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Aggression based genome-wide, glutamatergic, dopaminergic
and neuroendocrine polygenic risk scores predict
callous-unemotional traits
I. Hyun Ruisch1, Andrea Dietrich1, Marieke Klein 2,3, Stephen V. Faraone 4,5, Jaap Oosterlaan6, Jan K. Buitelaar 2,7 and
Pieter J. Hoekstra1

Aggression and callous, uncaring, and unemotional (CU) traits are clinically related behavioral constructs caused by genetic and
environmental factors. We performed polygenic risk score (PRS) analyses to investigate shared genetic etiology between aggression
and these three CU-traits. Furthermore, we studied interactions of PRS with smoking during pregnancy and childhood life events in
relation to CU-traits. Summary statistics for the base phenotype were derived from the EAGLE-consortium genome-wide association
study of children’s aggressive behavior and were used to calculate individual-level genome-wide and gene-set PRS in the
NeuroIMAGE target-sample. Target phenotypes were ‘callousness’, ‘uncaring’, and ‘unemotional’ sumscores of the Inventory of
Callous-Unemotional traits. A total of 779 subjects and 1,192,414 single-nucleotide polymorphisms were available for PRS-analyses.
Gene-sets comprised serotonergic, dopaminergic, glutamatergic, and neuroendocrine signaling pathways. Genome-wide PRS
showed evidence of association with uncaring scores (explaining up to 1.59% of variance; self-contained Q= 0.0306, competitive-
P= 0.0015). Dopaminergic, glutamatergic, and neuroendocrine PRS showed evidence of association with unemotional scores
(explaining up to 1.33, 2.00, and 1.20% of variance respectively; self-contained Q-values 0.037, 0.0115, and 0.0473 respectively,
competitive-P-values 0.0029, 0.0002, and 0.0045 respectively). Smoking during pregnancy related to callousness scores while
childhood life events related to both callousness and unemotionality. Moreover, dopaminergic PRS appeared to interact with
childhood life events in relation to unemotional scores. Our study provides evidence suggesting shared genetic etiology between
aggressive behavior and uncaring, and unemotional CU-traits in children. Gene-set PRS confirmed involvement of shared
glutamatergic, dopaminergic, and neuroendocrine genetic variation in aggression and CU-traits. Replication of current findings
is needed.

Neuropsychopharmacology (2020) 45:761–769; https://doi.org/10.1038/s41386-020-0608-0

INTRODUCTION
Aggressive behaviors in children are common, multifactorial, and
continuous traits [1–3]. A clinically important subgroup of
aggressive children displays high levels of callous-unemotional
(CU) traits. CU-traits describe a lack of guilt, limited empathy, and
shallow affect [1, 4]. Although high levels of CU-traits are
considered a subphenotype within youth diagnosed with conduct
disorder (CD), CU-traits also occur in frequently comorbid
disorders such as oppositional-defiant disorder (ODD) and
attention-deficit/hyperactivity disorder (ADHD) [1], and adversely
affect quality of life in these children [1, 3, 5]. In addition to the
aforementioned clinical diagnoses, a distinction can be made
between reactive and proactive aggression. Reactive aggression
occurs in reaction to frustration or perceived threat, whereas
proactive aggression is considered an instrumental behavior

driven by reward anticipation and this subtype of aggression is
conceptually also more closely related to CU-traits [6].
From twin studies and a recent genome-wide association study

(GWAS), it is known that up to approximately half of the variance
in aggression can be explained by genetic factors [7, 8]. GWASs of
aggression-related phenotypes have implicated some suscept-
ibility loci, yet genome-wide significant findings are still few
[8–10]. To detect more variants with smaller effects, larger samples
are needed [11]. The effects of multiple variants can, however, be
aggregated into a polygenic risk score (PRS). Based on GWAS
summary statistics, PRS can be calculated in an independent
target sample [12]. PRS can also be restricted to gene-sets to
specifically investigate pathways of interest [13]. A monoaminer-
gic and neuroendocrine signaling gene-set was recently linked to
reactive aggression in females (and nominally significant to
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proactive aggression in males) [14] and a glutamatergic gene-set
was implicated in hyperactivity/impulsivity [15].
Some well-studied environmental risk factors that have been

