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Spinal cord injury (SCI) is a serious disorder of the central nervous system with a high disability rate. Long noncoding RNAs
(lncRNAs) are reported to mediate many biological processes. The aim of this study was to explore lncRNA and mRNA
expression profiles and functional networks after SCI. Differentially expressed genes between SCI model rats and sham controls
were identified by microarray assays and analyzed by functional enrichment. Key lncRNAs were identified using a support
vector machine- (SVM-) recursive feature elimination (RFE) algorithm. A trans and cis regulation model was used to analyze
the regulatory relationships between lncRNAs and their targets. An lncRNA-related ceRNA network was established. We
identified 5465 differentially expressed lncRNAs (DE lncRNAs) and 8366 differentially expressed mRNAs (DE mRNAs) in the
SCI group compared with the sham group (fold change > 2:0, p < 0:05). Four genes were confirmed by qRT-PCR which were
consistent with the microarray data. GSEA analysis showed that most marked changes occurred in pathways related to
immune inflammation and nerve cell function, including cytokine-cytokine receptor interaction, neuroactive ligand-receptor
interaction, and GABAergic synapse. Enrichment analysis identified 30 signaling pathways, including those associated with
immune inflammation response. A total of 40 key lncRNAs were identified using the SVM-RFE algorithm. A key lncRNA-
mRNAs coexpression network was generated for 230 951 lncRNA-mRNA pairs with half showing positive correlations. Several
key DE lncRNAs were predicted to have “cis”- or “trans”-regulated target genes. The transcription factors, Sp1, JUN, and
SOX10, may regulate the interaction between XR_001837123.1 and ETS 1. In addition, five pairs of ceRNA regulatory
sequences were constructed. Many mRNAs and lncRNAs were found to be dysregulated after SCI. Bioinformatic analysis
showed that DE lncRNAs may play crucial roles in SCI. It is anticipated that these findings will provide new insights into the
underlying mechanisms and potential therapeutic targets for SCI.

1. Introduction

Spinal cord injury (SCI) is a serious form of central nervous
system injury, frequently caused by falls, car accidents, or
sports injuries. SCI can be devastating when it leads to irre-
versible impairment of the motor, sensory, and autonomic
functions of the spinal cord and can seriously affect the

patient’s mental health. In the world, 250 000 to 500 000
new cases of SCI occur every year, according to the World
Health Organization (WHO) [1]. If the injury is located in
the upper cervical region, the patient may have quadriplegia.
In contrast, injuries at the chest or waist level can lead to
paralysis of the patient’s lower limbs, known as paraplegia.
SCI is associated with a variety of complex processes
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pathogenic mechanisms, including cellular edema, neuronal
death, oxidative stress, and inflammation, that complicate
treatment and management [2].

Many studies have been conducted on the molecular
mechanisms of glial cell activation and polarization, neuro-
nal death, and glial scar formation caused by SCI. Recent
studies have demonstrated the involvement of many genetic
and signaling pathways in SCI, some of which may become
key therapeutic targets. These include SARM1 [3], CCL3
[4], the PI3K/AKT/Foxo1 pathway [5], Nrf2/HO-1 signaling
[6], and SIRT-1/NF-κB signaling [7]. However, despite the
identification of various molecular and cellular mechanisms
involved, much of SCI remains a mystery.

A comprehensive understanding of transcriptional regula-
tion is essential for understanding most biological processes.
The role of lncRNAs in various cellular processes cannot be
overstated; these include transcription, posttranscription,
translation, and epigenetic regulation [8]. lncRNAs are
expressed in the nervous system where they act as sponges to
capture miRNA and interact with RNA-binding proteins [8].
There is significant evidence that the lncRNAs KCNQ1OT1
[9] and Malat1 [10] function as competing endogenous RNAs
and influence the recovery process after traumatic brain injury.
It is thus reasonable to speculate that after SCI, there will be
significant changes in the expression levels of lncRNA in the
cells and tissues, and some of these specific changes may pro-
vide new directions for treating SCI.

In this study, we used the Agilent Rat ceRNA Microarray
to screen differentially expressed lncRNAs and mRNAs (DE
lncRNAs and mRNAs, respectively) in injured spinal cord tis-
sue in rats. Coexpression of genes and functional and pathway
enrichment analyses were used to annotate the functions of
key lncRNAs. A cis/trans regulation analysis was also con-
ducted to analyze the relationships between lncRNAs and
mRNAs. As well, a ceRNA regulatory network related to
lncRNAs was established.

