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1 | INTRODUCTION
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Abstract

Peripheral nerve injury triggers sequential phenotype alterations in Schwann cells,
which are critical for axonal regeneration. Long noncoding RNAs (IncRNAs) are long
transcripts without obvious coding potential. It has been reported that IncRNAs par-
ticipate in diverse biological processes and diseases. However, the role of IncRNA in
Schwann cells and peripheral nerve regeneration is unclear. Here, we identified an
IncRNA, loc680254, which is upregulated in rat sciatic nerve after peripheral nerve
injury. The loc680254 knockdown inhibits Schwann cell proliferation, enhances apo-
ptosis, and hinders cell cycle, while loc680254 overexpression has the opposite
effect. Mechanically, we found that loc680254 might act as a microRNA sponge to
regulate the expression of mitosis-related gene, spindle and kinetochore associated
complex subunit 1 (Skal) and proline/serine-rich coiled-coil 1 (Psrc1). Silencing of
Psrc1 or Skal attenuates the effect of loc680254 overexpression on Schwann cell
proliferation. Finally, we repaired the rat sciatic nerve gap with chitosan scaffolds
loaded with loc680254-overexpressing Schwann cells and evaluated axon regenera-
tion and functional recovery. Our results indicated that 1oc680254 is a new potential
modulator for Schwann cell proliferation, which could be targeted to develop novel

therapeutic strategies for peripheral nerve repair.
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et al,, 2015). As the pivotal glial cells in the PNS, highly specialized
myelinating and non-myelinating Schwann cells have supportive

Different from the central nervous system (CNS), the peripheral
nervous system (PNS) has a regenerative ability following injury
attributed to a growth-permissive environment, which was partially
provided by Schwann cells (SCs; Cattin & Lloyd, 2016; Jessen

Chun Yao, Qihui Wang, Yaxian Wang, and Jiancheng Wu contributed equally to this study.

function for axonal physiology. Upon injury, both myelinating and
non-myelinating Schwann cells in the distal stump are triggered to
de-differentiate and proliferate, and then are re-programed to become
specialized repair Schwann cells (Jessen & Arthur-Farraj, 2019;
Jessen & Mirsky, 2016). They upregulate transcription factors such as
Jun and Sox2 to re-program gene expression (Arthur-Farraj
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et al, 2012; Patodia & Raivich, 2012; Roberts et al., 2017). They
express neurotrophic factors to support neuronal survival and pro-
mote axonal regeneration (Gordon, 2009). Schwann cells in the distal
nerve stump also activate myelinophagy to actively digest myelin
(Gomez-Sanchez et al., 2015). They express cytokines and activate
local innate immune response for myelin and axonal debris clearance
(Jessen et al., 2015; Jessen & Arthur-Farraj, 2019; Martini et al., 2008;
Zigmond & Echevarria, 2019). Moreover, the repair Schwann cells
reorganize the structure and elongate their cell processes to form regen-
eration tracks (Gomez-Sanchez et al., 2017). Upon the contact with
regenerated axons, Schwann cells re-differentiate and re-myelinate
regenerated axon (Nocera & Jacob, 2020).

Long noncoding RNAs (IncRNAs) are long RNAs (>200 nt in
length) without protein-coding potential. Emerging evidence indicates
that IncRNAs carry out critical roles in diverse biological processes
through multiple mechanisms in epigenetic, transcriptional, and post-
transcriptional levels (Repana et al., 2006; Wu et al., 2013). Working
as a competing endogenous RNA (ceRNA) to sponge microRNAs
(miRNAs) and affect gene expression is one of the IncRNA regulatory
mechanisms (Hirata et al., 2015; Thomson & Dinger, 2016). In the ner-
vous system, INncRNAs participate in brain development, functional
diversification, and neurodegenerative diseases (Johnson, 2012; Wu
et al., 2013). However, the role and the molecular mechanism of
INcRNAs in peripheral nerve regeneration are unclear (Yao &
Yu, 2019). A conserved IncRNA, named Kcna2 antisense RNA, was
up-regulated in the injured rat dorsal root ganglion (DRG) following
peripheral nerve injury, contributing to neuropathic pain by decreasing
Kcna2 expression (Zhao et al., 2013). Our laboratory has previously
performed microarray analysis to identify differentially expressed
IncRNAs in rat DRGs following sciatic nerve injury, and we found that
INcRNA uc.217 was able to regulate neurite outgrowth (Yao
etal,, 2015; Yu et al., 2013). As for Schwann cells, it was reported that
IL-22 might affect Schwann cell proliferation and apoptosis by regu-
lating IncRNA-TF-gene pathways, suggesting that IncRNAs could
modulate Schwann cell phenotype (Xu et al., 2017). Our group has
identified altered IncRNAs in sciatic nerves after peripheral nerve
injury by IncRNA microarray and found that IncRNA TNXA-PS1 and
BC088259 regulate Schwann cell migration (Yao et al., 2018; Yao
et al., 2020).

Compared with microarray analysis, RNA-sequencing (RNA-seq)
provides a more precise measurement of transcript expression (Gong
et al., 2016). We performed RNA-seq analysis and obtained a land-
scape of differentially expressed mRNAs in the distal nerve stump fol-
lowing sciatic nerve injury (Yi et al., 2015). In this study, we further
identified differentially expressed IncRNAs in the distal nerve stump
after sciatic nerve injury by RNA-seq analysis. We show that
loc680254 was upregulated after peripheral nerve injury. It could
modulate Schwann cell proliferation and apoptosis. Mechanism analy-
sis uncovered that 10c680254 might exert its regulatory role as a
ceRNA to affect gene expression involved in mitosis. We also
repaired the rat sciatic nerve gap with nerve conduit loaded with
loc680254-overexpressing Schwann cells and evaluated axon

regenerative outcomes by histological and functional assessments.

2 | METHODS

21 | Animal treatment and tissue collection

Adult male Sprague-Dawley (SD) rats (180-220 g) were randomly
divided into five groups according to different time points and sub-
jected to surgery for sciatic nerve crush injury as previously described
(Yi et al., 2015). Briefly, the sciatic nerve was crushed with forceps at
a force of 54 N for three times at 10 mm above the bifurcation site of
the tibial and common fibular nerves (a period of 10 s for each time).
After surgery, the animals were housed and fed routinely. At 0, 1, 4, 7,
and 14 days after surgery, the 0.5-cm-long stumps in the distal site of
the sciatic nerve were collected, respectively. All experimental proce-
dures involving animals were conducted in accordance with the insti-
tutional animal care guidelines of Nantong University and approved
ethically by the Administration Committee of Experimental Animals,

Jiangsu Province, China.

2.2 | RNA extraction, RNA-sequencing, and
bioinformatic analyses

Total RNA was extracted from the sciatic nerve segments using Trizol
reagent (Invitrogen, Carlsbad, California) and purified with RNeasy
spin columns (Qiagen, Valencia, California). After RNA quality and
quantity evaluation, transcriptome sequencing was performed using
lllumina HiSeq 2000 (Beijing Genomics Institute, BGI-Shenzhen,
China). The expression levels of mapped IncRNAs and genes were cal-
culated using the Reads per kilobase transcriptome per million
mapped reads (RPKM) method to normalize gene expression levels
(Yi et al.,, 2015). Differentially expressed IncRNAs were screened at
different time points using SAM (Significance Analysis of Microarrays)
software (Tusher et al., 2001). Hierarchical clustering and expression
pattern clustering analyses were then performed (Liao et al., 2011).
Gene-coexpression networks based on the normalized signal intensity
of specific expression INcRNAs and co-expressed mRNAs were con-
structed according to the previous method (Liao et al., 2011). Gene
ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) analyses were conducted to illustrate the enriched biological
processes and signaling pathways associated with co-expressed genes

of specific IncRNAs.

23 |
reaction

Quantitative real-time polymerase chain

Prime-Script RT Reagent Kit (TaKaRa, Dalian, China) was used to syn-
thesize cDNA from RNA samples. Quantitative real-time polymerase
chain reaction (qQRT-PCR) was performed with SYBR Premix Ex Taq
(TaKaRa) on an ABI Stepone system (Applied Biosystems, Foster City,
California) in triplicate for each sample. The specific primers were
listed in Table S10. The relative expression level was calculated using

27AACt

the comparative method and normalized against GAPDH level.
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2.4 | Insitu hybridization

Digoxigenin (DIG)-labeled rat loc680254 probes were synthesized
using DIG RNA Labeling Kit (Roche, Mannheim, Germany). After acet-
ylation and prehybridization, the sciatic nerve segment sections
were hybridized with the specific DIG-labeled probes overnight at
37°C in a humid chamber. The sections were then blocked with
AKP-conjugated Fab anti-DIG antibody (Roche) overnight at 4°C and
stained by 5-bromo-4-chloro-3-indolyl phosphate and nitroblue tetra-

zolium (Roche) for visualization and imaging.

