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Convergence of Genome-Wide Association and Candidate
Gene Studies for Alcoholism
Emily Olfson and Laura Jean Bierut

Background: Genome-wide association (GWA) studies have led to a paradigm shift in how
researchers study the genetics underlying disease. Many GWA studies are now publicly available and
can be used to examine whether or not previously proposed candidate genes are supported by GWA
data. This approach is particularly important for the ﬁeld of alcoholism because the contribution of
many candidate genes remains controversial.
Methods: Using the Human Genome Epidemiology (HuGE) Navigator, we selected candidate
genes for alcoholism that have been frequently examined in scientiﬁc articles in the past decade. Speciﬁc
candidate loci as well as all the reported single nucleotide polymorphisms (SNPs) in candidate
genes were examined in the Study of Addiction: Genetics and Environment (SAGE), a GWA study
comparing alcohol-dependent and nondependent subjects.
Results: Several commonly reported candidate loci, including rs1800497 in DRD2, rs698 in
ADH1C, rs1799971 in OPRM1, and rs4680 in COMT, are not replicated in SAGE (p > 0.05). Among
candidate loci available for analysis, only rs279858 in GABRA2 (p = 0.0052, OR = 1.16) demonstrated
a modest association. Examination of all SNPs reported in SAGE in over 50 candidate genes revealed
no SNPs with large frequency diﬀerences between cases and controls, and the lowest p-value of any
SNP was 0.0006.
Conclusions: We provide evidence that several extensively studied candidate loci do not have a
strong contribution to risk of developing alcohol dependence in European and African ancestry populations. Owing to the lack of coverage, we were unable to rule out the contribution of other variants, and
these genes and particular loci warrant further investigation. Our analysis demonstrates that publicly
available GWA results can be used to better understand which if any of previously proposed candidate
genes contribute to disease. Furthermore, we illustrate how examining the convergence of candidate
gene and GWA studies can help elucidate the genetic architecture of alcoholism and more generally
complex diseases.
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G

