Aging and Disease Volume 13, Number 4; 1278-1292, August 2022
www.aginganddisease.org http://dx.doi.org/10.14336/AD.2022.0103

Original Article

MiR-4763-3p targeting RASD?2 as a Potential Biomarker
and Therapeutic Target for Schizophrenia

Jiao Wang!", Wenxin Qi!, Hongwei Shi', Lin Huang!, Fujiang Ning®, Fushuai Wang!, Kai Wang’,
Haotian Bai?, Hao Wu!, Junyi Zhuang', Huanle Hong'!, Haicong Zhou', Hu Feng!, Yinping Zhou',
Naijun Dong!, Li Liu®, Yanyan Kong*", Jiang Xie?, Robert Chunhua Zhao'*>¢*

'School of Life Sciences, Shanghai University, Shanghai, China. *School of Computer Engineering and Science,
Shanghai University, Shanghai, China. *PET Center, Huashan Hospital, Fudan University, Shanghai, China.
“Institute of Basic Medical Sciences Chinese Academy of Medical Sciences, School of Basic Medicine Peking
Union Medical College, Beijing, China. *Centre of Excellence in Tissue Engineering, Chinese Academy of
Medical Sciences, Beijing, China. °Beijing Key Laboratory of New Drug Development and Clinical Trial of Stem
Cell Therapy (BZ0381), Beijing, China. "Central Laboratory, Shanghai Chest Hospital, Shanghai Jiao Tong
University, Shanghai, China. *Psychological Rehabilitation Hospital of Penglai District, Yantai, Shandong, China

[Received September 14, 2021; Revised January 2, 2021; Accepted January 3, 2021]

ABSTRACT: Existing diagnostic methods are limited to observing appearance and demeanor, even though
genetic factors play important roles in the pathology of schizophrenia. Indeed, no molecular-level test exists to
assist diagnosis, which has limited treatment strategies. To address this serious shortcoming, we used a
bioinformatics approach to identify 61 genes that are differentially expressed in schizophrenia patients
compared with healthy controls. In particular, competing endogenous RNA network revealed the important role
of the gene RASD2, which is regulated by miR-4763-3p. Indeed, analysis of blood samples confirmed that RASD?2
is downregulated in schizophrenia patients. Moreover, positron emission tomography data collected for 44
human samples identified the prefrontal and temporal lobes as potential key brain regions in schizophrenia
patients. Mechanistic studies indicated that miR-4763-3p inhibits RASD2 by base-pairing with the 3’
untranslated region of RASD2 mRNA. Importantly, RASD2 has been shown to interact with f-arrestin2, which
contributes to the regulation of the DRD2-dependent CREB response element-binding protein pathway in the
dopamine system. Finally, results obtained with a mouse model of schizophrenia revealed that inhibition of miR-
4763-3p function alleviated anxiety symptoms and improved memory. The dopamine transporters in the striatal
regions were significantly reduced in schizophrenia model mice as compared with wild-type mice, suggesting
that inhibition of miR-4763-3p can lessen the symptoms of schizophrenia. Our findings demonstrate that miR-
4763-3p may target RASD2 mRNA and thus may serve as a potential biomarker and therapeutic target for
schizophrenia, providing a theoretical foundation for further studies of the molecular basis of this disease.
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Schizophrenia is a severe mental illness involving a  disorders) and negative symptoms (exaggerated mood
variety of psychological disorders with both positive swings) [1], and such cognitive deficits are characteristic
symptoms (fantasies, as well as speech and behavioral of schizophrenia [2]. Schizophrenia affects approximately
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1% of the population worldwide, with serious negative
effects on quality of life. The disease is most often
diagnosed during adolescence or early adulthood [3]. The
cause of schizophrenia remains unclear. At the post-
transcriptional level, microRNAs (miRNAs) play a vital
role in brain development and the pathophysiology of
many mental illnesses [4]. For example, a study of
miRNAs in the dorsal lateral prefrontal cortex of patients
with schizophrenia revealed the temporal dynamics of
miRNA expression in this region during different
perinatal and young-adult periods[5]. That study
suggested a possible connection between schizophrenia
and the dysregulation of certain miRNAs [6].
Nevertheless, the molecular mechanism underlying the
pathogenesis of schizophrenia remains unclear, which has
limited the development of novel treatments.

Biomarkers are biochemical indicators that can be
used to monitor pathophysiological changes in cells,
tissues, and organs at the molecular level. Owing to their
specificity of expression in a particular physiological
context as well as a high sensitivity of detection,
biomarkers can inform prognosis and be used for auxiliary
diagnosis. Numerous technologies have been employed in
the search for biomarkers specific for schizophrenia.
miRNAs are quite stable, and each miRNA regulates the
expression of one or more specific mRNA; consequently,
recent research has suggested that miRNAs may be
attractive candidate biomarkers for schizophrenia [7]. In
particular, miRNAs in whole blood or specific blood
components are candidates for improving the diagnosis of
several diseases, including life-threatening pathology [8],
certain blood-borne miRNAs may help predict the
pathogenesis of schizophrenia [9].

The dopamine system is vital for brain function and

helps regulate sports behavior, cognition and emotion [10].

