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Abstract

®

Check for
updates

Purpose of Review We identify the recent evidence for gene-by-environment interaction studies in relation to psychiatric
disorders. We focus on the key genotypic data as well as environmental exposures and how they interact to predict psychiatric
disorders and psychiatric symptomatology. We direct our focus on the psychiatric outcomes that were focused on by the

Psychiatric Genetics Consortium.

Recent Findings Many of the studies focus on candidate gene approaches, with most of the studies drawing upon previous
literature to decide the genes of interest. Other studies used a genome-wide approach. While some studies demonstrated positive
replication of previous findings, replication is still an issue within gene-by-environment interaction studies.

Summary Gene-by-environment interaction research in psychiatry globally suggests some susceptibility to environmental ex-
posures based on genotype; however, greater clarity is needed around the idea that genetic risk may not be disorder specific.

Keywords Candidate genes - Major depressive disorder - Anxiety disorder - Bipolar disorder - Suicide - Genome-wide association

Introduction

Gene-by-environment interaction (GxXE) in psychiatry was
brought to the limelight with a key paper by Caspi and col-
leagues (2003), which focused on the interaction between a
functional candidate gene polymorphism and stressful life
events in depression [1]. Since that seminal paper, genetic
epidemiology has evolved from the study of functional poly-
morphisms to the unbiased query of common and rare varia-
tion across the genome. This perspective has translated into
broader approaches to characterize the “gene” part of gene-by-
environment research. This might include investigating gene-
environment interactions on a genome-wide scale in a
genome-wide gene-environment interaction study (GE-WIS)
[2]. Alternatively, existing genome-wide association studies
(GWAS) results might be leveraged to create cumulative
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measures of common genomic burden via a polygenic risk
score (PRS)—a summary measure where the number of risk
alleles in a target dataset associated with a particular pheno-
type are summed across independent loci and weighted ac-
cording to effect size [3]. The complexity of psychiatric dis-
orders is such that the role of genetics is likely also complex
and that multiple genetic pathways are generally involved.
Further, alongside GXE, we also must consider gene environ-
ment correlation, which likely plays a role in psychiatric con-
ditions [4]. The genetic focus of many GXE examinations
varies widely based on the specific hypothesis the study is
exploring, whether it be a candidate gene polymorphism or a
genome-wide analysis. The environmental piece has remained
somewhat more consistent across psychiatric conditions.
Interaction with stressful life events has remained of interest
with many researchers focusing their attention on understand-
ing how stress or key events interact with genetics to increase
risk for psychiatric conditions.

The two primary theoretical frameworks utilized in gene-by-
environment interaction research are the stress-diathesis model
and the differential susceptibility framework. The stress-
diathesis model suggests that individuals are born genetically
vulnerable to psychiatric disorders and that those disorders
manifest only if an individual experiences some sort of stress
in his or her environment [5]. The model posits that the
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vulnerability of an individual is static and that the severity of the
stressor required to instigate the disorder is inversely propor-
tional to the degree of vulnerability. In a similar vein, the dif-
ferential susceptibility model extends the stress-diathesis model
by suggesting that genetics may lead to heightened susceptibil-
ity to both negative and positive environments [6].

Like other gene-by-environment studies of complex dis-
eases, those of psychiatric illness face numerous challenges.
Common challenges include large samples required in gene-
by-environment studies, and even larger sample size require-
ments in GWAS studies as a result of multiple comparisons;
limited interpretations of variants in risk loci identified in
GWAS studies; and exposure measurement across time and
place [7]. In gene-by-environment studies in psychiatry, mea-
surement of complex exposures, such as stress and adversity,
deserves further comparison across studies.

While gene-by-environment research in psychiatry has come
a long way, many questions remain unanswered. This review
summarizes the last nearly given years of gene-by-environment
interaction research, with a focus on major depressive disorder,
anxiety disorder, schizophrenia, attention deficit hyperactivity
disorder (ADHD), autism spectrum disorder (ASD), bipolar
disorder, substance use disorder, and suicide.

