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Abstract

Long noncoding RNAs (lncRNAs) have been demonstrated to play critical regulatory

roles in posttranscriptional and transcriptional regulation in eukaryotic cells.

However, the characteristics of many lncRNAs, particularly their expression pat-

terns in the lesion epicenter of spinal tissues following subacute spinal cord injury

(SCI), remain unclear. In this study, we determined the expression profiles of

lncRNAs in the lesion epicenter of spinal tissues after traumatic SCI and predicted

latent regulatory networks. Standard Allen's drop surgery was conducted on mice,

and hematoxylin and eosin staining was used to observe the damaged area. High‐
throughput sequencing was performed to identify the differential expression pro-

files of lncRNAs. Quantitative real‐time polymerase chain reaction was conducted

to evaluate the quality of the sequencing results. Bioinformatics analyses, including

Gene Ontology and Kyoto Encyclopedia of Genes and Genomes pathway analysis,

coexpression analysis, and protein–protein interaction analysis, were performed.

Targeted binding of lncRNA–miRNA–mRNA was predicted by TargetScan and

miRanda. A total of 230 differentially expressed lncRNAs were identified and pre-

liminarily verified, and some potential regulatory networks were constructed. These

findings improve our understanding of the mechanisms underlying subacute SCI;

differentially expressed lncRNAs are closely involved in pathophysiological pro-

cesses by regulating multiple pathways. Further studies are essential for revealing
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the exact mechanism underlying competing endogenous RNA pathways in vivo and

in vitro.
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1 | INTRODUCTION

Spinal cord injury (SCI) is one of the most debilitating neurological

diseases, and therapy for SCI is generally costly but ineffective.

The incidence of SCI has increased among elderly people over the

previous three decades.1–4 In the past century, scientists in the

field of neural regeneration have focused on dissecting the cellular

and molecular mechanisms of SCI.5 The pathophysiology of SCI is

considered biphasic, consisting of a primary and secondary phase

of injury, with the most important and complex pathophysiological

processes occurring in the secondary phase.6 The subacute phase,

which lasts from 7–14 days post‐SCI, is considered the critical

period for biological therapy.6–8 Understanding the fundamental

cellular and molecular mechanisms and exploring the regulation

networks of pathophysiological events in SCI in a systemic manner

is critical for developing promising treatment strategies.

Transcriptome sequencing in humans has revealed that no

more than 2% of the genome codes for proteins. Thus, a large

proportion of noncoding RNAs (ncRNAs) are generated.9 Long

noncoding RNAs (lncRNAs), with lengths of more than 200 nu-

cleotides, have been found to play critical roles in various biolo-

gical processes.9,10 Recently, our understanding of the biological

functions of lncRNAs in nervous system diseases has greatly ad-

vanced, particularly in neuropathic pain and nerve injury,11 the

roles of a few neuro‐related lncRNAs have been clarified.12–14

However, few studies have examined the alterations in the ex-

pression of genes related to SCI.15 Researchers have revealed

some potential RNA pathways involved in SCI, including a poten-

tial competitive endogenous RNA pathway involved in the chronic

SCI phase; this targeted interaction relationship consists of

lncRNA6032, miR‐330‐3p, and Col6a1 and a potential pathway

involving XR_350851 that regulates autophagy.16 The regulatory

functions of lncRNAs have been widely acknowledged but the

precise regulatory network is not well‐understood. Studies of the

functions of lncRNAs in subacute SCI remain limited, particularly

regarding building of the lncRNA–microRNA (miRNA)–messenger

RNA (mRNA) regulatory network.

In our previous studies, we demonstrated that one type of

ncRNA, also known as miRNA, acts as a negative factor for SCI re-

covery from the acute to subacute phase via the PI3K/Akt/mTOR

and transforming growth factor‐beta (TGF‐β) signaling path-

ways.17–19 To determine the detailed mechanisms of lncRNAs and

their related networks, we investigated whether lncRNA deregula-

tion is involved in regulating the mammalian spinal cord in the sub-

acute phase of SCI.

