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Abstract

Palladin, an actin associated protein, plays a significant role in regulating cell adhesion and cell motility. Palladin is important
for development, as knockdown in mice is embryonic lethal, yet its role in the development of the vasculature is unknown.
We have shown that palladin is essential for the expression of smooth muscle cells (SMC) marker genes and force
development in response to agonist stimulation in palladin deficient SMCs. The goal of the study was to determine the
molecular mechanisms underlying palladin’s ability to regulate the expression of SMC marker genes. Results showed that
palladin expression was rapidly induced in an A404 cell line upon retinoic acid (RA) induced differentiation. Suppression of
palladin expression with siRNAs inhibited the expression of RA induced SMC differentiation genes, SM a-actin (SMA) and
SM22, whereas over-expression of palladin induced SMC gene expression. Chromatin immunoprecipitation assays provided
evidence that palladin bound to SMC genes, whereas co-immunoprecipitation assays also showed binding of palladin to
myocardin related transcription factors (MRTFs). Endogenous palladin was imaged in the nucleus, increased with
leptomycin treatment and the carboxyl-termini of palladin co-localized with MRTFs in the nucleus. Results support a model
wherein palladin contributes to SMC differentiation through regulation of CArG-SRF-MRTF dependent transcription of SMC
marker genes and as previously published, also through actin dynamics. Finally, in E11.5 palladin null mouse embryos, the
expression of SMA and SM22 mRNA and protein is decreased in the vessel wall. Taken together, our findings suggest that
palladin plays a key role in the differentiation of SMCs in the developing vasculature.
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Introduction

Vascular smooth muscle cells (SMCs) are not terminally

differentiated. They have the ability to undergo phenotypic switching

in association with pathological conditions such as vascular injury,

post angioplasty stenosis, and atherosclerosis. Phenotypic plasticity of

SMCs is critical for the establishment of a mature vessel, which can

function to regulate vascular tone and blood vessel diameter,

peripheral resistance, and the distribution of blood flow throughout

the developing organism. Considerable evidence suggests that an

impaired SMC phenotype during development results in defects in

vascular remodeling of great arteries and congenital cardiovascular

anomalies, but a full understanding of the complex processes

underlying SMC development is still elusive.

The differentiation of SMC is characterized by the up-

regulation of SMC marker genes, which are associated with the

contractile phenotype, such as SM alpha actin (SMA), SM myosin

heavy chain (MHC) and SM22. The expression of SMC marker

genes has been shown to be regulated by CArG-SRF complexes,

by myocardin and by Myocardin Related Transcription Factors

MRTF-A and MRTF-B that induce transcription of SMC marker

genes in a CArG dependent manner [1,2,3,4,5]. Other factors,

including Elk-1, Foxo4, and KLF4 [4,5,6,7] have been identified

as repressors for SMC marker gene expression. The actin

cytoskeleton is both an upstream regulator of MRTF activity,

with monomeric (G) actin directly acting as a signal transducer,

and a downstream effector of SRF resulting in activation of cluster

genes encoding components of the actin cytoskeleton [8,9,10].

Actin dynamics plays an important role in regulation of SRF

mediated transcription of SMC marker genes [2,11]. Rho signaling

or other stimuli that promote actin polymerization determine the

availability of G actin. A decrease in the G actin pool is both

necessary and sufficient for SRF to activate expression of SMC

genes. G actin also shuttles into and out of the nucleus, where it is

thought to regulate chromatin structure and transcription[12]. G

actin sequesters MRTFs in the cytoplasm by binding to the MRTF

amino-terminal RPEL domain thereby inhibiting MRTF nuclear

import, nuclear accumulation, and SRF-mediated transcription.

FRET experiments have shown that MRTF and actin interact both

in the cytoplasm and in the nucleus, and that this interaction is the

downstream of RhoA-mediated changes in actin turnover [12].

The actin associated protein palladin is a widely expressed

protein found in stress fibers, focal adhesions, podosomes, dorsal

ruffles, growth cones, Z-discs, and other actin-based subcellular

structures [13]. Palladin is required for the maintenance of normal

stress fibers in cultured cells [14,15]. It belongs to a small gene
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family that includes the Z-disc proteins myopalladin and myotilin,

all of which share similar Ig-like domains [13,16,17,18]. Other

palladin family members expressed in skeletal muscle are

important for sarcomere integrity and mutated forms are

associated with inherited muscular disorders [13,19]. Palladin

serves as a scaffold for multiple actin binding proteins, signaling

molecules, and also as an actin cross-linking protein [20].

Knockdown of palladin causes decreased F to G actin ratio, faint

and disordered stress fibers in cultured fibroblasts and SMCs

[15,21,22]. Overexpression of palladin induces strong stress fibers

in cultured cells[23]. Palladin is highly expressed in smooth muscle

and we and others have previously shown it is important in

organization of the SMC cytoskeleton and in regulating

contraction [24,25]. Moreover, we recently published results

showing that palladin knockout embryonic stem cells (ESC) exhibit

impaired differentiation into SMC in a embryoid body (EB) SMC

differentiation model system [26]. Knock out of palladin in mice is

embryonic lethal at day 15.5[27]. However, it is unknown if

palladin KO mice show impaired differentiation of SMC, and little

is known regarding the cellular and molecular mechanisms by

which palladin contributes to control of SMC differentiation.

The present studies focused on determining the role of palladin

in early SMC differentiation and vasculature development. Results

showed that palladin expression was rapidly induced during the

differentiation of SMCs, and induces expression of multiple SMC

differentiation marker genes by interacting with the MRTF

complexes, which directly or indirectly bind to the CArG elements

in the promoter regions of SMC marker genes. Moreover, E11.5

palladin KO mouse embryos exhibited markedly impaired

differentiation of vascular SMC. This study provides the first

evidence that the cytoskeletal protein palladin plays a critical role

in the regulation of early stages of SMC differentiation.

Materials and Methods

We certify that all research using vertebrate animals in the grant

application above is contained in the protocol listed. We certify

that all research using cell lines in the grant application above is

contained in the protocol listed. Protocol entitled ‘‘studies of Signal

Transduction in Smooth and Cardiac Muscles in Genetically

Altered Mice’’ (protocol No 2796) is approved by University of

Virginia animal care and use committee; The protocol title for the

knockout mice is ‘‘Exploring the role of palladin in anterior neural

tube closure,’’ and the number 10-039.0. This protocol is

approved by University of North Carolina at Chapel Hill Animal

care and use committee.

