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Abstract
Background/Aims: Little is known how miR-203 is involved in epidermal stem cells (ESCs) 
differentiation and scar formation. Methods: We first used luciferase assay to determine the 
interaction of miR-203 with the 3’-UTR in regulation of Hes1 expression. We then used flow 
cytometry to analyze the effects of miR-203 expression on the differentiation of ESCs to MFB 
by determination of CK15 ratio and α-SMA. To confirm the results of flow cytometry analysis, 
we used Western blot to examine the expression of α-SMA, Collagen I (Col I), and Collagen III 
(Col III), as well as the expression of Notch1, Jagged1, and Hes1 in ESCs after the treatment of 
pre-miR-203 or anti-miR-203. Finally, we examined the effects local anti-miR-203 treatment 
on would closure and scar formation using a mouse skin wound model. Results: Pre-miR-203 
treatment increased ESCs differentiation to MFB cells, as indicated by decreased CK15 ratio 
and increased MFB biomarkers. This phenomenon was reversed by overexpression of Hes1 
in ESCs. In addition, skin incision increased expression of miR-203 in wound tissue. Local 
treatment of anti-miR-203 could accelerate wound closure and reduce scar formation in 
vivo, which was associated with increased re-epithelialization, skin attachment regeneration, 
and collagen reassignment. Finally, we confirmed that anti-miR-203 treatment could inhibit 
ESCs differentiation in vivo via increasing Hesl expression. Conclusion: Taken together, our 
results suggested that overexpression of miR-203 in ESCs after skin wound may be a critical 
mechanism underlying the scar formation.
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Introduction

One of the most common complications during wound healing is the formation of scars. 
The adverse physiological and psychological effects that are associated with scars formation 
following the healing of wounds remain a major medical problem for patients [1, 2]. While 
various therapies are available for preventing scar formation during skin wound healing, 
their effects are still unsatisfactory [3, 4]. Therefore, it is necessary to study the mechanisms 
of scar formation and develop novel therapies.

Growing evidence has shown that lack of epidermal stem cells (ESCs) and the excessive 
hyperplasia of myofibroblasts (MFB) are two important factors in scar formation [5-7]. 
ESCs possess strong proliferation and differentiation potential, and are located in the basal 
layer of the epidermis and the follicle bugle of hair [8]. Under physiological conditions, ESCs 
are involved in maintaining the normal structure and function of skin and play a critical 
role in wound repairing via proliferation, migration, and differentiation [9]. Previous study 
has shown that scar tissue exhibits lower number of ESCs and higher number of MFB than 
normal skin [10]. More recently, we demonstrated that this phenomenon is dependent 
on the activation of Notch/Jagged1 signaling pathway [11, 12]. Activation of the Notch1/
Jagged1 pathway can promote ESC proliferation and inhibit the cells’ differentiation to 
MFB [13, 14]. Specifically, upon the binding of Jagged1 to Notch1 receptors, the proteolytic 
cleavage will induce the release of the Notch intracellular domain (NICD), causing it being 
translocated to the nucleus and resulting in the activation of Hairy/Enhancer of split-1 gene 
(Hes1). Importantly, it has been shown that Hes1 plays a vital role in promoting proliferation 
and inhibiting differentiation of ESCs [15].

However, skin wound healing involves multiple cellular signaling. Many studies have 
identified various miRNAs involved in cell differentiation and skin wound healing [16, 17]. 
One of these important miRNAs is miR-203. Previous studies have shown that miR-203 
exhibits potent antiproliferative function [18-20] and is involved in regulating the balance 
between stem cell proliferation and terminal differentiation in skin cells, by targeting 
p63 when stem cells in the epidermis are proliferating and differentiating into stratified 
epithelium [21]. miR-203 has the highest level of expression in the skin [22]. It induces cell 
cycle exit and represses “stemness” in epidermal progenitors, suggesting its involvement in 
keratinocyte differentiation [21, 23]. Importantly, the expression of miR-203 is drastically 
enhanced in the wound surrounding tissue [24-27]. Recent studies have shown that miR-
203 can suppress Hesl expression [28]. Based on these results, we hypothesized that 
miR-203 may play a critical role in scar formation by suppressing Hes1 expression in the 
ESCs. Therefore, we designed the study to determine whether miR-203 could regulate the 
proliferation and differentiation of ESCs by modulating Hes1 expression and ultimately 
regulate wound healing and scar formation.