ENOME-WIDE ASSOCIATION (GWA) studies
have revolutionized the search for common genetic
variants that inﬂuence individual risk for complex diseases.
Before this revolution, the discovery of genetic associations
was dominated by candidate gene studies that used targeted
gene approaches. Examination of these previous gene association studies demonstrates that most reported associations
are not consistently replicated (Hirschhorn et al., 2002) and
the strength of genetic associations in initial studies commonly erodes in subsequent research (Ioannidis et al., 2001).
Despite this suggested irreproducibility, many candidate
gene association studies continue to be published annually
(Yu et al., 2008).
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GWA studies rapidly evaluate millions of single nucleotide
polymorphisms (SNPs) throughout the genome and therefore have the potential for identifying key variants in complex diseases. Since the publication of the ﬁrst GWA study in
2005 (Klein et al., 2005), over 1,000 GWA studies have
established genetic associations of more than 200 traits,
many of which are complex diseases. SNP–trait associations
from published GWA studies are readily available to investigators through “A Catalog of Genome-Wide Association
Studies” by the National Human Genome Research Institute
(www.genome.gov/gwastudies). More recently, several data
sets from GWA studies have also become available to the scientiﬁc community through the database of Genotypes and
Phenotypes (dbGaP) maintained by NCBI (Mailman et al.,
2007). These online scientiﬁc databases provide opportunities for investigators to access GWA data.
Online databases can speciﬁcally be used to evaluate
whether genes that were previously suggested in candidate
gene studies are replicated in GWA studies. Research by
Siontis and colleagues (2010) demonstrates that only a few of
previously proposed candidate loci of common diseases
reached genome-wide signiﬁcance in GWA studies. The loci
that did replicate, however, important genetic eﬀects and
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included variants implicated in Alzheimer’s disease and statin-induced myopathy. Similarly, a recent analysis by Obeidat and colleagues (2011) examined genetic associations with
lung function measures to evaluate the role of previously
associated genes in a large GWA study and clariﬁed the role
of many controversial associations. This approach of comparing candidate gene and GWA studies is powerful because
it highlights which ﬁndings have consistent scientiﬁc evidence
and therefore merit being pursued in future studies. These
ﬁndings prompted us to examine whether proposed candidate genes associated with alcohol dependence are supported
by GWA data.
Genetic and environmental factors contribute to individual
susceptibility to alcohol dependence. Twin studies estimate
that heritable inﬂuences explain 47 to 64% of variance in risk
for alcohol dependence (Heath et al., 1997; Knopik et al.,
2004). Several past research eﬀorts have focused on targeted
gene approaches to shed light on the genes that underlie these
heritable inﬂuences. This has led to the proposal of hundreds
of candidate genes that contribute to the development of alcohol dependence (Yu et al., 2008). A few GWA studies have
also explored genes potentially involved in alcohol dependence (Bierut et al., 2010; Edenberg et al., 2010; Farrer et al.,
2009; Heath et al., 2011; Hodgkinson et al., 2010; Joslyn
et al., 2010; Treutlein et al., 2009; Zlojutro et al., 2011).
Despite extensive candidate gene studies and several GWA
studies, little consensus exists over which genes contribute to
the genetic basis of alcohol dependence.
The existence of many controversial candidate genes for
alcoholism highlights the need for further research on
whether or not these genes replicate in large data sets. Results
from the Study of Addiction: Genetics and Environment
(SAGE) have recently become available through dbGaP.
SAGE compares DSM-IV alcohol-dependent individuals
and nondependent, unrelated control subjects of European
and African American descent. Using the SAGE data, we
examined diﬀerences in SNP frequencies between cases and
controls within previously reported candidate genes. These
targeted candidate genes were selected using the Human Genome Epidemiology (HuGE) Navigator, a publicly searchable
database established in 2001 of published genetic association
and human genome epidemiological studies (Yu et al., 2008).
The HuGE Navigator along with the SAGE results facilitated the systematic examination of candidate genes considered in many alcoholism studies over the last decade.
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of genetic association studies by providing information about genes
studied in relation to a queried phenotype (Yu et al., 2010). Phenopedia was queried in July 2011 for alcoholism, and 584 genes were
retrieved.
We focused our study on genes that have been frequently characterized by candidate gene studies. In primary analysis, over 90% of
the genes associated with alcoholism in the HuGE database have 5
or fewer publications (528 of 584 genes). The 56 candidate genes
that have more than 5 publications vary substantially in the number
of publications (6 to 103 publications). Figure 1A highlights that
many genes have 1 or a few reported publications and there are
some outliers that have been examined in many papers. This distribution may be explained in part by the fact that many of the genes
with a low number of publications have been primarily identiﬁed in
a GWA study and are not well characterized in targeted candidate
gene studies. Figure 1B demonstrates that for almost 50% (176/
386) of the genes with 1 publication, that publication is itself a
GWA study. Based on these preliminary observations, we narrowed
our investigation to genes with more than 5 publications to focus
our analysis on well-studied genes.
As the X chromosome is not included in the publicly available
SAGE results, the 2 candidate genes on the X chromosome MAOA

MATERIALS AND METHODS
Selection of Candidate Genes
The HuGE Navigator was developed using PubMed abstracts as
the core data source and using data and text mining algorithms to
develop a knowledge database (Yu et al., 2008). Each week since
2001, articles are systematically deposited in the database and represent a comprehensive list of recent articles. An automatic literature
program screens PubMed for abstracts, and then, a genetic epidemiologist selects abstracts meeting inclusion criteria and indexes them.
Phenopedia of the HuGE Navigator gives a disease-centered view

