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GLOSSARY

ASD Autism spectrum disorder
NncRNAs  Non-coding RNAs
circRNAs Circular RNAs

BTBR BTBR T + tf/J

B6 C57BL/6J

IncRNAs  Long non-coding RNAS

DEC Differentially expressed circRNA
DEG Differentially expressed gene

DEmiIRNAs Differentially expressed miRNAS
mMiIRNAs  microRNAs
MRNAS messenger RNAS

RPBs RNA Binding Proteins
Cb Cerebellum
Pfx Prefrontal cortex

HP Hippocampus



ABSTRACT

Autism spectrum disorder (ASD) comprises a heterogeneous group of pervasive developmental
disabilities characterized by compromised social interactions and communication skills, and by
restrictive and repetitive behaviors. Emerging evidence suggests the involvement of non-coding
RNAs (ncRNASs) in the pathophysiology of ASD. circRNAs arisen in the last decades as a novel
class of ncRNAs and recent reports have shown their implication in the pathogenesis of several
human neurological diseases. circRNAs are endogenous stable molecules, characterized by a
covalently closed structure resulting from a backpslicing reaction. They are evolutionary
conserved, abundant and significantly enriched in the brain. Although the biological function is
still unknown, specific circRNAs are regulated by neuronal activity and have been implicated in
plasticity mechanisms.

In this study, we present the expression profile of circRNAs in the hippocampus of BTBR T + tf/J
(BTBR) mouse model for Autism Spectrum Disorder (ASD), compared to age-matched C57BL/6J
(B6) mice. We identified several circRNAs whose expression is consistently altered, and 12
circRNAs and their corresponding linear counterparts were validated by RT-gPCR analysis. The
ASD-related circCdh9 and circRmst have been further characterized in terms of molecular
structure and expression. To evaluate their functional role in a physiological context, we
characterized their expression during mouse development, neuronal differentiation and
homeostatic plasticity. Interestingly, our results suggest a possible involvement of circCdh9 and
circRmst in brain development and neuronal differentiation. Moreover, to comprehensively
investigate the transcriptomic profile of the hippocampus of BTBR mice, we analyzed the gene
and miRNA expression patterns. We performed enrichment analysis of BTBR differentially
expressed RNA species and found interesting biological and molecular pathways associated to
ASD phenotype. Lastly, we compared the circRNAs and gene expression profiles and we
identified 6 genes highly modulated as circular and linear isoforms, indicative of a low correlation
in the expression of circRNAs and their host genes.

In conclusion, our study has identified and analyzed differentially expressed circRNASs in the
BTBR hippocampus, and we deepen characterized two ASD-associated circRNAs candidates. By
integrating the circRNAs and gene expression profiles, we found a coregulation in the expression
of specific genes ASD related. Moreover, we explored for the first time the miRNA expression
profile in the hippocampus of BTBR mice, and we found 18 significantly modulated miRNAs.
Functional studies are in progress to shed more light on the physiological function of circCdh9 and
circRmst and their putative role in the pathophysiology of ASD.



INTRODUCTION
1. circRNAs Discovery Studies

The first evidence of circular RNAs was reported in 1976 by Sanger et al, who observed by electron
microscopy viroids containing RNAs in the circular form [1]. Initially identified in viruses as
“covalently closed circular RNA molecules”, these circRNAs were found to be produced by
endogenous RNAs following non-canonical splicing. The discovery of transcripts containing
“scrambled exons” was made at first by Nigro et al and Coquerelle et al, who reported the
expression of human circRNA isoforms from the DCC and ETS-1 genes, as stable cytoplasmic
molecules [2], [3]. Since that time, the existence of circular RNA was reported in many studies
[4]-[7] but for a handful of genes, and the low levels of expression led to consider these “non-
linear mRNA” or exon-shuffling products [8], [9], as transcriptional noise.

In the last years, the advent of highly performative sequencing techniques and the application of
de novo splicing algorithms, allowed to expand the number of circRNAs deriving from hundreds
human genes[10]-[14]. After these initial reports, circRNAs were described in zebrafish, C.
elegans, fruit flies and in other metazoans, and their identification in evolutionarily divergent
species(plants, fungi, protists) led to revalue the circular RNA isoforms as a ubiquitous and
conserved feature of the eukaryotic tree of life [15].

2. General Features of circRNAs
2.1 Characteristics and Methods of Identification

circRNAs is a class of long non-coding RNAs originated by a form of alternative splicing called
backspling [2]-[4]. When the pre-mRNA splicing machinery joins a downstream 5’ splice
site(donor) to an upstream 3’ splice site (acceptor), a covalently closed circular molecule is
generated. The backsplicing junction region, the lack of free ends, polyadenylated tails and
capping represent unique features that distinguish circRNAs from other RNA molecules. These
characteristics have been exploited to identify circRNAs in different organisms, tissues, and cell
types [10]-[12]. High-through RNA-sequencing of polyA depleted library, followed by the
alignment of spliced reads spanning the backsplicing junctions to the reference genome, has
revealed the presence of thousands of circRNAs [16], [17]. Several computational algorithms have
been developed in the last decade [18]-[20], and the increasing number of circRNAs detected led
to the production of multiple circRNAs databases [21]-[25]. Validation of circRNAs and their
expression is required since the identified transcripts with scramble exons could represent artefacts
of reverse transcription or the result of trans-splicing events [26]-[29]. The combination of
independent biochemical methods such as the use of divergent primers in RT-PCR experiments,
the treatment with RNAse R exonuclease [30], allows confirming the presence of the backsplicing
junction and the circular conformation of the transcripts detected by RNA-seq.



2.2 Biogenesis, Degradation and Transport

circRNA biogenesis depends on the splicing machinery and competes with the formation of the
linear transcripts [31], [32]. Generally, a backsplicing reaction is less efficient than linear splicing,
since the intron looping that brings into proximity the downstream 5’ splice site with the upstream
3’ splice site result to be sterically unfavourable for the activity of the spliceosome machinery [33].
Moreover, studies demonstrated that circRNA levels increase when core spliceosome factors are
inhibited [34]and that they represent the preferred RNA outcome when occurring readthrough
transcription events. Abundant circRNAs have long introns with complementary repeats whose
base-pairing facilitates circRNA biogenesis [12], [35]. There are two models proposed for
circRNA formation (Fig. 1): the first is called “lariat-driven circularization”, where canonical
splicing leads to the production of a lariat intermediate. Both the internal splicing reaction or the
debranching of the lariat can generate exonic circRNAs (ecircRNAS/E-circRNAS), exon-intron
circRNAs (EICiIRNAS) or intronic circRNAs (CiRNAs) [10], [12], [36], [37]. The “intron-pairing-
driven circulation” model addresses to the flanking introns the formation of a circular transcript
based on the sequence complementarity. Thus, inverted repeat elements enriched in the upstream
and downstream introns, can mediate the base pairing and promote the circularization. In this
regard, Alu sequences represent cis-acting elements involved in the backsplicing regulation [38]—-
[40]. The expression levels of circRNAs can vary on the efficiency of intronic sequences pairing:
the secondary structure of the pre-mRNA can differentially regulate the circularization, thus
originating different circRNAs from the same genes. Otherwise, a secondary structure whose high
stability is mediated by the pairing of introns can inhibit the circRNA biogenesis [10]-[12], [14],
[41], [42]. Despite the importance of intronic repeats, circRNAs biogenesis can additionally be
influenced by the combinatorial action of trans-acting factors on cis-acting elements. RNA-binding
proteins (RBPs) can increase the levels of circRNAs by binding specific recognition motifs in the
flanking introns, as for the case of the RBPs Quaking (QKI)[43], the Drosophila muscleblind
(MbI)[31] or FUS [44]. On the other hand, several heterogeneous nuclear ribonucleoproteins
(hnRNPs) and serine-arginine proteins (SR) may interfere with the backsplicing reaction and
reduce circRNA levels [45]. Also, both the adenosine deaminase (ADAR) enzymes [13],
[38]which edit adenosine to inosine in double-strand RNAs, and the ATP-dependent RNA helicase
A (DHXO9), independently or cooperatively inhibit the formation of many circRNAs, by
influencing the strength of interaction or unwinding the base pairing of the intronic inverted repeats
[46], [47]. More recently, it was described that the NF90 NF110 proteins, which participate in the
host antiviral response, are involved in the production of circRNAs by promoting the stability of
the intronic repetitive elements [48].
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Figure 1. circRNA Formation. Lariat-driven circulation mechanism (A). Intron-pairing-driven circularization
mechanism (B) (Santer et al., Mol. Ther. 2019).

In contrast to linear transcripts, the covalently closed structure confers to circRNAs high stability
by preventing the action of RNA exonucleases. Thus, the half-lives of circRNAs have been
demonstrated to be around 24 hours or longer [49]. It is still unclear how cells can degrade
circRNAs. In recent years several mechanisms have been proposed for circRNAs turnover. The
CDR1as/ciRS-7 circRNA contains a perfect complementary target site for the miRNA mir-671,
and its cleavage and subsequent degradation is mediated by Argonaute-2 (Ago2) protein. This



specific regulatory pathway seems to be unique for CDR1as [50]-[52]. However, other RNA
endonucleases appear to be involved in the elimination of circRNAs. The ribonuclease P (RNAse
P) can trigger the degradation of circRNAs containing the N6-methyladenosine modification [53]
and, following viral infection, circRNA molecules are subjected to the endoribonucleolytic
cleavage of RNAse L [54]. circRNAs clearance may be achieved by exocytosis mechanisms. Some
studies reported that some circRNAs are packaged into extracellular vesicles, like exosomes [55],
[56], and that the active export can reduce the cellular levels of circRNAs, besides be relevant for
cell communication.

The vast majority of exonic circRNAs are found in the cytoplasm [57], while a subset of ciRNAs
and EICiRNAs is enriched in the nucleus [37], [58]. How exactly circRNAs are exported from the
nucleus to the cytoplasm is poorly understood. A recent study, based on the RNAI screening of
proteins involved in nuclear export in Drosophila DL1 cells, found that the DExH/D-box helicase
Hel25E is necessary for the nuclear export of long circRNA (>881nt). The two human homologs
UAP56 (DDX39B) and URH49 (DDX39A) are implicated in the export of long (>1298 nt) and
short (< 356 nt) circRNAs, respectively [59] Therefore, the different length of circRNAs seems to
regulate the trafficking outside the nucleus by recruiting specific binding proteins that may be
considered as size sensors and actively export circRNAs.

