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Review article

MicroRNAs: potential regulators of airway smooth
muscle cell plasticity involved in asthma-induced airway
remodeling
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Background: Airway remodeling, which is fundamentally disordered in asthma, is related to the severity of
asthma and poor response to current therapies. During airway remodeling, airway smooth muscle cells are not
simply target cells, but participate actively in enhancing airway remodeling through changes induced by cellular
plasticity.

Objective: We indicated that microRNAs, a class of regulatory non-coding RNAs, could regulate cellular
plasticity at the posttranscriptional level. Here, we discuss the roles of microRNASs as regulators of plasticity in
airway smooth muscle cells and possible mechanisms by which microRNAs modulate airway.

Methods: We conducted a literature search using the MEDLINE (PubMed) databases using the keywords
“asthma”, “microRNAs”, “airway remodeling”, and “cellular plasticity”. Only articles published in English were
included in the review.

Results: MicroRNAs, which regulated cellular plasticity in airway smooth muscle cells, was shown to modulate
airway remodeling in asthma through different mechanisms.

Conclusion: MicroRNAs can be expected to be developed into a novel treatment strategy for reversing airway

remodeling in patients with asthma.
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Airway remodeling, a key feature of asthma,
involves a complex array of changes in the composition
and organization of the airway wall [1, 2]. It is related
to the severity of asthma and responds poorly to current
therapies. The pathologic features of airway
remodeling include sub-epithelial fibrosis, airway
smooth muscle (ASM) hypertrophy/hyperplasia,
angiogenesis, and edema, among others [3]. Airway
remodeling is fundamentally disordered in asthma, but
the exact mechanisms leading to the disorder are not
clear. While extensive studies have shown that
some aspects of airway remodeling in asthma are a
consequence of persistent inflammation [4, 5], this is
not considered the only cause of airway remodeling.
Further studies have indicated that the induction of
cellular plasticity in ASM cells contributes actively to
enhancing airway remodeling and the difficulty in the
control of severe asthma [1, 6-8]. Pharmacological
reversion of ASM cell plasticity is beneficial for the
treatment of airway remodeling in cell culture models
of asthma, as well, further indicating that plasticity in
ASM cells is critically involved in asthma-induced
airway remodeling [9].
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Cellular plasticity refers to the alterations in
function and phenotype mediated by changes in the
expression of phenotype-specific proteins in response
to unique environmental conditions. The initial
investigations of the mechanisms regulating cellular
plasticity focused mainly on kinases and transcription
factors. In recent years, however, basic studies
have revealed that microRNAs (miRNAs) are key
regulators of gene expression, exhibiting a level of
molecular control that differs from the well-accepted
regulatory role of signaling pathways mediated
by kinases and transcription factors [10, 11]. In some
cell types, the activity of a single miRNA appears to
dominate over other miRNAs, determining the complex
characteristics developed by the cells during cellular
development [12]. Recent studies have suggested that
miRNAs are involved in regulating ASM cell plasticity
and airway remodeling. Thus, to better understand
airway remodeling in asthma, we will focus on the
contributions of miRNAs in ASM cell plasticity and
discuss their roles in airway remodeling of asthma in
this review.

A general overview of human MiRNAs

MiRNAs are small, single-stranded, non-protein-
coding RNA molecules that regulate gene expression
at the posttranscriptional level [13]. Lee and
colleagues discovered the first miRNA gene, lin-4, in
nematodes, and ascertained its function in regulating
target MRNA translation via an antisense RNA-RNA
interaction [14]. To date, 1921 mature human miRNAs
are listed in the miRNA registry (miRBasel18.0,
November 2011; http://www.mirbase.org). It is
estimated that up to 60% of all protein-encoding genes
are regulated by these miRNAs [15].

MiRNA genes have been identified in all human
chromosomes except the Y chromosome, and
the loci of human miRNA genes are often located
at chromosomal regions susceptible to deletions,
translocations, and amplifications [16]. The
biosynthesis of miRNA results from both canonical
and non-canonical pathways, which illustrates
unexpected complexity and flexibility in the miRNA
processing pathways (Figure 1). Most human
miRNAs are synthesized by canonical pathways,
which require the RNase Ill enzyme Drosha, in a
complex with DiGeorge syndrome critical region gene
8 (DGCRQ) in the nucleus, as well as a cytoplasmic
RNase Il enzyme, Dicer. In contrast, the non-
canonical miRNA pathways bypass Drosha or Dicer,

using alternative cleavage mechanisms [17-19].
During miRNA processing, miRNA genes synthesized
by the canonical or non-canonical pathways are initially
transcribed by RNA polymerases into primary miRNAS
(pri-miRNAS). The pri-miRNAs range from hundreds
to thousands of nucleotides in length, have 5" 7-
methylguanosine caps and 3" poly (A) tails
[20, 21]. RNA polymerase 11 is mainly responsible for
pri-miRNA transcription [21], although a relatively
small percent of miRNA genes, such as a human
chromosome 19 miRNA cluster (C19MC), are
transcribed by RNA polymerase 111 [22]. In addition,
the position of miRNA genes in the genome influences
the mode of transcription. Intergenic miRNAs,
which are clustered in the genome and expressed as
polycistronic transcripts, are transcribed from their
own promoters [23, 24]. Intronic miRNAs, which are
positioned within a protein-coding gene, are transcribed
with their host genes from the host transcriptional start
sites [25-27].

