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Genome-wide association study of alcohol dependence:
significant findings in African- and European-Americans
including novel risk loci
J Gelernter1,2, HR Kranzler3, R Sherva4, L Almasy5, R Koesterer4, AH Smith1, R Anton6, UW Preuss7, M Ridinger8, D Rujescu7,
N Wodarz8, P Zill9, H Zhao10,11 and LA Farrer4,12

We report a GWAS of alcohol dependence (AD) in European-American (EA) and African-American (AA) populations, with replication
in independent samples of EAs, AAs and Germans. Our sample for discovery and replication was 16 087 subjects, the largest sample
for AD GWAS to date. Numerous genome-wide significant (GWS) associations were identified, many novel. Most associations were
population specific, but in several cases were GWS in EAs and AAs for different SNPs at the same locus,showing biological
convergence across populations. We confirmed well-known risk loci mapped to alcohol-metabolizing enzyme genes, notably
ADH1B (EAs: Arg48His, P¼ 1.17� 10� 31; AAs: Arg369Cys, P¼ 6.33� 10� 17) and ADH1C in AAs (Thr151Thr, P¼ 4.94� 10� 10), and
identified novel risk loci mapping to the ADH gene cluster on chromosome 4 and extending centromerically beyond it to include
GWS associations at LOC100507053 in AAs (P¼ 2.63� 10� 11), PDLIM5 in EAs (P¼ 2.01� 10� 8), and METAP in AAs (P¼ 3.35� 10� 8).
We also identified a novel GWS association (1.17� 10� 10) mapped to chromosome 2 at rs1437396, between MTIF2 and CCDC88A,
across all of the EA and AA cohorts, with supportive gene expression evidence, and population-specific GWS for markers on
chromosomes 5, 9 and 19. Several of the novel associations implicate direct involvement of, or interaction with, genes previously
identified as schizophrenia risk loci. Confirmation of known AD risk loci supports the overall validity of the study; the novel loci are
worthy of genetic and biological follow-up. The findings support a convergence of risk genes (but not necessarily risk alleles)
between populations, and, to a lesser extent, between psychiatric traits.
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INTRODUCTION

Genome-wide association study (GWAS) is a necessary step in the
identification of risk genes for complex traits that has only recently
been applied to gene mapping for substance dependence (SD)
traits. We previously reported risk genes identified by GWAS for
cocaine and opioid dependence.1,2 Numerous studies have been
published for nicotine dependence (ND).3 Alcohol dependence
(AD) is the next most studied SD trait.

AD is moderately heritable, with heritability in most studies
estimated to be 0.50–0.60.4 Pre-GWAS, risk-influencing alleles
were identified for AD via genetic linkage analysis, candidate gene
association analysis and the productive use of endophenotypes.
The best known and replicated risk alleles map to alcohol-
metabolizing enzyme genes, especially ADH1B,5 ADH1C6 and
ADH4,7 on chromosome 4 and the chromosome 12 locus ALDH2.8

In some Asian populations, protective alleles at these loci are
common, resulting in either delayed degradation or increased
production of the toxic alcohol metabolite acetaldehyde.

Using the conventional genome-wide significance (GWS)
criterion for GWAS (Pp 5� 10� 8), few studies have reported
AD-relevant GWS. In European-ancestry populations, Treutlein
et al.9 reported association with SNPs mapped to chromosome
2q35, and Schumann et al.10 reported association at the AUTS2
locus. Frank et al.11 reported association with rs1789891, which
maps between ADH1B and ADH1C. Zuo et al.,12 in a re-analysis of
publicly available data, identified association near SERINC2. In
Asian populations, Park et al.13 reported association with multiple
markers mapped to the chromosome 4 ADH cluster, in a Korean
sample, and we14 identified GWS association to ALDH2 in a
Chinese population. Both of the Asian samples were small for
GWAS, but the AD risk loci had relatively large effects on
phenotype. Several groups have used quantitative traits to
increase power. Using a symptom count phenotype, Wang
et al.15 identified a significant association of AD with C15orf53.

