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Transcription factors bind to specific DNA sequences, modulate the

transcription of target genes, and regulate various biological processes,

including peripheral nerve regeneration. Our previous analysis showed that

SS18L1, a gene encoding the transcription factor SS18-like protein 1, was

di�erentially expressed in the distal sciatic nerve stumps after rat sciatic nerve

transection injury, but its e�ect on peripheral nerve injury has not been

reported. In the current study, we isolated and cultured primary Schwann cells,

and examined the role of SS18L1 for the biological functions of the cells.

Depletion of SS18L1 by siRNA in Schwann cells enhanced cell proliferation and

inhibited cell migration, as determined by EdU assay and transwell migration

assay, respectively. In addition, silencing of SS18L1 inhibited Schwann cell

di�erentiation induced by HRG and cAMP. Bioinformatics analyses revealed

an interaction network of SS18L1, including DF2, SMARCD1, SMARCA4, and

SMARCE1, which may be implicated in the regulatory functions of SS18L1 on

the proliferation, migration and di�erentiation of Schwann cells. In conclusion,

our results revealed a temporal expression profile of SS18L1 in peripheral nerve

injury and its potential roles during the process of nerve recovery.

KEYWORDS

transcription factor, SS18L1, Schwann cell, proliferation, migration, di�erentiation,

peripheral nerve injury

Introduction

A transcription factor is a sequence-specific DNA binding protein that regulates

the transcription rates of target genes (1, 2). To date, ∼120,000 transcription factors of

73 transcription factor families and 80,000 transcription cofactors of 83 transcription

cofactor families have been identified in 97 animal genomes (3). The human genome

encodes more than 2,000 transcription factors (4). These transcription factors act as
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master switches, turn on or off the expressions of numerous

target genes, and regulate multiple physiological and

pathological processes (4, 5). Therefore, transcription factor-

based therapies show great potential in the clinical treatment of

many diseases (6–9).

Peripheral nerve injury is an important clinical problem

that can be induced by a variety of causes, including accidental

trauma, physical injury, pathological damage, and degenerative

diseases (10, 11). Various transcription factors, including c-

Jun, activating transcription factor 3 (ATF3), cAMP response

element binding protein (CREB), signal transducer and activator

of transcription-3 (STAT3), CCAAT/enhancer binding proteins

β and δ (C/EBPs), Oct-6, Sox11, p53, nuclear factor kappa-

light-chain-enhancer of activated B cell (NF-κB), and ELS-like 3

(ELK3), have been recognized as key regulators of the biological

activities of neurons and Schwann cells and potentially essential

players in peripheral nerve regeneration (10). Our previous

study demonstrated that genes encoding for many other

transcription factors, such as FOS-like antigen 1 (FOSL1),

B-cell CLL/lymphoma 11A zinc finger protein (BCL11A),

SMAD family member 3 (SMAD3), CASK interacting protein 1

(CASKIN1), and SS18-like protein 1 (SS18L1) were differentially

expressed in distal sciatic nerve stumps after sciatic nerve

transection in rats, implying that these transcription factors

may also be critical in regulating the phenotypes of Schwann

cells in peripheral nerve stumps during peripheral nerve

regeneration (12).

SS18L1 gene encodes the calcium-responsive transactivator

(CREST) protein, which is a chromatin remodeling protein.

