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 Introduction 

 Illicit drug use can negatively affect an individual’s 
health and well-being in profound ways  [1] . The negative 
outcomes affect not only the individual, but also family, 
friends, associates and society. Illicit drug use is common. 
In a study of 10,904 randomly selected students attending 
college in the US in 2001, 12% reported lifetime nonmed-
ical use of prescription opioids, 7% reported use in the 
past year and 3% reported use in the past month  [2] . In a 
separate US sample, the lifetime prevalence of cocaine use 
was estimated to be as high as 16.2%  [3] . This review will 
focus on the molecular genetics of substance use disor-
ders (SUD) with a particular emphasis on opioids and 
stimulants (cocaine and methamphetamine). These are 
among the most commonly abused illicit drugs in the US 
(excluding cannabis, which has legal status at the state, 
but not federal, level in many parts of the US)  [4] . The 
negative impact of their misuse is a major health concern 
and the focus of intense research. 

  One potential outcome of substance use is the develop-
ment of an SUD. The clinical symptoms of an SUD in-
clude impairment or distress marked by the development 
of tolerance or withdrawal; substance use despite serious 
physical or psychological health problems; using more 
than intended, persistent unsuccessful efforts to reduce 
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 Abstract 

 Substance use disorders (SUD) are a major contributor to dis-
ability and disease burden worldwide. Risk for developing 
SUDs is influenced by variation in the genome. Identifying 
the genetic variants that influence SUD risk may help us to 
understand the biological mechanisms for the disorders
and improve treatments. Genome-wide association studies 
(GWAS) have been successful in identifying many regions of 
the genome associated with common human disorders. 
Here, findings from recent GWAS of SUDs that involve illicit 
substances will be reviewed. Several GWAS have been re-
ported, including studies on opioid and stimulant use disor-
der (cocaine and methamphetamine). Several of these GWAS 
report associations that are biologically interesting and sta-
tistically robust. Replication of the associations in indepen-
dent samples and functional studies to understand the basis 
for the statistical associations will be important next steps. 

 © 2016 S. Karger AG, Basel 

 Received: October 7, 2015 
 Accepted: February 16, 2016 
 Published online: April 13, 2016 

 Kevin P. Jensen, PhD 
 Department of Psychiatry, Yale University School of Medicine 
 VA Connecticut Healthcare System 
 950 Campbell Avenue, West Haven, CT 06516 (USA) 
 E-Mail kevin.jensen   @   yale.edu 

 © 2016 S. Karger AG, Basel
2296–9209/16/0021–0037$39.50/0 

 www.karger.com/mnp 



 Jensen

 

Mol Neuropsychiatry 2016;2:37–45
DOI: 10.1159/000444755

38

substance use; excessive time spent obtaining, using or 
recovering from substances and a pattern of use that neg-
atively affects one’s normal social, recreational or occu-
pational activities  [5] .

  Like many psychiatric disorders, SUDs have moderate 
heritability. The proportion of risk that can be attributed 
to heritable factors has been estimated with twin studies 
by comparing the rate of disorder concordance for dizy-
gotic twins with that for monozygotic twins. A higher rate 
of concordance among monozygotic twins relative to di-
zygotic twins is evidence for genetic risk. Cocaine use dis-
order (CUD) risk for females is estimated to have herita-
bility of 0.65, while for males the estimated heritability is 
0.79  [6] . Opioid use disorder (OUD) is also moderately 
heritable  [7, 8] . Although these genetic studies indicate 
that individual differences in genes have an important 
role in the development of SUDs, such differences are not 
deterministic; an individual’s environment is a major fac-
tor. But identifying the genes that affect risk and charac-
terizing their function is important because it could yield 
critical insight into the molecular basis for these disorders 
and potentially better ways to prevent or treat them. 

