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ABSTRACT: The transforming growth factor β1 (TGF-β1)-induced transformation of keratocytes to myofibroblasts is a
very common process during corneal wound healing, but a dysregulated TGF-β1 activity may induce unfavorable fibrosis
and scar formation in the cornea. MicroRNA (miR)-21a-5p and Smad7 have been reported to play an important role
in the fibrosis process. However, how miR-21a-5p involves in the TGF-β1-induced myofibroblasts transformation of
keratocytes remains unclear. In the present study, we found an increase in the expressions of α-SMA and collagen I at
protein level as well as Smad7 and miR-21a-5p at mRNA level when keratocytes were treated with TGF-β1Here; but
the Smad7 at protein level kept unchanged. The overexpression of miR-21a-5p attenuated Smad7 protein expression,
and miR-21a-5p inhibition promoted Smad7 protein expression without affecting its mRNA expression. Furthermore,
inhibition of miR-21a-5p could decrease TGF-β1-inducedα-SMA expression, whereas the addition of Smad7 knockdown
would rescue the expression of α-SMA. These results suggested that miR-21a-5p had a promoting effect on TGF-β1-
induced myofibroblast transformation of keratocytes by targeting Smad7 at its translation stage.
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INTRODUCTION

Corneal wound healing often occurs in response to
various kinds of injuries and corneal transplanta-
tion, trauma, infection, or refractive surgery; and
this dynamic complex process is strictly regulated
by the interaction of keratocytes, stromal cells,
extracellular matrix (ECM), cytokine, and growth
factors [1]. It has been reported that TGF-β1, the
strongest-known pro-fibrotic molecule, involves in
the regulation of ECM deposition and keratocytes
activation, migration, and proliferation; while un-
der pathological conditions, the secretion of TGF-β1
is upregulated, which affects corneal wound healing
process [2, 3]. Keratocytes are in a resting state in
the healthy cornea; but after an injury or surgery,
they differentiate into myofibroblasts and have an
ability to migrate to the wound site. However, an
excessive number of myofibroblasts is undesirable
because they may induce fibrotic scar formation.
TGF-β1 is one of the key factors in the transfor-

mation of keratocytes into myofibroblasts, and its
regulatory function remains to be elucidated.

MicroRNA (miR or miRNA) is a class of small
non-protein-coding RNAs consisting of 20–23 nu-
cleotides and acting as negative regulators of gene
expression by directly binding to the 3′UTR of the
target mRNA and then causing degradation or trans-
lational inhibition of such particular mRNA [4].
The regulatory role of miR in TGF-β-related wound
healing has been reported. For example, Chen et al
found that low-expression of miR-203a in early-
gestation benefited cutaneous scarless wound heal-
ing by regulating TGF-β signaling [5]. In addition,
miR-21a-5p is well-known as the facilitator of fi-
brosis development via altered expression of genes
involved in biological and pathological processes of
cells such as growth, proliferation, differentiation,
apoptosis, and stress resistance, and it has been
found to promote the activation of Smads signaling
and spinal fibrosis after mechanical trauma [6–8].
A predicated miR-21a-5p target site is in the 3′UTR
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of Smad7. Consequently, as an inhibitor of TGF-β1
signaling, Samd7 has a negative effect on TGF-β1-
induced processes.

In this study, we investigated whether miR-
21a-5p involves in TGF-β1-induced keratocyte-to-
myofibroblast transition by targeting Smad7. Ker-
atocytes were treated with TGF-β1, and then the
expressions of α-SMA and collagen I were detected
to confirm the myofibroblast differentiation. Af-
ter that, the effects of TGF-β1 and miR-21a-5p on
Smad7 expression at protein and mRNA levels were
assessed, respectively. Then, the extent of TGF-β1-
induced transformation of keratocytes to myofibrob-
lasts was investigated under the simultaneous action
of miR-21a-5p inhibition and Smad7 knockdown.

MATERIALS AND METHODS

Reagents

Dulbecco’s Modified Eagle’s Medium (DMEM) with
high glucose and fetal bovine serum (FBS) were
purchased from Gibco Company (Grand Island,
NY, USA). Recombinant human TGF-β1 protein
and anti-α-SMA, anti-collagen I, anti-Smad7, anti-
GAPDH primary antibodies were obtained from Ab-
cam Company (Cambridge, USA). HRP-labeled sec-
ondary antibody and cell counting kit-8 (CCK-8)
were purchased from Beyotime Institute of Biotech-
nology (Haimen, China). The syntheses of miR-
21 mimic, miR-21 inhibitor, negative control (NC),
Smad7 siRNA, and NC-siRNA were completed by
RiboBio Company (Guangzhou, China). Other com-
monly used reagents were obtained from commer-
cial sources without further purification.

