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Abstract

Background: Although it is well‐established that both genetics and the environment
influence brain development, they are typically examined separately. Here, we

aimed to prospectively investigate the interactive effects of genetic variants—from

a genome‐wide approach—and early life stress (ELS) on child subcortical brain

structures, and their association with subsequent mental health problems.

Method: Primary analyses were conducted using data from the Generation R Study

(N = 2257), including genotype and cumulative prenatal and postnatal ELS scores

(encompassing life events, contextual risk, parental risk, interpersonal risk, direct

victimisation). Neuroimaging data were collected at age 10 years, including intra-

cranial and subcortical brain volumes (accumbens, amygdala, caudate, hippocampus,

pallidum, putamen, thalamus). Genome‐wide association and genome‐wide‐by‐
environment interaction analyses (GWEIS, run separately for prenatal/postnatal

ELS) were conducted for eight brain outcomes (i.e., 24 genome‐wide analyses) in the
Generation R Study (discovery). Polygenic scores (PGS) using the resulting weights

were calculated in an independent (target) cohort (adolescent brain cognitive

development Study; N = 10,751), to validate associations with corresponding

subcortical volumes and examine links to later mother‐reported internalising and

externalising problems.

Results: One GWEIS‐prenatal stress locus was associated with caudate volume

(rs139505895, mapping onto PRSS12 and NDST3) and two GWEIS‐postnatal stress
loci with the accumbens (rs2397823 and rs3130008, mapping onto CUTA, SYN-

GAP1, and TABP). Functional annotation revealed that these genes play a role in

neuronal plasticity and synaptic function, and have been implicated in neuro-

developmental phenotypes, for example, intellectual disability, autism, and schizo-

phrenia. None of these associations survived a more stringent correction for

multiple testing across all analysis sets. In the validation sample, all PGSgenotype were

associated with their respective brain volumes, but no PGSGxE associated with any
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subcortical volume. None of the PGS associated with internalising or externalising

problems.

Conclusions: This study lends novel suggestive insights into gene‐environment
interplay on the developing brain as well as pointing to promising candidate loci

for future replication and mechanistic studies.

K E YWORD S

early life stress, gene‐environment interaction, genome‐wide association study, MRI,

psychopathology

INTRODUCTION

Subcortical brain structures show differential developmental pat-

terns over time (Raznahan et al., 2014) and variations in their vol-

umes are associated with a wide range of child and adult psychiatric

disorders. Subcortical brain structures are under considerable ge-

netic influence as demonstrated by recent twin heritability studies

(Strike et al., 2019) and a genome‐wide association study (GWAS)

(Satizabal et al., 2019), which has so far identified 48 significant loci

and 199 associated genes. These genes are implicated in a wide range

of neurodevelopmental regulatory processes, including synaptic sig-

nalling, axonal transport and neural apoptosis. Furthermore, genes

associated with subcortical brain structures are also modestly asso-

ciated with psychiatric phenotypes such as schizophrenia, attention‐
deficit/hyperactivity disorder (ADHD), autism spectrum disorder

(ASD), bipolar disorder, as well as with cognition (Ohi et al., 2020;

Satizabal et al., 2019; Smith et al., 2021).

Besides genetic influences, many previous studies have found

that subcortical brain structures are also influenced by environ-

mental risk factors from as early as gestation, which have been

shown to affect their growth and development (Lupien et al., 2009;

Modabbernia et al., 2021; Tost et al., 2015). Indeed, stressors both

in utero (e.g., prenatal maternal depression) and postnatally (e.g.,

poor family functioning, childhood adversities) have been associ-

ated with variation in subcortical brain volumes (McLaughlin

et al., 2019; Quinlan et al., 2020; Xerxa et al., 2021; Zou

et al., 2019).

Taken together, evidence to date points to a key role of both

genetic and environmental factors in subcortical brain development.

However, few studies have examined gene‐environment in-

teractions on the brain (Gao et al., 2019) and, of these, most have

looked at candidate genes, primarily focussing on monoamine

neurotransmitter (Meer et al., 2015; Reed et al., 2018) and

neuroendocrine‐related (Malhi et al., 2020; Wesarg et al., 2021)

pathways. Other studies have employed polygenic scores (PGS)

based on GWAS of psychiatric disorders and subsequently exam-

ined interactive effects with specific environmental stressors on

brain structure (Acosta et al., 2020; Bolhuis et al., 2019; French

et al., 2015). Although PGSs capture broader genetic influences

than candidate gene approaches, it remains unclear to what extent

individual genetic factors across the genome interact with envi-

ronmental factors. One notable exception is a recent study on a

sample of 184 neonates, reporting that genome‐wide‐by‐
environment interaction (GWEIS) models outperformed GWAS‐

only and environment‐only models to best explain variation in

amygdala and hippocampus volume and microstructure (Ong

et al., 2019), although which specific single nucleotide poly-

morphism (SNPs) or environments were implicated in these

interactions was not reported. In short, as most studies used a

cross‐sectional design, focused on candidate genes or PGS, and

lacked prospective assessments of ELS, it remains unclear to what

extent genes and environment interact to shape variation in

subcortical brain volumes in childhood and downstream risk for

psychopathology. This is important considering that the aetiology of

childhood‐onset mental disorders remains largely unknown and

integrative studies are considered a crucial next step to map gene‐
environment interplay on brain phenotypes (Arango et al., 2021;

Solmi et al., 2021).

The primary aim of this study was to perform a gene‐
environment interaction analysis, in which we investigated the

interactive effects of common genetic variants—from a genome‐wide
approach—and early life stress (ELS) on child subcortical brain vol-

umes, as well as their associations with subsequent internalising and

externalising problems in emerging adolescence. Discovery analyses

were embedded in the Generation R Study, to our knowledge the

largest, single site, paediatric population‐based study including

comprehensive prospective measures of prenatal and postnatal ELS

Key points

� Although it is well‐established that both genetics and the
environment influence brain development, these are

typically examined separately.

� In this first genome‐wide gene‐environment interaction
study of brain structure in children, three genetic loci

were identified that in interaction with early life stress

(ELS) were suggestively associated with subcortical brain

volumes. Genes mapped to these loci play a role in brain

plasticity and have been implicated in neuro-

developmental conditions such as autism spectrum dis-

orders (ASD) and schizophrenia.

� This study lends novel insights into gene‐environment
interplay on the developing brain. Future child develop-

mental research should prioritise gene‐environment
interaction research to further explore neuro-

developmental pathways of risk from early life onwards.
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spanning pregnancy to childhood, genotyping and neuroimaging.

Validation was performed in the adolescent brain cognitive devel-

opment (ABCD) Study, an independent sample with a larger sample

size, but fewer (and retrospectively assessed) ELS measures. Indi-

vidual hits from GWAS and GWEIS in the Generation R study were

carried forward in the ABCD Study for validation. In addition, PGS

were calculated to test associations with subcortical brain volumes

and behavioural outcomes in the independent ABCD Study.

METHODS

Study populations

Primary analyses were conducted using data from the Generation R

Study, a prospective cohort study from the general population of

Rotterdam, the Netherlands (Kooijman et al., 2016). Participants

were included when genotype, cumulative scores of prenatal and

postnatal ELS (birth to age 10 years) and neuroimaging data at age

10 years were available. Genotyping was done separately for two

independently genotyped subsamples, that is, GENR3 (n = 1722)

and GENR4 (n = 535), which were meta‐analysed (combined

n = 2257). Validation analyses were performed in the US‐based
ABCD Study (Casey et al., 2018), an independent study including

over 10,000 youth aged 9–10 years. First, discovery and validation

analyses were done in all participants, which included mixed ethnic‐
genetic ancestry. Sensitivity analyses were performed in partici-

pants of European ancestry to account for genetic stratification

effects.

