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MicroRNA-222 regulates the viability of fibroblasts in
hypertrophic scars via matrix metalloproteinase 1
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Abstract. The present study aimed to determine the expression
of microRNA (miR)-222 in hypertrophic scar (HS) tissues,
and investigate the regulatory mechanism of miR-222 in HS.
A total of 36 patients diagnosed with HS between August 2013
and May 2016 were included in the present study. HS tissues
and HS-adjacent tissues were collected from patients. Primary
fibroblasts were obtained from HS tissue. Reverse transcrip-
tion-quantitative polymerase chain reaction was used to
measure mRNA levels of matrix metalloproteinase 1 (MMP1)
and miR-222. Western blotting was conducted to determine
MMPI1 expression and an MTT assay was performed to
measure the viability of fibroblasts. A dual luciferase reporter
assay was used to identify the binding of miR-222 to MMP1
mRNA. It was demonstrated that MMP1 serves a role in HS
at the transcription level and that increased MMP1 expression
inhibited the viability of fibroblasts. miR-222 serves a regula-
tory role in HS by targeting its target gene MMP1 and regulates
the expression of MMP1 by binding to its 3'-untranslated region.
The decreased expression of miR-222 suppresses the viability
of fibroblasts by regulating MMP1 expression. The present
study demonstrated that the downregulation of MMP1 in HS
tissues is associated with the upregulation of miR-222 expres-
sion. miR-222 may therefore regulate the viability of fibroblasts
in HS and the expression of related proteins via MMPI.

Introduction

Following wound healing in human skin, a hypertrophic
scar (HS) often forms at the wound site. This is essentially
a type of fibrotic disease (1). The formation of a pathological
scar primarily occurs due to an imbalance between collagen
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deposition and degradation (2). The current clinical treat-
ments for HS mainly include non-surgical methods (local
compression, scar silicone film sticking, laser therapy, cryo-
therapy, corticosteroids local injection and radiotherapy) and
surgical excision of scar tissue (3-5). However, these methods
have limitations, and cannot achieve satisfactory therapeutic
effects, and so new treatments continue to emerge (6). Proline
hydroxylase is the rate-limiting enzyme in the synthesis of
collagen. An environment containing high levels of lactic
acid induced by hypoxia following trauma may enhance the
activity of proline hydroxylase and promote collagen deposi-
tion (7,8). Matrix metalloproteinases (MMPs) that can degrade
extracellular matrix and collagen serve important roles in
the reactions of cells to their external environment. MMPs
hydrolyze proteins and interrupt the synthesis of extracel-
lular matrix, as well as regulate interactions between cells
and the external environment. Therefore, MMPs affect the
biochemistry, migration, proliferation and survival of cells,
and inhibiting MMP activity promotes scar formation (9-11).
MMPI, also known as fibroblast type I collagenase, is a key
enzyme that degrades collagen in human skin (12) and serves
important roles in HS (13,14).

MicroRNA (miR) molecules are small non-coding RNA
molecules ~22 nucleotides long and certain miRs inhibit
MMPI expression and affect the fibrosis of skin cells (15). It
has been demonstrated that miR-222 targets MMP1 and regu-
lates the biological functions of squamous cancer cells of the
tongue (16). However, to the best of our knowledge, the regula-
tion of miR-222 on fibroblasts in HS has not been previously
reported. In the present study, the expression of MMP1 mRNA
and protein in HS tissues was assessed and the association
between MMP1 and miR-222 expression was evaluated.

Patients and methods

Patients. A total of 36 patients diagnosed with HS at the
First Affiliated Hospital of Wenzhou Medical University
(Wenzhou, China) between August 2013 and May 2016 were
included in the present study. Both HS tissues (experimental
group) and HS-adjacent tissues (control group) were collected
from all patients. The tissues were resected from the patients
and frozen at -80°C in liquid nitrogen for further use. The
36 patients included 20 males and 16 females, aged between
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17 and 61 years (median age, 45.6 years). None of the patients
had used hormones, traditional Chinese medicine, radiotherapy
or chemotherapy within one year prior to the current study.
In all patients, HS were formed by scalds or burns and met
the Patient and Observer Scar Assessment Scale classification
criteria (17,18). All procedures were approved by the Ethics
Committee of Wenzhou Medical University. Written informed
consent was obtained from all patients or their families.