Materials and Methods

Animals
Eight-week-old C57BL/6 male and female mice (ratio = 1:1) were purchased from Shanghai Laboratory 

Animal Center and were housed in the Animal Resource Facility under 12 h light/dark cycle (lights on/off at 
7 am/7 pm) and had free access to food and water. All procedures and experiments involving animals in the 
present study were performed in accordance with the National Institutes of Health Guide for Care and Use 
of Laboratory Animals (Institute of Laboratory Animal Resources, Commission on Life Sciences 2011). All 
animal experiments were approved by the Institutional Animal Care and Use Committee of First Affiliated 
Hospital of Sun Yat-Sen University, China.
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Isolation of ESCs
We carefully dissected skin samples from the back of 8-week-old C57BL/6 male and female mice from 

other tissue. The skin samples were then cut into small pieces (approximately 0.3 × 0.3 cm2). Skin samples 
were then incubated in PBS containing 0.5% Dispase II (17105041; Gibco, Shanghai, China) at 4 °C overnight. 
We then carefully dissected the epidermal sheets from the dermis and placed the epidermal sheets in 0.25% 
trypsin (25200-056; Gibco, Shanghai, China) for digestion at 37  °C for 20  minutes. Dulbecco’s modified 
Eagle’s medium (DMEM, 12100-046; Gibco, Shanghai, China) containing 10% FBS was then added in to 
inactivate the trypsin. Samples were then subjected to filtering and centrifuge. Cells were resuspended in 
keratinocyte serum-free medium (K-SFM, 17005042; Gibco, Shanghai, China) and seeded at a density of 
105 cells/cm2 in flasks, which were coated with 100 μg/ml collagen IV (ab6586; Abcam, Shanghai, China). 
Cells were allowed to adhere to the flasks for 15 minutes at 37 °C. The adhering cells were then collected 
and cultured in K-SFM medium in 5% CO2 at 37 °C. Upon the culture reached 70–80% confluence, cells were 
digested and passaged at a ratio of 1:2 [29]. To characterize the cells, cells were evaluated with markers, 
including integrin-α6bri  (3750S; Cell Signaling Technology, Shanghai, China) and CD71dim  (553264; BD 
biosciences, Shanghai, China) by immunofluorescence staining [30].

Luciferase assay
The full-length Hes1 3′-UTR was first cloned downstream of the sequence that encodes luciferase 

via XbaI site using pGL3-Basic Vector (Takara, Shanghai, China). We then used a site-directed mutagenesis 
method to introduce the mutation of a miR-203 binding site into the luciferase construct. The used primers 
were listed in Table  1. We conducted the luciferase assay using HEK293T cells in the 24-well culture 
plates. HEK293T cells were plated for 24 hours, followed by transfection with pEF-control or pEF-miR-203 
expression vector, pGL3-Basic, wild type Hes1 3’-UTR or mutated 3’-UTR vectors. The transfection control 
was pTk-Renilla. Transfection was performed using Lipofectamine LTX (Invitrogen, Shanghai, China) based 
on manufacturer’s protocol. All experiments were conducted in triplicates, and all the experiments were 
repeated at least 3 times.

mRNA half-life assay
In this experiment, we used NIH3T3 cells. Twenty-four hours before the assay, pEF-control or pEF-

miR-203 expression vector was used to transfect NIH3T3 cells, followed by Actinomycin-D treatment. Cells 
were then collected at different time points (0, 20, 40, 60, 90, 120, 150 and 180 min). Trizol was used to extract 
RNA based on manufacturer’s protocol 
(Invitrogen, Shanghai, China). Superscript 
reverse transcription and quantitative real-
time PCR (qRT-PCR) were then carried out 
to detect endogenous  expression levels 
of Hes1  mRNA.  The expression levels of 
Hes1  mRNA were normalized to internal 
control, GAPDH. qRT-PCR was performed 
as described below. Primers are listed in 
Table 1.

