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Gene-Environment Interrelations in Prostate Cancer

| INTRODUCTION

With rapidly expanding knowledge about the human
genome and its variations in populations, great opportunities
- are becoming available to incorporate genetic assessments
© into epidemiologic studies of prostate cancer. In particular,
the study of gene-environment interrelations provides a
potentially powerful approach for identifying the causes of
_Emis disease. As importantly, correlative knowledge about the
biologic implications of genetic risk factors for this disease
will enhance our understanding of underlying biologic mech-
anisms in prostate carcinogenesis. To attain this goal, how-
ever, will require redoubled efforts and new approaches to the
way epidemiologic research is carried out. Here, we describe

e current status of gene-environment investigations in
prostate cancer epidemiology, illustrate barriers to progress,
and attempt to provide some directions for future work.

| In a most general sense, all diseases have genetic and
environmental components. For some (e.g., highly infec-
tious diseases) environmental factors predominate, while for
others (e.g., inherited syndromes) the genetic component is
most important. In 1981, Doll and Peto (1) attributed about
85 percent of cancer to environmental causes. Genetic deter-
minants were not explicitly considered, although about 2
percent of cancers were attributed to congenital causes. With
increased knowledge about rare mutations that show moder-
ate to high penetrance (i.e., high relative risk) for cancer, as
seen in high-risk families (e.g., P53, BRCAI, FAP), it can
currently be estimated that about 10-15 percent of cancer
has a predominantly inherited basis, due typically to single
gene disorders. Beyond this relatively small fraction of can-
cers, it is also suspected that the large remainder of sporadic
(environmental) cancers also have an important genetic
component, due to complex interactions of one or more
polymorphic genetic variants: of low penetrance (i.e., low
relative risk) which contribute singly or in combination to
the overall cancer burden because of their high (cumulative)
prevalence in the population (i.e., high attributable risk).

One or more high-penetrance genes appear responsible

for a substantial proportion of prostate cancer in high-risk .
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families, although the mode of inheritance of familial cancer
is unclear. Risks tend to be greater for men who report
prostate cancer in their brothers than in their fathers, consis-
tent with recessive or X-linked transmission (2), however,
segregation analyses tend to show an autosomal dominant
pattern (3, 4). Although the rare cancer genes that track with
prostate cancer in high-risk families are certainly of impor-
tance for carriers, a substantially larger component of
prostate cancer in the general population may be due to
common low-penetrance polymorphisms (5).

An environmental role in prostate cancer is strongly sug-
gested by the some 30-fold variation internationally in dis-
ease incidence and the observation that prostate cancer rates
in immigrants tend to approach those of the host country.
The challenge in prostate cancer epidemiology is to exploit
the rapidly growing knowledge about the molecular basis of
human genetic variation and statistical approaches to the
analysis of gene-environment, gene-gene, and more com-
plex relations in the etiology of this disease (6). With grow-
ing understanding of prostate cancer biology, population-
and family-based epidemiologic studies are beginning to
elucidate the impact of human genetic variation on this dis-
ease. As etiologic pathways become defined, it will be
increasingly possible to integrate multifactorial genetic and
environmental components into these studies.

MODELS OF GENE-EXPOSURE RELATIONS

Considering a genetic polymorphism and an environmen-
tal exposure as dichotomous factors, these relations can be
summarized for disease incidence (/) and associated risks
(R) as shown in table 1. This model can be generalized to
continuous factors and could include biochemical parame-
ters, even though the relative genetic and environmental
contribution of these parameters may be uncertain. With
comparisons to the referent (R = 1.0), R, estimates risk
due to the gene (main effect of the allelic variant, in the
absence of the environmental factor), R, estimates risk due
to the environmental factor (main effect of the environment,
in the absence of the at-risk allelic variant), and R,.. esti-
mates the joint effect of both. Other comparisons of interest
are the contingent risks: Ry = I/ )y and Ry = I)\/Iy,. For
example, the impact of a genetic factor may be most effec-
tively studied among a subgroup of individuals with a par-
ticular environmental exposure, that is Ry

The genetic and environmental effects on disease risk are
considered independent, on a multiplicative scale, if the
observed joint effect, R,., is consistent with R, X R, or, on
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TABLE 1. Relations between a genetic polymorphism and an
environmental exposure when both are considered as
dichotomous variables

Susceptibility Incidence Risk

EXposure genotype U (R)
No No N R,
No Yes kL, R,
Yes No Lo A,

Yes Yes L, R,

an additive scale, with R, + R, — 1. If R, . differs from its
expected value (based upon the respective multiplicative or
additive model), a gene-environment interaction is said to
exist. Interaction is tested by examination of the statistical
significance of the deviation (6) of R, from its model-based
expectation. Similarly, gene-gene (R,;) and environment-
environment (R,.,) effects are also of interest.

