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Abstract

Autism Spectrum Conditions (henceforth, autism) refers to a group of
neurodevelopmental conditions characterized by difficulties in social interaction and
communication, difficultiesn adjusting to unexpected change, alongside unusually narrow
interests and repetitive behaviour, and sensory kbggesitivity. Twin and familbased
studies have consistently identified high heritabilities for autism and autistic traits, with recent
studes converging at 6090% heritability. Common genetic variants are thought to additively
contribute to as much as 50% of the total risk for autism. In this thesis, | investigate the
contribution of common genetics variants (including SNPs, and InDeds)tism and related
traits.In Chapter 1, | discuss the recent advances in the field of autism genetics, focussing on
the contribution of common genetic variants to the risk for autmapters 21 7 report the
results of various studies investigating tleneticcorrelatesof autism and related traitin
Chapter 2, | surveyedthe evidence for 552 candidate genes associated with autism, and
conduced a metaanalysis for 58 common variants in 27 genes, investigated in at least 3
independent cohorts. Metmalysis did not identify any SNPs that were replicably associated
with autism in the Psychiat Genetics Consortium genomede associationtady (PGC
GWAS) dataset after Bonferroni correction, suggesting that candidate gene association studies
are not sitistically wellpowered. h Chapters 37 7, | conducted genomeide association
studies (GWAS) for 6 traits associated with autism:-segbrted empathy (N = 46,861
Chapter 3), cognitive empathy (N = 89,55@hapter 4), theory of mind in adolescents €N
4,577 Chapter 5), friendship satisfaction @@ecive = 158,116)and family relationship
satisfaction (Nective= 164,112 bothChapter 6), and systemizing (N = 51,56€hapter 7).
GWAS identified significant loci foself-reported empathgystemizimg, friendship and family
relationship satisfaction, and cognitive empathy. Genetic correlation analyses replicably
identified a significant negative genetic correlation between autism and family relationship
satisfactiorand friendship satisfaction, andignificant positive genetic correlation between
autism and systemizingn addition, there was a negative genetic correlation between one of
the autism GWAS datasets (iPSYCH) and-seforted empathyChapter 8 draws all of these
studies together, conding thattheremay beat least two independent sources of genetic risk
for autism: one stemming from social traits and another frorrsooral traits. | discussome
future directions about howhis can be leveraged using polygenic scores from multiple
phenotypes to potentially stratify individuals within the autism specteunrd both the strengths

and limitations of the reported studies
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1. Introduction

1.1 Autism: definition, prevalence, and-owrbidities
The term autismrefers to a group of heterogeneous neurodevelopmental conditions

typically characterized by difficulties in social interaction and communication alongside
repetitve and stereotyped behaviours, and is usually accompanied by difficulties in verbal
communication. First described by Leo Kanner and Hans Asperger in 1943 and 1944
respectively, the term encompass€fassic Autisme nd As per ge Th& sondBignn d r o me
is extremely heterogeneous but at its core consists of impaired social and communicative
development which, in almost all cases, persists into adulthood. The latest Diagnostic and
Statistical Manual of Mental Disorders (DSW) defines autism (officially, aism spectrum
disorder) as having difficulties in social communication and interacimh having restrictive,
repetitive, and stereotyped behavigdmerican Psychiatric Association, 2018) addition,
difficulties in the two areas must be presentanlyechildhood even if they were identified

later, and must together impair and limit everyday functioning. The latest International
Statistical Classification of Diseases and Related Health Problems (ICQVbod Health
Organization, 1992)classifies the group of conditions into childhood autism, and Asperger
syndrome. Childhood autism, in addition e tdyad of difficulties mentioned in DSM, also
incorporates difficulties in verbal communication. Asperger Syndrome differs from childhood

autism in that there is no delay or retardation of language or cognitive development.

While initially thought to le extremely rare condition, the prevalence of autism has been
rising steadily over years. Between 2000 to 2013, the Center for Disease Control and
Preventiondés Autism and Devel opment al Di sor
increase in prevalenceroin 67 in 10,000 in 2000 to 146 in 10,000 in 2012 (see:

http://www.cdc.gov/ncbddd/autism/data.hfpdalculated using a survey of/@ar old children

in the United States. A more recent styd915 using a modified National Health Insitute
Survey in the United States in children aged 3, identified a prevalence of 224 in 10,000
(2.24%)(see:http://www.cdc.gov/nchs/data/nhsr/nhsr087)pd

In addition to the difficulties in the core diagnostic criteria, individuals with autism often
have other comorbigtonditiors. For example, many individuals have atypical language
development, sensory hypo or hypersensitivity, and difficulties inomobordination,

including dyspraxia. Approximately 38% of all individuals with autism have intellectual

1 Though it was initially believed that Kanner and Asperger had independently identified and reported the two
conditions, newer evidence suggests that Kanner was a
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disability, as estimated by the CDC. Similantyany autistic individuals also have comorbid
ADHD, depression, and suicidal ideati@ai, Lombardo, & BarorCohen, 2013)Aside from

clinical comorbidities, on average, indivias with autism tend to perform bettermpasures

of 0 sy s t(BammiCnhemeg d&. 2003Yhat is, the drive to analyse and duslystems,

based on identifying the laws that govern the particular system, in order to predict how that
system will work. Systems may be abstract, mechanical, natural, collectible, and motoric. They
also perform better on tests of attention to défailiffe & Baron-Cohen, 1997)a prerequisite

for systemizing. Individuals whora in the sciencéechnologyengineeringmaths (STEM)

fields, or relatives of these individuals, are more likely to be diagnosed with autism or have
higher levels of autistic traitBaronCohen, Wheelwright, Stott, Bolo & Goodyer, 1997;
Ruzich et al., 2015; Wheelwright & Bard&ohen, 2001)Autistic individuals also, on average,

tend to have difficulties in eye contagiones & Klin, 2013) attention to social stimuli
(Dawson, Meltzoff, Osterling, Rinaldi, & Brown, 199&nd interpreting emotior(sBaron

Cohen et al. 2001)which contributes to persiste difficulties in social interaction and
communication. This may be because the social domain is less amenable to systemizing, as it

does not reduce to a set of rules

1.2 Heritability of autismTwin studies and familial recurrence
Since the first descrin in 1943 by Leo KanndKanner, 1943)autism was known to be

a condition that manifested in early childhoaehding to the hypothesis that the condition is

at least partly genetic. Establishing heritability is important, as it provides evidence for a causal
role of genes in autism risk, which can then inform molecular genetic studies. The first twin
study to repd evidence for familiality in autism, by Folstein and Rutter in 1977, investigated
the concordance of autism in a small sample of 11 monozygotic twins (MZ) and 10 dizgyotic
twins (DZ) (Folstein & Rutter, 1977)The concordance for autism was 36% in the MZ twins
and 0% in DZ twins. Expanding the criteria to include associated cognitive and social
impaiment or the Broad Autism Phenotype (BAP) showed that 82% of the MZ twins were
concordant whereas only 10% of the DZ twins were concordant. Since then, several studies
have investigated the heritability of autism in twin samples in different populationtabey
estimates have largely been comparable and high across twin studies, regardless of the

ascertainment criterigRonald & Hoekstra, 2011)

A recent metaanalysis of seven twin studies identified a high twin heritability of ®%
(Tick, Bolton, Happé, Rutter, & Rijsdijk,2016) | n paral l el , twin studi
identified modest to high heritabilitiegtiveen 60 90%, although this varies depending on
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the type of measure used and the age of the particifgeEnfeeuw, van Beijsterveldt, Hoekstra,
Bartels, & Boomsma, 2017; Ronald & Hoekstra, 20 ¥ew studies have also conducted
multivariate ceheritability analyses of autism and related phenotypaggesting a significant
shared genetic influence. The genetic correlation between autisméautiatis and
ADHD/ADHD traits, in particular is high reflecting the phenotypic emorbidity (Ronald &
Hoekstra, 2011)

Family recurrence rates have also provided evidence for heritability for autism. Multiple
studies from Scandinavian countries have identified similar risk ratio forgslof individuals
with autism (~10%)Grgnborg, Schendel, & Parner, 2013; JokiraDlieoniemi et al., 2016;
Sandin et al., 2014 recent study investigating insurance records has identified a heritability
of ~ 90%(Kanix Wang, Gaitsch, Poon, Cox, & Rzhetsky, 201Family recurrence rates also
offer other clies into the underlying genetio$ autism. One interesting observation is that
siblings of female probamsdhave higher risk for autism than siblings of male probaras
observation that is called the Carter Effect (the effect was originally described in pyloric
stenosigCarter & Evans, 1996put subsequently used in other conditions). The Carter Effect
suggests that femaldmve a protective effect, suggesting that a greater mutation burden is
required for a clinical diagnosis of autism (this has been confirmed using gene sequencing
studies, see below). If the genetic risk is partly familial i.e deatovethis higher gertee risk
can be inherited by siblings, thus increasing the risk for autism. Investigation of twin and
multiplex family samples have identified a higher relative risk for autism in siblings of female
probandqWerling and Geschwind 2015; Robinson et al. 20irf8ontrast, large population
studies have failed to find support for the Carter EffSeindin et al., 2014)

Another interesting finding is the identification of autistic traits or the broad autism
phenotym in family members of proban@#/heelwright et al. 2010)This is also supported
by the identification of higher relative risk for other psychiatric conditions in family members
of probands compared to thergeral populatioffConstantino, Zhang, Frazier, Abbacchi, &
Law, 2010; Frazier et al., 2015; Jokirai@¢ékoniemi et al., 2016)

A third interesting finding is that of parental age. A few studies have demonstrated that
increased paternal agncreases the risk for autigfrans et al., 2013; McGrath et al., 2014,
Sandin et al., 2015)ndeed, a considerable proportiondsf novomutations are paternal in

origin (Gratten et al., 2I6; Kong et al., 2012Farlier studies have noted that increased paternal
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age also increases the risk fler novamutations in the sperm as the number of cell replications
increases with ag@ratten, Wray, Keller, & Visscher, 2014; Kong et al., 2012)

Finally, another hypihesis which has received considerable support is the idea that higher
autistic traits or psychiatric liability in individuals is likely to delay fatherh{@catten et al.,
2014; McGrath et al., 2014However, a recent study has shown in addition to increased
paternal age, the difference in ages between the parents also contribstefotoattism, with
the risk increasing as the difference in ages incre@sasdin et al., 2015)The mechanism
underlying the increased risk for increased differences in parental agdaaruthough it is
possible that subthreshold psychiatric risk can both advance and delay parenthood in
comparison to the mean age in the general population.

1.3 Molecular genetics: Linkage, syndromic forms of autism and candidate genes
With evidence of considerable heritability for autism from twin studies, early genetic

studies focused on linkage of multiplextism families to identify loci associated with the
condition. Linkage studies investigate the inheritance of regions of chromosomes in family
pedigrees. The first autism linkage study was reported by IMGSAC in 99 families
(International Molecular Genetic Study of Autism Consortium, 19B8)ly linkage studies
were norparametric and in a relatively small sample size of-12@0 families. These studies

used relatively sparse linkage genotyping, aadlimited success.

Many genes currently associated with autism were first identified through specific
syndromic forms of autism. For example, four early genes identified amitismi FMR1,
TSC1landTSC2 andMECP2i are all associated with syndromic forms of autism (Fragile X
Syndrome, Tuberous Sclerosis, and Rett Syndraespectively. Early studies also
investigated large chromosomal abnormalities by karyotyping. Becatise lmiw resolution
of these studies, it was impossible to identify specific genes associated with the condition.
Today, the prevalence of chromosomal abnormalities is estimated to be less than 2% in autism
(Bourgeron, 2016)However, early studies identified genes by sequencing candidate genes in
loci with frequent deletions and/or duplications in autisior example Bourgeron and
colleagues used this approach to identify three early genes with askigkiNK3 NLGN3 and
NLGN4X(Durand et al., 2007; Jamain et al., 2008)bsequent gene sequencing efforts in
large cohorts has provided further supportNedGN3andSHANKS3In autism(Sanders et al.,
2015)
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Candidate gene approaches have also provided several false positives. Several genes have
been investigated in autism using a candidate gene assocapproach (for a list, see:
https://gene.sfari.org/autdb/HG_Home.do). These were typically but not always conducted in
relatively small sample sizes, investigating a small number of genetic vahe@tsapter 2 |
report the results of the first dgmaticmetaanalysis of candidate gene association studies in
autism whereave reviewed the evidence of 552 genes that have been included in association
studies in autisrWarrier, Chee, Smith, Chakrabarti, & Bar@ohen, 2015)Common genetic
variants in only 27 of these genes had been investigated in three or more independent cohorts,
suggesting a scarcity of welkplicated genetic associations for autism. Nohthe variants
included in the metanalysis were significant in a larger genewide association coholit.is
thus clear that common genetic variants have very small effects, and all of the previous
candidate gene association studies that have repssediations with autism are statistically
underpowered and falqmositives. This works sets the stage for subsequent genetic
investigatios conducted in the remaining chaps;the genetic association studies have been
conducted in relatively large sarep| affording different degrees of statistical power. Further,
we move away from candidate -asgved avgle o0 sne t
association studies (GWAS).

1.4 Copy number variants amtk novdoss of function mutations
Copy number vaants (CNVs) are submicroscopic genomic deletions or duplications that

are larger than 1,000 nucleotides (an arbitrary number). These are frequent in the genome and
alter gene dosad&arrei, MacDonald, Merico, & Scherer, 2015gveratie novaand inherited

copy number variants (CNVs) have been identified insaut In 2007, the first study
investigating the role of CNVs in autism used data from 118 simplex families, 44 multiplex
families, and 99 control families, and identified a significant excesseafiovoCNVs in

simplex probandéSebat et al., 2007%ince then several studies have investigated theofo

CNVs in autism and replicated the initial results (reviewedQhung, Tao, & Tso, 2014;
Geschwind & State, 201p)

Several wellvalidated resulthave emerged. CNVs are found asignificantly higher
frequency in probands compared to unaffected siblings (approximat&lyies more CNVs
than siblings]Sanders et al., 2013jurther, CNVsn probands affect a larger number of genes,
altering gene dosage of multiple genes. Consistent with the Carter Effect, female probands
carry morede novoCNVs than male probandSanders et al., 20159n addition, the number

of de novoCNVs is significantly associated with lower IQ, a finding that has been replicated
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in multiple studiegLeppa et al., 2016; Levy et al., 2010Overall,de novoCNVs are thought

to contributea significant proportion ofherisk in autism, with 5 15% of individuals with
autism carrying @e novaCNVs compared onl§ i 2% in the general populati¢g@eschwind

& State, 2015)While several CNVs have been identified, it has been challenging to identify
CNVs at genomavide significance due to the diffence in lengths and number of genes
affected by different CNVs at the same locus. By investigattnigovaCNVs in multiple large
cohorts, Sanders and colleagues identified 6 risk loci: 1921.1, 3929, 7911.23, 16p11.2,
15q11.213, and 22q11.2Sanders et al., 2015)

In parallel, studies have also identified a prominent roled®movoputative lossof-
function mutationsin autism. Thouglde nwo lossof-function mutationshave large effect
sizes in comparison to common variants, their relative rarity in the population in addition to
the genetic heterogeneity in the population makes it difficult to identify genes at a genome
wide significant theshold. Considerable advances have been made in identifying high
confidence genes in autism using ng&heration sequencing in largely simplex fami(te®s
or quads with one affected probandhd there has been convergence on key findibgs
Rubeis et al ., 2014; |l ossi fov et ;%amochae 014;
al., 2014; Sanders et al., 2015)

Similar to de novoCNVs, de novolossof-function mutationsare enriched irprobands
compared to controis simplex families Female probands are likely to harbour nagenovo
lossof-function mutationsthan male probands, which is in line with the Carter Eff€Ebese
mutations are also associated with lower IQ and more severe autistic phenotypes. Itis also clear
that the number ahesemutations increases with paternal age, likely because spermatogonia
undergo more active mitosis to produce sperm cells. Finally, these studies have also identified
thatde novamissense mutations and inherited loss of function mutations show smaller effects

in comparison tae novdossof-functionmutations

Recent effais have integrated data from multiple sources in order to identify genes that are
frequently mutated. Sanders and colleag@esders et al2015)identified 65 high confidence
genes (false discovery rate < 0.1), though it is estimated that betweérl 48D such genes
may be involved in autisrifGeschwind & State, 2015Jwo recent studies have expanded and
refined this list of genes by using different methods. Yuen and colleagues performed whole
genome sequencing on multiplex autism families, and identified 18 additional (yereset

al. 2015; Yuen et al. 2017 parallel, Kosmicki and colleagues utilized genetic data from a
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largescale population resouréethe Exone Aggregation ConsortiurfLek et al., 2016) to
identify whichde novovariants are not observed in the general populd@smicki et al.,
2017)

Partly due to the families sequenced and partly due to the underlying genhbtiecture,
many of the geneand CNVsdentifiedarenot unique to aism. Indeed, several of these genes
are also seen in conditions such as intellectual disability (ID) and schizopl@esizhwind &

Flint, 2015) afeature that is also shared by CNVs identified in autism and common genetic
variation. This shared pleiotropy between autism, intellectual disability and schizophrenia,
among other conditions, suggests that a combination of different genetic and enmtednme
effects shape the diseasgecific mechanisms. Investigation of transcriptomic signatures of
autism and intellectual disability has identified distinct biological networks that contribute to
ID and autisnm(Parikshak et al., 2013)

The use of largscale data has also allowed for convergence in identifying pathways,
particularly synaptic functionchromatin remodelling and downstream targets F¥IR1,
MECPZ2 andCHDS8 (Bourgeron, 2015; Pinto et al., 201&everal of the genes identified are
associated with postynapticdensity, and many of the mutations are thought to affect synapse
formation and plasticity, both during child development and in adult®odrgeron, 2015)
Functional studies usingostmortem brain tissue, and animal models, have identified altered

synaptic development and prunifitang et al., 2014; Zoghbi & Bear, 2012)

1.5 Transcriptional dysregulation in autism
As autism is a neuroglelopmental condition, studies have also sought to investigate

alterations in gene expression directly in the developing brain. Parikshak and colleagues
(Parikshak € al., 2013)and Willsey and colleague@Nillsey et al., 2013)both used
transcriptomic datikom developing cortical tissues to identify if genetic risk for autism shows
spatictemporal convergence, using different methods. Willsey and colleagues constructed
gene ceexpression network using higlonfidence autism genes as seed genes, and
investgated the enrichment for probable autism genes across multiple temporal and spatial
windows. They identified enrichmefur probabé autism genes themid-fetal prefrontal and

the primary motofrsomatosensory cortex. Further, by investigating lspeciic gene
expression, they were able to identify enrichment in the cortical innerplate in thetadid

prefrontal and primary motesomatosensory cortices.
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Parikshak and colleaguéBarikshak et al., 2013jsed a different approach to investigate
convergence of genetic risk in autism in the developing brain. Using gkaleme
transcriptome data, they constructed weighted genexpressionnetworks agnostic of
relatonship to candidate genes in autism and followed their expression trajectories across
developmental time. They identifiedreegene ceexpression modules that were enriched for
autismcandidate geneand transcriptionally dysregulated genes in autismeréstingly, rare
de novovariants were enriched in two different-erpression modules, suggesting that
transcriptional dysregulation and rale novovariants represent distinct mechanisms of risk in
autism. Layer specific enrichment analyses identifigghificant enrichment with the inner

cortical plate in the developing brain.

A few studies have also investigated gene dysregulation in adult cortical and subcortical
tissues, by systematically identifying differentially expressed genes in the aussmaatem
brains compared to control pasibrtem braindGupta et al., 2014; Parikshak et al., 2016;
Voineagu et al., 2011)hese studies have identified several important results. First, cortical
gene expression can help to separate the transcriptomes of autistic individuals from populatio
controls. Second, these studies have been able to identify differentially expressed genes (both
upregulated and downregulated) in autism cortex compared to control cortex, though analyses

of the autism cerebellum in comparison to the control cerebelhwm hot been forthcoming.

These differences are likely to extend to other cortical and subcortical regions. For example,
there is evidence that typical differences in gene expression in the frontal and temporal cortices
are altered in autisifiParikshak et al., 20167 hird, there is replicable evidence to suggest that
differentially downregulated genes are associated with neuromblsgmaptic pathways,
whereas upregulated genes are associated with glial (microglia and astrocytes in particular) and

immunerelated pathway@Parikshak et al., 2016; Voineagu et al., 2011)

Integrative transcriptome alyses have also identified similarities and differences across
multiple psychiatricconditions. A metanalysis of genexpression microarray data across
cortical transcriptional datasets has revealed overlapping neuropathology between autism and
psychiatic conditions such as schizophrenia, bipolar disorder and major deprgsarmal et
al., 2016) The correlation between transcriptional dysregulation between these conditions
parallels the genetic correlation identified @usBWAS data. This shared pathophysiology was
replicated using RNA sequencing data. Another study provided independent evidence for the

shared pathophysiology between autism and schizophrenia, by significant and correlation of
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the transcriptional dysreguiah between the two conditiorigllis, Panitch, West, & Arking,
2016)

1.6 The role of common genetic variants in autism
There have been a few GWAS aiditism, with limited success. The first study, by Wang

and colleaguefai Wang et al., 2009nvestigated 780 families initially and a second cohort

of 1,453 autistic individuals and 7,070ntwls. Metaanalysis of the two cohorts identified

one locus at 5p14.1 that was significant (P < 5 ®)10his intergenic locus was located
between two cadherin gen€3H10andCDH9)that are involved in diverse neural functions
and contain a unique lcaum binding domain. They replicated the locus in two smaller,
independent cohorts. Interestingly, this region was also implicated in another genetic
association study that used data from 438 autistic fan{Meset al., 2009)SNPs in 5p14.1

were nominally significant (P < 0.05) though it did not reach genwide significance.

Despite these early success, subsequeadiest have not been able to replicate association
at 5p14.1 at a genonweide association level, leading to the conclusion that these early studies
were statistically underpowered and the effe
to the meanwhere the effect size that are most likely to cross the threshold of significance are

likely to be inflated when the statistical power is limited).

Four further studies have reported significant association results. In 2009, Weiss, Arking
and colleague@NVeiss et al., 2009)sed data from multiple different cohorts and rreetalysed
results from trasmission disequilibrium tests and association studies to identify one SNP that
was significant at 5p15.2 between gerfiSMAS5Aand TAS2R1.However, the PRralue
threshold used for significance was not the traditional GWAS threshold of5kli0a more
liberal threshold of 2.5x10 identified using permutation and after accounting for LD. Another
study by Anney and colleagugsnney et al., 2010divided participants into four groups along
two axes: one on ethnicityfmary European ancestry vs. all ancestry), and one on diagnosis
(strict autism vs. inclusive spectrum). They identified an intronic SNNPAGROD2that was
associated with strict autism below a genamée threshold. A further study conducted a
crossethric metaanalysis (European ancestry and Chinese ancestry) to identify variants
associated with autism. Megaalysis identified common variants at the 1p13.2 locus
associated with autism. Interestingly, 1p13.2 has been previously been linked to autism in
linkage studieg¢Xia et al., 2014)Recently, work from t Psychiatric Genomics Consortium

using genetic data on more than 16,000 individuals identified an association at 10g24.32
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(rs1409313, "®P(The Autism Bpectrum DiSorders Working Group of The

Psychiatric Genomics Consortium, 2017)

Despite the general lack of replicably associated loci, there is considerable evidence for a
role of common genetic variantgen masse identified using different SNP heritability
measures. Using data from simplex (omige individual with an autism diagnosis) and
multiplex families (at least two individuals with an autism diagnosis in the family), Klei and
colleaguegKlei et al., 2012have identified a narrowwense heritability between #3®5% for
autism. The heritability was higher for multiplex families (65%) than for simplex families
(~40%), consistent with the observatiaf higher number ofde novolossof-function
mutations in simplex probands than in the general populébssifov et al., 2014; Kosmicki
et al., 2017; Sanders &it, 2015)

This estimate of narrowsense heritability was confirmed by another study that suggested
that the majority of the genetic risk for autism is attributable to common va(@atsyler et
al., 2014) The samestudy identified thatle novolossof-function mutations contributed to
~3% of the variance, but explained a significant proportion of individual liability. Summing up
the contribution from different classes of genetic risk, genetic variants explainmediapdely
about 60% of the total variand&augler et al., 2014)The limited success in identifying
significant loci despite the considerable SNP heritability may be due to multiple reasons,
includinglow perSNP effet size coupled witlthe high polygenicity of the conditipand the

considerable phenotypic heterogeneity.

Other studies have tried to investigate the gesefticspecific subtypes of autism. Two
studies have investigated the genetafs Asperger Syndromy a subtype of autism where
individuals have average or above average intellectual ability and preserved language. Neither
of the studies, however, identified genemigle significant associatiofbalyakina et al., 2010;
Warrier, Chakrabarti, et al., 2019 third study conducted famHgased assaation analysis
based on 1Q and symptom profiles, but did not identify significant differences in heritability
nor significant associations, possibly owing to the reduced sample size and, consequently,
statistical powe(Chaste et al., 2015)s there is considerable phenotypic differences between
males and females, another study also investigatedtss¥ied analysis, but did not find

evidence for higher genetic riskrfiemales with autisnMitra et al., 2016)
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A few studies have also investigated the gesaiictraits related to autism, given the
considerable twin heritability of autistic anelated social traits. Two studikave investigated
the geneticsof social communication in children. Using data from a longitudinal cohort
(ALSPAC), St. Pourcain and colleagues investigated the SNP heritability of -social
communication difficulties using he Chi |l drends Communi cati on
SociatCommunication Disorders Checklist (SCD&t Pourcain et al., 2013, 2014Both
phenotypes were modestly heritable, with a Sié¢Rtability estimate of the 0.18 for the CCC
derived phenotype and SNP heritability estimates ranging @8 to 0.45 for the SCDC
across different age®urwork, reported irChapters 3 7 has also identified significant SNP
heritabilities for traits related to autisior example, masures of empathy (cognitive and self
report) had significant SNP heltisities of between 0.050.12.

Development in statistical methods has also allowed for the interrogation of SNP co
heritabilities(or genetic correlations) between autism and different phenotyyesk by
Robinson, St. Pourcain and colleagues identéisignificant and replicable genetic correlation
between clinically diagnosed autism and the broader autism phenotype measured using the
SCDC (g ~ 0.30)(Robinson et al., 2016)However, this was dependent on the age at which
the SCDC was completed by individuals, with the highest genetic correlation in childhood,
which declined withage(St Pourcain et al., 201 7urther, the SCDC measures only social
aspects of autism and hence, is not necessarily representative of autistic traits. The limited
sample size (n ~ 5000) for the SCDC GWAS study ensures that the correlation is only
significant if the intercept is constrained in the LD score regression to 1, which minimizes the
standard errors of the correlation. Thus, this study needs to be interpreted cauliously.
Chapter 6 | report a significant, negative, and replicable geneticelation between two
measures of social satisfaction (family relationship satisfaction and friendship satisfaction)

with two largescale GWAS of autism.

In parallel, genetic correlation analyses have also investigated the sharedsgeneten
autismand nonsocial traits. The most interesting of these is the consistent positive genetic
correlation between autism and different measures of cognition including educational
attainment, childhood and adult cognition, and number of college yBaitk-Sullivan,
Finucane, et al., 2015; Clarke ét 2015; Sniekers et al., 2017)his is in contrast to other
psychiatric conditions, notably, schizophrenia and bipolar disorder, where the correlation with
different measures of cognition including educational attainment is neither consistently

significant nor in the same direction. In additionGhapters 7/ report significant, positive
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and replicable correlatidmetweersystemizing (an interest mile-based systems) thpérsists

after conditioning on the genetic contribution to educational atizmt.

The positive genetic correlation between measures of cognition and astisnepntrast
with several studies that have identified a significantobidity and intellectual disability
(Lai et al., 2013)There is some epidemiological and genetic evidence of different genetic
architecture of autism with vs. without intellectual disabi(lRobinson et al. 2014Whilst
common genetic variants that contribute to autism risk asitipdy genetically correlated
with measures of cognition, there is an enrichmentdénovoossof-function mutations in
individuals with autism and intellectual disabili.recent study, however, did not identify a
difference in polygenic transmisgs for autism or educational attainment genetic scores
between individuals with autism with vs. without ID, providing support for ahivonodel
(wherein ade novdossof-functionmutation in combination with a background of genetic risk
predisposes aimdividual to autism as opposed tal@ novadossof-function mutation alone)
(Weiner et al., 2017)nterestingly, aecent study has identified that common genetic variants
associated with different signatures of positive evolutionary selection in hareesriched
in autism and this may possibly linked to the underlying pleiotropy with different measures of

cognition (Polimanti & Gelernter, 2017)

The current genetic correlation results are limited by the sample size and the effect
statistical power of the autism GWAS analysisoM/ from the Psychiatric Genomics
Consortium Grove et al., 2008using a larger autism GWAS sample has identified several
additional significant correlations including with other psychiatric conditions.

It is clear that a considerable proportion of tisk ifor autism lies in common genetic
variants. It is also clear that current genemde association studies for autism have had
limited success. Some of it can be attributable to high polygenicity and very low effect sizes,
which would indicate that detp the high familial and twin heritability, large sample sizes
would be needed to detect significant associations. A different strategy wotddhoek of
autism as a condition existing on multiple different Gaussian liability ,so@einetic risk for
the condition would not emerge from one underlying liability, but multiple different liability
models. This approach would allow for investigation of dimensional traits as espoused by the
Research Domain Criteria (RDoC), and may also help surmount therades| posed by the
immense underlying heterogeneity in the condition.
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Chapters 3i 7 of thisthesis investigatéhis by investigating the genetics of multiple
different traits thaare related to autism. Here, el@w the distinction between traits rethte
autism and autistic traits. The formera collection of traits thatan be thought to be normally
distributed in the general populatioAutistic individuals, on average, lie several standard
deviations away from the meam these traitsThe latteris simply the underlying latent risk
model of autism and can, for all practical purposes, be thought of as a single Gaussian. There
are merits to investigating both approaches. The current thesis deals with the former. However,
we are in the process ofviestigating the latter in the UK Biobank and other cohorts.

