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Abstract. The study of candidate genes over the past
three decades has yielded notable successes in com-
mon-disease genetics. During this time, however,
interpretation of genetic association studies has been
hampered by the use of clinical cohorts of inadequate
power and insufficient information on genetic varia-
tion in candidate genes. The unavailability of high-
throughput and low-cost genotyping technologies has
also limited the scope of complex-disease genetic

studies. More recently, however, the sequencing and
characterization of variation within the human ge-
nome has revolutionized genetic studies and enabled
full genome-wide scans for genes associated with
disease. The identification of disease-associated (caus-
ative) genes has illuminated disease mechanisms. The
translation of this knowledge into direct clinical
benefit in diagnosis, prognosis and therapy for an
individual�s disease still remains a challenge.
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The sequencing of the human genome and identifica-
tion of common inter-individual variation (polymor-
phism) is revealing the complexity of our genetic
makeup [1– 4]. It is clear that this variation plays a
central role in the pathogenesis of common human
disease. The existence of common disease-causing
genetic variants is consistent with the idea that
ancestral variations evolved in combination with an
environment that provided a selective advantage to
carriers of today�s common polymorphisms. However,
the presence of these variants in the modern gene pool
can also result in less advantageous phenotypes. In the
environment in which our ancestors lived and evolved,
the positive selective advantages (e.g. resistance to
infectious disease, ability to survive times of poor
nutrient availability) outweighed the negative selec-

tive pressures. In contrast, largely because of the
increased lifespan allowed by our modern environ-
ment and other environmental exposures (e.g. diet),
previously advantageous phenotypes can now be
disadvantageous.
Here we will outline contemporary approaches to
identify genes conferring susceptibility to common
disease. This review focuses on the genetic technolo-
gies applied to these common diseases (excluding
cancer), for which the paradigm surrounding the
aetiology is impact of the environment on an individ-
ual who has inherited a complement of common
predisposing genetic variants. Our examples are
restricted to genetic variants causing disease in the
wider population and do not include those causing
rarer conditions that have a more clearly identifiable
familial (Mendelian) inheritance. After describing
previous approaches, we will then examine the current
impact of the Human Genome Project and related* Corresponding author.
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technologies on the field of the genetics of common
disease. We also examine reasons why genetic associ-
ation studies have been plagued by inconsistent
results.

The candidate gene approach

A productive approach to understanding the genetic
aetiology of human disease has been to study genes
within candidate pathogenic pathways on the basis
that, owing to the function they encode, they play a
role in disease. The established association between
the human leukocyte antigen (HLA) antigen-present-
ing molecules and autoimmunity [5], first discovered
in the 1970s, is the first example of the success of this
approach. A more recent example of the knowledge
generated by this approach also comes from auto-
immune disease. The key challenge of the immune
system is to reliably distinguish between the proteins
of a foreign invading (infecting) organism and the
proteins of its own body (�self�). When the immune
system makes a mistake and recognizes a normal self-
peptide (antigen) as foreign, or fails to immediately
down-regulate such an aberrant response, then an
autoimmune disorder may ensue [e.g. type 1 diabetes
(T1D), rheumatoid arthritis (RA)]. Recent attention
has focused on the signalling mechanisms stimulated
upon engagement of the T cell receptor (TCR)
complex with self-peptides displayed by antigen-
presenting cells (APCs). The protein tyrosine phos-
phatase 22 gene (PTPN22) encodes lymphoid tyrosine
phosphatase (LYP), which modulates the activation of
kinases involved in early signalling events following
TCR engagement by APCs [6]. Stimulated by two
initial reports [7, 8] the R620W variant of the PTPN22
gene has been confirmed as a determinant of a number
of autoimmune diseases by extensive replication in
Caucasian patient cohorts (this variant tends to be
very rare in non-Caucasian racial groups) [9]. The
functional consequences of the disease-associated
620W allele seem likely to result in activated autor-
eactive T cells that are more potently down-regulated
[10]. Perhaps this enhances the survival of autoreac-
tive T cells that would have been activated and deleted
during the self-tolerance process in the infant thymus.
Combined with the confirmed association of the T
cell-negative costimulatory molecule CTLA4 with
autoimmunity [11], the recent genetic data have made
it clear that a key checkpoint for human autoimmunity
occurs in the regulation of the threshold for T cell
activation towards self-antigens. Fifteen other con-
firmed genetic associations in common disease that
provide important knowledge on disease pathogenesis
are presented in Table 1.

The positional approach

Whilst the candidate gene approach can reinforce and
fine-tune knowledge of disease aetiology, it is not
suited to discovery of novel disease pathways and can,
in fact, be hampered by the insufficiency of current
knowledge on disease pathogenesis. Thus the posi-
tional approach in which disease susceptibility loci/
genes are pinpointed on the basis of their position in
the genome is increasingly being exploited. Knowl-
edge of the mechanism of disease or even of the tissue
in which the disease-associated variant of interest
produces its function is not required. The first
positional cloning experiments in human complex
disease (genome-wide scans for linkage) were pub-
lished in T1D in 1994 [35, 36]. More recently,
Affymetrix and Illumina microarray-based technolo-
gies for whole genome association (WGA) scanning
have become available and the first three WGA scans
in complex disease have been published in the last
year [19, 37, 38]. The positional approach often leads
to a situation in which a certain variant is reproducibly
associated with a specific disease, but the exact
mechanism or biochemical pathway that is influenced
by the gene product is unclear.

The positional approach: genome-wide linkage
analysis

Identification of regions of linkage and testing of
positional candidate genes within these regions for
association with disease represents a hybrid approach
that has led to the characterization of a number of
common disease genes. In common-disease, a widely
employed clinical resource used for linkage analysis is
affected sibling pairs (ASPs). Linkage to a genomic
region is exhibited in a cohort of ASPs when the
region is coinherited (�shared�) by the ASPs signifi-
cantly more often than expected due to the random
Mendelian segregation observed under the null hy-
pothesis of no linkage. A genome-wide linkage
analysis in common disease is typically carried out
using at least several hundred ASPs (including parents
if available) and 300– 500 polymorphic microsatellite
markers evenly spread throughout the genome, at an
average density of at least one per 10 centimorgans.
The magnitude of linkage of a given region to disease
can be quantified in different ways, commonly based
on the logarithm of the odds score. There are clear
guidelines for declaration of �suggestive� and �signifi-
cant� linkage [39]. The most important criterion,
however, for general acceptance of linkage is repli-
cation between independent studies.
The first genome-wide linkage analyses in complex
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Table 1. Genes reproducibly associated with common disease.

