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Abstract

Purpose of review: Alcohol use disorder (AUD) is a complex genetic disorder with very high 

heritability. This polygenic disorder not only results in increased morbidity and mortality, it is also 

a substantial social and economic burden on families and the nation. For past three decades, 

several genetic studies were conducted to identify genes and pathways associated with AUD. This 

review aims to summarize past efforts and recent advances in genetic association studies of AUD 

and related traits.

Recent findings: Initial genetic association studies achieved a limted success and suffered from 

low power due to small sample sizes. AUD is a polygenic trait and data from several thousands 

individuals was required to identify the genetic factors of small effect sizes. The scenario changed 

recently with technological advances and significant reduction in cost of the genome wide 

association analyses (GWAS). This enabled researchers to generate genomic data on mega 

biobanks and cohorts with access to extensive clinical and non-clinical phenotypes. Public access 

to data from biobanks and collaborative efforts of researchers lead to identification of several 

novel loci associated with AUDs and related traits. Efforts are now underway to identify the causal 

variants under the GWAS loci to identify target genes and biological mechanisms underpining 

AUDs. Many GWAS variants occur in promoter or enhancer regions of the genes and are involved 

in regulation of gene expression of causal genes. This, large amounts of “omics” data from 

projects such as “ENCODE”, RoadMap and GTEx is also helping researchers to integrate “multi-

omics” data to interpret functional significance of GWAS variants.
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Summary: With current review, we aim to present the recent advances in genetic and molecular 

studies of AUDs. Recent successes in genetic studies of AUDs will definetely motivate researchers 

and lead to better therapeutic interventions for this complex disorder.
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Introduction

Alcohol use disorder (AUD) is one of the most common and costly public health problems 

in the United States and throughout the world[1, 2]. A person with AUD consumes alcohol 

in quantities that might be injurious to themselves and to people around them[2, 3]. Infect, 

the physical and mental health issues associated with excessive consumption of alcohol are 

known for centuries. Worldwide, an estimated 20–30% cases of esophageal cancer, liver 

cancer, cirrhosis of the liver, homicide, epilepsy, and motor vehicle accidents can be 

attributed to excessive consumption of alcohol[4].

Factors influencing AUD

AUDs may transmit from one generation to other and have a high degree of familial 

association[5]. Many twin, adoption and family studies have provided consistent evidence 

for genetic predispositions to AUDs[6–8]. Heritable influences account for approximately 

40% to 60% of the total variance to risk for alcoholism[6, 7]. A host of other social, cultural 

and personal factors also influence the drinking behaviors of an individual[9]. It is also 

important to remember that availability of alcohol is the most important factor that 

influences the outcome of AUD[1, 10]. A person who has never tried alcohol can not 

become alcohol dependent in spite of his/ her genetic susceptibility to alcoholism. Therefore 

it is pretty safe to assume that AUD results from a complex interplay of genetic 

susceptibility (genes associated with risk), environmental influences, and history of alcohol 

exposure[11, 12]. These combined factors likely contribute to system-wide epigenetic 

alterations, post-translational modifications, and long-term allostatic changes in brain 

regions that underlie the alcohol use disorder[12].

Phenotypes/ traits to study AUD

Like many other complex traits, alcoholism appears to be clinically and etiologicaly 

hetrogenous[13]. This implies that there might be several steps and intermediate conditions 

in the development of AUD. Information about the underlying genetic factors that influence 

risk to AUD can be derived from multiple levels of AUD including amounts of drinks 

(Alcohol consumption), severity and symptoms of alcohol abuse and dependence. 

Commonly, genome wide association studies (GWAS) of alcoholism have focused on 

phenotypes based on the Diagnostic & Statistical Manual of Mental Disorders (DSM)[14]. 

In the 4th edition of the DSM (DSM-IV), alcohol dependence (AD) and abuse were 

considered as mutually exclusive diagnoses that together made up AUDs. DSM-V[14, 15] 

on the other hand consolidated AD and abuse as a single disorder as AUD[15],[16]. By 

considering AD and abuse under single umbrella increased the number of diagnosed 
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subjects, but this number was still not large enough to design powerful GWAS studies. 

