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ABSTRACT: Glial scarring formed by reactive astrocytes after spinal cord injury (SCI) is the primary obstacle to neuronal
regeneration within the central nervous system, making them a promising target for SCI treatment. Our previous studies have
demonstrated the positive impact of miR-124-3p on neuronal repair, but it remains unclear how miR-124-3p is involved in
autophagy or ER stress in astrocyte activation. To answer this question, the expression of Al astrocyte-related markers at the
transcriptional and protein levels after SCI was checked in RNA-sequencing data and verified using quantitative polymerase chain
reaction (qQPCR) and Western blotting in vitro and in vivo. The potential interactions among circHIPK2, miR-124-3p, and Smad2
were analyzed and confirmed by bioinformatics analyses and a luciferase reporter assay. In the end, the role of miR-124-3p in
autophagy, ER stress, and SCI was investigated by using Western blotting to measure key biomarkers (C3, LC3, and Chop) in the
absence or presence of corresponding selective inhibitors (siRNA, 4-PBA, TG). As a result, SCI caused the increase of Al astrocyte
markers, in which the upregulated circHIPK2 directly targeted miR-124-3p, and the direct downregulating effect of Smad2 by miR-
124-3p was abolished, while Agomir-124 treatment reversed this effect. Injury caused a significant change of markers for ER stress
and autophagy through the circHIPK2/miR-124-3p/Smad2 pathway, which might activate the Al phenotype, and ER stress might
promote autophagy in astrocytes. In conclusion, circHIPK2 may play a functional role in sequestering miR-124-3p and facilitating
the activation of Al astrocytes through regulating Smad2-mediated downstream autophagy and ER stress pathways, providing a new
perspective on potential targets for functional recovery after SCIL

B INTRODUCTION repair and neuroplasticity have shown achievement to some
extent, there is still a lack of effective approaches aiming at
neuronal repair and regeneration for SCI treatment as both
intrinsic factors and extrinsic environmental factors for injury.
Therapeutic approaches aiming at glial cells specifically have
been proposed to gain timely control of the glial activation and

Spinal cord injury (SCI) is a severe neurotraumatic condition
with an annual global incidence estimated at approximately
10.4—83 cases per million individuals and is characterized by
irreversible motor, sensory, and autonomous dysfunctions.' As
per the World Health Organization (https:/ /www.who.int/
news—roorn/fact-sheets/detail/spinal—cord—injury), SCI brings a
heavy burden not only to patients but also to the medical Received: September S, 2023
system, and the associated costs are much higher than those of Revised:  November 10, 2023
comparable neurological diseases such as dementia, multiple Accepted:  November 24, 2023
sclerosis, and cerebral palsy. SCI involves neuroinflammation, Published: December 26, 2023
axonal degeneration, neuronal loss, and reactive gliosis.

Although therapeutic strategies aimed at enhancing tissue
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scar formation processes to unravel the regeneration potential
of the neurons after SCL”

Astrocytes, which are the principal type of glial cells found in
the central nervous system (CNS), play various roles and have
different functions, including the secretion of neurotrophic
mediators,’ proinflammatory factors, and cytotoxic agents.
After the onset of SCI, violently activated astrocytes present in
the injured region are termed reactive astrocytes, including
neurotoxic Al type and neuroprotective A2 type. Al astrocytes
become hypertrophic and promote the formation of a glial
scar; the scar not only seals the lesion areas to prevent the
spread of injury-related molecules to neighboring tissues but
also exerts detrimental effects by impeding axonal regeneration
after SCI™® through the production of axonal growth inhibitors
and by shutting off conducive signaling transmission.” Failure
in glial scar formation exacerbates tissue damage and triggers
axonal degeneration.” Thus, considering the specific process of
astrocyte polarization in various diseases,® further therapeutic
manipulation in terms of the plasticity of the reactive astrocytes
involved in astrogliosis that can block the inhibition of axonal
repair without compromising the protecting role holds a high
potential for future astrocyte-based therapy for SCL**'% A1
astrocytes are responsible for the secretion of inflammatory
and neurotoxic factors."' The neurotoxicity function of Al
astrocytes is meaningfully inhibited with tumor necrosis factor
(TNF)-a, Clq inhibitors, and interleukin (IL)-1a to promote
axonal regeneration and hinder optic ganglion cell necrosis."’
Al astrocytes are capable of inducing the death of neuronal
cells and oligodendrocytes as well as destroying synapses.
These processes are triggered by activated neuroinflammatory
microglia.”’12 Neuroreactive astrocytes induce neurotoxicity
through saturated lipids and then trigger neuronal cell death."”
Conversely, A2 astrocytes can be activated in response to
ischemia, exhibiting a beneficial impact on protecting the
nervous system, facilitating tissue repair and regeneration.''
The expression of distinct transcripts in Al and A2 astrocytes,
along with their respective roles in various diseases or injuries,
has been documented.”'* The modulation of A1/A2 astrocyte
activation and conversion between the Al and A2 types are
recently emerging targets for the treatment of CNS diseases or
injuries.l4_16 Therefore, in this study, we focus on the
regulation of astrocyte polarization.

micro-RNA 124-3p (miR-124-3p), one of the essential
dysregulated miRNAs after SCI, has been well studied owing
to its therapeutic potential in neurodegenerative disorders and
scL” Consistently, other previous studies, including ours,
have shown the decreased expression of miR-124-3p in the
injured sites or the peri-lesion area after SCL'®"” Injection of
miR-124 can not only reduce the scar area formed by
astrocytes but also affect immune cells and microglia.”’
Agomir-124 treatment also inhibits astrocyte proliferation
and reactivity after SCI and downregulates GFAP expression,”
in which the autophagy and endoplasmic reticulum (ER) stress
pathway may be involved.”” miR-124-3p is also enriched in
neuron-derived exosomes transported from neurons to
astrocytes through vesicles to exert a neuroprotective
function.””** miR-124-3p promotes the infiltration of reactive
astrocytes into the lesion and decreases the extent of glial scars
mainly formed by astrocytes to increase the survival of neurons
and promote functional improvement in neurological defi-
cits.”> miR-124-3p has the potential to induce Al astrocytes
through its suppression of the myosin heavy chain 9 (MYH9)/
PI3K/AKT/NF-kB signaling cascade, thus promoting func-
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tional recovery in mouse models after SCL>* These findings
cumulatively highlight the roles of miR-124-3p in regulating Al
astrocytes, but the underlying mechanisms remain unexplored.