In canonical pathways, the long pri-miRNAs are
subsequently cleaved by the nuclear RNase Il
enzyme Drosha, in combination with its binding partner
DGCRS, to form a hairpin RNA of 60-70 nucleotides
that is referred to as the precursor miRNA (pre-
miRNA) [17, 18]. The yielded pre-miRNAs are stem-
loop structures consisting of a 22-nucleotide stretch
of complementary double-stranded RNA and a
2-nucleotide overhang at the 3" end [17]. The pre-
miRNAs are exported to the cytoplasm by the nuclear
Exportin 5 in a Ras-related nuclear protein-guanosine
triphosphate-dependent manner [28, 29]. Once in the
cytoplasm, the pre-miRNAs are further cleaved by a
different RNase Il enzyme, Dicer, along with its
RNA-binding partner trans-activator RNA binding
protein (TRBP) and an activator of the RNA-
dependent protein kinase (PACT), at sites close to
the loop to form double-stranded duplexes (mMiRNA:
miRNA*) [28, 30, 31]. The double-stranded RNA
molecules are quickly dissociated, and the miRNA*
strand is often degraded, while the selected miRNA
strand becomes a mature miRNA. The mature miRNA
with Dicer, TRBP, and PACT is incorporated with
members of the Argonaute (AGO) family and target
protein coding mMRNA to produce the RNA-induced
silencing complex (RISC), which alters protein
expression of the targeted mRNA by different
mechanisms. Occasionally, both strands give rise to
functional miRNAs, though. For example, miR-155 and
miR-155* cooperatively regulate type | interferon
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production in human plasmacytoid dendritic cells [32].
In addition, the miRNA strand can be secreted out of
the cells to mediate cell-to-cell communication [33].

The non-canonical pathways include several
alternative pathways (Figure 1). In one of these
pathways, miRNAs referred to as “mirtrons” bypass

cellular plasticity

Drosha cleavage and are processed by a splicing and
debranching mechanism. In this process, the mirtrons,
along with transcribed protein-coding genes, form the
splicing complex, which liberates short hairpin introns.
The short hairpin introns are subsequently linearized
by the debranching enzyme, DBR1, allowing the
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Figure 1. An overview of human miRNA synthesis by cano

nical and non-canonical processing pathways. In the initial

steps of miRNA biosynthesis by canonical and non-canonical pathways, the miRNA-encoded genes are first
transcribed by RNA polymerase. In the canonical pathway, the pri-miRNA is subsequently processed into
pre-miRNA by a complex including Drosha and DGCRS. In the mirtron pathway, mirtrons bypass Drosha/
DGCRS8 processing, and are spliced and debranched into a short hairpin pre-miRNA mimics. The pre-miRNA is
exported from the nucleus to the cytoplasm by Exportin 5, cleaved by Dicer, and enters the RISC complex. In
the simtron pathway, simtrons are processed by Drosha and unknown factors, exported into the cytoplasm,
and enter the RISC complex with AGO, but are not cleaved by Dicer. During the miRNA processing, positive
or negative regulators can influence miRNA biosynthesis at the posttranscriptional level.
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intron to form short hairpin pre-miRNA mimics.
Subsequently, the pre-miRNA mimics are exported
into the cytoplasm and assembled into RISC in a
manner that is similar to the canonical pathways [19,
34]. Furthermore, a novel miRNA processing pathway
that does not require Dicer has also been reported
[35]. In this pathway, miRNA termed “simtrons”
(splicing-independent mirtron-like miRNAS) are
processed by Drosha with an unknown binding
partner, before entering the RISC. The components
in canonical miRNA biogenesis, including DGCRS,
Dicer, and Exportin 5, are not required. In addition, a
class of small RNAs originating from the small
nucleolar RNA (snoRNA) ACAA45, which require
Dicer activity but are synthesized independently of
Drosha/DGCRS, can interact with AGO to function
as miRNAs in regulating gene expression [36].
Multiple proteins that modulate the processing of
specific miRNAs at the posttranscriptional level have
been identified, as well. Positive regulators, including
TAR DNA-binding protein-43 (TDP-43) and
heteronuclear ribonucleoprotein A1 (hnRNP A1), or
negative regulators, including Lin-28 and nuclear
factor complex (NF90 and NF45), are involved
at the Drosha or Dicer processing steps, or both
(Figure 1) [37-40]. For instance, Lin-28 inhibits let-7
miRNA biogenesis by blocking both Drosha- and
Dicer-mediated cleavage and accelerating decay of
let-7 precursors in human small cell lung cancer [40].
Research regarding the exact role of these regulators
in controlling the synthesis of lung-related miRNAs is
lacking, and may provide valuable information for the
development of new strategies for disease therapy.

The molecular mechanisms of MiRNA-mediated
gene regulation

Mature miRNAs in the cytoplasm can exert
different effects on gene expression at multiple levels
(Figure 2) [41]. Customarily, the mature miRNAs
recognize and bind to the 3" -untranslated region
(3" -UTR) of specific target protein coding mRNAs
following the base-pairing rules of Watson and Crick
[42]. The miRNA-mRNA duplexes with Dicer, TRBP,
PACT and AGO proteins are assembled into RISC
[31]. RISC is the functional unit capable of executing
miRNA-mediated post-transcriptional repression
of gene expression by virtue of two different
mechanisms: promoting mRNA cleavage and blocking
mMRNA translation, including inhibition of translational
initiation or elongation, degradation of the target

MRNA, and sequestration of targets into cytoplasmic
P bodies [41, 43, 44]. However, Vasudevan et al. also
found that miRNAs could promote gene expression
by stimulating mRNA translation in rare cases [45,
46]. These findings indicate that miRNA-mediated
gene regulation may be much more complicated
than originally perceived. In humans, translational
repression is likely to be the major control mechanism
[47]. According to experimental and bioinformatics
analyses, the extent of base pairing between miRNAs
and miRNA-repressible mRNAs not only determines
miRNA target specificity, but also decides the ultimate
fate of the target mMRNA. If the target mRNA has
perfect complementarity to the miRNA, the target
mMRNA will be cleaved [48]. However, if the target
MRNA has imperfect complementarity, the miRNA
will inhibit target mRNA translation [41]. Furthermore,
the miRNA-mRNA interactions appear to follow
a common set of rules [41, 49-51]. First, the base
pairing between residues 2-8 at the 5-miRNA end
(representing the seed region) and the 3" -UTR of the
target MRNA must be perfectly complementary and
contiguous. Second, bulges or mismatches must be
present in the central region of the mMiIRNA-mRNA
duplex to preclude the AGO-mediated endonucleolytic
cleavage of mRNA. In addition, the presence of an A
residue at position 1 and an A or U at position 9 on the
mRNA improves the efficiency of binding, but these
nucleotides do not need to base pair with the miRNA
nucleotides. However, there must be good base pairing
between the miRNA-mRNA duplex at nucleotides
13 to 16 to stabilize the reciprocal interaction
(Figure 2).