2.5 | 5 rapid amplification of cDNA ends analysis

The 5 end of cDNA was acquired using the SMAR RACE cDNA
amplification kit (Clontech, Palo Alto, California) from the total RNA of
sciatic nerve segments. The specific primers used were presented in
Table S10. The 5’ rapid amplification of cDNA ends (RACE) products
were then cloned into a pGEM-T-easy vector (Tiangen Biotech CO.,
LTD, Beijing, China) for further sequencing. The obtained sequences

were blasted in UCSC (http://genome.ucsc.edu/).

2.6 | Primary Schwann cell culture and
transfection

Schwann cells were isolated from sciatic nerves of 1-day-old SD rats
and treated with anti-Thy1.1 antibody (Sigma, St Louis, Missouri) and
rabbit complement (Invitrogen) to remove the fibroblasts as previously
described (Mantuano et al., 2008). The final cell preparation consisted
of 98% Schwann cells as determined by Schwann cell marker S1008
(Sigma). Purified Schwann cells were maintained in DMEM containing
10% FBS, 2 uM forskolin and 10 ng/mL HRG at 37°C in a humidified
5% CO, incubator. The cell culture was passaged no more than three
times before the following treatment.

Primary cultured Schwann cells were seeded and transfected
with specific siRNAs (Ribobio, Guangzhou, China) using Lipofectamine
RNAIMAX transfection reagent (Invitrogen). To overexpress loc680254,
primary Schwann Cells were infected with lentivirus encoding
the full length of 1oc680254 (Lv-254) constructed by Shanghai
GeneChem. After 48 h transfection, the cells were underwent

following experiments.

2.7 | Cell proliferation assay

Schwann cell proliferation was tested by 5-ethynyl-2'-deoxyuridine
(EdU) assay using a Cell-Light EdU Apollo567 in Vitro Kit (Ribobio).
Briefly, 100 uL complete medium containing 50 uM EdU solution
was added to transfected Schwann cells in each well of a 96-well
plate. After 24 h incubation, cells were washed twice with PBS and
then fixed with 4% paraformaldehyde (PFA). After that, cells were sta-
ined with Apollo dye solution (Ribobio) for proliferating cells and

Hoechst 33342 for nucleus. Images were taken using a fluorescence

microscope.

2.8 | TUNEL analysis

Apoptotic DNA fragmentation was detected by terminal deoxy-
nucleotidyl transferase-mediated biotinylated UT nick end labeling
(TUNEL) with an In Situ Cell Death Detection Kit (Roche). In brief,
cells were fixed with 4% PFA and incubated in permeabilization solu-
tion. After washing twice with PBS, cells were incubated with 50 pL
TUNEL reaction solution for 1 h in a humidified chamber at 37°C in
the dark. Then, cells were rinsed with PBS and stained the nucleus
with Hoechst 33342. Images were taken using a fluorescence

microscope.

29 | Flow cytometry

To evaluate cell cycle, flow cytometry was performed. Transfected
Schwann cells were harvested, fixed in 70% ethanol, washed, and
then stained with Pl solution following the manufacture's protocol
of the Cell cycle kit (Beyotime). All labeled cells were analyzed
using a BD FACSCalibur flow cytometer (BD Biosciences, San Jose,
California).

210 | RNA distribution analyses

The PARIS Kit (Life Technologies, Carlsbad, California) was used to
isolate and purify cytoplasmic and nuclear RNA of Schwann cells. The
relative expression of loc680254 in each fraction was then detected
by qRT-PCR. Fluorescent in situ Hybridization (FISH) for loc680254
was performed on 4% PFA fixed slides with monolayers of Schwann
Cells. The slides were hybridized with DIG-labeled 10c680254 probes
at 42°C overnight. After incubating with anti-DIG antibody and sec-
ondary antibody, the slides were subsequently counterstained with

Hoechst and observed under microscopes.

211 | Microarray analysis and competing
endogenous RNA (ceRNA) target gene prediction

Primary Schwann cells transfected with 254-si-3 or si-NC were col-
lected for RNA extraction and underwent microarray analysis using
Agilent Whole Rat Genome Microarray (Shanghai Biotechnology Cor-
poration). Raw data were normalized by Quantile algorithm, limma
packages in R. Genes with the absolute ratio of normalized intensities
(FC (abs)) >2, p value <0.05 were considered as differentially
expressed genes (DEGs). The potential miRNAs that interacted with
loc680254 were predicted as described previously (Tay et al., 2011).
The target genes of these miRNAs with FC (abs) >2 down-expressed
after loc680254 interfering were considered as potential ceRNA
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target genes of 1oc680254. We then further selected candidate genes
with the criterion that FC (abs) >3 and miRNA align site >1. GO and
KEGG analyses were conducted using Database for Annotation, Visu-
alization, and Integrated Discovery (DAVID) bioinformatic resources
(https://david.ncifcrf.gov/) to illustrate the enriched biological pro-
cesses and signaling pathways associated with DEGs (FC (abs) >2, p-
value <0.05) after loc680254 silencing.

2.12 | Luciferase reporter assay

The 3’-UTR sequence of Psrc1, Skal, and the full length of loc680254
were constructed into the pmirGLO vector, respectively. The 293T
cells were co-transfected with the constructed pmirGLO plasmid and
certain miRNAs. The relative luciferase activity was assayed using the
Dual-Luciferase Reporter Assay System (Promega, Madison, WI) 48 h
after transfection.

2.13 | Expression of target genes after miRNA
overexpression

Primary Schwann cells were transfected with certain miRNA mimics
and miRNA mimic negative control (MC; Ribobio) using Lipofectamine
RNAIMAX transfection reagent (Invitrogen) according to the manufac-
ture's protocol. Forty-eight hours later, the cells were harvested and
underwent gRT-PCR analysis to detect the mRNA expression of Psrcl

and Ska1l, respectively.

214 | RNA immunoprecipitation

For argonaute 2 (AGO2) immunoprecipitation, certain miRNA mimics
and miRNA mimic negative control were transfected into primary
Schwann cells. Forty-eight hours after transfection, AGO2 immuno-
precipitation was performed using a Magna RIP Kit (Millipore)
according to the manufacturer's instructions. Antibodies for RNA
immunoprecipitation (RIP) assays were AGO2-specific antibody
(Abcam). An IgG antibody was used as a negative control. Beads were
subsequently washed six times in lysis buffer and the RNA was
extracted using Trizol reagent. The coprecipitated RNA was detected
by qRT-PCR.

215 | Invivo tests for loc680254 overexpression

Adult male SD rats (180-220g) underwent sciatic nerve tran-
section injury as previously described (Gu et al., 2017). A segment of
the sciatic nerve was transected and removed, leaving a 10 mm-long
gap after retraction of the nerve ends. The animals were randomly
divided into three groups (each group has nine rats). Chitosan scaf-
folds injected with PBS, Lv-control Schwann cells (Lv-con SCs), and
Lv-loc680254 Schwann cells (Lv-254 SCs) were used to bridge the

10 mm sciatic nerve gap in rats, respectively. After surgery, the
animals were housed and fed routinely. At 10 days post-surgery,
three rats in each group were killed and the scaffolds containing
regenerated nerves were collected. The axon outgrowth was
observed by immunostaining with NF200 antibody (Sigma). To evalu-
ate the recovery of locomotive function, the gait parameters of rats at
12 weeks post-surgery were recorded with the CatWalk system
(Noldus Information Technology; Bozkurt et al., 2008). The movement
of the toes was evaluated as previously described (He et al., 2018),
which scored 0, 1, and 2 for no spreading, intermediate spreading, and
full spreading, respectively. For electrophysiological assessment, at
12 weeks after surgery, the sciatic nerve on the injured side of the
remaining rats in each group was re-exposed under anesthesia.
The electrical stimuli (10 mA in strength, 0.01 ms in pulse width) were
sequentially applied to the proximal and distal nerve stumps. The
compound muscle action potentials (CMAPs) and the conduction
velocity of motor nerves were recorded and calculated using an
MYTO electromyographic machine and Galileo NT System software
(Esaote, Genua, Italy; Gu et al., 2017).