linked to aggression-related phenotypes (i.e. CD, CU-traits,
antisocial behavior, ODD, and ADHD) include maternal smoking
during pregnancy and adverse childhood experiences [1, 16–19].
Other factors such as poor parental monitoring or poverty have
also been implicated in CD and CU-traits [1]. In addition to
independent contributions from genes and environment, gene-
environment (GxE) interactions are thought to play an important
role [2, 7, 20] by providing insight into inter-individual differences
in susceptibility to environmental and/or genetic factors
[2, 17, 20, 21]. Part of the early GxE-interaction studies may,
however, have suffered from the use of weak candidate genes and
underpowered samples [22, 23]. Similar to genetic main effects,
GxE-interactions in aggression most likely represent polygenic
phenomena and therefore also benefit from polygenic
GxE-interaction modeling.
Currently, we calculated PRS based on the results of the largest

available GWAS of children’s aggressive behavior (i.e. our ‘base’
phenotype). This GWAS was conducted by the EAGLE-consortium
[8] and consisted of a meta-analysis of nine cohorts in which
aggression was measured by questionnaires such as the Child
Behavior Checklist and Strengths and Difficulties Questionnaire.
Using the aforementioned aggression-PRS we investigated
evidence for shared genetic etiology with (i.e. whether the PRS
predicts) three CU ‘target’ traits (using the NeuroIMAGE-sample;
[24] enriched for ADHD). When such genetic sharing exists, it
indicates that children displaying CU-traits share etiology with
other aggressive phenotypes. In addition to PRS as a general
measure of genetic liability, we also investigated evidence for
shared genetic etiology restricted to previously implicated path-
ways (gene-sets) mentioned above. Moreover, we were interested
in potential interactions of PRS with smoking during pregnancy
and/or childhood traumatic experiences in relation to CU-traits.
Because CU-traits can be assessed as a three-factor construct, with
three meaningful dimensions, namely ‘callousness’ (describing a
callous attitude towards others), ‘uncaring’ (describing a lack of
caring about performance), and ‘unemotional’ traits (describing a
lack of emotional expression), we investigated these three
dimensions separately [25]. All of these three CU-dimensions
have been related to (sub)scales of antisocial behavior [25]. Only
few genetic association studies to date have specifically investi-
gated CU-traits; in the available studies CU-traits were assessed as
a single dimension and only suggestive hits were identified
[26, 27]. We used NeuroIMAGE as our target sample, because of
the availability of extensive phenotypic and environmental data,
in addition to individual-level genome-wide genotyping data.
Moreover, the relatively high number of ADHD-cases allowed for
more robust control of ADHD as a comorbid condition, which
genetic association studies of aggression often lack.

METHODS
NeuroIMAGE
NeuroIMAGE is the follow-up of the Dutch part of the International
Multicenter ADHD Genetics (IMAGE) case–control study, including
331 families with at least one child with ADHD and at least one
biological sibling and 153 control families. This resulted in a total
of 412 children with ADHD and 227 unaffected siblings, 262
healthy controls, and 81 children with ‘subhthreshold’ levels of
ADHD-symptoms. The diagnosis of ADHD was ascertained
according to DSM-IV-TR criteria using information obtained
through a semi-structured diagnostic interview and rating scales.
Inclusion criteria were a European Caucasian descent, IQ ≥ 70, age
< 18 years, and no diagnosis of autism, epilepsy, learning
disorders, neurological diseases, or genetic syndromes. More
information can be found elsewhere [24].

Target phenotypes: ‘Callousness’, ‘Uncaring’, and ‘Unemotional’
dimensions of the Inventory of Callous-Unemotional traits
Main outcomes, i.e. ‘target phenotypes’, were the three self-
reported dimensions measuring ‘callousness’ (describing a callous
attitude towards others), ‘uncaring’ (describing a lack of caring
about performance), and ‘unemotional’ behavior (describing a lack
of emotional expression) that constitute the CU-traits construct as
assessed by the Inventory of Callous-Unemotional traits (ICU; [25]
data collected for NeuroIMAGE between 2009 and 2012). The ICU
has shown sufficient reliability (estimates for our current sample
are provided in the Supplement) and construct validity regarding
CU-traits and consists of a total of 24 items rated on a four-point
scale (0–3; all individual items are described in the Supplement).
Sum scores for the callousness (33 maximum), uncaring (24
maximum), and unemotional (15 maximum) dimensions were
analyzed separately given the three-factor structure of the ICU [25].

Genotyping
Genotyping was performed at the Radboud University, using the
Illumina Psych-Array 24 v1.1A. This genotyping chip assesses
~560,000 markers, and has been developed in collaboration with
the Psychiatric Genomics Consortium for the (genome-wide)
analyses of psychiatric phenotypes [28]. Imputation was per-
formed using the RICOPILI-pipeline [29]. Only single-nucleotide
polymorphisms (SNPs) passing quality control filters regarding
Impute Information scores (0.8), minor allele frequency (0.01),
Hardy–Weinberg equilibrium test (P cut-off 1E-06), and SNP-call
rate (0.95) were retained. Individual genome-wide genotype data
was available for 4,573,985 SNPs for 779 subjects in NeuroIMAGE.

