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Abstract The pathogenesis of pulmonary fibrosis is a
complicated and complex process that involves phenotypic
abnormalities of a variety of cell types and dysregulations
of multiple signaling pathways. There are numerous ge-
netic, epigenetic and post-transcriptional mechanisms that
have been identified to participate in the pathogenesis of
this disease. However, efficacious therapeutics developed
from these studies have been disappointingly limited. In the
past several years, a group of new molecules, i.e., non-
coding RNAs (ncRNAs), has been increasingly appreciated
to have critical roles in the pathological progression of lung
fibrosis. In this review, we summarize the recent findings
on the roles of ncRNAs in the pathogenesis of this disorder.
We analyze the translational potential of this group of
molecules in treating lung fibrosis. We also discuss chal-
lenges and future opportunities of studying and utilizing
ncRNAs in lung fibrosis.

Keywords Idiopathic pulmonary fibrosis (IPF) -
microRNA - Long non-coding RNA (IncRNA)
Introduction

Tissue fibrosis represents one of the major threats to human

health. It is estimated that 45 % of all mortality in the
United States can be attributed, directly or indirectly, to
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fibrotic organ disorders [1]. Pulmonary fibrosis includes a
heterogeneous group of lung diseases characterized by an
excess accumulation of extracellular matrix (ECM) that
leads to scarring and stiffening of lung tissue, loss of
alveolar architecture, and ultimate disruption of gas ex-
change and lethal respiratory failure [1-4].

Idiopathic pulmonary fibrosis (IPF) is the most common
form of lung fibrosis that has unknown etiology and a life
expectancy of 2-6 years after diagnosis [3, 5]. IPF is also
considered to be an age-related disease because it strikes
mostly individuals older than 60 years [6]. To date, despite
decades of extensive studies, effective treatments for IPF
are still disappointingly limited.

IPF pathogenesis is a complicated and complex process
that involves phenotypic abnormalities of a variety of cell
types and dysregulations of multiple signaling pathways
[2-5]. It has been shown that alveolar epithelial cell-
s (AECs), lung fibroblasts (myofibroblsts), bone marrow-
derived fibrocytes, and pulmonary macrophages, smooth
muscle cells, and endothelial cells are all closely involved
in the onset and progression of IPF [2, 7]. There are nu-
merous genetic, epigenetic and post-transcriptional
mechanisms that have been identified to participate in the
pathogenesis of this disease. Specifically, aberrations at the
molecular level of the signaling pathways of a number of
growth factors, transforming growth factor (TGF)-B in
particular, AKT, Wnt/B-catenin, Notch, etc., are well rec-
ognized to be critical aspects of the disease mechanisms.
Additionally, dysregulations at the cellular level of senes-
cence, endoplasmic reticulum stress, autophagy, and
metabolism are emerging as major contributors to the
pathogenesis of IPF [2, 7-10].

In the past several years, a group of new molecules, i.e.,
non-coding RNAs (ncRNAs), has been increasingly ap-
preciated to have critical roles in IPF pathogenesis [11-14].
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Instead of acting alone, ncRNAs are probably entangled
with every aspect of the pathological mechanisms of IPF
through their various targets and binding partners. In this
review, we summarized the recent findings on the roles of
ncRNAs in IPF pathogenesis. We analyzed the transla-
tional potential of this group of molecules in IPF
therapeutics. We also discussed challenges and future op-
portunities of studying and utilizing ncRNAs in lung
fibrosis.

Non-coding RNAs: biogenesis and mode of action

The recently developed high throughput transcriptome
analysis revealed that mammalian genomes are pervasively
transcribed to produce many types of RNAs. However,
only less than 2 % of these transcripts are messenger RNAs
(mRNAs) that encode proteins [15, 16]. >98 % of all RNA
transcripts do not possess protein encoding capabilities [15,
16]. A large fraction of ncRNAs is the “housekeeping”
ncRNAs, such as transfer RNAs (tRNAs), ribosome RNAs
(rRNAs) and small nuclear RNAs, all of which are in-
volved in protein synthesis and ribosome modification. The
rest of the ncRNAs species, including microRNAs (miR-
NAs), piwi-interacting RNAs (piRNAs) and long ncRNAs
(IncRNAs), have been shown to play regulatory roles in
various biological processes, and thus being recognized as
regulatory ncRNAs [17-19].

miRNAs

Based on their length, ncRNAs can be divided into two
sub-classes: long ncRNAs (IncRNAs) (>200 nucleotides-
n.t.) and small/short ncRNAs (<200 n.t.). Small ncRNAs
include miRNAs and piRNAs [20-22]. Unlike piRNAs that
mainly mediate gene silencing in germlines, miRNAs are
expressed in all types of cells and are shown to participate
in numerous molecular and cellular processes [17-19].

microRNAs (miRNAs) are a class of 20-25 n.t. small
ncRNAs that can regulate gene expression at the post-
transcriptional level [23, 24]. The first miRNA lin-4 was
discovered in 1993 in Caenorhabditis elegans and found to
control larval development by regulating the translation of
lin-14 through its interaction with the 3’ untranslated region
(UTR) of the mRNA transcript [25]. Ever since, thousands
of miRNAs have been discovered and characterized in
various biological species [23, 26].

