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Abstract

Peripheral nerve injury may trigger changes in mRNA levels in the spinal cord. Finding key mRNAs is important for improving repair after
nerve injury. This study aimed to investigate changes in mRNAs in the spinal cord following sciatic nerve injury by transcriptomic analysis.
The left sciatic nerve denervation model was established in C57BL/6 mice. The left L4-6 spinal cord segment was obtained at 0, 1, 2, 4 and
8 weeks after severing the sciatic nerve. mRNA expression profiles were generated by RNA sequencing. The sequencing results of spinal
cord mRNA at 1, 2, 4, and 8 weeks after severing the sciatic nerve were compared with those at 0 weeks by bioinformatic analysis. We
identified 1915 differentially expressed mRNAs in the spinal cord, of which 4, 1909, and 2 were differentially expressed at 1, 4, and 8 weeks
after sciatic nerve injury, respectively. Sequencing results indicated that the number of differentially expressed mRNAs in the spinal cord
was highest at 4 weeks after sciatic nerve injury. These mRNAs were associated with the cellular response to lipid, ATP metabolism, energy
coupled proton transmembrane transport, nuclear transcription factor complex, vacuolar proton-transporting V-type ATPase complex,
inner mitochondrial membrane protein complex, tau protein binding, NADH dehydrogenase activity and hydrogen ion transmembrane
transporter activity. Of these mRNAs, Sgkl, Neurturin and Gpnmb took part in cell growth and development. Pathway analysis showed
that these mRNAs were mainly involved in aldosterone-regulated sodium reabsorption, oxidative phosphorylation and collecting duct acid
secretion. Functional assessment indicated that these mRNAs were associated with inflammation and cell morphology development. Our
findings show that the number and type of spinal cord mRNAs involved in changes at different time points after peripheral nerve injury
were different. The number of differentially expressed mRNAs in the spinal cord was highest at 4 weeks after sciatic nerve injury. These
results provide reference data for finding new targets for the treatment of peripheral nerve injury, and for further gene therapy studies of
peripheral nerve injury and repair. The study procedures were approved by the Ethics Committee of the Peking University People’s Hospital
(approval No. 2017PHC004) on March 5, 2017.
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Introduction

Peripheral nerve injury is a common disease which may
result in lifelong disability and physical dysfunction (Biazar
et al., 2010; Weng et al., 2018). In the past few decades, the
emergence of stem cells, biological materials, and nerve
growth factors has greatly improved the repair of nerve dam-
age, but this still does not meet clinical needs (Deumens et
al.,, 2010; Sarker et al., 2018; Rao et al., 2019; Wu et al., 2019).
The repair of peripheral nerve injury with satisfying out-
comes is a major challenge in clinical practice. Recently, gene
therapy has become an effective way to treat some diseases
(Leers, 2019; Zhou et al., 2019). Exploring changes in mRNA
levels in the spinal cord after nerve injury may be important
for the development of novel treatments for peripheral nerve
injury. The pathogenesis of peripheral nerve injury is asso-
ciated with changes in RNAs, ion channels, receptors, and
other intracellular proteins in neurons and supporting nerve
cells (Akita et al., 2016; Uta et al., 2019). Nerve injury may
trigger the transport of local signals from the peripheral in-
jury site back to the cell body along axons (Abe and Cavalli,
2008; Pathak et al., 2016). The subsequent regeneration of
peripheral nerves has been directly attributed to intra-axonal
translation of mRNAs. Moreover, these localized, quiescent
mRNAs convert to translation mode following nerve injury
(Mietto et al., 2015). Furthermore, the axonal mRNAs are
translated to corresponding proteins that provide retrograde
signals to the cell body (Perry and Fainzilber, 2014). Howev-
er, it is still uncertain how this local translation is activated
following peripheral nerve injury. The transcriptome is a
crucial concept in the post-genomic era and has definite
advantages for the study of peripheral nerve injury (Phay
et al., 2015). Most cells share the same set of genes while
their transcription is spatially and temporally specific. This
is known as the dynamic evolution of mRNAs and it can be
used for further investigations of the mechanisms under-
lying peripheral nerve injury to find novel means to treat
nerve injury (Jiang et al., 2015).

Next-generation RNA sequencing (RNA-seq) is ac-
knowledged as a highly sensitive method for the analysis of
differentially expressed RNAs (Sirbu et al., 2012; Sun et al,,
2017). Different from gene microarray assays, RNA-seq is
not limited to a subset of known genes. RNA-seq can also
analyze the entire genome of organs and tissues to provide
information about previously unannotated genes as well as
their possible functions (Hurd and Nelson, 2009; Zou et al.,
2019). In addition, RNA-seq can detect smaller RNAs by
not selecting for the poly-A tail (Guo et al., 2015). Although
some studies have reported transcriptome changes in the
stumps of lesioned sciatic nerve and dorsal root ganglia at
several time points after injury (Yu et al., 2011), the tem-
poral alteration of specific mRNAs directly responsible for
nerve regeneration after injury remains unclear. The tran-
scriptome and mRNA profile in the proximal nerve need to
be further investigated.