Environmental factors
Environmental factors that were investigated and included in
gene-environment (GxE)-interaction analyses were maternal
smoking during pregnancy (dichotomized for any amount of
smoking in any trimester) and childhood traumatic life events
scores. Childhood life events scores were calculated based on a
child self-reported traumatic life events questionnaire, consisting
of 11 (potentially) traumatic life events that were scored (0/1)
based on whether the child had ever experienced the event (the
maximum possible score was 11). The following 11 themes were
addressed: (1) physical violence, (2) sexual violence, (3) relation-
ship break-up, (4) friendship break-up, (5) personal failure, (6)
problems in family, (7) problems at school, (8) problems in peer
group, (9) leaving religious community, (10) death of a loved one,
and (11) severe illness or injury [24, 30].

Statistical analyses
To reduce excess variance and remove outliers (potentially
representing error in the data) regarding our outcomes, we
excluded participants scoring >3 standard deviations (SDs) on
callousness (N= 6 excluded), uncaring (N= 2 excluded), or
unemotional (no subjects excluded) ICU-dimensions. Furthermore,
the childhood traumatic life events scores were dichotomized
closest to the 67th percentile, to avoid collinearity with covariate-
interaction terms in GxE-interaction analyses. Control variables
were sex, age at outcome assessment, the first 10 principal
components (PCs), and gene-covariate and environment-covariate
interactions in GxE-interaction analyses [31]. Furthermore, we
filtered 69 participants with deviant PC-scores (i.e. scoring >|±2|
SDs on any of the first 10 PCs, using the 1000 Genomes European
reference populations [32]). Population stratification was further
investigated by studying PC-analysis plots of NeuroIMAGE merged
with the 1000 Genomes phase 1 reference dataset [32].

Polygenic risk scores. Polygenic risk scores (PRS) analyses were
performed using PRSice2-software [33]. GWAS summary data was
available for 2,188,528 SNPs of the EAGLE-consortium aggression
GWAS (available at https://www.wikigenes.org/e/art/e/348.html#GWA
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_meta-analyses_summary_results) [8], and a total of 1,192,414 SNPs
could be included for PRS-analyses (SNP-matching across base and
target samples was based on SNP rs-numbers). SNPs were clumped
based on linkage disequilibrium (LD) using PRSice default settings (i.e.
a bidirectional 250Kb-window and R2-threshold of 0.1), resulting in a
total of 66,088 LD-clumped SNPs. PRS were calculated according to
Supplementary Equation S1. According to our best knowledge, no
prior studies investigating shared genetic etiology between aggres-
sion and CU-traits, which we could use for selecting an a-priori P-value
threshold for the PRS, were available. Therefore, to avoid underfitting
in the absence of a-priori information, PRS were calculated at multiple
P-value thresholds [33, 34]. We first calculated PRS for at most 14
‘broad’ P-value thresholds (i.e. 0.0001, 0.0002, 0.0005, 0.001, 0.002,
0.005, 0.01, 0.02, 0.05, 0.1, 0.2, 0.3, 0.4, and 0.5) using an additive and
recessive model since recessive SNP-effects have been reported
previously in aggression [35, 36]. If at least nominal significance was
reached for one of the thresholds, the PRS was included in the final
analyses and calculated for a small range of further thresholds around
the best-fitting of the (at most) 14 broad thresholds. This procedure
was performed for genome-wide and gene-set (see below) PRS in
relation to our three target phenotypes. Multiple testing correction
was applied in two stages: first, we computed ‘empirical P-values’ for
the association of each best-fitting PRS. Empirical P-values were
obtained by comparing the P-value of the PRS for the actual
phenotype with a null-distribution of P-values of the PRS regressed on
11,000 randomly permuted phenotypes, to correct for overfitting due
to testing multiple P-value thresholds across two inheritance models
[33]. Second, we adjusted the empirical P-values using the procedure
described by Benjamini and Hochberg [37] to control the false
discovery rate (FDR) for the number of gene-sets and phenotypes
investigated in the final stage of the PRS-analyses (i.e. ‘FDR Q-values’).
A detailed description of all PRS-procedures is provided in
the Supplement. In addition to investigating whether the PRS were
associated with our traits of interest, we also computed ‘competitive
P-values’ to investigate the level of enrichment of the SNP-sets
representing the best-fitting PRS. The competitive P-values were
obtained by comparing the P-value of the PRS with a null-distribution
of P-values of 11,000 random SNP-sets of the same size, drawn from
the genome-wide genetic background signal outside of the PRS SNP-
set, regressed on the phenotype [33].