Circular ribonucleic acid (circRNA) is a newly discovered
type of noncoding RNA that possesses a unique structure,
consisting of a single-stranded, closed-loop shape devoid of
caps at the 5" end or poly A tails at the 3’ end.”® Given that
circRNA is aberrantly expressed after SCI onset, it has become
a research hotspot as a therapeutic option or biomarker for
SCL*’ As for the regulatory roles of circRNAs, they serve as
sponges of miRNAs, directly regulate target gene transcription,
and enhance translation into proteins.”® SCI causes the
overactivation of astrocytes. The identification and analysis
of the interaction network involving circRNA—miRNA—
mRNA are imperative for elucidating the pathogenesis of
diseases related to astrocytes and for providing essential
guidance in the treatment of SCL*’ In the present study, we
screened for circRNAs with up- and downregulated ex-
pressions and correlated them with the miR-124-3p sponging
effect. Additionally, the expression of Al astrocyte-related
markers (Gbp2, RT1-S3, SerpinGl, and C3) after SCI was
examined to understand the effect of miR-124-3p on the spinal
cord astrocyte function in SCI, and the effects of Agomir-124
treatment on the activation of Al astrocytes were verified in
vitro and in vivo.

B MATERIALS AND METHODS

SCI Procedure. Sprague-Dawley rats (body weight: 200—
250 g) were obtained from Shanghai SLAC Laboratory Animal
Co., Ltd. (Shanghai, China). The Animal Experimental Ethics
Committee of Kunming Medical University approved the
protocols of this study (approval no.. kmmu2020462),
adhering to the guidelines for laboratory animals. The rats
were first deeply anesthetized with 4% inhalant isoflurane and
then subjected to contusion SCI using a weight drop apparatus
at the 10th thoracic vertebral (T10) level. Briefly, the animals
underwent T10 laminectomy to expose the spinal cord
segment; subsequently, they were exposed to a spinal cord
impactor device (RWD Life Science, Shenzhen, China; 1 m/s
speed, 2 mm depth, 1 s dwell time) and underwent weight
drop from a 10 g steel rod placed at a height of 50 mm. In the
SCI+Agomir-124 group, rats were administered an intrathecal
injection of agomiR-124 (20 uM, encapsulated in liposomes)
in a volume of S mL. In the SCI+Agomir-NC group, rats were
subjected to negative control (NC) treatment 24 h post SCI
induction. The sham group, composed of rats that underwent
laminectomy without any subsequent injury, served as the
control group. After surgery, animals urinated from their
bladders and received painkiller injections for 3 consecutive
days. Behavioral evaluation of locomotor impairment was
performed by using the Basso, Beattie, and Bresnahan score.

Hematoxylin—Eosin Staining. At the end of the
corresponding treatment, all of the rats were euthanized by
administering a lethal overdose of 2% pentobarbital sodium
(120 mg/kg; injected intraperitoneally). A spinal cord tissue
section of 2 mm thickness present outside the injury center
was collected and then fixed. After fixation, the tissue section
containing the lesion was embedded with paraffin, after which
it was sliced into sections that were S ym thick. Some of these
sections were fixed with 10% formalin for 2 days for
histopathological analysis (hematoxylin—eosin staining), and
the remaining tissue sections were preserved at a temperature
of —80 °C for further experiments. The tissue sections of the
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spinal cord embedded in paraffin were dewaxed by using
xylene and alcohol. The slides were sequentially soaked in
hematoxylin for 5 min, 2% glycolic acid, and lithium carbonate.
The slides were then soaked in eosin for 2 min, after which
they were dehydrated with ethanol before xylene. The SCI area
was measured using Image] software.

Library Construction and circRNA Sequencing. TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) was employed to
extract the total RNA from the injured. RNA quality was
assessed by employing standard denaturing 1% agarose gel
electrophoresis. The assessment of RNA integrity was
conducted on the Bioanalyzer 2100 system by Agilent
Technologies in Santa Clara, CA, utilizing the RNA Nano
6000 Assay Kit. The construction of the RNA library and
sequencing of circRNAs were performed at Nuohe Zhiyuan
Technology (Beijing, China). The input material for RNA
sample preparation consisted of S yig of RNA per sample. In
order to enhance the abundance of and reduce the levels of
rRNAs, the total RNA was subjected to digestion using RNase
R (Epicenter, Madison, WI, USA) and depletion using the
Ribo-Zero Magnetic Gold Kit (Epicenter). And the RNA
libraries were prepared with rRNA-depleted RNAs, using the
TruSeq Stranded Total RNA Library Prep Kit from Illumina
(San Diego, CA, USA), in accordance with the protocols
provided by the manufacturer. The quality and quantity of the
constructed libraries were verified using the BioAnalyzer 2100
system. The libraries were then converted to single-stranded
DNA molecules, which were then captured on Illumina Flow
Cells. After being amplified on-site in clusters, they were
eventually sequenced for 150 cycles using the HiSeq 4000
Sequencing System manufactured by Illumina.

Isolation of Primary Astrocytes. The primary astrocytes
from the spinal cord tissues were isolated from newborn
Sprague-Dawley rats (aged 1—5 days), after which the tissues
were dissected, minced, and digested according to the method
described previously.”> Dulbecco’s modified Eagle’s medium
(DMEM,; Gibco, Life Technologies, Grand Island, NY, USA)
with the addition of 10% fetal bovine serum (FBS; BI, Israel)
was used to stop digestion. Afterward, the entire solution was
passed through a 30 ym nylon mesh, and the resulting filtrate
was centrifuged at 1200 rpm for 5 min. The dissociated cell
populations were resuspended and washed twice, followed by
seeding into culture dishes that had been pretreated with poly-
L-lysine (Thermo Scientific, Roskilde, Denmark), containing
DMEM supplemented with 10% FBS and 1% penicillin—
streptomycin (Gibco). The medium was replenished every 2—
3 days until the cells reached confluence (~10 days).
Nonastrocytes were detached by agitation in a 37 °C incubator
at 200 rpm overnight and then removed by replenishing the
medium. The astrocytes were evaluated by positive staining
using the astrocytic marker glial fibrillary acid protein (GFAP)
in order to evaluate their presence or activation. Astrocytes
with more than 95% purity were readily used for subsequent
experiments after 2—3 passages. The A172 cell line of human
astrocytes (ATCC) was cultured in DMEM, with the addition
of 10% FBS, 2.5 mM L-glutamine (Invitrogen), and 0.3 mg/mL
Geneticin (Gibco), in a humidified incubator under standard
conditions of 37 °C temperature and 5% CO, concentration.