There are no published GWAS studies of African ancestry
populations with GWS results. We used GWAS to identify genetic
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variants that influence risk of AD as both a diagnosis and an
ordinal trait in European-American (EA) and African-American (AA)
subjects, including our GWAS sample of 5641 subjects combined
with the study of addiction: genetics and environment (SAGE)
sample of 4061, which is available to researchers through dbGAP
application. Results for the diagnosis were replicated in two
additional samples: an identically ascertained sample that we
collected and a German sample collected previously.9 The ordinal
trait results were replicated in our own additional subjects. The
total sample (16 087 subjects) included the following: 5697 (GWAS
discovery), 2545 (our identically ascertained replication sample),
3784 (German sample) and 4061 (SAGE, included with our samples
for GWAS). Of these, there have been no previous reports
regarding alcohol dependence GWAS in the first two sets,
comprising 8242 subjects.

MATERIALS AND METHODS
Subjects and diagnostic procedures
Our GWAS discovery samples (‘GCD sample’) included 2379 EA and 3318
AA subjects. A second identically ascertained GCD sample comprising 1746
EA and 803 AA subjects was used for replication. All subjects were
recruited for studies of the genetics of drug (opioid or cocaine) or alcohol
dependence.1,2 The sample consisted of small nuclear families (SNFs)
originally collected for linkage studies and unrelated individuals. Subjects
(Table 1) gave written informed consent as approved by the institutional
review board at each site, and certificates of confidentiality were obtained
from NIDA and NIAAA. Subjects were administered the semi-structured
assessment for drug dependence and alcoholism (SSADDA)16 to derive
DSM-IV diagnoses17 of lifetime AD and other major psychiatric traits.

Discovery phase analyses also included publicly available (via applica-
tion) GWAS data from SAGE (http://www.ncbi.nlm.nih.gov/projects/gap/
cgi-bin/study.cgi?study_id=phs000092.v1.p1), containing 1311 AA and
2750 EA unrelated individuals (Table 1). It is described in more detail in
Supplementary Materials. A German sample of 1806 AD and 1978 control

subjects was used for replication.9 Ordinal trait information was not
available to us for these subjects, and the controls were not ascertained for
exposure to alcohol and may include alcohol abusers.

Genotyping and quality control
GCD GWAS samples were genotyped on the Illumina HumanOmni1-Quad
v1.0 microarray containing 988 306 autosomal SNPs, at the Center for
Inherited Disease Research (CIDR) and the Yale Center for Genome
Analysis. Genotypes were called using GenomeStudio software V2011.1
and genotyping module V1.8.4 (Illumina, San Diego, CA, USA). The SAGE
samples were genotyped on the Illumina Human 1 M array containing
1 069 796 total SNPs. Follow-up genotyping in the replication sample was
performed using a custom Illumina GoldenGate Genotyping Universal-32,
1536-plex microarray. Most SNPs included in the custom array were initially
selected for studies of other phenotypes. A small number of additional
SNPs were genotyped individually in our replication sample and in the
German sample using TaqMan.18 In the primary GWAS data set, 44 644
SNPs on the microarray and 135 individuals with call rateso98% were
excluded, and 62 076 additional SNPs were removed before imputation
because of minor allele frequencies (MAF) o1%. After data cleaning and
quality control, 5697 individuals and 889 659 SNPs remained for
imputation. Further QC information and genotype imputation methods
are found in Supplementary Materials. After applying the same QC
procedures to the SAGE sample, 39 subjects with call rates o98% were
excluded and 726 191 SNPs remained for analysis.

To verify and correct the misclassification of self-reported race, we
compared the GWAS data from all subjects with genotypes from the
HapMap 3 reference CEU, YRI and CHB populations. Principal component
(PC) analysis was conducted in the entire GWAS sample using
Eigensoft19,20 and 145 472 SNPs that were common to the GWAS data
set and HapMap panel (after pruning the GWAS SNPs for linkage
disequilibrium (LD) (r2) 480%) to characterize the underlying genetic
architecture of the samples. The first PC score distinguished AAs and EAs;
these groups were subsequently analyzed separately. We then conducted
PC analyses within the two groups, and the first three PCs were used in all
subsequent analyses to correct for residual population stratification.