Some studies have revealed enhanced dopamine synthesis
in the striatum of patients with schizophrenia, as well as
an increased release of dopamine [11]. Dopamine
receptors can be divided into two major families: D1 and
D2.  Traditionally,  dopamine-associated  neuro-
transmission has been thought to occur through five
different receptors, including those of the D2 family, that
transduce dopaminergic signals [12]. The D2 dopamine
receptors are the most widely studied family for the
treatment of schizophrenia and therefore may be
therapeutic targets. Brain imaging studies have revealed
significant regulation of D2 receptor expression in the
brain of schizophrenia patients [13]. Consistent with this
report, drugs approved to treat schizophrenia block D2
receptor signaling [14]. In addition to the dopamine
receptors, serotonin  (5-hydroxytryptamine, 5-HT)
receptors have attracted widespread attention as potential
therapeutic targets for cognitive disorders including
schizophrenia [15].

The Ras superfamily small GTPase named RASD
Family Member 2 (RASD2) is enriched in the striatum.
RASD?2 is one of the activators of mechanistic target of
rapamycin 1 (mTOR1) which in turn plays a role in
myelination as well as axon growth and regeneration. We
previously reported that RASD2 is significantly
downregulated in schizophrenia patients compared with
healthy control subjects [16]. Therefore, we can infer that
RASD2 may indirectly affect signal transduction in the
central nervous system—and hence the symptoms of
schizophrenia—through endocrine function.

In the present study, we applied a bioinformatics
analysis to identify differentially expressed genes (DEGs)
between patients with schizophrenia and healthy
individuals. We also analyzed human blood samples to
determine whether certain miRNAs could be potential
biomarkers for schizophrenia. The results revealed a
significant downregulation of RASD?2 and upregulation of
the miRNA miR-4763-3p in blood samples from
schizophrenia patients. Moreover, inhibition of miR-
4763-3p resulted in significant improvement of
schizophrenia symptoms as well as enhance learning
memory and recovery from anxiety in a mouse model of
schizophrenia (SCZ mice). Therefore, we explored the
role of RASD?2 and its regulation by miR-4763-3p in
dopamine-associated signaling pathways[15].

MATERIALS AND METHODS
Animals

C57BL/6 (wild-type, WT) mice were reared at a constant
temperature (22 + 1°C) and maintained on a 12/12 h
light/dark cycle, with food and water provided ad libitum.
All animals were treated in accordance with the
International Guidelines for Animal Research. The study
design was approved by the Animal Ethics Committee of
Shanghai University.

Positron emission tomography (PET)

According to normal operating procedures, PET was
performed on mice using Inveon PET/CT System
(Siemens Medical Solutions, Knoxville, KY, USA) at the
PET Center of Huashan Hospital, Fudan University.
Briefly, mice were anesthetized using isoflurane, and then
0.5 mCi 2'-methoxyphenyl-(N-2'"-pyridinyl)-p-'*F-fluoro-
propyl-benzamidoethylpiperazine ('*F-labeled MPPF),
18F_radiolabeled N-(3-fluoropropyl) 2B-carboxymethoxy-
3B-(4-iodophenyl) nortropane ('*F-FP-CIT) was injected
through the tail vein. After 50 min, PET was carried out
for a total of 10 min. Mice were anesthetized using
isoflurane.
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Identification of DEGs and functional annotation

To identify the DEGs between schizophrenia patients and
healthy individuals, previously reported raw RNA-Seq
data were obtained [17] (GEO accession number
GSE121376). A locally developed Perl script was used to
delete low-quality bases at the 5’ and 3’ ends. HISAT2
(version 2.0.5) was used to map reads to the human
transcriptome (GRCm38.p5). Read counts were generated
using BED Tools [18], and expression values were
calculated using the RPKM (reads per kilobase per
million mapped reads) method. DEGs were identified
using a fold-change threshold of >1.50 or <0.67, and p-
values were obtained from a t-test; p<0.05 was considered
to reflect a statistically significant difference between
values. DAVID 6.8 was used for functional enrichment
analysis of schizophrenia-related genes [19].

Construction of a competing endogenous RNA (ceRNA)
network

miRNAs were collected from miRbase [20], and mMRNA
and long noncoding RNA (IncRNA) sequences were
obtained from NCBI (GRCm38.p5). All differentially
expressed mRNAs and IncRNAs were used for target
identification. The miRNA-mRNA and miRNA-IncRNA
regulatory relationships were determined using
RNAhybrid (setting the seed region from coordinates 1 to
6,2t07,3t08,41t009, and 5 to 10; minimum free energy
< -25 kcal/mol, p < 0.01) and BLASTN (word size of 10
and e-value of 1000, removing the miRNA from the
forward alignment and miRNA position of alignment
greater than 6), and the intersection was obtained. The
ceRNA network was visualized using Cytoscape 3.5.1
[21].

Behavior analysis

The forced swimming test was performed in a transparent
glass cylinder of diameter 20 cm and height 40 cm. The
test was performed for 6 min; during the first 2 min, the
mice were adapted to the environment, and then
immobility time was recorded during the last 4 min of the
test. After each test, the mouse was dried, and the water in
the cylinder was changed.

The open-field test was carried out with an open-field
box (40 cm =40 cm). Noldus software was used to assess
the time spent in the central zone as well as the total
distance traveled for 10 min in the open field. The distance
each mouse moved was inferred as exercise ability, and
the time spent in the central zone was used to assess
anxiety behavior. Between tests, the apparatus was
cleaned with aqueous 75% ethanol to mask the scent of
previously tested animals.