Viral production
Mouse-specific Hes1 lentiviral 

construct (LV-Hes1) was purchased from 
Abm (LV524028; Abmgood, Shanghai, 
China). Recombinant lentivirus was 
produced by transient transfection of 
HEK293T cells according to Tronolab 
protocols. Briefly, subconfluent HEK293T 
cells were co-transfected with 20 μg of 
transfer vector, 15 μg of packaging plasmid 
(psPAX2) and 6 μg of envelope plasmid 
(pMD2.G). Two days later, supernatant was 

Table 1. List of Primers
 

Primer name Sequences Application 

Pri-miR-203 

F TTATGCCGGCTAGATCCATAGACAGCAACAG 
Amplification of Pri-miR-203 

R GCCGGTTTAAACGTTAGAAAGGGCCCTGGATC 

Hes1 3’UTR mut 

F ATGTGATGCGAATGTTTGTTTGAAAATGC 
Mutation of Hes1 3’UTR 

R GCATTTTCAAACAAACATTCGCATCACAT 

Hes1 

F TGAAGGATTCCAAAAATAAAATTCTCTGGG 
RT-PCR 

R CGCCTCTTCTCCATGATAGGCTTTGATGAC 

Gapdh 

F ATCTTCTTGTGCAGTGCCAGCCTCGTCCCG 
RT-PCR 

R AGTTGAGGTCAATGAAGGGGTCGTTGATGG 

GFP 

F ACGTAAACGGCCACAAGTTC 
RT-PCR 

R AAGTCGTGCTGCTTCATGTG 
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ultra-centrifuged in Beckman L-70 at 26, 000 rpm at 4 °C for 2 h. Viral pellet was then resuspended in 100 
μl PBS. Fresh viral suspension (20 μl) was used for each infection.

Establishment of ESCs with stable expression of Hes1
ESCs from C57/BL6 mice were transduced with Hes1 lentiviral constructs as previously described [31].  

ESCs were infected with lentiviral vector overexpressing Hes1 with GFP signals (over 80% of transfected 
cells) were selected for further experiments.

miR-203 overexpression and knockdown
We ordered synthetic pre-miR-203, anti-miR-203 and scrambled negative control RNAs from Shanghai 

GenePharma Co., Ltd., (Shanghai, China). The cells were seeded in 6-well plates or 60-mm dishes. Upon 
the cells reached approximately 70% confluency, the cells were transfected with Lipofectamine 2000 
(Invitrogen, Shanghai, China). In each well, equal amounts (20 ng/mL) of pre-miR-203, anti-miR-203 or 
scrambled negative control RNA were used. Twenty-four hours after transfection, we harvested the cells 
for subsequent quantitative RT-PCR and Western blotting experiments. The transfection success rate was 
about 82%.

Flow cytometry analysis
ESCs (1 × 106/ml) were trypsinized and suspended in 2% BSA/PBS (16000-044; Gibco, Shanghai, 

China) after 10  days of culture. Following centrifuge and resuspension, we incubated the cells with the 
following primary antibodies: anti-CK10 (1:100, ab9026; Abcam, Shanghai, China), anti-CK15 (1:100, 
ab52816; Abcam, Shanghai, China), and anti-α-SMA (1:20, ab32575; Abcam, Shanghai, China) for 2 hours 
at room temperature. Cells were then subjected to centrifuge and washing, and FITC-labeled secondary 
antibody IgG (1:500, ab6785; Abcam, Shanghai, China) was then added in the resuspended cells incubated 
for 30 minutes. BD Accuri C6 (BD Biosciences, Shanghai, China) was then used to detect the expression of 
CK15, CK10, and α-SMA. All experiments were performed in triplicate.