Table 1. Sample characteristics

GCD GWAS Sample Replication Sample (GWAS)

AA EA AA EA

Male Female Male Female Male Female Male Female

Recruiting site
Yale (APT Foundation) 652 627 626 398 222 197 474 477
University of CT 629 582 606 457 127 93 315 299
MUSC 95 193 85 76 21 24 47 47
McLean Hospital 54 42 60 41 0 2 2 3
University of Pennsylvania 297 147 20 10 51 64 43 39

AA EA AA EA

Male Female Male Female Male Female Male Female

SAGE 643 668 1222 1530
German Sample 2367 1410

Counts for Analyses Cases Controls

AA EA AA EA

Male Female Male Female Male Female Male Female

Case–control
GCD GWAS 1022 717 900 523 454 709 213 283
GCD Replication 209 115 294 175 122 205 417 581
SAGE 413 263 761 485 230 405 461 1045
German Sample 1369 431 998 979

Ordinal trait
GCD GWAS 1727 1591 1397 982
GCD Replication 421 380 881 865
SAGE 643 668 1222 1530
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Analytical models
Association analyses were performed using two models. The first model
used the imputed minor allele dosage as the dependent variable and the
DSM-IV symptom count for AD and the three other major SD diagnoses
(cocaine, opioid and nicotine dependence: CD, OD and ND, respectively) as
ordinal predictors (adjusted for sex, age and the first three ancestry PCs).
The mutual adjustment of AD for measures of dependence on other
substances facilitated the identification of SNPs unique to AD and limited
confounding because of comorbid dependencies. All individuals
contributed to this analysis, including those meeting no DSM-IV criteria
for AD and those meeting all criteria. Subjects who reported having less
than one full drink ever, including those who endorsed having a sip of
alcohol at a religious ceremony, were excluded. This ordinal trait model has
greater power to detect genetic associations than a univariate model
based on disease status because of greater information content and
improved specificity of the dependence measure. Ordinal trait data were
derived for all samples included in the study except the German sample.

We also applied a case–control approach in which AD status was the
outcome in models that included as controls only individuals who had
consumed alcohol at least once without becoming dependent. Subjects
who met criteria for alcohol abuse were excluded from this analysis and
considered ‘unknown’ diagnostically.

Statistical analysis methods
Association tests were performed using linear or logistic association random
effect models embedded in generalized estimating equations (GEE) to
correct for correlations among related individuals.21 The results were
unchanged when we used mixed models. Data sets containing unrelated
individuals only were evaluated using linear and logistic models. Models in
the German data set (PC information unavailable) were adjusted for age and
sex only. Analyses were performed separately within each data set and
population group, and the results were combined by meta-analysis using the
inverse variance method implemented in the computer program METAL.22

A P-value of 5.0� 10� 8 was the threshold for GWS in the GWAS. Results
were not adjusted for testing in two populations because we tested three
distinct a priori hypotheses: SNPs are associated with AD and related traits
in AAs; SNPs are associated with AD and related traits in EAs; and
associations are evident with the same SNPs meta-analyzed in AAs and
EAs. Results were not adjusted for testing two measures of AD, which are
highly correlated: the rank order correlation between the symptom count
and case–control variables is 1.0 (that is, no affected subject can have a
lower symptom count than a control), and the point-biserial correlation is
0.90. In the replication analyses, we tested in each model and population
whether the percentage of False Discovery Rate (FDR) q-values that were
o0.05 was greater than would be expected by chance.

Expression analysis
Rs1437396, a variant that was significantly associated with AD in this study, is
located between two genes at a position 9.5 kb downstream from the
transcription stop site of CCDC88A and 9.0 kb upstream from the transcription
start site of MTIF2. The functional relevance of these two genes was
evaluated23 using publicly available data (http://www.utexas.edu/research/
wcaar/manuscripts.html). We also evaluated PDLIM5, METAP1, ADH5 and
DPP9 for AD-associated expression changes. Ponomarev et al.23 compared
the transcriptomes of brains from alcohol-dependent subjects to those of
brains from control subjects using the Illumina HumanHT-12 expression
array, focusing on three different brain regions: the central nucleus (CNA) and
basolateral nucleus (BLA) of the amygdala and the superior frontal cortex
(CTX). Post-mortem brain tissue samples were collected from 17 Australian
alcoholics and 15 demographically matched controls. Diagnoses were made
after consulting multiple sources of information, including medical records
and next-of-kin. One array probe (ILMN_1765520) mapped to MTIF2 and one
(ILMN_1811050) mapped to CCDC88A. Probes also mapped to the other loci
noted above (Supplementary Table S3).

