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Genome-by-Trauma Exposure Interactions in Adults With Depression

in the UK Biobank

Melisa Chuong, PhD; Mark J. Adams, PhD; Alex S. F. Kwong, PhD; Chris S. Haley, PhD; Carmen Amador, PhD; Andrew M. Mclntosh, MD

IMPORTANCE Self-reported trauma exposure has consistently been found to be a risk factor
for major depressive disorder (MDD), and several studies have reported interactions with
genetic liability. To date, most studies have examined gene-environment interactions with
trauma exposure using genome-wide variants (single-nucleotide variations [SNVs]) or
polygenic scores, both typically capturing less than 3% of phenotypic risk variance.

OBJECTIVE To reexamine genome-by-trauma interaction associations using genetic measures
using all available genotyped data and thus, maximizing accounted variance.

DESIGN, SETTING, AND PARTICIPANTS The UK Biobank study was conducted from April 2007
to May 1, 2016 (follow-up mental health questionnaire). The current study used available
cross-sectional genomic and trauma exposure data from UK Biobank. Participants who
completed the mental health questionnaire and had available genetic, trauma experience,
depressive symptoms, and/or neuroticism information were included. Data were analyzed
from April 1to August 30, 2021.

EXPOSURES Trauma and genome-by-trauma exposure interactions.

MAIN OUTCOMES AND MEASURES Measures of self-reported depression, neuroticism, and
trauma exposure with whole-genome SNV data are available from the UK Biobank study.
Here, a mixed-model statistical approach using genetic, trauma exposure, and
genome-by-trauma exposure interaction similarity matrices was used to explore sources of
variation in depression and neuroticism.

RESULTS Analyses were conducted on 148 129 participants (mean [SD] age, 56 [7] years) of
which 76 995 were female (52.0%). The study approach estimated the heritability (SE) of
MDD to be approximately 0.160 (0.016). Subtypes of self-reported trauma exposure
(catastrophic, adult, childhood, and full trauma) accounted for a significant proportion of the
variance of MDD, with heritability (SE) ranging from 0.056 (0.013) to 0.176 (0.025). The
proportion of MDD risk variance accounted for by significant genome-by-trauma interaction
revealed estimates (SD) ranging from 0.074 (0.006) to 0.201(0.009). Results from
sex-specific analyses found genome-by-trauma interaction variance estimates approximately
5-fold greater for MDD in male participants (0.441[0.018]) than in female participants
(0.086 [0.009]).

CONCLUSIONS AND RELEVANCE This cross-sectional study used an approach combining all
genome-wide SNV data when exploring genome-by-trauma interactions in individuals with
MDD; findings suggest that such interactions were associated with depression manifestation.
Genome-by-trauma interaction accounts for greater trait variance in male individuals, which
points to potential differences in depression etiology between the sexes. The methodology
used in this study can be extrapolated to other environmental factors to identify modifiable
risk environments and at-risk groups to target with interventions.

JAMA Psychiatry. doi:10.1001/jamapsychiatry.2022.2983
Published online September 28, 2022.

Downloaded From: https://jamanetwor k.com/ on 10/28/2022

Supplemental content

Author Affiliations: Institute of
Genetics & Cancer, University of
Edinburgh, Edinburgh, United
Kingdom (Chuong, Haley, Amador);
Department of Psychiatry, University
of Edinburgh, Edinburgh, United
Kingdom (Chuong, Adams, Kwong,
Mclintosh).

Corresponding Author: Andrew M.
Mclntosh, MD, Department of
Psychiatry, University of Edinburgh,
Kennedy Tower, Edinburgh EH10
5HF, United Kingdom (andrew.
mcintosh@ed.ac.uk); Melisa Chuong,
PhD, Institute of Genetics & Cancer,
University of Edinburgh, Western
General Hospital, South Crewe Road,
Edinburgh EH4 2XU, United Kingdom
(melisa.chuong@ed.ac.uk).

E1


https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamapsychiatry.2022.2983?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapsychiatry.2022.2983
https://jamanetwork.com/journals/psy/fullarticle/10.1001/jamapsychiatry.2022.2983?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapsychiatry.2022.2983
mailto:andrew.mcintosh@ed.ac.uk
mailto:andrew.mcintosh@ed.ac.uk
mailto:melisa.chuong@ed.ac.uk

E2

Research Original Investigation

epression is a highly prevalent psychiatric disorder with

a lifetime risk of approximately 16%"2 and is a lead-

ing cause of disability worldwide.? Twin studies pro-
vide moderate heritability estimates of 30% to 40%* suggest-
ing that both genetic and environmental factors are influential.
Furthermore, meta-analyses of genome-wide association stud-
ies (GWAS) have uncovered many single-nucleotide varia-
tions (SNVs) associated with depression; however, SNV-
based heritability estimates of 5% to 10%>-¢ are much lower
than estimates obtained from twin studies, the difference being
termed missing heritability. Explanations for missing herita-
bility include heterogeneity in sample processing, phenotyp-
ing methodology, and phenotype heterogeneity across medi-
cal systems, countries, and cultures within GWAS used in meta-
analyses, as well as inflation of twin-based heritability
estimates attributable to shared environmental effects and
gene-environment interplay.”°

Self-reported trauma exposure has been found to play a
role in depression, with case-control studies suggesting indi-
viduals diagnosed with major depressive disorder (MDD) re-
port higher levels of trauma exposure.’'* In turn, trauma ex-
posure in childhood has been consistently associated with
adverse outcomes including increased risk of MDD in adoles-
cence and adulthood.'*!> These findings suggest the role of
trauma exposure in depression’s etiology needs further ex-
ploration. Moreover, research has shown self-reported trauma
exposure and MDD are genetically correlated, suggesting
shared genetic risk factors for both'® or potentially more com-
plex interplay effects on depression manifestation.

