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Abstract
Lipoma preferred partner (LPP) localizes to focal adhesions/dense bodies, is selectively expressed
in smooth muscle cells (SMC) and enhances cell migration. SMCs cultured on denatured collagen
or on a rigid substrate, up regulated expression of LPP, its partner palladin, tenascin C (TN-C),
phosphorylated focal adhesion kinase (pFAK) and exhibited robust stress fibers. In an endothelial
(EC) /SMC hemodynamic flow system, shear stress waveforms mimicking atheroprone flow, applied
to the EC layer, significantly decreased expression of SMC LPP and palladin. They were also down
regulated with TN-C, in an ApoE murine model of atherosclerosis and with oxidative stress but up
regulated in an arterial injury model in response to upstream sequential changes in pFAK, Prx1 and
TN-C. In conclusion, expression of LPP and palladin are modulated by a mix of mechanical cues,
oxidative stress and substrate composition which translate into their up or down regulation in vessel
wall injury and early atherogenesis.
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Introduction
Cell-extracellular matrix (ECM) adhesion is a fundamental process that is critically involved
in embryonic development and numerous physiological and pathological processes including
injury repair, progressive extracellular remodeling in chronic atherosclerotic, fibrotic and
neurodegenerative diseases, and cancer. Cells and the ECM interaction occur at focal
adhesions, where integrins cluster and bind to the matrix. Adhesion sites not only function as
mechanical struts composed of cytoskeleton enriched scaffolds that transmit force from the
outside of the cell to their interior and back again, but they also represent specialized subcellular
signaling nodes composed of multiproteins that regulate cytoskeletal remodeling and cell
movement through their immediate and long term actions (Gerthoffer and Gunst 2001).
Currently more than 50 proteins have been reported to be associated with focal contacts and
ECM adhesions. LPP (lipoma preferred partner) has been identified amongst a core of
computationally identified SM specific genes from expressed sequence tag data (Nelander et
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al. 2003) and by protein identification studies (Gorenne et al. 2006). LPP and its recently
identified partner palladin have been shown to be focal adhesion proteins highly expressed in
smooth muscle cells (SMC) (Gorenne et al. 2006; Jin et al. 2007), yet their function and possible
role in diseases of the vasculature is unknown .LPP, contains both proline rich and LIM
domains (Petit et al. 1996), and is thought to function as an adaptor protein to anchor structural
or regulatory proteins to focal adhesions and plasmalemmal dense bodies in SMCs and tissues
respectively (Gorenne et al. 2006; Majesky 2006). As cell adhesion strength is an integral
component of cell migration, it is not surprising that up or down regulation of LPP expression
results in a increase or decrease, respectively, in cell migration (Gorenne et al. 2006). Its
presence in every SM examined to date as well as its concentration (2–4µM) (Gorenne et al.
2003) are compatible with the possibility of LPP having a significant role in modulating the
structure of the cytoskeleton, and in view of its relation to the plasma membrane it may serve
as a general sensor of the state of the SMC cytoskeleton.

We have reported that the cytoskeleton protein, palladin (90–92KD isoform), interacts with
LPP and unlike LPP is found in other tissues but is most highly expressed in SM tissue.
Together, LPP and palladin play a significant role in SMC migration and spreading (Jin et al.
2007). Expression of both LPP and palladin, like SM alpha-actin (SMA), is increased by
angiotensin II, regulated by actin dynamics, modulated by focal adhesion kinase (FAK) and
the homeodomain protein, paired related homeobox gene 1 (Prx1), and appears in the
neointimal of injured vessels (Jin et al. 2007). LPP was also found in a number of soft tissue
tumors and in acute monoblastic leukemia (Petit et al. 1996; Rogalla et al. 2000; Daheron et
al. 2001) and interacts with the tumor suppressor gene Scrib (Vervenne et al. 2008). Thus, the
roles of LPP appear to be context dependent, serving a scaffolding role at the dense bodies in
differentiated SM tissues and a migratory role in response to injury and environmental cues.
In this study we address the complex nature of the environmental cues such as may occur with
vessel injury or atherosclerosis, and show how they up or down regulate the expression of LPP
and palladin and lead to cytoskeletal remodeling.

Material and Methods
Cell lines and treatment

Human iliac vein vascular smooth muscle cells (HIVS-125) were maintained as described
previously (Gorenne et al. 2003). The use of rat aortic SMCs (R518) was as previously
described (Hautmann et al. 1997). For some experiments, cells were starved overnight, and
treated with 1µM of PDBu (Sigma, MO) for 1h and 30ng/ml of PDGF-BB for 30min (Millipore,
MA). For H2O2 treatment, subconfluent cells were treated with 100µM of H2O2 (Sigma, MO).
For oxLDL treatment, cells were treated with 50ng/ml of oxLDL (Kalan biomedical LLC,
MD).

