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Abstract—In the present study, expression of T-cadherin was shown to induce intracellular signaling in NIH3T3 fibroblasts:
it activated Racl and Cdc42 (p < 0.01) but not RhoA. T-Cadherin overexpression in human umbilical vein endothelial cells
(HUVEC) using adenoviral constructs induced disassembly of microtubules and polymerization of actin stress fibers,
whereas down-regulation of endogenous T-cadherin expression in HUVEC using lentiviral constructs resulted in micro-
tubule polymerization and a decrease in the number of actin stress fibers. Moreover, suppression of the T-cadherin expres-
sion significantly decreased the endothelial monolayer permeability as compared to the control (p < 0.001).
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Cadherins form a superfamily of molecules responsi-
ble for Ca’"-dependent homophilic cell—cell adhesion.
“Classical” cadherins have an extracellular part with a
specific five-domain organization and transmembrane
and cytoplasmic parts, the cytoplasmic part interacting
with components of the cytoskeleton and providing for
formation of strong cell—cell contacts [1]. T-Cadherin is
an atypical member of the cadherin superfamily. The T-
cadherin structure includes an extracellular part specific
for “classical” cadherins [2], but lacks transmembrane
and cytoplasmic domains, and T-cadherin is membrane-
anchored via glycosylphosphatidylinositol [3]. The
absence of a cytoplasmic part and T-cadherin localiza-
tion in lipid rafts [4] suggest that T-cadherin is unlikely to
mediate formation of stable cell—cell contacts, but rather
is involved in intercellular signaling [4-6].

Because T-cadherin is located on the leading edge of
migrating endothelial cells [7], in the growth cone of
motoneuronal axons spreading towards their targets [8,

Abbreviations: o-GAPDH, glyceraldehyde phosphate dehydro-
genase; GFP, green fluorescent protein; HUVEC, human
umbilical vein endothelial cells; shRNA, short hairpin RNA;
siRNA, small interfering RNA; SRE, serum response element.
* To whom correspondence should be addressed.

9], and also is involved in the growth of small vessels and
capillaries in the course of neoangiogenesis and tumor
angiogenesis [10, 11], it was suggested to be a navigating
receptor. The mechanism responsible for the oriented
growth of vessels and nerves and for cell migration is
based on a homophilic binding of T-cadherin molecules
on the surface of migrating cells interacting with their
environment [3, 10, 12].

In model in vitro experiments the interaction of T-
cadherin molecules on the surface of endothelial cells
resulted in activation of RhoA and Racl signaling path-
ways, changes in the actin cytoskeleton organization, and
replacement of the normal cellular phenotype by a
promigrating one [13]. Moreover, the ability of T-cad-
herin-overexpressing endothelial cells to adhere and
spread over a substrate containing recombinant T-cad-
herin was significantly decreased compared to the control
[12]. But it should be noted that these data were mainly
obtained in studies of the influence of T-cadherin on in
vitro migration, proliferation, and adhesion of endothelial
cells.

Based on earlier results obtained in our laboratory, it
was suggested that T-cadherin should be involved not
only in the de novo growth of vessels and migration of
endothelial cells. Normally, T-cadherin is expressed in
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endothelial and smooth muscular cells and pericytes of
small and large vessels [14], thus T-cadherin is likely to
also play an important role in functioning of mature sta-
ble vessels. In the present work the role of T-cadherin in
the functional activity of endothelial cells and changes in
the cell phenotype during formation of the endothelial
monolayer was studied. The expression of T-cadherin was
found to influence permeability of the endothelial mono-
layer, and T-cadherin was shown to be involved in activa-
tion of intracellular signaling via LIMKI1, Racl, and
Cdc42 GTPases, whereas changes in the T-cadherin
expression led to reorganization of the actin and micro-
tubular cytoskeleton.

MATERIALS AND METHODS

Human umbilical vein endothelial cells (HUVEC) of
the 2nd passage (Cambrex, USA) and the mouse fibro-
blast cell line NIH3T3 (ATCC No. CRL-1658) were
used. HUVEC were cultured in complete EGM-2 medi-
um (Cambrex); the NIH3T3 cells were cultured in
DMEM medium (Gibco, USA) supplemented with peni-
cillin (0.1 mg/ml), streptomycin (0.1 mg/ml), and 10%
fetal calf serum. Electrophoresis and immunoblotting
were performed wusing reagents from Bio-Rad
Laboratories (USA). Primary antibodies to T-cadherin
(ProSci, USA), phosphorylated LIMKI1 kinase (Cell
Signaling Technology, USA), c-Myc epitope (Santa Cruz
Biotechnology, USA), o-tubulin (Sigma, USA), RhoA,
Racl, and Cdc42 GTPases (Santa Cruz Biotechnology),
and glyceraldehyde phosphate dehydrogenase (o-
GAPDH) (Sigma) were used, as well as secondary anti-
bodies conjugated with fluorochrome AlexaFluor594 or
AlexaFluor488, and phalloidin conjugated with
AlexaFluor594 (Molecular Probes, UK).

