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Abstract

The International HapMap Project produced a genome-wide database
of human genetic variation for use in genetic association studies of
common diseases. The initial output of these studies has been over-
whelming, with over 150 risk loci identified in studies of more than 60
common diseases and traits. These associations have suggested previ-
ously unsuspected etiologic pathways for common diseases that will be
of use in identifying new therapeutic targets and developing targeted
interventions based on genetically defined risk. Here we examine the
development and application of the HapMap to genome-wide associa-
tion (GWA) studies; present and future technologies for GWA research;
current major efforts in GWA studies; successes and limitations of the
GWA approach in identifying polymorphisms related to complex dis-
eases; data release and privacy polices; use of these findings by clinicians,
the public, and academic physicians; and sources of ongoing authorita-
tive information on this rapidly evolving field.
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GWA: genome-wide
association

Single nucleotide
polymorphism
(SNP): site within the
genome that differs by
a single nucleotide
base across different
individuals

Polymorphism: a
form of genetic
variation in which each
allele occurs in at least
1% of the population

Tag SNP:
representative SNP in
a region of the genome
with high linkage
disequilibrium to
other variants

Linkage
disequilibrium (LD):
association of alleles at
two or more sites on
the same chromosome
that are inherited
together more often
than expected by
chance

Haplotype: a
combination of alleles
at multiple linked sites
on a single
chromosome that are
transmitted together
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THE HAPMAP: BUILDING

THE FOUNDATION FOR
GENOME-WIDE ASSOCIATION
STUDIES

The International HapMap Project was de-
signed to create a public, genome-wide database
of patterns of common human sequence varia-
tion to guide genetic studies of human health
and disease, including genome-wide association
(GWA) studies (1, 2). Identifying genetic influ-
ences on complex diseases would be quite diffi-
cultif the risk-associated allelic variants at a par-
ticular disease-causing locus were very rare, so
that for a disease to be common there would be
many different causative alleles. The HapMap
was instead designed to facilitate identification
of commonly occurring disease-causing vari-
ants based upon the “common disease, common
variant” hypothesis (3). This hypothesis sug-
gests that at least some of the genetic influences
on many common diseases are attributable to a
limited number of common allelic variants that
are present in more than 5% of the population.
GWA studies attempt to identify these com-
mon disease-causing variants by using high-
throughput genotyping technologies to assay
hundreds of thousands of common single nu-
cleotide polymorphisms (SNPs) and relate
them to clinical conditions and measurable
traits. Because of the strong associations among
SNPs in most chromosomal regions, only a few
carefully chosen SNPs need to be typed in each
region to predict the likely alleles at the rest of
the SNPs in that region. Selecting the best tag
SNPs requires precise mapping of the patterns
of linkage disequilibrium (LD) among SNPs,
which differ somewhat across ancestral groups.
The need for precise LD maps to facilitate ge-
netic association studies was the stimulus for
developing the human haplotype map (2, 4).
The International HapMap Project was a
consortium of researchers in Canada, China,
Japan, Nigeria, the United Kingdom, and
the United States, organized to produce a
human haplotype map by genotyping 270
samples from four populations with geograph-
ically diverse ancestry (1, 2). These samples in-
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cluded 30 mother—father—adult child trios from
the Yoruba in Ibadan, Nigeria; 30 trios from
the CEPH (Centre d’Etude du Polymorphisme
Humain) collection of Utah residents of
Northern and Western European ancestry; 45
unrelated Han Chinese individuals in Beijing,
China; and 45 unrelated Japanese individuals
in Tokyo, Japan. Approximately 1 million SNPs
were genotyped and their LD patterns charac-
terized in Phase I of the project. A description
was published in 2005 (1), but the data were
available long before this and were central to
several early genomic discoveries in complex
diseases (5, 6). The Phase II HapMap of more
than 3 million SNPs was published in 2007 (7).
Subsequent research has shown that tag
SNPs chosen using the HapMap are gener-
ally applicable across other populations, but
there are some limitations, particularly for rarer
SNPs and for populations with substantial pro-
portions of recent African ancestry (8). To allow
better choice of tag SNPs and more detailed
analyses for diverse populations, additional
samples were collected from the same four ini-
tial HapMap populations and from seven addi-
tional populations: Luhya in Webuye, Kenya;
Maasai in Kinyawa, Kenya; Tuscans in Italy;
Gujarati Indians in Houston, Texas; Chinese
in metropolitan Denver, Colorado; persons of
Mexican ancestry in Los Angeles, California;
and persons of African ancestry in the South-
western United States (9). These 1301 extended
HapMap samples are now available from the
Coriell Institute and have been genotyped on
the Affymetrix 6.0 platform and the Illumina
1 million SNP chip. Genome-wide sequenc-
ing of these samples to develop a comprehen-
sive catalog of rarer variants will begin soon as
part of the international 1000 Genomes Project
(http://www.1000genomes.org).