Preparation of native and denatured collagen gels
Collagen gels were prepared as previous described (Wren et al. 1986; Jones et al. 1997). Briefly,
the native collagen gel was prepared by mixing a 3.0 mg/ml solution of bovine dermal type I
collagen (Purecol TM, Inamed biomaterial, MA), 0.1 M NaOH, and 10× Ca2+ and Mg2+ -
free Dulbecco’s phosphate buffered saline (DPBS) in an 8:1:1 volume ratio at 4°C for a final
collagen concentration of 2.48 mg/ml. Aliquots of collagen were added to each well of 6 well
culture plates for immunoblotting or on the glass bottom of 35mm culture dishs for
immunostaining. Fibrillogenesis was initiated overnight in a humid 5% CO2 environment at
37°C. The heat denatured collagen was prepared by boiling 2.48 mg/ml of type I collagen for
60 min with 0.02 M acetic acid, neutralized with 0.1 M NaOH, and then air-dried to the bottom
of each dish. Before use, the gels were rinsed three times with DMEM/F12 containing 0.1%
BSA. Sub-confluent R518 cells were switched to DMEM/F12 containing 2% serum for 24 h
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and plated at a density of 1× 105/ ml on collagen substrates in DMEM/F12 containing 2%
serum. Cells were cultured in medium containing 0.1% BSA and 0.1% FCS 6 h after plating
for additional 24 h. For Western blotting, these cells were dispersed with 0.025% Trypsin-
EDTA and 20mg/ml collagenase I (Sigma, MO), counted, and an equal amount of cells were
lysed and loaded.

Preparation of polyacrylamide substrate
Polyacrylamide (PA) gels were prepared as previously described (Pelham and Wang 1997).
The coverslip was flamed in a bunsen burner, soaked in 0.1 N NaOH, and air dried. The
coverslips were aminosilanized with 3-aminopropultrimethoxysilane (Sigma, MO), and then
immersed in a solution of 0.5% glutaraldehyde (Polysciences, IL) in PBS for 30min. After
extensive washing, 50 µl of an acrylamide/bis-acrylamide mixture, containing 10% acrylamide
and bis concentrations range from 0.26 to 0.03%, was then placed on the coverslip and covered
with another coverslip. After polymerization, the gel was rinsed with 200 mM Hepes buffer
(pH 8.5). The PA gels were chemical cross linked by exposure of sulfosuccinimidyl 6 (4 -
azido-2 -nitrophenyl-amino) hexanoate ( Pierce, IL) in 50 mM Hepes buffer on the surface to
UV light, followed by coating with a 0.2-mg/ml solution of type I collagen overnight at 4°C.
Before plating cells, the gel was soaked in culture medium at 37°C for 1h.

Co-culture hemodynamic flow
The human endothelial cell (EC) and human SMC co-culture condition was previously
described (Blackman et al. 2002; Hastings et al. 2007). Briefly, the transwell membranes
(polycarbonate, 10µm thickness and 0.4µm pore diameter, Corning) were coated with 0.1%
gelatin on the top and bottom surfaces. The membrane was inverted, and SMCs were plated at
a density of 10,000 cells/cm 2 for 2 hrs. The transwell was then turned back into the holding
well for 48 hours and incubated in M199 containing 2% FBS. ECs were then plated on the top
surface of the membrane at a density of 80,000 cells/cm 2 under the same media condition for
additional 24 hours. Hemodynamic flow patterns were derived from magnetic resonance
imaging (MRI) of human common carotid artery and internal carotid sinus to directly apply
atheroprotective and atheroprone shear stress patterns in vitro, respectively (Gelfand et al.
2006; Hastings et al. 2007). The two hemodynamic flow conditions were run for 24 hrs in
parallel for each of EC/SMC subpopulations.

Rat aortic injury model and experimental atherosclerosis
Vascular injury was performed in Sprague Dawley rats (7–9w) as previous described (Jin et
al. 2007). At 0, 3, 7 and14 days after injury, the aortic arteries were removed, fixed and
embedded with paraffin for staining. Four rats were used for each of the time points, three
sections were used for each antibody staining. Homozygous ApoE −/− and C57BL/6 male mice
(The Jackson Laboratory, Bar Harbor, Me) were used as controls. The aortas were harvested
at week 32. The mice were perfusion fixed via the heart with 4% paraformaldehyde for 30
minutes. The aorta was then removed and immersed in 4% paraformaldehyde overnight and
embedded in paraffin for staining.

