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Abstract: Objective: To explore the mechanism of circ_014260 regulating neuronal apoptosis, oxidative stress, and
endoplasmic reticulum stress in rats with spinal cord injury (SCI) via miR-384/THBS1 axis. Methods: T9-L10 spinal
cord segments of Sprague Dawley rats were subjected to compression or contusion injuries after T10 laminectomy
to establish rat models of SCI, which were then divided into SCI group, si-circ group and oe-circ group according
to the transfection. There was another sham operation group which received no treatment. There were 10 rats in
each group. The Basso-Beattie-Bresnahan scale and HE staining were used to evaluate the changes in neuronal
motor function in rats with SCI. TUNEL staining was used to determine the neuronal apoptosis. Flow cytometry was
used to measure the changes in H,0,-induced apoptosis of primary neurons. The activities of myeloperoxidase,
malondialdehyde, superoxide dismutase and catalase were measured to evaluate the level of oxidative stress.
Western blot was used to measure the expressions of CHOP and CRP78 (which are related to endoplasmic re-
ticulum stress). Expression of circ_014260, miR-384 and THBS1 in tissues and cells was measured by qRT-PCR.
RNase R restriction enzyme digestion and chromatin fractionation were used to identify the nature of circ_014260.
Dual-luciferase reporter assay and RNA immunoprecipitation were used to verify the targeted binding relationship
between circ_014260 and miR-384, as well as between miR-384 and THBS1. Results: Compared with the sham
operation group or the untreated rat primary neurons (control group), increased expression of circ_014260 and
THBS1 as well as decreased expression of miR-384 were observed in the spinal cord tissue from rats with SCl and in
H,0,-treated primary neurons (all P<0.05). The results of both in vivo and in vitro experiments showed that knocking
down circ_014260 could reduce neuronal apoptosis and inhibit oxidative stress and endoplasmic reticulum stress
in rats with SCI (all P<0.05). Circ_014260 targetedly inhibited miR-384 to up-regulate the expression of THBS1.
Both miR-384 inhibitor and THBS1 overexpression vector partially reversed the alleviated neuronal damage by
knocking down circ_014260 (both P<0.05). Conclusion: Circ_014260 promotes neuronal damage in rats with SCI
by inhibiting miR-384 to up-regulate the expression of THBS1. Thus, circ_014260 could possibly be a new molecular
target of SCI.
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Introduction Non-coding RNAs (ncRNAs), as a type of genet-
ic, epigenetic, and translational regulatory fac-
tors, are widely involved in physiological and
pathological regulation processes [3]. Studies
have found that ncRNAs, especially microRNAs

(miRNAs) and circRNAs, participate in the pro-

Spinal cord injury (SCI), as a common injury of
the sport system, mainly damages the central
nervous system of the patients and may lead to
paralysis of the limbs in severe cases [1]. Due

to the complexity of the pathology and biologi-
cal mechanism, there is still a lack of system-
atic understanding of the apoptosis mecha-
nism of nerve cells after SCI, so further explora-
tion is needed [2].

gression of neurological diseases [4]. CircRNAs
are a new type of endogenous ncRNAs, charac-
terized by covalently closed loop structures with
neither 5’ caps nor 3’poly-A. CircRNAs are abun-
dantly present in mammalian cells, more stable
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than linear RNAs and more abundant in ner-
vous system tissues than in other tissues [5].
Although the physiological functions of cir-
cRNAs in the nervous system have not been
fully understood, one of the most widely stud-
ied functions of circRNAs is their role as miRNA
sponges. For example, circPlek regulates the
miR-135b/TGF-BR1 axis to promote the activa-
tion of fibroblasts in SCI [6]. Comprehensive
analysis of circRNAs in the spinal cord can help
to determine candidate diagnostic markers
and therapeutic targets for SCI. Studies have
shown that the expression of circ_014260
(chr1:155726970-155753880, NM_0010375-
33) is up-regulated in traumatic SCI, but the
regulatory effect and mechanism of circ_014-
260 in SCI have not been reported [7]. As one
of the key factors of post-transcriptional regula-
tion of genes, miRNAs play an important role in
the progress of SCI [8]. It is reported that miR-
384-5p promotes the recovery of SCI in rats by
inhibiting autophagy and endoplasmic reticu-
lum stress (ERs) [9]. However, the possible reg-
ulatory mechanism of miR-384-5p in SCI
remains to be further discussed, such as
whether it interacts with other regulatory fac-
tors and participate in the progress of SCI.
Thrombospondin 1 (TSP-1, THBS1) is an impor-
tant extracellular matrix protein secreted by
astrocytes. THBS1 increases rapidly in the
injured spinal cord segment in rats. Decreasing
the expression of THBS1 can effectively pre-
vent pathological changes after SCI [10]. But
the mechanism of THBS1 in SCI still needs to
be further explored.

In this study, the circ_014260/miR-384/THBS1
interaction network was established to explore
the relationship among circ_014260, miR-384
and THBS1, and their effect on neuronal dam-
age in rats with SCI, so as to provide theoretical
support for the diagnosis and treatment of SCI.

