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Abstract

Advances in studies of microRNA (miRNA) expression and function in smooth muscles illustrate

important effects of small noncoding RNAs on cell proliferation, hypertrophy and differentiation.

An emerging theme in miRNA research in a variety of cell types including smooth muscles is that

miRNAs regulate protein expression networks to fine tune phenotype. Some widely expressed

miRNAs have been described in smooth muscles that regulate important processes in many cell

types, such as miR-21 control of proliferation and cell survival. Other miRNAs that are prominent

regulators of smooth muscle-restricted gene expression also have targets that control pluripotent

cell differentiation. The miR-143~145 cluster which targets myocardin and Kruppel-like factor 4

(KLF4) is arguably the best-described miRNA family in smooth muscles with profound effects on

gene expression networks that promote serum response factor (SRF)-dependent contractile and

cytoskeletal protein expression and the mature contractile phenotype. Kruppel-family members

KLF4 and KLF5 have multiple effects on cell differentiation and are targets for multiple miRNAs

in smooth muscles (miR-145, miR-146a, miR-25). The feedback and feedforward loops being

defined appear to contribute significantly to vascular and airway remodeling in cardiovascular and

respiratory diseases. RNA interference approaches applied to animal models of vascular and

respiratory diseases prove that miRNAs and RNA-induced silencing are valid targets for novel

anti-remodeling therapies that alter pathological smooth muscle hyperplasia and hypertrophy.
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Introduction

Structural cells in the cardiovascular and respiratory systems adapt to permit changes in

function during development and disease. Fibroblasts, myofibroblasts, smooth muscle,

epithelial, endothelial and progenitor cells all undergo varying degrees of phenotypic

modulation during organogenesis and in various diseases. In the cardiovascular system

several clinically important conditions trigger adaptive and maladaptive blood vessel
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remodeling. Atherosclerosis, aneurysms, restenosis injury and ischemia are all conditions

that elicit vessel remodeling. Remodeling can include cell hypertrophy, hyperplasia, matrix

remodeling and secretion of numerous cell to cell signaling molecules. Structural cells of the

respiratory tract also undergo significant remodeling in disease states. Asthma stimulates

myofibroblasts to undergo a transition to a more contractile phenotype in both humans and

animal models (1–3). Airway smooth muscle cells increase in number, sometimes increase

in volume, and secrete signaling proteins thought to contribute to airway hyperactivity

(reviewed by 4). In all smooth muscle tissues dynamic changes in gene expression and

protein composition permit cells to respond to altered environmental conditions. Cellular

plasticity is a fundamental characteristic of smooth muscle cells in vivo. Cellular plasticity is

defined here as long lasting changes in the structure and function of a cell caused by altered

gene expression and protein composition. Protein composition of smooth muscle cells, as in

all mammalian cells, is determined by multiple parallel signaling pathways that regulate

transcription, translation, mRNA half-life and protein catabolism. Several highly conserved

protein kinase cascades (PKA, PKG, PKC, MAP kinases, JAK/Stat, Smad signaling and

NFkB) regulate smooth muscle phenotype. Control of transcription by these pathways has

been studied extensively in vascular and airway smooth muscle cells, but epigenetic

mechanisms that modify smooth muscle phenotype are not as well described. Chromatin

remodeling by histone modifications, DNA methylation and miRNA-induced gene silencing

are not as well defined in smooth muscle cells as they are in other cell types such as cancer

cells (5–7). This review will summarize the rapidly expanding knowledge of the function of

the microRNA class of small, noncoding RNAs in determining smooth muscle cell

phenotypes in normal and disease states. Emphasis will be placed on miRNAs with

validated target genes in smooth muscles and on miRNAs that have demonstrated effects or

high potential as druggable targets. Several examples of RNAi-based therapy of animal

models of cardiovascular and respiratory diseases will be described that demonstrate proof

of principle for RNAi therapy.

Smooth muscle cell phenotypes

Smooth muscle cells in vitro and in vivo are notable for their ability to adapt to the local

milieu. In vitro, smooth muscle cells can be manipulated by altering culture conditions to

induce a more contractile phenotype by culturing at high density at reduced serum

concentrations in the presence of soluble factors that promote differentiation including

retinoic acid, transforming growth factor beta 1 (TGF-β1) and insulin. The contractile

phenotype will be defined here as cells that express smooth muscle-restricted contractile and

cytoskeletal proteins and contract in response to neurotransmitters and autacoids. Verified

smooth muscle-restricted contractile phenotype genes include: myosin II heavy chain, α and

γ smooth-muscle actins, h-caldesmon, h1-calponin, smooth muscle tropomyosins, SM22

(transgelin) and smoothelin (8, 9). To promote the proliferative/migratory/secretory

phenotype, smooth muscle cells are typically cultured in serum-containing medium with

trophic growth factors epidermal growth factor and fibroblast growth factor. The

proliferative/migratory phenotype is not as clearly defined as the contractile phenotype, but

generally refers to cells in culture that proliferate in response to serum, migrate in response

to stimuli including platelet derived growth factor (PDGF), and secrete a variety cytokines,
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chemokines and protein growth factors. The in vivo correlate of proliferating/migrating cells

is inferred from the behavior of smooth muscle cells in culture and from studies of

organogenesis of blood vessels and airways during fetal and neonatal development.

