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ABSTRACT
Vascular smooth muscle cell (SMC) switching between differentiated and dedifferentiated
phenotypes is reversible and accompanied by morphological and functional alterations that require
reconfiguration of cell-cell and cell-matrix adhesion networks. Studies attempting to explore
changes in overall composition of the adhesion nexus during SMC phenotype transition are lacking.
We have previously demonstrated that T-cadherin knockdown enforces SMC differentiation,
whereas T-cadherin upregulation promotes SMC dedifferentiation. This study used human aortic
SMCs ectopically modified with respect to T-cadherin expression to characterize phenotype-
associated cell-matrix adhesion molecule expression, focal adhesions configuration and migration
modes. Compared with dedifferentiated/migratory SMCs (expressing T-cadherin), the
differentiated/contractile SMCs (T-cadherin-deficient) exhibited increased adhesion to several
extracellular matrix substrata, decreased expression of several integrins, matrix metalloproteinases
and collagens, and also distinct focal adhesion, adherens junction and intracellular tension network
configurations. Differentiated and dedifferentiated phenotypes displayed distinct migrational
velocity and directional persistence. The restricted migration efficiency of the differentiated
phenotype was fully overcome by reducing actin polymerization with ROCK inhibitor Y-27632
whereas myosin II inhibitor blebbistatin was less effective. Migration efficiency of the
dedifferentiated phenotype was diminished by promoting actin polymerization with
lysophosphatidic acid. These findings held true in both 2D-monolayer and 3D-spheroid migration
models. Thus, our data suggest that despite global differences in the cell adhesion nexus of the
differentiated and dedifferentiated phenotypes, structural actin cytoskeleton characteristics per se
play a crucial role in permissive regulation of cell-matrix adhesive interactions and cell migration
behavior during T-cadherin-induced SMC phenotype transition.
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Introduction

Vascular smooth muscle cells (SMCs) retain a high
degree of plasticity. In response to environmental guid-
ance, SMCs can reversibly switch between 2 functionally
and morphologically different phenotypes – contractile
(quiescent) and synthetic (dedifferentiated). The func-
tions of contractile and synthetic SMC phenotypes differ
fundamentally, and cellular machinery and morphology
during phenotype switch undergo remarkable changes.1

The contractile phenotype, which regulates hemodynam-
ics and provides structural stability for the vessel, main-
tains a robust, relatively static cytoskeleton2 as well as
mechanical stress-resilient adhesive interactions.3 In
contrast, the synthetic phenotype, which is committed to
repair and regeneration, requires a cellular architecture
composed of dynamic cytoskeletal and adhesion mole-
cule networks. The SMC dedifferentiation program can

be initiated by a variety of extracellular stimuli such as
growth factors, inflammatory cytokines or extracellular
matrix (ECM) ligands.4,5 Signaling cascades activated by
these stimuli result in loss of contractile competence and
gain of new functions that include migration, ECM
remodeling, and proliferation.5,6 Reconfiguration of cel-
lular architecture, adhesive and cytoskeletal networks is
necessary for this functional switch and is reflected by
changes in cellular morphology in 2D, which is consid-
ered as a primary and classical hallmark of SMC pheno-
type switch.1,7

Most of our knowledge on cell adhesion properties
during SMC phenotype transition is derived from reduc-
tionist studies which investigated the functional proper-
ties of any given adhesion molecule in certain biological
contexts. Cellular adhesive functions, however, are
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enabled by the large and dynamic network of intercon-
nected adhesion clusters. Studies attempting to explore
changes in overall composition of the adhesion nexus
during functional SMC phenotype switching are lacking.
Moreover, while regulatory roles of adhesion receptor
and actin cytoskeleton reconfiguration have been studied
to some extent in non-muscle cells,8-11 they have been
rarely addressed in the context of SMC phenotype
transition.

Previous studies have shown that cellular anchor-
age and migration characteristics highly depend on
the guidance properties of the ECM and cellular
ability to respond to that guidance.12-14 The partici-
pation of the adhesome composition, cell-to-substra-
tum and cell-to-cell interactions and actin
cytoskeleton organization in the regulation of
anchorage and migration characteristics of differenti-
ated/contractile and dedifferentiated/migratory SMCs
is not fully understood. We have previously shown
that an atypical lipid-anchored adhesion and guid-
ance receptor T-cadherin regulates classical hall-
marks of SMC phenotype transition, including
sensitivity to insulin, contractile competence, ECM
remodeling,15 migration and proliferation.16 T-cad-
herin knockdown prevents, whereas T-cadherin
upregulation promotes, SMC dedifferentiation
through PI3K/Akt/mTOR and PI3K/Akt/GSK3b sig-
naling axes.16 In the present study, we have exploited
human aortic vascular SMCs with ectopically modi-
fied T-cadherin expression as a model to investigate
phenotype switch-associated changes in SMC adhe-
sion networks and migration characteristics. We
aimed to identify cell-matrix adhesion molecules
most affected by SMC phenotype transition, to char-
acterize phenotype-specific migration modes, and to
determine the contribution of the actin cytoskeleton
to the differential migration modes.

Materials and methods

Cell culture and transduction

Primary human aortic SMCs (cat. # PCS-100–012)
were obtained from ATCC (LGS Standards GmbH)
and cultured in low glucose (5.5 mM) DMEM (cat. #
D6046) (Sigma-Aldrich Chemie) supplemented with
5% FCS (cat. # 10500–064) and 5% of smooth muscle
cell growth supplement (cat. # S-007–25) (both from
Gibco, Thermo Fisher Scientific Life Technologies
Europe). T-cadherin was stably overexpressed in
SMCs (TcadC-SMC) using pLVX-puro vector carry-
ing full length human T-cadherin cDNA (empty
pLVX-puro vector SMC transductants (E-SMC)

served as control).16 Stable T-cadherin knockdown
SMC transductants (shTcad-SMC) were generated
using pLKO.1-puro vector carrying human T-cad-
herin shRNA (SMCs transduced with non-target
shRNA (shC-SMC) served as control).16 SMCs were
transduced at passage 5, puromycin-selected (3 mg/
ml), and used at up to passage 8–10. Expression of
T-cadherin was routinely monitored by immunoblot-
ting (representative blot is shown in Supplemental
Fig. S1A).

Static cell adhesion assay

The Chemicon fluorometric ECM cell adhesion array kit
(cat. # ECM545) (Merck Millipore) was used to estimate
adhesion to various ECM components. Subconfluent cul-
tures were lifted using buffered EDTA solution (2.5 mM
in PBS), plated into 96-well microtiter plate (5 £ 105

cells/well, in triplicates) of rehydrated ECM strips and
incubated for 1 h in the tissue culture incubator. Strips
were then processed for fluorometric quantification
(485/530) of cell adhesion. Fluorometric data for all
transductants and their adhesion onto the different sub-
strata are expressed relative to that obtained for the E-
SMC on collagen I, which in any given experiment was
arbitrarily set as 1.