Therefore, many genetic studies of alcoholism also concentrated on nonclinical phenotypes, 

such as alcohol consumption and Alcohol Use Disorders Identification Test (AUDIT)[17–

19], from large population based cohorts. The AUDIT, a 10-item, self-reported test was 

developed by the World Health Organization as a screen for hazardous and harmful drinking 

and can be used as a total (AUDIT-T), AUDIT-Consumption (AUDIT-C) and AUDIT-

Problems (AUDIT-P) sub-scores.

Genetics of AUD

Given a large heritability for AUDs, sevral studies were conducted to identify the specific 

genes or genetic variations associated with AUD or related traits[8, 20–22]. The gene 

identification efforts for AUDs can be divided into pre-GWAS and the GWAS era. The pre-

GWAS era mainly focussed on genome-wide linkage and candidate gene studies[23, 23–26]. 

Although, during this period many genes were nominated as the causal factors, a few genes 

actually showed consistent evidence of an association with AUD[23, 27]. Even the initial 

GWAS studies suffered from low power due to smaller sample sizes and failed to identify 

credible evidence in favor of any particular gene[28–30]. Power of GWAS significantly 

improved in the past couple of years with the advent of large biobanks (UK Biobank) and 

the collaborative efforts of large consortiums (Psychiatric Genetics Consortium [PGC]). 

Following section will briefly describe the most successful and replicated findings in 

candidate gene studies before moving to recent advances in the field of AUD gene discovery.

Candidate gene studies of AUD and related traits

Most candidate genes selected for AUD genetic association studies can broadly be divided 

into two categories: 1) genes involved in central nervous system’s (CNS) response to alcohol 

or other addictive substances (CHRNA5, GABRG1, GABRA2, OPRM1 etc.)[27, 31–35] 

and 2) genes involved in alcohol metabolism (ADH4, ADH1B, ALDH2)[36–41]. Out of all 

candidate genes, role of ADH1B in AUD is very well established and replicated, particularly 

among populations of Asian descent[36, 37, 42]. However, variants in ADH1B are 

uncommon (~3–5%) in European Americans (EAs) and African Americans (AAs) [36]. This 

is the reason that a low frequency coding variant of ADH1B gene (rs1229984) was 

originally identified in Asian samples and was subsequently replicated in EAs and AAs in a 

large meta-analysis[36]. This single nucleotide change leads to replacement of Arg48 with 

His48 and results in a “atypical ADH” enzyme that exhibits several times higher catalytic 

activity than the normal enzyme. Increased accumulation of acetaldehyde from due to higher 

catalytic activity of “atypical ADH” is responsible for the flushing and severe symptoms of 

alcohol related sensitivity[37, 40]. The intense aversive reaction to even smaller amounts of 

alcohol deter individuals from consuming large amounts of alcohol and protects them from 

developing AUD[36, 37, 40, 42]. Indeed, the His48 allele was also found to be associated 

with lower alcohol consumption as measured by the subjects’ lifetime maximum alcohol 

consumption in a 24-hour period (β = −0.28 (95% CI −0.35, − 0.20), p value = 3.24 × 10−13)

[36].
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GWAS of AUD and related traits

GWASs represent the most recent paradigm shift for the gene discovery[43]. These 

hypothesis free genome scans allow interrogation of million of SNPs across thousands of 

genes at relatively modest cost[43]. Many GWAS’s of AUD, AD and alcohol consumption 

have been completed majorly in the European ancestry[28–30, 44–53]. First reported GWAS 

study for AD (Treutlein et al. 2009) identified 2 genome-wide significant SNPs (rs7590720 

and rs134694) in combined male only sample of 1,460 AD subjects and 2,332 controls[44]. 

The closest gene to the association signal PECR (peroxisomal trans-2-enoyl-CoA reductase) 

is involved in the metabolism of fatty acids. Two subsequent AD GWASs did not identify 

any novel genome-wide significant loci (COGA, SAGE)[29, 54]. Further Heath and 

colleagues performed GWAS of quantitative indices of excessive alcohol consumption in 

moderate size cohort of Australian families but failed to identify any genome-wide 

significant variant[28]. Subsequent family and case control genome-wide efforts met with 

similar fate of limited success and non replication across different studies[52, 55]. At this 

point in time researchers already realized that AUD is highly polygenic and sample size of 

individual cohort is not enough to identify the SNPs with very small effect sizes[28]. 