Contractile and proliferating/migrating “phenotypes” are not necessarily stable, irreversible,

or mutually exclusive. One view is that the phenotype of smooth muscle cells is more a

graded than a binary phenomenon with cells in a particular tissue having a mosaic pattern of

contractile protein gene expression (8–11). An alternate view is that smooth muscle cells can

assume bistable states of gene expression in which the contractile and proliferative

expression programs are mutually exclusive (9). Some combination of these models is also a

formal possibility with gene expression programs being highly adaptable depending on

tissue type, culture conditions or disease processes. Because smooth muscle cells adapt and

remodel significantly in cardiovascular and lung diseases the role of epigenetic processes

that shift cells from one state to another during development and disease is a very active area

of investigation. Identifying miRNAs and the networks of target genes that participate in

disease progression will have high impact on translational research aimed at identifying

novel therapeutic targets for preventing or reversing pathological smooth muscle tissue

remodeling.

miRNA silencing pathway

Basic features of miRNA biogenesis and RNA-induced gene silencing have been described

in some detail within the past 10 years (reviewed by 12). This work is summarized in Figure

1. miRNA genes are present throughout mammalian genomes in introns, exons and

intergenic regions with many miRNAs produced from clusters of coexpressed genes. Some

miRNA genes are under control of the same Pol II promoters that drive expression of

mRNAs and some have independent promoters. For example, intronic miRNA genes which

comprise about half of known miRNA genes often depend on expression of the host gene. A

few miRNA genes are also known to be transcribed by Pol III. Primary miRNA transcripts

are processed by a nuclear ribonuclease RNase III (Drosha) and then exported to the

cytoplasm where the mature miRNA is produced from ~70nt precursor miRNAs by RNase

activity of Dicer (Figure 1). Dicer activity and the miRNA products are necessary for proper

smooth muscle development, blood vessel formation and gastrointestinal development.

Smooth-muscle restricted knockout of Dicer inhibits blood vessel maturation and intestinal

tract development (13, 14). Mature miRNAs then complex with several proteins including

Argonaute family members Ago-1 and Ago-2 in RNA-induced silencing complexes (RISC).

RISCs mediate posttranscriptional silencing by several mechanisms. mRNA stability is

reduced and/or translation is blocked depending on the degree of complementarity with the

target sequence (Figure 1). mRNA is cleaved by the endonuclease activity of Ago-2 when

complementarity is perfect, which is the mechanism of silencing by exogenous siRNAs.

Further degradation of the cleaved transcript involves uridinylation, decapping and

exonuclease activities. When complementarity is imperfect initiation can be blocked,

premature termination and dissociation of ribosomes occurs followed by deadenylation,

decapping and exonuclease degradation of mRNA. The net effect is RNA-induced gene

silencing due to reduced translation of mRNA to proteins. In the sections below we review

specific miRNAs for which some mechanistic information exists in smooth muscles. Our
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goal is to illustrate how miRNA-induced gene silencing might contribute to smooth muscle

progenitor differentiation, smooth muscle restricted contractile protein expression, smooth

muscle proliferation and proinflammatory mediator synthesis.

MicroRNAs in smooth muscles

miRNAs in vascular smooth muscle plasticity

The literature on miRNA-mediated gene silencing in smooth muscles is expanding very

rapidly with numerous recent studies of miRNAs in normal vascular development and in

vascular pathologies. Table 1 summarizes factors regulating miRNA expression in smooth

muscle, validated target proteins for those miRNAs and functions of the target proteins.

These miRNAs are further classified into groups in table 2 to simplify the involvement of

the miRNAs in determining the smooth muscle cell fate. Some of the earliest reports from

Zhang and coworkers described the pro-proliferative and antiapoptotic effects of miR-21 in

a carotid injury model in rats (15). miR-21 was the first miRNA shown to regulate vascular

smooth muscle cell growth and survival by silencing expression of phosphatase and tensin

homolog (PTEN) and increasing expression of B-cell leukemia/lymphoma 2 (BCL2) which

increased proliferation and cell survival. Davis et al. (16) then described regulation of

miR-21 processing by TGF-β1 and Smads in human pulmonary artery smooth muscle cells.

Processing of the miR-21 primary transcript to the mature miRNA in pulmonary artery

smooth muscle cells was enhanced by TGF-β1 and bone morphogenetic proteins (BMPs).

BMP4 induced miR-21 which was then shown to upregulate smooth-muscle restricted

contractile proteins by silencing programmed cell death 4 (PDCD4), a known tumor

suppressor protein. This study is significant for two reasons. It was the first example of

growth-factor regulation of miRNA processing in smooth muscle, and it suggested along

with prior work on miR-21 by Zhang and coworkers (15) that the same miRNA (miR-21)

can regulate features of the both contractile and proliferative phenotypes. Several other

studies of miRNA modulation of the contractile phenotype followed in quick succession.

Cordes et al. (17), in a landmark paper, described the master regulatory role of miR-143 and

miR-145 in promoting contractile protein expression in vascular smooth muscle. There are

now numerous studies confirming and extending the central regulatory role of the

miR-143~145 cluster in vascular development (18–20), vascular damage response (21) and

stem cell differentiation (22).

miRNAs in atherosclerosis and neointimal remodeling

One of the earliest observations of changes in miRNA expression in blood vessels was that

miR-145 is downregulated in neointimal lesions following vascular injury (21). The

mechanism of miR-145 in regulating smooth muscle phenotype was subsequently defined

by the elegant set of studies by Cordes et al. (17) mapping the pathway for reciprocal control

of Kruppel-like factor 4 (KLF4) and myocardin expression by miR-145 as shown in Figure