Disease Gene Associated
variant

Accession
number

Population1 Effect size2 Mechanism Reference3

Age-related
macular
degeneration
(AMD)

Complement
factor H (CFM)

Y402H rs1061170 Caucasian Strong The Y402H variant is within a
binding site for heparin and C-
reactive protein. Binding to these
factors increases the affinity of CFH
for complement 3b and hastens
deposition of the drusen that cause
AMD.

12

Alzheimer�s
disease

Apolipoprotein
E (APOE)

APOE4 Caucasian
Japanese

Strong
Strong

The disease-associated variant
increases the affinity of APOE for
LDL and chylomicron receptors, and
has a possible chaperone function in
b-amyloid plaque formation.

13

Angiotensin-
converting
enzyme (ACE)

Insertion/
deletion
variant in
intron 16

Caucasian
Asian

Weak
Weak

The D allele is associated with
increased serum ACE levels. ACE
has been reported to modify b-
amyloid plaque formation.

14

Autoimmune HLA class II Disease-
associated
allele(s)
specific to
phenotype

All
populations

Strong Exact mechanism unclear, but
revolves around thymic and
peripheral recognition of (self)
antigen.

5

Protein tyrosine
phosphatase 22
(PTPN22)

R620W rs2476601 Caucasian Moderate See Table 3. 6, 15

cytotoxic T
lymphocyte
antigen-4
(CTLA4)

CT60
(3’UTR)

Weak See Table 3. 11,16

Crohn�s
disease

Caspase
activation
recruitment
domain-15
(CARD15)

R702W
1007InsC

rs2066844
rs2066847

Caucasian Strong Mutant CARD15 is unable to
activate nuclear factor NF-kB in
response to bacterial
lipopolysaccharides.

17,18

Obesity Insulin-induced
gene 2 (INSIG2)

C allele rs556605 Caucasian Weak Causal variant unclear, but INSIG2
inhibits synthesis of fatty acids and
cholesterol.

19

Rheumatoid
arthritis

Peptidylarginine
deiminase 4
(PADI4)

A specific
haplotype

Japanese
Caucasian

Strong
Weak

Associated haplotype affects
transcript stability and levels of cyclic
citrullinated peptide antibody.

20

Fc receptor-like
3 gene (FCRL3)

�169C!T Japanese Weak The �169C!T promoter variant
affects NFk-B binding and regulates
FRCL3 expression.

21,22

Schizophrenia neuregulin 1
(NRG1)

a specific
haplotype

Caucasian
Asian

Weak
Weak

NRG1 is a growth factor important in
nervous system growth and
development. Mechanism of
involvement in disease unclear.

23

Systemic
lupus
erythematosus
(SLE)

Interferon
regulatory factor
5 (IRF5)

T allele rs2004640 Caucasian Moderate The associated allele allows
expression of unique isoforms of
IRF5. It is not clear how these
isoforms influence SLE pathogenesis.

24,25

Type 1
diabetes

IFIH1, CD25,
INS, Table 3
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human disease were published for T1D in 1994 using
only around 100 ASPs [35, 36], which emphasized the
importance of the HLA region in T1D. Since then
multiple genome-wide linkage analyses and meta-
analyses, the vast majority using microsatellite mark-
ers, have been published for most major common
diseases. This has been a major achievement in
biomedical genetics given the enormity of the task
required to recruit and clinically characterize the ASP
cohorts, followed by the laboratory-based genome-
wide scan and data analysis. This work has, however,
been characterized by the difficulty of replicating
linkages between independent studies. For example,
two genome scans in T1D with a total of >1,000
sibpairs from the UK and the US yielded linkages that
were, aside from the chromosome 6p HLA region,
primarily non-overlapping [40 – 42]. This is most likely
due to insufficient cohort size, with substantially
larger cohorts needed to provide adequate power for
replication of an initial finding of linkage [43]. Meta-
analysis, whereby information from several independ-
ent studies is combined to obtain a consensus value for
linkage (or association), is one method to overcome
the limited statistical power inherent in genome-wide
linkage analysis. There has been much international
co-operation between research groups to enable this
for body mass index [44], T2D [45, 46], hypertension
[47], schizophrenia [48], bipolar disorder [49], inflam-
matory bowel disease [50], osteoporosis [51], T1D
[52], systemic lupus erythematosus [53], RA [54],
ankylosing spondylitis [55], psoriasis [56], multiple
sclerosis [57], autism [58] and heart disease [59].
Whilst the success of the positional candidate ap-
proach (that is, identification of disease-associated
genes within regions of linkage) rivals that of the
candidate gene approach, it is fair to say that the
number of common disease genes identified by

genome-wide linkage analysis has not met expect-
ations. The best example of successful positional
cloning was identification of the caspase activation
recruitment domain 15 (CARD15) gene as a Crohn�s
disease (CD) susceptibility variant [60, 61]. CARD15
is located in a region on chromosome 16 previously
linked to CD [62]. Hugot et al. [60] tested single-
nucleotide polymorphisms (SNPs) within a 20-Mb
region of chromosome 16 for association with CD, and
discovered rare CARD15 alleles that alter the func-
tion of the protein in up to 15 % of cases. Using a
different approach, Ogura et al. [61] tested candidate
genes within the chromosome 16 linkage peak for
association with CD and also found association with
CARD15. CD is characterized by perturbed control of
inflammation in the gut and its interaction with
bacteria. CARD15 was a strong CD candidate gene
because of its role in regulating NF-kB, which is a
master regulator of the genes involved in inflamma-
tion and which has been implicated in gut-microbe
interactions [63]. There are three variants associated
with CD (R702W, G908R and a frameshift insertion
L1007fsinsC) that have been widely replicated in
Caucasians but, because of the absence of these
variants in the gene pool, they are not a feature of
disease in Asian populations [64].
The primary reason for the small number of complex-
disease genes identified by genome-wide linkage
analysis is the lack of power to identify and confirm
linked regions – such confirmation is very important
before committing to positional cloning in a region of
linkage. In T1D an international consortium has been
established to assemble a de novo cohort of 2,500
ASPs for a sufficiently powered genome-wide linkage
analysis (www.t1dgc.org), followed by positional clon-
ing of genes underlying the five most promising
linkage peaks. Ideally, a second larger cohort of

