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Abstract

MicroRNAs are implicated in many biological and pathological processes and are emerging as key

actors in lung health and disease. Specific patterns of dysregulated microRNAs have been found in

idiopathic pulmonary fibrosis (IPF), an untreatable interstitial lung disease of unknown etiology.

IPF is characterized by dramatic and extensive phenotypic changes in the lung that include

alveolar cell hyperplasia, fibroblast proliferation and formation of myofibroblast foci, deposition

of extracellular matrix, and changes in lung transcriptional programming. Here, we discuss the

latest insights about the role of microRNAs in lung fibrosis with a focus on the contribution of

animal models of disease to the derivation of these insights.

Introduction

IPF is a progressive and devastating disorder characterized by the unremitting accumulation

of activated fibroblasts in the lung leading to scarring and ultimately respiratory failure. The

prevalence of IPF is estimated at 20/100 000 for men and 13/100 000 for women with a

survival time from 2 to 5 years (after diagnosis) [1,2]. Our group has a long-standing interest

in understanding the mechanisms governing how gene expression is regulated in IPF [3,4].

A relatively, new and exciting field of study is the role played by microRNAs, small non-

coding RNAs that function as crucial checkpoints in the regulation of gene expression [5].

We and others have identified multiple microRNAs that are differentially expressed in IPF

patients compared to normal individuals, thus suggesting a distinct and reproducible IPF

‘microRNA signature’ which might be crucial for the pathogenesis of the disease.

Understanding how microRNAs regulate their targeted genes is critical to devising rational

and highly targeted therapies to treat IPF. Despite advances in microRNA-related research,

the role of microRNAs in IPF is only just emerging [3]. Our efforts have focused on

understanding on how these molecules may contribute to the IPF phenotype employing both

animal and in vitro model systems of pulmonary fibrosis. The fact that many microRNAs
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and genes found in mice have molecular and functional homologues in vertebrates,

including humans, means that genetic discovery in animal models may be generalizable to

our understanding of IPF and to identifying potential therapies for this challenging disease.

Our approach is to identify genes and microRNAs that are differentially expressed in human

lung fibrosis. We then move to animal and in vitro systems to understand how these or

microRNA contribute to the pathogenesis of the human disease. We design experiments that

perturb these gene or microRNAs employing genetic or pharmacologic strategies. The

ultimate goal of our work is to translate our data back to our patients who suffer from IPF. In

this review, we will follow a similar approach. First we will briefly review the biology of

microRNAs. We will then discuss specific microRNAs that are differentially expressed in

IPF and how these microRNAs have been studied in vitro and in vivo. We will then

conclude by suggesting strategies by which microRNAs may be tested in animal systems as

new clinical tools in IPF.

Biosynthesis and mechanism of microRNAs expression

The discovery of let-7, a small RNA, added a new layer of complexity to traditional

concepts of gene expression [6]. MicroRNAs are highly conserved among species and

comprise a class of small non-coding RNAs of approximately 19–22 nucleotides in length.

They have been shown to regulate gene expression at the level of transcription and are

predicted to regulate at least 60% of human genes [7]. MicroRNAs are first transcribed in

the nucleus by RNA polymerase III as pri-miRNA molecules [8]. These pri-miRNAs,

approximately 2000 base pairs (bp) in length, are next processed by the enzyme drosha, a

ribonuclease (RNase III), to produce a 200 bp pre-miRNA precursor [9]. These nascent

microRNAs are transported from the nucleus to the cytoplasm by the nuclear export receptor

exportin-5 [10]. Once in the cytoplasm, they are processed by a second RNase III

endonuclease, dicer, generating a double stranded RNA (dsRNA) structure of 19–22

nucleotides [11]. This microRNA duplex is unwound into the mature single-strand form and

is recognized by the RNA-induced silencing complex (RISC), which carries the mature

microRNA to its complementary 3′ or 5′-untranslated region (UTR) or open reading frame

(ORF) or promoter regions of the targeted mRNA (Fig. 1), usually resulting in translational

repression or target degradation and gene silencing [12].