Cell culture and transfection

Keratocytes were isolated from the corneas excised
from rabbit eyes according to the previously re-
ported method [9]. Keratocytes were cultured in
DMEM containing 10% FBS and kept in a humidified
5% CO2 incubator at 37 °C, and the medium was
changed a few times every week. Cells in loga-
rithmic phase were chosen for further experiments.
Keratocytes were transfected with miR-21 mimic
(40 nM), inhibitor (60 nM), and NC (60 nM) using
Lipofectamine 2000 following the manufacturer’s
instructions [10]. Smad7 siRNA and NC-siRNA
were individually used, or in combination with miR-
21 inhibitor in the transient transfection, and the
efficacy of Smad7 knockdown with siRNA was con-
firmed by Western blot assay.

Cell grouping and TGF-β1 treatment

For TGF-β1 induced myofibroblast transformation
of rabbit keratocytes, the keratocytes were washed
twice with PBS and then divided into three groups:
the PBS treated control group, and the other two
groups subjected to 2 ng/ml of TGF-β1 for 24 h
and 48 h, respectively. After treatment, the expres-
sions of α-SMA and collagen I, two commonly used
molecular markers of myofibroblast, in the three
groups were measured using Western blot assay.

To observe the effects of TGF-β1 on Smad7
and miR-21a-5p expressions, keratocytes were cul-
tured in medium containing 2 ng/ml of TGF-β1 for
48 h, and then miR-21a-5p and Smad7 mRNA were
identified by RT-PCR. Smad7 protein was measured
using Western blot assay.

To study the effects of miR-21a-5p on the ex-
pression of Smad7, all the three keratocyte groups
were transfected with miR-21 mimic, inhibitor, or
NC; and then Smad7 expressions at mRNA level
and protein level were investigated by RT-PCR and
Western blot assay, respectively.

The roles of miR-21a-5p and Smad7 in the TGF-
β1-induced transformation of keratocytes to my-
ofibroblasts were investigated. Keratocytes were
divided into four groups: the control and the other
three respectively treated with 2 ng/ml of TGF-β1,
miR-21 inhibitor, and Smad7 knockdown. The cells
were cultured for 48 h, and then the α-SMA mRNA
and its protein were detected.

Western blot assay

After receiving corresponding treatments, kerato-
cytes in individual groups were harvested and sub-
jected to Western blot analysis as described in our
previously reported procedures [11].

RNA isolation and quantitative RT-PCR

To assess the miR and the mRNA expressions, to-
tal RNA was first isolated from the keratocytes,
and then its concentration and quality were mea-
sured using the ultraviolet spectrophotometry. The
expression of miR-21a-5p was detected using the
quantitative real-time PCR (qRT-PCR) following the
instructions of miRNA Reverse Transcription Kit. For
the mRNA detection, mRNAs of Smad7, α-SMA, and
GAPDH were reverse-transcribed using the Prime-
Script RT Reagent Kit, and then the expression levels
were measured by qRT-PCR using a 7500 RT-PCR
system. The primer pairs using the reported se-
quences were as follows: miR-21a-5p, forward: 5′-
ACACTCCAGCTGGGTAGCTTATCAGACTGA-3′, re-
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verse: 5′-CTCAACTGGTGTCGTGGAGTCGGCAATTC
AGTTGAGGATTATGA-3′; Smad7, forward: 5′-GTG
GCATACTGGAGGAGAA-3′, reverse: 5′-GATGGAG
AACCAGGGAACA-3′; α-SMA, forward: 5′-TTCA
ATGTCCCAGCCATGTA-3′, reverse: 5′-TGCCAGTT
GTACGTCCAGAG-3′; and GAPDH, forward: 5′-GC
ACCGTCAGGCTGAGAAC-3′, reverse: 5′-ATGGTG
GTAAGACGCCAGT-3′). Threshold cycle (Ct) data
were collected, and the fold of target mRNA relative
to GAPDH mRNA was measured using the 2−∆∆Ct.

