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Abstract
RNAs are closely associated with human diseases; however, immune-related 
genes (IRGs) and their potential regulatory networks in relation to spinal cord 
injury (SCI) are still poorly understood. Here, we investigated the key IRGs 
as well as the competing endogenous RNA (ceRNA) mechanisms that are 
associated with SCI pathogenesis based on microarray datasets and the use 
of a rat SCI model. Specifically, four independent SCI microarray datasets from 
Gene Expression Omnibus (GEO) database were analyzed and, thereafter, 
differentially expressed IRGs were annotated via Gene Ontology (GO) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses. Furthermore, 
based on the GEO datasets, differentially expressed RNAs (DERNAs), including 
DEcircRNAs, DEmiRNAs, and DEmRNAs were identified and interactions 
between them were also predicted using online databases, and to construct 
a circular RNA (circRNA) mediated ceRNA network, candidate RNAs were 
also identified. Furthermore, the support vector machine (SVM) and least 
absolute shrinkage and selection operator (LASSO) methods were used for 
the identification of critical DERNAs, while differential gene expression was 
validated using the GSE20907 dataset. Our results were as follows. In the SCI 
microarray datasets, 32, 58, and 74 DEIRGs, DEcircRNAs, and DEmiRNAs 
were identified, respectively. In addition, GO and KEGG analyses showed 
that the DEIRGs were primarily enriched in neutrophil-mediated immunity and 
nuclear factor-kappa B (NF-κB) and hypoxia-inducible factor-1 (HIF-1) signaling 
pathways, and based on LASSO and SVM screening, PLXNB2 was identified as 
a DEIRG, while hsa_circ_0026646 was identified as the key circRNA, showing a 
higher SCI expression. Furthermore, our results proved that PLXNB2 and hsa_
circ_0026646 were upregulated in SCI, whereas miR-331-3p was downregulated, 

and, interestingly, similar expression profiles were confirmed using the rat SCI model. Furthermore, fluorescent reporter assay 
indicated that both hsa_circ_0026646 and PLXNB2 have miR-331-3p target sites, and the ceRNA hypothesis suggested the 
dysregulation of hsa_circ_0026646, miR-331-3p, and PLXNB2 in SCI. Thus, our results suggested that in SCI pathogenesis, 
hsa_circ_0026646 correlates with PLXNB2 by targeting miR-331-3p.
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Spinal cord injury (SCI), with a great societal bur-
den, is a disease that seriously threatens human 
health, and so far, it has no effective treatments. 
Thus, further exploring its pathological mecha-
nism is of great significance. In this study, we 
explored the competing endogenous (ceRNA) 
mechanisms associated with SCI. First, we con-
structed a circular RNA/micro RNA/messenger 
RNA (circRNA/miRNA/mRNA) regulatory network 
via bioinformatics analysis of microarray data and 
explored the potential mechanism of SCI patho-
genesis. Thereafter, we used two machine learn-
ing methods (support vector machine [SVM] and 
least absolute shrinkage and selection operator 
[LASSO]) to screen key RNAs. Our results proved 
that hsa_circ_0026646 acts a role of ceRNA in 
upregulating PLXNB2 expression by adsorbing 
miR-331-3p. Furthermore, the results correspond-
ing to the rat SCI model as well as those based 
on the dual-Luciferase reporter system were con-
sistent with the bioinformatics-based prediction 
results. Our findings provide new evidence for the 
SCI regulatory mechanisms as well as the potential 
therapeutic targets.
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Introduction

The clinical management of spinal cord injury (SCI) is quite 
challenging owing to the absence of effective treatments. In 
2016, a total of 0.9 million SCI cases were recorded world-
wide. The age-standardized incidence rate of SCI was 13 per 
million population.1 In addition, at the moment, approxi-
mately, 3 million people suffer from SCI globally, and 
approximately, 180,000 new cases are reported every year.2 It 
has also been estimated that in China, within the 2014–2018 
period, SCI-associated mortality increased by 148.3%.1 So 
far, the main SCI management methods include operation 
therapies, drug therapies, cell therapies, and genetic thera-
pies.3,4 However, these different treatment strategies exhibit 
limited efficacy.