Protein extraction and western blot analysis
We extracted total proteins of ESCs using the ProteoPrep® Total Protein Extraction Kit (PROTTOT-

1KT; Sigma-Aldrich, Shanghai, China), and determined the protein concentration using the BCA Assay Kit. 
Protein samples were boiled for 10 minutes, protein extract (50 μg) were then loaded in 10% SDS-PAGE gels 
for electrophoresis at 100 V for 2 hours, followed by transferring to PVDF membranes (Millipore, Shanghai, 
China) at 100 V for 90 minutes. The membranes were then blocked with 5% nonfat milk in TBST (0.1 M, 
pH=7.4) and incubated at 4 °C overnight with one of the following primary rabbit anti-mouse antibodies: 
anti-α-SMA (1:1, 000, ab32575; Abcam, Shanghai, China), anti-Collagen I (1:1, 000, ab34170; Abcam, 
Shanghai, China), anti-Collagen III (1:1, 000, ab7778; Abcam, Shanghai, China), anti-Jagged1 (1:500, ab7771; 
Abcam, Shanghai, China), anti-Notch1 (1:1, 000, ab52627; Abcam, Shanghai, China), and anti-Hes1 (1:1, 000, 
ab71559; Abcam, Shanghai, China). The membranes were then washed with with TBS/Tween-20 solution, 
and incubated with peroxidase-conjugated secondary antibody IgG (1:2, 000, ab6721; Abcam, Shanghai, 
China). Odyssey infrared imaging system (LI-COR Biosciences, Shanghai, China) was used to detect protein 
bands and the images were analyzed by Image Pro-Plus 6.0 software (Media Cybernetics). Protein levels 
were normalized to GAPDH. All experiments were performed in triplicate.

Skin wound model
We anesthetized mice using 1% pentobarbital (30 mg/kg) and shaved the hair on the back. We then 

made a circular, full-thickness skin excision (10 mm in diameter) in the middle of back of the spine. After 
skin excision, anti-miR-203 (10 μg dissolved in 100 μL of PBS) was directly injected into the surrounding 
dermis of the wound at three sites once daily for 14 days. The control wounds received equal amount of 
scrambled negative control. We recorded wound healing using photographed images. Digital planimetry 
was used to measure wound area with ImageJ software version 2.1.4.6 (NIH, Bethesda, MD). The wound 
residual rate and scar index were calculated using the formula as described previously [32].
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Quantitative real-time PCR
Total RNA was extracted from the wound tissue samples using Trizol Reagent (Invitrogen, Shanghai, 

China), and then transcribed into cDNA using the PrimeScript RT reagent Kit (Takara, Shanghai, China). 
Quantitative real-time PCR (qRT-PCR) was conducted in the Stratagene Mx3000P real-time PCR 
system (Agilent Technologies, CA, USA) using SYBR Premix ExTaq (Takara, Shanghai, China) and the 
primer sequences for miR-203 were shown as follows: forward, 5’-GTGCAGGGTCCGAGGT-3’; reverse, 
5’-GCCGCGTGAAATGTTTAGG-3’. GAPDH (ab9485; Abcam, Shanghai, China) was used as internal control. 
The relative expression ratio of mRNA was calculated using the 2−ΔΔCT method. All the experiments were 
repeated 3 times.

Histological analysis and immunohistochemistry staining
Skin tissue samples were fixed with formalin, embedded in paraffin, and sectioned at 4 μm thickness. 

The sections were deparaffinized and stained with hematoxylin and eosin (H&E) and Masson, and were 
evaluated under standard light microscopy (OLYMPUS, Japan) by experimenter who were blinded to the 
experiment conditions. To label α-SMA, we blocked the sections using 2% goat serum in PBS for 20 minutes 
and then incubated the sections with mouse monoclonal anti-α-SMA (1:50, ab7817; Abcam, Shanghai, 
China) at 4 °C overnight. Sections were then washed in PBS, followed by incubation with an HRP-conjugated 
secondary antibody (1:2, 000, ab97051; Abcam, Shanghai, China) for 1  hour at room temperature. The 
sections were further incubated with 2, 4-diaminobenzidine substrate and counterstained with hematoxylin.