One key form of interplay that has been explored is the in-
teraction effect of genetics and trauma exposure on depres-
sion manifestation. Gene-by-environment interactions refer
to the differential associations between an environmental ex-
posure on traits in individuals with differing genotypes. This
can be conceptualized as an individual’s genetic sensitivity to
certain environments, which may result in an exacerbated
risk of a disorder.'”'® Minimal evidence of interactions has
been yielded from studies exploring SNV-by-trauma
associations.!6-19-22

Moreover, research using polygenic scores (PGSs)—
genetic measures that can be calculated for each individual by
identifying, weighting, and summing genotyped risk vari-
ants found to be associated with depression?*2*—have yielded
inconsistent findings. Some studies have highlighted sex
differences® and found significant interaction associations
with MDD outcomes,'®:18:25-27 whereas some replication at-
tempts reported null findings.?%-3° An explanation for incon-
sistent findings may lie in the predictive accuracy and valid-
ity of PGSs.!° PGSs build on the information provided by GWAS,
which still have limited statistical power for detecting trait as-
sociated genetic variants and their effect sizes.?4-3>2 These
power limitations of GWAS are greater for traits that have a sub-
stantial environmental component, such as depression, as op-
posed to traits with higher genetic etiology.> This is reflected
in the fact that current PGSs capture less than 3% of the phe-
notypic variance proposed for depression.

One way to circumvent the issues associated with PGSs
is to make use of genetic measures that capture greater
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Key Points

Question Are genome-by-trauma exposure interactions
associated with major depressive disorder?

Findings In this cross-sectional study, a mixed linear model design
was implemented using 148 129 UK Biobank participants with
available genomic and trauma exposure data to explore
depression and neuroticism variance attributable to genomic,
trauma exposure, and genome-by-trauma exposure interaction
associations. Findings suggest genome-by-trauma exposure
interactions can explain up to 20% of variation in major depressive
disorder and more often in male vs female participants.

Meaning Exploring mechanisms underlying genome-by-trauma
exposure interactions may be useful in identifying at-risk
individuals and intervention targets; insight into these
mechanisms may provide explanations for depression prevalence
differences across the different sexes.

variance. Genomic similarity matrices have been able to do this
by using all genotyped SNVs.>* These matrices capture ge-
netic similarity between individuals within a sample based on
the number of genotyped SNVs they have in common, includ-
ing matrices representing genetic, environmental, and inter-
action association similarity within a sample. In mixed linear
models, these matrices can provide estimates of the genetic,
environmental, and genome-by-environment interaction com-
ponents of trait variance.>®

Here, we estimated the contribution of trauma exposure
and its interaction with genetic variation to depression and neu-
roticism. We chose to explore neuroticism as this trait has been
shown to have a greater genetic component®®-3” and has a
strong phenotypic link with MDD, suggesting the exploration
of neuroticism to be useful in understanding the genetic eti-
ology of both of these traits.>83° As the existing literature has
highlighted the role of trauma exposure in sex differences ob-
served in MDD, we also explored these associations in male and
female participants separately.*® Here we show that using the
entirety of genotyped genetic variants can improve statistical
power in the exploration of genome-by-trauma interactions.
More importantly, our findings suggest that genome-by-
trauma interactions may play a much larger role in depres-
sion manifestation than previously thought.

Methods

Data for the current study were obtained from the UK Biobank
(UKB), a national study that explored environmental and ge-
netic determinants of health. Individuals in UKB were re-
cruited from 22 centers across the UK. The UKB study re-
ceived ethical approval from the NHS National Research Ethics
Service and has approval from the North West Multi-Centre
Research Ethics Committee. This study has been approved by
the UKB Access Committee. Participants in the UKB study pro-
vided written informed consent. In the current study, we ex-
plored variance components of Composite International
Diagnostic Inventory (CIDI) depression, broad depression, and
neuroticism. Information on participants, phenotypes, and
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genotyped data is available in the eMethods and eTables 1-14
in the Supplement. Data analyzed were limited to individuals
with self-reported White British ethnicity to avoid confound-
ing of genetic effects, which may arise owing to population sub-
structure observed in admixed populations. This study fol-
lowed the Strengthening the Reporting of Observational Studies
in Epidemiology (STROBE) reporting guidelines.

Covariance Matrices

Covariance matrices were used to explore genetic, environ-
mental, and genome-by-environment components of varia-
tion. As the number of participants with available depression/
neuroticism and trauma information is large, analyzing the
pairwise covariance matrices jointly for the whole cohort was
computationally intractable. To work around these computa-
tional issues, participants were split into 5 different clusters
based on the geographic location of their recruitment centers
(north, midnorth, midsouth, southwest, and southeast UK re-
gion) and all subsequent analyses were replicated across the
5 clusters. Information on how clusters were formed, and their
demographic characteristics is available in eFigure 2 and
eTables 23 to 31 in the Supplement.

Genomic Similarity Matrices

Genomic similarity matrices (G) represent the expected
genetic similarity between individuals. We computed 1 G for
all individuals in each of the geographical clusters using
genetic variants that passed quality control (eMethods and
eAppendix 2 in the Supplement) using GCTA, version
1.91.4beta.?* Supplementary Gs were computed using only
unrelated individuals (individuals with genomic similarity
values <0.05).

Trauma Environmental Similarity Matrices

Trauma environmental similarity matrices (E) represent simi-
larity between individuals based on their trauma eigenvector
principal components (PCs) (eMethods and eTables 15-22 in the
Supplement). Separate Es were computed by calculating par-
ticipant similarity based on their full trauma, childhood, adult,
and catastrophic trauma eigenvectors. Supplementary Es were
computed using PC1 of full trauma, as this accounted for the
greatest variance in our outcome phenotypes.

Evidence suggests that gene-environment correlations and
interactions often co-occur and disregarding 1 effect can re-
sult in biased findings.*! To control for genetic covariance be-
tween trauma exposure and our phenotypes of interest (de-
pression/neuroticism), the impact of G was removed from our
trauma variables. Trauma eigenvectors were precorrected for
the full G, by regressing each trauma PC on G. The residuals
obtained from these analyses were used to compute an addi-
tional supplementary E. If the presence of gene-environment
correlations bias our results, we expect estimates of variance
attributable to G x E to be different to estimates observed from
models using E matrices without controlling for covariance be-
tween G and E.

We used OSCA, version 0.45 default algorithm 142 to com-
pute these matrices. More information on available algorithms
is available in eAppendix 1 and eTable 32 in the Supplement.
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Gene-Environment Interaction Similarity Matrices
Gene-environment interaction similarity matrices (G x E)
represent shared genome-by-trauma interactions. These
were computed by multiplying G and Es using a cell-by-cell
(Hadamard) product.3>4344

Statistical Analysis

Genetic Correlations

Using the first eigenvector (PC1) for the subtypes of trauma,
the SNV heritability of each trauma variable was explored. Heri-
tability estimates of the trauma variables were obtained by fit-
ting the trauma variables as the dependent variable and Gs as
random effects within a mixed linear model framework (esti-
mates of trauma PCl variance attributable to G) noted in model
1. The genetic correlations between trauma PC1 and depres-
sion variables were explored using the moment-based method,
Haseman-Elston regression analyses, where SEs were calcu-
lated using a leave-one-individual-out jackknife technique.
Age, sex, genotyping array, and the first 15 principal compo-
nents of the G were included as covariates.