Cells. To obtain primary fibroblasts, HS tissues and HS-
adjacent tissues were washed with 0.1 M phosphate-buffered
saline (pH 7.4) three times. The tissues were then digested with
0.25% dispase overnight to remove the layer of skin. Following
homogenization, tissues were digested with 0.1% type I colla-
genase (C-0130; Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) at 37°C by shaking for 3 h. Digestion was terminated
by mixing the samples with an equal volume of low-glucose
Dulbecco's modified Eagle's medium (DMEM; SH30023.01B;
Hyclone; GE Healthcare Life Sciences, Logan, UT, USA)
supplemented with 10% fetal bovine serum (H30084.03;
Hyclone, GE Healthcare Life Sciences). Following centrifu-
gation at 300 x g and room temperature for 10 min, the
supernatant was discarded and fibroblasts were resuspended
in high-glucose DMEM. Fibroblasts were seeded onto culture
plates with a diameter of 100 mm at a density of 4x10*cm? and
cultured at 37°C under 5% CO, and 100% humidity for 24 h.
The medium was initially replaced after 24 h and subsequently
replaced every 2 days. Cells were passaged when reaching
confluence.

One day prior to transfection, log-phase fibroblasts
(3x10° cells/well) were seeded onto 24-well plates containing
F12/DMEM medium supplemented with 10% fetal bovine
serum without antibiotics. To silence MMP1, the MMP1
small-interfering RNA (siRNA) was used to transfect fibro-
blasts. For transfection of fibroblasts with antagomiR-222,
cells were divided into a control group (untreated; only for
MTT assay), a negative control (NC) group transfected with
negative plasmids and an miR-222 mimic group. When
cells reached 70% confluence, 1 ul MMP1 plasmids, siRNA
or antagomiR-222 (both from Sangon Biotech, Co., Ltd.,
Shanghai, China) and 1 ul Lipofectamine® 2000 (Thermo
Fisher Scientific, Inc., Waltham, MA, USA) were added to
two individual vials each containing 50 pl Opti-Mem medium
(Thermo Fisher Scientific, Inc.). After 5 min, the liquids in
the two vials were mixed before standing still for 20 min at
room temperature. Then, the mixture was added to the cells
for 6 h incubation at 37°C. The medium was changed to fresh
F12/DMEM medium supplemented with 10% fetal bovine
serum and fibroblasts were cultured at 37°C for 48 h prior to
use.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Tissues (100 mg) were ground into powder using
liquid nitrogen prior to addition of 1 ml TRIzol (10606ES60;
Shanghai Yeasen Biotechnology, Co., Ltd., Shanghai, China)
prior to lysis. Following lysis, total RNA was extracted using the
phenol chloroform method (19). RNA purity was determined
by A260/A280 using ultraviolet spectrophotometry (Nanodrop
ND1000; Thermo Fisher Scientific, Inc.). Then, reverse tran-
scription of 1 ug RNA was performed using the TTANScript I1
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cDNA first-strand synthesis kit (KR107; Tiangen Biotech, Co.,
Ltd., Beijing, China) and cDNA was stored at -20°C. For miR,
an miRcute miRNA c¢DNA First-strand Synthesis kit (KR201;
Tiangen Biotech, Co., Ltd.) was used to synthesize cDNA. The
primers used for gPCR of MMP1 were as follows: MMP1
forward, 5-GGACACCAACTATTGCTTCAG-3' and reverse,
5-ATGTCCTTGGGGTATCCGTGTAG-3'; GAPDH forward,
5"TCCTGTGGCATCCACGAAACT-3' and reverse, 5'-GAA
GCATTTGCGGTGGACGAT-3". The PCR reaction system
(25 ul) was composed of 10 ul qRT-PCR-mix [SuperReal
PreMix (SYBR-Green); FP204; Tiangen, Biotech, Co., Ltd ],
0.5 ul upstream primer, 0.5 pl downstream primer, 2 1 cDNA
and 7 ul ddH,0. The PCR conditions were: Initial denaturation
at 95°C for 3 min; 39 cycles of denaturation at 94°C for 20 sec,
annealing at 58°C for 20 sec and elongation at 72°C for 20 sec,
and final elongation at 72°C for 10 min using an iQ5 Real-Time
PCR Detection system (Bio-Rad Laboratories, Inc., Hercules,
CA, USA). The 224% method (20) was used to calculate the
relative expression of MMP1 mRNA against GAPDH.