Fig. 1. Characteristics of genes associated with alcoholism in the
Human Genome Epidemiology (HuGE) Navigator. (A) Distribution of number of publications on genes; and (B) proportion of genes observed in at
least 1 GWA study stratified based on number of publications. Four genes
were identified in 2 GWA studies (these genes had 2, 2, 10, and 51 publications). All other genes were found in none or 1 GWA study. A total of 8
GWA studies on alcoholism are listed in the HuGE database (Bierut et al.,
2010; Edenberg et al., 2010; Farrer et al., 2009; Heath et al., 2011; Hodgkinson et al., 2010; Joslyn et al., 2010; Treutlein et al., 2009; Zlojutro
et al., 2011).
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and HTR2C, which have 26 and 8 publications, respectively, were
excluded from the analysis. The 54 autosomal genes that had more
than 5 publications were pursued using the SAGE data set. For the
remainder of this paper, we will only refer to the 54 autosomal
candidate genes.
SAGE Data
SAGE is a case–control study that analyzed genetic data on over
3,800 phenotyped subjects funded as part of the Gene Environment
Association Studies (GENEVA) initiative supported by the
National Human Genome Research Institute (Bierut et al., 2010).
Alcohol-dependent cases and controls were selected from 3 large
data sets: the Collaborative Study on the Genetics of Alcoholism
(COGA), the Family Study of Cocaine Dependence (FSCD), and
the Collaborative Genetic Study of Nicotine Dependence (COGEND). Cases are required to have a lifetime history of DSM-IV
alcohol dependence. Controls are required to have been exposed to
alcohol because alcohol use is necessary to develop dependence but
not to have met lifetime diagnosis criteria for alcohol dependence or
dependence for illicit drugs. A common assessment was performed
for all cases and controls in the 3 studies that was based on the
Semi-Structured Assessment for the Genetics of Alcoholism
(SSAGA) (Bucholz et al., 1994). The common methodology of
interview administration, question format, and queried domains
enabled phenotypic standardization across the 3 studies (Bierut
et al., 2010). Characteristics of the cases and controls in the SAGE
data set are listed in Table 1, and additional information is available at http://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?
study_id=phs000092.v1.p1. The SAGE data set is publicly searchable through the Genome Brower under the Analysis tab on this
website.
The power Calculator for Association (CATS) was used to
determine what eﬀect sizes the SAGE data set is able to detect (Skol
et al., 2006). Using a sample size of 1,900 cases and 1,900 controls
and an alpha level of 0.05, we calculated the power to detect associations at diﬀerent allele frequencies and risk ratios.
Examination of SNPs in Candidate Genes
The HuGE database was used to survey articles on the 10 candidate genes that had the most publications (listed in Table 2). The
Table 1. Characteristics of Alcohol-Dependent Cases and Nondependent
Controls in the SAGE Data Set

Characteristic
Sex, n (%)
Males
Females
Age, years
Mean ± SD
Range
Self-reported
race, n (%)
European American
African American
Self-reported
Ethnicity, n (%)
Hispanic
Alcohol dependence
Diagnosis, n (%)

Cases
n = 1,897

Controls
n = 1,932

Total n = 3,829

1.155 (60.9)
742 (39.1)

606 (31.4)*
1,326 (68.6)

1,761 (46.0)
2,068 (54.0)

39.0 ± 9.3
18.0–77.0

39.3 ± 9.1
18.0–65.0

19.2 ± 9.2
18.0–77.0

1,235 (65.1)
662 (34.9)

1,433 (74.2)*
499 (25.8)

2,668 (69.5)
1,161 (30.3)

56 (2.8)

132 (3.4)

76 (4.0)
1,897 (100.0)

0 (0.0)*

1,897 (49.5)

Sex, age, race, ethnicity, and alcohol dependence characteristics of
cases and controls in the Study of Addiction: Genetics and Environment
(SAGE) dataset (Bierut et al., 2010).
*p < 0.0001 for difference between cases and controls.

most well-established loci based on expert opinion of the literature
for each of the top 10 candidate genes were searched in the genome
browser to test whether candidate loci that had been highly reported
in candidate gene studies replicated in the SAGE data set. As allele
A9 for SLC6A3 is a VNTR, we examined the 2 SNPs rs27072 and
rs27048 as proxies because they have been found to be associated
with similar withdrawal symptoms and are roughly in the same
region of the gene as the VNTR (Le Strat et al., 2008). As the originators of the SAGE data set, we were also able to compare the odds
ratios and p-values within the original 3 data sets (COGA, FSCD,
and COGEND) to verify whether there was any heterogeneity
across the 3 contributing studies.
The 54 candidate genes with more than 5 publications were identiﬁed, and chromosomal regions containing the gene plus 10 kb
both 5’ and 3’ of the gene were examined. These expanded regions
were searched using the SAGE genome browser, and SNPs within
these regions with p < 0.05 were recorded.
For each candidate gene, all SNPs with p < 0.05 were queried
together in SNP Annotation and Proxy Search (SNAP) to assess
linkage disequilibrium (Johnson et al., 2008). These searches were
performed using the 1000 Genomes Pilot 1 SNP data set, an
r2  0.8, and a distance limit of 500. This analysis was performed
with both the CEU and YPI population panels separately because
of allele frequency diﬀerences between European American and
African American subsets. All SNPs that had an r2 > 0.8 and at
least 1 other variant in a group were considered a cluster.

