MOLECULAR MEDICINE REPORTS 18: 1628-1636, 2018

Downregulation of miR-637 promotes proliferation
and metastasis by targeting Smad3 in keloids
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Abstract. Keloids are a type of abnormal scar tissue.
MicroRNAs (miRNAs) exhibit a pivotal role in the regulation
of cell proliferation and metastasis of keloids. miRNA micro-
array revealed that miR-637 was one of the most frequently
altered miRNAs in keloids. Furthermore, upregulation
of miR-637 inhibited cell proliferation and metastasis by
targeting mothers against decapentaplegic homolog (Smad)3,
one of the important proteins that affects the formation of
keloids. Further studies demonstrated that miR-637 regulated
the proliferation and metastasis of human keloid fibroblast
(HKF) cells by mediating the Smad3 signaling pathway.
Overall, the present findings suggest that miR-637 may be a
promising therapeutic target in keloids.

Introduction

Keloid is a type of abnormal scar tissue, which is caused by
excessive proliferation of fibroblasts, massive deposition
of collagen and extracellular matrix, and deposition of core
protein (1). However, keloid is difficult to completely cure,
therefore it is necessary to find a more efficient strategy
prevent and treat keloid.

The current study demonstrated that ~2/3 of the human
protein encoding genome could be regulated by microRNAs
(miRNAs). It has been reported that in keloid, miRNAs affect
the proliferation, metastasis and differentiation of fibroblasts,
and may also adjust the deposition of the extracellular matrix,
which may affect the development of keloid (2).

The mothers against decapentaplegic homolog (Smad)3
mediated signaling pathway is closely associated with wound

Correspondence to: Dr Peng Chang or Dr Kai Tao, Department
of Reconstructive and Plastic Surgery, The General Hospital of
Shenyang Military Region, 83 Wenhua Road, Shenhe, Shenyang,
Liaoning 110016, P.R. China

E-mail: cpl7625@163.com

E-mail: luzongzhengxing@sina.com

“Contributed equally

Key words: smad3, keloid, miR-637, proliferation, metastasis

healing and scar formation (3). Previous studies have shown
that Smad3 is highly expressed in pathological scar tissues,
which induces the transition of fibroblasts to myofibroblasts (4).
Inhibiting the expression of Smad3 can inhibit the formation
of keloid (5).

In the current research, we aimed to investigate the
differential expression of miRNAs in the keloid epidermis
compared with that in the normal skin epidermis. For the
selected, significantly lower expressed miR-637, the effects
on the proliferation and metastasis of human keloid fibroblast
cells were evaluated. The examinations were carried out to
confirm the roles of miR-637 in the regulation of proliferation
and metastasis of human keloid fibroblast cells. The involve-
ment of miR-637 in the regulation of Smad3 signaling pathway
in keloid fibroblast cells was additionally investigated.

Materials and methods

Tissue samples and cell lines. We enrolled keloid patients at
the General Hospital of Shenyang Military Region (Shenyang,
China) between January 2012 and January 2015. We obtained
30 paired samples of keloid and the excess normal tissue
from the partial skin flap (control). All patients (14 female
and 16 male, average age 31.25+7.39) had not received topical
and systemic therapy for at least 2 months prior to undergoing
a skin biopsy. We also retained three normal skin tissues
from trauma patients as normal controls (normal). Written
consent was gathered from all participants before the study
was performed. The protocols were approved by the Ethics
Committee of General Hospital of Shenyang Military
Command.

Human keloid fibroblasts (HKF) were purchased from
Bioleaf Corporation (Shanghai, China), and human embry-
onic skin fibroblasts obtained from Beijing Union Medical
College cell bank. Cells were cultured in Dulbecco's modified
Eagle's medium supplemented with 10% FBS (Hyclone; GE
Healthcare Life Sciences, Logan, UT, USA), at 37°C in an
environment containing 5% CO,.

RNA isolation. Tissues were stored in liquid nitrogen. Total
RNA was extracted from tissues and cells using mirVana®
miRNA isolation kit (Ambion; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) following the manufacturer's instruc-
tions. The quantity and quality of the extracted RNA were
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measured with a spectrophotometer (Thermo Fisher Scientific,
Inc.). Finally, the sample was stored at -80°C.