Variance Components Analyses

Variance components of depression/neuroticism were ex-

plored within mixed linear model frameworks. Four models

were explored with varying levels of complexity:
lLy=XB+g+¢

2.y=XB+e+¢

3.y=XB+g+e+¢

4. y=XB+g+e+gxe+¢

Where y is a nx1 vector of observed depression/
neuroticism phenotypes; 3 is a vector of fixed effects (which
include age, sex, genotyping array, and the first 15 principal
components of the full sample G), and X is its design matrix; g
is an nx1vector of SNV effects (representing additive genetic
effects) with g approximately Norm(0,G[o for G]?); eisannx1
vector representing common environmental effects of child-
hood, adult, catastrophic, or all trauma with e approximately
Norm(0,E[o for E]?); g x eis an nx1 vector representing inter-
actions between genetic and trauma effects with g x e approxi-
mately Norm(O,G x E[o for G x E]?); and € is an nx1 vector of
residual effects.

Estimates of variance attributable to the G, E, and G x E
components are obtained from analyses using CIDI and broad
depression as dependent variables and are converted to the
liability scale within GCTA.3*

We used the prevalence rates observed within the whole
sample, which were in line with prevalence rates obtained from
external data.*® Prevalence rates used were 0.28 and 0.35 for
joint sex analyses, 0.35 and 0.43 for female participant analy-
ses, and 0.19 and 0.27 for male participant analyses for CIDI
and broad depression, respectively. We conducted the analy-
ses using different prevalence estimates (0.16, 0.20, 0.28) as
sensitivity analyses. Although estimates are slightly differ-
ent, the overall pattern of significance remain unchanged
(eTable 46 in the Supplement).

Analyses were repeated using only unrelated individu-
als. All analyses were replicated across the 5 geographic clus-
ter samples using GCTA, version 1.91.4beta,>* and results
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Table. Genetic Correlations Between Trauma and Depression/Neuroticism Phenotypes

Trauma, estimate (SE)

Phenotype Full Childhood Adult Catastrophic
Depression
CIDI 0.632 (0.085) 0.605 (0.091) 0.647 (0.134) 0.536 (0.104)
Broad 0.39 (0.082) 0.337 (0.09) 0.358 (0.132) 0.31(0.098)
Neuroticism 0.333 (0.064) 0.332(0.071) 0.274 (0.105) 0.204 (0.081)

Abbreviation: CIDI, Composite
International Diagnostic Inventory.

Figure 1. Proportion of Composite International Diagnostic Inventory (CIDI) Depression Variance Explained by Genetic, Environmental,

and Interaction Sources in UK Biobank
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The proportion of variance explained is specified on the y-axis. The sources of
variation are genomic (G), environmental (E), and gene-by-environment
interactions (G x E), and their corresponding models are specified on the x-axis.

E represents trauma exposure. Facets show the different trauma exposures
explored.

(estimates of variance components) were meta-analyzed using
R package metafor (R Project for Statistical Computing).
Note that interactions between main effects (G and E) with
covariates were not included in these mixed linear models. This
would have required additional matrices capturing covariate
similarity, and thus, multiple additional matrices to be in-
cluded in the models, which would have made analyses com-
putationally intractable. Analyses were conducted for male and
female participants separately, which is aimed to work around
these computational issues (eTables 42-45 in the Supple-
ment). Data were analyzed from April 1 to August 30, 2021.

. |
Results

Analyses were conducted among the 148129 participants
(mean [SD] age, 56 [7] years; 76 995 female [52.0%]; 71134 male
[48.0%]). Initial analyses explored SNV heritability of the first
PC of full trauma and subcategories of trauma. Trauma vari-
ables meta-analyzed SNV heritability (SE) estimates includ-
ing the following: full trauma, 0.17 (0.008); childhood trauma,
0.15 (0.008); adult trauma, 0.063 (0.008); and catastrophic
trauma, 0.11 (0.008) (eTable 33 in the Supplement). Similar re-
sults were obtained when using only unrelated individuals.
All genetic correlations between PC1 of trauma variables
and depression/neuroticism phenotypes are shown in
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Table. Genetic correlations between the PC1 of trauma vari-
ables and broad depression/neuroticism phenotypes were
modest; in contrast, we observed stronger genetic correla-
tions between trauma variables and CIDI depression.
Results from each cluster can be found in eTable 34 in the
Supplement.

Figure 1 shows the estimates for the proportion of CIDI
depression variance explained by the different sources
included in the mixed linear models (results are the meta-
analysis of the 5 UKB subsamples). All estimates for propor-
tion of variance explained by all components were statisti-
cally significant. Log-likelihood ratio tests (LRTs) suggested
that the inclusion of trauma (E) and genome-by-trauma (G x
E) interaction components improve model fit. Full details of
these analyses, including estimates, SEs, LRT values, as well
as results using broad depression and neuroticism as depen-
dent variables, can be found in eTables 35-38 in the Supple-
ment.

Heritability (SE) estimates (ie, proportion of phenotypic
variance accounted for by the G) of CIDI depression were stable
across the different UKB subsamples, approximately 0.16
(0.016). The meta-analyzed estimates (SE) for proportion of
variance attributable to trauma exposure (Es) were 0.18
(0.025) for full trauma, 0.101 (0.027) for childhood trauma,
0.113 (0.03) for adult trauma, 0.05 (0.013) for catastrophic
trauma. The meta-analyzed estimates (SE) for proportion of

jamapsychiatry.com
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Figure 2. Proportion of Composite International Diagnostic Inventory (CIDI) Depression Variation Explained by the Genome-by-Trauma Interactions

IE Full Female
North g North
Midnorth @ Midnorth (@
o} 9]
k7] -
=1 =1
< Midsouth L © Midsouth i@
= =
2 q 2 q
= =
o Southwest @] © Southwest @
i=a [=a
o o
U )
o [C)
Southeast L gl Southeast
Meta-analysis Meta-analysis

IE‘ Male
@ North o
Midnorth o
8
3
e Midsouth o
84
=
[=9
o Southwest @
g
0
[}
(o Southeast o
Meta-analysis o

0 02 04 06 08 10 0
Proportion of accounted variance

Proportion of accounted variance

02 04 06 08 10 0 02 04 06 08 1.0

Proportion of accounted variance

Forest plot x-axis shows proportion of CIDI depression variance explained by the genome-by-trauma interaction effect with bars representing SEs. Results for
geographic clusters (blue) and meta-analyzed estimates (orange) are shown on the y-axis. Facets represent the analysis results using different samples.

variance attributable to the interaction effect (G x E) were high-
est when exploring full trauma 0.201 (0.009) and were 0.084
(0.006), 0.081 (0.005), and 0.074 (0.006) when exploring
childhood, adult, and catastrophic trauma separately, respec-
tively.