216 | Statistical analysis

All data are presented as means + SEM. Statistical comparison was
performed with Student's t-test or Two-way ANOVA for multiple
comparisons with the aid of Prism5 software (GraphPad, San Diego,

California). The p < 0.05 was considered statistically significant.

3 | RESULTS
3.1 | Differentially expressed IncRNAs following
sciatic nerve injury

Thirty differentially expressed IncRNAs were identified by RNA-seq
and subsequent analysis in rat sciatic nerve following crush injury
(Figure 1(a) and Table S1). We then obtained 10 IncRNA profiles
according to their expression trend. The expression trend Profile
8 includes eight IncRNAs, all of them were upregulated following
injury with high expression level at 4 and 7 days post-injury (Figure 1
(b)). Two hundred and seventy-nine differentially expressed mRNAs
were identified which correlate with the expression of eight IncRNAs
in profile 8, as shown in the gene co-expression network (Figure 1(c)
and Table S2). GO and KEGG functional enrichment analysis indicated
that these genes are involved in the signaling pathways of cell apopto-
sis and proliferation (Figure 1(d), Tables S3 and S4).

3.2 | 1oc680254 is upregulated following sciatic
nerve injury

Following above analysis, we chose IncRNA loc680254 in profile 8 for

further investigation. gRT-PCR of sciatic nerve segments showed that
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Differentially expressed IncRNAs after sciatic nerve crush injury by RNA-seq analysis. (a) Hierarchical clustering heatmap of

differentially expressed IncRNAs at five time points after sciatic nerve crush injury. The color scale on the top illustrates the relative expression level
of IncRNAs across all samples: Red denotes expression >0 and green denotes expression <O0. (b) Expression trend profiles of differentially expressed
IncRNAs. The number on the top left is the profile name and the number on the bottom left represents the number of IncRNAs in each profile.

(c) Coexpression network of IncRNAs in profile 8 with correlated target genes. Red squares represent IncRNAs, and blue circles represent coding
mRNAs. Solid lines between IncRNAs and coding mRNAs indicate positive correlation in expression; dotted lines indicate negative correlation.

(d) Top 15 GO biological process terms enriched by genes coexpressed with IncRNAs in profile 8. Green to red color represents —log10 (p-value) of
each GO term. The circle size reflects gene numbers involved in each GO term [Color figure can be viewed at wileyonlinelibrary.com]

loc680254 was continuously upregulated following nerve injury and
reached the peak expression at 7 days, which is consistent with the
expression trend of profile 8 (Figure 2(a)). In situ hybridization of
loc680254 in the sciatic nerve section also confirmed the increased
expression of loc680254 in sciatic nerve tissue at 4 days after nerve
injury (Figure 2(b)). Since the full sequence of IncRNA is critical for its
functional exploration, we performed RACE to obtain the full length

of loc680254. After sequencing and blasting with the rat genome in
UCSC, we identified that loc680254 was about 790 nt in length and
localized in rat chromosome 1322, consisting of 3 exons (Figure 2
(c)). Cellular distribution analysis showed that loc680254 mainly
expressed in Schwann cell cytoplasm, compared with Ué and f-actin
(Figure 2(d)). FISH experiments in Schwann cells further confirmed
this result (Figure 2(e)).


http://wileyonlinelibrary.com

YAO ET AL

"’_|_W] ]_Eyﬂ

(a) (b)

—_~
o

=

n

nucleus

T ) o012 cytoplasm
Q4 Hkkk E chy % 1

% < 0od < % o 0.8

= N b

2 3 . o

N © > 0.4

o1 [5) =

® 9 ° ©

o0 f & 0.0

Lo

0d 1d 4d 7d 14d

(c) d
Loc680254 -full-length: N

GGGATCTTCGAGCTGCTGGTGGAAGCTGAGACGGTGTGGGGAGGCGGAGAGAAAAG (e)
GGGGTGCGGGAAATTTAAAAAGATGGGAAAGGCGCTTCCCTTTCTTCTTAGCCCCTTCC
CTGTTGATTTCTGGACCAATGCTTCTTTCTTGAACGAAGAGCATGAAGACGCTGCT......
................................. ATTATAATAAAAAGTGTTGGTTGAGTAAAAAAAAAAAAAAAAA

13q22

rat chr1s [ N | I | I . L

Exon(1/3) Exon(2/3) Exon(3/3)

FIGURE 2 The expression and characteristics of loc680254. (a) Relative loc680254 expression in sciatic nerve tissues at the indicated time
points after sciatic nerve crush injury as detected by gRT-PCR. (b) In situ hybridization of loc680254 on sciatic nerve tissue sections at 0 and

4 days after sciatic nerve crush injury. Scale bar: 50 um. (c) Full length of 1oc680254 and the scheme of loc680254 in rat genome searched by
UCSC Genome Browser. (d) Distribution of loc680254 in Schwann cell nucleus and cytoplasm as detected by gRT-PCR. U6 and p-actin were
positive controls of the nucleus and cytoplasm, respectively. (e) Loc680254 expressed in the nucleus and cytoplasm of Schwann cells as detected
by FISH experiments. Scale bar: 20 um. N = 3 for each group, *p < 0.05, ****p < 0.0001 [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 Loc680254 modulates Schwann cell proliferation, apoptosis, and cell cycle. (a) Expression of loc680254 after loc680254 siRNAs
(254-si-1, 254-si-2, 254-si-3) and random siRNA negative control (NC) treatment. N = 4 for each group, ****p < 0.0001. (b) Interfering loc680254
reduced Schwann cell proliferation as detected by EdU assay. Representative images (left) and quantification data of EdU positive cells (right)
were shown. NC: siRNA negative control. Scale bar: 50 pm. N = 4 for each group, *p < 0.05, **p < 0.01. (c) Detection of Schwann cell apoptosis
after loc680254 siRNA treatments by TUNEL assay. Representative images (left) and quantification data of TUNEL positive cells (right) were
shown. NC: siRNA negative control. Scale bar: 25 um. N = 5 for each group, *p < 0.05, **p < 0.01, ***p < 0.001. (d) Cell cycle analyses by flow
cytometry. Representative images (left) and the percentage of cells in G1, S, and G2 phases (right) were shown. NC: siRNA negative control.

N = 3 for each group, *p < 0.05, **p < 0.01. (e) Expression of loc680254 in Schwann cells infected by loc680254 lentivirus (Lv-254) and control
(Lv-con). N = 3 for each group, ****p < 0.0001. (f) Edu proliferation assay results of Schwann cells infected by Lv-254 and Lv-con. Representative
images (left) and quantification data of EdU positive cells (right) were shown. Scale bar: 100 pm, n = 3 for each group, *p < 0.05. (g) Cell cycle
analyses of Schwann cells overexpressed loc680254 by flow cytometry. Representative images (left) and the percentage of cells in G1, S, and G2
phases (right) were shown. N = 3 for each group, *p < 0.05 [Color figure can be viewed at wileyonlinelibrary.com]
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33 |
in vitro

loc680254 affects Schwann cell proliferation

To investigate the role of 10c680254 in Schwann cells, we designed
three specific siRNAs for 1oc680254. All of them could effectively
reduce loc680254 expression to almost 20% in Schwann cells (Figure 3
(a)). EdU proliferation assay showed that interfering loc680254 in

