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Gene environment interaction

H Campbell

The development of powerful new techniques
for locating and identifying human genes is
creating new opportunities for advances in our
understanding of human disease. The discov-
ery of specific genetic factors which confer sus-
ceptibility to common diseases such as cancer,
diabetes, and asthma will greatly increase our
ability to study the interplay of genetic and
environmental factors in causing disease.
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Genetic and environmental causes of
disease
Very few diseases can be considered to be
purely genetic or environmental in origin. The
role of environmental factors in precipitating
certain classical genetic conditions is well
recognised '` and genetic risk factors have
been identified in diseases such a squamous
cell lung cancer that are considered to be
caused largely by exposure to environmental
agents.' A distinction is often made between
genetic disorders with 'simple' Mendelian
inheritance and those with more complex
inheritance patterns, for example due to
reduced penetrance or gene environment
interactions.7 However, it is becoming apparent
that many of these 'simple' Mendelian disor-
ders are in fact exceedingly complex 8 9 and
that interactions between environmental fac-
tors and genetic susceptibility are important in
determining disease risk. 10 11

In 1967, Motulsky drew attention to the
numerous single gene mutations which were
recognised to affect both the nature and rate of
drug metabolism' and pointed out that this
provided a model for genetically determined
differential susceptibility to disease.'2 A differ-
ential ability to detoxify phenytoin may help to
explain the occurrence of congenital malfor-
mations in infants of some women on antiepi-
leptic treatment but not in others;'3 and
acetylator status has been linked to incidence
of drug side effects.'4

Traditional epidemiological investigation
has focused on environmental factors in large
part due to the desire to identify disease deter-
minants which have the potential to be
modified. They have not been designed to
identify the portion of the variability in the
incidence of a disease which can be assigned to
genetic causes,'6 and there has been little
attempt to detect subgroups of individuals who

because of their genotype are more susceptible
to certain diseases.'7 Most genetic studies on
the other hand have concentrated on underly-
ing biology and not on environmental determi-
nants.'6 18 Gene mutations causing disease and
genetic risk factors (allelic variants in many
genes that may not cause disease but interact
with other genes and environmental factors in
causing disease) have been identified through
family based linkage analysis both in pedigrees
and by non-parametric methods in sibling
pairs, and haplotype sharing studies.'9-2' How-
ever, classic methods of genetic analysis such as
linkage and segregation analysis have mostly
been carried out in highly selected pedigrees
with multiple affected members and this
marked selection bias means that findings can-
not be extrapolated to the population. Analysis
of heritability through variance component
analysis or path analysis has been used to com-
pare the relative contributions of genetic and
environmental factors to observed phenotypic
variance. However, this form of analysis has
often assumed that no gene environment inter-
actions are present or relegates their contribu-
tion to residual effects.22 More recently, popu-
lation based association studies of candidate
genes have been used to identify genetic risk
factors and this approach can be used to
explore gene environment interactions (see
below) .23-2

Importance of gene environment
interactions
Gene environment interaction is best con-
ceived of as the genetic control of sensitivity to
the environment.27 28 Experimental studies in
animals have shown that these interactions are
fundamental properties of most genetic sys-
tems.27 As noted above, pharmacogenetic stud-
ies have confirmed these findings by showing
that different genotypes respond differently to
exposure to certain environmental risk fac-
tors.29 There is increasing interest in genetic
susceptibility in the aetiology and pathogenesis
of common diseases such as coronary heart
disease, cancer, diabetes, and congenital mal-
formations. This is important not only in order
to document genetically determined differ-
ences in susceptibility to the actions of
environmental agents but also in order to more
precisely understand the association between
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Table 1 Approaches to the investigation ofgene environment interactions

Population studies Family studies

Case-control study Twin studies
Cohort study (family history is the exposure) Relative study (proband is the exposure
Population based case-control family study

environmental factors and disease.30 If gene
environment interactions are important in the
causation of a disease then failure to consider
genetic susceptibility may result in biased risk
estimates for environmental exposures and
may lead to incorrect inferences being made.3'
Epidemiological investigations are therefore
increasingly incorporating the collection of
detailed family information, or laboratory
measurements of specific genetically deter-
mined enzyme systems, proteins, or DNA
markers that may be implicated in disease
pathogenesis.

