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Abstract. A hypertrophic scar is characterized by fibroblast 
proliferation and excessive extracellular matrix deposition. 
Emerging evidence has revealed that fetal keratinocytes (KCs) 
contribute to scarless wound healing. However, the association 
between fetal keratinocytes and hypertrophic scarring remains 
unclear. In the present study, human KCs of different gestational 
ages were isolated and co‑cultured with human hypertrophic 
scar fibroblasts (HSFbs) or normal skin fibroblasts. Gene 
expression and protein levels of fibronectin, collagen 1and 
α‑smooth muscle actin in the fibroblasts were measured by 
reverse transcription‑quantitative polymerase chain reaction 
and western blot analyses. It was observed that fetal KCs 
significantly inhibited the proliferation of HSFbs in vitro. 
Fetal keratinocytes also affected the expression of fibronectin, 
collagen 1 and α‑smooth muscle actin in HSFbs. In addition, 
miR‑940 may modulate the suppressive effects of fetal KCs 
on the cell proliferation, differentiation and extracellular 
matrix synthesis of HSFbs by directly targeting transforming 
growth factor‑β1. Taken together, the results of the present 
study provide evidence to support the potential use of fetal 
KCs for cell‑based therapeutic grafting in the prevention of 
hypertrophic scarring.

Introduction

A hypertrophic scar (HS) is a type of fibrous tissue hyper-
plasia caused by excessive wound healing following skin 
and tissue injury. Wound healing in adults usually results in 
scarring that may cause functional restrictions in movement 
in addition to physical and psychological difficulties (1‑3). 
Therefore, the development of novel therapeutic approaches to 
prevent HS formation is necessary. Early‑ to mid‑gestational 
fetal mammalian skin wounds have been reported to heal 
rapidly and with the absence of scarring (4‑6). The potential 
of using human fetal skin cells for allogeneic transplantation 
was recently reported (7). The study demonstrated that fetal 
keratinocytes (KCs) exhibit shorter expansion times, longer 
telomeres, reduced immunogenicity and increased clonoge-
nicity, with increased stem cell properties, compared with 
adult KCs (7). Further previous studies demonstrated that fetal 
KCs exert important effects on the phenotypic and functional 
regulation of normal fetal and adult fibroblasts via the secretion 
of various molecules (8,9). Other studies have demonstrated 
that early‑ to mid‑gestational fetal KCs may promote scarless 
fetal wound healing (6,7). However, the association between 
fetal KCs and HS formation remains unclear.

MicroRNAs (miRNAs/miRs) are a class of small, 
noncoding RNAs that have roles in skin scarring. miRNAs 
are between 18 and 25 nucleotides long and alter gene expres-
sion by binding to target mRNAs, which subsequently leads to 
degradation of the target mRNAs or prevents the translation 
of the target mRNAs into proteins. In a previous study, it was 
reported that 110 miRNAs, including 22 novel miRNA candi-
dates, were significantly differentially expressed between 
mid‑ and late‑gestational fetal KCs. A total of 33 differentially 
expressed miRNAs, including miR‑940 and miR‑34, were 
associated with the transforming growth factor‑β (TGF‑β) 
signaling pathway (10). The effect of miRNAs involved in 
regulating the TGF‑β pathway and fibroblast functions has 
been reported in hypertrophic scarring (11). However, there are 
few reports regarding the role of miRNAs in fetal KC‑induced 
alterations in human HS fibroblasts (HSFbs).

In the present study, fetal KCs and HSFbs were isolated 
from the skin tissues of fetuses and adults, respectively, and 
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co‑cultured using a Transwell system (11). The aim was to 
determine whether fetal KCs inhibit HS‑associated properties 
of cultured HSFbs, including proliferation, differentiation 
and extracellular matrix (ECM) synthesis. In addition, the 
present study investigated the mechanism through which fetal 
KCs may inhibit HSFb proliferation, differentiation and ECM 
synthesis, and determined which factors and mechanisms 
of prenatal wound healing may be applied to postnatal 
wound repair.