In this study, transcriptome analysis of the spinal cord
was performed using RNA-seq after sciatic nerve injury.
The differentially expressed mRNAs after peripheral nerve

injury were explored, the temporal change of mRNAs
during peripheral nerve injury was investigated and the
differentially expressed mRNAs were subjected to bioin-
formatic analyses to identify mRNAs related to post-injury
nerve regeneration.

Materials and Methods

Animals

Fifteen healthy female wild-type C57BL/6] mice weighing
20-25 g and aged 6—8 weeks were used in this study [ani-
mals were bred in the Laboratory Animal Center of Peking
University, animal use license No. SYXK (Jing) 2016-0009].
The study procedures were approved by the Ethics Commit-
tee of the Peking University People’s Hospital (approval No.
2017PHC004) on March 5, 2017. This study was carried out
in accordance with the principles of the Basel Declaration
and recommendations of Chinese guidelines for the care and
use of laboratory animals (China National Standardization
Management Committee, No. GB/T 35823-2018, 2018). The
experimental procedure followed the United States National
Institutes of Health Guide for the Care and Use of Laborato-
ry Animals (NIH Publication No. 85-23, revised 1996). The
mice were allowed free access to standard chow and water
with a 12-hour light-dark cycle and standardized hous-
ing conditions before and after operation. Fifteen female
C57BL/6 mice were randomly divided into five groups (0-, 1-,
2-, 4-, 8-week groups, 0 weeks was the control group, n = 3
for each group).

Animal models and sample collection

The mice of all groups were fully anesthetized by isoflurane
(RWD Life Science Co., Shenzhen, China) inhalation. A 0.5
cm incision was then made over the left hind limb sciatic
nerve. The sciatic nerve was gently separated and exposed
and cut at 1 cm from the branch of the tibial nerve and the
common peroneal nerve, followed by closure of the incisions
with 4-0 Ethilon sutures. All procedures were finished under
aseptic conditions. To assess whether the model was suc-
cessful, all mice were euthanized at 0 (control group), 1, 2, 4
and 8 weeks post-injury to ensure that the sciatic nerve was
still completely disconnected. The L4-6 spinal cord on the
injured side was collected and processed for further use.

RNA extraction and sequencing library construction

Fifteen spinal cord samples were collected at 0, 1, 2, 4 and 8
weeks (n = 3 at each time point) after injury. Total RNA was
isolated using the RNeasy Mini Kit (Qiagen 217004, Dussel-
dorf, German) according to the manufacturer’s instructions
and the quality of the purified RNA evaluated with a Bio-
Analyzer 2100 (Agilent Technology, CA, USA). The quan-
tity of purified RNA was assessed using a NanoPhotometer
spectrophotometer (IMPLEN, Westlake Village, CA, USA)
at 260 nm. All RNA samples were stored at —80°C, and then
sequenced on the Illumina platform by Novogene (Beijing,
China). Sequencing libraries were prepared using 3 pg RNA
per sample. Sequencing libraries were made using an NEB-
Next® Ultra™ RNA Library Prep Kit for [lumina® (NEB,
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Ipswich, MA, USA) according to the manufacturer’s instruc-
tions. Then, index codes were used to attribute sequences
to each sample. First, poly-T oligo-attached magnetic beads
were utilized to purify mRNA from total RNA. The divalent
cations in NEBNext First Strand Synthesis Reaction Buffer
(5x) were used for fragmentation under raising temperature.
First-strand cDNA was synthesized using a random hexamer
primer and M-MuLV Reverse Transcriptase (RNase H-) and
second-strand cDNA was subsequently made using DNA
Polymerase I and RNase H. Overhangs were made blunt
with polymerase/exonuclease. After the 3' ends of DNA
fragments were adenylated, NEBNext Adaptor with hairpin
loop structure was ligated for hybridization. The library frag-
ments were purified using the AMPure XP system (Beckman
Coulter, Beverly, MA, USA). cDNA fragments of 150—-200 bp
were treated with 3 uL of USER Enzyme (NEB). The cDNA
was ligated at 37°C for 15 minutes and then at 95°C for 5
minutes. Quantitative polymerase chain reaction (qPCR)
was subsequently performed with Phusion High-Fidelity
DNA polymerase, Universal qPCR primers and Index (X)
Primer. Finally, the Agilent Bioanalyzer 2100 (Agilent Tech-
nology, CA, USA) system was used to evaluate the library
quality and to purify the qPCR products.