Gene-set PRS. In addition to genome-wide PRS, we also
computed PRS from four gene-sets that were previously
implicated in aggression-related phenotypes. We defined seroto-
nergic, dopaminergic, neuroendocrine, and glutamatergic gene-
sets according to Donkelaar et al. and Naaijen et al., given the
careful and comprehensive selection of genes related to the
pathways of interest in these studies [14, 15]. Lists of genes
included in each gene-set are provided in Supplementary Table S1.
Gene-set PRS may provide additional information to genome-wide
PRS, as association signals from these individual sets may be more
difficult to detect in a genome-wide signal. Different sets/
pathways may also have different directions of association with
the target phenotype. We calculated gene-set PRS also for
different P-value thresholds as not all genetic variation in a
pathway is necessarily linked with the target phenotype (similar to
the genome-wide PRS).

PRS-Environment interactions (GxE). Since gene-environment
correlations (rGE) could be confounding GxE-interactions (i.e. the
genetic factor could be related to both the environmental factor
and outcome in the ‘GxE’) [38], we first investigated rGE between
significant PRS (identified in the PRS-analyses) and childhood life
events and smoking during pregnancy. Subsequently, environ-
mental main effects and GxE-interactions between the best-fitting
PRS and environment were analyzed in relation to callousness,
uncaring, and unemotional ICU-dimensions. GxE-interactions were
coded in R, using linear mixed models as implemented in ‘Lme4’

and ‘LmerTest’ packages [39, 40]. In addition to abovementioned
control variables a random intercept for each family was added to
adjust for sibling relatedness within our sample [41, 42]. BH-
adjustment was used to correct for testing multiple GxE-
interactions.

Sensitivity analyses
As PRSice currently does not support linear mixed models, we
were unable to correct for sibling relatedness in our main PRS-
analyses. Therefore, we coded our significant PRS-models in
R [39, 40] and corrected for sibling relatedness as described
[41, 42]. Second, to investigate whether comorbid ADHD may be
driving our results, we also included ADHD-case/control status as a
covariate. Third, because of the clustered family structure in
NeuroIMAGE, estimation of PCs could be slightly artefactual
[42, 43] and since it was not feasible to calculate PCs from
unrelated subjects only, we investigated potential inaccuracy by
removing the PC-covariates (and reincluding subjects with deviant
PC-scores as well) and only keeping adjustment for sibling
relatedness. Fourth, because the Major Histocompatibility Com-
plex (MHC) locus shows extended LD-structure and many diseases
have been associated with this region [44], we adjusted our
significant PRS by excluding the MHC-locus, to investigate to
which degree SNPs in this region might be affecting our results.
These same aforementioned sensitivity analyses were performed
for significant GxE-interactions. As it was not possible to perform
permutation-based analyses with the mixed models in R (and
hence, apply comprehensive multiple testing correction) we
compared the uncorrected PRS association P-values from each
sensitivity analysis with the main analyses. Furthermore, by
applying P-value thresholding to gene-set PRS, only a subset of
the gene-set is represented by the best-fitting PRS. To investigate
whether the whole gene-set is more strongly associated with the
target phenotype, we repeated the gene-set PRS-analyses keeping
the P-value threshold at 1.

RESULTS
Descriptive statistics of NeuroIMAGE
Table 1 provides descriptive statistics of the phenotypic and
environmental variables in NeuroIMAGE. See Supplementary
Fig. S1 for global and intra-European PCA-plots of NeuroIMAGE
merged with the 1000 Genomes reference populations [32].
NeuroIMAGE appeared most proximal to CEPH and British
European populations.

Table 1. Descriptive statistics of phenotypic and environmental data
in NeuroIMAGE (PRS target sample).

Phenotypic variable N total Mean ± SD or N (%)

Sex (males) 779 450 (57.8%)

Age (years) 779 17.22 ± 3.77 (range:
5.77–30.51)

Childhood traumatic life
events score

705 2.19 ± 1.59 (range: 0–10)

Maternal smoking during
pregnancy

514 101 (19.65%)

ADHD-diagnosis 779 310 (39.79%)

ICU callousness score 707 5.59 ± 4.27 (range: 0–24)

ICU uncaring score 722 8.65 ± 3.97 (range: 0–24)

ICU unemotional score 725 7.10 ± 2.93 (range: 0–15)

PRS polygenic risk score, ICU inventory of callous and unemotional traits
[25], ADHD attention-deficit/hyperactivity disorder
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Dopamine PRS model-�it across 29 P-value thresholds in relation to callousness scores.
A: 10 broad thresholds (add.). B: 10 broad thresholds (rec.). C: 9 further thresholds between 0.01 and 0.05 (add.).