Novel object recognition (commonly known as NOR)
was performed in an open-field box (40 cm > 40 cm).
Mice were allowed to acclimate to the testing room for 48
h. On the third day, two identical objects were placed in
the box, and the mouse was allowed to freely explore for
10 min, and then one of the objects was replaced followed
by a second 10-min free exploration. Noldus software was
used to analyze the total distance moved, residence time,
number of entries, and average speed of the experimental
animals entering the area around the two objects. Between
tests, the apparatus was cleaned with aqueous 75%
ethanol.

Brain imaging

A cohort of 44 individuals (18 with schizophrenia and 26
healthy controls) was collected from Huashan Hospital,
Shanghai, China. All Digital Imaging and
Communications in Medicine (commonly known as
DICOM) data were converted into NIfTI-formatted files
using DCM2NII (http://people.cas.sc.edu/rorden/
mricron/index.html). Two steps were used to establish the
boundaries of the brain for analysis. In the preprocessing
stage, statistical parametric mapping (SPM12,
www.fil.ion.ucl.ac.uk/spm)  was implemented in
MATLAB R2016a; every image was normalized to a
standard brain space by the ICBM East Asian template,
and the low-frequency background noise was
simultaneously removed. Next, an isotropic Gaussian
smoothing kernel with a full width at half maximum
(FWHM) value of 10 <10 <10 mm3wvas applied. Regions
of interest were compared between the schizophrenia and
healthy-subject groups using a two-sample Student’s t-
test. Regions could be localized by setting the peak
threshold to p < 0.01 and applying an error correction with
a threshold of 20 voxels. Talairach Client enabled the
creation of individual and batch labels of the regions of
interest.

RNA extraction from mouse brain and quantitative real-
time PCR (gPCR)

The prefrontal lobe of mice was dissected quickly in
phosphate-buffered saline (PBS) on ice and placed in
RNA extraction solution (Promega, Madison, WI, USA)
and extracted according to the manufacturer’s protocol.
The final reaction volume contained 2 pg total RNA, 4 uL
of 5% RT Master Mix (TaKaRa, Kusatsu, Japan), and
RNase-free water (up to 20 puL). cDNA was synthesized
at 25<C for 5 min, 37<C for 30 min, 85<C for 10 s, and
12<C for 10 min. To quantify the target genes, qPCR was
performed using gPCR SYBR Green Master Mix
(Yeasen, Shanghai, China). Each reaction contained 1 pL
cDNA sample (100-200 ng/uL), 10 uL qPCR SYBR
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Green Master Mix, 0.8 puL (10 uM) designated primers, for 30 s, with 40 thermal cycles. The mRNA normalized
and RNase-free water (up to 20 pL). The PCR conditions  to that of GAPDH.
were as follows: 95<C for 30 s, 55<C for 20 s, and 72<C
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Figure 1. RASD2 as the hub gene among the DEGs between patients with schizophrenia and healthy
controls. (A) Heatmap showing upregulation (red) and downregulation (blue) of DEGs between schizophrenia
patients and healthy controls. The thresholds for DEG identification were as follows: | log2FC | > 0.38 and p <
0.05, schizophrenia vs. healthy controls. (B) Gene Ontology functional enrichment analyses for cellular
components (red), biological processes (yellow), and molecular functions (blue). (C) ceRNA network for
DEGs (miRNA-mRNA and miRNA-IncRNA) for upregulated mRNAs (red nodes), downregulated mRNAs
(yellow nodes), upregulated IncRNAs (orange nodes), downregulated IncRNAs (green nodes), interactions
between two nodes (gray lines), and RASD2-miR-4763-3p, which was the main focus of subsequent
investigations (red line). (D) miRNA-mRNA interactions predicted by RNAhybrid for RASD2 mRNA. (E)
miRNA-mRNA interactions showing values for RASD2, the mRNA for which is regulated by at least five

different miRNAs. MFE: minimum free energy.
RNA extraction from blood and gPCR

Blood was collected in tubes from 20 patients with
schizophrenia and 6 healthy controls, and serum was
obtained after coagulation and placed in RNA extraction
solution (Yeasen). RNA was extracted according to the
manufacturer’s protocol. The final reaction volume
contained 1 pg total RNA, 2 uL of 5x Reverse
Transcription Buffer, RT Master Mix (RiboBio,
Guangzhou, China), and miRNA reverse-transcription
primer (1 pL). cDNA was synthesized at 42°C for 60 min
and 70<C for 10 min. To quantify the target genes, qPCR
was performed using qPCR SYBR Green Master Mix
(RiboBio). Each reaction contained 2 upL reverse-
transcription product, 10 uL. qPCR SYBR Green Master
Mix, 0.8 puL (200 nM) designated primers, and RNase-free
water (up to 20 pL). The PCR conditions were as follows:
95<C for 10 min, followed by 40 cycles of 95<C for 2 s,
60<C for 20 s, and 70T for 10 s. The mRNA level in each
sample normalized to that of U6.

