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Following a myocardial infarction (MI), fibroblasts differentiate to myofibroblasts, which possess some of the
characteristics of smooth muscle cells (SMCs) and contribute to wound healing. Previous studies suggested
that the miR-143/-145 cluster plays a critical role in SMC differentiation. Therefore, we determined whether
miR-145 promoted differentiation of cardiac fibroblasts to myofibroblasts. Following coronary occlusion in
mice, myocardial miR-145 expression was downregulated at 3 days but was restored at 7 days. In vitro studies
showed that hypoxia also downregulated miR-145 in cardiac fibroblasts. The number of α-smooth muscle
actin (α-SMA) positive cells in fibroblast cultures was employed to determine their transdifferentiation to
cardiac myofibroblasts and was increased by 73.5% after transient transfection with miR-145. Ultrastructural
analysis of α-SMA stress fibers revealed that ~95% of the α-SMA+ cells treated with miR-145 organized their
actin-filament bundles with a specific orientation compared to only 15% in the scrambled control group. This
orientation of the SMA bundles and their integrationwith the filamentous actin fibers of the cytoskeleton permit
infarct wound contraction. Structural and functional studies showed that miR-145 induced a myofibroblast
phenotype, and miR-145 also potentiated the production of mature collagen by myofibroblasts. Repression of
KLF5, a target of miR-145, was validated by a chimeric luciferase construct tagged with the full-length 3′-UTR
of KLF5. A dramatic decrease in KLF5 and a corresponding increase in myocardin expression were observed
after transfecting cultured fibroblasts with miR-145. Similar results were found in vivo: the transient decrease
in miR-145 expression 3 days post-MI was associated with an increase in KLF5 and a decrease in myocardin. In
addition, in vivo delivery of a miR-145 antagomir 1 day prior to and 2 and 6 days after MI decreased
myofibroblast formation and increased scar size. The antagomir also reversed the suppressed expression of
KLF5 protein in the scar region at day 7 after MI. In summary, we describe a novel association between miR-
145 andfibroblast differentiation towardmyofibroblasts. These observations provide a new approach to promote
endogenous scar healing and contracture by stimulating the transdifferentiation of cardiac fibroblasts to
myofibroblasts.

© 2013 Published by Elsevier Ltd.
1. Introduction

In the unstressed myocardium, cardiac-resident fibroblasts have no
contractile microfilaments or stress fibers, exhibit few actin-associated
cell–cell or cell–matrix contacts, and produce minimal amounts of
extracellular matrix [1]. In the aftermath of a myocardial infarction
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(MI), fibroblasts are activated, proliferate, and then differentiate to
myofibroblasts, which have both fibroblast and smooth muscle cell
(SMC) characteristics and contribute to wound healing and scar con-
tracture. Fully differentiated myofibroblasts express α-smooth muscle
actin (α-SMA) and other SMC markers [2,3], and they are able to syn-
thesize and secrete fibrillar collagen types I and III [4]. They also possess
contractile properties that may contribute to a smaller and stronger
scar, preventing infarct expansion and ventricular dilatation. As the
scar matures, myofibroblasts undergo apoptosis and are removed
from the healed infarct region, which is then composed predominantly
of cross-linked collagen and other matrix proteins, with a low cellular
content. Virag and Murry found that proliferation of fibroblasts and en-
dothelial cells in the mouse heart peaks within 4 days of the infarction
and decreases to less than 0.5% at 2 weeks [5]. These dynamic changes
in cardiac myofibroblast proliferation, migration, and differentiation
during MI remodeling are similar to vascular smooth muscle cell
(VSMC) invasion into a vascular neointimal lesion. miR-143 and -145
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have been demonstrated to control VSMC activity [6,7], and therefore
we determined whether miR-145 influences the response of cardiac
fibroblasts to MI.

A large number of miRNAs are associated with the cardiac response
to injury [8]. However, very few studies have investigated the influence
of miRNAs on cardiac remodeling after coronary artery ligation [9].
Infarct contraction during healing has been proposed to result from
phenotypic conversion of cardiac fibroblasts to myofibroblasts [10].
The signaling mechanisms controlling this process have not been fully
elucidated, but miRNAs are excellent candidates to provide epigenetic
orchestration of these events. A similar response has been reported in
VSMCs, and miRNAs have been demonstrated to modulate the pheno-
typic response of VSMCs to injury [6]. The role of miR-143 and -145 in
the regulation of SMC differentiation in vitro, as well as the effects of
targeted deletion of the miR-143/-145 gene cluster on SMC phenotype
have been determined in a murine model [6]. Furthermore, Cheng
et al. reported that miR-145, as a novel VSMC phenotypic modulator,
was able to control vascular neointimal lesion formation [7]. These stud-
ies indicate that miR-143 and -145 modulate the balance of VSMC
synthesis/proliferation and contraction/differentiation [6,7,11,12].

We postulated that a similar response might control the phenotypic
differentiation of cardiacfibroblasts tomyofibroblasts.We attempted to
determine if miR-145 converted cardiac fibroblasts from a proliferative
to a differentiated, functional phenotype. Identifying one of the mecha-
nisms responsible for this conversion could provide a new therapeutic
approach to induce infarct scar contraction and prevent heart failure
by impeding progressive scar thinning and expansion.

2. Materials and methods

Please refer to the online Supplemental Methods for details.

2.1. Animal procedures

The Animal Care Committee of the University Health Network ap-
proved all experimental procedures, which were carried out according
to the Guide for the Care and Use of Laboratory Animals (NIH, revised
1996). Female C57BL/6 mice (Charles River) 8–12 weeks of age were
used for both in vitro and in vivo studies.

Mice were intubated and ventilated with 2% isoflurane. Through a
left thoracotomy, the pericardium was entered and the left anterior
descending coronary artery was ligated. Cardiac function was
evaluated by echocardiography. Left ventricular (LV) end-diastolic
and end-systolic diameters and areas were measured, and frac-
tional shortening and fractional area contraction were calculated as
follows: (%FS) = [(LVEDd −LVEDs) − LVEDd] × 100 and (%FAC) =
[(LVEAd − LVEAs) −LVEAd] × 100. Twenty eight days after MI, the
hearts were arrested and fixed at physiologic pressures. Hearts were
then cut into 1 mm sections and photographed for morphometry.