3. circRNAs Biological Functions
3.1 circRNA as regulators of gene transcription and splicing

Due to the complementarity to the parental genomic DNA, circular RNAs localized in the nucleus
can regulate their host gene expression. ciRNAs and EIcirRNAs have been described to localize
near their promoter regions and modulate the host gene transcription efficiency by interacting with
the RNA Po Il and the U1 small nuclear ribonucleoprotein [37], [58]. Conn et al, observed that the
circRNA SEP3 exon6 forms an R loop with the parental genomic DNA, inducing the stalling of
RNA Pol II, and in turn promotes the expression of its cognate linear isoform lacking exon 6
through the recruitment of splicing factors [60]. The FECR1 circRNA has been demonstrated to
act as a modulator of the epigenetic chromatin status of its host gene FL1 [61]. This nuclear
circRNA acting as a modulator of DNA methylation and demethylating enzymes promotes the
expression of FL1

3.2 circRNAs sponging activity

circRNAs can function as competing endogenous RNA (ceRNA) molecules by interacting with
MIRNASs and interfering with their activity (Insert in Fig. 2). The regulatory interaction between
CDR1as and miR-7 has been described in detailed in several studies [11], [51], [62]. At first,
Hansen et al, observed in CDR1as sequence the presence of 73 evolutionarily conserved miR-7
binding sites and their interaction was confirmed experimentally. The down-regulation of miR-7
targets after knocking-down CDR1as reinforced the hypothesis of a functional sponge activity
[62]. However, the depletion of CDR1as locus in mouse led to contrasting results. The KO mouse
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expressed a phenotype related to neuropsychiatric disorders, and mRNA targets of miR-7 were
found to be up-regulated, while miR-7 expression levels were significantly decreased [51].
Kleaveland et al, established a regulatory network that assigned to CDR1as an entirely new
function. According to this model, CDR1as binding prevents the degradation of miR-7 from the
long non-coding RNA Cyrano, that harbours a high complementary site that induces miR-7 tailing
and trimming, and in turns regulates miR-7 localization at the synapses [52]. There are other
examples of circRNAs that bind to and regulate miRNA activity but, unlike CDR1as, most of them
contain a reduced number of miRNA binding sites, as further demonstrated by genome-level
analysis that found weak circRNAs enrichment for miRNA binding sites [36]. Moreover, the low
expression of circRNAs contrasts with their potential affection for miRNA activity. Therefore, the
miRNA sponge activity should be seen critically, although it represents the most and well-studied
function [11], [12], [62]. Nevertheless, circRNAs binding to miRNAs might potentially imply
other functions, besides ceRNA activity, such as regulating miRNA transport, stability or storage.

3.3 circRNAs interaction with proteins

The binding of circRNAs to proteins like RBPs, and the consequent functional interaction has been
widely characterized [63]-[71]. circRNAs can function as a decoy, thus interfere with protein
activity (Insert in Fig. 2). On the other hand, circRNAs may act as an enhancer of protein function,
or as a scaffold by mediating multiple protein complex formation. Due to their high stability,
circRNAs binding may exert the function of a molecular reservoir, by recruiting and localizing
proteins in specific cellular compartments. Despite the extensively bioinformatic identification of
RBPs consensus sequence on circRNAs [72], biochemical validation of these predicted
interactions is necessary, since RBP binding sites are weak and parameters developed for linear
transcripts should be reviewed for circular molecules.

3.4 Translation of circRNAs

circRNAs have been found to be translated both in vivo and in vitro studies [73]-[80]. However,
the vast majority of circRNAs are considered not coding [14]. Since the lack of critical features
for cap-dependent translation, such as the capping at 5’ and the poly(A) tail, circRNA can be
translated in a cap-independent manner, through the presence of internal ribosome entry site
(IRES) (Insert in Fig. 2). Moreover, engineered circRNAs with the N6-methyladenosine (m6A)
modification in the 5’untranslated region have been demonstrated to be efficiently translated [81],
[82]. Although bioinformatic analysis found thousands of circRNAs harbouring putative open
reading frame [83], only a few of examples of endogenous circRNAs have been demonstrated to
be translated. However, the identified circRNA-derived peptides are truncated versions of the full-
length proteins [78], and they might have their function, or act as endogenous competitors of their
linear counterparts. Studies are necessary to assess the functional relevance of most circRNA-
derived truncated proteins, and prediction analysis revealed that these peptides are similar to the
N-terminal regions of the host gene protein. Since some circRNAs are translated from IRES
elements, upon specific cellular stimuli, the circRNA-derived peptide expression could regulate
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stress responses or other physiological situations. Moreover, the accumulation of these peptides,
due to the long-lived nature of circRNAs in cellular compartments, like neurons, could serve as
memory molecules and encode information to be stored.
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Figure 2. General mechanisms of circRNA functions (Kristensen et al., Nat Rev, Genetics 2019)

4 circRNASs in the brain
4.1 Neuronal circRNAS

Although backsplicing is generally less efficient than canonical splicing, thus leading to a low
abundance of circRNA transcripts, some circRNAs show a higher expression than their linear
counterparts. Several studies reported that both in mammals and flies many of the host genes
producing circRNAs are exclusively expressed in the brain compared to other tissues [10], [11],
[49], [84] and codify for proteins with regulatory functions in neurons and during brain
development [13], [14]. Neuronal circRNAs are evolutionarily conserved among mammals,
predominantly exonic with a higher percentage of exons subjected to alternative splicing, and in
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many cases, their expression is independent of that of the linear counterparts [13], [14]. The
enrichment of circRNAs in the brain might be addressed to several factors. The alternative splicing
(AS) in the brain act as a general mechanism of gene expression regulation that allows responding
to complex biological processes such as neuronal development and plasticity. Thus, the extensive
use of AS might be indicative of the high amount of circRNAs in the nervous system. Their
abundance could be related to the brain-specific expression of RBPs or other splicing factors that
regulate circRNA biogenesis. Besides, the high stability of circRNAs and the low cell division
rate of neuronal cells might contribute to their accumulation, mainly observed in aged-brain tissues

4.2 circRNA expression during neuronal development and plasticity

The majority of neuronal circRNAs are found in the cytoplasm, but an enrichment of circRNAs
has been detected in synapses, as observed in murine synaptoneurosome fractions [14]. Moreover,
they have been found in other subcellular compartments, like axons and dendrites, showing
specificity of expression [13], [14]. Many studies reported an evolutionarily conserved and
dynamically regulated circRNASs expression in the brain, suggesting that neuronal circRNAs might
play a significant role in brain development [13], [14], [85], [86]. Differences in circRNA
expression levels have been described both in developing and in terminally differentiated neurons.
In murine hippocampal neurons, an increased expression of many circRNAs was detected at the
time of the synaptogenesis onset, while a minority of circRNAs resulted in being down-regulated
[14]. This shift in circRNAs expression might suggest an involvement of circRNAS in processes
related to synapses formation and functioning.

Moreover, some circRNAs have shown a changing in their nucleocytoplasmic localization during
development [14]. However, it is not clear whether this accumulation is the result of a regulated
mechanism of transport or passive diffusion. Besides, circRNA expression and localization was
found to be regulated by neuronal activity [14], [87]. By inducing a form of homeostatic plasticity
in primary mouse neurons and in the mouse brain, altered expression of many circRNAs was
revealed as well as changes in subcellular compartments localization [14] (Fig. 3). This level of
regulation indicates that circRNA might specifically respond to and regulate neuronal activity.
Similarly, age-specific expression changes have been observed in the brain tissues of several
species [84], [88]-[90]. This regulated dynamic expression could imply a possible regulatory role
of circRNASs in ageing processes.

13



Control No probe

CircHomer1 1g &

Figure 3. Modulation of circRNAs expression levels following homeostatic plasticity. In situ hybridization
showing the significant upregulation of circHomerl in hippocampal slices following bicuculline treatment (You et al.,
Nature Neuroscience 2015). Blue:DAPI; Green: circHomerl_a; Red: MAP2

4.3 circRNAs in neuronal diseases

circRNA expression changes have been found in many neurodegenerative and neuropsychiatric
disorders. Disease studies in mouse models and human tissues reported a dysregulated expression
of circRNAs, potentially due to a deregulation of their biogenesis. Neurological disorders might
rely on alterations of cis-elements or trans-splicing factors that influence circRNAs expression.
Recently, it has been observed a correlation between SNPs and the expression of circRNAs,
suggesting that the alteration of the splicing sites might deregulate circRNAs levels[91] . RBPs
known to be involved in the biogenesis of circRNAs have been associated with several
neurological diseases, demonstrating that AS defects can influence circRNAs expression. Post-
mortem studies on several neurodegenerative and psychiatric disorders such as schizophrenia,
amyotrophic lateral sclerosis (ALS), bipolar disorder revealed an overall dysregulation of circRNA
expression [92]-[96]. Moreover, circRNAs known to be expressed in the brain and to exert
functions like RBPs decoy or miRNA sponging, have found to be altered in the neuronal tissues
of patients with neurological diseases, suggesting that circRNAs expression changes might
contribute to the pathological phenotype. The case of CDR1as is one of the best characterized, and
the dysregulation of CDR1as/miR-7 interaction has been suggested to play a regulatory role in the
Alzheimer disease (AD) and Parkinson disease (PD) pathogenesis [97]-[100]. In this context, it
has to be mentioned the recent regulatory network axes that involved miRNA-circRNA-MRNA,
whose alteration has been indicated in the pathogenesis of neuronal diseases [101]-[103]. Based
on the bioinformatic identification of mMiIRNA target sequences on circRNA, most studies correlate
the expression levels of circRNA to the predicted miRNA targets mRNA levels. This regulatory
effect is likely due to the sponge activity exerted by the circRNAs on their putative miRNA target,
whose expression and function should show an opposite regulation. In addition to their putative
roles in neurological diseases, circRNAs can be considered excellent biomarker candidates. Their
high stability, cell-specific expression pattern, conservation and abundance in blood have already
elected circRNAs as suitable biomarkers for several types of cancers. Moreover, many groups
detected circRNAs in other human biofluids, such as saliva, plasma as well as in exosomes and
extracellular vesicles [104]-[109]. The identification and the potential use of circRNAs as
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biomarkers for neuronal diseases would be fundamental since the inaccessibility of brain or spinal
cord tissues. In many diseases, such as AD, PD or ALS, the observed alteration of the blood-brain
barrier would allow the release of free or exosome- endowed circRNAs in the periphery of the
body. Therefore, disease-related circRNA could be released into the circulation, and their altered
levels might enable to identify the disease, as well as its progression and response to treatments

5 circRNAs in neurodevelopmental diseases: Autism Spectrum Disorder (ASD)
5.1 General features of ASD

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by impaired
social communication and restricted and repetitive interests and behaviours [110], [111]. These
core symptoms usually coexist with other psychiatric and medical conditions, including
intellectual disability, epilepsy, anxiety and gastrointestinal and metabolic problems. The
prevalence of ASDs across most countries is roughly 1 per cent of the total population. It is the
fastest-growing developmental disability, and research shows that early intervention leads to
positive outcomes later in life for people with autism [112]. There are different brain regions
involved in the pathogenesis of ASD. Among these, anatomical and functional alterations have
been identified in the cerebellum, hippocampus and corpus callosum. Moreover, neuroimaging
studies of children with autism have revealed abnormal brain overgrowth in prefrontal and
temporal regions [113].

5.2 The molecular genetics of ASD

ASD is a heterogeneous genetic disorder and the common, rare and de novo mutations found to
contribute to the risk of the disorder, can account for only 1% of all cases of ASD [114], [115].
Many of the risk genes that have been associated with ASD are crucial components of the activity-
dependent signaling networks which regulate synaptic development and plasticity, such as
synaptic cell-adhesion molecules, components of the postsynaptic density or receptors. These
ASD-risk genes are regulated by neuronal activity and modulate synaptic strengths, turnover and
structure since their gene products are involved in chromatin remodeling, transcription, protein
expression or cytoskeletal architecture [113], [116], [117]. Consequently, mutations that occur in
these genes lead to the disruption of the normal process of experience-dependent synaptic
development, resulting in alterations in excitatory or inhibitory neurotransmission. Studies
suggested that the high degree of genetic heterogeneity of ASD converge on common molecular
pathways implicated in the activity-dependent developmental processes [110]. Since most of ASD
features manifest in the first few years of life, corresponding to a critical window for brain
development and synapses maturation, ASD has been recently defined as a “synaptic-defect
disease” [116], and the dysregulation of the activity-dependent signaling networks that control
synapse refinement might play a crucial role in the etiology of ASD.
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5.3 Splicing defects and altered levels of non-coding RNAS

Among the molecular mechanisms whose failure have been proposed to cause or contribute to
ASD phenotypes, the alternative splicing results particularly relevant. Aberrant RNA processing
of synapse-related genes has been observed in autistic patients, suggesting that splicing defects
can be considered risk factors [118]. Genetic variants that occur in cis-regulatory splice sites within
known risk genes might determine alternative splicing dysfunction, that in turn could influence the
inhibitory and excitatory neurotransmission in brain areas related to behavioral autistic phenotype
[110], [114], [116]. Similarly, mutations that affect expression levels and activity of trans-splicing
factors can produce atypical splicing patterns [119]. Recent studies investigated the relevance of
non-coding RNAs in ASD. miRNAs represent regulatory molecules that can interfere with mRNA
stability and/or impair mRNA translation. They have been demonstrated to act as key regulators
of processes that mediate neurogenesis and synaptic plasticity. Genome-wide transcriptome
analysis in brain structures of post-mortem ASD patients, revealed dysregulated expression levels
of miRNAs, suggesting a potential contribution of this class of ncRNAs autism pathological
condition [119]-[122].Until a few years ago, a direct association between circRNA expression
levels has not yet been demonstrated. However, splicing factors involved in the regulation of
circRNAs abundance, have been reported to be dysregulated in ASD brain, suggesting that
CirRNAs could exert a role in this disorder.