Materials and methods

Cell culture. Following approval from the China Medical 
University Ethics Committee of Shengjing Hospital 
(Shenyang, China), tissue samples were collected between 
August 2013 and August 2015 according to the ethical rules 
for human experimentation stated in the 1975 Declaration 
of Helsinki. Full‑thickness fetal skin tissues were obtained 
from the lower leg of 5 mid‑gestational fetuses (3 males and 
2 females; gestational age, 20‑23 weeks) and 5 late‑gestational 
fetuses (3 males and 2 females; gestational age, 30‑34 weeks). 
None of the pregnancies were terminated due to miscar-
riage or elective abortion, and the reason for termination of 
pregnancy in each case is summarized in Table I. Women 
undergoing termination of pregnancy provided written 
informed consent for the use of fetal tissue in the present 
study. Samples of HS and paired normal skin tissues were 
collected during plastic surgery procedures. The HS sample 
patient profiles are summarized in Table II. All patients 
provided informed consent. All tissues were collected at the 
Shengjing Hospital of China Medical University. No patients 
had been diagnosed with a systemic disease or previously 
treated for scarring. KCs and HSFbs were cultured as 
described previously (8,9,12). Cell cultures at passage 3‑5 
were used in all experiments.

Co‑culture of human HSFbs and fetal KCs. For co‑culture 
of HSFbs and fetal KCs, KCs were seeded at a density of 
1x105 cells/cm2 on Transwell clear polyester membrane inserts 
with a 0.4‑mm pore size (Costar; Corning Incorporated, 
Corning, NY, USA) in Epilife™ growth medium (Invitrogen; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) supple-
mented with 1% human keratinocyte growth supplement 
(Invitrogen; Thermo Fisher Scientific, Inc.) and grown to 
confluence at 37˚C, 100% humidity and 5% CO2. The medium 
was subsequently changed to high‑glucose Dulbecco's 
modified Eagle's medium (DMEM; Gibco; Thermo Fisher 
Scientific, Inc.) with 10% fetal bovine serum (FBS; Invitrogen; 
Thermo Fisher Scientific, Inc.), and the cells were raised to the 
air‑liquid interface. Prior to co‑culture, HSFbs were seeded at 
a density of 105 cells/cm2 onto six‑well plates in high‑glucose 
DMEM with 10% FBS, incubated for 48 h at 37˚C, and 
subsequently cultured in serum‑free medium for an additional 
24 h at 37˚C. Following washing with PBS, the membranes 
containing KCs were transferred onto the cultured fibroblasts 
and maintained at 37˚C, in serum‑free low calcium KC growth 
medium supplemented with 5 ng/ml epidermal growth factor 
for 2 days. HSFbs cultured in isolation with an empty insert 
served as the control group. All experimental and control 
samples were produced in triplicate.

miRNA target prediction. TargetScan Human (www.
targetscan.org/vert_61) was used to identify the potential 
targets of miR‑940.

Transfection of miRNA mimics and inhibitors into fetal KCs. 
miR‑940 mimics (cat. no. MSY0004983; Qiagen GmbH, 
Hilden, Germany), miR‑940 inhibitors (cat. no. MIN0004983; 
Qiagen GmbH) and a negative control duplex (NC; cat. 
no. MSY0002505; Qiagen GmbH) were employed to investi-
gate the functions of miR‑940 in fetal KCs. Fetal KCs (5x105) 
were seeded in six‑well plates (Nest Biotechnology Co., Ltd., 
Wuxi, China). At 70% confluence, the cells were subjected 
to 50 mM transfections for 48 h using Lipofectamine 2000 
(Invitrogen; Thermo Fisher Scientific, Inc.), according to the 
manufacturer's protocol (13).