Schwann cells significantly reduced the percentage of EdU positive cells

(Figure 3(b)). TUNEL assays indicated that downregulation of
loc680254 significantly induced cell apoptosis (Figure 3(c)). In addition
to above observations, interfering loc680254 also resulted in retarda-
tion of cell cycle progression, with a decreased percentage of cells in S
and G2 phases by 254-si-2 (Figure 3(d)). It was interesting to reveal
that, although 254-si-1 and 254-si-3 had a more effective impact in
Loc680254 suppression, only 254-si-2 affects the cell cycle. We

also overexpressed 1oc680254 in Schwann cells by lentivirus infection.
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FIGURE 4 Loc680254 acted as a ceRNA to interact with Prsc1 and Ska1l. (a) A schematic diagram for loc680254 target gene selection and

aligned information of loc680254, miRNA, and target genes. Briefly, primary Schwann cells were transfected with loc680254 siRNA3 (254-si-3)
or negative siRNA control (si-NC). Microarray analysis was performed to obtain differentially expressed genes (DEGs) after loc680254 silencing.
DEGs with absolute fold change (FC (abs)) > 2 and p < 0.05 were selected for GO/KEGG functional enrichment analysis and the results were
shown in b and c. meanwhile, potential miRNA targets of 1oc680254 were predicted. The coverage genes between down-regulated DEGs after
loc680254 silencing and miRNA target genes were considered as potential target genes in the loc680254-miRNA-gene ceRNA regulation
network. We then reduced target gene numbers with the criterion that FC (abs) >3 and align site >1. Target genes with high align scores were

shown in the table below. (b) GO biological process enrichment of differentially expressed genes after loc680254 siRNA3 (245-si-3) treatment in
Schwann cells. Top 15 GO biological process terms enriched were illustrated. The circle color represents —log10 (p-value) of each GO term. The
circle size represents the gene numbers involved in each GO term. (c) KEGG pathway enrichment of differentially expressed genes after
loc680254 siRNA3 (245-si-3) treatment in Schwann cells. Top 15 KEGG pathway terms enriched were illustrated. The circle color represents
—log10 (p-value) of each KEGG pathway term. The circle size represents the gene numbers involved in each KEGG pathway term. (d) The mRNA
expression of Psrc1 and Ska1l in loc680254 siRNA or siRNA negative control (NC) treated Schwann cells. (e) Relative mRNA expression of Psrcl
and Ska1l in sciatic nerve segments following sciatic nerve crush injury. (f) Luciferase results between loc680254, Psrc1 3'-UTR, Skal 3’-UTR, and
certain miRNAs, respectively. MC: miRNA mimic negative control. (g) gRT-PCR results showed that overexpressing corresponding miRNAs
decreased the mRNA expression of Psrc1 and Skal, respectively. MC: miRNA mimic negative control. (h) Ago2 immunoprecipitation of
loc680254, miRNAs, and target genes. N = 3 for each group, ***p < 0.001; **p < 0.01 [Color figure can be viewed at wileyonlinelibrary.com]
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Psrc1-si2) and Skal siRNAs (Skal-sil, Skal-si2) in Schwann cells as detected by qRT-PCR. NC: siRNA negative control. (b) Representative images
of EdU proliferation assay after Psrc1 or Skal silencing in Schwann cells. Scale bar: 50 pm. (c) Quantification of cell proliferation rate as EdU
positive cell percentage in Schwann cells after Psrc1 or Ska1 silencing. (d) mRNA expression of Psrc1 and Skal after loc680254 overexpression
(Lv-254) and lentivirus negative control (Lv-con). (e) Representative images of EdU proliferation assay after Psrc1 or Ska1l silencing in
loc680254-overexpressed Schwann cells. Scale bar: 50 pm. (f) Quantification of cell proliferation rate in loc680254-overexpressed Schwann cells
after Psrcl or Ska1l silencing. NC: siRNA negative control. N = 3 for each group. ***p < 0.001; **p < 0.01; *p < 0.05 [Color figure can be viewed at

wileyonlinelibrary.com]

gRT-PCR results showed that Lv-254 treatment dramatically enhanced
loc680254 expression in Schwann cells compared with Lv-con control
(Figure 3(e)). Cell proliferation rate was elevated following loc680254
overexpression (Figure 3(f)). In addition, more cells were accumulated

in G2 phase after loc680254 overexpression (Figure 3(g)).

3.4 | Loc680254 serves as a ceRNA to regulate
Psrc1 and Skal expression

Since 10c680254 mainly distributed in the cytoplasm, we speculated that
it might work as a miRNA decoy, which is a principal regulatory mecha-
nism for cytoplasmic IncRNAs according to previous reports (Noh
et al, 2018). We then performed microarray analysis to identify genes
affected by 10c680254 silencing in Schwann cells. Briefly, Schwann cells
transfected with loc680254 siRNA3 (254-si-3) or random siRNA negative
control (si-NC) were collected for microarray (Figure 4(a)). There were
1106 differentially expressed genes (DEGs; FC (abs) >2 and p < 0.05) after
loc680254 silencing in Schwann cells (Table S5). GO and KEGG functional
enrichment analysis showed that these genes were involved in cell cycle
(Figure 4(b,c), Tables S6 and S7), which is consistent with our cell prolifera-
tion assay results. We then screened the potential mRNA targets of
loc680254 as a ceRNA by bioinformatic prediction as illustrated in
Figure 4(a) (Tables S8 and S9) and found 21 potential candidate genes.
Among them, spindle and kinetochore associated complex subunit
1 (Skal) and proline/serine-rich coiled-coil 1 (Psrc1) could cooperate each
other to regulate spindle dynamics, and affect cell cycle and proliferation
(Park et al., 2016). Thus, in the following studies, we focused on the inves-

tigation of Skal and Psrc1 expression and function in Schwann cells.

The loc680254 interfering reduced mRNA expression of Psrcl
and Skal in Schwann cells (Figure 4(d)). Following peripheral nerve
injury, Psrc1 and Skal expression increased in the sciatic nerve tis-
sues, with a similar trend as loc680254 (Figure 4(e)). These results
confirmed that Psrcl and Skal expression were associated with
10c680254 up-regulation. To validate the interaction between
1oc680254, miRNAs and target genes, we performed the luciferase
assay. As shown in Figure 4(f), all predicted potential miRNAs (miR-
30d-3p, miR-671, miR-3594-5p, and miR-3473) could bind with
10c680254. In addition, miR-30d-3p/miR-671 and miR-3594-5p/miR-
3473 could interact with the 3’-UTR of Psrc1 and Ska1l (Figure 4(f)),
and reduce the mRNA expression of these genes, respectively
(Figure 4(g)). To further validate the association of loc680254,
miRNAs, and target genes, we also conducted RNA binding protein
immunoprecipitation experiments with the antibody against Ago2, a
component of RNA-induced silencing complex (RISC). As expected,
loc680254, Psrc1, Skal, and miRNAs were enriched in Ago2 immuno-
precipitate compared with control IgG experiment (Figure 4(h)).

3.5 | loc680254 modulates Schwann cell
phenotype through regulating Psrc1 and Skal
expression

To explore whether 10c680254 regulates Schwann cell proliferation
through Psrc1 and Skal, we transfected Psrcl and Skal siRNAs into
Schwann cells. As shown in Figure 5(a), these siRNAs efficiently
decreased Psrc1 (Psrc1-si1, Psrc1-si2) and Skal (Skal-si1, Skal-si2)
mRNA expression in Schwann cells, respectively. As expected, Psrcl
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FIGURE 6 Invivo effect of loc680254-overexpressed Schwann cells after rat sciatic nerve transection and repair. (a) A diagram of treatments
and time points for rats after sciatic nerve transection. Briefly, primary Schwann cells were transfected with loc680254-overexpressing lentivirus
(Lv-254) or negative lentivirus control (Lv-con). The transfected Schwann cells (Lv-254 SCs and Lv-con SCs) or PBS were then injected into the
chitosan scaffold that bridged the gap after sciatic nerve transection. (b) NF200 immunostaining (white) of regenerating nerves on day 10 after
surgery in three groups. The yellow dotted line indicates the injury site. The right images show the enlarged yellow dotted square area from left.
The red dotted line indicated the end of axon fibers. Scale bar: Left, 1000 pm; right, 100 pm. (c) Quantification of average axon outgrowth at day
10 after surgery. N = 3 for each group. ****p < 0.0001; **p < 0.01. (d) Typical toe-spreading images of different scores and intact nerve. (e) Toe-
spreading reflex for motor function in loc680254-overexpressed Schwann cell group (Lv-con SCs), control Schwann cell group (Lv-con SCs), and
PBS treated group at the 12th week after repair. N = 6 for each group. (f) The mean peak CMAP amplitude and (g) the conduction velocity
detected in the injured side of loc680254-overexpressed Schwann cell group (Lv-con SCs), control Schwann cell group (Lv-con SCs), and PBS
treated group at the 12th week after repair. N = 6 for each group [Color figure can be viewed at wileyonlinelibrary.com]