Adhesion and extracellular matrix molecule profiling
by qPCR arrays

Total RNA of SMCs transduced with lentiviral particles
carrying T-cadherin shRNA or control shRNA and nor-
mally cultured (without passaging) for 4 d after the
application of viral particles was extracted using High
Pure RNA Isolation Kit (cat. # 11828665001) (Roche
Diagnostics). RT2 First Strand Kit (cat. # 330401) was
used for reverse transcription, quantitative real time PCR
was performed using RT2 profiler PCR arrays (Human
Extracellular Matrix & Adhesion molecules (cat. #
PAHS-013ZE) and Human Focal Adhesions (cat. #
PAHS-145 ZE)), RT2 SYBR Green ROX qPCR Master-
mix (cat. # 330520) (all from Qiagen), and ABI Vii A7
Real-Time PCR system (Applied Biosystems, Thermo
Fisher Scientific Life Technologies Europe). Obtained Ct

values were uploaded on to the Qiagen data analysis web
portal, the Ct cut-off 35 was set, normalization was done
using manual selection from the panel of reference genes.
Fold change/regulation was calculated by DDCt method.
The p-values were calculated by a Student’s t-test of the
replicate 2(- DCt) values for each gene, fold-changes larger
than 2 with p-values less than 0.05 were considered sta-
tistically significant.
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Immunoblotting

Cells were plated into 6-well dishes (2 £ 105 cells/well)
and cultured for 48 h. Whole cell lysates were prepared
and analyzed by immunoblotting as described before.16

Primary antibodies against following proteins/epitopes
were used: T-cadherin (cat.# AF3264) (R&D Systems
Europe Ltd.), Akt (cat. # 9272), integrin b1 (cat. #
34971), (Cell Signaling Technologies, BioConcept Ltd.),
phospho (p)-FAKTyr397 (cat # 44–624G), p-FAKTyr577

(cat.# 44–614ZG), (Invitrogen), FAK (cat. # 610087), N-
cadherin (cat. #610920), (BD Biosciences), integrin b3
(cat. # ab7167) (Abcam). Secondary HRP-conjugated
anti-species specific IgGs were from Southern Biotech-
nology (BioConcept Ltd.). Akt was used as the loading
control. Representative blots are shown.

Immunofluorescence microscopy

Cells were plated into 24-well plates (2 £ 104 cells/well)
containing round 13-mm glass coverslips (VWR Inter-
national) precoated with 0.5% gelatin (cat. # 40780500)
(Merck Millipore) or fibronectin (5 mg/ml) (cat. #
F2006) (Sigma-Aldrich) and cultured for 48 h (on gela-
tin) for paxillin; and N-cadherin, or 2 h (on fibronectin)
for integrin a5b1 and anb3 staining. Cells on coverslips
were rinsed with PBS, fixed in 4% paraformaldehyde,
permeabilized and blocked with 0.3% Triton X-100/
10%BSA. Cells were incubated with primary antibodies
against either paxillin (cat. # P13520) (Cell Signaling
Technologies), N-cadherin (cat.# 610920) (BD Bioscien-
ces), integrin a5b1 (cat. # A108) or avb3 (cat. # A109)
(Thelios/Gibco) followed by Alexa Fluor 546 or Alexa
Fluor 488 species-specific secondary IgG (Invitrogen).
Counterstaining of nuclei and fibrous actin was
achieved with Hoechst 33342 (cat. # B2261) (Sigma-
Aldrich Chemie) and TRITC- (cat. # P1951) or Alexa
Fluor 647-conjugated (cat. # ABNOU0298) phalloidin
(Sigma-Aldrich or VWR International, respectively).
Preparations were mounted on slides using Vectashield
mounting medium (cat. # H-1000) (Vector Laborato-
ries, Adipogen AG). Images were acquired under an
Olympus BX63 fluorescent microscope, equipped with a
DP80 camera and CellSens software (all from Olympus
Switzerland).

Image quantification of focal adhesions

Color images obtained by immunofluorescent micros-
copy were processed using ImageJ (NIH) software.
Quantification of paxillin-stained focal adhesions was
done by setting fixed threshold for single channel 8bit
black and white images; FA count and size, or nuclei

count was estimated using analyze particles function. FA
count per cell was calculated dividing FA count by
nuclear count from each field. Ten random fields for
each group from each of 3 independent experiments
were assessed. Quantification of a5b1 FAs was done by
subjecting fixed size (1400mm2) regions of interest to
Trainable Weka segmentation (ImageJ) and analyzing
resulting probability maps by analyze particles function
after prefixed thresholding (ImageJ). At least 15 random
areas were analyzed for each group. Estimates of average
FA size, number and circularity per area (1400 mm2) are
presented.

Cell migration analysis in 2D and time-lapse
videomicroscopy

Non-treated tissue culture dishes pre-coated with fibro-
nectin (5 mg/ml) and then blocked with BSA (0.1%)
were used. To analyze random migration of individual
cells in 2D culture SMC transductants were plated at a
density of 2.5 £ 103 cells per well in 24-well plates. After
allowing an adherence period of 2 h cell migration was
recorded by time-lapse videomicroscopy. In the experi-
ments, where cytoskeleton modulating compounds were
used, cells were allowed to adhere to fibronectin for
90 min, followed by 30 min preincubation in the pres-
ence of either 1 mM blebbistatin (cat. # B0560) (Sigma-
Aldrich), 5 mM Y-27632 (cat. # 688001) (Calbiochem/
Merck Millipore) or 5 nM oleoyl-L-a-lysophosphatidic
acid (LPA) (cat. # BML-LP100) (Enzo Life Sciences)
before initiation of videomicroscopy. Phase contrast
images at 4X magnification were taken every 30 min for
12 h using an Olympus IX-81 inverted time-lapse micro-
scope equipped with a digital camera and CellSens soft-
ware (both from Olympus) within a humidified
incubation chamber with 5% CO2 at 37�C. For any given
experimental condition, analysis of the migration charac-
teristics of 72–100 randomly chosen cells of each trans-
ductant type was performed manually, using ImageJ
(NIH) plugin MTrackJ. DiPer macros package was used
to plot cell migration trajectories, mean square displace-
ment (MSD), directional ratio and migration velocity.17

Quantitative cell migration differences between the
transductants phenotype were estimated by comparing 3
migration parameters: MSD, directionality ratio and
migration velocity. Descriptions and calculation methods
for each of these parameters have been fully detailed.17 In
brief, MSD was calculated as an overall readout for
migration efficiency: MSD is a measure of the surface
area explored by the cell over increasing time intervals
and depends on migration directionality and velocity.
Directionality ratio, or so called “straightness of the
migration," is a measure of directional persistence, which
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usually is calculated by dividing the length of the straight
line connecting the migration start- and end-points by
the migration trajectory. Here directionality ratio was
calculated as an index changing over increasing time.
Migration velocity was calculated as the average speed
over the experimental period.