Full details on genotyping, neuroimaging assessment, and ELS

measurements of the Generation R and ABCD samples are provided

in the Supporting Information 1. In short, genotyping was performed

with Illumina HumanHap 610 or 660 quad chips for the Generation R

Study, and with the Smokescreen™ Genoyping array for the ABCD

Study. Quality control and genotype imputation were harmonised

across the two cohorts. Neuroimaging was performed using 3‐Tesla
scanners in both cohorts. Segmentation of T1‐weighted images was

performed using FreeSurfer (v6.0) with the extraction of seven

subcortical volumes per hemisphere. In the Generation R Study,

prospective assessments on a wide range of environmental and

psychosocial risks were used to calculate cumulative scores of ELS,

spanning two developmental periods, that is, during pregnancy

(prenatal ELS score) and from birth to age 10 years (postnatal ELS

score, up to the age of the MRI assessment). Briefly, ~100 stress

items were selected, dichotomised into absent (=0) or present risk
(=1), and assigned to one of the following domains: life events,

contextual risk, parental risk, interpersonal risk, and direct victim-

isation (only available postnatally). Dichotomised risks were summed

to create domain scores, and domain scores were subsequently

summed and standardised within periods to obtain prenatal and

postnatal ELS scores. These ELS scores are based on earlier studies,

have been used in multiple cohorts, and have been found to pro-

spectively associate with mental health and cognitive outcomes

(Cecil et al., 2014; Clayborne et al., 2021; Rijlaarsdam et al., 2016;

Schuurmans et al., 2022). In ABCD, ELS measures were retrospec-

tively assessed when the child was on overage 9 years, including both

prenatal and postnatal exposures.

Statistical analyses

Our primary linear regression analyses were performed with an

adapted version of the GEM software package (Pan et al., 2016) in

R version 4.0.5 (R Core Team, 2015). Three analysis sets were con-

ducted to test for (1) G, (2) E and (3) GxE effects (see Figure S1 for

analysis overview). For each of these sets, 8 brain outcomes were

tested and an analysis set‐wide Bonferroni correction was applied to

correct for multiple comparisons. This resulted in (1) G set: eight

GWAS analyses (genome‐wide significance: p < 5e−8; set‐wide
Bonferroni‐correction: p < 5e−8/8 = 6.25e−9); (2) E set: 16 associa-

tions (eight for prenatal ELS and eight for postnatal ELS; set‐wide
Bonferroni‐correction: p < 0.05/16 = 3.12e−3); and (3) GxE set: 16

GWEIS analyses (eight for GxPrenatal ELS, and eight for GxPostnatal

ELS; genome‐wide significance: p < 5e−8; set‐wide Bonferroni‐
correction p < 5e−8/16 = 3.12e−9). The results from GENR3 and

GENR4 were meta‐analysed using inverse variance‐weighted fixed

effects models with the METAL software (Willer et al., 2010). Sig-

nificant results from the Gmodel and GxEmodelwere followed forward

for characterisation using functional mapping and annotation of

genome‐wide association studies (Watanabe et al., 2017) to identify

lead/independent SNPs, annotated genes and enriched biological

functions as well as previously identified phenotypic associations

based on the GWAS Catalogue (MacArthur et al., 2017).

Subsequently, SNPs identified in GWAS/GWEIS at a genome‐wide
threshold of significance were assessed for validation in the ABCD

Study. Further, the GWAS summary statistics of the G and GxE anal-

ysis sets in the Generation R cohort were carried forward to calculate

PGS for external validation in the ABCD Study. The polygenic risk

score under continuous shrinkage (PRS‐CS) method (Ge et al., 2019)

was used to infer posterior effect sizes of SNPs using a high‐
dimensional Bayesian regression framework to capture polygenic

variation. These were calculated separately for each subcortical vol-

ume outcome as well as separately for GWAS, GWEIS‐prenatal stress,
and GWEIS‐postnatal stress results, resulting in three sets of PGS for
eight brain outcomes. Pearson correlations between all PGSgenotype,

PGSGxE‐prenatal, PGSGxE‐postnatal were calculated in the ABCD

Study, based on weights from the Generation R study GWAS

(i.e., eight PGSgenotype) and GWEIS (i.e., eight PGSGxE‐prenatal, eight

PGSGxE‐postnatal). Validation analyses proceeded in two steps.

First, PGSs were examined in association with their respective

brain outcome in the ABCD Study, for example, the association of

PGSgenotype‐accumbens with accumbens volume. These analyses were

adjusted for sex, age, scanner type, site, intracranial volume, and four

principal components of genetic ancestry. Analyses using the PGSGxE

were additionally adjusted for PGSgenotype and cumulative pre‐ or

postnatal ELS scores to parse out theGxEmodel effects over and above

the effects of Gmodel and Emodel. Second, if a significant association

was found in the previous analysis step, PGS were next examined to

test for associations with later internalising or externalising symp-

toms, for example, the association of PGSGxE‐prenatal‐accumbens with

internalising problems. Third, if an association emerged between (a)

PGS and brain outcome as well as (b) PGS and behavioural outcome,

statistical mediation was performed to assess whether brain volume

mediated the association between the PGS and behaviour outcome.

Again, multiple‐testing correction was applied using the Bonferroni

method (p < 0.05/24 = 2.08e−3).
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Sensitivity analyses

Previously it was shown that population stratification in genetic an-

alyses due to multi‐ethnicity in the Generation R Study can be

adequately controlled for by the use of genetic principal components

(Medina‐Gomez et al., 2015). To confirm this in the current study, we

performed sensitivity analyses by rerunning analyses in samples

selected for European genetic ancestry (both Generation R and

ABCD cohorts).

RESULTS

Sample characteristics

In this sample, 2257 participants were included for the meta‐analysis
(Table 1), comprising n = 1722 and n = 535 participants from GENR3

and GENR4, respectively. In total, 1049 (60.9%) and 341 (63.7%)

participants were of European ancestry in GENR3 and GENR4,

respectively, resulting in an Ncombined = 1390 (61.6%) individuals. In

the ABCD Study, N = 10,749 individuals were included for validation

analyses, of whom 55.1% were of European genetic ancestry. Cor-

relations between study variables are shown in Tables S1 and S2.

Gmodel: Individual effects of genotype on subcortical
structures

After genome‐wide correction, one locus—rs7700011 on chromo-

some 4—was associated with bilateral accumbens volume (Table 2,

Figure 1A and Table S3; p = 3.83e−8). This was no longer significant at

the stricter analysis set‐wide threshold. Rs7700011 is located in an

intergenic region and did not map onto any genes. No other loci

showed GWAS‐significant associations.

Emodel: Individual effects of prenatal and postnatal
stress on subcortical structures

Prenatal ELS was associated with lower intracranial (Tables 1 and S4;

β = −0.08, 95% CI −0.12; −0.04, p = 1.12e−4) and caudate volumes

(β = −0.06, 95% CI −0.10; −0.02, p = 0.004). Postnatal ELS was

associated with lower intracranial (β = −0.10, 95% CI −0.13; −0.06,
p = 1.19e−7) and accumbens volumes (β = −0.05, 95% CI −0.09;
−0.02, p = 0.006). Prenatal or postnatal ELS were not related with

any other subcortical volumes after multiple‐testing correction,

although associations were generally negative.

GxEmodel: Interactive effects on subcortical brain
structures

Prenatal stress � genotype

The Manhattan plot for the GWEIS of prenatal stress is displayed in

Figure 1B. One locus—rs139505895 (chromosome 4)—interacted

with prenatal stress to predict bilateral caudate volume (p = 4.02e−8)

as shown in Table 2 (also see as well as Figure 1D,G for scatter plot of

interaction effect). This locus was no longer significant at the more

conservative threshold. The SNP maps onto PRSS12 and NDST3

genes. PRSS12 encodes for the neurotrypsin protein secreted from

neuronal cells and has been implicated in synaptic plasticity, learning,

memory and cognitive impairment. NDST3 shows enhanced expres-

sion in the brain and variants mapped to this gene have been iden-

tified as GWAS‐significant hits for multiple psychiatric traits (e.g.,

schizophrenia, neuroticism, worry), educational attainment and

exposure to childhood maltreatment based on GWAS Catalogue re-

sults. Top ranked SNPs from the GxE‐prenatal‐model across brain

regions are displayed in Table S5. No other loci showed genome‐wide
significant GWEIS effects.

