
© 2022 Deak JD et al. JAMA Network Open. 

Supplemental Online Content 

 

Deak JD, Levey DF, Wendt FR, et al; Million Veteran Program. Genome-wide investigation of 
maximum habitual alcohol intake in US veterans in relation to alcohol consumption traits and 
alcohol use disorder. JAMA Netw Open. 2022;5(10):e2238880. 
doi:10.1001/jamanetworkopen.2022.38880 

eAppendix. Supplemental Methods 

eReferences.  

eFigure 1. Screenshot of the MVP MaxAlc Survey Item Captured From Million Veteran Program 
Lifestyle Survey 

eFigure 2. Distribution of MVP Participant’s MaxAlc Survey Item Responses 

eFigure 3. Manhattan Plot of European Ancestry MaxAlc GWAS 

eFigure 4. Manhattan Plot of African Ancestry MaxAlc GWAS 

eFigure 5. Manhattan Plot of European Ancestry MaxAlc Gene-Based Results  

eFigure 6. Tissue Enrichment in European Ancestry MaxAlc Analysis 

eFigure 7. Manhattan Plot of African Ancestry MaxAlc Gene-Based Results 

eFigure 8. Tissue Enrichment in African Ancestry MaxAlc Analysis 

eFigure 9. Mendelian Randomization, Scatter Plot 

eFigure 10. Mendelian Randomization, Forest Plot 

eFigure 11. Mendelian Randomization, Leave-one-out Plot 

eFigure 12. Mendelian Randomization, Funnel Plot 

eFigure 13. Manhattan Plot of MaxAlc MTAG GWAS Results 

eFigure 14. Manhattan Plot of PAU MTAG GWAS Results  

eFigure 15. Circos Plots for Chromosomes Containing Genome-Wide Significant Loci for the 
MaxAlc GWAS 

eFigure 16. Circos Plots for Chromosomes Containing Genome-Wide Significant Loci for the 
MaxAlc MTAG GWAS 

 

This supplemental material has been provided by the authors to give readers additional 
information about their work. 

  



© 2022 Deak JD et al. JAMA Network Open. 

eAppendix. Supplemental Methods 

Description of included alcohol traits 

Maximum habitual alcohol intake (MaxAlc) is defined from the question: “in a typical 

month, what is/was the largest number of drinks of alcohol you have had in one day.” Ordinal 

response options ranged from 0 to ≥ 15 drinks. Some response options included a range of drinks 

(e.g., 5-6 drinks, ≥15 drinks) so individuals were categorized and analyzed with other 

participants reporting a MHAI within the same drinking range. In addition to MaxAlc, multiple 

additional genome-wide association studies (GWAS ) of alcohol traits ranging from quantity and 

frequency of alcohol consumption to alcohol use disorder (AUD) were analyzed. This included a 

GWAS meta-analysis of AUD(1) that contained previously unpublished AUD cases and controls 

from the Million Veteran Program(MVP) defined by International Classification of Diseases 

(ICD) codes for AUD diagnosis combined with previously published AUD data(2) and alcohol 

dependence (AD) data(3). The GWAS of problematic alcohol use (PAU)(1) included the 

previously described AUD and AD data but also incorporated data from the alcohol use disorders 

identification test (AUDIT) subscale assessing alcohol problems (AUDIT-P) justified by strong 

genetic correlations across these PAU traits. 

The AUDIT is a 10-item questionnaire developed to assess quickly for hazardous patterns 

of alcohol consumption and related alcohol problems(4). The AUDIT questionnaire can be split 

into multiple sub scores, including the first 3 items assessing patterns of alcohol consumption 

(the AUDIT-C), the final 7 items assessing alcohol-related problems (the AUDIT-P), and an 

overall total score aggregated across all 10 items (the AUDIT-T)(4). Separate GWAS of AUDIT-

C scores were included from the MVP(2) and the UK Biobank(5), the latter of which also 

included GWAS of AUDIT-P and AUDIT-T scores in addition to the AUDIT-C(5).  
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The GWAS of drinks per week (DPW) was included from GSCAN (GWAS & 

Sequencing Consortium of Alcohol and Nicotine use)(6) that analyzed the average number of 

alcoholic beverages consumed in a week. The UK Biobank item of “alcohol usually taken with 

meals” (UK Biobank Field ID 1618) defined from the question: “when you drink alcohol, is it 

usually with meals.” 