MicroRNA microarray analysis. Agilent's Human miRNA
Microarray Release 18.0 (Shanghai Biochip Co., Ltd.,
Shanghai, China) was used to detect the RNA from 3 keloids
and 3 adjacent tissues. The slides were scanned by an Agilent
Microarray Scanner with Feature Extraction Software 10.7,
and raw data were normalized by Quantile algorithm, Gene
Spring Software 11.0 (all by Agilent Technologies, Inc., Santa
Clara, CA, USA). Differentially expressed microRNAs were
identified by significance analysis of microarrays (SAM,
http://www-stat.stanford.edu/tibs/SAM/index.html).

Quantitative polymerase chain reaction (qPCR). qPCR was
conducted with qPCR Universal Reagent and the MX3000P
gPCR instrument following the protocols. U6 small nuclear
RNA was used as an internal control. The expression of
miR-637 was detected using Stem-Loop RT-PCR assay, as
previously described (6,7). Primer sequences were synthesized
as follows (Table I). All the reactions were carried out as
described previously (8).

Western blot analyses. Cells and tissues were lysed and the
protein was extracted using radioimmunoprecipitation assay
buffer. Samples were resolved by 10% SDS-PAGE and trans-
ferred onto polyvinylidene difluoride PVDF membranes.
Target proteins were probed with specific antibodies. Relative
expression of relevant proteins were quantified and normal-
ized to GAPDH. Antibodies used for western blotting were:
anti-Smad3 (sc-101154, 1:500), anti-Cyclin DI (sc-70899,
1:300), anti-matrix metallopeptidase (MMP)2 (sc-13594,
1:300), anti-GAPDH (sc-51631, 1:1,000) and horseradish
peroxidase-conjugated anti-mouse (sc-2005, 1:5,000)
secondary antibodies (Santa Cruz, USA).

Dual luciferase reporter assay. Dual luciferase activity assays
were performed as previously described (9). The Smad3
3'-untranslated region (UTR) was PCR amplified and cloned
into the pMIR-REPORT™ vector (Ambion; Thermo Fisher
Scientific, Inc.). The primers were: Smad3-WT, F: 5'-AGG
GCTTTGAGGCTGTCTACC-3', R: 5'-GTCCACGCTGGC
ATCTTCTG-3', Smad3-mut (the site of miR-637 binding
was mutated), F: 5~AAACCAGGCGGCTAAACAAGTG-3,
R: 5-GCAACAGCAGCAGTGAAGGTG-3'. HKF cells were
seeded and co-transfected with the above constructs and
miR-637 mimic (Guangzhou Ribobio Co., Ltd, Guangzhou,
China), miR-637 antisense (AS) (Guangzhou Ribobio Co.,Ltd)
or control (Guangzhou Ribobio Co., Ltd). Luciferase activity
was determined with the dual luciferase reporter assay system
after 36 h transfection; the luciferase activity was measured
using the Dual Luciferase Reporter Assay System (Promega
Corporation, Madison, WI, USA).

MTT assays. Cell proliferation activity was detected using an
MTT assay (Solarbio, China). Cells were seeded at a density
of 1x10° cells per well of 96-well plates, and transfected with
miR-637 mimic, miR-637 inhibitor (Guangzhou Ribobio
Co., Ltd) or negative control; then the cell proliferation was
evaluated by MTT assay. A microplate reader (Bio-Rad
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Laboratories, Inc., Hercules, CA, USA) was used to measure
the optical densities at a wavelength of 490 nm.

Transwell assay. A total of 12 h following transfection with
miR-637 mimic, miR-637 inhibitor or negative control,
1x10° cells in serum-free media were seeded in transwell
chambers with or without Matrigel coating, and then tran-
swell assays were conducted. After 8 h cells were fixed by
4% paraformaldehyde, and stained with 0.4% trypan blue.
Numbers of cells in different groups were determined using
Image-Pro Plus 6.0 software (Nikon Corporation, Tokyo,
Japan).

Construction of stable siRNA-expressing cell lines. To stably
silence Smad3, cells were transfected with the pRS-si-Smad3
plasmid (Shanghai GeneChem Company) and were selected
with G418 (400 pug/ml). After 3 weeks, stable cells were
selected, cultured and amplified.

Statistical analysis. All data (showed as mean + standard
deviation) were analyzed with SPSS software, version
17.0 (SPSS Inc., Chicago, IL, USA). Statistical significance
between two groups of data was evaluated by Student's t-test
(two-tailed) and one-way analysis of variance following
Fisher's Least Significant Difference post hoc test. Statistical
significance was defined as P<0.05. All experiments were
repeated three times.

