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Introduction

Cannabis is the most widely used illicit drug worldwide, and 
in developed countries the number of cannabis users is 
 rapidly increasing as a consequence of decriminalization/ 
legalization and decreased risk perception.1 Approximately 
10% of occasional cannabis users develop craving, physio-
logic dependence and other drug-seeking behaviours, which 
often have physical, psychological, social and occupational 
consequences.2 Owing to the growing number of occasional 
users, it can be predicted that the number of individuals with 
cannabis use disorders will also increase rapidly in the com-
ing years. Among the adverse events associated with canna-
bis abuse, risky sexual behaviours (RSBs) are a serious public 
health concern, because their major downstream conse-

quences include sexually transmitted diseases (STDs) and 
unwanted pregnancies. Cannabis users are more likely to re-
port sexual intercourse without the use of birth control, 
 casual sex and multiple sexual partners than nonusers.3–8 As 
consequences of these behaviours, cannabis users have a 
greater risk than  nonusers of STDs and unintended 
 pregnancies.9

Many studies have shown that cannabis abusers tend to 
exhibit neurocognitive deficits in mechanisms associated 
with impulsivity, suggesting that cannabis abuse affects 
brain structures involved in inhibitory control10 — effects 
that may persist after many days of abstinence.11 Further-
more, individuals with cannabis dependence (CaD) have 
shown neurocognitive deficits before use, and these pre- 
existing deficits confer liability for cannabis use disorder.12 Al-
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Background: We conducted a genome-wide gene × environment interaction analysis to identify genetic variants that interact with cannabis 
dependence (CaD) in influencing risky sexual behaviours (RSB). Methods: Our sample included cannabis-exposed and sexually experi-
enced African-American and European-American participants. A DSM-IV CaD diagnosis and RSB were evaluated using the Semi- 
Structured Assessment for Drug Dependence and Alcoholism. We analyzed RSBs as a score that takes into account experiences of unpro-
tected sex and multiple sexual partners. Results: A total of 3350 people participated in our study; 43% had a CaD diagnosis, 56% were 
African-American and 33% were women. We identified a genome-wide significant locus in African-American participants (S100A10 
rs72993629, p = 2.73 × 10–8) and a potential transpopulation signal in women (CLTC rs12944716, p = 5.27 × 10–8). A resting-state fMRI 
 follow-up analysis of S100A10 rs72993629 conducted in an independent cohort showed 2 significant associations: reduced power of the left 
paracentral lobule in amplitude of low frequency fluctuations (ALFF) analysis (p = 7.8 × 10–3) and reduced power of the right pallidum in 
fractional ALFF analysis (p = 4.6 × 10–3). The activity of these brain regions is known to be involved in sexual functions and behaviours. The 
S100A10 result functionally recapitulated our S100B finding observed in our previous genome-wide association study of CaD. The probabil-
ity of identifying 2 S100 genes in 2 independent genome-wide investigations by chance is approximately 1 in 1.1 million. Limitations: We 
were not able to identify any African-American cohort with appropriate sample size, and phenotypic assessment is available to replicate our 
findings. Conclusion: The S100A10 and S100B genes, which are located on different chromosomes, encode specialized calcium-binding 
proteins. These data support a role for calcium homeostasis in individuals with CaD and its induced behaviours.
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though these neurocognitive data support the hypothesis that 
CaD affects inhibitory control, which could be a mechanism 
leading to RSB, the molecular basis of the association be-
tween CaD and RSB is poorly understood. Genome-wide as-
sociation studies (GWAS) are powerful tools used to identify 
molecular pathways involved in human behaviours. Twin 
studies have estimated that the heritability of lifetime canna-
bis use is about 40%.13 A GWAS from our group identified 
the first significant risk alleles for CaD; these implicated 
genes involved in neuronal calcium homeostasis and central 
nervous system development.14 As GWAS are free of specific 
physiologic hypotheses, they are uninfluenced by previous 
biases. In the case of CaD and RSB, we believe that gene × 
environment interaction analysis is an appropriate ap-
proach. Indeed, in gene × environment analysis, the environ-
mental risk factor can be an exposure, either physical, chem-
ical, or biological; a behaviour pattern; or a life event.15 In 
particular, genome-wide gene × environment analysis can be 
used to investigate the phenotypic variation associated with 
interactive processes, such as that between genetic variation 
and CaD on RSB. Recently, we conducted genome-wide in-
vestigations of RSB, identifying molecular mechanisms sup-
porting the role of substance dependencies and other psychi-
atric disorders in moderating the genetic predisposition to 
RSB and its consequences.16,17