2. Materials and Methods

2.1. Rat SCI Model. The Nanchang University Animal Center
provided us with male Sprague Dawley (SD) rats weighing
200g to 250g. The Ethics Committee of the Second Affiliated
Hospital of Nanchang University approved the study. Six rats
were maintained for a minimum of one week until the model
surgery was performed. Three rat SCI models were established
by the modified Allen method. Inhalation of isoflurane was
used to anesthetize rats and place them on an operating table
in prone position. The head and limbs were held in place, and
the fur along the back was removed for skin preparation. After
strict disinfection, a median incision of approximately 3 cm in
length was made at the T10 level. The skin, subcutaneous tis-
sue, and myofascia were carefully separated and dissected,
exposing and fenestrating the T10 lamina. The spinal cord
was carefully exposed without damaging the dura mater. A
heavy hammer weighing 10g with a diameter of 2.5mm was
allowed to fall freely from a height of 8 cm, fully impacting
the dural sac; the hammer was then retracted immediately
after SCI. After the blow, the rats show a tail-wagging reflex
with twitching and stretching of both hind limbs and the body;

this is a stress reflex and indicates the success of the modeling.
The sham operation group received the same procedure with-
out injury to the spinal cord.

2.2. Microarray and Data Analyses. Six male Sprague Dawley
(SD) rats were analyzed using the Agilent Rat ceRNA Micro-
array 2019 (8 ∗ 60K, design ID: 086243) chip. Three days after
SCI, we extracted spinal cord RNA using TRIzol reagent
(Thermo Fisher Scientific, Waltham, MA, USA). The RNA
purity and concentration were determined using the Nano-
drop ND-2000 (Thermo Fisher). The total RNA was reverse-
transcribed to cDNA, and cRNA was synthesized and labeled
with cyanine-3-CTP. Themicroarray chipsets were hybridized
with the labeled cRNAs. A single array of hybridized mRNA
plus lncRNA was scanned using an Agilent Scanner G2505C
(Agilent Technologies, CA, USA).

Analyzing the array data was performed with GeneSpring
software v13.0 (Agilent Technologies). The probes with more
than 75% samples of one group flagged “detected” were
selected for further data analysis. A quantile algorithm was
used to normalize the raw data. The threshold values for DE
mRNA and DE lncRNA between the two groups were ≥2 or
≤−2 fold change (FC), p < 0:05. A hierarchical clustering tech-
nique was used to evaluate DE gene clustering patterns on the
same platform. China’s OEbiotech (Shanghai, China) con-
ducted the data analysis. The array of microarray data has been
deposited in Gene Expression Omnibus (GEO, https://www
.ncbi.nlm.nih.gov/geo/), with accession number GSE218088.

2.3. Screening Key Differentially Expressed lncRNAs. To extract
DE lncRNAs with high prediction accuracy, the support
vector machine- (SVM-) recursive feature elimination (RFE)
algorithm was used for identifying key DE lncRNAs. Specifi-
cally, SVM-RFE recursively removes ground influence factors
allowing for better genetic screening. This method was imple-
mented using the cfe function in the “caret” package (6.0-93),
and the fitted prediction function was cross-validated.

2.4. lncRNA Coexpression Analysis and Gene Functional
Annotation. An analysis of volcano plots was used to identify
lncRNAs and mRNAs that had statistically significant
expression differences. Hierarchical clustering was used to
analyze diacritical lncRNA and mRNA expression patterns.
GO (http://geneontology.org/) and KEGG (http://www
.genome.jp/kegg/) pathway enrichment analyses were also
performed on DE mRNAs to gain a deeper understanding
of their roles. The DE lncRNAs were classified to explore
their potential functions.

Coexpression networks were constructed from DE
mRNAs and lncRNAs. The Pearson correlation coefficient
between two genes had to be greater than 0.99 to be consid-
ered significant. Cytoscape (v3.7.2) was used to construct
coexpression networks of mRNAs and lncRNAs that were
significantly correlated.

2.5. GSEA. Gene Set Enrichment Analysis (GSEA, v2.2.2) is a
powerful and flexible analytic method that can determine
whether a previously defined group of genes (rather than a
single gene) show consistent significant differences between
two biological states. The GSEA does not only consider
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genes with significant DE but all genes. In GSEA, signifi-
cance is assessed by permuting the class labels, which pre-
serves gene correlations and thus provides a more accurate
null model. We performed GSEA to investigate whether
GO terms or pathways associated with specific genes differed
between the two groups.

