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Abstract
Autism is a neurodevelopmental disorder in which non-coding transcripts in�uence its pathobiology.
Using the data provided by the Simons Foundation Autism Research Initiative, we composed a three-
component regulatory network. Functional analysis and phenotype annotation of mRNAs and miRNAs in
the network showed strong involvement of these elements in autism-related pathways and validated
behavioral phenotypes reported in mouse models of autism. Four candidate lncRNAs were con�rmed
through quantitative real-time RT-PCR in the brain of valproic acid-exposed autistic mice. We further
identi�ed a novel splice variant, designated as Gm10033-ΔEx2, which was expressed in various mouse
tissues. This integrative approach combines the analysis of a three-component regulatory network with
experimental validation of targets in an animal model of autism. We prioritized a set of candidate autism-
associated lncRNAs which add to a common understanding of the molecular and cellular mechanisms
that are involved in disease etiology, speci�cally in autism.

Introduction
Autism is a heterogeneous, heritable neurodevelopmental disorder with an onset in early childhood [1,2]
and is characterized by de�cits in the �elds of social communication, social interaction as well as
repetitive behaviors [3]. According to the reports of The Centers for Disease Control and Prevention (CDC),
autism prevalence rates have increased from 1 in 200 in the late 1990s to 1 in 59 children aged 8 years in
2014 [4,5].

Due to the complex nature of autism, it is challenging to unravel its molecular disease mechanisms at
different levels of functional organization. Recent studies have identi�ed hundreds of autism-related
mRNAs and microRNAs (miRNAs) by applying genome-scale expression analysis [6-8]. Furthemore, a
novel class of regulatory RNAs, long non-coding RNAs (lncRNAs) was shown to implicate several
neurodevelopmental disorders, including autism [9]. LncRNAs are a group of non-coding RNAs longer
than 200 nucleotides. They are involved in a range of cellular/molecular processes, namely, transcription,
translation, and post-transcriptional RNA regulation, and they play pivotal roles in neurobiological and
neuropathological conditions [10].

Autism likely involves dysregulation of multiple coding and non-coding transcripts related to brain
function and development. Several gene expression pro�ling studies demonstrated aberrant expression
of coding [11] and non-coding RNAs including miRNAs [6] and lncRNAs [12] in autistic brains. These data
suggest that non-coding regions of the genome may have a major impact on the autism molecular
pathology [12].

Given the accumulated data on autism, it is now possible to implement bioinformatics and systems
medicine pipelines, which can predict potential disease-gene associations and eventually lead to a better
understanding of the molecular aspects of autism. Thus far, several studies have investigated gene
expression regulatory networks comprising of mRNAs, miRNAs, or lncRNAs in the peripheral blood or



Page 3/26

brain tissue of autistic patients. For example, Huang et al [7] constructed an integrated miRNA regulatory
network presenting the relationships between the miRNAs, mRNAs, and miRNA transcription factors. To
integrate the genome-wide-expressed lncRNAs with the synaptic mRNAs, Wang et al [13] constructed and
analyzed such a network to associate differential gene expression with gene ontology, biological
pathways, and the regulatory functions of the lncRNAs. While previous studies have constructed two-
component regulatory networks of mRNAs, miRNAs, and lncRNAs to identify autism-associated genes,
none of these studies have concurrently explored the relationships among these three diverse RNA
species in the context of an integrated multilayered regulatory network.

Therefore, the purpose of this study is to �nd novel lncRNAs that might play a role in the molecular
pathogenesis of autism. To do so, we retrieved autism-related mRNAs from the Simons Foundation
Autism Research Initiative (SFARI), the miRNAs which target them, as well as related lncRNAs. We
mapped them onto a three-component regulatory network. Moreover, we developed a valproic acid (VPA)-
exposed mouse model of autism to experimentally validate the association of selected lncRNAs with
autism. In this report, we furthermore describe the identi�cation and characterization of a novel
alternatively spliced Gm10033 transcript lacking exon 2 and designated it as Gm10033-ΔEx2. The
sequence was submitted to the GenBank database under the accession number: MN231628.

