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Replication of past candidate loci for common diseases
and phenotypes in 100 genome-wide association
studies

Konstantinos CM Siontis1, Nikolaos A Patsopoulos1 and John PA Ioannidis*,1,2,3

Genome-wide association studies (GWASs) have created a paradigm shift in discovering genetic associations for common

diseases and phenotypes, but it is unclear whether the thousands of candidate genetic association studies performed in the

pre-GWAS era had found any reliable associations for common diseases and phenotypes. We aimed to systematically evaluate

whether loci proposed to harbor candidate associations before the advent of GWASs are replicated in GWASs. The GWAS data

published through August, 2008 and included in the NHGRI catalog were screened and variants in candidate loci were selected

on the basis of statistical significance (Po0.05) to create a list of independent, non-redundant associations. Altogether, 159

articles on GWASs were evaluated, 100 of which addressed past proposed candidate loci. A total of 291 independent, nominally

significant (Po0.05) candidate gene associations were assembled after keeping only the SNP with lowest P-value for each locus

and each phenotype; 108 of those had Po10�3 for association and 41 had Po10�7. A total of 22 of these 41 candidate gene

associations pertained to binary phenotypes with a median odds ratio¼2.91 (IQR: 1.82–4.6) and median minor allele

frequency¼0.17 (IQR: 0.12–0.29) in Caucasians; for comparison, 60 new associations of binary outcomes with Po10�7

discovered in the same GWASs had much smaller effects (median odds ratio 1.30, IQR: 1.18–1.58) and modestly larger minor

allele frequencies (median 0.27, IQR: 0.15–0.43). Overall, few of the numerous genetic associations proposed in the candidate

gene era have been replicated in GWASs, but those that have been conclusively replicated have large genetic effects that should

not be discarded.
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INTRODUCTION

The search for common genetic variants influencing the risk of
common diseases and phenotypes of medical interest has undergone
a major paradigm shift. Until some years ago, the effort of discovering
new genetic associations was dominated by targeted approaches in
which specific genes and variants were chosen on the basis of known
or suspected biological considerations, or at best by perusal of selected
areas of the genome (eg, those giving strong signals in linkage scans).1

These approaches have had limited success in yielding conclusive
results for the proposed ‘candidate gene’ associations.2 Nevertheless, a
large literature of candidate gene associations was generated and
continues to be published, with over 7000 articles annually.3 Given a
relatively poor replication record, the credibility of most of these
associations has been questioned.4,5

Meanwhile, genome-wide association studies (GWASs) rapidly
evaluate hundreds of thousands of single nucleotide polymorphisms
(SNPs) across the whole genome, in an agnostic manner, ie, without
any prior predilection for specific loci.6,7 GWASs have markedly
accelerated the pace of discovery of associations with very strong
statistical support.8 The enthusiasm about newly discovered loci has

left the previously proposed candidate variants in a state of uncer-
tainty. Should we just disregard these candidate associations that
formed the corpus of genetic epidemiology until recently and that
continue to be studied in thousands of papers?
In theory, well-conducted GWASs offer an excellent opportunity to

systematically evaluate, and often with very good coverage,9 genetic
loci that were previously proposed as candidates in the older literature.
Here, we aimed to systematically record and evaluate previously
proposed candidate loci that have been replicated in GWASs.

MATERIALS AND METHODS

Definitions
We used a broad definition of a ‘candidate’ locus (gene/region) as any gene or

specific region that has been proposed to be potentially associated with any

phenotype before being proposed by any agnostic GWAS. We accepted

associations regardless of whether the impetus to study them had been derived

from biological reasoning, functional data, in vitro or animal work, linkage

signals, or other types of research. We also considered associations regardless of

whether the same exact SNPs had been evaluated in the candidate gene era

studies and in the GWASs, provided that the same gene or region was involved

and the GWAS investigators acknowledged that this was a locus already
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proposed in the candidate literature. In addition, we accepted situations in

which a SNP belonged to a gene other than a candidate one, but it was in

linkage disequilibrium with polymorphisms of a candidate gene, as reported by

the authors. Genes for which putative associations originated only from

evidence other than human population association studies (eg, animals studies

or functional in vitro data) were accepted only when there was an a priori plan

to look at them before obtaining the GWAS results. We excluded gene variants

in which the animal or functional data were invoked only after they had been

discovered to be associated in GWAS. In addition, we focused only on common

variants, excluding rare variants. We accepted the definition of each of the

GWAS articles on what are considered to be common variants, and we recorded

the minor allele frequency (MAF) for each variant according to HapMap

(release 27) and NCBI dbSNP data for Caucasian populations.