The prognosis of SCI is related to cellular and molecu-
lar mechanisms. The mechanical strike initially injures spi-
nal cord tissue, including neurons and non-neuronal cells. 
Thereafter, the resulting secondary inflammation further 
damages the microenvironment of spinal cord. During the 
acute stage of SCI (2–48 h after injury), a series of events 
take place, including calcium influx, inflammatory fac-
tors accumulation, ion imbalance, and lipid peroxidation.5 
Furthermore, during this phase, the released inflammatory 
factors recruit inflammatory cells into the spinal cord, which 
worsen the injury.6 From this perspective, inflammation is 
of great importance in SCI pathogenesis. Thus, inflamma-
tion response is a double-edged sword for SCI progression. 
One side, it removes necrotic tissues, and the other side, it 
causes secondary injury.7 Given that immune-related genes 
(IRGs) regulate inflammatory responses, it is necessary to 
investigate their regulatory mechanisms as they relate to the 
pathogenesis of SCI.

In addition, the molecular events in SCI are poorly under-
stood. In most studies, the focus has primarily been on sin-
gle molecules, while their interactions have largely been 
neglected. In recent years, bioinformatics has emerged as an 
effective method that can be used to construct a co-expression 
network via gene expression signature, and compared with 
large panel gene sequencing and functional identification 
methods, bioinformatics methods are more cost-effective, 
and offer the possibility for the rapid identification of can-
didate therapeutic targets or biomarkers for a given disease.

circRNA, a special kind of non-coding RNA (ncRNA) 
with a closed circle structure, is unaffected by RNA exonu-
clease. Compared to miRNA, the expression level of circRNA 
is stable and not easy to degrade.8 Studies have shown that it 
extensively participates in the disease processes of the nerv-
ous system and can stably exist in cerebrospinal fluid, pass-
ing through the blood–brain barrier (BBB).9 Furthermore, in 
the nervous system, circRNAs can directly affect nervous 
system development and regulate the proliferation, differen-
tiation, and apoptosis of neurons.10 Furthermore, they have a 
great many of miRNA binding sites that can exert regulatory 
functions by competitively binding with miRNAs and regu-
late the target genes expression by promoting or inhibiting 
miRNAs.11

In this study, we selected gene expression microarray 
chips related to SCI from different databases. Thereafter, we 
identified differently expressed RNAs via bioinformatics 

analysis and determined core RNAs using machine learn-
ing methods. Furthermore, by analyzing the target binding 
prediction and gene expression profiles, we hypothesized 
that the selected RNAs do interact. Furthermore, we also 
confirmed this hypothesis using a rat SCI model as well as 
dual-luciferase analysis; we also constructed a circRNA-
mediated ceRNA network to explore the underlying regu-
lation mechanism of IRGs in SCI. The results may provide 
more precise treatment targets for SCI.

Materials and methods

Study design and data acquisition

Microarray data were searched from the Gene Expression 
Omnibus (GEO) database of National Center for 
Biotechnology Information (NCBI). We downloaded four SCI 
microarray datasets (circRNA microarray set, GSE114426; 
miRNA microarray set, GSE19890; and mRNA microarray 
sets, GSE45006 and GSE20907) that corresponded to the 
Rattus norvegicus SCI model on Day 3 (Table 1). Furthermore, 
batch normalization was performed on the GSE45006 and 
GSE20907 datasets using the R package “sva” to obtain 
standardized data, and for mRNA analysis, GSE45006 was 
used as the training set, while the GSE20907 microarray was 
used as the test set. Data were normalized for further vali-
dation (Figure 1 shows the flowchart for our bioinformatics 
analysis).

Screening differentially expressed RNAs

Differentially expressed RNAs (DERNAs), including 
DEcircRNAs, DEmiRNAs, and DEmRNAs, were used to con-
struct the circRNA/miRNA/mRNA network, and to obtain 
differentially expressed immune-related genes (DEIRGs), the 
DEmRNAs and the immune gene set were merged. Based on 
the R package “limma,” the microarrays had cut-off value of 
fold change (FC) ⩾ 1.5, p < 0.05 was considered statistically 
significant. Normalization and log2 transformation were 
also performed.