Cell culture, transient transfection and luciferase assay
A404 cells were cultured and induced to differentiate to SMCs

as described previously [26,28]. Wild type, palladin knockout, and

myocardin knockout SMC like cells APSCs (SMA-puromycin-

selected-cells) derived from embryonic stem cells/EBs were

cultured as described previously[26,29]. Transfection of plasmids

was performed with lipofectamine 2000 (Invitrogen, CA) following

the manufacturer’s instruction. Culture of rat aortic SMCs (R518)

were described previously, [24,28]. R518 cells were transfected by

electroporation. For nuclear fractionation, sub confluent R518

cells were treated with 20 and 50 nM of leptomycin B (LMB)

overnight. Nuclear fractionation was carried out according to the

manufacturer’s protocol (Pierece, IL). A404 cells were transfected

with palladin siRNA oligos (Darmacon, NC) using oligofectamine

(Invitrogen, CA) according to the manufacturer’s protocols. Cells

were transfected with 100–300 nM siRNA oligo for 6 h before the

addition of all-trans retinoic acid (RA) (Sigma, MO). KLF4, ACLP

(aortic carboxypeptidase-like protein), SMA and SM22 luciferase

constructs and its CArG mutants were described previously

[30,31,32]. Luciferase activity was measured and normalized to

the total protein content. MRTF RPEL motif mutant constructs

(the mut1 mutated R33A and P34A; the mut2 mutated L39A and

V40A) were made with the QuickChange site directed mutagen-

esis kit according to the supplier’s instructions (Stratagen).

Real-Time RT-PCR
Total RNA was extracted with Trizol regent and cDNA was

generated with a cDNA synthesis kit as previously described.

Quantitative RT-PCR was performed as published [28,29,33]

using specific primers and probes.

In vitro translation and GST pulldown assays
Flag tagged MRTF A/B[30] proteins were translated in TnT

T7 quick coupled transcription/translation system (Promega, WI).

GST tagged palladin and its truncated mutants were described

previously [24]. GST-palladin-glutathione sepharose beads were

incubated with flag tagged MRTF A/B protein for 2 h at 4uC and

washed three times. Bead bound proteins were eluted by boiling

and analyzed with TranscendTM non-radioactive translation

detection systems following the manufacturer’s instructions

(Promega, WI).

Western blot
Tissues or cultured cells were lysed in RIPA buffer supplement-

ed with 1% of proteinase inhibitor cocktail. The extracts were

cleared at 15,000 g for 10 min at 4uC. Nucleus fractionation was

performed according to the manufacture’s protocol (Pierece, IL).

The equal amounts of protein were subjected to SDS-PAGE.

Western blotting was performed as published methods [24,28].

The sources of antibody used: palladin polyclonal antibody

generated in rabbit recognizes the 140 and 90 kDa palladin

isoforms based on Western blotting, SMA monoclonal antibody

(Sigma, MO), SM22 polyclonal antibody (Abcam, MA), GAPDH

monoclonal antibody (Millipore, MA). All other antibodies are

from Santa Cruz Biotechnology (Santa Cruz, CA). The results

were analyzed on an ODYSSEY infrared imaging system.

ChIP assay
ChIP assays were performed as previously described [32]. A404

cells were treated with RA (1 mmol) for 48 h. A404 and R518 cells

were fixed with 1% formaldehyde for 10 min at 37uC to cross-link

protein-DNA and protein–protein interactions within intact

chromatin. Cells were harvested and sonicated to shear chromatin

fragments to 200–600 base pairs. Chromatin-protein complexes

were immunoprecipitated with antibodies against palladin and

SRF. Salmon sperm DNA and protein A agarose beads were

added to the complexes. Samples were washed and reversibly cross

linked. Recovered DNA was quantified by fluorescence with

picogreen reagent (molecular probes, OR). Real time PCR was

performed to amplify the CArG containing region of the SMA

promoters [32].

Generation of palladin 2/2 mice
See supplemental methods Text S1 and Figure S1.

Indirect Immunofluorescence
Cultured cells were fixed with cold methanol or 4% parafor-

maldehyde and permeabilized with 0.03% Triton X-100 in PBS

rinsed and blocked for 1 h in PBS containing 3% BSA and then

incubated with an anti-myc monoclonal antibody (1:1000), anti-
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palladin polyclonal antibody (1:800), anti-MRTF polyclonal

antibody (1:200) diluted in blocking solution for 2 h at RT or

overnight at 4uC. Secondary antibodies were Alexa 594

conjugated goat anti-rabbit IgG (1:1000; Molecular Probes) and

Alexa488 goat anti-mouse IgG (1:1000) in blocking buffer (Jackson

ImmunoResearch, PA). Cells were washed four times for 5 min

with PBS before being mounted with Aqua Poly/Mount

(Polysciences, PA). Confocal images were obtained on an Olympus

FV300 microscope.

Immunohistochemistry. Paraffin embedded embryo frontal

sections (5 mm thick) were treated and stained as previous described

[28,34,35]. Primary antibodies were: rabbit anti-palladin polyclonal

antibody (1:1500 dilution), anti-SMA monoclonal antibody

conjugated with alkaline phosphatase (1:800 dilution, Sigma,

Figure 1. the expression of palladin, SMA, and SM22 is induced during SMC differentiation. A. Undifferentiated A404 cells were induced to
differentiate into SMCs by treatment with RA (1 mmol/L). Cells were harvested at different time points, and mRNA was isolated. Palladin and SMC marker
genes SMA, SM22, and smoothelin were quantified with real time RT-PCR, and normalized to ribosomal18s. Values represent the mean 6SEM of three
independent experiments (n = 3). # p,0.01; * p,0.05 B. Representative Western blots show that SMA and palladin are induced at the protein level in
A404 cells treated with RA. Undifferentiated subconfluent A404 cells were treated with RA, and cells were lysed with RIPA buffer at different time points.
An equal amount of protein was loaded for SDS-PAGE, and blotted with anti-SMA, palladin, and GAPDH antibodies. The protein expression was
normalized to GAPDH. Quantification of protein expression is showing in the bar graph. Values represent the mean 6SEM (n = 3). # p,0.01.
doi:10.1371/journal.pone.0012823.g001
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MO); rabbit SM22 polyclonal antibody (1:500 dilution, Abcam,

MA).