As mentioned before, a high enrichment of circRNAs at synapses and regulated expression during
neurogenesis and neuronal activity has been extensively characterized, suggesting that circRNAs
might play essential roles in neuronal development, synaptic formation and activity. circRNAs
putative involvement in ASD has been recently proposed by two studies, which observed in both
human post-mortem brain tissues of ASD patients and in a mouse model for ASD, an altered
expression profile of many circRNAs [103], [123]. Moreover, some studies reported that many
circRNAs originate from host gene loci associated with atypical neurodevelopmental phenotypes,
included ASD, such as RMST and CDH9 [124]-[126]. Besides these findings, the potential role
of circRNAs in the etiology of neurodevelopmental disorders is poorly understood.

5.4 Cdh9 and Rmst: gene loci associated with neurodevelopmental functions

Cdh9 belongs to the cadherin superfamily, which has been reported to exert important roles in the
core developmental events that are essential for the proper assembly of neural circuitry, such as
synaptogenesis, dendrite arborization and dendritic spine regulation [127]-[130]. The recent
genetic association of Cdh9 with autism suggests that the protein-coding gene for this type Il
cadherin might be implicated in the pathogenesis of ASD. The developmentally regulated
expression of Cdh9 observed in several ASD-relevant brain regions and its identification as an
autism risk gene, strongly support Cdh9 role in neuronal developmental processes [131]-[134].
Although circCdh9 physiological functions are still unknown, in our recent report, we described a
deregulated expression profile of this circular isoform in ASD-related brain regions of the BTBR
mouse [123].

The long non-coding Rmst represent a crucial regulator of neurogenesis. In the nucleus of neuronal
progenitors, the IncRmst has been found to interact with the transcriptional factor SOX2. The
recruitment on the promoters of SOX2 target genes is mediated by the binding with IncRmst, that
in turns induces the neuronal differentiation [135]. The Rmst gene locus drives the expression of
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several circular isoforms [136], one of which has been described to be enriched in synaptic
compartments of hippocampal neurons, such as cell bodies and dendritic projections. Moreover,
changes in the expression of circRmst have been observed during neuronal differentiation and in
the developing mouse brain, suggesting a potential role in brain development [13], [14]. Together
with circCdh9, we found altered expression levels of circRmst in the BTBR brain regions relevant
for ASD pathophysiology [123].

As mentioned before, non-coding RNAs have been implicated in many neurological diseases, and
emerging evidence reinforce circRNAs involvement in neurodevelopmental processes. Thus, the
investigation of circCdh9 and circRmst expression during neuronal development and synaptic
plasticity would allow understanding their functions in normal and pathological conditions, such
as ASD.

5.5 Mouse models of ASD

The diagnosis of ASD relies on the evaluation of behavioural phenotypes defined by the two core
symptoms of impaired social interaction and communication, and restricted interests. Moreover,
the clinical and molecular heterogeneity of ASD represents a significant challenge in the modelling
of the disease in rodents. A valid mouse model ideally should reproduce the molecular defects and
show behavioural analogues observed in ASD patients. Many genetically engineered mice models
have been designed for those ASD cases of which the causative genes or chromosomal alterations
are supported by genetic evidence. Among these, are to be mentioned mutant mice for genetic
syndromes, such as Fragile X or Rett syndrome, non-syndromic ASD cases due to pathological
mutations in genes such as Neurologin or Shank genes, and ASD cases associated with CNVs
[137]-[141]. These genetic models recapitulate the dysfunctional behaviours observed in humans,
according to well-established and acknowledged behavioural tests. However, the wide spectrum
of behavioural phenotypes observed in ASD is far from being reproduced in a single-gene mouse
model.

5.6 The BTBR T+tff J mouse: an ASD non-genetic model

Several non-genetic models that demonstrate ASD-related behaviours have been developed and
characterized [142]. The prenatal exposure to inflammatory or teratogen agents in mice has been
demonstrated to induce aberrant gene expression, morphological brain changes and altered
behavioural phenotypes which are correlated to ASD in humans.

The BTBR T1tf/J inbred mouse strain, initially used for diabetes and phenylketonuria studies,
exhibits behavioural phenotypes consistent with the two diagnostic symptoms of ASD. Reduced
social interaction, impaired socialization and defects in communications, repetitive behaviours
such as the high levels of self-grooming and unusual pattern of vocalization, compared to
C57BL/6J (B6) control mice, have been observed [143]-[147]. Moreover, BTBR mice display
severe anatomical and neurological features resembling those observed in ASD diagnosed patients.
In particular, they show a reduced hippocampal commissure, agenesis of the corpus callosum,
alteration in the neurogenesis and developmental migration of hippocampal neurons [148], [149].
However, many of the alterations detected in BTBR mice are found in a small fraction of ASD
cases suggesting that BTBR autistic-like phenotype might reproduce only a few ASD
characteristics.
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Studies in the genetic background of BTBR mice revealed single nucleotide polymorphisms in
autism candidate genes, while sequencing analysis of the coding and non-coding transcriptome in
several BTBR brain regions, compared to B6 control mice, detected altered expression levels in
genes associated with the autism-related phenotype[150], [151] . Thus, providing both
behavioural, genetic and molecular autism-relevant characteristics, the BTBR mouse represent a
valid model to investigate the pathophysiological mechanisms underlying the behavioural
symptoms of ASD.
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AIMS OF THE STUDY

Recent studies demonstrate that non-coding RNAs (ncRNASs) participate in the fine-tuning
programs of regulation of gene expression occurring in neuronal signaling. Among these, circular
RNAs (circRNAS) represent a novel class of RNA molecules characterized by a covalently closed
structure that gives them high stability, and an extraordinary enrichment in the mammalian nervous
system. Interestingly, some circRNAs are dynamically regulated during neuronal developmental
processes and in synaptic plasticity mechanisms. These findings suggest the involvement of
circRNA in many brain functions. Moreover, growing experimental evidence indicates their
implication in several human neurological diseases.

To investigate the potential contribution of circRNAs in the pathophysiology of ASD, we explored
the circRNAs expression profile in the hippocampus of BTBR mice. We identified several
circRNAs highly deregulated in the BTBR hippocampus, and we decided to deepen study two
ASD-related circRNAs: circCdh9 and circRmst. circCdh9 host gene codifies for a type 11 cadherin
involved in neuronal circuit formation, and it has been recently associated with ASD. The Rmst
gene locus drives the expression of the long non coding RNA (IncRNA) IncRmst, which is
involved in neuronal differentiation. Due to the implication of their host genes in neuronal
functions, related to synaptic connections and development, we performed experiments aimed at
clarifying the involvement of the circular transcripts in both processes as well.

With this purpose we performed expression profile analysis of circCdh9 and circRmst, and in
parallel of Cdh9 mRNA and IncRmst, during mouse brain development, neuronal differentiation
and synaptic plasticity.

To comprehensively characterize the transcriptional landscape of the hippocampus of BTBR mice
compared to B6 control mice, we explored the gene and miRNA expression profiles. Gene
ontology and pathway enrichment analyses allowed us to investigate the relevance of the
dysregulated BTBR transcriptome profiles in the context of the ASD disease.
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RESULTS

1. Identification of circRNAs highly modulated in the hippocampus
of BTBR mice

1.1 circRNA expression profile

To comprehensively characterize the circRNA expression profile in the hippocampus of BTBR
and B6 mice, we prepared ribosomal-depleted total RNA samples from two independent
cohorts of both strains (n=10). RNA sequencing data were obtained from cDNA libraries
synthesized with random primers and analyzed by paired-end high depth sequencing. We
detected circRNA candidates by applying specific computation pipeline that uncovers the
head-to-tail junctions (Fig. 4A) [11]. We identified 4625 unique candidate circRNAs, 3796 of
which already annotated in public circRNA databases (circBASE, http://www.circhase.org/)
[21]. The majority of head-to-tail junctions were supported by few reads, while a subset of
circRNAs was found to be expressed at high levels, as observed for circTulp4 and circHipk3

Hippocampus mmmm) "RNA depl mmmm) RNA-seq =)

from:

7

1. BTBR FindCirc computational
2. C57BL6J pipeline

of 3 months aged (Memczak et al. 2013)
n=6

(Fig. 4B).

Figure 4A. Schematic representation of the experimental procedure applied to perform circRNAs expression
profile in the hippocampus of BTBR and B6 mice
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Figure 4B. Histogram showing the abundance of circRNAs detected in the RNA-seq analysis. The majority of
hippocampal head-to-tail junctions detected in B6 and BTBR were supported by few reads. Highly expressed Hipk3
and circTulp4 are indicated

We identified 288 high-confidence circRNAs that were supported by at least ten mean reads
and showed circular/linear mean ratio higher than 0.5. In line with previous studies on neuronal
circRNAs, 93% of the high-confident circRNAs detected in our study derived from protein-
coding genes [13], [14]. Similarly, a high percentage of the head-to-tail junctions of selected
circRNAs arise from the coding sequence exons (Fig. 5). These features indicate that the
majority of the identified hippocampal circRNAs belong to the class of exonic circRNAs.
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Figure 5. High confidence circRNAs mainly derive from exonic coding regions of host genes

We bioinformatically investigated the enrichment of the selected circRNAS host genes for
metabolic or cell signaling pathways. In the Panter pathway analysis, we found significant
enrichment for terms related to the metabotropic and ionotropic glutamate receptor pathways

(Fig. 6).

lonotropic glutamate receptor pathway
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Figure 6. Panther pathway enrichment analysis of host genes for selected hippocampal circRNAs shows
significant enrichment for glutamate receptor signaling and neuronal development and morphogenesis.
GO terms with p value < 0.05 are listed (statistical significance is expressed as —log10 of p values).

22



We compared the expression profiles of circRNAs in the BTBR and B6 hippocampus and
observed a general decreased expression of circRNA in BTBR mice. Specifically, we detected
29 downregulated and 12 upregulated circRNAs (Fig. 7). Among these differentially expressed
circRNAs (DEC), we found circRNAs isoforms undetected in either BTBR or B6
hippocampus. Two of them, circMyrip and circwdr49, have been identified for the first time
in this study.
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Figure 7. Scatter plot representing the circRNAs differentially expressed in the hippocampus of BTBR (X
axis) compared with B6 mice (Y axis). Absolute circRNAs levels are reported. Scale breaks to X and Y axes
allow the inclusion in the figure of highly regulated circRNAs isoforms (negative values of X and Y axes).

