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ABSTRACT

Previous research demonstrated substantial genetic correlations among psychiatric
disorders and identified numerous cross-disorder genetic variants. To identify the genet-
ic variants underlying global childhood psychopathology, we performed a genome-wide
association study of a total psychiatric problem score. We analyzed 8,804,648 common
SNPs in 29,446 school-aged children from 16 population-based cohorts participating
in the EArly Genetics and Lifecourse Epidemiology (EAGLE) consortium. Gene-based
analyses revealed, that the myotonic dystrophy (DM1) gene cluster, previously implicat-
ed in neurodevelopment, was associated with the total psychiatric problem score. No
individual SNP reached genome-wide significance. Stronger association with the total
psychiatric problems score at the gene level, corresponded to higher expression in brain
tissue, in particular in limbic regions. The genetic effects underlying the total psychiatric
problem score were shared with known genetic variants for common psychiatric disor-
ders (ADHD, anxiety, depression, insomnia), intelligence, brain structure, educational
attainment, wellbeing, insomnia, smoking and body fat (rG > 0.23), but not with less
common disorders (schizophrenia, bipolar disorder, autism, or eating disorders) (rG <
0.05). In summary, the results suggest that many common genetic variants are non-spe-
cifically associated with various child psychiatric symptoms and related phenotypes,
with the myotonic dystrophy gene cluster showing the most evidence. Further research
is needed to establish causality and pleiotropic mechanisms.
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INTRODUCTION

Psychiatric traits are moderately heritable, on average about 30-50% of the variabil-
ity in symptoms can be explained by genetic differences between individuals.* Molec-
ular genetic studies have established that to a large degree common genetic variants
underlie these genetic effects. The joint effect of single nucleotide polymorphisms (SNP
heritability) explains 5% to 30% of the variance in psychiatric disorders? and similarly
of behavioral and emotional symptoms in children, although this varies depending on
child age and informant.>*

Recent family and molecular genetic studies have also demonstrated that much of
the genetic effects underlying psychiatric disorders are not unique to particular diag-
noses, but rather shared among several psychiatric diagnoses and symptoms.>> This
phenomenon is known as cross-phenotype association and suggests pleiotropy, i.e. the
influence of a genetic variant on multiple traits.10 Several lines of evidence provide
support for this notion, first that the SNP based genetic correlations between disorders
from different domains, such as major depression, ADHD, bipolar disorder and schizo-
phrenia are moderate to high,2 averaging 0.41. Second, measures of global psychopa-
thology in children showed a common SNP heritability between 16% and 38%.”*! Third,
in a GWAS meta-analysis of five disorders, loci were identified with associations across
these disorders.*?

The large extent of cross-phenotype associations presents a challenge in interpret-
ing genome-wide association studies (GWAS), which typically analyze a single disorder
to identify genetic loci. For instance, recently Brikell et al.* found that a polygenic score
derived from a GWAS on ADHD symptoms was more strongly associated with a general
psychopathology factor, than with specific hyperactivity or attention problems once
general psychopathology was accounted for. This and the other aforementioned find-
ings illustrate that multi-disorder approaches may benefit genetic studies.

Previous GWAS of child disorder, such as autism spectrum disorders, ADHD, aggres-
sion and internalizing disorders,****® have been successful in providing insights into the
genetic architecture of child psychiatric problems and into the genetic correlations be-
tween child psychiatric problems. However, with the notable exception of a very large
recent ADHD study” and a GWAS on autism spectrum disorder14, these studies have
mostly failed to identify individual genome-wide significant loci. Along with increas-
ing the sample size, some researchers propose the inclusion of related phenotypes in
analyses to increase power.'®#1 Genetic loci with pleiotropic effects may be missed in a
GWAS of single psychiatric disorders. While a variant may modestly increase the risk of
symptoms from different domains and be detectable in very large studies, any associa-
tion with a specific disorder or trait may not be consistent enough or too weak to be de-
tected in smaller studies. A focus on global psychopathology should therefore increase
the power to detect unspecific genetic loci, which are associated with global psychiatric
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vulnerabilities. While one previous GWAS? examined multiple disorders simultaneous-
ly, analyses on multiple dimensional measures of psychiatric problems in childhood are
lacking. A focus on childhood problems is particularly important, as the incidence of
many disorders changes across the life course. Moreover, childhood shows high hetero-
typic sequential continuity?’, thus a GWAS of total psychiatric problem scores in child-
hood can contribute to the understanding of the development of psychopathology.

Our aim was to identify genetic loci associated with a total psychiatric problem
score including internalizing, externalizing, attention, neurodevelopmental and other
psychiatric problems. We hypothesized that a large number of genetic loci may affect
psychopathology in school-aged children. To identify these genetic variants, we per-
formed a GWAS meta-analysis within the EArly Genetics and Lifecourse Epidemiology
(EAGLE) consortium. In addition, we aggregated the SNP results to perform gene-based
tests, which may have better power to identify loci. We also performed several fol-
low-up analyses such as gene expression analyses, which may hint at which causal path-
ways are involved. We hypothesized that the stronger a gene is associated with the total
psychiatric problem score, the higher the expression in brain tissue. Finally, we tested
genetic correlations, i.e. the correlation due to shared genetic variants of the total psy-
chiatric problem score with various psychiatric, psychological, neurological and lifestyle
or educational characteristics. The GWAS was aimed at detecting loci associated with
global psychopathology, however, the same loci may also impact many other pheno-
types related to problem behavior, either through independent pathways, because the
psychiatric symptoms caused by the genetic variant have an influence on other phe-
notypes, or because the geneitc loci first influence a related phenotype, which then
causes psychopathology. To test the genetic correlations, we used information from
previous GWAS available on LD hub®. We selected all traits, which were either psychi-
atric, psychological, neurological, or are affected by behavior. As the information came
from mostly independent study populations, the genetic correlations with psychiatric
phenotypes also serve as a validation of the GWAS results.