or Skal silencing reduced the proliferation rate of Schwann cells cells (Lv-254 SCs), control Schwann cells (Lv-con SCs), or PBS was
(Figure 5(b,c)). loc680254 overexpression in Schwann cells (Lv-254) injected into the chitosan scaffolds (Figure 6(a)). After 10 days repair, we
increased Psrcl and Skal mRNA expression (Figure 5(d)). Interfering performed NF200 immunostaining to detect axon regeneration in each
Psrcl (Psrci-si2) or Skal (Skal-si1) reduced the cell proliferation rate group. Figure 6(b,c) showed that both Lv-con SCs and Lv-254 SCs pro-
in loc680254-overexpressed Schwann cells. Skal siRNA had a more moted axon outgrowth compared with PBS chitosan scaffolds. Although
significant effect on Schwann cell proliferation compared with Psrcl loc680254-overexpressed group had slightly faster axon outgrowth in

siRNA (Figure 5(e,f)). These data suggested that loc680254 might the nerve gap, there was no significant difference between Lv-con SCs
modulate Schwann cell proliferation through the regulation of Psrcl and Lv-254 SCs groups. We also evaluated functional recovery with the
and Skal expression. CatWalk system at 12 weeks post-surgery. The results showed that both
Lv-con SCs and Lv-254 SCs groups had a higher toe-spreading score
(Figure 6(d,e)). However, there was no significant difference in mean
3.6 | Effects of loc680254 in vivo after sciatic CMAP amplitude and conduction velocity by electromyography (EMG)
nerve transection in rats analyses between each group (Figure 6(f,g)).

To investigate the role of loc680254 in vivo, we constructed a rat sciatic

nerve transection injury model. We then bridged the 10-mm-long sciatic 4 | DISCUSSION

nerve gap with a chitosan scaffold, which has been previously used by

our group as a nerve guidance conduit to repair peripheral nerve gas As the principal glial cell in PNS, Schwann cells play a pivotal role in

(Gu et al.,, 2014; Hu et al., 2013). loc680254-overexpressed Schwann nerve regeneration after peripheral nerve injury. Numerous genes and
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FIGURE 7 A brief schematic graph illustrates the possible
regulatory mechanism of loc680254 after during peripheral nerve
regeneration. Upon nerve injury, loc680254 was up-regulated and
might bind free miR-671, miR-30d-3p, miR-3473, and miR-3594-5p in
Schwann cell cytoplasm, leading to less miRNA interaction with Psrc1
and Skal. As a result, the expressions of Psrc1 and Skal, two
components that participate in spindle attachment to kinetochore
during cell cycle, were elevated. Schwann cell proliferation then
increased to facilitate axon regeneration after peripheral nerve injury
[Color figure can be viewed at wileyonlinelibrary.com]

pathways could regulate Schwann cell phenotypes, especially
Schwann cell proliferation, such as ERK (Agthong et al., 2006; Monje
et al., 2006), p38 (Roberts et al., 2017), and JNK signaling pathways
(Arthur-Farraj et al., 2012; Fontana et al., 2012). Growth factors such
as Neuregulin 1 (Shin et al., 2017) and Betacellulin (Vallieres
et al., 2017) are up-regulated in the distal nerve stump and they pro-
mote Schwann cell proliferation. Besides these findings, many reports
have suggested that miRNAs also participate in Schwann cell biologi-
cal processes (Yu et al.,, 2015). For example, miR-221 and miR-222
promote Schwann cell proliferation, while miR-182 has a repressive
effect (Yu, Qian, et al., 2012; Yu, Zhou, et al., 2012). Here, we pro-
posed that IncRNAs, as another main subset of noncoding RNA, also
regulate Schwann cell proliferation after peripheral nerve injury.
According to our previous research, we have identified a set of
differentially expressed IncRNAs in the sciatic nerve after injury by
microarray analysis and explored the role of IncRNAs in Schwann cell
migration (Yao et al., 2018; Yao et al., 2020). Compared with microar-
ray analysis, RNA-seq is a more advanced technology to study gene

expression profile in healthy and injured tissues. For example, RNA-
seq has a smaller sample requirement, lower background noise, and
more precise expression measurements. Furthermore, RNA-seq facili-
tates detecting novel transcripts (Kogenaru et al., 2012). Thus, in this
study, we performed RNA-seq analysis and identified a set of differ-
entially expressed IncRNAs in sciatic nerve tissues after peripheral
nerve injury. LncRNA loc680254, among the upregulated IncRNAs,
was then characterized. We show that it regulates Schwann cell prolif-
eration, apoptosis, and cell cycle progression.

As reported, IncRNAs regulate gene expression through nuclear
and cytoplasmic mechanisms at transcriptional, post-transcriptional,
and translational levels. Nuclear IncRNAs function through epigenetic
modification or interaction with transcription factors and transcrip-
tional co-regulators, while cytoplasmic IncRNAs exert their role by
sponging miRNAs, affecting mRNA stability and inhibiting translation
(Sun & Kraus, 2015). Since loc680254 mainly distributes in the cyto-
plasm of Schwann cells as detected by qRT-PCR and FISH studies, we
speculated that 10c680254 might work as a ceRNA to sponge
miRNAs. By bioinformatics prediction and experiment validation, we
found that loc680254 could affect the expression of Psrcl and Skal
by miR-30d-3p/miR-671 and miR3473/miR-3594-5p.

Psrc1, also named as DDAZ3, is a microtubule-associated protein.
It is highly phosphorylated in mitotic cells and binds with EB3 to acti-
vate the B-catenin pathway (Hsieh et al., 2007). By recruiting MT
depolymerase Kif2a, Psrcl regulates spindle dynamics and chromo-
some movements (Jang et al., 2008). Ska1, spindle and kinetochore-
associated complex subunit 1, is a newly discovered gene associated
with mitosis (Hanisch et al., 2006). Ska1l can form a Ska complex and
bind to microtubules, facilitating kinetochore-spindle microtubule
attachment (Jeyaprakash et al., 2012; Sivakumar et al., 2016). Knock-
down Skal inhibited cell proliferation and arrested cell cycle by
decreasing the expression of Cyclin D1, Cyclin E1, and Cyclin B1
(L. J. Zhao, Yang, et al., 2017). Recently, researchers have reported
that Skal can cooperate with Psrcl in spindle dynamics and spindle
attachment to the kinetochore (Park et al., 2016). These reports indi-
cated that Psrc1 and Ska1l could take part in cell proliferation and cell
cycle. Consistent with previous studies, our data showed that down-
regulation of Psrcl and Skal in Schwann cells could decrease
Schwann cell proliferation. Thus, loc680254 might regulate Schwann
cell proliferation through the regulation of Psrc1 and Skal expression
in a miRNA sponge manner.

Chitosan-based artificial nerve grafts, such as chitosan/PLGA-
based, autologous marrow mesenchymal stem cells (MSCs)-containing
tissue-engineered nerve grafts (TENGs), chitosan/silk fibroin-based,
Schwann cell-derived extracellular matrix-modified scaffolds, are
widely applied in peripheral nerve repair (Gu et al., 2014; Hu
et al., 2013). To further explore the effect of l0c680254 in nerve
regeneration, we injected loc680254-overexpressing Schwann cells in
the chitosan scaffolds to bridge never gaps after rat sciatic nerve tran-
section. Although loc680254 overexpression slightly promoted axon
outgrowth at 10 days after repair, its effect on functional recovery
was not significant as detected at 12-week post-surgery. We consid-

ered that loc680254 might speed axon regeneration in a short time
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after nerve injury. However, in the long period, all groups have a con-
siderable axon regeneration. This phenomenon might own to the
spontaneous regenerative ability of the peripheral nervous system
and the promotion effects of chitosan scaffolds with their degradation
products (Y. Zhao, Wang, et al., 2017).

In conclusion, our research uncovered a set of differentially
expressed INncRNAs in sciatic nerve segments following peripheral nerve
injury by RNA-seq analysis. Loc680254, one of the upregulated IncRNAs
after nerve injury, could promote Schwann cell proliferation. Mechanism
analysis showed that loc680254 might exert this regulation role by serv-
ing as a miRNA sponge to affect Psrc1 and Skal expression (Figure 7).
Overall, our data provide further insights into the role of IncRNAs in
peripheral nerve regeneration, and our findings might facilitate the devel-

opment of new treatments for peripheral nerve repair.