Immunohistochemistry
Paraffin embedded arterial sections (5µm thick) were treated and stained as previous described
(Gorenne et al. 2003). Primary antibodies were:rabbit anti-LP olyclonal antibody (1: 500
dilution, Immunoglobe, Germany); rabbit anti-palladin polyclonal antibody (1:1500 dilution)
(Jin et al. 2007); rabbit anti-pFAK polyclonal antibody (1:100 dilution, Sigma, MO); anti-SMA
antibody (clone 1A4, 1:1000, Sigma,MO); rabbit TN-C polyclonal antibody (1: 100 dilution,
Millipore, MA); and rabbit polyclonal Prx1 antibody (1:70 dilution) (Jin et al. 2007).
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Indirect Immunofluorescence
Cultured cells were fixed with 4% paraformaldehyde and permeabilized with 0.03% Triton
x-100 in PBS rinsed and blocked for 1 h in PBS containing 3% BSA and 1 mM Na azide and
then incubated with the following: rabbit anti-LPP polyclonal antibody (1:200; ImmunoGlobe,
Germany); anti-vinculin monoclonal antibody (1:500, Sigma,MO); anti-Tenascin C polyclonal
antibody (1:100); anti-pFAK polyclonal antibody (Sigma, MO); and anti-palladin polyclonal
antibody (1:500, a generous gift from Dr. Carol Otey, University of North Carolina at Chapel
Hill). Antibodies were diluted in blocking solution for 2 h at RT or overnight at 4°C. 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, West
Grove, PA). For actin labeling cells were labeled for 1 h with Alexa 488 conjugated-phalloidin
(1:1,000; Molecular Probes). Cells were washed four times for 5 min with PBS before being
mounted with Aqua Poly/Mount (Polysciences, IL). Confocal images were obtained and
quantified on an Olympus FV300 microscope. Analysis comparing immunofluorescence of
the multiple treatments in a given experiment was carried out under identical conditions of
laser power and light collection. Quantitation of fluorescence in the nucleus verses cytoplasm
was measured using Olympus Fluoview software. The cell area or nucleus area is defined by
drawing the outline of the structure. The ratio of the average signal intensity of the nucleus
compared to the average total cell signal intensity was compared in cells with different
treatments to evaluate LPP translocation to the nucleus. Measurements were made in a total of
50 cells for each condition.

Western blot
Western blotting was carried as previously described (Gorenne et al. 2006; Jin et al. 2007).
The results were analyzed on an ODYSSEY infrared imaging system.

Results
LPP and palladin are recruited to podosomes in SMCs

Podosomes are highly dynamic actin based structures commonly found in motile and invasive
cells such as macrophages, osteoblasts and vascular SMCs (Hai et al. 2002; Linder and
Aepfelbacher 2003). Recent reports have shown that podosomes are involved in the invasion
of SMCs in vascular diseases such as atherosclerosis and restenosis (Lener et al. 2006).
Podosomes, transient adhesive structures, which form on the ventral cell surface, are composed
of actin, signaling molecules and actin associated proteins such as vinculin, α-actinin, talin,
and nonerythroid spectin surrounding the actin filament core (Eves et al. 2006). The LPP
binding partner palladin has been shown to play a role in phorbol ester (PDBu) induced
podosome formation in A7r5 cells (Goicoechea et al. 2006). In this study, we confirm that 1µm
PDBu induces podosome formation and show LPP (figure1a) as well as palladin (figure1b)
recruitment to these structures in HIVS SMCs and rat aortic SMCs. Like podosomes, dorsal
ruffles are also actin based motile structures that contain palladin (Goicoechea et al. 2006).
PDGF-BB stimulation of quiescent cells typically results in a transient increase in dorsal
membrane ruffles that precedes motility and we find both LPP and palladin are also recruited
to these structures (figure 1c). This finding of LPP and its partner palladin enriched in these
highly motile structures of variable size and shape extend and strengthen our previous
observations showing their ability to enhance cell migration (Gorenne et al. 2006; Jin et al.
2007) and raising the possibility that they could play a role in SMC migration during formation
of the neointima or atherosclerotic lesions as well as vasculogenesis.
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Denatured type I collagen upregulates LPP and palladin expression in SMCs
ECM protein components regulate SMC differentiation and proliferation via cell surface
receptors. The use of denatured collagen as a substrate is thought to simulate its role in vessel
injury where it activates cell surface receptors and contributes to SMC differentiation and
proliferation (Jones 2007). SMCs show different morphologies on denatured and native
collagen gels. R518 cells on denatured collagen gel are well spread (figure 2a, columns e and
f), compared to the native collagen gels (figure 2a, column c and d) where the cells are smaller
and less spread, with a stellate morphology, less focal adhesions and stress fibers. Focal
adhesions are identified by immunolabeling for LPP, palladin and phospho-FAK. Stress fibers
are detected with fluorescence conjugated phalloidin (figure 2a, column a, c,and e). As shown
in figure 2a, the number of focal adhesion sites and actin stress fibers are markedly increased
in cells cultured on denatured collagen, compared to native collagen gels. The expression of
LPP and palladin is significantly induced by denatured collagen gels, for equal numbers of
cells loaded, and this induction is correlated with increased tenascin-C (TN-C) and
phosphorylated FAK (figure 2b, p<0.05) but no change in total FAK (data not shown) TN-C,
an extracellular matrix glycoprotein, is known to support SMC proliferation, survival and
motility, , as well as fibroblast motility (Jones 2007). Thus SMCs can sense the composition
of their substrate and regulate the expression of LPP and palladin, and their expression is
correlated with changes of TN-C and phosphorylated FAK.