The functions of miRNAs are not necessarily
restricted to single targets or single cells. MiRNAs
have numerous high- and low-affinity targets, and it
is estimated that each miRNA family has an average
of 300 conserved targets [42]. This property indicates
that each miRNA can bind to multiple targets and
many miRNAs can bind to the same target mRNA.
Therefore, miRNAs can regulate many genes in a
pathway or physiological process at the same time,
and a slight change in miRNA levels can significantly
modulate cell physiology [52]. In addition to regulating
downstream mRNA targets directly, miRNAs have
been reported to act by indirect means through global
effects on methylation or targeting of transcription
factors [53, 54]. Recently, it was reported that
miRNAs secreted from cells could be delivered to
recipient cells by circulating plasma microvesicles,
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Figure 2. The molecular mechanisms of miRNA-mediated gene regulation.

indicating that exogenous miRNAs can mediate cell-
to-cell communication and regulate recipient cell
function [33, 55]. These discoveries support the idea
that miRNAs do not simply act as “switches” to turn
genes on or off, but may directly or indirectly “tune”
the expression levels of target genes. Thus, further
investigation is needed to map the interconnected
regulatory miRNA network.

Lung MiRNA expression profiling in
physiological processes and asthma

The time- and spatial-specific expression of
miRNAs can control cellular phenotype and function
by regulating the expression of known and unknown
critical genes [13, 56]. In order to identify miRNAs
active during lung development, high throughput
experiments have been executed with the lung tissue
from humans and BALB/c mice. These experiments
revealed remarkable similarities in the miRNA
expression profiles of normal BALB/c mice
and humans. The increased expression of eight
miRNAs (miR-134, -154, -214, -296, -299, -323, -337,
and -370) was detected in both neonatal mouse and
human fetal lung, and upregulation of five miRNAs
(miR-26b, -29a, -29b, -142-3p and -187) was detected
in adult mouse and human lung [57]. These results
suggest these miRNAs are evolutionarily conserved
and mediate important regulatory functions in both
species. The overall miRNA expression profiles in

adult lung were also similar in normal BALB/c mice
and humans. Of the 156 miRNAs analyzed from both
species, the most highly expressed miRNAs included
miR-26a and members of the miR-29, miR-30, and
let-7 families. These finding are similar to the results
of lung miRNA expression profiling performed by
Babak and Sempere [58, 59]. Some of these miRNAS
have been shown to have a significant role in asthma.
For example, increased expression of let-7 has been
associated with allergic inflammation of lung, and
inhibition of let-7 in vivo profoundly inhibited the
production of interleukin (IL)-13, a cytokine essential
for expression of allergic lung disease [60]. In addition,
other high-throughput experiments with different probe
designs and labeling methods have identified unique
lung-specific miRNAs in different species. MiR-195
and miR-200c were identified as lung-specific
miRNAs in Sprague Dawley rats, while miR-18, -19a,
-24, -32, -130, -213 were identified as lung-specific
miRNAs in C57BL/6 mice [59, 61]. Although the
functional roles of these identified lung-specific
miRNAs are not completely understood, they likely
play unique roles in controlling the fate specification
of cells during lung development in different species.

In recent years, additional studies have
investigated the differential expression patterns of
miRNA using miRNA microarray technology in
various models of asthma. MiRNA microarray
analysis can also be used to characterize the global
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miRNA expression patterns associated with different
stages of asthma and identify potential therapeutic
targets. In the doxycycline-induced IL-13 bitransgenic
mouse model, which shares similar phenotypes with
other mouse models of experimental asthma, Lu
et al. found 21 lung miRNAs were differentially
expressed compared with those in control mice that
received no doxycycline. The highest upregulation was
observed for miR-21, while the most substantial down-
regulation was observed for miR-1. Up-regulation of
miR-21 contributed to the polarization of Th cells
toward a Th2 response by inhibiting IL-12p35
expression [62]. Furthermore, both miR-1 and
miR-21 have been implicated as powerful regulators
of cellular plasticity. MiR-1 can regulate plasticity of
smooth muscle cells by repressing Kruppel-like factor
4 [63], while miR-21 regulates the phenotype switch
from fibroblast to myofibroblast [64]. In a study of
mouse models following short term (ST), intermediate
term (IT), and long term (LT) exposure to allergen,
dynamic miRNA expression accompanied a
concomitant change from acute inflammation to the
fibrotic process in asthma. Microarray analysis of 566
mature miIRNAs indicated that 58, 66, and 75 miRNAs
were significantly modulated following ST, IT, and LT
allergen exposure, respectively. Alterations of at least
1.5-fold were observed in the expression levels of 20
miRNAs following ST exposure, 26 miRNAs
following IT exposure, and 67 miRNAs following LT

Table 1. Selected miRNAs implicated in ASM cell plasticity

exposure [65]. Of note, some of these mMiRNAs have
been identified in other asthma models, as well.
Expression of miR-1 was shown to be repressed
following ST exposure, consistent with the results of
miRNA expression in doxycycline-induced I1L-13
bitransgenic mice [62]. MiR-143 and miR-145 are
upregulated following LT exposure, consistent with
the results of miRNA expression in ASM cells exposed
to IFN-f or IFN-y [66]. Crucially, these alterations in
miRNA expression correlated with the cellular
phenotype switching associated with ASM plasticity
(Table 1).

Although many studies have focused on
determining the role of mMiRNAs in cancer, diabetes,
and autoimmune diseases, only a handful of studies
have investigated the precise functions of miRNAs in
asthma-induced airway remodeling. A lack of readily
available and specific high-throughput experimental
techniques further complicates efforts to determine
the precise functions of miRNAs, since each miRNA
can have multiple mRNA targets regulating a diversity
of cellular functions. At this time, the approaches used
most frequently to identify miRNA targets are gain-
of-function and loss-of-function studies, which only
verify one suspected miRNA target at a time. Thus, it
is likely that the identity and function of many miRNAs
involved in ASM cell plasticity and asthma-induced
airway remodeling remain to be determined.

