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Abstract

Genome-wide association studies (GWAS) have emerged as powerful means for identifying
genetic loci related to complex diseases. However, the role of environment and its potential to
interact with key loci has not been adequately addressed in most GWAS. Networks of
collaborative studies involving different study populations and multiple phenotypes provide a
powerful approach for addressing the challenges in analysis and interpretation shared across
studies. The Gene, Environment Association Studies (GENEVA) consortium was initiated to:
identify genetic variants related to complex diseases; identify variations in gene-trait associations
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related to environmental exposures; and ensure rapid sharing of data through the database of
Genotypes and Phenotypes. GENEVA consists of several academic institutions, including a
coordinating center, two genotyping centers and 14 independently designed studies of various
phenotypes, as well as several Institutes and Centers of the National Institutes of Health led by the
National Human Genome Research Institute. Minimum detectable effect sizes include relative
risks ranging from 1.24 to 1.57 and proportions of variance explained ranging from 0.0097 to
0.02. Given the large number of research participants (N > 80,000), an important feature of
GENEVA is harmonization of common variables, which allow analyses of additional traits.
Environmental exposure information available from most studies also enables testing of gene-
environment interactions. Facilitated by its sizeable infrastructure for promoting collaboration,
GENEVA has established a unified framework for genotyping, data quality control, analysis and
interpretation. By maximizing knowledge obtained through collaborative GWAS incorporating
environmental exposure information, GENEVA aims to enhance our understanding of disease
etiology, potentially identifying opportunities for intervention.

Keywords

genome-wide association; complex disease; quantitative traits; gene-environment interaction;
phenotype harmonization

INTRODUCTION

Genome-wide association studies (GWAS) have emerged as powerful approaches for
identifying genetic variants influencing common, complex diseases and traits [Hunter et al.,
2007; Sladek et al., 2007; Wellcome Trust Case Control Consortium, 2007; Yeager et al.,
2007]. Most genetic loci discovered to date, however, account for only a small fraction of
total phenotypic variation and most of the inherited component of risk remains unexplained.
Some of this missing inherited risk, i.e. that proportion not attributable to variants identified
to date, might be due to gene-environment (G x E) interactions that, when present, may
adversely affect the ability to uncover risk loci [McCarthy and Hirschhorn, 2008]. Nearly all
GWAS to date have concentrated on detecting and characterizing main effects and have not
fully explored the potential role environmental factors play in modifying genetic risk
[Clayton and McKeigue, 2001; Dempfle et al., 2008; Martinez, 2008]. Whether, and to what
extent, the GWAS approach can be used to uncover these potential G x E interactions
remains uncertain.

The formation of multiple consortia and collaborations has been crucial for success of the
GWAS approach by increasing sample sizes, thereby increasing statistical power, enabling
replication of findings from individual studies and establishing common methods of analysis
[Manolio et al., 2007; Wellcome Trust Case Control Consortium, 2007]. In 2006, the United
States Secretary of Health and Human Services initiated a NIH-wide program, the Genes,
Environment and Health Initiative (GEI, http://www.gei.nih.gov/genetics/index.asp) which
aims to accelerate understanding of genetic and environmental contributions to health and
disease. There are two components to GEI: genetics and exposure biology. The genetics
program includes a consortium for GWAS, as well as replication and fine-mapping studies,
sequencing studies, functional studies, development of analytical methods and databases,
and pilot clinical translation studies. The GWAS component, named the Gene, Environment
Association Studies (GENEVA) consortium, was initiated in 2006 as a result of a series of
requests for applications (RFAS) to support the establishment and work of a coordinating
center (CC), genotyping centers (GCs) and study investigators (SI). The goals of the
consortium are to (i) identify genetic variants associated with complex diseases and traits in
initial genome-wide discovery studies; (ii) identify variations in gene-trait associations
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related to environmental exposures; and (iii) ensure the rapid sharing of data to the general
scientific community.