Similar results were obtained when using only unrelated
individuals as well as when mixed linear models used Es com-
puted from trauma eigenvectors precorrected for the full
sample G (eTables 39-40 in the Supplement). In contrast, al-
though model fit, compared with models excluding Es, was sig-
nificantly improved, we observed smaller estimates and LRT
values when mixed linear models used Es computed from only
PC1 of full trauma items (eTable 41 in the Supplement). Sig-
nificant, smaller estimates of variance components were ob-
served for broad depression and neuroticism (Tables 35-38 in
the Supplement).

Figure 2 shows the estimates for the proportion of CIDI
depression variance explained by the interaction (G x E) in-
cluded in the mixed linear models. Here, the interaction ma-
trix used Es capturing full trauma exposure. Results for each
geographic cluster as well as within female/male participant-
only samples are presented. Full details of these analyses, in-
cluding estimates, SEs, LRTs values as well as results using
broad depression and neuroticism as the dependent variable,
can be found in the Supplement (eTables 35, 42, 43 in the
Supplement).

Meta-analyzed estimates for proportion of CIDI depres-
sion variance explained by G x E interactions across the clus-
ters were statistically significant within the whole (joint
female and male participants), female, and male samples. Com-
pared with the analyses of the full sample (joint male and
female participants), the meta-analyzed interaction variance
was smaller when explored within the female sample and larger
when explored within the male sample. Similar results were
observed when using only unrelated individuals (eTables 44-45
in the Supplement).
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Discussion

In this cross-sectional study, results suggest contributions of
genome-by-trauma interactions to depression/neuroticism phe-
notypic variation that are of relatively large magnitude (7%-20%),
approximately the same magnitude as the variance captured by
self-reported trauma exposure itself (5%-18%). Exploring vari-
ance components of depression/neuroticism within male and fe-
male individuals separately indicates that the proportion of CIDI
depression variation captured by genome-by-trauma interactions
differs substantially between the sexes, with estimates being ap-
proximately 5-fold greater in male individuals.

To more comprehensively capture genome-by-trauma in-
teractions within depression and neuroticism, the approach
uses all genotyped variants to compute genetic similarity
instead of individual SNVs or PGSs as in some previous
studies.'®!°2” We computed trauma exposure and genome-
by-trauma interaction similarity to explore trait variance at-
tributable to these effects by incorporating the genetic, trauma
exposure, and interaction terms as random effects as op-
posed to fixed effects within linear models.'®-2%-2” Moreover,
we used all related individuals, with appropriate sensitivity
analyses (limited to unrelated individuals only). By using all
available genotyped data, the mixed linear models imple-
mented have greater statistical power to identify phenotypic
variation attributable to genetic and genome-by-trauma in-
teractions. Hence, this method is able to uncover a greater pro-
portion of trait variance than observed with individual SNVs
or PGSs. We explored general (full trauma) and specific (child-
hood, adult, catastrophic) measures of trauma.

Our heritability estimates of the trauma measures sup-
port findings from the literature.*® Our results suggest statis-
tically significant and modest genetic correlations between the
trauma and depression/neuroticism variables. Genetic corre-
lations are 2-fold greater with CIDI depression as opposed to
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broad depression and neuroticism. A perception component
of these traits, ie, the more extreme one is on the depression
scale the more likely one is to either remember or perceive an
event as traumatic, may explain these genetic correlations. This
caveat should also be considered and curb interpretation of the
causal role of trauma exposure in depression manifestation.
Future research that can combine longitudinal designs with
prospective measures will be able to greatly enhance this line
of research.

Ourresults provide depression/neuroticism heritability es-
timates and estimates for proportion of variance attributable
to self-reported trauma exposure in line with previous
literature.*”-%° Findings also suggest the subcategories, child-
hood, adult, and catastrophic, trauma explain a substantial pro-
portion of CIDI depression variance.

As mentioned previously, we observed significant contri-
butions of genome-by-trauma interactions to depression/
neuroticism phenotypic variation. This finding was consis-
tent (although estimates are lower) across the subcategories
(childhood, adult and catastrophic) of trauma exposure
(Figure 1). Lower, yet still significant, interaction estimates were
observed for broad depression and neuroticism phenotypes,
except for the nonsignificant genome-by-catastrophic trauma
interaction estimate within broad depression (eTable 38 in the
Supplement). The contrast between results exploring CIDI de-
pression, broad depression, and neuroticism may highlight that
genome-by-trauma interaction effects play a more specificrole
within MDD manifestation.

Our findings suggest that model fit was significantly im-
proved when mixed linear models used environmental rela-
tionship (Es) and genome-by-trauma interaction (G x E) ma-
trices. This was also observed when Es were computed using
only the first eigenvector of trauma items. However, the vari-
ance components estimates were substantially attenuated
when compared with results from models including Es com-
puted using all PCs of trauma items. This suggests that impor-
tant trauma exposure and genome-by-trauma interactions may
be distributed across the different dimensions of self-
reported trauma exposure. The inclusion of more self-
reported trauma exposure PCs may additionally capture the
differential impact of subtypes of trauma exposure.

The substantial difference between the sexes in the pro-
portion of depression variation captured by genome-by-
trauma interactions was also observed for broad depression
and neuroticism phenotypes. These results, alongside the evi-
dent prevalence differences, highlight the importance and need
to explore these associations within the sexes separately. Our
findings suggest that trauma exposure and sensitivity to trauma
exposure accounted for greater variance in depression/
neuroticism outcomes for male individuals.

Although using PCs enables the use of all trauma expo-
sure variables, it is difficult to interpret directions of associa-
tions as higher PC values do not necessarily mean higher lev-
els of trauma exposure. Further, research can be conducted to
explore the direction of these associations. Exploring indi-
vidual trauma (neglect, physical abuse, etc) measures may pro-
vide a better understanding of the effect of specific trauma and
genome-by-trauma experiences.

