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Abstract
Alcohol dependence (AD) is an important contributory factor to the global burden of disease. The
etiology of AD involves both environmental and genetic factors, and the disorder has a heritability
of around 50%. The aim of the present study was to identify susceptibility genes for AD by
performing a genome-wide association study (GWAS). The sample comprised 1,333 male in-
patients with severe DSM-IV AD and 2,168 controls. These included 487 patients and 1,358
controls from a previous GWAS study by our group. All individuals were of German descent.
Single marker tests and a polygenic score based analysis to assess the combined contribution of
multiple markers with small effects were performed. The SNP rs1789891, which is located
between the ADH1B and ADH1C genes, achieved genome-wide significance (p=1.27E–8;
OR=1.46). Other markers from this region were also associated with AD, and conditional analyses
indicated that these made a partially independent contribution. The SNP rs1789891 is in complete
linkage disequilibrium with the functional Arg272Gln variant (p=1.24E–7, OR=1.31) of the
ADH1C gene, which has been reported to modify the rate of ethanol oxidation to acetaldehyde in
vitro. A polygenic score based approach produced a significant result (p=9.66E–9). This is the first
GWAS of AD to provide genome-wide significant support for the role of the ADH gene cluster
and to suggest a polygenic component to the etiology of AD. The latter result suggests that many
more AD susceptibility genes still await identification.
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Introduction
Alcohol dependence (AD) is a common and debilitating disorder, and ranks among the
leading causes of the global burden of disease (World Health Organization 2009). Despite
extensive research, it is unclear why only a proportion of all individuals exposed to alcohol
become addicted. Elucidation of this point is important for the development of successful
prevention and treatment strategies for AD. Previous research has shown that susceptibility
to AD is partly genetic, and has a heritability of 40–60% (Enoch & Goldman 2002). The
introduction of high-density SNP chips has enabled the systematic investigation of common
variation in the human genome, and a large number of genome-wide association studies
(GWAS) for a wide range of complex disorders have been published to date (Hindorff,
Junkins, Hall et al. 2010). These investigations have implicated new variants, genes, and
pathways. However, they have also demonstrated that sample size is crucial in detecting
findings with genome-wide significance due to a combination of two effects. Firstly, effects
of individual (common) variants are typically rather small and, secondly, as a consequence
of the large number of simultaneously investigated markers on the arrays, the single marker
analyses have to be corrected for the large number of tests (Yang, Benyamin, McEvoy et al.
2010), allowing only those markers with the strongest effects to surpass the level of genome-
wide significance.

Recently, we reported a GWAS conducted in 487 male inpatients with DSM-IV AD and
1,358 population based control individuals (for a detailed description see Treutlein, Cichon,
Ridinger et al. 2009). In brief, no marker surpassed the threshold of genome-wide
significance. In a subsequent follow-up study of an independent sample of 1,024 male AD
inpatients and 996 controls, we genotyped the 121 top SNPs from the GWAS as well as an
additional 19 SNPs suggested by combining the GWAS results with gene expression data
from rats subjected to chronic alcohol exposure. In a combined analysis of the GWAS and
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follow-up data, two tightly linked intergenic SNPs located close to the peroxisomal trans-2-
enoyl-CoA reductase (PECR) gene achieved genome-wide significance.

The aims of the present study were: i) to enlarge our previous GWAS sample in order to
increase the power to detect new susceptibility genes by raising them above the threshold of
genome-wide significance, and ii) to test, for the first time, for the presence of a polygenic
component to the development of AD. A polygenic component is defined as the presence of
a multitude of small genetic effects (with individual effect sizes below the threshold for
detection at the level of single markers within a GWAS), being measured as a summed
effect. The latter method has recently been applied successfully to test for a polygenic
contribution to schizophrenia and bipolar disorder (Purcell, Wray, Stone et al. 2009). For a
detailed explanation of this approach see Purcell et al. (2009). In simple terms, the polygenic
score approach uses information concerning association findings for several ten thousand
SNPs from a discovery sample to calculate a summary score for each individual in a target
sample. Subsequent analyses are performed to test whether the cases in the target sample
have different scores to the controls in the target sample. Therefore, a GWAS is first carried
out in a discovery sample. Following this step, the polygenic score for each individual in the
target sample is calculated by counting the number of reference alleles (e.g. risk alleles or
minor alleles) of this subject on any of the included loci. This number is weighted by
multiplication with the log(OR) of the respective marker in the discovery sample. The sum
of all of these products is then calculated and divided by the number of included loci.
Finally, the association of this score with disease status is tested in the target sample by its
inclusion as a predictor in a logistic regression model. The finding of the presence of a
polygenic component to AD would indicate that many more individual genetic variants of
small effect still await detection.