The SS18L1 protein consists of three functional domains, an N-

terminal auto-regulatory domain that suppresses transactivation

in the basal state, a central methionine-rich domain involved

in protein-protein interaction, and a C-terminal glutamine-rich

domain responsible for transactivation (13). Northern blot, in

situ hybridization, immunohistochemistry andWestern blotting

analysis all showed that the expression of SS18L1 is enriched in

the brain (14). SS18L1 is an essential component of the nBAF

neuron-specific chromatin remodeling complex that is related to

the chromatin remodeling complex called switch/sucrose non-

fermentable (SWI/SNF) (15). It plays an important role for the

normal development of the nervous system, such as neuronal

growth and differentiation (16). SS18L1 is involved in cell cycle

regulation and differentiation of neurons through switching

SWI/SNF by replacing its homologous protein SS18 in the

complex (14). In addition, SS18L1 is shown to bind chromatin

remodeling proteins BAF250 and BRG-1, and plays a crucial

role in the differentiation and maturation of the spermatogenic

epithelial cells (14). Furthermore, SS18L1 can interact with

histone acetyltransferases p300 and CREB-binding protein

(CBP), thus regulating the determination and differentiation of

testicular tissues as well as the metabolic remodeling in the later

stages of spermatogenesis (14, 17). We have previously shown

that the expression of SS18L1 is significantly down-regulated

in rat distal sciatic nerve stumps at early time points after

peripheral nerve injury (12), but its role in the peripheral nerve

system remains unclear. In the current study, we investigated

the effect of SS18L1 silencing on key cellular processes in

Schwann cells during peripheral nerve regeneration, including

proliferation, migration and differentiation.

Materials and methods

Animal surgery

Adult and neonatal Sprague-Dawley (SD) rats were

purchased from the Laboratory Animal Center of Nantong

University. All experimental procedures were ethically approved

by the Institutional Animal Care and Use Committee of

Laboratory Animals center of Nantong University (Inspection

No: S20210105-013). A total of 30 6- to 8-week adult male SD

rats, weighing 180-200 g were randomly separated into 5 groups

(at 0, 1, 4, 7, and 14 days after nerve injury) at 6 rats per group,

and used for sciatic nerve crush as previously described (18).

Briefly, SD rats were anesthetized by an intraperitoneal injection

of compound anesthetic (chloral hydrate 4.25 g, magnesium

sulfate 2.12 g, sodium pentobarbital 886mg, ethanol 14.25ml,

and propylene glycol 33.8ml in 100ml) at a dose of 0.2–0.3

mL/100 g body weight. After anaesthetization, the left sciatic

nerves of rats were exposed, a 3mm long nerve was crushed

three times for 10 s each time with a 3 s interval using hemostatic

forceps. After the surgical incisions were closed, the rats were

housed in large cages with corncob padding in a temperature-

and humidity-controlled environment (room temperature 23 ±

2◦C, relative humidity 55± 5%) with a 12 h light/dark cycle and

were allowed free access to water and food. Under anesthesia

with compound anesthetic, 5 mm-long sciatic nerve segments

at the crushed site together with both nerve ends, were collected

at 0, 1, 4, 7, and 14 days after surgery, and then the animals were

immediately euthanized by cervical dislocation.

Real-time RT-PCR

Total RNA was isolated from cultured Schwann cells using

RNA-Quick Purification Kit (Yishan Biotechnology Co., LTD,

Shanghai, China) and then reversely transcribed into cDNA

using HiScript
R©

III RT SuperMix for qPCR (+gDNA wiper)

(Vazyme, Nanjing, Jiangsu, China). Briefly, 1 µg of RNA sample

and 4 µl of 4× gDNA wiper Mix were incubated at 42◦C for

3min, then, 4 µl of 5× HiScript III qRT SuperMix was added

and the reaction mixture was incubated at 37◦C for 15min and

85◦C for 5 s. The cDNA was subjected to real-time PCR analysis

of gene expression using SYBR Green Premix Ex Taq (TaKaRa)

on a StepOne Real-time PCR machine (Applied Biosystems,

Foster City, CA, USA). The thermocycling program was as
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follows: initial denaturation at 95◦C for 5min; 40 cycles of

denaturation at 95◦C for 30 s, annealing at 60◦C for 45 s and

extension at 72◦C for 30 s; final extension at 72◦C for 5min.

The relative gene expression level was calculated using the

2−11Ct method with GAPDH as the reference gene. Primers

of rat SS18L1, P0, MBP, or GAPDH were designed by National

Center for Biotechnology Information Primer-BLAST specific

primer designing tool and synthesized by Sangon Biotech

(Sangon, Shanghai, China). The sequences of primers were as

follows: SS18L1 (NCBI accession Nos. NM_138918) (forward)

5′-TGCAGAGCCCATGAGTCAAC-3′ and (reverse) 5′-

GTCGTAGCTCTGCTCTGTGT-3′; P0 (NCBI accession Nos.

NM_001314068) (forward) 5′-CGTGATCGGTGGCATCCTC-

3′ and (reverse) 5′-GGCATACAGCACTGGCGTCT-3′;

MBP (NCBI accession Nos. NM_001025289) (forward)

5′-CCGACGAGCTTCAGACCATC-3′ and (reverse) 5′-

AGTACTTGGATCCGTGTCGC3′; and GAPDH (Accession

Nos. NM_017008) (forward) 5′-AACGACCCCTTCATTGAC-

3′ and (reverse) 5′-TCCACGACATACTCAGCAC-3′. The

experiment was repeated three times.