miRNAs are primarily transcribed by RNA polymerase
II from respective genomic loci [23, 27-29]. The primary
transcripts (pri-miRNA) range from ~200 to several
thousand n.t. in length [17, 23, 27, 30]. Pri-miRNAs are
cleaved by RNase III endoribonuclease Drosha/DGCRS,
generating ~60-120 n.t. long hairpin RNA molecules
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called precursor miRNAs (pre-miRNA) [17, 23, 27, 30].
Pre-miRNAs are then exported to the cytoplasm by Ran-
GTP and Exportin 5 and are further excised by the en-
doribonuclease Dicer to generate ~22bp miRNA
duplexes [17, 23, 27, 30]. The miRNAs duplexes are
assembled into the miRNA-induced silencing complexes
(miRISC) that consist of Argonaute proteins, human im-
munodeficiency virus (HIV) transactivating response RNA
(TAR) binding protein (TRBP), protein activator of the
interferon induced protein kinase (PACT), where the two
strands are separated. The leading strands are preserved to
form mature miRNAs, while the passenger strands
(miRNA¥*) are unstable and normally degraded. To func-
tion, the “seed” sequence (n.t. 2-8 from the 5’ end) of
miRNAs acts as a guide for miRISC to specifically rec-
ognize the 3'UTR of target mRNAs through Watson—Crick
base-pairing. Upon binding, miRNA can promote mRNA
degradation and/or repress mRNA translation, and thus
downregulating the expression of target proteins [17, 23,
217, 30].

miRNAs have been recognized to be key players in
numerous biological processes, such as cell proliferation,
differentiation, apoptosis, oncogenesis and organ develop-
ment [23-25, 31, 32]. Their roles in the initiation and
progression of respiratory diseases, including pulmonary
fibrosis, were also under intensive investigation in the past
several years [11-14, 33].

LncRNAs

LncRNAs do not possess protein-coding capability due to
lack of significant open reading frame (ORF). LncRNAs
have been known for 30 years, but not until very lately
were their functional significance recognized and their
roles in various biological processes appreciated [34, 35].
Recent studies have identified far more than 10,000
IncRNAs in the human transcriptome, suggesting that our
current understanding has just scratched the surface in the
complex world of IncRNAs [34, 35]. Majority of IncRNAs
are transcribed by RNA Polymerase II and normally con-
tain 5 m’G-cap and 3’ poly(A) tail [36]. Therefore, the
expression of IncRNAs is subject to similar regulations to
that of protein-coding genes and miRNAs.

Recent studies demonstrated that IncRNAs play essen-
tial roles in a variety of pathobiological processes, such as
oncogenesis [37, 38], reprogramming of induced pluripo-
tent stem cells [39], cell apoptosis and differentiation [40,
41], X-inactivation and parental imprinting [42—44], and
adipogenesis [45]. LncRNAs regulate gene expression at
the epigenetic, post-transcriptional, and translational levels.
In addition, some IncRNAs can serve as molecular scaf-
folds to maintain subnuclear structure [46]. Given the
universal presence and regulatory versatility of IncRNAs, it
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is predictable that IncRNAs are also involved in pulmonary
disorders. Indeed, investigation of the role of IncRNAs in
pulmonary diseases, including pulmonary fibrosis, has been
already started [11, 47-49].

miRNAs and lung fibrosis

The systemic study of miRNAs in tissue fibrosis, including
that in the lungs, is made possible only after the technical
development of miRNA profiling. There have been a
number of studies that tried to identify differentially ex-
pressed miRNAs in fibrotic human lungs, in lungs of
animals with experimental pulmonary fibrosis, and in
in vitro models using relevant cells [50-55]. Many of the
miRNAs with altered expression discovered by these ef-
forts have been further studied. The roles of these miRNAs
participating in the disease mechanisms and, in some cases,
their potentials as therapeutic targets have been determined
[51-53]. These studies significantly advanced our under-
standing of the pathogenesis of this pernicious disease.
Given that miRNAs function almost solely by
modulating the expression of their target proteins, it is
conceivable that they are involved in the pathogenesis of
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pulmonary fibrosis in a way related to those pro- or an-
tifibrotic mediators in this disease. Contingently, miRNAs
can participate in the fibrotic process as either positive or
negative players (Fig. 1; Table 1). As also well recognized,
the pathological process of pulmonary fibrosis involves
many types of cells in the lungs and also from circulation
[2, 7]. Dysregulations of miRNAs in these cells are certain
to contribute to the phenotypic and functional aberrations
that are necessary for the onset and progression of pul-
monary fibrosis.

miRNAs that play a negative regulatory role in lung
fibrosis

miR-29

The miR-29 family, consisting of miR-29a, miR-29b and
miR-29¢, was initially identified as miRNAs down-
regulated in the lungs of mice with bleomycin-induced
pulmonary fibrosis [56]. In 2011, Cushing and colleagues
found that miR-29 is exclusively expressed in a subset of
interstitial cells located in the fibrotic areas of lungs and
miR-29 levels were inversely correlated to the severity
of lung fibrosis. miR-29 expression was suppressed by
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Fig. 1 Overview of the participation of ncRNAs in the pathogenesis of lung fibrosis: ncRNAs participate in the pathogenesis of lung fibrosis

through regulating various pro- or antifibrotic mechanisms
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Table 1 miRNAs that participate in pulmonary fibrosis