Western blotting

Total cellular protein was extracted using a cell lysis
buffer (Beyotime, China) according to the manufacturer’s
protocol. Each homogenate was centrifuged at 12,000
rpm for 30 min at 4<C, and the supernatant was collected
for measuring soluble protein concentration using the
BCA-100 protein assay kit. An equal mass of protein (20
ng) from each sample was boiled for 10 min in 5% SDS-
PAGE loading buffer and then subjected to SDS-PAGE
(12% polyacrylamide gel). The separated proteins were
transferred onto a nitrocellulose filter membrane, which
was blocked with 5% bovine serum albumin (Solarbio,
Beijing, China) for 60 min at room temperature, then
incubated overnight at 4<C with a primary antibody. The
next day, the membrane was incubated with a secondary
antibody at room temperature for 1 h. Visualization and
quantification of immune-positive bands were carried out
using Odyssey scanner and associated software (LI1-COR
Biosciences, USA). The relative protein level was
normalized to that of GAPDH from the same lane.

A mouse model of schizophrenia (SCZ mice)

The N-methyl-D-aspartate (NMDA)-type glutamate
receptor antagonist MK-801 (Sigma-Aldrich, St. Louis,
MO, USA) was dissolved in physiological saline and
injected into the abdominal cavity of mice for 7 days (0.6
mg/kg, once daily)[22]. As a control group, mice were
injected with the same amount of saline. PET and gPCR
experiments were performed within 1 week after
injection.

Stereotactic injection

Mice were divided into six groups (n = 5 per group).
Targeted injection into the hippocampus was performed
with PBS, the agomir, antagomir of miR-4763-3p, along
with a negative control ((NC: sequence-scrambled
miRNA and control (a blank control without treatment)).
The groups of mice and treatments were as follows: (a)
WT + PBS, (b) SCZ + miR-4763-3p antagomir, (c) SCZ
+ antagomir NC, (d) SCZ + miR-4763-3p agomir, (e) SCZ
+ agomir NC. First, we made a longitudinal incision to
expose the bregma, set this point as zero, and determined
the CA1 region of the hippocampus from this point
(anterior-posterior: +2.0 mm; medial-lateral: #0.3 mm;
dorsal-ventral: +1.9 mm). Each mouse was injected with
2 uL for 10 min and retained for 10 min before the needle
was slowly retracted. After 7 days with free access to
normal food, the mice were subjected to behavioral testing.

Statistical analysis

All data were analyzed using GraphPad Prism, and the
results are presented as the mean & SEM. Differences
between two groups were assessed using the unpaired
two-tailed Student’s t test. P-values of <0.05 indicated
statistical significance.

RESULTS

RASD2 is the hub gene among the DEGs between
schizophrenia patients and healthy controls
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To determine  molecular  differences  between
schizophrenia patients and healthy controls, we analyzed
RNA sequencing results (bulk) obtained with human
cortical interneurons derived from induced pluripotent
stem cells. Analysis of raw RNA-Seq data downloaded
from the GEO database (www.ncbi.nlm.nih.gov/geo/;
accession number GSE121376) [23] identified 61 DEGs
between 28 patients with schizophrenia and 28 healthy
controls. Among these 61 DEGs, 21 were upregulated and
40 were downregulated in most schizophrenia patients
(Fig. 1A, Supplementary Fig. 1A). A previous study
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found that mutations in human leukocyte antigen B
(HLA-B) in the prefrontal lobe may affect dopamine
signaling in the central nervous system and indirectly
influence the development of schizophrenia [16]. In
addition, dysfunction of glutamatergic signaling in the
brain may be involved in the pathophysiology of
schizophrenia, and myosin Vb (MYO5B) contributes to
glutamate receptor 1(GIuR1) signaling, suggesting a link
between glutamatergic signaling and schizophrenia [24].
Therefore, the DEGs identified in our analysis are related
to schizophrenia.
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Figure 2. Blood-sample analysis of schizophrenia patients as well as PET scans of pathological brain areas. (A-C)
Blood-sample analysis showing (A) RPKM values for RASD2, (B) RASD2 expression in blood samples, and (C) normalized
relative expression of miR-4763-3p and miR-6820-5p in the schizophrenia group and healthy control group. Data represent
the mean = SEM, n > 3; "p < 0.05, **p < 0.01. (D) PET scans showing brain areas with enhanced (red) or reduced (blue)

prevalence of the 5-HT receptor.

To further explore the relationship between the
functions of the 61 DEGs and schizophrenia, we
performed Gene Ontology enrichment analysis for
functional classification using DAVID (Error!
Hyperlink reference not valid.). Gene Ontology
analysis revealed that most of the DEGs were enriched in
the category’s extracellular exosomes, axon guidance, and
RNA polymerase II sequence-specific DNA binding. This
indicated that the 61 DEGs may be involved in signal
transduction mediated by both intracellular and

extracellular substances (Fig. 1B). Furthermore, the
inferred molecular mechanisms underlying these
schizophrenia-related DEGs revealed that miRNAs (the
intermediate node in the ceRNA network) regulate the
expression of certain of these DEGs as well as certain
IncRNAs (Fig. 1C). This showed that aberrant expression
of miRNAs related to one or more of these DEGs may
contribute to the pathogenesis of schizophrenia. For
instance, miR-619-5p (light blue nodes in Fig. 1C)
regulates the expression of many IncRNAs and mRNAs.
Notably, RASD2 (the central yellow node/hub in the
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network of Fig. 1C) is regulated by a variety of miRNAs,
including miR-4763-3p. Moreover, post-mortem analysis
of the prefrontal lobe of schizophrenia patients revealed
downregulated expression of RASD2 [25]. These analyses
suggested that one or more miRNAs underlie the observed
downregulation of RASD2 in schizophrenia patients.
Consequently, miRNAs may be involved in the
dysregulation of certain DEGs in schizophrenia.
Furthermore, 43 interactions were detected between
miRNAs and the 61 DEGs (Fig. 1C), and images were
constructed using RNAhybrid and BLASTN for
validation (Fig. 1D and E, Supplementary Fig. 1B). These

