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Genome-wide association study identifies loci associated with liability to alcohol and drug

dependence that is associated with variability in reward-related ventral striatum activity in

African- and European-Americans.
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Abstract

Genetic influences on alcohol and drug dependence partially overlap, however specific loci
underlying this overlap remain unclear. We conducted a genome-wide association study
(GWAS) of a phenotype representing alcohol or illicit drug dependence (ANYDEP) among 7,291
European-Americans (EA; 2,927 cases) and 3,132 African-Americans (AA: 1,315 cases)
participating in the family-based Collaborative Study on the Genetics of Alcoholism. ANYDEP
was heritable (4° in EA=0.60, AA=0.37). The AA GWAS identified 3 regions with genome-wide
significant (GWS; p<5SE-08) single nucleotide polymorphisms (SNPs) on chromosomes 3
(rs34066662, 1s58801820) and 13 (rs75168521, rs78886294), and an insertion-deletion on
chromosome 5 (chr5:141988181). No polymorphisms reached GWS in the EA. One GWS
region (chromosome 1: rs1890881) emerged from a trans-ancestral meta-analysis (EA+AA) of
ANYDEP, and was attributable to alcohol dependence in both samples. Four genes (AA: CRKL,
DZIP3, SBK3; EA: P2RX6) and 4 sets of genes were significantly enriched within biological
pathways for hemostasis and signal transduction. GWS signals did not replicate in two
independent samples but there was weak evidence for association between rs1890881 and
alcohol intake in the UK Biobank. Among 118 AA and 481 EA individuals from the Duke
Neurogenetics Study, rs75168521 and rs1890881 genotypes were associated with variability in
reward-related ventral striatum activation. This study identified novel loci for substance
dependence and provides preliminary evidence that these variants are also associated with
individual differences in neural reward reactivity. Gene discovery efforts in non-European
samples with distinct patterns of substance use may lead to the identification of novel ancestry-

specific genetic markers of risk.
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INTRODUCTION

Reducing the widespread prevalence'-3 and devastating worldwide impact*> of alcohol and illicit
drug dependence is hindered by limited etiologic insight that impedes prevention and treatment
advances. In the United States (US), 12.5% of the population meets criteria for a lifetime history
of alcohol dependence? while 2.6% meet criteria for DSM-IV drug dependence during their
lifetime?. Notably, individuals are often comorbid for multiple substance use disorders?, and
common latent genetic factors®’ explain a large proportion of the moderate to high heritability of
dependence on individual substances (4°=50-70%3-1°). The common genetic architecture of
dependence liability is also underscored by evidence from genome-wide association studies
(GWAS) documenting genetic correlations between alcohol-related measures and cannabis and
cigarette use!!-12, Leveraging the common genetic architecture underlying general substance
dependence liability to identify markers of dependence risk through GWAS would complement
existing efforts targeting individual substances (e.g., '?-19) to elucidate underlying etiologic risk

factors for general and specific substance dependence liability.

It is estimated that an overwhelming proportion of participants in existing GWAS are of
European ancestry.!”-!® Data generated from GWAS of individuals of European ancestry are less
applicable to other ancestral groups and when applied to non-European cohorts may result in
inaccurate estimations of risk that may further perpetuate racial health and healthcare disparities.
Studies suggest that even when discovery samples of non-European individuals are small,
including them in individual discovery analyses and trans-ancestral analyses can result in novel
insights into the genetic architecture of the disorder and in polygenic prediction!?1%-29,
Differences in prevalence and patterns of substance dependence across ancestrally diverse

groups in the United States?! underscore the importance of conducting GWAS on these
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phenotypes in these groups. In particular, the study of African-Americans, one the largest
minorities represented in GWAS data in the US, provides an opportunity to address this notable

disparity in genomic research.

Here, we conduct a GWAS of a phenotype representing alcohol or illicit drug (i.e., cannabis,
cocaine, sedatives, stimulants and/or opioids) dependence (ANYDEP) among 7,291 European-
Americans (EA; 2,927 cases) and 3,132 African-Americans (AA: 1,315 cases) participating in
the family-based Collaborative Study on the Genetics of Alcoholism (COGA). COGA
participants were recruited from extended families, most of which were ascertained for alcohol
dependence. The ANYDEP phenotype is particularly well suited for this ascertained sample as
drug dependence more commonly co-occurs with alcohol dependence than with dependence on
any other substance?>?*. We conducted ancestry-specific analyses in EAs and AAs followed by a
trans-ancestral meta-analysis (EA+AA) to identify loci associated with ANYDEP, i.e.,
dependence on any one or a combination of alcohol, cannabis, cocaine, sedatives, stimulants
and/or opioids. For genome-wide significant (GWS) associations, we performed secondary
analyses evaluating associations with individual alcohol and drug dependence diagnoses, and to
examine whether the exclusion of those cases who met criteria only for alcohol dependence
altered the association. Replication was attempted in two small independent samples that
contained EA and AA individuals and substance dependence phenotypes, the Study of
Addiction: Genes and Environment (EA: 630 cases, 1,020 controls: AA 387 cases, 415
controls)?* and the Yale-Penn AA study (AA: 1,525 cases, 485 controls)®. Further, any GWS
associations with ANYDEP in the EA sample were tested for association with alcohol intake

among 452,264 individuals from the UK Biobank?® and cannabis use from a meta-analysis
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conducted on 184,765 individuals?’. Finally, given the proposed role of reward-related neural
response in the etiology of addiction?®?°, we examined whether GWS loci were correlated with
reward-related ventral striatum reactivity as measured with blood-oxygen-level dependent
(BOLD) functional magnetic resonance imaging (fMRI) in the independent Duke Neurogenetics

Study (EA n=481, AA n=118)%031,

MATERIALS AND METHODS

Sample: COGA is a large family-based study that recruited alcohol dependent probands from
treatment facilities across seven sites in the United States*>3. Probands and their extended
families were invited to participate. Additional individuals and their families were recruited from
the same communities using a variety of resources (e.g., dental clinics). Institutional review
boards at all sites approved the study, and all participants provided informed consent. All
participants were administered a version of the Semi-Structured Assessment for the Genetics of
Alcoholism interview (SSAGA; those aged <18 years were administered a child version, the C-
SSAGA)**33, Phenotypic data were available on 16,809 individuals. A substantial portion of the
sample (n=12,146) has been genotyped. Because the number of individuals of other ethnicities
was small, only EA (n=7,983) and AA (n=3,685) individuals were included in these analyses. As
the study was ascertained for alcohol dependence, individuals who reported never drinking
alcohol even once in their life were excluded from analyses (n=550). The majority of those
individuals reported not ever using other drugs, with the exception of cannabis (n=63). The final
analytic sample (n=7,291 EA and 3,132 AA) included those with both genotypic and phenotypic

data.
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Measures: ANYDEP was defined as a binary variable where cases met lifetime criteria for DSM-
IV dependence’® on alcohol, cannabis, cocaine, sedatives, stimulants and/or opioids (for
prescription drugs, non-prescription use was specified) or any combination thereof. We did not
include nicotine dependence as it was not assessed in earlier versions of the SSAGA, and was
therefore missing for those who were only interviewed using older SSAGAs. Controls did not
meet DSM-IV dependence criteria for alcohol or any drug listed above but were required to have
consumed at least 1 drink of alcohol. Of the controls, 32.9% met lifetime criteria for DSM-1V
alcohol or drug abuse (analyses excluding these individuals are described in the Discussion). For
GWS SNPs, alcohol dependence and each individual DSM-IV drug dependence diagnosis was
also examined against this uniform set of controls. As COGA was primarily ascertained for
alcohol dependence, we created a variable for secondary analysis, drug noalc, where individuals
with alcohol dependence were excluded from the ANYDEP cases (and remained excluded from

controls). Numbers of individuals for each phenotype are in Table 1.

Phenotype analysis:

The prevalence of alcohol and drug dependence were compared across ancestral groups using
chi-square tests. The number of DSM-IV criteria endorsed by individuals in AA and EA
families were compared (total number and for each drug) using an ordinary least squares
regression that accounted for sex. Birth cohorts (1890-1929, 1930-1949, 1950-1969, >1970)
were included in all COGA analyses as covariates to account for secular trends (see®’) across this
wide range of birth years. Over and above birth cohort, age was not a significant predictor of
ANYDEP (p > 0.3). A confirmatory factor analysis of substance dependence diagnoses was

fitted to the data separately for EAs and AAs, to determine phenotypic patterns of comorbidity
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using MPLUSvV838. The comparative fit index (CFI), standardized root mean square residual

(SRMR), and the root mean square error of approximation (RMSEA) were used to assess model

oNOYTULT D WN =

fit. Heritability for ANYDEP and drug noalc was estimated using SOLAR? in the EA and AA

10 families separately, using familial relatedness (but not GWAS data) alone.

15 Genotyping, Quality Review, Ancestry and Imputation

17 Multiple genome-wide arrays were used to genotype the COGA sample?34%-42 (see
Supplemental Text). A subset of 47,000 common (minor allele frequency (MAF) > 0.1 in the
22 combined sample), independent (defined as R? < 0.5) and high quality (missing rate < 2% and
24 Hardy-Weinberg Equilibrium (HWE) p-values > 0.001) SNPs that were genotyped across all
arrays were used to assess duplicate samples, confirm the reported pedigree structure and

29 compute ancestral principal components (see Supplemental Text for details). After assignment
31 of individuals in a family to a specific population, family-wise ancestry was designated

33 according to the majority of individual family members (see Lai et al, accompanying paper).
Only AA and EA families were included in subsequent analyses, due to low numbers of other
38 groups. Only variants with non A/T or C/G alleles, missing rates < 5%, MAF > 3%, and HWE p
40 values > 0.0001 were used for imputation. Genotypes were imputed to 1000 Genomes using the
cosmopolitan reference panel (Phase 3, version 5, NCBI GRCh37; Supplemental Text) using
45 SHAPEIT2# and Minimac344. Imputed SNPs with R? < 0.30 were excluded, and genotype

47 probabilities were converted to best-guess genotypes if > 0.90. Because some individuals within
a family were genotyped on different arrays, families were again evaluated for Mendelian

5o inconsistencies using Pedcheck®, and imputed SNPs were cleaned as described above. All
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genotyped and imputed SNPs with missing rates <25%, MAF >1% and HWE p >1 x 10 were

included in analyses.

Genome wide association studies and meta-analysis:

Association analysis was performed separately in AA and EA families using a generalized
estimating equation (GEE) framework to account for family relatedness by considering each
family as a cluster. The GEE employs a logistic regression model (i.e., binomial distribution) to
account for relatedness in the R package GWAF*®. Gender, birth cohort, GWAS array indicator,
and the first four principal components (as in>3) were included as covariates in the model. A
trans-ancestral (EA+AA) GWAS was performed by meta-analyzing summary statistics from the

EA and AA GWAS using inverse-variance weighting in METAL#’, with genomic control.

Annotation of results and gene-based analyses: Overall plotting (e.g., regional association) and
annotation of individual loci was conducted in FUMA*®, For gene and gene-set based analysis,
MAGMA, as implemented in FUMA, was used. FUMA was utilized to conduct gene-set
analyses that examined whether genes were enriched in curated classification systems, by
molecular function, biological process or other criteria. Gene sets were defined for 4,728 curated
gene sets (including canonical pathways) and 6,166 GO terms. Differential expression of
prioritized genes was conducted using the GENE2FUNC option in FUMA, which examines
whether genes of interest from the GWAS are overrepresented in differentially expressed gene
sets in 53 specific tissue types from The Genotype-Tissue Expression (GTEx) database®.
Although this database is comprised of primarily EA individuals, it is one of few publicly

available databases available, and therefore was utilized for the AA results as well. To further
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10

prioritize possible causal genes, we used S-PrediXcan’? to impute genetically-regulated gene

expression in twelve brain tissues and whole blood. The prediction models were trained on
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reference transcription data from GTEX (brain) and the Depression Genes and Network (DGN)

10 (whole blood) (all available from the PredictDB Data Repository, http://predictdb.org,

downloaded on 6/6/2018). Analyses were restricted to the EA data, as the prediction models used
15 by the tools were built using only individuals of European ancestry. We used GTEx v7 to extract
17 gene expression values. Finally, individual genome-wide significant (GWS) SNPs and genes
were examined against SNP and gene-based summary statistics for 3,798 GWAS of 2,824 traits,

22 available through http://atlas.ctglab.nl/ (accessed on 10/1/2018).

