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Keywords: Serotonin-linked genetic risk and stressful life event (SLE) interaction research has been criticized for using single

Multilocus genetic profile score genetic variants with inconsistent replicability. A recent study showed that a multilocus genetic profile score

Serotonin (MGPS) capturing additive risk from five serotonin-linked polymorphisms moderated the association between

gene'e““’ironmem interaction major interpersonal SLEs and depression, but no subsequent replication attempts have been reported. Moreover,
epression

major interpersonal SLEs have been suggested as “candidate environments” for this MGPS, but it has never been
demonstrated that gene-environment interactions (G x Es) for major interpersonal SLEs are significantly stronger
than for other contexts. Adolescents (N = 241) completed contextual-threat life stress interviews and clinical in-
terviews assessing depressive symptoms, and provided DNA. MGPS intensified the major interpersonal stress-
depression association; the interaction accounted for 4% of depressive symptom variance. Genetic moderation was
statistically unique to major interpersonal stress versus other environments. Extending previous findings, results

Interpersonal stress

support an MGPS approach and underscore the cruciality of the G x E candidate environment.

1. Introduction

Stressful life events (SLEs) are a crucial etiological factor in de-
pression, but there is substantial heterogeneity in the stress-depression
association. Genetic variation likely influences who is vulnerable to
stress, and who is resilient. Caspi and colleagues’ (2003) watershed
finding that a polymorphism in the promoter region of the serotonin
transporter gene (5-HTTLPR) moderates the impact of SLEs on de-
pression inspired a wave of studies examining gene-environment in-
teractions (G X Es), many focusing on 5-HTTLPR. Although supported
in some well-conducted studies and two meta-analyses (Bleys et al.,
2018; Karg et al., 2011), the flood of 5-HTTLPR G X E studies (which
varied in phenotypic measure quality) brought with it concerns about
replicability and small effect sizes. After publication of non-supportive
(albeit arguably selective) meta-analyses (e.g., Culverhouse et al., 2017;
Risch et al., 2009) and critiques (e.g., Dick et al., 2015; Duncan and
Keller, 2011), many journals adopted rigid editorial policies and
agencies directed funding away from candidate gene research. Within
15 years, 5-HTTLPR G X E research went from inception to crescendo
to near-extinction.

Never disputed, however, was the likelihood that genetic variation
meaningfully contributes to SLE vulnerability at a conceptual level.
However, the nature of genetic risk for depression is likely largely ad-
ditive, with many genes making small contributions (Cross-Disorder
Group of the Psychiatric Genomics Consortium, 2013; Sullivan et al.,
2012). Single-polymorphism G X E designs may produce unreliable
findings because they fail to capture additive risk, as each variant
contributes a very small effect. Recently, researchers have begun to
devise multilocus genetic profile scores (MGPSs), which comprise summed
risk alleles from multiple single nucleotide polymorphisms (SNPs) on
genes contributing to biological systems relevant to outcomes of in-
terest. Separate MGPSs have been developed to capture genetic risk for
multiple biological systems (Nikolova et al., 2011; Pagliaccio et al.,
2014), and have demonstrated G X E effect sizes outsizing those in
single-variant studies (e.g., Starr and Huang, in press). For example
(Vrshek-Schallhorn et al., 2015b), devised a five-SNP MGPS capturing
serotonergic genetic variation, and showed that it interacted with major
interpersonal SLEs to predict depression in emerging adults, and with
interpersonal SLEs in a replication sample of early adolescents. None of
the individual SNPs significantly moderated SLE impact yet all
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produced individual GXE effect sizes in the predicted direction, sug-
gesting the G X E was indeed driven by additive genetic variance. This
study suggested that the moderation of emotional consequences of SLEs
by serotonergic genetic variation goes beyond 5-HTTLPR and provided
a framework for studying dimensionally distributed serotonin-linked
genetic risk.

However, two important questions remain unaddressed. First,
Vrshek-Schalhorn et al.‘s (2015b) findings have yet to be replicated
(although the original manuscript provided an independent replica-
tion). Replication is increasingly recognized as paramount, both in
genetics and in psychological science as a whole. Therefore, here we
sought to replicate the G x E finding that serotonergic MGPS moderates
the association between major interpersonal stress and depressive
symptoms.

Second, the uniqueness of the “candidate environment” for this
G x E needs explicit testing. Although work has focused on identifying
specific candidate genes, perhaps equally important is the specification
of environmental contexts that interact with genetic risk. Research in-
dicates that severe or major events (those with moderate to major long-
term contextual threat) are more etiologically relevant to depression,
while minor events (SLEs with lower long-term contextual threat) rarely
predict depression (Vrshek-Schallhorn et al., 2015a). Further, theory
and evidence implicate interpersonal SLEs in depression over and above
non-interpersonal SLEs (Brown et al., 1987; Hammen, 2005; Sheets and
Craighead, 2014; Stroud et al., 2011; Vrshek-Schallhorn et al., 2015a),
consistent with theoretical models positing an inextricable link between
interpersonal functioning and depression (Hames et al., 2013; e.g., Starr
and Davila, 2008). Previous research has proposed major interpersonal
SLEs as a particularly robust “candidate environment” for serotonergic
GxEs; in one study, 5-HTTLPR genotype predicted depression onset
significantly more robustly following major interpersonal SLEs than
major non-interpersonal SLEs in months with a major event (Vrshek-
Schallhorn et al., 2014). Based on this evidence, the first demonstration
of the serotonergic MGPS tested GxE effects with major interpersonal
SLEs (Vrshek-Schallhorn et al., 2015b). However, the statistical speci-
ficity of the MGPS GxE with major interpersonal SLEs was not tested
because GxE effects with major non-interpersonal and minor events
were not examined.

The present study sought to replicate and extend findings of a ser-
otonergic MGPS and SLE GxE effect on depressive symptoms in 241
community-dwelling adolescents (an age group at high developmental
risk for first onset of depression and increased interpersonal stress;
Avenevoli et al., 2015; Rudolph, 2002). We examine depression con-
tinuously (incorporating subthreshold episodes) as this arguably maps
more closely with genetic risk (Korszun et al., 2004), and because
subsyndromal depressive symptoms in adolescents are crucial pre-
dictors of later threshold-level episodes and long-term disruptions in
functioning (e.g., Klein et al., 2009). We hypothesized that higher
MGPSs would strengthen associations between major interpersonal
SLEs and depressive symptoms, and that interpersonal SLEs would
produce significantly greater GxE effects than other SLEs, including
major non-interpersonal, minor interpersonal, and minor non-inter-
personal SLEs.