Study of gene - environment interactions
McMichael has highlighted the need to, 'incor-
porate the emerging array of molecular biologi-
cal measurements into epidemiological re-
search and thus broaden its scope'.32 He has
drawn attention to the fact that molecular
techniques can be used to measure susceptibil-
ity, internal dose, biologically effective dose, or
biological effect and that such detection of
early biological responses may offer added
insight in disease causation.
Advances in molecular technology are mak-

ing it increasingly feasible to search for disease
susceptibility genes in both population and
family settings. Polymorphic markers acting as
reference points are being used to localise
genes by systematic investigation of the ge-
nome.33 As information accumulates on con-
firmed associations between common diseases
and specific alleles and on allele distributions
in populations, the study of gene environment
interactions will be facilitated.
To discriminate among the five identified

models of gene environment interaction, indi-
viduals must be classified according to the
presence or absence of the predisposing geno-
type and the environmental risk factor.34 Data
on disease status can then be stratified accord-
ing to observed levels of the genetic and
environmental factors and interpreted accord-
ing to these models. This approach can be
applied with genetic risk factors which have
been fully identified or, in family studies only,
with genetic markers with demonstrated ge-
netic linkage to the disease. When genetic
marker data are not available, family history
data can be used as rough indicator of genetic
susceptibility but there is potential for signifi-
cant misclassification.35
The main approaches to the investigation of

gene environment interactions are given in
table 1 and are discussed below. Inbreeding,
admixture, migration, and adoption studies
which can all give general information on
genetic and environmental effects are not
discussed as the contribution and design of
these studies are all covered in standard texts.22

Approaches to the investigation of gene
environment interactions
CASE - CONTROL STUDIES
The availability of highly polymorphic markers
close to candidate genes (which may be
involved in the aetiology and pathogenesis of
common diseases) has meant that standard
case control designs can be adapted to study
differences in genetic susceptibility and gene
environment interactions in addition to the
classical study of environmental exposure-
disease associations.36 Environmental risk fac-
tors are examined together with relevant
genetic markers as independent predictors of
disease and as interacting factors with the
genetic marker.37 38 When the genetic marker/
polymorphism is common and the frequency
of exposure to the environmental agent is in the
range of 30 to 70% then the required sample
sizes to detect gene environment interactions
are modest.36
There may be problems with selection bias if

participation rates differ with marker levels.
However, genetic markers are generally stable
thus reducing the likelihood of misclassifica-
tion from marker instability or from the
presence of the disease effecting the marker.
Interpretation of marker-disease associations
has to consider the possibility of linkage
disequilibrium to a nearby gene, and con-
founding when (unrecognised) population
subgroups differ both in marker and disease
frequencies. These stratification effects can be
avoided by careful matching on ethnic, geo-
graphical and ethnic background or by adopt-
ing internal family controls.39 Observed asso-
ciations between genetic risk factors and a
disease should be checked by investigating the
presence of linkage if the mode of inheritance
known.36

COHORT STUDIES
This approach follows the classic cohort study
design with identification of environmental
exposure and genetic risk factor status followed
by a period of follow up during which new epi-
sodes of disease are registered.40

