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Abstract

We previously mapped loci for the genome-wide association studies (GWAS) and genome-wide 

gene-by-alcohol dependence interaction (GW-GxAD) analyses of risky sexual behaviors (RSB). 

This study extends those findings by analyzing the ancestry- and sex-specific AD-stratified effects 

on RSB. We examined the concordance of findings for the AD-stratified GWAS and the GW-

GxAD analysis of RSB, with concordance defined as genome-wide significance in one analysis 

and at least nominal significance in the second analysis. 2,173 African-American (AA) and 1,751 

European-American (EA) subjects were investigated. Information regarding RSB (lifetime 

experiences of unprotected sex and multiple sexual partners) and DSM-IV diagnosis of lifetime 

AD were derived from the Semi-Structured Assessment for Drug Dependence and Alcoholism 

(SSADDA). In our ancestry- and sex-specific analyses, we identified four independent genome-

wide significant (GWS) loci (p<5*10−8) and one suggestive locus (p<6*10−8). In men, we 

observed a GWS signal in FAM162A (rs2002594, p=4.96*10−8). In women, there was a 

suggestive locus in PLGRKT (rs3824435, p=5.52*10−8). In AAs, there was a GWS signal in 

GRK5 (rs1316543, p=1.25*10−9). In AA men, we observed an intergenic GWS signal 

(rs12898370, p=4.49*10−8) near LINGO1. In EA men, there was a GWS signal in CCSER1 
(rs62313897; p=7.93*10−10). The loci identified in this GWAS implicate molecular mechanisms 

related to psychiatric illness and personality features, suggesting that the interplay between AD 

and RSB is mediated by alleles associated with behavioral traits.
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Introduction

Heavy drinking is a leading cause of morbidity and mortality in industrialized countries 

[Spanagel, 2009]. There are multiple adverse effects of chronic exposure to alcohol, 

including the development of alcohol use disorders [Polimanti et al., 2017c]. Heavy drinking 

is associated with negative behavioral traits such as risky sexual behaviors (RSB).For 

example, heavy drinking is associated with an increased likelihood of sexual activity 

[Thompson et al., 2014], with heavy drinkers being more likely to have multiple sexual 

partners in a year [Thomson Ross et al., 2014], and an elevated blood alcohol concentration 

is associated with a greater likelihood of engaging in unprotected sex [Davis et al., 2009]. 

“Alcohol myopia theory” describes the alcohol-induced behavioral changes: alcohol 

ingestion leads to a state of short-sightedness by reducing cognitive processing capacity 

[Sevincer and Oettingen, 2014].

Genome-wide association studies (GWAS) and gene-by-environment genome-wide 

interaction study (GEWIS) are powerful tools to identify molecular mechanisms of complex 

traits [Polimanti et al., 2017a]. A recent genome-wide association study of sexual behaviors 

reported a genetic correlation between reproductive and behavioral traits [Day et al., 2016] 

and a phenome-wide scan indicated that alcohol risk alleles are associated with reproductive 

health traits [Polimanti et al., 2016]. Our trans-population genome-wide gene-by-alcohol 

dependence (GW-GxAD) analysis of RSB identified LHPP as a risk locus, linking genetic 

risk and AD to RSB and sexually transmitted disease [Polimanti et al., 2017b]. To provide a 

deeper understanding of these findings, we investigated ancestry, sex, and ancestry-by-sex, 

because both ancestry and sex could contribute to specific risk mechanisms [Polimanti et al., 

2015]. In particular, the investigation of cohorts including individuals of differing ancestry 

can provide better coverage of genetic factors associated with alcohol use behaviors in the 

greater general population, reducing the vexing ethnic disparity in human genetic research 

[Chartier et al., 2017a; Chartier et al., 2017b; Scott, 2017].

