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miR-18a-5p Inhibits Sub-pleural Pulmonary
Fibrosis by Targeting TGF-b Receptor II
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Idiopathic pulmonary fibrosis (IPF) is a chronic progressive
lung disease that typically leads to respiratory failure and
death within 3–5 years of diagnosis. Sub-pleural pulmonary
fibrosis is a pathological hallmark of IPF. Bleomycin treat-
ment of mice is a an established pulmonary fibrosis model.
We recently showed that bleomycin-induced epithelial-mesen-
chymal transition (EMT) contributes to pleural mesothelial
cell (PMC) migration and sub-pleural pulmonary fibrosis.
MicroRNA (miRNA) expression has recently been implicated
in the pathogenesis of IPF. However, changes in miRNA
expression in PMCs and sub-pleural fibrosis have not been re-
ported. Using cultured PMCs and a pulmonary fibrosis animal
model, we found that miR-18a-5p was reduced in PMCs
treated with bleomycin and that downregulation of miR-18a-
5p contributed to EMT of PMCs. Furthermore, we determined
that miR-18a-5p binds to the 30 UTR region of transforming
growth factor b receptor II (TGF-bRII) mRNA, and this is
associated with reduced TGF-bRII expression and suppression
of TGF-b-Smad2/3 signaling. Overexpression of miR-18a-5p
prevented bleomycin-induced EMT of PMC and inhibited
bleomycin-induced sub-pleural fibrosis in mice. Taken
together, our data indicate that downregulated miR-18a-5p
mediates sub-pleural pulmonary fibrosis through upregula-
tion of its target, TGF-bRII, and that overexpression of
miR-18a-5p might therefore provide a novel approach to the
treatment of IPF.
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INTRODUCTION
Idiopathic pulmonary fibrosis (IPF) is a chronic progressive lung
disease that typically leads to respiratory failure and death within
3–5 years of diagnosis.1 The pathological features of IPF include
fibroproliferative foci and over-deposition of extracellular matrix
(ECM). Interestingly, these histopathological alterations are pre-
dominantly located in sub-pleural areas.2 The mechanism of sub-
pleural localization remains unknown. Recently, Mubarak et al.3

reported that pleural mesothelial cell (PMC) trafficking into the
lung parenchyma is involved in sub-pleural fibrotic foci in IPF,
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which suggests that PMCs might be involved in sub-pleural
fibrosis. It is known that epithelial cells undergoing epithelial-
mesenchymal transition (EMT) play an important role in fibrotic
disease.4–6 As specific epithelial cells, PMCs can undergo EMT un-
der several conditions.5,7,8 PMCs with EMT are considered a
source of myofibroblasts, which are the key cells within fibroproli-
ferative foci.3,8,9 Bleomycin is a classical inducer of pulmonary
fibrosis model. In animal models, lung fibrosis induced by intra-
peritoneal bleomycin injection exhibits a sub-pleural fibrotic distri-
bution similar to what is seen in human IPF.10 We recently
demonstrated that bleomycin-induced EMT contributes to PMC
migration and sub-pleural fibrosis in a mouse model of lung
fibrosis.8 Transforming growth factor b1 (TGF-b1) is the key
fibrotic factor and EMT inducer.6,11 Several studies have revealed
that TGF-b and Smad signaling is involved in EMT.12,13 Our study
showed that bleomycin induces EMT of PMCs through enhanced
TGF-b1 and Smad2/3 signaling.8 However, it remains unknown
whether blocking EMT of PMCs prevents sub-pleural pulmonary
fibrosis.

MicroRNAs (miRNAs) are short non-coding single-stranded RNA
molecules (�22 nt in length) with evolutionarily conserved se-
quences.14–16 The role of miRNAs in the pathogenesis of IPF has
recently received considerable attention. Approximately 10% of
miRNAs expressed in the lungs of IPF patients show significant
deregulation.17 It has been found that miRNA-326,18 let-7d,
miRNA-29, miRNA-18a,17 miRNA-26a,18–20 and miRNA-20021 are
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Figure 1. Bleomycin Induces Downregulation of

miR-18a-5p in PMCs

PMCswere treated with or without bleomycin (0.2 mg/mL)

for 24 hr, after which microarray-based miRNA ex-

pression analysis was performed. (A) The heatmap

hierarchal clustering dendrogram analysis of miRNA

expression in control (N) and bleomycin-treated (B) cells.