Control NG miR-4763-3p

results facilitated the location of optimal target sites
according to the binding free energy between the miRNAs
and their target genes. Based on the RNAhybrid analysis,
the binding sites of RASD2 with miRNAs (Fig. 1D)
revealed that RASD2 mRNA level potentially could be
regulated by miR-4763-3p, miR-6769b-5p, miR-6820-5p,
miR-6756-5p, and miR-4695-5p. Notably, the binding
between miR-4763-3p and RASD2 mRNA yielded the
lowest free energy value among all the miRNAs (Fig. 1E).
Therefore, miR-4763-3p is the best target for RASD?2
binding.
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Figure 3. RASD? as a direct target of miR-4763-3p. (A) RASD2 mRNA levels in 293T cells transfected with a miR-4763-3p mimic.
(B) RASD?2 protein levels in N2A cells transfected with a miR-4763-3p mimic or the corresponding NC, as assessed with western
blotting. (C) Predicted binding sites for miR-4763-3p in RASD2 mRNA—both wild-type (WT) and with a mutated (RASD2-MUT)
3’UTR. (D) Luciferase reporter assays in 293 T cells co-transfected with WT or RASD2-MUT 3°UTR and miR-4763-3p mimic or mimic
NC. (E) Luciferase reporter assays in N2A cells co-transfected with WT or RASD2-MUT and miR-4763-3p mimic or mimic NC. (F)
RASD?2 protein levels in 293 T cells transfected with a miR-4763-3p mimic, miR-4763-3p inhibitor, or the corresponding NC, as assessed
with western blotting. Data represent the mean + SEM, n > 3; *p < 0.05, **p < 0.01, ***p <0.001, ****p < 0.0001.

Blood-sample analysis of schizophrenia patients as well
PET of pathological brain areas

Next, we used the RPKM values for miRNAs to verify the
interactions between miRNA and RASD2 mRNA (Fig.
2A). For the purpose here, the RPKM values reflected the
strength of the correlation between expression of miRNAs
and their target genes. The RPKM values for RASD2 in
the schizophrenia group were significantly altered
compared with those in the healthy controls group.

Subsequently, gPCR analysis of blood samples revealed
that RASD2 was significantly downregulated in the
schizophrenia group compared with the control group
(Fig. 2B). The gPCR analysis also revealed that, among
the many RASD2-related miRNAs we analyzed, miR-
4763-3p was significantly upregulated [26] and miR-
6820b-5p was significantly downregulated (Fig. 2C). Few
studies have been conducted on miR-6820b-5p, and thus
interpretation of its downregulation in this context will
require further investigation. Nonetheless, these results
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suggested that miR-4763-3p may be a diagnostic target
for schizophrenia and therefore warranted further
exploration.

To elucidate the key brain areas involved in
schizophrenia, we analyzed PET data acquired with
schizophrenia patients. The neurotransmitter 5-HT itself
can induce the release of certain other neurotransmitters
in the prefrontal cortex, including dopamine [27, 28]. In
fact, as early as 1954, Wolley et al. hypothesized that
schizophrenia may be related to disorders of 5-HT
metabolism [29]. PET was used to specifically detect 5-

HT receptors [30] in blood samples from 26 healthy
controls and 18 schizophrenia patients who had been
injected with '8F-MPPF, a highly selective 5-HT
antagonist [31], and the PET data were analyzed with
MATLAB-R2016a. The results revealed upregulated
expression of 5-HT receptors in the frontal, temporal and
sub-lobal areas in the brain of schizophrenia patients
whereas expression was downregulated primarily in the
occipital lobe, posterior lobe and left temporal lobe (Fig.
2D-F).
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Figure 4. miR-4763-3p is involved in the D1- and D2-dependent signaling pathways by regulating the target gene RASD?2.
(A-D) Expression of mRNAs encoding DRD2, fp-arrestin2, DRDI, and CREB in 293T cells transfected with siRASD2 and the
corresponding negative control (NC) as assessed with qPCR, (E-I) and expression of the proteins as assessed with western blotting.
(J) A co-immunoprecipitation assay was used to detect the association between RASD2 and B-arrestin2. (K-N) Expression of
mRNAs encoding DRD?2, f-arrestin2, DRD1, CREB in 293T cells transfected with a miR-4763-3p mimic, the corresponding NC,
and control as assessed with qPCR, and (O) expression of the proteins CREB, DRD2 and B-arrestin2 as assessed with Western

blotting. Data represent the mean + SEM, n > 3; *p < 0.05, **p <
miR-4763-3p targeting regulates RASD2

