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ABSTRACT. Objective: Epidemiological estimates suggest that nearly
half of individuals diagnosed with alcohol use disorder will be diagnosed
with another mental health disorder, with strong associations involving
other externalizing disorders. Molecular genetic studies investigating
the relation between alcohol use disorder and externalizing behaviors
(e.g., antisocial behavior) have focused on a cluster of chromosome 4
γ-aminobutyric acid (GABA) receptor genes (GABRG1-A2-A4-B1) but
have generated varying results. Method: The current study examined
associations between common and rare variation in this region with
alcohol use disorder and antisocial behavior using genetic sequencing
data. Specifically, the University of California at San Francisco Family
Alcoholism Sample (n = 1,610; 62% female) was used to conduct com-
mon and rare variant association tests in the GABRG1-A2-A4-B1 cluster
with DSM-5 alcohol use disorder symptom counts, antisocial behavior,
and a product term representing their interaction. Results: Gene-based

analyses of rare variation resulted in a significant association between
rare GABRA2 variation and the interaction term. Single-variant analysis
yielded only nominally significant associations. The strongest associa-
tion for alcohol use disorder (rs3756007) was located in GABRA2, the
strongest association for antisocial behavior (rs11941860) was located in
GABRG1, and the interaction term yielded top associations in GABRA2
(rs2119183) and the intergenic region between GABRA2 and GABRG1
(rs536599). Common and rare variant associations for the interaction
remained similar when covarying for the effects of the other type of
variation, suggesting that the significant rare variant signal is indepen-
dent of common variant contributions. Conclusions: The present study
suggests that both rare and common variant associations in GABRA2
confer risk for alcohol use disorder and antisocial behaviors, indicating
a potential liability toward externalizing behavior more broadly. (J. Stud.
Alcohol Drugs, 80, 585–593, 2019)
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ALCOHOL USE DISORDER (AUD; American Psychi-
atric Association, 2013) is a highly prevalent disorder

linked to an array of adverse health and psychological
consequences. Previous quantitative genetic studies suggest
that there are substantial genetic influences contributing to
AUD (h2 = .50; Verhulst et al., 2015). Nonetheless, molecu-
lar genetic approaches have had limited success identifying
genetic variants that influence AUD susceptibility outside
of the alcohol metabolizing genes (e.g., ADH1B, ALDH2;
Deak et al., 2019; Peng et al., 2019; Rodriguez-Lopez et al.,
2018) because of the highly polygenic nature of AUD and
the corresponding small effect sizes of most genetic variants
associated with its development.

Another complication is the high level of phenotypic
heterogeneity seen among individuals diagnosed with
AUD. Epidemiological estimates suggest that nearly half

of those with AUD will have an additional mental health
disorder diagnosis (Kessler, 2004). Of note, heterogeneity
in co-occurring conditions has been cited by some as further
contributing to the difficulties in identifying relevant genetic
mechanisms involved in the development of AUD (e.g., Sal-
vatore et al., 2019).

One gene-set that has drawn interest in relation to AUD
is a cluster of four γ-aminobutyric acid (GABA) receptor
genes located on chromosome 4p12: GABRG1, GABRA2,
GABRA4, and GABRB1. Past studies have generated mixed
results in examining the contribution of variation in this
gene cluster to the development of AUD, with both positive
linkage (e.g., Long et al., 1998) and association (Covault et
al., 2004; Edenberg et al., 2004; Parsian & Zhang, 1999) re-
ports, and a similar number of null findings (e.g., Irons et al.,
2014; Matthews et al., 2007) (see Koulentaki & Kouroumalis
[2018] for a comprehensive review). One potential explana-
tion for the conflicting findings has been the suggestion that
GABA receptor genes might influence risk for external-
izing behavior more broadly, and thus, associations may be
more pronounced among individuals with a co-occurring
antisocial personality disorder (ASPD). That is, the effects
of GABAergic genetic variation on AUD outcomes may
be moderated to some extent by variation in co-occurring
antisocial behaviors. Of note, this is consistent with seminal
studies of alcoholism typologies (e.g., Type I vs. Type II
[Cloninger, 1987]; Type A vs. Type B [Babor, 1996; Babor
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et al., 1992]), epidemiologic studies suggesting that elevated
rates of ASPD are found in individuals diagnosed with AUD
(e.g., Grant et al., 2004), and multivariate behavior genetic
studies that have found evidence for shared genetic influ-
ences between antisocial behaviors and AUD (Krueger et
al., 2002; Slutske et al., 1998). Furthermore, some studies
have found that GABRA2 variants contribute to a generalized
externalizing phenotype (e.g., Dick et al., 2006), suggesting
that the genetic overlap between antisocial and alcohol use
behaviors, which represents one potential manifestation of
broader externalizing behavior, may be partly explained by
variation in the GABRG1-A2-A4-B1 gene cluster. However,
these studies have also shown difficulties with replication
(Sakai et al., 2010).