(B) Changes in miR-18a-5p levels (n = 3). *p < 0.05 versus

control.
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downregulated and miRNA-21,22 miRNA-199a,23 and miRNA-14524

are upregulated in lungs of IPF patients. Alterations in these
miRNAs have also been demonstrated in lung fibroblasts or alveolar
epithelial cells from IPF patients and pulmonary fibrosis animal
models.17,18,21–24 However, changes in miRNAs in PMCs and their
roles in PMC EMT and sub-pleural fibrosis have not been described.
In the present study, we used cultured PMCs and a mouse pulmonary
fibrosis animal model to explore the role of miRNA in PMC EMT and
sub-pleural pulmonary fibrosis. We report, for the first time, that
miRNA miR-18a-5p is reduced in bleomycin-treated PMCs and
that downregulation of miR-18a-5p contributes to EMT of PMCs
via upregulation of its target, TGF-b receptor II (TGF-bRII), which
mediates signaling leading to sub-pleural pulmonary fibrosis. These
observations argue that overexpression of miR-18a-5p might be a
novel approach to the treatment of pulmonary fibrotic diseases,
such as IPF.

RESULTS
Bleomycin Induces Downregulation of miR-18a-5p in PMCs

To investigate the effect of bleomycin on miRNA expression in
PMCs, cells were treated with or without bleomycin (0.2 mg/mL)
for 24 hr, RNA was isolated, and the miRNA expression profile was
assessed by microarray analysis. Distinct changes were observed in
the expression patterns of some miRNAs in bleomycin-treated
PMCs compared to untreated control cells (Figure 1A). Of particular
interest, bleomycin induced a 60.3% decrease in miR-18a-5p levels
(Figure 1B).

Inhibition of miR-18a-5p Induces EMT of PMCs and Promotes

PMC Migration

We previously reported that EMT of PMCs plays a pivotal role in
sub-pleural pulmonary fibrosis.8 Here, we investigated the role
of miR-18a-5p in EMT of PMCs. As shown in Figures 2A–2C, inhi-
bition of miR-18a-5p using lentivirus-mediated expression of
small interfering RNA (siRNA) against miR-18a-5p was associated
M

with a decrease in the epithelial phenotypic
markers E-cadherin and cytokeratin 8 and an
increase in the mesenchymal phenotypic
markers vimentin and a-smooth muscle actin
(a-SMA). Moreover, inhibition of miR-18a-
5p caused an increase in collagen I synthesis
(Figures 2A–2C) and PMC migration (Figures
2D and 2E). These data argue that inhibi-
tion of miR-18a-5p induces EMT of PMCs and promotes PMC
migration.

Overexpression of miR-18a-5p Prevents Bleomycin-Induced

EMT of PMCs

To further confirm the role of miR-18a-5p in bleomycin-induced
EMT, we used recombinant lentivirus to overexpress miR-18a-5p in
PMCs. Vector control or miR-18a-5p transduced PMCs were treated
with bleomycin for 48 hr, and protein levels of cytokeratin 8, vimen-
tin, a-SMA, and collagen I were measured. As shown in Figures 3A
and 3B, bleomycin induced a decrease in cytokeratin 8 levels and
an increase in vimentin, a-SMA, and collagen I levels. Overexpression
of miR-18a-5p blocked the changes caused by bleomycin. Moreover,
immunofluorescence staining and qRT-PCR determined that mRNA
levels of a-SMA and collagen I correlated with western blotting anal-
ysis (Figures 3C and 3D). In addition, bleomycin promoted PMC
migration (Figures S1A and S1B) and altered the typical spindle shape
of mesenchymal cells (Figure S1C). Interestingly, overexpression of
miR-18a-5p prevented bleomycin-induced increases in PMC migra-
tion and morphological changes (Figure S1). Using primary PMCs
from rats, we also found that overexpression of miR-18a-5p pre-
vented bleomycin-induced PMC EMT (Figure S2). These data
provide evidence that overexpression of miR-18a-5p prevents bleo-
mycin-induced EMT and cell migration of PMCs.

TGF-b1 Decreases miR-18a-5p Levels in PMCs

Because TGF-b1 is a master regulator of fibrogenesis, we evaluated
the effect of TGF-b1 on miR-18a-5p expression. As shown in Fig-
ure 4A, incubation PMCs with TGF-b1 (5 ng/mL) for 24 hr resulted
in a significant decrease in miR-18a-5p levels. Furthermore, blockage
of TGF-b1 signaling using a TGF-b receptor inhibitor (SB431542,
10 mM) prevented bleomycin-induced reduction of miR-18a-5p levels
(Figure 4B). These data suggest that bleomycin-induced downregula-
tion of miR-18a-5p in PMCs might be mediated by TGF-b signaling.
To further explore the relationship between TGF-b signaling and
olecular Therapy Vol. 25 No 3 March 2017 729
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Figure 2. miR-18a-5p Inhibition Induces EMT of PMCs and Promotes PMC Migration

PMCs were transduced with recombinant lentivirus encoding siRNA directed against miR-18a-5p (miR-18a-5p-inhibition) or scrambled negative controls (vector control).

