
Vol.:(0123456789)1 3

J Mol Hist (2017) 48:357–366 
DOI 10.1007/s10735-017-9734-3

ORIGINAL PAPER

MicroRNA-192 regulates hypertrophic scar fibrosis by targeting 
SIP1

Yan Li1 · Julei Zhang1 · Wei Zhang1 · Yang Liu1 · Yuehua Li1 · Kejia Wang1 · 
Yijie Zhang1 · Chen Yang1 · Xiaoqiang Li1 · Jihong Shi1 · Linlin Su1 · Dahai Hu1 

Received: 12 July 2017 / Accepted: 4 September 2017 / Published online: 7 September 2017 
© Springer Science+Business Media B.V. 2017

Keywords MiR-192 · SIP1 · Hypertrophic scars · 
Collagen · Myofibroblasts

Abbreviations
HS  Hypertrophic scar
HSFs  Hypertrophic scar derived fibroblasts
NS  Normal skin
NSFs  Normal skin derived fibroblasts
SIP1  Smad interacting protein 1
ECM  Extracellular matrix
3′-UTR  3′-Untranslated regions
α-SMA  α-smooth muscle actin

Introduction

Hypertrophic scar (HS), as a serious skin fibrotic disease, 
has always been a major problem for clinical treatment. HS 
usually occurs in 30–72% of patients after skin trauma or 
severe burn injury (Niessen et al. 1999; Tyack et al. 2012) 
and leads to a significant impairment of the patients’ quality 
of life because of functional limitations or aesthetic disfig-
urement (Brown et al. 2008). However, there are few effec-
tive and specific therapeutic approaches in clinics, and the 
underlying mechanism remains poorly understood. HS is 
characterized by excessive deposition of extracellular matrix 
(ECM) and activity of skin myofibroblasts, mainly shown 
by the expression of Col1, Col3 and α-SMA. Emerging evi-
dences have demonstrated the important role of miRNAs 
in HS formation (Ong et al. 2007; Li and He 2014; Zhou 
et al. 2015).

MicroRNA (miRNA) is short, non-coding RNAs of 
approximately 20–22 nucleotides, it can negatively regulate 
target gene expressions by binding to 3′-untranslated regions 
(UTR) of their messenger RNAs, leading to the degradation 
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or translational suppression of target gene (Ambros 2004; 
Fabian and Sonenberg 2010). Bioinformatics analyses have 
suggested that more than 50% of all genes are regulated by 
miRNAs (Witkos et al. 2011). Recent studies show that the 
aberrant expression of miRNAs are associated with fibrosis 
disease, such as the heart, lung, liver and kidney fibrosis 
(Jiang et al. 2010; Kato et al. 2007; Lv et al. 2013). MiR-192 
is located on human chromosome 11q13.1 and transcribed as 
a cluster with miR-194 (Rosa–Rosa et al. 2009; Hino et al. 
2008). Inhibiting miR-192 ameliorates renal fibrosis in dia-
betic nephropathy (Putta et al. 2012). However, the precise 
biological function of miR-192 and its molecular mechanism 
in hypertrophic scar has not been elucidated.

Smad interacting protein 1 (SIP1, also known as zinc 
finger E-box binding homeobox 2, ZEB2), which is a 1214-
amino acid, 140 kDa protein encoded by the ZFHX1B gene 
at chromosome 2q22 that consists of 10 exons (Garavelli 
et al. 2003; Gibbs and Singleton 2006), has been acted as a 
DNA-binding transcriptional repressor by directly binding 
to 5′-CACCT sequences located in various gene promoters 
(Grunsven et al. 2003; Mejlvang et al. 2007). Many litera-
tures regarding SIP1 focused on its role in driving the tran-
sition from epithelial to mesenchymal phenotypes (EMT), 
particularly during cancer progression. SIP1 expression 
was associated with aggressive tumor properties and a poor 
prognosis (Rosivatz et al. 2002; Imamichi et al. 2007). We 
and other previous studies had revealed that SIP1 negatively 
regulated Col1 expression by binding to E-box elements in 
the far upstream region of its promoter (Zhang et al. 2011; 
Kato et al. 2009), leading to the deposition of ECM and 
the formation of scar. Increasing evidences indicated the 
expression of SIP1 was under the control of miRNAs, but 
the regulatory relationship between miR-192 and SIP1 in the 
scar formation remained unknown.