Fibro-miRs miRNAs Targets/mediators Upstream regulators and functional effects
Profibrotic miRNAs miR-21 Smad7 Upregulated by TGF-B1 in lung fibroblasts; promotes
myofibroblast differentiation [52]
miR-199a-5p Caveolin 1 Upregulated by TGF-B1 in lung fibroblasts; promotes
myofibroblast differentiation [73]
miR-145 KLF4 Upregulated by TGF-B1 in lung fibroblasts; promotes o-SMA
expression, myofibroblast differentiation and latent TGF-f1
activation [76]
miR-424 Smurf2 Upregulated by TGF-B1 in lung epithelial cells; promotes
TGF-B1-induced EMT in lung epithelial cells [77]
miR-210 MNT Upregulated by HIF-2a in lung fibroblasts exposed to hypoxia;
enhances hypoxia-induced lung fibroblasts proliferation [82]
miR-96 FoxO3a Enhances the proliferative and antiapoptotic phenotype in IPF
fibroblasts [91]
miR-154 Wnt/B-catenin pathway Upregulated by TGF-f in Smad3-dependent manner; promotes
proliferation and migration of lung fibroblasts [94]
Antifibrotic miRNAs miR-29 Collagens, laminins Downregulated by TGF-f in Smad3-dependent manner;
and integrins inhibits the expression of ECM components [56-59]
miR-26a TGF-B2, TGF-BR1, Smad4, Downregulated by TGF-f in Smad3-dependent manner;
HMGAZ2, CTGF, negatively regulates TGF-B and CTGF signaling; Inhibits
collagen 1, cyclin D2 EMT, myofibroblast differentiation, collagen 1 expression
and lung fibroblast proliferation [51, 60, 63]
miR-326 TGF-B1, Smad3, Ets1, MMP9 Inhibits TGF-B1 expression; negatively regulates TGF-f1
signaling and other fibrosis-related pathways [65]
Let-7d HMGA2 Downregulated by TGF-f in Smad3-dependent manner;
inhibits alveolar EMT and the profibrotic activities of
myofibroblasts [53, 69]
miR-200 GATA3, ZEB1/2 Downregulated by TGF-f§ in AECs; inhibits alveolar EMT and
the fibrogenic activity of lung fibroblasts [70]
miR-92a WISP1 Negatively regulates lung fibrosis by targeting WISP1-
mediated alveolar EMT [71]
miR-27b Gremlinl Downregulated by TGF-P1 in lung fibroblasts; inhibits TGF-B1

signaling and promotes BMP signaling [72]

TGF-B1 treatment in human lung fibroblasts. More im-
portantly, downregulation of miR-29 de-repressed multiple
targets that are profibrotic, such as several types of colla-
gens. miR-29 also targeted other fibrosis-associated genes,
including laminins and integrins [56]. A later study further
confirmed that miR-29 is a direct transcriptional target of
Smad3 and negatively regulated by TGF-/Smad signaling
during pulmonary fibrosis [57]. Ectopic expression of miR-
29 by Sleeping Beauty (SB) gene transfer technology was
found to prevent and reverse bleomycin-induced pul-
monary fibrosis in mice [57]. The therapeutic benefits of
miR-29 were again tested by a different approach. In that
study, it was first confirmed that a single intravenous de-
livery of synthetic miR-29 mimics can substantially
increase miR-29 levels in various organs, including kidney,
spleen, heart, liver and lung. The elevated expression of
miR-29 in these organs could last 2—4 days. More impor-
tantly, therapeutic delivery of the miR-29 mimics
effectively blunted bleomycin-induced pulmonary fibrosis
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in mice [58]. miR-29 has also been shown to mediate re-
ciprocal regulations between lung fibroblasts and ECM in
IPF lungs [59]. Lung fibroblasts grown on ECM derived
from IPF lungs have expression of genes enriched for those
encoding ECM proteins detected in IPF tissue, which is
likely mediated by downregulated expression of miR-29 in
this culture [59]. All these findings suggest a great potential
for miR-29 as a novel therapeutic target for treating pul-
monary fibrosis.