Clustering and sequencing

Index-coded sample clustering was performed with TruSeq
PE Cluster Kit v3-cBot-HS (Illumina, Santiago, CA, USA)
following the instructions on the cBot Cluster Generation
System. The libraries were sequenced to generate 125 bp/150
bp paired-end reads. For species with sophisticated gene
annotation information (e.g., mice), reads could be directly
mapped to the transcriptome. DNAStar Lasergene software
(V2.5.1b; Madison, WI, USA) was used for comparison
analysis of RNA-seq reads data. DNAStar used the Maximal
Mappable Prefix search method to accurately position junc-
tion reads. HTSeq v0.6.0 was used to analyze differential
gene expression of each sample. FPKM (expected number
of fragments per kilobase of transcript sequence per million
base pairs sequenced) is the number of fragments per ki-
lobase of exon model per million mapped fragments, which
takes the effect on sequencing depth and gene length on the
fragment count into consideration, and is the most frequent-
ly used gene expression estimation method.

GO and KEGG enrichment analysis of differentially
expressed mRNAs

Cluster Profiler R package was used to perform Gene On-
tology (GO) enrichment analysis of differentially expressed
genes, to revise the gene length bias. The enrichment of dif-
ferentially expressed genes was considered statistically signif-
icant with a corrected P-value less than 0.05. Kyoko Encyclo-
pedia of Genes and Genomes (KEGG; https://www.genome.
jp/kegg) is a database for the identification of high-level
functions of biological systems following genome sequenc-
ing or other high-throughput experimental technologies at
the molecular level. The cluster Profiler R package was used
to test the differentially expressed genes with significant en-
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richment in KEGG pathways.

Validation of expression for some differential mRNAs by
qPCR

The remaining samples collected at 4 weeks were processed
for validation by qPCR. The synthesis of first-strand cDNA
was performed using a reverse transcription kit (Vazyme,
Nanjing, China) according to the manufacturer’s instruc-
tions. IQ SYBR green SuperMix reagent (Bio-Rad, Hercules,
CA, USA) was chosen for amplification of target genes.
Agarose gel electrophoresis and melting-curve analysis were
employed to detect the specificity of qPCR. The comparative
Ct method was used to quantify gene expression, and the
relative quantification was calculated as 27**“ with GAPDH
as an internal control. The primers used for gPCR are shown
in Table 1.

Table 1 Primer sequences of GAPDH, Sgkl, Neurturin and Gpnmb
genes

Product
Gene Sequences (5'-3") size (bp)
GAPDH  Forward: GAA GGG CAT CTT GGG CTA CAC 109
Reverse: GTT GTC ATT GAG AGC AAT GCC A
Sgkl Forward: TGC AGG ACA CTA CAA TGT GGG A 116
Reverse: CAA GAC CGT TTC AAT AGGTTT
TAG
Neurturin Forward: GGC CCT GGT GTC GCT CAT 115
Reverse: GCG TGG AGG GCG TCG TA
Gpnmb  Forward: CTC ACT TCA CAT GGC CGC TAC 103

Reverse: TCA AGC TTC TTC ACG TGT TTC TG

Statistical analysis

All data are expressed as the mean + SEM. Statistical analysis
was performed with SPSS version 19.0 software (IBM, Ar-
monk, IL, USA). mRNA levels at different time points after
injury were assessed using Student’s ¢-test. The qPCR results
were tested with Student’s ¢-test. A P value less than 0.05 was
considered statistically significant.

Results

Number of sequence reads

After checking the RNA-seq data quality by determining the
ratio of clean data (Figure 1A), the percentage of clean reads
in the raw reads of each sample was more than 94%, indi-
cating that the data were high-quality and able to be used
for subsequent analysis. The distribution of reads in regions
of the genome was also performed (Figure 1B). Different
colors represent different genome regions, including exonic,
intronic and intergenic regions.

Differentially expressed mRNAs after sciatic nerve injury

Differentially expressed mRNAs are independently displayed
with a volcano plot, Venn diagram and clustering map (Fig-
ure 2). Compared with 0 week, the top ten differentially
expressed mRNAs at 4 weeks and all differentially expressed
mRNAs at 1 and 8 weeks after sciatic nerve injury are shown
in Table 2. Differentially expressed mRNAs were not iden-
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Table 2 Differentially expressed mRNAs in the spinal cord after sciatic nerve injury

Time Ensemble Gene ID Gene name Regulation vs. 0 wk
1wk ENSMUSG00000019970 Serum/glucocorticoid regulated kinase 1 (Sgk1) Up
ENSMUSG00000034647 Ankyrin repeat domain 12 (Ankrd12) Down
ENSMUSG00000000567 SRY (sex determining region Y)-box 9 (Sox9) Down
ENSMUSG00000105843 Predicted gene 42644 (Gm42644) Up
4wk ENSMUSG00000088609 Heat shock protein 1B (Hspalb) Down
ENSMUSG00000039481 Lipocalin 2 (Lcn2) Up
ENSMUSG00000020125 RIKEN cDNA 8430408G22 gene (8430408G22Rik) Down
ENSMUSG00000026822 Cytochrome c oxidase subunit IV isoform 1 (Cox4iI) Up
ENSMUSG00000052212 Neurturin (Nrtn) Up
ENSMUSG00000091898 arginine/serine rich protein 1 (RsrpI) Down
ENSMUSG00000040809 CDC-like kinase 1 (ClkI) Down
ENSMUSG00000064179 Golgi apparatus protein 1 (Glgl) Down
ENSMUSG00000076281 Cytochrome c oxidase subunit via polypeptide 1 (Cox6al) Up
ENSMUSG00000058626 ATPase Ca®* transporting plasma membrane 4 (Atp2b4) Down
8 wk ENSMUSG00000028238 ATPase H' transporting lysosomal VO subunit D2 (Atp6v0d2) Up
ENSMUSG00000029816 Glycoprotein (transmembrane) nmb (Gpnmb) Up

