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Defining mechanisms by which differentiated, contractile smooth
muscle cells become proliferative and secretory in response to
mechanical and environmental stress is crucial for determining the
contribution of airway smooth muscle (ASM) to inflammatory re-
sponses that result in airway disease. Regulation by microRNAs
(miRNAs) has emerged as an important post-transcriptional mech-
anism regulating gene expression that may modulate ASM pheno-
type,but little is knownabout theexpression andfunctionsofmiRNA
in smooth muscle. In the present study we used microarrays to
determine whether miRNAs in human ASM cells are altered by
a proinflammatory stimulus. In ASM cells exposed to IL-1b, TNF-a,
and IFN-g, we found 11 miRNAs to be significantly down-regulated.
We verified decreased expression of miR-25, miR-140*, mir-188, and
miR-320by quantitativePCR. Analysisof miR-25expression indicates
that it has a broad role in regulating ASM phenotype by modulating
expression of inflammatory mediators such as RANTES, eotaxin, and
TNF-a; genes involved in extracellular matrix turnover; and contrac-
tile proteins, most notably myosin heavy chain. miRNA binding
algorithms predict that miR-25 targets Krüppel-like factor 4 (KLF4),
a potent inhibitor of smooth muscle–specific gene expression and
mediatorof inflammation. Our study demonstrates that inhibition of
miR-25 in cytokine-stimulated ASM cells up-regulates KLF4 expres-
sion via a post-transcriptional mechanism. This provides novel
evidence that miR-25 targets KLF4 in ASM cells and proposes that
miR-25 may be an important mediator of ASM phenotype.
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MicroRNAs (miRNAs) are 21- to 23-nucleotide noncoding
RNA molecules that have emerged as important post-transcrip-
tional regulators of cell growth, differentiation, and apoptosis
(1, 2). Both cloning and bioinformatics approaches have been
used to identify miRNA individually or as polycistronic clusters
in introns, exons, and regions between protein-coding genes (3).
In addition, it has recently been reported that miRNAs can exist
as elements in promoter regions of select genes (4). Currently,
721 human miRNAs are listed in the miRNA registry (miRBase
14.0, September 2009) (5), but it has been estimated that there

may be 1,000 or more human miRNAs that target approxi-
mately 30% of the genome (3).

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 ther-
apies for lung cancer (6, 7). Expression profiling in patients with
lung cancer has also identified an miRNA signature that pre-
dicts survival and relapse (8). During inflammatory stimulation
of lung alveolar epithelial cells, rapid changes in miR-146a
expression occur and negatively regulate the release of IL-
1b–induced IL-8 and regulated upon activation, normal T cell
expressed and secreted (RANTES) (9). Exposure to lipopoly-
saccharide (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)-a
and macrophage inflammatory protein (MIP)-2 (10). In addi-
tion, miRNA binding sites have been identified in the asthma-
susceptibility marker HLA-G where the 39-untranslated region
(UTR) contains sites for miR-148a, miR-148b, and miR-152
(11).

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 leiomyo-
sarcoma (12) and the regulation of miRNA by ovarian steroids
has been demonstrated in the myometrium and leiomyoma (13).
In the vasculature, a polymorphism in the 39-UTR of the an-
giotensin II type I receptor (AT1R) has been associated with
cardiovascular disease and has recently been identified as
a target for miR-155 (14). Inhibition of miR-155 in vascular
smooth muscle cells (VSMC) represses AT1R expression and
decreases receptor-mediated activation. Microarray analysis has
also recently demonstrated aberrant miRNA expression after
vascular injury (15). This study identified miR-21 as a mediator
of neointimal lesion formation that increases proliferation and
inhibits apoptosis in VSMC.