Another limitation of the described molecular genetic
studies is their sole focus on common genetic variants with a
minor allele frequency (MAF) greater than .05. For example,
recent sequencing studies examining the contributions of
rare variation (MAF < .05) in etiologically relevant genes
have supported associations with the development of ASPD
(e.g., HTR2B: Bevilacqua et al., 2010) and substance use
outcomes (nAChR subunit genes; tobacco use: Wessel et
al., 2010; alcohol use: Choquet et al., 2013, and Clark et al.,
2017). Thus, continued application of rare variant approach-
es to the molecular genetic study of AUD has the potential
to advance our understanding of AUD genetics and address
discrepancies in the literature, such as those described for the
GABA receptor gene cluster.

The present study expands on the described literature by
examining the association of common and rare variants in
the GABRG1-A2-A4-B1 cluster and both antisocial behavior
and AUD. More specifically, the present study used single
variant and gene-based association tests to analyze the con-
tributions of common and rare variation, respectively, in the
GABRG1-A2-A4-B1 cluster to alcohol use and antisocial
behavior in a family-based sample enriched for AUD.

Method

Participants

The current study included a subset of participants with
both phenotypic and genotypic data from the University
of California at San Francisco (UCSF) Family Alcoholism
Study (N = 1,610; Vieten et al., 2004). In brief, the UCSF
Family Alcoholism Study recruited a national, population-
based sample that aided in maximizing the generalizabil-
ity of potential findings and guarded against having an
exclusively treatment-seeking sample (Seaton et al., 2004).
Probands were invited to participate if they met diagnostic
criteria for lifetime alcohol dependence and had parents or
a sibling that were willing to participate. Included families
ranged in size from 3 to 20 participating members. The
sample had a mean (SD) age of 49.9 (12.8) years (range:

18–84; 99% >age 21), 62% were female (n = 998), and 93%
reported European ancestry. Recruitment and assessment
procedures were approved by the Institutional Review Board
at UCSF, and all subjects provided informed consent before
participation.

Phenotypic measures

DSM-5 alcohol use disorder (AUD) symptom count.
Counts of AUD symptoms based on criteria from the Di-
agnostic and Statistical Manual of Mental Disorders, Fifth
Edition (DSM-5; American Psychiatric Association, 2013),
were obtained using a modified version of the Semi-Struc-
tured Assessment for the Genetics of Alcoholism (SSAGA).
The SSAGA has demonstrated high reliability (κ = .84;
Bucholz et al., 1994) for the diagnosis of DSM-IV alcohol
dependence (American Psychiatric Association, 2000) and
concurrent validity with the Schedule for Clinical Assess-
ment in Neuropsychiatry for DSM-IV alcohol dependence
(κ = .66; Hesselbrock et al., 1999). The mean number of
AUD symptoms endorsed in the UCSF sample was 5.69 (SD
= 4.43) and ranged from 0 to 11.

Antisocial behavior. Antisocial behavior was measured us-
ing the Antisocial Practices (ASP) scale from the Minnesota
Multiphasic Personality Inventory–second edition (MMPI-2;
Butcher et al., 1989). The ASP scale consists of 22 items
assessing antisocial attitudes and behaviors and has shown
moderate correlations (r = .26–.51) with other measures of
antisocial personality (Greene, 2000; Lilienfeld, 1996). The
mean T score on the ASP scale in the UCSF sample was
50.38 (SD = 10.24; range: 30–91).

