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Background: Axonal myelination is critical for the functioning of vertebrate nervous system. Myelin 
sheath malformation or degeneration can cause a variety of neurological diseases. Our previous study 
identified multiple potential myelination-related transcriptional factors (TFs), including expressed sequence 
tag (ETS) variant transcription factor 1 (Etv1)/Er81, via gene microarray analysis of Schwann cells (SCs) at 
various myelination stages. Etv1 is known to be involved in the regulation of neuronal specialization, muscle 
spindle differentiation, and sensorimotor connectivity. However, to our knowledge, to date, there are no 
relevant studies that Etv1 regulates SC myelination. 
Methods: To investigate the roles of Etv1 in SC re-myelination, an in vivo mouse myelination model 
was used, in which the sciatic nerve is crushed. Etv1 in nerves was knocked down via in situ injection of 
cholesterol-modified Etv1-small interfering (si)RNA. The expression of myelin-associated glycoprotein 
(MAG) was evaluated by Western blotting (WB) and immunohistochemistry (IHC). Myelination was 
assessed by transmission electron microscopy (TEM). The effects of Etv1 on SC proliferation, migration, 
and differentiation were assessed in vitro using the EdU cell proliferation kit, a culture-insert scratch assay, a 
SC aggregate sphere migration assay on the axons of dorsal root ganglions (DRGs), and a SC differentiation 
model. Chromatin immunoprecipitation (ChIP) united with quantitative real-time PCR (qPCR), known as 
ChIP-qPCR, and luciferase activity reporter assays were performed to explore the possible mechanisms by 
which Etv1 controls SC differentiation and myelination.
Results: The results demonstrated that Etv1 promoted myelination by facilitating SC proliferation, 
migration, and differentiation. Etv1 expression in SCs was upregulated during re-myelination, and knocking 
down Etv1 expression dramatically abrogated SC re-myelination in the crushed sciatic nerves. Moreover, 
silencing of Etv1 by siRNA in SCs in vitro inhibited its migration, proliferation, and differentiation. The 
results of ChIP-qPCR and luciferase reporter assay showed that Etv1 may regulate SC differentiation and 
myelination by binding to the promoters of myelination-related genes, such as MAG and Runx2, to initiate 
their transcription.
Conclusions: Taken together, these findings demonstrated a previously unknown role of Etv1 in 
SC differentiation and myelination, providing a candidate molecular target for clinical interventions in 
demyelinating diseases.
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Introduction

The myelin sheath of the peripheral nervous system (PNS) 
is formed by Schwann cells (SCs), which are multiple layers 
of specialized plasma membranes surrounding axons that 
facilitate efficient axonal signaling saltatory conduction and 
provide axons with the necessary nutritional support to 
maintain axonal integrity (1,2). Multiple peripheral nerve 
inherited diseases have been shown to be closely associated 
with dysregulated myelination, such as Charcot-Marie-
Tooth disease (3,4). In addition, many extrinsic factors and 
pathological conditions, such as trauma, infections, or toxics, 
can cause myelin sheath destruction resulting in severe 
neurological dysfunction (5,6). Although multiple studies 
have been conducted to identify the genes and associated 
pathways that regulate myelination and regeneration (7-9), 
to date, the factors that facilitate the initiation of SC lineage 
progression (i.e., SC differentiation) and overcome barriers 
to successful re-myelination in demyelinating diseases are 
poorly defined. 

Increasing evidence suggests that various intrinsic and 
extrinsic factors regulate the process of SC myelination. 
Transcriptional factors (TFs), such as early growth 
response 2 (Egr2, a.k.a Krox20), Sox10, and Oct6 (a.k.a. 
Pou3F1), are the intrinsic factors required for SCs to form 
and maintain myelin sheath (10). These transcriptional 
regulators coordinately control SC development (i.e., SC 
differentiation from immature to mature) and myelination. 
For example, Egr2, Sox10, and Oct6 activate critical 
myelin gene transcription by binding its promoter, or the 
distal and intronic enhancer sites in genes such as myelin 
protein zero (Mpz, also known as P0), myelin basic protein 
(Mbp), and peripheral myelin protein 22 (Pmp22) (11,12). 
In recent years, much research has focused on identifying 
the key regulators of myelination through various 
approaches, such as genomics and proteomics (13-15). 
We previously identified multiple potential myelination 
transcriptional regulators, including expressed sequence 
tag (ETS) variant transcription factor 1 (Etv1)/Er81, 
signal transducer and activator of transcription 1 (Stat1), 

and Sin3A, through gene microarray analysis of SCs at 
various stages of myelination (16). 

Etv1/Er81 as a member of the ETS family that is 
involved in the regulation of neuronal specialization, muscle 
spindle differentiation, and sensorimotor connectivity 
(17-19). The role of Etv1 has been studied primarily in a 
subpopulation of spinal motor neurons, and researchers 
have shown that the intrinsic expression pattern and 
cell body localization of Etv1 coordinates motor neuron 
process terminal arborization (20,21). Fleming and 
colleagues reported that Etv1 is required in a subset of the 
receptor tyrosine kinase positive (RET+) mechanosensory 
neurons to form the functional pacinian corpuscles, which 
consists of a single myelinated axon and multiple layers 
of non-myelinating SCs (22). Interestingly, the report 
also showed that Etv1 signaling pathway uses isoforms of 
neuregulin1 (NRG1) that are not involved in myelination 
in the pacinian corpuscles. Etv1 mutants were shown to 
cause deficient interactions between axons and corpuscle-
forming non-myelinating SCs, providing evidence that 
neurons use different NRG1 isoforms to interact with 
different types of SCs. Furthermore, in the PNS, the 
NRG1 type III isoform has been repeatedly shown to be 
a key axon-derived factor that regulate SC proliferation, 
differentiation, and myelination by stimulating a single 
family of transmembrane receptor tyrosine kinases called 
ErbB2/3 proteins (23-25). Based on the above reports, we 
speculated that Etv1 may utilize the NRG1 type III isoform 
to promote the interaction between motor neurons and 
myelinating cells, thereby affecting myelination. Notably, 
the role of Etv1 in SC plasticity and myelin formation has 
so far not been described.