GENE-EXPOSURE RELATIONS IN PROSTATE CANCER
Cancer genes identified in high-risk families

At least three loci on chromosome 1 (7-11), one locus on
chromosome X (12), and one locus on chromosome 20 (13)
have been identified by linkage analysis in high-risk fami-
lies as potential sites for high-penetrance prostate cancer
genes; however, confirmation in other family series has
been difficult, suggesting that familial prostate cancer is het-
erogeneous (9, 14, 15). Recently, linkage studies in Utah
pedigrees identified the first putative prostate cancer sus-
ceptibility gene, HPC2/ELAC2, located on 17p (16). Case-
control studies also point to relatively common polymorphic
variants in ELAC2 associated with low-penetrance risk for
prostate cancer (two- to threefold risk) (16, 17).

There is evidence that environmental factors can influ-
ence the penetrance of high-risk cancer genes (18), however,
the impact of environmental factors in high-risk prostate
cancer families has not been explored. Given the apparent
genetic heterogeneity of familial prostate cancer, gene-
environment analyses in this setting will be enhanced by
knowledge of the specific high-risk genes and their cancer-
related mutations.

Metabolic polymorphisms and chemical exposures in
prostate cancer

The model for gene-environment interactions derives his-
torically from observations of idiosyncratic reactions to
pharmacologic agents. For example, about 50 percent of
subjects in Western populations have an inherited decreased
ability to effectively N-acetylate certain drugs such as isoni-
azid. This phenotypic trait is due to certain polymorphic
variants in N-acetyltransferase-2 (NAT2), the principal gene
responsible for the N-acetylation of these compounds.
Lower et al. (19) first extended this model in pharmacoge-
netics to cancer, and Cartwright et al. (20) related this poly-

morphic trait to risk of bladder cancer in workers exposed to
selected aromatic amine dyes. .
Etiologic leads in prostate cancer are being explored fol-
lowing this model of gene-environment interaction. Meat
cooked at high temperatures produces heterocyclic amines
including 2-amino-1 -methyl-6-phenylimidazol[4,5-b)pyri-
dine (PhIP), a compound that causes invasive prostate can-
cer in a rat model (21). Human prostate tissue is capable of
metabolically activating cooked meat carcinogens (22), and
in a small study, a polymorphic variant in NATI was associ-
ated with increased risk for prostate cancer (23). In compar-
ing progress on gene-environment interactions in prostate
cancer with the bladder cancer model, the exposure (PhIP
and other products of high-temperature cooking) has not yet
been related directly to prostate cancer risk in humans. The
genetic associations with NAT/ (and other genes involved in
heterocyclic amines metabolism) need to be substantiated,, ,
and suggested gene-environment interrelations need to be
evaluated in studies of sufficient statistical power (see!
below). |
Other metabolic polymorphisms have also been evalu-
ated, however, environmental correlates are uncertain and:
have not yet been considered in any detail. Prostate cancer |
was weakly associated with the CYP2D6*B allele in one:
study (24) and, in another study, with the nondeleted (func-.
tional) genotype of GSTT1 (25). No differences were found|
in a small case-control study of prostate cancer assessing the |
609 C—T polymorphism in NQO! (the NAD(P)H : quinone
oxidoreductase gene) (26).

Gene-gene relations in prostate cancer i

Gene-gene effects of common polymorphisms in the
androgen receptor gene (AR) have been studied for prostate
cancer. The length of CAG repeat sequences tend to be
shorter in African-American than white and Asian men (27).
Several, but not all, studies show shorter CAG repeat
Sequences among prostate cancer cases, particularly for
advanced disease (28-34).