miR-26a

miR-26a is another miRNA downregulated in the lungs of
IPF patients and mice with experimental pulmonary fi-
brosis [51, 60]. A study by Liang et al. found that
downregulation of miR-26a in fibrotic lungs is inversely
correlated with the expression of its target genes, such as
CTGF and collagen 1 [60]. Inhibition of miR-26a pro-
moted, while overexpression of miR-26a attenuated
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bleomycin-induced pulmonary fibrosis in mice. In human
lung fibroblasts, miR-26a was downregulated by TGF-B1
in Smad3-dependent manner. Moreover, miR-26a overex-
pression inhibited TGF-Bl-induced differentiation of
fibroblasts into myofibroblasts. Mechanistically, miR-26a
inhibited TGF-B1 signaling through directly targeting
Smad4, and thus decreasing the nuclear translocation of
Smad3 and myofibroblast activation [60]. Meanwhile, they
also showed that miR-26a regulates epithelial to mes-
enchymal transition (EMT) in pulmonary fibrosis.
Inhibition of miR-26a induced, whereas overexpression of
miR-26a diminished EMT in human lung epithelial cells
[51]. The inhibitory role of miR-26a in EMT is likely
through targeting HMGAZ2, a transcriptional factor that has
been previously shown to play a role in this process [51,
61, 62]. Alternatively, miR-26a could inhibit the prolif-
erative activity of human lung fibroblasts by directly
targeting cyclin D2, which leads to G1 arrest [63]. miR-26a
is also involved in the regulation of TGF-B2, TGF-B re-
ceptor 1, as well as other key profibrotic mediators
including collagen and CTGF [63]. These findings suggest
that downregulation of miR-26a in fibrotic lungs could
serve as a positive feedback mechanism to enhance my-
ofibroblast differentiation and proliferation and EMT.
Therefore, replenishment of the decreased miR-26a in the
lungs may represent an effective therapeutic strategy to
treat pulmonary fibrosis.

miR-326

Although the role of TGF-B1 in promoting pulmonary fi-
brosis has been well established, application of neutralizing
antibodies to TGF-B1 in treating lung fibrosis has been
disappointing [64]. These findings suggest the complexity
of TGF-B1 activity in lung fibrosis and the need for better
strategies to target TGF-B1 in the lungs. A recent study
found that miR-326 has diminished expression in human
IPF specimens [65]. miR-326 also showed an inversed
correlation with TGF-B1 expression in the lungs of mice
with bleomycin-induced pulmonary fibrosis [65]. In vitro
studies found that miR-326 regulates TGF-f1 expression in
multiple human cell lines. Furthermore, intranasal delivery
of miR-326 mimics was effective to inhibit TGF-B1 ex-
pression and attenuate the fibrotic response in the lungs of
mice that are treated with bleomycin [65]. A number of
profibrotic mediators that are involved in TGF-f1 signaling
and fibrosis-related pathways, such as Etsl, Smad3, and
matrix metalloproteinase 9, were identified as miR-326
targets [65]. These data suggest that miR-326 regulates
pulmonary fibrosis by de-repressing multiple profibrotic
genes. These data also indicate the antifibrotic therapeutic
potential of miR-326 replacement/replenishment in the
lungs.

Let-7d

The EMT of AECs has long been implicated in the
pathogenesis of pulmonary fibrosis [66—-68]. Let-7d is the
first miRNA identified to participate in this process. Using
miRNA array, Kaminski’s laboratory performed miRNA
profiling on 10 normal control lungs and 10 IPF lungs and
found that the expression of let-7d, along with 17 other
miRNAs, was decreased in IPF lung tissues [53]. Let-7d
was primarily expressed in the AECs in normal lungs and
its expression was almost lost in these cells in the fibrotic
area of IPF lungs. Let-7d expression was inhibited by TGF-
B1, which was mediated by direct binding of Smad3 to the
let-7d promoter. Inhibition of let-7d caused mesenchymal
phenotypic changes in multiple lung epithelial cell lines.
Furthermore, blocking let-7d in mouse lungs promoted
lung fibrosis probably through enhancing EMT, indicated
by elevated expression of collagens, o-SMA, and thick-
ening of alveolar septa and decreased expression of
epithelial markers E-cadherin and TJP1. Mechanistically,
the inhibitory effect of let-7d on EMT was likely mediated
by HMGAZ2, a positive regulator of this process [53, 61,
62]. In addition to its role in EMT, introduction of let-7d
into lung fibroblasts was able to diminish the profibrotic
activities of myofibroblasts [69], suggesting that promotion
of lung fibrosis by let-7d blockade is a complex result of
enhanced alveolar EMT and augmented myofibroblast
differentiation.

miR-200

Recently, our group found that miR-200 family members,
including miR-200a, miR-200b, and miR-200c are sig-
nificantly downregulated in the lungs of mice with
bleomycin-induced fibrosis [70]. The expression of miR-
200a and miR-200c was also diminished in human IPF
lungs. Similar to let-7d, miR-200 was primarily expressed
in AECs, but not in lung fibroblasts in normal lungs. miR-
200 expression was decreased in AECs from mice with
bleomycin-induced pulmonary fibrosis [53]. Overexpres-
sion of miR-200 family members inhibited TGF-B1-
induced EMT of AECs and was able to reverse the fibro-
genic activity of myofibroblasts from fibrotic mouse lungs
and human IPF lungs. We found that miR-200 directly
targets multiple key positive regulators of EMT, such as
GATA3, ZEBI1, and ZEB2. Moreover, intratracheal deliv-
ery of miR-200c mimics inhibited experimental pulmonary
fibrosis in mice [70]. The findings with let-7d and miR-200
suggest that inhibition of EMT by manipulating miRNAs is
a novel therapeutic approach to treat pulmonary fibrotic
disorders [70].

There are several additional miRNAs that have also
been shown to play inhibitory roles in pulmonary fibrosis
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by targeting various signaling pathways. miR-92a was
identified to be downregulated in lungs from patient with
IPF. miR-92a directly targeted WNT1-inducible signaling
pathway protein 1 (WISP1), a profibrotic mediator in IPF,
and thereby inhibiting pulmonary fibrosis [71]. miR-27b,
another miRNA downregulated in TGF-B1 treated lung
fibroblasts, was found to diminish the expression of several
profibrotic genes likely by targeting Gremlinl. Gremlinl
has been shown to promote pulmonary fibrosis through
decreasing BMP signaling, but elevating TGF-f1 signaling
[72].