In the study, we demonstrated that miR-192 was signifi-
cantly up-regulated in HS and HS derived fibroblasts (HSFs) 
compared to normal skin (NS) and NS derived fibroblasts 
(NSFs). The expression of SIP1 was inversely associated 
with miR-192. Furthermore, luciferase reporter assay 
showed that SIP1 was a direct target of miR-192, which was 
confirmed by western blotting and qRT-PCR in HSFs trans-
fected with miR-192 mimics or inhibitors. Besides, overex-
pression of miR-192 increased the levels of Col1, Col3 and 
α-SMA, and anti-miR-192 reduced the synthesis of collagen 
and the trans-differentiation of fibroblasts to myofibroblasts 
in HSFs. Meanwhile, the fibro-proliferative effect of miR-
192 mimics was detected in the bleomycin-induced fibrosis 
model of BALB/c mice. Moreover, knockdown SIP1 using 
siRNA resulted in the inhibition of collagen and α-SMA 
expression, which was similar to the effect of miR-192 mim-
ics. These results indicated that miR-192 played an impor-
tant role in the formation of HS, and the effect was achieved 
by targeting SIP1.

Methods and materials

Patients and ethics approval

The hypertrophic scar and matched normal skin tissues 
were obtained from patients (mean age 30 years, n = 6) 
who underwent surgical excision in Xijing Hospital (Xi’an, 
China). Before surgery, all patients were informed the pur-
pose and procedures of this study and agreed to offer their 
excised tissues. Written consent was obtained from all par-
ticipants involved in this study. Diagnosis was confirmed by 
routine pathological examination. All protocols were per-
formed after obtaining the approval of the ethics committee 
of Xijing Hospital affiliated with Fourth Military Medical 
University.

Animals

Five- to six-week-old male BALB/c mice were purchased 
from the Experimental Animal Center of the Fourth Military 
Medical University. The animal experimental procedures 
and ethical approval were performed in strict accordance 
with the Institutional Animal Care and Use Committee of 
the Fourth Military Medical University (Xi’an, China).

Cell culture

Human HSFs and matched NSFs were isolated as previ-
ously reported (Liu et al. 2012). Briefly, the dermal por-
tions were minced and cultured by tissue block explant to 
fibroblasts. Cells were incubated with Dulbecco’s modified 
Eagle medium (DMEM; GIBCO, Grand Island, NY, USA) 
supplemented with 10% fetal bovine serum (FCS; GIBCO), 
100 U/ml penicillin, and 100 μg/ml streptomycin at 37 °C in 
a 5%  CO2 humidified atmosphere. HSFs and NSFs between 
the third and fifth passages were used for the following 
experiments. Cells were seeded in six-well plates at a den-
sity of 2 × 105/well; HSFs were starved for 12–16 h in the 
serum-free medium when achieved 70–80% confluent, and 
then transfected with miR-192 mimics (50 nM), inhibitors 
(50 nM) or negative control (50 nM) using lipofectamine 
2000 (Invitrogen, USA) according to the manufacturer’s 
instructions. The mRNA and protein analysis were used to 
assess the expression of the fibrotic markers (Col1, Col3, 
and α-SMA).

Real-time quantitative polymerase chain reaction 
(qRT-PCR)

