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Abstract Maximum number of alcoholic drinks con-

sumed in a 24-h period (maxdrinks) is a heritable ([50 %)

trait and is strongly correlated with vulnerability to

excessive alcohol consumption and subsequent alcohol

dependence (AD). Several genome-wide association stud-

ies (GWAS) have studied alcohol dependence, but few

have concentrated on excessive alcohol consumption. We

performed two GWAS using maxdrinks as an excessive

alcohol consumption phenotype: one in 118 extended

families (N = 2,322) selected from the Collaborative

Study on the Genetics of Alcoholism (COGA), and the

other in a case–control sample (N = 2,593) derived from

the Study of Addiction: Genes and Environment (SAGE).

The strongest association in the COGA families was

detected with rs9523562 (p = 2.1 9 10-6) located in an

intergenic region on chromosome 13q31.1; the strongest

association in the SAGE dataset was with rs67666182

(p = 7.1 9 10-7), located in an intergenic region on

chromosome 8. We also performed a meta-analysis with

these two GWAS and demonstrated evidence of association

in both datasets for the LMO1 (p = 7.2 9 10-7) and

PLCL1 genes (p = 4.1 9 10-6) with maxdrinks. A variant

in AUTS2 and variants in INADL, C15orf32 and HIP1 that

were associated with measures of alcohol consumption in a

meta-analysis of GWAS studies and a GWAS of alcohol

consumption factor score also showed nominal association

in the current meta-analysis. The present study has iden-

tified several loci that warrant further examination in

independent samples. Among the top SNPs in each of the

dataset (p B 10-4) far more showed the same direction of

effect in the other dataset than would be expected by

chance (p = 2 9 10-3, 3 9 10-6), suggesting that there

are true signals among these top SNPs, even though no

SNP reached genome-wide levels of significance.
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Introduction

Excessive alcohol consumption is a modifiable behavioral

risk factor for morbidity and one of the leading causes of

death in the United States (Mokdad et al. 2004). Every year

nearly 85,000 (3.5 %) people die due to short and long-

term consequences of alcohol use (Mokdad et al. 2004).

Consumption of alcohol in large quantities is capable of

damaging every organ and system of the body (Caan and

de Belleroche 2002) and is associated with increased risk

of alcohol dependence (AD), cancer, alcoholic liver dis-

ease, cardiovascular disease, chronic pancreatitis and

malabsorption (Muller et al. 1985; Testino 2008). The

International Agency for Research on Cancer and the U.S.

Department of health and Human Services has listed

alcohol as a known carcinogen. Epidemiological studies

indicate that moderate alcohol consumption by younger

women could increase the risk of breast cancer later in life

(Allen et al. 2009; Brooks and Zakhari 2013; Chen et al.

2011).

Several genome-wide association analysis (GWAS)

have been carried out to find genes that contribute to risk

for AD (Bierut et al. 2010; Edenberg et al. 2010; Kendler

et al. 2011; Treutlein et al. 2009; Wang et al. 2012a), and

alcohol consumption (Baik et al. 2011; Heath et al. 2011;

Schumann et al. 2011). Recently, Schumann et al. (2011)

performed a meta-analysis using 12 population-based

GWAS and reported genome-wide association of a SNP

in the autism susceptibility candidate 2 gene (AUTS2)

with alcohol consumption (grams per day per kilogram

body weight). In another GWAS, Baik et al. (2011)

identified twelve SNPs on chromosome 12 that were

strongly associated with alcohol consumption (grams per

day) in Korean men. A GWAS of a quantitative factor

score created from indices of excessive alcohol con-

sumption that included maximum number of alcoholic

drinks consumed in 24 h (maxdrinks), reported many

variants approaching the genome-wide threshold for sug-

gestive significance (p \ 5 9 10-5) (Heath et al. 2011).

Bierut et al. (2012) used maxdrinks as a standalone

measure of alcohol consumption and identified a SNP

(rs1229984) in the ADH1B gene strongly associated with

lower consumption of alcohol in populations of European

and African ancestry. This SNP has been demonstrated to

be functional and to have a strong impact on risk for

alcoholism in all populations (Hurley and Edenberg

2012).

The present study took advantage of both family and

case–control study designs in two large complementary

and well-characterized European-American (EA) cohorts

assessed using the semi-structured assessment for the

genetics of alcoholism (SSAGA), which includes the

‘‘maxdrinks’’ as a measure of alcohol consumption.