2.2. miR-145 antagomir for in vivo studies

The miR-145 antagomir used for the in vivo studies was a chem-
ically modified oligonucleotide with a sequence complementary to
mature mmu-miR-145. All nucleosides were 2′-OMe modified, had
two bases at the 5′ terminal and four bases at the 3′ terminal, and
contained a phosphorothioate internucleoside bond (Integrated DNA
Technologies). The molecules contained a 3′ cholesterol attached via a
hydroxyprolinol linker. Sequences are 5′-mA*mG*mGmGmAmUmUm
CmCmUmGmGmGmAmAmAmAmCmUmG*mG*mA*mC*-3′ (miR-145
antagomir), 5′-mA*mG*mGmGmAmUmUmCmCmUmGmGmGmAmAm
CmAmUmAmG*mA*mG*mC*-3′ (mutant miR-145 antagomir). The “m”

represents the 2′-O-methyl-modified oligonucleotides, the “*” represents
a phosphorothioate linkage, and underlined letters are a mutated seed
sequence. Mice received either the miR-145 antagomir or the mutant
(mismatch control) at a dose of 80 mg/kg body weight through tail
vein injection 1 day before and 2 and 6 days after MI. Tissues were col-
lected at 3 and 7 days after MI and compared to sham control mice.
2.3. Histological analysis

Heart samples were perfusion-fixed in 10% formalin and sectioned.
Sections were stained for α-SMA (Sigma) and counter-stained with
DAPI.Whole heart sectionswere scanned using anOlympus VS120fluo-
rescence slide scanner and analyzed using CellSense software. Scar area
wasmanually defined, andα-SMA+-coated blood vesselsweremanual-
ly subtracted. The α-SMA+ signal was reported as the percentage area
of the total defined scar area.
2.4. Cell culture

To isolate cardiac fibroblasts, mouse hearts were digested with 0.1%
collagenase type II (Worthington) for 30 min at 37 °C. The isolated cells
were resuspended in Iscove's Modified Dulbecco's Medium (IMDM;
Gibco), with 10% fetal bovine serum (FBS), 100 U/mL penicillin G, and
100 μg/mL streptomycin. After 3–5 days of culture, the non-adherent
cells were washed off. Adherent cardiac fibroblasts were expanded to
three passages before transfection with the miR-145 mimic, antimir,
or scrambled miRNA.

Mouse cardiomyocytes were isolated and cultured as previously
described [13], and transfection with the miR-145 mimic was carried
out within 1 week of cell isolation.

Mouse aortic SMCswere prepared by themethod of Smith andBrock
[14] with minor modifications.
2.5. miR-145 mimic and antimir transfection

Chemically modified sense RNA (miR-145 mimic) or antisense RNA
(miR-145 antimir) was synthesized by Qiagen. The sequence was 5-
GUCCAGUUUUCCCAGGAAUCCCU-3 (Syn-mmu-miR-145). Transfection
with the miR-145 mimic or antimir was performed using HiPerFect
Transfection Reagent (Qiagen). Briefly, 5 nM of miR-145 mimic or
antimir was mixed with 20 μL HiPerFect in 100 μL serum-free culture
medium for 10 min at room temperature to form transfection com-
plexes. The cells were incubated with the transfection complexes for
48 h.
2.6. Cotransfection of KLF5 plasmid and miR-145 antimir

Mouse KLF5 plasmid (Origene) was amplified using the maxiprep
kit (Qiagen) following the manufacturer's instructions. Mouse cardiac
fibroblasts were seeded onto either 60 mm dishes at a density of
5 × 105 cells/dish or 35 mm dishes at a density of 2.5 × 105/dish and
cultured overnight in DMEM (10% fetal calf serum) without antibiotics.
Cells were cotransfectedwith 1 μg of KLF5 plasmid or the control vector
in the presence or absence of the miR-145 mimic using Lipofectamine
2000 (Invitrogen).
2.7. KLF5 luciferase reporter assay

We constructed a chimeric luciferase reporter system tagged with
the full-length 3′-UTR region of human KLF5 harboring the seed-
match sequence with (3′-mUTR) or without two nucleotide muta-
tions (3′-UTR). HEK 293 cells were transfected with 200 ng of
pMIR-REPORT and 8 ng of pRL-SV40 renilla luciferase control vector
in the presence or absence of the mimic using Lipofectamine 2000
(Invitrogen). Luciferase activity was assayed after 48 h and expressed
as a percentage of the luciferase activity of the 3′-mUTR transfected
group.
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2.8. Real-time PCR

Total RNA was isolated from cells and heart tissue using Trizol
reagent (Sigma). Expression ofmiR-145was evaluatedusing themirVana
qRT-PCR miRNA Detection Kit (Ambion). Primer sets for miR-145 were
purchased from Applied Biosystems.

Real-time PCRwas performed to evaluatemyocardin A gene expres-
sion using the SuperScript III System (Invitrogen).

2.9. Northern blot

Trizol-extracted mouse fibroblast or SMC RNAwas subjected to elec-
trophoresis in 15% polyacrylamide and 8 M urea gels and transferred
to a Hybond-N + membrane (Roche). Blotted membranes were cross-
linked with UV, and prehybridization was performed. For miRNA detec-
tion, incubation with 5′ and 3′-digoxigenin (DIG) labelled LNA-modified
miR-145 probe (Exiqon) in ULTRAhyb-buffer at 37 °C was carried out.
Membraneswere sequentiallywashed andblocked in DIG blocking solu-
tion (Roche) for 1 h at room temperature. An anti-DIG HRP antibody
(Roche, diluted 1:2000 in blocking solution) was incubated with the
membrane for 1 h at room temperature, followed by washing twice in
DIGwashing buffer. The ECL Advance Kit (Roche)was used for detection,
employing the Alpha imaging system (Protein Simple). Band intensity
was quantified using ImageJ software and normalized to the U6 control.

2.10. Immunoblotting

Total protein was extracted from cells and heart tissue in lysis buffer
for 1 h on ice. After centrifugation at 10,000 ×g for 5 min, the superna-
tant was collected and protein concentration was determined using a
Bio-RadDCProteinAssay kit. Subsequently, 50 μg of lysatewas fraction-
ated through a 4% stacking and 10% running SDS-PAGE gel, and the
fractionated proteins were transferred to PVDF membrane. Blots were
blocked for 1 h at room temperature with blocking buffer. The antibod-
ies (goat anti-pro-collagen 1A1, pro-collagen 1A2, collagen 1A1 and
1A2, Santa Cruz; rabbit anti-KLF5, Abcam) were reacted with the blots
overnight at 4 °C. After washing (3× 5 min in 1× TBS-0.1% Tween
20), the blots were incubated with horseradish peroxidase-conjugated
secondary antibody at 1:2000 dilution for 1 h at room temperature.
Visualization was performed with enhanced chemiluminescence. For
quantification, densitometry of the target bands was divided by the
corresponding densitometry of the GAPDH band using AlphaImager
2200 software.