Sequencing and variant calling

DNA samples were sequenced using low-coverage whole
genome sequencing (LCWGS). Paired-end sequencing was
performed on HiSeq2000 sequencing machines (Illumina).
Samples were sequenced at a coverage depth between 1X
and 18X with 86% sequenced between 2X and 6X. Align-
ment of whole-genome sequencing reads was achieved using
blocked multiple-sequence alignment, followed by realign-
ment near indels using the Genome Analysis Toolkit (GATK
v1.0.5777). Variant calls were calculated independently
following best practices for low-coverage samples using the
LD-informed variant caller Thunder (Li, 2011). These calls
were generated in the following three-step process: (a) single
sample genotype-likelihood files (GLF) were created in
SAMtools-hybrid (Li et al., 2009), (b) initial haplotypes were
created in BEAGLE (Browning & Browning, 2007), and (c)
BEAGLE haplotypes were input into Thunder to generate the
variant calls. Variant calls were compared to genotypes from
the Affymetrix Exome1A chip to evaluate fidelity. Kinship
coefficients were calculated from Affymetrix Exome1A chip
and sequence data using PREST-plus v4.09 (Sun et al., 2002)
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to confirm familial relationships and guard against sample
misidentification.

Data analysis

Gene-based and single variant association tests were used
to evaluate the contribution of rare and common variation,
respectively, in the GABRG1-A2-A4-B1 gene cluster to the
development of AUD and antisocial behavior. Variant calls
spanning chromosome 4 positions 45980045–47469964
(GRCh37; Genome Reference Consortium Human Build
37) were extracted from the abovementioned whole-genome
sequencing data set. Analyses were conducted using linear
mixed-modeling approaches implemented in EMMAX and
incorporated into the EPACTS pipeline (Kang, 2010) to
account for population substructure and relatedness of indi-
viduals in the sample. In all tested models, age, sex, and five
principal components accounting for ancestry information
were included as covariates. Phenotypes tested included the
following: (a) DSM-5 AUD symptom counts, (b) antisocial
behavior as measured by ASP scores, and (c) the product
of AUD symptom counts and ASP scores representing the
interaction of these traits.

Gene-based association tests. Because the low MAF of
rare variants prevents testing for associations individually,
collapsing methods are necessary to evaluate the effect of
multiple rare variants within a gene (Asimit & Zeggini,
2010). The current study used the family-based sequence
kernel association test (SKAT), which allowed testing for as-
sociations between rare variants in each of the GABA genes
and the described phenotypes without assuming directional-
ity of a genetic variant’s effect (Chen et al., 2013). Specifi-
cally, SKAT estimates the effect of each individual variant

using a score test and then, using a variance-components
approach, compares the distribution of effects to an expected
distribution using a random-effects model (Wu et al., 2011).
Rare variants within each gene were selected based on es-
timated pathogenicity, or deleteriousness, as indicated by
Combined Annotation-Dependent Depletion scores (CADD;
Kircher et al., 2014). Gene-based tests in the current study
were restricted to rare variants with a scaled CADD score of
10 or more (top 10% of variant deleteriousness) and a MAF
of .01 or less to identify rare variants with a high likelihood
of affecting gene function or regulation. The number of vari-
ants included in each gene-based analysis can be found in
Table 1.

Single variant association tests. The single variant as-
sociation tests assessed whether allele frequencies varied as
a function of ASP scores and AUD symptom counts as well
as their interaction. Single variants meeting the stated inclu-
sion criteria were tested individually in a linear-mixed model
framework for an association between the effect allele of the
variant and the phenotype of interest. Because the statistical
power of these tests is dependent on minor allele counts, the
current study restricted the single variant analyses to variants
with a MAF of .02 or more.

Comparison of rare and common variant effects. Second-
ary analyses were conducted to examine the independence
of the rare and common variant signals. For the gene-based
tests, minor allele counts (i.e., 0, 1, or 2) for the most highly
associated common variants within each GABA gene were
included as covariates when testing for rare variant associa-
tions. For the single variant tests of common variation, two
approaches were used to create covariates accounting for
rare variant effects. The first approach used unit weights
based on the variant-level score statistics (i.e., positive [+1],

TaBle 1. Gene-based analysis results for rare variant associations with antisocial personality scores, DSM-5 AUD
symptom counts, and AUD/ASP interaction term

Rare
variants Rare

Phenotype Gene n carriers p1 p2 p3

ASP GABRA2 75 .15342 .042122 .033350 .045094
GABRA4 39 .06460 .504570 .517550 .503820
GABRB1 196 .36584 .440040 .476390 .451080
GABRG1 16 .03354 .685310 .691660 .697640

