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Abstract: Autism spectrum disorder (ASD) is a neurodevelopmental disorder
characterized by disturbances in interpersonal relationships and behavior. Although the
prevalence of autism is high, effective treatments have not yet been identified. Recently,
genome-wide association studies have identified many mutations or variations associated
with ASD risk on many chromosome loci and genes. Identification of the biological
roles of these mutations or variations is necessary to identify the mechanisms underlying
ASD pathogenesis and to develop clinical treatments. At present, mice harboring genetic
modifications of ASD-associated gene candidates are the best animal models to analyze
hereditary factors involved in autism. In this report, the biological significance of
ASD-associated genes is discussed by examining the phenotypes of mouse models with
ASD-associated mutations or variations in mouse homologs, with a focus on mice
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harboring genetic modifications of the Caps2/Cadps2 (Ca* -dependent activator protein for
secretion 2) gene.

Keywords: CAPS2/CADPS2; dense-core vesicle; BDNF; GABAergic interneurons; CNV;
ASD mouse model; social interaction; anxiety; maternal behavior

1. Introduction

Autism is a neurodevelopmental disorder that occurs more frequently among male than female
individuals, with a male to female ratio of 4:1, and is usually diagnosed by 3 years of age.
It is characterized by qualitative impairments in social interactions, verbal and non-verbal
communication skills, limited interest and repetitive, stereotyped behavior [1,2]. Autism spectrum
disorder (ASD) encompasses classical autism, Asperger syndrome (which lacks impairments in
language and cognitive function), and Pervasive Developmental disorder-Not otherwise Specified
(PDD-NOS), in which the extent of the disorder is not as severe with a delayed disease onset. The fifth
edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-5), describing the global
diagnostic standards established by the American Psychiatric Association, has been published [3].
Within DSM-5, diagnoses classified as autism, Asperger syndrome, PDD-NOS, and childhood
disintegrative disorder, are unified and generalized as ASD. Furthermore, three characteristic symptoms
that were the traditional diagnostic standards have been incorporated into two core symptoms,
“social communication” and “limited interest and repetitive behavior.”

ASD prevalence is high with a rate of 1-2 cases per 100 people, and patients with ASD do not fully
recover [1,2], leaving a heavy burden on family members. Consequently, ASD is emerging as a serious
problem worldwide. The involvement of heredity factors in ASD 1is strongly indicated,
and environmental and epigenetic factors are also thought to be associated with disease risk [4-7].
However, the underlying molecular mechanisms remain unknown. Various mutations or variations
related to ASD have been identified through a genome-wide association study (GWAS) [4,5].
Moreover, recent exome sequencing studies have identified de novo mutations in various candidate
genes [8—11], and recurrent disruptive mutations of certain genes [12]. Thorough understanding of the
basic biology of ASD is required to develop effective diagnostic and treatment methods [2].
Therefore, it is necessary to conduct basic research on heredity and environmental factors by
developing animal models in which ASD-associated genes have been modified.

2. Risk Factors for ASD
2.1. Heredity Factors

The involvement of heredity factors in ASD is strongly suggested by high concordance rates in
monozygotic (70%—-90%) and dizygotic (0%—10%) twins, and a high risk rate for developing ASD
among siblings of a proband (25 times higher than normal) [13]. Various mutations or variations
associated with ASD have been identified by studies, including GWAS. Among these mutations or
variations, rare single nucleotide polymorphisms (SNPs) [14] and de novo copy number variations
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(CNVs), in which a single allele of a pair has a deletion or duplication, have been identified [15-19]
(Table 1). It has been reported that de novo CNV contribute to ASD vulnerability in 5%—10% of idiopathic
ASD onset cases [6]. Association between a father’s age and mutation rate has also been suggested [20].

Table 1. ASD-associated genes and their functions.