Materials And Methods

Data collection and network construction
A list of 367 autism susceptibility genes was obtained from the Gene's Animal Models Module of SFARI
[14] on 19 September 2018. The list was then �ltered to contain only the 113 Mus musculus genes with
SFARI gene rankings 1–4 (high, strong candidate, suggestive and minimal evidence) and genes with
more than one animal model available. Of note, in the latest update of SFARI on 2020 Q3, all genes are
organized into 3 categories (high, strong candidate, and suggestive evidence) that con�rmed the high
association of this gene with autism. An interaction network was then constructed and visualized using
the CluePedia plug-in (version 1.3.5) in Cytoscape (version 3.2.1) [15,16]. The STRING Action File, which
is available from CluePedia, was the source for action types including activation, inhibition, binding, and
post-translational modi�cation. Then, miRNAs targeting the top 20% selected genes, sorted based on the
degree centrality, were retrieved from miRTarBase [17] and TargetScan [18]. We built a two-component
regulatory network including mRNAs and miRNAs with Cytoscape, and miRanda, mirTarBase, and
miRecords of CluePedia plug-in. LncRNAs targeted by the top 20% miRNAs with high degree centrality
values were then extracted from LncBase Experimental (Version .2) [19]. The result was a three-
component regulatory network including mRNAs, miRNAs, and lncRNAs.

Functional enrichment analysis
To identify molecular pathways potentially mediated by mRNAs and miRNAs in the subnetwork
(described in the Results' section), the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway



Page 4/26

enrichment of Enrichr [20] and DIANA-mirPath [21] were exploited, respectively. Furthermore, STRING [22]
was employed to identify signi�cantly enriched Gene Ontology (GO) terms of subnetwork mRNAs [23].

Protein–protein interaction analysis
A total of 91 mRNAs in the network were analyzed by STRING to predict protein-protein interactions
(PPIs). The combined scores greater than 0.9 were selected to construct the PPI network by hiding
disconnected nodes. STRING interaction data was further utilized to explore the KEGG pathways retrieved
from highly connected proteins.

Phenotype annotations and gene expression pro�ling of the
mouse brain
Phenotype annotations analysis of 91 mRNAs in the network was performed using Disease Ontology
(DO) enrichment and Mammalian Phenotype Ontology Enrichment (MP) term annotations from the MGI
(Mouse Genome Informatics) resource [24]. Any synonyms for each term (genes), which may appear in
the literature or other online resources, are added by the database [25].

To obtain expression maps of the top 6 genes (Foxp1, Rhno1, Tshz3, Ctnnb1, Grip1, and Prkdc) which
were sorted based on the degree centrality in the main network (≥40) of various brain regions within the
developing mouse embryo and adult mouse, BrainStars (B*), EMAGE, was exploited.

Animals
Fifty pairs of C57BL/6J mice (Pasteur Institute, Tehran, Iran) were kept in cages with a temperature of
21±1°C and light conditions (12h:12h, lights at 07:00 a.m.). Mice were given ad libitum access to food
(standard laboratory pellets) and water. The presence of a vaginal plug after overnight mating indicated
successful mating and the date was taken as gestational day 0 (GD 0). At GD 12.5, pregnant females
received a single intraperitoneal injection of 500 mg/kg sodium salt of VPA (Sigma, USA) [26], and control
pregnant mice were injected with the same volume of physiological saline. All animal experiments were
approved by the institutional animal ethics review board of Isfahan University of Medical Sciences.
Behavioral tests were conducted between 10 a.m. and 4 p.m. on 8 week-old male pups because of a
higher incidence of autism in boys than girls, and more apparent behavioral changes in VPA-exposed
males [27,28].

Three-chamber sociability test
De�cits in social communication were assessed with a three-chamber sociability test on male pups. The
test was performed in a clear Plexiglass box (20×45×30 cm), with three communicating chambers of
equal sizes [29]. Two identical wire cages were placed in the left and right chambers. A stranger mouse
was placed into one of the wire cages and the subject was allowed to explore freely around the chambers
for 10 minutes. Afterward, a novel mouse was placed into the empty wire cage and the subject was
allowed to explore the chambers for another 10 minutes [30]. The time spent by the subject in each
chamber containing the stranger and novel mice was recorded by a video camera (Hangzhou Hikvision
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Digital Technology Co., Ltd, China). The sociability index (SI) was calculated as the quotient between
stranger chamber divided by the empty chamber duration. The social preference index (SPI) was equal to
the time spent in the novel divided by the familiar chambers [31].