qRT-PCR was performed as previously reported (Zhang 
et al. 2011). Total RNA was extracted with Trizol. The 
primer pairs (human) used for gene amplification from the 
cDNA template were as follows: Col1: forward 5′-GAG GGC 
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AAC AGC AGG TTC ACTTA-3′ and reverse 5′-TCA GCA 
CCA CCG ATG TCC A-3′; Col3: forward 5′-CCA CGG AAA 
CAC TGG TGG AC-3′ and reverse 5′-GCC AGC TGC ACA 
TCA AGG AC-3′; α-SMA: forward 5′-GAC AAT GGC TCT 
GGG CTC TGTAA-3′ and reverse 5′-TGT GCT TCG TCA CCC 
ACG TA-3′; SIP1: forward 5′-CCC TTC TGC GAC ATA AAT 
ACGA-3′ and reverse 5′-TGT GAT TCA TGT GCT GCG AGT-
3′; glyceraldehyde 3-phosphate dehydrogenase (GAPDH): 
forward 5′-GCA CCG TCA AGC TGA GAA C-3′ and reverse 
5′-TGG TGA AGA CGC CAG TGG A-3′. For miRNA, 800 ng 
RNA was transcribed for cDNA with a reverse transcrip-
tion kit and miRNA-specific primers supplied by Clontech 
(Mir-X™ miRNA First-Strand Synthesis). qRT-PCR was 
performed with miScript SYBR green PCR kit and U6 was 
used as an normalized control. Human -miR-192: 5′-GAC 
CTA TGA ATT GAC AGC C-3′; U6: 5′-CTC GCT TCG GCA 
GCACA-3′; Universal reverse primer: 5′-GTG CAG GGT 
CCG AGGT-3′. Human-miR-192 mimics, human-miR-192 
inhibitors, mouse-miR-192 mimics and their correspond-
ing negative controls were purchased from QIAGEN. SIP1 
siRNA: 5′-GGA GCA GGU AAU CGC AAG U-3′. The results 
from three independent reactions were used to determine 
the relative expression levels of the target genes, which were 
normalized against the expression of GAPDH or U6.

Western blot analysis

The protein concentration was determined by using a BCA 
Protein Assay Kit (Beyotime). Briefly, cell lysates contain-
ing equal amounts of protein (50 μg) were separated in 
10% sodium dodecyl sulfate polyacrylamide gels and trans-
ferred onto polyvinylidene fluoride membranes (Millipore, 
Billerica, MA, USA) at 100 V for 40–100 min. The mem-
branes were blocked with 5% non-fat milk in tris-buffered 
saline/0.5% Tween-20 (TBST) at room temperature for 
3–6 h, and then incubated at 4 °C overnight with anti-Col1 
(Rabbit, 1:1000; Abcam, Cambridge, UK), anti-Col3 (Rab-
bit, 1:3000; Abcam), anti-α-SMA (Rabbit, 1:1000; Abcam), 
anti-SIP1 (rabbit, 1:250; Abcam, Cambridge, UK) and anti-
β-actin (Goat, 1:500; Santa Cruz Biotechnology, Inc., Dal-
las, TX, USA) antibodies. The next day, the membrane was 
washed with TBST and then incubated with horseradish per-
oxidase-conjugated secondary antibodies (1:3000; Boster) 
for 1 h at room temperature. Then, the ECL reagents kit 
(Millipore, Billerica, MA, USA) was performed. The inten-
sity of protein on the membranes was analyzed by Image J 
software and normalized to β-actin expression.

Luciferase reporter assay

To confirm that SIP1 was indeed a direct target of miR-
192, we obtained luciferase-3′-untranslated region (3′UTR) 
reporter constructs for ZEB2 mRNA. For the construction 

of the 3′UTR of ZEB2 reporter plasmid, the 3′UTR segment 
of ZEB2 was amplified by PCR, then they were sub-cloned 
into pGL3 luciferase vector, and the plasmid was designated 
as pGL3-CMV-LUC-H_SIP1-WT or pGL3-CMV-LUC-
H_SIP1-MT. The fragment was then inserted into the 3′-end 
of the firefly luciferase gene of the dual-luciferase miRNA 
target expression vector. Co-transfections of the wild-type 
ZEB2 3′UTR, the mutant ZEB2 3′UTR or a non-targeting 
control RNA with the miR-192 mimics at a final concentra-
tion of 50 nM were accomplished with the lipofectamine 
2000 transfection reagent, and the samples were harvested 
after 24 h for luciferase assays performed using a kit (Pro-
mega, WI, USA).

Animal model

Five- to six-week-old male BALB/c mice were used to 
make the bleomycin-induced dermal fibrosis models. Filter-
sterilized bleomycin sulfate (Selleck, Catalog No.S12124) 
(100 μg/injection dissolved in phosphate-buffered saline), 
PBS, or bleomycin plus miR-192 mimics were administered 
by daily subcutaneous injections into the shaved backs of 
mice using a 27-gauge needle. After two weeks, mice were 
sacrificed and lesional skin tissues were processed for his-
tological analysis. Each experimental group consisted of six 
mice at least (n = 6).