Prediction of target binding sites

To predict the target DEmiRNAs of the DEcircRNAs, the cir-
cRNA interactome was used. Similarly, to predict the target 
DEmRNAs of the DEmiRNAs, we used TargetScan, miRTar-
Base and miRDB. Among the identified mRNAs, only those 
that showed consistency in at least these two databases were 
selected.

Enrichment analysis of DEmRNAs

The Gene Ontology (GO) analysis, such as biological process 
(BP), cellular component (CC) and molecular function (MF), 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway analysis of DEmRNAs were performed via DAVID 
database.12

Feature selection based on machine learning 
methods

To screen vital RNAs, we used fivefold cross-validation with 
the R package “caret” to perform the SVM analysis. In all 
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Table 1. Details and sample size of the studied GEO datasets.

Dataset Organism Samples RNA Time Group Platforms

GSE114426 Rattus norvegicus 6 circRNA 3D training GPL21828
GSE19890 Rattus norvegicus 10 miRNA 3D training GPL9908
GSE45006 Rattus norvegicus 8 mRNA 3D training GPL1355
GSE20907 Rattus norvegicus 8 mRNA 3D test GPL6247

Figure 1. Flowchart of bioinformatic analysis. (A color version of this figure is available in the online journal.)
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SVM progress, we set the random seed to 39. Moreover, we 
selected genes in the IRG set, which were obtained from 
the enrichment analysis. Finally, Venn’s method was used 
to identify key DEIRG(s) based on the SVM results, gene 
expression signatures, and immune gene set analyses results. 
Furthermore, to identify the critical ceRNAs that are regu-
lated by the key IRG(s), other DERNAs were screened via 
SVM and expression-level analyses.13 In addition, we used 
the LASSO method to identify gene signatures and obtain 
the respective coefficient values, and to fit the logistic LASSO 
regression, the glmnet package (version 2.0–16) was used.

Establishment of SCI model

The female Sprague–Dawley (SD) rats (age, 10–12 weeks; 
weight, 200–250 g; Xi’an Jiaotong University Health Science 
Center, Xi’an, China) were used. Rats were divided into the 
SCI and Sham groups (n = 4 in each group) randomly, and 
thereafter, they were anesthetized using 3% isoflurane, which 
was maintained at 1.5–2% during surgery. Rats in the SCI 
group underwent modified Allen’s weight-dropping injury, 
while those in the Sham group, they only underwent vertebral 
laminectomy. On day 1 after surgery, the BBB scores were 
used to ensure that the SCI model was made successfully, 
and at 3 days after injury and laminectomy in the SCI and 
control rats, respectively, the spinal cords of the rats in both 
groups were removed, and 10 mm long segments containing 
the injury site were quickly obtained for quantitative real-
time polymerase chain reaction (qRT-PCR) analyses.14 All the 
procedures involving the animals were approved by Xi’an 
Jiaotong University Ethics Committee and were performed 
in compliance with the Guide for the Care and Use of Laboratory 
Animals (8th Ed., 2011, The National Academies, USA).

Total RNA extraction and quantitative real-time 
RT-PCR

TRIzol (Invitrogen, Carlsbad, CA, USA) was used to isolate 
total RNA from the spinal cord segments. Furthermore, the 
First-Strand cDNA Synthesis Kits (Sangon Biotech, Shanghai, 
China) were used for the reverse transcription of mRNA, 
circRNA, and miRNA. The primers were as follows: hsa_
circ_0026646 (forward, 5′-GATCTGCGTGGTCATGTTGG-3′; 
reverse, 5′-CAAAGATGACCGGAGAGCTG-3′), PLXNB2 
(forward, 5′-CTTCAGCCTGATCCAGAGGTTTG-3′; reverse, 
5′-GTGGAACACGTAGTCTGTACCC-3; Sangon Biotech). 
Furthermore, the primers of miR-331-3p were provided by 
GeneCopoeia (Guangzhou, China), and circPrimer2.0 was 
used to verify the primer specificity of hsa-circ_0026646. 
Furthermore, qRT-PCR was performed using the 2 × SG Fast 
qPCR Master Mix (Sangon, China), and the expression levels 
of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
and U6 were used as an internal control for mRNAs and 
miRNAs, respectively. Gene expression analyses were per-
formed using the 2−ΔΔCt method.