RESULTS
The SAGE data set contains half of the most commonly
reported variants associated with the 10 most well-studied
candidate genes (Table 2). Of the 5 candidate variants
reported in SAGE, the only variant with a p < 0.05 is
rs279858 in GABRA2 (p = 0.0052, OR = 1.16). The commonly reported variants, rs1800497 in DRD2, rs698 in
ADH1C, rs1799971 in OPRM1, and rs4680 in COMT, have
p > 0.05. The minor allele for rs17999971 in OPRM1 trends
toward being protective (OR = 0.88) while the minor alleles
of rs1800497 in DRD2, rs698 in ADH1C, and rs4680 in
COMT trend toward being associated with alcohol dependence (OR = 1.11, 1000 genomes pilot 1 SNP 1.08, 1.02,
respectively). The eﬀects of these associations are in the
expected direction based on previous candidate gene studies
(Blum et al., 1990; Bond et al., 1998; Hendershot et al., 2011;
Ponce et al., 2008; Thomasson et al., 1991; Tiihonen et al.,
1999; Tolstrup et al., 2008, 2008; Zhang et al., 2006). In addition, these eﬀects in SAGE were similar to the ﬁndings in the
individual 3 studies that contributed to SAGE: COGA,
FSCD, and COGEND. Across the 3 contributing studies, the
odds ratios ranged from 1.07 to 1.13 for rs1800497 in DRD2,
1.06 to 1.11 for rs698 in ADH1C, 0.82 to 0.95 for rs1799971
in OPRM1, 1.09 to 1.17 for rs279858 in GABRA2, and 1.02
to 1.09 for rs4680 in COMT (data not shown).
Several commonly reported variants associated with alcoholism are not on the Illumina chip that was used to generate
the SAGE data set and thus these variants could not be
examined. These SNPs include rs671 in ALDH2, rs1229984
in ADH1B, rs4795541 in SLC6A4, and rs3813867 in
CYP2E1. As the A9 allele in SLC6A3 is a VNTR and therefore also not reported in SAGE, we examined 2 proxy SNPs
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Table 2. Examination of Top 10 Candidate Loci for Alcoholism in SAGE

Candidate genes
ALDH2
ADH1B
DRD2
SLC6A4
ADH1C
OPRM1
CYP2E1
GABRA2
COMT
SLC6A3

Publications on
alcoholism
association

Commonly
reported SNP

Common name of SNP

p-value in SAGE

Odds ratio in SAGE (CI)

103
89
83
83
51
38
35
27
26
25

rs671
rs1229984
rs1800497
rs4795541
rs698
rs1799971
rs3813867
rs279858*
rs4680
**

ALDH2*2 (Harada et al., 1982)
ADH1B*2/ADH2*2 (Thomasson et al., 1991)
TaqIA (Blum et al., 1990)
5-HTTLPR/S allele (Sander et al., 1997)
ADH1C*2 (Thomasson et al., 1991)
Ala118Gly (Bond et al., 1998)
CYPE1*c2 (Hayashi et al., 1991)
Edenberg et al. (2004)
Val158Met (Tiihonen et al., 1999)
A9 (VNTR) (Dobashi et al., 1997)

–
–
0.0900
–
0.1452
0.1372
–
0.0052
0.6328

–
–
1.1053 (0.9845–1.2408)
–
1.0819 (0.9732–1.2028)
0.8823 (0.7481–1.0407)
–
1.1572 (1.0445–1.2821)
1.0244 (0.9278–1.1311)

In the 10 most frequently studied genes associated with alcoholism according to the Human Genome Epidemiology (HuGE) Navigator, the most
well-studied variants were examined in Study of Addiction: Genetics and Environment (SAGE).
*One of over 20 single nucleotide polymorphisms (SNPs) significantly associated with alcohol dependence (Edenberg et al., 2004). This SNP was
examined because it was the only one in an exon.
**Examined 2 SNPs, rs27072 and rs27048, as proxies (Le Strat et al., 2008).