GENOME-WIDE ASSOCIATION
TECHNOLOGIES, PRESENT
AND FUTURE

GWA studies have been defined by the Na-
tional Institutes of Health (NIH) as any studies



Annu. Rev. Med. 2009.60:443-456. Downloaded from arjournals.annualreviews.org
by Stanford University - Main Campus - Robert Crown Law Library on 01/02/10. For personal use only.

of common genetic variation across the entire
human genome designed to identify genetic as-
sociations with observable traits (10). Implicit
in this definition is that sufficient numbers of
SNPs are typed to capture the vast majority
of common variations (as noted above, these
are alleles with a frequency of at least 5% in
a population) throughout the entire genome.
Such studies typically involve hundreds of thou-
sands of SNPs and are not limited to known
genes or regulatory regions. Instead, they as-
sess genetic variation genome-wide in an almost
“agnostic” fashion, unconstrained by current
imperfect understanding of genome structure
and function (11).

Technologies for high-throughput assays of
thousands, and then tens and hundreds of thou-
sands, of SNPs developed in parallel with the
progress of the HapMap, as it became clear
that denser maps could effectively capture the
majority of human genetic variation (12, 13).
These advances have made possible the dense
genotyping needed to characterize the SNP
variation within an individual, at a sufficiently
low cost to allow the large sample sizes needed
for comparisons of persons with and without
disease. As genotyping platforms expand to in-
clude ever more tag SNPs, they capture in-
creasingly larger proportions of the variation
in any population, so that even samples of re-
cent African ancestry, characterized by greater
variation and shorter stretches of LD (14), have
most of the genome covered at high r? (7).

Current-generation high-throughput geno-
typing platforms are extraordinarily efficient at
genotyping SNPs but are less effective at geno-
typing structural variants, such as insertions,
deletions, inversions, and copy number vari-
ants (CNVs). These variants are common in
the human genome, though not as common
as SNPs (15). The HapMap was not designed
to capture these variants, although it can be
used indirectly to do so, particularly for dele-
tions that are in strong LD with SNPs (16).
CNVs, in which stretches of genomic sequence
roughly 1 kb to 3 Mbin size are deleted or dupli-
cated in varying numbers, have gained increas-
ing attention because of their apparent ubiquity

and potential dosage effect on gene expression
7).

A critical question related to methods for
typing CNVsis whether they usually arise from
a single originating event and then are prop-
agated with diminishing degrees of LD on a
single haplotype background, or instead are
frequently regenerated on varying haplotype
backgrounds (18). The former situation would
be conducive to tagging and indirect interro-
gation with HapMap-based genotyping plat-
forms, while the latter would likely require di-
rect interrogation or genomic sequencing for
reliable association studies. Expansions and re-
finements of current genotyping platforms are
increasingly focused on capturing CNVs ad-
equately, and some success has already been
achieved (19). Array and sequencing methods
are also being used to type structural variants,
using the HapMap samples for development
and cross-validation of the methods (20, 21).