Gene symbol Molecular function, Gene symbol Molecular function,
(Cytoband) property (Cytoband) property
DISCI1 LIS1/NUDE1/14-3-3¢, PDE4B, PTPN11 Noonan syndrome, protein Tyr
(1g42.1) GSK3/B—catenin pathway (12q24) phospholyase
NRXNI1 Cell adhesion, synapse assembly, CHDS DNA helicase, transcription
(2p16.3) interact with NLGL1 (14q11.2) repressor, f—catenin binding
SLC25A12 i ) CYFIP1 )
Mitochondrial Asp/Glu transport Interact with FMR1 and WAVE
(2q24) (15q11)
TBR1 T-box brain protein 1, UBE3A Ubiquitin ligase, Angelman
(2924) transcriptional regulation (15q11.2) syndrome
OXTR Oxytocin receptor GABRB3 .
GABA(A) receptor beta-3 subunit
(3p25) (Gq-PLC-coupled) (15q11.2-q12)
CNTN4 Immunoglobulin superfamily cell PRKCB e Lo
. ) Ca™ -activated protein kinase C-f3
(3p26-p25) adhesion, axon connection (16p11.2)
SLCI9A9 Sodium/proton exchanger, CACNA1H Voltage dependent Ca*" channel
(3924) late recycling endosome (16p13.3) alpha 1H subunit
C3orf58 Uncharacterized, TSC2 Tuberous sclerosis protein, regulate
(3924) activity-dependent expression (16p13.3) Rheb GTPase & mTOR
TBL1XRI1 Transducin (beta)-like 1 A2BP1/FOX1 RNA binding, RNA transport,
(3926.32) X-linked receptor 1, (16p13.3) splicing regulator
JAKMIP1 Interact with Janus CREBBP Transcriptional coactivator,
(4pl6.1) kinase and microtubule (16p13.3) Rubinstein-Taybi syndrome
CDHI10 Cell adhesion RAIl Transcription factor,
(5p14.1) (type 1II classical cadherin) (17p11.2) Smith-Magenis syndrome
CDH9 Cell adhesion NF1 Neurofibromatosis type I,
(5p14.1) (type 1II classical cadherin) (17q11.2) negative regulator of Ras
SEMASA Axon guidance molecule, neural SLC6A4 Serotonin plasma membrane
(5p15.2) development (17q11.1-q12) transporter
NIPBL Sister chromatid cohesion, ITGB3 Cell adhesion & cell surface
(5p13.2) Cornelia de Lange syndrome (17921.32) signaling, integrin B-chain
NSD1 Transcription coregulator, Sotos PLAUR Receptor for urokinase
(5935.3) syndrome, Weaver syndrome (19q13) plasminogen activator
GRIK2 Glutamate receptor, ionotropic, DMPK Ser/Thr kinase, interact with Rho,
(6q16.3-g21) kainate 2, GluR6 (19q13.3) Myotonic dystrophy type 1,
AHI1 Cerebellar & cortical DYRKIA Dual-specificity protein kinase,
(6923.3) development, Joubert syndrome (21g22.13) Down syndrome critical region
AUTS2 . o . TBX1 T-box transcription factor,
Autism susceptibility candidate 2 L
(7q11.22) (22q11.21) embryonic tissue development
RELN Extracellular matrix protein, ADSL Adenylosuccinate lyase, purine
(7922) neuronal migration & position (22q13.1) synthesis, succinylpurinemic autism
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Gene symbol

Molecular function,

Gene symbol

Molecular function,

(Cytoband) property (Cytoband) property
Serpin peptidase inhibitor, . .
SERPINEI ) SHANK3 Postsynaptic scaffold protein,
class E, member 1; serine ] .
(7922.1) o (22q13.3) synapse function & formation
protease inhibitor
FOXP2 Forkhead box P2, PTCHDI1 Receptor for Shh, neural tube
(7931) transcription factor (Xp22.11) formation & brain development
MET Proto-oncogene, HGF receptor NLGN4X Cell adhesion, synapse assembly,
(7q31) protein Tyr kinase, (Xp22.32-p22.31) interact with NRXN1
CADPS2 Regulate release of CDKLS Ser/Thr kinase, X-linked infantile
(7931.3) neuropeptides & monamines (Xp22) spasm syndrome/Rett syndrome
L Transcriptional regulation, CNS
EN2 Homeobox transcription factor, ARX .
. development, X-linked mental
(7q36) pattern formation of the CNS (Xp21) . .
retardation, epilepsy
o . N Interleukin 1 accessary protein like,
CNTNAP2 Cell adhesion, interact with K IL1RAPL1 . .
. . memory & leaning, X-linked
(7936.1) channel in myelinated axons (Xp22.1-p21.3) )
mental retardation
Dystrophin, Duchenne & Becker
CHD7 CHARGE syndrome, DNA DMD
. . . muscular dystrophy, cytoskeletal
(8q12.2) helicase, chromatin remodeling (Xp21.2) )
protein
FABP5 Fatty acid uptake, FGD1 Cdc42 GEEF, faciogenital dysplasia,
(8921.13) transport & metabolism Xpl1.21) X-linked mental retardation
VPS13B Cohen syndrome, vesicle NLGN3 Cell adhesion, synapse assembly,
(8922.2) transport & protein sorting (Xql3.1) interact with NRXN1
) ) Chromatin remodeling,
TSC1 Tuberous sclerosis protein, ATRX )
alpha-thelassemia/mental
(9934) regulate Rheb GTPase & mTOR (Xq21.1) . .
retardation syndrome X-linked,
PTEN PIP3dephospholyation, negative FMRI1 mRNA trafficking, fragile X mental
(10923.3) regulator of PI3K pathway (Xq27.3) retardation
DHCR?7 . - .
. . AFF2 Putative transcriptional activator,
(11q13.2- Biosynthesis of cholesterol .
(Xq28) fragile X E syndrome
ql3.5)
SHANK?2 ) ) . .
(11q133 Postsynaptic scaffold protein, SLC6AS Creatine transporter, X-linked
1q3 4') synapse function & formation (Xq28) creatine deficiency syndrome
ql3.
. ) Methyl CpG binding protein 2,
GRIN2B Glutamate receptor, ionotropic, MECP2 o )
transcriptional repression, Rett
(12p12) N-methyl D-aspartate 2B (Xq28)
syndrome, development
- Ribosomal protein L10, a
CACNAIC Voltage-dependent Ca”" channel RPL10 .
. component of 60S subunit,
(12p13.3) o 1C subunit (L type) (Xq28) .
translation
AVPRIA Vasopressin receptor