MiRNA Species  Conditionor Validated Function References
Treatment Target Genes
miR-25 human IL-1B, TNF-at KLF4 Promoting a more [89]
and IFN-y proliferative/synthetic phenotype of
ASM cells that facilitate ECM
turnover, airway remodeling and
inflammation
miR-26a human mechanical GSK-3 Promoting a more proliferative ASM [90]
stretch cells phenotype of that facilitate
ASM cells hypertrophy
miR-133a human/  IL-13/OVA RhoA Regulating the hyper-contractile [93]
mouse phenotype switching of ASM cells
miR-143/145 human/  IFN-B/ IFN-y/ ND Regulation of ASM cell plasticity [66,200]
mouse house dust mite

ASM = airway smooth muscle, ND = not determined
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MiRNAs involved in regulating ASM cell
plasticity and asthma-induced airway remodeling

ASM cells are viewed as highly specialized cells
dedicated to the regulation of airway caliber. ASM
cells in normal airway show a contractile phenotype
and retain an elongated, spindle-shaped appearance.
These cells demonstrate a low rate of proliferation,
appropriate contractility to contractile agonists, and
few biosynthetic intracellular organelles [67]. They
are characterized by a high density of contractile
proteins and express smooth muscle cell (SMC)-
specific genes, such as smooth muscle o-actin, smooth
muscle myosin heavy chain (SM-MHC), SM22¢, and
calponin [68]. In asthma, ASM cells are regarded as
primary determinants of airway remodeling [69].
Different functional and cellular phenotypes of ASM
cell subpopulations contributing to airway remodeling
were observed in response to physiological and
pathological cues in the airways of asthmatics and
in cultured primary ASM cells [70-72]. In this regard,
ASM cells undergo abnormal switching to a more
proliferative/synthetic phenotype, which is
characterized by a decrease in SMC-specific
contractile proteins and increased expression of
intracellular organelles associated with synthesis
[73-75]. These cells have abnormal proliferative,
synthetic, and secretory potential, which can lead
to increased smooth muscle mass and enhanced
production of ECM proteins, chemokines, and
cytokines that contribute to the pathology of airway
remodeling and inflammation in asthma [74, 76]. The
alterations in the ECM, in turn, modify the growth
and synthetic function of ASM cells [77, 78]. The
diminished abundance of SMC-specific contractile
proteins is in line with a reduced responsiveness toward
contractile agonists in vitro [79, 80]. However, data
derived from in vivo studies revealed that ASM cells
obtained from asthmatics exhibited a hyper-contractile
phenotype when compared with ASM cells from non-
asthmatics [72, 81]. This suggests that abnormal
contractility of ASM cells resulted in increased ASM
force generation and excessive airway narrowing
[82, 83]. While these results indicate a paradox in the
function of the hyper-contractile and proliferative/
synthetic ASM phenotypes, it is also possible that ASM
cells in vivo have an intermediate phenotype, retaining
both contractile and synthetic properties depending
on the stimulus. Such phenotypic modulation may
result in the appearance of more proliferative/
synthetic, as well as hyper-contractile SMCs with the
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overall effect of increasing the airway smooth muscle
volume and contractility [84-86].

Although, the molecular mechanisms regulating
this phenotypic plasticity are not well understood,
recent studies have linked miRNAs with ASM cell
plasticity by showing that miR-25, miR-26a and
miR-133a regulate the cellular and functional
phenotype of ASM cells. MiR-25 is 21 nucleotides in
length and located on chromosome 7g22.1. It is down-
regulated in cultured human ASM cells exposed to
IL-1B, TNF-a and IFN-y, which is similar to the
environment found in symptomatic patients with
asthma [87-89]. Inhibition of miR-25 with antagomir-
25 can affect expression of in  ammatory mediators
by decreasing expression and secretion of RANTES
and eotaxin, while increasing levels of TNF-o.
Inhibition of miR-25 also affects the expression of a
wide variety of ECM proteins that facilitate ECM
turnover and airway remodeling. Moreover, inhibition
of miR-25 down-regulates SMC-specific contractile
proteins MHC and SM22 [89]. These findings suggest
that miR-25 mediates its action on the proliferative/
synthetic phenotype switching of ASM cells and
promotes airway remodeling. Several recent reports
demonstrate that miR-26a has a significant role in
regulating the plasticity of ASM cells, as well
[90, 91]. MiRNA microarray analyses indicated that,
in response to mechanical stretch, miR-26a, miR-16,
and miR-140 are highly expressed in cultured human
ASM cells. Among these upregulated miRNAS, miR-
26a has a broad role in regulating the proliferation,
differentiation, migration, and apoptosis of smooth
muscle cells [92], and stretch or enforced expression
of miR-26a in vitro is sufficient to promote ASM cell
hypertrophy. Furthermore, miR-26a knockdown can
reverse this effect. Luciferase reporter assays
demonstrate that GSK-3f3, an anti-hypertrophic
protein, is a target gene of miR-26a. Taken together,
these results suggest that miR-26a is a hypertrophic
gene that modulates the proliferative/synthetic
phenotype of ASM cells [90]. MiR-133a was the first
miRNA found to regulate the hyper-contractile
phenotype switching of ASM cells. Chiba and
colleagues reported miR-133a was down-regulated in
human ASM cells treated with 1L-13 and in bronchial
tissue from sensitized BALB/c mice repeatedly
challenged with ovalbumin [93]. The down-regulation
of miR-133a resulted in augmentation of the contraction
by upregulation of RhoA, a protein critically associated
with the contraction of smooth muscle [82, 83, 93].
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Potential therapeutic applications

The studies presented here provide compelling
evidence that miRNAs have a pivotal role in regulating
the plasticity of ASM cells and contribute to asthma-
induced airway remodeling. As the reversion of ASM
plasticity is helpful in treating the airway remodeling
[9], pharmacologic or genetic manipulation of miRNAS
involved in ASM plasticity may offer novel methods
for the treatment or prevention of airway remodeling
in asthma (Figure 3). Compared to conventional
approaches, this miR-based approach has the potential
for invoking sustained effects that could regulate
multiple components of the same pathway or cellular
process [94]. Corticosteroids, anti-inflammatory drugs
commonly used for treating asthma, do not effectively
reverse airway remodeling, possibly because these
drugs do not regulate miRNA expression profiles in
lung [95, 96]. Thus, additional regulation of miRNA
expression may provide greater therapeutic benefits
for asthma patients. The genetic approaches that
modulate specific miRNA expression include
overexpression by synthetic miRNA mimics and
silencing by introduction of novel cholesterol-
conjugated single-stranded RNA molecules, termed
antagomirs, which are complementary to the mature
target miRNA [97, 98]. MiR-145 may be a promising
target for these approaches, since miR-145 is up-
regulated in ASM cells exposed to IFN-B or IFN-y,

conditions which mimic the airway surroundings
of subjects with asthma, especially after acute
exacerbations [65, 99]. In the mouse model of house
dust mite-induced asthma, silencing of miRNA-145
by antagomirs can inhibit airway inflammation,
and the effect of antagomir-145 is comparable to
glucocorticoid treatment [100]. Although these results
suggest that miR-based approaches represent
promising therapeutic strategies, the optimum target
miRNAs involved in airway remodeling must be
identified.