2. Several knockout mouse studies have corroborated the initial observations and have

verified the central role of miR-143~145 cluster in vascular smooth muscle contractile

protein expression, vascular contractility and blood pressure regulation (18, 19, 23). The

signaling scheme that is emerging includes a dominant effect of miR-145 to directly silence

expression of KLF4 and an indirect upregulation of myocardin expression (Figure 2). Both
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events appear to contribute to TGF-β1 activation of serum response factor (SRF)-dependent

smooth muscle restricted genes (24). The miR-143~145 cluster regulates a network of

smooth muscle contractile, cytoskeletal and matrix protein genes with CArG boxes in the 5’

untranslated region (18, 25, 26). It is also clear that multiple miRNAs in addition to the

miR-143~145 cluster can modulate KLF4 expression (Figure 2 ). miR-146a directly targets

and silences KLF4 in vascular smooth muscle (27). A feedback loop was proposed that

includes miR-146a silencing of KLF4 and KLF4 competing with KLF5 to reduce

transcription of the miR-146a gene (Figure 3). This feedback loop is thought to be necessary

for neointima formation by increasing KLF4 expression thus favoring smooth muscle

proliferation and cell migration. The initial trigger for activating the miR-146a–KLF4/KLF5

pathway is not defined, but it would be an obvious target for reducing vascular remodeling

during restenosis after angioplasty.

In addition to upregulating contractile protein expression in vascular smooth muscle the

downregulation of miR-143~145 elicits upregulation of proteins important in podosome

formation. Podosomes are local sites of matrix remodeling thought to be necessary for

vascular wall remodeling. Quintavalle et al. (28) showed downregulation of miR-143~145

was sufficient to upregulate PDGF receptor, protein kinase C (PKC) epsilon and fascin, an

actin bundling protein. The studies of miR-143~145 in atherosclerotic and neointimal

vascular remodeling all point to a critical role of this miRNA cluster in repressing KLF4

expression, increasing myocardin expression and modulating a variety of other proteins that

contribute to a more differentiated smooth muscle cell population (Figure 3).

Differentiated smooth muscle cells in the fibrous cap of atherosclerotic plaques provide

important structural integrity necessary for plaque stability. Smooth muscle cells in plaques

are thought to be heterogeneous, expressing a range of phenotypes (29). Smooth muscle

cells in plaque secrete extracellular matrix (ECM) proteins. Plaque stability can be achieved

not only by increasing the ECM production but also by decreasing the ECM degradation.

ECM synthesis by smooth muscle cells is tightly regulated by various factors in the cellular

environment, such as growth factors, cytokines, nitric oxide and surrounding ECM. Also,

smooth muscle cell proliferation increases plaque stability, while smooth muscle cell

apoptosis is thought to decrease plaque stability especially in the shoulder of the plaque.

miRNA regulation of vascular smooth muscle phenotype may therefore be vital for plaque

stability. A survey of circulating miRNAs in patients with stable coronary artery disease

showed decreased levels of circulating miR-145 (30). Loss of miR-143~145 function

leading to reduced contractile protein expression might reasonably contribute to the vascular

damage response and possibly contribute to plaque instability (31). Further studies of RNA

and protein expression of stable and unstable plaques would be needed to critically test this

hypothesis. A predicted corollary would be delivery of miR-145 mimics should reduce

plaque complexity, enhance plaque stability and reduce the incidence of acute

cardiovascular events due to plaque rupture.

In addition to regulation of smooth muscle cell phenotype by the miR143~145 cluster, there

are a variety of miRNAs that determine smooth muscle cell fate following injury and

neointima formation. PDGF and TGF-β1 are important signaling proteins that contribute to

the injury response. They do so in part by altering primary miRNA transcript expression and
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processing. PDGF-BB promotes the proliferative/migratory/ secretory phenotype. In

contrast, TGF-β family proteins usually promote the contractile phenotype via Smad-

dependent signaling. PDGF-BB was found to induce expression of miR-24 in human

pulmonary artery smooth muscle cells (32). miR-24 was shown to directly bind to the 3’

untranslated region (UTR) of Tribbles-like protein 3 (Trb3) and to downregulate Trb3

expression. Downregulation of Trb3 decreased Smad1 levels, thus inhibiting TGF-β1 and

BMP signaling. Forced expression of miR-24 reduced Smad2 and Smad3 as well as TGF-β-

mediated activation of Smad2. Thus, miR-24 is a novel regulator of smooth muscle

plasticity that mediates the well-known functional antagonism of PDGF-BB and the TGF-β

family in determining vascular smooth muscle phenotype.

Activation of the PDGF signaling pathway in vascular smooth muscle also leads to

upregulation of miR-221 which may contribute to neointimal proliferation (33). miR-221

upregulation has been implicated in a variety of cancers and is known to silence expression

of the cell cycle inhibitor protein p27Kip1 during skeletal muscle differentiation (34). In

cultured vascular smooth muscle cells miR-221 also downregulates expression of p27Kip1

thus increasing proliferation (33). miR-221 also downregulates expression of c-Kit, which

was shown to be a positive regulator of myocardin and contractile protein expression.