METHODS

Participants

Cohorts from the EAGLE consortium were invited to participate in the project, if par-
ent-rated measures of psychiatric symptoms in the age range 5-16 years were available.
Sixteen cohorts from Europe, the US and Australia contributed data to this meta-anal-
ysis. To avoid biases arising from population stratification we restricted the analysis to
children of European ancestry. Sixteen cohorts with in sum 29,446 participants were
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Table 1: Phenotype Characteristics

H 0,
Cohort n Instrument Informant Agein Age SD Score Score SD %
years Mean Female
ALSPAC 5461 sbQ Maternal  9.64 0.12 6.71 4.82 49
BREATHE 1618 sbQ Both 8.31 3.87 8.05 5.05 48
CADD 358 CBCL 4-18 Both 12.96 2.64 16.22 21.9 28
CATSS 6498 A-TAC Both 12 - 5.39 7.48 49
FINNTWIN 959 MPNI Both 11.40 0.27 11.34 6.80 53
GenR 1847 CBCL6-18 Maternal 9.70 0.28 17.29 15.18 51
Gini-Lisa 1389 sbDQ Maternal  10.04 0.20 7.3 5.15 48
Glaku 312 CBCL Maternal 12.1 1.0 21.7 16.8 52
INMA 745 sDQ Both 5.1 0.78 8.87 5.00 38
NFBC1986 3346 Rutter Maternal 7.81 0.23 2.57 2.07 51
NTR 2563 CBCL6-18 Maternal 9.9 0.98 19.32 15.89 52
RAINE 1366 CBCL4-18 Both 10.58 0.20 21.12 18.62 48
TCHAD 2111  CBCL6-18 Both 13 - 11.66 12.49 51
TEDS 2707 sSDQ Both 11.26 0.69 7.00 5.02 54
TRAILS 1283 CBCL6-18 Maternal 11.08 0.56 0.24 0.16 52
YFS 1352 HES Maternal  10.55 3.33 14.65 6.75 54

ALSPAC Avon Longitudinal Study of Parents and Children
CADD Center on Antisocial Drug Dependence
CATSS The Child and Adolescent Twin Study in Sweden
GenR Generation R
INMA Infancia y Medio Ambiente
NFBC1986 Northern Finland Birth Cohorts
NTR Netherlands Twin Register
TCHAD Twin Study of Child and Adolescent Development
TEDS Twins Early Development Study

TRAILS Tracking Adolescents’ Individual Lives Survey

YFS The Cardiovascular Risk in Young Finns Study
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Figure 1: Quality control steps of individual cohort results.
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meta-analyzed. Participants had mean ages of 9.9 years. See Table 1 for participant
demographics per cohort.

Outcome

Psychiatric problems were assessed with parent-rated questionnaires at ages 5-16
years (mean=9.9, standard deviation (SD)=2.02) (Table 1). When information on psycho-
pathology was available at multiple ages, we asked to use the assessment wave closest
to the age of 10 as we aimed to investigate school-age psychopathology. All items of a
broad psychiatric questionnaire were summed into a single total psychiatric sum score.
Some questionnaires included items on sleep, thought, eating problems, and pervasive
developmental disorders but in all cohorts at least internalizing, externalizing and at-
tention problems were assessed. As expected in population-based cohorts, these total
psychiatric problem scores had a skewed distribution. We applied a log transformation
plus 1 to avoid bias due to non-normal residuals and influential observations, especially
by low frequency variants. Since different scales were used, the log-transformed scores
were converted to a z-score within cohorts to make units comparable across cohorts.
Instruments included the Child Behavior Checklist?!, Strengths and Difficulties Ques-
tionnaire??, Multidimensional Peer Nomination Inventory?, Rutter Children’ Behaviour
Questionnaire?*, A-TAC%, and items derived from the Health Examination Survey?®.

Genotyping and QC

Genotyping was performed in all cohorts using genome-wide genotyping arrays.
Cohort-specific pre-imputation quality control was performed using established pro-
tocols. In all discovery cohorts, SNPs were imputed to the 1000 Genomes Phase 1 or
Phase 3 reference panel.?” Each cohort performed a GWAS and summary results were
collected for meta-analysis. We omitted the X-chromosome from further analysis as
most cohorts had no information on X-linked SNPs available. Pre-meta-analysis QC was
performed with EasyQC.?®?° Map and reference allele files were based on 1000G phase
Il version 5 data (Build 37). The QC steps are summarized in Figure 1. After meta-anal-
ysis, we excluded SNPs with low MAF (<5%), sample size (<5000) or a low numbers of
cohorts with data on the tested SNP (<8). Finally, we checked the pooled results for
spurious inflation by examining QQ-plots of the p distribution and by examining the LD
score regression intercept (see statistical analysis).

Statistical analysis
Single SNP associations and meta-analysis

The z-scores of the total psychiatric problems scores were related to the SNP dosag-
es in a linear model. Covariates included gender, age at assessment and principal com-
ponents of ancestry. The number (0-10) of components were specified by cohort, de-
pending on the extend of population stratification. CATSS and TCHAD additionally used
a random effect to account for familial relatedness. FINNTWIN and NTR did not use

GWAS of total psychiatric problems | 125



principal components, but applied a mixed model with two random effects to control
for population stratification and relatedness. We pooled the results from the individual
cohorts using a fixed-effects inverse variance meta-analysis. R 3.4.3 was used for QC,
data preparation and analysis of results.?* Meta-soft 2.0.1 was used for the meta-analy-
sis of single SNP associations.3! We based conclusions on a fixed effects model but also
make available the results of a random effects model. For the latter, we used the Han
and Eskin random effects approach®!, which does not assume that the true effect be-
tween studies is equal, but does assume homogeneity of null effects. Results, however,
tended to be biased towards SNPs with information from fewer studies. Therefore we
based our conclusions on the fixed effects model. Yet, the 12 statistic obtained from the
random effects model was used as measure of heterogeneity. The individual cohort re-
sults after quality control were examined and meta-analyzed independently by the first
and second author with consistent results.