In general, most of the negative regulatory miRNAs in
pulmonary fibrosis are downregulated in fibrotic lungs,
which leads to derepression of profibrotic mediators, and
thereby promoting pulmonary fibrosis. A replacement or
enhancement of these miRNAs may be novel therapeutic
strategies in treating this disease.

miRNAs that promote lung fibrosis

Besides acting as a negative regulator in pulmonary fi-
brosis, some miRNAs can also play profibrotic roles by
targeting the negative mediators in pulmonary fibrosis.

miR-199a-5p

A recent study by Lino et al. found that miR-199a-5p is
significantly increased in the lungs of mice with bleomy-
cin-induced fibrosis and in IPF lungs [73]. In situ
hybridization analysis demonstrated that miR-199a-5p is
selectively expressed in myofibroblasts in fibrotic lung
tissues, suggesting its participation in myofibroblast dif-
ferentiation. miR-199a-5p was induced by TGF-B1 in vitro
in lung fibroblasts. Overexpression of miR-199a-5p
markedly enhanced myofibroblast differentiation. This was
likely achieved by downregulating caveolin 1, an antifi-
brotic mediator that was previously shown to ameliorate
bleomycin-induced pulmonary fibrosis through modulating
JNK kinase activation [73, 74]. Caveolin 1 expression had
an inverse correlation with that of miR-199a-5p in fibrotic
lungs and caveolin 1 was demonstrated to be a bona fide
miR-199a-5p target. Aside from directly targeting caveolin
1, miR-199a-5p also regulates pulmonary fibrosis through
caveolin 1-independent mechanisms, as suggested by ad-
ditional profibrotic effects caused by miR-199a-5p
overexpression that was not seen with caveolin 1 knock-
down. This is a reflection of multifaceted activities of
miRNAs in that they regulate a biological process gener-
ally by targeting multiple targets [73]. Of note, miR-199a-
S5p was also upregulated in experimental models of kidney
fibrosis and liver fibrosis, suggesting that miR-199a-5p is a
common therapeutic target in treating organ fibrotic dis-
orders [73].
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miR-21

Our group first demonstrated that miR-21 is upregulated in
the lungs of mice with bleomycin-induced fibrosis and in IPF
lungs and miR-21 is primarily expressed in myofibroblasts in
human and mouse fibrotic lungs [52]. We found that miR-21
is induced by TGF-B1 in primary lung fibroblasts. Further-
more, overexpression of miR-21 promoted, whereas
inhibition of miR-21 diminished TGF-B1-induced differen-
tiation of lung fibroblasts into myofibroblasts. Consistent
with its profibrotic activity in vitro, miR-21 antisense probes
significantly inhibited the severity of bleomycin-induced
lung fibrosis in mice. Mechanistically, we identified Smad7,
an inhibitory Smad in the TGF-f signaling pathway, as a
direct target of miR-21. Taken together, these data suggest
that miR-21 functions in a positive feed-back loop to pro-
mote pulmonary fibrosis [52]. The upregulation of miR-21
was validated independently in several lung fibrosis models
as well as in human subjects, such as in the serum of patient
with IPF [54, 75]. All these findings suggest the critical role
of miR-21 in the pathogenesis of pulmonary fibrosis and also
indicate miR-21 as a putative therapeutic target for devel-
oping miRNA-based strategies for IPF treatment.

miR-145

The role of miR-145 in pulmonary fibrosis was also initially
reported by our group [76]. We found that miR-145 is induced
by TGF-B1 in human lung fibroblasts. miR-145 expression
was similarly increased in the lungs of patients with IPF.
Overexpression of miR-145 in lung fibroblasts promoted
TGF-B1-induced myofibroblast differentiation, as demon-
strated by elevated o-SMA expression, enhanced
contractility, and increased formation of focal and fibrillar
adhesions. In contrast, miR-145 downregulation diminished
the characteristic phenotype of TGF-B1-induced myofibrob-
lasts [76]. We found that miR-145 directly targets KLF4, a
known negative regulator of o-SMA expression, and thereby
promoting myofibroblast differentiation. Likely as the result
of the increased contractility, miR-145 enhanced the activa-
tion of latent TGF-B1. More significantly, we found that miR-
145(-/-) mice develop less lung fibrosis than miR-145(+/+)
controls after intratracheal administration of bleomycin [76].