2.11. Flow cytometry

Cardiac fibroblasts were collected by trypsin dissociation (Gibco).
The cellswere permeabilized using the Cytofix/Cytopermkit (BD Biosci-
ences) according to the manufacturer's instructions, stained with Cy3
conjugated anti-α-SMA and propidium iodide (Sigma), and analyzed
using an FC500 flow cytometer (Beckman Coulter). Isotype control
cells were used to set parameters before cytometric analysis.

2.12. Immunofluorescent staining and confocal microscopy

Cardiac fibroblasts were seeded and grown on glass coverslips. After
appropriate treatment, the cells were fixed with 2% paraformaldehyde
for 10 min at room temperature. The slides were incubatedwith prima-
ry antibodies at room temperature for 2 h. Incubation with secondary
antibodies was carried out at room temperature with light protection
for 1 h. Rhodamine-conjugated phalloidin (F-actin; Invitrogen) was
used to stain the cytoskeleton structure, and the nuclei were identified
with DAPI (Sigma). The number of SMA+ cells in five randomly selected
high-power fields per section was determined with a Nikon fluorescent
microscope. An Olympus Fluoview 2000 laser scanning confocal micro-
scope was used to analyze changes in cell ultrastructure.
2.13. MTT assay

MTT (Sigma) was prepared as a 5 mg/mL stock in phosphate-
buffered saline. The MTT assay was carried out following the
manufacturer's instructions.

2.14. Collagen gel contraction assay

Collagen gels were prepared with rat tail collagen (BD Biosciences).
Cardiac fibroblasts transfected with 5 nM miR-145 mimic, antimir, or
scrambled miRNA or treated with 10 ng/mL TGF-β (R&D Systems)
were mixed with the neutralized collagen solution. Aliquots of the
mixture were cast into a 24-well plate and allowed to gel at room tem-
perature before being transferred to culture dishes with fresh DMEM.
The gels were incubated for up to 2 days. Gel size was measured using
AlphaImager 2200 software and expressed as a percentage of the
original size.

2.15. Cell migration assay

Cardiac fibroblasts grown to confluence in 35 mm plates were
transfected with 5 nM miR-145 mimic, antimir, or scrambled miRNA
or treated with 10 ng/mL TGF-β for 48 h. The monolayer-wounding
cellmigration assaywas performed aspreviously described [15]. Results
were expressed as the mean number of migrating cells per field. The
cells were subsequently fixed and stained, and the percentage of polar-
ized cells and α-SMA+ polarized cells was calculated.

2.16. Statistical analysis

All values are expressed asmean±SEM. Student's t-test was used for
2-group comparisons. Comparisons of parameters among 3 groups
were analyzed by 1-way ANOVA for single-factor variables or 2-way
ANOVA for 2-factor variables with repeated measures, followed by
Student's t-test with Bonferroni correction for multiple comparisons.
Differences were considered statistically significant at P b 0.05.

3. Results

3.1. Expression of miR-145 in vivo and in vitro

In an effort to identify the role of miR-145 in post-MI remodeling,
the left coronary artery was occluded in mouse hearts and the miR-145
expression profiles in the scar, border zone, and non-infarcted (remote)
regions of the myocardium 3 and 7 days after MI were compared to the
expression in sham-operated animals. miR-145 expression in the ische-
mic heart was significantly downregulated, more than 3-fold, in the
scar region at 3 days and then increased at 7 days, although the levels
were still lower than the sham control hearts (Fig. 1A). In the border
zone, the decrease in miR-145 expression at 3 days was less pronounced
and recovered by 7 days post-MI. In the remote region, the expres-
sion of miR-145was not significantly different from the sham control
hearts at 3 or 7 days. These observations provide the first evidence
that endogenously expressed miR-145 was initially downregulated
in the myocardium following an MI and then subsequently restored,
at least partially. Therefore, miR-145 may play an active role in post-
infarction remodeling.

Northern blot evaluation of miR-145 expression in fibroblasts and
SMCs fromnon-infarcted hearts demonstrated thatmiR-145was slight-
ly higher in cardiac fibroblasts than in SMCs, but the difference did not
reach statistical significance (Fig. 1B). Further studies demonstrated
that miR-145 was significantly downregulated in cardiac fibroblasts in
response to hypoxia (Fig. 1C), whereas, in SMCs, hypoxia had no effect
(Fig. 1D). Cardiomyocytes also did not show a change in miR-145 ex-
pression in response to hypoxia (Supplemental Fig. S1). This indicates
a cell type-dependent regulation of miR-145 in response to stress.



Fig. 1. Expression of miR-145 in vivo and in vitro. (A) Expression of miR-145was reduced in the scar region of infarctedmouse hearts 3 and 7 days afterMI compared to the sham control.
miR-145 expression increased in the scar and border zone between 3 and 7 days post-MI. No changes in miR-145 expression were observed in the remote area (n = 4–7/group).
(B) Representative northern blot of miR-145 in cardiac fibroblasts (FBs) and aortic smooth muscle cells (SMCs). Quantification of band intensity showed no significant difference in
miR-145 expression in fibroblasts versus SMCs (n = 5/group). (C, D) Expression of miR-145 was downregulated in cardiac fibroblasts exposed to 48 h of hypoxia (C, n = 4/group),
but not in SMCs (D, n = 3–4/group). (*P b 0.05, **P b 0.01 vs. sham/control).
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To confirm the identity of the cardiac fibroblasts used in our experi-
ments, we performed immunostaining to demonstrate the phenotype
marker expression of thefibroblasts versus the SMCs. The SMCs strongly
expressed SMA, smooth muscle myosin heavy chain (SMHC), and
desmin but exhibited low vimentin, connexin 43, and fibronectin
expression (Supplemental Fig. S2). The cardiac fibroblasts had
lower SMA expression but higher vimentin, connexin 43, and fibronec-
tin expression. In addition, the cardiac fibroblasts were negative for the
SMC markers SMHC and smoothelin.

3.2. miR-145 enhances α-SMA expression, fiber formation, and assembly

Previous studies have suggested that themiR-143/-145 cluster plays
a critical role in SMC differentiation and the response to vascular injury
[7,11–13]. Cardiac myofibroblasts are a specialized cell phenotype with
characteristics similar to SMCs, including the expression of α-SMA.
Based on our in vivo and in vitro observations of the decrease in miR-
145 expression in response to MI and hypoxia, we postulated that
miR-145 may be a key regulator of the differentiation of cardiac fibro-
blasts to myofibroblasts. An MTT assay demonstrated that miR-145
treatment did not induce cell proliferation (Supplemental Fig. S3). Stain-
ing for biomarkers related to differentiation of cardiac fibroblasts to
myofibroblasts was performed in cells treated with scrambled miRNA,
the miR-145 mimic, or TGF-β. Similar to the TGF-β treated cells, the
miR-145 treated cells were positive for fibronectin, vimentin, SMHC,
and connexin 43. However, none of the three treatments produced cells
positive for desmin or smoothelin (Supplemental Fig. S4A). In addition,
DDR2, a biomarker for fibroblasts, was significantly downregulated after
miR-145 treatment (Supplemental Fig. S4B).