My investigations centre around social and-sonial traits related to autis@hapters
3 - 6 are genomavide association studies of social traits related to autism:regadited
empathy, cogitive empathy, theory of mind in adolescence, and social relationship satisfaction
(measured using two different scalésfamily relationship satisfaction and friendship
satisfaction)In Chapter 7, | investigate the genetaorrelatef a nonsocial trai associated
with autism: Systemizing, which is an interest in systems. In all these chapters, we investigate
three central questiond. What is thecontribution of common genetic variants tioe
phenotype investigated? 2. What is the genetic correlaétween the phenotype investigated
and autism, other psychiatric conditions, aeldted psychological traitgthd 3. What are the
tissues, pathways, and gene sets that are enriched for association with the phenotype being
teste@®

The sample sizes foreke phenotypes are varied. The smallest study is conducted in a
sample size of less than 5,000y&&ar oldgChapter 5). The advantage of this study is that we
can investigate aggpecific contributions to theory of mind as measured using a fairly detailed
phenotyping test. The largest study has an effective sample size of approximately 150,000
individuals from the UK BiobankChapter 6). These differences in sample sizes are reflected
in the results. Overall, the main results for these studies are asdoRast, as expected, all
the phenotypes are modestly heritable. Second, we identified significant gendene
associations in most of the phenotypes tested. Third, barring theory of mind and cognitive
empathy, all the phenotypes are genetically coedlaith autism in the direction predicted by
psychometric and epidemiological studies. However, these phenotypes are not uniquely
correlated with autisrii many of these phenotypes are also genetically correlated with other
psychiatric conditions and psydbgical and cognitive phenotypes. For three of these
phenotypes (selfeported empathy, cognitive empathy, and systemizing), we also investigated

genetic sex differences given the modest sex differences observed in the phenotypes. The sex
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specific architeture differed between phenotypes: whilst systemizing had the largest
phenotypic sex difference, there was a very high genetic correlation between the sexes. In
contrast, there was considerable evidence for-&gegific architecture for cognitive empathy.
Overall, our results advance the understanding of traits related to autism and | discuss how this

can be utilized in future analyses.
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2. Metaanalysis of candidate gene association studies in autism

2.1 Introduction
Twin studies of autism have idéregd a heritability ofbetween 50 to 90¥8Bourgeron,

2016; Colvert et al., 2015jnaking a strong case for the role of genetics in the aetiology of the
condition. @mmongeneticvariants contribute to a significant proportion of tisi& (Gaugler

et al., 2014; Klei et al., 2012)Several different study designs have been used to identify
common variants implicateth autism including genomeide association studies (GWAS)
and candidate gene association stud@ésitegies to identify common variants thro@WAS

have thus farhad limited success identifying consistent, reptiable loci across cohorts
(Gratten et al., 2014)This may be attributed to many factors, includemgall sample sizes
with limited power, the association model (capseudocontrol association is typically
underpowered when compared to casatrol in association studig®eyrot, Boomsma,
Penninx, & Wray, 2016)andthe high genetic and phenotypic heterogeneity whielkes it
challenging to identify subtypspecific variantgLai et al., 2013)

Over the lastwo decades, seversiudies have investigated commgeneticvariants
in candidate genes fautism typically investigating variants in a small number of genes using
arelatively small sample size. These studies have provided some evidence of the association
of a few genes withutism though they are not rigorous enough to definitively identify variants
and results vary based on ethnicity, sample size, study metigydand clinical ascertainment
( O6Roak & .®neanetbod to hnv@estigade the underlying effect using summary level
data is metanalysis. Though not without limitations, metaalysis providesraexcellent
statistical framework to sysmatically analyse effect sizesurther, the combined power of a

metaanalysis greatly exceeds the power of the indzidtudies in a metanalysis

In the field of psychiatric genetics, studies have comprehensivelytigeatesl existing
candidate gene studies and used raelysis to investigate genetic associatiManafo et
al., 2003; Taylor, 2013, 201&;, Wang et al., 2014)n the field of autism genetics, such an
overarchingstudy s lacking. To bridge this gap, weviewed the existing literature for 552
genes implicated iautism. Using strianclusion criteriawe identified common variants in 27
genes that were investigated in thmemore independent cohorts. Werformed meta
analyses, sensitivity analyses and subgroup analyses for these common variants and checked

for publication bias in a subset of these common variants.
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2.2 Methods

2.2.1Literature search and inclusion criteria
A preliminary literature search of genes associated autismwas performed using

SFARI gene (https://gene.sfari.org/) and HUGE Navigator (http://hugenavigator.net/). Since
both these databases do not completelgud®nt the available literatureje additionally
searched Pubmed, Scopus, and Google Scholar. The search terms us&semnwersameor
‘'variant ID' and 'Autism' or 'Autistic Disorder' or '‘Asperger Syndrome'.

Studies were included in the metaalysisf: 1) they reported effect sizes or statistics
to measure effect sizes and confidence intervals; 2) the studies were eithercantade
association study or a transmission disequilibrium study of autism; 3) the variants did not
deviate from HardyWeinbeg Equilibrium (HWE) in the control group or if the sample size
was too small to effectively calculate HWHEealto sampling effect. Though vebecked for
HWE in family-based studies, this was not a requirement for including these studies as the
study desigmmvercomes the issue of population stratification; 4) cases had a diagfreagism
(Autism, Pervasive Developmental Disorders Not Otherwise Specfigaerger Syndrome)
according to DSMV, DSM-5, or ICD-10 criteria; 5) the global minor allele frequgn®/1AF)
of the variant investigated was greater than 0.01; 6) the studies were reported in English; and
7) the common variants were investigated in independent cohorts. Authors of the articles were
contacted if sufficient information wasavailableto usethe data for metanalysis.We did
not include data frofsWAS as there is an overlap between participants in the candidate gene
association studies and the genemide association studies. Since Wwad access to only
summary data, it was impossible to extain the degree of overlap and remove participants
accordingly. Literature search and study inclusion was performed from March 2014 to
September 2014.

2.2.2Cohorts from the Autism Research Centre
In addiion to thepublished studies, wased unpublishe genotype data from two

cohorts from our research group at the Autism Research Centre, University of Cambridge.
These cohorts are labelled 'Chakrabarti 2@@8hort 1) and ‘Warrier 2014Cohort 2) in the

current study.

Cohort 1 consist®f 349 controls(143 males and 206 females) without autism
diagnosis and were recruited using an advertisement. There were 174 cases (140 males and 34
females). Cases were diagnoseath autismby independent cliniciangsingDSM-IV (DSM-
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(IV, 1994) or ICD 10 criteria(World Health Organization, 1992The following SNPs used
included in the study were genotypeddaamalysed previouslyChakrabarti et al., 2009)
rs37356353 and rs18619%2 EN2 rs6265 inBDNF, rs10951145 irHOXAZL rs237885 and
rs2228485 iOXTR Additionally, for this studywe genotyped the following SNPs: rs4717806
in STX1A rs736707 inRELN rs2056202 inSLC25A12 rs53576, rs2254298, rs2268493,
rs2268490, rs237894, amsR301261 irOXTR

Cohort 2 consistef 118 caseé74 males and 44 femalem)d 412 controlSCases were
diagnosed with autisioy independent clinicians based on D®¥lor ICD 10 criteria. Select
SNPs in three genes, nameBXTR SLC25A12 GABRB3 and STX1A were genotyped,
analysed and reported previougl)i Napoli, Warrier, BarorCohen, & Chakrabarti, 2014;
Durdiakova, Warrier, BanerjeBasu, BarorCohen, & Chakrabarti, 2014; Durdiakova,
Warrier, BarorRCohen, & Chakrabarti, 2014; Warrier, Bar@ohen, & Chakrabarti, 2013)
SNPs from these genes analysed in this study have been referenced accordingly. In addition,
we also genotyped rs18612 in EN2 and rs736707 irRELN All participants reported
Caucasian ancestry for btast three generationBNA was extracted from buccal swabs.
Genotyping was performed using TagMan® SNP genotyping assays, Applied Biosystems Inc.,
CA. No SNP showed a griificant deviation from HWE. Allelic association study was

performed using Plink v1.0(Purcell et al., 2007)

2.2.3Statistical analyses
Metaanalysis was performed only if variants were ingzdtd in three or more

independent cohorts. Family Based Association Tests (FBATS) studies were not included as
effect sizes are not calculated in FBAT. For variants investigated iofinere independent
cohats, weperformed a complete meganalysis. his included the calculation of effect size

and additionally, publication bias, sensitivity analysis, and subgroup analysis. For variants
investigated in threto five independent cohorts, analysis was restrictetidacatulation of

mean effect size. Weid not perform a metanalysis for variants investigated in fewer than
three cohorts as there was insufficiestatistical power to significantly investigate the

underlying effect.

All analyses were performed using Comprehensive Metysis version 2D
(https://www.metaanalysis.com/). Metaanalysis was performed using the invevagiance
weighted method. Heterogeneity was measured usgirggatistics in conjunction with Q
statistics. A fixed dect model was applied if thelue for Qstatisticswas above 0.05 and

1> was below 60. The random effect®del was used if either thevaluefor Q-statisticsvas
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below 0.05 orq was above 60, as ah dbove 60 indicates that 60% of the total observed

variation is due to true heterogengiRothstén, Borenstein, Hedges, & Higgins, 2013)

Egger's regression in conjunction with a funnel plot was used to assess publication bias.
Sensitivity analyses were performed by removing each study from theamaisis and
calculating the mean effect size the remaining studies. This analysis was used to assess the
contribution of each study to the final weighted effect in the analysis. Additionally, for the
variants with Pvalues < 0.05, weomputed both Classic Fkstla f e N a n d-safemMwi n 6 s
to che& the number oftudies required to make thevRlue nonsignificant and make the effect
size trivial r e s psafe N,ithe eolsignificarit odds raflo (@R) was keptF a i |
at 1.05 for the risk increasing alleWhile this is certainly not aivial effect size, it is difficult
to identify variants with such small effects with precision given the sample sizeirefeat
metaanalysis. Subgroup analysis was performed after stratifying based on ethnicity or study
methodology to check if eiér of these variables affected the fieffiect size. Weeonducted

subgroup analysis only for variants investigated in five or more independent cohorts.

OR and 95% confidence intervals (CI) were used to calculate the mean effect size. For
Transmission Bequilibrium Tests (TDT), odds ratios were calculated according to methods
laid out by Kazeem and Fard#l005)(Kazeem & Farrall, 2005Where possible, OR and CI
were calculated using allele numbers for eemetrols (CC) and transmitted and non
transmitted numbers for TDT. Where information of OR and Cl was provided for the
complementllele of the allele investigated in the study, the log odds ratio (LOR) and standard
error (SE) were calculated and used in the raetlysis.

Age was not regarded a confounding variableaa8smis a neurodevelopmental
condition and genetic variatiorse largely invariant across lifespan. Howewartismhas a
malefemale ratio obetween 3:1 and:1(Lai et al., 2013)andsex is a potential confounding
variable as gene expressions can vary based on sex. However, there was insufficient data to
conduct a stratified analysis based on sex, so this is a limitation of the current study. Finally,
due to the largeumber of sudies carried out in multiple different cohorts, agopted a more
conservative statistical significance threshold of 0.01. This is similar to what was used in a
similar comprehensive metmalysis dobsessive compulsive disorddiaylor, 2013) Wedid
not carry out a Bonfeoni correction agach variant was investigated in different samzed

as a result, multiple tests were not carried out on the same sample.
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2.2.4Analysis of the PGC dataset
While wedid not choose to include data from available GWAS due topateverlap

of participants, weompared the results using the publicly available GWAS dataset from the
Psychiatric  Genomics Consortium (PGCjhttp://www.med.unc.edu/pgc/resudsd
downloads)4788 trio cases and 4788 trio pseudocontrols as well as 16odge26 controls
have been genotyped in thatismcohort of the PGC datas@frossDisorder Group bthe
Psychiatric Genomics Consortium, 201Geneticvariantswith P < 0.6 in the metaanalysis
were investigated in the PGC dataset.

2.3 Results

2.3.1Literature review
We identified 463 genes that have been tested for genetic association using HUGE

Navigator (as of August 2014). SFARI Gene reports 616 genes to be associated with autism
(as of August 2014). Only 185 of these genes have been examiaatisimusing genetic
association studies. Of these, wentified 89 genes from the SFARI Gene tisat were not
included in the HUGE Navigator list, bringing the totat bbf potential genes to 552. el

not identify any additional gendsom AutismKB database. Thugie reviewed 552 genes in

total for the metanalysis.

Scopus, Google Scholaré@Pubmed were searched for publications relatirggitsm
and any of the 552 genes. Wearched for common variations in these genes that have been
investigated forautismin at least three independent cohorts. Using the eligibility criteria
outined in the methods sectiome identified 27 genes that could be taken forward for meta
analysis. In totalthere were 58 common variants across these 27 genes that were investigated
in this metaanalysis. Details of the studies included and excluded for therss gee given

in Appendix Tables 1 and 2

We next searched the literature for existing rramalyses for the 58 variants and 27
genes inautism identifying existing metanalyses folOXTR (LoParo & Waldman, 2015)
RELN(Z. Wang et al., 20145LC6A4(Huang & Santangelo, 200OXA1(R.-R. Song et
al.,, 2011) HOXB1(R.-R. Song et al., 201 BndMTHFR (Pu, Shen, & Wu, 2013)As wehad
additional data and different inclusion criterige performed metanalyses for all the variants
in these six genes except rs72338773HOXBL STin2 VNTR inSLC6A4 and the GGC
repeat irRELN These three variants were excluded ftbecurrent metanalyses ase could
not identify additional data to add to the original rretalysesDetailed informatiorabout

previous metanalysis igrovidedlater in the Result$-or the sake of comprehensiveness, we
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have included the data fdrdse three variasiin Table 1and 2 Of the remaining5 variants,
we conducted a complete mataalysis for 20 variants and a partial matelysis for 35

variants. A flow chart of the study protocol is giverFigure 1.

Figure 1: Schematic diagram of the study protoclbo

Literature review

Identification of candidate SNPs

5 or more 3-5o0r more Less than 3
independent independent independent
cohorts cohorts cohorts

+  Meta-analysis Meta-analysis Not analysed
* Sensitivity

analysis
* Stratified

analysis

* Publication bias

The iterature review was followed kgn identification of candidate SNPs. Where the SNPs
were investigated in 5 or more independent cohorts, a full-areddysis was conducted which
included sensitivity analysis, publication bias investigation aratifzd analysis. Where the

SNPs were investigated ini35 independent cohorts, only a metaalysis was conducted.
Where the SNPs were investigated in fewer than 3 independent cohorts, the SNP was omitted
from the current study.

2.3.2Mean effect sizes
Effect sizes for 15 variants, in 12 genes had ®05.Nine of these variantsad P<

0.01. The most significant association was rs16777DRD3 (OR =1.822 P =9.08x1().

Seven other sigridant associations with £0.01 were irCNTNAP2(rs77947450R= 0.887,
P = 0.001) RELN (rs362691, OR 9.832,P = 3.93x1¢), OXTR(rs2268491, OR 2.3, P =
0.009, SLC25A12rs2292813, OR £.372 P = 0.001 and rs2056202, OR 227 P = 0.002)
EN2 ¢s1861972,0R = 1.125, P = 0.00eand MTHFR (rs1801133, OR £.370,P = 0.010). As

expected for common variants anitism the odds ratios for the alleles tested were small and
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lay between 0.781 (0.4461.368) forMAOA uVNTR and 1.822 (1.392.375) forDRD3
rs167771. Details of the variartsalysed, model used atiek Rvalues are provided ifiables

1and 2 Forest plots for the nine most significant variants afégores2i 9.

Figure 2: Forest plot for rs7794745 CNTNAP2)

Study name Subgroup within study Statistics for each study QOdds ratio and 95%Cl

Odds Lower Upper
ratio limit limit ZValue p-Value

Li 2010 T 0919 0.677 1247 -0545 0.586
Toma 2013 cC 0.756 0.567 1006 -1.917 0.055
Sampath 2013 NIMH TDT 0.841 0.757 0935 -3.210 0.001
Sampath 2013 SSC  TDT 0944 0.854 1042 -1141 0254

0.887 0.828 0950 -3.445 0.001

0.01 0.1 1 10 100
Favours A Favours B
Figure 3: Forest plot for rs167771 DRDJ)
Statistics for each study Odds ratio and 95% Cl
Odds Lower Upper
ratio limit  limit Z-Value p-Value
Krom 2009 A 1.884 1.348 2.633 3.708 0.000 B
Krom2009B 2.247 1372 3.680 3.218 0.001 . 3
Toma2013 0.700 0.282 1.734 -0.771 0.441
1.822 1398 2375 4.438 0.000 ¢

001 01 1 10 100

Favours A Favours B
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Figure 4: Forest plot for rs362691 RELN)

Study name Statistics for each study Qdds ratio and 95% ClI
Odds Lower Upper
ratio limit  limit Z-Value p-Value
Sharma 2013 (Black) 1.060 0.372 3.023 0.109 0.913 b
Sharma 2013 (White) 0.590 0.220 1581 -1.049 0.294 e
Sharma 2013 (Mixed) 0.740 0.311 1.758 -0.682 0.495
He 2011 1405 0.793 2490 1.164 0.244 T
Dutta 2008 0.810 0432 1518 -0.658 0.511 —
Li 2008 0.850 0.773 0.934 -3.374 0.001 .
Bonora 2003 0.800 0413 1550 -0.661 0.509 b
Serajee 2006 0520 0.360 0.751 -3.492 0.000 —-
0.832 0.763 0.908 -4.112 0.000 ﬂ
0.01 0.1 1 10 100
Favours A Favours B
Figure 5: Forest plot for rs2268491 OXTR)
Study name Statistics for each study Odds ratio and 95%Cl
Odds Lower Upper
ratio  limit limit  Z-Value p-Value
Liu et al., 2010 1405 1112 1775 2850 0.004
Tansey et al., 2010 Irish 1410 0.860 2.311 1.363 0.173
Tansey et al., 2010 Portuguese ~ 1.020 0.678 1535 0.095  0.924
Tansey et al., 2010 UCL 1.250 0.588 2.659 0.579 0.562
1310 1.092 1572 2906 0.004 0
0.01 0.1 1 10 100
Favours A Favours B
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Figure 6: Forest plot for rs2292813 $LC25A13

Study name  Subgroup within study Qutcome

Statistics for each study

Ranoz 2004 Egyptian
Segurado 2005  Irish

Blasi 2006 Caucasian
Chien 2010 Chinese
Palmieri 2010 Kalian
Prandini 2012 talian

ToT
oT
o7
Case-control
Case-contral
ToT

Odds  Lower
ratio  limit
1459 1107
1889 1067
1280 0834
1293 090
1182 0472
0710 0213
1373 1162

Upper

limit  Z-Value p-Value

1922
3344
1853
1758
2958
2.364
1622

2682
2182
1.308
1636
0.357

-0.558

372

0.007
0.029
0.191
0.102
0.721
0577
0.000

Qdds ratio and 95%Cl

el
—_——
—_—
001 01 1 10 100
Favours A Favours B

Figure 7: Forest plot for rs2056202 $LC25A19)

Statistics for each study

Study name

Odds Lower

ratio  limit
Ramoz 2004 1.394 1.119
Segurado 2005 1.840 1.131
Blasi 2006 1.125 0.832
Correira 2006 1.031 0.532
Chakrabarti 2009 1.112 0.739
Chien 2010 1.093 0.824
Palmieri 2010 1.361 0.584
Durdiakova 2014 0.760 0.393

1.227 1.079

0.003
0.014
0.443

0.928
0.610
0.536
0.476
0.415

Upper
limit Z-Value p-Value
1.736  2.968
2.994 2.454
1520 0.767
1.998 0.090
1.672 0.510
1450 0.619
3.170 0.713
1470 -0.815
1396 3.123

0.002

0.01

QOdds ratio and 95% Cl

0.1 1 10 100

Favours A Favours B
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Figure 8: Forest plot for rs1801133MTHFR)

Statistics for each study

Odds Lower Upper

Study name

ratio
Boris 2004 2.252
James 2006 1.243
Mohammad 2009 2.790
Pasca 2009 1.179
dos Santo 2010 1.150
Liu 2011 1.148
Schmidt 2011 0.853
Guo 2012 1.303
Divyakolu 2013  3.632
Park 2014 0.966

1.370

limit

limit

1.811 2.799

0.962

1.606

1.579 4.928
0.553 2.510

0.789
0.980
0.649
0.961

1.676
1.343
1.121
1.767

1.543 8.547

0.772
1.079

1.208
1.739

Z-Value p-Value

7.307
1.666
3.535
0.426
0.727
1.714
-1.140
1.703
2.953
-0.307
2.589

0.000
0.096
0.000
0.670
0.467
0.086
0.254
0.089
0.003
0.759
0.010

Odds ratio and 95% ClI

001 01

Favours A

¢

1

—.—

10

Favours B

100

Figure 9: Forest plot for rs1861972 (EN2)

Study name Subgroup within study Statistics with study removed
Lower Upper

Point limit  limit Z-Value p-Value
Yang 2008 Case-control 1111 1020 1209 2410 0016
Yang 2010 Case-control 1114 1023 1214 248 0013
Benayed 2005 AGREIl  TDT 1169 1039 1315 25% 0009
Benayed 2006 NVH ~ TDT 1130 1029 1241 2558 0011
Charani 2004 TOT 109 1008 1197 2146 0032
Chakrabarti 2009 Case-control 1153 1057 1258 3197 0001
Warrier 2014 Case-control 1126 1032 1228 2676 0007
Prandini 2012 TOT 1125 1032 1226 2673 0008

1125 1035 1224 2758  0.006

0.01

Qdds ratio (95%Cl) with study removed

0.1

Favours A

10

Favours B

100
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Table 1: Mean effect and 95% confidence intervals for all SNPs with P < 0.01

Gene  |Variant |Allele |MAF |N |OR(95%cCl) |P ?I"Zc)’de' N sl o | Trios | BSC ?Ei:%tion (I\:l'ass'c onwin's
DRD3 | rs167771 |GvsA | G=041 |3 |1.82(1.392.37) |9.08E06 | F(60) |580 |754 |0 059 | D (0.98) | 7 34
RELN | rs362691 |CvsG | C=0.12 |8 |0.83(0.760.90) |3.93605 | F(33) | 765 |765 |303 |NA |NA 12 |21
SLC25A12] 152292813 | Cvs T | T=0.20 |6 | 1.37 (L161.62) |1.97E04 | F(0) |465 |450 |1220 |0.77 | C (1.01) |5 25
CNTNAP2| 1s7794745 | Avs T | A=0.49 |4 | 0.88 (0.820.95) |0001 |F(21) | 322 |524 |2236 |0.17 | C(0.95) | 9 6
SLC25A12] rs2056202 | Tvs C | T=0.24 |8 | 122 (1.071.39) |0002 |F(6) |756 |1211 |1220 |0.98 | D (0.99) | 6 26
OXTR | 152268491 | TvsC | T=021 |4 | 131(1.09157) |0.004 |F(0) |282 |440 |458 |054 |C(1.02) |3 19
EN2 (51861972 | Avs G | G=024 |8 | 1.12(1.031.22) | 0006 |F(58) |669 |1704 |953 |NA |NA 6 |12
MTHFR |rs1801133 | Tvs C | A=0.24 | 10 | 1.37 (1L.071.73) |001 | R(88) | 2280 | 7235 |0 057 |C(L.01) |80 |40
ASMT | rs4446909| G vs A 5 |1.19(1.031.37) |0013 |F(0) |1066 |1074 |0 NA | NA 3 14
MET (538845 |AvsG | A=0.36 |3 | 132 (1.011.72) | 0016 |R(66)|405 |594 |419 |02 |C(1.04) |13 |15
SLC6A4 | 152020936 | Tvs C | G=022 |4 | 1.24(1.03 1.49) | 0019 |F@34) |0 |0 1068 | 0.78 | C (L.01) | 3 14
STXIA | rs4717806 | Avs T | A=0.23 |4 | 0.85(0.74097) | 0023 |F(®) |653 |1007 |375 |NA |NA 0 9
RELN | rs736707 |TvsC | G=036 |9 |1.26 (103 1.56) | 0025 |R(77) |975 |1695 |196 |031 |C(L03) | 126 |48
PONI | rs662 AvsG | T=045 |3 |079(064098) |0034 |F(18) |334 |641 |O 0.06 | D (1.05) | 0 11
OXTR | 15237887 |GvsA | G=039 |4 | 116 (1.00134) | 0047 |F(0) |282 |440 |458 |0.93 |C(1.00) |0 9

Tablel provides the odds ratio (OR) and 95% confidence intervaldiGhe metaanalysis, the total number of independent studies analysing
the SNP (N), the allele investigated, the global minor altelguency of the SNPs investiga{&thAF), the model used (F = Fixed effect, R =
Random effects), the number of cases, controls and trios, the RGID&, the direction of effect between the ragtalysis and the PGC study

(C = concordant, D = discordantl; | as si ¢
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Table 2: Mean effect and standard error for SNPs with P > 0.01

Model
Gene Variants Allele MAF N 8? (95% P (12 [(;IE,ISGS Eléntrols Trios

value)
STX1A rs6951030 | GvsT G=0.17 [ 4 | 1.3(0.91.9) 0.05 R (77) 653 1007 375
OXTR rs2268493 | CvsT C=0.20 [ 3 | 0.8 (0.71.0) 0.07 F (54) 574 1201 0
ASMT rs5989681 [ GvsC NA 5 111(0.9-1.3) | 0.08 F (0) 1066 1074 0
HOXB1 rs72338773*| INS vs nINS | NA 8 |1.3(0.91.3) 0.11 F(NA) | 362 448 238
RELN rs2073559 | CvsT C=0.47 [ 3 | 0.95(0.91.0) |0.13 F (64) 437 493 473
RELN GGC repeat*| NA NA 7 11.1(0.815) |[0.15 F (0) 878 1170 167
GLO1 rs2736654 | AvsC G=0.28 (4 |1.3(0.8-1.9) |0.18 R (68) 857 680 0
PON1 rs854560 AvsT T=0.18 |3 [1.1(0.9-1.3) (0.2 F (0) 334 641 0
TPH2 rs1117900 |[TvsA T=0.39 |3 |[1.1(0.91.3) 0.2 F (0) 224 260 352
MET rs1858830 |GvsC G=0.45 (8 | 0.9 (0.71.0) 0.21 R (67) 1975 1589 798
OXTR rs2268490 | TvsC T=0.25 |5 [1.1(0.91.4) 0.23 F (0) 292 761 458
OXTR rs2301261 | Avs G T=0.12 |4 |1.1(0.81.4) 0.32 F (39) 650 1300 0
HOXA1 rs10951154 | Gvs A C=0.21 [ 13| 0.9 (0.71.0) 0.32 F (36) 705 998 425
BDNF rs6265 Gvs A T=0.20 |3 | 0.9(0.71.2) 0.37 F (0) 303 469 140
HTR2A rs6311 Avs G T=0.44 | 6 |0.8(0.61.1) 0.37 R (75) 179 313 396
ITGB3 rs5918 CvsT C=0.08 [ 3 | 0.8(0.61.1) 0.37 F (37) 139 165 363
MAOA uVNTR short vs long | NA 3 [0.7(0.4-1.3) (0.38 R (72) 436 469 0
MACROD2| rs4141463 | TvsC C=0.38 [ 7 | 0.9 (0.71.1) 0.41 R (87) 1170 35307 | 1158
OXTR rs2254298 | Avs G A=0.20 |5 |0.8(0.41.3) 0.42 R (82) 650 1306 57
ASMT rs6644635 [CvsT NA 4 |1.0(0.9-1.2) |0.48 F (29) 788 819 0
SLC6A4 rs2020942 | AvsG T=0.25 | 3 [ 1.06(0.81.2) | 0.52 F (0) 0 0 678
OMG rs11080149 | Avs G T=0.04 |4 [0.8(0.4-15) |0.57 F(43) |65 131 431
ADA rs7359837 | Gvs A A=0.02 |3 [1.3(0.4-4.7) |0.61 R (89) 34 445 0

41




OXTR rs237894 GvsC C=0.16 |5 | 0.9(0.81.1) 0.62 F4) 292 761 458
OXTR rs53576 Avs G A=0.38 |5 |0.9(0.81.1) 0.63 F (45) 650 1300 57
OXTR rs2268494 | AvsT A=0.06 |4 |1.0(0.7-1.5) |O0.67 F (0) 76 99 458
SLC6A4 STin2 VNTR* | 12 vs 9/10 | NA 8 [1.1(081.5) |(0.67 R (68) 0 0 814
NF1 GxAlu 9vsnor9 | NA 4 |1.1(0.6-2.0) |0.67 R (86) 262 312 0
GRIK2 rs2227281 | TvsC T=0.27 |4 | 0.9(0.61.4) 0.73 R (77) 0 0 508
OXTR rs2268495 | Avs G A=0.24 |4 [1.0(0.7-1.4) |0.73 F (60) 282 446 458
SHANK3 |rs9616915 |CvsT C=0.34 |3 (09(0.8-1.1) (0.74 F (60) 340 863 308
HTR2A rs6314 TvsG A=0.07 |4 |0.9(0.61.3) 0.74 F (18) 103 214 370
CNTNAP2 | rs2710102 | TvsC A=0.41 | 3 | 0.9(0.91.0) 0.76 F (17) 322 524 2051
OXTR rs237885 GvsT G=0.48 |6 [0.9(0.8-1.1) |0.76 F (0) 574 1201 458
COMT rs4680 Metvs Val [ A=0.36 |5 | 0.9(0.81.1) 0.8 F (49) 814 741 35
MTHFR rs1801131 | Cvs A G=0.24 (6 | 0.9(0.81.1) 0.81 R (56) 1854 6819 0
OXTR rs1042778 | GvsA T=0.41 |4 |1.0(0.81.2) 0.83 F (0) 282 440 458
GRIK2 rs2227283 | Avs G A=0.32 |4 | 0.96(0.61.3) | 0.85 R (66) 0 0 508
EN2 rs3735653 | TvsC T=0.40 |4 |1.0(0.81.1) 0.92 F (0) 174 349 499
NF1 GxAlu 8vsnon8 | NA 4 |0.9(0.6-1.6) | 0.94 R (79) 262 312 0
SLC6A4 5-HTTLPR | shortvslong| NA 171 0.9 (0.81.1) 0.94 R (64) 0 0 2039
HTR2A rs6313 TvsC A=0.44 |3 |1.0(0.81.2) 0.94 F (0) 0 0 303
EN2 rs1861973 | TvsC T=0.24 |6 | 1.0 (0.71.3) 0.97 R (80) 669 1704 681

Table provides the odds ratio (OR) and 95% confidence interval®{@ie metaanalysis, the total number of independent studies analysing
the SNP (N), the allele investigated, the global minor allele frequency of the SNPs investigated, the model used (FeckiRed Bdindom
effects), the number of cases, controls and trios. *represents SNPs investigated in previaualysts.
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2.3.3Subgroup analyses
We performed subgroup analyses, stratifying by ethnicity and study methodology, for

variants originally investigated in five or more independent cohorts. In the stratified analyses,
six variants had K 0.05. Of these, the most signifidathree variants (rs2292813 and
rs2056202 SLC25A12rs362691 RELN were also significant in the nestratified analyses.
Stratification did not increase the significance for these variants. A variahafrs1861973)

was significant after stratifyon based on both ethnicity (Caucasian only) and study
methodology (TDT). Another variant EBN2 (rs1861972) was significant after stratifying for
study methodology (TDT). Finally, the STin2 variantS3hC6A4also exhibited a significant
trend in the Caucamn only subgroup. This result indicates that at least for a few variants
implicated inautism ethnicity and study methodology can potentially influence the outcome.
Results of the subgrougmalyses are provided Fable 3. Forest plots for the significaand
nominally significant subgroup analyses are providegigures 10i 16.
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Table 3: Results of the subgroup analyses

