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Abstract  
MicroRNAs refer to a class of endogenous, short non-coding RNAs that mediate numerous biological functions. MicroRNAs regulate var-
ious physiological and pathological activities of peripheral nerves, including peripheral nerve repair and regeneration. Previously, using a 
rat sciatic nerve injury model, we identified many functionally annotated novel microRNAs, including miR-sc14. Here, we used real-time 
reverse transcription-polymerase chain reaction to examine miR-sc14 expression in rat sciatic nerve stumps. Our results show that miR-
sc14 is noticeably altered following sciatic nerve injury, being up-regulated at 1 day and diminished at 7 days. EdU and transwell chamber 
assay results showed that miR-sc14 mimic promoted proliferation and migration of Schwann cells, while miR-sc14 inhibitor suppressed 
their proliferation and migration. Additionally, bioinformatic analysis examined potential target genes of miR-sc14, and found that fibro-
blast growth factor receptor 2 might be a potential target gene. Specifically, our results show changes of miR-sc14 expression in the sciatic 
nerve of rats at different time points after nerve injury. Appropriately, up-regulation of miR-sc14 promoted proliferation and migration 
of Schwann cells. Consequently, miR-sc14 may be an intervention target to promote repair of peripheral nerve injury. The study was ap-
proved by the Jiangsu Provincial Laboratory Animal Management Committee, China on March 4, 2015 (approval No. 20150304-004).
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Graphical Abstract   

Up-regulated miR-sc14 would promote the proliferation and migration of Schwann cells, which contribute 
to the identification of novel therapeutic target of peripheral nerve repair
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Introduction 
Despite constituting more than 98% of total genomic se-
quence, non-coding DNAs used to be considered junk 
DNA. However, emerging studies show that non-coding 
DNAs play important biological functions, and indeed, 
emphasize the importance of non-coding DNAs (Wilusz et 
al., 2009; Pennisi, 2012; Gori et al., 2015). These non-coding 
DNAs are transcribed into many functional non-coding 
RNAs, including regulatory RNAs, ribosomal RNAs, and 
transfer RNAs. Among these non-coding regulatory RNAs, 
microRNAs (miRNAs) are of great research interest as 
they function as post-transcriptional regulators, negatively 
regulating up to 60% of human genes and mediating many 
physiological and pathological processes (Kloosterman and 
Plasterk, 2006; Taft et al., 2010; Dey et al., 2014).

miRNAs are a family of small single-strand non-coding 
RNAs of approximately 22 nucleotides in length, which di-
rectly binding to the 3′-untranslated region of target genes 
and negatively regulate them (Ambros, 2004; Bhattacha-
ryya et al., 2006; Bartel, 2009; Fabian et al., 2010; Krol et al., 
2010). miRNAs affect various tissues and organs in the body, 
including the nervous system (Fineberg et al., 2009; Yu et al., 
2015; Ghibaudi et al., 2017). In the peripheral nervous sys-
tem, miRNAs reportedly affect the phenotype of Schwann 
cells, the unique glial cells of the peripheral nervous system, 
and regulate their proliferation, migration, and myelination 
(Bremer et al., 2010; Pereira et al., 2010; Yun et al., 2010; Yu 
et al., 2012; Li et al., 2015; Yi et al., 2017b; Wang et al., 2018).

Previously obtained high-throughput sequencing data from 
our laboratory showed differential expression of numerous 
miRNAs in rat sciatic nerve stumps following peripheral 
nerve injury (Yu et al., 2011). Moreover, we identified a se-
ries of functionally annotated novel miRNAs (Li et al., 2011). 
Our subsequent studies examined the function of these novel 
miRNAs, including miR-sc3, miR-sc4, and miR-sc8, showing 
that they mediate phenotypic changes of Schwann cells (Gu 
et al., 2015; Yi et al., 2016; Qian et al., 2018). The functions of 
many other newly identified miRNAs remain largely unclear. 
Therefore in the present study, we focused on miR-sc14 by 
examining expression patterns of miR-sc14 in sciatic nerve 
stumps at different time points after nerve injury. Hence, we 
investigated the biological function of miR-sc14 on Schwann 
cells and its potential target genes.
  