2.6. Target Prediction. Both “cis” and “trans” regulatory mech-
anisms are used for regulating lncRNAs. The presence of cis
regulation was predicted for coexpressed mRNA-lncRNA
pairs with Pearson’s correlation coefficients greater than
0.99, while the FEELnc software (v 0.2.1) was used to identify
possible mRNA-binding sites in the 100 kb window upstream
or downstream of lncRNA [11]. Prediction of trans regulation
was performed using RIsearch-2.0 (https://rth.dk/resources/
risearch/) [12]. Using its screening conditions, this predicted
that more than 10 bases are required for direct nucleic acid
interaction between coexpressed lncRNAs and mRNAs; in
addition, the binding free energy of the base was not greater
than -100 [13]. The screened interacting lncRNAs and
mRNAs may be directly regulated. To identify potential regu-
latory targets, the JASPAP (http://jaspar.genereg.net/) and
GTRD (v 16.07) databases were used to identify interactions
between lncRNAs and their transcription factors (TFs) [14,
15]. Network software package in R (v 3.2.0) was used to con-
struct the TF-lncRNA-mRNA network.

2.7. Targeted DE lncRNAs Associated ceRNA Network
Construction. Predictions of lncRNA/mRNA and miRNA
binding to targets were performed using miRBase22 (https://
www.mirbase.org/) with a binding free energy of less than
-20. DE lncRNAs and DE mRNAs were defined as those
showing greater than 0.99 relative |PCC| expression values.
A ceRNA network was then constructed using lncRNA-
miRNA andmiRNA-mRNA regulatory pairs.With the excep-
tion of overlapping miRNA binding, Cytoscape (v 3.7.2) iden-
tified mRNAs with the same expression patterns as lncRNAs
to construct an lncRNA-miRNA-mRNA ceRNA network.

2.8. qPCR. Spinal cord tissues were assayed for lncRNA
expression using quantitative real-time PCR (qRT-PCR).
We chose two lncRNAs (NONRATT019701.2 and XR_
001838273.1) with potential regulatory relationships with
the Cdca3 and F10 genes, respectively. TRIzol (Takara,
Japan) was used to extract total RNA from spinal cord sam-
ples. Spinal cord RNA was reverse-transcribed to cDNA
using PrimeScript™ RT Master Mix (Takara, Japan). SYBR
Premix Ex Taq II kits (Takara, Japan) were used for the
RT-qPCR analysis as carried out in accordance with the
manufacturer’s instructions. The data were analyzed by the
2-△△CT method. The lncRNAs and mRNAs primers are
listed in Supplementary Table 1.

3. Results

3.1. Identification of DE lncRNAs and mRNAs in SCI. Using
microarray analysis, we determined the mRNA and lncRNA
expression profiles in SCI rats. We show the distribution of
the two sets of data before and after normalization through
box plots in order to understand the distribution of the data

(Supplement Figure 1). Specifically, an FC of >2 and a p <
0:05 were considered significant threshold values for
defining upregulation or downregulation of genes, and
cluster maps and volcano plots were used to compare the
mRNA and lncRNA expression profiles between the SCI
and sham groups (Figure 1).

In total, 5465 DE lncRNAs were identified. Of these, 2307
were found to be upregulated in the SCI group while 3158 DE
lncRNAs were downregulated (Table 1). The top five
significantly upregulated DE lncRNAs, with log2FC values
ranging from 7.6 to 6.6, were NONRATT006251.2, XR_
590951.1, NONRATT021749.2, NONRATT000346.2, and
NONRATT006253.2. The top five most significantly down-
regulated DE lncRNAs, with log2FC values ranging from
-6.1 to -5.4, were XR_001838225.1, NONRATT006738.2,
NONRATT014374.2, NONRATT024533.2, and XR_
001836692.1 (Table 1).

We then identified 8366DEmRNAs by comparing the total
mRNA changes between the two groups. Of these, 4089 were
upregulated, and 4277 were downregulated (Figure 1). The five
most significantly upregulated DE mRNAs in the SCI group
were XM_006236630.3, ENSRNOT00000009392, XM_
017592759.1, ENSRNOT00000077186, and ENSRNOT0000
0077158, all of which showed log2FC values between 9.7 and
7.8. The five most significantly downregulated DE mRNAs in
the SCI group were ENSRNOT00000089734, XM_
006232396.2, ENSRNOT00000034394, ENSRNOT0000
0086508, and ENSRNOT000000881, which showed log2FC
values between -5.9 and -5.6 (Table 1).