In the present study, we conducted a genome-wide gene × 
cannabis dependence analysis of RSB in a cohort of cannabis-
exposed and sexually experienced African-American and 
 European-American participants. Information regarding CaD 
and RSB was derived using the Semi-Structured Assessment 
for Drug Dependence and Alcoholism (SSADDA).18,19 We de-
fined CaD in accordance with the diagnostic criteria of the 
DSM-IV, and we defined RSB as a score based on lifetime ex-
periences of unprotected sex and multiple sexual partners. 
As also noted by the International Cannabis Consortium,20 
cannabis use and dependence are not commonly assessed in 
large-scale genetic studies, although, as demonstrated by our 
CaD GWAS,14 they are more informative traits than cannabis 
exposure, which is largely environmentally determined. Ac-
cordingly, the findings of the present study are based on a 
kind of deep phenotypic assessment that is not usually con-
ducted in the large cohorts needed for complex trait genetic 
investigations. For this reason, to our knowledge, no cohort 
of appropriate sample size is available to replicate our re-
sults, especially when these are identified in ancestry groups, 
such as African-Americans, that are not often investigated in 
genetic studies.

Methods

Participants and diagnostic procedures

The participants included in the present study were recruited 
at 5 sites in the eastern United States.21 The institutional re-
view board at each participating site approved the study, and 
we obtained written informed consent from each participant. 
Participants were protected by certificates of confidentiality 
issued by the National Institute on Drug Abuse (NIDA) and 

the National Institute on Alcohol Abuse and Alcoholism 
(NIAAA). We evaluated RSBs 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?”). Based on these 2 questions, we calculated 
an RSB score that ranged from 0 to 2 based on the number of 
affirmative responses. We included only those individuals 
who reported having ever used cannabis more than 10 times 
(i.e., cannabis exposed) and reported sexual intercourse with 
at least 10 sexual partners (i.e., sufficiently sexually experi-
enced for RSB criteria to be relevant). These inclusion criteria 
were used to define controls who were exposed to cannabis 
but did not develop dependence and who engaged in more 
than minimal sexual behaviour without developing RSB. To 
determine the STD and HIV status of the participants, we 
used the response to the SSADDA items “Has a doctor ever 
told you that you have (had): a sexually transmitted dis-
ease?” and “Has a doctor ever told you that you have (had): 
HIV/AIDS?”. Data from SSADDA interviews were also used 
to derive DSM-IV diagnoses of lifetime CaD and other major 
psychiatric traits. Further details are available in our pub-
lished GWAS of CaD in African-Americans and European-
Americans.14 We used self-reported history of STD and HIV 
to evaluate the interactive effects of the loci identified with 
CaD on STD/HIV status.

Genotyping and imputation

We extracted DNA from immortalized cell lines, blood, or 
 saliva. We genotyped the samples using 2 different arrays. 
We used the Illumina HumanOmni1-Quad v1.0 microarray 
containing 988 306 autosomal single-nucleotide polymorph-
isms (SNPs) to genotype 2263 participants at the Center for 
Inherited Disease Research (CIDR) or the Yale Center for 
 Genome Analysis and the Illumina HumanCoreExome array 
to genotype 1087 additional participants in the Gelernter lab-
oratory (West Haven, Conn.). Principal component analysis 
(PCA) was conducted based on each genotyping array and 
for each ancestry group (African-American and European-
American) using Eigensoft and SNPs that were common to 
the GWAS data sets and HapMap panel (after pruning the 
genome-wide SNPs for linkage disequilibrium [LD], r2 > 
80%). Detailed information about the preimputation quality 
control pipeline is available in our published CaD GWAS.14 
Imputation was performed using Impute2 software and the 
1000 Genomes phase 1 reference panel. After imputation, we 
included SNPs with minor allele frequency > 5% and high 
imputation quality (certainty > 0.9, info > 0.8), yielding 
~5.4 million variants in African-Americans and ~4.3 million 
variants in European-Americans.