Open �eld test
Locomotor activity and anxiety-like behaviors were measured by the open �eld test [32,33]. The testing
chamber was made of white Plexiglass (72×72×50 cm) with a �oor divided into 16 squares, while
assigning the four central squares as an inner zone. The subject mouse was gently placed in the central
area allowing it to explore it undisturbed for 30 minutes. The number of crossing one of the squares with
all four paws was an indication of total locomotor activity. Anxiety-like behaviors were assessed by
recording the relative time spent in the inner and outer zones. As a sign of repetitive behavior, self-
grooming was further recorded and analyzed by a video camera.

Passive avoidance test
Learning and memory defects are the two secondary symptoms of autism that are evaluated by a
passive avoidance test. The apparatus comprises two sections: one is a light chamber (25×25×30 cm)
and the other chamber is dark (25×25×30 cm) with a grid �oor. For the acquisition trial, the subject mouse
was placed into the light chamber. Ten seconds later, the slit door was opened and the latency of the
mouse to escape into the dark chamber was recorded. After 10 seconds, a 0.45 mA foot shock was
applied for 3 seconds [34]. Twenty four hours later, in the retention trial, the mouse was placed again in
the same situation as the previous day, and the latency to escape into the dark chamber was recorded,
with no foot shock applied in the retention trial [35].

Tissue collection
At GD 73, male pups were anesthetized via i.p. injection of Ketamine (100 mg/kg; Alfasan Co,
Netherlands) and Xylazine (10 mg/kg; Alfasan Co, Netherlands) [36] and decapitated. The brain was
immediately removed; the frontal lobe and cerebellum were disparted and rapidly frozen by immersion in
the liquid nitrogen and then were stored at -80°C.

RNA isolation and reverse transcription polymerase chain
reaction (RT-PCR)
The tissues were cut into 30-35 mg polymerase chain reaction pieces and homogenized using an
automated homogenizer (Precelly®24; Bertin Technologies, France) with QIAzol® lysis reagent (Qiagen,
USA). The RNA extraction was then performed according to the manufacturer's instructions.
Complementary DNA (cDNA) synthesis was performed on DNase-treated RNA by using random hexamer
primers and an M-MLV reverse transcriptase (Yekta Tajhiz Azma, Iran). Quantitative real time RT-PCR was
performed using RealQ Plus 2x Master Mix Green High ROX (Ampliqon, Denmark) and speci�c primers for
candidate lncRNAs and hypoxanthine guanine phosphoribosyl transferase (Hprt) as a reference gene [37]
(Table 1) on an Applied Biosystems StepOnePlus™ instrument. The PCR ampli�cation conditions
consisted of an initial denaturation at 95°C for 15 minutes, 40 cycles of denaturation at 95°C for 15
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seconds, annealing at 60°C for 30 seconds, and extension at 72°C for 30 seconds. Furthermore, to make
sure that the actual genes of interest were speci�cally ampli�ed, the PCR products of some specimens
were sequenced with an Applied Biosystems 3500 sequencer (Pishgam Biotech Co., Tehran, Iran). The
BioEdit sequence alignment editor [38] and nucleotide BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi)
were applied to analyze the results.

Table 1
Sequences of RT-PCR primers

lncRNA purpose Sequence (5 → 3) Amplicon size

in base pair
(bp)

Gm10033 Splice variant
veri�cation

F-Ex1:
TCTGAAGTGGTGTAGGAGCTG

 

R-Ex2:
CAGAACATGAGAGGAGGAATC

186 bp

R-Ex3:
CATCATCATAGGTCACTGCATC

216 bp

R-Ex4:
ATTGTATTCTTCCCATTTGTATC

344 bp

R-Ex5:
AGTGAACGGAGACATGATGAG

755 bp

Expression analysis F: TACACTGTCGGAACCATGC 214 bp

R: ACTTTGCTTAGACTCATAGGTTG

1500011B03Rik F: AGTGCGGGTTTCAGTGATG 123 bp

R: GTAGGGCTGGCTTTGCTC

A930005H10Ri F: AGGTCAAGGGTCAGGAATG 215 bp

R:GATCTACAGAGCGGGAATTCR:

