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Abstract

Although microRNAs (miRs) have been well recognized to play an
important role in the pathogenesis of organ fibrosis, there is a lack of
evidence as to whether miRs directly regulate the differentiation
of myofibroblasts, the putative effector cells during pathological
fibrogenesis. In this study, we found that levels of miR-27a-3p were
up-regulated in transforming growth factor-b1–treated human lung
fibroblasts in a Smad2/3-dependent manner and in fibroblasts
isolated from lungs of mice with experimental pulmonary fibrosis.
However, both basal and transforming growth factor-b1–induced
expression of miR-27a-3p were reduced in lung fibroblasts from
patients with idiopathic pulmonary fibrosis comparedwith that from
normal control subjects. Overexpression of miR-27a-3p inhibited,
whereas knockdown of miR-27a-3p enhanced, the differentiation of
lung fibroblasts into myofibroblasts. We found that miR-27a-3p
directly targeted the phenotypicmarker ofmyofibroblasts,a-smooth
muscle actin, and two key Smad transcription factors, Smad2 and
Smad4. More importantly, we found that therapeutic expression of

miR-27a-3p in mouse lungs through lentiviral delivery diminished
bleomycin-induced lung fibrosis. In conclusion, our data suggest that
miR-27a-3p functions via a negative-feedback mechanism in
inhibiting lung fibrosis. This study also indicates that targeting miR-
27a-3p is a novel therapeutic approach to treat fibrotic organ
disorders, including lung fibrosis.
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Clinical Relevance

This study discovered that microRNA (miR)-27a-3p was a
negative regulator of lung myofibroblast differentiation and
pulmonary fibrosis. These findings indicate that miR-27a-3p is
a novel target for developing miR replacement therapy to treat
lung fibrosis.

Pulmonary fibrosis is a group of respiratory
disorders characterized by relentless
accumulation of extracellular matrix
(ECM), which can lead to scarring and
stiffening of lung tissue, loss of normal
alveolar architecture, and ultimate
disruption of gas exchange and lethal
respiratory failure (1–4).

Idiopathic pulmonary fibrosis (IPF) is
the most common and devastating form of
lung fibrosis that has unclear etiology and

limited efficacious treatments (3, 5). The
pathogenesis of IPF is complex, involving
multiple cell types and a variety of cellular
and molecular mechanisms (2, 6–9).
Among these, lung fibroblast differentiation
into myofibroblast has been widely
recognized to be one of the most critical
events during the pathological development
of this disease (5, 10, 11).

The regulation of myofibroblast
differentiation has been extensively studied

at the genetic and molecular levels (12, 13).
A number of profibrotic growth factors,
represented by transforming growth factor
(TGF)-b1, have been identified to be the
key mediators in this process. Upon
binding to its receptors, TGF-b1 induces
numerous transcriptional and post-
transcriptional events, in Smad-dependent
and -independent manners, to promote the
production of ECM and expression of
a-smooth muscle actin (a-SMA) and other
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phenotypic markers of myofibroblasts
(14–17).

MicroRNAs (miRs) are a class of 20- to
25-nucleotide small, noncoding RNAs that
regulate gene expression in post-
transcriptional manners (18–21). There has
been plenty of evidence suggesting that
dysregulation of miRs contributes to
pulmonary fibrosis (22–26). However, the
role of miRs that directly regulate lung
myofibroblast differentiation is still
undergoing further characterization.

In this study, we found that miR-27a-
3p functioned via a negative-feedback
mechanism to diminish lung myofibroblast
differentiation. More importantly, we found
that miR-27a-3p therapeutically mitigated
bleomycin-induced pulmonary fibrosis in
mice. Our data indicate that miR-27a-3p is a
novel target that can be exploited to treat
organ fibrotic disorders, including lung
fibrosis. Some of the results of this study
have been previously reported in the form of
an abstract (27).

Materials and Methods

Additional information is available in the
online data supplement.

