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Autism is a widespread neurodevelopmental disorder. Alth-
ough the research on autism spectrum disorders has been
increasing in the past decade, there is still no specific answer
to its mechanism of action and treatment. As a pro-inflamma-
tory microRNA, miR-301a is abnormally expressed in various
psychiatric diseases including autism. Here, we show that
miR-301a deletion and inhibition exhibited two distinct
abnormal behavioral phenotypes in mice. We observed that
miR-301a deletion in mice impaired learning/memory, and
enhanced anxiety. On the contrary, miR-301a inhibition effec-
tively reduced the maternal immune activation (MIA)-induced
autism-like behaviors in mice. We further demonstrated that
miR-301a bound to the 30UTR region of the SOCS3, and that
inhibition of miR-301a led to the upregulation of SOCS3 in
hippocampus. The last result in the reduction of the inflam-
matory response by inhibiting phosphorylation of AKT and
STAT3, and the expression level of IL-17A in poly(I:C)-induced
autism-like features in mice. The obtained data revealed the
miR-301a as a critical participant in partial behavior pheno-
types, which may exhibit a divergent role between gene
knockout and knockdown. Our findings ascertain that miR-
301a negatively regulates SOCS3 in MIA-induced autism in
mice and could present a new therapeutic target for amelio-
rating the behavioral abnormalities of autism.
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INTRODUCTION
The autism spectrum disorder (ASD) is a neurodevelopmental disor-
der that is mainly characterized by the deficit of social communica-
tion skills, restricted interests, and repetitive behaviors.1 According
to the latest data from the Food and Drug Administration, the inci-
dence rate of children with autism has risen from 1 of 68 to 1 of 44
since 2010.2 Maternal immune activation (MIA) during pregnancy
has been recognized as an etiological risk factor for various psychiat-
ric disorders.3 Experiments in animal models suggested that MIA
induced pro-inflammatory cytokines, which eventually altered the
This is an open access article under the CC BY-N
ASD behavioral phenotypes in the offspring.4 Therefore, investigating
the maternal immune system of autistic patients would highlight a
novel therapeutic target for neuropsychiatric disorders.

The signal transducer and activator of transcription 3 (STAT3) is a
major orchestrator of cellular immune processes, which regulate
several cytokine and inflammatory immune mediators. The study
of maternal immune pathogens has revealed the role of Stat3 activa-
tion in psychopathology within immune stimulation.5 For example,
microglial-specific STAT3 deletion reduced depressive-like behavior
via neuronal synaptic activity.6 Interestingly, the authors observed
significant alleviation of communication deficits and repetitive ste-
reotyped behaviors in BTBR T + tf/J (BTBR) autistic mice in the
case of STAT3 inhibition.7–9 Knocking down the raphe STAT3
expression in mice reduced the negative behavioral reactivity associ-
ated with psychopathology, indicating that serotonergic STAT3 acts
as a molecular gate to tune behavioral reactivity.10 Within multiple
cells, STAT3 exerts a vital role in promoting cytokine production,
such as interleukin (IL)-6 and IL-17A. IL-6 and IL-17A are key me-
diators for the abnormal cortical development and behavioral pheno-
types in the MIA model. Injecting any of them into pregnant mice is
sufficient to induce ASD-like behaviors in offspring.11–13 Normally,
IL-6 concentrations are maintained low during neurodevelopment
of the fetal brain.14 However, overexpression of IL-6 activates the
JAK/STAT signaling pathway to promote the accumulation of
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neuronal and glial cells with excessive inflammation, which leads to
abnormal phenotypes in offspring. Recently, IL-17A has been identi-
fied as a critical mediator in autism and schizophrenia by reshaping
diverse behavior phenotypes.12,15

Currently, several miRNAs have been implicated in neuropsychiatric
disorders. For example, overexpression of miR-137 is thought to
impair synaptic plasticity in hippocampal-dependent learning and
memory.16 A study on miR-124 has demonstrated that this particular
microRNA attenuates depressive-like behavior by reducingmicroglial
activation in hippocampus.17 Furthermore, various studies implicated
that miR-130 and miR-301 are related to ASD,18 epilepsy,19 depres-
sion, and cognitive impairment.20 Here, our focus is on the study of
the miR-301a and its dependent signaling pathways in autism-like be-
haviors for the following reasons: (1) aberrant expression of miR-
301a has been identified in several neuropsychiatric disorders.21 In
the blood serum of autistic children, downregulation of the miR-
301a has been detected.22 (2) miR-130/301 was involved in neuropa-
thology as it targets several high-risk ASD genes. Another study
showed that overexpression of miR-130a reduced the length of neu-
rites of cortical neurons and inhibited the dendritic spine formation
by targeting MECP2.23 PTEN and TSC1 are also well-known targets
of miR-301a.24,25 Moreover, experiments on mice demonstrated that
deletion of PTEN or TSC1 produced autism-like behavioral defi-
cits.26,27 (3) miR-301a is a key positive regulator of inflammation
by targeting STAT3 signaling pathways.28 (4) miR-301a demon-
strated a predominant function in both IL-6 and IL-17A in multiple
genetic or epigenetic mice models.29 These results indicated that miR-
301a is involved in variety of neurological diseases. However, whether
miR-301a is associated with autism or not remains unknown.

