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Abstract | Although genetic studies have been critically important for the identification of
therapeutic targets in Mendelian disorders, genetic approaches aiming to identify targets
for common, complex diseases have traditionally had much more limited success. However,
during the past year, a novel genetic approach —genome-wide association (GWA) — has
demonstrated its potential to identify common genetic variants associated with complex
diseases such as diabetes, inflammatory bowel disease and cancer. Here, we highlight some
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Genetic factors are known to have an important role in
many common diseases, and the identification of genetic
determinants for such diseases has the potential to pro-
vide insights into disease pathogenesis, revealing novel
therapeutic targets or strategies. Genetic factors could
also provide useful biomarkers for diagnosis, patient
stratification and prognostic or therapeutic categoriza-
tion. In addition, given that inherited genetic factors are
present at birth, knowledge of these factors could facilitate
timely preventative or ameliorative interventions.
During the past 25 years, genetic linkage-based stud-
ies have proved very effective in identifying causal
genetic factors in Mendelian (single gene) disorders;
causal genes for more than 1,300 dominant and recessive
Mendelian diseases have been identified'. Most common
diseases and endophenotypes, however, do not exhibit
Mendelian inheritance, but rather feature complex,
multifactorial expression and inheritance. Although
linkage-based methods have been broadly applied,
these studies have had little success in identifying the
allelic determinants of common disorders?. In particular,
there has been poor replication among studies, whereby
an initial study identifies an allele (genotype) with large
estimated genetic effects (relative risk) but subsequent
studies fail to corroborate the results**. In part, this
reflects the dependence of linkage-based studies on
unusually informative families (with multiple affected
and unaffected individuals), which induce a bias toward

of these recent successes, and discuss the potential for GWA studies to identify novel
therapeutic targets and genetic biomarkers that will be useful for drug discovery, patient
selection and stratification in common diseases.

rare, semi-Mendelian disease subsets in subpopulations.
Reports of successful identification of genetic variants in
common diseases using an approach that circumvents
this limitation — genome-wide association (GWA) studies
— have therefore generated considerable excitement.
Human GWA studies are based on three hypotheses:
First, the common trait/common variant hypothesis
proposes that the genetic architecture of complex traits
consists of a limited number of common alleles, each
conferring a small increase in risk to the individual®$;
second, the brief history of most human populations
precludes sufficient generations (or meioses) to create
recombination events (or mutations) between closely
located, common (ancient) variants; and, third, sup-
pression of meiotic recombination (coldspots) occurs
very frequently. Thus, approximately 80% of the human
genome is comprised of around 10 kb regions that
exhibit reduced recombination in human populations
(haplotypes)”. Genetic variants (alleles) within haplo-
types are in linkage disequilibrium (LD). This phenom-
enon enables much of the recombination history in a
population to be ascertained by genotyping a large set
of well-spaced, common (ancient) variants throughout
the genome, especially if variant selection is informed by
knowledge of haplotypes. During the last 10 years, more
than 10 million single nucleotide polymorphisms (SNPs)
have been identified®. Furthermore, the International
HapMap project has genotyped approximately 4 million
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Multifactorial

Inheritance of a trait that is
attributable to two or more
genes and their interaction
with the environment

(also known as polygenic
inheritance).

Allele
The DNA code at a given locus
(position) on a chromosome.

Genome-wide association
study

A comprehensive search of the
human genome for genetic
risk factors for a trait by a
case-control association study
involving comparisons of
hundreds of thousands

of alleles between unrelated
subjects with and without

a trait.

Haplotype

A combination of alleles

at linked loci (on a single
chromatid) that are transmitted
together more often than
explicable by chance.

Linkage disequilibrium

(LD). Combinations of alleles in
a population that differ in
frequency from that expected
from random formation of
haplotypes from alleles based
on their frequencies.

Minor-allele frequency

The allele frequency of the less
frequently occurring allele of a
polymorphism.

Case—control association
study

Comparison of the frequency
of an allele between unrelated
subjects with and without a
trait. A difference in allele
frequency between the two
groups indicates that the allele
might change the likelihood

of the trait.

Genetic association
Correlation of a trait and an
allele in a population more
often than explicable by
chance.

Genocopy

A genotype at a locus that
produces a phenotype that is
indistinguishable from that
produced by a genotype at
another locus.

Phenocopy

An environmentally produced
phenotype that simulates the
effect of a particular genotype.