Statistical analysis

We performed a genome-wide gene × CaD interaction an-
aly sis using the R package GWAF to fit a generalized 
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 estimating equations model to adjust for the relatedness 
among individuals included in the same families.22 We used 
the geepack.quant.int.batch.imputed function (i.e., regression 
model including a main effect [SNP] and the effect of the 
inter action term [the product of allelic dosage and a covariate 
for interaction]) from the GWAF package to test the interac-
tion between the imputed allele dosage and DSM-IV CaD 
diag nosis for the RSB score, after adjusting for DSM-IV alco-
hol, cocaine, opioid and nicotine dependence diagnoses; age; 
and the first 3 ancestry PCAs (to correct for within–ancestry 
group population stratification). The analysis was performed 
stratifying the samples by genotyping array, ancestry and 
sex, and the results were combined by meta-analysis using 
METAL.23 Then we performed transpopulation, ancestry- 
specific and sex-specific meta-analyses. In all meta-analyses, 
we applied a genomic control correction to all input files. We 
included different stratification strategies; to ascertain 
whether we thereby increased the risk of false-positive re-
sults, we performed a permutation analysis. Specifically, we 
performed the same genome-wide investigation considering 
10 phenotypes generated by random permutation of individ-
ual RSB scores. In this simulation, no genome-wide sig-
nificant (GWS) signal (p < 5 × 10–8) was observed and our 
 genome-wide hit in African-Americans was significantly dif-
ferent from the result distributions of the phenotypes gener-
ated by random permutations. Then considering the results 
of the gene × CaD in African-Americans and European-
Americans, we performed gene-based analysis in each ances-
try group using VEGAS2 software.24 Reference panels of the 
1000 Genomes Project phase 3 European and African samples 
were used to correct for LD patterns in European-Americans 
and African- Americans, respectively.

Neuroimaging analysis of S100A10 rs72993629

Twenty-four unrelated and alcohol-exposed African-American 
participants were selected from the Brain and Alcohol Re-
search in College Students (BARCS) study.25 All of them 
 underwent a single 5-minute run of resting-state fMRI on a 
3  T scanner, as described previously.26 Following prepro-
cessing, amplitude of low frequency fluctuations (ALFF) 
images were computed by extracting power spectra via a 

fast Fourier transform (FFT) and computing the sum of am-
plitudes in the 0.01–0.08 Hz frequency band. The ALFF 
measure at each voxel represents the averaged square root 
of the power in the above frequency windows normalized 
by the mean within-brain ALFF value for that individual. 
For fractional ALFF (fALFF), the measure was scaled by 
 total power across all available frequencies. Next, we used 
the REX toolbox to extract the mean ALFF/fALFF signal 
from all anatomic atlas labelling regions of interest (ROIs). 
We assessed main effects of these conditions and then used 
selected (left and right) ROIs to extract primary eigenvariate 
values. The participants were genotyped at Yale using 1 of 
2 arrays, the Illumina HumanOmni1-Quad or the Illumina 
HumanOmni2.5. We conducted PCA to confirm the African 
ancestry of the sample and to evaluate any cryptic related-
ness. The best-guess genotypes of S100A10 rs72993629 were 
estimated considering a genotype probability threshold 
above 0.8. Linear regression analysis was performed con-
sidering ALFF and fALFF task traits as phenotypes, and 
age, sex, and the first 3 ancestry PCAs as covariates. We 
conducted 10 000 random permutations of the most promis-
ing phenotypes to empirically assess the significance of 
their association with S100A10 rs72993629.

Results

Participants

Our final sample included 3350 participants: 1906 African-
Americans and 1444 European-Americans. Of these, 43% had 
a CaD diagnosis, and 33% were women. Table 1 shows the 
characteristics of the sample.

Cannabis dependence and its association with RSB

In our cohort of 3350 participants with high comorbidity for 
substance use disorders, we observed that CaD had a signifi-
cant effect on behaviours related to unprotected sex and mul-
tiple sexual partners (Fig. 1). Participants with CaD had a 
44% greater risk of having more than 10 sexual partners in a 
single year (odds ratio [OR] 1.44, 95% confidence interval [CI] 
1.06–1.95, p = 0.019). They also had a 53% greater risk of 

Table 1: Characteristics of the study population stratified by ancestry and sex

Group; mean ± SD or no. (%)

Characteristic
AA women
(n = 616)

AA men
(n = 1290)

EA women
(n = 503)

EA men
(n = 941)

