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Abstract

Genetic epidemiology has the potential to significantly impact human health. Here, we examine

the major developments in the field’s history and the current state of the field, including both

promising avenues of research and potential challenges genetic epidemiologists face.

Understanding the distribution and determinants of human disease is of increasing priority in

an age of burgeoning healthcare costs and rising burden of disease. At the crossroads of

genetics and epidemiology is genetic epidemiology, which examines the role of inherited

factors in disease etiology. Current public health benefits of genomics research are

numerous, including an improved understanding disease mechanisms [1], targeted cancer

treatments [2], and dosage regimens for pharmaceuticals [3]. However, to fully appreciate

the current and potential future contributions of genetic epidemiology research to improving

human health, one must first understand the major milestones in genetic epidemiology and

the current challenges researchers face in the ongoing process of deciphering the human

genome.

A relatively new field, genetic epidemiology was first described in 1954 by Neel and Schull

[4,5]. At the time, molecular genetics was still in its infancy. Although direct measurement

of genotypes was not yet possible, genetic epidemiologists investigated the inheritance of

disease by examining whether patterns of inheritance (e.g. dominant, recessive, X-linked)

were consistent with phenotype patterns observed in large families. For example, early

segregation analyses of breast and ovarian cancer suggested a strong genetic etiology with

an autosomal dominant mode of inheritance [6,7].

Linkage analysis, the framework of which was first published in 1980 [8], was a natural

extension of segregation analysis. Made possible by technological advances that allowed the

direct measurement of genotypes, linkage analysis used populations of related individuals to
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assess the genetic basis of disease and successfully identified the genes responsible for

numerous monogenic disorders, including Tay-Sachs, Huntington’s, and cystic fibrosis [9].

However, linkage analysis failed to make inroads in identifying genes which were associated

with complex, chronic diseases on a population level. For example, genes that were

associated with rare familial forms of breast cancer in specific families via linkage,

including variants in the GPT and ACP genes, showed no association with breast cancer in

the general population [10].

Limitations of linkage analysis led researchers to investigate other approaches for the

identification of genes associated with complex diseases, including candidate gene studies.

Candidate gene studies, which evaluated evidence for association between the outcome of

interest and variants in or near genes selected using a priori hypotheses became popular

because they provided greater power for detecting associations for complex traits and could

be performed in population-based cohort and case-control studies [11]. Despite leveraging

biologic knowledge, few candidate gene studies successfully identified associations. For

example, a 2009 review of candidate gene studies for obesity found that, of 21 genes

examined in the candidate gene literature, only nine were found to have any association with

obesity [12]. Additionally, very few positive results were replicated in subsequent studies

[13,14].

In parallel with the increased rise in popularity of candidate gene studies was the publication

of the first draft of the human genome by the Human Genome Project (HGP) in 2001 [15],

which has had a lasting influence on the practice of genetic epidemiology. Briefly, the HGP

sought to catalog human genetic variation by identifying all human genes and sequencing

the three billion bases in the human genome [16]. One significant advance made possible by

the HGP were large-scale human genome studies, including genome-wide association

studies (GWAS), which allowed researchers to test associations between traits of interest

and single base pair changes, called single nucleotide polymorphisms (SNPs) that are spaced

throughout the human genome [17]. Large scale GWAS greatly increased the coverage

provided by candidate gene studies, which typically evaluated a small number of SNPs at a

handful of pre-specified genes. Using GWAS, genetic epidemiology has made significant

progress unraveling the genomic etiology of complex diseases. As of August, 2013, GWAS

have successfully reported over 11,000 SNPs to be associated with a wide variety of

diseases and their risk factors [18].

Notably, GWAS often identify pathways largely ignored by candidate gene studies. One

such example is the association between obesity and the FTO gene, which encodes an

mRNA demethylase [19] and was identified through a fused-toe phenotype in mice [20].

Although not a compelling obesity candidate gene, FTO, one of the first obesity loci

identified by GWAS, has been successfully replicated across studies and populations [20–

25]. Novel findings like the FTO gene also have prompted new avenues of inquiry in obesity

research, including closer examination of the role between the control of energy expenditure

and obesity [12], underscoring the ability of GWAS to illuminate novel biologic pathways

underlying disease etiology.
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Despite notable successes, genetic epidemiology has yet to fully elucidate the genetic basis

of disease. With obesity, for example, studies have consistently suggested that a substantial

fraction (16–85%) of the variation in body mass index (BMI), a common obesity metric, is

genetic in origin [26–31]. Although GWAS have identified 36 genetic regions associated

with BMI, these regions only explain a tiny proportion (<2%) of the estimated heritability of

BMI [32,33]. One possible source of the missing heritability is gene-environment interaction

[34]. In epidemiology, it is commonly understood that disease is caused by both genetics

and the environment, even for monogenic disorders like phenylketonuria (PKU). For

example, a child may have the genotype for PKU but he or she will not develop the disease

unless the child is exposed to phenylalanine. On a population-wide context, gene-

environment interaction evaluates whether the magnitude of association between a genetic

variant and complex trait differs by an environmental factor. As environmental exposures

are more amenable to intervention than genetics, gene-environment studies may not only

help identify the missing heritability for complex diseases but also offer the best avenue by

which genomics research can contribute to improving public health [17].