MicroRNAs in idiopathic pulmonary fibrosis: From human to mouse

miR-155

The earliest observation of microRNAs in pulmonary fibrosis did not follow our paradigm

but rather began with observations in mice. This first report suggesting a role of microRNAs

in lung fibrogenesis, published by Pottier and collaborators [13], demonstrated that miR-155

down-regulated expression of keratinocyte growth factor (KGF/FGF7) in normal human

lung fibroblasts. The expression of KGF is crucial for maintaining the alveolar epithelial cell

phenotype and may be protective in bleomycin injury [14]. Bleomycin-sensitive mice

(C57bl/6) injured with bleomycin showed significant increases in miR-155 expression

compared to the bleomycin-resistant Balb/c strain. The authors also showed that increased

expression of miR-155 was correlated with the severity of the lung fibrosis [13]. So far,

differential expression of miR-155 has not been demonstrated in IPF [15].
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Let-7 family

Pandit et al. [16] have shown that let-7 is down-regulated in a large cohort of patients with

IPF and in mice following bleomycin injury. The authors demonstrated that let-7d was

directly inhibited by TGFβ signaling in epithelial cells. Inhibition of let-7 microRNA caused

expression of mesenchymal markers, consistent with epithelial mesenchymal transition

(EMT). In vivo inhibition of let-7 family in the lung was associated with epithelial

expression of mesenchymal markers and deposition of collagen without additional injury.

This suggests that the dysregulation of let-7 independent of injury to the lung may lead to

increased expression of crucial pro-fibrotic factors in lung [16]. A proven target of let-7 is

high mobility group AT-hook 2 (HMGA2), a transcription factor that has been implicated in

the EMT program [17]. While EMT does not appear to be a source of matrix-producing cells

in the lung [18], EMT may be crucial for promoting fibrosis [19]. HMGA2 is up-regulated

in the lung with IPF [16]. This suggests that let-7 inhibition leads to increased expression of

HMGA2 which may lead to activation of pro-fibrotic programs in the lungs [17]. If down-

regulation of let-7 indeed initiates pro-fibrotic programs in the lung, reconstitution of let-7 in

the lung may be a promising strategy of therapy for IPF. Studies that use let-7 mimics or

inhibitor of let-7 targets in animal models of fibrosis will be required to address this

question.

miR-29 family

There are three members of the miR-29 family including miR-29a, miR-29b and miR-29c

[20]. They are highly expressed in normal lungs and down-regulated in several lung diseases

such as cancer and pulmonary fibrosis [21,22]. In vitro and in vivo studies have shown that

miR-29 is negatively regulated by TGF-β/SMAD3 signaling. Xiao et al. [23] have shown

that administration of miR-29 before installation of bleomycin prevents pulmonary fibrosis

by a mechanism that may include preventing the accumulation of macrophages in the lung.

In addition, it has been shown that miR-29 family has anti-fibrotic properties in cardiac and

skin fibrosis [15,24]. In support of a role for miR-29 in fibrosis we found that the expression

of members of the miR-29 family is decreased in the lung of patients with IPF compared

with normal individuals [15]. Taken together, these findings suggest that administration of

the miR-29 family may be a novel anti-fibrotic strategy in the treatment of lung fibrosis.

miR-21

Liu and collaborators [25] have shown that mice with bleomycin-induced pulmonary

fibrosis exhibit a significant increase in miR-21 levels and that this increase was associated

with increased TGFβ levels. Expression of miR-21 was also increased in IPF lung [25].

Using inhibitors for miR-21 in the model of bleomycin, the authors found that ablation of

miR-21 prevented experimental pulmonary fibrosis [25]. In support of these findings,

previous studies have shown that miR-21 is not only essential to control of cell survival and

proliferation, it can also indirectly regulate the expression of matrix metalloproteinases via

RECK (reversion-inducing-cysteine-rich protein with kazal motifs) and TIMP3 (tissue

inhibitor of metalloproteinases 3) [26]. It has been suggested that miR-21 participates in

TGFβ1-induced myofibroblast differentiation by targeting PDCD4 (programmed cell death
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protein 4) [27]. Taken together these findings, the inhibition of miR-21 might provide an

effective therapy for IPF.

miR-30 family

Zhang et al. [28] have elucidated a role for the miR-30 family as blockers of EMT. Here, the

authors demonstrated that Snail, a transcriptional repressor of E-cadherin and a crucial EMT

transcription factor [29], is a direct target of miR-30. The authors showed that miR-30

blocked EMT by down-regulating the expression of Snail1 [28]. Other targets of miR-30

include Smad1 and Runx2 that are known to play crucial roles in TGFβ signaling and hence

in the cell growth, differentiation, extracellular matrix production and apoptosis [28]. In our

data set, the miR-30 family was down-regulated in patients with IPF [5]. Thus the evidence

suggests that members of the miR-30 family are potential anti-fibrotic agents. However, in

vivo data are lacking.

miR-154

Milosevic et al. [15] have identified a cluster of 24 up-regulated microRNAs in IPF lungs

that were localized to chromosome 14q32. Among those microRNAs, they chose to focus on

miR-154 and demonstrated that it positively regulated lung fibroblast proliferation and

migration, processes that are potentially important to the accumulation of fibroblasts in IPF.

