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Mechanisms controlling vascular smooth muscle cell (VSMC) plasticity and renewal still remain to be elucidated completely. A class

of small RNAs called microRNAs (miRs) regulate gene expression at the post-transcriptional level. Here, we show a critical role of the

miR-143/145 cluster in SMC differentiation and vascular pathogenesis, also through the generation of a mouse model of miR-143 and

-145 knockout (KO). We determined that the expression of miR-143 and -145 is decreased in acute and chronic vascular stress

(transverse aortic constriction and in aortas of the ApoE KO mouse). In human aortic aneurysms, the expression of miR-143 and -145

was significantly decreased compared with control aortas. In addition, overexpression of miR-143 and -145 decreased neointimal

formation in a rat model of acute vascular injury. An in-depth analysis of themiR-143/145 KOmousemodel showed that this miR cluster

is expressed mostly in the SMC compartment, both during development and postnatally, in vessels and SMC-containing organs.

Loss of miR-143 and miR-145 expression induces structural modifications of the aorta, because of an incomplete differentiation of

VSMCs. In conclusion, our results show that the miR-143/145 gene cluster has a critical role during SMC differentiation and strongly

suggest its involvement in the reversion of the VSMC differentiation phenotype that occurs during vascular disease.
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In the postnatal organism, vascular smooth muscle cells

(VSMCs) – unlike muscle cells of the skeletal and cardiac

lineage – switch from a differentiated (contractile) to a

dedifferentiated (synthetic) phenotype when subjected to

appropriate environmental cues, allowing them to proliferate

and migrate.1,2 Striking examples of SMC plasticity can

be seen during vascular development, when SMCs have a

key function in morphogenesis of blood vessels. During this

phase, they exhibit high rates of proliferation and migration,

and produce extracellular matrix (ECM) components that

make up a major portion of the blood vessel wall, such as

collagen, elastin, and proteoglycans. At the same time SMCs

acquire contractile capabilities. Dysregulation of this extra-

ordinary plasticity of VSMCs underlies the pathogenesis of

human diseases such as atherosclerosis3 hampers vascular

reconstruction procedures by the perpetuation of restenosis,3

and has an important function in the neovascularization of

tumors and in age-related vascular decay.4

Various protein-based signaling cascades have been

implicated in controlling VSMC differentiation, but the mecha-

nisms that regulate the VSMC phenotype remain partially

understood.5 Research has only recently started to focus on

microRNAs (miRs) in the heart6 and vasculature.7 This class

of post-transcriptional regulator comprises B22 nucleotide

long RNAs that negatively regulate gene expression by

binding to sites present in the 30 untranslated region of targe-

tedmRNAs.8 To date, over 700 different miRs have been found

in humans (http://www.mirbase.org/). Bioinformatic analyses

predict that each miR might regulate hundreds of targets,

suggesting that miRs are likely to have roles in almost all

biological processes.9

Dedifferentiated VSMCs in the adult are characterized by

reduced expression of some SMC-related genes such as

smooth muscle a-actin, acquisition of increased rates of

proliferation and motility, and the ability to synthesize

collagens and matrix metalloproteases.5,10

The present report documents a role for miR-143 and -145

genes in maintaining the differentiation status of VSMCs and

controlling VSMC motility. Dysregulation of the miR-143 and

-145 genes is suggested to underlie the inappropriate SMC

plasticity observed with vascular disease, by promoting a

phenotypic switch from a differentiated to an undifferentiated,

proliferative and migratory state.

Results

miR-143/145 expression in the aorta. In a screen for miR

expression in different tissues we found that miR-143 was
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more expressed in the heart than in other organs (data not

shown). We therefore decided to address the importance of

miR-143 and its cluster partner, miR-145, in cardiovascular

biology (Figure 1a and b). First, we analyzed the pattern of

expression of miR-143 and miR-145 in various mouse

tissues by northern blotting and found that miR-143 is

present in lung, skeletal muscle, heart, skin and most

abundant in aorta and fat, where miR-145 is also at its

highest level (Figure 1c). Consistent with this, in situ

hybridization of cross-sections of the adult mouse heart

revealed a very strong signal for miR-143 and -145 in the

walls of the aorta and coronary vessels (Figure 1d).

