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Summary

Background Autism spectrum disorder (ASD) is a neurodevelopmental disorder with high phenotypic and genetic
heterogeneity. The common variants of specific oxytocin-related genes (OTRGs), particularly OXTR, are associated
with the aetiology of ASD. The contribution of rare genetic variations in OTRGs to ASD aetiology remains unclear.
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Methods We catalogued publicly available de novo mutations (DNMs) [from 6,511 patients with ASD and 3,391 con- https://doi.org/10.1016/j.

trols], rare inherited variants (RIVs) [from 1,786 patients with ASD and 1,786 controls], and both de novo copy num-  .iom 2022.104091
ber variations (dnCNVs) and inherited CNVs (ihCNVs) [from 15,581 patients with ASD and 6,017 controls] in 963

curated OTRGs to explore their contribution to ASD pathology, respectively. Finally, a combined model was

designed to prioritise the contribution of each gene to ASD aetiology by integrating DNMs and CNVs.

Findings The rare genetic variations of OTRGs were significantly associated with ASD aetiology, in the order of
dnCNVs > ihCNVs > DNMs. Furthermore, 172 OTRGs and their connected 286 ASD core genes were prioritised to
positively contribute to ASD aetiology, including top-ranked MAPK3. Probands carrying rare disruptive variations in
these genes were estimated to account for 10~11% of all ASD probands.

Interpretation Our findings suggest that rare disruptive variations in 172 OTRGs and their connected 286 ASD core
genes are associated with ASD aetiology and may be potential biomarkers predicting the effects of oxytocin
treatment.
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Research in context

Evidence before this study

Multiple clinical studies have investigated the beneficial
effects of oxytocin intervention in social functioning
and within non-social domains (repetitive behaviour) in
patients with ASD; however, their findings are contro-
versial. Although genome-wide association studies have
attempted to link common variants in certain OTRGs,
especially OXTR, to the efficacy of oxytocin intervention
in ASD, findings remain paradoxical.

Added value of this study

Publicly available rare genetic variations from large
cohort studies showed that the rare genetic variations
of OTRGs are significant contributors to ASD aetiology
(in the order of dnCNVs > ihCNVs > DNM:s). Leveraging
our combination model, 458 potential oxytocin-related
molecular biomarkers based on rare disruptive varia-
tions were prioritised as contributors to ASD pathology.

Implications of all the available evidence

This study established the correlation between rare
genetic variations of OTRGs and ASD aetiology. In addi-
tion, the potential oxytocin-related biomarkers identi-
fied herein could be valuable in both understanding the
underlying mechanism of ASD pathophysiology and
clinical investigation of ASD treatment with oxytocin.

Introduction

Autism spectrum disorder (ASD) is a highly prevalent
and highly heritable neurodevelopmental disorder
(NDD); however, no effective therapeutic options are
available for curing core symptoms, including impaired
social interactions and repetitive behaviours."* Oxytocin
is a nine-amino acid neuropeptide produced in the para-
ventricular nucleus of the hypothalamus and released
from the posterior pituitary gland.> Owing to its indis-
pensable role in the intervention of a variety of social
behaviours* © and its potential to treat ASD,” oxytocin
has attracted considerable attention in ASD research.
Several studies have mentioned or inferred that dysre-
gulated oxytocin signalling is associated with ASD
aetiology.” "' Studies of murine models carrying ASD-
associated rare genetic mutations have shown connec-
tions to the oxytocin system, and the social behavioural
deficits in these mice could be ameliorated by intranasal
oxytocin administration.” ™ By profiling plasma
microRNAs of 30 patients with ASD as well as 30 gen-
der- and age- matched healthy controls, the downregu-
lated miR-6126, which targets genes enriched in the
oxytocin signalling pathway, was identified.” Moreover,
the overall plasma oxytocin level was reportedly lower in

patients with ASD than in controls.”®'® ASD patients
with the lowest pre-treatment oxytocin level exhibited
the most remarkable social improvement, and this
enhanced social functioning was consistent with their
increased blood oxytocin levels post-treatment.” These
findings support the hypothesis that ASD patients with
deficient oxytocin system may benefit from oxytocin
intervention.”"?

Compared to intravenous administration, intranasal
administration of oxytocin in patients with ASD is a
promising approach as it effectively reaches the central
nervous system (CNS) directly through the nose-to-
brain route.* Although an increasing number of clinical
trials have investigated the efficacy of intranasal oxyto-
cin intervention, the conclusions vary and are con-
troversial.’® 2® Certain studies supported the beneficial
effects of oxytocin intervention in social functioning
and within non-social domains (repetitive behaviour) in
patients with ASD,*° whereas other studies support
only one of these effects'9>5>% 33 or neither.>®*7:3435
Given that these clinical trials employed different exper-
imental designs, inclusion and exclusion criteria for
recruiting participants, intervention methods, and
approaches for evaluating intervention efficiencies,
inconsistencies in the outcomes are inevitable.'? **