Table 1 (Continued)

Disease Gene Associated
variant

Accession
number

Population1 Effect size2 Mechanism Reference3

Type 2
diabetes
(T2D)

Transcription
factor 7-like 2
(TCF7L2)

IVS3 C!T rs7903146 Caucasian Weak T variant may affect transcription,
splicing or stability of TCF7L2
transcript. How this influences T2D
pathogenesis is unclear.

26 –32

Calpain 10 a specific
haplotype

Caucasian Weak Protease implicated in insulin
secretion, but role in pathogenesis is
unclear.

33

Peroxysomal
proliferative
activated
receptor-g
(PPAR-g)

P12A rs1801282 Caucasian Weak Unclear, but seems to be related to
insulin resistance.

34

LDL, low-density lipoprotein.
1 Populations in which association has been demonstrated are listed.
2 Strong is defined as odds ratio (OR) > 2.0; moderate as OR 1.5 –2.0; weak as OR < 1.5.
3 Meta-analysis data are referred to when available, otherwise multiple confirmatory studies are cited.
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ASPs would be useful for replication of these linkages,
but this is clearly not practical.
A second reason for the difficulty in identifying disease
genes under peaks of linkage is the likelihood that
linkage signals in common disease result from a
clustering of multiple disease susceptibility genes that,
individually, have weak effects on disease risk but
collectively exhibit enough influence to generate a
linkage signal. In support of this, linkage signals in
inbred animal models of human disease routinely
resolve into multiple loci. In the well-characterized
non-obese diabetic mouse model of T1D, the Idd5,
Idd9, Idd10 and Idd21 loci all consist of >2 subloci
[65–68]. In humans, there is considerable evidence that
multiple loci contribute to linkage to autoimmune
disease within the HLA region on chromosome 6p [69].
Even if linked regions could be reliably identified and
replicated using cohorts of sufficient power, the field
has until now been hampered, in addition to the
reasons outlined above, by a lack of access to
genotyping technology of sufficiently high throughput
and low cost to enable adequate testing of more than
just a few positional candidate genes within regions of
linkage. Also slowing progress until very recently has
been insufficient information on the haplotype struc-
ture within candidate genes.
It is clear that linkage analysis using ASPs is not a
suitable strategy for a comprehensive survey of the
human genome for susceptibility loci for common
disease. Although linkage analysis is more powerful
than association analysis for detecting rare, high-risk
disease alleles, association studies are predicted to be
more powerful for the genome-wide detection of
common alleles that confer modest levels of disease
risk [70]. A major advantage of association analysis is
that recruitment of large unrelated case-control
cohorts is significantly easier than recruitment of
multiply affected pedigrees, especially in diseases with
an older age of onset.

The positional approach: WGA

Very recently several technologies and resources have
evolved to the point where the scanning of the entire
genome for genes associated with common disease has
become a reality: (i) information from the HapMap
project to enable selection of single nucleotide poly-
morphisms (SNPs) that will adequately capture the
differing levels of variation within individual genes
[2]; (ii) microarray-based genotyping systems ena-
bling the genotyping of hundreds of thousands of
SNPs [71 – 73]; and (iii) large-enough case-control
cohorts exist so that studies of adequate power can be
designed. Here, we will discuss each of these tech-

nologies in turn, before reviewing current progress in
WGA scans in common disease.

The HapMap project
Geneticists seek to understand human disease by
unravelling the association between variation in the
human genome and susceptibility to disease. Thus,
characterization of variation in the human genome is
necessary to realize the impact of the Human Genome
Project on knowledge of common disease. Last year,
phase II of the �haplotype map� (HapMap) project
became available [2]. Phase I (launched late in 2002
with the aim of guiding the design and analysis of
medical genetic studies) genotyped>1 million SNPs in
Caucasian, Nigerian, Chinese and Japanese cohorts [1].
Phase II aims to genotype an additional 4.6 million
SNPs. In October 2005, dbSNP contained 9.2 million
candidate SNPs, of which 3.6 million have been
validated and 2.4 million genotyped. HapMap has
confirmed: (i) that there is more linkage disequilibrium
(LD; non-random association of alleles at closely
linked markers) throughout the genome than predicted
under simple population genetic models, and (ii) that
LD is more segmentally structured and varied across
regions than previously supposed. This can be illus-
trated with two very closely linked regions on chromo-
some 18q: the BCL2 gene is characterized by low LD,
whereas the SERPIN gene cluster, only 400 kb from
BCL2, has extensive LD (Fig. 1). A significant propor-
tion of the human genome exhibits high LD (67% in
the Nigerian cohort, 87% in the Caucasian cohort),
with SNP markers falling into regions (�haplotype
blocks�) of little or no recombination flanked by
recombination hotspots that delineate the haplotype
blocks (Fig. 1). The average haplotype block size is 7.3
kb (<1–94 kb) in Nigerian samples and 16.3 kb
(<1–173 kb) in Caucasians [2, 75]. There are typically
dozens of SNPs per haplotype block, yet owing to the
high intermarker LD, the average number of common
haplotypes per block is only 5.6 in the Nigerian and 4.7
in the Caucasian cohort. The Nigerian samples exhibit
lower LD than the Caucasian samples; this is consistent
with the ancestors of contemporary Caucasians under-
going a population bottleneck (that increases genome-
wide LD) during the migration out of Africa.
The disproportionate LD in the human genome can be
exploited in genetic studies. One genetic marker can
be a surrogate for those with which it is in high LD.
Thus only a limited number of markers have to be
genotyped to capture all the major variation within a
region of high LD, with more markers needed in
regions of lower LD (Fig. 1). These markers are
termed tag SNPs, or when applied to marking of
common haplotypes within a haplotype block, hap-
lotype tag SNPs (htSNPs) (Table 2).
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It is estimated that nearly 300,000 SNPs would be
needed to �capture� all common SNPs observed in
phase I of the HapMap project in Caucasians, and over
470,000 in the Nigerian samples [2]. Until phase II is
completed, we will not know how many tag SNPs will
be needed to capture all common variation in the
human genome.

