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ABSTRACT. Objective: In the present study, we scanned the whole 
exome in three independent samples to search for replicable risk nonsyn-
onymous (ns) variants (ns single-nucleotide polymorphisms [nsSNPs]) 
for alcohol dependence. Method: A total of 10,554 subjects in three 
independent samples were analyzed for association with alcohol depen-
dence, including one European American sample (1,409 cases with alco-
hol dependence and 1,518 controls), one African American sample (681 
cases and 508 controls), and one European Australian sample (a total of 
6,438 family subjects with 1,645 alcohol-dependent probands). RNA 
expression of the risk genes in human, mouse, and rat brains was also 

explored. Results: We identifi ed a total of 70 nsSNPs at 65 genes with 
nominally replicable associations; 22 nsSNPs at 21 genes among them 
survived corrections for multiple testing in meta-analysis (α = .0007). By 
incorporating the information from bioinformatics and RNA expression 
analyses, we identifi ed at least two of the most promising risk genes for 
alcohol dependence: APOER2 and UBAP2. Conclusions: The gene cod-
ing for apolipoprotein E receptor 2 (APOER2) and the gene coding for 
ubiquitin-associated protein-2 (UBAP2) are among the most appropriate 
for follow-up in human and nonhuman species as contributors to risk for 
alcohol dependence. (J. Stud Alcohol Drugs, 74, 622–625, 2013)
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ALTHOUGH PERCEPTIONS MAY CHANGE, across 
the genome most variants (>98.5%) are currently 

thought of as “silent” mutations that include variants in 
the intergenic or intronic regions (i.e., noncoding regions) 
and synonymous variants in the exonic regions (i.e., coding 
regions). Many of these silent mutations have been associ-
ated with susceptibility to human diseases. However, one 
important interpretation of these associations is that these 
silent mutations might be in linkage disequilibrium with 
nonsynonymous (ns) variants (ns single-nucleotide polymor-
phisms [nsSNPs]) in the coding regions that are more likely 
to be functional and thus disease causal. It is estimated that 
the protein coding regions of the human genome constitute 
about 85% of the disease-causing mutations (Choi et al., 
2009). In the present study, we scanned the whole exome to 
search for risk nsSNPs for alcohol dependence whose asso-
ciations were replicable in multiple populations and whose 
functions were validated by multiple approaches, including 
bioinformatics analysis, cis-acting expression quantitative 

trait locus (cis-eQTL) analysis in human brains, and RNA 
expression analysis in mouse and rat brains. Replication and 
validation reduced the chance of false positives. Instead of 
correction by the number of all nsSNPs, the replicable asso-
ciations needed correction by only the number of replicable 
risk markers.

Method

 A total of 10,554 subjects in three independent samples 
were analyzed for association with alcohol dependence 
(according to the Diagnostic and Statistical Manual of 
Mental Disorders, Fourth Edition; American Psychiatric 
Association, 1994), including one European American 
sample (1,409 cases with alcohol dependence and 1,518 
controls; from the Study of Addiction Genetics and Envi-
ronment [SAGE] and Collaborative Study on the Genetics 
of Alcoholism [COGA] data sets in the database of Geno-
types and Phenotypes), one African American sample (681 
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cases and 508 controls; from the SAGE and COGA data 
sets), and one European Australian sample (a total of 6,438 
family subjects with 1,645 alcohol-dependent probands; 
from the OZ-ALC [the Australian twin family study of 
alcohol use disorder] data set). Detailed demographic in-
formation for these samples has been published previously 
(Bierut et al., 2010; Edenberg et al., 2010; Heath et al., 
2011; Zuo et al., 2011, 2012, 2013). The European Ameri-
can and African American samples were genotyped on the 
Illumina Human 1M BeadChip (Illumina, Inc., San Diego, 
CA), and the Australian sample was genotyped on the Il-
lumina CNV370v1 BeadChip (Illumina, Inc., San Diego, 
CA).
 Before association analysis, we stringently cleaned the 
phenotype and genotype data of these three samples. Ex-
cluded were subjects with poor genotypic data; subjects 
with allele discordance, sample relatedness, gender anoma-
lies, chromosome anomalies (such as aneuploidy and 
mosaic cell populations), missing race, and non-European 
and non-African ancestries; subjects with a mismatch be-
tween self-identifi ed and genetically inferred ethnicity; and 
subjects with a missing genotype call rate greater than 2% 
across all SNPs. Furthermore, SNPs with an allele frequen-
cy difference in controls greater than 2% between SAGE 
and COGA, SNPs with a missing rate difference greater 
than 2% between SAGE and COGA, and SNPs with allele 
discordance were excluded. We then fi ltered out the SNPs 
on all chromosomes with an overall missing genotype call 
rate greater than 2% and the SNPs with minor allele fre-
quencies less than 0.01 in all populations examined. SNPs 
that deviated from the Hardy–Weinberg equilibrium (p < 
10-4) within controls were also excluded. A total of 14,657 
cleaned variants extracted from 19,504 nsSNPs were tested 
for associations with alcohol dependence using the logis-
tic regression analysis implemented in PLINK (for case-
control samples) or using the family-based association test 
implemented in FBAT (for family-based samples) (Zuo et 
al., 2011).
 Furthermore, we performed cis-eQTL analysis of de-
tected risk variants. Expression data were evaluated in 
93 European, autopsy-collected, frontal cortical brain tis-
sue samples with no defi ned neuropsychiatric condition 
(Heinzen et al., 2008). Differences in the distribution of 
mRNA expression levels between SNP genotypes were 
compared using a linear regression model that corrected 
for age and sex. Finally, RNA expression of the risk genes 
in mouse and rat brains was also explored using the Af-
fymetrix Mouse (Rat) Exon 1.0 ST array and RNA-Seq 
technology (Trapnell et al., 2010).