2 | METHODS

2.1 | Establishment of a mouse model and
construction of sequencing library

All procedures involving animals were approved by the Ethics Com-

mittee of Shandong First Medical University and were performed in

accordance with the Guidance Suggestions for the Care and Use of

Laboratory Animals made by the Ministry of Science and Technology of

China. Forty‐eight clean grade healthy 8‐week‐old male C57BL/6 mice

were purchased from the Laboratory Animal Center of Shandong

University. The mice were randomly divided into six groups; there were

three SCI groups and three sham groups, with eight mice in each group.

One mouse was randomly selected for hematoxylin & eosin (H&E)

staining, and tissues from the remaining seven mice were mixed as one

sample for RNA sequencing. The mouse model was established and

samples were extracted as described previously.20 In brief, laminectomy

was performed to expose the dorsal aspect of the spinal cord (T8–T10)

in SCI and Sham mice groups. Allen's drop injury (weight of 6 g and

height of 60mm) was induced in the SCI group. The spinal cord tissues

at the level of the contusion injury were harvested on postoperative

Day 1 and 7. Total RNA samples were collected after 7 days, and tissues

were collected for H&E staining after 1 and 7 days. H&E staining was

performed as previously described. Briefly, the spinal cord tissues were

stripped off, fixed with 4% paraformaldehyde, paraffin‐embedded, de-

waxed with xylene, placed in gradient ethanol, and stained with H&E.20

Total RNA was extracted using the Trizol method21 and detected by

measuring the OD260/280 with a spectrophotometer (Thermo Fisher

Scientific). The sequencing file was built after accurate detection of

RNA integrity using a biological analyzer (Thermo Fisher Scientific).

miRNA and lncRNA database construction and sequencing were per-

formed. Total ribosomal RNA was removed, and the recovered RNA

was purified and randomly broken into short fragments using a frag-

mentation reagent (Illumina). Using T4 RNA ligase 2, an adenosylated

single‐stranded DNA 3′ junction and 5′ junction were successively li-

gated to the recovered RNA, and RNA sequences with 5′ and 3′ link
junctions were amplified by reverse transcription‐polymerase chain

reaction (PCR) with three complementary reverse transcription primers

(Illumina). Finally, a 6% polyacrylamide‐Tris‐borate‐EDTA gel was used

to separate and recover the PCR products, which showed lengths of

140–160 base pairs, for miRNA database construction; sequences more

than 200 base pairs in length were used for lncRNA database con-

struction. The sequencing reading length was set, and the library was

sequenced on an Illumina Hiseq. 4000 by LC Bio according to the

company's protocol.
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2.2 | Analysis of expression profile data and
collection of differential expression data

StringTie (http://ccb.jhu.edu/software/stringtie/) was used to evalu-

ate the expression levels of the mRNAs and lncRNAs by calculating

the fragments per kilobase of transcript per million mapped reads.

Differentially expressed miRNAs and lncRNAs were selected as

those showing a log2(fold change) > 1 or log2(fold change) < −1 and with

statistical significance (p value < 0.05) using the R package Ballgown.

miRNAs were identified in miRBase 22.1 (http://www.mirbase.org/).

To explore the function of lncRNAs, we predicted the cis‐target
genes of lncRNAs. LncRNAs may play a cis role in neighboring target

genes. Coding genes in 100,000 upstream and downstream regions

were selected using a Perl script. We then performed functional

analysis of the target genes of lncRNAs using scripts developed in‐
house. Significance was considered at a p value < 0.05. We used

Bowtie2 (http://bowtie‐bio.sourceforge.net/) and Tophat2 (http://

tophat.cbcb.umd.edu/) to map the reads to the genome of mice and

StringTie to assemble the reads and to estimate the expression levels

of all transcripts. The Circos program was used to show the locali-

zation and abundance of lncRNAs in the genome, and a class code

was generated by StringTie.