Immunofluorescence analysis
Sections were first washed in PBS, followed by blocking in 10% goat serum (16210064; Gibco, 

Shanghai, China) at 37 °C for 30 minutes. To conduct double labeling, we added two compatible primary 
mouse anti-rabbit antibodies: anti-BrdU (1:250, ab8152; Abcam, Shanghai, China) and anti-α-SMA (1:200, 
ab7817; Abcam, Shanghai, China), and anti-Hes1 (1:100, ab119776; Abcam, Shanghai, China), and incubated 
the sections at 4 °C overnight. On the next day, the sections were washed with 3% BSA/PBS, followed by 
incubation with secondary antibodies for 1 hour: goat anti-mouse IgG labeled with Alex Fluor 488 (1:200, 
ab150113; Abcam, Shanghai, China) and goat anti-mouse IgG labeled with Alexa Fluor 594 (1:200, ab150116; 
Abcam, Shanghai, China). Images were captured using a fluorescence microscope (OLYMPUS, Japan).

Statistical analysis
We analyzed all data using PRISM5.0 software (GraphPad, CA, USA). Values were expressed as the 

mean ± standard deviation (SD). Because there was no difference in all data analysis between male and 
female groups, we combined male and female group data together. Student’s t test was used to compare the 
difference between control and experimental groups. One-way analysis of variance (ANOVA) was used for 
comparing the differences between multiple groups. A Bonferroni post-hoc test for pairwise comparisons 
was performed as appropriate. P < 0.05 indicates that the difference was statistically significant.

Results

MiR-203 regulated Hes1 expression by interacting with 3’-UTR of Hes1 mRNA
We first determined the role of interaction of miR-203 with the 3’-UTR in regulation of 

Hes1 expression. We examined the luciferase reporter expression in the presence or absence 
of a miR-203 binding site of the 3’-UTR of Hes1 mRNA (Fig. 1A). We transfected HEK293T 
cells with control or miR-203 expression vector together with the luciferase reporters. 
Luciferase reporter containing SV40 late 3’-UTR was used as a control. When there was a 
wild-type 3’-UTR of Hes1 mRNA, the expression of reporter was down-regulated by miR-203. 
However, this effect was not seen after the miR-203-binding site in the 3’-UTR of Hes1 mRNA 
was mutated (Fig. 1B and C). These results suggested that miR-203 negatively regulates the 
expression of Hes1 via interacting with the 3’-UTR of Hes1 mRNA.
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MiR-203 promoted the differentiation of ESCs to MFB in vitro
ESCs were treated with synthetic pre-miR-203, anti-miR-203 or scrambled negative 

control RNAs for 10  days. To determine ESC differentiation to MFB, we examined the 
expression of α-SMA, CK10, and CK15 using flow cytometry. The ratio of CK15 and CK10 
reflects the purity of ESCs [33, 34] and α-SMA is a specific marker of MFB [35, 36]. We found 
that treatment of pre-miR-203 significantly reduced the ratio of CK15 compared with the 
control group (P < 0.05; Fig. 2A and B). We confirmed that these manipulations significantly 
altered the expression levels of miR-203 in ESCs (Fig. 2C). However, when ESCs were pre-
transduced with LV-Hes1, the effects of pre-miR-203 on the ratio of CK15 were not seen. 
Similarly, we found that treatment of pre-miR-203 significantly increased the percentage 
of α-SMA positive cells compared with the control group (P < 0.05; Fig. 3A and B). However, 
when ESCs were pre-transduced with LV-Hes1, the effects of pre-miR-203 treatment on the 
percentage of α-SMA positive cells were not seen. These results indicated that miR-203 could 
promote the differentiation of ESC to MFB in vitro.

MiR-203 promoted the formation of MFB in vitro
To confirm the results of flow cytometry, we also examined the expression of α-SMA, 

Collagen I (Col I), and Collagen III (Col III) using western blot analysis. Col I and Col III are 
metabolites of MFB, and are also valid markers for MFB [35, 36]. We found that the expression 
of α-SMA, Col I, and Col III was significantly lower after anti-miR-203 treatment compared with 