Results

Palladin was induced in SMC differentiation model
The importance of palladin in SMC differentiation was

examined in a clonal line of SMC progenitor cells designated

A404 cells [36]. The A404 cells were developed from P19 mouse

embryonic carcinoma cells transfected with a SMA promoter/

puromycin-N-acetyltransferase [36]. This cell line can be induced

to coordinately activate all known SMC differentiation marker

genes by treatment with all-trans retinoic acid (RA) [36]. Results of

the present studies showed a 70-fold increase in mRNA expression

of the 92 kDa isoform of palladin 48 hrs after RA treatment (Fig. 1,

p,0.05). These results are consistent with our previous findings

showing induction of palladin expression within ESC-EBs treated

with RA [26]. In both A404 cells and the ESC-EB model,

following the initial induction of palladin, preceeding SMC marker

gene expression, there was not a direct correlation between the

level of palladin mRNA and SMA mRNA. This may reflect

regulation of mRNA through degradation or translation. On the

other hand, both palladin and SMA protein expression continued

to increase through days 2 through 6.

Palladin is both necessary and sufficient to induce
expression of multiple CArG-dependent SMC marker
genes in A404 progenitor cells

To determine if palladin induces the expression of endogenous

SMC differentiation marker genes, myc tagged palladin expression

constructs were transfected into undifferentiated A404 cells. As

shown in Fig. 2B and 2C, the expression of SMA and SM22 was

significantly increased at both the mRNA level and protein levels.

However, in contrast, there was no induction of the CArG

independent SMC marker gene smoothelin. Induction of CArG-

dependent SMC marker genes required full length palladin as

neither the amino- or carboxyl-terminal deletion mutants of

palladin were effective (Fig. 2C, p,0.01). Conversely, siRNA

induced suppression of palladin was associated with a 70–80%

reduction in SMA and SM22 expression in RA treated A404 cells

(Fig. 2A, p,0.05), but no change in smoothelin expression (data

not shown). This effect is particularly impressive given that the

palladin siRNA only suppressed palladin expression by approxi-

mately 60% in these experiments. Of interest, siRNA induced

suppression of palladin was not associated with any change in

expression of myocardin and MRTFs A and B (data not shown)

indicating effects are not secondary to reduced expression of these

potent CArG-SRF co-activators.

Palladin induced SMC marker genes through CArG-
dependent mechanisms

Transient transfection studies with wild type and CArG mutant

SM22 and SMA promoter-enhancer-luciferase plasmids were

done to determine if palladin induces expression of SMC marker

genes through CArG-dependent mechanisms. Luciferase activity

results showed that palladin induced the transcriptional activity of

wild type SMA and SM22 promoter-enhancer-luciferase con-

structs by 600 and 20-fold respectively in A404 cells (Fig. 3A,

p,0.01). Full-length palladin is necessary for the induction of

SMC marker genes promoter activity, as either amino terminal or

carboxyl terminal half alone cannot induce this activity (Figure 3C,

p,0.01). In contrast, the CArG mutant promoters SMA and

SM22 were not activated as compared to the wild type constructs

(Fig. 3A, p,0.01). These results suggest that palladin-dependent

induction of SMC marker genes was mediated in part through the

CArG-SRF complex. Luciferase reporter assays showed that the

promoter activity of the CArG independent ACLP gene was not

Figure 2. SMA and SM22 genes are down or up regulated by
silencing or overexpression of palladin. A) Undifferentiated A404
cells were transfected with siRNA oligos and then treated with RA for
48 h. The expression of SMA, SM22, and palladin was determined by
real time RT-PCR, and normalized to ribosomal 18s. Values represent the
mean6SEM, n = 3. * p,0.05. Inset shows overexpressed palladin was
knocked down with siRNA. B) Undifferentiated A404 cells were
transfected with myc tagged palladin constructs, and cells were
harvested 36 h after transfection. The mRNA expression of SMC marker
genes was measured by real time RT-PCR using specific primers, and
normalized to ribosomal18s. Values represent the mean6SEM (n = 3).
#,p,0.01. C) Representative Western blots show that overexpression of
full length, but not the amino (N) or carboxyl (C) terminal halves of
palladin can induce SMA expression. Smoothelin expression was not
changed. Undifferentiated A404 cells were transfected with myc tagged
palladin constructs, and harvested 36 h after transfection. The cell
lysates were loaded for SDS-PAGE, and blotted with anti-SMA, palladin,
and GAPDH antibodies. The protein expression was normalized to
GAPDH.
doi:10.1371/journal.pone.0012823.g002
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changed, whereas the KLF4 promoter activity was decreased

(Figure 3B).

Binding of endogenous palladin to the SMA promoter was also

examined in A404 and rat aortic SMCs using ChIP assays. A404

cells were differentiated into SMCs with RA for 48 h, and

harvested for ChIP assays. As shown in Fig. 4, there was marked

enrichment of palladin binding to the endogenous SMA promoter

region in both A404 and R518 cells (p,0.05).

Palladin, MRTF and Myocardin were interdependent in
regulation of SMC genes

The SRF cofactors, myocardin and MRTFs have been shown to

strongly up-regulate a number of SMC marker genes [2,9,33,37] in a

CArG dependent manner. To determine if the effects of palladin on

the SMC marker genes were dependent on these SRF co-activators,

luciferase activity assays were conducted in A404 cells. A404 cells

were co-transfected with palladin +/2 dominant negative myocardin

or MRTF A/B siRNAs, and the wild type SMA promoter luciferase

construct. Suppression of myocardin and MRTFs decreased the basal

SMA promoter activity in agreement with previous findings [31,33].

Moreover, silencing of these factors partially attenuated the ability of

palladin to enhance SMA promoter activity (Fig. 5A, p,0.05), in

support of the hypothesis that effects of palladin involve interaction

with these SRF co-activators. This hypothesis was further tested by

comparing the activity of the SMA promoter luciferase construct in

SMC derived from wild type and palladin KO ESCs [26].

Transgenic ESCs were generated that stably expressed a puromy-

cin-resistance gene under the control of a SMA promoter. Negative

selection was then used to purify SMCs from EBs. Purified SMCs

expressing multiple SMC markers were designated APSCs (SMA-

puromycin selected cells) [26]. In this model, the palladin null ESCs

can still differentiate into SMCs based on the selection of SMA

promoter. However, this population of cells has markedly decreased

SMA, SM22, SM MHC, and calponin protein expression. In

luciferase reporter assays, compared to the wild type APSCs, the basal

level of SMA and SM22 promoter luciferase activity in palladin

knock out APSCs was significantly decreased (p,0.05, Fig. 5B). The

responses to myocardin, MRTFs, and palladin in both palladin and

myocardin knock out APSCs were significantly decreased compared

Figure 3. Palladin induced SMC marker genes transcription is mediated in part through the CArG elements found within the SM22
and SMA promoters. SM22 and SMA promoter-enhancer-luciferase plasmids were co-transfected with a palladin expression plasmid into
undifferentiated A404 cells. Cells were lysed 36 h after transfection, and luciferase assays were performed and normalized to protein contents. A.
Palladin significantly induces the transcriptional activity of wild type SMA and SM22. Mutation of CArG in SM22 or CArG A (A) and B (B) in the SMA
promoter decreased the response to palladin (p,0.01 compared to wild type; n = 3). B) Palladin had no significant effect on the transcriptional
activity of the CArG independent gene, ACLP, while KLF4 activity decreased (n = 3, p.0.05). C) Full length palladin, but neither amino (N) or carboxyl
(C) termini of palladin, induced SMC gene transcriptional activity. Values represent the mean6SEM (n = 3). #, p,0.01.
doi:10.1371/journal.pone.0012823.g003
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to that of wild type APSCs (Fig. 5C). These results suggest that

palladin, myocardin and MRTFs are inter-dependent in regulation of

SMC specific genes.