In the present study, we showed that deletion of miR-301a in mice led
to abnormal behaviors, including social disability, increased anxiety,
and cognitive impairment, but inhibition of miR-301a resulted in
reduction of social novelty and depression levels in mice. We further
demonstrated that SOCS3/STAT3 was targeted by miR-301a in hip-
pocampus, which indicated SOCS3 as a new target of miR-301a.
SOCS3 expression levels were significantly correlated with the age
of ASD patients and implicated in MIA-induced offspring developing
autism.30 We hypothesize that SOCS3 upregulation sufficiently sup-
presses pro-inflammatory cytokines, such as IL-6 and IL-17A. Our
findings illustrate the complex regulation of miR-301a in neuropsy-
chiatric disorders and highlight miR-301a as a new target for the
treatment of patients diagnosed with autism.

RESULTS
Study of abnormal behaviors in WT and miR-301a–/– mice

To explore the role of miR-301a in psychiatric disorders, we
compared the expression of miR-130/301 family members in human
tissues by using the online Tissue Atlas database. In the miR-130/301
family members, we found that miR-301a was the only miRNA with
the highest expression in brain tissues (Figures S1A‒S1D). Further-
more, we isolated several mouse tissues and measured the expression
level of miR-301a by RT-PCR. Similar to human tissues, miR-301a
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was highly expressed in mouse brain tissues (Figure S1E). From the
two public datasets, we also found that miR-301a was significantly
downregulated in peripheral blood from adults with high-functioning
ASDs compared with healthy controls31; however, there was no com-
parison of miR-301a expression in occipital and cerebellar tissues
(Figures S2A‒S2B).32 These data implicated the critical role of
miR-301a in maintaining local brain homeostasis.

Next, we performed a self-grooming and marble buried test to
examine the repetitive behavior of mice. Our results showed that there
was no significant difference in the repetitive behavior in wild-type
(WT) mice and miR-301a�/� mice (Figures 1A and 1B). Second, we
examined sociability and social novelty by using the three-chambered
test. After habituation to the empty chambers, sociability test showed
that both WT and miR-301a�/� mice displayed a significant prefer-
ence for exploring the chamber with a stranger mouse over the empty
chamber. However, WT but not miR-301a�/� mice exhibited a clear
preference for the chamber with another stranger in the social novelty
test, which suggested that WT mice had a better social novelty than
miR-301a�/�mice (Figure 1C). In addition, we evaluated the recogni-
tion ability by the novel object recognition (NOR) test. We found that
WT mice could distinguish the novel object, whilemiR-301a�/� mice
could not identify it, suggesting that miR-301a deletion impaired the
recognition ability (Figure 1D). Furthermore, miR-301a�/� mice
showed fewer times of open arms and entries compared with WT
mice by using elevated plus maze (EPM), suggesting that miR-
301a�/� mice exhibited more anxiety, which is considered a stereo-
typical autistic-like behavior (Figure 1E).33 These behavioral obs-
ervations demonstrated that the deletion of miR-301a inmice reduced
sociability, impaired learning/memory, and increased anxiety.

Quantitative proteomics analysis of WT and miR-301a–/– mouse

brain tissues dissected from hippocampus, temporal cortex,

and dorsal raphe nucleus

To investigate the molecular mechanism of behavioral impairment in
miR-301a-deficient mice, we performed label-free quantitative mass
spectrometry (MS) in hippocampus, temporal cortex, and dorsal raphe
nucleus (DRN).We identified a total of 1,043 differential expressed pro-
teins (541 were up- and 502 were downregulated) in hippocampus, 903
differential expressed proteins (463 were up- and 440 were downregu-
lated) in temporal cortex, and 1,106 differential expressed proteins (562
were up- and 544 were downregulated) in DRN (Figures 2A and 2B;
Table S1).Venndiagram showed210proteinswere overlapping in these
brain areas, and several of them were highly related to ASD such as
Homer3, Syt1, Nrp1, Snap29, Ncam1, and Arf2 (Figure 2C).

Next, we analyzed themost enriched pathways based on the Z score to
explore the underlined molecular by ingenuity pathway analysis
(IPA).34 The top 10 canonical pathways with the higher value of Z
score in hippocampus, temporal cortex, and DRN are shown in Fig-
ure 2D. Eleven canonical pathways overlapped in these three areas,
specifically the insulin signaling pathway and the super pathway of
inositol phosphate compounds. They are highly correlated with
ASD (Figures S3A‒S3D). Though in DRN, we found that these



Figure 1. Autistic-like behaviors between WT and

miR-301a–/– mice

(A) and (B) Both WT (n = 11) and miR-301a�/� (n = 9) mice

showed no significant differences in time spent self-

grooming (A) and buried marble (B). (C) Sociability assay

was identified by the three-chamber test, and time spent in

the chamber with either a mouse or an object was calcu-

lated. WT (n = 11) and miR-301a�/� (n = 9) mice. (D) In

novel object recognition (NOR) test, WT mice (n = 11) had

the ability to distinguish the novel object, but miR-301a�/�

mice (n = 9) were not able to identify it. (E) In the elevated

plus maze (EPM) test, representative track plots of the

cumulative total distance of WT (n = 11) and miR-301a�/�

(n = 9) mice. Percentage of total time spent in the open

arms of themaze is presented. Each dot symbol represents

an individual mouse. **p < 0.01 or *p < 0.05 indicates a

significant difference between the indicated groups (two-

tailed, unpaired Student’s t test in A, B, and E, and two-way

analysis of variance (ANOVA) in C and D). ns, not significant.
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pathways were more enriched than in the other two brain areas.
Moreover, several cytokine pathways such as IL-6, IL-3, IL-7, and
granulocyte-macrophage colony-stimulating factor (GM-CSF) were
enhanced in hippocampus, whereas multiple cholesterol-associated
pathways were enriched in temporal cortex. Of note, we found the
synaptogenesis signaling pathway was most enriched and present in
hippocampus and DRN and it exhibited the highest activation signals
in both areas.