Availability of raw genotype data through dbGAP also made it a bit easier to meta-analyze 

the similarity ascertained cohorts with genome-wide SNP data. Schumann and 

colleagues[56] meta-analyzed 26,316 population based subjects and a follow-up sample of 

21,185 EA subjects and identified variants in the autism susceptibility candidate 2 (AUTS2) 

gene significantly associated with alcohol consumption (gms/ day/ kg of body weight). 

Subsequently, Kapoor and colleagues[49] meta-analyzed two large complementary and well-

characterized EA cohorts assessed using the Semi-Structured Assessment for the Genetics of 

Alcoholism (SSAGA) and identified rs1229984 SNP in ADH1B to be genome-wide 

significantly associated with phenotype measuring maximum number of alcoholic drinks in 

24 hour. This was the first alcoholism related GWAS that reported genome-wide significance 

at this locus[49].

The initial genome-wide meta-analysis had a few consistent findings, but the variants 

identified in these GWASs explained a very small proportion of heritability for alcohol 

related traits [28, 49, 57, 58]. A very large sample size was needed to account for the 

missing heritability and it was a great deal of challenge to identify the well characterized 

large cohorts with AUD phenotypes. To address this challenge, recent genome-wide efforts 

focussed on larger sample sizes assembled via consortia-led meta-analyses (Figure 1 and 

table 1). Researchers got access to alcohol consumption data for large number of individuals 

through UKBiobank and it finally provided necessary boost in gene identification efforts for 

alcholism. Clarke and colleagues[59] were the first group to take advantage of this cohort 

and reported genome-wide significant associations at 14 loci including ADH1B gene (Table 

1). Soon most of these initial findings were replicated in a very large meta-analysis of 

alcohol consumption of over 30 datasets (UKBibank, 23andMe and other GWAS) across 

nearly 1.2 million participants of European ancestry (Table 1; Figure 1)[60]. In this study, 

Liu and colleagues discovered 566 genetic variants in 406 loci associated with multiple 

stages of alcohol and tobacco use (initiation, cessation, and heaviness), with 150 loci 

Gupta et al. Page 4

Curr Genet Med Rep. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



evidencing pleiotropic association[60]. These results provided a very good starting point to 

evaluate the effects of these loci in model organisms and more precise measures of AUD.

Despite these advances with the GWASs of alcohol consumption, genetic studies of AUD 

and AD drew multiple challenges and limited success[45]. In a community based cohort 

(e.g. UKBiobank), it is relatively easy to derive the measure of alcohol consumption using 

number of alcoholic drinks consumed by an individual. But these large population based 

cohorts lack individuals diagnosed with AUD or AD. Substance use disorder working group 

of PGC (PGCSUD) tried to circumvent this problem by performing genome-wide meta-

analysis of well characterized cohorts for DSM-IV diagnosed AD[45]. This meta-analysis 

identified, genome-wide significant effects of different ADH1B variants in European 

(rs1229984; P=9.8 ×10–13) and African ancestries (rs2066702; P=2.2 ×10–9). This study also 

found that the genetic underpinnings of DSM-IV diagnosed AD only partially overlap with 

those for alcohol consumption, underscoring the genetic distinction between pathological 

and nonpathological drinking behaviors[45]. Recently, Sanchez and colleagues also reported 

similar genetic differences among AUD (measured as AUDIT-P) and alcohol consumption 

(measured as AUDIT-C)[61]. In this meta-analysis (UKBiobank and 23andMe), AUDIT-P 

score showed a strong genetic correlation with alcohol dependence (PGC-SUD GWAS), 

while AUDIT-C score showed stronger genetic correlation with alcohol consumption[61]. 

Although, these genetics differences were not as apparent in African Americans in a recent 

large GWAS of AUD and AUDIT-C on individuals from Million Veteran Program (MVP)

[62]. This GWAS reported many overlapping variants for AUDIT-C and AUD, with 

moderate-to-high genetic correlation between these traits (0.522 in EAs and 0.930 in AAs). 