In addition, like many of the other microRNAs previously mentioned, miR-154 is a TGFβ

target. In vitro inhibition of miR-154 diminished TGFβ-induced fibroblast mobility.

miR-154 is also a negative regulator of CDKN2B, a tumor suppressor involved in TGFβ-

induced growth inhibition and a positive regulator of the WNT/β-catenin pathway. Further

studies may demonstrate that a protective effect of miR-154 inhibition in animal models of

lung fibrosis would suggest that miR-154 should also be studied as therapeutic target in IPF.

Other microRNAs in IPF

In several of our previous studies we have employed high throughput genomic approaches,

and we have found that IPF exhibits a distinct microRNA profile [5,15,16]. Interestingly, we

have found that more than 30% of dysregulated micro-RNAs were clustered on the

chromosome 14q32 (Fig. 2). This finding suggests that chromosome 14q32 may be a

susceptible region in IPF [15]. Further studies are needed to clarify the role of other

microRNAs in this chromosomal region. The experimental data and microarray designs

have been deposited in the NCBI Gene Expression Omnibus (GEO) (http://

www.ncbi.nlm.nih.gov/geo/) under series GSE34812. In Table 1, we summarize the

microRNAs that have been shown to play a role in pulmonary fibrosis in both animals and

humans.

A conceptual framework for studying microRNAs in pulmonary fibrosis and

their potential as biomarkers in IPF: from the mouse back to humans

How can these data be translated back to IPF patients? The first and most basic translational

application of microRNA biology is the design of microRNA mimics or antagonists as

potential therapies. A very simplistic paradigm conceives of microRNAs as negative

regulators of gene expression: increased expression of a microRNA will lead to down-
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regulation of its target genes, and decreased expression of one microRNA will lead to up-

regulation of its target genes. Thus a strategy, for example, to promote let-7d expression,

which is down-regulated in IPF, would be predicted to block fibrosis. Targeting microRNA

would seem to offer a therapeutic advantage over the targeting of a particular gene because

the micro-RNA may regulate multiple pro- or anti-fibrotic genes. While no clinical trials are

currently underway in IPF, several pharmaceutical companies are actively engaged in the

manipulation of microRNAs with therapeutic intent in other diseases.

The choice of animal model is based on the knowledge of the unique features of the fibrotic

disorder and on the scientific question studied. Several approaches to recapitulating

pulmonary fibrosis have been used by investigators and are summarized in Table 2.

Thoracic radiation of 11–14 Gy is employed to induce lung fibrosis in C57bl/6 strain by 28

weeks post-exposure [30]. The advantages of this approach are the clinical relevance and

differences in susceptibility among potential inbred mouse strains [31]. Intratracheal

instillation of crystalline silica has shown to produce fibrotic response in C57bl/6 and CBA/J

mice [32]. A disadvantage of this animal model is that up to 30 weeks may be necessary for

fibrosis to develop. Pulmonary-specific or adenoviral vector-directed transgenic models

have been invaluable for explicating the role of many individual genes. Some examples

include overexpression of human TGF-β directed by the surfactant protein C (SP-C)

promoter [33] and IL-13 directed by Clara cell 10-kDa (CC10) protein promoter [34]. The

advantage of this approach is that expression of these trans-genes can be controlled.

Adenoviruses have been used to overexpress a variety of cytokines and chemokines such as

TNF-α [35], TGF-β [36], IL-1β [37] and GM-CSF [38]. The well-characterized and the most

widely employed model of pulmonary fibrosis is bleomycin injury. Bleomycin is an anti-

neoplastic agent which promotes fibrosis as a prominent side effect. Bleomycin-induced

lung injury is characterized by inflammation followed by apoptosis of epithelial and

endothelial cells, mesenchymal cell proliferation and deposition of extracellular matrix

resulting in the destruction of the lung architecture and the progressive the loss of

pulmonary function [38]. Direct pulmonary delivery of bleomycin (doses ~ 0.35–0.75

unit/mL in a volume of 80 μl) remains the preferred route to induce pulmonary fibrosis in

mice, but intravenous and intraperitoneal routes have been used as well. Some of the

histologic features of bleomycin-induced pulmonary fibrosis in mice are comparable to

human including collagen deposition and expression of alpha-smooth muscle actin (α-

