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Abstract Substance use problems are chronic and common
public health problems. We review recent studies that implicate
genetic and environmental factors in their etiology. Although
findings are mixed with respect to specific genotypes, some
patterns are evident. For example, exposure to peers or parents
who engage in high rates of substance use tends to exacerbate
genetic diatheses or eliminate the protective effects of certain
genotypes. We discuss reasons for mixed findings and high-
light the need for translational research to advance understand-
ing of gene function as well as new methods for using genome-
wide data in biologically relevant pathways.
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Introduction

Substance use problems, including cigarette smoking, alcohol
abuse and dependence, and drug abuse and dependence, are
chronic and common public health problems. According to
201213 data, 29 % of adults in the USA met criteria for an
alcohol use disorder (AUD) at some point in their lives and
14 % met criteria in the past year [1]. In 2013, 18 % of adults
in the USA smoked cigarettes [2] and 13 % used marijuana
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[3]. Tobacco and alcohol use rank among the top 10 prevent-
able causes of deaths in the world [4].

Genetic factors play a role in the etiology and maintenance
of substance use problems, with heritability estimates for per-
sistent smoking, alcohol use disorders, and cannabis depen-
dence falling between 50 and 70 % [5, 6]. Genome-wide as-
sociation studies (GWAS) and meta-analyses of GWAS have
identified single nucleotide polymorphisms (SNPs) that are
associated with alcohol dependence and smoking phenotypes
[7-9]. In a review of these and candidate gene studies, Biihler
et al. [10°] reported that the most robust associations involve
SNPs in the alcohol metabolizing genes, the cholinergic gene
cluster, and in the dopamine D2 receptor (DRD2) and Ankyrin
repeat and kinase domain containing 1 (ANNK1) genes.

The effects of identified gene variants are small, with each
SNP typically accounting for less than 2 % of the variance in
the phenotype—far less than that implied by heritability esti-
mates [11, 12]. One possibility is that substance use and de-
pendence phenotypes are influenced by multiple genes of
small effect. Although likely to be true, linear combinations
of gene variants (i.e., polygenic risk scores) still have relative-
ly small effects. Another possibility is that gene X gene and
gene x environment interactions capture additional variation
in substance use and dependence phenotypes. In support of
this possibility, there is ample evidence from quantitative be-
havioral genetic studies that the heritability of substance use
phenotypes varies as a function of the environment [13¢]. In
this review, we summarize findings from recent candidate
gene studies that test gene x environment interactions
(GXE), focusing largely on variants that have been consistent-
ly associated with substance use phenotypes in gene associa-
tion studies. We conclude with a critique of this literature and
recommendations for future research.

Although this review covers gene x environment interac-
tions, we note that gene-environment correlations are another
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mechanism by which gene-environment interplay influences
risk and resilience for substance use phenotypes. Gene-
environment correlations describe genetically based individu-
al differences in exposure to risk factors for substance use and
we direct interested readers to recent papers on this topic by
Hicks et al. [14] and Wills and Carey [15].

Gene x Environment Interactions: Nicotine

Quantitative behavioral genetic studies have shown that ge-
netic influences on smoking are stronger in more permissive
versus more restrictive environments. For example, genetic
influences on adolescents’ daily smoking are lower in states
that impose higher taxes on cigarette sales and exercise greater
control over cigarette vending machines and advertising than
in states with less restrictive controls [16]. Similarly, the her-
itability of adolescents’ daily smoking is highest in schools
where the most popular students are smokers and the lowest in
schools wherein the majority of students are non-Hispanic and
White [17].

In addition to testing whether genetic influences on
smoking are more pronounced in permissive versus restrictive
environments, recent candidate gene studies have focused on
the extent to which stressful life events moderate genetic in-
fluences on smoking behavior. Below, we review recent stud-
ies that test whether gene variants that have been consistently
implicated in smoking phenotypes are moderated by adversity
or by environments that facilitate smoking.

Moderators of Serotonin Transporter Gene Effects
Variation in the serotonin transporter-linked polymorphic
region (SHTTLPR) has been associated with an increased
risk for nicotine dependence in both European American
and African American smokers [18] and is hypothesized to
be a marker for sensitivity to the environment [19]. As
such, a number of studies have tested the hypothesis that
effects of stressful life events and effects of more smoking-
permissive environments on risk for smoking should be
more pronounced among individuals who carry the short
form (s allele) of the serotonin transporter polymorphism
than among individuals who are homozygous for the long
form (1 allele) of the gene.