Genotyping, imputation, and quality control  

 Genotyping and imputation for MVP have been described previously(2,7-11). Briefly, 

genotyping was performed using a custom Affymetrix Axiom Array covering ~720,000 SNPs. 

Imputation for SNPs was then performed using MiniMac4(12) and an African Genome 

Resources (AGR) reference panel curated by the Sanger Institute. Indels and complex variants 

were imputed separately using the 1000 Genomes Project phase 3 (1KG Phase 3) reference 

panel(13). Imputed variants with info score <0.30, genotype hard call missingness ≥0.20, and 

minor allele frequency <0.001 were removed. Eigenstrat(14) was used to conduct a principal 

components (PC) analysis to determine genetic ancestry using the 1kGP Phase 3 reference 

panel(13). MVP participants of European (EUR) and African (AFR) ancestry were identified by 

the first 10 PCs for inclusion in the current study. 

Gene, gene-set, and tissue-specific gene expression analysis 

 FUMA (Functional Mapping and Annotation)(15) was used to conduct gene-based, gene-

set, and tissue-specific gene expression analyses using MAGMA (Multi-marker Analysis of 

GenoMic Annotation)(16). SNPs were mapped to 18,723 genes for EUR and 19,024 for AFR. 

Ancestry-specific Bonferroni corrections were used to determine GWS (EUR: 

p=0.05/18,723=2.67x10-06; AFR: p=0.05/19,024 = 2.63x10-06) for gene-based tests. MAGMA 
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was also used to conduct analyses of gene sets classified based on gene function and biological 

processes (MsigDB). Tissue-specific gene expression was also analyzed using tissue 

transcriptomic profile data from GTEx v8(17). 

In EUR, 27 genes reached Bonferroni-corrected GWS (p=2.67x10-06) in the gene-based 

test (eFigure5; eTable2). The top gene-based association was with KANSL1 (p=8.67x10-14) on 

chromosome 17. Thirteen additional genes, including CRHR1, map in close proximity to 

KANSL1 in a well-known inversion region on chromosome 17 and were also GWS. No gene sets 

were GWS in the EUR analysis (eTable3). Multiple brain regions were enriched in the EUR 

tissue-expression analysis including cerebellum (p=8.25x10-06), cerebellar hemisphere 

(p=8.46x10-06), frontal cortex (p=5.05x10-05), brain cortex (p=2.19x10-04), anterior cingulate 

cortex (p=2.19x10-04), hypothalamus (p=2.36x10-04), and the nucleus accumbens basal ganglia 

(p=5.46x10-04)(eFigure6; eTable4). 

In AFR, ADH1B (p=3.28x10-08) and METAP1 (p=7.11x10-07) on chromosome 4 were 

GWS in the gene-based test (eFigure7; eTable5). The AFR gene-set analysis resulted in two 

GWS gene sets: GO_bp:go_retinoic_acid_metabolic_process (p=2.62x10-08;pbonferr=4.05x10-04) 

and GO_mf:go_alcohol_dehydrogenase_activity_zinc_dependent (p=1.95x10-07;pbonferr=3.01x10-

03) (eTable6). There were no significant tissue expression findings in the AFR MHAI analysis 

(eFigure8; eTable7). 

Functional characterization of identified genetic risk loci 

 Genetic variants were characterized using two gene-mapping approaches: (1) by using 

expression quantitative trait locus (eQTL) data from GTEx v8(17) and BRAINEAC(18); and (2) 
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using 3D chromatin interactions (Hi-C)(19). Both approaches were implemented in the FUMA 

platform (Functional Mapping and Annotation)(15). 