The carboxyl terminus of palladin bound with MRTF
To determine whether the above results were caused by the

direct interaction of MRTFs, myocardin, SRF and palladin

proteins, co-immunoprecipitation (co-IP) assays were performed.

Myc tagged palladin expression constructs were co-transfected

with flag tagged MRTF-A or MRTF-B into HEK-293 cells. Cells

were lysed 36 h after transfection, and co-IPs were performed with

myc antibody. As shown in Fig. 6A, full length and the carboxyl-

termini of palladin bound to both MRTF-A and –B. However,

there was no detectable palladin interaction with myocardin and

SRF under these experimental conditions (data not shown). The

interaction of palladin with MRTF-A and –B was also confirmed

with an in vitro GST pull down assay (Fig. 6B) using recombinant

GST-palladin and in vitro translated MRTFs. The RPEL domain

of in the amino-terminus of MRTF-A has been shown to be the

critical motif for binding to G actin and for its transcriptional

regulation [38]. We next tested whether the interaction of MRTF

with palladin is via this motif. We mutated the RPEL motif or

truncated its amino terminal 100 amino acids. The mutant

MRTF-A and myc tagged palladin were co-transfected into HEK-

293 cells, and IP was performed with myc antibody. Unexpect-

edly, as shown in Fig. 6C, the amino terminal deletion or the

mutated RPEL of MRTF-A still bound to the full length of

palladin, indicating that other MRTF-A motifs interact with

palladin and that palladin does not compete with actin for the

RPEL domain.

Palladin localized to the nucleus in SMCs
In view of our finding that palladin can greatly induce the

expression of SMC marker genes, we asked whether palladin

shuttles to the nucleus to regulate downstream transcriptional

activity. In order to confirm the role of palladin in differentiated

SMCs, we studied the localization of palladin in rat aortic SMCs

using immunofluorescence assays. We found that endogenous

palladin can be detected in the nucleus of cultured rat aortic SMCs

(Fig. 7A), A404 cells (data not shown), SMCs and endothelial cells

in sections of mouse embryo E11.5 blood vessels, and human

coronary vessels from patients with atherosclerotic disease (Figure

S2). Nuclear localization of palladin also agrees with previously

published results in kidney podocytes (7). Treatment with

leptomycin B leads to a marked increase in endogenous palladin

in the nuclear fraction (Fig. 7D). By overexpression of the amino

and carboxyl terminus of palladin into rat aortic SMCs, we were

able to shown that the carboxyl terminus of palladin localized in

the nucleus, while the amino terminus of palladin localized in the

cytoplasm along actin stress fibers (Fig. 7B). By immuno-

localization assay, we also demonstrated that palladin and

MRTF-A co-localize in the nucleus (Fig. 7C). The finding of

nuclear palladin is consistent with its role in transcriptional

regulation of SMC marker genes.

Expression of SMC specific genes is attenuated in vessels
during embryonic development in palladin null mice

Palladin deficient mice die by day E15.5 and display multiple

defects [22], indicating that palladin plays a critical role in

embryonic development. The palladin null embryos are pale

compared with wild type embryos suggesting poor circulation, an

observation that has been reported previously and attributed to

anemia [22]. However, the effects of KO of palladin on SMC

have not been studied. The expression of SMA and SM22 was

evaluated by immunohistochemistry in frontal sections cut

through the dorsal aorta and associated great vessels of wild

type and palladin null embryos. Neither the pattern of formation

of the great vessels nor the size of the blood vessels in cross section

Figure 4. Chromatin immunoprecipitation assay showing that palladin associates with the SMA promoter in differentiated A404
cells and rat aortic SMCs. A) Schematic structure showing the SMA promoter region amplified in ChIP assay. B) Undifferentiated A404 cells were
differentiated into SMCs with RA. A404 cells were harvested 48 h after RA treatment, and chromatin IP was performed. Subconfluent R518 cells under
normal culture condition were harvested and ChIP assays performed with SRF and palladin antibodies. The intensity of SMA promoter was quantified
with real time PCR. No antibody was used as negative control. Values represent the mean6SEM (n = 3). *, p,0.05.
doi:10.1371/journal.pone.0012823.g004
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showed a detectable difference in palladin null embryos

compared to wild type (data not shown). As shown in Fig. 8A,

the expression of SMA and SM22 was decreased in the dorsal

aorta of palladin knockdown vessels at E11.5. Among the 13

embryos assessed for each group, there were no detectable

differences in muscle cell layer width between wild type and

palladin null embryos in vessel cross sections. Due to the difficulty

in the quantification of staining intensity using immunohisto-

chemistry, Western blotting was used to measure SMA and

SM22 protein content in homogenates from whole embryos of

palladin knockdown and wild type mice (Fig. 8B). There was

approximately a 40–50% decrease of SMA and SM22 protein

expression in palladin knockdown embryos compared to wild

type (Fig. 8C). This evaluation was next extended specifically to

blood vessels. We measured the expression of SMA and SM22 at

the mRNA level in umbilical vessels isolated at E11.5. As shown

in Fig. 8D, the mRNA expression of SMA, SM22 and SM MHC

decreased by 70–80% in palladin knockdown vessels (p,0.05)

and by 40–50% in vessels isolated from palladin heterozygous

embryos. It was noted during dissection, that isolated umbilical

vessels from wild type but not palladin null mice contracted

during dissection, consistent with a difference in contractile

protein content. These in situ results suggest that palladin plays a

significant role in the induction of SMC differentiation during

early embryonic development.