Box 1| Useful resources and databases for genetic-based studies

* Genetic Association Database: An archive of human genetic association studies of complex diseases.

http://geneticassociationdb.nih.gov/

* Schizophrenia Gene Database: An archive of genetic association studies performed on schizophrenia phenotypes.
http://www.schizophreniaforum.org/res/sczgene/default.asp

* Online Mendelian Inheritance in Man: A catalogue of human genes and genetic disorders.
http://www.ncbi.nlm.nih.gov/sites/entrez?db=OMIM&itool=toolbar

* Human Gene Mutation Database. A catalogue of published gene lesions responsible for human inherited disease.

http://www.hgmd.cf.ac.uk/ac/index.php

* Human Genome Variation Database: A catalogue of normal human gene and genome variation.

http://www.hgvbase.org/

* dbSNP: A catalogue of human single nucleotide polymorphisms. http://www.ncbi.nlm.nih.gov/projects/SNP/

* GeneSNPs: A database of polymorphisms in human genes that are thought to have a role in susceptibility to
environmental exposure. http://www.genome.utah.edu/genesnps/

* PharmGKB: A database of pharmacogenomics research. http://www.pharmgkb.org/index.jsp

* GeneCards: A database of human genes that includes genomic, proteomic and transcriptomic information, as well as
orthologies, disease relationships, SNPs, gene expression and gene function. http://www.genecards.org/

common SNPs (occurring with a minor-allele frequency
of more than 5%) in human populations and has assem-
bled these genotypes computationally into a genome-
wide map of SNP-tagged haplotypes’. These resources,
together with array technologies for massively parallel
SNP genotyping and the well-established epidemiologi-
cal case-control association studies have rendered GWA
feasible (BOX1,FIG.1).

Initial genetic association studies focused on candidate
loci and exhibited a lack of replication among studies™'’.
There were biological explanations for inconsistent
results: unobserved, confounding biological sources of
heterogeneity, including inconsistent or poorly defined
measurements of the phenotype, heterogeneous genetic
sources for the phenotype (genocopies), population
stratification (ethnic ancestry), population-specific
LD, heterogeneous genetic and epigenetic backgrounds or
heterogeneous environmental influences (phenocopies).
In addition, there were statistical reasons for irrepro-
ducibility, including failure to control the rate of false
discoveries, model misspecification and heterogeneous
bias in estimated effects among studies' . Also, a fre-
quent source of non-replication was lack of power due
to the limited number of individuals genotyped and
phenotyped'™'*.

In order to ameliorate poor replication, GWA experi-
ments employ multi-tiered experimental designs with
discovery, replication and biological validation stages'”
(FIG. 1). Tiered designs are critical for cost-effective
detection of meaningful, hypothesis-generating, geno-
type—phenotype associations given the large number
of comparisons involved, prior probability estimates of
association, sample sizes, resampling procedures and
statistical significance thresholds. GWA studies also owe
their statistical power to their large cohort size and high
rate of SNP detection. Currently, a respected threshold
for uncorrected, significant associations is P <5 x 10~
(REFS 18,19). Alleles with moderately less significant asso-
ciations, however, are often also reported, as they might
indicate loci that reach the aforementioned threshold in
subsequent studies.

Results of initial GWA studies

The first GWA study, published in 2002, evaluated
acute myocardial infarction (AMI)*. The discovery,
or nomination, phase comprised the examination of
genotype—phenotype association signals in 65,671 coding
domain SNPs (cSNPs) in 752 cases and controls (TABLE 1).
Although subsequent studies have used up to 20 times
this number of non-coding SNPs, gene-tagging SNPs are
more informative, as the majority of true-positive associa-
tions are expected to be with genes'. Even more informa-
tive are screens that employ functional cSNPs, such as
nonsynonymous SNPs (nsSNPs), that are candidate,
causal (risk-enhancing) gene alleles"*'-%. The replication,
or confirmatory, phase examined associations of 26 SNPs
in 2,137 individuals and confirmed association of AMI
with a 50 kb region containing lymphotoxin-a. (LTA),
nuclear factor of kappa light polypeptide gene enhancer
in B cells (also known as RELA), nuclear factor of kappa
light polypeptide gene enhancer in B cells inhibitor-like 1
(NFKBILI) and human leukocyte antigen (HLA)-B
associated transcript 1 (BAT1) genes. Additional replica-
tion studies have been undertaken, some of which have
confirmed an association of this region with AMI-related
phenotypes and, in particular, one nsSNP in LTA*. The
association of LTA with AMI was an unexpected finding,
suggesting a novel therapeutic target.