To assess whether circRNA expression was independent or not from that of their linear
counterparts, we analyzed the relative abundance of circular and linear isoforms (circ/linear
ratio). The analysis revealed a striking difference in the circ/linear isoforms ratio between
BTBR and B6 mice (Fig. 8), suggesting that circRNAs expression changes were independent
of those of linear transcripts.
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Figure 8. Scatter plot reporting the ratios of circular isoform to the corresponding linear (circ/lin) isoforms

1.2 Validation of Selected BTBR-Regulated circRNAs

To validate with a different technical approach the expression levels of the circRNA
candidates, we performed RT-gPCR analysis of selected highly modulated circRNAs
identified in the RNA-seq experiments (log2FC > 1 and < — 1). By analyzing hippocampal
RNA pools derived from BTBR and B6 mice, we validated the differential expression of 12
circRNAs: 9 downregulated and 3 upregulated BTBR circRNAs (Fig. 9). Forward primers
specific to the circular isoforms were complementary to the backsplicing junction. Primers for
linear isoforms were positioned in exons not included in the circular ones. Expression data
obtained by RT-gPCR experiments were consistent with those observed in the RNA-seq
analysis, apart from circAuts2 whose expression is not significantly altered in BTBR compared
to B6 mice. We confirmed the absence of a deregulated expression of circRyr3 and circTshz2,
that we included in our analysis as negative controls. We found an independent and opposite
regulation of circular and linear isoforms derived from Hivep2, Zcchcll and Wdr49 genes,
while the majority showed a similar trend in the expression of linear and circular isoforms, this
is for instance the case of the downregulated Cdh9 and the upregulated Rmst transcripts.
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Figure 9. Validation of the differential expression of 12 circRNAs by RT-qPCR. RT-gPCR analysis of
circular and linear transcripts was performed on RNA pools (n = 10) from BTBR and B6 mice. Schematic
representation of primers used for circular and linear detection are reported. Six to nine technical replicates were
performed for each gene product analyzed (two-sided unpaired Student’s t test, *p < 0.05, **p < 0.01, ***p <
0.001).Data are expressed as log2FC of BTBR vs B6 (log2Fold Change = 0). Genes for highly regulated circRNAs
are reported in a separate graph on the right.

To summarize, we identified a list of 288 high-confident circRNAs, most of them deriving
from protein coding genes. Host genes are enriched in ontogenetic categories related to
glutamate receptors, neuronal development and synapse formation. Of the 41 differentially
expressed circRNAs in the hippocampus of BTBR mice identified by RNAseq, we were able
to confirm the deregulated expression of 12 circRNAs.

. Characterization of the BTBR DECs produced from the Cdh9 and

Rmst genes

We further characterized two circular RNAs differentially expressed in BTBR hippocampus,
circCdh9 and circRmst

circCdh9 derives from the Cdh9 gene locus which codifies for a type Il cadherin. Cdh9 is

implicated in brain development [127]-[130], and its locus is genetically associated with ASD
[125], [132]. A circular isoform with an expected spliced length of 1025 nt, has been already
identified in several brain regions, including the hippocampus [13] and it is highly conserved
between mouse (mmu_circ_0005545) and human (hsa_circ_0128803). To date, it represents the
only circular isoform derived from the Cdh9 locus. As previously mentioned, we detected an
altered expression of both circular and linear Cdh9 transcripts isoform in the BTBR hippocampus.
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To confirm the backpslicing junction sequence, we performed RT-PCR analysis by using two
divergent primers designed on the predicted exons within the transcript (Fig. 10). By Sanger
sequencing of PCR products, we validated both the head-to-tail junction, encompasses exon 2 and
6, and the exons included within them (Fig. 11A).
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Figure 10. Schematic representation of mouse Cdh9 genomic locus. Divergent primers utilized for circCdh9
analysis are reported in yellow. Primers used for mMRNA detection are shown in black

Figure 11. Chromatogram of the circCdh9 head-to-tail junction sequence from back-splicing. Black arrow and
the dashed line indicate the head-to-tail junction

The Rmst gene locus codifies for the IncRmst, a key regulator of neurogenesis processes [135],
[152], and several circular isoforms [136]. In our RNA-seq analysis, we identified a circRmst
isoform of 1.5 kb (circRmst 1.5Kb) differentially expressed in the hippocampus of BTBR mice.
circRmst 1.5 Kb has been previously described in two studies [13], [14] that showed its neuronal
cytoplasmic expression and localization in synaptic compartments. circRmst 1.5 Kb derives from
two non-canonical splicing events: a backpslicing and a trans-splicing reaction, involving exonic
sequences of two different linear isoforms, Rmst-205 and Rmst-209 transcripts (Ensembl database
annotation, http://www.ensembl.org/ ). By combining several divergent primer pairs to PCR
amplify the entire molecule, we sequenced the backsplicing junction and the full-length sequence
of circRmst 1.5 kb (Fig. 12). Our sequence analysis confirmed the head to tail junction sequence
between the exons 4 of Rmst-209 and Rmst-205 transcripts (Fig. 13). By analyzing the full length
sequence of circRmst, we found that exon 8 is excluded from the transcript and that the trans-
splicing event occurs between the exon 12 and exon 3 of Rmst-209 and Rmst-205 transcripts,
respectively. Moreover, we found a high degree of circRmst sequence conservation between
mouse and human.
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Figure 12. Schematic representation of mouse Rmst-209 and Rmst-205 transcripts. Divergent primers utilized
for circRmst analysis are reported in yellow.The orange forward primer was used in combination with several reverse
primers, shown in green, to detect the full sequence of circRmst. The forward primer used for mMRNA detection is
shown in black

Figure 13. Chromatogram of the circRmst head-to-tail junction sequence from back-splicing. Black arrow and
line indicate the head-to-tail junction

2.1 circCdh9 and circRmst expression analysis in BTBR ASD-related brain regions

Hippocampus, as well as the cerebral cortex and the cerebellum, are considered relevant brain
regions in ASD [153]-[155]. Therefore, we decided to investigate the expression of circCdh9 and
circRmst in the cerebellum and prefrontal cortex of BTBR and B6 mice, and in parallel, we
analyzed the expression of their linear counterparts.

We observed that the levels of both circular and linear Cdh9 RNA isoforms were similarly altered
in all the BTBR brain regions analyzed (Fig. 14A). Conversely, the circRmst upregulation
appeared to be hippocampus specific, while the linear isoform resulted significantly upregulated
in the cerebellum of BTBR mice (Fig. 14B).
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Figure 14A. Expression profile analysis of circular and linear Cdh9 transcripts in the different brain regions
of the BTBR mouse model. RT-qPCR analysis was performed on RNA pools (n = 6) from different brain regions of
BTBR and B6 mice (prefrontal cortex, PFX; cerebellum, CB). Six to nine technical replicates were performed for
each gene product analyzed (two-sided unpaired Student’s t test, *p < 0.05, **p < 0.01, ***p < 0.001). Data are
expressed as log2FC of BTBR vs B6 (log2Fold Change = 0)
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Figure 14B. Expression profile analysis of circular and linear Rmst transcripts in the different brain regions of
the BTBR mouse model. RT-qPCR analysis was performed on RNA pools (n = 6) from different brain regions of
BTBR and B6 mice (prefrontal cortex, PFX; cerebellum, CB). Six to nine technical replicates were performed for
each gene product analyzed (two-sided unpaired Student’s t test, *p < 0.05, **p < 0.01, ***p < 0.001). Data are
expressed as log2FC of BTBR vs B6 (log2Fold Change = 0)
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In conclusion, we characterized two BTBR-related circRNAs, circCdh9 and circRmst, in term of
sequence and expression in ASD-related brain regions. Finally, the circCdh9 downregulation in
the cerebellum of BTBR mice equally was observed in the hippocampus, while the only Rmst
linear isoform exhibited an altered expression in the same brain region.

3. Expression studies of circCdh9 and circRmst during brain
development, neuronal differentiation and synaptic plasticity

3.1 circCdh9 and circRmst expression at early and late developmental stages of CD1
mouse brain

Previous studies demonstrated the critical roles of circCdh9 and circRmst host genes in regulating
synapse formation[127]-[130] and neurogenesis [135], [136], [152], respectively. Moreover,
experimental evidence showed that the expression of some circRNAs is dynamically regulated
during neuronal development [13], [14]. Therefore, we decided to explore the expression profile
of circCdh9 and circRmst during mouse brain development. The expression of circular and linear
counterparts was studied in the hippocampus, the cerebellum and the prefrontal cortex of CD1
mice, across four brain developmental stages: late embryonic development (E17) and three
different postnatal developmental stages (PO, P10, P30).

In the cerebellum, circCdh9 and Cdh9 mRNA exhibited a strong downregulation in postnatal life
compared to E17 (Fig 19). In the hippocampus, we observed an opposite trend of expression for
both isoforms, with an upregulation at P10 and P30. In the prefrontal cortex, in general, we
observed a slight variation of circCdh9 and Cdh9 mRNA levels, with a mild increase at the early
postnatal stage (PO) (Fig. 15A).

The analysis of the expression profile of circRmst and the linear isoform IncRmst revealed a
general decrease in their expression level during postnatal life, starting at PO in the prefrontal
cortex and the cerebellum at P10 in the hippocampus (Fig 20). Interestingly, we observed a mild
increase of circRmst at the latest developmental stage (P30) (Fig. 15B).

In overall, we observed temporal and region-specific dynamic changes in circRNAs expression.

Both circular and linear transcripts of Cdh9 exhibited similar expression profiles. Remarkably, the
expression level of circCdh9 is higher than of its linear counterpart.
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Figure 15A. Expression profile analysis of circular and linear Cdh9 transcripts during mouse brain
development. RT-gPCR analysis was performed on RNA pools (n = 3) from hippocampus (HP), prefrontal cortex
(PFX), cerebellum (CB). Six to nine technical replicates were performed for each gene product analyzed (two-sided
Student’s t test, *p < 0.05, **p <0.01, ***p < 0.001). Data are expressed as log2FC of PO, P10, P30 vs E17 for PFX
and CB expression analysis, vs PO for HP expression analysis (log2Fold Change = 0)
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Figure 15B. Expression profile analysis of circular and linear Rmst transcripts during mouse brain
development. RT-gPCR analysis was performed on RNA pools (n = 3) from hippocampus (HP), prefrontal cortex
(PFX), cerebellum (CB). Six to nine technical replicates were performed for each gene product analyzed (two-sided
Student’s t test, *p < 0.05, **p < 0.01, ***p < 0.001). Data are expressed as log2FC of PO, P10, P30 vs E17 for PFX
and CB expression analysis, vs PO for HP expression analysis (log2Fold Change = 0)
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3.2 circCdh9 and circRmst expression during cortical neurons differentiation

To evaluate the expression of circCdh9 and cirRmst during neuronal differentiation we analyzed
RNA levels in primary cultures of mouse cortical neurons. We obtained cortical neurons from
mouse embryos cortex (E17) and we maintained in culture till day 21 (DIV21). RNA was collected
at different times of in vitro culture (DIV4, DIV11, DIV 21). As indicated by RT-gPCR
experiments (Fig. 16A), the expression of Cdh9 transcripts shows a bell-shape trend, with an
increase from DIV4 to DIV11 and a downregulation from DIV11 to DIV21. As far as concerning
circRmst, we observed a strong upregulation during neuronal differentiation. Similarly, but to a
lesser extent, an increase in the expression of IncRmst was observed (Fig. 16B).