Luciferase activity assays

We used dual-luciferase reporter system to validate 
hsa_circ_0026646 with wild and mutant binding sites for 

miR-331-3p and the promoter region of PLXNB2. In addition, 
Renilla and firefly were transfected with miRNA transfection 
reagent (Invitrogen, Carlsbad, CA, USA) for 48 h, after which 
the luciferase intensity was measured.15

Statistical analyses

R software 3.6.2 (The R Foundation for Statistical Computing, 
Vienna, Austria) and SPSS software 22.0 (SPSS Inc., Chicago, 
IL, USA) were used for statistical analyses. GraphPad Prism 
software 9.0 (GraphPad Prism Inc., San Diego, CA, USA)) and 
R software were used for the analysis of graphics. Student’s 
t-tests were used to assess statistical significance, the chi-
square test was used for enrichment analyses, p < 0.05 was 
considered statistically significant.

Results

Identification of DEIRGs, DEmiRNAs, and 
DEcircRNAs

A total of 3273 DEmRNAs, including 246 DEIRGs were 
directly identified in the GSE45006 dataset, while a total of 
357 DEmRNAs, including 54 DEIRGs were directly identi-
fied in the GSE20907 dataset. Furthermore, the determina-
tion of the intersection between the GSE45006 and GSE20907 
datasets led to the identification of 32 uniformly DEIRGs 
(Figures 2 to 4 and Supplementary Table1). Furthermore, 74 
DEmiRNAs were identified in the GSE19890 dataset, while 
58 DEcircRNAs were identified on GSE114426. Notably, all 
the identified RNAs were human and rats co-expressed 
RNAs.

Functional enrichment analyses

GO analysis listed the top 36 terms of DEmRNAs, and in 
terms of BP, the DEmRNAs were found to be primarily 
enriched in neutrophil-related immune response and reg-
ulation of cytokine production. Furthermore, in terms of 
CC, the DEmRNAs were found to be primarily enriched in 
membrane rafts, membrane microdomains, and membrane 
regions. Furthermore, the DEmRNAs were significantly 
enriched in the secretory granule membrane and the exter-
nal side of plasma membrane. Some enrichments related to 
MF, such as immunoglobulin G (IgG) binding and pattern 
recognition receptor activity, were also observed (Figure 5 
and Supplementary Table 2). In addition, KEGG pathway 
analysis indicated that DEmRNAs were mainly enriched in 
NF-κB and HIF-1 pathways (Figure 6 and Supplementary 
Table 3).

Target prediction for DEcircRNAs, DEmiRNA, and 
DEIRGs

Of the 58 DEcircRNAs, five could bind with target miRNAs. 
However, when the miRDB, miRTarBase, and TargetScan 
databases were used, 4060 target mRNAs were predicted by 
13 miRNAs in all 74 DEmiRNAs. Furthermore, among the 32 
DEmRNAs, two which bind to two DEmiRNAs, were identi-
fied as the overlapping genes. Finally, we observed that hsa-
miR-331-3p and hsa-miR-338-5p were DEmiRNAs predicted 
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by the DEcircRNAs. Thus, focusing on miR-331-3p and miR-
338-5p, five upstream circRNAs that could bind to it, includ-
ing hsa_circ_0075968, hsa_circ_0086368, hsa_circ_0026646, 
hsa_circ_0065871, and hsa_circ_0044235. Furthermore, two 
downstream mRNAs, PLXNB2, and TLR4, related to miR-
331-3p and miR-338-5p, were predicted, and to explore the 
potential regulation signatures of SCI, we constructed a 
circRNA/miRNA/mRNA network using the overlapping 
DEcircRNAs and DEIRGs. This constructed ceRNA network 
displayed five miRNA/circRNA links and two miRNA/
mRNA links (Figures 7 to 9).