As many miRs become mis-expressed during disease, we

decided to apply stress to the cardiovascular system to

uncover whether miR-143 and miR-145 are involved in

cardiovascular pathology. To this end, we analyzed the

expression of miR-143 and miR-145 in wild-type (WT) mice

subjected to transverse aortic constriction (TAC), a procedure

used to generate stress on myocardial cells through pressure

overload.11 After TAC, myocardial expression of miR-143 and

miR-145, measured by quantitative real-time reverse poly-

merase chain reaction (qRT-PCR), did not change (data not

shown); in contrast, expression of these miRs was dramati-

cally reduced in the aorta upstream and downstream of the

TAC site (Figure 2a).

We then determined miR-143 and miR-145 expression in a

second model of vascular stress, the apolipoprotein E (ApoE)

knockout (KO) mouse, a mouse model of atherosclerosis, in

which vascular damage is enhanced by a hypercholester-

olaemic diet.12 qRT-PCR revealed that the aorta of ApoE KO

mice had markedly decreased constitutive levels of miR-143

andmiR-145, and that expression was further reduced (to less

than 75% of WT levels) when fed on a high-fat diet (HFD)

(Figure 2b). These data show that expression of miR-143 and

miR-145 is regulated in adult mice by acute and chronic

stress, suggesting a role for thesemiRs in the pathogenesis of

vascular degeneration.

Next, we evaluated whether the expression of thesemiRs is

changed in human disease. Biopsies were collected during

surgical treatment of (n¼ 12) patients presenting with aortic

aneurysm (ascending aortic diameter 455mm) and sub-

jected to qRT-PCR. As a control group, aortic biopsies were

obtained from (n¼ 5) patients with normal ascending aortic

diameter. We found that the diseased group had a significant

decrease in expression of both miR-143 and -145 compared

with the control group (Figure 2c). This result suggests that

expression of the miR-143/145 gene could be probably

downregulated in human vascular disease.

Analysis of a miR-143(145) KO mouse. To study the

biology of miR-143 and miR-145, we generated a KO mouse

model in which the exon specifying miR-143 was substituted

by the lacZ reporter gene13 (Figure 3a and b). This construct

allows the visualization of cells expressing miR-143 and -145

through b-galactosidase staining. qRT-PCR demonstrated a

negligible level of miR-143 in the aorta and other organs of

homozygous KO mice (data not shown), which was

confirmed by northern blotting (Figure 3c). The expression

of miR-145 was concomitantly affected by the loss of miR-

143 because both miR-143 and miR-145 originate from the

same transcriptional unit and from the same primary miR.14

For this reason, we will refer to this mouse model as the miR-

143(145) KO.

Figure 1 Expression of miR-143 and miR-145. (a) Localization of miR-143 and miR-145 in the genome of the mouse. (b) miR-143 and -145 sequence alignment in
different species. (c) Representative northern blot of miR-143 and miR-145 in different tissues (top); band intensities were quantified using ImageJ software version 1.34
(http://rsb.info.nih.gov/ij/) and normalized to U6 (bottom). (d) Radioactive in situ hybridization for miR-143, -145 and -208 on adult mouse heart. Hearts were pseudo-colored in
red to enhance the contrast using Adobe Photoshop
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Homozygous miR-143(145) KO mice were viable at birth

and did not display any obvious disorders when kept in normal

vivarium conditions, indicating that these two miRs are

dispensable for development. We first investigated the timing

of miR-143/145 gene expression through b-galactosidase

staining. We found that the miR-143/145 gene cassette

became activated in aorta and bladder at E13.5 (Figure 3d).