Immunostaining

Collected sciatic nerves were fixed with 4%

paraformaldehyde, dehydrated with 30% sucrose, embedded in

optimal cutting temperature (OCT) compound, and cut into

12µm tissue sections using a cryostat. Nerve sections were

blocked with Immunol Staining Blocking Buffer (Beyotime,

Shanghai, China) for 30min, and incubated with primary

antibodies mouse anti-S100β antibody (1:300 dilution, Sigma,

S2532, St. Louis, MO, USA) and rabbit anti-SS18L1 antibody

(1:300 dilution, Proteintech, 12439-1-AP, Rosemont, IL, USA),

rabbit anti-P0 antibody (1:100 dilution, Abcam, ab183868,

Cambridge, MA, USA) or rabbit anti-MBP antibody (1:300

dilution, Abcam, ab218011) overnight at 4◦C followed

by incubation with secondary antibodies goat anti-mouse

IgG-Alex-488 (1:1000 dilution, Abcam, ab150117) and goat

anti-rabbit IgG-Cy3 (1:1000 dilution, Abcam, ab6939) at

room temperature for 2 h. Nuclear staining was performed

using DAPI Fluoromount-G
R©

(SouthernBiotech, 0100-20,

Birmingham, AL, USA). Immunostaining images were obtained

under a fluorescence microscopy (Axio Imager M2, Carl Zeiss

Microscopy GmbH, Jena, Germany). The fluorescence intensity

were conducted by calculations of the crushed areas using

Image J software (https://imagej.nih.gov/ij/index.html). The

experiment was repeated three times.

Isolation and culture of primary Schwann
cells

A total of 60 1-day-old neonatal SD rats were used to

isolate Schwann cells as previously described (19). Briefly, the

rat was first anesthetized by freezing on ice and decapitated

with a large scissor, and then the body was sterilized with

a 70% ethanol spray. The gluteus and hamstrings on the

upper dorsal thigh were carefully separated to expose the

underlying sciatic nerve. Subsequently, the nerve was gently

separated from the surroundingmuscle andmembranous tissue,

and an incision was conducted at the knee to isolate the

nerve. The isolated sciatic nerves were digested with 3 mg/mL

collagenase (Sigma) at 37◦C for 30min, followed by 0.25%

trypsin (Sigma) digestion at 37◦C for 10min. The dissociated

Schwann cells were cultured in dishes with Dulbecco’s modified

Eagle’s medium (DMEM; Invitrogen, Carlsbad, CA) containing

10% fetal bovine serum (FBS; Gibco, Grand Island, NY, USA)

and 1% penicillin and streptomycin (Invitrogen, Carlsbad, CA,

USA) overnight in a humidified 5% CO2 incubator at 37◦C.

The dishes were pre-coated with poly-L-lysine (Sigma). Then the

medium was replaced with an equal volume of DMEM/10% FBS

supplemented with 10µM Ara-C (Sigma) for additional 2 days

to eliminate fibroblasts. After removing debris by gently rinsing

three times with PBS, the cells were maintained in DMEM/10%

FBS supplemented with 10 ng/ml human heregulin-β1 (HRG;

R&D Systems Inc., Minneapolis, MN, USA) and 2µM forskolin

(Sigma) for 3 days and then purified with anti-Thy1.1 antibody

(Sigma) and rabbit complement (Sigma) to remove residual

fibroblasts. The purity of Schwann cells was assessed by S100β

immunostaining and the cells were used for experimental

analysis when the purity reached 95%.

Schwann cell transfection

Cultured primary Schwann cells were transfected

with 3 siRNAs against SS18L1 (SS18L1-siRNA-1:

CCAGAGCAAGGGCAAGACA, SS18L1-siRNA-2:

CCATAGCAGATTCCAACCA, and SS18L1-siRNA-3:

CAACCCAGAACATGAACCT) or a non-targeting negative

control (NC-siRNA: GGCTCTAGAAAAGCCTATGC)

(RiboBio, Guangzhou, Guangdong, China) for 48 h using

Lipofectamine RNAiMAX reagent (Invitrogen, Thermo Fisher

Scientific, Inc.) according to the manufacturer’s instruction. The

gene silencing efficiency was determined by real-time RT-PCR

analysis. The experiment was repeated three times.