This current study examined the role of Etv1 in 
modulating myelination by affecting the biological behavior 
of SCs. Etv1 depletion in SCs dramatically impaired 
SC proliferation, migration, and differentiation, and 
abrogated SC re-myelination of the regenerated axons in 
crushed sciatic nerves. Using a combination of chromatin 
immunoprecipitation (ChIP) and quantitative real-time 
PCR (qPCR), namely ChIP-qPCR, as well as luciferase 
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activity reporter assay, we showed that Etv1 may initiate the 
transcription of myelination-related genes, such as myelin-
associated glycoprotein (MAG) and Runx2, by binding to 
its promoter to regulate SC differentiation and myelination. 
These findings demonstrated a previously unknown role 
of Etv1 in SC differentiation and myelination, providing 
a candidate molecular target for clinical interventions in 
demyelinating diseases. We present the following article in 
accordance with the ARRIVE reporting checklist (available 
at https://atm.amegroups.com/article/view/10.21037/atm-
22-3489/rc).

Methods

Screening of potential myelination-related TFs in 
microarray data 

The transcriptomic data [Gene Expression Omnibus (GEO) 
Series accession number GSE163132] was obtained from 
our previous microarray analysis of SCs at different stages 
of myelination (SCs were co-cultured with neurons for 0, 1, 
3, 7, 14, and 21 days). The transcriptomic data was analyzed 
to obtain differentially expressed genes [DEGs, P<0.05, 
fold change (FC) >1.5] using linear models and empirical 
bayes methods in the ‘limma R’ package, as previously 
described (26,27). The DEGs were screened and 126 
TFs were obtained (Table S1). Two TF datasets (JASPAR 
and TRANSFAC) were then used to identify potential 
target genes (TRs; Table S2). The TF-TR networks were 
generated by using software Cytoscape 3.0.0 (28). 

Animals, surgical procedures, and small interfering RNA 
injection

Newborn and adult Sprague-Dawley (SD) rats, as well 
as adult male mice were obtained from the Experimental 
Animal Center of Nantong University. All experimental 
procedures involving laboratory animals were performed 
under a project license (No. S20200312-003) granted by 
Ethics Committee of Nantong University, in compliance 
with the national guidelines for the care and use of 
animal. A protocol was prepared before the study without 
registration.

A total of 66 adult male mice (aged 6–8 weeks) were 
deeply anesthetized with 3% isofluorane before and during 
surgery, as previously described (29). The left sciatic nerve 
was exposed by incising the skin and dividing the underlying 
muscle. Etv1-siRNA (n=12) or control sequence (n=12) 

with methylation and cholesterol modifications (RiboBio, 
Guangzhou, China; 5 nM final concentration, 4 μL) were 
delivered via pressurized injection into the sciatic nerve. 
Three days after injection, the sciatic nerve was squeezed 
with a fine hemostat for 30 seconds to crush the nerve. In 
addition, 36 male mice were performed the sciatic nerve 
crush as described above, and 6 mice were used as controls 
(sham operated). All mice were fed and housed under 
routine conditions, and their conditions were monitored.

Cell culture 

SCs were obtained from neonatal rats (1–2 days old) 
sciatic nerves. Briefly, sciatic nerves were digested with 
1% collagenase (Gibco, Carlsbad, CA, USA) and 0.125% 
trypsin (Gibco) to obtain a cell mixture. After re-suspension 
and culture for 24 hours in the Dulbecco’s Modified Eagle 
Medium (DMEM; Gibco) supplemented with 10% fetal 
bovine serum (FBS; Gibco), and penicillin-streptomycin 
(PS, Gibco), 10 mM cytosine arabinoside (Sigma, St Louis, 
MO, USA) were added in culture medium to remove the 
fibroblasts. After treatment for 24 hours, the medium was 
changed with DMEM supplemented with 10% FBS, 5 μM 
forskolin (Sigma), 2 ng/mL neuregulin 1 (NRG1; R&D, 
MN, USA), L-glutamine (Gibco), and PS, to stimulate SC 
proliferation. SCs were purified with anti-Thy1 antibody 
(1:1,000, Sigma) to remove any residual contaminating 
fibroblasts when cell growth and covered 90% of the culture 
dish. The purity of the SCs was assessed by the SC marker 
S100β (1:500, Sigma) immunofluorescence staining.

The dorsal root ganglion (DRG) neurons were obtained 
from embryonic day (E) 15 rats, as previously described (30).  
After digesting with 1% collagenase and 0.125% trypsin 
for 30 minutes at 37 ℃, the DRG cells were rinsed 
and mechanically dissociated with DMEM medium 
supplemented with 5% newborn bovine serum. Following 
purification by a differential velocity adherent technique, 
the culture medium were changed with the serum-free 
neurobasal medium (Gibco) supplemented with 50 ng/mL  
nerve growth factor (Sigma), 2 mM L-glutamine (Gibco) 
2% B27 (Gibco). Furthermore, the neurons were obtained 
by depleting non-neuronal cells with neural basal (NB) 
medium containing 5-fluorodeoxyuridine (Sigma) and 
uridine (Sigma) during culture. The DRG neuron purity 
was assessed by β-III tubulin (TuJ1, 1:500, Abcam, 
Cambridge, England) immunofluorescence staining.

All cell culture plates, dishes, and coverslips were coated 
with 50 μg/mL poly-L-lysine (PLL; Sigma) for at least 

https://atm.amegroups.com/article/view/10.21037/atm-22-3489/rc
https://atm.amegroups.com/article/view/10.21037/atm-22-3489/rc
https://cdn.amegroups.cn/static/public/ATM-22-3489-supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-22-3489-supplementary.pdf


Askar et al. Etv1 and Schwann cell myelinationPage 4 of 19

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2022;10(16):875 | https://dx.doi.org/10.21037/atm-22-3489

30 min at room temperature (RT), then rinsed 3 times in 
distilled water and sterilized in a clean bench.

 SC differentiation assay 

SCs with a density of approximately 1×104 total cells per 
500 μL were plated onto PLL-coated 24-well plates, and 
induced their differentiation as previously described (16).  
In  br ie f ,  SCs  were  f i r s t  incubated  wi th  DMEM 
supplemented with 10% FBS for 24 hours, thereafter, the 
medium were changed with DMEM containing 20 ng/mL 
human recombinant NRG1 (HRG, R&D), 1 mM dibutyryl 
cyclic adenosine monophosphate (db-cAMP; Sigma), and 
1% FBS. SCs were cultured for 3 days to induce their 
differentiation, and then differentiated cells were subjected 
to Western blotting (WB) and immunocytochemistry (ICC) 
to analyze MAG and P0 expression.