To conclude, during neuronal differentiation, we detected different expression patterns of circCdh9
and circRmst. Interestingly, while Cdh9 transcripts show similar regulation during neuron
maturation, completely distinct expression patterns were observed for lincRmst and circRmst
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Figure 16A. Expression levels of circular and linear Cdh9 transcripts during neuronal differentiation. RT-
gPCR analysis was performed on RNA samples of mouse cortical neurons at DIV4, DIV11, and DIV21. Six to nine
technical replicates were performed for each gene product analyzed (two-sided unpaired Student’s t test, *p < 0.05,
**p <0.01, ***p <0.001 are referred to the comparison of DIV21 or DIV 11 vs DIV4). Data are expressed as
log2FC of DIV 11 and DIV 21 vs DIV 4(log2Fold Change = 0)
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Figure 16B. Expression levels of circular and linear Rmst transcripts during neuronal differentiation. RT-qPCR
analysis was performed on RNA samples of mouse cortical neurons at DIV4, DIV11, and DIV21. Six to nine technical
replicates were performed for each gene product analyzed (two-sided unpaired Student’s t test, *p < 0.05, **p < 0.01,
**%p <0.001 are referred to the comparison of DIV21 or DIV 11 vs DIV4). Data are expressed as log2FC of DIV 11
and DIV 21 vs DIV 4(log2Fold Change = 0)

3.3 circCdh9 and circRmst expression in a specific form of homeostatic plasticity

Some circRNAs have been demonstrated to respond to modulated neuronal activation and synaptic
plasticity [14], [87], [156]. Therefore, we decided to examine the expression levels of circCdh9
and circRmst following the induction of a specific form of homeostatic plasticity, defined as
synaptic scaling. [157], [158]. By treating cortical neurons at DIV 10 with 1uM tetrodotoxin (TTX)
or 20uM bicuculline (BIC) for 24 hr, synaptic up- or down-scaling are induced, respectively. As a
result of RT-gPCR analysis, we observed that circCdh9 slightly responded to synaptic down-
scaling, while no changes in the expression have been detected in TTX-treated neurons. The Cdh9
MRNA showed a different pattern of expression, where both synaptic up- and down-scaling led to
a reduction of its expression levels (Fig. 17A). Likewise, circRmst expression was moderately
regulated by both manipulations and a similar regulation was observed for Rmst linear isoform,
with a comparable and marked increase in the expression (Fig. 17B).

To assess whether circCdh9 and circRmst responded to activity-dependent synaptic plasticity
mechanisms, we induced synaptic scaling by treating cortical neurons with TTX or BIC. Both
circCdh9 and circRmst slightly responded to the induction of homeostatic scaling, suggesting that
they might not be directly involved in regulating synaptic plasticity events.
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Figure 17A. Expression study of circular and linear Cdh9 transcripts in synaptic scaling. RT-qPCR analysis
was performed on RNA samples of three independent biological replicates of cultured cortical neurons from CD1
mice treated with ImM TTX or 20 mM bicuculline for 24 hr at 10 days in vitro. Six to nine technical replicates were
performed for each gene product analyzed (two-sided unpaired Student’s t-test, *p < 0.05, **p < 0.01, ***p <
0.001). Data are expressed as log2FC of TTX- or bicuculline-treated neurons vs untreated neurons (log2Fold
Change = 0).
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Figure 17B. Expression study of circular and linear Rmst transcripts in synaptic scaling. RT-qPCR analysis was
performed on RNA samples of three independent biological replicates of cultured cortical neurons from CD1 mice
treated with ImM TTX or 20 mM bicuculline for 24 hr at 10 days in vitro. Six to nine technical replicates were
performed for each gene product analyzed (two-sided unpaired Student’s t-test, *p < 0.05, **p < 0.01, ***p < 0.001).
Data are expressed as log2FC of TTX- or bicuculline-treated neurons vs untreated neurons (log2Fold Change = 0).
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4. ldentification of genes differentially expressed in the BTBR
hippocampus

We investigated the transcriptome profile of coding and non-coding genes in BTBR and B6 mice
by applying to our RNA-seq raw data a specific computational pipeline for gene detection. We
identified a total of 459 differentially expressed genes (DEGS), of which 192 were upregulated,
and 268 were downregulated in the hippocampus of BTBR mice compared to B6 mice (log2FC >
0.58 and < — 0.58) (Fig. 18). The analysis of biotypes revealed that the majority of DEGs derives
from protein-coding genes, while a minor fraction originated from IncRNAs and processed

transcripts (Fig. 19).
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Figure 18. Volcano plot showing genes differentially expressed in the hippocampus of BTBR compared with
B6 mice detected in the RNA-seq analysis. The negative log (base 10) of adjust p values (padj), is plotted on the Y
axis, and the log of the Fold Change (base 2) is plotted on the X axis. Each dot on the graph represents one gene, red
dots represent genes that are significantly differently expressed in the hippocampus of BTBR vs B6 mice (log2FC >
0.58 and <— 0.58, q value <0.05).

We interrogated the EnrichR bioinformatic tool (https://maayanlab.cloud/Enrichr/)[159] to
determine if our DEG list was enriched for ontology categories or pathways related to the ASD
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Figure 19. The pie chart shows the most represented biotypes among DEGs. Differentially expressed
genes in the BTBR hippocampus were mostly protein coding. Top 15 hippocampal differentially expressed
genes in BTBR, in comparison with B6 mice

phenotype. Interestingly, among the over-represented GO categories, we found terms related to
chromatin remodeling, active transmembrane transport and heparan sulfate metabolism (Fig 20A-
B). Moreover, BTBR DEGs were significantly enriched for Kegg pathway terms related to the
tryptophan metabolism and the GABAergic synapse pathway (Fig 21).

Then, to evaluate the relevance of identified DEGs in the context of human ASD, we analyzed a
list of 1019 ASD-associated human genes released from the SFARI database
(https://gene.sfari.org/). We found that 35 of the differentially expressed genes in the BTBR
hippocampus are associated with autism in human with different scores (Table 1). Among them,
there are adhesion molecules, protocadherins (Pcdh9, Pcdha9 and Pcdh11x), cadherins (Cdh22 and
Cdh9), and ion channels (Trpc6 and Cacnalh).

Finally, the comparison of the DEC and DEG lists showed that only 6 genes were differentially
expressed in both circular and linear isoforms, including Cdh9 and Trpc6 genes (Table2).
Interestingly both genes are associated with ASD in human (see Table 1). This analysis suggests
an overall independent regulation of circular and linear transcripts.
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Figure 20A-B. Over-represented gene ontology categories for BTBR DEGs. The figure shows the most
significantly enriched ontology terms according to molecular function (upper anel) and biological process
(lower panel)
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Kegg Pathway
Term Pathway ID  P-value
Tryptophan metabolism hsa00380 0.0003
Systemic lupus erythematosus hsa05322 0.0011
Base excision repair hsa03410 0.0066
Alcoholism hsa05034 0.0227
Peroxisome hsa04146 0.0421
Arachidonic acid metabolism hsa00590 0.0539
GABAergic synapse hsa0472 0.0519

Figure 21. Kegg pathway analysis of BTBR DEGs. Only neuronal-related terms are reported

Gene Name Sfari score log2FC BTBR Gene description

GATM S -0.64 Glycine Amidinotransferase

SLC45A1 S 0.75 Solute Carrier Family 45 Member 1

PACSI1 S 0.64 Phosphofurin Acidic Cluster Sorting Protein 1
CACNAIH 2 0.66 Voltage-Gated Calcium Channel Subunit Alpha Cav3.2
ACHE 3 0.66 Acetylcholinesterase (Cartwright Blood Group)
AHDC1 3 1.04 AT-Hook DNA-Binding Motif-Containing Protein 1
DAPP1 3 -1.17 Dual Adaptor Of Phosphotyrosine And 3-Phosphoinositides 1
MEFRP 3 -2.33 Membrane Frizzled-Related Protein

SLC12A5 3 0.62 Solute Carrier Family 12 Member 5

TRPC6 3 -2.70 Transient Receptor Potential Cation Channel Subfamily C Member 6
ATPIA3 4 0.59 ATPase Na+/K+ Transporting Subunit Alpha 3
ARHGEF9 4 -1.09 Cdc42 Guanine Nucleotide Exchange Factor 9

CD38 4 -1.08 ADP-Ribosyl Cyclase 1

FABP5 4 -0.63 Fatty Acid Binding Protein 5

CDH22 4 1.54 Cadherin 22

CDH9 4 -0.87 Cadherin 9

CX3CR1 4 -0.70 C-X3-C Motif Chemokine Receptor 1

PCDHI1X 4 0.74 Protocadherin 11 X-Linked

PCDH9 4 -0.03 Protocadherin 9

PCDHA9 4 0.94 Protocadherin Alpha 9

PTGS2 4 -0.42 Prostaglandin-Endoperoxide Synthase 2

SPP2 4 7.52 Secreted Phosphoprotein 2

TDO2 4 -0.97 Tryptophan 2,3-Dioxygenase

TSHZ3 4 1.08 Teashirt Zinc Finger Homeobox 3

ZBTBI16 4 0.82 Zinc Finger And BTB Domain Containing 16
DOCK10 5 -0.67 Dedicator Of Cytokinesis 10

ARHGAP33 5 0.99 Rho GTPase Activating Protein 33

CBLN1 5 1.90 Cerebellin 1 Precursor

FOLHI1 5 0.76 Folate Hydrolase 1

GABRAS 5 -0.64 Gamma-Aminobutyric Acid Type A Receptor Alpha5 Subunit
RFWD2 5 -0.65 RING-Type E3 Ubiquitin Transferase

ARHGAPI1S5 6 NA Rho GTPase Activating Protein 15

PDE4A no score assigned 0.77 Phosphodiesterase 4A

RNPS1 no score assigned -0.72 RNA Binding Protein With Serine Rich Domain 1
SLC24A2 no score assigned -1.82 Solute Carrier Family 24 Member 2

Table 1. Table showing the 35 genes differentially regulated in the BTBR hippocampus and associated with
ASD in humans with variable scores, according to SFARI database
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Gene symbol Gene name mRNA log2FC circRNA log2FC Sfari gene score

Trpeh Transient receptor potential cation channel subfamily C member 6 =27 -13.3 3
Cepll2 Centrosomal protein 112 -19 -117
Cdsl CDP-diacylglycerol synthase 1 0.7 0.4
Ndst3 N-deacetylase and N-sulfotransferase 3 0.7 0.6
Cdh9 Cadherin 9 -09 -33 4
Asb3 Ankyrin repeat and SOCS box containing 3 -07 -0.6

Table 2. BTBR differentially expressed genes as circular and mRNA isoforms

4.1 Validation of the selected ASD-related and highly modulated BTBR genes

Among the 15 genes with the highest and most significant modulation (Log2FC <-1.5 and >1.5
Table 3), we selected 11 genes with known neuronal function and involved in autism relevant
pathway. By RT-gPCR analysis on hippocampal RNA pools of BTBR and B6 mice, we confirmed
a significant differential expression of Pla2g4E, Hmgn2, Pttgl and Tmem33 genes, while we did
not observe a significant deregulated expression for Rpl29 and Wdfy1 genes. Furthermore, by RT-
gPCR we validated the differential expression of genes with a strong association with ASD,
Arghef9 and Tshz3 and Tdo2 (SFARI score 4), as well as Slc24a2 genes (no SFARI score
assigned). We did not validate the differential expression of Cdh22 (Fig. 22).