2.3 | Real‐time quantitative polymerase chain
reaction (qRT‐PCR)

The results of RNA sequencing were verified by real‐time quantita-

tive polymerase chain reaction (qRT‐PCR). Total complementary

DNA was used for qRT‐PCR with SYBR Green Master Mix (Takara)

on an ABI PRISM 7500 RT‐PCR System (Applied Biosystems) as

previously described.22 The primer sequences were as follows:

lncRNA 1110038B12Rik F: GGTCTGGGCAGGGTCTGA, R: CTGGC

GTGTGTCCTCAAATCC; lncRNA Gm23137F: GCAGTCGAGTTTCC

CGCATTTG, R: CCAGGGCGAGGCTTATCCATT; lncRNA Rock1

F: CCCACTACCACAAATTATGC, R: GGCGAGGCTTATCCATTG;

miR‐214‐3p F: TCGGACAGCAGGCACAGAC, R: CAGTGCAGGGTC

CGAGGTAT; let‐7 F: TGGCGGTGAGGTAGTAGGTTG, R: CAGTGC

AGGGTCCGAGGTAT; miR‐223‐3p_R + 1 F: TCGGCGGTGTCAG

TTTGTC, R: CAGTGCAGGGTCCGAGGTAT; Hmox1 F: AGATGGCGT

CACTTCGTCAG, R: GAGCGGTGTCTGGGATGAG; Vim F: TAGCCG

CAGCCTCTATTC, R: AGTCCACCGAGTCTTGAAG; Hspb1 F: ACC

AGCCTTCAGCCGAGC, R: GCCAGCGATCAGCCGTCT.

2.4 | Protein–protein interaction (PPI) network
construction

The STRING database (http://string‐db.org/) was used to analyze the

PPIs of differentially expressed (DE) mRNAs with a combined score

of more than 0.4 as the cutoff value. The top 50 most significant DE

genes were used as cores to construct the PPI network.

2.5 | Analysis of lncRNA–mRNA coexpression
regulatory network

The Pearson correlation coefficients of lncRNA–mRNAs based on

lncRNA and mRNA expression levels obtained by RNA‐Seq were

calculated. This coefficient was used to evaluate the correlation in-

tensity of lncRNA–mRNA co‐expression (p ≤ 0.01). The top five most

significant DE transcripts were used as cores to construct the

lncRNA–mRNA coexpression regulatory network.

2.6 | GO and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis

LncRNAs may play a cis role in neighboring target genes. Coding

genes in 100,000 upstream and downstream regions were selected

using a Perl script. The cis‐target genes of the lncRNAs were pre-

dicted, and functional analysis of the target genes for lncRNAs was

performed using in‐house scripts (p ≤ 0.05). The Gene Ontology (GO)

(http://www.geneontology.org/) and Kyoto Encyclopedia of Genes

and Genomes (KEGG) (http://www.genome.jp/kegg/) databases were

used to predict the main biological functions and most important

biochemical metabolic pathways and signal transduction pathways of

the DE mRNAs.

2.7 | Prediction of miRNA targets of lncRNAs and
mRNAs, construction of the interaction network

TargetScan (http://www.targetscan.org/) and Miranda (http://www.

miranda.org/) were used to predict miRNA targets in the sequences

of the lncRNAs and mRNAs. The network was constructed according

to the protein interactions in the STRING database.

3 | RESULTS

3.1 | SCI mouse model and RNA sequencing

After H&E staining, the nucleus was stained blue and the cytoplasm

was stained pink. In the Sham group, the spinal cord structure was

intact and undamaged (Figure 1A); one day after the injury, the tissue

structure was damaged, showing inflammatory cell infiltration and

capillary rupture bleeding (Figure 1B). Seven days after injury, the

tissue damage was partially repaired and the bleeding was mostly

absorbed but there was a large amount of inflammatory cell in-

filtration at the injury site (Figure 1C). As shown in the bioinfor-

matics analysis pipeline workflow, a computational approach and

stepwise filtering procedures were applied to identify high‐
confidence lncRNAs expressed in the RNA‐sequencing cohort and

preliminarily explore the interaction network and related functions

(Figure 2).
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3.2 | LncRNA expression profiles and validation of
DE ncRNAs and mRNAs