Cell proliferation assay. Fibroblast proliferation was measured 
using a tetrazolium reagent, 2‑(4‑indophenyl)‑3‑(4‑nitro-
phenyl)‑5‑(2, 4‑disulphophenyl)‑2H‑tetrazolium monosodium 
salt (WST‑1; cat. no. C0036; Cell Counting kit; Beyotime 
Institute of Biotechnology, Haimen, China) at 48 h after 
the initiation of co‑culture, according to the manufacturer's 
protocol. The optical density was measured by determining the 
absorbance at 450 nm. The results are expressed as the ratio 
compared with the control. Data were collected from three inde-
pendent experiments, each of which was performed in duplicate.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) analysis. To detect miRNAs from fetal KCs and 
fetal epidermis specimens, RNAs were prepared from cells and 
epidermis using the mirVana miRNA Isolation kit (Ambion; 
Thermo Fisher Scientific, Inc.). The RT‑qPCR for miRNA 
analy sis in fetal KCs was performed using iQ SYBR‑Green 
Supermix (Bio‑Rad Laboratories, Inc., Hercules, CA, USA). 
A total of 3 µg total RNA was reverse‑transcribed using a 
specific looped RT primer for each miRNA with a RevertAid 
First Strand cDNA Synthesis kit (Thermo Fisher Scientific, 
Inc.). qPCR was performed on an Applied Biosystems 7500 
system (Thermo Fisher Scientific, Inc.). U6 was used as an 
internal control. Total RNA was prepared from fibroblasts at 
48 h after the initiation of co‑culture using TRIzol Reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.), according to the 
manufacturer's protocol. The fibroblasts were washed three 
times with PBS prior to extraction. To analyze mRNA expres-
sion in fibroblasts, 0.5 µg total RNA was reverse‑transcribed 
using random hexamer primers and Moloney murine leukemia 
virus reverse transcriptase under the conditions recommended 
by the manufacturer (Invitrogen; Thermo Fisher Scientific, Inc.). 
The iQ SYBR‑Green Supermix and Applied Biosystems 7500 
system were additionally used for qPCR of mRNAs in fibro-
blasts. GAPDH was used as an internal control. Fold changes of 
miRNA and mRNA expression were calculated using the 2-ΔΔCq 

method (14). The RT‑qPCR reaction conditions were 95˚C for 
30 sec, followed by 40 cycles of 95˚C for 5 sec and 60˚C for 
34 sec. Primer sequences are presented in Table III.

Dual luciferase reporter assays. Dual luciferase reporter 
assays were performed as reported previously (15). Fetal 
mid‑gestational KCs were seeded at a density of 5,000 
cells/well in 96‑well plates and co‑transfected with a 
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pMir‑Report luciferase vector (1.2 µg) containing a wild‑type 
or mutant form of the 3' untranslated region of TGF‑β1, which 
contains a miR‑940 binding site, pRL‑TK Renilla luciferase 
vector (0.12 µg; Promega Corporation, Madison, WI, USA) 
and miR‑940 mimics (50 mM). At 48 h post‑transfection, the 
luciferase activities were determined with the Dual‑Luciferase 
Reporter Assay System (Promega Corporation). Renilla 
luciferase activity was used as an internal control. Following 
normalization to Renilla luciferase activity, the firefly lucif-
erase activity was analyzed. All results are representative of 
three independent assays.

Western blot analysis. Total protein was extracted from the indi-
cated cells using a Mammalian Cell Lysis kit (Sigma‑Aldrich; 
Merck KGaA, Darmstadt, Germany) according to the manufac-
turer's protocol. Cells were washed with ice‑cold PBS prior to 
lysis by mechanical disruption. The protein concentration was 
determined using the Bradford method. A total of 50 µg proteins 
mixed in loading buffer were separated on 1 mm NuPage 
Novex 10% Bis‑Tris gels using a NuPage MOPS SDS Buffer 
kit (Thermo Fisher Scientific, Inc.) followed by electrotransfer 
to 0.2‑mm nitrocellulose membranes (Pall Life Sciences, Port 
Washington, WI, USA). Nonspecific binding sites were blocked 
with 5% bovine serum albumin (Sigma‑Aldrich; Merck KGaA) 
in PBS for 1 h at room temperature. Membranes were subse-
quently incubated with primary antibodies against fibronectin 
(cat. no. ab23750; diluted 1:500; Abcam, Cambridge, MA, 
USA), collagen 1 (cat. no. 84336; diluted 1:500; Cell Signaling 
Technology, Inc., Danvers, MA, USA) or α‑smooth muscle 
actin (α‑SMA, cat. no. 19245; diluted 1:1,000; Cell Signaling 
Technology, Inc.) at 4˚C overnight. Following three washes with 
PBS containing 0.5% Tween‑20, the membranes were incubated 
with a horseradish peroxidase‑conjugated secondary antibody 
(cat. no. NA934; diluted 1:10,000; GE Healthcare Life Sciences, 
Little Chalfont, UK) at room temperature for 2 h. Signals were 
visualized with Amersham Enhanced Chemiluminescence 
Prime Western Blotting Detection Reagent (GE Healthcare Life 
Sciences). For the protein loading control, blots were stripped 

and stained for GAPDH using an anti‑GAPDH antibody (cat. 
no. ab8245; diluted 1:2,000; Abcam).