ACKNOWLEDGMENTS

This work was supported by National Major Project of Research and
Development (2017YFA0104701), National Natural Science Founda-
tion of China (32111530122, 31730031, 81901257), Jiangsu Provin-
cial Natural Science Foundation (BK20180951), Jiangsu Association
of Science and Technology Youth Science and Technology Talents
Enrollment Project, Jiangsu Provincial Key Medical Center and Priority
Academic Program Development of Jiangsu Higher Education Institu-
tions (PAPD).

CONFLICT OF INTEREST

The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

ORCID
Xin-Peng Dun "2 https://orcid.org/0000-0003-2837-4672
Bin Yu (2 https://orcid.org/0000-0002-8927-3333

REFERENCES

Agthong, S., Kaewsema, A., Tanomsridejchai, N., & Chentanez, V. (2006).
Activation of MAPK ERK in peripheral nerve after injury. BMC Neuro-
science, 7, 45. https://doi.org/10.1186/1471-2202-7-45

Arthur-Farraj, P. J., Latouche, M., Wilton, D. K., Quintes, S., Chabrol, E.,
Banerjee, A., Woodhoo, A., Jenkins, B., Rahman, M., Turmaine, M.,
Wicher, G. K., Mitter, R., Greensmith, L., Behrens, A., Raivich, G.,
Mirsky, R., & Jessen, K. R. (2012). C-Jun reprograms Schwann cells of
injured nerves to generate a repair cell essential for regeneration. Neu-
ron, 75(4), 633-647. https://doi.org/10.1016/j.neuron.2012.06.021

Bozkurt, A., Deumens, R., Scheffel, J, O'Dey, D. M. Weis, J,
Joosten, E. A, Fihrmann, T., Brook, G. A., & Pallua, N. (2008). CatWalk
gait analysis in assessment of functional recovery after sciatic nerve
injury. Journal of Neuroscience Methods, 173(1), 91-98. https://doi.
org/10.1016/j.jneumeth.2008.05.020

Cattin, A. L., & Lloyd, A. C. (2016). The multicellular complexity of periph-
eral nerve regeneration. Current Opinion in Neurobiology, 39, 38-46.
https://doi.org/10.1016/j.conb.2016.04.005

Fontana, X., Hristova, M., Da Costa, C., Patodia, S., Thei, L., Makwana, M.,
Spencer-Dene, B., Latouche, M., Mirsky, R., Jessen, K. R, Klein, R,,

Raivich, G., & Behrens, A. (2012). C-Jun in Schwann cells promotes
axonal regeneration and motoneuron survival via paracrine signaling.
The Journal of Cell Biology, 198(1), 127-141. https://doi.org/10.1083/
jcb.201205025

Gomez-Sanchez, J. A, Carty, L., lIruarrizaga-Lejarreta, M., Palomo-
Irigoyen, M., Varela-Rey, M., Griffith, M., Griffith, M., Hantke, J.,
Macias-Camara, N., Azkargorta, M., Aurrekoetxea, I., De Juan, V. G,,
Jefferies, H. B., Aspichueta, P., Elortza, F., Aransay, A. M., Martinez-
Chantar, M. L., Baas, F., Mato, J. M,, ... Jessen, K. R. (2015). Schwann
cell autophagy, myelinophagy, initiates myelin clearance from injured
nerves. Journal of Cell Biology, 210(1), 153-168. https://doi.org/10.
1083/jch.201503019

Gomez-Sanchez, J. A, Pilch, K. S,, van der Lans, M., Fazal, S. V., Benito, C,,
Wagstaff, L. J., Mirsky, R., & Jessen, K. R. (2017). After nerve injury,
lineage tracing shows that myelin and Remak Schwann cells elongate
extensively and branch to form repair Schwann cells, which shorten
radically on remyelination. The Journal of Neuroscience, 37(37), 9086-
9099. https://doi.org/10.1523/JNEUROSCI.1453-17.2017

Gong, L., Wu, J., Zhouy, S., Wang, Y., Qin, J., Yu, B., Gu, X., & Yao, C. (2016).
Global analysis of transcriptome in dorsal root ganglia following
peripheral nerve injury in rats. Biochemical and Biophysical Research
Communications, 478(1), 206-212. https://doi.org/10.1016/j.bbrc.
2016.07.067

Gordon, T. (2009). The role of neurotrophic factors in nerve regeneration.
Neurosurgical Focus, 26(2), E3. https://doi.org/10.3171/FOC.2009.26.
2.E3

Gu, Y., Li, Z. M. Y., Huang, J., Wang, H. K, Gu, X. S., & Gu, J. H. (2017).
Application of marrow mesenchymal stem cell-derived extracellular
matrix in peripheral nerve tissue engineering. Journal of Tissue Engi-
neering and Regenerative Medicine, 11(8), 2250-2260. https://doi.org/
10.1002/term.2123

Gu, Y., Zhu, J., Xue, C, Li, Z, Ding, F., Yang, Y., & Gu, X. (2014).
Chitosan/silk fibroin-based, Schwann cell-derived extracellular matrix-
modified scaffolds for bridging rat sciatic nerve gaps. Biomaterials, 35
(7), 2253-2263. https://doi.org/10.1016/j.biomaterials.2013.11.087

Hanisch, A, Sillie, H. H., & Nigg, E. A. (2006). Timely anaphase onset
requires a novel spindle and kinetochore complex comprising Skal
and Ska2. The EMBO Journal, 25(23), 5504-5515. https://doi.org/10.
1038/sj.emboj.7601426

He, X. L., Zhang, L. G., Queme, L. F., Liu, X. Z, Lu, A, Waclaw, R. R,
Dong, X., Zhou, W., Kidd, G., Yoon, S. O., Buonanno, A., Rubin, J. B.,
Xin, M., Nave, K. A,, Trapp, B. D., Jankowski, M. P., & Lu, Q. R. (2018).
A histone deacetylase 3-dependent pathway delimits peripheral mye-
lin growth and functional regeneration. Nature Medicine, 24(3), 338.
https://doi.org/10.1038/nm.4483

Hirata, H., Hinoda, Y. Shahryari, V. Deng, G. Nakajima, K,
Tabatabai, Z. L., Ishii, N., & Dahiya, R. (2015). Long noncoding RNA
MALAT1 promotes aggressive renal cell carcinoma through Ezh2 and
interacts with miR-205. Cancer Research, 75(7), 1322-1331. https://
doi.org/10.1158/0008-5472.CAN-14-2931

Hsieh, P. C., Chang, J. C, Sun, W. T., Hsieh, S. C,, Wang, M. C,, &
Wang, F. F. (2007). p53 downstream target DDA3 is a novel
microtubule-associated protein that interacts with end-binding protein
EB3 and activates ss-catenin pathway. Oncogene, 26(34), 4928-4940.
https://doi.org/10.1038/sj.onc.1210304

Hu, N., Wu, H., Xue, C., Gong, Y., Wu, J,, Xiao, Z., Yang, Y., Ding, F., & Gu, X.
(2013). Long-term outcome of the repair of 50 mm long median nerve
defects in rhesus monkeys with marrow mesenchymal stem cells-con-
taining, chitosan-based tissue engineered nerve grafts. Biomaterials, 34
(1), 100-111. https://doi.org/10.1016/j.biomaterials.2012.09.020

Jang, C. Y., Wong, J., Coppinger, J. A, Seki, A, Yates, J. R, 3rd, & Fang, G.
(2008). DDA3 recruits microtubule depolymerase Kif2a to spindle
poles and controls spindle dynamics and mitotic chromosome move-
ment. The Journal of Cell Biology, 181(2), 255-267. https://doi.org/10.
1083/jcb.200711032


https://orcid.org/0000-0003-2837-4672
https://orcid.org/0000-0003-2837-4672
https://orcid.org/0000-0002-8927-3333
https://orcid.org/0000-0002-8927-3333
https://doi.org/10.1186/1471-2202-7-45
https://doi.org/10.1016/j.neuron.2012.06.021
https://doi.org/10.1016/j.jneumeth.2008.05.020
https://doi.org/10.1016/j.jneumeth.2008.05.020
https://doi.org/10.1016/j.conb.2016.04.005
https://doi.org/10.1083/jcb.201205025
https://doi.org/10.1083/jcb.201205025
https://doi.org/10.1083/jcb.201503019
https://doi.org/10.1083/jcb.201503019
https://doi.org/10.1523/JNEUROSCI.1453-17.2017
https://doi.org/10.1016/j.bbrc.2016.07.067
https://doi.org/10.1016/j.bbrc.2016.07.067
https://doi.org/10.3171/FOC.2009.26.2.E3
https://doi.org/10.3171/FOC.2009.26.2.E3
https://doi.org/10.1002/term.2123
https://doi.org/10.1002/term.2123
https://doi.org/10.1016/j.biomaterials.2013.11.087
https://doi.org/10.1038/sj.emboj.7601426
https://doi.org/10.1038/sj.emboj.7601426
https://doi.org/10.1038/nm.4483
https://doi.org/10.1158/0008-5472.CAN-14-2931
https://doi.org/10.1158/0008-5472.CAN-14-2931
https://doi.org/10.1038/sj.onc.1210304
https://doi.org/10.1016/j.biomaterials.2012.09.020
https://doi.org/10.1083/jcb.200711032
https://doi.org/10.1083/jcb.200711032