Cell proliferation assay

A total of 2 × 104 primary Schwann cells were suspended

in 100 µl cultured medium and seeded onto 96-well plates

pre-coated with poly-L-lysine at a density of 2 × 105 cells/ml.

The cells were incubated for additional 12 h after adding

50µM EdU (RiboBio), and then fixed in 4% paraformaldehyde

(Xilong Scientific, Guangzhou, China) in PBS for 30min. The

proliferation of Schwann cells was determined using the Cell-

LightTM EdUDNACell Proliferation Kit (Ribobio) according to
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the manufacturer’s protocol. The numbers of EdU-positive cells

and total cells were determined by Apollo 567 fluorescent dyes

and Hoechst 33342 staining. The proliferation rate of Schwann

cells was calculated by dividing the numbers of EdU-positive

cells by the numbers of total cells. Images were taken using a

DMR fluorescence microscope (Leica Microsystems, Bensheim,

Germany). The experiment was repeated three times. The three

non-overlapping fields in each well were used for statistics.

Cell migration assay

A total of 4× 104 primary Schwann cells were suspended in

100 µl DMEMmedium and seeded onto the upper chamber of a

6.5mm transwell chamber with 8µm pores (Costar, Cambridge,

MA, USA) at a density of 4 × 105 cells/ml. Schwann cells

were incubated for additional 24 h after filling the bottom

chamber with 500 µl culture medium. The bottom of the

transwell chamber was pre-coated with 10µg/ml fibronectin

(EMD Millipore Corporation, Temecula, CA, USA). After

cleaning cells left on the upper surface, the transwell chambers

were stained with 0.1% crystal violet (Beyotime) for 20min at

room temperature. Images were taken using a DMR inverted

microscope (Leica Microsystems) and the relative migration

ability of Schwann cells was calculated by measuring crystal

violet-stained areas in randomly selected fields. The areas of

migratory Schwann cells were calculated using Image J software.

The experiment was repeated three times.

Cell di�erentiation

Schwann cell differentiation was induced by treatment of

HRG and cAMP as previously described (20). Briefly, Schwann

cell were cultured in DMEM/F12 containing 0.5% FBS and 1%

penicillin and streptomycin, and treated with 20 ng/ml HRG and

1mM db-cAMP (Sigma) for 72 h. Then the cells were harvested

for RNA extraction and subsequent real-time RT-PCR analysis.

The experiment was repeated three times.

Bioinformatics analysis

SS18L1-centered genetic network was constructed using

the ClueGo (v2.5.8) and CluePedia (v1.5.8) plug-ins of the

Cytoscape software (v3.8.2). CluePedia was used to identify

the potential target genes of SS18L1. Gene ontology (GO,

v13.05.2021) and Kyoto Encyclopedia of Genes and Genomes

(KEGG, v13.05.2021) by GluoGO were used to enrich GO

categories and KEGG pathways of SS18L1 and potential target

genes, with a P<0.05 were selected and listed. An interaction

network of SS18L1, potential target genes, and involved GO

categories and KEGG pathways were constructed using the

Cytoscape software. Protein-protein interaction network was

constructed using STRING database (https://string-db.org/).

Gene expression heatmap was generated using MeV software

v4.9.0 (http://www.tm4.org/). Potential regulatory network of

SS18L1 was predicted using the Ingenuity Pathways Knowledge

Base (IPKB) of the Ingenuity pathway analysis (IPA) software

(v01-20-04, http://www.ingenuity.com/, Ingenuity Systems Inc.,

Redwood City, CA, USA).

Statistical analysis

Statistical analysis was conducted with GraphPad Prism

6.0 (GraphPad Software, Inc., San Diego, CA, USA). One-way

ANOVA followed by post hoc Dunnett’s multiple comparisons

test was used when comparing multiple groups, and unpaired

Student’s t-test was used to compare two groups. Results were

presented as mean ± SEM and significantly differences (P <

0.05) were indicated by asterisks.