Gene-based and expression analysis

The results were explored with the FUMA web tool* First, we performed gene-
based tests using MAGMA?? in FUMA. MAGMA estimates the joint effect of all SNPs
within a gene, while taking into account the LD structure, as well as gene size. We test-
ed 18,168 protein coding genes and thus the genome-wide significant p-value was set
at 2.752e-6 using Bonferroni correction. Second, we tested, whether the results from
the gene-based tests are related to gene expression in several tissues. Specifically, we
used MAGMA to test whether the association strength between genes and the total
psychiatric problem score was related to the mean gene expression level in a specific
tissue. Given that we expected genes to act via brain pathways, we tested expression
in 13 brain regions (Table 4). However, as other pathways may also be possible, we also
investigated gene expression levels on an organ level (Supplementary Table 3). Gene
expression levels were obtained from the GTEx database, which is based on RNA se-
quence data.?* FUMA uses expression values in reads per kilobase million (rpkm) after
winsorization at 50 rpkm and log transformation after adding 1 to avoid zero values.

SNP heritability and genetic correlations

We estimated the SNP heritability of total psychiatric problem scores with LD score
regression®, LD score regression is based on the assumption that SNPs with strong cor-
relations with neighboring SNPs (high LD) are more likely to tag causal variants and
thus have stronger associations with the phenotype. We used the online tool LD hub3®
to estimate common SNP heritability and genetic correlations with various psychiatric,
psychological, neurological and lifestyle or educational characteristics. Genetic correla-
tions are computed by regressing the product of two GWAS's association strength on
the LD score. To compute the genetic correlations we used previously published GWAS
summary statistics available on LD hub. Pubmed IDs for all traits are listed in Table 5,
see these references for detailed genetic and phenotype methods of the correlates. LD
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Table 3: Genes with genome-wide significant (p<3e-6) or suggestive (p<3e-4) results

Gene Chr BP Start BP Stop n o n p

DMWD 19 46276205 46306060 48 25531 9,00E-7
DMPK 19 46262975 46295810 50 25255 1,00E-6
SIX5 19 46258043 46282484 35 25539 2,00E-6
TRAPPC6A 19 45656186 45691495 83 23784 7,00E-6
BLOC1S3 19 45672003 45695059 72 23884 2,00E-5
SLC40A1 2 190415305 190458484 97 25820 2,00E-5
TMEM56 1 95572894 95673163 294 26623 3,00E-5
NKPD1 19 45643008 45673408 60 24310 3,00E-5
FBX046 19 46203887 46244162 68 24264 4,00E-5
TBCA 5 76976991 77174604 749 26665 7,00E-5
TRPS1 8 116410724 116831899 615 25482 8,00E-5
LRFN5 14 42066773 42383752 1086 25862 1,00E-4
RSPH6A 19 46288968 46328577 132 25712 1,00E-4
SLC25A26 3 66109285 66448540 775 24326 1,00E-4
LDHA 11 18405935 18439972 125 25821 1,00E-4
PAMR1 11 35443370 35561848 429 25908 2,00E-4
SLC9A3R2 16 2065357 2099027 86 21370 2,00E-4
SPATA7 14 88841268 88946694 136 25225 2,00E-4
RAB10 2 26246976 26370323 232 25544 3,00E-4
NPW 16 2049927 2080756 112 22389 3,00E-4
PTPN21 14 88922122 89031077 221 26175 3,00E-4
TMEM56-RWDD3 1 95573479 95722781 453 26725 3,00E-4
MARK4 19 45572546 45818541 777 24034 3,00E-4
DNASE2B 1 84854215 84890701 144 27431 3,00E-4

Chr Chromosome

BP Basepair

Start Basepair Position of gene start
Stop Basepair Position of gene end
n_ . Number of SNPs within the gene

n Number of participants
p p-value
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Table 4: Tissue expression analysis (neural tissues)

Brain Region B B SE p q
Caudate basal ganglia 0.02 0.06 0.01 <0.01 0.02
Putamen basal ganglia 0.02 0.05 0.01 <0.01 0.02
Amygdala 0.02 0.05 0.01 <0.01 0.02
Nucleus accumbens basal ganglia 0.02 0.04 0.01 0.01 0.03
Hippocampus 0.02 0.04 0.01 0.01 0.03
Anterior cingulate cortex BA24 0.02 0.04 0.01 0.01 0.03
Substantia nigra 0.02 0.04 0.01 0.03 0.06
Hypothalamus 0.01 0.04 0.01 0.04 0.07
Frontal Cortex BA9 0.01 0.03 0.01 0.05 0.07
Cortex 0.01 0.03 0.01 0.05 0.07
Spinal cord cervical c1 0.01 0.03 0.01 0.06 0.07
Cerebellum 0.01 0.02 0.01 0.18 0.2
Cerebellar Hemisphere 0.00 0.01 0.01 0.22 0.22
B Beta

BSD Beta Standard Deviation

SE Standard Error

p P-value

q False Discovery Adjusted P-values
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hub did not have summary statistics available for anxiety symptoms.?” We therefore
obtained this information from the psychiatric genetics consortium (https://www.med.
unc.edu/pgc/results-and-downloads/downloads) and computed genetic correlations
locally using Idsc 1.0.0 with the same settings as LD hub.

Heterogeneity and generalizability

The participating cohorts differed in instruments and genotyping platforms, in
assessment age and population background. While only children with European an-
cestry were analyzed, they came from a variety of countries with different cultural
backgrounds. The meta-analysis results may therefore vary depending on the exact
composition of participating cohorts. To investigate how well the results generalize,
we split the sample in two halves randomly, meta-analyzed both halves (eight cohorts
each), and computed the genetic correlation between both halves. We repeated this
step ten times and averaged the results. We also report the SNP heritability of these
halves to assess the variability due to study selection.

RESULTS

Spurious inflation and SNP Heritability

We associated 8,804,648 SNPs with the z-score of the total psychiatric problem
scores in 16 discovery cohorts in up to 29,446 children. The test statistics showed no
spurious inflation according to a visual examination of a QQ-plot (see Figure 2) and the
LD score regression intercept, which was close to 1 (30 = 1.01, standard error (SE)=0.02).
The common SNP heritability was 8.4% (SE=0.02).

SNP and gene based tests

No SNP reached genome-wide significance, see Figure 3 for a Manhattan plot. 36
SNPs showed suggestive effects, defined as p<5E-06, see Table 2. Next we tested the
association of 18,290 protein coding genes (as defined in FUMA) with the child total psy-
chiatric problem score by aggregating the effects of the single SNPs. In contrast to the
single SNP test, the MAGMA results showed higher number of positive test-results than
expected under the null (Figure 4). Three genes within one locus on 19q13.32 reached
genome-wide significance, DMWD, DMPK, and SIX5 (see Figure 5 for Manhattan plot
and Table 3 for estimates).