The lncRNAs were subdivided into five categories according to their

class code generated by StringTie: (i) a transfrag falling entirely within a

reference intron (intronic); (j) potentially novel isoform or fragment of at

least one splice junction was shared with a reference transcript; (o)

generic exonic overlap with a reference transcript; (u) unknown inter-

genic transcript (intergenic); and (x) exonic overlap with reference on the

opposite strand (antisense). The percentages of the five lncRNA class

codes in the Sham groups were as follows: 77.28% i, 19.77% u, 1.8% j,

0.67% x, and 0.48% o. The distribution changed after SCI to 74.61% i,

20.29% u, 3.23% j, 1.01% x, and 0.87% o, respectively (Figure 3A,B). All

potential lncRNAs in all samples were assembled by Stringtie and iden-

tified by CPC, CNCI, and Pfam. A graphical outline of the expression

characteristics of the lncRNAs is shown in a hierarchical clustering ana-

lysis heatmap and a volcano plot (Figures 3C and 3E). In total, 230 DE

lncRNAs were identified, of which 172 were upregulated and 58 were

downregulated (p≤0.05) (Figure 3D). The reliability of the RNA‐
sequencing results was validated by qRT‐PCR analysis of three randomly

selected DE lncRNAs: 1110038B12Rik, Gm23137, and Rock1; three DE

miRNAs: miR‐214‐3p, let‐7, and miR‐223‐3p_R+1; and three DE

mRNAs: Hmox1, Vim, and Hspb1. The expression of these RNAs in the

lesion epicenter compared with the Sham group were analyzed, and all

validated qRT‐PCR results of DE lncRNAs, miRNA, and mRNAs were

consistent with the corresponding sequencing data (Figure 4A–F).

3.3 | Basic property comparison of lncRNAs and
mRNAs and protein interaction network analysis

The transcript abundance, length, exon number, and open reading

frames (ORF) of the lncRNAs and mRNAs were compared under the

same conditions. Most lncRNAs contained fewer than one exon, whereas

F IGURE 1 Hematoxylin and eosin staining of spinal cord samples, Sham group (A), 1 day after spinal cord injury (B), and 7 days after spinal
cord injury(C) (Scar bars in low‐power field =200 µm, Scar bar in high‐power field = 100 µm)
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mRNAs contained more exons which were distributed over a wider

range. Some mRNAs had as many as 20 exons (Figure 5A). The lengths of

the lncRNAs were typically shorter than those of the mRNAs (Figure 5B).

The lengths of the ORF in lncRNAs were often shorter than those of the

mRNAs (Figure 5C,D). The fragments per kilobase of transcript per mil-

lion mapped reads data indicated that the lncRNAs were more abundant

than the mRNAs (Figure 5E). PPI networks of the most 50 DE genes are

shown in the STRING database (Figures 6 and S1).

3.4 | Enriched ontology terms and KEGG
pathways of differentially expressed lncRNA‐related
transcripts and coexpressed transcripts