Histopathology, immunohistochemistry and Masson′s 
trichrome staining analysis

The skin samples were embedded in paraffin and cut into 
4 μm thick sections. One section was used for H&E staining 
and another was used for Masson’s trichrome staining anal-
ysis of collagen fibers.α-smooth muscle actin (α-SMA), a 
marker for identifying myofibroblasts that play a crucial role 
in the pathological fibrogenesis, was determined by immu-
nohistochemistry staining. Briefly, sections were dewaxed 
and endogenous peroxidase activity was quenched with 3% 
hydrogen peroxide for 15 min, then blocked with normal 
goat serum for 30 min to eliminate non-specific binding and 
incubated overnight at 4 °C with primary antibodies against 
α-SMA (1:100; Abcam). The next day, the sections were 
treated with a PV6000 Histostain™ kit (ZSGB, Beijing, 
China) and stained with diaminobenzidine (ZSGB, Beijing, 
China). Finally, the sections were counterstained with hema-
toxylin and images acquired with FSX100.

Statistical analysis

All data were analyzed using SPSS17.0 software; every 
experiment was repeated at least three times, and the data 
were presented as mean ± standard error of the mean. 
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Statistical analysis was performed by Student′s t tests. 
p < 0.05 was considered statistically significant.

Results

MiR-192 was highly overexpressed in HS and HSFs

To test the potential function of miR-192 in HS, firstly we 
examined the expression level of miR-192 in NS, HS and 
their derived fibroblasts (NSFs and HSFs) by qRT-PCR, as 
shown in Fig. 1a, b, the expression of miR-192 in HS and 
HSFs were significantly higher than NS and NSFs, while 
the levels of ZEB2 inversely decreased in HS and HSFs 
(Fig. 1c, d), accompanied with the enhanced expression 
of Col1, Col3 and α-SMA in the same samples (Fig. 1e, 
f). There were significantly statistical differences between 
two groups (p < 0.05). The results revealed miR-192 had 
the fibro-proliferative effect on HS formation, and presented 
negative correlation with the expression of ZEB2.

ZEB2 was a direct target of miR-192

In the next step, we performed the following experiments 
to confirm that ZEB2 was indeed a target of miR-192. 

Using three algorithms (miRanda, TargetScan and Diana-
microT), ZEB2 was thought to be a theoretical target 
gene of miR-192 (the predicted binding sites for miR-192 
were shown in Fig. 2a). Thus, the 3′-UTR of ZEB2 was 
cloned into the pGL3-CMV-vector. The luciferase reporter 
activity of WT-ZEB2-3′UTR was significantly inhibited 
upon transfection with miR-192 mimics; Furthermore, 
site-directed mutagenesis of the reporter containing the 
3′-UTR of the ZEB2 gene was performed, and the regula-
tory effect of miR-192 mimic was abolished in the mutant 
MT-ZEB2-3′UTR reporter (Fig. 2b). Besides, ZEB2, the 
predicted target of miR-192 by bioinformatics analysis, 
was confirmed by qRT-PCR (Fig. 2c, d) and western blot-
ting (Fig. 2e, f). MiR-192 mimics, inhibitors and the cor-
responding negative controls were transfected into HSFs 
with lipofectamine 2000 (Invitrogen). The mRNA level 
showed that miR-192 mimics down-regulated the expres-
sion of SIP1, whereas miR-192 inhibitors increased the 
level of SIP1 (Fig. 2c, d). There were statistical differences 
between miR-192 mimics, inhibitors and their matched 
control groups (p < 0.01); and the protein expression veri-
fied the result (p < 0.05)  (Fig. 2e, f). Our data demon-
strated miR-192 directly targeted SIP1 in HS.

Fig. 1  a–b The qRT-PCR analysis of miR-192 in human normal 
skin, hypertrophic scar tissues and their derived primary fibroblasts 
(NS, HS and NSFs, HSFs). c–d The mRNA expression of ZEB2 
in NS, HS and NSFs, HSFs. e–f In the same samples, the qRT-

PCR analysis for the levels of Col1, Col3 and α-SMA, graph rep-
resented the expression of aforementioned molecules relative to 
that of GAPDH. The data were shown as mean ± SEM (*p < 0.05; 
**p < 0.01)
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Overexpression of miR-192 promoted the synthesis 
of collagen and the accumulation of myofibroblasts

