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Graphical Abstract

In Schwann cells, IncRNA Pvt1 increases c-Jun expression by sponging miR-214, resulting in
increased cell proliferation and migration after peripheral nerve injury

; —— Promotion
%m-% ——1 Inhibiton
miR-214 IncRNA Pvt1 Transcription
N e T | —
Y}JUH MRNV ]I

Increase

/ \Tolileration

-
ANy @
N X W LSChwann cells
X

/M\gratlon \;‘L/Q g
r X N —— o> » 2
NS L

Introduction 1147
Methods 1148
Results 1149
Discussion 1152
Abstract

Research has shown that long-chain noncoding RNAs (IncRNAs) are involved in the regulation of a variety of biological processes, including peripheral nerve
regeneration, in part by acting as competing endogenous RNAs. c-Jun plays a key role in the repair of peripheral nerve injury. However, the precise underlying
mechanism of c-Jun remains unclear. In this study, we performed microarray and bioinformatics analysis of mouse crush-injured sciatic nerves and found that
the IncRNA Pvt1 was overexpressed in Schwann cells after peripheral nerve injury. Mechanistic studies revealed that Pvt1 increased c-Jun expression through
sponging miRNA-214. We overexpressed Pvt1 in Schwann cells cultured in vitro and found that the proliferation and migration of Schwann cells were enhanced,
and overexpression of miRNA-214 counteracted the effects of Pvtl overexpression on Schwann cell proliferation and migration. We conducted in vivo analyses
and injected Schwann cells overexpressing Pvtl into injured sciatic nerves of mice. Schwann cells overexpressing Pvt1 enhanced the regeneration of injured
sciatic nerves following peripheral nerve injury and the locomotor function of mice was improved. Our findings reveal the role of INcRNAs in the repair of
peripheral nerve injury and highlight INcRNA Pvt1 as a novel potential treatment target for peripheral nerve injury.
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Introduction

Peripheral nerve injury (PNI) is a critical problem that affects the patient’s
quality of life and brings high economic burdens to the family and society.
Approximately 1.5-2.8% of trauma patients are affected by PNI, which often
results in disability (Noble et al., 1998). The peripheral nervous system,
unlike the central nervous system, exhibits an intrinsic regenerative power
(He et al., 2016; Kubiak et al., 2020). Schwann cells, the main glial cells of
the peripheral nervous system, play a key role in PNI repair. After PNI, the
distal end of the injured axon degrades and produces debris. Schwann
cells remove the degenerating axon and myelin debris either directly or by
recruiting macrophages (Li et al., 2022; Walker, 2022). Schwann cells and
the recruited macrophages then produce nerve growth factors that promote
peripheral nerve regeneration (Lee et al., 2016). However, for severe PNI, the
regeneration ability is limited (Qian et al., 2018). A previous study reported
that c-Jun is essential for the restoration of damaged nerves. c-Jun is rapidly
upregulated in Schwann cells after PNI, and in the absence of c-Jun, the
biological activity of Schwann cells is markedly decreased (Jessen and Mirsky,
2016).

In recent years, increasing research has focused on the relationship between
long noncoding RNAs (IncRNAs) and Schwann cells after PNI (Zhou et al.,
2021). IncRNAs are a class of RNA molecules over 200 nucleotides in length
that lack protein-coding capacity (Li et al., 2013). Studies have shown
that IncRNAs play epigenetic, transcriptional, and post-transcriptional
regulatory roles in various biological processes. IncRNAs can also function as
competing endogenous RNAs (ceRNAs) through microRNA (miRNA) response
element sequences and competitively bind and ‘sponge’ miRNAs, thereby
upregulating the expression of miRNA target genes (Thomson and Dinger,
2016). IncRNAs play a regulatory role in the occurrence and development
of various human diseases (Xue et al., 2017). Several studies have shown
that IncRNAs play key roles after PNI. Pan et al. (2017a) reported that the
IncRNA NONMMUGO014387 promotes the proliferation and migration of
Schwann cells after PNI. Yao et al. (2015) found that IncRNA uc.217 controls
the outgrowth of dorsal root ganglion neurons after PNI. Some reports
revealed that IncRNAs participate in peripheral nerve regeneration through
their functions as ceRNAs. After diabetic peripheral neuropathy, IncRNAs
competitively bind miR-212-5p to control the expression of target genes
and affect the proliferation and migration of Schwann cells (Wang et al.,
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2020a). Better understanding of IncRNAs and ceRNA networks may provide
new insights into the underlying molecular mechanism of peripheral nerve
regeneration.

In this study, we explored the mechanisms of IncRNAs in nerve injury
repair after PNI. We established a mouse model of sciatic nerve injury and
detected the expression changes of INcRNA and mRNA in the injured segment
after sciatic nerve injury through microarray technology. We performed
bioinformatics analysis and prediction to analyze potential ceRNA regulatory
networks during peripheral nerve regeneration and verified our findings using
in vitro and in vivo experiments.

Methods

Animals and PNI model

To eliminate the influence of sex and hormone levels of experimental
animals, only male mice were used in this study. In total, 117 C57BL/6 male
mice (8-week-old, 22-27 g, Lab Animal Research Center of Xuzhou Medical
University; license No. SCXK (Su) 2020-0011) were used in this study. Animals
were raised under specific-pathogen-free conditions at 22-25°C with 12
hours of sufficient light.

In initial experiments, 72 mice were randomized into four groups (days 0, 3,
7, and 14; n = 18/group) and underwent sciatic nerve crush surgery (Liu et al.,
2019). Mice were anesthetized by intraperitoneal administration of 1 mg/10
g ketamine (Nhwa Pharmaceutical, Xuzhou, China) and 0.1 mg/10 g xylazine
(Sigma, Darmstadt, Germany)). The disappearance of voluntary movement
indicated that anesthesia was successful. The sciatic nerve was exposed layer
by layer and clipped 1 cm above the bifurcation of the tibia and fibula nerves
with a vascular clamp for 20 seconds. The vascular clamp was opened after 20
seconds, and the incision was sutured layer by layer. The sciatic nerve tissue
distal to injury was collected on days O, 3, 7, and 14 after surgery. The sciatic
nerve tissue was frozen in liquid nitrogen, and the operation was repeated
three times.