In the present study, we performed ancestry- and sex-specific GW-GxAD analyses and AD-

stratified GWAS of RSB in a sample of 3,924 subjects. To define genome-wide significant 

(GWS) loci, we considered regions that were concordant for both AD-stratified GWAS and 

GW-GxAD analysis of RSB with a p-value < 5*10−8 (GWS threshold) in one analysis and at 

least nominal significance in the other analysis (p-value < 0.05). Using this approach, we 

identified four independent GWS loci (p<5*10−8) and a suggestive locus (p<6*10−8) that are 

consistent with both our prior GW-GxAD analysis and GWAS.
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Methods and Materials

Subjects and Diagnostic Procedures

All subjects were phenotyped using the Semi-Structured Assessment for Drug Dependence 

and Alcoholism (SSADDA; [Pierucci-Lagha et al., 2005]), which yields DSM-IV diagnoses 

of lifetime alcohol and drug dependence and other major psychiatric traits, along with 

additional phenotypic information. A total of 2,173 AAs and 1,751 EAs, recruited in the 

Eastern United States [Gelernter et al., 2014b], were included in the present analyses. The 

institutional review board at each participating site approved the study and we obtained 

written informed consent from each participant. RSBs and AD were determined using items 

from the SSADDA. Detailed information regarding the phenotypic definitions are available 

in our previous report [Polimanti et al., 2017b]. Briefly, RSBs were defined as a score based 

on lifetime experiences of unprotected sex and multiple sexual partners using questions from 

the SSADDA section on antisocial personality: I35B (‘Have you ever had sex with 10 

different people within a single year?’) and I37 (‘Have you more than once had unprotected 

sex (without a condom) with someone you believed could give you a disease, or when you 

had a disease that could be spread that way?’). On the basis of these two questions, we 

calculated an RSB score that ranged from 0 to 2 based on the number of affirmative 

responses. A diagnosis of lifetime AD was defined by DSM-IV criteria. We included only 

subjects who reported having ever consumed more than 3 drinks in a 24-hour period (i.e., 

more than minimally alcohol exposed) and had ever had sexual intercourse with least 10 

sexual partners (i.e., sexually experienced). The characteristics of the study population are 

reported in our previous trans-population GW-GxAD analysis of RSB [Polimanti et al., 

2017b] (Supplemental Table 1).

Genotyping and Imputation

The samples were genotyped using two different arrays: The Illumina HumanOmni1-Quad 

v1.0 microarray containing 988,306 autosomal SNPs to genotype 2,660 subjects (1,581 AAs 

and 1,079 EAs); and the Illumina HumanCoreExome array, which contains over 550,000 

markers split between common tagging and low-frequency variants, to genotype 1,264 

subjects (592 AAs and 672 EAs). Principal component (PC) analysis was conducted based 

on each genotyping array and for each ancestry group (AAs and EAs) using Eigensoft 

[Shriner, 2011] and SNPs that were common to the GWAS datasets and HapMap panel (after 

pruning the genome-wide SNPs for linkage disequilibrium (LD) (r2) > 80%) to characterize 

the underlying genetic architecture of the samples. Detailed information about the pre-

imputation quality control pipeline is available in our published AD GWAS [Gelernter et al., 

2014a]. Imputation was performed using Impute2 software [Howie et al., 2011] and the 

1,000 Genomes Phase 1 reference panel. After imputation quality control, SNPs with minor 

allele frequency (MAF) > 5% and high imputation quality (certainty > 0.9, info > 0.8) were 

used in the analyses.

Data analysis methods

We performed AD-stratified GWAS and GW-GxAD analysis using the R package GWAF to 

fit a generalized estimating equations (GEE) model to adjust for correlations among related 

individuals [Chen and Yang, 2010]. In the AD-stratified GWAS, we tested the association of 
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the imputed allele dosage with RSB score considered as the phenotype, after adjustment for 

DSM-IV cocaine dependence (CD), opioid dependence (OD), and nicotine dependence 

(ND) diagnoses, age, and the first three ancestry PCs. In the GW-GxAD analysis, we tested 

the interaction between the imputed minor allele dosage and DSM-IV AD diagnosis for the 