Genome-wide association studies (GWASs) have
revealed that several common variants of OXTR, includ-
ing rsy63228y, rs237887, 152268491, and 152254298,
might be associated with ASD,*® and their accumula-
tion might be positively associated with the severity of
ASD symptoms.* In addition, there have been attempts
to link the common OXTR variants, rs2254298 and
1s53576, to the efficacy of intranasal oxytocin in alleviat-
ing ASD symptoms, but the findings are
controversial **#9 Rare variants, including de novo muta-
tions (DNMs) and rare inherited variants (RIVs), con-
tribute to ASD aetiology, with DNMs showing relatively
strong functional effects.*® Several ASD studies,
employing whole-exome sequencing and whole-genome
sequencing (WGS), have detected functional DNMs,
leading to the prioritisation of some candidate genes in
ASD.#'"4* DNMs in coding regions reportedly contrib-
ute to ~30% of all cases of simplex autism families and
~45% of cases diagnosed in females.** We have identi-
fied several ASD genes***® and demonstrated the con-
tribution of DNMs to ASD aetiology in brain-size-
related genes*” and vitamin-related genes,** as well as
revealed the convergence and divergence in DNMs
among three ASD subcategories.*? Furthermore, copy
number variations (CNVs) contributed to the risk of
developing ASD°°>* and might account for ~4% of
ASD cases.”> However, whether the rare genetic variants
in OTRGs are associated with ASD pathology remains
unclear.

Herein, this study systematically compared the rare
SNV variants and CNVs in OTRGs between ASD and
control groups, in terms of sex and non-verbal
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intelligence quotient (NVIQ), to investigate their poten-
tial roles in ASD pathology. Furthermore, by perform-
ing a comprehensive integrative analysis, we prioritised
potential oxytocin-related molecular biomarkers that
may contribute to the aetiology of ASD.

Methods

Curation of OTRGs

A total of 963 OTRGs (Supplemental Table 1) were
manually curated based on the following selection crite-
ria: (i) directly or indirectly related to oxytocin [genes
directly related to oxytocin had the following features: 1)
encode a precursor protein that is processed to produce
oxytocin and neurophysin [; 2) encode oxytocin recep-
tors; 3) alter plasma oxytocin levels or oxytocin expres-
sion following knockout; 4) exhibit differential
expression following oxytocin administration; s5) their
mRNA expression level can be used as a marker for oxy-
tocin signalling. Genes indirectly related to oxytocin
were defined as additional genes that co-occurred with
“oxytocin” in the title of PubMed studies]; (ii) interacted
with genes directly related to oxytocin in the inBio Map
database’* and with a confidence score equal to 1; (iii)
involved in the oxytocin signalling pathway (hsao4921)
in the Kyoto Encyclopaedia of Genes and Genomes
(KEGG) database®; and (iv) interacted with oxytocin in
manually curated chemical—gene/protein interactions
sourced from the Comparative Toxicogenomics Data-
base (CTD).*° In addition, 208 core OTRGs were
defined as OTRGs solely sourced from the PubMed,
KEGG, and CTD databases. The OTRGs, as well as the
core OTRGs, were used for burden analysis.

Data collection and processing

DNMs and clinical information (sex and NVIQ) from
6,511 probands with ASD and from 3,391 controls were
sourced from the GenegDenovo database’ and, if
available, from the supplementary data of correspond-
ing published papers, respectively (Supplemental
Table 2). Inherited variants and clinical information
(sex and NVIQ) were gathered from 1,786 quad fami-
lies in the Simons Simplex Collection (SSC).5* De novo
CNVs (dnCNVs), inherited CNVs (ihCNVs), and clini-
cal information (sex and NVIQ) from 15,581 probands
with ASD and 6,107 controls were collated from the
AutDB database’” (Supplemental Table 3). All the diag-
nostic and selection criteria for probands and controls,
matching criteria for controls have been described in
the original papers.”” °° Similar to our previous
studies,®*°" detailed variant annotation was performed
using ANNOVAR®? and VarCards.”> RIVs were
defined as inherited variants with a minor-allele fre-
quency below 0-1%. ReVe®* was used to predict delete-
rious missense (Dmis) variants with scores > o-7.
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Loss-of-function (LoF) and Dmis variants were consid-
ered functional mutations. Gene annotation and path-
ogenicity estimation of CNVs were performed using
ClassifyCNV.®> CNVs covering at least one of the
OTRGs were defined as OTRG-associated CNVs and
used for burden analysis.

Burden analysis of OTRGs
The mutation burden analysis was performed between
the following: ASD and control subjects; ASD and con-
trol subjects of the same sex; male and female probands;
and ASD probands within each of the different classes
of NVIQs (IQ < 50, 50 < IQ < 80, and IQ > 80) and
control subjects in the DNM, RIV, and CNV datasets.
CNVs of different lengths may carry different num-
bers of OTRGs in ASD probands and controls. There-
fore, the following normalised equation was designed to
calculate the CNV abundance in OTRGs as follows:

OTRGSCNV_abundance

B >_i > overlapped_DNA_lengths
" 3 gene_lengths_in_OTRGs

X 1000

where, i is the i affected individual (ASD proband or
control); n is the total number of affected individuals
(ASD probands or controls); j is the j* affected OTRG
in the i™ affected individual, and m is the number of
affected OTRGs in an affected individual.