Up-regulation and down-regulation of gene expression were compared with the control group (0 wk). The sequencing data were tested with
Student’s t test. A value of P less than 0.05 was considered statistically significant.

tified at 2 weeks. We identified 1915 differentially expressed
mRNAs after sciatic nerve injury compared with the control
group (up-regulation: 2 at 1 week, 897 at 4 weeks, and 2 at 8
weeks; down-regulation: 2 at 1 week, 1012 at 4 weeks, and 0
at 8 weeks).

Validation of expression of some differentially expressed
mRNAs by qPCR

The expression of some differentially expressed mRNAs
(Sgk1, Neurturin and Gpnmb) at 1, 4 and 8 weeks after injury
was validated by qPCR (Figure 3). The expression of these
mRNAs was consistent with that determined by sequencing.

Functional prediction of differentially expressed mRNAs

To estimate the functions of mRNAs in the injured nerve,
GO and KEGG pathway analysis were employed to analyze
the threshold of fold change at > 0.95. GO analysis showed
the most significantly enriched biological processes at 1
week were associated with cellular response to lipid, cellular
response to organonitrogen compound, cellular response
to nitrogen compound, cell growth and negative regulation
of microtubule polymerization; at 4 weeks, ATP metabolic
process, purine ribonucleoside triphosphate metabolic pro-
cess, ribonucleoside triphosphate metabolic process, purine
nucleoside triphosphate metabolic process and purine nu-
cleoside metabolic process; and at 8 weeks, energy coupled
proton transmembrane transport, ATP hydrolysis coupled
proton transport, hydrogen ion transmembrane transport,
proton transport and hydrogen transport. Of note, the most
enriched cellular components at 1 week were associated
with nuclear transcription factor complex; at 4 weeks, inner
mitochondrial membrane protein complex, mitochondrial
protein complex, mitochondrial inner membrane, organelle
inner membrane and mitochondrial membrane part; and
at 8 weeks, proton-transporting V-type ATPase complex,
vacuolar proton-transporting V-type ATPase complex, pro-

ton-transporting domain, proton-transporting two-sector
ATPase complex, proton-transporting two-sector ATPase
complex and early endosome. The most significantly en-
riched molecular functions at 1 week were associated with
protein kinase A catalytic subunit binding, tau protein bind-
ing, pre-mRNA binding, bHLH transcription factor binding
and protein kinase A binding; at 4 weeks, NADH dehydro-
genase activity, hydrogen ion transmembrane transporter ac-
tivity, NADH dehydrogenase (ubiquinone) activity, NADH
dehydrogenase (quinone) activity and oxidoreductase ac-
tivity, acting on NAD(P)H, quinone or similar compound
as acceptor; and at 8 weeks, hydrogen ion transmembrane
transporter activity, integrin binding, heparin binding, cell
adhesion molecule binding and glycosaminoglycan bind-
ing (Figure 4). An enriched scatter diagram was used to
demonstrate the results of Q-value, the Rich factor, KEGG
enrichment analysis and number of genes reflected the de-
gree of KEGG enrichment. According to the KEGG analysis
results, the most significantly involved pathways in peripher-
al nerve injury at 1 week were aldosterone-regulated sodium
reabsorption; at 4 weeks, metabolic pathways, Huntington’s
disease, oxidative phosphorylation, Parkinson’s disease and
Alzheimer’s disease; and at 8 weeks, collecting duct acid se-
cretion, rheumatoid arthritis, lysosome, oxidative phosphor-
ylation and phagosome (Figure 5).

Scatterplots showed that the most significantly involved
pathways in peripheral nerve injury at 4 weeks were meta-
bolic pathways. The color of the dot indicates the size of the
P-value. The size of the dot represents the number of genes.
Padj indicates corrected P-value. The smaller the Padj value,
the higher the correlation. “Count” represents the number of
differentially expressed genes.

Discussion
Peripheral nerve injury is frequently seen in clinical settings,
and incomplete neuroregeneration may lead to suboptimal
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Figure 1 General information
of the numbers and genomic
localization of the sequence
reads.