To determine the expression of miR-222, the miRcute
miRNA qPCR detection kit (FP401; Tiangen, Biotech, Co.,
Ltd.) was selected and U6 was used as an internal reference.
The primers used were as follows: miR-222 forward, 5'-CGC
AGCTACATCTGGCTACTG-3' and reverse, 5-GTGCAG
GGTCCGAGGT-3'; U6 forward, 5'-CGCTTCGGCAGCACA
TATAC-3' and reverse, 5'-CAGGGGCCATGCTAATCTT-3".
The PCR protocol was as follows: Initial denaturation at 95°C
for 5 min; 40 cycles of denaturation at 95°C for 30 sec and
annealing at 60°C for 35 sec, and final elongation at 72°C for
20 sec using the iQ5 Real-Time PCR Detection system. The
2-44¢ method was used to calculate the relative expression of
miR-222 against U6.

Western blotting. Tissues (100 mg) were ground using liquid
nitrogen and mixed with 200 ul precooled Radioimmuno-
precipitation assay lysis buffer (600 ul; 50 mM Tris-base,
1 mM EDTA, 150 mM NaCl, 0.1% sodium dodecyl sulfate,
1% TritonX-100, 1% sodium deoxycholate; Beyotime Institute
of Biotechnology, Shanghai, China) for 30 min lysis on ice.
Subsequently, the mixture was centrifuged at 15,000 x g
for 15 min at 4°C. The supernatant was used to determine
protein concentration using a bicinchoninic acid protein
concentration determination kit [RTP7102; Real-Times
(Beijing) Biotechnology Co., Ltd., Beijing, China)]. Protein
samples (20 pg) were then mixed with sodium dodecyl sulfate
loading buffer prior to denaturation in a boiling water bath
for 5 min. Subsequently, the samples (30 pg) were subjected
to 10% SDS-PAGE. Resolved proteins were transferred
to polyvinylidene difluoride membranes on ice (100 V,
2 h) and blocked with 5% skimmed milk at room tempera-
ture for 1 h. Membranes were then incubated with rabbit
anti-human MMPI polyclonal primary antibody (1:500;
ab38929) and rabbit anti-human B-actin primary antibody
(1:5,000; ab129348; both from Abcam, Cambridge, UK) at
4°C overnight. Following three extensive washes with phos-
phate-buffered saline and Tween-20 for 15 min each time, the
membranes were incubated with polyclonal goat anti-rabbit
horseradish peroxidase-conjugated secondary antibody
(1:3,000; ab6721; Abcam) for 1 h at room temperature prior
to three washes with phosphate-buffered saline and Tween-20
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for 15 min each time. The membrane was developed using an
enhanced chemiluminescence detection kit (Sigma-Aldrich;
Merck KGaA) for imaging. Image lab v3.0 software (Bio-Rad
Laboratories, Inc.) was used to acquire and analyze imaging
signals. The relative content of MMPI protein was expressed
as MMP1/B-actin.

MTT assay. Following transfection, cells were seeded into
96-well plates at a density of 2x10* cells/well. Each condition
was tested in triplicate wells. At 24, 48 and 72 h, 20 ul MTT
(5 g/1; JRDC000003; JRDUN Biotechnology, Shanghai, China)
was added to each well. Dimethyl sulfoxide (150 pl/well) was
added to dissolve purple crystals. Following incubation for 4 h
at 37°C, the absorbance of each well was measured at 490 nm
using a microplate reader (Bio-Rad Laboratories, Inc.) and cell
viability curves were plotted.