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 imma-
ture proliferative, synthetic, or secretory phenotype (16, 17) that
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The study of miRNA in airway smooth muscle is an emerg-
ing area of interest in lung biology. Our studies have iden-
tified a novel miRNA target that may profoundly affect
airway smooth muscle phenotype and contribute signifi-
cantly to the knowledge of phenotypic plasticity in smooth
muscle. This may lead to new therapeutics for lung disease
such as asthma.
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produces Th1/Th2 cytokines, CC and C-X-C chemokines, che-
motactic proteins, and peptide growth factors (18, 19). 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. We examined miRNA expression in
cultured ASM cells exposed to a proinflammatory stimulus of
IL-1b, TNF-a, and IFN-g. We present data identifying miR-25
as an miRNA down-regulated with inflammatory stimulation
that affects expression of inflammatory mediators, extracellular
matrix (ECM), and contractile proteins. We further investigate
a predicted interaction between miR-25 and Krüppel-like factor
4 (KLF4), a transcription factor that participates in the regula-
tion of serum-response factor (SRF)-dependent smooth muscle–
specific gene expression and is a mediator of the inflammatory
response in macrophages (20). These data support a role for
miR-25 in post-transcriptional regulation of KLF4 expression
and illustrate the potential of miR-25 as a novel modulator of
smooth muscle phenotype.

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, white, 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 second-
to fourth-generation mainstem bronchi of patients undergoing lung
resection surgery at the University of Manitoba as previously described
(21). 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 378C
in M199 supplemented with 10% new born calf serum (Invitrogen,
Carlsbad, CA), 0.5 mg/L epidermal growth factor, and 2 mg/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/L ITS1Premix containing 5 mg/ml
insulin, 5 mg/ml transferrin, and 5 ng/ml selenium (BD Bioscience,
Bedford, MA). Cells were then treated with 10 ng/ml IL-1b, TNF-a,
and IFN-g for 24 hours or left untreated. IL-1b, TNF-a, and other
growth factors were purchased from Sigma (St. Louis, MO). IFN-g was
purchased from R&D Systems, Inc. (Minneapolis, MN).

miRNA Arrays

Expression of miRNAs in intact human ASM and in ASM cells was
evaluated using mirVana miRNA bioarrays V2 (Ambion). 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 mg of total RNA fractionated using the flashPAGE system as
directed by the manufacturer (Ambion). This system uses capillary gel
electrophoresis to isolate small RNA less than 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 (Invi-
trogen). 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 mg miRNA was lyophilized and resuspended in 15.5 ml
of RNAse-free water for labeling. The NCode miRNA labeling system
(Invitrogen) was used for labeling and polyadenylation of miRNA
followed by ligation of a capture sequence before hybridization over-

night. 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 (Waltham, MA) at the Nevada Genomics Center.
GenePix 4.1 software (22) was used to quantify raw signal intensities.
The remaining analysis and normalization was completed in collabora-
tion 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 indepen-
dently as the sum of the mean and 1/2 the standard deviation of the
background-corrected positive signal levels of the 194 empty wells on
each array (23). 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.

miRNA arrays for cytokine-stimulated ASM cells were completed
in duplicate from two different cultures. In this experiment, the local
background was not available. Again, the same noise threshold was
used to filter miRNA signals that were deemed detectable. Remaining
spot replicates were averaged after exclusion of those replicates that
caused abnormally large coefficients of variations. Only 22 signal
intensities were excluded in sets of replicates with coefficients of var-
iation greater than 0.8. Of all 2,504 sets of detectable replicates, 1%
was associated with coefficients of variation greater than this chosen
threshold of 0.8. This yielded 642 remaining features to be considered
for further analysis, including controls. The ratios of cytokine-stimu-
lated to nontreated, control miRNA expression were computed for
each of the four arrays, and then normalized per array via a simple
division by the median ratio of each array. Normalized ratios were then
averaged for each of the two different cultures assayed and log2-
transformed.

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 de-
termine potential binding sites of miRNA to mRNA of target proteins.
All algorithms gave more weight to ‘‘seed’’ region bases 2–9 of miRNA
(24–28).

Quantitative PCR

RNA was extracted using TRIzol reagent and enriched for the miRNA
fraction using the PureLink miRNA isolation kit (Invitrogen) or en-
riched for the total RNA fraction containing miRNA using miRVana
isolation protocols (Ambion). Purified miRNA was quantified using
RiboGreen and the quality of RNA estimated by absorbance ratios
of 260/280 nm greater than 1.8. TaqMan miRNA assays (Applied
Biosystems, Foster City, CA), were used 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 con-
tractile proteins or KLF4 was evaluated using TaqMan gene expression
assays from first-strand cDNA prepared from 2 mg total RNA diluted
1:5 as previously described (29) 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; KLF4, Hs00358836.