The other 45 mice were used for in vivo experiments described in a later
section. The experimental processes are shown in Figure 1.
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Figure 1 | Schematic of the animal experiments.

All the experiments were approved by the Animal Ethics Committee of Xuzhou
Medical University of China (approval No. 1L20210226440) on February 28,
2021. All experiments were designed and reported according to the Animal
Research: Reporting of /n Vivo Experiments (ARRIVE) guidelines (Percie du
Sert et al., 2020).

Microarray analysis

Total RNA was extracted from sciatic nerve tissue from each group using
TRIzol (Invitrogen, Carlsbad, CA, USA) and purified with RNeasy spin columns
(Qiagen, Hilden, Germany). The NanoDrop ND-2000 and Agilent Bioanalyzer
2100 instruments (Agilent Technologies, Santa Clara, CA, USA) were used
to verify the purified RNA. Microarray was used to detect the changes of
MRNA and IncRNA in the distal nerve at 0, 3, 7, and 14 days after PNI through
the Array platform (Agilent Technologies). Results were normalized using
GeneSpring v11.0 software (Agilent Technologies). The experiments were
performed following the manufacturer’s protocols (Yu et al., 2013).

Bioinformatics analysis

Bioinformatics was used to identify differentially expressed mRNAs and
IncRNAs. In hierarchical clustering, the Z-scores were determined based
on expression levels for mRNAs and IncRNAs, and Euclidean distance
measurements were employed when calculating IncRNA time and distance.
For expression pattern clustering, expression patterns for differentially
expressed mRNAs and IncRNAs were assessed. We defined some unique
profiles using an approach to short-time-series gene expression data
clustering. Expression model profiles were related to the number of genes
associated with a given profile. Multiple comparisons tests were performed
on the expression model using Fisher’s exact test (Liao et al., 2011).

The target miRNAs of differentially expressed IncRNAs were predicted using
DIANA (http://diana.imis.athena-innovation.gr), miRWalk (http://mirwalk.
umm.uni-heidelberg.de) (Sticht et al., 2018), miRDB (http://www.mirdb.org),

and RNA22 (https://cm.jefferson.edu/rna22/) databases. These databases
were also used to predict miRNAs that interact with c-Jun mRNA. Integration
and analysis of the results were performed using an online Venn diagram tool
(http://biocinformatics.psb.ugent.be/webtools/Venn).

Schwann cell culture and transfection

Mouse Schwann cells (Cat# 60507, RRID:CVCL_4694) were provided by
ScienCell (San Diego, CA, USA). The Schwann cells were cultured in Dulbecco’s
modified Eagle medium (ScienCell) containing 10% fetal bovine serum and 1%
penicillin/streptomycin at 37°C with 5% CO,.

Schwann cells were identified with S-100 staining. Cells were fixed with 4%
paraformaldehyde and then incubated with anti-S-100 antibody (rabbit, 1:200,
Abcam, Cambridge, UK, Cat# ab52642, RRID:AB_882426) overnight at 4°C.
Cells were then incubated with Cy3-labeled goat anti-rabbit 1gG (1:200, Bioss,
Beijing, China, Cat# bs-0295G-Cy3, RRID:AB_10892956) for 1 hour at 37°C.
Five non-overlapping regions were selected randomly and observed by a
fluorescence microscope (Olympus, Tokyo, Japan).

Schwann cells were divided into four experimental groups. Cells in the control
group were transfected with empty pcDNA3.1 plasmids (Synthgene, Nanjing,
China). Cells in the Pvt1” group were transfected with Pvt1 pcDNA3.1 plasmids
(Synthgene) containing Pvtl complementary DNA (cDNA). Cells in the Pvt1-
group were transfected with the pRNAT-U6.1/Neo plasmid (Synthgene)
expressing a short hairpin RNA of IncRNA Pvtl. Cells in the Pvt1'/miR-214"
group were transfected with Pvtl pcDNA3.1 plasmids (Synthgene) and miR-
214 mimics (Synthgene) (Wu et al., 2020). Synthgene (Nanjing, China) was
used to design and synthesize the plasmids and miR-214 mimics used in this
study. Schwann cells were transfected using Lipofectamine 2000 (Invitrogen)
at 37°C for 48 hours.

Quantitative reverse transcription-polymerase chain reaction (qRT-PCR)
RNA was isolated from cultured cells by TRIzol (Invitrogen). For analysis of
Pvtl and c-Jun mRNA, cDNA was reverse transcribed from RNA using the
PrimeScript RT kit (TaKaRa, Tokyo, Japan). gRT-PCR was performed using SYBR
Premix Ex-Taq (TaKaRa) with the ABI Stepone instrument (Applied Biosystems,
Santa Clara, CA, USA) in triplicate, following the manufacturers’ protocols. To
analyze miR-214 expression, RNAs were reverse-transcribed using primers
specific for miR-214 with TIANScript M-ML V (Tiangen, Beijing, China). miR-
214 expression was examined by qRT-PCR. The reverse transcription reaction
conditions were incubation at 42°C for 30 minutes, denaturation at 85°C
for 5 minutes, and heat preservation at 4°C. The gRT-PCR conditions were
incubation at 50°C for 2 minutes and incubation at 95°C for 10 minutes,
followed by 40 cycles at 95°C for 15 seconds and 60°C for 1 minute. The
results were calculated with the 27*“" method with B-actin mRNA or U6 as an
internal reference. Table 1 lists the primer sequences.