For comparison analysis, CNV count and normalised
abundance of OTRG-associated dnCNVs were both used
for CNV burden analysis. A similar burden analysis
between ASD probands and controls was performed with
the normalised abundance of OTRG-associated thCNV.

Combined model for gene prioritisation

Inspired by the methods used by Krumm et al.**°® we
designed a comprehensive model by integrating DNMs
and CNVs to prioritise the contribution of each protein-
coding gene to ASD aetiology, which can be summar-
ised as follows:

GeneScore; = Z;I we x (brig —1)

where t stands for the three types of genetic variations
(t=1 for DNM, t=2 for dnCNV, and t =3 for ihCNV), b;,
is the burden ratio of gene i in the ™ type of rare genetic
variations between ASD probands and controls, calcu-
lated as follows:

((# Variationasp + min)/# Samplesasp); ;
((# variationcontrol + min)/# 5amplescomtrol)i,t

brikt -

# Variationgpeo = 0, mMin = o.5

# Variation gpge > ©, min = o
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Where w, represents the weight of the ™ type of rare
genetic variations contributing to ASD aetiology, quanti-
fied using the odds ratio between ASD and control sub-
jects with all reference genes from our collected data.
Estimation of gene scores used disruptive genetic varia-
tions consisting of functional DNMs, pathogenic
dnCNVs, and pathogenic thCNVs. In addition, the odds
ratios (weights) estimated by Krumm et al.°® were
included for comparative analysis. Therefore, by com-
bining this model with two sources of weights, two con-
tribution scores were produced for each gene: the O-
Gene_score (using weights estimated by our study) and
the K-Gene_score (using weights estimated by Krumm
et al.°®). Finally, the contribution scores were used for
OTRG prioritisation, and genes for which the O-Gene_-
score and K-Gene_score were both > o were considered
to positively contribute to ASD aetiology.

Metascape®” was used for biological pathway enrich-
ment with genes of interest. Significantly enriched bio-
logical pathways were defined by a Q value < o0-05.

Data collection for comprehensive integration analysis

ASD genes identified by genetic variations were collected
from the following three sources: (1) ASD candidates
defined in our previous study on NDDs;*® (2) genes
retrieved from the Simons Foundation Autism Research
Initiative (SFARI) database (https://gene.sfari.org/); and
(3) genes documented in the AutDB database.”® Gene-
level LoF intolerance (pLI) scores were downloaded from
the Genome Aggregation Database (gnomAD)®? (v2.2.1).
Publicly available ASD brain transcriptome data were
retrieved from related studies’®”" and our previous
study.®® Genes with a false discovery rate (FDR) below
0-05 were deemed significantly differentially expressed,
as in our previous study.®® Brain expression data of
humans were downloaded from the BrainSpan database
(http://www.brainspan.org/). Human protein-protein
interaction (PPI) data were retrieved from the STRING
(https://string-db.org/) and InWeb_IMso (http://www.
intomics.com/inbio/map) databases.

Permutation test and network construction

The permutation test was performed on the positively
contributed OTRGs (PC-OTRGs) and the collected
known ASD genes based on BrainSpain co-expression
and PPI data to evaluate their functional connections.
Similar to previous studies,¥**”> gene pairs co-
expressed with |R| > 0-8 in the human brain”® or PPI
with a score > 400 in STRING or a score > 0-8 in
InWeb_IMs50,”* were considered as connected. In brief,
the numbers of connected genes within the 172 PC-
OTRGs and the collected known ASD genes and their
connections were compared with corresponding num-
bers produced by 172 random genes of 1,000,000 itera-
tions, as in our previous study.”

PC-OTRGs and their connected ASD core genes
were used to construct a weighted network based on co-
expressed and PPI gene pairs used in the permutation
test. The node in the weighted network was quantified
by adjusted weight (NW) expressed as follows:

NW; = log, ((0O — GeneScore; + K — GeneScore;)/2)

Network figures were generated using Cytoscape
v.3.8.0 (https://cytoscape.org).

Statistical analysis

A one-sided rate ratio (RR) test was used to estimate
whether the burden of OTRGs is significantly higher in
the ASD probands than in corresponding controls using
the ‘rateratio.test’ function in the ‘rateratio.test’ R pack-
age (vi.o-2; https://cran.r-project.org/web/packages/
rateratio.test/index.html). A chi-square test was used to
validate associations between the OTRG-associated
CNVs and ASD aetiology. Participants without sex or
NVIQ information were excluded in corresponding sub-
group comparisons. For all comparisons, differences
were considered statistically significant at p < 0-05.

Role of funding source

The funders had no role in the study design, data collec-
tion, data analyses, interpretation, and writing of the
manuscript.