Discussion

The actin associated protein, palladin, is a critical structural

component of the actin cytoskeleton, and functions as a molecular

scaffold interacting with multiple proteins in the actin cytoskeleton

[21,24,39,40,41,42]. Palladin exists as multiple isoforms, and the

expression of different isoforms is regulated in a tissue specific

manner, suggesting that different palladin variants may be

specialized for different functions. Cells lacking palladin have

disrupted actin organization and palladin null mice display

defective neural tube and ventral closure leading to embryonic

death [27]. Although it is clear that palladin is required for proper

embryonic development, the role of palladin in the development

and function of the vasculature or its mechanism of action in SMC

is unknown. In the present study, we provide evidence suggesting

that palladin plays an important role in the early stage of SMC

differentiation. We found that palladin induced the expression of

SMC marker genes in vitro using a SMC differentiation model; that

over expression of palladin induced, while down regulation

suppressed the expression of SMC marker genes; that palladin

activated SMC promoter transcriptional activity through CArG

elements by direct or indirect binding to the promoters of SMA or

SM22; that palladin translocates and interacts with MRTFs in the

nucleus; and that the transcriptional activities of palladin and

MRTFs were inter-dependent. Importantly, in palladin deficient

mice, the induction of the SM markers, SMA and SM22 was

significantly attenuated at E 11.5 in whole embryos and in isolated

blood vessels.

The expression of so-called SMC specific markers, such as

SMA, SM22 and SM-MHC, is controlled by multiple transcrip-

tion factors such as SRF and myocardin. Myocardin is exclusively

expressed in SMCs and cardiomyocytes and potently induces the

transcription of CArG containing SMC differentiation marker

genes in the presence of SRF [37]. However myocardin does not

appear to function in the early stage of induction of SMC

differentiation genes, as myocardin null embryonic stem cells were

able to differentiate into SMCs in the context of a chimeric

knockout mouse [43], and the expression of myocardin unlike

Figure 5. Palladin induces SMC marker gene transcription
through the myocardin-MRTF-SRF pathway. A) down regulation
of MRTFs and myocardin attenuates palladin induced SMA activity in
A404 cells. siRNA to MRTFs (siMRTF-A and siMRTF-B) and dominant
negative myocardin (DN Myo) constructs were cotransfected with SMA
promoter luciferase constructs alone or with a palladin expressing
plasmid into A404 cells, and luciferase activities were measured. Values
represent the mean6SEM (n = 3). *, p,0.05; # p,0.01. B) SMA and
SM22 promotor transcriptional activities were decreased in palladin null
APSCs. Wild type and palladin null APSCs were transfected with SMA
and SM22 luciferase constructs. Luciferase assays were performed 36 h
after transfection. Values represent the mean6SEM (n = 3). *, p,0.05. C)
palladin, myocardin and MRTFs interdependently regulate SMC marker
genes. SMA promoter luciferase construct was cotransfected with
MRTF-A, -B, Myocardin, or palladin expressing plasmids into wild type,
palladin null, and myocardin null APSCs. Luciferase activities were
measured. Values represent mean 6SEM of three independent
experiments. *, p,0.05 compared to WT.
doi:10.1371/journal.pone.0012823.g005
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palladin was low in the early stages of development of vascular

SMCs [37,44]. These studies suggest that there may be alternative

molecular mechanisms that contribute to the initiation of SMC

differentiation. Palladin presents as early as E8.5 in mice embryos

[45] and it is most highly expressed at 48 h following RA

treatment in A404 (Fig. 1) and at 20 days in EB SMC

differentiation models[26]. This precedes the induction of SMC

marker genes. The induction of SMC marker transcriptional

activity was most significant in undifferentiated A404 cells,

whereas the enhancement is moderate in EB derived SMCs and

adult aortic SMCs (A404...APSCs. = R518). In undifferenti-

ated A404 cells, over-expression of palladin can greatly increase

SMA and SM22 promoter activity 600 and 20 fold respectively,

while in differentiated SMCs APSC and R518 cells the

enhancement is much less. These results suggest that palladin

may be a possible candidate in regulating early stage SMC

differentiation. One possible mechanism for palladin regulation of

expression of SMC marker genes is through MRTFs which are

widely expressed, known to be important in regulating expression

of SMC specific marker genes, and dependent on the Rho family

GTPases and actin dynamics. Palladin’s ability to increase the F:G

actin would free MRTF from cytosolic G actin. In the luciferase

reporter assays, the magnitude of the palladin-enhanced expres-

sion of SMC marker genes was markedly attenuated by down

regulation of MRTFs and/or myocardin in cultured cells (Fig. 5A).

This attenuation was greater when both MRTFs and myocardin

were down regulated than when individually reduced. This

suggests that palladin may function via a SRF-myocardin-MRTF

pathway. By using pull down assays, we showed that the C-

terminus of palladin directly interacts with the C-termini of

MRTFs, which are important for transcriptional activation. This

interaction was also confirmed by over-expression experiments

that showed that the C-terminus of palladin co-localizes with

MRTF-A in the nucleus of rat aortic SMCs and differentiated

A404 cells. Palladin binding to MRTFs in the nucleus may

promote chromatin remodeling and initiate the MRTF-SRF

transcriptional activation of SMCs marker genes. In the reporter

and over expression assays, both N-terminal and C-terminal

halves of palladin are required for the expression of SMC genes.

This plus the fact that the C-terminus of palladin localizes in the

nucleus while the N-terminus localizes in the cytoplasm along

stress fibers, suggests that nuclear and cytoplasmic distribution of

palladin are both necessary for palladin’s function. Whether

palladin interacts with MRTFs in the cytoplasm and then

translocates to nucleus, or they interact in the nucleus is not

known.