Maxdrinks is heritable and strongly correlated with

excessive alcohol consumption and alcohol dependence

(AD); (Grant et al. 2009; Kendler et al. 2010; Saccone et al.

2000). GWAS was performed in each cohort and then

results were combined in a subsequent meta-analysis. We

found suggestive evidence of association with several

novel loci and supportive evidence of association with

several previously reported loci.

Materials and methods

Subjects

The data presented here were generated through analyses

using two datasets.

The collaborative study on the genetics of alcoholism

(COGA) sample

Following the approval of institutional review boards at all

participating institutions, AD probands[18 years old were

recruited through alcohol treatment programs and admin-

istered the adult version of a validated polydiagnostic

instrument, the SSAGA (Bucholz et al. 1994). Relatives of

the probands and comparison families below the age of

18 years were administered an adolescent version of the

SSAGA. The COGA sample used here consisted of 2,322

subjects of European descent from 118 extended families

with a measure of maxdrinks. The characteristics of the

study participants are listed in Table 1. Further details

about this dataset, are described elsewhere (Wang et al.

2012a).

The study of addiction: genetics and environment (SAGE)

sample

The Institutional Review Board at each contributing insti-

tution reviewed and approved the protocols for genetic

studies under which all subjects were recruited. The SAGE

is funded as part of the Gene Environment Association

Studies (GENEVA) initiative supported by the National

Human Genome Research Institute. The subjects were

selected from three large, complementary datasets: COGA,

Family Study of Cocaine Dependence (FSCD), and Col-

laborative Genetic Study of Nicotine Dependence (COG-

END). In the present study, we removed 129 individuals

from the SAGE study who were also part of the 118

extended families in COGA. A total of 2,593 subjects of

European descent with the maxdrinks measure (Table 1)

were used for the association analysis. Further details of the

SAGE sample have been described previously (Bierut et al.

2010).
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Phenotype

The measure for lifetime maximum number of alcoholic

drinks consumed in 24-h period (maxdrinks) in both the

COGA and SAGE datasets was derived from the SSAGA

interview (Bucholz et al. 1994). The specific question

asked to assess maxdrinks was ‘‘What is the largest num-

ber of drinks you have ever had in a 24-hour period’’? A

standard drink of alcohol was defined as a 4 oz glass of

wine, a 12 oz bottle of beer, or a 1.5 oz shot glass of 80

proof liquor. The average maxdrinks in the COGA sample

and the SAGE samples were similar, with average max-

drinks = 25 and maxdrinks = 13 in men and women,

respectively (Table 1). Phenotypic distributions for both

the COGA and SAGE datasets are presented in supple-

mentary figure 1. Extreme values of maxdrinks (greater

than 100) were set at 100. Individuals who did not con-

sume alcohol were classified as unknown and were

removed from subsequent analyses. Prior to association

analysis, maxdrinks in both datasets were natural log-

transformed to acquire a normal distribution (supplemen-

tary figure 1).

Genotyping

COGA sample

Genotyping was performed at the Genome Technology

Access Center at Washington University School of

Medicine in St. Louis (http://gtac.wustl.edu/) using the

Illumina Human OmniExpress array 12.VI (Illumina,

San Diego, CA, USA). A total of 707,557 autosomal

SNPs passed quality control (Wang et al. 2012a). SNPs

with a minor allele frequency (MAF) below 5 %

(n = 115,872) were excluded from further analysis.

One hundred eighteen families, who self-reported

European descent were included in the dataset. We

utilized EIGENSTRAT (Price et al. 2006) along with

HapMap European reference samples to confirm Euro-

pean ancestry.

SAGE sample

DNA samples were genotyped on the Illumina Human 1 M

beadchip (Illumina Inc., San Diego, CA, USA) by the

Center for Inherited Diseases Research (CIDR) at Johns

Hopkins University. A total of 948,658 SNPs passed data-

cleaning procedures and further within sample filtering for

autosomal and X-chromosome markers yielded 948,142

markers. HapMap genotyping controls, duplicates, related

subjects and outliers were removed from the sample set

(Bierut et al. 2010). A total of 771,842 SNPs on the

autosomal chromosomes with MAF greater than or equal to

5 % were used for further analysis. The software package

EIGENSTRAT (Price et al. 2006) was used to calculate

principal components reflecting continuous variation in

allele frequencies representing ancestral differences. First

principal component (PC1) distinguished African-Ameri-

can participants from European-American (EA) partici-

pants. The EA subset of the SAGE sample was used for the

final association analysis.