Age, yr 40 ± 8.7 43 ± 9.1 38 ± 11 39 ± 11

DSM-IV CaD (lifetime) 190 (31) 566 (44) 188 (37) 497 (52)

Multiple sexual partners 200 (32) 607 (47) 205 (41) 391 (42)

Unprotected sex 173 (28) 346 (27) 134 (27) 232 (25)

RSB score 0.61 ± 0.75 0.74 ± 0.72 0.67 ± 0.73 0.66 ± 0.7

STD status (positive) 299 (49) 491 (38) 163 (32) 166 (18)

HIV status (positive) 48 (8) 100 (8) 19 (4) 38 (4)

AA = African-American; CaD = cannabis dependence; EA = European-American; HIV = human immunodeficiency 
virus; RSB = risky sexual behaviours; SD = standard deviation; STD = sexually transmitted disease.
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 having unprotected sex with a risky partner (OR 1.53, 95% CI 
1.26–1.86, p = 1.38 × 10–5).

Genome-wide gene × CaD interaction analysis

We conducted a genome-wide gene × CaD ancestry- and sex-
stratified analysis. We observed a GWS result for S100A10 
rs72993629 in the African-American sample (z = 5.558, p = 
2.73 × 10–8; Fig. 2A, and Appendix 1, Table S1, available at jpn.
ca) and a female-specific signal for CLTC rs12944716 (z = –5.442, 
p = 5.27 × 10–8; Fig. 2B, and Appendix 1, Table S2). In both an-
alyses, negligible inflation of meta-analyzed p values was ob-
served (Fig. 3). In African-Americans, the S100A10 rs72993629 
imputed dosage of the G allele was associated with more RSB 
in those with CaD (z = 4.631, p = 3.64 × 10–6) and reduced RSB 
in in those without CaD (z = –3.723, p = 1.97 × 10–4; Fig. 4A). 
This finding specific to African-Americans is notable because 
our previous CaD GWAS identified S100B (one of the other 

members of the S100 gene family) in African-American partici-
pants.14 The probability of identifying 2 S100 genes (of the 19 in 
the gene family) in 2 independent  genome-wide analyses by 
chance is 1 in 1.1 million, assuming no prior evidence and with-
out correction for the number of “gene families” in the genome. 
Our female-specific analysis identified a strong interaction be-
tween CLTC rs12944716 and CaD in relation to RSB (Fig. 4B): 
the imputed dosage of the A allele was associated with fewer 
RSBs in those with CaD (z = –4.67, p = 3.02 × 10–6) and more 
RSBs in those without CaD (z = 3.145, p = 1.66 × 10–3). Accord-
ing to ENCODE data available at www.encodeproject.org,27 
both of these variants are located in experimentally validated 
elements involved in gene regulation. Rs72993629 is located in 
the S100A10 upstream region and is involved in proximal tran-
scriptional regulation of the S100A10 gene and distal transcrip-
tional regulation of the S100A11 gene. S100A10 proximal 
 transcriptional regulation was observed with respect to histone-
marked regions in multiple cell lines (Appendix 1, Table S2). 
S100A11 distal transcriptional regulation was observed in 
MCF-7 cell lines (Appendix 1, Table S3). Rs12944716 is located 
in the CLTC upstream region. This polymorphism is in high LD 
(r2 > 0.8) with 70 regulatory variants, and it is directly involved 
in both proximal and distal transcriptional regulation. 
Rs12944716 proximal transcriptional regulation was observed 
with respect to CLTC through multiple mechanisms, including 
open chromatin, transcription factor binding sites and histone-
marked regions (Appendix 1, Table S4). Rs12944716 distal tran-
scriptional regulation affects multiple genes located in cis- and 
trans-regulatory regions, and it was observed in several cell 
lines (Appendix 1, Table S5).

Neuroimaging follow-up analysis of LHPP rs34997829

Next, we conducted a follow-up fMRI analysis of S100A10 
rs72993629, the only GWS locus identified in our study, in an 
independent African-American sample. We investigated the 
resting ALFF and fALFF signals in all ROIs prescribed using 
the automatic anatomic labelling atlas. We observed that the 
G allele of S100A10 rs72993629 (i.e., the imputed risk allele in 
our genome-wide investigation) was associated with reduced 
power of the left paracentral lobule (t = –3.01, p = 7.8 × 10–3) 
in the ALFF analysis and reduced fALFF signals of right pal-
lidum (t = –3.252, p = 4.6 × 10–3). The subsequent permutation 
test (n = 10 000) empirically confirmed these associations.