RESULTS
After imputation using the 1000 Genomes reference panel
excluding SNPs with MAF o3% in both AAs and EAs, 10 421 983
SNPs common to both discovery data sets (9,519,112 in AAs,
6,331,841 in EAs) were included in association analyses. There was

little evidence for inflation of P-values in AAs but some in EAs
(Supplementary Figure S1).

Ordinal trait analysis
Numerous variants were GWS. The greatest number of significant
findings map to the region of the chromosome 4 ADH gene
cluster, extending centromerically beyond that cluster. There were
also GWS signals that map to intergenic regions of chromosomes
2 and 5, and individual GWS SNPs on chromosomes 9 and 19
(Supplementary Tables 2/S1).

On chromosome 4q, we found multiple GWS associations with
SNPs in or near PDLIM5 (PDZ and LIM Domain 5), METAP1
(methionyl aminopeptidase 1), LOC100507053 (a lncRNA gene),
ADH1B and ADH1C (Figures 1a and b). The most relevant segment
of LOC100507053 maps between ADH1A and ADH1B. The support
for PDLIM5, near ADH5, comes mostly from the SAGE sample, a
unique occurrence. All of the B50 GWS associations observed in
the chromosome 4q region are population specific; in many cases,
there are major population differences in allele frequencies.
Nevertheless, there is strong evidence for association with
LOC100507053 and ADH1B in both AAs and EAs, most notably
ADH1B SNPs rs1229984 (Arg48His) in EAs (P¼ 1.85� 10� 23) and
rs2066702 (Arg369Cys) in AAs (P¼ 6.33� 10� 17).

Conditional models were tested to evaluate evidence in EAs and
AAs for contributions from multiple independent risk loci in the region
containing ADH1B, LOC100507053, ADH1C, PDLIM5 and METAP1. These
models incorporated pairwise combinations of the most significant
SNPs in each of the genes. They showed that in EAs the signal at
rs1229984 in ADH1B remained highly significant after adjustment for
rs116203444 in LOC100507053 (Prs1229984¼ 4.41� 10� 14) or
rs11724023 in PDLIM5 (Prs1229984¼ 4.65� 10� 11), but rs116203444
was not significant after adjustment for the ADH1B*rs1229984
(P¼ 0.06). PDLIM5*rs11724023 remained significant after adjusting
for either of the other SNPs, with similar adjusted P-values
(Prs11724023¼ 7.73� 10� 7, Prs11724023¼ 7.73� 10� 7). In AAs, the SNPs
in ADH1B and LOC100507053 are highly correlated, and mutual
adjustment rendered both P-values non-significant. The association in
METAP1 was no longer significant after adjustment for either ADH1B
or LOC100507053. Although attenuated, ADH1C remained significant
after adjustment for any of the other three loci tested. Conditioning
on ADH1B caused the greatest attenuation (Prs12639833¼ 0.01). Thus,
our results support the presence in both populations of multiple
independent risk loci in this region.

Two closely mapped chromosome 2 SNPs, rs7371606 and
rs925966, were associated with AD at Po4� 10� 8 in EAs. They
map between DARS (aspartyl-tRNA synthetase) and CXCR4
(chemokine (C-X-C motif) receptor 4), and are distant from both.
Several markers spanning o3500 bp on chromosome 5p (minimal
P¼ 8.59� 10� 9 at rs1493464) in a ‘gene desert’ were associated
in AAs. A common intergenic chromosome 9 SNP, rs1856202, was
associated in AAs (P¼ 5.99� 10� 11) and a common intronic SNP
in DPP9 (dipeptidylpeptidase 9), rs113683471, was associated in
EAs (P¼ 2.89� 10� 8) (Table 2, Figure 2).

Case–control analysis
Case–control analysis identified GWS association with many of the
SNPs in ADH1B and LOC100507053 that were identified by ordinal
analysis, but the results were not as robust (Supplementary Table
S2). Although there were no well-supported GWS findings outside
of this region, some evidence of association (Po1� 10� 6) was
observed with SNPs at 19 other loci, including rs99998785, which is
B17 kb from a (GWS) SNP (rs925966) in the ordinal trait analyses.