Gas5 F: GAATGGCAGTGTGGACCTC 122 bp

R: TGCGCTCGCTCTGTTATC

Hprt F: AAAGGACCTCTCGAAGTGTTG 197 bp

R: GACTCCTCGTATTTGCAGATTC

 

TA cloning
Following ampli�cation, 50 µl of PCR products were analyzed on a 1% agarose gel. PCR fragments were
cut out of the gel, puri�ed by the Agarose Gel DNA extraction kit (GeneAll, Korea), ligated into the pTG19-T
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vector (Sinaclon, Iran), and cloned following the standard protocols. Plasmid DNA was then recovered
using the SolGent Plasmid Mini-Prep Kit (SolGent, Korea), sequenced, and analyzed in an Applied
Biosystems 3500 sequencing apparatus using M13 universal primers.

Statistical Analysis
The Shapiro-Wilk test was utilized to determine the normal distribution of the samples. The Student’s
t/Mann-Whitney U test was then performed to examine the statistical signi�cances. All analyses and
graphs were made using SPSS software, version 16.0 (SPSS Inc., Chicago, USA) and Prism 5.01 (Graph-
Pad Prism Software Inc., San Diego, CA). The relative gene expression was calculated according to the
2−ΔΔCT method [39]. All data were expressed as mean ± standard error of the mean (SEM) and p values of
less than 0.05 were de�ned as statistically signi�cant.

Results

Three-component regulatory network analysis
To establish a three-component regulatory network, lncRNAs and mRNAs targeted by miRNAs were
identi�ed by the above-mentioned methods. The �ow chart for network construction is shown in Fig. 1.

As shown in the Supplementary Information 1, the three-component regulatory network was composed of
91 mRNAs, 179 miRNAs and 16 lncRNAs nodes, as well as 857 edges. Based on the criteria of high
degree centrality, high expression in the mouse frontal lobe and cerebellum [40] and not previously
reported in the �eld of autism, four lncRNAs including Gm10033, 1500011B03Rik, A930005H10Rik and
Gas5 were screened out and a three-component subnetwork was constructed. As shown in Fig. 2, the
subnetwork was composed of 33 mRNAs, 25 miRNAs and 4 lncRNAs nodes as well as 94 edges. The
subnetwork has also been made available on the Network Data Exchange (NDEx,
http://ndexbio.org/#/network/90f12f6d-db07-11e9-bb65-0ac135e8bacf?
accesskey=01b696f34013da610f3f373f7712015171ca9fa24f30a57d867447af41247f43), a database
and online community for sharing and collaborative development of network models [41].

Functional implication of subnetwork mRNAs and miRNAs
using enrichment analysis
Using KEGG pathway enrichment, we found that mRNAs in the subnetwork were involved in the neuronal
differentiation and autism-related pathways like focal adhesion (map04510), glutamatergic synapse
(map04724), Wnt signaling pathway (map04310), Hippo signaling pathway (map04390), and PI3K-Akt
signaling (map04151) pathway (Fig. 3).

GO analysis revealed that 343 enriched clusters were associated with biological processes and 50
clusters were associated with cellular components (Supplementary Information 2 and 3). Biological
processes such as nervous system development, synapse organization, synaptic transmission, system
development, postsynaptic density assembly, synapse assembly, and regulation of nervous system
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development (Supplementary Information 4A) and cellular components including synapse, postsynaptic
membrane, post synapse, synapse part and neuron part (Supplementary Information 4B) were
statistically enriched. In addition, a total of 53 statistically signi�cant KEGG pathways were obtained
from the analysis of target genes and involving pathways of all 25 subnetwork miRNAs, using DIANA-
mirPath (Supplementary Information 5). We found that the predicted target genes of all 25 miRNAs in the
subnetwork were associated with autism and neurological pathways. These pathways included axon
guidance (map04360), MAPK signaling (map04010), TGF beta signaling (map04350), Hippo signaling
pathway, neurotrophin signaling pathway (map04722), long-term potentiation (map04720),
glutamatergic synapse, and mTOR signaling pathway (map04150) (Supplementary Information 6).

Functional implication of network mRNAs using PPI
network analysis
After setting the combined scores greater than 0.9 and hiding the disconnected nodes, the PPI network
consisted of 42 proteins. In this network, 19 proteins showed a strong connection (more than 9) with
other node proteins (Supplementary Information 7). STRING analysis of these highly-connected proteins
showed strong associations with autism-related pathways such as focal adhesion, PI3K-Akt signaling
pathway, and neurotrophin signaling pathway (Supplementary Information 8).