Methods

This scoping review sought to rapidly identify key concepts and
current evidence on gene-environment interactions in psychia-
try. In keeping with the scoping review process [8], we defined
a research question (What is known in the literature from the
past five years about the role of gene-environment interactions
in major depressive disorder, anxiety disorder, schizophrenia,
attention deficit hyperactivity disorder, autism spectrum disor-
der, bipolar disorder, substance use disorder, and suicide?),
identified and selected relevant studies, charted the data, and
summarized the results. The mental disorders reviewed span
common disorders and severe mental illness and were selected
through a consensus process among authors.

A systematic search of the literature from January 1, 2014
through November 1, 2018 was carried out in PubMed sepa-
rately for each mental disorder. Searches included gene-by-
environment interaction terms: gene by environment interaction
OR gene environment interaction OR gene X environment.
Terms for mental disorders were major depressive disorder
OR depression OR MDD, anxiety disorder OR anxiety, schizo-
phrenia, attention deficit hyperactivity disorder OR attention
deficit disorder OR ADHD, autism OR autism spectrum disor-
der OR ASD, bipolar disorder OR bipolar, substance use dis-
order AND alcohol use disorder OR drug use disorder, suicide
OR suicidality OR suicidal. Records were screened and rele-
vant records retained initially on the basis of their titles and then
based on their abstracts and full-texts. After a full-text review,
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studies were included if they were original research (i.e., not a
review) and utilized molecular genetics methodology (i.e., not
twin studies). Information from the retained full texts was
charted and summarized by mental disorder. Of particular in-
terest for this review were the genetic data explored and the
environmental exposure of interest.

Results

Searches resulted in 184 records for major depressive disorder
(60 screened in), 173 records for anxiety disorder (31 screened
in), 78 records for schizophrenia (11 screened in), 86 records
for attention deficit hyperactivity disorder (35 screened in), 58
records for autism spectrum disorder (6 screened in), 36¢ re-
cords for bipolar disorder (9 screened in), 7 records for sub-
stance use disorders (4 screened in), and 11 records for suicide
(4 screened in). Summaries of results for each mental disorder
are described below.

Major Depressive Disorder

Major depressive disorder (MDD) is a mood disorder charac-
terized by persistent feelings of sadness and loss of interest.
Individuals also frequently report somatic symptoms, sleep
problems, and difficulty concentrating. MDD was the focus
of the seminal paper by Caspi and colleagues (2003) who
demonstrated a significant gene-by-environment interaction,
sparking further research on candidate genes and stressful life
events in relation to MDD [1]. Results from this study showed
that individuals carrying the short allele (either one or two
copies) of the serotonin transporter gene had greater depres-
sive symptoms and were more likely to have an MDD diag-
nosis when exposed to life stress as compared to individuals
homozygous for the long allele. Researchers have focused on
extending and replicating these findings, and in the last
4 years, this scoping review identified 56 studies that have
studied gene-by-environment interactions with MDD.

A majority of the papers included in this review focused on
the same environmental exposure as Caspi and colleagues
(2003), with 21 papers focused on stressful life events or stress
in general, and 17 focused on trauma exposure such as child
maltreatment [1]. Other research (15 papers) has focused on
other psychosocial factors such as familial support, parenting
behaviors, and peer relationships. All of the studies identified
in this scoping review focused on environmental exposures
that have previously been associated with risk for MDD diag-
nosis or more severe depressive symptomatology.