Selection of core DERNAs based on SVM and 
LASSO methods

In the GSE45006 and GSE20907 datasets, we identified 32 
overlapping DEIRGs, and the immune gene set was found to 
consist of 1793 genes. Furthermore, based on training using 

the SVM and LASSO methods, hsa_circ_0026646 was identi-
fied as the core DEcircRNA, while PLXNB2 was identified as 
the core DEIRG (Figure 10(a) and (b)). The further verifica-
tion of the prediction results in the database showed that 
hsa_circ_0026646 and PLXNB2 were upregulated, whereas 
miRNA-331-3p was downregulated (Figure 10(c) and 
Supplementary Table 4).

Construction and confirmation of circRNA/miRNA/
mRNA interactions

The relative expression levels of RNAs were measured via 
qRT-PCR. On day 3 after SCI, the miRNA expression level 
corresponding to the rats in the SCI group was markedly 
lower than that corresponding to those in the Sham group. 
However, their hsa_circ_0026646 and PLXNB2 expression 
levels were markedly higher than those corresponding to rats 
of Sham group (Figure 11(a) to (c)). In addition, consistent 

Figure 2. Difference analysis of the GSE45006 dataset. (a) mRNA heat map of the GSE45006 dataset and (b) volcano plot of the GSE45006 dataset. The blue and 
yellow dots represent statistically significant high and low RNA expression levels based on a comparison of the SCI and control groups, respectively. The black dots 
represent differences without statistical significance. (A color version of this figure is available in the online journal.)
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with our prediction, fluorescent reporter assay showed that 
both hsa_circ_0026646 and PLXNB2 had miR-331-3p target 
sites (Figure 11(d) to (g)). The schematic diagram displaying 
the hsa_circ_0026646/miR-331-3p/PLXNB2 regulatory axis 
is shown in Figure 11(h).

Discussion

Based on ongoing research on the pathological mechanism 
of SCI, it has been reported that ncRNAs, including miR-
NAs, circRNAs, and lncRNAs, play important roles, such 
as inflammation regulation, glial cell repair, axon regenera-
tion, and angiogenesis, in acute SCI.16–18 It has also been 
reported that IRGs participate in a variety of human disease 
processes, and immune responses represent one of the key 
processes in SCI, especially in secondary injury after acute 
trauma. However, the key genes that are associated with 
this immune response and their ceRNA mechanism are still 
unclear.

In our study, we constructed a ceRNA regulation net-
work to explore the key DEIRGs as well as their potential 
regulatory mechanisms in SCI pathogenesis. First, using 
SCI microarray datasets, we identified the DEIRGs between 
the SCI and control groups, and GO and KEGG analyses 
showed that the functions of these DEIRGs were primar-
ily affected by neutrophil-related immune responses as 

Figure 3. Difference analysis of the GSE20907 dataset. (a) mRNA heat map of the GSE20907 dataset and (b) volcano plot of the GSE20907 dataset. The blue and 
yellow dots represent statistically significant high and low RNA expression levels based on a comparison of the SCI and control groups, respectively. The black dots 
represent differences without statistical significance. (A color version of this figure is available in the online journal.)

Figure 4. Intersection between the GSE45006 and GSE20907 datasets.  
(A color version of this figure is available in the online journal.)
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well as the NF-κB and HIF-1 pathways. In addition, we 
identified 58 DEcircRNAs and 74 DEmiRNAs from the 
GEO microarray datasets, and after online database pre-
diction, two DEmiRNAs and five DEcircRNAs were 
obtained. Furthermore, miR-331-3p was identified as the 
only DEmiRNA that was correctly predicted for circRNA/
miRNA and miRNA/mRNA binding.