Materials and methods
Bioinformatics analysis

The SCl-related data set GSE114426 was
obtained from the NCBI database (https://
www.ncbi.nlm.nih.gov) to analyze the differen-
tially expressed circRNAs in SCI. The analysis
was performed in 3 rats with SCI and 3 rats
in sham operation group. The differential
filter criteria were adj. P value <0.05 and
|LogFoldChange|>1. StarBase (http://starba-
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se.sysu.edu.cn/index.php) and TSCD (http://
gb.whu.edu.cn/TSCD/) were used to obtain the
downstream target miRNAs of circ_014260.
TargetScan (http://www.targetscan.org/vert_
72/), miRDB (http://mirdb.org) and online pre-
diction website StarBase were used to predict
the downstream target genes of miR-384.
DAVID (http://david.ncifcrf.gov) was used for
Gene Ontology (GO) enrichment analysis.

Grouping and model establishment

Forty male SD rats (8-10 weeks old, purchased
from Beijing Huafukang Biotechnology Co., Ltd.,
China) were randomly divided into sham opera-
tion group, SCI group, si-circ group and oe-circ
group, each with 10 rats. Rats in the SCI group,
si-circ group and oe-circ group were estab-
lished as model of SCI. The animals were intra-
peritoneally injected with 3% pentobarbital
sodium (157175, 30 mg/kg, Hubei Hongyunlong
Biotechnology Co., Ltd., China) for anesthesia.
The spinous process and lamina of the rat seg-
ment T9-L10 were selected as injury area and
subjected to compression or contusion injuries
with a hitting device. Rat showing spastic swing-
ing at tail, hind limbs and body immediately was
considered successfully modeled. Rats in the
sham operation group were treated with T10
laminectomy without giving compression or
contusion injuries. After 24 hours, rats in the
si-circ group and oe-circ group were intrathe-
cally injected with lentiviral vectors (2 pug pLO5-
ciR, Guangzhou Geneseed Biotech Co., Ltd,
China) containing si-circ (circ_014260 small
interfering RNA) or oe-circ (circ_014260 over-
expression vector) into the spinal cord. The len-
tivirus was injected from L5-6 interspinous
space with a microsyringe (vertically and slowly
inserted) after the tail of rat flailed and cerebro-
spinal fluid could be seen by withdrawing. The
knock-down or over-expression efficiency of
circ_014260 in the rat spinal cord tissue was
measured by qRT-PCR. All animal experiment
procedures were completed in strict accor-
dance with the guidelines for the care and use
of experimental animals. This study was
approved by the animal ethics committee of our
hospital.

Culture of spinal cord neurons

According to the operations in previous report,
4-day-old newborn SD rats (purchased from
Beijing Huafukang Biotechnology Co., Ltd.,
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Table 1. Transfection sequence

Gene from 5’ to 3’

si-circ AACAAGGTGGCCCTGTGGAGA
si-NC AACAAGGTGGCCCTGTGGAGA
miR-384 inhibitor CAACAAAAUCACUGAUGCUGGA
miR-NC UUUGUACUACACAAAAGUACUG

China) were anesthetized with 2% sodium pen-
tobarbital at a concentration of 40 mg/kg, sac-
rificed by using CO,, immersed in 75% ethanol
for 15 min and rinsed using Hank’s balanced
salt solution (Shanghai Yuchun Biotechnology
Co., Ltd., China) [9]. The spinal cord was sepa-
rated under aseptic conditions and the surface
fibrous vascular membrane was stripped in
pre-cooled Hank’s balanced salt solution. The
spinal cord was then cut into particles of 1
mm3, digested in 0.25% trypsin (SH30042,
Shanghai Lianshuo Biotechnology Co., Ltd.,
China) for 20 min and centrifuged at 1000 r/
min for 5 min (centrifugal radius: 13.5 cm).
After the supernatant was discarded, the sam-
ples were resuspended in Dulbecco’s modified
Eagle’s medium (Shanghai Yuchun Biotech-
nology Co., Ltd., China) containing 20% fetal
bovine serum, inoculated in a 6-well plate at a
density of 5x10° cells/mL. To increase the puri-
ty of the neurons, the samples were added with
cytarabine (final concentration: 3 mol/L) and
cultured for 3 days. DAPI staining was used to
obtain the total number of cells. The B-Ill Tubulin
positive cells stained by fluorescein isothiocya-
nate (FITC) were neurons. The number of posi-
tive cells was counted by Image J software. The
positive rate of cells = number of positive cells/
total number of cells x100%.

