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ABSTRACT 

 

Mechanisms by which differentiated, contractile smooth muscle cells become 

proliferative and secretory is one way airway smooth muscle (ASM) cells respond to 

mechanical and environmental stress and contributes to inflammatory responses in the 

lung that result in airway disease. Regulation by microRNAs (miRNAs) has emerged as 

an important post-transcriptional mechanism regulating gene expression that may 

modulate ASM phenotype but little is known about the expression and functions of 

miRNA in smooth muscle.  The overall hypothesis of this thesis is that ASM expresses a 

specific miRNA signature and the miRNA contained within participates in the regulation 

of smooth muscle phenotype.  In order to study miRNA expressed in ASM, a survey was 

conducted using miRNA arrays consisting of all 385 known human and mouse miRNAs 

at the time of the experiment.  We consistently detected 22 miRNA in 4 different human 

ASM tissue samples.  Further experiments were performed to determine miRNA 

expressed in cultured human ASM cells and how these might be altered by a pro-

inflammatory stimulus relevant to inflammatory airway disease.  In ASM cells exposed 

to IL-1ɓ, TNFŬ, and IFNɔ, we found 11 miRNA significantly down-regulated and further 

verified decreased expression of miR-25, miR-140*, mir-188 and miR-320 by 

quantitative PCR.  Further analysis of miR-25 expression indicates that it has a broad role 

in regulating ASM phenotype by modulating expression of inflammatory mediators such 

as RANTES, eotaxin and TNFŬ; genes involved in extracellular matrix turnover; and 

contractile proteins, most notably myosin heavy chain. miRNA binding algorithms 

predict that miR-25 targets Krüppel-like factor 4 (KLF4), a potent inhibitor of smooth 
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muscle specific gene expression and mediator of inflammation in vascular smooth muscle 

cells. Experiments were designed to test and support the hypothesis that the inhibition of 

miR-25 in cytokine-stimulated ASM cells up-regulates KLF4.  Further experiments were 

performed to test targeting of the KLF4 3ô-untranslated region (UTR) by miR-25.  

Luciferase assay experiments were designed in which the two predicted miR-25 binding 

sites were mutated.  Decreased expression of luciferase from site 1, site 2, and to a 

greater degree double mutant support the binding of miR-25 to these sites.  Functional 

assays were also performed in miR-25 and KLF4 overexpressing ASM cells.  miR-25 

overexpressing cells showed a decrease in proliferation and increase in contractile protein 

expression.  Collectively, this data provides novel evidence that miR-25 targets KLF4 in 

ASM cells and proposes that miR-25 is an important mediator of ASM phenotype.  In 

addition we decided to look at another possible transcription factor/miRNA relationship. 

T-bet is a transcription factor shown to play a role in Th1/Th2 phenotype determination 

in T-cells which shifts T cells to the Th1 type.  A role for T-bet control of miRNA and 

the significance of this role in Th1/Th2 differentiation was explored. 
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INTRODUCTION  

 The central dogma of molecular biology was first enunciated in 1958 by Francis 

Crick and re-stated in a Nature paper in 1970 (Crick, 1970; Crick, 1958).  The dogma is 

the framework for understanding how deoxyribonucleic acid (DNA) replicates to pass on 

the genetic information stored in the nucleotide sequence, is transcribed into messenger 

ribonucleic acid (RNA) and finally is translated into proteins to determine functions 

within the cell.  This central dogma is taught to freshman biology and in every other 

subsequent class that deals with the subject.  A previously unappreciated mechanism of 

gene regulation has been uncovered over the last decade necessitating a modification of 

this DNA to RNA to protein paradigm.  This mechanism is miRNA regulation (Figure 1).  

 

DNA 

                                              Ƹ 

                          miRNA     RNA 

Ƹ 

Protein 

 
Figure 1.  Modified central dogma of molecular biology 

 

 

 The objective of this dissertation is to examine the expression and role of miRNA 

in airway smooth muscle (ASM).  Chapter 1 determines the miRNA expression pattern in 

ASM and studies the effect of an inflammatory stimulus on ASM cell miRNA 

expression.  Chapter 2 focuses on the effect of one miRNA, miR-25, on airway smooth 

muscle phenotype.  Chapter 3 illustrates one of the molecular mechanisms for miR-25 

regulation of smooth muscle phenotype through its inhibition of Kruppel-like factor 4 
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(KLF4), a powerful transcription factor.  Chapter 4 examines how the T-cell transcription 

factor, T-bet, controls miRNA expression in ASM cells.  Accordingly, this introduction 

will provide broad discussions regarding what is know about miRNA discovery and 

function, miRNA and smooth muscle, and miRNA as it relates to development and 

disease in the lung. 

 

 

Discovery and Function of miRNA 

The first miRNA (lin-4) found in C. elegans was described in 1993 by Lee and 

colleagues in the Victor Ambros lab (Lee et al., 1993).  This lab showed that lin-4 

negatively regulated the expression of lin-14 protein.  They also illustrated that lin-4 was 

not an expressed protein and that lin-14 had complimentary sequence in its 3ó UTR to lin-

4.  They suggested this inhibition was through an óRNA-RNA interactionô.  For seven 

years the importance of this finding was underestimated, then with the discovery of the 

highly conserved let-7 small RNA the field took off (Reinhart et al., 2000). Reinhart and 

colleagues studied the model organism C. elegans and reported evidence supporting the 

idea that let-7 and lin-4 regulated developmental timing by binding to and repressing the 

expression of developmental regulatory proteins (Reinhart et al., 2000). Since this time 

thousands of miRNA have been identified.  The rapid rate of miRNA gene discovery led 

to two basic needs.  One, a means of uniformly naming miRNA, to avoid confusion and 

inadvertent overlap of nomenclature and two, an up-to-date and comprehensive 

repository for published miRNA sequences and annotation which would allow the rapid 

development of computational approaches for the prediction of miRNA genes and 

targets.  For this reason the miRBase online database was created in 2003 originally 
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called Rfam (Ambros et al., 2003).   As of September 2009 there are 10,833 miRNA 

entered into the miRBase registry including 851 human miRNA, many of which are 

conserved in other organisms (Griffiths-Jones, 2004; Griffiths-Jones et al., 2008).  Each 

of these miRNA are predicted to interact with more than 100 target mRNA (Bartel, 

2009). 

 miRNAs are small, non-coding RNAs that are regulators of many cellular events, 

including the balance between proliferation and differentiation during tumorigenesis and 

organ development (Kloosterman et al., 2007; Calin and Croce, 2006; Zhao and 

Srivastava, 2007).  miRNA sequences can be found in introns, exons, and non-coding 

regions and can be transcribed in either direction.  They can have individual promoters, 

or can be transcribed as óclustersô with a common promoter.  They are initially 

transcribed by RNA polymerase II as long primary transcripts.  Next, miRNA undergo 

sequential processing by the RNAse III-like enzymes Drosha and Dicer (Bartel, 2004).  

Originally it was believed that the thermodynamically less stable miRNA of the Dicer 

processed hairpin was selected by the cell and the other strand was degraded.  It has since 

been reported that both miRNA strands can function to inhibit gene expression depending 

on physiologic conditions.  This supports the idea that novel mechanisms are involved in 

the tissue-dependent miRNA biogenesis and target selection process (Ro et al., 2007).  

Mature miRNAs (21-23 nt) bind to complimentary binding sites in the 3ôUTR of target 

mRNA.  This binding of nucleotide 2-8 called the óseed sequenceô has the strongest 

binding power and is thus given the most weight in binding algorithms (Lee and Ambros, 

2001).   
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miRNA function in the form of ribonucleoprotein complexes, miRNPs.  

Argonaute (AGO) proteins are the most important and best characterized proteins within 

this complex.  GW182 proteins are another group of proteins in the miRNP crucial for 

miRNA-induced repression.  Both AGO and GW182 proteins repress protein synthesis 

when artificially tethered to the mRNA 3ô UTR (Pillai et al., 2004; Rehwinkel et al., 

2005; Behm-Ansmant et al., 2006).  This supports the notion that miRNP proteins 

function as effectors of repression, while miRNAs function as guides identifying mRNA 

targets.  miRNP components including miRNAs, AGO proteins, and GW182 proteins 

have been found enriched in processing bodies (P-bodies) along with repressed mRNAs.  

P-bodies, also known as GW bodies, are cytoplasmic structures involved with the 

degradation and storage of translationally repressed mRNAs (Liu et al., 2005a; Liu et al., 

2005b; Sen and Blau, 2005; Jakymiw et al., 2005). 

Most miRNAs regulate protein expression by translational repression, but some 

function by degrading mRNA (Lim et al., 2005; Baek et al., 2008; Selbach et al., 2008).  

While there is considerable agreement about how miRNAs bring about mRNA 

degradation by deadenylation, there is not a clear consensus as to miRNAôs molecular 

mechanism of action in translational inhibition.  Some experiments point to initiation of 

translation as a target of repression, but evidence also exist that miRNA inhibition occurs 

at various postinitiation steps (Eulalio et al., 2008; Filipowicz et al., 2008).  Ongoing and 

future experiments have been designed to determine if this discrepancy is an artifact of 

different experimental procedures or if there are in fact different mechanisms by which 

miRNA can repress protein synthesis.  Recently it has been reported that some miRNAs 

might activate mRNA translation under certain cellular conditions.  For example, let-7 
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was shown to induce translational up-regulation of target mRNAs on cell cycle arrest, but 

represses translation in proliferating cells.  The authors of this study proposed that 

translational regulation by miRNAs oscillates between repression and activation during 

the cell cycle (Vasudevan et al., 2007). 

 

Role of miRNA in homeostasis and disease 

Animals without miRNA cannot live or reproduce (Bernstien et al 2003, 

Ketting 2001, Wienholds 2003).  Mechanisms behind this observation are many. For 

example, miRNAs are regulators of developmental timing.  They are also involved in 

signaling pathways, apoptosis and metabolism, myogenesis and cardiogenesis, brain 

functioning, cancer, and viral infections.  Some key early discoveries of miRNA include  

illustrating a role for lin-4 in regulating life span (Boehm and Slack, 2006; Boehm and 

Slack, 2005).  Studies in Drosophila have also shown that Notch-targeted genes are 

regulated by conserved motifs (Lai et al., 2005) and photoreceptor differentiation in the 

Drosophila eye is mediated by miR-7 (Li and Carthew, 2005).  Further work has 

determined that miR-14 functions as a cell death suppressor (Xu et al., 2003).  miR-375 is 

expressed in the pancreatic islets and suppresses glucose-induced insulin secretion (Poy 

et al., 2004; Aboobaker et al., 2005).  These early miRNA studies point to the varying 

and powerful role miRNA play in homeostasis.  

The importance of miRNA to tissue specific functions is illustrated by the role of 

miR-1 in myogenesis. miR-1 is conserved from worms to mammals.  It is highly 

expressed in the muscles of flies and the muscles and heart of mice (Aboobaker et al., 

2005; Zhao et al., 2005).  In the mouse, muscle specific regulators such as serum 
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response factor, MyoD, and Mef2 direct miR-1 so that miR-1 targets Hand2 (Zhao et al., 

2005).  miR-1 promotes myogenesis in cell culture by targeting histone deacytylase 4 

(HDAC4), a transcriptional repressor of muscle differentiation and overexpression of 

miR-1 results in developmental arrest, thin-walled ventricles, and heart failure due to 

premature differentiation and proliferation defects of myoctyes.  miR-1 localizes in a 

genomic cluster with miR-133.  Of particular interest is the fact that these two miRNA 

differ in seed sequence and have opposing functions.  miR-133 inhibits muscle 

differentiation and promotes proliferation (Chen et al., 2006).  miR-181 inhibits the 

expression of Hox-A11, which is a repressor of muscle differentiation, this provides 

evidence that miR-181 is involved in establishing a cellular phenotype (Naguibneva et 

al., 2006).    

Targeting of miRNA has the potential to lead to the development of new therapies 

for a variety of diseases. One of the earliest uses of silencing of miRNA expression as a 

means of therapy involved the inhibition of endogenous miRNA expression.  This study 

demonstrated that blocking miR-122 expression with miRNA inhibiting agents termed 

óantigomirsô lowered plasma cholesterol measurements in mice (Krutzfeldt and Stoffel, 

2006).  This work was expanded on by another group, which published a paper three 

years later using locked-nucleic-acid-modified oligonucleotides (LNA-antimiR) to 

antagonize miR-122 expression in African-green monkeys.  This inhibition of miR-122 

led to a long-lasting and reversible decrease in total plasma cholesterol without any 

evidence of toxicity or histopathologic changes in these primates (Elmen et al., 2008).  

Two more relevant papers include Chiba et al. 2009 that demonstrates miR-133 

downregulation contributes to upregulation of RhoA in bronchial smooth muscle cells 
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and Nakasa et al. 2009 which demonstrated that injection of injured rat muscle with miR-

133, miR-1, and miR-206 accelerated muscle regeneration (Chiba et al., 2009; Nakasa et 

al., 2009).  Finally, a discussion of miRNA therapy would not be complete without 

mention of recent work in which injection of one dose of miR-26a into the tail vein of a 

mouse liver cancer model significantly lowered tumor burden (Kota et al., 2009).   

 

miRNA expression in the lung 

In the lung, miRNA expression has been examined in tumors and under 

inflammatory conditions.  Lung cancer is the most prevalent cancer worldwide and lacks 

effective therapies.  Many recent studies have shown that let-7 acts as a tumor suppressor 

gene in the lung by targeting the K-ras oncogene (Kumar et al., 2008; Johnson et al., 

2007).  A very interesting recent study using both in vivo and in vitro studies shows that 

let-7 directly represses tumor growth in the lung.  In this study, an intranasal let-7 

administration was shown to reduce tumor formation in vivo in an established mouse lung 

cancer model (Esquela-Kerscher et al., 2008).  Another recent paper examined miRNA 

signature in lung cancer patients which was used to predict survival and relapse (Yu et 

al., 2008b).  Inflammatory stimulation of lung alveolar epithelial cells results in rapid 

changes in miR-146a expression and down-regulation of IL-1ɓ induced Il-8 and 

RANTES release (Perry et al., 2008).  These effects were observed only at high 

concentrations of IL-1ɓ, suggesting that rapid changes in miR-146a may negatively 

regulate severe inflammation.  Exposure to LPS in vivo causes rapid changes in the 

mouse lung expression of multiple miRNAs that correlate with reduction of inflammatory  

mediators, including TNFŬ and macrophage inflammatory protein, (MIP)-2 (Moschos et 
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al., 2007).  miRNA biding sites have been identified in the asthma-susceptibility marker 

HLA-G where the 3ô UTR contains sites for miR-148a, miR-148b, and miR-152 (Tan et 

al., 2007).  Disruption of miRNA expression in human airway cells by diesel exhaust 

particles has been linked to tumorigenesis-associated pathways (Jardim et al., 2009).  

Antagonism of miR-126 suppresses the effector function of Th2 cells and the 

development of allergic airway diseases (Mattes et al., 2009).  Analysis of miRNA 

expression in epithelial cells, ASM cells, macrophages and lung fibroblasts has recently 

documented a miRNA expression profile specific to individual cell types.  However, a 

comparison of miRNA expression in lung biopsies from mild asthmatics did not reveal 

any changes in miRNA and short term treatment with the corticosteroid budesonide in 

these same patients also did not significantly alter miRNA expression (Williams et al., 

2009).  An analysis of asthmatic patients with more severe phenotype or a longer 

duration of treatment may yield different results.  Taken together these studies 

demonstrate that miRNA are important in a variety of lung functions and play a role in 

airway disease 

 

Normal physiologic functions of smooth muscle 

 Smooth muscle cells are the structural cells found in the walls of the stomach, 

intestines, myometrium, bronchi, and blood vessels.  The primary function of smooth 

muscle is to contract, thereby altering the stiffness and diameter of the hollow or tubular 

organs.  They do not contain sarcomeres, are spindle-shaped, and are controlled by the 

autonomic nervous system, in contrast to skeletal muscle which is controlled by the 

somatic nervous system.  The surface of smooth muscle contains invaginations called 
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caveolae.  These caveolae contain a host of receptors (prostacyclin, endothelin, serotonin, 

muscarinic receptors, adrenergic receptors), second messenger generators (adenylate 

cyclase, phospholipase C), G proteins (Rho GŬ), kinases (Rho kinase, protein kinase C, 

protein kinase A) ion channels (L type calcium channels, ATP sensitive potassium 

channels, calcium sensitive potassium channels).  Smooth muscle contains actin and 

myosin, but it does not have the regulatory protein troponin found in cardiac and skeletal 

muscle.  Instead, calmodulin takes on the regulatory role in smooth muscle in which 

calcium binds to calmodulin and activates myosin light chain kinase.  In smooth muscle 

the ratio of actin to myosin varies depending on type of smooth muscle where as in 

skeletal muscle it is 6:1.  Also, the arrangement of smooth muscle is not organized into 

distinct sarcomeres as other muscle types, but they are highly organized and well suited 

for their role in maintaining tonic contractions and reducing lumen diameter.  This 

organization is maintained by adherens junctions that hold individual smooth muscle 

cells together in the proper order within their respective tissues and mechanically couples 

the cells.  Gap junctions couple adjacent cells chemically and electrically, facilitating the 

spread of chemical or action potentials between smooth muscles (Guyton A.C. and Hall 

J.E., 1996). 

 Contraction of smooth muscle can be the result of mechanical, electrical, and 

chemical stimuli.  Passive stretching of smooth muscle can cause contraction originating 

from the smooth muscle itself.  Norepinephrine, angiotensin II, vasopressin, endothelin-1, 

histamine, acetylcholine, and thromboxane can elicit contraction.  This is initiated by an 

influx of calcium that binds calmodulin.  This calcium-calmodulin complex then binds to 

and activates myosin-light chain kinase.  Myosin-light chain kinase phosphorylates 
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myosin light chain, causing them to interact with actin filaments resulting in contraction.  

Relaxation of smooth muscle occurs upon decreased intracellular calcium concentration 

and increased myosin-light chain phosphatase activity, which removes the phosphate 

from myosin and thus inhibits the actin-myosin II interaction.  The dynamic process of 

relaxation and contraction of smooth muscle regulates movement of food, waste, air and 

blood through the body (Webb, 2003). 

 

miRNA and smooth muscle 

 At the onset of this dissertation very little was known about the relationship of 

miRNA and smooth muscle.  Ji et al. 2007 published a paper which demonstrated the role 

of miR-21 in regulation of vascular smooth muscle phenotype (Ji et al., 2007).  This was 

the first time miRNA was shown to be involved with the regulation of smooth muscle 

phenotype.  In this study miR-21 was shown to be aberrantly overexpressed after balloon 

injury.  Additionally, the knock-down of this miRNA negatively affected neointimal 

formation.  This led to the conclusion that miRNA are an exciting new target for 

proliferative vascular diseases such as atherosclerosis, postangioplasty restenosis, 

transplantation arteriopathy, and stroke (Ji et al., 2007).  Through much effort and some 

luck, our lab was the first to publish a paper showing a relationship between miRNA and 

airway smooth muscle phenotype in June 2009.  A month later, two papers came out, one 

in Science and the other in Genes and Development further demonstrated the importance 

of miRNA expression to smooth muscle phenotype.  Our paper demonstrates that miR-25 

regulates smooth muscle phenotype in the airway, which is discussed in detail herein.  

These later papers show a similar relationship for miR-145 and miR-143 in the 
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vasculature (Cordes et al., 2009; Xin et al., 2009).  Cordes et al., demonstrated that miR-

143 and miR-145 directly target the network of transcription factors that are important in 

SM-specific gene expression including serum-response factor, myocardin , and KLF4.  In 

this study, inhibition of miR-143 stimulated proliferation of vascular smooth muscle cells 

(VSMC), while expression of miR-145 decreased proliferation.  Also, this study found 

that altering expression of miR-145 further modulated expression of contractile proteins 

such as sm-Ŭ-actin, myosin heavy chain (MHC), and calponin.  In the other miRNA 

regulation of smooth muscle phenotype study, Xin et al. demonstrated that mice deficient 

in miR-143 and miR-145 display reduced neointima formation in response to injury (Xin 

et al., 2009).  Recently, another miRNA regulation of smooth muscle paper reported that 

IL-13 dependent upregulation of RhoA is regulated by miR133a in the airway (Chiba et 

al., 2009).  These papers represent the growing in interest in miRNA regulation of 

smooth muscle phenotype.   