Herein we describe the GENEVA consortium. We begin by outlining the organizational
structure of GENEVA, including the global study management, GCs, CC and individual
studies. We subsequently describe the operations of the consortium, including development
of subcommittees and working groups designed to address the overall aims of this
consortium. Finally, we discuss the potential contributions of GENEVA within the greater
realm of genetic epidemiology, including an integrative, collaborative process for
optimizing study methods.

ORGANIZATIONAL STRUCTURE OF GENEVA

The GENEVA Consortium consists of several NIH-based organizations and extramural
participants. Key NIH participants include the Office of Population Genomics at the
National Human Genome Research Institute (NHGRI), which directs the GENEVA
program; National Institute of Dental and Craniofacial Research (NIDCR), which funds two
of the GWAS; Program Officials from disease-relevant Institutes/Centers; and the National
Center for Biotechnology Information (NCBI), which manages the database of Genotypes
and Phenotypes (dbGaP), the data repository for GENEVA and other GWAS. The key
academic participants include the individual studies and their investigators, the GCs, and the
CC.

STUDY MANAGEMENT

Management of GENEVA is coordinated through NHGRI, NCBI, and the GENEVA
Steering Committee. The GENEVA Program Official at the NHGRI Office of Population
Genomics facilitates achievement of scientific goals and provides institutional oversight and
guidance to the consortium. The GENEVA Steering Committee is composed of the Principal
Investigators from the specific studies, the CC, the GCs, and the NHGRI Project Scientist.
An External Scientific Panel (ESP), composed of senior scientists with expertise in G x E
interactions and genome-wide association research, was established by NHGRI to provide
scientific insight into the overall direction of GENEVA and advice on specific design issues.
While not actively involved in GENEVA operations, the ESP advises the Steering
Committee and NHGRI on the scientific directions of GENEVA, the soundness of its
methods and approaches and, when necessary, potential alternative strategies.

PARTICIPATING STUDIES AND INVESTIGATORS

Table | provides an overview of the 14 participating studies. Studies are predominately case-
control by design with variable sampling schemes and cover a wide spectrum of complex
qualitative and quantitative phenotypes. Each study has quality phenotype and
environmental exposure data available as a result of past funding opportunities. While some
phenotypes have been represented in other primary studies or GWAS consortia, others such
as the Oral Clefts, Dental Caries, Birth Weight and Premature Birth studies constitute the
first and/or largest known GWAS of their trait to date. All phenotypes have important public
health significance (e.g. high prevalence rates, potential treatment/management
opportunities) and evidence for both a genetic and environmental component. Non-
substance-related psychiatric disorders, breast and ovarian cancer are notable absentees,
which is largely a consequence of their non-representative response to the RFA or
incompatibility with the GEI guidelines. Nevertheless, some of these have already received
considerable attention through previous initiatives [Hunter et al., 2007;Manolio et al., 2007].
Most studies have also proposed secondary phenotypes that either differ from or
complement their primary outcome of interest. For example, the Lung Cancer, Lung Health
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and Alcohol Dependence studies all have plans to investigate smoking behavior and
additional smoking-related phenotypes.

Although most GENEVA studies include persons of European-ancestry, the Alcohol
Dependence, Coronary Heart Disease, Prostate Cancer, Birth weight/Maternal Glycemia,
Premature Birth and Ischemic Stroke studies have large proportions of subjects of African
descent. A significant number of Hispanics and/or Asians are also included in the Oral
Clefts and Prostate Cancer studies. These study samples will enable sufficiently powered
investigations of non-European-ancestral populations who have been under-represented in
published GWAS.

Despite diverse phenotypic outcomes, designs and populations, all GENEVA studies have
the common interest of incorporating environmental factors into their analyses, consistent
with the goals of GEI. Indeed, each is well suited for these analyses, given their collection of
extensive environmental exposure information. Table | provides a sample of variables
available for each study that will also be provided through the controlled access process of
dbGaP.