Cell migration analysis in 3D

Migration assay in 3D was performed as described previ-
ously18 with minor modifications. Spheroids composed
of 2.5 £ 103 SMCs per spheroid were prepared using the
“hanging drop” method end embedded within Matrigel
(cat. #354234) (3 mg/ml; BD Biosciences/Corning) into
96-well dishes. Each condition was performed in tripli-
cate and each gel contained 20–30 spheroids. Gels were
overlaid with 200 ml normal SMC growth medium and
incubated for up to 3 d. Images of spheroids were cap-
tured every day using an Olympus IX50 inverted fluores-
cence microscope. Expansion (outward migration)
capacity was measured morphometrically using ImageJ
software and calculated as the difference between the cir-
cumference of the outer invasion border and the circum-
ference of the original spheroid. Every spheroid was
analyzed, and the results were averaged.

Statistical analysis

All experiments were performed on at least 3 indepen-
dent occasions and unless otherwise stated results are
given as mean § SD. GraphPad Prism 5.0 (GraphPad
Software, San Diego, CA, USA) was used for statistical
analysis. Data presented in bar graphs were analyzed by
one-way analysis of variance (ANOVA) followed by
Tukey post-hoc testing for multiple comparisons. Data
from random migration experiments yielding calculated
MSD and directional ratio values were analyzed by non-
linear regression with least squares second order polyno-
mial curve fitting (quadratic) with extra sum-of-squares
F test as comparison method. P<0.05 was considered as
threshold of significance.

Results

Ectopic T-cadherin-induced SMC phenotype
switching alters SMC adhesion properties

We have previously shown that T-cadherin regulates
SMC morphology and functional phenotype: T-cad-
herin-overexpression (TcadC) in SMCs induced a dedif-
ferentiated, very poorly spread phenotype (vs. their
control empty vector (E) transductants), whereas T-cad-
herin-depleted SMCs (shTcad) exhibited a well-

differentiated contractile, fully spread phenotype (vs.
their control scrambled shRNA (shC) transductants).16

To investigate whether the morphological/spreading dis-
tinction between these phenotypes reflects a differential
ability to adhere to the matrix, subconfluent cell mono-
layers were stained for focal adhesion (FA) adaptor pro-
tein paxillin. The differentiated shTcad SMCs spread
most efficiently (Fig. 1A), formed the highest number
(Fig. 1B) and size (Fig. 1C) of FAs, and exhibited a high
abundance of the elongated, mature FA type (Fig. 1A,
inset), indicating enhanced matrix anchorage function.
In contrast, the dedifferentiated TcadC-SMCs exhibited
reduced spreading: they appeared thinner (Fig. 1A),
formed less FAs per cell (Fig. 1B) and mature adhesions
were rare, if present (Fig. 1A, inset), suggesting weaker
matrix interactions.

Clustering of integrins is the initial step of cell
adhesion and triggers auto-phosphorylation of focal
adhesion kinase (FAK) at Tyr 397,19 which can be
used as a molecular readout for probing the degree of
cell spreading. In agreement with the findings
obtained through paxillin immunofluorescence stain-
ing (Fig. 1A) levels of FAKTyr397 phosphorylation
were highest in the well-spread shTcad SMCs and
lowest in TcadC SMCs (Supplemental Fig. S1B). In
contrast to the Tyr397 phosphorylation status, Src
kinase-dependent phosphorylation of FAK on
Tyr57719 was not significantly altered by either upre-
gulation or knock-down of T-cadherin (Supplemental
Fig. S1B).

T-cadherin-induced SMC phenotype switching
modulates integrin and ECM molecule gene
expression profiles

To investigate SMC phenotype-associated changes in
adhesome at the transcriptional level, we performed gene
expression profiling using the Focal Adhesions and
Extracellular Matrix & Adhesion Molecule RT-PCR
arrays. We compared shTcad-SMCs with the corre-
sponding control shC-SMCs, because this pair showed
the most robust differences in morphology, spreading
and integrin clustering. The 2 profiling panels contained
a total of 147 target genes, 17 of which were common to
both panels. The average mRNA expression from 3 inde-
pendent biologic experiments was significantly changed
(p<0.05 and fold regulation above 2) for 22 genes from
147 tested targets (Fig. 1D) and Supplemental Table S1).
As expected from pre-selected and validated target panel
arrays, we observed relatively low fold change variability
between individual measurements as can be seen from
data scattering toward higher reliability areas on the vol-
cano plot (Fig. 1D). Of the 17 target genes shared on the
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Focal Adhesions array and the Extracellular Matrix &
Adhesion Molecule array 5 (ITGA7, ITGAV, ITGAX,
ITGB1 and ITGB3) were significantly and commonly
regulated (Supplemental Table S1). The close recapitula-
tion of fold-change values demonstrates good overall
reproducibility of the screening. Two other shared genes
(ITGA6 and ITGB2) that were low-expression targets
(Ct>30) were regulated in an opposing manner between
the arrays, and therefore excluded from the final list of
regulated genes and volcano plot. For this reason, other
significantly regulated, but low-expression genes (CDH1,
MMP8, MMP15 and SELL; Ct>30), were considered as
“low confidence” targets (Fig. 1D). Of the 22 adhesion-
relevant molecules significantly altered by T-cadherin

knock-down, 3 were upregulated and 19 were downregu-
lated (Fig. 1E). A listing of these molecules according to
the specific functional groupings of the RT-PCR arrays
as well as the number of available test targets for each
functional group is given in Supplemental Table S2.

