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Abstract: Idiopathic pulmonary fibrosis (IPF) is a chronic lung disease involving pulmonary injury associated with tis-
sue repair, dysfunction and fibrosis. Recent studies indicate that some microRNAs (miRNAs) may play critical roles 
in the pathogenesis of pulmonary fibrosis. In this study, we aim to investigate whether miR-338* (miR-338-5p), 
which has been found to be associated with tumor progression, is associated with pathological process of pulmo-
nary fibrosis. Balb/c mice were treated with bleomycin (BLM) to establish IPF models. Targtscan was used to predict 
the downstream target of miR-338*. Morphological changes were observed with light microscope and epithelial to 
mesenchymal transition (EMT) markers were detected by western blot. The expression of miR-338* or downstream 
target SMO was analyzed by real-time quantitative RT-PCR, northern blot or western blot. MiR-338* was down-
regulated in the lung tissue from mice with bleomycin-induced pulmonary fibrosis. The smoothened (SMO) is a 
direct target of miR-338*, and knocking-down the expression of SMO could partially rescue the fibrotic phenotype 
of TGF-β-induced NuLi-1 cells. Over-expression of SMO led to the fibrotic phenotype of NuLi-1 cells even without 
TGF-β treatment. These findings showed that the over-expression of SMO contributed to the fibrotic phenotype of 
NuLi-1 cells by affecting the epithelial-to-mesenchymal transition (EMT) procedure. Furthermore, in vivo, lentivirus-
mediated over-expression of miR-338* can alleviate lung fibrosis induced by bleomycin in mice. In conclusion, our 
results suggest that miR-338* can target SMO to reduce the EMT procedure and thus postpone the development 
of pulmonary fibrosis.
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Introduction

IPF is defined as a type of chronic fibrosing 
interstitial pneumonia of unknown cause and is 
associated with a histologic pattern of usual 
interstitial pneumonia (UIP) by a consensus 
statement of the American Thoracic Society 
(ATS) and the European Respiratory Society 
(ERS) [1]. The annual incidence of IPF is rising 
and is estimated to be 4.6-16.3 per 100,000 
people; the prevalence is 13 to 20 cases per 
100,000 [1, 2]. The course of this disease gen-
erally involves the progressive deterioration of 
lung functions, with a median survival time of 3 
years from the time of diagnosis [2]. The prog-
nosis of IPF patients is very poor and many 
patients die of respiratory failure. To date, no 
randomized controlled trials support any thera-
py being identified for IPF.

The pathological process of IPF remains largely 
unknown. However, important evidences indi-
cate that miRNAs play important roles during 
the pathological process [4-6]. MiRNAs, a class 
of small RNA molecules, have been shown to be 
involved in various pathological processes in- 
cluding cellular proliferation, tissue develop-
ment and repair [7-9]. Therefore, they are increa- 
singly being recognized as the key regulators of 
tissue phenotypes and potential targets for 
therapeutic interventions in various diseases. 
Of these, miR-338* (miR-338-5p) belongs to 
the miR-338 family and its expression might be 
involved in the regulation of tumor progression, 
including hepatocellular carcinoma and meta-
static colorectal carcinoma tissues [10, 11]. 
Besides, in the rat model of bleomycin-induced 
IPF, the enhanced expression of miR-338* may 
target the downstream effector LPA1 and thus 
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significantly inhibit the proliferation of pulmo-
nary fibroblasts [12].

Smoothened (SMO), a protein related to G- 
protein-coupled receptors, is the key activator 
of the Hedgehog (Hh) signaling pathway [13], 
which is considered to be involved in the devel-
opment of tumors [14, 15]. Constitutive activa-
tion of SMO promotes the clono-genicity and 
progression of human small cell lung cancer 
(SCLC) both in vitro and in vivo. Conversely, the 
deletion of SMO in Rb1 and Tp-53-mutant lung 
epithelial cells protects mice from SCLC initia-
tion and progression [14]. In liver cancer cells, 
the expression of SMO is controlled by miR-
338-3p, and its over-expression leads to inva-
sion and metastasis in the tumor tissue [16]. In 
addition, the inhibition of Hh signaling results in 
the attenuation of cancer stem cell markers 
and the up-regulation of miR-200b and let-7c, 
indicating a connection between Hh signaling 
and miRNAs during drug resistance in lung can-
cer [17]. In the tumorigenesis mechanism, mol-
ecules in the Hh signaling pathway, including 
SMO, are activated in IPF lungs and Hh may 
contribute to IPF pathogenesis by increasing 
the proliferation, migration, extracellular matrix 
production, and survival of fibroblasts [18].