SC migration assays

The migration ability of SCs was assessed using the 
following two methods: (I) the scratch assay based on 
a culture-insert (Ibidi, DE, Germany); and (II) the 
SC aggregate sphere migration assay as described  
previously (31). For the scratch assay, 5×103 SCs were seeded 
in 80 μL of medium onto ibidi inserts which were placed 
into 24-well plates. After cultivation for approximately  
24 hours, the culture-inserts were removed to create a 
cell-free gap where the situation of cell migration could 
be observed. In the migration medium, which contains  
2 μg/mL mitomycin C (Sigma) to inhibit cell proliferation, 
cells on both sides of the scratch were incubated for  
12 hours at 37 ℃, and then the Image J software (NIH 
Image J 1.46R) was used to measure the width of the 
scratch. Furthermore, the SC aggregate spheres migration 
assay was used to observe the effect of Etv1 on the 
migration of SCs growing on axonal membranes. Briefly, 
SC aggregated spheres were obtained by culturing SCs 
overnight on a substrate that did not allow their adherence, 
with gentle shaking several times every 2–3 h. The 
fasciculated DRG axonal membrane was achieved by plating 
DRG neurons onto one side of a PLL for 2–3 weeks. After 
culturing the SC aggregated spheres on a fascicular axon 
membrane or PLL-coated coverslip for 12 hours, they 
were observed and photographed with a microscope (Leica, 
Bensheim, Germany), and NIH Image J 1.46R software was 
used to measure the area of SC migration. 

SC proliferation experiment

The EdU DNA Cell Proliferation Kit (RiboBio) was used 
to observe the effect of Etv1 on SC proliferation. Briefly, 
approximately 4×104 SCs were plated onto 24-well plates 
coated with fascicular axons or PLL, and incubated in 
DMEM containing 50 μM EdU and 10% FBS for 24 hours. 
Cells were then fixed with 4% paraformaldehyde at RT 
for 30 minutes, followed by three washes with phosphate 
buffered saline (PBS), EdU antibody (1:1,000) were added 
and incubated with cells for 2 hours at RT, and Hoechst 
33342 (1 μg/mL, Sigma) were used to label the cell nuclei 
with following two washes with PBS. Ten random fields 
were selected from each well and photographed with a 
fluorescence microscope (Leica). Experiment was repeated 
at least three times, and three wells were visualized for each 
experiment to determine the EdU positive cell percentage 
out of total cells. 

RNA interference assay

RiboBio synthesized and purified short interfering RNA 
(siRNA) oligonucleotides targeting Etv1 (Etv1-siRNA) 
were used in this study and their sequences are provided 
in Table S3. After seeding purified SCs at a density of  
3×106 cells/mL and incubating in 24-well plates for 24 hours, 
SCs were transfected with 10 nM Etv1-siRNA and a non-
targeting negative control (scramble) by using transfection 
reagent Lipofectamine RNAiMAX (Invitrogen, Carlsbad, 
CA, USA) according to the instructions of manufacturer. 
Thereafter, cells were lyzed in Trizol (Invitrogen) or protein 
lysis buffer buffer (RIPA; Pierce, Rockford, IL, USA) 
48 hours post transfection to extract total RNA or total 
protein for real-time reverse transcription polymerase chain 
reaction analysis (RT-qPCR) and WB analysis, respectively.

RNA isolation and RT-qPCR 

RNeasy Plus Mini kit (Qiagen, Valencia, USA) was used to 
extract total RNA from cultured cells, and complementary 
DNAs (cDNAs) were synthesized with the Reverse 
Superscript Kit (Invitrogen) following the manufacturer’s 
instructions. RT-qPCR was conducted using SYBR green 
Premix (Life Technologies, Gaithersburg, MD, USA) on 
a StepOnePlus Real-Time PCR System (ABI, Foster, CA, 
USA). Three replicates were set for each experiment, and 
three independent experiments were repeated. The ΔΔCT 
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method was used to calculate the relative expression levels 
of the control groups and the experimental groups, and 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
was used to normalize the original data. The sequences of 
primer can be found in Table S4.

Western blotting analysis 

The lysis buffer (Pierce) containing 2% sodium dodecyl 
sulfate (SDS), 10 mM ethylene diamine tetra acetic acid 
(EDTA), 95 mM NaCl, 25 mM Tris-HCl (pH 7.4), as well 
as protease and phosphatase inhibitors, was used to prepare 
nerve and cell protein lysates. After being sonicated, 
the protein lysates were centrifuged at 13,200 rpm for 
15 minutes at 4 ℃, and the protein concentration was 
quantified with BCA protein quantification kit (Beyotime, 
Shanghai, China). Twenty micrograms of proteins were 
separated using a 10–15% SDS-polyacrylamide gel and 
blotted onto polyvinylidene fluoride (PVDF) membranes 
purchased from Millipore (Millipore, MA, USA). After being 
blocked with 5% skim milk containing 0.1% Tween-20 at 
RT for 1 hour, the membranes were probed overnight at  
4 ℃ with the primary antibodies, as follows: Etv1 (PA5-
41484, Invitrogen, 1:200), MAG (34-6200, Invitrogen, 
1:100), and GAPDH (60004-1-Ig, Proteintech, 1:20,000, 
Chicago, USA). Thereafter, the membranes were washed 
with Tris buffered normal saline (TBS) 3 times, and then 
incubated with the corresponding secondary antibodies 
(1:1,000) conjugated with horse radish peroxidase (HRP) 
at RT for 1 hour. After reacting with the SuperSignal West 
Pico Chemiluminescent Substrate Kit (Pierce), the protein 
signals were detected with a densitometer scanner (GS800, 
Bio-Rad, Richmond, CA, USA).

ICC and immunohistochemistry (IHC)

After being fixed in 4% paraformaldehyde (PFA) for  
30 minutes at RT and three washes with PBS, cells were 
permeabilized for 30 minutes with PBS containing 0.1% 
Triton X-100, and then blocked for 1 hour at RT with 5% 
normal donkey serum. Cells were then incubated with 
appropriately diluted primary antibodies overnight at 4 ℃ 
and the corresponding secondary antibodies conjugated 
by fluorescence for 1 hour at RT, with several washes in 
between. After being counterstained with Hoechst 33342 
(Sigma), the cell images were captured with a fluorescence 
microscope purchased from Carl Zeiss Microscopy 
(Thornwood, NY, USA). 

After being post-fixed in 4% PFA and dehydrated in 
20% sucrose, the nerve tissues were embedded into optimal 
cutting temperature compound (OCT). The 12 μm thick 
tissue sections cut by a cryostat were used to perform IHC. 
After blocking with 10% donkey serum in PBS-Tween 
(PBS-T) for 2 hours at RT, the sections were reacted with 
primary antibodies and corresponding secondary antibodies 
in the same process as ICC. The images were acquired with 
a Zeiss Observer fluorescence microscope. At least 3 animal 
samples were taken for analysis in each group, and the 
experiment was repeated for 3 times.