Cultivation and transfection of eucaryotic cells. Cells
were plated into culture flasks (10* cells/cm?) and cul-
tured in a CO, incubator at 37°C. To overexpress T-cad-
herin in the NIH3T3 cells, a plasmid containing T-cad-
herin cDNA (pcDNA3.1/T-cad) created earlier in our
laboratory [15] or a control plasmid pcDNA3.1
(Invitrogen, USA) were used. On determination of SRE
(serum response element) activity, the NIH3T3 cells were
transfected with plasmids pcDNA3.1/T-cad and
pcDNA3.1, with pCMV-B-Gal plasmid (Clontech,
USA) to express B-galactosidase, and with a plasmid to
express luciferase and SRE-SRE.L (Stratagene, USA).
On determination of SRE activation, a plasmid contain-
ing the plI4RhoGEF gene, which controls guanidine
metabolism and activates Rho GTPases, was used as a
positive control. Activities of Rho GTPases were sup-
pressed using plasmids carrying dominant negative con-
structs RhoN17, RacN17, and Cdc42N19 for RhoA,
Racl, and Cdc42, respectively. To assess the activation of
Rho GTPases by pull-down assay with Sepharose, the
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NIH3T3 cells were transfected with plasmids carrying the
genes of stably active GTPases: for RhoA — RhoV12, for
Racl — RacV12, and for Cdc42 — Cdc42V12. To assess the
influence of T-cadherin overexpression on LIMKI1 acti-
vation, the NIH3T3 cells were co-transfected with plas-
mid pcDNA3.1/T-cad and a myc-LIMKI plasmid
encoding LIMK1 and c-myc-epitope to enhance endoge-
nous expression of LIMKI1 and to monitor the presence
of the transgene in the transfected cells; the control cells
were transfected with plasmids pcDNA3.1 and myc-
LIMKI1. The NIH3T3 cells were transfected using
Lipofectamine2000™ reagent (Invitrogen) as recom-
mended by the producer. To assess the influence of T-
cadherin overexpression on organization of microtubules,
HUVEC were co-transfected with pcDNA3.1/T-cad
plasmid and a plasmid containing the gene encoding the
green fluorescent protein (GFP) for visualization of
transfected cells (pcDNA3.1/GFP); in control the cells
were transfected with pcDNA3.1 and pcDNA3.1/GFP
plasmids. To suppress the T-cadherin expression, the
endothelial cells were co-transfected with small interfer-
ing RNAs (Dharmacon, USA) (siRNA/T-cad) and
pcDNA3.1/GFP plasmid for visualization of the trans-
fected cells; pcDNA3.1/GFP plasmid was used as a con-
trol. The endothelial cells were transfected with
CytoPure-huv (Qbiogen, USA) according to the produc-
er’s instructions. Expressions of T-cadherin, RhoA,
Racl, Cdc42, LIMKI, c-Myc, a-GAPDH, B-catenin,
and VE-cadherin were assessed by immunoblotting using
cell lysates as described in [6].

In vitro determination of endothelial monolayer per-
meability. The endothelial permeability was assessed as
described in [16]. HUVEC of the 2nd passage were plat-
ed (10° cells per well) into the upper chamber onto a
semipermeable membrane of transwell wells (Transwell®;
Corning, USA) with pores 0.4 um in diameter and mem-
brane radius of 6.5 mm. Seventy-two hours later, on pro-
duction of the cell monolayer, the upper chamber of the
transwell wells was supplemented with a solution of dex-
tran conjugated with fluorescent dye FITC (FITC-dex-
tran; Sigma) at the final concentration of 10 pug/ml. After
60 min, a 20 pl aliquot was taken from the lower chamber,
and intensity of the FITC fluorescence was measured at
525 nm. Samples for all subsequent determinations were
taken every 60 min. The experiment was performed in
four parallels and repeated five times. Data are presented
as the mean = standard error of the mean, p < 0.001.