  Contemporary genome-wide association approaches 
have been successful in identifying many regions of the 
genome associated with human traits and disease, includ-
ing psychiatric disorders. The success of these studies, 
with regard to reproducibility and biological insights 
gained, stands in stark contrast to prior candidate gene-
driven approaches. Among these genetic success stories 
are studies of bipolar disorder  [9]  and schizophrenia  [10, 
11] , as well as several genome-wide association studies 
(GWAS) of legal drug use (alcohol, cigarette smoking and 
caffeine consumption)  [12–15] . Combined, these studies 
have implicated a spectrum of genetic variation with ef-
fects on risk that range from barely detectable to moder-
ately large. The genetic variation implicated in risk in-
cludes common single nucleotide polymorphisms (SNPs), 
rare variants and structural variants [e.g. copy number 
variants (CNVs)]. Genetic studies are only the initial step 
in the process to understanding the biological basis for 
these complex disorders. Rigorous replication of the ge-
netic associations is necessary, and functional studies are 
required to understand the basis for the statistical asso-
ciations.

  GWAS for SUDs of legal drugs have yielded some re-
sults that are statistically robust and biologically interest-
ing. For example, functional variants in an alcohol me-
tabolism gene, alcohol dehydrogenase 1B  (ADH1B) , are 
associated with alcohol use disorder (AUD) in several 
global populations based on genetic association studies 

that include GWAS  [13, 16–18] . Individuals with a high 
activity form of this enzyme develop an aversive flushing 
reaction when they consume alcohol; these individuals 
are at low risk for developing AUD  [19] . Thus, ethanol 
metabolism differences are a biologically plausible mech-
anism for AUD risk that is strongly supported by genetic 
association studies. Genome-wide approaches have little 
bias, and this creates the possibility of discovery of vari-
ants, genes and pathways with unanticipated biological 
involvement. For example, several studies, including 
large GWAS and GWAS meta-analyses of tobacco use 
disorder, have implicated in the regulation of smoking 
intensity (cigarettes smoked per day) a nonsynonymous 
SNP, rs16969968 (G>A; amino acid 398 D>N), in the α5 
nicotinic acetylcholine receptor gene  (CHRNA5)   [14, 15, 
20–22] . Subsequent in vitro and in vivo studies of α5 re-
ceptor function have characterized an intriguing mecha-
nism that involves a previously unanticipated molecular 
pathway, namely α5 signaling in the medial habenula and 
the regulation of aversion to nicotine  [23–27] . In a sample 
of European American (EA) and African-American (AA) 
smokers, the  CHRNA5  heavy smoking risk allele was as-
sociated with lower subjective ratings of aversive effects 
in response to intravenous infusions of nicotine  [28] . 
These studies suggest a mechanism that might explain the 
association of  CHRNA5  rs16969968 with smoking inten-
sity. Discoveries that lead to unanticipated risk genes or 
pathways linked to new risk genes, provide biological in-
sights that are especially important because they may ac-
celerate the development of novel treatments anchored 
upon previously unsuspected mechanisms, which will 
yield great benefits to human health.   

  This article will review recent human molecular ge-
netic studies of SUDs with an emphasis on opioid and 
stimulants, which are among the most commonly abused 
illicit drugs in the US. The review will focus on studies 
that employed a genome-wide approach given that ge-
nome-wide approaches can often lead to important bio-
logical insights into risk mechanisms that are unbiased by 
prior knowledge. The current findings will be discussed, 
as well as potential future directions.

  Literature Search Methods 

 A literature search was performed in PubMed to iden-
tify abstracts of human studies with the terms ‘genome-
wide’ and ‘association’ in combination with ‘cocaine’, 
‘opioid’, ‘stimulant’, ‘illicit drugs’, ‘methamphetamine’ or 
‘amphetamine’. Of the 56 studies identified by this search, 
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included in this review were 12 that used a genome-wide 
strategy and investigated opioid or stimulant use disor-
ders or an SUD that included opioids or stimulants (co-
occurring SUDs). Studies that investigated the response 
to opioids or stimulants in a clinical or laboratory setting 
were included if they also investigated effects on SUD risk 
in secondary analyses.  Table 1  summarizes the results for 
studies that reported genome-wide significant (p < 5 × 
10 –8 ) SNP associations.