Fig. 1. microRNA-203 targets the 3’-UTR of Hes1 mRNA and regulates Hes1 expression. (A) The schematic 
structures of luciferase reporters containing SV40 late 3’-UTR, the wild-type (WT) Hes1 3’-UTR or the Hes1 3’-
UTR whose miR-203-binding site was mutated. (B) Luciferase assay with the control or miR-203 expression 
vector in 293T cells. MiR-203 repressed the expression of the reporter containing the WT Hes1 3’-UTR but 
not mutated  Hes1  3’-UTR or SV40 late 3’-UTR. The averages with SD of three independent experiments 
are shown. ***P<0.001,  t-test. (C)  Hes1  mRNA stability assay. (D) GFP mRNA expression in GFP vector-
transfected NIH3T3 cells in the presence of the control or miR-203 expression vector was quantified by qRT-
PCR. The value at each time point was the average of three independent experiments. Each was performed 
in triplicates.
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Fig. 2. Flow cytometry analysis of CK10 and CK15 expression in ESCs. (A) Expression of CK10 and CK15 
of each treatment group on day 10 detected by flow cytometry analysis. (B) Ratio of CK15 and CK10 of 
each treatment group on day 10. (C) Relative expression of miR-203 in ESCs. *P < 0.05 compared with 
control, #P < 0.05 compared with pre-miR-203.
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control (P < 0.05; Fig.  4A). 
Furthermore, pre-miR-203 
treatment resulted in 
higher levels of expression 
of α-SMA, Col I, and Col III 
in ESCs compared with 
control (P < 0.05; Fig.  4A). 
Additionally, when ESCs 
were pre-transduced with 
LV-Hes1, the effects of pre-
miR-203 on the expression 
of α-SMA, Col I, and Col III 
in ESCs were not seen. To 
test the effects of miR-203 
on Notch1/Jagged1-Hes1 
signaling pathway, we also 
examine the expression 
of Notch1, Jagged1, and 
Hes1 in ESCs. We found 
the expression of Jagged1 
or Notch1 was not altered 
by these treatments. 
However, we found that 
anti-miR-203 reduced the 
expression of Hes1, and 
pre-miR-203 increased 
the expression of Hes1 in 
ESCs (P < 0.05; Fig.  4B). 
Additionally, when ESCs 
were pre-transduced 
with LV-Hes1, the effects 
of pre-miR-203 on the 
expression of Hes1 in ESCs 
were reversed (P < 0.05; 
Fig.  4B). Taken together, 
our results not only 
confirmed that Hes1 as a 
downstream molecule of 
Notch1/Jagged1 pathway 
plays a critical role in ESCs 
differentiation to MFB, 
but also indicated that 
miR-203 can interact with 
Notch1/Jagged1 pathway 
to modulate the ESCs 
differentiation to MFB.

A n t i - m i R - 2 0 3 
treatment accelerated 
wound closure and 
reduced scar formation in vivo
To investigate the role of miR-203 in wound healing and scar formation in vivo, we 

conducted our experiments using a mouse skin wound model. Mice were treated with either 
anti-miR-203 or scramble negative control RNA. During the period of wound healing, wound 

Fig. 3. Flow cytometry analysis of α-SMA expression in ESCs.  (A) 
Expression of α-SMA of each treatment group on day 10 detected by 
flow cytometry analysis. (B) Percentage of α-SMA positive cells of each 
treatment group on day 10. *P < 0.05 compared with control, #P < 0.05 
compared with pre-miR-203.
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healing time and the images of the wound 
for each animal was recorded. Wound 
areas and the thickness of scar tissues 
were also measure. We calculated the 
residual wound area rate and scar index. 
We found that skin incision increased 
the expression of miR-203 in wound 
tissues across time as measured by qRT-
PCR (P < 0.05; Fig. 5). Furthermore, anti-
miR-203 treatment reduced the healing 
time (data not shown), and decreased skin 
thickness (P < 0.05; Fig.  6A) scar index 
(P < 0.05; Fig. 6B), and the residual wound 
area (P < 0.05; Fig. 6C; data not shown), 
compared with control. These results 
suggested that miR-203 overexpression 
after skin wound could delay wound 
healing and promote scar formation.

