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Abstract

Long non-coding RNAs (IncRNAs) are abundantly expressed in the central nervous system and exert a critical role in gene regulation
via multiple biological processes. To uncover the functional significance and molecular mechanisms of IncRNAs in spinal cord injury
(SCI), the expression signatures of IncRNAs were profiled using RNA sequencing (RNA-seq) technology in a Sprague-Dawley rat model
of the 10" thoracic vertebra complete transection SCI. Results showed that 116 of 14,802 detected IncRNAs were differentially expressed,
among which 16—including eight up-regulated (H19, Vof16, Hmox2-ps1, LOC100910973, Ybx1-ps3, Nnat, Gcgr, LOC680254) and eight
down-regulated (Rmrp, Terc, Ngrn, Ppp2r2b, Cox6a2, Rpl37a-ps1, LOC360231, Rpphl)—demonstrated fold changes > 2 in response to
transection SCI. A subset of these RNA-seq results was validated by quantitative real-time PCR. The levels of 821 mRNAs were also sig-
nificantly altered post-SCI; 592 mRNAs were up-regulated and 229 mRNAs were down-regulated by more than 2-fold. Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses showed that differentially expressed mRNAs were related to GO
biological processes and molecular functions such as injury and inflammation response, wound repair, and apoptosis, and were signifi-
cantly enriched in 15 KEGG pathways, including cell phagocytosis, tumor necrosis factor alpha pathway, and leukocyte migration. Our
results reveal the expression profiles of IncRNAs and mRNAs in the rat spinal cord of a complete transection model, and these differentially
expressed IncRNAs and mRNAs represent potential novel targets for SCI treatment. We suggest that IncRNAs may play an important role
in the early immuno-inflammatory response after spinal cord injury. This study was approved by the Administration Committee of Experi-
mental Animals, Guangdong Province, China.
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Introduction

Traumatic spinal cord injury (SCI) is a life-changing event
with an extremely poor prognosis. It results in physiolog-
ical impairment and multisystem malfunction including
disabilities, intractable neuropathic pain, and extensive po-
tential complications—and thus presents great challenges
for patients, carers, and clinicians (Assinck et al., 2017; Kim
et al., 2017; Li et al,, 2019). To date, no effective treatments
for SCI are available because it involves highly complicated
pathophysiologic processes and the joint actions of multiple
mechanisms. An improved knowledge of SCI pathogenesis
would be of great significance for the development of effec-
tive therapies and the improvement of curative effects.

Widespread aberrant gene expression occurs during the
development and pathological processes of the central ner-
vous system (CNS) (Chandran et al., 2017). Decoding the
genomic language that governs the architecture and function
of the CNS presents great promise for helping to understand
the pathogenesis and therapies of diseases (Ponomarev et al.,
2013; Harries, 2019). Long non-coding RNAs (IncRNAs) are
the most numerous, heterogeneous, and biologically com-
plex class of non-coding RNAs in the mammalian transcrip-
tome (Hart and Goft, 2016). Earlier studies reported that the
majority of IncRNAs were nonfunctional illegitimate tran-
scripts that arose from stochastic/promiscuous promoters.
However, increasing evidence has now demonstrated that
IncRNAs have a prominent role in essential processes in-
cluding DNA replication, chromatin shaping, transcription,
posttranslational modification of proteins (Hart and Goff,
2016; Chandran et al,, 2017; Yang et al., 2019). IncRNAs are
also expressed in a highly cell- and tissue-specific manner.
Of note, a large proportion of IncRNAs are preferentially ex-
pressed within the nervous system, and are associated with
distinct neuroanatomical loci (Qureshi and Mehler, 2013;
Roberts et al., 2014), suggesting they are intimately linked to
the development and pathogenesis of neurological disorders.
Many studies have illustrated wide-ranging alteration of In-
cRNAs in several CNS diseases (Ding et al.,, 2016; Liu et al.,
2017; Quan et al,, 2017; Zhou et al., 2017; Wang et al., 2019),
and our knowledge of IncRNAs has grown exponentially
within the last decade. Nevertheless, most IncRNAs remain
to be annotated, and their biological functions and signifi-
cance have yet to be fully elucidated.

To identify novel targets for further investigation of SCI,
we profiled the expression of IncRNAs and mRNAs during
spinal cord response to transection injury using whole
transcriptome sequencing and subsequent bioinformatics
analysis. We validated these results by quantitative real-time
polymerase chain reaction (QRT-PCR).