A second, pioneering GWA study examined age-related
macular degeneration (AMD)* (TABLE 1). The discovery
phase sought associations of 105,980 SNPs with AMD
in 96 cases and 50 control individuals. Despite the small
cohort size, SNPs in the complement factor H (CFH) gene,
including an nsSNP, showed significant association with
AMD. Replication was not performed, but subsequent
studies have replicated associations of CFH alleles with
AMD?*, Of all common diseases examined by GWA to
date, AMD is unique in that a single haplotype explains
61% of the genetic variance, conferring a homozygous
odds ratio of 7.4. To put this in perspective, this is of a
similar magnitude to the classic associations of HLA-B27
with anterior uveitis/ankylosing spondylitis and HLA alle-
les with type 1 diabetes mellitus (T1DM). Complement
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Figure 1| Overview of the general design and workflow of a genome-wide
association (GWA) study. The discovery phase entails genotyping many case and
control DNA samples and evaluation for significant associations. The replication phase
involves fine mapping of association signals and independent confirmation in a second
cohort. Biological validation is important for translation of GWA findings into diagnostic

or therapeutic discoveries.

Non-synonymous SNP
(nsSNP). A SNP that leads to
a change in the amino-acid
sequence of the gene’s
resulting protein and that
might therefore affect its
function.

Odds ratio

A measure of risk that
compares the probability of
occurrence of a disease in a
group with a risk allele with the
probability in a control group.

Pleiotropy
Asingle gene that influences
multiple phenotypic traits.

Epistasis
Modification of the action
of a gene by another gene.

pathway dysregulation was a novel, unexpected asso-
ciation with AMD. Subsequent studies have shown an
association of AMD with two additional members of the
alternative complement pathway (factor B (CFB) and
C3)"42, These findings, together with biological valida-
tion studies, have led to the initial development of new
AMD therapies, based upon complement inhibition.

In the past year, technical challenges associated with
GWA were largely overcome, genotyping costs were
decreased and a significant number of studies have used
SNP genotyping arrays in larger population groups to
produce replicated associations between individual SNP
alleles and common diseases.

Inflammatory bowel disease. Five large GWA studies
have examined Crohn’s disease and ulcerative colitis,
two histologically distinct types of inflammatory bowel
disease (IBD) (TABLE 1). Four of the studies used micro-
arrays featuring between 300,000 and 400,000 SNPs'$#-%5,
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whereas the fifth study genotyped approximately 16,000
nsSNPs?. Two follow-up studies sought to replicate
the most significant signals from the Wellcome Trust
Case Control Consortium (WTCCC) study’®, one in a
European population and another in a Japanese popula-
tion**. The European study replicated significant sig-
nals of the WTCCC study, but some of the alleles failed
to reach significance in the Japanese study and others
were not detected. The failure to replicate signals in
different studies might reflect true differences between
populations, differences in phenotype ascertainment or a
lack of power.

Considering the six studies of European populations,
there was significant replication of specific allele associa-
tions with Crohn’s disease (TABLES 1,2). Three associations
were concordant in four out of five studies (representing the
genes caspase recruitment domain 15 protein (CARDI5,
also known as NOD?2), interleukin 23 receptor (IL23R)
and ATG16 autophagy related 16-like 1 (ATGI6L1)).
Of note, CARDI5 had previously been identified as a
susceptibility gene by linkage-based approaches***. One
gene, prostaglandin E receptor 4 (PTGER4) showed
association in two out of five studies. In addition, several
disease-associated intergenic segments have been repli-
cated. IBD susceptibility genes that have been identified to
date appear to coalesce into biological networks involving
innate immunity, autophagy and phagocytosis®. In addi-
tion, alleles of two genes associated with Crohn’s disease
(IL23R and PTPN2) have shown association with other
autoimmune disorders®"’', suggesting the existence of
autoimmune susceptibility ‘supergenes’ There is great
interest in alleles that exhibit pleiotropic associations,
as they potentially represent blockbuster targets that
cross-over therapeutic categories (TABLE 2).

In common with most GWA studies to date, estimated
genetic effects (relative risks) of IBD-associated loci are
small'®*. However, as many of these variants were com-
mon, the population attributable risk — an estimate of
the percentage of cases of disease that would be avoided
if the allele(s) were absent — was substantial. Of several
studies that looked for epistatic interactions between IBD
association signals, two found suggestive evidence of
epistasis involving two different pairs of genes**.

Diabetes mellitus. A good example of the capabili-
ties and limitations of GWA studies is type 2 diabetes
mellitus'®>3-7 (T2DM; TABLE 1). Two studies examined
association both with SNPs and haplotypes in the
discovery phase***’. Haplotype-based analysis can be
more powerful than marker-by-marker analysis in
association studies*>**!. For example, haplotypes can
correlate a specific phenotype with a specific gene in
a small population sample even when individual SNPs
cannot®, Case-control and family-based association studies
were employed in several studies of T2DM.

