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ABSTRACT

Worldwide, lung cancer is the most common malignancy and the leading cause of cancer mortality. The
molecular epidemiology of this disease has received widespread attention, since the role of tobacco
smoking in the etiology of lung cancer is well established. However, only about 15% of smokers
develop lung cancer, indicating that susceptibility factors are involved. This review summarizes results
we have obtained in an effort to understand gene-environment interactions that determine individual
lung cancer risk. The focus has been on genes involved in carcinogen metabolism and sex differences
in lung cancer risk, and on prognostic implementations.
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Abbreviations: AhR, aryl hydrocarbon receptor; CI, confidence interval; CYP, cytochrome P450; ER,
estrogen receptor; GST, glutathione S-transferase; HR, hazard ratio; NSCLC, non-small cell lung
carcinoma; OR, odds ratio; PAH, polycyclic aromatic hydrocarbon; RT-PCR, reverse transcription-
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polymerase chain reaction; SNP, single nucleotide polymorphism

LUNG CANCER EPIDEMIOLOGY

Globally, lung cancer is the most frequent cancer to-
day and is expected to have a major impact on human
health throughout the next decades. The incidence of
this epidemic increases by approximately 0.5% each
year especially because of contributions from Eastern
Europe and developing countries (1,2). In Norway,
1900 new cases of lung cancer were diagnosed in 1997
(3). The role of tobacco smoking as a major etiologic
factor of this malignancy is well established (85-90%
of lung cancer cases are smokers), and smoking and
lung cancer incidence shows a clear dose-response
relationship (4,5). However, people may differ in their
susceptibility (or resistance) to tobacco smoke carcino-
gens, since only 15% of life-time smokers get lung
cancer. More attention is necessary on the issue of
women and smoking because several epidemiological
studies have indicated that for a given number of
cigarettes smoked, females may be at higher risk of
lung cancer compared with males [odds ratio (OR) of
1.2-1.7] (6-8).

GENETIC POLYMORPHISMS AND GENE-
ENVIRONMENT INTERACTIONS

There is substantial inter-individual variation in the
activity of enzymes that metabolize environmental
agents, repair DNA damage, and maintain cell cycle
control and immune function. These observations have
given rise to the hypothesis that the carcinogenic po-

tential of environmental (and endogenous) agents may
be modified by common genetic polymorphisms in the
genes that encode these enzymes (9). Interactions be-
tween the environment and genetic risk factors (gene-
environment interactions) are involved not only in
cancer, but in many multifactorial diseases (Figure 1).
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Figure 1. Gene-environment interactions. The risk of
adverse effects of environmental exposure may be
modified by genetically determined individual suscep-
tibility (reprinted from: 10).
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Most human DNA sequence variation is attribu-
table to single nucleotide polymorphisms (SNPs) (11).
Genetic polymorphisms are defined as mutations
occurring with a frequency of > 1% in the population,
but they often have a much higher frequency (> 10%).
Such polymorphisms usually have a relatively low
penetrance and may be silent in the absence of
exposure. However, due to their high frequency, they
may be ascribed a large proportion of the particular
diseases in the population. This is in contrast to the
rare, high penetrance genes (exemplified by Hunting-
ton’s disease) where the genetic disorder has a strong
influence on disease development in the individual,
independently of environmental exposure. Somewhere
in between these extremes are familial gene disorders,
for instance hereditary cancer-predisposition mutations
in genes such as RBI (retinoblastoma), the p53 tumor
suppressor gene (several cancers), or the adenomatous
polyposis coli gene (4PC, colorectal cancer), where
the environment plays a minor role.

Genetic polymorphisms may result in defective
protein function and stability, altered posttranscrip-
tional processing, or altered levels of expression. Also,
environmental exposures may play a role in deter-
mining these parameters, and thereby influence the
level of enzyme activity.

CARCINOGEN METABOLISM

Tobacco smoke consists of a complex mixture of more
than 3000 compounds of which at least 55 are consi-
dered to be carcinogenic (12). Nitrosamines, aromatic
amines, and polycyclic aromatic hydrocarbons (PAH)
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are important carcinogens in tobacco smoke (13). Most
chemical carcinogens are inactive per se and require
metabolic activation to exert their carcinogenic
potential (Figure 2). Carcinogen metabolism is tradi-
tionally divided into two distinct phases: The Phase I
metabolism, often involving the cytochrome P450
monooxygenase enzymes (CYP), creates reactive elec-
trophiles that may serve as substrates for the second
phase. In the Phase II conjugation reactions, less reac-
tive and more water soluble compounds are formed,
that may be readily be excreted from the body. These
reactions may be carried out by enzymes like the
glutathione S-transferases (GST) and the N-acetyl-
transferases. Electrophilic intermediates that escape
the Phase II detoxification pathway can bind covalenty
to cellular macromolecules such as proteins and DNA
(adducts). If DNA adducts are not repaired by the
DNA repair systems, they may be manifested as
permanent mutations and may initiate the carcinogenic
process.