(12q14-ql5)

(Gq/11-PLC-coupled)

Modified from the data reported in references [5,12,19].
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Many ASD-associated gene candidates code for proteins involved in the development and function
of neural circuits (Figure 1). These genes include those involved in neuronal differentiation, migration
and circuit formation (DISC1, CDHI10, CDH9, SEMAS5A, RELN, MET, PTEN, and ITGB3), as well as
those involved in regulation of synaptic adhesion (NRXNI, CNTNAP2, NLGN3, and NLGN4X),
synaptic transmission (OXTR, GRIK2, CADPS2, CACNAIC, AVPRIA, SLC6A44, GABRB3, KCNJ6,
and SHANK3), and transcription and translation (SEPRINE, EN2, TSCI, TSC2, A2BPIl, FMRI,
and MECP2) [5,12,19]. Recent exome sequencing studies have identified six recurrently-mutated
genes (TBRI, TBLXRI1, CHDS, DYRKIA, PTEN, and GRIN2B), which were reported to contribute to
1% of sporadic ASD [12]. Because the clinical symptoms vary among ASD patients, it is likely that
ASD is not caused by a single gene. Instead, ASD is probably a disorder that involves multiple genes,
with an intricate interaction among these genes. It remains unclear what combination of gene
mutations and/or variations affect normal brain development. Computational [5] and transcriptomic
co-expression [13] analyses of ASD genetics have been performed to identify signaling pathways or
networks that incorporate these identified genes, and which will shed light on understanding the
mechanisms underlying ASD pathogenesis. For example, GeneMANIA prediction shows that
ASD-associated genes form an interaction network based on co-localization, pathways, physical
interactions, and predicted relationships (Figure S1, see Online Supplementary information).

Figure 1. Many ASD-associated genes and gene candidates are involved in synapse
function and structure. ASD-associated genes and gene candidates (indicated by
underlining) are involved in synaptic connections, synaptic transmission, synaptic plasticity,
activity-dependent gene expression, and local translation in synapses.

presynapse
BDNFE vesicles Glu SVs

dendrite
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2.2. Non-Heredity Factors
2.2.1. Environmental Factors

It has been suggested that the risk of developing ASD increases with exposure to certain
environmental factors. Ingestion of teratogenic substances (e.g., thalidomide, valproate,
and misoprostol) during pregnancy, infection with viruses (e.g., influenza, rubella,
and cytomegalovirus) during pregnancy, smoking during the early stage of pregnancy, and advanced
age of parents, all increase the risk among children of developing ASD (for reviews, see references [1]
and [7]). The risk of developing ASD may increase depending on interactions between genes and
environmental factors. Further studies on environmental factors are required.

2.2.2. Epigenetic Factors

Chromatin remodeling (biochemical modifications such as DNA methylation and histone
acetylation) is induced during the prenatal and postnatal periods, giving rise to individual differences
in transcriptional regulation of genes. It is known that changes in chromatin structure can be passed
down through generations (for a review, see reference [6]). This epigenetic information becomes a
factor that alters the expression pattern of ASD-associated genes and thereby provides information that
differs from inherent genetic information, potentially resulting in a risk for developing ASD [21].
For example, imprinting, in which expression of only one allele derived from one parent (single allele
expression) occurs because of inactivation of the other allele by DNA methylation, occurs at
ASD-associated chromosomal loci, including 15q11-q13 and 7q21.2-q31.31 [6]. Duplication of the
15q11-q13 locus has frequently been reported in ASD [6]. Therefore, it is thought that interaction
between epigenetic heredity factors (e.g., DNA methylation), changes in gene copy number in
epigenetic parent-specific regions, and other heredity factors are involved in ASD onset.