TAB L E 1 Descriptive characteristics

GENR3 (N = 1722) GENR4 (N = 535) ABCD (N = 10,749)

Age at MRI assessment in years 10.16 (0.60) 10.04 (0.56) 9.91 (0.63)

Sex, proportion girls 50.1% 51.2% 46.9%

European ancestry, proportion 60.9% 63.7% 55.1%

Prenatal stress scorea, mean (SD), range 0.50 (0.41), 0–2.55 0.57 (0.46), 0–2.44 2.03 (1.40), 0–7.00

Postnatal stress scorea, mean (SD) 0.73 (0.47), 0–3.30 0.74 (0.45), 0–2.53 1.13 (1.69), 0–20.00

Subcortical brain volumes, mean (SD), mm3

Accumbens 1364.40 (188.42) 1356.90 (191.69) 1177.22 (182.09)

Amygdala 3565.00 (382.75) 3542.00 (385.36) 3168.85 (406.89)

Caudate 8187.00 (952.00) 8116.00 (1014.96) 8152.82 (1007.34)

Hippocampus 8074.00 (716.50) 8058.00 (735.01) 8123.39 (788.78)

Pallidum 3925.00 (407.22) 3914.00 (408.27) 3533.88 (378.91)

Putamen 10,794.00 (1107.30) 10,769.00 (1175.36) 11,715.81 (1254.20)

Thalamus 14,944.00 (1338.46) 14,844.00 (1296.98) 14,937.13 (1355.08)

Note: ELS scores are computed differently across Generation R and ABCD cohorts so cannot be compared directly.

Abbreviation: ABCD, adolescent brain cognitive development.
aValues are non‐standardised.
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TAB L E 2 Significant genetic, environmental, and gene‐environmental interaction effects on child subcortical brain volumes

Model and outcome Marker Lead SNP Annotated gene A1/A2 A1 frequency Effect s.e. p

Gmodel

Accumbens 4:65571003 rs7700011 Intergenic T/C 0.34 0.1515 0.0276 3.83e−8

Accumbens 4:65577112 rs7700011 Intergenic T/C 0.34 0.1504 0.0275 4.53e−8

Accumbens 4:65570147 rs7700011 Intergenic A/G 0.34 0.1504 0.0276 4.89e−8

Emodel‐prenatal effects

Intracranial volume NA −0.0771 0.0200 1.12e−3

Caudate NA −0.0576 0.0202 4.36e−3

Emodel‐postnatal effects

Intracranial volume NA −0.0982 0.0185 1.19e−7

GxEmodel‐prenatal effects

Caudate 4:119103684 rs139505895 PRSS12;NDST3 A/G 0.02 0.4456 0.0812 4.02e−8

GxEmodel‐postnatal effects

Accumbens 6:33321666 rs3130008 CUTA;SYNGAP1;TABP A/G 0.56 −0.1417 0.0253 2.06e−8

Accumbens 11:91535952 rs2397823 Intergenic T/C 0.22 −0.1794 0.0321 2.28e−8

Note: Analyses pertaining to sub‐cortical brain volumes were adjusted for intracranial volume. Please note that none of the GWAS and GWEIS analyses
survived more stringent correction for number of genome‐wide analyses performed in each analysis set (see Figure S1).

Abbreviations: A1 frequency, average effect allele frequency; A1, effect allele; A2, other allele; SNP, single nucleotide polymorphism.

F I GUR E 1 Results from the genome‐wide (GWAS) and genome‐wide by environment interaction analyses (GWEIS). Upper panel:

(A) Manhattan plots for the GWAS for the accumbens, (B) GWEIS‐prenatal stress for the caudate and (C) GWEIS‐postnatal stress for the
accumbens. Lower panels: interaction graphs for the GWEIS‐significant findings in GENR3 (middle panel) and GENR4 (lower panel). (D/G)
Across both GENR3 and GENR4 for rs13905895, prenatal early life stress (ELS) associated with lower caudate volume in carriers of the GG
allele, but with higher volume in AG carriers. (E/H) For rs3130008, negative associations between postnatal ELS and accumbens volume were

steepest for AA carriers compared to GA and GG carriers. (F/I) For rs2397823, negative associations between postnatal ELS and accumbens
volume were steeper in the less common TT carriers compared to TC and CC carriers.
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Postnatal stress � genotype

The Manhattan plot for the GWEIS of postnatal stress is displayed

in Figure 1C. After genome‐wide correction, rs3130008 (chromo-

some 6) and rs2397823 (chromosome 11) interacted with post-

natal stress to predict bilateral accumbens volume (P = 2.06e−8

and P = 2.28e−8) as shown in Table 2 (see Figure 1E,F,H,I for

scatter plots of interaction effect). These loci were no longer

significant at the more conservative threshold. The annotated

genes for rs3130008 include CUTA, SYNGAP1, and TABP genes.

SYNGAP1 shows enhanced expression in the brain, specifically in

horizontal and bipolar neuronal cells, where it has been implicated

in synaptic plasticity, learning and memory. Results from the

GWAS Catalogue indicate that the rs3130008 locus mapped to

SYNGAP1 has been identified as a GWAS hit for episodic memory

as well as multiple psychiatric disorders, including schizophrenia

and ASD. rs2397823 corresponds to an intergenic locus. Top

ranked SNPs from the GxE‐prenatal‐model across brain regions

are displayed in Table S6. No other loci showed GWEIS‐significant
interaction effects.

Validation analyses in ABCD

Of the four genome‐wide significant SNPs identified in Generation R,
three were not present in the ABCD sample due to poor imputation

quality. The remaining SNP, that is, rs3130008 (chromosome 6) was

tested for validation in ABCD. This SNP showed a consistent pattern

of associations with accumbens volume in interaction with postnatal

ELS as in Generation R, although effects were of weaker magnitude

(Figure S2; P = 0.072). PGSgenotype correlated modestly with both

PGSGxE‐prenatal and PGSGxE‐postnatal, indicating that GWAS and

GWEIS‐results may capture partially different signals (Figure 2). In

ABCD, all PGSgenotype were associated with larger volumes of their

respective brain structure in ABCD after multiple testing correction

(Table 3). No PGSGxE derived from the GWEIS model associated with

brain outcomes after Bonferroni‐correction for multiple testing.

When testing associations of PGSgenotype with psychopathology, no

association survived multiple‐testing correction (Table S7).

Sensitivity analyses

GWEIS and GWAS results were re‐run in participants of European

genetic ancestry in the Generation R discovery sample, yielding

comparable results (Table S8). Similarly, PGS analyses re‐run in

participants of European genetic ancestry of the ABCD Study yielded

comparable results with betas in the same direction (Table S9).

DISCUSSION

To the best of our knowledge, this is the first study to explore gene‐
environment interactions on child subcortical brain volumes using a

genome‐wide approach. We studied over 2000 children from a

population‐based birth cohort to characterise interactions between

common genetic polymorphisms and ELS on subcortical brain vol-

umes at age 10 years. We highlight three key findings.

F I GUR E 2 Heatmap of correlations between the genome‐wide association (PGSgenotype) and genome‐wide by environment interaction
analyses (PGSGxE‐prenatal, PGSGxE‐postnatal) derived polygenic scores for each brain outcome in the ABCD Study. Red indicates a positive
correlation and blue indicates a negative correlation, dots indicate p‐values < 0.05. ABCD, adolescent brain cognitive development
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First, we found suggestive evidence that variation at three ge-

netic loci interacted with ELS to predict subcortical brain volume.

Specifically, rs139505895 (chromosome 4) interacted with prenatal

stress to predict caudate volume; rs3130008 (chromosome 6) and

rs2397823 (chromosome 11) interacted with postnatal stress to

predict accumbens volume, although these did not survive more

stringent multiple‐testing correction for the total number of genome‐
wide analyses performed. These loci map onto genes (i.e., PRSS12,

NDST3, CUTA, SYNGAP1, and TABP) that play a role in synaptic

plasticity, learning and memory, and have been implicated in neuro-

developmental disorders such as schizophrenia and autism. Second,

our analyses of main effects showed that both prenatal and postnatal

ELS associate with lower intracranial volume and several subcortical

volumes, whereas genome‐wide significant genetic main effects were
detected in the accumbens. Third, PGSgenotype derived from the dis-

covery sample were all found to associate with their respective brain

volume in an independent sample, providing validity for this genetic

approach in a population‐based sample of children. None of the PGS

associated with internalising or externalising problems.