Conclusion

The cellular alterations associated with ASM cell
plasticity are now recognized as critical mediators of
airway remodeling in asthma, and recent studies
indicate that specific miRNAs regulate this process.
Thus, identification of these specific miRNAs and
analyses of the functions of their mMRNA targets will
provide new insights necessary for the development
of novel treatment strategies for reversing airway
remodeling in patients with asthma.

Acknowledgements

This work was supported by a grant from the 2011
Graduate Students’ Innovative Project of Hunan
Province, China [No. CX2011B070]. The authors have
no conflict of interest to report.

N

|
‘}?phy slulngl:all__
and ;

- athola;ical cues
%//Wr
f

o
)
&
af-&

—

miR-based

therapeutics

-

..5:') airway remadeling

aticip
=Nl a
o | mIRNA rsgulstion | &=

~

miR-15%8

hyper-contractiles —
phenatype

(| thickening of the ASM
Layer and increased
deposition of oxtra-
cirllular matrix protoing

proliferativel f

synthetic phanotype=— _"/'l

L atr=tr- 0]

Figure 3. MiRNA-regulated ASM cell plasticity contributing to airway remodeling in asthma. In response to different
pathologic and physiological stimuli, ASM cells show remarkable cellular plasticity under the regulation of
miRNAs. Thus, miR-based therapeutics represents promising treatment strategies.



Vol. 7 No. 1 MicroRNAs and cellular plasticity 11
February 2013

References 15. Friedman RC, Farh KKH, Burge CB, Bartel DP. Most
1. PepeC, Foley S, Shannon J, Lemiere C, Olivenstein R, mammalian mRNAs are conserved targets of

10.

11.

12,

13.

14.

Ernst P, et al. Differences in airway remodeling
between subjects with severe and moderate asthma.
JAllergy Clin Immunol. 2005; 116:544-9.

Dekkers BGJ, Maarsingh H, Meurs H, Gosens R.
Airway structural components drive airway smooth
muscle remodeling in asthma. Proc Am Thorac Soc.
2009; 6:683-92.

Bai TR. Evidence for airway remodeling in chronic
asthma. Curr Opin Allergy Clin Immunol. 2010; 10:82-6.
Kuo C, Lim S, King NJC, Bartlett NW, Walton RP,
Zhu J, et al. Rhinovirus infection induces expression
of airway remodelling factors in vitro and in vivo.
Respirology. 2011; 16:367-77.

Leigh R, Ellis R, Wattie JN, Hirota JA, Matthaei KI,
Foster PS, et al. Type 2 cytokines in the pathogenesis
of sustained airway dysfunction and airway remodeling
in mice. Am J Respir Crit Care Med. 2004; 169:860-7.
Hakonarson H, Maskeri N, Carter C, Grunstein MM.
Regulation of TH1-and TH2-type cytokine expression
and action in atopic asthmatic sensitized airway
smooth muscle. J Clin Invest. 1999; 103:1077-88.
Dekkers BG, Bos IS, Zaagsma J, H. M. Functional
consequences of human airway smooth muscle
phenotype plasticity. Br J Pharmacol. 2012 166:359-67.
Hirota JA, Nguyen TTB, Schaafsma D, Sharma P,
Tran T. Airway smooth muscle in asthma: phenotype
plasticity and function. Pulm Pharmacol Ther. 2009;
22:370-8.

Roscioni SS, Prins AG, Elzinga CRS, Menzen MH,
Dekkers BGJ, Halayko AJ, et al. Protein kinase Aand
the exchange protein directly activated by cAMP
(Epac) modulate phenotype plasticity in human
airway smooth muscle. Br J Pharmacol. 2011; 164:
958-69.

Chuang JC, Jones PA. Epigenetics and microRNAs.
Pediatr Res. 2007; 61:17R-23R.

Fabian MR, Sonenberg N, Filipowicz W. Regulation
of mMRNA translation and stability by microRNAs.
Annu Rev Biochem. 2010; 79:351-79.

Tsai LM, Yu D. MicroRNAs in common diseases and
potential therapeutic applications. Clin Exp Pharmacol
Physiol. 2010; 37:102-7.

Bartel DP. MicroRNAs: Genomics, Biogenesis,
Mechanism, and Function. Cell. 2004; 116:281-97.
Lee RC, Feinbaum RL, Ambros V. The C. elegans
heterochronic gene lin-4 encodes small RNAs with
antisense complementarity to lin-14. Cell. 1993; 75:
843-54.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

microRNAs. Genome Res. 2009; 19:92-105.

Calin GA, Sevignani C, Dumitru CD, Hyslop T, Noch
E, Yendamuri S, et al. Human microRNA genes are
frequently located at fragile sites and genomic regions
involved in cancers. Proc Natl Acad Sci USA. 2004;
101:2999-3004.

Lee Y, Ahn C, Han J, Choi H, Kim J, Yim J, et al.
The nuclear RNase Ill Drosha initiates microRNA
processing. Nature. 2003; 425:415-9.

Han J, Lee Y, Yeom KH, Kim YK, Jin H, Kim VN.
The Drosha-DGCR8 complex in primary microRNA
processing. Genes Dev. 2004; 18:3016-27.