Replication of top findings
Sixteen of the chromosome 4 SNPs in the GWAS sample that
were GWS in the ordinal trait analyses were genotyped in our
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identically assessed replication sample. All were at least
nominally significant, and the percentage of significant
FDR q-values was greater than would be expected by chance
in each model and population (AA case-control¼ 31%, AA
ordinal¼ 39%, EA case-control¼ 17%, EA ordinal¼ 62%, German
sample¼ 67%). Six SNPs were significant at Po0.001, including
ADH1B SNPs rs2066702 (P¼ 3.20� 10� 5) in AAs and rs1229984
(P¼ 1.14� 10� 6) in EAs (Table 3a). The results became more
significant in the meta-analysis of the discovery and replication
samples. In the case–control analysis, 13 of the SNPs were
nominally significant in at least one replication sample
(Table 3b). Genotype data for five of the chromosome 4 SNPs

were also available in the German sample. Results for four SNPs
(rs17028615, rs904092, rs1789882 and rs1693457) that were
below the GWS threshold in the GWAS sample became GWS in
the meta-analysis of all data sets. An additional SNP, rs4699741,
nearly reached this threshold (P¼ 6.11� 10� 8). Further, an
intergenic SNP on chromosome 2 between MTIF2 and PRORSD1P
was significant after pooling results from the case–control
analysis of all AA and EA data sets (P¼ 1.17� 10� 10), although
the effect was evident primarily in EAs. Because information
required for the ordinal trait analyses was unavailable in the
German sample, it is unclear whether this finding would be
stronger in a quantitative trait model of AD.

Figure 1. Chromosome 4 regional Manhattan plots. (a) European-Americans: regional Manhattan plot for the ADH gene cluster and adjacent
regions on chromosome 4 showing the adjusted symptom count meta-analysis P-values from the discovery sample EAs, as well as points for
the meta-analysis results after including our replication sample (diamonds). The points are colored based on degree of LD with rs1229984.
Square points indicate genotyped SNPs and round points indicate imputed SNPs. All SNPs in the replication sample were genotyped. Data
include the GCD sample plus SAGE, and GCD and German replication samples (diamonds). (b) African-Americans: regional Manhattan plot for
the ADH gene cluster and adjacent regions on chromosome 4 showing the adjusted symptom count meta-analysis P-values from AAs in the
discovery sample, as well as points for the meta-analysis result after inclusion of our replication sample (diamonds). The points are colored
based on degree of LD with rs2066702. Square points indicate genotyped SNPs and round points indicate imputed SNPs. All SNPs in the
replication sample were genotyped. Data include the GCD sample plus SAGE and the GCD replication sample (diamonds). AA, African-
American; EA, European-American; LD, linkage disequilibrium; SAGE, study of addiction: genetics and environment.
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Relationship of expression of DPP9 and the genes flanking
rs1437396 to AD
We examined expression in brain tissue of the genes flanking the
GWS intergenic locus on chromosome 2 to determine whether
either of these genes is functionally related to AD. A probe
(ILMN_1811050) mapping to the 30-UTR region of CCDC88A was
consistently downregulated in the brain regions of alcoholics:
CNA: P¼ 0.05; BLA: P¼ 0.03 and CTX: P¼ 0.04. MTIF2 did not
exhibit differential expression in any of the three brain regions.
Thus, only CCDC88A appeared to be differentially expressed in AD,
supporting possible involvement of the protein product of that
locus in risk for the trait. Among expression probes mapping to
other genes containing GWS SNPs, probe ILMN_1673069, map-
ping to the 30-UTR of DPP9, was significantly differentially
expressed (P¼ 0.0024) in BLA (Supplementary Table S3).

DISCUSSION
We found GWS evidence for association with AD, as a diagnosis
and in symptom count ordinal trait analysis, at numerous
loci, some novel. The most robust individual results were,

unsurprisingly, at ADH1B, in each population, but with different
functional variants. In our previous study in Han Chinese,14 our
best evidence for association was at ALDH2. Considering the
strongest results for these three major populations, we find
evidence for convergence in terms of pathway, and sometimes
even for the same gene, but not for the same variants. Thus,
GWAS in different populations may be mutually informative in
terms of biology, if not in terms of specific implicated risk alleles.