 

miR-25   

 Many of the known miRNAs are encoded in polycistronic transcripts.  miR-25 is 

no exception.  It is part of the miR-106b-25 cluster which contains miR-106b, miR-93, 

and miR-25 located at chromosome 7q22.1.  Significantly, this cluster is one of several 

miR-17 cluster homologs (Figure 2).  
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Figure 2. miRNA gene clusters.  The miR-17-92 miRNA gene cluster is located at 

chromosome 13q31.3.  The miR-17-92 cluster has homologous clusters on the X 

chromosome and chromosome 7. 

 

 The history of the cluster is governed by an initial phase of local (tandem) duplications, a 

series of duplications of entire clusters and subsequent loss of individual miRNAs 

resulting in paralogous clusters.  The complex history of the miR-17 microRNA family 

appears to be closely linked to the early evolution of the vertebrate lineage (Tanzer and 

Stadler, 2004). 

miR-17-92 is the most extensively studied cluster.  Much data supports a role for 

the miR-17-92 cluster in promoting tumorigenesis, but there is also evidence showing 

this cluster has anti-tumorigenic effects also.  Some of this evidence includes a recent 

genome-wide analysis of copy number alterations in cancer which revealed that the miR-

17-92 cluster was deleted in 16.5% of ovarian cancers, 21.9% of breast cancers, and 20% 

of melanomas (Zhang et al., 2006).  Consistent with these observations, introduction of 

    miR-25 
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miR-17 into breast cancer cell lines reduced proliferation of the cancer cells (Hossain et 

al., 2006).  Two recent papers are also evidence of this anti-tumorigenic effect of the 

miR-17-92 cluster.  One, when one miRNA was specifically studied, miR-17, this 

miRNA was found to retard tissue growth and repress fibronectin expression (Shan et al., 

2009).  Two, miRNA-17-3p is decreased in high grade prostate tumors and found to be a 

tumor suppressor (Zhang et al., 2009).  Collectively, this data supports an anti-

tumorigenic for the cluster and seems to contradict the data for a pro-tumorigenic effect 

of which there is plenty (not reported here).  This supports the idea that this cluster 

exhibits both pro- and anti-tumorigenic effects which may be dictated by which targets 

are expressed in a given setting.  To date there has been limited study of the 106b-25 

cluster and to this authorôs knowledge there has been no study of miR-25 specifically. 

 

Phenotypic switching and role in disease 

It has been established that smooth muscle (SM) cells undergo reversible 

switching between a contractile phenotype and a more immature proliferative, synthetic 

or secretory phenotype (Halayko and Solway, 2001).  Chronic inflammatory events are 

mediators of these processes (Halayko and Amrani, 2003; Hirst et al., 2000b).  In 

vascular smooth muscle phenotypically unique subpopulations of smooth muscle cells 

have been shown to contribute to injury-induced vascular remodeling (Stenmark and 

Frid, 1998).  In vascular diseases such as atherosclerosis there is marked alterations in the 

differentiated state of smooth muscle (Owens, 1995).  Also, after balloon catheter injury 

during neointima formation in rat vascular wound repair an immature, proliferating ópupô 

type of smooth muscle reappears (Majesky and Schwartz, 1990).  Recently, evidence has 
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been published which illustrates that cell proliferation is not necessary for granulocyte 

macrophage-colony stimulating factor (GM-CSF) production, although cytokine 

secreting cells are more likely to be actively proliferating (Sukkar et al., 2004).  

Acquisition of a synthetic phenotype is characterized by abundant organelles, lipids and 

mitochondria with diminished expression of contractile proteins and increased 

proliferative capacity (Halayko et al., 2008). Maturation to a contractile phenotype is 

marked by an abundance of contractile proteins including SM-Ŭ-actin and ɔ-actin, SM-

myosin heavy chain, calponin, h-caldesmon, SM22, desmin, and smoothelin (Halayko 

and Solway, 2001).  This is coupled with an increased number of caveolae and their 

associated caveolin proteins (Halayko et al., 2008) and increased responsiveness to 

contractile agonists. The presence of growth factors, contractile agonists and extracellular 

matrix proteins regulates SM phenotype, which can be easily manipulated in culture.  A 

contractile phenotype is supported by the presence of TGFɓ, insulin and laminin, whereas 

a proliferative phenotype is favored upon exposure to platelet-derived growth factor 

(PDGF), serum and fibronectin (Dekkers et al., 2007; Hirst et al., 2000a; Schaafsma et 

al., 2007; Tran et al., 2006).  This phenotypic regulation of smooth muscle is the result of 

the induction and/or silencing of phenotype-specific genes through transcriptional and 

post-transcriptional mechanisms. 
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Hypothesis 

 

Mechanisms by which differentiated, contractile smooth muscle cells undergo 

óphenotypic switchingô and become proliferative and secretory is one way airway smooth 

muscle (ASM) cells respond to mechanical and environmental stress and contributes to 

inflammatory responses in the lung that result in airway disease.  Regulation by 

microRNAs (miRNAs) has emerged as an important post-transcriptional mechanism 

regulating gene expression that may modulate ASM phenotype but little is known about 

the expression and functions of miRNA in smooth muscle.  The overall hypothesis of this 

thesis is that ASM expresses a specific miRNA signature and the miRNA contained 

within participates in the regulation of smooth muscle phenotype. 

 

 

 
 

 

Figure 3. Molecular mechanism hypothesized for role of miR-25 in smooth muscle 

fate. 
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RESEARCH AIMS  

 

 

AIM 1:  miRNA expression in ASM 

1. What miRNA are expressed in hASM tissue? 

2. How does an inflammatory stimulus effect miRNA expression? 

3.   What are the differences seen in miRNA expressed in hASMCs treated with  

       inflammatory stimuli? 

4. What are the similarities and differences in miRNA expressed in tissue vs. cells?  

 

AIM 2: Role of miR-25 on ASM phenotype 

1. How does miR-25 effect contractile protein expression? 

2. How does miR-25 effect extracellular protein expression? 

3. How does miR-25 effect inflammatory mediators? 

4. How does miR-25 effect proliferation? 

 

AIM 3 : miR-25 targets KLF4 

1. Does miR-25 inhibit expression of KLF4?  

      2.   How does KLF4 affect smooth muscle proliferation? 

      3.   Does miR-25 bind KLF4? 

      4.   Does miR-25 bind KLF4 at the predicted binding sites? 

 

AIM 4: Role of T-bet on miRNA expression and airway smooth muscle phenotype 

     1.  How does T-bet effect global miRNA expression? 
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     2. What is the effect of IFNɔ in the context of T-bet on miRNA expression? 

     3. What effect does T-bet and T-bet in context with miR-25 have on eotaxin? 

     3.  What is the relationship between T-bet, extracellular matrix expression and      

          miRNA? 

     4.  What role does T-bet and miRNA have on contractile protein expression? 
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CHAPTER 1 

miRNA EXPRESSION IN AIRWAY SMOOTH MUSCLE (ASM)  

 

 

 

 

 

 

 

 

 

 

 

 



19 

 

INTRODUCTION  

 Over the last several years it has become apparent that each tissue type has a 

miRNA signature.  At the onset of this project nothing was known about miRNA 

expression in airway smooth muscle (ASM) tissue.  Since that time, a few studies have 

been completed, including ours, which determined this expression pattern.  As of today, a 

PubMed search of miRNA AND airway yields 14 papers.  Some of the more compelling 

include the following publications. Lu et al. 2009 demonstrate that miR-21 is up-

regulated in allergic airway inflammation and regulates Il-12p35 expression (Lu et al., 

2009).  Schembri et al 2009 illustrates microRNAs are modulators of smoking-induced 

gene expression in human airway epithelium (Schembri et al., 2009).  Moschos et al. 

2007 show rapid changes in lung miRNA levels following lipopolysaccharide-induced 

inflammation but not in the anti-inflammatory action of glucocorticoids (Moschos et al., 

2007). Williams et al. 2009 published a paper profiling miRNA expression in mild 

asthmatics and the effect of corticosteroid treatment on this expression.  In their study, no 

change was found in miRNAs expressed in the airway biopsies of normal vs. mild 

asthmatics or following one month of treatment with the corticosteroid, budesonide 

(Williams 2009).  Interestingly, their analysis of bronchial and alveolar epithelial cells, 

ASM cells, alveolar macrophages, and lung fibroblasts demonstrated a miRNA 

expression profile that was specific to individual cell types which demonstrated a 

complex cellular heterogeneity even within whole tissue samples.  The most recent paper 

regarding miRNA and airway is a paper by Mattes et al. which demonstrates that miR-

126 suppresses the effector function of Th2 cells and the development of allergic airway 

diseases (Mattes et al., 2009). 
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 Some have suggested that miRNAs act by inhibiting genes which should not be 

expressed in a particular cell type and therefore function to reinforce or fine-tune gene 

expression.  Correspondingly, it has been proposed that as many as 30% of all mRNA 

may be under the control of miRNAs (Bartel, 2004; Farh et al., 2005).  It has also been 

shown that miRNA usually does not co-localize with the high expression of a predicted 

target either spatially or temporally (Stark et al., 2005).  This phenomenon most likely 

results from mRNAs in a given tissue evolving 3ôUTR sites that do not match miRNA 

seed sequences.  The overall effect of miRNA appears to be fine-tuning of gene 

expression. 

 Previous work in our lab and others has established the role of smooth muscle and 

inflammation.  Persistent inflammation affects the hollow organs containing smooth 

muscle and contributes to atherosclerosis, vascular restenosis after angioplasty, asthma, 

inflammatory bowel disease, and interstitial cystitis.  Smooth muscle treated with an 

inflammatory stimulus in culture has been shown to secrete cytokines, chemokines, and 

growth factors and switch to a proliferative phenotype.  This study set out to determine 

the miRNA expression pattern of human airway tissue, cultured human airway smooth 

muscle cells (hASMC), and how cytokines affect miRNA in hASMCs.  We chose to look 

at cultured hASMCs as a means of simulating how these cells would respond in vivo in 

the asthmatic state and how they would contribute to inflammation. miRNA array 

technology and real-time PCR were used to determine miRNA expression. The 

inflammatory stimulus used in these studies was 10 ng/ml TNFŬ, IL-1ɓ, and IFNɔ, which 

has been extensively used in our lab an others, and has been shown to simulate an 

inflammatory environment seen in smooth muscle disease states, such as asthma.  The 
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miRNA expression observed in these inflammatory stimulated human ASM cells should 

have similarities to the expression of miRNA seen in asthma. 
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MATERIALS AND METHODS  

Human ASM RNA 

Total RNA from human tracheal smooth muscle was obtained from Ambion 

(Austin, TX). The sex, age, race and cause of death were noted for each donor as 

follows; male, 20 years old, African American, suicide; male, 59 years old, Caucasian, 

lung cancer; male, 68 years old, unknown race, lung cancer; female, 87 years old, 

myocardial infarction. 

 

Cell Culture 

Primary cultured human airway myocytes were obtained from 2nd-4th generation 

mainstem bronchi of patients undergoing lung resection surgery at the University of 

Manitoba as previously described (Naureckas et al., 1999). Alternatively, human 

bronchial smooth muscle cells were obtained from Lonza (Walkersville, MD). Cells from 

passages four through seven were used and grown in a humidified 5% CO2 atmosphere at 

37°C in M199 supplemented with 10% new born calf serum (Invitrogen, Carlsbad, CA), 

0.5 ɛg/L epidermal growth factor and 2 ɛg/L fibroblast growth factor. Cultures were 

grown to confluence and growth-arrested for 48 hours in serum free media consisting of a 

50:50 mix of F12/DMEM supplemented with 10 ml/liter ITS+Premix containing 5 ɛg/ml 

insulin, 5 ɛg/ml transferrin, and 5 ng/ml selenium (BD Bioscience, Bedford, MA). Cells 

were then treated with 10 ng/ml IL-1ɓ, TNFŬ, and IFNɔ for 24 hours or left untreated. IL-

1ɓ, TNFŬ and other growth factors were purchased from Sigma (St. Louis, MO). IFNɔ 

was purchased from R&D Systems, Inc. (Minneapolis, MN). 
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miRNA Arrays  

Expression of miRNAs in intact human ASM and in ASM cells was evaluated 

using mirVana miRNA bioarrays V2 (Ambion, Austin, TX). The probes available on the 

arrays were spotted in quadruplicate with positive controls for labeling and orientation. 

Two arrays were spotted on each slide. For experiments using human ASM tissue, 

miRNA was purified from 20 ɛg of total RNA fractionated using the flashPAGE system 

as directed by the manufacturer (Ambion, Austin, TX). This system uses capillary gel 

electrophoresis to isolate small RNA < 50 nucleotides. This was experimentally verified 

by following fractionation of a small nucleotide RNA marker in control experiments. The 

filter-based flashPAGE clean-up kit was used to concentrate the purified miRNA. 

miRNA was then polyadenylated and labeled with Cy5 using the mirVana miRNA 

labeling kit and arrays hybridized and washed as directed. For miRNA from ASM cells, 

total RNA was extracted using TRIzol reagent and purified using the PureLink miRNA 

isolation kit (Invitrogen, Carlsbad, CA). Purified miRNA was quantified using 

RiboGreen and the quality of RNA estimated by absorbance ratios of 260/280 nm > 1.8. 

An aliquot of 2 ɛg miRNA was lyophilized and resuspended in 15.5 ɛl of RNAse free 

water for labeling. The NCode miRNA labeling system (Invitrogen, Carlsbad, CA) was 

used for labeling and polyadenylation of miRNA followed by ligation of a capture 

sequence prior to hybridization overnight. Hybridized arrays were washed and incubated 

with AlexaFluor capture reagents to amplify signal intensity in these samples. 

 

miRNA Array Analysis  

Hybridized slides were scanned using a Perkin Elmer ScanArray 4000 
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Microarray Scanner at the Nevada Genomics Center. GenePix 4.1 software (Fielden et 

al., 2002) was used to quantify raw signal intensities. The remaining analysis and 

normalization was completed in collaboration with the Nevada Bioinformatics Center at 

the University of Nevada. For the ASM tissue arrays, the local background as computed 

by GenePix was subtracted from each signal value as a first quality control step. A noise 

threshold was computed using the empty wells included on the arrays. The noise 

threshold for each array was computed independently as the sum of the mean and ½ the 

standard deviation of the background-corrected positive signal levels of the 194 empty 

wells on each array (Younossi et al., 2005). All spots with expression greater than this 

threshold were retained, and the remaining set of per-array replicates of each miRNA was 

examined for outliers based on the coefficient of variation. Only one replicate of one spot 

was deleted due to an abnormally large coefficient of variation >0.08, which is 

approximately 1% of all sets of detectable replicates. Remaining replicated spots were 

then averaged, and averaged spot intensities were normalized per array by division of the 

median array signal. Normalized intensities were then averaged across sample replicates, 

except for the female patient, which was only analyzed on one array. Heat maps of 

normalized expression levels were generated using Java TreeView v.1.1.3. 

 

Quantitative PCR 

RNA was extracted using TRIzol reagent and enriched for the miRNA fraction 

using the PureLink miRNA isolation kit (Invitrogen, Carlsbad, CA) or enriched for the 

total RNA fraction containing miRNA using miRVana isolation protocols (Ambion, 

Austin, TX). Purified miRNA was quantified using RiboGreen and the quality of RNA 
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estimated by absorbance ratios of 260/280 nm > 1.8. TaqMan miRNA assays (Applied 

Biosytems, Foster City, CA), were utilized to prepare cDNA from 250 ng RNA and Ct 

values from standard curves used to quantify relative expression of specific miRNA 

normalized to U6.  

 

in silico Analysis of Predicted miRNA Targets 

Publicly available algorithms (PicTar, pictar.mdc-berlin.de; TargetScan 4.1, 

www.targetscan.org; miRBase, microrna.sanger.ac.uk; miRNA.org, www.microrna.org; 

Patrocles, www.patrocles.org) were used to determine potential binding sites of miRNA 

to mRNA of target proteins. All algorithms gave more weight to óseedô region bases 2-9 

of miRNA (Krek et al., 2005; Lewis et al., 2005; Griffiths-Jones, 2004; Betel et al., 2008; 

Bartel and Chen, 2004). 

 

Statistics 

Paired t-tests were conducted using GraphPad software (LaJolla, CA). 
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RESULTS 

miRNA expression in human airway smooth muscle 

  We initially wanted to survey miRNA expression in intact ASM tissue since 

miRNA expression has not been described in detail in ASM tissue samples using miRNA 

arrays.  Total RNA was obtained from tracheal smooth muscle of 4 donors ranging in age 

from 20 years old to 87 years old. The donors included one female, were of varying races 

and care was taken to ensure that the cause of death was not due to clinical signs of 

asthma. These arrays contained a panel of 328 human, 114 mouse, and 52 rat miRNA 

from the Sanger miRBase sequence database version 8.0 along with 152 novel human 

miRNA with the possibility of overlap between species for some probes. We found 60 

miRNA expressed at a detectable level in all four donors and another 118 miRNA 

expressed in three of the four donors (Appendix 1).  Normalized median signal intensities 

were used to generate a heat map of normal miRNA expression in ASM tissue from 

miRNA expressed in all four donors (Figure 1).  This figure was set up as a means to 

depict the miRNA which are expressed in the average human ASM tissue.  There were 18 

miRNAs with expression levels > 2-fold above normalized expression values (Figure 2) 

which illustrate the miRNA which were highly expressed in airway tissue.  These 

miRNA represent a list of miRNA which are most likely important to maintaining airway 

homeostasis.  These miRNA are hsa-miR-let-7b, hsa-miR-let-7c, hsa-miR-16, hsa-miR-

23b, hsa-miR-24, hsa-miR-26a, hsa-miR-12b, hsa-miR-126, hsa-miR-143, hsa-miR-145, 

hsa-miR-200c, hsa-miR-205, mmu-miR-99a, mmu-miR-140-AS, mmu-miR-379, ambi-

miR-13143, ambi-miR-13232, ambi-miR-13268.  hsa is the designation of human  
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 Figure 1.  miRNA expression in human airway tissue.  Heatmap of miRNA present in 

all 4 samples.  miRNA expression was normalized, threshold, and background subtracted.  

miRNA are expressed as log2 expression on the heat map.  60 miRNA out of 640 were 

expressed in all four subjects. 
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Figure 2.  miRNA highly expressed in human airway tissue.  These miRNA were 

highly expressed in all four samples from four donors.  Age range is 20-87.  There was 

one female and three male donors.  The race of the donors was two Caucasian, one 

African American, and one unknown.  The cause of death of the donors was myocardial 

infarction, suicide, and two lung cancers.  Total RNA from these donors was obtained 

from Ambion.  miRNA was fractionated by capillary gel electrophoresis and quantified 

for labeling and array hybridization.  Each sample was hybridized in duplicate, except for 

the 87 year old myocardial infarction female donor which was hybridized to one array.  

Data was normalized across all four samples. 
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miRNA, mmu is the designation for mouse miRNA, and ambi is the designation for 

miRNA which have been discovered by Ambion and spotted onto the miRNA array. 

 

Cytokine-stimulated miRNA expression in ASM cells 

The effects of cytokine treatment on miRNA expression were examined in ASM cultures 

stimulated with IL-1ɓ, TNFŬ, and IFNɔ, which has been previously demonstrated to 

induce expression of inflammatory mediators in these cells (Singer et al., 2003; Hedges et 

al., 2000).  This inflammatory stimulus was originally chosen because these cytokines are 

found in the bronchial alveolar lavage fluid of asthmatics and should provide an 

inflammatory environment similar to the in vivo mileiu found in the airway of asthmatics.   