Evidence in support of this hypothesis has been mixed.
In one study of nicotine dependence in a sample of 256
alcohol-dependent adults, a history of childhood adversity
was unrelated to nicotine dependence and the strength of
the association did not vary as a function of SHTTLPR
genotype [20]. However, in another study of roughly 15,
000 adolescents (age 11-22, M=16.4) from the National
Longitudinal Study of Adolescent Health, adolescents
drank more alcohol and smoked more cigarettes when
attending schools in which peers engaged in higher rates

of smoking and drinking, and this effect was more pro-
nounced the more SHTTLPR s alleles the adolescent car-
ried [21]. A similar pattern of findings was detected in a
different sample of 1519 adolescents; those who lived in
neighborhoods in which a high proportion of their peers
were smokers were at elevated risk for initiating smoking
themselves [22].

Moderators of Dopaminergic Gene Effects Dopaminergic
genes have been implicated in novelty-seeking hypotheses of
smoking [23] and dopamine is involved in the reinforcing
effects of nicotine in animal models [24]. In a study of 365
13- to 16-year-olds, however, DRD2, dopamine receptor D4
(DRD4), and dopamine transporter (DAT1) genotype were
unrelated to smoking initiation and the strength of these asso-
ciations did not vary as a function of the frequency or quality
of parent—child communication, smoking-specific house rules
[25], or parental, sibling, or peer smoking [26].

Moderators of Cholinergic Gene Effects A number of cho-
linergic receptor genes are involved in producing subunits
of the neuronal nicotinic acetylcholine receptor, which
plays an important role in chemical signaling in the brain
[27]. Sequence variants in the cholinergic gene cluster
genomic regions 15925, 7pl4, 8pll, and 19ql3 predict
number of cigarettes smoked per day at genome-wide
levels of significance [28]. In a study of 2206 European
American adults, Xie et al. [29] reported that childhood
adversity increased the risk for nicotine dependence in
men and women and this effect was exacerbated in men
who were homozygous for the A allele in 1516969968 of
the CHRNAS gene.

Moderators of Polygenic Risk Effects Because genetic in-
fluences on smoking are likely to comprise hundreds of genes
of small effect, some researchers have created polygenic risk
scores based on GWAS meta-analyses. For example, Meyers
et al. [12] constructed a polygenic risk score comprising 6
variants that were significantly associated (at p<5x10") with
cigarettes smoked per day in a meta-analysis of GWAS of
smoking in African American samples [7]. In a majority
African American sample from Detroit (n=399), the associa-
tion between the genetic risk score and smoking was greater
for those who had experienced a higher number of lifetime
traumatic events and was diminished among individuals liv-
ing in neighborhoods characterized by higher levels of social
cohesion [12].

Gene x Environment Interactions: Cannabis

Moderators of Dopaminergic Genes Several recent studies
support the hypothesis that DRD4 7-repeat carriers are more
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sensitive than non-7-repeat carriers to environmental influ-
ences on cannabis use. For example, in a study of 311 adoles-
cents (M age 15.2, SD=0.56) followed for 4 years, those with
the DRD4 7-repeat polymorphism engaged in higher rates of
cannabis use when parental monitoring was low and lower
rates of cannabis use when parental monitoring was high com-
pared with adolescents who lacked the 7-repeat polymorphism
[30]. Similarly, insecure attachment style (avoidant or anxious)
is more strongly associated with cannabis use and smoking (but
not alcohol binging) among young adults (24 years, n=839)
who carry the DRD4 7-repeat than among non-carriers [31].
Finally, in a study of 399 rural African-American adolescents
(Wave 1M age=17 years), those who had experienced high
rates of stressful life events showed the steepest escalations in
drug use from adolescence to young adulthood, particularly if
they carried the DRD4 7-repeat variant (Brody et al., 2012).
Carriers also showed the largest increases in two proximal risk
factors for drug use: affiliation with drug-using companions
and drug vulnerability cognitions. When these proximal risk
factors were entered into the model, the interaction between
DRD4 genotype and stressful life events became non-signifi-
cant, suggesting that for a genetically vulnerable group, stress-
ful life events may increase exposure to more proximal risk
factors for drug use (Brody et al., 2012).

Finally, in a study of a DRD?2 variant (TaqlA), Vaske
[32] reported that although Al and A2 homozygotes
showed steeper increases in marijuana use over a l-year
period when their parents did (versus did not) allow them
to set their own curfews, the pattern of results was the
opposite for heterozygotes who showed steeper increases
in marijuana use when parents did not allow them to set
their own curfew (Vaske, [32]).