After 48 hr, protein and mRNA levels of E-cadherin, cytokeratin 8, vimentin, a-SMA, collagen I, and GAPDH were measured by western blot and qRT-PCR (A–C), and PMC

migration was assessed in wound-healing assays (D and E). (A) Representative immunoblots. (B) Bar graphs depicting changes in relative density of E-cadherin (n = 5),

cytokeratin 8 (n = 4), vimentin (n = 8), a-SMA (n = 10), and collagen I (n = 8). The density values of blots were normalized to the GAPDH and PBS controls. #p < 0.05 versus

vector control. (C) Bar graphs depicting changes in relative mRNA levels of E-cadherin (n = 5), cytokeratin 8 (n = 6), vimentin (n = 7), a-SMA (n = 6), and collagen I (n = 5).
#p < 0.05 versus vector control. (D) Representative image of a PMCwound-healingmigration assay. (E) Line graph depicting changes in wound recovery area in percentage of

the initial scratched area (n = 6). #p < 0.05 versus vector control.
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miR-18a-5p in the process of EMT, the effect of miR-18a-5p overex-
pression on TGF-b1 responses was assessed in PMCs. As shown in
Figures 4C and 4D, TGF-b1 induced an increase in a-SMA, vimentin,
730 Molecular Therapy Vol. 25 No 3 March 2017
and collagen I levels and a decrease in E-cadherin and cytokeratin 8
levels. However, overexpression of miR-18a-5p blocked these
changes. These data provide evidence that TGF-b1 suppresses



(legend on next page)
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Figure 4. TGF-b1 Decreases miR-18a-5p Levels and

Overexpression of miR-18a-5p Prevents TGF-b1-

Induced EMT in PMCs

(A) PMCs were treated with or without TGF-b1 (5 ng/mL)

for 24 hr, after which miR-18a-5p was analyzed using

qRT-PCR (n = 9). *p < 0.05 versus control. (B) PMCs were

treated by bleomycin (0.2 mg/mL) with or without TGF-b

receptor inhibitor (SB431542, 10 mM) for 24 hr, after

which miR-18a-5p was analyzed (n = 5). *p < 0.05 versus

control; #p < 0.05 versus bleomycin group. (C and D)

PMCs were transduced with recombinant lentivirus en-

coding miR-18a-5p or scrambled negative control mRNA

(vector control). Cells were then treated with TGF-b1

(5 ng/mL) for 48 hr, after which protein levels were

measured by western blotting. (C) Representative images

of immunoblots. (D) Bar graphs depicting changes in the

relative expression of E-cadherin (n = 5), cytokeratin 8

(n = 7), vimentin (n = 6), a-SMA (n = 5), and collagen I

(n = 5). The density values of blots were normalized to the

GAPDH and controls. *p < 0.05 versus control; #p < 0.05

versus vector control.
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miR-18a-5p expression, while miR-18a-5p inhibits the EMT-promot-
ing effects of TGF-b1.

miR-18a-5p Regulates TGF-b-Smad2/3 Signaling in PMCs

TGF-b-Smad signaling is the key pathway in EMT and fibrosis. To
investigate whether miR-18a-5p is involved in TGF-b-Smad signaling
to EMT in PMCs, we assessed the effects of manipulating miR-18a-5p
expression on TGF-b-induced phospho-Smad (p-Smad). As shown
in Figures 5A and 5B, lentivirus siRNA-mediated inhibition of
miR-18a-5p was associated with an increase in p-Smad2/3 levels in
PMCs. Moreover, lentivirus-mediated miR-18a-5p overexpression
prevented bleomycin-induced increases in p-Smad2/3 levels in
PMCs (Figures 5C and 5D). These data show that miR-18a-5p regu-
lates the TGF-b-Smad2/3 signaling pathway in PMC EMT.

miR-18a-5p Targets TGF-bRII

Wemade an effort to identify the targetmolecules ofmiR-18a-5p using
TargetScan prediction software. The results indicated that TGF-bRII is
highly likely to be a target gene. To confirm this result, we measured
Figure 3. Overexpression of miR-18a-5p Prevents Bleomycin-Induced EMT of PMCs

PMCs were transduced with recombinant lentivirus encoding miR-18a or a scrambled negative control mRNA (v

(0.2 mg/mL) for 48 hr, after which protein levels, mRNA levels, and immunofluorescence staining were assessed. (A

vimentin, a-SMA, collagen I, and GAPDH. (B) Bar graphs depicting changes in relative density of cytokeratin 8 (n =

The density values of blots were normalized to the GAPDH and controls. *p < 0.05 versus control; #p < 0.05 ve

nofluorescence staining of collagen I and a-SMA. (D) Bar graphs depicting changes in relative mRNA levels of col