JAMA Psychiatry Published online September 28, 2022

Downloaded From: https://jamanetwor k.com/ on 10/28/2022

Genome-by-Trauma Exposure Interactions in Adults With Depression in the UK Biobank

Our findings suggest evidence of differential associa-
tions between trauma exposure dependent on differences in
individual genetic liability with depression. Our research de-
sign and analyses are repeated across 5 geographic cluster
samples. These within-sample replications, although not in-
dependent samples, yielded relatively consistent estimates and
SEs, thereby increasing confidence in our results. It is evi-
dent that the method employed here has major advantages
when exploring genome-by-trauma exposure interactions as
opposed to much of the literature making use of PGSs.16-20-26:30

Limitations

There are limitations to this study that need to be considered
when interpreting results. Hence, results of this study may not
be generalisable to the whole population. Although the Gs com-
puted used all genotyped SNVs and subsequently accounted
for greater variance than PGSs, discrepancies between twin
study heritability and SNV heritability estimates of depres-
sion were still apparent. Twin study estimates may be biased
upward owing to the presence of gene-environment inter-
play effects, and thus, real heritability estimates are likely to
fall between SNV heritability and twin study heritability
estimates.’® Moreover, results show that our environmental
variables, full trauma and the subcategories of trauma, have
moderate heritability estimates, and these are genetically
correlated with our outcome phenotypes (depression/
neuroticism). This highlights that our environmental mea-
sures captured both genetic and environmental variances. As
genomic relationship matrices are not capturing the entirety
of the genetic variance within depression/neuroticism out-
comes, the variance captured by the trauma (and subtrauma)
measures may capture residual genetic variance.

To control for genetic covariance between our environmen-
tal and outcome variables, we also explored measures of trauma
precorrected for the available genetic measure (Gs). The differ-
ences in estimates of variance components were negligible
(eTables 35 and 40 in the Supplement). However, similar to the
aforementioned limitation, this effect can be more accurately
controlled for with an improved genetic measure (eg, G using im-
puted or whole-genome sequenced data). Simulation findings
from the literature suggest that making use of imputed or whole-
genome sequencing genetic data for Gs can uncover a further sub-
stantial proportion of genetic variance,>® which would be use-
ful in addressing the limitations outlined previously. Moreover,
future work could entail the simulation of correlated geneticand
environmental data with absent G x E associations, to explore
how this would affect the mixed linear model results, particu-
larly the variance attributable to G x E.

The UK Biobank study is a homogeneous cohort with a
healthy volunteer bias, which means that participants tend to
have relatively better health and higher socioeconomic status.>!
Moreover, our trauma exposure, depression, and neuroticism
variables were measured using retrospective self-report. Fur-
thermore, measures of trauma exposure and CIDI depression
were obtained later than measures of broad depression and neu-
roticism with the follow-up UKB mental health questionnaire.
This indicates potential measurement error within our
variables.!® Incorporating more objective measures of trauma
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exposure, eg, omics measures (DNA methylation) may be able
to provide a measure of trauma exposure that is less suscep-

Original Investigation Research

Conclusions

tible to reporting bias and thus, measurement error. For in-

stance, the availability of methylation data has increased
substantially and can be used as good proxy measures of envi-
ronments as seen with smoking.>>°2 Evidence suggests there
may be a methylation profile associated with trauma
exposure.>>->* Genome-by-environment interaction effects
using methylation data can then be dissected to explore bio-
logic pathways with nonadditive effects on outcomes that can
be directly targeted. Findings could also further clarify the re-
lationship between genetic liability and trauma exposure.

ARTICLE INFORMATION
Accepted for Publication: August 4, 2022.

Published Online: September 28, 2022.
doi:10.1001/jamapsychiatry.2022.2983

Open Access: This is an open access article
distributed under the terms of the CC-BY License.
© 2022 Chuong M et al. JAMA Psychiatry.

Author Contributions: Drs Chuong and Amador
had full access to all of the data in the study and
take responsibility for the integrity of the data and
the accuracy of the data analysis. Drs Haley,
Amador, and Mclntosh are considered the senior
authors, and Dr Chuong is considered the first
author.

Concept and design: Chuong, Kwong, Haley,
Amador, McIntosh.

Acquisition, analysis, or interpretation of data:
Adams, Kwong, Haley, Amador, Mclntosh.
Drafting of the manuscript: Chuong, Adams,
Mclintosh.

Critical revision of the manuscript for important
intellectual content: All authors.

Statistical analysis: Chuong, Adams, Haley.
Obtained funding: Chuong, Haley, McIntosh.
Administrative, technical, or material support:
Chuong, Haley.

Supervision: Adams, Kwong, Haley, Amador,
Mclintosh.

Conflict of Interest Disclosures: Dr Chuong
reported that at the time of conducting the
analyses presented in this manuscript, she was a
PhD candidate. She has since graduated and started
employment at Genomics plc. Dr Haley reported
receiving grants from Medical Research Council,
UK, during the conduct of the study. No other
disclosures were reported.

Funding/Support: This study was supported by
grants 104036/Z/14/Z, 216767/Z/19/Z, 220857/Z/
20/Z, and 223165/2/21/Z from Wellcome Trust

(Dr McIntosh) and grants MCPC17209 and MR/
5035818/1 from UK Research and Innovation/
Medical Research Council (Dr McIntosh). This work
is part of a project that has received funding from
the European Union's Horizon 2020 research and
innovation programme under grant agreement

No 847776.

Role of the Funder/Sponsor: The funders had

no role in the design and conduct of the study:
collection, management, analysis, and
interpretation of the data; preparation, review, or
approval of the manuscript; and decision to submit
the manuscript for publication.

jamapsychiatry.com

Downloaded From: https://jamanetwor k.com/ on 10/28/2022

REFERENCES

1. Kessler RC, Berglund P, Demler O, JinR,
Merikangas KR, Walters EE. Lifetime prevalence
and age-of-onset distributions of DSM-IV disorders
in the National Comorbidity Survey Replication.
Arch Gen Psychiatry. 2005;62(6):593-602.
doi:10.1001/archpsyc.62.6.593

2. Kessler RC, Aguilar-Gaxiola S, Alonso J, et al. The
global burden of mental disorders: an update from
the WHO World Mental Health (WMH) surveys.
Epidemiol Psichiatr Soc. 2009;18(1):23-33.
doi:10.1017/51121189X00001421