The replication phases of these studies were impres-
sive; two of them included over 9,000 replication individ-
uals®®*. One study sought to replicate signals identified
by the WTCCC study’® by genotyping the most signifi-
cant SNPs; 9 of 77 candidate SNPs reached a P <5 x 10”7
significance level®. The eight genes represented by these
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SNPs were replicated in at least one other independent Reassuringly, some of the genes identified by GWA in
study (TABLES 1-3). The concordance of T2DM-associated  studies of TD2M have previously been associated with
genes between GWA studies is striking: of 10 novel the disease in other types of genetic studies. For example,
associations, only two were unique to a single study. transcription factor 7-like 2 (TCF7L2) had previously

Table 1 | Discovery and replication designs of recent GWA studies

Disease Discovery Phase Replication Phase Refs
Number of  Number of Population Number of Number of Population
individuals  SNPs individuals SNPs validated/
examined examined tested

AMD 146 105,980 Caucasian 96 2/50 Same 36

Asthma 2,642 307,328 UK/German 2,320 0/9 German 92

Atrial fibrillation 5,026 316,515 Icelandic 17,810 2/18 Icelandic/ 94

European

Bipolar disorder 1,024 (pooled) 555,235 Western European 1,648 1/37 Same 91

Breast cancer 754 227,876 European 45,426 7/30 Same 85
2,287 528,173 European 3,848 1/8 Same 19
13,163 311,524 Icelandic 7,968 2/9 Various 86

Celiac disease 2,200 310,605 UK 2,480 5/27 Dutch/Irish 97

Colorectal cancer 1,890 547,647 Caucasian 23,121 2/18 Same 111
2,593 99,632 Canadian 23,325 2/1,143 Same 112

Crohn’s disease 1,923 304,413 European 2,150 4/37 Same 45
1,103 16,360 nsSNP German 2,670 3/72 Same 24
1,475 302,451 Belgian 2,236 7/10 Same 44

IBD 1,095 + 834 308,332 European 2,885 10/27 Same 43

LOAD 1,086 502,627 Caucasian ND ND ND 90

Lung cancer 673 116,204 Italian 621 0/1 Caucasian/ 98

Norwegian

Memory 341 (pooled) 502,627 Swiss 680 Y Several 87

AMI 752 65,671 cSNPs Japanese 2,137 4/26 Same 20

Nicotine dependence 548 (pooled) 2,427,357 European 1,929 0/31,960 European 93

Obesity 4,862 490,032 British/Irish 29,596 1/1 Same 71

Prolonged QT interval 3,966 88,500 German 4,451 1/7 European 96

Prostate cancer 4,517 316,515 & 243,957 Icelandic 3,655 2/2 Several 53

haplotypes
12,791 310,520 Icelandic 5,050 2/5 European 78
2,339 550,000 European 6,266 2/2 Several 79

RLS 2,045 236,758 European 2,336 9/13 Same 101
15,970 306,937 Icelandic 2,206 1/70 Icelandic/US 100

T2DM 2,335 315,635 Finnish 2,473 10/80 Same 55
4,900 393,453 European 9,103 10/77 Same 63
7,805 313,179 6 339,846 Icelandic/Danish 3,382 2/47 Same 57

haplotypes
1,316 392,935 French 5,511 8/57 Same 56

T2DM and Triglyceride levels 2,931 386,731 6 284,968 Finnish/Swedish 10,850 3/107 Several 54

haplotypes

T1DM 3,388 6,500 nsSNPs European 12,229 1/1 Same 28

Bipolar disorder, Crohn’s disease, 4,868 392,575 UK ND ND ND 18

T2DM, T1DM, HT, RA, CAD*

AMI, acute myocardial infarction; AMD, age-related macular degeneration; CAD, coronary artery disease; HT, hypertension; IBD, inflammatory bowel disease;
LOAD, late-onset Alzheimer’s disease; ND, not determined; nsSNP, non-synonymous SNP; RLS, restless leg syndrome; RA, rheumatoid arthritis; SNP, single nucleotide
polymorphism; TIDM, type 1 diabetes mellitus; T2DM, type 2 diabetes mellitus. *There is overlap of the individuals genotyped in this study with REFS 58,63,80.
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Table 2 | Loci and variants associated with multiple diseases in GWA studies

Locus Variant (rs) Disease Refs
PTPN22 6679677 RA 18
T1DM 18
IL2RA 2104286 RA 18
T1DM 18
PTPN2 2542151 T1DM 51
CD 18,46
TCF2 4430796 T2DM 53
PC 53
FTO 9939609 T2DM 18
Obesity 71
APOE 4420638 Triglyceride level 54
Alzheimer’s disease 90
8q24 6983267 PC 79,81,113
CcC 111-113
IL23R 11209026 CD 43
Psoriasis 21

Above variants are associated P <5 x 107. CC, colorectal cancer; CD, Crohn’s disease; PC, prostate
cancer; RA, rheumatoid arthritis; TLIDM, type 1 diabetes mellitus; T2DM, type 2 diabetes mellitus.