Cell Lines
Human HEK-293T and pulmonary
fibroblast line, MRC-5, were purchased
from American Type Culture Collection
(Manassas, VA).

Experimental Pulmonary Fibrosis
Model
C57BL/6 mice (8–10 wk old) were from
NCI Frederick (Frederick, MD). Pulmonary
fibrosis was induced by intratracheal
instillation of bleomycin (1.5 U/kg body
weight in 50 ml saline) as previously
described (25). The animal protocol was
approved by the University of Alabama at
Birmingham Institutional Animal Care and
Use Committee.

Isolation of Primary Lung Fibroblasts
Lung tissues were cut into small pieces and
incubated with digestion buffer (0.1%
collagenase, 0.05% trypsin, and 100 mg/ml
DNase in 13 Hanks’ balanced salt solution)
for 1 hour at 378C. The digested tissue
suspensions were filtered through a 40-mm
cell strainer and centrifuged at 500 3 g for
5 minutes. Pellets were resuspended in
Eagle’s minimum essential medium

(MEM), followed by lymphocytes/
macrophages depletion in CD16/32- and
CD45-coated Petri dishes for 30 minutes at
378C. Selection for fibroblasts was
performed by adherence of the suspension
for an additional 45 minutes on cell
culture dishes. The adherent lung
fibroblasts were cultured in MEM that
contains 10% FBS, and cells at passage 3–5
were used for experiments. The protocol
was approved by the University of
Alabama at Birmingham Institutional
Review Board.

Immunohistochemistry and Masson’s
Trichrome Staining
Immunohistochemistry was performed as
described in our previous studies (25).
The intensity of a-SMA staining was
determined by Image-Pro Plus version 6.0
software (Media Cybernetics, Rockville,
MD). Masson’s trichrome staining was
performed using Trichrome Stain (Masson)
kit (Sigma-Aldrich, St. Louis, MO).

Fibroblast Contraction Assay
Lung fibroblasts were resuspended in MEM
that contains 1.5 mg/ml rat tail collagen and
then plated into a 48-well plate (250 ml) at a
concentration of 33 105 cells/ml. After
30-minute incubation at 378C, the collagen
gels were freed by a spatula from the walls
and bottoms of the wells and overlaid with
culture media with or without TGF-b1
(2 ng/ml). Pictures were taken and diameters
of the gels were measured 2 days after gel
release.

Luciferase Reporter Assay
The 39 untranslated regions (UTRs) that
contain the putative miR-27a-3p binding
sequences of human a-SMA, Smad2, and
Smad4 were cloned into a luciferase
reporter vector, pMIR-REPORT,
respectively (Ambion, Grand Island, NY).
Luciferase activity was measured by
Promega luciferase assay system (Promega,
Madison, WI).

Collagen Content Determination
The collagen contents in right lungs were
determined by Sircol collagen assay, as
previously described (25).

Chromatin Immunoprecipitation
Assay
Chromatin immunoprecipitation assays
were performed as previously described

(28). Details are provided in the online
supplement.

Lentivirus Production and
Intratracheal Delivery
The lentiviral constructs that express mouse
miR-27a-3p were generated using lentiviral
vector pCDH-CMV-MCS-EF1-copGFP
(CD511B-1; System Biosciences, Mountain
View, CA). Details for construct generation,
lentivirus production, and intratracheal
delivery are provided in the online
supplement.

Statistical Analysis
The two-tailed Student’s t test was used for
two-group analyses. One-way ANOVA
followed by post hoc Bonferroni test was
performed for multiple group comparisons.
Results are expressed as mean (6SD), and a
P value less than 0.05 was considered
statistically significant.