Furthermore, we determined differences in the expression of several
transcription factors, cytokines, kinases, and enzymes involved in
the pathologic behavioral alterations inmiR-301a�/� mice compared
with WT. As shown in Figure 2E, we detected the highest levels of
protein expression of transcription factors in hippocampus and
DRN, but not in temporal cortex. The significant activation cytokines
IL-4, tumor necrosis factor (TNF)-a, Oncostatin M (OSM), IL-6, and
Prolactin (PRL) were associated with hippocampus (Table S2).
Collectively, our results provided information on the underlying
mechanisms and molecular targets in hippocampus, temporal cortex,
and DRN in miR-301a-deficient mice.
Molecula
MiR-301a deficiency induces large-scale

changes of ASD-associated protein

Given that the deletion of miR-301a in mice led
to abnormal behaviors, we sought to determine
which miR-301a potential targets were involved
in ASD. First, we analyzed the differentially ex-
pressed proteins related to ASD by using the
online tool ToppGene Suite. The differentially
expressed proteins in three brain regions were
highly involved in psychiatric disorders, such as
schizophrenia, epilepsy, Parkinson, ASD, sei-
zures, and bipolar disorder (Figures S4A‒S6A
and Table S3). Next, we used the microRNA-
target predicting database, which integrates Targetscan6.2, miR-
Walk2.0, miRDB4.0, miRanda-rel2010, RNA22V2, and PITA, to
predict potential targets of miR-301a.35 We chose those genes that
were predicted by more than two databases to be as miR-301a poten-
tial targets and compared them with all upregulated proteins identi-
fied from those three brain areas (Figures S4B, S5B, and S6B), and
identified 15, 10, and 11 significantly upregulated proteins in hippo-
campus, temporal cortex, and DRN, respectively (Figures S4C, S5C,
and S6C). Correspondingly, these potential targets were implicated
in constructed psychiatric networks including intellectual, anxiety,
memory, cognitive, and behavior. For example, NCS1 and PED10A
were associated with behavior, SCN1A with cognitive, and KDM5A
with intellectual (Figures S4D, S5D, and S6D).

We chose three proteins (NCS1,36 PDE10A,16,37 and SCN1A38,39) that
were highly related to autism-like behaviors and not reported as miR-
301a targets, to further investigate whether the amounts of their
mRNAs and proteins were affected by the miR-301a inhibitor. N2A
cellswere transfectedwith the anti-miR-301a inhibitor, andwedetected
a subsequently augmented expression of NCS1, PDE10A, and SCN1A
r Therapy: Nucleic Acids Vol. 35 March 2024 3
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Figure 2. Quantitative proteomics analysis of hippocampus, temporal cortex and dorsal raphe nucleus between WT and miR-301a–/– mice

(A) Label-free quantitative mass spectrometry (MS) in the hippocampus, temporal cortex, and dorsal raphe nucleus. (B) Differentially expressed proteins identified in the

hippocampus, temporal cortex, and dorsal raphe nucleus. (C) Venn diagram shown the intersecting of significant differentially expressed proteins in hippocampus, temporal

cortex, and dorsal raphe nucleus. (D) The top 10 canonical pathways in hippocampus, temporal cortex, and dorsal raphe nucleus, respectively. (E) Upstream regulator

analysis of the differentially expressed proteins in hippocampus, temporal cortex, and dorsal raphe nucleus (activation, red; inhibition, green; not significant, white).
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proteins without changes in their mRNA expression level (Figures S7A
andS7B).These results indicated thatmiR-301amaybehighly involved
in autism-like behaviors, and that the deletion of miR-301a suppressed
the production of multiple targets at the translational level.

SOCS3 was identified as an miR-301a-direct target in the

transcriptional signaling pathways

Given that most transcription factors and cytokines, especially IL-6,
were highly activated in hippocampus, we next focused on this brain
area to study the molecular mechanisms in both WT and miR-
301a�/� mice. We performed RNA-sequencing using the total RNA
isolated from hippocampus of the WT and miR-301a�/� mice and
identified 73 differentially expressed genes (DEGs) (37 up- and 36
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downregulated) (Figure 3A and Table S4). By analyzing biological
processes, we found that IL-6 and JAK/STAT signaling pathways
were enriched, which was similar to the above-presented proteomic
results (Figure 3B). We then compared the DEGs with the data for
the differentially expressed proteins from our proteomic analysis
and found only four genes overlapped: SOCS3, TTR, IDE, and
GM20521 (Figure 3C). SOCS3 is a negative regulator of the JAK/
STAT3 signaling pathway.40 Thus, we determined whether SOCS3
was a target gene of miR-301a in mouse hippocampus. The
miRNA-target prediction analysis revealed the presence of one major
binding site for miR-301a within SOCS3 RNA 30UTR (Figure 3D).
The luciferase reporter assay showed that miR-301a directly targeted
30UTR of SOCS3 mRNA and downregulated its expression in 293T



Figure 3. Identified miR-301a targets and signaling pathways involved in behavioral alterations in hippocampus

(A) Differentially regulated gene expression from RNA-sequencing (RNA-seq) analysis between WT and miR-301a�/� mice in the hippocampus. (B) In RNA-seq, the top 10

enriched biological processes of GO term between WT and miR-301a�/� mice. (C) Venn diagram of specific genes between differentially expressed proteins identified by

proteomic analysis and DEGs identified by RNA-seq. (D) Prediction of major interference sites between miR-301a and the SOCS3 mRNA 30UTR using TargetScan. (E)

Luciferase activity in 293T cells transfected with the indicated luciferase reporter with either a control plasmid (plasmid-ctl) or a precursor miR-301a plasmid (pre-miR-301a).

