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Abstract
Purpose of Review—A systematic approach to studying gene-environment interaction can have
immediate impact on our understanding of how environmental factors induce developmental disease
and toxicity and provide biological insight for potential treatment and prevention measures.

Recent Findings—Because DNA sequence is static, genetic studies typically are not conducted
prospectively. This limits the ability to incorporate environmental data into an analysis, as such data
is usually collected cross-sectionally. Prospective environmental data collection could account for
the role of critical windows of susceptibility that likely corresponds to the expression of specific
genes and gene pathways. The use of large scale genomic platforms to discover genetic variants that
modify environmental exposure in conjunction with a priori planned replication studies would reduce
the number of false positive results.

Summary—Using a genome-wide approach, combined with a prospective longitudinal of
environmental exposure at critical developmental windows is the optimal design for gene-
environment interaction research. This approach would discover susceptibility variants, then validate
the findings in an independent sample of children. Designs which combine the strengths and
methodologies of each field will yield data which can account for both genetic variability and the
role of critical developmental windows in the etiology of childhood disease and development.
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Introduction and Purpose of Review
Rapid advances in genetic technology allow the measurement of genomic variation. However,
with only a few exceptions, our genetic makeup does solely not determine disease or even
health. It only represents our potential for each. The promise of the Human Genome Project
to prevent or treat disease will not be fulfilled until the interactions between our environment
and our genetic makeup are understood. This review provides a framework to study and
understand the biology underlying gene-environment interactions. Environment, in this
context, can be defined broadly and include nutritions, chemical and physical exposures, as
well as social factors. The principles described, could apply to any childhood disease or
developmental issue. The main thrust of this paper is to highlight the inherent differences in
approach used by geneticists and environmental scientists in the study of childhood diseases
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and to propose a framework in which the 2 fields can be combined to optimize the strengths
of each.

Recent Findings
Disease and development are the sum of both genetic and environmental factors.[1] Rothman
and Greenland, in fact, have argued that all diseases are 100% genetic and 100% environmental.
[1] While this may seem incongruous at first, the principle can be understood if we accept that
the effects of each are not independent but are instead interactive. If one accepts this premise,
a case can be made that even extreme examples have root causes that are both genetic and
environmental. For example, death from a gunshot wound to the chest may seem to be 100%
environmental, but genetic factors may have predisposed to behaviors that led to the shooting,
or may have determined the extent of bleeding from the wound, or the ability of the
cardiovascular system to maintain blood pressure long enough to survive transport to a hospital.
If we count these genetic factors as contributing to death, then what percent of death is due to
environment and what percent due to genetics? Likewise, diseases we believe are purely genetic
have environmental components. Hemochromatosis is a genetic disease of excess iron
absorption leading to heart disease, liver disease and diabetes. It is not difficult to imagine,
however, that a vegan lifestyle would likely mitigate the role of any genetic predisposition to
absorb iron, thereby preventing the disease. If one accepts that disease and development are
multi-factorial, and that these factors are not independent, one can view development or disease
causation, as a set ofinteracting causal components changing over time.1 If we understand how
genetics and environment interact, we can understand the causative and biological mechanisms
behind our observations.

Development, the environment and genetic susceptibility: the role of timing
Fetal life and early childhood appear to be life stages that are critical for programming health
effects which manifest years later. There are likely multiple developmental life stages that are
sensitive to certain environmental factors because many genes are only expressed during
specific developmental stages and are subsequently turned off. Growth factors, in particular,
are activated in childhood and limited in expression thereafter. Environmental exposures
occurring during different life stages will have different sets of expressed gene products with
which to interact. Therefore, interactions likely depend on the life stage at which exposure
occurs. For example, growing evidence from animal research indicates that the CNS is highly
vulnerable to chemical injury during development.[2],[3] This is due to interference with
processes critical to neurodevelopment such as neuronal growth, synaptic network formation,
neuronal migration,and development of receptor numbers. These processes are most active in
childhood and subside during adult life. If toxic exposures impact these processes, they can
alter the trajectory of brain development, but would be less toxic once development is complete.
Differential toxicity in children vs adults has been shown for many chemicals including methyl
mercury,[4,5] PCBs,[6] organophosphate pesticides,[7] and lead.[8,9] Genetic variants that
produce gene-environment interactions may only do so when the exposure timing corresponds
to a critical developmental window during which the gene is highly expressed. A design that
cannot address the timing of environmental exposures cannot properly assess gene-
environment interactions. This issue is important because understanding how certain
individuals are genetically predisposed to adverse outcomes following toxic exposures is the
key to understanding the mechanisms of action for chemicals and toxicants in humans and to
creating effective interventions for prevention and treatment of toxic exposures.[10]
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Genetics as a predictor of disease and development
With the advent of fixed content and customizable high density genotyping techniques,
investigators can now screen thousands of genetic variants in population based studies. Despite
these advances the predictive value of common genetic variants for human health and disease
has been modest. Although the complexity of multi-gene diseases may partly explain this, the
primary reason the predictive power of genetic factors is low is because few studies have
addressed gene-environment interactions. Incorporating environmental factors into genetic
studies of complex disease will not be simple and could even cause conflict with respect to
how to design and conduct these studies. For example, taking advantage of the static nature of
DNA sequence, genetic main effects are typically studied by first identifying subjects with the
disease. Genetic studies will typically employ case-control designs, comparing DNA sequence
between groups of individuals with a disease to a control group. Because DNA sequence is
unchanged from birth till death, geneticists can be confident that genetic variants existed prior
to the disease expression. There is no incentive to conduct a genetic association study
prospectively. Even family based designs identify subjects based on disease status. However,
environmental exposures vary over time. This makes case-control or family based designs
impractical to study environmental toxicants, as to do so would mean the environmental
exposure is only measured cross-sectionally. For this reason, case control designs are limited
in their ability to detect gene environment interactions. Yet, the vast majority of genetic
association studies (including those that test for gene-environment interaction) are case-control
designs.