Results

miR-27a-3p Is Induced by TGF-b1 in
Human Lung Fibroblasts
TGF-b1 has been well recognized to be one
of the most important profibrotic mediators
in IPF (12, 13, 16, 29). To identify TGF-
b1–regulated miRs in lung fibroblasts, we
previously performed miR arrays on RNAs
isolated from untreated or TGF-b1–treated
human lung fibroblasts (GSE43992) (30).
We found that miR-27a-3p was
significantly increased by TGF-b1. We
performed real-time PCR assay and
confirmed that miR-27a-3p was induced in
TGF-b1–treated normal human lung
fibroblasts (Figure 1A). In addition, the
primary transcripts of miR-27a were also
markedly increased by TGF-b1 (Figure 1B).
We next demonstrated that TGF-
b1–induced miR-27a-3p was mediated by
type I TGF-b1 receptor, and the induction
was dependent on Smad2/3, because either
inhibitors against type I TGF-b1 receptor
or specific Smad2/3 siRNAs attenuated the
elevated expression of miR-27a-3p in TGF-
b1–treated fibroblasts (Figures 1C–1E). In
addition to activating the Smad
transcriptional factors, TGF-b1 also affects
Smad-independent pathways, such as the
phosphoinositide 3-kinase/v-akt murine
thymoma viral oncogene (PI3K/AKT)
cascade (31). To determine if PI3K/AKT
was also involved in miR-27a-3p induction
by TGF-b1, we pretreated fibroblasts with
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Figure 1. MicroRNA (miR)-27a-3p is induced by transforming growth factor (TGF)-b1 in human lung fibroblasts. (A and B) Human lung fibroblast line
MRC-5 was treated with 2 ng/ml TGF-b1 for 0, 6, or 24 hours. RNA was isolated and levels of mature miR-27a-3p (A) and primary miR (pri-miR)-27a-3p
(B) determined by real-time polymer chain reaction (PCR). (C) MRC-5 fibroblasts were pretreated with or without SB-431542 (10 mM) for 1 hour, followed
by treatment with TGF-b1 (2 ng/ml) for 10 hours. RNA was isolated and levels of miR-27a-3p determined by real-time PCR. (D and E) MRC-5 fibroblasts
were transfected with control siRNAs or siRNAs targeting Smad2 and Smad3 for 48 hours. Cells were then treated with TGF-b1 (2 ng/ml) for 10 hours.
Protein levels of Smad2 and Smad3 were determined by Western blotting (D), and levels of miR-27a-3p were determined by real-time PCR (E). (F) MRC-5 cells
were pretreated with or without wortmannin (1 mM) for 1 hour, followed by treatment with TGF-b1 (2 ng/ml) for 10 hours. RNA was isolated and levels
of miR-27a-3p determined by real-time PCR. (A–F) n = 3; mean6 SD; *P, 0.05, **P, 0.01, compared with untreated control group; #P, 0.05, ##P, 0.01,
compared with TGF-b1–treated control group. The experiments were performed two to three times with similar results. (G) MRC-5 fibroblasts were treated
with or without TGF-b1 (2 ng/ml) for 6 hours. Cells were then fixed and lysed. Chromatin immunoprecipitation assays using either anti-Smad2/3 antibody or
IgG were performed. The bindings of Smad2/3 to the Smad-binding element within the miR-27a promoter and the PAI-1 promoter were determined by real-
time PCR, and representative gel images of PCR amplifications are shown. (H) Lung fibroblasts were isolated from control mice or mice that were exposed to
intratracheal bleomycin for 14 days. Cells were cultured in Eagle’s minimum essential medium (MEM) with 10% FBS. At passage 2, levels of miR-27a-3p were
determined by real-time PCR. miR-27a-3p levels were normalized to those in fibroblasts from control mice (n = 5, 5, respectively; mean6 SEM). **P, 0.01.
(I) miR-27a-3p levels in normal lung fibroblasts and idiopathic pulmonary fibrosis (IPF) lung myofibroblasts were determined by real-time PCR (n = 6, 6,
respectively; mean6 SEM). *P, 0.05 compared with the normal control group. (J) Normal lung fibroblasts and IPF lung myofibroblasts were treated with
TGF-b1 (2 ng/ml) for 24 hours. Levels of miR-27a-3p were determined by real-time PCR (n = 3, 3, respectively; mean6 SEM). BLM, bleomycin; con
si, control siRNA; Fbs, fibroblasts; PAI-1, plasminogen activator inhibitor-1; Smad2/3 si, Smad2/3 siRNA.
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the PI3K inhibitor, wortmannin, and found
that wortamnnin had no effect on miR-27a-
3p expression in TGF-b1–treated
fibroblasts (Figure 1F). Next, we searched
the promoter region of the human miR-27a
gene and found multiple Smad-binding
elements (AGAC) within 1,000 bp
upstream of the transcription start site. To
determine if Smads directly activated
miR-27a-3p expression, we performed
chromatin immunoprecipitation assays and
confirmed that Smad2/3 bound to the
miR-27a-3p promoter in TGF-b1–treated
lung fibroblasts (Figure 1G). As a positive
control, Smad2/3 also demonstrated
greater binding to the PAI-1 promoter
in TGF-b1–treated lung fibroblasts
(Figure 1G). Altogether, these data
suggest that the up-regulation of
miR-27a-3p by TGF-b1 takes place at the
transcriptional level in a Smad2/3-dependent
manner.