Among the significantly regulated genes, integrins
emerged as the dominating functional group (6 from 21
integrins tested). Matrix metalloproteinases (3 from 18
ECM proteases tested) and collagens (4 from 12 colla-
gens tested) were 2 other functional groups affected by
T-cadherin knock-down. There were no changes in
expression of the gene targets functionally linked to sig-
naling through focal adhesion kinase, integrin linked
kinase, G proteins, AKT/PI3K pathways, caveolins,

Figure 1. Modulation of T-cadherin expression changes SMC adhesion properties and adhesion molecule expression profile. SMC stably
transduced with respect to T-cadherin upregulation (TcadC) or deficiency (shTcad) and their controls (E or shC) were plated onto gela-
tin-precoated glass coverslips (A-C), standard tissue culture dishes (D), or Chemicon fluorometric ECM cell adhesion array strips (E). (A)
Representative photomicrographs of SMC following fixation and immunofluorescence staining for paxillin 48 h after plating. High mag-
nification fragments (boxed frames) are presented to highlight the difference in FAs between TcadC- and shTcad-SMCs. Scale bars D
25 mm. Paxillin-stained images were processed for the quantification of (B) FA count/per cell and (C) FA size. (D) Comparative analysis
of adhesion-relevant gene expression profiles in shTcad SMC vs. control shC SMC using Human Extracellular Matrix & Adhesion Mole-
cules and Human Focal Adhesions gene arrays. The 2 profiling panels contained a total of 147 target genes, 17 of which were common
to both panels. Total RNA was extracted 4 d after viral transduction and culture. Two vertical lines on the volcano plot mark 2-fold
change boundaries and the horizontal line marks the statistical significance boundary (p < 0.05). Target genes with fold change � 2
and statistical significance are marked with blue circles/text (downregulated genes) and red circles/text (upregulated genes). Target
genes shared between the 2 arrays and commonly regulated are indicated with filled circles/bolded text. Target genes with relatively
high average threshold cycle (Ct> 30) are marked with an asterisk. (E) Adhesion onto the indicated ECM components was quantified
after 1 h incubation. Data are given as mean § SD. Significant differences between E and TcadC SMC or shC and shTcad SMC are indi-
cated with asterisks: ��P <0.01; ���P <0.001.
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cytoskeletal regulators and actin binding proteins (Sup-
plemental Table S1).

To address whether the observed adhesion differ-
ence between contractile shTcad and dedifferentiated
TcadC SMC phenotypes was ligand-specific and
driven by regulation of specific matrix adhesion
receptors, we examined adhesion to various ECM
components using ECM cell adhesion array. Adhesion
to all of the tested matrixes, namely collagen I (col I),
collagen II (col II), collagen IV (col IV), fibronectin
(Fn), laminin (Ln) and vitronectin (Vn), was reduced
by at least 50% in the TcadCSMCs (p at least < 0.01
vs. E-SMCs for all matrixes). There was a general
trend for improved adhesion of shTcad -SMCs (vs.

shC) onto each matrix substrata, although a signifi-
cant difference was achieved only for adhesion onto
fibronectin (Fig. 1E).

Expression of b1 and b3 integrin proteins and
organization of a5b1 and anb3 integrin focal
adhesion networks are distinct between the SMC
phenotypes

Integrins b1 and b3 were among the target genes
identified by qPCR profiling as being downregulated
in the contractile shTcad-SMCs (Supplemental Table
S1). Immunoblotting of whole cell lysates demon-
strated a significant downregulation of integrin b1

Figure 2. T-cadherin-based SMC phenotype switch alters morphology and distribution of integrin-anb3 and integrin-a5b1 specific cell-
matrix adhesions. SMC transductants were plated onto fibronectin pre-coated tissue culture dishes or glass coverslips for immunoblot-
ting or immunocytochemistry protocols, respectively. (A, B) Representative blots of integrin b3, integrin b1 (with Akt as internal loading
control) are presented and quantification of abundancies in the different transductants is expressed relative to levels in control E SMC.
Obtained data are presented as mean § SD. One-way ANOVA followed by Tukey post-hoc testing was used for statistical analysis. Aster-
isks indicate significant differences. (�P <0.05; ��P <0.01; ���P <0.001). (C, D) Representative images of SMCs after 2 h of spreading on
fibronectin. Scale bars D 25 mm. (C) SMCs stained for integrin-anb3 (red), and nuclei (blue). Note the prominent FAs on the periphery of
shTcad-SMCs and the smaller scattered FAs in the lamellar regions of TcadC-SMCs (indicated by closed arrowheads). (D) SMCs stained
for fibrous actin (F-actin; red), integrin a5b1 (green), and nuclei (blue). F-actin and integrin a5b1 channels are separately presented in
grayscale to the right of the merged color images. Pronounced actin bundles characteristic of shTcad-SMCs are indicated by the asterisk
�. To highlight differences in integrin a5b1-specific FA morphology high magnification fragments (white squares) are presented: open
arrowheads point to the distinct morphometries of shTcad-SMCs (short, thick ordered FA arrays) and TcadC-SMCs (longer, thin FA
arrays). (E) Morphometric quantification of integrin a5b1-specific FAs in each transductant with respect to number/area, size and circu-
larity. Obtained data are presented as mean § SD. One-way ANOVA followed by Tukey post-hoc testing was used for statistical analysis.
��P ���P <0.001;. ns, not significantly different.
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and integrin b3 protein abundancies in shTcad-SMCs
and also a significant, albeit more modest, upregula-
tion in dedifferentiated TcadC-SMCs (Fig. 2A, B).

Integrins b1 and b3 can dimerize with a integrins to
yield several fibronectin-binding heterodimers. The
review by Humphries at al., lists 9 functionally validated
high affinity fibronectin binding heterodimers (anb3,
anb6, anb1, a4b1, a5b1, a8b1, aIIbb3, a4b7, aDb2),

20 and
expression of at least 6 different fibronectin binding
integrin heterodimers (anb3, anb1, a3b1, a4b1, a5b1,
a8b1,) have been reported in vascular smooth muscle
cells.3,21-23 Since adhesion differences between TcadC-
SMCs and shTcad-SMCs were most prominent for fibro-
nectin (Fig. 1F) and integrin a5b1 and anb3/b1 are domi-
nant receptors for SMC adhesion to fibronectin3,23 we
chose to more closely examine a5b1 and anb3 hetero-
dimer-mediated adhesion of SMCs on fibronectin. More-
over, these heterodimers are the most studied fibronectin
binding receptors in the context of atherosclerosis/reste-
nosis3 and other pathologies (e.g. aneurysm,24 hyperten-
sion25) characterized by vascular remodeling; their
relevance for SMC phenotype transition has been repeat-
edly reported both in vitro26-28 and in vivo.21,29-31

Integrin anb3 staining of SMCs after 2 h spreading
on fibronectin revealed a cellular periphery-defined
presence of FAs, with most of the anb3-specific FAs
being localized at the lamellipodium and the front
lamella (Fig. 2C and Supplemental Fig. S2). Between
SMC phenotypes, the most prominent differences in
anb3-specific FAs were evident with respect mor-
phometry and localization, rather than overall stain-
ing intensity, albeit weaker in shTcad-SMCs. Large
clustered FAs, localized to the tips of lamellipodium,
dominated in contractile shTcad-SMCs. In contrast,
small, scattered and more abundant FAs were present
in the differentiated SMCs, and FA localization was
not restricted to the lamellipodial tips, but extended
to the front-or even mid- (particularly in TcadC-
SMCs) lamellar regions (Fig. 2C).