Gene-mapping using eQTL data was performed using GTEx v8 gene expression data 

including gene expression data for: amygdala, anterior cingulate cortex BA24, cerebellar 

hemisphere, cerebellum, cortex, frontal cortex BA9, hippocampus, hypothalamus, nucleus 

accumbens basal ganglia, putamen basal ganglia, spinal cord cervical c-1, and substantia 

nigra(17). BRAINEAC(18) tissues included: cerebellar cortex, frontal cortex, hippocampus, 

inferior olivary nucleus, occipital cortex, putamen, substantia nigra, temporal cortex, thalamus, 

and intralobular white matter. Hi-C chromatin interaction data included PsychENCODE(20) EP 

links and PsychENCODE promoter anchored loops, and FUMA-based datasets for Hi-C in adult 

cortex, dorsolateral prefrontal cortex, and hippocampus. Circos plots for chromosomes 

containing genome-wide significant MHAI loci are presented in eFigures 15-16.  

Multi-trait analysis of MHAI and problematic alcohol use (PAU) 

A multi-trait analysis of GWAS (MTAG)(16) was performed using summary statistics 

from the EUR MHAI GWAS and the previously published GWAS of PAU(1). MHAI and PAU 

were strongly genetically correlated (rg=0.79). MTAG leverages the high degree of genetic 

correlation between related traits to generate trait-specific effect estimates for each genetic 

variant, and thus, can enhance statistical power for trait-specific genetic discovery through the 

inclusion of multiple GWAS summary statistics while also accounting for any sample 

overlap(21).  

The MTAG analysis was restricted to SNPs in common to both the EUR MHAI GWAS 

(N=218,623) and the PAU GWAS (Neffective=300,789), with a minor allele frequency > 0.01, and 
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occurring in at least 50% of the effective sample size of the GWAS summary statistics. Because 

information from both sets of GWAS summary statistics are informative for the other included 

trait, effectively serving to boost the power of each respective study through the inclusion of the 

other, MTAG generates both MaxAlc-specific and PAU-specific effect estimates for all included 

SNPs. Thus, MTAG results are presented for both the MHAI trait and the PAU trait.  

The top association in the MHAI MTAG analysis was with ADH1B rs1229984 

(p=3.35x10-176). Many additional variants of interest were also identified, including the XPO7 

gene (rs1484162; p=1.49x10-08) that was genome-wide significant in the initial MHAI 

GWAS(2); however, dropped below GWS in the EUR MHAI GWAS in the current study 

(eFigure13; Table 1; eTable15 [includes MTAG effect estimates]).  

The MTAG analysis for PAU resulted in a jump in sample size from a maximum 

effective sample size of N=300,789 (GWAS mean ꭓ2=1.35) to an equivalent sample size of 

N=422,491 (MTAG mean ꭓ2=1.49). The PAU-specific MTAG resulted in 42 independent GWS 

PAU risk loci. The top PAU association was also with ADH1B rs1229984 (p=2.38x10-182) 

(eFigure14; eTable16). Overlap between the respective MHAI and PAU MTAG analyses are 

reported in eTable17.     
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eFigure 1. Screenshot of the MVP MHAI Survey Item Captured From Million Veteran 
Program Lifestyle Survey 
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eFigure 2. Distribution of MVP Participant’s MHAI Survey Item Responses 

(a) all included participants; (b) AFR participants only; (c) EUR participants only.  
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eFigure 3. Manhattan Plot of European Ancestry MHAI GWAS 
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eFigure 4. Manhattan Plot of African Ancestry MHAI GWAS 
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eFigure 5. Manhattan Plot of European Ancestry MHAI Gene-Based Results  
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eFigure 6. Tissue Enrichment in European Ancestry MHAI Analysis 
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eFigure 7. Manhattan Plot of African Ancestry MHAI Gene-Based Results 

 

 

  



© 2022 Deak JD et al. JAMA Network Open. 