In spite of the importance of both genetic and environmental

factors on brain development, few studies have examined how these

may interact to shape brain structure in childhood (Gao et al., 2019;

Hyde, 2015; Hyde et al., 2011). Efforts to map gene‐environment
interactions on the brain have so far been complicated by the need

for large samples with well‐characterised and ideally prospectively

measured environmental exposures, genome‐wide genetic data, and

neuroimaging.

In this study, we identified three suggestive GWEIS hits:

rs139505895 interacted with prenatal stress to predict caudate

volume and rs3130008 and rs2397823 interacted with postnatal

stress to predict accumbens volume. It should be noted that these

associations did not meet a more stringent threshold of significance,

although this threshold assumes independence between the analyses

performed and may thus be considered overly conservative given the

interrelatedness among the brain outcomes as well as between

prenatal and postnatal ELS scores. Nevertheless, findings should be

interpreted with caution, especially as these suggestive hits have not

been reported in previous (candidate‐gene) GxE‐studies of the brain.
Positional mapping of rs139505895 implicate the PRSS12 and NDST3

genes, which have recently been identified in a GWAS of maltreat-

ment (Warrier et al., 2021). Interestingly, we found that ELS was

negatively associated caudate volume, but only for individuals with

the GG genotype of the SNP, suggesting differential biological

mechanisms of risk. Another top hit, rs3130008, for which the

negative association between postnatal stress and accumbens vol-

ume was most pronounced for A‐allele carriers, mapped onto the

SYNGAP1 gene, which plays a role in neuronal plasticity and has been

implicated by previous GWAS studies in schizophrenia (Goes

et al., 2015; Ikeda et al., 2019) and ASD (Autism Spectrum Disorders

Working Group of The Psychiatric Genomics Consortium, 2017).

Future mechanistic studies will be needed to clarify the biological

mechanisms underlying these GxE associations, including incorpo-

rating additional layers of molecular data (e.g., epigenetic and gene

expression data). Of interest, none of the loci that we identify in the

current study overlap with those from the most recent GWAS of

subcortical structures (Satizabal et al., 2019). A reason for this could

be that our study focused on children as opposed to adults.

Furthermore, GWEIS‐analyses may capture a (partially) distinct

signal compared to GWASs. Indeed, our results indicate modest

correlations between PRS derived from the GWEIS and GWAS

models, suggesting that genetic variants that may show the strongest

main effects on brain structure may not be those that are most

sensitive to environmental exposure. Future studies will be needed to

explore the molecular pathways by which gene‐environment inter-
action in these loci occur and how they may modulate downstream

neurodevelopment, behaviour, and psychiatric risk.

Based on the GWAS‐analyses and GWEIS‐analyses results from
the Generation R samples, PGS were calculated for independent

validation in the ABCD cohort. Importantly, PGSgenotype were

consistently positively associated with their respective brain

TAB L E 3 Association between polygenic score of genetic (left), gene‐by‐prenatal stress interaction (middle) and gene‐by‐postnatal stress
(right) for all subcortical volumes in the independent ABCD study

p‐value thresholds

G GxE prenatala GxE postnatalb

β (95% CI) p β (95% CI) p β (95% CI) p

Accumbensc 0.04 (0.02; 0.05) 4.78e−5* −0.06 (−0.13; 0.01) 0.083 −0.02 (−0.05; 0.01) 0.219

Amygdalac 0.03 (0.02; 0.04) 3.11e−5* −0.05 (−0.08; −0.02) 6.89e−3 −0.04 (−0.06; −0.01) 5.49e−3

Caudatec 0.05 (0.03; 0.06) 2.15e−9* 0.01 (−0.02; 0.05) 0.500 0.00 (−0.02; 0.03) 0.897

Hippocampusc 0.03 (0.01; 0.04) 1.28e−4* −0.01 (−0.06; 0.03) 0.477 −0.02 (−0.07; 0.03) 0.356

Pallidumc 0.03 (0.02; 0.05) 6.03e−5* 0.07 (0.02; 0.13) 0.012 0.07 (−0.01; 0.14) 0.078

Putamenc 0.05 (0.03; 0.06) 1.87e−5* 0.05 (−0.02; 0.13) 0.188 0.00 (−0.03; 0.03) 0.975

Thalamusc 0.02 (0.01; 0.04) 9.56e−5* −0.06 (−0.09; −0.02) 3.71e−3 −0.04 (−0.11; 0.03) 0.259

Intracranial volume 0.03 (0.02; 0.05) 6.37e−5* −0.07 (−0.14; 0.01) 0.074 −0.03 (−0.07; 0.01) 0.127

Note: Analyses are adjusted for sex, age, four principal components of genetic ancestry, scanner type, site, PGSgenotype of the corresponding brain

volume. * denotes significant after Bonferroni‐correction for multiple testing for all 24 tests (i.e., p < 0.05/24 = 2.08e−3).

Abbreviations: ABCD, adolescent brain cognitive development; ELS, early life stress.
aAnalyses were additionally adjusted for prenatal ELS.
bAnalyses were additionally adjusted for postnatal ELS.
cAnalyses were additionally adjusted for intracranial volume.
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structure: for example, higher scores of the PGSgenotype for accum-

bens was associated with higher accumbens volume in the indepen-

dent sample. Notwithstanding the relatively low power to detect

genome‐wide significant hits in such a modest discovery sample,

this finding lends a degree of validity and generalisability of these

genetic findings for subcortical structures in paediatric samples.

Unlike the PGSgenotype findings, the PGSGxE were less clearly associ-

ated with outcomes, and none survived multiple testing correction.

These associations were generally in the negative direction, which we

infer to reflect genetic influences on smaller subcortical brain vol-

umes in the presence of ELS (Figure S3). However, the direction of

associations is particularly challenging to disentangle in PGSGxE‐an-
alyses. Furthermore, the power to detect interactions is generally

lower than the power to detect genetic main effects (Werme

et al., 2021), requiring even larger sample sizes for GWEIS. Inter-

estingly, PGSgenotype only correlated moderately with PGSGxE‐prenatal

and PGSGxE‐postnatal, suggesting that the PGSGxE capture partly

distinct signals than genotype alone.

Overall, our findings lend novel insights into gene‐environment
interactions on child subcortical brain structure, which may help to

generate hypotheses for future research investigating potentially

sensitive periods of neurodevelopmental risk. Evidence of gene‐
environment interaction on neurodevelopment may also aid the

interpretation of the clinically heterogeneous and developmentally‐
sensitive presentations of psychopathology, which continues to

receive little attention in child and adolescent mental health practice

and research (Thapar & Riglin, 2020). At the same time, the PGS

(PGSGxE or PGSgenotype) were not consistently associated with mea-

sures of psychopathology in our validation sample. While this may

reflect power issues, it is also possible that polygenic signal for brain

volume is not predictive of mental health outcomes, which has been

observed earlier in adults (Ohi et al., 2020). It should also be noted

that here we focussed exclusively on common child internalising and

externalising symptoms. It would be interesting to extend analyses to

the outcomes implicated by our top GWEIS loci (i.e., schizophrenia,

cognition and autism).