Genotyping technology
Crucial to WGA scanning is the availability of
inexpensive yet robust genotyping methodology suit-
able for the simultaneous genotyping of hundreds of
thousands of SNPs. Such technologies are commer-
cially available at a cost between 0.2 and 1.0 US cents
per genotype. Two widely used systems have been
developed by Affymetrix and Illumina [77]. The

Figure 1. Haplotype structure in
the chromosome 18q21.3 region.
The top panel shows three of the
SERPIN genes (B7,B2,B10) and
the bottom panel shows the
BCL2 gene. Each image displays
the haplotype block structure for
233 and 367 SNPs, respectively,
spread over regions of 196 and
160 kb, respectively (the two
genomic segments are separated
by 400 kb). The colouring in each
small square reflects the amount
of linkage disequilibrium (LD)
between the connected markers
on the diagonal, as measured
using the intermarker measure
of LD r2 [74] (r2 is of particular
importance in genetic mapping
as it is inversely related to the
required sample size for associa-
tion mapping – for example, if
only one of a pair of SNPs was
genotyped and the intermarker r2

was 0.5, then the sample size
would need to be doubled at the
second SNP to obtain the same
statistical power). When r2 = 1,
one SNP completely predicts the
other. Black indicates complete
LD; dark colouring indicates
strong LD; lighter colouring
moderate LD and no colouring
weak/no LD. Note that the SER-
PIN gene cluster contains two
haplotype blocks of strong LD,
whereas BCL2 has considerably
more haplotype diversity (six
haplotype blocks); a larger num-
ber of SNPs would have to be
genotyped at BCL2 to capture
the genetic diversity. Recombi-
nation hotspots are indicated by
arrows. The pictures were drawn
using the program HAPLO-
VIEW (www.hapmap.org) using
CEPH genotype data from
www.hapmap.org.

966 C. McKinney and T. R. Merriman The genome and common disease



Affymetrix technology represents each SNP on micro-
arrays by 40 probes arranged in ten quartets that
consist of perfect-match and mismatch pairs for each
allele. Genomic DNA is restricted, amplified, labelled
with a fluorescent signal and hybridized to the micro-
array, and genotypes are assigned according to the
strength of hybridisation to the SNP-specific probes
[73]. Affymetrix currently market two microarrays
suitable for WGA scanning, the GeneChip Mapping
100K and 500K SNP array sets (containing 116,204
and 504,152 SNPs, respectively) with quasi-random
SNPs that were selected primarily according to
technical quality. The Illumina technology has two
oligonucleotide probes specific for each SNP allele
attached to beads arranged in microarrays. After
whole-genome amplification, the DNA sample is
hybridized to the microarray and SNP genotype
determined by enzymatic allele-specific primer ex-
tension using fluorescently labelled dNTPs [72]. In
contrast to Affymetrix, SNPs on the Illumina products
were selected differently. The Illumina Human-1
100K BeadChip has 109,367 SNPs selected such that
85 % of SNPs are within, or very close to, genes. The
Illumina Sentrix HumanHap300 Beadchip has
317,503 tag SNPs selected from the HapMap project
[71]. The differing Affymetrix and Illumina SNP
selection criteria provide complementary approaches
for WGA scanning, with each capturing >70 % of
common variation in people of Caucasian and Asian
descent and ~50 % in people of African descent [77].
The lower coverage in people of African ancestry is a
consequence of the lower genome-wide LD in this
racial group.

Study design
The optimal study design in WGA scanning in
common disease is unresolved. One possibility is
genome-wide scanning in case-control cohorts of
sufficient size to enable stringent significance thresh-
olds to be set (e.g. P=5x10–8) [70]. A stringent
threshold is necessary owing to the low prior proba-
bility of any given variant being associated with
disease and the need to adjust P values for the
hundreds of thousands of independent tests of asso-
ciation performed. It has been estimated that 6,000
cases and 6,000 controls would be needed to provide
94 % power to detect a disease-associated variant
having a minor allele frequency of 0.l and OR = 1.3
[78]. This, however, has the disadvantage of high cost.
To reduce cost, a staged approach could be used [74],
whereby the clinical resource is divided into cohorts,
one being used for the genome-wide scan and the
other(s) used for replication of putative associations.
For example, a reduced number of cases and controls
(<1,000 of each) could be genome-wide typed with a
more liberal P value threshold set in order to maintain
the power to detect loci of weaker effect (e.g. the
putative Wang et al. [78] OR=1.3 locus described
above). To account for the fact that a large, but
manageable number of false-positive associations will
reach this threshold, a second cohort of larger size
could be used to replicate initial associations. The
larger size is necessary because the disease-risk of the
initial positive associations will very likely be over-
estimated – the random nature of selecting cases and
controls for the genome-wide scan will ensure that, by
chance, some genetic associations will be �concen-
trated� in the discovery case-control cohort and thus
risk over-estimated in this cohort (of course, the

Table 2. Reduction of genotyping by the use of haplotype tag SNPs: a haplotype analysis of 14 SNPs observed at the insulin gene [76] in a
white European population.