(F) Western blot analysis of SOCS3 expression in 293T cells with the indicated luciferase reporter with either plasmid-ctl or pre-miR-301a. (G and H) Western blot analysis of

SOCS3 expression in N2A cells (G) and SH-SY5Y (H) transfected with either anti-Ctl or anti-miR-301a, and SOCS3 protein expression levels were quantified respectively.

**p < 0.01 or *p < 0.05 indicates a significant difference between the indicated groups, unpaired Student’s t test in G and H. ns, not significant.
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cells (Figures 3E and 3F). In addition, SOCS3 expression was signif-
icantly upregulated in both N2A and SH-SY5Y cells transfected
with anti-miR-301a compared with anti-control (Figures 3G and
3H). However, there was no significant upregulation of two
high-risk genes for autism, PTEN, and TSC1 expression between
the hippocampus tissues from WT mice and that from miR-301a
KO mice (Figure S8A). These data suggested that miR-301a deletion
affected the changes of protein levels by translation and that SOCS3
was a new identified miR-301a direct target that was possibly regu-
lating the IL-6/STAT3, which is involved in ASD-like phenotype
in mice.

miR-301a inhibition in WT mice ameliorated the anxiety-like

behavior

The upregulation of SOCS3 has been reported to protect mice
against neuroinflammatory responses in the CNS.41 Therefore, in
our experiments we further determined whether inhibiting miR-
301a with a lock nucleic acid (LNA)-based oligonucleotide could
effectively alter the impairment of behavior. For this purpose, we in-
jected 20 mg/kg of miR-301a inhibitor into WT mice (anti-miR-
301a). Compared with the control oligonucleotide (anti-Ctl), the
anti-miR-301a mice significantly downregulated miR-301a expres-
sion in hippocampus of WT mice (Figure 4A). The open field test
demonstrated that anti-miR-301a mice markedly reduced anxiety
(Figure 4B), whereas exhibited no alteration on the repetitive stereo-
type (Figures 4C and 4D). Moreover, anti-miR-301a mice also
significantly enhanced social interactions in the three-chamber so-
cial test (Figure 4E).

Next, we determined whether the miR-301a inhibition affected
SOCS3 expression and STAT3 activation in hippocampus by western
blot and immunofluorescence analyses. As shown in Figure 4F,
Molecular Therapy: Nucleic Acids Vol. 35 March 2024 5
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Figure 4. Reducing anxiety-like behavior in mice correlated with miR-301a knockdown in vivo

(A) The expression of miR-301a was evaluated by RT-PCR in hippocampus fromWT mice injected with anti-Ctl or anti-miR-301a inhibitor via tail vein, respectively (n = 5 per

group). (B) Mice with anti-miR-301a inhibitor administration displayed less frequency, duration, and distance moved in the center of the open field compared with mice with

anti-Ctl (anti-Ctl) administration. Marble buried (C) and self-grooming (D) test showed no significant difference of repetitive behavior in mice between anti-Ctl injection (n = 6)

and anti-miR301a injection (n = 8). (E) Sociability and novelty of WT mice injected with either anti-Ctl (n = 7) or anti-miR301a (n = 8) were identified by the three-chamber test

and time spent in chamber with either a mouse or an object was calculated. (F) The activation of STAT3 and AKT, and the expression of SOCS3 and IL-17A were measured

and quantified by western blot in hippocampus from adult mice with anti-Ctl (n = 4) and anti-miR301a administration (n = 4). (G) The mRNA expression of SOCS3 was

measured by RT-PCR. (H) Immunofluorescence analysis of hippocampus tissues stained with NeuN (green) and SOCS3 (red) in mice with anti-Ctl (n = 4) and anti-miR301a

administration (n = 4). DAPI (blue) was used for nucleus. Each dot symbol represents an individual mouse. **p < 0.01 or *p < 0.05 indicates a significant difference between the

indicated groups (two-tailed, unpaired Student’s t test in A, B, C, and D, and two-way analysis of variance [ANOVA] in E). ns, not significant.