Regulation of cell cycle control proteins in smooth muscles by miR-221 was corroborated

by Liu et al. (35) who reported that both miR-221 and miR-222 were induced by PDGF in a

dose and time dependent manner which decreased p27Kip1 and p57Kip2 expression.

miR-221 and miR-222, much like miR-21, are examples of miRNAs that are conserved in

many cells and have consistent effects on expression of conserved components of cell cycle

control machinery in vascular smooth muscle cells.

miRNAs in vascular development and smooth muscle differentiation

miR-26a

A survey of miRNA expression during differentiation of vascular smooth muscle cells

identified several miRNAs that were upregulated following serum withdrawal (36). Pathway

analysis of targets of 31 regulated miRNAs suggested mitogen activated protein (MAP)

kinase signaling, actin cytoskeleton and focal adhesions, Wnt signaling and TGF-β signaling

were all targets of multiple upregulated miRNAs. Gain-of-function and loss of function

approaches showed miR-26a had a dedifferentiation effect mediated by silencing of Smad1

and by inhibiting TGF-β signaling. These results are paradoxical in that a previous study in

airway smooth muscle found miR-26a was induced by stretch, that it silenced glycogen

synthase kinase 3 and promoted airway smooth muscle hypertrophy in culture (37). These

apparently disparate observations in vascular and airway smooth muscle might point up

important tissue-specific differences in miRNA functions, or important differences in

experimental conditions that result in opposing effects on differentiation. The apparent

paradox is not unprecedented. miR-21 was reported by several groups to be pro-proliferative

and anti-apoptic in vascular smooth muscles (15, 38), yet miR-21 can also promote TGF-β-

family induction of contractile protein expression by silencing PDCD4 expression (16).

Further studies of miRNAs in multiple smooth muscles under growth conditions vs

differentiation conditions is warranted to explore this interesting paradox.
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miR-143~145 cluster

During muscle development progenitor cells typically differentiate from a pluripotent state

to a more differentiated state. The miRNAs that modify the various differentiation events in

cardiac, skeletal and smooth muscles are the subject of intense interest because of the

fundamental biological significance and the potential for identifying novel targets to

manipulate muscle tissue remodeling. One of the key miRNAs in smooth muscle

development and differentiation, miR-145, also has an important role in cell fate

determination early in embryonic development. miR-145 triggers fate decision in pluripotent

stem cells by silencing several key transcription factors and transcriptional coregulators

including c-Myc, Sox2, Oct4 and KLF4 (39, 40). In mature tissues miR-145 frequently acts

as a tumor suppressor. Downregulation of expression promotes the most common solid

tumors (breast, bladder, lung and colon). Therefore, in addition to promoting the contractile

phenotype of smooth muscles, miR-145 also promotes stem cell differentiation and

suppresses tumor formation by silencing gene expression networks in many cell types. It is

important to note KLF4 is probably a major effector molecule for the differentiation and

tumor suppressive properties of miR-145 (Figure 3). KLF4 is a validated target of miR-145

with significant effects on gene expression profiles in stem cells and in tumor cells. For

these reasons miR-145 is the subject of intense investigation in a variety of cardiovascular

disorders, lung diseases gastrointestinal disorders and neoplastic diseases. Of the miRNAs

discussed in this review the miR-143~145 cluster could be considered master regulators of

smooth muscle differentiation.

miR-155

Differentiation of precursor cells into mature smooth muscle cells is a fundamental process

during organ development that also contributes to development of vascular diseases. Much

of the recent interest in miRNAs in smooth muscle is stimulated by insufficient information

about how precursor cells differentiate to mature smooth muscle cells. Some of the earliest

work on this issue was a study of miR-155 on angiotensin receptor (AT1R) expression and

signaling (41). A polymorphism in the 3’UTR of the human AT1R gene, which is clearly

linked to cardiovascular disease, disrupts miR-155 silencing of the AT1R receptor. The

resulting upregulation of AT1R signaling is thought to contribute to development of

hypertension, cardiac hypertrophy and myocardial infarction. Regulation of smooth muscle

function by miR-155 may be common to multiple smooth muscle tissues because Martin et

al. (41) found miR-155 expressed in both vascular and airway smooth muscle by in situ

hybridization. In addition to regulating AT1R expression miR-155 has been shown regulate

genes necessary for differentiation of stem cells to smooth muscles. Using two independent

protocols for smooth muscle cell differentiation Danielson et al. (42) showed differentiation

of mature smooth muscle cells from bone-marrow derived mesenchymal stem cells

depended on mature miRNA expression. They identified sets of miRNAs that increased or

decreased monotonically during mesenchymal stem cell to smooth muscle cell

differentiation. miR-155 was downregulated during differentiation, which was necessary to

generate differentiated smooth muscle cells. Exogenous overexpression of miR-155

inhibited expression of smooth muscle myosin II heavy chain and prevented maturation of

differentiated smooth muscle cells. Additionally, Zheng et al. (43) reported that miR-155

regulates the differentiation of aortic adventitial fibroblasts to myofibroblasts.
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Overexpression of miR-155 inhibited AT1R signaling, reduced smooth muscle α-actin

expression and inhibited differentiation consistent with the earlier report of Martin et al.

(41). Altogether these results suggested that downregulation of miR-155 expression might

contribute significantly to cardiovascular diseases by permitting increased AT1R signaling

in fibroblasts and smooth muscle cells in vivo.

miR-1~133a cluster

The miR-1~miR-133 family is another group of miRNAs of great interest in smooth muscle

differentiation and hypertrophy. These miRNAs have been studied primarily in cardiac and

skeletal muscle development as silencers of smooth muscle-restricted gene expression.

Recently, Jiang et al. (44) found that overexpression of myocardin in human aortic smooth

muscle cell increased both smooth muscle cell contractility and the expression of miR-1.