Figure 6. Carboxyl terminus of palladin interacts with MRTFs in SMCs. A) Full length, amino (N), or carboxyl (C) terminus of myc tagged
palladin constructs were cotransfected with flag tagged MRTF-A or B into HEK-293 cells. Co-IP assays were performed, and proteins were detected
with myc and flag antibodies. Note that different regions of the gels are shown for full length, and the N- and C-termini, which as expected, run
differently, as shown in Fig. 2C. B) in vitro pull down assays showed that MRTF-A interacts with palladin directly. Recombinant GST tagged palladin
was purified from E.Coli and MRTF-A and –B proteins were translated in vitro. C) MRTF-A interaction with palladin is not via the amino terminal RPEL
domain. The two RPEL motifs (mut1: R33A and P34A and mut2: L39A and V40A) mutants and an amino terminal 100 aa deletion of MRTF-A (DN) were
cotransfected with myc tagged palladin into HEK-293 cells, and co-IP was performed 36 h after transfection with anti-myc antibody and blotted with
anti-myc or flag antibodies.
doi:10.1371/journal.pone.0012823.g006
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Figure 7. Confocal images demonstrating nuclear localization of full length endogenous palladin and of C terminal but not N
terminal palladin. A) Endogenous palladin was detected in nuclei of mature SMCs (rat aortic SMCs). Cultured subconfluent R518 cells were fixed
with cold methanol and stained with a palladin polyclonal antibody, and with Alexa fluor conjugated secondary anti-rabbit antibody. Inset shows the
Western blot results of palladin in a nuclear fraction. B) Carboxyl (C) terminus of palladin co-localizes with MRTF-A in the nucleus. Rat aortic SMCs
were transfected with myc tagged C-terminus of palladin. The C-terminus of palladin was detected with an anti-myc epitope antibody, and the
endogenous MRTF-A was detected with an anti-MRTF antibody and secondary Alexa fluor conjugated anti-rabbit antibody. C) Expressed carboxyl (C)
terminus but not amino (N) terminus of palladin localizes in the nucleus of R518 cells. Myc tagged N- or C- terminal palladin constructs were
transfected into cultured R518 cells by electroporation. Cells were fixed after 72 h transfection, and proteins were detected with myc antibody.
Secondary antibody labeling alone, under identical conditions showed no detectable fluorescence. Scale bar, 10 mm. D) endogenous palladin was
accumulated in the nucleus by leptomycin B (LMB). Cultured subconfluent R518 cells were trypsinized and subjected to nucleus-cytosolic
fractionation. Equal amounts of protein were loaded for Western bloting. Leptomycin B 20 and 50 nM increased the palladin expression level in the
nucleus fraction. Tubulin was used as a marker for the cytosolic fraction.
doi:10.1371/journal.pone.0012823.g007
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Figure 8. SMA and SM22 expression was attenuated in homogenates of palladin E11.5 knockdown embryos, in isolated umbilical
vessels and in dorsal aortae. A) Representative images show that the expression of SMA and SM22 was attenuated in dorsal aortae at E11.5
embryos by immunohistochemistry analysis. Embryos were fixed and embedded for sectioning. Frontal sections were stained with palladin, SMA, and
SM22 antibodies and corresponding secondary antibodies conjugated with biotin. The signals were developed with DAB and photographed on a
Axioskop 2 Zeiss microscope. Scale bar, 50 mm. B) Western blots showing a significant decrease in the protein expression of SMA and SM22 in
homogenates of whole embryos with its quantification shown in C. The whole embryos were dissected genotyped, and homogenized in RIPA buffer.
An equal amount of protein was loaded for SDS-PAGE, and blotted with SMA, SM22, palladin, SMC specific a-actinin, and GAPDH antibodies. The
signals were normalized to GAPDH. Values represent the mean6SEM (n = 3). *, p,0.05. D) The expression of SMA, SM22, and SM MHC mRNA is
markedly decreased in umbilical vessels isolated from E11.5 palladin +/2 and 2/2 mice compared to Wt. Umbilical vessels were dissected from E11.5
wt, het, and knockdown E11.5 embryos. RNA was extracted and SMA, SM22 and SM MHC quantitated by real time RT-PCR. Data was normalized to
18s. Values represent the mean6SEM (n = 3). *, p,0.05.
doi:10.1371/journal.pone.0012823.g008
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Another possible mechanism is that palladin can directly

interact with the promoters of SMC marker genes and initiate

transcription of SMC marker genes. We showed that mutation of

CArG elements in the SMC gene promoters significantly

decreased the responses to palladin (Fig. 2). In addition, we found

that palladin can bind to the SMA promoter within intact

chromatin by ChIP assays (Fig. 4). Thus, it is also possible that

palladin can shuttle to the nucleus and directly bind to SMC gene

promoters to modulate chromatin structure and regulate tran-

scription of SMC marker genes. We detected endogenous palladin

in the nuclei of SMCs. We favor the hypothesis that palladin

regulates SMC differentiation through both direct and indirect

pathways. The possible mechanisms whereby palladin regulates

SMC markers are illustrated in Fig. 9. On the one hand, palladin

released from the cytoskeleton can translocate to the nucleus and

regulate transcription either by binding directly to the promoters

of SMC marker genes or by forming a complex with MRTFs and

SRF to enhance transcription. In addition palladin’s regulation of

actin dynamics frees cytosolic MRTFs, which translocate to the

nucleus to further enhance transcription of SMC marker genes.

Palladin deficient mice die by day E15.5 and display multiple

defects including defective cranial neural tube closure and fetal

liver herniation indicating that palladin plays a critical role in

embryonic development. The exact mechanism whereby palladin

knockout leads to embryonic lethality remains unclear and the

importance of palladin in the development of the vasculature is not

clear. However, results of the present studies provide clear

evidence that palladin plays an important role in SMC

differentiation in in vitro model systems. Moreover, consistent with

these results, palladin knockdown embryos E11.5 showed

decreased expression of SMA and SM22 protein in the dorsal

aorta by immunohistochemstry analysis and in whole embryos by

Western blotting (Fig. 8). Finally, a dramatic reduction in SMA,

SMA and SM MHC mRNA was found in isolated umbilical

vessels at E11.5 (Fig. 8). However, as no visible changes were

observed in either the pattern or size of the great vessels or the

umbilical vessels, palladin does not appear to contribute to the

mechanisms underlying those processes at least at the E11.5 time

point. In view of the partial expression of SMA and SM22 in the

palladin knockdown vessels, palladin is either not absolutely

required for their expression or compensatory mechanisms have

been turned on. The decreased expression of the SMC markers at

the protein level, in the palladin null embryos is consistent with our

earlier finding of decreased force development in palladin null

SMCs isolated from EBs. This repressed contractility of the

vasculature likely contributes to the palladin null embryonic

Figure 9. Scheme showing possible mechanisms whereby palladin regulates SMC differentiation. Palladin released from the
cytoskeleton can translocate to the nucleus and regulate transcription either by binding directly to the promoters of SMC marker genes or by forming
a complex with MRTFs and SRF or their associated proteins. In addition palladin’s regulation of actin dynamics frees cytosolic MRTFs, from G actin
which translocate to the nucleus to further enhance transcription of SMC marker genes.
doi:10.1371/journal.pone.0012823.g009
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lethality due to the weakened vessel walls. The death of the

embryos at about E15.5 corresponds to the time when the

coronary circulation is perfused as it connects to the aorta.