In EAs, the association with rs1229984 (Arg48His, P¼ 1.17� 10� 31)
was observed previously, but with much weaker significance (Bierut
et al.24 reported a finding in EAs at P¼ 6.03� 10� 9 using their
populations that we accessed for the present study). The finding with
rs1789882 (Arg369Cys, P¼ 3.72� 10� 11) is the first GWS finding for
AD in AAs, although the risk locus was known previously.25 The minor
alleles for all of the GWS SNPs in the ADH gene region were
protective in both populations.

Additional GWS findings implicate other variants that map to
the ADH cluster and extend to a region centromeric to it that
includes non-ADH genes. Variants mapped to PDLIM5, spanning
32 kb, mark the centromeric extent of these associations. This
locus has previously been reported to be associated with

Figure 2. (a) Chromosome 2 regional Manhattan plot in European-Americans: regional Manhattan plot for the 136.70–136.90MB region on
chromosome 2 showing the adjusted symptom count meta-analysis P-values from EAs in the discovery sample. The points are colored based
on the LD with rs925966. Square points indicate genotyped SNPs and round points indicate imputed SNPs. Data include the GCD sample plus
SAGE. (b) Chromosome 4 PDLIM5 region in EAs: regional Manhattan plot for the 95.27–95.69MB region containing PDLIM5 on chromosome 4
showing the adjusted symptom count meta-analysis P-values from EAs in the discovery sample. The points are colored based on the LD with
rs10031423. Square points indicate genotyped SNPs and round points indicate imputed SNPs. Data include the GCD sample plus SAGE. (c)
Chromosome 5 regional Manhattan plot in African-Americans: regional Manhattan plot for the 3.98–4.18MB region on chromosome 5
showing the adjusted symptom count meta-analysis P-values from AAs in the discovery sample. The points are colored based on degree of LD
with rs1493464. Square points indicate genotyped SNPs and round points indicate imputed SNPs. Data include the GCD sample plus SAGE.
AA, African-American; EA, European-American; LD, linkage disequilibrium; SAGE, study of addiction: genetics and environment.
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schizophrenia26,27. We identified significant association in the EA
sample, under the adjusted ordinal model, for a series of SNPs at
this locus, a result driven by the SAGE data set. These associations
were not identified in the original SAGE reports,28 presumably
because they used diagnostic models focusing primarily on case–
control analysis. Associations were observed across the
LOC100507053 locus, most from the AA part of the sample, with
a P-value as low as 1.06� 10� 12 at rs28864441, but one SNP was
associated only in EAs (P¼ 2.46� 10� 9). The support for
association at this locus in multiple samples and two major
populations, AAs and EAs, appears strong, but is apparently
accounted for by variation elsewhere in the ADH cluster, that is, it
most likely reflects linkage disequilibrium with other variants.
Conditional analyses to determine whether there was evidence for
multiple independent AD risk loci showed that the peak ADH1B
SNP in EAs (rs1229984), but not the peak ADH1B SNP in AAs
(rs2066702), remained highly significant after adjustment for peak
SNPs in either LOC100507053 or PDLIM5. In AAs, ADH1C remained
significant after adjusting for any of the other loci tested in this
region, suggesting that there exists a functional AD risk variant in

ADH1C in this population. Future studies using gene resequencing
are needed to validate this hypothesis.

We also identified a novel GWS association (P¼ 5.57� 10� 10)
with rs1437396, which is located between and within 10 kb of
MTIF2 (mitochondrial translational initiation factor 2) and CCDC88A
(coiled-coil domain containing 88A) on chromosome 2, a risk locus
that was supported by evidence in both the EA and AA samples.
This region is distinct from the chromosome 2 association
previously identified in the German replication sample.9

CCDC88A appears to be the more promising candidate
functionally. It interacts with DISC1,29,30 a gene originally known
as a schizophrenia risk locus, but has been shown by us to be
associated with opioid dependence.2,31 The protein product of this
gene also interacts with VEGFA,32 a locus important for
antidepressant response33 and hippocampal morphology.34

Further, the region was implicated in a previous linkage study,35

in which follow-up with SNPs mapping under the linkage peak
also resulted in an association (empirical Po0.02) with MTIF2. We
found that CCDC88A, but not MTIF2, is differentially expressed in
AD, supporting the possible importance of the former locus in AD.