Glutamate PRS model-�it across 95 P-value thresholds in relation to callousness scores.
D: 12 broad thresholds (add.). E: 12 broad thresholds (rec.). F: 71 further thresholds between 0.05 and 0.2 (rec.).

Genome-wide PRS model-�it across 139 P-value thresholds in relation to uncaring scores.
G: 14 broad thresholds (add.). H: 14 broad thresholds (rec.). I: 111 further thresholds between 0.0001 and 0.0005 (rec.).

Dopamine PRS model-�it across 22 P-value thresholds in relation to unemotional scores.
J: 10 broad thresholds (add.). K: 10 broad thresholds (rec.). L: 2 further thresholds between 0.002 and 0.01 (rec.).

Glutamate PRS model-�it across 109 P-value thresholds in relation to unemotional scores.
M: 12 broad thresholds (add.). N: 12 broad thresholds (rec.). O: 85 further thresholds between 0.2 and 0.4 (rec.).

Neuroendocrine PRS model-�it across 46 P-value thresholds in relation to unemotional scores.
P: 12 broad thresholds (add.). Q: 12 broad thresholds (rec.). R: 22 further thresholds between 0.005 and 0.02 (rec.).

Fig. 1 Plots of PRS-analyses showing the PRS model-fit in relation to callousness, uncaring, and unemotional traits across all tested
P-value thresholds. Add. additive model, PRS Polygenic Risk Score, Rec. recessive model, SNP single-nucleotide polymorphism. PRS were
calculated first for at most 14 ‘broad’ P-value thresholds using the additive and recessive inheritance model (a, b, d, e, g, h, j, k,m, n, p, q; note that
for the gene-set based PRS, some of the lower thresholds included no SNPs). Subsequently PRS were calculated for some further thresholds
around the best-fitting of the at most 14 ‘broad’ thresholds (Fig. 1c, f, i, l, o, r; the additional thresholds represent the unique P-values of the SNPs
in the GWAS summary statistics). The number of SNPs is shown on top of the bar plots with sufficient space available. The model-fit for the PRS
across all tested P-value thresholds as well as the number of thresholds tested is shown. Table 2 provides specific details (e.g. regression
coefficients, association, and enrichment test results) for the best-fitting PRS in relation to callousness, uncaring and unemotional traits.
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PRS-analyses
Six PRSs reached at least nominal significance at one of the at
most 14 broad P-value thresholds and were included in the final
analyses. These were a dopaminergic (additive) and glutama-
terig (recessive) PRS in relation to callousness scores, a genome-
wide (recessive) PRS in relation to uncaring scores, and a
glutamatergic, dopaminergic, and neuroendocrine (recessive)
PRS in relation to unemotional scores (Supplementary Table S2
provides an overview of intermediate results). For these six PRS,
we calculated some additional nearby P-value thresholds. See
Fig. 1a–r and Table 2 for all results including the total number of
and PRS model-fit across all thresholds tested. Four PRS showed
evidence for association with and enrichment for CU-traits.
Genome-wide PRS predicted uncaring scores (best-fitting-R2=
1.59%, 58 SNPs, empirical-P= 1.02E-02, FDR-Q= 3.06E-02, com-
petitive-P= 1.55E-03; Supplementary Table S3 provides a list of
the nearest genes to the SNPs in this PRS), whereas glutama-
tergic PRS (best-fitting-R2= 2.00%, 179 SNPs, empirical-P=
1.91E-03, FDR-Q= 1.15E-02, competitive-P= 1.82E-04), dopami-
nergic PRS (best-fitting-R2= 1.33%, 3 SNPs, empirical-P= 1.85E-
02, FDR-Q= 3.70E-02, competitive-P= 2.91E-03), and neuroen-
docrine PRS (best-fitting-R2= 1.20%, 41 SNPs, empirical-P=
3.15E-02, FDR-Q= 4.73E-02, competitive-P= 4.55E-03) predicted
unemotional scores. In addition, glutamatergic PRS showed
evidence of nominal significant association with callousness
scores (best-fitting-R2= 0.93%, 67 SNPs, empirical-P= 6.74E-02,
FDR-Q= 8.09E-02) but showed significant enrichment (compe-
titive-P= 1.39E-02). Supplementary Tables S4(A–D) provides
the minor allele frequency, Hardy-Weinberg test result, and
call rate for the SNPs included in the best-fitting PRS
that showed evidence for association with and enrichment for
CU-traits.