(A) Percentage of clean reads in
raw reads of each sample. Raw
reads consist of clean reads, low
quality reads, contaminating
reads and adapter related reads.
The percentage of clean reads in
each sample was more than 94%
and that of low-quality reads
was less than 4%, indicating
high quality data. (B) Percent-
age of reads mapped to genome
regions. More than 93% of raw
reads mapped to exon regions.

Figure 2 Differentially
expressed mRNAs in the spinal
cord at different time points
after sciatic nerve injury.

(A) Volcano plot shows the
up-regulated and down-regulat-
ed mRNAs in the sciatic nerve
injury group compared with
control group at 4 weeks (red:
up-regulation; green: down-reg-
ulation; blue: no significant
change; DEG: differentially
expressed gene). (B) Venn dia-
gram indicates the number of
overlapping differentially ex-
pressed mRNAs at 0, 1, 2, and 4
weeks. (C) Heat map of mRNAs
displays the hierarchical clus-
tering of differentially expressed
mRNAs at 4 weeks (red: up-reg-
ulation; blue: down-regulation).
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Figure 3 Validation of differentially expressed mRNAs by
quantitative polymerase chain reaction at 4 weeks.

The mRNA levels of serum/glucocorticoid regulated kinase 1 (Sgk1),
neurturin (Nrtn) and glycoprotein (transmembrane) nmb (Gpnmb)
were significantly up-regulated in the spinal cord after sciatic nerve
injury. The quantitative polymerase chain reaction results were tested
with Student’s ¢-test. Data are presented as the mean + SEM of three
independent experiments (n = 3). *P < 0.05.

Figure 4 Gene Ontology analysis of
differentially expressed mRNAs at 4
weeks.

The node is used to represent the
enrichment by color depth and circle
size. Scatterplots displaying the most
significantly enriched Gene Ontology
terms are organelle inner membrane
at 4 weeks. The color of the dot indi-
cates the size of the Padj value. The
size of the dot represents the number
of genes. Padj indicates corrected
P-value. The smaller the Padj value,
the higher the correlation. “Count”
represents the number of differential-
ly expressed genes.

Figure 5 Kyoko Encyclopedia of
Genes and Genomes analysis of
differentially expressed mRNAs at 4
weeks.
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recovery, including loss of limb movement and sensory
dysfunction (Pannell et al., 2017; Lu et al., 2018; Sahar et al.,
2019; Sturma et al.,, 2019). In recent decades, molecular bi-
ological studies have revealed some mechanisms of periph-
eral nerve regeneration following injury (Chen et al., 2019;
Guo et al.,, 2019; Pina et al., 2019). This study investigated
the RNA-seq profile in the spinal cord after injury. RNA-seq
employs next generation high-throughput sequencing for
the analysis of mRNA profiles (Metzker, 2010; Bahassi el and
Stambrook, 2014), which can identify novel transcripts and
disease-related genes. Our results revealed that the levels of
some mRNAs changed significantly in the L4-6 spinal cord
after injury, and the potential functions of differentially ex-
pressed mRNAs were predicted by GO and KEGG pathway
analysis. These findings illustrate the dynamic change to
mRNA profiles in peripheral nerve injury and regeneration.

After peripheral nerve injury, a characteristic patholog-
ical process known as Wallerian degeneration occurs in
the injured nerve, in which there are complex interactions
between Schwann cells and other cell types (such as macro-
phages, fibroblasts and mast cells which can secret inflam-
matory or anti-inflammatory cytokines (Rotshenker, 2011;
Chen et al., 2015; DeFrancesco-Lisowitz et al., 2015; Zong
et al,, 2019). Wallerian degeneration is initiated immediately
after peripheral nerve injury, in which ruptured axons and
myelin are phagocytosed, followed by Schwann cell prolif-
eration and formation of regenerated channels (Conforti et
al., 2014; Jessen and Mirsky, 2016). The entire Wallerian de-
generation process completes within approximately 4 weeks
(Mietto et al., 2015). Peripheral nerve injury and Wallerian
degeneration may trigger expression of mRNAs in the spi-
nal cord. Some scholars refer to this phenomenon as spinal
cord remodeling (Gu et al., 1998; Peixun et al., 2017). Recent
studies have found that regulating the expression of some
proteins in the spinal level can also promote the regeneration
of peripheral nerves (Gallaher and Steward, 2018; Huang et
al., 2018). However, limited by first generation sequencing
technology, not all the genes in the spinal cord involved in
peripheral nerve damage have been identified. This study
used the most advanced sec-ond-generation sequencing
technology to determine mRNAs changes in the spinal cord.

In this study, only four differentially expressed mRNAs
were identified in the spinal cord in the first 2 weeks after
sciatic nerve injury (4 after 1 week and 0 after 2 weeks),
while 1909 appeared after 4 weeks, and then two were found
after 8 weeks. Further analysis revealed that the dynamic
temporal change of mRNA expression reflected alteration of
some important biological processes in the L4-6 spinal cord
during the 4-week Wallerian degeneration period. Several
differentially expressed genes exert various effects on certain
biological processes, such as inflammation, cell morphology
development functions (such as Sgk1, Neurturin and Gpnmb)
and nerve regeneration. GO analysis is a primary bioinfor-
matics tool that can unify the representation of genes and
gene products (Altshuler et al., 2008). GO terms and GO
notes can predict gene function (Du et al., 2016).