The identification of rare, potentially causal
variants thatare poorly tagged by existing geno-
typing platforms will require sequencing DNA
from large numbers of people for the genomic
regions showing strong associations with com-
plex traits (22). The 1000 Genomes Project
plans to produce modest sequence coverage (an
average of four sequencing reads at any place in
the genome) of ~1500 individuals that will ex-
tend the catalog of human genetic variation to
variants present in 1%—5% of the population
(10). It will thus limit the follow-up sequenc-
ing needed for investigating specific association
findings to the search for very rare variants.
Fine-mapping of candidate regions with com-
mon and rare SNPs optimally chosen, based
on HapMap data, to maximize the regional
genomic variation captured while minimizing
costs, will refine association signals and narrow
the list of possible functional variants.

CURRENT MAJOR EFFORTS
IN GENOME-WIDE
ASSOCIATION STUDIES

The first association study generally consid-
ered to be truly genome-wide was published in
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r?: Linkage
disequilibrium
coefficient
representing the
proportion of
observations in which
two specific pairs of
alleles occur together

Copy number variant
(CNV): a DNA
sequence of hundreds
to thousands of base
pairs that occurs a
variable number of
times across
individuals
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Nonsynonymous
SNP: a SNP for
which each allele
encodes a different
amino acid in the
protein sequence
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March 2005 (23), and by August 2008 >170
such publications had identified >150 genetic
loci associated with >60 complex diseases and
traits (9, 24). Although many such efforts have
been and will continue to be undertaken indi-
vidually, or as part of single large-scale stud-
ies such as the deCODE database (25) or the
National Heart, Lung, and Blood Institute’s
Framingham Study (26), the value of collabo-
rative efforts across studies and even across dis-
eases is increasingly being recognized.

A series of coordinated GWA publications
in early 2007 in prostate cancer, breast can-
cer, and myocardial infarction demonstrated
the value of assessing association reports in
multiple studies simultaneously (9). The joint
publication of individual and combined associa-
tions with type 2 diabetes in three collaborating
studies definitively showed the importance of
combining individual-level genotype and phe-
notype data in >30,000 subjects to identify as-
sociations across several studies that no single
study could reliably identify on its own (27—
29). This approach was subsequently expanded
by the addition of seven more diabetes stud-
ies in the Diabetes Genetics Replication and
Meta-analysis (DIAGRAM) Consortium, with
an effective sample size of >50,000 (30). Simi-
larly large efforts focused on a single phenotype
or closely related phenotypes in tens of thou-
sands of subjects have yielded variants related to
obesity (31), lipids (32), height (33), and other
traits.

A more challenging and somewhat more
controversial approach has been to combine
individual-level data from cases with several re-
lated or even unrelated conditions and compare
them to a common control group, in an effort to
expand sample size and increase study power for
each condition. The success of this method was
demonstrated by the landmark Wellcome Trust
Case Control Consortium (WTCCC) study
of 2000 cases of each of seven common dis-
eases and 3000 shared controls (34). This study
provided many fundamental methodologic ad-
vances, including demonstration of the robust-
ness of a single control group, the value of us-
ing cases of some diseases as controls for others,
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the greater power provided by increased sam-
ple size (numbers of subjects) rather than in-
creased genomic coverage (numbers of SNPs),
the critical need for manual review of auto-
mated genotyping calls, and the reliability of
imputed genotypes for SNPs that were not ac-
tually typed by the genotyping platform. This
approach of common controls and combined
case groups used as controls was also employed
by the WTCCC in its smaller study of 14,500
nonsynonymous SNPs in four autoimmune dis-
eases, and in dense genome-wide genotyping of
African cases of tuberculosis and malaria (35,
36). The Wellcome Trust recently announced
plans to conduct genome-wide genotyping in
120,000 additional people to identify variants
related to 25 diseases and traits using the same
approach (37).