Results

OTRG summary and mutation burden of OTRGs in
patients with ASD
Of the 963 OTRGs curated from four sources, 208 were
defined as core OTRGs (Methods section). In addition,
we catalogued 8,175 coding DNMs in 6,511 ASD pro-
bands and 3,629 coding DNMs in 3,391 controls from
16 studies (Supplemental Figure 1). The coding DNMs
in the 963 OTRGs were used for mutation burden anal-
ysis. In the ASD probands, there was a slightly higher
non-significant number of both coding DNMs
(RR=116, p=5-27x10 % RR test) and LoF DNMs
(RR=150, p=9-08 x 107 %; RR test) than those in the
controls; this difference was significantly higher in mis-
sense DNMs (RR=r121, p=4-26x10 % RR test,
Figure 1a and Supplemental Tables 4—5). When focus-
ing on the 208 core OTRGs, significant differences in
mutation burdens between patients with ASD and the
controls were observed in both coding DNMs
(RR=146, p=1-62 x 10" % RR test) and LoF DNMs
(RR=4-69, p=1-44 x 10" % RR test, Figure 1a). These
results indicate that the ASD probands carry a higher
coding DNM burden in core OTRGs than the controls,
especially LoF DNMs.

Notably, ASD exhibits a strong male bias, with a
male: female ratio of 4: 1.”° Therefore, mutation burden
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Figure 1. DNM burden of OTRGs in patients with ASD compared with that in controls. (a) Differences in DNM burden between
patients with ASD (n=6,511) and control subjects (n=3,391) for each mutation type in all OTRGs (n=963) and core OTRGs
(n =208). DNM, de novo mutation; OTRGs, oxytocin-related genes; loss-of-function (LoF) including stop-gain, stop-loss, and splicing
sites SNVs and frameshift indels; Deleterious missense, variants with ReVe score > 0.7; Functional mutations, combination of LoF
mutations and deleterious missense mutations. (b) Differences in DNM burden between sex-stratified patients with ASD (N
male = 769; Nate = 3,846) and control subjects (Nfemale = 1,011; Nmae = 900) for each mutation type in all curated OTRGs. (C) Differen-
ces in DNM burden between NVIQ-stratified patients with ASD (nyvig < s0 =333, Nso < nvia < 80 =617, and nyyiq -~ so=1,558) and
control subjects (n=1,911) for each mutation type in all the OTRGs. All the p values were calculated by the rate ratio test. NVIQ,
non-verbal intelligence quotient.
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analysis was employed to investigate whether there was
a sex-based difference in the DNM burden. The muta-
tion rates of coding DNMs were significantly higher in
female than in male probands with ASD (RR=136,
p=0-02; RR test) as well as in female probands with
ASD than in female controls (RR=1-87, p=5-91 X 10 %;
RR test, Figure 1b). However, only a slightly significant
difference in coding DNM burden was observed when
comparing male probands with ASD and male controls
(RR=134, p=0-04; RR test, Figure 1b). Patients with
ASD have diverse intelligence levels, a crucial pheno-
typic marker of ASD;”® therefore, proband stratification
was attempted to evaluate the difference in DNM bur-
den in OTRGs between NVIQ-stratified probands and
the controls, but no significant difference was observed
(Figure 1c).

To identify whether there were significant differen-
ces in the burden of RIVs of OTRGs between probands
with ASD and controls, we catalogued 4,244 and 4,223
coding RIVs of OTRGs from 1,786 patients with ASD
and 1,786 controls, respectively (Supplemental Tables
6—7). The results exhibited no significant differences in
mutation burdens between ASD probands and controls,
even when the RIVs were stratified by different inheri-
tance patterns (Supplemental Figure 2a). Furthermore,
no significant differences in the mutation burden were
observed between a subset of ASD probands and con-
trols stratified by sex or NVIQ for any type of RIVs (Sup-
plemental Figure 2b—c).

OTRG-associated CNVs significantly associated with
ASD aetiology
CNVs, including dnCNVs and ihCNVs, significantly
contribute to ASD aetiology.”® However, whether the
burden of CNVs of OTRGs significantly differs
between ASD probands and control subjects remains
unexplored. Therefore, 16,902 CNVs (697 dnCNVs
and 16,205 thCNVs) from 15,581 ASD probands and
11,921 CNVs (212 dnCNVs and 11,709 ithCNVs) from
6,107 controls of 12 studies were collected (Supple-
mental Figure 1; Supplemental Tables 3 and 8). Of
the dnCNVs in ASD probands, ~28:98% (202/697)
were associated with OTRGs, which was significantly
higher than that in the controls (~9-91%, 21/212;
Chi-square test, p=1-58 x 10~ %; Supplemental Table
9). In addition, there were significantly more OTRG-
associated dnCNVs in ASD probands than in the con-
trols in “All CNVs” (RR=3-71, p=1-03 x10 ; RR
test), “Deletion CNVs” (RR=35-41, p=5-20 x 10" '
RR test), and “Pathogenic CNVs” (RR=9-6s,
p=4-22 x 10" %; RR test, Figure 2a). When focusing
on the 208 core OTRGs with dnCNVs, similar trends
were observed (Figure 2a).