1 2 3 4 5 6 7 8 9 10 11 12 13 14

A/C C/T A/T C/G C/T C/T C/A C/T G/T G/A G/A C/A C/T G/A Frequences Haplotype number Identifying SNPs

A C A C C C C C G G G C C G 45% 1 3, 12, 13, 14

A C A C C C C C G G G A C G 20% 2 3, 12

C T T G C T A T T A G C C G 13.3% 3 4

A C A C C C C C G G G C C A 11.3% 4 14

C C T C T C A C G G A A C G 3.8% 5 11

A C A C C C C C G G G C T G 3.5% 6 13

C C A C C C C C G G G C C G 1.5% 7

C C T C T C A C G G G C C G 0.5% 8

A T T G C T A T T A G C C G 0.5% 9

Each column represents the allele data for a single SNP marker and each row can be thought of as representing the linked alleles at markers
along a chromosome occurring in this population (a haplotype). Genotyping of the six �haplotype tag� SNPs (htSNPs; SNPs 3, 4, 11, 12, 13,
14 in bold) would be sufficient to identify all common haplotypes of > 3% frequency. The right-hand column lists the htSNPs that
specifically identify each haplotype. Further SNPs would have to be genotyped to identify rarer haplotypes.
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opposite will be true with the risk of other genes
under-estimated and hence association undetected).
A third cohort could be used for increased stringency.
Thus, genome-wide significance is achieved by a series
of SNP reduction steps.
Whilst the optimal WGA scan study design is still a
matter for discussion, it will likely be determined in
the empirical setting. Consistent replication in large
cohorts will probably provide the most pragmatic way
to identify robust genetic associations in WGA scan-
ning. It is clear, however, that, in contrast to genome-
wide linkage analysis, sufficient clinical resources are
available worldwide to enable adequately powered
WGA scans in common disease, if organized into
research consortia.

Current WGA studies

As of July 2006, three genome-wide scans for genetic
association in common disease [age-related macular
degeneration (AMD), Parkinson�s disease (PD) and
obesity] have been published [19, 37, 38]. Although
these scans had relatively limited sample sizes and
covered less than 50 % of the genome, the results
provide much encouragement that this strategy will
revolutionize complex-disease genetics.
The first WGA scan in common disease was done for
AMD using the Affymetrix GeneChip Mapping 100K
array [37]. The experimental approach was to geno-
type a small Caucasian cohort of 96 cases and 50
controls and to apply a stringent genome-wide sig-
nificance cutoff of P < 4.8x10–7. Two SNPs provided
genome-wide evidence for association; one of which
was within an intron of the complement factor H
(CFH) gene (the second SNP was not studied further).
Subsequent genotyping of CFH SNPs found strongest
association with the Y402H variant [37] that has been
validated in other cohorts [79, 80]. It has been
hypothesized that CFH is involved in immune com-
plement deposition in the drusen found in eyes of
AMD patients. The Klein et al. [37] WGA scan was
successful primarily because the CFH susceptibility
variant confers a very strong genetic risk for AMD
(OR=4.6). The study, however, lacked power to
detect AMD-associated variants of weaker effect at
the genome-wide level of significance. Use of a
replication cohort would have enabled lowering of
the cutoff threshold and potential detection of other
AMD genetic susceptibility variants.
In contrast, WGA scans in PD and obesity have
employed a staged study design [19, 38]. Maraganore
et al. [38] typed nearly 200,000 SNPs over 443 sibling
pairs discordant for PD using the Perlegen service
(www.perlegen.com; the Perlegen technology is very

similar to the Affymetrix technology). Using a liberal
cutoff of P < 0.01, 1,793 SNPs were then typed in 332
case-control pairs. In addition, a further 941 SNPs with
P < 0.05, which fell in biologically plausible PD
candidate genes and previously implicated regions of
linkage to PD, were genotyped. The most associated
SNP (OR=1.7) was within the semaphorin 5A gene
(SEMA5A) – SEMA5A plays a role in neurogenesis
and in neuronal apoptosis, consistent with current
thinking in PD pathogenesis [81]. However, the
SEMA5A genetic association was not replicated in
several attempts [82 – 85], although none of the
sample sizes were significantly larger than the cohorts
used by Maraganore et al. [38]; this is necessary in
order to ensure convincing replication [43].
Herbert et al. [19] used a novel analytical approach in
obesity [86]. The same Caucasian family-based cohort
was used for both WGA scanning (with the Affyme-
trix GeneChip Mapping 100K array) and replication
with a reduced set of SNPs. One SNP (rs7566605), 10
kb upstream of the INSIG2 (insulin-induced 2) gene,
reached a genome-wide level of significance. The
association of rs7566605 with bodymass index (BMI)
was replicated in two case-control cohorts (one
African-American), one population-based cohort
and two family-based cohorts. However, the associa-
tion was not replicated in a second population-based
cohort. Given the extensive replication, the rs7566605
data most likely represent genuine association of a
gene of weak effect with BMI (OR=1.22). This SNP is
in a 70 kb haplotype block that includes two genes:
FLJ10996 (of unknown function) and INSIG2. Deter-
mination of the exact aetiological variant influencing
BMI will be aided by the knowledge obtained from the
HapMap project that the associated allele of
rs7566605 is present on two African haplotypes but
only one Caucasian haplotype and that the haplotypes
are only similar close to rs7566605 (suggesting that the
risk allele arose before migration out of Africa with
the small pool of Caucasian founders taking only the
one modern disease-associated haplotype). Narrow-
ing the location of the aetiological variant within the
70 kb haplotype block can be done by more detailed
analysis of these two haplotypes – the causative
variant should be contained within the region shared
by the two haplotypes. Finally, acknowledging that the
Affymetrix 100K SNP microarray does not provide
adequate coverage of the genome, the obesity WGA
scan did not detect any loci of stronger effect (for
example, equivalent to the OR> 1.5 effect of PTPN22
in autoimmune disease). This is consistent with the
notion that the inherited component of obesity is
constituted of genes of weak population-wide effect.
Alleles for complex disease are likely to be common
because they have been positively selected in past
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generations. They have more subtle effects on disease
risk and are more likely, therefore, to include non-
exonic variants with modest effects on gene expres-
sion. Of the widely replicated common-disease asso-
ciations, coding or non-synonymous SNPs (nsSNPs)
represent about one-third of the disease alleles
(Table 1). Whether or not this will be truly represen-
tative of common disease is unknown. Nevertheless,
reducing the multiple testing inherent in WGA scans
by the use of nsSNPs is a justifiable experiment.
Indeed, Smyth et al. [87] found convincing evidence
for a genetic association of weak effect (OR=1.16)
between the interferon-induced helicase (IFIH1)
region and T1D as a result of testing >6,500 nsSNPs
for association. The IFIH1 gene is a strong functional
candidate for T1D susceptibility owing to its role as a
receptor for viral dsRNA and the epidemiological and
experimental evidence associating viral infection with
T1D [88].
One important caveat in mapping a disease-causing
allele is that once a functionally relevant SNP is
reliably associated with disease it is necessary to rule
out the possibility that the SNP itself is not in LD with
the causative second variant or whether it is not the
only disease-causative variant in the immediate re-
gion. For example, the T17Avariant of CTLA4 (in the
leader peptide) had been reproducibly associated with
autoimmune disease [89, 90] and has been posited to
alter the ability of CTLA4 to regulate T cell activation
[91]. However, a comprehensive survey of CTLA4
variants demonstrated that the disease-causative
alleles map to the regulatory 3’ untranslated region
of the gene [11], and not to the leader peptide. In the
case of IFIH1, the genetic effect of the IFIH1 nsSNP
associated with T1D could not be distinguished from
several other SNPs with which it was in LD. Func-
tional studies are the next step; the disease-causing
SNP should have an influence on IFIH1 molecular
biology, at any point from control of gene expression
to protein function.

