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Abstract
Abnormal expression of non-coding RNAs after spinal cord injury (SCI) is associated with pathophysiological outcomes. 
We bioinformatically predicted a circRNA-miRNA-mRNA axis in SCI. A total of 4690 mRNAs, 17 miRNAs, and 3928 
circRNAs were differentially expressed, with co-expressed RNAs predicted to regulate pathways related to wound healing. 
Among the most highly differentially expressed circRNAs, circ_006573, but not circ_016395, weakened the viability and 
migration of rat aortic endothelial cells, and its biological effects were rescued with miR-376b-3p mimics. Furthermore, 
circ_006573 overexpression induced changes in Cebpb, IL-18, and Plscr1 expression that were reversed by miR-376b-3p. 
In a rat model, circ_006573 shRNA administration improved the pathological manifestations of SCI and ameliorated motor 
function. Moreover, the expression of CD31, CD34, and VEGF-A in spinal cord tissues was significantly elevated after 
circ_006573 shRNA treatment, indicating that circ_006573 may be involved in vascular regeneration and functional recovery 
after SCI. Thus, the circ_006573-miR-376b-3p axis offers a foundation for understanding pathophysiological mechanisms 
and predicting strategies for treating SCI.
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Introduction

Spinal cord injury (SCI) is a central nervous system disease 
with high disability and mortality [1]. SCI may lead to the 
loss of sensory, motor, and autonomic functions below the 
injured segment [2]. With the increasing role of the trans-
portation and construction industry in the modern social 
economy, the incidence rate of SCI is rising each year, thus 
posing a heavy burden to the patient’s family and society [3]. 
Between 236 and 4187 people per million have experienced 
SCI [4], and the estimated global rate of SCI is between 
250,000 and 500,000 new cases each year [5]. According 

to the pathophysiology and development, SCI is usually 
divided into primary and secondary injury [6]. In the pri-
mary injury stage, physical tension causes cells in the dam-
aged site to appear disintegrated, with signs of necrosis and 
apoptosis, as well as blood vessel rupture and tissue edema 
[7]. In the secondary injury stage, a large number of T cells, 
macrophages, microglia, and neutrophils infiltrate, thus dam-
aging the blood-spinal cord barrier, releasing inflammatory 
factors, triggering a series of inflammatory cascade effects, 
and leading to secondary tissue injury [8]. Secondary injury 
may further affect the remodeling of synapses and regenera-
tion of neural circuits, which may lead to permanent dam-
age. Therefore, secondary injury is a major determinant of 
poor prognosis for SCI patients.

The nervous system is delicately coordinated by net-
works of genes, and SCI may severely damage its finely 
balanced regulation [9]. Accordingly, the treatment of SCI 
is a focus of research in the field of nerve injury regen-
eration [10]. Nerve cell regeneration, angiogenesis, anti-
apoptosis, and anti-inflammatory processes affect the out-
come of SCI [11]. SCI can cause immediate destruction 
of the nerve tissue, with direct vessel damage causing 
neuronal death [12], while angiogenesis is considered as 
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a critical mechanism of spinal cord repair that stably sup-
plies nutrients and oxygen to the injured site [13]. Insuf-
ficiency of the vascular network in the injury epicenter 
exacerbates the ischemia and apoptosis of nerve tissue 
[14]. Furthermore, angiogenesis has been shown to ame-
liorate neurobehavioral recovery after SCI [15, 16]. In a 
clinical assessment of SCI, intrathecal anti-Nogo-A anti-
body therapy ameliorated vascular germination and repair, 
and mitigated neurological deficits [17, 18]. Therefore, 
angiogenesis is a crucial function in the recovery of neu-
rological functions after SCI.

In past decades, researchers have discovered that non-
coding RNAs (ncRNAs) exert a crucial role in the progress 
of SCI [19, 20]. Various types of ncRNAs, including miR-
NAs, lncRNAs, and circRNAs, are associated with the initia-
tion and development of SCI [21–23]. MiRNAs are involved 
in post-transcriptional regulation of gene expression; while 
circRNAs, which are synthesized by reverse splicing of cod-
ing RNAs or ncRNAs, have also emerged as having impor-
tant roles in cancer biology [24]. Recently, circRNAs have 
suggested to have roles in both peripheral nerve injury and 
SCI [25]. Zhou et al. reported that differentially expressed 
circRNAs are involved in the pathogenesis of sciatic nerve 
injury and can be used as potential targets for the treatment 
[26]. Additionally, after SCI, a large number of circRNAs are 
differentially expressed, and some, such as circRNA_07079 
and circRNA_01282, have been directedly associated with 
SCI [27, 28]. Notably, circRNA expression in human cells is 
tissue-specific and demonstrates spatio-temporal specificity, 
with the circRNAs acting as miRNA sponges and blocking 
the downstream regulation of cell proliferation, metabolism, 
and metastasis by miRNAs [29]. Studies have increasingly 
shown that lncRNAs, miRNAs, and circRNAs form a com-
plex regulatory network in cancer cells in which they act as 
competitive endogenous RNAs (ceRNAs) [30, 31]. In addi-
tion, it has been reported that circRNAs are expressed in 
coronary and brain aortic endothelial cells and have corre-
sponding biological functions[32–34]. However, the role of 
the circRNA-miRNA-mRNA axis in angiogenesis of spinal 
cord after SCI is still lacking systematic research. Elucidat-
ing the expression pattern and function of specific ncRNAs 
may provide new biomarkers and new treatment strategies 
for SCI.

Herein, we systematically identified differentially 
expressed mRNAs, miRNAs, and circRNAs in SCI using 
high-throughput methods. We performed a series of func-
tional and mechanistic assays showing that circ_006573 has 
a core regulatory role in SCI. These assays were carried out 
using rat aortic vascular endothelial cells (RAOEC) and SCI 
model animals, thus laying a theoretical foundation for the 
clinical diagnosis and treatment of SCI

Materials and Methods

Acquisition and Screening of SCI‑related 
Differentially Expressed circRNAs, miRNAs 
and mRNAs from Microarray Data

The sequencing datasets for this study were obtained from 
the Gene Expression Integration (GEO) database (https:// 
www. ncbi. nlm. nih. gov/ GEO/) [35] and included mRNA 
expression profiles from GSE45006 (4 SCI rats and 4 sham 
samples) and GSE52763 (8 SCI rats and 3 sham samples), 
miRNA expression profiles from GSE19890 (5 SCI rats and 
5 sham samples), and circRNA expression profiles from 
GSE114426 (3 SCI rats and 3 sham samples).