Analysis of disease ontology, mammalian phenotype
ontology enrichment, and expression pro�ling of the mouse
brain
As a complementary approach, we determined whether our mRNAs in the main network were associated
with particular diseases and phenotypes assigned to mouse transgenic and null mice previously
developed for these genes. (42). The results of disease enrichment in MGI showed six DO terms including
pervasive developmental disorder [DOID:0060040], autism spectrum disorder [DOID:0060041],
developmental disorder of mental health [DOID:0060037], disease of mental health [DOID:150],
schizophrenia [DOID:5419] and psychotic disorder [DOID:2468]. Furthermore, the mRNAs in the network
are involved in the developmental disorder of mental health which is organized into pervasive
developmental disorder (PDD) and speci�c developmental disorder (SDD) as a term with siblings in MGI
categories. Autism spectrum disorder, Rett syndrome, and childhood disintegrative disease as a child
term are classi�ed in PDD. Furthermore, communication disorder, intellectual disability, and learning
disability as a child term are classi�ed in SDD (Fig. 4). Moreover, using mammalian phenotype
enrichment in MGI, we found that mRNAs in the network were enriched in 206 statistically signi�cant MP
(Supplementary Information 10) including abnormal nervous system physiology (MP:0003633),
abnormal social investigation (MP:0001360), abnormal learning/memory/conditioning (MP:0002063),
abnormal cognition (MP:0014114) and increased grooming behavior (MP:0001441) which the top 15
statistically enriched MP has been shown in Supplementary Information 5. In fact, concerning the
expression data available in MGI, some parts of the brain and CNS are involved in the above-mentioned
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MP, including the cranial nerve, tail nervous system, gray matter, ganglion, and brain marginal layer
(Supplementary Information 11).

Based on the genome-wide expression data of mouse brain regions samples from the BrainStars project,
the expression pattern of the top 6 genes in the main network in the cerebellum cortex lobe (Cb lobe),
cerebellum nucleus (Cb nucleus), and cerebellar cortex vermis (Cb vermis) which are part of the
cerebellum lobe has been shown in Fig. 5. The data indicate Ctnnb1 has nearly high, Rhno1, Tshz3, and
Prkdc have a medium while Foxp1 and Grip1 has low expression levels in the cerebellum lobe.

Considering EMAGE database that provides gene expression patterns during mouse embryogenesis using
in situ hybridization, it shows the strong expression of Ctnnb1 in the midbrain, metencephalon, and
telencephalon of mouse embryos between E11.5 to E13 (Supplementary Information 12). Therefore, since
the expression of Ctnnb1 as a part of WNT/β-catenin is necessary for the development of the nervous
system, VPA injection in E12.5 can affect brain development and have destructive effects on
development.

Analysis of sociability and social novelty
VPA-exposed mice showed less sociability by spending signi�cantly less time in the stranger cage
chamber (p = 0.0003) compared to the saline group (Fig. 6A). Although the time spent in the empty
chamber was not statistically signi�cant between the two groups (Fig. 6B), the thorough analysis showed
that VPA-exposed mice spent signi�cantly more time in the central chamber (p = 0.0085, data not shown).
After introducing a novel mouse into the empty wire cage, VPA-exposed mice tended to stay longer with
the stranger mouse (p = 0.027; Fig. 6C) than with the novel mouse (p = 4.45×10−6; Fig. 6D). Moreover, the
SI (p = 0.005; Fig. 6E) and SPI (p=0.002; Fig. 6F) were signi�cantly decreased in the VPA-exposed mice
compared to the saline group. Hence, VPA exposure reduced the sociability and social novelty behavior of
mice.

Analysis of locomotor activity, self-grooming and anxiety-
like behaviors
VPA-exposed mice showed signi�cantly higher (p = 0.001) locomotor activity when compared to the
saline group (Fig. 7A). In addition, the VPA-exposed mice groomed signi�cantly more (p = 0.006) than the
saline group, as a sign of repetitive behavior (Fig. 7B). Furthermore, as a sign of anxiety-like behaviors,
the time spent in the outer and inner zones by VPA-exposed mice was signi�cantly more (p = 0.009)
(Fig. 7C) and less (p = 0.0005) (Fig. 7D) than the saline group, respectively. These �ndings indicated an
increase in locomotor activity, self-grooming, and anxiety-like behaviors in VPA-exposed mice.