Gene SNP Allele N | Subgroup OR(95% CI) | P Model
ASMT rs4446909 | Gvs A 3 Caucasian 1.1(0.8-1.4) 0.31 F
ASMT rs5989681 | GvsC 3 Caucasian 1.0 (0.8-1.3) 0.6 F
COMT rs4680 Avs G 4 | TDT 0.9 (0.8-1.1) 0.71 F
EN2 rs1861973 | TvsC 4 | TDT 0.8 (0.7-0.9) 0.003 F
EN2 rs1861973 | TvsC 3 Caucasian 0.8 (0.8-0.9) 0.009 F
EN2 rs1861972 | AvsG 4 Casecontrol 1.1 (0.8-1.6) 0.26 R
EN2 rs1861972 | AvsG 4 | TDT/Caucasian | 1.1 (1.0-1.2) 0.01 F
HOXA1 rs10951154 | Avs G 6 Casecontrol 0.8 (0.6-1.1) 0.32 R
HOXA1 rs10951154 | Avs G 6 Caucasian 0.8 (0.6-1.1) 0.42 R
HOXA1 rs10951154 | Avs G 7 | TDT 0.9 (0.7-1.1) 0.63 R
HTR2A rs6311 Avs G 4 | TDT 0.8 (0.6-1.3) 0.57 R
HTR2A rs6311 Avs G 3 Caucasian 0.9 (0.5-1.5) 0.79 R
MACROD2| rs4141463 | TvsC 5 Casecontrol 1.0(0.9-1.1) 0.47 R
MET rs1858830 GvsC 7 Casecontrol 0.8 (0.7-1.0) 0.18 R
MET rs1858830 | GvsC 3 | Italian 0.9 (0.5-1.4) 0.72 R
MTHFR rs1801133 TvsC 4 Caucasian 1.3(1.2-1.5) 0.06 R
MTHFR rs1801131 | CvsA 3 | Caucasian 0.9 (0.7-1.0) 0.17 F
OXTR rs237885 GvsT 3 Casecontrol 09(0.811.1) |0.51 F
OXTR rs2268490 | TvsC 3 | TDT 1.2 (0.9-1.7) 0.1 F
OXTR rs2254298 | AvsG 4 Caucasian 0.6 (0.3-1.2) 0.19 F
OXTR rs2268490 TvsC 4 Caucasian 1.1(0.8-1.4) 0.36 F
OXTR rs237885 GvsT 4 Caucasian 1.0(0.8-1.2) 0.64 F
OXTR rs237885 GvsT 3 | TDT 1.0(0.8-1.2) 0.69 F
OXTR rs2254298 | AvsG 4 Casecontrol 1.0 (0.6- 1.5) 0.86 F
RELN rs362691 CvsG 6 Casecontrol 0.8 (0.7-0.9) 0.001 F
RELN rs736707 TvsC 8 Casecontrol 1.1(0.9-1.4) 0.12 R
RELN rs736707 TvsC 3 Caucasian 1.3 (0.8-2.0) 0.23 R
SLC25A12 | rs2292813 CvsT 4 TDT 1.4(1.21.7) 7.30E04 | F
SLC25A12 | rs2056202 | TvsC 5 | TDT 1.2 (1.0-1.4) 0.002 F
SLC25A12 | rs2056202 TvsC 3 Casecontrol 1.1(0.8-1.4) 0.43 F
SLC25A12 | rs2056202 | TvsC 4 Caucasian 1.0 (0.8-1.3) 0.45 F
SLC6A4 5-HTTLPR | shortvslong| 5 | Caucasian 0.9 (0.6-1.4) 0.83 F
SLCeAd | o2 12vs 9/10| 4 | Caucasian 1.4(1.0-20) 001 |F

This table provides the results of the subgroup analyses. Results with P < 0.05 have been
written in bold.
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Figure 10: STin2 VNTR (SLC6A4), Caucasian only

Study name Subgroup within study Statistics for each study Qdds ratio and 95% CI

Odds Lower Upper
ratio limit  limit Z-Value p-Value

Cook 1997  Caucasian 1.650 0.857 3.177 1498 0.134

Klauk 1997  Caucasian 1400 0725 2.703 1.003 0.316

Maestrini 1999Caucasian 0.910 0.499 1.660 -0.307 0.759

Kim2002  Caucasian 3380 1519 7.522 2.984 0.003 -
1492 1.068 2.083 2.347 0.019 ¢

0.01 0.1 1 10 100

Favours A Favours B
Figure 11: rs362691 RELN), Casecontrol only
Study name Method Ancestry Statistics for each study Odds ratio and 95%Cl
Odds Lower Upper
ratio limit  limit ZValue p-Value
Sharma 2013 (Black) Case control South Afican  1.060 0372 3023 0109 0913 —_—
Sharma 2013 (White) Case control South Afican  0.590 0220 1581 -1049 0.2% —
Sharma 2013 (Mixed) Case control South Afican  0.740 0311 1758 -0.682 0.49 —_—
He 2011 Case control Chinese (Hans) 1.405 0793 2490 1164 0.244 -+
Dutta 2008 Case control Indian 0810 0432 1518 -0658 0511 —
Li 2008 Case control Chinese (Hans) 0.850 0.773 0934 -3374 0.001
0857 0783 0939 -3318 0.001
0.01 01 1 10 100
Favours A Favours B
Figure 12: rs2292813%LC25A13, TDT only
Study name  Subgroup within study Outcome Statistics for each study Odds ratio and 95% Cl
Odds Lower Upper
ratio  limit  limit ZValue p-Value
Ramoz2004  Egyptian T 145 1107 192 2682  0.007 .
Segurado 2005  Irish T 1839 1067 334 2182 009 ——
Blasi 2006 Caucasian T 1280 0834 183 138 0191
Prandini 2012 Italian T 0710 0213 2364 058 0577
1419 118 170 337 0001 ¢
0.01 0.1 1 10 100
Favours A Favours B
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Figure 13: rs2056202 $LC25A13, TDT only

Study name  Ancestry Method Statistics for each study QOdds ratio and 95% Cl
Odds Lower Upper
ratio limit  limit Z-Value p-Value
Ramoz 2004  Egyptian TDT 1394 1.119 1.736 2.968 0.003
Segurado 2005 Irish T 1.840 1.131 2994 2454 0.014 -
Blasi 2006 CaucasianTDT 1125 0.832 1520 0.767 0.443
Chakrabarti 200CaucasianTDT ~ 1.112 0.739 1.672 0.510 0.610
Durdiakova 2014CaucasianTDT ~ 0.760 0.393 1.470 -0.815 0.415
1.275 1.097 1482 3173 0.002 ¢
0.01 0.1 1 10 100
Favours A Favours B
Figure 14: rs1861973KEN2), TDT only
Study name Subgroup within study Statistics for each study QOdds ratio and 95%Cl
Odds Lower Upper
ratio  limit  limit Z-Value p-Value
Sen 2010 ToT 0568 0333 0970 -2073 0038
Gharani 2004 ToT 0715 0550 0929 -2507 0012 -
Benayed 2005 AGREIl  TDT 0916 0811 1034 -1419 015
Benayed 2005NIVH ~ TDT 0893 0741 1076 -1189 0234
0869 0792 0954 -2942 0003
0.01 0.1 1 10 100
Favours A Favours B
Figure 15: rs1861973 (EN2), Caucasian only
Study name Subgroup within study Statistics for each study QOdds ratio and 95%Cl
Odds Lower Upper
ratio  limit  limit Z-Value p-Value
Gharani 2004 Caucasian 0715 0550 0929 -2507 0012 -
Benayed 2005 AGREIl  Caucasian 0916 0811 1034 -1419 01%
Benayed 2006 NIVH  Caucasian 0893 0741 1076 -1189 0234
0831 0801 0969 -2620 0.009
0.01 0.1 1 10 100
Favours A Favours B
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Figure 16: rs1861972KEN2), Caucasian only/ TDT only

Study name Subgroup within study Statistics with study removed Qdds ratio (95%Cl) with study removed
Lower Upper
Point  limit limit Z-Value p-Value
Benayed 2005 AGREIl  TDT 1203 1032 1403 2361 0018
Benayed 2005 NVH  TDT 1133 1016 1264 2247 0025
Gharani 2004 TOT 1092 0991 1204 1779 0075
Prandini 2012 ToT 1126 1021 1241 2376 0017

1126 1025 1238 2472 0013

0.01 01 1 10 100

Favours A Favours B

2.3.4Publication bias and sensitivity analyses
Publication bias was significant only for one variant, rs22542@84{mMR(Egger's test

(two-tailed) P= 0.03). However, the mean effect size for theargrivas not significant (B
0.425). Notably, sensitivity was signifint for some variants. Of the nine variants witk P
0.01, we performed sensitivity analyses on the six variants with data from more than five
independent cohorts (rs7794745, rs362691, rs2292813, rs2058B%H1,972and rs1801133).

For rs1801133, mostiglies contributed approximately equally, with the exception of two
studies(Park et al., 2014; Schmidt et al., 201pth these studies lowered the OR. A re
analysis of the data after removing eitheth# two studies decreased thedtue ofthe OR
(Original P=0.010, P after removing Pagkal 2014 = 0.006; Rfter removing Schmict al,
2011 = 0.003). For rs2056202, the removal of data frome study(Ramoz et al., 2004)
increased the Ralue from P = 0.002 to B 0.088. Sensitivity was not an issue for the
remaining four variants that were significant. However, of the ndipisgnificant variants,
sensitivity was an issue for rs4446909, rs736707, and rs1861972. Forest graphs of the
sensitivity analyses for these five variants are providétigares 171 21
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Figure 17: Sensitivity analysis for rs44469094SMT)

Study name Ancestry Statistics with study removed Odds ratio (95%Cl)
Lower Upper with study removed
Point limit  limit ZValue p-Value
Melke 2008 Mixed 1120 0955 1314 1391 0.164
Toma 2007 Finnish ~ Caucasian 1.194 1033 1381 2394 0017
Toma 2007 Italian Caucasian 1201 1.037 1390 2450 0.014
Toma 2007 IMGSAC Caucasian 1.213 1.038 1418 2430 0.015
Wang 2013 Chinese 1272 1051 1539 2468 0.014
1195 1038 1375 2479 0.013
0.01 0.1 10 100
Favours A Favours B
Figure 18: Sensitivity analysis for rs736707RELN)
Study name Ancestry Method Statistics with study removed Odds ratio (95%Cl) with study removed
Lower Upper
Point limit  limit Z-Value p-Value
Sharma 2013 (Black) South Afican  Case control 1.297 1.036 1623 2268 0.023
Sharma 2013 (White) South Afican  Case control 1.266 1.014 1580 2084 0.037
Sharma 2013 (Mixed) South Afican  Case control 1.204 0978 1483 1749 0.080
He 2011 Chinese (Hans) Case control 1.363 1140 1629 3402 0.001
Dutta 2008 Indian Case control 1.262 1.002 1589 1979 0.048
Li 2008 Chinese (Hans) Case control 1.267 0956 1.679 1.644 0.100
Serajee 2006 Caucasian TOT 1187 0953 1479 1527 0.127
Chakrabarti 2009  Caucasian Case control 1.310 1.038 1652 2277 0.023
Warrier 2014 Caucasian Casecontrol 1.302 1.034 1640 2248 0.025
1269 1030 1563 223 0.0
0.01 0.1 10 100
Favours A Favours B
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Figure 19: Sensitivity analysis for rs1801133THFR)

Study name Statistics with study removed Odds ratio (95% CI)
Lower Upper with study removed

Point  limit limit Z-Value p-Value

Boris 2004 1229 1.019 1483 2153 0.031

James 2006 1.397 1.064 1.835 2408 0.016
Mohammad 20091.288 1.017 1.632 2.098 0.036
Pasca 2009 1.385 1.079 1777 2558 0.011
dos Santo 2010 1.402 1.081 1.820 2543 0.011

Liu 2011 1422 1.064 1900 2.382 0.017
Schmidt 2011  1.455 1.135 1.865 2958 0.003
Guo 2012 1386 1.062 1809 2.399 0.016
Divyakolu2013 1.301 1.028 1.646 2.190 0.029
Park 2014 1441 1.110 1872 2741 0.006
1.370 1.079 1739 2589 0.010 ¢

001 01 1 10 100

Favours A Favours B

Figure 20: Sensitivity analysis for rs20562023LC25A132

Study name Statistics with study removed Odds ratio (95% CI)
with study removed

Lower Upper
Point limit  limit Z-Value p-Value

Ramoz 2004 1148 0980 1.346 1.708 0.088
Segurado 2005 1.191 1.042 1360 2566 0.010
Blasi 2006 1251 1085 1442 3.091 0.002
Correira2006  1.236 1.084 1409 3.165 0.002
Chakrabarti 2009 1.241 1.084 1421 3.121 0.002
Chien 2010 1265 1095 1461 3191 0.001
Palmieri 2010  1.224 1.075 1394 3.050 0.002
Durdiakova 2014 1.251 1.097 1426 3.345 0.001

1227 1079 139 3.123 0.002 )

001 01 1 10 100

Favours A Favours B
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Figure 21: Sensitivity analysis for rs1861972HN2)

Study name Statistics with study removed Odds ratio (95% CI)
with study removed

Lower Upper

Point limit limit Z-Value p-Value
Yang 2008 1.147 0978 1.344 1690 0.091
Yang 2010 1.163 0.982 1.377 1.750 0.080

Benayed 2005 AGRE Il 1.242 0.995 1550 1915 0.055
Benayed 2005 NIMH 1228 0.993 1518 1.898 0.058

Gharani 2004 1.112 0975 1268 1579 0.114
Chakrabarti 2009 1.244 1.060 1460 2.674 0.007
Warrier 2014 1.207 1.002 1455 1980 0.048
1.187 1.011 1.393 2.092 0.036
0.01 0.1 1 10 100
Favours A Favours B

2.3.5Analysis of the PGC dates
11 of the 15 nominally significant variants in the current raetalyses were genotyped

in the PGC GWAS cohort, none were found to be significant. Effect direction was concordant
for eight of the 11 variants between both the datasets. Effect sieapersed due to the larger
sample size, were smaller in the PGC dataset for all the 11 variants, and the odds ratios were
closer to 1. Total sample size was also not a significant predictor of concordance of effect
direction between the two datasets. Hoareinspection of the datasétslicatesthat with the
exception of rs2056202 IBLC25A12the other three variants discordant for effect direction
were analysed in small samples in the raatalysis.

Due to he lack of significance for 11 of the 15 vanis in the PGC datasewe re-
evaluatd the significance of the remaining four variarfor two variants, the Classic Fail
safe N is very small (3 for rs4446909 ASMT, and O for rs4717806 i8TX1A. The latter
variant was analysed using a fixed effecd®l and becomes neaignificant when analysed
using a random effect model. For the remaining two variants (rs1861gR2iand rs362691
in RELN), the Classic Faisafe N is above 10. The sample sizes, however, are modest. These
analyses indicate that tifiest two variants are likely to be false positives. Additional research

is required to confirm the significance of the latter two variants.

2.3.6Previous metanalyses
Five genes investigated in this study have been previously investigated in other met
analyses. These ar®XTR, RELN, HOXA1, MTHERNdSLC6A4 HOXB1was previously

analysed using metnalysis and was not-revestigated in this study as there was no new data
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to include. This study differs from that of LoParo and WaldifiarParo & Waldman, 2015)

who carried out a metanalysis ofOXTRandautism as they included FBBT studies in their
analyses. Wexcluded studies #t used FBAT as FBAT does meport effect sizes. However,

we included three additional cohorts, unpublished genotype data from two cohorts from our
lab, and a third cohort studied by Nyffeler and colleaggfeler, Walitza, Bobrowski,
Gundelfinger, & Grunblatt, 2014)0f the thre variants significant in the previous study,
rs237887 ands2268491 were significant in the current stude did not have enough data to

test the third significant variant (rs7632287). A previauismandRELN metaanalysis(Z.

Wang et al., 2014hvestigated three variants (rs736707, rs362691, and the GGC repeat), with
only rs362691 giving a statistically sigisant Pvalue. In this study, wee-investigated the

first two variants using data imo additional cohorts. rs736707 was nominally significant and
rs362691was significant in this study. Waid not identify any additional data for the GGC
repeat and hence did not investigate it in our study. Additignaéydentified a fourth variant

in RELN, rs2073559, which was not investigated by the previous-aradysis. This variant
wasnot significant in this study. Wanalysed both the variants investigated in a previous- meta
analysis(Pu et al., 2013)of MTHFR and autism, includingata from two additional studies

for rs1801133 and one additional study for rs1801131. The results were similar to the previous
results obtained. rs1801133 was significant whereas rs1801131 was not. While the previous
study stratifiedbased on folate forigation, we did not conduct these analyses due to
insufficientdata on folate fortification. Wee-investigated rs10951154 HOXAlwhich was
investigated in an earlier mesmalysis(R.-R. Song et al., 2011Weincluded data from the
Chakrabartiet al., (2009 cohort inthis study, which was not included in the earlier study.
While the previous study carried out analystatified by ethnicitytheydid not stratify the

data based on study methodpjodiffering from this study. Wdid not identify any additional

data from theHOXB1lvariant, rs72338773, invegtted in the previous studR.-R. Song et

al., 2011)and hence did not fiavestigate that variant. Finall§L.C6A4has been investigated

for autism using metanalysis in an earlier studgHuang & Santangelo, 2008)Ve extend

their work for SHTTLPR by using additional data amavestigate two additional variants
(rs2020936 and rs2020942) tims study. Wedid not identify any additional data for STin2

VNTR and hence did not fiavestigate it.

2.4Discussion
This is the first study to comprehensively investigate candidate gsoeiation studies

of common variants iautism Using two databasewg identified 552 genes that are reported
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to be implicated irautismthrough genetic association studies. \8anned the literature for
these 552 genes and, usangtrict inclusion crérion, weidentified 27 genes that had sufficient
data to perform a met@nalysis. Eight variants across seven genes were significant for
combined effect sizes with P €.01. Data for 11 variants was present in the PGC GWAS
dataset. None of the 11 variamtsre significant in the PGC dataset though the majority of the
variants were concordant for effect direction in both the data€etsrall, the lack of
replication within the larger PGC cohort suggests that the results from candidate gene
association studs are likely to be false positives.

Effect sizes for most ecomon variants are modest for autismd these results are
consistent with this observation. However, there was no clear correlation between effect sizes
in this dataset and the PGC datasdfeé& sizes were smaller in the PGC datagkis is most
|l i kely due to the phenomenon known as Owi nne
statistical power, variants with significantvBlues are likely to have inflated effect sizes.
Though mostommonly described for GWAS, this is applicable in candidate gene association
studies as wellWhile most of the effects lay between 0.8 and 1.2, which is expected from
GWAS data, for some variants, the effect was larglee.most significant variant (r&€r771)
had data only from three studies aradita relatively high OR of 1.82.40-2.38). The small
sample size for this variant inflated the OR making it significant. The effect direction was
discordant for the variant in the PGC dataset and it wasgrofisant in this dataset.

It is clear that all candidate gene association studies are underpowered to replicably
identify significant variantsAdditionally, the different study methodologies and ethnicities
contributed to heterogeneity in the sampléchipotentially confounded the analyses. Hlso
clear from this study that significant heterogeneity exists for a large fraction of the variants
tested. In fact, heterogeneity is significantly and positively correlated with the number of
independent dasets included per variant in the analyses, indicating that the current study may
not have uncovered all the heterogenelfye were able to account forsome of the
heterogeneity after stratifying for ethnicity and study methodology, but heterogeneity
influenced the results for some for the variants even after this. This indicates that other
additional factors contribute to variance in the effect. One potential source of heterogeneity is
finer population stratification. Firgcale population stratificationannot be addressed in
candidate gene association studies as these test only a few\8&lR&reunable to stratify
based on sex or clinical ascertainmetwo factors known to adribute to heterogeneity in

autism It is unclear how clinical heterogeneiinaps oto genetic heterogeneity in autism
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Existing genetic studies that stratify based on 1Q or other clinical phenotype and subphenotypes
and have had limited succe¢€haste et al., 2015; Warrier, Chakrabartiakt 2015) The
inability to completely identify sources of heterogeneity forced us to choose between two
models (fixed effect vs random effects), when most variants are likely to have varying levels

of heterogeneity.

Another cause for concern is the ahmumber of genes with enough détameta
analyse. Of 552 genes, wad data for only 27 of these, less than 5%. Ndrked27 genes
analysed were autisnsk genes as predicted by DAWNIu et al., 2014. Further, with the
exception ofSHANK3(Sanders et al., 2018pne of these genes have sufficient evidence to
categorize them as risk genesing sequencing or copy number variation studresugh,
emerging evidence suggests that rare and common variants may contribute to different risk
pathways in autism. For example, while rare variant mutation burden is correlated with
reduction in cogrtive ability (Robinson et al., 2B4; Samocha et al.,, 2014ommon risk
variants for autism is associated with higher educational attair{@eirk-Sullivan, Finucane,
et al., 2015pandcognitive aptitudéSniekers et al., 2017)A few genes in the list of 552 genes
but absent from the final list &7 genes are predicted to be autissk genes. This includes
GABRB3 GRIN2B and NRXNL1 (Sanders et al., 201L5However, there wa#sufficient
evidence to evaluatedhrole of common variants in autigor thesegenes through the current

metaanalysis.

The candidate gene association studies typically have small samples, which
overestimate effect sizes. The lack of replicatioesdwot indicate that these loci do not
contribute to the aetiology of autisrout, ather, that there is insufficient evidennoémplicate
it in autism. Autismis highly polygenic and more than 49% ofvtgiancecan be attributed to
common variant¢Gaugler et al., 2014As effect size for e&cindvidual common variant is
likely to be very modest and not likely to exceed an OR of 1.3, this indicates that there are
several common variants that contribute to the condition. Disentangling this would require very
large sample sizes, much larger tharsthm the current PGC Autism GWAS. It is evident,
from the current study, that candidate gene asBon studies in autismhave been
underpowered to reliably detect causative variants with preclsuorhis reason, i€hapters

31 7, we conduct genoraeide association studies of traits related to autism.
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3. Genomewide association study of sekported empathy

3.1Introduction
Empathy is the ability to identify other

feelings, and t oalstaes pith andapptopriat® ambti@arecrGohenén t
Wheelwright, 2004)It plays an important role in social interactioy facilitating both making
sense of ot herangnaesghdmgappphately ta their behaviour. For these
reasons, its considered key component girosocial behaviour, social cooperation, and social
cognition (Decety, Bartal, Uzefovsky, & Knafbloam, 2015) Aspects of empathy are
observed in humans and other animals and is thought toelvaleed to support a range of

prosocial behaviour and cooperative behav{@ecety et al., 2015)

Differences in various fractions of empathy have been observed in several psychiatric
conditions. Two major fractions of empathy include affective empathy (the drive to respond to
anothero6s ment al state with an app@bltpr i at e
recogni ze ano)Differentcesin engathy have bsen eepored in ay@=aron
Cohen & Wheelwright, 2004 bipolar disordefDerntl, Seidel, Schneider, & Habel, 2012)
schizophrenidBora, Gokc¢en, & Veznedaroglu, 2008; Lehmann et al., 2014; Michaels et al.,
2014) antisocial personality disordéAmerican Psychiatric Association, 2013porderline
personality disordefAmerican Psychiait Association, 2013)anorexia(Morris, Bramham,

Smith, & Tchanturia, 2014)and major depressiveisorder (Derntl et al.,, 2012; Thoma,
Schmidt, Jucke Norra, & Suchan, 2015; Weightman, Air, & Baune, 20I4)ese differences
vary between psychiatric conditions: for example, individuals with schizophrenia are more
likely to report higher personal distress and emotional contagienmann et al., 2014)
whereas individuals with autism are likelysioow difficulties withcognitive(but not affective)
empathy(Baran-Cohen, 2009; Bare@ohen & Wheelwright, 2004)n contrast, those with
antisocial personality disorder are likely to show difficulties with affective (but not cognitive)
empathy(BaronCohen, 2011)These may reflect causal risk mechanisms where alterations in
fractions of empathy conbute to higher risk for developing a specific psychiatandition.
Equally, differences in empathy may also be a consequertbe giresence of a psychiatric
condi tion, whi ch may not all ow individuals
mentalstate effectivelyFor example, those with depression may have intact empathy prior to

their low mood, but show reduced empathy as a consequence of mood change.
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Whilst empathy is clearly shaped learly experience, parenting, and other social
factors, diferent lines of evidence suggest that empathy is partly biological. Empathy is
modestly heritable (approximately a third of the variance is heritéb#a)is, Luce, & Kraus,
1994; Emde et al., 1992; Hatemi, Smith, Alford, Martin, & Hibbing, 20464l a few candidate
gene association studies have investigated the role of various genes in €@bakngbarti et
al., 2009; Uzefovsky et al., 2014; Warrier et al., 2018)addition, several studies have
identified a role for the oxytocinergic and tle¢al testosterone systems in modulating empathy
(Auyeung et al., 2006; Chapman et al., 2006; Decety, 2010; Decety et al.,[8af)imaging
studies have identified distinct brain regions implicated in different aspects pdtlem
including the amygdala and the ventromedial prefrontal cofMarelli, Rameson, &
Lieberman, 2014; Siegal & Varley, 200Bmpathy also shows a marked sex difference:
females, on averagescore higher on different measures of empaBaronCohen &
Wheelwright, 2004; Holgado Tello, Delgado Egido, Carrasco Ortiz, & Del Barrio Gandara,
2013) A longitudinal studysuggests that this female advantage grows larger wit{iVéegdre,
Samper, Frias, & Tur, 2009%ex differences in the mind arise from a combination of innate
biological differences, culturaland enrronmental factors. Studies in infant humans have
identified sex differences in the developmental precursors to empathy, such as neonatal
preference for faces over objef@onnellan, BarotCohen, Wheelwright, Batki, & Ahluwalia,
2000) when environmental and cultural influences are minimal, lending support to the idea

that sex differences in empathy are at least partly bioloffitaistovMoore et al., 2014)

Because empathy difficultiese foundn a range opsychiatric conditiongmpatly is
an important phenotype for investigation. Understanding the biological networksatttigt
determineempathy may help us understand how it contributes to psychpieicotypesan
approach that has been used for other traits such as neurdfitdasMoor et al., 2015)
creativity (Power et al., 2015and cognitive abilitf{Clarke et al., 2015We investigate the
geneticcorrelate®f empathy using the Empathy Quotient (EBaronCohen & Wheelwright,
2004) The EQ is listed in the Research Domain Criteria (RPioSel et al., 2010as a sel
report nmeasur e under t he domai n of 6Und e
(https://www.nimh.nih.gov/researgiriorities/rdoc/units/selfeports/151133.shthl The EQ

is widely used, has excellent testest reliability (r = 0.83, P = 0.000{)awrence, Shaw,

Baker, BarorCohen, & David,2004) hi gh i nternal <consi @osency (
et al., 2016; Melchersviontag, Markett, & Reuter, 201@nd is significantly correlated with

factors in the Interpersonal Reactivity Ind@Rl) and the Toronto EmpathQuestionnaire
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two other measures of empathy, suggesting good concurrent vélidityence et al., 2004;

Spreng, McKinnon, Mar, & Levine, 2009Psychometric analysis of the EQ in 3,334
individuals from tle general population suggests that the EQ is a good measure of empathy
which can be measured across a single dimeijdibson, BaronrCohen, Wheelwright, Stone,

& Muncer, 2011) By focusing on a selfeportmeasure of empathy, we were able to obtain
phenotypic and genetic data from a large number of participants, increasing the statistical
power of the studyin Chapter 4, we investigatehe genetic correlates of cognitive empathy

using a specific performance measure he &6 Reading the Mind in tF
Test)(Warrier et al., 2017)The Eyes Testds a low correlation with thHeQ (r ~ 0.10YBaron

Cohen et al., 2015; Melehs et al., 2015and measures only one facet of empathy, namely
cognitive empathy. Cognitive empathy is al so
Omentalizingb6. The EQ includes items that me

affective empathy. Yet other items on the EQ involve both cognitive and affective empathy.

In this study, we aim to answer three questions: 1. \&hethe geneticorrelatesof
empathy? 2. Is empathy genetically correlated to various psychiatric condisgalspjmgical
traits, and education? and 3. Is there a genetic contribution to sex differences in empathy? We
performed sesstratified and nosstratified genomavide association analyses of empathy in
research participants from 23andMe, a personalized igengmpany. We calculated the
narrow sense heritability explained by all the SNPs tested, and investigated sex differences.
Finally, we conducted genetic correlation analyses with six psychiatric conditions (anorexia,
ADHD, autism, bipolar disorder, majodepressive disorder, and schizophrenia), six

psychological traits, and educational attainment.

3.2Methods

3.2.1 Participants
Researclirarticipants were drawn from the customer base of 23andMe, Inc. a personal

genetics company and are described inidelsewherg(Do et al., 2011; Tung et al., 2011)

There were 46,861 participants (24,543 females arll&@2nales). All participants included

in the analyses provided informed consent and answered surveys online according to a human
subjects research protocol, which was reviewed and approved by Ethical & Independent
Review Services, an AAHRP&ccredited priate institutional review board

(http://www.eandireview.cojn All participants completed the online version of the

guestionnaire accessible via the research tab of their password protected 23andMe personal

online acount. Only participants who were primarily of European ancestry (97% European
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Ancestry) were selected for the analysis using existing metfiodssson et al., 2012)
Unrelated individuals were selected using a segmental iddrytithescent algoritim (Henn et
al., 2012)

3.2.2 Measures
The Empathy Quotient (EQBaronCohen & Wheelwright, 2004)s a seHreport

measure of empathy, and includes items relevant to bothtm@gand affective empathy. It
comprises 60 questions and has a goodré&sest reliability(Lawrence et al., 200420
guestions are filler questions, of the remaining 40 questions participants can score anmaximu
of 2 points and a minimum ©6fpoint per question. Therefore, in tetsidy, participants scored

a maximum of 80 and a minimum of 0.

3.2.3Genotyping, imputation anguality control
DNA extraction and genotyping were performed on saliva samples by the National

Genetic Institute, USAParticipants were genotyped on oneairfdifferent platform§ V1,

V2, V3 and V4. The V1 and V2 platforms have a total of 560,000 SNPs largely based on the
lllumina HumanHap550+ BeadChip. The V3 platform has 950,000 SNPs based on the Illlumina
OmniExpress+ Beadchip and has custom contentpoowe the overlap with the V2 platform.

The V4 platform is a fully customized array and has about 570,000 SNPs. All samples had a
call rate greater than 98.5%. A total of 1,030,430 SNPs (including Insertion/Deletion or InDels)
were genotyped across all gtams. Imputation was performed using the March 2012 (v3)
release of the 1000 Genomes Phase 1 reference haplotypes. First, we used Beagle (version
3.3.1) (Browning & Browning, 2007)to phase batches of 800000 individuals eross
chromosomal segments of no more than 10,000 genotyped SNPs, with overlaps of 200 SNPs.
SNPs were excluded if they were not in Hakginberg equilibrium (P < 1), had a
genotype call rate less than 95%, or had discrepancies in allele frequemggred to the
reference European 1000 Genomes datasghared P < 1#). We then imputed each phased
segment against adithnicity 1000 Genomes haplotypes (excluding monomorphic and
singleton sites) using MinimadEuchsberger, Abecasis, & Hinds, 20153ing 5 rands and

200 states for parameter estimation. We restricted the analyses to only SNPs that had a minor
allele frequency (MAF) of at least 1%. For genotyped SNPs, those present only on platform
V1, or in chromosome Y and mitochondrial chromosomes werededldue to small sample

sizes and unreliable genotype calling respectively. Next, using trio datéhfabmas available

from research participants in the 23andMe dataset, SNPs that failed a parent offspring

transmission test were excluded. For imputed®SNve excluded SNPs with average 0.5
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or minimum F< 0.3 in any imputation batch, as well as SNPs that had strong evidence of an
imputation batch effect. The batch effect test is an F test from an ANOVA of the SNP dosages
against a factor represergiimputation batch; we excluded results with P4 After quality

control, 9,955,952 SNPs were analysed. Genotyping, imputation, and preliminary quality

control were performed by 23andMe.