Abnormally expressed genes were analyzed and screened 
using R software with the limma package [36]. The screen-
ing criteria were |log FC|>1.5 and P<0.05. GraphPad Prism 
5 was used to draw volcano maps. The intersection of dif-
ferentially expressed mRNAs in GSE45006 and GSE52763 
chips was selected as the final screened differentially 
expressed mRNAs.

Construction of SCI‑related circRNA‑miRNA‑mRNA 
Interaction and Protein‑protein Interaction 
Diagrams and Functional Enrichment Analysis

MiRanda database (http:// www. miran da. org/), miRDB 
database (http:// mirdb. org/) and miRTarBase (http:// 
mirta rbase. mbc. nctu. edu. tw) were used to screen for co-
expressed differentially expressed miRNAs, mRNAs and 
circRNAs. According to miRNA-mRNA and miRNA-
circRNA relationship pairs, we used Cytoscape soft-
ware (version 3.6.1) to construct and visualize ceRNA 
regulatory networks of circRNA-miRNA-mRNA [37]. 
The network diagram intuitively expresses interactions 
through nodes and wires, where each node represents a 
different RNA molecule and wires represent the interac-
tion between nodes. Protein interaction analysis of the 
predicted target genes was performed using the online 
tool STRING (https:// string- db. org/) [38]. The MCODE 
plug-in in Cytoscape was used to build protein-protein 
interaction networks.

To evaluate the potential functions of RNA molecules 
in the co-expression networks, Gene Ontology (GO) and 
KEGG analyses were performed using the Cytoscape 
plug-in ClueGO (http:// apps. cytos cape. org/ apps/ cluego). 
Co-expressed mRNAs (39 in total) were used for enrich-
ment analysis to infer the function of the co-expressed 
circRNAs. GO analysis included biological process 
(BP), molecular function (MF), and cellular component 
(CC) categories.

https://www.ncbi.nlm.nih.gov/GEO/
https://www.ncbi.nlm.nih.gov/GEO/
http://www.miranda.org/
http://mirdb.org/
http://mirtarbase.mbc.nctu.edu.tw
http://mirtarbase.mbc.nctu.edu.tw
https://string-db.org/
http://apps.cytoscape.org/apps/cluego
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Cell Culture and Transfection

RAOEC cells were acquired from WHELAB (Shanghai, 
China) and cultured in DMEM complete medium (M0101A, 
WHELAB) in an incubator (BB150, Thermo Fisher, USA). 
Plasmids for circ_006573 and circ_016395 overexpression 
were generated in pcDNA3.1 vector (V87020, Invitrogen, 
USA). MiR-376b-3p mimics (miR10003196-1-5) were pur-
chased from RiboBio (China). Empty vector was used as a 
negative control (NC). RAOEC cells were transfected using 
Lipofectamine 3000 (L3000015, Invitrogen, USA). After 
24–48 h, qRT-PCR was performed to assess transfection 
efficiency and biological function.

To evaluate the effects of circ_006573 or circ_016395, 
RAOEC cells were transfected with empty vector (NC 
group), circ_006573 overexpression (circ_006573-
OE group), or circ_016395 overexpression plasmid 
(circ_016395-OE group); as well as with miR-376b-3p 
mimics (miR-376b-3p mimics group) or circ_006573 over-
expression plus miR-376b-3p mimics (circ_006573-OE + 
miR-376b-3p mimics group).

QRT‑PCR Assays

Total RNA from RAOEC cells was isolated using the Total 
RNA Extractor kit (B511311, Sangon, China), followed by 
reverse transcription using a universal reverse transcription 
kit (AT341, TransGen, China). QRT-PCR was performed 
using SG Fast qPCR Master Mix (B639273, Sangon, China) 
in a PCR system (EDC-810, Eastwin Life Sciences, Inc.). 
Gene expression was calculated by the  2−ΔΔCT method.

Verification of circRNA Structure and Stability

To verify the circular structure of circ_006573 and 
circ_016395, total RNA was incubated with or without 3 
U/μg RNase R (RNA07250, Epicenter, USA) for 60 min at 
37°C. Then, qRT-PCR assays were performed to examine 
the levels of circ_006573, circ_016395, and GAPDH. The 
presence of circRNA as cDNA, rather than gDNA, was veri-
fied using convergent and divergent primers. The following 
thermocycling conditions were used: Initial denaturation at 

95°C for 3 min, then 95°C for 7 sec, 57°C for 10 sec, and 
72°C for 15 sec for 45 cycles. The primers used in this study 
are shown in Table 1.

Cell Viability Assays

The cell counting kit-8 (CCK-8, E606335-0500, BBI Life 
Sciences, USA) was used to assess the proliferation of 
RAOEC cells. Cells (2 ×  104 per well) were transfected with 
overexpression plasmids or mimics. After 24 hours, 10 μL 
CCK-8 solution was added, and the cells were incubated 
for an additional 1 h. Finally, the absorbance (450 nm) of 
each well was assessed with a microplate reader (EPOCH2, 
Biotek, USA).

Apoptosis Assays

RAOEC cell apoptosis was estimated using the Annexin 
V-FITC kit (556547, BD Pharmingen, USA). Transfected 
cells (1.5 ×  106 per well) were harvested for 24 h, washed 
and centrifuged. A total of 1.2 ×  106 cells were resuspended 
in 100 μL 1X binding buffer plus 5 μL Annexin V-FITC. 
After incubation at 37°C in darkness for 10 min, 5 μL pro-
pidium iodide (PI) was added to each well, and the plates 
were placed at 37°C in darkness for an additional 5 min. 
The percent apoptosis for each well was determined by flow 
cytometry (CytoFLEX, Beckman Coulter, USA).