Replication:

29 Data from two dbGaP samples with individuals of EA and AA ancestry that were ascertained for
31 alcohol and substance dependence were utilized for replication of GWS SNPs. These included
33 the Study of Addiction: Genes and Environment (phs000092.v1.p1, SAGE: non-overlapping
individuals numbered EA: 630 cases and 1,020 controls; AA: 387 cases and 415 controls)** and
38 the Yale-Penn AA sample (phs000425.v1.p1) with 1,525 cases and 485 controls®. Any

40 overlapping participants as well as the first and second degree of relatives (n > 0.2) of COGA

43 members in SAGE or Yale-Penn were excluded from the replication samples. Cases and controls
45 were defined as described above. Covariates included sex and the first 3 principal components.
47 For SAGE, birth cohorts as defined in COGA were included as covariates while for Yale-Penn
AA, age was used (as recommended in prior publications of this sample>!-*2). Effect sizes across
52 COGA and replication samples were meta-analyzed in METAL 47. For SNPs associated with

54 ANYDEP in the EA families, we also examined summary statistics for association with alcohol
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intake frequency in 452,264 individuals from the UK Biobank (http://geneatlas.roslin.ed.ac.uk/,

accessed 11/26/2018)?¢ and with cannabis use from the current largest GWAS of the phenotype

[n=184,7657].

Neuroimaging analysis of GWS loci:

We examined whether GWS SNPs identified in our COGA GWAS of ANYDEP (i.e.,
1s34066662, rs75168521, rs1890881; the indel was not available) were associated with reward-
related brain function in the Duke Neurogenetics Study (DNS), an independent neuroimaging
sample containing non-Hispanic AA (n=118) and EA (n=481) undergraduate students aged 18-
22 years®! (see Supplemental Text). A number guessing paradigm was used to elicit ventral
striatum (VS) reactivity associated with positive and negative feedback linked to monetary gains
and losses while bold-oxygen-level dependence (BOLD) functional magnetic resonance imaging
(fMRI) data were acquired’. Statistical Parametric Mapping version 8 (SPM8) software was
used to extract parameter estimates for the contrast of Positive Feedback > Negative Feedback
from maximal voxels within left and right VS regions of interest (ROIs). Imaging acquisition
protocol, task, ROIs, and preprocessing details are described in the Supplemental Text.
Extracted parameter estimates from VS activity in each hemisphere were regressed on genotype
(coded as 0 vs 1 or more copies of the minor allele) of GWS loci while co-varying for sex, and 3
(AA) or 2 (EA) ancestral principal components using Full Information Maximum Likelihood in
MPlus v7.338. Confidence intervals on estimates were derived via bootstrapping (n=10,000). To
adjust for multiple comparisons, we used a Bonferroni-corrected p-value threshold (p<0.00625),
to account for our hypothesized 8 tests [i.e., 1s34066662 and rs75168521 in both brain

hemispheres among AAs (4 tests); rs1890881 in both brain hemispheres among AAs and EAs (4
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tests)]. As rates of drug dependence, but not alcohol problems (see!), are low in the DNS

sample, structural equation models linking genotype to substance dependence with reward-

oNOYTULT D WN =

related response as a mediator were not fitted to these data.

RESULTS
15 Phenotypic analyses: Alcohol dependence was the largest contributor to ANYDEP, followed by
17 cannabis and cocaine dependence (Table 1). Alcohol and drug dependence were correlated with
each other in both EAs and AAs (Supplemental Table S1). However, correlations between
22 dependence on alcohol and individual drugs were higher (r = 0.55 — 0.82) in EA relative to AA (r
24 =0.33 —0.77), especially for cannabis dependence (see Supplemental Table S1). A single
factor solution fit the lifetime dependence diagnoses data adequately in both EAs and AAs (EA:
29 Comparative Fit Index=0.989, Standardized Root Mean-square Residual=0.046, Root Mean
31 Square Error of Approximation=0.042; AA: Comparative Fit Index=0.978, Standardized Root
33 Mean-square Residual=0.09, Root Mean Square Error of Approximation: 0.047) and factor
loadings were greater than 0.75, with the exception of cannabis dependence in AA

38 (loading=0.35).

Other phenotypic differences across ancestral groups in this sample were apparent. For instance,
45 while alcohol dependence was the most common contributing diagnosis in EAs (81%, vs. 67% in
47 AAs), cannabis (EA: 42%; AA: 52%) and cocaine dependence (EA: 27%; AA: 44%) were more
common in AAs. Across ancestral groups, ANYDEP cases endorsed a similar number of criteria
5o across all substances (i.e., 7 criteria x 6 substances; mean = 10.8, SD = 7.3; beta=0.11, SE=0.24,

54 p=0.66). Among ANYDEP cases, EAs endorsed significantly more alcohol dependence criteria
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than AAs (EA: mean 4.44, SD 2.09; AA; mean 3.89 SD 2.21; beta=0.45, SE=0.06, p < 0.0001).
Conversely, AAs endorsed a greater number of cannabis (AA: mean 2.76, SD 2.29; EA: mean
2.24,SD 2.27; beta=0.41, SE=0.07, p < 0.0001) and cocaine dependence (AA mean 2.82 SD
3.10; EA: mean 1.65, SD: 2.59, beta=1.22, SE=0.09, p < 0.0001) criteria than EAs, and these
differences were significant even after accounting for sex and birth cohorts. The heritability of
ANYDEP and drug noalc were 0.60 (standard error (SE) = 0.043) and 0.59 (SE=0.085)
respectively, in the EA families. Although the heritability of ANYDEP was lower in the AA

families (0.37; SE=0.065), the heritability of drug noalc was slightly higher (0.63; SE=0.106).

GWAS findings: No GWS loci emerged in the EA GWAS (Figure 1a; Supplemental Figure
S1A). The lowest p-value (p = 8.6E-08; Table 2) was obtained for rs74611272, an intergenic
SNP on chromosome 7. In contrast, three GWS regions were identified in the AA GWAS: on
chromosome 3 (rs34066662: p = 1.77E-08 & rs58801820: p = 1.89E-08; Figure 1b;
Supplemental Figure S1B), chromosome 13 (rs75168521: p = 3.31E-08 & rs78886294: p =
4.38E-08) and an insertion—deletion (indel) on chromosome 5 (5:141988181, mapped to
1s527904740, p = 4.48E-08). As shown in Table 2, the effects of these variants were ancestry-
specific. In addition, one locus on chromosome 1 was GWS in the trans-ancestral (EA+AA)
meta-analysis (Figure 1c, Supplemental Figure S1C), with the most significant SNP,
rs1890881 (p = 3.77E-08; EA p = 8.95E-05; AA p = 1.94E-05) in an intron of RABGAPIL (RAB

GTPase Activating Protein 1 Like).

Specificity of GWAS SNPs to alcohol or drug dependence: In the AA GWAS, all drugs

contributed to the chromosome 3 GWS signal, albeit at nominal levels of significance, while all
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drugs except opioids and sedatives contributed to the chromosome 5 and 13 signals (Table 3).

Alcohol dependence was also associated with these loci (Table 3); however, when a smaller

oNOYTULT D WN =

subset of individuals who met criteria for drug but not alcohol dependence was studied (i.e.,

10 drug noalc), the loci on chromosome 3, 5 and 13 remained nominally associated (all p>8.61E-
04; Table 4), suggesting that these signals were only partially attributable to shared genetic

15 liability between alcohol and illicit drug dependence. In contrast, the trans-ancestral signal on

17 chromosome 1 was due primarily to association with cocaine and alcohol dependence in both the
EA and AA subsamples (Table 4). When individuals with alcohol dependence only were

22 excluded from the study (drug noalc), there was no association (p=0.26) in the EAs and the

24 association in AAs decreased in significance to p=0.04.

29 Biological annotation: Regional association plots for the chromosome 3 and chromosome 13

31 GWS loci from the AA GWAS are presented in Figure 2. The two SNPs on chromosome 3,

33 rs34066662 and rs58801820, are in complete linkage disequilibrium (LD; HapMap AFR sample:
12>0.996; D’=1). There was evidence that one or both of these SNPs were eQTLs for

38 Nephrocystin 3 (NPHP3) in the sigmoid colon (GTEx v6: p = 4E-06) and the adrenal gland

40 (GTEx v7: p = 7E-06; reference expression data primarily drawn from Europeans).

45 The regional association plot for the GWS indel on chromosome 5 (chr5:141988181, mapped to
47 1s527904740) is presented in Supplemental Figure S2A. The next most significantly associated
42 variant, rs74911483 (chr5:141990602, p=6.13E-8), is shown in Supplemental Figure S2B, and
5o was in high LD with this variant (AFR: r2=0.87, D’=0.94°%). Both variants were in the intron of

54 the Fibroblast Growth Factor 1 (FGFI) gene. While FUMA could not be utilized for inde!
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annotation, individual searches for the proxy SNP, rs74911483 in RegulomeDB? (score of 5),
Combined Annotation Dependent Depletion’® (maximum CADD score of 5), and GTEx’7 (no
eQTLs) did not provide persuasive support for regulatory effects of this variant. However,

chromatin interactions were noted with neighboring genes (Supplemental Figure S3).

The strongest signal on chromosome 13 was from rs75168521, a non-coding intergenic SNP
downstream of SLITRKS5 (SLIT and NTRK like family member 5); there was no evidence that
rs75168521 is an eQTL for SLITRKS or any other gene. 175168521 is a perfect LD proxy for
rs78886294 which was also genome-wide significant. Both SNPs were also in high D’, but low
12 (D’=1; r2=0.33) with numerous SNPs in the 3’ region of MIR4500HG with the closest SNP
being 108 bp from rs75168521. The SNP rs75168521 made chromatin contact with MIR4500HG
in bladder, liver and the left ventricle (although the gene is only appreciably expressed in the
liver). Several additional distal points of contact were also identified (Supplemental Figure S4).
Conditional analyses of the lead variants on chromosomes 3, 5 and 13 indicated that the
remaining genome-wide significant SNPs did not represent additional independent loci on each
chromosome (Supplemental Figure SSA — S5C). However, additional SNPs in the region did
show p-values indicative of potential independent signals that might be clarified with increase in

sample size.

The trans-ancestral (EA+AA) analyses identified rs1890881 as genome-wide significant (Figure
4). The SNP is in an intron of RABGAPI1L; however, it is also an eQTL for several neighboring
genes. According to the GTEx (v7) database, rs1890881 is an eQTL for 7 genes (48 signals), that

included several signals in brain tissue (Supplemental Table S2). rs1890881 also made
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chromatin contact with several of these genes, including SERPINC! (Supplemental Figure S6;

genes identified using eQTL and chromatin interaction mapping are in red) as well as other distal

oNOYTULT D WN =

contacts across tissues. There was no support for independent loci in the region in either

10 ancestral group (Supplemental Figure S5D and S5E).