Imputation

Because different genotyping arrays were used in the COGA

and SAGE studies, there were only 483,037 common SNPs

across both datasets after quality control. In order to perform

a meta-analysis, we imputed the SNPs for both datasets.

COGA dataset

We used the program BEAGLE version 3.3.1 (Browning

and Browning 2007) to impute SNPs on autosomes and X

chromosome that were not genotyped on the Illumina

Omni Express array. Since our sample was European

American, we used as a reference set the genotypic data

from the EUR in the August 2010 release of the 1,000

Genomes Project, provided with the Beagle 3.3.1 release.

SNPs with a correlation between the best-guess genotype

and allele dosage greater than 0.3 (r2 [ 0.3) were used in

the analyses. For individual-level genotype data, we

retained genotypes having a probability C80 % (from the

Table 1 Characteristics of COGA and SAGE subjects

COGA (118 families) SAGE EA (N = 2,593)a

Male Female Male Female

N 1,101 1,221 1,153 1,440

Age at interview (mean ? SD) years 34.95 ± 15.47 36.47 ± 15.78 39.41 ± 9.72 38.66 ± 8.44

Maxdrinks (mean ? SD) max number of drinks in 24 h 23.72 ± 18.09b 12.52 ± 12.68b 25.48 ± 19.79c 13.10 ± 14.23c

a The demographic data reported for SAGE is for 2,593 subjects after removing 129 subjects which overlapped with COGA
b Two-tailed p for t test \0.001
c Two-tailed p for t test \0.001
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gprob metric in Beagle); all other genotypes were set to

missing. We converted genotypic probability data into

most-likely genotypes. This helped us in detecting geno-

typic errors in families. We used these most-likely geno-

types in further cleaning and analysis. The imputed SNPs

were cleaned using the same methods as genotyped SNPs.

Mendelian errors in the imputed data were removed. After

a careful quality review, a total of 4,058,415 SNPs were

used for association analysis. To account for uncertainty,

we used the mean of the distribution of imputed genotypes,

which corresponds to an expected allelic or genotypic

count (dosage) for each individual.

SAGE dataset

Imputation for the SAGE data was performed using

BEAGLE version 3.3.1 (Browning and Browning 2007) for

all autosomes and the X chromosome, with the December

2010 released genotypes and haplotype reference panels

selected from the 1,000 Genomes Project (www.1000

genomes.org). EUR analysis panel was used to impute the

EA samples. In SAGE we did not have the advantage of

family-based cleaning; therefore, we based our analysis on

4,058,415 common SNPs that met imputation quality

control criteria across both SAGE and COGA datasets.

Data analysis

COGA dataset

We first tested for the effect of covariates on maxdrinks. As

expected, gender was a highly significant predictor of

maxdrinks (p = 0.0001). Because the COGA dataset con-

sists of large multi-generation families we used birth cohort

to account for the secular effects on maxdrinks across

generations. We divided subjects into 4 cohorts based on

their year of birth (\1930, 1930–1949, 1950–1969, and

C1970). The effect of age at interview was not independent

of birth cohort, therefore it was not used as a covariate in

the final association analysis. Quantitative trait association

analysis was performed using a mixed linear model (MLM)

implemented in the GWAF (Chen and Yang 2010) package

of R, using gender and birth cohort as covariates and nat-

ural log-transformed maxdrinks as the trait. The correlated

nature of the COGA sample was accounted for using ran-

dom effects correlated according to the degree of related-

ness within a family using a kinship matrix.

SAGE dataset

As described previously (Bierut et al. 2010), covariates

included sex, age, sample origin (COGA, COGEND and

FSCD), cocaine dependence and nicotine dependence. The

relationship between age at interview and maxdrinks was

not linear in the SAGE dataset. Therefore, we avoided

using age as a continuous covariate in the analysis. We

coded age at interview into four dummy categorical vari-

ables (defined, using quartiles, as 34 years and younger,

35–39 years, 40–44 years, and 45 years and older) and

included them as covariates. Nicotine and cocaine depen-

dence were included as covariates in SAGE because the

COGEND and FSCD datasets were ascertained on nicotine

dependence and cocaine dependence, respectively. Asso-

ciation of natural log-transformed maxdrinks was exam-

ined by linear regression using PLINK (Purcell et al. 2007).

Meta-analysis

We used METAL software (Willer et al. 2010) to combine

the p values and effect size estimates from the SAGE and

COGA association results. METAL selects the reference

allele for each marker and calculates the z-statistic charac-

terizing the evidence for association. The z-statistic sum-

marizes the magnitude and direction of the effect relative to

the reference allele. Overall statistic and p values were then

calculated from the weighted sum of the individual statistics.