A comparison of miRNA expression under cytokine-stimulated and non-treated 

conditions from hybridized miRNA arrays is shown in Figure 3 and Appendix 2.  We 

also used this data to compare the miRNA expressed in cultured ASM cells with those 

miRNA expressed in intact tissue (Table 1). Of the 640 miRNA spotted on the array, 134 

miRNA were expressed in all replicates. A majority of the miRNAs on the array 

exhibited very low signal intensity and none of the miRNA expressed were significantly 

up-regulated with cytokine treatment (Appendix 2). We did observe 11 miRNA down-

regulated > 2-fold in both cultures with cytokine treatment (Figure 4a). These miRNA 

include described human miRNA miR-23a, -23b, -25, -188, -320, -363, -489, as well as 

mouse and rat miRNA homologous to miR-140*, mouse miR-329 and a novel miRNA, 

abi-13268. We verified the expression of select miRNA down-regulated with cytokine-

stimulation using human specific TaqMan expression assays (Figure 4b). As seen on the 

array, miR-25, miR-140* and miR-188 were significantly down-regulated with cytokine- 
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Figure 3.  Scatter plot of miRNA expressed in cytokine stimulated vs. non-treated 

human airway smooth muscle cells.  Human ASM cultures were grown to confluence 

and serum-starved for 48 hours prior to cytokine treatment with 10 ng/ml IL-1ɓ, TNFŬ, 

and IFNɔ, for 24 hours. RNA was isolated and miRNA arrays hybridized and analyzed as 

described.. A scatter plot summarizes the mean signal intensity on a log2 scale from the 

134 miRNA expressed in two different ASM cultures (shown in black and open circles) 

assayed in duplicate.  Dotted lines indicate a two-fold expression change between 

cytokine-stimulated and non-treated cultures; the black line indicates no changes.  Array 

contains 662 miRNA and controls. 
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Figure 4. Cytokine-stimulation affects miRNA expression in human ASM cells 

Human ASM cultures were grown to confluence and serum-starved for 48 hours prior to 

cytokine treatment with 10 ng/ml IL-1ɓ, TNFŬ, and IFNɔ, for 24 hours. RNA was 

isolated and miRNA arrays hybridized and analyzed as described A. Ratios of miRNA 

expression in cytokine-stimulated vs. non-treated cultures were generated from miRNA 

array analysis. Normalized ratios of the 11 miRNA down-regulated > 2-fold with 

cytokine treatment are shown.  B. TaqMan miRNA expression assays were used to 

verify changes in miRNA expression seen on the arrays. Human ASM cultures were 

treated as above, RNA extracted with TRIzol and miRNA further purified for cDNA 

synthesis. RT-PCR were performed with TaqMan miRNA assays using 250 ng RNA 

enriched for miRNA. miRNA expression was normalized to U6 expression in each 

sample. Data is expressed as the % change in miRNA expression from non-treated 

cultures (100%), n = 3-6 + SEM; * indicates a statistically significant difference from 

control, non-treated cultures; À indicates a statistically significant difference from control, 

cytokine-stimulated cultures, p < 0.05. 
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stimulation, while expression of miR-329 was also markedly decreased. 

 

Differences in miRNA expressed in cell culture vs. tissue 

 When the miRNA expression data was compared between intact tissue and 

cultured cells, there were several differences listed in Table 1.  Those differences 

included 18 human, 8 mouse, 4 rat and 12 ambi-miRs seen in culture but not tissue.  

There were also 2 human and 4 rat miRNAs expressed in intact tissue but not culture.  

These miRNA were hsa-miR-141, hsa-miR-498, mmu-miR-7b, mmu-miR-217, and 

mmu-miR-383. While some of these differences may be attributed to changes in ASM 

cells in culture, it is difficult to study the molecular biology and biochemistry of miRNA 

functions in vivo without a working knowledge obtained in vitro. 
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Table 1. miRNA Expressed in Cultured ASM Cells but not Intact Tissue 
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Discussion 

We set out to define the set of miRNAs expressed in human airway ASM, by 

conducting a survey using miRNA arrays.  Total RNA from four human tracheal smooth 

muscle samples was obtained from a commercial source and microRNAs isolated.  

miRNAs were tailed with modified nucleotides, labeled with Cy5 and hybridized to glass 

arrays containing targets for 385 known human and mouse miRNAs.  After correction for 

background and thresholding we consistently detected 60 miRNAs in RNA from 4 

different humans. Several miRNAs were detected that target proteins regulating 

proliferation, cell migration and cytokine gene expression.  We detected several 

commonly expressed members of the hsa-let-7 family (a, b, c and d) that target members 

of the Ras family and numerous other proteins.  Hsa-miR-24 targets MAPK14 (p38 

MAPK alpha), a signaling kinase known to promote proinflammatory gene expression. 

Hsa-miR-143 targets MAPK7 (ERK5), which controls proliferation, VEGF expression 

and angiogenesis.  Hsa-miR-23A and B family members target chemokine CXCL12, 

which mediates migration and cancer metastasis. Hsa-miR-145 targets poly(ADP-ribose) 

polymerase 8, a member of a family of proteins that contribute to genomic stability by 

ribosylating proteins participating in DNA nick repair.  It has also been reported that 

miR-145 and miR-143 are involved in regulation of vascular smooth muscle phenotype 

(Cordes et al., 2009; Xin et al., 2009).  These results are consistent with the hypothesis 

that some miRNAs in differentiated airway smooth muscle have anti-proliferative, anti-

inflammatory, and anti-migratory effects.  It is important to determine miRNA expression 

in the lung tissue to compare with results from individual cells types because of the 

complex cellular heterogeneity of miRNA expression of different cell types within 
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different tissues.  A subsequent analysis of miRNA of different cell types in the lung 

illustrates the variance of miRNA expression profiles within bronchial and alveolar 

epithelial cells, airway smooth muscle cells, alveolar macrophages and lung fibroblasts 

within whole tissue samples (Williams et al., 2009). 

The next part of the study examined whether inflammatory stimulation modulated 

miRNA expression. In examining the regulation of miRNA expression following an 

inflammatory stimulus, we treated cultures with a cocktail of IL-1ɓ, TNFŬ, and IFNɔ. 

This stimulus was chosen to more closely approximate the environment in vivo since it 

has been found in bronchoalveolar lavage fluid from symptomatic asthmatic patients 

(Mattoli et al., 1991; Broide et al., 1992). This inflammatory cocktail has also been 

previously used by our laboratory and others to elicit the production of inflammatory 

mediators in ASM cells, including IL-1ɓ, IL-6, IL-8, cyclooxygenase-2 and monocyte 

chemotactic proteins (Salinthone et al., 2004a; Hedges et al., 2000). A study of lung 

tissue has reported rapid up-regulation of miRNA, including miR-25, in response to IL-

1ɓ and LPS within 3 hours (Moschos et al., 2007). Surprisingly, under the conditions 

reported here, only down-regulation of miRNA expression was observed with 24 hours of 

exposure to an inflammatory stimulus. This suggests that profiles of miRNA expression 

are likely time and cell type dependent and the 11 miRNA down-regulated in our study 

may represent a subset of miRNA affected by chronic environmental changes in smooth 

muscle cells. 

Further studies on these 11 miRNA might yield important results in airway 

research.  The recent study by Chiba et al. 2009 in which downregulation of miR-133a 

was shown to contribute to up-regulation of RhoA in a mouse experimental allergic 
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asthma model is an example of how downregulated miRNA lead to airway disease 

(Chiba et al., 2009).  RhoA is a key protein in bronchial smooth muscle contraction and 

up-regulation of RhoA has been demonstrated in rodent asthma models.  A study of 

TargetScan shows that there is not a binding site for any of our 11 miRNA in RhoA, but 

binding algorithms do predict binding sites for many other proteins undergoing research 

in the airway field.  These predicted targets involved with ASM phenotype regulation 

include myocardin related transcription factor, fibronectin receptor subunit Ŭ, calmodulin 

4, serum response factor binding protein 1, and eotaxin precursor.  Another example of 

downregulation of miRNA and airway disease is Mattes et al. 2009 which demonstrates 

that downregulation of miR-126 suppresses Th2 cells and the development of allergic 

airway disease (Mattes et al., 2009).  Additionally, a recent airway paper illustrates the 

differences in miRNA expression between the different cells in the airway (Williams et 

al., 2009) which highlights the need for concentrated study on each of these cells types to 

further understand the miRNA expression in the airway and how specific cellular miRNA 

expression may relate to disease. 

It is appreciated that cultured ASM cells behave differently than those found in 

vivo because of the differences in cytokines, chemokines, growth factors, etc. which 

smooth muscle cells are exposed to in vivo.  Thus it was not surprising that we found a 

difference in miRNA expressed in tissue compared to miRNA expressed in cultured cells.  

This may be attributed to differences in culture environment and the in vivo environment 

but this does not discount the value of data gathered in vitro. In vitro data is an important 

starting point for these types of studies, so valuable time and money will not be wasted 

on costly in vivo experiments without any empirical data to determine experimental 
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design and from which to formulate hypotheses.  The data gathered from these 

experiments can be expanded on and used as the basis of designing experiments and 

hypothesis in further studies.   
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 CHAPTER 2 

 

ROLE OF miRNA ON ASM  CELL  PHENOTYPE 
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INTRODUCTION  

 

In the lung, miRNA expression has been examined in tumors and under 

inflammatory conditions. Members of the let-7 family have been identified as 

suppressors of lung tumor growth in vivo and in cultured cells, which may lead to novel 

molecular therapies for lung cancer (Esquela-Kerscher et al., 2008; Kumar et al., 2008). 

Expression profiling in lung cancer patients has also identified a miRNA signature that 

predicts survival and relapse (Yu et al., 2008a). During inflammatory stimulation of lung 

alveolar epithelial cells, rapid changes in miR-146a expression occur and negatively 

regulate the release of interleukin (IL)-1ɓ-induced IL-8 and regulated upon activation, 

normal T cell expressed and secreted (RANTES) (Perry et al., 2008). Exposure to 

lipopolysaccharide (LPS) in vivo causes rapid changes in mouse lung expression of 

multiple miRNAs that correlate with reduction of inflammatory mediators such as tumor 

necrosis factor (TNF)-Ŭ and macrophage inflammatory protein (MIP)-2 (Moschos et al., 

2007). Additionally, miRNA binding sites have been identified in the asthma-

susceptibility marker HLA-G where the 3ô-untranslated region (UTR) contains sites for 

miR-148a, miR-148b and miR-152 (Tan et al., 2007). 

 Little is known of the role of miRNA in airway smooth muscle (ASM), although 

other smooth muscle tissues have been studied. For example, miR-143 is highly 

expressed in leiomyosarcoma (Subramanian et al., 2008) and the regulation of miRNA by 

ovarian steroids has been demonstrated in the myometrium and leiomyoma (Pan et al., 

2008). In the vasculature, a polymorphism in the 3ô- UTR of the angiotensin II type I 

receptor (AT1R) has been associated with cardiovascular disease and has recently been 

identified as a target for miR-155 (Martin et al., 2007). Inhibition of miR-155 in vascular 
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smooth muscle cells (VSMC) represses AT1R expression and decreases receptor-

mediated activation.  Microarray analysis has also recently demonstrated aberrant 

miRNA expression following vascular injury (Ji et al., 2007). This study identified miR-

21 as a mediator of neointimal lesion formation that increases proliferation and inhibits 

apoptosis in VSMC.  Also, it has been found that down-regulation of miR-133a 

contributes to up-regulation of Rhoa in bronchial smooth muscle.  Upregulation of RhoA 

has been observed in the bronchial smooth muscles of experimental asthma in mice. 

These studies demonstrate some of the reasoning and knowledge advancement which can 

be achieved by studying miRNA in relation to smooth muscle cells. 

  It is recognized that chronic inflammatory events in the lung mediate processes 

by which ASM cells undergo reversible switching between a contractile phenotype and a 

more immature proliferative, synthetic or secretory phenotype (Halayko et al., 1999; 

Hirst et al., 2000b) that produces Th1/Th2 cytokines, CC and C-X-C chemokines, 

chemotactic proteins and peptide growth factors (Singer et al., 2004; Halayko and 

Solway, 2001). The molecular mechanisms regulating this phenotypic plasticity are not 

well understood. We undertook the present studies to determine whether regulation of 

miRNA expression may play a role in these processes. Previously, we examined miRNA 

expression in cultured ASM cells exposed to a pro-inflammatory stimulus of IL-1ɓ, 

TNFŬ, and interferon (IFN)-ɔ.  The objective of the following studies is to determine if 

miRNA play a role in phenotypic switching of ASM cells.  In order to study this we 

chose to control the expression of one miRNA, miR-25, and observe the effects of several 

phenotypic markers such as inflammatory mediators, extracellular matrix (ECM) and 

contractile proteins.  miR-25 was chosen because it was previously shown to be 
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downregulated by an inflammatory stimulus and search of online databases predicted 

miR-25 targets many proteins involved with smooth muscle phenotype determination 

such as vitronectin receptor, myosin 1B, myocyte enhancer factor 2D, suppressor of 

cytokine signaling 5, and Kruppel-like factor 4. 
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MATERIALS AND METHODS 

Cell Culture 

Primary cultured human airway myocytes were obtained from 2nd-4th generation 

mainstem bronchi of patients undergoing lung resection surgery at the University of 

Manitoba as previously described (Naureckas et al., 1999). Alternatively, human 

bronchial smooth muscle cells were obtained from Lonza (Walkersville, MD). Cells from 

passages four through seven were used and grown in a humidified 5% CO2 atmosphere at 

37°C in M199 supplemented with 10% new born calf serum (Invitrogen, Carlsbad, CA), 

0.5 ɛg/L epidermal growth factor and 2 ɛg/L fibroblast growth factor. Cultures were 

grown to confluence and growth-arrested for 48 hours in serum free media consisting of a 

50:50 mix of F12/DMEM supplemented with 10 ml/liter ITS+Premix containing 5 ɛg/ml 

insulin, 5 ɛg/ml transferrin, and 5 ng/ml selenium (BD Bioscience, Bedford, MA). Cells 

were then treated with 10 ng/ml IL-1ɓ, TNFŬ, and IFNɔ for 24 hours or left untreated. IL-

1ɓ, TNFŬ and other growth factors were purchased from Sigma (St. Louis, MO). IFNɔ 

was purchased from R&D Systems, Inc. (Minneapolis, MN). 

 

Anti -miR Transfections 

RNA oligonucleotides that inhibit miR-25 or a non-binding negative control were 

designed and synthesized by Ambion (Austin, TX). ASM cells were grown to ~80 % 

confluence prior to transfection with 90 nM anti-miR miRNA inhibitors using 

siPORTNeoFX (Ambion, Austin, TX) diluted in OptiMEM. After 48 hours, cultures were 
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treated with 10 ng/ml IL-1ɓ, TNFŬ and IFNɔ for 24 hrs and total RNA, miRNA or 

protein isolated as described. Using FAM-labeled negative control anti-miR 

oligonucleotides, we estimate 40% transfection efficiency under these conditions. 

 

Pre-miR transduction 

Lentivirus encoding precursor miRNA (pmiR) was obtained from System 

Biosciences (Mountain View, CA).   For the pmiR-25 virus, the hsa-miR-25 pre-

microRNA construct was cloned into a human immunodeficiency virus (HIV) lentiviral 

vector that contains a copGFP reporter under the control of a constitutive human 

elongation factor Ŭ (EF1) promoter and has the miRNA precursor under control of a 

CMV promoter.  The construct consists of a stem loop structure with approximately 200 

base pairs of upstream and downstream flanking genomic sequence.  The native structure 

ensures interaction with endogenous RNA processing machinery and regulatory partners, 

leading to properly cleaved miRNAs.  The titer for the pmiR-25 was 1.0 x 10
6
 IFU/ml.  

The pmiR H1 is the same virus but with an empty vector and the titer was 8.72 x 10
9 

IFU/ml.  HEK 293 or telomerized human smooth muscle cells were tranduced with 

pmiR-25 and pmir H1 virus under the following conditions.  For 293 cells, cells were 

plated in three 35 mm dishes at a concentration of 5.0 x 10
4 
cells/plate (determined from 

previous experiments) and grown in DMEM + 10% FBS media and incubated for 24 hrs.  

The next day, cells were infected with virus in 8 ug/ml polybrene, 1 ml DMEM + 10% 

media, and 25 ɛl/ dish virus/PBS mixture.  The virus/PBS mixture was 1 ɛl pmiRH1 in 

75 ɛl PBS and 10 ɛl pmiR25 in 75 ɛl PBS.  The next day the media was changed to 

remove the virus and fresh DMEM + 10% FBS added.  Cells were split into 100 mm 
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dishes (1 drop/ dish) or frozen and grown to confluency.  Individual clones were then 

picked and grown in 6 well plates.  From these clones, cells with close to 100% 

transduction as determined by fluorescent to bright field comparison were chosen for 

further passage and future experiments.  For proliferation assays, hASM cells 

immortalized by stable expression of telomerase (Tran et al., 2006) were transduced by 

the same method, with the following exception:  5 ug/ ml polybrene was used and M199 

complete media was used. 

 

Western Blots 

Whole cell lysates were prepared as previously described (Salinthone et al., 

2004b; Singer et al., 2003). Protein concentrations were determined by the bicinchoninic 

acid method using bovine serum albumin as the standard. Total protein (10 ɛg) was 

separated by 4-20% SDS-PAGE and transferred to nitrocellulose. Blots were blocked in 

Odyssey blocking buffer diluted 1:1 in PBS for 1 hour (Licor Biosciences, Lincoln, NE) 

prior to incubation with primary antibody.  Anti-GAPDH antibody was obtained from 

Santa Cruz Biotechnologies (Santa Cruz, CA).  Anti-myosin heavy chain antibody was 

obtained from Biomedical Technologies, Inc (Stoughton, MA). Secondary antibodies 

were conjugated to AlexaFluor® 680 (Molecular Probes, Eugene, OR) or IRDyeÊ800 

(Rockland Immunochemicals, Gilbertsville, PA) for fluorometric detection using an 

Odyssey infrared imaging system.  All densitometric analyses took place within the linear 

range of the immunoreactive signal using Odyssey system software. 
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Quantitative PCR 

RNA was extracted using TRIzol reagent and enriched for the miRNA fraction 

using the PureLink miRNA isolation kit (Invitrogen, Carlsbad, CA) or enriched for the 

total RNA fraction containing miRNA using miRVana isolation protocols (Ambion, 

Austin, TX). Purified miRNA was quantified using RiboGreen and the quality of RNA 

estimated by absorbance ratios of 260/280 nm > 1.8. TaqMan miRNA assays (Applied 

Biosystems, Foster City, CA), were utilized to prepare cDNA from 250 ng RNA and Ct 

values from standard curves used to quantify relative expression of specific miRNA 

normalized to U6. Expression of contractile proteins  was evaluated using 

TaqMan gene expression assays from first-strand cDNA prepared from 2 ɛg total RNA 

diluted 1:5 as previously described (Salinthone et al., 2004b) and normalized relative to 

18S rRNA. The specific TaqMan gene expression assays were as follows: myosin heavy 

chain (MYH11), Hs00224610; calponin (CNN1), Hs00154543; TAGLN (SM22), 

Hs00162558. 

 

PCR Arrays 

PCR arrays (SABiosciences, Frederick, MD) were used examine expression 

levels of extracellular matrix proteins (ECM) and Th1-Th2-Th3 inflammatory mediators 

affected by miR-25. First-strand cDNA was synthesized from 2 ɛg total RNA diluted 1:5 

(Salinthone et al., 2004b). The reactions contained 1X SYBR PCR master mix and 2 ɛl 

diluted cDNA in a final volume of 25 ɛl and were amplified at 95ºC, 15 seconds; 60ºC, 1 

minute for 40 cycles. Cytokine-stimulated ASM cells transfected with the negative anti-
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miR control or anti-miR-25 were compared and analyzed across multiple plates using the 

ȹȹCt method and normalized to ɓ-actin. 

 

ELISA  

Cell culture media was assayed for eotaxin (R&D Systems, Minneapolis, MN), 

RANTES or TNFŬ (Invitrogen, Carlsbad, CA) by ELISA according to the manufacturerôs 

protocols. 

 

MTS Assay 

pmiR-25 transduced and pmiRh1 cells were plated in a 96-well plate at a density 

of 1.0 x 10
3
 cells/well (determined in previous experiments to be optimal) in 16 wells/cell 

type.  This protocol was followed for a total of three plates.  The plates were then 

incubated at 37х C for 24 hours.  All media was changed to growth arrest media 

(DMEM/F12 + ITS + glutamate) and incubated at 37х C for an additional 48 hrs.  The 

cells were then either treated with 10% FBS or non-treated (growth arrest media) and 

incubated for 24, 48, and 72 hours at which time a MTS assay was performed via 

manufactures protocol.  Briefly, cells were incubated with 20 ɛl MTS reagent and 100 ɛl 

media for 2 hours at 37х C and then 490 nm absorbance determined with BioRad 680 

Microplate reader using the MTS protocol setting. 