Materials and Methods

Animals

Adult specific pathogen-free Sprague-Dawley (SD) rats (half
male/half female), aged 8—10 weeks and weighing 180-200

g, were purchased from Nanfang Medical University, China
(license No. SCXK (Yue) 2016-0041). Rats were housed in
standard cages under a regulated environment (12-hour
light/dark cycle) with free access to food and water. All pro-
cedures using laboratory animals were conducted in com-
pliance with the Guide for the Care and Use of Laboratory
Animals from the National Institutes of Health and approved
by the Administration Committee of Experimental Animals,
Guangdong Province, China.

Rat model of transection SCI

Animals were randomly divided into two groups: normal
(n = 12) and SCI (n = 12; 7 days post-injury). Transection
SCI was conducted as previously reported (Wu et al., 2013).
In brief, rats were anesthetized with isoflurane (Coulbourn,
Holliston, MA, USA) and fixed in a prone position. The back
hair was shaved and a 2- to 3-cm incision was made at the
mid-line over the spinous processes from the 9" thoracic
spinal vertebra (T9) to T11. The paravertebral muscles were
then separated from the vertebrae to expose the T10 vertebra.
Subsequently, the T10 spinous process and laminar were sur-
gically removed by laminectomy, and the spine was exposed
without disrupting the dura. After stabilizing the spine with
the spinous processes of T9-11, the exposed T10 was com-
pletely transected using a sharp scalpel to produce a reliable
transection SCI model. The muscles and skin were closed in
layers post-hemostasis. During surgery, rats were placed on
a heating pad to maintain body temperature at 37°C. After
revival from anesthesia, rats were kept under specific patho-
gen-free conditions. Animals were intraperitoneally injected
with Penicillin-Streptomycin (10,000 U/mL) daily and given
manual bladder evacuations twice a day post-surgery. Rats in
the normal group were housed in the same regulated envi-
ronment (12-hour light/dark cycle) with free access to food
and water.

Rats in the normal group and SCI group (7 days post-SCI)
were sacrificed at 7 days, and a 5-mm of spinal cord con-
taining the injury epicenter from SCI rats or corresponding
spinal segment in normal rats were isolated quickly for RNA
sequencing (RNA-seq) (n = 6/group) and qRT-PCR (n = 6/
group).

Total RNA extraction

Total RNA from T10 spinal cord segments was extracted by
Trizol reagent (Invitrogen, Carlsbad, CA, USA) in accordance
with the manufacturer’s protocol. DNA contained in tissues
was removed using the DNase I Mini Kit (Qiagen, Hilden,
Germany). RNA quantity was determined spectrophotomet-
rically at optical density (OD),q, and OD,,/OD,,, = 1.8-2.1
using a NanoDrop spectrophotometer (Thermo Fisher Scien-
tific, Waltham, MA, USA).

RNA sequencing
RNA samples collected from normal rats and damaged

spinal cords at 7 days post-transection SCI were used for
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sequencing analysis. Transcriptome sequencing of RNA har-
vested from normal rats and SCI animals was performed by
[Mumina HiSeq 2500 (RIBO Biotech Company, Guangzhou,
China). Briefly, ribosomal RNAs were removed, and purified
mRNAs were fragmented into short fragments. Random
hexamer-primers were used to synthesize complementary
DNAs from these short mRNA fragment templates. After
end-repair and ligation of Illumina sequencing adaptors,
size-suitable fragments were selected and purified for qRT-
PCR amplification with SYBR Green Kit (Takara, Tokyo,
Japan) on Illumina Eco™ (Illumina, San Diego, CA, USA).
The amplified library was then sequenced using Illumina
HiSeq 2500 (Additional file 1).

Primary sequencing data (raw reads) were subjected to
quality control to filter out low-quality reads, including reads
that contained > 10% N-base calls, and low-quality reads ac-
counted for more than 20% of the whole transcriptome. The
expression levels of mapped genes were calculated by the
reads per kilobase transcriptome per million mapped reads
method to normalize gene expression levels. Transcripts that
had a fold change > 2 and g-value < 0.05 were considered to
be significantly differentially expressed.