TGF‑β1 rescue experiments. TGF‑β1 rescue experiments were 
performed by the addition of 5 ng/ml human recombinant 
active TGF‑β1 (hraTGF‑β1; PeproTech EC Ltd., London, UK) 
to cultures of 106 KCs that had been transfected with miR‑940 
mimcs at 37˚C for 24 h. Fetal KCs were harvested at 48 h 
post‑transfection. Cell proliferation and TGF‑β1 expression 
were analyzed as described above with a cell proliferation 
assay and western blotting, respectively.

Statistical analysis. Data are presented as the mean ± standard 
deviation. Comparisons between two groups were performed 
using Student's t‑test. Multiple intervention experiments were 
compared by one‑way analysis of variance with Tukey's correc-
tion for multiple pairwise comparisons. Statistical analysis 
was performed using GraphPad Prism 6 software (GraphPad 
Software Inc., La Jolla, CA, USA). P<0.05 was considered to 
indicate a statistically significant difference.

Results

Characterization of HSFbs. HSFbs and normal skin fibroblasts 
(NFbs) were isolated from HS and normal tissues, respectively. 
In order to compare fibroblasts from HS and normal tissues, 
cell proliferation and α‑SMA expression were examined in 
HSFbs and NFbs. As presented in Fig. 1A, HSFbs maintained 
notably increased proliferation rates relative to NFbs on days 
3‑6. RT‑qPCR demonstrated significantly increased expres-
sion of α‑SMA mRNA in HSFbs compared with NFbs at 
passages 4 and 5 (Fig. 1B).

Fetal KCs inhibit proliferation, differentiationand ECM 
synthesis in HSFbs. Primary KCs were isolated from 
fetal skin tissue and healthy adult skin tissue. HSFbs were 
isolated from HS tissue. In order to determine whether 
fetal epidermal KCs exerted any biological effects on HSFb 
proliferation, a co‑culture model of KCs and fibroblasts 
was employed (Fig. 2). Quantitative analysis demonstrated 
that fetal mid‑gestational KCs exhibited a more potent 
suppressive effect on the proliferation of HSFbs at 2 days 

Table I. Reasons for pregnancy termination in each case.

 Gestationage,
Case weeks Sex Ethnicity Reason

1 20 Male Chinese Congenital 
    deformities
2 23 Male Chinese Mother's life at risk
3 23 Male Chinese Accidental trauma
4 21 Female Chinese Accidental trauma
5 23 Female Chinese Congenital 
    deformities
6 31 Male Chinese Mother's life at risk
7 30 Male Chinese Accidental trauma
8 34 Male Chinese Accidental trauma
9 32 Female Chinese Congenital 
    deformities
10 30 Female Chinese Mother's life at risk

Table II. Patient profiles for donors of HSFbs and NFbs.

No. Sex Age, years Biopsy site

1 Male 32 Leg
2 Female 24 Shoulder
3 Female 27 Leg
4 Male 35 Leg
5 Female 24 Neck
6 Male 34 Leg
7 Female 33 Leg
8 Female 28 Leg

Collected normal skin was 5 cm from the hypertrophic scar tissue. 
HSFbs, hypertrophic scarring fibroblasts; NFbs, normal skin fibroblasts.
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of culture, compared with late‑gestational or adult KCs 
(Fig. 2A). Fibronectin and collagen are major ECM compo-
nents. Therefore, the expression of fibronectin and collagen 
1 in HSFbs co‑cultured with KCs was detected. The data 
demonstrated that fetal mid‑gestational KCs exhibited a 
more potent suppressive effect on ECM synthesis in HSFbs, 
compared with late‑gestational or adult KCs (Fig. 2B‑D). In 
order to determine whether fetal epidermal KCs exerted any 
biological effects on HSFb differentiation, α‑SMA expres-
sion was examined in HSFbs co‑cultured with fetal and adult 
KCs. As presented in Fig. 2B and E, fetal mid‑gestational 
KCs exhibited a more potent suppressive effect on the expres-
sion of α‑SMA in HSFbs, compared with late‑gestational or 
adult KCs.