To further characterize the expression
of miR-27a-3p in lung myofibroblasts, we
compared the levels of miR-27a-3p in
fibroblasts isolated from lungs of control
normal mice and mice with experimental
pulmonary fibrosis. As shown in Figure 1H,
the expression of miR-27a-3p was
significantly increased in lung fibroblasts
from fibrotic lungs compared with that
from normal mouse lungs. To investigate if
miR-27a-3p was also up-regulated in
pulmonary fibroblasts from other types of
lung injuries, we examined its expression in
fibroblasts from lungs of LPS-treated mice
and found that miR-27a-3p levels were
increased in these cells (see Figure E1A in
the online supplement). The higher
expression of miR-27a-3p in lung
fibroblasts of LPS-treated mice was unlikely
caused by LPS-activated signaling events in
these cells, because LPS did not stimulate
miR-27a-3p expression in lung fibroblasts
(Figure E1B). Taken together, these data
suggest that miR-27a-3p induction in
fibroblasts from bleomycin- and LPS-exposed
lungs most likely results from activation
of common pathways in response to
bleomycin and LPS treatments, such as
up-regulation of TGF-b1 signaling events
(32, 33).

Next, we assessed miR-27a-3p levels in
lung fibroblasts from patients with IPF and
normal control subjects. As shown in
Figure 1I, miR-27a-3p displayed reduced
expression in IPF myofibroblasts compared
with normal control subjects. Furthermore,
TGF-b1–induced miR-27a-3p in IPF

myofibroblasts was less than that in normal
lung fibroblasts (Figure 1J). These data
suggest that the negative-feedback
mechanism that suppresses overreactive
fibrogenesis in normal lungs is
defective in the lungs of patients with
IPF.

miR-27a-3p Negatively Regulates
TGF-b1–Induced Myofibroblast
Differentiation
TGF-b1 promotes pulmonary
fibrosis, in part, by inducing fibroblast
differentiation into myofibroblast
(12–14, 17). Given that TGF-b1–induced
miR-27a-3p expression in lung
fibroblasts, we next determined if
miR-27a-3p regulated TGF-b1–induced
myofibroblast differentiation. To
experiment, we transfected human lung
fibroblasts with control mimics or mimics
for miR-27a-3p, followed by treatment
with TGF-b1. As shown in Figures
2A–2C, TGF-b1 induced lung fibroblast
differentiation into myofibroblasts, as
demonstrated by enhanced expression of
type 1 collagens, fibronectin, and a-SMA.
More importantly, overexpression of
miR-27a-3p significantly inhibited the
expression of these phenotypic markers
in TGF-b1–treated cells.