These findings indicate that miR-338* and the 
Hh signaling pathway might be involved in the 
pathogenesis of IPF, and that the Hh signaling 
pathway is closely regulated by the molecule of 
the miR-338 family. However, there is no evi-
dence to reveal whether there is a relationship 
between miR-338* and SMO during the devel-
opment of IPF. It has been increasingly realized 
that epithelial-mesenchymal transition (EMT) 
plays an important role in the repair and scar 
formation after epithelial injury during pulmo-
nary fibrosis. Of those, some miRNAs are sup-
posed to act as regulators during EMT proce-
dure [19-21]. Therefore, we hypothesize that 
miR-338* affects EMT procedure by regulating 
SMO expression and thus participates in the 
development of lung fibrosis. 

Materials and methods

Cell line and the treatment

The normal human bronchial epithelium cell 
line (NuLi-1) was provided by the Shanghai Cell 
Biology Institute (China). The cell line was main-
tained in RPMI-1640 medium (Sigma-Aldrich 

Co. Ltd, Irvine, CA) supplemented with 10% 
fetal bovine serum (FBS), 1% L-glutamine, and 
1% penicillin/streptomycin at 37°C with 5% CO2 
and 100% humidity. TGF-β was bought from 
Life Technologies and dissolved in PBS. Briefly, 
cells at a density of 1×105 cells/well were seed-
ed into 6-well plates in RPMI-1640 supplement-
ed with 10% calf serum and were cultured for 
24 h. The cells were then treated with PBS con-
trol, TGF-β (10 ng/ml), or TGF-β (10 ng/ml) plus 
siSMO (0.05 μM) for 72 hours. The treatment 
was terminated at a specific time point, and cell 
lysates were extracted for the next experi-
ments. For the transfection experiment, NuLi-1 
cells were transiently transfected with pcDNA- 
3.1 or pcDNA3.1-SMO plasmids using the Lipo- 
fectamine 3000 reagent (Life Technologies, 
USA) for the indicated time points according to 
the manufacturer’s instructions. Briefly, 1×105 
cells were seeded into six-well plates contain-
ing an antibiotic-free medium and incubated 
overnight. For each well, 2 μg DNA (pcDNA3.1 
or pcDNA3.1-SMO) was mixed with 95 μl Opti-
MEM. The mixture was then combined with a 
solution of 5 μl Lipofectamine 3000 reagent 
(Life Technologies) in 95 μl Opti-MEM. After a 
20-min incubation period at room temperature, 
the mixture was applied to the cells in an appro-
priate volume of culture medium to achieve a 
final volume of 2 ml. Then, the cells were cul-
tured for an additional 24 h or 48 h at 37°C 
before analysis.

Animal IPF models

Balb/C mice (Shanghai Laboratory Animal Cen- 
ter, Chinese Academy of Sciences, Shanghai, 
China) were maintained in a controlled environ-
ment and provided with water and standard 
rodent food. Twenty mice were randomly divid-
ed into the following 2 groups (n=10/group): 
vehicle group (saline-water) and treated group 
(BLM-water). Mice in the saline group were 
injected intratracheally with 2 ml/kg saline; the 
others were injected intratracheally with BLM 
(5 mg/kg, 2 ml/kg in saline). On day 14 follow-
ing bleomycin or saline treatment, mice were 
sacrificed and lungs were collected for histolo-
gy, immuno-histochemistry, real-time PCR, and 
western blot analysis. All procedures involving 
animals were approved by the Ethics Committee 
for Animal Research of Medical School of 
Nanjing University.
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Immunofluorescence and histological study

In vitro, the treated NuLi-1 cells were pre-fixed 
with 4% paraformaldehyde for 30 min at room 
temperature. After washing with PBS, samples 
were incubated with PBS containing 0.1% Triton 
X-100 for 15 min. Following blocking with 3% 
bovine serum albumin (BSA) for 1 h, samples 
were stained with primary antibodies (anti-E-
cadherin polyclonal antibody; anti-vimentin 
polyclonal antibody) overnight at 4°C. Then, 
cells were incubated with corresponding sec-
ondary antibodies (goat anti-rabbit IgG-FITC; 
goat anti-mouse IgG-PE) for 1 h at 25°C. 
Eventually, samples were stained with DAPI for 
5 min. Images were captured using an Olympus 
FluoView 1000 confocal microscope (Olympus 
America Inc., Melville, NY, USA). For histological 
study, after euthanasia, mice lungs were per-