The following primary antibodies were used: S100β 
(S2532, Sigma, 1:200), MAG (34-6200, Invitrogen, 1:100), 
β-III tubulin (TuJ1, MMS-435P, Covance, Berkeley, USA, 
1:200), Etv1 (PA5-41484, Invitrogen, 1:200); The secondary 
antibodies (1:1,000; Jackson Immuno Research, West 
Grove, PA, USA) as follows: Alexa Fluor® 488 donkey anti-
mouse (715-545-151) and anti-rabbit (711-545-152), Cy™3 
donkey anti-mouse (715-165-151) and anti-rabbit (711-165-
152). 

Transmission electron microscopy (TEM)

For myelin sheath ultrastructural analysis, sciatic nerves 
were fixed with 2.5% glutaraldehyde which diluted in 0.1 M 
phosphate buffer (pH 7.2) and post-fixed with 1% osmium 
tetroxide. After being dehydrating, nerves were embedded 
into Epon 812 epoxy resin and cut into 50 nm thick ultra-
thin sections, which were then stained with lead citrate 
and uranyl acetate. A transmission electron microscope 
(JEOL Ltd., Tokyo, Japan) was used to observe the stained 
specimens. With at least 3 animals per group, images were 
captured from at least 10 randomly selected fields per 
animal to determine the g-ratio, myelin sheath thickness, 
axon diameter, as well as the number of myelin sheath 
layers.

ChIP-qPCR 

The database of eukaryotic promoter (http://epd.vitalit.
ch/) was used to choose the promoter regions of Etv1 
binding and repression. The gene promoter region in 
this study was use the rat genome version rn6 as follows: 
MAG [positions 89,360,666-89,363,285 on chromosome 
(Chr) 1], P0 (positions 89,521,180-89,524,289 on Chr 13), 
Pmp22 (positions 49,535,934-49,538,691 on Chr 10), Zeb2 
(positions 29,984,109 and 29,987,005 on Chr 3), and Runx2 
(positions 18,562,029-18,564,997 on Chr 9), was divided 
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into 2–3 parts for the design of primers, and each part 
was designed with a pair of primers. Primer sequences are 
provided in Table S5.

After fixation with 1% formaldehyde (Life Science, 
Louis, MO, USA) for 20 minutes, the pooled differentiating 
SCs were lysed and sonicated using a cell crusher (Scientz, 
Shanghai, China) at 29% power with 1 second interval 
on and off for 9 minutes until the DNA was fragmented 
to between 200 and 1,000 bp in lengths. The sheared 
chromatin was incubated with 5 μg of Etv1 antibody 
(Invitrogen, PA5-77975) at 4 ℃, and the Magna ChIP 
G Kit (Millipore) was used to perform the ChIP assay 
in accordance with the manufacturer’s guidelines. Using 
SYBR green PCR mix (Life Technologies), RT-qPCR and 
the 2−∆CT method were used to determine the relative fold 
enrichments of normalized samples to input chromatin. 

Luciferase reporter assay

DNA fragments corresponding to promoters of these genes 
(the region is same as mentioned in the ChIP-qPCR), 
including wild-type and mutant types, were obtained by PCR 
and subcloned into the pGV238 luciferase expression vector 
(Genechem, Shanghai, China) between KpnI and XhoI sites. 
DNA sequencing was performed to confirm these constructs. 
The primer sequences can be found in Table S6.

The human embryonic kidney cell line (HEK293) 
was cultured with DMEM supplement with 10% FBS 
for 24 hours, and then cotransfected with the luciferase 
plasmids carrying the promoter sequence and a pGV141-
Etv1 (NM_001163156) expression vector containing the 
Renilla luciferase gene using the Roche X-tremegene HP 
DNA Transfection Reagent. After a 48-hour transfection, 
the luciferase activity was measured with the Dual-
Luciferase Assay System (Promega), examining the ratio of 
firefly luciferase activity to Renilla luciferase activity and 
normalized to the ratio of the pGV238 base vector.

Quantification and statistical analysis

Data are expressed as mean ± standard deviation (SD) unless 
otherwise indicated. One-way analysis of variance (ANOVA) 
was used for comparisons between three or more groups, 
while unpaired two-tailed t-tests were used for comparisons 
between two groups. The P values are indicated by asterisks 
as follows: *P<0.05, **P<0.01, and ***P<0.001. The 
experiment was kept double-blind, that is, animal grouping, 
reagent injection, animal surgery, result evaluation and data 

analysis were performed by different experimenters. The 
processing software for data analysis included Microsoft 
Excel (Microsoft Office, DC, USA), Microsoft PowerPoint 
(Microsoft Office), GraphPad Prism 8.0 (GraphPad 
Software, CA, USA), and Image J (NIH, MD, USA).

Results

Identification of potential TFs by analyzing the 
transcriptomic data of myelinating SCs 

The transcriptomic data (GSE163132) obtained from our 
previous microarray analysis of SCs at different stages of 
myelination (SCs co-cultured with neurons for 0, 1, 3, 7, 
14, and 21 days) was analyzed to identify the differentially 
expressed genes (DEGs, P<0.05, FC >1.5) using the ‘R’ 
software package, as previously described (26,27). Among 
these DEGs, there were the 126 TFs (Table S1). Based 
on the FC in gene expression compared to the control 
(day 0), the top 20 TFs were selected to construct a heat 
map (Figure 1A). Etv1 showed the highest FC, and its 
expression trend increased from day 1, peaked on day 7, 
and then gradually decreased, and this was similar to other 
TFs related to myelination such as Egr2, Pou3f2, and 
myelin gene regulatory factor (Myrf). In addition, the qRT-
PCR results further confirmed that Etv1 and these three 
TFs (Egr2, Pou3f2, and Myrf) have similar expression 
trajectories (Figure 1B). The above data suggested that Etv1 
may participate in myelination. 

Given that TFs must bind to the promoters or enhancers 
of their target genes to exert their regulatory roles, a TF-
binding site enrichment analysis was performed for Etv1 
and other 3 myelination-related TFs, including Egr2, 
Sin3A, and Zeb1 (based on two TF datasets, JASPAR and 
TRANSFAC). The predicted TRs was intersected with the 
DEGs from the transcriptome data to avoid confounders 
and identify the most statistically robust differential TRs 
(Table S2). The TF-TR network was constructed using 
the Cytoscape software (Figure 1C). Interestingly, Etv1, 
Egr2, Sin3A, and Zeb1 occupied relatively distinct network 
territories and targeted different TRs, suggesting that the 
four TFs regulated SC myelination by controlling distinct 
gene sets (Figure 1C). Remarkably, the four TFs shared 
eight TRs, including Prkca, Sqstm, Gdap1, Smad7, Clcn2, 
Nab2, Lmnb1, and Srebf1, suggesting that they regulated 
myelination not completely independently, but in a 
coordinated and orderly manner.