Hematoxylin–eosin- and b-galactosidase (LacZ)-stained his-

tological sections of embryos revealed that the tunicamedia of

the aorta and the tunica muscolaris propria of the bladder

and intestine expressed lacZ (Figure 3e; Supplementary

Information; Supplementary Figure S1). In postnatal mice,

strong b-gal staining was evident in the outflow tract of the

heart (aorta and pulmonary trunk) and coronaries, and in the

main cerebral vessels (Figure 3f). Moreover, lacZ co-localized

with smooth muscle a-actin (Figure 3g).

Histological examination revealed that the structure of the

aorta of homozygous miR-143(145) KO mice was different to

the WT (Figure 4a; Supplementary Information; Supplemen-

tary Figure S1). Measurement of the absolute media thick-

ness and calculation of the media area/lumen area ratio

confirmed this observation. These results suggest that

probably there is a defect in the development of the SMC

layer in miR-143(145) KO mouse.

Moreover, histological analysis of KO and WT aortas after

acute (TAC) and chronic (angiotensin II (AngII) treatment)

pressure stress does not show any major difference between

the two groups (data not shown).

VSMCs of the miR-143(145) KO mouse are

dedifferentiated. Small formations within the intimal layer

of the aorta were often observed in miR-143(145) KO mice.

Staining for smooth muscle a-actin revealed that these

formations were accumulations of VSMCs, indicative of

migration of VSMCs from the tunica media to the tunica

intima (Figure 4b). Phospho-histone H3 and cleaved

Caspase-3 activity evaluated by immunostaining on WT

and KO aortas did not show any difference of proliferation

and apoptotic ratio between the two groups (data not

shown). Moreover, the colon of miR-143(145) KO mice had

a classical megacolon phenotype (Supplementary Information;

Supplementary Figure S1), which can be caused by hyper-

proliferation of SMCs, as evidenced in a mouse model that

expresses SV40 large antigen in visceral SMCs.15 We tested

whether miR-143 and miR-145 altered proliferation in vitro.

In an uptake study using A7r5 cells – a secondary rat-VSMC

line – we found a 50% reduction in incorporation of

[3H]thymidine into A7r5 cells transduced with Ad-miR-143 or

Ad-miR-145, compared with a control miRNA-carrying Ad

(Figure 4c). We also isolated VSMCs from WT and KO mice,

and tested their ability to migrate toward platelet-derived growth

factor (PDGF) a known chemoattractant for VSMCs.16 KO cells

were more migratory than WT cells (Figure 4d). Together,

these data suggest that the miR-143/145 gene is involved

in the control of both proliferation and motility of VSMCs.

Ultrastructural analysis of miR-143(145) KO aorta revealed

that VSMCs had a dilated rough endoplasmic reticulum

supporting aligned ribosomes, and that these cells contained

flocculent material typical of synthetically active VSMCs

(Figure 5a). Moreover, transmission electron microscopy

analysis of aorta from miR KO mice revealed also the

presence of extended areas of ECM degradation around the

SMCs, which presented elongated structures, indicating the

presence of migrating/dedifferentiated SMC (Figure 5b). In

addition to these morphological features, a functional analysis

of the vasculature of miR-143(145) KO mice revealed that

they had a blunted response to vasopressive stimuli: when

miR-143(145) KO mice were treated with a hypertensive

dose of AngII,17 systolic pressure did not rise as much

as WT mice (Figure 6a). These structural and functional

observations – migration, hyperproliferation, increase protein

Figure 2 Expression of miR-143 and miR-145 in vascular diseases. (a) qRT-
PCR of samples of aorta from sham and pressure-overloaded mice generated by
aortic constriction (TAC); Pre, portion of aorta proximal to the constriction; Post,
portion of an aorta distal to the constriction; Sno22 RNA was used as internal
control; All measurements were calculated as percent of control (Sham) and error
bars calculated as propagated standard errors of the mean of triplicate
measurements from each experiment; *Po0.05. (b) Expression of miR-143 and
miR-145 in the aorta of apolipoprotein E knockout (ApoE KO) mouse fed on normal
(ND) and high-cholesterol diets (HFD), analyzed by qRT-PCR, Sno22 RNA was
used as internal control; *Po0.03. (c) qRT-PCR of expression of miR-143, -145
and -199 in aortic aneurysm in humans, U6 snRNA was used as internal control;
*Po0.05
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synthesis and blunted hypertension response – are consistent