3. ASD-Related Animal Models

Behavioral phenotypes, including social interaction [22—24], the relationship between infant ultrasonic
vocalization (USV) and maternal retrieval behavior [25], and restricted repetitive behavior [26], have been
evaluated in genetically modified ASD mouse models [2,27]. The influence of ASD-associated genetic
variations on synaptic transmission and plasticity has also been receiving attention [28]. These models
are typically constructed by introducing an ASD-associated genetic variation or mutation into a mouse
homolog, resulting in a mouse that harbors a specific susceptibility gene. ASD animal models without
genetic modifications are also possible. These include chemical-induced models of rats and mice,
exposed to chemical substances that are prenatal risk factors, or lesion-based models of monkeys and
rats, with structural damage induced in specific brain regions such as the cerebellum [2].
Genetically modified animals with single or a combination of multiple gene mutations, are useful for
understanding a particular aspect of a hereditary factor. However, as ASD is a multifactorial disorder,
it is difficult to construct an animal model that includes every characteristic.

Moreover, there are differences between rodents and humans with regard to social interaction and
communication. Nevertheless, a genetically modified mouse model is important for understanding
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hereditary factors, despite the limitations in social nature and experimental methods.
Mutational influences in mouse models are analyzed with these considerations taken into account.

The following describes Caps2/Cadps2 gene mutation mice, developed by ourselves and others,
as well as a brief introduction to mice with genetic modifications in relatively well-characterized
ASD-associated genes.

3.1. Caps2/Cadps?2 Variant Mice

The CAPS (or CADPS) family is a secretory-related protein family that regulates secretory granule
exocytosis [29], including monoamines and neuropeptides, as well as Golgi trafficking [30-32].
In vertebrates it consists of two genes, CAPS1/CADPSI and CAPS2/CADPS?2 (Figure 2). We and others
found that CAPS2 kinetically promotes secretion of brain-derived neurotrophic factor (BDNF) [33-35].
BDNF is involved in neuronal maturation and synaptic plasticity. Furthermore, it has been suggested
that BDNF is involved in psychiatric disorders, such as schizophrenia and depression,
and developmental disorders. The human CAPS2 gene is located within 7q31.32, mapping to the
autism susceptibility locus 1 (AUTS1:7q31-q33) [36]. In ASD patients, at least 12 CNVs caused by
deletion or insertion of fragments containing the CAPS2 gene locus [1,16,18,37—42] (Table 2), and at
least 12 single nucleotide variations, which trigger missense, silence, and insertion mutations in the
CAPS?2 gene [36,43] (Table 3), have thus far been reported. Some of the CNVs have been identified in
multiplex ASD families and one CNV (see Table 2 and CNV-3 in Figure 2) causes deletion of 0.75
Mb, including four genes (CAPS2, TAS2R16, RNF148, and RNF133), of which only the CAPS2 gene
consists of a known protein coding sequence with an exon-intron structure [16]. A recent study on
exon-disrupting CNVs in 253 autism candidate genes also showed paternally inherited duplication (0.43
Mb) within the CAPS2 gene in ASD [44] (Table 2). These data suggest the possible association of
CAPS?2 variations with ASD. Moreover, by comparing CAPS2 gene expression patterns between autism
patients and healthy controls, it has been shown that the CAPS2-dex3 type, with deletion of exon 3
(111 amino acids) by rare alternative splicing, is abnormally increased in some autism patients [43].
Interestingly, CAPS2-dex3 expressed in cultured neurons does not accumulate in axons but instead
localizes to somatodendritic compartments. Therefore, before the generation of CAPS2-dex3 model
mice, it was assumed that localized BDNF secretion from axons and synaptic terminals was not
promoted by CAPS2-dex3, and thereby affected correct development of synapses and neural circuits.

Caps2 KO mice: Caps2 KO mice are generally born normal and show no significant abnormalities
in macroscopic anatomical morphology, basic sensory functions, or locomotor abilities. In KO mice,
BDNF secretory activity decreases, and BDNF amounts in the cerebellum, hippocampus, and cerebrum
also decrease [43,45]. KO mice show a deficiency in diurnal rhythms of BDNF levels in the neocortex
at 14 days of age [46]. A delay in development (proliferation and migration) of granule cells, aplasia of
Purkinje cell synapses and dendrites, as well as decreased paired-pulse facilitation at parallel
fiber-Purkinje cell synapses, are also observed in the cerebellum [47]. The number of parvalbumin-positive
interneurons in the cerebral cortex and hippocampus decreases, although these numbers recover with
intraventricular administration of exogenous BDNF [43]. The late phase of long-term potentiation
(LTP) decreases at CA3-CA1 synapses in the hippocampus [35]. Furthermore, decreases in GABA
inhibitory synapses and miniature inhibitory postsynaptic currents (mIPSCs), as well as abnormalities
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in hippocampal theta waves are observed. Thus, a disorder of GABAergic inhibitory circuit formation
has been postulated. The behavioral traits of KO mice include decreased social interaction and
exploratory behavior, increased anxiety-like behaviors in unfamiliar environments, defective intrinsic
circadian rhythms, and maternal and nurturing behavior [43].