DSM-5 GABRA2 75 .15342 .691980 – –
AUD GABRA4 39 .06460 .892290 – –

GABRB1 196 .36584 .992570 – –
GABRG1 16 .03354 .983040 – –

AUD/ASP GABRA2 75 .15342 .005515 .005079 .004439
interaction GABRA4 39 .06460 .215180 .229850 .200870
term GABRB1 196 .36584 .033642 .029625 .032484

GABRG1 16 .03354 .705630 .671530 .641210

Notes: DSM-5 = Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition; AUD = alcohol use disor-
der; ASP = antisocial practices; p1 = no common variant covariate; p2 = GABRA2 common variant covariate; p3 =
GABRB1 common variant covariate. Secondary analyses (i.e., p2 and p3) were restricted to gene-based tests demon-
strating p1 of nominal significance. Thus, no secondary analyses for the gene-based tests of AUD were conducted.
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0, or negative [-1]) to account for the directional effects of
the included rare variants. Counts of these weighted alleles
within a gene were then summed to create a cumulative
rare variant “score” for individuals. The second approach
attempted to create a more refined sum score by using the
score statistics themselves as weights to account for both the
direction and magnitude of effects. Both approaches were
used; the association statistics for rare variants described to
assess magnitude are derived from very few observations,
and as a result, may lead to increased error relative to the
first approach.

Results

Gene-based association tests. For the gene-based tests of
rare variation, a p value threshold of p < .00625 was used
to determine significance, correcting for the two phenotypes
tested across the four GABA genes. No significant signals
were observed for AUD symptom counts or ASP scores,
although a nominal association appeared between ASP and
GABRA2 (p = .042; see Table 1 for complete results). Of
note, however, the interaction of AUD and ASP revealed
evidence for a significant association with rare variants in
the GABRA2 gene region (p = 5.52e10-3; Table 1), as well
as a nominal association with GABRB1 (p = .037; Table 1).
To further ensure that the association between GABRA2 rare
variation and the interaction term was not due to population
stratification, analyses were re-run restricting the sample to
just those of European ancestry (n = 1,464). Although we
saw an increase in the European-only p value (pe), as would
be expected given the reduction in sample size relative to
the full sample (i.e., excluding 146 participants), the result
remained nominally significant (pe = 2.79e10-2). Of note,

the SKAT test does not allow for the probing of interactions,
but possible insights into the nature of this interaction are
provided in the following description of the single variant
results.

Single variant association tests. The top five single vari-
ant associations for (a) Antisocial Practices (ASP), (b) DSM-
5 AUD symptom counts, and (c) the AUD/ASP interaction
term are presented in Table 2. All single variant results are
oriented such that the minor allele is the tested allele (Table
2), with positive beta values indicating an increased risk
(i.e., deleterious effect) and negative beta values indicating a
decreased risk (i.e., protective effect) for the tested outcome.
Corrected p value significance thresholds for the single vari-
ant tests accounting for the effective number of independent
tests were determined by the Genetic Type I Error Calcula-
tor (GEC; Li et al., 2012). No single variant associations
reached this GEC-corrected significance threshold (p <
5.65e10-5), although nominal associations (p < .05) were
observed for several variants. For ASP scores, the strongest
association was observed with rs11941860 (β = -1.741, SE
= 0.540, p = 1.30e10-3, pe = 2.82e10-3), located in an intronic
region of GABRG1. In addition, an intronic GABRA2 variant
was among the top associations (rs113446215; β = 3.504, SE
= 1.186, p = 3.18e10-3, pe = 1.98e10-3). For AUD symptom
counts, the two top signals were also located in the GABRA2
region. The top hit, rs3756007 (β = 0.931, SE = 0.308, p
= 2.52e10-3, pe = 3.79e10-3) resides in the five-prime un-
translated region of GABRA2, whereas the second strongest
signal, rs17537359 (β = 0.872, SE = 0.322, p = 6.84e10-3,
pe = 9.88e10-3), resides in an intronic region. For the inter-
action analysis, the top association was with rs536599 (β =
-4.575, SE = 1.533, p = 2.88e10-3, pe = 4.12e10-3) located in
an intergenic region near GABRA2, and the second strongest

TaBle 2. Top five association results for single variant analysis of antisocial personality scores, DSM-5 AUD symptom counts, and AUD/ASP
interaction term