Substrate stiffness changes the expression of LPP and paladin
Varying concentration of polyacylamide-based, collagen coated substrate gels display different
stiffness measured by Young’s Modulus (Pelham and Wang 1997). R518 SMCs were cultured
on collagen-coated polyacrylamide substrates with varying stiffness. On the more flexible
compliant substrates, SMCs were less spread and more irregularly shaped than on more rigid
substrates (figure 3a), similar to that shown for normal rat kidney epithelial cells on compliant
substrates (Pelham and Wang 1997). On the rigid substrate, LPP immunolocalization displayed
extensive broad and long focal adhesions at the periphery of cells typical of those seen in cells
attached to glass, while on the highly compliant substrate LPP staining was reduced and
appeared in punctuate structures and small focal adhesions (figure 3a). Accordingly, western
blots showed that the expression of LPP and palladin decreased with increased substrate
compliance (figure 3b). Interestingly, a diffuse LPP signal was readily detected in the nucleus
by 4h after plating when rat aortic SMCs were cultured on the less rigid substrates. The nucleus
LPP signal intensity/ total cell signal intensity was significantly greater in cells grown on 0.35
vs 2.6% polyacrlyamide n=50, p<0.05. LPP also localized to nuclear bodies, being most
pronounced at 1.3% and decreasing at 2.6% polyacrylamide (p<0.05). Altogether, the
sensitivity of the expression and distribution of LPP and palladin to matrix stiffness and
composition suggest that LPP and palladin may function as mechanosensors or are downstream
of other mechanosensing molecules responding to environmental cues.

Expression of LPP and palladin is down regulated by oxidative stress
Deposition of low-density lipoproteins (LDLs) in the vessel wall and their oxidative
modification seem to initiate, or at least accelerate, the atherosclerotic process by several
mechanisms, including promotion of foam cell formation, chemotactic effects on monocytes,
and mitogenic effects on SMCs (Ross 1986). Accumulation of SMCs is a hallmark of
neointimal formation, and considered as the “soil” of atherosclerosis. Recent reports have
shown that oxLDL decreased the level of PINCH-1, another focal adhesion LIM domain
protein, in vascular SMCs (Cheng et al. 2007). We have shown that LPP and palladin colocalize
at focal adhesions, which are sites connecting integrins to the cytoskeleton (Gorenne et al.
2006; Jin et al. 2007). Therefore, we tested whether oxLDL can modulate the expression and
localization of LPP and palladin. When we treated SMCs with 50µg/ml of oxLDL for 6hrs
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(and 24 hrs, data not shown), we found a significant decrease in the level of LPP and palladin
expression (figure 4a, p<0.05), which correlated with the decreased expression of TN-C and
pFAK (there is no detectable change of total FAK, data not shown). The cell viability is 90-95%
after 6h incubation with oxLDL, while with 24h incubation cell viability is 60–70% as
measured by trypan blue staining. As shown in figure 4b, after 1h incubation with oxLDL, LPP
is detected in the nucleus, while both pFAK and TN-C signal are decreased (supplement fig1).
OxLDL is known to increase reactive oxygen species formation, including a rapid elevation
of H2O2 levels (Sukhanov et al. 2006). We further tested whether LPP and palladin are altered
by H2O2, which modifies the cellular redox state. As shown in figure 4b, when SMCs were
treated with 100 µM of H2O2 for 1hr, a fraction of the LPP signal, both diffuse and punctate
was detected in the nuclei with the rest at focal adhesions (nucleus signal intensity/the total
signal intensity in untreated vs H2O2 p<0.05 n=50, ). No change for the palladin distribution
was detected under these conditions, similar to another focal adhesion protein, vinculin that is
known to localize to focal adhesion with H2O2 treatment (figure 4c). Thus, oxLDL and reactive
oxygen species, which play a role in the generation of atherosclerotic lesions, lead to
translocation of LPP to the nucleus and down regulation of its expression presumably favoring
a less migratory state.