In the following experiments, we tested
if miR-27a-3p blockage had an effect
opposite to miR-27a-3p overexpression on
TGF-b1–induced myofibroblast
differentiation. We transfected lung
fibroblasts with control inhibitors or
specific inhibitors against miR-27a-3p,
followed by treatment with TGF-b1. As
shown in Figures 2D and 2E, knockdown of
miR-27a-3p enhanced TGF-b1–induced
expression of a-SMA, collagen 1, and
fibronectin in lung fibroblasts. To further
confirm the effect of miR-27a-3p silencing
on the profibrotic activity of TGF-b1,
we examined the activity of TGF-
b1–responsive luciferase reporters that are
under the control of the a-SMA or PAI-1
promoter in fibroblasts with or without
miR-27a-3p knockdown. We found that
TGF-b1–induced activation of both
luciferase reporters was increased in
fibroblasts with miR-27a-3p knockdown
(Figure 2F). Taken together, these data
suggest that miR-27a-3p functions in a
negative-feedback loop to dampen
TGF-b1–induced myofibroblast
differentiation.

miR-27a-3p Inhibits the Profibrotic
Activity of IPF Myofibroblasts
A pathologically defining feature of IPF
lungs is the presence of a large number
of fibrotic foci consisting of active
myofibroblasts (34–36). IPF myofibroblasts
are characterized by elevated fibrogenic
activity, such as enhanced expression of
smooth muscle actins, stress fiber
formation, greater migration and
contractility, and increased deposition of
ECM proteins (34–38). To determine if
miR-27a-3p regulated the fibrogenic
activity of IPF myofibroblasts, we isolated
fibroblasts from IPF lungs and transfected
them with control mimics or miR-27a-3p
mimics. As shown in Figures 3A and 3B,
overexpression of miR-27a-3p in IPF
myofibroblasts attenuated their profibrotic
activities, as evidenced by diminished
expression of a-SMA and fibronectin
(Figure 3). These data suggest that
increasing miR-27a-3p in myofibroblasts
may demonstrate therapeutic benefits to
curb pulmonary fibrosis.

miR-27a-3p Directly Targets a-SMA,
Smad2, and Smad4 in Human Lung
Fibroblasts
miRs mainly function through regulating
the expression of their target genes (20, 21).
To delineate the mechanism by which miR-
27a-3p regulates lung myofibroblast
differentiation, we used the online program
TargetScan (version 6.0; http://www.
targetscan.org/vert_60/) to predict its
targets. The potential miR-27a-3p targets
that stood out were a-SMA and two key
regulatory Smads, Smad2 and Smad4
(Figure 4A). Because these targets are
known to participate in myofibroblast
differentiation, they are plausible in
mediating the antifibrotic role of miR-27a-
3p. For this reason, we progressed to
further characterize their regulations by
miR-27a-3p.