Gene Name log2FC padj Name Biotype

Rpl29 -6.2 5.66E-134 ribosomal protein L29 protein_coding
Trpcb -2.7 4.98E-58 transient receptor potential cation channel, subfamily C, member 6 protein_coding
Pttgl -5.3 2.87E-48  pituitary tumor-transforming gene 1 protein_coding
2610507101Rik -4.4 7.69E-34  RIKEN cDNA 2610507101 gene lincRNA

Tmem33 -1.8 3.08E-31 transmembrane protein 33 protein_coding
Hmgn2 -4.9 3.79-31  high mobility group nucleosomal binding domain 2 protein_coding
Slc24a2 -1.8 1.10E-25 solute carrier family 24 (sodium/potassium/calcium exchanger), member 2 protein_coding
Wdfyl 1.8 7.07E-25 WD repeat and FYVE domain containing 1 protein_coding
AA465934 6.0 1.42E-23 expressed sequence AA465934 lincRNA

Nirp5-ps -3.2 5.65E-23  NLR family, pyrin domain containing 5, pseudogene protein_coding
Gm8898 -8.0 6.30E-20  zinc finger protein 966 protein_coding
Pla2gde 3.4 6.54E-20 phospholipase A2, group IVE protein_coding
Hist1h4i 2.7 6.54E-20 histone cluster 1, H4i protein_coding
Scgs 1.7 4.58E-19 secretogranin V protein_coding
Serpina3n 1.5 4.75E-19  serine (or cysteine) peptidase inhibitor, clade A, member 3N protein_coding

Table 3. Top 15 hippocampal differentially expressed genes in BTBR, in comparison with B6 mice
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Figure 22. RT-gPCR analysis of selected DEGs . We confirmed the differential expression of 8 genes highly
modulated in the BTBR hippocampus and ASD-related. Six to nine technical replicates were performed for each gene
product analyzed (two-sided unpaired Student’s t test, *p < 0.05, **p < 0.01, ***p < (0.001). Data are expressed as
log2FC of BTBR vs B6 (log2Fold Change = 0).

In conclusion, by RNA-seq analysis, we identified 459 genes highly modulated in the hippocampus
of the BTBR mice, 35 of them annotated in the SFARI database since strongly associated with
ASD in human. By RT-gPCR we validated the differential expression of 8 DEGs, with well-
characterized neuronal function and a known association with ASD in human. The bioinformatic
analysis of DEGs revealed enrichment for molecular processes and pathways related to autism.
Moreover, comparing our DEC and DEG lists, we found only 6 genes deregulated in both circular
and linear transcripts.

5. microRNA expression profile in the BTBR hippocampus

We decided to investigate the miRNA expression profile in the hippocampus of BTBR mice,
compared to control B6 mouse hippocampus. We prepared total RNA samples from 4 single
animals of BTBR and B6 mouse strains. We identified 18 significantly deregulated miRNAS in
the hippocampus of BTBR mice with a False Discovery Rate (FDR) < 0.1, 13 of which were
upregulated, 5 were downregulated (Table 4).

By using the Mienturnet tool (http://userver.bio.uniromal.it/apps/mienturnet/) [160], we identified
predicted targets of BTBR differentially expressed miRNAs (DEmiRNAS) (Table 5). Mienturnet
allows an interaction analysis of mMRNA data sets with an input miRNAs list and therefore enable
the identification of RNA targeted by multiple miRNAs. Interestingly, we identified potential
DEmiRNA-regulated genes, some of them able to interact with multiple deregulated miRNAs. In
particular, Zeb2 is targeted by 4 upregulated miRNAs in the BTBR hippocampus.

Then, we interrogated the Autism KnowledgeBase database
(http://db.cbi.pku.edu.cn/autismkb_v2/) [161] to examine the genetic association of predicted
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target mMRNAs with ASD. Among DEmiRNA predicted targets, we identified ASD risk genes,
Rnf166, PIxncl and Ints6l, Zebl, and the above-mentioned Zeb2.

To evaluate the potential regulatory function of miRNAs differentially expressed in BTBR mice,
we applied to our RNA-seq raw data, a specific computational pipeline to assess the mRNAS
expression profile in the BTBR hippocampus. We detected a total of 2524 transcripts highly
deregulated in the BTBR mice (log2FC > 0.58 and < — 0.58) (Fig. 23), compared to B6 mice, and
among them we identified 3 Zeb2 transcripts, whose downregulation correlate with the previous
finding of significative interaction with 4 upregulated miRNAs. We computationally validated the
predicted interactions with miR429-3p, miR200a-3p, miR200c-3p and miR183-5p, since we
observed the presence of their seed sequences in the 3’UTRs of the Zeb2 transcripts corresponding
to the Zeb2-202 and Zeb2-212 isoforms (Fig. 24). We did not detect any predicted miRNAs
binding sequences in the 3’UTR of the downregulated Zeb2-214 isoform.

microRNA log2FC PValue FDR

mmu-miR-200¢-3p 3.579212 1.55E-21 6.54E-19
mmu-miR-200a-3p 2.130819 3.99E-08 8.42E-06
mmu-miR-183-5p 3.919517 5.44E-07 T7.65E-05
mmu-miR-451a 1.382968 3.50E-05 0.003033
mmu-miR-429-3p 2.657901 3.59E-05 0.003033
mmu-miR-1298-5p -3.59777 4.77E-05 0.003352
mmu-miR-100-5p -1.12364 0.000116 0.007002
mmu-miR-448-3p -3.53509 0.000223 0.011777
mmu-miR-344d-3p -1.03058 0.000391 0.01706
mmu-miR-204-3p -1.78043 0.000404 0.01706
mmu-miR-182-5p 2.116532 0.000862 0.033064
mmu-miR-383-5p 0.887757 0.000949 0.033378
mmu-miR-144-5p 1.309465 0.001694 0.05498
mmu-miR-34a-5p 1.339062 0.002368 0.071382
mmu-miR-486a-5p 1.194204 0.00367 0.093496
mmu-miR-486b-5p 1.194205 0.003691 0.093496
mmu-miR-218-1-3p 2.010943 0.003766 0.093496
mmu-miR-148a-3p 1.147207 0.004053 0.095022

Table 4. 18 differentially expressed miRNAs in the hippocampus of BTBR
compared to B6 mice. The color code indicates the upregulated (red) and
downregulated (green) miRNASs
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microRNA 2

microRNA 3

microRNA 4

Gene Symbol p-value FDR Qdd ratio Number of interactions microRNA 1

Fltl 6.02E-05 0.01366 0.03125 3 mmu-miR-200c-3p
Rufl66 6.02E-05 0.01366 0.03125 3 mmu-miR-344d-3p
Zebl 0.000165  0.025021  0.041667 3 mmu-miR-429-3p
Fam129c 0.000678  0.065854  0.023438 2 mmu-miR-486b-5p
Tkzf5 0.001015 0.065854 0.072917 3 mmu-miR-429-3p
Plxncl 0.000805  0.065854  0.067708 3 mmu-miR-344d-3p
Zeb2 0.00095  0.065854  0.121094 4 mmu-miR-429-3p
Ints6] 0.001344 0.07627 0.03125 2 mmu-miR-429-3p
Pkib 0.001533  0.077321  0.083333 3 mmu-miR-344d-3p
Aim2 0.004578 0.098961 0.054688 2 mmu-miR-486a-5p
Fzdl 0.003299  0.098961  0.046875 2 mmu-miR-183-5p
Gm7609 0.004578  0.098961  0.054688 2 mmu-miR-486b-5p
Hopx 0.003299  0.098961  0.046875 2 mmu-miR-1298-5p
Rassf10 0.003299 0.098961 0.046875 2 mmu-miR-200c-3p
Rdhl0 0.00222  0.098961  0.039063 2 mmu-miR-200c¢-3p
She4 0.004578  0.098961  0.054688 2 mmu-miR-486a-5p
Smurf2 0.003299  0.098961  0.046875 2 mmu-miR-344d-3p
Tmem56 0.004578 0.098961 0.054688 2 mmu-miR-344d-3p
Tns3 0.004578  0.098961  0.054688 2 mmu-miR-486b-5p
Zeched 0.003299  0.098961  0.046875 2 mmu-miR-486a-5p
Zp644 0.004578  0.098961  0.054688 2 mmu-miR-344d-3p
Cnnm3 0.005135 0.10432 0.125 3 mmu-miR-486b-5p

mmu-miR-200a-3p
mmu-miR-429-3p
mmu-miR-200a-3p
mmu-miR-486a-5p
mmu-miR-200c-3p
mmu-miR-200c-3p
mmu-miR-200a-3p
mmu-miR-200c-3p
mmu-miR-429-3p
mmu-miR-486b-5p
mmu-miR-344d-3p
mmu-miR-486a-5p
mmu-miR-344d-3p
mmu-miR-429-3p
mmu-miR-429-3p
mmu-miR-486b-5p
mmu-miR-200a-3p
mmu-miR-200a-3p
mmu-miR-486a-5p
mmu-miR-486b-5p
mmu-miR-451a
mmu-miR-486a-5p

mmu-miR-429-3p
mmu-miR-200c-3p
mmu-miR-200c-3p

mmu-miR-344d-3p
mmu-miR-429-3p
mmu-miR-200c-3p

mmu-miR-200c-3p

mmu-miR-34a-5p

mmu-miR-183-5p

Table 5. Target enrichment analysis of miRNA differentially expressed in the BTBR hippocampus. The
bioinformatic interaction analysis has been performed by using the Mienturnet tool
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Figure 23. Volcano plot showing transcripts differentially expressed in the hippocampus of BTBR compared

with B6 mice detected in the RNA-seq analysis.
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The downregulated Zeb2 transcripts corresponding to the Zeb2-202 and Zeb2-214
isoforms, are highlighted. The negative log (base 10) of adjust false discovery rate
(FDR), is plotted on the Y axis, and the log of the Fold Change (base 2) is plotted
on the X axis. Each dot on the graph represents one single transcript, dark red dots
represent transcript that are significantly differently expressed in the hippocampus
of BTBR vs B6 mice (log2FC > 0.58 and <— 0.58, q value <0.05).

miR-429-3p miR-200a-3p miR-200c-3p miR-429-3p
SR 3’ UTR
Zeb2-212 and Zeb2-214

Figure 24. Graphic representation of the upregulated miRNAs targeting the Zeb2 3°UTR. The Zeb2-202 and
Zeb-212 isoforms share the same 3°’UTR sequence

5.1 Validation of the differentially expressed miRNAs by RT-gPCR analysis

We decided to select DEmiRNA from RNAseq for further analysis by mean of the following
criteria: 1) co-regulation of putative targets (number of interactions >1); 2) association of target
genes with neuronal and ASD-related pathways. By RT-qPCR analysis, we were able to confirm
the deregulated expression of miR-429, miR-200c, miR-183, miR-34a, miR-451 and miR-182
(Fig. 25). As it is known in the literature, miR-200a and miR-200b are co-transcriptionally
regulated [162]-[165]. Therefore, we decided to evaluate the expression of miR-200b, although it
did not show significant deregulation in the RNA-seq analysis. Surprisingly, miR-200b exhibited
the most substantial upregulation among the miRNA differentially expressed. Conversely, we did
not observe significant expression changes for miR-200a and miR-100.

6 1 mBTBR
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miR-429 miR-200c miR-200a miR-200b miR-183 miR-34a miR-451a miR-100 miR-182
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Figure 25. RT-gPCR analysis of 7 differentially expressed miRNAs in the BTBR hippocampus, compared with
B6 mice. RT-gqPCR analysis was performed on single RNA preparations (n=4) from BTBR and B6 mice. Six to nine
technical replicates were performed for each miRNA analyzed (two-sided unpaired Student’s t test, *p < 0.05, **p <
0.01, ***p < 0.001).Data are expressed as log2FC of BTBR vs B6 (log2Fold Change = 0).
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In conclusion, we explored for the first time the miRNA profile in the BTBR hippocampus, and
we identified 18 significantly deregulated miRNAs. We performed a DEmiRNA-target enrichment
analysis, and among the predicted gene targets, we identified relevant autism-risk genes. By RT-
gPCR analysis on selected DEmiRNas, we confirmed the expression levels of 6 highly modulated
BTBR miRNAs.
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DISCUSSION

ASD is a neurodevelopmental disease, with unknown etiology. Despite the high degree of genetic
heterogeneity, autism-risk genes exert crucial roles in the activity-dependent signaling networks,
which regulate synaptic development and transmission [110], [116]. The recent definition of ASD
as a synaptic defect disease relies on the hypothesis that autism-related mutations convey onto
common molecular pathways that are involved in the neural circuit formation or maintenance of
excitatory and inhibitory ratio of neurotransmission [110], [116], [166]. Recent studies indicate
altered expression levels of IncRNAs and miRNAs in ASD postmortem brain tissues [119]-[122],
suggesting the potential contribution of non-coding RNAs in the pathophysiology of this disease.