Conditional analysis

The minor allele of rs1229984 in ADH1B gene was pre-

viously shown to be protective against alcohol dependence

in Asian samples, in which this allele is common (Chen

et al. 1999; Edenberg 2007; Thomasson et al. 1991; Wang

et al. 2012b). We have shown that the minor allele is also

protective for excessive alcohol consumption in European

Americans and African Americans (Bierut et al. 2012). We

therefore performed a conditional analysis and subsequent

meta-analysis in the SAGE and COGA datasets, including

rs1229984 genotype as a covariate. Because this SNP has a

low minor allele frequency and is hard to impute, this SNP

was directly genotyped in the SAGE and COGA datasets

(Bierut et al. 2012).

Power of the study

We conducted power calculations under an additive genetic

model, at alpha = 5 9 10-8, assuming the trait SNP and

marker are in complete linkage disequilibrium with spec-

ified D0, for a range of assumed effect sizes starting with

the strongest effect identified in the present study, using the

Genetic Power Calculator (Purcell et al. 2003).

Gene-based association analysis

We used the program, VEGAS (Liu et al. 2010) to perform

gene-based tests for association on the results from the
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meta-analysis of COGA and SAGE. This program anno-

tates SNPs to corresponding genes, produces a gene-based

test statistic, and then uses simulation to calculate an

empirical gene-based p value.

Genome-wide complex trait analysis (GCTA)

The GCTA program as described by Yang et al. (2011) was

used to estimate the proportion of phenotypic variance for

maxdrinks explained by the genome-wide SNPs genotyped

on the Illumina 1 M chip in the SAGE dataset. This pro-

gram fits a linear model to the phenotype data and uses a

restricted maximum likelihood to estimate the variance

explained by the SNPs.

Results

COGA

No SNP, either genotyped or imputed, passed our pre-

specified threshold of genome-wide significance of

p \ 5910-8 for association with maxdrinks (supplemen-

tary figure 2). A total of 479 SNPs showed association at

p \ 1 9 10-4 (supplementary table 1), which is higher

than the number of SNPs (406) (p = 0.015) expected by

chance. The strongest association with maxdrinks was

detected with an imputed SNP, rs9523562 (beta = -0.13,

p = 2.1 9 10-6), on chromosome 13q31.1. Several geno-

typed and imputed SNPs that are highly correlated with

rs9523562 (R2 = 0.8, D0 = 0.95) also showed association

with maxdrinks (5.0 9 10-5 B p B 2.1 9 10-6) (Supple-

mentary table 1). An intronic SNP rs2283970 in CACNG2

(calcium channel, voltage-dependent, gamma subunit 2)

also showed suggestive association (beta = -0.13,

p = 3.9 9 10-6).

SAGE

In the SAGE dataset, a total of 646 SNPs showed associ-

ation with maxdrinks at p \ 1 9 10-4; however, none of

these variants met criteria for genome-wide significance

(supplementary table 2, supplementary figure 3). The

observed number of SNPs is almost 1.5 times more than the

number of SNPs expected to show suggestive association at

this level by chance (p \ 1 9 10-4). rs67666182 near

SNX16 (sorting nexin 16) on chromosome 8 showed sug-

gestive association (9.9 9 10-5 \ p \ 7.1 9 10-7). Other

SNPs in high linkage disequilibrium with rs67666182

(r2 = 0.8 D0 = 0.95) also provided evidence of association

(supplementary table 2). Several SNPs in cytochrome

P450, family 4, subfamily F, polypeptide 8 (CYP4F8),

muskelin 1, intracellular mediator containing kelch motifs

(MKLN1), LIM domain only 1 (LMO1), phenylalanyl-

tRNA synthetase 2, mitochondria (FARS2) and SH3-

domain GRB2-like 3 (SH3GL3) were also associated with

maxdrinks (p \ 1.0 9 10-4).