with the notion that SMCs of miR-143(145) KO mice have a

dedifferentiated rather than a differentiated phenotype. In

addition, we analyzed mRNA expression profiles of aortas

from KO andWT animals using Illumina GeneChips (n¼ 3 per

genotype) (Illumina, San Diego, CA, USA). Interestingly, we

noted a loss of the expression of several markers of differ-

entiated SMCs and an increase in the expression of skeletal

muscle markers (Table 1). In support of this, qRT-PCR

confirmed the downregulation of two VSMC-differentiation

markers, smooth muscle a-actin and smooth muscle myosin

heavy chain, in the aorta of adult miR-143(145) KO mouse

compared with WT (Figure 6b). We hypothesize that miR-143

and miR-145 are necessary for correct maturation of VSMCs

during development and might be involved in phenotypic

switching in disease states.

Finally, to confirm all these findings in a WT animal model,

we performed balloon injury experiment in rat carotids. Ad-

miR-143 or Ad-miR-145 were administered to WT rats

immediately after subjecting them to balloon injury of the

carotid artery. We found that balloon-injury-induced neointi-

mal formation was significantly reduced when the carotid

artery was locally perfused with adenovirus expressing either

miR-143 or miR-145 (Figure 7), demonstrating that miR-143

and -145 also control the proliferation andmigration of VSMCs

in intact vessels in vivo.

Discussion

We show here that the miR-143/145 cluster is involved in

maintaining the differentiation status of VSMCs, and we

propose that their dysregulation underlies the histological

changes observed in vessels in pathologies such as athero-

sclerosis and restenosis.

miR-143 and miR-145 are clustered together on chromo-

some 5 in humans and chromosome 18 in mice and rats, and

originate from the same transcriptional unit.14 Thus, the LacZ-

Neo insertion in our KO model affects the expression of both

miRs. Previous reports have shown miR-143 expression in

heart, testes and gut of the zebrafish;18 heart, spleen and

brain of adult mouse;19 and heart, spleen, brain, liver,

pituitary, thyroid, pancreas, ovary, testes, prostrate and

placenta of adult mice and humans.20 At the cellular level,

miR-143 is strongly expressed in adipocytes,21 osteoclasts22

and SMCs of myometrium23 and vessels.24 We suggest that

these genes are needed for correct morphogenesis of the

smooth muscle layer of the vascular system and of the gastro-

intestinal and urogenital tracts, as observed in themouse from

Figure 3 Targeting of miR-143(145). (a) Strategy used to generate miR-143 mutant mice by homologous recombination. (b) Southern blot of genomic DNA from ES cells.
(c) Northern blot of miR-143 and miR-145 in aortas of mice wild type (þ /þ ), heterozygous (þ /�) and homozygous (�/�) for miR-143/145 deletion. U6 RNA serves as a
loading control. (d) Visualization of lacZ-expressing structures in an embryo at E13.5. Arrows indicate b-galactosidase staining of aorta and bladder. (e) lacZ expression on
paraffin sections of embryo at E13.5. (f) lacZ expression on whole heart and brain of P1 mice. (g) Immunofluorescence for smooth muscle a-actin and b-gal on a frozen section
of P1 heart. DAPI was used to visualize nuclei. Scale bar¼ 20mm
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E13.5 onward. The miR-143/145 genes are upregulated

during development and remain constitutively expressed in

SMCs of adult organs. Recently, a critical role for miR-143

and -145 in smooth muscle cell fate and plasticity has been

reported using a transgenic mouse model in which an

enhancer sequence of miR-143 and -145 was driven by

the LacZ gene.14 In that report, expression of miR-143 and

-145 was first detected in cardiac progenitors before expres-

sion in VSMCs. These data differ from those reported here,

in which we found that expression of the miRs is restric-

ted to SMC, with little expression in the developing heart.