Other collaborative studies of multiple
diseases have focused less on combining
genotype-phenotype associations than on shar-
ing methods for genotyping quality control,
data analysis, imputation, and data distribution.
Experience gained from early quality-control
efforts in programs such as the Genetic As-
sociation Information Network (GAIN) of six
complex diseases has been of great value in
speeding the completion and analysis of geno-
typing in later studies (19). Several other collab-
orative programs are currently in the pipeline
(Table 1).

SUCCESSES IN IDENTIFYING
VARIANTS RELATED TO
COMPLEX DISEASES

The first notable success of the GWA method
came in March 2005, with the identification of
a variant in the gene for complement factor H
(CFH) associated with age-related macular de-
generation (23). Two additional GWA studies
were published within that year, of Parkinson’s
disease and obesity (38, 39), but efforts at repli-
cating these findings have produced inconsis-
tent results (40, 41). In 2006, strong, robust
associations with electrocardiographic QT in-
terval prolongation (42), neovascular macu-
lar degeneration (43), and inflammatory bowel
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disease (44) were identified and have since been
the subjects of a substantial body of follow-up
research to determine gene function and pop-
ulation impact.

The pace of genomic discovery increased
dramatically in 2007, following the increased
availability of high-density genotyping plat-
forms and experience in interpreting the re-
sults. Simultaneous publication of coordi-
nated efforts in multiple diseases, and of the
WTCCC study, have been described above.
Rapid progress has continued into 2008 with
identification of >150 loci for >60 common
diseases and traits (Figure 1). Indeed, as Hunter
& Kraft have noted, “There have been few, if
any, similar bursts of discovery in the history of
medical research” (45).

Unique aspects of the GWA method have
made these discoveries possible. For example,
GWA studies allow the investigator to nar-
row an association region to a 10-100 kilo-
base length of DNA, in contrast to the 5-10
megabases usually detected in familial linkage
studies. Because GWA regions typically con-
tain only a few genes, rather than the dozens or
hundreds implicated in linkage regions, poten-
tially causative variants can be examined much
more rapidly and in greater depth. As noted
above, systematic interrogation of the entire
genome frees the investigator from reliance
on inaccurate prior hypotheses based on in-
complete understanding of disease pathogen-
esis and genome structure and function. The
critical importance of this is illustrated by the
fact that many of the associations identified to
date, such as CFH in macular degeneration (23)
and TCF7L2 in type 2 diabetes (6, 46), have
been surprising—the genes were not previously
suspected of being related to the disease. Some,
such as the strong associations of prostate can-
cer with SNPs in the 8q24 region (47) and
Crohn’s disease with the 5p13 region (34), have
been in genomic regions containing no known
genes at all. And because current genotyping
assays capture the vast majority of human vari-
ation genome-wide, rather than being focused
on particular regions or pathways, once a GWA
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scan is completed it can be applied to any con-
dition or trait measured in that same individ-
ual and consistent with his or her informed
consent.

Several of these discoveries have suggested
etiologic pathways not previously implicated in
these diseases, such as the autophagy pathway
in inflammatory bowel disease (48), the com-
plement pathway in macular degeneration (23),
and the HLA-C locus in control of viral load in
HIV infection (49). Of considerable interest in
determining pathophysiology have been vari-
ants or regions implicated in multiple diseases,
such as the 8q24 region in prostate, breast, and
colorectal cancers and the PTPN2 gene in type
1 diabetes and Crohn’s disease (9).