S100A10 rs72993629, CLTC rs12944716 and the risk of 
STD and HIV

To gain insight into the possible clinical significance of our 
main findings, we analyzed self-reported STD and HIV sta-
tus in our cohort (in which we expect many false-negatives, 
but few false-positives). Because there were relatively few 
participants who reported these traits in our cohort, these 
 results should be considered exploratory. In African- 
Americans, S100A10 rs72993629 showed a trend interaction 
with CaD in association with both STD and HIV self-report 
status (z = 1.928, p = 0.054; and z = 1.802, p = 0.071, respect-
ively) in a direction concordant with that observed for RSB. 

Fig. 1: Forest plots of associations between cannabis dependence 
(CaD) and positive reply to risky sexual behaviour (RSB) questions 
in ancestry × sex groups. AA = African-American; EA = European-
American.
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Fig. 2: Regional Manhattan plots of (A) S100A10 rs72993629 and (B) CLTC rs12944716 in African-American–specific and female- 
specific meta-analyses, respectively.
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In a female- specific analysis, we observed that CLTC 
rs12944716 interacted significantly with CaD in determining 
STD status (z = –2.366, p = 0.018).

Gene-based analysis

Finally, we conducted a gene-based analysis using the sum-
mary statistics of the ancestry-stratified analysis (because 
 ancestry-specific LD patterns are used to identify the number 
of independent signals in each gene). No gene survived the 

gene-based GWS threshold. Considering the type I error rate 
at 1%, we observed that TMOD2 is a potential candidate in 
both ancestry groups (African-Americans: gene-based p = 
9.49 × 10–3, top-SNP [rs11630579] p = 3.69 × 10–4; European- 
Americans: gene-based p = 6.10 × 10–3, top-SNP [rs17525891] 
p = 6.76 × 10–4). An analysis of gene expression pattern based 
on Genotype- Tissue Expression (GTEx) data (available at 
www.gtexportal.org/home) indicated that TMOD2 is a gene 
whose expression is brain-specific (Appendix 1, Fig. S1).

Discussion

We conducted, to our knowledge, the first genome-wide in-
vestigation to understand the interplay of RSB and CaD and 
to identify specific genetic factors underlying that interaction. 
As observed in previous studies, CaD is associated with in-
creased RSB in our cohort, which includes participants with 
high comorbidity for substance use disorders. This can be 
partially explained by the epidemiological correlation of 
these traits with a propensity for risk-taking behaviour.28 
From a genetic perspective, we would expect that a complex 
molecular network would also link these behaviours. Indeed, 
a recent GWAS of age at first sexual intercourse indicated 
that the onset of sexual activity is genetically correlated to 
risk-taking propensity.29 A gene × CaD analysis can be a 
powerful approach to uncover the interactive molecular pro-
cesses contributing to RSB. On this basis, our results repre-
sent an important first step toward understanding the biol-
ogy of the interplay of RSB and CaD.

Our genome-wide gene × CaD analysis identified 2 loci, 
1  that meets standard GWS and 1 that approaches GWS. 
These 2 findings are from sex- and ancestry-stratified analy-
ses (females and African-Americans). Risky sexual behaviour 
differs greatly by sex, and it would be expected that different 
mechanisms and different risk loci could be involved in men 
and women.30 Different population groups have different risk 
loci and alleles for many genetically complex traits,31 so it is 
reasonable to have the same expectation for RSB.

In African-American participants, S100A10 rs72993629 
showed a GWS crossing interaction with CaD in association 
with RSB (i.e., the genetic association is in opposite direction 
with respect to DSM-IV CaD diagnosis). As mentioned pre-
viously, this variant is located in an experimentally vali-
dated regulatory element that affects transcriptional regula-
tion of S100A10 and S100A11. These genes are included in 
the S100A gene cluster on chromosome 1q21. S100 genes en-
code a highly specialized family of calcium-binding proteins 
that function both intra- and intercellularly.32 The S100A10 
protein product (also known as P11) is downregulated in 
human and rodent depressive-like states33 and may be in-
volved in the mechanism of cocaine reward.34 Regarding 
S100A11, a recent transcriptomic analysis of brains from in-
dividuals with psychiatric disorders indicated that this gene 
shows one of the most significant differences in coexpression 
between schizophrenia and bipolar disorders.35 However, 
the most relevant published data come from our recent CaD 
GWAS.14 In African-Americans, we observed a GWS associa-
tion of a polymorphism (rs186825689; discovery cohort p = 