PCR analysis. *p < 0.05 versus control; #p < 0.05 versus vector control.
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TGF-bRII expression in PMCs transduced with
recombinant lentivirus encoding siRNA against
miR-18a-5p or a scrambled negative control.
The results showed that TGF-bRII protein and
mRNA levels were higher in PMCs with miR-
18a-5p inhibition than in controls (Figures 6A–
6C). To determine whether miR-18a-5p directly regulates TGF-bRII
gene expression, binding of miR-18a-5p to the 30 UTR of the TGF-
bRII gene was evaluated. Overexpression of miR-18a-5p was associ-
ated with significantly decreased luciferase activity when using a
reporter vector containing wild-type TGF-bRII 30 UTR sequences
(Figure 6d). Mutation of the putative miR-18a-5p binding sequence
in the TGF-bRII 30 UTR of the reporter vector abolished the miR-
18a-5p-associated decrease in luciferase activity (Figure 6D). More-
over, to validate that the observed increase in p-Smad2/3 levels was
mediated by TGF-b-induced TGF-bRII signaling, exogenous soluble
TGF-bRII was used to sequester TGF-b and thus compete with
TGF-bRII in the cell membrane. Soluble TGF-bRII prevented the in-
crease in p-Smad2/3 levels induced bymiR-18a-5p inhibition (Figures
6E and 6F). These observations indicate that miR-18a-5p binds to the
30 UTR of TGF-bRII mRNA and inhibits TGF-bRII gene expression.

TGF-bRI and TGF-bRIII protein levels were also detected in PMCs,
and bleomycin treatment induced increases in their expression. How-
ever, miR-18a-5p did not modulate their expression (Figure S3).
ector control). The cells were then treated with bleomycin

) Representative images of immunoblots of cytokeratin 8,

7), vimentin (n = 9), a-SMA (n = 10), and collagen I (n = 7).

rsus vector control. (C) Representative images of immu-

lagen I (n = 4) and a-SMA (n = 15), as determined by qRT-



Figure 5. miR-18a-5p Regulates Smad2/3

Phosphorylation in PMCs

(A and B) PMCs were transduced with recombinant

lentivirus encoding siRNA directed against miR-18a-5p or

scrambled negative control (vector control). After 48 hr,

protein levels of p-Smad2/3, t-Smad2/3, and GAPDH

weremeasured by western blotting. (C and D) PMCs were

transduced with recombinant lentivirus encoding miR-

18a-5p or scrambled negative control (vector control).

The cells were treated with or without bleomycin

(0.2 mg/mL) for 48 hr, after which protein levels of

p-Smad2/3, t-Smad2/3, and GAPDH were measured by

western blotting. (A and C) Representative images of im-

munoblots. (B and D) Bar graphs depicting changes in

relative density according to (A) and (C). The density

values of blots were normalized to the control (n = 9 in B;

n = 7 in D). *p < 0.05 versus control; #p < 0.05 versus

vector control.
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miR-18a-5p Inhibition Results in Murine Pulmonary Fibrosis

To determine the potential role of miR-18a-5p in the develop-
ment of experimental sub-pleural pulmonary fibrosis, mice were
treated by intraperitoneal injection of a lentivirus encoding
siRNA directed against miR-18a-5p or scrambled negative control.
As shown in Figure 7A, lungs of mice that received lentiviral
vectors showed strong expression of the GFP reported gene,
indicating that the siRNAs were efficiently expressed. Masson’s
trichrome and picrosirius staining revealed that treatment with
the miR-18a-5p inhibition vector was associated with induced
sub-pleural fibrosis in mice (Figure 7A). Moreover, p-Smad2/3
levels were increased in lung tissue from miR-18a-5p siRNA-
treated mice compared with control mice (Figure 7B). These
data provide evidence that miR-18a-5p inhibition induces sub-
pleural fibrosis and that p-Smad2/3 signaling was involved in this
process.

miR-18a-5p Overexpression Prevents Bleomycin-Induced

Sub-pleural Fibrosis in Mice

To further confirm the role of miR-18a-5p in pulmonary fibrosis
in vivo, lentivirus expressing miR-18a-5p or scrambled negative
control was injected intraperitoneally into mice at days 24, 26,
and 28 after the first bleomycin administration. As shown in Fig-
ure 8A, lungs of mice receiving lentiviral vectors showed strong
expression of the GFP reporter gene as assessed by immunofluores-
cence, indicating that miR-18a-5p or the scrambled sequence was
efficiently expressed. Similar to the results in cultured cells, bleomy-
cin induced downregulation of miR-18a-5p in vivo (Figure 8B).
Expression of TGF-bRII and p-Smad2/3 levels were increased in
fibrotic lung tissues, and these were inhibited by overexpression of
M

miR-18a-5p (Figure S4). Masson’s trichrome
and picrosirius staining showed that bleomycin
induced pulmonary fibrosis, especially sub-
pleural fibrosis, in mice. More importantly,
miR-18a-5p overexpression attenuated pulmo-
nary fibrosis and sub-pleural fibrosis in bleomycin-injected mice
(Figures 8A and 8C).