As CNV data were collected mainly from two plat-
forms, namely next-generation sequencing (NGS) and
microarrays, all ASD probands and control subjects

were separated by platforms to estimate whether signifi-
cant differences in the dnCNV burden were affected by
specific platforms. Consequently, irrespective of
whether the dataset was used with NGS or microarrays
alone, significantly higher burdens of OTRG-associated
dnCNVs were consistently observed for several CNV
types in ASD probands than in controls, including “All
CNVs” (RR=3-37, p=9-37 X 10~ ® for NGS; RR=3.99,
p=4-29 x 10 7/ for microarrays; RR test), “Deletion
CNVs” (RR=3-83, p=2-02 x 10" # for NGS; RR =831,
p=6-94 x 1077 for microarrays; RR test), and
“Pathogenic CNVs” (RR=12-37, p=311x10 4 for
NGS; RR=8-01, p=9-35 x 10 ° for microarrays; RR
test, Figure 2b—c).

Potential bias may result from directly using the
number of OTRG-associated CNVs for burden analy-
sis, as each specific CNV may cover different num-
bers of OTRGs. To curtail this bias, CNV abundance
in OTRGs was normalised based on the gene length
and used for burden analysis. Significantly higher
dnCNV burdens in OTRGs were found in ASD pro-
bands than in controls using normalised data from
both platforms, NGS alone, or microarray alone in
most CNV types (Figure 2d—f). In addition, as more
accurate findings can be achieved with larger sample
sizes, the normalised CNV data from all platforms
were used for downstream analysis.

As ihCNVs also contribute significantly to ASD aeti-
ology, we evaluated the burden of OTRG-associated
ihCNVs. There was a significantly higher burden in
ASD probands than in controls for several types of
CNVs, including “Pathogenic CNVs” (RR=Inf,
p=1-46 x 10 % RR test) and “Likely pathogenic CNVs”
(RR=3-19, p=3-38 x 10~ % RR test, Figure 2g and Sup-
plemental Table 10). However, this contribution was
much lower than that estimated for the corresponding
types of normalised dnCNVs (Figure 2d, g). These
results indicate that the genetic contribution of OTRGs
is significantly associated with ASD aetiology in the
order of dnCNVs > ihCNVs, and that “Pathogenic
CNVs” play a prominent role in both, which was con-
firmed by association analysis (Supplemental Table 11
and Supplemental Figure 3a).

To further explore whether the sex bias observed
in the DNM burden (Figure 1b) existed for the CNV
burden, we used the normalised dnCNV data from
all platforms for burden analysis. Consistent with
those from the DNM burden analysis, OTRG-associ-
ated dnCNV burdens were significantly higher in
female ASD probands than in male ASD probands
and female controls (Supplemental Table 9 and Sup-
plemental Figure 3b). Moreover, significantly higher
OTRG-associated dnCNV burdens were found in
ASD probands with NVIQ < 50 than in the controls
for several types of CNVs, especially “Pathogenic
CNVs” (RR=99-29, p=1-10 x 10~ #4; RR test, Supple-
mental Figure 3c).
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Figure 2. CNV burden of OTRGs in patients with ASD compared with that in controls. (a) Differences in dnCNV burden
between patients with ASD (n=15,581) and control subjects (n=6,017) for each CNV type in all OTRGs and core OTRGs
based on raw dnCNV counts. dnCNV, de novo CNV. (b) Differences in dnCNV burden of OTRGs between patients with ASD
(NnGs = 8,338) and control subjects (nygs=3,437) based on raw dnCNV counts from NGS platform. (c) Differences in dnCNV
burden of OTRGs between patients with ASD (Nmicroarray = 7,243) and control subjects (Nmicroarray = 2,580) using raw dnCNV
counts from microarray analysis. (d) Differences in dnCNV burden of OTRGs between patients with ASD (n=15,581) and con-
trol subjects (n=6,017) with normalised dnCNV counts. (e) Differences in dnCNV burden of OTRGs between patients with
ASD (nngs = 8,338) and control subjects (nygs = 3,437) using normalised dnCNV counts from the NGS platform. (f) Differences
in dnCNV burden of OTRGs between patients with ASD (Nmicroarray = 7,243) and control subjects (Nmicroarray = 2,580) using
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Combined model for OTRG prioritisation

By integrating disruptive DNMs, dnCNVs, and thCNVs,
we designed a combined model to comprehensively
evaluate the contribution of each OTRG to ASD aetiol-
ogy, with weights estimated in our study (O-Gene_-

score) (Supplemental Tables 12—13) and those
determined by Krumm et al.°® (K-Gene_score). We
found a significant correlation (r=0-97, p <

2-20 x 10 '®, Pearson correlation) between gene scores
generated using the two sources of weights, indicating
the reliability of weights estimated in our study using
collected data (Figure 3a). In addition, based on gene
score density distribution (Figure 3b), r72 OTRGs were
identified to positively contribute to ASD aetiology (PC-
OTRGs) with both O-Gene_score > o and K-Gene_-
score > o. There was an evident trough adjacent to the
highest peak in the density distributions for both O-
Gene_score and K-Gene_score (Figure 3b), indicating
that two distinct gene clusters contribute to ASD aetiol-
ogy in these PC-OTRGs. Therefore, the bottom values
of 12 for O-Gene_score and 16 for K-Gene_score were
used for PC-OTRG stratification. From 172 PC-OTRGs,
we obtained 30 high PC-OTRGs with both O-Gene_-
score > 12 and K-Gene_score >16, whereas the remain-
ing 142 PC-OTRGs were considered low PC-OTRGs.