Berezikov E, Chung WJ, Willis J, Cuppen E, Lai EC.
Mammalian mirtron genes. Mol Cell. 2007; 28:328-36.
Cai X, Hagedorn CH, Cullen BR. Human microRNAs
are processed from capped, polyadenylated transcripts
that can also function as mMRNAs. RNA. 2004; 10:
1957-66.

LeeY, Kim M, Han J, Yeom KH, Lee S, Baek SH, Kim
VN. MicroRNA genes are transcribed by RNA
polymerase II. EMBO J. 2004; 23:4051-60.

Borchert GM, Lanier W, Davidson BL. RNA
polymerase |1l transcribes human microRNAs. Nat
Struct Mol Biol. 2006; 13:1097-101.

Altuvia Y, Landgraf P, Lithwick G, Elefant N, Pfeffer S,
Aravin A, et al. Clustering and conservation patterns
of human microRNAs. Nucleic Acids Res. 2005; 33:
2697-706.

Kim VN. MicroRNA biogenesis: coordinated
cropping and dicing. Nat Rev Mol Cell Biol. 2005; 6:
376-85.

Kim VN, Han J, Siomi MC. Biogenesis of small RNAs
in animals. Nat Rev Mol Cell Biol. 2009; 10:126-39.
Baskerville S, Bartel DP. Microarray profiling of
microRNASs reveals frequent coexpression with
neighboring miRNAs and host genes. RNA. 2005; 11:
241-7.

Kim YK, Kim VN. Processing of intronic microRNAs.
EMBO J. 2007; 26:775-83.

LundE, G ttinger S, Calado A, Dahlberg JE, Kutay U.
Nuclear export of microRNA precursors. Science. 2004,
303:95-8.

YiR, QinY, Macara IG, Cullen BR. Exportin-5 mediates
the nuclear export of pre-microRNAs and short hairpin
RNAs. Genes Dev. 2003; 17:3011-6.

Koscianska E, Starega-Roslan J, Krzyzosiak WJ.
The Role of Dicer Protein Partners in the Processing
of MicroRNA Precursors. PLoS ONE. 2011; 6:628548.




12

3L

32.

33.

35.

36.

37.

38.

30.

41.

42.

45.

X. Ji, et al.

Lee Y, Hur I, Park SY, Kim YK, Suh MR, Kim VN.
The role of PACT in the RNA silencing pathway.
EMBO . 2006; 25:522-32.

Zhou H, Huang X, Cui H, Luo X, Tang Y, Chen S,
et al. miR-155 and its star-form partner miR-155*
cooperatively regulate type | interferon production
by human plasmacytoid dendritic cells. Blood. 2010;
116:5885-94.

Zhang Y, Liu D, Chen X, Li J, Li L, Bian Z, et al.
Secreted monocytic miR-150 enhances targeted
endothelial cell migration. Mol Cell. 2010; 39:133-44.
Rainer J, Ploner C, Jesacher S, Ploner A, Eduardoff M,
Mansha M, et al Glucocorticoid-regulated microRNAs
and mirtrons in acute lymphoblastic leukemia.
Leukemia. 2009; 23:746-52.

Havens MA, Reich AA, Duelli DM, Hastings ML.
Biogenesis of mammalian microRNAs by a non-
canonical processing pathway. Nucleic Acids Res.
2012. [Epub ahead of print]

Ender C, Krek A, Friedl nder MR, Beitzinger M,
Weinmann L, Chen W, et al. A human snoRNA with
microRNA-like functions. Mol Cell. 2008; 32:519-28.
Kawahara Y, Mieda-Sato A. TDP-43 promotes
microRNA biogenesis as a component of the Drosha
and Dicer complexes. Proc Natl Acad Sci U SA2012;
109:3347-52.

Sakamoto S, Aoki K, Higuchi T, Todaka H, Morisawa
K, Tamaki N, et al. The NF90-NF45 complex functions
as a negative regulator in the microRNA processing
pathway. Mol Cell Biol. 2009; 29:3754-69.
Michlewski G, C ceres JF. Antagonistic role of
hnRNP Al and KSRP in the regulation of let-7a
biogenesis. Nat Struct Mol Biol. 2010; 17:1011-8.

Pan L, Gong Z, Zhong Z, Dong Z, Liu Q, Le Y, et al.
Lin-28 reactivation is required for let-7 repression
and proliferation in human small cell lung cancer
cells. Mol Cell Biochem. 2011; 355:257-63.

Filipowicz W, Bhattacharyya SN, Sonenberg N.
Mechanisms of post-transcriptional regulation by
microRNAs: are the answers in sight? Nat Rev Genet.
2008; 9:102-14.

Bartel DP. MicroRNAs: target recognition and
regulatory functions. Cell. 2009; 136:215-33.

Schwarz DS, Hutv gner G, Du T, Xu Z, Aronin N, PD.
Z. Asymmetry in the assembly of the RNAIi enzyme
complex. Cell. 2003; 115:199-208.

Xiao C, Rajewsky K. MicroRNA control in the immune
system: basic principles. Cell. 2009; 136:26-36.
Vasudevan S, Steitz JA. AU-rich-element-mediated
upregulation of translation by FXR1 and Argonaute

47.

49.

50.

51

52.

53.

55.

56.

57.

58.

59.

2.Cell. 2007; 128:1105-18.

Vasudevan S, Tong Y, Steitz JA. Switching from
repression to activation: microRNAS can up-regulate
translation. Science. 2007; 318:1931-4.

Wang Y, Liang Y, Lu Q. MicroRNA epigenetic
alterations: predicting biomarkers and therapeutic
targets in human diseases. Clin Genet. 2008; 74:
307-15.

Yekta S, Shih I. MicroRNA-directed cleavage of
HOXB8 mRNA. Science. 2004; 304:594-6.

Gregory RI, Chendrimada TP, Cooch N, Shiekhattar R.
Human RISC couples microRNA biogenesis and
posttranscriptional gene silencing. Cell. 2005; 123:
631-40.

Grosshans H, Slack FJ. Micro-RNAs: small is plentiful.
JCell Biol. 2002; 156:17-21.

Pauley KM, Chan EKL. MicroRNAs and their
emerging roles in immunology. Ann N Y Acad Sci.
2008; 1143:226-39.