This study presents a number of strengths, including its pro-

spective design, comprehensive measures of pre‐ and postnatal ELS,

and validation in an independent sample. Furthermore, our findings

were consistent across participants of European genetic ancestry and

those of mixed genetic ancestry, highlighting the importance of

conducting genetic association studies in samples that are not only

mainly of European ancestry. However, several limitations should be

noted. First, the discovery analyses were done in a relatively small

sample for GWAS and GWEIS. An alternative strategy would be to

use the ABCD Study for discovery analyses to prioritise data quan-

tity, but we opted for the use of prospective comprehensive as-

sessments of prenatal and postnatal ELS in our GWEIS‐analyses.
Increased sample sizes in conjunction with detailed phenotyping of

ELS will result in greater power to detect interaction effects at the

genome‐wide significant level (Cai et al., 2020; Kolossa &

Kopp, 2018; Werme et al., 2021). Second, we used a cumulative score

of ELS, which does not capture the severity of individual stressors as

well as potential interactions between risk factors (Evans

et al., 2013). Third, only retrospective assessments of ELS were

available in the ABCD study, which did not fully correspond with the

ELS‐measures in the Generation R sample, precluding a more thor-

ough replication.

In conclusion, this study is the first to employ a genome‐wide
approach to investigate gene‐environment interactions on subcor-

tical brain structures in children. Three suggestive loci were identi-

fied that in interaction with ELS were associated with subcortical

brain structural volume, and mapped to genes that have previously

been implicated in neuroplasticity and psychiatric conditions such as

schizophrenia and ASD. Genetic main effects were validated in an

independent sample but much larger studies are needed to increase

power to detect more gene‐environment interaction effects and

potential associations with neurodevelopmental outcomes. While our

findings provide suggestive support for gene‐environment interac-
tion effects on the developing brain beginning in utero, these should

be interpreted with caution as they did not survive more stringent

correction for multiple testing. As such, findings will need to be

replicated in larger (multi‐cohort) studies. We hope that our findings

will generate novel hypotheses for future mechanistic research to

elucidate biological pathways underlying neurodevelopment and

possible developmental windows of risk for psychopathology.

AUTHOR CONTRIBUTIONS

Koen Bolhuis: Conceptualization; Data curation; Formal analysis;

Investigation; Methodology; Project administration. Rosa H. Mulder:

Conceptualization; Data curation; Formal analysis; Investigation;

Methodology; Project administration; Writing – original draft;

Writing – review & editing. Casper Louk de Mol: Data curation;

Formal analysis; Funding acquisition; Investigation; Writing – review

& editing. Serena Defina: Data curation; Formal analysis; Investiga-

tion; Methodology; Software; Visualization; Writing – review &

editing. Varun Warrier: Resources; Software; Supervision; Writing –

review & editing. Tonya White: Funding acquisition; Resources;

Software; Supervision; Validation; Visualization; Writing – review &

editing. Henning Tiemeier: Conceptualization; Funding acquisition;

Resources; Software; Supervision; Validation; Writing – review &

editing. Ryan L. Muetzel: Conceptualization; Project administration;

Resources; Software; Supervision; Validation; Visualization; Writing –

review & editing. Charlotte A. M. Cecil: Conceptualization; Data

curation; Formal analysis; Funding acquisition; Investigation; Meth-

odology; Project administration; Resources; Software; Supervision;

Validation; Visualization; Writing – original draft; Writing – review &

editing.

ACKNOWLEDGEMENTS

The authors gratefully acknowledge the contribution of all children

and parents, general practitioners, hospitals, midwives and phar-

macies involved in the Generation R Study. The Generation R Study

is conducted by the Erasmus Medical Centre (Rotterdam) in close

collaboration with the School of Law and Faculty of Social Sciences

of the Erasmus University Rotterdam; the Municipal Health Service

Rotterdam area, Rotterdam; the Rotterdam Homecare Foundation,

Rotterdam; and the Stichting Trombosedienst & Artsenlaboratorium

Rijnmond, Rotterdam. We thank Pascal Arp, Mila Jhamai, Marijn

Verkerk, Manoushka Ganesh, Lizbeth Herrera and Marjolein Peters

for their help in creating, managing and QC of the GWAS database.

Super computing resources were made possible through the Dutch

8 of 11 - BOLHUIS ET AL.



Organization for Scientific Research Physical Sciences Division

(NWO, surfsara.nl). This work was supported by the Netherlands

Organisation for Scientific Research (NWO‐grant 016.VICI.170.200)
to Henning Tiemeier, the Netherlands Organization for Health

Research and Development (ZonMw) TOP project 91211021 to

Tonya White, the Sophia Children's Hospital Research Foundation

to Koen Bolhuis (research fellowship grant 921) and Ryan L.

Muetzel (S18‐20). Charlotte A. M. Cecil, Rosa H. Mulder and Serena

Defina are supported by the European Union's Horizon 2020

Research and Innovation Programme under grant agreement No

848158 (EarlyCause Project) and the European Research Council

under grant agreement No 101039672 (TEMPO; Charlotte A. M.

Cecil). The Generation R Study received financial support from the

Erasmus Medical Centre; Erasmus University Rotterdam; and the

Netherlands Organisation for Health Research and Development

(ZonMw).

CONFLICT OF INTEREST

Henning Tiemeier serves on the JCPP Advances Editorial Advisory

Board. The remaining authors have declared that they have no

competing or potential conflicts of interest.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available on

request from the corresponding author. The data are not publicly

available due to privacy or ethical restrictions.

ETHICAL CONSIDERATIONS

Informed assent and consent was obtained from all study participants

and their parents, respectively. Study protocols were approved by

the Medical Ethics Committee of the Erasmus Medical Centre.

ORCID

Koen Bolhuis https://orcid.org/0000-0002-5410-1531

Rosa H. Mulder https://orcid.org/0000-0002-2382-1704

Henning Tiemeier https://orcid.org/0000-0002-4395-1397

Charlotte A. M. Cecil https://orcid.org/0000-0002-2389-5922

REFERENCES

Acosta, H., Kantojarvi, K., Tuulari, J. J., Lewis, J. D., Hashempour, N.,

Scheinin, N. M., Lehtola, S. J., Fonov, V. S., Collins, D. L., Evans, A.,

Parkkola, R., Lahdesmaki, T., Saunavaara, J., Merisaari, H., Karlsson,

L., Paunio, T., & Karlsson, H. (2020). Sex‐specific association between
infant caudate volumes and a polygenic risk score for major

depressive disorder. Journal of Neuroscience Research, 98(12),
2529–2540. https://doi.org/10.1002/jnr.24722

Arango, C., Dragioti, E., Solmi, M., Cortese, S., Domschke, K., Murray, R. M.,

Jones, P. B., Uher, R., Carvalho, A. F., Reichenberg, A., Shin, J. I.,

Andreassen, O. A., Correll, C. U., & Fusar‐Poli, P. (2021). Risk and

protective factors for mental disorders beyond genetics: An

evidence‐based atlas. World Psychiatry, 20(3), 417–436. https://doi.
org/10.1002/wps.20894

Autism Spectrum Disorders Working Group of the Psychiatric Genomics

Consortium. (2017). Meta‐analysis of GWAS of over 16, 000 in-

dividuals with autism spectrum disorder highlights a novel locus at

10q24.32 and a significant overlap with schizophrenia. Molecular
Autism, 8(1), 21. https://doi.org/10.1186/s13229‐017‐0137‐9

Bolhuis, K., Tiemeier, H., Jansen, P. R., Muetzel, R. L., Neumann, A., Hill-

egers, M. H. J., Van Den Akker, E. T. L., Van Rossum, E. F. C., Jaddoe,

V. W. V., Vernooij, M. W., White, T., & Kushner, S. A. (2019). Inter-

action of schizophrenia polygenic risk and cortisol level on pre‐

adolescent brain structure. Psychoneuroendocrinology, 101,
295–303. https://doi.org/10.1016/j.psyneuen.2018.12.231

Cai, N., Revez, J. A., Adams, M. J., Andlauer, T. F. M., Breen, G., Byrne,

E. M., Clarke, T. K., Forstner, A. J., Grabe, H. J., Hamilton, S. P.,

Levinson, D. F., Lewis, C. M., Lewis, G., Martin, N. G., Milaneschi, Y.,

Mors, O., Muller‐Myhsok, B., Penninx, B., Perlis, R. H., … Flint, J.