Results

Differential expression profile of miRNAs in keloid tissues.
The miRNA microarray revealed 15 downregulated (P<0.05)
and 3 upregulated miRNAs (P<0.05) in keloid tissues
compared with adjacent tissues (Table II). There were
8 miRNAs tat exhibited a fold change >x30. Among these
miRNAs, we found that the change in miR-637 was the
greatest. The expression levels of these miRNAs in keloid and
adjacent tissues were detected by qPCR (Fig. 1A). The expres-
sion of miR-637 was verified to be significantly lower in keloid
tissues. We compared the expression of miR-637 in keloid,
normal tissues from keloid patients and normal skin tissues
from trauma patients (Fig. 1B). It was found that miR-637
expression was low in keloid. It can be seen that miR-637 may
play an important role in keloid.

The expression of Smad3 in keloid tissues. By using miRDB
software, it was demonstrated that miR-637 targeted multiple
proteins. Smad3 is not only an important regulatory protein
in keloid, however also contains a binding site to miR-637.
The expression of Smad3 in keloid and adjacent tissues was
detected by western blotting and qPCR (Fig. 1C and D). The
adjacent tissues were used as a control. Results showed that
there was a higher expression of Smad3 in keloid tissues,
compared with adjacent tissues (P<0.05).

Relationship between miR-637 and Smad3. We analyzed the
correlation between the expression levels of miR-637 and
Smad3 in keloid, and found that the expression in keloid was
negatively correlated (Fig. 2A). Through use of the miRDB
tool, we found that miR-637 was able to bind with the 3'-UTR



1630

Table I. Primers of RNAs.
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Name Forward primer (5'-3") Reverse primer (5'-3")
miR-637 ACACTCACTGGGGGCTTT GCAGAGCCCGTTGAGAGTACA
miR-487 ACACTCAATCATACAGGGA AACTGGATGTTGAGAGTACAT
miR-154 ACACTCAATCATACACGGT AATAGGTCTTGAGAGTACAT
miR-582 ACACTCTAACTGGTTGAAC GGTTCAGTTTTGAGAGTACAT
miR-194 ACACTCCCAGTGGGGCTG CAGATAACAGTTGAGAGTACAT
miR-21 ACACTCCAACACCAGTCG ACAGCCCATTTGAGAGTACAT
miR-503 CACTCGGGGTATTGTTTCC CCTGGCAGCTTGAGAGTACAT
miR-550 ACACTCAGTGCCTGAGGGA CTCTTACTTGAGAGTACAT

U6 CTCGCTTCGGCAGCACA ACGCTTCACGAATTTGCGT
Smad3 GGGCTTTGAGGCTGTCTAC GTCCACGCTGGCATCTTCTG
Cyclin D1 CCAACCTCCTCAACGACC TGGCACAGAGGGCAACGAAG
MMP2 GATCTTGACCAGAATACCAT GGCTTGCGAGGGAAGAAGTT
GAPDH CATCCCTTCTCCCCACAC GTCCCAGGGCTTTGATTTG
miRNA, microRNA; MMP, matrix metalloproteinase.

Table II. Differential miRNAs in keloids.

miRNA P-values Fold change (keloid/adjacent tissues) Trend
Hsa-miR-34a 0.001 27.265 Down
Hsa-miR-499 0.031 2.905 Down
Hsa-miR-582 7.69x10°% 54.608 Down
Hsa-miR-154 9.53x10 65.257 Down
Hsa-miR-126 0.023 4.167 Down
Hsa-miR-194 1.04x10 50.137 Down
Hsa-miR-101 0.011 6.072 Down
Hsa-miR-98 0.001 29.150 Down
Hsa-miR-940 0.001 29.152 Down
Hsa-miR-200c 0.009 7.689 Down
Hsa-miR-101 0.006 9.871 Down
Hsa-miR-646 0.003 13.509 Down
Hsa-miR-106 0.004 11.097 Down
Hsa-miR-487 2.76x10% 31.825 Down
Hsa-miR-637 4.05x100 69.303 Down
Hsa-miR-21 6.61x10° 67.042 Up
Hsa-miR-503 0.001 39.842 Up
Hsa-miR-550 9.75x10 54.187 Up

miRNA, micro RNA.

of Smad3 (Fig. 2B). The Luciferase reporter assay showed
that miR-637 reduced the expression of Smad3 at the tran-
scriptional level (Fig. 2C). Results showed that when cells
were co-transfected with Smad3 and miR-637, a decreased
luciferase activity was observed (P<0.05), however, the cells
co-transfected with Smad3 mut or miR-637 AS (Antisense)
did not result in a significant variation. miR-637 mimic or
miR-637 inhibitor were transfected into HKF cells, and then
western blot and JPCR were conducted in order to detect the

expression of Smad3 (Fig. 2D-G). Results showed that the
expression of Smad3 could be downregulated by miR-637
(P<0.05).