The KEGG database can provide functional information
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for systematic analysis and is therefore widely used as a plat-
form for enrichment analysis of gene functions (Camon et
al., 2004). The functions of related genes and the pathways
related to differentially expressed mRNAs in the L4-6 spinal
cord after sciatic nerve injury were further analyzed using
GO and KEGG. Our results revealed that the biological pro-
cesses strongly associated with the pathogenesis of periph-
eral nerve injury were cell growth, mitochondrial synthesis,
tricarboxylic acid cycling and neurological regeneration. In
addition, the pathways significantly involved in the patho-
genesis of peripheral nerve injury were aldosterone-regulat-
ed sodium reabsorption, oxidative phosphorylation and col-
lecting duct acid secretion. KEGG and GO analysis showed
the pre-dicted functions of differentially expressed mRNAs
in peripheral nerve repair.

Nevertheless, this study has some limitations. First, the
expression profiles of the biological replicates are divergent
at 1, 2, and 8 weeks. All the samples were harvested by one
experienced surgeon and the other variables were strictly
controlled (age, sex, external appearances, animal genetic
background, and feeding conditions). We speculate that the
expression of mRNAs in the spinal cord is affected by the
time of injury after peripheral nerve injury. Second, further
experiments and study designs are not presented. We have
been working on discovering new gene targets related to
peripheral nerve injury repair and central nervous system
remodeling. Our results have established a reliable informa-
tion platform that can be used as the basis for further study.
We hope that the results we present here may be useful for
other teams who are interested in this field. We have also
prepared in vitro and in vivo experiments to validate some of
the interesting findings of our high-throughput experiments.

High-throughput sequencing enables investigation of the
dynamic temporal change of mRNA expression profiles in
the L4-6 spinal cord after peripheral nerve injury. Further-
more, the differentially expressed mRNAs in the proximal
spinal cord were explored and the results showed a local in-
flammatory response in Schwann cells or other related cells
during post-injury nerve repair. The number and type of spi-
nal cord mRNAs involved in changes at different time points
after peripheral nerve injury were different. These findings
provide targets for future treatment of peripheral nerve inju-
ry at different stages.

Author contributions: Study design: XFY and BGJ; experimental imple-
mentation: JW; data analysis: JW and DDL; paper writing: JW and DDL.
All authors approved the final version of the paper.

Conflicts of interest: The authors declare that there are no conflicts of
interest associated with this manuscript.

Financial support: This research was supported by the National Natural
Science Foundation of China, No. 81671215 (to XFY), No. 31571002 (to
BG]J); the Natural Science Foundation of Beijing of China, No. 7192215 (to
XFY). The funding sources had no role in study conception and design,
data analysis or interpretation, paper writing or deciding to submit this
paper for publication.

Institutional review board statement: The study procedures were ap-
proved by the Animals Ethics Committee of the Peking University People’s
Hospital, China (approval No. 2017PHC004) on March 5, 2017. This
study was carried out in accordance with the principles of the Basel Dec-
laration and recommendations of Chinese guidelines for the care and use
of laboratory animals (China National Standardization Management



Weng J, Li DD, Jiang BG, Yin XF (2020) Temporal changes in the spinal cord transcriptome after peripheral nerve injury.

Neural Regen Res 15(7):1360-1367. doi:10.4103/1673-5374.272618

Committee, No. GB/T 35823-2018, 2018). The experimental procedure
followed the United States National Institutes of Health Guide for the
Care and Use of Laboratory Animals (NIH Publication No. 85-23, revised
1996).

Copyright license agreement: The Copyright License Agreement has
been signed by all authors before publication.

Data sharing statement: Datasets analyzed during the current study are
available from the corresponding author on reasonable request.
Plagiarism check: Checked twice by iThenticate.

Peer review: Externally peer reviewed.

Open access statement: This is an open access journal, and articles
are distributed under the terms of the Creative Commons Attribu-
tion-Non-Commercial-ShareAlike 4.0 License, which allows others to
remix, tweak, and build upon the work non-commercially, as long as
appropriate credit is given and the new creations are licensed under the
identical terms.

References

Abe N, Cavalli V (2008) Nerve injury signaling. Curr Opin Neurobiol
18:276-283.

Akita T, Kumada T, Yoshihara S, Egea J, Yamagishi S (2016) Ion channels,
guidance molecules, intracellular signaling and transcription factors
regulating nervous and vascular system development. ] Physiol Sci
66:175-188.

Altshuler D, Daly MJ, Lander ES (2008) Genetic mapping in human dis-
ease. Science 322:881-888.