OUR APPROACH

For several years, we have used smoking-related lung
cancer as a model in molecular epidemiological
studies of gene-environment interactions. The focus of
this review will be on studies we have performed re-
garding: (1) Individual differences and sex differences
in relation to carcinogen metabolism, PAH-DNA
adduct levels in the lung, and mutations in the p53
tumor suppressor gene, and (2) p53 mutations as
molecular biological markers for prognosis in lung
cancer patients.
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Figure 2. Metabolism of environmental carcinogens, adduct formation, and initiation of carcino-

genesis (modified from: 13).
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PATIENT MATERIAL

We have, in collaboration with the surgery depart-
ments of The Norwegian National Hospital and
Haukeland Hospital, collected tissue samples (tumor
tissue and peripheral nontumor lung tissue) and blood
samples from non-small cell lung carcinoma (NSCLC)
patients undergoing surgery. In addition to the histo-
logical classification carried out both at the hospitals
and in our laboratory, we have from questionnaires
obtained data on sex, age, smoking history, occupa-
tion, and cancer in the families.

DNA DAMAGE, SMOKING, AND SEX

DNA damage in the form of lung PAH-DNA adducts
may be considered a risk factor for the development of
lung cancer. In a study of 159 lung cancer cases, PAH-
DNA adduct levels were measured in peripheral non-
tumor lung tissue by the **P-postlabeling technique.
We found that smokers had highly significantly eleva-
ted levels of adducts compared to nonsmokers (14).
Furthermore, female smokers showed a significantly
higher level of adducts (15.4 = 9.5 adducts/10® nucle-
otides, n = 29) than male smokers (12.1 = 8.1, n = 93,
p = 0.047). Since the females had smoked less than the
males, the sex differences became even more signifi-
cant when expressed as adducts/pack-year (females,
0.95 = 0.82; and males, 0.46 = 0.46, p = 0.0004) or
adducts/cigarette/day (females, 1.48 = 1.29; and males,
0.89 = 0.74, p = 0.015).

The pulmonary expression of one of the central
enzymes in the bioactivation of PAH, CYP1AI1, was
determined in a subset of the above study population
consisting of 15 female and 12 male smokers. We used
a quantitative, competitive RT-PCR technique to
measure CYPIAI gene expression (mRNA level), and
normalized the data to the expression of the glycer-
aldehyde 3-phosphate dehydrogenase gene (GAPDH)
(14). Large inter-individual variations were observed
with a total range of 21-1122 CYP1A1 mRNA/10°
GAPDH mRNA. When grouped by sex, we found that
female patients had an expression level of 494 + 334,
which was significantly higher than males (210 = 201,
Figure 3). Linear regression analysis revealed that the
DNA adduct levels were significantly related to the
level of CYP1A1 expression. Combined, these data on
sex differences in the levels of PAH-DNA adducts and
CYPI1A1 gene expression lends support to the hypo-
thesis of a higher susceptibility to tobacco carcinogens
among females.

MUTATIONAL SPECTRA IN THE P53 TUMOR
SUPPRESSOR GENE

The most common genetic alteration in lung cancer is
mutation in the p53 tumor suppressor gene, which is
found in about 60% of the cases (15,16). The p53 gene
is considered an important guardian of the genome,
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that coordinates a delicate balance between arrest of
the cell cycle to allow repair of DNA damage and
apoptosis (programmed cell death or cell suicide) if the
damage is severe and irreparable. Mutations are
distributed nonrandomly throughout the p53 gene, and
studies have demonstrated a link between certain
mutational hot spots in the gene and exposure to
specific carcinogens such as PAH (17,18). We have
analyzed p53 mutations in exons 4-9 (within which
most mutations occur) in 115 NSCLC tumors using
PCR and single-strand conformation polymorphism
analysis (19). Mutations were found in 56 of the
tumors (49%). A higher frequency of G:C — T:A
mutations was found in females than in males, a kind
of mutation predominantly produced after exposure to
PAH (18). This was in spite the fact that the level of
exposure to tobacco smoke was lower among the
females. Although these findings were not statistically
significant, this is in line with other published data
(20) and lends further support to the epidemiological
evidence of sex differences in lung cancer risk. Our
data also showed a significant association between
accumulated smoking dose and p53 mutations.
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Figure 3. Box plot of lung CYPIAI gene expression
among females (n = 15) and males (n = 12). Individual
CYPIA1 gene expression levels were measured by com-
petitive, quantitative RT-PCR, and normalized to the
expression of the GAPDH gene. Solid line within the
boxes indicate the median. The box encompasses 25
and 75" percentiles; whiskers extend to 10" and 90™
percentiles. Mean + SD CYPIAI expression was 494 =
334 CYPIA1 mRNA/10° GAPDH mRNA for females
and 210 + 208 for males (p = 0.016, Student’s ¢ test)
(reprinted from: 14).