Figure 2. Protein and genomic structure, single-nucleotide polymorphisms, and copy
number variations of human CAPS2/CADPS?2. Bottom, CAPS2 protein structure. There are
several alternative splicing variants in mice (see Table 3, [43]). In mouse brain, the major form
of CAPS2 protein (full) consists of approximately 1300 amino acid residues (1275-1355 aa).
Increased expression of a rare alternative splicing variant lacking exon 3 (deletion of exon
3, dex3) was found in some patients with autism [43]. Exon 3 encodes 111 amino acids.
Seven non-synonymous single-nucleotide polymorphisms (SNPs) have been identified
within the human CAPS2/CADPS2 gene. Middle, exon-intron structure of the human
CAPS2/CADPS?2 gene located on 7q31.32. Five transcripts (CAPS2/CADPS2, TAS2R16,
RNF148, RNF133, and FEZFI) have been annotated in this region, although
CAPS2/CADPS? is the only gene with an exon-intron structure and characterized to be
expressed as a functional protein. Top, examples of copy number variations (CNVs)
affecting CAPS2/CADPS2 on 7q31.32 (for details, see Table 2). Regions affected by six
CNVs of the deletion type are indicated by solid lines (CNV1-6). CNV 1-4 have been
identified in ASD patients, but CNV-5 and -6 have no evidence for a connection with
ASD. CNV-3 causes deletion of 0.75 Mb, including four genes (CAPS2/CADPS2,
TAS2R16, RNF148, and RNF133) [16]. CNV-2 causes deletion of 0.94 Mb from exon 9
onwards in CAPS2/CADPS2 [39]. CNV-1 deletes 15 Mb, affecting about 50 genes
including CAPS2/CADPS2. CNV-4 causes deletion of 0.044 Mb containing intron 2 of
CAPS2/CADPS2, and RNF148 and RNF133 [18]. CNV-5 [47] and CNV-6 [48] delete
short sequences of intron 1 in CAPS2/CADPS2. Duplication (0.43 Mb) of CAPS2/CADPS?2
was also reported in ASD [44] (not shown in this figure).

CNVs (ASD-unrelated) {EM’ ;‘
CNVs (ASD-associated)

CNV- <(7q31.1-7q32.2) _— ;
"¢ 7 (7931.32)
CNV-3 } |
(731.32) : 1
CNV-4 H (7¢31.3)
Human T7AS2R16 T T _T: FEZF1 7
7931.32 i} RNBIEE
R EL) CADPS2 I =ttt
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missense SNPs
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Full size (~1,300aa)
CAPS2 protein {
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Table 2. Copy number variations around the 7q31.3 region.
Chromosome ] ) Gender®/ @ CNYV size/no. of
. Diagnosis . @ CNVtype References
loci family affected genes
7q31.1-q31.31 ASD M/SPX loss 25 genes [40]
7q31.1-q31.32 autism, DVD M/SPX loss 11 Mb/>50 genes [37]
7q31.1-q32.2 ASD, DVD F/SPX loss 15.49 Mb/77 genes [40]
7q31.2-q32 ASD, DVD M/SPX loss 26 Mb/ [37]
autism, DVD,
7q31.2-q32.2 o F/SPX loss 15 Mb/>50 genes [37,38]
Williams syndrome
7q31.3 ASD -/MPX loss 1.52 Mb/2 genes [18]
0.044 Mb/intron 2 of
7q31.3 ASD M/SPX loss [18]
CADPS?2
7q31.31-q31.33 ASD M/- loss 5.4 Mb [41]
7q31.32 ASD -/MPX loss 0.75 Mb/4 genes [9]
7q31.32 ASD -/MPX loss 0.94 Mb/4 genes [39]
7q31.32 ASD -/- loss 1.52 Mb/7 genes [42]
7q31.32-q34 autism M/- gain [1]
) 0.43 Mb/exon of

7q31.3 ASD -/- gain [44]

CADPS?2

Basic information was obtained from AutDB [49] and the Autism Chromosome Rearrangement Database

[50]. ¥ ASD, autism spectrum disorder; DVD, developmental verbal dyspraxia. @ Gender: M, male; F,

female; -, unknown. © Family: MPX, multiplex; SPX, simplex; -, unknown. @ CNV: loss, deletion; gain,

duplication.

Table 3. Rare sequence variants (SNPs) of CADPS?2 at 7q31.3.