Meta-analysis using SAGE and COGA dataset

There was limited replication and overlap for the top sig-

nals identified in either the COGA or the SAGE dataset

(supplementary tables 1 and 2). The association of SNPs

(p \ 1 9 10-4) near the neural cell adhesion molecule

Fig. 1 a Q–Q plot for association analysis of the alcohol dependence

phenotype. Observed log p values for the 4,058,415 SNPs (black

dots) and expected p values (line) are plotted against the expected p

value (x axis). Post meta-analysis genomic inflation factor value

(lambda) was 1.05. b Observed log p values for the 4,058,415 SNPs

were plotted for each of the 22 autosomal chromosome in Manhattan

plot

Hum Genet (2013) 132:1141–1151 1145
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(NCAM2) and M-phase phosphoprotein (MPHOSPH6)

genes observed in the COGA study showed nominal

association in the SAGE study (0.04 B p B 0.05). The

association of SNPs near the LIM domain only (LMO1),

Toll-like receptors (TLR1, TLR10) and Ataxin 2 binding

protein 1 (A2BP1) genes identified in SAGE were also

weakly (0.03 B pB0.06) associated with maxdrinks in

COGA. However, the number of SNPs with p \ 1 9 10-4

in both COGA and SAGE with the same direction of effect

in the other study was significantly higher than expected by

chance: 270/479 of the COGA SNPs (p = 0.003) and

380/646 of the SAGE SNPs (p = 4 9 10-6).

Figure 1 and Table 2 presents the results from the meta-

analysis of COGA and SAGE samples. An intronic variant

rs4758317 in LMO1 showed evidence for association (p =

7.2 9 10-7) with evidence coming from both SAGE

(beta = 0.08, p = 6.0 9 10-6) and COGA (beta = 0.05,

p = 2.9 9 10-2) (Table 2, supplementary figure 4). Simi-

larly, we observed a suggestive association (p = 4.1 9

10-6) of maxdrinks with an intronic variant in PLCL1

(rs67031482), driven by both COGA (beta = -0.07, p =

1.1 9 10-2) and SAGE (beta = -0.07, p = 1.2 9 10-4)

datasets. In populations of European descent, this SNP is in

a region of linkage disequilibrium of *200 kb on chro-

mosome 2q that spans the entire PLCL1 gene (supple-

mentary figure 5). Table 2 presents the results from the

meta-analysis of COGA and SAGE samples. For meta-

analysis we had [90 % power to detect a genome-wide

association given a SNP that explains 1 % of the variance

for maxdrinks.

Conditional analysis

The SAGE EA dataset used in the present study was part of

the meta-analysis of rs1229984 reported by our group

(Bierut et al. 2012). In the current EA subset of SAGE we

validated the reported association of rs1229984 with

maxdrinks (p = 4.32 9 10-7). Although the signal was

not genome-wide significant, it explained a large propor-

tion (1 %) of variance for maxdrinks in the SAGE EAs.

This SNP was also nominally associated with maxdrinks in

the COGA family dataset (p = 0.012) with protective

effect (-0.19). The meta-analysis of these two datasets for

rs1229984 resulted in genome-wide significant association

with maxdrinks (p = 2.04 9 10-8). To test the possible

moderating effect of rs1229984 on the relationship

between maxdrinks and other genetic variants, we further

analyzed the COGA and SAGE GWAS including

rs1229984 as a covariate. Rs4758317 in LMO1 remained

the strongest signal with a slight improvement in effect

(beta value changed from -0.078 to -0.080) and p value

(changed from 7.2 9 10-7 to 5.1 9 10-7). The meta-

analysis resulted in a nominal improvement in the evidence

for association of some other SNPs as well, but no new

suggestive association results emerged through this analy-

sis (supplementary table 4).

Estimation of variance explained by genome-wide SNPs

We estimated the proportion of variance for the maxdrinks

explained by 771,842 SNPs genotyped on 2,593 unrelated

subjects from the SAGE dataset using linear model anal-

ysis as implemented in GCTA program. The results

showed that nearly 40 % of the variance for maxdrinks can

be explained by considering all SNPs simultaneously.

Gene-based association analysis

Several genes that showed association in single SNP meta-

analysis were also found to be significant in gene-based

association tests (supplementary table 3). The test con-

firmed that multiple SNPs in a gene support the evidence of

single SNP association analysis. Exocyst complex com-

ponent 5 (EXOC5) on chromosome 14 and solute carrier

family 26 member 4 (SLC26A4) on chromosome 7 were

among the top genes identified in both gene-based and

single SNP association analysis (p \ 5 9 10-5). LMO1

(p = 0.01) and PLCL1 (p = 4.13 9 10-4) also showed

nominal significance in gene-based analysis.