Results

Expression of SS18L1 in rat sciatic nerve
stumps after peripheral nerve injury

Previous analyses revealed the down-regulation of SS18L1

mRNA in rat distal sciatic nerve stumps after sciatic nerve

transection (12). Here, real-time RT-PCR results showed that

the mRNA expression of SS18L1 rapidly decreased in the

proximal sciatic nerve stumps of rats at 1 and 4 days

after sciatic nerve crush, and then increased (Figure 1A).

Then, immunohistochemistry was performed to determine the

localization and abundance of SS18L1 protein in the rat sciatic

nerve stump. The analysis demonstrated that SS18L1 protein

was localized to the S100β-positive Schwann cells (Figure 1B).

Strong SS18L1 expression was detected in the sciatic nerve in

the absence of injury treatment (0 day). In contrast, nerve injury

resulted in significantly reduced immunostaining intensity for

SS18L1 at all tested time points (1, 4, 7, and 14 days),

especially at the injured sites. Interestingly, SS18L1 protein

levels significantly decreased 1 day after injury and then steadily

increased (Figure 1B). These data indicated nerve injury could

lead to suppression of SS18L1 expression at both the mRNA and

protein levels, especially 1 day after the treatment (Figure 1C).

SS18L1 is present in Schwann cells

Immunohistochemistry analysis indicated a predominant

expression of SS18L1 in Schwann cells. To confirm this

observation, we isolated and cultured primary Schwann cells and

then detected the expression of SS18L1 by immunofluorescence
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FIGURE 1

Expression of SS18L1 in rat sciatic nerve stumps after peripheral

nerve injury. (A) The relative mRNA expression of SS18L1 at 0, 1,

4, 7, and 14 days after sciatic nerve crush injury. *P < 0.05, vs. 0

day. (B) Immunostaining of SS18L1 (in red) and S100β (in green)

at 0, 1, 4, 7, and 14 days after sciatic nerve crush injury. DAPI (in

blue) was used to stain nuclei. Scale bars indicated 1,000µm

(main image), 20µm (magnification). (C) Quantification of the

fluorescence intensity of SS18L1 staining in rat sciatic nerves at

0, 1, 4, 7, and 14 days after nerve injury. **P < 0.01, vs. 0 day.

staining. The purity of the cells was first verified by co-staining

with the Schwann cell marker S100β and DAPI, and the result

showed that more than 95% of the cells were Schwann cells.

FIGURE 2

Localization of SS18L1 in cultured Schwann cells. Red color

indicates SS18L1, green color indicates S100β, and blue color

indicates nucleus. Scale bars indicated 20µm.

Further immunostaining of cultured Schwann cells with SS18L1

showed that the majority of SS18L1 staining overlapped with

S100β staining, confirming that SS18L1 protein was expressed

in Schwann cells (Figure 2).

Inhibition of SS18L1 expression promotes
Schwann cell proliferation

The proliferation of Schwann cells after peripheral nerve

injury are critical for subsequent peripheral nerve regeneration.

To investigate the biological roles of SS18L1 in Schwann

cell proliferation and peripheral nerve regeneration, we first

transfected the cultured Schwann cells with three different

siRNAs against SS18L1 or a siRNA control. RT-PCR analysis

showed all the SS18L1 siRNAs could effectively inhibit SS18L1

mRNA expression (Figure 3A), of which the SS18L1-siRNA-1

was the most effective one and used in subsequent experiments.

Next, we used an EdU proliferation assay to determine the

role of SS18L1 in Schwann cell proliferation. The result showed

the portion of proliferating cells was significantly increased in

Schwann cells transfected with SS18L1 siRNA, compared to

the siRNA control (Figures 3B,C), suggesting that in Schwann

cells, the expression of SS18L1 has a suppressive role in

regulating proliferation.

Inhibition of SS18L1 expression reduces
Schwann cell migration

To assess whether SS18L1 has any effect on cell migration,

we transfected Schwann cells with SS18L1 siRNA or siRNA
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FIGURE 3

The e�ect of SS18L1 on Schwann cell proliferation. (A) Relative mRNA expression of SS18L1 in Schwann cells transfected with SS18L1 siRNAs or

siRNA control (NC-siRNA). *P < 0.05, vs. siRNA control, ***P < 0.001, vs. siRNA control. (B) Representative images and histogram of the

proliferation of Schwann cells transfected with SS18L1 siRNA or siRNA control. Red color indicates Schwann cells stained with EdU and blue

color indicates Schwann cells stained with Hoechst 33342. Scale bars indicated 100µm. (C) Summarized histogram of the proliferation of

Schwann cells transfected with SS18L1 siRNA or siRNA control. **P < 0.01, vs. siRNA control.

control and performed transwell migration assays (Figure 4A).