CircRNAs represent a novel class of non-coding RNAs, ubiquitously expressed in the eukaryotic
organisms [15]. They are highly enriched in the mammalian brain, particularly at the synapses.
Dynamic changes in localization and abundance of circRNAs have been observed during neuronal
differentiation, synaptic activity and in aging brain [11], [14], [89]. All these findings suggest that
circRNA may play key roles in the nervous system, especially in regulating neuronal development
and synaptic functions. Moreover, studies have reported dysregulated expression levels of
circRNAs in several neurological conditions, such as Parkinson’s disease and Alzheimer’s disease
[97], [98], [167], [168]. Although there are few examples of neuronal circRNAs with known
functions, their ability to act as miRNAs or RBPs sponges represent the better-characterized
circRNA molecular function [11], [12], [62], [64]-[66], [70]. Thus, circRNAs might exert
potential regulatory functions in the pathogenesis and progression of neuronal disorders.

In the present study, we investigated the expression profile of circRNAs in the hippocampus of
BTBR mouse model, to assess the potential contribution of these molecules in the pathophysiology
of autism. We identified 288 high-confidence circRNAs mainly derived from host genes enriched
in metabolic pathways, such as glutamate receptors, axon guidance, synapse formation and
functions. These results are consistent with previous experimental evidence indicating that ASD
associated genes converge on pathways related to the assembly of neural circuits and neuronal
signaling. We discovered 41 circRNAs highly modulated in the BTBR mice, compared with B6
control mice. We identified interesting circRNAs candidates, and the differential expression of 12
dysregulated circRNAs was validated by RT-qPCR [123]. In-depth characterization was
performed on two selected circRNAs: the BTBR downregulated and upregulated circCdh9 and
circRmst, respectively.

circCdh9 host gene codifies for a type Il cadherin, and it has been found to play critical functions
in neural developmental processes [127]-[130]. Moreover, recent studies showed a genetic
association of Cdh9 gene locus with ASD [125], [132]. Cdh9 expression has been demonstrated
to be regulated during mouse development of ASD-relevant brain regions [133], [134]. The
IncRmst has been characterized as a co-transcriptional factor of SOX2 and a fundamental regulator
of neurogenesis [152]. Several Rmst circular isoforms have been identified [136], one of which
has been found highly enriched in neuronal compartments and its expression changes has been
observed during neuronal development and differentiation [13], [14]. We have demonstrated an
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altered expression of circCdh9 and circRmst in the BTBR hippocampus, further support the
emerging studies that indicate the putative involvement of circRNAs in neurodevelopmental
processes [13], [14] These observations prompted us to set up expression studies of the circular
and linear isoforms derived from Cdh9 and Rmst gene loci, hypothesizing that they might be
implicated in the etiology of ASD.

We characterized the molecular structure of circCdh9 and circRmst 1.5kb by using divergent
primers which allowed us to confirm the predicted backsplicing junction sequence and their exonic
composition.

Interestingly, we observed an exon skipping event occurring in the exon 8 of circRmst.

Since previous studies identified the cerebellum and the cerebral cortex as ASD-relevant brain
regions [153]-[155], we asked whether the expression changes observed in the BTBR
hippocampus were similarly appreciable in the BTBR prefrontal cortex and cerebellum. In the
cerebellum, both circCdh9 and Cdh9 mRNA are downregulated as in the hippocampus, while we
did not observe significant circRmst expression changes in the cerebellum and the cerebral cortex.
These data suggest that the expression levels of these circular and linear transcripts might be
differentially affected by brain region-specific mechanisms of gene expression dysregulation.

Recent studies have shown that circRNAs are tightly regulated during neurodevelopment [13],
[14]. Therefore, we decided to study the expression of circCdh9 and circRmst at different stages
of mouse brain development, analyzing in parallel the linear cognate transcripts. We observed
distinct patterns of expression of both circCdh9 and circRmst in all the brain regions examined
(hippocampus, cerebellum and prefrontal cortex), suggesting that they might exert specific
functions in the main processes of neurodevelopment. The expression of circCdh9 and Cdh9
MRNA increases in the HP development, from day 10 of postnatal life. Cadherin-9 protein is
involved in the formation of specific hippocampal synapses [130]. Moreover, mouse
developmental studies have shown that the P10 postnatal stage corresponds to the formation of
synapses [169]. Therefore, our observation of Cdh9 mRNA up-regulation is in line with those
findings. Similarly to the hippocampus, in the prefrontal cortex we observed a significant, although
not dramatic up-regulation of Cdh9 transcripts. An opposite three-fold down-regulation of Cdh9
circular transcript and mRNA discovered in the cerebellum from embryonal to postnatal life might
be related to a specific developmental program of this brain region.

The general parallel regulation of Cdh9 circular isoform and mRNA during brain development
might be related to transcriptional regulation of the Cdh9 gene locus. However, considering that
the circular transcript from Cdh9 locus is the dominant isoform, we might hypothesize a specific
molecular function of the circular isoform, whose deregulation might be implicated in a
developmental disease.

Conversely, both circular and linear isoforms of Rmst were downregulated in the hippocampus
from PO to P10, suggesting a specific biological function of Rmst transcripts at this developmental
stage. We were able to analyze the expression of Rmst transcripts at E17 prefrontal cortex and
cerebellum, finding that in these brain regions from embryonal to postnatal life (PO) there is a
dramatic downregulation of circRmst and IncRmst. Therefore, our observations point to a role of
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Rmst transcripts in the late embryonal and early postnatal brain developmental processes.
Interestingly, similar expression patterns were observed in all brain regions studied, suggesting a
role of Rmst in typical brain developmental processes.

Transcriptomic studies of circRNAs expression profiles in several mouse and human cell lines,
highlighted their dynamic expression changes during early neuronal cell specification [13], [14].
To better characterize circCdh9 and circRmst during neuron differentiation, we decided to analyze
their expression in vitro differentiation of cortical neuron primary culture. Primary culture of
embryonal neuron represents an interesting model of neuronal differentiation, where from day 0
to day 21 the extrusion and maturation of neurite processes are observed, with the development of
dendrite arborization and axon processes able to establish active synaptic contacts. During in vitro
cortical neuron differentiation, we observed in mature DIV21 neurons an up-regulation of
circCdh9 and Cdh9 mRNA expression which recalls what it has been observed during the
prefrontal cortex maturation in vivo. We can hypothesize that changes on Cdh9 transcripts are
related to the ongoing synapse maturation and synaptic network establishment, in both brain
embryonic and postnatal stages and in vitro differentiation. On the contrary, the observed dramatic
increase in the expression of circRmst during neuronal differentiation is distinct to the regulation
of IncRmst whose levels were slightly higher in mature neurons compared the still immature ones.
As observed for circCdh9 the expression changes of circRmst recapitulate what has been observed
during postnatal life. In overall, these data support the hypothesis of a distinct role of circRmst and
IncRmst in the processes of neuronal maturation.

Emerging evidence has shown that circRNAs abundance is modulated by neuronal activity [14],
[87], [156]. Moreover, in ASD deficits in the homeostatic regulation of synaptic strengths have
been identified, indicating that homeostatic scaling is crucial for proper neuronal functions and
maintaining a balance between excitation and inhibition [110], [116], [166]. To evaluate a possible
regulation of circCdh9 and circRmst expression by synaptic scaling, we studied their expression
in primary mature cortical neurons (DIV10) treated with TTX or BIC. TTX is a pharmacological
inhibitor of voltage-gated sodium channels, BIC is an antagonist of GABA-A receptors, inducing
synaptic up-scaling and down-scaling, respectively. The synaptic up-scaling led to a marked
reduction of Cdh9 mRNA expression, while in our experiments the expression of circCdh9 did not
exhibit significant changes. A significant down-regulation was observed for both circCdh9 and
MRNA upon synaptic down-scaling induced by BIC treatment. Conversely, circRmst was
significantly up-regulated upon induction of homeostatic plasticity by both drug treatments.
Although we detected modest expression changes, these results suggest that the expression of both
circCdh9 and circRmst is regulated during neuronal plasticity events.

To examine the coding and non-coding transcriptomic landscape of BTBR mice, we analyzed the
gene expression profiles in the hippocampus of BTBR and B6 mice. A total of 459 differentially
expressed genes have been identified and bioinformatic analysis revealed BTBR DEGs enrichment
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for terms related to ASD-relevant pathways. We identified many BTBR DEGs associated with
anion transport activity and GABAergic synapse functions. These results are in line with one of
the hypothesized mechanisms leading to ASD development, consisting of imbalance in the
excitatory and inhibitory neurotransmission. [166]. As previously mentioned, many ASD
associated mutations uncover in genes codifying for proteins with synaptic functions [113], [114],
[116], [117]. The tryptophan metabolism pathway was found as the most significative affected
process in the BTBR hippocampus. Serotonin is a tryptophan metabolite, and recent evidence
reported serotonergic abnormalities in ASD [170]. Furthermore, alteration in tryptophan
metabolism has been observed in the intestine of BTBR mice [171]. These data indicate
convergence in the serotoninergic system deficiency observed in ASD patients and BTBR central
nervous system.

We obtained a list of 15 highly modulated genes and we were able to confirme by RT-qPCR
analysis the differential expression of Hmgn2, Pla2gde, Pttgl and Tmem33. Relevant-ASD
functions have been observed for Hmgn2 (High Mobility Group Nucleosomal Binding Domain 2)
and Pla2g4e (Phospholipase A2 Group IVE) involved in neuronal developmental processes and
glutamatergic and serotoninergic transmission, respectively. Furthermore, we were able to confirm
altered expression in the BTBR hippocampus of genes codifying for proteins with neuronal-
specific function, component of ASD-associated pathways and included in the SFARI database
(Arhgef9, Slc24a2, Tdo2, Tshz3). In order to evaluate whether changes in the circular
transcriptome parallel changes in the gene expression profile, we combined our DEG and DEC
lists. Interestingly, we identified only 6 genes, whose expression was altered in the BTBR
hippocampus as both circular and total linear gene products. Among those genes, Cdh9 and Trpc6
have to be mentioned since their implication in neuronal circuit formation and development, and
their association with ASD. Congruently with previous finding [13], we observed that circRNAs
expression is independent of that of their host genes, suggesting different mechanisms of gene
expression regulation at the transcriptional and post-transcriptional level.