2. Method
2.1. Participants and procedure

Participants were 241 adolescents (Mg = 15.90 years, SD = 1.09;
54% female') ranging from 14 to 17 years, recruited from a mid-sized
metropolitan area using multiple methods (e.g., commercial mailing

! Three adolescents reported non-binary gender (e.g., gender fluid). Because
of the potential relevance of sex hormones to genetic expression, we use bio-
logical sex as a covariate rather than socially-constructed gender.
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list, public flyers, online ads; see Starr et al., 2017). Exclusion criteria
included prior participation of household members; English impair-
ments; and bipolar, psychotic, or pervasive developmental disorders, or
major physical or neurological disorders. Adolescents self-identified as:
73.9% White, 12.2% Black, 4.1% Asian, 7.1% Multiracial, 2.1% other
or no race reported, and 0.4% Native American; of these, 9.1% iden-
tified as Hispanic/Latino. Participants and a primary caregiver attended
a lab session; participants provided consent/assent and adolescents
completed interviews and questionnaires, and provided saliva samples
for genotyping. Families were paid $160 and entered into raffles. Pro-
cedures were approved by the University of Rochester Research Sub-
jects Review Board (#RSRB00053831).

2.2. Measures

SLEs. The UCLA Life Stress Interview (LSI; Hammen, 1991) assessed
SLEs over the past year. For each SLE, trained interviewers elicited
information regarding the context, duration, prior experiences, and
available resources, and prepared narratives (excluding adolescents’
subjective responses). Diagnosis-blind trained coding teams rated the
long-term contextual threat of each SLE on a 1 (no negative impact) to 5
(extremely severe impact) scale (half-points permitted). Each event was
also team-rated as predominantly interpersonal (in nature and/or
consequence, including social rejection or disapproval, relationship
loss, and/or other disruptions to interpersonal relationships [e.g., peer
conflicts, break-ups, parental divorce]), or non-interpersonal (all other
events); 65% of events were interpersonal. Ratings were based on
specific circumstances; for example, unexpected deaths of close care-
givers would be rated as more severe than expected deaths of distant
relatives. Independent coding teams rated a subset of events, with ex-
cellent reliability (ICC = 0.87). Events rated =3.0 were classified as
major (13% of events) and events rated 1.5-2.5 were classified as minor
(Stroud et al., 2011). The impact ratings across all major interpersonal
events (27% reported =1 event), major non-interpersonal (7% reported
=1 event), minor interpersonal (74% reported =1 event), and minor
non-interpersonal (56% reported =1 event) were summed within ca-
tegory for analyses. The relatively low rates of major non-interpersonal
events (although consistent with the literature; Monroe and Harkness,
2005) should be taken under consideration. However, using a more
liberal major event severity cut-off of =2.5 (i.e., increasing percentage
of events classified as major) produced comparable results (both cut-
offs have precedence in prior research; Slavich et al., 2014; Stroud
et al., 2011).

Depressive Symptoms. The Schedule for Affective Disorders and
Schizophrenia for School-Aged Children—Present and Lifetime
(KSADS-PL; Kaufman et al., 1997) captured symptoms of major de-
pression and dysthymia. A dimensional scale was used to assess se-
verity: 0 = no clinically significant symptoms, 1 = clinically significant
mild symptoms, 2 = moderate, subthreshold symptoms, 3 = DSM-IV
criteria met, 4 = DSM-IV criteria met with high severity/impairment
(e.g., Rao et al., 2000; Starr et al., 2012a). Ratings for current (past
month) dysthymia and major depression were collapsed, forming an
overall current depressive symptoms score. Interrater reliability based
on blind recoding of 20% of audio-recordings was perfect (ICC = 1.0).

Pubertal Maturation. The mean of the 5-item (two sex-specific)
Pubertal Development Scale (PDS; Petersen et al., 1988) was used as an
a priori covariate (as puberty appears to moderate both genetic and
environmental influences on depression; Silberg et al., 1999).

2.3. Genotyping and MGPS calculation

Adolescents provided saliva samples using DNA Genotek (Ontario,
Canada) kits. Samples were genotyped by the University of Wisconsin-
Madison Biotechnology Center. DNA concentration was detected and
quantified using the Quant-iT™ PicoGreen" dsDNA kit (Life
Technologies, Grand Island, NY); extraction followed standard salting-
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out procedures. Genotyping used KBiosciences’ competitive allele spe-
cific PCR SNP genotyping assay based on dual FRET (KASPar); assays
were amplified with the Eppendorf Mastercycler pro 384 thermal cycler
using allele-specific primers. The Synergy 2 (BioTek") plate reader and
Gen 5™ software were used to analyze end-point fluorescence signal.

In the original report (Vrshek-Schallhorn et al., 2015b), construc-
tion of the MGPS occurred in two steps: selection based primarily on
functionality (i.e., biological impact), and separately, coding of risk
direction. First, the 5-SNP MGPS includes four SNPs located on or near
four serotonergic genes (HTR1A, HTR2A, HTR2C, and two in TPH2);
one TPH2 variant was non-functional and was indicated by a meta-
analysis. Second, because there is considerable debate whether low or
high serotonergic functioning is linked to depressive mood (e.g.,
Andrews et al., 2015), risk direction was instead coded based effect
sizes of these variants with depression and related outcomes (e.g.,
suicide, stress-responding), in studies (e.g., Gao et al., 2012; Lemonde
et al., 2003; Li et al., 2006). The final MPGS included HTR1A rs6295 G-
allele in forward coding direction, HTR2A rs6314 C-allele, HTR2C
rs6318 C-allele, TPH2 rs11178997 T-allele and rs4570625 G-allele (the
meta-analytic SNP).

In this study, MGPS was coded precisely following Vrshek-
Schallhorn et al. (2015b) procedures, with no deviations. SNPs were
coded based on the number of risk alleles (0-2), except for rs6318
which is X-linked (coded as C-allele presence [1] or absence [0]). Scores
were summed to create an additive index reflecting number of risk al-
leles (possible range 0-9, sample range 2-9). We permitted missing data
for one SNP (20%), rescaling the MGPS using available data (no par-
ticipants were missing > 1 SNP). All SNPs were in Hardy-Weinberg
equilibrium.