Integrin a5b1 staining of spreading SMC resulted
in characteristic staining pattern for this hetero-
dimer: dense networks of fibrillar FAs were distrib-
uted through the whole cell spreading area between
perinuclear regions and cell edges (Fig. 2D and Sup-
plemental Fig. S2). As for anb3-specific FAs, we
observed marked alterations in integrin a5b1-specific
FA morphometry and localization between the dedif-
ferentiated and contractile phenotypes. The differen-
tiated phenotypes exhibited nearly uniform networks
of long and thin FAs with the most differentiated T-
cadC-SMCs presenting the thinnest and longest
adhesions. In contrast, integrin a5b1-specific FAs of
the contractile shTcad-SMCs appeared shorter and

thicker or drop-shaped, and were occasionally con-
centrated in ordered arcs localized at the lamella
(Fig. 2D). In dedifferentiated SMCs short thick FAs
were rarely present and if so, were localized exclu-
sively at the cell edges or the tips of lamellipodium.
A difference in integrin a5b1-specific FAs shape was
the major distinction between of TcadC- and
shTcad-SMCs, rather than FA count or overall size
(Fig. 2E).

One of the most distinguishing architectural charac-
teristics of differentiated SMCs is their robust actin cyto-
skeleton, capable of generating high traction forces
essential for contractile function. FA growth during cell
spreading highly depends on the applied traction force.32

Indeed, ordered arcs of thick a5b1-specific FAs in the
contractile shTcad-SMC phenotype were localized at the
terminal tips of large actin bundles (Fig. 2D). Bundles of
dense parallel actin fibers were infrequently observed in
E- and shC-SMCs and mostly absent in the highly dedif-
ferentiated TcadC-SMC phenotype (Fig. 2D, and Sup-
plemental Fig. S3).

Configuration of adherens junctions is altered
following ectopic T-cadherin-induced SMC
phenotype switching

Coordination between cell-matrix and cell-cell adhesion
networks during functional cell phenotype transitions
have been suggested and supported by the experimental
evidences.33 Given the prominent cell-matrix adhesion
and cytoskeletal distinctions between the phenotypes, we
expected to document adjustments in intercellular ten-
sion distribution through a demonstration of changes in
adherens junction (AJ) configuration. Classical cadherins
and their connection to the actin cytoskeleton play a cru-
cial role in formation of stable AJs. Immunofluorescence
staining of confluent monolayers for N-cadherin
(Fig. 3A), the major classical cadherin in SMCs,34

showed junctional staining typical for cultured SMCs,
whereby the cell-cell interface was rich in cadherin fin-
gers,35,36 also called “strikingly elongated AJs."35 AJ mor-
phology was markedly different between the
dedifferentiated TcadC-SMC and contractile shTcad-
SMC phenotypes (Fig. 3A). AJ morphology in TcadC-
SMCs was visibly characterized by the formation of fewer
and shorter cadherin fingers and smaller cadherin finger
clusters, and junctional staining typical for cryptic lamel-
lipodia was evident at the cell-cell borders. In contrast,
AJ morphology in shTcad-SMCs was characterized by
the formation of well pronounced cadherin finger-rich
cellular junctions, with cadherin fingers being longer,
highly compact and reaching deeply into the cell body.
Cadherin finger clusters in shTcad were larger and often
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constituted the total perimeter of the cell, which was
rarely evident in the control SMCs and almost never
present in TcadC-SMCs. The phenotypes did not differ
with respect to N-cadherin protein abundance (Fig. 3B).

Random migration capacity of SMC is regulated
by the structural actin cytoskeleton characteristics
and actomyosin activity

A classical characteristic of SMC dedifferentiation is a
loss of contractile machinery and decay of actin stress
fiber networks. Supplemental Fig. S3 recapitulates our
previous findings16 that stress fibers in dedifferentiated
TcadC-SMCs are weak and peripherally distributed,
whereas they are very robust and well organized along
the major cell axis in contractile shTcad-SMCs. Since cell
tension generated by stress fibers is essential for cell
movement and anchorage to the ECM37-39 we

investigated the impact of phenotype-associated changes
in cytoskeleton structure on SMC migration.

We first evaluated random migration in 2D. This
setup enables estimation of cell motility parameters that
are exclusively dependent on cell response to ECM and
eliminates cell-cell interaction-dependent component of
the process. Random migration of individual SMCs on
fibronectin in 2D over a 12 h period was monitored
using time-lapse videomicroscopy (Fig. 4A). Dedifferen-
tiated TcadC-SMCs migrated most efficiently (highest
mean square displacement (MSD)) by maintaining best
directional persistence (highest directionality ratio) and
migrating most rapidly (Fig. 4B-D). Contractile shTcad-
SMCs exhibited lowest migration efficiently and velocity
and weakest directional persistence.

To test whether migration competence of SMCs might
be determined by the structural characteristics of the
actin cytoskeleton we recorded random SMC migration

Figure 3. T-cadherin-associated SMC phenotype switch alters morphological properties of N-cadherin positive AJs. SMC transductants
were plated onto fibronectin pre-coated glass coverslips or tissue culture dishes for immunofluorescence staining or immunoblotting
protocols, respectively (A) Representative images of SMCs stained for N-cadherin in confluent cell monolayers. Scale bars D 25 mm.
Higher magnification fragments (white squares) from TcadC- and shC-SMCs (in grayscale) illustrate the very different patterns of N-cad-
herin distribution at cell-cell junctions. Cell-cell interface and cadherin fingers are indicated by the open arrow heads. (B) Representative
immunoblots of N-cadherin (with Akt as internal loading control) are presented and quantification of abundancies in the different trans-
ductants is expressed relative to levels in control E SMC. Obtained data are presented as mean § SD.
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in the presence of actin cytoskeleton-modulating phar-
macological compounds.

The first series of experiments tested established tension
force-reducing and stress fiber-disrupting compounds,
namely blebbistatin, a specific inhibitor of myosin II adeno-
sine triphosphatase (ATPase) activity,,40,41 and Y-27632, a
selective inhibitor of Rho-associated, coiled-coil containing
protein kinase (ROCK), and was performed on stress-fiber
enriched shTcad-SMCs (and corresponding control shC-
SMCs). Efficacy of these compounds on stress-fiber disrup-
tion in SMCs is presented in Supplemental Fig. S4. Blebbis-
tatin increased the migration efficiency (MSD) of shTcad-
SMCs only (Fig. 5A), through a greater enhancement of
directional persistence in these cells as compared with shC-
SMCs (e.g., change in directionality ratio (DDR) 0.16 vs.
DDR of 0.04, respectively at 390 min; Fig. 5B). Blebbistatin
did not alter migration velocities (Fig. 5C). Y-27632 strongly
increased the migration efficiency (MSD) of shTcad-SMCs
(Fig. 5A), likely through a greater enhancement of both their
directional persistence (e.g., DDR of 0.14 vs. DDR of 0.06,

for shTcad-SMCs and shC-SMCs, respectively at 390 min;
Fig. 5B) and overall migration velocity (Fig. 5C).