3.2. Functional Enrichment Analysis of DE mRNAs. The
enrichment of DE mRNAs in GO and KEGG pathways
was then investigated to predict their functions and associ-
ated pathways. The GO analysis of DE mRNAs identified
changes in the cellular component (CC), biological process
(BP), and molecular function (MF) GO categories. The 30
most significantly enriched GO terms are shown in
Figure 2(a). It can be seen that the DE mRNAs were mainly
enriched in the BPs of potassium ion transmembrane trans-
port, inflammatory response, and regulation of ion trans-
membrane transport. The most important MFs were
related to protein binding, cell adhesion molecule binding,
and identical protein binding. Of the CCs, the significantly
enriched GO terms included integral component of plasma
membrane, cell surface, and synapse.

KEGG analysis identified a number of significantly
enriched pathways associated with SCI, as shown in
Figure 2(b); these included neuroactive ligand-receptor
interaction, cholinergic synapse, lysosome, NF-κB signaling
pathway, and glutamatergic synapse. Supplementary
Figure 2 provides greater detail on these enriched terms
and pathways.

In order to further explore the enrichment and analysis of
DEGs in the SCI and sham groups, we analyzed their potential
molecular functions through GSEA and found that neuroactive
ligand-receptor interaction (rno04080)- and GABAergic
synapse (rno04727)-related genes were significantly downregu-
lated in the SCI group, while cytokine-cytokine receptor
interaction (rno04060)- and TNF signaling pathway
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(rno04668)-related genes were significantly upregulated
(Figure 2(c)). These results indicate that SCI is associated with
a shift in the immune response toward a proinflammatory state,
together with a sharp decline in pathways related to nerve cell
function.

3.3. Identification of Key lncRNAs. The SVM-RFE
algorithm was utilized for dimensionality reduction
screening of the DE lncRNAs. As described in Materials

and Methods, lncRNAs with the lowest RMSE (standard
error) values in the model were selected as key lncRNAs.
This resulted in the identification of 40 key lncRNAs
(Figure 3 and Supplementary Table 2).

3.4. Construction of lncRNA-mRNA Coexpression Network.
Based on the correlation analysis between DE mRNAs and
DE lncRNAs, a key lncRNA-mRNA coexpression network
was constructed to explore gene interactions in SCI.
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Figure 1: DE lncRNAs and DE mRNAs in the SCI and sham groups. DE mRNAs and lncRNAs in the sham and SCI groups are displayed as
heatmaps (a, c). Colors indicate different clusters in the data. Volcano plot of DE mRNAs and lncRNAs (b, d). Dots in red indicate genes
that have been significantly upregulated, while dots in blue indicate genes that have been significantly downregulated. Volcano plot of 5465
DE lncRNAs and 8366 DE mRNAs in SCI with statistical significance (∣FC ∣ >2:0, p < 0:05).

4 Computational and Mathematical Methods in Medicine



Significant mRNA-lncRNA pairs (of no more than 6000
nucleotides in length) with Pearson’s correlations of no less
than 0.99 and p values > 0.05 were selected. This identified
230 951 key lncRNA-mRNA pairs with coefficient scores >
0:99. Most of these (115 244/230 951) were positively associ-
ated (Figure 4(a)). Circos diagrams were generated with
drawing software to display the comparison between the
groups in a more intuitive manner (Figure 4(a)).

Each key lncRNA coexpressed with an mRNA was ana-
lyzed for functional and KEGG pathway enrichment analy-
ses. It is possible that lncRNAs function in a similar
manner to the GO and KEGG enrichment analyses of genes.
The top three GO results were positive regulation of NF-κB
transcription factor activity, phagocytosis engulfment, and
inflammatory response in the BP category; membrane,
microtubule cytoskeleton, and kinesin complex in CC; and
voltage-gated ion channel activity, phospholipid binding,
and SH3 domain binding in MF (Figure 4(b)).

We then investigated KEGG pathway enrichment analy-
sis in relation to the first category (cellular processes, envi-
ronmental information processing, genetic information
processing, human diseases, metabolites, and biological sys-
tem). Each class of dysregulated mRNA was found to be
associated with the top 10 pathways, as shown in
Figure 4(c). The top pathways for cellular processes included
apoptosis, lysosomes, and necroptosis. In terms of environ-
mental information processing, the top pathways were cell
adhesion molecules, NF-κB signaling pathway, and
cytokine-cytokine receptor interaction. These results indi-
cate that the candidate genes were associated with the top

pathways, especially those related to cell death and immune
inflammation.