To determinewhether overexpression ofmiR-145was capable of in-
creasing the differentiation of cardiac fibroblasts to myofibroblasts, we
exposed fibroblasts to a miR-145 mimic for 2 days and quantified the
number of α-SMA+ cells by flow cytometry. Scrambled miRNA served
as a negative control, TGF-β served as a positive control, and the miR-
145 antimir was used to assess the effects of inhibition of miR-145. As
shown in Fig. 2A, the number of α-SMA+ cells in the fibroblast cultures
after exposure to miR-145 was 73.5% higher than that for scrambled
miRNA and even greater than the increase induced by TGF-β treatment
(44.6%). The miR-145 antimir produced a small inhibitory effect
compared to the scrambled miRNA.

A detailed ultrastructural analysis of α-SMA stress fiber formation
and assembly and their interaction with cytoplasmic stress fibers
(F-actin) were performed with triple immunofluorescent staining
(Fig. 2B). Confocal imaging revealed a striking difference between the
α-SMA+ cells treatedwithmiR-145 compared to the control, scrambled
miRNA, and miR-145 antimir. The α-SMA+ cells from the miR-145
group readily formed α-SMA stress filaments that were organized into
parallel actin-filament bundles. The oriented actin-filament bundles
formed defined filaments with more than 70% alignment. In addition,
the oriented α-SMA-filament bundles from the miR-145 group were
aligned side-by-side and joined end-to-end with the pre-existing net-
work of F-actin bundles spanning the entire cell body, indicating that



Fig. 2.miR-145 enhancesα-SMA expression,fiber formation, and assembly. (A) The percentage of cells stainingpositive forα-SMAwas determinedbyflowcytometry. Treatmentwith the
miR-145 mimic or TGF-β significantly increased the percentage of α-SMA+ cells compared to treatment with scrambled miRNA (n = 3–4/group). (B) Representative laser scanning
confocal micrographs show α-SMA stress fiber formation and assembly. Cells were co-stained with rhodamine-conjugated phalloidin (red F-actin), FITC-conjugated anti-α-SMA
(green), and DAPI (blue nuclei). miR-145 overexpression promoted α-SMA stress fiber assembly and recruitment to the F-actin cytoskeleton. (C) Total number of α-SMA+ cells was
calculated using fluorescence microscopy (200×; staining as for B) and subdivided into two groups: α-SMA+ cells with aligned actin-filament bundles and α-SMA+ cells with non-
aligned actin-filament meshwork. The percentage of α-SMA+ cells was significantly greater in the miR-145 mimic and TGF-β treated groups than that in the scrambled miRNA group,
with significantly more α-SMA+ cells with aligned actin-filament bundles and fewer α-SMA+ cells with non-aligned actin-filament bundles (n = 10/group). (*P b 0.05, **P b 0.01 vs.
control/scrambled).
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the stress fibers were organized in such a way that they acquired an
active, contractile phenotype capable of generating a contractile force.
In contrast, the α-SMA+ cells in the control, scrambled miRNA, and
antimir groups contained someα-SMA stressfibers thatwere organized
as actin-filamentmeshworks or bundles butwhichwere not oriented or
aligned. Similarly, the network of F-actin fibers in these groups showed
a mesh-like pattern, with filament bundles pointing in different direc-
tions, which were unlikely to generate tension.

Next, we quantified the total number of α-SMA+ cells under the
fluorescent microscope and subdivided them into two categories: cells
with oriented actin-filament bundles and cells without orientation of
the actin-filament meshwork (Fig. 2C). In agreement with our confocal

image of Fig.�2
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imaging analysis, the total number ofα-SMA+ cells following treatment
with miR-145 was much higher than the number following treatment
with scrambled miRNA and was comparable to that after treatment
with TGF-β. Importantly, the majority (~95%) of the α-SMA+ cells in
the miR-145 group had oriented actin-filament bundles, compared to
only 15% in the scrambled miRNA group.
Fig. 3. Effects ofmiR-145 on functional conversion of cardiacfibroblasts tomyofibroblasts. (A) R
fibroblasts treated with scrambled miRNA, miR-145, or TGF-β. Quantification of migrated cell
compared with scrambled miRNA (n = 10/group). (B) Representative micrographs illustrat
FITC-conjugated anti-α-SMA (green), and DAPI (blue nuclei). White double-headed arrows
SMA+ polarized cell; double dagger indicates α-SMA− polarized cell. Polarized cells were tho
perpendicularly within the 120° sector facing the wound edge (sector A). The percentages of
TGF-β groups than the scrambled miRNA group (n = 11/group). (C) Collagen gel contraction
mimic, TGF-β, or miR-145 antimir showed that the shrinkage in gel size was significantly great
3.3. miR-145 promotes functional conversion of cardiac fibroblasts to
myofibroblasts

The differentiation of cardiac fibroblasts to myofibroblasts is
manifested not only by the expression of α-SMA but also by contractile
proteins that contribute to the contraction of collagen gels. We
epresentative images show thewoundhealing cellmigration assay performedwith cardiac
s revealed that treatment with miR-145 and TGF-β significantly increased cell migration
e migrated cells fixed and stained with rhodamine-conjugated phalloidin (red F-actin),
indicate the wounded area; asterisk indicates a non-polarized cell; dagger indicates α-
se with well-oriented F-actin-filament bundles and/or α-SMA–filament bundles oriented
polarized cells and α-SMA+ polarized cells were significantly greater in the miR-145 and
assay carried out with cardiac fibroblasts pre-treated with scrambled miRNA, miR-145

er in the miR-145 and TGF-β groups (n = 3–4/group). (**P b 0.01 vs. control/scrambled).

image of Fig.�3
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performed cell migration (wound healing) and collagen gel contraction
assays to determine whether miR-145 induced conversion of prolifera-
tive fibroblasts to functionally active myofibroblasts. Fig. 3A depicts the
effects of miR-145 on fibroblast migration in the wound healing assay.
Treatment with the miR-145 mimic significantly increased the number
of migrated fibroblasts compared to treatment with the scrambled
miRNA, 107% of the number induced by TGF-β.