Table 3a. Results including replications samples: ordinal results

Discovery Replication Total

Chr BP SNP a1 a2 SNP Type Gene Meta AA P Meta EA P Rep AA P Rep EA P Meta AA P Meta EA P Combined Meta P

4 100043933 rs28542574 A G INT LOC100507053 3.62E-11 a a a 3.62E-11 a 3.62E-11
4 100071924 rs17028615 G A INT LOC100507053 3.25E-08 a 5.32E-04 9.02E-01 1.33E-10 a 2.88E-08
4 100214164 rs904092 A G INT LOC100507053 8.73E-09 7.16E-01 3.85E-04 5.14E-01 2.63E-11 9.96E-01 9.02E-06
4 100225992 rs1693458 T C NA NA 1.09E-09 7.42E-01 a a 1.09E-09 7.42E-01 7.52E-05
4 100229017 rs2066702 A G NSM ADH1B 2.24E-13 a 3.20E-05 8.57E-01 6.33E-17 a 1.50E-13
4 100235053 rs1789882 A G SYN ADH1B 1.39E-09 7.33E-01 1.99E-04 8.08E-01 2.37E-12 8.60E-01 5.93E-06
4 100236762 rs1693457 C T INT ADH1B 1.51E-09 7.97E-01 2.65E-04 7.28E-01 3.15E-12 9.60E-01 4.32E-06
4 100239319 rs1229984 T C NSM ADH1B a 2.91E-18 3.38E-01 1.14E-06 a 1.85E-23 1.52E-22
4 100249210 rs2213042 C T NA NA 1.49E-08 8.98E-01 a a 1.49E-08 8.98E-01 6.54E-05
4 100250970 rs2173201 A C NA NA 2.39E-09 a 1.47E-02 2.30E-01 1.13E-10 7.42E-01 5.21E-06
4 100258155 rs1614972 T C INT ADH1C 2.70E-08 8.40E-01 3.37E-02 7.40E-01 2.68E-09 9.92E-01 7.40E-05
4 100266133 rs2241894 C T SYN ADH1C 9.79E-09 a 1.58E-02 2.07E-01 4.94E-10 7.65E-01 1.02E-05
4 100267372 rs12639833 T C INT ADH1C 8.59E-09 a 8.88E-03 2.42E-01 2.66E-10 8.02E-01 6.44E-06
4 100272147 rs6846835 C T INT ADH1C 9.51E-09 8.57E-01 a a 9.51E-09 8.57E-01 1.32E-04
4 100281893 rs10031168 C T NA NA 4.57E-09 9.94E-01 a a 4.57E-09 9.94E-01 5.28E-05

Abbreviations: BP, base pairs; beta, beta coefficient for the DSM-IV alcohol dependence symptom count; EAF, effect allele frequency; SNP type: INT, intronic;
NA, other; NSM, non-synonymous; SYN, synonymous. Only the latter includes the German samples because ordinal phenotype data were not available. aNot
tested because of low minor allele frequency, poor imputation quality, model convergence error or not genotyped. Bold and italic indicates genomewide
significance, discovery and meta-analysis phases; nominal significance, replication phases.