(Le Strat et al., 2008). Neither of these 2 SNPs show a signiﬁcant diﬀerence between the cases and controls (p = 0.8646
for rs27072 and p = 0.3842 for rs27048).
In every gene with more than 5 publications, few SNPs
had impressive diﬀerences between cases and controls. Of the
2,175 SNPs reported in the 54 genes with more than 5 publications, approximately 5% have a p < 0.05 (116/2,175) and
approximately 1% have a p < 0.01 (16/2,175) (Table 3). The
lowest p-value of any variant was 0.0006 for rs925946,
which is a SNP upstream of BDNF. Overall, this distribution
of p-values is consistent with chance.
In a few genes, a large proportion of the SNPs have
modest frequency diﬀerences between cases and controls. In
10 of the 54 genes examined, more than 10% of the SNPs
have p < 0.05 and in 3 genes this portion exceeds 20%.
Speciﬁcally, the proportion of SNPs in SAGE with
p < 0.05 is 55% (16/29) in GABRA2, 34% (10/29) in
BDNF, and 44% (4/9) in HTR1A (Table 3). These few
genes with a clustering of p-values less than 0.05 may warrant further study. To test whether the large proportion of
SNPs with small p-values in these genes could be explained
by linkage disequilibrium, we performed SNAP analyses.
Many variants clustered as deﬁned by r2 > 0.8 within the
genes, but the proportion of clusters containing SNPs with
p < 0.05 remained quite similar with SNAP analyses in both
CEU and YPI populations (data not shown). Of the variants
with linkage disequilibrium data available in SNAP for the
CEU population, 27 SNPs in GABRA2 broke down into 10
clusters of which 5 clusters had SNPs with p < 0.05 (50%),
24 SNPs in BDNF broke down into 9 clusters of which 4
clusters had SNPs with p < 0.05 (44%), and 6 SNPs in
HTR1A broke down into 3 clusters of which 1 cluster had
SNPs with p < 0.05 (33%). Generally, fewer SNPs clustered
in the YRI population than in the CEU population, but the
proportion of clusters containing SNPs with p < 0.05 was
comparable between the 2 populations. In the YRI population, 25 SNPs in GABRA2 broke down into 16 clusters of
which 12 clusters had SNPs with p < 0.05 (75%), 25 SNPs in

BDNF broke down into 19 clusters of which 10 clusters had
SNPs with p < 0.05 (53%), and 9 SNPs in HTR1A broke
down into 5 clusters of which 2 cluster had SNPs with
p < 0.05 (40%).
Power calculations demonstrate that the SAGE data set
has 90% power with an alpha level of 0.05 to detect a genetic
variant with a minor allele frequency of 0.10 and an odds
ratio of 1.25 or greater. The data set also has 90% power
with an alpha level of 0.05 to detect a variant with a minor
allele frequency of 0.40 and an odds ratio of 1.15 or greater.
DISCUSSION
Over the last decade, hundreds of candidate genes have
been proposed for alcoholism. We used local and global
approaches to speciﬁcally investigate variants within the
most widely studied of previously proposed candidate genes.
Our primary ﬁnding is that most of these candidate genes are
not strongly supported by GWA data. This observation
reduces the likelihood that these previously proposed genes
individually have a strong eﬀect on the genetic risk of alcohol
dependence. The results mirror prior work that most candidate loci in common diseases are not strongly replicated in
GWA studies except for a few biologically important
variants (Obeidat et al., 2011; Siontis et al., 2010).
Analysis of well-characterized loci that were previously
proposed in candidate gene studies in a large GWA study on
alcoholism, SAGE, reveals unimpressive diﬀerences between
cases and controls at most loci. The frequently studied variants associated with alcoholism in DRD2, ADH1C, OPRM1,
and COMT demonstrate insigniﬁcant frequency diﬀerences
in SAGE (p > 0.05, Table 2). Although several studies implicate a biological role of these variants in alcoholism (Blum
et al., 1990; Bond et al., 1998; Hendershot et al., 2011;
Ponce et al., 2008; Thomasson et al., 1991; Tiihonen et al.,
1999; Tolstrup et al., 2008; Zhang et al., 2006), our results
reveal that these variants are not strongly associated with
alcoholism in European and African ancestry populations.
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Table 3. SNPs in Frequently Studied Candidate Genes Associated with Alcoholism