miR‑940 is upregulated in fetal KCs. In order to investi-
gate the exact mechanism through which fetal KCs inhibit 
HSFb proliferation, differentiation and ECM synthesis, 
nextgeneration sequencing was performed in our previous 
study to measure the expression of miRNA in fetal KCs. 
It was observed that 110 miRNAs, including 22 novel 
miRNA candidates, were significantly differentially 
expressed between mid‑ and late‑gestational fetal KCs (10). 
Experimental assessment of candidate miRNAs in the present 
study demonstrated that miR‑940 was upregulated in fetal 
mid‑gestational KCs (Fig. 3A). The levels of miR‑940 were 
also detected in 5 human fetal mid‑gestational epidermal 
specimens, 5 late‑gestational epidermal specimens and 5 adult 
epidermal specimens by RT‑qPCR. The results demonstrated 
that miR‑940 was upregulated in mid‑gestational epidermal 
specimens (Fig. 3B).

Role of miR‑940 in the suppressive effects of fetal mid‑gesta‑
tional KCs on HSFb proliferation, differentiation and ECM 
synthesis. In order to assess the role of miR‑940 in the suppres-
sive effects of fetal KCs on HSFb proliferation, cell proliferation 
was examined in HSFbs co‑cultured with fetal KCs, in the 
presence or absence of miR‑940 mimics, miR‑940 inhibitors 
or NC. As presented in Fig. 4A and B, miR‑940 expression was 
confirmed by RT‑qPCR. The results of the proliferation analysis 
demonstrated that transfection of miR‑940 mimics enhanced 
cell proliferation inhibition induced by fetal mid‑gestational 
KCs, whereas transfection of miR‑940 inhibitors reduced cell 
proliferation inhibition induced by fetal mid‑gestational KCs 
(P<0.05; Fig. 4C). In order to assess the role of miR‑940 in the 
suppressive effects of fetal KCs on the expression of fibronectin, 
collagen 1 and α‑SMA in HSFbs, RT‑qPCR and western blot 
analyses were performed in HSFbs co‑cultured with fetal KCs, 
in the presence or absence of miR‑940 mimics, miR‑940 inhibi-
tors or NC. The data demonstrated that transfection of miR‑940 
mimics enhanced the inhibition offibronectin, collagen 1 and 
α‑SMA expression in HSFbs induced by fetal mid‑gestational 
KCs, whereas transfection of miR‑940 inhibitors led to an 
upregulation of fibronectin, collagen 1 and α‑SMA expres-
sion in HSFbs, compared with the NC group (Fig. 4D‑G). The 
results of the present study indicated that miR‑940 may act as 
a positive modulator in the suppressive effects of fetal KCs on 
HS formation.

miR‑940 directly targets TGF‑β1 in KCs. To obtain additional 
insight into the molecular mechanisms of miR‑940 in the 
suppressive effects of fetal KCs on cell proliferation, differ-
entiation, and ECM synthesis of HSFbs, the public miRNA 

Table III. Primers for reverse transcription‑quantitative polymerase chain reaction analysis.

   Amplicon
Gene Forward primer Reverse primer length, bp

Collagen 1 CCCGGGTTTCAGAGACAACTTC TCCACATGCTTTATTCCAGCAATC 150
Fibronectin GAGTTGTCGTGGTCCCTCAG TGGAGGCGGCATCATAGTTG 119
α‑SMA TCCACTTGGAAGTTGGCTTCA TGTCCGTGTAGTCCTCCCTG 144
GAPDH TGTGGGCATCAATGGATTTGG ACACCATGTATTCCGGGTCAAT 116

Figure 1. Characterization of HSFbs. (A) Growth curves of HSFbs and NFbs at passage 5. There was a significant difference in cell proliferation between 
HSFbs and NFbs on days 3‑6 (P<0.05). (B) Representative reverse transcription‑quantitative polymerase chain reaction analysis of α‑SMA expression at 
passages 4, 5 and 6. The graph illustrates corresponding densitometric analysis of α‑SMA normalized to GAPDH for each passage, n=3. *P<0.05 vs. NFbs. 
HSFbs, hypertrophic scar fibroblasts; NFbs, normal skin fibroblasts; α-SMA, α‑smooth muscle actin.
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database (www. targetscan.org/vert_61) was used to predict 
the potential targets of miR‑940. Due to a highly‑conserved 
binding site, TGF‑β1 was selected for further examination. 
In order to determine the association between miR‑940 and 