2.4. Data analytic approach

All G x Es were tested in separate models using the SPSS PROCESS
macro (Hayes, 2013). Models predicted depressive symptoms, and in-
itial “minimal” models included sex, pubertal maturation, age, and
White race as covariates; the main effects of stress and MGPS; and the
Stress X MGPS interactions. For additional tests for robustness, addi-
tional “robust” models were tested that included interactive effects
between the environmental variable, MGPS, and each of the four cov-
ariates (e.g., MGPS x Sex; Stress x Sex, etc., see Keller, 2014). We then
conducted Cook's Distance Tests with robust models to ensure that re-
sults were not explained by multivariate outliers (using a critical
threshold of 1.0); no problems were identified. Significant interactions
were decomposed at M + 1 SD (or at the lowest possible value if M-1 SD
was out-of-range), and Johnson-Neyman tests (JNT) identified regions
of significance. To further test robustness, significant interactions were
re-run controlling for quadratic terms for genetic and environmental
components (Dick et al., 2015). To reduce Type I error risk, False Dis-
covery Rate (FDR) corrections were applied to interactions following
Benjamini and Hochberg's (1995) procedures (4 tests, Benjamini-
Hochberg p < .05 were considered significant). Deviance tests eval-
uated whether GxE effect sizes significantly differed from each other, by
comparing constrained and unconstrained models with an incremental
F test. Significant interactions were also probed with sensitivity tests to
gauge direction and magnitude of individual SNP GxE effects and to
rule out that one SNP drove effects (Vrshek-Schallhorn et al., 2015b): In
individual variant analyses, significant G X E effects were rerun with
individual variants in place of the MGPS, and in n-1 analyses, sig-
nificant G X E effects were rerun with five 4-variant MGPS missing one
variant in turn.

3. Results
3.1. Preliminary analyses

Main Effects and Gene-Environment Correlations. See Table 1
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Table 1
Bivariate correlations among study variables and descriptive statistics.
1. 2. 3. 4. 5. 6.
1. MGPS -
2. Depressive Symptom Rating .01 -
3. Interpersonal Major SLE Severity .07 33FFE —
4. Non-Interpersonal Major SLE .00 .06 .03 -
Severity
5. Interpersonal Minor SLE Severity A3% . 14% .14 .04 -
6. Non-Interpersonal Minor SLE .09 .07 .10 A3 .04 -
Severity
M 6.45 0.29 092 0.29 319 176
SD 1.34 0.79 1.97 1.20 294 207
Sample Minimum 2 0 00 00 00 0.0
Sample Maximum 9 4 12.0 11.0 145 105

*p < .05, ***p < .001.
Notes. N = 241. MGPS = multilocus genetic profile score.
event.

SLE = stressful life

for intercorrelations and descriptive statistics. There was no main effect
of MGPS on depressive symptoms. Symptoms were significantly corre-
lated with both major and minor interpersonal stress, but not with
major or minor non-interpersonal stress. Although major and minor
SLEs were significantly correlated within interpersonal and non-inter-
personal categories, interpersonal major and minor SLEs were not sig-
nificantly correlated with non-interpersonal major and minor SLEs,
suggesting that interpersonal and non-interpersonal stressors represent
orthogonal candidate environments. Interestingly, the gene-environ-
ment correlation between MGPS and minor interpersonal stress was
significant (but modest).

Tests of Racial Effects. To ensure that results were not influenced
by population stratification (i.e., differences in allele distributions
across racial groups that coincidentally correlate with racial differences
in variables of interest), we examined whether MGPS was associated
with race. Adolescents reporting European ancestry (the largest racial
subgroup) did not differ from non-Whites on MGPS (¢t (64.58) = —0.27,
p = .789). Moreover, we found no racial differences in the candidate
environments, with the exception of non-interpersonal minor stress,
which was higher among non-White participants (¢t (60.45) = 2.45,
p = .017). Race did not moderate the association between MPGS and
depressive symptoms (p > .05), nor did it moderate the associations
between any of the tested candidate environments and depressive
symptoms (all ps > .05). Based on these results, we conducted primary
analyses in the full sample for maximal power, but then replicated all
results in the White subsample.

3.2. Gene-environment interactions

Test of Hypothesized G x E: MGPS X Major Interpersonal
Stress. Supporting hypotheses, MGPS significantly moderated the
major interpersonal stress-depressive symptoms association (see

Table 2

Full model results for moderation of association between major interpersonal
and non-interpersonal stressful life event (SLE) severity and depressive symp-
toms by serotonergic multilocus genetic profile score (MGPS).

B b SE p 95% CI
Intercept 17 .75 .818 [-1.30,
1.65]
MGPS -.04 -02 .04 .517 [-.09, .05]
Major Interpersonal SLE Severity .24 .10 .03 <.001 [.05,.15]
MGPS x Major Interpersonal SLE .22 .06 .02 <.001 [.03,.10]

Severity

Notes. N = 241. Race, age, pubertal development, and sex were included as
covariates.
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Fig. 1. Depressive symptoms as a function of major interpersonal episodic stress at low, mean, and high levels of serotonergic multilocus genetic profile score

(MGPS).

Table 2), p < .001, FDR-corrected p = .002 (interaction accounted for
4% of variance). Major interpersonal stress was associated with de-
pressive symptoms at high MGPS, b = 0.18, SE = 0.03, p < .001, but
not at low MGPS, b = 0.01, SE = 0.04, p = .770 (Fig. 1). JNT revealed
that major interpersonal stress was significantly associated with de-
pressive symptoms when MGPS =5.87 (76% of sample); moreover, for
adolescents with MGPS<2.16, major interpersonal stress was sig-
nificantly negatively associated with symptoms, although this result
should be interpreted with caution as it applied to < 1% of the sample.
As an alternative decomposition, the effect of MGPS varied as a function
of major interpersonal stress, so that MGPS predicted higher depressive
symptoms at higher stress levels (b = 0.10, SE = 0.05, p = .031) but
marginally lower symptoms in the absence of such stress (b = —0.08,
SE = 0.04, p = .052). In “robust” models with all interactive covariates,
results were essentially unchanged, with a significant interaction be-
tween MGPS and major interpersonal stressors, B = 0.21, p = .003, and
the same decomposition pattern.