15 Gene-based and gene-set analyses: Gene-based analyses in the AA data identified 3 genes that
17 surpassed genome-wide correction (Pgignificance = 2.76E-06, corrected for 18,125 protein coding
genes; Supplemental Figure S7; Supplemental Table S3). The genes were SH3 Domain

22 Binding Kinase Family Member 3 (SBK3; chromosome 19), DAZ Interacting Zinc Finger

24 Protein 3 (DZIP3; chromosome 3) and CRK Like Proto-Oncogene, Adaptor Protein (CRKL;
chromosome 22). DZIP3 and CRKL are ubiquitously expressed with appreciable expression in
29 brain regions, while SBK3 is expressed in cardiac tissue (Supplemental Figure S8). Gene-set
31 analyses did not identify any GO terms that surpassed multiple testing correction. We also

33 performed gene function analyses with 26 genes that mapped to the region of 2 of the GWS loci
(including, but not limited to SLITRKS5, NPHP3 and NPHP3-AS1, LINC00433) on chromosomes
38 3 and 13. Two positional gene sets (MSigDB c1) on chromosome 3 and one on chromosome 13
40 were significantly enriched for prioritized genes (chr3q22, Pygjusiea = 8.3E-10: NPHP3, NPHP3-
AS1, BFSP2-AS1, SRPRB, C3o0rf36; chr3q21, Pygjusea = 1.6E-4: TMEM108, BFSP2, TF; and

45 chr13q31, Pugjustea = 1.4E-09: SLITRKS5, PEX12P1, KRT18P27). Of these, Transferrin (7F) in

47 particular, showed higher average differential expression in brain tissue (Supplemental Figure

42 S9).
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Despite no individual SNP being genome-wide significant in the EA GWAS, one gene was
genome-wide significant (P2RX6, p=7.11E-07; threshold Pgignificance = 2.82E-06 for 17,757
coding genes; Supplemental Table S4). The Purinergic receptor P2X 6 (P2RX6) is expressed in
brain tissue, although less robustly than in musculo-skeletal tissue (Supplemental Figure S10).
In addition, 4 curated gene-set terms were statistically significant (Supplemental Table S5 for
individual genes in the set). These gene sets were derived from Reactome and reflected gene sets
involved in signal transduction (sets 1 and 2) and hemostasis (sets 3 and 4). When the correlation
between ANYDEP and imputed, genetically-regulated gene expression was tested in the EA
sample using S-PrediXcan, no genes met the multiple testing corrections; however, P2RX6 was

the most significant gene, with p = 3.91e-05 in the putamen basal ganglia tissue model.

Replication: Despite these promising findings, the individual loci did not replicate in any of the
replication samples (Supplemental Table S6; lowest p =0.06 for chr5:141988181 in Yale-Penn)
and meta-analysis across COGA and the replication samples did not retain their genome-wide
significance, although findings for the chromosome 3 locus were in the same direction in the AA
samples, and for chromosome 1 in the EA samples. In the UK Biobank, there was weak evidence
of association between alcohol intake frequency and rs1890881 (beta=-0.010, p=0.026). In
addition, rs1890881 was marginally associated with cannabis use (beta=0.029, p=0.048) in the
current largest GWAS of the trait>’. There was evidence of association between alcohol intake
and rs74611272 (beta=0.016, p=0.007;2%), the strongest signal in the EA GWAS, in the UK

Biobank.

Extension of Neuroimaging to Significant Loci:
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As shown in Table 5, carriers of the minor (C) allele of rs75168521 (chr 13), which was

associated with increased likelihood of ANYDEP in COGA, had blunted right (beta=-0.073,

p=0.004), but not left (beta=-0.062, p=0.143), VS activation in the AA subsample. However,
134066662 genotype (chr 3) was not associated with VS activity in either hemisphere among
AA, despite a similar directional pattern (betas>-0.062, ps >0.103). As expected, among EA
there was no association between rs75168521 or rs34066662 genotype and VS activation in
either hemisphere (|betas|<0.025, ps >0.247). Carriers of the minor (T) allele of rs1890881 (chr
1), which was associated with decreased likelihood of ANYDEP in the trans-ancestral meta-
analysis (effect driven by alcohol dependence), were characterized by blunted reactivity of the
left VS among AA (beta=-0.134, p=0.001). Nominally significant associations that were not
robust to Bonferroni correction were observed between rs1890881 genotype and right VS
activation in AA (betas<-0.026, ps <0.030) and left (beta=-0.036, p=0.029), but not right (beta=-

0.004, p=0.801), VS activation among EA.

DISCUSSION

Alcohol and drug dependence tend to co-aggregate in families>®>°. Based on a prior GWAS in a
smaller subset of 118 COGA families??, we developed an ANYDEP phenotype that represented a
diagnosis of dependence on alcohol or any illicit drug. GWAS in the COGA AA families
identified novel loci on chromosomes 3, 5, and 13 while the trans-ancestral EA+AA analysis
identified a locus on chromosome 1. However, these signals failed to replicate in independent
samples. In addition, across the AA and EA GWAS, a total of 4 genes (AA and EA) and 4 gene

sets (EA only) survived correction for multiple testing. These findings underscore the feasibility
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of using an aggregate substance dependence phenotype to identify underlying shared heritable

influences for locus discovery.

Broadly, two categories of loci were identified. First, in the COGA AA families, loci on
chromosome 3, 5, and 13 were GWS and appeared to be attributable to contributions from each
individual illicit drug, as well as alcohol dependence. Exclusion of alcohol dependence diagnosis
(drug noalc) resulted in nominal significance in all three regions, despite the substantially
reduced sample size and power. Thus, these loci may represent genetic liability that is common
to alcohol and illicit drug dependence that cannot be entirely attributed to alcohol dependence.
On the other hand, the locus on chromosome 1 which was GWS in the COGA EA+AA analysis
and was supported by signals in both the EA and AA subsamples, showed nearly no evidence for
association in the drug noalc analyses (p=0.04; and only in the AA families), suggesting that
this signal is primarily due to alcohol dependence. In EAs, this genome-wide significant SNP
(rs1890881) is in perfect LD with rs61826952 which was genome-wide significant in the COGA
GWAS of DSM-IV alcohol dependence (COGA EA+AA p=8.4E-11; see accompanying paper
by Lai et al.). The r? in the AFR reference populations is 0.48, potentially indicating an
independent signal in the AAs. However, conditional analyses did not support an effect of
rs61826952, independent of rs1890881, on ANYDEP (Supplemental Figures SD and SE).
Similarly, rs1890881 was not associated with alcohol dependence (Lai et al., accompanying

paper), independent of rs61826952 (AA p=0.118; EA p=0.559).

For ANYDEP, rs1229984 in ADHIB, the most well-replicated signal for alcohol dependence!?

was not GWS. Even relative to findings from the companion paper by Lai et al., where
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rs1229984 was GWS in the EA+AA analysis (beta=-0.86, p=1.72E-8), the association between

rs1229984 and ANYDEP was considerably weaker both in magnitude and significance
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(Supplemental Table S7), despite a considerably larger analytic sample. Additional loci

10 identified for alcohol dependence diagnosis, symptom count and individual criteria in Lai et al.,
also did not achieve GWS for ANYDEP, although all signals were nominally significant with

15 effects in an identical direction. An important distinction between these two companion studies is
17 noteworthy. While Lai et al., excluded individuals with > 2 alcohol or drug abuse/dependence
criteria from their unaffected population, the current study allowed these individuals to remain in
22 the unaffected group. Thus, variations across findings in the two studies might be due, not only
24 to differing definitions of affecteds, but also the definition of unaffecteds. Finally, the current

26 study did not identify the same SNPs as were noted in our prior study of ANYDEP and its

29 quantitative equivalent in a much smaller subset of these data (N=1,170 — 2,183; Supplemental

31 Table S7), which is not uncommon with the substantially increased sample size used here.

In addition to sources of genomic variation (e.g., allele frequencies, LD), distinctions in findings
38 across the ancestral groups are possibly attributable to the pattern of comorbidities in these

40 groups, which may be genetic and environmental in nature. Notably, a fair proportion of AA
qualified for a diagnosis of ANYDEP due to cannabis or cocaine dependence, whereas the

45 preponderance of EAs primarily endorsed alcohol dependence. In addition, cannabis and

47 cocaine dependence diagnoses in AA were relatively more severe (i.e., more criteria were

42 endorsed). Furthermore, drug noalc (h2=0.63) was more heritable than ANYDEP (h2=0.37) and
5o alcohol dependence (£2=0.27) itself in the AA but not the EA families. Thus, despite the smaller

54 sample size, the AA subsample may have been better powered to identify loci more closely
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related to drug dependence. These patterns of individual and comorbid drug use disorders are
also quite consistent with the broader epidemiological literature®?!. For instance, AA are more
likely to initiate use of cannabis prior to alcohol and are more likely to escalate to problem
usef%6!, Similarly, AA are at nearly 3.5 increased odds of transitioning from cocaine use to
dependence than their EA counterparts, even after adjustment for sociodemographic features and
psychiatric comorbidity®?. However, these population differences may reflect socio-cultural
trends or represent barriers to access to prevention programs among minority populations, thus
increasing rates of lifetime drug dependence®. While we might speculate that the three loci
identified in the AA GWAS are more likely to relate to liability to both alcohol and drug
dependence, this observation may merely be an artifact of cultural effects on the expression of

genetic susceptibility.

Alternatively, the AA findings might be false positives. Due to sparser LD in AA relative to EA,
the application of a uniform threshold of p < 5SE-08 for attributing GWS in AAs may not be
sufficiently stringent®*%5. However, gene-based tests were also successful at identifying three
significant genes. Thus, at least for the gene-based tests, even after correction for differences in

LD, significant findings in the smaller AA sample were identified.

Despite several findings at the level of individual loci, genes and even gene-set terms (for EA),
none of the biological units identified in this GWAS were related to genes previously linked to
alcohol or drug related phenotypes. The gene sets, for instance, were broadly related to
hemostasis and signal transduction. Prior gene set enrichment analyses have identified other gene

sets related to signal transduction more broadly but not specifically via our gene-set terms®6-¢7,



Page 23 of 102 Genes, Brain and Behavior

22

However, as shown in Supplemental Figure S11, loci on chromosome 1, 3, 13 and 7, as well as

the 4 genes that surpassed genome-wide correction (CRKL, DZIP3, SBK3, P2RX6) did show
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associations (p < 0.05) with other psychiatric, cognitive and behavioral traits. For instance, based
10 on comparisons with other published and unpublished GWAS across multiple phenotypes,
CRKL variants have been linked to age at smoking cessation (p=0.002) while DZIP3 variants

15 have been related to bipolar disorder (p=3.3E-05). Nonetheless, the nature of the effect of these

17 variants on alcohol and illicit drug dependence remains unknown.

22 The relatively small sample size for the replication cohorts, especially when examining AA

24 individuals, may have contributed to our limited evidence for replication. However, the
neuroimaging extension provides evidence for an interesting, albeit preliminary, link between

29 GWS loci and ventral striatum (VS) reactivity. For rs75168521, African American carriers of the
31 C allele, which was associated with increased likelihood of ANYDEP in the COGA GWAS, had
33 blunted response to positive versus negative feedback. Decreased reward sensitivity to
rewarding, non-drug stimuli has been well documented within addiction, with evidence that this
38 may arise following persistent drug exposure®®. However, as the DNS sample is characterized by
40 relatively low levels of substance use and related problems (other than alcohol®!), the association
between genotype and blunted VS response to reward may plausibly be viewed as a predisposing
45 factor. One might speculate that individuals, particularly adolescents, with a blunted response to
47 rewarding stimuli, in general, may require larger drug amounts or more potent drugs for
reinforcement, and thus, be more susceptible to the development of severe addiction®®. Such an
5o interpretation is consistent with evidence that unaffected offspring of alcohol dependent

54 individuals and adolescents who later develop problematic drug use have reduced VS response to
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anticipatory cues of monetary reward’®’! as well as evidence that individuals who are less

sensitive to the intoxicating effects of alcohol are at greater risk for dependence’?.