Therefore, Etv1 may be involved in the regulation of 
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Figure 1 Screening for myelination-related TFs by analyzing the transcriptomic data of myelinating SCs. (A) The heatmap shows the top 
20 signature TFs (rows) with FCs >2 compared to day 0 during SC myelination (columns: FC versus co-0 d). The blue dotted box indicates 
the genes, including Etv1, Egr2, Pou3f2, and Myrf, with the same expression trend. (B) qPCR showing the gene expression of Etv1, Egr2, 
Pou3f2, and Myrf in SCs during myelination. ###, P<0.001, one-way ANOVA; *, P<0.05, **, P<0.01, ***, P<0.001 vs. co-0 d, n=3 per group. (C) 
The regulatory network of the TFs. Nodes correspond to genes, triangles correspond to TFs, and dashed circles correspond to interactions. 
The over-represented TFs (triangles) are shown in purple, such as Etv1, Egr2, Sin3a, and Zeb1. The triangle size is based on its centrality. 
NS, no statistical difference; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; TF, transcription factor; SC, Schwann cell; FC, fold 
change; qPCR, quantitative polymerase chain reaction; ANOVA, analysis of variance.
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myelination, similar to Egr2, Sin3A, and Zeb1. In vitro and 
in vivo experiments were conducted to further examine the 
effects of Etv1 on myelination. 

Etv1 expression and cellular location following sciatic 
nerve crush 

An in vivo mouse myelination model, involving crushing 
of the sciatic nerve, was used to investigate the potential 
role of Etv1 in controlling myelination. WB analysis was 
used to assess the MAG and Etv1 protein expression in the 
sciatic nerves on days 1, 4, 7, 14, 21, and 28 after crushing 
of the nerve (Figure 2A). The expression of Etv1 decreased 
drastically at day 1 after nerve injury and then gradually up 
to day 28. In contrast, MAG expression decline from day 
1, reached a minimum at day 4, and then increased again 
reaching a peak on day 28, consisting with the destruction 
and clearance of myelin sheath in the early stages of nerve 
injury (days 1 and 4) and re-myelination in the later stages 
of injury (days 7–28). These data suggested that Etv1 may 
be involved in the regulation of myelination during nerve 
regeneration. Double immunofluorescence staining with 
Etv1 and S100β (an SC marker) was performed to observe 
the cellular localization of Etv1 in the crushed site of the 
injured sciatic nerve. The entire colocalization of Etv1 and 
S100β was not observed until 7 days after injury, whereas 
only a small amount of SCs expressed Etv1 at 1 and 4 days 
after injury (Figure 2B), suggesting that Etv1 located in 
SCs may participate in re-myelination initiated 7 days after 
nerve crush. 

Etv1 knockdown inhibits re-myelination of regenerating 
axons

To determine the role of Etv1 on SC re-myelination after 
nerve injury, 3 siRNAs against Etv1 (Etv1-siRNAs) were 
synthesized and transfected into SCs. The efficiency of 
knockdown was assessed by WB analysis. The Etv1-siRNAs 
all resulted in an approximately 4-fold reduction in Etv1 
levels compared to the scrambled siRNAs (Figure S1).  
Given the higher transfection efficiency and longer 
duration of action of cholesterol-modified siRNA (32,33), 
an orthotopic injection of cholesterol-modified Etv1-
siRNA into the sciatic nerve was used to knock down 
the expression of Etv1, and the effect was assessed 3 days 
following infection. The expression level of Etv1 in the 
Etv1-siRNA interference group was lower compared to the 
control group, suggesting that cholesterol-modified siRNA 

could effectively knock down the protein expression of Etv1 
in the sciatic nerve (Figure 3A). 

Sciatic nerve crush injury was performed in mice 3 days 
after in-situ injection of Etv1-siRNA, and the expression 
of MAG in the injured sciatic nerve was evaluated by WB 
(Figure 3B.b1) and IHC (Figure 3B.b2) on day 28 after the 
injury. The results showed that the level of MAG was lower 
in Etv1 knockdown mice than in controls. Furthermore, 
the results of TEM showed that the myelin sheaths of 
the control mice had the perfect SC basal membrane and 
the lamella densely surrounded the regenerated axons, 
while in the Etv1-siRNA treated groups, SC myelination 
was abnormal, manifesting as hypermyelination or 
hypomyelination. Quantitative analysis showed that the 
ratio of myelinated/unmyelinated axons, the myelin sheath 
layer number, and the myelin sheath thickness were all 
lower, while g-ratio, a reliable axonal myelination index (34), 
was higher in the Etv1 knockdown mice than in the control 
(Figure 3B.b3). Together, these observations suggested that 
Etv1 regulates SC re-myelination in vivo.

Knockdown of Etv1 in SCs reduces proliferation in vitro

Etv1 effects on SC proliferation was evaluated with the 
Edu labeling kit (Figure 4). SCs treated with Etv1-siRNA 
or a non-targeting negative control (scrambled siRNA) 
were cultured on PLL or fasciculated axon member of 
DRG neurons, and the proliferation rate was estimated. In 
both isolated (Figure 4A) and co-cultured SCs (Figure 4B), 
the number of EdU and Hoechst double-labeled cells in 
SCs treated with Etv1-siRNA was significantly lower than 
that in cells treated with the scrambled siRNA, suggesting 
that SC endogenous ETV1 can positively regulate the its 
proliferation regardless of external conditions such as DRG 
neurons.