Tests of Non-Hypothesized G X Es. In the initial “minimal”
model, the interaction between major non-interpersonal stress and
MGPS was significant, but in the complete opposite direction as for
major interpersonal stress, [} = —0.17, p =.009, FDR-corrected
p = .018 (i.e.,, major non-interpersonal events predicted depressive
symptoms at low, but not high, MGPS). However, in the “robust” model
that contained interactive covariates, the interaction was no longer
significant, B = —0.13, p = .221, suggesting the unanticipated results
may have been a consequence of clustering of covariate variables with
stress and MGPS variables. Given the non-hypothesized nature of this
effect and its non-replication under the robust model, we discourage
readers from interpreting the significant of the initial model. To confirm
that the major non-interpersonal and interpersonal SLE G x E effects
differed significantly, we performed deviance tests, and given the dif-
ference in results, to be conservative, we utilized results from both the
minimal and robust models. The Major Interpersonal SLE G X E inter-
action term significantly differed from the Major Non-Interpersonal SLE
G X E interaction term in both minimal (F (1, 231) = 15.36,
p < .0001) and robust (F (1, 219) = 5.56, p = .019) models.

Interactions between MGPS and minor event severity were non-
significant (minor interpersonal (3 = .01, p = .904, FDR-corrected
p = .904; minor non-interpersonal B = .04, p = .501, FDR-corrected
p = .523). Results were near-identical when using the robust models.
The major interpersonal GxE effect was significantly larger than the
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non-significant GxE effects for each minor interpersonal stress (F
(1,231) = 10.39, p =.001) and minor non-interpersonal stress (F
(1,231) = 10.92, p = .001).

Replication in White Sub-Sample. To ensure results were not af-
fected by population stratification, results were replicated in the largest
racially homogeneous subsample (White; n = 192). MGPS significantly
moderated depressive symptom associations with interpersonal major
stress in both minimal and robust models (8s = 0.20 in both models,
ps = .003 and .008, respectively), in the directions reported above. As
in the full sample, in the minimal model, MGPS significantly moderated
the association between non-interpersonal major stress and depressive
symptoms but in the complete opposite direction of effect (3 = —0.19,
p = .012); however, as in the full sample, in the robust model the non-
interpersonal major interaction was non-significant (f = —0.13,
p = .307), and thus, not interpreted. MGPS did not moderate either of
the minor event indices in the White sample.

Sensitivity Tests. See Table 3. Individual variant analyses. For
major interpersonal stress, two SNPs produced significant G X Es
(rs6295 and rs4570625), but only rs6295 survived FDR correction; all
SNPs showed positive G X E effect sizes. N-1 analyses. All n-1 modified
MGPS x Major Interpersonal Stress effects were significant (ps < .05),
indicating that no single SNP accounted for G X E effects.

Exploratory Gender Analyses. As a final step, we examined sex as
an exploratory moderator of the MGPS X Major Interpersonal Stress
effect. Surprisingly, depressive symptoms were only marginally higher
in girls in this sample, t (235.45) = —1.81, p = .072. A three-way in-
teraction was tested (MGPS X Major Interpersonal Stress X Sex) with
White, age, and pubertal maturation as covariates, and it was non-
significant (interaction = 0.02, p = .943).2

4. Discussion

In a community sample of mid-adolescents, we provide a critical
replication, showing that a serotonergic MGPS interacts with major
interpersonal stress to predict depressive symptoms. We extend this
finding with a direct test in support of major interpersonal SLEs as a
“candidate environment” for this G X E. Results also offer new evidence

2Results were comparable when excluding the three participants endorsing
non-binary gender from this analysis.
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Table 3

Interaction Terms for Gene-by-Interpersonal Major SLE Interactions, Predicting
Depressive Symptoms, for a) Individual MGPS Constituent SNPs, and b) n-1
Modified MGPSs with SNP Excluded.

SNP a) Individual SNP a) n-1 MGPS Excluding SNP

b SE P FDR b SE p FDR
rs11178997 .06 .08 429 .536 .07 .02 <.001 .004
154570625 .09 .05 .042 .105 .09 .02 <.001 .003
156318 .02 .05 743 743 .05 .02 .002 .003
156314 .05 .04 192 .320 .06 .02 .002 .004
156295 .10 .03 .002 .010 .04 .02 .049 .049

Notes. MGPS = Multilocus genetic profile score. FDR= False Discovery Rate
Correction for 5 tests (Benjamini and Hochberg, 1995).

that major interpersonal stress represents a particularly potent candi-
date environment for serotonergic G X Es (e.g., Vrshek-Schallhorn
et al., 2014). Although previous tests examining candidate environ-
ments have also demonstrated that G X Es are significant with inter-
personal stress but non-significant with non-interpersonal stress (Feurer
et al., 2017; e.g., Vrshek-Schallhorn et al., 2014), we provide a more
conclusive test by subjecting the differences in magnitude of the in-
teraction terms to significance testing. We show that high MGPS un-
iquely elevated the association between major interpersonal stress and
depressive symptoms, with a significantly larger effect size than for
major non-interpersonal events, minor interpersonal events, and minor
non-interpersonal events.

Our replication further strengthens the case that this serotonergic
MGPS significantly contributes to genetic risk for depression through its
interaction with major interpersonal SLEs, here capturing approxi-
mately 4% of variance in depressive symptoms, a figure comparable to
the initial investigation of this MGPS (unique GXE R-squared = 0.03;
see Footnote 5, Vrshek-Schallhorn et al., 2015b), although generalized-
R? is considered to underestimate variance, so actual variance ex-
plained may be higher. These findings support claims that the MGPS
approach has promise for revealing genetic relationships with psycho-
pathology. The MGPS approach likely enhances power over single
variants because dimensional variables reduce Type II error likelihood
and because MGPSs capture multiple variants’ additive effects, boosting
effect sizes over single variants. Effect sizes also may have been en-
hanced by our use of dimensional depression outcomes (instead of
discrete diagnoses), given the inherent power advantages of continuous
data. In line with the benefits of the MGPS approach, recent analyses
(Starr and Huang, in press) examining a 10-SNP hypothalamic-pitui-
tary-adrenal (HPA)-axis MGPS found a G X E accounting for 8% of
continuously-defined depression variance (80 times the presumed effect
size of typical “moderate” single-variant GXE [0.1%] that has guided
strict sample size requirements; Duncan and Keller, 2011). These larger
effect sizes may allow researchers to investigate G X Es in somewhat
smaller samples which increases the feasibility of using high-quality,
labor-intensive stress assessments (which are themselves associated
with higher GxE effect sizes; Karg et al., 2011).