Cell Cycle Assays

The cell cycle distribution was evaluated using a Cell Cycle 
kit (C1052, Beyotime, China) according to the product 
manual. Briefly, RAOEC cells (2 ×  104 per well) treated 
with trypsin washed with PBS and centrifuged at 1000 g 
for 4 min. Then, the cell pellets were fixed with 1 mL pre-
cooled 70% ethanol at 4°C for 2 h. The cells were washed, 
and 0.5 mL PI staining solution was added to each sample 
in a dark room at 37°C for 30 min. Finally, the samples were 
examined by flow cytometry at an excitation wavelength of 
488 nm.

Table 1  Primer Information Primer Information Primer sequence (5’→3’) Amplification 
products (Bp)

h-GAPDH-F GGA GCG AGA TCC CTC CAA AAT 197
h-GAPDH-R GGC TGT TGT CAT ACT TCT CATGG 
circRNA_006573-F AAG ATG AAA GGT CTG GCT GGC 137
circRNA_006573-R GAT GTC GCA AAG GCT TGC TTC 
circRNA_016395-F CAT CAC CTT ACT GCC CTC AGC 121
circRNA_016395-R TGT GTT CAG GAC TGG GCA AAC 



 Molecular Neurobiology

1 3

Wound Healing Assays

Transfected cells (2 ×  104 per well) were harvested, plated 
in 6-well plates, and cultured until they reached 80% con-
fluency. Subsequently, a 200 μL pipette tip was used to 
draw a gap on the plates. After culture for 0 h, 24 h or 
48 h, images were captured under an optical microscope 
(Z723975-1EA, Sigma, USA). Distance between the 
wound edges were quantified and compared with baseline 
values.

Fluorescence in Situ Hybridization (FISH) Assays

FITC-labeled circ_016395 and FITC-labeled circ_006573 
probes were designed and synthesized by GenePharma 
(Shanghai, China). A FISH kit (GenePharma, China) was 
used to measure probe signals. Transfected cells were fixed 
with 4% paraformaldehyde for 15 min and then washed with 
PBS 3 times for 5 min. Subsequently, the cells in each well 
were dehydrated overnight at 4°C in 70%, 85% and 100% 
ethanol and then hybridized with corresponding probes over-
night in a dark and humid chamber at 37°C. After washing 
with SSC 3 times for 5 min, the cells were washed with 
PBS 3 times for 5 min at 37°C. They were then stained with 
DAPI for 10 min at 37°C and visualized on a fluorescence 
microscope (Ts2-FC, Nikon, Japan).

Transwell Assays

Transfected cells were re-suspended (1 ×  104 per well) 
in medium without FBS and plated (100 μL) into upper 
chambers with inserts (3422, Costar, USA). The cor-
responding outside inserts were filled with complete 
medium (600 μL). After 24 h, the cells in the upper com-
partment were removed using a cotton swab. Traversed 
cells on the lower side of the filter were fixed with 4% 
paraformaldehyde and stained with 0.1% crystal violet 
(C0121, Beyotime, China). Finally, images were captured 
using an optical microscope.

Tube Formation Experiments

Transfected RAOEC cells (8 ×  102 per well) were plated in 
96-well plates that were precoated with Matrigel (354230, 
BD Biosciences, USA). After incubation at 37°C for 12 
h, the tubular structures of transfected RAOEC cells were 
observed and captured under an optical microscope and 
quantified by ImageJ angiogenesis analyzer. The ImageJ 
software was used to assess the total length and number of 
segments, junctions, and meshes.

Western Blot Assays

Transfected cells (1 ×  104 per well) were lysed in RIPA 
buffer (P0013B, Beyotime, China) and centrifuged. The con-
centration of proteins was assessed using a BCA kit (P0010, 
Beyotime, China). After electrophoresis, the proteins were 
transferred onto PVDF membranes, blocked with 5% non-fat 
milk, and incubated with corresponding primary antibod-
ies at 4°C overnight followed by secondary antibody for 1 
h at 37°C. The immunoblots were developed with a color 
reagent (C500044, Sangon, China) and examined using 
an ECL Detection System (A44114, Invitrogen, USA). 
The band intensities were scanned using Image Lab soft-
ware. Proteins were normalized to β-Actin. The anti-cebpb 
(1:1000, ab32358, 36 kDa), anti-IL-18 (1:1000, ab191860, 
22 kDa), anti-VEGF-A (1:1000, ab214424, 27 kDa), anti-β-
Actin (1:20000, ab198991, 42 kDa)，anti-Bcl-2 (1:1000, 
ab196495, 26 kDa), and anti-Bax (1:1000, ab32503, 21 kDa) 
primary antibodies were acquired from Abcam. The anti-
Pscr1 (1:1000, abx114492, 35 kDa) primary antibodies were 
acquired from Abbexa. The anti-Caspase-3(1:1000, Asp175-
5A1E, 17~19 kDa) primary antibodies were acquired from 
CST.

Adeno‑associated Virus Vector

Circ_006573 shRNA recombinant AAV was constructed and 
synthesized by ShanDong ViGene Co., Ltd. (China). The 
infection efficiency of the circ_006573 shRNA AAV was 
analyzed by fluorescence microscopy. Based on the viral 
titer (0.9 ×  109 TU/mL), the AAV-circ_006573 shRNA was 
diluted to 0.5 ×  109 TU/mL. An AVV vector expressing only 
green fluorescent protein (AAV-GFP) was also generated as 
the NC and used at the same titer.

Animal Care

A total of 18 adult male Sprague-Dawley rats (SPF grade, 
weighing 200–250 g) were obtained from Shanghai SLAC 
Laboratory Animal Co., Ltd. (China). All animal protocols 
in our study were approved by the Animal Ethics Committee 
of Renji hospital. The animal protocols met the guidelines 
of the China Animal Care and Use Committee. The animals 
were housed in a clean facility under a controlled tempera-
ture of 22–24°C, relative humidity of 30–50%, and a 12-h 
day-night cycle.