(2020). Minimal phenotyping yields genome‐wide association signals
of low specificity for major depression. Nature Genetics, 52(4),
437–447. https://doi.org/10.1038/s41588‐020‐0594‐5

Casey, B. J., Cannonier, T., Conley, M. I., Cohen, A. O., Barch, D. M.,

Heitzeg, M. M., Wager, T. D., Banich, M. T., Speer, N. K., Sutherland,

M. T., Riedel, M. C., Dick, A. S., Bjork, J. M., Thomas, K. M., Watts, R.,

Polimeni, J. R., Kuperman, J. M., Fair, D. A., & Orr, C. A., & ABCD

Imaging Acquisition Workgroup. (2018). The adolescent brain

cognitive development (ABCD) study: Imaging acquisition across 21

sites. Developmental Cognitive Neuroscience, 32, 43–54. https://doi.
org/10.1016/j.dcn.2018.03.001

Cecil, C. A. M., Lysenko, L. J., Jaffee, S. R., Pingault, J. B., Smith, R. G.,

Relton, C. L., Woodward, G., Mcardle, W., Mill, J., & Barker, E. D.

(2014). Environmental risk, oxytocin receptor gene (OXTR) methyl-

ation and youth callous‐unemotional traits: A 13‐year longitudinal
study. Molecular Psychiatry, 19(10), 1071–1077. https://doi.org/10.
1038/mp.2014.95

Clayborne, Z. M., Nilsen, W., Torvik, F. A., Gustavson, K., Bekkhus, M.,

Gilman, S. E., Khandaker, G. M., Fell, D. B., & Colman, I. (2021).

Prenatal maternal stress, child internalizing and externalizing

symptoms, and the moderating role of parenting: Findings from the

Norwegian mother, father, and child cohort study. Psychological
Medicine, 1–11. https://doi.org/10.1017/s0033291721004311

Evans, G. W., Li, D. P., & Whipple, S. S. (2013). Cumulative risk and child

development. Psychological Bulletin, 139(6), 1342–1396. https://doi.
org/10.1037/a0031808

French, L., Gray, C., Leonard, G., Perron, M., Pike, G. B., Richer, L., Bokde,

A. W. L., Bromberg, U., Bruehl, R., Buchel, C., Cattrell, A., Conrod,

P. J., Flor, H., Frouin, V., Whelan, R., Timpson, N. J., Schumann, G.,

Smith, G. D., Pausova, Z., & Paus, T. (2015). Early Cannabis use,

polygenic risk score for schizophrenia, and brain maturation in

adolescence. JAMA Psychiatry, 72(10), 1002–1011. https://doi.org/
10.1001/jamapsychiatry.2015.1131

Gao, W., Grewen, K., Knickmeyer, R. C., Qiu, A. Q., Salzwedel, A., Lin, W. L.,

& Gilmore, J. H. (2019). A review on neuroimaging studies of genetic

and environmental influences on early brain development. Neuro-
Image, 185, 802–812. https://doi.org/10.1016/j.neuroimage.2018.

04.032

Ge, T., Chen, C. Y., Ni, Y., Feng, Y. A., & Smoller, J. W. (2019). Polygenic

prediction via Bayesian regression and continuous shrinkage priors.

Nature Communications, 10(1), 1776. https://doi.org/10.1038/

s41467‐019‐09718‐5
Goes, F. S., Mcgrath, J., Avramopoulos, D., Wolyniec, P., Pirooznia, M.,

Ruczinski, I., Nestadt, G., Kenny, E. E., Vacic, V., Peters, I., Lencz, T.,

Darvasi, A., Mulle, J. G., Warren, S. T., & Pulver, A. E. (2015).

Genome‐wide association study of schizophrenia in Ashkenazi Jews.
American Journal of Medical Genetics Part B‐Neuropsychiatric Genetics,
168(8), 649–659. https://doi.org/10.1002/ajmg.b.32349

Hyde, L. W. (2015). Developmental psychopathology in an era of molec-

ular genetics and neuroimaging: A developmental neurogenetics

approach. Development and Psychopathology, 27(2), 587–613. https://
doi.org/10.1017/s0954579415000188

Hyde, L. W., Bogdan, R., & Hariri, A. R. (2011). Understanding risk for

psychopathology through imaging gene‐environment interactions.

Trends in Cognitive Sciences, 15(9), 417–427. https://doi.org/10.1016/
j.tics.2011.07.001

Ikeda, M., Takahashi, A., Kamatanim, Y., Momozawa, Y., Saito, T., Kondo,

K., Wakuda, T., Kikuchi, M., Kanahara, N., Yamamori, H., Yasuda, Y.,

Watanabe, Y., Hoya, S., Aleksic, B., Ozaki, N., Someya, T., Hashimo-

tovs, R., Yoshikawa, T., Kubo, M., & Iwata, N. (2019). Genome‐wide
association study detected novel susceptibility genes for schizo-

phrenia and shared trans‐populations/diseases genetic effect.

Schizophrenia Bulletin, 45(4), 824–834. https://doi.org/10.1093/

schbul/sby140

GENOME‐WIDE BY ENVIRONMENT INTERPLAY AND CHILD SUBCORTICAL STRUCTURE - 9 of 11

https://orcid.org/0000-0002-5410-1531
https://orcid.org/0000-0002-5410-1531
https://orcid.org/0000-0002-2382-1704
https://orcid.org/0000-0002-2382-1704
https://orcid.org/0000-0002-4395-1397
https://orcid.org/0000-0002-4395-1397
https://orcid.org/0000-0002-2389-5922
https://orcid.org/0000-0002-2389-5922
https://doi.org/10.1002/jnr.24722
https://doi.org/10.1002/wps.20894
https://doi.org/10.1002/wps.20894
https://doi.org/10.1186/s13229-017-0137-9
https://doi.org/10.1016/j.psyneuen.2018.12.231
https://doi.org/10.1038/s41588-020-0594-5
https://doi.org/10.1016/j.dcn.2018.03.001
https://doi.org/10.1016/j.dcn.2018.03.001
https://doi.org/10.1038/mp.2014.95
https://doi.org/10.1038/mp.2014.95
https://doi.org/10.1017/s0033291721004311
https://doi.org/10.1037/a0031808
https://doi.org/10.1037/a0031808
https://doi.org/10.1001/jamapsychiatry.2015.1131
https://doi.org/10.1001/jamapsychiatry.2015.1131
https://doi.org/10.1016/j.neuroimage.2018.04.032
https://doi.org/10.1016/j.neuroimage.2018.04.032
https://doi.org/10.1038/s41467-019-09718-5
https://doi.org/10.1038/s41467-019-09718-5
https://doi.org/10.1002/ajmg.b.32349
https://doi.org/10.1017/s0954579415000188
https://doi.org/10.1017/s0954579415000188
https://doi.org/10.1016/j.tics.2011.07.001
https://doi.org/10.1016/j.tics.2011.07.001
https://doi.org/10.1093/schbul/sby140
https://doi.org/10.1093/schbul/sby140
https://orcid.org/0000-0002-5410-1531
https://orcid.org/0000-0002-2382-1704
https://orcid.org/0000-0002-4395-1397
https://orcid.org/0000-0002-2389-5922


Kolossa, A., & Kopp, B. (2018). Data quality over data quantity in

computational cognitive neuroscience. NeuroImage, 172, 775–785.
https://doi.org/10.1016/j.neuroimage.2018.01.005

Kooijman, M. N., Kruithof, C. J., Van Duijn, C. M., Duijts, L., Franco, O. H.,

Van Ijzendoorn, M. H., Peeters, R. P., Raat, H., Rings, E. H. H. M.,

Rivadeneira, F., van der Schroeff, M. P., Steegers, E. A. P., Uitterlin-

den, A. G., Tiemeier, H., Uitterlinden, A. G., Verhulst, F. C., Wolvius,

E., Felix, J. F., & Jaddoe, V. W. V. (2016). The generation R study:

Design and cohort update 2017. European Journal of Epidemiology,
31(12), 1243–1264. https://doi.org/10.1007/s10654‐016‐0224‐9

Lupien, S. J., Mcewen, B. S., Gunnar, M. R., & Heim, C. (2009). Effects of

stress throughout the lifespan on the brain, behaviour and cognition.