In direct contrast to the results for rs75168521, rs1890881 (chromosome 1) major C allele
homozygotes, who were at increased risk for ANYDEP (driven by the association with alcohol
dependence) in the COGA GWAS, had elevated reward-related VS response (identical to Lai et
al.). While these findings may, on the surface, appear to be inconsistent with one another,
literature suggests that both relatively reduced and heightened VS response to reward may be
associated with substance involvement and dependence liability according to unique and shared
mechanisms?!. For example, evidence that reward-related VS activity is positively coupled with
problematic drinking’® as well as behavioral and self-reported impulsivity’#, converges with
stage-based theories of addiction postulating that elevated impulsivity may lead to greater
substance use exposure and experimentation that may lay the foundation for the development of
problematic substance use. On the other hand, a parallel literature has also linked relative
hypoactivity of the VS to drug-seeking behaviors, which has often been theorized to reflect
compensation for blunted reactivity to reward’!-7>. Thus, it is plausible that blunted VS reward
response associated with rs75168521 may confer susceptibility to extreme and generalized forms
of drug dependence. On the other hand, the finding for rs1890881 might typify individuals at
high neurobiological susceptibility for substance use engagement, particularly with alcohol
which is easily accessible and socially accepted. Given the heterogeneity of substance use-
related phenotypes, it is plausible that different genetic risk markers may impact disease risk
through distinct mechanisms, and that these seemingly divergent theoretical models (e.g.,

impulsivity vs reward deficiency) may not be mutually exclusive.
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Lastly, laterality differences were apparent following multiple testing correction (i.e.,
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rs75168521 genotype was associated with blunted right, but not left, VS response while

10 rs1890881 genotype was associated with blunted left, but not right VS response in AA). While
prior reports have found evidence of lateralized associations with reward-related processing in

15 the VS7677, the directionality of associations in our study were consistent across hemispheres and
17 in some cases reached nominal levels of significance (Table 5). As such, it is possible that our
lateralized findings resulted from limited power. Overall, our neuroimaging findings, while

22 preliminary, showed ancestral specificity consistent with the GWAS, and suggest a putative role
24 for the ANYDEP-associated variants in general reward responsiveness. However, despite
correction for multiple testing, it is also plausible that these findings represent a false positive

29 given our small sample, which also prevented us from testing potential quadratic effects which

31 might be expected given that both relatively reduced and heightened VS response to reward were

33 associated with genetic risk for substance use phenotypes.

38 Several limitations are worth noting. First, despite interesting findings and the partially high risk
40 sample design, our sample size is underpowered to detect the modest effect sizes typically
associated with substance use disorders!?. For instance, in the AA subsample, 80% power to

45 detect a common variant (MAF > 35%) is only expected for genotype relative risks>1.2878,

47 which is fairly high for psychiatric disorders. Second, due to the high degree of relatedness in our
data, ascertainment, and the relatively small number of “cases”, methods such as GCTA or LD
5o Score regression®? that are typically used to assess SNP-heritability were not appropriate.

54 Instead, we report heritability using familial relatedness. Third, we elected to derive diagnoses
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based on the DSM-IV nomenclature for dependence instead of DSM-5 definitions for substance
use disorders. Even though the DSM-5 definition of substance use disorders is more
contemporary, it relies on a lower symptom burden (e.g., >2 of 11 vs >3 of 7 criteria for DSM-IV
dependence), which may dilute identification of genetic effects on more severe forms of the
disorder. However, when we examined the association between GWS variants and a count of
DSM-5 criteria across alcohol and illicit drugs, these SNPs were associated with that count but
not at GWS levels (p>5E-5). Finally, 39% of the controls met criteria for substance abuse — we
elected to include these individuals to maintain the sample size. Consistent with this, results for
chromosome 3 (AA p=2E-8) remained GWS while those for chromosomes 1 (EA p=3E-4; AA
p=6E-5), 5 (AA p=7E-8) and 13 (AA p=4E-5) were attenuated in statistical significance but not
in magnitude upon exclusion of individuals with abuse from the controls. Finally, the lack of
replication was discouraging, although it is noteworthy that sample sizes for the replication
cohorts were modest, and they may not have had sufficient power to replicate findings with these
effect sizes. Nonetheless, upon meta-analysis, these variants did not show consistent genome-
wide support indicating considerable heterogeneity across-samples, low power, or raising the

possibility that the current findings are false positives.

In conclusion, we leveraged the high degree of comorbid substance dependence in COGA to
identify novel loci that may confer risk for both alcohol and drug dependence and parse them
from those variants that relate more specifically to alcohol dependence liability (Lai et al.,
accompanying paper). Our results provide preliminary evidence for ancestrally-specific effects
of loci that undergird addiction to alcohol and illicit drugs. Further, we find preliminary ancestry-

specific evidence that GWS loci associated with dependence liability are also associated with
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reward-related VS response providing a compelling putative neural mechanism through which

genetic risk might influence dependence liability. Notably, large scale GWAS of psychiatric
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disorders, with the exception of substance use disorders, have traditionally focused on

10 populations of European ancestry. While the genetics of substance use disorders has been
examined in AAs (e.g., 8182), sample sizes remain fairly modest, especially given the potential
15 expectation of a higher burden of multiple testing. To delineate the role of genetic influences on
17 substance use disorders in such minority populations, who also may further suffer due to

restricted access to treatments, targeted data collection is needed.
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LEGENDS

Figure 1: Manhattan plots for the (PANEL a) European-American (EA), (Panel b) African-American (AA), and (PANEL c¢) trans-

ancestral (EA+AA).

Figure 2: Regional association plots for genome-wide significant loci on (a) chromosome 3 and (b) chromosome 13 in analyses of

AA families

Figure 3: Regional association plots for genome-wide significant loci on chromosome 1 in the trans-ancestral (EA+AA) analysis

shown with (a) LD based on CEU population, and (b) LD based on AFR population
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1

2

i dependence on alcohol or any illicit drug (ANYDEP), as well as for post-hoc analyses of top loci for alcohol and individual drug
5 phenotypes.

6

7

8 European-American (EA) African-American (AA)
9

10

1

12

13 ANYDEP 2,927 4,364 1,315 1,817
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Table 2: Results for most significant SNPs associated with ANYDEP.

Chr:bp Effect allele:  Effect allele EA: AA Trans-ancestral
alternate frequency beta, SE, p-value beta, SE, p-value (EA+AA)
allele (EA:AA) beta, SE, p-value

rs58801820  3:132640091 T:G 0.06:0.19 0.094 (0.082), 0.249 -0.393 (0.082), 1.89E-08  -0.180 (0.056),

1.28E-03

rs78886294  13:88338399 T:C 0.91:0.85 -0.035 (0.073), 0.626 -0.426 (0.078),4.38E-08  -0.212 (0.056),

1.41E-04

rs1890881 1:174176923 T:C 0.93:0.85 0.327 (0.083), 8.95E-05  0.350 (0.082), 1.94E-05 0.339 (0.062), 3.77E-

08

Legend: Covariates included sex, birth cohorts, ancestral principal components, array;
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Chr = chromosome; Bp = base pair; EA = European American; AA = African American; SE = standard error;
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Chr:bp Alcohol Cannabis Cocaine Stimulant Sedative Opioid
Beta, SE, p- beta, SE, p- beta, SE, p- beta, SE, p- beta, SE, p- beta, SE, p-
value value value value value value
In African American (AA) GWAS
rs34066662  3:132639776 -0.396 (0.08), -0.347 (0.087), -0.305 (0.091),  -0.612(0.313), -1.40 (0.534), -0.733 (0.227),
1.70E-06 8.05E-05 8.24E-04 0.051 0.009 0.0013
rs58801820  3:132640091 -0.393 (0.08), -0.343 (0.087), -0.303 (0.091),  -0.586 (0.313), -1.36 (0.535), -0.734 (0.228),
1.74E-06 8.19E-05 8.55E-04 0.051 0.011 0.0013
rs527904740 5: -0.730 (0.144),  -0.645 (0.154), -0.507 (0.184),  -0.852(0.414), -0.759 (0.558),  -0.516 (0.321),
141988181 4.24E-07 2.90E-05 5.88E-03 0.04 0.17 0.11
rs75168521  13:88334193 -0.403 (0.09), -0.370 (0.091), -0.281 (0.112),  -0.593 (0.254), -0.562 (0.313),  -0.154 (0.208),
4.08E-06 4.49E-05 0.012 0.019 0.07 0.459
rs78886294  13:88338399 -0.400 (0.09), -0.368 (0.090), -0.287 (0.110),  -0.581 -0.547 (0.313),  -0.180 (0.204),
4.57E-06 4.71E-05 0.009 (0.252),0.021 0.08 0.380
rs1890881 1:174176923  0.366 (0.09), 0.171 (0.111), 0.330 (0.105), -0.450 (0.245), 0.167 (0.342), 0.161 (0.189),
5.36E-05 0.125 1.6E-03 0.065 0.626 0.393

In European American (EA) GWAS
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rs1890881 1:174176923  0.184 (0.16), 0.245 (0.110), 0.344 (0.130), 0.197 (0.140), 0.222 0.100 (0.169),

0.26 0.026 0.008 0.156 (0.185),0.231 0.357

oNOYTULT D WN =

rs74611272  7:51850533  -0.073 (0.018),  -0.597 (0.122),  -0.492(0.152), -0.411(0.167),  -0.463 (0.258),  -0.513 (0.223),

10 5.10E-05 9.59E-07 1.24E-03 0.014 0.07 0.022

13 Legend: Covariates included sex, birth cohorts, ancestral principal components, array; for some SNPs and individual drugs, statistical
14 convergence issues arose when including birth cohorts, and thus, age was substituted for birth cohort.

Chr = chromosome; Bp = base pair; SE = standard error; GWAS = genome-wide association study; SNP = single nucleotide
polymorphism
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Table 4: Results for alcohol dependence and for drug noalc (alcohol dependent individuals excluded from cases and controls) for top

SNPs.

Chr:bp

Effect allele:

alternate allele

Alcohol dependence (Lai et al*) drug noalc

rs34066662  3:132639776
rs58801820  3:132640091
rs527904740 5:141988181
rs75168521  13:88334193
rs78886294  13:88338399
rs1890881 1:174176923
rs1890881 1:174176923

rs74611272  7:51850533

African-American (AA) GWAS

T:C

T:G

GAA: GAAA

T:C

T:C

T:C

-0.454 (0.092), 8.92E-07
-0.451 (0.092), 9.00E-07
-0.756 (0.756), 2.65E-05
-0.486 (0.112), 1.56E-05
-0.484 (0.113), 1.77E-05

0.554 (0.121), 4.70E-06

European-American (EA) GWAS

T:C

T:C

0.471 (0.108), 1.29E-05

-0.442 (0.121), 2.61E-04

-0.396 (0.110), 3.14E-04
-0.393 (0.109), 3.01E-04
-0.628 (0.169), 2.06E-04
-0.371 (0.107), 4.88E-04
-0.368 (0.106), 5.04E-04

0.235 (0.116), 0.04

0.184 (0.16), 0.26

-0.073 (0.018), 5.10E-05

*Refers to accompanying paper by Lai et al which examined alcohol dependent cases (DSM-IV dependent) and controls (drank at

least one drink of alcohol and endorsed at most 1 criterion for alcohol or any drug dependence).