eFigure 8. Tissue Enrichment in African Ancestry MHAI Analysis 
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eFigure 9. Mendelian Randomization, Scatter Plot 
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eFigure 10. Mendelian Randomization, Forest Plot 
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eFigure 11. Mendelian Randomization, Leave-one-out Plot 
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eFigure 12. Mendelian Randomization, Funnel Plot 
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eFigure 13. Manhattan Plot of MHAI MTAG GWAS Results 
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eFigure 14. Manhattan Plot of PAU MTAG GWAS Results  
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eFigure 15. Circos Plots for Chromosomes Containing Genome-Wide Significant Loci for the 
MHAI GWAS 

Note. Outer most layer is a Manhattan plot of genome-wide association study (GWAS) single-
nucleotide polymorphisms (SNPs) with p≤0.05. SNPs are plotted by chromosomal position along 
the x-axis with their corresponding -log-10 p-value on the y-axis. Linkage-disequilibrium (LD) 
between the identified lead SNP and surrounding SNPs is indicated from r2>0.8 (red), r2>0.6 
(orange), r2>0.4 (green), r2>0.2 (blue). SNPs that are not in LD with the lead SNP (r2≤0.02) are 
gray. Second layer (chromosome ring): Chromosomal regions containing identified genomic 
risk loci are colored in blue. The names of genes implicated based upon variant associations with 
brain tissue expression quantitative trait loci (eQTLs) are colored green. The names of genes 
implicated based upon 3D chromatin interactions (Hi-C) are colored orange. Genes that are 
mapped based upon both eQTLs and Hi-C associations are colored red. Third layer 
(chromosome ring): Variants mapped to genes based upon associations with brain tissue eQTLs 
are linked in green. Variants mapped to genes based upon Hi-C data are linked in orange. 
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(a) Chromosome 1 
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(b) Chromosome 2 
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(c) Chromosome 4 
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(d) Chromosome 7 
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(e) Chromosome 9  
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(f) Chromosome 10  
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(g) Chromosome 11 
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(h) Chromosome 17  
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(i) Chromosome 19  
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eFigure 16. Circos Plots for Chromosomes Containing Genome-Wide Significant Loci for the 
MHAI MTAG GWAS  

Note. Outer most layer is a Manhattan plot of genome-wide association study (GWAS) single-
nucleotide polymorphisms (SNPs) with p≤0.05. SNPs are plotted by chromosomal position along 
the x-axis with their corresponding -log-10 p-value on the y-axis. Linkage-disequilibrium (LD) 
between the identified lead SNP and surrounding SNPs is indicated from r2>0.8 (red), r2>0.6 
(orange), r2>0.4 (green), r2>0.2 (blue). SNPs that are not in LD with the lead SNP (r2≤0.02) are 
gray. Second layer (chromosome ring): Chromosomal regions containing identified genomic 
risk loci are colored in blue. The names of genes implicated based upon variant associations with 
brain tissue expression quantitative trait loci (eQTLs) are colored green. The names of genes 
implicated based upon 3D chromatin interactions (Hi-C) are colored orange. Genes that are 
mapped based upon both eQTLs and Hi-C associations are colored red. Third layer 
(chromosome ring): Variants mapped to genes based upon associations with brain tissue eQTLs 
are linked in green. Variants mapped to genes based upon Hi-C data are linked in orange. 
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(a) Chromosome 1 
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(b) Chromosome 2 
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(c) Chromosome 3 
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(d) Chromosome 4 
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(e) Chromosome 5 
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(f) Chromosome 7 
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(g) Chromosome 8 

 
  



© 2022 Deak JD et al. JAMA Network Open. 

(h) Chromosome 10 
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(i) Chromosome 11 
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(j) Chromosome 12 
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(k) Chromosome 13 
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(l) Chromosome 14 
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(m) Chromosome 15 
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(n) Chromosome 16 
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(o) Chromosome 17 
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(p) Chromosome 19 
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(q) Chromosome 20  
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(r) Chromosome 22 

 

 

 