12_|_W] ]_Eyﬂ

YAO ET AL

Jessen, K. R., & Arthur-Farraj, P. (2019). Repair Schwann cell update: Adap-
tive reprogramming, EMT, and stemness in regenerating nerves. Glia,
67(3), 421-437. https://doi.org/10.1002/glia.23532

Jessen, K. R., & Mirsky, R. (2016). The repair Schwann cell and its function
in regenerating nerves. The Journal of Physiology, 594(13), 3521-3531.
https://doi.org/10.1113/JP270874

Jessen, K. R, Mirsky, R., & Lloyd, A. C. (2015). Schwann cells: Develop-
ment and role in nerve repair. Cold Spring Harbor Perspectives in Biol-
ogy, 7(7), a020487. https://doi.org/10.1101/cshperspect.a020487

Jeyaprakash, A. A., Santamaria, A., Jayachandran, U., Chan, Y. W.,
Benda, C., Nigg, E. A, & Conti, E. (2012). Structural and functional
organization of the Ska complex, a key component of the kinetochore-
microtubule interface. Molecular Cell, 46(3), 274-286. https://doi.org/
10.1016/j.molcel.2012.03.005

Johnson, R. (2012). Long non-coding RNAs in Huntington's disease neu-
rodegeneration. Neurobiology of Disease, 46(2), 245-254. https://doi.
org/10.1016/j.nbd.2011.12.006

Kogenaruy, S., Qing, Y., Guo, Y., & Wang, N. (2012). RNA-seq and microar-
ray complement each other in transcriptome profiling. BMC Genomics,
13, 629. https://doi.org/10.1186/1471-2164-13-629

Liao, Q., Liu, C., Yuan, X,, Kang, S., Miao, R., Xiao, H., Zhao, G., Luo, H.,
Bu, D., Zhao, H., Skogerbg, G., Wu, Z., & Zhao, Y. (2011). Large-scale
prediction of long non-coding RNA functions in a coding-non-coding
gene co-expression network. Nucleic Acids Research, 39(9), 3864-
3878. https://doi.org/10.1093/nar/gkq1348

Mantuano, E., Inoue, G, Li, X., Takahashi, K., Gaultier, A., Gonias, S. L., &
Campana, W. M. (2008). The hemopexin domain of matrix
metalloproteinase-9 activates cell signaling and promotes migration of
schwann cells by binding to low-density lipoprotein receptor-related
protein. The Journal of Neuroscience, 28(45), 11571-11582. https://
doi.org/10.1523/JNEUROSCI.3053-08.2008

Martini, R., Fischer, S., Lopez-Vales, R., & David, S. (2008). Interactions
between Schwann cells and macrophages in injury and inherited
demyelinating disease. Glia, 56(14), 1566-1577. https://doi.org/10.
1002/glia.20766

Monje, P. V., Bartlett Bunge, M., & Wood, P. M. (2006). Cyclic AMP syner-
gistically enhances neuregulin-dependent ERK and Akt activation and
cell cycle progression in Schwann cells. Glia, 53(6), 649-659. https://
doi.org/10.1002/glia.20330

Nocera, G., & Jacob, C. (2020). Mechanisms of Schwann cell plasticity
involved in peripheral nerve repair after injury. Cellular and Molecular
Life Sciences, 77(20), 3977-3989. https://doi.org/10.1007/s00018-
020-03516-9

Noh, J. H., Kim, K. M., McClusky, W. G., Abdelmohsen, K., & Gorospe, M.
(2018). Cytoplasmic functions of long noncoding RNAs. Wiley Interdisci-
plinary Reviews. RNA, 9(3), e1471. https://doi.org/10.1002/wrna.1471

Park, J. E., Song, H., Kwon, H. J., & Jang, C. Y. (2016). Skal cooperates with
DDAS3 for spindle dynamics and spindle attachment to kinetochore.
Biochemical and Biophysical Research Communications, 470(3), 586-
592. https://doi.org/10.1016/j.bbrc.2016.01.101

Patodia, S., & Raivich, G. (2012). Role of transcription factors in peripheral
nerve regeneration. Frontiers in Molecular Neuroscience, 5, 8. https://
doi.org/10.3389/fnmol.2012.00008

Repana, K. Papazisis, K. Foukas, P. Valeri, R. Kortsaris, A,
Deligiorgi, E., & Kyriakidis, D. (2006). Expression of Syk in invasive
breast cancer: Correlation to proliferation and invasiveness. Anticancer
Research, 26, 4949-4954.

Roberts, S. L., Dun, X. P., Dee, G., Gray, B., Mindos, T., & Parkinson, D. B.
(2017). The role of p38alpha in Schwann cells in regulating peripheral
nerve myelination and repair. Journal of Neurochemistry, 141(1), 37-
47. https://doi.org/10.1111/jnc.13929

Shin, Y. K,, Jang, S. Y., Yun, S. H., Choi, Y. Y., Yoon, B. A, Jo, Y. R,
Park, S. Y., Pak, M. G,, Park, J. I., & Park, H. T. (2017). Cooperative
interaction of hepatocyte growth factor and neuregulin regulates
Schwann cell migration and proliferation through Grb2-associated

binder-2 in peripheral nerve repair. Glia, 65(11), 1794-1808. https://
doi.org/10.1002/glia.23195

Sivakumar, S., Janczyk, P. L., Qu, Q., Brautigam, C. A, Stukenberg, P. T.,
Yu, H., & Gorbsky, G. J. (2016). The human SKA complex drives the
metaphase-anaphase cell cycle transition by recruiting protein phospha-
tase 1 to kinetochores. elife, 5, €12902. https://doi.org/10.7554/eLlife.
12902

Sun, M., & Kraus, W. L. (2015). From discovery to function: The expanding
roles of long noncoding RNAs in physiology and disease. Endocrine
Reviews, 36(1), 25-64. https://doi.org/10.1210/er.2014-1034

Tay, Y., Kats, L., Salmena, L., Weiss, D., Tan, S. M., Ala, U., Karreth, F.,
Poliseno, L., Provero, P., Di Cunto, F., Lieberman, J., Rigoutsos, I., &
Pandolfi, P. P. (2011). Coding-independent regulation of the tumor
suppressor PTEN by competing endogenous mRNAs. Cell, 147(2),
344-357. https://doi.org/10.1016/j.cell.2011.09.029

Thomson, D. W., & Dinger, M. E. (2016). Endogenous microRNA sponges:
Evidence and controversy. Nature Reviews. Genetics, 17(5), 272-283.
https://doi.org/10.1038/nrg.2016.20

Tusher, V. G., Tibshirani, R., & Chu, G. (2001). Significance analysis of
microarrays applied to the ionizing radiation response. Proceedings
of the National Academy of Sciences of the United States of America, 98
(9), 5116-5121. https://doi.org/10.1073/pnas.091062498

Vallieres, N., Barrette, B., Wang, L. X, Belanger, E. Thiry, L,
Schneider, M. R,, Filali, M., Cété, D., Bretzner, F., & Lacroix, S. (2017).
Betacellulin regulates schwann cell proliferation and myelin formation
in the injured mouse peripheral nerve. Glia, 65(4), 657-669. https://
doi.org/10.1002/glia.23119

Wu, P., Zuo, X., Deng, H., Liu, X, Liu, L., & Ji, A. (2013). Roles of long non-
coding RNAs in brain development, functional diversification and neu-
rodegenerative diseases. Brain Research Bulletin, 97, 69-80. https://
doi.org/10.1016/j.brainresbull.2013.06.001