The neurons were exposed to 100 ymol/L H,0,
solution (12 h). Circ_014260 and THBS1 were
overexpressed, and their gene full length
sequences were cloned into pcDNA3.1 plasmid
and named oe-circ/pcDNA3.1-ThBS1. Blank
plasmid (pcDNA3.1-NC/oe-NC) was used as
control. The neurons were transfected with sin-
gle si-circ (si-NC), oe-circ (oe-NC), miR-384
inhibitor or its control (miR-NC), pcDNA3.1-
THBS1 or pcDNA3.1-NC, or in combination with
Lipofectamine3000 (L3000015, Beijing Zhijie
Fangyuan Technology Co., Ltd., China). The
above plasmids or vectors were all purchased
from Jiman Biotechnology Co., Ltd., China.
Follow-up determination of neuronal cells was
performed 48 h after transfection. The trans-
fection sequences used in this experiment are
shown in Table 1.
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HE staining

After 7 days postoperative behavioral observa-
tion, rats in each group were sacrificed by using
CO,. First, the tissue was directly separated at
the original incision on the back to expose the
spinal cord. Spinal cord tissues (2 cm around
the lesion) were taken and fixed with 4% para-
formaldehyde (P0O099, Shanghai Beyotime
Biotechnology Co., Ltd., China) for 24 h. After
embedding with paraffin, slices of 5 ym in thick-
ness were obtained. Second, the slices were
treated with 75% xylene for 15 and 5 min,
respectively, washed with 50% xylene, 50%
ethanol, and then with 100%, 95%, 85%, 70%,
50% ethanol and water in turn. Third, the slices
were stained in hematoxylin for about 20 min
and rinsed with tap water for 15 min to make
them blue. Thereafter, the slices were discol-
ored in 1% hydrochloric acid ethanol solution,
and then rinsed with water. Fourth, the slices
were placed in 50%, 70%, and 80% ethanol for
5 min, respectively, then stained with 0.5%
eosin ethanol solution for 3 min, washed in
95% ethanol and placed in absolute ethanol for
5 min. Lastly, the slides were sealed with neu-
tral gum, observed, and photographed under a
microscope.

Evaluation of motor function

Seven days after modeling, Basso, Beattie &
Bresnahan locomotor rating (BBB) scale was
used to evaluate the motor function impair-
ment of the hind limbs of rats with SCI [9]. Joint
activity of hind limb was assessed in early
phase (0-7 points). Gait and coordination func-
tion of the hind limb was assessed during mid-
dle and late stage (8-13 points). Fine motor
skills of paws were assessed in the final stage
(14-21 points). Completely normal motor func-
tion of the hind limbs was seen as 21 points.
The BBB score of each group of rats was calcu-
lated to evaluate the changes of motor
function.

Flow cytometry

The AnnexinV-FITC/Pl apoptosis double stain-
ing kit (556547, Beijing Livining Biotechnology
Co., Ltd., China) was used to measure changes
of neuronal apoptosis. Neuronal cells were cen-
trifuged for 5 min at 2000 r/min, washed twice
with 1 mL of 10 mM phosphate-buffered saline
(PBS) and suspended in 400 pL 1x binding buf-
fer. The cell suspension was added with 5 uL of
AnnexinV-FITC and incubated for 15 min at 4°C
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Table 2. qRT-PCR premier sequence

Name Sequence (5’-3’)

circ_014260
Forward ATCGCTGCTAGCTACTTAGCTA
Reverse CTGATCGTGAACTGCCGTGGCTA
miR-384
Forward TGTTAAATCAGGAATTTTAA
Reverse TGTTACAGGCATTATGAA
THBS1
Forward GCTCCAGTCCTACCAGTGTC
Reverse TCAGTCACTTGCGGATGCT
GAPDH
Forward ACCACAGTC CATGCCATCAC
Reverse TCCACCACCCT GTT GCTGTA
ué
Forward GCUUCGGCAGCACAUAUACUAAA
Reverse CGCUUCACGAAUUUGCGUGUCAU

in dark, then added with 10 uL of Pl and react-
ed for 15 min in dark. A flow cytometer (RZ,
Shanghai Ranzhe Equipment Co., Ltd., China)
was then used to detect cell apoptosis.

TUNEL staining

TUNEL assay kits (40306ES60, Yisheng Bio-
technology Co., Ltd., Shanghai, China) were
used to detect changes in spinal cord neuronal
apoptosis. The slices were immersed in xylene
at room temperature for 5 min (repeat once)
and in 100% ethanol for 5 min (repeat once),
washed in 90%, 80%, and 70% ethanol, respec-
tively, 3 min each time, and rinsed with PBS.
Each sample was added with 100 pL of
Proteinase K solution (20 yg/mL), incubated at
room temperature for 20 min, rinsed with PBS
twice, then added with 100 pL 1x equilibration
buffer dropwise and incubated at room tem-
perature for 30 min. After discard of the 1x
equilibration buffer, the cells were added with
50 uL TdT incubation buffer in a 5 cm? area and
incubated at 37°C for 60 min in dark. After
incubating in PBS for 5 min, the cells were
washed with PBS twice, and stained with prop-
idium iodide solution (1 pg/mL) for 5 min in
dark. The samples were washed with deionized
water, stood for 5 min (repeat twice), and then
analyzed under a fluorescence microscope.