Chr = chromosome; Bp = base pair; SNP = single nucleotide polymorphism
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Table 5. Associations between response of the ventral striatum to positive > negative feedback and genotype in the Duke

Neurogenetic Sample

50

African-Americans (AA): beta [95% C.L.], p-value

European-Americans (AA): beta [95% C.1.], p-value

SNP Effect

allele

rs34066662 T

rs75168521 C

rs1890881 T

RIGHT VS

-0.073 [-0.164 - 0.019],

-0.111 [-0.19 - -0.036],

-0.098 [-0.175 - -0.020],

LEFT VS

-0.062 [-0.143 - 0.018],
0.132
-0.065 [-0.153 - -0.24],
0.143
-0.134 [-0.213- -0.057],

0.001

RIGHT VS

0.002 [-0.053 - 0.057],
0.932
0.025 [-0.017 - 0.068],
0.247
-0.004 [-0.039 - 0.030],

0.801

LEFT VS

-0.008 [-0.057 - 0.043],
0.762

0.011 [-0.027 - 0.048],
0.565

-0.036 [-0.068 - -0.004],

0.029

SNP = single nucleotide polymorphism; chr5:141988181 was not available.



oNOYTULT D WN =

Genes, Brain and Behavior Page 52 of 102

51

SUPPORTING INFORMATION

Supplementary TeXt .......ooriiriiii e pp- 50 - 55
Supplementary Figures .........coouiiiiiiiiiii e pp. 58 - 87
Supplementary Tables .........coviiiiiiiiii i, pp- 88 - 100



Page 53 of 102

oNOYTULT D WN =

Genes, Brain and Behavior

52

Supplemental Text
COGA
COGA Genotyping: COGA samples were genotyped on arrays including the [llumina Human1M
array (Illumina, San Diego, CA, USA) at the Center for Inherited Disease Research (CIDR),
Johns Hopkins University!, the Illumina Human OmniExpress 12V 1 array (Illumina, San Diego,
CA, USA) at the Genome Technology Access Center, Washington University School of
Medicine in St. Louis?3, the Illumina 2.5M array (Illumina, San Diego, CA, USA) at CIDR#, and
the Smokescreen genotyping array (Biorealm LLC, Walnut, CA, USA) at Rutgers University.
About 91.5% of the African-American participants were genotyped on the [llumina 2.5M array,
with the remainder predominantly on the Smokescreen (save 52 individuals on the [llumina
Human1M). Of the European-Americans, 59% were genotyped on the Smokescreen, 25% on the
[llumina OmniExpress 12V 1, and the remainder on the Illumina Human1M. Genotyping
concordance for 2-127 samples genotyped on at least two different arrays was > 99.18%. As
outlined in the Main Text, a subset of 47,000 high quality SNPs were used for quality control,
pedigree checks and computation of ancestral principal components. Fygr was predominantly
lower than 0.20, with the exception of 3 individuals with Fygr < 0.25. Pedigree structures were
reconciled, and genotypes were evaluated for Mendelian errors (Pedcheck;’) with the revised
pedigree structure when necessary. All remaining genotype inconsistencies were set to missing.
SNPs or individuals with high rates of Mendelian errors were excluded. The same set of
common, independent and high quality SNPs was used in EIGENSTRAT® to calculate principal
components. Reference data from the 1000 Genomes (Phase 3, version 5) YRI, CEU, JPT and
CHB populations were utilized as anchors, and individual genetic ancestry was assigned

accordingly. Families were assigned a family-based ancestry of EA, AA, or Other, according to
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the majority of individuals in that family, and to the more heterogeneous population when there
were equal proportions. SHAPEIT version 27, which utilizes pedigree information, was used to
impute, followed by Minimac38, and imputation was performed within each array using the
cosmopolitan reference panel (Phase 3, version 5, http://www.internationalgenome.org/). SNPs
with missing rates < 5%, MAF > 3%, and HWE p values > 0.0001 that were non A/T or C/G

alleles were used for imputation.

Duke Neurogenetics Study (DNS)

Extension of Neuroimaging to Significant Loci: Neuroimaging and genetic data that were fully
processed by 02/01/2016 were available from 118 non-Hispanic African American and 481 non-
Hispanic European American participants who completed the Duke Neurogenetics Study
(DNS)°. Ancestry was determined by self-report and confirmed by ancestry informative principal
components (see Genotyping below; i.e., no individuals were +6 standard deviations from the
mean on the top 10 components). Each participant provided informed written consent prior to
participation in accord with the guidelines of the Duke University Medical Center Institutional
Review Board. All participants were in good general health and free of DNS exclusion criteria:
(1) medical diagnosis of cancer, stroke, diabetes requiring insulin treatment, chronic kidney or
liver disease or lifetime psychotic symptoms; (2) use of psychotropic, glucocorticoid or
hypolipidemic medication, and (3) conditions affecting cerebral blood flow and metabolism
(e.g., hypertension). Current DSM-IV Axis I and select Axis II disorders (Antisocial Personality
Disorder and Borderline Personality Disorder) were assessed with the electronic Mini
International Neuropsychiatric Interview!? and Structured Clinical Interview for the DSM-1V

Axis II (structured clinical interview for DSM disorders-II)!! (First et al., 1997). These disorders
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were not exclusionary as the DNS sought to establish broad variability in multiple behavioral

phenotypes related to psychopathology.

oNOYTULT D WN =

10 Genotyping

DNA was isolated from saliva derived from Oragene DNA self-collection kits (DNA Genotek)
15 customized for 23andMe (https://www.23andme.com/). DNA extraction and genotyping were
17 performed by the National Genetics Institute (NGI), a Clinical Laboratory Improvement
Amendments-certified clinical laboratory and subsidiary of Laboratory Corporation of America.
22 One of two Illumina arrays with custom content was used to provide genome-wide genotyping
24 data for each participant: the HumanOmniExpress or HumanOmniExpress-2412,

Genotype imputation was run separately for all DNS participants with genome-wide chip
29 data using the pre-phasing/imputation stepwise approach implemented in SHAPEIT’ and

31 IMPUTE2"? using only biallelic variants and the default value for effective size of the

33 population (20,000), and chunk sizes of 3 megabase (Mb) and 5SMb for the respective arrays.
Within each array batch, genotyped variants used for imputation were required to have

38 missingness<0.02, Hardy-Weinberg equilibrium p>10-6, and MAF>0.01. The imputation

40 reference set consisted of 2,504 phased haplotypes from the full 1000 Genomes Project Phase 3
dataset (May 2013, over 70 million variants, release “v5a”).

45 Ten principal components (PCs) were generated using identity-by-state analysis in

47 PLINK !4 of whole-genome variants within the AA and EA subsamples independently as well as
in the combined sample. The number of PCs to include as covariates (i.e., AA: PC1-PC3; EA:

5o PCI1-PC2; combined sample PC1-PC4) in analyses was determined by examining the amount of
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variance captured by each component and selecting the components occurring prior to the point

of inflection on the scree plot.

Duke Neurogenetics Study Methods

Ventral Striatum Reactivity Paradigm. As previously described!s, a blocked-design number-
guessing paradigm consisting of a pseudorandom presentation of three blocks each of
predominantly positive (80% correct guess) or negative (20% correct guesses) feedback linked to
monetary gains and losses, respectively, was used to probe ventral striatum activity associated
with gains and losses. These blocks were interleaved with three control blocks. Participants were
led to believe that their performance would determine their monetary gain at the end of scanning
sessions. However, outcome probabilities were fixed, and all participants received $10 in
winnings regardless of performance.

Each feedback block was composed of 5 trials. Each feedback trail began with the
presentation of the back of a card and participants were given 3 seconds to guess, via button
press, whether the value of the card is lower (right index finger) or higher (right middle finger)
than 5 (face cards exclude). The numerical value of the card was then presented for 500
milliseconds, followed by appropriate feedback (green upward-facing arrow for positive
feedback; red downward-facing arrow for negative feedback) for an additional 500 milliseconds.
A crosshair was then presented for 3 seconds, for a total trial length of 7 seconds. During control
blocks, participants saw an "x" for 3 seconds, during which they were instructed to push a
button, which was followed by an asterisk (500 milliseconds) and a yellow circle (500

milliseconds). Each block was preceded by an instruction of "Guess Number" (positive or
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negative feedback blocks) or "Press Button" (control blocks) for 2 seconds resulting in a total

block length of 38 seconds and a total task length of 342 seconds.

oNOYTULT D WN =

10 Blood-oxygen-level dependent (BOLD) functional magnetic resonance imaging (fMRI) Data
Acquisition. Each participant was scanned using one of two identical research-dedicated GE

15 MR750 3 T scanner equipped with high-power high-duty-cycle 50-mT/m gradients at 200 T/m/s
17 slew rate, and an eight-channel head coil for parallel imaging at high bandwidth up to IMHz at
the Duke-UNC Brain Imaging and Analysis Center. A semi-automated high-order shimming

22 program was used to ensure global field homogeneity. A series of 34 interleaved axial functional
24 slices aligned with the anterior commissure-posterior commissure plane were acquired for full-
brain coverage using an inverse-spiral pulse sequence to reduce susceptibility artifacts

29 (TR/TE/flip angle=2000 ms/30 ms/60; FOV=240mm; 3.75x3.75x4mm voxels; interslice

31 skip=0). Four initial radiofrequency excitations were performed (and discarded) to achieve

33 steady-state equilibrium. To allow for spatial registration of each participant's data to a standard
coordinate system, high-resolution three-dimensional structural images were acquired in 34 axial
38 slices coplanar with the functional scans (TR/TE/flip angle=7.7 s/3.0 ms/12; voxel

40 size=0.9%0.9x4mm; FOV=240mm, interslice skip=0).

45 BOLD fMRI Data Pre-Processing. Preprocessing was conducted using Statistical Parametric
47 Mapping 8 (SPMS; www.fil.ion.ucl.ac.uk/spm). Images for each subject were realigned to the
first volume in the time series to correct for head motion, spatially normalized into a standard
5o stereotactic space (Montreal Neurological Institute template) using a 12-parameter affine model

54 (final resolution of functional images=2mm isotropic voxels), and smoothed to minimize noise
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and residual difference in gyral anatomy with a Gaussian filter, set at 6-mm full-width at half-
maximum. Voxel-wise signal intensities were ratio normalized to the whole-brain global mean.
Variability in single-subject whole-brain functional volumes was determined using the Artifact
Recognition Toolbox (http://www.nitrc.org/projects/artifact detect). Individual whole-brain
BOLD fMRI volumes meeting at least one of two criteria were assigned a lower weight in
determination of task-specific effects: (1) significant mean-volume signal intensity variation (i.e.
within volume mean signal greater or less than 4 standard deviation of mean signal of all
volumes in time series) and (2) individual volumes where scan-to-scan movement exceeded
2mm translation or 2° rotation in any direction.

SMRI Quality Assurance Criteria. Quality control criteria for inclusion of a participant's
imaging data were: <5% volumes exceed artifact detection criteria for motion or signal intensity
outliers and >90% coverage of signal within Smm bilateral ventral striatum spheres centered at
[£12, 10, -10]. Participants were excluded from imaging analyses for a large number of
movement outliers in fMRI data (n=30), insufficient task engagement (n=8), scanner-related
artifacts (n=2), equipment malfunction (n=3), incidental structural brain abnormalities (n=2),

study non-completion or incomplete data (n=3), and falling asleep (n=1).