Variant Type Allele Change Residue Change Reference
Missense T2405C 1761T [43]
Missense G2419C V766L [43]
Missense C2504A T794N [43]
Missense A2896G T925A [43]
Missense G3286A D1055N [43]
Missense G3286A D1055N [43]
Missense G3457A D1112N [43]
Missense C3722T T1200M [43]
Missense GI983A Ala297Thr [43]

Silent C2461T N/A ** [36]
Silent A2539C N/A [36]
Insertion N/A N/A [36]

AutDB (Autism Database [51]) was used to obtain the above information; ** N/A, not available.

Caps2 heterozygous mice: Caps2 heterozygous mice model a deletion-type CNV of CAPS2 in

ASD patients (Table 2). In performance levels of maternal nurturing behavior and unfamiliar

environment-based anxiety tests, heterozygotes show almost intermediate levels between wild-type

and KO (homozygote) mice [43,52]. Although heterozygotes show a decreased number of USV calls

at P5 after maternal separation, and longer intrinsic circadian rhythms under constant dark conditions,
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compared with wild-types, they are not significantly different from wild types in social interaction
with an unfamiliar mouse at adulthood [52]. These results suggest that ASD-associated anxiety
disorder can develop in people with ASD, a disorder involving multiple factors, because of CAPS?2
gene deleted-type CNV, whereas significant social behavior impairment does not. Therefore, it is predicted
that the risk of developing symptoms defining ASD increases through a combination effect of CAPS2
CNVs and other factors.

Caps2-dex3 mice: In mice, the gene homologous to human CAPS?2 is located on chromosome 6.
Among the 28 exons of the Caps2 gene, a Caps2-dex3 mouse with specific deletion of exon 3 was
constructed, generating a mouse model expressing a rare splicing subtype identical to human
CAPS2-dex3 [53], and which was increased in some of human ASD patients [53] (Figure 2).
This mouse mutant is born approximately within the normal birth rate and shows no significant visible
differences compared with wild-type mice. A shortened CAPS2-dex3, lacking the 111 amino acid
residues encoded by exon 3, was found rarely in regions with axons concentrated in the cerebral
cortex, hippocampus, and cerebellar cortex, where CAPS2-dex3 is mostly detected in the cell body or
dendrite. As predicted, BDNF secretion by the axon and presynapse was decreased. Furthermore, an effect
on excitatory synapse morphology and differentiation of some inhibitory neurons was apparent, with
decreased social interaction, social novelty recognition, and the capability to adapt to new
environments, and increased anxiety, impairment of maternal nurturing behavior, and circadian rhythm
abnormalities also observed. These results show that CAPS2 is necessary to promote subcellular
compartment (axon vs. somato-dendrite)-specific secretion of BDNF. Increased CAPS2-dex3 expression
reduces BDNF secretion in axons, and disturbs local BDNF secretion patterns. Therefore, we suggest that
increased CAPS2-dex3 expression leads to increased risk for developing ASD-like behaviors [43,53].

As indicated by CAPS2 gene mutant mice, disturbances in the CAPS2-regulated secretory granule
pathway, affects enhanced release and/or polarized subcellular release of neuropeptide(s) such as
BDNF, and possibly monoamine(s), and causes impairments in the development and function of
synapses and/or circuits (particularly inhibitory pathways), resulting in ASD-like behavioral traits.
With regard to the role of the CAPS family in regulating monoamine and neuropeptide release,
it is notable that some monoamine- and neuropeptide-related genes are also ASD gene candidates
(Table 1): SLC6A4 is a plasma membrane 5-HT receptor, AVPRIA and OXTR are receptors for the
neuropeptides vasopressin and oxytocin, respectively. Moreover, CAPS2 KO mice impairments in the
GABAergic system and BDNF secretion may be related to the other ASD gene candidates (Table 1),
such as the GABRB3 gene, encoding the GABAA receptor -3 subunit, and the MeCP2 gene,
the causative gene of Rett syndrome and encoding a methyl-CpG-binding protein implicated in
transcriptional regulation of the BDNF gene.

3.2. Other ASD-Associated Gene Modified Mice

In this section, we focus on well-characterized or representative mouse models, with regard to
synaptic connectivity (neurexins and neuroligins), formation of the postsynaptic protein signaling complex
(shank), and neuropeptide regulation related to social behavior (oxytocin and related molecules). We have
also included a model of the 15q11-13 duplication, a chromosomal mutation that frequently occurs in
ASD. For other genes, such as PTEN and CNTNAP2, see References [1,2,4,5,22-27].
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3.2.1. Mediating Adhesion between Pre- and Post-Synaptic Membranes

Neuroligin (Nlgn) and neurexin (Nrxn) are adhesion transmembrane proteins that localize to
the post- and pre-synaptic membranes, respectively, and are involved in connecting the pre- and
post-synapse. The cytoplasmic domain of Nlgn binds to PSD-95, a scaffold protein for postsynaptic
density (PSD) proteins such as the NMDA-type glutamate receptor. In humans, the NLGN gene family
comprises five genes (NLGNI-4, 4Y). A non-synonymous SNP (R451C) [54] in NLGN3 (Xql3.1),
and a non-synonymous SNP (R704C) [55] and frame-shift mutation [54] (causing the amino acid
sequence to terminate prematurely at amino acid residue 396) (396X) in NLGN4 (Xp22.32-p22.31)
have been reported. In humans, the NRXN gene family comprises three genes (NRXNI-3),
encoding long o- and short B-neurexins that are synthesized depending on the promoter. A CNV that
affects the NRXNIo gene (2p16.3) has been associated with ASD.