Family-based association
study

Evaluation of the frequency

of co-transmission of an allele
and a trait from parents to
offspring. Co-transmission of
an allele and trait to offspring
more often than expected by
chance indicates that the allele
might change the likelihood of
the trait.

shown linkage to T2DM in the Icelandic population,
and significant association in a candidate gene associa-
tion study®’. Heterozygous and homozygous carriers of
TCF7L2 risk alleles had relative risks of 1.45 and 2.41,
respectively. TCF7L2 is a transcription factor that
regulates the pro-glucagon gene in entero-endocrine
cells®. TCF7L2 alleles have also shown associations with
endophenotypes such as a lower likelihood of response
to the oral hypoglycaemic drug sulphonylurea® and
increased risk of progression to T2DM among persons
with impaired glucose tolerance®.

In common with IBD, T2DM associations exhibited
small estimated-effect sizes. Some of the candidate
genes from GWA studies were consistent with biologi-
cal processes that have previously been implicated in
the pathogenesis of T2DM, such as pancreatic islet beta-
cell function and insulin biosynthesis. However, these
studies also suggested new components of these proc-
esses, such as zinc transport and Wnt-signalling®®¢455,
Validation of T2DM candidate genes as therapeutic
targets will require additional studies to identify causal
susceptibility alleles and to determine their precise
effect on cell biology.

Three studies performed initial modelling of how
loci combine to affect susceptibility to T2DM****%°. One
study found evidence of epistatic interactions between
two genes. Otherwise, T2DM appeared to fit a polygenic
threshold model with additive/multiplicative effects of
individual loci. However, until the causal alleles that
underpin these association signals have been found, it
is not possible to make categorical statements about the
allelic architecture of T2DM.

Frequencies of T2DM associated alleles showed con-
siderable variation between ethnic and racial groups.
Despite these differences, however, T2DM-associated
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risk alleles were conserved between independent
populations, implying an ancient origin of these
polymorphisms”.

Expansion of an initial association of an allele with a
categorical trait (such as the presence of a disease) with
quantitative component phenotypes (endophenotypes)
is an approach pioneered with apolipoprotein E (APOE)
alleles in Alzheimer’s disease. It appears to be highly
instructive in elucidating the mechanism of action
of alleles in disease pathogenesis. One T2DM GWA
extended its analysis to a quantitative endophenotype:
T2DM-related obesity (measured by body-mass index
(BMI); TABLE 1)>*7!, Alleles associated with T2DM in the
fat-mass and obesity-associated gene (FT0O)'®** also
showed an association with BMI (TABLES 2,3). Association
of FTO with obesity has since been confirmed™.

Two GWA studies examined TIDM. One examined
6,500 nsSNPs* and the other evaluated 392,575 SNPs'.
Four T1DM, susceptibility loci had previously been iden-
tified by linkage-based methods (class I MHC alleles,
CTLA4, PTPN22 and insulin). GWA studies replicated
the association with PTPN22 and identified several
novel loci, including C120rf30, KIAA0350 (also known
as CLECI6A) and IFIH ] (each replicated in two studies).
Twenty-one T1DM candidate genes that have previously
shown linkage or association are currently undergoing
replication studies™.

T1DM, like rheumatoid arthritis and IBD, is an
autoimmune disorder. Medical practitioners have long
noted familial aggregation of autoimmune diseases. One
study showed association of both rheumatoid arthritis
and T1DM with specific polymorphisms (IL2RA-
rs2104286 and PTPN22-rs6679677; TABLE 2)'%. TIDM,
rheumatoid arthritis and IBD also show association with
MHC alleles’7%. These findings suggest common under-
lying aetiological pathways (and therapeutic targets) for
several, common autoimmune disorders”’.

Cancer. GWA studies of cancer based on common,
inherited SNPs are useful for the identification of germ-
line risk alleles, but not somatic mutations. Three GWA
studies sought inherited association signals in prostate
cancer™”%7; FIC. 2 shows details of the discovery phase
of one of these studies. An association signal at chromo-
some 8q24 that had previously been identified by linkage
analysis® was replicated in two GWA studies®*”. In addi-
tion, these studies identified a second 8q24 association,
approximately 300 kb upstream from the first. As yet, the
functional basis of these associations is unclear. Although
individual 8q24 alleles showed modest estimated genetic
effects, the cumulative effect of several loci fit a multi-
plicative model that conferred a population-attributable
risk (PAR), that is, an expected reduction in prostate-
cancer incidence if the risk alleles did not exist in the
population, of up to 68%?*'. As noted above, PAR values
are strongly affected by allele frequency and represent
only an approximate measure of the contribution of
those alleles to disease incidence.