Bioinformatics analysis

The differentially expressed transcripts were entered into the
Database for Annotation, Visualization and Integrated Dis-
covery (DAVID; http://david.abcc.ncifcrf.gov/). Gene On-
tology (GO) annotation was used to identify the molecular
functions of the genes. GO encompasses three domains: bio-
logical process, cellular component and molecular function,
and provides extensive annotation of genes and gene prod-
ucts (http://www.geneontology.org). Pathway analysis was
also used to identify the potential functions of differentially
expressed mRNAs according to the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database (http://www.genome.
jp/kegg/). The P-values denote the significance of GO term
enrichment or the significance of the KEGG pathway cor-
relation (P-value < 0.05 was considered to be statistically
significant).

Quantitative real-time PCR assay

LncRNAs from the RNA-seq analysis were selected for val-
idation by qRT-PCR. Total RNA was reverse-transcribed
using SuperScript™III reverse transcriptase (Invitrogen)
according to the manufacturer’s protocol, with random pri-
mers and 1 ug RNA from the same samples used for RNA-
Seq. qRT-PCR was conducted using the SYBR-Green q-PCR
MasterMix (Arraystar, Rockville, MD, USA) in a ViiA 7
Real-time PCR System (Applied Biosystems, Waltham, MA,
USA). The oligonucleotide sequences of the IncRNA primers
are in Table 1. Each qRT-PCR reaction included 5 pL Master
Mix, 0.5 pL forward primer, 0.5 uL reverse primer, and 2 puL
complementary DNA. The total volume was adjusted to 10
uL with double-distilled H,O. The following thermocycler
parameters were used to generate the dissociation curve: (1)
95°C for 10 minutes; (2) 40 cycles of 95°C for 10 seconds,
60°C for 60 seconds; and (3) 60°C to 99°C. LncRNA ex-
pression was normalized using glyceraldehyde-3-phosphate
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Table 1 Oligonucleotide sequences of the quantitative real-time
polymerase chain reaction primers

Long non-coding

RNAs Ref. ID Bidirectional primer sequences

NR_001567.1 Forward: 5-CTG GGG TCT TAG
AAC TCC GC-3'

Reverse: 5-CTC AGG AAA GCC
ACC GA ACT-3'

Forward: 5'-AGT GCT CGT CAC
TCT CTC GG-3'

Reverse: 5'-ACC TCA GCC ATT GAA
CTC GAA-3'

Forward: 5-AGC CGA GCA GAC
AAC CAG A-3'

Reverse: 5'-TCC GGT AGG AGA ATG
AAC AGG-3'

Forward: 5'-ACC AGT CCT TAAT
GGA CCA AC-3'

Reverse: 5'-GTC ACT GGA CCCCTT
TGC T-3'

Forward: 5-ACC GGG CAG AAA
ATA CCC AG-3'

Reverse: 5'-AAG TAT GGG CCA CCA
GAT GC-3'

Forward: 5-TGT CCG AGT GAT
GGG AAT AC-3'

Reverse: 5-ATG CTA ACA TCC TGT
GCCTAC-3'

Forward: 5'-AGA CAG TGG CAG
AGA CTA TGG-3'

Reverse: 5'-CTC CTT GCT GTA AAA
TCC CT-3'

Forward: 5-TGG TGG GTC CTG
GGT TTA C-3'

Reverse: 5'-CAG ACA GTA GCA CTT
CTATGG T-3'

Forward: 5'-AGC GGA CTC CGA
GAT CCA TA-3'

Reverse: 5-TGA GTC TTT GTT CCC
GGC TG-3'

Forward: 5-ACG AGA TCG AGG
TCC AGG AAG-3'

Reverse: 5'-CAT CAC TGA GCC AGA
CGCT-3'

Forward: 5'-AAA CGC TCA GGT
GGT TGT AG-3'

Reverse: 5-CCA TGT CTG CCA GGT
TAA AG-3'

Forward: 5'-GCT TCT GGT TCC
CAC GCA A-3'

Reverse: 5'-AGA TAA TGT CAG CTT
CGG TTG C-3'

Forward: 5-TGG TGG GTC CTG
GGT TTA C-3'

Reverse: 5'-CAG ACA GTA GCA CTT
CTATGG T-3'

Forward: 5-CAA TAG CTG GTT
GGC ATT CTG-3'

Reverse: 5'-CAA CTA TGC TGA CAT
CCT GGT A-3'

Terc

Rmrp NR_002703.1

LOC100910973 ~ NR_102352.1
LOC100910973 ~ NR_102351.1
Hmox2-psl NR_045198.1
Vofl6