Nlgn3 (R451C) mice: Decreased social interaction and increased performance in the Morris water
maze task were observed in Nign3 (R451C) mice [56]. Cell morphology changes and behavioral
phenotypes are rarely observed in Nign3 KO mice. The observed phenotypes are suggested to be due
to a gain-of function [56]. However, studies using a different Nign3 (R451C) mouse line,
constructed independently, reported no abnormalities in social interaction [57]. Therefore, assessment of
human-like behavior using this mouse model may not be straightforward [22].

Nlgn4 KO mice: No marked changes in basic sense, recognition, locomotion, learning, or memory
were found. However, decreased social interaction, USV produced by male KO mice cohabiting with
sexually excited female mice, and brain mass were observed [58].

Nrxnlo KO mice: In Nrxnla KO mice, miniature excitatory postsynaptic currents (mEPSCs) and
excitatory postsynaptic currents were decreased [59]. No obvious changes in social interaction and
anxiety were observed, although the amount of grooming behavior increased and nesting capability
decreased. Intraperitoneal administration of D-cycloserine, a partial agonist of NMDAR,
restores grooming behavior [60].

These results suggest that impairments in synaptic adhesion, due to interactions between NLGN and
NRXN, induce abnormalities in functioning of synapses and circuits, resulting in ASD-like phenotypes
dependent on the type of synaptic adhesion molecules affected.

3.2.2. Tethering of Signal Transduction-Associated Molecules in the Postsynaptic Density

Shank protein, a scaffold protein located in the PSD of excitatory synapses, binds PSD proteins,
including NLGN, GKAP, and Homer, and plays a role in tethering NMDA-type glutamate receptor
(NMDAR) complexes (NMDAR—PSD-95—GKAP) and type 1 metabotropic glutamate receptor
(mGlIuR) complexes (mGluR1a/5—Homer) to the PSD. The human SHANK gene family comprises
three genes (SHANKI-3). A CNV, frame-shift mutation, and non-synonymous SNP within the
SHANK3 (22q13.3) gene have been discovered in ASD and schizophrenic patients [61]. Similarly, a CNV
causing deletion of either exons 6 and 7 or exon 7 alone, and a non-synonymous SNP, of SHANK?2
(11q13.3-q13.4) have been reported in ASD [62]. A CNV causing deletion of the SHANKI (19q13.3)
gene has also been found [63].
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Shank3 KO mice: Shank3 KO mice show pronounced skin lesions due to excessive/repetitive
grooming (a type of stereotyped behavior), decreased social interaction, and abnormal social
novelty recognition [64]. Interestingly, this model exhibits hypertrophy, and reduced spine density
and PSD length, in striatal medium spiny neurons, leading to reduced synaptic transmission within
corticostriatal circuitry.

Shank2 KO mice: Shank2 KO mice, show decreased social interaction behavior (including USV),
and increased repeated jumping (a type of stereotyped behavior) [65]. Decreased NMDAR function is
also observed, although it normalizes after D-cycloserine administration, resulting in improved social
interaction. Furthermore, NMDAR function normalization and social interaction are observed after
administration of CDPPB, a positive allosteric mGluR5 modulator [65].

Shankl KO mice: Shankl KO mice show significantly decreased locomotor capabilities,
enhanced anxiety-like behavior, and decreased fear conditioning behavior and maintenance of
spatial learning [66].

These observations suggest deficiencies of SHANK-mediated tethering of PSD proteins are
associated with ASD risk, and differences in cell types expressing specific SHANK family proteins
reflect symptoms.

3.2.3. Human Chromosome 15q11-13 Repeats

The chromosomal 15g-q13 region repeats at a relatively high frequency in ASD, and contains the
ASD-associated genes, UBE3A and GABRB3. This region also contains a gene cluster that can be
DNA methylated, with only a single allele (either maternal or paternal) transcribed. Otherwise, both alleles
are transcribed [6].