As shown in Figure 1E, as mentioned earlier, the
minimum free-energy values (Fig. 1E) revealed clear
interactions between miRNAs and target genes. We
focused on miR-4763-3p in subsequent studies because it
had the lowest free binding energy with RASD2.
Moreover, further analysis of blood samples from
schizophrenia patients verified that RASD2 expression
was downregulated and that of miR-4763-3p was
abnormally upregulated. On this basis, we conducted

0.01, ***p < 0.001, ****p < 0.0001.

gPCR and western blotting with the blood samples to
determine whether miR-4763-3p could regulate the
physiological effects of RASD2. For this purpose, miR-
4763-3p was overexpressed via transient transfection of
cells with miR-4763-3p mimic, and the level of RASD2
protein was analyzed. Besides, for this purpose, miR-
4763-3p was overexpressed via transient transfection of
Neuro2a (N2A) cells and human embryonic kidney cells
expressing SV40 T-antigen (293T) with miR-4763-3p
mimic, and the level of RASD2 protein was analyzed.
Overexpression of miR-4763-3p significantly decreased
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the relative levels of both RASD2 mRNA and protein (Fig.

3A and B).
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Figure 5. Development of a mouse model of schizophrenia (SCZ mice). (A) Exercise ability and adaptability to a new environment
were assessed using the open-field test;(B) anxiety level was assessed using the forced swimmingtest (C) and preference for a novel
object was assessed using the novel object recognition test for mice injected with normal saline (control) and the glutamate receptor
antagonist MK-801. (D) "*F-FP-CIT PET images of the mouse brain showing dopamine receptors (green). Data represent the mean +

SEM, n > 3; *p < 0.05.

A luciferase assay was used to further determine
whether RASD2 mRNA is a target of miR-4763-3p.
Results of a bioinformatics analysis performed with
TargetScan predicted that the seed sequences of miR-
4763-3p are complementary to nucleotides 1778—1784
and 1814-1820 of the 3’ untranslated region (3’UTR) of
human RASD2 mRNA (Fig. 3C). 293T cells were co-
transfected with plasmids encoding RASD2-WT mRNA
and RASD2-MUT (mutated 3'UTR) along with a miR-
4763-3p mimic or NC. The miR-4763-3p mimic
significantly decreased the luciferase activity of the

RASD2-WT transfected cells compared with the NC and
RASD2-MUT  groups, implying that miR-4763-3p
markedly downregulated the reporter activity (Fig. 3D).
Similar results were obtained with N2A cells (Fig. 3E),
indicating that miR-4763-3p can target and regulate
RASD2 mRNA irrespective of species differences (i.e.,
between human and mouse). Western blotting was used to
further evaluate the effects of miR-4763-3p on RASD2
protein expression in 293T cells transfected with a miR-
4763-3p inhibitor, miR-4763-3p mimic, or NC. The miR-
4763-3p mimic caused a significant decrease in RASD?2
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mRNA level, but the effect was markedly reversed upon
subsequent treatment with the miR-4763-3p inhibitor (Fig.

PBS

A

»  miR-4763-3p antagomir

Open field test

N t ir NC
antagomir — Object recognition test

3F). These results demonstrated that RASD2 mRNA
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miR-4763-3p is involved in both the DI- and D2-
dependent signaling pathways by regulating translation
of RASD2 mRNA.
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RASD2 is involved in dopamine signaling in
schizophrenia[16]. For instance, DRD2-dependent cAMP
response element-binding protein (CREB) signaling is
mediated by the inhibitory dopamine receptor DRD2,
whereas protein kinase A signaling is mediated by the
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regulation of the excitatory dopamine receptor DRD1.
Therefore, we investigated whether miR-4763-3p is
involved in these pathways via its regulation of RASD?2
mRNA level. Toward this end, we first constructed an
expression vector for a short interfering RNA (siRNA)
targeting RASD2 mRNA, and 293T cells were co-
transfected with this vector along with a negative control
(NC: sequence-scrambled siRNA and control (a blank
control without treatment). Indeed, siRNA-mediated
RASD? silencing in 293T cells led to a decrease in both
the mRNA and protein levels of DRD2 and CREB in the
DRD2-mediated signaling pathway. We found that in the
DRD2-mediated signaling pathway, DRD2 and CREB
mRNA and protein levels in 293T cells were decreased,
whereas B-arrestin2 mRNA and protein levels increased
significantly (Fig. 4A-I). Previous studies have suggested
that S-arrestin2 may interact with RASD2 to regulate the
CREB pathway, as demonstrated by immunoprecipitation
with an antibody against RASD2 followed by western
blotting for B-arrestin2 [32]. Our results indicated that
RASD2 was associated with B-arrestin2 in vivo but not
with the IgG control (Fig. 4J). This result was confirmed
via reciprocal immunoprecipitation with anti-p-arrestin2
and western blotting with anti-RASD2. Moreover, a co-
immunoprecipitation experiment demonstrated that
RASD2 interacted with p-arrestin2, which could
potentially regulate CREB signaling (Fig. 4J). These
results clearly demonstrated that RASD2 positively
regulates D2R-dependent signaling by interacting with -
arrestin2, whereas RASD2 negatively regulates DIR-
dependent signaling.