RSB score, after adjusting for DSM-IV CD, OD, and ND diagnoses, age, and the first three 

ancestry PCs. The results of the two analyses were combined by meta-analysis using the 

program METAL [Willer et al., 2010]. Details on the stratification and sample size for each 

meta-analysis are reported in Supplemental Table 2. In all meta-analyses, we applied a 

genomic control correction to all input files that showed negligible inflation of meta-

analyzed p-values was observed (Supplemental Table 2; Supplemental Figures 1). To 

identify promising genome-wide significant (GWS) regions, we selected only regions that 

were concordant based on both the AD-stratified GWAS and the GW-GxAD analysis of 

RSB, such that there was a GWS p-value in one analysis, and at least nominal significance 

in the other. We performed multiple genome-wide analyses and used different stratification 

strategies and to ascertain whether this increased the risk of false positives, we performed a 

permutation analysis. This was accomplished by performing the same genome-wide 

investigation (i.e. AD-stratified GWAS and GW-GxAD analysis) considering each of 10 

simulated phenotypes generated by random permutation of RSB score, and evaluating 

whether the actual observed GW hits were significantly different from the distributions of 

results from the permuted phenotypes.

Based on the results of the GW-GxAD analyses in AAs and EAs, we performed a gene-

based association analysis in each ancestry group using VEGAS2 software [Mishra and 

Macgregor, 2015]. Reference panels of 1,000 Genomes Project European samples and 

African samples were used to correct for LD patterns in EAs and AAs, respectively. The 

results of gene-based association analysis were used to perform a protein network-based 

analysis using the R package dmGWAS [Jia et al., 2011]. We defined protein-protein 

interactions (PPI) using the Protein Interaction Network Analysis platform (PINA) v2.0 

[Cowley et al., 2012] and subsequently used the R package dmGWAS to identify PPI 

modules enriched with small p-values. We used both AAs and EAs to search for PPI 

modules enriched for small p-values, using the “dual-evaluation” strategy of dmGWAS. 

Specifically, we applied a dense module search in the EAs and a follow-up analysis in AAs. 

Finally, we used DAVID 6.7 [Huang da et al., 2009] to perform functional annotation 

clustering on the protein interactive network identified. High classification stringency and 

Bonferroni correction for multiple comparisons were applied in the DAVID analyses.

Results

In our ancestry- and sex-specific analyses, we identified four independent GWS loci 

(p<5*10−8) and one suggestive locus (p<6*10−8) for the trait RSB. Table 1 reports the 

details of GWS signals observed in the meta-analyses.

AA-specific meta-analysis

In the meta-analysis in AA subjects (including both males and females), there were three 

GWS signals in the AD-stratified GWAS of RSB (Supplemental Table 3). Rs1316543, 
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located within GRK5, which was GWS in the AD-stratified GWAS of RSB (p=1.25* 10−9, 

Figure 1a), was nominally significant in the GW-GxAD analysis of RSB (p=0.042), with the 

rs1316543 imputed allele dosage showing greater association with RSB in AD subjects than 

non-AD subjects (Figure 2a). In EA-specific meta-analysis, no locus met the GWS criteria.

Male-specific meta-analysis

In the meta-analyses in men (including both EAs and AAs), we observed a GWS signal in 

the GW-GxAD analysis of RSB for rs2002594 in FAM162A (p=4.96*10−8, Figure 1b). This 

SNP was nominally significant in the AD-stratified GWAS (p=0.009), such that the imputed 

rs2002594 allele dosage was negatively associated with RSB in non-AD subjects and 

positively associated in AD subjects (Figure 2b).

Female-specific meta-analysis

In the AD-stratified GWAS of RSB in women, we observed a suggestive signal for 

rs3824435 in PLGRKT (p=5.52*10−8, Figure 1c), such that the imputed allele dosage for the 

SNP was negatively associated with RSB in AD women (including both AAs and EAs) 

(Figure 2c). This variant also showed nominal significance in the GW-GxAD analysis of 

RSB (p=0.017).

AA Male-specific meta-analysis

In the meta-analysis in AA men, rs12898370, located near LINGO1, was GWS in the GW-

GxAD analysis (p=4.49*10−8; Figure 1d) and nominally significant in the AD-stratified 

GWAS (p=8.29*10−4). That is, the rs12898370 imputed allele dosage was positively 

associated with RSB in non-AD subjects and negatively associated in AD subjects (Figure 

2d).