Next we performed the MAGMA tissue expression analysis in 13 specific brain
tissues (Table 4). Several subcortical structures survived multiple testing correction,
specifically basal ganglia, amygdala, hippocampus and anterior cingulate. In addition we
performed tissue expression analysis for 30 tissues on an organ level, see Supplementa-
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Table 5: Genetic correlations based on LD score regression

Correlated trait PMID re SE p q h?
Psychiatry
ADHD 20732625 0.71 0.24 3,00E-3  9,00E-3 0.22
Insomnia 28604731 0.67 0.11 2,00E-9  2,00E-8 0.05
Depressive symp- 57089181 0.56 0.11 3,00E-7  2,00E-6 0.05
toms
Anxiety symptoms 26754954 0.49 0.23 3,00E-2  6,00E-2 0.03
Major depressive

. 22472876 0.33 0.14 2,00E-2  5,00E-2 0.16
disorder
PGC cross-disor- 5 /o355 0.13 0.09 2,00E-1  3,00E-1 0.17
der analysis
Schizophrenia 25056061 0.02 0.06 700E-1  800E-1 0.46
Autism spectrum ,gc 10076 -0.03 0.11 8,00E-1  800E-1 0.40
disorder
Bipolar disorder 21926972 -0.05 0.09 6,00E-1  7,00E-1 0.42
Anorexia Nervosa 24514567 -0.13 0.08 9,00E-2 1,00E-1 0.52

Neurology
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Table 5: (Continued)

Correlated trait PMID r SE p q h?

Amyotrophic

_ 27455348 0.16 0.17 3,00E-1  4,00E-1 0.05

lateral sclerosis

Parkinsons dis-

e 19915575 -0.03 0.10 8,00E-1  8,00E-1 0.35

’e\rsze'mers dis- 24162737 -0.14 0.16 4,00E-1  5,00E-1 0.04
Personality and

Wellbeing

Neuroticism 27089181 0.43 0.09 6,00E-7  3,00E-6 0.09

Neuroticism 24828478 0.30 0.15 4,00E2  800E-2 0.01

Neo-opennessto 4,376 0.05 0.15 7,00E-1  8,00E-1 0.11

experience

Neo-conscien- 21173776 0.05 0.21 8,00E-1  8,00E-1 0.07

tiousness

Subjective well 27089181 -0.45 0.10 4,00E-6  2,00E-5 0.03

being
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Table 5: (Continued)

Correlated trait PMID re SE p q h?
Intelligence
and educational
attainment
Childhood IQ 23358156 -0.37 0.13 5,00E-3 1,00E-2 0.28
;g:ege comple 53752424 -0.50 0.09 9,00E-9  7,00E-8 0.08
Years of schooling 27225129 -0.53 0.07 3,00E-14 10,00E-13 0.12
Intelligence 28530673 -0.54 0.09 7,00E-10 9,00E-9 0.19
Brain volume
Mean Thalamus 25607358 0.01 0.17 1,00E+0 1,00E+0 0.13
Mean Pallidum 25607358 -0.04 0.15 8,00E-1 8,00E-1 0.17
Mean Caudate 25607358 -0.15 0.12 2,00E-1 3,00E-1 0.25
Mean Hippocam-
pus 25607358 -0.16 0.16 3,00E-1 4,00E-1 0.13
Intracranial Vol-

25607358 -0.20 0.16 2,00E-1 3,00E-1 0.17

ume
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Table 5: (Continued)

Correlated trait PMID r SE p q h?

Mean Putamen 25607358 -0.29 0.12 1,00E-2 3,00E-2 0.29

Infant head cir-

22504419 -0.32 0.15 3,00E-2 6,00E-2 0.23
cumference
Mean Accumbens 25607358 -0.33 0.23 1,00E-1 2,00E-1 0.08
General health
behaviors/out-
comes
Cigarettes smoked 119390 0.55 0.18 3,00E-3  9,00E-3 0.06
per day
Body fat 26833246 0.48 0.10 1,00E-6 5,00E-6 0.11
Body mass index 20935630 0.23 0.07 5,00E-4 2,00E-3 0.19
Sleep duration 27494321 -0.19 0.10 5,00E-2 8,00E-2 0.06
Age of smoking
S 20418890 -0.34 0.15 3,00E-2 6,00E-2 0.07
initiation
Parent’s age at
death
Mother'sageat . q15g05  -0.26 013 50062 800E2  0.04

death
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Table 5: (Continued)

Correlated trait PMID re SE p q h?
Father’s age at 27015805 -0.28 0.14 5,00E-2  8,00E-2 0.04
death

Reproduction

Number of chil- 27798627 0.27 0.09 3,00E-3  9,00E-3 0.03
dren ever born

Age of first birth 27798627 -0.50 0.08 1,00E-10  2,00E-9 0.06

PMID PubMed ID, rG Genetic Correlation, SE Standard Error, p P-value,
g False Discovery Rate Adjusted P-values, h? SNP heritability
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ry Table 3. While expression in brain tissue reached nominal significance, expression in
none of the other organs had statistically significant associations.

Genetic correlation

To quantify the extent to which the genetic associations of child psychiatric prob-
lems scores were shared with child and adult psychiatric, psychological, neurological
and lifestyle or educational characteristics we performed genetic correlation analyses.
After adjustment for false discovery rate, ADHD, insomnia, depressive symptoms, cig-
arettes smoked per day, body fat, neuroticism, major depressive disorder, number of
children ever born and body mass index all showed positive genetic correlations be-
tween 0.23 and 0.71 with the total psychiatric problem score. Of these, the highest
correlation of global psychopathology was with ADHD (Table 5). Mean putamen and
accumbens volume, childhood 1Q, subjective wellbeing, college completion, age of first
birth, years of schooling and intelligence showed significant negative correlations with
the total psychiatric problem score, ranging from -0.54 to -0.29. Of the psychiatric phe-
notypes tested, only the less common psychiatric disorders like schizophrenia, bipolar
disorder, autism spectrum disorder, and anorexia showed no genetic correlation with
the total psychiatric problem score.