Discussion

In the present study, we identified several SNPs showing

suggestive association with maxdrinks (p \ 5.0 9 10-5) in

the COGA or the SAGE datasets, but no SNP met the

threshold for genome-wide significance. The strongest

signals from the COGA GWAS were near a non-coding

RNA (LincRNA) on chromosome 13q31.1. These SNPs

were not significant in SAGE (0.5 B p B 0.91), but

showed the same direction of effect. LincRNAs are usually

associated with open chromatin signatures such as histone

modification sites. There is some emerging evidence sug-

gesting that lincRNAs regulate gene expression both during

normal development and under pathological conditions,

including neuropsychiatric disorders (Dudley et al. 2011;

Mattick 2009). Out of 479 SNPs (p \ 1 9 10-4) identified

in the COGA dataset, SNPs near NCAM2 and MPHOSPH6

showed nominal replication in SAGE (p \ 0.05), while

many other SNPs showed the same direction of effect. In

the SAGE GWAS the strongest signal, rs67666182, along

with highly correlated SNPs (R2 [ 0.8) near FABP5

showed no replication in COGA, while SNPs in LMO1, and

near TLR1, TLR10 and A2BP1 showed nominal replication.

Because a large excess of SNPs that were nominally sig-

nificant (p \ 10-4) in either COGA or SAGE showed the

1146 Hum Genet (2013) 132:1141–1151
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Table 2 Summary of results for meta-analysis of COGA and SAGE datasets (p B 1.00 9 10-5)