Nature Reviews Neuroscience, 10(6), 434–445. https://doi.org/10.

1038/nrn2639

Macarthur, J., Bowler, E., Cerezo, M., Gil, L., Hall, P., Hastings, E., Junkins,

H., Mcmahon, A., Milano, A., Morales, J., Pendlington, Z. M., Welter,

D., Burdett, T., Hindorff, L., Flicek, P., Cunningham, F., & Parkinson,

H. (2017). The new NHGRI‐EBI catalog of published genome‐wide
association studies (GWAS catalog). Nucleic Acids Research, 45(D1),
D896–D901. https://doi.org/10.1093/nar/gkw1133

Malhi, G. S., Das, P., Outhred, T., Dobson‐Stone, C., Bell, E., Gessler, D.,
Bryant, R., & Mannie, Z. (2020). Interactions of OXTR rs53576 and

emotional trauma on hippocampal volumes and perceived social

support in adolescent girls. Psychoneuroendocrinology, 115, 104635.
https://doi.org/10.1016/j.psyneuen.2020.104635

Mclaughlin, K. A., Weissman, D., & Bitran, D. (2019). Childhood adversity

and neural development: A systematic review. Annual Review of
Developmental Psychology, 1, 277–312. https://doi.org/10.1146/

annurev‐devpsych‐121318‐084950
Medina‐Gomez, C., Felix, J. F., Estrada, K., Peters, M. J., Herrera, L.,

Kruithof, C. J., Duijts, L., Hofman, A., Van Duijn, C. M., Uitterlinden,

A. G., Jaddoe, V. W. V., & Rivadeneira, F. (2015). Challenges in

conducting genome‐wide association studies in highly admixed

multi‐ethnic populations: The generation R study. European Journal
of Epidemiology, 30(4), 317–330. https://doi.org/10.1007/s10654‐
015‐9998‐4

Meer, D. D., Hoekstra, P. J., Zwiers, M., Mennes, M., Schweren, L. J.,

Franke, B., Heslenfeld, D. J., Oosterlaan, J., Faraone, S. V., Buitelaar,

J. K., & Hartman, C. A. (2015). Brain correlates of the interaction

between 5‐HTTLPR and psychosocial stress mediating attention

deficit hyperactivity disorder severity. American Journal of Psychiatry,
172(8), 768–775. https://doi.org/10.1176/appi.ajp.2015.14081035

Modabbernia, A., Janiri, D., Doucet, G. E., Reichenberg, A., & Frangou, S.

(2021). Multivariate patterns of brain‐behavior‐environment asso-
ciations in the adolescent brain and cognitive development study.

Biological Psychiatry, 89(5), 510–520. https://doi.org/10.1016/j.

biopsych.2020.08.014

Ohi, K., Shimada, T., Kataoka, Y., Yasuyama, T., Kawasaki, Y., Shioiri, T., &

Thompson, P. M. (2020). Genetic correlations between subcortical

brain volumes and psychiatric disorders. British Journal of Psychiatry,
216(5), 280–283. https://doi.org/10.1192/bjp.2019.277

Ong, M. L., Tuan, T. A., Poh, J., Teh, A. L., Chen, L., Pan, H., Macisaac, J. L.,

Kobor, M. S., Chong, Y. S., Kwek, K., Saw, S. M., Godfrey, K. M.,

Gluckman, P. D., Fortier, M. V., Karnani, N., Meaney, M. J., Qiu, A. Q.,

& Holbrook, J. D. (2019). Neonatal amygdalae and hippocampi are

influenced by genotype and prenatal environment, and reflected in

the neonatal DNA methylome. Genes, Brain and Behavior, 18(7).
https://doi.org/10.1111/gbb.12576

Pan, H., Holbrook, J. D., Karnani, N., & Kwoh, C. K. (2016). Gene, envi-

ronment and methylation (GEM): A tool suite to efficiently navigate

large scale epigenome wide association studies and integrate ge-

notype and interaction between genotype and environment. BMC
Bioinformatics, 17(1), 299. https://doi.org/10.1186/s12859‐016‐
1161‐z

Quinlan, E. B., Barker, E. D., Luo, Q., Banaschewski, T., Bokde, A. L. W.,

Bromberg, U., Chaarani, B., Gowland, P., Heinz, A., Bruhl, R., Marti-

not, J. L., Martinot, M. L. P., Nees, F., Orfanos, D. P., Smolka, M. N.,

Frohner, J. H., Walter, H., Whelan, R., Schumann, G., & Consortium, I.

(2020). Peer victimization and its impact on adolescent brain

development and psychopathology. Molecular Psychiatry, 25(11),
3066–3076. https://doi.org/10.1038/s41380‐018‐0297‐9

Raznahan, A., Shaw, P. W., Lerch, J. P., Clasen, L. S., Greenstein, D., Ber-

man, R., Pipitone, J., Chakravarty, M. M., & Giedd, J. N. (2014).

Longitudinal four‐dimensional mapping of subcortical anatomy in

human development. Proceedings of the National Academy of Sciences
of the United States of America, 111(4), 1592–1597. https://doi.org/
10.1073/pnas.1316911111

R Core Team. (2015). R: A language and environment for statistical

computing. Available at http://www.r‐project.org
Reed, J. L., D'ambrosio, E., Marenco, S., Ursini, G., Zheutlin, A. B., Blasi, G.,

Spencer, B. E., Romano, R., Hochheiser, J., Reifman, A., Sturm, J.,

Berman, K. F., Bertolino, A., Weinberger, D. R., & Callicott, J. H.

(2018). Interaction of childhood urbanicity and variation in dopa-

mine genes alters adult prefrontal function as measured by func-

tional magnetic resonance imaging (fMRI). PLoS One, 13(4),
e0195189. https://doi.org/10.1371/journal.pone.0195189

Rijlaarsdam, J., Pappa, I., Walton, E., Bakermans‐Kranenburg, M. J.,

Mileva‐Seitz, V. R., Rippe, R. C., Roza, S. J., Jaddoe, V. W., Verhulst,

F. C., Felix, J. F., Cecil, C. A., Relton, C. L., Gaunt, T. R., Mcardle, W.,

Mill, J., Barker, E. D., Tiemeier, H., & Van, I. M. H. (2016). An

epigenome‐wide association meta‐analysis of prenatal maternal

stress in neonates: A model approach for replication. Epigenetics,
11(2), 140–149. https://doi.org/10.1080/15592294.2016.1145329

Satizabal, C. L., Adams, H. H. H., Hibar, D. P., White, C. C., Knol, M. J., Stein,

J. L., Scholz, M., Sargurupremraj, M., Jahanshad, N., Roshchupkin,

G. V., Smith, A. V., Bis, J. C., Jian, X., Luciano, M., Hofer, E., Teumer, A.,

van der Lee, S. J., Yang, J., Yanek, L. R., … Ikram, M. A. (2019). Genetic

architecture of subcortical brain structures in 38, 851 individuals.

Nature Genetics, 51, 1624–1636.
Schuurmans, I. K., Luik, A. I., De Maat, D. A., Hillegers, M. H. J., Ikram,

M. A., & Cecil, C. A. (2022). The association of early life stress with

IQ‐achievement discrepancy in children: A population‐based study.