  GWAS of Opioid Sensitivity and OUD 

 Several research groups have used genome-wide ap-
proaches to investigate the genetics of OUD. Gelernter et 
al.  [29]  conducted a GWAS of OUD risk involving three 
phases that cumulatively included >12,000 subjects. Most 
subjects were recruited from several eastern US recruit-
ment sites, and additional subjects were accessed via pub-
licly availably (dbGAP application) data from the Study 
of Addiction: Genetics and Environment (SAGE)  [30–
33] . The total sample included 6,877 EA and 5,432 AA 
subjects. A standard OD diagnosis case-control design 
was employed, as well as a noteworthy symptom count-
based analytic approach. This symptom count-based ap-
proach used as independent variables the DSM-IV symp-
tom count for OUD, as well as the DSM-IV symptom 
count for three additional SUDs (cocaine, alcohol and 
nicotine), along with standard covariates; the minor allele 
dosage was the dependent variable. The symptom count 
trait design had several advantages, e.g. by using more of 

the available phenotypic data the statistical power was in-
creased relative to the binary case-control design. Also, by 
including in the analysis model information on three ad-
ditional SUDs (cocaine, alcohol and nicotine), comorbid 
substance use was controlled for, which favored the iden-
tification of genetic associations that might be specific to 
opioids rather than cocaine, alcohol and nicotine, or 
combinations of all. The most compelling results for this 
analysis derived from the analysis of OUD symptom 
count in the AA population. These results included sev-
eral SNPs that mapped to  KCNG2 , which encodes a po-
tassium voltage-gated ion channel. The top  KCNG2  SNP, 
rs62103177, was genome-wide significant in the AA pop-
ulation after the results from all three AA analysis phases 
were combined by meta-analysis (p = 3.6 × 10 –10 ). Many 
of the top AA association signals, including rs62103177, 
were monomorphic in the EA samples, suggesting that 
these association findings could be population specific. In 
an extension of the GWAS phase of the study, Gelernter 
et al.  [29]  conducted a pathway analysis using the meta-
analyzed results from each population. The most interest-
ing results occurred within the AA population, where 
there was evidence for enrichment for calcium signaling 
[false discovery rate (FDR) = 0.15] and long-term poten-
tiation (FDR = 0.17) pathways. Another notable top-
ranked pathway was for glucocorticoid receptor (GR) sig-
naling (FDR = 0.18).

  Nelson et al.  [34]  reported a GWAS that compared 
heroin-dependent daily users (n = 1167) with heroin-ex-
posed subjects that had never progressed to daily heroin 
use (n = 161). The strongest association signals were SNPs 

 Table 1.  Genome-wide significant (p < 5 × 10 
–

 
8) findings from genome-wide association studies of opioid, stimulant and co-occurring 

substance use disorders

First author, year [Ref.] SUD phenotype Method Top variant Nearest gene Population

Opioids
Gelernter, 2014 [29] OUD (symptom count) GWAS rs62103177 KCNG2 AA
Nelson, 2015 [34] OUD (case-control) GWAS rs10799590 CNIH3 AU, EA
Li, 2015 [35] OUD (case-control) CNV-GWAS 18q12.3 LOC647946, KC6, PIK3C3 AA, EA

Stimulants
Gelernter, 2014 [49] CUD (symptom count) GWAS rs2629540 FAM53B AA, EA

Multiple
McGue, 2014 [61] Illicit drug use GWAS rs1868152 CRYGS EA
Johnson, 2015 [60] Any SUD GWAS rs9829896 KAT2B AA
Wetherill, 2015 [59] SUD (case-control) GWAS rs2952621 LOC151121 EA