LIMITATIONS OF
THE GENOME-WIDE
ASSOCIATION METHOD

Important limitations of GWA studies should
also be kept in mind. One is their enormous
potential for generating false-positive or spu-
rious associations. Because they test hundreds
of thousands of statistical hypotheses—one for
each allele or genotype assessed—GWA studies
have enormous potential for generating false-
positive results due to chance alone. At the usual
p < 0.05 level of significance, an association
study of one million SNPs will show 50,000
SNPs to be “associated” with disease, almost
all spuriously. One response to this problem
is to reduce the false-positive rate by applying
the Bonferroni correction, in which the con-
ventional p-value is divided by the number of
tests performed (45). A one-million-SNP sur-
vey would thus use a threshold of p < 0.05/10°,
or 5 x 1078, to identify associations unlikely
to have occurred by chance. This correction
has been criticized as overly conservative, but
it remains the most commonly used approach
to date (50). Another cause of the false-positive
associations to which GWA studies are prone
is population stratification. Allele frequencies
vary between population subgroups, such as
those defined by ethnicity or geographic origin,
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dbGaP: Database of

Genotype and
Phenotype
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and these subgroups in turn differ in their risk
for disease. GWA studies may then falsely iden-
tify the subgroup-associated genes as related to
disease (50). Genotyping error is another im-
portant cause of spurious associations that must
be carefully sought and corrected.
These have also

candidate-gene studies,
systematic reviews showed that the vast
majority of initial associations could not be

problems

plagued

association where

replicated (51). This experience has led to
calls for all genetic association reports to
include documented replication of findings
as a prerequisite for publication. Consensus
guidelines for replication in any GWA study,
and, crucially, for complete description of the
initial study so that replication is possible, have
been developed (52).

Another limitation of GWA studies is their
lack of power for identifying associations with
rare sequence variants, since these are poorly
represented on current genotyping platforms,
as are structural variants. The often limited
information available on environmental expo-
sures and other nongenetic risk factors in GWA
studies will make it difficult to identify gene-
environment interactions, or modification of
gene-disease associations in the presence of en-
vironmental factors. Most variants identified to
date are of relatively modest effect size, con-
ferring less than a twofold increase in disease
risk and necessitating large sample sizes to de-
tect their effect (9, 34). Although the impor-
tance of risk factors with small effect is debated,
the potential for purifying selection to eliminate
risk variants of large effect is unique to genetic
studies and will tend to keep effect sizes small
for common variants (53). Modest associations
can point the way to important therapeutic av-
enues, and, when considered in combination,
may identify persons at substantially increased
risk (28). Such information can be particularly
important, even in the absence of specific phar-
maceutical agents targeted to such individuals,
for more aggressive efforts to reduce known risk
factors that are modifiable, such as obesity in
prediabetes and smoking in age-related macu-
lar degeneration (9).
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DATA RELEASE AND
PARTICIPANT PRIVACY

GWA studies produce massive data sets, often
representing substantial investments of pub-
lic funds and providing unparalleled oppor-
tunities for research into complex diseases.
Recognizing the research potential of these
data sets, and following an extended period
of public comment, NIH released its Policy
for Sharing of Data Obtained in NIH Sup-
ported or Conducted Genome-Wide Associ-
ation Studies, recommending widespread and
responsible release of GWA data to the sci-
entific community through the Database of
Genotype and Phenotype (dbGaP) of the Na-
tional Center for Biotechnology Information
(10, 54). Study descriptions and protocols are
available in the open-access portion of the db-
GaP website; individual-level data are provided
through a controlled-access process consistent
with participants’ informed consent. This com-
mitment to rapid data release builds on the
now well-established ethic in genomic com-
munity research projects of maximizing data
access. Other GWA data access sites include
the Cancer Genetic Markers of Susceptibil-
ity (CGEMS) data portal (55) and the Euro-
pean Genotype Archive (EGA) (56). Policies
for data release have been developed collabora-
tively among these projects and are quite sim-
ilar. Published GWA studies and major find-
ings are also catalogued by the National Human
Genome Research Institute NHGRI) (24), and
GWA literature citations are available through
the Centers for Disease Control and Prevention
37).