Similarly, many of the studies included in this review fo-
cused on the same genetic exposure as Caspi and colleagues
(2003), with 21 exploring serotonin related genes including
the commonly studied serotonin transporter polymorphism
[1]. Unlike many of the other psychiatric disorders explored,
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a greater percentage of the studies included in the review
focused on polygenic approaches (8 studies) [9—16] and poly-
genic risk scores (3 studies) [17—19]. The other common can-
didate genes explored in these studies were the brain-derived
neurotrophic factor (BDNF) gene, dopamine-related genes
such as DRD4 and DATI, and tryptophan hydroxylase 2
(TPH2) gene. Many of the included studies used the stress-
diathesis model or the differential susceptibility framework.
For example, Aslund and colleagues (2018) examined an in-
teraction between the serotonin transporter polymorphism and
the family environment (both positive and negative) [20].
Results did not strongly support the differential susceptibility
hypothesis; the authors suggest that prior work with this gene
that supports this hypothesis is due to measuring and control-
ling for positive environmental factors not often included in
gene-by-environment interaction models. Conversely, Dalton
and colleagues (2014) found support for the differential sus-
ceptibility framework such that particular plasticity gene ge-
notypes were associated with more or less symptoms depend-
ing on positive or negative family environment [21]. Several
meta-analyses have also been done related to the serotonin
transporter polymorphism and stress. In one meta-analysis
that included 14 studies, the interaction between the genetic
polymorphism and stressful life events was non-significant
[22]. A later meta-analysis, which included 54 studies, found
a significant GXE effect [23].

Anxiety Disorders

This scoping reviewed covered social anxiety disorders, gen-
eralized anxiety disorder, and anxiety symptomatology de-
scribed in 29 studies on gene-environment interactions and
anxiety disorders published within the last 4.5 years. A vast
majority of the studies focused on stressful life events [24-27,
28, 29-34], childhood trauma [35, 36¢¢, 37-42], and child-
hood adversity [43]. No studies explored environmental toxi-
cants, but several focused on psychosocial factors such as
parenting and family context [44—48, 49+, 50]. A majority of
the studies found evidence for gene-by-environment interac-
tions, particularly in relation to stressful life events, trauma
exposure, and maltreatment. One study, however, presented
a null finding. Musci and colleagues (2016) found no evi-
dence of a significant gene-by-environment interaction with
apolygenic score and life stress variable (death or divorce of a
caregiver) [28e].

A vast majority of the included studies utilized a candidate
gene approach, with no single gene or gene pathway identified
as most important in terms of genes explored. The two most
common genes included serotonin-related genes [25, 29, 36ee,
37,42, 49+, 51] and variants within the BDNF gene [24, 36e,
39, 44, 48, 52]. These particular genes have been linked to
other psychiatric symptoms and disorders, including major
depressive disorder and ADHD. Results from these studies

suggest that individuals with genetic susceptibility are more
likely to be impacted environmental exposures including
stressful life events and childhood trauma. Only one study
focused on testing a differential susceptibility approach, ex-
amining both positive and negative environmental exposures,
and found significant support for the BDNF gene acting as a
susceptibility gene such that exposure to positive environ-
ments was beneficial and exposure to negative environments
was detrimental for a particular genotype [24].

Schizophrenia

Schizophrenia is considered a serious mental disorder, and
prior research has demonstrated not only strong genetic un-
derpinnings but significant gene-by-environment interplay
[53]. In a review of the past 4.5 years of literature, we found
11 studies that explored gene-by-environment interactions.
Many of the included studies focused on stressful life events
[54, 55] and adversity [56-58]. Others focused on cannabis
use [59, 60] and prenatal or perinatal exposures [61-63].
Many found significant main effects for these key environ-
mental risk factors, wherein exposure to stressful life events
significantly increase risk for first episode psychosis, auditory
hallucinations, and diagnosis of schizophrenia.

Among the 11 studies reviewed, many took a genome-wide
or polygenic approach. For example, French and colleagues
(2015) used a polygenic risk score, created with SNPs that
have enriched risk for schizophrenia in large genome-wide
association studies [60]. This type of genetic risk score was
also used in two of other studies [58, 61]. Other studies fo-
cused more on candidate gene or candidate pathway ap-
proaches [55-57, 59, 62, 64]. Other works by Condre and
colleagues have explored the role of living in urban and pop-
ulated areas in schizophrenia risk and how genetics may in-
teract [65]. This work, however, is complicated because it
explores both gene environment interaction and gene environ-
ment correlation, which certainly could be the focus of an
entirely different review. While there has been some research
demonstrating that significant gene-by-environment interac-
tions increase the risk for schizophrenia, a majority of molec-
ular genetics studies have indicated that polygenic approaches
are likely the best methodological option for understanding
how genetics may increase one’s susceptibility to environ-
mental risk factors for schizophrenia.