Major Minor
Phenotype SNP ID Position Gene allele allele MAF p1 p2 p3

ASP rs11941860 46082178 GABRG1 C T .12702 .001301 .002412 .003635
rs11943173 46201185 Intergenic C A .02484 .001573 .002891 .003142
rs17536746 46083155 GABRG1 C T .25780 .001812 .003061 .004985
rs113560540 46230438 Intergenic C T .02453 .003177 .005630 .005956
rs113446215 46266250 GABRA2 G A .02453 .003177 .005630 .005956

DSM-5 rs3756007 46391064 GABRA2 T C .06180 .002516 .004857 .004194
AUD rs17537359 46341106 GABRA2 T C .05807 .006838 .013080 .009906

rs4645196 46657829 Intergenic T C .25776 .007122 .012970 .004883
rs78659165 46336973 GABRA2 G T .05807 .009465 .01767 .013370
rs79210378 46321843 GABRA2 G T .05652 .010340 .020450 .015140

AUD/ASP rs536599 46198934 Intergenic G T .43758 .002877 .017240 .011200
interaction rs2119183 46272806 GABRA2 G A .10124 .003226 .005000 .001370
term rs497430 46195511 Intergenic T A .43789 .003288 .019000 .011800

rs552538 46230846 Intergenic G A .42950 .003644 .020000 .012000
rs492961 46228960 Intergenic A G .42857 .003728 .021000 .012670

Notes: DSM-5 = Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition; AUD = alcohol use disorder; ASP = antisocial practices;
MAF = minor allele frequency. p1 = no rare variant covariate; p2 = rare variant directional covariate; p3 = rare variant direction and magnitude
covariate (weighted).
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signal, which was comparable in magnitude, was located in
an intronic region of GABRA2, rs2119183 (β = -7.272, SE =
2.465, p = 3.23e10-3, pe = 5.82e10-4).

To further explore these interactions, regression lines
for the relation between genotype and mean-centered ASP
scores were plotted for mean-centered AUD symptom counts
at the mean and 1 SD above and below the mean (Preacher
et al., 2006). Figure 1 shows the interaction for rs536599,
suggesting that for individuals endorsing low levels of
AUD symptoms there appears to be a positive correlation
between ASP and the minor allele of rs536599; however,
this association appears to lessen as AUD levels increase. A
similar positive relation at low levels of drinking emerged
for the second top association between the minor allele of
rs2119183 (GABRA2; Figure 2) and the interaction term;
however, there appears to be a stronger negative relation
between the minor allele of rs2119183 and ASP at higher
levels of AUD compared to the relation seen for rs536599.
Importantly, interpretation of the interaction for rs2119183
should be made with additional caution given the relatively

low MAF, and thus, the small number of individuals homo-
zygous for the minor allele.

Comparison of common and rare variant effects. Second-
ary analyses were conducted to examine the independence
of the respective common and rare variant signals found in
the GABRA2 region for the interaction of AUD and ASP.
These analyses were restricted to those gene-based tests
demonstrating p values of nominal significance, and thus,
secondary analyses for the gene-based tests of AUD were not
conducted (p = .69–.99; Table 1). When covarying for allele
counts of the top common variant associations in GABRA2
(p value2 in Table 1), as well as GABRB1 (p value3 in Table
1), the gene-based test of the interaction between AUD and
ASP and its relation to rare variation in GABRA2 persisted
(Table 1). In addition, when controlling for the direction (p
value2 in Table 2), and both the direction and magnitude (p
value3 in Table 2), of rare variant effects in the AUD/ASP in-
teraction analysis, the top common variant association signal
(rs2119183) persisted at the nominal significance threshold
(Table 2). Of note, the top overall signal from the interaction

FiGure 1. Plot probing the interaction effect for common variant association with rs536599 (minor allele frequency = .43758, p = .002877).
Notes: The solid line indicates the effect of rs536599 genotype on mean-centered Antisocial Practices (ASP) scores for individuals reporting 1
SD below the mean number of alcohol use disorder (AUD) symptoms (low AUD) observed in the sample (M [SD] = 5.69 [4.43]); the dashed line
represents individuals reporting AUD symptom counts at the mean (mean AUD); the dotted line represents individual reporting 1 SD above the
AUD mean (high AUD); y-axis corresponds to the predicted minor allele count (Table 2)—homozygous major allele = 0.0; heterozygous = 1.0;
homozygous minor allele = 2.0.
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analysis (rs536599), located in the intergenic region near
GABRA2, weakened when covarying for rare variant effects.