Dual luciferase reporter assay. Bioinformatic predic-
tions are a powerful tool for the study of miR functions.
To determine the regulatory mechanism of MMP1 in HS
miRanda (http://www.microrna.org/microrna/home.do),
TargetScan (http://www.targetscan.org), PiTa (http://genie.
weizmann.ac.il/pubs/mir07/mir07_data.html), RNAhybrid
(http://bibiserv.techfak.uni-bielefeld.de/rnahybrid/) and
PICTA (http://pictar.mdc-berlin.de) were used to predict the
miR molecules that may regulate MMP1. The results suggested
that miR-222 may be able to regulate MMP1 (Fig. 1).

According to the results from bioinformatics, wild-type
(WT) and mutant seed regions of miR-222 in the 3'-untrans-
lated region (UTR) of the MMPI1 gene were chemically
synthesized in vitro, added to the Spel and HindlII restric-
tion sites and then cloned into pMIR-REPORT luciferase
reporter plasmids (Ambion; Thermo Fisher Scientific, Inc.).
Plasmids (0.8 yg) with WT or mutant 3'-UTR DNA sequences
were co-transfected with antagomiR-222 (100 nM; Sangon
Biotech, Shanghai, China) into 293T cells (Cell Bank of the
Chinese Academy of Sciences, Shanghai, China). Following
24 h cultivation, the cells were lysed using a dual luciferase
reporter assay kit (Promega Corporation, Madison, WI, USA)
according to the manufacturer's instructions, and fluorescence
intensity was measured using a GloMax 20/20 luminometer
(Promega Corporation). Using Renilla fluorescence activity as
an internal reference, the fluorescence values of each group of
cells were measured.

Statistical analysis. The results were analyzed using
SPSS 18.0 statistical software (SPSS, Inc., Chicago, IL, USA).
The data were expressed as the mean + standard deviations
and data were tested for normality. Multigroup measurement
data were analyzed using one-way ANOVA. In the case of
homogeneity of variance, Least Significant Difference and
Student-Newman-Keuls methods were used; in the case of
heterogeneity of variance, Tamhane's T2 or Dunnett's T3
method was used. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

MMPI serves a role in HS at the transcription level. To
measure the levels of MMP1 mRNA and protein, RT-qPCR
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Figure 1. Bioinformatics prediction of direct interactions between miR-222
and MMPI1. miRanda (http://www.microrna.org/microrna/home.do),
TargetScan (http://www.targetscan.org), PiTa (http://genie.weizmann.
ac.il/pubs/mir07/mir07_data.html), RNAhybrid (http://bibiserv.techfak.
uni-bielefeld.de/rnahybrid/) and PICTA (http://pictar.mdc-berlin.de/) were
used to predict miR molecules that may regulate MMP1, and it was determined
that miR-222 may be able to regulate MMP1. miR, microRNA; MMP1, matrix
metalloproteinase 1; hsa, human.

and western blotting were performed, respectively. The data
indicated that the expression of MMP1 mRNA and protein in
HS tissues was significantly lower than in HS-adjacent tissues
(P<0.01 and P<0.05, respectively; Fig. 2A and B). These
results suggest that MMPI serves a role in HS at the level of
transcription.

Increased MMPI expression inhibits the viability of fibro-
blasts. To examine the effect of MMP1 on the viability
of fibroblasts, cells were transfected with pcDNAMMPI.
RT-qPCR and western blotting indicated that the levels of
MMP1 mRNA and protein were significantly increased when
MMPI1 was overexpressed (P<0.01 and P<0.05, respectively;
Fig. 3A and B). In addition, an MTT assay was performed,
which demonstrated that the viability of fibroblasts overex-
pressing MMP1 was significantly inhibited at 48 and 72 h
compared with the control (P<0.05 and P<0.01, respectively;
Fig. 4). This indicates that increased MMP1 expression inhibits
the viability of fibroblasts.