Table 1 | Primer sequences for polymerase chain reaction

Gene Primer sequences
Pvtl F: 5'-ATA GAT CCT GCC CTG TTT GC-3'
R: 5'-CAT TTC CTC CTC CCG TTT TC-3'
miR-214 F: 5'-AGC ATA ATA CAG CAG GCA CAG AC-3'
R: 5'-AAA GGT TGT TCT CCA CTC TCT CAC-3'
c-Jun F: 5'-GGC ACA TCA CCA CTA CAC CG-3'
R: 5'-GTG ACA CTG GGC AGC GTATT-3'
B-Actin F: 5'-GCC CAT CTA TGA GGG TTA CGC-3'
R: 5'-TAATGT CAC GCA CGATTT CCC-3'
3 F: 5'-GCT TCG GCA GCA CAT ATA CTA AAAT-3'
R: 5'-CGC TTC ACG AAT TTG CGT GTC AT-3'

F: Forward; R: reverse.

Western blot analysis

Cultured Schwann cells were lysed by radioimmunoprecipitation assay lysis
buffer (Sigma) and the protein concentrations of lysates were quantified
using the BCA kit (Sangon Biotech, Shanghai, China). The protein samples
were separated via polyacrylamide gel electrophoresis and transferred to
polyvinylidene fluoride membranes (Merck Millipore, Darmstadt, Germany).
The membrane was blocked using 5% milk and then incubated with anti-c-
Jun antibody (1:1000, Abcam, Cat# ab40766, RRID: AB_731602) and anti-
B-actin antibody (1:1000, Sigma, Cat# A5441, RRID: AB_476744) overnight
at 4°C. Goat anti-rabbit IgG (1:5000, Sigma, Cat# AP132P, RRID: AB_90264)
was added and incubated for 1 hour at 4°C. Band detection was performed
using an enhanced chemiluminescence kit (NCM Biotech, Suzhou, China). The
results were analyzed by ImageJ software v1.8.0 (National Institutes of Health,
Bethesda, MD, USA) as previously described (Schneider et al., 2012).

Isolation of cytoplasmic and nuclear RNA in Schwann cells

RNA was isolated from Schwann cell nuclear and cytoplasmic samples with
the PARIS Kit (Invitrogen) as previously described (Wu et al., 2020). Expression
of the IncRNA Pvt1 was detected from RNA by qRT-PCR.

Fluorescence in situ hybridization
Schwann cells were incubated with 10 pL probes labeled with digoxigenin
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(Invitrogen) in a humectant box at 37°C for 12—16 hours and then washed.
Nuclei were stained with 4',6-diamidino-2-phenylindole (Qiagen). Cells were
observed with a fluorescence microscope.

Luciferase reporter assay

The sequences of c-Jun mRNA and Pvtl were obtained from the NCBI
database (https://archive-dtd.ncbi.nim.nih.gov/). The c-Jun- and Pvt1-binding
sequences in miR-214 were obtained from the BiBiServ2-RNAhybrid website
(https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid/submission.html). The
wild-type (WT) and mutant (MUT) c-Jun-binding sequences in miR-214 and
Pvt1-binding sequences in miR-214 were inserted into the psiCheck2 plasmids
to construct psiChech2-c-Jun-WT, psiChech2-c-Jun-MUT, psiChech2-Pvt1-WT
and psiChech2-Pvt1-MUT (Wu et al., 2020).

The plasmids were co-transfected with miR-214 or NC mimics into Schwann
cells using Lipofectamine 2000 (Invitrogen) for 48 hours at 37°C. A dual
luciferase reporter assay system (Promega, Corporation, WI, USA) was used to
evaluate luciferase activity as described in a previous study (Wu et al., 2020).

Cell proliferation assays

The 5-ethynyl-2'-deoxyuridine (EdU) uptake assay was performed following
a previously published method (Pan et al., 2017b). Schwann cells were
divided into three groups: control group, Pvtl™ group (cells with Pvtl
overexpression), and Pvt1’/miR-214" group (cells with both Pvtl and miR-214
overexpression). Cells were incubated for 2 hours with 50 mM EdU (Beyotime,
Shanghai, China), followed by fixation at 25°C with 4% paraformaldehyde
and permeabilization with 5% Triton X-100. Five non-overlapping regions
were selected randomly from each group and observed by a fluorescence
microscope. The proportion of EdU-positive cells/4',6-diamidino-2-
phenylindole-positive cells was calculated.

In Cell Counting Kit-8 (CCK8) experiments, 100 ulL of Schwann cells (3 x 10°
cells/mL) were added to each well of 96-well plates and incubated for O, 1, 2, 3,
and 4 days. After treatment with 10 nM CCK8 reagent (Beyotime), the optical
density (OD) value was observed at 450 nm using a microplate reader (Agilent
Technologies).

Cell migration

A Transwell chamber (Life Technologies, Shanghai, China) was placed in the
culture plate. Schwann cells were added to the upper chamber, and 800 pL of
medium with 10% fetal bovine serum was added to the lower chamber. After
incubation at 37°C for 24 hours, cells were fixed with 4% paraformaldehyde
for 30 minutes at 25°C and stained with crystal violet (Beyotime) for 20
minutes at 25°C. Cells in the upper chamber were wiped off using a cotton
swab. Images were obtained from three random fields and stained cells were
counted under a phase-contrast microscope (Olympus).

In vivo cell injection experiments

Forty-five mice were randomized into three groups (n = 15/group): a sham
group and two crush groups. The mice of the two crush groups underwent
sciatic nerve crush surgery as described above. Schwann cells from Pvt1+
group (Schwann cells with Pvt1l overexpression) or control group (Schwann
cells without any treatment) mixed with Matrigel (BD Biosciences, San Jose,
CA, USA) were injected into the injured nerves, as previously described (Zhou
et al., 2014), and the incision was sutured layer by layer. All mice were raised
under free conditions after wound healing.

Nerve tissue was collected on day 14 after surgery and immunostained with
anti-B-tubulin 11l antibody (mouse, 1:2000, Santa Cruz Biotechnology, Dallas,
TX, USA, Cat# sc-80005, RRID: AB_2210816) overnight at 4°C and then stained
with Alexa Fluor 488-labeled goat anti-mouse IgG (1:5000, Beyotime, Cat#
A0428, RRID: AB_2893435) at 37°C for 40 minutes, as previously described
(Li et al., 2022). Nuclei in nerve tissue were stained by 4',6-diamidino-2-
phenylindole. Finally, the nerve tissue was observed under a fluorescence
microscope, and the number of axons and Schwann cells was calculated.