Establishment of a Rat SCI Model for Evaluating 
circ_006573 Function

Rats were anesthetized with 2% pentobarbital sodium (30 
mg/kg, ip) and placed on an operating table in a prone posi-
tion [39]. After anesthesia, an incision was made along the 
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dorsal midline of the spine centered on the T10 vertebrae. 
Laminectomy was performed under an operating microscope 
to reveal ~3 mm dura of the spine. Then, the spinal cord 
was impacted according to a standardized modified Allen’s 
method [40] using a controlled impact device (68097, RWD, 
China) with a drop hammer weight of 8 g and a drop height 
of 40 mm. Laminectomy was performed only in the Sham 
group.

After SCI, we used a microsyringe to inject 6 μL AAV-
circ_006573 shRNA (3 ×  106 TU) into the injured spinal 
cord of the SCI + AAV group. The SCI and Sham groups 
were injected with the same dose of empty AAV vector. 
After injection, the back tissue of each rat was sutured layer 
by layer, and then the rats were returned to clean cages.

Motor Function Analysis

The Basso, Beattie, Bresnahan (BBB) Locomotor Rating 
Scale was used to estimate the recovery of ground locomo-
tion [41]. The motor function of the hind limbs was recorded 
and scored by two individuals who were blinded to the 
experimental groups.

Immunofluorescence Assays

On the 28th day after SCI, rats were anesthetized and per-
fused with 150 mL normal saline (ST341, Beyotime, China) 
through the heart, and the right atrial appendage was incised 
at the same time. After the effluent was clarified, the rats 

Fig. 1  Differentially expressed RNAs in spinal cord injury 
(SCI). A  Volcano map of differentially expressed mRNAs in the 
GSE450063 dataset. A total of 4197 mRNAs (1924 up-regulated 
and 2273 down-regulated) were obtained. B Volcano map of differ-
entially expressed mRNAs in the GSE5276 dataset. A total of 493 
mRNAs (352 up-regulated and 141 down-regulated) were obtained. 
C  Venn diagram of up-regulated mRNAs in the two datasets. 201 
up-regulated mRNAs were obtained after the intersection of the 
two sets of data. D Venn diagram of down-regulated mRNAs in the 

two datasets. 55 down-regulated mRNAs were obtained. E  Volcano 
map of differentially expressed miRNAs in the GSE19890 dataset. 
A total of 17 miRNAs (8 up-regulated and 9 down-regulated) were 
obtained. F Volcano map of differentially expressed circRNAs in the 
GSE114426 dataset. A total of 3928 circRNAs (1904 up-regulated 
and 2024 down-regulated) were obtained. Each dot represents an 
individual RNA molecule. Blue dots indicate down-regulated expres-
sion; Gray dots indicate no significant change in expression; and Red 
dots indicate up-regulated expression.
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were perfused with 300 mL of 4% paraformaldehyde 
(P0099, Beyotime, China) until the tissues hardened. The 
spinal cord tissues around the injured site were removed and 
placed in 4% paraformaldehyde overnight. The tissues were 
then dehydrated and embedded in paraffin. Paraffin blocks 
were cut into 10 μm slices with an Ultrathin microtome 
(Leica USA).

For immunofluorescence assays, the prepared slices were 
dewaxed and rehydrated. Antigen retrieval was carried out 
by boiling slices in 10 mM sodium citrate buffer (pH 9.0, 
80°C) for 30 min. After sealing with 5% normal goat serum, 
the slices were incubated at 4°C overnight with diluted anti-
CD31 antibody (AF6191, Affinity, USA), and subsequently 

with secondary antibody (Alexa Fluor® 488, ab150077, 
Abcam, UK) at 37°C for 1 h. Images were captured using a 
fluorescence microscope.

H&E Staining

After xylol dewaxing, slices were rehydrated with reduc-
ing concentrations of ethanol. They were then rinsed and 
stained with hematoxylin (G1004, Servicebio, China), 1% 
hydrochloric acid, and 1% eosin solution (C0109, Beyotime, 
China), followed by dehydration. After immersion in xylol 
and sealing in neutral gum, the tissue integrity was observed 
using an optical microscope.

Fig. 2.  Functional enrichment analysis of co-regulated genes in 
SCI. A-C. Bubble charts showing Gene Ontology pathways for dif-
ferentially expressed RNAs that are co-regulated in GSE450063, 

GSE5276, GSE19890, and GSE114426 datasets for GO-BPs (A), 
GO-CCs (B), and GO-MFs (C). D KEGG bubble chart. BP: biologi-
cal process; CC: cellular component; MF: molecular function
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Immunohistochemistry (IHC) Assays

Slices were dewaxed, rehydrated, and rinsed with PBS. 
Then, the slices were subjected to antigen repair with 10 mM 
sodium citrate buffer (pH 9.0, 80°C, 30 min). After blocking, 

the slices were treated with anti-CD34 antibody (1:2500, 
ab81289, Abcam, UK) or anti-CD31 antibody (1:2000, 
ab182981, Abcam, UK) overnight at 4°C, followed by reac-
tion with secondary antibody (ab6721, Abcam, UK) at 37°C 
for 60 min. The slices were developed via DAB (abs9210, 

Fig. 3  CircRNA-miRNA-mRNA network for SCI expression regula-
tion. A  Up_circRNA-down_miRNA-up_mRNA network of coregu-
lated RNAs in SCI. B  Down_circRNA-up_miRNA-down_mRNA 
network of coregulated RNAs in SCI. Diamond, V shape and circles 

represent miRNAs, circRNAs, and mRNAs, respectively. C PPI net-
work diagram of target genes in the SCI circRNA-miRNA-mRNA 
network.
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Absin, China), dehydrated, and sealed with mounting 
medium. Images were observed and acquired under an opti-
cal microscope.

Statistical Analysis

Data from at least three repeats were assessed utilizing 
GraphPad Prism 8.0 and are represented as the mean ± 
standard deviation. Data comparisons were carried out uti-
lizing one-way analysis of variance for multiple groups with 
the Tukey’s post hoc test. P<0.05 was considered statisti-
cally meaningful.