SUD (symptom count) GWAS rs2567261 ARHGAP28 EA

 AU = Australian.
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that mapped to the cornichon family AMPA receptor 
auxiliary protein 3 gene  (CNIH3) , a glutamate receptor-
associated regulatory protein encoded on chromosome 1. 
The associated SNPs were highly correlated and condi-
tional analyses indicated that the association was likely 
driven by a single SNP at this locus. Several follow-up 
studies were initiated to support and extend these initial 
findings; foremost was a replication study in two inde-
pendent samples of opioid-dependent case and control 
subjects. The first sample included subjects from the Ge-
lernter et al.  [29]  genetic study of opioid dependence and 
the second sample included subjects from the SAGE  [33] . 
After a meta-analysis of the three studies, the best statisti-
cal support for association was for rs10799590 (p = 4.30 
× 10 –9 ), with the effect for rs10799590 being consistent 
between the discovery sample (p = 1.51 × 10 –6 ; OR = 0.55, 
95% CI 0.43–0.70), the Gelernter study sample (p = 5.76 
× 10 –2 ; OR = 0.78, 95% CI 0.60–1.01) and the SAGE sam-
ple (p = 6.73 × 10 –4 ; OR = 0.62, 95% CI 0.47–0.82). Given 
that there were no  CNIH3  exonic SNPs identified that 
were in high linkage disequilibrium with the identified 
OUD-associated SNPs, the potential effects of the SNPs 
on gene expression regulatory elements were explored. 
Interestingly, the best statistically supported SNP, 
rs10799590, mapped to a region of  CNIH3  that was 
marked by an open chromatin state and enriched with 
interactions with modified histones. The epigenetic fea-
tures associated with rs10799590 were specific to DNA 
isolated from human fetal brain tissue, as they were not 
observed in several tissues that were of non-nervous sys-
tem origin. To extend the findings further, Nelson et al. 
 [34]  investigated in an independent sample of EA subjects 
(n = 312) the association of rs10799590 with amygdala 
habituation, an intermediate phenotype associated with 
psychopathology. The allele associated with low risk for 
OUD was associated with greater amygdala habituation 
in response to threat-related facial expressions. The final 
experiment investigated the association of haplotypes 
among 23 different inbred strains of mice with symptoms 
of physical dependence on morphine.  CNIH3  haplotypes, 
as well as haplotypes for several glutamate-related signal-
ing genes, were associated with naloxone-induced mor-
phine withdrawal behavior. The study by Nelson et al. 
 [34]  presents compelling evidence for involvement of 
 CNIH3  in the development of OUD.

  Li et al.  [35]  took an alternative approach relative to 
the aforementioned studies that focused on SNP associa-
tions. Rather than focusing on SNPs, Li et al.  [35]  used 
genome-wide SNP data from genotyping microarrays to 
identify CNVs and investigated their association with 

OUD. CNVs or other types of structural variation in the 
genome might explain some of the heritability for com-
plex trait risk  [36] . The study by Li et al.  [35]  included 
5,152 subjects with genome-wide SNP array data (this 
sample overlaps partly with the sample used in the opioid 
study by Gelernter et al.  [29] ). To identify CNVs, Li et al. 
 [35]  used the raw intensity of GWAS array probes and the 
union of two CNV calling strategies, PennCNV  [37]  and 
QuantiSNP  [38] , and a third calling program, GNOSIS 
 [39] , was used to confirm CNVs identified by the first two 
programs. This approach ensured that there was a low 
false-positive discovery rate in the pool of CNVs that 
were used for association testing. Li et al.  [35]  first ob-
served that in EA and AA samples, OUD cases had fewer 
CNVs than the controls. In a genome-wide case versus 
control association analysis of common CNVs (frequen-
cy >1%), the most robust statistical support was for an 
intergenic region on 18q12.3. There are several non-
coding RNA transcripts adjacent to this CNV region 
 (LOC647946, KC6) . The nearest protein-coding gene is 
phosphatidylinositol 3-kinase catalytic subunit type 3 
 (PIK3C3) , which is also known as VPS34.  PIK3C3  en-
codes a broadly expressed regulator of intracellular traf-
ficking and synaptic transmission that has an essential 
role in maintaining neuronal integrity  [40] . CNVs at the 
18q12.3 region (not necessarily the same CNVs as in the 
study by Li’s group) have also been implicated in schizo-
phrenia risk  [41] , and SNPs near the promoter region of 
 PIK3C3  were found to be associated with bipolar disorder 
and schizophrenia  [42] . Several additional regions of in-
terest were identified in an analysis that focused on rare 
CNVs. Some of the CNVs of interest could potentially af-
fect protein-coding genes that were previously reported 
to be associated with SUD, such as  MAP3K4  with nicotine 
dependence  [43] , although as noted by Li et al.  [35] , most 
CNVs mapped to regions not previously implicated in 
OUD or SUD risk, and their functions are unknown. This 
important line of research requires more attention.