3.5. “Cis” Analysis of the DE Key lncRNA and Adjacent
Coexpression DE mRNA in SCI. lncRNAs may cis regulate
coding genes that are located close to the lncRNAs and with
which they are coexpressed. Therefore, we screened the adja-
cent genes of the dysregulated key lncRNAs with stringent
selection criteria (intergenic distance < 100 kb). After com-
parison between the SCI and sham groups, 20 top cis-
regulated lncRNAs and mRNAs were identified in the SCI
group, as shown in Figure 5(a). Among these “cis” genes,
Adgrg1 is associated with oligodendrocyte precursor cell
proliferation and the number of myelinated axons [16],
and NFATc4 is associated with neuronal apoptosis [17].

3.6. Trans Regulation of Key DE lncRNAs in SCI and
Construction of a Key lncRNA-TF-Target Gene Network. A
diagram of the top 500 key lncRNA-mRNA pairs was com-
piled using the network software package (Figure 5(b)).
lncRNA XR_359945.3 was predicted to transregulate 27
mRNAs, including Msr1, Ccnb1, and Apaf1, while lncRNA
XR_594211.2 was predicted to transregulate three mRNAs,
namely, Ncoa3, Phf21a, and Celf3.

Using the gene-TF pairs identified by GTRD database
and the top 500 key lncRNA-mRNA coexpression pairs,
we used network software to create a ternary regulatory net-
work of lncRNAs, TFs, and mRNAs and draw a ternary reg-
ulatory network diagram. This analysis used the top 20 cis-
related key lncRNAs and their coexpression of mRNAs.

Table 1: Top five upregulated and downregulated lncRNAs and mRNAs in the SCI group compared with the sham group.

lncRNA p value FC Chromosome Regulation

NONRATT006251.2 0.000042089 196.361 chr10 Up

XR_590951.1 0.000049424 123.494 chr2 Up

NONRATT021749.2 0.000739028 111.094 chr4 Up

NONRATT000346.2 0.000033721 96.565 chr1 Up

NONRATT006253.2 0.000031125 95.260 chr10 Up

XR_001838225.1 0.000009133 0.023237979 chr6 Down

NONRATT006738.2 0.000219361 0.022566731 chr11 Down

NONRATT014374.2 0.000043985 0.020947935 chr19 Down

NONRATT024533.2 0.000026402 0.016269598 chr6 Down

XR_001836692.1 0.000002296 0.014740753 chr2 Down

mRNA p value FC Chromosome Regulation

XM_006236630.3 0.000000002 875.0873735 chr4 Up

ENSRNOT00000009392 0.000139312 424.7759567 chr4 Up

XM_017592759.1 0.000009005 308.5014593 chr4 Up

ENSRNOT00000077186 0.000017596 248.0485524 chr1 Up

ENSRNOT00000077158 0.000003484 219.6519649 chr10 Up

ENSRNOT00000089734 0.000794572 0.020658751 chr7 Down

XM_006232396.2 0.000340082 0.017934131 chr2 Down

ENSRNOT00000034394 0.000121470 0.017696522 chr5 Down

ENSRNOT00000086508 0.000066847 0.017050394 chr13 Down

ENSRNOT000000881 0.000460103 0.016468971 chr3 Down
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Statistics of GO enrichment
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Figure 2: Continued.
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Figure 2: Continued.
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Figure 5(c) shows the core TF–lncRNA–target gene relation-
ship map showing the differences between the SCI and
sham-operation groups. This core map contains 7 lncRNAs,
10 target genes, and 3 core TFs. Five lncRNAs and six
mRNAs were found to be modulated by the TF Sp1, whereas
four lncRNAs and eight mRNAs were modulated by SOX10.
Specifically, it was found that Sp1, JUN, and SOX10 can
simultaneously regulate lncRNA XR_001837123.1 and Ets1.
This map allows a more comprehensive understanding of
the relationships between lncRNAs, target genes, and tran-
scription factors, as well as additional information for future
studies.

3.7. Construction of a ceRNA Regulatory Network. We con-
structed a ceRNA network based on top 500 key lncRNA-
mRNA coexpression pairs. This showed five pairs of ceRNA
regulatory sequences, including two lncRNAs (NON-
RATT019701.2 and XR_001838273.1), three miRNAs (rno-
miR-1224, rno-miR-760-3p, and rno-miR-6318), and five
mRNAs, including Cdca3, Mcm10, Mki67F10, Iqgap3, and
F10 (Figure 6).