To further explore the relationship between these
high/low PC-OTRGs and ASD risk, 1,229 ASD genes
consisting of 559 ASD core genes and the remaining
670 ASD-associated genes were collected from our pre-
vious NDD study,°® SFARI, and AutDB databases
(Figure 3c). We found that 36-66% of the high PC-
OTRGs and 28-87% of the low PC-OTRGs (Figure 3d-e)
were shared with ASD genes (32 ASD core and 20 ASD-
associated  genes;  Supplemental  Figure 4a,
p=116 x 107 2°, hypergeometric test). The top three
genes among the 30 high PC-OTRGs were MAPKj3
(ASD-associated gene), SHANK3 (ASD core gene), and
PRKAB:2 (Supplemental Figure 5). In addition, 78 of the
172 PC-OTRGs were significantly differentially
expressed between ASD and control cortices (Supple-
mental Figure 4b, p=9-67 x 10 %, hypergeometric
test).

The Metascape tool®” was used to further annotate
the 30 high and 142 low PC-OTRGs. As expected,
“GPCR ligand binding” and “oxytocin signalling
pathway” were significantly enriched in both high and
low PC-OTRGs (Figure 3f and Supplemental Table 14).
Moreover, several terms were specifically enriched in
either high PC-OTRGs (e.g., “MAPK signalling
pathway”) or low PC-OTRGs (e.g., “signalling by recep-
tor tyrosine kinase”) (Figure 3f).

PC-OTRGs are functionally associated with ASD genes
A permutation test with 1,000,000 iterations was
employed to determine the relationship between the
172 PC-OTRGs and each of the 1,177 unshared ASD
genes and 527 ASD core genes (Supplemental Figure
4a) based on the co-expression data from the human
brain and PPI data. PC-OTRGs were significantly more
connected (co-expressed and/or PPI) with ASD core
genes than random expectations. Overall, 169 of the 172
PC-OTRGs (p=o0; permutation test, Supplemental
Figure Ga) were connected with 427/527 ASD core
genes (p=3-0 x 10 °; permutation test, Supplemental
Figure 6b), with 3,052 connections (p = 0; permutation
test, Supplemental Figure Gc¢). Specifically, based on
human brain expression data, 60 of the 172 PC-OTRGs
(p=7-27 x 10~ 4 permutation test, Supplemental Figure
6d) were co-expressed with 194/527 ASD core genes
(p=1'5 x 1075; permutation test, Supplemental Figure
6e), with 618 connections, which is significantly higher
than that of random expectations (p=1-58 x 10~ >; per-
mutation test, Supplemental Figure 6f). In the PPI
data, 168/172 PC-OTRGs (p = o; permutation test, Sup-
plemental Figure 6g) interacted with 387/527 ASD core
genes (p=3-56 x 10”4 permutation test, Supplemental
Figure 6h) through 2,507 connections (p = o; permuta-
tion test, Supplemental Figure 6i), which also signifi-
cantly exceeded that of random expectations. Similarly,
a significantly higher connection was observed for PC-
OTRGs and all ASD genes than for random expecta-
tions (Supplemental Figure 7).

The 172 PC-OTRGSs accounted for o0-67% (104/
15,581) of patients with ASD with pathogenic CNVs and
2-26% (147/6,511) of patients with functional DNMs in
the CNV and DNM cohorts (Supplemental Figure 8a).
In addition, 66-98% (286/427) of ASD core genes
(Supplemental Figure 6b), connected to 172 PC-OTRGs,
positively contributed to ASD aetiology. Considering the
172 PC-OTRGs and the 286 ASD core genes connected
to them (458 potential molecular biomarkers), 1:09%
(r70/15,581) of patients with ASD in the CNV cohort
were estimated to carry pathogenic CNVs (Supplemen-
tal Figure 8b). Due to the unavailability of sex and
NVIQ information for most patients with ASD in the
CNV cohorts, the stratification based on sex and NVIQ
was not pursued further. In the DNM cohort, 9-72%
(633/6,511) of patients with ASD carried functional
DNMs in 458 molecular biomarkers (Supplemental
Figure 8b) where information on either sex, NVIQ, or
both was available for 74-09% (469/633), 39-18% (248/
633), and 35-55% (225/633) of patients with ASD, respec-
tively (Supplemental Table 15). Therefore, sex and NVIQ