Molecular Therapy: Nucleic Acids
SOCS3 expression was significantly upregulated, whereas the level of
IL-17A, phosphorylated STAT3, and phosphorylated-AKT were
downregulated in hippocampus from anti-miR-301a mice than
anti-Ctl mice. The upregulation of SOCS3 was confirmed by RT-
PCR and immunofluorescence analysis (Figures 4G, 4H, and S9A).
Taken together, these results indicated that unlike the impairment
of behaviors in miR-301a deficient mice, anti-miR-301a administra-
tion had protective roles for the anxiety and social interactions, which
was associated with upregulation of SOCS3, thus reducing the activa-
tion of the AKT and STAT3 pathway.
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miR-301a knockdown reversed the poly(I:C)-induced ASD-like

behavior

The next question is whether miR-301a knockdown could ameliorate
the ASDs in mice through NF-kB and STAT3, especially in the MIA-
induced ASD mice model. Thus, we hypothesized that the inhibition
of miR-301a could improve the behaviors in poly(I:C)-induced
autistic mice models. We first injected poly(I:C) or saline into 12.5-
day-old pregnant WT mice and collected the embryonic brain from
mice treated with poly(I:C) or saline for 3 h and 7 days. Compared
with the saline-treated controls, the expression of miR-301a remained



Figure 5. Knockdown of miR-301a reverse poly(I:C)-induced ASD-like behavior

(A) The expression of miR-301a was evaluated by RT-PCR in hippocampus from offspring of mothers injected with saline or poly(I:C). Brain tissues were harvested at 3 h and

7 days after the injection (saline, n = 3 and poly(I:C), n = 5 mice). (B) Offspring of mothers that were intraperitoneally injected with poly(I:C) plus anti-miR301a inhibitor

(poly(I:C) + anti-miR-301a, n = 7) displayed less frequency, duration, and distance moved in the center in the open field compared with the offspring of mothers injected with

poly(I:C) plus anti-Ctl (poly(I:C) + anti-Ctl, n = 7). (C) poly(I:C) + anti-miR-301a and poly(I:C) + anti-Ctl both showed no significant preference for stranger mice over objects, but

poly(I:C) + anti-miR-301a showed significant preference to novel mice over familiar mice (n = 7). (D) The activation of STAT3 and AKT, and the expression of SOCS3 and IL-

17A were measured and quantified by western blot in hippocampus from offspring with poly(I:C) + anti-miR-301a (n = 4) and poly(I:C) + anti-Ctl (n = 4). (E) Percentages of

CD11bhigh CD45high cells isolated from hippocampus of offspring with poly(I:C) + anti-miR-301a (n = 4) and poly(I:C) + anti-Ctl (n = 5). (F) Cytokine expression was measured

by RT-PCR in hippocampus tissues isolated from offspring with poly(I:C) + anti-miR-301a (n = 4) and poly(I:C) + anti-Ctl (n = 4). Each dot symbol represents an individual

mouse. **p < 0.01 or *p < 0.05 indicates a significant difference between the indicated groups (two-tailed, unpaired Student’s t test in A, B, D, E, and F, and two-way analysis

of variance [ANOVA] in C). ns, not significant.
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largely unchanged in poly(I:C)-induced ASDs (Figure 5A). Next, we
employed this model to test whether the anti-miR-301a had a pro-
tective role in the poly(I:C)-induced ASDs. In a prevention study,
we delivered anti-miR-301a oligonucleotide simultaneously with
poly(I:C) into 12.5-day-old pregnant WT mice. Compared with the
anti-miRNA control, the anti-miR-301a administration significantly
reduced the partial ASD-like behaviors including social novelty and
anxiety (Figures 5B and 5C). Consistent with the above results, the
SOCS3 expression level was dramatically elevated, and the activation
of STAT3 was significantly lower in the anti-miR-301a treatment
than in the anti-miR control (Figure 5D). In addition, Phosphor-
Akt and IL-17A were remarkably lower in the anti-miR-301a mice
than anti-Ctl mice. However, the expression of IKBa remained un-
changed. Furthermore, we evaluated the activation of the microglia
Molecular Therapy: Nucleic Acids Vol. 35 March 2024 7
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and several cytokines in the anti-miR-301a and poly(I:C)-treated
pregnant mice. The number of microglia, evaluated by both CD45
and CD11b positive cells, was significantly reduced in hippocampus
(Figure 5E) but not in cortex (Figures S10A and S10B). Two critical
maternal cytokines, IL-6 and IL-17A, were constitutively decreased
in the anti-miR-301a and poly(I:C)-treated offspring mice compared
with the anti-miR control and poly(I:C) treatment (Figure 5F). These
observations confirmed our hypothesis that miR-301a inhibition in
mice embryo protected the poly(I:C)-induced ASD-like behaviors,
which were highly correlated with the active state of STAT3 or
AKT in hippocampus tissues.

DISCUSSION
miRNA dysfunctions have been recognized as pathology with a
strong epidemiological association with ASD,42 but the relationship
has not been completely elucidated. In the present study, we revealed
the effects of miR-301a deletion or knockdown on a variety of mouse
behavioral phenotypes. We proved that miR-301a-deficient mice led
to social disability, enhanced anxiety, and cognitive impairment, but
miR-301a knockdown mice significantly improved social interactions
and anxiety behavior in poly(I:C)-induced ASD mice, dependent on
SOCS3/STAT3 and its downstream cytokines, IL-6 and IL-17A.
These studies infer the complexity of miR-301a regulation in ASD un-
der the two different conditions, constitutive knockout of miR-301a
and short-term depletion of miR-301a in mice.