Fig. 3: Quantile–quantile plots of the genome-wide gene × canna-
bis dependence (top) African-American–specific and (bottom) 
 female-specific meta-analyses.
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1.86 × 10-8) located in the upstream region of the gene encod-
ing S100 calcium binding protein (S100B) with CaD symptom 
count. This result was also supported by a recent study that 
observed an increased S100B blood levels in participants 
with cannabis use disorder,36 a result using completely dif-
ferent methodology that provides external validation. The 
S100B gene is located at 21q22.3, so our present finding re-
garding S100A10 rs72993629 (on chromosome 1q21) shows a 
functional, rather than a positional, association. Multiple 
studies have demonstrated that the S100B protein is in-
volved in several nervous system processes, including neu-
rite extension, stimulation of Ca2+ fluxes, inhibition of pro-
tein kinase C (PKC)–mediated phosphorylation, astrocytosis 
and axonal proliferation, and inhibition of microtubule as-
sembly, and it may also be involved in neurologic diseases, 
such Alzheimer disease, Down syndrome, epilepsy and 
amyotrophic lateral sclerosis.37 Considering GTEx data,38 we 
observed a different gene expression pattern between S100B 
and S100A genes (Appendix 1, Fig. S1). The S100B gene is 
predominantly expressed in brain tissues; S100A10 and 
S100A11 are less expressed in brain tissues than S100B, but 
they showed increased gene expression in other tissues, in-
cluding those related to the female and male reproductive 
systems (i.e., vagina, fallopian tubes, cervix, uterus, prostate 
and testis). These observations support an interesting hy-
pothesis. If the S100 genes are relevant to the biology of 
CaD, as supported by our previous CaD GWAS and by the 
present results (as mentioned previously, the probability of a 
chance finding implicating 2 genes in this system in associa-
tion with cannabis is extremely low), their gene expression 
distribution could reflect differences in their specific roles. 
S100B is mostly expressed in the central nervous system, 
and its effect on cannabis use may be more related to crav-
ing, dependence and other drug-seeking behaviours. Con-
versely, the wider tissue distribution of S100A10 and 
S100A11 expression may result in an involvement of these 
gene expression in downstream CaD-induced consequences. 
In particular, S100A10 and S100A11 may differentially mod-
erate feedback mech anisms between genitalia and certain 
brain regions in individuals with and without CaD. Support-
ing evidence regarding this hypothesis is provided by our 
follow-up imaging analysis, where rs72993629 was associ-
ated with activities in brain regions involved in sexual be-
haviours through genitalia response. Specifically, we ob-
served that rs72993629 was associated with reduced power 
at the left paracentral lobule in ALFF analysis and reduced 
power at the right pallidum in the fALFF analysis. Resting 
ALFF/fALFF analysis provides relevant data regarding 
spontaneous brain activity and signals originating in grey 
matter.26 A previous independent fALFF analysis of sexual 
orientation showed increased activity of the right pallidum 
in homosexual men compared with heterosexual men,39 and 
another study showed increased activation of the right palli-
dum during induced sexual arousal.40 Regarding the para-
central lobule, numerous studies confirmed that this region 
is an important brain area for sexual function and behav-
iours.41 Indeed, the genital sensory cortex, identified in the 
classical Penfield homunculus, is located in the paracentral 

lobule.42 These previous findings confirm that the activity of 
brain regions associated with rs72993629 plays a key role in 
sexual behaviours. However, further brain imaging studies 
with larger samples and CaD information are needed to con-
firm and deepen our understanding of the role of the variant 
identified in the CaD–RSB interplay.

Our genome-wide investigation also identified a possible 
female-specific result for rs12944716, located in the CLTC up-

Fig. 4: Association between imputed allele dosage of (A) S100A10 
rs72993629 and (B) CLTC rs12944716 with risky sexual behaviour 
(RSB) in participants with and without cannabis dependence (CaD).
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stream region, which nearly reached GWS. The SNP was in-
volved in transcriptional regulation of the gene. CLTC en-
codes clathrin, a major protein component of the cytoplasmic 
face of intracellular organelles, which plays a key role in 
 intracellular trafficking. In a previous study, morphine was 
found to regulate the expression of cytoskeleton genes, in-
cluding Cltc, in rat striatum, causing a structural brain modifi-
cation in chronic substance administration.43 However, this re-
sult may be associated with other genes; ENCODE data 
indicate that rs12944716 is located in a complex regulatory ele-
ment that affects the transcription of several genes located in 
cis- and transregulatory regions. Thus, further analysis is 
needed to confirm and follow up this sex-specific result.