Materials and Methods  
Animals
All experimental procedures involving animals were per-
formed in accordance with Institutional Animal Care guide-
lines, and ethically approved by the Jiangsu Provincial Lab-
oratory Animal Management Committee, China (approval 
No. 20150304-004) on March 4, 2015. In total, 30 specif-
ic-pathogen-free adult 2-month-old male Sprague-Dawley 
rats weighing 180–220 g were randomly separated into five 
groups (0, 1, 4, 7, and 14 days after nerve injury), with 6 rats 
in each group. Rats were subjected to surgical transection 
of sciatic nerves. Additionally, primary Schwann cells were 
collected from 60 specific-pathogen-free neonatal 1-day-old 

Sprague-Dawley rats of either sex. Both adult and neonatal 
rats were obtained from the Experimental Animal Center of 
Nantong University, China (animal license number: SCXK 
[Su] 2014-0001 and SYXK [Su] 2012-0031). 

Real-time reverse transcription-polymerase chain 
reaction (RT-PCR)
Adult rat sciatic nerve injury was performed as previously 
described (Li et al., 2011). After anesthetization using an 
injection of mixed narcotics (85 mg/kg trichloroacetalde-
hyde monohydrate [RichJoint, Shanghai, China], 42 mg/kg 
magnesium sulfate [Xilong Scientific, Guangzhou, China], 
and 17 mg/kg sodium pentobarbital [Sigma, St. Louis, MO, 
USA]), rat sciatic nerve stumps were exposed to injury and 
5 mm long proximal sciatic nerve stumps collected at 0, 1, 4, 
7, and 14 days after injury. RNA samples were collected from 
nerve stumps and then reverse transcribed with Omniscript 
Reverse Transcription Kit (Qiagen, Valencia, CA, USA). 
Real-time RT-PCR was performed using QuantiNova SYBR 
Green PCR Kit (Qiagen) on a Stepone real-time PCR system 
(Applied Biosystems, Foster City, CA, USA). Abundance of 
miR-sc14 was determined using primer pairs ordered from 
Ribobio Company (Guangzhou, China), and normalized 
to U6. Primer pair sequences for mRNAs were: fibroblast 
growth factor receptor 2 (FGFR2) (forward) 5′-CGT ACT 
GGA CCA ACA CCG AA-3′ and (reverse) 5′-CCA GTG 
CTG GTT TCG TAC CT-3′; and glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) (forward) 5′-CCT TCA TTG ACC 
TCA ACT ACA TG-3′ and (reverse) 5′-CTT CTC CAT GGT 
GAA GAC-3′. Expression levels of FGFR2 and CD44 were 
determined by the 2–ΔΔCt method, and normalized to GAPDH 
as the reference, as previously performed (Qian et al., 2018).

Schwann cell culture and transfection
The preparation method of sciatic nerve stumps from 
neonatal rats is the same as above. Sciatic nerve stumps of 
neonatal rats were used to isolate primary Schwann cells. 
Schwann cells were purified by removing fibroblasts, and 
then identified using the Schwann cell marker, anti-S100 
(DAKO, Carpinteria, CA, USA), as previously described 
(Li et al., 2015). Schwann cells were cultured in Dulbecco’s 
modified Eagle’s medium (Invitrogen, Carlsbad, CA, USA) 
containing 10% fetal bovine serum (Invitrogen), 1% penicil-
lin and streptomycin (Invitrogen), 2 μM forskolin (Sigma), 
and 10 ng/mL human heregulin-β1 (Sigma) in a CO2 incu-
bator. Prior to cell proliferation and migration assays, cul-
tured Schwann cells were transfected with miR-sc14 mimic 
(Ribobio), non-targeting mimic control (Ribobio), miR-
sc14 inhibitor (anti-miR-sc14; Ribobio), or non-targeting 
inhibitor control (Ribobio) using Lipofectamine RNAiMAX 
transfection reagent (Invitrogen).

Cell proliferation assay
The proliferation rate of Schwann cells was measured using 
the Cell-Light™ EdU DNA Cell Proliferation Kit (Ribobio), 
as previously described (Yi et al., 2016). Briefly, 96-well 
plates were coated with poly-L-lysine (Zhongshan Bio-
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tech Co., Beijing, China) and cells were seeded onto coated 
plates. EdU (50 μM; Ribibio) was added to cell cultures, and 
Schwann cells were cultured for an additional 24 hours pri-
or to fixation with 4% paraformaldehyde (Xilong Scientific, 
Guangzhou, China) in phosphate buffered saline. Schwann 
cells were also stained with Hoechst 33342 (Solarbio, Beijing, 
China). Images were obtained using a DMR fluorescence 
microscope (Leica Microsystems, Bensheim, Germany). The 
proliferation rate of Schwann cells was calculated by dividing 
the number of EdU-positive cells by the number of total cells.