In addition to the power benefits over single-SNP approaches, the
MGPS approach offers some advantages over GWAS-derived polygenic
risk scores (PRSs; Musliner et al., 2015). PRSs are, without doubt, an
important innovation in genomics research with many fascinating re-
search applications (Bogdan et al., 2018). However, PRSs are typically
derived from main effect associations with outcomes of interest (e.g.,
depression), which may mean that a) they are likely less relevant to
G x Es (because predicting a main effect does not imply prediction of
an interaction effect), and b) individual component SNPs within a de-
pression PRS may predict depression via totally different biological
pathways. In contrast, the MGPS approach offers the ability to a) select
SNPs related to G X Es, and b) focus on variants related to a single
biological system, which are likely to operate mechanistically via
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shared intermediate phenotypes. This latter feature is especially re-
levant given the increased incorporation of pharmacogenomics in
psychiatry (Reynolds et al., 2014), with potential implications for en-
hanced personalized medicine.

Next steps could include probing mechanisms by which this MGPS
contributes to depression under major interpersonal stress, considering
psychological and biological pathways. Although 5-HTTLPR G X E re-
search has generated a highly controversial body of literature, meta-
analytic evidence suggested that this polymorphism might confer dys-
regulated cortisol reactivity (Miller et al., 2013). Research examining
multilocus serotonergic risk in relation to HPA-axis functioning has
been limited, but one study suggested that the current MGPS interacts
with the cortisol awakening response to prospectively predict depres-
sion (Vrshek-Schallhorn et al., in press), suggesting complex interplay
between serotonergic genetic risk, HPA-axis functioning, and depres-
sion. In addition to HPA-axis functioning, reviews of the human and
animal literature on the serotonin system suggest that it modulates
behavioral constraint (Spoont, 1992) or top-down versus bottom-up
control (Carver et al., 2008); the serotonergic MGPS could potentially
manifest as related psychological constructs.

Our findings indicate that major interpersonal SLEs represent a
uniquely potent candidate environment for this MGPS. Why would
serotonergic genetic variation have uniquely depressogenic implica-
tions in the context of interpersonal versus non-interpersonal major
events or minor events? For decades, depression theorists have argued
that traits (e.g., sociotropy versus autonomy) govern whether in-
dividuals are more vulnerable to interpersonal versus non-interpersonal
stressors (Beck, 1983; Blatt, 1974), and it is likely that such individual
differences would be at least partially genetic mediated. Indeed, some
have argued that the serotonin system mediates sensitivity to social
contexts (e.g., Way and Taylor, 2010). Moreover, serotonin functioning
also has downstream effects on HPA axis activity, which is particularly
responsive to interpersonal threats (Dickerson and Kemeny, 2004). It
may also be that major interpersonal stress is more likely to yield GXE
effects because it is a more potent predictor of depression than other
forms of stress, and larger main effects of stress on depression portend
greater power for identifying GxE effects. These ideas are highly spec-
ulative, and should our results be replicated, further work testing them
is needed.

What is clear is that it is important for researchers to include valid
measures of the environment, including major interpersonal stress, in
research examining genetic risk for depression (Monroe and Reid,
2008). In addition to the differential effects of the SHT MGPS by type of
major SLE, post-hoc analyses of the major interpersonal stress GXE ef-
fect revealed a protective effect of the genotype that approached sig-
nificance (p = .052) under relatively better conditions (i.e., lower levels
of major interpersonal stress). This echoed prior findings that under
relatively less stressful conditions, increasing MGPS was significantly
protective against depression (Vrshek-Schallhorn et al., 2015b). Thus,
based on 3 samples, we conclude that this GXE effect most likely ad-
heres to a differential susceptibility framework (Belsky and Pluess,
2009). Intriguingly, recent analyses in a large sample using a genome
wide association study (GWAS)-based polygenic risk score approach
also support for a sex-specific differential susceptibility model, where
women (but not men) at “high” polygenic risk for depression were
protected against depression if they had experienced no recent SLEs
(Arnau-Soler et al., 2019). Critically, if such processes occur on a broad
scale for genes involved in depression, this pattern may result in the
protective and risk enhancing GxE effects cancelling each other out
when the proper candidate environment is not isolated, or when no
environmental variables are considered. This may have contributed to
replication failures in the 5-HTTLPR literature, and may also thwart
attempts to identify variants involved in depression via GWAS. These
findings thus argue that stress—and indeed the specific candidate en-
vironment of major interpersonal events—is fundamental to accurately
understanding the genetic architecture of depression.
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Limitations. Despite strengths including using diagnostic and life
stress interviews and employing a cutting-edge genetic variable, our
study has limitations. Sample size was typical for studies employing
these diagnostic and life stress interviews, but small for genetic studies.
Stress and depressive symptoms were assessed simultaneously; how-
ever, even in prospective longitudinal studies of stress and depression,
concurrent interview pairs are used to isolate stress that occurred in the
months prior to depression onset. That said, it is possible that the GXE
effects are amplified by stress generation among those at higher genetic
risk (Huang and Starr, in press; Starr et al., 2012b). Further, adolescents
were recruited from the community and rates of clinical depression
were low; results should be replicated in more severe samples. Future
studies should also consider conducting competitive significance testing
comparing the current MGPS to randomly generated profiles (see Di
Torio et al., 2017); we could not conduct this useful test because we did
not utilize a GWAS chip for genotyping.

In conclusion, this study replicates and extends evidence that a
serotonergic MGPS intensifies the major interpersonal stress-depressive
symptom association, and that this effect is dependent on the nature of
the SLEs. Future studies—whether genetic in nature or not—should
emphasize major interpersonal stress as a crucial candidate environ-
ment for depression. Our results support the MGPS approach as a viable
path towards resuscitating theory-driven research on the interplay be-
tween genes and the environment.

Conflicts of interest
The authors declare no conflicts of interest.
Funding

This research was financed by the University of Rochester internal
funds. This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Acknowledgements

We thank participating families, as well as Fanny Mlawer, Y. Irina
Li, Zoey A. Shaw, and Meghan Huang for their assistance with data
collection and management, and the University of Wisconsin
Biotechnology Center DNA Sequencing Facility (Joshua Hyman, Ph.D.,
Director) for providing genotyping services.

References

Andrews, P.W., Bharwani, A., Lee, K.R., Fox, M., Thomson, J.A., 2015. Is serotonin an
upper or a downer? The evolution of the serotonergic system and its role in de-
pression and the antidepressant response. Neurosci. Biobehav. Rev. 51, 164-188.

Arnau-Soler, A., Adams, M.J., Clarke, T.-K., MacIntyre, D.J., Milburn, K., Navrady, L.,
Generation, S., Major Depressive Disorder Working Group of the Psychiatric
Genomics, C., Hayward, C., McIntosh, A., Thomson, P.A., 2019. A validation of the
diathesis-stress model for depression in Generation Scotland. Transl. Psychiatry 9 (1)
25-25.