However, exogenous miR-1 mimetic inhibited smooth muscle contractility and expression

of smooth muscle contractile proteins (SM22 and smooth muscle α-actin) basally and in

response to myocardin expression. Antisense inhibition of endogenous miR-1 enhanced

contractility and increased contractile protein expression. miR-1 expression was found to

have no effect on either myocardin or SRF. In a subsequent study, the same group reported

that overexpression of myocardin in human aortic smooth muscle cell increased expression

of miR-1 and decreased smooth muscle cell proliferation (45). Overexpression of myocardin

decreased the proliferation of smooth muscle cells which was reversed by an antisense

miR-1 inhibitor. Exogenous miR-1 mimetic inhibited proliferation and negatively regulated

expression of a serine/threonine kinase, Pim-1, but not other miR-1 target genes [histone

deacetylase 4 (HDAC4), heart and neural crest derivatives expressed 2 (Hand2), and Ras

homolog enriched in brain (Rheb)]. Neointimal lesions following carotid artery ligation

showed decreased expression of myocardin and miR-1 and upregulation of Pim-1 suggesting

reduced miR-1 expression is a contributing factor in vascular remodeling after injury. In

addition to regulating the phenotype of adult smooth muscle cells a recent study of

embryonic stem cell differentiation showed miR-1 promotes smooth muscle cell

differentiation by directly targeting KLF4 3’UTR, silencing KLF4 protein expression and

enhancing expression of smooth muscle-restricted contractile proteins (46). Current data

suggests a signaling loop in which myocardin enhances contractile protein expression and

miR-1 expression. miR-1 feeds back to represses KLF4 thus reducing proliferation,

increasing contractile protein expression and promoting smooth muscle cell differentiation

(Figure 3). Reduced miR-1 expression during vascular injury may promote smooth muscle

cell proliferation and neointimal thickening.

miR-10a

A variety of multipotent cells, including embryonic stem cells, can differentiate to smooth

muscle cells in culture (47–49). One of the factors that induces multipotent progenitors and

pluripotent stem cells to express smooth-muscle restricted proteins is all-trans retinoic acid,

a vitamin A metabolite important in differentiation and development of a variety of tissues

and organs. In addition to regulating a wide range of protein coding genes retinoic acid also

regulates expression of miRNAs that influence smooth muscle differentiation. Huang et al.

(50) found that expression of miR-10a was upregulated during retinoic acid-mediated

differentiation of mouse embryonic stem cells (ESC). miR-10a negatively regulated HDAC4
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which was shown by others to regulate expression of smooth muscle restricted genes (51)

and to mediate PDGF-induced proliferation (52). The role of miR-10a in silencing HDAC4

expression in the setting of mouse ESC differentiation appears to be consistent with reduced

HDAC4 levels resulting in derepression of smooth muscle contractile proteins and

differentiation to a contractile phenotype (51). The role of miRNAs in stem cell and vascular

wall progenitor cell differentiation has profound implications for pathogenesis of

atherosclerosis, the response to vascular injury and vascular remodeling in hypertension

syndromes.

miRNA and pulmonary hypertension

Several of the miRNAs with conserved functions described in smooth muscle cells (eg.

miR-21 and miR-221) have also been assigned roles in differentiation, proliferation and

survival of endothelial cells and other vascular mural cells (53). miRNAs that participate in

vascular remodeling have recently become subjects of intense interest. The initial studies of

miRNAs in the cardiovascular system suggested several obvious targets for RNAi-based

antagonism of remodeling including miR-21, miR-145 and miR-221 (54). However, until

very recently it was not known which miRNAs were relevant to pulmonary arterial

hypertension (PAH) where arterial muscularization occurs and irreversible occlusive lesions

develop. These remodeling events are thought to contribute to lack of response to

vasodilators and inevitable right heart failure and death. Caruso et al. (55) surveyed miRNA

expression in total lung extracts from rat models (chronic hypoxia and monocrotaline

model) of PAH and found downregulation of miR-21 to be prominent in both models.

Courboulin et al. (56) later found miR-204 was also downregulated in human as well as rat

models of PAH, and that delivery of miR-204 to rat lungs would reduce the severity of the

disease. In addition, they found that in mononuclear cells isolated from the buffy coat of

blood from PAH patients the expression of miR-204 were similarly downregulated

compared to controls. This suggests miR-204 in peripheral blood mononuclear cells may be

as a useful biomarker of PAH pathogenesis. Potential targets for miR-204 were investigated

because Stat3 activation was increased upon attenuation of miR-204 expression. It was

found that miR-204 directly regulates SHP2 by targeting its 3’UTR. Therefore, decreased

miR-204 increases expression of SHP2, which by activating Src increases Stat3 activation

contributing to smooth muscle proliferation and pulmonary vessel wall thickening. In

addition, ROCK1 was shown to be silenced by miR-204, probably by an indirect effect

although the exact mechanism was not defined nor was it the primary point of the study. The

study by Courboulin et al. (56) provides solid proof of principle that “rescue” of low

miRNA expression can prevent progression of established PAH. It also supports prior

suggestions that RNAi-based therapy might be useful in treating several diseases involving

vascular remodeling including atherosclerosis and restenosis injuries (57–59).

The study by Courboulin et al. (56) is unique in that miR-204 has not been implicated

previously in vascular disease or myogenesis. Given the significant reversal of pulmonary

vascular remodeling in vivo with miR-204 mimetic therapy, it is tempting to speculate that

expression of miR-204 promotes differentiated vascular smooth muscle cells and

downregulation of miR-204 might accompany other diseases involving vascular remodeling

including atherosclerosis and restenosis. In addition, several targets of miR-204 previously
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validated in other cell types have profound roles in smooth muscle cell physiology and

pathophysiology. Examples include: TGF-β receptor 2 (60), epidermal growth factor (EGF)

receptor signaling (61), forkhead box C1 (FOXC1) (62), and runt-related transcription factor

2 (Runx2) (63). The regulation of smooth muscle phenotype by miR-204 should be explored

further to establish the significance of these putative target proteins in smooth muscle

development and disease.