Flynt AS, Lai EC. Biological principles of microRNA-
mediated regulation: shared themes amid diversity.
Nat Rev Genet. 2008; 9:831-42.

Fabbri M, Garzon R, Cimmino A, Liu Z, Zanesi N,
Callegari E, etal. MicroRNA-29 family reverts aberrant
methylation in lung cancer by targeting DNA
methyltransferases 3A and 3B. Proceedings of the
National Academy of Sciences. 2007; 104:15805-10.
Zhao S, Wang Y, Liang Y, Zhao M, Long H, Ding S,
et al. MicroRNA-126 regulates DNA methylation in
CD4+ T cells and contributes to systemic lupus
erythematosus by targeting DNA methyltransferase
1. Arthritis Rheum. 2011; 63:1376-86.

Gibbings DJ, Ciaudo C, Erhardt M, Voinnet O.
Multivesicular bodies associate with components of
miRNA effector complexes and modulate miRNA
activity. Nat Cell Biol. 2009; 11:1143-9.
Lagos-Quintana M, Rauhut R, Yalcin A, Meyer J,
Lendeckel W, Tuschl T. Identification of tissue-specific
microRNAs from mouse. Curr Biol. 2002; 12:735-9.
Williams AE, Moschos SA, Perry MM, Barnes PJ,
Lindsay MA. Maternally imprinted microRNAs are
differentially expressed during mouse and human
lung development. Dev Dyn. 2007; 236:572-80.

Babak T, Zhang W, Morris Q, Blencowe BJ, Hughes
TR. Probing microRNAs with microarrays: tissue
specificity and functional inference. RNA. 2004; 10:
1813-9.

Sempere LF, Freemantle S, Pitha-Rowe I, Moss E,
Dmitrovsky E, Ambros V. Expression profiling of
mammalian microRNAs uncovers a subset of brain-




\Vol. 7 No. 1

February 2013

61.

62.

65.

66.

67.

69.

0.

71

expressed microRNASs with possible roles in murine
and human neuronal differentiation. Genome Biol.
2004; 5:R13.

Polikepahad S, Knight JM, Naghavi AO, Oplt T,
Creighton CJ, Shaw C, et al. Proinflammatory role for
let-7 microRNAS in experimental asthma. J Biol Chem.
2010; 285:30139-49.

Wang Y, Weng T, Gou D, Chen Z, Chintagari N, Liu L.
Identification of rat lung-specific microRNAs by
microRNA microarray: valuable discoveries for
the facilitation of lung research. BMC Genomics. 2007;
8:29.

Lu TX, Munitz A, Rothenberg ME. MicroRNA-21 is
up-regulated in allergic airway inflammation and
regulates 1L-12p35 expression. J Immunol. 2009; 182:
4994-5002.

Xie C, Huang H, Sun X, Guo Y, Hamblin M, Ritchie
RP, et al. MicroRNA-1 regulates smooth muscle cell
differentiation by repressing Kruppel-like factor 4.
Stem Cells Dev. 2010; 20:205-10.

Liu G, Friggeri A, Yang Y, Milosevic J, Ding Q,
Thannickal VJ, et al. miR-21 mediates fibrogenic
activation of pulmonary fibroblasts and lung fibrosis.
J Exp Med. 2010; 207:1589-97.

Garbacki N, Di Valentin E, Geurts P, Irrthum A, Crahay
C, Arnould T, et al. MicroRNAs profiling in murine
models of acute and chronic asthma: a relationship
with mRNASs targets. PLoS ONE. 2011; 6:16509.
Goncharova EA, Lim PN, Chisolm A, Fogle HW,
Taylor JH, Goncharov DA, et al. Interferons
modulate mitogen-induced protein synthesis in
airway smooth muscle. Am J Physiol Lung Cell Mol
Physiol. 2010; 299:L.25-35.

Halayko AJ, Camoretti-Mercado B, Forsythe SM,
Vieira JE, Mitchell RW, Wylam ME, et al. Divergent
differentiation paths in airway smooth muscle culture:
induction of functionally contractile myocytes. Am J
Physiol Lung Cell Mol Physiol. 1999; 276:1.197-206.
Halayko AJ, Salari H, MA X, Stephens NL. Markers
of airway smooth muscle cell phenotype. Am J Physiol
Lung Cell Mol Physiol. 1996; 270:L1040-51.
Benayoun L, Druilhe A, Dombret MC, Aubier M,
M. P. Airway structural alterations selectively
associated to severe asthma. Respir Res. 2003; 167:
1360-8.

Bowers CW, Dahm LM. Maintenance of contractility
in dissociated smooth muscle: low-density cultures
in a defined medium. Am J Physiol. 1993; 264:C229-36.
Ma X, Li W, Stephens NL. Detection of two clusters
of mechanical properties of smooth muscle along the

72.

73.

74.

75.

76.

7.

78.

79.

8L

82.

MicroRNAs and cellular plasticity 13

airway tree. JAppl Physiol. 1996; 80:857-61.

Ma X, Cheng Z, Kong H, Wang Y, Unruh H, Stephens
NL, et al. Changes in biophysical and biochemical
properties of single bronchial smooth muscle cells
from asthmatic subjects. Am J Physiol Lung Cell Mol
Physiol. 2002; 283:L.1181.

Hirst S. Airway smooth muscle cell culture: application
to studies of airway wall remodelling and phenotype
plasticity in asthma. Eur Respir J. 1996; 9:808-20.
Halayko AJ, Stephens NL. Potential role for phenotypic
modulation of bronchial smooth muscle cells in
chronic asthma. Can J Physiol Pharmacol. 1994; 72:
1448-57.

Halayko A, Tran T, Ji S, Yamasaki A, Gosens R.
Airway smooth muscle phenotype and function:
interactions with current asthma therapies. Curr Drug
Targets. 2006; 7:525-40.

Johnson SR, Knox AJ. Synthetic functions of airway
smooth muscle in asthma. Trends Pharmacol Sci. 1997,
18:288-92.

Dekkers BGJ, Schaafsma D, Nelemans SA, Zaagsma J,
Meurs H. Extracellular matrix proteins differentially
regulate airway smooth muscle phenotype and
function. Am J Physiol Lung Cell Mol Physiol. 2007;
292:1.1405-L13.