Cell migration assay
The migration rate of Schwann cells was measured using 
a transwell-based assay, as previously described (Li et al., 
2015). Briefly, the bottom surfaces of 6.5-mm transwell 
chambers with 8 mm pores (Costar, Cambridge, MA, USA) 
were coated with fibronectin. Schwann cells in Dulbec-
co’s modified Eagle’s medium were seeded onto the upper 
chamber, and the bottom chamber was filled with complete 
culture medium. After 24 hours of culture, Schwann cells 
remaining on the upper surface were removed by a cotton 
swab. Schwann cells that migrated to the lower surface were 
stained by crystal violet (Beyotime, Shanghai, China). Mi-
gration images were obtained using a DMR inverted micro-
scope (Leica Microsystems). Next, 33% acetic acid was used 
to wash crystal violet labeled migrated Schwann cells, and 
absorbance of crystal violet (Bio-tek, Winooski, VT, USA) 
was measured at 570 nm to determine cell migration ability.

Bioinformatic analysis
FGFR2-related biological functions and interacting genes 
were identified from Ingenuity Pathways Knowledge Base us-
ing QIAGEN’s Ingenuity Pathway Analysis software program 
(Ingenuity Systems Inc., Redwood City, CA, USA). Briefly, 
Ingenuity Pathway Analysis software screened FGFR2-related 
genes and biological functions to form a network.

Statistical analysis
All data are expressed as the mean ± SEM. Student’s t-test or 
one-way analysis of variance was used to evaluate statistical 
differences using GraphPad Prism 5.0 (GraphPad Software, 
Inc., San Diego, CA, USA). A value of P < 0.05 was consid-
ered statistically significant.

Results
Expression levels of miR-sc14 after sciatic nerve injury
Real-time RT-PCR was used to examine temporal expression 
patterns of miR-sc14 in sciatic nerve stumps at 0, 1, 4, 7, and 
14 days after sciatic nerve injury. Compared with the 0 day 
control, miR-sc14 was differentially expressed after nerve in-
jury and showed a curved expression trend with a trough val-
ue at 7 days after sciatic nerve injury (Figure 1). These obser-
vations demonstrate that miR-sc14 is differentially expressed 
in sciatic nerve stumps after sciatic nerve injury.

Effect of miR-sc14 on Schwann cell proliferation
Schwann cells are believed to be the main cell type in sciatic 

nerve stumps, and play significant roles during peripheral 
nerve regeneration (Palomo Irigoyen et al., 2018). Thus, we 
first investigated miR-sc14 effects on Schwann cells. Cul-
tured primary Schwann cells were transfected with miR-sc14 
mimic, miR-sc14 inhibitor, or corresponding non-targeting 
negative control to examine the effect of increased or de-
creased miR-sc14 on Schwann cell proliferation. Outcomes 
from the EdU cell proliferation assay showed that compared 
with Schwann cells transfected with non-targeting mimic 
control, Schwann cells transfected with miR-sc14 mimic 
exhibited an elevated proliferation rate (P = 0.0027). This 
suggests that increased expression of miR-sc14 increases the 
proliferation rate of Schwann cells (Figure 2). In contrast, 
Schwann cells transfected with miR-sc14 inhibitor showed a 
reduced proliferation rate (P = 0.0356), demonstrating that 
decreased expression of miR-sc14 suppresses the prolifera-
tion rate of Schwann cells (Figure 2). Taken together, these 
outcomes suggest that miR-sc14 promotes proliferation of 
Schwann cells.

Effect of miR-sc14 on Schwann cell migration
Schwann cells transfected with miR-sc14 mimic or miR-sc14 
inhibitor were further seeded onto transwell plates to study 
miR-sc14 effects on Schwann cell migration. Outcomes 
from the transwell-based migration assay demonstrated that 
compared with the non-targeting negative control, transfec-
tion with miR-sc14 mimic led to an increased migration rate 
(P = 0.0131), while transfection with miR-sc14 inhibitor led 
to a decreased migration rate (P = 0.0185) (Figure 3). These 
outcomes suggest that miR-sc14 also promotes Schwann cell 
migration. 