GENOTYPING CENTERS

The Center for Inherited Disease Research (CIDR) at Johns Hopkins University and the
Broad Institute of Massachusetts Institute of Technology and Harvard University were
selected as the two GCs. The GCs use highly trained staff, standardized protocols, robotics
and integrated laboratory information management systems with in-house quality control
(QC) assessments to provide cost-efficient, high-throughput, high quality genotyping
capability.

COORDINATING CENTER

The Collaborative Health Studies Coordinating Center (CHSCC, Department of
Biostatistics, University of Washington,) assists with genotype data cleaning, phenotype
data organization and coordination of logistics and administration of the consortium. It also
serves as an internal data repository for GENEVA and assists in cross-study phenotypic data
harmonization. With guidance from the Steering Committee, NHGRI and the ESP, the CC
provides leadership and management for administrative and scientific data management
matters. While the Sl are responsible for their own data analysis, the CC also provides
statistical advice as needed.

COMMITTEES AND WORKING GROUPS

The GENEVA study structure promotes collaborative efforts and ongoing interactions
among all participating studies. Since the initiation of GENEVA, various subcommittees and
working groups have been established to address specific issues related to analysis,
genotyping QC and assurance, phenotype harmonization, cross-study integration and other
challenges inherent to collaborative studies. Through monthly teleconferences and in-person
Steering Committee meetings held three times per year, this interacting network of teams
has been crucial in addressing the consortium’s aims.

ADDRESSING THE AIMS OF GENEVA
IDENTIFY GENETIC VARIANTS RELATED TO COMMON, COMPLEX DISEASES AND

TRAITS

Since GENEVA studies a wide range of complex traits utilizing various study designs, the
power to detect genetic effects will vary substantially. Given study-specific parameters (i.e.
study design, sample size and baseline risk) and assuming a minor allele frequency of 0.3,
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all studies have 80% power to detect additive variant relative risks of > 1.57 and proportions
of variance explained for primary quantitative traits ranging from 0.0097 to 0.02 (Table I).
Combining data on common outcomes and environmental measures across studies will also
allow tests with greater power for even modest effect sizes. The availability of phenotype
data common to multiple studies also provides a platform for exploring other, potentially
novel, gene-trait associations. For example, anthropometric measures, such as height, weight
and body mass index (BMI), are uniformly available across a majority of the studies and we
anticipate genome-wide scan data for ~40,000 subjects for cross-study analysis of these
traits. Assuming an effect allele frequency of 0.3, we are sufficiently powered to detect a
marginal correlation coefficient of at least 0.0011 when BMI is the outcome of interest.
Investigators are also looking across studies at smoking and alcohol consumption behavior,
female reproductive history and oral health. GENEVA investigators also plan to assess
genetic loci associated with novel traits such as caffeine consumption, physical activity and
“wellness” (i.e. protection against disease). As one of the first GWAS of caffeine intake,
mega-analysis of data on 22,000 genome-wide scans will afford 80% power to detect
additive genetic variants that explain marginal effects as small as 0.0019 while satisfying a
type 1 error level of 1E-08.

The Analysis Subcommittee was formed to provide expert advice on shared analysis issues,
such as the development of methods for within-study analysis for studies with significant
ethnic variation, related individuals and/or longitudinal data. With the different genotyping
platforms utilized and unique characteristics of each study, the Genotyping Subcommittee
was established to streamline submission of samples for genotyping, establish standards for
QC and serve as a liaison with the Analysis Subcommittee to tackle novel concerns arising
from data-cleaning efforts on the genome-wide marker panels. To facilitate effective
collaborations both within and outside GENEVA, the Imputation Working Group addresses
methods of imputation, including choice of reference panel and how these imputed data
should be distributed and analyzed.