Western blot

The collected spinal cord samples were washed
with PBS, added with RIPA lysis buffer (JLC-
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SJ2497, Jingkang Bioengineering Co., Ltd.,
Shanghai, China), extracted for total protein
and measured for protein concentration using
BCA protein quantification kits (JLC-SJ2508,
Jingkang Bioengineering Co., Ltd., Shanghai,
China). Thereafter, 20 ug of protein was electro-
phoretically transferred through 10% SDS-
PAGE. The separated protein was transferred to
a PVDF membrane, blocked with 5% skimmed
milk, and incubated with primary antibodies
against THBS1 (1:1000, ab226950, Abcam,
UK), CHOP (1:1000, ah233121, Abcam, UK),
GRP78 (1:1000, ab108615, Abcam, UK) and
GAPDH (1:1000, ab8245, Abcam, UK) over-
night at 4°C. The samples were then washed
with TBST buffer, incubated with HRP-labeled
goat anti-rabbit IgG (1:2000, FO30212, Beijing
Biolab Technology Co., Ltd., China) at room tem-
perature for 1 h, and washed with TBST buffer
repeatedly. Then, ECL chemiluminescence kits
(36222ES76, Yisheng Biotechnology Co., Ltd.,
Shanghai, China) were used to visualize the pro-
tein bands.

Determination of oxidative stress parameters

According to the instructions, corresponding
Kits were used to determine the concentration
or activity of myeloperoxidase (MPO, colorimet-
ric method, AO44-1-1), malondialdehyde (MDA,
TBA method, AO03-1-2), superoxide dismutase
(SOD, WST-1 method, A0O01-3-2) and catalase
(CAT, ammonium molybdate method, AO07-1-1)
in the supernatant of neuronal cells after trans-
fection. All the kits were from Nanjing Jiancheng
Institute of Bioengineering, China.

qRT-PCR

Trizol reagent (R21086, Shanghai Yuanye
Biotechnology Co., Ltd., China) was used to
extract total RNA from SCI tissue or neuronal
cells. Reverse transcription kit (A0010,
Shanghai Haifang Biotechnology Co., Ltd.,
China) was used to synthesize cDNA. The PCR
reaction system (20 uL) included 10x Buffer (2
pL), cNTP (1.6 L), TaQ-enzyme (1 pL), double
distilled water (11.8 uL), cDNA (2 pL) and prim-
er (1.6 pL). The reaction conditions were as fol-
lows: pre-denaturation at 95°C for 10 min,
denaturation at 95°C for 15 s and annealing at
60°C for 30 s, with a total of 45 cycles. U6 was
the internal reference for miR-384, and GAPDH
was the internal reference for circ_014260
and THBS1. The 222 formula was used to cal-
culate the relative gene expression. The primer
sequences are shown in Table 2.
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Dual-luciferase reporter assay

Circ_014260 or THBS1 3'UTR sequences con-
taining wild-type or mutant miR-384 binding
sites were constructed and subcloned into
pGL3 luciferase reporter vector (Shanghai
Haiji Hoge Biotechnology, China) to generate
WT-circ_014260/WT-THBS1 and MUT-circ_
014260/MUT-THBS1 reporter plasmid. The
reporter plasmid and miR-384 mimic or its neg-
ative control (miR-NC) were co-transfected with
HEK-293T cells (Cell Bank of Chinese Academy
of Sciences, Shanghai, China). After 48 h of
transfection, Dual luciferase reporter kit
(DO010, Beijing Soleibao Technology Co., Ltd.,
China) was used to determine the luciferase
activity. The ratio of firefly luciferase activity to
renilla luciferase activity was considered to be
the relative activity of luciferase.

RNA immunoprecipitation (RIP)

The RIP was performed using Magna RIP™
RNA-binding protein immunoprecipitation kit
(17-700, Shanghai Chuangsai Technology Co.,
Ltd., China). Rat neuronal cells were lysed with
RIP buffer and incubated with magnetic beads
bound to negative control antibody I1gG (5 ug,
ab172730, Abcam, UK) or human AGO2 anti-
body (5 ug, ab32381, Abcam, UK) at 4°C over-
night. The samples were then incubated with
proteinase K for 30 min. The immunoprecipi-
tated RNA was extracted with Trizol reagent,
and the relative expressions of circ_014260
and miR-384 were measured by qRT-PCR.

RNase R restriction enzyme digestion

Trizol reagent was used to extract total RNA (2
pg) from rat neurons. The total RNA was added
with RNase R (3 U/pg, R0O301, Guangzhou Jisai
Biotechnology Co., Ltd., China) and incubated
at 37°C for 30 min. Then gRT-PCR was used to
measure the levels of circ_014260 and GON4L,
with GAPDH as internal reference. The 22t for-
mula was used to calculate the relative expres-
sion of circ_014260 and GONA4L.

Chromatin fractionation

Cytoplasmic and nuclear RNA purification kit
(NGB-21000, Amictech Technology Co., Ltd.,
China) was used to isolate cytoplasmic and
nuclear RNA from rat neurons. Then, qRT-PCR
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was used to determine the expression level of
RNA molecules in the nucleus and cytoplasm.
U6 was used as control for nucleus, and GAPDH
was used as control for cytoplasm.