TGF‑β1, the protein expression of TGF‑β1 was measured 
in fetal mid‑gestational KCs with differential expression 
of miR‑940. TGF‑β1 protein levels in fetal mid‑gestational 
KCs were markedly increased following downregulation of 

Figure 2. Effect of fetal KCs on the proliferation, differentiation and extracellular matrix synthesis of HSFbs. (A) At 48 h subsequent to the beginning 
of co‑culture, cell proliferation was measured. HSFbs co‑cultured with fetal KCs for 48 h demonstrated a reduced proliferation capacity compared with 
control HSFbs. There was a significant difference in HSFb proliferation between mid‑ and late‑gestational or adult groups at 48 h subsequent to the begin-
ning of co‑culture. (B) The levels of fibronectin, collagen 1 and α‑SMA proteins were determined by western blotting at 48 h subsequent to the beginning 
of co‑culture. GAPDH was used as a loading control. The levels of (C) collagen 1, (D) fibronectin and (E) α‑SMA mRNA were determined by reverse 
transcription‑quantitative polymerase chain reaction analysis. There was a significant difference in the mRNA levels of fibronectin, collagen 1 and α-SMA 
between mid‑ and late‑gestational or adult groups at 48 h subsequent to the beginning of co‑culture. Each value is expressed as the mean ± standard deviation 
of three independent experiments, n=5. *P<0.05, **P<0.01 and ***P<0.001, as indicated. KCs, keratinocytes; HSFbs, hypertrophic scar fibroblasts; α-SMA, 
α‑smooth muscle actin.

Figure 3. High expression of miR‑940 in human fetal KCs and fetal epidermal tissues. (A) miR‑940 was upregulated in human fetal KCs. There was a signifi-
cant difference in the levels of miR‑940 between mid‑and late‑gestational or adult groups. (B) miR‑940 was upregulated in human fetal epidermis specimens. 
There was a significant difference in the levels of miR‑940 between mid‑ and late‑gestational or adult groups. **P<0.01 and ***P<0.001, as indicated. miR, 
microRNA; KCs, keratinocytes.
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miR‑940 (Fig. 5A). To confirm whether TGF‑β1 is a direct 
target of miR‑940, dual luciferase reporter vectors containing 
the putative TGF‑β1 3'‑untranslated region target site for 
miR‑940, which was downstream of the luciferase gene 
(pMir‑TGF‑β1‑wild‑type), and a deletion mutant of 5 bp in the 
seed region (pMir‑TGF‑β1‑mutant), were constructed. As 
presented in Fig. 5B, luciferase activity assays demonstrated 
that miR‑940 significantly reducedthe activity of wild‑type, 
although not mutant, reporters in fetal mid‑gestational KCs. 
The results of the present study demonstrated the specificity of 
miR‑940 in targeting TGF‑β1.

TGF‑β1 is involved in the effects of fetal KCs on cell prolife‑
ration, differentiation and ECM synthesis in HSFbs. The 

present study investigated whether the effect of miR‑940 
overexpression on the suppressive effects of fetal KCs on cell 
proliferation, differentiation and ECM synthesis of HSFbs 
was mediated by TGF‑β1. TGF‑β1 rescue experiments were 
performed by the addition of 5 ng/ml hraTGF‑β1 to cultures 
of KCs that had been transfected with miR‑940 mimics. As 
presented in Fig. 6A, the proliferation of HSFbs co‑cultured 
with KCs was assessed by WST‑1 assays. TGF‑β1 notably 
decreased the suppressive effects of human fetal KCs on the 
cell proliferation of HSFbs. In addition, fibronectin, collagen 1 
and α‑SMA expression in HSFbs co‑cultured with KCs in the 
presence of 5 ng/ml hraTGF‑β1 was examined by RT‑qPCR 
analysis and western blotting. TGF‑β1 reduced the suppressive 
effects of human fetal mid‑gestational KCs on the expression 