One promising area of gene-environment interaction study is pharmacogenomics. Briefly,

pharmacogenomics evaluates the genomic underpinnings of drug response to better

understand adverse drug reactions and tailor individualized treatment [35]. As of 2011, there

were 70 drugs for which the U.S. Food and Drug Administration (FDA) had approved new

labeling to include information on genetic variants which affect the metabolism of the drug

[17]. The classic example is warfarin, an anticoagulant used to prevent blood clots and

embolisms. Today, genes encoding the VKORC1 and CYP2C9 proteins are routinely

evaluated in clinical settings when assigning dosage regimens [3,36,37]. Similarly, the

discovery of variants in the CYP2C19 gene that reduce patients’ ability to metabolize

clopidogrel, an anti-clotting medication used to prevent stent thrombosis, have prompted an

FDA announcement which warns that clopidogrel may not be effective in patients with

specific genetic variants [38]. In response to the FDA announcement, drug companies have

developed new drug therapies that work effectively in all patients, regardless of their

CYP2C19 genotype [38]. However, expanding pharmacogenomics research to examine

diverse traits is needed, as is the inclusion of racial/ethnic minorities. The latter is especially

important, as most pharmacogenetics research has examined European descent populations,

although a great deal of genetic variation, including many of the clinically actionable

pharmacogenetic SNPs, have been shown to vary substantially in frequency among

ethnically diverse populations [39].

Although warfarin and clopidogrel highlight the translational potential of genetic

epidemiology research, most of the findings in genetic epidemiology to date have not made

the impact on public health that many believed were possible when the human genome was

first sequenced. One reason for the perceived lack of impact is that many of the benefits

currently found in genomics research are indirect. In 2011, the National Human Genome

Research Institute published a perspective on genetic medicine, observing that “the most

effective way to improve human health is to understand normal biology (in this case,

genome biology) as a basis for understanding disease biology, which then becomes the basis
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for improving health” [1]. Therefore, it remains difficult to fully ascertain the future promise

of genetic epidemiology for the advancement of public health.

Equally important when assessing the future contributions of genetic epidemiology is the

realization that disease etiology is complex and genetic risk does not equate to genetic

determinism. The complex relationship between genetics and disease poses an ethical

dilemma for healthcare practitioners regarding the return of genetic test results. Genetic tests

may yield incidental findings, in addition to the results for which the test was ordered, as it

is often more economical to sequence the entire genome rather than genotype specific

regions. For example, a test for the Huntington’s mutation could also yield results for

diseases such as Tay-Sachs, breast cancer, or hereditary hemochromatosis [40]. There is a

question of whether these incidental findings, which may be of potential medical value,

should be returned to patients. Recently, the American College of Medical Genetics and

Genomics (ACMG) published a set of guidelines which emphasized the need to alert

patients to such incidental findings and even outlined what incidental findings should be

returned to patients [41]. However, the ACMG also pointed out that there was insufficient

data to make a clear recommendation for many previously identified genetic risk variants

[41]. Incidental findings also are problematic in research settings where many large studies

have performed extensive genotyping on study participants. For example, in 2012, the

Electronic Medical Records and Genomics (eMERGE) Network, a collection of archives

and biorepositories, some of which perform GWAS, identified a subset of genetic

abnormalities with sufficient data to warrant returning results to patients; the decision on

returning results was the responsibility of individual repositories [42]. Unfortunately, both

physician and patient education is severely lacking regarding interpretation of incidental

findings [43]. Returning results will only be valuable when both the physician and the

patient understand what genetic information means and if or how it can be incorporated into

clinical care [1].

Even with the potentials for benefit, it is important to understand that the role of genetic

epidemiology in medical care, apart from a few notable exceptions, is largely undetermined.

Even with advances like the HGP, many important questions remain unanswered, including

how the genome differs in diverse populations, how the environment affects the genome,

and what role epigenetics, or the study of heritable mechanisms which alter gene expression

without altering the underlying genetic sequence, plays. It is therefore not surprising that it

could easily be 2020 or beyond before genetics makes any significant impact on public

health [1]. Even as genetic findings become more translational, the general public and even

many healthcare professionals do not yet have a sufficient knowledge to utilize genetic

information effectively. Educational efforts for both patients and practitioners that parallel

current advances in genetic epidemiology are therefore integral to realizing the full potential

of this quickly advancing field.
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