Expression of miR-222 is elevated in HS. To determine the
expression of miR-222 in HS tissues, RT-qPCR was performed.
The data demonstrated that the miR-222 level in HS tissues
was significantly higher than in HS-adjacent tissues (P<0.05;
Fig. 5). The results suggest that expression of miR-222 is
elevated in HS.

miR-222 regulates the expression of MMPI by binding to
its 3'-UTR. To understand whether miR-222 directly targets
MMPI, a dual luciferase reporter assay was performed. The
data indicated that transfection with antagomiR-222 and
pMIR-REPORT in the WT group led to significantly reduced
fluorescence intensity compared with the negative control
(P<0.01), however fluorescence intensity in the mutant group
did not differ significantly from that of the negative control
(P>0.05; Fig. 6). These results indicate that miR-222 regu-
lates the expression of MMP1 by binding to the 3'-UTR of
MMPI.

Decreased expression of miR-222 suppresses the proliferation
of fibroblasts by regulating MMPI expression. To investigate
how miR-222 affects the proliferation of fibroblasts, cells
were transfected with antagomiR-222 and an MTT assay
was conducted. RT-qPCR indicated that the expression of
miR-222 in fibroblasts was significantly decreased following
transfection with antagomiR-222 (P<0.01; Fig. 7A). In addi-
tion, expression of MMP1 mRNA significantly increased
following transfection with antagomiR-222 (P<0.05; Fig. 7B).
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Figure 2. Expression of MMP1 (A) mRNA and (B) protein in HS tissue and HS-adjacent tissue. Reverse transcription-quantitative polymerase chain reaction
was used to determine the expression of mRNA and western blotting measured protein expression. Data are presented as the mean =+ standard deviation.
“P<0.05; “P<0.01 vs. control. HS, hypertrophic scar; MMP1, matric metalloproteinase 1.
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Figure 3. Expression of MMP1 (A) mRNA and (B) protein in fibroblasts prior to and following transfection with pcDNA-MMP1. Reverse transcription-
quantitative polymerase chain reaction was used to determine the expression of mRNA and western blotting was employed to measure protein expression. Data
are presented as the mean + standard deviation. "P<0.05; “P<0.01 vs. NC. MMP1, matrix metalloproteinase 1; NC, negative control.
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Figure 4. Viability of fibroblasts 24, 48 and 72 h following transfection
with pcdna-MMPI1. An MTT assay was used to determine the viability of
fibroblasts. Absorbance of each well was measured at 490 nm using a micro-
plate reader and cell viability curves were plotted. Data are presented as the
mean + standard deviation. "P<0.05; “P<0.01 vs. control and NC. NC, nega-
tive control; MMPI1, matrix metalloproteinase 1.
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Figure 5. Expression of miR-222 in HS tissue and HS-adjacent tissue. Reverse
transcription-quantitative polymerase chain reaction was used to determine
the expression of miR-222. Data are presented as the mean + standard devia-
tion. "P<0.05 vs. control. miR, microRNA; HS, hypertrophic scar.
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Figure 6. Fluorescence values of 293T cells transfected with wild-type or
mutant 3'-untranslated region DNA sequences of MMPI and antagomiR-222.
Dual luciferase reporter assay was used to assess the interaction between
miR-222 and MMPI. Data are presented as the mean + standard deviation.
“P<0.01 vs. NC. MMP1, matrix metalloproteinase 1; miR, microRNA; NC,
negative control.

The MTT assay demonstrated that the viability of fibroblasts
transfected with antagomiR-222 was significantly reduced
at 72 h compared with the control (P<0.01; Fig. 8). This
indicates that increased expression of miR-222 suppresses
the proliferation of fibroblasts by regulating the expression
of MMPI.