Sciatic functional index

Sciatic functional index (SFI) was daily calculated for 14 days in all mice from
the three treatment groups. The hind paws of all the mice were stained. All
mice whose hind paws were stained were allowed to move independently
on white paper to leave traces. Print length (PL), toe spread (TS) and
intermediate toe spread (ITS) were determined according to the footprints of
the healthy side (normal side, N) or surgical side (experimental side, E). SPI
was calculated as 109.5(ETS — NTS)/NTS-38.3(EPL — NPL)/NPL+13.3(EIT — NIT)/
NIT - 8.8.

Statistical analysis

No statistical methods were used to predetermine sample sizes; however,
our sample sizes were similar to those reported in a previous publication (Pan
et al., 2017b). No animals or data points were excluded from the analysis.
Evaluators were blinded to the assignment. GraphPad Prism 8.0.2 (GraphPad
Software, San Diego, CA, USA, www.graphpad.com) was used to analyze the
data. Two-group statistical significance was determined by the Student’s t-test.
P < 0.05 was considered statistically significant. All data are expressed as the
mean + standard deviation (SD).

o
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Results

Expression profile analysis of IncRNAs and mRNAs after PNI

The mouse model of PNI was prepared to detect the differential expression
of RNA in the injured nerve. Distal segments of the injured site were collected
on days 0, 3, 7 and 14 after PNI. Differentially expressed mRNAs and IncRNAs
were identified using microarray analysis. Hierarchical clustering showed
systematic variations in the expression of INcRNAs at various time points (P
< 0.05). In total, 5844 IncRNAs were differentially expressed on day 3 after
PNI, 4986 IncRNAs were differentially expressed on day 7 after PNI, and 4195
IncRNAs were differentially expressed on day 14 after PNI (Figure 2A). The
expressions of 5042 mRNAs were altered on day 3 after PNI, the expressions
of 4274 mRNAs were altered on day 7 after PNI, and the expressions of 3229
mMRNAs were altered on day 14 after PNI (Figure 2B). For expression pattern
clustering, we summarized mRNA expression with 26 model profiles. Of these
profiles, nine exhibited significant P values (P < 0.001; Figure 2C). We then
summarized IncRNA expression with 26 model profiles. Among these profiles,
11 exhibited significant P values (P < 0.001; Figure 3A) The expression of c-Jun,
a key factor in the repair of PNI, was elevated after injury, with the highest
level detected on day 7 (Chen, 2019). The expression trend of c-Jun was
consistent with that of profile 23. In the microarray results, the expression
trend of the 318 IncRNAs from profile 23 was consistent with that of c-Jun
(Figure 3B). These results suggest that 318 IncRNAs may be related to c-Jun
expression following PNI. Therefore, we performed further analyses of the
318 IncRNAs.

The expression trend of IncRNA Pvt1, c-Jun and miR-214 after PNI

Research has demonstrated that IncRNAs play key regulatory roles by acting
as ceRNAs. We therefore hypothesized that c-Jun may be regulated by one
of the differentially expressed IncRNAs through a ceRNA mechanism. We first
used RNA22, miRDB, miRWalk and DIANA databases to predict candidate
miRNA targets of the 318 IncRNAs and identified 1204 overlapping miRNAs in
the four databases. We used the same four databases to identify miRNAs that
may bind c-Jun mRNA, and seven miRNAs were obtained. Only one miRNA,
miR214, overlapped between the 1204 miRNAs that potentially interact with
differentially expressed IncRNAs and the 7 candidate miRNAs binding c-Jun
MRNA (Figure 4A).

We performed further analyses to predict the target IncRNAs that interact
with miR-214 using the four databases, and the results showed that only
one IncRNA, Pvtl, may interact with miR-214. We obtained the sequences
of c-Jun mRNA and Pvtl from the NCBI database and identified the potential
Pvtl-binding sequences in miR-214 (Figure 4B) and sequences in miR-214
mediating interactions with c-Jun mRNA (Figure 4C) using the BiBiServ2-
RNAhybrid website.

We first examined the expression levels of Pvtl, miR-214, and c-Jun at 0,
3, 7, and 14 days after PNI by PCR and western blot. Pvt1 expression was
upregulated after PNI and gradually increased until it slightly decreased on
day 14 (n = 3; Figure 4D). The expression trends of c-Jun mRNA and Pvtl
were similar (Figure 4E). miR-214 expression was reduced following PNI and
recovered slightly on day 14 (Figure 4F). The western blot results for c-Jun
were consistent with the PCR results (n = 4, P < 0.05; Figure 4G and H). The
results of PCR and western blot preliminarily verify our guess that c-Jun may
be regulated by IncRNA Pvt1 through a ceRNA mechanism.

IncRNA Pvt1 may regulate c-Jun expression as ceRNA by sponging miR-214

in Schwann cells

Cultured Schwann cells (Figure 5A) were identified by S-100 staining (Figure
5B). In fluorescence in situ hybridization using a probe for Pvtl showed
fluorescence mostly in the cytoplasm (Figure 5C). Examination of nuclear
and cytoplasmic RNAs of Schwann cells by gPCR further confirmed that Pvtl
was primarily present in the cytoplasm. These results indicate that Pvtl
may regulate its target gene at the post-transcriptional level (n = 3, P < 0.05;
Figure 5D).