 

BrdU Assay 

pmiR-25 transduced and pmiRh1 cells were plated in a 96-well plate at a density 

of 1.0 x 10
3
 cells/well (determined in previous experiments to be optimal) in 16 wells/cell 
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type.  This protocol was followed for a total of three plates.  The plates were then 

incubated at 37х C for 24 hours.  All media was changed to growth arrest media 

(DMEM/F12 + ITS + glutamate) and incubated at 37х C for an additional 48 hrs.  The 

cells were then either treated with 10% FBS or non-treated (growth arrest media) and 

incubated for 24, 48, and 72 hours.  Cells were then labeled with 10 ɛl/ well 10X BrdU 

labeling reagent in 100 ɛl of appropriate medium.  The plates were placed back in the 37х 

CO2 incubator for 16 hours.  We then discarded the culture medium and added 200 ɛl of 

Fixing/Denaturing solution and let stand for 30 minutes at room temperature and 

discarded the solution.  Next, we added 50 ɛl anti-BrdU monoclonal antibody and 

incubated for 1 hour at room temperature.  Then we washed the cells, and added 50 ɛl of 

HRP conjugated anti-mouse IgG.  We incubated this for 1 hour at room temperature and 

then washed.  Finally, we added 50 ɛl of substrate reagent, incubated for 12 min at room 

temp, and added 50 ɛl of stop solution.  BrdU was then quantified using the ELISA 

setting on a BIOrad 680 plate reader to measure the 450 nm absorbance. 

 

in silico Analysis of Predicted miRNA Targets 

 
Publicly available algorithms (PicTar, pictar.mdc-berlin.de; TargetScan 4.1, 

www.targetscan.org; miRBase, microrna.sanger.ac.uk; miRNA.org, www.microrna.org; 

Patrocles, www.patrocles.org) were used to determine potential binding sites of miRNA 

to mRNA of target proteins. All algorithms gave more weight to óseedô region bases 2-9 

of miRNA (24-28). 

 

 

http://www.microrna.org/
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Statistics 

Paired t-tests were conducted using GraphPad software (LaJolla, CA). 
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RESULTS 

miR-25 targets genes which regulate airway smooth muscle phenotype 

To further understand the role of miRNA in ASM, we searched publicly available 

miRNA targeting algorithms for possible targets relevant to ASM functions (Table 1).  

These algorithms find complimentary targets in the 3ô UTR of mRNA and places more 

weight on the complementarity of the óseedô region (bases 2-9) of the miRNA with 3ô 

UTR.  We focused on miR-25 for further functional analysis in these experiments since it 

is predicted to target a variety of genes that may regulate ASM plasticity.  These targets 

include vitronectin receptor, myosin 1B, myocyte enhancer factor 2D, suppressor of 

cytokine signaling 5, and Kruppel-like factor 4.  Vitronectin in abundant in both plasma 

and serum and is capable of transforming smooth muscle cells to the synthetic, 

proliferative phenotype (Dahm and Bowers, 1998).  Myoctye enhancing factors have 

been implicated in coronary artery disease (Wang et al., 2003).  Suppressor of cytokine 

signaling 5 has been shown to play a protective role in the progression of smooth muscle 

diseases (Tian et al., 2008).  Kruppel-like factor 4 is a transcription factor which is the 

subject of much investigation and its role in smooth muscle phenotypic switching is well 

established (Zheng et al., 2009).  Clearly these targets are important to smooth muscle 

biology.  The role miR-25 plays in smooth muscle phenotype may be through one or a 

combination of many of these targets. 

  

anti-miR-25 inhibits miR-25 expression 

 To study functions of miR-25, we optimized a system to manipulate endogenous 

miRNA expression using RNA oligonucleotides designed to inhibit miRNA, known as 
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anti-miRs.  As shown in Figure 1, transfection of the miR-25 specific anti-miR down-

regulated miR-25 in both non-treated and cytokine-stimulated cultures.  This validates the  

use of anti-miR-25 in subsequent experiments and further validates previous data which 

showed that this cytokine stimulus down-regulates miR-25 expression. 

 

miR-25 expression can be regulated by lentiviral transduction 

 In order to further study miR-25, we optimized a system to manipulate miR-25 

expression using commercially available lentiviruses.  miR-25 was upregulated by 

expressing the precursor miRNA, pmiR-25.  Figure 2 illustrates expression of copGFP in 

human ASM cells (inset). TaqMan miRNA assays were used to quantify miR-25 

expression following 7 days of lentiviral transduction (bottom panel) compared to 

transduction with the control pmiR-H1 virus. 

 

miR-25 regulates expression of selected contractile protein 

In order to determine whether miR-25 targeted any proteins important in 

regulating contractile ASM phenotype, we analyzed gene expression of selected 

contractile proteins following anti-miR-25 transfection.  Figure 3a summarizes  

quantitative RT-PCR analysis of miRNA expression for myosin heavy chain (MHC, 

MYH11) SM22 or calponin (CNN1) following cytokine treatment with 10 ng/ml IL-1ɓ, 

TNFŬ and IFNɔ.  Treatment with inflammatory cytokines increased gene expression of 

MHC and SM22, but not calponin. Transfection with anti-miR-25 decreased cytokine-

stimulated myosin heavy chain expression by 25%. This result was verified by 

immunoblotting analysis (Figure 3b) where anti-miR-25 decreased MHC by 50%. SM22 
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expression was also decreased by anti-miR-25, although the negative non-binding anti-

miR control also had an effect on expression levels. Calponin expression was not affected 

by anti-miR-25. These results indicate the miR-25 plays a role in modulating mRNA 

expression of these contractile proteins, particularly MHC.  Next, we determined the 

effect of pmiR-25 on contractile protein expression.  pmiR-25 significantly upregulates 

expression of MHC, observed by Western blot analysis (Figure 4).  There are no 

predicted binding sites for miR-25 in the 3ôUTR of MHC.  Thus, any regulation of MHC 

by this miRNA is likely to be indirect, possibly through a transcription factor that 

modulates ASM phenotype. 

 

miR-25 regulation of cytokine expression 

We used samples of cytokine-stimulated ASM cells transfected with the anti-

miRs to survey expression of a wide variety of inflammatory mediators or extracellular 

matrix (ECM) genes using PCR arrays.  The inflammatory mediator PCR array contained 

primers for a variety of Th1 and Th2 mediators and receptors, transcription factors and 

signaling molecules associated with immune responses (Table 2).  Inhibition of miR-25 

in cytokine stimulated cells down-regulates expression of RANTES, IL-18 and eotaxin 

greater than 2 fold while up-regulating expression of TNFŬ as well as receptors for  

RANTES, IL-6 and IL-12.  Effects of miR-25 on secretion of RANTES, eotaxin and 

TNFŬ were verified by ELISA (Figure 5).  Secretion of these mediators was not 

detectable in non-treated cultures but was induced by treatment with 10 ng/ml IL-1ɓ, 
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Figure 1. Anti -miR oligonucleotides down-regulate miR-25 expression. 

Cultures were transfected with 90 nM anti-miR miRNA oligonucleotide inhibitors 

specific for miR-25 (Anti-miR-25) or a negative non-binding control (Neg Anti-miR) 

using siPORTNeoFX for 48 hrs. Control cultures received mock transfection conditions. 

Cultures were then treated with 10 ng/ml IL-1ɓ, TNFŬ and IFNɔ (Cytokines) or not 

treated (NT) for 24 hours. miRNA expression assays used to analyze expression of miR-

25 normalized to U6 in the same samples. Data was expressed as the % control from 

control, NT cells, n = 5 +SEM. * indicates a statistically significant difference from 

miRNA expression levels seen non-treated cultures, p < 0.05. À indicates significant 

difference from levels seen in non-treated, anti-miR-25 cultures p<0.05. 
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Figure 2. pmiR-25 upregulates miR-25 expression.  Telomerized human ASM cells 

were transduced with pmiR-25 and pmiR-H1 control virus.  Inset demonstrates co-

expression of copGFP in pmiR-25 transduced cells.  Cells were plated on 6 well plates 

and allowed to grown to confluency.  RNA was then extracted by TRIzol and miRNA 

was purified from the total RNA.  cDNA was prepared from this and used in miRNA RT-

PCR assays to determine miR-25 and U6 expression in cells normalized to U6, 

n=3±SEM. 
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Table 1. Predicted miR-25 targets. 

 

 

 

 

 

 

miRNA Predicted Targets  

PicTar, TargetScan, miRBase, Patrocles  

miR-25 ITGAV, vitronectin receptor 

 

MYO1B, myosin 1B 

 

MEF2D, myocyte enhancer factor 2D 

 

SOCS5, suppressor of cytokine signaling 5 

 

KLF4, Krüppel-like factor 4 
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Fig 4. Anti-miR effects on contractile protein expression A. mRNA expression of 

smooth muscle markers after non-treatment, neg-anti-miR, or anti-miR-25.  Gene 

expression assayed by Taqman RT-PCR normalized to 18S.  Smooth muscle markers 

were myosin  heavy chain (MHC), sm22, and calponin. N=3 B. Representative western 

blot analysis of MHC in pmiR-25 or pmiRh1 transduced smooth muscle cells after 

treatment with cytokines or non-treated control. C.  Densitometric analysis of MHC 

normalized to GAPDH of western blot in part B, n=3±SEM.  *p<0.05 
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Figure 5. pmiR effects on contractile protein expression.  A. Representative Western 

blot of myosin heavy chain in pmiR25 and pmiR-H1 human ASM cells. B. Densitometry 

of myosin heavy chain normalized to GAPDH expression in pmiR-25 and pmiR-H1 

human ASM cells, n=3±SEM. 
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TNFŬ and IFNɔ for 24 hrs in control, non-transfected cultures and in cultures transfected 

with the negative anti-miR.  Transfection with anti-miR-25 dramatically reduces cytokine 

stimulated secretion of RANTES and eotaxin and stimulates secretion of TNFŬ.  These 

results demonstrate that expression of miR-25 does affect the inflammatory response of 

ASM cells by modulating secretion of both pro-inflammatory mediators and chemokines 

associated with inflammatory airway remodeling (Singer et al., 2004). 

 

miR-25 regulation of extracellular matrix  

Accumulation of extracellular matrix (ECM) proteins is another feature of airway 

remodeling and bronchoalveloar lavage fluid from asthmatics contains increased levels 

of fibronectin, laminin and hyaluronate, reflecting increased ECM turnover (Altraja et al., 

1996; Bousquet et al., 1991).  We again chose to use PCR arrays to survey whether miR-

25 had effects on expression of genes encoding ECM and basement membrane proteins,  

their receptors, or other structural proteins associated with cell ECM interactions (Table 

3).  Inhibition of miR-25 in cytokine-stimulated ASM cells down-regulates expression of 

a wide variety of these proteins with greater than 2 fold down-regulation of delta catenin, 

type XI collagen, thrombospondin and ADAMTS8 metallopeptidases.  To a lesser extent, 

E-cadherin, types V and XV collagen, integrins ŬM and ɓ2, matrix metalloproteinases 

(MMP) 9, ADAMTS1 and fibronectin are also down-regulated.  Additionally, inhibition 

of miR-25 also up-regulated expression of tenascin C, sarcoglycan Ů and MMP 15 greater 

than 2 fold and to a lesser extent up-regulated expression of tissue inhibitor of 

metalloproteinase (TIMP2), laminin Ŭ2, selectin P, selectin L, MMP3 and MMP14. 
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These results demonstrate that expression of miR-25 affects expression of a wide variety 

of ECM proteins that could affect ECM turnover and airway remodeling. 

 

miR-25 regulation of smooth muscle proliferation 

Upon transduction with pmiR-H1 or pmiR-25, we noticed differences in the morphology 

of telomorized ASM cells (Figure 6).  It appears that pmiR-25 expressing cells take on a 

more differentiated elongated shape and do not proliferate as well as the pmiR-H1 cells.  

Based on the observation, we set up a series of proliferation assays to quantify the 

differences in growth rate between pmiR-H1 and pmiR25 transduced hASMCs.  Initially, 

we assessed proliferation by measuring the incorporation of MTS in viable cells exposed 

to serum as a growth stimulus (Figure 7a).  Over a period of 72 hours of serum exposure, 

a 50% ±SEM decrease in MTS incorporation was measured in pmiR-25 expressing cells 

compared to pmiR-H1 cells.  This indicates that pmiR-25 expressing cells are 

proliferating at a slower rate than the control cells.  We verified this observation by 

further measuring BrdU incorporation into newly synthesized DNA (Figure 7b).  Using 

this measure, again a 50% ±SEM decrease in BrdU incorporation is seen in pmiR-25 

expressing cells compared to control pmiR-H1 cells. 
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TABLE 2 . Inhibition of miR -25 regulates expression of inflammatory mediators in 

cytokine-stimulated ASM cells. 

Gene Name
Fold Regulation 
by Anti-miR-25

Chemokine (C-C motif) ligand 5; CCL5 D17S136E/RANTES -44.76

Interleukin 18; IL18 IGIF/IL-18 -2.53

Chemokine (C-C motif) ligand 11;  CCL11 SCYA11 -2.05

Interleukin 23, alpha subunit p19; IL23A IL-23/IL-23A -1.98

Chemokine (C-C motif) receptor 2; CCR2 CC-CKR-2/CCR2A -1.83

CD86 molecule; CD86 B7-2/B70 -1.77

Interleukin 18 receptor 1 ; IL18R1 CD218a/CDw218a -1.69

Fas ligand; FASLG APT1LG1/CD178 -1.60

CD40 ligand; CD40LG CD154/CD40L -1.56

Inhibin, alpha; INHA LOC388931 -1.55

Signal transducer and activator of transcription 1; STAT1 DKFZp686B04100/ISGF-3 -1.45

CD28 molecule; CD28 Tp44 -1.44

Surfactant, pulmonary-associated protein D; SFTPD COLEC7/PSP-D -1.43

Secreted phosphoprotein 1; SPP1 BNSP/BSPI -1.41

Chemokine (C-C motif) ligand 7;  CCL7 FIC/MARC -1.41

Protein tyrosine phosphatase, receptor type, C; PTPRC B220/CD45 -1.37

CD4 molecule; CD4 CD4mut -1.33

Inducible T-cell co-stimulator; ICOS AILIM/CD278 -1.29

Interleukin 15; IL15 IL-15 -1.28

Mitogen-activated protein kinase 8; MAPK8 JNK/JNK1 -1.28

CD80 molecule;  CD80 CD28LG/CD28LG1 -1.26

Signal transducer and activator of transcription 6; STAT6 D12S1644/IL-4-STAT -1.25

GATA binding protein 3; GATA3 HDR -1.24

Tyrosine kinase 2; TYK2 JTK1 -1.21

Interleukin 4; IL4 BSF1/IL-4 -1.20

Mitogen-activated protein kinase kinase 7; MAP2K7 Jnkk2/MAPKK7 -1.20

Interleukin 5; IL5 EDF/IL-5 -1.20

Interleukin 13 receptor, alpha 1; IL13RA1 CD213A1/IL-13Ra -1.20

Interleukin 1 receptor, type I; IL1R1 CD121A/D2S1473 -1.19

Interferon regulatory factor 4; IRF4 LSIRF/MUM1 -1.17

Glomulin, FKBP associated protein; GLMN FAP/FAP48 -1.17

Transmembrane emp24 protein transport domain containing 1 ; TMED1 IL1RL1LG/Il1rl1l -1.15

Suppressor of cytokine signaling 1; SOCS1 CIS1/CISH1 -1.14

Chemokine (C-C motif) receptor 3; CCR3 CC-CKR-3/CD193 -1.13

YY1 transcription factor; YY1 DELTA/NF-E1 -1.12

Chemokine (C-C motif) receptor 4;  CCR4 CC-CKR-4/CD194 -1.11

Interferon, gamma IFNG IFG/IFI -1.11

Interleukin 7; IL7 IL-7 -1.11

Nuclear factor of activated T-cells, cytoplasmic, calcineurin-dependent 1; NFATC1 NF-ATC/NFAT2 -1.10

Janus kinase 1; JAK1 JAK1A/JAK1B -1.07

T-box 21; TBX21 T-PET/T-bet -1.07

Interleukin 1 receptor, type II; IL1R2 CD121b/IL1RB -1.06

Cytotoxic T-lymphocyte-associated protein 4; CTLA4 CD152/CELIAC3 -1.06

Interleukin 6; IL6 BSF2/HGF -1.05

Interleukin 2 receptor, alpha; IL2RA CD25/IDDM10 -1.04

CCAAT/enhancer binding protein (C/EBP), beta;  CEBPB C/EBP-beta -1.01

Interleukin 4 receptor ; IL4R CD124/IL4RA 1.00

Janus kinase 2; JAK2 JTK10 1.01

Immunoglobulin superfamily, member 6; IGSF6 DORA 1.02

Suppressor of cytokine signaling 5; SOCS5 CIS6/CISH6 1.02

Polycomb group ring finger 2; PCGF2 MEL-18/RNF110 1.04

Interferon regulatory factor 1; IRF1 IRF-1/MAR 1.05

Interleukin 9; IL9 HP40/IL-9 1.05

NFATC2 interacting protein; NFATC2IP FLJ14639 1.07

Chemokine (C-X-C motif) receptor 3; CXCR3 CD182/CD183 1.08

Transcription factor CP2; TFCP2 CP2/LBP-1C 1.09

Granulocyote-macropharge colony stimulating factor; CSF2 GMCSF 1.10

Inhibin, beta A; INHBA EDF/FRP 1.11

Transforming growth factor, beta 3; TGFB3 ARVD/TGF-beta3 1.13

Toll-like receptor 6; TLR6 CD286 1.14

Interleukin 2; IL2 IL-2/TCGF 1.16

Signal transducer and activator of transcription 4; STAT4 STAT 4 1.16

V-maf musculoaponeurotic fibrosarcoma oncogene homolog; MAF MGC71685 1.17

Tumor necrosis factor receptor superfamily, member 9; TNFRSF9 4-1BB/CD137 1.17

CREB binding protein; CREBBP CBP/KAT3A 1.17

Tumor necrosis factor superfamily, member 4;TNFSF4 CD134L/CD252 1.18

Tumor necrosis factor receptor superfamily, member 8; TNFRSF8 CD30/D1S166E 1.22

G protein-coupled receptor 44; GPR44 CD294/CRTH2 1.29

Toll-like receptor 4; TLR4 ARMD10/CD284 1.34

Interleukin 10; IL10 CSIF/IL-10 1.38

Interleukin 13; IL13 ALRH/BHR1 1.44

Lymphocyte-activation gene 3; LAG3 CD223 1.46

Interleukin 12B; IL12B CLMF/CLMF2 1.46

Interleukin 17A;  IL17A  CTLA8/IL-17 1.47

Suppressor of cytokine signaling 2; SOCS2 CIS2/Cish2 1.64

Nuclear factor of activated T-cells, cytoplasmic, calcineurin-dependent 2; NFATC2 NFAT1/NFATP 1.74

Growth factor independent 1 transcription repressor; GFI1 ZNF163 1.88

CD27 molecule ; CD27 S152/T14 1.95

Interleukin 6 receptor; IL6R CD126/IL-6R-1 2.21

Hepatitis A virus cellular receptor 2; HAVCR2 KIM-3/TIM3 2.23

Interleukin 12 receptor, beta 2; IL12RB2 RP11-102M16.1 2.30

Chemokine (C-C motif) receptor 5; CCR5 CC-CKR-5/CCCKR5 2.32

Tumor necrosis factor; TNF DIF/TNF-alpha 2.57

Linker for activation of T cells; LAT LAT1/pp36 2.72

Gene                 
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Figure 6. miR-25 regulates expression of inflammatory mediators.  

ASM cells were transfected with the negative anti-miR control or anti-miR-25 as 

described and stimulated with 10 ng/ml IL-1ɓ, TNFŬ, and IFNɔ, for 24 hours. Control 

cultures received mock transfection conditions. RANTES, TNFŬ or eotaxin secretion was 

measured in media samples by ELISA, n = 6 + SEM. * indicates a statistically significant 

difference from control, cytokine-stimulated cultures, p < 0.05. 
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Figure 7. Initial observation of pmiR-25 vs. pmiR H1 cells.  pmiR-25 take on a more 

differentiated elongated shape and do not proliferate as well as the pmiR H1 cells. 
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Figure 8.  miR-25 inhibits cell proliferation. Telmorized human ASM cells were 

transduced with pmiR-H1 or pmiR-25 as described previously.  Cells were plated in 96-

well plates at 1000 cells/well for assessment of proliferation by (A) MTS incorporation or 

(B) BrdU incorporation.  Time points are 0, 1, 2, and 3 days. N=3±SEM. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



72 

 

TABLE 3. . Inhibition of miR-25 regulates expression of extracellular 

matrix proteins in cytokine-stimulated ASM cells. 