Increasing evidence demonstrates the aberrant expression of miR-
130/301a in neurodevelopmental disorders and indicates the impor-
tant posttranscriptional regulators of this family member in mental
illness.21,43 For example, miR-301a significantly downregulated in pe-
ripheral blood from ASD patients compared with healthy donors.
miR-301a was also negatively correlated with seizure severity.44

Moreover, overexpression of miR-301b significantly increased micro-
glia activation and accelerated cognitive impairment.20 In miR-103/
301 family members, miR-301a was most highly expressed in brain
tissues. Here, we observed that it significantly altered sociability and
anxiety-like behavior in miR-301a deletion mice, although our previ-
ous study demonstrated that in miR-301a�/� mice there were no
obvious developmental defects or physiological abnormalities.29 We
speculate that the differences in behavioral response between miR-
301a deletion and inhibition in mice represented the diversity level
of miR-301a and its targets in different brain regions. In addition,
the miR-301a short-term inhibition did not lead to the same effects
as in knockout of mice. Given that miR-301a exhibited more features
in the immune system, future studies are needed to interrogate the
involvement of miR-301a in psychopathology in mice with loca-
tion-specific deletion.

In hippocampus RNA-sequencing, our results revealed that the tran-
scriptional patterns in miR-301a deletion tissue did not change signif-
icantly, which confirmed the posttranscriptional role of miR-301a in
brain tissues. Furthermore, the insulin secretion signaling pathway
demonstrated a high activity status and enrichment in all three brain
regions in miR-301a�/� mice compared with WT. Since insulin acti-
8 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
vates its intracellular effector, PI3K/AKT/mTOR that has been impli-
cated in autism,45 we hypothesize that hyperactivation of the insulin
pathway found in miR-301a�/� mice might participate in the ASD-
like behaviors. Furthermore, some unique signaling pathways were
demonstrated in different brain regions, for example, some cytokine
pathways in hippocampus, cholesterol biosynthesis in temporal cor-
tex, and neuroinflammation signaling pathway in DRN. Together,
these observations suggest that miR-301a contribution to the
autism-like behavior alterations in vivo is dependent on the cellular
context and specific regions.

We further identified three miR-301a predictable and potential tar-
gets, PDE10A, NCS1, and SCN1A, significant upregulation in N2A
cells with knockdown of miR-301a. Other authors’ results showed
that the overexpression of PDE10A was previously identified to be
related to the impairment of sociability and learning. Both NCS146

and SCN1A39 have been linked to serious neuronal disorders. Inter-
estingly, our results did not allow us to conclude whether an increase
in the abundance of a specific mRNA represented the phenotype
perturbation of miR-301a deficiency in mice, but rather implied
that the individual miR-301a might regulate the expression of multi-
ple mRNAs and happened to coincide with its distinct expression in
multiple brain regions.

The specific target of miR-301a that we found was SOCS3, which
inhibits cytokine signaling in numerous cell types, including im-
mune cells and CNS. In CNS, the effects of SOCS3 expression are
very different in that overexpression of SOCS3 in neurons decreases
STAT3-mediated neurite outgrowth, whereas SOCS3 mediates the
anti-inflammatory effects in microglia or astrocyte.47,48 Our results
from the in vivo study with the anti-miR-301a oligonucleotide
showed that SOCS3 was significantly upregulated in miR-301a-
restrained hippocampus, especially dominant in the microglia or
astrocytes than in neurons. It was reported that the predominant
function of SOCS3 was the inhibition of IL-6/STAT3 signaling.49

Data show that it targets the JAK/STAT3 signaling pathways thus
alleviating the symptoms of IL-6/MIA-associated autism.3 We
found that phosphorylated STAT3 and the expression of IL-6 and
IL-17A were all significantly downregulated in mice after anti-
miR-301a administration. This was for studying whether the down-
regulation of miR-301a would benefit MIA-induced autism behav-
iors. As we expected, the social novelty and anxiety were improved
in miR-301a-restrained mice, which was consistent with activation
of SOCS3 and deactivation of STAT3. Unlike miR-301b, which acti-
vated NF-kB in depressive-like behavior, in our study, we found
that the activation of AKT, but not the NF-kB, was significantly
reduced in the hippocampus with anti-miR-301a inhibition, which
further supported the diverse role of miR-130/301 associated with
neurodevelopmental disorders. These findings suggested that miR-
301a modulated the process of MIA during pregnancy and altered
behavior of the offspring, through the negative regulation of
SOCS3, and most probably many other targets. These results further
demonstrated the key role of miR-301a in the complex network in
autism.
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Limitations of the study

Although our data support the idea that miR-301a is involved in
neuropsychiatric disorders as a pro-inflammatory miRNA and could
be a therapeutic target for preventing MIA-induced autism, our study
has several limitations. First, anti-miR-301a inhibitor was intrave-
nously administrated in mice. Inevitably, miR-301a inhibition
influences the immune system in serum as well as the cells in mouse
hippocampal tissue. Further study is needed to determine which type
of hippocampus cells such as neurons or glia cells will suffer by miR-
301a inhibitor administrated via brain stereotactic injection. Second,
in our current study, we did not measure these behavioral phenotypes
by using miR-301a conditional knockout mice. In future studies, it
will be critical to determine the function of miR-301a in different
cell types and regions of the brain and to establish how miR-301a
deficiency will impair abnormal behaviors.