To evaluate the effect ofmiR-145 treatment on cell polarization, cells
were allowed to migrate for 24 h and then were fixed to quantify the
number of polarized cells. Polarized cells were identified as those with
well-oriented F-actin-filament bundles or α-SMA-filament bundles
(or both) thatwere oriented perpendicularlywithin the 120° sector fac-
ing the edge of the wound (sector A, Fig. 3B). Non-polarized cells were
those without well-oriented F-actin-filament bundles or non-oriented
α-SMA–filament bundles in any sector or cells with actin or α-SMA
filaments oriented parallel to the edge of the wound. As indicated in
the graph in Fig. 3B, miR-145 and TGF-β treatments induced a 38.6%
and 35.1% increase, respectively, in the total number of polarized cells
compared to the scrambled miRNA. Conversely, the miR-145 antimir
produced an 18.4% reduction in the total number of polarized cells
compared to the scrambled miRNA. Of these polarized cells, 51.0% were
α-SMA+ in the miR-145 group, similar to the 50.0% in the TGF-β group,
whereas only 6.8% and 6.0% were α-SMA+ in the scrambled miRNA
and antimir groups, respectively.

To further explore the functional effect of miR-145 onmyofibroblast
transdifferentiation, we assessed gel contraction in tethered fibroblast-
populated collagen gels. Cardiac fibroblasts pre-treated with scrambled
miRNA, miR-145 mimic, TGF-β, or miR-145 antimir were plated in a
collagen solution, and gel contraction was assessed 2 days later. Gels
containing cells treated with scrambled miRNA contracted to 36.4% of
their initial size, and gels containing miR-145 and TGF-β treated cells
induced greater contraction, to 57.3% and 52.2% of their initial size,
respectively (Fig. 3C). Thus, miR-145 appears to induce the emergence
of a myofibroblast phenotype, as evidenced by both structural and
functional studies.

3.4. miR-145 promotes collagen expression by cardiac myofibroblasts

Cardiacmyofibroblasts play an important role in cardiac remodeling
in response toMI by synthesizing collagen and contracting to reduce the
size of the infarct scar. We evaluated the collagen secretion of cardiac
fibroblasts to determine whether their response to miR-145 included
alterations in the extracellular matrix as well as changes in the intracel-
lular contractile proteins and cell function. Collagen is synthesized and
secreted bymyofibroblasts as a pro-collagen precursor and is converted
to mature collagen by proteolytic reactions catalyzed by specific pro-
collagen proteinases.Western blotting and immunofluorescent staining
were conducted on cardiac fibroblasts to elucidate the effects of
miR-145 on the production of type I collagen, the most predominant
type of collagen in the heart. The collagen I immunostaining revealed
that the miR-145 mimic treated cells exhibited an increase in collagen
I expression compared to cells treated with scrambled miRNA (Fig. 4A).

Western blotting was employed to examine the production of
collagen subtypes 1A1 and 1A2. The miR-145 mimic induced a
67.1% decrease in pro-collagen 1A1 but a 52.7% increase in mature
collagen 1A1 production compared to the non-treated control (Fig. 4B).
A similar pattern was observed for pro-collagen and mature collagen
1A2 (Fig. 4C), indicating that miR-145 potentiates the ability of
myofibroblasts to produce mature collagen.

3.5. miR-145 targets associatedwith differentiation of cardiac fibroblasts to
myofibroblasts

The mechanisms responsible for the miR-145 regulation of cardi-
ac fibroblast differentiation may be elucidated by identifying the
mRNA targets of miR-145 and testing its effect on those targets. A
bioinformatics approach, incorporating sequence matching and mRNA
secondary structure, was employed to predict mRNA targets of
miR-145 (www.targetscan.org). We screened mouse genes predict-
ed to be potential targets of miR-145, narrowed them down to a
few targets involved in myofibroblast differentiation, and ranked
them for their predictive value. KLF5 appeared to be a major candi-
date because the miR-145 seed sequence is reverse complementary
to the seed-match sequence in the 3′-UTR region of mouse KLF5
(Fig. 5A). This sequence is conserved across multiple mammalian
species (Fig. 5A).

We constructed a chimeric luciferase reporter system tagged with
the full-length 3′-UTR region of human KLF5 harboring the seed-match
sequence containing two nucleotide mutations (3′-mUTR) or without
mutations (3′-UTR). These constructs were cotransfected with the
miR-145 mimic into HEK 293 cells. As shown in Fig. 5B, luciferase
activity was significantly repressed by the miR-145 mimic, providing
evidence of the direct binding of miR-145 to the 3′-UTR of KLF5.

Previous studies have shown that miR-145 promotes VSMC dif-
ferentiation through enhancing myocardin expression, possibly by
inhibiting the negative myocardin regulators KLF4 and/or KLF5
[7,11,16]. We postulated that miR-145 may act in the same fashion
to regulate cardiac fibroblast differentiation. In vitro KLF5 protein
expression was determined in non-treated control, scrambled miRNA,
and miR-145 mimic treated cardiac fibroblasts by Western blot. As
expected, KLF5 protein expression decreased by about 91.5% in the
miR-145 treated cells compared to the other groups (Fig. 5C). Corre-
sponding to the downregulation of miR-145 expression in infarcted
mouse hearts (see Fig. 1A), in vivo KLF5 protein expression in the
mismatch group increased 1.9-fold in the scar region 3 days after MI
but dropped back to basal level by 7 days (Fig. 5D). However, when
miR-145 was further decreased by delivery of the antagomir, KLF5
protein expression increased to a greater degree in the scar region at
3 days and remained high at 7 days (Fig. 5D). In response to the ob-
served downregulation of KLF5 in vitro, the miR-145 mimic resulted
in a 1.9-fold increase in myocardin mRNA expression in cardiac fibro-
blasts, as determined by real-time PCR (Fig. 5E). Inversely, in vivo
myocardin mRNA expression decreased by 89.2% in the scar region
3 days after MI, and this downregulated level was sustained at 7 days
(Fig. 5F).