Cannabis use has been proposed as a treatment for wasting 
syndrome in patients with HIV/AIDS,44 and cannabis users 
with HIV/AIDS have been reported to have a high probabil-
ity of RSB.45–47 Thus, we investigated whether the variants 
identified may interact with CaD in association with STD and 
HIV status. We observed that both rs72993629 and 
rs12944716 may interact with CaD to link RSB to STD and 
HIV status. However, these results should be considered ex-
ploratory because of the low power available in this study 
given the low prevalence of STD and HIV in our sample and 
the lack of objective verification. The associations among 
CaD, RSB and STD/HIV risk are mediated by both environ-
mental and biological factors. Although numerous social and 
behavioural factors have been identified to explain these as-
sociations, very few molecular mechanisms have been identi-
fied to help explain how the use of cannabis influences RSB 
consequences. To our knowledge, our data represent the first 
relevant genome-wide results in this area.

Gene-based analysis identified TMOD2 as a candidate risk 
locus in both African-Americans and European-Americans. 
This gene encodes a neuronal-specific member of the tropo-
modulin family of actin-regulatory proteins. Knockout mice 
showed hyperactivity, reduced sensorimotor gating,  impaired 
learning and memory, and enhanced long-term potentiation.48 
A recent study demonstrated that TMOD2 is a positive regu-
lator of dendritic complexity and spine morphology.49 Canna-
bis use is well known to have a significant impact on brain 
structures that are enriched with cannabinoid receptors.50 Al-
though no other studies have verified this hypothesis yet (to 
date we can identify only 13 articles regarding TMOD2 func-
tion), we speculate that TMOD2 could be involved in the re-
modelling processes induced by cannabis use in brain areas 
relevant to sexual function and behaviours.

Limitations

The main limitation of our study is the lack of an African-
American replication cohort for our key finding on the role 
of S100 genes in individuals with CaD. This is emblematic of 
a major lack of African-American samples restricting the 
scope of many genetic investigations, particularly for psychi-
atric traits. Nevertheless, the identification of 2 members of 
the small S100 gene family (19 genes) in 2 independent 
 cannabis-related genome-wide investigations had very low a 
priori probability. We propose that this is unlikely to be due 

to chance, less so when considered in the context of the 
highly supportive imaging data. The absence of an adequate 
replication cohort for our study is also attributable to the fact 
that cannabis use and dependence are not commonly as-
sessed in large-scale genetic studies that are designed to ad-
dress other medical issues (notably, this is not the case for al-
cohol and nicotine use, which are widely recognized as 
important for many medical traits),20 and most studies of 
cannabis use disorders are conducted in individuals with 
European ancestry. The generally reduced population diver-
sity in genetic research is well-known.51 Thus, our results are 
particularly relevant because they not only provide new in-
sights into the biology of CaD and RSB, but they also con-
tribute to our understanding of the genetics of psychiatric 
traits in African-Americans. Additional studies should in-
vestigate the temporal sequence of RSB–CaD interaction and 
how this interaction is moderated by genetic factors.

Conclusion

The key loci identified in the present study offer molecular in-
sight into the interplay between CaD and RSB, highlighting 
mechanisms related to calcium homeostasis, brain activity and 
brain structure. Furthermore, the risk alleles identified may 
play a role in the risk of STD and HIV transmission through 
their effect on the RSB–CaD interplay. Although the shared 
 genetic liability to addictive behaviours is surely correl ated to 
other behaviours, such as impulsivity and sensation‐seeking, 
our current findings appear to be specific to CaD. Indeed, 
there is no overlapping between the current findings and the 
results of our previous genome-wide gene × alcohol depen-
dence analysis of RSB,16 and the present S100A10 result ap-
pears to be in line with our previous GWAS of CaD.14 How-
ever, this hypothesis can be tested thoroughly only when 
much larger sample sizes can be attained.
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