miRNA modulation of pro-inflammatory signaling cascades in airway smooth muscle

Airway smooth muscle shares with vascular smooth muscle the ability to adapt to

pathological mechanical and soluble signals by undergoing hyperplasia, hypertrophy, cell

migration and increased synthetic activity. These processes may be especially important in

severe asthmatics where the airway wall thickens markedly and is thought to be a factor in

airway hyperreactivity (64). Inflammation is a major feature of asthma and a number of pro-

inflammatory signaling cascades are involved in regulating the pro-inflammatory gene

expression as well as miRNA gene expression (Figure 4). Some of the key pro-inflammatory

mediators that contribute to asthma are interleukin-13 (IL-13), interferon-γ (IFN-γ), tumor

necrosis factor-a (TNF-α) and interleukin-1β (IL-1β). Recent studies of miRNAs regulated

by these inflammatory mediators and by mechanical signaling illustrate an important role of

miRNAs in phenotypic plasticity of airway smooth muscle. Singer and associates first

described a general inhibition of miRNA expression in cultured human airway smooth

muscle cells (ASMC) when treated with a cytokine cocktail consisting of TNFα, IL-1β, and

IFN-γ (65). The results suggest the well-known enhancement of gene expression in airway

smooth muscle by inflammation may be due in part to a general inhibition of normal gene

silencing mechanisms. Another novel finding was that the rarely reported miR-25 was

shown to enhance smooth muscle contractile protein expression (65). Informatics analysis

suggested, and biochemical studies confirmed, this uncommon miRNA directly targets the

3’UTR of KLF4. Transfection of miR-25 mimic reduced expression of KLF4 which was

then verified as a negative regulator of myosin II heavy chain expression in airway smooth

muscle (Figure 2 and 3).

Cytokine treatment was also found to alter expression of miR-133a in airway smooth muscle

by Chiba et al. (66). miR-133a expression was reduced by treatment of human ASMCs with

IL-13, and this coincided with an increase in RhoA gene expression (66). IL-13 appeared in

bronchoalveolar lavage fluid of ovalbumin challenged mice and miR-133a levels decreased

in bronchial smooth muscle coincident with increased RhoA mRNA (66). Isolated bronchial

smooth muscle from naive mice exhibited enhanced contractility when treated with IL-13 in

organ culture, possibly due to downregulation of miR-133a and increased RhoA signaling

which is known to enhance calcium sensitivity of airway smooth muscle. miR-133a may

normally repress expression of RhoA in airway smooth muscle, and perhaps in other types

of smooth muscles. This repression may be disrupted by elevated IL-13 levels in allergic

asthma leading to increased smooth muscle contraction and airways hyperreactivity.

The targets and functions of miR-145 have been extensively characterized in vascular

smooth muscle, but its functions in the airway have largely been extrapolated from the

cardiovascular literature. In a study utilizing a house dust mite model of acute allergic
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asthma in mice, Foster and coworkers observed that miR-145 levels increased in the larger

airways (minus parenchyma) after repeated challenge (67). In a separate study using a

chronic ovalbumin model, Foster and coworkers also observed an increased in miR-145 that

peaked by the second week of challenge (68). miR-145 was also observed to be increased by

Colige and co-workers in mice using a chronic ovalbumin model (69). Through an unknown

mechanism, inhibition of miR-145 with a 2’-O-methyl phosphoroamidite modified

antagomir prevented the development of allergic airways disease after house dust mite

sensitization. Multiple aspects of the asthmatic phenotype were inhibited including TH2

cytokine production, mucus hypersecretion, and airway hyperresponsiveness (67). The anti-

inflammatory efficacy of the miR-145 antagomir was found to be equivalent to the effects of

dexamethasone. Part of the asthmatic allergic response is also likely to be due to production

of interferons. A recent study has identified that both interferon-γ and interferon-β increased

miR-145 and a-actin expression in human airway smooth muscle cells (70). Altogether these

studies provide a plausible link between cytokine and interferon upregulation in allergic

asthma, induction of miR-145 in airway smooth muscle and enhanced contractility.

In future, studies investigating the effects of miR-145 inhibition and airway remodeling are

warranted due to the current lack of anti-remodeling drugs. A recent study showing that

repeated bronchoconstriction alone without inflammation is sufficient to elicit airway

remodeling in humans (71) suggests that miRNA or siRNA targeting contractile and

cytoskeletal proteins may be useful for antagonizing mechanical signals that stimulate

ASMC hypertrophy. RNAi-based treatments that inhibit both smooth muscle contraction

and smooth muscle hypertrophy are very appealing, especially for therapy of severe

asthmatics who are corticosteroid-resistant.

Another appealing therapeutic strategy is to inhibit synthesis of inflammatory mediators in

multiple cell types in the lung, a strategy that is usually successful when inhaled

glucocorticoids are used to treat asthma. miR-146a is a well-defined anti-inflammatory

miRNA with profound effects on blunting the innate immune response. Since airway smooth

muscle cells secrete many protein mediators involved in innate immunity a role of miR-146a

was investigated by Lindsay and coworkers in airway smooth muscle (72). Based upon their

previous work with miR-146a in alveolar epithelial cells and the published data on

antagonism of Toll-receptor signaling it was reasonable to surmise miR-146a might inhibit

expression of cytokine and chemokine synthesis in airway smooth muscle cells. IL-1β

treatment of airway smooth muscle induced the expression of miR-146a, but this effect

differed in magnitude from observations in other cell types (72). Pri-miR-146a post-

transcriptional processing was found to be regulated by MEK-1/2 and JNK-1/2 and

expression of Pri-miR-146a was activated by NFκβ, which was a novel observation in

