)). In human lung cancer cells, retinoids
increased the expression of the tumor suppres-
sor gene, pb3.

Both antioxidants and retinoids have been
reported to impact the expression of metabolic
enzyme activity. For example, antioxidants in-
crease P450 levels in certain tissues. Activity of
the eytochrome P450-dependent mixed-func-
tion oxidases, the major enzyme system in-
volved in BP metabolism and activation, has
been found to decrease with vitamin A defi-
ciency. Antioxidants induce glutathione-S-trans-
ferase (GST) in vitro; and GST activity is report-
edly diminished in various cells and tissues
with vitamin A deficiency.

In humans there appear to be redundant
mechanisms to evade DNA damage. A study of
smokers suggests that a-tocopherol may be the
primary antioxidant defense in the lungs in
response to cigarette smoke exposure [25]. In
plasma, vitamin C acts directly as an antioxi-

dant in cigarette smoke-exposed subjects [26].
In some but not all studies, vitamins and/or
GSTM1 appear to protect against DNA damage
[27-29].

BIOMARKERS IN CHEMOPREVENTION

Biologic markers already play an important
role in the evaluation of chemopreventive
agents, specifically in Phase II trials [8,30,31].
The most commonly used genetic markers in
current trials involving lung and upper aerodi-
gestive tract tumors include micronuclei, DNA
content, and genetic alteration in oncogenes, as
well as markers of proliferation, growth regula-
tion and differentiation [31]. Research suggests
that additional biomarkers of genetic damage
such as carcinogen-DNA adducts can be useful
in intervention studies of exposed, or “at risk”
populations.

DNA and protein-carcinogen adducts are mo-
lecular markers that appear early in carcinogen-
esis. Adducts can be useful as they reflect not
only exposure, but host genetic and nutritional
susceptibility and metabolic capacity as well.
They are frequent events that occur early
enough in the disease process to provide the
opportunity for intervention. Compared to DNA
adducts, oncogene activation and tumor sup-
pressor gene mutations tend to occur later in
the disease process and hence are less common
in subjects without apparent clinical disease.
On the other hand, susceptibility factors such
as antioxidants and genetic polymorphisms may
act early or late in the process of cancer develop-
ment.

Benzo(a)pyrene (BP) is an environmentally
ubiquitous exogenous carcinogen found in ciga-
rette smoke and ambient air. BP is metaboli-
cally activated by the P450 (mainly CYP1A1)
enzymes and detoxified by GSTM1 enzymes. In
certain instances, BP intermediate metabolites
are formed that can bind covalently to DNA,
sometimes resulting in characteristic muta-
tions. Studies of BP-induced rodent lung tu-
mors and in vitro mammalian cell assays have
demonstrated the ability of benzo(a)pyrene diol
epoxide to predominantly cause G—t transver-
sions [5]. Transversions (G—t) in the p53 gene
are the most common base substitution ob-
served in lung cancer cases [32]. This distinct
mutation was found in approximately half of all
non-small cell lung cancers, and was positively
associated with lifetime cigarette consumption
[33]. The G—t mutations are also found in the
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K-ras protooncogene of human lung adenocarci-
nomas. The ability of BP to bind to DNA and
preferentially cause this type of mutation in
critical genes is supportive of the hypothesis
that smoking-related mutations could be instru-
mental in lung carcinogenesis by activating
oncogenes and inactivating tumor suppressor
genes. Although such data are not conclusive,
they are useful in generating hypotheses with
respect to mechanisms of environmental carci-
nogenesis.

RECENT MOLECULAR EPIDEMIOLOGIC
STUDIES IN SUBJECTS AT HIGH
RISK OF LUNG CANCER

Two recent molecular epidemiologic studies
have examined the relationship between levels
of micronutrients (vitamins C, E, B-carotene,
retinol, and the carotenoids) in peripheral blood
on the one hand, and biomarkers of genetic
damage on the other, in populations of smokers
who were not supplemented with vitamins. The
measure of DNA damage assessed (PAH-DNA
adducts) was previously validated as a measure
of exposure to environmental carcinogens/muta-
gens in cigarette smoke.

In a cross-sectional study of 63 healthy cur-
rent smokers, plasma concentrations of «-to-
copherol and vitamin C were significantly in-
versely correlated with PAH-DNA adducts in
mononuclear leukocytes measured in the same
individuals [29]. The inverse association be-
tween adducts and a-tocopherol was stronger
in those with the GSTM1 null genotype than in
those with the gene present [29]. Plasma vita-
min C levels were also inversely correlated with
DNA adducts; the results were of marginal
statistical significance among subjects with the
GSTM1 null genotype and not significant in the
others.