We used scratched astrocytes as the SCI model in vitro. For
the scratch wound assay, the cell monolayer was scraped using
a pipet tip head to form a linear wound of 200 ym width.*"*
The inhibitor and activator of ER stress, namely, 4-phenyl
butyric acid (4-PBA) and thapsigargin (TG), respectively, as
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well as the autophagy modulators, 3-MA and rapamycin, were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Primers
for miR-124-3p mimic, miR-124-3p inhibitor, si-circHIPK2, si-
Smad2, U6, and f-actin were purchased from GenePharma
(Shanghai, China).

Western Blot Analysis. The spinal cord tissue was
homogenized with a buffer (KeyGen Biotechnology, Nanjing,
China), and the extraction of total protein was accomplished
using the radioimmunoprecipitation assay buffer (RIPA lysis
buffer). After the determination of total protein concentration
(the bicinchoninic acid method), 40 ug of total protein was
considered for subsequent experiments. Later, samples
containing equivalent protein quantities were separated
through sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) and then transferred onto poly-
(vinylidene difluoride) membranes (EMD Millipore Corp,
Burlington, MA, USA). The membranes were obstructed with
bovine serum albumin (BSA) at a concentration of 5% (v/v)
and subsequently incubated overnight at a temperature of 4 °C
with primary antibodies. Afterward, the membranes were
subsequently subjected to a 2 h incubation with the secondary
antibody at room temperature. The immunolabeled bands
were observed by utilizing an enhanced chemiluminescence
reagent (Thermo Fisher Scientific), and the expression levels
of the target protein bands were semiquantified utilizing
Image], a software provided by the National Institutes of
Health, located in Bethesda, MD, USA. Relevant antibody
information for the Western blot assay in this study were as
follows: anti-GAPDH (1:10000 dilution, rabbit, ab181602;
Abcam, Cambridge, UXK.), anti-GFAP (1:2000 dilution,
mouse, ab4648; Abcam), anti-C3 (1:1000 dilution, rabbit,
ab97462; Abcam), anti-LC3B (1:2000 dilution, rabbit,
ab48394; Abcam), anti-Smad2 (1:1000 dilution, mouse,
ab119907; Abcam), anti-Beclin-1 (1:1000 dilution, rabbit,
ab62557; Abcam), anti-p62 (1:1000 dilution, rabbit, ab91526;
Abcam), anti-GRP78 (1:1000 dilution, rabbit, ab2168S;
Abcam), anti-p-IREla (1:1000 dilution, rabbit, ab48187;
Abcam), anti-IREla (1:1000 dilution, rabbit, ab37073;
Abcam), anti-p-PERK (1:500 dilution, sc-32577, rabbit;
Santa Cruz Biotechnology, Dallas, TX), anti-PERK (1:500
dilution, sc-13073, rabbit; Santa Cruz Biotechnology), anti-
ATF6 (1:1000 dilution, rabbit, ab62576; Abcam), and anti-
CHOP (1:2000 dilution, mouse, ab11419; Abcam). The
secondary antibodies included goat antimouse Alexa Fluor 488
(1:1000 dilution, goat, ab150113; Abcam), goat antirabbit
Alexa Fluor 594 (1:1000 dilution, goat, ab150088; Abcam),
goat antimouse Alexa Fluor 594 (1:1000 dilution, goat,
ab150120; Abcam), and goat antirabbit Alexa Fluor 488
(1:1000 dilution, goat, ab150077; Abcam).

Reverse Transcription-Quantitative Polymerase
Chain Reaction. Total RNA from injured tissues of the rat
spinal cord and the astrocytes was extracted, manufactured by
TRIzol reagent. A reverse transcription system (Toyobo,
Osaka, Japan) was employed for the synthesis of comple-
mentary DNA, while the ABI 7900 fast real-time PCR system
(Applied Biosystems, Carlsbad, CA, USA) was utilized for
performing quantitative polymerase chain reaction (qPCR)
using the SYBR Green PCR master mix (Applied Biosystems).
The relative expression levels of the target genes were assessed
by utilizing the 2724 method after standardizing them to f-
actin or U6.

Luciferase Reporter Assay. GeneScript (Nanjing, China)
synthesized the sequences that contained wild-type (WT) or
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Figure 1. Agomir-124 inhibits the activation of Al astrocytes in vitro. (A) miR-124-3p expression in an injury model of primary astrocytes and an
astrocyte cell line. (B) RT-qPCR analysis of differential expression of astrocyte markers in an injury model of primary astrocytes and astrocyte cell
line. (C) Colocalization of C3 and GFAP in an injury model of two cell types. Green, GFAP; red, C3; blue, DAPL Scale bar: 100 um. (D) WB
analysis of C3 and GFAP expression in an injury model of two cell types. (E) ELISA assay measurement of proinflammatory cytokines induced by
the injury of two cell types. Mean + SD, n = 3, **P < 0.01, compared to NC group; #P < 0.05, #P < 0.01, compared to Agomir-NC group. C3,
complement component 3; DAPI, 4’,6-diamidino-2-phenylindole; ELISA, enzyme-linked immunosorbent assay; GFAP, glial fibrillary acid protein;
RT-qPCR, reverse transcription—quantitative polymerase chain reaction; miR, micro-RNA; WB, Western blotting; SD, standard deviation.

