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Abstract

Facilitating trandation of basic and clinical discoveries into improved population health has
become a national priority. In this commentary, we emphasize the need to expand the “bench to
bedside” model to include trans-disciplinary research that integrates knowledge of genomics and
epigenetic regulation with information about diverse environmental exposures. Such integrated
studies are needed to understand mechani sms underlying human health and disease, and develop
novel interventions at the level of the epigenome that might curb the growing global burden of
complex chronic illnesses. The completion of the human genome project, as we now know, isonly
afirst step in understanding the etiology of complex disease. Remaining challenges include
understanding the role of geneticsin controlling susceptibility to environmental exposures and the
role of the environment in regulating gene expression and function. Here we emphasize the
importance of understanding the crosstalk between the genome, the epigenome, and the
environment in coregulating gene expression as key to devel oping a population health model for
the control of chronic diseases. However, thiswill require devel oping and integrating new data
resources.

New wave of chronic diseases

Chronic complex disorders account for a disproportionate percentage of health care costs
and are the primary causes of death in the United States and other industrialized countries.
Between 2002 and 2030, the mortality rate for such diseases is expected to increase by
11.5% in high-income countries and by almost 20% worldwide. Given the potential impact
of thistsunami of chronic diseases on our economy, health care system, and global
community, advancing understanding of the complex pathways leading to chronic illness
and developing novel strategies for prevention must be a public health priority. Key to this
endeavor is advancing our understanding of environmental and epigenetic contributions to
chronic illness and using this information to ameliorate their effects.

The Promise of Genetics Not Yet Realized

Despite ~90% of common genetic variations being shared across human popul ations of
different ancestry, clinically-relevant differences in allele frequencies exist among groups.
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Hypothesizing that genetics can explain differences in disease patterns and disparitiesin
health, huge investments have been made in assessing genetic variation (e.g. haplotype
mapping and genome-wide association studies) and genotype-phenotype association in
human populations. Despite the expectation that human genome mapping would illuminate
simple direct paths from genes to disease, variants identified to date explain only a small
portion of disease risk. For the promise of genomics research to be fulfilled, we must move
beyond discovery of genetic variants associated with disease to understanding epigenetic
regulation of gene expression in the context of complex environmental exposures.

The emerging view isthat most, if not all, diseases arise from interactions between the
genome, the epigenome, and the environment (broadly defined to include social, behavioral,
and physical agents). The timing of environmental exposure with respect to age or stage of
development is also acritical factor that influences the magnitude of the gene-environment
interaction (GEI). Geneticsis just one of severa risk factors that contribute to the
development of common diseases--environmental context matters! In most cases, genes only
“load the gun” or create the potential for adverse health outcomes, while subsequent
exposure to environmental triggersis required to initiate physiological or pathological
pathways responsible for human health and disease. Failure to account for this additional
level of complexity associated with environmental exposure and epigenetic regulation may
explain why most of the variance in disease risk has not been explained by genetic analysis
alone, and why biologically-strong candidate genetic variants often perform poorly in
genotype-phenotype association studies. Phenylketonuria, characterized by mental
retardation, is a classic example of a GEI metabolic disorder, caused by the interaction of a
rare gene and dietary phenylalanine. Medically significant manifestations of the disorder can
be prevented by alow phenylalanine diet for those children with genetic variant. The
dramatic increasesin obesity and insulin-resistant disorders over the past thirty years are
more recent examples of how the environment and genetics interact to impact health.

Epigenetic Regulation of Gene Expression

Epigeneticsis the study of heritable changesin gene expression that are not encoded in the
nucleotide sequence of DNA. The epigenome refersto chemical modifications of DNA and
chromatin (the nucleoprotein around which DNA is coiled in cells). The addition of methyl
or other chemical groupsto DNA or associated proteins either blocks or promotes binding of
the enzyme complex responsible for transcription of DNA into RNA. The net effect of
restricting or exposing new DNA hinding sitesis that gene expression can be turned “ off or
on” —aprocess called epigenetic regulation. Exposure to certain environmental chemicals
(e.g. heavy metals, endocrine disruptors and dietary substances)-3 aswell as behavioral
exposures during early development (e.g., childhood abuse)*® can lead to epigenetic
modification. Epigenetic effects have also been found to exist in animal models. However,
studies conducted with cloned animals under identical environmental conditions show that
some epigenetic variation is random.®