Avenevoli, S., Swendsen, J., He, J.P., Burstein, M., Merikangas, K.R., 2015. Major de-
pression in the national comorbidity survey-adolescent supplement: prevalence,
correlates, and treatment. J. Am. Acad. Child Adolesc. Psychiatry 54 (1), 37-44 e32.

Beck, A.T., 1983. Cognitive Therapy of Depression: New Perspectives. Treatment of
Depression: Old Controversies and New Approaches.

Belsky, J., Pluess, M., 2009. Beyond diathesis stress: differential susceptibility to en-
vironmental influences. Psychol. Bull. 135 (6), 885.

Benjamini, Y., Hochberg, Y., 1995. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. J. R. Stat. Soc. Ser. B 289-300.

Blatt, S.J., 1974. Levels of object representation in anaclitic and introjective depression.
Psychoanal. Stud. Child 29 (1), 107-157.

Bleys, D., Luyten, P., Soenens, B., Claes, S., 2018. Gene-environment interactions between
stress and 5-HTTLPR in depression: a meta-analytic update. J. Affect. Disord. 226,
339-345.

Bogdan, R., Baranger, D.A., Agrawal, A., 2018. Polygenic risk scores in clinical psy-
chology: bridging genomic risk to individual differences. Annu. Rev. Clin. Psychol.
14, 119-157.

Brown, G., Bifulco, A., Harris, T.O., 1987. Life events, vulnerability and onset of de-
pression: some refinements. Br. J. Psychiatry 150 (1), 30-42.

60

Journal of Psychiatric Research 117 (2019) 55-61

Carver, C.S., Johnson, S.L., Joormann, J., 2008. Serotonergic function, two-mode models
of self-regulation, and vulnerability to depression: what depression has in common
with impulsive aggression. Psychol. Bull. 134 (6), 912.

Caspi, A., Sugden, K., Moffitt, T.E., Taylor, A., Craig, .W., Harrington, H., McClay, J.,
Mill, J., Martin, J., Braithwaite, A., Poulton, R., 2003. Influence of life stress on de-
pression: moderation by a polymorphism in the 5-HTT gene. Science 301 (5631),
386-389.

Cross-Disorder Group of the Psychiatric Genomics Consortium, 2013. Genetic relationship
between five psychiatric disorders estimated from genome-wide SNPs. Nat. Genet. 45
(9), 984-994.

Culverhouse, R.C., Saccone, N.L., Horton, A.C., Ma, Y., Anstey, K.J., Banaschewski, T.,
Burmeister, M., Cohen-Woods, S., Etain, B., Fisher, H.L., Goldman, N., Guillaume, S.,
Horwood, J., Juhasz, G., Lester, K.J., Mandelli, L., Middeldorp, C.M., Olie, E.,
Villafuerte, S., Air, T.M., Araya, R., Bowes, L., Burns, R., Byrne, E.M., Coffey, C.,
Coventry, W.L., Gawronski, K.A., Glei, D., Hatzimanolis, A., Hottenga, J.J., Jaussent,
1., Jawahar, C., Jennen-Steinmetz, C., Kramer, J.R., Lajnef, M., Little, K., Zu
Schwabedissen, H.M., Nauck, M., Nederhof, E., Petschner, P., Peyrot, W.J., Schwahn,
C., Sinnamon, G., Stacey, D., Tian, Y., Toben, C., Van der Auwera, S., Wainwright, N.,
Wang, J.C., Willemsen, G., Anderson, .M., Arolt, V., Aslund, C., Bagdy, G., Baune,
B.T., Bellivier, F., Boomsma, D.I., Courtet, P., Dannlowski, U., de Geus, E.J., Deakin,
J.F., Easteal, S., Eley, T., Fergusson, D.M., Goate, A.M., Gonda, X., Grabe, H.J.,
Holzman, C., Johnson, E.O., Kennedy, M., Laucht, M., Martin, N.G., Munafo, M.R.,
Nilsson, K.W., Oldehinkel, A.J., Olsson, C.A., Ormel, J., Otte, C., Patton, G.C.,
Penninx, B.W., Ritchie, K., Sarchiapone, M., Scheid, J.M., Serretti, A., Smit, J.H.,
Stefanis, N.C., Surtees, P.G., Volzke, H., Weinstein, M., Whooley, M., Nurnberger Jr.,
J.I, Breslau, N., Bierut, L.J., 2018. Collaborative meta-analysis finds no evidence of a
strong interaction between stress and 5-HTTLPR genotype contributing to the de-
velopment of depression. Mol. Psychiatry 23, 133-142.

Di Iorio, C.R., Carey, C.E., Michalski, L.J., Corral-Frias, N.S., Conley, E.D., Hariri, A.R.,
Bogdan, R., 2017. Hypothalamic-pituitary-adrenal axis genetic variation and early
stress moderates amygdala function. Psychoneuroendocrinology 80, 170-178.

Dick, D.M., Agrawal, A., Keller, M.C., Adkins, A., Aliev, F., Monroe, S., Hewitt, J.K.,
Kendler, K.S., Sher, K.J., 2015. Candidate gene-environment interaction research.
Perspect. Psychol. Sci. 10 (1), 37-59.

Dickerson, S.S., Kemeny, M.E., 2004. Acute stressors and cortisol responses: a theoretical
integration and synthesis of laboratory research. Psychol. Bull. 130 (3), 355-391.

Duncan, L.E., Keller, M.C., 2011. A critical review of the first 10 Years of candidate gene-
by-environment interaction research in psychiatry. Am. J. Psychiatry 168 (10),
1041-1049.

Feurer, C., McGeary, J.E., Knopik, V.S., Brick, L.A., Palmer, R.H., Gibb, B.E., 2017. HPA
axis multilocus genetic profile score moderates the impact of interpersonal stress on
prospective increases in depressive symptoms for offspring of depressed mothers. J.
Abnorm. Psychol. 126 (8), 1017-1028.

Gao, J., Pan, Z., Jiao, Z., Li, F., Zhao, G., Wei, Q., Pan, F., Evangelou, E., 2012. TPH2 gene
polymorphisms and major depression—a meta-analysis. PLoS One 7 (5), e36721.

Hames, J.L., Hagan, C.R., Joiner, T.E., 2013. Interpersonal processes in depression. Annu.
Rev. Clin. Psychol. 9, 355-377.

Hammen, C., 1991. Generation of stress in the course of unipolar depression. J. Abnorm.
Psychol. 100 (4), 555.