Catenin, delta 1; CTNND1 CAS/CTNND -5.74

Collagen, type XI, alpha 1; COL11A1 CO11A1/COLL6 -3.31

Thrombospondin 2; THBS2 TSP2 -3.10

ADAM metallopeptidase with thrombospondin type 1 motif, 8; ADAMTS8 ADAM-TS8/METH2 -2.22

Cadherin 1, type 1, E-cadherin; CDH1 Arc-1/CD324 -1.88

Collagen, type XV, alpha 1; COL15A1 FLJ38566 -1.81

Secreted phosphoprotein 1; SPP1 BNSP/BSPI -1.69

Integrin, beta 2; ITGB2 CD18/LAD -1.60

ADAM metallopeptidase with thrombospondin type 1 motif, 1;  ADAMTS1  C3-C5/METH1 -1.60

Integrin, alpha M; ITGAM CD11B/CR3A -1.60

Fibronectin 1; FN1 CIG/DKFZp686F10164 -1.57

Matrix metallopeptidase 9; MMP9 CLG4B/GELB -1.55

Collagen, type V, alpha 1; COL5A1 COL5A1 -1.51

Laminin, gamma 1; LAMC1 LAMB2 -1.49

Integrin, alpha L (CD11A);ITGAL CD11A/LFA-1 -1.47

CD44 molecule; CD44 CDW44/CSPG8 -1.44

Intercellular adhesion molecule 1 (CD54); ICAM1 BB2/CD54 -1.44

ADAM metallopeptidase with thrombospondin type 1 motif, 13; ADAMTS13 C9orf8/DKFZp434C2322 -1.42

Matrix metallopeptidase 7; MMP7 MMP-7/MPSL1 -1.40

Laminin, beta 3; LAMB3 LAMNB1 -1.35

Collagen, type VI, alpha 1; COL6A1 OPLL -1.35

Extracellular matrix protein 1; ECM1 ECM1 -1.33

Collagen, type XII, alpha 1; COL12A1 COL12A1L -1.31

Versican; VCAN CSPG2/DKFZp686K06110 -1.29

Integrin, alpha V (CD51); ITGAV CD51/DKFZp686A08142 -1.29

Matrix metallopeptidase 12; MMP12 HME/MME -1.28

Collagen, type IV, alpha 2; COL4A2 DKFZp686I14213 -1.27

Integrin, alpha 4 (CD49D); ITGA4 CD49D/IA4 -1.27

Collagen, type VI, alpha 2; COL6A2 DKFZp586E1322/PP3610 -1.25

Laminin, beta 1; LAMB1 CLM -1.24

Integrin, beta 1 (CD29); ITGB1 CD29/FNRB -1.24

Connective tissue growth factor; CTGF CCN2/HCS24 -1.22

Thrombospondin 1; THBS1 THBS/TSP -1.21

Integrin, alpha 3 (CD49C); ITGA3 CD49C/GAP-B3 -1.20

Integrin, beta 3 (CD61); ITGB3 CD61/GP3A -1.20

Integrin, alpha 6; ITGA6 CD49f/ITGA6B -1.20

Neural cell adhesion molecule 1; NCAM1 CD56/MSK39 -1.17

Integrin, alpha 1; ITGA1 CD49a/VLA1 -1.16

Matrix metallopeptidase 11; MMP11 SL-3/ST3 -1.16

Integrin, alpha 2 (CD49B); ITGA2 BR/CD49B -1.14

Laminin, alpha 1; LAMA1 LAMA -1.13

Thrombospondin 3; THBS3 TSP3 -1.13

Integrin, alpha 7; ITGA7 FLJ25220 -1.13

Hyaluronan synthase 1; HAS1 HAS -1.11

Transforming growth factor, beta-induced; TGFBI BIGH3/CDB1 -1.11

Integrin, beta 4; ITGB4 CD104 -1.11

TIMP metallopeptidase inhibitor 3; TIMP3 HSMRK222/K222 -1.11

Integrin, alpha 5; ITGA5 CD49e/FNRA -1.09

Collagen, type VII, alpha 1; COL7A1 EBD1/EBDCT -1.08

Platelet/endothelial cell adhesion molecule (CD31); PECAM1 CD31/PECAM-1 -1.08

Contactin 1; CNTN1 F3/GP135 -1.07

Catenin, alpha 1; CTNNA1 CAP102 -1.05

Matrix metallopeptidase 10; MMP10 SL-2/STMY2 -1.05

Collagen, type I, alpha 1; COL1A1 OI4 -1.05

Laminin, alpha 3; LAMA3 E170/LAMNA -1.04

Collagen, type VIII, alpha 1; COL8A1 C3orf7 -1.01

Matrix metallopeptidase 13; MMP13 CLG3 -1.00

Kallmann syndrome 1 sequence; KAL1 ADMLX/HHA 1.04

Matrix metallopeptidase 16; MMP16 MMP-X2/MT-MMP2 1.05

Catenin, delta 2; CTNND2 GT24/NPRAP 1.07

Integrin, beta 5; ITGB5 FLJ26658 1.07

Selectin E; SELE CD62E/ELAM 1.09

Integrin, alpha 8; ITGA8 Integrin a8 1.16

Catenin, beta 1; CTNNB1 CTNNB/DKFZp686D02253 1.16

Vascular cell adhesion molecule 1; VCAM1 CD106/DKFZp779G2333 1.19

Matrix metallopeptidase 1; MMP1 CLG/CLGN 1.20

Matrix metallopeptidase 2; MMP2 CLG4/CLG4A 1.20

Secreted protein, acidic, cysteine-rich; SPARC ON 1.22

TIMP metallopeptidase inhibitor 1; TIMP1 CLGI/EPA 1.26

Vitronectin; VTN V75/VN 1.28

C-type lectin domain family 3, member B CLEC3B DKFZp686H17246/TN 1.34

Matrix metallopeptidase 8; MMP8 CLG1/HNC 1.35

Collagen, type XVI, alpha 1; COL16A1 447AA/FP1572 1.36

TIMP metallopeptidase inhibitor 2; TIMP2 CSC-21K 1.57

Matrix metallopeptidase 14; MMP14 MMP-X1/MT1-MMP 1.59

Laminin, alpha 2; LAMA2 LAMM 1.65

Collagen, type XIV, alpha 1; COL14A1 UND 1.66

Matrix metallopeptidase 3; MMP3 MMP-3/SL-1 1.70

Selectin P (CD62); SELP CD62/CD62P 1.74

Selectin L; SELL CD62L/LAM-1 1.78

Spastic paraplegia 7; SPG7 CAR/CMAR 1.90

Tenascin C; TNC HXB/TN 2.14

Sarcoglycan, epsilon; SGCE DYT11/ESG 2.19

Matrix metallopeptidase 15; MMP15 MT2-MMP/MTMMP2 2.58

Gene                 
Fold Regulation 
by Anti-miR-25

Gene Name
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DISCUSSION 

In the survey of miRNA in ASM cells reported earlier, we determined that hsa-

miR-25, hsa-miR-188, hsa-miR-23a, hsa-miR-23b, hsa-miR-320, hsa-miR-363a, hsa-

miR-489, mmu-miR140-AS, mmu-miR-359, rno-miR-140-AS, adn ambi-miR-13268 

were affected by a pro-inflammatory stimulus.  In this study, we set out to determine the 

effects of miR-25 on smooth muscle phenotype.  This miRNA was singled out since it 

was predicted to target proteins important in ASM phenotype and in the studies described 

we have determined that miR-25 does indeed have a powerful effect on the phenotype of 

human ASM cells.   

One of the approaches we used was to survey gene expression of a wide variety of 

inflammatory mediators, extracellular matrix (ECM) genes and selected contractile 

proteins involved in maintaining and altering ASM phenotype in cultures transfected with 

miR-25 inhibitors. Since miRNA generally function as translational repressors, this 

approach was not designed to directly examine targets of miR-25 binding but rather to 

determine whether miR-25 has any wide-spread effects on gene expression. The results 

indicate that inhibition of miR-25 does affect expression of inflammatory mediators by 

decreasing expression and secretion of RANTES and eotaxin, while increasing levels of 

TNFŬ. The function significance of these changes to the inflammatory response of ASM 

remains to be determined.  However in other cell types, several miRNA have been found 

to be involved with regulation of inflammation.  Elevated levels of miR-146a have been 

found in the tissues associated with inflammatory diseases such as psoriasis and 

rheumatoid arthritis (Nakasa et al., 2008; Stanczyk et al., 2008).  Elevated levels of miR-

155 were induced in fibroblasts stimulated with TNFŬ and IL-1ɓ (Sheedy and O'Neill, 



74 

 

2008).  miR-203 was found to be associated with inhibition of SOCS3 (suppressor of 

cytokine signaling 3) specifically within keratinocytes, whereas miR-146a was most 

highly expressed in CD4+CD25+ T  cells.  This observation may suggest that miR-146a 

has an important function in the differentiation and or maintenance of T regulatory cells, 

which emphasizes its role as a negative regulator of inflammation.  It is very interesting 

that miR-146a levels were not increased in tissues obtained from patients with other 

chronic inflammatory diseases such as skin from atopic eczema or lung biopsies from 

mild asthmatics (Sonkoly et al., 2007; Perry et al., 2008).  This last observation further 

emphasizes the differences in the roles of miRNA between different tissue types.     

Inhibition of miR-25 also affected expression of numerous ECM genes with a 

number of targets, laminin Ŭ2, and sarcoglycan Ů for example, linked to the regulation of, 

or identified as, markers for phenotypic plasticity of ASM (Tran et al., 2006; Tran et al., 

2007; Sharma et al., 2008). ECM components have been found to regulate smooth muscle 

phenotype.  Short monomeric peptide fragments of depolymerized type I collagen and 

fibronectin ECM substrates have been found to support a proliferative phenotype 

(Nguyen et al., 2005).  Recent data suggests that growth factors bind ECM components to 

form complexes that enhance subsequent growth factor activity through integrin 

collaboration with growth factor receptors.  It has also been suggested that targeting 

multiple beta1 integrins may be a useful therapeutic approach to control pathologic 

growth in asthma.  It has also been found that the anti-proliferative effects of 

glucocorticoids on ASM are impaired when these cells are seed on ECM rich in type I 

collagen or in the presence of Il-IŬ and TNFŬ in the culture media (Bonacci et al., 2003; 

Vlahos and Stewart, 1999).   Collectively, this data supports a role for ECM in smooth 
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muscle phenotype regulation and illustrates why miRNA involvement in ECM expression 

was addressed in this study. 

 Alterations in miR-25 expression affected expression of contractile proteins, 

most notably myosin heavy chain, which may have profound implications on 

development of a mature, contractile phenotype during airway remodeling (Kuhn et al., 

2009).  This highlights a role for miR-25 in regulating smooth muscle phenotype.  In 

disease states smooth muscles exhibit a phenotypic change characterized by loss of 

contractility and abnormal proliferation, migration and matrix synthesis (Lagna et al., 

2007; Owens et al., 2004).  If miR-25 forces higher expression of contractile proteins, 

then this miRNA may play a powerful role in increasing the differntiated, contractile 

phenotype and inhibiting the secretory, proliferative phenotype. 

Regulation of ASM proliferation is an important process to understand.  Airway 

diseases such as asthma are characterized by reversible airway obstruction, bronchial 

hyperresponsiveness to contractile stimuli, chronic inflammation and structural changes 

that lead to remodeling of the airways, creating increased resistance to airflow and more 

work for breathing (An et al., 2007; Wiggs et al., 1992).  Airway remodeling includes 

loss of epithelial integrity (Naylor, 1962), thickening of the basement membrane (Roche 

et al., 1989), fibrosis (Elias et al., 1999), increased mucosal secretions (Aikawa et al., 

1989) and increased smooth muscle mass (Carroll et al., 1993).  Increases in ASM mass 

may be explained by several different processes.  Increases in cell number or hyperplasia 

may occur through increased rates of proliferation, which have been documented in serial 

sections from autopsied lungs of asthmatics (Ebina et al., 1993) and in vitro cultures 

(Gosens et al., 2008).  Conversely, decreased rates of apoptosis could lead to increased 
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ASM cell numbers.  This has been demonstrated in animal models of inflammation (An 

et al., 2007) but has thus far proven to be more difficult to document in biopsies from 

asthmatics (Druilhe et al., 1998).  It has also been speculated that increased migration of 

mesenchymal cells into airway bundles may account for increased cell numbers (Hirst et 

al., 2000b).  Increased ASM mass may also be attributed to hypertrophy of ASM cells 

(Gosens et al., 2008).   The processes involved in increasing ASM mass vary with disease 

severity.  In the airways of mild to moderate asthmatics, ASM cell number was found to 

be nearly two found higher with no increase in cell size, indicating hyperplasia 

(Woodruff et al., 2004).  However, in more severe cases, ASM cell diameter is increased 

with no evidence of increased cell number, indicative of hypertrophy (Benayoun et al., 

2003).  The molecular mechanisms regulating these processes have been extensively 

studied in ASM cell cultures from different sources, although a correlation between these 

in vitro studies and the behavior of ASM in asthmatic airways is still a matter of 

discussion.  Our results show that miR-25 leads to decreased proliferation which 

highlights the potential use of pmiR-25 as an antiprolierative therapy in asthma. 

Recently, there has been much interest in miRNAs and the regulation of smooth 

muscle phenotype.  Cordes et. al. 2009 report that miR-145 and miR-143 regulate smooth 

muscle cell fate and plasticity.   The knockout of these two miRNAs in mice altered 

smooth muscle cell maintenance and vascular homeostasis (Elia et al., 2009).  miR-145 

directs intestinal maturation in zebrafish (Zeng et al., 2009).  miR-143 and miR-145 

modulate cytoskeletal dynamics and responsiveness of smooth muscle cells to injury (Xin 

et al., 2009).  These findings highlight miRNA as a new therapy for atherosclerosis, 

reviewed in Zhang 2009 (Zhang, 2009).  Because these miRNA are found in abundance 
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in lung tissue (Kuhn et al., 2009; Williams et al., 2009), their functions in airway smooth 

muscle should be explored as a potential asthma therapy as well and will be the focus of 

future experiments. 
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Chapter 3 

miR-25 targets KLF4 
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INTRODUCTION  

 The ability of ASMCs to switch from a contractile, differentiated phenotype to a 

proliferative, inflammatory phenotype is an area of active research.  Heterogeneneity of 

smooth muscle was first observed in cultured canine ASM cells, and it was revealed that 

two distinct populations were found to be present (Ma et al., 1997).  Elongate, spindle-

shaped cells, expressing large amounts of smooth muscle contractile and regulatory 

proteins were found to co-exist with a second population of cells which consisted of flat, 

satellite cells which expressed much less of the smooth muscle markers.  Since this time, 

mature ASM cells have emerged as pluripotent cells that retain the ability to switch 

between phenotypes, termed óphenotypic switchingô.   This enables ASM cells to exert 

contractile, proliferative, migratory, and synthetic functional responses which can 

contribute to asthma pathology (Halayko et al., 2006).  Smooth muscle cells are distinct 

among the myogenic lineages in their ability to exhibit this plasticity of phenotype 

(Chamley-Campbell et al., 1979; Owens, 1995).  The extent to which ASM cells exhibit 

this plasticity is usually stimulus and phenotype-dependent as is a profile of the secreted 

compounds (Halayko et al., 1997). 

Previous work determined that miR-25 was one miRNA downregulated by 

inflammatory stimulation of ASM cells.  Additionally, manipulating miR-25 expression 

with anti-miR oligonucleotides or with expression of precursor miR-25 affected ASM 

phenotype by regulating expression of inflammatory mediators, ECM proteins and 

myosin heavy chain along with inhibiting proliferation.  Bioinformatics analysis in 

Chapter 2 highlighted several predicted targets of miR-25 that may be relevant to ASM 
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phenotype.  We chose to further examine miR-25 functions by studying miR-25 to 

Kruppel-like factor 4 (KLF4).   

KLF transcription factors are a powerful family of proteins containing three 

carboxy-terminal zinc finger DNA binding domains with the remaining molecule 

conferring structural heterogeneity. KLF4 is involved with induced pluripotent stem cell 

dedifferentiation from fibroblasts (Park et al., 2008) and has been shown to be a repressor 

of axon growth in retinal ganglion cells and other central nervous system neurons (Moore 

et al., 2009). In vascular smooth muscle cells (VSMC), KLF4 is proposed to play an 

important role in inflammation, proliferation and differentiation (Adam et al., 2000; 

Autieri, 2008).  Several of the online miRNA binding algorithms predict two binding 

sites for miR-25 in the 3ô UTR of KLF4 (Figure X).  This studies described here will  

explore  (1) how miR-25 affects KLF4 expression, (2) the 3ôUTR binding sites necessary 

for this interaction, (3) how KLF4 affects miR-25 expression and (4) correlate expression 

of KLF4 to miR-25 expression and effects on proliferation.  We will use proliferation 

assays, luciferase assays, western blotting, and real-time PCR to perform these studies of 

effects of miR-25 overexpression and inhibition in airway smooth muscle.  The data 

presented here will be useful in future studies and possibly clinical trials of miR-25 as a 

therapy for proliferative and inflammatory disorders in airway smooth muscle. 
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Figure 1. miR-25 binding sites in KLF4 3ô UTR.  The two binding sites of miR-25 in 

the KLF4 3ô UTR are highlighted.  These are the sites which will be mutated for the 

luciferase binding studies. 
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MATERIALS AND METHODS  

Western Blots 

Whole cell lysates were prepared as previously described (Salinthone et al., 

2004b; Singer et al., 2003). Protein concentrations were determined by the bicinchoninic 

acid method using bovine serum albumin as the standard. Total protein (10 ɛg) was 

separated by 4-20% SDS-PAGE and transferred to nitrocellulose. Blots were blocked in 

Odyssey blocking buffer diluted 1:1 in PBS for 1 hour (Licor Biosciences, Lincoln, NE) 

prior to incubation with primary antibody. Anti-KLF4 was obtained from Millipore 

(Billerica, MA), anti-GAPDH from Santa Cruz Biotechnologies (Santa Cruz, CA) and 

anti-myosin heavy chain from Biomedical Technologies, Inc (Stoughton, MA). 

Secondary antibodies were conjugated to AlexaFluor® 680 (Molecular Probes, Eugene, 

OR) or IRDyeÊ800 (Rockland Immunochemicals, Gilbertsville, PA) for fluorometric 

detection using an Odyssey infrared imaging system. All densitometric analyses took 

place within the linear range of the immunoreactive signal using Odyssey system 

software. 

 

Cell Culture 

Primary cultured human airway myocytes were obtained from 2nd-4th generation 

mainstem bronchi of patients undergoing lung resection surgery at the University of 

Manitoba as previously described (Naureckas et al., 1999). Alternatively, human 

bronchial smooth muscle cells were obtained from Lonza (Walkersville, MD). Cells from 

passages four through seven were used and grown in a humidified 5% CO2 atmosphere at 

37°C in M199 supplemented with 10% new born calf serum (Invitrogen, Carlsbad, CA), 
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0.5 ɛg/L epidermal growth factor and 2 ɛg/L fibroblast growth factor. Cultures were 

grown to confluence and growth-arrested for 48 hours in serum free media consisting of a 

50:50 mix of F12/DMEM supplemented with 10 ml/liter ITS+Premix containing 5 ɛg/ml 

insulin, 5 ɛg/ml transferrin, and 5 ng/ml selenium (BD Bioscience, Bedford, MA). Cells 

were then treated with 10 ng/ml IL-1ɓ, TNFŬ, and IFNɔ for 24 hours or left untreated. IL-

1ɓ, TNFŬ and other growth factors were purchased from Sigma (St. Louis, MO). IFNɔ 

was purchased from R&D Systems, Inc. (Minneapolis, MN).  For time course 

experiments the same protocol was followed, but cells were protein or RNA extracted at 

0, 2, 4, 8, 12, and 24 hours. 

 

Anti -miR Transfections 

RNA oligonucleotides that inhibit miR-25 or a non-binding negative control were 

designed and synthesized by Ambion (Austin, TX). ASM cells were grown to ~80 % 

confluence prior to transfection with 90 nM anti-miR miRNA inhibitors using 

siPORTNeoFX (Ambion, Austin, TX) diluted in OptiMEM. After 48 hours, cultures were 

treated with 10 ng/ml IL-1ɓ, TNFŬ and IFNɔ for 24 hrs and total RNA, miRNA or 

protein isolated as described. Using FAM-labeled negative control anti-miR 

oligonucleotides, we estimate 40% transfection efficiency under these conditions 

(unpublished observation). 