Immunofluorescent staining of endothelial cells.
HUVEC of the 2nd passage were cultured in a
CultureSlide™ plate (Becton Dickinson, USA) up to
monolayer formation and transferred onto serum-free
medium EGM-2 4 h before the experiment. To stabilize
microtubules, the HUVEC were stained with antibodies
to a-tubulin along with an additional incubation in 2 uM
taxol. The cells were fixed in 0.1% glutaraldehyde supple-
mented with 0.1 M sodium cacodylate. After several
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washings in Hanks’ buffer, the cells were incubated in
0.25% Triton X-100. Then the cells were incubated suc-
cessively in 10% serum of the second antibody donor for
30 min to prevent nonspecific binding, then in solution of
primary and secondary antibodies conjugated with
AlexaFluor594 or AlexaFluor488 fluorochrome. After the
washing, the cells were mounted on glasses in Mounting
Medium Vectashield™ medium (Vector Laboratories
Inc, USA). The staining was visualized with an inverted
confocal microscope (Zeiss Axiovert LSM 200M) supple-
mented with an AxioCam HRc digital camera, and the
image was analyzed using programs LSM Image Browser
(Zeiss, Germany), MetaMorph 5.0 (Universal Imaging,
USA), and Scion Image 4.0 (Scion Corporation, USA).

Measurement of SRE activity. Influence of the T-cad-
herin expression on activation of Rho GTPases was studied
using NIH3T3 cells, which did not express T-cadherin.
The NIH3T3 cells were co-transfected with plasmids
pcDNA3.1/T-cad (to overexpress T-cadherin), SRE.L (to
assess the SRE activation), and pCMV-f3-Gal (to normal-
ize to the transfection level). The activation of Rho
GTPases in the cytoplasm (RhoA, Racl, and Cdc42) is
associated with SRE complex activation in the nucleus
[17]. Transfection with a SRE.L plasmid carrying the genes
of SRE and luciferase under the same promoter allowed us
to assess activation of Rho GTPases by measuring the
luciferase activity. The control cells were co-transfected
with pcDNA3.1, SRE.L, and pCMV-B-Gal plasmids. The
cells co-transfected with plasmids pcDNA3.1/T-cad,
SRE.L, pCMV-B-Gal, and p114RhoGEF (a plasmid car-
rying the gene encoding a stably active factor of nucleotide
metabolism responsible for activation of Rho GTPases)
were used as a positive control. To suppress T-cadherin-
mediated activation of SRE, the NIH3T3 cells were co-
transfected with plasmids pcDNA3.1/T-cad, SRE.L, and
pCMV-B-Gal, and with a plasmid carrying a negative
dominant construct for inactivation of Rho GTPases
(RhoN19, RacIN17, and Cdc42N19 for RhoA, Racl, and
Cdc42, respectively). Twenty-four hours after the transfec-
tion, the cells were deprived for 4 h, lysed, and activities of
luciferase and [-galactosidase were determined in the
resulting lysates according to instructions of the producer
(Promega, USA). The experiment was performed in five
parallels and repeated five times. Data are presented as the
means T standard error of the mean, p < 0.01.

Isolation of active Rho GTPases (pull-down assay).
Active Rho GTPases were isolated using Sepharose pre-
cipitation of glutathione-S-transferase (GST-pull-down
assay) with subsequent immunoblotting of precipitated
protein as described in [18]. The GST-pull-down assay is
based on immobilization of GST-containing proteins
(GST-proteins) onto glutathione-Sepharose. We have
used proteins which are effectors of Rho GTPases and
capable of binding active GTP-containing Rho GTPases.
Based on the expressing vector pGEX-2T, two plasmids
containing the PAK-binding domain (PBD) for active
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Racl and Cdc42 GTPases and the Rho-binding domain
(RBD) for binding an active RhoA GTPase were created
in the laboratory of Dr. M. A. Schwartz (Scripps Research
Institute, La Jolla, CA, USA) [19]. During the subse-
quent transformation of the FE. coli strain DHS5 with cor-
responding plasmids, GST-proteins containing the PBD
(GST-PBD) and RBD (GST-RBD) domains were isolat-
ed and purified. GST-proteins were immobilized
overnight onto glutathione-Sepharose (Amersham, USA)
at 4°C. The NIH3T3 cells were transfected with
pcDNA3.1 and pcDNA3.1/T-cad plasmids, and also
with plasmids expressing active Rho GTPases (RhoV12,
RacV12, and Cdc42VI12) as a positive control. Forty-
eight hours after the transfection, the cells were lysed in
lysing buffer (50 mM Tris (pH 7.4), 1% Triton X-100,
0.5% sodium deoxycholate, 500 mM NaCl, 10 mM
MgCl,, protease inhibitors), and the lysates were incubat-
ed with GST-RBD- or GST-PBD-Sepharose at 4°C for
60 min. The Sepharose was precipitated by centrifuga-
tion, and the precipitates were incubated in a standard
lysing Laemmli buffer to remove Sepharose. Active
RhoA, Racl, and Cdc42 GTPases were determined by
electrophoresis in 14% polyacrylamide gel with subse-
quent immunoblotting in the presence of monoclonal
antibodies specific for each GTPase. The total level of
GTPases was determined in the lysate prepared as usual.
Results of three independent experiments are presented.