Materials and Methods
Subject recruitment

For the purposes of the present study, the sample from the previous GWAS (subsequently
referred to as “GWAS1”) was enlarged by the inclusion of an additional 900 patients and the
GWAS data of a further 862 German controls (subsequently referred to as “GWAS2”) Thus
when in the text the “present study” is mentioned this refers to the pooled GWAS1 and
GWAS2 data

All patients were male and of self reported German ancestry. All fulfilled DSM-IV criteria
for AD and had been recruited from consecutive admissions to the psychiatry- and addiction
medicine departments of German psychiatric hospitals participating in the German addiction
research network (for a detailed description see Treutlein et al. 2009). The 900 additional
patients included in GWAS2 were drawn from the 1,024 patients used to follow-up the 140
top SNPs from GWAS1 in our previous study (mean age at interview=43.3. SD=8.4
(GWAS2), mean=41.9. SD=8.8 (overall sample); mean age at onset =30.2, SD=7.8
(GWAS2) mean=27.0, SD=8.0 (overall sample).

The control subjects for GWAS2 were psychiatrically healthy individuals who had been
randomly selected from a Munich community sample, and who had been screened using the
Composite International Diagnostic Interview. This control sample was distinct from the
control sample used in the follow-up study. In view of the limited financial resources
available for genotyping, this sample was chosen since GWAS data were already available
and the controls were from the same region as the majority of our patients. The mean age at
interview was 51.9, SD=13.2 for this control sample and mean=50.5, SD=12.1 for the
overall control sample. All of the GWAS phenotypes and genotypes are stored in a
comprehensive database at the Institute for Medical Biometry, Informatics, and
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Epidemiology in Bonn (IMBIE). The study was approved by the respective local ethics
committees and was carried out in accordance with the Declaration of Helsinki. All
participants provided written informed consent.

Genotyping and Data Analysis
The 900 GWAS2 patient samples were individually genotyped using Illumina
Human610Quad or Illumina Human660w Quad BeadChips (Illumina, Inc., San Diego, CA,
USA). The controls had been genotyped using Illumina HumanHap550 Bead Chips.

Software and databases—PLINK 1.07 (Purcell, Neale, Todd-Brown et al. 2007) and R
2.7.2 (R Development Core Team 2010) were used for quality control (QC) and the
association statistics. SMARTPCA (Patterson, Price & Reich 2006) was used for principal
component analysis (PCA). Haploview 4.2 (Barrett, Fry, Maller et al. 2004) was used for
linkage disequilibrium (LD) assessment. For the purposes of replication, GWAS datasets
were retrieved from the dbGAP database (Mailman, Feolo, Jin et al. 2007). These datasets
had been generated within the following studies: (i) ‘Alcohol Research using Australian
twins and their families’ (subsequently referred to as OZ-ALC); (ii) ‘CIDR: Collaborative
Study on the Genetics of Alcoholism’ (COGA; subsample of European ancestry only); and
(iii) ‘Study of Addiction: Genetics and Environment’ (SAGE; subsample of European
ancestry only).

Quality control (QC)—Prior to QC, the genotype data were pooled with the preQC data
from GWAS1. QC was then performed on the pooled data. The following criteria were
applied: sample call rate (CR) >=0.98; and conformity between reported sex and genotypic
sex. In the case of duplicates or cryptic relatedness (IBS across autosomal markers >=1.6),
the sample with the lower call rate was removed. Outliers were identified using PCA.

Only SNPs present on all of the applied genotyping platforms were included in the analysis.
To remain in the dataset, the SNPs had to fulfill the following criteria: CR >=0.98; minor
allele frequency (MAF) >=0.01; conformity with Hardy-Weinberg equilibrium (HWE;
p>=1E–6) in any subsample; HWE conformity across all samples; and no significant
difference in allele frequency between subsamples for controls. Cluster plots of our top
findings were then assessed visually, and SNPs with poor cluster quality were removed. In
900 patients (genotyped in the follow-up study of GWAS1 with sequenom and in GWAS2
with illumina chip), replication of 140 SNPs showed 99.8% identity.

Single marker test statistics—A logistic regression approach was used in the
performance of single marker association tests for autosomal SNPs. Correction for
population stratification (PS) was performed using the first two principal components (PC)
resulting from a PCA across independent autosomal markers (pair-wise r2<0.05 within a
sliding window of 200 SNPs width, conformity of SNPs with HWE (p>0.01), and a minor
allele frequency (MAF) >=0.05). These two PCs where included as covariates in the logistic
regression model. For the conditional analysis of markers other than rs1789891, this SNP
was included as an additional covariate in the regression model, using the allelic dosage of
A alleles as a predictor.