The prospective cohort design can address many of the limitations of case control studies.
Recently, a series of articles have highlighted both the paucity of genetic data collected thus
far in prospective cohorts and the advantages of a prospective cohort design for gene-
environment interaction studies. Advocates of this approach include the former director of the
National Human Genome Research Institute and current NIH director, Dr. Francis Collins.
[11-15] Although cohort studies require long follow-up and are costly, they have important
strengths in characterizing exposures and risk factors before phenotype onset, which reduces
important biases common in case control studies.

Also, as previously explained, substantial evidence shows that particular life stages,
specifically the in utero and early life windows, may be more sensitive to chemical exposures
than other life stages. Because environmental exposures cannot be accurately reconstructed
retrospectively, prospective environmental data collection is critical to understanding the
relationship between environment and phenotype. What has not been previously studied is
whether gene-environment interactions occur only when exposure is experienced during these
developmental windows. Therefore, the best method for studying developmental disorders due
to metal toxicity would be to combine high throughput genetic methods with a prospective,
longitudinal birth cohort where exposures have been measured for each developmental
window.

Genome wide approach versus candidate gene approach in Gene-
environment Interaction Research

We noted previously that geneticists typically do not account for critical developmental
windows in their study designs; but environmental scientists also do not adequately address
genetic factors in their designs. Very few environmental scientists have addressed the role of
genetic interactions with environmental factors prospectively or on a genomic scale. In studies
in which environmental factors are measured prospectively, measures of genetic variation in
response to a toxic agent typically focus on a few candidate genes. The candidate genes will
typically be culled from previous basic science work on that agent. While there are strengths
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to such an approach, including biologic plausibility and clear a priori hypotheses, there are
also limitations to selecting only a few SNPs for a study.[16] The foremost limitation is that
such work can only validate previous research and cannot discover new information regarding
the environmental factor’s toxicity. Also, given the multifaceted nature of biologic interactions,
it is difficult to conceive that one SNP from one gene can fully account for the complexity of
an entire biologic pathway. As previously noted, there may be genes or SNPs that have
important roles in chemical pathogenesis or neurodevelopment that are not yet known, and a
candidate approach would not be able to identify such genes. The selection of SNPs in a
candidate approach is therefore always potentially open to bias.

A newer approach is to use genome wide scans, which allow for screening of the genome in
an unbiased manner with respect to genetic risks factors.[17] However, such an approach also
has strengths and weaknesses. The greatest strength is that it allows new biological
relationships to be discovered. The primary weakness is that the vast majority of positive
findings are false positives, due to the nature of testing hundreds of thousands of comparisons.
Nonetheless, the field of gene-environment interaction research would profit from the use of
a genome wide approach to identify genetic factors that modify the effects of environment.
Such an approach would be a paradigm shift in environmental health away from hypothesis-
driven research to a hypothesis-generating research.