PRS-Environment interactions (GxE)
No (rGE) between PRS and childhood life event scores and/or
smoking during pregnancy were observed (See Supplementary
Table S5 for all results). Regarding environmental main effects and
GxE-interactions, see Table 3 for all results. Childhood life events
related to callousness (FDR-Q= 3.19E-04) and unemotional scores
(FDR-Q= 4.55E-02). Smoking during pregnancy related to callous-
ness scores (FDR-Q= 3.47E-03). The best-fitting dopaminergic PRS
interacted with childhood life events in relation to unemotional
scores (FDR-Q= 4.55E-02; See Fig. 2 and Supplementary Table S6
for environment-stratified PRS-effects).

Sensitivity analyses
See Supplementary Table S7 for all results. After adjustment for
sibling relatedness the association strength for the best-fitting PRS
remained similar (genome-wide PRS in relation to uncaring scores
P= 5.30E-04; glutamatergic PRS P= 1.63E-04, dopaminergic PRS
P= 2.16E-03, and neuroendocrine PRS P= 3.60E-03 in relation to
unemotional scores). After further adjustment for ADHD results
again remained similar (genome-wide PRS in relation to uncaring
scores P= 2.74E-04; glutamatergic PRS P= 1.91E-04, dopaminer-
gic PRS P= 1.70E-03, and neuroendocrine PRS P= 3.10E-03, and
GxE-interaction P= 1.33E-02 in relation to unemotional scores).
When PC-covariates were removed and subjects with deviant PC-
scores were reincluded, results changed only slightly (genome-
wide PRS in relation to uncaring scores P= 3.14E-04; glutamater-
gic PRS P= 4.50E-04, dopaminergic PRS P= 4.59E-04, and
neuroendocrine PRS P= 8.79E-03; and GxE-interaction P= 1.13E-
02 in relation to unemotional scores). When the MHC-locus was
removed, results remained unchanged (no MHC-SNPs in the PRSs)
except for the genome-wide PRS in relation to uncaring scores
(P= 2.38E-03, 56 SNPs; 2 MHC-SNPs removed). Including all SNPs
in the gene-set PRS (i.e. a threshold of 1) resulted in a reduced
association strength of the PRS compared to the identified best-
fitting threshold in the main analyses (full glutamate-set PRS [325

SNPs] R2= 1.22%, P= 0.0037, full dopamine-set PRS [224 SNPs]
R2= (1.02E-06)%, P= 0.9979 and full neuroendocrine-set PRS
[1107SNPs] R2= 0.58%, P= 0.1827 in relation to unemotional
scores).

DISCUSSION
We performed PRS-analyses to investigate evidence for shared
genetic etiology between aggressive behavior and callous,
uncaring and unemotional traits in children/adolescents. In
addition to genome-wide PRS, we also studied PRS based on
gene-sets that have been previously implicated in aggression-
related phenotypes [14, 15]. Furthermore, we studied GxE-
interaction between PRS and two key environmental adversities.
Our results suggest that aggression shares genetic etiology with
the ICU-dimensions ‘uncaring’ and ‘unemotional’, and confirmed
glutamatergic, dopaminergic, and neuroendocrine signaling as
shared biological pathways of interest. Moreover, dopaminergic
PRS appeared to interact with childhood life events in relation to
unemotional scores.
The only genome-wide polygenic association was observed in

relation to uncaring scores. This PRS included 58 SNPs at a
relatively low P-value threshold, indicating that SNPs that
associated more strongly with aggressive behavior in general
also combine into a stronger polygenic signal in relation to
uncaring traits. A number of the genes related to the SNPs in this
PRS have been linked to aggression (e.g. MECOM, AVPR1A) [45],
other related psychiatric disorders such as autism or schizophrenia
(e.g. MACROD2, ADD2) [46, 47], or have been implicated in
neurobiological functions such as synapse remodeling and
interneuron maturation (e.g. RAPGEF4, DGKG) [48, 49]. The
observation that gene-set PRS explained relatively large amounts
of variance in CU-dimensions when compared to the genome-
wide PRS could be related to opposite directions of effects of
different gene-sets/pathways, that cancel each other out when
added together in the genome-wide PRS. Furthermore, as the
genome-wide PRS represents a more general genetic liability, the
signal could also be susceptible to more noise from
irrelevant SNPs.
Glutamatargic PRS related to unemotional scores and explained