Results

Identification of a circRNA‑miRNA‑mRNA Network 
with Potential Function in Regulating SCI

To identify circRNA-miRNA-mRNA axes with poten-
tial function in SCI, we performed differential expression 
analysis of chip data from SCI and control rats in the Gene 
Expression Integration (GEO) database. A total of 4197 and 
493 differentially expressed mRNAs were obtained from the 

GSE45006 and GSE52763 datasets, respectively (Fig. 1A-
1B). After the intersection of the two sets of data, 201 up-
regulated mRNAs and 55 down-regulated mRNAs were 
obtained (Fig. 1C-1D). Additionally, seventeen differentially 
expressed miRNAs were obtained from the GSE19890 data-
set (Fig. 1E), and 3928 differentially expressed circRNAs 
were obtained from the GSE114426 dataset (Fig. 1F). We 
used the databases(miRanda, miRDB, and miTarBase) to 
find the differential target genes corresponding to the dif-
ferential miRNA，and obtain the relationship pair(up_ 
miRNA-down_ mRNA and down_ miRNA-up_ mRNA) 
existing in at least one database. Using the miRanda soft-
ware package, we predicted the miRNA-circRNA binding 
relationship pair(up_miRNA-down_circRNA and down_
miRNA-up_circRNA) according to the sequence of differen-
tial miRNA and differential circRNA. Finally, we screened 
31 co-expressed circRNAs, 11 co-expressed miRNAs, and 
39 co-expressed mRNAs to construct the circRNA-miRNA-
mRNA network. The detailed lists are available in the sup-
plementary data.

To evaluate the functions of the circRNA-miRNA-mRNA 
network, we performed Gene Ontology (GO) analysis. The 
top enrichment items were “positive regulation of platelet 
activation,” “liver development,” and “wound healing” in 

Fig. 4  Characterization of 
circ_006573 and circ_016395 
circular structure and cytoplas-
mic localization. A-B Abun-
dance of circ_006573 and 
circ_016395, as determined 
using quantitative real-time 
reverse transcriptase polymer-
ase chain reaction (qRT-PCR), 
in RAOEC cells treated with 
or without RNase R. GAPDH 
served as a negative control. 
***p < 0.001, compared with 
mock. C-D Convergent and 
divergent primers detect 
circ_006573 and circ_016395 
in cDNA, but not in gDNA. 
cDNA, complementary DNA; 
gDNA, genomic DNA. E-
F Fluorescence in situ hybridi-
zation (FISH) showing that 
circ_006573 and circ_016395 
are mainly distributed in the 
cytoplasm of rat aortic endothe-
lial cells (RAOECs) cells.
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biological processes (BP) (Fig. 2A); “CHOP-C/EBP com-
plex,” “ruffle membrane,” and “ruffle” in cellular compo-
nents (CC) (Fig. 2B); and “kinase binding,” “DNA-binding 
transcription activator activity, RNA polymerase II-spe-
cific,” and “DNA-binding transcription activator activity” 
in molecular functions (MF) (Fig. 2C). Furthermore, in 
KEGG pathway enrichment analysis, the top three entries 

were “salmonella infection,” “tuberculosis,” and “ferropto-
sis” (Fig. 2D).

To further evaluate how co-expressed RNAs within the 
circRNA-miRNA-mRNA axis may interact functionally, we 
performed network analysis using Cytoscape for visualiza-
tion. The up_circRNA-down_miRNA-up_mRNA network 
included 21 circRNA nodes, 7 miRNA nodes, 32 mRNA 

Fig. 5  Circ_006573, but not circ_016395, suppresses the viability 
and migration of RAOEC cells. A-B The levels of circ_006573 and 
circ_016395 in RAOEC cells transfected with overexpression vec-
tors were examined by qRT-PCR. ***P<0.001, compared with con-
trol. C-D The viability of RAOEC cells was examined by cell count-
ing kit-8 assay at 24 h after transfection. Overexpressed circ_006573 
largely weakened the cell viability of RAOEC cells, whereas no sig-

nificant differences were observed for overexpressed circ_016395. 
***P<0.001; n.s., not significant, compared with control. E-H  The 
migration of RAOEC cells was examined by wound healing assays. 
Overexpression of circ_006573, but not circ_016395, blocked cell 
migration of RAOEC cells. ***P<0.001, **P<0.01, compared with 
vector.
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nodes, and 58 edges (Fig. 3A); and the down_circRNA-
up_miRNA-down_mRNA network included 10 circRNA 
nodes, 4 miRNA nodes, 7 mRNA nodes, and 21 edges 
(Fig. 3B). Next, we merged the mRNAs in the above two 
ceRNA networks and used the String online tool to construct 
a Protein-Protein Interaction (PPI) network, in which Anxa1 
represented a key node and Cebpb and Cebpa were promi-
nent (Fig. 3C). These results support potential important 
functions of the circRNA-miRNA-mRNA axis in regulating 
SCI via a network of proteins.

Circ_006573, but not circ_016395, Affects Biological 
Behaviors in RAOEC Cells

To further explore the circRNA-miRNA-mRNA axis in SCI, 
we selected the top-ranked circ_006573 and circ_016395. 
First, we examined their stabilities and localization in 
RAOEC cells. Stability assays demonstrated that RNase R 
degraded almost all of the linear GAPDH mRNA, whereas 
circ_006573 and circ_016395 were strongly resistant to 
RNase R, confirming that these circRNAs harbor a loop 
structure (Fig. 4A-4B, P<0.001). We also performed RT-
PCR assays of circ_006573 and circ_016395 expression 
with convergent and divergent primers for cDNA or gDNA, 
which demonstrated that circ_006573 and circ_016395 
only exist as cDNA (Fig.  4C-4D). These findings sup-
port the circular features of circ_006573 and circ_016395. 
Finally, we observed by FISH that circ_006573 (Fig. 4E) 
and circ_016395 (Fig. 4F) each were mainly distributed in 
the cytoplasm of RAOEC cells.

To analyze the biological functions of circ_006573 
and circ_016395 on RAOEC cells, we transfected 
RAOEC cells with circ_006573 and circ_016395 

overexpression plasmids (Fig. 5A-5B, P<0.001). Over-
expressed circ_006573 largely weakened the cell via-
bility of RAOEC cells as evaluated by CCK-8 assay 
(Fig. 5C, P<0.001), whereas no significant differences 
were observed for overexpressed circ_016395 (Fig. 5D, 
P>0.05). Similarly, overexpression of circ_006573, but 
not circ_016395, blocked cell migration of RAOEC 
cells as evaluated by wound healing assay (Figs. 5E-H). 
Collectively, these results support a potential role for 
circ_006573 in mediating the biological effects of SCI.