Hammen, C., 2005. Stress and depression. Annu. Rev. Clin. Psychol. 1, 293-319.

Hayes, A.F., 2013. Introduction to Mediation, Moderation, and Conditional Process
Analysis: A Regression-Based Approach. Guilford, New York.

Huang, M., Starr, L.R., in press. Interpersonal Childhood Adversity and Stress Generation
in Adolescence: Moderation by HPA-Axis Multilocus Genetic Variation. Development
and Psychopathology.

Karg, K., Burmeister, M., Shedden, K., Sen, S., 2011. The serotonin transporter promoter
variant (5-HTTLPR), stress, and depression meta-analysis revisited: evidence of ge-
netic moderation. Arch. Gen. Psychiatr. 68 (5), 444-454.

Kaufman, J., Birmaher, B., Brent, D., Rao, U.M.A., Flynn, C., Moreci, P., Williamson, D.,
Ryan, N., 1997. Schedule for affective disorders and schizophrenia for school-age
children-present and Lifetime version (K-SADS-PL): initial reliability and validity
data. J. Am. Acad. Child Adolesc. Psychiatry 36 (7), 980-988.

Keller, M.C., 2014. Gene X environment interaction studies have not properly controlled
for potential confounders: the problem and the (simple) solution. Biol. Psychiatry 75
(1), 18-24.

Klein, D.N., Shankman, S.A., Lewinsohn, P.M., Seeley, J.R., 2009. Subthreshold depres-
sive disorder in adolescents: predictors of escalation to full-syndrome depressive
disorders. J. Am. Acad. Child Adolesc. Psychiatry 48 (7), 703-710.

Korszun, A., Moskvina, V., Brewster, S., Craddock, N., Ferrero, F., Gill, M., Jones, LR.,
Jones, L.A., Maier, W., Mors, O., Owen, M.J., Preisig, M., Reich, T., Reitschel, M.,
Farmer, A., McGuffin, P., 2004. Familiality of symptom dimensions in depression.
Arch. Gen. Psychiatr. 61 (5), 468-474.

Lemonde, S., Turecki, G., Bakish, D., Du, L., Hrdina, P.D., Bown, C.D., Sequeira, A.,
Kushwaha, N., Morris, S.J., Basak, A., Ou, X.-M., Albert, P.R., 2003. Impaired re-
pression at a 5-hydroxytryptamine 1A receptor gene polymorphism associated with
major depression and suicide. J. Neurosci. 23 (25), 8788-8799.

Li, D., Duan, Y., He, L., 2006. Association study of serotonin 2A receptor (5-HT2A) gene
with schizophrenia and suicidal behavior using systematic meta-analysis. Biochem.
Biophys. Res. Commun. 340 (3), 1006-1015.

Miller, R., Wankerl, M., Stalder, T., Kirschbaum, C., Alexander, N., 2013. The serotonin
transporter gene-linked polymorphic region (5-HTTLPR) and cortisol stress re-
activity: a meta-analysis. Mol. Psychiatry 18 (9), 1018-1024.

Monroe, S.M., Harkness, K.L., 2005. Life stress, the“ kindling” hypothesis, and the re-
currence of depression: considerations from a life stress perspective. Psychol. Rev.
112 (2), 417.

Monroe, S.M., Reid, M.W., 2008. Gene-environment interactions in depression research:


http://refhub.elsevier.com/S0022-3956(19)30397-8/sref1
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref1
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref1
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref2
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref2
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref2
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref2
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref2
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref3
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref3
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref3
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref4
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref4
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref5
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref5
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref6
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref6
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref7
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref7
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref8
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref8
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref8
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref9
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref9
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref9
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref10
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref10
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref11
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref11
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref11
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref12
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref12
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref12
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref12
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref13
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref13
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref13
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref14
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref14
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref14
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref14
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref14
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref14
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref14
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref14
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref14
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref14
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref14
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref14
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref14
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref14
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref14
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref14
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref14
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref14
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref15
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref15
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref15
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref16
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref16
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref16
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref17
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref17
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref18
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref18
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref18
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref19
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref19
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref19
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref19
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref20
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref20
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref21
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref21
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref22
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref22
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref23
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref24
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref24
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref26
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref26
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref26
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref27
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref27
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref27
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref27
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref28
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref28
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref28
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref29
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref29
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref29
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref30
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref30
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref30
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref30
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref31
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref31
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref31
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref31
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref32
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref32
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref32
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref33
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref33
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref33
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref34
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref34
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref34
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref35

L.R. Starr, et al.

genetic polymorphisms and life-stress polyprocedures. Psychol. Sci. 19 (10),
947-956.

Musliner, K.L., Seifuddin, F., Judy, J.A., Pirooznia, M., Goes, F.S., Zandi, P.P., 2015.
Polygenic risk, stressful life events and depressive symptoms in older adults: a
polygenic score analysis. Psychol. Med. 45 (8), 1709-1720.

Nikolova, Y.S., Ferrell, R.E., Manuck, S.B., Hariri, A.R., 2011. Multilocus genetic profile
for dopamine signaling predicts ventral striatum reactivity.
Neuropsychopharmacology 36 (9), 1940-1947.

Pagliaccio, D., Luby, J.L., Bogdan, R., Agrawal, A., Gaffrey, M.S., Belden, A.C., Botteron,
K.N., Harms, M.P., Barch, D.M., 2014. Stress-system genes and life stress predict
cortisol levels and amygdala and hippocampal volumes in children.
Neuropsychopharmacology 39 (5), 1245-1253.

Petersen, A.C., Crockett, L., Richards, M., Boxer, A., 1988. A self-report measure of
pubertal status: reliability, validity, and initial norms. J. Youth Adolesc. 17 (2),
117-133.

Rao, U.M.A,, Daley, S.E., Hammen, C., 2000. Relationship between depression and sub-
stance use disorders in adolescent women during the transition to adulthood. J. Am.
Acad. Child Adolesc. Psychiatry 39 (2), 215-222.

Reynolds, G.P., McGowan, O.0., Dalton, C.F., 2014. Pharmacogenomics in psychiatry: the
relevance of receptor and transporter polymorphisms. Br. J. Clin. Pharmacol. 77 (4),
654-672.