Analysis of long- term memory via passive avoidance
testing
VPA-exposed mice showed signi�cantly reduced latency in the retention trial (p = 0.001), when compared
to the saline group (Fig. 8), con�rming impairment of their long-term memory.
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PCR optimization and identi�cation of Gm10033-ΔEx2 as a
novel splice variant of the Gm10033
To speci�cally amplify the four candidate lncRNAs, optimization was carried out by conventional RT-PCR
reaction. Agarose gel electrophoresis of the PCR products displayed speci�c bands with the expected
sizes for 1500011B03Rik, A930005H10Rik, and Gas5 (Supplementary Information 13). For Gm10033, we
expect a speci�c band with a size of 216 bp. However, conventional RT-PCR using forward and reverse
primers (designed on exon 1 and 3, respectively) resulted in an extra band with an approximate size of
110 bp (data not shown). We accordingly gel-extracted the two bands, cloned them into a TA vector, and
bi-directionally sequenced them. The sequencing results revealed the existence of a novel shorter splice
variant, Gm10033-ΔEx2 with the removal of exon 2 (110 bp) (Fig. 9). For further investigation of
Gm10033-ΔEx2, three extra reverse primers located on exons 2, 4, and 5 were designed (Supplementary
Information 14). As expected, in addition to the speci�c bands with predicted sizes for each pair of
primers (corresponding to Gm10033 (NR_038043.2)), one more band resulting from ampli�cation of
Gm10033-ΔEx2 was observed (Supplementary Information 15). The tissue distribution of Gm10033-ΔEx2
expression was then characterized in a panel of mouse adult tissues by RT-PCR. Except for the
gastrocnemius muscle, Gm10033-ΔEx2 was detected in the liver, kidney, heart, lung, testis, and the whole
brain (Supplementary Information 16). Altogether, these results suggest the existence and tissue-speci�c
expression pattern of a novel shorter splice variant for Gm10033. A speci�c band with the expected size
of 214 bp (�rst lane in Supplementary Information 13) was obtained by RT-PCR ampli�cation of
Gm10033 with a new pair of primers designed on exon 5 which were subsequently used to assess the
gene expression. To con�rm the speci�c ampli�cation of the four candidate lncRNAs, PCR products were
sequenced and database comparisons using nucleotide BLAST revealed a 100% identity of the ampli�ed
PCR products with the corresponding transcripts (Supplementary Information 17).

Quantitative validation of the four candidate lncRNAs in
mouse brain
Compared to the saline group, a statistically signi�cant increased expression of Gm10033 was observed
in the frontal lobe and cerebellum of VPA-exposed mice (p = 0.011 and p = 0.001, respectively) (Fig. 10A-
B). Signi�cant alteration of 1500011B03Rik with a 1.5-fold increase was observed in the frontal lobe of
VPA-exposed mice (p = 0.040). In the cerebellum, a more signi�cant change of 1500011B03Rik
expression with an 8.55-fold increase was demonstrated (p = 0.0001) (Fig. 10C-D). VPA-exposed mice
exhibited an increased expression of A930005H10Rik in the frontal lobe (p = 0.054). The same trend,
although statistically signi�cant, was likewise observed for the A930005H10Rik expression level in the
cerebellum of VPA-exposed mice (p = 0.018) (Fig. 10E-F). The expression of Gas5 was statistically
increased in the frontal lobe and cerebellum of VPA-exposed mice (p = 0.003) (Fig. 10G-H). Taken
together, differential expression of Gm10033, 1500011B03Rik, A930005H10Rik, and Gas5 in the brain of
VPA-exposed mice introduced them as potentially novel autism-associated lncRNAs.
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Discussion
Although there are multiple studies describing networks of mRNAs, miRNAs, and lncRNAs to �nd autism-
associated non-coding genes, these characterized genes are only the tip of an iceberg, as most of the
non-coding RNAs, including lncRNAs, have not been investigated so far.