PCR Arrays

PCR arrays (SABiosciences, Frederick, MD) were used examine
expression levels of extracellular matrix proteins (ECM) and Th1-Th2-
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Th3 inflammatory mediators affected by miR-25. First-strand cDNA was
synthesized from 2 mg total RNA diluted 1:5 (29). The reactions
contained 13 SYBR PCR master mix and 2 ml diluted cDNA in a final
volume of 25 ml and were amplified at 958C, 15 seconds; 608C, 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 DDCt method and normalized to b-actin.

Western Blot

Whole cell lysates were prepared as previously described (29, 30).
Protein concentrations were determined by the bicinchoninic acid
method using bovine serum albumin as the standard. Total protein
(10 mg) was separated by 4 to 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) before in-
cubation with primary antibody. Anti-KLF4 was obtained from Milli-
pore (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
IRDye800 (Rockland Immunochemicals, Gilbertsville, PA) for fluo-
rometric detection using an Odyssey infrared imaging system. All
densitometric analyses took place within the linear range of the im-
munoreactive signal using Odyssey system software.

ELISA

Cell culture media was assayed for eotaxin (R&D Systems), RANTES,
or TNF-a (Invitrogen) by ELISA according to the manufacturer’s
protocols.

Anti-miR Transfections

RNA oligonucleotides that inhibit miR-25 or a nonbinding negative
control were designed and synthesized by Ambion. ASM cells were
grown to approximately 80% confluence before transfection with
90 nM anti-miR miRNA inhibitors using siPORTNeoFX (Ambion) di-
luted in OptiMEM. After 48 hours, cultures were treated with 10 ng/ml
IL-1b, TNF-a, and IFN-g for 24 hours 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).

Statistics

Paired t tests were conducted using GraphPad software (La Jolla, CA).

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. Total RNA was obtained from tracheal
smooth muscle of four donors ranging in age from 20 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 miRNAs from the Sanger
miRBase sequence database version 8.0 along with 152 novel
human miRNAs with the possibility of overlap between species
for some probes. We found 60 miRNAs expressed at a detect-
able level in all four donors and another 118 miRNAs expressed
in three of the four donors (see Table E1 in the online sup-
plement). 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 E1).
There were 18 miRNAs with expression levels > 2-fold above
normalized expression values (Figure 1).

Cytokine-Stimulated miRNA Expression in ASM Cells

The effects of cytokine treatment on miRNA expression were
examined in ASM cultures stimulated with IL-1b, TNF-a, and

IFN-g, which has been previously demonstrated to induce
expression of inflammatory mediators in these cells (30, 31).
A comparison of miRNA expression under cytokine-stimulated
and nontreated conditions from hybridized miRNA arrays is
shown in Figure 2A. We also used this data to compare the
miRNAs expressed in cultured ASM cells with those miRNAs
expressed in intact tissue (Table E3). Of the 640 miRNAs
spotted on the array, 134 miRNAs were expressed in all
replicates. A majority of the miRNAs on the array exhibited
very low signal intensity, and none of the miRNAs expressed
were significantly up-regulated with cytokine treatment (Table
E2). We did observe 11 miRNA down-regulated > 2-fold in
both cultures with cytokine treatment (Figure 2B). These
miRNAs include described human miRNAs miR-23a, -23b,
-25, -188, -320, -363, and -489, as well as mouse and rat miRNAs
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 2C). As seen on the array, miR-25,
miR-140*, and miR-188 were significantly down-regulated with
cytokine stimulation, while expression of miR-329 was also
markedly decreased.

Functions of miR-25 on ASM Cell Phenotype

To begin to understand the functions of miRNA in cytokine-
stimulated ASM cells, we searched multiple miRNA target-
predicting algorithms to generate possible candidates of miR-25

Figure 1. miRNA expres-

sion in human airway
smooth muscle (ASM).