Attention Deficit Hyperactivity Disorder

Attention deficit hyperactivity disorder (ADHD) is a psychiatric
disorder characterized by persistent inattention, hyperactivity,
and frequently high levels of impulsivity. A prior review of
gene-by-environment interactions in relation to ADHD de-
scribed how psychosocial factors are likely to interact with
genotype to increase the risk for ADHD [66]. A review of the

@ Springer



81 Page 4 of 10

Curr Psychiatry Rep (2019) 21: 81

last 4.5 years of the literature included 34 studies that focused
on ADHD diagnosis and related symptoms. A majority of stud-
ies focused their environmental exposure on related to psycho-
social [67—77], stress and adversity [27, 75, 77-84], and
trauma-related exposures [85]. Very few focused on toxicant
exposure such as blood lead levels [86, 87¢, 88], phthalate
metabolites [89], and organophosphate pesticide exposure [90].

All of the included ADHD-related papers focused on can-
didate genes or candidate systems. For example, Tung and
colleagues (2017) focused on SNPs within a number of dopa-
minergic genes [91]. A majority of the studies, however, in-
cluded SNPs within the serotonin transporter gene as part of
their gene-by-environment interaction [67, 68, 72—74, 76,
79-82, 84-86, 87, 90, 92-95]. Like the previously discussed
psychiatric disorders, it seems likely that multiple genetic
pathways play a role in increasing risk and susceptibility for
diagnosis or more severe symptoms. A majority of included
studies found significant gene-by-environment interactions
wherein individuals with a particular genotype was found to
be more susceptible to environmental adversity of any sort
such that exposure will lead to increased ADHD
symptomatology.

Autism Spectrum Disorder

Autism spectrum disorder (ASD) is characterized by deficits
in social interaction and communication, often accompanied
by repetitive behaviors. The heritability of ASD is approxi-
mately 50%, with a sibling recurrence risk of over 18% (sub-
stantially greater than general population risk) [96, 97]. While
genetic studies of ASD are numerous, there have been far
fewer investigations in GXE effects. We found six studies that
have jointly quantified the effects of genes and environment in
ASD. Three have used copy number burden to summarize
genetic risk, analyzed jointly with maternal infection during
pregnancy, first trimester ultrasound, and air pollution expo-
sure, respectively [98—100]. Two have evaluated specific
functional polymorphisms with environmental factors: one
carbon metabolism gene with prenatal vitamin use [101] and
MET receptor tyrosine kinase gene variants with prenatal air
pollution [102]. The most recent gene-environment (GXE) re-
port examined maternal prenatal antidepressant use with likely
gene disrupting (LGD) mutations (from Simons Simplex
Collection (SSC) exome sequencing data) on ASD severity
[103]. All of these found increased genetic risk among those
with the prenatal risk factor [103].

Bipolar Disorder
Bipolar disorder is a psychiatric condition characterized by
unusual shifts in mood. While many heritability studies utiliz-

ing twin samples have reported estimates well over 50%, the
literature potentially suggests that gene-by-environmental
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interactions may underlie mechanisms through which individ-
uals develop bipolar disorder. After a review of the literature,
we found nine studies that explored gene-by-environment in-
teractions predicting risk for bipolar disorder, psychosis, and
age of onset of bipolar disorder. Similar to the review of gene-
by-environment interactions in relation to anxiety-related out-
comes, we found that a majority of the studies on bipolar
disorder focused on environmental exposures of stressful life
events [104—-106] and trauma [107, 108+, 109]. Other expo-
sures included psychosocial factors and birth complications
[110], smoking [111], and infectious disease [106].

While a majority of the studies reviewed focused on candi-
date genes, several expanded their genetic variation of interest
to include genome-wide associations [104] and genetic path-
way analyses [108¢]. Candidate genes explored include the
catechol-O-methyltransferase (COMT) gene [105, 110] and
the toll-like receptor 2 (TLR2) gene [106, 112] among others.
A majority of these studies utilized a case-control design and
the stress-diathesis framework to explore potential gene-by-
environment interactions. No study included utilized or tested
SNPs found to be significantly related to bipolar disorder in
studies done by the Psychiatric Genetics Consortium.