 

Pre-miR transduction 

HEK 293 or telomerized human smooth muscle cells were transduced with pmiR-

25 and pmiRH1 virus.  pmiR-25 and pmiR H1 virus was obtained from System 
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Biosciences (Mountain View, CA).   For the pmir-25 virus, the hsa-miR-25 pre-

microRNA construct and part of pmiR-93 is cloned into a human immunodeficiency 

virus (HIV) lentiviral vector that contains a copGFP reporter and has the miRNA 

precursor under control of a CMV promoter.  The construct consists of a stem loop 

structure with approximately 200 base pairs of upstream and downstream flanking 

genomic sequence.  The native structure ensures interaction with endogenous RNA 

processing machinery and regulatory partners, leading to properly cleaved microRNAs.  

The titer for the pmiR-25 was 1.0 x 10
6
 IFU/ml.  The pmiR H1 is the same virus but with 

an empty vector and the titer was 8.72 x 10
9
 IFU/ml.  For 293 cells, cells were plated in 

three 35 mm dishes at a concentration of 5.0 x 10
5
 cells/plate (determined from previous 

experiments) and grown in DMEM + 10% FBS media and incubated for 24 hrs.  The next 

day, cells were infected with virus in 8 ug/ml polybrene, 1 ml DMEM + 10% media, and 

25 ɛl/ dish virus/PBS mixture.  The virus/PBS mixture was 1 ɛl pmiRH1 in 75 ɛl PBS 

and 10 ɛl pmiR25 in 75 ɛl PBS.  The next day the media was changed to remove the 

virus and fresh DMEM + 10% FBS added.  Cells were split into 100 mm dishes (1 drop/ 

dish) or frozen and grown to confluency.  Individual clones were then picked and grown 

in 6 well plates.  From these clones, cells with close to 100% transduction as determined 

by fluorescent to bright field comparison were chosen for further passage and future 

experiments.  Human airway smooth muscle cells were transduced by the same method 

for pmiR25, with the following exception:  5 ɛg/ml polybrene was used and M199 

complete media was used. 
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Generation of plasmids 

KLF4 3ô UTR was amplified from ATCC KLF4 clone using the following 

primers: forward + who TACTCGAGATCCCAGACAGTGGAT and reverse + not 1 

TAGCGGCCGCCAGATAAAAT.  The KLF4 3ô UTR was then inserted into psiCheck2  

vector (Promega).  The plasmid was then sent for sequencing using a forward primer 

designed from the 3ô end of renilla luciferase and a reverse primer to HSV.  The primers 

were the following: forward ATGAAATGGGTAAGTACATC and reverse 

CCTCGCGGGGGCCGCTTAAG.  Once the proper insert was determined, the plasmid 

was transformed into XL10 gold cells.  A transformed colony was then picked and grown 

overnight for maxiprep using Qiagen columns.  Finally, the concentration was 

determined by spectroscopy and set to 1 ɛg/ɛl.  1 ɛg was the cut with NotI and XhoI to 

recheck proper orientation which was determined to be correct. 

 Once psiCheck2/KLF4 3ôUTR was produced, this plasmid was used for the 

creation of psiCheck2 with mutated miR-25 binding sites.  The Stratagene Quickchange 

XL kit was used to create psiCheck2 with mutated KLF4 3ô UTR for the first predicted 

miR-25 binding site, the second predicted miR-25 binding site, and one in which both 

sites were mutated.  The mutations were changes in miR-25 binding sequence to BPM1 

for site 1 and xho1 for site 2.  Site 1 used the following primers for mutation: forward 

CCCTTGAATTGTGTATTGACTGGAGATAAGCATAAAAGATCACCTTG and 

reverse CAAGGTGATCTTTTATGCTTATCTCCAGTCAATACACAATTCAAGGG.  

Site 2 used the following primers for mutation: forward GCACTGTGGTTTCAGATGT- 

CTCGAGATTTGTACAATGG.  These plasmids were maxiprepped and speced as 

described above and used for subsequent luciferase assays. 
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Luciferase assay 

Luciferase assays were performed using the Promega Dual Luciferase Reporter 

Assay System following manufactureôs protocol.  Briefly, media was removed from 

transfected 12-well plates and all wells were rinsed with 1x cold PBS.  Next,  250 ɛl of 

1x PLB (protein lysis buffer) was added to each well and plates were placed on a rocker 

at room temperature for 15 minutes.  Lysates were then transferred to labeled clear 

microcentrifuge tubes.  A Zylux Corporation Femtomaster FB15 luminometer was used 

for fluorescence measurement.  A tube containing just lysis buffer was used as a 

background control.  Tubes were loaded one by one into the luminometer in the 

appropriate order using the following sequence.  20 ɛl of lysate was added to the tube 

followed by 100 ɛl Lysate assay reagent II (LARII ).  The tube was inserted into the 

luminometer and firefly luciferase fluorescence relative luciferase units (RLU) was 

recorded.  Next, we added 100 ɛl 1x Stop and Glo reagent to the same tube, inserted the 

tube into the luminometer, and read Renilla luciferase fluorescence.  This was repeated 

for all samples Renilla RLU normalized to Firefly RLU were plotted using Excel 

software. 

 

KLF4 adenovirus  

 

 ATCC Catalog no. MGC-34918, Image number 5111134 human KLF4 clone in 

pCMV-SPORT6  was digested with Not1 and Sac1 to obtain the ~2500 bp.  KLF4 was 

then used to construct a recombinant vector using the AdEasy system following 

manufacturers protocol.  In addition to encoding KLF4, the resulting adenovirus encodes 
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for green flourescent protein (GFP) behind a separate promoter, thus overexpression for 

the transgene can be followed by examining GFP florescence as well as by 

immunoblotting for KLF4.  

 

293 transfections 

24 hours before transfection pmiRH1 and pmiR25 transduced HEK 293 cells 

were plated onto 12 well plates at a concentration of x/well and incubated at 37х and 5% 

CO2 in DMEM + 10% FBS media.  Next, Transit-LT1 reagent, Mirus Bio Corporation 

(Madison, WI) was warmed to room temperature and vortexed.  5 ml polystyrene tubes 

were labeled and arranged accordingly.  Each transfection was carried at in 4-6 wells, 

depending on experiment.  Manufacturer recommends 100 ɛl optimem, 3 ɛl Transit-LT1.  

Previous experiments determined 1 ug DNA to be optimal using manufacturers 

recommendations.  Transfection reagents were added sequentially to the labeled 5 ml 

polystyrene tubes and incubated for 30 minutes at room temperature.  Transfection 

mixture from polystyrene tubes was then added drop by drop to labeled wells and gently 

rocked back and forth so the plasmids would be evenly distributed.  12-well plates were 

then incubated for 48 hours before luciferase assays were performed. 

 

MTS assay 

AdKLF4 and AdIRES human ASM cells were plated in a 96-well plate at a 

density of 1.0 x 10
3
 cells/well (determined in previous experiments to be optimal) in 16 

wells/cell type.  This protocol was followed for a total of three plates.  The plates were 

then incubated at 37х C for 24 hours.  All media was changed to growth arrest media 
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(DMEM/F12 + ITS + glutamate) and incubated at 37х C for an additional 48 hrs.  The 

cells were then either treated with 10% FBS or non-treated (growth arrest media) and 

incubated for 24, 48, and 72 hours at which time a MTS assay was performed via 

manufactures protocol.  Briefly, cells were incubated with 20 ɛl MTS reagent and 100 ɛl 

media for 2 hours at 37х C and then 490 nm absorbance determined with BioRad 680 

Microplate reader using the MTS protocol setting. 

 

in silico Analysis of Predicted miRNA Targets 

 

Publicly available algorithms (PicTar, pictar.mdc-berlin.de; TargetScan 4.1, 

www.targetscan.org; miRBase, microrna.sanger.ac.uk; miRNA.org, www.microrna.org; 

Patrocles, www.patrocles.org) were used to determine potential binding sites of miRNA 

to mRNA of target proteins. All algorithms gave more weight to óseedô region bases 2-9 

of miRNA (Krek et al., 2005; Lewis et al., 2005; Griffiths-Jones, 2004; Betel et al., 2008; 

Bartel and Chen, 2004) . 

 

Statistics 

Paired t-tests were conducted using GraphPad software (LaJolla, CA). 
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RESULTS 

miR-25 regulates KLF4 expression 

Bioinformatics analysis using multiple miRNA binding site algorithms identified 

two possible miR-25 binding regions in the 3ôUTR of human KLF4 at base pairs 362-368 

and 674-681. As KLF4 has potential inhibitory effects of smooth muscle contractile 

phenotype gene expression, we investigated whether inhibition of miR-25 affected KLF4 

expression.  In these experiments, cytokine-stimulation of ASM cells resulted in down-

regulation of KLF4 mRNA expression (Figure 2a). However, transfection with anti-miR-

25 did not further affect KLF4 mRNA expression (Figure 2a). Analysis of protein 

expression levels determined that KLF4 immunoreactivity decreased with cytokine-

stimulation, although not as dramatically as that seen with mRNA expression levels. In 

non-treated cultures, anti-miR-25 did not have any significant affect on KLF4 expression. 

However, in cytokine-stimulated cultures transfection with anti-miR-25 up-regulates 

KLF4 protein abundance considerably (Figure 2b). Consistent with current understanding 

of the mechanism of action of miRs, miR-25 plays a post-transcriptional role in silencing 

KLF4 expression in ASM cells, thus inhibition of miR-25 represses these silencing 

mechanisms, allowing for KLF4 protein accumulation. 

We also studied the effect of overexpression of miR-25.  We obtained a 

commercially available lenti-virus which overexpresses miR-25 along with a marker 

GFPand a lenti- virus which overexpresses a control miRNA along with GFP, termed H1.  

These viruses were used to transduce telomerized human ASM cells, as well as 293 cells,  
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Figure 2. Effects of miR-25 on KLF4 expression 

 ASM cells were transfected with the negative anti-miR control or anti-miR-25 as 

described and stimulated with 10 ng/ml IL-1ɓ, TNFŬ, and IFNɔ, (Cytokines) or not 

treated (NT) for 24 hours. A. KLF4 gene expression was analyzed using TaqMan assays 

and normalized to 18S rRNA. B. KLF4 immunoreactivity was quantified following SDS-

PAGE and normalized to GAPDH, as shown in representative immunoblots. All data was 

expressed as the % control from non-treated, mock-transfected cells (Control, 100%), n = 

6 + SEM. * indicates a statistically significant difference from control cultures or cultures 

transfected with the negative anti-miR, p < 0.05. 
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which were used for subsequent experiments.  In the hASMCs, a very interesting 

phenomenon was noticed soon after transduction.  The cells transduced with pmiR-25 

took on a more differentiated phenotype and grew at a much slower rate, even though 

they were grown in growth media and were not confluent.  The control H1 cells appeared 

to grow normally as you would expect in cells cultured in growth media.  Subsequent 

experiments were designed to test this difference phenotype of the pmiR-25 cells and 

further test miR-25 inhibition of KLF4. 

 The next experiment performed tested the expression of KLF4 and miR-25 in 

growth arrested cells to see how KLF4 was expressed relative to miR-25 in these cells.  

As predicted by the previous data there was a direct relationship between this miRNA 

and its putative target mRNA (Figure 3).  In this experiment we observed a rapid 

induction of miR-25 at the 2 hour time point with a corresponding reduction in KLF4 

protein expression.  This increase in miR-25 expression remained at the 4 hour time 

point, as did the reduction in KLF4 protein expression.  By the 8 hour time point both 

miR-25 and KLF4 expression began to return to baseline levels. At the 12 hour and 24 

hour time point miR-25 and KLF4 expression was very similar being both slightly 

diminished from baseline levels.  These findings indicate a miR-25 a rapid induction of 

miR-25 most likely at the transcriptional level and a corresponding block of KLF4 

expression at the translational level.   

 The growth arrest time course experiments were expanded upon by looking at 

miR-25 and KLF4 expression during a 24 hour inflammatory stimulus experiment during 

which protein and RNA were isolated at 0, 2, 4, 8, 12, and 24 hours.  Again, there was the 

same relationship between miR-25 and KLF4 (Figure 4). 
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KLF4 expression and proliferation 

 In this experiment, an adenovirus which overexpressed KLF4 (Figure 5) was used 

to determine the affect of KLF4 on cultured ASMC proliferation (Figure 6).  Proliferation 

of ASM cells transduced with AdKLF4 virus was compared to ASM cells transduced 

with AdIRES control.  Proliferation was determined by MTS and cell counting.  By both 

measures, AdKLF4 diminished the ability of serum to stimulate growth (Figure 6).  The 

results of this experiment were a paradox.  Maybe there is a threshold effect at which 

overexpression of KLF4 leads to diminished proliferation which has evolved to protect 

against oncogenesis?  Or does our experimental design lead us to observe effects which 

were at time points that do not correspond to realistic in vivo physiology?  Or the 

upregulation of KLF4 caused the cells to grow to confluence very fast and use up all the 

nutrients, so by the time we measured at 24 hours they were already starting to be 

nutrient depleted?  Also the effect of KLF4 on smooth muscle phenotype is a complicated 

story depending on where in the cell cycle KLF4 is present.  New experiments are being 

designed with different time points and with loss-of-KLF4-function to gather more data 

on KLF4 and proliferation. 

 

miR-25 binds to KLF4  

 To determine if miR-25 directly bound KLF4, and to determine if it was binding 

at the putative binding sites from the various miRNA binding algorithms several 

luciferase plasmids were constructed and luciferase assays performed.  We obtained a  
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Figure 3. Effects of growth arrest on miR-25 and KLF4.  ASM cells were grown to 

confluence and growth arrested by removing serum.  KLF4 expression was analyzed by 

Western blot and miR-25 by qPCR at the time points indicated on the graph, n=5 ± SEM. 
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Figure 4. Cytokine treatment time course and expression of miR-25 vs. KLF4.  

Human ASM cells were treated with inflammatory stimulul and the expression levels of 

miR-25 and KLF4 protein were examined.  miR-25 was determined by RT-PCR 

normalized to U6 and KLF4 expression level was determined by Western blot, 

normalized to GAPDH,  N=3±SEM. 
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Figure 5. AdKLF4 upregulates KLF4 expression and inhibits proliferation. 

Adenoviral mediated KLF4 (AdKLF4) expression is shown from Western blots in the top 

panel.  ASM cells were transduced at 25 MOI and plated for proliferation assays.  

Proliferation was measured by MTS converstion at 72 hours and express as % control 

from AdIRES, no-treated cells, n=8±SEM, *indicated significant difference from 

AdIRES. 
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Figure 6. KLF4 effects of cell proliferation.  Proliferation of cells was determined 

between cells transduced with AdKLF4 and a control AdIRES virus.  Results of cells 

proliferation assay in non-treated and serum treated AdKLF4 and AdIRES at 24, 48, and 

72 hour time points as determined by (A) cell counting or (B) MTS assay.
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commercially available plasmid, psiCheck2 (Invitrogen), and inserted the KLF4 3ô UTR 

or the KLF4 3ô UTR reverse downstream of the coding sequence for Renilla luciferase 

which was under control of the T7 promoter on the plasmid.  This same plasmid has a 

firefly under the control of the HSV-TK constuitively active promoter.  Because of this 

design we can normalize the renilla luciferase expression to that of the firefly.  We then 

used the 293 cells which had been transduced with the pmiR-25 or the H1 control virus  

 for luciferase assays.  Both the H1 and the pmiR-25 cells were transfected with either 

empty vector, KLF4 3ô reverse, or KLF4 3ô plasmids.  The cells were allowed to grow 

another 24 hours and the harvested and tested for luciferase activity.  We saw a 

significant decrease in luciferase activity in the pmiR-25 cells transfected with the KLF4 

3ô UTR (Figure 7).  

 To more specifically determine if miR-25 was binding to its two putative binding 

sites in the 3ô UTR of KLF4, we designed three more luciferase plasmids.  To design 

these plasmids, we used the psiCheck2/KLF4 3ô UTR wild type plasmid and performed 

site directed mutagenesis on site one, site two, and both sites, respectively.  We then 

transfected 293 cells and 24 hours later performed luciferase assays (Figure 7).  As 

expected, we saw a drop in luciferase activity in the pmiR25 cells compared to pmiRH1 

in the cells transfected with the psiCheck2/KLF4 wild-type plasmid.  Also as predicted, 

when the putative miR-25 binding sites were mutated we saw an increase in luciferase 

activity with each mutation and the double mutation.  The delta 2 mutation showed more 

increase in luciferase activity than the delta 1 mutation. 
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Fig 7.  miR-25 targets two sites in KLF4 3ô UTR.  Luciferase activity was measured in 

pmiRh1 or pmiR25 transduced HEK293 cells which were transfected with 

psiCheck2/KLF4 3ô UTR wild-type, delta1, delta2 or double mutant.  Cells were 

transfected 48 hours before lysis and assayed with dual-luciferase assay. KLF4 3ôUTR is 

inserted 3ô to Renilla luciferase.  Renilla luciferase is normalized to constiuitvely 

expressed firefly luciferase on the same vector.  pmiR25 n=9±SEM, pmiRh1 n=3-

6±SEM, *p<0.05. 
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DISCUSSION 

Kruppel-like factor (KLF) transcription factors are a powerful family of proteins.  

Kruppel-like factor 4 (KLF4) is involved with induced pluripotent stem cell 

dedifferentiation from fibroblast (Park et al., 2008).  KLF4 has been shown to be a 

repressor of axon growth in retinal ganglion cells and other central nervous system 

neurons (Moore et al., 2009).  KLF13 has been demonstrated to be involved in cardiac 

progenitor cell proliferation and heart morphogenesis (Nemer and Horb, 2007).  KLF4 

gene expression was unregulated in a human progastrin-overexpressing mouse model 

where goblet cell hyperplasia was observed (Zheng et al., 2009).  KLF4, KLF5, and 

KLF6 are often dysregulated in tumors of the gastrointestinal tract (Ghaleb and Yang, 

2008).  A further review of KLF is beyond the scope of this dissertation, but clearly they 

are important regulators of proliferation and differentiation and a means of controlling 

their protein expression is an important advancement. 

KLF4 includes at least 16 mammalian members with homology to the Drosophila 

gene product Krüppel, which is important in segmentation of the developing embryo. All 

family members contain three carboxy-terminal zinc finger DNA binding domains with 

the remaining molecule conferring structural heterogeneity.  KLF4 was cloned 

independently by two groups from the intestine and skin epithelium (Garrett-Sinha et al., 

1996) but has since been found in many cell types, including vascular smooth muscle 

cells (VSMC), where it has been proposed to play an important role in inflammation, 

proliferation and differentiation (Adam et al., 2000; Autieri, 2008).  KLF4 is not 

normally expressed in VSMC but is transiently induced by injury from balloon 

angioplasty (Liu et al., 2005c). It has been shown to inhibit proliferation of VSMC by 
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inducing p53 expression and suppressing cell cycle progression (Wassmann et al., 2007). 

KLF4 also participates in phenotypic switching in several ways.  Smooth muscle-specific 

gene expression is primarily regulated by serum-response factor (SRF) and its chief co-

activator myocardin binding together at CArG boxes, which are common to all SRF 

target genes (Miano et al., 2007).  KLF4 functions by binding to the TGFɓ control 

element (TCE) found near CArG boxes in sm-Ŭ-actin and SM22Ŭ, where it acts as a 

repressor of expression (Adam et al., 2000; Liu et al., 2003).  KLF4 also represses 

expression of myocardin (Liu et al., 2005d) and recruits histone H4 deacetylase activity 

to SMC genes, thereby blocking SRF association with methylated histones and CArG 

box chromatin(McDonald et al., 2006). Myocardin-related transcription factor A 

(MRTFA) has been shown to bind directly to a protein in the SWI/SNF nucleosome 

remodeling complex and dominant negative expression of this protein blocked expression 

of smooth muscle specific genes (Zhang et al., 2007).  The role for miRNA and KLF4 

has not been explored in this model. In addition to its effects on smooth muscle-specific 

gene expression, KLF4 participates in the inflammatory response, where it is a key 

regulator of monocyte differentiation and cooperates in the transactivation of pro-

inflammatory genes (Alder et al., 2008).  In macrophages, KLF4 is induced in response to 

the pro-inflammatory cytokines IFNɔ, LPS or TNFŬ and is decreased by the anti-

inflammatory factor TGFɓ.  It also interacts with the p65 NF-əB subunit to transactivate 

inflammatory gene expression while competing with a mediator of TGFɓ signaling, 

Smad3, to inhibit anti-inflammatory gene expression (Feinberg et al., 2005). In 

endothelial cells, KLF4 also binds to NF-əB subunits to inhibit NF-əB mediated 

inflammatory gene expression and transactivation of anti-inflammatory genes including 
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nitric oxide synthase (Hamik et al., 2007). Thus the effects of KLF4 during inflammation 

may be cell and stimulus specific.   