normalised dnCNV counts from microarray analysis. (g) Differences among the ihCNV burden between patients with ASD
(n=15,581) and control subjects (n=6,017) for each CNV type in all the OTRGs and the core OTRGs based on normalised
ihCNV counts. All the p values were generated by the rate ratio test. ihCNV, inherited CNV.
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Figure 3. Summary of OTRG prioritisation using a combined model. (a) Correlation of K-Gene score and O-Gene score for OTRGs.
K-Gene and O-Gene scores were produced using a combined model with rare disruptive variations and weights estimated by either
Krumm et al. or the present study, respectively. Rare disruptive variations consisted of functional DNMs from patients with ASD
(n=6,511) and control subjects (n=3,391), as well as pathogenic dnCNVs and pathogenic ihCNVs from patients with ASD
(n=15,581) and control subjects (n=6,017). The p value was calculated by the Pearson correlation test. (b) A total of 172 PC-OTRGs
were identified, consisting of 30 high PC-OTRGs and 142 low PC-OTRGs based on the OTRG density plot of K-Gene scores
and O-Gene scores. PC-OTRGs, positively contributed OTRGs. (c) Composition of high and low PC-OTRGs in all 963 OTRGs.
(d) Composition of ASD core and ASD-associated genes in the 30 high PC-OTRGs based on the annotation of collected 559
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differences were estimated between patients affected by
the functional DNMs of these molecular biomarkers
and those unaffected. These affected patients showed a
significantly higher female: male ratio (p=5-21 x 10~%;
chi-square test) and a low (NVIQ < 80): high (NVIQ >
80) NVIQ ratio, which were 1-69 and 1-97 times higher
than those in the unaffected group, respectively
(p=3-21 x 107 7; chi-square test; Supplemental Table
15). In addition, the low: high NVIQ ratio was signifi-
cantly higher (2:26 times) in female than in male
patients (p=1-92 x 10~ %; chi-square test; Supplemental
Table 15).

Next, the 172 PC-OTRGs and their connected 286
ASD core genes, which positively contributed to ASD
aetiology, were used for network construction, respec-
tively, based on co-expression and PPI. Our results
showed that these genes were functionally convergent
(Figure 4a). Specifically, 93-33% (28/30) of high- and
85-92% (122/142) of low-PC-OTRGs were involved in at
least one of the four enriched pathways, namely
“oxytocin signalling pathway”, “GPCR ligand binding”,
“MAPK signalling pathway”, and “signalling by receptor
tyrosine kinases” (Figure 4a and Supplemental Table
14). Furthermore, ~59-:44% (170/286) of their con-
nected ASD core genes are involved in chromatin orga-
nisation, nervous system development, and synaptic
function (Figure 4a and Supplemental Table 15), which
are known networks contributing to ASD aetiology.””
Among these high PC-OTRGs (Figure 5), MAPK3 was
the most prominent gene, participating in three of the
enriched pathways, followed by SHANK3, NLGN4X,
and NLGN;3 (Figure 4b and Supplemental Table 16). In
addition, MAPK3 seemed to be affected more frequently
by CNVs rather than DNMs (Figure sa—b) and was sig-
nificantly differentially expressed in the ASD cortex as
compared to that in the normal control cortex
(Figure 5c). These results imply oxytocin-related com-
plex networks that may be associated with the aetiology
of ASD.

Discussion

It is well documented that ASD is primarily attributed to
rare mutations, which may cause distinct pathophysio-
logical characteristics that may yield heterogeneous
effects on treatment response.”**° Nonetheless, the
potential intricate correlations between rare genetic var-
iations in OTRGs and ASD aetiology have not been sys-
tematically investigated. Therefore, in this study, we
compared the rare genetic variations in OTRGs between
ASD probands and controls in terms of sex, NVIQ, and
inheritance. Our results revealed that: (1) OTRGs signif-
icantly contributed to ASD aetiology in the order of

dnCNVs > jhCNVs > DNMs at the individual level; (2)
significantly higher mutation burdens of OTRGs exist
in female patients than in male patients and female con-
trols, supporting the female-protective effect in ASD;”®
and (3) significantly higher dnCNV burdens in OTRGs
are observed in stratified ASD patients with NVIQ < 50
than in controls. In addition, rare disruptive variations
of OTRGs exhibited a significantly dominant associa-
tion compared with other types of rare variations. Fur-
thermore, we prioritised 458 potential oxytocin-related
molecular biomarkers, based on rare disruptive varia-
tions, comprising 172 PC-OTRGs and 286 ASD core
genes connected to them, with functional DNMs and
pathogenic CNVs covering ~10% (633/6 511) and ~1%
(170/15 581) of patients with ASD, respectively.

By integrating rare disruptive variations, our combi-
nation model identified 172 PC-OTRGs that were signif-
icantly enriched in several ASD-related terms, especially
“MAPK signalling pathway” contributing to ASD patho-
genesis by affecting brain development.”® Although, the
oxytocin-regulated MAPK pathway, via MEKz/2
(MAPK1/MAPK3), has been demonstrated to be essen-
tial for the anxiolytic effect of oxytocin in the paraven-
tricular nucleus,” the mechanism underlying how
oxytocin regulates the MAPK pathway, thereby affecting
ASD core symptoms, warrants further exploration.
With comprehensive integration of publicly available
genetic and transcriptomic data, two PC-OTRGs,
MAPK3 and SHANKj3, were highlighted as top two
genes for their association with ASD aetiology. Notably,
we observed that an ~1Mb MAPK3-carrying CNV hot-
spot in the 16p11.2 region presents in 0-39% (61/15 581)
of patients with ASD (Supplemental Figure 9). In addi-
tion, the 16p11.2 region contained two additional ASD
genes, TAOK2 and KCTD13 (Supplemental Figure o),
which reportedly affect autism-related neurodevelop-
ment and cognition as well as synaptic transmission,
via RhoA signalling,*>®" a downstream target of oxyto-
cin signalling (https://www.kegg.jp/pathway/
hsao4921). These previous studies show that MAPKj3
could be a promising oxytocin-related risk gene for ASD
even though the intricate regulatory network needs fur-
ther exploration. In addition, we observed that DNMs
most frequently occurred in SHANK3, with six func-
tional DNMs and nine pathogenic CNVs (Figure 5 and
Supplemental Table 17). Given that loss of oxytocin-pos-
itive neurons has been observed in Shank3b-knockout
mice,** oxytocin administration could improve social
behaviour and alleviate synaptic plasticity deficits in
Shanks-deficient rats,”> we speculate that patients with
SHANK3 mutations could potentially benefit from oxy-
tocin intervention. Although OXTR is not known to
carry any functional coding DNMs or to be covered by