Results

 We found 807, 671, and 279 nsSNPs that were nomi-
nally associated with alcohol dependence in European 

Americans, African Americans, and European Australians, 
respectively (p < .05; data not shown). The top-ranked 
SNPs were rs11120301 (at SMYD2; p = 1.1 × 10-5), 
rs3820198 (at APOER2; p = 2.7 × 10-5), and rs961360 (at 
R3HDM1; p = 2.5 × 10-5) in these three populations, re-
spectively (Table 1), which were suggestively associated 
with alcohol dependence after correction for exome-wide 
multiple testing (α = 3.4 × 10-6). Additionally, 36, 14, and 
24 associations were nominally replicable between Euro-
pean Americans and African Americans, between European 
Americans and European Australians, and between African 
Americans and European Australians, respectively (all p < 
.05).
 Two associations were nominally replicable across three 
populations (rs1052439 at FAM79B and rs7927370 at 
OR4A15). Among a total of 70 nsSNPs at 65 genes with 
nominally replicable associations, 22 survived correc-
tions for multiple testing in meta-analysis and were thus 
taken as signifi cant and replicable ones (α = .0007; Table 
1). Among these 22 replicable nsSNPs, 18 nsSNPs with 
similar minor allele frequencies between different popula-
tions had the same directions of gene effects across the 
three samples. Four nsSNPs (i.e., rs3820198, rs2125579, 
rs12075, and rs7627615) with a signifi cant difference in 
minor allele frequencies between different populations 
had the opposite directions of gene effects between Euro-
pean Americans/Australians and African Americans. Ten 
nsSNPs were located at the exonic splicing enhancer or 
exonic splicing silencer. Four nsSNPs (at RSNL2, UBAP2, 
ANKRD30A, and RPAP1) were predicted to affect protein 
function or structure (possibly damaging). Four nsSNPs (at 
APOER2, DARC, TRPM6, and HTR3E) have been reported 
to be directly associated with other medical diseases or 
traits, including one with schizophrenia (i.e., rs7627615 at 
HTR3E) (Lennertz et al., 2010) and one with Parkinson’s 
disease (i.e., rs3820198 at APOER2) (Chen et al., 2012). 
Thirteen nsSNPs affected mRNA expression of local genes 
(cis-eQTL) in the human brain (3.7 × 10-4 < p < .05). 
 Additionally, among these replicable genes, expres-
sion of 14 and 14 genes could be distinguished above 
background (all p < .0001) in whole-brain samples of all 
353 young adult male mice (62 inbred strains from the 
ILSXISS recombinant inbred panels including the parental 
strains) and in 108 young adult male rats (27 inbred strains 
from the HXB/BXH recombinant inbred panels and its 
related inbred strains), respectively. Expression of 6 and 3 
genes had an RPKM (reads per kilobase per million) of 5.0 
or greater in mouse and rat brains, respectively.

Discussion

 The main goal of an association study is to pinpoint the 
disease causal variants. Therefore, it is a promising strat-
egy to study nsSNPs that are more likely to be functional, 
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have larger effect sizes, and have a higher penetrance than 
silent mutations. Theoretically, all of the top-ranked or 
replicable genes noted above might contribute to the risk 
of alcohol dependence because it is a multigenic disorder. 
Among these nsSNPs, variants that are more likely to be 
functional would be the higher priority. Usually, the causal 
variants have stronger associations with diseases than non-
causal markers; thus, those top-ranked variants (at SMYD2, 
APOER2, and R3HDM1) and those risk variants surviving 
correction for multiple testing are more likely to be causal. 
Further, variants that were replicable across multiple popu-
lations, especially across those genetically distinct popula-
tions such as European Americans and African Americans, 
are more likely to be functional. Among these replicable 
nsSNPs, two nsSNPs (at FAM79B and OR4A15) were rep-
licable across three populations. Variants with signifi cant 
cis-acting regulatory effects on gene expression in the hu-
man brain are also more likely to be functional. Among the 
13 replicable nsSNPs with nominally signifi cant cis-regula-
tory effects, four nsSNPs at three genes (UBAP2, TRPM6, 
and GPAM) remained signifi cant even after correction for 
the numbers of exons within each risk gene and the num-
ber of nsSNPs examined. 
 Variants that are located at the exonic splicing enhancer 
or exonic splicing silencer may disrupt splicing activity and 
cause alternative splicing, especially the one at UBAP2 that 
could abolish a protein domain. The four nsSNPs (at RPAP1, 
RSNL2, ANKRD30A, and UBAP2) that were predicted to 
affect protein function or structure (possibly damaging) 
are also likely to be functional. Four nsSNPs reported to 
be directly associated with other medical diseases or traits, 
especially the two with brain disorders (at HTR3E and 
APOER2), are of substantial interest. Finally, the human can-
didate genes that are expressed in the brains of other species 
as shown in Table 1 can be the starting point for much more 
detailed testing of hypotheses generated by our studies with 
humans. Integrating all of the above rationale, we believe 
that gene coding for apolipoprotein E receptor 2, APOER2, 
and the gene coding for ubiquitin-associated protein-2, 
UBAP2, are among the most appropriate for follow-up in 
human and nonhuman species as contributors to risk for 
alcohol dependence.
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