Total RNA from human

airway smooth muscle
was obtained commer-

cially. The miRNA frac-

tion was purified by

capillary gel electropho-
resis and quantified for

labeling as described.

Each sample was hybrid-

ized in duplicate, except
for that from donor 4,

which was hybridized to

one array only. Arrays

were scanned with a Per-
kin Elmer ScanArray

4000 Microarray Scanner

and analyzed with Gene
Pix 4.1 software. Data

were normalized to the

median signal intensity

across all four samples,
and normalized intensity

of the 18 miRNA

expressed > 2-fold over

the median expression
levels for each array is

shown (n 5 4 6 SEM).
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binding. We chose miR-25 as our initial candidate because it
was consistently down-regulated with cytokine stimulation
in miRNA array studies and by quantitative PCR analysis.
Targets that were predicted in more than one database include
the vitronectin receptor integrin aV (ITGAV), myosin 1B
(MYO1B), myocyte enhancer factor 2D (MEF2D), Krüppel like
factor 4 (KLF4), and suppressor of cytokine signaling 5 (SOCS5).
These results suggested that miR-25 may have a broader role in
regulating ASM plasticity by affecting inflammatory responses,
extracellular matrix (ECM) turnover, and possibly contractile
phenotype.

To begin to study functions of miR-25, we optimized a system
to manipulate endogenous miRNA expression using RNA
oligonucleotides designed to inhibit miRNA, known as anti-
miRs. As shown in Figure 3, transfection of the miR-25–specific
anti-miR down-regulated miR-25 in both nontreated and cyto-
kine-stimulated cultures. This validates the use of anti–miR-25
in subsequent experiments and further supports our data dem-
onstrating that this cytokine stimulus down-regulates miR-25
expression. After this, 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 me-
diator PCR array contained primers for a variety of Th1 and
Th2 mediators and receptors, transcription factors, and signal-
ing molecules associated with immune responses (Table 1;
Table E4). 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 TNF-a
as well as receptors for RANTES, IL-6, and IL-12. Effects of
miR-25 on secretion of RANTES, eotaxin, and TNF-a were
verified by ELISA (Figure 4). Secretion of these mediators was
not detectable in nontreated cultures (data not shown), but was
induced by treatment with 10 ng/ml IL-1b, TNF-a, and IFN-g
for 24 hours in control, nontransfected 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 TNF-a.
These results demonstrate that expression of miR-25 does affect

Figure 2. Cytokine stimulation affects miRNA expression in human

ASM cells. Human ASM cultures were grown to confluence and serum-

starved for 48 hours before cytokine treatment with 10 ng/ml IL-1b,
TNF-a, and IFN-g for 24 hours. RNA was isolated and miRNA arrays

hybridized and analyzed as described. (A) A scatter plot summarizes the

mean signal intensity on a log2 scale from the 134 miRNA expressed in

two different ASM cultures (shown in solid and open circles) assayed in
duplicate. Dotted lines indicate a 2-fold expression change between

cytokine-stimulated and nontreated cultures; the solid line indicates no

changes. (B) Ratios of miRNA expression in cytokine-stimulated versus

nontreated cultures were generated from miRNA array analysis. Nor-
malized ratios of the 11 miRNA down-regulated > 2-fold with cytokine

treatment are shown. (C ) 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 nontreated

cultures (100%) (n 5 3–6 6 SEM). *Statistically significant difference

from control, nontreated cultures (P , 0.05).

Figure 3. 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 nonbinding

control (Neg Anti-miR) using siPORTNeoFX for 48 hours. Control
cultures received mock transfection conditions. Cultures were then

treated with 10 ng/ml IL-1b, TNF-a, and IFN-g (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 were
expressed as the % control from control, NT cells (n 5 5 6 SEM).

*Statistically significant difference from miRNA expression levels seen

nontreated cultures; †statistically significant difference from control,
cytokine-stimulated cultures (P , 0.05).
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the inflammatory response of ASM cells by modulating secre-
tion of both proinflammatory mediators and chemokines asso-
ciated with inflammatory airway remodeling (18).