Discussion

The current study sought to expand on previous molecular
genetic studies of the association of GABRG1-A2-A4-B1
gene cluster variants with alcohol use and antisocial behav-
ior. Analyses examined both common and rare variants in
this cluster to provide further information about the relation
between this GABAergic gene region and the genetic etiol-
ogy of AUD. Of note, the current study represents what the
authors believe to be the first effort to use massively parallel
sequencing data (i.e., sequencing many segments across the
genome [massively] simultaneously [parallel]), to report
evidence for rare variant signals independent of common
variation in the GABRG1-A2-A4-B1 gene cluster conferring
risk for AUD and antisocial behavior.

The reported results represent the first evidence suggesting
that rare variation within the GABRG1-A2-A4-B1 gene cluster
is associated with alcohol use and antisocial behavior, finding

a significant association between GABRA2 rare variation and
the AUD/ASP interaction term. Of additional importance, the
current study was able to demonstrate that this association
with GABRA2 rare variants was independent from common
variant contributions (Table 1). Of note, it is not unexpected
that both common and rare variants hypothesized to serve a
functional role (e.g., Enoch, 2008) and previously implicated
in molecular genetic studies of alcohol use (e.g., Covault
et al., 2004) would be involved in AUD etiology. Variation
within the same gene, whether common or rare, has the poten-
tial to affect protein function and expression of the resulting
gene product (Visscher et al., 2012).

These results have meaningful implications for future
studies examining rare variation involved in the etiology of
complex traits, such as AUD. For example, genome-wide
association studies (GWAS) of mental health disorders such
as schizophrenia have suggested that more than 8,000 inde-
pendent variants, accounting for approximately 33% of the
variance in diagnostic status, contribute to disorder liability
(Ripke et al., 2013). Further, exome sequencing studies have
found that rare variant signals overlap with many of the

FiGure 2. Plot probing the interaction effect for common variant association with rs2119183 (minor allele frequency = .10124, p = .003226).
Notes: The solid line indicates the effect of rs2119183 genotype on mean-centered Antisocial Practices (ASP) scores for individuals reporting
1 SD below the mean number of alcohol use disorder (AUD) symptoms (low AUD) observed in the sample (M [SD] = 5.69 [4.43]); the dashed
line represents individuals reporting AUD symptom counts at the mean (mean AUD); the dotted line represents individual reporting 1 SD above
the AUD mean (high AUD); y-axis corresponds to the predicted minor allele count (Table 2)—homozygous major allele = 0.0; heterozygous/
homozygous minor allele = 1.0.
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genes that have been identified in previous GWAS of schizo-
phrenia (e.g., Walsh et al., 2008), suggesting that rare variant
associations are likely to be similarly dispersed across the
genome.

Initial sequencing efforts, such as the current study and
similar studies of other AUD candidate genes (e.g., Choquet
et al., 2013; Clark et al., 2017; Wessel et al., 2010), have
begun to suggest that the genetic architecture of AUD is
comparable to other complex traits, including schizophre-
nia. Thus, as sample sizes for studies of AUD continue to
increase, and genetic sequencing technologies become more
accessible, researchers likely will discover that rare variant
effects are dispersed across the genome in a similar man-
ner. As a result, it is important that future studies of AUD
focusing on both common and rare variation consider the
complexities inherent in this polygenicity while continuing
efforts to obtain sample sizes large enough to achieve ad-
equate statistical power for detecting rare variant associations
at the genome-wide level.

In addition to the novel rare variant findings reported,
results from the present study also provide nominal sup-
port of previous evidence suggesting that common variants
within the GABRG1-A2-A4-B1 gene cluster are associated
with alcohol use and antisocial behavior. Although no single
variants reached significance at the GEC-corrected threshold
(p < 5.65e10-5), likely because of sample size and power
limitations, the magnitude of associations found for common
variants was consistent with the effect sizes demonstrated
in previous AUD studies of the GARBG1-A2-A4-B1 cluster
(e.g., Edenberg et al., 2004; Covault et al., 2004) and pro-
vided valuable information pertaining to the independence
of the rare variant signals discussed above. Further, the top
associated GABRA2 variants identified in the present study
demonstrated moderate overlap with associations reported in
previous AUD studies. For example, two variants in strong
linkage disequilibrium (LD > .95) with one of the most con-
sistently replicated GABRA2 variants (rs279858; Covault et
al., 2004) were among the most highly associated variants
with the interaction term (rs567926, p = 6.32e10-3; rs534459,
p = 9.91e10-3), although, again, both failed to reach statisti-
cal significance. Importantly, prior evidence has demonstrat-
ed high levels of LD found across the GABRG1-A2-A4-B1
gene cluster (e.g., Covault et al., 2008) and suggested that
the high LD across the region could partially explain why
genetic studies of externalizing behavior have failed to
converge on a single functional locus. In addition, recent
well-powered studies of AUD and alcohol consumption (e.g.,
Kranzler et al., 2019) have failed to yield genome-wide sig-
nificant associations in the GABRG1-A2-A4-B1 gene cluster,
which could be explained if these associations are more
pronounced in individuals with AUD that also demonstrate
higher levels of antisocial or other externalizing behavior.