Statistical analyses

SPSS 22.0 software was used for data analy-
ses. Measurement data were expressed in the
form of mean * standard deviation (Xzsd).
Count data were represented by n and pro-
cessed by chi-square test or Fisher’s exact test.
Measurement data conforming to the normal
distribution were compared using t test
between two groups and compared using one-
way analysis of variance and Bonferroni correc-
tion among multiple groups. For measurement
data that did not meet normal distribution,
Mann-Whitney U test was performed for the
comparison between two groups, and Bon-
ferroni correction was used for the pairwise
comparisons in multiple groups. A difference
of P<0.05 was considered statistically sig-
nificant.

Results
Results of bioinformatics analysis

The differentially expressed circRNAs in the
GSE114426 data set were plotted as a volcano
map (Figure 1A), and the top 5 circRNAs
according to the differential expression multi-
ple (log2FC) that were significantly and highly
expressed in SClI were selected to plot a
heat map (Figure 1B). Based on previous
research, the possible role and mechanism
of circ_014260 in SCI was selected to be
discussed. Downstream target miRNAs of
circ_014260 were obtained from StarBase and
online prediction website TSCD, and the inter-
section included hsa-miR-330-3p, hsa-miR-
432-5p, hsa-miR-1251-5p, hsa-miR-942- 5p,
hsa-miR-384 and hsa-miR-3613-5p (Figure
1C). The binding sites of circ_014260 and miR-
384 are shown in Figure 1D. It was previously
confirmed that miR-384 was down-regulated
and played a role in SCI, so miR-384 was cho-
sen for subsequent analyses. Downstream tar-
get genes of miR-384 were obtained in
StarBase, miRDB and TargetScan, and the
intersection included 341 genes (Figure 1E).
Subsequently, the GO term enrichment was
performed on the online prediction website
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reported to be related to SCI, so THBS1 was
further studied. The binding sites of miR-384
and THBS1 are shown in Figure 1G.
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Figure 1. Results of bioinformatics analyses. A: The
heat map of differentially expressed miRNAs in
the GSE114426 data set; B: The heat map of the
top 5 circRNAs according to the log2FC value; C:
circ_014260 is the intersection of the downstream
target miRNAs of StarBase and TSCD; D: Target bind-
ing site of circ_014260 and miR-384; E: The inter-
section of miR-384 downstream target genes in
StarBase, miRDB and TargetScan; F: Results of Gene
Ontology enrichment analysis; G: The targeted bind-
ing site of miR-384 and THBS1.

circ_014260 and THBS1 were up-regulated
and miR-384 was down-regulated in SCI

Image J software was used to count the neuro-
nal cells, stained positive by tubulin. The iso-
lated neurons accounted for about 81% of the
total number of cells (Figure 2). Subsequently,
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Tubulin DAPI

Figure 2. Identification of neurons by tubulin staining.
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Figure 3. Circ_014260 and THBS1 were up-regulated and miR-384 was down-regulated in SCI. A: Expression of
circ_014260 in sham operation group and SCI group measured by qRT-PCR (n=10); B: Expression of miR-384 in the
sham operation group and SCI group measured by qRT-PCR (n=10); C: Expression of THBS1 in the sham operation
group and SCI group measured by gRT-PCR (n=10); D: Expression of circ_014260 in untreated and H,0_-treated rat
neurons measured by qRT-PCR (n=3); E: Expression of miR-384 in untreated and H,0,treated rat neurons mea-
sured by qRT-PCR (n=3); F: Expression of THBS1 in untreated and H,O,-treated rat neurons measured by qRT-PCR
(n=3). Compared with sham operation group, ¥P<0.05; compared with control group, ¥P<0.05. SCI: spinal cord
injury.

the expressions of circ_014260, miR-384 and circ_014260 induced neuronal cell apoptosis,
THBS1 in SCI were measured. Results of oxidative stress, and ERs in SCI

qRT-PCR showed that the expressions of

circ_014260 and THBS1 in the spinal cord tis- The function of circ_014260 in SCI was subse-
sue of SCI rats were higher than those of the quently explored. The circ_014260 knockdown
sham operation group, while results of miR- vector (si-circ) or the overexpression vector (oe-
384 were the opposite (all P<0.05, Figure circ) was used to interfere with the expression
3A-C). Compared with untreated rat neurons, of circ_014260 in H,O,-induced rat neurons.
the expression of circ_014260 and THBS1 Results of gRT-PCR showed that transfection
increased, while the expression of miR-384 of si-circ significantly reduced the expression
decreased in H,0,-induced rat neurons (all of circ_014260 in neurons, and the transfec-
P<0.05, Figure 3D-F). The above results indi- tion of oe-circ significantly increased the
cate that the abnormal expression of expression of circ_014260 (all P<0.05, Figure
circ_014260, miR-384 and THBS1 in SCI may 4A). Analysis of data from Flow cytometry
be related to disease progression. showed that knocking down circ_014260 sig-
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Figure 4. Circ_014260 induced neuronal cell apoptosis, oxidative stress and ERs in SCI. A: Transfection efficiency of
si-circ or oe-circ measured by qRT-PCR (n=3); B, C: Changes in neuronal apoptosis detected by flow cytometry (n=3);
D: Changes in MPO activity measured by Elisa (n=3); E: Changes in MDA activity measured by Elisa (n=3); F: Changes
in SOD activity measured by Elisa (n=3); G: Changes in CAT activity measured by Elisa (n=3); H, I: Protein levels of
CHOP and GRP78 measured by Western blot (n=3). Compared with control group, #P<0.05; compared with H,0,+si-
NC group, "P<0.05; compared with H,0,+0e-NC group, $P<0.05. ERs: endoplasmic reticulum stress, SCI: spinal cord
injury, MPO: myeloperoxidase, MDA: malondialdehyde; SOD: superoxide dismutase; CAT: catalase.