Overexpression of T-cadherin in endothelial cells
using adenovirus transduction. Overexpression of T-cad-
herin in HUVEC was obtained with constructs created by
us on the basis of the AdEasy™ expressing system
(Quantum Biotechnologies, USA). The resulting adeno-
viral construct provided highly efficient overexpression of
T-cadherin in HUVEC. The T-cadherin overexpression
in the transduced HUVEC was assessed by immunofluo-
rescent staining and immunoblotting with antibodies to
human T-cadherin. In the experiments, HUVEC of the
2nd passage were transduced with a virus encoding cDNA
of human T-cadherin (pAd-T-cad) or with a control virus
(pAd).

Suppression of T-cadherin expression in endothelial
cells by siRNA using lentivirus transduction. The expres-
sion of T-cadherin in HUVEC was suppressed by siRNA
using a pSIHI-H1-CopGFP lentiviral vector (System
Bioscience, USA) prepared for expression of short hair-
pin RNAs (shRNA) and carrying the GFP-encoding
gene as a marker of transduction. The sequence GGT-
GAGTGTCTTAGCATAT located in the 3'-non-trans-
latable region of human T-cadherin mRNA and capable
of being used as an effective target for RNA interference
was chosen using a test-system from Mona Firm
(Moscow, Russia). The pSIH1-H1-CopGFP-shRNA/T-
cad lentiviral construct encoding the hairpin RNA direct-
ed against T-cadherin mRNA (shRNA/T-cad) was
packed into VSV-G pseudotyped lentiviral particles
(System Bioscience) and used for infecting HUVEC cells.
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The pSIH1-H1-CopGFP-shRNA/Luc vector encoding
shRNA against luciferase (shRNA/Luc) was used as a
control construct. Down-regulation of the T-cadherin
expression was confirmed by immunoblotting. The data
were normalized by the a-GAPDH content in the cell.
Statistical processing of results. The data were ana-
lyzed using the Statistica 6.0 program. Results are pre-
sented as the mean values * standard error of the mean.
The differences were considered significant at p < 0.05.

RESULTS

T-Cadherin influences endothelial monolayer perme-
ability. The influence of T-cadherin on in vifro endothe-
lial permeability was assessed by measurement of the cell
monolayer permeability for FITC-dextran molecules.
Endogenous expression of T-cadherin in HUVEC was
suppressed using siRNA. A lentiviral construct encoding
shRNA against mRNA of T-cadherin (shRNA/T-cad)
and a control construct (shRNA/Luc) encoding shRNA
against mRNA of luciferase were packed in pseudoviral
particles that were used for transducing HUVEC.
Suppression of the T-cadherin expression (of both the
mature form, M, 95 kDa, and the precursor, M, 130 kDa)
was confirmed by immunoblotting 72 h later. The expres-
sion of T-cadherin in HUVEC transduced by the control
construct shRNA/Luc was unchanged with respect to
native HUVEC (Fig. 1a). Upon transduction, HUVEC
were cultured up to monolayer formation, and then
FITC-dextran solution was introduced into the upper
chamber of transwell wells. Aliquots of the medium were
taken from the lower chamber every 60 min, and the
FITC fluorescence was measured. Two hours later, the
permeability of the endothelial monolayer with the down-
regulated T-cadherin expression (shRNA/T-cad) was
30% lower than in controls (shRNA/Luc and control)
(Fig. 1b). During the experiment, the endothelial mono-
layer permeability displayed significant differences, and
4 h later the difference was 40%.

It was suggested that the decrease in endothelial
monolayer permeability associated with the down-regula-
tion of T-cadherin expression should be mediated by
changes in the expression and/or location of VE-cadherin
and [-catenin proteins responsible for the strong
cell—cell adhesion of endothelial cells, because disorders
in location of these proteins are known to destroy inter-
cellular adhesion and enhance the endothelial monolayer
permeability [16, 20].