Based on SFARI data, we constructed an autism-speci�c mRNA-miRNA-lncRNA network revealing a
complex regulatory relationship between different types of genes. Using a bioinformatics approach, four
candidate lncRNAs, comprising Gm10033, 1500011B03Rik, A930005H10Rik, and Gas5, were screened
out for further analysis. So far, there have been no detailed reports on studying these lncRNAs in the
context of autism. KEGG pathway and GO analysis indicated that mRNAs and miRNAs interacted with the
candidate lncRNAs mainly function in synapse organization, synaptic transmission, synapse assembly,
and regulation of nervous system development. Based on KEGG pathway analysis, several pathways
were enriched, including glutamatergic synapse, Wnt signaling pathway, neurotrophin signaling pathway,
Hippo signaling pathway, and PI3K-Akt signaling pathway which were previously reported as
dysregulated in autism [42-45]. Furthermore, concerning the disease ontology enrichment, we revealed the
association between mRNAs in the network with PDD and SDD. According to the previous studies, PDD
refers to the group of heterogeneous conditions that formed a continuum disability with sharing a core
triad symptom including qualitative impairments in reciprocal social interactions, verbal and nonverbal
communication, and repetitive and stereotyped patterns of interests and behavior which autism is
classi�ed as a subset to these group of disorders [46,50]. Moreover, several symptoms that are seen in
patients or mouse models of autism including delays in developmental domains such as motor function,
language and speech development, and uncanny intelligence or poor educational conditions, are
coordinated to SDD de�nition [51]. Therefore, these candidates’ lncRNAs might play important and
functional roles by interacting with key mRNA(s) and miRNA(s) that in turn may contribute to autism.

Exposure to valproic acid, a widely used anticonvulsant drug, during pregnancy has been associated with
an increased incidence of autism [47]. VPA-exposed rodents showed the core behavioral signs of autism
as well as molecular changes associated with the disorder [48]. In the current study, reduced sociability
and social novelty, increased locomotor activity, self-grooming, anxiety-like behaviors, and impairment of
long-term memory in VPA-exposed mice con�rmed the validity of the animal model.

Then, we speculated that the four candidates lncRNAs initially screened out from a three-component
regulatory network may show a link with autism because our enrichment analysis predicted that these
lncRNAs and their associated mRNAs and miRNAs are involved in multiple autism and neurological
pathways. Therefore, we performed a quantitative real time RT-PCR to examine the expression of these
four candidate lncRNAs in the frontal lobe and cerebellum of VPA-exposed mice. Increased expression of
Gm10033, 1500011B03Rik, A930005H10Rik, and Gas5 were observed in both frontal lobe and cerebral
brain samples of VPA-exposed mice. Although differential expression of these lncRNAs was previously
reported in other physiological and pathological states [49-51], there are no reports of involving these
lncRNAs in autism or other neurological disorders. However, decreased expression of Gas5 was reported
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in the whole brain tissue of mouse embryos treated with VPA on GD 8, as a chemically induced neural
tube defects (NTDs) mouse model [52]. As several differences exist in our experimental design with theirs,
such as VPA dose, day of VPA injection, and the tissue investigated, the results cannot simply be
compared between these two studies.

Moreover, in the present study, we identi�ed a novel splice variant of Gm10033, designated as Gm10033-
ΔEx2. Expression of Gm10033-ΔEx2 was observed in various mouse tissues, including liver, kidney, heart,
lung, testis, and brain. The presence of distinct variants of lncRNA with unknown functions, Gm10033,
suggests that it may play a more complex regulatory role as lncRNA in a wide range of biological
processes.

By utilizing an autism-speci�c three-component network comprising mRNAs, lncRNAs, and miRNAs, we
have identi�ed a list of four candidate lncRNAs. These lncRNAs and their associated mRNAs and miRNAs
were found to be associated with neurologically relevant pathways and functions. Experimental
validation of Gm10033, 1500011B03Rik, A930005H10Rik, and Gas5 in the brain of VPA-exposed mice
introduces them as potentially novel autism-associated lncRNAs. Further studies are required to unravel
the functional role of these lncRNAs in the pathobiology of autism. The present work suggests
opportunities to de�ne subgroups of patients within a large heterogeneous clinical category and to
examine common treatment targets across distinct neurodevelopmental trajectories [53].
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Figures