DISCUSSION
In this study, we found that bleomycin induced downregulation of
miR-18a-5p in PMCs. Inhibition of miR-18a-5p induced PMC
EMT, while overexpression of miR-18a-5p prevented bleomycin-
induced PMC EMT. We also provide compelling evidence that
miR-18a-5p regulated the TGF-b1-Smad2/3 EMT signaling pathway
in PMCs by targeting TGF-bRII gene expression. Furthermore, miR-
18a-5p inhibition caused sub-pleural fibrosis in vivo, and overexpres-
sion of miR-18a-5p attenuated bleomycin-induced sub-pleural
fibrosis in mice. These data represent the first evidence that miR-
18a-5p is reduced in bleomycin-treated PMCs and that the downre-
gulation of miR-18a-5p contributes to PMC EMT, thereby mediating
sub-pleural pulmonary fibrosis.

The role of PMCs in the pathogenesis of pulmonary fibrosis has
recently received a great deal of attention. Studies indicate that
PMC trafficking into lung parenchyma is involved in IPF sub-pleural
fibrosis.3 Nasreen et al.9 reported that TGF-b1 induces PMC EMT,
and PMCs are a source of myofibroblasts in IPF. PMCs undergoing
EMT produce large amount of collagen and contribute to the over-
deposition of ECM in sub-pleural fibrosis.8 Our previous study re-
vealed that bleomycin induces EMT through TGF-b1-Smad2/3
signaling in PMCs, contributing to sub-pleural fibrosis.8 Thus, these
studies from both IPF patients and pulmonary fibrosis animal models
indicate that PMCs undergoing EMT contribute to sub-pleural
fibrosis. The results of the present study show that miR-18a-5p inhi-
bition mediates bleomycin-induced PMC EMT. To the best of our
olecular Therapy Vol. 25 No 3 March 2017 733
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Figure 6. miR-18a-5p Targets TGF-bRII-Mediated

Signaling to p-Smad2/3

(A–C) PMCs were transduced with recombinant lentivirus

encoding siRNA directed against miR-18a-5p (inhibition)

or scrambled negative control (vector). After 48 hr, protein

and mRNA levels of TGF-b RII and GAPDH were

measured by western blotting and qRT-PCR. (A) Repre-

sentative images of immunoblots. (B) Bar graphs depict-

ing changes in relative TGF-bRII levels according to (A)

(n = 6). #p < 0.05 versus vector control. (C) Bar graphs

depicting changes in relative TGF-bRII mRNA levels

(n = 5). #p < 0.05 versus vector control. (D) Sequences of

miR-18a-5p and the putative target sequence in the

TGF-b RII mRNA (wild-type) or an engineered mutant of

this sequence (mutant) for the luciferase activity assay

(n = 3). *p < 0.05 versus wild-type control; #p < 0.05

versus mutant control. (E and F) PMCs were transduced

with recombinant lentivirus encoding siRNA directed

against miR-18a-5p (inhibition) or a scrambled negative

control. Cells were then treated with or without soluble

TGF-bRII for 24 hr, and protein levels of p-Smad2/3,

t-Smad2/3, and GAPDH were measured by western

blotting. (E) Representative images of immunoblots.

(F) Bar graphs depicting changes in relative p-Smad2/3

levels according to (D). The density values of blots were

normalized to the control (n = 7). *p < 0.05 versus control;
#p < 0.05 versus miR-18a-5p inhibition group.
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knowledge, this is the first study to report that miR-18a-5p is a regu-
lator of PMC EMT.

miRNAs play an important role in the posttranscriptional control of
gene expression that is dysregulated in different physiological patho-
physiological processes, including metabolism, growth, cell dif-
ferentiation and development, apoptosis, inflammation, and cell
signaling.25 The role of miRNAs in the pathogenesis of IPF has
recently been recognized. Dakhlallah et al.26 reported that downregu-
734 Molecular Therapy Vol. 25 No 3 March 2017
lation of miR-17�92 contributes to the patho-
genesis of pulmonary fibrosis. Notably, miR-
18a levels are extraordinarily decreased in the
lung of human IPF patients.17,26 However, the
mechanisms involved in the regulatory effects
of miRNA in pulmonary fibrosis have not
been revealed. Here, we show that bleomycin
induced downregulation of miR-18a-5p and
that this causes activation of Smad2/3 in both
lung tissues of animal models and cultured
PMCs. Overexpression of miR-18a-5p blocks
phosphorylation of Smad2/3 induced by bleo-
mycin. Thus, the TGF-b-Smad2/3 pathway is
implicated in PMC EMT induced by miR-18a-
5p inhibition. Overexpression of miR-18a-
5p prevents activation of TGF-b-Smad2/3
signaling and inhibits pulmonary fibrosis. Xiao
and colleagues reported that miR-29 was a
downstream target gene of Smad3 and was negatively regulated by
TGF-b-Smad signaling in bleomycin-induced lung fibrosis.27 Their
data, in addition to our own, indicate that there is crosstalk between
specific miRNAs and TGF-b-Smad signaling in fibrosis.