To answer this question, we transfected
lung fibroblasts with control mimics or
miR-27a-3p mimics, and examined the
expression of the three genes at both the
mRNA and protein levels. As shown in
Figure 4B, the mRNA levels of Smad4 and
a-SMA were decreased in fibroblasts
transfected with miR-27a-3p. miR-27a-3p
also down-regulated the protein levels of
these two genes in the cells (Figure 4C).
However, different from Smad4 and
a-SMA, Smad2 was decreased by
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Figure 2. miR-27a-3p inhibits TGF-b1–induced myofibroblast activation. (A) Human lung fibroblasts MRC-5 were transfected with 50 nM control mimics
or mimics for miR-27a-3p. At 2 days after transfection, cells were starved in MEM containing 0.1% FBS overnight. The cells were then treated with 2 ng/ml
TGF-b1 for 24 hours. RNA was isolated and levels of collagen type I a2 (Col1A2), fibronectin (Fn), and a-smooth muscle actin (a-SMA) determined by real-
time PCR (n = 3; mean6 SD). *P, 0.05 compared with the untreated control miR group. ##P, 0.01, ###P, 0.001 compared with the TGF-b1–treated
con miR group. (B and C) The experiments were performed as in A. Protein levels of collagen 1, Fn, and a-SMA were determined by Western blotting (B),
and densitometric analyses were performed using ImageJ software (National Institutes of Health, Bethesda, MD) (C). (D and E) MRC-5 cells were
transfected with 50 nM control inhibitors or inhibitors against miR-27a-3p. The cells were then treated as in B. Levels of collagen 1, Fn and a-SMA were
determined by Western blotting and densitometric analyses performed using ImageJ. (F) MRC-5 cells were transfected with human a-SMA promoter or
PAI-1 promoter reporter constructs, followed by transfection with 50 nM control inhibitors or miR-27a-3p inhibitors. After starvation, cells were treated with
or without 2 ng/ml TGF-b1 for 24 hours, and luciferase activity in the cells was measured (n = 3; mean6 SD). *P, 0.05, **P, 0.01, compared with
untreated control inhibitor group; #P, 0.05 compared with TGF-b1–treated control inhibitor group. The experiments were performed three times with similar
results.
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miR-27a-3p only at the protein level,
and not the mRNA level (Figures 4B
and 4C). Next, we determined the
regulation of mRNA stability of these
targets by miR-27a-3p in MRC-5 cells. As
shown in Figure E2, the rate of Smad2
mRNA decay was comparable in cells that
were transfected with control and
miR-27a-3p mimics. These data
suggest that miR-27a-3p inhibits the
translation of Smad2 mRNA. In contrast,
miR-27a-3p promoted a-SMA mRNA
decay, indicating the reduced a-SMA
protein level in miR-27a-3p–transfected
fibroblasts results from increased
degradation of the mRNAs in these cells.
Altogether, these data suggest that miR-
27a-3p regulates the expression of its
targets through different mechanisms,
namely by promoting cleavage and
degradation of the Smad4 and a-SMA
mRNAs or repressing translation of the
Smad2 mRNA. On the contrary,
knockdown of miR-27a-3p by specific
inhibitors enhanced the endogenous
expression of these putative targets in lung
fibroblasts (Figure 4D).

Next, we examined if miR-27a-3p
directly targets Smad2, Smad4, and a-SMA.
To approach this, the 39 UTRs of these
genes were cloned downstream of a
luciferase reporter and cotransfected with
either control or miR-27a-3p mimics. As
shown in Figure 4E, miR-27a-3p

significantly repressed the luciferase
activities of the reporters that contain the
39 UTR of the Smad2, Smad4, and
a-SMA genes. Together, these data
indicate that miR-27a-3p directly
targets Smad2, Smad4, and a-SMA,
and thus inhibits myofibroblast
differentiation.

miR-27a-3p Inhibits the Contractility
of Lung Fibroblasts
Enhanced contractility is another important
profibrotic phenotype of lung
myofibroblasts (34–36). a-SMA is one of
the major components that are directly
involved in the generation of contractile
force (12, 39). We have shown that miR-
27a-3p inhibits the basal and TGF-
b1–induced expression of a-SMA in lung
fibroblasts, indicating that miR-27a-3p
regulates the contractility of lung
fibroblasts. To test this hypothesis, we
transfected human lung fibroblasts with
control mimics or miR-27a-3p mimics and
then evaluated their contractility by
collagen gel contraction assays. As shown
in Figures 5A and 5B, fibroblasts
transfected with miR-27a-3p demonstrated
decreased contraction of the collagen gels as
compared with those transfected with
control mimics. These data are concordant
with the decreased a-SMA expression in
the miR-27a-3p–transfected fibroblasts.
miR-27a-3p also significantly diminished

TGF-b1–induced contraction of collagen
matrix by lung fibroblasts (Figures 5A and
5B). More importantly, miR-27a-3p
overexpression attenuated the contractile
activity of IPF myofibroblasts (Figures 5C
and 5D).