Heterogeneity Analysis

We computed the genetic correlation between ten randomly split sets to assess
heterogeneity between the cohorts in our GWAS (Supplementary Table S4). On aver-
age, the genetic correlation was 0.77 (SD=0.12), ranging from 0.66-0.98, indicating that
heterogeneity of effects between cohorts was limited. The SNP heritability ranged from
8-16% and was on average 11% (SD=0.02).

DISCUSSION

The current study reports the first GWAS examining global psychopathology in
children and the biggest GWAS to date examining a continuous measure of psychiatric
symptoms in children. One locus including the genes DMWD, DMPK and SIX5 reached
genome-wide significance in a gene-based analysis, but no individual SNP was ge-
nome-wide significant. Stronger gene-based association with the total psychiatric prob-
lem score corresponded to higher expression in brain tissue, in particular limbic regions.
The genetic effects underlying global psychopathology were shared with common psy-
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chiatric disorders (ADHD, anxiety, depression, insomnia), but not with less common
ones (schizophrenia, bipolar disorder, autism, eating disorders).

DMWD, DMPK and SIX5 comprise a locus known as the myotonic dystrophy (DM1)
gene cluster®. Myotonic dystrophy is a genetic disorder caused by a CTG repeat in
DMPK leading to muscle wasting and function loss. In addition myotonic dystrophy is
associated with neural and cognitive behavioral deficits.?®** DMWOD is highly expressed
in synapses and related to neurodevelopment in rats, and is therefore suspected to
cause the neuropsychological problems in myotonic dystrophy.*® Interestingly, DMWD
was previously associated with Alzheimer disease, providing further evidence that the
locus is important for neural functioning.*® Our results suggest as well that this locus is
not only involved in rare neurological disorders, but that common variants in the myo-
tonic dystrophy gene cluster impact psychiatric problems together with many other
genetic variants and environmental influences.

Not only are these three genes, which we discovered in the gene-based analyses,
expressed in the brain, but the genome-wide gene expression analysis also suggests,
that loci more strongly associated with the total psychiatric problem score are more
likely to be expressed in the limbic system of the brain. The limbic system includes evo-
lutionary preserved regions responsible for emotion regulation and motivation*, which
were previously implicated in affective disorders, ADHD and OCD.**? The present study
suggests that genetic variants affecting psychopathology in general are most likely to
act via pathways involving limbic structures and therefore supports the notion, that
variation in this brain region may act as intermediate phenotype of psychopathology
and potential target for intervention**.

The total psychiatric problem scores were based on various instruments, which all
included items for common psychiatric internalizing, attention, and externalizing symp-
toms. Therefore, it is not surprising that common psychiatric symptoms and disorders
such as ADHD, anxiety and depression shared 25% or more of the genetic variation with
the total psychiatric problem score. ADHD showed the highest genetic correlation, per-
haps because ADHD symptoms are well covered in the instruments tested and because
the source GWAS was well powered to estimated the SNP effects precisely. In contrast,
the extent to which the questionnaires used in this study covered other less common
problems, such as psychotic, bipolar or autistic symptoms varied greatly by instrument,
with e.g. the SDQ only covering emotional, conduct, hyperactivity and peer relationship
problems, but not thought disorders, such as the CBCL. Furthermore, age of onset for
schizophrenia and bipolar disorder is typically in adolescence and adulthood.***¢ In the
case of autism spectrum disorder the age of onset is early, but the prevalence in the
cohorts low. Thus the total psychiatric problem score was very broad but not represen-
tative of psychiatric disorders with lower prevalence rates or emergence at later ages.
This most likely explains why the genetic correlations with the less common psychiatric
disorders autism, schizophrenia and bipolar disorder with the total psychiatric problem
score measured at age 10 were very low to absent. The differential genetic correlations
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with common and not the relatively rare disorders suggests that there is a continuum
of genetic effects from very specific variants, variants which underlie either common
or less common disorders, to variants which underlie most psychiatric problems.>® The
latter set of variants may be better detected with measures of global psychopathology
in older children, when thought disorders such as schizophrenia and bipolar disorder
occur.

In this study we observed 8% SNP heritability, which is equivalent to the heritabil-
ity of ADHD symptoms in children4, but somewhat higher than the 5% heritability for
depression symptoms47 and 7% for anxiety symptoms?® in adulthood. Previous studies
observed heritability estimates to increase from childhood to adulthood for most psy-
chiatric symptoms, such as anxiety (3% per year), depression and externalizing behav-
iors (1% per year for both).*® An exception appears to be ADHD heritability, which tends
to decrease somewhat across age.*>*° Explanations for this increase with age include
gene-environment correlation effects and timing differences of puberty in dizygotic
boy/girl twin pairs, though the latter would not impact GWAS studies with unrelated
participants.*® Importantly, the lack of precision resulting from the contextual effects of
ratings from an external observer, i.e. the parent, which are inherent to child psychiat-
ric assessments may also play a role in the increase of heritabilities from childhood to
adulthood. Further research is needed to investigate whether the heritability of a total
psychiatric problem score is age dependent similarly to affective and externalizing prob-
lems and perhaps should be explicitly modeled in a longitudinal GWAS design.

Next to high genetic correlations with common psychiatric disorders and symptoms,
we also observed high genetic correlations with phenotypes such as intelligence, edu-
cational attainment, wellbeing, insomnia, smoking and body fat. For illustration, the
results suggest that more than 20% of the genetic effects underlying total psychiatric
problem scores in children are shared with the amount of body fat individuals have or
the number of cigarettes they smoke at later ages. Negative genetic correlations with
mean putamen and nucleus accumbens volume suggest these structures as potential
intermediate phenotypes. Alternative explanations would be, that these regions are
affected by psychiatric symptoms or that they are independent outcomes of the genetic
effects.