miR-637 inhibits the proliferation of HKF cells by
suppressing Cyclin DI. miR-637 mimic or inhibitor was
transfected into HKF cells. The proliferation of HKF
cells was measured by MTT assay. The result showed that
miR-637 mimic significantly inhibited HKF cell proliferation
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Figure 1. Expression levels of miRNAs and Smad3 in keloid tissues. (A) Expression levels of miRNAs in keloid tissues and control (adjacent tissues) were
detected by qPCR. “P<0.01. (B) The level of miR-637 in keloid tissues, adjacent tissues and normal tissues were detected via gPCR. The expression of
miR-637 was lower in keloid tissues. Data are presented as mean + SEM. “P<0.01, AAP<0.01 as indicated. (C) The protein level of Smad3 in keloid tissues and
adjacent tissues were detected via western blotting. The expression of Smad3 was higher in keloid tissues. Data are presented as mean + SEM. “P<0.01 vs.
control (adjacent tissues) group. (D) mRNA expression of Smad3 in keloid tissues and adjacent tissues were detected respectively by qPCR. The expression
of Smad3 was higher in the keloid cancer tissues. Data are presented as mean + SEM. “P<0.01 vs. control (adjacent tissues) group. Smad, mothers against
decapentaplegic homolog; miRNA, microRNA; qPCR, quantitative polymerase chain reaction; SEM, standard error of the mean; C, control (adjacent

tissues); K, keloid tissues.

and conversely, miR-637 inhibitor significantly promoted
the proliferation of HKF cells (P<0.05) (Fig. 3A and B).
Cyclin D1 is an important protein in the regulation of the
cell cycle, and is one of the proteins involved in the Smad3
signaling pathway (10). We suspect that the inhibitory effect
on HKF cell proliferation may be mediated by regulation of
Cyclin DI. Western blotting and qPCR were used to detect
the effect of miR-637 on Cyclin D1. The results showed that
miR-637 significantly inhibited the expression of Cyclin D1
(P<0.05) (Fig. 3C-F).

miR-637 inhibits the metastasis of HKF cells by suppressing
MMP2. Smad3 can affect the metastasis of cells in many
ways, for example MMP2 is one of the downstream proteins
of the Smad3 pathway (11). Transwell assays (with or without
matrigel) were used to study whether miR-637 is involved
in metastasis of HKF cells (Fig. 4A-D). The present study
demonstrated that the migration and invasion of HKF
cells was significantly inhibited by miR-637 (P<0.05). In
addition, western blotting and qPCR showed that MMP2
was significantly downregulated by miR-637 (P<0.05)
(Fig. 4E-H).

Smad3 is crucial to cell proliferation and metastasis of
HKF cells. Smad3 small interfering (si)RNA significantly
suppressed cell proliferation and metastasis ability of cells
(P<0.05) (Fig. 5A and B). To explore the potential signaling
pathways involved in the actions of miR-637 and Smad3 in
HKEF cells, Cyclin D1 and MMP?2 expression levels were
detected. Co-treatment with Smad3 siRNA and miR-637
inhibitor in cells significantly downregulated the level of
Smad3 to a greater extent compared with miR-637 inhibitor
alone (P<0.05), and the same trend was observed in the expres-
sion levels of Cyclin D1 and MMP2 (P<0.05) (Fig. 5C and D).
The expression of tumor growth factor-f1 was downregulated
by miR-637 inhibitor (P<0.05), however was not affected by
Smad3 siRNA (Fig. 5C and D). These results suggested that
miR-637 may regulate the proliferation and metastasis of HKF
cells via Smad3 signaling pathway.