In light of the opportunities for cross-study analysis of common traits, the Phenotype
Harmonization Subcommittee identifies phenotypic measures of interest that are amenable
to cross-study harmonization. The subcommittee formulates and implements strategies for
successful meta-analysis and pooled analysis of individual participant data. A working
group for each shared phenotype consists of representatives from each study contributing
data as well as the CC and NIH. Challenges specific to cross-study analyses that need to be
addressed include accounting for differences in population structure, study design, and
environmental exposure and genotype assessment. Combining cohorts from different
countries, or from different sites within the same country, will require investigating and
addressing the problem of confounding due to population stratification [Campbell et al.,
2005; Helgason et al., 2005; Seldin and Price, 2008]. Likewise, analyses that rely upon a
common pool of controls, where the outcome or environment exposure of interest may not
be universally available, must also be performed with considerable caution [Wellcome Trust
Case Control Consortium, 2007]. A working group is actively pursuing the use of GENEVA
samples as controls for genetic matching and will provide measurable insight on the impact
this approach has on risk loci discovery.

Finally, the Cross-Study Integration Subcommittee was established to develop
recommendations regarding efficient and streamlined cross-study data analysis, sharing data
within GENEVA, and collaborating with other projects or consortia outside of GENEVA.
The subcommittee develops recommendations for study-wide guidelines for issues such as
disclosing individual-level findings that may be clinically significant, and for standardized
publications policy for authorship and management of meta-analyses.
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IDENTIFYING DIFFERENCES IN GENE-TRAIT ASSOCIATIONS RELATED TO
ENVIRONMENTAL EXPOSURES

Most participating studies in GENEVA have collected extensive measures of environmental
exposures and therefore have the opportunity to address the second aim of the consortium,
which is to identify variations in gene-trait associations related to environmental exposures.
Successfully meeting this aim could ultimately distinguish population subgroups potentially
susceptible to the protective or adverse effects of these environmental exposures.
Accounting for these G x E interactions might also improve our ability to identify additional
risk loci.

S| have selected environmental exposures relevant to their primary outcome to be utilized in
tests for G x E interactions (Table I). Designing a sufficiently powered study and locating an
appropriate external study for replication are just two examples of major barriers to
uncovering true interactions. When applying the standard logistic regression test for
interaction, most individual studies will be limited to detecting interactions of large effect
sizes. Nevertheless, new methods for G x E interaction testing have been and will continue
to be developed to boost statistical power for detection while maintaining low type 1 error
[Chatterjee and Carroll, 2005;Kraft et al., 2007;Murcray et al., 2009;Weinberg, 2009].
Methods based on logistic regression continue to dominate the field and generally test for
interactions specifically, or main genetic associations allowing for heterogeneity in genetic
effect across environment strata. Model-free or machine learning approaches in the context
of GWAS are relatively new and currently computationally expensive. The performance of
each method will vary with the distributional assumptions underlying the phenotypic
outcome, the environment and their suspected interaction. The Analysis Subcommittee
considers each approach and its strengths, limitations and feasibility for a particular
scenario, and advises Sl on the most appropriate method for their G x E interaction of
interest. Each Sl is responsible for data analysis and plans to replicate initial findings as
outlined in their response to the RFA. G x E interactions will also be investigated in cross-
study trait analysis; some of which are sufficiently powered even when applying a
conservative test for interaction. For example, gene-smoking interactions for both BMI and
caffeine consumption are highly anticipated and we will have 80% power to detect marginal
R2 for interaction effects as modest as 0.0013 and 0.002, respectively.

Thus far, little is known on how the traditional and recently proposed methods for testing G
x E interactions perform in the context of GWAS and whether they can be applied to meta-
or cross-study analysis for discovery purposes. The latter is especially important, because in
order to achieve the sample sizes required to detect small to modest interaction effect sizes,
a cross-study collaborative approach may be the only option. Unlike other consortia,
GENEVA is well positioned to apply these methods and in doing so we will finally have a
better measure of their performance. Caveats to their application and interpretation might
also be uncovered which, in turn, will aid in further method development and optimization.