The expression of LPP and palladin is regulated by arterial hemodynamics
Atherosclerosis is characterized by its focal development at hemodynamically defined regions
in large arteries, such as at bifurcations that produce complex flow patterns. Atheroprone
regions, susceptible to plaque formation, are subjected to low time-averaged shear stress and
"disturbed" oscillatory flow patterns. In contrast, regions which are less susceptible to plaque
formation, known as atheroprotective regions, are exposed to relatively higher timeaveraged
shear stress and pulsatile laminar flow (Hastings et al. 2007). In an in vitro EC/SMC co-culture
model, where atheroprone or atheroprotective flow patterns derived from in vivo MRI
measurements, are applied to the EC layer for 24 hrs, the expression of LPP and palladin in
the SMCs layer is significantly decreased with atheroprone compared with atheroprotective
flow (figure 5, p<0.05). The reduction in LPP and palladin corresponds with previously
reported decreases in SMA expression (Hastings et al. 2007).

In an in vivo model of atherosclerosis using 32 week old ApoE null mice, LPP and palladin as
well as phospho-FAK are decreased compared to WT, in cross sections of the media of the
aortic arch (figure 6). However, palladin, unlike LPP is present in the plaque. Phospho-FAK
labeling is enhanced in the plaque regions. TN-C expression is also upregulated in the plaque
region with a gradient of TN-C expression; plaque > >media underlying the plaque > media
without plaque > WT media (lower panel figure 6, B6). Interestingly occasionally discrete
otherwise normal areas of the WT aortic arch displayed TN-C staining (right panel, figure 6,
B6) perhaps reflecting transient sites of minor injury in regions experiencing atheroprone flow.
Prx1 labeling in the media and or regions of lesion did not differ from WT sections of aortic
arch (data not shown). Thus, LPP and associated modulators were down regulated in the
advanced atherosclerotic lesion containing foam cells, macrophages and lipids, unlike the
presence of LPP, palladin, Prx1 and phospho-FAK in SMCs migrating to and proliferating in
the neointima following vessel injury from day7 (shown below).

The roles of LPP and palladin in the endothelium are currently unstudied. In the EC layer, the
expression of LPP and palladin is also decreased with atheroprone flow (data not shown).
Although expression of these proteins is lower than SMCs, staining of the endothelium for
both LPP and palladin was positive in the ApoE−/− model (Figure 6). Specifically, it was of
particular interest that both proteins were strongly induced in endothelium within
atherosclerotic lesions, but not in regions absent of plaque formation (ie., atheroprotective
regions). This suggests a novel role for LPP and palladin in atherogenesis; however, further
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investigation is required to understand the exact mechanosensing mechanisms and pathways
involved.

Expression of palladin and LPP is regulated by FAK, TN-C and Prx1 in a rat aortic injury
model

We have shown that both LPP and palladin, like SMA are expressed in medial SMCs but not
adventitial fibroblasts and appear in the neointima at 7 days post injury (the first time point
measured) (Jin et al. 2007). Based on the high expression of LPP and palladin in SMCs and
on their ability to enhance migration in in vitro assays, we suggest a role for these molecules
in cytoskeletal remodeling when SMCs transition to migratory cells. In order to test whether
the alteration of LPP and palladin in the injured vessel is correlated with their upstream
modulators, we further followed over time the expression of phosphoFAK, TN-C and the
homeodomain protein, Prx1 in this model. As shown in figure 7, at day 0, Prx1 labeling of
media nuclei exhibited a variable intensity suggesting different populations of SMCs. The Prx1
signal shifted to the neointima at day 7, and intense staining of Prx1 occurred in the neointima
at day 14. TN-C was first detected in the outer media 3 days post injury and moved over time
to the fibrous cap. FAK was detected in the media and enhanced in the neointima (data not
shown) as was the expression of phospho-FAK, which was also increased in medial SMCs at
day 3 (figure 7 upper). Thus the early expression of Prx1, FAK and phospho-FAK in medial
SMCs as well as expression of TN-C at day 3 prior to development of the neointima and at
later time points, their enhanced expression in the neointima, is consistent with their
functioning upstream of the expression of LPP and palladin in the SMCs which migrate from
the media and proliferate in the neointima in response to environmental cues such as vascular
injury.

Discussion
Mechanical signals mediated by the ECM play an essential role in various physiological and
pathological processes. Adherent cells seem capable of both responding to applied mechanical
forces (Tzima et al. 2005) and probing the mechanical properties of their environment (Discher
et al. 2005). For cultured adherent cells, focal adhesions are the structures which mediate
mechanosensing through integrin-mediated anchorage to the ECM (Guo et al. 2006), while the
mechanism underlying the conversion of physical signals in adhesion sites into chemical ones
is still largely unknown. In the current study, we propose that the focal adhesion proteins LPP
and palladin play a role in the mechanosensing process in SM based on the following findings:
1) LPP and palladin expression was responsive to substrate composition and rigidity,
accompanied by correlative changes in phospho-FAK and TN-C; 2) the expression of LPP and
palladin was significantly decreased with atheroprone flow in an in vitro EC/SMC co-culture
system and in an in vivo atherosclerosis model; 3) LPP was translocated to the nucleus by
oxidative stress and substrate compliance. Furthermore, we propose that
mechanotranscriptional regulation of the SMC specific protein LPP and its partner palladin is
an early event in the development of atherosclerotic lesions and the formation of the neointima
following injury because: 1) the expression of LPP and palladin was down regulated by
oxidative stress; 2) LPP and palladin shown to increase SMC migration (Jin et al. 2007), were
recruited to podosomes and dorsal ruffles associated with highly motile cells and implicated
in the invasion of SMCs in vascular diseases such as atherosclerosis and restenosis (Lener et
al. 2006); 3) Prx1, TN-C and phospho- FAK are present in the neointima in a time and spatially
dependent manner following injury as we have previously shown for LPP and palladin (Jin et
al. 2007). Overall, we propose that the mechanical responsiveness of the SMC specific protein
LPP and its partner palladin is an early event in the development of atherosclerotic lesions and
that their expression and positive role in SMC migration contribute to the formation of the
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neointima following injury. Furthermore, these molecules may serve as important markers of
these processes.