Figure 4. Role of miR‑940 in the suppressive effects of fetal mid‑gestational KCs on HSFb proliferation, differentiation and extracellular matrix synthesis. 
(A) Fetal mid‑gestational KCs were transfected withan NC duplex, miR‑940 mimics or miR‑940 inhibitors, and the miR‑940 expression levels were analyzed 
using RT‑qPCR. (B) Cell proliferation assays demonstrated the role of miR‑940 in the suppressive effects of fetal mid‑gestational KCs on HSFb proliferation. 
The levels of (C) fibronectin, (D) collagen 1 and (E) α‑SMA mRNA in HSFbs were determined by RT‑qPCR at 48 h subsequent to the beginning of co‑culture. 
(F) The levels of fibronectin, collagen 1 and α‑SMA proteins in HSFbs were determined by western blotting at 48 h subsequent to the beginning of co‑culture. 
GAPDH was used as a loading control. Each value is expressed as the mean ± standard deviation of three independent experiments, n=5. HSFbs cultured 
in isolation with an empty insert served as the control group. *P<0.05, **P<0.01 and ***P<0.001, as indicated. miR, microRNA; KCs, keratinocytes; HSFbs, 
hypertrophic scar fibroblasts; NC, negative control; RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction; α-SMA, α‑smooth muscle actin.
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of fibronectin, collagen 1 and α‑SMA (Fig. 6B‑E). These 
results revealed the involvement of TGF‑β1 in the suppressive 
effect of fetal KCs on the proliferation, differentiation and 
ECM synthesis of HSFbs.

The present study demonstrated that miR‑940 mimic 
transfection enhances fetal mid‑gestational KC‑mediated 
suppression of cell proliferation, differentiation and ECM 
synthesis of HSFbs, at least partially via downregulation of 
TGF‑β1 expression (Fig. 7).

Discussion

HS formation is a complex and multifactorial fibrotic abnor-
mality that is associated with excessive fibroblast proliferation 
and ECM deposition (1,16,17). Current therapeutic strate-
gies for this condition are inadequate (16,18). Grafting of 
cultured KCs to promote regeneration was one of the first 
clinical applications for cell therapy (19). Researchers have 
observed that early‑ to mid‑gestational fetal KCs promote fetal 

Figure 6. Expression of TGF‑β1 reduces the suppressive effects of fetal mid‑gestational keratinocytes overexpressing microRNA‑940 on HSFb proliferation, 
differentiation and extracellular matrix synthesis. (A) Cell proliferation assays demonstrated differences in the growth of the various groups. The levels of 
(B) fibronectin, (C) collagen 1 and (D) α‑SMA mRNA in HSFbs were determined by reverse transcription‑quantitative polymerase chain reaction analysis at 
48 h subsequent to the beginning of co‑culture. (E) The levels of fibronectin, collagen 1 and α‑SMA proteins in HSFbs were determined by western blotting 
at 48 h subsequent to the beginning of co‑culture. GAPDH was used as a loading control. Each value is expressed as the mean ± standard deviation of three 
independent experiments, n=5. HSFbs cultured in isolation with an empty insert served as the control group. *P<0.05, **P<0.01 and ***P<0.001, as indicated. 
TGF‑β1, transforming growth factor‑β1; HSFbs, hypertrophic scar fibroblasts; α-SMA, α‑smooth muscle actin.

Figure 5. miR‑940 directly targets TGF‑β1 in fetal KCs. (A) Western blotting of TGF‑β1 in fetal mid‑gestational KCs transfected with NC or miR‑940 
inhibitors. (B) Luciferase activities of the pMir‑TGF‑β1‑3'‑untranslated region reporter in fetal mid‑gestational KCs co‑transfected with pRL‑TK Renilla 
luciferase vector and miR‑940 mimics. KCs transfected with the NC duplex served as the control. P‑values were derived from at least three independent 
experiments.*P<0.05 vs. NC. miR, microRNA; TGF‑β1, transforming growth factor‑β1; KCs, keratinocytes; NC, negative control; Wt, wild‑type; Mut, mutant.
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scarless wound healing (20). Previous studies demonstrated 
that mid‑gestational KCs exhibited positive effect on prolife‑
ration, migration, collagen synthesis and ECM remodeling in 
fibroblasts from 20‑30‑year‑olds (8,9). However, the under-
lying mechanisms, and whether fetal KCs may be effective in 
the prevention of HS formation, are yet to be established. The 
results of the present study indicated that fetal KCs, particularly 
mid‑gestational KCs, decrease fibroblast proliferation, differe‑
ntiation and ECM synthesis in HSFbs. Fetal mid‑gestational 
KC grafting may represent a potential therapeutic strategy for 
the prevention or treatment of HS.