The second series of experiments tested lysophospha-
tidic acid (LPA), an indirect RhoA GTPase activator and
inducer of stress fiber formation,42 and was performed
on stress fiber-deficient TcadC-SMCs (and correspond-
ing control E-SMCs). Efficacy of stress fiber-induction
by LPA in SMCs is illustrated in Supplemental Figure S5.
LPA reduced the migration efficiency (MSD) of TcadC-
SMCs (Fig. 5D) through negative effects on directional
persistence (Fig. 5E) and velocity (Fig. 5F). LPA slightly
increased migration efficiency (MSD) of shC-SMCs, due
to improved directional persistence (Fig. 5D).

Changes in the actin cytoskeleton structure
and actomyosin activity affect SMC migration
in 3D matrix

To examine migration of the SMC phenotypes in a 3-
dimensional (3D) context which would more closely

Figure 4. Dedifferentiated and contractile SMC phenotypes exhibit different modes of random cell migration in 2D monolayer culture.
Migration of SMC transductants sparsely seeded onto fibronectin pre-coated culture was recorded by time lapse videomicroscopy. (A)
Upper panels show typical plots of trajectories from migration origin (n D 100 cells/transductant). (B) Mean square displacement (MSD)
was calculated as a measure of migration efficiency. (C) The directionality ratio (or straightness ratio) was calculated as a measure of
directional persistence: each data point represents the directionality ratio at the given specific time point. Statistical analysis of data for
directionality ratio and MSD was performed using nonlinear regression analysis. Significant differences between E and TcadC and
between shC and shTcad are indicated (����P < 0.0001). E and shC were not different. (D) Migration velocity. Each data point (mean §
SEM) represents measurements on 100 cells in 3 independent experiments. One-way ANOVA followed by Tukey post-hoc testing was
used for statistical analysis. Asterisks indicate significant differences (��P < 0.01; ���P < 0.001). ns, not significantly different.
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resemble in vivomedial SMC tissue organization we used
a spheroid culture model that we have previously used
for endothelial cells18 and tumor cells.43,44 Migration out
from the multicellular spheroids into fibronectin-rich
Matrigel was observable within 24 h (Fig. 6A, B). Both
single cell and collective modes of migration, were appar-
ent in all transductants. However, TcadC-SMCs
migrated out from the spheroids predominantly in a col-
lective manner, whereas shTcad-SMCs formed fewer
protrusions and appeared outside the spheroid body as
single cells or as small cell clusters (Fig. 6A, B). With
continued culture, and in a reflection of the early out-
growth patterns, TcadC- and shTcad-SMC spheroids
exhibited distinct migration efficiencies. TcadC-SMC
spheroids exhibited the greatest outward expansion
capacity (Fig. 6C); they formed the densest network of
protrusions and outgrowing multicellular processes were
the longest and appeared more branched (Fig. 6B).

shTcad-SMC spheroids exhibited the smallest outward
migration capacity (Fig. 6C); they formed the sparsest
network of outgrowth and protrusions were shorter,
appeared poorly branched, and often collapsed in round
cellular clusters (Fig. 6B), suggesting an inability to
migrate collectively.

Effects of actin cytoskeleton-modulating compounds
were also tested in our 3D model. Y-27632 increased out-
ward expansion of shTcad-SMC (by �4-fold) and shC-
SMC (by �2-fold) spheroid bodies (Fig. 7A). Y-27632
endowed the shTcad-SMCs with an improved capacity
to migrate collectively, based on visual assessment of lon-
ger protrusions and a denser network of outgrowth as
compared with untreated condition. Blebbistatin
increased outward expansion of the shTcad-SMC sphe-
roids, also in association with an apparent better collec-
tive migration capacity (Fig. 7B). LPA inhibited
expansion of TcadC-SMC spheroids (Fig. 7C).

Figure 5. Pharmacological modulation of mechanical actin cytoskeleton properties affects the parameters of random migration. Migration
experiments were performed without (control) or with inclusion of polymerized actin content-reducing compound Y-27632 (Y: 5 mM) or
actomyosin activity inhibiting blebbistatin (Bl: 1 mM). In the case of shTcad-SMCs (purple) and shC-SMCs (blue) transductants (A-C), or
actin polymerization-promoting compound LPA (L: 5 nM) in the case of TcadC-SMCs (red) and E-SMCs (green) (D-F). Statistical analysis of
MSD (A, D) and directionality ratio (B, E) was performed using nonlinear regression analysis. (A) Asterisked brackets indicate significant
effects (P < 0.0001) of Bl or Y on the MSD of shTcad-SMCs compared with their untreated counterpart. (B) Asterisked brackets indicate
significant effects (P < 0.0001) of either Bl or Y on shC-SMCs (purple bracket) and shTcad-SMCs (blue bracket) as compared with their
own corresponding (untreated) control. Asterisked double arrowhead denotes significant differences (P < 0.0001) between shC-SMCs and
shTcad-SMCs under each condition (untreated, C Bl or CY). (D, E) Asterisked brackets indicate significant effects (P < 0.0001) of LPA on
E-SMCs (green bracket) and TcadC-SMCs (red bracket) as compared with their own corresponding (untreated) controls. Asterisked double
arrowhead denotes significant a difference (�P < 0.05) between E-SMCs and TcadC-SMCs in the presence of LPA. (C, F) One-way ANOVA
followed by Tukey post-hoc testing was used for statistical analysis of velocity (�P < 0.05, ���P < 0.001, ns, not significant).
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Collectively, the data obtained in 2D and 3D migra-
tion models support that myosin generated traction force
plays only a limited role in cell anchorage, while intrinsic
cellular contractility and tensile stress generated by actin
cytoskeleton plays a dominant role in determining cell
migration capacity during phenotype switching.