Candidate
genes
ALDH2
ADH1B
DRD2
SLC6A4
ADH1C
OPRM1
CYP2E1
GABRA2
COMT
SLC6A3
HTR2A
HTR1B
DRD4
BDNF
NPY
DRD3
APOE
MTHFR
GABRA6
TPH1
GRIN2B
CNR1
TPH2
ADH4
CHRM2
CRHR1
ANKK1
ALDH1A1
DRD1
GABRG2
GABRB2
HTR1A
GSTM1
OPRD1
OPRK1
GABRB3
GABRA1
DBH
ADH1A
ADH5
GAD1
HFE
GRIN1
GAD2
GABRB1
ADH7
ADRA2A
CHRNA5
POMC
SLC6A2
CCKBR
CCKAR
TNF
CCK
Total (n = 54)

SNPs in SAGE

Publications on
alcoholism

SNPs recorded
in dbSNP

Total SNPs
in SAGE

p < 0.05

p < 0.01

p < 0.005

p < 0.001

103
89
83
83
51
38
35
27
26
25
22
18
18
16
15
14
13
13
13
13
12
12
11
10
10
9
9
9
9
9
9
9
9
9
9
8
8
8
8
7
7
7
6
6
6
6
6
6
6
6
6
6
6
6

407
337
826
637
522
3,568
210
1,692
752
1,322
1,036
60
184
624
241
693
106
324
215
277
5,233
2,778
1,415
830
1,992
1,183
218
739
82
991
2,699
45
123
585
226
23
583
562
293
584
692
188
513
784
4,354
288
46
254
102
837
300
167
177
461

24
21
41
21
29
122
49
29
55
38
61
12
9
29
19
31
12
49
18
14
245
27
54
62
62
26
26
122
19
30
80
9
3
20
37
104
20
47
19
38
31
28
18
49
111
32
9
16
10
49
20
15
36
18
2,175

–
–
7
2
1
4
–
16
–
–
8
2
–
10
2
3
1
–
–
–
11
5
1
1
3
1
4
3
–
–
1
4
–
1
–
9
–
1
2
–
1
1
–
1
2
–
–
–
–
1
4
–
2
1
116

–
–
1
–
–
–
–
5
–
–
–
1
–
2
–
–
–
–
–
–
4
2
–
–
–
–
–
–
–
–
–
–
–
–
–
1
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
16

–
–
–
–
–
–
–
1
–
–
–
–
–
2
–
–
–
–
–
–
3
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
6

–
–
–
–
–
–
–
–
–
–
–
–
–
1
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
1

All genes with more than 5 publications in Human Genome Epidemiology (HuGE) Navigator were examined in Study of Addiction: Genetics and
Environment (SAGE). Genes were expanded by 10 kb on both sides before they were queried in the SAGE database. MAOA and HTR2C were excluded
because they were on the X chromosome.

The only candidate that modestly replicated in SAGE,
rs279858 in GABRA2, had a p-value of 0.0052 (OR = 1.572).
This ﬁnding was anticipated because a previous GWA study
on the SAGE data set demonstrated a similar association
(Bierut et al., 2010). The replication of rs279858 in SAGE
provides some support for future studies focused on the