 Knockdown of Etv1 in SCs decreases migration in vitro

To explore whether Etv1 affects SC migration, insertion-
based scratch migration assays were performed after 
transfection of SCs with Etv1-siRNA or a scramble, and 
the cell migration area analysis was performed 12 hours 
after removal of the insert. The results showed that SCs 
transfected with Etv1-siRNA migrated approximately 
three-fold less than the negative control (Figure 5A), 
indicating that Etv1 knockdown prevented SC migration. 
Given that axonal signaling affects SC behavior under 
physiological conditions, an alternative migration assay 

https://cdn.amegroups.cn/static/public/ATM-22-3489-supplementary.pdf


Annals of Translational Medicine, Vol 10, No 16 August 2022 Page 9 of 19

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2022;10(16):875 | https://dx.doi.org/10.21037/atm-22-3489

Figure 2 Etv1 expression and cellular localization in the crushed mouse sciatic nerve. (A) WB analysis showing the expression of Etv1 and 
MAG in nerves on days 1, 4, 7, 14, 21, and 28 after nerve injury. The uninjured nerve served as the control (Ctrl). Quantitative statistical 
comparisons of Etv1 and MAG protein levels in regenerated nerve segments after nerve crush are shown in the histograms. ***, P<0.001, 
one-way ANOVA, n=3 per group. (B) Immunofluorescence staining of the injured sciatic nerve sections of mice show only a small amount 
of Etv1 and S100β co-localization on day 1 post-injury. Etv1 is mainly localized in SCs from day 4 after injury. Scale bar =100 μm. S100β 
(a marker of SCs) is stained green and Etv1 is stained red. MAG, myelin-associated glycoprotein; GAPDH, glyceraldehyde 3-phosphate 
dehydrogenase; SC, Schwann cell; WB, Western blotting; ANOVA, analysis of variance.
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Figure 3 Etv1 knockdown inhibits remyelination after sciatic nerve crush. (A) The schematic diagram showing the experimental process. 
(a1) A representative diagram of the Etv1-siRNA injection into the mouse sciatic nerve. (a2) WB showing the knockdown efficiency of the 
Etv1-siRNA on day 21 post virus injection. The histogram shows the changes in protein levels of Etv1 in the nerve. **, P<0.01 vs. control 
(scramble); t-test; n=3 per group. (B) Etv1 knockdown inhibits remyelination after sciatic nerve crush. (b1) WB shows MAG and Etv1 levels 
in the nerves transfected with Etv1-siRNA at 21 days after nerve injury. GAPDH was used as the internal standard. *, P<0.05, **, P<0.01 
vs. scramble; t-test; n=3 per group. (b2) MAG immunostaining (red) shows SC re-myelination in Etv1-siRNA and scramble treated nerves. 
Scale bar =100 μm. Quantitative statistical comparison of the myelin sheath density is shown in the histograms. *, P<0.05 vs. scramble, t-test, 
n=3 per group. (b3) The transmission electron micrographs showing the myelin sheaths of the regenerated nerve treated with Etv1-siRNA 
and scramble at 21 days after surgery. Red arrow head, hypermyelination; blue arrow head, degenerated myelin sheath. Scale bars =5 μm. 
The g-ratio, axon diameter, myelin sheath layer number, thickness, and the ratio of myelinated/unmyelinated axons, were compared between 
Etv1-siRNA and scramble treated groups. *, P<0.05; **, P<0.01 vs. scramble; NS, not significant; t-test; n=3 per group. siRNA, small 
interfering RNA; WB, Western blotting; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; MAG, myelin-associated glycoprotein; SC, 
Schwann cell.
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Figure 4 Etv1 knockdown reduces the proliferation of SCs. (A) The proliferation of SCs seeded on PLL transfected with Etv1-siRNA 
or scramble-transfected was detected using EdU labeling kits. Proliferating SCs are stained with EdU (green) and Hoechst (blue) is used 
to mark cell nuclei. Scale bar =50 μm. The histogram shows that knockdown Etv1 in SCs cultured on PLL significantly decreased their 
proliferation. ***, P<0.001 vs. scramble; t-test; n=12. (B) Proliferation ratio of SCs transfected with Etv1-siRNA or scramble seeded on 
fasciculated DRG axons. Proliferating SCs are stained with EdU (green), fasciculated DRG axons are stained with β tubulin III (red), and 
Hoechst (blue) is used to mark cell nuclei. Scale bar =50 μm. Histograms showing that knockdown Etv1 in SCs cultured on fasciculated 
DRG axons significantly reduced their proliferation **, P<0.01 vs. scramble; t-test; n=6. PLL, poly-L-lysine; siRNA, small interfering RNA; 
DRG, dorsal root ganglion; SC, Schwann cell.
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was conducted as previously reported (29,31). Briefly, 
SCs were seeded as spheroids on the bundled axons of 
DRG neurons, and the distance that cells migrated out 
of the spheroid after 12 hours of cultivation was assessed. 
The results showed that Etv1-siRNA-transfected SCs 
growing on fascicular DRG axons migrated significantly 
slower from the reaggregates compared to control cells, 
which was similar to the results obtained in the scratch 
migration assay above (Figure 5B). These observations 
suggested that endogenous Etv1 can positively regulate 
the SC migration regardless of external conditions such as 
DRG neurons. 

Knockdown of Etv1 in SCs antagonizes their 
differentiation in vitro

An in vitro SC differentiation assay as previously described 
(35,36) combined with RNA interference technology, was 
used to investigate the effect of Etv1 on SC differentiation. 
After 3 days of treatment with 1 mM dB-cAMP and  
20 ng/mL HRG, SCs became flattened, and ICC and WB 
results showed SCs had high expression of MAG, a marker 
representing mature or myelinating SCs. This indicating 
that the SC differentiation model was successfully 
established (Figure 6A). Furthermore, the expression of Etv1 
increased during SC differentiation (Figure 6B.b1). Next, 
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Figure 5 Knockdown of Etv1 in Schwann cells inhibits its migration ability. (A) The insert-based scratch migration assay. The histogram 
shows that Etv1 knockdown in SCs decreased its migration ability compared to SCs transfected with the scrambled vector. ***, P<0.001 
vs. scramble; t-test; n=6. Representative phase contrast microscopy images (left) were selected from 6 independent experiments. Scale bar 
=100 μm. The schematic diagram showing the experimental procedure (top right). (B) The phase contrast microscopy images show that 
the SCs reaggregate on fasciculated DRG axons following treatment with Etv1-siRNA and scramble. The area inside the red dashed line 
represents the distance of SC migration. Scale bar =100 μm. The schematic diagram on the top right showing the experimental procedure. 
The histogram shows that Etv1 knockdown in SCs growing on fascicular DRG axons inhibits their migration out of the reaggregated SC 
spheres. **, P<0.01 vs. scramble; t-test; n=5. PLL, poly-L-lysine; siRNA small interfering RNA; DRG, dorsal root ganglion; SC, Schwann 
cell.
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Figure 6 Etv1 knockdown in Schwann cells antagonizes its differentiation. (A) (a1) Representative images of phase contrast microscopy and 
ICC analysis, showing that dB-cAMP can effectively induce SC differentiation. Red staining represents MAG expression and cell nuclei (blue) 
are marked with Hoechst staining. Scale bar =100 μm. (a2) WB comparing the expression of MAG in SCs treated with dB-cAMP or vehicle 
for 24, 48, and 72 hours. ***, P<0.001; one-way ANOVA; n=3 per group. (B) (b1) Western blot comparing Etv1 levels in SCs differentiated 
for 24, 48, and 72 hours. ***, P<0.001; one-way ANOVA; n=3 per group. (b2) WB showing Etv1 and MAG expression in differentiated SCs 
transfected with Etv1-siRNA and scrambled siRNA. The histogram shows that the knockdown of Etv1 in SCs significantly reduced the 
expression of MAG after the induction of differentiation. Student’s t-test; **, P<0.01 vs. scramble; n=3 per group. MAG, myelin-associated 
glycoprotein; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; Ctrl, control; Dif, differentiation; siRNA, small interfering RNA; ICC, 
immunocytochemistry; SC, Schwann cell; WB, Western blotting; ANOVA, analysis of variance.
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differentiation was induced in SCs transfected with Etv1-
siRNA or scrambled siRNA. After 3 days, the differentiation 
of Etv1-siRNA transfected SCs was significantly blocked, as 
shown by the significantly lower levels of MAG expression 
than in scrambled siRNA transfected cells (Figure 6B.b2). 
These results suggested that Etv1 could promote SC 
differentiation in an in vitro differentiation model.