the most variance (up to 2% at the best-fitting threshold) in an
individual trait. The glutamatergic gene-set used for set-based
PRS-analysis in the present study, was linked previously to ADHD
(i.e. hyperactivity scores) [15]. As the sample of that study was
derived from the IMAGE-project, it partially overlaps with our
current study sample. However, the degree of overlap is only
limited (NeuroIMAGE is based on a distinct subset of IMAGE and
these samples were also genotyped separately; furthermore the
aforementioned study only included ADHD-cases) and, moreover,
currently we investigated CU-traits rather than ADHD. The current
results support the notion that there is glutamatergic genetic
liability underlying multiple pediatric aggression-related pheno-
types (i.e. hyperactivity, unemotional scores, and more general
aggressive behavior). This is an interesting observation, given that
glutamatergic genes have also been proposed as candidates in
other neurodevelopmental disorders such as autism and schizo-
phrenia [50, 51], which are often also present with aggressive
behavior. In addition, glutamatergic PRS were also enriched for
callousness scores, which may suggest some degree of shared
glutamatergic liability among callousness and unemotional traits.
However, the association with callousness scores was only
nominally significant.
Regarding dopamine, a PRS combining three (LD-clumped)

SNPs predicted unemotional scores. The direction of effect was
negative, suggesting that children with a higher aggression PRS
had lower unemotional scores. Reactive aggression is more
common than proactive aggression in the population (e.g. [52]),
and some studies have reported a negative association between
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reactive aggression and specifically the ICU-unemotional scale
(e.g. [53]). Further, a low degree of stress-reactivity has been
observed in children displaying CU-traits, whereas in children with
CD but without CU-traits, heightened threat-sensitivity and
reactive aggression is seen [1, 16]. Therefore, we theorize that
children displaying a more general tendency toward aggression
(i.e. with higher aggression-PRS), might be also more reactive
aggressive and stress/threat sensitive and, hence, be less
unemotional. One of the PRS-SNPs was located within the
PRKAG2-gene. The gene PRKAG2 encodes the non-catalytic
Gamma 2 subunit of the AMP-activated protein kinase enzyme
and associations of PRKAG2-variants with temporal lobe volume
[54] and cognitive impairment [55] have been reported, which
points to the neurobiological role of this gene. In addition, the
effect of dopaminergic PRS appeared to be moderated by
childhood life events in relation to unemotional scores, such that
the PRS related most strongly to unemotional scores in children
with higher life event scores. Dopamine plays an important role in
motivation, reward, and decision making, and antagonism of
dopaminergic (D2) receptors by antipsychotic drugs has been
shown to reduce aggressive behaviors, pointing to the involve-
ment of the dopaminergic system in aggression [56]. Furthermore,
in two recent functional imaging studies, reduced activation
patterns in parts of the dopaminergic reward system (such as the
ventral striatum, amygdala, and prefrontal cortex) were linked to
CU-traits and disruptive behavior [57, 58]. Although a significant
link with CU-traits was reported in only one of these studies [57]
(which may be related to CU-traits being assessed as a unified
construct and/or the use of an ethnically stratified sample [58])
this could suggest that the currently observed shared dopami-
nergic genetic liability between aggression and unemotional CU-
traits is related to functional neural differences in dopaminergic
brain circuits involved in reward processing.
Shared genetic factors between aggressive behavior and

unemotional scores was also suggested by neuroendocrine PRS.
A recent study showed that cortisol reactivity moderated the link
between aggression and CU-traits in a pediatric longitudinal
cohort, such that the aggression-CU-traits link was present only
in the context of low-cortisol reactivity [59]. Furthermore,
interaction between testosteron and cortisol in relation to
aggression in adolescents has also been reported, suggesting
that only in subjects with low cortisol levels testosterone levels
were linked to aggression [60]. Moreover, the recent study that
linked the currently investigated neuroendocrine gene-set to
aggression, also reported that the sub-set of genes in the set that
linked most strongly with aggression were glucocorticoid genes
[14]. Therefore, our current results could point to a key role for
cortisol-related genetic variation in a shared genetic liability
among aggressive behavior and CU-traits in children.