Anti-miR-203 treatment promoted 
re-epithelialization, skin attachment 
regeneration, and collagen 
reassignment
We further evaluated the wound healing quality and assessed the scar formation. We 

Fig. 4. miR-203 promoted ESCs differentiation to MFB by enhancing Hes1 expression in vitro. 
(A)    Representative immunoblot results showing relative protein levels of α-SMA, Col I, and Col III for 
each treatment group on day 10. (B) Representative immunoblot results showing relative protein levels of 
Jagged1, Notch1, and Hes1 for each group on day 10. *P < 0.05 compared with control.
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Fig. 5. Effects of skin incision on miR-203 expression in 
wound surrounding tissue. Skin incision induces miR-
203 expression in wound surrounding tissue. Anti-
miR-203 local treatment suppressed the expression of 
miR-203 over 14 days *P < 0.05 compared with day 0 
(n=10).
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collected the scar tissue 
at the end of experiments 
(day 14). We evaluated 
re-epithelialization, skin 
appendage regeneration, and 
collagen reassignment using 
H&E and Masson staining. 
We found that the quality of 
wound healing after anti-
miR-203 treatment was 
increased compared with 
control group. Specifically, 
anti-miR-203 treatment 
resulted in increased cell 
layers, epidermal ridges, 
formation of primitive 
hair follicle, sweat gland 
structures, and collagen 
arrangement (Fig.  6D). 
These results suggested 
that miR-203 plays a 
critical role in regulating 
re-epithelialization, skin 
appendage regeneration, and 
collagen reassignment.

Anti-miR-203 treatment 
inhibited differentiation 
of ESCs to MFB in vivo
We labeled ESCs with 

BrdU and detected the relative 
expression levels of Hes1 and 
α-SMA at the same time by 
double-immunofluorescence 
staining. We found that 
anti-miR-203 treatment 
significantly increased 
the percentage of Hes1/
BrdU double-positive cells 
(P < 0.05; Fig.  7A and B) 
compared with control. On 
the contrary, anti-miR-203 
treatment significantly 
decreased the percentage of 
α-SMA/BrdU double-positive 
cells (P < 0.05; Fig. 7C and 
D) compared with control. 
These results suggested that 
miR-203 could promote ESC 
differentiation to MFB by 
enhancing Hes1 expression.

Fig. 6. Anti-miR-203 treatment accelerated wound closure and 
reduced scar formation in vivo. (A) Scar thickness at day 14. *P < 0.05 
compared with control (n=10). (B) Scar indexes for each group at day 
14. *P < 0.05 compared with control (n=10). (C) Representative skin 
wound images from each treatment group taken on post-injury days 
0, 3, 7, and 14. (D) Skin tissue sections stained with H&E and Masson 
and immunohistochemical staining for α-SMA.
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Discussion

The present study was designed to examine the role of miR-203 in ESCs differentiation 
to MFB and skin wound healing and scar formation. Consistent with previous study, we 
found that Hes1 expression is negatively regulated by miR-203, which interacts with the 
3’-UTR of  Hes1  mRNA. Furthermore, using flow cytometry analysis, we showed that pre-
miR-203 treatment increased the percentage of MFB cells, as indicated by MFB biomarkers, 
including α-SMA and CK15. This phenomenon was reversed in ESCs that has overexpression 
of Hes1 via lentiviral transduction (LV-Hes1). We further confirmed these results by using 
Western blot analysis, and demonstrated additional biomarkers of MFB, including Col-1 
and Col-III, were also increased by pretreatment of pre-miR-203. Similarly, this effect was 
reversed in LV-Hes1 transduced ESCs. These results indicated that miR-203 could promote 
the differentiation of ESC to MFB in vitro via suppressing Hes1 expression. To examine the 
role of miR-203 in skin wound healing and scar formation, we first found that skin incision 
increased expression of miR-203 in wound tissue. We applied anti-miR-203 locally and 
found that anti-miR-203 treatment after skin incision could accelerate wound closure and 
reduce scar formation in vivo. This effect was associated with increased re-epithelialization, 
skin attachment regeneration, and collagen reassignment. Finally, we confirmed that anti-
miR-203 treatment could inhibit differentiation of ESCs to MFB in vivo via increasing Hesl 
expression. Taken together, our results suggested that overexpression of miR-203 in ESCs 
after skin wound may be a critical mechanism underlying the scar formation.