One study of prostate cancer’® identified a TCF2 (also
known as HNF1B) susceptibility allele. Intriguingly, this
allele appeared to diminish the risk of T2DM (TABLE 2),

NATURE REVIEWS | DRUG DISCOVERY

© 2008 Nature Publishing Group

VOLUME 7 [ MARCH 2008 | 225



http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=348&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=104300
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=79068&ordinalpos=4&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=1493&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=26191&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=80018&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=23274&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=64135&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=3559&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=176807
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=176807
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=6928&ordinalpos=4&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum

REVIEWS

Antagonistic pleiotropy
Assingle gene that influences
multiple competing
phenotypes such that
beneficial effects of a trait
created by the gene are offset
by losses in other traits.

Table 3 | Loci and variants exhibiting association with type 2 diabetes mellitus in GWA studies

Locus
TCF2
TCF7L2
PPARG
KCNJ11
SLC30A8
HHEX
IGF2BP2
CDKAL1
CDKN2A/B
Chromosome 11, intergenic
FTO

APOE
CETP
High-triglyceride level LPL

GCKR

T2DM phenotype
Susceptibility

Low-density lipoprotein

High-density lipoprotein

Variants (rs) Refs
4430796, 7501939 78
4506565, 7903146, 7901695 18,54-57,63
1801282 55,63
5219,5212 54,55,63
13266634,rs118253964 55,56,63
1111875 55,63
4402960 54,55,63
9456871, 7754840, 10946398, 7756992 18,55,57,63
10811661, 564398 54,55,63
9300039 55
9939609, 7193144, 8050136 18,55,63
4420638 54
1800775 54
17482753 54
780094 54

Above variants are associated P <5 x 107. T2DM, type 2 diabetes mellitus.

possibly representing antagonistic pleiotropy. This is sup-
ported by epidemiological evidence which suggests that
diabetic men have a slightly lower prostate cancer risk
than non-diabetic men®.

Another allele exhibiting association in two diseases
is r$6983267 at chromosome 8q24, which has shown
replicated associations with prostate and colorectal
cancer’>82-% (TABLE 2).

Three GWA studies sought inherited associations
with breast cancer'”®%. Although each study identified
significant novel loci, two genes and one allele were each
supported in two studies.

Complex traits

In addition to common diseases, GWA studies are appli-
cable to complex traits. One study undertook GWA with
numerous quantitative and categorical memory-associated
endophenotypes®. Despite a small discovery cohort (341
individuals), associations with the KIBRA (also known as
WWCI) gene have been replicated®” . A notable innova-
tion in this study was that associations were sought with
multi-scale and multi-modality endophenotypes; that
is, performance in seven memory-associated tests and
functional magnetic resonance image-based measures
of the hippocampus during three memory-associated
tests. This study provides evidence that progress can be
made in the elucidation of the genetic determinants of
subjective, qualitative neurologic traits by using objective,
quantitative, surrogate endophenotypes.

As well as identifying novel associations, GWA studies
have confirmed several susceptibility genes that were pre-
viously established by linkage analysis in large pedigrees.
For example, a GWA study of late-onset Alzheimer’s
disease (LOAD) identified the well-established APOE-
susceptibility allele. This association was also replicated
in a study that genotyped 17,343 putative functional
cSNPs*.

A remaining problem with large GWA studies is the
cost of genotyping, but one study provided evidence that
sample pooling strategies might help to overcome this
issue. In a GWA study of bipolar disorder, investigators
created 39 pools, containing DNA from 2,672 individu-
als’’. These pools were used for both discovery and repli-
cation experiments. Pools were individually genotyped
for 555,235 SNPs and normalized allele frequencies were
inferred from intensity data. Replicates were assayed for
each pool. Thirty-seven SNPs showing allele frequency
differences in both cohorts were individually genotyped
and one SNP retained a significant association. The
aforementioned WTCCC study also studied bipolar dis-
order, identifying an association at 16p12 (REF. 18). One
locus, for glutamate receptor, metabotropic 7 (GRM?),
showed association in both studies.

The rate of publication of GWA studies continues
to increase. Recent studies have investigated asthma®,
nicotine dependence®, coronary artery disease'**, atrial
fibrillation*, prolonged QT interval and sudden cardiac
death®, coeliac disease”, lung cancer®, psoriasis? and
liver cirrhosis®, among others (TABLE 1).

Initial conclusions on the utility of GWA
The utility of GWA studies for the identification of
novel genomic associations with complex diseases
has unambiguously been established over the past
year. In general, GWA studies have employed large
case—control cohorts featuring both familial and spor-
adic cases, categorical trait definitions and up to halfa
million commonly polymorphic SNPs. To date, with
the exception of CFH in AMD, the estimated genetic
effects of replicated associations have been uniformly
and surprisingly small.