regulation of miRNA biogenesis. miR-146a negatively regulated IL-6 and IL-8 release in

human airway smooth muscle cells in culture, and this was confirmed using miR-146a

mimics at concentrations that achieved 3000-fold more miR-146a compared to the 20–50

fold increase that was observed with IL-1β stimulation (72). The investigators attributed this

effect on secretion to be a false positive that occurred due to “supra-maximal levels” of

miR-146a. Both the miR-146a inhibitor and the nonsilencing control inhibitor caused a

decrease in IL-6 secretion at high concentrations, which the authors dismissed as non-

specific disruption of miRNA silencing. This interpretation is supported by a previous report
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showing concentration- and time-dependent saturation of RISC complexes occur when

exogenous small RNAs are transfected into cells (73). Also, the false positive effect on

secretion was not due to the down regulation of interleukin-1 receptor-associated kinase 1

(IRAK-1) and TNF receptor-associated factor 6 (TRAF-6) expression by miR-146a. All of

these findings led to the conclusion that the mechanism of miR-146a function is cell-type

dependent. The study also illustrates an important limitation of gain-of-function studies

using high concentrations of siRNA or miRNA mimics.

Mechanotransduction Signaling in Airway Smooth Muscle

Because smooth muscle cells are mechanosensitive cells it is reasonable to predict

expression and function of miRNAs in these cells might respond to mechanical signals and

modify cell and tissue mechanics. In a survey of human airway smooth muscle cells a small

number of miRNAs were found to be mechanosensitive (37). Cyclic stretch of cultured

human airway smooth muscle cells identified miR-16, miR-26a, and miR-140 as

mechanosensitive molecules. These three miRNA were investigated further as possible

contributors to stretch-induced hypertrophy and hyperplasia in airway smooth muscle. Only

miR-26a was identified as contributing to hypertrophy and none of the miRNAs contributed

to hyperplasia. Stretch was found to directly increase miR-26a expression through the

transcription factor, CCAAT enhancer-binding protein α(C/EBPα). miR-26a silenced the

expression of glycogen synthase kinse-3β (GSK-3β), which can promote both inflammation

and hypertrophy by pleiotropic effects on substrates that regulate metabolism, structural

proteins and transcription. Overexpression of pre-miR-26a induced hypertrophy independent

of stretch. Antagonism of miR-26a with antagomirs or knockdown of C/EBPα with siRNA

prevented the development of stretch induced hypertrophy (37). Overexpression of miR-26a

was also sufficient to increase the expression of α-actin, SM22, and myosin II heavy chain,

but this effect could be an indirect result of a global increase in translation. This pioneering

study is the first to our knowledge that investigates stretch-mediated activation of miRNA

expression in smooth muscle and it clearly demonstrates the link between stretch, miRNAs

and hypertrophy in a mechanically active tissue. It does raise an interesting question of cell-

type or culture-condition dependence of the action of miR-26a, which as discussed above

has anti-differentiation effects in vascular smooth muscle (36) (see Table 1). It will be

important to test for mechanosensitivity of miR-26a in vascular and visceral smooth muscles

to test for tissue-dependent differences in miRNA function.

Expression Surveys in Visceral and Urogenital Smooth Muscles

Several recent surveys of miRNA expression in nonvascular smooth muscle cells suggest

miRs that are functionally significant in vascular smooth muscles are also necessary for

normal development and function in visceral smooth muscles. In gastrointestinal smooth

muscles a Dicer knockout mouse model demonstrated that, as during vascular development

(13), proper synthesis of miRNA is required for normal intestinal smooth muscle

development (14). A deep sequencing analysis of miRNAs expressed in differentiated

intestinal smooth muscle compared to a smooth muscle cell line (PAC1) revealed many of

the same critical miRNAs described above in vascular and airway smooth muscle phenotype

determination e.g., miR-1, miR-133a, miR-24, miR-26a and the miR-143~145 cluster. Park

et al. (14) described a novel role of miR-199a and miR-214 in promoting smooth muscle
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proliferation that has not yet been reported in other smooth muscles. This may be due to a

unique role for these miRNAs in intestinal smooth muscle phenotype.

Uterine smooth muscle is a highly dynamic muscle that remodels dramatically during

gestation, immediately prior to partuition and post-delivery. It is not surprising that dynamic

changes in miRNA expression would occur in uterine smooth muscle cells and tissues in

response to changes in hormone status. Estrogen reduces expression of miR-21 in

myometrial cells (74), which may reduce proliferation and enhance survival by silencing

PTEN and upregulating BCL2 (15), or it may modulate contractile protein expression by

silencing PDCD4, a transcriptional co-regulator of SRF gene expression (33). These

competing possibilities, which have profoundly different functional outcomes, point out the

challenge of defining the functional significance of individual miRNAs in a dynamically

remodeling tissue like the uterus. Significantly more functional analysis of miRNAs in

intestinal and uterine smooth muscles is required before a clear set of principles or tissue-

restricted patterns of regulation will become apparent. The results of such studies will be

important for translational research in organ and tissue-selective RNAi therapies of intestinal

and uterine motility disorders and leiomyomas arising in these organs.

Conclusion and Future Directions

Conducting miRNA expression surveys in disease models involving remodeling of smooth

muscles is an approach that has yielded important insights into disease mechanisms

(summarized in Table 1). It has also identified some novel targets for future drug therapy.