We then performed “rescue” experiments with a KLF5 plasmid to
determine if the functional conversion of fibroblasts to myofibroblasts
induced by miR-145 was indeed KLF5 dependent. We repeated
the α-SMA expression, cell migration (scratch wound healing),
and collagen gel contraction assays with cardiac fibroblasts transfected
withmiR-145 plus KLF5 plasmid. TreatmentwithmiR-145 significantly
increased the percentage of α-SMA+ cells compared to the control and
scrambled miRNA (Figs. 6A & B). However, overexpression of KLF5
by transfection with the KLF5 plasmid attenuated the increase in α-
SMA+ cells induced by miR-145. Quantification of α-SMA+ cells by
flow cytometry revealed the same level of α-SMA expression in the
miR-145 + KLF5 group as in the scrambled miRNA and control groups
(Fig. 6B). This pattern was also observed in the scratch assay (Fig. 6C)
and gel contraction assay (Fig. 6D). Overexpression of KLF5 attenuated
the differentiation effect of miR-145. These results indicate that KLF5
is a downstream target of miR-145, and overexpression of KLF5 protein
counteracts the effects of miR-145 on fibroblast differentiation.

3.6. Inhibition of endogenous miR-145 in vivo reduces α-SMA expression
and increases scar size

To confirm that miR-145 plays a key role in cardiac myofibroblast
formation and scar retraction following MI, we delivered a miR-145
antagomir or mismatch control in vivo by tail vein injection 1 day prior
to MI and 2 and 6 days after MI (Fig. 7A). Myofibroblast formation was
evaluated by α-SMA staining at 7 days after MI. α-SMA staining signifi-
cantly increased inmice receiving themismatch control compared to the
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Fig. 4. miR-145 promotes collagen expression by cardiac fibroblasts. (A) Representative micrographs (200×) show immunofluorescent staining for collagen type I (red) in scrambled
miRNA and miR-145 mimic treated cardiac fibroblasts. (B) Western blot analysis of pro-collagen and mature collagen 1A1 in control, scrambled miRNA, and miR-145 treated cardiac fi-
broblasts (n = 3/group) showed that miR-145 overexpression induced a shift of pro-collagen 1A1 tomature collagen 1A1. (C)Western blot analysis of pro-collagen andmature collagen
1A2 in control, scrambledmiRNA, andmiR-145 treated cardiac fibroblasts (n = 3/group) revealed thatmiR-145 promoted the transformation of pro-collagen 1A2 tomature collagen1A2.
(*P b 0.05, **P b 0.01 vs. control/scrambled).
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sham-treated mice, but this increase was significantly attenuated by
delivery of the miR-145 antagomir (Fig. 7B). Delivery of the miR-145
antagomir resulted in decreased fractional shortening and fractional
area contraction starting at day 7 post-MI (Figs. 7C & D). Echocardiogra-
phy was used to measure the initial infarct size at 7 days after MI. The
scar length to LV length ratio in the hearts of mice treated with the
miR-145 antagomir was significantly larger compared with that of the
mismatch group (Fig. 7E). At day 28, the miR-145 antagomir group
demonstrated increased infarct size and reduced scar thickness
(Fig. 7F). These results further demonstrate that miR-145 plays
a key role in cardiac myofibroblast formation and scar retraction
following MI.

4. Discussion

In this study, we demonstrated that miR-145 was significantly
downregulated 3 days after an MI and then returned toward basal
levels at 7 days. The time course for the decrease in miR-145 cor-
responded to the stimulation of cardiac fibroblast proliferation and the
inflammatory response to the infarction. However, the decreased ex-
pression of miR-145 may interfere with scar healing and contracture.
Following an MI, cardiac fibroblasts undergo rapid proliferation and
then transdifferentiation to myofibroblasts [5]. We demonstrated that
miR-145 induced cardiac fibroblast conversion to myofibroblasts, with
more cells expressing α-SMA and organizing the actin filaments into
parallel bundles capable of reducing scar size by actively pulling the
edges of the scar together. The remarkable differences in the appearance
of the actin network demonstrated in Fig. 2B illustrate the influence of
miR-145. In our in vivo MI model, the knockdown of miR-145 by deliv-
ery of an antagomir significantly reduced the differentiation of cardiac
fibroblasts to myofibroblasts, with a subsequent increase in scar size.
Enhancing the effects of miR-145 may augment the conversion of the
fibroblasts from a proliferative to a myofibroblast differentiated pheno-
type, resulting in more extensive healing and shrinkage of the scar.

After anMI, decreased elasticity and increasedwall stress contribute
to the progressive thinning and expansion of the infarcted region while
the remotemyocardium also undergoes extensive remodeling. Endoge-
nous regenerative responses to injury include scar healing and contrac-
tion. However, cardiac dilatation frequently progresses after infarction
despite endogenous responses, and augmentation of scar healing may
prevent heart failure after an extensive MI. miRNAs offer a new treat-
ment to block adverse remodeling and to restore endogenous scar
healing and shrinkage by stimulating cardiac fibroblasts to trans-
differentiate to myofibroblasts.

The mechanisms responsible for the effects of miR-145 on cardiac
myofibroblasts may be similar to the effects of the miR-143/-145 com-
plex on VSMCs in response to arterial injury. The expression of miR-
143 and -145 in the vasculature is related to myocardin, a key regulator
of VSMC differentiation [17,18]. These miRNAs potentiate myocardin-
induced smooth muscle gene expression as well as myofilament
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Fig. 5.miR-145 targets in the regulation of cardiac fibroblast differentiation tomyofibroblasts. (A) Mouse miR-145 is reverse complementary to the seed-match sequence in the 3′-UTR of
mouse KLF5. The sequence is conserved across several mammalian species. (B) The chimeric luciferase reporter constructs tagged with the full-length 3′-UTR region of human KLF5 har-
boring the seed-matched sequence with (3′-mUTR) orwithout (3′-UTR) two nucleotidemutationswere cotransfectedwith themiR-145mimic into HEK 293 cells. Luciferase activity was
significantly reduced by the miR-145 mimic. (C) KLF5 protein expression in cardiac fibroblasts was evaluated byWestern blot. Treatment with miR-145 significantly decreased KLF5 ex-
pression vs. the non-treated control (n = 4–6/group). (D) ThemiR-145 antagomir ormismatch control was delivered in vivo by tail vein injection. Inmice receiving themismatch control,
KLF5 protein expression in the scar region of mouse hearts was elevated at 3 days but not 7 days after ligation compared with sham control hearts. However, in the mice receiving
the miR-145 antagomir, KLF5 protein expression was significantly higher than sham control at both 3 and 7 days post-ligation (n = 3–4/group). (E) Real-time PCR was used to
detect the expression of myocardin, the downstream target of KLF5, in cardiac fibroblasts in vitro. miR-145 increased the mRNA expression of myocardin vs. the non-treated control
(n = 3/group). (F) Myocardin mRNA levels were decreased in the scar region of mouse hearts at 3 and 7 days post-MI (n = 3/group). (*P b 0.05, **P b 0.01 vs. 3′-mUTR/control/sham).
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formation and calcium fluxes in response to endothelin-1 [11]. KLF4
represses the smooth muscle gene expression directed by myocardin,
and, in murine VSMCs, it is a target of miR-145 [11]. However, human
KLF4 mRNA contains only a low probability binding site for miR-145
[16]. KLF5, on the other hand, contains a binding site for miR-145
with a protein sequence that is highly conserved across humans, mice,
and rats. Vascular injury causes downregulation of miR-145, which
leads to upregulation of KLF5 and inhibition of myocardin [7]. The ex-
pression of miR-145 in SMCs but not endothelial cells is correlated
with a differentiated cell phenotype that is defined by the expression
of α-SMA, SMHC, and calponin [7].