ENSURING THE RAPID SHARING OF DATATO THE SCIENTIFIC COMMUNITY

To accelerate and facilitate the discovery of genetic variants related to health and disease,
genotype (SNP calls), phenotype and exposure data from each of these studies will be shared
with the scientific community through dbGaP’s controlled access process when data
cleaning is complete [Mailman et al., 2007]. Raw intensity data will also be made available
to enable approved users to apply alternative genotype calling algorithms or for other
method development purposes. Final data files from each study as well as supporting
documents and data dictionaries are organized by the CC and are sent to NCBI, where they
are deposited in dbGaP (http://www.ncbi.nlm.nih.gov/gap). A 1-year protected period for
dissemination allows GENEVA investigators to analyze the data and report study results.
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During this period, individuallevel and summary genotype data in dbGaP are available to
authorized researchers outside of GENEVA, but they agree not to submit publications or
make presentations using the data. To date, four of the GENEVA studies have genetic and
phenotypic data publicly available on dbGaP. In addition to over 78 authorized data requests
for independent analysis, over 35 studies and consortia have proposed collaborations with
GENEVA investigators.

GENEVA'S POTENTIAL CONTRIBUTIONS TO ACCELERATING
DEVELOPMENTS IN GENETIC EPIDEMIOLOGY

In parallel with meeting the aims outlined above, GENEVA will likely have an important
impact on the design and conduct of future GWAS as well as the broader field of genetic
epidemiology.

GENOTYPING QC AND ASSURANCE

GENEVA has formulated a precise work flow with accompanying protocols to effectively
manage the extensive and diverse phenotypic and genotypic data from across studies. The
overall flow of data from the Sl to the GC, to NCBI and the CC, and then finally to data
release on dbGaP is outlined in Supplementary Figure.

To minimize bias and spurious associations that may occur with using combined data from
different studies and conducting a large number of statistical tests, GENEVA has built upon
previous efforts [Chanock et al., 2007; Miyagawa et al., 2008] and provides an extensive
guide for QC and quality assurance (QA) for users [Laurie et al., 2009; submitted]. The
consortium has developed new approaches to (1) distinguish gender misidentification from
sex chromosome aberrations, (2) detect autosomal chromosome aberrations that may affect
genotype calling accuracy, (3) measure DNA quality, (4) infer relatedness through identity-
by-descent estimates and (5) use duplicate concordance to filter SNP quality. Genotypic data
are distributed to the entire project team for quality assessment, which occurs as a
collaborative process led by the CC and involving the appropriate SI team, GCs, NHGRI,
NCBI, and any interested GENEVA investigators or NIH staff who wish to listen in.

Given the diverse structures of the studies, data quality standards are decided for each study
as part of the collaborative QC process. The CC prepares a detailed report regarding the
outcomes of each measure. These reports are provided through the controlled access process
of dbGaP, along with the unfiltered data set, a set of filters and a tool to apply the filters to
create a filtered data set. Thus far, GENEVA has focused on SNPs, but the GCs have plans
to implement QC/QA metrics for CNVs once common CNV maps are established and
detection methods are more standardized.

IMPUTATION

The high-quality genotyping data produced by the QC/ QA process will undoubtedly
contribute to SNP imputation accuracy, which will be essential for successful cross-study
integration. The Imputation Working Group is leading GENEVA efforts to impute all data
in a uniform manner despite the differences in study designs, genotyping platforms and
population structures. Choice of imputation software, HapMap build and population
reference panel, available computational resources, and methods for incorporating quality
scores and other metrics of accuracy and efficiency are among the many factors to be
addressed.
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CROSS-STUDY ANALYSES

GENEVA'’s proposed cross-study GWAS mirror the meta-analytical approach but with
additional challenges anticipated. Some traits, including habitual alcohol and caffeine
consumption, physical activity and sleeping behavior are difficult to define with many
external factors influencing their measurement. Moreover, very little is known regarding the
properties of the discovery process in cross-study analyses of GWAS-derived signals,
especially for complex traits. Such approaches are susceptible to the same issues as in single
studies pursuing agnostic associations, but have additional caveats to attend to; between-
study heterogeneity being a particularly important one [Pereira et al., 2009].