SNP CHRa BPb Gene A1 A2 MAFc COGA p SAGE p Meta p

rs1229984d 4 100239319 ADH1B T C 0.03 1.20E-02 4.32E-07 2.04E-08

rs4758317 11 8250811 LMO1 C A 0.42 2.85E-02G 5.97E-06 7.20E-07

rs59677118 9 14441677 NA A G 0.06 7.83E-03 4.70E-05 1.16E-06

rs55731057 4 38798935 NA T C 0.25 6.69E-02 1.17E-05 3.31E-06

rs67031482 2 198911166 PLCL1 C T 0.48 1.06E-02 1.22E-04 4.07E-06

rs5743604 4 38801285 TLR1 G A 0.24 6.27E-02 1.63E-05 4.09E-06

rs1353899 3 177228979 NA G T 0.22 4.22E-02G 2.45E-05 4.21E-06

rs745899 2 198908040 PLCL1 A T 0.48 1.06E-02 1.34E-04 4.24E-06

rs10497813 2 198914072 PLCL1 G T 0.48 1.04E-02 1.42E-04G 4.36E-06

rs2117339 2 198915734 PLCL1 C T 0.48 1.02E-02 1.41E-04 4.40E-06

rs7144649 14 57822216 NA G A 0.23 1.15E-01G 5.76E-06G 4.40E-06

rs12329164 2 198905224 PLCL1 C G 0.48 1.06E-02 1.39E-04 4.49E-06

rs10206714 2 198906481 PLCL1 C T 0.48 1.06E-02 1.37E-04 4.50E-06

rs6732340 2 198912952 PLCL1 C G 0.48 1.09E-02 1.41E-04 4.63E-06

rs1392219 3 177222429 NA T C 0.22 3.68E-02 3.72E-05G 5.00E-06

rs59972978 20 56058355 NA T A 0.20 1.32E-03 1.02E-03 5.21E-06

rs2196174 2 198905172 PLCL1 A G 0.48 1.06E-02 1.73E-04 5.49E-06

rs4833095 4 38799710 TLR1 C T 0.26 8.11E-02G 1.50E-05G 5.55E-06

rs1371664 2 198904465 PLCL1 T A 0.48 1.06E-02 1.80E-04 5.61E-06

rs9712275 2 198907143 PLCL1 C T 0.48 1.42E-02 1.31E-04 5.77E-06

rs11690205 2 198933948 PLCL1 C T 0.48 8.26E-03 2.44E-04 5.87E-06

rs10497811 2 198902909 PLCL1 A C 0.48 1.06E-02 1.80E-04 5.94E-06

rs7587251 2 198930197 PLCL1 T G 0.48 8.26E-03 2.41E-04 6.06E-06

rs962210 2 198902230 PLCL1 A T 0.48 1.09E-02 1.83E-04 6.11E-06

rs35062652 2 198927927 PLCL1 C T 0.47 9.29E-03 2.29E-04 6.13E-06

rs11690149 2 198933804 PLCL1 C T 0.48 8.26E-03 2.49E-04 6.18E-06

rs16985179 22 28029538 NA T C 0.11 2.57E-04G 3.37E-03G 6.23E-06

rs17616434 4 38812876 NA C T 0.26 7.17E-02G 2.17E-05G 6.71E-06

chr2:198911426 2 198911426 PLCL1 G A 0.48 1.06E-02 2.13E-04 6.73E-06

rs36061340 8 101807230 NA T C 0.05 4.43E-02 5.00E-05 6.81E-06

rs7572733 2 198929806 PLCL1 C T 0.48 7.23E-03 3.25E-04G 6.97E-06

rs2196175 2 198905073 PLCL1 T A 0.48 1.06E-02 2.18E-04 6.98E-06

rs7553212 1 216738788 ESRRG G A 0.32 7.25E-02G 2.32E-05G 7.14E-06

rs1583792 2 198900288 PLCL1 C T 0.48 1.43E-02 1.70E-04 7.26E-06

rs1866666 2 198940607 PLCL1 T C 0.48 1.05E-02 2.47E-04 7.79E-06

rs6834581 4 38788234 NA C T 0.25 3.79E-02 6.67E-05 8.18E-06

rs9973400 2 198941578 PLCL1 T C 0.48 9.95E-03 2.82E-04 8.29E-06

chr7:20089751 7 20089751 NA A G 0.09 5.93E-03 4.71E-04 8.54E-06

rs62202398 20 46801224 NA A G 0.06 3.81E-01 1.69E-06 8.62E-06

rs11851015 14 57669533 EXOC5 G A 0.15 3.01E-03G 8.55E-04 8.64E-06

rs4543123 4 38792524 NA G A 0.24 3.34E-02 8.26E-05G 8.75E-06

rs2188561 7 107336058 SLC26A4 A C 0.21 1.47E-01 9.17E-06 9.23E-06

chr14:101189019 14 101189019 NA T C 0.16 1.83E-02 1.79E-04 9.61E-06

a Chromosome
b Chromosomal position (base pairs) based on human genome build 19, dbSNP 137
c Minor allele frequency estimated on founders of COGA dataset
d ADH1B variant with MAF \0.05 genotyped in COGA and SAGE datasets
G Genotyped SNPs
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same direction of effect in the other study, this suggests

that within these SNPs there is a reproducible signal of

variants that affect maxdrinks.

In meta-analysis, the strongest association (p = 7.2 9

10-7) was detected with rs4758317, an intronic SNP in

LMO1, a cysteine rich, two LIM domain transcription

regulator. This gene is expressed in the brain and involved

in gene regulation within neural lineage cells potentially by

direct DNA binding or by binding to other transcription

factors. Recently researchers have showed that members of

the LMO gene family are involved in regulation of

behavioral responses to ethanol in Drosophila melano-

gaster and the mouse (Lasek et al. 2011). In flies, decreased

expression of Drosophila Lim-only (dLmo) was associated

with increased sensitivity to ethanol-induced sedation,

whereas increased expression of dLmo led to increased

resistance to ethanol-induced sedation. A similar increase

in ethanol sensitivity was observed in Lmo3-/- mice.

Injecting lentivirus expressing either shLmo3.8 or shScr in

single-cell embryos knocked down the Lmo3 expression in

mice. In addition to an effect on ethanol sedation, reducing

Lmo3 levels also correlated with decreased ethanol con-

sumption, suggesting that Lmo3 may play a role in alcohol

preference in mammals. In another study, Wang et al.

(2011) used quantitative PCR to measure LMO1 expression

in a set of 23 tumors. They reported that rs110419, a var-

iant in LMO1, is associated with LMO1 mRNA expression

(p = 0.01). This SNP showed nominal association with

maxdrinks (p = 1.29 9 10-4) and is also in strong LD

(R2 = 0.93, D0 = 0.96) with the strongest SNP rs4758317

(p = 7.2 9 10-7) in the present study. LMO1 was also

nominally significant in gene-based association analysis

performed using VEGAS (p = 0.01).

Another genetic locus of interest is a 200-kb region,

where 93 SNPs spanning phospholipase C-like 1 (PLCL1)

on the long arm of chromosome 2, showed evidence of

association in both COGA (7.21 9 10-3 B p B 2.71 9

10-2) and SAGE (2.80 9 10-3 B p B 1.22 9 10-4)

subjects (Supplement figure 5). This protein was first

identified as a novel inositol 1,4,5-triphosphate binding

protein. It has a number of binding partners including

GABA(A) receptor associated protein and beta subunits of

GABA(A) receptors. PLCL1 is part of biological processes

such as intracellular signal transduction, lipid metabolism

and behavior (KEGG http://www.genome.jp/kegg). We

used online function prediction programs like HaploReg

(Ward and Kellis 2012), Polyphen (Adzhubei et al. 2010)