Study selection and eligibility criteria for GWASs
The online Catalog of Published GWASs of NHGRI (www.genome.gov/

gwastudies) was searched for eligible studies published until August 01, 2008

(last update access September 15, 2008). Furthermore, references of the eligible

studies were screened for any other study meeting the eligibility criteria that

were not listed in the catalog.

The GWAS articles were eligible if they genotyped more than 1 00 000 SNPs,

spanning across the whole genome, in the first stage in, at least, one human

population, in pools or individuals, and had analyzed at least one phenotype.

Some of the eligible included studies eventually ended with less than 1 00 000

successfully genotyped SNPs after data-quality surveillance procedures, but this

was not considered a reason for excluding them. We also included follow-up

publications and meta-analyses of GWASs that reported genotyping data on

candidate variants from the stage 1 of GWASs that had not been reported in

the primary GWAS publications. We excluded genome-wide studies on copy-

number variants and studies that included only family-based designs in the

first stage.

Availability and selection of data for variants in candidate loci
We scrutinized both the published articles and online supplements of all eligible

studies for any mention of candidate genes/regions. When any such mention

was made, we perused the text and the corresponding references, if any, to

ensure that this was not an association that had first appeared in other GWASs

before any candidate gene study had been performed. In addition, we queried

the NHGRI catalog (www.genome.gov/gwastudies) and the HuGE Navigator

database10 to exclude genes that had been first proposed by GWASs. Whenever

any mention was made in the GWAS articles on the past candidate associa-

tion(s), we examined whether this was just a simple reference without

providing any data, or whether any kind of data were also given. We noted

in particular whether there was a preformed list of candidate genes; whether the

stage 1 platform had been specifically enriched to add genotyping for variants

considered to represent candidate genes; and whether the threshold used for

reporting data on candidate genes/regions was different compared with the one

used for the other loci.

Data extraction for quantitative information
We considered only variants that were related to a specific candidate gene or

particular regions, such as a specific intergenic region, which were highlighted

by previous studies, rather than a region spanning many genes. Exception to

the above were specific clusters (eg, HLA, APOE, APOA, b-globin, and CYP2C),

even though these encompass several genes. A total of 12 GWASs presented

data only on candidate variants belonging to large non-specific chromosomal

regions (eg, regions 2q31, 20q, and so on) that showed linkage in previous

studies.

For those GWASs with stage-1 numerical data for at least one candidate

variant, we identified for each variant with a stage-1 P-value o0.05, the gene

locus, the SNP, and the P-value. Four GWASs reported no nominally significant

associations for candidate loci (all P-values40.05). From the others, we

isolated one SNP per locus with the lowest P-value. When more than one

phenotype had been probed for association with a single candidate variant in a

study, each phenotype was accounted for separately. We considered P-values

uncorrected for multiple comparisons. When both unadjusted and adjusted

(for covariates) analyses were presented, we preferred the former. In addition,

genotypic P-values were preferred over trend ones. Finally, we considered the

combined stage-1 results, if they were available, for the studies that genotyped

two or more distinct populations in the first stage. If not, the lowest P-value for

each SNP across the different cohorts was recorded.

A number of additional steps were taken to create a list of independent, non-

redundant associations, free of duplicates consisting of the same candidate

locus and the same or similar/related phenotype (for details, see Supplementary

Methods).

The resulting list was examined to identify whether the candidate

loci had evidence from at least one previous human population study on the

same or some related phenotype(s) preceding the GWAS. When no such

evidence was found, candidate status had been assigned apparently on the basis

of other (animal, functional, and so on) considerations. For previous human

population studies, we queried the HuGE Navigator database,10 PubMed

(www.pubmed.gov), PharmGKB (www.pharmgkb.org), AlzGene,11 and SzGene

database12.