Moderators of SHTTLPR Effects The effect of childhood
neglect on marijuana use has been shown to be stronger in
females (but not males) who are homozygous for the short
form of SHTTLPR [33]. Another study tested whether
SHTTLPR genotype moderated the effect of neighborhood
factors (i.e., residential stability and neighborhood disad-
vantage) on past-year alcohol use, binge drinking, and
marijuana use via a harmonized data set comprising 5 lon-
gitudinal studies of African American children and adoles-
cents with data points spanning ages 10-24 (n=2689).
Residential instability was associated with higher levels
of substance use as well as a steeper gradient in the in-
crease of substance use from age 10 to 24, particularly
for carriers of the SHTTLPR s allele [34¢].

Moderators of Inferred Genetic Risk In a large-scale
Swedish population study of drug abuse, Kendler and col-
leagues [35] found that peer deviance, measured at the popu-
lation level as the proportion of similar-age individuals living
in the same community who went on to develop drug abuse,
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strongly predicted individual drug abuse; the pathogenic effect
of peer deviance was stronger when individuals were at
heightened genetic risk, as determined by family history of
drug abuse, weighted for biological relatedness to the
proband.

Gene X Environment Interactions in Alcohol Use
Disorder

In a review of the evidence from quantitative behavioral
genetic studies, Dick and Kendler [13¢] concluded that
genetic influences on alcohol use are stronger in environ-
ments that make alcohol more readily accessible or that
promote pro-drinking norms than in less permissive envi-
ronments. Consistent with these findings, a study of ado-
lescents from the National Longitudinal Survey of
Adolescent Health showed that a genetic propensity to
use alcohol was suppressed among adolescents who
attended high achieving schools (where, presumably,
there was strict social control of drinking) but was mani-
fest among adolescents who attended lower achieving
schools [36].

Moderators of Alcohol-Metabolizing Genotypes The most
consistent and well-replicated genetic variants linked to alco-
hol use disorders specifically are functional polymorphisms in
the alcohol dehydrogenase (ADH1B) and aldehyde dehydro-
genase (ALDH?2) genes that code for alcohol metabolizing
liver enzymes (e.g., [37, 38]). The high activity ADHIB*2
(the minor A) allele and the inactive ALDH2*2 have been
shown to have protective effects on the development of alco-
hol use disorders.

In general, the protective effects of these two alcohol-
metabolizing variants seem to be more robust in low-risk
environments and attenuated in high-risk environments
marked by high stress and low social control. For example,
in a racially diverse sample (n=4053), the protective effect of
the A allele (AA/AG genotype) was reduced in European
American men exposed to childhood adversity, but no such
interaction effect was observed for European American wom-
en or for African Americans [39]. Similarly, in a sample of
adolescents (1222 years) from the Collaborative Study of
the Genetics of Alcoholism (r=1550), the protective effect
of the ADHIB A allele on early drinking milestones was also
negated when adolescents reported that most of their best
friends drank alcohol [40]. In another adolescent sample that
included East Asian adoptees (n=365), researchers found that
the protective effects of the ALDH2*2 allele on alcohol de-
pendence increased over the course of adolescence and young
adulthood, but this effect was reduced in families where par-
ents’ use and misuse of alcohol was high, though not when
siblings or peers were heavy drinkers [41¢]. In contrast to
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these findings, a study of Jewish Israeli, mostly male adults
(n=1,143) found that the protective effect of the ADHIB A
allele was stable regardless of an individual’s exposure to
childhood adversity, but the risk-promoting effects of the
GG genotype were more pronounced among individuals
who experienced relatively high versus low levels of child-
hood adversity [42].

Moderators of Dopamine and Opioid Genes The catechol-
O-methyltransferase (COMT) gene encodes an enzyme
that metabolizes dopamine and is implicated in dopamine
functioning in the prefrontal cortex [43]. The COMT gene
includes a common functional polymorphism Vall58Met
that is associated with lower COMT enzyme activity and,
therefore, reduced dopamine functioning in the prefrontal
cortex [44]. In a case control design with male abstinent
alcohol-dependent patients and their matched controls (n=
110), researchers found that carriers of the low-activity
Met allele (Met/Met or Val/Met) who were exposed to
childhood adversity had a higher risk of developing se-
vere alcohol dependence than individuals homozygous for
the Val allele [45]. In contrast, the DRD2/ANKK1 TaqlA
A1l genotype did not interact with childhood adversity in
predicting alcohol dependence [45].