The prognostic value of the p53 mutational status
was investigated in 148 NSCLC patients as described
above (21). Patients with p53 mutations had a
significantly higher risk of dying of lung cancer and
death from all causes than those with wild-type p53
[hazard ratio (HR) = 2.09, 95% confidence interval
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(CI) = 1.20-3.64; and HR = 1.69, 95% CI = 1.06-2.70,
respectively] (Figure 4). Molecular biological studies
have indicated that mutations in codons encoding
amino acids that are positioned at specific regulatory
domains within the p53 protein may lead to protein
misfunctioning (22). Mutations within a biologically
functional group of codons, that have been defined as
critical for the conformation of the p53 protein, were
significantly related to shorter lung cancer-related
survival (HR = 4.16, 95% CI = 1.93-8.97). These re-
sults indicate that mutations within structural and func-
tional domains of p53 may be useful molecular biolo-
gical prognostic markers in NSCLC patients (21).
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Figure 4. Kaplan-Meyer lung cancer related survival

curves for NSCLC patients according to p53 mutational
status. Patients with p53 mutations in exons 4-9 (p53
mutant, n = 84) had significant worse survival than patients
with wild type p53 (n = 64, p = 0.022) (reprinted from: 21).

GSTM1 AnND GSTP1

An important class of Phase II metabolizing enzymes
is the glutathione S-transferases (GSTs). These
enzymes carry out the conjugation of glutathione to
electrophilic substances such as reactive intermediates
from PAH (reviewed in: 23). GSTM1 (which is a
member of the u family) is one of the most extensively
studied genes concerning metabolic polymorphisms
and cancer risk. About 50% of the Caucasian popula-
tion is homozygous for a deletion in the gene (the
GSTM1 null genotype). The group of individuals with
the GSTM 1 null genotype typically has an elevated
risk of lung cancer of OR = 1.5 compared to a group
carrying one or two intact wild type alleles (24). The
major GST in human lung is the GSTPI (the =
family). A polymorphic site at codon 104 (an A—>G
substitution that replaces an isoleucine with a valine)
in GSTP1 is known, which has been shown to change
the kinetic properties of the enzyme (25).

The codon 104 A—G polymorphism in the GSTPI
gene was examined in 138 male NSCLC patients and
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compared with data from 297 healthy male controls
(26). The lung cancer patients were found to have a
significantly lower incidence of the AA genotype and
a higher incidence of the GG genotype compared to
the controls. An OR of 1.90 (95% CI = 1.04-3.47) was
obtained when the GG genotype was compared with
AG and AA in cases and controls. Lung PAH-DNA
adducts were determined in a sub-group of 70 smoking
lung cancer patients. The highest DNA adduct level
was found in the GG group (15.5 = 10.2 adducts/10*
nucleotides). However, this was not statistically
different from the AG group (12.9 + 7.4, p = 0.39).
Patients with the GG genotype had a significantly
higher adduct level than patients with AA (7.9 5.1, p
= 0.006). GSTM1 genotypes were also determined in
this study. The GSTMI null genotype was associated
with a slightly increased risk of lung cancer. In an
analysis of combined GST genotypes, it was found
that patients with the combination of GSTMI null and
GSTPI AG or GG had significantly higher adduct le-
vels than all other genotype combinations (p = 0.011).

The association between GSTPI codon 104 geno-
type and gene expression levels was studied in normal
lung tissue from smoking NSCLC patients (S. Molle-
rup et al., manuscript in preparation). GSTP1 gene
expression was measured by quantitative, competitive
RT-PCR, and normalized to the expression of the
GAPDH gene. Individual expression levels varied 17-
fold, and were apparently not related to sex. The
expression level of patients with the AA genotype was
significantly higher compared to patients with the GG
genotype. Patients with the AG genotype showed an
intermediary level of expression. In a recent study of
GSTP1 codon 104 polymorphisms and enzymatic
activity in normal lung tissue of lung cancer patients, it
was found that patients with the GG genotype had
significantly lower activity towards substrates of the
GSTP1 enzyme compared with patients with the AA
genotype. Patients with the AG genotype had an
intermediary enzyme activity level (27). Together,
these data may (at least in part) explain the differences
observed in the levels of lung PAH-DNA adducts
among the different GSTPI codon 104 genotypes. It is,
however, not known why this polymorphism, which is
positioned within the coding region of the gene, may
result in altered gene expression levels.