NR_037614.1

H19 NR_027324.1

Ybx1-ps3

NR_038098.1

Nnat NR_073089.1

Gegr NR_073147.1

Ngrn NR_028055.1
Ppp2r2b NR_073588.1
LOC680254

NR_027983.1

Cox6a2 NR_037674.1

dehydrogenase. Relative quantification of IncRNAs was cal-
culated by the 27*** method. Glyceraldehyde-3-phosphate
dehydrogenase was used as an internal control.
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Statistical analysis

Comparison of the normal group and SCI group (7 days
post-SCI), in the RNA-seq analysis was evaluated using fold
change and Student’s t-test in the IBM SPSS Statistics 25.0
software (IBM, Armonk, NY, USA). A false discovery rate
was calculated to correct the P-value. A fold change > 2 and
P-value < 0.05 was considered the threshold value to desig-
nate differentially expressed IncRNAs and mRNAs.

Results

mRNA expression profiles in SCI

RNA-seq detected differential expression of 12,400 mR-
NAs between SCI animals and normal animals, of which
9219 mRNAs were up-regulated and 6786 mRNAs were
down-regulated. Further analysis indicated 591 significantly
up-regulated mRNAs and 229 significantly down-regulated
mRNAs post-SCI (P < 0.05, |log2(fold change)| > 1) (Table 2).
The heat map indicates the expression profiles of all mRNAs
(Figure 1A). The volcano plot shows the mRNAs significant-
ly expressed between the two groups (Figure 1C).

IncRNA expression profiles in SCI

Following hierarchical clustering, 14,802 IncRNAs were
identified by high throughput RNA-seq, including 491 an-
notated IncRNAs and 14,311 novel ones (Table 2). Among
the 491 known IncRNAs, the expression levels of 16 (eight
up-regulated and eight down-regulated) were greatly altered
after SCI compared with the normal group, according to a
P-value (< 0.05) and fold change (> 2). A heat map display-
ing the expression signatures of IncRNAs before and after
SCI is illustrated in Figure 1B. The volcano plot shows the
significantly differentially expressed IncRNAs (Figure 1D).
We observed that differentially down-regulated IncRNAs
were more common than up-regulated IncRNAs, whereas
this trend was opposite in our mRNA dataset. A heat map
and hierarchical cluster analysis of differentially expressed
IncRNAs is illustrated in Figure 2. Table 3 lists the seven
most-differentially expressed IncRNAs (P < 0.05, |log2(fold

change)| > 3) following SCL.

GO and KEGG pathway analysis of differentially
expressed mRNAs in SCI rats

GO enrichment analysis was performed to investigate the ef-
fect of SCI on biological processes, cellular components, and
molecular functions. The results demonstrated that 489 bio-
logical processes, 74 cellular components, and 58 molecular
functions were enriched in the differentially expressed gene
set. The ten most-enriched GO biological processes were
mainly associated with responses to damage and inflamma-
tion, including response to external stimulus, response to
wounding and stress, inflammatory response, and defense
response (Figure 3A). Of note, biological processes such as
apoptosis, tumor necrosis factor (TNF) production, glio-
genesis, regulation of synaptic plasticity, and vasculogenesis
were also significantly down-regulated. The ten most-en-
riched GO cellular components were cell periphery, plasma
membrane, cytoplasm, cell fraction, and cytosolic ribosome
(Figure 3B), and the ten most-enriched GO molecular func-
tions included protein binding, cytoskeletal protein binding,
insulin-like growth factor binding, and enzyme binding
(Figure 3C).

KEGG pathway analysis revealed 15 substantially en-
riched pathways, many of which are relevant to the inflam-
matory response, including ribosome, phagosome, TNF sig-
naling pathway-Rattus norvegicus (rat) (Figure 4), leukocyte
tran-sendothelial migration, bacterial invasion of epithelial
cells, and cell adhesion molecules (Figure 5). As illustrated
in Figure 4, several molecules involved in TNF signaling
were differentially expressed (red box) post-SCI. These re-
sults indicate that the immune inflammatory response in the
injury microenvironment exerts a critical role in the early
pathological progression of SCL

Quantitative real-time PCR validation of IncRNA
expression
To validate the results from high-throughput RNA-seq, four-