3.2.4 Genetic association
We performed a linear regression asswgran additive model of genetic effects. Age

and sex along with the first five ancestry principal components were included as covariates.
Additionally, we performed a malenly and a femalenly linear regression analysis to identify
sexspecific loci.Lead SNPs in eaclocuswere identified after pruning for LD{p 0.8) using

Plink version 1.9. We calculated the variance explained by the top SNPs using a previously
used formulgHibar et al., 2015)

£ js the proportion of variance explained by the SNP after accounting for the effects of the

covariates (four ancestry principal components, age, and, additionally, sex for-gteatidied
analyses), t is thedtatistic of the regression -@fficient, k is the number ofovariates, and n

is the samples i z e . Wi nnerds curse correction was
Transformatior(Bigdeli et al., 2016)

3.2.5Genomic inflation factor, heritability, and functi@arenrichment
We used Linkage Disequilibrium Score regression coefficient (LDSR) to calculate

genomic inflation due to population stratificatiqiBulik-Sullivan, Loh et al., 2015)
(https://github.com/bulik/Idsc). Heritability and genetic correlation was performed using
extended methods in LDS@ulik-Sullivan, Finucane, et al., 2019)ifference in heritability

between males and females was quantified u$asget al., 2017)

0 0

YO YO

Where Zis the Z score for the difference in heritability for a traifmglas- h%emaled is
the difference SNP heritability estimate in males and females, arglt®&gtandard errors for
heritability. Twotailed Rvalues were calculated, and reported as significant if P < 0.05. We

identified enrichment in genomic functional elements for the traits by partitioning heritability
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performed in LDSRFinucane et al., 2015 addition to the baseline partitions we conducted
four additional enrichment analyses. Enrichment for CNS specific histone marks was
conducted using cell pe specific partitioned heritability analysis. For genes that are intolerant
to lossof-function mutations, we identified gene boundaries of genes with probability of loss
of-function intolerance scores > 0.9 from the Exome Aggregation Consoftieknet al.,
2016) and conducted partitioned heritability analysis for all common SNPs within the gene
boundaries identified. Similarly, for sadifferentially enriked genes, we identified gene
boundaries of genes with sex differential expression in cerebral cortex and associates structures
(Brain Other)Chen et al., 2018Appendix: Table 3). We divided this into two separate lists

T genes with higher expression in males and geneshigtier expression in females with an
FDR corrected ®alue < 0.05. Partitioned heritability analyses were conducted to identify

enrichment.

3.2.6 Genetic corrations
LDSR was also used to calculate genetic correlations. We restricted our analyses to

only the norstratified GWAS dataset due to the unavailability ofseatified GWAS data in
the phenotypes investigated. We calculated initial genetic correlatsamg LD Hub(Zheng

et al., 2016jor schizophrenigRipke et al., 2014)bipolar disorder, major depressive disorder,
depressive symptoms, educational attainment (years of schooling.);OgE@ness to
experience, NEEConscientiousness, selofive wellbeing, and neuroticism. For anorexia
nervosgDuncan et al., 2017autism(The Autism Spectrum Disorders Working Group of The
Psychiatric Genomics Consortium, 201@hd ADHD (Demontis et al., 2017)we used the
data available from the PGC welge (ttps://www.med.unc.edu/pgc/resuéieddownload$

to conduct genetic correlation analyses as these are in larger samples and, consequently, have
greater statistical power than the da&ts available on LD Hub. In addition, for autism, we also

used an independent dataset from a larger autsbimrcfrom Denmark the autismiPSYCH
datase{Pedersen et al., 201%)/e also conducted genetic correlation for extraversian den

Berg et al., 20163eparately as the data was unavailable on LD Hub. For the anorexia nervosa
and the extraversion analyste North West European LD scores were used and the intercepts
were not constrained as the extent of participant overlap was unknownep@dre significant

lists if the Bonferroni corrected ®alue< 0.05 which we acknowledge is conservatiVer

anorexia nervosa and autism, we also conducted genetic correlatigseanasing the sex

stratified EQ dataset due to the significant-ddferences observed in these conditions. We
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correct for these using Bonferroni correction, and report significant correlations wittalaieP
< 0.05.

3.2.7Genebased analysis
Gene baed analyses for the natratiied GWAS were performed using MAGMAe

Leeuw, Mooij, Heskes, & Posthuma, 20,1@hich integrates LD information between SNPs
to prioritize genes. Genes were significant if they had a Bonferaoreated Pvalue < 0.05.
In addition, we also investigated enrichment in Gene Ontology terms using MAGMA.

3.2.8Genomewide colocalization
Pairwise genomavide colocalization analyses were conducted using GWQ5

(Pickrell et al., 2016by dividing the genomes into segments cont@rapproximately 5,000

SNPs each. We considered the posterior probability of model 3 i.e. the model wherein SNPs in
the same locus influence both the traits. We used a rigorous threshold of posterior probability
> 0.9 to identify significant loci that infenced both the traits. We conducted pairwise
colocalization for empathy (nestratified) and schizophrenigipke et al., 2014)and for
empathy (nosrstratified) and anorexia nervofauncan et al., 2017)

3.2.9 Data Availability
Summary statistics fahe EQ can be requested directly from 23andMe, and will be

made available tqualified researchers subject to the terms of a data transfer agreement with
23andMe that protects the privacy of the 23andMe research participants. Please contact David

Hinds @dhinds@23andMe.confpor more information. Top SNPs can be visualized here:

https://ghfc.pasteur.fr/eq/.

3.3Results

3.3.1Phenotype description
To understand the genetiorrelatesof empathy, we collaborated with 23andMe to

conduct a Genome Wide Association Study (GWAS) of empathy4@ 861) using the EQ,
which was normally distributed. A flow chart of the study protocol is showiguare 1.
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Figure 1: Schematic diagram of the study protocol
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Phenotyping was conducted in research participants from 23andMe., Inc using the 60 question
Empathy Quotient (Panel A). Three GWAS analyses were conductedtraitied GWAS
(Panel B) and sextratified GWAS (Panel D) in unrelated individuals of primarily European
ancestry. Summary nestratified GWAS data was used to conduct SNP heritabgéne,
pathway, and functional enrichment, genetic correlations with psychiatric conditions,
psychological traits and education, and Bayesian gene colocalization (Panel C). Summary sex
stratified GWAS data was used to conductsgmecific SNP heritabilitygenetic correlation
between the male and female datasets, and enrichment-diffsegntially expressed genes
(Panel E).

The mean score for all participants was 4¢s4l. = 13.7) on a total of 80 on the EQ,
which is similar to the mean score reporte80 typical participants in the first study describing
the EQ (42.1sd =10.6)(BaronCohen & Wheelwright, 2004Females scoredigher than
males on the EQ (41.9, s.d. =13.5 in males, 50.4, s.d. #AiZXémales)(Figure 2), as
previously observe@BaronCohen & Wheelwright, 2004)There was significant age effect,
with scores increasing with age (Beta = @0803; P = 3.3x1%%) and a significant sex eftt

with females scoring higher than males (Beta = 8.4+0.11; P ~ 0).
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Figure 2: Mean scores and heritability estimates for the EQ
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Mean scores and standard deviations for scores on the EQ (a). The effect size of the difference
between males and femalesfohe EQ scores was Cohends d= 0.
number represents the statistical significance of the +iegieale difference in mean scores for
the EQ. Mean estimates and standard errors for heritability for scores on the EQ (b) for the
femalesonly GWAS, malesnly GWAS and the nestratiied GWAS. Numbers on top of the
graphs represent®alues for each heritability estimate. Note, thaxis does not start at 0.

3.3.2Genomewide association analyses
We conducted three GWAS analyses: a rogilly analysis, a femalenly analysis, and

a nonstratified analysis, using a linear regression model with age and the first four ancestry
principal components as covariatdtethods). LD score regression coefficient suggested-non
significant genomic infition due to population stratificatigRigures 3 - 6). Weidentified one
genomewide significant SNP (rs4882760; P = 4.29%]1Aonstratified GWAS) is an intronic

SNP inTMEM132C(Figures 3- 6 and Table 1). This SNP lies in the second intron of
TMEM2132C Due to the high recombination rates in this region, we were unalvedstigate

other SNPs in high Lvith the lead SNPTherefore a cautious interpretation of this result is
warranted. TMEM132C encodes a transmembrane protein, but is otherwise poorly

characterizedWe identified 11 loci witlP < 1 x 1 in the three GWAS.
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Figure 3: Manhattan Plot (A) and QQ Plot (B) of the nonstratified GWAS analysis
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Figure 4: Manhattan Plot (A) and QQ Plot (B) of the femalesonly GWAS analysis
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Figure 5: Manhattan Plot (A) and QQ Plot (B) of the malesonly GWAS analysis
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Figure 6: Regional association plot for rs4882760 (Nestratified GWAS)
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Table 1: Independent SNPs with P < 1x1®from the GWAS studies

SNP Chr | Freq | Freq | BP EA |OA |P Effect | SE | Study | Imputation | Nearest Gene| Genic
EA OA r2 (GENCODE) | Location
rs4882760 |12 |0.49 |0.51 |128913894 T A 4.29E08 | -0.51 | 0.09| M+F | 0.86 TMEM132C | intron
rs18916375€ 2 0.04 | 0.96 | 143370827 C A 1.21E07 | -1.33 | 0.25| M+F | 0.69 KYNU intergenic
rs76891664 | 2 0.09 | 0.91 | 143354362 G A 19707 | -1.16 | 0.22| M 0.98 AC016706.1 | intergenic
rs1468382171 10 | 0.26 | 0.74 | 120542718 G C 3.06E07 | 0.54 | 0.11| M+F | 0.82 U3 intergenic
rs11264567 | 1 0.30 | 0.70 | 153875689 G A 3.14E07| 0.72 | 0.14| M 0.97 GATAD2B intron
rs1141090 |11 | 0.57 | 0.43 | 13033155 | C A 3.64E07 | 0.43 | 0.09| M+F | 0.98 RASSF10 3-prime-UTR
rs10265275 | 7 0.47 | 053 | 135775848 T C 6.37E07 | -0.74 | 0.15| M 0.86 AC009784.3 | intergenic
rs75171949 | 5 0.08 |0.92 | 101110228 G C 6.5£07 |-1.23 | 0.25| M 0.89 Metazoa_SRH intergenic
rs20121935% 15 | 0.04 | 0.96 | 69399212 || D 6.81E07 | -1.87 |0.38 | F 0.57 RP11
809H16.5
rs2089401 |16 | 0.90 | 0.10 | 67549653 | G C 8.17E07 | -1.04 | 0.21| M 0.96 CTD- intergenic
2012K14.1
rs2016459741 16 | 0.85 | 0.15 | 67797575 || D 8.88E07 | -0.88 | 0.18| M 0.95 RANBP10 intergenic

This table provides the details of all independent SNRaggestive significance (P < 1&°). Chr = Chromosome, BP = base pair (Hg19), P =
Regression Ralue, Effect = Regression beta (not standardized), SE = Standard E#or effect allele, OA = other allele
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To investigate if the top SNPs from the EQ atsmtribute to cognitive empathy as

measured by the Eyes Td&thapter 4), we conducted SNP lookup of all the 11 suggestive

loci in the Eyes Test GWAS. None of the 11 loci were sicguift in the Eyes Test GWAS, and
only 7 out of the 11 SNPs had concordaffect directions in the two traits (P = 0.54; two

sided binomial sign test).

The most significant SNP in each GWAS analysis explainedio®63% of the total

variance(Table 2). However, this reduced to 0.00060 . 0 16 % aft er

curse(Table 2).

Table 2: Variance explained by the top SNPs

Study | SNP Chr [EA [OA [P Beta | SE | R2 R2 (WC)

EQ_AIll | rs4882760| 12 T A 4.29E08 -0.51 | 0.09 | 0.06 0.0021

EQ_M | rs7689166| 2 G A 1.97E07 -1.16 | 0.22 | 0.12 0.0165
4

EQ_F rs2012193| 15 D 6.81E07 -1.87 | 0.38 | 0.10 0.0006
57

This table provides details of the most significant SNPs in &8AS and the variance
explainedEA = effect allele, OA = other allel®eta= regression beta (not standardized), SE
= standard error of regression,’R= variance explained by the SNP? ®/C) = variance
explained after winner's curse correcti(Geere t h od s

for

Wi

nner 0s

3.3.3Genebased association, heritability, and enrichment in functional categories

Gene based analysis identified two significant genes for th&ERIAGD(P = 9.14x10
), andFBN2 (P = 1.68x10) (Appendix: Table 4). Analysis for enrichment in Gene Ontology
(GO) terms did not identify any significant enrichméAjppendix: Table 5). The most

significant GO process was negative regulation of neurotransmitter secretion.

We used LDSRBulik-Sullivan, Loh, et al., 2015p calculate the heritability explained
by all the SNPs testdflethods) and identified a heritability of 0.310.014 for the EQ (P =
1.7x10') (Figure 2, Table 3. Partitioning heritability by functional categories didt no

identify any significant enrichment after correcting for multiple tesfifgble 4). We next

correct.i

cur s ¢

investigated if there was an enrichment in heritability for histone marks in cells in the CNS

(Finucane et al., 2015but did not find a significant enrichment (enrichment = 31645; P =

0.077).
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Table 3 Additive SNP heritability for the three GWAS

Study h? (SE) Z score P

EQ_AIl 0.1074 (0.014) | 7.67 1.70E14
EQ_M 0.1307 (0.0257)| 5.09 3.66E07
EQ F 0.1074 (0.0208)| 5.16 2.42E07

This table povides the results of tleelditiveheritability analysesh?= Additive SNP heritability,
SE = Standard error, P = Ralue.
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Table 4: Results of the partitioned heritability analyses for the EQ

Category Prop | Proph? | Prop | Enrich | Enrich | Enrich P | FDR <
SNP h2 SE SE 5%
base 0 1 1 0 1 0 NA NA
Conserved_LindbladToh_0 0.03 | 0.46 0.14 17.52 |5.40 2.07E03 No
H3K9ac_Trynka_ 0 0.13 | 0.60 0.18 4,78 1.43 9.17E03 No
Intron_UCSC.extend.500_0 0.40 | 0.58 0.07 1.46 0.19 1.08E02 No
PromoterFlanking_Hoffman.extend.500| 0.03 | 0.28 0.10 8.24 3.10 1.59E02 No
UTR_5_UCSC.extend.500_0 0.03 | 0.22 0.09 | 8.08 3.27 3.24E02 | No
FetalDHS_Trynka.extend.500 0 0.29 | 0.75 0.24 2.64 0.85 5.69E02 No
H3K27ac_PGC2.extend.500 0 0.34 | 0.63 0.17 1.88 0.50 7.89E02 No
H3K4me3_Trynka_0 0.13 | 0.40 0.16 |2.99 1.20 9.68E02 | No
DHS_peaks Trynka 0 0.11 | -0.40 0.33 -3.57 2.96 1.03E01 No
H3K4me3_peaks_Trynka_0 0.04 | 0.33 0.19 7.97 4.44 1.18E01 No
TSS_ Hoffman.extend.500_0 0.03 | 0.19 0.10 5.33 2.89 1.38E01 No
PromoterFlanking_Hoffman_0 0.01 | 0.14 0.09 1649 | 10.88 1.42E01 No
WeakEnhancer_Hoffman.extend.500_0| 0.09 | 0.27 0.13 3.00 1.44 1.57E01 No
Enhancer_Hoffman_0 0.06 | -0.19 0.18 -293 | 291 1.65E01 No
H3K9ac_peaks_Trynka_ 0 0.04 | 0.29 0.18 7.45 4.77 1.83E01 No
SuperEnhancer_Hnisz.extend.500_0 0.17 | 0.27 0.07 1.55 0.41 1.85E01 No
TFBS_ENCODE.extend.500_0 0.34 | 0.71 0.28 | 2.06 0.83 1.95E01 | No
Intron_UCSC_0 0.39 | 0.50 0.09 |1.29 0.24 2.07E01 | No
Enhancer_Hoffman.extend.500_0 0.15 | 0.35 0.16 2.26 1.03 2.18E01 No
DGF_ENCODE_0 0.14 |-0.25 [0.34 |-1.78 |2.45 2.42E01 | No
H3K9ac_Trynka.extend.500 0 0.23 | 0.42 0.17 1.83 0.72 2.48E01 No
TFBS_ENCODE_0 0.13 |-0.14 |0.27 |-1.04 |2.07 3.14E01 | No
CTCF_Hoffman.extend.500 0 0.07 | 0.24 0.16 3.31 2.31 3.16E01 No
Transcribed_Hoffman.extend.500_0 0.76 | 0.63 0.15 0.82 0.19 3.60E01 No
Enhancer_Andersson_0 0.00 | -0.05 0.07 -12.54 | 15.45 3.77E01 No
H3K4me3_Trynka.extend.500_0 0.26 | 041 0.18 | 1.60 0.72 3.96E01 | No
SuperEnhancer_Hnisz_0 0.17 | 0.23 0.08 1.36 0.45 4.47E01 No
Coding_UCSC_0 0.01 | 0.08 0.08 |5.36 5.72 4.53E01 | No
Coding_UGSC.extend.500_0 0.06 | 0.13 0.09 |2.02 1.42 47301 | No
Conserved_LindbladToh.extend.500 0| 0.33 | 0.46 0.18 1.38 0.54 4. 78E01 No
DGF_ENCODE.extend.500_0 0.54 | 0.68 0.23 |1.26 0.42 5.39E01 | No
Transcribed Hoffman_0 0.35 | 0.47 0.22 1.37 0.64 5.55E01 No
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WeakEnlancer_Hoffman_0 0.02 | -0.05 |0.13 |-2.28 |6.12 5.87E01 | No
TSS_Hoffman_0 0.02 | -0.03 |0.09 |-1.74 |5.20 5.94E01 | No
H3K27ac_Hnisz.extend.500_0 0.42 | 0.49 0.14 1.16 0.32 6.32E01 No
Promoter_UCSC 0 0.03 | 0.08 0.11 2.49 3.60 6.80E01 No
DHS_Trynka.extend.500_0 0.50 | 0.58 0.23 1.17 0.46 7.13E01 No
H3K4mel_Trynka.extend.500_0 0.61 | 0.66 0.14 |1.08 0.22 7.26E01 | No
DHS_Trynka_0 0.17 | 0.06 0.34 |0.36 2.03 7.50E01 | No
FetalDHS_Trynka_0 0.08 | 0.15 0.27 | 1.76 3.17 8.11E01 | No
H3K4mel_peaks_Trynka 0O 0.17 | 0.11 0.27 0.63 1.56 8.13E01 No
H3K27ac_PGC2_0 0.27 | 0.31 0.20 |1.17 0.73 8.20E01 | No
Enhancer_Andersson.extend.500_0 0.02 | 0.00 0.09 0.20 4,51 8.60E01 No
CTCF_Hoffman_0 0.02 | 0.00 0.15 |-0.03 |6.21 8.67E01 | No
H3K27ac_Hnisz_0 0.39 | 0.37 0.12 |0.95 0.32 8.70E01 | No
Repressed_Hbman.extend.500_0 0.72 | 0.71 0.10 0.98 0.13 8.92E01 No
Repressed_Hoffman_0 0.46 | 0.49 0.26 1.07 0.57 8.98E01 No
UTR_3_UCSC.extend.500_0 0.03 | 0.02 0.08 | 0.62 3.07 9.01E01 | No
Promoter_UCSC.extend.500_0 0.04 | 0.03 0.08 0.74 2.19 9.07E01 No
UTR_5_UCSC_0 0.01 | 0.01 0.05 |2.02 9.38 9.13601 | No
H3K4mel_Trynka_0O 0.43 | 0.40 0.26 |0.94 0.61 9.1901 | No
UTR_3_UCSC_0 0.01 | 0.01 0.07 |0.55 6.38 9.44E01 | No

This table provides the results of the partitioned heritability analyses. Additive SNP
heritability, SE = Sandard error, P = Rvalue Enrich = enrichment.

Recent studies have identified an enrichment of associations in or near genes that are
extremely intolerant to lossf-function variation in schizophren{&ingh et al., 2016)utism
(Kosmicki et al., 2017; Samocha et al., 2Q1a@)d developmental disordefdicRae et al.,

2017) conditions that are often accompanied by difficulties in social behaviour and empathy.
We investigated if there was a significant enrichment in GWAS signal for the EQ in these
genes that are extremely intoleramtdssof-function variation. We identified a nominal, near
two-fold enrichment. These genes explain 19% of the proportiofsg# but only 9% of the

total SNPs lie in these genes (enrichment = 1.831£0.42; P = 0.044). The enrichment did not

survive corregbn for multiple testing.

3.3.4Sex differences
Sex differences in empatl{fiBaronCohen, 2010nay reflect genetias well as non

genetic factors (such as prenatal steroid hormones, and postnatal ledfuggung,

Lombardo, & BarorCohen, 2013)In our datasethere was significant female advantage on
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the EQ P <2x10**Co he n 6 s (Bigure 2)0To iBvestigate the biologichlasis for the
sexdifference observed in the traits, we tested the heritability of thestsatified GWAS
analyses for EQ. Our analyses revealed no significance difference between the heritability in
the malesonly and the femalesnly datasets (P = 0.48r malefemale difference in EQ)
(Figure 2 and Table 3. Additionally, there was a high genetiorrelation between the males

only and femalesnly GWAS (g = 0.82 0.16, P = 2.34x10). This was not significantly
different from 1 (P = 0.13, orsided WaldTest),indicating a high degree of similarity in the
genetic architecture of thhenotypes males and females. We investigated the heterogeneity
in the 11 SNPs of suggesti ve si g-lastfancdidnc e
not identify sgnificant heterogeneitgTable 5).

Sex differences may also arise by differential expression of specific genes in different
neural tissues at different developmental st§gGéen et al., 2016; Shi, Zhang, Su, Thompson,
& Thiel, 2016) This could be due to multiple factors, including -specific transcription
factors and sespecific DNA methylation. We investigated this by performing emnieht
analysis of the nostratified GWAS in genes with higher expressiorither males or females
in cortical tissue samples. We did not identify a significant enrichment for either genes with
higher expressiomn males (enrichment = 1.95+0.70, P = 0.br)females (enrichment =
0.28+0.84, P = 0.39Appendix: Table 3).
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Table 5: Male-female heterogeneity in effecsizes and direction

SNP Chr Position Effect Other Femalesonly GWAS Males-only GWAS Heterogeneity
allele allele (malesfemales)
Beta SE P-value Beta | SE P-value Qvalue | P
rs10265275 |7 135775848 | T C 0.02 0.13 9.03E01 |-0.74 | 0.15 6.37E07 |2 0.15
rs11264567 |1 153875689 | G A 0.07 0.12 5.93E01 |0.72 |0.14 3.14E07 | 1.6 0.20
rs1141090 11 13033155 | C A 0.40 0.11 4.52E04 | 0.47 |0.13 2.74E04 | 0.0 0.89
rs146838217 | 10 120542718 | G C 0.38 0.14 6.36E03 | 0.71 | 0.16 8.64E06 | 0.35 0.55
rs189163756 | 2 143370827 | C A -0.95 0.34 4.57E03 |-1.74 | 0.38 3.87E06 | 0.86 0.35
rs201219357 | 15 69399212 || D -1.87 0.38 6.81E07 | -0.02 | 0.44 9.70E01 | 4.22 0.04
rs201645977 | 16 67797575 || D 0.05 0.16 7.7801 | -0.88 | 0.18 8.88E07 | 2.51 0.11
rs2089401 16 67549653 | G C 0.18 0.19 3.36E01 |-1.04 |0.21 8.17E07 | 3.74 0.05
rs4882760 12 128913894 | T A -0.43 0.12 4.41E04 | -0.59 | 0.14 2.75E05 | 0.09 0.75
rs75171949 5 101110228 | G C -0.19 0.2 3.95E01 |-1.23 | 0.25 6.50E07 | 2.35 0.12
rs76891664 2 143354362 | G A -0.24 0.20 2.34E01 |-1.16 | 0.22 1.97e07 | 2.02 0.15
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3.3.5Genetic correlations
To investigate how the EQ correlates with psychiatric conditions, psychological traits

and educational &tinment, we performed genetic correlat{dfethods) with six psychiatric
conditions (autism, ADHD, anorexia nervosa, bipolar disorder, depression (major depressive
disorder and the larger depressive symptoms dataset) and schizophrenia), six psychological
traits (NEQextraversion, NE&penness to experience, NEEOnscientiousness, neuroticism,

and subjective wellbeing), and educational attainment (a proxy measure of 1Q, measured using
years of schooling|Table 6and Figure 7).

With psychiatric conditionsthree genetic correlations were significant following
Bonferroni correction: EQutism iPSYCH (4 = -0.27+0.07, P = 2x1f), EQ-schizophrenia
(rg = 0.19+0.04; P = 1.36x10) and EQanorexia nervosa = 0.32+0.09; P = 6x1f). In
contrast, we did not ehtify a significant negative correlation with the autismPGC dataset (
=-0.08£0.06, P = 0.19), though the effect direction was concordant for both the autism datasets.
We note that there is a high genetic correlation between the two autism GWAS dajasets
0.94+0.05, P < 2.2x1%).

As anorexia nervosa is primarily diagnosed in women, and autism is primarily
diagnosed in men, we further tested-sprcific correlations. After Bonferroni correction, we
identified significant genetic correlations betwebe EQF and anorexia = 0.48+0.12; P =
8.46x10°) and the EGM and autismiPSYCH (i = -0.3+0.08, P = 3x16).

With psychological traits, we identified one significant correlation after Bonferroni
correction: the EQ with extraversion §r= 0.45+0.08 P = 5.76x16). Additionally, we
identified two nominally significant correlations: the EQ with subjective wellbeigg- (r
0.19+0.07; R 7.8x10%), and NEGconscientiousnessy(¥ 0.39+0.14; R 8.8x103). All three
correlationswere in the predicted iiction as studies have identified a positive phenotypic
correlation between all thrgghenotypesnd the EQBos et al., 2016; Melchers et al., 2016)
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Figure 7: Genetic correlations between the EQ and other conditions
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Mean and 95% confidence interval®sm for genetic correlations between empathy and other

conditions. Pvalues are provided for nominally significant correlations. *indicates that the

correlation was significant after Bonferroni correction.
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Table 6A: Genetic correlation for the nonstratified GWAS

Phenotype Iy SE P-value N PMID
Anorexia Nervosa* 0.33 0.09 6.00E04 14477 | 28494655
ADHD -0.08 0.07 2.07E01 55374 NA
Autism_PGC -0.08 0.07 1.96E01 16350 | 28540026
Autism_iPSYCH* -0.27 0.07 2.00E04 19142 NA
Bipolar disorder 0.16 0.07 2.16E02 16731 | 21926972
Depressive symptoms 0.03 0.07 7.01E01 161460 | 27089181
Extraversion* 0.46 0.08 5.76E08 63030 | 26362575
Major depressive disorder | 0.09 0.09 3.29E01 18759 | 22472876
Neo-conscientiousness 0.39 0.15 8.80E03 17375 | 21173776
Neo-openress to experiencg 0.15 0.13 2.73E01 17375 21173776
Neuroticism -0.02 0.05 7.72E01 170911 | 27089181
Schizophrenia* 0.19 0.04 1.36E05 77096 25056061
Subjective well being 0.20 0.07 7.80E03 298420 | 27089181
Years of schooling 2016 | -0.06 0.03 7.98E02 293723 | 27225129

This table provides the results of the genetic correlation with thestratified GWAS.
*represents significant correlations after Bonferroni correctiqyw igenetic correlation, N =
sample size, PMID = Pubmed ID, SE = standard error

Table @8: Sex stratified genetic correlations

Phenotype 1 Phenotype 2 rg SE P-value | PMID
EQ-F Anorexia 0.48 0.12 8.56E05 | 28494655
EQ-M Anorexia 0.16 0.12 1.70E01 | 28494655
EQF Autism_PGC -0.05 0.09 |5.75E01 | 28540026
EQM Autism_PGC -0.10 0.08 | 2.29E01 | 28540026
EQF Autism_iPSYCH| -0.20 0.09 3.20E02 | NA
EQ-M Autism_iPSYCH| -0.30 0.08 3.00E04 | NA

This table provides the results of the genetic correlation with the stratified GWépsents
significant correlations after Bonferroni correction.= gendic correlation, PMID = Pubmed
ID, SE = standard error

3.3.6Bayesian genomic colocalization
As there was a significant positive correlation between anorexia nervosa and the EQ,

and schizophrenia and the EQ, we investigated if there are genomic regianfiuknce both

phenotypes(colocalization) by estiating the layesian posterior probability. We did not
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identify any regions associated with empathy and either of the two conditions. The most
significant region identified in this analysis was in Chr12,gdosterior probability = 0.78. The

most significant SNPs in this region for both anorexia and empathy are intronic SNPs in the
geneLRRC4C which is implicated in excitatory synapse developni8etradake et al., 2011,

Y. S. Song, Lee, Prosselkov, Itohara, & Kim, 201R)rther, this gene is highly intolerant to
lossof-function mutations (probability ofossof-function Intolerance = 0.95). We did not
identify any eQTLs in this region in neural tissues. These results are preliminary, and a cautious
interpretation is warranted as the probability is influenced by the modest power of both the
GWAS (Pickrell et al., 2016)

3.4Discussim
This is the first GWAS to investigate the geneticrelatesof selfreported empathy.

We identifiedfour significant genetic correlations with the EQ and psychiatric conditions and
psychological phenotypes(autism, anorexia nervosa, schizophrenia, arxtraersion),
providing insights into the shared genetorrelates We identify one significant SNP
associated with the EQ in the nstratified GWAS though this result must be interpreted with
caution. W furtheridentified eleven SNPs of suggestiversfigance (P < 1x18). Males and
females perform differently on the tests, but there was limited evidence eépesaic genetic

architecture.