In this study, 32 overlapping DEIRGs and 1793 genes 
were also defined using the immune gene set. Specifically, 
hsa_circ_0026646 was identified as the core circRNA based 
on the results of SVM and LASSO analysis. Furthermore, 
PLXNB2 was identified as the key IRG, and predication 
based on the online database showed that hsa_circ_0026646 
directly targets miR-331-3p, while miR-331-3p also directly 
targets PLXNB2, indicating that hsa_circ_0026646, miR-
331-3p, and PLXNB2 possibly form an axis that regulates 
immune response in SCI. In addition, based on microar-
ray data, gene expression validation further confirmed 
the credibility of this axis. Our results based on the SCI rat 
model also indicated that hsa_circ_0026646, miR-331-3p, 

and PLXNB2 formed an axis in SCI, indicating that miR-
331-3p expression was downregulated in SCI, while 
PLXNB2 expression was upregulated. Moreover, the 
expression of hsa_circ_0026646, acting as a “molecular 
sponge” adsorbing miR-331-3p, was significantly up regu-
lated during SCI.

Plexin-B2 (PLXNB2), which was first identified in malig-
nant brain tumors,19 participates in glioma malignancy and 
neuronal development.20–22 It is located on chromosome 22 
and consists of 37 coding exons. Furthermore, PLXNB2 is a 
transmembrane protein, which consists of 1838 amino acids. 
It has a PDZ motif domain in the cell, as well as the rho 
GTPase-binding domain (RBD) and the GTPase activation 
protein (GAP) domain that interacts with the PDZ domain, 
which can regulate cell biological functions via intracellular 
signal transduction. It has also been reported that PLXNB2 
is upregulated during development, while its expres-
sion in adult tissues is limited, primarily in neural stem 
cells.23 In addition, it is primarily expressed in endothelial 
and epithelial cells as well as in immune cells, including 

Figure 5. Top enriched GO terms corresponding to DEmRNAs. (A color version of this figure is available in the online journal.)
GO: gene ontology; BP: biological process; CC: cellular component; MF: molecular function.
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monocytes, dendritic cells, and macrophages. Studies have 
demonstrated that it is constitutively expressed in mouse 
keratinocytes and has higher expression levels during 
wound repair.23 After CD100 binds to its receptors, PLXNB1 
and PLXNB2, it can activate the Rho GTPase nucleotide 
exchange receptor protein, RhoGEF, promote the activities 
of RhoA, RhoC, and Rac1, and regulate cell biological func-
tions via signal transduction.24

Previous studies have proved that Rho GTPase acti-
vates NF-κB signaling and that PLXNB2 regulates RhoA 
and Rac1 signaling to promote tumor cell invasion and 
migration.21 It has also been demonstrated that blocking 
Rac1 GTPase can decrease the stability of HIF-1α and 
inhibit the expression of HIF-1α target molecules, PKM2 

and GLUT1, in neuronal cells, thereby inhibiting neu-
ronal glycolysis and metabolism.25 In other words, a high 
PLXNB2 expression level can promote HIF-1α expression 
in neurons, thereby exerting neuroprotection effects. In 
addition, PLXNB2 also regulates the neurogenesis and 
neuroprotective activities of angiogenin.26 Coincidentally, 
another study by our research team showed that PLXNB2 
is upregulated in injury-activated microglia and mac-
rophages (IAMs), it can protect tissues from damage and 
promote axon regeneration after SCI.27

The abovementioned findings are consistent with our 
results in this study. Specifically, here, we identified PLXNB2 
as a differential gene, whose expression was significantly 
upregulated after SCI. GO analysis also showed that it 

Figure 6. Top enriched KEGG pathways corresponding to DEmRNAs (KEGG, Kyoto Encyclopedia of Genes and Genomes). (A color version of this figure is available 
in the online journal.)
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participates in the NF-κB and HIF-1α signaling pathways. 
However, few studies have reported the role of PLXNB2 in 
SCI so far; thus, the specific mechanism still needs to be con-
firmed via follow-up studies.