Taken together, our findings demonstrate that palladin plays a

key role, through both direct and indirect pathways, in the

induction of SMC marker genes during the early stages of SMC

differentiation. Further studies are needed to determine mecha-

nisms by which palladin promotes transcriptional activation

through binding to SMC promoters, and what genes may

compensate, at least in part, for its loss.

Supporting Information

Text S1

Found at: doi:10.1371/journal.pone.0012823.s001 (0.02 MB

DOCX)

Figure S1 Disruption of palladin in mice. A. Construct design

for palladin gene disruption. See details in Experimental

procedures. B. PCR analysis of genomic DNA from yolk sac of

10.5 dpc embryos derived from palladin+/2 mouse intercrossing.

C. Southern blot analysis. Several PCR-positive clonal DNA

samples were digested with XhoI and NdeI and southern blotted.

The detection of a 4.9 kb band indicates that the vector DNA has

recombined at the correct site, introducing a novel XhoI site into

the allele. D. Protein immunoblot analysis of mouse embryonic

tissue from a heterozygote intercross. Palladin was identified with

the monoclonal Ab 1E6 (1,2). WT, wild type; HET, heterozygote;

KO, knockout. Same blot was reprobed with tubulin Ab for

loading control.

Found at: doi:10.1371/journal.pone.0012823.s002 (0.09 MB

TIF)

Figure S2 Palladin localized to SMC and endothelial cell nuclei

in human coronary vessels with atherosclerosis (upper panels) and

in wild type but not palladin null mouse embryonic blood vessels

(E11.5) (lower panels). Nuclear palladin was not present in all cells

showing cytoplasmic palladin staining and may reflect different

states of differentiation. Sections from fixed human coronary

vessels and frontal sections from fixed and embedded embryos

were stained with palladin antibody which one (we did not

mention different antibodies in the text) and a anti-rabbit antibody

conjugated with biotin. Signals were developed with DAB and

photographed on a Axioskop 2 Zeiss microscope. scale bar:

10 mm.

Found at: doi:10.1371/journal.pone.0012823.s003 (25.24 MB

TIF)

Acknowledgments

We gratefully acknowledge Mary McCanna and Rupa Tripathi for cell

culture assistance, Missy Beverd and John Sanders at University of Virginia

for histological technique support.

Author Contributions

Conceived and designed the experiments: LJ QG SMG CAO AVS.

Performed the experiments: LJ QG BJZ SMG. Analyzed the data: LJ QG

BJZ SMG. Contributed reagents/materials/analysis tools: SMG GKO

CAO. Wrote the paper: LJ SMG GKO CAO AVS.

References

1. Wang DZ, Li S, Hockemeyer D, Sutherland L, Wang Z, et al. (2002)

Potentiation of serum response factor activity by a family of myocardin-related

transcription factors. Proc Natl Acad Sci U S A 99: 14855–14860.

2. Miralles F, Posern G, Zaromytidou AI, Treisman R (2003) Actin dynamics

control SRF activity by regulation of its coactivator MAL. Cell 113: 329–342.

3. Selvaraj A, Prywes R (2003) Megakaryoblastic leukemia-1/2, a transcriptional

co-activator of serum response factor, is required for skeletal myogenic

differentiation. J Biol Chem 278: 41977–41987.

4. Liu ZP, Wang Z, Yanagisawa H, Olson EN (2005) Phenotypic modulation of

smooth muscle cells through interaction of Foxo4 and myocardin. Dev Cell 9:

261–270.

5. Wang Z, Wang DZ, Hockemeyer D, McAnally J, Nordheim A, et al. (2004)

Myocardin and ternary complex factors compete for SRF to control smooth

muscle gene expression. Nature 428: 185–189.

6. Yoshida T, Gan Q, Owens GK (2008) Kruppel-like factor 4, Elk-1, and histone

deacetylases cooperatively suppress smooth muscle cell differentiation markers in

response to oxidized phospholipids. Am J Physiol Cell Physiol 295: C1175–1182.

7. Owens GK, Kumar MS, Wamhoff BR (2004) Molecular regulation of vascular

smooth muscle cell differentiation in development and disease. Physiol Rev 84:

767–801.

8. Pipes GC, Creemers EE, Olson EN (2006) The myocardin family of

transcriptional coactivators: versatile regulators of cell growth, migration, and

myogenesis. Genes Dev 20: 1545–1556.

9. Mack CP, Somlyo AV, Hautmann M, Somlyo AP, Owens GK (2001) Smooth

muscle differentiation marker gene expression is regulated by RhoA-mediated

actin polymerization. J Biol Chem 276: 341–347.

10. Miano JM, Long X, Fujiwara K (2007) Serum response factor: master regulator

of the actin cytoskeleton and contractile apparatus. Am J Physiol Cell Physiol

292: C70–81.

11. Sotiropoulos A, Gineitis D, Copeland J, Treisman R (1999) Signal-regulated

activation of serum response factor is mediated by changes in actin dynamics.

Cell 98: 159–169.

12. Vartiainen MK, Guettler S, Larijani B, Treisman R (2007) Nuclear actin

regulates dynamic subcellular localization and activity of the SRF cofactor MAL.

Science 316: 1749–1752.

13. Otey CA, Rachlin A, Moza M, Arneman D, Carpen O (2005) The palladin/

myotilin/myopalladin family of actin-associated scaffolds. Int Rev Cytol 246:

31–58.

14. Parast MM, Otey CA (2000) Characterization of palladin, a novel protein

localized to stress fibers and cell adhesions. J Cell Biol 150: 643–656.

15. Liu XS, Luo HJ, Yang H, Wang L, Kong H, et al. (2007) Palladin regulates cell

and extracellular matrix interaction through maintaining normal actin

cytoskeleton architecture and stabilizing beta1-integrin. J Cell Biochem 100:

1288–1300.

16. Boukhelifa M, Parast MM, Valtschanoff JG, LaMantia AS, Meeker RB, et al.

(2001) A role for the cytoskeleton-associated protein palladin in neurite

outgrowth. Mol Biol Cell 12: 2721–2729.

17. Hwang SJ, Pagliardini S, Boukhelifa M, Parast MM, Otey CA, et al. (2001)

Palladin is expressed preferentially in excitatory terminals in the rat central

nervous system. J Comp Neurol 436: 211–224.

18. Boukhelifa M, Hwang SJ, Valtschanoff JG, Meeker RB, Rustioni A, et al. (2003)

A critical role for palladin in astrocyte morphology and response to injury. Mol

Cell Neurosci 23: 661–668.