The effects of miR-25 on KLF4 expression were studied with both knock-down 

and overexpression of miR-25 using anti-miRs and pre-miRs, respectively.  Under both 

conditions KLF4 protein behaved as predicted for the hypothesis that miR-25 is a post-

transcriptional inhibitor of KLF4 protein expression.  In both cases, mRNA levels were 

not affected by miR-25 whereas protein levels of KLF4 demonstrated an inverse 

relationship with miR-25. 

For the final set of experiments, luciferase assays were designed to test the 

predicted miR-25 binding sites in the KLF4 3ôUTR.  Interestingly, the results of these 

experiments support the hypothesis that there are two binding sites, but site 2 binds miR-

25 with greater affinity.  Site 2 is the more functionally powerful binding site.  This 

correlates well with the fact that TargetScan 5.1, the most up-to-date binding algorithm 

predicts this as the only miR-25 binding site.  The latest results of binding algorithms use 

the most recent miRNA data and contrasts with all earlier algorithms which predicted the 

two sites.  One of the differences is that site 1 is not as conserved as site 2 and thus was 

rejected from the latest prediction.  Although it is not conserved, it is still present in the 

human KLF4 3ôUTR and thus functional.  For reasons which still need to be determined, 

maybe the site is not in the proper orientation for optimal miR-25 binding, or when bound 

to site 1 the miRISC complex is not in an optimal repression orientation.  Regardless, of 

these observations the luciferase studies supply excellent evidence for the molecular 

mechanism of miR-25 inhibition of KLF4 being that miR-25 binds to both binding sites 

and post-transcriptionally inhibits KLF4 expression. These experiments studied miR-25 
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binding to the KLF4 3ô UTR with emphasis on these two binding sites.  miR-145 has 

been shown to regulate KLF4 along with SOX2 and OCT4 to repress pluripotency in 

human embryonic stem cells (Xu et al., 2009).  The studies described here were 

performed to see if miR-25 regulates smooth muscle cell differentiation similarly. 

In conclusion, we investigate a predicted interaction between miR-25 and 

Krüppel-like factor 4 (KLF4), a transcription factor that participates in the regulation of 

serum-response factor (SRF)-dependent smooth muscle specific gene expression and is a 

mediator of the inflammatory response in macrophages (Alder et al., 2008). Because of 

KLF4s role in óphenotypic switchingô, miRNA control of KLF4 will be a much valued 

addition to the knowledge of smooth muscle physiology.  It could also be valuable for 

other fields such as stem cell and the study of the nervous system, for KLF4 has been 

shown to be a very important transcription factor in these fields in their developmental 

biology.  These data support a role for miR-25 in posttranscriptional regulation of KLF4 

expression and illustrate the potential of miR-25 as a novel modulator of smooth muscle 

phenotype.  This provides novel evidence that miR-25 targets KLF4 in ASM cells and 

suggests that this may be one mechanism by which miR-25 modulates ASM phenotype. 
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Chapter 4 

Role of T-bet on miRNA expression and airway smooth muscle phenotype 
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Introduction  

T-bet (TBX21) is a nuclear transcription factor belonging to the T-box gene 

family of DNA-binding proteins (Szabo et al., 2000).  T-bet has been identified as a key 

regulatory element in the promotion of Th1 helper cells and Th1 cytokines, particularly 

IFNɔ (Finotto et al., 2002).  It is recognized that an inappropriate balance between T 

helper (Th) cell 1 and Th2 cytokine production is a contributing factor in airway disease.  

T-bet deficient mice exhibit many of the same symptoms as human asthma patients.  

They have airway hyperresponsiveness, airway inflammation, airway remodeling, and 

impaired Th1 function due to a decrease in IFN ɔ expression (Peng, 2006).  It has also 

been shown that polymorphisms of T-bet are associated with airway hypercontractility 

and asthma  (Raby et al., 2006).  Although T-bet is expressed only in Th1 cells, it also 

affects Th2 cells by suppressing production of interleukin (IL)-4 and IL-5 (Robinson and 

Lloyd, 2002).  T-bet contributes to the overproduction of IL-4 and IL-5 and the 

dominance of Th2 cells found in asthma patients. Studies have shown that the production 

of specific cytokines, including IL-4 and IL-5, are linked to the asthma-like phenotype 

present in the T-bet deficient mice (Finotto et al., 2002).  T-bet is also produced in 

antigen-presenting cells, including dendritic cells (Lighvani et al., 2001).  T-bet is 

essential for optimal production of IFNɔ by dendritic cells and subsequent antigen 

specific Th1 activation in vivo (Lugo-Villarino et al., 2003).  T-bet is a powerful 

transcription factor which yields Th1 cells. 

Much recent work has focused on an added layer of orchestrating the immune 

response.  This additional layer is miRNA regulation (Asirvatham et al., 2008; Welker et 

al., 2007; Cobb et al., 2006).  miRNAs regulate the repertoire of genes expressed in the 
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immune cells and duration of responses to particular pathogens  (O'Connell et al., 2007; 

Baltimore et al., 2008).  The knockdown of miR-155 in mice, results in enhanced IL-4 

production and multiple defects in adaptive immunity (Thai et al., 2007; Vigorito et al., 

2007; Rodriguez et al., 2007).  It has also recently been shown that miRNAs control the 

differentiation of IL-17-producing Th cells (Martin et al., 2009).  Mice lacking Dicer (the 

endonuclease which produces miRNA) exhibit incomplete IFNɔ repression, Treg cell 

development and function, and other defects in T cell differentiation (Muljo et al., 2005; 

Cobb et al., 2005).  A recent study found 275 immune gene-miRNA interactions using a 

computational approach including transcription factors, chromatin modifiers and genes 

involved in immune signaling pathways and inflammation including cytokines.  So, 

clearly miRNA expression is important to regulation of cytokines and chemokines.  

Cytokines and chemokines are involved in the Th1/Th2 balance, so miRNA involvement 

in this balance should not be overlooked. 

  Previous work in our lab demonstrates that interferon IFN stimulation of human 

airway smooth muscle (ASM) cells induces T-bet expression and stimulates production 

of IFN  and decreases secretion of RANTES and eotaxin.  The goals of the current study 

are to determine (1) how T-bet effects global miRNA expression, (2) what is the effect of 

IFNɔ in the context of T-bet on miRNA expression, (3) what is the relationship between 

T-bet, extracellular matrix protein expression and miRNA, (4) what role does T-bet have 

on contractile protein expression, and (5) what effect T-bet has on inflammatory 

mediators and how does this correlates to the change in global miRNA expression? 
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MATERIALS & METHODS  

Cell Culture and Drug Treatments 

 Human airway smooth muscle cells (ASMC) were obtained from Lonza 

(Walkersville, MD). ASMC were kept in a humidified 5% CO2 atmosphere at 37°C in 

M199 media containing 5% normal calf serum (NCS), 0.5 ng/mL epidermal growth 

factor, 5 µg/mL insulin, and 2 ng/mL fibroblast growth factor.  When the cell cultures 

were confluent, they were infected with 20 MOI T-bet adenovirus in growth arrest M199 

media containing ITS+Premix (5µg/mL insulin, and 5µg/mL transferrin, and 5 ng/mL 

selenium) and 0.1% NCS by overlaying the appropriate virus concentration (pfu/mL). 

The cells were incubated at 37°C for 1-2 hours, rocking the plates every 10-15 minutes to 

ensure all cells are being infected. The virus is then diluted by adding growth arrest 

media. The media was changed every 1-2 days and the cells were harvested with the 

appropriate extraction buffer according to the desired protocol.  For IFNɔ treated cells, 

the cultures were stimulated with 10 ng/ml IFNɔ at specific time points.  The T-bet 

adenovirus described in these experiments was previously constructed in the laboratory 

(Singer, 2010). 

 

Western Analysis  

 After appropriate treatments, cultures were washed with a phosphate buffered 

solution and the cells were lysed with an extraction buffer containing 20 mM Tris, pH 

7.5, mM EDTA, 150 mM NaCl, 1% NP40, 0.1 mM Na3VO4, 1 mM NaF, 10 mM sodium 

ɓ-glycerophosphate, 0.1 mM AEBSF, 1 µg/ml leupeptin, 1 µg/ml pepstatin A, 10 µg/ml 

trypsin inhibitor, and 10 µg/ml aprotinin. The cell lysates were clarified by centrifugation 
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at 4°C for 30 minutes at 14,000x g and protein concentrations were determined by 

bicinchoninic acid (BCA) assay with bovine albumin serum as the standard. 10% sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed to 

separate five µg of total protein and was transferred to nitrocellulose paper in 25 mM 

Tris, 192 mM glycine, 10% methanol at 120 V for an hour at room temperature. Blots 

were blocked in Odyssey blocking buffer diluted 1:1 in PBS for 1 hour (Licor 

Biosciences, Lincoln, NE) prior to incubation with primary antibody for T-bet or 

GAPDH (Santa Cruz Biotechnologies, Santa Cruz, CA) at a dilution of 1:5000 in 

PBS/Tween-20 (T20) diluted 1:1 in blocking buffer.  Secondary antibodies were 

conjugated to AlexaFluor® 680 (Molecular Probes, Eugene, OR) or IRDyeÊ 800 

(Rockland Immunochemicals, Gilbertsville, PA) for fluorometric detection using an 

Odyssey infrared imaging system. All densitometric analyses took place within the linear 

ranger of the immunoreactive signal using Odyssey system software. 

 

miRNA Arrays  

Expression of miRNAs in ASM cells was evaluated using mirVana miRNA 

bioarrays V2 (Ambion, Austin, TX). The probes available on the arrays were spotted in 

quadruplicate with positive controls for labeling and orientation. Two arrays were spotted 

on each slide. For miRNA from wild-type ASMCs and AdT-bet cells, total RNA was 

extracted using TRIzol reagent and purified using the PureLink miRNA isolation kit 

(Invitrogen, Carlsbad, CA). Purified miRNA was quantified using RiboGreen and the 

quality of RNA estimated by absorbance ratios of 260/280 nm > 1.8. An aliquot of 2 ɛg 

miRNA was lyophilized and resuspended in 15.5 ɛl of RNAse free water for labeling. 
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The NCode miRNA labeling system (Invitrogen, Carlsbad, CA) was used for labeling 

and polyadenylation of miRNA followed by ligation of a capture sequence prior to 

hybridization overnight. Hybridized arrays were washed and incubated with AlexaFluor 

capture reagents to amplify signal intensity in these samples. 

 

miRNA Array Analysis  

Hybridized slides were scanned using a Perkin Elmer ScanArray 4000 

Microarray Scanner at the Nevada Genomics Center. GenePix 4.1 software (Fielden et 

al., 2002) was used to quantify raw signal intensities. The remaining analysis and 

normalization was completed in collaboration with the Nevada Bioinformatics Center at 

the University of Nevada. For the ASM tissue arrays, the local background as computed 

by GenePix was subtracted from each signal value as a first quality control step. A noise 

threshold was computed using the empty wells included on the arrays. The noise 

threshold for each array was computed independently as the sum of the mean and ½ the 

standard deviation of the background-corrected positive signal levels of the 194 empty 

wells on each array (Younossi et al., 2005). All spots with expression greater than this 

threshold were retained, and the remaining set of per-array replicates of each miRNA was 

examined for outliers based on the coefficient of variation. Only one replicate of one spot 

was deleted due to an abnormally large coefficient of variation >0.08, which is 

approximately 1% of all sets of detectable replicates. Remaining replicated spots were 

then averaged, and averaged spot intensities were normalized per array by division of the 

median array signal. Normalized intensities were then averaged across sample replicates, 
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except for the female patient, which was only analyzed on one array. Heat maps of 

normalized expression levels were generated using Java TreeView v.1.1.3. 

 

T-bet adeno virus 

 The T-bet cDNA clone isolated from hBSMC was used to construct a recombinant 

adenovirus using the AdEasy system.  In addition to encoding for T-bet, the resulting 

adenovirus encodes for green fluorescent protein (GFP) behind a separate promoter, thus 

overexpression of the transgene can be followed by examining GFP fluorescence as well 

as by immunoblotting for T-bet.  Figure 1 demonstrates T-bet overexpression, as 

visualized by immunoblotting, with increasing multiplicity of infection (MOI) of the T-

bet adenovirus (AdTBET) following 3 days of infection.   

 

Quantitative PCR 

RNA was extracted using TRIzol reagent and enriched for the miRNA fraction 

enriched for the total RNA fraction containing miRNA using miRVana isolation 

protocols (Ambion, Austin, TX). Purified miRNA was quantified using RiboGreen and 

the quality of RNA estimated by absorbance ratios of 260/280 nm > 1.8. TaqMan 

miRNA assays (Applied Biosytems, Foster City, CA), were utilized to prepare cDNA 

from 250 ng RNA and Ct values from standard curves used to quantify relative 

expression of specific miRNA normalized to U6.  

 

PCR Arrays 

PCR arrays (SABiosciences, Frederick, MD) were used examine expression 
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level of extracellular matrix proteins (ECM) and Th1-Th2-Th3 inflammatory mediators 

affected by T-bet, and IFNɔ in the context of T-bet. First-strand cDNA was synthesized 

from 2 ɛg total RNA diluted 1:5 (Salinthone et al., 2004b). The reactions contained 1X 

SYBR PCR master mix and 2 ɛl diluted cDNA in a final volume of 25 ɛl and were 

amplified at 95ºC, 15 seconds; 60ºC, 1 minute for 40 cycles. Cytokine-stimulated ASM 

cells transfected with the negative anti-miR control or anti-miR-25 were compared and 

analyzed across multiple plates using the ȹȹCt method and normalized to ɓ-actin. 

 

ELISA  

Cell culture media from samples of AdTBET, AdGFP and these cells after anti-

miR-25 and neg-anti-miR were assayed for eotaxin by ELISA according to the 

manufacturerôs protocols (R&D Systems, Minneapolis MN and Invitrogen, Carlsbad, 

CA).  
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RESULTS 

Overexpression of T-bet By Adenovirus 

 ASM cells, under normal conditions, contain low quantities of T-bet which can be 

induced by treatment with IFNɔ (Singer, 2010).  Thus in order to study functions of T-bet 

in ASM cells, we decided to use adenoviral-mediated overexpression system. A 

representative example of T-bet expression using this virus is shown in Figure 1.  In 

subsequent experiments, ASM cells were transduced with AdT-bet at a concentration of 

20 MOI. 

 

 

 

 
 

 

Figure 1.  T-bet expression with increasing MOI AdTbet.  Human ASMC were 

treated with differing concentrations of an adenovirus, measured in plaque forming units 

(pfu), in order to see the optimum amount of T-bet expression at 20 MOI. Cells lysates 

were prepared for Western blots for T-bet expression as shown here. 
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miRNA regulated by T-bet 

 In order to determine if T-bet regulated the expression of miRNA in human ASM 

cells we designed a set of experiments using miRNA arrays with confirmation by RT-

PCR of certain miRNA.  The 640 miRNA on the array consisted of known human, rat, 

and mouse miRNA along with 152 novel miRNA.  Human ASM Cells were transduced 

with T-bet adenovirus (AdTBET) followed by stimulation with 10 ng/ml IFNɔ for 48 

hours.  Expression of AdTBET significantly upregulated expression of 55 miRNA and 

down-regulated expression of 21 miRNA (Figure 2, Appendix 3).  Treatment with IFNɔ 

further down-regulated most miRNA expression and upregulated 7 miRNA (Figure 2, 

Appendix 3).  The upregulation of miR-143 and down-regulation of miR-320 and miR-25 

by T-bet was confirmed by RT-PCR.  

 

miRNA regulated by IFNɔ 

 We also studied miRNA downregulated by IFNɔ alone.  We chose this cytokine 

because of its exposure is known to be involved with T cell differentiation to a Th1 

response which has a significant role in airway disease which could relate to smooth 

muscle.  In hASMCs stimulated with IFNɔ alone 32 miRNA were downregulated greater 

than 2-fold (Figure 3) and 2 miRNA, miR-363-AS and miR-212, were up-regulated 

greater than two fold.  When miRNA downregulation was compared between cytokine-

stimulated hASMCs and IFNɔ stimulated hASMCs, miR-320 was the only miRNA in 

common.  Cell culture experiments indicate that enforced miR-320 expression can  
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Fig 2. miRNA regulation by Tbet (a)Heap map of miRNA expression ADT-BET vs. 

ADGFP and ADT-BET vs. ADT-BET + IFN.  miRNA expression determined by miRNA 

Bioarray.  Heat map generated with Javatree freeware from miRNA array experiments 

n=2. (b) qRT-PCR analysis of miRNA expression for miR-25, miR-143, and miR-320 

normalized to U6.  N=5. 
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Figure 3 IFNɔ regulation of miRNA. miRNA downregulated by IFNɔ greater than -1.0 

on a log2 scale.
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suppress cell proliferation in a human leukemia cell line (Schaar et al., 2009). 

Interestingly, let-7 b,c,d, and e were all significantly downregulated by the IFNɔ stimulus 

which has implications for cancer because of the previously mentioned relationship 

between the RAS oncogene and let-7. 

 

T-bet regulation of contractile protein expression 

      Since T-bet has such a profound effect on T cell differentiation, we chose to study 

whether T-bet could affect ASM cell phenotype as well.  We decided to use the AdT-bet 

virus to overexpress T-bet and compare contractile protein expression in human ASM 

cells transduced with the AdT-bet virus, compared to those transduced with a control 

AdIRES virus.  These experiments were performed with our without the addition of IFNɔ 

to study the effects of T-bet in relation to this cytokine on contractile protein expression.  

The results show that sm22, calponin, and myosin heavy chain were all upregulated by T-

bet and that these contractile protein markers were all down regulated by the addition of 

IFNɔ  (Figure 4). 

 

T-bet regulation of eotaxin 

Previous work had determined that expression of T-bet regulated secretion of 

eotaxin in ASM cells (Singer, 2010).  Thus, we also set out to determine the effect of T-

bet, IFNɔ, and miR-25 on eotaxin expression.  Again, we used cells transduced with 

AdTBET and treated the cells for 48 hours with IFNɔ.  For this experiment we also added 

the transfection of ADTbet human ASM cells with anti-miR-25 and neg-anti-miR 

control.  W have shown in previous experiments that anti-miR-25 reduces the expression 
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of miR-25 in human ASM cells (Kuhn et al., 2009).  AdTBET cells showed a significant 

downregulation of eotaxin with anti-miR-25 showing more downregulation (Figure 5).  

IFNɔ treated cells responded similarly to AdTBET and anti-miR-25 (Figure 5). 

 

T-bet regulation of extracellular matrix proteins 

 Because of much interest in extracellular matrix (ECM) proteins and their role in 

smooth muscle phenotype regulation, we designed experiments to determine the role of 

T-bet on ECM proteins.  In order to study this effect we used SuperArrays which are 96-

well plates that have primers preloaded with the most studied ECM proteins.  We used 

these arrays to study the mRNA differences in ECM proteins between AdTBET cells vs. 

control AdGFP.  We also transfected AdTBET cells with anti-miR-25 in order to 

determine that inhibition of miR-25 had any further effects on ECM gene expression.  T-

bet downregulated the expression of collagen 5a1, collagen 1a1, laminin 3, and TIMP 

metalpeptidase inhibitor 1.  T-bet upregulated the expression of matrix metallopeptidase 

12 (MMP12) (Figure 6a).  The inhibition of miR-25 had significant effects on most ECM 

proteins (Figure 6b).  
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Fig 4 . Contractile protein expression controlled by T-bet. qPCR of (a) SM22 (b) 

calponin and (c) myosin heavy chain expression in AdTbet cells vs AdGFP.  Contractile 

mRNA expression was normalized to 18S, N=4±SEM. 
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Fig 5. Secretion of inflammatory mediators regulated by T-bet and miR-25. 