Identification of candidate target genes of miR-sc14
Our previous study showed that FGFR2 and CD44 might be 
potential target genes of miR-sc14 (Li et al., 2011). Here, the 
relationship between miR-sc14 and these potential target 
genes was further studied. Binding relationships between 
the 3′-UTR of FGFR2 and miR-sc14 showed complete bind-
ing of FGFR2 to miR-sc14 (Figure 4A). Previously obtained 
microarray data were analyzed to demonstrate time-depen-
dent expression profiles of FGFR2 in sciatic nerve stumps 
at 0, 1, 4, 7, and 14 days after nerve injury (Li et al., 2013). 
Heatmap showed that expression levels of FGFR2 were 
down-regulated at different times after nerve injury (Figure 
4B). Real-time RT-PCR was also examined to validate the 
microarray data. Consistent with microarray outcomes, 
real-time RT-PCR demonstrated that FGFR2 exhibited an 
approximately negative relationship with miR-sc14 (Figure 
4C). Similarly, binding relationships between the 3′-UTR of 
CD44 and miR-sc14 also showed complete binding of CD44 
to miR-sc14. However, microarray data and real-time RT-
PCR showed that CD44 exhibited an approximately positive 
relationship with miR-sc14 (data not shown). Taken to-
gether, and considering that miRNAs generally bind to the 
3′-UTR of target genes and negatively regulate their expres-
sion, we believe that FGFR2, and not CD44, is the candidate 
target gene of miR-sc14. 
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Discussion
Peripheral nerve injury elicits disintegration of axons and 
myelin sheaths, degeneration of distal nerve stumps, re-
construction of the microenvironment, and subsequent re-
growth of axons and regeneration of injured nerves (Siconolfi 
and Seeds, 2001; Zhang et al., 2016). Peripheral nerve injury 
and regeneration involve complicated cellular and molecular 
changes (Gu et al., 2011, 2014; Yi et al., 2015, 2017a; Yu et al., 
2016). Gaining improved understanding of the dynamic gene 
expression changes after peripheral nerve injury may shed 
light on the underlying mechanisms of peripheral nerve re-
generation and help identification of new therapeutic targets 
for peripheral nerve injury.

Differentially expressed miRNAs may play important roles 
in peripheral nerve injury and regeneration as miRNAs reg-
ulate many downstream genes and consequently a succes-
sion of biological activity. Previous sequencing data revealed 
novel miRNAs that were differentially expressed in sciatic 
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Figure 2 miR-sc14 reduces Schwann 
cell proliferation. 
Representative images of EdU staining in 
Schwann cells transfected with miR-sc14 
mimic (miR-sc14), MC and miR-sc14 in-
hibitor (anti-miR-sc14), or non-targeting 
IC. Red represents EdU staining and blue 
represents Hoechst 33342 staining. Scale 
bars: 100 μm. Schwann cell proliferation 
rate was calculated by dividing EdU-pos-
itive cells to total cells. The relative pro-
liferation rate was normalized to control 
(MC or IC). Data are expressed as the 
mean ± SEM (Student’s t-test). *P < 0.05, 
vs. control. The experiment was conduct-
ed in triplicate. MC: Mimic control; IC: 
inhibitor control. 
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Figure 3 miR-sc14 reduces Schwann 
cell migration. 
Representative images of transwell mi-
gration in Schwann cells transfected with 
miR-sc14 mimic (miR-sc14), MC and 
miR-sc14 inhibitor (anti-miR-sc14), or 
non-targeting IC. Scale bars: 100 μm. The 
relative migration rate was obtained by 
counting the amount of migrated cells 
normalized to control (MC or IC). Data 
are expressed as the mean ± SEM. *P < 
0.05, vs. control (Student’s t-test). The 
experiment was conducted in triplicate. 
MC: Mimic control; IC: inhibitor control.  
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Figure 1 miR-sc14 is altered in sciatic nerve stumps after nerve injury. 
Expression levels of miR-sc14 in sciatic nerve stumps at 0, 1, 4, 7, and 
14 days after nerve injury were measured by real-time reverse tran-
scription polymerase chain reaction. Abundance of miR-sc14 was 
normalized to U6, and relative levels of miR-sc14 at 1, 4, 7, and 14 days 
were compared with 0 day. Data are expressed as the mean ± SEM (n = 
6). *P < 0.05, vs. 0 day (one-way analysis of variance). The experiment 
was conducted in triplicate. d: Day (s).
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nerve stumps after nerve injury. By performing real-time 
RT-PCR, we found that miR-sc14 was up-regulated in in-
jured sciatic nerve stumps, especially at early time points af-
ter injury. In this study, we investigated the biological effect 
of miR-sc14 on Schwann cells via the EdU cell proliferation 
and transwell-based migration assays, and demonstrated 
that miR-sc14 plays a positive role on proliferation and mi-
gration of Schwann cells. Thus, following peripheral nerve 
injury, up-regulated miR-sc14 might contribute to peripher-
al nerve regeneration via its effect on Schwann cells. 