For each of the replicated candidate associations with P-valueo10�7, we

searched the HuGE Navigator database10 to record the number of studies

published on the association of the specific gene and the same or a similar/

related phenotype until the year before the publication of the GWAS. We also

assessed whether the specific gene–phenotype association had been initially

derived from a linkage study or whether there was, at least, suggestive evidence

for them in linkage studies. Finally, we recorded whether Mendelian mutations

of the specific gene have been reported in association with the same or a

similar/related phenotype, according to the Online Mendelian Inheritance in

Man (OMIM) database (www.ncbi.nlm.nih.gov/omim).

Data extraction process
The series of actions taken for the selection and extraction of quantitative

information is shown in Supplementary Figure 1. Two investigators (KCMS,

NAP) perused the studies for eligibility and extracted the data. Discrepancies

were resolved by a third investigator (JPAI).

Analyses
We present descriptives on the availability, selection rules used, and reporting of

candidate loci in the eligible GWASs. We present the distribution of P-values for

the accrued list of independent associations of candidate loci.

For the SNPs that pertained to binary outcomes, we also recorded or

calculated the odds ratio (OR) and 95% confidence interval and a Bayesian

credibility method was applied13,14 (for details, see Supplementary Methods).

Using the NHGRI catalog, we also recorded the GWAS-discovered associa-

tions for binary phenotypes with robust statistical support (Po10�7) that were

observed in the 100 GWASs that had also addressed candidate gene associa-

tions (for details, see Supplementary Methods). Finally, we obtained data from

HapMap on the MAFs in Caucasians (CEU) of these newly discovered

associations for comparison with the MAFs of candidate loci with P-values

o10�7 using the Mann–Whitney U test.

RESULTS

Eligible studies and data on candidates
We identified 173 potentially eligible articles on GWASs using the
NHGRI list, 159 of which were eligible for our analyses (Supplemen-
tary Figure 2). Of those, in 32 (20%) there was no mention of past
candidate variants and in another 27 (17%) the authors commented
on the existence of previously proposed associations, but no GWAS-
derived data were given. Of the remaining 100 GWASs (Supplementary
references) with data on candidates, two provided non-numerical
comments and quantitative data on candidate loci were given in 98
studies (62%).
In 52 studies, results on candidate loci were reported according to

less strict statistical significance thresholds compared with those
applied for other loci. The authors had selected the candidate variants
to report on the basis of a clearly stated preformed list in 37 (37%)
studies. In 12 of these 37 studies, results were presented for all
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candidates considered, in another 22 studies, results were reported
according to specific thresholds, whereas the selection on what to
present was unclear in the remaining three studies. In four studies,
additional SNPs, apart from those present on the main platform, were
genotyped to enhance coverage of some candidate loci.

Statistically significant SNPs in candidate loci
Some GWASs reported on candidate gene associations for many SNPs
in the same locus and/or for several similar or related phenotypes,
and some associations and loci had been targeted by two or more
GWASs. In these cases, we selected the single lowest presented P-value
for any related phenotype on the same candidate locus. The distribu-
tion of nominally significant P-values (o0.05) in the GWASs for the
compiled 291 independent, non-redundant association is shown in
Figure 1 and details appear in Supplementary Table 1. Of the 291
associations, 108 had Po10�3 and 41 of these 108 associations
had Po10�7. Of all SNPs, 77.4% had MAF40.10, 14.6% had MAF
ranging from 0.05 to 0.10, and 8% had MAFo0.05. The 291
independent associations pertained to 233 different loci plus the
HLA region and a wide variety of different types of pheno-
types (Supplementary Table 1). For 32 genes plus the HLA region,
nominally significant associations (Po0.05) were recorded on more
than one type of phenotype, suggesting potential pleiotropic effects.
Besides HLA, which was associated with 11 different types of pheno-
types, another three gene loci (ADRB2, APOE, and ESR1) had
nominally significant associations with four different types of pheno-
types each.
For 32 of the 41 associations with P-value o10�7 (not including

the HLA and b-globin region variants), the median number of pre-
GWAS publications per gene–phenotype association was 4 (IQR:
2.75–20). However, there was large variability and although six
associations had only a single previous candidate study, there were
797 publications on APOE and Alzheimer’s disease. Six of the 32
associations referred to situations in which variants in a gene seemed
to directly regulate the levels of the protein produced by that gene
(ICAM-1, CRP, YKL-40, cystatin C, factor VII, sIL-6R). Eight associa-
tions (Supplementary Table 2) were originally discovered through
linkage studies. Another one association (APOE/Alzheimer’s disease)
would have modest/suggestive linkage in its chromosomal locus in
genome linkage scans,15 although it was originally discovered through