EA Male-specific meta-analysis

In the meta-analysis in EA men, there were several linked GWS signals in the GW-GxAD 

analysis (Supplemental Table 4). Two SNPs (rs62313897 and rs78694949) in high LD 

(r2>0.8) located in CCSER1 were GWS in the GW-GxAD analysis (p=7.93*10−10 and 

p=8.90*10−10; Figure 1e) and nominally significant in the AD-stratified GWAS (p=0.009). 

Specifically, the imputed allele dosages for both SNPs were positively associated with RSB 

in non-AD subjects and negatively associated in AD samples (Figure 2e).

Permutation analysis

The permuted analyses, performed to evaluate the possibility of false positives due to the 

multiple genome-wide investigations and stratification analyses, confirmed that our GW hits 

are significantly different from the result distributions of the phenotypes generated by 

random permutations (Supplemental Table 5).

Protein interactive network analysis

We used the results of the meta-analyses of GW-GxAD analysis of RSB in AAs and EAs to 

perform a gene-based association analysis (Supplemental Table 6, respectively). These gene-

based associations were then used to implement a gene interactive network analysis. We 
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used the dual evaluation approach in the R package dmGWAS, in which we considered EAs 

as the discovery dataset and AAs as the evaluation dataset. We tested the hypothesis that, 

although different SNPs and genes might be implicated in different populations, the 

underlying biological mechanisms are similar. Thirty-six PPI modules were significant after 

dual evaluation analysis (Supplemental Figure 2). Seventy-seven genes were included in this 

protein interactive network associated with the interplay between AD and RSB. Performing 

a term enrichment analysis, we observed two functional annotation clusters associated with 

terms related to nucleotide binding and organelle location (Table 2).

Discussion

Meta-analyses based on sex, ancestry, and ancestry-by-sex stratifications yielded evidence 

for the effects of numerous genetic loci and AD, as well as the interaction of the two, on an 

ordinal measure of RSB. These findings contribute to our understanding of the contribution 

of ancestry and sex differences to the molecular mechanisms that underlie sexual behavior 

and its interplay with AD. Indeed, because RSB differs greatly by sex, it would be expected 

that different mechanisms and different risk loci could be involved in men and women. 

Because different population groups also have different risk loci and alleles for many 

genetically complex traits, the same may the case for RSB.

In meta-analyses in AA males and females, GRK5 rs1316543 showed GWS association with 

RSB in AA subjects with AD and nominal significance for the interaction with AD in 

relation to RSB. This intronic variant is involved in distal transcriptional regulation 

(ENCODE assay: Chromatin Interaction Paired-End Tags). GRK5 encodes a serine/

threonine kinase that phosphorylates the activated forms of a variety of G-protein-coupled 

receptors [Baameur et al., 2010]. G protein-coupled receptor dysfunction has been 

thoroughly investigated with respect to neuropsychiatric disorders, and current 

pharmacological therapies target these proteins [Moreno et al., 2013]. A recent study that 

examined the activation systems of these proteins showed an increased level of GRK5 

expression in schizophrenia [Funk et al., 2014].

In meta-analyses in males of both populations, the strongest evidence for association was at 

rs2002594, a SNP that showed a GWS interaction with AD in relation to RSB and a 

nominally significant association with RSB in AD men. This intronic variant is located at 

the FAM162A locus, and is potentially involved in distal transcriptional regulation 

(ENCODE assay: Chromatin Interaction Paired-End Tags) and RNA binding protein-

mediated regulation (ENCODE assay: RNA IP Sequencing). FAM162A encodes a 

transmembrane protein that may be involved in hypoxia-induced neuronal cell death [Lee et 

al., 2004]. A previous mega-analysis of GWAS performed by the Psychiatric Genomics 