Migrated Schwann cells were stained with crystal violet in violet

color (Figure 4B). The analysis showed that the SS18L1 siRNA

significantly inhibited the number of migrated Schwann cells

in comparison to the control (Figure 4C), indicating a pro-

migratory role of SS18L1 in Schwann cells.

Inhibition of SS18L1 expression prevents
Schwann cell di�erentiation

The expressions of the myelin-related genes P0 (also known

as MPZ) and MBP are two of the well-defined markers of

matured Schwann cells. Immunohistochemistry analysis showed

nerve crush significantly decreased the expression of both P0

(Figures 5A,B) and MBP (Figures 5C,D) in the sciatic nerve

on the first day after injury and increased steadily thereafter,

which was consistent with the expression pattern of SS18L1.

These results suggested that SS18L1 might facilitate myelination

by influencing Schwann cell differentiation post nerve injury.

Next, we sought to verify this hypothesis by determining the

effect of SS18L1 depletion on the differentiation of Schwann

cells. To this end, we first set up the condition for Schwann cell

differentiation. Real-time RT-PCR confirmed that treatment of

HRG and cAMP effectively induced Schwann cell differentiation

indicated by significant induction of P0 and MBP expression

compared with the control (Figure 6A). Subsequently, Schwann

cells transfected with SS18L1 siRNA or siRNA control were

subjected to induction of differentiation. As shown in Figure 6B,

compared with the siRNA control, SS18L1 siRNA treatment

significantly inhibited P0 and MBP expression in Schwann

cells, suggesting a role of SS18L1 in promoting Schwann

cell differentiation.

Identification of potential networks of
SS18L1

To evaluate underlying biological functions regulated

by SS18L1 in Schwann cell proliferation, migration and
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FIGURE 4

The e�ect of SS18L1 on Schwann cell migration. (A) The schematic diagram of cell migration assay. (B) Representative images of the migration

of Schwann cells transfected with SS18L1 siRNA or siRNA control. Violet color indicated Schwann cells migrated toward the bottom surface.

Scale bars indicated 50µm. (C) Summarized histogram of the migration of Schwann cells transfected with SS18L1 siRNA or siRNA control. *P <

0.05, vs. siRNA control.