We next explored the potential regulatory effects of Pvtl on c-Jun and
miR-214 levels by modulating Pvtl expression by shRNA targeting or
plasmid-mediated overexpression. We confirmed that Pvtl expression was
decreased after transfection with Pvtl shRNA (n =5, P < 0.05; Figure 6A) and
upregulated by transfection with pcDNA3.1-Pvtl (n = 5, P < 0.05; Figure 6B)
compared with the respective controls. Overexpression of Pvtl in Schwann
cells notably decreased miR-214 expression (n = 5, P < 0.05; Figure 6C) and
dramatically increased c-Jun mRNA and protein levels (n = 5, P < 0.05; Figure
6D—-F). In contrast, downregulation of Pvtl resulted in significantly increased
miR-214 expression (n = 5, P < 0.05; Figure 6G) and dramatically increased
c-Jun mRNA and protein levels (n = 5, P < 0.05; Figure 6H-J). These results
reveal that there is a potential regulatory relationship among Pvt1, miR-214
and c-Jun in Schwann cells.

At the same time, luciferase reporter assays showed that miR-214 mimics
reduced luciferase activity driven by the WT-Pvt1l and WT-c-Jun luciferase
reporters, with no effects on the MUT-Pvt1 and MUT-c-Jun constructs (n = 3,
P < 0.05; Figure 5E and F).

These results indicate that IncRNA Pvtl may regulate the expression of c-Jun
by competitively binding to miR-214 in Schwann cells.
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Figure 2 | Expression profile analysis of IncRNAs and mRNAs in mice after peripheral
nerve injury.

(A) Heat map of differentially expressed mRNAs at four time points following peripheral
nerve injury. (B) Heat map of the differentially expressed IncRNAs at four time points
following peripheral nerve injury. Each row corresponds to one RNA. Red represents
upregulated mRNAs and IncRNAs, and green represents downregulated mRNAs

and IncRNAs (P < 0.05). (C) Expression pattern clustering revealed nine profiles with
significant P values (P < 0.001). IncRNA: Long noncoding RNA.
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Figure 3 | Expression profile analysis of IncRNAs in mice after peripheral nerve
injury.

(A) Expression pattern clustering revealed 11 profiles with significant P values (P <
0.001). (B) Changes in the expression of 318 differentially expressed IncRNAs in Profile 23
following peripheral nerve injury. P < 0.001 was the significance threshold. IncRNA: Long
noncoding RNA.

IncRNA Pvt1 can promote the proliferation and migration of Schwann cells
in vitro

To examine the role of IncRNA Pvtl on Schwann cell proliferation, we
performed EdU incorporation and CCK8 assays. EdU assays showed that the
proliferative ability of Schwann cells in the Pvtl® group was clearly higher
compared with that of controls (n = 6; Figure 7A and B). However, co-
transfection with miR-214 reduced proliferation to levels similar to those of
controls (P > 0.05). Similarly, CCK8 assays showed increased proliferation of
the Pvt1® group; there was no significant difference in proliferation between
the Pvt1’/miR-214" and control groups at any time point (n = 6, P > 0.05;
Figure 7C). These results show that IncRNA Pvt1 can promote the proliferation
of Schwann cells in vitro, but miR-214 overexpressing eliminates the effect of
Pvt1 on Schwann cell proliferation.

We further explored the impact of IncRNA Pvtl on Schwann cell migration
using Transwell experiments. The migratory ability of Schwann cells in the
Pvt1® group was significantly higher than that in the control group; co-
transfection with miR-214 reduced migration to levels similar to those of
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Figure 4 | The expression trend of IncRNA Pvt1, c-Jun and miR-214 after peripheral
nerve injury.

(A) Left, intersection of candidate miRNA targets of differentially expressed IncRNAs from
profile 23 from four databases (DIANA, miRWalk, miRDB, and RNA22) identified 1204
candidates. Right, intersection of the 1204 candidate mRNAs with 7 candidate miRNAs
that may target c-Jun mRNA identified from the same four databases. (B) The predicted
binding sequences of INcRNA Pvt1 and miR-214 are presented. (C) The predicted binding
sequences of c-Jun mRNA and miR-214 are presented. (D—F) gRT-PCR analysis of INcRNA
Pvtl, miR-214, and c-Jun mRNA expression in Schwann cells from mice with peripheral
nerve injury. The RNA expression was normalized to expression at day 0. (G) c-Jun protein
expression from Schwann cells. (H) Quantification of western blot assay. The protein
expression was normalized by expression at day 0. All data are expressed as the mean
+SD (n=4). *P<0.05, vs. 0 day group (Student’s t-test). IncRNA: Long noncoding RNA;
gRT-PCR: quantitative reverse transcription polymerase chain reaction; WT: wild-type;
MUT: mutant.

o

A [ Cytoplasm

Il Nuclear

Percentage of transcript
abundance

Pvt1 B-Actin U6

DAPI Pvt1 Merge

E I NC minic F
~ | [ miR-214 minic

Il NC minic
[ miR-214 minic

=)

I
o

Luciferase activity
(fold change)
Luciferase activity
(fold change)

o

Pvt1 WT

Pvt1 MUT c-Jun WT
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(A) Schwann cells were examined by light microscopy. Schwann cells were in good
condition, with a spindle shape, oval nuclei and a small cell body. Scale bars: 100 um.
(B) Identification of Schwann cells by S-100 staining. Blue: DAPI staining. Red: S-100
staining. Scale bars: 100 um. (C) Fluorescence in situ hybridization analysis of IncRNA
Pvt1 demonstrating localization of IncRNA Pvt1 mainly in the cytoplasm. Blue: DAPI
staining. Red: Pvt1. Scale bars: 100 um. (D) Fractionation of Schwann cell lysates
demonstrating IncRNA Pvt1 expression mainly in the cytoplasm. B-Actin mRNA and U6
were normalization controls for cytoplasmic and nuclear gene expression, respectively.
(E, F) Dual luciferase reporter assays were performed by transfecting cells with miR-
214 mimics and Pvt1 (E) or c-Jun (F) reporter constructs. The luciferase activity was
normalized by NC mimic group. All data are expressed as the mean + SD (n = 3). #P < 0.05,
vs. NC minic group (Student’s t-test). DAPI: 4',6-Diamidino-2-phenylindole; IncRNA: long
noncoding RNA; MUT: mutant; NC: negative control; WT: wild-type.