function of this variant and associated variants in GABRA2
(Edenberg et al., 2004).
When examined globally, none of the well-studied
candidate genes demonstrate impressive variant diﬀerences
between cases and controls. More speciﬁcally, only 1 SNP
reported in SAGE (rs925946 upstream of BDNF,
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p = 0.0006) in the 54 candidate genes had a pvalue < 0.0009, a corrected p-value for the number of genes
(0.05/54 = 0.0009). Additionally, the overall number of variants with p < 0.05 and <0.01 is close to that predicted by
chance considering the total number of SNPs examined in all
proposed candidate genes. Although the individual p-values
for variants in the examined candidate genes are modest, a
few candidate genes have a large portion of SNPs with
p < 0.05 (Table 3). The results support further research into
whether GABRA2, which was the candidate gene with the
largest proportion of SNPs with p < 0.05 (55%), contributes
to risk of developing alcohol dependence. BDNF and
HTR1A also had more than one-ﬁfth of SNPs with p < 0.05,
indicating that these genes merit further investigation to elucidate their potential contribution to alcohol dependence.
Lack of replication in SAGE does not exclude the possibility that some previously proposed candidate genes and
speciﬁc loci are biologically important. Several of the most
well-studied candidate loci for alcoholism were not available in SAGE, including rs671 in ALDH2, rs1229984 in
ADH1B, rs4795541 in SLC6A4, and rs3813867 in CYP2E1.
A recent study that speciﬁcally genotyped rs1229984 in
SAGE reported that the minor allele has a signiﬁcant protective eﬀect on alcohol dependence (p = 6.6 9 10 10) (Bierut et al., 2012). Because rs1229984 is common in Asians
but rare in European Americans, this variant in ADH1B
was not genotyped in the original GWA study. This highlights that GWA studies may miss important variants
because of lack of coverage of SNPs that are uncommon in
European American populations. Additionally, GWA
studies cannot assess all forms of inheritance that can be
associated with candidate genes such as insertion/deletion
mutations, copy number repeats, and epigenetic changes.
Although SAGE is a valuable tool, it cannot exclude the
possibility that aspects of genes contribute to genetic risk of
alcohol dependence.
Even though the well-studied candidate variants in DRD2,
ADH1C, OPRM1, and COMT were not signiﬁcantly associated with alcohol dependence in SAGE, their odds ratios
were in the expected direction based on previous candidate
gene studies. More speciﬁcally, the odds ratio of 0.88 for
rs1799971 in OPRM1 supports previous studies that the
minor allele variant is protective against alcohol dependence
(Bond et al., 1998; Zhang et al., 2006) while the odds ratios
>1 for rs1800497 in DRD2, rs698 in ADH1C, and rs4680 in
COMT support previous studies that the minor allele of
these variants are more common in alcohol-dependent individuals (Blum et al., 1990; Hendershot et al., 2011; Ponce
et al., 2008; Thomasson et al., 1991; Tiihonen et al., 1999;
Tolstrup et al., 2008). The fact that these odds ratios are in
the expected direction but did not pass a threshold of 0.05
for signiﬁcance may suggest that these variants have a small
contribution to alcohol dependence and this study lacked the
power to detect the association.
Our study design had several strengths. First, the literature
search for candidate genes included all genetic associations
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irrespective of ethnicity and criteria for alcoholism. By
including all genes with the most genetic association study
publications, we comprehensively examined previously identiﬁed genes associated with alcoholism in a large GWA study
on alcoholism. Second, the SAGE data set has the power to
detect associations of small magnitude. SAGE included more
than 3,800 subjects and had 90% power to detect a genetic
variant with an odds ratio of 1.25 for a risk locus with 10%
minor allele frequency. Third, our ﬁndings in SAGE regarding the well-characterized loci were found to be very similar
to the results in the 3 independent data sets that contributed
to SAGE, which indicates that there is no heterogeneity
across these data sets. Fourth, our approach used data that
are available to the scientiﬁc community and can be easily
replicated in future studies of other phenotypes.
Despite these strengths, the selection of candidate loci and
genes based on number of publications retrieved by the
HuGE Navigator Phenopedia has some limitations. One limitation is that no data suggest that the potential signiﬁcance
of a given gene is directly proportional to the number of publications. Despite this, we felt that the number of publications is an indicator of research eﬀorts devoted to a given
gene. By selecting genes with the most publications, we
sought to capture well-studied genes that had been the focus
of the ﬁeld in the past. A second potential limitation is that
we did not exclude publications based on the same data sets.
Because we used a low threshold of >5 publications in the initial analysis, however, we are conﬁdent that we did not
exclude any genes that have been examined in many studies.
Additionally, the most well-studied loci of the 10 genes with
the most publications were selected based on expert opinion
and were felt to be unambiguously widely studied even if the
exact order may not be reﬂective of the number of data sets
published on the genes.
Beyond limitations in our selection of candidate genes, the