The COMT Met allele has also been shown to increase
risk for alcohol use in more versus less permissive envi-
ronments. In an ongoing cohort study (n=285), 19-year-
olds who carried the Met/Met genotype were differentially
susceptible to effects of parental involvement and super-
vision: under conditions of low parental involvement or
supervision, youth who were homozygous for the
Met allele drank more alcohol than Val allele carriers,
but under conditions of high parental involvement or su-
pervision, Met homozygotes drank less alcohol than Val
allele carriers [46]. In contrast, Val allele carriers were
moderate drinkers whose alcohol use was unrelated to
parental involvement or supervision [46].

The opioid receptor mu 1 (OPRM]I) gene has also be-
come a focus of study in research on alcohol use because
of the involvement of the endogenous opioid system in
the reinforcing and addictive effects of alcohol through
the dopaminergic pathway. The presence of the G allele
genotype (GG/AG) in the A118G SNP of OPRMI has
been associated with increased hedonic reactions, craving,
and excess mesocorticolimbic activation to alcohol use
[47]. In a case—control design of adolescents with alcohol
use disorder (n=104), Miranda and colleagues [48] found
that a higher proportion of the high-risk G allele carriers
(AG/GG genotype) met criteria for alcohol use disorder
compared to the low risk AA homozygotes and this effect
was amplified when parental monitoring was low and de-
viant peer affiliation was high. Using a larger sample (n=
529), Chassin and colleagues [49] found that exposure to

deviant peers was associated with higher levels of alcohol
use disorder symptoms for women (but not men) who
were G allele carriers, but women with the AA genotype
were not as susceptible to deviant peer influences.

Genetically based individual differences in response to pa-
rental rule setting have also been observed. In a study of 596
adolescents, those whose parents set alcohol-specific rules
were less likely to be on a heavy drinking trajectory from 12
to 16 years than on a light drinking trajectory and this effect
was most pronounced among OPRM1 G allele carriers [50]. In
a different sample of 241 12- to 16-year-olds, Pieters and
colleagues [51] also found that when parents set strict,
alcohol-specific rules, weekly alcohol consumption was low
regardless of OPRM1 genotype, but when parents did not set
strict alcohol-specific rules, OPRM1 G allele carriers engaged
in higher rates of alcohol consumption than AA homozygotes.
Furthermore, the same pattern was evident in the DRD2 ge-
notype; adolescents who carried the high-risk T allele were
more susceptible to parental rule setting than adolescents
who were homozygous for the low-risk C allele.

Moderators of Clock Genes Clock genes that regulate the
molecular components of the circadian rhythm have been im-
plicated as major components of the development of alcohol
disorders [52]. Using mouse models, researchers have found
that circadian rhythmicity, which governs how an individual
adapts to their internal and external environment, shapes the
rewarding effects of alcohol use [53]. Several studies have
found links between clock genes and alcohol dependence in
humans [54, 55] and in a sample of 268 young adults, the
association between stressful life events and alcohol use was
shown to be stronger among individuals who carried the AA
genotype of the period circadian clock (PER) gene than
among G allele carriers [56].

Moderators of Impulsivity-Related Genes Candidate gene
studies have consistently identified associations between alco-
hol dependence and AA genotype for rs279871 of the gamma-
aminobutyric acid A receptor alpha 2 (GABRA?2), which in-
fluences the effectiveness of inhibitory processes in the brain
that modulate impulsivity and emotional reactivity [57]. Using
data from the Collaborative Study on the Genetics of
Alcoholism (n=2281), Perry and colleagues [58] found that
experiencing higher levels of positive daily life events was
associated with reduced risk for alcohol dependence for men
with the high-risk AA genotype but not for men with the low-
risk genotype (AG/GG) or for women, regardless of genotype.

In the central nervous system, activation of the neuropep-
tide S receptor (NVPSR/) promotes arousal and anxiety [59].
Based on studies with rodents, researchers have hypothesized
that the low-activity AA allele is more frequently associated
with anxiety and fear while the high-activity TT allele is linked
to impulsivity [60]. Using data from the longitudinal
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Estonian Children Personality Behavior and Health Study
(n=593, age range 15-25 years), Laas and colleagues [61]
reported gender differences in the effects of NPSRI geno-
type on risk for AUD; for women, A allele carriers (AA/
AT) were more likely to have been diagnosed with alcohol
use disorder by age 25 than individuals who were homo-
zygous for the T allele. In contrast, for men, T allele car-
riers were at elevated risk for an alcohol use disorder diag-
nosis and engaged in more harmful alcohol use than AA
carriers. Furthermore, the association between NPSRI ge-
notype and alcohol use disorder was stronger for men (but
not women) who were exposed to higher versus lower
levels of stressful life events in the past year.