SMA), a hallmark of myofibroblast differentiation. C57bl/6 mice are susceptible to

bleomycin injury and are the most characterized murine model. After intratracheal

administration of bleomycin in C57bl/6 strain, pulmonary fibrosis can be seen by day 14

with a maximal response around days 21–28 [13]. In Fig. 3, we suggest a strategy for

designing microRNA-based therapeutics studies in bleomycin injury [39].

Discussion

While there are relatively few studies of microRNAs in IPF, certainly when compared to the

cancer literature, several animal studies suggest that manipulation of microRNA may prove

to be ‘magic bullets’ for the treatment of IPF. Collaboration between academic centers and

pharmaceutical companies will be essential in this regard to test and validate a very limited

number of potential candidates. As mentioned above, there are several companies that are
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already focused on these pathways. Compared to the number of differentially expressed

genes in IPF, there are far fewer differentially regulated microRNAs in IPF. And as

microRNAs have multiple targets, therapeutic manipulation of microRNA may have

multiplicative effects on gene expression and on the fibrotic phenotype in the lung. Animal

studies will be indispensable. The ideal vehicle and route for delivery to the lungs have yet

to be elucidated. And while no animal model of pulmonary fibrosis is perfect, therapeutic

efficacy of microRNA targets in multiple models of pulmonary fibrosis will be necessary to

move microRNAs intro clinical testing. In conclusion, in this review we have discussed the

latest literature in microRNAs in IPF with a focus on the use of animal models in pulmonary

fibrosis.
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Figure 1.
Biogenesis and function of microRNAs. After transcription in the nucleus, pre-miRNA

molecules are released into the cytoplasm and can be processed further by Dicer to form the

mature miRNA which is selectively recognized by RISC complex to regulate its target

mRNA. In addition, recent findings have demonstrated that pre-miRNAs can be packaged

and transported using exosomes and multivehicle bodies or other (not fully explored)

pathways together with RNA-binding proteins.
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Figure 2.
Chromosomal distribution of up- and down-regulated microRNAs in IPF lungs. Distribution

in human chromosomes of the top 100 dysregulated microRNAs from patients with IPF

compared with normal individuals.
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Figure 3.
A strategy for studying microRNA-based therapeutics in the bleomycin model of pulmonary

fibrosis. Bleomycin or saline is administered on day 0 of the experiment. Drugs, mimic

microRNAs, or antagomirs may be dosed at various times over the duration of experiment.

When therapies are dosed before day 7, the effect is considered ‘protective,’ and when dosed

after day 14, the effect is considered ‘therapeutic.’ Dosing between days 7 and 14 after

injury may ‘modulate’ the final phenotype of bleomycin injury. The overall phenotype can

be measured in several ways. Changes in the weight of the animals, measures of

inflammation, histology, and gene expression can be assessed throughout the experiment.

Determination of collagen deposition is typically measured after day 14.
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Table 1

Summary of microRNAs involved in pulmonary fibrosis

microRNA First identified expression in fibrotic lung Reference Suggested therapy

Let-7 family Human Down [16] Reconstitution

miR-21 Human/Mouse Up [25] Inhibition

miR-29 family Mouse Down [21] Reconstitution

miR-30 family Human Down [28] Reconstitution

miR-154 Human Up [15] Inhibition

miR-155 Mouse Up [13] Inhibition
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Table 2

Summary of currently used animal models of pulmonary fibrosis

Model Administration Advantages

Bleomycin Intratracheal/pump/inhalation/intravenous (IV)/intraperitoneal (IP) Most widely used model in
literature

Silica Intratracheal/inhalation Persistent fibrosis and clinically
relevant as a model for human
silicosis

Fluorescein isothiocyanate (FITC) Intratracheal/IV/IP Persistent fibrosis, quick
development of fibrosis and not
mouse strain dependent

Radiation Thoracic exposure Clinically relevant as a model for
pneumonitis and fibrosis

Viral vector delivery Intratracheal/IV Specific fibrosis-related genes

Transgenic models Genetic engineering: pronuclear injection (PNI)/transgene insertion Specific fibrosis-related genes
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