3. Vos T, Flaxman AD, Naghavi M, et al. Years lived
with disability (YLDs) for 1160 sequelae of 289
diseases and injuries 1990-2010: a systematic
analysis for the Global Burden of Disease Study
2010. Lancet. 2012;380(9859):2163-2196.
doi:10.1016/50140-6736(12)61729-2

4. Polderman TJ, Benyamin B, de Leeuw CA, et al.
Meta-analysis of the heritability of human traits
based on fifty years of twin studies. Nat Genet.
2015;47(7):702-709. doi:10.1038/ng.3285

5. Wray NR, Ripke S, Mattheisen M, et al; eQTLGen;
23andMe; Major Depressive Disorder Working
Group of the Psychiatric Genomics Consortium.
Genome-wide association analyses identify 44 risk
variants and refine the genetic architecture of
major depression. Nat Genet. 2018;50(5):668-681.
doi:10.1038/s41588-018-0090-3

6. Howard DM, Adams MJ, Clarke TK, et al;
23andMe Research Team; Major Depressive
Disorder Working Group of the Psychiatric
Genomics Consortium. Genome-wide
meta-analysis of depression identifies 102
independent variants and highlights the
importance of the prefrontal brain regions. Nat
Neurosci. 2019;22(3):343-352. doi:10.1038/s41593-
018-0326-7

7. Falconer DS, Mackay TFC. Introduction to
Quantitative Genetics. 4th ed. Benjamin-Cummings
Pub Co; 1996.

8. Visscher PM, Hill WG, Wray NR. Heritability in
the genomics era—concepts and misconceptions.
Nat Rev Genet. 2008;9(4):255-266. doi:10.1038/
nrg2322

9. Manolio TA, Collins FS, Cox NJ, et al. Finding the
missing heritability of complex diseases. Nature.
2009;461(7265):747-753. doi:10.1038/nature08494

10. Eichler EE, Flint J, Gibson G, et al. Missing
heritability and strategies for finding the underlying
causes of complex disease. Nat Rev Genet. 2010;11
(6):446-450. doi:10.1038/nrg2809

In conclusion, findings of this cross-sectional study suggest em-
pirical evidence of depression/neuroticism variation associ-
ated with genome-by-trauma interactions. The magnitude of
these associations were much larger for male individuals than
for female individuals. These findings can be further ex-
plored to identify both risk groups and modifiable environ-
ments/biological pathways that yield greater risk of depres-
sion manifestation, which would be useful in personalized/
preventive interventions.

11. NanniV, Uher R, Danese A. Childhood
maltreatment predicts unfavorable course of illness
and treatment outcome in depression:
ameta-analysis. Am J Psychiatry. 2012;169(2):141-
151. doi:10.1176/appi.ajp.2011.11020335

12. Negele A, Kaufhold J, Kallenbach L,
Leuzinger-Bohleber M. Childhood trauma and its
relation to chronic depression in adulthood.
Depress Res Treat. 2015;2015:650804. doi:10.1155/
2015/650804

13. Moskvina V, Farmer A, Swainson V, et al.
Interrelationship of childhood trauma, neuroticism,
and depressive phenotype. Depress Anxiety.
2007;24(3):163-168. doi:10.1002/da.20216

14. Hopfinger L, Berking M, Bockting CLH, Ebert
DD. Emotion regulation mediates the effect of

childhood trauma on depression. J Affect Disord.
2016;198:189-197. doi:10.1016/j.jad.2016.03.050

15. Huh HJ, Kim KH, Lee HK, Chae JH. The
relationship between childhood trauma and the
severity of adulthood depression and anxiety
symptoms in a clinical sample: the mediating role of
cognitive emotion regulation strategies. J Affect
Disord. 2017;213:44-50. doi:10.1016/j.jad.2017.02.
009

16. Coleman JRI, Peyrot WJ, Purves KL, et al; on the
behalf of Major Depressive Disorder Working Group
of the Psychiatric Genomics Consortium.
Genome-wide gene-environment analyses of major
depressive disorder and reported lifetime traumatic
experiences in UK Biobank. Mol Psychiatry. 2020;
25(7):1430-1446. doi:10.1038/s41380-019-0546-6

17. Uher R. Gene-environment interactions in
common mental disorders: an update and strategy
for a genome-wide search. Soc Psychiatry Psychiatr
Epidemiol. 2014;49(1):3-14. doi:10.1007/s00127-
013-0801-0

18. Mullins N, Power RA, Fisher HL, et al. Polygenic
interactions with environmental adversity in the
aetiology of major depressive disorder. Psychol Med.
2016;46(4):759-770. doi:10.1017/
$0033291715002172

19. Arnau-Soler A, Macdonald-Dunlop E, Adams
MJ, et al; Generation Scotland; Major Depressive
Disorder Working Group of the Psychiatric
Genomics Consortium. Genome-wide by
environment interaction studies of depressive
symptoms and psychosocial stress in UK Biobank
and Generation Scotland. Transl Psychiatry. 2019;9
(1):14. doi:10.1038/s41398-018-0360-y

20. Arnau-Soler A, Adams MJ, Hayward C,
Thomson PA; Generation Scotland; Major
Depressive Disorder Working Group of the

JAMA Psychiatry Published online September 28, 2022

E7


https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamapsychiatry.2022.2983?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapsychiatry.2022.2983
https://jamanetwork.com/pages/cc-by-license-permissions?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapsychiatry.2022.2983
https://jamanetwork.com/journals/jama/fullarticle/10.1001/archpsyc.62.6.593?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapsychiatry.2022.2983
https://dx.doi.org/10.1017/S1121189X00001421
https://dx.doi.org/10.1016/S0140-6736(12)61729-2
https://dx.doi.org/10.1038/ng.3285
https://dx.doi.org/10.1038/s41588-018-0090-3
https://dx.doi.org/10.1038/s41593-018-0326-7
https://dx.doi.org/10.1038/s41593-018-0326-7
https://dx.doi.org/10.1038/nrg2322
https://dx.doi.org/10.1038/nrg2322
https://dx.doi.org/10.1038/nature08494
https://dx.doi.org/10.1038/nrg2809
https://dx.doi.org/10.1176/appi.ajp.2011.11020335
https://dx.doi.org/10.1155/2015/650804
https://dx.doi.org/10.1155/2015/650804
https://dx.doi.org/10.1002/da.20216
https://dx.doi.org/10.1016/j.jad.2016.03.050
https://dx.doi.org/10.1016/j.jad.2017.02.009
https://dx.doi.org/10.1016/j.jad.2017.02.009
https://dx.doi.org/10.1038/s41380-019-0546-6
https://dx.doi.org/10.1007/s00127-013-0801-0
https://dx.doi.org/10.1007/s00127-013-0801-0
https://dx.doi.org/10.1017/S0033291715002172
https://dx.doi.org/10.1017/S0033291715002172
https://dx.doi.org/10.1038/s41398-018-0360-y
http://www.jamapsychiatry.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapsychiatry.2022.2983