TWIN STUDIES
Monozygotic (MZ) twins have an identical
genetic complement whereas dizygotic (DZ)
twins share only 50% and are in this respect no
different to full siblings. Genetic and environ-
mental effects can be studied by looking at MZ
and DZ twin concordance for qualitative traits
and correlation for quantitative traits. When
MZ twin concordance is greater than that
found among DZ twins, genetic effects are
inferred, although differences between these
two groups in terms of implantation patterns,
intrauterine positions, prenatal circulation, and
labour and delivery experience can also ac-
count for this finding. Similarly MZ twins may
share more similar environments and this can
be accentuated by self selection bias in
voluntary twin registries. Lack of MZ twin
concordance and DZ twin concordance
greater than concordance in full siblings
suggests environmental effects. Studies of
discordant twin pairs have been particularly
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fruitful.4' 42 Gene environment interactions
have recently been studied in the context of the
above twin study designs4"5 or by applying
interventions to MZ pairs.46 International
collaboration will be required to achieve
sufficient power in future twin studies which
consider gene environment interactions.

THE POPULATION BASED CASE-CONTROL FAMILY
STUDY
The population based case-control family
study approach has been proposed as one
method of measuring the population burden
associated with cancer genes and studying the
roles of genetic and environmental risk factors
in cancer susceptibility.47 48 In these studies
investigators can evaluate the role of environ-
mental factors, specific gene loci, and gene
environment interactions in the aetiology and
pathogenesis of diseases.35 A specified group of
relatives of both cases and population based
controls are studied by collecting information
on environmental risk factor exposure and tak-
ing blood or buccal smears as a source ofDNA
to establish the presence or absence of genetic
risk factors. It has been suggested that this type
of study design can be widely applied and will
become a standard tool in epidemiology in the
future.48

FAMILY STUDIES INVESTIGATING CLUSTERS OF
RELATIVES
Family studies can be used to explore gene
environment interactions particularly when
disease susceptibility genes have not been well
characterised.49 The distinctive feature of fam-
ily data is the statistical dependence arising
from the biological relationships and shared
environment. Inferences from these data de-
pend on developing models that represent this
dependence by a limited number of
parameters.""4 However familial aggregation
of a disease can be due to recall bias with cases
being more likely to report a family history of
disease than controls, or to shared environ-
mental exposure. Lack of familial aggregation
can be due to very low susceptibility in the
majority of individuals or susceptibility which
is unexpressed unless appropriate environmen-
tal exposure takes place."
There are problems of misclassification

when family history is used for specification of
a genetic trait..5 56 .. In addition, this approach
is problematic when dealing with very common
diseases. The relative risk of a disease in
relatives of patients compared with the general
population is usually more than an order of
magnitude lower than the ratio of risk in
susceptibles to that in non-susceptibles.5" Even
a weak familial aggregation in disease, as meas-
ured by an odds ratio in first degree relatives of
as low as 1.5-2, is consistent with there being
one or more strong familial risk factors.55 58
Where genetic risk factors have been fully

identified, disease risks among the relatives of
cases (probands) can be stratified by the
number of alleles shared ibd (identical by
descent) with the proband and by the presence
or absence of specific environmental expo-
sures. 22 38 59

The statistical analysis of gene environment
interactions in family studies has been carried
out through analysis of variance or regression
analysis and by nonlinear factor analysis.60 61

Conclusion
Concern has been expressed that refocusing on
genetic susceptibility of individuals could
detract from the important public health goal
of creating a less hazardous environment and
might lead to genetic reductionism. This view,
however, reinforces the polarised traditional
debate of nature versus nurture. We need to
reinterpret this issue not as one of genes versus
environment but as the need for an active
search for interactions between genes and the
environment if we are to better understand the
aetiology of common diseases.

Epidemiological study of disease aetiology
needs to combine accepted methods of collect-
ing data on environmental exposure with the
study of specific genetic markers / polymor-
phisms. Epidemiologists should not see their
role uniquely with population based data but
recognise, in addition, the value of collecting
and analysing family based data.30 The incor-
poration of DNA data into epidemiological
studies and the investigation of gene environ-
ment interactions holds the promise of being
able to determine the association between risk
factors and disease more accurately, clarify
causal pathways and contribute to disease pre-
vention.
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