Table 2 Overview of RNA sequencing results in rats after spinal cord injury

Transcriptome Classification Total Differentially changed |[log2(fold change)| >1 Up-regulated Down-regulated Access ID
mRNA 12400 16005 821 592 229 NM-
Long non-coding RNA 14802
Annotated 491 116 16 8 8 NR-
Non-annotated 14311 11583 3754 660 3094 TCONS-
Table 3 Differentially expressed long non-coding RNAs in spinal cord injury rats (|log2(fold change)| > 3)
Long non-coding
RNAs Ref. ID Fold change Regulation =~ Chromosome RNA length (bp) Start site End site P-value
Rmrp NR-002703.1 -3.95302899 Down 15 298 27738989 27739245 0
Terc NR-001567.1 -11.771741  Down 2 420 116432723 116433110 5.05E-12
HI19 NR-027324.1 11.95810649 Up 1 2325 215744404 215747080 1.10E-29
Vof16 NR-037614.1 7.044770456 Up 8 2107 45798356 45800462 0.0043621
Hmox2-psl NR-045198.1 3.462649354 Up 2 2211 215370196 215372406 3.62E-23
LOC100910973 NR-102351.1 3.415393998 Up 1 950 227110936 227113844 2.12E-05
LOC100910973 NR-102352.1 3.39773187  Up 1 779 227110936 227113844 1.96E-06
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Normal (n=6) 7.d post-SCI(n=6) Normal (n=6) 7'dpost-SCI (n=6)

Figure 1 Altered expression profiles of mRNAs and long non-coding
RNAs (IncRNA) following transection spinal cord injury (SCI).

(A, B) Heat map and hierarchical clustering showing the global expres-
sion of (A) mRNA and (B) IncRNA in SCI rats at 7 days post-injury.
Red and blue indicate high and low relative expression, respectively. (C,
D) Scatter plot illustrating (C) mRNA and (D) IncRNA expression pro-
files in spinal cords of normal and SCI rats. Red represents up-regulat-
ed genes and green represents down-regulated genes. Black represents
genes with no significant difference in expression.

Normal (n = 6) 7 d post-SCI (n = 6)

Figure 2 Heat map showing hierarchical clustering analysis of
differentially expressed long non-coding RNAs after spinal cord
injury (SCI) whose change in expression is more than 2-fold
(|log2(fold change)| > 1, P < 0.05).

Up-regulated and down-regulated genes are red and blue, respectively.
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Figure 3 Gene Ontology (GO) enrichment analyses of differentially
expressed mRNAs.

(A-C) A GO analysis providing information concerning significantly
enriched functions and the corresponding differentially expressed mR-
NAs covering three domains: biological process (A), cellular compo-
nent (B) and molecular function (C). The red plot indicates the num-
bers of differentially expressed genes in each specific function. The blue
bar presents the —log transformed P value (P-value < 0.05 is considered
statistically significant). The lower the P-value, the more significant the
GO Term.

teen highly up- or down-regulated IncRNAs were selected
for qRT-PCR verification. As shown in Figure 6, although
the fold change in IncRNA expression between the two
datasets differed, there were consistent tendencies between
the RNA-seq and qRT-PCR results. We confirmed the ex-
pression dynamics of five down-regulated IncRNAs (such
as Rmrp and Terc), and nine up-regulated IncRNAs (such
as H19, Vofl6 and Hmox2-psl) (Figure 6), suggesting that
these IncRNAs are potentially functional in the pathological
development of SCIL.

Discussion

Traumatic SCI is an incurable condition with limited poten-
tial for structural repair and functional recovery. This is due
to the lack of therapeutic options available clinically (He and
Jin, 2016), and the complex and aggressive pathophysiology
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Figure 5 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of
differentially expressed mRNAs.

The blue bar indicates P-value (—log transformed) and the red plot shows the numbers of
changed mRNAs in each pathway. The P-value (Fisher-P value) denotes the significance
of the pathway correlated to the conditions. A lower P-value (P-value < 0.05 is considered
statistically significant) denotes a more significant correlation.

Figure 6 Real-time quantitative polymerase chain reaction (QRT-PCR) validation of 14
differentially expressed long noncoding RNAs (IncRNAs) in the spinal cord of spinal
cord injury (SCI) rats.

From the left, the expression of the first nine IncRNAs was significantly up-regulated at 7
days after SCI. The expression of the next five IncRNAs was significantly down-regulated
at 7 days after SCI. These trends were consistent with RNA-seq results (Seq). Data are ex-
pressed as the mean + SD, and were analyzed by Student’s t-test.