Stanford et al. (31) found little effect of CAG and GGN
repeat length polymorphisms in AR (when considered as
main effects, i.e., in the absence of the other factor); how-
ever, a twofold joint effect (R,.,) was found for the combina-
tion of short repeats in both CAG and GGN. Xue et al. (35)
also found little effect for the CAG repeat polymorphism in
AR and for a polymorphism in the prostate-specific antigen
gene, however, a fivefold increase in risk for prostate cancer
was found among subjects who had both at-risk genotypes.

ANALYTICAL CONSIDERATIONS

The bladder cancer model discussed above is something
of an ideal case. First, employment in dye factories is asso-
ciated with a high attributable risk (most bladder cancer
cases can be presumed to be due to the exposure) and the
putative chemical exposures are relatively specific. Second,
the gene is functionally relevant in that it inactivates at least
some of these compounds, and the polymorphic variants in
this gene alter its metabolic capacity.
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In prostate cancer, environmental risk factors are not well
defined, particularly with regard to specific chemical agents;
consequently, attributable risks for prostate cancer and asso-
ciated metabolic pathways are uncertain. Expanded gene-
environment studies, such as those for PhIP and NATI,
provide a new approach to better characterize environmental
risk factors by identifying high risks for particular exposures
in genetic sub-groups.

Statistical tests for interaction of genetic variants and
environment require large sample sizes. For relatively com-
mon exposures (20 percent) and gene variants (20 percent)
with main effect risks (R, and R,) of twofold, about 7,800
subjects (3,900 cases and 3,900 controls) are needed in a
case-control study to evaluate a twofold or greater multi-
plicative interaction (8 = 2, that is R, = 8, versus an
expected risk under the null of R,, = 4) (36). In planning
studies to assess interaction, we have little guidance as to
what a reasonable minimum detectable interaction is. For

%example, a recent meta-analysis showed a multiplicative
effect of only 1.3 (37) for smoking and NAT? in relation to
“bladder cancer. At this level of interaction, about 40,000
_subjects would be needed for our example. The underlying
- biologic basis for the choice of the interaction parameter
“(e.g., additive or multiplicative) is also unclear.

Considered more broadly, however, gene-environment
land gene-gene effects that express as statistical interactions
iin epidemiologic studies may only account for a relatively
ismall proportion of this disease. For example, if androgen-
irelated genetic polymorphisms (e.g., CAG repeats in AR)
linfluence risk by altering cell turnover, this would likely
linfluence prostate cancer risk independent of factors (i.e.,
chemical carcinogens) that cause mutations in these cells.
Similarly, within a broad range of environmental exposures,
the kinetics of DNA repair associated with polymorphisms
in repair genes is likely to be independent of the rate of
genetic damage.

Where the test for statistical interaction is not the primary
focus of study, sample sizes tend to become manageable.
For example, to ask whether a common exposure (20 per-
cent) is associated with a twofold or greater risk of disease
in a biologically interesting study group (i.e., the contingent
risk, R,,) requires only about 270 subjects (135 cases and
135 controls). (In practice, one is more likely to evaluate
genetic effects in populations with interesting environmen-
tal exposures (i.., R,,), as in the occupational bladder can-
cer example,) In contrast to the large sample sizes required
for evaluation of interaction terms, assessment of joint
effects can be carried out with substantiaily fewer subjects.
A joint effect of R, , = 2.0 or greater for common exposures
(20 percent) and gene variants (20 percent) would require
only about 1,100 subjects (i.e., assuming independence of
the risk factor distribution in controls, ahout 4 percent of
controls would be positive for both factors). Further effi-
ciencies could, of course, be achieved for interaction and
joint main effect tests by over-sampling of the environmen-
tally (or genetically) exposed group.

Interaction tests (8) are attractive because a positive find-
ing suggests a necessary biologic interrelation; however, their
use in practice may be limited, for statistical and biologic rea-
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sons. However, studies designed to estimate joint effects
(R,..) efficiently provide information about combinations of
factors, although the analysis does not distinguish factors on
the same or on different disease pathways. Another efficient
approach to the elaboration of gene-environment interrela-
tions is the study of populations with unique exposure or
genetic characteristics.