Etv1 may recruit myelination-related genes to regulate SC 
differentiation 

Given that SC differentiation is the most critical step 
for myelination (8), the differentiating SCs were used 
to investigate the potential mechanisms by which Etv1 
regulates SC myelination. ChIP experiments were 
performed using pooled differentiating SCs. The qPCR 
results revealed that Etv1 enriched the amplified fragments 
from P0, Pmp22, Runx2, and MAG promoters, but failed 
to recruit Zeb2, although its fragments contained typical 
Etv1 binding sites, compared to the control, namely, ChIP 
experiments treated with IgG without Etv1 antibody 
(Figure 7A). These results suggested that Etv1 may bind 
with the promoters of these four genes (P0, Pmp22, Runx2, 
and MAG) to play a regulatory role in differentiated SCs. 
Luciferase gene reporter assays using HEK293 cells were 
conducted to further confirm the interaction of Etv1 and 
the four target genes, and results showed co-transfection 
of Etv1 and the Runx2 promoter, as well as Etv1 and 
the MAG promoter, into cells resulted in a significant 
upregulation of luciferase activity compared to control 
cells. In contrast, co-transfection of Etv1 and the other 2 
promoters, P0 and Pmp22, had little effect on luciferase 
activity (Figure 7B). These data suggested that Etv1 may 
initiate the transcription of MAG and Runx2 by binding 
to the promoter region to regulate SC differentiation and 
myelination (Figure 7C). 

Discussion

This study identified a previously unknown role of Etv1 in SC 
differentiation and myelination. In contrast with other ETS 
domain TF superfamily members, Etv1 has been implicated 
in controlling the formation of functional connections 
between sensory afferents and motor neurons (17),  
the terminal maturation program of cerebellar granule 
cells (18), and the establishment of motor innervation 
of adjacent muscles (21). Based on the data analysis of 
gene expression profiles of myelinating SCs (Figure 1 and  

Table S1) and the in vitro and in vivo experiments, our study 
demonstrated that Etv1 depletion in SCs dramatically 
impairs SC proliferation, migration, and differentiation, 
and abrogates SC re-myelination in the regenerated sciatic 
nerves. Furthermore, this report showed that Etv1 may 
regulate myelination through binding the promoters of 
myelination-related genes, such as MAG and Runx2, to 
initiate their transcription. 

To identify the potential role of Etv1 in myelination and 
re-myelination, its expression and cellular localization in 
PNS tissues (such as the DRG and sciatic nerve) and PNS 
cells (such as SCs and DRG neurons), were examined. 
IHC revealed that Etv1 was expressed and localized in the 
nucleus of SCs in sciatic nerve tissue and cultured SCs, as 
well as DRG neurons, mainly in the nucleus (Figure S2A).  
Since the Etv1 gene is highly expressed in sciatic nerves 
and SCs compared to neurons (Figure S2B), further 
investigations were conducted using SCs. Experiments 
with the in vivo myelination model demonstrated that 
Etv1 and MAG similarly increased from day 7 post-nerve 
injury. However, the expression patterns differed in the 
early stages of nerve injury (1–4 days), with Etv1 expression 
decreasing sharply on the first day after nerve injury and 
increased rapidly on the 4th day, while the expression of 
MAG declined on days 1–4 and reached a nadir on the 
4th day (Figure 2A). Consistent with this, IHC showed 
the complete co-localization of Etv1 and S100β from day 
7 after nerve injury and continued to day 28, suggesting 
that Etv1 expressed in SCs participated in the regulation of 
myelination during the post-nerve injury phase. Notably, 
the co-localization of Etv1 and S100β is not always observed 
on days 1–4 of injury (Figure 2B). It is well known that in 
the early stage of peripheral nerve injury, axons undergo 
degeneration and demyelination, and accordingly, SCs 
exhibit a transient “dedifferentiated” phenotype and are 
highly proliferative to help clear the myelin sheath debris. 
During the axon regeneration phase, SCs re-differentiate 
to pro-myelinating and myelinating phenotypes to form 
new myelin sheaths that in turn promote nerve functional 
recovery (37,38). Therefore, we hypothesized that the 
changes in Etv1 expression and cellular localization are due 
to the axonal demyelination and re-myelination in areas of 
nerve injury. Specifically, from day 7 post nerve-crush, the 
high expression of Etv1 and its co-localization with S100β 
may be due to the differentiation and myelination of SCs.

To further investigating the role of Etv1 on re-
myelination, cholesterol-modified Etv1-siRNA and a 
negative control were injected into mouse sciatic nerves and 