TGF-bRII is a transmembrane serine-threonine kinase receptor neces-
sary for TGF-b1 signal transduction,28 and it has been implicated in
lung development and pulmonary fibrotic disease.29 It has been shown
that activation of TGF-b-Smad signaling induces the expression of



Figure 7. miR-18a-5p Inhibition Induces Murine

Pulmonary Fibrosis

C57BL/6 mice were treated with lentivirus encoding

siRNA directed against miR-18a-5p (inhibition) or vector

control lentivirus by intraperitoneal injection at days 1, 3,

7, 10, 14, 21, 28, and 35. All mice were euthanized at day

40, and then lung tissues were taken for histological

staining and western blot analysis. (A) Masson’s tri-

chrome staining, picrosirius staining, and GFP immuno-

fluorescence staining of lung tissues. (B and C) Western

blotting images of p-Smad3 proteins and bar graphs

depicting changes in relative expression levels. The

density values of blots were normalized to the control

(n = 4). *p < 0.05 versus control.
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specific miRNAs that, in turn, maymodulate TGF-b-Smad signaling in
a feedbackmanor.30–32 For example, TGF-b1 inducesmiR-9-5p expres-
sion,while overexpressionofmiR-9-5p in lungfibroblasts inhibits TGF-
bRII expression andpreventsmyofibroblast differentiation, ECMdepo-
sition, and organ fibrogenesis.31 Here, we found that TGF-b1 induces a
decrease in miR-18a-5p. In order to clarify how miR-18a-5p regulates
TGF-b-Smad signaling, we first measured TGF-b1. We found that
miR-18a-5p did not affect TGF-b1 expression (data not shown). Never-
theless, we found that TGF-bRII expression ismuch higher in PMCs af-
ter miR-18a-5p inhibition and that miR-18a-5p targets the 30 UTR of
TGF-bRII mRNA and inhibits its expression. Thus, our results indicate
that whenmiR-18a-5p was suppressed by bleomycin, the inhibitory ef-
fect of miR-18a-5p on TGF-bRII expression was decreased, TGF-bRII
was upregulated, and TGF-b-Smad2/3 signaling was enhanced.

Finally, we determined a role for miR-18a-5p in a bleomycin-induced
pulmonary fibrosis animal model. Consistent with in vitro data, miR-
18a-5p was suppressed in fibrotic lungs, and TGF-bRII upregulation
and enhanced TGF-b-Smad2/3 signaling were also confirmed in this
mouse model. We also show that miR-18a-5p inhibition caused sub-
pleural fibrosis in the absence of bleomycin challenge and that over-
expression of miR-18a-5p attenuated bleomycin-induced sub-pleural
fibrosis in vivo.

In summary, our findings provide evidence that bleomycin reduces
miR-18a-5p expression in PMCs. miR-18a-5p regulates the TGF-
M

b1-Smad2/3 signaling pathway by suppressing
TGF-bRII expression in PMC EMT and sub-
pleural pulmonary fibrosis. This provides proof
of concept that therapeutic overexpression of
miR-18a-5p might be a novel approach in the
treatment of pulmonary fibrotic diseases, such
as IPF.

MATERIALS AND METHODS
Cell Culture

The human PMC line MeT-5A was purchased
from the American Type Culture Collection
(ATCC). PMCs were cultured in RPMI 1640
medium (Hyclone) supplemented with 20% fetal bovine serum
(FBS) and 5% CO2, 95% air at 37�C. The cells were sub-cultured at
1:3 ratios, and culture medium was changed every 2 days. Cells equil-
ibrated overnight in medium containing 2% FBS were used for all
experiments.

Isolation and Primary Culture of Rat PMCs

Primary PMCs were isolated from rat pleura with pronase E diges-
tion as described previously.33 In brief, the whole thorax was iso-
lated under sterile conditions after 1% pronase E in RPMI-1640
medium injected into thoracic cavity and then digested at 4�C
overnight. PMCs were harvested and centrifuged at 1,000 rpm for
5 min. The cells were resuspended in culture medium (Cell Bio-
logics) and then incubated and treated in the same way as Met-
5A cells.

miRNA Expression Analysis

miRNA microarray analysis was performed by the Bioassay Labora-
tory of CapitalBio Corporation. Total RNA of PMCs treated with
and without bleomycin for 24 hr was extracted using TRIzol Reagent
(Ambion, Life Technologies). miRNA was then enriched by using the
mirVana miRNA Isolation Kit (Sigma-Aldrich). A miRNA Complete
Labeling and Hyb Kit (Agilent Technologies) was used for sample
labeling and hybridization. Data were processed using Agilent Feature
Extraction software (Agilent) and analyzed using Agilent GeneSpring
software (Agilent).
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Figure 8. miR-18a-5p Overexpression Prevents