Strengths and limitations
A unique feature of the current study includes the simultaneous
investigation of genome-wide PRS and recently implicated gene-
sets to study potential shared genetic etiology between aggression
and callous, uncaring and unemotional traits. Furthermore, we
investigated interactions between the PRS and two key environ-
mental factors for CU-traits, thereby providing an approach to
address GxE-polygenicity (although the number of SNPs was
somewhat limited in our best-fit PRS). Nevertheless, some
limitations should be discussed. First, as NeuroIMAGE consists of a
partially referred sample, findings may not necessarily generalize to
CU-traits distributed within the general population. Furthermore,
although our base sample was large, our target sample had a
relatively modest size. While this may have prevented detection of
small effects in individual variants, it proved adequate for polygenic
analyses (power for detecting PRS-main effects explaining between
1.20 and 2.00% of variance ranged from 81 to 96%) and mostly
sufficient to perform GxE-analyses (power for detecting PRS-by-Ta
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environment interactions based on PRS-main effects ranged from
80 to 95% for childhood life events and from 65 to 86% for smoking
during pregnancy). Although GxE-interactions based on individual
SNPs typically require large sample sizes, detection of PRS-based
GxE-interactions may require less power due to aggregation of SNP-
effects into the PRS. Furthermore, although subsetting genes
reduced the absolute number of available SNPs, the resulting PRS
may be actually more predictive and therefore power should not
necessarily be adversely affected by set-based PRS-analyses. Careful
selection of gene-sets is, however, important. In addition, observed
effects may be (partially) explained by, e.g., mediation effects or
coexistent aggression. Last, our present study has been among the
first studies investigating genetic sharing between aggression and
CU-traits and therefore current results need replication (e.g. to
validate the predictive ability of the PRS in an independent sample).

CONCLUSION
Our study provides evidence suggesting shared genetic etiology
between children’s aggressive behavior and ‘uncaring’ and
‘unemotional’ ICU-dimensions, thereby supporting the notion of
a polygenic architecture underlying CU-traits. In addition to
genome-wide PRS, gene-set based PRS pointed to shared genetic
variation within glutamatergic, dopaminergic, and neuroendo-
crine signaling pathways as well as GxE-interaction with child-
hood life events. Furthermore, individual genes derived from the
PRS have been linked to aggression and neurodevelopment
previously. Although ‘callousness’ was not significantly related to
PRS, childhood life events and smoking during pregnancy were
most strongly linked to this ICU-dimension, suggesting a
differential contribution of genes and environment to callous-
ness, uncaring, and unemotional traits.
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Table 3. GxE-interactions between the best-fitting PRS and childhood life events or smoking during pregnancy in relation to callousness, uncaring,
and unemotional target phenotypes.

Target phenotype Environment or GxE N B (SE) P FDR Q

Callousness (continuous trait) Childhood life events 678 1.34 (0.31) 2.28E-05 0.000319

Smoking during pregnancy 469 1.65 (0.47) 0.000496 0.003472

Uncaring (continuous trait) Childhood life events 687 0.37 (0.30) 0.210 0.39375

Smoking during pregnancy 479 0.73 (0.46) 0.111 0.3108

PRS (58 genome-wide SNPs)×childhood life events 631 −0.26 (0.31) 0.408 0.5495

PRS (58 genome-wide SNPs)×smoking during pregnancy 443 0.44 (0.53) 0.402 0.5495

Unemotional (continuous trait) Childhood life events 692 0.56 (0.23) 0.0128 0.0455

Smoking during pregnancy 480 0.40 (0.33) 0.225 0.3938

PRS (3 dopaminergic SNPs)×childhood life events 632 −0.60 (0.24) 0.013 0.0455

PRS (3 dopaminergic SNPs)×smoking during pregnancy 442 −0.29 (0.39) 0.463 0.5495

PRS (179 glutamatergic SNPs)×childhood life events 632 0.16 (0.23) 0.471 0.5495

PRS (179 glutamatergic SNPs)×smoking during pregnancy 442 0.02 (0.37) 0.947 0.947

PRS (41 neuroendocrine SNPs)×childhood life events 632 0.15 (0.23) 0.517 0.5568

PRS (41 neuroendocrine SNPs)×smoking during pregnancy 442 −0.47 (0.37) 0.200 0.3938

Regression coefficients (B) and standard errors (SE) are shown. The analyses were adjusted for sex, age at outcome assessment, the first 10 principal
components, and sibling relatedness (random intercept). For GxE-interactions, gene-covariate and environment-covariate interactions were modeled as well
GxE gene-environment interaction, PRS polygenic risk score
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Fig. 2 Environment-stratified effects of PRS in relation to
unemotional scores. PRS Polygenic Risk Score. See Supplementary
Table S6 for all stratified results.
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