The 3’-UTR sequence of SMO predicted to inter-
act with miR-338* or a mutated sequence with 
the predicted target sites (Figure 1) were syn-
thesized and inserted into a pGL3 vector 
(Promega, Madison, WI, USA). These constructs 
were named pGL3-SMO-3’UTR-wt and pGL3-
SMO-3’UTR-mutant and used to transfect NuLi-
1 cells. The cells were cultured in 12-well plates 
and each transfected with 50 ng of pGL3-SMO-
3’UTR-wt or pGL3-SMO-3’UTR-mutant together 
with 50 ng of pGL3 (Promega, Madison, WI, 
USA) containing firefly and Renilla luciferase 
and 50 nM of miR-338* or control using 
Lipofectamine 3000. Forty-eight hours after 
transfection, cells were harvested and assayed 
with the Dual-Luciferase Reporter Assay 
(Promega), according to the manufacturer’s 
instructions.

Figure 1. SMO was identified as the functional downstream targets of 
miR-338. A. Bioinformatics prediction the binding sites between miR-
338* and SMO-3’UTR-wt and mutation. B. The relative luciferase activ-
ity of cells co-transfection with p-miR-338* or p-miR-control vector and 
pGL3-SMO-3’UTR-wt or mutation vector. C. Western blot analysis of total 
cell lysates extracted from p-miR-338* or p-miR-control vector transfect-
ed cells.

fused with normal saline and 
inflated with 1 ml of 10% neutral 
buffered formalin. Lungs were 
then removed en bloc after tra-
cheal ligation and preserved in 
10% neutral buffered formalin for 
24 h at room temperature, and 
subsequently embedded in paraf-
fin. Hematoxylin and eosin (H&E) 
stains were performed using a 
standard protocol.

Western-blot

Western blot was performed as 
following. Briefly, after separation 
on SDS-PAGE, proteins were trans- 
ferred to a PVDF membrane. Pro- 
tein bands were detected after 
incubation with primary antibody 
overnight at 4°C and HRP-goat 
anti-rabbit IgG for 2 h using the 
ECL plus western blotting detec-
tion system. GAPDH was used as 
an internal control. Blots were 
scanned using a FluorChemFC2 
system (Alpha Innotech, San 
Leandro, CA, USA). Western blots 
were quantified using the Image 
1.42 software. Relative protein 
expression of SMO, E-cadherin, 
and vimentin was calculated rela-
tive to GAPDH, separately.

Dual-luciferase reporter assay
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Statistical analysis 

Data are presented as mean ± standard devia-
tion (SD). The data were analyzed using the 
SPSS Windows software, version 12.0. Stati- 
stical analyses were performed using analysis 
of variance (ANOVA) or Student’s t test. P val-
ues <0.05 were considered to be statistically 
significant.

Results

SMO is identified as the functional down-
stream targets of miR-338* and being proved 
in cells

Since miR-338* has been shown to be associ-
ated with pulmonary fibrosis models in rats,  
we wondered whether the expression of miR-
338* might be related to SMO, the downstream 
molecule of the Hh pathway. To confirm that 
SMO is a direct functional target of miR-338*, 

protein expressions of SMO in NuLi-1 (Figure 
1C).

TGF-beta-induced pulmonary fibrosis in vitro 
and silencing of SMO morphologically reverse 
epithelial to mesenchymal transition

To further investigate whether the suppression 
of SMO can reverse the process of fibrosis  
in cell lines, si-SMO was stably transfected  
into TGF-β-induced fibrotic Nuli-1 cells. As 
shown in Figure 2A, the expression of SMO  
was successfully knocked-down by siRNA in 
TGF-β-induced fibrotic cells. Then, we used 
transmission electron microscopy to observe 
the morphology of these cells. We found that, 
compared with wild-type Nuli-1 cells, TGF-β-
induced fibrosis cells showed a fibroblast-like 
cell phenotype, such as loss of cell-to-cell  
contact and the capacity to form viable spher-
oids. While stably transfected with siSMO, fibro-
blast-like cells lose this phenotype, reversing  
to the epithelial phenotype and resembling  

Figure 2. Silencing SMO protected TGF-beta induced pulmonary fibrosis. 
A. The relative expression of SMO in NuLi-1 cells treated with TGF-beta 
with SMO siRNA or siControl. The results showed that TGF-beta induced 
over-expression of SMO, while co-transfection with SMO siRNA decreased 
the expression of SMO. B. The morphology change of NuLi-1 cells treated 
with TGF-beta with SMO siRNA or siControl. The results showed that TGF-
beta induced pulmonary fibrosis morphology of NuLi-1 cells, while co-
transfection with SMO siRNA reversed the pulmonary fibrosis morphology 
of NuLi-1 cells.