These differences may be explained by the different methods

used to evaluate expression. As we did not observe gross

defects in vessel formation during embryogenesis, it is likely

that these miRs are important in the fine tuning of smooth

muscle cell physiology but not absolutely required for

development.

Analysis of aortas from themiR-143(145) KOmice revealed

that loss of these miRs is associated with dedifferentiation.

We detected pro-synthetic ultrastructural changes in the ER,

decreased expression of differentiation-associated markers

and reduction in response to hypertension stimuli. We

conclude that the miR-143/145 gene is necessary for

maintaining a differentiated SMC phenotype in the adult.

Furthermore, we hypothesize that reversibility of this function

is important to maintain the plasticity of VSMCs. This

conclusion is consistent with the upregulation of miR-143

during differentiation of human pre-adipocytes into adipo-

cytes, and the inhibition of adipocyte-specific gene expression

and accumulation of triglycerides when miR-143 is knocked

down.21 In that report, ERK5, which is known to regulate

cell growth and proliferation, was a predicted target gene.

We have presented experiments suggesting that miR143

(145) loss promotes both proliferation and chemotaxis of

VSMCs. In the future it will be important to dissect the

mechanism(s) by which these miRs regulate cell motility.

It is notable that the only apparent in vivo manifestation of

the loss of miR-143/145-gene expression in our constitutive

KO model is an aorta with a thinner wall than WT. This may

seem at odds with the notion that decreased expression of

miR-143 and miR-145 is associated with an increased

migratory state of VSMCs in vitro when they are adequately

stimulated. The appropriate response of a vessel in vivo

requires a concerted regulation network that comprises

intracellular mechanisms inherent to VSMCs, and crosstalk

between all the cell types that make up the vessel wall. We

speculate that the miR-143/145 gene controls only VSMC-

specific events; this is supported by the fact that other cell

types of the vessel, such as endothelial cells, do not express

miR-143 or miR-145 (data not shown). In vivo, therefore,

some of the effects of mis-expression of the miR-143/145

gene alone might become masked by counter balancing

regulatory signals originating from the other cell types

present.

We have shown that increased hemodynamic stress is

associated with downregulation of miR-143/145 gene expres-

sion in the aorta of WT mice. The pathological states that

induce this downregulation are varied and include coarctation

and altered vessel histology such as that occurring with

atherosclerosis. The relevance of this finding to human vessel

Figure 4 Morphological changes in the vasculature of miR-143(145) KO mice. (a) Van Gieson staining for elastin in aorta from miR-143(145) knockout (KO) and wild-type
(WT) mice (top), and analysis of the arterial thickening (bottom) through calculation of the media area/lumen area ratio. Scale bar¼ 40mm. (b) Masson trichrome (whole
section and top inset) and smooth muscle a-actin immunofluorescence staining (bottom inset) of a cross-section of aorta from an miR-143(145) KO mouse. Original
magnification � 10 (whole section), � 40 (insets). (c) Proliferation assay of FBS-treated A7r5 cells. No, no adenovirus; �, Ad-Empty; 143, Ad-miR-143; 145, Ad-miR-145;
208, Ad-miR-208; *Po0.05. (d) Chemotaxis assay of primary VSMCs from WT and KO mice. All measurements were calculated as percent of control (WT) and error bars
calculated as propagated standard errors of the mean of triplicate measurements from each experiment; *Po0.05
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pathology was substantiated by the fact that the gene was

found deregulated in human aortic aneurysms. miR-143 and

miR-145 were also shown to be downregulated during

neointimal formation in the carotid artery of the rat,24 although

targets and mechanisms were not reported on. A very recent

report described miR-145 regulation of smooth muscle cell

differentiation and neointima formation after injury of the

rat carotid artery.25 We now extend these findings to include

miR-143. Our data suggest that miR-143/145-gene expres-

sion functions as a brake to dedifferentiation rather than a

stimulus for differentiation. We propose, therefore, that the

pathogenic role of themir-143/145 gene is related to its control

of phenotypic switching of VSMCs: pathological stimuli induce

an inappropriate downregulation of miR-143 and miR-145,

and this in turn facilitates dedifferentiation. The consequent

increase in migratory ability would then be at the basis of, for

example, neointimal formation and progression in athero-

sclerosis and restenosis, and the focal SMC contractile

dysfunction observed in the aortic media and the vasa

vasorum with aneurysm.