  A study by Nishizawa et al.  [44]  focused on human 
opioid sensitivity using a multistage GWAS that started 
with a sample of 353 healthy Japanese subjects who had 
undergone elective cosmetic orthognathic surgery. The 
outcome they initially studied was patient-controlled use 
of the synthetic opioid fentanyl during the first 24 h after 
surgery. The initial sample was divided into subgroups 
with 118, 117 and 118 subjects, respectively. SNPs with an 
association at p < 0.05 in the first sample were selected for 
association testing in the second sample, and SNPs with 
an association p < 0.05 in the second sample were selected 
for association testing in the final sample. The top SNP 
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based on a meta-analysis of the results from the first, sec-
ond and final analyses was rs2952768, which is located 
upstream from a protein-lysine methyltransferase gene 
 METTL21A  (also known as  FAM119A ) and the CAMP-
responsive element-binding protein 1 gene  (CREB1)  on 
chromosome  2.  The rs2952768 minor allele (C) was as-
sociated with greater fentanyl use (p = 8.044 × 10 –7 ). In a 
second sample that consisted of 112 subjects who had un-
dergone major abdominal surgery, rs2952768 was tested 
for association with postoperative analgesic use, although 
in this sample the analgesic was not necessarily fentanyl. 
Consistent with the initial analyses, rs2952768 * C homo-
zygotes reported greater use of postoperative analgesics. 

  There were three interesting extensions of this initial 
finding that provided convergent support for a potential 
effect of rs2952768 on risk for OUD and other SUDs. 
Based on the hypothesis that decreased opioid sensitivity 
would be associated with lower drug dependence risk, 
rs2952768 was tested for association with several drug 
dependence traits. The low opioid sensitivity-associated 
allele (rs2952768 * C) was associated with lower risks for 
(a) polydrug abuse in a methamphetamine dependence/
psychosis patient sample, (b) drug use in an alcohol-de-
pendent sample and (c) drug and alcohol dependence in 
an eating disorder patient sample. In a separate sample 
of 500 healthy subjects, rs2952768 was tested for associa-
tion with seven temperament dimensions assessed by the 
temperament and character inventory. Among the seven 
dimensions tested, the best statistically supported effect 
was observed for the ‘reward dependence’ dimension. 
The C-allele was associated with lower reward depen-
dence scores, suggesting a mechanism for the previously 
observed associations with opioid sensitivity. A gene ex-
pression study was also conducted to test for rs2952768 
functional effects. In the gene expression study, rs2952768 
was tested for association with mRNA expression of the 
two nearest genes,  METTL21A   (FAM119A)  and  CREB1 , 
in postmortem brain tissue from 100 EA donors. In this 
analysis, rs2952768 was associated with  CREB1  mRNA 
expression, but not  METTL21A   (FAM119A)  mRNA ex-
pression. These findings are interesting in light of basic 
research linking  CREB1  function to reward processes 
and the development of addiction  [45–47] . This interest-
ing study, based initially on analgesic opioid requirement 
in healthy subjects, yielded results that were generaliz-
able to several related clinical and nonclinical SUD phe-
notypes.

  An earlier GWAS conducted by Nielsen et al.  [48]  in-
cluded 325 methadone-stabilized heroin-dependent sub-
jects and 250 control subjects that were analyzed with the 

Affymetrix GeneChip Mapping 100K Set. An SNP in an 
intergenic region on chromosome 1, rs10494334, was as-
sociated with heroin dependence in the EA subset after an 
experiment-wise significance test correction (p = 0.035). 

  GWAS of Stimulant Use Disorders 

 Gelernter et al.  [29, 49]  reported a GWAS of CUD in a 
sample that overlapped with the previously described 
OUD GWAS. A similar symptom count-based analytic 
approach was used. The top statistically supported asso-
ciation was for CUD symptom count and rs2629540 (p = 
4.28 × 10 −  8 ). This SNP maps to an intron of the  FAM53B  
(‘family with sequence similarity 53, member B’) gene on 
chromosome 10. Support for this association came from 
EA and AA populations, and interestingly, the peak as-
sociation signal mapped to within the 1-lod support in-
terval of a previously identified CUD linkage peak  [50] . 
In the linkage study, as in the GWAS, both EAs and AAs 
contributed to the finding  [50] . These studies provide 
strong convergent support for a CUD risk allele at this 
locus. Although the function of  FAM53B  is not well un-
derstood in humans, a medaka  (Oryzias latipes)  gene ho-
molog,  simplet   (smp) , regulates cell proliferation  [51] , and 
in zebrafish  (Danio rerio)  this gene regulates axonal ex-
tension of a specific type of neurons in the embryo  [52] . 
A study by Dickson et al.  [53]  identified quantitative trait 
loci (QTL) on chromosome 7 and 11 for a shift in the IV 
cocaine self-administration dose-response curve among 
several mouse strains that had acquired cocaine IV self-
administration. The chromosome 7 QTL was a genome-
wide significant trans-QTL for  Fam53b  gene mRNA ex-
pression in the midbrain of drug-naïve mice. Although 
these functions are interesting, further work is required, 
including replication of the genetic associations, to un-
derstand  FAM53B  function in the mammalian nervous 
system and its relevance to CUD risk.