Reportedly, miRNAs participate in the pathological 
process of SCI, including inflammation regulation, glial 
cell repair, nerve repair, and angiogenesis, during SCI.28–31 
Presently, research on miR-331-3p is mainly focused on its 
effect on tumors.32–34 Although one study has shown that 
miR-331-3p could attenuate neuropathic pain following 
SCI by targeting RAP1A,31 studies on its specific role in 
the neuron repair process are scarce. Some studies have 
been conducted to investigate its function in the nervous 
system; however, the results are inconsistent. For example, 
Liu and Lei35 reported that in patients with Alzheimer’s 
disease (AD) and in Abeta (1–40)-treated SH-SY5Y cells, 
miR-331-3p expression is significantly downregulated and 
shows correlation with the mini-mental state examination 
(MMSE) scores and proinflammatory cytokine levels in AD 
patients, indicating that possibly, it plays a neuroprotective 

role. However, a study conducted by Chen et al. led to an 
opposite conclusion. Basically, Chen et al.36 observed that 
the overexpression of miR-331-3p in the SH-SY5Y cell line 
impairs autophagic activity and promotes AD progression. 
Therefore, the role of miR-331-3p in the nervous system still 
needs to be further investigated.

In addition, the roles and functions of circRNAs, such as 
circRim2 and circPlxnd1, in the central nervous system have 
been sufficiently explored;37 however, studies with a focus 
on their effects on SCI are limited. In this study, based on 
bioinformatics analysis, we first identified hsa_circ_0026646, 
which was significantly upregulated in SCI, as a DEcircRNA, 
and via targeting site prediction, we observed that both 
PLXNB2 and hsa_circ_0026646 have miRNA-331-3p bind-
ing sites. Our analysis also indicated that PLXNB2 was 
upregulated in SCI, while miRNA-331-3p was downregu-
lated. These same expression profiles were observed in the 
rat SCI models via qRT-PCR, and fluorescent reporter assay 
also confirmed that both hsa_circ_0026646 and PLXNB2 
have miR-331-3p target sites. Therefore, we speculated that 

Figure 7. Difference analysis of the GSE19890 dataset. (a) miRNA heat map of the GSE19890 dataset and (b) volcano plot of the GSE19890 dataset. The blue and 
yellow dots represent statistically significant high and low RNA expression levels based on a comparison of the SCI and control groups, respectively. The black dots 
represent differences without statistical significance. (A color version of this figure is available in the online journal.)
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Figure 8. Difference analysis of the GSE114426 dataset. (a) circRNA heat map of the GSE114426 dataset and (b) volcano plot of the GSE114426 dataset. The blue 
and yellow dots represent statistically significant high and low RNA expression levels based on a comparison of the SCI and control groups, respectively. The black 
dots represent differences without statistical significance. (A color version of this figure is available in the online journal.)

Figure 9. A circRNA/miRNA/mRNA network in SCI. Green, blue, and orange represent circRNAs, miRNAs, and mRNAs, respectively. (A color version of this figure is 
available in the online journal.)
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hsa_circ_0026646 exerts a neuroprotective effect by binding 
to miRNA-331-3p.

Based on bioinformatics analysis as well as experimental 
analysis based on the rat SCI model, this study indicated 
that DERNAs are closely correlated with post-SCI patho-
physiology processes. Our findings provided new evidence 
of the existence of a ceRNA regulation mechanism in SCI. 
circRNAs are characterized by variety, a stable structure, 
sequence conservation, and cell- or tissue-specific expres-
sion, and compared with miRNAs, they are more likely to 

be an intervention strategy for SCI management. In future, 
we will explore the neuroprotective and axon regeneration 
effects of has_circ_0026646, and it is expected that the results 
obtained would further confirm its potential therapeutic 
effect.

Conclusions

In summary, we established a hsa_circ_0026646/miR-331-
3p/PLXNB2 network. This provides new insights into the 

Figure 10. Screening for key IRGs and associated ceRNAs and the application SVM and LASSO to screen core DEcircRNA. (a) Application of LASSO to screen core 
circRNAs and (b) application of SVM to screen core circRNAs and (c) expression profiles of hsa_circ_0026646, miR-331-3p, and PLXNB2 in selected GEO datasets. 
*p < 0.05. (A color version of this figure is available in the online journal.)
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regulatory mechanism associated with SCI as well as poten-
tial therapeutic targets for its management.
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