mutant (MUT) miR-124-3p binding sequences corresponding
to the 3’-untranslated region (UTR) of Smad2 mRNA.
Afterward, these sequences were cloned into the pGL3
luciferase control reporter vector (Promega, Madison, WI,
USA), using the Fsel and Xbal restriction sites, allowing the
generation of the 3'-UTR reporter constructs of Smad2 (WT-
Smad2 and MUT-Smad2).
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Astrocytes were then seeded in 24-well plates, followed by a
24 h incubation, after which they were subjected to
transfection. The transfected astrocytes, which were either
treated with miR-124-3p mimic or NC, were then placed into
96-well plates and cotransfected with either WT-Smad2 or
MUT-Smad2 using a dose of 10 ng. Firefly and Renilla
luciferase signals were measured by employing the Dual-
Luciferase Assay Kit (Promega).
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Figure 2. Agomir-124 inhibits the activation of Al astrocytes in vivo. (A) miR-124-3p expression at the site of injury at 3 and 7 dpi. (B)
Representative hematoxylin—eosin staining image at 7 dpi. (C) RT-qPCR analysis of Al astrocyte markers at the site of injury at 3 and 7 dpi. (D)
Colocalization of C3 and GFAP at the site of injury at 3 and 7 dpi, with the scale bar measuring SO ym. (E) WB analysis of C3 and GFAP
expression at the injury site at 3 and 7 dpi. (F) ELISA assay measurement of proinflammatory cytokines at the injury site at 3 and 7 dpi. Mean +
SD, n = 3. **P < 0.01, compared to sham group; *P < 0.05, P < 0.01, compared to Agomir-NC group. C3, complement component 3; GFAP, glial
fibrillary acid protein; RT-qPCR, reverse transcription—quantitative polymerase chain reaction; ELISA, enzyme-linked immunosorbent assay; miR,
micro-RNA; WB, Western blotting; SD, standard deviation.
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Immunofluorescence Staining. Spinal cord tissue seg-
ments were fixed using a 4% paraformaldehyde solution
overnight, followed by dehydration in 15 and 30% sucrose
solutions to make frozen samples. The frozen-embedded spinal
cord segments were then sliced into sections that were 10 mm
thick for utilization in further experiments. To carry out
immunofluorescence staining on the tissues, the sections were
blocked using a 10% BSA solution and incubated with the
primary antibodies overnight at 4 °C, namely, anti-GFAP
(rabbit, ab278054; Abcam) and anti-C3 (rabbit, ab97462;
Abcam). Subsequently, the membrane was incubated at room
temperature for a duration of 1 h with the application of
secondary antibodies. To conduct cellular immunofluorescence
staining, briefly, the astrocytes underwent a 30 min fixation, a
permeability with 0.05% Triton X-100, and a blocking with 5%
BSA. The primary antibodies were used for specific binding of
GFAP and C3 proteins once again, followed by subsequent
incubation with secondary antibodies. The tissues were washed
three times with phosphate-buffered saline before counter-
staining the nuclei with 4’,6-diamidino-2-phenylindole (DAPI;
Thermo Fisher Scientific). Representative immunostaining
images were captured on day 3 post injury as well as the
images of the GFAP and C3 in the injured spinal cord lesion
areas were captured on day 7 post injury. Fluorescence images
were obtained by using the ImagerA2 fluorescence microscope.

Enzyme-Linked Immunosorbent Assay. To assess the
alternatives on inflammatory cytokines, Clq, TNF-a, IL-1q,
IL-15, and IL-6 expression levels, the tissues were isolated 3
days after the onset of SCI. The homogenizer was used to
homogenize the SCI tissue, and the resulting homogenate was
then stored in liquid nitrogen. In addition, lysis buffer, which
contained 1 mM ethylenediamine tetraacetic acid (EDTA), 1%
Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 10 mM
tris (pH 8.0), 150 mM NaCl, and 5 yL/mL protease inhibitor,
was added to the lysates, after which the resulting solution was
subjected to incubation at 4 °C for a duration of 1 h. The
lysates were subject to centrifugation at a speed of 3000 rpm
for a duration of 30 min. The supernatants collected were
analyzed through the utilization of enzyme-linked immuno-
sorbent assay (ELISA) kits to quantify the concentration of
cytokines, in accordance with the guidelines provided by the
manufacturer. The levels of proinflammatory cytokines were
assessed in the astrocyte culture medium through the
utilization of ELISA Kkits, following the established protocols
provided by the manufacturer. The measurement of optical
density or fluorescence was conducted through the utilization
of a plate reader device. ELISA kits could detect TNF-a
(MTAO00B; R&D), IL-1a (MLAO0O; R&D), IL-14 (MLB00C;
R&D), IL-6 (M6000B; R&D), and Clq (HK211; Hycult
Biotech).

Statistical Analysis. Experiments were conducted with a
minimum of three distinct biological replicates. The data were
presented as the mean =+ standard deviation. Statistical analysis
was carried out using GraphPad software version 8.0 and SPSS
version 25.0. Student’s ¢ test was utilized for comparing two
groups, while one-way or two-way analysis of variance was
employed for comparing more than two groups. The P-values
were used to calculate statistical significance, with P < 0.05
considered as indicative of significance.

B RESULTS

Astrocyte-Specific Transcripts Increase after SCI.
RNA-Seq experiments were performed on spinal cord tissues
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to identify the astrocyte transcriptome expression profiles. DE
mRNAs were identified, wherein 210 genes were upregulated
and 78 genes were downregulated in the SCI group when
compared with those of the sham group at 7 days post injury
(dpi; Table S1). Among the astrocyte-specific transcripts, when
compared with the sham group, those with significantly
upregulated expression included PAN-reactive-related genes
(Vim, Timpl, and GFAP) and Al astrocyte-specific genes
(SerpinG1, C3, Gbp2, and RT1-S3). Simultaneously, pro-
nounced variations were discerned in A2 astrocyte-specific
genes (Empl, S100a10, Clcfl, and Ptgs2) within the SCI
group; however, no notable disparities were detected in the
Ggml gene.