We identified a significant negative genetic correlation between the EQ and autism
using the IPSYCH datasegeveral studies have identified lower sejported empathy in
individuals with autism, and our results mirror these st@Bm®nCohen et al., 2014; Baren
Cohen & Wheelwright, 2004)Whilst the genetic correlation between the P&@ism dataset
and empathy was negative, this was not significant. The iPSYCH dataset has a few advantages
over the autism PGC datas€irst, given that all the participants are from Denmark, the
iIPSYCH dataset is drawn from a genetically more homogeneous cohort in comparison to the
autism PGC dataset. Second, the autism PGC dataset may have a loss in statistical power due
to cohort heteygeneity (study design, ancestry differences, differences in sex ratio etc) in the
metaanalysis. Third, thautism_iPSYCH dataset is larger than the autism_B&&set and
has more statistical power (mean&M® 62 = 1. 1 and 1ldat2setbrmithe t h e
autism iPSYCH autism dataset respectiveliynited inflation due to uncorrected population
stratification for both datasgtsFourth, 83% (13580 out of 16350) of the GWAS sample
consists of caspseudaontrols in the PGC autism dataset, which reduces the statistical power

further, and does not necessarily take into account subthreshold polygenic risk in parents
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(Peyot et al., 2016) Given all of this, we think that the iPSYCH dataset is a better

representation of the autism risk in the general population and is statistically better powered.

We also identified significant genetic correlations for the EQ with schizmpa and
anorexia nervosa. The empirical literature in general report deficits in cognitive er(ipaithy
et al., 2008; Horan et al., 20153)ut preserved or stronger affective empdtHgran et al.,
2015; Lehmann et al., 2014dihd emotional contagin/personal distregtehmann et al., 2014)
in individuals with schizophrenia compared to controls. Studies with anorexia nervosa, on the
other hand, hae yielded mixed results. Some studies suggest preserved erfigathigrook,
Tchanturia, Schmidt, Russell, & Treasure, 2008pme identify reduced cognitive
empathyBrewer, Cook, Cardi, Treasure, & Bird, 2015; Harrison, Sullivarhahturia, &
Treasure; Morris et al., 20148nd others identify greater emotional contagion/personal distress
(Beadle, Paradiso, Salerno, & McCormick, 201i8)individuals with anorexia neosa
compared to controls. These studies are typically conducted in small samples, which may
explain the different results in these heterogeneous conditions. Our idsuliy shared
genetics between empathy and fizkschizophrenia and anorexia nerapthe latter remained
significant even after using the femalmdy EQ datasetn Chapter 4, we report aignificant
genetic correlation between cognitive empathy (measured using the Ey¢BarestCohen,
Wheelwright, Hill, et al., 2001and anorexia nervosa, underscoring the importance of empathy
as a genetic risk factor in anorexia nervosa. However, both cognitive empathy and anorexia
nervosa are positively correlated with educational attainif@urcan et al., 201{Chapter
4), and it is possible that the correlation between cognitive empathy and anorexia nervosa may
be mediatedby educational attainment. Here, sedported empathy is not correlated with
educational attainment. Further, while cognitive empathy was not correlated with
schizophrenia, selfeported empathy was positively and significantly correlated with
schizophraia, suggesting distinct roles for the two phenotypes in pathology. Schizophrenia
and anorexia share significant positive genetic correlatipr (.23+£0.06)(Duncan et al.,
2017) and it is possible that the pleiotropy between these two conditions may, in part, be
mediated by genetic variants that contribute to empathy. This needs to be testeddébe
power of the remaining psychiatric GWAS precludes the identification of significant genetic
correlations with selfeported empathy. Together with the GWAS on cognitive empathy
(Chapter 4), this study provides evidence for the distinct roles okdéiit social processes in

various psychiatric conditions.
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Investigating genetic correlation results with psychologitednotypesand measures
of cognition further helped elucidate the genebcrelatesof selfreported empathy. The EQ
was significantly correlated with extraversion and nominally correlated with subjective
wellbeing and conscientiousness. Both extraversion and conscientiousness correlate with
empathy(Melchers et al., 2016yhich, in turn, contributes to subjective wellbe(Bps et al.,
2016) Of the five personality factors, extraversion, conscientiousness and agreeableness have
modest correlations with saléported empathyMelchers et al., 2016)We did not test for
genetic correlation with agreeableness due to the low heritability of the trait. The direction of
our genetic caoelation results mirror observed phenotypic correlations and provide additional

evidence for the positive role of sedported empathy in subjective wellbeing.

This is also the first study to provide estimates of additive heritability explained by all
the SNPs tested for seléported empathy, and approximately 11% of variance was explained
by SNPs.One study, investigating the heritability of the reduced EQ (18 items) in 250 twin
pairs, identified a heritability of 0.32atemi et al., 2015)The literature on thieritability of
empathy and prosociality is inconsistent, with heritability estimates ranging fronf(a2(
et al., 1994)to 0.69 (Knafo-Noam, Uzefovsky, Israel, Davidov, & ZalWaxler, 2015)
although a metanalysis of differenstudies identified a heritability estimate of 0.35 (95% ClI
T 0.217 0.41)(Knafo-Noam & Uzefovsky, 2013)Our analysis therefore suggests that a third
of the heritability can be attributed to common genetic variants. QK8dbuchard, 2013)he
heritability of empathy and prosociality behaviour changes with(Rgeis et al., 1994)We

did not investigate the effect of age on heritability in our study.

We did not find any significant differences in heritability between males and females.
Further, the maléemale genetic correlations for thothephenotype were high. Despite the
high genetic correlation, sespecific correlations with anorexia nervosa were significant only
for the femalesnly dataset. This suggests that the-sgecific genetic component of empathy
can contribute differerdlly to psychiatric conditions. Several other factors may explain the
observed phenotypic sex difference. For example, genetic variants for empathy may be
enriched in sexspecific gene expression pathways. We conducted preliminary analysis by
investigatimg if there is an enrichment in selifferentially expressed genes in cortical tissue
samples, but did not find significant enrichment. Howeverssgecific gene expression is a
dynamic process with both spatial and developmental differéGten et al., 2016; Shi et al.,
2016) Investigating across different tissues and developmental time points in well powered

gene expression datasets will help better understand sex differences in empathy.
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There are a fewmitations that need to be taken into consideration in interpreting our
results. Th&Q is a selreport measure, and while it has excellent psychometric pgiregand
construct validityjt is unclear how much of the intrinsic biological variationhisphenotype
is captured by it. Further, while this is the largest GWAS to date ofeggdirted empathy, it
still is only modestly powered, reflected in our inability to identify genovige significant
loci. This modest statistical power influences agugent analysis, and we highlight several

nominally significant results for further investigation in larger datasets.

In conclusion, the current study provides the first narrow sense heritability for empathy.
While there is a highly significant differenoa the EQbetween males and females, heritability
is similar, with a high genetic correlation between the sekésalso identified significant
genetic correlations between empathy and some psychiatric conditions and psychological
phenotyps, including atism. This global view of the genomic architecture of empathy will
allow us to better understand psychiatric conditions, and improve our knowledge of the
biological bass of neurodiversity in humans. Bhapter 4, we turn to a GWAS of a
performance test afognitive empathy, to see how the genetirelatef this autisrmrelated

phenotypdliffers to that underpinning seléported empathy.
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4. Genomewide association metanalysis of Cognitive Empathy

4.1 Introduction
Cognitive empathy, defined as thel@pto recognize what another person is thinking

or feeling, and to predict their behaviour based on their mental states, is vital for interpersonal
relationships, which in turn is a key contributor of wellbeing. Cognitive empathy is distinct

from affect ve empat hy, the | atter of which is de-
mental states with an appropriate emot{@aronCohen, Wheelwright, Hill, et al., 20Q1)

Difficulties in cognitive empathy have been found in different psfcisi conditions,

particularly autism(Decety & Moriguchi, 2007) The dissociation between cognitive and

affective empathy (the latter is often intact in autism, for example, whilst it is invariably
impaired in antisocial personality dislar) suggests these have independent biological

mechanisms.

Differences in cognitive empathy have been identified in individuals with psychiatric
conditions such as autisifBaronCohen et al., 2015)schizophrenigBora et al., 2008;
Michaels et al., 2014)and anorexia nervog&alderoni et al., 2013)This includes either
elevated or reduced cognitive empaithgomparison to neurotypical controls, either of which
can contribute to difficulties in social interactions and wellbgifigne & Tully, 2014)
However, although such alterations in cognitive empathy in psychiatric conditions are well
established, little is known about the genetic correlates of cognitive empathy. For example, it
is unclear to what extent differences in cognitive empathy are a geisiti¢éactor for
developing various psychiatric conditions. Furthermore, as previous studies have often used
selfreport or performance tests, results from these studies may be influenced by the
characteristics of the test and/or factors associated wigpstfehiatric conditions themselves.
There is a need to use more objective, performance tests. In sum, from previous studies, it is
difficult to tease apart the genetic and +fgemetic contributions to performance in cognitive

empathy, and how these rel&bevarious psychiatric conditions.

To address this gap, here we investigate the gemadtibis aspect of social cognition
usingawellv al i dated test, the OReading the Mind I
is a brief online test where panifpants are shown photographs of the eye regions and have to

identify the appropriate emotion or mental state they expBagssnCohen, Wheelwright, Hill,
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et al., 2001)It has been widely used to investigate differences in cognitive Bynjoed range

of neuropsychiatric conditions including autigBaronCohen et al., 2015)schizophrenia

(Lam, Raine, & Lee, 2014pipolar disordefCusi, Macqueen, & McKinnon, 201,23norexia
nervosa(Tapajoz Pereira de Sampaio, Soneira, Aulicino, & Allegri, 20E3)d major
depressive disordgBerlim, McGirr, Beaulieu, & Tureki, 2012) The NIMH Research
Domain Criteria (RDoClists the Eyes Test as one of several important tests for characterizing
variation in social processes, under the category of Perception and Understanding of Others
(http://1.usa.gov/1Qs6Myl(Lombardo et al., 2016WWe carducted a genoraeide association

metaanalysis of cognitive empathy in more than 89,000 individuals of European ancestry, and
investigated both SNBased and twhibased heritabilities. We further conducted bivariate
geneticcorrelationanalyses for psychtric conditions, psychologicghenotyps, and brain
volumes. We finally conducted gene based enrichment analysis and investigate potential

genetic sources of sex differences.

4.2 Methods

4.2.1Participants
23andMe Research participants were customefr2®ndMe, Inc., and have been

described in detail elsewhefPo et al., 2011; Tung et al., 2018ll participants completed

an online version of the O0Readi (BaonGohea, Mi nd
Wheelwright, Hill, et al., 20019nline on the 23andMe research participant website (36 items).

In total, 88,056 participants (444 7females and 43,482 males) of European ancestry
completed the Eyes Test and were genotyped. All participants provided informed consent and
answered questions online according to 23an
reviewed and approved by Ethiclindependent Review Services, an AAHRBRE&redited

private institutional review boardhitp://www.eandireview.cojn Only participants who were

primarily of European ancestry (97% European Ancestry) were sefectiéa: analysis using
existing methodéEriksson et al., 2012V nrelated individuals were selected using a segmental

identity-by-descent algorithniHenn et al., 2012)

Brisbane Longitudinal Twin Study (BLT$) additon, 1,497 participants (891 females
and 606 males) of Caucasian ancestry with genotype data from the BLTS completed the short
version (14 questions) of the Eyes Test online as part of a study on genetic and environmental
foundations of political and econaerbehaviorgHatemi et al., 2015)Participant ages ranged
from 18 to 73 fean= 37,s.d.= 14). All participants provided online consent and the study

was approved by the QIMR Berghofer Human Research Ethics Committee. Twin heritability
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was estimated from 749 twindividuals (including 122 complete monozygotic pairs and 176
complete dizygotic pairs).
4.22 Measures

The OReading the Mind in the Eyesd Test
cognitive empathy. Participants are shown scaled, black and whitegpdyoits of eye regions
of actors and they have to choose the cognitive state portrayed from the four options provided.
The Eyes Test has good testest reliability(BaronCohen et al., 2015; Ferndndabascal,
Cabello, FernandeBerrocal, & BarorCohen, 2013; Vellante et al., 2012nd scores are
unimodally and neanormally distributed in thgeneral population. In the BLTS dataset, there
was a modest tesetest correlation of 0.47 in 259 participants who retook the test after a gap
of nearly two years. For each correct answer on the Eyes Test, participants score 1 point, so the
scores rangeffom 01 36 on the full version of the Eyes Test anid D4 on the short version

of the Eyes Test

4.2.3Genotyping, imputation and quality control
23andMe cohortComplete details of genotyping of the 23andMe cohort is provided in

Section 3.2.3.

BLTS cdort: The BLTS participants were genoggbon lllumina Human6tQuad v1
or HumanCoreExomé&2 v1chips. These samples were genotyped in the context of a larger
genomewide association project. Genotype data was screened for genotyping quality (GenCall
< 0.7from the Human61@uadv.1 chip), individual and SNP call rates (< 0.95 and < 0.99 for
exome markrs on the HumanCoreExor v1.0chip), HardyWeinberg Equilibrium (P <
10°), and MAF (< 0.01). The data were checked for-Eomopean ancestry, pedigreexsand
Mendelian errors. Data from the two different chips were separately phased using SHAPEIT2
and imputed to the 1000 Genomes reference panel (Phase 1 v3) using Minikfées
imputation SNPs with a MAF < 0.05% were excluded, leaving 11,133,794 f6N&salyses.
We further excluded SNPs with imputatidnr 0.6 for metaanalysis.

4.2.4Associationanalyses
Linear regression for the 23andMe cohort was performed for the Eyes Test scores using

age, sex, and the first four ancestry principal compisnas covariates. For the sgtxatified
analyses, sex was excluded as a covariate. The same regression model was used for the BLTS

after accounting for relatedness using RAREMETALWORKER. Inverse variance weighted
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metaanalysis was performed using Mef®iller, Li, & Abecasis, 201Q)Post metanalysis,

we excluded SNPs that were only genotyped in the BLTS cohort due to the small sample size,
but included SNPs that werenly genotyped in the 23andMe cohort. LD pruning was
performed using PlinkPurcell et al., 2007yith an ¢ of 0.1. We calculated the variance

explained by each individual SNPibar et al., 2015)sing the following drmula:

p Y ¢ Qp p M

*_is the proportion of variance explainkeglthe SNP after accounting for the effects

of the covariates, t is thestatistic of the regression-@ficient, k is the nurper of covariates,
and n is the sample size. We corrected for
(Bigdeli et al., 2016)

4.2 .5Heritability and genetic coelation
We used the intercept from Linkage Disequilibrium Score regression (LDSR) to

calculate genomic inflation in the metaalysis due to population stratificatig¢Bulik-
Sullivan, Loh, et al., 2015)https://github.conjulik/ldsc). SNP heritability and genetic
correlation were calculated using LDSR. Difference in heritability between males and females

was tested using:

0 "0

YO YO

Where Zis the Z score for the difference in heritability for a phenatyipénaes -
h%emaled is the difference SNP heritability estimate in males and femandsSE is the standard
errors for the heritabilities. We calculated ttanled Rvalues in R. We performed genetic
correlation using summary GWAS data using LDSR. For all genetic correlation analyses, we
used LD data from the North West European popula®mplemented in LDSR. Intercepts
were not constrained in the analyses. We @Weaferroni correctiorto correct for multiple
testing in the genetic correlation. We note that Bonferroni correction is likely to be conservative
due to the reasonably highegree of phenotypic and genetic correlations between the

phenotyps tested.
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For genetic correlations, we used summary GWAS datadbizophrenia, bipolar
disorder (CrossDisorder Group of the Psychiatric Genomics Consortium, 2048)ism
(CrossDisorder Group of the Psychiatric Genomics Consortium, 2GiR®)rexiagDuncan et
al., 2017) anxiety (Otowa et al.,, 2016)and depressior{CrossDisorder Group of the
Psychiatric Genomics Consortium, 2013hat were downloaded from thBsychiatric

Genomics Consortium websitattp://www.med.unc.edu/pgc/downlogdSummary GWAS

data for educational attainmemteasured through number cbllege yeargRietveld et al.,
2013) educational attainmenOkbay, Beauchamp, et al., 201&nd cognitive aptitude

(Rietveld et al., 2014)were downloaded from the Social Science Genetic Association

Consortium websitehftp://ssgac.org/Data.phpCognitive apitude is measured independent
of knowledge of facts and words. Though the mesttaile words provided in the Eyes Test are
fairly common, we cannot completely discount the fact that womvledge may facilitate
better performance on the test. Summary G3\thata for personality trai{sle Moor et al.,
2012, 2015; van den Berg et al., 20W&re downloaded from the Genetics of Personality
Consortium websitehttp://www.tweelingenregister.org/GPCData for subortical brain

volumes (Hibar et al., 2015)were downloaded from the ENIGMA consortium website

(http://enigma.ini.usc.edu/downlo@amigmagwasresults). We did not include data for

amygdala volume in thenalysis due to nesignificant heritability estimates using LDSC. In
addition, we used data for empathy measured using the Empathy Quotient, and data for
Systemizing measured using the Systemizing Quotient from 23andMe, Inc. Data for the
Borderline Personidy Features GWAS were obtained from the authors of the fapbke et

al., 2014)

4.2.6Twin Heritability
Twin heritability was estimated from 749 twin individuals (including 122 complete

monozygotic pairs and 176 complete dizygotic pairs) in the BLTS using full information
maximum likelitood in OpenMx(Boker et al., 2011)n R, which makes use of all available
data. All twins completeche short version of the Eyes Test, and for those who completed the
test twice only their first attempt was included in analyses. ADE, ACE, AE, CE, and E models
were fit to the data and fit indices compared to determine thditieg model. Standardised
variance components are reported from the -fitisty model, the AE model and, for

completeness, from the ADE and ACE models.
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4.2.7Genebased analyses and sex difference analyses
We used MetaXcailiBarbeiraet al., 2016)using tissue weights from the GTEx to

perform genébased analysis (https://github.com/hakyimlab/MetaXcan). MetaXcan uses
summary statistics to perform gene based association analyses. It incorporates eQTL data from
the GTEXx consortium to ief gene level expression based on the summary GWAS statistics
provided. This can be used to identify tisspecific gene expression for tpéenotypeof

interest. Here, we performed gene based analysis for thetratified GWAS metanalysis

for nine narral tissues: anterior cingulate cortex (BA24), caudate basal ganglia, cerebellar
hemisphere, cerebellum, cortex, frontal cortex (BA9), hippocampus, hypothalamus, nucleus
accumbens basal ganglia, and putamen basal ganglia, usingexgeassion regression
coefficients for these tissues from the GTEX project. This is based on tissues fiot®3 3
individuals. We chose neural tissues as cognitive empathy can be assumed to be a neural
phenotype. As MetaXcan predicts expression level from SNP informationiltered out

genes whose correlation with predicted models of expression was < 0.01, as incorporated in
MetaXcan. This helps guard against false positives, by removing genes whose expressions are
poorly predicted by the model. We used an FDR based conméotmrrect for all the tests run
across all the tissues.

For sexdifference analysis, we ran MetaXcan on the-seatified analyses only for the
cortical tissues. We focussed on the cortical tissue as it was relevant fpheahetype
investigated aneve had access to the list of saikferentially expressed genes only from the
cortex(Werling, Parikshak, & Geschwind, 2018 check for overlap, we ran hypergeometric

tests.

Overlap between sexeBirst, to identify overlap between the sexes for phenotype we
identified nomindly significant genes (P < 0.05) in the two sexes separately and checked for
overlap among these lists after pruning the backgroundlggsad¢o a common set of genes for
both the sexes. We used a program available online to calculate both the overlag Bnd

value of the overlap available hergtp://nemates.org/MA/progs/overlap _stats.hiitie test

performed is a normal approximation of an exact hypergeometric test.
Hypergeometric tests@usually performed using 4 different lists. Let

a = list of genes in set a;

b = list of genes in set b;

x = list of overlapping genes in sets a and b, i.e. a intersection b, and
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n = total list of background genes (note, this is different and usually ldy@e a union b).
Sets a, b, and x must be subsets of set n.

To identify overlap between sexes, a was the number of nominally significant genes in males
only Eyes Test GWAMA identified using MetaXcan, b was the number of nominally
significant genes inhe femalesonly Eyes Test GWAMA identified using MetaXcan, x was

the overlapping genes between the two sets, and n was the set of common genes in the gene
based analyses of the matmdy GWAMA and the gene basedhalysis of the femalesnly
GWAMA.

Sexdifferentially expressed enrichment analys¥g¢e performed hypergeometric tests to
investigate if nominally significant genes for the Eyes Test in thestsatified GWAS are
enriched for sexlifferentially expressed genes. We wanted to check if genes éhad@inally
significant for the sesstratified GWAMA of the Eyes Test are significantly enriched for genes

that have sexlifferential expression in the cortex.

To conduct this analysis, we first used MetaXcan to conductlgagsed association for the
two sexstratified GWAS using tissue weights from the cortex tissue in the GTEX project. This
generated a list of 5951 genes witlvdtues for the malesnly GWAS and 6071 genes with
P-values for the females only GWAS. We also used a list otifféerentially expressed genes
identified in the Cortex from Werling et al., 20M/e included only autosomal genes with a
fold-difference >1, regardless of thevBRlue.We identified a list of common genes that were
identified by both MetaXcan and were investigatetMerling et al., 2016and this common

set of genes were used as the background gene ksbm. this list of n, we defined sets a, b,

and x.
For set a, we used genes with P < 0.05 in the-gased association using MetaXcan.

For set b, using a list oéz-differentially expressed genes identified in the Cortex from Werling

et al., 2016, we identified all genes with a fdifference of greater than 1.
X was the intersection between sets a and b.

We performed four different enrichment analy/géEyes Tetsmale: maleexpressed; Eyes Test
female: maleexpressed, Eyes Tefgmale: femaleexpressed; and Eyes Tdsemale: male

expressed), and used av&Blue threshold of 0.025 to identify any significant enrichment.
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4.2 .8Data Availability
Summary level datanay be requested from 23andMe, Inc. and received subject to

23andMe's standard data transfer agreement.

4.3 Results

4.3.1Study overview
In collaboration with 23andMe, Inc. and the Brisbane Longitudinal Twin Study (BLTS)

cohort, we conducted three segtar genomavide association study megmalyses
(GWAMAS) of the Eyes Test: a malesily GWAS (n = 43,482), a femalesly GWAS (n =
44,574, and a nosstratified GWAS (n = 88,056). The study protocol is provideBigure 1.

All participants from the 23amdle cohort completed the full version of the Eyes Test online,
comprising 36 questions (mean score = 274d. =3.67), while participants from the BLTS
cohort completed the short version of the Eyes Test (14 questnearr 8.85 s.d. =2.34).

Scores a the Eyes Test were significantly associated with age and sex in the 23andMe cohort
(age:-0.026+0.0007; P < 2.2x16, sex (females): 0.77+0.02; P < 2.2¢80
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Figure 1. Schematic diagram of the study protocol

PLAYFUL COMFORTING

IRRITATED T BoReD
Full version of the Eyes Test Short version of the Eyes Test

l

1,497 Caucasian participants
(44,574 femalesand 43,482 males) (891 females and 606 males)

l

+ GWAS meta-analysis (males,
females and non-stratified)

88,056 Caucasian participants

SNP Heritability *  Twin heritability {749
Genetic correlation twin individuals)
Sexdifference

Functional enrichment

(non-stratified)

* Gene-based analysis (non-

stratified)

88,056 Caucasian participants from 23amg, Inc. completed the full version of the Eyes Test and were
genotyped. An additional 1,497 Caucasian participants from the Brisbane Longitudinal Twin Study
completed the short version (14 questions) of the Eyes Test and genotyped.-Gel@association
metaanalysis was performed on the combined cohort of 89553 participants. Three separate meta
analyses were performed: malesly, femalesonly, and norstratified. Subsequently, functional
enrichment and gereased analysis was performed for the 1stratified metaanalysis GWAS using

the 23andMe dataset. SNP heritability and genetic correlation using LDSC was performed for the
23andMe GWAS dataset. Sex differences were also investigated using the same dataset. In parallel,
twin heritability was calculate from 749 twin individuals from the Brisbane Longitudinal Twin Study

who had completed the short version of the Eyes Test.
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4.3.2 Phenotypic properties of the short version of the Eyes Test
All participants from the BLTS completed one of two versiohthe shortversion of

the Eyes Test580 participants completed V1 (July 2008 to December 2009) of the short
version of the Eyes Test, and 1141 participants completed V2 (July 2010 to November 2011)
of the short version of the Eyes Test, totalling 1718@i@pants. Of these, 127 participants
were not included in final analysis as they were not genotyped, 47 were not included as they
were of norCaucasian ancestry, and 45 were not included aswbey missing data on the

age covariate. 259 participantswoleted both V1 and V2 of the short version of the test. For

these participants, we used scores from V1 of the test for the analysis to avoid a learning bias.

14 questions were common to both the versions, and so, the final short version of the

Eyes Teshad only these 14 questiofilable 1). In V1 of the test, participants had to choose

the right answer from four different options describing varimental states. In V2, an
additional 6dondédt knowd option waadtperfoorvi ded
options describing various mental states were the same across all three tests (complete Eyes
Test, short Eyes Test V1, short Eyes Test V2). Scores on thevehsidn of the Eyes Test

were unimodally and nearormally distributed. We visuallynspected both the frequency
histogram and the quantitantile plot (Figure 2) to determine the normalcy of the
distribution. In addition, the measure of skewnefs44) and excess kurtosis (0.068) were

within the acceptable range of = 1 of a normatribution.

Figure 2: Frequency histogram (left) and Quantilequantile plot of the scores on the
short version (V2) of the Eyes Test.
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Table 1: Questions used in the three different versions of the Eyes Test

Sex of %
Question the Full Short | Short | correct?
Number | Option 1 Option 2 Option 3 Option 4 actor version | V1 v2#
example | jealous panicked arrogant hateful M example| X
1| playful comforting | irritated bored M X
2 | terrified upset arrogant annoyed M X X | X 71
3 | joking flustered desire convincel F X
4 | joking insisting amused relaxed M X X | X 69
S | irritated sarcastic worried friendly M X
6 | aghast fantasizing | impatient alarmed F X X
7 | apologetic friendly uneasy dispirited M X
8 | despondent | relieved shy excited M X
9 | anng/ed hostile horrified preoccupied | F X
10 | cautious insisting bored aghast M X
11 | terrified amused regretful flirtatious M X
12 | indifferent embarrassed sceptical dispirited M X
13 | decisive anticipating | threatening | shy M X
14 | irritated disappointed| depressed | accusing M X X | X 35
15 | contemplative | flustered encouraging| amused F X
16 | irritated thoughtful | encouraging| sympathetic | M X X | X 83
17 | doubtful affectionate | playful aghast F X
18 | decisive amused aghast bored F X X | X 61
19 | arrogant grateful sarcastic tentative F X
20 | dominant friendly guilty horrified M X
21 | embarrassed | fantasizing | confused panicked F X X | X /8
22 | preoccupied | grateful insisting imploring F X
23| contented apologetic | defiant curious M X X | X 39
24 | pensive irritated excited hostile M X
25 | panicked incredulous | despondent | interested F X
26 | alarmed shy hostile anxious M X X | X 58
27 | joking cautious arrogant reassuring F X X
28* | interested joking affectionate | contented F X X | X S7
29 | impatient aghast irritated reflective F X X | X 68
30 | grateful flirtatious hostile disappointed | F X
31 | ashamed confident joking dispirited F X
32 | serious ashamed bewildered | alarmed M X X | X 72
33 | embarrassed | guilty fantasizing | concerned M X
34 | aghast baffled distrustful | terrified F X X | X 61
35| puzzled nervous insisting contemplative| F X X | X 60
36 | ashamed nervous suspicious | indecisive M X X | X 75
1 Number of participants who chose the correct option in the BLTS Cohort. Data

unavalable for the 23andMe cohort.
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We next calculated ifie valence of the items was significantly different between the
two versions of the test (full version and short version). We divided all the items into three
different valences : Positive, negative, and nelilarkness, Sabbagh, Jacobson, Chowdrey,

& Chen, 2005) In the full version of the test, there were 8 positive items, 12 negative items,
and 16 neutral items. In the short version of the test, there were 3 positive items, 7 negative
items, adl 4 neutral items, indicating an excess of negative items and a deficit of neutral items.
A chi-square test did not indicate that there was a significant difference in the valence of the
two versions of the test. However, we cannot completely rule ouhthdifference in valences
between the twahenotyps can affect the genetic architecture between the two different
GWAS datasets.

We next investigated the correlation between the short Eyes Test and the full Eyes Test
(adult version). To do this, we usdata from control participants from the Cambridge Autism
Research Database (CARD). We identified individuals who had completed the full version of
the Eyes Test, did not indicate that they had a psychiatric diagnosis, did not have anyone in the
immediatefamily (parents, siblings, and children) with an autism diagnosis, and were above
fifteen years of age. We excluded participants who had more than 3 missing answers (i.e. >
10% missing). In total, we had 855 participants who met our criteria (276 males7an
females). Participant ages ranged froni Bd years. For each participant, using data from the
same test, calculated two sets of scores: a score using all 36 questions (full Eyes) and a score
for 14 questions found in the short Eyes Test (shorsEyEhere was a highly significant
correlation between the twscores (r= 0.77; P < 2.2x1®0). Ideally, participants should
complete two different versions of the Eyes Test, and the correlation must be calculated
between the two different versions. Howewve did not have access to these data. There was
a unimodal and nearormal distribution for both the datasets as measured using visual

inspection of frequency histograms and quasguentile plots.

4.3.3 Genomavide association metanalyses
GWAMA of the nonstratified and the malesnly datasets did not identify any

significant loci. In the femaleonly analysis, we identified one locus at 3p26.2 that was
significant at a threshold of P < 5x40 This locus contains 21 significant SNPs in high LD

with the leading SNP rs764134Figure 3), with concordant effect direction for 19 SNPs in

the 23andMe and BLTS datasets. The leading SNP rs7641247=R.58 x 1) explained

0.067% of the total variance, or 0.013% of the total variance after correctng wi nner 6 s
(Bigdeli et al., 2016)Of the two SNPs with discordant effects in the two datasets, rs114076548
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was the mossignificant SNP in the 23andMe dsét and had P = 6.49x10We did not
identify any inflation in the Ralues of the GWAMA due to population stratification using
LDSR (intercept = 1.01 + 0.007T.he intercept for the nestratiied GWAMA was 1.01
(0.006), for the malesnly GWAMA was 1.08 (0.006), and for the femalesily GWAMA
was 1.005 (0.006).

Figure 3: Manhattan plot and regional association plot for the Eyes Test (females) meta
analysis GWAS
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A. Manhattan plot of the Eyes Test matalysis (female). X axis is the chromosomal pmsiof the
SNP, and Y axis is the negative logarithm of the@Re. The red line indicates gencmitle significant
threshold of 5x18. Lead SNP for all loci with P < 1x10is provided. n = 44,574, angy.= 1.05.

LDSR intercept =1.05. Regional association plot of the significant locus for the Eyes Test (females)
metaanalysis.