Although the SKAT test did not allow for follow-up in-
vestigations of the AUD/ASP interaction effect observed for

the GABRA2 rare variants, the associations found with com-
mon variants in the GABRA2 gene region may shed some
light on the nature of this interaction. As previously noted,
the AUD/ASP interaction yielded the strongest associations
with rs536599 and rs2119183. Interpretation of the associa-
tion with the intergenically located rs536599 suggested that
there was a positive relationship between antisocial behavior
and minor allele status (i.e., T allele) for individuals endors-
ing low levels of AUD symptoms; however, this association
appeared to lessen for individuals endorsing higher levels
of AUD symptoms. An examination of the second top as-
sociation (rs2119183) and the interaction term revealed a
positive relation between homozygosity of minor allele (i.e.,
A allele) and ASP among individuals endorsing low levels of
AUD symptoms similar to what was observed for rs536599;
however, as noted above, this interpretation was complicated
by the variant’s low minor allele frequency. One potential
explanation for these findings is that at higher levels of AUD
symptoms, the effects of the respective alleles are weakened
by an environment that is so heavily enriched for alcohol
consumption that antisocial behavior is increased among all
individuals, even in the absence of identifiable genetic influ-
ences. This interpretation is partially supported by previous
studies suggesting that although heavy alcohol and substance
use may initially result from increased disinhibited personal-
ity traits related to externalizing behavior, continued heavy
alcohol consumption may also further elevate disinhibition
(de Wit, 2009; Quinn et al., 2011).

Although similar probing of the interaction observed with
rare variants in the GABRA2 gene could not be conducted, it
is notable that the association between rs536599 and the in-
teraction with AUD and ASP was weakened when covarying
for these rare variant effects, suggesting that these respective
signals may not be independent of one another. One potential
explanation is that this common variant association is being
influenced “synthetically” through the LD structure found
between the minor allele of rs5356599 and GABRA2 rare
variation (Dickson et al., 2010). Thus, it is possible that the
observed interaction is being driven, in part, by rare variants
in this gene region. Importantly, in contrast to rs536599, the
strength of the rs2119183 signal persisted when covarying
for the effects of GABRA2 rare variation, suggesting the
presence of independent common and rare variant signals.

The current study is not without limitations. First, sample
size as it relates to statistical power is always a concern
for molecular genetic studies. Given the focus on a single
genomic region and smaller correction for multiple testing,
power analyses suggested adequate power (>.80) for both
single and rare variant tests (Skol et al., 2006, and Lee et al.,
2012, respectively). Nonetheless, estimating power requires
a number of parameters to be specified that are typically
unknown (e.g., single variant test - LD with causal variant;
rare variant test - proportion of variants with a null or with
a negative effect), and thus, may provide a biased estimate.
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Thus, replication in future studies is necessary to confirm the
reported findings. Second, the current study examined the ef-
fects of common and rare variation separately, covarying for
the effects of the alternative type of variation to determine
their independence. Of note, biostatistics packages allow-
ing for the joint examination of common and rare variation
exist for case-control samples; however, given the familial
structure of the current study, joint analyses could not be
conducted.

Despite this limitation, findings from the current study
provide the first evidence that the authors are aware of sug-
gesting that rare variation in this GABAergic region, specifi-
cally that of GABRA2, is significantly associated with AUD
and antisocial behavior. These findings illustrate the role that
rare variation may serve in the development of these pheno-
types. Additional studies using sequencing data will allow
researchers to examine rare variation in additional genes
and further inform the contributions of rare variants to AUD
etiology. Thus, the current study represents a key application
of the unique information that genetic sequencing data can
provide, and provides promise for the continued investigation
of common and rare variation in advancing our understand-
ing of the polygenic architecture of AUD.
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