GO and KEGG enrichment analysis of dysregulated genes between

the SCI and Sham groups was performed to determine the main

biological functions and molecular pathway mechanisms. In this

study, the dysregulated lncRNA‐related transcripts were associated

with hemoglobin complex, haptoglobin binding, globin–hemoglobin

complex, oxygen transporter activity, and oxygen transport

(Figure 7A). Dysregulated transcripts of lncRNA‐associated path-

ways were found by KEGG analysis to be most significantly

associated with the following: neomycin, kanamycin, and

gentamicin biosynthesis, African trypanosomiasis, systemic lupus

erythematosus, and alcoholism (Figure 7B). To explore the relation-

ship between the lncRNA and mRNA transcripts, we performed

lncRNA–mRNA co‐expression network analyses. A lncRNA–mRNA

network of the top five most DE transcripts was constructed

(Figure 8A). We then analyzed the GO and KEGG enrichment of the

co‐expressed mRNAs. GO functional enrichment analysis showed

that the transcripts were associated with phagolysosome, positive

regulation of fibronectin‐dependent thymocyte migration, and

F IGURE 2 Overview of the analysis pipeline. lncRNA, long noncoding RNA; mRNA, messenger RNA; miRNA, microRNA
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F IGURE 3 Genome Mapping and Genome‐wide identification. Distribution of lncRNAs in the genome of different samples. There are six
layers from the outside to the inside, and each layer shows the chromosome distribution and expression of lncRNAs of one sample. The outer
three layers represent the SCI group, and the inner three layers represent the Sham group. The height of the column in each layer represents
the expression level, and the higher the expression level, the higher the column height (A). RNA distribution of six types of lncRNAs along each
chromosome. Known lncRNAs (class code = , depicted in orange), intronic lncRNAs (class code i, depicted in light green), lncRNAs sharing a
reference with at least 1 splice junction (class code j, depicted in the dark green), lncRNA of generic exonic overlap with a reference transcript
(class code o, depicted in blue), intergenic lncRNA (class code u, depicted in violet), and antisense lncRNA (class code x, depicted in pink) are
presented in physical bins of 500 kb for each chromosome (B). Heatmap of top differentially expressed lncRNAs (C). Barplot of DE lncRNAs (D).
Volcano plots showing variance in differentially expressed lncRNA (E). Red and blue points indicate up‐ and downregulated lncRNAs,
respectively. DE, differentially expressed; lncRNA, long noncoding RNA

F IGURE 4 Validation of differential lncRNA, miRNA, and mRNA expression. Sequencing results of lncRNAs (A), miRNAs (C), and mRNA (E);
qRT‐PCR validation of putative lncRNAs (B), miRNAs (D), and mRNAs (F). mean ± SD, n = 3, **p < 0.005, ***p < 0.001 (two sample t‐test). lncRNA,
long noncoding RNA; mRNA, messenger RNA; miRNA, microRNA; qRT‐PCR, real‐time quantitative polymerase chain reaction
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F IGURE 5 Basic property comparison of lncRNAs and mRNAs. Exon numbers of lncRNAs and mRNAs (A). Transcript lengths of lncRNAs
and mRNAs (B). ORF lengths of lncRNAs and mRNAs (C) and (D). Expression levels of lncRNAs and mRNAs, mean ± SD (E). lncRNA, long
noncoding RNA; mRNA, messenger RNA; miRNA, microRNA; ORF, open reading frames; SD, standard deviation
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F IGURE 6 Interaction protein–protein network analysis of differentially expressed genes

F IGURE 7 Enriched GO terms (A) and KEGG pathways (B) of differentially expressed lncRNA‐related transcripts. The rich factor is the ratio
of the number of different genes to the total number of genes in the database; a higher rich factor value indicates a greater enrichment degree.
GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes
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positive regulation of the tumor necrosis factor ligand superfamily

(Figure 8B). KEGG enrichment analysis showed that transcripts were

associated with Staphylococcus aureus infection, complement and

coagulation cascades, malaria, and osteoclast differentiation

(Figure 8C).

3.5 | Prediction and construction of a
lncRNA–miRNA interaction network

The competing endogenous RNA network was investigated using the

Cytoscape software to clarify the competitive mechanisms and

potential biological functions of lncRNAs after SCI. The targeted

relationship between lncRNA and miRNA was predicted using

TargetScan and MiRanda software. The top 10 most DE lncRNAs

were: Eapp: MSTRG.23936.2, 4930430E12Rik: MSTRG.75010.2,

4933406I18Rik: MSTRG.103356.2, Gm23137: MSTRG.19687.3,

Gm23137: MSTRG.19687.5, Gm23137: MSTRG.19687.7, Hbb‐bt:
MSTRG.102744.3, Malat1: MSTRG.56013.6, Oaz2: MSTRG.1

15484.4, and Rock1: MSTRG.51911.2 with their binding miRNAs,

and miRNAs also bind with mRNAs; both miRNAs and mRNAs

were also DE. The binding miRNAs were miR‐1298‐3p, miR‐135a‐5p,
miR‐135b‐5p, miR‐217‐5p, miR‐92a‐3p, miR‐204‐5p, miR‐211‐5p,
miR‐214‐3p, miR‐7a‐5p, and miR‐7b‐5p (Figure 9).