Accumulation of extracellular matrix (ECM) proteins is
another feature of airway remodeling, and bronchoalveloar
lavage fluid from individuals with asthma contains increased
levels of fibronectin, laminin, and hyaluronate, reflecting in-
creased ECM turnover (32, 33). 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 2; Table E5). 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 aM and b2,
matrix metalloproteinases (MMP) 9, ADAMTS1, and fibronec-
tin are also down-regulated. In addition, inhibition of miR-25
also up-regulated expression of tenascin C, sarcoglycan e, and
MMP 15 greater than 2-fold, and to a lesser extent up-regulated
expression of tissue inhibitor of metalloproteinase (TIMP2),
laminin a2, selectin P, selectin L, MMP3, and MMP14. These
results demonstrate that expression of miR-25 does affect
expression of a wide variety of ECM proteins that could affect
ECM turnover and airway remodeling.

miR-25 Regulates Expression of Selected Contractile Proteins

To determine whether miR-25 targeted any proteins important
in regulating contractile ASM phenotype, we analyzed gene
expression of selected contractile proteins after anti–miR-25
transfection. Figure 5A summarizes quantitative RT-PCR anal-
ysis of mRNA expression for myosin heavy chain (MHC,
MYH11) SM22 or calponin (CNN1) after cytokine treatment
with 10 ng/ml IL-1b, TNF-a, and IFN-g. Treatment with
inflammatory cytokines increased gene expression of MHC
and SM22, but not calponin (data not shown). Transfection
with anti–miR-25 decreased cytokine-stimulated myosin heavy
chain expression by 25%. This result was verified by immuno-
blotting analysis (Figure 5B), in which anti–miR-25 decreased

MHC by 50%. SM22 expression was also decreased by anti–
miR-25, although the negative nonbinding 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 contrac-
tile proteins, particularly MHC. There are no predicted binding
sites for miR-25 in the 39UTR 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 Regulates KLF4 Expression

Bioinformatics analysis using multiple miRNA-binding site
algorithms identified two possible miR-25–binding regions in
the 39UTR 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 exper-
iments, cytokine stimulation of ASM cells resulted in down-
regulation of KLF4 mRNA expression (Figure 6). However,
transfection with anti–miR-25 did not further affect KLF4
mRNA expression (Figure 6A). 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 nontreated cultures, anti–
miR-25 did not have any significant effect on KLF4 expression.
However, in cytokine-stimulated cultures, transfection with
anti–miR-25 up-regulates KLF4 protein abundance consider-
ably (Figure 6B). Consistent with current understanding of the
mechanism of action of miRs, miR-25 plays a post-transcrip-
tional role in silencing KLF4 expression in ASM cells; thus,
inhibition of miR-25 represses these silencing mechanisms,
allowing for KLF4 protein accumulation. 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.

DISCUSSION

miRNAs have emerged as a class of small, noncoding RNAs
that post-transcriptionally regulate gene expression by binding
to the 39 UTR of target mRNA to either repress translation or
induce cleavage (3). We undertook studies to begin elucidating

TABLE 1. INHIBITION OF miR-25 REGULATES EXPRESSION
OF INFLAMMATORY MEDIATORS IN CYTOKINE-STIMULATED
AIRWAY SMOOTH MUSCLE CELLS

Gene Name

Fold Regulation

by Anti–miR-25

Chemokine (C-C motif) ligand 5; CCL5 244.76

Interleukin 18; IL18 22.53

Chemokine (C-C motif) ligand 11; CCL11 22.05

Interleukin 23, alpha subunit p19; IL23A 21.98

Chemokine (C-C motif) receptor 2; CCR2 21.83

CD86 molecule; CD86 21.77

Interleukin 18 receptor 1; IL18R1 21.69

Fas ligand; FASLG 21.60

CD40 ligand; CD40LG 21.56

Inhibin, alpha; INHA 21.55

Suppressor of cytokine signaling 2; SOCS2 1.64

NFAT, cytoplasmic, calcineurin-dependent 2; NFATC2 1.74

Growth factor independent 1 transcription repressor; GFI1 1.88

CD27 molecule; CD27 1.95

Interleukin 6 receptor; IL6R 2.21

Hepatitis A virus cellular receptor 2; HAVCR2 2.23

Interleukin 12 receptor, beta 2; IL12RB2 2.30

Chemokine (C-C motif) receptor 5; CCR5 2.32

Tumor necrosis factor; TNF 2.57

Linker for activation of T cells; LAT 2.72

Figure 4. 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-1b, TNF-a,
and IFN-g, for 24 hours. Control cultures received mock transfection