Additionally, by combined use of bioinformatic tools, 
high throughput data, and real-time RT-PCR, potential tar-
get genes of miR-sc14 were identified, with FGFR2 revealed 
as a candidate downstream target gene of miR-sc14. FGFR2 
is a tyrosine protein kinase that regulates development and 
regeneration of tissues and organs, including the nervous 
system. In the central nervous system, FGFR2 affects my-
elination of oligodendrocytes and regulates thickness of the 
myelin sheath (Messersmith et al., 2000; Furusho et al., 2012; 
Furusho et al., 2017). Besides oligodendrocytes, FGFR2 was 
also shown to be expressed in Schwann cells (Grothe et al., 
2001). Further, it was demonstrated that conditionally in-
activated FGFR1 and FGFR2 in Schwann cells of transgenic 
mice led to development of sensory axonal neuropathy (Fu-
rusho et al., 2009). Our study here showed that in contrast 
to miR-sc14, FGFR2 was down-regulated in rat sciatic nerve 
stumps at different time points after nerve injury. Therefore, 
dysregulated FGFR2, as a potential target of miR-sc14, might 
affect the phenotype of Schwann cells and mediate periph-
eral nerve regeneration. Furthermore, Ingenuity Pathway 
Analysis was also used to investigate biological functions 

and genes correlated with FGFR2. Ingenuity Pathway Anal-
ysis software screened genes directly linked with FGFR2, 
including fibroblast growth factor 6, fibroblast growth factor 
19, fibroblast growth factor 21, fibroblast growth factor 22, 
klotho beta, centrosomal protein 295, transcription factor 
7-like 2, and cAMP responsive element binding protein 1. 
Besides, these interacting genes, FGFR2 participation in 
biological functions associated with the nervous system was 
also determined. Correspondingly, a network of FGFR2-re-
lated genes and biological functions are demonstrated in 
Figure 5. In our future studies, dual luciferase assay and 
rescue experiments will be performed to determine whether 
miR-sc14 directly and negatively regulates FGFR. 

In summary, in this study, we investigated expression 
changes of the novel miRNA, miR-sc14, in rat sciatic nerve 
stumps at different time points after nerve injury. Accord-
ingly, we found that mRNA expression levels of miR-sc14 
are increased after peripheral nerve injury. Moreover, we 
further demonstrated that up-regulated miR-sc14 promoted 
proliferation and migration of Schwann cells. A candidate 
target gene of miR-sc14 was also revealed. Our current study 
enhances our understanding of the underlying mechanisms 
of peripheral nerve repair and regeneration, and may con-
tribute to identification of novel therapeutic targets for pe-
ripheral nerve repair.
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Figure 4 FGFR2 is a candidate target gene of 
miR-sc14. 
(A) Predicted binding sites of miR-sc14 and its poten-
tial target gene, FGFR2. (B) Heatmap of FGFR2 mRNA 
expression in rat sciatic nerve stumps after nerve inju-
ry. Red represents up-regulation and green represents 
down-regulation. (C) Expression levels of FGFR2 in 
sciatic nerve stumps at 0, 1, 4, 7, and 14 days after nerve 
injury measured by real-time reverse transcription 
polymerase chain reaction. Abundance of FGFR2 was 
normalized to GAPDH, and relative levels of FGFR2 
at 1, 4, 7, and 14 days were compared with 0 day. Data 
are expressed as the mean ± SEM. *P < 0.05, vs. 0 day 
(one-way analysis of variance). The experiment was 
conducted in triplicate. FGFR2: Fibroblast growth fac-
tor receptor 2; GAPDH: glyceraldehyde 3-phosphate 
dehydrogenase; d: day(s). 

Figure 5 Ingenuity Pathway Analysis network of 
FGFR2-related genes and biological functions.
FGFR2 was directly linked with FGF6, FGF19, 
FGF21, FGF22, KLB, CEP295, TCF7L2, and CREB1. 
FGFR2 is associated with development of nerves and 
branching morphogenesis of nerves. FGF6: Fibroblast 
growth factor 6; FGF19: fibroblast growth factor 19; 
FGF21: fibroblast growth factor 21; FGF22: fibroblast 
growth factor 22; KLB: klotho beta; CEP295: cen-
trosomal protein 295; TCF7L2: transcription factor 
7 like 2; CREB1: cAMP responsive element binding 
protein 1; FGFR2: fibroblast growth factor receptor 2.
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