Within their lifetime, cells are exposed to mechanical forces exerted either by their contactile
machinery or by a variety of environment factors. How cells respond to the mechanical
properties in their environment is likely critical during development, differentiation and in the
etiology of diseases. Mechanical stimulation affects the size and subcellular location of focal
adhesions, as well as the activation of specific signaling events (Yoshigi et al. 2005). Moreover,
the rigidity of adhesive substrates even in the absence of agonists or growth factors, affects
how cells attach, spread, polarize, and migrate (Discher et al. 2005). Sufficient substrate
stiffness appears particularly important to anchorage-dependent cells, which often rely on a
finite resistance to cell generated forces in order to induce outside-in mechanical signals
(Discher et al. 2005). A variety of cell types has been shown to sense substrate stiffness but
little is known regarding SMCs. Different cells have different optimal substrate stiffnesses
capable of supporting maximal migration speed (Discher et al. 2005). Others have shown in
epithelial and fibroblast cells, that vinculin is incorporated into elongated focal adhesions on
stiffer gels, while on flexible gels, cells have increased motility, decreased phosphotyrosine
and vinculin is localized at punctuate structures which assemble and dissemble quickly (Pelham
and Wang 1997). In the current study we show that both LPP and palladin are involved in the
signaling cascade that senses the flexibility of the substrates, as the rigidity of the substrates
increases, the expression level of these two proteins are increased as is the phosphorylation of
FAK (Pelham and Wang 1997). As the compliance of the substrate affects cell spreading and
the assembly of actin stress fibers, the tension on the cytoskeleton or the G:F actin may be the
critical step for regulating expression of LPP and palladin. We have previously shown that
actin dynamics regulated their expression with an increase in F actin increasing LPP and
palladin expression and vice versa (Jin et al. 2007). Of particular interest, on compliant
substrates, LPP is translocated to the nucleus in SMCs suggesting a transcriptional regulation
function that may be through SRF and myocardin pathways (Jin et al. 2007; Petit et al. 2008)
and this is currently a focus of investigation. We next explored how might be these changes in
LPP and palladin in response to substrate compliance relate to the in vivo vasculature.

Disturbed hemodynamic forces stimulate inflammatory responses in the atherosclerosis-prone
arch of aorta that lead to a triggered recruitment of activated monocytes. In an in vitro EC/
SMC co-culture system, using human ECs and SMCs, we also showed that atheroprone flow,
which represents shear stress profiles in the corresponding atherosclerosis-susceptible carotid
artery bifurcation, significantly decreased the expression of LPP and palladin in SMCs. As
demonstrated in a previous study, regional hemodynamic flow on the endothelium can cause
differential mechanotranscriptional coupling between the EC and SMC layer to influence SMC
phenotype in atherosclerosis (Hastings et al. 2007). Specifically, results showed that
atheroprone flow reduced classic EC quiescent markers such as eNOS and the SMC contractile
genes such as SMA, which coincided with increased inflammatory genes as IL-8. To extend
this observation to the in vivo atherosclerosis model, we further show that the expression of
LPP and palladin was down regulated in the media of atherosclerotic aorta in ApoE mice on a
chow diet. Thus LPP and palladin were down regulated at the onset as well as late stage in the
disease. Abnormal hemodynamics also increases the expression of the receptor for oxLDL in
endothelial cells, which in turn leads to oxLDL accumulation (Kume et al. 2000). OxLDL is
detected in atherosclerotic plaques and in the plasma of atherosclerotic patients, where it
contributes to disease evolution. Depending on the extent of its oxidation, oxLDL can induce
proliferation, monocyte chemotaxis, apoptosis or necrosis of vascular EC and SMC. OxLDL
is believed to be one of the main inducers of oxidative stress. H2O2 is a major oxidative
component of oxLDL induced oxidative stress (Sukhanov et al. 2006). We found that oxLDL
and H2O2 can significantly decrease the expression of LPP and palladin, and translocate LPP
to the nucleus. This may be through the integrin αVβ3- integrin kinase and Rho-ROCK
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pathways (Cheng et al. 2007). It is also possible that apoptosis is involved in the H2O2 induced
downregulation of LPP and palladin (Kim et al.2004) as cell survival was 60–70%. However,
our measurements of the effects of oxLDL were made at 6 hr when cell survival was 90–95%,
making a contribution from apoptosis to the downregulation of LPP and palladin unlikely.
OxLDL and H2O2 treatment resulted in LPP accumulation in discrete areas of the nucleus.
LPP, which has a nuclear export signal and in vitro transcriptional activation capacity, has been
detected in the nucleus under specific conditions, such as in the presence of a Rho kinase
inhibitor or treatment with leptomycin B (Gorenne et al. 2006). However the relevance of this
nuclear localization remains to be explored. This suggests that LPP has a potential role in gene
transcription and SMC phenotype, and in these conditions such oxLDL and H2O2 as well as
with the Rho kinase inhibitor it work via downregulating SM makers.