ADDITIONAL EVIDENCE FOR SEX DIFFEREN-
CES IN LUNG CANCER RISK

There are several lines of molecular biological evi-
dence of a sex difference in risk of lung cancer. In
addition to the data obtained in our laboratory, sex
differences in the genes or gene products responsible
for tobacco smoke carcinogen metabolism (PAH) in
humans have been described (28-30). Furthermore, sex
differences have been observed in the expression of
genes involved in cell growth control (20,31). In a
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recent epidemiological study, a higher risk of
smoking-associated bladder cancer among females
was demonstrated (32). The authors also measured
aminobiphenyl-hemoglobin adducts in blood and
found that at each level of tobacco smoke exposure,
the mean values of these adducts were greater for
females than for males. A hypothesis of an involve-
ment of sex steroid hormones in the etiology of lung
cancer in females has been forwarded. This has been
supported by the observation of an association
between lung cancer risk and the use of estrogen
replacement therapy in women (33).

Upon entering the cell, PAHs bind to the aryl
hydrocarbon receptor (AhR) which then elicits a
cascade of intracellular events. Among these events is
induction of CYP-enzymes involved in PAH-
metabolism. Estrogens exert their cellular effects by
binding to estrogen receptors (ER). Activated ERs can
then induce the expression of many genes. A complex
interaction between AhR and ER signaling pathways
has been described. In studies of breast tumor cell
lines, it has been demonstrated that the presence of ER
may be important for the induction of CYP1A1 via the
AhR (34). Little is know about the role of estrogens in
lung cancer development. We have analyzed the
expression of the two ER types, ERa and ERf, in
human lung tissue and tumor cell lines. Both types of
receptors appear to be present in human lung, though
at different frequency (S. Mollerup et al., manuscript
in preparation). We are currently looking further into
the possible mechanisms involved in the observed sex
differences. In cultures of human lung epithelial cells,
we try to manipulate the metabolism of PAH and the
expression of relevant genes by various exposures, and
by transfecting the ER genes into the cell lines.

FUTURE PERSPECTIVES

There is great interest in developing methods that can
give better estimates of (sub)populations or individuals
at risk of developing adverse effects after environ-
mental exposures. The metabolism of tobacco smoke
carcinogens is complex and involves the action of
many genes acting together in pathways. In most
cases, polymorphisms in a single gene, or in the
expression levels of this gene, only confer a minor
variation in the susceptibility of effected groups. The
measurement of polymorphisms in one or a few
susceptibility genes is therefore of little value in risk
assessment. There is a great need for studies addres-
sing overall variations in these susceptibility gene
pathways; that is knowledge either about the sum of
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genetic polymorphisms within one or more pathways,
or on alterations in the levels/activity of the gene pro-
ducts (gene expression).

Recently, the completion of the draft sequence of
the human genome was launched (35,36). This event
has already imposed a major impact on studies of ge-
netic susceptibility. Not only is the primary sequence
of all the genes known, which enables the analysis of
their function and regulation, but as a side-effect of the
sequencing project, thousands of new genetic poly-
morphisms have been detected. Of particular interest is
to identify SNPs that are of importance for suscepti-
bility.

An especially interesting new technological ad-
vancement that has arised in conjunction with the
human genome sequencing project is the microarray
technology, which enables the examination of both
gene polymorphisms and gene expression profiling
(11,37). A cell will respond to a chemical exposure by
altered gene expression (and by altered production of
proteins) to reduce or neutralize the toxic effect of the
insulting agent, and it is assumed that the total sum of
gene expression alterations will define the disease-
state of the cell.

Toxicogenomics is a new discipline that utilizes
genomic data and the emerging array technologies in
the study of toxicology. Toxicogenomics may be
defined as studies of the effects of toxicants on gene
activity and the production of specific proteins by
genes in response to these toxicants (38). The toxico-
genomics technology may be used in risk assessment
to: (1) give better estimates of the toxicity of known
chemicals (define their mechanisms of action), (2)
predict mechanisms of action and toxicity of new
chemicals, and (3) identify subgroups (or individuals)
within the population, which are particularly suscep-
tible to environmental chemicals. Furthermore, toxico-
genomics may aid in the development of specific drugs
for the treatment of diseases, and in the use of the most
effective treatment/dose with already available drugs.
However, if (when) it becomes possible to identify and
measure individual risk parameters with a high level of
precision, one must realize that these new technologies
also give rise to new and complex ethical and policy
issues. Such information will also be of interest for
others, for example for employers, insurance compa-
nies, and administrations of justice (10).
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