Effect of miR-124-3p on A1 Astrocyte Polarization
Markers In Vitro. Next, we evaluated representative genes in
both the Al172 astrocyte cell line and primary cultured
astrocytes through the scratch wound assay in vitro. miR-
124-3p levels were reduced 24 h after inducing the scratch,
which were then rescued by Agomir-124 treatment in both cell
types (Figure 1A). The PAN-reactive transcripts of glial
fibrillary acid protein (GFAP) and Al-specific markers (Gbp2,
RT1-S3, and SerpinGl) in the injury group were remarkably
enhanced compared to those in the NC group, which markedly
decreased with Agomir-124 treatment (Figure 1B). Similarly,
according to the immunofluorescence staining and Western
blotting results, C3 (a specific marker for A1) and GFAP
showed a remarkable increase in the injury group compared to
the NC group. However, after treatment with Agomir-124,
these levels were significantly reduced in both cell types
(Figure 1C,D). Additionally, enzyme-linked immunosorbent
assay (ELISA) results showed that SCI could induce the
production of inflammatory cytokines, including C1q, TNF-q,
IL-1a, IL-1p, and IL-6, whereas Agomir-124 treatment
inhibited the induction of these factors (Figure 1E).

Effect of miR-124-3p on Astrocyte Polarization
Markers In Vivo. The effect of miR-124-3p on the Al
astrocyte-type conversion was validated in vivo. miR-124-3p
expression after spinal cord contusion at 3 and 7 days showed a
reduction in comparison to the sham group, which was rescued
by Agomir-124 treatment (Figure 2A). The application of
Agomir-124 reduced the wound area by 7 days (Figure 2B).
The transcript levels of GFAP and Al-specific markers (Gbp2,
RT1-S3, and SerpinGl) were upregulated at 3 and 7 days
(Figure 2C), which were reduced by Agomir-124 treatment.
The immunofluorescence results indicate an upregulation of
both C3 and GFAP in the group with SCI at 3 and 7 dpi. It is
important to note that following treatment with Agomir-124,
there was significant decreases in GFAP expression at both 3
and 7 dpi. Although no significant changes in C3 expression
were observed at 3 dpi after Agomir-124 treatment compared
to the SCI group, a significant decrease in C3 expression was
observed at 7 dpi (Figure 2D). Western blot analysis of GFAP
and C3 expression at 3 and 7 days showed a relatively weak
expression in the Agomir-124 group in comparison to that in
the SCI group (Figure 2E). ELISA results showed that SCI
promoted the production of inflammatory cytokines, including
Clq, IL-6, IL-1a, IL-15, and TNF-a, whereas Agomir-124
inhibited the production of these factors (Figure 2F), which
are consistent with the in vitro results. The obtained results
unequivocally substantiated the suppressive role exerted by
miR-124-3p in the conversion of astrocytes into the Al type
after SCI both in vitro and in vivo.
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circHIPK2 Targets miR-124-3p in Astrocytes. A total of
810 DE-circRNAs were screened from the microarray GEO
database (https://www.ncbi.nlm.nih.gov/geo/) in GSE114426
(three pairs of rat SCI and sham tissues) with a multiple of
change of >1.5. Our circRNA sequencing data indicated that
1087 circRNAs had upregulated expression in the SCI group,
as compared to that in the sham group (Table S2). Using
online tools, including ENCORI (http: //starbase.sysu.edu.cn/
) and circ2GO (https://circ2go.dkfz.de/), we identified 1477
and 2069 circRNAs that potentially interact with miR-124-3p,
respectively (Table S2). Finally, two circRNAs were obtained,
namely, circHIPK2 and circROCK1 (Figure 3A). circHIPK2 is
upregulated in the SCI models (Figure 3B). circHIPK2
expression was verified by using diverse primers (Figure 3C).
The results of the analysis performed in the ENCORI
database, showing the prediction of targeting sequences
between miR-124-3p and circHIPK2, can be seen in Figure
3D. circHIPK2 overexpression downregulated miR-124-3p
expression in primary astrocytes and the A172 cell line (Figure
3E). A dual-luciferase reporter assay confirmed that miR-124-
3p binds to circHIPK?2, as the luciferase activity of circHIPK2-
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WT significantly decreased in the miR-124-3p mimic group,
with no significant differences in the luciferase activities of cells
cotransfected with circHIPK2-MUT and miR-124-3p mimic
(Figure 3F).

circHIPK2/miR-124-3p Is Probably Involved in As-
trocyte Activation during an Injury In Vivo and In Vitro.
Given that Al astrocytes were overactivated during injury
under in vivo and in vitro conditions, we speculated that it
might be mediated by miR-124-3p. We evaluated whether
circHIPK2/miR-124-3p is involved in the activation of the Al
astrocytes. The knockdown expression of si-circHIPK2 was
detected in Figure S1. Compared to the NC group, circHIPK2
increased the levels of the Al marker C3 in astrocytes of the
injury model for two types of astrocyte cells (in vitro) after
injury, and SCI models (in vivo), but si-circHIPK2 reduced C3
levels both in vitro and in vivo (Figure S2). Furthermore, the
Smad2 level increased at both transcriptional and translational
levels after injury but showed significant downregulation with
the Agomir-124 treatment (Figure S3).

circHIPK2/miR-124 Probably Targets and Regulates
Smad2 in the Activation of A1 Astrocytes. When
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Figure 4. circHIPK2/miR-124 targets and regulates the participation of Smad2 in the activation of Al astrocytes. (A) Venn diagram analysis shows
that Smad? targets miR-124-3p and demonstrates upregulated expression after SCI but downregulated expression with Agomir-124 treatment. (B)
Binding sites between Smad2 and miR-124-3p. (C) Dual-luciferase reporter system for the detection of the fluorescence efficiency of cotransfected
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Figure S. circHIPK2/miR-124-3p/Smad2 promotes the activation of Al astrocytes through autophagy. (A) Protein levels of LC3II, Beclin-1, and
p62 expression in two astrocyte cells. *P < 0.05, **P < 0.01, compared to the sham group; #Pp < 0.01, compared to the Agomir-NC group. (B—E)
Relative protein levels of LC3II with indicated treatments in two cell types. (F—G) Relative protein levels of C3 and LC3II in two cell types after
treatment with an autophagy activator and an autophagy inhibitor for 24 h after injury. Mean + SD, n = 3, ¥*P < 0.01. C3, complement component

3; miR, micro-RNA; SD, standard deviation.

comparing the sequencing data, 34 genes had an upregulated
expression in the SCI group (vs sham group) but had a
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downregulated expression in the Agomir-124 treatment group
(vs SCI group; Table S3), and five genes were identified:
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Figure 6. circHIPK2/miR-124-3p/Smad2 regulates ER stress in the activation of Al astrocytes. (A) Protein levels of GRP78, ATF6a, CHOP, p-
IREla/IREle, and p-PERK/PERK in two astrocyte cells. *P < 0.05, **P < 0.01, compared to the sham group; #P < 0.05, P < 0.01, compared to
the Agomir-NC group. (B—E) Relative protein levels of CHOP with the indicated treatments in two cell types. (F—G) Relative protein levels of C3
and CHOP in two cell types after treatment with an ER stress activator and an ER stress inhibitor for 24 h post injury. *P < 0.05; **P < 0.01. C3,
complement component 3; ER, endoplasmic reticulum; miR, micro-RNA.