Discussion

The past decades have seen significant progress in under-
standing molecular and functional hallmarks of SMC
phenotypic modulation, the complex mechanisms
involving the regulatory circuits of transcription factors
controlling contractile gene expression and crosstalk of
intracellular signaling pathways.45-48 However, there
have been no studies that have interrogated global differ-
ences in adhesive properties between differentiated and
dedifferentiated SMC phenotypes. Here, we have charac-
terized changes in the cell adhesion nexus that occur
during SMC phenotype switching induced by T-cadherin
upregulation (which promotes dedifferentiation)16 and
T-cadherin depletion (which enforce differentiation).16,49

We demonstrate that the phenotype transition process
involves several components of the adhesion nexus:
adhesion molecule expression, cell-matrix adhesion,
organization of intercellular contacts and control of
intracellular tension forces generated by the actin

cytoskeleton. T-cadherin-induced phenotype switching
in SMCs was accompanied by altered cell adhesion to
several ECM substrates, changes in expression profiles of
adhesion-related genes, and reorganization of a5b1- and
integrin anb3-mediated FAs and N-cadherin-based AJs.
Further, the differentiated and dedifferentiated pheno-
types exhibited profound differences with respect to their
directional persistence and velocity of migration in 2D
and their ability to migrate collectively in 3D. These dif-
ferences were attenuated by actin polymerization- and
intracellular tension-modifying compounds, indicating a
key role for the actin cytoskeleton in transitions between
static or migratory phenotypes.

Classical SMC phenotype transition is character-
ized by significant changes in cell morphology and
spreading. 50,11,51 In agreement with this we observed
striking differences in cell-matrix interactions between
differentiated/contractile and dedifferentiated/migra-
tory phenotypes induced by ectopic overexpression or
silencing of T-cadherin (TcadC and shTcad, respec-
tively). Dedifferentiated SMCs showed defective
spreading and a compromised ability to form mature
FAs, the type of FAs which dominated in the contrac-
tile phenotype. This qualitative observation was fur-
ther supported by quantitative FA size comparison
and FAKTyr397 phosphorylation: the contractile phe-
notype exhibited the largest FAs and highest level of

Figure 6. Dedifferentiated and contractile SMC phenotypes exhibit alterations in migration mode in 3D SMC-spheroid culture. SMC-
spheroids were embedded in Matrigel and outward migration monitored over 3 d by image capture. (A) Representative images of sphe-
roids on each day. (B) High magnification fragments (dashed boxes) of full-frame images of TcadC and shTcad SMC-spheroids on days 1
and 3 are shown to illustrate the difference in their mode of outward migration. Scale bars D 100 mm. (C) Morphometric quantification
of expansion (outward migration) capacity. Expansion capacities of the different transductants are expressed relative to that in control E
SMC. Obtained data are given as mean § SD. One-way ANOVA followed by Tukey post-hoc testing was used for statistical analysis.
Asterisks indicate significant differences (��P < 0.01; ���P < 0.001).
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FAKTyr397 phosphorylation, which reflects functional
FA differences in contractile versus dedifferentiated
SMC phenotypes (i.e. the shift from anchorage-opti-
mized, to migration-permitting adhesions).

Cell adhesion mode and strength determine cell
migration properties and are dependent on 2 major fac-
tors, namely adhesion receptor-ligand density and
intrinsic contractility of the cell.52,53 Our qPCR adhesion
molecule profiling in the contractile/differentiated phe-
notype induced by T-cadherin silencing revealed changes
in expression of several integrins, matrix metallopro-
teases and collagens. Interestingly, although this pheno-
type showed better spreading and adhesion to ECM, it
was characterized by an overall lower classical adhesion
molecule expression as compared with dedifferentiated
T-cadherin overexpressing cells. Moreover, change in

cell-matrix adhesion competence was not specific to a
particular type of ECM, but observed on all probed ECM
types. It is often assumed that changes in adhesion mole-
cule profile are primarily required to modify SMC prefer-
ences for certain ECM components.3 However, when
plated on 6 different matrices (collagen- I, II, IV, fibro-
nectin, laminin, and vitronectin), neither contractile nor
dedifferentiated phenotypes showed major preference
for any specific matrix component. This could be inter-
preted to indicate that an overall downregulation in
adhesion capacity during SMC dedifferentiation is
needed to enable a functional switch from an anchorage-
optimized to a migration-optimized mode of
adhesion.13,54 However, it remains unclear as to whether
any specific matrix substrate can crucially regulate the
functional switch during phenotype transition.

Figure 7. Pharmacological modulation of mechanical actin cytoskeleton properties affects SMC migration in 3D. SMC-spheroid migra-
tion experiments were performed without (control) or with inclusion of Y-27632 (Y: 5 mM) or blebbistatin (Bl: 1mM) in the case of
shTcad-SMCs and shC-SMCs (A-C), or LPA (L: 5 nM) in the case of TcadC-SMCs and E-SMCs. Representative images of spheroids after 3 d
culture are shown. Scale bars D 100 mm. Outward migration was quantified after 3 d. Expansion capacities of the shTcad- or TcadC-
SMCs are expressed relative to that in their respective controls (shC- or E-SMCs). Obtained data are given as mean § SD. One-way
ANOVA followed by Tukey post-hoc testing was used for statistical analysis. Asterisks indicate significant differences (�P < 0.05;
��P < 0.01; ���P < 0.001).
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Our findings also suggest that a change in adhesion
molecule profile might not be a primary factor regulating
SMC adhesion and migration properties in the early
stages of SMC phenotype switching. Our study provides
several lines of evidence to indicate that intracellular ten-
sion generated by the alterations in actin cytoskeleton
architecture may play an equally important role in regu-
lating the functional mode of SMC adhesion. FA func-
tion, distribution and stability largely reflect the
intracellular tension distribution landscape during cell
spreading and are dependent on cytoskeletal tension and
traction force.10,11,32 We observed prominent pheno-
type-specific differences in integrin a5b1- and anb3-based
FA distribution and morphometry during cell spreading
on fibronectin. In the contractile shTcad phenotype
integrin anb3-based FA, which usually locate to the cellu-
lar areas of the highest tension,10 were prominently con-
centrated at the free cell edges as large adhesion
complexes. In contrast, anb3-specific FA distribution in
the dedifferentiated TcadC phenotype was typical for
polarized, migrating cells. In the dedifferentiated pheno-
type a5b1-integrin specific FAs acquired a typical elon-
gated morphometry known to engage in matrix
remodeling,55 whereas in the contractile phenotype an
additional large, drop-shaped clustered FA population
localized at the tips of the dense bundles of the actin
fibers and was restricted to lamella, indicative of the
areas where forces exerted on the ECM is high.32 These
high tension areas most likely represent cell anchorage
sites, which the dedifferentiated phenotype is lacking due
to the functional re-specification. Together, these obser-
vations suggest that changes in adhesome during SMC
phenotypic modulation also includes spatial FA redistri-
bution, which might be driven by cellular responses to
changing cellular tension. Our initial intention of immu-
nofluorescence staining for anb3- and a5b1-heterodimers
was to compare the abundance of the 2 receptors between
the SMC phenotypes. However, and even without parame-
ters of abundance, highly prominent differences in subcellu-
lar anb3- and a5b1-specific FA distribution and
morphometry between the phenotypes revealed the impor-
tance of cellular architecture reconfiguration and redistribu-
tion of intracellular tension during SMC phenotype
transition. To our best knowledge, this line of investigation
has never been performed and reported in the context of
SMC phenotype transition. A limitation of our study is the
selectionof only 2fibronectin receptors; it would be interest-
ing to examinewhether other fibronectin-binding integrins
expressed on SMCs (e.g., anb1, a3b1, a4b1, a8b1)

3,21,22

also display phenotype-specific alterations in distribution
and morphometry.