BOLD fMRI Analysis Procedures. Consistent with prior studies, we focused on ventral striatum
activity resulting from the contrast of all positive feedback blocks relative to all negative feedbac
blocks (i.e., Positive feedback > Negative feedback) as an index of reward-related ventral
striatum reactivity®'®!7. Following preprocessing, linear contrasts employing canonical
hemodynamic response functions were used to estimate the differential effects of feedback (i.e.,

reward) from the contrast of Positive Feedback > Negative Feedback for each individual using
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1
2
2 SPMS. Parameter estimates were extracted from the top voxels (Montreal Neurological Institute
5 . . . .
6 (MNI) coordinates=[-12, 8, -8], t=14.802, p<0.05 family-wise error (FWE), ke=10) and right
7
8 (MNI coordinates=[12, 10, -8], t=14.067, p<0.05 FWE) within a left and right ventral striatum
9
1(1) region of interest (a 10 mm sphere centered on MNI x=+12 y=12 z=-10) defined from a prior
:g study!”. These parameter estimates were subsequently used for all statistical analyses. To
14
15 maintain variability but constrain the influence of extreme outliers, prior to analyses all variables
16
17 were Winsorized (i.e., outliers more than mean + 3 standard deviations were set at + 3 standard
18
;g deviations from the mean).
21
22
23
24 ) . _
25 1. Edenberg HJ, Koller DL, Xuei X, et al. Genome-wide association study of alcohol
26 dependence implicates a region on chromosome 11. Alcoholism, clinical and
27 experimental research. 2010;34(5):840-852.
28
29 2. Wetherill L, Agrawal A, Kapoor M, et al. Association of substance dependence
30 phenotypes in the COGA sample. Addiction biology. 2015;20(3):617-627.
31
32 3. Wetherill L, Kapoor M, Agrawal A, et al. Family-based association analysis of alcohol
33 dependence criteria and severity. Alcoholism, clinical and experimental research.
2‘5‘ 2014;38(2):354-366.
g? 4 Meyers JL, Zhang J, Wang JC, et al. An endophenotype approach to the genetics of
38 alcohol dependence: a genome wide association study of fast beta EEG in families of
39 African ancestry. Molecular psychiatry. 2017.
40
41 5. O'Connell JR, Weeks DE. PedCheck: a program for identification of genotype
42 incompatibilities in linkage analysis. American journal of human genetics.
43 1998;63(1):259-266.
44
45 6. Price AL, Patterson NJ, Plenge RM, Weinblatt ME, Shadick NA, Reich D. Principal
46 components analysis corrects for stratification in genome-wide association studies.
j; Nature genetics. 2006;38(8):904-909.
49 7. Delaneau O, Howie B, Cox AJ, Zagury JF, Marchini J. Haplotype estimation using
?1) sequencing reads. American journal of human genetics. 2013;93(4):687-696.
g g 8 Das S, Forer L, Schonherr S, et al. Next-generation genotype imputation service and
54 methods. Nature genetics. 2016;48(10):1284-1287.
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Supplemental Figures

Supplemental Figure S1: QQ plots (EA, AA, EA+AA)
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S1A: GWAS QQ Plot for EA families
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S1B: Gene-based QQ Plot for EA families
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S1C. GWAS QQ Plot for AA families
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Legend: To account for the elevated lambda in the AA GWAS, GWAS was rerun in the AA sample using 6 and 10 principal components; lambdas
remained elevated at 1.12. Exclusion of individuals with an individual genetic ancestry that differed from their family assigned ancestry (n=47) did
39 not modify the lambda (1.12). We conclude that this inflation represents true polygenic signal and not cryptic admixture
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S1D: Gene-based QQ Plot for AA families
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S1E. QQ Plot for EA + AA meta-analysis
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Supplemental Figure S2: Regional association plots for chromosome S region.

S2A: Regional association plot for chr5:141988181, rs32414870
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S2B: Regional association plot for rs74911483, second most significant variant in chromosome 5 region (chr5:
141990602). AFR reference population used for LD.
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Supplemental Figure S3. Chromatin interaction mapping for rs74911483, second most significant variant in
chromosome 5 region (chr5: 141990602).

Legend: The circos plot shows the regional association along the chromosome (outer ring), chromosomal position, (inner red band) and chromatin
interactions, as indicated with orange connecting swirls.
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Supplemental Figure S4. Chromatin interaction mapping for rs75168521 on chromosome 13

Legend: The circos plot shows the regional association along the chromosome (outer ring), chromosomal position, (inner green band) and
chromatin interactions, as indicated with orange connecting swirls.
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Supplemental Figure S5: regional association for conditional analyses

S5A: Regional association plot for conditional analyses in the Chromosome 3 GWS region
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S5B. Regional association plot for conditional analyses in the Chromosome 5 GWS region
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S5C. Regional association plot for conditional analyses in the Chromosome 13 GWS region
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S5D. Regional association plot for conditional analyses in the Chromosome 1 GWS region in European-
Americans.
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SSE. Regional association plot for conditional analyses in the Chromosome 1 GWS region in African-

Americans.
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Supplemental Figure S6: Chromatin and eQTL mapping for rs1890881
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Legend: The circos plot shows the regional association along the chromosome (outer ring), chromosomal position, (inner blue band denoting
region of assocation) and chromatin interactions, as indicated with orange connecting swirls. The SNP is an eQTL for genes shown in red, and
green connectors indicate evidence for chromatin interactions with genes related to the eQTL.
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S7B. Gene-based association analysis showing genome-wide significant genes in European-American families
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Supplemental Figure S8: Expression of genes from AA families: SBK3, DZIP3, CRKL

S8A. Expression of SBK3 across tissues in GTEX.
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S8B. Expression of DZIP3 across tissues in GTEX.
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S8C. Expression of CRKL across tissues in GTEX.

oNOYTULT D WN =

9 ENSG00000099942 8 Gene Expression

11 200

15 1504

100 1

TFM

30 SN IR R RO RORC AN R R NI N g gl i S e e O R Ay
F P {\m—:co & & o %S&eﬁ- :3?@.':‘0@-@ R @%&@& &‘_‘ & <F &%ﬁ?ﬁﬁ$§ gﬁf @@&P 305?@4‘0 (5;&&\’ 06:9} FT P PP e

o L Al qi?‘g o oo g
IR LS FELR PSSOy P o N e P!
SNV S S @*f’@%&@p;m@ S E ¥ H S BB e N G~

34 5633 rs d}tﬁ@ope-"



Genes, Brain and Behavior

Page 81 of 102

80

GWAS with

ican-American

the Afr

m

Enrichment of genes identified withi

differential expression across 53 tissue types from GTEx.

Supplemental Figure S9

— NN TN ONO0

o)}

5.67
2.84

H BN BN rooig™s0um

[ cuiben
B B snan
B0 plosfyy
snsal
B uoewois
| EEES
. - wina|| jeuluLIal aunssul |jews
- ba| Jamoq pasodx3 ung ups
B B >andesdns pasodx3 uns JoN"upRiS
B B sesod
B I fewnud
B BERBR sesoued
EEEE § <oro
BE B N eausnen
B BE B @5 apsni
- pue|9”Aiealjes Joul
Bun
B ann
X200 Aaupiy
3|2MIUBA UYST LeaH
|| sbepuaddy|ely uesHy
[ sgni"ueidojjey
siie|nasniy snbeydosy
[ esoonp snbeydos3
uopun| jeabeydosaoiisen snbeydosy
- aslaAsuell "uojod)
B prowbisuojod
B xinue00puz XD
XIA1320323 XIAI2D
515B|QOJqU pauwLIojsuel| 5|90
- sa1Ad0ydwA| pawojsueil-Ag3 s|I9D
- B enssi Alewwepy isealg
- eibiu euelsqns ulelg
1-27|e21AJ22 plod [eulds ulelg
- eljbuefi|eseq usweind”ujelg
- elbuef |eseq suaqunNIdE SNaonNN Ulelg
snuweleylodAy ulelg
sndwedoddiy uje.g
6V X2U0D |ejuoid ule.g
X300 ulelg
whnjjagaliad uledg
alayds|way Jejjagai2]) uleld
- eljbueb |eseq aiepned ulelg
- pZva x2103 ajeinbuid louRiuy ulelq
|
B

elepbAwy ulelg
lappe|g

B g Aisuy

B fieucioy Aiany
BN cvov Asuy

B B puejoTjeualpy
] B B wmuawgjes23siA as0dipy
BRERREERRY ! B snosueinagns asodipy
onmmoso s¥e-o
nasesnorSea o
L o0l ml-aE =
@y a5
amecozc N W
nuLY “=in =
L-zzz &
© 555 o
[+
o
OC-rNMTNONDAOD —NMITINON DO —
— o e e e e AN AN AN AN AN AN AN ANANANMmM

32
33
34
35

contrasted with 35808

background genes). Twelve genes with differential expression are shown. The average of the log2 transformed expression value is shown; darker

red indicates higher expression of that gene in the tissue, relative to darker blue color.

26 genes,

e¢QTL and chromatin interaction mapping were selected (n

Legend: Genes identified using positional,

36
37

38
39
40
41
42
43
44
45
46
47



oNOYTULT D WN =

Genes, Brain and Behavior

Supplemental Figure S10: Expression of P2RX6, the genome-wide significant gene, in tissue from GTEx.
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Supplemental Figure S11. Plots showing results for genome-wide significant SNPs and genes in the African-
Americans and European-American families from COGA using summary statistics from GWAS conducted
on other traits and disorders, from published studies, pre-prints sharing summary statistics and from
phenotypes in the UK Biobank. Results drawn from 3,798 GWAS across 217 studies of 2,824 unique traits
10 from http://atlas.ctglab.nl/
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Table S1:Cross drug dependence correlations [95% Confidence Intervals]; Correlations for African-Americans shown above diagonal

European-Americans shown below diagonal

Marijuana
Cocaine
Sedatives
Stimulants
Opioids

Alcohol

Marijuana
1

0.65
[0.61-0.68]
0.57
[0.52-0.63]
0.63
[0.59-0.68]
0.58
[0.52-0.63]
0.57
[0.54-0.61]

Cocaine
0.45
[0.39-0.51]
1

0.62
[0.57-0.67]
0.62
[0.56-0.67]
0.66
[0.61-0.71]
0.68
[0.65-0.71]

Sedatives
0.53
[0.40-0.66]
0.47
[0.31-0.62]
1

0.66
[0.61-0.72]
0.82
[0.78-0.86]
0.66
[0.60 -0.71]

Stimulants
0.51
[0.39-0.62]
0.50
[0.38-0.62]
0.77
[0.67-0.88]
1

0.63
[0.57-0.68]
0.61
[0.56-0.65]

Opioids
0.33
[0.23-0.43]
0.67
[0.60-0.73]
0.67
[0.54-0.97]
0.56
[0.43-0.68]
1

0.54
[0.49-0.60]

Alcohol
0.49
[0.43-0.54]
0.74
[0.70-0.78]
0.55
[0.40-0.71]
0.48
[0.36-0.61]
0.52
[0.44-0.59]
1
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Table S2: rs1890881 eQTL genes in GTEx v7

Gencode Id

ENSG00000183831.6
ENSG00000183831.6
ENSG00000183831.6

ENSG00000117593.8
ENSG00000117593.8
ENSG00000117593.8
ENSG00000117593.8
ENSG00000117593.8
ENSG00000117593.8
ENSG00000152061.17
ENSG00000152061.17
ENSG00000152061.17
ENSG00000152061.17
ENSG00000152061.17
ENSG00000152061.17
ENSG00000152061.17
ENSG00000135870.7
ENSG00000117601.9
ENSG00000117601.9
ENSG00000117601.9
ENSG00000117601.9
ENSG00000117601.9
ENSG00000117601.9
ENSG00000117601.9
ENSG00000117601.9
ENSG00000117601.9
ENSG00000117601.9

Gene Symbol

ANKRD45
ANKRD45
ANKRD45

DARS2
DARS2
DARS2
DARS2
DARS2
DARS2
RABGAPIL
RABGAPIL
RABGAPIL
RABGAPIL
RABGAPIL
RABGAPIL
RABGAPIL
RC3H1
SERPINCI
SERPINCI
SERPINCI
SERPINCI
SERPINCI
SERPINCI
SERPINCI
SERPINCI
SERPINCI
SERPINCI

P-Value
2.90E-24
2.30E-06
3.10E-05

1.10E-09
3.30E-09
1.00E-08
2.80E-08
6.60E-06
7.20E-05
1.60E-13
2.00E-12
2.00E-08
9.80E-06
3.50E-05
5.00E-05
1.50E-04
3.40E-05
1.90E-16
9.10E-14
1.90E-12
2.30E-12
7.20E-12
1.00E-11
2.70E-11
5.00E-10
9.80E-10
2.10E-08

NES
-0.59
-0.89
-0.32

-0.35
-0.28
-0.26
-0.24
-0.20
-0.13
-0.44
0.45
-0.39
0.22
0.25
0.21
0.20
-0.27
0.78
0.55
0.75
0.56
0.73
0.73
0.64
0.59
0.58
0.53

Tissue

Testis

Brain - Anterior cingulate cortex (BA24)
Brain - Nucleus accumbens (basal
ganglia)

Esophagus - Muscularis

Muscle - Skeletal

Heart - Atrial Appendage

Heart - Left Ventricle

Adipose - Subcutaneous

Lung

Esophagus - Muscularis

Cells - Transformed fibroblasts
Esophagus - Gastroesophageal Junction
Esophagus - Mucosa