miR-424

miR-424 was first reported to participate in TGF-B1-in-
duced EMT of AECs. Xiao et al. recently identified 6
upregulated and 3 downregulated miRNAs in lung ep-
ithelial cell line A549 that undergoes EMT [77]. One of the
6 upregulated miRNAs was miR-424. Overexpression of
miR-424 enhanced TGF-B1 activity and promoted TGF-
Bl-induced mesenchymal phenotype in A549 cells, as
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reflected by increased expression of a-SMA, CTGF and
fibronectin. miR-424 was shown to target multiple key
negative regulators of the TGF-f signaling, such as
Smurf2. Smurf2 is a HECT (homologous to the E6-ac-
cessory protein C-terminus) domain containing E3
ubiquitin ligase that negatively regulates TGF-B1 and BMP
signaling by degrading receptor-regulated Smads [77, 78].
These data suggest that miR-424 functions via a positive
feedback mechanism to promote TGF-B1-induced EMT of
lung epithelial cells [77]. However, the role of miR-424 in
myofibroblast differentiation and the pathogenesis of lung
fibrosis, and the potential of miR-424 as a therapeutic
target in treating lung fibrosis should be further examined.

miR-210

There is increasing evidence indicating the participation of
hypoxia in the pathogenesis of tissue fibrosis [79]. How-
ever, the mechanism by which hypoxia contributes to the
progression of pulmonary fibrosis has not been well elu-
cidated. In the past 5 years, a number of miRNAs were
identified to be upregulated by hypoxia and were thus
designated as “hypoxamirs”. It was found that the induc-
tion of most hypoxamirs is not only modest, but also
largely cellular-context dependent. However, hypoxia-in-
duced miR-210 is generally robust in many types of cells.
miR-210 has been well recognized to regulate cellular re-
sponses to hypoxia, such as altered proliferation,
differentiation, apoptosis, metabolism and antitumor im-
mune response [80, 81]. In the study to characterize the
role of hypoxamirs in pulmonary fibrosis, Henke’s group
found that miR-210 expression is elevated in IPF fibrob-
lasts exposed to hypoxia. They showed that knockdown of
miR-210 diminishes hypoxia-induced proliferation of IPF
fibroblasts. They also showed that HIF-2a, but not HIF-1a,
regulates miR-210 expression by directly binding to the
hypoxic response element (HRE) in the miR-210 promoter
[82]. Mechanistically, miR-210 promoted IPF fibroblast
proliferation by targeting MNT, a c-myc suppressor that
can inhibit cell cycle entry and proliferation [82, 83].
Moreover, they found that miR-210 expression is located to
cells that are also positive with hypoxic marker carbonic
anhydrase-IX and HIF-2o within the IPF fibrotic reticulum,
indicating an interactive relationship among miR-210, hy-
poxia and IPF pathogenesis [82]. Taken together, these
findings suggest that miR-210 is one of the hypoxamirs that
mediates the profibrotic roles of hypoxia by promoting
profibrotic phenotype of IPF fibroblasts in the lungs.

miR-96

The PTEN/PI3K/AKT axis has been well known to play a
role in the pathogenesis of pulmonary fibrosis [8§4-86]. A

number of studies found that IPF lung fibroblasts have
increased AKT activity, which leads to elevated phos-
phorylation and functional inhibition of FoxO3a, a
transcriptional factor regulating many cellular activities,
such as cell proliferation, differentiation, apoptosis, and
cellular metabolism [87, 88]. The suppressed FoxO3a
activity has also been shown to be closely associated with
the maintenance of the myofibroblastic phenotype of IPF
fibroblasts in collagen-rich matrix [89, 90]. As a FoxO3a
targeting miRNA, the expression of miR-96 was sig-
nificantly induced in IPF fibroblasts cultured on collagen
matrix, compared to that in normal lung fibroblasts. Fur-
thermore, miR-96 expression is inversely correlated with
that of FoxO3a in the fibroblastic foci in IPF lungs. In-
deed, miR-96 suppressed the expression of FoxO3a and
FoxO3a targeted p21, p27 and Bim in IPF lung fibroblasts.
The decreased expression of these negative regulators of
cell cycle and apoptosis promoted the proliferative and
antiapoptotic phenotype in IPF fibroblasts [91]. These
studies suggest that miR-96 promotes fibrotic progression
by downregulating FoxO3a in IPF lungs [91].

Chromosome 14q32 microRNA cluster

miRNAs that reside in close proximity in the genome are
called a miRNA cluster. The expression of clustered
miRNAs is often under same regulations [23]. Further-
more, although individual miRNA in a cluster shares no
seed targeting sequence, there was evidence that miRNA
clusters can function synergistically to regulate biological
events [92, 93]. There is currently very little information
regarding the role of a cluster of miRNAs in pulmonary
disorders. It was found that a number of miRNAs located at
the human chromosome 14q32 microRNA cluster is
upregulated in the lungs of IPF patients [94]. These miR-
NAs were also induced by TGF-B1 in normal human lung
fibroblasts, likely in a Smad3-binding dependent manner.
Among these, miR-154 was shown to enhance the prolif-
eration and migration of lung fibroblasts by activating the
Wnt/B-Catenin pathway [94]. These data suggest that the
14q32 microRNA cluster may be able to act in a synergistic
mechanism to promote pulmonary fibrosis. Therefore, it is
worthwhile to further investigate the role of all miRNAs at
this locus and determine their functional interactions in the
pathogenesis of lung fibrosis.

Extracellular miRNAs and lung fibrosis

In addition to acting in the cytoplasm, miRNAs can be
secreted/released into the extracellular environment by
various types of cells. These extracellular miRNAs are
normally included in exosomes or microvesicles and can
travel long distance in circulation [95]. miRNAs in
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exosomes can be transferred from cell to cell, and regulate
gene expression in the recipient cells through canonical
actions. miRNA transfer between cells is thought to be an
important component of intercellular communications [95].