Substance Use Disorder

Substance use disorders refer to recurrent use of alcohol or
drugs that results in clinical and functional impairments, in-
cluding impaired control, social impairment, risky use, and
pharmacological metrics [113]. Common substance use disor-
ders include alcohol, tobacco, cannabis, stimulant, hallucino-
gen, and opioid use disorders. Research has identified a gen-
eralized genetic vulnerability for substance use disorders (pre-
viously referred to as alcohol and drug dependence using
DSM 1V criteria) with heritability estimates of 30—-60% in
addition to evidence of contributing environmental factors
[113]. Our review identified four studies exploring gene-
environment interactions in the past 5 years. A study examin-
ing trauma exposure and dependence on alcohol, nicotine,
cocaine, cannabis, and other illicit drugs using self-reported
symptoms of alcohol and drug dependence according to DSM
IV criteria found shared additive effects for both interpersonal
trauma and drug dependence suggesting that common SNPs
may underlie a genetic tendency toward both trauma and sub-
stance use disorders [113]. A shared genetic liability between
first use of tobacco, alcohol, and cannabis and later substance
use disorder was also identified in a twin study [114]. Gene-
by-environment genome-wide interaction studies have identi-
fied S100A10 and S100B as significant risk loci for cannabis
use and risky sexual behavior and LHPP as a risk locus for
alcohol dependence and risky sexual behavior [115, 116]. The
role of gender and ancestry in substance use and risky sexual
behavior has also been explored, suggesting potentially differ-
ent risk loci and mechanisms [115]. A previous systematic
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review that examined gene-by-environment interactions and
substance use disorders found that studies on gene-by-
environment interactions in alcohol use disorder largely ex-
amined genes thought to modulate functioning of the HPA
axis and genes with a glucocorticoid response element in a
promoter region, and relative to alcohol use, the authors noted
a paucity of studies examining nicotine, cannabis, and opioid
use disorders [117]. This systematic review found a number of
environmental factors and community characteristics that
were associated with the influence of genetics on alcohol use
(i.e., urban, higher levels of migration, higher proportion of
older adolescents and young adults).

Suicide

Suicidal ideation refers to thoughts or plans to end
one’s own life. Suicidal behavior refers to self-
injurious behavior, including suicide attempts. This re-
view identified four studies exploring gene-environment
interactions in relation to suicide over the past 5 years.
Findings from a Danish sample of adoptees and their
siblings found that the rate of suicidal behavior was
three times higher among biological siblings of adoptee
suicide attempters relative to siblings of adoptees who
had not attempted suicide [118]. These findings and
other similar findings point to a genetic basis for sui-
cidal behavior. Early life adversity may increase the risk
of suicide through epigenetic modulation of HPA axis
functioning [119, 120]. The interaction between genes
SKA2, cRHBP, FKBP5, and childhood trauma, such as
child abuse, has been identified as a potential predictor
of suicidal behavior later in life. Though, replication of
these gene-by-environment interacts have been limited.
Similar to findings from the literature on gene-
environment interactions and depression, gene polymor-
phisms associated with serotonergic functioning, such as
5-HTTLPR, may serve as effect measure modifiers of
the association between early childhood adversity and
suicidal behavior [119, 121]. Preliminary evidence from
another study among an inpatient sample of adolescents
has shown that DRD4L, a genetic polymorphism asso-
ciated with the dopaminergic system, may moderate the
association between experiences of sexual trauma and
suicidal ideation and behavior [122]. Using a stress-
diathesis framework, a review by Brodsky and col-
leagues described how early life events and suicidal
behavior are thought to be mediated by genetic risk
[119]. The updated framework presented points to the
potential role of epigenetics where early childhood ad-
versity may inform genetic polymorphisms that modify
neurological expression, impacting trait development
and increasing the diathesis for suicide risk.