T-Cadherin changes expression of B-catenin but not
of VE-cadherin. This hypothesis was tested on HUVEC
with down-regulated endogenous expression of T-cad-
herin by lentiviral transduction. Locations and expres-
sions of VE-cadherin and p-catenin were assessed by
immunofluorescent staining combined with confocal
microscopy (Fig. 2a; see color insert) and immunoblot-
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Fig. 1. Influence of T-cadherin on endothelial permeability. a)
Analysis of T-cadherin expression in endothelial cells by
immunoblotting: 130 kDa is a T-cadherin precursor, 95 kDa is
mature T-cadherin. b) Assessment of the endothelial cell mono-
layer permeability by determination of FITC-dextran (FITC) flu-
orescence intensity. shRNA/T-cad are HUVEC transduced with
a lentiviral construct down-regulating the T-cadherin expression;
shRNA/Luc are HUVEC transduced with a control construct.
Control are non-transduced HUVEC; p < 0.001.

ting. A semiquantitative evaluation of the fluorescence
intensities revealed (Fig. 2, a and b) a significant differ-
ence between the staining intensity with antibodies to 3-
catenin in the control (shRNA/Luc) and experimental
cells (shRNA/T-cad). This difference was due to
increased contents of B-catenin in the nucleus and cyto-
plasm of cells with the suppressed T-cadherin expression.
These data were confirmed by immunoblotting (Fig. 2¢):
in lysates prepared from the HUVEC with the suppressed
T-cadherin expression (shRNA/T-cad) the P-catenin
content was higher than in the control cells
(shRNA/Luc). The data were normalized by the total
protein level. Thus, down-regulation of the T-cadherin
expression (ShRNA/T-cad) resulted in increase in the 3-
catenin content in the HUVEC.

However, no significant difference was found
between the expression and location of VE-cadherin in
the control HUVEC (shRNA/Luc) and HUVEC with the
suppressed T-cadherin expression (shRNA/T-cad),
although a semiquantitative analysis of fluorescence upon
the staining with antibodies to VE-cadherin in these cells
revealed a tendency for increase in its content in the zone
of adhesive contacts (p > 0.05, data not presented).

T-Cadherin activates GTPases Racl and Cdc42 but
fails to influence RhoA activity. Activation of Rho
GTPases (RhoA, Racl, and Cdc42) is known to regulate
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Fig. 3. T-Cadherin activates SRE. a) Analysis of T-cadherin
expression by immunoblotting in NIH3T3 cells transfected with
pcDNA3.1/T-cad plasmid to express T-cadherin and with a con-
trol plasmid pcDNA3.1. b) Effect of T-cadherin overexpression
in NIH3T3 cells (pcDNA3.1/T-cad) on SRE activation and
activity of Rho GTPases; positive control (pl 14RhoGEF); dom-
inant negative constructs (RacN17, Cdc42N19, and RhoN17),
p <0.01. Designations: Luc, luciferase; 3-Gal, 3-galactosidase.

the endothelial barrier permeability, and this in turn
influences the strength of cell—cell adhesion contacts,
cytoskeleton condition, and activity of actomyosin com-
plex [19, 21]. Based on data on the influence of T-cad-
herin on endothelial monolayer permeability, it was sug-
gested that the T-cadherin effect should be mediated
through activation of Rho GTPases. This hypothesis was
tested by measuring SRE activity reflecting activation of
Rho GTPases, and the activation of Rho GTPases was
also determined by isolation of active Rho GTPases. The
expression of T-cadherin was confirmed by immunoblot-
ting, and its absence in the control cells was shown (Fig.
3a).

To detect the T-cadherin-mediated activation of
SRE, NIH3T3 cells were co-transfected with plasmids
pcDNA3.1/T-cad, SRE.L, and pCMV-B-Gal (pcDNA3.1/
T-cad in Fig. 3b); the control cells were co-transfected
with plasmids pcDNA3.1, SRE.L, and pCMV-B-Gal
(pcDNA3.1). Activation of SRE on T-cadherin expres-
sion in the cells was comparable with that in the positive
control (p114RhoGEF) (Fig. 3b); on co-expression of
plasmids carrying the T-cadherin and pl114RhoGEF
genes the effect was additive—the SRE expression was
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1.57-fold higher than on expression of each of these plas-
mids separately.

All Rho proteins (RhoA, Racl, and Cdc42) are
known to influence SRE activity [19]. To determine the
role of T-cadherin in the activation of each of these
GTPases, we used plasmids carrying dominant negative
constructs RhoN17, RacN17, and Cdc42N 19 that specif-
ically suppressed activities of RhoA, Racl, and Cdc42,
respectively. The co-expression of T-cadherin and
RacN17 and of T-cadherin and Cdc42N19 was associat-
ed with partial suppression of SRE activation, as com-
pared with the expression of T-cadherin alone. However,
on co-expression of plasmids carrying the RhoN17 and
T-cadherin genes the SRE activation corresponded to
that on expression of T-cadherin alone and was compara-
ble to the positive control (p114RhoGEF).