The extensive genotype and phenotype in-
formation deposited in dbGaP raises important
questions about possible risks to confidentiality
of individual participants in broad data-sharing
models. NIH policies were thus developed with
deliberate attention to participant protections,
both in the process of data submission from the
original studies and in the processes of data ac-
cess and use by outside investigators. A key as-
pect of the protections provided in dbGaP is
removal of potentially identifying information
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prior to data submission, using criteria very
similar to those described within the Health
Insurance Portability and Accountability Act
(HIPAA) Privacy Rule (10).

Substantial participant protections are also
applied at the dbGaP data-user level through
a process managed by a Data Access Commit-
tee (DAC) composed of senior NIH staff. In-
vestigators interested in obtaining controlled-
access dbGaP data submit a Data Access
Request, cosigned by their institution, consti-
tuting their agreement to abide by the princi-
ples and practices detailed in the NIH GWA
study policy. These include keeping the data se-
cure; using them only for the approved research
purposes; acknowledging NIH policies on pub-
lications and intellectual property (IP); and sub-
mitting periodic reports on data use. Data users
also agree not to distribute individual-level data
in any form to any third parties (other than their
own research staff who have agreed to the terms
of access), nor to attempt to identify individual
study participants.

Recognizing the unprecedented pace of sci-
entific progress in this field, NIH has designed
its policies on data sharing in GWA studies to
adapt to rapid technical advances. For exam-
ple, data summaries and other group-level data
such as allele frequencies and association statis-
tics were initially provided in the open-access
portion of dbGaP, in the belief that grouped
data carried no threats to individual privacy. An
innovative analysis for resolving the presence
of an individual’s DNA in a mix of DNA (as
from a mass disaster) subsequently showed that
an individual could be determined to have con-
tributed to grouped allele frequency data with
high reliability if one had data on that indi-
vidual’s genotypes at hundreds of thousands of
SNPs (58). NIH responded swiftly to remove
these data sets from open access and place them
behind the controlled-access process, and to
notify other major data providers as well, who
took similar actions (59). Data access policies
will continue to evolve with ongoing scientific
advances in the field, to ensure that state-of-
the-art data can be distributed and used in the
most responsible and productive manner.

Ensuring confidentiality and privacy is vital
for databases containing individual-level geno-
type or phenotype information. Important con-
cerns about the potential for persons carrying
risk-associated variants (i.e., essentially every-
one) becoming the object of discrimination by
employers or insurers must be addressed. Ap-
plication of GWA findings and other genomic
research will be greatly facilitated by the formal
legal protection against discrimination based on
genetic information provided by the Genetic
Information Nondiscrimination Act (GINA)
that was signed into law in May 2008. When
it goes into effect in 2009, GINA will protect
against discrimination by health insurers and
employers on the basis of genetic information.
Itis particularly important for GWA studies be-
cause of the breadth of information obtained
in such studies; almost certainly every individ-
ual will carry at least one risk allele for at least
one common disease. Protections under GINA
will not only shield study subjects from the risk
of genetic discrimination due to their partici-
pation in research, but more importantly will
ensure that clinicians can order genetic tests
identified from GWA studies to make more ef-
fective treatment decisions and can place this
information in patients’ records without risk to
patients or their families.

USE OF FINDINGS BY
PHYSICIANS AND THE PUBLIC

Although GWA discovery studies provide valu-
able clues to genomic function and pathophys-
iologic mechanisms, they are only a first step
in identification of disease genes and are many
steps removed from actual clinical application.
Nonetheless, they tend to receive considerable
media attention and have the potential for gen-
erating queries from patients about whether
to get tested for the “new gene for Disease
X” based on the latest report (50). As noted
above, many SNPs identified from such stud-
ies, as well as the genes or regions containing
them, are currently of unknown function. In ad-
dition, SNPs from GWA studies in complex dis-
eases (unlike many Mendelian disorders) do not
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predict unequivocally who will develop disease
and who will remain free of it. Instead, individ-
uals carrying a particular risk genotype impli-
cated in a GWA study have a greater risk (and
sometimes only a modestly greater risk) of de-
veloping a complex disease than those who do
not.