Bahassi el M, Stambrook PJ (2014) Next-generation sequencing tech-
nologies: breaking the sound barrier of human genetics. Mutagenesis
29:303-310.

Biazar E, Khorasani MT, Montazeri N, Pourshamsian K, Daliri M, Rezaei
M, Jabarvand M, Khoshzaban A, Heidari S, Jafarpour M, Roviemiab Z
(2010) Types of neural guides and using nanotechnology for peripheral
nerve reconstruction. Int ] Nanomedicine 5:839-852.

Camon E, Barrell D, Lee V, Dimmer E, Apweiler R (2004) The gene ontol-
ogy annotation (GOA) database-an integrated resource of GO annota-
tions to the UniProt knowledgebase. In Silico Biol 4:5-6.

Chen P, Piao X, Bonaldo P (2015) Role of macrophages in Wallerian de-
generation and axonal regen-eration after peripheral nerve injury. Acta
Neuropathol 130:605-618.

Chen Z, Li Z, Jiang C, Jiang X, Zhang J (2019) MiR-92b-3p promotes
neurite growth and functional recovery via the PTEN/AKT pathway in
acute spinal cord injury. J Cell Physiol 234:23043-23052.

Conforti L, Gilley ], Coleman MP (2014) Wallerian degeneration: an
emerging axon death pathway linking injury and disease. Nat Rev Neu-
rosci 15:394-409.

DeFrancesco-Lisowitz A, Lindborg JA, Niemi JP, Zigmond RE (2015) The
neuroimmunology of degeneration and regeneration in the peripheral
nervous system. Neuroscience 302:174-203.

Deumens R, Bozkurt A, Meek MF, Marcus MA, Joosten EA, Weis ], Brook
GA (2010) Repairing injured peripheral nerves: bridging the gap. Prog
Neurobiol 92:245-276.

DuJ, Li M, Yuan Z, Guo M, Song J, Xie X, Chen Y (2016) A decision anal-
ysis model for KEGG pathway analysis. BMC Bioinformatics 17:407.
Gallaher ZR, Steward O (2018) Modest enhancement of sensory axon
regeneration in the sciatic nerve with conditional co-deletion of
PTEN and SOCS3 in the dorsal root ganglia of adult mice. Exp Neurol

303:120-133.

Gu YD, Chen DS, Zhang GM, Cheng XM, Xu ]G, Zhang LY, Cai PQ, Chen
L (1998) Long-term functional results of contralateral C7 transfer. ] Re-
constr Microsurg 14:57-59.

Guo W, Pang K, Chen Y, Wang S, Li H, Xu Y, Han F, Yao H, Liu H,
Lopes-Rodrigues V, Sun D, Shao J, Shen ], Dou Y, You H, Wu W, Lu B
(2019) TrkB agonistic antibodies superior to BDNF: utility in treating
motoneuron degeneration. Neurobiol Dis 132:104590.

Guo Y, Zhao S, Sheng Q, Guo M, Lehmann B, Pie-tenpol J, Samuels DC,
Shyr Y (2015) RNAseq by total RNA library identifies additional RNAs
compared to poly(A) RNA library. Biomed Res Int 2015:862130.

Huang ZR, Chen HY, Hu ZZ, Xie P, Liu QH (2018) PTEN knockdown
with the Y444F mutant AAV2 vector promotes axonal regeneration in
the adult optic nerve. Neural Regen Res 13:135-144.

Hurd PJ, Nelson CJ (2009) Advantages of next-generation sequencing
versus the microarray in epigenetic research. Brief Funct Genomic Pro-
teomic 8:174-183.

Jessen KR, Mirsky R (2016) The repair Schwann cell and its function in
regenerating nerves. ] Physiol 594:3521-3531.

Jiang Z, Zhou X, Li R, Michal JJ, Zhang S, Dodson MV, Zhang Z, Harland
RM (2015) Whole transcriptome analysis with sequencing: methods,
challenges and potential solutions. Cell Mol Life Sci 72:3425-3439.

Leers MP (2019) Circulating tumor DNA and their added value in molec-
ular oncology. Clin Chem Lab Med doi: 10.1515/cclm-2019-0436.

Lu XL, Yu XF, Hu SM, Zheng XL, Li Q, Liu Y, Wang PR, Peng JM, Mei B
(2018) Ultrasound-guided supine lumbar plexus block versus iliac fas-
cia block for analgesia in older adult patients undergoing hip replace-
ment: a randomized controlled trial. Clin Trials Orthop Disord 3:81-88.

Metzker ML (2010) Sequencing technologies - the next generation. Nat
Rev Genet 11:31-46.

Mietto BS, Mostacada K, Martinez AM (2015) Neuro-trauma and inflam-
mation: CNS and PNS responses. Mediators Inflamm 2015:251204.

Pannell WC, Heckmann N, Alluri RK, Sivasundaram L, Stevanovic M,
Ghiassi A (2017) Predictors of nerve injury after gunshot wounds to the
upper extremity. Hand (N Y) 12:501-506.