E8

Genome-by-Trauma Exposure Interactions in Adults With Depression in the UK Biobank

Research Original Investigation

Psychiatric Genomics Consortium. Genome-wide
interaction study of a proxy for stress-sensitivity
and its prediction of major depressive disorder.
PLoS One. 2018;13(12):e0209160. doi:10.1371/
journal.pone.0209160

21. Werme J, van der Sluis S, Posthuma D, de
Leeuw CA. Correction to: Genome-wide
gene-environment interactions in neuroticism: an
exploratory study across 25 environments. Trans/
Psychiatry. 2021;11(1):207. doi:10.1038/s41398-021-
01334-6

22. Dunn EC, Wiste A, Radmanesh F, et al.
Genome-Wide Association Study (Gwas) and
Genome-Wide by Environment Interaction Study
(Gweis) of Depressive Symptoms in African
American and Hispanic/Latina Women. Depress
Anxiety. 2016;33(4):265-280. doi:10.1002/da.22484

23. Demirkan A, Penninx BWJH, Hek K, et al.
Genetic risk profiles for depression and anxiety in
adult and elderly cohorts. Mol Psychiatry. 201116
(7):773-783. doi:10.1038/mp.2010.65

24. Dudbridge F. Power and predictive accuracy of
polygenic risk scores. PLoS Genet. 2013;9(3):
€1003348. doi:10.1371/journal.pgen.1003348

25. Colodro-Conde L, Couvy-Duchesne B, Zhu G,
et al. Adirect test of the diathesis-stress model for
depression. Mol Psychiatry. 2018;23(7):1590-1596.
doi:10.1038/mp.2017.130

26. Peyrot WJ, Milaneschi Y, Abdellaoui A, et al.
Effect of polygenic risk scores on depression in
childhood trauma. Br J Psychiatry. 2014;205(2):113-
119. doi:10.1192/bjp.bp.113.143081

27. Arnau-Soler A, Adams MJ, Clarke TK, et al;
Generation Scotland; Major Depressive Disorder
Working Group of the Psychiatric Genomics
Consortium. A validation of the diathesis-stress
model for depression in Generation Scotland. Trans/
Psychiatry. 2019;9(1):25. doi:10.1038/s41398-018-
0356-7

28. Shao N, Gong Y, Wang X, et al. Effects of
polygenic risk score, childhood trauma and
resilience on depressive symptoms in Chinese
adolescents in a 3-year cohort study. J Affect Disord.
2021;282:627-636. doi:10.1016/j.jad.2020.12.114

29. Gillett AC, Jermy B, Lee SH, et al. Exploring
polygenic-environment and residual-environment
interactions for depressive symptoms within the
UK Biobank. Genet Epidemiol. 2022;46(5-6):219-233.
doi:10.1002/gepi.22449

30. Peyrot WJ, Van der Auwera S, Milaneschi Y,

et al; Major Depressive Disorder Working Group of
the Psychiatric Genomics Consortium. Does
childhood trauma moderate polygenic risk for
depression? a meta-analysis of 5765 subjects from
the Psychiatric Genomics Consortium. Biol Psychiatry.
2018;84(2):138-147. doi:10.1016/j.biopsych.2017.09.
009

31. Nicholls HL, John CR, Watson DS, Munroe PB,
Barnes MR, Cabrera CP. Reaching the end game for

GWAS: machine learning approaches for the
prioritization of complex disease loci. Front Genet.
2020;11:350. doi:10.3389/fgene.2020.00350

32. Mostafavi H, Harpak A, Agarwal |, Conley D,
Pritchard JK, Przeworski M. Variable prediction
accuracy of polygenic scores within an ancestry
group. eLife. 2020;9:e48376. doi:10.7554/eLIife.
48376

33. Mullins N, Lewis CM. Genetics of depression:
progress at last. Curr Psychiatry Rep. 2017;19(8):43.
doi:10.1007/s11920-017-0803-9

34. Yang J, Lee SH, Goddard ME, Visscher PM.
GCTA: a tool for genome-wide complex trait
analysis. Am J Hum Genet. 2011;88(1):76-82.
doi:10.1016/j.ajhg.2010.11.011

35. Amador C, Zeng Y, Barber M, et al.
Genome-wide methylation data improves
dissection of the effect of smoking on body mass
index. PLoS Genet. 2021;17(9):e1009750.
doi:10.1371/journal.pgen.1009750

36. Docherty AR, Moscati A, Peterson R, et al.
SNP-based heritability estimates of the personality
dimensions and polygenic prediction of both
neuroticism and major depression: findings from
CONVERGE. Transl Psychiatry. 2016;6(10):e926.
doi:10.1038/tp.2016.177

37. Vukasovi¢ T, Bratko D. Heritability of
personality: a meta-analysis of behavior genetic
studies. Psychol Bull. 2015;141(4):769-785.
doi:10.1037/bul0000017

38. Kendler KS, Gatz M, Gardner CO, Pedersen NL.
Personality and major depression: a Swedish
longitudinal, population-based twin study. Arch Gen
Psychiatry. 2006;63(10):1113-1120. doi:10.1001/
archpsyc.63.10.1113

39. Luciano M, Hagenaars SP, Davies G, et al.
Association analysis in over 329,000 individuals
identifies 116 independent variants influencing
neuroticism. Nat Genet. 2018;50(1):6-11.
doi:10.1038/541588-017-0013-8

40. Kendler KS, Gardner CO. Sex differences in the
pathways to major depression: a study of
opposite-sex twin pairs. Am J Psychiatry. 2014171
(4):426-435. doi:10.1176/appi.ajp.2013.13101375

41. Lau JYF, Eley TC. Disentangling
gene-environment correlations and interactions on
adolescent depressive symptoms. J Child Psychol
Psychiatry. 2008;49(2):142-150. doi:10.1111/j.1469-
7610.2007.01803.x

42. ZhangF, Chen W, Zhu Z, et al. OSCA: a tool for

omic-data-based complex trait analysis. Genome Biol.