Encouragingly, most associated haplotype intervals
identified to date are sufficiently small to feature a single
gene. In large measure, this reflects the use of several,
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Figure 2 | Schematic view of genetic linkage, GWA results, fine mapping and
linkage disequilibrium structure in a region of chromosome 8q24.21 that
demonstrates an association of rs1447295 and rs16901979 with prostate cancer.
a | Previously reported genetic linkage scan results for chromosome 8, centiMorgans (cM)
100-170 (that is, 8q) from 871 Icelandic individuals with prostate cancer in 323 extended
families. A quantitative trait locus (QTL) for prostate cancer susceptibility with log of the
odds (lod) score of ~2 is shown. The interval between the two dashed horizontal lines
corresponds to a previously reported admixture signal that is associated with prostate
cancer. b | Genome-wide association (GWA) results for 1,660 single nucleotide
polymorphisms (SNPs) mapping to chromosome 8 Mb 125-135in 1,453 Icelandic
individuals with prostate cancer and 3,064 controls. Association testing P values smaller
than 0.1, corrected for relatedness and population stratification, are shown for single
SNPs (blue circles), two SNPs (red circles) and linkage disequilibrium (LD)-block
haplotypes (green circles). Four SNPs (including rs1447295) and three haplotype blocks
(including Hap C, defined by 14 SNPs) show significant association signals (P <1.58 X 107).
Single SNP association two-sided P values were derived using Fisher’s exact test and
were unadjusted for multiple comparisons. Association testing of haplotype block P
values were carried out using the expectation-maximization (EM) algorithm directly for
the observed data. ¢ | Association results from b, shown in greater detail, for a 1.4 Mb
interval on 8q24.21. Filled black circles represent 225 SNPs and the orange boxes
represent recombination hotspots (calculated from the HapMap using the likelihood
ratio test). d | LD between SNPs, measured by the square of the correlation coefficient
calculated for each pairwise comparison of SNPs (%) from the Centre d’Etude du
Polymorphisme Humain from Utah (CEU) HapMap population for the 225 SNPs in c; the
blue boxes at the bottom indicate the location of the FAM84B, AF268618 and MYC genes
and the AW183883 expressed sequence tag. Figure modified, with permission, from
Nature Genetics REF. 53 © 2007 Macmillan Publishers Ltd.
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outbred populations in confirmatory, fine-mapping
studies. Even when the association is within a single gene,
the predisposing variant might affect an adjacent gene, as
in adult lactose intolerance®. Although some association
intervals have been found to contain a single, unequivo-
cally functional gene variant, the causality of alleles has
been established in only a minority of cases. Causal alleles
identified to date do not yet show much difference in
genetic mechanism from those identified in Mendelian
disorders; this could reflect ascertainment bias"#>54,

Many genes identified by GWA were not candidate
genes previously, highlighting the hypothesis-informing
value of genetic studies. Already, there are examples of
potentially tractable therapeutic targets that had not pre-
viously been considered in a disease or trait. As yet, the
confluence of associated genes into biological networks
and pathways is at an early stage. In part, this reflects scant
or incorrect annotation of many genes. There appears
to be a significant conservation of associations of com-
mon alleles between human populations. Thus, to date,
it appears that GWA studies are fulfilling expectations
with regard to the elucidation of molecular mechanisms
underpinning poorly understood, common diseases.

In the few informative studies reported to date, endo-
phenotypes have been highly instructive in dissecting the
network or pathway that is perturbed by an individual
allele, which affects a complex trait. It is particularly
exciting to see the application of multi-mode endophe-
notypes, such as combinations of psychological testing,
brain imaging and gene expression®. This is clearly an
area of potential opportunity.

The cost of enrolling the very large cohorts that are
needed to discover and validate alleles with small effect
sizes has hitherto precluded the collection and integration
of rich, accurate clinical metadata. It is likely that future
studies will use a much greater stratification of traits than
the phenotypically crude studies reported so far. Recent
GWA studies of breast cancer provide a good example
of the added genetic complexity that can be revealed by
trait stratification'>*>%. In addition, following replication
of associations with categorical traits, it is anticipated that
targeted genotypic examination of many endophenotypes
will be highly instructive in the dissection of the role of
individual alleles in disease pathogenesis.

GWA studies show significant potential to redefine
disease classification. In some cases, GWA studies are
identifying molecular factors that enable patient stratifi-
cation and might prove useful in personalized medicine.
Cancers provide the clearest examples of this to date. In
other cases, exemplified by IBD, GWA studies are pointing
to common molecular underpinnings in diseases that
were believed to be distinct. In restless leg syndrome,
replicated associations have provided concrete evidence
that the phenotype represents a bona fide neurological
disorder'®". In mental illness, there is great anticipation
that GWA studies will provide an objective, molecular
revision of disease categorization.