Discussion
A variety of miRNAs may be involved in the prolifera-

tion and migration of fibroblasts, and many miRNAs have
been shown to regulate the formation of keloids (12). It
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Figure 2. Relationship between miR-637 and Smad3. (A) Correlation between the expression of miR-637 and Smad3 in keloid. (B) miRDB predicted that
miR-637 specifically combined with Smad3. (C) The interaction between miR-637 and the Smad3 3'-UTR was tested by luciferase reporter assays. Data
are presented as mean = SEM. “P<0.01, AAP<0.01 as indicated. (D and E) Western blotting and qPCR showed that when miR-637 was overexpressed, the
expression of Smad3 was downregulated. Data are shown as mean + SEM. “P<0.01 vs. control group (F and G) Western blotting and gPCR showed that
when miR-637 was repressed, expression of Smad3 was upregulated. Data are presented as mean + SEM. “P<0.01 vs. control group. Smad, mothers against
decapentaplegic homolog; miRNA, microRNA; qPCR, quantitative polymerase chain reaction; SEM, standard error of the mean.

has previously been demonstrated that p63 is affected by a
high expression of miR-205 in the skin, and miR-205 influ-
ences cell differentiation of skin stem cells, and regulates
the proliferation and apoptosis of fibroblasts (13). miR-222
stimulates the growth factor signaling pathway to promote
cell cycle progression, thereby regulating the formation of
keloids (14). It has also been revealed that miR-29b regu-
lates collagen I in skin fibroblast cells, thereby affecting
the formation of keloid (15). In a mouse model, abnormal
expression of miR-31 and miR-21-5p has been revealed to
be involved in the formation of keloid (16). The migration

of fibroblasts may be affected by the regulation of miR-21
on MMPs, and this regulation is crucial in the formation
of keloids (13,14,16,17). These findings demonstrated that
miRNAs exhibit a key role in the healing of skin wounds,
and predicted that they may play an important role in scar
formation and skin remodeling. Researchers have reported
that miR-637 inhibits the metastasis and growth of glioma
cells by targeting the AKT pathway (18). miR-637 has also
been shown to inhibit the formation of inflammation by
regulating C-Reactive Protein (19-21). However, the effect of
miR-637 on keloid has not been studied yet.
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Figure 3. miR-637 inhibits the proliferation of HKF cells by suppressing Cyclin D1. (A) MTT assay showed that following transfection with miR-637 mimic,
HKEF cell proliferation was repressed. Data are presented as mean = SEM. “P<0.01 vs. control group. (B) MTT assay of HKF cells following downregulation
of miR-637. Data are presented as mean + SEM. “P<0.01 vs. control group. (C and D) Following transfection with miR-637 mimic in HKF cells, the expres-
sion of Cyclin D1 was detected by western blotting and qPCR. Data are presented as mean = SEM. “P<0.01 vs. control. (E and F) Following downregulation
of miR-637, the expression of Cyclin D1 was detected by western blotting and gPCR. Data are presented as mean = SEM. “P<0.01 vs. control. miRNA,
microRNA; qPCR, quantitative polymerase chain reaction; SEM, standard error of the mean; HKF, human keloid fibroblast.

Overexpression of Smad3 in keloid significantly upregulates
pro-collagen gene expression, promotes deposition of extracel-
lular matrix, proliferation and metastasis of fibroblasts (3,5,22).
Therefore, Smad3 is one of the potential targets for keloid
treatment (23).

Microarray analysis was used to screen abnormal expres-
sion of miRNAs in keloid. The results showed that miR-637,
miR-487, miR-154, miR-582 and miR-194 were significantly
downregulated in keloid, and the expression levels of miR-21,
miR-503 and miR-550 were upregulated. Furthermore, we
found that these miRNAs may play an important role in keloid.
miR-637 was selected as the primary factor for investigation in
the present study. It was proved that miR-637 directly affected
the activity of Smad3 through the targeting of Smad3.

A keloid scar is an overgrowth of dense fibrous tissue that
develops around a wound. These scars are raised scars that
spread beyond the margins of the original wound to normal
skin by invasion (24). The downregulation of miR-637 may be
responsible for the enhanced capacity of keloid to proliferate
and metastasise (25). miR-637 may affect the prolifera-
tion and migration of cells by inhibiting the expression of
Cyclin D1 and MMP2. These two proteins can be regulated
by Smad3 (26,27), leading to the hypothesis that regulation

of miR-637 on proliferation and migration of fibroblasts is
partly mediated by regulation of Smad3. The present study
additionally demonstrated that miR-637 can influence the
expression of TGF-P1 to some extent, as TGF-B1 has been
proved to play an important role in keloid (28), and can regu-
late Smad3 activity (18,22,28). miR-637 has been shown to
inhibit AKT pathway activity (18), and the inhibitory effect
of miR-637 on Smad3 may be through its effects on TGF- 31
and targeting Smad3. This experiment has some limitations,
and further experimentation is required in vivo to verify the
results.

The results of the present study suggested that miR-637
participated in the regulation of keloid development by inhi-
bition of Smad3, and may therefore act as a future potential
target for keloid treatment.
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