https://cdn.amegroups.cn/static/public/ATM-22-3489-supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-22-3489-supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-22-3489-supplementary.pdf
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Figure 7 Etv1 recruits myelination-related genes to regulate Schwann cell differentiation. (A) The Etv1-binding regions were detected by 
ChIP-qPCR. (a1) Two consensus motifs at Etv1 bound sequences. (a2) A representative electropherogram showing the DNA fragments 
between 200 and 500 bp in lengths (red arrow). (a3) ChIP-qPCR was performed to determine the Etv1 occupancy on the P0, MAG, Pmp22, 
Runx2, and Zeb2 promoters in differentiating SCs. Student’s t-test; *, P<0.05, **, P<0.01 vs. IgG; n=3 per group. (B) Luciferase activity 
of the P0, MAG, Pmp22, and Runx2 promoter, as well as a mutant promoter, in HEK293 cells co-transfected with pGV141-Etv1 (Etv1 
overexpression plasmid) plus a plasmid containing the gene sequence of Renilla luciferase. The phase contrast and fluorescence images of 
cells after co-transfection is shown on the top left. Scale bar =100 μm. Student’s t-test; *, P<0.05; **, P<0.01 vs. NC; n=3 per group. (C) A 
schematic diagram showing the possible mechanism by which Etv1 regulates myelination or remyelination of SCs. Etv1 may bind to the 
promoter or enhancer to initiate the transcription of MAG and Runx2, thereby regulating SC differentiation and myelination. NS, no 
statistical difference; IgG, immunoglobin G; MAG, myeline-associated glycoprotein; luc, luciferase; NC, negative control; CDS, coding 
sequence; ChIP-qPCR, chromatin immunoprecipitation combined with quantitative real-time PCR; SC, Schwann cell.
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nerve crush injury was performed 3 days later. Assessment 
on day 21 post-injury revealed that Etv1 knockdown 
decreased SC myelination (Figure 3 and Figure S1) and 
significantly reduced the number, thickness, and layer of 
myelin sheaths formed by the SCs. Furthermore, the ratio 
of myelinated/unmyelinated axons in the Etv1-knockdown 
nerves was significant lower than in the controls, suggesting 
that Etv1 may be involved in axon sorting during 
myelination, which is consistent with a previous report by 
Fleming et al. This latter study demonstrated that Etv1 
facilitates axonal communication with non-myelinating 
SCs by activating the NRG1 signaling pathway, and that 
neurons use an independent NRG1 mechanism to interact 
with myelinating SCs (22). Our in vivo results demonstrated 
that MAG and Etv1 had the same expression trend during 
regeneration after sciatic nerve injury, and knockdown of 
Etv1 resulted in decreased MAG expression (Figure 3), 
further confirming that Etv1 may act as a positive regulator 
to promote the myelination of SCs. 

Myelination of SCs is a coordinated and ordered 
multi-stage cellular evolution process involving multiple 
molecules, of which SC-lineage development is the key 
event. This includes directed differentiation of neural 
crest -derived stem cells into SC precursors, resulting 
in immature SCs that further proliferate, migrate, and 
differentiate into mature SCs (39,40). Therefore, the effect 
of Etv1 on specific SC behavior such as proliferation, 
migrat ion,  and di f ferent iat ion was  invest igated. 
Furthermore, considering that myelination is closely related 
to the interaction between neurons and SCs, and that 
axons may play a role in modulating SC behavior during 
myelination (41), the role of Etv1 in the proliferation 
and migration of SCs growing on PLL and axons was 
examined. The results demonstrated that Etv1 knockdown 
in SCs inhibited their proliferation and migration, even 
in the presence of exogenous factors such as DRG axons  
(Figures 4,5). Moreover, Etv1 knockdown blocked the 
expression of MAG, suggesting that Etv1 is a positive 
regulator for myelination (Figure 6). The effects of Etv1 
on SC behavior are consistent with the Etv1 expression 
dynamics during nerve injury, that is, low expression of 
Etv1 in SCs 1 day after injury is responsible for SC de-
differentiation, and up-regulation Etv1 levels in SCs 4 days 
after injury would favor SC proliferation and migration. 
The high expression of Etv1 from days 7 to 28 post-injury 
is beneficial to SC differentiation and later re-myelination. 
Altogether, the in vivo and in vitro data suggested that 
Etv1 may affect myelination or re-myelination through 

promoting SC proliferation, migration, and differentiation. 
Of interesting is the finding that Etv1 interacted with the 

promoters of MAG and Runx2, but not with the promoters 
of Zeb2, P0, and Pmp22 in differentiating SCs (Figure 7). 
MAG, P0, and Pmp22 are all constituent proteins of the 
myelin sheath, which are expressed by myelin-forming 
cells such as SCs and oligodendrocytes, and participate in 
myelin sheath formation and maintenance (40,42). Zeb2 
and Runx2 are the key TFs involved in myelin formation, 
and specifically Zeb2 and Runx2 are key TFs involved 
in myelination, specifically implicated in SC-lineage 
development and differentiation in the PNS (8,43). The 
zinc-finger homeobox protein Zeb2 (a.k.a. Sip1 or Zfhx1) 
has been reported to act as a transcription repressor of 
several cell adhesion related genes, such as E-cadherin (44). 
Mice lacking Zeb2 in SCs developed severe peripheral 
neuropathy, and their SCs were easily dedifferentiated 
and became repair cells after peripheral nerve injury, 
but both nerve regeneration and re-myelination were 
disturbed, suggesting that Zeb2 inhibits myelination (45). 
Runx2, also known as Cbfa1, was originally identified as 
a multifunctional TF for osteoblast differentiation (46). 
Recently, Runx2 has been reported as a positive regulator 
involved in the regulation of SC differentiation and 
migration after sciatic nerve injury by activating the Akt-
GSK3β signaling pathway (47,48). In the current study, 
ChIP-qPCR and luciferase reporter assays revealed that 
Etv1 targets the promoters of SC myelination genes 
such as MAG and Runx2, but not repressor genes such 
as Zeb2. Therefore, Etv1 binds to the promoters of 
myelinating genes, such as MAG and Runx2, to activate 
their transcription, thereby promoting SC differentiation 
and subsequent myelination. Since Etv1 also has binding 
sites that can intertwine with enhancers in the SC genome, 
it is possible that Etv1 may play a role in SC differentiation 
by binding to enhancers of myelin-related genes to 
increase their transcriptional efficiency, although this 
requires further investigation, such as using H3K27me3 for 
ChIP-seq to find the enhancer. Nonetheless, the current 
study demonstrated that Etv1 is a positive regulator that 
controls SC development and myelination by binding the 
promoter or enhancer region of its target gene to activate 
transcription (Figure 7C). 

In conclusion, this investigation demonstrated that SC 
endogenous Etv1 positively regulates the ability of SCs to 
proliferate, migrate, and morphologically differentiate in 
culture or after PNS injury to facilitate myelination or re-
myelination. While the binding of Etv1 to the promoter 

https://cdn.amegroups.cn/static/public/ATM-22-3489-supplementary.pdf
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regions of MAG and Runx2 promotes their expression, 
resulting in the differentiation and myelination of SCs, it 
is possible that there may be other gene targets that act 
synergistically to regulate SC myelination. Future studies 
are warranted to identify other specific target genes of Etv1 
that affect myelination, what cues or factors they generate 
to regulate SC biological behavior, and to what extent these 
genes interact to regulate myelination. Overall, results 
suggested that Etv1 may serve as a potential medical target 
for the treatment of demyelinating diseases with future 
clinical applications. 
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