Hirst SJ, Twort CHC, Lee TH. Differential effects of
extracellular matrix proteins on human airway smooth
muscle cell proliferation and phenotype. Am J Respir
Cell Mol Biol. 2000; 23:335-44.

Mitchell RW, Halayko AJ, Kahraman S, Solway J,
Wylam ME. Selective restoration of calcium coupling
to muscarinic M3 receptors in contractile cultured
airway myocytes. Am J Physiol Lung Cell Mol Physiol.
2000; 278:L.1091-100.

Gosens R, Meurs H, Bromhaar MMG, McKay S,
Nelemans SA, Zaagsma J. Functional characterization
of serum and growth factor induced phenotypic
changes in intact bovine tracheal smooth muscle. Br
JPharmacol. 2002; 137:459-66.

L guillette R, Laviolette M, Bergeron C, Zitouni N,
Kogut P, Solway J, et al. Myosin, Transgelin, and
Myosin Light Chain Kinase. Am J Respir Crit Care
Med. 2009; 179:194-204.

Chiba, Ueno A, Shinozaki K, Takeyama H, Nakazawa
S, Sakai H, et al. Involvement of RhoA-mediated Ca2+
sensitization in antigen-induced bronchial smooth
muscle hyperresponsiveness in mice. Respir Res.
2005;6.

Chiba Y, Takada Y, Miyamoto S, MitsuiSaito M,
Karaki H, Misawa M. Augmented acetylcholine-




14

85.

86.

87.

88.

89.

90.

9L

X. Ji, et al.

induced, Rho-mediated Ca2+ sensitization of bronchial
smooth muscle contraction in antigen-induced airway
hyperresponsive rats. Br J Pharmacol. 1999; 127:
597-600.

Chang Y, Al-Alwan L, Risse PA, Roussel L, Rousseau
S, Halayko AJ, et al. TH17 cytokines induce human
airway smooth muscle cell migration. J Allergy Clin
Immunol. 2011; 186:4156-63.

Marthan R, Crevel H, Guenard H, Savineau JP.
Responsiveness to histamine in human sensitized
airway smooth muscle. Respir Physiol. 1992; 90:
239-50.

Labont |, Hassan M, Risse PA, Tsuchiya K,
Laviolette M, Lauzon AM, et al. The effects of
repeated allergen challenge on airway smooth muscle
structural and molecular remodeling in a rat model of
allergic asthma. Am J Physiol Lung Cell Mol Physiol.
2009; 297:L.698-705.

Broide D, Lotz M, Cuomo A, Coburn D, Federman E,
Wasserman S. Cytokines in symptomatic asthma
airways. JAllergy Clin Immunol. 1992; 89:958-67.
Mattoli S, Mattoso VL, Soloperto M, Allegra L,
Fasoli A. Cellular and biochemical characteristics of
bronchoalveolar lavage fluid in symptomatic
nonallergic asthma. J Allergy Clin Immunol. 1991; 87:
794-802.

Kuhn AR, Schlauch K, Lao R, Halayko AJ, Gerthoffer
WT, Singer CA. MicroRNA expression in human
airway smooth muscle cells: role of miR-25 in regulation
of airway smooth muscle phenotype. Am J Respir
Cell Mol Biol. 2010; 42:506-13.

Mohamed JS, Lopez MA, Boriek AM. Mechanical
Stretch Up-regulates MicroRNA-26a and Induces
Human Airway Smooth Muscle Hypertrophy by

Suppressing Glycogen Synthase Kinase-3 2J Biol
Chem. 2010; 285:29336-47.

Mohamed JS, Hajira A, Li Z, Paulin D, Boriek AM.
Early growth responsive protein-1 induces desmin
null airway smooth muscle hypertrophy through
MicroRNA-26a. J Biol Chem. 2011; 286:43394-404.

92.

93.

95.

96.

97.

98.

99.

Leeper NJ, Raiesdana A, Kojima'Y, Chun HJ, Azuma J,
Maegdefessel L, et al. MicroRNA-26a is a novel
regulator of vascular smooth muscle cell function. J
Cell Physiol. 2011; 226:1035-43.

Chiba Y, Tanabe M, Goto K, Sakai H, Misawa M.
Down-regulation of miR-133a contributes to up-
regulation of Rhoa in bronchial smooth muscle cells.
Am J Respir Crit Care Med. 2009; 180:713-9.

van Rooij E, Marshall WS, Olson EN. Toward
microRNA-based therapeutics for heart disease: the
sense in antisense. Circ Res. 2008; 103:919-28.
Williams AE, Larner-Svensson H, Perry MM, Campbell
GA, Herrick SE, Adcock IM, et al. MicroRNA
expression profiling in mild asthmatic human airways
and effect of corticosteroid therapy. PLoS ONE. 2009;
4:e5889.

Moschos S, Williams A, Perry M, Birrell M, Belvisi M,
Lindsay M. Expression profiling in vivo demonstrates
rapid changes in lung microRNA levels following
lipopolysaccharide-induced inflammation but not in
the anti-inflammatory action of glucocorticoids. BMC
Genomics. 2007; 8:240.

Franco-Zorrilla JM, Valli A, Todesco M, Mateos |,
Puga MI, Rubio-Somoza l, Leyva A, Weigel D, Garc  a
JA, Paz-Ares J. Target mimicry provides a new
mechanism for regulation of microRNA activity. Nat
Genet. 2007; 39:1033-7.

Kr tzfeldt J, Rajewsky N, Braich R, Rajeev KG,
Tuschl T, Manoharan M, Stoffel M. Silencing of
microRNAs in vivo with “antagomirs’. Nature. 2005;
438:685-9.

Simon HU, Seelbach H, Ehmann R, Schmitz M. Clinical
and immunological effects of low-dose IFN-alpha
treatment in patients with corticosteroid-resistant
asthma. Allergy. 2003; 58:1250-5.

100. Collison A, Mattes J, Plank M, Foster PS. Inhibition

of house dust mite-induced allergic airways disease
by antagonism of microRNA-145 is comparable to
glucocorticoid treatment. J Allergy Clin Immunol. 2011;
128:160-7e4.