FUTURE DIRECTIONS

Although both environment and genetics appear to play
important roles in human prostate cancer, few strong risk
factors have consistently been identified. The epidemiologic
study of genes and environment in combination may pro-
vide insights that are not possible by examining one factor
at a time.

The large sample sizes required to address interrelations
of genetic and environmental factors in population studies
has been stressed in this presentation. New initiatives,
including multi-investigator collaborations, will be needed
to achieve this. Modern cancer epidemiology has been shift-
ing from case-control to cohort investigations to better
address temporal relations in cancer etiology. Infrastructure
development and maintenance for these large-scale efforts
will continue to expand. Family-based linkage studies will
also require larger scale approaches to characterize high-
penetrance prostate cancer genes.

Epidemiologists studying prostate cancer have examined a
limited number of genetic variants in a few candidate genes
as main effects or in association with other genes. Studies to
assess gene-environment interrelations are only beginning.
Epidemiologists will soon have available many thousands of
variants in the human genome for study. Two basic
approaches can be considered for use of these data for iden-
tifying disease genes: linkage analyses in cancer-prone pedi-
grees and (what geneticists refer to as) association studies,
that is family- and population-based case-control studies.

For linkage analysis, genome-wide scans with a large
number of random genetic markers (short tandem repeats
and single-nucleotide polymorphisms) are being used to
search for prostate cancer loci. Large collaborative investi-
gations are being carried out to resolve discrepancies
between studies. Linkage studies will be strengthened by the
growing number of random markers available for the human
genome, although the number of markers and the number of
family pedigrees required for loci identification is still
uncertain (38), particularly for genetic associations of low
relative risk (e.g., < 2) (39). In this genetically-based
approach, triage of potentially true biologic associations
from the large number of false positives will require the
ability to rapidly verify findings in independent studies.
Associations that survive this culling process may provide
leads for the identification of the specific genes involved,
recognizing that finding the underlying specific genetic
variants and their functional correlates can be a laborious
process (16, 40).

The second basic approach, association studies, will con-
sider genetic variants in candidate genes that are along puta-
tive causal pathways for prostate cancer, for example in




166 Hayes

hormone and growth factor regulating genes and their bio-
chemical antecedents. Nucleotide base variants of known
functional significance or at least resulting in changes in
amino acid sequence or level of protein expression will
receive priority. Even with this more restricted biologically-
based approach, the identification within these pathways of
single and multiple interrelating genes of potential etiologic
significance will be a great challenge. Exploiting knowledge

about environmental exposures in population-based studies -

will be essential for refining this search.

Genetic stratification approaches are being developed to
address threats of confounding by ethnicity (i.e., population
stratification) (41) in population-based studies, even if such
biases are minor (42). Case-sibling (or -cousin) studies,
which by design control for confounding by ethnicity, may
also play an expanded role in prostate cancer epidemiology
(43, 44) as a bridge between classical linkage analyses and
population-based studies.

Information management and technology for high-
throughput genetic analysis are advancing at a rapid pace;
however, careful validation of the gene variant databases
and the methods used for genotyping will be essential for
successful epidemiologic research. Most of the genetic vari-
ants in the human genome database are derived from just a
few people, leaving many variants unidentified. Adequate
checks for erroneous variants are also not systematized.
Sequencing in a sufficient number of subjects (perhaps
100-200) will be needed to characterize genetic variation
for specific candidate genes in populations of epidemiologic
interest. For random single-nucleotide polymorphism inves-
tigations, sequencing is clearly impractical at this time;
however, the single-nucleotide polymorphism variants
ideintified from the human genome database should be ver-
ified in a similar manner.

Improvements in case definition are also crucial for
advancement in this field. The distinction of clinically sig-
nificant prostate cancer is increasingly difficult, particularly
due to widespread prostate cancer screening with prostate-
specific antigen. Limiting epidemiologic analyses to
advanced stage cancer partially addresses this problem,
however, the development of biologic markers predictive
for cancer aggressiveness would allow for the study of the
full spectrum of clinically relevant prostate cancer.

In summary, the integration of genetic and environmental
factors in large-scale epidemiologic studies of prostate cancer
are needed to increase our insight about the causes and etio-
logic mechanisms underlying this disease. Methodological
developments in information management and statistical
analysis will be needed to keep pace with the potential rich-
ness of the soon to be available genetic study material.
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