A growing body of evidence has documented the patho-

genic role of the miR-143/145 gene in cancer. Chromosomal

deletion at 5q32 – leading to loss of expression of the miR-

143/145 gene – was found in colon26 and breast27 adeno-

carcinomas. Both miR-143 and miR-145 are also down-

regulated in most B-cell malignancies,28 as well as in cell lines

derived from other types of cancers.26 Moreover, the miR-

143/145 gene becomes downregulated during the transfor-

mation of myometrium SMCs into leiomyoma SMCs.23 All

these findings are consistent with proliferative/migratory

status of dedifferentiated VSMC lacking the miR-143 and

-145 that we have documented here. Eligible targets, apart

from ERK5, included methylenetetrahydrofolate reductase,

associated with aberrant DNA methylation; the Na- and

K-dependent ATPase A subunit (ATP1A1); and KRAS

(V-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog),

a molecular on/off switch that recruits and activates pro-

teins necessary for the propagation of growth-factor signal-

ing.29 Thus, miR-143 and miR-145 are suggested to have

important anti-oncogenic roles.

We have shown that miR-143 and -145 are important

regulators of plasticity of VSMCs, which has pertinence for the

pathogenesis of vascular disease. Future investigations using

conditional KO mice will be instrumental in identifying other

targets of the miR-143/145 gene, to define in more depth the

various pathways controlled by miR-143(145) in VSMCs.

Furthermore, our current studies are focused on analyzing

further the pathogenic roles of miR-143 and -145 in human

vascular diseases.

Figure 5 Electron microscopy on mouse aorta. (a) Electron microscopy
micrographs of miR-143(145) KO (KO) and wild-type (WT) aorta. M, mitochondria;
RER, rough endoplasmic reticulum; SER, smooth endoplasmic reticulum; N, nuclei.
Arrows indicate aligned ribosomes present on active RER, whereas they are
organized in clusters all around the SER in WT aorta. Scale bar¼ 1000 nm. (b)
Micrograph of WT and miR-143/145 KO aorta (top panel), higher magnification
image of the KO aorta on the bottom panel. N, nucleus; BL, basal lamina; IL, intima
layer. Arrows indicate areas of ECM around a KO cell that shows cell protrusions.
Scale bar¼ 5 mm

Figure 6 Functional changes in the vasculature of miR-143(145) KO mice. (a) Blood pressure of saline- (Sham) and angiotensin II (AngII)-treated WT and miR-143/145
KO mice after 2 weeks; *Po0.03. (b) qRT-PCR on adult aorta from WT and KO mice for smooth muscle myosin heavy chain (Myh11) and smooth muscle a-actin (Acta2).
GAPDH RNA was used as internal control; data were plotted and analyzed as described in Figure 2; *Po0.05
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Materials and Methods
Animals and AngII infusion. Animals were housed in accordance with the
guidelines of the American Association for Laboratory Animal Care. The miR-143(145)
KO mice were generated using a genomic miR-143 fragment isolated from a 129SVJ
library (Stratagene, La Jolla, CA, USA) and used to construct the miR-143 targeting
vector using standard techniques. One copy of the LacZ/miR-143 gene was inserted
into the targeting vector along with the neo cassette in the place of the genomic
miR-143 location. The targeting vector was then linearized with EcoRV and electro-
porated into R1 embryonic stem (ES) cells. ES clones were screened for homologous
recombination by Southern blot analysis. For the AngII experiment, mice were
anesthetized by intraperitoneal injection of xylazine (5mg/kg) and ketamine (80mg/kg)

and ALZET minipumps (Model 1002) containing 1.4mg/kg per day Ang II (A-9525;
Sigma-Aldrich, St. Louis, MO, USA) dissolved in saline or saline alone (sham treatment)
were implanted subcutaneously. Blood pressure was measured using a 1.4F Millar
catheter 2 weeks after the implant and the data acquired using the software ‘Chart’
(http://www.adinstruments.com/). Aortas were collected after perfusion with normal
saline until the perfusate cleared and fixed in 4% paraformaldehyde. Eight animals per
group were used and the experiment repeated two times.