2019;20(1):107. doi:10.1186/s13059-019-1718-z

43. Nivard MG, Middeldorp CM, Lubke G, et al.
Detection of gene-environment interaction in
pedigree data using genome-wide genotypes. Eur J
Hum Genet. 2016;24(12):1803-1809. doi:10.1038/
ejhg.2016.88

JAMA Psychiatry Published online September 28, 2022

Downloaded From: https://jamanetwor k.com/ on 10/28/2022

44. Heckerman D, Gurdasani D, Kadie C, et al.
Linear mixed model for heritability estimation that
explicitly addresses environmental variation. Proc
Natl Acad Sci U S A. 2016;113(27):7377-7382.
doi:10.1073/pnas.1510497113

45. McManus S, Bebbington P, Jenkins R, Brugha T,
eds. Mental Health and Well-being in England: Adult
Psychiatric Morbidity Survey 2014. NHS Digital; 2016.

46. Warrier V, Kwong ASF, Luo M, et al.
Gene-environment correlations and causal effects
of childhood maltreatment on physical and mental
health: a genetically informed approach. Lancet
Psychiatry. 2021;8(5):373-386. doi:10.1016/52215-
0366(20)30569-1

47. Jermy BS, Glanville KP, Coleman JRI, Lewis CM,
Vassos E. Exploring the genetic heterogeneity in
major depression across diagnostic criteria. Mol
Psychiatry. 2021;26(12):7337-7345. doi:10.1038/
s41380-021-01231-w

48. Realo A, van der Most PJ, Allik J, et al.
SNP-based heritability estimates of common and
specific variance in self- and informant-reported
neuroticism scales. J Pers. 2017;85(6):906-919.
doi:10.1111/jopy12297

49. Schneider G, Kohnke C, Teismann H, Berger K.
Childhood trauma and personality explain more
variance in depression scores than
sociodemographic and lifestyle factors—results
from the BiDirect Study. J Psychosom Res. 2021;147:
110513. doi:10.1016/j.jpsychores.2021.110513

50. Yang J, Bakshi A, Zhu Z, et al; LifeLines Cohort
Study. Genetic variance estimation with imputed
variants finds negligible missing heritability for
human height and body mass index. Nat Genet.
2015;47(10):1114-1120. doi:10.1038/ng.3390

51. Martin AR, Gignoux CR, Walters RK, et al.
Human demographic history impacts genetic risk
prediction across diverse populations.
2017100(4):635-649. doi:10.1016/j.ajhg.2017.
03.004

52. Andersen AM, Philibert RA, Gibbons FX,
Simons RL, Long J. Accuracy and utility of an
epigenetic biomarker for smoking in populations
with varying rates of false self-report. Am J Med
Genet B Neuropsychiatr Genet. 2017;174(6):641-650.
doi:10.1002/ajmg.b.32555

53. Matosin N, Cruceanu C, Binder EB. Preclinical
and clinical evidence of DNA methylation changes
in response to trauma and chronic stress. Chronic
Stress (Thousand Oaks). 2017;1:2470547017710764.
doi:10.1177/2470547017710764

54. Mehta D, Bruenig D, Carrillo-Roa T, et al.
Genomewide DNA methylation analysis in combat
veterans reveals a novel locus for PTSD. Acta
Psychiatr Scand. 2017;136(5):493-505. doi:10.1111/
acps.12778

jamapsychiatry.com


https://dx.doi.org/10.1371/journal.pone.0209160
https://dx.doi.org/10.1371/journal.pone.0209160
https://dx.doi.org/10.1038/s41398-021-01334-6
https://dx.doi.org/10.1038/s41398-021-01334-6
https://dx.doi.org/10.1002/da.22484
https://dx.doi.org/10.1038/mp.2010.65
https://dx.doi.org/10.1371/journal.pgen.1003348
https://dx.doi.org/10.1038/mp.2017.130
https://dx.doi.org/10.1192/bjp.bp.113.143081
https://dx.doi.org/10.1038/s41398-018-0356-7
https://dx.doi.org/10.1038/s41398-018-0356-7
https://dx.doi.org/10.1016/j.jad.2020.12.114
https://dx.doi.org/10.1002/gepi.22449
https://dx.doi.org/10.1016/j.biopsych.2017.09.009
https://dx.doi.org/10.1016/j.biopsych.2017.09.009
https://dx.doi.org/10.3389/fgene.2020.00350
https://dx.doi.org/10.7554/eLife.48376
https://dx.doi.org/10.7554/eLife.48376
https://dx.doi.org/10.1007/s11920-017-0803-9
https://dx.doi.org/10.1016/j.ajhg.2010.11.011
https://dx.doi.org/10.1371/journal.pgen.1009750
https://dx.doi.org/10.1038/tp.2016.177
https://dx.doi.org/10.1037/bul0000017
https://jamanetwork.com/journals/jama/fullarticle/10.1001/archpsyc.63.10.1113?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapsychiatry.2022.2983
https://jamanetwork.com/journals/jama/fullarticle/10.1001/archpsyc.63.10.1113?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapsychiatry.2022.2983
https://dx.doi.org/10.1038/s41588-017-0013-8
https://dx.doi.org/10.1176/appi.ajp.2013.13101375
https://dx.doi.org/10.1111/j.1469-7610.2007.01803.x
https://dx.doi.org/10.1111/j.1469-7610.2007.01803.x
https://dx.doi.org/10.1186/s13059-019-1718-z
https://dx.doi.org/10.1038/ejhg.2016.88
https://dx.doi.org/10.1038/ejhg.2016.88
https://dx.doi.org/10.1073/pnas.1510497113
https://dx.doi.org/10.1016/S2215-0366(20)30569-1
https://dx.doi.org/10.1016/S2215-0366(20)30569-1
https://dx.doi.org/10.1038/s41380-021-01231-w
https://dx.doi.org/10.1038/s41380-021-01231-w
https://dx.doi.org/10.1111/jopy.12297
https://dx.doi.org/10.1016/j.jpsychores.2021.110513
https://dx.doi.org/10.1038/ng.3390
https://dx.doi.org/10.1016/j.ajhg.2017.03.004
https://dx.doi.org/10.1016/j.ajhg.2017.03.004
https://dx.doi.org/10.1002/ajmg.b.32555
https://dx.doi.org/10.1177/2470547017710764
https://dx.doi.org/10.1111/acps.12778
https://dx.doi.org/10.1111/acps.12778
http://www.jamapsychiatry.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapsychiatry.2022.2983