Based on these data, it was suggested that T-cadherin
expression in NIH3T3 cells should mediate SRE activa-
tion, and this indicated that T-cadherin contributed to
intracellular signaling with involvement of Rho GTPases
and also that T-cadherin expression activated Racl and
Cdc42 but failed to influence the RhoA signaling path-
way.

To further confirm the specificity of the observed T-
cadherin effects on activation of Racl and Cdc42, active
forms of Rho GTPases were isolated using lysates of the
NIH3T3 cells transfected with the T-cadherin-contain-
ing plasmid (pcDNA3.1/T-cad) or with the control plas-
mid (pcDNA3.1) by precipitation with Sepharose. The
cells transfected with plasmids carrying genes of stably

active Rac1

total Rac1 |

pcDNAS3.1  pcDNAS3.1/ RacV12
T-cad

b

active Cdc42 | o -l

pcDNA3.1/  Cdc42vi2
T-cad

total Cdc42

pPcDNAS. 1

active RhoA = Jr— l'|1_|
total Rnon |

pcDNA3.1  pcDNAS3.1/ RhoV12
T-cad

Fig. 4. Isolation of active forms of Rho GTPases by precipitation
with Sepharose: a) Racl; b) Cdc42; c) RhoA.
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active forms of Rho GTPases (RhoV12, RacV12, and
Cdc42V12) were used as a positive control. Upon isola-
tion of active Rho GTPases, the T-cadherin expression
was found to activate Racl and Cdc42 to the level com-
parable to that of the positive control (RacVI12 and
Cdc42V12) (Fig. 4, a and b), whereas no activation of
RhoA was observed (Fig. 4c). And on the expression of T-
cadherin in the NIH3T3 cells, the total protein content of
Racl, Cdc42, and RhoA was unchanged as supported by
immunoblotting data. Thus, the T-cadherin expression in
the NIH3T3 cells was shown to activate Racl and Cdc42
GTPases, but not influence the RhoA activity.

T-Cadherin phosphorylates LIMK1 and influences
organization of microtubules in HUVEC. LIMKI1 is an
important component of signaling pathways with involve-
ment of Rho GTPases, which regulates organization of
microtubules and actin cytoskeleton and influences the
endothelial monolayer permeability [22-24]. Inactive
form of LIMKI is co-located with microtubules in
endothelial cells. Phosphorylation (activation) of LIMK1
is associated with dissociation of the LIMKI1 complex
with microtubules, disassembly of the microtubules, and
formation of stress fibers, which leads to contraction of
endothelial cells and increase in the endothelial barrier
permeability [24].

To assess the influence of T-cadherin on the LIMK1
activityy, NIH3T3 cells were co-transfected with
pcDNA3.1/T-cad plasmid to express T-cadherin (or with
pcDNA3.1 in the control) and with myc-LIMKI1 plasmid
to increase expression of LIMKI kinase. The LIMKI1
activity was assessed by immunoblotting. The T-cadherin
expression in the NIH3T3 cells led to increase in the con-
tent of phosphorylated form of LIMK1 as compared to
the control cells, whereas the total amount of LIMKI1
assessed by content of the protein c-Myc was unchanged
(Fig. 5a; see color insert).

Influence of T-cadherin on the microtubular
cytoskeleton in HUVEC was studied using two models:
the T-cadherin overexpression was obtained by transfect-
ing HUVEC with pcDNA3.1/T-cad plasmid, and the T-
cadherin native expression was suppressed by siRNA with
short RNA oligonucleotides (siRNA/T-cad). Suppression
of the T-cadherin expression in HUVEC was assessed by
immunoblotting. Expression of both mature T-cadherin
(M, 95 kDa) and its precursor (M, 130 kDa) was virtually
completely suppressed 48 h later by 100 nM siRNA/T-
cad (Fig. 5b).