Moderators of Polygenic Risk Salvatore et al. [62¢] used
GWAS data from the Avon Longitudinal Study of Parents
and Children to create a polygenic risk score for alcohol prob-
lems which was then applied to a sample of Finnish twins (n=
1162). The polygenic risk score predicted alcohol problems in
the Finnish sample and the effect was more pronounced under
conditions of low parental knowledge or high peer deviance
than under conditions of high parental knowledge or low peer
deviance.

Conclusions

Although there is substantial evidence from quantitative
behavioral genetic studies that genetic influences on sub-
stance use phenotypes vary across environments, evidence
of gene x environment interaction is mixed in candidate
gene studies. There are at least three explanations for such
mixed results. First is the well-known problem that most
candidate gene studies are statistically under-powered to
detect gene x environment effects (e.g., [63]). Larger,
better-powered samples will not guarantee replicable re-
sults, however. Statistical tests of interaction remain highly
sensitive to scale in large and small samples (e.g., [64]).
Moreover, as sample sizes increase, it becomes logistically
and financially challenging to collect fine-grained mea-
sures of the environment. Although pooling studies has
aided efforts to identify genetic main effects, there is likely
to be substantial between-study variability in measurement
of the environment and such measures will not be easily
aggregated for the purposes of testing GxE.

On a more optimistic note, many of the environments that
have been shown to moderate genetic effects in twin studies are
readily available from administrative data that are standardized
across samples and easy to append to large-scale survey studies
(e.g., socioregional variables). Other moderators can be cheap-
ly and reliably ascertained through written or online surveys
administered to large numbers of people (e.g., religious obser-
vance, substance-use-specific rule-setting). Moreover, methods
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are being developed to harmonize datasets that include distinct
but related constructs [65]. Another potential solution is to
derive polygenic risk scores from meta-analyses of GWAS
and to apply these scores in samples with rich measures of
the environment (e.g., [12, 62¢]).

A second explanation for mixed findings is that our
hypotheses are insufficiently biologically and environ-
mentally informed. It is notable, for example, that some
of the most replicable GXE findings involve alcohol-
metabolizing genotypes where the function of the gene,
the exposure, and their joint effect on behavior is well-
characterized. Cross-disciplinary and translational re-
search with humans and animals is needed to (a) ascertain
whether observed statistical interactions reflect actual bi-
ological processes and (b) use knowledge of gene func-
tion and environmental mechanisms to inform hypotheses
about which gene variants should be expected to interact
statistically with which environments.

The studies reviewed here point to genes and environ-
ments that confer risk and protection, but findings are
inconsistent across studies. On the environmental side,
parental substance-specific rule setting appears to con-
strain a genetic diathesis for alcohol use [50, 51] but not
smoking [25]. More consistently, exposure to peers or
parents who use substances appears to exacerbate a genet-
ic diathesis for substance use [21, 22, 35, 48, 49, 62¢] or
eliminate the protective effects of a genotype that makes
drinking alcohol aversive [40, 41¢].

On the genetic side, SHTTLPR 1 allele carriers engage
in relatively low rates of substance use regardless of their
exposure to adversity and instability, consistent with a
diathesis-stress model (Vaske et al. [33]; Windle [34¢]).
In other cases, genotypes appear to be differentially sus-
ceptible to environments rather than reflecting purely risk
or protection. Complicating this picture, some gene vari-
ants show patterns of differential susceptibility in re-
sponse to certain environments but confer risk or protec-
tion in response to other environments [45, 46]. Such
mixed findings point to the importance of using formal
methods for testing competitive hypotheses about
diathesis-stress versus differential susceptibility [66] and
careful model specification [67].

In summary, substance use researchers have a theoret-
ically informed and empirically supported approach to the
selection of environments that constrain or facilitate sub-
stance use. The challenge for biosocial models of sub-
stance use risk is to fill in the gaps in our knowledge of
addiction biology so as to inform the selection of gene
variants and—in collaboration with bioinformaticians—
to use GWAS data to develop a better understanding of
how sets of genes in biologically relevant pathways inter-
act with environments to increase risk for substance use
and abuse.
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