There has been systemic effort to identify circulating
miRNAs in IPF patients. A recent study found 47 differ-
entially expressed miRNAs in the sera of patients with
rapid or slowly progressive IPF compared to those in
healthy controls [96]. Further bioinformatic analysis
showed that 53 KEGG biological processes were enriched
among the differentially expressed circulating miRNAs,
such as signaling pathways associated with TGF-f§, MAPK,
PI3K-AKT, Wnt, and Notch, all of which are well recog-
nized to have important roles in the pathological
fibrogenesis in the lungs [96]. They also validated the
profiling in a second cohort of samples and demonstrated
that miR-21, miR-199a-5p, and miR-200c were sig-
nificantly increased while miR-31, let-7a, and let-7d were
significantly decreased in the sera of IPF patients compared
to healthy controls [96]. The elevated level of miR-21 in
the sera of IPF patients was confirmed by another study
[33]. All of these findings suggest that circulating miRNAs
may be used as biomarkers for diagnosis as well as for
evaluation of treatment efficacy and prognosis.

However, except for identification of the association of
circulating miRNAs with IPF, there is currently no
knowledge about the roles of these miRNAs in the dis-
ease mechanisms. It is unknown where the miRNAs
originally come from, lung or circulation? If from lung,
what cell populations secrete them? Whether these
miRNAs can transfer from one cell type to the other in
the lung? Given the critical role of intercellular interac-
tions, such as those between AECs and myofibroblasts, in
IPF pathogenesis, investigation into how one cell
population affects the other’s phenotype through these
secreted miRNAs will definitely shed new light on the
disease mechanism.

miRNA-based therapeutics and lung fibrosis

The frequent aberrations of miRNAs in various patho-
geneses, including lung fibrosis, and their small size and
sequence conservation make them ideal and easy targets
for therapeutics [97]. There have been numerous instances
of pre-clinical targeting of miRNAs in animals, such as
those in models of pulmonary fibrosis as described above.
There are also several trials underway at different clinical
phases [97]. The one that could become the first miRNA-
based therapy is treating HCV by inhibition of miR-122.
Two independent clinical trials using miR-122 antisense
oilgos with different modifications so far have shown very
promising efficacies and drug tolerance [98] (http://www.
regulusrx.com). Therefore, there is every reason to believe
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that we will soon experience a new era of miRNA-based
therapeutics.

The basic principle of miRNA-based therapeutics is
restoring to the homeostasis of dysregulated miRNA ex-
pression, i.e., reconstitution of downregulated or inhibition
of upregulated miRNAs. There are currently two strategies
to therapeutically restore the activities of a lost or down-
regulated miRNA [97]. One approach is to use synthetic
modified double-stranded miRNA mimics and the other is
to use lenti-, adeno, or adeno-associated virus to express
specific miRNAs [97]. The passenger strand of miRNA
mimics is often conjugated with cholesterol and chemically
modified to facilitate intracellular entry and to prevent in-
corporation into miRISC. Overall, this type of miRNA
duplexes has been proven to be bio-safe, but there is a
report that they can potentially activate interferon response
through Toll-like receptors [99]. There are also two ap-
proaches that have been successfully employed to inhibit
miRNAs in vivo [97, 100]. One is to express antisense
RNAs that bind to the “seed” region of miRNAs using the
various viral vehicles described above. These molecules
are called miRNA sponges [101]. However, the easier and
more efficient approach is to use synthetic single stranded
antisense oligos called antimiRs [97]. Ideal antimiRs have
high binding affinity, biostability and pharmacokinetic
properties. To achieve these objectives, chemical modifi-
cations of these oligos are required. General approaches
include substitution of the phosphodiester backbone link-
ages with phosphorothiorate linkages and sugar
modifications, such as 2'-O-methyl, 2’-O-Methoxyethyl, 2’-
fluoro, and locked nucleic acid [97, 100].

A particularly important point that needs careful con-
sideration when therapeutically targeting miRNAs is how
to restore optimal expression of miRNAs that renders
maximal efficacy and minimal side effects. Because it has
been indicated that effective targeting of mRNAs by
specific miRNAs depends on threshold points set by the
relative levels of miRNA and the target mRNAs [102],
therapeutic restoration of miRNAs that is at sub- or sup-
raphysiological level could lead to targeting a quite
different set of genes from those under normal conditions
and thus causing less favorable effects and/or more un-
wanted outcomes. Similarly, blocking in excess of
pathologically upregulated miRNAs may also de-repress
genes that otherwise have no or low expression in cells and
thus bringing deleterious side effects. Another common
challenge for therapeutic reconstitution and inhibition of
miRNAs in vivo lies in tissue- and/or cell-specific delivery
of agents, although it also exists with most other treatment
modalities. Several approaches have been tested to achieve
targeted delivery of miRNA mimics/antimiR molecules.
For example, conjugation of these molecules with anti-
bodies that recognize specific cell surface proteins or with
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peptides that bind to cell surface receptors improved the
access to targeted tissues or cell types [97, 100]. Expres-
sion of miRNAs driven by cell-specific promoters is
another way to achieve targeted delivery [97]. In addition,
local delivery, such as that directly to lungs via inhalation,
can improve tissue-specific introduction of miRNA mole-
cules [97].