Elovll, Elk4, Wnkl, Smad2, and Smarccln (Figure 4A).
Among them, Smad2, which is targeted by miR-124-3p, serves
as a downstream molecule mediating transforming growth
factor f (TGF-f) signals. The results of RT-qPCR and
Western blotting assays suggested that Agomir-124 inhibited
Smad2 induction in in vitro astrocytes with injury and in vivo
SCI (Figure S3A—D). As shown in the analysis of the
ENCORI database, the binding site between miR-124-3p and
the 3’-UTR of Smad2 has been predicted (Figure 4B).
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Furthermore, the detection of dual-luciferase activity revealed
significantly downregulated miR-124-3p expression in miR-
124-3p mimic-transfected A172 cells with Smad2-WT but not
with Smad2-MUT, confirming the targeting relationship
between miR-124-3p and Smad2 (Figure 4B). The miR-124-
3p mimic and the miR-124-3p inhibitor successfully overex-
pressed or interfered with the function of miR-124-3p (Figure
4C). As expected, miR-124-3p overexpression suppressed
Smad2, whereas silencing of miR-124-3p activated Smad2 as
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Figure 7. Effect of ER stress on autophagy after injury. (A,B) Relative protein levels of LC3II after treatment with an ER stress inhibitor and an ER
stress activator in A172 and primary astrocyte cells. (C,D) Relative protein levels of CHOP after treatment with the autophagy inhibitor 3-MA and
the autophagy activator rapamycin in A172 and primary astrocyte cells. Mean + SD, n = 3, **P < 0.01, *P < 0.01. ER, endoplasmic reticulum; SD,

standard deviation.

shown in the RT-qPCR and Western blotting results (Figure
4D,E). Injury to Al172 cells promoted Smad2 expression,
which was blocked by si-circHIPK2 (Figure 4F). circHIPK2
overexpression induced Smad2 expression, but cotransfection
of the miR-124-3p mimic significantly decreased Smad2
expression (Figure 4G). The miR-124-3p inhibitor markedly
upregulated the Smad2 expression level, which can be
significantly downregulated when cotransfected with si-
circHIPK2 (Figure 4H). Given that circHIPK2/miR-124-3p
might amplify Al astrocyte expression and directly act on
Smad2, we hypothesized that Smad2 plays a critical role in
circHIPK2/miR-124-3p-regulated astrocyte function; there-
fore, we determined the relative expression of C3. In response
to injury, C3 was expressed at high levels, but si-Smad2
attenuated the C3 augment (Figure 4I). si-Smad2 treatment
also inhibited the high level of C3 induced by the miR-124-3p
inhibitor (Figure 4J). C3 expression was reduced by si-
circHIPK?2 transfection, whereas it was rescued by the miR-
124-3p inhibitor and remained at a low level with si-Smad2
cotransfection (Figure 4K).

circHIPK2/miR-124-3p/Smad2 May Promote the Acti-
vation of A1 Astrocytes through Autophagy. Autophagy
was found to be the key mechanism for astrocyte activation.
Therefore, after determining that circHIPK2/miR-124-3p/
Smad2 induced the activation of the astrocytes, we proceeded
to assess the mechanisms of autophagy in astrocytes. Through
the analysis of the mRFP—GFP—LC3B fusion series in
autophagosome—lysosome fusion in the A172 cell line, we
discovered that injury increased autophagy flux but was
reversed by Agomir-124 (Figure S4). This indicates that
A172 cell injury can induce autophagy. The expression of
autophagy-related proteins was examined. LC3II and Beclin-1
levels increased in response to injury in primary astrocytes and
the cell line but were downregulated with Agomir-124
treatment (Figure SA). p62 expression was downregulated in
response to injury in primary astrocytes and the cell line but
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was increased after Agomir-124 treatment. Transfection of cells
with si-circHIPK2 (Figure SB) or si-Smad2 (Figure SC)
profoundly inhibited the injury-mediated LC3II increase in
both cell types. The LC3II expression level was downregulated
by si-circHIPK2 but reversed by the miR-124-3p inhibitor
(Figure SD). LC3II expression was upregulated in cells
cotransfected with the miR-124-3p inhibitor only but down-
regulated when cells were cotransfected with the miR-124-3p
inhibitor and si-Smad2 (Figure SE). The increases in C3 and
LC3II induced by injury were inhibited by the autophagy
inhibitor 3-MA (Figure SF) and further promoted by the
autophagy inducer rapamycin (Figure SG).

circHIPK2/miR-124-3p/Smad2 May Promote the Acti-
vation of A1 Astrocytes through ER Stress. In addition to
autophagy, ER stress is found to be the vital pathway for
astrocyte activation. Expression of the ER stress-related
proteins GRP78, ATF6a, and CHOP and the protein
phosphorylation of IREla and PERK was upregulated in
response to injury in primary astrocytes and the cell line and
was downregulated by Agomir-124 treatment (Figure 6A).
CHOP expression was blocked by si-circhHIPK2 (Figure 6B)
and si-Smad2 (Figure 6C). Transduction of cells with the miR-
124-3p inhibitor induced CHOP expression, which might have
been attenuated by si-circHIPK2 (Figure 6D) and si-Smad2
(Figure 6E). The ER stress inhibitor 4-PBA limited C3 and
CHOP expressions induced by astrocyte injury (Figure 6F).
The ER stress agonist thapsigargin (TG, 60 nM) stimulated
C3 and CHOP expressions upon induction with cell injury
(Figure 6G).