Bleomycin-Induced Sub-pleural Fibrosis in Mice

C57BL/6mice were treated with bleomycin (50 mg/kg) by

intraperitoneal injection at days 1, 5, 8, 11, and 15. miR-

18a-5p overexpressing or control lentivirus were intra-

peritoneal injected at a dose of 2� 106 TU on days 24, 26,

and 28. All mice were euthanized at day 40, and then lung

tissues were taken for histological staining or immuno-

staining and miR-18a-5p qRT-PCR. (A) Masson’s

trichrome staining, picrosirius staining, and GFP immu-

nofluorescence staining of lung tissues. (B) miR-18a-5p

levels were detected by qRT-PCR. (C) Changes in

collagen percentages in the lung tissues according to (A)

(n = 4). *p < 0.05 versus control; #p < 0.05 versus vector

control.
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Quantification of miR-18a-5p

miR-cDNAs were synthesized from total RNA by reverse transcrip-
tion using a One Step PrimeScript miRNA cDNA Synthesis Kit
(Takara Bio) according to the manufacturer’s instructions. miR-
cDNAs were then used for amplification by RT-PCR in a 25-mL re-
action using SYBR Premix EX Taq II (Takara Bio). miR-18a-5p
expression was normalized with U6. All primers were obtained
from Takara Bio.

miRNA-18a-5p Inhibition and Overexpression

Inhibition of miR-18a-5p in PMCs and animal models was achieved
using recombinant lentivirus encoding an siRNA directed against
miR-18a-5p (siRNA sequence 50-CTATCTGCACTAGATGCACC
TTA-30). Overexpression was achieved using a recombinant lenti-
virus encoding miR-18a-5p. Control lentiviruses expressed scrambled
sequence RNAs. All recombinant lentivirus vectors were made by
Genechem.
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Transduction of cells with lentiviruses was per-
formed according to the manufacturers’ in-
structions. PMCs were seeded into 60-mm
dishes at 20%–30% confluence and transduced
with lentivirus (1 � 108 TU/mL) to achieve an
MOI of 5. Cells were incubated in CO2 incu-
bator for 12 hr, and the medium was then re-
placed with fresh RPMI-1640 containing 20%
FBS. Transduction efficiency was monitored
by detecting expression of the GFP reporter
gene by fluorescence microscopy. Cells were
used for experiments after 3 days.

Western Blot Analysis

Cell lysates or lung tissue lysates (10–20 mg pro-
tein) were denatured and electrophoresed on
SDS-PAGE gel. Separated proteins were elec-
tro-transferred to nitrocellulose membranes.
The membranes were incubated with 5% nonfat
milk for 1 hr; incubated with antibodies against
collagen I, E-cadherin, cytokeratin 8, vimentin,
a-SMA, p-Smad, total-Smad (t-Smad), TGFbRII, or GAPDH over-
night at 4�C; and then washed with 0.1% Tween-20, 20 mM Tris-
HCl (pH 7.5), and 150 mM NaCl (TTBS) three times for 10 min.
Secondary antibody immunoglobulin G (IgG) conjugated to alkaline
phosphatase was diluted in TTBS plus 5% nonfat milk and incubated
with the membranes at room temperature for 1 hr. The membranes
were washed with TTBS and then developed with Supersignal West
Pico (Pierce) for 3 min before exposure to film (Kodak). Films were
developed using KodakMedical X-ray processor 102 (Kodak) to visu-
alize the reactive proteins followed by densitometric quantification
using Image-Pro Plus software (Media Cybernetics).

Real-Time qRT-PCR

After treatment, total cellular RNA was extracted using TRIzol re-
agent. Levels of collagen I, E-cadherin, cytokeratin 8, vimentin,
a-SMA, and TGF-bRII mRNA were determined by real-time qRT-
PCR. RNA in 1 mg of each sample was reverse transcribed, and
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real-time RT-PCR was performed under the following conditions:
95�C for 30 s, 40 cycles of 95�C for 10 s, and 60�C for 20 s. The
following PCR primers were used: COL1A1 forward, 50-TAGGGTC
TAGACATGTTCAGCTTTGT-30; COL1A1 reverse, 50-GT GATT
GGTGGGATGTCTTCGT-30; E-cadherin forward, 50-CGAGAGC
TACACGTTCACGG-30; E-cadherin reverse, 50-GGGTGTCGAGG
GAAAAATAGG-30; cytokeratin 8 forward, 50-CAGAAGTCCTAC
AAGGTGTCCA-30; cytokeratin 8 reverse, 50-CTCTGGTTGACCGT
AACTGC G-30; vimentin forward, 50-GACGCCATCAACACCGA
GTT-30; vimentin reverse, 50-CTTTGTCGTTGGTTAGCTGGT-30;
a-SMA forward, 50-GTGTTGCCCCTGAAGAGCAT-30; a-SMA
reverse, 50-GCTGGGACATTGAAAGTCTCA-30; TGF-bRII for-
ward, 50-GTAGCTCTGATGAGTGCAATGAC-30; TGF-bRII
reverse, 50-CAGATATGGCAACTCCCAGTG-30; GAPDH forward,
50-GGAGTCCACTGGCGTCTTCA-30; and GAPDH reverse, 50-GT
CATGAGTCCTTCCACGATACC-30. The results were expressed as
2�DDCT using GAPDH as a reference.