Discussion

Excessive contracture of scar hyperplasia often leads to various
types of abnormal dysfunction (21). Currently, treatments of
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Figure 7. Expression of (A) miR-222 and (B) MMP1 mRNA in fibroblasts prior to and following transfection with antagomiR-222. Reverse transcription-
quantitative polymerase chain reaction was used to determine the expression of miR-222 and MMP-1 mRNA. Data are presented as the mean + standard
deviation. "P<0.05; “P<0.01 vs. NC. NC, negative control; MMP1, matrix metalloproteinase 1; miR, microRNA.
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Figure 8. Viability of fibroblasts 24, 48 and 72 h following transfection
with antagomiR-222. The MTT assay was used to determine the viability
of fibroblasts. Absorbance of each well was measured at 490 nm using a
microplate reader and cell viability curves were plotted. Data are presented
as the mean + standard deviation. “P<0.01 vs. control and NC. NC, negative
control; miR, microRNA.

wounds are primarily focused on promoting wound healing
and inhibiting excessive scar formation (22-24). However,
there are contradictions between these two types of treat-
ments; most notably, growth factors promoting wound healing
may also increase the risk of scar formation (25-27). There are
currently no effective treatments that promote wound healing
and prevent excessive scar formation. The pathological nature
of HS is the excessive proliferation of fibroblasts and exces-
sive deposition of extracellular collagen (28). However, the
pathogenesis of HS remains unclear. The primary reason for
HS formation is a metabolic imbalance between the synthesis
and decomposition of extracellular collagen. MMPs are a
class of enzymes that are dependent on zinc ions and MMPs
secreted by fibroblasts are main enzymes that degrade the
extracellular matrix. Inhibition of MMP activity and expres-
sion may lead to the onset of diseases characterized by the
deposition of extracellular matrix, including connective tissue
disease, organ fibrosis disease and atherosclerosis. MMP1
is a key enzyme that degrades collagen in human skin (29).
MMP1 activity is regulated by multiple factors, of which
the tissue inhibitors of metalloproteinases (TIMPs) are the
most important. TIMP1s inhibits the activity of MMP1 by
forming a molecular complex (30). Under normal conditions,
interactions between MMPs and TIMPs keep the synthesis
and degradation of extracellular matrix in a state of dynamic
equilibrium. Disruption of this equilibrium may result in
insufficient collagen degradation and excessive deposition
of extracellular matrix that leads to fibrosis (31). The present
study demonstrated that MMP1 expression is downregulated

in HS tissues and that the viability of fibroblasts transfected
with MMP1 is decreased. These results suggest that the
decreased expression of MMP1 may serve an important role
in HS.

Previous studies have determined that BTB domain and
CNC homolog 1 and long non-coding RNA HOTAIR regu-
late the expression of MMP1 (32,33). It has been reported
that miR-222 regulates the biological function of thyroid
follicular epithelial cells via the MEK and tumor necrosis
factor-related apoptosis-inducing ligand pathway (34). In
addition, miR-222 affects the progression of gastric cancer
by regulating its target gene p27**' (35). In a mouse model
of gastric cancer, abnormal expression of miR-222 has been
identified (36). In macrophages associated with ovarian
cancer cells, miR-222 regulates the signal transducer and acti-
vator of transcription 3 pathway to mediate the polarization
of tumor-associated macrophages by targeting suppressor of
cytokine signaling 3 (37). In the present study, high expression
of miR-222 inhibits the viability of cells. The current study
demonstrated that scar formation occurs due to the abnormal
proliferation of fibroblasts, in which miR-222 expression is
reduced. By contrast, it was demonstrated that upregulation
of miR-222 inhibits fibroblast viability. Furthermore, bioin-
formatics demonstrated that miR-222 targets MMPI1. The
results of the current study indicate that the reduced level of
miR-222 in HS tissues enhances the expression of MMP1
and transfection with antagomiR-222 decreases the viability
of fibroblasts. Furthermore, data from the dual luciferase
reporter assay indicate that there is direct interaction between
miR-222 and MMP1.

There were some limitations in the current study, due to
the limited number of cases analyzed and variations in the
original locations of the patients who have different diets and
lifestyles. In addition, the activity and regulatory mechanism
of miR-222 may differ. For example, miR-222 is regulated by
other genes (38) and is affected by drug resistance (39,40).

In conclusion, the present study demonstrated that miR-222
negatively regulates MMP1 and suggests that miR-222 may be
developed to prevent and treat HS. However further in vitro
and in vivo studies are required to determine the actual effect
and mechanism of action of miR-222.
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