MATERIALS AND METHODS
Animal models and cell lines

Generation ofmiR-301a�/� mice in the C57BL/6� 129S hybrid back-
ground has been described previously,29 and all mouse experiments
were performed under protocols approved by the Institutional Animal
Care and Use Committee of South China Normal University and in
accordancewith the Guide for the Care andUse of LaboratoryAnimals.
Three experimental mice models were used in our study: (1) MIA-
induced mouse model of autism: pregnant mice were intraperitoneally
injected with a 20 mg/kg single dose of poly(I:C) (Sigma) or saline on
E12.5 d (embryonic day).50 (2) knockdown of miR-301a in vivo: injec-
tionwith a 20mg/kg lockednucleic acid-modifiedoligonucleotide com-
plementary tomiR-301a (anti-miR-301a) or negative control (anti-Ctl)
intravenously injected into 6-week-oldWTmice.20,51 (3) The inhibition
of miR-301a in the MIA-induced mouse model of autism: pregnant
mice were intraperitoneally injected with 20 mg/kg poly(I:C) plus
20 mg/kg of anti-miR-301a or anti-Ctl on E12.5d. N2A, SH-SY5Y,
and HEK293T cells were cultured in DMEM supplemented with 10%
fetal bovine serum and incubated at 37�C with 5% CO2.

Behavior analysis

WT andmiR-301a�/�mice (male, 20–25 g, age 6–8 weeks) were used
for behavior analysis, including grooming test, marble buried test,52

open field test,53 three-chamber test,54 and elevated plus maze.55

GraphPad Prism software version 7.0 was employed to evaluate all
comparisons. These behavior tests are described in detail in the
following, and all test mice were transported to the experimental
room for 30 min to habituate.

Grooming test

After adaptation, mice were placed in an empty 30 cm � 30
cm�40 cm transparent squirrel cage and allowed to explore for
10 min. The total time of grooming behavior of each mouse was
recorded.

Marble buried test

After adaptation, mice were placed into the center of a transparent
squirrel cage with a size of 30 cm � 30 cm � 40 cm with a height
of 5 cm, and 20 black glass beads with a diameter of 14 mm were
gently laid down on the surface of the cushion according to the
sequence of 5 horizontal rows of 4 beads each. The number of buried
glass beads was counted. The total recording time was 30 min.

Open field test

After adaptation, each mouse was placed separately in an empty
30 cm � 40 cm � 40 cm transparent box center. Then, the activity
of mice was automatically recorded by a VersaMax animal behavior
monitor. Each mouse was recorded for 30 min, and the residence
time in the center of the box was recorded for the first 5 min to eval-
uate the anxiety level of the mice. The total 30-min exercise distance
of mice was recorded to evaluate the exercise ability of mice.

Three-chamber test

After adaptation, test mice were placed in the central chamber of the
equipment, and allowed to freely explore the equipment with a
stranger mouse (male, 6-8 weeks of age, strange 1) under one cup
in one of the side chambers for 10 min. Then another novel mouse
(male, 6-8 weeks of age, strange 2) was placed under the cup in the
opposite side chamber. The test mice were allowed to explore all
chambers for 10 min and tracked using video to record the time spent
around each target.

Elevated plus maze

The elevated plus maze has a pair of open arms and a pair of closed
arms. Test mice were placed into the maze from the central grid to
the closed arm. The time spent in closing and opening the arms of
mice was recorded using Noduls software, so as to analyze the anxiety
and fear state of mice.

Quantitative proteomic analysis

Differential expressed proteins in hippocampus, temporal cortex, and
DRN fromWT andmiR-301a�/�mice were identified by using label-
free quantitative proteomics.56 Label-free quantitative MS proteomics
identified differential protein expression has been described previ-
ously.56 In our study, three brain regions, hippocampus, temporal
cortex, and DRN, were used to analyze. First, samples were suspended
in 8M urea lysis buffer, incubated at 4�C for 20 min, and further
treated by ultra-sonication. The supernatant was collected after
centrifugation at 14,000 � g for 20 min at 4�C. Based on the BCA
assay, 200-mg aliquots were removed from each sample for further
analysis. The supernatant was then incubated with dithiothreitol
(5 mM) at room temperature for 1 h, followed by alkylation with io-
doacetamide (10 mM) in the dark for 45 min. The final concentration
of urea was then adjusted to 1 M via ultrafiltration to exclude the in-
fluence of high-concentration urea on follow-up experiments. Then,
4 mg of sequencing grade trypsin was added to the proteins for over-
night incubation at 37�C after the proteins were resuspended in
NH4HCO3 (50 mM), and the reaction was finally terminated by tri-
fluoroacetic acid (0.4%). The proteins were desalted in 10 mg C18 col-
umns and dried in a vacuum centrifuge. Then, 0.5 mg of the peptide
mixture suspended in 0.1% formic acid was loaded onto a 2-cm
self-packed trap column and then separated on a 75-mm inner
Molecular Therapy: Nucleic Acids Vol. 35 March 2024 9
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diameter column with a length of 12 cm over a 60-min gradient at a
flow rate of 350 Nl/min. The separation was performed on a capillary
reverse-phase column connected to a nanoflow high-performance
liquid chromatograph instrument (Easy nLC1000 System) coupled
to a Q Exactive HF mass spectrometer (Thermo Fisher). Raw MS
data were processed using the MaxQuant software version 1.6.3.4.57

Differential expressed proteins were identified by p value cutoff of
0.05 and the fold change was set at 1.5.