F IGURE 8 Coexpression network analyses of top five most differentially expressed transcripts (A). Enriched GO terms (B) and KEGG
pathways (C) of differentially expressed lncRNAs coexpressed transcripts. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and
Genomes; lncRNA, long noncoding RNA
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4 | DISCUSSION

SCI is a global health problem and understanding its fundamental

cellular and molecular mechanisms is crucial for developing pro-

spective treatment strategies. There are two stages of SCI: the pri-

mary and secondary injury phases.6 In the primary injury phase,

immediate traumatic injury causes laceration, acute stretching, and

sudden acceleration‐deceleration injuries, after which sustained

compression injury begins.7 In the acute phase of secondary injury,

multiple pathophysiological processes, including neutrophil invasion,

neuronal death, axonal swelling, and blood‐brain barrier perme-

ability, are triggered by primary traumatic injury.23 In the subacute

secondary injury phase, damage and repair occur simultaneously; the

main processes are macrophage infiltration, blood–brain barrier re-

pair, resolution of edema, and scar formation.6 Some lncRNAs have

been shown to play regulatory roles in neuro‐pathophysiological
processes. For instance, lncRNAs in the dorsal root ganglion

show cell‐type specificity after nerve injury,24 and some functions of

novel lncRNAs (MALAT1, SNHG5, and ZNF667‐AS1) have been

identified.25–27 However, the role of lncRNAs in the subacute phase

of SCI remains unknown.

In our previous studies of the ncRNA expression pattern after

SCI, we demonstrated that microRNA‐21 acts as a negative factor of

SCI recovery in the acute phase via the PI3K/Akt/mTOR signaling

pathway.17–19 Additionally, we verified that miR‐21a‐5p promotes

spinal fibrosis after SCI.22,28 To determine the detailed mechanisms

of lncRNAs regulation after SCI, samples from the mouse models

were subjected to next‐generation deep sequencing. High‐
throughput RNA sequencing, which shows several advantages such

as a larger dynamic range of detection, higher sensitivity, and spe-

cificity, is a powerful tool. We identified DE lncRNAs and miRNAs

and mRNAs obtained from SCI samples, at the transcriptome level.

We mostly focused on lncRNAs rather than miRNA or mRNA. The

localization of lncRNAs in the genome was determined and the basic

properties of lncRNAs and mRNAs were compared. Coexpression

networks revealing lncRNA–mRNA interaction patterns were con-

structed. We also explored the biological functions of the DE

mRNAs, particularly those related to lncRNAs. Previous studies

analyzed lncRNA expression in six species, including human, mouse,

and fruit fly, and found that the majority of lncRNAs contained at

least one short ORF ( ≥ 24 amino acids) and often several ORFs. The

average ORF size in lncRNAs was between 43 and 68 amino acids

depending on the species.29 In protein‐coding mRNA, the main ORF

is usually long and highly consistent with the annotated protein,

which is an important indicator of whether it is translated. In lncRNA,

the main ORFs are usually shorter than those of protein‐coding
mRNA, and most of the main ORFs in ncRNA correspond to proteins

with a length less than 100 amino acids.29 Most lncRNAs contain

ORFs longer than 24 amino acids, which theoretically have the po-

tential to encode corresponding proteins. Generally, short peptides

F IGURE 9 LncRNA–miRNA–mRNA regulatory interaction network analysis of top 10 most differentially expressed lncRNAs. lncRNA, long
noncoding RNA; mRNA, messenger RNA; miRNA, microRNA
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are not easy to find in the protein database and thus are easily

ignored. There have been numerous reports of small open readboxes

(sORFs < 100 amino acids) that encode functional proteins. The

ORFs in the lncRNAs obtained in this study were mostly below 100

amino acids, and the number of lncRNAs with ORF lengths below 50

amino acids was three times higher than that of lncRNAs with ORF

length between 50 and 100 amino acids. These results are consistent

with previous reports. In addition, lncRNAs usually have multiple

ORFs with coding potential, and some of them have high translation

potential. Some investigators suggest that these small peptides may

play a role in the evolution of proteins in organisms.29 Specific roles,

such as antibacterial and pro‐inflammatory activities in the immune

system, for these peptides have been found in recent studies,30 and

as new tumor markers in colon cancer, liver cancer, and triple‐
negative breast cancer.31 In this study, by comparing the transcript

lengths, exon numbers, ORF lengths, and expression levels of lncRNA

and mRNA, we analyzed mRNA and lncRNA on an overall level; in

addition, we compared our results with those of previous research,

to verify the accuracy of sequencing analysis. Despite the existence

of a number of studies regarding coding in lncRNAs, the evidence

remains fragmented. The translation process is complex and the

specific mechanisms are still unclear; therefore, this study did not

involve the prediction of the translation function of lncRNA.