The distinction between disease prediction
and disease susceptibility is important because
for many common variants, a substantial num-
ber of persons who do not carry the at-risk
genotype may develop disease anyway owing
to environmental or other factors. Indeed, for
common diseases such as hypertension or di-
abetes, environmental or lifestyle factors may
play such a strong role relative to genetics that
many individuals with the at-risk genotype will
develop disease for reasons that are probably
unrelated to genotype, and others with the
at-risk genotype may remain healthy in the ab-
sence of other important environmental expo-
sures (60). Identifying subgroups of individu-
als in whom SNP-outcome associations differ
according to the presence or absence of other
SNPs or environmental factors might even-
tually be of considerable clinical use, partic-
ularly for environmental factors that can be
modified.

The consensus at present is that GWA find-
ings provide important clues to disease etiol-
ogy and pathways to treatment, but current in-
formation is far too preliminary to recommend
their use in prevention or treatment recommen-
dations. Use of GWA findings in screening for
disease risk, though beginning to be marketed
commercially, is problematic. Although getting
the latest “gene test” may be alluring, evidence
is needed that such screening adds information
to known risk factors (such as age, smoking,
obesity, and family history), that effective inter-
ventions are available, that improved outcomes
justify the associated costs, and that obtaining
this information does not have serious adverse
consequences for patients and their families.

Given the availability of many genetic tests
to anyone willing to pay for them, however,
clinicians are soon likely to face anxious patients
equipped with genotype information showing

Manolio o Collins

them to be at risk for multiple diseases. This
may provide a “teachable” moment for encour-
aging patients to apply known preventive strate-
gies against the conditions for which they are
at increased risk. Such encounters also provide
critical opportunities to discourage compla-
cency in preventive strategies for which geno-
typing information suggests a patient is not at
increased risk. This is because so little is known
about genetic influences on complex diseases
and because variants identified to date typically
explain so small a proportion of population risk.
It may be useful to point out to patients con-
sidering purchasing these tests that obtaining a
family history is often simpler and almost al-
ways cheaper. A positive family history typi-
cally confers a three- to fourfold increase in the
risk of many diseases and is extremely useful in
identifying persons to target for more intensive
screening (61).

UTILITY OF FINDINGS
FOR RESEARCH

Perhaps the greatest initial utility of GWA find-
ings is in the clues they provide for disease eti-
ology, therapeutic targets, and gene function.
As noted above, several of these discoveries
have suggested etiologic pathways and thera-
peutic opportunities not previously implicated
in the complex diseases with which they are
associated, such as the autophagy pathway in
inflammatory bowel disease, the complement
pathway in macular degeneration, and the
HLA-C locus in control of viral load in HIV
infection (9). Intriguing potential genetic con-
nections between diseases previously believed
to be unrelated—such as the finding that risks
of type 2 diabetes, coronary disease, and familial
melanoma are all associated with variants near
CDKNA2A/B, or that risks of Crohn’s disease
and type 1 diabetes are related to variants near
PTPN2—suggest new avenues of research in
identifying other similarities in etiology, pro-
gression, or treatment of these conditions. The
not infrequent occurrence of associations in
“gene deserts” far from any known genes in-
vites the question of whether studies of disease
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pathogenesis have been too focused on coding
regions of the genome and have missed other
important structural and functional clues to ge-
nomic regulation.