SAGE data set has limitations that restrict the interpretation
of our results. First, some of the most well-studied variants
were not covered in SAGE and therefore could not be
assessed. Second, the X chromosome is not included in the
publically available SAGE results so we were unable to
investigate genes on the X chromosome. Speciﬁcally, 2 candidate genes on the X chromosome, MAOA and HTR2C,
which had 26 and 8 publications, respectively, were not
assessed. Third, SAGE is limited in its power to identify
genotyped variants on the GWA chip that have small eﬀect
sizes. Despite the fact that the SAGE data set was relatively
large when it was originally published, identifying common
variants with small eﬀect sizes (<1.1) remains challenging
and we are unable to rule out the possibility of real but modest eﬀects of these genes. Fourth, variants that are uncommon (1 to 5%) or rare (<1%) in the study population may
also not be detected in SAGE because of their individually
small contribution to overall alcoholism. Fifth, the SAGE
data set primarily consists of European Americans (69.5%),
African Americans (30.3%), and a few Hispanics (3.4%)
(Table 1) and association ﬁndings may be diﬀerent in other
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populations such as Asians. A recent evaluation of 108
GWA studies demonstrates varying consistency in genetic
eﬀect sizes across ancestral groups, highlighting that analysis
of data from diverse ancestral groups may be more revealing
for certain genes and variants than analysis of only European
and African ancestry populations (Nitzani et al., in press).
Some of the genes and variants examined in this analysis are
more well studied and have a higher frequency in Asian
ancestry than in European and African ancestry populations,
such as the Asp40 allele of the candidate variant rs1799971
in OPRM1 (Arias et al., 2006) and therefore may have a
more impressive eﬀect in studies that include Asian ancestry
populations. Sixth, our analysis did not examine the eﬀects
of combinations of genes or the eﬀect of diﬀerent environmental factors. Analysis of multiple genes and populations
enriched for speciﬁc environmental risk factors will likely
explain a greater degree of the genetic risk of alcoholism.
Despite these limitations, this analysis demonstrates that
GWA studies are a powerful technique for verifying the
importance of genes and particular variants that have been
previously identiﬁed in the candidate gene era.
In summary, we provide evidence that for alcohol dependence, several extensively studied candidate loci and genes
are not replicated in a large GWA study, indicating that
these variants do not individually have a large contribution
to risk of developing alcohol dependence in European and
African ancestry populations. Our analysis was unable to
rule out the possibility that some variants and genes are
important for risk of alcoholism owing to the lack of coverage. Recent work demonstrates that at least one highly
reported variant rs1229984 in ADH1B that is not reported in
SAGE is signiﬁcantly associated with alcoholism (Bierut
et al., 2012), suggesting the possible importance of further
research on highly supported variants that cannot be
assessed in SAGE. Our approach may also have missed variants that have a real but small individual contribution to
overall inheritance of alcoholism.
This analysis demonstrates that targeted candidate gene
studies and GWA studies each provide important information and studying the convergence of these 2 experimental
designs has the potential to advance understanding of the etiology of alcohol dependence and more generally complex
diseases. While GWA studies provide important information
about the genetic contribution of common variants to complex diseases across populations, hypothesis-driven candidate gene studies are also important to assess variants of
lesser signiﬁcance that may be missed because of the strict
p-value thresholds required for the large number of comparisons in GWA studies. Incorporating knowledge from both
GWA and candidate gene studies will help clarify the role of
genetics in complex disease and guide future research.
Our study also shows how the HuGE Navigator and
dbGaP databases can be used as tools by researchers to easily access and analyze information on candidate genes and
GWA data. Beyond alcoholism, the HuGE Navigator
provides an easy way for investigators to search over 2,000

diseases and 10,000 genes for summary information and
primary articles about genetic associations and human genome epidemiology (Yu et al., 2008). The dbGaP database
provides access to results of over 100 studies examining
phenotype and genotype associations, including 40 GWAS
studies on diﬀerent diseases. As dbGaP currently contains a
limited number of GWA studies, researchers examining phenotypes not available in dbGaP may beneﬁt from directly
contacting the authors of relevant GWA studies and metaanalysis. Because of this easy accessibility, researchers who
intend to perform future candidate gene studies should reference the HuGE navigator to assess background information
and use dbGaP and existing GWA data to test whether their
gene of interest is replicated in GWA data. Candidate gene
studies need replication to meet scientiﬁc standards. Simple
dbGaP analyses may help to focus future research on genes
that are supported by GWA data and therefore more likely
to be biologically important for human disease.
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