19. Gamez J, Armstrong J, Shatunov A, Selva-O’Callaghan A, Dominguez-

Oronoz R, et al. (2008) Generalized muscle pseudo-hypertrophy and stiffness

associated with the myotilin Ser55Phe mutation: A novel myotilinopathy

phenotype? J Neurol Sci.

20. Dixon RD, Arneman DK, Rachlin AS, Sundaresan NR, Costello MJ, et al.

(2008) Palladin is an actin cross-linking protein that uses immunoglobulin-like

domains to bind filamentous actin. J Biol Chem 283: 6222–6231.

21. Goicoechea S, Arneman D, Disanza A, Garcia-Mata R, Scita G, et al. (2006)

Palladin binds to Eps8 and enhances the formation of dorsal ruffles and

podosomes in vascular smooth muscle cells. J Cell Sci 119: 3316–3324.

22. Liu XS, Li XH, Wang Y, Shu RZ, Wang L, et al. (2007) Disruption of palladin

leads to defects in definitive erythropoiesis by interfering with erythroblastic

island formation in mouse fetal liver. Blood 110: 870–876.

23. Rachlin AS, Otey CA (2006) Identification of palladin isoforms and

characterization of an isoform-specific interaction between Lasp-1 and palladin.

J Cell Sci 119: 995–1004.

24. Jin L, Kern MJ, Otey CA, Wamhoff BR, Somlyo AV (2007) Angiotensin II,

focal adhesion kinase, and PRX1 enhance smooth muscle expression of lipoma

preferred partner and its newly identified binding partner palladin to promote

cell migration. Circ Res 100: 817–825.

25. Wang HV, Moser M (2008) Comparative expression analysis of the murine

palladin isoforms. Dev Dyn 237: 3342–3351.

26. Jin L, Yoshida T, Ho R, Owens GK, Somlyo AV (2008) The actin associated

protein palladin is required for development of normal contractile properties of

smooth muscle cells derived from embryoid bodies. J Biol Chem 284:

2121–2130.

27. Luo H, Liu X, Wang F, Huang Q, Shen S, et al. (2005) Disruption of palladin

results in neural tube closure defects in mice. Mol Cell Neurosci 29: 507–515.

28. Gorenne I, Jin L, Yoshida T, Sanders JM, Sarembock IJ, et al. (2006) LPP

expression during in vitro smooth muscle differentiation and stent-induced

vascular injury. Circ Res 98: 378–385.

Palladin Regulates SMC Genes

PLoS ONE | www.plosone.org 12 September 2010 | Volume 5 | Issue 9 | e12823



29. Sinha S, Wamhoff BR, Hoofnagle MH, Thomas J, Neppl RL, et al. (2006)

Assessment of contractility of purified smooth muscle cells derived from

embryonic stem cells. Stem Cells 24: 1678–1688.

30. Yoshida T, Gan Q, Shang Y, Owens GK (2007) Platelet-derived growth factor-

BB represses smooth muscle cell marker genes via changes in binding of MKL

factors and histone deacetylases to their promoters. Am J Physiol Cell Physiol

292: C886–895.

31. Yoshida T, Hoofnagle MH, Owens GK (2004) Myocardin and Prx1 contribute

to angiotensin II-induced expression of smooth muscle alpha-actin. Circ Res 94:

1075–1082.

32. Shang Y, Yoshida T, Amendt BA, Martin JF, Owens GK (2008) Pitx2 is

functionally important in the early stages of vascular smooth muscle cell

differentiation. J Cell Biol 181: 461–473.

33. Yoshida T, Sinha S, Dandre F, Wamhoff BR, Hoofnagle MH, et al. (2003)

Myocardin is a key regulator of CArG-dependent transcription of multiple

smooth muscle marker genes. Circ Res 92: 856–864.

34. Gorenne I, Nakamoto RK, Phelps CP, Beckerle MC, Somlyo AV, et al. (2003)

LPP, a LIM protein highly expressed in smooth muscle. Am J Physiol Cell

Physiol 285: C674–685.

35. Jin L, Hastings NE, Blackman BR, Somlyo AV (2009) Mechanical properties of

the extracellular matrix alter expression of smooth muscle protein LPP and its

partner palladin; relationship to early atherosclerosis and vascular injury.

J Muscle Res Cell Motil 30: 41–55.

36. Manabe I, Owens GK (2001) Recruitment of serum response factor and

hyperacetylation of histones at smooth muscle-specific regulatory regions during

differentiation of a novel P19-derived in vitro smooth muscle differentiation

system. Circ Res 88: 1127–1134.
37. Du KL, Ip HS, Li J, Chen M, Dandre F, et al. (2003) Myocardin is a critical

serum response factor cofactor in the transcriptional program regulating smooth

muscle cell differentiation. Mol Cell Biol 23: 2425–2437.
38. Mouilleron S, Guettler S, Langer CA, Treisman R, McDonald NQ (2008)

Molecular basis for G-actin binding to RPEL motifs from the serum response
factor coactivator MAL. EMBO J 27: 3198–3208.

39. Ronty M, Taivainen A, Moza M, Otey CA, Carpen O (2004) Molecular analysis

of the interaction between palladin and alpha-actinin. FEBS Lett 566: 30–34.
40. Ronty MJ, Leivonen SK, Hinz B, Rachlin A, Otey CA, et al. (2006) Isoform-

Specific Regulation of the Actin-Organizing Protein Palladin during TGF-beta1-
Induced Myofibroblast Differentiation. J Invest Dermatol 126: 2387–2396.

41. Boukhelifa M, Moza M, Johansson T, Rachlin A, Parast M, et al. (2006) The
proline-rich protein palladin is a binding partner for profilin. Febs J 273: 26–33.

42. Boukhelifa M, Parast MM, Bear JE, Gertler FB, Otey CA (2004) Palladin is a

novel binding partner for Ena/VASP family members. Cell Motil Cytoskeleton
58: 17–29.

43. Pipes GC, Sinha S, Qi X, Zhu CH, Gallardo TD, et al. (2005) Stem cells and
their derivatives can bypass the requirement of myocardin for smooth muscle

gene expression. Dev Biol 288: 502–513.

44. Wang D, Chang PS, Wang Z, Sutherland L, Richardson JA, et al. (2001)
Activation of cardiac gene expression by myocardin, a transcriptional cofactor

for serum response factor. Cell 105: 851–862.
45. Endlich N, Schordan E, Cohen CD, Kretzler M, Lewko B, et al. (2009) Palladin

is a dynamic actin-associated protein in podocytes. Kidney Int 75: 214–226.

Palladin Regulates SMC Genes

PLoS ONE | www.plosone.org 13 September 2010 | Volume 5 | Issue 9 | e12823



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