To explore whether miR-4763-3p, via its role in
regulating RASD2 mRNA level, is involved in the D1- and
D2-mediated signaling pathways, 293T cells were
transfected with a miR-4763-3p mimic or NC.
Overexpression of miR-4763-3p significantly decreased
the mRNA levels of DRD2 and CREB, whereas the levels
for DRDI and p-arrestin2 mRNAs were significantly
increased. (Fig. 4K-N). To confirm these results, western
blotting was carried out with extracts of 293T cells
transfected with a miR-4763-3p inhibitor, miR-4763-3p
mimic, or NC. Indeed, the levels of proteins involved in
DRD2 signaling underwent distinct alterations. For
example, DRD2 level decreased significantly in the miR-
4763-3p mimic group relative to the mimic NC group,
whereas expression of the inhibitor resulted in slight
recovery of the DRD2 level. In addition, the level of B-
arrestin2 was markedly upregulated in the mimic group
yet downregulated in the inhibitor group (Fig. 40). These
results were confirmed in N2A cells (Supplementary Fig.
2). Overall, these results confirmed that miR-4763-3p—
through its role in modulating the level of RASDZ2
mRNA—is involved in D2-mediated signaling.

Establishment of a mouse model of schizophrenia

In order to explore the regulatory mechanism of previous
results. We established SCZ mice via intraperitoneal
injection of the NMDA receptor antagonist MK-801 [22].
Notably, significant differences were found in behavioral
analysis, compared with saline-injected control mice,
administration of MK-801 resulted in obvious anxiety-
like behaviors of mice in open-field test (Fig. SA) and
decreased mobility in the forced swim test (Fig. 5B). In
addition, the memory ability of MK-801-injected mice
was significantly reduced in the novel object recognition
test (Fig. 5C). These results were consistent with the
characteristics of schizophrenia. In fact, schizophrenia is
often accompanied by abnormal expression of dopamine
receptors [33]. Using PET to detect the expression level
of dopamine receptors in brain regions can assess the
occurrence of schizophrenia. We injected '*F-FP-CIT via
the tail vein and detected dopamine transporter expression
[1, 34]. Our data showed decreased expression in the
striatum of MK-801 group (Fig. 5D), further validating
the schizophrenia-like attributes of SCZ mice.

A miR-4763-3p antagomir relieves the symptoms of
schizophrenia in SCZ mice

Because miR-4763-3p downregulated RASD2 mRNA
level in cells, we further investigated whether it is also
involved in dopamine-related signaling. For this purpose,
we used 2-month-old mice to generate a schizophrenia
model (SCZ mice) involving stereotactic injection of the
agomir or antagomir of miR-4763-3p (along with the PBS
control and NC groups) into the hippocampal area of the
mouse brain (Fig. 6A). Behavioral experiments were
carried out one week later, which revealed notable
changes in behavior. For example, in the open-field test
(to assess anxiety), the SCZ mice treated with miR-4763-
3p agomir manifested a higher anxiety level than control
mice (Fig. 6B and C). In addition, the object recognition
test (to assess spatial learning) revealed that SCZ mice
spent less time dwelling on novel objects compared with
control mice. The SCZ mice that received the miR-4763-
3p antagomir, miR-4763-3p agomir, NC, or PBS spent an
almost equivalent amount of time exploring in the original
object. For the object recognition test, the control mice or
SCZ mice that had been treated with the miR-4763-3p
antagomir found the novel object more frequently than the
miR-4763-3p agomir mice or NC mice (Fig. 6D). Finally,
Y-maze was used to evaluate memory improvement. The
memory ability of SCZ mice treated with the miR-4763-
3p agomir was significantly reduced compared with the
NC mice, whereas the memory of the miR-4763-3p
antagomir mice was remarkably improved. These results
indicated that miR-4763-3p overexpression can lead to
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more severe schizophreniform symptoms. In contrast,
inhibition of miR-4763-3p expression significantly
improved the memory of SCZ mice (Fig. 6E and F). These
results demonstrated that downregulation of miR-4763-3p
rescues memory, cognition impairment, and anxiety level
in SCZ mice compared with the control mice. In contrast,
overexpression of miR-4763-3p causes cognitive decline,
a reduction in memory ability, and anxiety-like behavior
in SCZ mice in vivo.

Dopamine transporters have been associated with
many neurological disorders including schizophrenia [35].
Detection of the levels of dopamine transporters by PET
can be used to diagnose schizophrenia[37]. In the present

iPSC-derived
cortical interneurons

study, the dopamine transporter imaging agent 'SF-FP-
CIT was injected through the tail vein of SCZ mice in
treatment groups, and dopamine transporter expression
was detected using PET. The SCZ mice treated with the
miR-4763-3p antagomir had higher dopamine transporter
expression compared with the miR-4763-3p antagomir
NC; the results for the miR-4763-3p agomir and the NC
groups did not differ significantly from those acquired for
the miR-4763-3p antagomir group (Fig. 6G). These
findings supported our previous data showing that the
miR-4763-3p antagomir could lessen the symptoms of
schizophrenia in SCZ mice.
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Human:'8F-MPPF
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intracerebral injection:
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Figure 7. miR-4763-3p targets RASD2 mRNA and thus may be a potential biomarker and therapeutic target for schizophrenia.
miR-4763-3p targets RASD2 mRNA, which is involved in the regulation of the D1- and D2-dependent CREB signaling pathways and
may serve as a potential biomarker and therapeutic target for schizophrenia, providing a theoretical foundation for further studies on
the molecular basis of schizophrenia. iPSC: induced pluripotent stem cells.