SMC migration also plays an important role in the development of the atherosclerotic lesion
and the formation of the neointima following injury. LPP and palladin contribute to the
migratory phenotype. Vascular SMCs are not terminally differentiated and have the ability to
switch between a contractile and a synthetic phenotype. Phenotypic modulation and ECM
degradation are essential steps for the migration of vascular SMCs from the medial to form the
neointima of the artery such as occurs with post angioplasty stenosis (Owens 1995; Owens et
al. 2004). Palladin is a key regulator of actin organization and localizes to focal adhesions, cell-
cell junctions, dorsal and circular ruffles, and periodically along stress fibers where it
colocalizes with a-actinin, and is required for the maintenance of normal stress fibers and focal
adhesions in cultured cells (Boukhelifa et al. 2001; Hwang et al. 2001; Boukhelifa et al.
2003; Boukhelifa et al. 2004; Otey et al. 2005; Goicoechea et al. 2006; Rachlin and Otey
2006; Ronty et al. 2006). We have shown that LPP and palladin can enhance cell migration
and that they appear in the neointima of injured vessels (Jin et al. 2007). Others (Kim et al.
2004; Li et al. 2008) have shown that ROS can also enhance cell migration. Unexpectively,
we found that H2O2 and oxLDL decrease LPP expression which should slow cell migration.
A possible explanation of this paradox may lie in spatial distribution and the time course of
the ROS signal or in the underlying signaling molecules such as protein tyrosine phosphatases,
Src, MAPKs and Rho kinase (Weber et al. 2004). Here, we show that LPP like it partner palladin
can be recruited to the motile podosome and dorsal ruffles structures in vascular SMCs
supporting their importance in SMC migration. Podosomes are also involved in the invasion
of SMCs in vascular diseases (Lener et al. 2006). The detailed mechanisms of how LPP is
recruited to these structures and whether LPP can enhance their formation remain to be
addressed.

The composition of the extracellular matrix as well as its mechanical properties is altered in
vascular disease. For example, the activation of matrix metalloproteinases and generation of
extracellular TN-C promoting the breakdown of collagen and cell migration in atherosclerosis
and vascular injury would be expected to change the composition and stiffness of the matrix.
We found an increase in LPP, palladin, phosphoFAK and TN-C on denatured collagen, with
increased substrate stiffness, as well as in the neointima following injury. Thus, this in vitro
model mimics some aspects of the injured vessel. For in vitro experiments, heat-denatured
collagen has been used in place of MMP-treated collagen, because it is also recognized by
vascular SMC via RGD-dependent αvβ3 integrins, and causes the cells to exhibit a phenotype
characteristic of the diseased state (Davis 1992). On denatured, in contrast to native collagen
gels, the cells assume a highly spread morphology, have well-organized cytoskeletal stress
fibers, secrete TN-C, and proliferate (Jones et al. 1997). We have previously shown that FAK
can regulate the SMC transcription factor Prx1 and Prx1 has been shown to upregulate
expression of TN-C (Jin et al. 2007; Jones 2007), which in turn regulates the expression of
LPP and palladin (Jin et al. 2007), which we propose is through destabilization of the
extracellular matrix. Expression of Prx1/2 in FAK null cells lead to expression of LPP and
palladin (Jin et al. 2007). Likewise in the present study, conditions where LPP and palladin
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were increased correlated with increased phosphorylated FAK. Thus FAK phosphorylation,
an important mediator of integrin-mediated signaling responds to mechanical stimuli, oxidative
stress and substrate composition. Our findings are also consistent with our previous results
showing the presence of LPP and palladin in the neointima in the rat aortic injury model (Jin
et al. 2007). We now show in this model that the activation of the FAK-Prx1-TN-C pathway,
has a time course and spatial distribution consistent with their being upstream regulators of
LPP and palladin expression.

