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Abstract

Autism spectrum disorder (ASD) is a highly prevalent neurodevelopmental disorder characterized by core symptoms
of impaired social behavior and communication. Recent studies have suggested that the oxytocin system, which
regulates social behavior in mammals, is potentially involved in ASD. Mouse models of ASD provide a useful system
for understanding the associations between an impaired oxytocin system and social behavior deficits. However, lim-
ited studies have shown the involvement of the oxytocin system in the behavioral phenotypes in mouse models of
ASD. We have previously demonstrated that a mouse model that carries the ASD patient-derived de novo mutation in
the pogo transposable element derived with zinc finger domain (POGZ" 21938 mice), showed ASD-like social behavioral
deficits. Here, we have explored whether oxytocin (OXT) administration improves impaired social behavior in POG-
ZWTVA1038% mjce and found that intranasal oxytocin administration effectively restored the impaired social behavior in
POGZVT/QA1038R mice, We also found that the expression level of the oxytocin receptor gene (OXTR) was low in POGZV
Q038R mice. However, we did not detect significant changes in the number of OXT-expressing neurons between the
paraventricular nucleus of POGZV7Q1938R mice and that of WT mice. A chromatin immunoprecipitation assay revealed
that POGZ binds to the promoter region of OXTR and is involved in the transcriptional regulation of OXTR. In summary,
our study demonstrate that the pathogenic mutation in the POGZ, a high-confidence ASD gene, impairs the oxytocin
system and social behavior in mice, providing insights into the development of oxytocin-based therapeutics for ASD.
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Introduction

Autism spectrum disorder (ASD) is a neurodevelopmen-
tal disorder characterized by core symptoms of impaired
social behavior and communication. Its molecular
pathology is largely unclear [1]. Although the prevalence
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is associated with social behavior in humans [4]. Recent
clinical studies have suggested a potential therapeutic
effect of oxytocin in ASD [5]. In mice, targeted disrup-
tion of genes encoding oxytocin and its receptor impairs
social behavior [6]. Thus, mouse models of ASD provide a
useful system for understanding the associations between
an impaired oxytocin system and social behavior deficits.
However, limited studies have shown the effectiveness of
oxytocin in the behavioral phenotypes in mouse models
of ASD [7-9].

The pogo transposable element derived with zinc fin-
ger domain (POGZ) is one of the most frequently de
novo mutated genes in patients with ASD [10], mak-
ing POGZ a high-confidence and strong candidate ASD
gene (SFARI database). We previously generated a mouse
model that carried a pathogenic de novo mutation of
POGZ identified in a patient with ASD (POGZWT/QI038R
mouse) and found ASD-like behavioral abnormalities
in these mice [11], emphasizing the relevance of POG-
ZWTIQUOER 1y5use as an ASD model with high construct
and face validity. This study explored whether oxytocin
administration improves impaired social behavior in
POGZVT/QO8R mjce,

Results

To examine the effect of oxytocin on social behavior defi-
cits in POGZYT/QO0BR ice, we performed a reciprocal
social interaction test 30 min after intranasal adminis-
tration of saline or 200 pg/kg of oxytocin (Fig. 1a). The
dose of oxytocin administration was determined based
on the previous report [7, 8]. Consistent with our previ-
ous study [11], we confirmed that POGZY TR 1jce
treated with saline spent significantly less time sniffing
the intruder mice than their WT littermates. We found
that intranasal administration of oxytocin successfully
ameliorated the decreased sniffing time in POGZYY
QIO38R mjce, but it did not significantly affect the sniffing
time in WT mice (Fig. 1b).

To characterize the oxytocin system in PO
mice, we first measured the expression levels of oxytocin
receptor (OXTR) and vasopressin receptor 1A (AVPR1a),
which are receptors for oxytocin (OXT) [12]. We found
that the OXTR mRNA and protein expression was sig-
nificantly decreased in POGZW /U8R mice compared to
that in WT littermates (Fig. 1c, d). There was no signifi-
cant difference in the expression levels of AVPRIa mRNA
between the genotypes (Fig. 1c). We then measured the
number of OXT-expressing neurons in the paraventricu-
lar nucleus (PVN), a major brain region in OXT synthesis
[12]. In contrast to previously reported mouse models of
ASD, in which social behavior was curable by OXT [8, 9],
we did not detect significant changes in the number of
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OXT-expressing neurons between the PVN of POGZYT/
QI038R yice and that of WT mice (Fig. 1e).