Evaluation of miRNAs in plasma as novel biomarkers
Jor schizophrenia

To further investigate the sensitivity, specificity, and area
under the curve (AUC) of miR-4763-3p as a potential
biomarker for schizophrenia, we performed receiver
operating characteristic analysis with the schizophrenia
patients before and after treatment by extracting
peripheral blood to assess the value of miR-4763-3p for
SCZ progress diagnosis (Fig. 6H and I). miR-4763-3p was
effective in this regard for schizophrenia vs control
(average AUC 0f 0.941, 95% confidence interval 0.834 to
1.00) (Fig. 6H). However, miR-4763-3p was ineffective
for the comparison of post-treatment schizophrenia vs

control (average AUC of 0.463, 95% confidence interval
0.214 to 0.712) (Fig. 6l). These results clearly indicated
that miR-4763-3p could potentially serve as a biomarker
for distinguishing patients with schizophrenia from
healthy individuals, with both high sensitivity and
specificity. Moreover, the data suggested that miRNAs in
whole blood or specific blood components could serve as
candidate biomarkers for improving the diagnosis of other
diseases, including those with life-threatening pathologies
[39].

DISCUSSION

Aging and Disease * Volume 13, Number 4, August 2022

1289



Wang J., et al.

miR-4763-3p as a schizophrenia biomarker

Functional enrichment analysis of the 61 schizophrenia-
related DEGs we identified revealed that most are
enriched in synaptic functioning and neurotransmitter-
related signaling (Fig. 1B), and the ceRNA network
indicated that RASD?2 plays a key role in schizophrenia
(Fig. 1C-E). Subsequent analysis of human blood
samples verified that the expression of RASD2 was
downregulated and that of miR-4763-3p, which targets
RASD?2, was upregulated in schizophrenia patients (Fig.
2A-C). In addition, PET confirmed that schizophrenia
patients have altered brain regions such as the frontal,
temporal, and occipital lobes (Fig. 2D-F). Luciferase
assays were performed to confirm that miR-4763-3p
targets RASD2 mRNA and that miR-4763-3p decreases
the cellular level of both RASD2 mRNA and protein (Fig.
3), which was found to be involved in regulating the
DRD2-dependent CREB pathway in the dopamine system
(Fig. 4). To validate the aforementioned findings, we
developed SCZ mice and performed behavioral tests and
PET analysis (Fig. 5). After seven days of behavioral
observation, the mice overexpressing miR-4763-3p were
more anxious and had significantly decreased memory
capacity. Contrastingly, the inhibition of miR-4763-3p
significantly improved anxiety and restored learning and
memory—similar to results obtained for healthy controls.
Our results strongly suggest that miR-4763-3p may be a
potential biomarker for schizophrenia and a likely target
for the development of novel therapeutics (Fig. 7).

We also demonstrated that miR-4763-3p significantly
inhibits RASD2 function and thus itself may prove
efficacious for the treatment of schizophrenia. Moreover,
RASD2 was mainly enriched in the striatum of both
healthy subjects and schizophrenia patients. This is the
most dopamine receptor—enriched brain region, mainly
distributed into D1- and D2-like receptors[40]. While
exploring the role of RASD2 in these DI1- and D2-
dependent signaling pathways, after silencing of RASD2,
we noted upregulation of DIR and B-arrestin2 expression
and downregulation of D2R and CREB expression. This
positive correlation between RASD2 and D2R expression
is consistent with results reported by Veronica Ghiglieri
et al. [41]. Moreover, reduced expression of CREB
negatively affects memory and promotes
schizophreniform symptoms, which is also consistent
with our results (Fig. 4). Thus, it is possible that
pathological overexpression of miR-4763-3p in
schizophrenia could downregulate CREB as well as the
upstream genes that are involved in D1- and D2-mediated
signaling. Our results suggest that B-arrestin2 interacts
with RASD2 in the D2R signaling pathway. Inhibition of
miR-4763-3p upregulates RASDZ2, which is involved in
regulating D1- and D2-dependent signaling, thereby
upregulating the activity of the cellular transcription
factor CREB. These data suggest that miR-4763-3p may

constitute a new epigenetic target for investigations
involving SCZ mice and perhaps even the treatment of
schizophrenia patients.

To validate the results from our aforementioned
behavioral analysis, we found that the SCZ mice in which
miR-4763-3p function was experimentally inhibited had
significantly elevated levels of dopamine transporters
compared with NC mice (Fig. 6G). In contrast, mice
overexpressing miR-4763-3p had significantly reduced
levels of dopamine transporters. Furthermore, in recent
years, many miRNAs have been used for the treatment
and diagnosis of disease. For example, inhibition of miR-
155 expression can suppress the development of
lymphoma [43], the upregulation of miR-425 can
attenuate necroptosis and improve locomotor function
[44], and inhibition of miR-34a can inhibit glioma
progression and chemoresistance via targeting PD-L1
[45]. In our present study, for the first time, we revealed
that inhibition of miR-4763-3p can alleviate the
symptoms of schizophrenia. It has also been shown that
miRNAs can be used as effective diagnostic markers to
improve the classification of pituitary adenomas [46].
Similarly, our results demonstrate that miR-4763-3p can
be a useful biomarker for schizophrenia and a potential
therapeutic target for the development of novel drugs (Fig.
6G).
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