The GO enrichment results showed a wide overlap between co‐
expressed mRNAs and lncRNA‐interacting mRNAs. Both networks

are involved in immune system processes, inflammatory response,

innate immune response, and cytokine activity. This is consistent

with the pathological features and H&E staining results in the sub-

acute phase of SCI. Simultaneously, the KEGG enrichment results

showed that some classic pathways, such as the p53, NF‐κB, Jak‐
STAT, and IL‐17 signaling pathways, were specifically activated,

which is consistent with the results of previous studies.2,8,32 PPI

networks, coexpression networks, and lncRNA–miRN–mRNA net-

works can be used to screen out targets, which can be mRNA,

miRNA, or lncRNA. The subsequent interactions can be explored for

functional verification.

Based on the one‐to‐many binding characteristics between

lncRNA and miRNA,10,33 lncRNA–miRNA targeted interaction net-

works were constructed with the 10 most DE lncRNAs as the core

vertices. It is worth noting that some miRNAs targeting these

lncRNAs have been reported to play an important role in the pa-

thophysiological process of the nervous system. miR‐135b‐5p plays a

neuroprotective role by targeting GSK3β334,35 and can also regulate

neuroectoderm formation through TGF‐β/BMP signaling36; miR‐7a‐
5p, which is widely found in zebrafish, human, and mouse, plays a

regulatory role in nerve development, nerve injury, central nervous

system tumors, and Parkinson's disease, by targeting EGFR, RAF1,

KLF4, PARP, SP1, and PI3K37; overexpression of miR‐217‐5p pro-

tects against oxygen‐glucose deprivation‐induced neuronal injury38;

miR‐211‐5p has been shown to regulate the progression of Alzhei-

mer's disease in rat animal models.39 Some related lncRNA–miRNA

interactions have been preliminarily identified and validated in

tumor models such as lncRNAGAS8‐AS1‐miR‐135b‐5p. Moreover,

lncRNAGAS5‐miR‐135b‐5p has been shown to interfere with cancer

progression.40–42 These preliminary studies also provide important

ideas for the screening of key targets in later stages.

Our findings improve the understanding of the underlying me-

chanisms of SCI, and many novel lncRNAs screened in this study may

play an important role in the regulation of protein expression.

However, there were several limitations to this study. PPI networks

lack comparisons between groups, and bioinformatics methods were

solely used to predict possible biological functions; therefore, pre-

diction of the entire noncoding RNA network is incomplete. For

ethical reasons, we cannot sequence human spinal cord samples di-

rectly, but a mouse model is a convenient and reliable alternative.

The widespread use of animal models is based not only on the broad

biological commonality of most mammals but also on the fact that

human diseases often affect other species as well. This is true for

most infectious diseases, as well as noncommunicable diseases such

as type 1 diabetes, hypertension, allergies, cancer, epilepsy, and

myopathy. Not only are the symptoms similar, but the mechanisms

are often so conserved that 90% of veterinary drugs used to treat

animals are the same as or very similar to those used to treat hu-

mans.43 Although the uncertainty of experimental results in pre-

clinical animal models due to differences in species is always present,

it cannot negate the value of animal models. We need to further

improve the understanding of this difference, which can help de-

termine the accuracy of interpretation of experimental results and

improve the success rate of clinical trials. Although we hypothesized

that DE lncRNAs may be extensively involved in the pathophysio-

logical process of the subacute stage of SCI through the regulation of

multiple classical pathways, the results of single sequencing cannot

determine whether the changes in lncRNA expression are in re-

sponse to cellular injury or causal for the cellular processes asso-

ciated with the phenotypic changes following SCI. In our future

studies, based on the lncRNA–miRNA–mRNA and lncRNA–mRNA

interaction networks predicted in this study, we will continue to

monitor and verify the DE lncRNAs and their predicted pathways at

multiple time points after SCI, to verify their targeted upstream and

downstream regulatory relationships.
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