Gene-gene interactions

Given that most genetic variants of weak effect are
difficult to detect in isolation, attention is turning to
the possibility that such variants might have a more
substantive contribution to disease through non-
additive (multiplicative) interactions with other dis-
ease loci (epistasis), perhaps in the same pathway [92].
It has been shown that gene-gene interactions could
be one reason why replication of gene associations has
been notoriously so difficult – plausible variations in
allele frequencies between populations among inter-
acting loci can markedly affect the power to detect

their weak effects individually [93]. An example of
epistasis is provided by the interaction of the T cell
human immunodeficiency virus-1 (HIV-1) chemokine
receptor 5 with its cognate ligand CCL3L1 in suscept-
ibility to HIV-1 infection [94]. The CCR5 gene has a
common deletion variant that inactivates the protein –
this variant is protective against HIV-1 infection
because the virus cannot enter cells through its portal
CCR5 [95]. CCL3L1 is present in the genome in
variable copies (0– 7), with people having fewer
copies (0, 1) more prone to HIV infection (because
CCL3L1 is a potent HIV-1-suppressive chemokine
that down -regulates CCR5 expression) [94]. Genetic
interaction analysis demonstrated that inheritance of
zero or one copy of CCL3L1 over-rides the protective
effect of the presence of the deleted form of CCR5
[94] – that is, the down-regulation of CCR5 expression
by increased CCL3L1 copy number is more important
biologically than a defective HIV-1 receptor (CCR5).
Turning to WGA scanning, testing for gene-gene
interactions is not only computationally feasable, this
approach may even be more powerful than traditional
locus-by-locus analysis. A two-stage strategy whereby
all pairs of loci reaching a modest level of genome-
wide significance are examined in pair-wise combina-
tion could be employed [93]. The increase in power,
despite the increased number of statistical tests done,
arises because the use of the biologically correct
model results in the most powerful genetic testing
approach. Even though the evidence for association of
a single gene with disease can be equivocal, demon-
stration of gene-gene interaction with biologically
plausible partners can more convincingly implicate a
pathway in pathogenesis.

Copy number polymorphism

Chromosomal rearrangements (deletions, duplica-
tions and inversions) often occur as a result of non-
allelic recombination (both intra- and inter-chromo-
somal) between regions of high homology [96]. Until
recently, gene duplications and deletions have been
regarded as mutations or abnormalities, often involv-
ing large-scale chromosomal rearrangements and
associated with rare, sporadic and typically severe
phenotypes [97]. During the last decade, however, a
number of variable sequence-length repeats and copy
number-variable (CNV) genes have been identified
within healthy populations [reviewed in [98]]. Over
the last 3 years, an increasing number of duplications
and deletions have also been described. These range in
length from tens to hundreds of kilobases, and many
occur with sufficient frequency (>1 %) to be consid-
ered genuine, heritable polymorphisms. Three array-
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based studies in 2004 and 2005 found some 393
individual CNVs (mainly duplications) encompassing
several hundred known genes [99– 101]. In a parallel
approach, the potential for CNV to confound SNP-
based association studies has been exploited to
identify polymorphic deletions. The first such study,
by Conrad et al. [102], analysed HapMap data for
SNPs showing non-Mendelian inheritance patterns
and estimated that a typical individual carries 30 – 50
hemizygous deletions of more than 5 kb. Although
these regions tended to be gene poor, they included
267 known and predicted genes. The Structural
Variation Database (http://paralogy.gs.washington.e-
du/structuralvariation) is an online database of re-
gional CNVS which, as of October 2006, described
nearly 4,000 CNV loci. Many potential or confirmed
CNV genes are involved in environmentally respon-
sive processes such as metabolism [for example
various cytochromes, Lp(a), neuropeptide Y] and
immune function (e.g. CCL3L1, b-defensin).
One example of a demonstrated relationship between
CNV and complex disease is the chemokine gene
CCL3L1 (17q12), which arises from segmental dupli-
cation of CCL3. First identified in 1990 [103], the copy
number ranges from 0 to 7 in Caucasian populations
(median CN=2), and gene dosage correlates with both
the ratio of CCL3L1 :CCL3 transcription and with
chemokine production [104]. No disease association
was identified until 15 years later, when it was found to
influence susceptibility to HIV-1 [94], Kawasaki
disease [105] and RA [our unpublished results].