The effect of T-cadherin on the microtubular
cytoskeleton in HUVEC was assessed by immunofluores-
cent staining of the microtubules with antibodies to o.-
tubulin. To enhance the native expression of T-cadherin,
HUVEC were co-transfected with pcDNA3.1/T-cad and
pcDNA3.1/GFP plasmids. In the GFP-expressing
HUVEC, the staining intensity with antibodies to o-
tubulin was assessed under conditions of transient trans-
fection. To down-regulate the T-cadherin expression,
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HUVEC were simultaneously transfected with 100 nM of
pcDNA3.1/GFP and siRNA/T-cad plasmids. The tran-
sient transfection of a mammalian cell culture is associat-
ed with a simultaneous occupation of transfected cell by
many molecules of plasmid DNA — up to 100,000 mole-
cules. Therefore, on co-transfection with a mixture of
plasmids virtually any transfected cell displays a mixture
of initial plasmids in the same proportion [25]. The
immunofluorescent staining of HUVEC assessed with
confocal microscopy revealed the influence of T-cad-
herin on organization of the microtubules: the T-cad-
herin overexpression caused disassembly of the micro-
tubules, whereas down-regulation of the T-cadherin
expression induced their polymerization. Figure 5c
(upper panel) presents a characteristic pattern of the
staining: the transfected cell displays expression of GFP
(green fluorescence) and overexpression of T-cadherin,
along with a decreased intensity of staining with antibod-
ies to a-tubulin (red fluorescence) and lowered number
of microtubules as compared to the surrounding non-
transfected cells. A semiquantitative analysis of the fluo-
rescence intensity using the MetaMorph program
revealed that the T-cadherin overexpression was associat-
ed with a significantly decreased staining with antibodies
to a-tubulin (Fig. 5d, to the left, p < 0.05). The lower
panel in Fig. 5c presents the HUVEC cells, and one of the
cells shows the T-cadherin expression suppressed using
siRNA/T-cad (green fluorescence of GFP). This cell dis-
plays higher staining intensity with antibodies to a-tubu-
lin (red fluorescence) and greater number of micro-
tubules than the surrounding non-transfected cells.
Semiquantitative analysis of the fluorescence intensity
using the MetaMorph program revealed that down-regu-
lation of the T-cadherin expression was associated with a
significantly more intensive staining with antibodies to o.-
tubulin than in the control (Fig. 5d, to the right, p <
0.05).

T-Cadherin influences assembly of actin stress fibers
in HUVEC. The endothelial monolayer permeability
directly depends on condition of the actin cytoskeleton—
polymerization of actin stress fibers leads to activation of
actomyosin complex, cell reduction, decrease in the
strength of cell—cell contacts, and increase in the
endothelial monolayer permeability [24]. To assess the
influence of T-cadherin on the actin cytoskeleton in
HUVEC, T-cadherin was overexpressed using adenovirus
transduction or suppressed using lentivirus transduction.
Immunofluorescent staining with fluorescein-labeled
phalloidin, which detects actin filaments, allowed us to
show that overexpression of T-cadherin (pAd-T-cad) in
HUVEC increased polymerization of actin and formation
of stress fibers as compared to the control cells (pAd)
(Fig. 6a; see color insert), whereas suppression of the T-
cadherin expression (shRNA/T-cad) lowered the number
of actin stress fibers as compared to the control
(shRNA/Luc) (Fig. 6b).
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Thus, our data indicated that the T-cadherin expres-
sion influenced the endothelial monolayer permeability,
and T-cadherin overexpression was associated with acti-
vation of the Racl and Cdc42 signaling pathways, phos-
phorylation of LIMKI1 kinase, depolymerization of
microtubules, and assembly of actin stress fibers, whereas
suppression of T-cadherin expression induced polymer-
ization of microtubules, disassembly of actin stress fibers,
and decrease in the endothelial monolayer permeability.

DISCUSSION

The main function of endothelial cells is to maintain
a selective permeability of the vascular wall that limits free
exchange between blood and surrounding tissues. Such
vasoactive substances as thrombin and histamine increase
the endothelial monolayer permeability both in vivo and
in vitro due to activation of intracellular signaling mediat-
ed by Rho GTPases that results in formation of actin
stress fibers, phosphorylation of myosin light chains, acti-
vation of actomyosin contraction in endothelial cells, and
disorders in the organization or functioning of adhesive
cell—cell contacts [16, 19, 21, 23].