we investigated whether miR-
338* targets the 3’-UTR of SMO 
mRNA using the dual-luciferase 
reporter assay. According to the 
predicted target sites from Mi- 
crocosm (Figure 1A), we cloned 
the wild-type 3’-UTR fragment 
containing these predicted sites 
into the pGL3 luciferase repor- 
ter vector (pGL3-SMO-3’UTR-
wt). Another 3’-UTR fragment wi- 
th a mutation within each seed 
region was also cloned as a con-
trol (pGL3-SMO-3’UTR-mut). We 
observed that only the co-trans-
fection of P-miR-338* and pGL3- 
SMO-3’UTR-wt significantly sup-
pressed the luciferase activity 
by about 60% (Figure 1B). How- 
ever, co-transfection of P-miR-
control did not affect the lucifer-
ase activity of either the pGL3-
SMO-3’UTR-wt or pGL3-SMO-3’ 
UTR-mut expressed cell lines. 
These data show that SMO was 
a direct downstream target of 
miR-338*. We further measured 
the protein expression of SMO in 
Nuli-1 cells transfected with P- 
miR-338* or P-miR-control. The 
western blotting result also sho- 
wed that over-expression of miR-
338* reduced the endogenous 
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the morphology of Nuli-1 cells (Figure 2B). 
These results suggested that the forced sup-
pression of SMO may partially prevent the cel-
lular fibrosis induced by TGF-β.

in enhanced pulmonary alveolus inflammation. 
Additionally, broadened alveolar septa and 
increased fibroblasts were observed in multi-
focus fibrosis areas that differed in size (data 

Figure 3. SMO promotes epithelial-mesenchymal transition in lung 
epithelial cells. (A) Stable over-expression of SMO induces fibrosis 
or mesenchymal morphology change. (B and C) The expression 
of SMO, epithelial marker Ecadherin, and mesenchymal marker 
vimentin in cells transfected with pcDNA3.1-control or pcDNA3-
SMO vector by Western blotting (B) and Immunofluorescence (C) 
analysis.

SMO promotes epithelial-mesenchymal 
transition (EMT) in lung epithelial cells

Previously, it has been suggested that 
EMT was involved in repair and scar for-
mation after epithelial injury during pul-
monary fibrosis. Hence, we aimed to 
confirm whether SMO regulated by miR-
338* participated in lung fibrosis by 
regulating the EMT procedure. Firstly, 
SMO was over-expressed in NuLi-1 cells 
through the transport plasmid pcDNA- 
3.1 (Figure 3A). Secondly, we used 
western blotting to determine the ex- 
pression of the EMT-induced markers 
E-cadherin, and vimentin in cells over-
expressing SMO. Increased SMO expre- 
ssion levels were found to induce E- 
cadherin expression and decrease that 
of vimentin, while decreased SMO ex- 
pression inhibited E-cadherin expres-
sion and promoted vimentin expression 
(Figure 3B). Similar to immunoblotting 
results, immunofluorescence analysis 
revealed the same changes in NuLi-1 
cells (Figure 3C).

Lentivirus-mediated miR-338* inhibits 
SMO expression to prevent bleomycin-
induced pulmonary fibrosis in vivo

Using a well-established bleomycin 
(BLM)-induced pulmonary fibrosis ani-
mal model, we investigated whether the 
inhibited SMO expression regulated by 
miR-338* could prevent or reverse BLM- 
induced lung fibrosis in vivo. The trans-
duced vehicle, lentivirus, was used to 
transduce miR-338* or miR-control into 
the animal to set up the different groups 
of mice. Identical to previous reports, 
miR-338* expression was significantly 
decreased after BLM treatment com-
pared to the sample extracted from 
saline-treated mice. However, the trans-
duction of lenti-miR-338* into the BLM-
treated mice reconstituted the expres-
sion of miR-338* as shown in Figure 
4A. Similarly, compared to saline-treat-
ed mice, histological findings indicated 
that treatment with bleomycin resulted 
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not shown). Transduction with lenti-MiR-control 
did not change the fibrotic phenotype of the his-
tological findings of BLM-treated mice, while 
lenti-miR-338* partially reversed the fibrotic 
phenotype induced by BLM (Figure 4B). Then, 
we aimed to determine whether SMO expres-
sion could be affected by miR-338* in vivo and 
if this change could be associated with the phe-
notype of pulmonary fibrosis. By using immuno-
histochemistry, we investigated SMO expres-
sion in the lung slide. As expected, SMO expres-
sion was significantly increased in BLM-treated 
mice and did not change following the trans-
duction of lenti-miR-control. However, its 
expression was greatly reduced in BLM-treated 
mice transduced with lenti-miR-338*. Taken 
together, over-expression of miR-338* reversed 
the fibrosis procedure of the lung through the 
down-regulation of SMO. 