association analyses. Similarly, PTPN22 was initially found to be asso-
ciated with type 1 diabetes in an association study. Then, association
was also observed to exist with other autoimmune diseases (rheumatoid
arthritis and systemic lupus erythematosus) for which retrospectively
modest linkage signals had been observed in the respective chromo-
somal area (1p13).16,17 Mendelian effects have been reported for 16
of the 32 associations (Supplementary Table 2). Only one of the
32 associations (regulation of CRP levels by an APOE variant) had
no precedent of a Mendelian effect or linkage signal and referred to the
regulation of the levels of a different protein than the protein produced
directly by the gene of interest.

Magnitude of effects and Bayes factors for ORs
Figure 2a shows the distribution of 70 ORs and their 95% confidence
intervals for the subset of independent binary-phenotype associations
with previous human population studies on the same gene–phenotype
pair (Supplementary Table 3). The median OR was 1.50 (IQR: 1.28–
2.38). Seven SNPs had an OR value above 5 and another 21 had an OR
value above 2. In a sensitivity analysis excluding the seven OR values
above 5, the median OR was still 1.45 (IQR: 1.27–1.95).
Bayes factors under different prior assumptions are also shown for

the associations listed in Supplementary Table 3. Of the 70 listed
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Figure 1 Distribution of the P-values of nominally statistically significant,

independent, non-redundant associations for variants from candidate loci

across 100 genome-wide association studies.
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Figure 2 Magnitude of genetic effects in 100 genome-wide association

studies (GWASs): (a) Odds ratios and 95% confidence intervals for
independent, non-redundant associations of candidate loci with binary

phenotypes for which previous human population studies had been

performed. Odds ratios could be obtained for 70 of 84 eligible associations;

(b) Comparison of odds ratios of new GWAS-discovered versus candidate

associations with P-values o10�7 for binary phenotypes.
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associations, the Bayes factor waso0.10 for 40 of them under, at least,
one set of assumptions, suggesting that for those associations the odds
of the association being true increased over 10-fold by the results of
the genome-wide investigation, compared to what one thought before
that study. Conversely, for 30 associations (including the majority of
the nominally statistically significant candidate associations on obesity,
coronary heart disease, and Alzheimer’s disease), the Bayes factor was
unimpressive (40.1) under all assumptions, suggesting poor credibility
of the proposed associations.

Genetic effects in robustly replicated candidate and new GWAS-
discovered loci
A total of 22 of the 70 candidate associations with binary outcomes
had Po10�7 in the GWASs. Examination of the NHGRI catalog
showed that the 100 GWASs that provided results on past candidate
associations had led to the discovery of 60 independent, non-redun-
dant associations with binary phenotypes with equally robust statis-
tical support (Po10�7; Supplementary Table 4).
Although the newly discovered loci overall far outnumbered the

previously proposed candidate ones by 3 to 1, there were differences in
the relative preponderance of candidate versus novel loci for various
disease phenotypes (Table 1). For cancer phenotypes, coronary artery
disease, restless leg syndrome, bipolar disorder, and gallstone disease,
all the loci were newly discovered, with no variants in previously
proposed candidate loci reaching Po10�7. In inflammatory bowel
disease and type 2 diabetes, there was a strong preponderance of newly
discovered loci, with few validated candidate genes. Conversely, there
was a more balanced picture with both candidate and newly
discovered loci for pigmentation phenotypes and in most autoim-
mune diseases. Finally, for Alzheimer’s disease and statin-induced

myopathy, the sole locus with strong support had already been
proposed in the candidate era.
Among associations with robust statistical support, the magnitude

of the effects was on average much larger for the 22 candidates than
for the 60 GWAS-discovered loci (Po0.00001; Figure 2b). The median
OR was 2.91 (IQR: 1.82–4.6) for the candidate versus only 1.30 (IQR:
1.18–1.58) for the GWAS-discovered associations. When we examined
all 77 non-redundant independent associations for binary phenotypes
discovered with documented Po10�7 across all the 159 GWASs
(including also those that did not address candidate loci at all), the
median OR was 1.32 (IQR: 1.19–1.59), which was still much smaller
than the magnitude of the effects for the 22 associations from past
candidate loci.
The MAF in Caucasians was smaller for the 22 associations than for

the 60 GWAS-discovered associations, but even though the difference
was nominally significant (P¼0.008), the absolute difference was not
impressive (median 0.17; (IQR: 0.12–0.29) versus 0.27; (IQR: 0.15–
0.43)). MAF values of 0.05 or less were seen only in one of the 22 SNPs
representing candidate loci and four of the 60 SNPs representing new
GWAS-derived discoveries.