c-Jun MUT

controls (n = 6, P > 0.05; Figure 7D and E). These results show that IncRNA
Pvtl can promote the migration of Schwann cells in vitro, but miR-214
overexpressing eliminates the effect of Pvtl on Schwann cell migration.
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IncRNA Pvtl promotes Schwann cell migration and peripheral nerve repair
in the in vivo environment

To elucidate the effect of Pvtl on Schwann cell activation and nerve
regeneration in vivo, we generated a PNI model and Schwann cells expressing
pcDNA3.1-Pvtl or vector controls were injected into injured sites of mice.
Two weeks later, the nerve tissues in the damaged area were collected
and analyzed. The proliferative ability of Schwann cells in the injured nerve
segment in the Pvt1l" group was significantly higher than that in the control
group (n =5, P < 0.05; Figure 8A and B). In addition, the number of axons
across the injured sites was greater in the Pvt1” group than that in the control

group (n =5, P < 0.05; Figure 8A and C). These results demonstrated that Pvtl
overexpressing Schwann cells enhanced the regenerative ability of injured
nerves following PNI.

The function of the mouse sciatic nerve was assessed by SFI. Our results
showed that SFI following injury dropped rapidly from —10 (normal function)
to =100 (complete loss of function) and gradually recovered on day 2 (Figure
8D). Notably, on day 4, the SFI of mice from the Pvt1" group was significantly
higher than that in the control group (n = 5, P < 0.05). These experiments
demonstrated that Pvtl can activate Schwann cells, therefore promoting
nerve regeneration after injury.
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Discussion

PNI remains a challenging clinical problem. Traditional direct nerve suture
repair technique offers poor surgical effects, while autologous nerve grafts
are limited by the availability of human tissues (Li, 2014). The peripheral
nervous system has a certain degree of elasticity, which can enable effective
regeneration depending on the injury site and severity (Xia et al., 2020; Qu
et al., 2021). Increasing evidence suggests that Schwann cells are involved in
nerve regeneration after PNI (Jessen et al., 2015). However, the regulatory
mechanism of Schwann cells is not yet clear.

After PNI, Schwann cells undergo dedifferentiation before redifferentiation,
which generates special repair cells and contributes to proliferation. These
special cells participate in the regrowth of injured axons and help with
functional recovery of the damaged nerve. c-Jun is a key protein for Schwann
cell repair and creating a repair cell to guide regeneration. However, the
regulatory mechanism of c-Jun has not been fully explained.

We analyzed the expression of INcRNAs after PNI using microarray analysis
and identified differentially expressed IncRNAs in the distal segments of the
injured site. Through our analyses, we identified a potential Pvtl/miR-214/
c-Jun axis and revealed the regulatory interactions among IncRNA Pvt1, miR-
214, and c-Jun using molecular biology and biological cytology. Our findings
indicated that IncRNA Pvt1 may increase c-Jun expression by sponging miR-
214 in Schwann cells following PNI.

Research has demonstrated that IncRNAs play roles in nervous system
diseases (Tan et al., 2020). IncRNA Vof-16 knockout was shown to improve the
recovery of hypoxic-ischemic brain injury in newborn rats. In ischemic stroke,
IncRNA GASS silencing inhibits DNMT3B-dependent MAP4K4 methylation
and inhibits neuronal apoptosis and nerve injury (Deng et al., 2020). In recent
years, more research has established a connection between IncRNAs and PNI
repair. Several studies have found that IncRNAs are differentially expressed
after PNI (Pan et al., 2017b; Ma et al., 2020). IncRNA MEG3 can promotes
nerve regeneration in rats by regulating both the migratory and proliferative
activities of Schwann cells.

IncRNAs play critical roles in various cellular processes by functioning as
ceRNAs. In previous reports, mRNA and IncRNA co-expression networks
were identified and mMRNA-miRNA-IncRNA-ceRNA networks after PNI were
described (Qian et al., 2018). A recent study showed that IncRNA Arrl1 acts
as a ceRNA in PNI and can sponge miR-761, upregulate the expression of
the cyclin-dependent kinase inhibitor 2B, and regulate nerve regeneration
(Wang et al., 2020b). Yao et al. (2021) reported that IncRNA Loc680254 acts
as a ceRNA in PNI and enhances the migratory and proliferative activities of
Schwann cells. MSTRG.24008.1 prevents the nerve damage repaired through
the miR-331-3p/NLRP3/MAL axis (Yin et al., 2021), and IncRNA BC083743
regulates the proliferative ability of Schwann cells via the miR-103-3p/
BDNF axis (Gao et al., 2020). In this study, we identified IncRNA Pvtl as a
differentially expressed IncRNA after PNI and describe its function as a ceRNA.
Previous studies showed that the IncRNA Pvt1 plays a role in several diseases.
Pvtl regulates the expression of HK2 in gallbladder cancer by competitively
binding miR-143 and promoting cell proliferation and migration (Chen et
al., 2019). Fu et al. (2018) reported that IncRNA Pvtl regulates GREM1 and
BMP expression by sponging miR-128-3p and promotes tumorigenesis and
progression of glioma. However, INcRNA Pvtl had not been investigated in
PNI. Our results suggest that IncRNA Pvtl targets c-Jun by sponging miR-
214 as a ceRNA following PNI. We further showed that miR-214 can regulate
c-Jun expression. As an important miRNA, miR-214 has been linked to
different diseases (Li et al., 2020, 2021). For example, miR-214 is involved
in the proliferation and migration of gallbladder cancer and also inhibits the
proliferation and migration of esophageal squamous cell carcinoma.

Our molecular biology and cell biology experiments verified the regulatory
relationships of INcRNA Pvt1, miR-214, and c-Jun in Schwann cells after PNI.
We also injected Pvtl-overexpressing Schwann cells into mice with PNI and
the recovery of injured axon and nerve function was remarkably better in
mice with PNI than in mice from the control group.