Given that cell injury and astrocyte activation with
circHIPK2/miR-124-3p/Smad2 induced both autophagy and
ER stress, further research was conducted to ascertain whether
ER stress affected autophagy after injury. Pretreatment with 4-
PBA caused abrogation of the increase in LC3II induced by
injury, and TG evidently upregulated LC3II expression despite
the injury (Figure 7A,B). In addition, pretreatment with the
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autophagy inhibitor 3-MA or the autophagy agonist rapamycin
led to an increase of CHOP-related expression in injury
(Figure 7C,D). This suggests that autophagy may not affect ER
stress in injuries. Therefore, ER stress is probably a potent
trigger for autophagy in circHIPK2/miR-124-3p/Smad2 that
promotes the activation of Al astrocytes.

B DISCUSSION

There remains a paucity of comprehensive understanding of
reactive astrogliosis, even though emerging studies on Al1/A2
astrocyte conversion have applied reactive astrogliosis as a
therapeutic strategy for various neurological diseases, including
Parkinson’s disease,” Alzheimer’s disease,”* ischemic stroke,”
and traumatic brain injury.’**” It is an imperative pathological
process during SCI, and targeted interventions represent an
innovative feasible avenue for SCI. Prevention of Al astrocyte
formation or enhancement of A1/A2 astrocyte shift efficiently
promotes axonal regeneration and spinal neuronal plasticity
after SCL™'***7*" Thus, it is imperative to uncover the
associated mechanisms. In this study, we demonstrated that
circRNA HIPK2 enhances Al astrocyte activation after SCI
through autophagy and ER stress by modulating miR-124-3p-
dependent Smad2 expression (Figure 8), providing an
alternative explanation about the potential mechanism of
miR-124-3p’s function in astrocyte activation and SCIL
miR-124-3p has emerged as a promising therapeutic target
for SCI as it plays a role in modulating neural plasticity and
repair. It not only promotes the re-emergence in surviving
neurons of a preneuronal phenotype, wherein it promotes
neuronal differentiation and migration of spinal cord neural
progenitor cells”' and suppresses neuronal cell apoptosis.*>**
Microglial exosomes carrying miR-124-3P have neuroprotec-
tive effects, reduce neuroinflammation, and promote the repair
and plasticity of neurons.** According to our unpublished data,
miR-124-3p promotes neurite extension, which is consistent
with its reported protective effect on SCI by neuronal
inflammation inhibition and neurite outgrowth.*’ miR—124-34p
inhibits neurite outgrowth in an inflammatory environment.*’
miR-124-3p regulates rat cortical reactive astrocytes into
neuron reprogramming’ and promotes integration between
Schwann cells and astrocytes.”” Currently, there has been a
growing body of research implicating the role of miR-124-3p in
microglia and astrocyte activation, triggering neuroinflamma-
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tion response through its targets and associated pathways
following SCL*’ miR-124-3p promotes astrocyte activation in
neuroinflammatory diseases”” and ischemic stroke,*® and data
from our previous study reveal that miR-124-3p inhibits
neuronal death and exerts potential therapeutic effects
attributable to astrocyte activation.'® All of these studies
measured only the level of pan-reactive transcripts of GFAP,
but activated astrocytes are complex with diverse functions and
can be differentiated into the Al and A2 phenotypes.'’ In
addition to the increase in pan-reactive transcripts at 14 dpi,
Al-specific transcripts start increasing from 3 dpi and continue
in the subsequent several weeks, whereas A2-specific tran-
scripts have shown only a slight increase, followed by a
reduction at 7 dpi, although controversy is inevitable owing to
the unclear definitive markers for Al or A2 astrocyte
activation.” Exosome-derived miR-124-3p originating from
neurons attenuates M1 microglia and Al astrocyte activation,
thus alleviating inhibitory effects both in vitro and in vivo to
enhance functional recovery.”* Coincidently, well-studied
targets of miR-124, including Notch and NF-«B, participate
in Al astrocyte activation through the Notch-STAT3 and NF-
kB/C3/C3aR pathways.”">” Therefore, we assumed that miR-
124-3p-regulated astrocyte activation mainly refers to the
activation of Al astrocytes, potentially serving as a promising
strategy for SCI treatment, as previously demonstrated.

To confirm our prediction on the role of miR-124-3p in Al
astrocyte activation, RNA-Seq was performed on rats of the
sham group, SCI group, or Agomir-124 treatment group at 7
dpi, and RT-qPCR and Western blot assays were carried out to
ascertain the changes in representative genes under in vivo and
in vitro conditions. The results revealed the upregulated
expression of Al astrocyte-associated markers including C3,
Gbp2, RT1-S3, and SerpinG1, with no significant difference in
A2 astrocyte-related markers between the SCI and sham
groups and downregulation of RTI1-S3 with Agomir-124
treatment. The results of RT-qPCR and Western blotting
showed a converse expression pattern between Al-specific
transcripts and miR-124-3p during injury, and Agomir-124
treatment inhibits Al astrocyte activation. Al-specific genes
were characterized as factors induced by neuroinflammation,
while A2-specific genes were characterized as factors that
increased in the astrocytes of the ischemia model.'">® The
inconsistency in the results may have occurred because single
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cells in vitro are unable to accurately simulate the intricate
physiological processes that occur in vivo.

The present study also explored the underlying regulatory
mechanisms. circHIPK2 was characterized as being located
upstream of miR-124-3p. circRNA selection was based on our
sequencing data and public circRNA microarray data
(GSE114426) and based on its reported efficacy in the CNS
and the confirmed interaction between circHIPK2 and miR-
124-3p in some related studies.””**™°° Analyzing other
potential circular RNAs is beyond the current scope of
research. Therefore, we did not pay much attention to the
other circRNAs. However, given that circRNA formation
competes with the formation of linear cognates, it is speculated
that circROCK1 decreases after SCI because linear ROCK1
increases in SCL>” Moreover, given that circHIPK2/miR-124-
3p/SIGMARI plays a role in astrocyte activation in the
hippocampus and inflammation of astrocytes induced by
methamphetamine,”” the gut microbiota—circHIPK2 axis
regulates astrocyte activity,” autophagy-mediated circHIPK2
promotes lipopolysaccharide-induced astrocytic inflammation
via SIGMAR1 ,59 and we put forward whether circHIPK2/miR-
124-3p was involved in the activation of Al astrocytes in SCI
and in vitro injury. Our results from two cell types and an in
vivo SCI model verified the correlation between circHIPK2
and the pathogenesis of SCI, demonstrating that circHIPK2 is
an endogenous sponge targeting miR-124-3p, which in turn
promotes the activation of Al astrocytes after SCI.