Cell proliferation assay

Keratocytes transfected with miR-21 mimic, miR-
21 inhibitor or NC were seeded in 96-well plate
at a density of 3000 cells/well (100 µl), and then
cultured for 24, 48 and 72 h in a standard culture
condition. At each time point, 10 µl of CCK-8 solu-
tion was added into each well, and the absorbance
at 450 nm was measured at 2 h after the addition
using a micro-plate reader. The absorbance value
represents the relative proliferation ability of cells.
All experiments were repeated in tripicates.

Statistical analysis

All data were expressed as mean±SD, and the
differences between different groups were analyzed
using unpaired Student’s t-test (two groups) or one-
way analysis of variance (ANOVA) followed with
LSD-t post-hoc test (more than two groups). When
p value was less than 0.05, the difference was
considered statistically significant.

RESULTS AND DISCUSSION

TGF-β1 induced myofibroblast transformation
of rabbit keratocytes

TGF-β1 signaling is a critical driver in mediating
collagen accumulation, which is important for the
wound repair in many organs; but an out-of-control
TGF-β1 activity causes undesirable tissue fibrosis,
such as pulmonary fibrosis [12]. Besides, the fi-
brotic response induced by corneal wound heal-
ing process will compromise visual performance, of
which the transitional activated fibroblast of TGF-
β1 induced phenotype transformation of corneal
keratocytes to myofibroblast plays an important
role [13]. The excessively up-regualted TGF-β1
signaling leads to fibrotic wound healing and induc-
tion of scar formation. Therefore, TGF-β1 is often
chosen to establish the activation of myofibroblasts
transformation model of keratocytes. The kerato-
cytes derived myofibroblasts not only have obvious

phenotypic changes, but also express some inter-
mediate filament proteins, e.g. α-SMA, vimentin,
and desmin; and excessive ECM, such as collagen
I and fibronectin. In fact, α-SMA and collagen
I are the two most commonly used markers for
myofibroblasts identification.

In present study, the effects of TGF-β1 stimu-
lation on α-SMA and collagen I expressions were
investigated to assess the cell phenotype of kera-
tocytes. As shown in Fig. 1, the expressions of α-
SMA and collagen I were up-regulated in a time-
dependent manner when rabbit keratocytes were
treated with 2 ng/ml of TGF-β1, suggesting TGF-
β1-induced keratocyte activation. In addition to the
increase of α-SMA and collagen I expressions, it has
been reported that corneal keratocytes treated with
TGF-β1 also showed other fibrosis-related changes
including ECM stiffness [14].

TGF-β1 promotes miR-21a-5p and Smad7 mRNA
expression, but has no effect on the expression
of Smad7 protein

The fibrosis-related miR-21a-5p has been reported
to be involved in the regulation of fibrosis in mul-
tiple tissues, such as spine, uterus, lung [6, 7, 15].
TGF-β/Smad signaling is widely recognized as a
core pathway in the process of fibrosis-associated
cell activation and plays a pivotal role in the onset
and development of fibrosis. Smad7 is a member of
the Smad family, and also a major inhibitory regula-
tor of TGF-β signaling. Previous studies showed that
miR-21a-5p, as an upstream regulatory miR had a
promotional effect on TGF-β1 signaling by targeting
inhibition of Smad7. Interestingly, Smad7, mostly
located in the nucleus, can be translocated to the
cytoplasm under the stimulation of TGF-β1 [16].
After the TGF-β1 induced keratocytes activation was
confirmed, we further investigated the expressions
of miR-21a-5p and Smad7 and their roles at differ-
ent levels. We found that when keratocytes were
treated with TGF-β1 for 48 h, the protein expres-
sion of Smad7 remained stable (Figs. 2A and 2B),
but both miR-21a-5p and Smad7 mRNA increased
significantly (Figs. 2C and 2D). The results sug-
gested that TGF-β1 stimulated the expressions of
miR-21a-5p and the Smad7 mRNA in keratocytes,
but surprisingly, the expression of Smad7 at protein
level did not increase. The inconsistency of mRNA
and protein expressions indicated that Smad7 was
probably regulated negatively at mRNA level.

Smad7 is the target of miR-21a-5p

Smad7 has been considered as a target of miR-
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Fig. 1 TGF-β1 induced myofibroblast transformation. Two commonly used molecular markers of myofibroblast, α-SMA
and collagen I in keratocytes treated without or with TGF-β1 for 24 and 48 h were detected using Western blot assay.
n= 3, ∆ p < 0.05.