Despite the significant genetic overlap between the AUDIT-C and AUD diagnosis, 

downstream analyses of MVP data revealed biologically meaningful points of divergence. 

Kranzler and colleagues[62] found that the polygenic risk score (PRS) calculated from AUD 

GWAS was significantly associated with tobacco use and multiple psychiatric disorders, 

whereas the AUDIT-C PRS did not show any association with these traits. These findings 

further confirmed that the AUD and alcohol consumption (measured by AUDIT-C in MVP) 

are genetically related but very distinct phenotypes.

Despite a significant boost in the number of genome-wide significant loci, variants identified 

in these large GWASs still explain a very small proportion of estimated genetic effect 

(heritability) for AUD and alcohol consumption. The SNP heritability estimates of AUDIT-C 

scores for all loci in MVP and the meta-analysis of the UKBiobank and 23andMe data 

ranged from 0.6 to 8 percent respectively[61, 62]. Heritability estimates for AUD were 

slightly lower and ranged from 0.5 to 5.9 percent in MVP versus UKBiobank and 23andMe 

meta-analysis respectively[61, 62]. These estimates are still significantly lower than the 

heritability estimates of AUD from twin and family studies. Given the heterogeneity in the 

diagnosis and polygenicity of this complex trait it seems that we are still short of required 

sample size to identify all the variants associated with disease. Some researchers working 

with other complex psychiatric traits argued that missing heritability can be explained by 

rare to low frequency variants of relatively large effect sizes. These rare variants can be 

identified by next generation sequencing in large cohorts. Contrary to expectations, recent 

sequencing studies for neurological disorders in moderate sample size are not much 

successful and have not yielded the intended results[63, 64]. These studies concluded that 
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the low frequency disease associated variants generally have low-moderate effect sizes and 

very large sample size is needed to identify these variants. Sequencing costs are moving 

down, but still these costs are prohibitive to perform a large whole genome sequencing study 

of AUD and other complex psychiatric disorders.

Functional significance of GWAS variants

Recent progress in GWAS of AUD has identified several variants across many loci that are 

significantly associated with alcoholism and related traits (Table 2). Some variants in these 

loci result in amino acid changes (e.g. rs1229984 in ADH1B) and known to alter the 

function of the gene to affect outcome of AUD. Most other AUD and alcohol consumption 

associated variants occur in intergenic or intronic regions and are not directly associated 

with protein coding changes[65]. Linkage disequilibrium (LD) at many loci span across 

thousands of variants and further makes it difficult to identify a causal SNP or genes 

associated with the disorder[66]. Thus, many AUD GWAS just annotated the nearest gene to 

the lead SNP as the susceptibility loci (Table 2). Furthermore, due to different LD structure 

across datasets, many times individual study identified different lead SNPs and/ or different 

nearest genes within the same loci. Recent studies on psychiatric and neurological disorders 

showed that the most of genome-wide significant variants occur on active enhancers or 

promoters and might alter the expression level of nearby (cis) or distant (trans) gene[66–68]. 

These gene expression altering SNPs (expression quantitative loci or eQTLs) can be specific 

to a particular cell or tissue type. Several post-genomic helper tools such as FUMA[69] are 

available to functionally annotate the GWAS variants and to predict the functional 

consequence of a disease associated variant. More recent tools such as PrediXcan[70] and 

TWAS[71] can impute the genetic component of tissue-specific gene expression in GWAS 

datasets and help to connect changes in gene expression to trait outcome. Although size of 

eQTL and transcriptomic datasets can be a limiting factor to detect all functional 

association. Still initial application of PrediXcan has prioritized several genes (e.g. MAPT, 
CRHR1, FUT2, ADH1B, ADH4, ADH5, C1QTNF4, GCKR, DRD2) across different tissues 

[61, 72]. In a recent study some of these genetic targets including ADH1B, GCKR, 

SLC39A8 and KLB have been shown to play a conserved role in phenotypic responses to 

alcohol in Caenorhabditis elegans [74]. Researchers are also using the post-mortem brain 

tissue from alcoholic subjects to understand the effect of long-term alcohol consumption on 

expression of genes. Recently, Kapoor and colleagues[73] have suggested that genes 

identified in alcohol related GWASs (AD and alcohol consumption) interact with genes 

affected by alcohol exposure and results in system wide changes across pathways and 

networks involved in alcoholism. Better understanding of these pathways will definitely 

result in better therapeutic interventions for AUD and problematic drinking[73].