In conclusion, our findings indicate that INcRNA Pvt1 can help injured nerve
to regenerate by promoting the proliferation and migration of Schwann
cells following PNI, and its functional mechanism may be realized through
increasing c-Jun expression by sponging microRNA-214 in Schwann cells. Our
results have improved our understanding of the ceRNA regulatory mechanism
after PNI'and highlighted Pvt1 as a new potential target for treating PNI.

Peripheral nerve regeneration is a complex process that requires multiple
factors such as Schwann cells, macrophages, and neurotrophic factors. In
this study, we mainly focused on the activation and mechanism of IncRNA
Pvtl on Schwann cells after PNI. One limitation of the study is that we did
not verify the effects of Schwann cells overexpressing Pvtl and miR-214
on nerve regeneration in vivo. Our in vivo results showed that Schwann
cells overexpressing Pvtl promoted axon regeneration and restored motor
function of experimental mice within 14 days. However, further experimental
research is needed to confirm our findings.

Author contributions: BR, MHC and HF designed the experiments. BP and DG
performed the cellular biology assays and analyzed the data. BR, DG, LJ and
KL conducted the animal assay. ZWL, XG and WZ provided many suggestions
during manuscript preparation, BP, DG, XL and GL wrote the manuscript. All
authors read and approved the final version of the manuscript.

Conflicts of interest: The authors declare that the research have no conflict of
interest.

Open access statement: This is an open access journal, and

articles are distributed under the terms of the Creative Commons
AttributionNonCommercial-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

Arthur-Farraj PJ, Latouche M, Wilton DK, Quintes S, Chabrol E, Banerjee A,
Woodhoo A, Jenkins B, Rahman M, Turmaine M, Wicher GK, Mitter R,
Greensmith L, Behrens A, Raivich G, Mirsky R, Jessen KR (2012) c-Jun
reprograms Schwann cells of injured nerves to generate a repair cell essential
for regeneration. Neuron 75:633-647.

Chen J, YuY, LiH, Hu Q, Chen X, He Y, Xue C, Ren F, Ren Z, LiJ, Liu L, Duan Z, Cui
G, Sun R (2019) Long non-coding RNA PVT1 promotes tumor progression by
regulating the miR-143/HK2 axis in gallbladder cancer. Mol Cancer 18:33.

Chen W, Xiao S, Wei Z, Deng C, Nie K, Wang D (2019) Schwann cell-like cells
derived from human amniotic mesenchymal stem cells promote peripheral
nerve regeneration through a microRNA-214/c-Jun pathway. Stem Cells Int
2019:2490761.

Deng Y, Chen D, Gao F, Lv H, Zhang G, Sun X, Liu L, Mo D, Ma N, Song L, Huo X, Yan T,
Zhang J, Luo Y, Miao Z (2020) Silencing of long non-coding RNA GASS5 suppresses
neuron cell apoptosis and nerve injury in ischemic stroke through inhibiting
DNMT3B-dependent MAP4K4 methylation. Transl Stroke Res 11:950-966.

Fu C, Li D, Zhang X, Liu N, Chi G, Jin X (2018) LncRNA PVT1 facilitates tumorigenesis
and progression of glioma via regulation of MiR-128-3p/GREM1 axis and BMP
signaling pathway. Neurotherapeutics 15:1139-1157.

Gao L, Feng A, Yue P, Liu Y, Zhou Q, Zang Q, Teng J (2020) LncRNA BC083743
promotes the proliferation of schwann cells and axon regeneration through miR-
103-3p/BDNF after sciatic nerve crush. J Neuropathol Exp Neurol 79:1100-1114.

He XZ, Wang W, Hu TM, Yu CY, Gao YF, Wang P (2016) Peripheral nerve repair:
theory and technology application. Zhongguo Zuzhi Gongcheng Yanjiu 20:1044-
1050.

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

Jessen KR, Mirsky R, Lloyd AC (2015) Schwann cells: development and role in nerve
repair. Cold Spring Harb Perspect Biol 7:a020487.

Kubiak CA, Grochmal J, Kung TA, Cederna PS, Midha R, Kemp SWP (2020) Stem-
cell-based therapies to enhance peripheral nerve regeneration. Muscle Nerve
61:449-459.

Lee H, Baek J, Min H, Cho IH, Yu SW, Lee SJ (2016) Toll-like receptor 3 contributes to
Wallerian degeneration after peripheral nerve injury. Neuroimmunomodulation
23:209-216.

Li H, JiaJ, Yang L, Chu J, Sheng J, Wang C, Meng W, Jia Z, Yin H, Wan J, He F (2020)
LncRNA MIR205HG drives esophageal squamous cell carcinoma progression by
regulating miR-214/SOX4 axis. Onco Targets Ther 13:13097-13109.

Li R, LiuZ, PanY, Chen L, Zhang Z, Lu L (2014) Peripheral nerve injuries treatment: a
systematic review. Cell Biochem Biophys 68:449-54.

Li S, LiuQ, Wang Y, Gu Y, Liu D, Wang C, Ding G, Chen J, Liu J, Gu X (2013)
Differential gene expression profiling and biological process analysis in proximal
nerve segments after sciatic nerve transection. PLoS One 8:e57000.

Li W, Yan P, Meng X, Zhang J, Yang Y (2021) The microRNA cluster miR-214/miR-
3120 prevents tumor cell switching from an epithelial to a mesenchymal-like

phenotype and inhibits autophagy in gallbladder cancer. Cell Signal 80:109887.

1152 | NEURAL REGENERATION RESEARCH | Vol 18 | No.5 | May 2023



Research Article

Li Y, Cai M, Feng Y, Yung B, Wang Y, Gao N, Xu X, Zhang H, Huang H, Yao D (2022)
Effect of IncRNA H19 on nerve degeneration and regeneration after sciatic nerve
injury in rats. Dev Neurobiol 82:98-111.

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 Res 39:3864-
3878.

Liu X, Yu X, He Y, Wang L (2019) Long noncoding RNA nuclear enriched abundant
transcript 1 promotes the proliferation and migration of Schwann cells by
regulating the miR-34a/Satb1 axis. J Cell Physiol doi: 10.1002/jcp.28302.