critical roles in various physiological and patho-
logical processes such as cellular proliferation, 
tissue differentiation and repair [7]. Recently, 
miRs were demonstrated to be regulators of 
the EMT procedure and thus participate in the 
process of IPF [21, 22]. Similar to a previous 
report, we also found that the expression of 
miR-338* was reduced in the BLM-treated pul-
monary fibrosis mice in this study [18]. However, 
it does not fully explain the mechanism respon-
sible for miR-338* regulating the fibrotic 
process. 

The Hh pathway is confirmed to account for 
tumorigenesis in different sites [13, 17], as well 
as lung fibrosis [18]. As a downstream molecule 
of the Hh pathway, the expression of SMO is 
manipulated by miR338-3p in tumor tissue 
[16]. Hence, it is reasonable to question wheth-

Figure 4. miR-338 inhibits SMO expression to prevent bleomycin in-
duced pulmonary fibrosis in vivo. A. The relative expression of miR-338* 
in mice treated with bleomycin to induce pulmonary fibrosis in vivo. The 
results showed that bleomycin decreased the expression of miR-338* in 
the lung of mice, while lentivirus mediated miR-338* infection increased 
the expression of miR-338*. B. Hematoxylin and eosin (H&E) staining 
for lung samples. C. The Immunofluorescence chemistry staining for the 
lung samples. The staining of lung samples showed that bleomycin in-
duced pulmonary fibrosis in mice, while lentivirus mediated miR-338* 
infection reversed the pulmonary fibrosis morphology in mice. 

Discussion

In this study, we found that miR-
338* was down-regulated in bleo- 
mycin-induced pulmonary fibro-
sis. Moreover, SMO was shown to 
be the downstream target of miR-
338* and silencing of SMO pro-
tected cell from TGF-β induced 
fibrosis in vitro by partially termi-
nating the EMT procedure. Addi-
tionally, over-expression of miR-
338* overcame BLM-induced pul- 
monary fibrosis in vivo by down-
regulating the expression of SMO. 
Taken together, our study demon-
strated that miR-338* may target 
SMO to regulate the pathological 
process of pulmonary fibrosis by 
interfering with EMT, suggesting 
that miR-338* and SMO may ser- 
ve as therapeutic targets for 
treating pulmonary fibrosis in the 
future.

Alveolar epithelial cell injury and 
subsequent uncontrolled repair 
are the major pathological obser-
vations in patients with IPF. Of 
these, EMT, which is thought to 
participate in the process of pul-
monary fibrosis, is involved in the 
mechanism of injury and repair of 
lung epithelial cells. MiRs are 
small RNA molecules that play 
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er the expression of SMO might be a direct tar-
get and tightly regulated by miR-338*, which 
has been shown to have reduced expression 
during pulmonary fibrosis in our study. As 
expected, SMO expression was elevated in 
both pulmonary fibrosis in vivo and TGFβ-
treated cell lines in vitro in the current study. 
This finding is identical to previous reports of 
experiments that were conducted in vitro and/
or in vivo [18, 23, 24].

Since the EMT procedure is regulated by miRs 
during IPF [21, 22] and SMO is a direct target of 
miR-338*, confirmed by this study, we demon-
strated that EMT was controlled by miR-338* 
by tightly regulating SMO expression. By knock-
ing-down the expression of SMO in TGF-β-
treated NuLi-1 cells in vitro, fibrotic-like chang-
es of NuLi-1 were reversed. However, the over-
expression of SMO induced fibrotic changes in 
the morphology of NuLi-1 whether treated with 
TGF-β or not. These fibrotic phenotypes were 
closely related to changes in the expression of 
EMT indicators, E-cadherin and vimentin, sug-
gesting that SMO controls the process of EMT 
and thus contributes to the pathological chang-
es of IPF. To the best of our knowledge, this is 
the first study to confirm that SMO participates 
in the patho-physiology process of IPF by regu-
lating EMT. 

In conclusion, we found that miR-338* was 
down-regulated in lung tissues from mice with 
BLM-induced pulmonary fibrosis. SMO, working 
as a downstream target of miR-338*, regulates 
the EMT procedure, thus contributing to allevi-
ating cellular fibrosis in vitro. Our results indi-
cate that miR-338* may be a potential thera-
peutic target for the treatment of pulmonary 
fibrosis in the future.
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