3.8. Verification of the Microarray Data by qPCR. To verify
the accuracy of the microarray data, the expression of several
genes, including NONRATT019701.2, XR_001838273.1,
Cdca3, and F10, in the SCI group (n = 3) compared with
the sham group (n = 3) was analyzed by qPCR. The results
showed that these genes were highly expressed (p < 0:05),
consistent with the microarray analysis results, as shown in
Figure 7. What is more, a positive correlation was found
between the expression of the selected two pairs of lncRNA
and mRNA in SCI rats (n = 22) by qRT-PCR.

4. Discussion

Researchers have recently focused on noncoding RNAs in
SCI. It has been found that regulating the expression of non-
coding RNA can reduce neuronal apoptosis, glial scar for-
mation, and inflammation occurring during SCI and can
improve SCI prognosis [18–21]. One study showed that
overexpression of miR-182 improved lipopolysaccharide-
induced apoptosis and inflammation BV2 cells; finding
could block the IKK β/NF-κB signaling pathway to inhibit
cell apoptosis and the inflammatory response, thus improv-
ing the secondary injury caused by SCI [22]. Liu et al. found
that exosomes secreted by hypoxic preconditioned mesen-
chymal stem cells shuttled miR-216a-5p to regulate
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Figure 2: Functional enrichment analysis of the DE mRNAs. Top 10 enriched GO terms in the molecular function, biological process, and
cellular component annotations for DE mRNAs (a). Top 30 enriched KEGG pathways for DE mRNAs (b). GSEA results of genes related to
nerve cell function and immune inflammation (c–f).
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microglial M2 polarization through the TLR4/NF-κB/PI3K/
AKT signaling axis [23] while Yoo et al. found that overex-
pression of miR-7 can reduce neuronal death and increase
axonal growth, enhancing the recovery of motor function
after SCI [18]. These findings suggest that noncoding RNAs
have the potential for development as therapeutic targets for
human SCI. It has been confirmed that lncRNAs are impor-
tant regulators in the pathophysiology of many diseases, and
researchers have also observed that SCI is associated with
TFs, mRNAs, and signaling pathways that exert significant
regulatory effects [19, 24, 25]. Therefore, this study is aimed
at uncovering the broad characteristics of mRNA and lncRNA
expressions and their interactions and coexpression networks
and predicting the regulatory function of lncRNA in SCI.

This study examined lncRNAs and mRNAs in a rat
model of SCI and identified 5465 lncRNAs and 8366
mRNAs that showed significantly different expression
between the SCI and sham groups. It was found that
“inflammatory response,” “positive regulation of NF-κB
transcription factor activity,” “positive regulation of
interleukin-6 production,” and “Toll-like receptor signaling
pathway”-related mRNAs were significantly upregulated.
The KEGG analysis showed that the upregulated mRNAs
were significantly associated with the “NF-κB signaling path-
way,” “Toll-like receptor signaling pathway,” “NOD-like
receptor signaling pathway,” and “apoptosis.” It is known
that the Toll-like receptor (TLR) activates inflammation in
inflammatory reactions in various pathological conditions
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Figure 4: lncRNA-mRNA coexpression network in SCI of rat model. Coexpression circos map: the outermost circle is the autosome
distribution diagram of this species; the second and third circles are the distribution of DE genes on chromosomes. The red line
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of the spinal cord [26]. Activation of TLR induces the pro-
duction of IFN, cytokines, and chemokines and activates
the NF-κB signaling pathway [26]. For example, TLR4 medi-
ates NF-κB/IL-1β activation which can aggravate the inflam-
matory injury of the blood spinal cord barrier (BSCB) and
nerve cells after spinal cord ischemia reperfusion [27]. Pat-

tern recognition receptors (PPRs) recognize specific molecu-
lar patterns associated with foreign molecules, such as those
expressed on the surfaces of pathogens, and thus play a key
role in the innate immune response [28]. NOD-like receptor
(NLR) is one of the main components of PPRs [28]. Activa-
tion of cytosolic NLR leads to the cleavage of caspase-1 and
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Figure 5: “Trans,” “cis,” and “TF” mechanism of the aberrant lncRNAs. On the graph, the data points on the left and right of the y axis
correspond to mRNA and lncRNA, respectively; ∗p < 0:05 and ∗∗p < 0:01. The x axis represents the distance between mRNA and
lncRNA, the negative value represents upstream, the positive value represents downstream, and the same color bar graph represents
same lncRNAs (a). lncRNA is represented by the red node and mRNA by the green node, and the number is represented by the size of
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its conversion from an inactive state to an active enzyme [28,
29]. Activated caspase-1 promotes the production of inflam-
matory factors such as interleukin-18, which aggravate nerve
damage [29]. Interestingly, both GO and KEGG analyses
showed that the upregulated mRNAs were associated with
immune inflammation. Similarly, the GSEA analysis also
suggested that the principal changes after SCI involved path-
ways related to immune inflammation. It is thus apparent
that the immune inflammatory response following SCI plays
an important role in the development of the disease.