Balloon injury and in vivo administration of adenovirus. Balloon
injury to rat carotid artery, administration of adenovirus and neointimal quantification
were performed as described earlier.30 Six animals per group were used, carotids
were collected at day 14 and the experiment was repeated two times.

Cell lines. A7R5 rat smooth muscle cells were maintained in DMEM (Invitrogen,
Carlsbad, CA, USA) supplemented with 1.5 g/l glucose, 4mM L-glutamine, 10% fetal
bovine serum and penicillin/streptomycin at 371C in a 5% CO2 atmosphere. Primary
vascular SMCs were obtained from WT and KO mouse aorta and purity checked as
described earlier.31

Materials. The following antibodies were used: SM a-actin (Sigma-Aldrich),
b-galactosidase (Roche, Indianapolis, IN, USA), Pecam (BD Bioscience, La Jolla, CA,
USA), phospho-histone H3 (Cell Signaling, Danvers, MA, USA), cleaved Caspase-3
(Cell Signaling), Alexa Fluor 594-conjugated phalloidin was from Invitrogen.

Whole and sectioned embryo analysis. b-gal staining to visualize lacZ
expression was performed as described earlier.13

Absolute medial thickness and medial area/lumen area
ratio. Morphometric measurements were carried out as described earlier.17

Table 1 Selected transcripts detected upregulated and downregulated in
miR143/145 KO versus WT aortas

Gene title Gene symbol FC

Troponin C2, fast Tnnc2 8.9
Myosin light chain, phosphorylatable,
fast skeletal muscle

Mylpf 6.4

Actin, a1, skeletal muscle Acta1 5.9
Troponin I, skeletal, fast 2 Tnni2 5.5
Actin, a2, smooth muscle, aorta Acta2 0.6
Myosin, heavy polypeptide 11, smooth muscle Myh11 0.6
Smoothelin Smtn 0.5

Expression values are ratios of KO aortas expression values versus WT from
adult mice (n¼ 3/3). Selected skeletal and smooth muscle differentiation
molecules are shown (Po0.05). FC, fold change

Figure 7 Effects of miR overexpression in rat carotid arteries after balloon injury. Representative cross-sections (14 days after balloon injury in vessels transduced with
different miR expressing adenoviral vectors) (top panel). Neointimal area and neointimal/media ratio quantifications (bottom panel); *Po0.05 versus contralateral untreated
arteries
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In situ hybridization. In situ hybridization was performed as described
earlier.32

Immunohistochemistry. van Gieson’s stain and Masson’s trichrome
staining were performed following the manufacturer’s protocol for paraffin
sections (Sigma-Aldrich).

Immunofluorescence. Immunofluorescence was performed on OCT frozen
sections and paraformaldehyde fixed cells. Sections and cells were permeabilized
with PBS-Triton 0.1%, then blocked with PBS-Triton 0.1%–BSA 5% for 1 h, washed
and incubated o/n with the related antibody at þ 41C. Antibodies conjugated to
Alexa Fluor 488 (Molecular Probes, Carlsbad, CA, USA) were used as secondary
antibodies, and nuclei were stained with DAPI. Fluorescence microscopy images
were obtained with a Zeiss Axioplan2 microscope equipped with a Zeiss Axiocam
HRm CCD camera using Axiovision software (Carl Zeiss Inc., Thornwood, NY, USA).