The leading SNP (rs7641347) is located in an intro8WMF1and was nominally
significant in the norstratified analysi§Pmeta= 1.1x10°), but nonsignificant in the males
only analysis (Reta= 0.49. In addition, SNPs in high LD{> 0.8) were also not nominally
significant in the malesnly analysis. Together, all 21 SNPs span a region of approximately
77kb of 3p262 (Table 2). At this locus, in addition t&UMF1,2 other genes are present:
Leucine Rich Neuronal 1LRRN1)and SET Domainrad Mariner Transposase Fusion Gene
(SETMAR)LRRNL1is highly expressed in brain tissug®nsdale et al., 2013yith median
expression the highest in the putamen, nucleus accumbens and the caudate nucleus, all three of
which are part of the striatum. Deletion of 3p26.1 and 3p26.2a&ase developmental delay,

hypotonia and epileptic seizures and has been implicated in g@tista et al., 2014)
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Table 2: All SNPs with P < 10° from the femalesonly meta-analysis

freq Meta-analysis Discovery Replication
SNP EA | OA | EA | Chr BP Effect | SE | P (E-08) Effect | SE | P Effect | SE | P
rs1488445 a |g 0.97 3| 3920844/ 0.41]| 0.08 4.01E08| 0.41|0.08] 5.73E08| 0.34| 0.40 0.39
rs1843296 c g 0.97 3| 3924207 0.41] 0.08 3.44E08| 0.41|0.08| 5.46E08| 0.40|0.43 0.34
rs1485203 c g 0.03 3| 3924580/ -0.41]| 0.08 3.41E08| -0.42]| 0.08| 5.40E08| -0.40| 0.42 0.34
rs4685699 a |g 0.03 3| 3925167 -0.41]| 0.08 3.34E08| -0.42| 0.08| 5.25E08| -0.40| 0.42 0.34
rs1488448 a |g 0.03 3| 3926918| -0.41]| 0.07 3.16E08| -0.41] 0.08] b5.29E08| -0.42| 0.42 0.31
rs11642615* |t c 0.02 3| 3928282| 0.48]| 0.09 3.42E08| 0.50| 0.09| 1.40E08| -0.12]| 0.46 0.78
rs4685704 a |g 0.03 3| 3930561 -0.41]| 0.07 3.10E08| -0.41| 0.08| 5.13E08| -0.41| 0.41 0.32
rs2218422 a |c 0.97 3| 3931044 0.41] 0.07 1.65E08| 0.41]|0.07| 2.56E08| 0.38]| 0.42 0.35
rs184419 a |g 0.97 3| 3933270/ 0.43]| 0.08 3.22E08| 0.43| 0.08| 4.99E08| 0.38]| 0.41 0.35
rs981190 a |t 0.97 3| 3934506/ 0.43]| 0.08 1.91E08| 0.43]|0.08] 2.55E08| 0.33]|0.42 0.43
rs73114886 |t c 0.97 3| 3935964| -0.42]| 0.08 4.03E08| -0.43| 0.08| 3.66E08| -0.17| 0.42 0.68
rs7641347 t c 0.03 3| 3936632 0.42]| 0.07 1.58E08| 0.42]| 0.08] 2.55E08| 0.39]|0.41 0.33
rs9799040 c g 0.03 3| 3938639 -0.42]| 0.08 3.89E08| -0.43]| 0.08] 3.55E08| -0.17| 0.42 0.68
rs73114890 |t c 0.97 3| 3941990/ -0.42]| 0.08 4.03E08| -0.43| 0.08| 3.61E08| -0.17| 0.42 0.69
rs17038229 |t g 0.97 3| 3943462| -0.42]| 0.08 4.45E08| -0.43| 0.08| 3.98E08| -0.16| 0.42 0.69
rs901041 c g 0.97 3| 3950030[ 0.42]| 0.07 2.29E08| 0.43]|0.08] 2.11E08| 0.18]| 0.42 0.67
rs146190050 | c g 0.03 3| 3952266/ -0.42| 0.08 3.09508| -0.42]| 0.08| 2.84E08| -0.18| 0.42 0.67
rs181756740 |a | g 0.97 3| 3955867 0.43| 0.08 3.31E08| 0.44]| 0.08] 2.80E08| 0.15]| 0.42 0.72
rs61253298 | c g 0.03 3| 3956801 -0.43]| 0.08 3.07E08| -0.44| 0.08| 2.59E08| -0.15| 0.42 0.72
rs17038393 |t c 0.03 3| 3961721] 0.42] 0.08 3.40E08| 0.43] 0.08] 2.69E08| 0.12]|0.42 0.77
rs114076548 | c g 0.99 3| 4017677 0.58]| 0.10 2.45E08| 0.62| 0.11| 6.4909| -0.14| 0.45 0.75

EA:
Effect allele, OA: Other allelezhr = chromosome, BP = positiofrepresents SNPs with discordant effect direction between the discovery and
the replication cohorts.
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The most significant SNP in the malesly GWAS metaanalysis (rs4300633 in
16p12.3, P = 9.11x18) explained 0.062% of the variance, and the most signif8iift in the
non-stratified GWAS metanalysis (rs149662397 in 17921.B2= 1.58x10) explained only
0.029% of the variance. All LD pruned SNPs in the three GWAMA analyses with P £ 1x10
are provided inrable 3. The QQ-plots for all the GWAS are provided Figure 4. Manhattan
plots for the norstratified and the malesnly GWAS are provided ifigure 5. QQ-plots for
the most significant SNPs in the nstratified and the malesnly GWAS provided irFigure
6.

We also investigated the similarity betweer ttwo GWAS datasets (BLTS and
23andMe), by investigating the direction of effects for all independent nominally significant
(P < 0.05) SNPs. We calculated the proportion of SNPs with concordant effect direction in the
two datasets in the stratified and thenstratified GWAS datasets, and quantified the
significance using-kided binomial sign test. For the nsmatified analyses, 65% of the SNPs
had a concordant effect direction, 66% for the maldg analyses, and 70% for the females
only analyses. Alsign tests were significar® (< 2.2x10' for all three binomial sign tests)

Genebased analyses MetaXcéBarbeira et al., 2018pr ten neural tissues (Methods)
(Appendix: Table 6 )and partitioned hénbility analyses for the nestratified GWAS did
not identify any significant resul{@able 4).
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Table 3: Independent SNPs with P <X10° from the GWAS studies

Non-stratified Females_only Male-only

SNP Chr BP EA | OA | Effect | SE | P Effect | SE | P Effect | SE | P
rs10486743 7| 42979942 a | g 0.14|/0.04| 2.23E03| -0.04|0.06] 4.84E01| 0.32]|0.07| 6.5Z&-07
rs111841153 6| 151417895/a | g -0.26/ 0.08| 1.32E03| 0.06|0.11| 5.81E01| -0.57|0.12| 7.58E07
rs149662397 17| 45058068 t g 0.18/ 0.04| 1.58E07| 0.22|0.05| 4.11E06| 0.15]|0.05| 4.38E03
rs2213309 6 33077478 t c 0.05/0.02| 3.61E03| 0.12| 0.02| 8.44E07| -0.02] 0.03| 5.50E01
rs34127688 10| 28812111t c 0.17{0.05| 1.37E03| 0.36]|0.07| 9.24E07| -0.02] 0.08| 7.55E01
rs40836 16| 28510537/a |g 0.07/0.02| 550E05| 0.12|0.02] 4.10E07| 0.02]| 0.03] 4.80E01
rs4300633 16| 17914135t c -0.09| 0.02]| 4.63E07| -0.04|0.02| 8.17E02| -0.14]|0.03| 9.11E-08
rs6866984 51161297795 a |g -0.12] 0.02] 3.15E07| -0.10|0.03| 1.84E03| -0.13| 0.03| 6.06E05
rs7641347 3 3936632 t c 0.24{ 0.05| 1.10E05| 0.42]|0.07| 1.58E08| 0.05]|0.08| 4.95E01
rs9302534 16| 18048710t Cc 0.09/0.02| 1.96E07| 0.05]|0.02] 3.02E02| 0.13]0.03| 2.62E07

EA: Effect allele, OA: Other allele, Chr = Chromosome, BP = position
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Figure 4: QQ-plots for all the GWAMAS

All Females Males

Expacs - iogds) Expacted -i0gdp) Expectnd - i)

Quantilequantile pots for the norstratiied GWAMA (A), the femalesly GWAMA(B), ard
the malesonly GWAMA(C). n = 89553,ayc = 1.089,LDS intercept = 1.05nd for the non
stratified GWAMAN = 44,574 ay.= 1.05, LDS intercept 4.005 for the females only GWAMA
n = 44088 ay.= 1.06, LDS intercept 1.006 for the malesnly GWAMA

Figure 5: Manhattan plot of Eyes Testmeta-analysis
A B

Crromosome

Manhattanplots for the norstratiied GWAMA(A), and the malesnly GWAMA(B). n =

89553 anday. = 1.089 and for the nostratified GWAS. n 44088and ayc= 1.06 for the
malesonly GWAS.
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Figure 6: Locus zoom plots for the most significant lodn the nonstratified and the
malesonly loci
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Table 4: Partitioned heritability results for the Eyes Test GWAS

Category Prop | Prop | Prop | Enrich | Enric | EnrichP | FDR P

SNP | h? h? h SE

SE

H3K9ac_Trynka.extend.500 | 0.23 | 0.65 0.17 | 2.83 0.76 1.39E02 | 2.95E01
DGF_ENCODE.extend.500_( 0.54 | 0.96 |0.19 | 1.77 0.35 | 2.68E02 | 2.95E01
Conserved_LindbladToh.exte 0.33 | 0.67 0.15 | 2.01 0.46 2.69E02 | 2.95E01
d.500_0
TSS_Hoffman_0 0.02 | 0.21 0.09 | 11.43 5.01 2.97E02 | 2.95E01
DHS_Trynka.extend.500_0 | 0.50 | 1.00 0.24 | 2.00 0.48 3.72E02 | 2.95E01
H3K4mel_Trynka.extend.50( 0.61 | 0.88 0.13 | 1.45 0.21 4.08E02 | 2.95E01
0
H3K4mel_peaks_Trynka_0 | 0.17 | 0.74 0.30 | 4.30 1.78 5.55E02 | 2.95E01
FetalDHS_Trynka.extend.50¢ 0.29 | 0.72 0.23 | 2.53 0.82 5.76E02 | 2.95E01
0
Enhancer_Hoffman.extend.5( 0.15 | 0.42 0.14 | 2.73 0.94 6.36E02 | 2.95E01
00
UTR_3_UCSC.extend.500_0| 0.03 | 0.15 | 0.07 |5.45 257 | 7.16E02 | 2.95E01
Conserved_LindbladToh 0 | 0.03 | 0.26 0.13 | 10.01 5.14 7.17602 | 2.95£01
H3K9ac_peaks_Trynka 0 | 0.04 |0.34 |[0.17 |8.78 4.43 | 7.20E02 | 2.95E01
Repressed_Hoffman.extend.§ 0.72 | 0.57 0.08 | 0.79 0.12 7.77E02 | 2.95E01
00
H3K4me3_Trynka.extend.50( 0.26 | 0.50 0.15 | 1.96 0.57 8.24E02 | 2.95E01
0
H3K9ac_Trynka_0 0.13 | 041 0.17 | 3.27 1.36 8.79E02 | 2.95E01
Transcribed_Hoffman.extend| 0.76 | 0.51 0.15 | 0.67 0.19 8.90E02 | 2.95E01
500_0
H3K4mel_Trynka_0 043 [ 071 [0.22 | 1.67 0.52 |[1.91E01 |5.96E01
WeakEnhancemHoffman.exte | 0.09 | 0.24 0.13 | 2.74 1.48 2.44E01 | 7.18E01
nd.500_0
CTCF_Hoffman.extend.500 _( 0.07 | -0.06 | 0.13 | -0.81 1.84 3.11E01 | 8.67E01
H3K4me3_Trynka_0 0.13 | 0.28 0.18 | 2.09 1.32 4.06E01 | 9.10EO01
UTR_5_UCSC_0 0.01 | -0.03 |0.04 |-5.45 7.79 4.07E01 | 9.10E01
FetalDHS_Trynka_ 0O 0.08 | 0.30 0.26 | 3.50 3.06 4.14E01 | 9.10EO01
UTR_3 UCSC_0 0.01 | 0.06 |0.06 |5.28 547 | 4.37E01 | 9.10E01
CTCF_Hoffman_0 0.02 | 0.13 |0.14 |5.38 5.78 | 4.50E01 | 9.10E01
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H3K27ac_Hnisz.extend.500_| 0.42 | 0.34 0.12 | 0.80 0.28 4.59E01 | 9.10EO01
H3K27ac_Hnisz_0 0.39 | 0.30 0.12 | 0.78 0.32 4.69E01 | 9.10E01
Intron_UCSC_0 0.39 | 0.44 |0.07 |1.13 0.19 |4.78E01 | 9.10E01
H3K27ac_PGC2.extend.500 | 0.34 | 0.44 | 0.14 | 1.30 0.42 | 4.81E01 | 9.10E01
DHS_peaks Trynka 0O 0.11 | 0.31 0.31 | 2.73 2.75 5.27E01 | 9.14E01
Promoter_WCSC.extend.500_( 0.04 | 0.08 0.07 | 2.06 1.77 5.52E01 | 9.14E01
TFBS_ENCODE_O 0.13 | 0.25 0.22 | 1.92 1.64 5.73E01 | 9.14E01
Transcribed_Hoffman_0 0.35 | 0.23 0.21 | 0.66 0.61 5.75E01 | 9.14E01
Coding_UCSC.extend.500_0| 0.06 | 0.02 | 0.09 | 0.29 1.37 | 6.06E01 | 9.14E01
H3K27ac_PGC2_0 0.27 | 0.37 0.20 | 1.37 0.72 6.07E01 | 9.14E01
TSS_Hoffman.extend.500_0 | 0.03 | 0.08 0.09 | 2.28 2.57 6.19E01 | 9.14E01
WeakEnhancer_Hoffman_0 | 0.02 | -0.03 | 0.12 | -1.64 5.80 6.47E01 | 9.14E01
Enhancer_Andersson.extend| 0.02 | -0.01 | 0.08 | -0.71 3.93 6.64E01 | 9.14E01
00_0

SuperEnhancer_Hnisz_0 0.17 | 0.19 0.06 | 1.16 0.36 6.67E01 | 9.14E01
UTR_5_UCSC.extend.500_0| 0.03 | 0.00 | 0.06 | 0.10 211 |6.73E01 | 9.14E01
Promoter_UCSC_0 0.03 | 0.06 0.10 | 2.02 3.27 7.55E01 | 9.72E01
DGF_ENCODE_0 0.14 | 0.04 0.31 | 0.33 2.27 7.66E01 | 9.72E01
PromoterFlanking_Hoffman.g¢ 0.03 | 0.01 0.10 | 0.15 2.92 7.70e01 | 9.72E01
xtend.500_0

TFBS_ENCODE.extend.500 | 0.34 | 0.29 0.19 | 0.86 0.54 7.91E01 | 9.75E01
0

DHS_Trynka_ 0 0.17 | 0.23 0.35 | 1.38 2.07 8.53E01 | 1.00E+00
Coding_UCSC_0 0.01 | 0.03 |0.08 |1.98 574 8.65E01 | 1.00E+00
SuperEnhancer_Hnisz.exten¢ 0.17 | 0.18 0.06 | 1.05 0.35 8.83E01 | 1.00E+00
500_0

Repressed_Hoffman_0 0.46 | 0.43 0.24 | 0.94 0.51 9.06E01 | 1.00E+00
Enhancer_Andersson_0 0.00 | 0.01 0.06 |1.92 13.41 | 9.45E01 | 1.00E+00
Enhancer_Hoffman_0 0.06 | 0.07 0.16 | 1.13 2.54 9.60EO01 | 1.00E+00
H3K4me3_peaks_Trynka 0 | 0.04 | 0.03 0.18 | 0.80 4.25 9.62E01 | 1.00E+00
PromoterFlanking_Hoffman_( 0.01 | 0.01 0.07 | 0.71 8.20 9.71E01 | 1.00E+00
Intron_UCSC.extend.500_0 | 0.40 | 0.40 0.06 | 1.00 0.16 9.85E01 | 1.00E+00
base_0 1.00 | 1.00 |0.00 |1.00 0.00 | NA NA

This table provides the results of the partitioned heritability analyses. Additive SNP

heritability, SE = Standard error, P =®alue Enrich = enrichment.
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4.3 4 Heritability analyses
We used LDSR to calculate the heritaikxplained by all the SNPs in the HapMap3

with minor allele frequency > 5%. We identified a significant narrow sense heritability of 5.8%
(95% CI: 4.5% 7.2%; P =1.00 x 10" in the nonstratified GWAS(Figure 7).

We calculated twin heritability usingvin pairs from the BLTS cohort. For this
subsample of the BLTS, twin ages at the time of testing ranged from 18 to 31MWea?5 (3,
SD = 3.0). As describeckarlier some twins completed the Eyes Test twice, for these
participants only their first attept was included in analyses. The distribution of the Eyes Test
data was normal; 3 univariate outliers-g<SD) were excluded, and there were no bivariate
outliers within each zygosity group. In total, data were available for 749 twin individuals,
including 122 complete monozygotic twin pairs (74 female, 48 male), and 176 complete
dizygotic twin pairs (60 female, 33 male, and 83 opposite sex pairs) plus 149 unpaired
individuals whose responses nevertheless strengthen estimates of mean and variances. MZ
correlation (r = .31) was more than twice the DZ correlation (r = .09), which suggests an ADE
model would fit the data better than an ACE model. Strate&gquation models were fit to the
raw data using full information maximum likelihood estimation in OpenMseries of nested
models indicated that means and variances could be equated across females and males, and MZ
and DZ twins. Although age and sex could be dropped as covariates on the means without a
significant loss of model fit, they were retained ¢onsistency with the GWAS analyses and
to reduce possible bias in parameter estimates. As ACE and ADE models are not nested, they
were compared using Akaikeds I nformation Cr.i
and E) were tested using the likeldubratio test (LRT). The AE model was the best fitting
mode| although the CE model for familial aggregation could not be formally rejected (p=0.07)
model fitting statistics are reportedTiable 5a) and standardised parameter estimates for this
model, ad for the ACE and ADE models are shownTiable 5(b) along with their 95%
confidence intervalsin this small sample, although there was ample power to detect genetic
effects in a reduced model, there was low power in the full model to estimate C ahd® in
presence of A (or vice versa8hus, while the total genetic variance is around 30% in all three
models, the upper 95% confidence limit for C from the ACE model indicates that C could

account for as much as 22% of variance.

Our results arsimilar to pedicted heritability estimates based on a previous-ameéysis of

twin studies of empathy and prosocial behavigimafo-Noam & Uzefovsky, 2013)
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Figure 7: Mean scores and SNP heritability
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A. Mean phenotypic scoresdstandard deviations for the Eyes Test in the 23andMe cohort. Point
estimate provides the mean score, and the error bars represent standard deviations. Difference in mean
scores between males and females was highly significant (P <2E C o h e2d)6Numbersin 0 .
brackets indicate the number of participants in each GWAS. All:stratified GWAS; Females:
Femalesonly GWAS; Males: Malesnly GWAS. B. Mean SNP heritability estimates and standard
errors for the Eyes Test in the GWAMA. Point estimedgiges mean SNP heritability, and error bar
represents standard errors. There was no significant difference in SNP heritability estimates between
males and females (P = 0.79). Numbers in brackets indicate the number of participants in each
GWAMA. All: nomrstratified GWAMA; Females: Fematesly GWAMA; Males: Malesnly GWAMA

Table 5A: Twin heritability analyses of the Eyes test short versionging the BLTS
cohort (14 items)

Model Model Models LRT

No. Type AlC 2Ll df Compared | ae2LL [eed f|p
1| ADE 1702.@5| 3188.025( 743 - - - -
2 | ACE 1702.632| 3188.632[ 743 - - - -
3| CE 1703.949| 3191.949| 744|3vs.2 3.317 1 0.069
4| AE 1700.632| 3188.632| 744|4vs.1 0.607 1 0.436
5|E 1711.615 3201.615( 745|5vs. 1 13.590 2 0.001




Table5B:

Standardised variance componentsvith 95% Cls for the ACE, ADE, and AE

models
Model | A D C E
Model
No. Tune Variance (95% Variance (95% | Variance Variance (95%
yp Cl) Cl) (95% Cl) Cl)
1 ACE 0.28 (0- 0.42) NA 0(0- 0.22) |0.72(0.58 0.87)
2 ADE 0.05 (0- 0.41) 0.26 (0- 0.46) | NA 0.69 (054 - 0.86)
3 AE 0.28 (0.13 0.42) | NA NA 0.72 (0.58 0.87)

ADE and ACE are not nested models and were compared using AIC, where a lower value
indicates a better fitting model. AE, CE, and E models are nested within the ADE and/or ACE

models and were oapared to the fuller model with the likelihood ratio test (LRT). A-non
significant pvalue from the LRT indicates the submodel is an acceptable fit to the data.
Although D could be dropped from the ADE model without a significant loss of fit, A and D

couldnot, indicating significant genetic effects on variation in the Eyes Test.

4.3.5Genetic correlation

We next investigated how the netratified Eyes Test is genetically correlated to

psychiatric conditions and specific psychological and cognitiamdypes for which summary

GWAS data were availabléTable 6). After correcting for multiple testingBonferroni

correction alpha 2.08 x 10 §, we identified significant positive genetic correlations between

Eyes Test scores and the NdEE@e Factor Inventory measure of opennegs 0.54+0.14P

=1.17 x 10 } (de Moor et al., 2012)We also identified significant positive correlations with

different measures of cognition and education: college years@r40+0.6; P= 2.4&101Y
(Rietveld et al., 2013educational attainment (0.34+0.04+ B.7x10'") (Okbay, Beauchamp,

et al.,

2016)

and chil

dhood

cognitive

aptitude

independent of word knowledg€Benyamin et al., 2014jrg = 0.34+10; P %.3x10%). In

addition, we identified aignificant positive genetic correlation between the Eyes Test scores

and anorexia nervosa (Anorexjar025+0.Q P = 1.9x10°) (Figure 8). We did not identify a

significant genetic correlation between autism and scores on the Eyes Test.

the Eyes Test. We used data from the ENIGMA consortium for six subcortical regions and
intracranial voluméHibar et al., 2015)We excluded the amygdala, even though it is relevant
for social cognition, athe low heritability of the amygdala could not be accurately quantified
using LDSR?3. None of the correlations were significant after Bonferroni correction. However,

we identified nominally significant positive correlation between the Eyes Test scordseand

We also invesfjated if subcortical brain volumes are correlated with performance on
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volumes of the caudate nuclefitibar et al., 2015]rg = 0.24+0.09; P 9.2x10% and volume
of the putamen ¢r= 0.21+0.08; = 0.013, which together form the dorsal striatum.

Table 6: Genetic correlations

Phenotype Iy SE P FDR P N
Caudate nucleus 0.25 0.09 | 9.25E03 3.30E02 | 11,624
Hippocampus -0.08 0.12 | 5.20E01 6.19E01 | 11,621
ICV 0.12 0.11 | 2.68E01 4.19E01 | 9,826
Nucleus Accumbens 0.21 0.15 | 1.54E01 2.95E01 | 11,603
Pallidum 0.04 0.12 | 7.49E01 7.49E01 | 11,595
Putamen 0.21 0.08 | 1.33E02 4.14E02 | 11,598
Thalamus -0.06 0.12 | 6.14E01 6.75E01 | 11,646
Anorexia* 0.25 0.08 | 1.90E03 9.48E03 | 14,477
Anxiety -0.25 0.15 | 1.02E01 2.11E01 | 17,310
Autism 0.11 0.09 | 2.27E01 3.79E01 | 10,263
Bipolar disorder 0.14 0.07 | 5.78E02 1.44E01 | 16,731
Major Depressive Disorder 0.13 0.11 | 2.22E01 3.79E01 | 16,610
Schizophrenia 0.07 0.04 | 8.11E02 1.84E01 | 79,845
Agreeableness 1.13 1.20 | 3.49E01 4.36E01 | 17,375
Borderline personality disorder featur] -0.27 0.55 | 6.21E01 6.75E01 | 7,125
Childhood cognitive aptitude* 0.34 0.10 | 1.20E03 7.50E03 | 12,441
College years* 0.40 0.06 | 2.48E11 3.10E10 | 95,427
Conscientiousness 0.15 0.15 | 3.19E01 4.33E01 | 17,375
Educational attainment* 0.34 0.04 | 1.49E17 3.73E16 | 328,917
Empathy 0.18 0.07 | 7.54E03 3.14E02 | 46,861
Extraversion -0.03 0.09 | 6.92E01 7.21E01 | 63,030
Neuroticism -0.10 0.11 | 3.28E01 4.33E01 | 63,661
Openness* 0.54 0.14 | 1.17E04 9.7304 | 17,375
Systemizing 0.07 0.07 | 3.29E01 4.33E01 | 51,564

*Significant genetic correlations after Bonferroni correctiog=rgenetic correlation,
SE= Standard error, P = Pvalue, FDR P = FDR adjusted P, N = sample size.
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Figure 8: Genetic correlations between the Eyes Test and psychiatric conditions,
psychologicalphenotypes and subcortical brain volumes
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Genetic correlations and standard errors the Eyes Test in the 23andMe cohort. Figures above the
bars represent Ralues. All Pvalues with p < 0.05 provided. * represents significant genetic
correlations after Bonferroni correction. Point estimate represents the genetic correlation, and the
error bars represent the standard errors. BPD features is borderline personality disorder features,
ICV is intracranial volume. We have removed the genetic correlation for agreeableness from this
figure due to the high standard errors.
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We also investigatedexstratified genetic correlations between the Eyes Test and
educational attainment, the only relevant phenotype where we had accessttatffeed data.
We identified a modest, significant genetic correlation between educational attainment and the
Eyes Test in the malesnly dataset:¢= 0.23+0.05; P = 2.6x10 We identified a higher,
significant genetic correlation between educational attainment and Eyes Test in the-females
only dataset:gr= 0.39+0.06; P = 5.88x10. These results suggest that tdes share greater
pleiotropy between general cognition and cognitive empathy than males, indicating different
genetic mechanisms for the development of cognitive empathy.

4.3.6Sex differences
We also investigated salfferences in the Eyes Test. Thavas a significant female

advantage on the scores of the full Eyes Test (males = 27.08+3.75; females = 27.85+3.55;
cohends d ="repltdting previoss reaut(iirkland, Peterson, Baker, Miller,
& Pulos, 2013)Figure 7).

We also investigated salifference in the short Eyes Test. On average, women scored
significantly higher than men (8.99, sd =
0.152). As this included participants on both versions of the short test, we also checked if there
was asignificant difference in the senatio between V1 and V2 of the test, to account for the
potential facilitation effect seen in V2. A ebguare test showed that there was no significant
difference in the number of male and female participants betweéwdhersions of the test
(chi-square = 0.73; twailed P = 0.39). The ratio of males to females was the same in both

the versions of the test (0.66).

There was no significant difference in matedy or femalesonly SNP heritability
estimates (males 6.071+0.011, females = 0.067+0.011; P = 0(Fjure 7). There was a
reasonably high but incomplete genetic correlation between males and fegra@868+0.12;

P = 2.70x1®). This is significantly different from 1 (P = 0.003, esieled Wald Test).
Binomial sign test of LBpruned nominally significant SNPs in the sstratified analyses
identified that 61% (95% CI: 59%62%) of the SNPs had a concordant effect direction (P <
2.2x10%). We further investigated the effect direction and statisticalifsignce of all
independent SNPs with P < 1xX4BNPs that were of suggestive significance in one sex were
not nominally significant inthe other(Table 3 and Figure 9), which was supported by
Co c h r avaldes HoWever, the effect sizes of these SNPslikety to be inflated by
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winnerds <cur se, and after correcting for w
Co c hr avalle@abl®3).

Figure 9: Effect direction for independent suggestive SNPs (P < 1x10
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Using MetaXcar{Barbeira et al., 2016ye identified the top cortically expressed genes
(P < 0.®) for both sexes and calculated the overlap in the g€irss. for the overlap in top
genes between males and females for the Eyes Test, we identified all nominally significant
genes ( P < 0.05) in the cortex using MetaX¢Barbeira et al., 2016)To identify the
background gene set, we overlapped all the genes for males and females after filtering out genes
whose correlation with predicted models of expression was < 0.01 and where there were zero
SNPs fran our datasetWe did not find any enrichment in gene overlap (Fold difference =
1.2, P =0.26).

Figure 10: Overlap of top genes in males and females (Eyes Test)

Females Males
(Eyes Test) (Eyes test)
19 357

We identified cortical genes associated withghenotypaising MetaXcan for each sex ngi

the sexstratified GWAS and compared the number of nominally significant genes that are
common to both the sexeBotal number of genes is 4738, yellow circle represents the
nominally significant genes in Females, blue circle represents the nomimgdificeint genes

in males. The overlap is given in the shaded green portion in the miaddiedifference= 1.2;

P =0.264.

We also investigated if there was an enrichment of feimedeexpressed or male
overexpressed cortical genes for the Eyes Festthe overlap in sexlifferentially expressed
genes, we used the discovery dataset from Werling et al. (RaE8)ng et al., 2016)which
was from the BrainSpan project. For the background gene set, we used all the genes identified
in MetaXcan for the Eyes Test (males or females), as we reasoned that all known genes were
covered in tb RNA sequence analysis of human cortical tissues in the BrainSpan project. We
used only cortical gerexpression from the MetaXcan results. In total, we conducted 4
separate enrichment analysis: Eyes -hesle: maleexpressed; Eyes Tefgmale: male
expressed, Eyes Tedemale: femaleexpressed; and Eyes Tdstnale: maleexpressed. Figure
3 provides the results of the enrichment analyses. We usgdlad’threshold of 0.025 (0.05/2)
to account for two different tests performed for each Eyes Test ddéesdtd not identify any

significant enrichmengFigure 11) (Appendix: Tables 71 9 provide the results of the sex
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stratified MetaXcan analyses, and the list of sex differentially expressed genes in the adult

cortex).

Figure 11 Sexdifference enrichment analyses

Representation factor=0.9; P =0.213

A 5958 B 5958
Males Males Females Males
(Expression) (Eyes test) (Expression) (Eyes test)
1959 110 351 2264 142 357

Representationfactor=1; P = 0.255

Representation factor = 1; P = 0.342

C 5958 D 5958
Males Females Females Females
(Expression) (Eyes test) (Expression) (Eyes test)

1959 114 357 2264 122 335

Representation factor=1; P =0.290

A - Eyes Tesmale: maleexpressed; B Eyes Testnale: femaleexpressed; CEyes Test
female: maleexpressed, and B Eyes Testemale:femaleexpressed. Background gene
numbers are provided in the white box. Overlap is provided in the greelapping space.