DISCUSSION

We have accumulated data from 100 GWASs that addressed
previously proposed candidate gene loci. Even though the reporting
of candidate loci in these GWASs was not always systematic or
comprehensive, we have cataloged a substantial number of candidate
gene associations with considerable support for association in data sets
of GWASs.
This catalog is definitely not complete. Each of the evaluated GWASs

used different criteria and thresholds for reporting on previously
proposed associations. Furthermore, some associations may not be
replicated in GWASs due to suboptimal representation and coverage
of the culprit candidate variants among the tag-SNPs used in the high-
throughput platforms. In addition, most associations of common
genetic variants with complex phenotypes have weak effects and a
GWAS may be underpowered to replicate them. For example, a GWAS
with 1000 cases and 1000 controls has 12% power to detect a per-allele
OR of 1.5 at a¼10�7 for MAF of 10%, and the power increases to 85%
for a MAF of 40%. Power would be negligible for detecting candidate
gene associations with ORs of 1.2 or less, even for very common
variants. Therefore, the replicated candidate variants with Po10�7 are
likely to be heavily selected in favor of those with the largest effect sizes
and substantial MAFs. Finally, almost all GWASs analyzed have been
performed in Caucasian populations and candidate gene associations
that are relatively specific to non-Caucasian ancestry may have
been missed.
Future GWASs may benefit from examining previously proposed

candidate gene loci in a more systematic manner, as the replication
status of some of these may still be open to question and debate.
Moreover, even for loci that are generally accepted, their exact genetic
architecture may still be unknown and warrant further replication and
detailed study. Detailed fine mapping and resequencing of discovered
loci has suggested that in many cases one can identify multiple
independent markers.18,19,20 Systematic databases, such as the HuGE
Navigator,10 are available that can help create comprehensive lists of
previously proposed loci and synopses of the genetic association
literature may also be helpful to keep track of the evidence.11,12,21

The thresholds at which past candidate loci should be claimed to
be robustly replicated in GWAS platforms can be debated. Some
may argue that similar stringent thresholds such as those proposed
for newly discovered variants may be needed, eg Po10�7 or even

Table 1 Summary of binary phenotype associations with Po10�7

No of SNPs

GWAS-derived

(n¼60)

Candidates

(n¼22)