Polygenic score based analysis—For the score based analysis, only pairwise
independent autosomal SNPs (r2<0.25) with MAF>0.02 and p<0.5 were used. The total
GWAS sample was divided at random into two halves. The first half was used as the
discovery sample (667 patients; 1,084 controls) and the second half was used as the target
sample (666 patients; 1,084 controls). On the basis of the association results of single
marker tests in the discovery sample, a polygenic score was calculated for the subjects in the
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target sample. For a detailed description of the method see Purcell et al. (2009). To build the
polygenic score for an individual, the number of minor alleles of this subject on any of the
included loci was multiplied by the log(OR) of the respective marker. The sum of all of
these products was then calculated and finally divided by the number of included loci.
Testing for association between disease status and polygenic score was performed in the
target sample using a logistic regression approach and the following two models: a) using
disease status as a response variable, and the polygenic score and the first two principal
components from the PCA as predictors; and b) the same model but with exclusion of the
polygenic score from the predictor list. These two models were then compared to determine
whether inclusion of the polygenic score in the model significantly improved fit. In a second
step, the score based analysis was recalculated by exchanging the target and discovery
samples in order to cross-validate the results. Since the size of the discovery sample is
essential for obtaining an accurate prediction (Purcell et al. 2009), the total German sample
was used as a discovery sample for the subsequent score based analyses of the COGA,
SAGE, and OZ-ALC samples.

Local imputation of functional locus Arg272Gln (rs1693482)—The SNP
rs1693482 was imputed locally using BEAGLE 3.3 (Browning & Browning 2007) and
default settings. Genotype data from the 60 Hapmap (The International HapMap Consortium
2005) CEU founders (release 23a) were used as a reference panel in order to allow
comparison of our results with previously reported findings for SNP rs1693482, which was
not present in the overlap of the applied genotyping platforms.

Results
Effect of quality control (QC)

Thirty of the 900 GWAS2 cases were excluded from further analyses due to: failed
genotyping/low call rate (n=13); a genome-wide average identity by state (IBS) score of
above 1.60, indicating cryptic relatedness (n=1); discrepancies between reported- and
genotype-derived sex (n=2); or outlier status (n=14). Figure 1 shows the results of the PCA
following the exclusion of outliers. Of the 502,276 SNPs present in the SNP set content of
all samples after pooling with the GWAS1 data, 500,467 were autosomal. Of these, 92.5%
passed QC. The final data set comprised 463,044 autosomal SNPs from a total of 1,333
cases and 2,168 controls. The mean CR of the final set of SNPs (cases and controls
combined) was 99.94% (SD=0.12%). To visualize the outcome of the QC steps, the pre- and
postQC association p-values are depicted as a quantile-quantile plot (Figure 2).

Statistical analysis of pooled data
Single marker tests—Figure 3 provides a genome-wide overview of the single marker
test results. Inflation factor λ after QC was 1.037. Table 1 shows all single marker
association findings with p<1E–5. The SNP rs1789891, which is located between the
ADH1B and ADH1C genes, achieved genome-wide significance (p=1.27E–8; OR=1.46).
Five other SNPs in the region of rs1789891 showed p<1E–5. A conditional analysis was
performed on these SNPs by including rs1789891 as a covariate in the regression model.
This revealed rs1789891-independent effects for the SNPs rs1789924 (p=8.13E–3),
rs2851300 (p=5.44E–3), and rs4699748 (p=1.44E–2).

Comparison with AD GWAS data from the COGA, SAGE, and OZ-ALC samples obtained
through dbGAP (Mailman et al. 2007) showed that the SNP rs1789891 had also shown
nominal significance in the COGA GWAS (p=1.47E–2), and that the same allele had been
associated with AD. No significant association with this variant was found in the SAGE- or
the OZ-ALC sample (Table 2).
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Two further SNPs located around ADH1C showed p<1E–5 in the present study and yielded
nominal significance with the same allele in the COGA sample. These were rs1372679
(p=1.61E–6, OR=1.48; pCOGA=3.53E–2, ORCOGA=1.33), and rs4699748 (p=2.51E–7,
OR=1.49; pCOGA=4.66E–2, ORCOGA=1.28; Table 2). The SNP rs9825310 (p=7.55E–6,
OR=1.25), which is located near GPD1L on chromosome 3p22.3, also showed nominally
significant association with the same allele in the COGA sample (pCOGA=2.95E–3,
ORCOGA= 1.28). An analysis was performed to test for association in our GWAS for the top
SNPs (p<1E–5) reported by the COGA (Edenberg, Koller, Xuei et al. 2010) and SAGE
(Bierut, Agrawal, Bucholz et al. 2010) GWAS. This yielded no significant results.