RNA-seq and DEG identification

Differentially expressed genes (DEGs) in hippocampus fromWT and
miR-301a�/� mice were identified by RNA-sequencing. Hippocam-
pus mRNA profiles from WT and miR-301a�/� mice were generated
with the NovaSeq6000 sequencing platform (Illumina, USA). Seq-
uenced reads were mapped to the mm10 whole genome using Hisat2
v2.1.0 with default parameters and then calculated by HTSeq soft-
ware.58 The relative transcript abundance was measured in reads
per kilobase of exon per million mapped reads (RPKM). DEGs
were identified by an unpaired Student’s t test with a p value cutoff
of 0.05 and a fold change of more than 2.0 or less than 0.5.

Bioinformatics analysis

The online Tissue Atlas database was used to evaluate the distribution
of miR-301a expression.59 IPA was used to analyze canonical path-
ways and upstream regulator enrichment.35 Protein-protein interac-
tion analysis was applied to construct the protein interaction network
by STRING v11.5 and Cytoscape v3.3.0.60,61 Gene ontology and en-
riched pathways were analyzed by ToppGene prioritization.

Luciferase reporter assay

The 30UTR sequence of SOCS3 was constructed into the plasmid, psi-
CHECK2 (C8021, Promega, USA). HEK293T cells were transfected
with psiCHECK2-SOCS3-30UTR and pre-miR-Ctl (control) or pre-
miR-301a. After 48 h transfection, cells were lysed and the activities
of luciferases were measured using the Dual-Luciferase Reporter
Assay System (GeneCopoeia, USA) according to the manufacturer’s
protocol. Normalized data were calculated as the ratio of Renilla/
Firefly luciferase activities.

Cell transfection

N2A and SH-SY5Y cells were transfected with LNA-anti-Control or
LNA-Anti-miR-301a (Exiqon, Qiagen) using Lipofectamine RNAi-
MAX reagent (Thermo Fisher). After 48 h, the cells were collected
for western blot.

RNA extraction and RT-PCR

RNA was reversely transcribed into cDNA with a Bio-Rad iScipt
cDNA Synthesis Kit. The quality of RNA was determined by a
Nano-drop spectrophotometer. RT-PCR was performed using the
SYBR Green Supermix (Bio-Rad) and the primer sequences are
shown in Table S5. RT-PCR for miR-301a detection was performed
using the TaqMan assay (Thermo Fisher) with SNO292 as a reference
and a CFX96 RT-PCR detection system (Bio-Rad, USA).
10 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
Western blot analysis

Proteins were extracted with RIPA buffer supplemented with a prote-
ase inhibitor. The samples were boiled for 5 min at 95�C. Equal
amounts of protein were subjected to SDS-PAGE before being trans-
ferred to the polyvinylidene difluoride membrane. The membrane
was blocked with 5% nonfat dry milk in Tris-buffered saline with
0.1% Tween 20 for 1 h and incubated with a primary antibody at
4�C overnight. The primary antibodies: IKBa (4814), SOCS3
(A0694), phospho-STAT3 (9145), total STAT3 (9139), phosphor-
AKT (4060), total AKT (44D4) were purchased from CST, IL-17A
(A12454), NCS1 (A13586), PDE10A (18078-1-AP), SCN1A
(A10703), and b-actin (AC026) were purchased fromAbclonal. Horse-
radish peroxidase-conjugated anti-rabbit or anti-mouse IgG was used
as a secondary antibody. Immunoreactive proteins were visualized
with a West Dura/Femto Chemiluminescent Kit (Thermo Fisher).

Immunofluorescence

The brain tissues were fixed in 10% formalin solution. Paraffin was
used to encapsulate the chips, and then 3-mm-thick slices were pre-
pared. The antigen was repaired with sodium citrate buffer in a water
bath at 96�C. After washing with PBS and 3%H2O2 for 5 min, the sec-
tions were blocked with 10% normal goat serum. To measure the
levels of SOCS3 and NeuN, tissue sections were incubated with these
primary antibodies at 4�C overnight. After being rinsed with PBS, the
sections were incubated with goat polyclonal secondary antibody to
rabbit IgG (Alexa Fluor 488, Invitrogen, ab150077) or goat polyclonal
secondary antibody to mouse IgG (Alexa Fluor 594, Invitrogen,
ab150116) for 2 h at room temperature. After PBS rinse, the sections
were incubated with 1 mg/mL DAPI (Sigma) for 10 min, and images
were acquired using Olympus IX51 fluorescence microscope and cell-
Sens software.

Flow cytometry

Hippocampus and cortex of 6-week-old WT and miR-301a�/� mice
were dissected. Tissues were dissected and were incubated with 0.25%
trypsin to digest for 15–30 min in a 37�C water bath. After digestion,
tissues were washed twice with PBS and strainer mesh was used to
obtain single cells. The single-cell suspensions were stained with
anti-CD11b-FITC (BD, USA) and anti-CD45-PE (BD, USA) at 4�C
for 30 min. All events were acquired using CytoFLEX (Beckman
Coulter) equipment according to standard procedures.

Statistical analyses

All data are presented as the means ± standard deviation (SD). All sta-
tistical analysis was performed using the SPSS16.0 software (SPSS
Inc., Chicago). An unpaired two-tailed Student’s t test was performed
for two-group comparisons, two-way analysis of variance (ANOVA)
was performed for multiple factors, and one-way ANOVA was per-
formed for multiple group comparisons. Statistical significance was
set for p values * <0.05 or ** <0.01.

DATA AND CODE AVAILABILITY
The data that support the findings of this study were submitted to the
Gene Expression Omnibus Database (Accession: GSE194389). The

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE194389
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data are available from https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE194389.
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