Many mechanisms are involved in regulating noncod-
ing RNA expression, including chromatin regulation, epi-
genetic modifications, promoter activity regulation, and
posttranscriptional modifications [30, 31]. lncRNAs are
usually defined as a transcript with a length of more than
200 nucleotides and have no protein-coding function [30].
Most lncRNAs have not yet been clearly defined in their
functions. Our aim was to further understand the function
of lncRNAs by predicting their target genes based on “cis”
and “trans” regulation. We found a total of 5465 DE
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Figure 7: Validation of dysregulated RNAs by qRT-PCR. The key lncRNA (NONRATT019701.2 and XR_001838273.1) (a, d) and mRNA
(Cdca3 and F10) (b, e) expressions in the SCI group (n = 3) and sham group (n = 3) were measured by qRT-PCR. Triplicate analyses were
conducted on each sample. Correlation analysis between NONRATT019701.2 and Cdca3 and XR_001838273.1 and F10 expressions in the
SCI rats (n = 22) (c, f). ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001.
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lncRNAs in this study. In order to improve the accuracy
of prediction, we conducted dimension reduction analysis
through SVM-RFE and selected 40 key lncRNAs with high
sensitivity and specificity. In the present study, we showed
that the Adgrg1 gene is a cis target gene of lncRNA NON-
RATT014027.2 and that the NFATc4 gene is the cis target
gene of lncRNA XR_359945.3. Chiou et al. found that
knockout of Adgrg1 in oligodendrocyte precursor cells sig-
nificantly reduced the proliferation of these cells and
reduced the number of myelinated axons [16]. Li et al.
reported that overexpression of NFATc4 in neuronal cells
promotes neuronal apoptosis [17]. We speculate that
lncRNA NONRATT014027.2 and lncRNA XR_359945.3
are both closely related to the proliferation and apoptosis
of nerve cells.

The unannotated lncRNA XR_001840939.1 was pre-
dicted to cis regulate Mark1 by interacting with nearby
protein-coding genes. In addition, lncRNA XR_
001840587.1 was predicted to cis regulate Cblb. Cell polarity
cannot be established or maintained without MARK/PAR-1
family kinases [32]. It has been reported in the literature that
DAPK DD binds to the spacer of MARK1 and MARK2,
thereby relieving the autoinhibitory interaction between
their N-terminal and C-terminal fragments [33]. The activa-
tion of MARK1/2 mediates the regulation of microtubule
dynamics by DAPK while DAPK, in turn, promotes the reg-
ulation of polarized axon growth by MARK [33]. We specu-
late that lncRNA XR_001840939.1 may be involved in
regulating microtubule dynamics. The CBLB gene encodes
a multifunctional adapter protein that acts as a RING family
E3 ubiquitin ligase that inhibits the activation of T cells and
B cells [34, 35]. Additionally, when RNF125 and Cblb are
present simultaneously, they target NLRP3 for sequential
K63 and K48 polyubiquitination, which keeps inflamma-
somes in check by inhibiting their activity [36]. It is likely
that lncRNA XR_001840587.1 is involved in immune
inflammatory reactions in SCI.

As transmode RNAs, lncRNAs influence gene expres-
sion by binding to proteins, DNA, and other RNAs far
from the main transcription sites [37]. In this study,
lncRNA XR_359945.3 was predicted to transregulate
Zfyve27, KSR1, ELK4, Gfi1, and Apaf-1. Gene-knockout
studies have shown that Gfi1 is essential for granulocyte
development and plays a role in the production of
macrophage-dependent cytokines, suggesting that the
protein is responsible for defense against different patho-
gens [38]. Zheng et al. reported that ELK4 may reduce
the PJA2-dependent occupation of KSR1 by translational
activation of KDM5A to promote M2 macrophage polari-
zation, leading to the development of gastric cancer [39].
ZFYVE27 was found to participate in neurite formation
by the promotion of directional membrane transport
[40]. In addition, overexpression of ZFYVE27 led to exten-
sive axonal growth in PC12 cells and hippocampal
neurons [40]. These findings suggest that ZFYVE27 plays
an important role in neuronal development and differenti-
ation. Previous studies have also reported that downregu-
lation of Apaf-1, a key molecule in the intracellular
apoptotic pathway, appears to be the preferred strategy