  Uhl et al.  [54]  conducted a genetic association study 
of methamphetamine use disorder (MUD) in a sample of 
Japanese and a sample of Taiwanese case and matched 
control subjects. A pooled DNA genotyping strategy was 
used to compare genotype frequencies among MUD sub-
jects with the control group. Two genes were identified, 
 CDH13  and  CSMD1 , that had clusters of nominally as-
sociated SNPs that were associated with MUD, but no 
genome-wide significant single SNP association was re-
ported.  CDH13  has been implicated in the subjective re-
sponse to stimulants ( d -amphetamine) in healthy vol-
unteers  [55] . The CUD GWAS by Gelernter et al.  [49]  
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reported a nominal association for a  CDH13  SNP ,  
rs4782559, with cocaine-induced paranoia, a transient 
psychosis marked by episodes of paranoid delusions and 
hallucinations experienced by >50% of chronic cocaine 
users  [56] .

  Ikeda et al.  [57]  conducted a GWAS of methamphet-
amine dependence that included methamphetamine-de-
pendent subjects (n = 236) and healthy control subjects 
(n = 864) recruited from a geographically isolated area of 
Japan. Most of the methamphetamine-dependent sub-
jects in this sample were included in the previous pooled-
sample GWAS by Uhl et al.  [54] . Although no SNP sur-
passed the threshold for genome-wide significance, Ikeda 
et al.  [57]  found evidence for a genetic relationship be-
tween methamphetamine-induced psychosis and schizo-
phrenia. There was an enrichment of methamphetamine-
induced psychosis risk alleles in ethnically matched sub-
jects with schizophrenia  [57, 58] . These findings are 
consistent with a growing body of evidence that indicates 
SUD traits are highly polygenic and risk variants have 
pleiotropic effects on psychiatric disorder risk.

  GWAS of Co-Occurring SUDs 

 A large fraction of the genetic risk for SUDs is not spe-
cific to one particular substance; rather, the genetic risk is 
general to different types of substances with specificity 
being conferred by the environment  [7] . To identify genes 
that might confer risk for any SUD, Wetherill et al.  [59]  
conducted a GWAS of a binary and a quantitative mea-
sure of general substance dependence liability for alcohol, 
cannabis, cocaine or opioids in a sample of 2,322 EA sub-
jects. The quantitative measure of general substance de-
pendence liability was based on a factor analysis of DSM-
IV substance dependence symptoms. Two genome-
wide significant associations were observed. One SNP, 
rs2952621, near the end of the  LOC151121  gene on chro-
mosome 2 was associated with any substance dependence 
in a discovery sample (p = 1.8 × 10 –8 ) and in an inde-
pendent replication sample (p = 0.02). An SNP in
 ARHGAP28 , which encodes Rho GTPase-activating pro-
tein 28, was associated with the quantitative measure of 
substance dependence liability (p = 3.8 × 10 –8 ) in the dis-
covery sample; however, this association was not sup-
ported in the replication sample (p = 0.29). 

  Johnson et al.  [60]  conducted a GWAS of drug abuse 
in a sample that included 3,742 AA and 6,845 EA subjects. 
The majority of cases were recent opioid (>60%) and co-
caine (>25%) users, while the control subjects included 