Several conserved miRNAs and functions have been described in smooth muscles that were

previously described in the cancer literature–for example miR-21 and miR-221/222 in

proliferation and cell survival. Other miRNAs are expressed in striated and smooth muscles

and have important effects on muscle cell differentiation (eg. miR-1 and miR-133a). In

contrast, the anti-inflammatory miR-146a appears to not have the same profound silencing

effect on Toll receptor signaling that has in immune cells and airway epithelial cells. Some

miRNAs appear to have special significance in smooth muscle and some novel insights into

differentiation mechanisms were driven by investigations of vascular and airway remodeling

in disease models and in humans. The central role of the miR-143~145 cluster in smooth

muscle development and differentiation is a good example, as is the role of miR-25 in

control of contractile protein expression in airway smooth muscle. There is need for further

investigation of how smooth-muscle regulating miRNAs can control a set of highly smooth-

muscle restricted genes and yet in other settings act as tumor suppressors and regulators of

pluripotency.

Several important questions arise from the current state of understanding of miRNAs in

smooth muscles. Do smooth muscle cells possess a particular set of epigenetic conditions or

factors such as DNA methylation patterns in promoters or histone modifications that prime

them to respond to expression of the miR-143~145 cluster in the characteristic manner of

differentiated smooth muscles? Would additional measurements of miRNA expression and

miRNA processing during development and disease pathogenesis in more smooth muscle

tissues identify new candidate molecules for inhibiting pathological smooth muscle

remodeling? Would RNA mimics or antagonists be effective in vivo? To answer the latter
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question novel delivery methods of RNA-based drugs in humans would need to be

developed.

In principle RNAi, either antisense oligonucleotides or modified miRNA, is effective

“therapy” in animal models and is on the verge of use in humans. One of the earliest

examples of RNAi therapy was intranasal delivery of antisense oligonucleotides against a

viral protein to the lungs of mice inhibited respiratory virus replication (75, 76). RNAi

therapy can be scaled up to primates as shown by use of locked nucleic acid modified

miR-122 administered intravenous to green monkeys to inhibit cholesterol synthesis (77).

Recently RNAi therapies targeting smooth muscle remodeling have been found to be

effective in several diseases. Pulmonary hypertension and asthma in animal models are both

responsive to lung-restricted delivery of RNAi drugs that rescue (56), or antagonize (68)

miRNAs altered by the disease. There is also hope that atherosclerotic plaque stability might

be susceptible to manipulation via systemic delivery of RNAi-based drugs (31, 58, 78).

Although there are still major issues of drug delivery, metabolism and bioavailability to be

addressed, defining the function of specific miRNAs in smooth muscle cell phenotypes is an

important first step towards identifying novel targets and developing novel treatments to

inhibit pathological smooth muscle remodeling.
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Figure 1. Biogenesis of micro RNA and Mechanism of Gene Silencing by micro RNA
The outline of cell showing the transcription of primary micro RNA (Pri-miRNA) from

miRNA gene by RNA polymerase II (Pol II), and its processing by Drosha (nuclear RNase

III) in the nucleus. The Pri-miRNA is then exported to the cytoplasm by exportin via nuclear

pore. In cytoplasm, Pri-miRNA is further processed by RNase activity of Dicer to mature

micro RNA duplex. The duplex loads onto Ago in the RISC complex and separates. One of

the mature miRNA strands (red strand) mediates small interfering RNA silencing by

degrading the target mRNA or interfering with translational process. The outcome of RISC

formation varies with the degree of complementarity of miRNA at 3’ untranslated regions

(UTR) of the target mRNA.
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Figure 2. KLF4 and Myocardin Dependent Regulation of Smooth Muscle Contractile Gene
Expression
The signaling pathways illustrate miR-1, miR-25, miR-133a, miR-146a and miR-145

modulation of KLF and Myocardin dependent regulation of contractile gene expression. Red

lines indicate silencing of protein expression or inhibition of miRNA expression by pathway

components. Green arrows indicate activation or upregulation of the pathway component.

Joshi et al. Page 20

Mol Cell Pharmacol. Author manuscript; available in PMC 2014 October 09.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3. MiRNAs Regulating Smooth Muscle Phenotype via SRF-dependent Gene Expression
The signaling pathways illustrate validated targets of miRNAs and miRNA families that

control smooth muscle-restricted gene expression by serum response factor (SRF) and its

co-regulators myocardin (Myocd), KLF4, KLF5 and Elk-1. See Table 1 for supporting

references. Red lines indicate silencing of protein expression or inhibition of miRNA

expression by pathway components. Green arrows indicate activation or upregulation of the

pathway component. Black arrows illustrate known protein-protein interactions in the core

SRF-dependent regulation of smooth muscle restricted gene expression program.
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Figure 4. Pro-Inflammatory Signaling Pathway
The schematic shows common upstream signaling mediators and the major signaling

pathways transducing pro-inflammatory signals in smooth muscles Conserved kinase

cascades (JAK/Stat, NFκβ, ERK1/2, p38MAPK, and JNK1/2) have been described in all

smooth muscles that regulate pro-inflammatory as well as miRNA gene expression. Some

important pro-inflammatory gene products are listed as autocrine and paracrine mediators of

vascular and airway inflammation and remodeling.
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Table 2

Micro RNAs Regulating Smooth Muscle Cell Fate

miRNA regulating SMC cell cycle

Proliferation Apoptosis/Survival Migration/Cytoskeletal

  miR-1 miR-146a   miR-21   miR-143~145

  miR-21 miR-204

  miR-26a miR-221

  miR-133a

miRNA regulating SMC phenotype

Contractile Synthetic Differentiation

  miR-1   miR-24   miR-10a

  miR-25   miR-25   miR-143~145

  miR-133a   miR-26a   miR-155

  miR-145

Mol Cell Pharmacol. Author manuscript; available in PMC 2014 October 09.