Figure 1

A �ow chart of the three-component network construction. The applied �lters are represented with stars.
One-star (*) shows the �lters which were applied on SFARI gene list including a selection of Mus
musculus, SFARI gene rankings ≤ 4 of evidence strength, and the number of animal model >1. Two-stars
(**) show the �lters which were applied on CluePedia in Cytoscape to construct a one-component network
including the selection of the STRING Action File, activation, inhibition, binding, and post-translational
modi�cation with con�dence cutoff = 0.5. Three-stars (***) show the �lters applied on CluePedia in
Cytoscape to construct the two- and three-component networks including the selection of miRanda,
miRTarBase, and miRecords databases with a cut off=0.8 as well as �lters previously mentioned
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Figure 2

Three-component subnetwork. Light purple circles represent mRNAs, pink rectangles represent miRNAs
and yellow V shapes represent lncRNAs. Grey dash and orange lines indicate miRNA-mRNA and miRNA-
lncRNA interactions, respectively



Page 20/26

Figure 3

KEGG pathway functional enrichment analysis of mRNAs in the subnetwork. Statistically enriched KEGG
pathways utilizing Enrichr (p value <0.05) are shown along with the number of mRNAs involved in each
pathway

Figure 4
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Disease ontology enrichment analysis of mRNAs in the network. The parent term is shown in the blue
rectangle, the term with siblings in green, and the child term in other colors

Figure 5

The expression level of the top 6 genes (Foxp1, Rhno1, Tshz3, Ctnnb1, Grip1, and Prkdc) which are sorted
based on the degree of centrality in the main network (≥40) in the cerebellum lobe (cerebellum cortex
lobe (Cb lobe), cerebellum nucleus (Cb nucleus) and cerebellar cortex vermis (Cb vermis)) of the mouse
brain. The level of expression is shown with blue to red from low to the high expression [54]

about:blank
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Figure 6

Sociability and social novelty analysis using the three-chamber test. In the second 10 minutes
(sociability), the time spent by the subject in the chamber containing the stranger mouse (A) and empty
chamber (B) were measured. In the third 10 minutes (social novelty), the time spent by the subject in the
chamber containing the stranger mouse (C) and novel mouse chamber (D) were measured. The
sociability (E) and social preference indices (F) were equal to time spent in the stranger divided by empty
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and in the novel divided by the stranger chambers, respectively. Data are expressed as mean±SEM for
each category. The stars show statistically signi�cant differences between the VPA-exposed mice and
saline group (*p < 0.05, **p < 0.01 and ***p < 0.001)

Figure 7

Analysis of locomotor activity, self-grooming, and anxiety-like behaviors using open �eld test. The total
locomotor activity was calculated through crossing one of the squares with all four paws (A), self-
grooming (as a sign of repetitive behavior) (B), the time spent in the outer (C) and inner (D) zones is
shown as a sign of anxiety-like behaviors. Data are expressed as mean±SEM. The stars show statistically
signi�cant differences between the VPA-exposed mice and saline group (**p < 0.01 and ***p < 0.001)
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Figure 8

Analysis of long-term memory using passive avoidance test. The latency of the subject to escape into the
dark chamber was measured in two consecutive days (acquisition and retention trials). Data are
expressed as mean±SEM. The stars show statistically signi�cant differences between the VPA-exposed
mice and saline group (**p < 0.01)

Figure 9
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DNA sequencing analysis of two bands following Gm10033 RT-PCR ampli�cation with F-Ex1 and R-Ex3
primers. A part of a sequence electropherogram of the novel shorter splice variant, Gm10033-ΔEx2 (A)
and Gm10033 transcript (B) and their nucleotide BLAST are represented

Figure 10
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Relative expression of four candidate lncRNAs using quantitative real time RT-PCR. The left panels
represent the relative expression of Gm10033 (A), 1500011B03Rik (C), A930005H10Rik (E), and Gas5 (G)
in the frontal lobe of VPA-exposed mice compared to the saline group. The right panels represent the
relative expression of Gm10033 (B), 1500011B03Rik (D), A930005H10Rik (F), and Gas5 (H) in the
cerebellum of VPA-exposed mice compared to the saline group. Data are expressed as mean±SEM. The
stars show statistically signi�cant differences (*p < 0.05, **p < 0.01 and ***p < 0.001)
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