Ma'Y, Zhai D, Zhang W, Zhang H, Dong L, Zhou Y, Feng D, Zheng Y, Wang T, Mao
C, Wang X (2020) Down-regulation of long non-coding RNA MEG3 promotes
Schwann cell proliferation and migration and repairs sciatic nerve injury in rats. J
Cell Mol Med 24:7460-7469.

Noble J, Munro CA, Prasad VS, Midha R (1998) Analysis of upper and lower
extremity peripheral nerve injuries in a population of patients with multiple
injuries. J Trauma 45:116-122.

Pan B, Shi ZJ, Yan JY, Li JH, Feng SQ (2017a) Long non-coding RNA
NONMMUG014387 promotes Schwann cell proliferation after peripheral nerve
injury. Neural Regen Res 12:2084-2091.

Pan B, Zhou HX, Liu Y, Yan JY, Wang Y, Yao X, Deng YQ, Chen SY, Lu L, Wei ZJ, Kong
XH, Feng SQ (2017b) Time-dependent differential expression of long non-coding
RNAs following peripheral nerve injury. Int J Mol Med 39:1381-1392.

Percie du Sert N, Hurst V, Ahluwalia A, Alam S, Avey MT, Baker M, Browne WJ, Clark
A, Cuthill IC, Dirnagl U, Emerson M, Garner P, Holgate ST, Howells DW, Karp NA,
Lazic SE, Lidster K, MacCallum CJ, Macleod M, Pearl EJ, et al. (2020) The ARRIVE
guidelines 2.0: Updated guidelines for reporting animal research. PLoS Biol
18:€3000410.

Qian T, Fan C, Liu Q, Yi S (2018) Systemic functional enrichment and ceRNA network
identification following peripheral nerve injury. Mol Brain 11:73.

Qu WR, Zhu Z, Liu J, Song DB, Tian H, Chen BP, Li R, Deng LX (2021) Interaction
between Schwann cells and other cells during repair of peripheral nerve injury.
Neural Regen Res 16:93-98.

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to ImageJ: 25 years of
image analysis. Nat Methods 9:671-675.

Sticht C, De La Torre C, Parveen A, Gretz N (2018) miRWalk: an online resource for
prediction of microRNA binding sites. PLoS One 13:e0206239.

Tan Y, Du RL, Su ZY, Xue LL, Liu J, Zhang BL, Huang SJ, Li LJ, Xi-Yang YB, Xiong LL (2020)
Vof-16 knockout improves the recovery from hypoxic-ischemic brain damage of

neonatal rats. Brain Res 1748:147070.

NEURAL REGENERATION RES.EARCH @
www.nrronline.org %‘umf

Thomson DW, Dinger ME (2016) Endogenous microRNA sponges: evidence and
controversy. Nat Rev Genet 17:272-283.

Walker CL (2022) Progress in perisynaptic Schwann cell and neuromuscular
junction research. Neural Regen Res 17:1273-1274.

Wang C, Xu X, Chen J, Kang Y, Guo J, Duscher D, Yang X, Guo G, Ren S, Xiong H, Yuan
M, Jiang T, Machens HG, Chen Z, Chen Y (2020a) The construction and analysis
of IncRNA-miRNA-mRNA competing endogenous RNA network of Schwann cells
in diabetic peripheral neuropathy. Front Bioeng Biotechnol 8:490.

Wang D, Chen'Y, Liu M, Cao Q, Wang Q, Zhou S, Wang Y, Mao S, Gu X, Luo Z, Yu B
(2020b) The long noncoding RNA Arrl1 inhibits neurite outgrowth by functioning
as a competing endogenous RNA during neuronal regeneration in rats. J Biol
Chem 295:8374-8386.

Wu G, Li X, Li M, Zhang Z (2020) Long non-coding RNA MALAT1 promotes the
proliferation and migration of Schwann cells by elevating BDNF through
sponging miR-129-5p. Exp Cell Res 390:111937.

Xia B, Gao J, Li S, Huang L, Zhu L, Ma T, Zhao L, Yang Y, Luo K, Shi X, Mei L, Zhang
H, Zheng Y, Lu L, Luo Z, Huang J (2020) Mechanical stimulation of Schwann
cells promote peripheral nerve regeneration via extracellular vesicle-mediated
transfer of microRNA 23b-3p. Theranostics 10:8974-8995.

Xue M, Zhuo Y, Shan B (2017) MicroRNAs, long noncoding RNAs, and their functions
in human disease. Methods Mol Biol 1617:1-25.

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. Eur J Neurosci 42:1718-1725.

Yao C, Wang Q, Wang Y, Wu J, Cao X, Lu Y, Chen Y, Feng W, Gu X, Dun XP, Yu B (2021)
Loc680254 regulates Schwann cell proliferation through Psrcl and Skal as a
microRNA sponge following sciatic nerve injury. Glia 69:2391-2403.

Yin G, Peng Y, Lin Y, Wang P, Li Z, Wang R, Lin H (2021) Long non-coding RNA
MSTRG.24008.1 regulates the regeneration of the sciatic nerve via the miR-331-
3p-NLRP3/MAL axis. Front Cell Dev Biol 9:641603.

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 ganglion after rat sciatic nerve injury.
Neurosci Lett 534:117-122.

Zhou S, Gao R, Hu W, Qian T, Wang N, Ding G, Ding F, Yu B, Gu X (2014) MiR-9
inhibits Schwann cell migration by targeting Cthrc1 following sciatic nerve injury.
J Cell Sci 127:967-976.

Zhou Z, Qi D, Gan Q, Wang F, Qin B, Li J, Wang H, Wang D (2021) Studies on the
regulatory roles and related mechanisms of IncRNAs in the nervous system. Oxid
Med Cell Longev 2021:6657944.

C-Editor: Zhao M, S-Editors: Yu J, Li CH, L-Editors: Wolf GW, Song LP; T-Editor: Jia Y

NEURAL REGENERATION RESEARCH | Vol 18 | No.5 | May 2023 | 1153