unassessed population controls and subjects that were 
negative for SUDs based on an assessment that used 
DSM-IV criteria. The case subjects were genotyped with 
the Omni1-Quad BeadChip (Illumina Inc., San Diego, 
Calif., USA), and control subjects were genotyped with 
the Omni1-Quad, 1 M-Duo or Omni2 BeadChip (Illu-
mina). After quality control procedures, there were 2,017 
AA cases and 1,725 AA controls and 1,142 EA cases and 
5,703 EA controls. A replication sample that included 259 
AA cases and 496 AA controls and 273 EA cases and
858 EA controls was assembled from a dataset available 
from dbGAP [Genetic Association Information Network 
(GAIN); accession number phs000021.v3.p2]. After im-
putations, >6 million markers were tested for association. 
In the discovery phase, one SNP, rs9829896, in  KAT2B , 
was associated with drug abuse in the AA sample after 
genome-wide correction (p  =  4.63 × 10 −  8 ). The effect was 
also significant in the AA replication sample (p = 0.0019), 
and the strength of the association improved after a meta-
analysis that combined the discovery and replication 
study results (p = 3.93 × 10 −  10 ). There was no compelling 
evidence for a substance-specific effect of rs9829896, as 
the association signals were evident, albeit less robust, 
when opioid, cocaine, marijuana or amphetamine use 
disorders were analyzed separately. No significant effects 
were detected in the EA sample. In interesting follow-up 
studies, Johnson et al.  [60]  showed that rs9829896 was as-
sociated with  KAT2B  mRNA expression in postmortem 
brains from AA subjects, but not EA subjects. A  KAT2B -
centric network of 20 proteins that share pathways, phys-
ical interactions and protein domains was predicted. 
Messenger RNA expression for two proteins in the 
20-protein network was associated with rs9829896 
( MAML1 , p = 0.043;  CREBBP , p = 0.011) in AAs but not 
EAs.

  GWAS of illicit drug use/misuse have also been report-
ed in a sample of  ∼ 7,100 EA subjects that were partici-
pants in a longitudinal research project  [61, 62] . For each 
study, the illicit drug use phenotype was defined as a fac-
tor that was derived from the frequency of use of 11 dif-
ferent drugs (marijuana, amphetamines, barbiturates, 
tranquilizers, cocaine, heroin, opiates, PCP, psychedelics, 
inhalants and gas) and the symptoms of dependence  [63] . 
The first study by McGue et al.  [61]  reported an associa-
tion of rs1868152 near the  CRYGS  gene with illicit drug 
use (p = 4.9 × 10 –8 ). The second study by Vrieze et al.  [62]  
was an exome-wide association study of a protein-coding 
rare variation genotyped by the Illumina HumanExome 
BeadChip. After quality control procedures, 111,592 
nonsynonymous exonic variants were tested for associa-
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tion with behavioral disinhibition and the use/misuse of 
nicotine, alcohol and illicit drugs. Although no single 
variant or gene-based associations were identified, heri-
tability estimates based on the SNP data indicated that 
35% of the heritability in the illicit drug use phenotype 
was explained by the rare nonsynonymous exonic vari-
ants. The percent of heritability explained by common 
and rare variants tagged by the arrayed SNPs was esti-
mated to be 84%  [62] . 

  Conclusions 

 Recent GWAS of opioid, stimulant and co-occurring 
SUDs have identified several promising genes and path-
ways to guide future investigations on the biological 
mechanisms for SUDs. It is likely that more genes will 
emerge as sample sizes increase through the formation of 
large consortia, and the power to detect effects improves. 
In future studies, it will be important to include subjects 
that have had sufficient exposure to a substance (or sub-
stance class) for the potential development of an SUD. 
Establishing consensus exposure thresholds for the po-
tential development of SUDs and gathering comprehen-
sive substance use history will be important, although it 
may require a careful and thorough phenotypic assess-
ment of subjects. Detailed information on substance use 
history could help determine whether any observed ef-
fects are specific or nonspecific to a particular substance 
(or substance class).

  Genetic analysis methods, such as DNA sequencing, 
that capture more variation at higher resolution will help 

to fine-map association signals and identify putative ‘ca-
sual’ variants. Additional approaches that capture the ag-
gregate effect of the many risk alleles that do not neces-
sarily surpass the genome-wide significance threshold 
might also be used to investigate the molecular and be-
havioral effect of SUD genetic risk, for example the ge-
netic relationship between SUDs and other disorders or 
traits and the effect of SUD risk genes on the acute re-
sponse to drugs or treatment response. This type of ap-
proach has been informative for other traits, such as 
schizophrenia  [64, 65] . 

  Ultimately, replication studies and more focused stud-
ies in humans and animal models to determine the mo-
lecular and behavioral mechanisms for the observed sta-
tistical associations will be important next steps. 
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