Circ_006573‑induced Effects on Cell Viability, 
Migration, Angiogenesis, and Gene Expression 
in RAOEC Cells are Rescued by miR‑376b‑3p Mimics

To evaluate additional biological functions of circ_006573, 
and to explore the potential role of a predicted target gene 
of circ_006573, miR-376b-3p, we transfected circ_006573 
overexpressed plasmid, miR-376b-3p mimics and both into 
RAOEC cells, respectively. In CCK-8 assays, miR-376b-3p 
mimics enhanced the cell viability and reversed the effect 
of circ_006573 in suppressing cell viability (Fig. 6A, 
P<0.001). Moreover, the apoptosis levels detected by flow 
cytometry show that circ_006573 increased the apoptosis 
level in RAOEC cells, while overexpression miR-376b-3p 
mimics blocked RAOEC cell apoptosis and partially 
reversed the increased cell apoptosis after circ_006573 
overexpression (Fig. 6B-C, P<0.001). Western blot results 
of Caspase-3, Bcl-2 and Bax show that circ_006573 over-
expression led an increase of cell apoptosis (Fig.  6D-
E, P<0.05). Consistently, circ_006573 overexpression 
induced cell cycle arrest in the G0/G1 phase, which 
was partially offset by miR-376b-3p mimics (Fig. 6F-G, 
P<0.05). Furthermore, circ_006573-mediated suppression 
of RAOEC cell migration was rescued by miR-376b-3p 
mimics, further suggesting that the biological functions 
of circ_006573 may be mediated via regulation of miR-
376b-3p. (Fig. 6H-I, P<0.05).

Based on the GO pathways related to wound healing, 
we also considered the possibility that circ_006573 may 
regulate angiogenesis during SCI. To clarify the role of 
circ_006573/miR-376b-3p axis in regulating angiogenesis 
during SCI, circ_006573 overexpression plasmid and miR-
376b-3p mimics were separately and co-transfected into 
RAOEC cells. Tube formation assays demonstrated that 
overexpressed circ_006573 repressed the total length, num-
ber of segments, junctions, and meshes in RAOEC cells, 
while miR-376b-3p mimics had the opposite effect (Fig. 7A-
7E, P<0.05). To evaluate potential downstream targets of 
circ_006573, we also assessed its effects on the expres-
sion of Cebpb, IL-18, and Plscr1, each of which were pre-
dicted to be targeted by miR-376b-3p within the circRNA-
miRNA-mRNA SCI network. Western blot and qRT-PCR 

Fig. 6  Effects of circ_006573 up-regulation on the viability, apop-
tosis, cell cycle distribution and migration in RAOEC cells are res-
cued by MiR-376b-3p mimics. RAOEC cell viability was assessed 
by cell counting kit-8 assay (A) and apoptosis was assessed by flow 
cytometry (B, C) and Western blot (D, E) after transfection with 
circ_006573 overexpression vector and/or MiR-376b-3p mimics. 
The miR-376b-3p mimics enhanced the cell viability and reversed 
the effect of circ_006573 in suppressing cell viability (A). The 
circ_006573 increased the apoptosis level in RAOEC cells, while 
overexpression miR-376b-3p mimics blocked RAOEC cell apoptosis 
and partially reversed the increased cell apoptosis after circ_006573 
overexpression (B-E). ***P<0.001, **P<0.01, *P<0.05, compared 
with negative control (NC). ###P<0.001, #P<0.05, compared with 
circRNA-OE. Cell cycle distributions (F, G) were assessed by flow 
cytometry, and migration ability (H-I) was estimated by Transwell 
assay. The circ_006573 overexpression induced cell cycle arrest in 
the G0/G1 phase, which was partially offset by miR-376b-3p mim-
ics (F-G). Circ_006573-mediated suppression of RAOEC cell migra-
tion was rescued by miR-376b-3p mimics, further suggesting that the 
biological functions of circ_006573 may be mediated via regulation 
of miR-376b-3p (H-I). ***P <0.001, **P<0.01, *P<0.05, compared 
with negative control (NC). ###P<0.001, #P<0.05, compared with 
circRNA-OE.
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assays showed that circ_006573 up-regulation decreased 
the Cebpb level and increased the IL-18 and Plscr1 level, 
while miR-376b-3p mimics had the opposite effect (Fig. 7F-
7H, P<0.05). These results suggest that circ_006573 targets 
miR-376b-3p to modulate cell viability, migration, angio-
genesis, and gene regulation during SCI.

Circ_006573 shRNA Ameliorates Motor Function 
and Relieves the Pathological Morphology 
of the Spinal Cord Tissue in SCI Rats

To determine whether circ_006573 may also have in vivo 
activity in modulating the pathology of SCI, we established 
a rat SCI model and prepared adeno-associated virus (AAV)-
circ_006573 shRNA and AAV-control shRNA, which we 
injected into injured spinal cords. Efficient transduction of 
the AAVs at equivalent levels for the circ_006573 shRNA 
and control shRNA AAVs was verified by fluorescence in 
the spinal cords (Fig. 8A). The motor function of SCI rats 
was assessed according to the Basso, Beattie, Bresnahan 
(BBB) Locomotor Rating Scale. The results demonstrate 
that the BBB score was distinctly decreased in the SCI group 
(AAV-control shRNA + SCI) relative to the sham group 
(AAV-control shRNA only), while circ_006573 shRNA 
(AAV_006573 shRNA + SCI) enhanced the BBB score of 
SCI rats after a 28 day time course (Fig. 8B, P<0.001). To 
further visualize the pathophysiology, we performed H&E 
staining. In the sham group, the gray matter in the spinal 
cord was clearly demarcated, and the cell morphology was 
normal (Fig. 8C, first column), while in the SCI + AAV-
control shRNA group, hemorrhages were seen in the gray 
matter of the spinal cord, and the ventral and ventrolateral 
white matter structure was notably loosened and vacuolized 
(Fig. 8C, middle column). In comparison, in the SCI + 
AAV-circ_006573 shRNA group, the pathological injury of 
the spinal cord tissue was much less visible (Fig. 8C, third 
column). These results suggest that circ_006573 shRNA 
may have therapeutic activity in the SCI rat model.