Conclusions

This scoping review charted the current state of the sci-
ence in relation to gene-by-environment interactions in
psychiatry research. This field of research has been under-
way for almost two decades and many questions remain.
Nonetheless, the set of studies presented here suggest that
there is evidence that genetics interact with environments
and that this interaction plays a role in the diagnosis and
(perhaps less so) severity of many psychiatric disorders.
Through this scoping review, we have identified a few
areas that warrant attention in future gene-by-
environment interaction studies.

The first area is one closely related to gene-by-
environment interaction analyses, and that is gene envi-
ronment correlation (rGE). Gene environment correlation
occurs when an individual’s genetic makeup influences
(or is correlated with) a particular environmental expo-
sure. In this area, researchers focus on passive, evoca-
tive, and active correlation, but many studies included
in our scoping review did not explicitly test or control
for rGE. This is clearly a gap in the area of gene-by-
environment interaction research in psychiatry and
should be explored further.

The most common environmental exposure explored in the
included studies was stressful life events, or factors related to
adversity. While intuitively we know that exposure to stressful
life events increases risk for psychiatric disorders in general,
more research is needed to explore risk and resilience in rela-
tion to this exposure to stressful life events. What makes an
individual more susceptible to the influence of a particular
environment could be a result of genetic effects or candidate
genes. There are, however, other contextual factors that could
play an important role in gene-by-environment interaction
studies and therefore researchers may want to expand their list
of environmental factors beyond those most commonly ex-
plored in the field.

A majority of the studies explored in this scoping review
focused entirely on candidate gene polymorphisms. Early mo-
lecular genetics research was focused on single-gene-
phenotype associations under the one-gene one-disease mod-
el. This approach was successful at identifying genetic liabil-
ity for single-gene disorders governed by Mendelian inheri-
tance. However, many would argue that psychiatric disorders,
in particular, are more complex with multiple genes underly-
ing them. While single-gene—candidate—approaches can be
useful for identifying probable mechanisms, researchers also
must consider the various benefits of polygenic approaches. In
general, the field of molecular genetics has moved past simple
candidate gene studies, but we as researchers would be remiss
to completely discount the findings. Instead, the field of re-
search should focus on strengthening methodology and em-
phasizing replication of findings.
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The GWAS results from the Psychiatric Genetics
Consortium (PGC) represent one potential source for future
research using a polygenic approach. The PGC, led by top
psychiatric genetics researchers, have completed a number
of large-scale GWA studies within and across all of the psy-
chiatric disorders explored in this review [123]. Despite that,
very few of the included studies utilized results from the PGC
GWA studies to create a polygenic risk score for a particular
disorder. As a field, if we understand the complexity of these
psychiatric disorders and their biological mechanisms, then
we must move away from candidate gene approaches that
ignore this complexity.

Relatedly, many of the candidate genes explored in
these studies were explored across disorder. For exam-
ple, the serotonin transporter gene polymorphism was
examined within multiple psychiatric disorders including
in this review. This may suggest a common biological
mechanism related to all psychiatric disorders. This may
also suggest that there are general mental health poly-
morphisms that confer risk for more than one type of
mental illness. Further, the PCGs have explored a cross
disorder GWAS and developed a cross disorder poly-
genic risk score [123]. These polygenic approaches lend
support to the idea that individuals may be genetically
susceptible to psychiatric disorders in general. Future
research should focus on this potential cross disorder
approach, particularly given high rates of comorbidity
among many psychiatric disorders.

One of the key findings of this scoping review was evi-
dence of publication bias in the past 4.5 years of gene-by-
environment research, a concept gaining attention across
psychiatry research. A majority of the studies included in
our review published statistically significant interaction ef-
fects, even in the presence of non-significant main effects.
To combat publication bias, we must move toward a focus
on reproducible science wherein researchers are completely
transparent in their data and analytic models, journals are
willing to publish papers with null findings, and where ad-
equately powered replication studies are valued. Along with
these key elements of reproducible research, gene-by-
environment interaction researchers in particular should fo-
cus on identifying causal mechanisms through which genes
interact with the environment to increase risk for or severity
of mental health outcomes.
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