Inconsistency in gene association studies

The vast majority of reports of genetic associations
with common disease have been plagued by a lack of
convincing replication between studies. Owing to
publication bias towards positive associations, the
typical scenario is an initial positive study that does
not include replication in the study design and is not
replicated in larger, well-powered studies. Some
examples from T1D are the 2’5’-oligoadenylate syn-
thetase, interleukin-4, -13 and -18, interleukin-4
receptor A, catalase, PAX4, TATA box-binding
protein, NeuroD and vitamin D receptor genes – the
following citations all derive from the group of John
Todd (Cambridge, UK) and all describe lack of
replication of previously published genetic association
studies in cohorts of significantly greater power
[106 – 113]. A combination of reasons is likely to
account for this. Firstly, the initial studies reporting
association of genetic variant(s) with disease may
represent a false-positive association. There is little
consensus on the level of significance required to

report association, but this level needs to account for
multiple testing which, when stringently applied,
should be adjusted for the testing done by all inves-
tigators rather than in the individual laboratory. To
determine the appropriate significance level requires
knowledge of the prior probability of association of a
trait to a specific candidate gene – these estimates are
subjective and hypothesis based. Thus, the field has
tended not to apply stringent significance levels to
association studies in common disease. It is a charac-
teristic of epidemiological studies that the first report
of a disease-associated risk factor tends to over-
estimate the relative risk because of publication bias.
Thus, assuming that an initial report of genetic
association with autoimmunity represents a true
association, most replication studies are under-pow-
ered, even if they are of greater size than the initial
study [43]. These issues have been empirically inves-
tigated by meta-analysis of published genetic associ-
ation studies [114, 115]. These meta-analyses demon-
strate that results of an initial study reporting genetic
association correlate only modestly with follow-up
replication studies. In about half of the genetic studies,
follow-up studies provided evidence that the initial
association was likely to be real, although in most
cases, the associations have not been widely replicat-
ed. A prerequisite for publishing contemporary gene
association studies in higher impact journals is that
study design includes replication (see e.g. association
of IRF5 and CD25 with systemic lupus erythematosus
[24] and T1D [116]).
Genotyping errors are a rarely discussed confounding
variable in all association studies [117]. These can be
caused by variation in DNA sequence within PCR
primers, low quantity and/or quality of genomic DNA
(which can result in allelic dropout and problems from
contamination), biochemical artefacts and, of course,
human error. In case-control studies, genotyping
errors or missing data should affect both cohorts
equally; however this may not be the situation when
cases and controls are not genotyped in an identical
manner (e.g. genotyping on different days). Even with
rejection of any incomplete genotype data and
duplicate genotyping of a proportion of both case
and control cohorts, some spurious studies may still be
published in good faith [118, 119]. Checking of Hardy-
Weinberg equilibria is an important aspect of validat-
ing genotype data [107, 112, 120] (The Hardy-Wein-
berg equilibrium is a fundamental principle in pop-
ulation genetics; the genotype frequencies of a large,
randomly mating population remain constant provid-
ed immigration, mutation and selection do not take
place).
Other factors relate to population differences, best
illustrated in identification of the PADI4 gene in RA.
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An initial report of association at SNPs within the
PADI4 gene with RA [121] was subsequently repli-
cated in another Japanese cohort (OR=1.2– 1.4)
[122]. Individual studies that genotyped the same
SNPs in Caucasians, however, showed no convincing
evidence for association with RA in Caucasians
[123 – 125], although meta-analysis has since demon-
strated that PADI4 does have a weak effect in this
racial group (OR=1.1) [20]. There are two possible
explanations: (i) PADI4 does have a weaker effect in
Caucasian and/or (ii) given that it is known that
significant differences in allele frequency exist be-
tween Japanese and Caucasians at PADI4 [126] a
more appropriate, ethnically specific set of SNPs need
to be typed in Caucasians before drawing any
conclusions. In contrast, the CARD15 gene is associ-
ated with CD in Caucasians [60, 61], but is not found as
a susceptibility allele in the Asian population [64].
Thus, it remains imperative to study putative disease
susceptibility alleles in populations of varied racial
background using population-specific tag SNPs. Fur-
thermore, examining association in different racial
groups can give important clues to the identity of
aetiologically important alleles [127]. This approach
should prove useful in studying INSIG2 in obesity (see
above).
Heterogeneity in phenotype assessment between
studies may also hamper replication of genetic asso-
ciations. For example, ascertainment criteria differ
considerably between cohorts reporting association of
RAwith the PTPN22 R620W variant (e.g. probands of
multiply affected families, patients with early RA,
patients recruited from hospital-based clinics [128]).
The variation in ascertainment criteria may be part of
the reason for inconsistency of association with
PTPN22 R620W reported in the subgroup of RA
patients defined clinically by the absence of rheuma-
toid factor (an anti-IgG antibody present in the
majority of patients with RA that has an unclear
role in disease aetiology). This source of heterogeneity
can be decreased by reducing a phenotype to meas-
urable component subphenotypes. For example, acute
gout is a result of an immune response to uric acid
crystals deposited in the joints, and serum urate levels
are positively correlated with the risk of developing
acute gout. It would be expected that the number of
environmental and genetic risk factors influencing
serum urate would be less than those involved in the
subsequent observation of an acute gout attack. Thus,
genetic factors contributing to the intermediate phe-
notype of serum urate levels should be easier to
identify.
Genetic heterogeneity (the production of identical or
similar phenotypes by different genetic mechanisms)
can be reduced by stratifying cases according to the

presence or absence of established susceptibility
alleles. For example, it is routine to examine HLA-
DRB1 �positive� and �negative� cases in autoimmunity
and CARD15 �positive� and �negative� cases in CD.