Lentiviral Delivery of miR-27a-3p
Attenuates Bleomycin-Induced
Pulmonary Fibrosis in Mice
We have demonstrated previously here that
miR-27a-3p is a negative regulator of
myofibroblast differentiation. We next
speculated if miR-27a-3p had a therapeutic
efficacy to treat pulmonary fibrosis. To
address this, mice were intratracheally
instilled with bleomycin. At the 7th and 14th
days after bleomycin administration, mice
were given control lentiviruses or
lentiviruses that express mouse miR-27a-3p
(lenti-27a). At 3 weeks after bleomycin
instillation, mice were killed and the severity
of lung fibrosis was evaluated. First, we
demonstrated that mice that received lenti-
27a did have 1.5-fold increase of miR-27a-
3p levels in the lungs compared with those
given control virions (Figure 6A).
Bleomycin instillation induced a marked
increase of collagen deposition in the lungs.
Most importantly, bleomycin-induced
collagen deposition was significantly
diminished in mice that received lenti-27a
(Figure 6B).

Therapeutic alleviation of bleomycin-
induced lung fibrosis by miR-27a-3p was
further confirmed by histological analysis of
the lungs and Masson’s trichrome
staining of lung collagen (Figure 6C).
Corresponding with targeting of a-SMA by
miR-27a-3p in fibroblasts in vitro, a-SMA
expression in the lungs of bleomycin-
treated mice that received lenti-27a was
decreased (Figure 6C and 6D). We also
examined which type of lung cell was
infected by the injected lentivirus.
Because the lentiviral construct used in
the study is able to simultaneously
express miR-27a-3p and the fluorescent
marker, green fluorescent protein (GFP),
in infected cells, we tracked lung cell
populations that showed increased GFP
fluorescence. As demonstrated in
Figure E3, nearly all types of lung
cells in bleomycin-treated mice had
increased GFP fluorescence as compared
with the background fluorescence in the
lungs of bleomycin-treated mice that were
not administered virions.
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We have shown that miR-27a-3p
directly targets Smad2, Smad4, and a-SMA
in human lung fibroblasts (Figure 4). We
then determined if miR-27a-3p acted in the
same way in the lungs. miR-27a-3p was
predicted by TargetScan to target mouse
Smad2 and a-SMA, but not mouse Smad4.
As shown in Figure 6D, levels of Smad2 and
a-SMA were decreased in the lungs of mice
that received miR-27a-3p expressing
viruses compared with those that were
given control viruses. Taken together, these
data suggest that miR-27a-3p has similar

antifibrotic activities in fibroblasts and
lungs.

Discussion

miRs are small noncoding RNAs that play
critical roles in various biological processes,
such as cell proliferation, differentiation,
apoptosis, and organ development (18–21,
40). There have been many successful
efforts to harness miRs in treating human
diseases, such as infectious and metabolic

maladies (41, 42). The roles of miRs in
respiratory diseases, including pulmonary
fibrosis, have also attracted a great deal of
interest in recent years (23, 25, 26, 30,
43–45). By targeting pro- or antifibrotic
mediators, miRs can act as either negative
or positive players in the pathogenesis of
this disorder.