nificantly reduced the apoptosis of neurons,
while overexpression of circ_014260 resulted
the opposite (both P<0.05, Figure 4B, 4C).
Results of Elisa showed that the activities of
MPO and MDA increased, and the activities of
SOD and CAT decreased in the supernatant of
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rat neurons treated by H,O,. The knockdown of
circ_014260 inhibited these results, while the
overexpression of circ_014260 did the oppo-
site (all P<0.05, Figure 4D-G). Data from
Western blot showed that compared with the
control group, the protein levels of CHOP and

Am J Transl Res 2022;14(1):518-533
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GRP78 were decreased in the si-circ group
while increased in the oe-circ group (all P<0.05,
Figure 4H, 41). The above results indicate that
circ_014260 can aggravate H,0,-induced neu-
ronal apoptosis, oxidative stress and ERs in
rats.

circ_014260 was approved to be a competitive
endogenous RNA for miR-384

The results of RNase digestion confirmed that
circ_014260 had a stable ring structure
(P<0.05, Figure 5A). Data from chromatin frac-
tionation showed that circ_014260 was mainly
located in the cytoplasm and could stably exert
function of competitive endogenous RNA
(P<0.05, Figure 5B). In order to verify the rela-
tionship between circ_014260 and miR-384,
Dual-luciferase reporter assay and RIP were
carried out. The results showed that compared
with the miR-NC group, miR-384 mimic signifi-
cantly inhibited the fluorescence activity of
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WT-circ_014260 but had almost no effect on
the fluorescence activity of MUT-circ_014260
(P<0.05, Figure 5C). The RIP showed that com-
pared with the 1gG group, circ_014260 and
miR-384 were significantly enriched in the
AGO2 antibody precipitation (P<0.05, Figure
5D). In addition, results of gRT-PCR found that
knocking down circ_014260 in H,0,-treated
rat neurons increased the expression of
miR-384, while overexpression of circ_014260
decreased the expression of miR-384 (all
P<0.05, Figure 5E). The above results indicate
that circ_014260, as a competitive endoge-
nous RNA of miR-384, can negatively regulate
its expression.

Inhibition of miR-384 partly rescued the neuro-
nal damage from knockdown of circ_014260

To subsequently discuss the mechanism of

circ_014260 and miR-384 in SCI, si-circ and
miR-384 inhibitor were co-transfected into

Am J Transl Res 2022;14(1):518-533
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H,0,-induced rat neurons. As compared with
the control group, the expression of miR-384
was decreased in H,O,-treated neurons. Kno-
ckdown of si-circ_014260 promoted the ex-
pression of miR-384, but this effect was par-
tially rescued by mirR-384 inhibitor (P<0.05,
Figure 6A). Functional test showed that neuro-
nal apoptosis was reduced by knocking down
circ_014260 but increased by miR-384 inhibi-
tion (P<0.05, Figure 6B, 6C). Compared with
the H,0,+si-circ+tmiR-NC group, H,0,+si-circ+
miR-384 inhibitor significantly reduced the con-
centrations of SOD and CAT but increased the
concentrations of MPO and MDA (all P<0.05,
Figure 6D-G). In addition, the protein expres-
sions of CHOP and GRP78 were increased in
the H,O,+si-circtmiR-384 inhibitor group as
compared with the H,O,+si-circ+miR-NC group
(both P<0.05, Figure 6H, 6l). The above results
indicate that inhibition of miR-384 can partially
reverse the improvement in neuronal damage
by the knockdown of circ_014260.

THBS1 was proved to be the target gene of
miR-384

Results of Dual-luciferase reporter assay
showed that compared with the miR-NC group,
miR-384 mimic significantly inhibited the fluo-
rescence activity of WT-THBS1, but had almost
no effect on the fluorescence activity of MUT-
THBS1 (P<0.05, Figure 7A). Data from RIP
showed that compared with the IgG group, the
AGO2 antibody precipitation was enriched in
higher levels of THBS1 and miR-384 (P<0.05,
Figure 7B). Results of qRT-PCR showed that
in H,0,-treated rat neurons, knocking down
circ_014260 inhibited the expression of THBS1
(P<0.05, Figure 7C). Overexpression of circ_
014260 up-regulated the expression of THBS1.
In addition, inhibition of miR-384 partially
rescued the expression of THBS1 that was
down-regulated by knockdown of circ_014260
(P<0.05, Figure 7D). These results indicate that
THBS1, as a target gene of miR-384, is inhibit-
ed by miR-384 and promoted by circ_014260.