15q11-13 duplication mice: In mice containing a duplication of the 6.3-Mb region of 7C on
chromosome 7 (corresponding to human 15q11-q13), the transcription level of the region changes
depending on if the duplication is paternally (patDp/+) or maternally (matDp/+) derived, and if the
duplication is methylated [67]. For example, expression of the Ube3a gene, transcribed from the
maternal allele, increases 2-fold in matDp/+ mice compared with wild-type mice. In contrast,
expression of the Gabrb3 gene, transcribed from both alleles, is highly increased (with an amount
corresponding to three copies) when not methylated in patDp/+ and matDp/+ mice. Decreases in
social interaction and behavioral flexibility (preservative tendency), as well as increased USV
abnormalities in neonatal mice during the preweaning period, and increased anxiety, are observed in
patDp/+ mice. However, no social interaction abnormalities are observed in matDp/+ mice.
Moreover, snoRNA MBII52 expression, transcribed from a paternal allele, increases in the brains of
patDp/+ mice. Because of the MBII52 deletion in Prader-Willi syndrome, it is known that MBII52
affects RNA editing, and decreases alternative splicing (and serotonin activity), of the serotonin 5-
HT,. receptor. Ca®" reactivity elicited by a 5-HT. receptor agonist is increased in cultured neurons
derived from patDp/+ mice, and serotonin levels in the brain during and after developmental stages are
low in patDp/+ mice. Exploratory behavior in unfamiliar environments is also decreased [68].

This mouse model is useful for understanding the symptoms of patients with 15q11-q13
duplications, and studying epigenetic relationships.
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3.2.4. Secretory Pathways of Neuropeptide Hormones and Oxytocin

CD38 is a membrane protein involved in biosynthesis of cyclic ADP ribose (cADPR), which acts as
an intracellular messenger to induce Ca*' release from intracellular Ca®" stores [69]. cADPR-induced
Ca®" increases trigger secretion of oxytocin (OXT), a peptide hormone. OXT is associated with
amicable behaviors, including reproduction, pair formation, maternal/paternal behavior, and social
interaction [70,71]. A CD38 gene (4p15) containing a SNP, a relatively large sequence of a CNV
carrying the OXT gene (20p13), and an OXT receptor (OXTR) gene (3p25) containing a SNP and CNV
have been found in ASD patients [69].

Cd38 KO mice: Defects in nurturing behavior by female mice and in social interaction by male
mice are observed in Cd38 KO mice [72]. Furthermore, maternal segregation results in hyperactivity
and low USV number in KO pups. Blood serum OXT levels are decreased, and behavioral
abnormalities can be restored by external OXT administration.

Oxt and Oxtr KO mice: It has been reported that both Ox¢ and Oxtr KO mice, exhibit behavioral
disorders similar to those observed in Cd38 KO mice [22,69].

Based on studies using these model mice, it has been suggested that the signal transduction pathway
of CD38-OXT-OXTR is particularly involved in communication between individuals. A missense
SNP (R140W) in CD38 was identified in a small Japanese population and shown to be associated with
ASD [73]. Infection with lentiviral vectors containing wild-type CD38, but not CD38-R140W,
rescues the social recognition deficit of CD38 KO mice, suggesting R140W may be associated with
social behavior [72]. Interestingly, ASD patients with the R140W SNP have low plasma OXT levels,
and the symptoms of a proband could be ameliorated by treatment with nasal OXT spray [73].
Results from clinical trials using intranasal OXT administration are anticipated to provide possible
hope for ASD treatment [71].

3.2.5. Mouse Models for Disorders Involving a Single Gene Accompanied by Autism Symptoms

Fragile-X syndrome, Rett syndrome, and tuberous sclerosis are thought to be single gene disorders
with mutations in the FMRI1, MECP2, and TSC1/TSC2 genes, respectively. Patients affected by these
disorders also show autism-like symptoms. Thus, mice with mutations in these genes are useful models
for ASD (for reviews, see [2,22]).

4. Conclusions

Multiple factors originating from genetics, epigenetics, and the environment are associated with the
onset and risk of ASD, and thought to be related to variations in ASD symptoms. Animal models with
ASD-associated gene mutations or variations are useful for analyzing the role and involvement of
heredity factors in ASD. It is anticipated that further research and development using mutant mice
constructed with many other ASD-associated gene candidates and their mutations and variations,
as well as further research on environmental factors that impact ASD, will enable a better
understanding of the molecular mechanisms involved in ASD pathogenesis. Moreover, it will be
necessary to develop models using animals with greater social skills that better reflect the
characteristics of ASD.
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Discovery and development of reagents that control any step in the CAPS2-mediated BDNF
pathway may be valuable for further development of tools for CAPS2-associated ASD diagnoses or
cure. Furthermore, studies of various mouse models with mutations in ASD gene candidates will
contribute to specific diagnoses and treatments for ASD. Collectively, combining the results of ASD
mouse models and clinical outcomes will open new windows towards a cure for ASD.
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