To explore the potential contribution of small non-coding RNAs in ASD pathophysiology, we
performed a miRNAs expression profile in the hippocampus of BTBR mice. By small RNA-seq,
we identified 18 highly dysregulated miRNAs in BTBR compared to B6 mice. We were able to
confirm by RT-qPCR the altered expression of miR-429, miR-200c, miR-183, miR-34a, miR-451.
Interestingly, miR-200b exhibited the most robust upregulation, although it was not observed
significantly altered in the RNA-seq. By bioinformatic analysis we identified mRNAs potentially
target by multiple BTBR-regulated miRNA. In particular, the mRNA of Zeb2 contains in its 3'UTR
binding sequences for the BTBR differentially expressed miRNAs miR-429, miR-200c, miR-183
and miR-200a. Several studies reported the essential role of Zeb2 in regulating neurogenic and
gliogenic processes during neuronal development [172], [173]. Moreover, deletions in the Zeb2
gene locus have been associated with the Mowat Wilson syndrome, a rare disease characterized
by severe mental retardation and phenotypical and behavioral similarities with ASD patients
[174]-[176]. Intriguingly, in our mRNAs expression profile, we observed 3 significantly
downregulated Zeb2 transcripts, and by computation analysis, we detected the predicted seed
sequences of the upregulated BTBR miRNAs in Zeb2-202 and Zeb2-214 isoforms.
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In conclusion, the observed anticorrelation of Zeb2 transcript expression and the interacting
miRNAs might be indicative of a mechanism of post-transcriptional regulation of Zeb2 gene
expression by BTBR-associated miRNAs, potentially relevant in the context of ASD.

PERSPECTIVES

Our study indicates that circCdh9 and circRmst, whose espression has been found to be altered in
the hippocampus of BTBR mice, are tightly regulated during neuronal development and
differentiation. Their potential role in both processes will be examined by genetic manipulation in
in vitro system. These experiments would allow us to explore the role of circCdh9 and circRmst
in the pathophysiology of ASD.

Interestingly, we observed a dysregulation in the expression of miRNAs interacting with ASD-
related gene targets as Zeb2. Experimental validation of the post-transcriptional regulation of Zeb2
MRNA by BTBR-deregulated miRNAs will be performed. Moreover, the in vivo expression of
artificial miRNA decoys in the BTBR hippocampus, acting as competitor inhibitors of miRNA
upregulated in the ASD mice, would allow us to evaluate their role in the context of disease
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MATERIAL AND METHODS

Tissue Collection and RNA Isolation

Total RNA was extracted from single mouse tissues, using Qiazol and miRNeasy spin column
(Qiagen), with DNasel on-column treatment, according to the manufacturer’s protocols (Qiagen).
RNA concentration was determined by the NanoDrop 1000 analysis (Thermo Fisher Scientific).
RNA quality was assessed by gel electrophoresis and by measuring 260/280 and 260/230
absorbance ratios.

For mouse brain developmental expression studies, hippocampus, prefrontal cortex and
cerebellum from CD1 male mice have been obtained in collaboration with Arianna Rinaldi,
Assistant Professor in the Department of Biology and Biotechnology “Charles Darwin’ and Centre
for Research in Neurobiology D.Bovet, Sapienza University of Rome.

RT-qPCR
Validation of circRNAs and genes expression profile

RNA pools were reversed transcribed using the SuperScript Il (Thermo Fisher Scientific) and
random primers, at 50 °C for 1 h. Quantitative PCR (qPCR) was performed using SYBR Green
(SensiMix™SYBR Hi-ROX Kit, Bioline) with appropriate primers. For circRNAs, one primer
was designed to anneal at the circular junction whereas the other was within the exonic sequence.
For linear transcripts, both primers were designed to amplify a sequence not included in the
circRNA. Relative quantification of gene expression was conducted with the Applied Biosystems
7500 Real-Time PCR System. Gapdh mRNAs was used as internal controls. RT-qPCR data were
analyzed by the 2—AACt method. BTBR and B6 were compared by independent sample t-test, with
significance set at p < 0.05.

List of primers used in RT-gPCR validation analysis of selected circRNAs and their linear
counterparts.
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CircRNAs Forward Reverse

circCdh9 CAACATAATAAACTTCACACTGACCAA GATTGCCAGCTCCATCTCCT
circCacnalc CCAACTCCAACCTGGTTCCAA GAGTAGGGATGTGCTCGGGA
circHivep2 ACAGCCAGCCAGTAGGATTG ACCTGGATACCTGCTTCTGG
circCacnala GATTCTGGGTCCTCAAGCACT CTTGTCTCCCTGCTCCTGAA
circAuts2 CCTAAGGGACTCAGACAAAAGATG TTCCTTGGTCAGGGGAGTCTG
circZcechell ATTTTGTTTGCTTGCCTAAAGTAG AGAAGTCTTGGGCTCTTCC
circCdcl4b GTGTTATATGAGACTCGCGGGT GATCACCTCGGCCATCAG
circRmst AATGGCTTCATGAGATACTCAGG AGACAATCTGGGCCATGTCT
circTrpc6 CAGTTTGTGGCTCATCCAAAC CTGCAAGGAGCACACCAGTA
circCepl12 TCAAGGTTATTGCTGACATGGA GTCCTTTGCAGCTCTCTGCT
circwdr49 TAGGCTGGGAGAGGTTTTGA GGCCAATAAAGCAAGCTGAT
circNcoa2 AGCAAGATTTTCCTCGCATC GCGGATCTGCTTCACAGTTT
circMyrip ACCGGCTAAGAGGATGGATT AGGAGGTACAAGCCCAGACA
circTshz2 CATTCAAGTGGTATGCCCAGG CCTGTCCCAGTGTCATTGCTG
circRyr3 GTCAGGAAATCAAGGAGAAATTAGAT  TTTTGGCATCTTGTGCTTTG
Linear mMRNAs Forward Reverse

Cdh9 TTTGTGTCGTCATCCTGCTTAC TCCTTAATGTGCCGATGTCA
Cacnalc GCCTGCGACATGACAATAGAG CCCTGCAGTTCACAAAAGGT
Hivep2 AAGCAGTTTGCACAGATGAAG TCCGTGAATCTCTCCTTTCC
Cacnala CTGGGCTGTCATCAAACCTG CAGGAGGGCAAAGACAACG
Auts2 CAACACTGTTCTTGTAAACAAAGATCC CAGTCCTGGCTCTTCTCCTG
Zcchell GTTGTGGTGTGCAAAGATCG GCACAGCTTAGCCCAATAGC
Cdcl14b TTTGTTTTGCCATTCTCTACAGC GGTCCAAAATCCGCATAGAA
Rmst GAATGGCTTCATGAGATGTTAGTC GGAAAGGTGTTTTTCCTCGAA
Trpc6 GGTGCGGAAGATGCTAGAAG GCTTGTCGCTAACCTTTTGC
Cepl12 ACCATACGGAGACCATCCAG CCAGCTCCAATTTTTCTTGG
Wdr49 CTGGTGTCATGTGGAGCATC CAGAATCTCCAGTGGCAAGG
Ncoa2 TGCACTACTGCGCTATTTGC GCTCACCTCCTCCTTCACAG
Myrip CGAGGAGTTGATCGCAGAGT TGGTCTGTCCCAAGAGGAAA
Tshz2 CGAAGACTCTCTACAGAAACCTCTCG CTGTTGATGGCTGTGGTTACG
Ryr3 TATGCCCCTTGCTATGAAGC AAGAGGCTGGGAGAGGAAC

List of primers used in RT-gPCR validation analysis of selected genes
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Genes
Cdh22
Slc24a2
Tshz3
Tdo2
Arhgef9
Hmgn2
Pla2g4e
Rpl29
Tmem33
Pttgl
Wdfyl

Endogenous
control
Gapdh

Forward
CAGTGTGGCCGAGCTGTC
CCACTCGCTGAAGAACTTGG
CAGCAGCCTATGTTTCCGAT
CTTCAGAGAATACCTGTCTCCAGC
ACCTGGACCCCAACTCAGAC
GTTGTCTGCTAAACCTGCTCCTC
CACTCAACCCAGAGGGCAT
ACAACCAGTCCCGCAAATG
CCTCTTCTTGGGTTGCATGA
CAACCAAAACAGCCGACCT
CAAGGCCACCATGACAGAGT

Forward

ACTTGAAGGGTGGAGCCAAA

Validation of miRNAs expression profile

Reverse
ACACCTGTCTTGGGGTCCA
CAGCCCCATTCTGCCTCT
GCCGGTGAGTTCTGGTAGC
ACAGCTCATTGTAGTCTCCTCCA
GTAGCCCTCGCAAATGTCCT
TTGGCATCTCCATTTTCTGC
GCATGAACCTCCAGGCAAG
TGTTGGCCTGCATCTTCTTC
CAGGAACGCTCTGCTCAACT
CTCAAAGTCTAGAGGATTGAAAGGG
GTCGCTTTCTAACCACTGAGGAG

Reverse

TCATGAGCCCTTCCACAATG

RNA from single animal preparations (n=4) was reverse transcribed using miScript the miScript
Reverse Transcription Kit (QIAGEN). The gPCR detection of miRNAs was performed using
miScript SYBR-Green Kit (QIAGEN) on a 7300 Real-Time PCR System. Data were analyzed
using the comparative 2—AACt method. U6 snRNA was used as an internal control. BTBR and B6
were compared by independent sample t-test, with significance set at p < 0.05.

Sanger Sequencing

circCdh9 and circRmst nucleotide sequences were detected on PCR amplification products
obtained with divergent primers designed on linear transcripts. Mouse BTBR and B6 hippocampal
cDNAs were used as templates. The purified PCR product was directly sequenced using the Sanger
sequencing method. B-actin mRNA was used as endogenous controls
List of primers used for the analysis of backspling junctions

circRNAs

circCdh9

circRmst
Endogenous control

B-actin

Forward
CTCATGTCTGGCAATGCAGT
CTGGAATGGCCAAGGCTGTAG

Forward

Reverse
AAGATGTGAAGGAGGGGAGC
AGGGACAATCAGTCACCCG

Reverse

TGTGACGTTGACATCCGTAAAGA CTGCATCCTGTCAGCAATGC
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Deep Sequencing of RNA

Two hippocampal RNA pools of different animal cohorts of BTBR and B6 mice were prepared,
pool 1 (n =6) and pool 2 (n = 4). Single hippocampal RNA preparations from BTBR and B6 mice
(n=4) were used for miRNA expression profile. RNA-seq was performed on an Illumina Hiseq
2500 sequencing system using TruSeq Stranded Total RNA Library Prep kit with Ribo-Zero
treatment (Illumina)

Bioinformatic analysis

Ensembl database (http://www.ensembl.org/)and circBASE database (http://www.circbase.org/)
were interrogated to obtain information about genes and circRNAs of interest.

Gene functional annotation analysis was performed using the KEGG Orthology- Based Annotation
System-KOBAS v. 3.0 ( https://www.genome.jp/kegg/pathway/) and EnrichR web services
(https://maayanlab.cloud/Enrichr/)

Human ASD-association studies were performed using SFARI
database (https://gene.sfari.org/). and Autism KnowledgeBase database
(http://db.cbi.pku.edu.cn/autismkb_v2/)

Prediction analysis of the miRNA targets was performed using the Mienturnet bioinformatic tool
(MicroRNA ENrichment TURned NETwork) which performs both statistical and network-based
analyses for detecting miRNA-target interactions.

Primary cell culture

Cortical neurons were obtained from the cerebral cortex of CD1 mouse embryos (E17). Neurons
were cultured in complete Neurobasal Medium supplemented with B27 (ThermoFisher Scientific).
Cells were grown at the humidified atmosphere of 5% CO2 t 37°C.

For circRNAs expression analysis during neuronal differentiation, RNA was collected from three
biological replicates of cortical neurons maintained for 4, 11 and 21 days in vitro.

Synaptic scaling was performed by treating cortical neurons at 10 days in vitro with either 1 uM
tetrodotoxin (TTX) or 20 uM Bicuculline (BIC). RNA was collected from three independent
biological replicates 24 hours after the pharmacological treatments.
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