Immunofluorescence Staining of PMCs

To determine the intracellular localization of and changes in
collagen I and a-SMA, PMCs were incubated with bleomycin
(0.2 mg/mL) for 48 hr. Then the cells were stained using antibodies
against collagen I or a-SMA at 4�C overnight and then with tetra-
methyl rhodamine isothiocyanate (TRITC)-conjugated goat anti-rab-
bit antibody for 30 min. The nuclei were stained for DAPI for 10 min
in the dark. Labeled cells were examined using a fluorescence micro-
scope (Olympus FV500, Olympus).

In Vitro Wound-Healing Assay of PMC Migration

Confluent monolayers of PMCs in six-well plates were scratched us-
ing the tip of a p-200 pipette to create a uniform cell-free zone in each
well. Cellular debris was removed by washing with PBS. Wounded
monolayers were then incubated in the presence or absence of bleo-
mycin. Microscopic images were taken with a digital camera at
different time points after wounding. The recovered area was
measured with a computer-assisted image analysis system (Image-
Pro Plus software) and expressed as a percentage of the initial
scratched area. At the same time, morphologic changes in PMCs
were observed by microscopy.

Bleomycin-Induced Murine Pulmonary Fibrosis Model

This protocol was approved by the Institutional Animal Care and Use
Committee of Union Hospital, Tongji Medical College, Huazhong
University of Science and Technology. Pulmonary fibrosis was
induced by bleomycin as described previously by us.8,11 Briefly,
C57BL/6 mice (6–8 weeks of age) were housed under standard
conditions with free access to water and rodent laboratory food.
The mice were divided into four groups (normal control, bleomycin,
bleomycin plus vector control, and bleomycin plus miR-18a-5p over-
expression). Bleomycin dissolved in saline solution (5 mg/mL) was
administrated by intraperitoneal injection at a dose of 50 mg/kg at
days 1, 5, 8, 11, and 15. Lentivirus encoding miR-18a-5p was admin-
istered by intraperitoneal injection at a dose of 2 � 106 transducing
units (TU) on days 24, 26, and 28. All mice were euthanized after
40 days, and then lung tissues were taken for RNA and histological
analysis.

miR-18a-5p Inhibition-Induced Murine Pulmonary Fibrosis

Model

C57BL/6 mice (age 6–8 weeks) were divided into two groups (vector
control and miR-18a-5p inhibition). Lentivirus expressing an siRNA
directed against miR-18a-5p was administrated by intraperitoneal in-
jection at a dose of 2� 106 TU on days 1, 3, 7, 10, 14, 21, 28 and 35. All
mice were euthanized after 40 days, and then lung tissues were taken
for protein and histological analysis.

Dual Luciferase Assay

The 206-nt sequence of the wild-type TGF-bRII (NM_003242)
30 UTR containing the putative seed binding sequence for miR-18a-
5p (TGCACCT) was synthesized and sub-cloned into a GV306
dual-luciferase miRNA-target expression vector (Genechem) be-
tween the firefly and Renilla luciferase coding sequences. A control
was generated with a mutation of the miR-18a-5p binding sequence
in the TGFb�RII 30 UTR that changed the seed binding sequence
to GTACGAG (Genechem). We first established stably overexpressed
miR-18a-5p cell line by transducing HEK293T cells with lentivirus
expressing mir-18a-5p and vector control. Cells were then seeded
in 24-well plates for 80% confluence and transfected with 1 mg
per well of GV306-wt-TGFBR2-30UTR or GV306-mut-TGFbRII-
30UTR vectors using lipofectamine 2000. Cells were harvested after
24 hr, and luciferase activity was measured using a dual-luciferase re-
porter assay system (Promega) with a Synergy 2 Multi-Mode micro-
plate reader (BioTek Instruments). Relative expression of firefly and
Renilla luciferase was determined.

Statistical Analysis

Results are shown as the mean ± SEM. Control and experimental cells
were matched for cell line, age, seeding density, number of passages,
and number of post-confluence days. Differences between groups
were analyzed using unpaired t tests or two-way analysis of variance.
A p value less than 0.05 was considered to be statistically significant.
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