Since we had found miR-192 was overexpressed in HS, the 
following experiment was performed to measure the effect 
of miR-192 on the deposition of collagen and the activity of 

myofibroblasts. The results revealed miR-192 mimics signif-
icantly increased the expression of Col1, Col3 and α-SMA 
by qRT-PCR (Fig. 3a), whereas anti-miR-192 down-regu-
lated the levels of the aforementioned molecules (Fig. 3b). 
The phenomenon was further confirmed by western blotting 
(Fig. 3c, d) and demonstrated miR-192-driven pro-fibrotic 

Fig. 2  a The sequence alignment showed that ZEB2 (region at base 
pairs 956–962 in the 3′UTR) harbored a binding site for miR-192. 
Solid lines depicted matched base pairing between the wild-type 
SIP1 3′UTR and miR-192, while dots represented mismatched bases 
between the mutant SIP1 3′UTR and miR-192. b Luciferase activity 
was significantly decreased upon miR-192 overexpression in case of 
ZEB2 wild-type 3′UTR, but was not affected by mutant 3′UTR, indi-
cating that miR-192 directly targeted ZEB2. c HSFs were transfected 

with miR-192 mimics or miR-192 inhibitors, respectively. The over-
expression or inhibition of miR-192 was measured by qRT-PCR. d 
miR-192 mimics decreased the expression of ZEB2 and anti-miR-192 
increased its mRNA level. e miR-192 mimics down-regulated the 
expression of SIP1 and anti-miR-192 up-regulated its protein level. 
Data represented mean ± SD of triplicate values from a representative 
experiment performed at least three times (*p < 0.05; **p < 0.01)
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effects in HS formation. There were statistical differences 
between miR-192 mimics, inhibitors and their matched con-
trol groups (p < 0.05).

Knockdown SIP1 could increase the expression of Col1, 
Col3 and α-SMA, the effect was similar to miR-192 
mimics

We had proved miR-192 targeted directly SIP1 to down-reg-
ulate its expression, and miR-192 facilitated the synthesis of 
collagen and the trans-differentiation of fibroblasts to myofi-
broblasts. Therefore, we speculated miR-192 modulated 
HS fibrosis by targeting SIP1. Cells growth were arrested 
in the serum-free medium 12 h prior to transfection with 
siRNA at a final concentration of 100 nM, the result was 
identified by qRT-PCR (Fig. 4a). Based on this, we tested the 
effect between miR-192 mimics and SIP1 siRNA, the result 
revealed SIP1 siRNA had the similar function to miR-192 
mimics, presenting the up-regulation of the protein levels of 
Col1, Col3 and α-SMA (Fig. 4b, c). SIP1 could suppress the 
synthesis of collagen and the expression of α-SMA. There 
were statistical differences between miR-192 mimics, SIP1 

siRNA and their corresponding negative controls (p < 0.05). 
The results illustrated miR-192 exerted the fibro-prolifera-
tive effect via the repression of SIP1, resulting in the change 
of ECM deposition and myofibroblasts differentiation.

MiR-192 mimics facilitated the deposition of collagen 
and the expression of α-SMA in the bleomycin-induced 
fibrosis model of BALB/c mice

A major limitation in the progress of scar management is the 
lack of physiologically relevant human models to explore the 
pathogenesis of HS formation. In the experiment, we made 
the bleomycin-induced dermal fibrosis model of BALB/c 
mice. The mice were divided into three groups: control 
group (PBS), bleomycin group and bleomycin plus miR-192 
mimics group, and they were sacrificed after 2 weeks of sub-
cutaneous injections. H&E and Masson’s trichrome staining 
were used to measure the structure and arrangement of colla-
gen. The dermal thickness was more obvious in the bleomy-
cin plus miR-192 mimics group (Fig. 5a), which presented 
tensed, excessive, and disorderly arranged collagen bundles 
fibers compared to thinner fibers and ordered arrangement in 