Overexpression of THBS1 partially reversed
the neuronal damage reduced by knocking
down circ_014260

The THBS1 overexpression vector (pcDNA3.1-
THBS1) and si-circ were co-transfected into
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H,0,-treated rat neurons for functional explora-
tion. The transfection of pcDNA3.1-THBS1 sig-
nificantly increased THBS1 level that was
inhibited by knocking down circ_014260
(P<0.05, Figure 8A). Neuronal apoptosis was
decreased by down-regulation of circ_014260
but increased after THBS1 was up-regulated
(P<0.05, Figures 8B, 7C). Compared with
H,0,+si-circ+pcDNA3.1-NC, pcDNA3.1-THBS1
significantly reduced the concentrations of
SOD and CAT, but increased the concentrations
of MPO and MDA (all P<0.05, Figure 8D-G).
Additionally, overexpression of THBS1 also
increased the protein expressions of CHOP and
GRP78 which were reduced by si-circ (both
P<0.05, Figure 8H, 8l). The above results indi-
cate that circ_014260 can aggravate neuronal
damage in SCI rats by up-regulating THBS1.

Knockdown of circ_014260 reduced neuronal
damage in rats with SCI

In vivo experiments were conducted to explore
the effect of circ_014260 in rats with SCI. The
lentiviral vector of si-circ or oe-circ was intra-
thecally injected into the spinal cord of rats to
interfere with the expression of circ_014260. It
was shown that si-circ significantly reduced
while oe-circ increased the expression of
circ_014260 (both P<0.05, Figure 9A). As com-
pared with the SCI group, the si-circ group
showed decreased spinal cord tissue fragmen-
tation, decreased spinal cavity area, decreased
number of neurons apoptosis and increased
BBB score (all P<0.05, Figure 9B-F). Over-
expression of circ_014260 aggravated spinal
cord tissue fragmentation in SCl rats, increased
spinal cavity area and number of neuronal
apoptosis, and decreased BBB score (all
P<0.05, Figure 9B-E). These results indicate
that down-regulating the expression of
circ_014260 can help alleviate neuronal dam-
age in rats with SCI.

Discussion

The pathological mechanism of SCI has not
been fully elucidated, so the clinical treatment
and related scientific research are still full of
challenges. Therefore, exploration of new
molecular biomarkers needs to be addressed.
Study has shown that reducing neuronal cell
damage is beneficial to restore the motor func-
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Figure 6. Inhibition of miR-384 aggravated the neuronal damage alleviated by downregulation of circ_014260.
A: Level of miR-384 measured by qRT-PCR (n=3); B, C: Changes in neuronal apoptosis detected by flow cytometry
(n=3); D: Changes in MPO activity measured by Elisa (n=3); E: Changes in MDA activity measured by Elisa (n=3); F:
Changes in SOD activity measured by Elisa (n=3); G: Changes in CAT activity measured by Elisa (n=3); H, I: Protein
levels of CHOP and GRP78 measured by Western blot (n=3). Compared with control group, *P<0.05; compared
with H,0,+si-NC group, "P<0.05; compared with H,0,+si-circ+miR-NC group, *P<0.05. MPO: myeloperoxidase; MDA:
malondialdehyde; SOD: superoxide dismutase; CAT: catalase.

tion after SCI [11]. The results of this study increased in both the rat model of SCI and the
showed that the expression of circ_014260 H,O,-treated neuronal cells. Knockdown of
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circ_014260 can help alleviate neuronal dam-
age in rats with SCI and effectively restore
motor function. Additionally, as a competitive
endogenous RNA, circ_014260 can up-regu-
late the expression of THBS1 by adsorbing miR-
384 to promote neuronal apoptosis, oxidative
stress and ERs, thereby aggravating SCI.

Previous studies have found that circRNAs have
tissue-specific and cell-specific expression pat-
terns [12, 13]. The expression levels of most
circRNAs are lower than their linear transcripts
[14]. However, in some cases, especially cir-
cRNAs in the central nervous system may have
much higher expression than the correspond-
ing linear transcripts [15]. For example, cir-
cRNAs are highly expressed in the process of
neurodevelopment, degeneration, transmitter
release, and axon growth [16]. In this study, the
differentially expressed circRNA after SCI was
analyzed, and we found circ_014260. Previous
studies showed that circ_014260 was signifi-
cantly up-regulated after SCI, which is consis-
tent with the data of our study [7]. It is reported
that secondary oxidative stress response after
SCl is significantly related to the prognosis of
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T

THBS1

At effectively inhibited the activi-
ty of MPO and MDA and
increased the concentrations
of SOD and CAT in H)0,-
treated neuronal cells, while
overexpression of circ_014-
260 reversed these effects. It
issuggested that circ_014260