Phenotype

Breast cancer 6 0

Prostate cancer 9 0

Coronary artery disease 2 0

Restless leg syndrome 1 0

Bipolar disorder 2 0

Gallstone disease 1 0

Inflammatory bowel disease 10 1

Type 2 diabetes 6 1

Pigmentation 9 5

Age-related macular degeneration 1 2

Celiac disease 1 1

Multiple sclerosis 1 1

Psoriasis 1 1

Rheumatoid arthritis 1 2

Systemic lupus erythematosus 6 3

Type 1 diabetes 3 3

Alzheimer’s disease 0 1

Statin-induced myopathy 0 1

Summary of binary phenotype associations with P-value o 10�7 for new GWAS-derived SNPs
versus variants in candidate loci in the 100 GWASs that reported also on candidate loci.
Associations are limited to those described in the 100 articles that did provide information on
candidates. Otherwise, the number of credible associations is larger than what is shown here.
Under ‘pigmentation’ are included hair, skin and eye color comparisons, freckles, skin
sensitivity and tanning ability.
‘Age-related macular degeneration’ includes both dry and wet forms.
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lower.22,23 However, this may be too stringent a threshold for loci that
have already been proposed and tested for association in the past, even
if not the same exact SNPs have been assessed. At the other end of the
spectrum, a very lenient threshold, eg Po0.05, for isolated replication,
will probably result in many false positives. Furthermore, one should
caution that whenever associations are selected on the basis of
statistical significance thresholds, effect sizes of the selected associa-
tions that pass the required threshold may be inflated compared with
the true effect.24,25 However, this is likely to affect both candidate and
newly discovered associations and is unlikely to invalidate the obser-
vation that validated candidate gene variants had much larger ORs
than the newly discovered variants. In the new wave of discoveries,
presently emerging through meta-analyses of multiple GWAS, effects
may be even smaller.26,27 Future analyses of rare variants might,
nevertheless, produce stronger signals with considerable effect sizes.
With the currently available GWAS-derived data, the impact of
candidate gene variants on the proportion of variance explained
may be larger, yet still limited in average, than the respective impact
of newly discovered GWAS signals.
We noted that half of the robustly replicated candidate associations

were in genes that have known mutations producing relevant pheno-
types. This may suggest that genes with known important mutations
need to be screened with more in-depth sequencing for the recogni-
tion of additional common or rare variants that may affect the relevant
phenotypes. Moreover, a considerable number of robustly replicated
candidate associations are in areas that have given strong signals in
linkage scans. It has been proposed that one may use linkage
information to pre-weigh favorably the respective areas in GWAS
analyses.28 In some cases, we found pleiotropy with effects on several
diseases with similar pathogenesis. Pleiotropic effects also need further
study by examining systematically related phenotypes once an associa-
tion has been strongly replicated with one particular phenotype.
Finally, it is not surprising that the list of robustly replicated associa-
tions should contain some situations in which a gene variant directly
regulates the levels of the protein produced by that gene. Otherwise,
proposed candidate associations without such Mendelian or linkage
precedent evidence may have low credibility.
The relative importance of previously proposed candidate loci

differs depending on the phenotype. Despite a huge literature on
cancer candidate genes,29,30 candidate associations with highly defini-
tive evidence are sparse, whereas there is a flurry of newly discovered
loci. For coronary artery disease,31,32 a huge candidate literature hardly
left any strongly credible signals. Conversely, the picture is more
balanced for autoimmune diseases, for which candidate genes have
strong documented effects, mainly represented by the MHC region.
Finally, for some phenotypes, such as Alzheimer’s disease and phar-
macogenetic associations (eg statin-induced myopathy or anticoagu-
lant dosage and bleeding risk),33 GWASs are still unable to produce
additional associations with the robustness of those proposed already
in the candidate era. Moreover, in the current efforts of full sequencing
and with increasing emphasis placed on rare variants, candidate genes
may also find some rekindled interest, in which focused evaluation of
specific genes may be one option to reduce the multiplicity of analyses
for rare variants, and in which otherwise power to detect association is
more limited.34 Finally, both candidate and agnostic-derived genes
may contribute to understanding of pathogenesis pathways, but it
should be acknowledged that the identification of the true culprits and
their biological function is often very difficult both in the candidate-
gene approach and in the agnostic GWAS setting.35,36

We acknowledge that here we made no effort to select functional
variants from each locus, as this would have been usually futile given

the limited information available in each of the GWASs that we
analyzed and the difficulty and subjectivity in prioritizing functional
importance. Another limitation is that for each candidate locus, it is
possible that there may be several recombination hotspots defining
different haplotype blocks and more than one independent signal
may exist in the same locus. Furthermore, the catalog of replicated
candidate loci would be larger, if all GWASs systematically reported
on candidate loci and data were meta-analyzed across several
GWASs.37,38 What we have cataloged probably underestimates the
number of GWAS-replicated candidate loci, but offers an indicative
sample of replicated signals. On the other end of the spectrum, when
GWAS’ results are considered, numerous proposed candidate asso-
ciations turn out to be false positives, but the evaluation of this
large volume of non-replicated associations was beyond the scope of
this study.
Overall, although GWASs have unquestionably led to a dramatic

paradigm shift in discovering genetic associations, there is still some
useful evidence to be gleaned from previously proposed candidate
associations. Thousands of studies are still performed on past candi-
date loci, and unfortunately much of this research may be chasing
futile, non-validated associations. Focusing candidate gene
research efforts on those loci that are also systematically validated in
GWAS platforms may improve the efficiency of this huge research
agenda and help expedite the successful translation of this accumulat-
ing information.
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