Consortium investigators showed a suggestive association (p=6*10−6) of this locus with 

major depressive disorder [Major Depressive Disorder Working Group of the Psychiatric et 

al., 2013]. PARP15 rs2173763 is 217 Kb from FAM162A rs2002594. Although the close 

mapping of PARP15 rs2173763 and FAM162A rs2002594 may be due to chance, we 

observed two GWS loci (i.e., LHPP rs34997829 [Polimanti et al., 2017b] and FAM162A 
rs2002594) that may link the mechanisms by which AD may result in both RSB and major 

depression disorder.
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In meta-analyses in females of both populations, the strongest finding was a possible 

association (p<6*10−8) to RSB in AD women that was also nominally significant in the 

GxAD analysis. This finding was for rs3824435, an intronic variant located within the 

PLGRKT locus. ENCODE data support the regulatory function of this variant (RNA binding 

protein mediated regulation; ENCODE assay: RNA IP Sequencing). PLGRKT encodes a 

receptor for plasminogen that regulates several neuroendocrine processes [Lighvani et al., 

2011]. Investigating previous GWAS findings in this chromosomal region, we found a GWS 

finding that was 2.5 Mb from the PLGRKT SNP rs3824435, related to “openness to 

experience” (assessed using the Korean short version of the original NEO-PI-R, a 90-item 

measure of the five factors of personality [Costa et al., 1992]) in young women [Kim et al., 

2013].

In meta-analyses in AA men, we observed a GWS finding for rs12898370, an intergenic 

variant involved in distal transcriptional regulation (ENCODE assay: Chromatin Interaction 

Paired-End Tags) in the GW-GxAD analysis that was also nominally significant in the AD-

stratified GWAS. Variants located in LINGO1 (97 Kb from rs12898370) are in LD with 

rs12898370 (r2>0.2). LINGO1 encodes a functional component of the Nogo receptor 

signaling complex in RhoA activation responsible for inhibition of axonal regeneration by 

myelin-associated factors [Kwon et al., 2014]. A recent study observed altered Lingo-1 

signaling in schizophrenia brain [Fernandez-Enright et al., 2014]. Both of the findings 

related to meta-analyses in AAs of both sexes and AA men highlight loci also reportedly 

involved in the pathogenesis of schizophrenia. Furthermore, although those alleles are 

present in both AAs and EAs (MAF > 5%), we observed significant associations in the 

African-descent cohorts only. As also reported in other GWAS of substance use disorders 

[Smith et al., 2017], this may be due to the presence of epistatic interactions specific to 

African genomic background [Iorio et al., 2017; Karaca et al., 2016; Polimanti et al., 2015].

In the meta-analysis of EA males, a strong GWS finding was present in the GW-GxAD 

analysis that was also nominally significant in the AD-stratified GWAS: SNPs rs62313897 

and rs78694949 are intronic variants mapped to the CCSER1 gene. The strongest signal, 

rs62313897, is involved in distal transcriptional regulation (ENCODE assay: Chromatin 

Interaction Paired-End Tags). No functional mechanism is apparent for rs78694949. 

CCSER1 encodes a protein with unknown function. However, multiple GWAS of brain-

related phenotypes have identified this locus as a suggestive candidate for multiple traits. A 

GWAS and a replication study supported the association of CCSER1 variants with attention 

deficit hyperactivity disorder, and verified its expression in cerebellum [Lantieri et al., 2010; 

Neale et al., 2008]. Two independent GWAS identified CCSER1 variants as suggestive loci 

associated to d-amphetamine response and monoamine metabolite levels in human 

cerebrospinal fluid [Hart et al., 2012; Luykx et al., 2014].

Some of the identified loci are involved in biological processes potentially related to RSB. 

LHPP [Polimanti et al., 2017b], FAM162A (males), GRK5 (AAs), and LINGO1 (AA males) 

were previously implicated in major depressive disorder and schizophrenia. There is a 

consistent literature showing that RSBs are more frequent among psychiatric patients than in 

the general population [Ramrakha et al., 2000; Tull and Gratz, 2013]. Accordingly, our 

findings suggest that AD shares with other psychiatric disorders some of the molecular 
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processes responsible for RSB. In females, we observed a possible genetic convergence 

between RSB and “openness to experience,” which are correlated traits: “openness to 

experience” has been positively associated with sexual experience, liberal attitudes toward 

sex, and sexual drive [Brown et al., 1996]. This evidence and our results indicate that the 

identified female-specific locus may contribute to both of these traits.