In a second cross-sectional study of 159 heavy
smokers entering a smoking cessation pro-
gram, PAH-DNA adducts in total white blood
cells (drawn while subjects were still smoking)
were significantly higher (2-fold) in subjects
with the exon 7 (Ile-Val) variant genotype com-
pared with those without, but were only slightly
elevated in subjects who had the Mspl RFLP
polymorphism but without the exon 7 variant
(in press). These results, in conjunction with
the in vitro and lung-cancer studies mentioned
above support the hypothesis that the exon 7
polymorphism is the functional mutation
[19,20]. In the same subjects, plasma levels of

retinol, a-tocopherol, and B-carotene were in-
versely associated with PAH-DNA adduct lev-
els in total white blood cells. PAH-DNA adducts
were inversely and significantly associated with
retinol levels in all subjects, and with smoking-
adjusted p-carotene levels in the subset of sub-
jects with the GSTM1 null genotype. Similarly,
in serial samples from a subset of 40 subjects
who were able to quit smoking, a significant
inverse relationship between adducts and vita-
mins (a-tocopherol and zeaxanthin) was ob-
served in GSTM1 null subjects (in press). These
results suggest that some individuals may be at
inecreased risk of DNA damage due to a combina-
tion of low plasma antioxidant/micronutrient
levels and susceptible genotype.

CRITERIA FOR BIOMARKERS IN
CHEMOPREVENTION STUDIES

The criteria for the inclusion of biomarkers in
chemoprevention studies have been described
by others: biomarkers should be measurable
and quantitative, have a high positive predic-
tive value (PPV), and be modulated by a chemo-
preventive agent [3,8,9]. These criteria have
been adapted to include markers that have
been validated as early response markers. Due
to their placement in the scheme of carcinogen-
esis, markers such as adducts may not have a
high positive predictive value (PPV), but can
reflect individual response to exposure. If they
are also clearly modulated by antioxidants/
vitamins they have potential in chemopreven-
tion studies, preferably coupled with preclini-
cal effect markers such as altered oncogenes
and tumor suppressor genes or cell prolifera-
tion and differentiation.

CONCLUSIONS AND FUTURE STUDIES

Molecular mechanisms of susceptibility or
protection can be hypothesized from in vitro
and epidemiologic studies, and promising hy-
potheses can be tested in a molecular epidemio-
logic framework. For lung cancer, one mecha-
nism appears to involve both antioxidants and
susceptibility genes. The use of validated mark-
ers of DNA damage (e.g., DNA adducts) or bio-
logical effect markers (e.g., oncoproteins), in
combination with genetic and nutritional mark-
ers can help to confirm or refute mechanistic
hypotheses. Molecular markers are especially
useful when there is effect modification (e.g.,
where only those with susceptible genotypes
are affected and there is little or no effect in the
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population as a whole). Although markers such
as DNA damage may not be strongly related to
risk, they may be useful in generating informa-
tion on the metabolic response to carcinogenic
exposure and chemopreventive agents.

In addition, biomarkers can be useful in pilot
studies to determine their modulation by a che-
moprevention agent, the kinetics of the re-
sponse to the chemopreventive agent, and the
duration of the effect. Since the efficiency of
interventions may be increased by studying
high risk groups, markers of susceptibility may
be used to identify these populations for initial
studies.

Biological effect markers should also be vali-
dated as early response markers or risk mark-
ers. This may best be accomplished by a nested-
case control design within an ongoing lung
cancer chemoprevention trial where cohorts
have been optimally sampled for the biomark-
ers of interest. Markers with high positive pre-
dictive value may then be used instead of, or in
addition to, the cancer endpoint. Given the com-
plexity of carcinogenesis, a combination of bio-
markers will improve our understanding of the
disease process and our ability to monitor che-
moprevention trial efficacy. Use of several mark-
ers will increase the likelihood that the biomar-
kers will reflect the mechanisms of the
chemoprevention agent.

Finally, wherever possible, biomarkers should
be incorporated into ongoing large-scale chemo-
prevention trials, when sampling protocol and
design considerations allow. The use of such
markers may ultimately reduce sample size
and time required to test promising chemopre-
ventive agents.

Molecular epidemiology has achieved several
of its stated goals. It has been useful in identify-
ing exposures and high risk groups, and in
understanding molecular mechanisms of bio-
logic response. Now, it is poised for application
to the field of cancer chemoprevention.
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