Table 3b. Results including replications samples: case–control results

P-value

Discovery Replication Total

Chr BP SNP Gene AA EA AA EA German Total AA Total EA All data sets

2 55505456 rs1437396 NA 3.82E-06 1.43E-02 2.02E-01 1.63E-01 1.71E-04 1.81E-06 6.44E-06 1.17E-10
4 100071924 rs17028615 LOC100507053 3.55E-06 a 2.06E-03 2.36E-01 a 5.62E-08 a 2.23E-05
4 100214164 rs904092 LOC100507053 7.89E-07 4.04E-01 5.98E-04 6.21E-01 7.44E-01 5.29E-09 5.50E-01 4.10E-03
4 100225992 rs1693458 NA 3.88E-07 3.80E-01 a a a 3.88E-07 3.80E-01 4.44E-03
4 100229017 rs2066702 ADH1B 9.49E-09 a 4.49E-04 3.13E-01 a 3.72E-11 a 7.88E-08
4 100235053 rs1789882 ADH1B 3.89E-07 3.68E-01 3.64E-04 6.59E-01 a 1.83E-09 5.59E-01 3.68E-04
4 100236762 rs1693457 ADH1B 4.68E-07 4.42E-01 3.36E-04 5.51E-01 9.14E-01 2.13E-09 7.04E-01 1.70E-03
4 100239319 rs1229984 ADH1B a 1.63E-13 6.20E-01 3.67E-04 1.08E-17 a 1.17E-31 1.81E-30
4 100249210 rs2213042 NA 3.70E-07 9.90E-01 a a a 3.70E-07 9.90E-01 5.00E-04
4 100250970 rs2173201 NA 2.37E-07 5.55E-01 2.09E-01 6.83E-01 2.33E-03 1.32E-07 3.40E-02 1.83E-06
4 100258155 rs1614972 ADH1C 4.18E-07 9.02E-01 3.42E-01 9.27E-01 a 4.06E-07 8.79E-01 4.96E-04
4 100266133 rs2241894 ADH1C 1.51E-06 6.20E-01 2.07E-01 7.20E-01 a 7.66E-07 7.88E-01 4.81E-04
4 100267372 rs12639833 ADH1C 1.84E-06 6.45E-01 1.58E-01 6.56E-01 a 7.04E-07 8.45E-01 5.72E-04
4 100278697 rs4699741 NA 6.04E-01 2.33E-04 9.64E-01 1.10E-01 2.12E-04 6.40E-01 6.11E-08 3.69E-05

Abbreviations: BP, base pairs; beta, beta coefficient for the DSM-IV alcohol dependence symptom count; EAF, effect allele frequency; SNP type: INT, intronic;
NA, other; NSM, non-synonymous; SYN, synonymous. Only the latter includes the German samples because ordinal phenotype data were not available. aNot
tested because of low minor allele frequency, poor imputation quality, model convergence error or not genotyped. Bold and italic indicates genomewide
significance, discovery and meta-analysis phases; nominal significance, replication phases.
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The functional significance of the other GWS loci is unclear.
DPP9 encodes a novel protease whose expression is upregulated
in the basolateral nucleus of the amygdala in alcoholics (see
above) and downregulated in the injured liver.36 The chromosome
9 SNP rs1856202 is located in a cluster of T-cell receptor beta
variable pseudogenes.

This study is the largest independent AD GWAS to date, and, by
including samples through collaboration and public resources, we
augmented the overall available sample from 8186 subjects to an
overall sample of 16 087. Other strengths include the following:
(1) two analytical approaches were used, including an ordinal trait
approach (to increase power and correct for other substance
dependence) and case–control using exposed controls only (less
power but increased signal-to-noise ratio); (2) multiple replication
samples were used; and (3) functional evidence was presented for
the novel chromosome 2 risk locus. There are also several
limitations. We had limited phenotypic data available on the
German (European-ancestry) replication sample, and limited
follow-up SNP genotyping was possible. Also our replication data
sets include proportionally fewer AA subjects than the GWAS
sample, limiting our ability to identify AA-specific risk loci.
Although our sample and the SAGE sample were evaluated in
similar ways, they differ in that the majority of our sample was
recruited for studies of drug, rather than alcohol, dependence. We
adjusted for these comorbidities (in both samples) analytically,
however, the heterogeneity may have decreased statistical power.

In conclusion, we identified several novel AD risk loci, including
the first such associations identified in an AA population. Notably,
one finding that maps to chromosome 2 has support from both AA
and European-ancestry (EA and German) samples. This novel locus
may interact directly with DISC1, a possible schizophrenia37,38 and
OD2,31 risk gene whose protein product has a role in cognitive
function.39 Additionally, we added to the already considerable
evidence for association of variants in the ADH alcohol-
metabolizing enzyme genes to AD. Further studies are needed to
confirm these associations and to elucidate the functional
relationships of the several novel risk loci we identified to AD.
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