Pathak GK, Ornstein H, Aranda-Espinoza H, Karlsson AJ, Shah SB (2016)
Increases in retrograde injury signaling complex-related transcripts in
central axons following injury. Neural Plast 2016:3572506.

Peixun Z, Na H, Kou Y, Xiaofeng Y, Jiang B (2017) Peripheral nerve inter-
sectional repair by bi-directional induction and systematic remodelling:
biodegradable conduit tubulization from basic research to clinical ap-
plication. Artif Cells Nanomed Biotechnol 45:1464-1466.

Perry RB, Fainzilber M (2014) Local translation in neuronal processes-in
vivo tests of a “heretical hypothesis” Dev Neurobiol 74:210-217.

Phay M, Kim HH, Yoo S (2015) Dynamic change and target prediction
of axon-specific micrornas in regenerating sciatic nerve. PLoS One
10:e0137461.

Pina R, Ugarte G, Campos M, Inigo-Portugues A, Olivares E, Orio P, Bel-
monte C, Bacigalupo J, Madrid R (2019) Role of TRPM8 channels in
altered cold sensitivity of corneal primary sensory neurons induced by
axonal damage. ] Neurosci doi: 10.1523/JNEUROSCI.0654-19.2019.

Rao F, Zhang D, Fang T, Lu C, Wang B, Ding X, Wei S, Zhang Y, Pi W,
Xu H, Wang Y, Jiang B, Zhang P (2019) Exosomes from human gin-
giva-derived mesenchymal stem cells combined with biodegradable
chitin conduits promote rat sciatic nerve regeneration. Stem Cells Int
2019:2546367.

Rotshenker S (2011) Wallerian degeneration: the innate-immune response
to traumatic nerve injury. ] Neuroinflammation 8:109.

Sahar MSU, Barton M, Tansley GD (2019) Bridging larger gaps in periph-
eral nerves using neural prosthetics and physical therapeutic agents.
Neural Regen Res 14:1109-1115.

Sarker MD, Naghieh S, McInnes AD, Schreyer DJ, Chen X (2018) Regen-
eration of peripheral nerves by nerve guidance conduits: Influence of
design, biopolymers, cells, growth factors, and physical stimuli. Prog
Neurobiol 171:125-150.

Sirbu A, Kerr G, Crane M, Ruskin HJ (2012) RNA-Seq vs dual- and sin-
gle-channel microarray data: sensitivity analysis for differential expres-
sion and clustering. PLoS One 7:e50986.

Sturma A, Hruby LA, Farina D, Aszmann OC (2019) Structured motor re-
habilitation after selective nerve transfers. J Vis Exp doi: 10.3791/59840.

Sun Z, Bhagwate A, Prodduturi N, Yang P, Kocher JA (2017) Indel de-
tection from RNA-seq data: tool evaluation and strategies for accurate
detection of actionable mutations. Brief Bioinform 18:973-983.

Uta D, Yoshimura M, Koga K (2019) Chronic pain models amplify tran-
sient receptor potential vanilloid 1 (TRPV1) receptor responses in adult
rat spinal dorsal horn. Neuropharmacology 160:107753.

Weng J, Zhang P, Yin X, Jiang B (2018) The whole transcriptome involved
in denervated muscle atrophy following peripheral nerve injury. Front
Mol Neurosci 11:69.

Wu B, Li XK, Wang H, Wen ZY (2019) Sustained-release properties and
histocompatibility of ropivacaine-coated polyethylene glycol/polylactic
acid microspheres implanted around the sciatic nerve. Zhongguo Zuzhi
Gongcheng Yanjiu 23:5486-5491.

Yu B, Zhou S, Wang Y, Ding G, Ding E, Gu X (2011) Profile of microRNAs
following rat sciatic nerve injury by deep sequencing: implication for
mechanisms of nerve regeneration. PLoS One 6:€24612.

Zhou F, Wang R, Yuan P, Ren Y, Mao Y, Li R, Lian Y, Li J, Wen L, Yan
L, Qiao J, Tang F (2019) Reconstituting the transcriptome and DNA
methylome landscapes of human implantation. Nature 572:660-664.

Zong Q, Xu YN, Qu TY, Li L], Miti-Abuduaini H, Ni DK (2019) Mag-
netic verapamil nanoparticles promote peripheral nerve regeneration.
Zhongguo Zuzhi Gongcheng Yanjiu 23:5425-5429.

Zou Q, Zheng ], Zhang R, Fang Y, Cai C (2019) A case of intellectual
disability reveals a novel mutation in IQSEC2 gene by whole exome
sequencing. Psychiatr Genet doi: 10.1097/YPG.0000000000000232.

C-Editor: Zhao M; S-Editors: Wang J, Li CH; L-Editors: Allen ],
Maxwell R, Qiu Y, Song LP; T-Editor: Jia Y

1367