Circ_006573 shRNA Elevates the Expression of CD31, 
CD34, and VEGF‑A in Spinal Cord Tissue in SCI Rats

CD34 and CD31 are commonly utilized as vascular endothe-
lial markers [42]. Thus, we examined CD31 and CD34 
expression in the SCI rat model by immunohistochemistry 
assay. Circ_006573 shRNA treatment increased the expres-
sion of CD31 and CD34 in the spinal cord tissue of SCI rats 
(Fig. 9A, first and middle row). These findings were verified 
by immunofluorescence assay (Fig. 9A, third row), thus fur-
ther validating the increase of angiogenesis in circ_006573 
shRNA-treated SCI lesions. As additional confirmation, 
Western blot assay revealed lower VEGF-A expression in 
the SCI-shRNA control group than in the sham group, while 

the addition of circ_006573 shRNA markedly increased the 
VEGF-A expression of the spinal cord tissue (Fig. 9B-9C, 
P<0.001). These results are consistent with an in vivo role of 
circ_006573 in angiogenesis as a mechanism for ameliorat-
ing SCI outcomes.

Discussion

With the development of microarray technology, RNA-seq 
and bioinformatics analysis, the dysregulation of ncRNA 
has been shown to correlate with pathological manifesta-
tions of SCI. For example, Chen et al. identified 16013 cir-
cRNAs and 960 miRNAs that were differentially expressed 
in SCI mice using RNA-seq technology, and among them, 
circPrkcsh was increased dramatically in both in vivo and in 
vitro SCI models [43]. Moreover, Wang et al. identified 498 
circRNAs, 458 lncRNAs, 155 miRNAs, and 1203 mRNAs 
that were differentially expressed in the TSCI mouse model 
using RNA-seq technology [44]. These reports suggest 
that the dysregulation of ncRNA can serve as a potential 
biomarker of SCI, thus supporting the benefit of character-
izing roles for circRNAs in SCI. In this project, we used 
bioinformatics analysis to screen for differentially expressed 
mRNAs, miRNAs, and circRNAs in SCI rats and identi-
fied 4690 mRNAs, 17 miRNAs and 3928 circRNAs that 
were differentially expressed. We screened for co-expressed 
RNAs and finally chose the top-ranked circ_006573 and 
circ_016395 for further analysis.

CircRNAs exist as closed-loop structures in cells because 
the 5’ and 3’ ends are connected by covalent bonds [45]. 
Compared with linear RNAs, circRNAs have higher stability 
and conservatism due to their special structure [46]. In our 
study, we demonstrated that RNase R degraded the linear 
GAPDH mRNA almost to completion, while circ_006573 
and circ_016395 were strongly resistant to RNase R, thus 
verifying that circ_006573 and circ_016395 harbor a loop 
structure. Cell sublocalization is critical to the biologi-
cal function of ncRNA, and circRNAs have been found in 
viruses, archaea, and eukaryotes, most of which are local-
ized to the cytoplasm [47]. We observed by FISH that 
circ_006573 and circ_016395 were mainly distributed in 
the cytoplasm of RAOEC cells, which is consistent with a 
potentially important cellular function of these circRNAs.

Numerous studies have identified circRNAs that are 
associated with SCI. For example, Li et al demonstrated 
that HIF-1α suppresses inflammation in SCI via the miR-
380-3p/NLRP3 axis and is regulated by circ_0001723 [48]. 
Moreover, circ_2960 facilitates secondary injury of SCI by 
targeting miRNA-124 [49]. Additionally, circ_Plek facili-
tates fibrosis by modulating the miR-135b-5p/TGF-βR1 
axis after SCI [50]. Chen JN et al also demonstrated that 
circ_Prkcsh is overexpressed in SCI, and that silencing of 
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circ_Prkcsh represses Ccl2 expression by enhancing miR-
488 and weakens the inflammation in SCI [43]. Since these 
findings, circRNAs may have important functions in SCI. In 
this study, we added to previous understanding of the role of 
circRNAs in SCI by demonstrating that circ_006573 over-
expression largely weakens the viability and migration in 

RAOEC cells. We also evaluated the effect of circ_016395 
overexpression but observed no obvious effects. Therefore, 
we chose circ_006573 for subsequent experiments.

Bioinformatics analysis predicted that miR-376b-3p may 
have an interactive relationship with circ_006573 in SCI, 
which we verified by functional analyses. MiR-376b-3p is 

Fig. 7  Circ_006573 suppresses angiogenesis and modulates gene 
expression in RAOEC cells, which is rescued by MiR-376b-3p mim-
ics. A-E  The angiogenesis activity of RAOEC cells was measured 
by tube formation assay after transfection with circ_006573 over-
expression vector and/or MiR-376b-3p mimics. Using ImageJ soft-
ware to quantify the tube formation (A), assess the total length (B) 
and number of segments (C), junctions (D), and meshes (E). Over-
expressed circ_006573 repressed the total length, number of seg-
ments, junctions, and meshes in RAOEC cells, while miR-376b-3p 

mimics had the opposite effect. ***P <0.001, **P<0.01, *P<0.05, 
compared with negative control (NC). #P<0.05, compared with cir-
cRNA-OE. F-H  Cebpb, IL-18, and Plscr1 levels in RAOEC cells 
were assessed by Western blot assay and qRT-PCR. The circ_006573 
up-regulation decreased the Cebpb level and increased the IL-18 
and Plscr1 level (F-H), while miR-376b-3p mimics had the opposite 
effect (H) *P<0.05, **P<0.01, ***P<0.001 vs. negative control (NC). 
###P<0.001, ##P<0.01, #P<0.05, compared with circRNA-OE.
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known to participate in the development of diverse human 
diseases, including tumor progression, angiogenesis, and 
liver regeneration [51, 52]. Evidence suggests that miR-
376b-3p promotes the malignant progression of NSCLC 
by targeting KLF15 [53]. In this study, we also determined 
that miR-376b-3p has low expression in SCI. MiR-376b-3p 
mimic increased the viability, migration, and angiogenesis 
of RAOEC cells, and decreased the apoptosis. Importantly, 
miR-376b-3p mimic reversed the function of circ_006573 
overexpression on the latter biological behaviors, suggesting 

that it may promote healing during SCI by reversing the 
effects of circ_006573.