Testis

Lung

Adipose - Subcutaneous

Cells - Transformed fibroblasts
Esophagus - Muscularis

Muscle - Skeletal

Esophagus - Mucosa

Lung

Adipose - Visceral (Omentum)
Heart - Left Ventricle

Nerve - Tibial

Adipose - Subcutaneous

Thyroid

Skin - Sun Exposed (Lower leg)
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ENSG00000117601.9
ENSG00000117601.9
ENSG00000117601.9
ENSG00000117601.9
ENSG00000117601.9
ENSG00000117601.9
ENSG00000117601.9
ENSG00000117601.9
ENSG00000117601.9
ENSG00000117601.9
ENSG00000117601.9
ENSG00000117601.9

ENSG00000117601.9

ENSG00000117601.9

ENSG00000162753.10
ENSG00000162753.10
ENSG00000162753.10
ENSG00000162753.10
ENSG00000162753.10
ENSG00000162753.10

ENSG00000120332.11

SERPINC1
SERPINCI
SERPINC1
SERPINCI
SERPINC1
SERPINCI
SERPINC1
SERPINCI
SERPINC1
SERPINCI
SERPINC1
SERPINCI

SERPINCI1
SERPINCI
SLC9C2
SLC9C2
SLC9C2
SLC9C2
SLC9C2
SLC9C2

TNN

7.30E-08
6.40E-07
8.10E-07
1.50E-06
1.80E-06
2.70E-06
4.60E-06
5.10E-06
7.00E-06
8.90E-06
1.40E-05
1.80E-05

3.60E-05
4.10E-05
1.70E-08
2.50E-08
2.90E-08
2.40E-06
5.30E-06
2.70E-05

2.80E-09

0.84
0.66
0.50
0.54
0.82
0.73
0.69
0.53
0.83
0.70
0.64
0.77

0.64
0.93
0.53
0.82
0.68
1.10
0.23
0.54

-0.61

Pituitary

Esophagus - Gastroesophageal Junction
Artery - Tibial

Heart - Atrial Appendage

Brain - Cortex

Artery - Coronary

Prostate

Artery - Aorta

Brain - Hippocampus

Brain - Caudate (basal ganglia)

Colon - Sigmoid

Brain - Nucleus accumbens (basal
ganglia)

Adrenal Gland

Brain - Anterior cingulate cortex (BA24)
Thyroid

Brain - Cortex

Pituitary

Brain - Putamen (basal ganglia)

Lung

Brain - Nucleus accumbens (basal
ganglia)
Liver
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Table S3: Gene-based association using MAGMA in African-Americans

GENE SYMBOL P CHR START STOP NSNPS NPARAM N ZSTAT
ENSG00000142606 MMELI 9.74E-05 1 2,522,078 2,564,481 223 20 3059 3.73
ENSG00000188807 TMEM201  2.33E-05 1 9,648,932 9,674,935 130 32 3063 4.07
ENSG00000134717 BTF3L4 9.11E-05 1 52,521,797 52,556,388 153 27 2990 3.74
ENSG00000143466 IKBKE 4.05E-05 1 206,643,791 206,670,223 151 52 2999 3.94
ENSG00000163093 BBS5 3.36E-05 2 170,335,688 170,382,432 268 37 3040 3.99
ENSG00000114302 PRKAR2A  8.30E-05 3 48,782,030 48,885,279 240 31 2978 3.77
ENSG00000198218 QRICHI 7.98E-05 3 49,067,140 49,131,796 162 33 2970 3.78
ENSG00000163507 KIAA1524  7.13E-05 3 108,268,716 108,308,491 233 42 2970 3.80
ENSG00000198919 DZIP3 7.52E-07 3 108,308,529 108,413,693 509 41 2980 4.81
ENSG00000234284 ZNF879 9.54E-05 5 178,450,753 178,462,065 74 11 3103 3.73
ENSG00000185681 MORNS 4.49E-05 9 124,922,190 124,962,367 234 55 3054 3.92
ENSG00000111203 ITFG2 3.46E-06 12 2,921,788 2,968,957 238 42 2990 4.50
ENSG00000053702 NRIP2 1.46E-05 12 2,934,514 2,944,710 48 14 2995 4.18
ENSG00000110925 CSRNP2 7.03E-06 12 51,454,990 51,477,447 107 26 3040 4.34
ENSG00000187555 USP7 1.15E-05 16 8,985,951 9,058,371 366 40 3045 423
ENSG00000175643 RMI2 8.92E-05 16 11,343,476 11,445,619 870 79 3071 3.75
ENSG00000231274 SBK3 521E-07 19 56,052,023 56,056,909 21 11 3057 4.88
ENSG00000168612 ZSWIM1 7.85E-05 20 44,509,866 44,513,905 15 8 3026 3.78
ENSG00000241973 PI4KA 4.70E-05 22 21,061,979 21,213,705 656 35 3013 391
ENSG00000099940 SNAP29 3.98E-05 22 21,213,271 21,245,506 120 22 2974 3.95
ENSG00000099942 CRKL 1.63E-06 22 21,271,714 21,308,037 140 18 3013 4.65
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Table S4 MAGMA Gene-based in EA

GENE SYMBOL P CHR | START STOP NSNPS | NPARAM | N ZSTAT
ENSG00000099957 | P2RX6 7.11E-07 | 22 21,364,097 | 21,383,119 | 62 15 6410 | 4.82
ENSG00000154274 | C4orf19 1.01E-05 | 4 37,455,563 | 37,625,117 | 789 65 6952 | 4.26
ENSG00000169764 | UGP2 1.54E-05 | 2 64,068,074 | 64,118,696 | 122 18 6993 | 4.17
ENSG00000106070 | GRB10 3.64E-05 | 7 50,657,760 | 50,861,159 | 706 32 7055 | 3.97
ENSG00000172954 | LCLAT!1 4.24E-05 | 2 30,670,092 | 30,867,091 | 722 20 7085 | 3.93
ENSG00000163563 | MNDA 5.02B-05 |1 158,801,107 | 158,819,296 | 24 5 6838 | 3.89
ENSG00000062598 | ELMO2 6.15E-05 | 20 44,994,688 | 45,061,704 | 61 6 6686 | 3.84
ENSG00000204604 | ZNF468 6.53E-05 | 19 53,341,261 | 53,360,902 | 30 3 6002 | 3.83
ENSG00000173530 | TNFRSF10D | 7.83E-05 | 8 22,993,101 | 23,021,543 | 62 8 6526 | 3.78
ENSG00000132437 | DDC 8.53E-05 | 7 50,526,134 | 50,633,154 | 578 24 7212 | 3.76
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Table S5: Significant Genes in curated gene sets in EA
Curated gene sets -reactome g beta gamma signalling through plc beta; p=1.36E-06

GENE GENE SYMBOLS CHR START STOP NSNPS NPARAM N ZSTAT P

ENSG00000127588 G protein subunit 16 848,041 850,733 10 2 6434 2.02 0.022
gamma 13(GNG13)

ENSG00000127920 G protein subunit 7 93,551,011 93,557,922 15 5 6716 1.84 0.033
gamma 11(GNG11)

ENSG00000078369 G protein subunit 1 1,716,729 1,822,495 143 13 7102 1.71 0.044
beta 1(GNBI1)

ENSG00000168243 G protein subunit 1 235,710,987 235,814,054 298 27 6645 1.48 0.069
gamma 4(GNG4)

ENSG00000167083 G protein subunit 17 47,280,153 47,287,936 25 7 7133  1.06 0.144
gamma transducin 2
(GNGT2)

ENSG00000162188 G protein subunit 11 62,475,130 62,476,673 1 1 6908 1.06 0.145
gamma 3(GNG3)

ENSG00000176533 G protein subunit 19 2,511,217 2,702,707 738 88 6741 1.04 0.150
gamma 7(GNG7)

ENSG00000186469 G protein subunit 14 52,292,913 52,446,060 654 62 7177 1.03 0.153
gamma 2(GNG?2)

ENSG00000114450 G protein subunit 3 179,116,990 179,169,378 113 15 6729 0.98 0.163
beta 4(GNB4)

ENSG00000149782 phospholipase C beta 11 64,018,995 64,036,622 27 9 7176  0.96 0.168
3(PLCB3)

ENSG00000127928 G protein subunit 7 93,220,885 93,540,577 823 46 6898 0.89 0.187
gamma transducin 1
(GNGT1)

ENSG00000172380 G protein subunit 1 68,167,149 68,299,150 298 24 6949 0.86 0.194
gamma 12(GNG12)

ENSG00000182621 phospholipase C beta 20 8,112,824 8,949,003 2659 164 6923 0.83 0.202
1(PLCBI)

ENSG00000069966 G protein subunit 15 52,413,117 52,483,566 207 18 6914 0.58 0.280
beta S(GNB5S)

ENSG00000167414 G protein subunit 19 47,137,333 47,137,942 3 2 6856 0.29 0.387
gamma 8(GNGS)
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ENSG00000242616 G protein subunit 9 114,423,615 114,432,526 37 7 6913  0.27 0.393
gamma 10(GNG10)

ENSG00000174021 G protein subunit 1 84,964,008 84,972,248 27 7 7041 0.15 0.439
gamma 5(GNGY)

ENSG00000172354 G protein subunit 7 100,271,154 100,276,797 6 3 7019 -0.03 0.512
beta 2(GNB2)

ENSG00000137841 phospholipase C beta 15 40,570,377 40,600,136 53 8 6521 -0.79 0.785
2(PLCB2)

ENSG00000111664 G protein subunit 12 6,949,118 6,956,557 7 2 6684 -1.03 0.847
beta 3(GNB3)

Curated gene sets-reactome glucagon type ligand receptors; p=2.6E-06

GENE GENE SYMBOLS CHR START STOP NSNPS NPARAM N ZSTAT P

ENSG00000127588 G protein subunit 16 848,041 850,733 10 2 6434 2.02 0.022
gamma 13(GNG13)

ENSG00000106018 vasoactive intestinal 7 158,820,866 158,937,649 423 22 7089 1.94 0.026
peptide receptor
2(VIPR2)

ENSG00000010310 gastric inhibitory 19 46,171,502 46,186,982 34 6 7056 1.85 0.032
polypeptide
receptor(GIPR)

ENSG00000127920 G protein subunit 7 93,551,011 93,557,922 15 5 6716 1.84 0.033
gamma 11(GNG11)

ENSG00000078369 G protein subunit 1 1,716,729 1,822,495 143 13 7102 1.71 0.044
beta 1(GNBI1)

ENSG00000168243 G protein subunit 1 235,710,987 235,814,054 298 27 6645 1.48 0.069
gamma 4(GNG4)

ENSG00000115263 glucagon(GCQ) 2 162,999,392 163,008,914 10 1 6671 1.14 0.127

ENSG00000146469 vasoactive intestinal 6 153,071,933 153,080,900 12 4 6976 1.11 0.133
peptide(VIP)

ENSG00000080293 secretin 2 120,197,419 120,282,070 279 19 6953 1.10 0.136
receptor(SCTR)

ENSG00000167083 G protein subunit 17 47,280,153 47,287,936 25 7 7133 1.06 0.144
gamma transducin
2(GNGT2)
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ENSG00000162188 G protein subunit 11 62,475,130 62,476,673 1 1 6908 1.06 0.145
gamma 3(GNG3)

ENSG00000176533 G protein subunit 19 2,511,217 2,702,707 738 88 6741 1.04 0.150
gamma 7(GNG7)

ENSG00000186469 G protein subunit 14 52,292913 52,446,060 654 62 7177 1.03 0.153
gamma 2(GNG2)

ENSG00000114450 G protein subunit 3 179,116,990 179,169,378 113 15 6729 0.98 0.163
beta 4(GNB4)

ENSG00000127928 G protein subunit 7 93,220,885 93,540,577 823 46 6898 0.89 0.187
gamma transducin
1(GNGT1)

ENSG00000172380 G protein subunit 1 68,167,149 68,299,150 298 24 6949 0.86 0.194
gamma 12(GNG12)