According to its amino acid sequences and putative
domain structures, POGZ is suggested to be involved in
transcriptional regulation. Given that the human POGZ-
Q1042R (Q1038R in mice) mutation reduces the DNA-
binding activity of POGZ [13], we hypothesized that
POGZ-Q1038R mutation disrupts the binding of POGZ
to DNA, resulting in decreased OXTR gene expression.
To assess whether POGZ binds to the OXTR promoter,
we performed chromatin immunoprecipitation (ChIP)
assays coupled with qPCR (Fig. 1f). Based on a previ-
ous study on the OXTR promoter [14], we performed
qPCR at three sites, upstream (Region 1), directly below
(Region 2), and downstream (Region 3) of the transla-
tion start site (TSS) in the promoter region of OXTR.
We found that the DNA sequence containing Region 3
was enriched by anti-POGZ antibody immunoprecipita-
tion, whereas the DNA sequences containing Regions 1
and 2 were not enriched (Fig. 1g). These data suggest that
POGZ binds to the OXTR promoter downstream of the
TSS and regulates OXTR gene expression.

Discussion

A growing body of evidence suggests that oxytocin/
vasopressin family peptides are promising therapeutic
agents for ASD [4, 5]. However, the possible associations
between ASD-associated genetic mutations and the oxy-
tocin system are largely unclear. In this study, we showed
that impaired social behavior caused by pathogenic
mutation in POGZ, a high-confidence ASD gene, can be
treated with oxytocin even in the adults. Our study pro-
vides insights into the development of oxytocin-based
therapeutics for ASD.

Although epigenetic regulation affects the transcrip-
tion of OXTR [12], limited information is available on
intracellular and extracellular signals as well as the
molecular mechanisms that regulate the transcription
of OXTR. The downstream pathways of OXTR underly-
ing the regulation of social behavior are also unclear. We
found that the pathogenic POGZ mutation identified in
a patient with ASD caused decreased OXTR expression
(Fig. 1c, d). Unlike OXTR-null mice [6], only a slight but
significant decrease in OXTR expression is suggested to
impair social interaction. Unraveling the precise molec-
ular phenotype of POGZ-mediated regulation of OXTR
expression will help understand the association between
impaired social behavior and OXTR signaling.

Given that histone H3 lysine 9 acetylation and tri-
methylation, markers for increased and repressed gene
expression, respectively, are enriched at the Region 3
in the OXTR promoter [14], POGZ binds to the Region
3 and may be involved in the regulation of OXTR
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Fig. 1 Oxytocin ameliorates impaired social interaction in POGZ"Q'%%8% mice a Time course of the reciprocal social interaction test. The test
was performed 30 min after intranasal administration of oxytocin (200 pg/kg) or saline. The duration of sniffing was measured during the test. i.n.
intranasally, WT wild-type. b Time spent sniffing in the reciprocal social interaction test after oxytocin treatment (each n=10). ¢ gPCR analysis of the
expression levels of OXTR and AVPR1a mRNA in the brain (each n=3). OXTR, oxytocin receptor; AVPR1a, vasopressin receptor 1A. d Representative
western blotting and quantification of decreased OXTR in POGZVTQ1038 mice. GAPDH was used as loading control (each n=3). Values were
normalized to the expression levels of GAPDH. Uncropped western blot images are shown in Additional file 2: Fig. S1. e Representative image
of OXT (green) and Hoechst 33258 (blue) immunofluorescence in the PVN and stereological counts of OXT-expressing cells in the PVN region
of WT and POGZVTQ1038R mjce (each n = 3; scale bar, 300 pm). f Schematic diagram of the position of the gPCR amplicons by each primer set in
the mouse OXTR promoter region. 7SS translation start site. g ChIP assay coupled with gPCR for the quantification of DNA fragments precipitated
by an anti-POGZ antibody (n=1 mice). The results are presented as percentage of the input DNA. n.d. not detected. Data are presented as the
mean =% SEM. Statistical significance was analyzed by two-way ANOVA, followed by Bonferroni Dunn post hoc tests (b, F, 3,=11.67) and Student’s
t-test (c-e). *P <0.05, **P < 0.01
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expression through epigenetic mechanisms. Although
our results suggest that POGZ positively regulates
OXTR expression and that POGZ-Q1038R mutation
disrupts the transcriptional function of POGZ, recent
functional analysis using a luciferase assay showed that
POGZ represses transcription [15]. This discrepancy
can be reconciled by further investigation of the molec-
ular phenotype underlying the Q1038R mutation.

Our study suggest that pathogenic mutation in one
of the high-confidence ASD genes impairs the oxy-
tocin system. Further studies on the possible effects of
pathogenic mutations in high-confidence ASD genes
on oxytocin signaling are needed to confirm the gen-
eralizability of the current findings. Considering the
etiological heterogeneity of ASD, focusing on the role
of the oxytocin system in ASD can be beneficial for the
neurobiological and molecular mechanism-based strat-
ification of patients with ASD, which is important for
accelerating therapeutic development.
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