Our previous study has shown that the Notch1/Jagged1 pathway plays a key role in 
ESCs differentiation to MFB. Hes1 is an essential downstream signaling molecule of Notch1/
Jagged1 pathway [37]. It has been demonstrated that the activation of Notch1/Jagged1 
pathway can result in the activation of its downstream gene Hes1, and can promote stem cell 
proliferation and inhibit their differentiation [38]. In our previous study, we demonstrated 
that activation of the Notch1/Jagged1 pathway contributes to promoting ESC proliferation 

Fig. 7. Effects of anti-miR-203 treatment on Hes1 expression and differentiation of ESCs to MFB in healed 
skin. (A) Representative Brdu/Hes1 double-positive cells in healed skin and (B) the percentage of the 
positive cells to total cells in healed skin of each group on post-injury day 14. (C) Representative Brdu/α-
SMA double-positive cells in healed skin and (D) the percentage of the positive cells to total cells in healed 
skin of each group on post-injury day 14. Student’s t test, *P < 0.05 compared with control value (n= 10).
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and inhibiting ESC differentiation [13]. Adding to this literature, the present study first 
demonstrated that miR-203 may be a paralleling signaling pathway in regulation of ESCs 
differentiation to MFB. miRNAs are ~22-nucleotide-long endogenously expressed non-
coding RNAs. Many studies have shown that miRNAs can regulate gene expression by 
inhibition of translation and/or transcription in animals. miRNAs are critically involved in 
various physiological and pathological processes, and are implicated in a number of diseases 
[39]. Growing evidence indicates that dysregulation of specific miRNA is associated with 
wound healing processes [25, 40, 41]. Specifically, studies have demonstrated that some 
miRNAs play pivotal roles in skin development and the changes of morphology and function 
[25, 42]. Previous studies have examined miRNA expressions in mice without Dicer or dgcr8 
keratinocytes, and reported that these mice exhibited depletion of ESCs, dysfunction of skin 
barrier, disorder of hair growth and development, and hyperplasia of basal follicular keratin 
cells [43, 44]. It has been shown that miR-203 is the most abundant keratinocyte-specific 
miRNA in the epidermis and plays a critical role in cell proliferation and differentiation. MiR-
203 is induced in the skin concomitantly with stratification and differentiation [40]. When 
miR-203 was overexpressed in the basal layer, the proliferative capacity of cells was reduced 
earlier, and cell-cycle existence was initiated. In contrast, depletion or knockout of miR-203 
can regulate the transition of keratinocytes from the basal layer to the upper layers [45]. 
Expression of miR-203 is increased in patients with chronic inflammatory skin disease such 
as psoriasis and atopic eczema, suggesting that miR-203 is involved in inflammatory reaction, 
cell apoptosis and protease activity [46-48]. Furthermore, miR-203 expression during cells 
differentiation was described as a ‘stemness’ repressor and can promote differentiation 
process [26, 49], suggesting that miR-203 can act as a switch between cell proliferation 
and differentiation. However, studies have also shown that miR-203 was not expressed in 
proliferating and migrating keratinocytes at the edge of a wound, but was highly expressed 
in the wound’s surrounding [50]. Consistent with these results, our study demonstrated 
that skin incision induced miR-203 expression in the wound surrounding tissues. Logically, 
we applied local treatment of anti-miR-203 in the wound surrounding tissue. We reported 
that anti-miR-203 could accelerate wound closure and reduce scar formation in vivo. This 
effect was associated with increased re-epithelialization, skin attachment regeneration, and 
collagen reassignment, likely due to inhibition of differentiation of ESCs to MFB.

In addition to miR-203, several other miRNAs, such as miR-21, miR-34, and miR-
146a/b are also involved in regulation of cell differentiation and proliferation in skin 
development [51-54]. Therefore, a reasonable hypothesis is that dysregulation of miRNA 
expression critically contributes to the wound healing processes and scar formation. While 
the present study was focused on examining the role of miR-203 in skin wound healing and 
scar formation, future studies will be necessary to evaluate the role of miRNAs in regulation 
of wound healing and scar formation comprehensively. This line of research will not only 
be important for understanding the mechanisms of scar formation, but also be critical for 
identification of effective therapeutic targets that can promote wound healing process 
without scar formation.
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