A second line of evidence for cytoskeletal tension
guidance in regulation of functional SMC adhesion

derives from analysis of the distribution of N-cadherin at
AJs. In 2D SMCs form serrated and irregular AJs
enriched with cadherin fingers.35,56 Cadherin finger for-
mation is driven by the intracellular tension generated
by actomyosin activity.57 In agreement with the data on
integrin a5b1- and anb3-specific FA morphometry and
distribution, AJ characteristics of the contractile SMCs
(abundant and rich in long cadherin fingers forming
long clustered structures) reflect high intracellular trac-
tion force whereas AJs of the dedifferentiated phenotype
(smoother with sparsely distributed, shorter cadherin
fingers) reflect lower intracellular traction force. These
morphological differences in AJs suggest functional
divergence between the phenotypes with respect to col-
lective cell behavior. Cadherin finger abundance in AJs
has been associated with SMC collectivization required
for synchronized SMC contraction, while linearization of
AJs was observed in migratory SMC phenotype.35 We
have not compared the strength of AJs between the phe-
notypes. However, a tension force-resistant AJ type is
probably needed to preserve tissue integrity during col-
lective SMC contraction. On the other hand, a mechani-
cal weakening and increased dynamics of AJs might be
expected in dedifferentiated SMC phenotype. Mechani-
cally weaker AJs should favor effective migration to the
site of injury by allowing easier dismantling of static con-
nections between the cells, while still providing coordina-
tion for collective cell migration. Since the chief function
of classical cadherins is to maintain stable cell-cell
connections (and tissue integrity), high abundance of
cadherin fingers perpendicular to the cell-cell interface
in shTcad cells geometrically prolongs the effective
perimeter of cadherin interaction zones, and therefore
should result in mechanically stronger AJs. Although we
did not test whether analogical differences in AJ mor-
phology between the phenotypes are also present in 3D,
or how AJ morphology affects collective cell migration in
3D, it is tempting to speculate that stronger, cadherin
finger-rich AJs prevent effective collective cell migration
into surrounding ECM, while linearization of AJs in
dedifferentiated phenotype should promote such
behavior.

The third line of evidence for a crucial role of
actin cytoskeleton architecture and intracellular ten-
sile force in regulating the functional mode of SMC
adhesion during phenotype transition derives from
experiments with pharmacological manipulation of
actin stress fiber formation. Actin is a primary cyto-
skeletal component required for generation of intra-
cellular tension, and it can produce tensile force by
polymerization, or by association with myosin.58 Our
single cell (2D) and collective cell (3D) migration
analysis showed that despite the global differences in
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adhesion properties between contractile and dediffer-
entiated phenotypes, migratory function of dediffer-
entiated SMCs could be abolished by LPA which
enhances actin polymerization and augmenting actin
cytoskeleton “stiffness” and intracellular tensile force,
whereas the contractile phenotype could be released
from its adhesive anchors by ROCK inhibitor Y-
27632 which reduces fibrous actin density via inhibi-
tion of actin polymerization.

RhoA and ROCK activity modulation can also regu-
late the differentiation status of SMC by transcriptional
regulation: RhoA and ROCK activate pro-differentiation
acting myocardin-related transcription factor entry to
the nucleus, and initiate contractile protein expres-
sion.59-61 Accordingly, ROCK blockade and reduction of
fibrous actin content in the cell promoted SMC dediffer-
entiation.61 However, we associate activation of migra-
tory function in the contractile phenotype by ROCK
inhibitor and its inhibition in the dedifferentiated pheno-
type by LPA treatment with changes in mechanical actin
cytoskeleton properties rather than with transcriptional
regulation. Changes in parameters of SMC random
migration (MSD and directionality ratio) after a short
30 min pre-treatment period were evident at within at
least 120 min of initiating videomicroscopy. The possible
impact of transcriptional ROCK-dependent phenotype
regulation in the 3D-spheroid expansion model is, on
the other hand, more relevant, and cannot be ruled out
completely, since the observation period was consider-
ably longer (1–3 days).

We have exploited 2 in vitro models which evalu-
ate different aspects of the migration process. The
spheroid expansion assay models collective SMC
migration within the tissue. In contrast to random
migration in 2D, effective collective cell expansion
through the ECM requires effective communication
not only with the surrounding matrix, but also
between the cells themselves.62 The close reproduc-
ibility between our 2D and 3D migration models sug-
gests that intrinsic cellular contractility and tensile
stress generated by actin cytoskeleton play a domi-
nant role in determining cell migration capacity dur-
ing phenotype switching.

In addition to characterizing the regulation of
anchorage-migration switch by actin cytoskeleton
during SMC phenotypic modulation, this study has
also expanded knowledge of molecular mechanisms
regulated by T-cadherin in SMCs. Apart from T-cad-
herin, 3 other members of the superfamily are cur-
rently identified in vascular SMCs including classical
Type I N- and R-cadherins and FAT1. T-cadherin
and N-cadherin both belong to a heterogeneous
group of guidance molecules orchestrating spatial

and temporal morphogenetic processes such as navi-
gation of projecting neurons during neural develop-
ment.63,64 N-cadherin has been the most extensively
characterized cadherin member with regard to regu-
lation of SMC migration, proliferation and survival.34

Our recent studies identified T-cadherin as a key
regulator of SMC contractile signaling, matrix
remodeling and differentiation status via Akt/mTOR
and GSK3b transduction axes.15,16 Herein we demon-
strate that T-cadherin-induced phenotype switching
in SMCs is accompanied not only by reconfiguration
of a5b1- and integrin anb3-based FAs and N-cad-
herin-based AJs, but also by alterations in the direc-
tional
persistence of migration in 2D and in the ability to
collectively migrate in 3D. Thus, we speculate that
T-cadherin may serve as a guidance cue for appro-
priate cellular navigation and reorganization within
SMC layers during regenerative or pathological
vascular tissue remodeling.

In conclusion, our results suggest that mechanical
properties of the actin cytoskeleton and its ability to gen-
erate tensile force per se can regulate SMC functional
phenotype. This mechanical regulatory circuit might be
a key factor which enables the behavioral switch from
static cell anchorage to migration. Such regulation
resembles the model of biphasic cell migration response
to increasing adhesion strength,12,13 which in the case of
SMC phenotype transition can occur due to the change
in intrinsic cell contractility, while the ECM ligand den-
sity and its stiffness remain constant.
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