Child Development. (in press). https://doi.org/10.1111/cdev.13825

Smith, S. M., Douaud, G., Chen, W., Hanayik, T., Alfaro‐Almagro, F., Sharp,
K., & Elliott, L. T. (2021). An expanded set of genome‐wide associ-

ation studies of brain imaging phenotypes in UK Biobank. Nature
Neuroscience, 24(5), 737–745. https://doi.org/10.1038/s41593‐021‐
00826‐4

Solmi, M., Dragioti, E., Arango, C., Radua, J., Ostinelli, E., Kilic, O., Correll,

C. U., Shin, J. I., Mosillo, P., Cortese, S., Correll, C. U., Carvalho, A. F.,

Shin, J. I., & Fusar‐Poli, P. (2021). Risk and protective factors for

mental disorders with onset in childhood/adolescence: An umbrella

review of published meta‐analyses of observational longitudinal

studies. Neuroscience & Biobehavioral Reviews, 120, 565–573. https://
doi.org/10.1016/j.neubiorev.2020.09.002

Strike, L. T., Hansell, N. K., Thompson, P. M., De Zubicaray, G. I., Mcmahon,

K. L., Zietsch, B. P., & Wright, M. J. (2019). Absolute and relative

estimates of genetic and environmental variance in brain structure

volumes. Brain Structure and Function, 224(8), 2805–2821. https://
doi.org/10.1007/s00429‐019‐01931‐8

Thapar, A., & Riglin, L. (2020). The importance of a developmental

perspective in psychiatry: What do recent genetic‐epidemiological
findings show? Molecular Psychiatry, 25(8), 1631–1639. https://doi.
org/10.1038/s41380‐020‐0648‐1

Tost, H., Champagne, F. A., & Meyer‐Lindenberg, A. (2015). Environmental
influence in the brain, human welfare and mental health. Nature
Neuroscience, 18(10), 1421–1431. https://doi.org/10.1038/nn.4108

Warrier, V., Kwong, A. S. F., Luo, M., Dalvie, S., Croft, J., Sallis, H. M.,

Baldwin, J., Munafo, M. R., Nievergelt, C. M., Grant, A. J., Burgess, S.,

Moore, T. M., Barzilay, R., Mcintosh, A., Van, I. M. H., & Cecil, C. A. M.

(2021). Gene‐environment correlations and causal effects of child-

hood maltreatment on physical and mental health: A genetically

informed approach. Lancet Psychiatry, 8(5), 373–386. https://doi.org/
10.1016/s2215‐0366(20)30569‐1

Watanabe, K., Taskesen, E., Van Bochoven, A., & Posthuma, D. (2017).

Functional mapping and annotation of genetic associations with

FUMA. Nature Communications, 8(1), 1826. https://doi.org/10.1038/
s41467‐017‐01261‐5

10 of 11 - BOLHUIS ET AL.

https://doi.org/10.1016/j.neuroimage.2018.01.005
https://doi.org/10.1007/s10654-016-0224-9
https://doi.org/10.1038/nrn2639
https://doi.org/10.1038/nrn2639
https://doi.org/10.1093/nar/gkw1133
https://doi.org/10.1016/j.psyneuen.2020.104635
https://doi.org/10.1146/annurev-devpsych-121318-084950
https://doi.org/10.1146/annurev-devpsych-121318-084950
https://doi.org/10.1007/s10654-015-9998-4
https://doi.org/10.1007/s10654-015-9998-4
https://doi.org/10.1176/appi.ajp.2015.14081035
https://doi.org/10.1016/j.biopsych.2020.08.014
https://doi.org/10.1016/j.biopsych.2020.08.014
https://doi.org/10.1192/bjp.2019.277
https://doi.org/10.1111/gbb.12576
https://doi.org/10.1186/s12859-016-1161-z
https://doi.org/10.1186/s12859-016-1161-z
https://doi.org/10.1038/s41380-018-0297-9
https://doi.org/10.1073/pnas.1316911111
https://doi.org/10.1073/pnas.1316911111
http://www.r-project.org
https://doi.org/10.1371/journal.pone.0195189
https://doi.org/10.1080/15592294.2016.1145329
https://doi.org/10.1111/cdev.13825
https://doi.org/10.1038/s41593-021-00826-4
https://doi.org/10.1038/s41593-021-00826-4
https://doi.org/10.1016/j.neubiorev.2020.09.002
https://doi.org/10.1016/j.neubiorev.2020.09.002
https://doi.org/10.1007/s00429-019-01931-8
https://doi.org/10.1007/s00429-019-01931-8
https://doi.org/10.1038/s41380-020-0648-1
https://doi.org/10.1038/s41380-020-0648-1
https://doi.org/10.1038/nn.4108
https://doi.org/10.1016/s2215-0366(20)30569-1
https://doi.org/10.1016/s2215-0366(20)30569-1
https://doi.org/10.1038/s41467-017-01261-5
https://doi.org/10.1038/s41467-017-01261-5


Werme, J., Van Der Sluis, S., Posthuma, D., & De Leeuw, C. A. (2021).

Genome‐wide gene‐environment interactions in neuroticism: An

exploratory study across 25 environments. Translational Psychiatry,
11(1), 180. https://doi.org/10.1038/s41398‐021‐01288‐9

Wesarg, C., Veer, I. M., Oei, N. Y. L., Daedelow, L. S., Lett, T. A., Bana-

schewski, T., Grigis, A., Garavan, H., Bruhl, R., Martinot, J., Artiges, E.,

Nees, F., Orfanos, D. P., Poustka, L., Smolka, M. N., Whelan, R.,

Schumann, G., Heinz, A., Walter, H., & Consortium, I. (2021). The

interaction of child abuse and rs1360780 of the FKBP5 gene is

associated with amygdala resting‐state functional connectivity in

young adults. Human Brain Mapping, 42(10), 3269–3281. https://doi.
org/10.1002/hbm.25433

Willer, C. J., Li, Y., & Abecasis, G. R. (2010). METAL: Fast and

efficient meta‐analysis of genomewide association scans. Bioin-
formatics, 26(17), 2190–2191. https://doi.org/10.1093/bioinfor-

tnqh_9;matics/btq340

Xerxa, Y., Delaney, S. W., Rescorla, L. A., Hillegers, M. H. J., White, T.,

Verhulst, F. C., Muetzel, R. L., & Tiemeier, H. (2021). Association of

poor family functioning from pregnancy onward with preadolescent

behavior and subcortical brain development. JAMA Psychiatry, 78(1),
29–37. https://doi.org/10.1001/jamapsychiatry.2020.2862

Zou, R., Tiemeier, H., Van Der Ende, J., Verhulst, F. C., Muetzel, R. L.,

White, T., Hillegers, M., & El Marroun, H. (2019). Exposure to

maternal depressive symptoms in fetal life or childhood and

offspring brain development: A population‐based imaging study.

American Journal of Psychiatry, 176(9), 702–710. https://doi.org/10.
1176/appi.ajp.2019.18080970

SUPPORTING INFORMATION

Additional supporting information can be found online in the Sup-

porting Information section at the end of this article.

How to cite this article: Bolhuis, K., Mulder, R. H., de Mol,

C. L., Defina, S., Warrier, V., White, T., Tiemeier, H., Muetzel,

R. L., & Cecil, C. A. M. (2022). Mapping gene by early life stress

interactions on child subcortical brain structures: A genome‐
wide prospective study. JCPP Advances, e12113. https://doi.

org/10.1002/jcv2.12113

GENOME‐WIDE BY ENVIRONMENT INTERPLAY AND CHILD SUBCORTICAL STRUCTURE - 11 of 11

https://doi.org/10.1038/s41398-021-01288-9
https://doi.org/10.1002/hbm.25433
https://doi.org/10.1002/hbm.25433
https://doi.org/10.1093/bioinformatics/btq340
https://doi.org/10.1093/bioinformatics/btq340
https://doi.org/10.1001/jamapsychiatry.2020.2862
https://doi.org/10.1176/appi.ajp.2019.18080970
https://doi.org/10.1176/appi.ajp.2019.18080970
https://doi.org/10.1002/jcv2.12113
https://doi.org/10.1002/jcv2.12113

	Mapping gene by early life stress interactions on child subcortical brain structures: A genome‐wide prospective study
	INTRODUCTION
	METHODS
	Study populations
	Statistical analyses

	RESULTS
	Sample characteristics
	Gmodel: Individual effects of genotype on subcortical structures
	Emodel: Individual effects of prenatal and postnatal stress on subcortical structures
	GxEmodel: Interactive effects on subcortical brain structures
	Prenatal stress × genotype
	Postnatal stress × genotype

	Validation analyses in ABCD
	Sensitivity analyses

	DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT
	ETHICAL CONSIDERATIONS