Research to pursue initial GWA discover-
ies will include replication studies in the same
phenotypes and populations, to ensure the ro-
bustness of the findings, and in similar but not
identical phenotypes and populations, to ex-
tend the findings and increase understanding
of their mechanisms and importance (52). In-
vestigation of disease subtypes, such as estro-
gen receptor—positive versus —negative breast
cancer, or young-onset or severely progressive
forms of prostate cancer or diabetes, may be of
great value in identifying which subgroups of
alleles confer the highest risk and which sub-
groups of persons carry those alleles. Func-
tional studies of highly replicated variants, in
experimental models such as knockdown and
overexpression studies (9) and in relationship to
gene expression, as recently demonstrated for
asthma-associated variants in ORMDL3 (62),
will help to determine the mechanisms of gene
function and how they are perturbed in disease,
providing insights into possible preventive or
therapeutic strategies.

AUTHORITATIVE SOURCES
OF INFORMATION

The HapMap continues to evolve, with new
SNPs being identified and LD patterns defined
in both the original and newer HapMap
populations. The primary portal to HapMap
genotype data, as well as publications, tutorials,
and other relevant resources, is the Inter-
national HapMap Project website at http://
www.hapmap.org. An up-to-date catalog of
GWA studies is provided by the NHGRI’s
Office of Population Genomics at http://www.
genome.gov/GWAstudies. This site lists all
published studies attempting to assay 100,000
SNPs or more, noting the trait under investiga-
tion, the top new associations identified, their
genomic region and nearby genes, p-values,
odds ratios, and links to the PubMed citations.
Study descriptions, protocols, and associa-

tion findings are available for many NIH-
supported GWA studies in dbGaP at http://
www.ncbi.nlm.nih.gov/sites/entrez?db=gap,
and individual-level data may be requested for
download through the controlled-access por-
tion of that site. Those seeking additional in-
formation on specific genes related to complex
diseases should consult Online Mendelian In-
heritance in Man (OMIM) at http://www.ncbi.
nlm.nih.gov/sites/entrez?2db=OMIM, the
definitive catalog of human genes and genetic
disorders. Findings from GWA studies are
added to genes described in OMIM on a regular
basis. More relevant to clinicians and patients
may be the website and materials produced by
the National Coalition for Health Professional
Education in Genetics, a coalition of health
professional organizations whose purpose is
to promote health professional education and
access to information about advances in human
genetics, at http://www.nchpeg.org.

SUMMARY

The genome-wide database of human ge-
netic variation produced by the International
HapMap Project has provided a radically new
approach for searching for genetic variants
associated with complex diseases. The over-
whelming success of these studies has led to sur-
prising new insights into disease pathophysiol-
ogy and therapeutic approaches, as well as new
questions about genomic structure and function
(and its interaction with genomic variation and
environmental factors) in disease causation.
GWA studies represent a powerful new tool
for identifying genetic variants related to com-
plex diseases, but they also have important
limitations, including their potential for false-
positive results and lack of sensitivity to de-
tect rare variants. Their primary uses for the
foreseeable future are likely to be in the inves-
tigation of biologic pathways of disease cau-
sation and normal health and development.
Clinical application of these findings will re-
quire firm evidence that testing for them adds
information to known risk factors, that effec-
tive interventions are available, that improved
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outcomes justify the associated costs, and that  stream clinical use at present, functional inves-

obtaining this information does not have se- tigation and experimental application of these

rious adverse consequences for patients and  findings are expected to produce new advances
their families. Although most GWA findings in the prevention and treatment of common
are clearly several steps removed from main-  diseases.

FUTURE ISSUES
1. Defining the functional properties of genomic variants identified through GWA studies,

including effects on gene expression, protein structure, and protein function.

2. Identifying copy number variants that may be contributing significantly to common
disease risk but are scored inconsistently by current technologies.

3. Identifying rarer sequence variants that may be causative or additive in the disease asso-
ciations identified in GWA studies.

4. Determining the population prevalence and risk associated with putative causal variants
in unbiased and diverse population samples.

5. Estimating the increment in risk over established risk factors provided by GWA-defined
variants.

6. Using information from GWA studies to identify new targets for therapeutic interven-
tion.
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