4.4 Discussion
This is the first largescale genetic study investigating the genetic architecture of

cognitive empathy. We investigated heritability estimates of the Eye Test in two samples. In
our sample of 749 twin individualgvhichincluded 122 complete MZ pairs and 176 complete

DZ pairs) heritability was approximately 0.28 (95% CI: 0.032). This is in keeping with
previous studies that have investigated heritability of other facets of empathy in twins.-A meta
analysis of empathin twins identified that approximately a third of the variance is heritable
(Knafo-Noam & Uzefovsky, 2013)n our sample of 88,056 unrelated research volunteers from
23andMe Inc, SNBased heritability was estimated usiig3R, and approximately 5% of the
phenotypewnas additively heritable. It is likely that heritability of cognitive empathy changes
with age (which was significantly correlated with scores on the Eyes Test in this dataset), as is

observed in prosocial behaulgKnafo-Noam & Uzefovsky, 2013)
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We identified significant positive genetic correlations with different measures of
cognitive ability including educational attainment. This reflects the phenotypic correlation
between meases of cognitive empathy and cognitive ability. A matelysis identified a
significant positive correlation between scores on the Eyes Test and 1Q (n = 3583; r = 0.24;
95% CI: 0.161 0.32)(Baker, Peterson, Pulos, & Kirkland, 201pgrhaps reflecting that the
Eyes Test has a verbal component that includes a varied mental state lexicon (matching a
mental state word to an emotional expression). Other tests of theory of mind are alselypositiv
correlated with cognitive aptitude and measures of intelligéBo@elaar, van der Wees,
SwaabBarneveld, & van der Gaag, 1999; Charlton, Barrick, Markus, & Morris, 2009; Ibanez
et al., 2013) This may reflect that theory of mind, and in particydamt attention in infancy,
may facilitate language development and learning from otfiasonCohen, Baldwin, &
Crowson, 1997)Theory of nind may also be related to cognitive aptitude and 1Q because we
often infer another persohndpeememtiabuscbadBpht
p er s on D venbal iIQANd language skills may facilitate theory of mind and vice versa.
We also found a significant positive genetic correlation with the IIp@nness to experience
which likely reflects a previous correlation at a phenotypic level between measures of empathy
and personalityMagalhdes, Costa, & Costa, 201®Jith psychiatric conditions, there was a
significant positive correlation with anorexia. One study identified that individuals with
anorexia report higher personal distréBgadle et al., 2013 subscale on a widely used
measure of empathy, whilst other studies have reported that deficits in social cognition in

anorexia may be attributable to comorbid alexithy(Bigewer et al., 2015)

We did not identifya significant genetic correlation between the Eyes Test and autism.
This may be due to heterogeneity in performance in the Eyes Test, since only a subset of
individuals with autism show impaired performance on the Eyes (BasonCohen et al.,
2015; Lombardo et al., 26). In addition, the cognitive phenotype of autism involves-non
social aspects (such as excellent attention to detail), not just social deficits. AAmaksis
reported global or selective deficits in performance on the Eyes Test in individuals with
schizophrenia, anorexia, bipolar disorder, and clinical depression, but preserved or even
enhanced performance for individuals with radimical depression and borderline personality
disorder (Dinsdale, Mokkonen, & Crespi, 2016However, these studies are typically

conducted in small sample sizes. Performance on the Eyes Test may be influenced by multiple
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factors related to psychiatric conditions, and may not measdiee@ causal relationship

between psychiatric conditions and cognitive empathy.

We also note the nominally significant genetic correlation between volume of the
caudate nucleuandputamen and scores on the Eyes Test. Although the correlations were not
significant after Bonferroni correction, this is of potential interest as neuroimaging studies have
reported activation in both the putam@eampanella, Shallice, lus, Rado, & Skrap, 2014)
and caudate nucle@€emp et al., 2013Juring tasks of social cognition. In humans, the ventral
striatum is composed of the nucleus accumbens and olfactory tubercle, whereas the dorsal
striatum is composed of the caudate nucleus and putamere iBlsome evidence to support
the role of the striatum in theory of mifdbu-Akel & ShamayTsoory, 2011)and further
research is need to confirm that cognitive and affective empathy utilize different neural circuits.
Using larger GWAS samples of subcortical brain volumes will help better understand if
common genetic varias contribute to both volumes of the dorsal striatum and cognitive

empathy.

We also identified one locus that is significantly associated with empathy in females.
The top SNP (rs7641347) had a&ue = 1.58x16. One of the closest gerleRRN1 is highly
expressed in striatum according to the GTEx database. However, we were unable to identify
any eQTL that specifically linked this locus to the gedni@RN1is a gene that is not well
characterized. In chicks, Lrrnl is necessary for the formation of thébmaid hindbrain
boundary(Tossell et al., 2011)The locus was significant in females, nominally significant in
the nonstratified analyses, and naignificant in the malesnly analyses, suggesting a sex
specific involvemat of this locus in cognitive empathy measured using the Eyes Test. We note
that even with approximately 90,000 individuals this GWAMA was underpowered to detect
loci of significant effect, owing to the relatively low variance explained per SNP. Future
research needs to investigate the functional significant&®e&fN1in human brain development

and its role in neurodevelopmental conditions.

It is also interesting to note that while twin and Sb#3ed heritability did not vary
between the sexes in our @y we replicated the femabalvantage on the Eyes Test in the
largest sample to date. Ssiatified analyses also allowed us to investigate the genetic
correlation between males and females, and subsequenthspseikic imputed gene
expression in cortal tissues. Maldemale genetic correlation was only modest, which was
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supported by a binomial sign test. In comparison, optrenotyps for which we had sex
stratified data, genetic correlation was considerably higher (e.g-repelited empathy
(Chapter 3): rg = 0.8240.16 systemizingChapter 7): ry = 1.040.16; educational attainment
(Okbay, Beauchampet al., 2016) rg = 0.91#.02. We also did not identify a significant
overlap between the genes identified for the-steatified GWAS. All of this suggests that
there is some sex specificity in the genetic architecture of cognitive empathy. Howxthis s
specific architecture is expressed and interacts with prenatal steroid hof@bapsan et al.,
2006)will help shed further light on the biological contributions to the female superiority on
the Eyes Test.

In conclusion, we identify a genetic locus tiaiassociated with scores on the Eyes
Test in females. We identify significant positive genetic correlations between scores on the
Eyes Test and four phenotypes: anorexia nervosa, cognitive aptitude and educational
attainment, and openness to experienbenBtypic sexdifferences for the Eyes Test may be
partly due to different genetic architectures in males and females, interacting with postnatal
social experiencdn Chapter 5, we turn to look at different measures of cognitive empathy,

this time in adatscents, again from the perspective of GWAS.



5. Genomewide association study of theory of mind in adolescents

5.1Introduction
Theory of mind is the ability to attribute mental statesrte self anathers and toise

such mental state attribution teake sense of behaviour and predicFitst order theory of

mind refers to the ability to understand an
Secondorder theory of mind is when theory of mind is applied recursively to understand what
someoe i s thinking of another personds ment al
Typically, first ordertheory of mind develaogin early childhood (by 3 to 4 years of agEjith

& Frith, 2005) thoughprecursors to theory ahind are evident at the end of infancy, around

9-14 months of age, in behaviours suclpago-declarative pointig and gaze cuein@aron

Cohen, 1991)This suggests a developmental component to theory of mind, including a social
learning component. Secowdder theory of mind develops a little later, by age 6 years of

age(Miller, 2009). Other studies have identified that infants are capable understanding mental
states of others by investigating the looking me t owar ds O (Omghio& si bl e
Baillargeon, 2005) The development of theory of mind follows, by and large, consistent

patterns, which are observed across cultQMsiman, Cross, & Watson, 2001)

Due to the complex nature of theory of mind, twin studies have identified different
heritabilities for theory of mind and relatgdhenotyps atdifferent developmental stages.
Heritability is also different for firsorder and secondrder theory of mind taskgV/e note that
no study has investigated the twin heritability of the task used in this &tiely Emotional
Triangles Task (Triangles Tias a firstorder test of theory of min(Boraston, Blakemore,
Chilvers, & Skuse, 2007However, a few studies haugvestigated the twin heritability of
other theory of mind task# large study investigating theeritability of different theory of
mind tasks in 1,116-$ear olds suggested that shared environmental influences rather than
genetic factors contribute toast of the variance in these tagkighes et al., 2005Anothe
study in 695 Yearolds identified a small, but nesignificant additive genetic component
(Ronald, Viding, Happé, & Plomin, 20Q6Howe\er, other studies have identified modest
heritabilities in theory of mind and relat@thenotyps. A study based on paremports of
chil drenbs prosoci al and anti sociidayéardide havi o
identified a modest and significheritability (Ronald, Happé, Hughes, & Plomin, 2008)

aul ts, cognitive empathy, measured using the
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identified a significant twin heritability of approximately 2&8%Warrier et al., 201)/(Chapter
4).

Difficulties in theory of mind have been identified in different psychiatric conditions.
In autism, studies have identified that children with autism have difficulties in attributing
mental stateBaronCohen, Leslie, & Frith, 1985) known as Omi ndby i ndnes
degrees, rather than being all or none. This may reftechildren with autism developing
theory of mind abilities later developmentally. Other studies have identified that adults with
autism also have difficulties in theory of mifi8laronCohen, Wheelwright, Hill, et al., 2001;
Jolliffe & Baron-Cohen, 1999) Similarly, a metaanalysis across multiple studies identified
significant impairments in tasks involving theory of mind in individuals with schizophrenia
(Popolo et al., 2016Difficulties in theory of mind have also been identifiadunipolar and
bipolar disordergAng & Pridmore, 2009; Zobel et al., 201@nd eating disorde(Japajéz P
de Sampaicet al., 2013) and ADHD (Maoz, Gvirts, Sheffer, & Bloch, 20175tudies also
suggestthat theory of mind is predicted by measures of cognition and working memory
(Buitelaar et al., 1999; Mutter, Alcorn, & Welsh, )0

These differences in performance on tests of theory of mind could be due to underlying
biology, or due to other environmental processes that mediate performance on tests of theory
of mind in individuals with psychiatric conditions. Hewes test theenetic correlatesf first-
order theory of mind using the Emotional Triangles Task (Triangles TBskaston et al.,

2007) In the Triangles Task, participants are required to at&imental states to animated
triangles (e.g., Aithe triangle is angryo).
simply asked to describe what they see, and the spontaneous narratives are coded for the
number and type of mental state atitibn. In the version used in the current study, participants

are asked to pick the right mental state (from one of four options in a forced choice format)
based on motion cues of the triangles. The sample comgtBetl3 year olds from the Avon
Longitudinal Study of Parents and Children whom we had both genetic and phenotypic data
after quality contral They took the Emotional Triangles task at adolescence, a period marked
by key changes in neural architecture, in getationship, and in hormonaklgdile (Paus,
Keshavan, & Giedd, 2008; Whitaker et al., 201B)terrogating the genetic relationship
between theory of mind at this age and risk for psychiatric conditwhsknown difficulties

in theory of mind (autism, ADHD, anorexia nervodapolar disorder, depression, and
schizophreniainay identify genetic biomarkers for this developmental stage.
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This study has three specific aims: 1. To determine the na®eose heritability of
theory of mind in 13searolds, measured using the Emaoiab Triangles Task; 2. To identify
any genes and genetic loci associated with the Triangles Task; and 3. To test if polygenic score
for six psychiatric conditions (ADHD, anorexia, autism, bipolar disorder, depression and
schizophrenia), cognitive aptitudandtwo differentmeasures of empathy (the EQ and the
AReadi ng t hbyedWastiEges Test)Chapters 3 and 4 predict performance on
the Triangles Task in 1gearolds.

5.2 Methods

5.2.1Phenotype and participants
Theory of mind was measuresing the Emotional Triangles Task (Triangles Task)

(Boraston et al., 2007All participants were 13 years of aff®rn in April 1991 Dec 1992)
and measures were collected as a gitthe ongoing studythe Avon LongitudinbStudy of
Parents and Children (ALSPAMata was queried using the fully searchable data dictionary,

which is available online heréttp://wwwbristol.ac.uk/alspac/researchers/acceAeSPAC

consists of 14,541 initial pregnancies from women resident in Avon, UK resulting in a total of
13,988 children who were alive at 1 year of age. In addition, children were enrolled in

additional phases, whicare described in greater detail elsewliBayd et al., 2013)

The study received etlatapproval from the ALSPAC Ethics and Law Committee, and
written informed consent was obtained from parent or a responsible legal guardian for the child
to participate. Assent was obtained from the child participants where possible. In addition, we
also eceived ethical permission to useidentified summary genetic and phenotype data from
the Human Biology Research Ethics Committee at the University of Cambridge. All research
was performed in accordance to the Helsinki Declaration.

The Triangles Tasks a test of theory of mind, where participants havettribute
mental states to neliving objects(animated triangles)Testretest reliabilityof the mental
state coding schemeas identified an interclass correlation of 0.69 and a technical error of
measurement of 0.G@oraston et al., 2007The Triangles Task consists of 28 questions (16
scored questions and 12 control questions). In each questisecaid animation of a trigle
is shown and a question is asked about the mental state of the triangle (e.g. Was the triangle

angry?. Participantare asked tohoose from 0 to 5 (a Likescale) to respond to the question
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where 0 indicates that the triangle did not possess tinéatrsgate described in the question,

and 5 indicates that the triangle definitely possessed the mental state described in the question.

In total, four mental states were tested (happy, sad, angry, and scared). For each mental state,
there were two posite questionswhere the mental state of the triangle matched the mental

state described in the question, and two negative questions, where the mental state of the
triangle did not match the mental stdescribed in the questidp.g. the triangle is showto

be happy, and the subsequent question i s fiWa
16 questions that were scored. Control questions comprised of asking if the triangle was living,

and participants, again, had to choose betweéen 0

We a@lculated the total score by adding the score for all the positive questions and
subtracting the score for the negative items. To avoid negative seeradded 40 to the total
score, giving the score a range from8D. We removed participants who hdwsen the same
answer for more than 50% of the items, suggesting that they were not attending to the task.
This was done after carefully evaluating ttions selected and the reaction times. We noticed
that, for these participants: 1. Theaction time s minimal for three or more consecutive
items at various points in the t&tThe same option was chosentfoee or more consecutive
items at various points on the tes23sThe same option was chosen for both the positive and
negative questions, and®Bhe control questions were answered incorrectly at various points in
the test.After removingthese participanisve had genetic and phenotypic data on 4,948

participants (n = 2,412 females, and n = 2,536 males).

5.2.2Genotypingand Imputation
Genotypng and imputation was conducted by ALSPAEIl participants were

genotyped using the lllumina HumanHap550 quad chip by 23an@Xe¢AS data was
generated by Sample Logistics and Genotyping Facilities at Wellcome Sastjeite and
LabCorp (Laboratory Corptation of America) using support from 23andMdis resulting

raw genomavide data were subjected to the following quality control procedures: Individuals
were removed with discordant gender information, if there was excessive or low genetic
heterozygosy, if missingness was > 3%, and if they were of -Bamopean ancestry as
measured using multidimensional scaling analyses and compared with Hapmap 1l (release 22)
and if there was evidence of cryptic relatedness (>10%:;IBNPs were removed if they had

a minor allele frequency < 1%, deviated from HaWtlginberg equilibrium (P < 5x10, and

had a call rate < 95%This resulted in a total &26,688genotyped SNPs. Using SNP data
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Gfrom mothers and childreri477,482 common SNPs between mothers and chiidre
haplotypes were estimated using Shap@id.r644)(Delaneau, Marchini, & Zagury, 2011)
Imputation was performed usihignpute? V2.2 (Howie, Donnelly, & Marchini, 2009against

the 1000 genomes reference panel (Phase 1, VersiosiBy all 2186 reference haplotypes
including norEuropeansimputed SNPs were excluded from all further analyses if they had a

minor allelefrequency < 1% and info < 0.8, which resulted in a total of 8,282,911 SNPs.

5.2.3Genomewide association analysasd gene based analyses
We conducted genomewide association analyses (GWAS) on the total score on the

Triangles TaskIn addition to theguality control procedure described above, we conducted
additional quality control steps for the participants included in this stidy.included only
those SNPs with a minaillele frequency > 1%. We excluded all SNPs that were not in Hardy
Weinberg egilibrium (P < 5 x 10'), had a peSNP missing rate > 5%. Similarly, we excluded

all individuals who had a genotype missing rate > 10%. We included sex and the first two
geneticancestryprincipal componentsRegression analyses was run using a lineaessgin
model in Plink 1.94Purcell et al., 2007BGEN files were converted to Plink format using hard
calls. Calls with uncertainty greater than 0.1 were treated as migdteg.quality control,

4,577 were included in the GWAS.

Genebasedand pathwayanalysisfor Gene Ontology termsvas conducted using
MAGMA (de Leeuw et al., 2015%ignificant genes were identified after Bonferroni correction
(P < 2.7410°). Significant pathways were identified using Benjanrtittichberg FDR

corrected Pralue < 0.05.

5.2.4Heritability and Polygenic risk scores
SNP heritability was estimated using GCTA v1@REML (Yang, Lee, Goddard, &

Visscher, 2011YREML) and LDSC(Bulik-Sullivan, Finucane, et al., 2015yor GCTA
GREML, heritability was calculated after including sex and the first two genetic principal
componats as covariatesWe investigated for inflation in ctéquare statistics due to
uncorrected population stratification using LD$Bulik-Sullivan, Finucane, et al., 2015)
Given that the cohort comprised of unrelated individuals and individuals with cryptic
relatedness were removed (IBD > 10%) during quality control ofahvegenotype data, we

calculated the genetic relatedness matrix using all individuals in the study.



Given the different polygenicity and power of the GWAS used as the training datasets,
we constructed polygenic risk score using PR$ideu e s den, Lewi sateighit O6 Re i
different Rvalue thresholds 0(01,0.05, 0.1 0.15, 0.20, 0.5, 0.8 and }).0We chose these
thresholds so as to balance the signal to noise raBMWAS results used as trainidgtasets.
Polygenic risk scores were constructesling summary data for @sychiatric conditions
(ADHD (n = 55,374)(Demontis et al., 2017panorexia(Duncan et al., 2017n = 14,477)
autism(n = 15,954)(The Autism Spectrum Disorders Working Group of TP®ychiatric
Genomics Consortium, 201 7pipolar disorder(Sklar et al.,, 2011Xn = 16,731) major
depressie disorde(Ripke et al., 2013)n = 16,610), and schizophrerfRipke et al., 2014(n
= 79,845) cognitive aptitude (n = 78,808Sniekers et al., 201,73¢elf-reported empathy (EQ,
Chapter 3) (n = 46,861)and cognitive epathy (the Eyes TesGhapter 4) (n = 89,553)We
included sex, and the first two ancestry principal components as covariates for polygenic
scoring.We did not include age as all participants were tested at approximatgbars of

age.We used a Benjamitochberg FDR correction to correct for the traits.

5.2.5Data availability
Data were downloaded from the psychiatric genomics consortium website for the 6

psychiatric conditions http://www.med.unc.edu/pgc/resugsmddownloady, and the

Complex Traits Genomics website for cognitive aptitude

(https://ctg.cncr.nl/software/summary statistics

5.3Results

5.3.1Phenotypic disthution
The range of the scores of the participamés 28 - 80. Inspection of the frequency

histogram and quantiquantile plot suggested a normal distribut{@igure 1). The mean
score of the participants was 56.93 (SD = 7.43). Females scored sidlyificgher than males
(Females: 57.68, SD E43; Males: 56.22, SD = 7.36; P < 0.00hpaired, twetailed T-tes),
though the effet sizewassmall@hendés D = 0.19).
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Figure 1: Frequency histogram and Quantilequantile plot of the scores on the
Triangl es Task
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A. Frequency histogram of scores on the Triangles Task. B. Ququél#ile plot of the
scores on the Triangles Task.

5.3.2Genomewide association analyses and heritability
Genomewide association analyses did not identify any significd® SThe top SNP

was rs2120452(P = 6.8x10) on chromosomel. The SNPlies in a norcoding RNA
LOC105372904The next top SNP§17753687P = 8.6x10) is an intronic SNP iBBS4 a
geneimplicated inBardet Biedl syndrome Investigation of the QQ plotsnd LD score
regression intercept did not reveal any inflation in effect sizes due to population stratification
(LD soore regression intercept = 0.90.8063). SNP heritability was small and nonsignificant
(LDSR - h?snp= 0.13 + 0.10; P = 0.16; GCTAh?snp= 0.072+0.069; P = 0.39Manhattan

and QQplots are provided ifigure 2.
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Figure 2: Manhattan plot and quantile-quantile plot of the GWAS of the Triangles Task
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(bottom).

5.3.3Genebased and pathway analysis
We conducted gerieased analysis using MAGMA, and did not identify and significant

genes at genomewide Rvalue threbold of 2.7410°®. Themost significant gene wA8ARK4

at 19913.33P = 2.96x1). MARK4 is involved in phosphorylating microtubule associated
proteins. It has high expression in the brain and in testes according to (Giictie et al.,
2015) The list of genes and theirvRlues is provided iAppendix: Table 10. Pathway
analyses also did not identify any significant pathways. The list of pathways is provided in
Appendix: Table 11
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5.3.4Polygenic risk score
As the heritability was noesignificant and low to conduct genetic correlation analyses,

we condweted polygenic risk score with 6 psychiatric conditipoggnition cognitive empathy

and selreported empathyWe comlucted polygenic risk score aP8value thresholds. We did

not identify a significant polygenic score after FDR based correction for artlyeo§ix
psychiatric conditionsvestigatedFigure 3). Overall, the polygenic scagredicted limited
variance for psychiatric conditiorfable 1). However,polygenic scores in both cognitive
aptitudeandcognitive empathweresignificantlyassociate with scoresn the Triangles Task
across hthe thresholds tested using after FDR correction. For cognitive aptitude and at two
P-value thresholds for cognitive empathy, these results were significant even after using a more
stringent, highly conservat Bonferroni correction(Figure 3 and Table ). This likely
reflects both the greater statistical power of twe tataset when compared to the other
GWAS datasets in the condition and the underlying pleiotropy between theory of mind and
cognition as pevious studies have identified a modest, positive correlation between different
measures of theory of mind and cognitig?eterson & Miller, 2012; Warrier et al., 2017)
(Chapter 4).
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Table 1: Results of the Polygenic score analyses

Threshold | P r2 FDR P Phenotype
0.01 9.94E01 1.37E08 9.94E01 | Anorexia
0.05 9.90E01 3.40E08 9.94E01 | Anorexia
0.1 3.75E01 1.70E04 6.50E01 | Anorexia
0.15 2.83E01 2.49E04 5.72E01 | Anorexia
0.2 4.63E01 1.17E04 7.25E01 | Anorexia
0.5 5.69E01 7.03E05 8.34E01 | Anorexia
0.8 4.47E01 1.25E04 7.22E01 | Anorexia

1 4.36E01 1.32E04 7.22E01 | Anorexia
0.01 7.90E01 1.54E05 9.56E01 | Autism
0.05 5.23E01 8.86E05 8.01E01 | Autism

0.1 7.06E01 3.08E05 9.08E01 | Autism
0.15 7.52E01 2.17E05 9.50E01 | Autism

0.2 8.08E01 1.27E05 9.56E01 | Autism

0.5 9.30E01 1.69E06 9.74E01 | Autism

0.8 8.23E01 1.08E05 9.56E01 | Autism

1 8.08E01 1.27E05 9.56E01 | Autism
0.01 3.90E02 9.24E04 1.65E£01 | ADHD
0.05 1.33E01 4.88E04 4.86601 | ADHD

0.1 1.83E01 3.85E04 4.86601 | ADHD
0.15 1.28E01 5.03E04 486601 | ADHD

0.2 1.66E01 4.15E04 4.86E01 | ADHD

0.5 1.53E01 4.43E04 486601 | ADHD

0.8 1.74E01 4.01E04 486601 | ADHD

1 1.69E01 4.11E04 486601 | ADHD
0.01 8.52E01 7.54E06 9.59E01 | BIP

0.05 6.31E01 5.01E05 8.68E01 | BIP

0.1 3.68E01 1.76E04 6.50E01 | BIP

0.15 2.43E01 2.96E04 54701 | BIP

0.2 2.23E01 3.23E04 5.35e01 | BIP

0.5 1.89E01 3.73E04 4.86E01 | BIP

0.8 1.86E01 3.79E04 4.86E01 | BIP

1 1.99E01 3.57E04 4.94E01 | BIP

0.01 8.42E01 8.59E06 9.59E01 | Depression
0.05 8.98E01 3.56E06 9.74E01 | Depression
0.1 8.20E01 1.13E05 9.56E01 | Depression
0.15 5.88E01 6.36E05 8.34E01 | Depression
0.2 6.41E01 4.71E05 8.68E01 | Depression
0.5 9.71E01 2.88E07 9.94E01 | Depression
0.8 9.28E01 1.76E06 9.74E01 | Depression




1 9.33E01 1.51E06 9.74E01 | Depression

0.01 2.95E01 2.38E04 5.74E01 | SCz

0.05 1.38&-01 476604 | 4.86E01 | SCZ

0.1 1.46E01 4.59E04 | 4.86E01 | SCZ

0.15 2.57E01 2.78E04 5.61E01 | SCz

0.2 2.81E01 2.52E04 5.72E01 | SCz

0.5 2.86E01 2.47E04 5.72E01 | SCz

0.8 3.19E01 2.15E04 5.8901 |SCz

1 3.15E01 2.19E04 5.89E01 |SCz

0.01 7.06E04 2.48E03 4.62E03 | Cognitive empathy
0.05 8.08E04 2.43E03 4.85E03 | Cognitive empathy
0.1 3.38E04* | 2.78E03 2.43E03 | Cognitive empathy
0.15 1.34E04* | 3.16E03 1.07E03 | Cognitive empathy
0.2 2.78E03 1.94E03 1.25E02 | Cognitive empathy
0.5 1.87E03 2.10E03 8.98E03 | Cognitive empathy
0.8 1.15E03 2.29E03 6.37E03 | Cognitive empathy
1 1.43E03 2.20E03 7.35E03 | Cognitive empathy
0.01 5.75E01 6.82E05 8.34E01 | EQ

0.05 8.79E01 5.01E06 9.74E01 | EQ

0.1 4.51E01 1.23E04 7.22E01 | EQ

0.15 2.39E01 3.00E04 54701 | EQ

0.2 3.79E01 1.68E04 6.50E01 | EQ

0.5 5.91E01 6.27E05 8.34E01 | EQ

0.8 6.69E01 3.96E05 8.76E01 | EQ

1 6.51E01 4.44E05 8.68E01 | EQ

0.01 2.13E05* | 4.56E03 1.92E04 | Cognitive aptitude
0.05 3.83E09* | 7.50E03 5.52E08 | Cognitive gtitude
0.1 1.87E08* | 6.83E03 1.92E07 | Cognitive aptitude
0.15 6.00E09* | 7.31E03 7.20E08 | Cognitive aptitude
0.2 3.54E09* | 7.53E03 5.52E08 | Cognitive aptitude
0.5 1.21E09* | 7.98E03 4.13E08 | Cognitive aptitude
0.8 1.72E09* | 7.83E03 4.13E08 | Cogniive aptitude
1 1.61E09* | 7.86E03 4.13E08 | Cognitive aptitude

*indicates significant polygeniscoreassociatiorafter Bonferroni correction (P < 6.9410%)
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Figure 3: Polygenic score results at variousFalue thresholds for the Triangles Task
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5.4 Discussion
We investigated the genetiorrelatesof first-order theory of mind, using the Triangles

Task. In total, 4,577 13/earolds completed the Triangles Task, making this the largest
investigation of geneticorrelatesof theory of mind at a specific age. At a phenotypic level,
the scores onthe Triangles Task were normally distributed and we observed a small but
significant femaleadvantage on the Triangles Task. This is similar to what has been observed
in other studies of cognitive empat{iirkland et al., 2013pand facial expression processing
(McClure, 2000)

The current studfindslimited evidence for a genetic contribution to the Triangles Task
in 13-yearolds in this sample Genomewide association analyses did not identify any
significant loci at P < 5xI8 Further, gendased analyses also did not identify any significant
genes. We note here that therent studys statistically underpoweredré¥ious work on the
genetics of cognitive empatt{Zhapter 4), which is related to theory of mind had identified
that the peiSNP variance explained for the most significant SNP was 0.013% after correcting
f or wi nn(@ardeset a.u2013)eosthoc power calculationsuggest that a sample
two ordersof magnituddarger than the current sample would be required toifgeggnome
wide significant locj if the effect sizesre similar. This, however, is challenging given the
nature of the task, which demands that participants spend at least half an hour to complete the
task.We also note that we are statistically underpowered to identify significant additive SNP
heritability, assuming a true additive SNP of 5% which is similar to the SNP heritability
reported inChapter 5. These calculations preclude us from conducting genetic correlation
analyses using the current cohort. It is likely that given a sufficiently large saizg)|eve will
identify both significant SNP heritability and significant loci.

We also investigated if polygenic scores from 6 psychiatric conditions@gtive
aptitude and cognitive empatlpyedict performance on the Triangles Task. We used PRSice
an investigatedhie predictive power of polygenic scormseightdifferent Rvalue thresholds
providing reasonable resolution. We note that the sample sizes for the training GWAS set are
varied. All the psychiatric conditions had more than 10,000 participants suggesisogable
statistical power. However, polygenic scores for none of the psychiatric conditions
significantly predicted performance on the Triangles Task across the six diffevahieP

thresholds. In contrast, polygenic scoffer cognitive empathy as mgared using the Eyes
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Test, and cognitive aptitudsignificantly predicted variance in the Triangles Task,
underscoring previously observeesults in Chapter 4. We excluded educational attainment
from the current analyses given that the summary GWAS daitalale for the educational
attainment GWAS included participants from the ALSPAC and is likely to increase the

probability of false positives.

Our results indicate, that despite the reasonable statistical power of the training dataset,
genetic risk fopsychiatric conditions do not explain much of the variance in theory of mind
ability in adolescents. We speculate that this must be due to different reasons. It is likely that
the current task does not capture the entire variance in theory of mind.,|ladeadntioned
earlier, theory of mind is complex and designing a task to capture the intrinsic variance in
theory of mind is challenging. The Triangles task only considers first order mental state
attributions, and the range of mental states is veryduamitompared to for example the
Reading the Mind in the Eyégest(BaronCohen, Wheelwright, Hill, et al., 20Q1l} is also
likely that the difficulties in theory of mind observed in individuals with psychiatric conditions
may be due tmther processes that mediate theory of mind. Interrogation of the genetic
architecture of diverse phenotypes that contribute to social behaviour and theory of mind will
help understand how they contribute to genetic risk for various psychiatric conditertan
also not exclude the possibility that using either a larger training dataset and/or talgejer
dataset will help improve the statistical significance of the polygenic assceiationFinally,
we cannot ignore nehiological contributors taheory of mind. Certainly, twin studies do

suggest that for certain theory of mind tasks, the genetic contribution is negligible.

Previous work from our lafChapter 4) investigated the genetic architecture of
cognitive empathy magagdilre di uwdbstin gsampeef MR e s di
than 88,000 individuals of European ancegWyarrier et al., 2017)Here we make several
distinctions between the current syuahd the earlier study. First, the Triangle Task requires
making inferences about mental states to animatesacial objects, while the Eyes Test
requires identifying the mental state from photographs of human eyes. Second, the current
study investigatethe genetic architecture of Theory of Mind at a specific age-ge&8s. This
allows for interrogation of the genetic contribution in adolescence when individuals are

particularly vulnerable to several psychiatric conditions.
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In conclusion, we find amsall genetic contribution to firstrder theory of mind in
adolescents. We find limited evidence that genetic variants that contribute to risk for
psychiatric conditions predict variance in theory of mind ability in adolescents. However, we
do find that gnetic vaiants corributing to cognitive aptitude andognitive empathyare
significantly associated wittmeory of mind ability in adolescence. We speculate that observed
differences in theory of mind in individuals with psychiatric conditions may betabeth
biological and nosbiological factors, or other biological phenotypes that mediate performance
on tasks of theory of mindin Chapter 6, we turn to explore another social phenotype, social

relationship satisfaction, and its genetic underpinnings.