differentiation, we used the ClueGo tool of Cytoscape software

to explore potential targets of SS18L1. The analysis showed

that a total of 17 genes, including DPF1 (Double PHD

Fingers 1), ARID1B (AT-Rich Interaction Domain 1B),

PHF10 (PHD Finger Protein 10), SMARCC2 (SWI/SNF

Related, Matrix Associated, Actin Dependent Regulator Of

Chromatin Subfamily C Member 2), SMARCA2 (SWI/SNF

Related, Matrix Associated, Actin Dependent Regulator Of

Chromatin, Subfamily A, Member 2), ACTL6B (Actin Like

6B), DPF3 (Double PHD Fingers 3), SMARCC1 (SWI/SNF

Related, Matrix Associated, Actin Dependent Regulator Of

Chromatin Subfamily C Member 1), SMARCD1 (SWI/SNF

Related, Matrix Associated, Actin Dependent Regulator Of

Chromatin, Subfamily D, Member 1), ARID1A (AT-Rich

Interaction Domain 1A), ACTL6A (Actin Like 6A), DPF2

(Double PHD Fingers 2), SMARCB1 (SWI/SNF Related,

Matrix Associated, Actin Dependent Regulator Of Chromatin,

Subfamily B, Member 1), SMARCA4 (SWI/SNF Related,

Matrix Associated, Actin Dependent Regulator Of Chromatin,

Subfamily A, Member 4), SMARCD3 (SWI/SNF Related,

Matrix Associated, Actin Dependent Regulator Of Chromatin,

Subfamily D, Member 3), SMARCE1 (SWI/SNF Related,

Matrix Associated, Actin Dependent Regulator Of Chromatin,

Subfamily E, Member 1) and SMARCD2 (SWI/SNF Related,

Matrix Associated, Actin Dependent Regulator Of Chromatin,

Subfamily D, Member 2) could be potential targets of

SS18L1. The analysis indicated that these genes are associated

with several biological processes including nBAF complex,

SWI/SNF superfamily-type complex, histone H4 acetylation,

brahma complex and positive regulation of glucose mediated

signaling pathway (Figure 7A). In addition, the protein-

protein interaction networks of SS18L1 were predicted using

STRING (Figure 7B). Then, the temporal expression patterns

of these related genes shared by the two analysis methods in

the sciatic nerve stumps after rat sciatic nerve injury were

determined based on previous sequencing data and presented

in a heatmap (Figure 7C). IPA bioinformatic software analyses

further revealed that SS18L1 might inhibit Schwann cell

proliferation via interacting with DF2, SMARCD1, SMARCA4,

and SMARCE1, and promote Schwann cell migration and

differentiation via interactions with SMARCA4, SMARCE1

(Figure 7D).
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FIGURE 5

Expression of P0 and MBP in rat sciatic nerve stumps after peripheral nerve injury. (A) Immunostaining of P0 protein (in red) and S100β (in green)

at 0, 1, 4, 7, and 14 days after sciatic nerve crush injury. DAPI (in blue) was used to label nuclei. Scale bars indicated 1,000µm (main image),

20µm (magnification). (B) Quantification of the fluorescence intensity of P0 in rat sciatic nerves at 0, 1, 4, 7, and 14 days after nerve injury. *P <

0.05, vs. 0 day, **P < 0.01, vs. 0 day. (C) Immunostaining of MBP protein (in red) and S100β (in green) at 0, 1, 4, 7, and 14 days after sciatic nerve

crush injury. DAPI (in blue) was used to label nuclei. Scale bars indicated 1,000µm (main image), 20µm (magnification). (D) Quantification of the

fluorescence intensity of MBP in rat sciatic nerves at 0, 1, 4, 7, and 14 days after nerve injury. *P < 0.05, vs. 0 day, **P < 0.01, vs. 0 day.

Discussion

Schwann cells are unique glial cells in the peripheral nervous

system and play important roles during peripheral nerve repair

and regeneration (21, 22). Peripheral nerve injury evokes the

transformation of Schwann cells to a newly reconfigured repair

phenotype, as repair Schwann cells, which create a permissive

environment for the injured axons to regenerate (23–25).

Mature Schwann cells first transdifferentiate into to a repair

Schwann cells and proliferate to a larger cell population after

peripheral nerve injury. An increased number of Schwann

cells migrate toward the injury site to engulf axon and myelin

debris and to construct a regeneration path named band of

Büngner, The repair Schwann cells further differentiate to a

myelinating state to wrap around regenerated axons (21, 26, 27).

The remarkable plasticity of Schwann cells and the status switch

of Schwann cells between transdifferentiation, proliferation,

migration, redifferentiation, and remyelination largely

contribute to the successful regeneration and reinnervation of

injured peripheral nerves.

To recognize essential factors for the plasticity of Schwann

cells during peripheral nerve repair and injury, our laboratory
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FIGURE 6

The e�ect of SS18L1 on Schwann cell di�erentiation. (A) The mRNA levels of P0 and MBP were higher in Schwann cells cultured in

di�erentiation culture medium (db-cAMP + HRG) than those cultured in control medium. (B) The mRNA levels of P0 and MBP were higher in

siRNA control transfected Schwann cells cultured in di�erentiation culture medium than SS18L1 siRNA transfected Schwann cells cultured in

di�erentiation culture medium. *P < 0.05, vs. siRNA control.

has constructed a rat sciatic nerve injury model and determined

gene expression patterns in the sciatic nerve stumps after rat

sciatic nerve injury (18, 28, 29). Schwann cells respond to

nerve injury by cellular reprogramming that generates a cell

phenotype specialized to promote repair. There repair cells

activate a sequence of supportive functions that clear redundant

myelin, attract macrophages, prevent neuronal death, help axon

growth and guide axons back to their targets (27, 30). Many

transcription factors have been identified to be associated with

this repair program. For example, the transcription factor c-

Jun plays a key role in the Schwann cell injury response.