The up or down regulation of expression of LPP and palladin respectively in the neointima and
in the atheroprone region and atherosclerotic lesions highlights the differences and
complexities of these two processes. Thus, atheroprone hemodynamics and accompanied
oxidative stress may dominate and account for the down regulation of expression of LPP and
palladin and their upstream regulators in the models of atherosclerosis. On the other hand, an
up regulation of these molecules occurred in the neointima following vascular injury,
associated with increased cell migration and proliferation presumably reflecting different
changes in substrate composition and stiffness as well as different signaling pathways.

In summary, our findings demonstrate that LPP and palladin, highly expressed in SMCs sense
their environment, responding to mechanical cues and to oxidative stress and substrate
composition. We propose that these signals underlie their up and down regulation in vessel
wall injury and atherosclerotic lesions, respectively as well as their differential distribution
across the vessel during lesion development.
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Figure 1.
a,b: LPP and palladin immunolocalize to PDBu-induced podosomes. R518 and HIVS SMCs
were plated on coverslips and treated with 1µm of PDBu for 1h. Cells were fixed and co-labeled
with Alexa fluor 488-conjugated phalloidin, anti LPP polyclonal antibody (1a) and polyclonal
anti-palladin polyclonal antibody (1b). 1c) LPP and palladin colocalize with actin in PDGF-
BB induced dorsal ruffles. HIVS cells were treated with 30ng/ml of PDGFBB for 30min and
fixed for immunofluorescence staining. Cells showing are representative cells of the
population. Scare bar, 50 µm
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Figure 2.
Expression of LPP and palladin is up regulated by heat-denatured collagen compared to native
collagen. a): R518 cells were cultured on coverslips coated with native and heat denatured
collagen or directly on glass for 24 h. Following fixation, LPP, palladin, phosphoFAK, and
TN-C were detected by immunofluorescence as detailed in the Methods section. Actin was
stained with Alexa fluor 488-conjugated phalloidin. (Column a, c, e ) Scare bar, 20 µm. Cells
shown are representative of the population. b): western blot comparing the expression of LPP,
palladin, TN-C and pFAK. R518 cells were cultured on native and heat denatured collagen
gels. Equal number of cells were loaded for gel. Data is representative of three experiments
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Figure3.
Expression of LPP and palladin is up regulated by increased substrate stiffness. a): R518 cells
were cultured on coverslips with varying flexibility generated with polyacrylamide gels coated
with type I collagen for 24h, and then fixed and immunolabeled with LPP and palladin antibody.
Stress fibers were stained with Alexa fluor 488- conjugated phalloidin. Nuclei were stained
with yoyo-1. Cells shown are representative of the population. Scare bar, 50µm. B): summary
of changes in the expression of LPP and palladin on substrates of different stiffnesses. Cells
were lysed after 24 h incubation. Equal amounts of cell lysate were loaded for western blotting.
Bar graph shows quantitative data normalized to GAPDH . p<0.05, n=4
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Figure 4.
LPP, palladin, phosphoFAK and TN-C expression are down regulated by oxidative stress. A):
R518 cells were treated with either 100ug/ml of oxLDL for 6h or 100µM of H2O2 for 24h, and
cells were trypsinized and lysed for Western blotting. LPP, palladin, phosphoFAK and TN-C
protein expression was significantly decreased from controls, p<0.05, n=3. Equivalent numbers
of cells were loaded in each lane. Tubulin was used as loading control. B): LPP translocates
to the nucleus, but not vinculin, in response to oxidative stress. Cells were treated with either
100ug/ml of oxLDL or 100µM of H2O2 for 1h, and cells were fixed for immunofluorescence
staining with LPP antibody. Phase contrast image shows the cell morphology. Cells shown are
representative cells of the population. Scare bar 50µm.
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Figure 5.
the expression of LPP and palladin is down regulated by atheroprone flow. In an in vitro EC/
SMC culture system, atheroprone flow was applied to the EC layer for 24h. SMCs were
harvested for Western blotting. Bar graph shows the quantification of protein expression,
normalized to GAPDH. p<0.05, n=3
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Figure 6.
LPP, palladin, and pFAK are decreased in media of aorta in 32 week apoE null mice (panels
labeled b), while TN-C is increased in the atherosclerosis lesion. Columns 2 and 3 are high
magnification images of the framed regions in column 1. The right panels show control tissue
staining. n=4
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Figure 7.
Immunohistochemistry showing pFAK, TN-C and Prx1 expression in a time and spatial
dependent manner in SMCs of the neointima and media of injured rat aortae at day 0 through
to day 14. The vessel lumen is oriented to the top of each panel. For each experiment, there
were 4 animals and 4 sections were observed. Similar patterns of immunolabeling were
observed in each experiment for a given time point.
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