The circRNA-miRNA-mRNA network identified in this 
study predicted that miR-376b-3p, which interacts with 
circ_006573, directly regulates Cebpb, IL-18, and Plscr1. 
Western blot assays verified that circ_006573 up-regulation 
reduced Cebpb levels and increased the expression of IL-18 
and Plscr1, while miR-376b-3p mimics reversed this effect. 
These results are consistent with the PPI network identified 
in our bioinformatics analysis, which included Cebpb [54], 

Fig. 8  Circ_006573 shRNA 
ameliorates motor function and 
relieves the pathological appear-
ance of the spinal cord tissue 
in SCI rats. A The infection 
efficiency of adeno-associated 
virus (AAV) after injection was 
examined under a fluorescence 
microscope. B BBB scores in 
the Sham, SCI+AAV-GFP, and 
SCI+AAV-circ_006573 groups 
at 28 days after injection, 
demonstrate that circ_006573 
shRNA (SCI +AAV-
circ_006573) enhanced the 
BBB score of SCI rats after a 
28 day time course. ***P<0.001, 
compared with SCI+AAV-GFP. 
C H&E staining of spinal cord 
tissue in the above 3 groups 
of SCI rats. The black arrows 
show the vacuolized changes 
in the spinal cord tissue. The 
cell morphology was normal 
(first column), while in the SCI 
+ AAV-control shRNA group, 
hemorrhages were seen in the 
gray matter of the spinal cord, 
and the ventral and ventro-
lateral white matter structure 
was notably loosened and 
vacuolized (middle column). In 
comparison, in the SCI + AAV-
circ_006573 shRNA group, 
the pathological injury of the 
spinal cord tissue was much less 
visible (third column). These 
results suggest that circ_006573 
shRNA may have therapeutic 
activity in the SCI rat model.
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a regulator of inflammation. Thus, these findings support the 
circRNA-miRNA-mRNA network as a tool for regulating 
the pathological effects of SCI.

To evaluate the in vivo relevance of our findings, we 
employed a rat SCI model that has been established to 
recapitulate the pathological mechanisms of SCI and is 
useful for measuring the effectiveness of experimental 
treatment measures [55]. To assess circ_006573 func-
tion, we injected AAV-circ_006573 shRNA into injured 
spinal cords. According to the Basso, Beattie, Bresna-
han (BBB) Locomotor Rating Scale, which estimates the 
recovery of ground locomotion [41], the SCI group at 28 
days had a low BBB score relative to the sham group, 
while circ_006573 shRNA enhanced the BBB score in SCI 
rats. We further examined the effect of AAV-circ_006573 
shRNA on the pathology of SCI by H&E staining, which 
has previously been used to assess the SCI severity [56]. In 
the SCI group, hemorrhages were seen in the gray matter 
of the spinal cord, and the ventral and ventrolateral white 
matter structures were notably loosened and vacuolized. 
Notably, circ_006573 shRNA reduced the pathological 
injury of the spinal cord tissue in SCI rats, suggesting the 
therapeutic potential of targeting circ_006573.

Angiogenesis is pivotal for the repair of SCI. Dam-
age caused by local vascular loss and blood-brain barrier 
injury can lead to ischemia and inflammation, leading to 
comprehensive injury of spinal cord nerve tissue [57]. 

Furthermore, CD34 and CD31 are commonly utilized 
as vascular endothelial markers that reflect the status of 
microvessels and are therefore critical factors for quan-
titative evaluation of angiogenesis [42, 58]. After SCI, 
cyclic citrullinated peptide (CCP) intervention for 7 
and 14 days has been shown to enhance angiogenesis by 
increasing the mRNA levels of CD31 in the spinal cord 
tissue [59]. We demonstrated that circ_006573 shRNA 
treatment increased the expression of CD31 and CD34 
in spinal cord tissues of SCI rats. Moreover, VEGF-A 
expression was lower in the SCI group than in the sham 
group, and circ_006573 shRNA markedly augmented its 
expression. Thus, these results provide additional sup-
port for an important role of circ_006573 in suppressing 
angiogenesis during SCI.

In conclusion, by utilizing a comprehensive strategy 
involving big data mining and computational biology, 
we constructed a circRNA-miRNA-mRNA network and 
demonstrated that circ_006573 may serve a key role as a 
ceRNA in SCI. The circRNA-miRNA-mRNA axis identi-
fied in this study could offer a foundation for comprehend-
ing pathophysiological mechanisms of SCI, as well as for 
informing the development of new cure strategies.

Availability of Data and Material All data generated or ana-
lysed during this study are included in this published article 
[and its supplementary information files].

Fig. 9  Circ_006573 shRNA increases the expression of CD31, CD34 
and VEGF-A in spinal cord tissue after SCI. A  CD31 and CD34 
expression was examined by immunohistochemistry assay 28 days 
after sham treatment, SCI and injection of SCI+AAV-GFP , and SCI 
SCI+AAV-circ_006573. The expression of CD31 in spinal cord tis-
sue was examined by immunofluorescence. Circ_006573 shRNA 
treatment increased the expression of CD31 and CD34 in the spinal 
cord tissue of SCI rats (first and middle row). These findings were 
verified by immunofluorescence assay (third row), thus further vali-

dating the increase of angiogenesis in circ_006573 shRNA-treated 
SCI lesions. B-C  The expression of VEGF-A in spinal cord tissue 
was examined by Western blot, revealed lower VEGF-A expression in 
the SCI-shRNA control group than in the sham group, while the addi-
tion of circ_006573 shRNA markedly increased the VEGF-A expres-
sion of the spinal cord tissue. These results are consistent with an in 
vivo role of circ_006573 in angiogenesis as a mechanism for amelio-
rating SCI outcomes. ***P<0.001, compared with Sham. ###P<0.001, 
compared with SCI+AAV-GFP.
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