After injury, c-Jun is rapidly up-regulated in Schwann cell, and

includes increase in trophic support for neurons, acceleration of

myelin breakdown by autophagy, promotion of Schwann cell

elongation, and formation of the bands of Büngner (30–32).

Our previous study revealed that many key transcription factors

were differentially expressed in distal sciatic nerve stumps after

rat sciatic nerve injury, including SS18L1 (12). However, the

specific biological functions of these differentially expressed

transcription factors have not been fully elucidated.

The mutation of the SS18L1 gene is associated with

amyotrophic lateral sclerosis (ALS) (33, 34). The functional

role of SS18L1 in peripheral nervous system diseases is largely

unknown. In the present study, we demonstrated that SS18L1

is expressed in Schwann cells and is involved in the biological

modulation of Schwann cells, including inhibiting proliferation

and promoting migration and differentiation.

Schwann cells have two time-dependent phenotypes during

peripheral nerve injury (20). In the early stage after peripheral

nerve injury, Schwann cells react to the injury, undergo

an identity change to form a repair-promoting phenotype,

and then proliferate, while the repair Schwann cells undergo

migration and differentiation in the later stage. Therefore,

the genes regulating Schwann cell transdifferentiation or

differentiation have dynamic and temporal expression patterns

over the period of peripheral nerve injury. We found that

SS18L1 expression was down-regulated immediately after

injury and then raised steadily (Figure 1A). The inhibition of

SS18L1 expression at the early stage after peripheral nerve

injury might benefit Schwann cell proliferation while the up-

regulation of SS18L1 at later stages might facilitate Schwann

cell migration and differentiation. Immunohistochemistry

staining showed that the expression pattern of SS18L1 in

rat sciatic nerve stumps after peripheral nerve injury was

consistent with that of the myelin-related genes P0 and

MBP, indicating that SS18L1 may associate with peripheral

myelination. Indeed, we further found that depletion of SS18L1

significantly inhibited Schwann cell differentiation in vitro.

The exact function of SS18L1 in the differentiation remains

unknown. It is possible that SS18L1 facilitates debris removal

and creates a favorable microenvironment for peripheral

nerve regeneration.

Besides the functional assessment of SS18L1, we also

predicted potential genetic and protein networks of SS18L1

that may regulate Schwann cell proliferation, migration and

differentiation. It has been shown that SS18L1 can physically

interact with DF2, SMARCD1, SMARCA4, and SMARCE1 (35).

These SS18L1-associated proteins are important regulators of

cell proliferation, migration and differentiation. For example,

DPF2 is required for anchorage-independent growth of H1299
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FIGURE 7

Bioinformatics analysis showing SS18L1-centered genetic network. (A) Cytoscape software predicted the associated genes and biological

functions of SS18L1. Di�erent colors of network nodes, respectively, represent various biological functions, while node sizes reflect the

(Continued)
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FIGURE 7 (Continued)

enrichment of biological functions. (B) STRING was used to analyze the interaction network among the selected di�erentially expressed genes.

(C) The heatmap of the expression patterns of interacted genes in sciatic nerve stumps after nerve injury. Red color indicates up-regulation and

blue color indicates down-regulation. (D) The interaction network of SS18L1 and associated proteins DF2, SMARCD1, SMARCA4, SMARCE1.

cells (36), SMARCD1 is critical for the proliferation of SYO-

1 cells (37) and SMARCE1 supports T to Th1 differentiation

of mouse lymphocytes (38). The absence of SMARCA4 (also

known as BRG1) could prematurely stagnate Schwann cell

differentiation (39), and inhibit the proliferation, migration and

invasion of glioma cells (40). The effects of SS18L1 on the biology

of Schwann cells may involve the interaction with these proteins,

which warrants further investigation.

Taken together, through morphological, cellular and

molecular experiments, we explored the expression pattern of

the transcription factor SS18L1 and its effects on Schwann cell

proliferation, migration and differentiation after peripheral

nerve injury in rats. Furthermore, the bioinformatics analysis

predicted potential targets and interaction networks of SS18L1

that may be implicated in the cellular processes of Schwann

cells during peripheral nerve repair. Our findings combined

with more comparative medicine researches will provide new

insights into the biological roles of SS18L1 in peripheral nerve

regeneration and provide a molecular pathological diagnostic

model, as well as a potential therapeutic target for peripheral

nerve repair in clinic.
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