The epigenome controls the differential expression of genes that define tissue specificity.
Unlike the genome, which isrelatively constant throughout life, the epigenome changes over
thelife course and is highly variable from developmental phase to developmental phase, and
from tissue to tissue. Unlike genes that are inactivated by nucleotide sequence variations,
genes silenced by epigenetic mechanisms are still intact, and hence have the potential to be
reactivated by environmental or clinical intervention. Furthermore, epigenetic changes occur
at a higher rate than mutations and no repair mechanisms comparable to those that protect
the integrity of DNA have yet to be described. Genetically identical monozygotic twins are
epigenetically very similar at birth, but vary significantly later in life, suggesting that the
environment or random variation plays an important role in scul pting the epigenome.’
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Environment-induced epigenetic changesin gene expression are one possible explanation
for the observed discordance in phenotype among genetically-identical twins (approximately
85% for Parkinson's disease,8 70% for multiple sclerosis,® 40-60% for cancer,10 30-50% for
diabetes, 11 and 25% for asthma,12) and may account for, at least part of the differential risk
for chronic diseases across the population.

Epigenome modifications function as a component of cellular memory to maintain the
differentiated state of human tissue.13 Shortly after fertilization, the developing human
embryo undergoes massive demethylation to erase most of the information encoded in the
epigenome of the sperm and egg. Concomitant with initiation of the formation of specialized
or differentiated tissue during embryogenesis, lineage specific epigenetic modifications are
reestablished, ostensibly restricting gene expression and developmental fate of different
tissue.

To cope with environmental heterogeneity and improve fitness for survival, humans and
other living organisms have evolved the ability to alter their phenotype to track changing
environments. The phrase “gene-environment interaction” implies that the direction and
magnitude of the effect that a genetic variant has on the phenotype can vary asthe
environment changes; genetic risk may therefore be directly modified by specific
environmental factors. Richard Lewontin envisioned the existence of an environmental
switch or rheostat that could shift or migrate the phenotype within a defined range specified
by the genotype.1# Such phenotypic plasticity may be viewed as a mechanism to promote
adaptation or buffering against environmental variation or heterogeneity. Whereas much of
phenotypic plasticity is apparently “hardwired” in the genome to allow the organism to
respond or adapt to environmental stress in a matter of hours, epigenetic regulation plays a
significant role in long term adaptation to one's environment.® Survival is threatened when
living cells or organisms lose this ability to change their phenotype in response to internal or
external cues (e.g., during aging).

The mechanistic link between environmental exposure and epigenetic states of the genome
has been established by analysis of the well-defined and sensitive mouse coat color gene.
When methylated, the agout or yellow coat color geneis expressed only in the hair follicles.
But when unmethylated, the gene is expressed in the hair. Consistent with this finding, the
agout or yellow coat color gene can be prevented by feeding the animals a diet
supplemented with methy!l donors.16.17

Itislikely that some genetic variants that once endowed the human species with survival or
reproductive advantage and were therefore adaptively selected during the course of human
evolution, now increase the risk for disease because of their incompatibility with the
modern-day environment. Over the past 100 years, human activity and technology have led
to environmental changes that have outpaced evolution of the human genome to the extent
that there is now a nature-nurture mismatch. This disconnect appears to be contributing to
chronic disease epidemics.

The most definitive data on the link between epigenetic dysregulation and human disease
comes from studies of various cancers.18 Data mining analyses show that abnormal DNA
methylation patterns are associated with many other disorders as well, including obesity,
type 2 diabetes, anemia, cardiovascular disease, and numerous neurodevel opmental
disorders,19-22 further suggesting the importance of epigenetic regulation in the development
of human diseases. The critical question remains as to whether epigenetic changes are the
cause or consequence of disease. Studies designed to answer this question, in the context of
atherosclerosis showed that epigenetic changes generally precede histological signs of
disease.23 If this finding proves applicable to other complex diseases, it suggests great
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opportunities to reduce disease burden by targeting environmental exposures that affect gene
expression for complex diseases.

The critical question remains as to whether epigenetic changes are the cause or consequence
of disease. Studies designed to answer this question, in the context of atherosclerosis showed
that epigenetic changes generally precede histological signs of disease.23 If this finding
proves applicable to other complex diseases, it suggests great opportunities to reduce disease
burden by targeting expression for complex diseases.