Alimitation of this study is the large heterogeneity in methods. The cohorts included
in this study used different genotyping arrays and different instruments to measure psy-
chopathology. On the one hand, the variety of methods is an advantage, since detected
associations are expected to be more generalizable. Genetic correlations calculated for
random splits of the sample in half generally were high, indicating that similar results
on a genome-wide level for both subsamples were found and therefore suggesting that
the genetic effects in the full sample are generalizable. On the other hand, the high het-
erogeneity might reduce power and limit the detectability of less robustly associated
variants. The gene-based tests showed better test results than expected under the null,
which may indicate bias or power. In this GWAS the higher lambda of the gene-based
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tests is more likely the result of less tests to correct for and hence higher power, given
that the SNP results did not indicate biases due to population stratification, so a true
polygenic signal is likely. Finally, as in any other GWAS study, the extent to which the
found associations can be interpreted causally is difficult. Due to linkage disequilibrium
it is unclear whether all three of the identified genes (DMWD, DMPK and SIX5) have a
causal influence on psychopathology, only a subset or perhaps none, as they may be
marker for nearby causal variants. However, as discussed, given the prior literature on
the functioning of the genes, a direct causal influence seems plausible.

In conclusion, the GWAS of total psychiatric problem scores supports the notion
that part of psychiatric genetics is shared among internalizing, externalizing, attention
and other psychiatric problems in childhood. Moreover, the results suggest that genes
involved in the total psychiatric problem scores act mostly via neural pathways, in par-
ticular limbic regions. The pleiotropy was not restricted to psychiatric phenotypes, but
also included intelligence, neural features, educational attainment, wellbeing, insom-
nia, smoking, body fat and reproduction. Interestingly, we did not find shared genet-
ic effects with autism, schizophrenia and bipolar disorder. We identified the myotonic
dystrophy gene cluster as locus associated with child psychiatric problems in general,
however, further investigation is needed to confirm these findings and explore potential
causal mechanisms.
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Figure 2: Quantile-quantile plot of observed -log 10 p values vs expected -log 10 p values assum-
ing chance findings in single SNP analysis. Diagonal line indicates a p value distribution compat-
ible with chance finding. Upward deviations indicate p values more significant than expected.
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Figure 3: Manhattan plot of -log 10 p values vs SNP position for single SNP analysis.
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Figure 4: Quantile-quantile plot of observed -log 10 p values vs expected -log 10 p values assum-
ing chance findings in gene based analysis. Diagonal line indicates a p value distribution compat-
ible with chance finding. Upward deviations indicate p values more significant than expected.

-log10 P-value

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19202122
Chromosome

Figure 5: Manhattan plot of -log 10 p values vs SNP position for gene based analysis. Genes above
the red horizontal line indicate genome-wide significant findings.
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SUPPLEMENTARY MATERIAL

COHORT-SPECIFIC METHODS

ALSPAC Ethical approval for the study was obtained from the ALSPAC! Ethics and Law
Committee and the Local Research Ethics Committees

http://www.bristol.ac.uk/alspac/, 1. Boyd A, Golding J, Macleod J, et al. Cohort profile: The 'Children
of the 90s’-The index offspring of the avon longitudinal study of parents and children. Int J Epidemiol.
2013;42(1):111-127.
BREATHE The BREATHE? project (European Commission: FP7-ERC-2010-AdG, ID
268479) is a population-based cohort of primary schoolchildren designed to analyze
the association between air pollution and behavior, cognitive function and brain mor-
phology (Sunyer et al. 2015). Thirty-six of the 416 schools in Barcelona were selected
based on modeled levels of traffic-related nitrogen dioxide. Thirty-eight schools were
located in Barcelona and one school was in an adjacent municipality, Sant Cugat del
Vallés. All families of children without special needs who were enrolled in 2nd, 3rd,
and 4th grades at the selected schools were invited to participate in the study (2012).
A total of 2897 children aged 7 to 11 years accepted the invitation and participated in
the project. Genotype data were available for 1667 children of European ethnic origin.
All parents or legal guardians gave written informed consent, and the study was ap-
proved by the IMIM-Parc de Salut Mar Research Ethics Committee (No. 2010/41221/1),
Barcelona, Spain; and the FP7-ERC-2010-AdG Ethics Review Committee (268479-
22022011).

http://www.creal.cat/projectebreathe/descripcion.html, 2. Sunyer J, Esnaola M, Alvarez-Pedrerol M,
et al. Association between Traffic-Related Air Pollution in Schools and Cognitive Development in Primary
School Children: A Prospective Cohort Study. PLoS Med. 2015;12(3):1-24.
CADD CADD? is a longitudinal study of adolescent substance use and associated
comorbid conditions in clinical and community cases. Genotyping was done on 1901
subjects, of which 358 had parental CBCL data, and met inclusion criteria.

https://www.colorado.edu/ibg/human-research-studies/center-antisocial-drug-dependence, 3. Der-
ringer J, Corley RP, Haberstick BC, Young SE, Demmitt BA, Howrigan DP, Kirkpatrick RM, lacono WG, McGue
M, Keller MC, Brown S, Tapert S, Hopfer CJ, Stallings MC, Crowley TJ, Rhee SH, Krauter K, Hewitt JK, Mc-
Queen MB (2015). Genome-Wide Association Study of Behavioral Disinhibition in a Selected Adolescent
Sample. Behavior Genetic, 45(4):375-381
CATSS The Child and Adolescent Twin Study in Sweden (CATSS)* is an ongoing longi-
tudinal twin study targeting all twins born in Sweden since July 1, 1992. Subjects are
protected by the informed consent process, in which they are informed of what is
being collected and repeatedly given the option to withdraw their consent and discon-
tinue their participation. The CATSS-9/12 study has ethical approval from the Karolins-
ka Institute Ethical Review Board: Dnr 03-672 and 2010/507-31/1, CATSS-9 — clinical
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2010/1099-31/3 CATSS-15 Dnr: 2009/1599-32/5, CATSS-15/DOGSS Dnr: 03-672 and
2010/1356/31/1, and CATSS-18 Dnr: 2010/1410/31/1.

https://ki.se/meb/catss, 4. Anckarsater H, Lundstrém S, Kollberg L, et al. The child and adolescent twin
study in Sweden (CATSS). Twin Res Hum Genet. 2011;14(6):495-508.