Since miR-124-3p targets a wide range of molecules, the
search was conducted for downstream targets of circHIPK2/
miR-124-3p that are involved in the activation of Al astrocytes.
First, by searching the literature, we identified two §enes, Elovl
and Smad2, that were associated with astrocytes.””°" Second,
studies have shown one mechanism that miR-124-3p inhibits
astrocyte activation or switches the astrocytes into induced
neurons, wherein autophagy, ER stress, PI3K/AKT/NF-xB,
and ARE-mediated mRNA decay signals are considered to be
involved.””**** To establish associations among miR-124-3p,
astrocyte activation, and potential target genes, we performed a
literature review of the study topic. In astrocytes, Elovl
mediates the production of long-chain saturated fatty acids,
and Smad2 is associated with autophagy.60 Therefore, only the
following hypothesis is plausible: miR-124-3p/Smad2 axis-
mediated autophagy and/or ER stress play roles in astrocyte
activation. We also anticipated validating a hypothesis based on
as much literature as possible. Therefore, we chose Smad2 for
subsequent experiments. We documented that HIPK2/miR-
124-3p-mediated Al astrocytes after SCI were at least partially
dependent on promoting Smad2 expression. Smad2 is a signal
transducer participating in the TGF-f signaling cascade. TGF-
f increases after SCI onset,”> and it exacerbates excitotox-
icity,64 inhibits the formation of glial scars, and increases the
activation of microglia/macrophages;** inhibition of the TGF-
f/Smads facilitates the spinal function of SCL*® TGF-f1
promotes astrocyte secretion and astrogliosis after SCI by
upregulating miR-21 expression,”” which is proven to promote
Al astrocyte polarization through the CNTF/STAT3/Nktf
pathway.”® TGEF-3 exerts a neuroprotective effect and
alleviates Al-specific marker expression and neurotoxic
responses in naive or activated astrocytes to improve neuronal
survival.”® These contradictory results can explain the distinct
actions of different types of TGF-f depending on the cell type
and condition; however, the detailed mechanisms and cellular
pathways bridging circHIPK2/miR-124-3p-regulated TGF-f/
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Smad signaling to astrocytic reaction/Al-specific markers after
SCI require further investigation.

Regulation of astrocyte activation highlights the importance
of cooperation between the mechanisms of autophagy and ER
stress,”>*”~7* yet it remains unclear whether these coordinated
mechanisms orchestrate the expression of Al-type transcripts
in response to circHIPK2/miR-124-3p/Smad2 during SCL
There is no dispute that hyperactivation of autophagy,” ER
stress,74’75 or ER stress—autophagy axis’"7? triggers the
production of a plethora of proinflammatory molecules closely
associated with Al astro?rtes. SCI induces the highest level of
ER stress in astrocytes.”® Our findings demonstrated that si-
circHIPK2 inhibited injury-induced ER stress through miR-
124-3p/Smad2 to regulate Al astrocytes, consistent with the
findings of previous studies of circHIPK2/miR-124-3p/
SIGMARI in terms of astrocyte activation.”> Although studies
on astrocytes uncover the enhancement of autophagy by ER
stress, autophagy may lead to contrasting outcomes by either
inducing® or inhibiting”>”"”* the activation of astrocytes.
circHIPK2/miR-124-3p-modulated autophagy also inhibits ER
stress in return through SIGMARIL.”” Because of the
inconsistent targets and distinct models of cells or animals,
the current study showed that circHIPK2/miR-124-3p triggers
autophagy through the Smad2-induced ER stress pathway,
finally promoting Al astrocyte activation during injury. This
can be explained by completely different mechanisms of
autophagy regulation. An increase in the autophagy initiator
Beclin-1 or a decrease in the adapter protein p62 (SQSTM1)
would elevate the formation or decrease the degradation of
autophagosomes, respectively, causing increased accumulation
of LC3IL. Modulation of LC3II/LC3I and the p62 protein,
which are regulated by LPS or methamphetamine treatment in
those investigations as well as in our study, seemed that Beclin-
1-dependent autophagy induced the activation of Al
astrocytes. There are heterogeneous autophagic responses
caused by SCI in different cell types.”” The autophagic flux of
astrocytes in the spinal cord is extremely low under
physiological conditions, which then becomes overactivated
at the peripheral injury site at 7 dpi with the accumulation of
LC3II and the key protein involved in autophagy initiation
(Beclin-1). Increased colocalized staining of GFAP and
autophagic markers at the damage border suggests that
reactive astrocytes induce a high degree of autophagy
activation.”” We speculated that miR-124-3p induces changes
in Beclin-1 and LC3II through different targets, resulting in the
inhibition and promotion of autophagic flux; %70 finally, the
coordinated effects maintain the balance between cell death
and astrocyte activation. These findings reveal the detailed
molecular mechanism of action of miR-124-3p, which can help
to improve subtype-selective therapeutic strategies for SCI.

B CONCLUSIONS

In summary, our research showed that the expression of Al
astrocyte-related markers increased after SCI but reversed after
Agomir-124 treatment. circHIPK2 plays a functional role in
sequestering miR-124-3p, consequently enabling the facili-
tation of Al astrocyte activation through regulating Smad2 and
the downstream autophagy and ER stress pathways. The
results obtained from this study could offer new perspectives
on regulatory mechanisms and potentially assist in the
formulation of therapeutic strategies for SCI. The functional
significance of circHIPK2/miR-124-3p/Smad2 in mechanisms
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regulating astrocyte activation offers new perspectives for
identifying potential targets for functional recovery after SCL
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