Concluding remarks

Testing of candidate and positional candidate genes
has resulted in a limited set of genes confirmed as
playing a role in common disease (Table 1). Most
putative genetic associations are plagued by lack of
replication. One by one, the reasons for this are being
widely acknowledged, understood and applied by the
biomedical genetics community. At present, the best
gene association studies are addressing these issues
using tag SNPs that adequately assess variation in
candidate genes, using large cohorts, reducing hetero-
geneity and incorporating replication into study
design. The number of common disease genes being
identified is increasing exponentially. We expect the
next 5 years to bring dozens of validated genetic
associations, largely as an outcome of WGA scanning.
Results of full-genome association analysis are likely
to produce a bewildering array of data, some of which
will provide vital new biological insights into auto-
immunity that may hold the key to novel therapies. Of
previously identified genes, aside from a handful of
examples (Table 1), the individual effect of each
variant is weak. However, the insight these associa-
tions give into molecular pathways of disease is
incalculable and the major motivation for biomedical
genetics. Not only do genetic associations uncover
molecular pathways, they also highlight disease
checkpoints, progression through which requires in-
heritance of particular genetic variants and which can
be blocked by others. For example, inheritance of the
HLA-DRB1*02 allele is sufficient to block T1D,
perhaps by ensuring that autoreactive T cells are
negatively selected in the thymus [129]. The six
confirmed genetic associations in T1D have signifi-
cantly added to the picture we have of disease
pathogenesis (Table 3).
Knowledge of both the disease pathways per se and, of
most importance, possible checkpoints (as defined by
genetic association) should identify good targets for
intervention – �if this pathway is blocked at a certain
point by the presence of a specific variant allele, can
we functionally mimic this action by intervention?�
For example: the checkpoint revealed by the PPARg

association in T2D is able to be targeted by agonists
able to treat insulin resistance and dyslypidaemia
[133]; clinical trials of a CTLA4Ig (abatacept) that
modulates the CD28-mediated T cell co-stimulatory
signal have provided preliminary evidence of its
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efficacy in RA [134], and a range of agents that
prevent the CCR5-mediated entry of HIV into T cells
have been developed [135].
Translating genetic information into direct clinical
benefit is a challenge. The combined positive predic-
tive value of an array of modest genetic effects may
well be specific, but not sufficiently sensitive for

screening in the general population. However, under-
standing the genetic basis per se to common disease
and the application of this knowledge to appropriate
clinical trials may provide clinical benefits in several
ways. First, individuals at the highest genetic risk will
be able to be followed in prospective trials aimed at
defining the role of tractable environmental influen-

Table 3. Information on T1D pathogenesis generated by genetic association studies.

Disease
compartment

�Normal� function Genetic data Postulated mechanism in T1D

Thymic tolerance

HLA-DRB1 Highly variant gene that encodes antigen-
presenting molecules expressed on the
surface of antigen-presenting cells such as
macrophages and dendritic cells. Bind and
present foreign antigen to antigen-
specific T lymphocytes, thereby initiating
an immune response.

The HLA-DRB1*1501 and HLA-
DQB1*0602 alleles are strongly
protective of T1D.

The HLA-DRB1*1501 allele binds insulin
peptides with much greater affinity than
other alleles [129]. The disease protective
allele (�class III�) results in higher
expression in the thymus and lower
expression in the pancreas [130]. It is
possible that infants with the HLA-
DRB1-DR2 allele and the protective INS
allele are better able to delete auto-
reactive T cells in the thymus (i.e. more
insulin binds better to DR2, leading to
strong recognition by auto-reactive T cells
in the thymus and their consequent
deletion). In the pancreas, people with the
susceptibility INS allele produce higher
levels of insulin, thereby increasing the
amount of self-antigen available for
autoimmune recognition.

INS Hormone required for uptake of glucose
from the bloodstream into cells.

A variable number of repeats
(VNTR) variant in the insulin
regulatory gene is associated with
T1D [131].

PTPN22 Associates with the Csk tyrosine kinase to
mediate negative regulation of TCR
signalling.

The 620W allele predisposes to T1D
[8].

The 620W allele is a gain-of-function
variant, suppressing TCR signalling
better than 620R [10]. This may aid the
survival of autoreactive T cells that would
have been activated and deleted in the
thymus.

T cell regulation

CTLA4 Regulates CD28-mediated TCR
activation by inhibiting the TCR-
signalling complex.

Disease-associated variants in the
3’UTR lead to reduced amounts of a
soluble CTLA4 isoform that lacks
exon 3 [11].

Unclear. Less-soluble CTLA4 could
result in increased CD28-mediated TCR
signalling.

CD25 Expression on regulatory T cells is
essential for their function of suppressing
T cell immune responses.

Haplotype tag SNPs were used to
demonstrate association of CD25
with T1D [117].

Unclear. A disease-associated CD25
variant could result in T regulatory cells
less able to suppress autoreactive T cells.

Pancreas

HLA-DRB1 See above. The DR4 allele is strongly associated
with T1D susceptibility.

The majority of DR4 subjects show
autoreactivity to a proinsulin epitope,
mediated by a specific DR4-restricted T
cell clone [132]. The disease-associated
VNTR allele at INS (�class I�) results in
higher insulin expression in the pancreas
[130]. This allied to the presence of DR4-
restricted insulin-specific T cells (and
aberration in T cell regulation) increases
the chance of b-islet autoimmunity.

INS See above. See above.

Environment

IFIH1 Receptor for double-stranded RNA from
viral infections.

An A946T substitution is the most
likely disease-causative variant in
IFIH1 [87].

Residue 946 is not in an obvious
functional domain. However, the
susceptibility Ala allele is fully conserved
in mammals, suggesting it could be the
functional variant [87].

972 C. McKinney and T. R. Merriman The genome and common disease



ces on disease; second, susceptible individuals can be
enrolled in trials to test preventative therapies; third,
genetic profiles can be aligned with prognosis or
response to specific treatments – for example, severity
in RA – so that more appropriate or aggressive
treatments can be targeted at an earlier stage, if
beneficial ; fourth, negative predictive value may be
useful clinically – if a patient does not have known risk
alleles for a disease, this may be useful in diagnosis;
finally, analysis of combinations of susceptibility
alleles may help to subclassify heterogenous diseases
(e.g. diabetes, RA) into subgroups with distinguishing
clinical features that could be utilized in clinical trials.
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