Excessive collagen synthesis is regarded as a pathological 
characteristic of HS formation (21‑25). In the present study, it 
was observed that fetal KCs reduced themRNA and protein 
expression of collagen 1 in HSFbs. In addition to collagen 1, 
fibronectin is an important component of the ECM andis 
upregu lated in HS formation. In the present study, it was 
observed that fetal KCs significantly decreased the mRNA 
and protein expression of fibronectin in HSFbs. In addi-
tion, a significant difference in the levels of fibronectin and 
collagen 1 mRNA expression was observed between mid‑ and 
late‑gestational or adult groups at 48 h after the beginning 
of co‑culture. The results of the present study indicated that 
mid‑gestational KCs inhibit ECM synthesis in HSFbs.

During the active period of HS formation, fibroblasts 
differentiate into myofibroblasts, which exhibit a high 
proliferative capacity and synthesize large quantities 
of ECM molecules. α‑SMA is an established marker of 
myofibroblasts. Additionally, HS formation causes irrevers-
ible tissue contracture and contributes to the release of 
TGF‑β1, which subsequently leads to the continuous stimula-
tion of myofibroblast differentiation and activity (26). The 
present study demonstrated that fetal mid‑gestational KCs 
decreased the expression of α‑SMA mRNA and protein 
in HSFbs, which was accompanied by inhibition of cell 

proliferation and ECM synthesis. A significant difference 
was also observed in the levels of α‑SMA mRNA expression 
between mid‑ and late‑gestational or adult groups, at 48 h 
after the beginning of co‑culture. The results of the present 
study indicated that fetal mid‑gestational KCs may inhibit 
HSFb differentiation.

Gene therapy based on miRNA has been proposed as a 
novel therapeutic approach (27). The role of miRNAs in skin 
development and pathology has been extensively researched. 
Several previous reports have indicated the involvement 
of miRNAs in the regulation of HS formation (11,28‑30). 
However, limited information regarding the roles of miRNAs 
in fetal KC‑induced alterations in HSFbs is available (31). In 
order to clarify which miRNAs are involved in the suppressive 
effect of fetal KCs on HS formation, particularly the regulation 
of HSFb proliferation, it was previously demonstrated that 110 
miRNAs, including 22 novel miRNA candidates, were signifi-
cantly upregulated in fetal KCs; 33 differentially expressed 
miRNAs and miR‑34 family members are associated with the 
TGF‑β pathway (10). Experimental assessment of candidate 
miRNAs in the present study demonstrated that miR‑940 
was highly upregulated in fetal mid‑gestational KCs. These 
results indicated a role for miR‑940 in the regulation of HSFb 
proliferation, differentiation and ECM synthesis. The present 
study aimed to clarify the biological role of miR‑940 in HSFb 
proliferation, differentiation, and ECM synthesis regulation 
by fetal mid‑gestational KCs. Downregulation of miR‑940 by 
transient transfection with miR‑940 inhibitors or upregulation 
of the target gene (TGF‑β1) blocked the suppressive effects of 
fetal mid‑gestational KCs on proliferation, differentiation and 
ECM synthesis in HSFbs.

In conclusion, the results of the present study indicated that 
fetal KCs may regulate HSFb proliferation, differentiation and 
ECM synthesis. Specifically, the present study revealed that 
miR‑940 mimic transfection enhances fetal mid‑gestational 

Figure 7. Schematic representation summarizing the roles of miR‑940 and TGF‑β1 in the inhibitory effects of fetal mid‑gestational keratinocytes on hyper-
trophic scar fibroblast proliferation, differentiation and ECM synthesis. miR, microRNA; TGF‑β1, transforming growth factor β1; ECM, extracellular matrix.
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KC‑mediated suppression of cell proliferation, differentiation 
and ECM synthesis in HSFbs, at least partially via down-
regulation of TGF‑β1 expression. The present results support 
the hypothesisthat the suppressive effects of fetal KCs on the 
proliferation of HSFbs are partially mediated by an increase in 
miR‑940 expression. Whether similar effects may be observed 
in clinical situations involving HS formation remains to be 
determined. If similar effects are involved in clinical situa-
tions, modification of fetal KCs by miRNAs may provide a 
novel therapeutic strategy to prevent HS formation. Further 
research is required to completely elucidate the suppressive 
effects on HS of fetal KCs.
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