FINNTWIN FinnTwin12° is a longitudinal twin study launched in 1994 to investigate
the developmental epidemiology of health-related behaviors. From 1994 to 1998, all
Finnish families with twins born in 1983-1987 were identified from Finland’s Popu-
lation Register Centre and enrolled into a two-stage sampling design. The first stage
included questionnaire assessments of all twins and parents at baseline (87% partic-
ipation rate, 2724 families) conducted during the year in which the consecutive twin
cohorts reached age 11, with follow-up of all twins at ages of 14 and 17% years, and as
young adults (age 22). Data collection procedures were approved by the Ethics Com-
mittee of Helsinki University, Finland and the Institutional Review Board of Indiana
University, Bloomington, USA.

5. Rose RJ, Dick DM, Viken RJ, Pulkkinen L, Kaprio J. Drinking or abstaining at age 14? A genetic epi-
demiological study. Alcohol Clin Exp Res. 2001;25(11):1594-1604. doi:10.1111/j.1530-0277.2001.tb02166.x
GenR Generation R®is a population-based birth cohort aiming to identify early en-
vironmental and genetic determinants of development and health. All parents gave
informed consent for their children’s participation. The Generation R Study is con-
ducted in accordance with the World Medical Association Declaration of Helsinki and
study protocols have been approved by the Medical Ethics Committee of the Erasmus
Medical Center, Rotterdam.

www.generationr.nl, 6. Kooijman MN, Kruithof CJ, van Duijn CM, et al. The Generation R Study: design
and cohort update 2017. Eur J Epidemiol. 2016;31(12):1243-1264. doi:10.1007/510654-016-0224-9
Gini-Lisa The influence of Life-style factors on the development of the Immune
System and Allergies in East and West Germany PLUS the influence of traffic emissions
and genetics (LISAplus) Study is a population based birth cohort study.”? A total of
3094 healthy, full-term neonates were recruited between 1997 and 1999 in Munich,
Leipzig, Wesel and Bad Honnef. The participants were not preselected based on family
history of allergic diseases. A total of 5991 mothers and their newborns were recruited
into the German Infant study on the influence of Nutrition Intervention PLUS environ-
mental and genetic influences on allergy development (GINIplus) between September
1995 and June 1998 in Munich and Wesel. Infants with at least one allergic parent
and/or sibling were allocated to the interventional study arm investigating the effect
of different hydrolysed formulas for allergy prevention in the first year of life. All chil-
dren without a family history of allergic diseases and children whose parents did not
give consent for the intervention were allocated to the non-interventional arm. DNA
was collected at the age 6 and 10 years and 1511 children from the Munich study cen-
ter from both studies were genotyped. For both studies, approval by the local Ethics
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Committees and written consent from participant’s families were obtained.

www.helmholtz-muenchen.de/epi/research/research-groups/allergy-epidemiology/projects/giniplus/
index.html, 7. Heinrich J, Bolte G, Holscher B, et al. Allergens and endotoxin on mothers’ mattresses and
total immunoglobulin E in cord blood of neonates. Eur Respir J. 2002;20(3):617-623. , 8. Strandberg TE, Jarv-
enpad AL, Vanhanen H, McKeigue PM. Birth outcome in relation to licorice consumption during pregnancy.
Am J Epidemiol. 2001;153(11):1085-1088. doi:10.1093/aje/153.11.1085
Glaku The adolescents came from an urban community-based cohort comprising
1049 infants born between March and November 1998 in Helsinki, Finland.® Ethics
Committees of the City of Helsinki Health Department and Children’s Hospital in Hel-
sinki University Central Hospital approved the study protocol. Each child and her/ his
parent(s) provided their written informed consent at both follow-ups.

9. Guxens M, Ballester F, Espada M, et al. Cohort profile: The INMA-INfancia y Medio Ambiente-(envi-
ronment and childhood) project. Int J Epidemiol. 2012;41(4):930-940. doi:10.1093/ije/dyr054
INMA The INMA—INfancia y Medio Ambiente—(Environment and Childhood) Proj-
ect® is a network of birth cohorts in Spain that aim to study the role of environmental
pollutants in air, water and diet during pregnancy and early childhood in relation to
child growth and development (http://www.proyectoinma.org/) (Guxens et al. 2012).
The study has been approved by Ethical Committee of each participating centre and
written consent was obtained from participating parents. Data for this study comes
from INMA Sabadell and Valencia subcohorts.

http://www.proyectoinma.org/, 10. Jarvelin M-R, Elliott P, Kleinschmidt I, et al. Ecological and individual
predictors of birthweight in a northern Finland birth cohort 1986. Paediatr Perinat Epidemiol. 1997;11:298-
312.
NFBC1986 NFBC1986" is a population-based birth cohort aiming to identify early
environmental and genetic determinants of development and health. All parents gave
informed consent for their children’s participation. NFBC1986 is conducted in accor-
dance with the World Medical Association Declaration of Helsinki and study proto-
cols have been approved by the Ethics Committee of Northern Ostrobotnia Hospital
District, Finland

www.oulu.fi/nfbc, 11. \Van Beijsterveldt CEM, Groen-Blokhuis M, Hottenga JJ, et al. The young Neth-
erlands twin register (YNTR): Longitudinal twin and family studies in over 70,000 children. Twin Res Hum
Genet. 2013;16(1):252-267. doi:10.1017/thg.2012.118
NTR NTR* is a population-based twin cohort of twins registered shortly after birth by
their parents.

http://www.tweelingenregister.org/, 12. Van Beijsterveldt CEM, Groen-Blokhuis M, Hottenga JJ, et al.
The young Netherlands twin register (YNTR): Longitudinal twin and family studies in over 70,000 children.
Twin Res Hum Genet. 2013;16(1):252-267.
RAINE The Western Australian Pregnancy Cohort (RAINE) Study®® is a longitudinal
study of 2900 pregnant women and their offspring consecutively recruited from
maternity units between 1989 and 1991(2). The inclusion criteria were (i) English lan-
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guage skills sufficient to understand the study demands, (ii) an expectation to deliver
at King Edward Memorial Hospital (KEMH), and (iii) an intention to remain in Western
Australia to enable future follow-up of their child. Ninety percent of eligible women
agreed to participate in the study. From the original cohort, 2868 children have been
followed over two decades. The study was conducted with appropriate institutional
ethics approval, and written informed consent was obtained from mothers at all fol-
low-ups and participants at the year 17 follow-up. The RAINE sample is representative
of the larger Australian population (88% Caucasian). DNA samples have been collected
using standardized procedures at 14 or 16 years of age. Only those children with both
biological parents of White European origin were included in the current analyses.