ENSG00000114812 vasoactive intestinal 3 42,530,791 42,579,059 105 21 6819 0.81 0.209
peptide receptor
1(VIPR1)

ENSG00000069966 G protein subunit 15 52,413,117 52,483,566 207 18 6914 0.58 0.280
beta S(GNB5Y)

ENSG00000112164 glucagon like peptide 6 39,016,574 39,055,519 176 21 6780 0.53 0.299
1 receptor(GLP1R)

ENSG00000070031 secretin(SCT) 11 626,431 627,143 1 1 6611 0.30 0.381

ENSG00000167414 G protein subunit 19 47,137,333 47,137,942 3 2 6856 0.29 0.387
gamma 8(GNGS)

ENSG00000242616 G protein subunit 9 114,423,615 114,432,526 37 7 6913  0.27 0.393
gamma 10(GNG10)

ENSG00000174021 G protein subunit 1 84,964,008 84,972,248 27 7 7041 0.15 0.439
gamma 5(GNGY)

ENSG00000118702 growth hormone 20 35,879,489 35,890,238 23 4 6938 0.10 0.462
releasing
hormone(GHRH)

ENSG00000172354 G protein subunit 7 100,271,154 100,276,797 6 3 7019 -0.03 0.512
beta 2(GNB2)

ENSG00000141433 adenylate cyclase 18 904,944 912,173 17 7 6638 -0.04 0.516
activating
polypeptide
1(ADCYAPI)
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ENSG00000106128 growth hormone 7 30,978,284 31,032,869 168 28 6726 -0.52 0.698
releasing hormone
receptor(GHRHR)

ENSG00000159224 gastric inhibitory 17 47,035,916 47,045,958 27 6 6576 -0.62 0.733
polypeptide(GIP)

ENSG00000065325 glucagon like peptide 17 9,725,523 9,795,419 231 16 6788 -0.78 0.784
2 receptor(GLP2R)

ENSG00000111664 G protein subunit 12 6,949,118 6,956,557 7 2 6684 -1.03 0.847
beta 3(GNB3)

ENSG00000087460 GNAS complex 20 57,414,773 57,486,247 200 38 7118 -1.27 0.898
locus(GNAS)

ENSG00000078549 ADCY AP receptor 7 31,092,076 31,151,089 140 27 6599 -1.55 0.939
type [ADCYAPIR1)

Curated gene sets-reactome prostacyclin signalling through prostacyclin receptor; p=3.6E-06

GENE GENE SYMBOLS CHR START STOP NSNPS NPARAM N ZSTAT P

ENSG00000127588 G protein subunit 16 848,041 850,733 10 2 6434 2.02 0.022
gamma 13(GNG13)

ENSG00000127920 G protein subunit 7 93,551,011 93,557,922 15 5 6716 1.84 0.033
gamma 11(GNG11)

ENSG00000078369 G protein subunit 1 1,716,729 1,822,495 143 13 7102 1.71 0.044
beta 1(GNBI1)

ENSG00000168243 G protein subunit 1 235,710,987 235,814,054 298 27 6645 1.48 0.069
gamma 4(GNG4)

ENSG00000167083 G protein subunit 17 47,280,153 47,287,936 25 7 7133  1.06 0.144
gamma transducin
2(GNGT2)

ENSG00000162188 G protein subunit 11 62,475,130 62,476,673 1 1 6908 1.06 0.145
gamma 3(GNG3)

ENSG00000176533 G protein subunit 19 2,511,217 2,702,707 738 88 6741 1.04 0.150
gamma 7(GNG7)

ENSG00000186469 G protein subunit 14 52,292,913 52,446,060 654 62 7177 1.03 0.153
gamma 2(GNG?2)

ENSG00000114450 G protein subunit 3 179,116,990 179,169,378 113 15 6729 0.98 0.163
beta 4(GNB4)
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ENSG00000127928

ENSG00000172380

ENSG00000069966

ENSG00000167414

ENSG00000242616

ENSG00000174021

ENSG00000172354

ENSG00000160013

ENSGO00000111664

ENSG00000087460

GENE
ENSG00000127588

ENSG00000127920

ENSG00000078369

ENSG00000168243

ENSG00000167083

G protein subunit
gamma transducin
1(GNGT1)

G protein subunit
gamma 12(GNG12)
G protein subunit
beta S(GNBS)

G protein subunit
gamma 8(GNGS)
G protein subunit
gamma 10(GNG10)
G protein subunit
gamma 5(GNGS)
G protein subunit
beta 2(GNB2)
prostaglandin 12
(prostacyclin)
receptor (IP)(PTGIR)
G protein subunit
beta 3(GNB3)
GNAS complex
locus(GNAS)

15

19

19

12

20

93,220,885

68,167,149
52,413,117
47,137,333
114,423,615
84,964,008
100,271,154

47,123,725

6,949,118

57,414,773

93,540,577

68,299,150
52,483,566
47,137,942
114,432,526
84,972,248
100,276,797

47,128,375

6,956,557

57,486,247

823 46
298 24
207 18
3 2
37 7
27 7
6 3
6 1
7 2
200 38

Curated gene sets-reactome adp signalling through p2ry12; p=4.33E-06

GENE SYMBOLS

G protein subunit
gamma 13(GNG13)
G protein subunit
gamma 11(GNG11)
G protein subunit
beta 1(GNB1)

G protein subunit
gamma 4(GNG4)

G protein subunit
gamma transducin
2(GNGT2)

CHR
16

7

1

1

17

START
848,041

93,551,011
1,716,729
235,710,987

47,280,153

STOP
850,733

93,557,922
1,822,495
235,814,054

47,287,936

NSNPS NPARAM

10 2
15 5
143 13
298 27
25 7

6898

6949

6914

6856

6913

7041

7019

7076

6684

7118

N
6434

6716

7102

6645

7133

0.89

0.86

0.58

0.29

0.27

0.15

-0.03

-0.79

-1.03

-1.27

ZSTAT
2.02

1.84

1.71

1.48

1.06

0.187

0.194

0.280

0.387

0.393

0.439

0.512

0.785

0.847

0.898

P
0.022

0.033

0.044

0.069

0.144
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ENSG00000162188 G protein subunit 11 62,475,130 62,476,673 1 1 6908 1.06 0.145
gamma 3(GNG3)

ENSG00000176533 G protein subunit 19 2,511,217 2,702,707 738 88 6741 1.04 0.150
gamma 7(GNG7)

ENSG00000186469 G protein subunit 14 52,292913 52,446,060 654 62 7177 1.03 0.153
gamma 2(GNG2)

ENSG00000114450 G protein subunit 3 179,116,990 179,169,378 113 15 6729 0.98 0.163
beta 4(GNB4)

ENSG00000127928 G protein subunit 7 93,220,885 93,540,577 823 46 6898 0.89 0.187
gamma transducin
1(GNGT1)

ENSG00000065135 G protein subunit 1 110,091,233 110,136,975 74 11 7125 0.87 0.191
alpha i3(GNAI3)

ENSG00000172380 G protein subunit 1 68,167,149 68,299,150 298 24 6949 0.86 0.194
gamma 12(GNG12)

ENSG00000069966 G protein subunit 15 52,413,117 52,483,566 207 18 6914 0.58 0.280
beta S(GNBS)

ENSG00000114353 G protein subunit 3 50,263,724 50,296,787 36 9 6926 0.37 0.354
alpha i2(GNAI2)

ENSG00000167414 G protein subunit 19 47,137,333 47,137,942 3 2 6856 0.29 0.387
gamma 8(GNGS)

ENSG00000242616 G protein subunit 9 114,423,615 114,432,526 37 7 6913 0.27 0.393
gamma 10(GNG10)

ENSG00000174021 G protein subunit 1 84,964,008 84,972,248 27 7 7041 0.15 0.439
gamma 5(GNGY)

ENSG00000127955 G protein subunit 7 79,763,271 79,848,718 212 28 6907 0.11 0.455
alpha i1(GNAII)

ENSG00000172354 G protein subunit 7 100,271,154 100,276,797 6 3 7019 -0.03 0.512
beta 2(GNB2)

ENSG00000111664 G protein subunit 12 6,949,118 6,956,557 7 2 6684 -1.03 0.847
beta 3(GNB3)

ENSG00000169313 purinergic receptor 3 151,055,168 151,102,600 136 18 6577 -1.59 0.944
P2Y12(P2RY12)




oNOYTULT D WN =

Genes, Brain and Behavior

Page 102 of 102

101

Table S6: Replication in three independent samples: beta (standard error), p-value, and direction of effect sizes for meta-analyses across COGA

and replication samples

SNP Effect.allele Yale-Penn AA SAGE AA

rs1890881 T -0.13 (0.10), 0.20  -0.20 (0.17), 0.25
1s34066662 T -0.03 (0.09), 0.78  -0.07 (0.15), 0.67
rs58801820 T -0.03 (0.09,), 0.74 -0.06 (0.15), 0.67
chr5:141988181 GAA -0.34 (0.18), 0.06  0.12 (0.28), 0.66
rs75168521 T 0.03 (0.11),0.78  -0.03 (0.17), 0.85
rs78886294 T 0.03(0.11),0.79  -0.03 (0.17), 0.84

SNP = single nucleotide polymorphism

AA meta

0.11 (0.06),
0.07, +-

-0.23 (0.05),
2.46E-5, -
-0.23 (0.05),
2.07E-5, ---
-0.30 (0.10),
2.77E-3, —+-
-0.24 (0.06),
1.23E-4, —+-
-0.24 (0.06),
1.42E-4, -+-

SAGE = Study of Addiction: Genes and Environment, dbGaP phs000092.v1.p1

Yale-Penn = dbGaP phs000425.v1.pl

EA = European American

AA = African American

AA meta-analysis includes COGA, SAGE and Yale-Penn AA
EA meta-analysis includes COGA and SAGE EA

EA+AA meta-analysis includes COGA and SAGE (EA and AA) as well as Yale-Penn AA

SAGE EA
0.09 (0.13), 0.49

n/a

n/a

EA meta

0.26 (0.07),
4.94E-4, ++
n/a

n/a

EA+AA meta
0.18 (0.05),

2.15E-4, ++--+,
n/a
n/a
n/a

n/a

For meta-analyses across COGA and replication samples, direction is denoted by + or — for sign of effect size in COGA AA, COGA EA Yale-

Penn AA, SAGE AA, SAGE EA
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10 Table S7: ANYDEP Findings in the EA, AA and EA+AA analysis for replicated alcohol dependence loci, findings from Lai et al.,

2 (accompanying paper) and a prior study of “ANYDEP” and quantitative count of alcohol and drug dependence (quantdep) in a subset of
COGA.

SNP Reference Allele EA (beta, se, p) AA (beta, se, p) EA+AA (beta, se, p)

15 From Lai et al. (accompanying paper)

16 Chr 1 (rs61826952) 0.33 (0.08), 7.37E-5 0.41 (0.10), 3.18E-5 0.37 (0.07), 5.78E-5

17 Chr 2 (rs7597960) 0.15 (0.05), 3.15E-3 0.05 (0.07), 0.47 0.12 (0.04), 6.55E-3

18 Chr 4 (rs1229984) -0.042 (0.12), 5.93E-4 -0.58 (0.26), 0.03 -0.45 (0.12), 1.1E-4

19 Chr 8 (rs188227250) 0.45 (0.11) 5.89E-5 -0.17 (0.23), 0.45 0.34 (0.10), 1.33E-3

20 Chr 15 (rs1912461) -0.63 (0.16), 9.2E-5 0.18 (0.22), 0.42 -0.36 (0,14), 8.41E-3
21 From Wetherill et al. (2015; n=1,770-2,183)

22 Chr 2 (1s2952621) T 0.09 (0.04), 0.03 -0.08 (0.06), 0.19 0.04 (0.04), 0.25

23 Chr 18 (1s2567261) T 0.13 (0.08), 0.10 0.13 (0.08), 0.09 0.13 (0.06), 0.02

Note: All effect sizes for ANYDEP were in the same direction as effects in Lai et al., and 2
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