(a)Secretion of eotaxin in AdGFP vs. AdTbet cells assayed ELISA, n=2. (b) Secretion of 

eotaxin in AdGFP + IFNɔ vs. AdTbet + IFNɔ cells assayed by ELISA, N=2. 
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Figure 6. Tbet, miRNA, and extracellular matrix protein expression. (a) Heat map of 

mRNA expression of extracellular matrix proteins in AdT-BET vs. AdGFP transfected 

hASMCs.  Data generated from SA Bioscience PCR array, N=3. (b) Heat map of mRNA 

expression of extracellular matrix proteins in hASMC transfected with Anti-miR-25 vs. 

Negative Anti-miR in the presence of AdT-BET. Data from SA Bioscience PCR array, 

N=3.  (c) Chart showing layout of extracellular matrix protein primers in SuperArray. 
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DISCUSSION 

Previous work has demonstrated that interferon (IFN)  stimulation of human 

airway smooth muscle (ASM) cells induces T-bet expression and stimulates production 

of IFN  and decreases secretion of RANTES and eotaxin.  We have also demonstrated 

that pro-inflammatory stimulation of human ASM cells alters expression of microRNA 

(miRNA) that may target genes critical to regulation of the ASM inflammatory 

responses.  In the present study, we use microarrays to determine whether of T-bet alters 

miRNA expression profiles in ASM cells.  Human ASM cells were transduced with a T-

bet adenovirus (AdT-BET) followed by stimulation with 10 ng/ml IFN for 48 hours. 

miRNA isolated from these cells were then hybridized to miRNA expression arrays and 

results compared to expression seen in cultures transduced with the control virus.  The 

640 miRNA on the array consisted of known human, rat, and mouse miRNA along with 

152 novel miRNA.  T-bet expression cause an up-regulated expression of 55 miRNA and 

down-regulated expression of 21 miRNA and treatment with IFN  further upregulated 7 

miRNA and down-regulated 74 miRNA. 

The airways of asthmatic patients have increased amounts and altered 

composition of extracellular matrix proteins (Brewster et al., 1990).  Biopsies from 

patients who died from asthma show a significant thickening of the subepithelial area 

beneath the basement membrane and an increased abundance of extracellular matrix 

(Zhang et al., 1996).  This includes increases in the deposition of collagen types I and III, 

laminin subunits Ŭ2 and ɓ2, tenascin , and fibronectin (Laitinen et al., 1997; Roberts and 

Burke, 1998).  Increased ECM deposition can be observe in asthmatic airway tissue as 

rapidly as 24 hours after exposure to allergen (Phipps et al., 2004).  Whether the 
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deposition of the extracellular matrix is secondary to inflammation or if it occurs as a 

result of an exaggerated repair process is the subject of debate; however, maximal 

thickening of the reticular basement membrane is already observed in children aged 6-16 

with sever asthma, and abnormal thickening of the reticular basement membrane can 

appear as early as age 4 (Hoshino et al., 1998; Jeffery et al., 1989).  The diverse elements 

that compromise the ECM influence cell functions as varied as migration and 

localization, differentiation, proliferation, apoptosis, and mediator release (Fernandes et 

al., 2006).  Extracellular matrix protein dynamics is an important mediator of the airway. 

 In previously published and ongoing studies our lab has studied the effect of Th1 

cytokines in smooth muscle as it relates to airway disease.  Here is some of what is 

known in T-cell differentiation in the airway as it relates to asthma.  Mature CD4+ Th1 

and Th2 lymphocytes arise from naive T cell precursors that differentiate upon exposure 

to specific cytokine signals and remain divided into functional subsets based on the 

cytokines that are expressed upon activation (Finotto and Glimcher, 2004).  Th1 

differentiation is driven by exposure to IL-12, IL-18 and IFNɔ and activated TH1 cells 

continue to synthesize Il-2, Il-12 and IFNɔ..  Th2 cells develop under the influence of 

IL-4 and express IL-4, IL-5, IL-10 and IL-13.  It has been suggested that an imbalance 

between Th1/Th2 cytokine production may underlie inflammation-associated changes 

that lead to airway disease (Hakonarson et al., 1999).  It is known that the Th2 cytokines 

IL-4 and IL-5 stimulate immunoglobulin (Ig) E synthesis and contribute to the 

recruitment and activation eosinophils, while the Th1 cytokine IFNɔ decreases IgE 

production (Koning et al., 1997; Lack et al., 1994; Pene et al., 1988).  In support of this 

concept, BAL fluid from atopic asthmatic patients contains significantly increased levels 
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IL-4 and IL-5 and decreased levels IFNɔ (Robinson et al., 1992; Ying et al., 1995).  

Furthermore, corticosteroid treatment reduces airway hyperresponsiveness and BAL fluid 

levels of IL-4 and IL-5 while increasing the number of cells expressing IFNɔ (Leung et 

al., 1995; Bentley et al., 1996).   An understanding of the cell types that produce Th1/Th2 

cytokines in the lung, as well as the mechanisms regulating Th1/Th2 cytokine production 

in a variety of cell types that contribute to airway inflammation, may therefore prove to 

be of therapeutic interest.   

One of the main goals of these experiments was to determine if T-bets regulation 

of miRNA might correlate with the stimulation of IFNɔ by T-bet.  Smooth muscle 

regulation of miRNA and the resulting changes in inflammatory mediators may be an 

important contributory factor to the in vivo milieu in the varying cells within lung tissue 

to the development of asthma, and other inflammatory lung diseases.  One of the miRNA 

which we show to be downregulated by T-bet expression, miR-146a, has been shown to 

inhibit the expression of type-1 interferon (Hou et al., 2009).  If miR-146a was shown to 

inhibit IFNɔ directly, we could show one of the mechanisms behind T-bet stimulation of 

IFNɔ.  Another interesting point is that miR-25 has a binding site in the 3ô UTR of IFNɔ.  

This site is conserved in human, rat, mouse, and dog; but not chicken.  Our study 

illustrates a significant downregulation of miR-25 with T-bet overexpression.  Another 

miRNA which fits this pattern of T-bet downregulation and target site in IFNɔ is miR-

453.  This downregulation should contribute to the upregulation of IFNɔ. 

T-bet was found to upregulate MMP12 and downregulate laminin 3, collagen 5 

alpha 1, collagen 1 alpha 1, and TIMP MMP inhibitor 1.  In these extracellular matrix 

proteins there were correlations between miRNA regulation by T-bet and ECM protein 
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expression.  Collagen 5 alpha 1 3ôUTR is targeted by miR-26 and miR-25.  These 

miRNA are significantly upregulated by T-bet, and miR-26 is downregulated in rat lungs 

exposed to cigarette smoke (Izzotti et al., 2009).  When miR-25 is inhibited by anti-miRs 

in the context of T-bet there is an additional change in ECM expression which proves the 

changes in miRNA expression by T-bet may have a synergistic effect on pathways.  This 

should further increase the regulation of inflammatory and ECM proteins by the 

transcription factor. 

 T-bet is a powerful transcription factor which has been found to shift Th cells in 

the Th1 direction.  One of the means by which T-bet might regulate this switch is by 

changing the miRNA expression pattern within a given cell type.  This study found that 

T-bet controls global miRNA expression within smooth muscle cells, as well as ECM and 

inflammatory mediator expression.  Interestingly, this study found that T-bet antagonizes 

miR-126 expression.  This finding fits well with the recent finding that antagonism of 

miR-126 suppresses the function of Th2 cells and the development of allergic airway 

disease via negative regulation of GATA3 (Mattes et al., 2009).  This study adds much 

needed information about T-bet and miRNA expression to the literature, and may be used 

in future studies to determine miRNA regulation of ECM and inflammatory mediators.  

This data should prove to be important because of the function of miRNA as a fine-

tuning mechanism of gene regulation.  This should lead to more precise control of Th1 

and Th2 balance.  These could be in the form of therapies which modulate T-bet, miRNA 

expression, or a combination of the two. 
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SUMMARY  

 Over the last decade it has become clear that miRNA are an important, previously 

overlooked layer of gene regulation.  The expression of miR-1 in muscles, miR-124 in 

the central nervous system, and miR-10 in anterior-posterior patterning is conserved 

(Nguyen and Frasch, 2006; Cao et al., 2007; Woltering and Durston, 2008), supporting 

the idea that miRNAs are involved in determining and maintaining tissue identity.  This 

is further supported by the work reported here, which is one of the first in the world to 

show miRNA regulate smooth muscle phenotypic expression.  Currently, there is much 

enthusiasm that regulation of miRNA in smooth muscle miRNA will be a powerful tool 

in treating the various diseases caused by aberrant smooth muscle gene expression.  

Because miRNA have evolved as a fine tuning mechanism of gene expression, 

there has been much enthusiasm focused on miRNA as a drug target.  Several companies 

have been founded in hopes of capitalizing on the power of miRNAs including miRNA 

Therapeutics and the collaboration of ISES and Rossetta Genomics.  The power of 

miRNA can be summarized by five main points.  First, a given miRNA controls several 

pathways which might give it superior therapeutic activity.  Second, it has been shown 

that miRNA contribute to cancer development by functioning as oncogenes and tumor 

suppressors.  Third, miRNAs are dys-regulated and expressed at different levels in 

diseased tissues when compared to normal tissues.  Fourth, administration of miRNAs 

induces a therapeutic response by blocking or reducing tumor growth in pre-clinical 

animal studies.  Finally, miRNAs are natural molecules, so they do not induce an immune 

response. 
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 The studies reported here sought to define the miRNA expressed in ASM and 

determine effects of miRNA on ASM cells functions.  In initial studies, miRNA 

expression in human ASM tissue was examined.  There were 60 miRNA out of 640 

miRNA contained on the array which were expressed in RNA extracted from four 

different human subjects.  Of this 60 miRNA, 18 miRNA were expressed greater than 2 

fold compared to all other miRNA.  This data gave an in vivo baseline miRNA expression 

which we could use to compare subsequent in vivo data.  miRNA has been shown to be 

tissue and stimulus specific (Wang et al., 2007), so it is important to determine miRNA 

expression in intact tissue to later studies of miRNA expression in cultured cells. 

 Studies further examined miRNA expression in cultured cells and cultured cells 

treated with an inflammatory stimulus.  This cocktail of IL-1ɓ, TNFŬ, and IFNɔ was 

chosen because these inflammatory mediators are found in the BAL fluid of asthmatics, 

and they have been extensively used by our lab and others to mimic the in vivo 

inflammatory environment of asthmatics (Mattoli et al., 1991; Broide et al., 1992; Hedges 

et al., 2000; Salinthone et al., 2004b).  The inflammatory stimulus in this study found 11 

miRNA were significantly downregulated by the treatment.  This correlates to the fact 

that miRNA are downregulated in most cancers, since chronic inflammation has been 

linked to oncogenesis (Aggarwal and Gehlot, 2009; Ono, 2008).  This data can be 

compared to previous studies of miRNA in the lung in which a rapid up-regulation of 

miRNA was reported in response to IL-1ɓ and LPS stimulation within 3 hours (Moschos 

et al., 2007).  A possible conclusion from this discrepancy is that miRNA expression is 

time-dependent and the miRNA downregulated in our study represent miRNA expression 

affected by a chronic inflammatory state. 
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 Experiments were also performed to determine the effect of IFNɔ alone.  When 

you compare the combination of cytokines with IFNɔ, you see quite different results.  32 

miRNA were significantly downregulated and 2 were significantly upregulated.  When 

you compare miRNA regulated by the inflammatory cocktail vs. miRNA regulated by 

IFNɔ alone, miR-320 is the only miRNA regulated by both treatments.  Several papers 

are of more interest in relation to these results.  Duan et. al. 2009 shows miR-320 is 

involved in G1/S transition through CDK6 (Duan et al., 2009). Huang et al. 2007 

demonstrates that KLF13 plays a role in regulation of CCL5 (RANTES) (Huang et al., 

2007).  Search of online algorithms shows miR-320 targets KLF13.   This is probably an 

indirect means of miR-320 regulation of RANTES.  Also, duPre et. al 2008 showed IFNɔ 

affects tumor phenotype, growth, and metastasis (duPre' et al., 2008).  Could miR-320 

play a role in this effect?  There is much work to be done in the miRNA field and these 

papers are a sample of potential avenues for future research. 

 After verifying array results with qRT-PCR specific for miRNA of interest, we 

chose to focus on miR-25 because it was predicted, by several of the online algorithms, to 

bind interesting targets involved with ASM phenotype.  We illustrated the ability to 

control the expression of miR-25 with pre-miR virus or anti-miR transfection and 

observed the effects of overexpression or inhibition of miR-25.  Data reported here shows 

that miR-25 expression upregulates contractile protein expression.  We also report a role 

for miR-25 in cytokine expression and extracellular matrix expression and inhibition of 

ASM cell proliferation. Taken together this data documents a role for miR-25 in smooth 

muscle fate that enhances a differentiated, contractile smooth muscle phenotype. 
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 Another goal was to determine the molecular mechanism involved with miR-25ôs 

regulation of this phenotype.  In reviewing the predicted targets of miR-25, we decided to 

focus on KLF4 because of the reported role of this transcription factors in smooth muscle 

cell fate.  Assays reported here give convincing evidence that miR-25 binds KLF4 and 

represses KLF4 translation.   

 In conclusion, airway smooth muscle and smooth muscle cells display a distinct 

miRNA expression signature.  Treatment of airway smooth muscle cells with an 

inflammatory mix of cytokines or IFNɔ alone regulates the expression of a distinct set of 

miRNAs.  One of the miRNAs regulated by the inflammatory stimulus, miR-25 has been 

show to regulate smooth muscle phenotype.  This was the first published data showing 

miRNA control smooth muscle phenotype.  miR-25 regulation of smooth muscle 

phenotype might be used in future work to design therapy for asthma and other 

pathologies in which aberrant smooth muscle proliferation is a target. 
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FUTURE DIRECTI ONS 

Role of miRNA in Lymphangioleimyomatosis 

The smooth muscle (SM)-like cells found in lymphangioleiomyomatosis (LAM) 

have been described as myofibroblast-like, spindle shaped cells that express SM-specific 

proteins and exhibit abnormal growth patterns that ultimately contribute to a loss of 

pulmonary function (Goncharova et al., 2006). One way in which normal SM cells 

respond to mechanical and environmental stress is by switching between a mature, 

contractile state to an immature, proliferative state. Our laboratory has identified miR-25 

as a candidate miRNA that regulates airway SM phenotype and alters the proliferative 

state of airway SM, while in vascular SM other laboratories have demonstrated SM fate 

is regulated by miR-143 and miR-145.  To date, there has been no study of the 

contribution of miRNA to LAM.  These future studies will address the overall hypothesis 

that miRNA are important mediators of phenotypic differentiation in SM-like LAM cells.  

The proposed experiments will address with role of miR-25, miR-143 and miR-145 on 

proliferation of SM-like LAM cell and examine whether mTOR/S6K1 signaling 

pathways are involved (Figure 1).  Further experiments will address whether potential 

protein targets of these miRNA such as TSC1 and markers of SM differentiation are 

affected by miRNA expression in SM-like LAM cells.  Search of online algrorithms 

predicts a binding site for miR-25 in the 3ô UTR of TSC1 (Figure 2).  These proposed 

studies will identify a role for miRNA in LAM that could lead to the development of 

diagnostic, prognostic, and therapeutic additions to the LAM arsenal.  
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Figure 1.  miRNA expressed in intact airway.  Normalized expression of select 

miRNA in intact airway SM as detected by miRNA array analysis, n=4±SEM. 

 

 

 

 

Figure 2. TSC1 miR-25 binding sites. 
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miR-25 effects on other miRNA involved in phenotypic regulation of airway smooth 

muscle 

MicroRNAs are regulators of multiple cellular events.  Recent miRNA research 

has established a role for miRNA in regulation of smooth muscle phenotype.  miRNA 

can be transcribed individually, or as part of a polycistronic cluster.   miR-25 is part of 

the miR-106b cluster which includes miR-25, miR-93, and miR-106b.  Previous work 

from our lab has shown miR-25 directs smooth muscle differentiation and that  airway 

smooth muscle (ASM) miRNA expression is altered by inflammatory stimulation with 

IL-1ɓ, TNFŬ, and IFNɔ.  A role for miR-145 has also been elucidated in vascular smooth 

muscle phenotype regulation.  Kruppel-like factor 4 (KLF4), a potent transcription factor, 

has been the target of intensive research in both the smooth muscle and stem cell fields.  

On going smooth muscle research illustrates a role for KLF4 in smooth muscle 

differentiation, proliferation, and inflammation.  Interestingly, binding site algorithms 

predict the 3ô UTR is a target for both miR-145 and miR-25.  It has been established that 

ASM cells exposed to a proinflammatory stimulus express and secrete cytokines and 

chemokines and undergo óphenotypic switchingô.  The hypothesis for the current study is 

that miR-25 regulates the expression of other miRNA in the 106b-cluster and other 

miRNA involved in smooth muscle fate.  To test this hypothesis, human ASM cells were 

treated with this proinflammatory stimulus or left untreated and miRNA expression was 

determined.  Lenti-viruses overexpressing (pmiR) or inhibiting (miR-Zip) miR-25 were 

used to manipulate miR-25 expression.  miR-93, miR-106b, and miR-145 expression was 

determined using quantitative RT-PCR in miR-25 overexpressed or inhibited ASM cells.  

miR-93 and miR-145 expression is upregulated by miR-25  overexpression and 
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downregulated by miR-25 inhibition.  miR-106b expression is not significantly effected 

by miR-25.  The preliminary data suggests that miR-25 has a regulatory effect on other 

miRNA which may be involved with ASM cell fate. 

 

Generation of miR-25 conditional knock-out mouse 

 These foundation studies were performed in order to formulate testable 

hypotheses for future work developing an in vivo model.  We are in the process to 

developing two transgenic mouse models where miR-25 expression is either 

conditionally knocked out or overexpressed in smooth muscle cells using the MHC 

promoter.  These mice will be characterized in studies to examine effects of miR-25 in 

vivo.  This work will be completed with help of the Nevada Transgenic Facility, headed 

by Dr. Burkin and partially funded by a Center for Biomedical Research Excellence 

(COBRE) in the department. 
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Appendix 1. miRNA Expression in Intact Airway Smooth muscle 
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    Appendix 1. miRNA Expression in Intact Airway Smooth muscle (cont.) 
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   Appendix 1. miRNA Expression in Intact Airway Smooth muscle (cont.) 

 



144 

 

   Appendix 1. miRNA Expression in Intact Airway Smooth muscle (cont.) 
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   Appendix 1. miRNA Expression in Intact Airway Smooth muscle (cont.) 
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     Appendix 1. miRNA Expression in Intact Airway Smooth muscle (cont.) 
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     Appendix 1. miRNA Expression in Intact Airway Smooth muscle (cont.) 
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    Appendix 1. miRNA Expression in Intact Airway Smooth muscle (cont.) 
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    Appendix 1. miRNA Expression in Intact Airway Smooth muscle (cont.) 
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     Appendix 1. miRNA Expression in Intact Airway Smooth muscle (cont.) 
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     Appendix 1. miRNA Expression in Intact Airway Smooth muscle (cont.) 
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   Appendix 1. miRNA Expression in Intact Airway Smooth muscle (cont.) 
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   Appendix 1. miRNA Expression in Intact Airway Smooth muscle (cont.) 

 



154 

 

   Appendix 1. miRNA Expression in Intact Airway Smooth muscle (cont.) 
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Appendix 2. miRNA Expression in Cytokine-Stimulated ASM Cells 
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  Appendix 2. miRNA Expression in Cytokine-Stimulated ASM Cells (cont) 
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  Appendix 2. miRNA Expression in Cytokine-Stimulated ASM Cells 
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  Appendix 2. miRNA Expression in Cytokine-Stimulated ASM Cells 
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  Appendix 2. miRNA Expression in Cytokine-Stimulated ASM Cells 
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  Appendix 2. miRNA Expression in Cytokine-Stimulated ASM Cells 
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  Appendix 2. miRNA Expression in Cytokine-Stimulated ASM Cells 
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  Appendix 2. miRNA Expression in Cytokine-Stimulated ASM Cells 
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  Appendix 2. miRNA Expression in Cytokine-Stimulated ASM Cells 
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   Appendix 2. miRNA Expression in Cytokine-Stimulated ASM Cells 
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  Appendix 2. miRNA Expression in Cytokine-Stimulated ASM Cells 
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  Appendix 2. miRNA Expression in Cytokine-Stimulated ASM Cells 
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  Appendix 2. miRNA Expression in Cytokine-Stimulated ASM Cells 
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   Appendix 2. miRNA Expression in Cytokine-Stimulated ASM Cells 
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Appendix 3.  miRNA regulated by T-bet and IFNɔ                                          

      