To elucidate the mechanisms associated with miR-145 induction of
cardiac fibroblast differentiation, we evaluated its predicted target
KLF5. The miR-145 seed sequence is reverse complementary to the
seed-match sequence in the 3′-UTR region of mouse KLF5. To find the
direct binding sites of miR-145, we first subcloned a PCR product
containing the seed-match sequence of the 3′-UTR region of human
KLF5 into the pMIR-REPORT vector system and then generated a chime-
ric luciferase reporter system. Luciferase activity was significantly re-
pressed by the miR-145 mimic, proving the direct binding of miR-145
to the 3′-UTR of KLF5. Similarly, we demonstrated that miR-145 treat-
ment induced a dramatic decrease in KLF5 protein expression in vitro.
In response to the downregulation of KLF5 in cardiac fibroblasts, there
was an increase in myocardin mRNA expression. In vivo, we found
that the transient decrease in miR-145 expression 3 days after MI was
associated with increased KLF5 expression, which returned to basal
levels at 7 days. However, further inhibition of miR-145 by delivery of
the miR-145 antagomir enhanced and prolonged the increase in KLF5
expression to 7 days post-MI. Inversely, myocardin expression de-
creased 3 days after MI and was sustained at this low level at 7 days.
These data suggest that miR-145 mediates cardiac fibroblast to myo-
fibroblast transdifferentiation through the KLF5–myocardin pathway.
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Fig. 6. Overexpression of KLF5 decreases miR-145 induced myofibroblast differentiation. (A) Representative micrographs illustrate cardiac fibroblasts fixed and stained with rhodamine-
conjugated phalloidin (red F-actin), FITC-conjugated anti-α-SMA (green), and DAPI (blue nuclei). Scale bar represents 10 μm. (B) The percentage of cells staining positive forα-SMAwas
determined by flow cytometry. Treatment with miR-145 significantly increased the percentage of α-SMA+ cells compared to treatment with scrambled miRNA or control. However,
overexpression of KLF5 attenuated themiR-145 inducedmyofibroblast differentiation (n = 4/group). (C) Representative images show thewound healing cell migration assay performed
with cardiac fibroblasts. Quantification of migrated cells revealed that treatment withmiR-145 significantly increased cell migration compared with scrambledmiRNA and control. How-
ever, the increase in cellmigrationwas counteracted by overexpression of KLF5 (n = 10/group). (D) The collagen gel contraction assaywas carried outwith cardiac fibroblasts pre-treated
with scrambled miRNA, miR-145, or miR-145 + KLF5 plasmid showed that the shrinkage in gel size was significantly greater in themiR-145 group. However, overexpression of KLF5 re-
versed this effect (n = 4/group). (**P b 0.01 vs. control/scrambled).
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Fig. 7. Inhibition of miR-145 in vivo reduces α-SMA expression and increases scar size. (A) Experimental timeline for MI and miR-145 antagomir administration in vivo. The miR-145
antagomir ormismatched control was delivered by tail vein injection. (B) Representativemicrographs illustrate infarcted heart sections (top panel)withmagnified view (bottom) stained
with Cy3-conjugated anti-α-SMA (red) and DAPI (blue). Autofluorescence (green) is shown to help visualize themyocardial cross-section borders.α-SMA staining depicts myofibroblast
accumulation in the scar area. Scale bars represent 1 mm (top) and 50 μm (bottom). Theα-SMA signal was quantified as a percentage of total scar area.α-SMA staining was significantly
increased in mice receiving the mismatch control compared to the sham-treated mice, but this increase was attenuated by delivery of the miR-145 antagomir (n = 4/group). (C, D) De-
livery of the miR-145 antagomir resulted in decreased fractional shortening and fractional area contraction, starting at 7 days post-MI. (E) Echocardiography was used to measure the
initial infarct size at 7 days after MI. The scar length/LV length in the antagomir group was significantly larger compared with that of the mismatch group. (F) Representative whole
heart sections demonstrate thinning of the infarct scar (arrows). The miR-145 antagomir increased infarct size and reduced scar thickness at day 28 post-MI. (*P b 0.05, **P b 0.01 vs.
sham/mismatch).
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We also examined miR-143 expression following MI, which showed a
similar trend as miR-145 but failed to reach statistical significance
(data not shown). Therefore, we cannot totally exclude the potential
contribution of miR-143 to the transdifferentiation of the fibroblasts.

Our study is not without its limitations. First, previous studies have
demonstrated that miR-145 is predominantly expressed in aortic
SMCs [11,12], but we found that miR-145 was expressed to a similar
degree in cardiac fibroblasts and SMCs. However, since the major
change after myocardial injury is cardiac fibroblast proliferation, we fo-
cused on miR-145 in the myocardial fibroblasts. Additionally, the bio-
logical function of miR-145 may be most important in cardiac
fibroblasts because the number of SMCs in the heart is relatively low
in comparison with the number of fibroblasts, especially in the scar re-
gion. However, the overall effect of miR-145 post-MI is the result of

image of Fig.�7


105Y.-S. Wang et al. / Journal of Molecular and Cellular Cardiology 66 (2014) 94–105
changes in expression within all cell types of the heart, possibly includ-
ing infiltrated monocytes and macrophages. Although we demonstrated
that miR-145 is expressed in isolated SMCs, cardiac fibroblasts, and
cardiomyocytes, isolating each of the primary cell types from the heart
would allow a more precise determination of the cellular source of
miR-145 and its regulation in response to MI, which provides a direction
for future studies. Finally, we demonstrated similar effects on SMA
expression, cell migration, and collagen gel contraction between miR-
145 and TGF-β, which is known to induce differentiation. Whether the
TGF-β response in cardiac fibroblasts is accomplished in association
with miR-145 will require further investigation.