Although there is currently no miRNA-based clinical
trials underway for treating lung fibrosis, one should be
optimistic that this type of new approaches will be soon
tested in the field. Of note, as an industrial pioneer, the
biotech company miRagen recently initiated Investiga-
tional New Drug (IND) application for miR-29 to treat
pulmonary fibrosis (http://miragentherapeutics.com).

LncRNAs in pulmonary fibrosis

To date, studies on IncRNAs in pulmonary diseases almost
exclusively focused on lung cancers [11]. The knowledge
about the role of IncRNAs in pulmonary fibrotic disorders
is nearly absent. However, the lack of understanding is
about to change soon. A recent study by Lv et al. identified
a large number of IncRNAs that have altered expression in
the lungs of rat with experimental fibrosis. This was the
first piece of evidence suggesting the participation of
IncRNAs in the pathogenesis of pulmonary fibrosis [48].
Among these IncRNAs, several have been previously
studied in different biological settings, such as H19, RNA
component of mitochondrial RNA processing endori-
bonuclease (RMRP), and telomerase RNA component
(TERC) [103-106]. H19 is an imprinted maternally ex-
pressed IncRNA, which is located at the H19/IGF2 locus.
Further studies found that H19 regulates the expression of
IGF-2, modulates IGF signaling and tumorigenesis, in-
cluding those in the lungs, and even produces two miRNAs
(miR-675-5p and miR-675-3p) [103, 104]. RMRP and
TERC were previously reported to be associated with hu-
man telomerase reverse transcriptase (TERT) and thereby
regulating small interfering RNA production and telom-
erase activity, respectively [105, 106]. Moreover, it was
found that a mutation in the CCAAT box of the TERC
IncRNA promoter contributes to disorders associated with
abnormal telomere, such as pulmonary fibrosis [107]. Thus,
it is predictable that these IncRNAs may participate in the
pathogenesis of pulmonary fibrosis through their associated
protein partners, such as TERT. Additionally, a later study
from the same group examined the potential functional
interactions between the previously identified IncRNAs and
their adjacent or homologous protein-coding genes [47].
They found that those IncRNAs that have altered expres-
sion in fibrotic lungs have the potential to regulate gene
expression by acting as competing endogenous RNAs

(ceRNA), a mechanism that RNAs serve as a “sponge” for
miRNAs and thereby preventing miRNAs from binding to
their mRNA targets [47].

Although our understanding of the role of IncRNAs in
pulmonary fibrosis is very limited, there have been already
a number of elegant and thorough studies on their activities
and functional mechanisms in many other pathophysio-
logical processes [108]. Therefore, we have every reason to
be optimistic that we will gain significant insight into how
IncRNAs regulate the pathogenesis of lung fibrosis in the
coming years. These studies will certainly unravel the
complexity of IncRNAs and suggest novel therapeutic
targets for treating pulmonary disorders, including fibrosis.

Conclusions and perspectives

In just a couple years, ncRNA studies in the lungs have
generated a wealth of knowledge supporting the critical
role of ncRNAs in modulating lung disorders, including
pulmonary fibrosis. With the demonstration that specific
miRNAs play key roles via negative or positive regulatory
mechanisms in this disease, the field has opened new av-
enues for identifying novel therapeutic targets in treating
pulmonary fibrosis.

The role of miRNAs in regulating the phenotypic dys-
regulations of pulmonary fibroblasts and epithelial cells in
lung fibrosis seems to be well established. However, it is
completely unknown if miRNAs or IncRNAs participate in
emerging, but important disease mechanisms, such as the
contributions from aberrant cellular senescence, defective
lung stem cells, viral infection, metabolic dysregulation
and alternative macrophage activation [109-113]. There
has been plenty of information about the roles of ncRNAs
in all of the above mentioned processes [114—118].
Therefore, it shall be extremely rewarding to investigate
how ncRNAs regulate lung fibrosis via these mechanisms.

As discussed above, it 1s certain that more miRNAs will
be identified to participate in the pathogenesis of lung fi-
brosis. However, it is equally important to understand how
these many miRNAs can collaborate to regulate the
pathological process. Another lingering challenge is to
identify the specific targets of miRNA. Most past studies
usually chose one or two targets that are known to par-
ticipate in tissue fibrogenesis. This approach could
potentially exaggerate the role of certain mediators, but
likely miss other presently unknown but important
regulators.

So far, almost all miRNA profiling analyses have been
performed on healthy or diseased total lung tissues. One
should be aware that findings from these assays sometimes
could be misleading. It is apparent that fibrotic lung tissues
have a cellular composition vastly different from healthy
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controls. In addition, different cell types may have distinct
miRNA profiles. Therefore, the conventional approaches
may only identify miRNAs that reflects the cell population
alterations in the fibrotic tissues and run a significant risk of
missing important miRNAs that have real changes in
specific cell types during pulmonary fibrogenesis. To
overcome these limitations, improved methodologies, such
as laser capture microdissection and microarray expression
analysis, and single cell sequencing, should be considered
in future studies.
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