Fig. 3  a miR-192 mimics increased the expression of Col1, Col3 and 
α-SMA compared to negative control by qRT-PCR. b Anti-miR-192 
reduced the mRNA levels of Col1, Col3 and α-SMA. c Immunoblot 
analysis for the protein expression of Col1, Col3 and α-SMA in HSFs 

transfected with miR-192 mimics or inhibitors, graph showed the 
relative band density to β-actin. d Quantitative analysis was shown 
by histogram. Every experiment was repeated for three times at least. 
The data were shown as mean ± SEM (*p < 0.05; **p < 0.01)
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only bleomycin-induced group (Fig. 5c). The control group 
demonstrated the normal histological structure of BALB/c 
mice skin. There were more positive-α-SMA staining in the 
bleomycin plus miR-192 mimics group (Fig. 5e). Relative 
dermal thickness (defined as the thickness of skin from the 
top of the granular layer to the junction), collagen content 
and the percentage of α-SMA-positive cells were ana-
lyzed by Image Pro Plus software and shown by histogram 
(Fig. 5b, d, f). There were significantly statistical differences 
between bleomycin plus miR-192 mimics, bleomycin and 
the control groups (p < 0.05). The results revealed miR-192 
mimics promoted collagen deposition and myofibroblasts 
accumulation in the bleomycin-induced fibrosis models of 
BALB/c mice.

Discussion

The study provides the following major findings. First, miR-
192 was overexpressed in HS and HSFs, and inversely asso-
ciated with the level of ZEB2; Furthermore, we confirmed 
ZEB2 was indeed a direct target of miR-192, and miR-192 
regulated the synthesis of collagen and the differentiation of 
myofibroblasts in HSFs and the bleomycin-induced BALB/c 
mice; Moreover, the effect of SIP1 siRNA on HS formation 
was similar to miR-192 mimics, suggesting that miR-192 
facilitated HS fibrosis by targeting SIP1. These results dem-
onstrate that miR-192 is a promising therapeutic target to 
reduce scar formation.

Hypertrophic scar represents the main clinical challenge 
to burn and plastic surgeons owing to their high incidence 
and the lack of an effective treatment strategy (Kathju and 
Gallo 2012). Fibroblasts play a crucial role in the synthe-
sis of collagen and the differentiation into myofibroblasts. 

Growing evidence revealed miRNAs could potentially regu-
late skin fibrosis and have therapeutic significance (Brown 
and Naldini 2009).

MiR-21 presented the fibro-proliferative effect in HS (Li 
et al. 2016); MiR-181b regulated decorin production by 
dermal fibroblasts and might be a potential therapy for HS 
(Kwan et al. 2015); MiR-145 contributed to HS formation 
by inducing myofibroblast activity (Gras et al. 2015); our 
study focused on miR-192, which was involved in multiple 
types of cancer, including lung, breast, liver, colon, bladder, 
pancreatic cell carcinoma and diabetic nephropathy (Tazawa 
et al. 2011; Wang et al. 2012; Parrizas et al. 2015). About 
the fibrotic disease, inhibiting miR-192 ameliorated renal 
fibrosis in diabetic nephropathy (Putta et al. 2012); in the 
study, using patients’ tissue samples and primary fibroblasts, 
we explored the expression of miR-192 in HS. The results 
suggested miR-192 was overexpressed in HS and HSFs com-
pared to NS and NSFs, inversely associated with the level 
of SIP1. There was a positive correlation between miR-192 
and the fibrotic proteins (Col1, Col3 and α-SMA), indicating 
miR-192 was closely related with HS fibrosis.

It has been proved that the cell factors were related 
with skin fibrosis and scar formation, such as TGFβ1, 
 FGF2(Sideek et al. 2016),  MRP1 (Li et al. 2015). As the 
important transcriptional regulator of TGFβ/Smad signal 
pathway, SIP1 was first identified using a yeast two-hybrid 
system by Verschueren et al. (1999). The function of SIP1 
mainly focused on epithelial-mesenchymal transition in can-
cer, miRNAs (miR-132, miR-205, miR-200 and so on) regu-
lated SIP1 in the process (Lee et al. 2014; Kim et al. 2011). 
In the next step, we needed to confirm SIP1 was a direct 
target of miR-192 in HS. Using three algorithms (miRanda, 
TargetScan and Diana-microT), we got the theoretical bind-
ing sites of miR-192 in the predicted target sequences. The 

Fig. 4  a The effect of SIP1 knockdown using siRNA was tested by 
qRT-PCR. b Immunoblot analysis for the protein expression of Col1, 
Col3 and α-SMA in HSFs transfected with miR-192 mimics, SIP1 
siRNA and their corresponding negative controls. c Quantitative 

analysis was shown by histogram. Every experiment was repeated for 
three times at least. The data were shown as mean ± SEM (*p < 0.05; 
**p < 0.01)
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luciferase reporter activity of WT-ZEB2-3′UTR was sig-
nificantly inhibited upon transfection with miR-192 mimic; 
whereas MT-ZEB2-3′UTR abolished the effect. Then, HSFs 
were transfected with the miR-192 mimics or inhibitors to 
further evaluate the regulatory relationship between miR-
192 and SIP1, and our data demonstrated that miR-192 mim-
ics down-regulated the expression of SIP1, while the inhi-
bition of miR-192 increased the level of SIP1. The results 
revealed miR-192 targeted SIP1 to modulate HS.