Figure 4 Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis.

A KEGG pathway analysis revealed 15 sub-
stantially enriched pathways corresponding
to transcripts dysregulated after spinal cord
injury (SCI). The tumor necrosis factor (TNF)
signaling pathway was one of the most enriched
networks correlated with SCI rats. Genes in red
boxes were differentially expressed genes. AP-
1: AP-1 transcription factor subunit; ¢/EBP:
CCAAT/enhancer binding protein ; CcL2: C-C
motif chemokine ligand 2; c-Jun: c-Jun pro-
to-oncogene; CREB: cAMP-response element
binding protein; Cx3cL1: C-X3-C motif chemo-
kine ligand 1; CxcL: C-X-C motif chemokine
ligand; Fos: Fos proto-oncogene; Icam1: inter-
celluar adhesion molecule-1; IkBa: I-kappa-B-a;
Jun: Jun proto-oncogene; JunB: JunB proto-on-
cogene; Mmp4: metalloproteinase-4; Nfkbia:
nuclear factor-kappa-B inhibitor alpha; Socs3:
suppressor of cytokine signaling-3; TNFR1: tu-
mor necrosis factor receptor 1; TNFR2: tumor
necrosis factor receptor 2; Vcam1: vascular cell
adhesion molecule-1.

of SCI. In recent years, promising effects
of IncRNAs in the biological regulation of
CNS disease have been widely evidenced.
As such, identifying IncRNAs involved in
SCI would be of great significance for bet-
ter understanding its pathogenesis.

A previous study reported a microar-
ray analysis of IncRNAs in contusion
SCI; however, the expression profiles of
IncRNAs in complete transection SCI
remain unknown. Here, we investigated
the expression profiles of IncRNAs in SCI
rats following T10 transection. As expect-
ed, compared with the normal group, an
abundance of IncRNAs was either up-reg-
ulated or down-regulated post-SCI. Some
of these differentially expressed IncRNAs
related to specific cellular and signaling
events, suggesting that they may be poten-
tial pathological markers or therapeutic
targets for SCI.

The suitability of the animal model and
detection time period exert a determined
role in experimental research (Shar-
if-Alhoseini et al., 2017). In general, it is
accepted that contusion SCI is the classic
SCI model because of its similarity to the
clinical situation—which also comprises
bony fragments or extruded disk materials
in addition to spinal tissue destruction.
However, because of variation in residual
tissues, there are shortcomings of the con-
tusion SCI model relating to the evalua-
tion of nerve regeneration and functional
recovery. These are not issues in the com-
plete transection SCI model, a standard
SCI model with identical severity. Second-
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ary injury following SCI is the core of its debilitating patho-
logic progression, and provides the optimal time frame for
therapeutic interventions. Necrotic and apoptotic cell death
in the acute and subacute phase (about 2 weeks post-inju-
ry) are the most significant post-trauma changes, and these
peak at 7 days after the initial mechanical insult. As research
concerning IncRNAs in complete transection SCI has to
our knowledge not been reported, we therefore conducted
a transection SCI model and analyzed IncRNA expression
profiles at 7 days post-injury to get a more extended under-
standing of IncRNAs pattern in SCL

In the present study, 14,802 IncRNAs were detected (in-
cluding 491 annotated IncRNAs) among which eight In-
cRNAs were up-regulated and eight were down-regulated
(P < 0.05, |log2(fold change)| > 2) between normal and SCI
animals. To validate these RNA-seq results, QRT-PCR was
performed. Twenty-four IncRNAs were randomly selected
for qRT-PCR on an independent series of samples taken
from both the normal and SCI animals. Of these, 14 exhib-
ited a statistically significant difference that was consistent
with that of the high-throughput detection. Specifically, nine
IncRNAs, including Nnat, LOC680254, Vof16, and H19,
were significantly up-regulated, while five IncRNAs, includ-
ing rmrp, and Terc, were significantly down-regulated.