The dynamic and reversible plasticity of epigenetic modulation provides atemplate for
different environmental exposures to act upon and affect the phenotype, with either adaptive
or pathological consequences.132° By delineating the epigenetic changes associated with
specific diseases, environmental exposures, lifestyles, and neighborhoods; biological
mechanisms amenabl e to public health or medical intervention may be discovered.

Research on the link between the environment and epigenetic regulation of gene expression
and contributions that these interactions may have on human health and diseaseisin a
nascent stage. Even so, human therapeutic intervention trials to reverse deleterious
epigenetic changes are underway. Such therapies do not target genes, but rather the enzymes
responsible for sculpting the epigenome (e.g., treatment of T-cell lymphoma by reactivation
of tumor suppressor genes),3? and reducing colorectal cancer risk by inhibiting the addition
of methyl groups to DNA .31

Integration of Genomics and Environmental Health

Disease mechanisms are far more complex than thought when the Human Genome Project
(HGP) was conceptualized more than two decades ago. Given the complexity of the
regulatory networks involved in human biology, genetic analysis, is unlikely to provide the
full insight needed to prevent or cure common diseases. The scope and scale of our effort
must be recalibrated to match our current understanding of the complexity of biological and
pathol ogic mechanisms. We need to employ integrative systems and thinking beyond
traditional single discipline research strategies. Historical investment policies that pitted
genetics against the environment have slowed scientific progress in devel oping prevention
and treatment strategies for common diseases.

There have been some nationa initiation efforts to spur transdisciplinary approaches to GEI
research, most prominently more than a decade ago by the Nationa Institute of
Environmental Health Sciences with the development of the Environmental Genome Project
(EGP)32-34 and the National Center for Toxicogenomics.32:36 With the devel opment of
novel tools to discover yet unknown environmental risk factors, a more powerful public
health approach would be possible that would include stratifying disease risk based on
knowledge of environmental exposures and frequency and distribution of susceptibility
alleles (both common and rare) in the population, thus leading to more informed evidence-
based environmental health policies.

The above referenced investments, along with the HGP37:38 the Hap Map project,3® and
Genome-wide association studies,*0 have generated important knowledge and powerful new
tools that can be used to unravel complex interactions among genes, the epigenome, and the
environment. Furthermore, knowledge generated from these studies can also be used to
develop public health prevention strategies to reduce morbidity and mortality from common
diseases, reducing the necessity of achieving the more challenging goal of developing
curative therapy.
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Research and Policy Implications of the Prospect Strategy

The urgency of pursuing an alternative public health prevention strategy was highlighted as
we recently celebrated the 10t anniversary of the completion of the HGP.41 The goal of the
HGP was to improve prevention, diagnosis, and treatment of human disease. To date,
knowledge of the human genome has led to limited advances in the practice of medicine
because geneticsis not the sole determinant of human health and disease. Whereas genetic
analysis now allow for improved assessment of individual susceptibility, progressin
understanding the causes of diseases and disparities among various populations has been
limited.

Social and environmental factors are the most powerful predictors of health outcomes, yet
medical researchers have largely ignored the potential role of neighborhood social and
physical exposures.#2 It iswell known that neighborhood characteristics have serious
conseguences for the well-being of people who live within them. Without objective
measures of neighborhood context, one cannot determine how socia and physical factors
can interact with the genome and epigenome to create a more toxic environment or identify
critical windows and intensity of exposure to maladaptive environments that influence
disease risk.

Population-based studies aimed at investigating the role of GEI in human health and disease
have been hampered by the lack of precise measurement tools for assessing a person's
exposure to environmental factors. Since diet, physical activity, behavior, and lifestyle
factors play important roles in the etiology, prevention, and treatment of many chronic
diseases, accurate data on these factorsis critical to understanding of how they influence
health. Typicaly, such datais derived from questionnaire or extrapolated from stationary
monitoring devices to assess levels of specific agentsin the diet or general environment
where people live and work. These methodol ogies have many limitations, including
misclassification errors, temporal uncertainty and relevance, and individua variability. Less
often, they are derived from methods such as personal monitoring devices such as portable
or wearable sensor badges, clothing, or backpacks to access levels of specific compounds at
the point of contact with the body.

The development of the appropriate measurement tools, scalable for use in population-
based, genome-wide association studies to track neighborhood exposures will require a
cohesiverational strategy. The dearth of data and tools to untangle GEIs leaves researchers
and policy makersin the dark about how genetic variation contribute to health disparities
and what can be done to eliminate such differences.