To further detect the effect of miR-192, HSFs were 
transfected with the miR-192 mimics or inhibitors to 

observe the influence of collagen synthesis and the trans-
differentiation of fibroblasts to myofibroblasts, the results 
showed that overexpression of miR-192 enhanced the 
mRNA and protein expression of Col1, Col3 and α-SMA, 
and inhibition of miR-192 suppressed the levels of the 
fibrotic molecules. The effect of miR-192 was further 
verified in the bleomycin-induced skin fibrosis model of 
BALB/c mice in vivo. Daily application of bleomycin 
over a period of 2 weeks lead to histologically a thickened 
dermis and the deposition of collagen. MiR-192 mimics 
increased bleomycin-induced skin dermal fibrosis, leading 

Fig. 5  Histological analysis of bleomycin-induced dermal fibrosis of 
BALB/c mice. a The thickness of the dermal layer in PBS, bleomycin 
and bleomycin plus miR-192 mimics-treated mice were measured by 
H&E staining. b The analysis of dermal thickness was shown by his-
togram. Scale bar: 200, 50 μm (n = 6 mice per group). c Masson’s tri-
chrome staining for labeling collagen fibers blue was used to evaluate 

the deposition and arrangement of collagen in different groups. Scale 
bar: 200, 50 μm (n = 6 mice per group). d Representative images were 
shown and the content of collagen was summarized as a graph. Scale 
bar: 200, 50 μm. e Immunohistochemistry staining of α-SMA expres-
sion in HSFs, Scale bar: 50  μm. f The percentage of positive cells 
staining was shown by histogram (*p < 0.05; **p < 0.01)
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to the up-regulation of collagen content and more positive 
staining of α-SMA in the lesional skin compared to the 
control group and only bleomycin-induced group. Above 
mentioned results demonstrated miR-192 facilitated HS 
fibrosis.

Since SIP1 was a direct target of miR-192, and over-
expression of miR-192 increased the levels of Col1, Col3 
and α-SMA, we speculated miR-192 promoted HS fibrosis 
by targeting SIP1. Knockdown SIP1 using siRNA up-reg-
ulated the protein expression of collagen and α-SMA, and 
the effect of SIP1 siRNA was similar to miR-192 mimics, 
which suggested miR-192 targeted SIP1 to modulate HS 
fibrosis. The level of SIP1 was inversely associated with 
the expression of collagen and the pathological scar forma-
tion. In accordance with previous studies, overexpression 
of miR-192 increased tumor volume in an orthotopic pan-
creatic cancer mouse model, coupled with the suppression 
of SIP1 and the elevation of collagen I (Botla et al. 2016). 
Kato et al. (2007, 2011) reported that down-regulation 
of SIP1 could be relevant to the pathogenesis of renal 
fibrosis, and the repression of SIP1 expression on mouse 
mesangial cells by miR-192 facilitated collagen synthesis, 
matrix deposition and glomerulosclerosis. Inverse correla-
tion between miR-192 and SIP1 was observed in glomeruli 
of human early diabetic nephropathy (Deshpande et al. 
2013; Krupa et al. 2010).

Based on these results, we conclude that targeting miR-
192 may be a potential option to prevent the progression 
of hypertrophic scar, and miR-192-mediated regulation of 
SIP1 provides a novel mechanistic basis for the treatment 
of hypertrophic scar.

Conclusions

The study demonstrated miR-192 significantly facilitated 
the deposition of collagen, and the trans-differentiation 
of fibroblasts to myofibroblasts. In addition, the effect of 
miR-192 on HS fibrosis was achieved by directly targeting 
SIP1. Our data provide a potential therapeutic strategy for 
HS treatment, and the anti-fibrotic mechanism of inhibit-
ing miR-192 need to be further elucidated and explored.
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