Discovery and Validation / Replication
A primary technique to limit false positive findings in genomics is to plan replication of the
results a priori. Using genomic platforms to test for interactions with an environmental factor
will generate thousands of false positive interactions. If 1 million SNPs are tested, then 50,000
are likely to be significant merely by chance. How then can researchers determine which
significant result is real? Statistical analysis addressing multiple comparisons is a common tool
and a critically needed method by which to address this issue, but such methods assume that
biological causation correlates with statistical associations. Such an assumption is unlikely to
be correct. The simple ranking of gene-environment interactions, would treat a gene that may
have greater biological plausibility a priori as equal to all other genes, even genes that may
not be expressed in the target tissue. A challenging problem after genome wide genotyping is
to balance the statistical evidence of gene-environment interactions with a priori evidence of
biological plausibility. To better address this issue of multiple comparisons, genetic
epidemiologists typically plan a priori replication studies in independent populations. That is,
statistical associations are first “discovered” in one population using genome wide methods
and then the most significant associations are then “tested” a 2nd or even 3rd time in separate,
independent populations. This will greatly reduce the number of false positives, as results have
to be consistent at each stage and in each population. This repeating or validation of findings
brings biology into the results as replication is a hallmark of a true biological finding. However,
choosing which SNPs to replicate may not be clear and the number of SNPs to genotype in
replication may be limited by financial resources. Recently, the incorporation of previously
established biological information into the Discovery phase analysis has been proposed as an
additional adjunct means to further reduce the false positive rate.[18-20] These methods
systematically prioritize SNPs based on known biological plausibility in a genomic statistical
analysis. This approach has been shown to reduce the false positive rate of genome wide
association studies when compared to standard statistical rankings.[18]

Going from Genome Wide Gene-Environment Interaction to Identifying the Functional
Variant Fixed SNP arrays do not directly genotype the causal SNP. Instead the goal is to
discover a genetic region where the functional SNP is found. Actually finding the causative
genetic variant requires additional work even after the results are replicated in independent
populations. The phenomena of linkage disequilibrium allows researchers to go from the results
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of fixed SNP arrays to potentially functional SNPs. Linkage disequilibrium (LD) refers to non-
random associations between polymorphisms at different loci. Two variants with high LD will
tend to be inherited together and one variant will effectively “tag” the other. The details of the
methodology for this process are beyond the scope of this review, but have been facilitated in
large part by the the International HapMap project.[21-23] Finding the true functional genetic
variant typically involves fine gene mapping to identify variants that may be in linkage
disequilibrium[24] with the markers genotyped in fixed SNP microarrays. In fine mapping, the
genes in that region are identified and sequenced to determine their SNPs. These SNPs are then
tested for association based on proximity to statistically significant SNPs in the replication
phase and their functional properties are ultimately tested.

Population Stratification
A potential problem with genetic epidemiologic studies is that population stratification —
systematic differences in ancestry among study subjects—can result in spurious associations
or disguise genuine associations.[25,26] Such effects could also impact gene-environment
interactions and are identical to confounding by ethnicity. For example, the prevalence of
genetic variants correlates with ethnicity, but most variants have no functional role and only
mark one’s ethnic background. A cultural trait that also marks ethnicity, such as diet, might be
the true causal factor in a study. If diet and genetics are highly correlated, and diet causes a
particular disease, then genetic factors may show associations with that trait, when in fact the
dietary factors are the true underlying cause.[27-29] The risk of population stratification can
be minimized by including ancestry-informative markers which are SNPs that infer genetic
ancestry and correct for stratification. Unless the population contains no variation in ethnicity,
all genetic association analyses should incorporate an appropriate adjustment for ancestry.

Sample Size
We did not address the role of sample size in this paper. Interactions always require larger
sample sizes than studies of main effects. In addition, the use of cohort designs will limit the
ability to study qualitative traits (diabetes, autism) and would favor quantitative traits (serum
glucose, IQ/behavioral tests).

Very large studies, such as the proposed National Children’s Study, would allow for some
common disease traits to be addressed using this framework, but for many diseases case-control
designs will still be the primary design of choice despite their limitations. Nonetheless, there
are traits that can be addressed using our proposed framework and we would urge that whenever
feasible, prospective designs are used to study childhood health outcomes.

Conclusion
An ideal gene-environment interaction study will combine methods used in genetics (high-
density genotyping, planned replication of results) with methods used in environmental
epidemiology (prospective-longitudinal cohorts measuring critical developmental windows).
(Summarized in Figure 1) Studies of gene-environment interaction must consider critical
developmental windows which call for longitudinal designs. This ensures that environmental
exposures precede the phenotype and that periods during which critical genes are expressed
are captured. The rationale is that a combination of principles unique to each field is needed
to effectively study both genetics and the environment simultaneously. A two-stage study
design, that is, a discovery phase followed by a validation/replication phase and the collection
of longitudinal exposure are the critical design features.
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Figure 1. Integration of Principles of Genetic and Environmental Epidemiology
Summary of common design approaches in Environmental Health and Genetics and summary
of proposed combined approach.
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