Some heterogeneity in cross-study results is anticipated and it may be attributable to biases
in the collection of exposure data, phenotype definition, participant selection, population
structure, and various elements of the genotyping process [loannidis et al., 2007; Nakaoka
and Inoue, 2009]. GENEVA'’s refined genotyping QC protocol should safeguard against
some of these biases, but those pertaining to cross-study differences in study design will
require special attention and are, therefore, addressed by individual phenotype
harmonization working groups. Heterogeneity may also reflect genuine differences such as
LD structure or environmental exposure diversity across populations [Nakaoka and Inoue,
2009]. The former may assist in pinpointing the causal variant and the latter may lead to
hypothesis generation, complementing those already proposed by GENEVA investigators
and those that might be pursued either within or outside the consortium. Thus, despite the
challenges GENEVA anticipates through cross-study analyses, results should generate a new
insight into the gene-trait association.

DATA MANAGEMENT

Advances in molecular biology have led to an astounding growth in information generated
by the scientific community [Barnes and Gray, 2003]. This has intensified the need for
efficient access to and management of large data sets to maximize their utility. The CC has
currently implemented the use of the Network Common Data Form (netCDF) interface that
allows one to create, access and share array-oriented data in a self-describing and por table
form (http://www.unidata.ucar.edu/software/netcdf). As genotyping data accrues in
GENEVA sophisticated bioinformatics tools for data management and knowledge expansion
will be vital for integration with other components of the GEI Genetics Program such as
development of relational databases to combine information on SNP annotation, putative
function and biological pathways. These will complement and provide necessary support for
novel loci uncovered in genetic association studies.

SUMMARY

Nearly all GWAS to date have concentrated on detecting and characterizing main effects of
genes and have underemphasized the potential role the environment plays in modifying
genetic risk [Clayton and McKeigue, 2001; Dempfle et al., 2008; Martinez, 2008]. This
decreased attention may, in part, be due to the paucity of established methods for the study
of G x E interactions in a GWAS context. GWAS present many common challenges in
analysis and interpretation that are likely to have common solutions [Manolio et al., 2007;
Wellcome Trust Case Control Consortium, 2007]. These solutions and the potential for
combining phenotype and genotype data across studies to enhance statistical power are best
developed through collaborative approaches, as demonstrated by the Wellcome Trust Case
Control Consortium (WTCCC), Genetic Association Information Network (GAIN) and the
Psychiatric Genetics Consortium [Manolio et al., 2007; Psychiatric GWAS Consortium
Steering Committee, 2009; Wellcome Trust Case Control Consortium, 2007].
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GENEVA is one of a handful of collaborative GWA programs that involve many different
diseases and traits, rather than focusing on a single disease or related traits such as the
Myocardial Infarction Genetics (MIGen), Diabetes Genetics Replication and Meta-analysis
(DIAGRAM), or Tobacco and Genetics (TAG) consortia. Others we are aware of include
GAIN and WTCCC; models upon which GENEVA has built and expanded to include larger
numbers of secondary phenotypes and greater harmonization of these phenotypes across
studies. The well-developed infrastructure of the GENEVA consortium, as well as its
collection of studies with extensive environmental exposure data, enhances the benefit of
collaborative work to further maximize knowledge obtainable through GWAS. Indeed, the
goal of focusing on the combined role of genetics and environment will aid in development
and application of new analytic methods to consider G x E interaction at a genome-wide
level. GENEVA’s initial efforts will focus on SNP analysis, yet it is actively pursuing the
role of other forms of genetic variation, including CNVs. Moreover, sharing GENEVA’s
growing repository of data with the broader scientific community should accelerate
identification of variants related to complex diseases and identify opportunities for
developing effective interventions. In parallel to meeting the aims of the consortium,
GENEVA is intended to provide and broadly disseminate analytical and bioinformatic
approaches for use in the design and conduct of future GWAS.

Taken together, GENEVA'’s efforts, in conjunction with replication, fine mapping,
sequencing, and functional studies as well as database development, and clinical translation
studies, will undoubtedly enhance our understanding of disease etiology and identify
opportunities for treatment and prevention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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