To investigate further the genetics of the interplay between RSB and AD, we considered 

protein network information in relation to the GW-GxAD analysis. This approach can be 

useful to identify molecular mechanisms related to loci associated to alcohol drinking 

behaviors [Polimanti and Gelernter, 2017]. Because different ancestry groups can show 

different risk alleles for a given trait but often nevertheless present the same genetic 

architecture, we used the GW-GxAD meta-analysis in EAs as the discovery sample and the 

GW-GxAD meta-analysis in AAs for replication. Our investigation identified a protein 

interactive network comprised of 77 genes. Enrichment analysis indicated that two large 

functional annotation clusters related to intra-cellular lumen and ATP/purine-nucleotide 

binding are included in the protein network. Although these features are shared by numerous 

mechanisms, the purinergic regulation of hypothalamo-pituitary functions is an intriguing 

possibility in relation to the AD-RSB interplay. The hypothalamo-pituitary system is 

strongly involved in the hormonal regulation of several behaviors, including sexual behavior, 

and ATP and its metabolic products are involved in its regulation by activating adenosine 

and/or purinergic receptors [Stojilkovic, 2009]. Alcohol-related disinhibition has also been 

related to hypothalamic neurons [Spanagel, 2009].

In conclusion, we performed ancestry- and sex-specific genome-wide analyses of RSB and 

the interplay of RSB with AD, which identified several loci. Our findings indicate that 

different mechanisms related to mental illness, personality features and other brain 

mechanisms may underlie the interplay. Further ancestry-specific and sex-specific genome-

wide studies in larger samples are needed to replicate our findings and identify other loci. 

This may require new sample collection, as it is fairly uncommon for both of these kinds of 

data to be available simultaneously. Additionally, our results support that future studies 

should be specifically designed to take ancestry-specific and sex-specific genetic 

associations into account. The use of newer genotyping arrays with better representation of 

different population groups and updated imputation reference panels can permit us to 

improve the coverage in ethnically diverse samples significantly, increasing the statistical 

power of future multi-ancestry analysis [Bien et al., 2016]. The inclusion of sex 

chromosomes in GWAS is highly desirable but not straightforward; it requires the 

application of specific analytic approaches to overcome complications in genotype calling, 

imputation, and selection of test statistics. Addressing these issues can result in a more 

consistent amount of information for those traits with sex-specific features [Konig et al., 

2014; Powers et al., 2017; Wise et al., 2013]. The current findings may provide the first 

insight regarding how ancestry and sex differences modulate the link between psychiatric 

disorders and the predisposition to RSB and their consequences, such as sexually transmitted 

disease [Polimanti et al., 2017b; Wang et al., 2016]. if confirmed, they may have 

implications for designing personalized treatments to minimize the harm associated with 

RSB in AD subjects.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Regional Manhattan Plots of the GWS and suggestive hits: a) GRK5 rs1316543 in AA meta-

analysis of AD-stratified GWAS of RSB; b) FAM162A rs2002594 in male meta-analysis of 

GW-GxAD analyses of RSB; c) PLGRKT rs3824435 in female meta-analysis of AD-

stratified GWAS of RSB; d); rs12898370 in AA-male meta-analysis of GW-GxAD analyses 

of RSB; and e) CCSER1 rs62313897 and rs78694949 in EA-male meta-analysis of GW-

GxAD analyses of RSB.

Polimanti et al. Page 13

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Relationship between imputed allele dosage of GWS hits and RSB in AD and nonAD 

subjects: a) GRK5 rs1316543 in AA samples; b) FAM162A rs2002594 in male samples; c) 

PLGRKT rs3824435 in female samples; d) rs12898370 in AA-male samples; and e) 

CCSER1 rs62313897 and rs78694949 in EA-male samples.
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