Conclusions

For centuries, it was known that problematic drinking runs in families and genetic factors 

influence the etiology of AUD. Recent GWAS approaches have started elucidating the 

genetic loci related to AUD. At many GWAS loci strong LD extend to several hundred 

megabases and makes it difficult to identify the causal variant and candidate genes 

associated with alcoholism. Integration of genomic and transcriptomic data has opened the 
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door for fine mapping and molecular genetic investigations into pathways and networks 

related to AUD. But there is still need of large scale “omics” data from diverse populations 

to effectively and accurately fine map the loci associated with alcoholism and other complex 

disorders. Many groups including Collaborative Studies of Genetics of Alcoholism (COGA) 

are generating “omics” data on African American and other diverse populations. Genomic 

data in diverse populations will also be useful for accurate disease risk prediction using 

polygenic risk scores. The future goal of precision medicine cannot be achieved without 

genetic association studies in diverse populations. Researchers from COGA are also 

generating transcriptomic and epigenomic data at single nuclei level from many different 

regions from post-mortem human brains of alcoholics and controls. Single nuclei 

transcriptomic analysis in human brain will be extremely useful to understand the role of 

various cellular lineages in development of AUDs. Genetic studies of AUD are advancing in 

the right direction and insights revealed will elucidate novel therapeutic targets resulting in 

better understanding of AUD biology.
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Figure 1: Relationship among recently published genome-wide association studies related to 
AUDs.
Majority of genomic data for large alcohol consumption and AUD meta-analysis was either 

from UKBiobank or from Million Veterans Project. Several other cohorts from dbGAP also 

contributed to large sample size of alcohol consumption GWAS by Liu et al, 2019. Genome-

wide data on 14,904 DSM-IV diagnosed AD individuals and 37,944 controls from 28 case/

control and family-based studies were meta-analyzed for PGC’s AD GWAS.
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Table 1:

List of recently published genome-wide association studies related to AUDs

GWAS (Cohort) Year Phenotype N N Loci

Zhou et al (MVP, PGC, UKBB) 2019 PAU* 435,563 27

Sanchez-Roige et al (UKBB, 23andMe) 2019 AUDIT-C, AUDIT-P and AUDIT-T 141,932 7, 3, 8

Liu et al (UKBB, 23andMe, other
+

)
2019 Drinks per week 941,280 81

Kranzler et al (MVP) 2019 AUD, AUDIT-C 55,587 AUD cases, 218,807 controls; 
274,424

10, 13

Walters et al (PGC) 2018 Alcohol dependence 14,904 AD cases 37,944 controls 2

Clarke et al (UKBB) 2017 Alcohol consumption 112, 117 8

*
Problamatic alchol use (PAU);

+
Several GWAS datasets from dbGAP with alcohol consumption phenotype;
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Table 2:

Shared loci among GWAS for problematic drinking and alcohol consumption

Chromosome Locus Locus start Locus end Closest/ overlapping genes

1 1p31.3 65907700 66907700 PDE4B

2 2p23.3-p23.2 27230940 28746841 GCKR*

2 2p21 43771496 45655276 SLC3A1

3 3p12.1 84408785 85957240 CADM2

4 4p14 38914993 39914993 KLB

4 4q22.3-q24 96764066 101983024 ADH1B*

4 4q24 102688709 103688709 SLC39A8

7 7q36.2 152989744 153989744 DPP6

10 10q25.1 110007806 111007806 MAPKAPK5P1

11 11p11.2 46897353 48410823 SPI1

11 11q23.3-q24.1 121044285 122044285 SORL1

12 12q13.12-q13.13 51395882 52395882 SLC4A8

14 14q23.1 58282779 59282779 ARID4A

11 11q23.2 112924042 113924042 DRD2*

*
Candidate genes
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