ASD core and 670 ASD-associated genes. (e) Composition of ASD core and ASD-associated genes in 142 low PC-OTRGs
based on the annotation of collected 559 ASD core and 670 ASD-associated genes. (f) Top 10 enriched terms based on 30

high PC-OTRGs and 142 low PC-OTRGs.
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Figure 4. Co-expression and PPI of the potential biomarkers. Co-expression and PPl networks for the potential molecular biomarkers
identified, consisting of 172 PC-OTRGs and their connected 286 ASD core genes. Only potential molecular biomarkers with connec-
tions are displayed. Biomarkers involved in different oxytocin or ASD-related pathways are filled with corresponding colours. Circle
size represents the adjusted contribution of each potential molecular biomarker to ASD aetiology. Interconnections of interested

genes within high PC-OTRGs are highlighted with a darker colour.
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Figure 5. Summary of 30 potential molecular biomarkers (high PC-OTRGs) for ASD. (a) Percentage and number of patients
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Percentage of patients affected by rare disruptive variations of each potential molecular biomarker in each respective cohort. Rare
disruptive variations include pathogenic CNVs and functional DNMs. The size of the dot represents the percentage of affected
patients. (c) Differential expression results based on publicly available ASD cortex transcriptome analysis data.

any pathogenic CNVs, this receptor may be related to
ASD behaviour, clinical phenotypes, and oxytocin
response via common variants’®373 and epigenetic
modifications.®* The difference between the burden of
pathogenic CNVs of OTRGs in ASDs and controls was
found to be significantly higher than that of functional
DNMs, whereas the occurrence of pathogenic CNVs of
these molecular biomarkers in all patients with ASD
was 10 times lower than that of functional DNMs. These
findings are consistent with the notion that rare CNV
variants exert a major effect on the ASD risk of individ-
ual patients, implying that the overall effect of func-
tional DNMs of these molecular biomarkers at the
population level may be a major factor associated with
ASD aetiology.

Several limitations should be considered when inter-
preting these results in this study. A meta-analysis

examining oxytocin trials in ASD reported no signifi-
cant heterogeneity in the oxytocin responses,® which
may be due to the small number of clinical trials and
sample size used in the study, as well as approaches for
evaluating intervention efficiencies in the collected
cohorts.™ Considering that 10~11% of ASD probands
carried oxytocin-related rare variants, it is possible that
only a small portion of ASD probands might respond to
oxytocin intervention. All these factors may contribute
to the statistically non-significant difference in oxytocin
response among different patients with ASD. Moreover,
it should be acknowledged that the therapeutic
responses to oxytocin treatment for ASD core symptoms
may be associated with various treatment factors, such
as dosage or dose frequency of oxytocin intervention in
different developmental stages,*3°%>% OXTR genet-
ics,*” and the interactions of dose frequency with OXTR
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genetics.*>*® Notably, ~17.47% (80 of 458) of potential
oxytocin-related molecular biomarkers and ~19.72%
(156 of 791) of non-PC-OTRGs (Supplemental Table 19)
were significantly differentially expressed through mod-
ification of histone and/or DNA methylation in ASD
cortex compared with that in control.**“° For example,
epigenetic modifications in OXTR,*+9>9" ASH1L,%* and
RELN®? have showed associations to social deficits in
ASD, raising the possibility in which epigenetic modifi-
cations could also play a role in oxytocin response. Fur-
thermore, this study only focused on the genetic
contribution of coding DNMs and RIVs, as well as
dnCNV and ihCNVs from independent cohorts of ASD
genetic studies. Each type of genetic variant was evalu-
ated independently; more accurate findings may be
obtained by considering their interactions using WGS,
which could detect different types of genetic variations
simultaneously. In addition, we did not include variants
that could regulate gene expression at both the tran-
scriptional and post-transcriptional levels.

In conclusion, based on rare disruptive variations,
458 potential oxytocin-related molecular biomarkers
were prioritised as contributors to ASD aetiology, which
may be valuable in both understanding the underlying
mechanism of ASD pathophysiology and clinical inves-
tigation of oxytocin-based treatment of ASD. Therefore,
future studies on oxytocin intervention in patients with
ASD should consider the dosage or dose frequency of
oxytocin in different developmental stages, genetic
background, clinical phenotypes (sex and NVIQ),
approaches for evaluating intervention efficiencies, and
same-patient plasma oxytocin levels before and after the
intervention to maximise clinical benefit.
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