to prevent nonmitotic cell apoptosis, which is achieved
through endogenous inhibition, microRNAs, and epige-
netic changes, amongst other mechanisms [41]. The
expression of Apaf-1 gradually decreases during brain
development, enhancing the resistance of neurons to apo-
ptosis [42]. Thus, lncRNA XR_359945.3 may be involved
in the regulation of neuronal apoptosis, immune inflam-
mation, and axonal regeneration.

This study also predicted regulatory transcription fac-
tors, and an lncRNA-TF-target gene network was con-
structed. The network showed several TFs that regulate
the function of lncRNAs, such as Sp1, JUN, and SOX10.
Sp1 functions in various physiological and pathological
processes to bind DNA via its C2H2 zinc finger structure
[43]. As shown by previous studies, Sp1 regulates the
inflammatory response associated with many diseases [44,
45]. Qin et al. reported that preventing Sp1 activation
can effectively inhibit OGD/R-induced microglial inflam-
matory activation [46]. JUN is a dimerization chaperone
(Jun, Fos, and Atf families) and multimotif combiner
(TRE, CRE, and some variants) and thus plays an impor-
tant role in many biological processes, including prolifera-
tion, death, and regeneration [47]. In both rat CNS and
mouse DRG neurons, JUN-ATF3 dimers promote neurite
outgrowth [47]. A study on diabetes peripheral neuropathy
by Jiao et al. found that miR-7a-5p regulation ameliorated
mitochondrial dysfunction and reduced apoptosis via the
VDAC1/JNK/c-JUN pathway [48]. The SOX10 gene and
SOX10 protein are responsible for the gliogenesis of glial
cells in neural crest cells [49]. Furthermore, Xie et al.
found that downregulation of Sp1 alleviated neuropathic
pain-like behaviors after neutral alignment via the
HDAC1/SOX10 axis [50]. Interestingly, we also found that
Sp1, JUN, and SOX10 were involved in regulating XR_
001837123.1 and Ets1. The lncRNAs associated with these
three transcription factors may have similar functions.
However, the specific function of these lncRNAs requires
further investigation.

In the key lncRNA-ceRNA network, lncRNA NON-
RATT019701.2 acts as a sponge for rno-miR-1224 to reg-
ulate the target genes Cdca3 or Mcm10 or sponge for rno-
miR-760-3p to regulate Mki67. lncRNA XR_001838273.1
acts as a sponge for rno-miR-6318 to regulate Iqgap3 or
F10. Numerous study literatures have reported that Cdca3,
Mcm10, Mki67, Iqgap3, and F10 are all related to tumor
cell proliferation [51–56]. Knocking down the expression
of these genes could reduce tumor cell proliferation and
invasion. It has also been reported that the activity of
PC12 cells in an oxygen-glucose deprivation/reoxygenation
(OGD/R) model decreased after treatment with an miR-
760-3p inhibitor [57]. Overexpression of miR-1224 inhibits
hepatocyte proliferation and promotes apoptosis, accord-
ing to Roy et al. [58]. A study by Wan and Xiao found
that downregulating miR-1224 prevented neuronal apopto-
sis and mitochondrial damage caused by OGD/R [59]. We
speculate that lncRNA NONRATT019701.2 and lncRNA
XR_001838273.1 may have the potential to regulate the
proliferation of microglia and glial cells. The increased
expression of lncRNA NONRATT019701.2/XR_
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001838273.1 may aggravate the proliferation of microglia
or glial cells and stimulate both the inflammatory reaction
and scar formation.

5. Conclusion

In this study, we comprehensively analyzed both mRNAs
and lncRNAs in SCI rats. Rats with SCI showed dysregulated
mRNA and lncRNA expression profiles. Coexpression net-
works and SVM-RFE analyses demonstrated that several
key lncRNAs regulated mRNA levels, and complex interac-
tions between mRNA and lncRNA were also documented.
Using bioinformatics approaches, we predicted the targets
of DE lncRNAs and their potential functions. According to
these findings, lncRNAs that are differentially expressed
may play an important role in SCI. Further studies are
needed to clarify how these mRNAs and lncRNAs contribute
to SCI pathogenesis.
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