Electron microscopy. Electronic microscopy was performed at the Veterans
Medical Research Foundation. Adult aorta from WT and KO mice were dissected
and fixed in 2% glutaraldehyde in PBS for 24 h. The samples were postfixed and
stained with 1% osmium tetroxide in PBS, stained, then dehydrated in a series of
graded ethanol and propylene oxide. The tissues were subsequently embedded in
Eponate 12, counter stained with uranyl acetate and lead citrate and sectioned at
90 nm.

[3H]-thymidine uptake assay. Thymidine uptake assay was performed as
described earlier.33

Migration assays. Boyden transwell chambers (BD Biosciences) were
prehydrated 6 h before cell application with medium containing 0.1% fetal calf
serum (FCS) placed in the insert chambers and with media containing 10% FCS in
the lower chambers. Cells to be tested were detached from cultures dishes in
trypsin/EDTA (Invitrogen). This reaction was stopped by a twofold dilution in 1 mg/ml
soybean trypsin inhibitor/PBS (final concentration). Cells were sedimented at 1000 g
for 5 min, suspended in 5 ml PBS, resedimented and finally suspended in 1 ml of
the appropriate growth media containing 0.1% FCS; 10 000 cells (counted by auto-
mation; Beckman) in 500ml of media containing 0.1% FCS were placed into each
Boyden chamber. The appropriate growth media containing 0.1% FCSþPDGF
(10 ng/ml) (750ml) was placed in the lower chamber to facilitate chemotaxis.
Invasion assays were run for 6 h. Non-migrating cells were removed from the insert
chambers using cotton swabs; then the cells that passed through the membrane
were stained with 0.09% crystal violet/10% ethanol. After removing excess stain by
washing with deionized water, the stain was eluted with 200ml of elution buffer
(1 part acetate buffer [pH 4.5]: 2 parts ethanol: 1 part deionized water). The optical
density of 100ml of the eluted stain was measured at 570 nm (96-well plate reader,
Dynex Technologies, Chantilly, VA, USA). All assays were conducted in triplicate.

Gene expression analysis. Aortas were dissected from PBS-perfused
animals, adventitia was removed and total RNA was isolated using the TRIzol
method (Invitrogen). The RNA quality, labeling, hybridization and data analysis were
performed by the BIOGEM array facility at UCSD, using the mouse MouseWG-6_v2
Illumina platform. Three mice for each genotype were analyzed.

RNA quantification. For qRT-PCR analysis, total RNA was extracted using
the TRIzol reagent (Invitrogen) according to the manufacturer’s protocol. cDNA was
prepared using SuperScript Reverse Transcriptase cDNA kit (Invitrogen). Sybr
green qPCR was performed using the following primers: Acta2-50 (5-CTGACAG
AGGCACCACTGAA-3), Acta2-30 (5-CATCTCCAGAGTCCAGCACA-3), Mhy11-50

(5-GACAACTCCTCTCGCTTTGG -3), Mhy11-30 (5- GCTCTCCAAAAGCAGGT
CAC -3), GAPDH-50 (5–GACGGCCGCATCTTCTTGT-3), GAPDH-30 (5– CACACC
GACCTTCACCATTTT-3). For miR qRT-PCR, total RNA was extracted using TRIzol
(Invitrogen); primers and probes specific for human miR-143, miR-145 and miR-199
and internal control, Sno202 RNA and U6 snRNA were purchased from Applied
Biosystems (Foster City, CA, USA); amplification and detection were performed
with 7300 Sequence Detection System (Applied Biosystems), using 40 cycles of
denaturation at 951C (15 s) and annealing/extension at 601C (60 s). This was
preceded by reverse transcription at 421C for 30min and denaturation at 851C for
5min. Northern blotting was performed to confirm the expression levels of miR-143
and miR-145. Probes, anti-sense oligonucleotides against mature miR-143, miR-145
and U6 were locked-nucleic-acid based (Exiqon, Vedbaek, Denmark).

Statistical analysis. RNA, arterial thickening, arterial pressure, proliferation
and migration values were compared using two group Student’s t-test or two-way
ANOVA test. A value of Po0.05 or less was considered to be statistically
significant.
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