Many questions remain concerning the genetic archi-
tecture of common diseases. These include the extent
of locus and allelic heterogeneity, fit with an additive-
threshold model or, alternatively, the extent of epistasis
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(the relative contributions of rare and common, and
high and low, penetrance alleles) and various types of
variation, from genome rearrangements to SNPs. GWA
studies are not designed to evaluate these questions.
Once loci have been identified, however, methods such
as deep resequencing can nominate candidate suscepti-
bility alleles and provide data for the evaluation of genetic
architecture'®. Meaningful, individual risk determina-
tions will require the identification of causal alleles, the
development of multiplexed molecular diagnostics and
significant modelling.

Future developments and implications

The trends observed in recent GWA studies are antici-
pated to continue. Chips with 900,000 and 1,000,000
million SNPs were recently launched and genotyping
accuracies have improved. Cohort sizes are steadily
increasing and biobanks of unparalleled size and pheno-
type definition are being established. Combinations of
genotype- and haplotype-based associations are becom-
ing more prevalent. Experimental designs and statistical
methods are also becoming more uniform, enabling
more meaningful meta-analysis. In particular, the emer-
gence of adaptive designs and the use of Bayesian infer-
ential methods will produce a probabilistic synthesis
from combined analyses®. Importantly, this will provide
an intuitive framework for combining information from
multiple studies, resulting in more effective detection
and replication of weak associations'®.

As noted above, phenotypes studied to date have been
crude. The use of endophenotypes is expected to increase
significantly. In particular, biomarker phenotypes are
anticipated to become widely used. These will probably
include gene expression, proteomic, metabolomic and
imaging biomarkers. As determinants of complex traits
are identified, genetic stratification will become possi-
ble, potentially reducing the genetic complexity of traits
and enabling the identification of additional association
signals. An example of this was the recent use of perio-
dic limb movements and serum ferritin levels in GWA
studies of restless leg syndrome'™. An area of substantial
future interest for the pharmaceutical industry will be
pharmacogenetic GWA studies to identify markers for
patient stratification in clinical trials. Comprehensive
pharmacogenetic information will, in turn, facilitate
the practice of personalized medicine. Pharmacogenetic
GWA studies and early adoption of personalized therapy
are likely to be used in the selection of expensive or
chronic medications in life threatening conditions or
where the therapeutic index is narrow or adverse event
concerns are high, such as cancer chemotherapy.

Despite the current excitement, GWA studies have only
been able to account for a small proportion of the expected
genetic variance in complex traits?*'*% This is not surpris-
ing given current limitations. First, current GWA studies
are designed to identify common risk alleles that are pre-
dicted to be important in complex disorders under the
common disease/common alleles hypothesis**. Increasing
evidence suggests that some complex disorders and
traits, such as schizophrenia, hypercholesterolaemia
and body mass, are genetically heterogeneous'™'?. The
genetic basis of such diseases is more likely to conform
to the common trait/rare variant hypothesis, which pro-
poses that many rare variants exist, with substantial allelic
heterogeneity at causal loci®*'*!%. The GWA approach is
unable to detect susceptibility loci that harbour numer-
ous, individually rare (recent), polymorphisms. Instead,
a resequencing approach will be needed to identify rare
alleles. Encouragingly, massively parallel sequencing
methods provide a potential solution'*>!”1"%, suggesting
disease-specific rare alleles and recent mutations that pro-
vide supplementary genotyping array content. Second, a
proportion of the genome cannot effectively be examined
on the basis of tag SNP genotypes. Approximately 20% of
the genome is comprised of recombination hotspots that
are not amenable to LD-based approaches’. Alternatively,
at recombination coldspots, haplotype blocks might be
too large for unambiguous identification of causal loci.
The extent of the effect of genomic copy number variation
(CNV) on association signals is not yet clear, although
recent genotyping arrays do provide CNV information.
Insufficient numbers of cases will be available for GWA
studies of many orphan diseases, uncommon disease
complications or adverse events. For some common dis-
eases, these considerations could obfuscate a substantial
proportion of the genetic variance. Supplementation
of genotyping array content reflective of CNV regions
should, however, circumvent some of these limitations.
Use of adaptive statistical methods and resampling strat-
egies might also circumvent the need for thousands of
affected individuals in studies of orphan diseases®.

GWA successes are creating substantial need for down-
stream genetics, biochemistry and cell biology efforts to
confirm the biological relevance of genotype—phenotype
associations and to elucidate the underlying mechanisms
of disease. This is especially true of association signals in
gene deserts or alleles without apparent functional conse-
quence. Translation of the fruits of GWA studies to clinical
practice will require the derivation of predictive models of
the genetic architecture of complex traits that evaluate with
much greater precision the contributions of factors such
as epistasis, genocopies, phenocopies and penetrance.
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