and SCAN (http://www.scandb.org) to predict the function

of variants within the PLCL1 locus. The strongest signal in

this gene is an intronic SNP rs67031482 (p = 4.7 9 10-6),

which is in LD (R2 = 0.72, D0 = 0.92) with rs1064213

(p = 1.1 9 10-4), a missense variant that leads to substi-

tution of a conserved residue valine to isoleucine at

position 667 in the PI_PLC Y-box region. This conserved

region has been shown to be important for the catalytic

activity of the protein (Jiang et al. 1994). Interestingly, in

GWAS of Molecular Genetics of Schizophrenia control

sample, researchers reported a variant rs10180112 in

PLCL1 which showed moderate evidence of association

(p = 5.22 9 10-4) with alcohol dependence symptom

counts in African Americans (Kendler et al. 2011). This

variant showed nominal association with maxdrinks

(p = 1.9 9 10-3) in COGA families, but no association

was detected in the SAGE sample. The SNP rs10180112 is

in low LD (R2 = 0.036, D0 = 0.51) with rs67031482, the

most strongly associated SNP with maxdrinks in the cur-

rent datasets. This same SNP, rs10180112, is a putative

expression quantitative trait locus (eQTL) in monocytes

(Zeller et al. 2010), as reported on an eQTL browser

(http://eqtl.uchicago.edu/). The variant rs1579695

(p = 1.12 9 10-5) identified in the present study was also

found to be a potential cis eQTL in monocytes as shown in

the data of Zeller et al. (2010). This gene also showed

nominal significance with maxdrinks in gene-based asso-

ciation analysis performed using VEGAS (p = 4.13 9

10-4). Variants identified in the present study remained

significant even after controlling for ADH1B SNP, which

shows that these genes have independent effects on alcohol

consumption.

A major problem in combining alcohol consumption

data across studies has been the variability in the way these

data have been defined and measured (Agrawal et al.

2012). A strength of the present study is that the meta-

analysis incorporated two datasets in which the same

assessment tool and quantitative measure of excessive

alcohol consumption was employed. Despite the same

assessment tool, a potential weakness of our study is the

differences in ascertainment between the two studies:

multiply affected families versus a case–control design.

These two designs may enrich for different risk factors. In

particular, the large families in COGA may be enriched for

rare highly penetrant variants, for which we likely have

low power to replicate in a case–control design.

It is perhaps not surprising that the present study was

unable to identify genome-wide signals for this quantitative

trait. The genome-wide significance level of 5 9 10-8 is

conservative for large EA families such as those in COGA,

where the number of independent tests was small due to

extended linkage disequilibrium (LD). Our power calcu-

lation showed that in the combined COGA and SAGE

sample we had good power (*90 %) to detect SNPs

explaining approximately 1 % of the variance.

Several SNPs identified as candidates in a previously

reported meta-analysis and GWAS of alcohol consumption

also showed nominal evidence of replication in the present

study. Statistics for the SNPs that showed the strongest
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association with alcohol consumption in previous studies

were extracted from the present meta-analysis. SNPs in

autism susceptibility candidate 2 (AUTS2) (Schumann et al.

2011), inaD-like (INADL), chromosome 15 open reading

frame 32 (C15orf32), and huntingtin interacting protein

(HIP1) (Heath et al. 2011) were nominally associated with

maxdrinks (p \ 0.05) in the present dataset.

The present study has identified several novel candidate

genes that may influence alcohol consumption, and sug-

gests that other SNPs among the top hits (p \ 10-4) may

also be true causal factors. Using the GCTA program, we

found that nearly 40 % of the variance for maxdrinks can

be explained by considering all SNPs simultaneously on

the Illumina 1 M chip. The strongest SNPs in the present

study explain a very small proportion of this variance. This

shows that part of the missing heritability for maxdrinks is

tagged by SNPs on the 1 M chip, but due to stringent

p value thresholds for GWAS, we likely ignored some real

signals, underscoring the need to find effective ways to

extract meaningful genetic data from the noise. Another

concern is that variants like rs1229984, which explain a

relatively large fraction of the variance, are not present on

most genotyping chips because of their relatively low fre-

quency in European populations (MAF = 3 %). There may

be other rare and novel variants like this that influence

maxdrinks, which are not tagged by common SNPs and are

difficult to impute. To identify these variants, whole gen-

ome, exome or targeted sequencing in large numbers of

people will be needed. Further biological affirmation and

replication in independent datasets will be required to

confirm the role of the genes identified in this study in

alcohol consumption traits such as maxdrinks.
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