The NIH initiative on genes, environment, and health represents an important effort to
collect, harmonize, and integrate data from genetic and epigenetic analysis with information
on social, behavioral, and environmental exposures. The initiative consists of two
components, a genetic program for analyzing genetic variation in populations of patients
with specific diseases and an exposure biology program to devel op technology for
identifying and monitoring environmental exposures that interact with genetic variants to
produce disease. 43

Furthermore, there have been several new approaches to studying the etiology, prevention
and health consequences of complex chronic diseases that could potentialy elucidate both
fundamental and proximal causes and solutions. Socia scientists and epidemiol ogists have
demonstrated that social structures, community environment, and public policies help shape
the lifestyles and health behaviors that contribute to disparate chronic disease occurrence
across populations. Demographers have shown that the changing population profiles caused
by increased lifespan, lower fertility rates, urban population density, and high levels of
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immigration have changed the populations at risk for chronic diseases, creating new pockets
of disease burden and new opportunities for prevention. Other investigators are using the
tools of geography and multi-level analysis to examine how neighborhood contextual
features, such as air quality, access to healthy food, and “walkability” may affect chronic
disease. Life course epidemiology has provided growing evidence that prenatal and early
childhood environments can model developing physiological systemsin away that
influences future disease risk, possibly mediated by epigenetic changes induced by
environmental exposures. Early life experiences may thus mitigate or exacerbate
susceptibility to adverse health-related exposures in adulthood. Growing evidence also
suggests that al of these factorsinteract to produce and maintain inequalitiesin chronic
disease outcomes.

Despite these insights, the prospects for near-term reductions in chronic disease and health
disparities are daunting. A central challenge is determining optimal strategies for integrating
emerging knowledge from historically disparate scientific fields into a coherent and
integrated framework, data sits and analytical models. From a public health perspective,
these novel transdisciplinary models should focus especially on clinically relevant
exposures, environments, and process that are amenable to interruption or change.
Tranglating such research findings into substantive changesin clinical, community, and
policy practice has also proved difficult, because scientists, working in isolation within
confined disciplines, often lack these translational skills. While most investigators
acknowledge that many factors interact in complex ways to produce current patterns of
health and illness, few research initiatives have considered a wide enough array of causal
factors or characterized their relative contributions over time and place to effectively guide
policies and programs towards reversing the growing health trends of chronic diseases and
disability.

Conclusions

Genetic polymorphisms and their frequency and distribution in the population may confer
small but significant risk for disease. However, genes do not tell the whole story; risk is
often linked to the level of exposure to environmental factors. Since most attemptsto
understand variation in predisposition to disease have not taken environment and epigenetic
regulation into account, important sources of variation are yet to be discovered.

Behavioral, dietary and environmental exposures can modify the epigenome causing
deviations from the so-called “ physiological epigenome.” 20 Such exposures over the life
course, may lead to accumulation of epigenetic modifications that accel erate manifestation
of disease in genetically predisposed individuals. It is therefore crucial to examine how
specific environmental exposures, both socia and physical, influence epigenetic regulation
of gene expression. Studies with cloned animals have shown that small differencesin
epigenetic patterns can have a significant impact on phenotype.#* If, as studies indicate, the
environment plays apivotal rolein sculpting the epigenome, environmental modification or
development of epigenetic therapies to prevent or reverse the deleterious epigenetic
regulatory effects of the environment on gene expression offer promising avenues for the
prevention and treatment of chronic diseases. In fact, major benefits could be derived long
before the specific mechanisms contributing to environmental risks have been identified. For
example, improved nutrition and sanitation practices led to significant reduction in death
from infectious diseases long before the offending agents were identified and effective drugs
or vaccines were developed.*® Similarly, interventions today will likely include both
population-based and personal strategies (e.g., pharmaceuticals to control blood pressure and
blood glucose and cholesterol levels). But, to achieve such success we will need to elucidate
both the direct and indirect pathways by which the environment can modulate gene
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expression and the consequences of gene variants. Such studies will likely provide important
insight into the root causes of common diseases, and will complement improved accessto
health care in making individuals healthier around the globe.

In summary, the key to translation of genomic sciences into prevention and treatment
strategies will require integration of knowledge and technologies obtained from multiple
disciplines. The integration of such resources from genetics, environmental health, and the
social and behavioral sciences will amplify the signal of multiple subtle interactions
involved in disease etiology and progression, and will have a transformative effect on
trandlating fundamental discoveries into the practice of public health and medicine.
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