Polygenic score based analysis—Genotype scores derived from each half of the
German GWAS sample differed significantly between patients and controls of the respective
remaining half (p=1.28E–6 and p=9.66E–9), and genotype scores derived from the total
German sample differed between patients and controls in the COGA (p=3.92E–2) as well as
in the SAGE (p=1.13E–4) sample (scores based on ∼ 84,000 SNPs).

Discussion
The SNP showing genome-wide significance in the present study is located in the region
harboring the ADH gene cluster. This is the most consistently reported region in linkage
analyses (Prescott, Sullivan, Kuo et al. 2006), and has shown evidence of association in a
number of candidate gene studies of AD (Birley, James, Dickson et al. 2009). Existing
knowledge of the biochemical function of the ADHs and the results of animal studies
provide further strong support for the hypothesis that the ADHs are involved in the etiology
of AD. The ADHs are involved in the enzymatic degradation of ingested ethanol, a process
which results in the toxic intermediate acetaldehyde (Edenberg 2007). This is normally
metabolized rapidly to acetate, in a reaction that is catalyzed by the aldehyde
dehydrogenases (ALDHs). Accumulation of acetaldehyde in the blood causes the so called
“flushing reaction”, which leads to the avoidance of alcohol consumption. This is the
rationale for the use of the ALDH inhibitor disulfiram in the treatment of AD (Edenberg
2007; Petersen 1992; Suh, Pettinati, Kampman et al. 2006). A naturally occurring reduction
in ALDH2 activity due to a functional mutation (Glu504Lys, rs671) in this gene, which is
highly prevalent in Asians, protects a substantial proportion of this population from AD
(Ball 2008; Eng, Luczak & Wall 2007; Enomoto, Takase, Yasuhara et al. 1991). Similar
protective mechanisms have been suggested for variations in the ADH genes (Edenberg
2007; Li, Zhao & Gelernter 2011; Macgregor, Lind, Bucholz et al. 2008; Osier, Pakstis,
Soodyall et al. 2002).

Seven ADH genes are known to exist in humans. Of these, class I gene products (ADH1A,
ADH1B, and ADH1C) account for most of the capacity of the liver for ethanol oxidation.
High LD has been reported for several variants across these genes (Edenberg 2007). The top
SNP of the present study is located between the ADH1B and ADH1C genes. This is in
complete LD (D′=1.0, r2=0.27, HapMap rel 24 CEU) with rs1693482 (Arg272Gln), a
common functional amino acid substitution in the ADH1C gene. An Australian study found
that Arg272Gln was associated with “amount of alcohol consumption” (Macgregor et al.
2008). This finding is compatible with the hypothesis that increased ADH activity may be
protective against AD. Since Arg272Gln was not present in our data set, it was necessary to
impute this marker. Based on the imputed genotypes, the higher-function 272Arg variant
(Edenberg 2007) corresponding to the protective allele C of rs1789891 in the present GWAS
was indeed found to be the protective allele in our sample. However, the association with
Arg272Gln, (p=1.24E-7, OR=1.31) was not stronger than the association with rs1789891
(p=1.27E-8; OR=1.46). It therefore remains uncertain whether the observed association was
due to the effect of the Arg272Gln. The SNP rs1789891 is located intergenically, in a region
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in which many SNPs are in high LD (Figure 4). Previous studies have shown that several
variants in the ADH cluster, which are in LD with one another (Edenberg 2007), contribute
independently to the risk of AD (Macgregor et al. 2008). The present findings are consistent
with this observation. Apart from Arg272Gln, six of the 13 top SNPs with p<1E–5 were
located within or around the ADH1C gene and were in LD with one another (D′ between
0.61 and 1.0) and the conditional analysis showed small rs1789891-independent effects
(Table 1).Even in the absence of definite functional evidence for the association with
rs1789891, this finding is relevant as it receives independent support from the COGA study,
which found association with AD for the same allele (p=1.47E–2, OR=1.31).

This marker was also among the top SNPs in a GWAS of conduct disorder symptoms,
which involved 909 patients with attention deficit disorder aged between five and 17 years
and their parents (p=3.44E–5 (Sonuga-Barke, Lasky-Su, Neale et al. 2008); risk allele A
[http://www.genome.gov/gwastudies]). Conduct disorder and AD are frequently comorbid,
and twin studies support the hypothesis that conduct problems in children and antisocial
behavior in adults are correlated genetically with AD (Pickens, Svikis, McGue et al. 1995;
Slutske, Heath, Dinwiddie et al. 1998).