6. Genomewide association metanalysis ofsocial relationship
satisfaction

6.1 Introduction
Difficulties in forming and maintaining social relationships are reported widely in

psychiatric conditiongCable, Bartley, Chandola, & Sacker, 2013; Greenberg, Rosenblum,
Mclinnis, & Muzik, 2014; Stevens, McNichol, & MagalhaesP20Teo, Choi, & Valenstein,
2013) Positive social relationship satisfaction can both reduce the risk and ameliorate the
severity of a psychiatric condition. In the DSMAmerican Psychiatric Association, 2013)
difficulties in social functioning is one of the criteria for diagnosing conditions such as autism,
anorexia nervosa, schizophrenia, bipolar disorder. Social redhtpaeatisfaction is one of the
contributors to subjective wellbeing, alongside other domains such as occupational, financial,
and health satisfactiofDiener, E., Suh, E. M., Lucas, R. E., & Smith, 1939wever, very

little is known about the genetic architecture of social relationship satisfaction, and if social
relationship dissatisfaction genetically contributes to risk for psychiatric conditions. To our
knowledge, there is no study that hagestigatedhe twin hettability of social relationship
satisfaction. A few studies have investigated the heritability of subjective wellbeing and have
identified heritability estimates between 3850% (Lykken & Tellegen, 1996; Stubbe,

Posthuma, Boomsma, & de Geus, 2005)

Here we reporthe results ofwo genomewide association studies (GWAS) of social
relationship satisfaction in the UK Biobank. We focus on friendship satisfaction and family
relationship satisfaction, measured using two questionnait&sleverage the high genetic
correlation between the two phenotypes toniestigatehe geneticorrdatesof friendship
and family relationship satisfaction; 2. Identify the genetic correlation between these two
phenotypes and select psychiatric conditions and psychological phenotypes; 3. Prioritize
associated genes, and enriched gene sets and tisstiesti@o phenotypes; 4. Quantify cross

phenotype polygenic predictive power of the two phenotypes.
We identify two genetic loci associated with the phenotypes. We fuidleatify

significant genetic correlations with several psychiatric conditionspdstrate an enrichment

for brain tissues, and prioritize genes and gene sets for further investigation.
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6.2 Methods
6.2.1 Phenotypes and participants

Participants were individuals from the
general, how satisfiedae you with your family relationsh
are you with your friendships?o0. Participant
happyo, AVvery happyo, AModerately happybo,
AExtremapygpyan ADo not knowo, anluwedinBividediser not
whorespondedi Do not knowo, or fAPrefer not to answt

waves. We combined responses from three waves, and removed participants who had
respondedn more than one wave (N = 178,675 for family and N = 178,721 for friendship).
Responses were recoded from 1 to 6 with 1
AExtremely happyo. We removed participants
ABritisshhyanceand had excess relatives, who wi
reported sex did not match their genetic sex. This left us with N = 139,603 for family, and N =
139,826 for friendship. Finally, we removed related individuals from thiseksiting in a total

of N = 134,681 (family) and N = 134,941 (friendshipyelated individuals for further
analyses. A total of 131,790 individuals were included in both the analyses. At the time of
recruitment, participants were betweeri 89 years oge. All participants provided informed

consent to participate in the UK Biobank. In addition, we obtained ethical approval from the
University of Cambridge Human Biology Research Ethics committee to disemt#ied data

from the UK Biobank and ALSPAC fdhis study.

6.2.2 Genetic analyses
Details of the UK Biobank genotyping, imputation, and quality control procedures is

available elsewher@Bycroft et al., 2017)Genetic association was conducted using Plink 2.0

(Purcell et al., 2007https://www.coggenomics.org/plink/2.0/ which supports BGEN v 1.2

files. We included sex, year of birth, genotyping batch and the 4idsgenetic principal
components as covariates. We excluded SNPs that failed Mé&ahberg Equilibrium (P <
1x10%), had a minor allele frequency < 0.01, and had eSp#? genotyping rate < 95%, and
imputation INFO < 0.1. We further excluded SNPs nohenHaplotype Reference Consortium

(http://www.haplotypereferenceconsortium.org/ (McCarthy et al., 2016)We excuded

individuals who were ancestry outliers, had-pelividual genotyping rate < 90%.


https://www.cog-genomics.org/plink/2.0/
http://www.haplotype-reference-consortium.org/

To increase the effective sample size, we leveraged the high genetic correlation between
the two phenotypes to condWTAG (Turley et al., 2017{§or multi-trait analysis of GWAPp
(https://github.com/omeerhaghzian/mtag/)MTAG is an extension of the standard inverse
variance weighted metanalysis that considers the genetic correlation betwhenotypes to
estimate phenotypspecific effects. Our phenotypes are excellent for MTAG given both the
high genetic correlation between the two phenotypes and the similar mesquahe. We do

not expect the estimates to be biased.

Clumpingof the independent SNPs was conducted using Rihkecell et al., 2007)
usingantof 0.6.Wi nner 0 s ¢ uwas @ndacted usiegd-tQIT,avhich is an FDR

based inverse quantile transformat{@ngdeli et al., 2016)

6.23 Genetic correlations
Genetic correlationsvere conducted using LD score regression (LD$B)lik-

Sullivan, Finucane, et al, 2015; Bulllivan, Loh, et al., 2015)
(https://github.com/bulik/Idsc/wiki). We usewbrth-west European population LD scores, did
not constrain the intercept and used the MIAG summary statistics to obtain unbiased
genetic correlations. We ran correlations with psychiatric and psychological phenotypes
(Table 1). Summary scores were taimed from the PGC
(http://www.med.unc.edu/pgc/resuimddownloads, the SSGAC

(https://www.thessgac.ong/and the CTGHttps://ctg.cncr.nl/software/summary_statistids

addition, summary statistics for systemizing, sefforted empathyChapter 3) (Warrier et

al., 2016) and cognitive empathgChapter 4) (Warrier et al., 2017were obtained from
23andMe, IncSummary stastics for the iPSYCHautism replication datas were obtained
from the iIPSYCHautism team. Given the correlation between the phenotypes, we identified
significant genetic correlations using a Benjantioichberg FDR < 0.05, taking into account

all the testsconducted foiboth the phenotypes combined, given the high genetic correlation
between the two phenotypé&¥e also indicate the tests that pass Bonferroni correction in the
results section. We note here that Bonferroni correction is likely to be comgemyiaen the
positive dependency in the tests conducted. The Bentoichberg is less conservative than
Bonferroni, but more conservative than Benjar¥ekutieli in light of the positive

dependency in the tests conducted.
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6.24 Heritability analyses
Heritability analyses were conducted using both LDSR (all participdBughk-

Sullivan, Loh, et al., 2015and GCTAGREML (Yang et al., 2011) (for computational
efficiency, this was conducted on efiieh of the total participants, N = 26,000). To keep the
methods as identical as pidde, GCTA heritability was calculated after including sex, age,
batch and the first 40 genetic principal components as covariates. Bivariate genetic correlations

between the two phenotypes were conducted using both LDSR and GCTA.

6.25 Functional annot&sn
Functional annotation was performed on the MF&W®/AS datasets. We used FUMA

(Watanabe, Taskesen, van Bochoven, & Posthuma, ZBittg)/fuma.ctglab.nl/) to identify
eQTLs and chromatin interactions for the genewide significant results. eQTLsvere
identified using data from BRAINEAC and GT&rdlie et al., 2015prain tissues. Chromatin
interactions were identified using 4di data from the dorsolateral prefrontal cortex,
hippocampus, and neural progenitor cells. Significaapping was identified at a Benjamini
Hochberg FDR < 0.05. Getimsed association analyses was conducted using MAGMA
Leeuw et al., 2015yithin FUMA, and significant genes were identified using a Bonfefroni

corrected threshold < 0.05 for each phenotype, as provided within FUMA.

We conducted partitioned heritabiliffFinucane et al., 201analyses using the MTAG
GWAS dataset using the baseline categories and additional categories: geaes [tssof-
function intoleranfLek et al., 2016)and genewith brain specifichromatin markgFinucane
et al., 2015)Significant enrichments were identified using a BenjarHiochberg FDR < 0.05
applied to both the phenotypes combined.

To identify phenotype relevant tissues based on gene expression, we tednduc
partitioned heritability analyses applied to tisspecific genegFinucane et al., 2017We
focussed on GTEx consortium based gene expression from 13 brain regions (Cortex, Anterior
cingulate cortex, frontal cortex, cerebellum, cerebellar hemisphere, putamdeusnuc
accumbens, caudate, substantia nigra, hippocampus, spinal cord, amygdala, and
hypothalamus). Results were significant at a Benjaidothberg FDR < 0.05. In addition,
gene expression analyses for general tissue types and specific tissue typeweraalsed
using FUMA. These two methods are not identical. In partitioned heritability, the top 10% of
gene with tissue specific expression (focal brain region vsfowal brain region) were

131



included with a 10&b window on either side of the transcrbeegion. In FUMA, all genes

are tested using a linear regression framework. Here, the expression of genes in a particular
tissue is regressed against the genaldes with the average expression of the gene in all
tissues included alongside usual covasggene length, SNP density etc). Thus, while FUMA

tests all the genes, partitioned heritability tests only the top decile.

Cell specific enrichmen{Zhang et al., 2014jas conducted for three cell types
(Neurons, astrocytes and oligodendrocytesihgi both LDSR partitioned heritability and
MAGMA gene set enrichment. Results were FDR corrected (P < GOBMAGMA we used

the top 500 specifically expressed genes in each cell type compared to the other cell types.

6.26 Polygenic regression analgse
Polygenic regression analysesing the MTAGGWAS resultsvere conducted using

PRSicgEuesden et al., 201&) generate polygenic scor@RSice is an extension of polygenic
scoring in Plink and calculates the average ofghete scores, which ihé allelic regression
coefficient in this studyThis can be conducted at multiple different thresholds, to generate a
polygenic score per individual, which can then be regressed against a phenotype of interest.
Polygenic scoring was conducted in approxeha5,600 phenotyped and unrelated
individuals from the Avon Longitudinal Study of Parents and Chil{Bayd et al., 2013)We
considered total scores from three pareported childbased questionnaires, collected
bet ween the ages of 7 and 10: t h(Bish@hl9d8dr en 6 s
the Social and Commigation Disorder ChecklisScourfield, Martin, Lewis, & McGuffin,

1999) and tle Strengths and Difficulties Questionnaire (SI¥@podman, 1997)These three
guestionnaires are widely used to assess difficulties in child development. In addition, we also
tested five subdomains of the SDQ (prosocial behaviour, hyperactivity, emdifficailties,

peer difficulties and conduct problems). Prosocial behaviour and CCC were reverse coded to
indicate difficulties in prosocial behaviour and communication. Polygenic score regression was
conducted using a negative binomial model (MASS packageR: https://crans
project.org/web/packages/MASS/MASS.pdf) as this provided the best fit. Sex and the first two
genetic principal components were included as covariates. Incremental variance explained due

to polygenic scores was calculated using Nagkllked s /s e u d o

6.27 ALSPAC cohort
Participants



All participants included in the polygenic score analyses were from an ongoing study
the Avon LongitudinbStudy of Parents and Children (ALSPA@)e queried the data using a
fully searchable data dictiary that IS available here:
http://www.bristol.ac.uk/alspac/researchers/acceEsé ALSPAC cohort comprises 14,541

initial pregnancies from women resident in Avon, UK resulting in d tdtd 3,988 children

who were alive at 1 year of age. Pregnant women were recruited fréypril 1991 to 31
December 1992. In addition to this, children were enrolled in other phases which is described
elsewheréBoyd et al., 2013) In total, 713 additional children were enrolled in this study. The
study received ethical approval from th& $PAC Ethics and Law Committee, and written
informed consent was obtained from parent or a responsible legal guardian for the child to
participate. Assent was obtained from the child participants where possible. In addition to
ethical approval from ALSPAQGve obtain ethical approval from the Human Biology Research

Ethics Committee at the University of Cambridge.

Details of genotyping and imputation are provided in se&iarf

Phenotypes

For all the phenotypes included in the crphgnotype polygenirisk score analyses,
we used the prorated scores as provided in the ALSPAC datasheet. We considered three main
phenotypes (CCC, SDQ and SCDC), as they have been associated with psychiatric conditions.
For example, both the CCGeurts et al., 2004nd the SCDGRobinson et al., @2L.6) have
beenassociated withutism. Further, the SDQ has been linked to ADHD and conduct problems
(Goodman, Ford, Simmons, Gatward, & Meltzer, 200@)ddition to the tal SDQ scores,
we also considered the SDQ subscales as they capture difficulties in specific domains. Scores
on these measures have been provided for multiple different age groups in the ALSPAC. We
considered the age group with the highest number ofcjgatits for whom phenotypic data
was available, which was, for all phenotypes, the youngest age giaber details of the
SCDC in particularare provided inChapter 7, where we conduct a GWAS of the log
transformed SCDC scores to identify genetic datiens with the Systemizing Quotient

Revised.
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6.3Results

6.3.1Phenotypic distributions
Both phenotypes had a unimodal, nearmal distribution Eigure 1), with skew and

excess kurtosis between.t1 The Spear mands rank cofamilg!l ati or
relationship satisfaction was only 0.52 (P < 2.2¥)@Figure 2), suggesting that they are not

identical phenotypes. This allowed us to investigate the genetic architecture of the two
phenotypes separately. Both sex and age were significastigiated with the two phenotypes,

though the effect was smdkigures 3 and 4.

Figure 1: Phenotypic distributions of family and friendship relationship satisfaction
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Histograms plotting the distribution of family relationship satisfaction (A and BY a
friendship satisfaction (C and D). Blue bar indicates scores for females, and pink for males.
Plots B and D show stacked frequency histograms. Scores range from 1 to 6, with 1
corresponding to extremely unhappy and 6 corresponding to extremely happy.
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Figure 2: Spearman6s rank correlation betwee

and family relationship satisfaction
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Figure 3: Difference in scores for friendship and family relationship satisfaction based
on sex

Family Friendship

Mean

%]

Female
Male
Female
Male

Mean scores for family relationship (left) and friendship (right) satisfaction shown above.
Lines represent standard devats. There was a small, but significant difference between
males and female3\yo tailed unpaired Ftest; P < 0.001 for both the phenotypes). For family
relationship satisfaction, males scored significantly higher than females. Mean (males) = 4.81,

sd=0 89; Mean (females) = 4. 79:testsvassmal @028.7. Th
For friendship satisfaction, males scored significantly lower than females. Mean (males) =
4. 68, sd = 0.74; Mean (f emal es) -testwas lai§et , sd

than that of family relationship satisfaction, but still small (0.ZPhe test was conducted in N
= 131,790 individuals who completed both the questionnaires. N,80B0for females. N =

60,981 for males.
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Figure 4: Difference in scores foffriendship and family relationship satisfaction based
on age
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Scatterplot showing the relationship between year of birth and family relationship
satisfaction (above) and friendship satisfaction (below). Age predicted a small proportion of
the variancen family satisfaction (Beta 0.00940.0003 P < 2.2x1%°). Age also predicted

a small proportion of the variamcin friendship satisfaction (Beta 0.007#.0002; P <
2.2x10%).



6.3.2Genetic correlation
Despite the modest phenotypic correlation, ¢geneorrelation between family

relationship satisfaction and friendship satisfaction was high :87+0.03; P < 2.2x1%5),
suggesting a similar genetic architecture between the two phenotypes. We observed a similarly
high bivariate genetic correlatiarsing GCTA REML (5= 1 + 0.11; P < 2.2x1#) in our
subsample of participants. This similarity was reflected in the largely similar genetic
correlation between the two phenotypes and other psychiatric and psychological phenotypes.
After FDR correction, w identified significant negative genetic correlations between family
relationship satisfaction and six of the seven psychiatric conditions tested (anxiety, autism,
anorexia nervosa, bipolar disorder, depression, and schizophrenia) and between friendship
satisfaction and four of the seven psychiatric conditions (autism, bipolar disorder, depression,
and schizophrenia). We replicated the negative genetic correlations with autism using a
separate dism GWAS dataset (autisniPSYCH). Underscoring the contriboh to the two
phenotypes to most psychiatric conditions, we also identified significant negative genetic
correlation for both phenotypes and crdssorder psychiatric GWASNotably, the
correlations between autism, schizophrenia, the alisesder GWASand depression are also
significant after using a moigringent and highly conservative Bonferroni correctidfor
cognitive and psychological phenotypes, we identified negative genetic correlations for both
phenotypes and educational attainment, cognitaptitude, depressive symptoms and
neuroticism. In contrast, we identified significant positive genetic correlations between both
phenotypes and conscientiousness, empathy, extraversion, and subjective wellbeing. Genetic

correlations are provided Figure 5and Table 1
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Figure 5: Genetic correlations
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Table 1: Genetic correlation for the two phenotypes

Family Friendship

Genetic SE P FDR- Genetic SE P FDR- Sample PMID

correlation adjusted P correlation adjusted P | Size
ADHD -0.08 0.05 | 1.20E01 1.5CE-01 0.07 0.05 | 1.48E01 | 1.74E01 55374 NA
Anorexia -0.21 0.08 | 9.00E03 1.29E02 -0.12 0.08 | 1.40E01 | 1.70E01 14477 28494655
Anxiety -0.38 0.14 | 6.59E03 9.76E03 -0.22 0.13 | 8.74E02 | 1.13E01 17310 26754954
Autism_PGC -0.21 0.06 | 1.00E03* | 1.74E03 -0.25 0.06 | 9.36E05 | 1.87E04* 16350 28540026
Autism_iPSYCH -0.37 0.06 | 5.36E10* | 1.95E09 -0.38 0.05 | 1.85E12 | 1.23E11* 19142 NA
Bipolar Disorder -0.28 0.07 | 6.30E05* | 1.33E04 -0.18 0.07 | 1.03E02 | 1.42E02 16731 21926972
Depression -0.36 0.1 5.02E04* | 9.56E04 -0.34 0.12 | 2.56E03 | 4.27E03 18759 22472876
Schizophrenia -0.37 0.03 | 3.37E22* | 3.37E21 -0.31 0.03 | 2.05E17 | 1.64E16* 77096 25056061
PGGcrossdisorder | -0.4 0.06 | 3.02E11* | 1.51E10 -0.4 0.06 | 2.29E11 | 1.31E10* 61220 23453885
Cognitive aptitude -0.1 0.05 | 3.00E02 4.00E02 -0.2 0.04 | 3.69E05 | 8.20E05* 78308 28530673
Conscientiousness | 0.4 0.14 | 3.90E03 6.00E03 0.53 0.16 | 6.95E04 | 1.26E03 17375 21173776
Depressive symptoms -0.54 0.05 | 1.51E22* 2.01E21 -0.4 0.06 | 5.06E11 | 2.25E10* 161460 27089181
Eduattanment -0.15 0.03 | 1.42E05* | 3.34E05 -0.22 0.03 | 4.0810 | 1.63E09* 293723 27225129
Empathy 0.33 0.07 | 3.03e06* | 7.58E06 0.44 0.07 | 1.31E09 | 4.37E09* 46861 NA
Extraversion 0.23 0.08 | 3.00E03 4.80E03 0.54 0.09 | 4.87E09 | 1.50E08* 63030 26362575
Neuroticism -0.45 0.09 | 1.01E06* | 2.69E06 -0.49 0.09 | 2.50E07 | 7.14E07* 170911 27089181
Openness -0.09 0.11 | 3.70E01 3.89E01 -0.15 0.11 | 1.80E01 | 2.06E01 17375 21173776
Cognitive empathy | -0.05 0.06 | 3.52E01 3.81E01 -0.06 0.06 | 3.32E01 | 3.69E01 89553 28584286
Subective Well being| 0.65 0.05 | 1.82E33* | 7.28E32 0.67 0.05 | 1.80E30 | 3.60E29* 298420 27089181
SQR -0.04 0.06 | 4.70E01 4.70E01 0.05 0.07 | 4.20E01 | 4.31E01 51564 NA

This table provides the results of the genetic correlation analyses. *indicates geneiatimms that were significant after using a more conservative
Bonferroni correction (P < 1.25x1?). SE = Standard error, P =®Ralue, PMID = Pubmed ID
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6.3.3SNP heritability
LDSR based SNeritability was 0.065 (0.005) for friendship satisfaction ar@b6

(0.005) for family relationship satisfaction. GCTA based heritability for a subset of the
participants identified a significant heritability of 0.053 (0.014) for friendship satisfaction and
0.056 (0.014) for family relationship satisfactidfigure 6 and Table 2.

Table 2: Additive SNP heritability

Phenotype Method h2 SE

Family LDSR 0.065 0.005
Family GCTA 0.053 0.014
Friendship LDSR 0.066 0.005
Friendship GCTA 0.056 0.014

This table provides the results of the additive SNP heritability etsdizy LDSR and GCTA.
h? = Additive SNP heritability. SE = Standard error.

Figure 6. Additive SNP heritability for family relationship and friendship satisfaction

Family Friendship

0.08

0.06

0.04

Heritahility estimate

0.02

0.00
GCTA LDSR GCTA LDSR

Additive SNP heritability for family relationship satisfaction (left) and friendshijsfsation
(right). Heritability estimates and 95% confidence intervals provided. We used two different
methods to calculate additive SNP heritability: LD score regression and GCTA genomic
relatednesshased restricted maximuiikelihood. Heritability estimtes for the former was
calculated using the full sample (N > 130,000 for both phenotypes). Heritability estimates for
the latter was calculated using cfiéth of the full sample (N = 26,000 for both phenotypes),
for computational efficiency. For both metts we included sex, batch, year of birth and the
first forty genetic principal components as covariates. Heritability estimates were similar and
significant for both methods.
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6.3.4Genetic association analyses
Genomewide association analyses did noemdify any significant results. Manhattan

and QQplots are provided ifrigure 7. T dcwas &.15 for botlphenotypes. However, the
LDSR intercept was 1.0018 (0.007) for family relationship satisfaction and 1.0002 (0.0085) for
friendship satisfaction, suggting negligible inflation due to population stratification. The high
genetic correlation between the two phenotypes was supported by concordant effect direction
for all the 13independent loci with P < 1xfdor the two phenotypesigure 8). Six of these

had significant Rvalues in the other phenotype after Bonferroni correctiogufe 8 and

Table 3).

Given the similar mean clsiquare of the two phenotypes (1.13 for family relationship
satisfaction and 1.14 for friendship satisfaction) and the regetic correlation, we conducted
a modified inverse variance weighted matelysis (MTAG). This increased the effective
sample size to 164,112 for family relationship satisfaction and over 158,166 for friendship
satisfaction. There was a high genetic elation between the pddTAG and postMTAG
GWAS datasets (Family: 0.98+0.005, P < 2.2¥ GFriendship: §= 0.98+0.004; P < 2.2x10
18) We identified two significant loci associated with both the phenotypable 4). On
Chromosome 3, the lead SNP wa$483617 for both phenotypes (P = 1.6%10r family
relationship satisfaction and 4.5531fr friendship satisfaction). In addition, on chromosome
6, we identified another locus with rs2189373 as the lead SNP for both phenotypes (P =
1.06x10? for family and P = 4.21x1®for friendship). The tofBNPs explained 0.019% of the
variance for both phenotypes whi ch reduced to 0.0027% aft
curse. Manhattan and Q@lots for the GWAS are provided Figure 9.
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Figure 7: Manhattan and QQ-plot for pre-MTAG GWAS
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Figure 8: Direction and P-values of all indep@dent SNPs with P < 16 in the pre-
MTAG family relationship satisfactionand friendship satisfaction GWAS
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Table 3: 13 independent loci in the preTAG GWAS

Friendship Family

SNP Chr | BP Effect_allele | Non_effect allele| Effect SE P Effect SE P

rs6732220 2 49222872 | G C 0.011 0.003 | 3.00E04 0.021 0.004 | 1.24E07
rs139054935 | 2 52497293 | A C 0.063 0.012 | 5.5E-07 0.036 0.015 | 1.83E02
rs9846892 3 81065799 | G A 0.015 0.003 | 1.55E07 0.010 0.003 | 2.50E03
rs4146336 3 117493600 | A C -0.015 | 0.003 | 6.96E07 -0.009 | 0.004 | 9.00E03
rs1471695 3 175965350 | A G -0.013 | 0.003 | 5.94E06 -0.018 | 0.004 | 2.20E0Q7
rs72847141 |6 2872214 | G T 0.019 0.004 | 7.90E07 0.015 0.005 | 1.70E03
rs9482120 6 98392667 | C A -0.015 | 0.003 | 1.01E07 -0.009 | 0.004 | 1.10E02
rs79937798 |8 17730682 | C T 0.039 0.008 | 9.48E07 0.013 0.010 | 1.70E01
rs10770042 |11 9607032 A G 0.019 0.004 | 3.30E07 0.006 0.005 | 1.80E01
rs147087791 | 11 92551205 | A G -0.049 | 0.009 | 1.99E07 -0.038 | 0.011 | 9.30E04
rs1785039 11 127900579 | A G -0.018 | 0.004 | 4.00E07 -0.011 | 0.004 | 1.10E02
rs56167781 | 12 120146026 | A T -0.026 | 0.007 | 1.00E03 -0.047 | 0.010 | 8.92E07
rs117479788 | 16 46764892 | A G 0.032 0.006 | 7.12E07 0.012 0.008 | 1.50E01

Chr = Chromosome, BP = Basepair position, SE = Standard error, PvalBe. Italicized effect sizes, SEs anddfues represent replication in
the second phenotype. Significant results are written in bold (Bonferraiotion).

Table 4: Significant SNPs in the MTAG GWAS

Family (MTAG) Friendship (MTAG)
SNP Info Chr | BP EA OA MAF | Beta SE P Beta SE P WC R?
rs2189373 0.99 |6 30223428 | C T 0.21 |-0.026 0.0046 | 1.06E08 | -0.025 | 0.0046 | 4.21E08 | 0.002723
rs1483617 0.99 |3 175960305 | G A 0.39 |-0.019 0.0035 | 1.6£08 |-0.019 | 0.0035 | 4.15E08 | 0.002723

Chr = Chromosome, BP = Basepair positid = effect allele, OA = other allele, MAF = minor allele frequerl, = Standard error, P = P
vaug WCR= wi nner 6s c uanseexplaimed.r ected vari
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Figure 9: Manhattan and QQ plots
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6.3.5Functionalannotation
We investigated genes associated with the taci using eQTL and chromatin

interaction analysis in brain tissug&sppendix: Tables12 and 13. The analyses prioritized
several genes includifdLGN1which is involved in the postysynaptic compiexexcitatory
synapses (rs1483617) and interacts WiB'XN1 a gene implicated in schizophref@hing et

al., 2010; Levinson et al., 20113utism(Sanders et al., 2015and intellectual disability
(Schaaf et al., 20120 second gene identifiedCNMB2,modulates the calcium sensitivity in

the BK channels. The second locus on chreonee 6 (rs2189373) is in the MHC complex. It

is an intergenic SNP IHCG17, a gene which has been implicated in schizoph(@&mn@mer et

al., 2016) SNPs in high LD &> 0.8) with the lead SNP havedreimplicated in schizophrenia
(rs2021722, P = 2.2 x 18)?(Ripke et al., 2011)rs2523722 , P = 1.47x10) (Irish
Schizophrenia Genomics Consortium and the Wellcome Trust Case Control Consortium 2,
2012)and in the crosdisorder psychiatric GWAS (rs2517614, P = 8.9%1(TrossDisorder

Group of the Psychiatric Genomics Consortium, 20¥8hen comparing the two previous
studies and our current studyetleffect allelethat increased the risk for the psychiatric
condition is in the same haplotype as the effect alllete decreased social relationship
satisfaction. We note here that this region was not genotyped in the latest GWAS of
schizophrenigRipke et al., 2014)and no SNP ir‘r> 0.8 with rs2189373 was available in this
schizophrenia summary statistics. eQTL and CCC identified several genes in this locus.
Notably, one of the genes identifiedNF189 was also prioritized in aecent largescale
GWAS on neuroticisniNagel et al., 2017)Figure 10 provides the circos plots for the two

loci. Figures 11 and 12rovide the local LD plots for the two phenotypes



Figure 10: Circos plots showing chromosome interactions and eQTLs

Circos plots showing eQTLs (green lines) and chromosome interactions (orange lines) for the two significant loci. AloCiarasp483617
B: Circos plot for rs2189373. The outer ring shows a modified Manhattan plotlagthO Pvalues. Blue regions identify genomic risk regions.

Names of genes with significant chromosome interactions or eQTL interactions are provided in the middIRexrckgions indicate regions
implicated by both eQTL and chromosome interactions.
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Figure 11: Regional LD plot for family relationship satisfaction
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Figure 12 Regional LD plot for the friendship satisfaction
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Using two different methods (FUMANd LDSRpartitioned heritability), we identified
high enrichment in brain tissues including the pituitary, pointing to the significant role of neural
tissues for both phenotypéBigures 13 and 14 Tables 5- 7). Brain specific chromatin
modifications fowed a significant, -Bold enrichment using LDSR, accounting for nearly a
third of the heritability(Tables 5 and 6. In addition, both methods identified significant
enrichment for genes with PLI > 0.9 (Family: Partitioréd®® = 6.81x10, MAGMA P =
3.06x10% Friendship: Partitionet? P = 1.56x1¢; MAGMA_P = 9.62x1®) (Tables 5 and
6). Baseline partitioned heritability also identified enrichment for conserved regions and

H3K4mel modifications for both phenotypes.

We investigated enrichment in specibrain regions using FUMA and partitioned
heritability (Figures 13 and 14, Table 7)FUMA identified a significant enrichment for the
cerebellum. In contrast, partitioned heritability identified a significant enrichment for the cortex
and the anterioriggulate cortex. This is likely to be dio methodological differences in how
the enrichments are calculated. Partitioned heritability is more likely to capture region specific
gene expression in the brain due to how region specific expression is ealc\@al type
specific analysis did not identify a significant enrichment for any specific brain types, using
both partitioned heritability and MAGMATables 8 and 9)

Genebased analyses using MAGMA identified thirteen significant genes for family
relaionship satisfaction and 12 significant genes for friendship satisfaétppefdix: Tables
14 and 15) The top gene in both the phenotypes #$SA5 a genethat encodes a

transmembrane protein on the endoplasmic reticulum.

151



Figure 13: General tissueenrichment (FUMA)

anjead o1 bol-

anjea-d 0T bol-

FUMA general tissue enrichment plots for family relationship satisfaction (above) and

friendship relationship satisfaction (below.axis indicates tissues, and Y axis indicated
enrichment, with higher bars representing greaerichmentDotted line indicates

Bonferroni corrected threshold. Gene expression data was obtained from the GTEXx

consortium.
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Figure 14: Specifictissue enrichment (FUMA)

FUMA specifictissue enrichment plots for family relationship satisfac{efsove) and

friendship satisfaction (belowX axis indicates tissues, and Y axis indicated enrichment, with
higher bars representing greater enrichment. Red bars indicate significant enrichment after
Bonferroni correctionDotted line indicate®onferronicorrected threshold. Gene expression
data was obtained from the GTEx consortium.
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