Furthermore, GO enrichment and KEGG pathway analy-
ses were used to preliminarily study the potential functions
of the differentially expressed mRNAs. In contusion SCI,
studies have reported that most altered mRNAs were in-
volved in transport, cell adhesion, metabolic process, and
innate immune response; a KEGG analysis revealed neu-
roactive ligand-receptor interactions, the phosphoinositide
3-kinase-Akt signaling pathway, focal adhesion, and meta-
bolic pathways as the top enrichment pathways (Ding et al.,
2016). Conversely, in our GO analysis of transection SCI,
many of the differentially expressed transcripts were asso-
ciated with response to wounding, inflammatory response,
immune system process, cell periphery, protein binding,
and cytoskeletal protein binding. Similarly, our KEGG en-
richment analysis revealed that the transcripts with changed
expression were involved in phagosome, TNF signaling
pathway, leukocyte transendothelial migration, and cell ad-
hesion molecules—pathways which are mostly associated
with immuno-inflammatory responses. This highlights the
critical role of the inflammatory reaction cascade in second-
ary damage following SCI. These results suggest that the dif-
ferent severity of injury may contribute to a difference in the
pathological processes in these two types of SCI model rats.

Aggressive inflammation and immune stress response
after SCI leads to neuronal death, myelin loss, and microcap-
sule formation—seriously hindering cell survival and axonal
regeneration. TNF is a multifunctional proinflammatory
cytokine that plays important roles in various physiological
and pathological processes, such as cell proliferation and
apoptosis, modulation of immune responses, and induction
of inflammation (Song et al., 2018). An increase of TNF-a
post-SCI not only results in cell apoptosis and necroptosis
via the activation of several signaling pathways, it also acti-
vates astrocyte proliferation to accelerate glial scar formation
(Esposito and Cuzzocrea, 2011). Accumulating evidence
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has demonstrated that a blockade of TNF signaling exerts
anti-inflammatory action, antinociceptive effects, and neu-
roprotective properties in many CNS diseases including SCI.
In our study, genes involved in the TNF signaling pathway,
such as TNF receptor, IkBa, and Jun, were all differentially
expressed after SCI. A better understanding of TNF signal-
ing and its relatives may aid in providing new avenues for
SCI therapeutic intervention, e.g. by inhibiting and modulat-
ing the biological activity of these cytokines.

To date, few IncRNAs have been annotated and function-
ally characterized. Of these, IncRNA H19 (NR_027324) is
abundantly expressed in fetal tissues and adult metabolic
organs such as liver, muscle, and adipose , and has been
extensively investigated in several genetic disorders and
cancers. Notably, recent studies have reported that H19
is also expressed abnormally following hypoxia, where it
functions to stimulate acceleration of cerebral ischemia and
reper-fusion injury, and is associated with the susceptibility
and clinical features of ischemic stroke (Huang et al., 2019).
Additionally, increased H19 was detected in Schwann cells
in the peripheral neuropathy and it induces hippocampal
neuronal apoptosis in diabetes mellitus (Zhao et al., 2017;
Han et al., 2018). Similarly, an up-regulation of H19 in our
study suggests a possible role in metabolic disturbance and
ischemia-induced neuron death after SCI. NR_037614, a
IncRNA defined as Rattus norvegicus ischemia related factor
vof-16 (Vof16), also drew our attention—despite not having
the most significantly changed expression. Vof16 is known
to be abundant in the hippocampus, the piriform cortex,
and the area around the aorta (Tohda and Watanabe, 2004).
Vof16 is also up-regulated in ischemic brain injury, and has
been suggested to be related to neuronal damage and cogni-
tive impairment in brain injury, neurodegenerative disease
and CNS angiitis; however, to our knowledge, expression
enrichment and a potential function of Vof16 in SCI has not
been previously reported. We observed significant up-regu-
lation of Vofl6, implying it has a possible effect on the neu-
rological impairment that is induced by hypoxic-ischemic
damage after SCI, and offers us inspiration for future work.

Consistent with other studies, our bioinformatics analysis
identified that the expression of a broad suite of IncRNAs
and mRNAs is significantly altered following transection
SCI. However, although we have preliminarily predicted
IncRNA functions from our sequencing results, it would be
premature to use these IncRNAs as possible SCI biomarkers
or therapeutic targets. Because of acknowledged limitations
of this work, such as the small number of samples and indi-
vidual differences in RNA-seq data, the biological functions
of IncRNAs and their role in the SCI pathological process
require further study.

Conclusion

We have demonstrated the expression dynamics of IncRNAs
and mRNAs after transection SCI through RNA-seq analysis
and qRT-PCR validation. Identification of potential IncRNAs
provides new opportunities to study RNA-directed epigene-
tic regulators and their essential role in SCI pathologies, and
to uncover novel targets for IncRNA-based diagnostics and
SCI therapeutics in the future.
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