There is a growing list of miRs that has
been shown to regulate the pathogenesis of
pulmonary fibrosis (25, 26, 30, 43–45). For
example, miR-26a and miR-21 regulates
TGF-b1 activity through targeting Smad4
and Smad7, respectively, in lung fibroblasts
(25, 44). miR-326 directly targets and
represses the expression of TGF-b1 (43).
miR-199a-5p promotes profibrotic
activation of lung fibroblasts through both
caveolin 1–dependent and –independent
pathways (45). miR-145 promotes lung
myofibroblast differentiation by targeting
the negative regulator of a-SMA expression,
Krüppel-like factor 4 (30). However,
there is a lack of evidence that miRs
are directly involved in myofibroblast
differentiation. In the present study, we
found that miR-27a-3p bound to the
39 UTR of a-SMA and inhibited its
expression in lung fibroblasts. We also
discovered that miR-27a-3p targeted
Smad2 and Smad4 in the TGF-b1 signaling
cascade and decreased TGF-b1–induced
myofibroblast differentiation. Therefore, the
actions of miR-27a-3p appear to primarily
center on regulating the myofibroblast
phenotype. Given that myofibroblasts are
well recognized therapeutic targets in
designing treatments for IPF, it is
definitely an intended focus to test the
efficacy of miR-27a-3p introduction in
this disease.

Although TGF-b1 is arguably the most
important mediator of fibrotic organ
disorders, therapies based on direct
targeting of TGF-b1 have been unsatisfying
(5). This is partly due to the fact that TGF-
b1 is such a pleiotropic factor that
participates in numerous essential cellular
activities. Therefore, a complete blockade of
TGF-b1 signaling could produce
antagonistic effects, which will likely limit
the efficacy of such an approach. However,
as we have shown in the study that miR-
27a-3p only partially down-regulates
Smad2 and Smad4, strategies like this to
fine tune TGF-b1 signaling by miRs may
demonstrate advantages over direct
targeting of TGF-b1 through antibodies or
other approaches.
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Of note, although we have shown that
miR-27a-3p inhibits lung myofibroblast
differentiation in vitro, the beneficial
effect of miR-27a-3p introduction on

bleomycin-induced pulmonary fibrosis may
not be solely due to the diminished
accumulation of myofibroblasts in the lungs.
As we have shown previously here, lentiviruses

that expressed miR-27a-3p also infected lung
cell types other than interstitial fibroblasts,
such as alveolar epithelial cells, endothelial
cells, and macrophages, and most likely
increased the levels of miR-27a-3p in, and
affecting the phenotypes of, these cell
populations. However, it remains to be
determined how miR-27a-3p inhibits
pulmonary fibrosis through affecting other
pulmonary cells in addition to lung fibroblasts.
Of note, miR-27a and miR-27b have been
implicated in liver fibrosis as they demonstrate
greater expression in, and decrease the
proliferation of, activated hepatic stellate cells
that play a critical role in the pathogenesis of
this disease (46). This study, together with our
findings, suggests that miR-27a has distinct
roles in different types of cells and organs.

Despite the fact that we have
demonstrated successful infection of lung
cells by lenti-27a, as well as the resulting
increase in pulmonary miR-27a-3p levels
and attenuation in bleomycin-induced lung
fibrosis, one should be aware that in vivo
miR replacement/reconstitution in general
faces more obstacles than miR blockage
with regard to therapeutic translations (47).
First, lack of cell-specific delivery of miR
mimics risks potential off-target effects
caused by uptake of the mimics by cells
that normally do not express the miRs (47).
It is also critical for miR replacement/
reconstitution to restore their physiological
levels, because miRs at supraphysiological
levels could target gene sets that are
quite different from those by miRs at
endogenous levels, thus causing undesired
side effects (48).

In all, we have identified another miR,
miR-27a-3p, that has antifibrotic activity in
treating pulmonary fibrosis. miR-27a-3p is
induced by TGF-b1 in human lung
fibroblasts and in fibroblasts isolated from
fibrotic mouse lungs, whereas both basal and
TGF-b1–induced expression of miR-27a-3p
are reduced in lung fibroblasts from
patients with IPF compared with that
from normal control subjects. Mechanically,
miR-27a-3p inhibits the profibrotic
phenotypes of myofibroblasts through
directly targeting a-SMA and the Smad
transcriptional factors. Therefore, our study
contributes significantly to the increasing
pool of miR candidates for developing novel
remedies to treat pulmonary fibrotic
disorders. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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