@‘ can promote the oxidative

G stress response of neurons
of & after SCI, thereby aggravating

oxidative damage. ER stress
(ERs) is one of the apoptosis
pathways discovered in recent
years. High levels of CHOP and
GRP78 can induce neuronal
cell apoptosis [19, 20]. In this
study, Western blot was used
to measure the protein levels
of CHOP and GRP78. The data
showed that knocking down circ_014260 sig-
nificantly inhibited while overexpression of
circ_014260 promoted the expressions of
CHOP and GRP78. It is suggested that
circ_014260 can increase neuronal cell apop-
tosis by promoting ERs. The experimental data
of flow cytometry further confirmed the pro-
apoptotic effect of circ_014260 on neurons
after SCI. In addition, in vitro experiments
showed that inhibiting circ_014260 significant-
ly reduced neuronal apoptosis and necrosis in
the spinal cord tissue, and effectively restored
motor function in rats with SCI, while overex-
pression of circ_014260 significantly aggravat-
ed SCl. The above results suggest that
circ_014260 can aggravate neuronal damage
in rats with SCI by promoting neuronal cell
apoptosis, oxidative stress and ERs, and
circ_014260 is possibly an effective target for
the treatment of SCI.

In order to further determine the mechanism of
circ_014260 in the pathological process of
SCI, this study used StarBase and TSCD for
screening and found that circ_014260 could
specifically bind to miR-384. Previous studies

Am J Transl Res 2022;14(1):518-533
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Figure 8. Overexpression of THBS1 partially reversed the neuronal damage reduced by knocking down circ_014260.
A: Level of THBS1 measured by gRT-PCR (n=3); B, C: Changes in neuronal apoptosis detected by flow cytometry
(n=3); D: Changes in MPO activity measured by Elisa (n=3); E: Changes in MDA activity measured by Elisa (n=3); F:
Changes in SOD activity measured by Elisa (n=3); G: Changes in CAT activity measured by Elisa (n=3); H, I: Protein
levels of CHOP and GRP78 measured by Western blot (n=3). Compared with control group, ¥P<0.05; compared with
H,0,+si-NC group, "P<0.05; compared with H,0,+si-circ+pcDNA3.1-NC group, #P<0.05. MPO: myeloperoxidase;
MDA: malondialdehyde; SOD: superoxide dismutase; CAT: catalase.

have shown that miR-384-5p plays an impor-
tant role in cell survival after injuries [21, 22].
Serum miR-384-5p has been reported to be a

biomarker of the severity of SCI [23]. Besides,
miR-384-5p can increase the survival rate of
spinal cord neurons in rats with spinal cord
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compression injury and promote the recovery both rat model of SCl and the H,O_-treated neu-
of motor function [8]. The data of this study ronal cells. In the neurons treated with H,0,,
showed that miR-384 was down-regulated in miR-384 was negatively regulated as the down-
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Figure 10. Mechanism of circ_014260/miR-384/THBS1 promoting neuro-
nal apoptosis and endoplasmic reticulum stress and aggravating spinal cord

nerve injury in rats.

stream target of circ_014260. Down-regulation
of miR-384 partially inhibited neuronal apopto-
sis, oxidative stress and ERs which were
reduced by knocking down circ_014260. It is
suggested that circ_014260 can aggravate
neuronal damage in rats with SCI by inhibiting
miR-384. Enrichment analysis and PPl analysis
showed that THBS1 was the downstream target
gene of miR-384. Previous study has shown
that THBS1 plays an important role in the
early stage of neuronal development [24].
Erythropoietin can effectively prevent patho-
logical changes after SCI by reducing the
expression of THBS1 [25]. The data of this
study showed that expression of THBS1
increased in both rat model of SCI and H,0,-
treated neuronal cells. In vitro experiments
showed that circ_014260 up-regulated the
expression of THBS1 by inhibiting miR-384,
and overexpression of THBS1 partially reversed
the alleviated SCI neuronal damage from
knocking down circ_014260. It is suggested
that circ_014260 can inhibit miR-384 from up-
regulating THBS1, which aggravates the SCI
neuronal apoptosis, oxidative stress, and ERs.

In summary, our study found that knocking
down circ_014260 can up-regulate miR-384
and inhibit THBS1, thereby reducing neuronal
apoptosis, oxidative stress, and ERs, as well as
restoring motor function in rats with SCI. These
findings indicate that circ_014260 may be a
promising therapeutic target for SCI. However,
this study still has certain limitations. First, the
sample size was limited. Second, in vivo experi-
ment of the miR-384/THBS1 axis and possible
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circ_014260

apoptosis

l BBB scores

signal pathways regulated by
circ_014260 still need to be
further studied. Third, it is
still challenging to fully under-
stand the mechanism of
circ_014260/miR-384/THB-
S1 in SCI. Therefore, further
research is needed to clarify
the internal mechanism. The
' mechanism of this study is
shown in Figure 10.
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