Risch, N., Herrell, R., Lehner, T., Liang, K.Y., Eaves, L., Hoh, J., Griem, A., Kovacs, M., Ott,
J., Merikangas, K.R., 2009. Interaction between the serotonin transporter gene (5-
HTTLPR), stressful life events, and risk of depression: a meta-analysis. J. Am. Med.
Assoc.: JAMA, J. Am. Med. Assoc. 301 (23), 2462-2471.

Rudolph, K.D., 2002. Gender differences in emotional responses to interpersonal stress
during adolescence. J. Adolesc. Health 30 (4), 3-13.

Sheets, E.S., Craighead, W.E., 2014. Comparing chronic interpersonal and non-
interpersonal stress domains as predictors of depression recurrence in emerging
adults. Behav. Res. Ther. 63, 36-42.

Silberg, J., Pickles, A., Rutter, M., et al., 1999. The influence of genetic factors and life
stress on depression among adolescent girls. Arch. Gen. Psychiatr. 56 (3), 225-232.

Slavich, G.M., Tartter, M.A., Brennan, P.A., Hammen, C., 2014. Endogenous opioid
system influences depressive reactions to socially painful targeted rejection life
events. Psychoneuroendocrinology 49, 141-149.

Spoont, M.R., 1992. Modulatory role of serotonin in neural information processing: im-
plications for human psychopathology. Psychol. Bull. 112 (2), 330.

Starr, L.R., Davila, J., 2008. Excessive reassurance seeking, depression, and interpersonal
rejection: a meta-analytic review. J. Abnorm. Psychol. 117 (4), 762-775.

Starr, L.R., Davila, J., Stroud, C.B., Li, P.C.C., Yoneda, A., Hershenberg, R., Miller, M.R.,

61

Journal of Psychiatric Research 117 (2019) 55-61

2012a. Love hurts (in more ways than one): specificity of psychological symptoms as
predictors and consequences of romantic activity among early adolescent girls. J.
Clin. Psychol. 68 (4), 403-420.

Starr, L.R., Dienes, K.A., Stroud, C.B., Shaw, Z.A., Li, Y.I., Mlawer, F., Huang, M., 2017.
Childhood adversity moderates the influence of proximal episodic stress on the cor-
tisol awakening response and depressive symptoms in adolescents. Dev.
Psychopathol. 29 (5), 1877-1893.

Starr, L.R., Hammen, C., Brennan, P.A., Najman, J.M., 2012b. Serotonin transporter gene
as a predictor of stress generation in depression. J. Abnorm. Psychol. 121 (4),
810-818.

Starr, L.R., Huang, M., in press. HPA-Axis Multilocus Genetic Variation Moderates
Associations between Environmental Stress and Depression Among Adolescents.
Development and Psychopathology, https://doi.org/10.1017/50954579418000779.

Stroud, C.B., Davila, J., Hammen, C., Vrshek-Schallhorn, S., 2011. Severe and nonsevere
events in first onsets versus recurrences of depression: evidence for stress sensitiza-
tion. J. Abnorm. Psychol. 120 (1), 142.

Sullivan, P.F., Daly, M.J., O'Donovan, M., 2012. Genetic architectures of psychiatric
disorders: the emerging picture and its implications. Nat. Rev. Genet. 13 (8),
537-551.

Vrshek-Schallhorn, S., Mineka, S., Zinbarg, R.E., Craske, M.G., Griffith, J.W., Sutton, J.,
Redei, E.E., Wolitzky-Taylor, K., Hammen, C., Adam, E.K., 2014. Refining the can-
didate environment: interpersonal stress, the serotonin transporter polymorphism,
and gene-environment interactions in major depression. Clinical Psychological
Science 2 (3), 235-248.

Vrshek-Schallhorn, S., Stroud, C.B., Doane, L., Mineka, S., Zinbarg, R., Redei, E.E., Craske,
M.G., Adam, E.K,, in press. Cortisol Awakening Response and Additive Serotonergic
Genetic Risk Interactively Predict Depression in Two Samples: the 2019 Donald F.
Klein Early Career Investigator Award Paper. Depression and Anxiety, https://doi.
org/10.1002/da.22899.

Vrshek-Schallhorn, S., Stroud, C.B., Mineka, S., Hammen, C., Zinbarg, R.E., Wolitzky-
Taylor, K., Craske, M.G., 2015a. Chronic and episodic interpersonal stress as statis-
tically unique predictors of depression in two samples of emerging adults. J. Abnorm.
Psychol. 124 (4), 918.

Vrshek-Schallhorn, S., Stroud, C.B., Mineka, S., Zinbarg, R.E., Adam, E.K., Redei, E.E.,
Hammen, C., Craske, M.G., 2015b. Additive genetic risk from five serotonin system
polymorphisms interacts with interpersonal stress to predict depression. J. Abnorm.
Psychol. 124 (4), 776.

Way, B.M., Taylor, S.E., 2010. Social influences on health: is serotonin a critical med-
iator? Psychosom. Med. 72 (2), 107-112.


http://refhub.elsevier.com/S0022-3956(19)30397-8/sref35
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref35
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref36
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref36
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref36
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref37
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref37
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref37
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref38
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref38
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref38
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref38
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref39
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref39
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref39
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref40
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref40
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref40
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref41
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref41
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref41
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref42
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref42
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref42
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref42
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref43
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref43
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref44
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref44
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref44
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref45
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref45
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref46
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref46
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref46
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref47
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref47
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref48
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref48
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref49
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref49
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref49
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref49
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref50
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref50
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref50
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref50
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref51
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref51
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref51
https://doi.org/10.1017/S0954579418000779
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref53
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref53
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref53
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref54
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref54
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref54
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref55
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref55
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref55
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref55
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref55
https://doi.org/10.1002/da.22899
https://doi.org/10.1002/da.22899
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref57
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref57
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref57
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref57
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref58
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref58
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref58
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref58
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref59
http://refhub.elsevier.com/S0022-3956(19)30397-8/sref59

	Serotonergic multilocus genetic variation moderates the association between major interpersonal stress and adolescent depressive symptoms: Replication and candidate environment specification
	Introduction
	Method
	Participants and procedure
	Measures
	Genotyping and MGPS calculation
	Data analytic approach

	Results
	Preliminary analyses
	Gene-environment interactions

	Discussion
	Conflicts of interest
	Funding
	Acknowledgements
	References