conditions. RANTES, TNF-a, or eotaxin secretion was measured in

media samples by ELISA, n 5 6 6 SEM. *Statistically significant

difference from control, cytokine-stimulated cultures (P , 0.05).
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the role of miRNA in ASM by profiling the miRNA expressed
in ASM and determining whether inflammatory stimulation
modulated miRNA expression. We assessed a wide variety of
known and novel human miRNAs, along with homologous rat
and mouse targets, using commercially available microarrays.
Initially, we chose to examine miRNA expression in intact
ASM to identify those miRNAs expressed in ASM, which has
not been reported to date. This data set is representative of
a small number of patients and expression levels varied, which
could be accounted for by differences in age, race, sex, or cause
of death. We identified 60 miRNAs as having consistent
expression levels above background. It is not surprising that
only a small fraction of the known miRNAs were expressed in
intact ASM, since miRNA expression has been shown to be
tissue and stimulus specific (34). In this study, when miRNA
expression was compared between organs in the mouse, only
two miRNAs (miR-195 and miR-200c) were found to be specific
for the lung, while nine miRNAs were expressed in at least one
other organ. In addition, a comparison of the miRNA expressed
in intact tissue compared with cultured cells demonstrates that
there are differences in miRNA expression. 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.

In examining the regulation of miRNA expression after an
inflammatory stimulus, we treated cultures with a cocktail of
IL-1b, TNF-a, and IFN-g. This stimulus was chosen to more
closely approximate the environment in vivo since it has been
found in bronchoalveolar lavage fluid from symptomatic pa-
tients with asthma (35, 36). 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-1b, IL-6, IL-8, cyclooxygenase-2, and monocyte chemotactic

proteins (29, 31). Several studies in the lung have reported rapid
up-regulation of miRNA, including miR-25, in response to
IL-1b and LPS within 3 hours (10). 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-dependent, and the 11 miRNAs
down-regulated in our study may represent a subset of miRNAs
affected by chronic environmental changes.

To further understand the role of miRNA in ASM, we
searched publicly available miRNA targeting algorithms for
possible targets relevant to ASM functions. These algorithms
find complimentary targets in the 39 UTR of mRNA and puts
more weight on the complementarity of the ‘‘seed’’ region
(bases 2–9) of the miRNA with 39 UTR. We singled out miR-
25 for further functional analysis, since it is predicted to target
a variety of genes that may regulate ASM plasticity. One of the
approaches we used was to survey gene expression of a wide

TABLE 2. INHIBITION OF miR-25 REGULATES EXPRESSION OF
EXTRACELLULAR MATRIX PROTEINS IN CYTOKINE-STIMULATED
AIRWAY SMOOTH MUSCLE CELLS