www.rainestudy.org.au, 13. McKnight CM, Newnham JP, Stanley FJ, et al. Birth of a cohort — The
first 20 years of the raine study. Med J Aust. 2012;197(11):608-610.
TCHAD TCHAD™ is a longitudinal study of all 1480 twin pairs born in Sweden between
May 1985 and December 1986 followed with four waves of measurements from
childhood (age 8-9), throughout early (age 13—14) and late adolescence (age 16-17),
into emerging adulthood (age 19-20). The TCHAD (Dnr 94-277, 98-486, 02-271, 05-628,
12-2107) study has been approved by the Ethics Committee at Karolinska Institutet.

https://ki.se/en/research/swedish-twin-registry-for-researchers, 14. Lichtenstein P, Tuvblad C, Larsson
H, Carlstrom E. The Swedish twin study of child and adolescent development: the TCHAD-study. Twin Res
Hum Genet. 2007;10(1):67-73.
TEDS TEDS™ is a multivariate longitudinal study that recruited more than 11,000
twin pairs born in England and Wales in 1994, 1995, and 1996. The TEDS sample is
representative of the UK population compared with the data obtained by the Office
of National Statistics. The project received approval from the King’s College London
Institute of Psychiatry ethics committee, and parental consent was obtained before
data collection.

https://www.teds.ac.uk/, 15. Haworth CMA, Davis OSP, Plomin R. Twins early development study
(TEDS): A genetically sensitive investigation of cognitive and behavioral development from childhood to
young adulthood. Twin Res Hum Genet. 2013;16(1):117-125.
TRAILS TRAILS* (TRacking Adolescents’ Individual Lives Survey) is a prospective
cohort study of Dutch adolescents with bi- or triennial measurements from age 11 to
at least age 25 and consists of a general population and a clinical cohort (for a cohort
profile see Huisman et al., 2008). In the population cohort, four assessment waves
have been completed to date, which ran from March 2001 to July 2002 (T1), Septem-
ber 2003 to December 2004 (T2), September 2005 to August 2007 (T3), and October
2008 to September 2010 (T4). Data for the present study were collected during the
third assessment wave. TRAILS is conducted in accordance with the World Medical
Association Declaration of Helsinki and the protocol was approved by the Central
Committee on Research Involving Human Subjects (CCMO), The Hague, the Nether-
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lands. All participating adolescents and their parents gave written informed consent.
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755320 for TAXINOMISIS); European Research Council (grant 742927 for MULTIEPIGEN
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2008;37(6):1220-1226.
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Table S 3: Tissue expression analysis (organs)

Tissue B B, SE P q

Brain 0.01 0.04 0.01 0.02 0.57
Liver 0.01 0.02 0.01 0.11 0.86
Breast 0.02 0.05 0.02 0.14 0.86
Pituitary 0.01 0.02 0.01 0.15 0.86
Adipose tissue 0.01 0.04 0.01 0.15 0.86
Nerve 0.01 0.03 0.01 0.17 0.86
Kidney 0.01 0.02 0.01 0.23 0.94
Skin 0.01 0.01 0.01 0.03 0.94
Muscle 0.00 0.01 0.01 0.37 0.94
Vagina 0.00 0.01 0.01 0.38 0.94
Bladder 0.00 0.01 0.02 0.04 0.94
Colon 0.00 0.01 0.02 0.04 0.94
Stomach 0.00 0.00 0.01 0.45 0.94
Testis 0.00 0.00 0.01 0.51 0.94
Blood 0.00 0.00 0.01 0.53 0.94
Pancreas 0.00 0.00 0.01 0.54 0.94
Salivary Gland 0.00 0.00 0.01 0.55 0.94
Cervix Uteri 0.00 -0.01 0.02 0.58 0.94
Small intestine 0.00 -0.01 0.01 0.61 0.94
Blood vessel 0.00 -0.01 0.01 0.63 0.94
Prostate -0.01 -0.03 0.01 0.75 0.94
Heart -0.01 -0.02 0.01 0.76 0.94
Uterus -0.01 -0.03 0.01 0.77 0.94
Esophagus -0.01 -0.04 0.02 0.08 0.94
Spleen -0.01 -0.02 0.01 0.85 0.94
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Table S 3: (Continued)

Adrenal gland -0.01 -0.03 0.01 0.87 0.94
Fallopian tube -0.02 -0.05 0.02 0.88 0.94
Thyroid -0.02 -0.04 0.01 0.09 0.94
Lung -0.02 -0.04 0.01 0.91 0.94
Ovary -0.02 -0.05 0.01 0.96 0.96
B Beta

BSD Beta Standard Deviation

SE Standard Error

p P-value

g False Discovery Rate Adjusted P-values
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Table S 4: Generalizability of the results

Random Split r, SE p Sample1h?  Sample 2 h?
1 0.66 0.21 2,00E-3 0.16 0.07
2 0.65 0.21 2,00E-3 0.08 0.13
3 0.84 0.22 1,00E-4 0.10 0.10
4 0.73 0.23 1,00E-3 0.12 0.09
5 0.80 0.21 1,00E-3 0.10 0.11
6 0.71 0.20 5,00E-4 0.11 0.10
7 0.63 0.16 7,00E-5 0.13 0.11
8 0.93 0.20 5,00E-6 0.11 0.09
9 0.79 0.18 1,00E-5 0.13 0.08
10 0.98 0.23 3,00E-5 0.12 0.08
r, sD h? sD
Average 0.77 0.12 0.11 0.02

Cohorts were split into two halves, each half was
meta-analyzed and genetic correlations between both
halves were computed. This was repeated ten times.

PMID PubMed ID

rG Genetic Correlation
SE Standard Error

p P-value

h2SNP heritability

SD Standard Deviation of genetic correlations
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