Xu, S., Ao, J., Gu, H., Wang, X, Xie, C., Meng, D, ... Liu, M. (2017). IL-22
impedes the proliferation of Schwann cells: Transcriptome sequencing
and bioinformatics analysis. Molecular Neurobiology, 54(4), 2395-2405.
https://doi.org/10.1007/s12035-016-9699-3

Yao, C., Chen, Y., Wang, J., Qian, T., Feng, W., Chen, Y., Mao, S., & Yu, B.
(2020). LncRNA BC088259 promotes Schwann cell migration through
vimentin following peripheral nerve injury. Glia, 68(3), 670-679.
https://doi.org/10.1002/glia.23749

Yao, C., Wang, J., Zhang, H., Zhou, S., Qian, T., Ding, F., Gu, X., & Yu, B.
(2015). Long non-coding RNA uc.217 regulates neurite outgrowth in
dorsal root ganglion neurons following peripheral nerve injury. The
European Journal of Neuroscience, 42(1), 1718-1725. https://doi.org/
10.1111/ejn.12966

Yao, C., Wang, Y., Zhang, H., Feng, W., Wang, Q., Shen, D., Qian, T., Liu, F.,
Mao, S., Gu, X, & Yu, B. (2018). IncRNA TNXA-PS1 modulates
Schwann cells by functioning as a competing endogenous RNA follow-
ing nerve injury. The Journal of Neuroscience, 38(29), 6574-6585.
https://doi.org/10.1523/JNEUROSCI.3790-16.2018

Yao, C., & Yu, B. (2019). Role of long noncoding RNAs and circular RNAs
in nerve regeneration. Frontiers in Molecular Neuroscience, 12, 165.
https://doi.org/10.3389/fnmol.2019.00165

Yi, S., Zhang, H., Gong, L., Wu, J., Zha, G., Zhou, S., Gu, X., & Yu, B. (2015).
Deep sequencing and Bioinformatic analysis of lesioned sciatic nerves
after crush injury. PLoS One, 10(12), e0143491. https://doi.org/10.
1371/journal.pone.0143491

Yu, B., Qian, T., Wang, Y., Zhou, S., Ding, G., Ding, F., & Gu, X. (2012). miR-
182 inhibits Schwann cell proliferation and migration by targeting
FGF9 and NTM, respectively at an early stage following sciatic nerve
injury. Nucleic Acids Research, 40(20), 10356-10365. https://doi.org/
10.1093/nar/gks750

Yu, B., Zhou, S., Hu, W,, Qian, T., Gao, R, Ding, G., Ding, F., & Gu, X.
(2013). Altered long noncoding RNA expressions in dorsal root gan-
glion after rat sciatic nerve injury. Neuroscience Letters, 534, 117-122.
https://doi.org/10.1016/j.neulet.2012.12.014


https://doi.org/10.1002/glia.23532
https://doi.org/10.1113/JP270874
https://doi.org/10.1101/cshperspect.a020487
https://doi.org/10.1016/j.molcel.2012.03.005
https://doi.org/10.1016/j.molcel.2012.03.005
https://doi.org/10.1016/j.nbd.2011.12.006
https://doi.org/10.1016/j.nbd.2011.12.006
https://doi.org/10.1186/1471-2164-13-629
https://doi.org/10.1093/nar/gkq1348
https://doi.org/10.1523/JNEUROSCI.3053-08.2008
https://doi.org/10.1523/JNEUROSCI.3053-08.2008
https://doi.org/10.1002/glia.20766
https://doi.org/10.1002/glia.20766
https://doi.org/10.1002/glia.20330
https://doi.org/10.1002/glia.20330
https://doi.org/10.1007/s00018-020-03516-9
https://doi.org/10.1007/s00018-020-03516-9
https://doi.org/10.1002/wrna.1471
https://doi.org/10.1016/j.bbrc.2016.01.101
https://doi.org/10.3389/fnmol.2012.00008
https://doi.org/10.3389/fnmol.2012.00008
https://doi.org/10.1111/jnc.13929
https://doi.org/10.1002/glia.23195
https://doi.org/10.1002/glia.23195
https://doi.org/10.7554/eLife.12902
https://doi.org/10.7554/eLife.12902
https://doi.org/10.1210/er.2014-1034
https://doi.org/10.1016/j.cell.2011.09.029
https://doi.org/10.1038/nrg.2016.20
https://doi.org/10.1073/pnas.091062498
https://doi.org/10.1002/glia.23119
https://doi.org/10.1002/glia.23119
https://doi.org/10.1016/j.brainresbull.2013.06.001
https://doi.org/10.1016/j.brainresbull.2013.06.001
https://doi.org/10.1007/s12035-016-9699-3
https://doi.org/10.1002/glia.23749
https://doi.org/10.1111/ejn.12966
https://doi.org/10.1111/ejn.12966
https://doi.org/10.1523/JNEUROSCI.3790-16.2018
https://doi.org/10.3389/fnmol.2019.00165
https://doi.org/10.1371/journal.pone.0143491
https://doi.org/10.1371/journal.pone.0143491
https://doi.org/10.1093/nar/gks750
https://doi.org/10.1093/nar/gks750
https://doi.org/10.1016/j.neulet.2012.12.014

YAO ET AL

GLIA WILEY-L =

Yu, B., Zhou, S.,Yi, S., & Gu, X. (2015). The regulatory roles of non-coding
RNAs in nerve injury and regeneration. Progress in Neurobiology, 134,
122-139. https://doi.org/10.1016/j.pneurobio.2015.09.006

Yu, B., Zhou, S. L., Wang, Y. J., Qian, T. M,, Ding, G. H., Ding, F., & Gu, X. S.
(2012). miR-221 and miR-222 promote Schwann cell proliferation and
migration by targeting LASS2 after sciatic nerve injury. Journal of Cell
Science, 125(11), 2675-2683. https://doi.org/10.1242/)cs.098996

Zhao, L. J,, Yang, H. L, Li, K. Y, Gao, Y. H, Dong, K, Liu, Z. H.,,
Wang, L. X., & Zhang, B. (2017). Knockdown of SKA1 gene inhibits cell
proliferation and metastasis in human adenoid cystic carcinoma. Bio-
medicine and Pharmacotherapy, 90, 8-14. https://doi.org/10.1016/j.
biopha.2017.03.029

Zhao, X., Tang, Z., Zhang, H., Atianjoh, F. E.,, Zhao, J. Y., Liang, L.,
Wang, W., Guan, X., Kao, S. C., Tiwari, V., Gao, Y. J., Hoffman, P. N.,
Cui, H., Li, M., Dong, X., & Tao, Y. X. (2013). A long noncoding RNA
contributes to neuropathic pain by silencing Kcna2 in primary afferent
neurons. Nature Neuroscience, 16(8), 1024-1031. https://doi.org/10.
1038/nn.3438

Zhao, Y., Wang, Y., Gong, J.,, Yang, L., Niu, C., Ni, X,, Wang, Y., Peng, S., Gu, X,,
Sun, C, & Yang, Y. (2017). Chitosan degradation products facilitate
peripheral nerve regeneration by improving macrophage-constructed

microenvironments. Biomaterials, 134, 64-77. https://doi.org/10.1016/j.
biomaterials.2017.02.026

Zigmond, R. E., & Echevarria, F. D. (2019). Macrophage biology in the
peripheral nervous system after injury. Progress in Neurobiology, 173,
102-121. https://doi.org/10.1016/j.pneurobio.2018.12.001

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section at the end of this article.

How to cite this article: Yao, C., Wang, Q., Wang, Y., Wu, J.,
Cao, X, Ly, Y., Chen, Y., Feng, W., Gu, X., Dun, X.-P., & Yu, B.
(2021). Loc680254 regulates Schwann cell proliferation
through Psrc1 and Skal as a microRNA sponge following
sciatic nerve injury. Glia, 1-13. https://doi.org/10.1002/glia.
24045



https://doi.org/10.1016/j.pneurobio.2015.09.006
https://doi.org/10.1242/Jcs.098996
https://doi.org/10.1016/j.biopha.2017.03.029
https://doi.org/10.1016/j.biopha.2017.03.029
https://doi.org/10.1038/nn.3438
https://doi.org/10.1038/nn.3438
https://doi.org/10.1016/j.biomaterials.2017.02.026
https://doi.org/10.1016/j.biomaterials.2017.02.026
https://doi.org/10.1016/j.pneurobio.2018.12.001
https://doi.org/10.1002/glia.24045
https://doi.org/10.1002/glia.24045