Gene Name

Fold Regulation

by Anti–miR-25

Catenin, delta 1; CTNND1 25.74

Collagen, type XI, alpha 1; COL11A1 23.31

Thrombospondin 2; THBS2 23.10

ADAM metallopeptidase with thrombospondin

motif, 8; ADAMTS8

22.22

Cadherin 1, type 1, E-cadherin; CDH1 21.88

Collagen, type XV, alpha 1; COL15A1 21.81

Secreted phosphoprotein 1; SPP1 21.69

Integrin, beta 2; ITGB2 21.60

ADAM metallopeptidase with thrombospondin

motif, 1; ADAMTS1

21.60

Integrin, alpha M; ITGAM 21.60

Fibronectin 1; FN1 21.57

Matrix metallopeptidase 9; MMP9 21.55

Collagen, type V, alpha 1; COL5A1 21.51

Laminin, gamma 1; LAMC1 21.49

TIMP metallopeptidase inhibitor 2; TIMP2 1.57

Matrix metallopeptidase 14; MMP14 1.59

Laminin, alpha 2; LAMA2 1.65

Collagen, type XIV, alpha 1; COL14A1 1.66

Matrix metallopeptidase 3; MMP3 1.70

Selectin P (CD62); SELP 1.74

Selectin L; SELL 1.78

Spastic paraplegia 7; SPG7 1.90

Tenascin C; TNC 2.14

Sarcoglycan, epsilon; SGCE 2.19

Matrix metallopeptidase 15; MMP15 2.58

Figure 5. miR-25 affects expression of contractile proteins. ASM cells

were transfected with the negative anti-miR control or anti–miR-25 as

described and stimulated with 10 ng/ml IL-1b, TNF-a, and IFN-g, for
24 hours. (A) mRNA expression was analyzed using TaqMan gene

expression assays for myosin heavy chain (MHC, MYH11), SM22, or

calponin (CNN1) and normalized to 18S rRNA. (B) MHC immunoreac-
tivity was quantified after SDS-PAGE and normalized to GAPDH, as

shown in representative immunoblots. Data are expressed relative to

expression levels in cytokine-stimulated mock-transfected cells (Control,

100%) (n 5 5 6 SEM). *Statistically significant difference from cytokine-
stimulated cultures transfected with the negative anti-miR (P , 0.05).
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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 miRNAs 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 widespread effects on gene expression. The
results indicate that inhibition of miR-25 does affect expression
of inflammatory mediators by decreasing expression and secre-
tion of RANTES and eotaxin, while increasing levels of TNF-a.
Inhibition of miR-25 also affected expression of numerous
ECM genes with a number of targets, laminin a2 and sarcogly-
can e for example, linked to the regulation of, or identified as,
markers for phenotypic plasticity of ASM (37–39). Moreover,
alterations in miR-25 expression affected expression of contrac-
tile proteins, most notably myosin heavy chain, which may have
profound implications on development of a mature, contractile
phenotype during airway remodeling.

Another approach we took to examining functions of miR-25
was to study the effects of miR-25 on KLF4, a target predicted
by multiple binding algorithms. KLF4 was of interest since it has
been proposed to play an important role in inflammation,
proliferation, and differentiation of VSMC (40, 41) and partic-

ipates in phenotypic switching as a potent inhibitor of smooth
muscle–specific gene expression (42). KLF4 also participates in
the inflammatory response, where it is a key regulator of mono-
cyte differentiation (20) and cooperates in the transactivation of
proinflammatory genes in response to IFN-g, LPS, or TNF-a.
One would expect KLF4 expression to increase with cytokine
stimulation of ASM cells, since one hypothesis would be that
KLF4 represses smooth muscle–specific gene expression in ASM
cells to modulate a secretory phenotype under these conditions.
This was not observed in our experiments, since both mRNA
and to a lesser extent protein expression of KLF4 was decreased.
It may be that serum deprivation of the cells alters KLF4
expression or that we are missing any rapid changes in KLF4
expression with 24 hours of cytokine stimulation. Endogenous
KLF4 expression and its regulation have not been reported in
ASM cells, and these will be questions for further study. We
have determined that under the conditions in our study, in-
hibition of miR-25 up-regulates KLF4 immunoreactivity but not
mRNA expression. Thus, miR-25 appears to regulate KLF4
expression post-transcriptionally, a hallmark of miRNA activity.

The data presented here demonstrate for the first time that
proinflammatory cytokines regulate miRNA in ASM. This
work also illustrates that expression of miR-25 affects a broad
range of genes involved in inflammation and ECM turnover as
well as myosin heavy chain to likely affect ASM phenotype.
Furthermore, this work has identified an effect of miR-25 on
the transcription factor KLF4, which is important in the
multifunctional behavior of smooth muscle cells. These results
demonstrate that while the study of miRNA in smooth muscle
homeostasis and pathology is in its infancy, characterizing
miRNA expression and identifying protein targets will provide
valuable insight about regulation of smooth muscle cell func-
tions, which may lead to the development of novel therapeutics.
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