In summary, we describe a novel association between miR-145 and
fibroblast differentiation toward a myofibroblast phenotype. Following
MI, miR-145 was transiently downregulated during the time when
fibroblasts proliferate following the inflammatory response to the in-
farction. The restitution of miR-145 may stimulate cardiac fibroblasts
to assume myofibroblast characteristics. Augmentation of this process
offers a new approach to enhance infarct healing and shrinkage to
prevent ventricular remodeling and subsequent heart failure.
Disclosure statement

None declared.
Acknowledgments

This work was supported by a grant from the Canadian Institutes of
Health Research (MOP102535 to R-KL). R-KL holds a Canada Research
Chair in Cardiac Regeneration.
Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.yjmcc.2013.08.007.
References

[1] Tomasek JJ, Gabbiani G, Hinz B, Chaponnier C, Brown RA. Myofibroblasts and
mechano-regulation of connective tissue remodelling. Nat Rev Mol Cell Biol
2002;3:349–63.

[2] Gabbiani G. The myofibroblast in wound healing and fibrocontractive diseases.
J Pathol 2003;200:500–3.

[3] Foo IT, Naylor IL, Timmons MJ, Trejdosiewicz LK. Intracellular actin as a marker for
myofibroblasts in vitro. Lab Invest 1992;67:727–33.

[4] Eghbali M, Eghbali M, Robinson TF, Seifter S, Blumenfeld OO. Collagen accu-
mulation in heart ventricles as a function of growth and aging. Cardiovasc
Res 1989;23:723–9.

[5] Virag JI, Murry CE. Myofibroblast and endothelial cell proliferation during murine
myocardial infarct repair. Am J Pathol 2003;163:2433–40.

[6] Boettger T, Beetz N, Kostin S, Schneider J, Kruger M, Hein L, et al. Acquisition of the
contractile phenotype by murine arterial smooth muscle cells depends on the
Mir143/145 gene cluster. J Clin Invest 2009;119:2634–47.

[7] Cheng Y, Liu X, Yang J, Lin Y, Xu DZ, Lu Q, et al. MicroRNA-145, a novel smooth
muscle cell phenotypic marker and modulator, controls vascular neointimal lesion
formation. Circ Res 2009;105:158–66.

[8] Condorelli G. Latronico1MVG, Dorn GW.microRNAs in heart disease: putative novel
therapeutic targets? Eur Heart J 2010;31:649–58.

[9] van Rooij E, Sutherland LB, Thatcher JE, DiMaio JM, Naseem RH, Marshall WS, et al.
Dysregulation of microRNAs after myocardial infarction reveals a role of miR-29 in
cardiac fibrosis. Proc Natl Acad Sci U S A 2008;105:13027–32.

[10] Cimini M, Fazel S, Zhuo S, Xaymardan M, Fujii H, Weisel RD, et al. c-Kit dysfunction
impairs myocardial healing after infarction. Circulation 2007;116(Suppl. II):77–82.

[11] Cordes KR, Sheehy NT,White MP, Berry EC, Morton SU, Muth AN, et al. miR-145 and
miR-143 regulate smooth muscle cell fate and plasticity. Nature 2009;460:705–10.

[12] Elia L, Quintavalle M, Zhang J, Contu R, Cossu L, Latronico MV, et al. The knockout of
miR-143 and -145 alters smooth muscle cell maintenance and vascular homeostasis
in mice: correlates with human disease. Cell Death Differ 2009;16:1590–8.

[13] Zaruba M-M, Soonpaa M, Reuter S, Field LJ. Cardiomyogenic potential of c-Kit+-
expressing cells derived from neonatal and adult mouse hearts. Circulation
2010;121:1992–2000.

[14] Smith JB, Brock TA. Analysis of angiotensin-stimulated sodium transport in cultured
smooth muscle cells from rat aorta. J Cell Physiol 1983;114:284–90.

[15] Wang CH, Li SH, Weisel RD, Fedak PW, Dumont AS, Szmitko P, et al. C-reactive pro-
tein upregulates angiotensin type 1 receptors in vascular smoothmuscle. Circulation
2003;107:1783–90.

[16] O'Sullivan JF, Martin K, Caplice NM. Microribonucleic acids for prevention of plaque
rupture and in-stent restenosis: “a finger in the dam”. J Am Coll Cardiol
2011;57:383–9.

[17] Wang Z, Wang D-Z, Pipes GCT, Olson EN. Myocardin is a master regulator of smooth
muscle gene expression. Proc Natl Acad Sci U S A 2003;100:7129–34.

[18] Long X, Bell RD, Gerthoffer WT, Zlokovic BV, Miano JM. Myocardin is sufficient for
a smooth muscle-like contractile phenotype. Arterioscler Thromb Vasc Biol
2008;28:1505–10.

http://dx.doi.org/10.1016/j.yjmcc.2013.08.007
http://dx.doi.org/10.1016/j.yjmcc.2013.08.007
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0005
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0005
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0005
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0010
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0010
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0015
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0015
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0020
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0020
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0020
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0025
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0025
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0030
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0030
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0030
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0035
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0035
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0035
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0040
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0040
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0120
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0120
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0120
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0125
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0125
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0130
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0130
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0045
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0045
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0045
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0050
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0050
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0050
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0050
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0055
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0055
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0060
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0060
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0060
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0065
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0065
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0065
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0070
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0070
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0075
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0075
http://refhub.elsevier.com/S0022-2828(13)00260-5/rf0075

	Role of miR-145 in cardiac myofibroblast differentiation
	1. Introduction
	2. Materials and methods
	2.1. Animal procedures
	2.2. miR-145 antagomir for in vivo studies
	2.3. Histological analysis
	2.4. Cell culture
	2.5. miR-145 mimic and antimir transfection
	2.6. Cotransfection of KLF5 plasmid and miR-145 antimir
	2.7. KLF5 luciferase reporter assay
	2.8. Real-time PCR
	2.9. Northern blot
	2.10. Immunoblotting
	2.11. Flow cytometry
	2.12. Immunofluorescent staining and confocal microscopy
	2.13. MTT assay
	2.14. Collagen gel contraction assay
	2.15. Cell migration assay
	2.16. Statistical analysis

	3. Results
	3.1. Expression of miR-145 in vivo and in vitro
	3.2. miR-145 enhances α-SMA expression, fiber formation, and assembly
	3.3. miR-145 promotes functional conversion of cardiac fibroblasts to myofibroblasts
	3.4. miR-145 promotes collagen expression by cardiac myofibroblasts
	3.5. miR-145 targets associated with differentiation of cardiac fibroblasts to myofibroblasts
	3.6. Inhibition of endogenous miR-145 in vivo reduces α-SMA expression and increases scar size

	4. Discussion
	Disclosure statement
	Acknowledgments
	Appendix A. Supplementary data
	References