Thus one possible hypothesis is that the ADH variant contributes to the development of both
conduct disorder and AD in the sense of a shared etiology. Another explanation is that the
association finding originates from one of the two disorders, and that the association with
the other disorder is simply the result of comorbidity. If the association arises from conduct
disorder, the association would only be expected in patients with this disorder.
Unfortunately, we were unable to test these alternative hypotheses by stratifying our sample
for co-morbid conduct disorder. Further studies are required to disentangle this issue.

A total of 13 markers in the present study reached a value of p<1E–5, including rs1789891.
Of the seven variants that are not located at the ADH1C locus, four SNPs are located in
genes (see Table 1; for functional annotation of these genes see supporting Table S1).

Comparison of the 13 top SNPs from the present study and the COGA, SAGE, and OZ-
ALC, showed that four of these 13 SNPs had shown nominal significance in the COGA
study (Table 2). Three of these SNPs were in the ADH gene cluster, including the SNP with
genome wide significance (Table 1). The fourth SNP, rs9825310, is located intergenically
on chromosome 3. The closest RefSeq gene to rs9825310 is the glycerol-3-phosphate
dehydrogenase 1-like (GPD1L) gene (OMIM MIM ID *611778), which is located at a
distance of ∼30kb. In humans, mutations in the GPD1L gene have been reported to cause
Brugada syndrome 2, which is a progressive disorder of myocardial conduction (OMIM
MIM ID #611777). Interestingly, this gene has received support for the phenotype “alcohol
stimulated activity” in the mouse (Palmer, Lessov-Schlaggar, Ponder et al. 2006), as it is
located in the QTL Etact2 on mouse chromosome 9
(http://bioinfo.mc.vanderbilt.edu/ERGR/qtlds.php?qtl=Etact2).

A possible explanation for why consistent findings were only observed in the COGA sample
and not in the two other large data sets is that of these three previous studies, the COGA
study had the most similar recruitment scheme to ours, as patients were recruited through
alcohol treatment programs. This enriches the sample with the most severe AD cases,
diagnosed in accordance with DSM. In an attempt to increase the power of the present study,
we increased the homogeneity of the patient sample by including male patients with severe
AD only. Thus our findings are confined to this specific patient group. Nevertheless, genes
identified through systematic screening in clinically homogeneous samples comprised of
severely ill patients can provide promising candidates for studies of more heterogeneous
samples.
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As with GWAS of other neuropsychiatric phenotypes published to date, there is limited
consistency among the top findings for AD. This is likely to reflect the small genetic effects
conferred by these variants and the very limited power of each individual study to detect
them consistently at a genome-wide significant level.

Although the hypothesis that many variants with small effect contribute in concert to AD is
well established, no study has demonstrated that the sum of a multitude of non-significant
effects contributes to the development of AD. Our group is the first to have found supportive
evidence for such a contribution. This finding shows that many more genetic variants still
await detection. We were able to show that these variants which may confer vulnerability
through many different biological mechanisms, act across different samples. Since the effect
sizes of individual risk alleles involved in polygenic susceptibility will be low, it will be
difficult to distinguish true risk effects from false positives at the level of individual genes.
Pathway-based analysis involving the incorporation of risk alleles from the multiple genes
that contribute to a particular pathway may overcome this limitation, and allow the
translation into a meaningful biological context.

In summary, in view of the a priori evidence for the validity of the ADH association finding
and the independent replication, the present study has demonstrated the potential of the
GWAS approach, which could lead to many more valuable findings if pursued in
sufficiently large and homogeneous samples. The finding of a polygenic component is
consistent with findings for other psychiatric disorders, and suggests the existence of a
continuum of genetic effects, and that a host of susceptibility genes still await identification.
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Figure 1.
Scatter plot showing the first two principal components resulting from principal component
analysis (PCA) after the removal of outliers.
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Figure 2.
Quantile-quantile-plot of expected and observed association test p-values prior to- (gray)
and following (red) quality control (QC). P-values<1E–8 are denoted with triangles at the
top of the plot.
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Figure 3.
Manhattan plot of pooled GWAS sample logistic regression p-values of all tested autosomal
markers. The red dashed line shows the level of genome wide significance (p=5E-8).
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Figure 4.
Illustration of p-values in a ±500kb interval around the most significant finding for
rs1789891 on chromosome 4q including gene annotation using the SNAP proxy tool
(http://www.broadinstitute.org/mpg/snap/). Linkage disequilibrium maps are from the
International HapMap Project (http://hapmap.ncbi.nlm.nih.gov/).
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