Fig. 2 Effects of TGF-β1 on Smad7 and miR-21a-5p
expressions in keratocytes. TGF-β1 did not affect Smad7
protein expression (A,B), but increase miR-21a-5p (C)
and Smad7 (D) expressions at mRNA level. n = 3,∆ p <
0.05.

21a-5p in different fibrosis processes [17, 18]. To
explore whether miR-21a-5p also had a regula-
tory effect on Smad7 in the TGF-β1-induced myofi-
broblasts transformation of keratocytes, cells were
transfected with miR-21a-5p mimic, miR-21a-5p
inhibitor or NC, and then Smad7 expression was
detected. Fig. 3A shows that miR-21a-5p had little
to negligible influence on the proliferation of ker-

Fig. 3 MiR-21a-5p regulates Smad7 protein expression
by inhibiting its translation. The proliferation rate (A),
Smad7 expression at mRNA level (B), and protein level
(C,D) of keratocytes infected with miR-21a-5p mimic,
miR-21a-5p inhibitor, or NC. n= 3,∆ p < 0.05.

atocytes. Smad7 mRNA in keratocytes transfected
with miR-21a-5p mimic or inhibitor had no sig-
nificant change (Fig. 3B). However, the expression
of Smad7 at protein level in miR-21a-5p mimic
group was inhibited, but enhanced in miR-21a-5p
inhibitor group (Figs. 3C and 3D). These results
demonstrated that Smad7 is a direct target of miR-
21a-5p in the keratocyte transformation, and miR-
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Fig. 4 Smad7 knockdown rescued TGF-β1-induced my-
ofibroblast transformation repressed by miR-21a-5p in-
hibitor. Representative Western blot of Smad7 knock-
down in keratocytes (A), and the expression of α-SMA
at mRNA level (B) and protein level (C) in keratocytes
transfected with miR-21a-5p inhibitor without or with
Smad7 knockdown after treatment with TGF-β1. n = 3,
∆ p < 0.05.

21a-5p may regulate Smad7 protein expression via
producing a negative effect on its protein transla-
tion.

miR-21a-5p involves in the TGF-β1-induced
myofibroblast transformation of keratocytes by
targeting Smad7

Since miR-21a-5p is a negative regulator of Smad7
mRNA, the role of miR-21a-5p/Smad7 in TGF-β1-
induced keratocytes activation is worth studying.
The efficiency of Smad7 knockdown was confirmed
by Western blot assay (Fig. 4A). The fibrotic marker
α-SMA was chosen to reflect the activation level of
keratocytes. As shown in Figs. 4B and 4C, miR-
21a-5p inhibitor can inhibit the enhanced α-SMA
expression at protein and mRNA levels, which were
induced by TGF-β1 treatment. But when Smad7
was knocked down with siRNA, the inhibitory effect
was partially relieved. These results supported the
opinion that miR-21a-5p involved in the process
of myofibroblasts transformation of keratocytes by
targeting Smad7.

The activation or myofibroblasts transformation
of keratocytes is an essential part of corneal wound
healing, and exploring its underlying molecular
mechanisms will contribute to understandings of the
process and future development of new therapeutic
strategies. Smad7 is a key regulator of TGF-β-
induced fibrogenesis, and Smad7 overexpression
can accelerate corneal endothelial wound closure.

However, over inhibition of Smad7 can cause an un-
desirable, pathogenic response of wound healing in
the cornea [19]. Our present study confirmed that
without the negative feedback regulation of Smad7,
TGF-β1-induced fibrosis response would lose control
and inhibition of miR-21a-5p also cannot slow down
this deleterious process. The cross-talk between
TGF-β1/Smad7 and miR-21a-5p emphasized the im-
portance of miR-21a-5p in regulation of the transi-
tion from keratocytes to myofibroblasts. Therefore,
miR-21a-5p may become an effective therapeutics
target for the fibrosis formation in cornea wound
healing.

CONCLUSION

In conclusion, our present study showed that miR-
21a-5p plays a positive regulator role in TGF-β1-
induced myofibroblasts transformation of kerato-
cytes by targeting Smad7, suggesting that miR-21a-
5p involves in the signaling pathway associated with
stromal wound healing process, and the inhibition
of miR-21a-5p may relieve the fibrotic scar forma-
tion.
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