To elucidate a possible role of T-cadherin in regula-
tion of the barrier function of endothelium a siRNA
method was used, and down-regulation of the expression
of T-cadherin in HUVEC was found to significantly
decrease in vitro the endothelial monolayer permeability.
It was suggested that this decrease upon suppression of
the expression of T-cadherin in HUVEC should be asso-
ciated with activation of the intracellular signaling medi-
ated by Rho GTPases. Rho GTPases are signaling mole-
cules responsible for regulation of many processes in the
cell, including dynamic changes in the cytoskeleton, cell
adhesion and mobility, permeability of the endothelial
barrier, and integrity of cell—cell contacts, as well as gene
transcription and cell proliferation [22, 23]. The hypoth-
esis of involvement of Rho GTPases in T-cadherin-medi-
ated signaling was tested using the NIH3T3 fibroblast cell
line, which does not express T-cadherin, and the SRE
activity was measured before and after the expression of
T-cadherin in these cells. Because activation of Rho pro-
teins (RhoA, Racl, and Cdc42) in the cytoplasm is asso-
ciated with activation of SRE complex in the nucleus
[17], changes in the SRE activity allowed us to assess acti-
vation of Rho GTPases. We revealed SRE activation in
the NIH3T3 cells upon the expression of T-cadherin, and
this suggested activation of Rho GTPases. To assess a spe-
cific influence of T-cadherin on activity of each Rho
GTPase, active forms of Racl, Cdc42, and RhoA were
isolated, and the T-cadherin expression in the NIH3T3
cells was shown to activate Racl and Cdc42 but fail to
influence the RhoA signaling pathway. The literature data
on the involvement of Racl, Cdc42, and RhoA in regula-
tion of the endothelial monolayer permeability are con-
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tradictory. On one hand, a certain level of Racl activity
was shown to be necessary for maintaining stable
cell—cell adhesion mediated by tight and cadherin-con-
taining contacts [23]. On the other hand, although the
Racl activation prevented assembly of actin stress fibers,
it also caused disorders in the cell—cell adhesion in the
endothelial cell monolayer [20, 23]. The activation of
RhoA in endothelial cells led to formation of actin stress
fibers, actomyosin contraction, and disassembly of cad-
herin contacts [23]. However, the activation of RhoA by
bacterial toxins or a stably active RhoA form (RhoAV14)
was insufficient for effective destruction of cell—cell con-
tacts, and this indicated existence of additional signaling
pathways regulating endothelial permeability [24]. The
role of Cdc42 in regulation of the endothelial barrier per-
meability also remains unclear, although some literature
data suggest that changes in the activity of Cdc42 do not
influence the barrier function of the endothelium [23]. It
seems that activation of specific GTPases and the further
intracellular signaling depend on the cell type, experi-
mental conditions, state of cells (either as a dense mono-
layer or producing new contacts), or whether cell adhe-
sion processes or formation of cell—cell contacts is under
study. For example, adhesion of the T-cadherin overex-
pressing HUVEC on a substrate containing recombinant
T-cadherin was associated with intracellular signaling
pathways through Rho/ROCK and Racl GTPases, and
this resulted in changes in organization of the cytoskele-
ton, cell phenotype, and the cell de-adhesion from the
substrate [12]. However, in the present work we have
found that the expression of T-cadherin induces activa-
tion of Racl and Cdc42 but fails to influence the RhoA
signaling pathway.

The strength of the endothelial barrier is known to
directly depend on the condition of the cytoskeleton:
depolymerization of microtubules is accompanied by
polymerization of actin and formation of stress fibers,
which increases the endothelial barrier permeability [22,
23, 26-28]. Endothelial cells possess a common mecha-
nism for regulation of actin polymerization and depoly-
merization of microtubules: serine-threonine LIMKI1
kinase is an important connecting link between Rho
GTPases, actin cytoskeleton, and microtubules [22-24].
Inactive form of LIMK1 is co-located with microtubules.
Phosphorylation of LIMKI1 results in its deactivation,
and this is accompanied by dissociation of the LIMKI1
complex from microtubules, disassembly of micro-
tubules, stabilization of actin, and formation of stress
fibers. These changes in the cytoskeletal organization of
endothelial cells are accompanied by changes in the cell
phenotype, cell contraction, and increase in the endothe-
lial barrier permeability [26]. Using the NIH3T3 cell line,
we for the first time have shown that the expression of T-
cadherin leads to activation of LIMKI1. These results are
in correlation with our data obtained on HUVEC. The
overexpression of T-cadherin in HUVEC is associated
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with an increased formation of actin stress fibers and
depolymerization of microtubules, whereas suppression
of the T-cadherin expression is associated with reduction
in the number of actin stress fibers, enhancement of poly-
merization of microtubules, and decrease in the endothe-
lial monolayer permeability. Our data on the influence of
T-cadherin expression on microtubules, actin stress
fibers, and regulation of the endothelial permeability are
consistent with data of A. Verin et al. that the endothelial
monolayer strength directly depends on the microtubular
and actin cytoskeleton of endothelial cells, which is phys-
iologically important for functioning of vessels [27, 28].

To better elucidate mechanism of the influence of T-
cadherin on the endothelial monolayer permeability, we
have analyzed expression and location of VE-cadherin
and B-catenin proteins that are responsible for a strong
cell—cell adhesion in endothelial cells. VE-Cadherin is a
specific protein of adhesive contacts in endothelial cells
that provides for relations with the actin cytoskeleton via
interaction with catenins [16]. Destruction of the VE-
cadherin complex with B-catenin by phosphorylation of
proteins within the complex or due to affecting their loca-
tion in the places of cell—cell contacts results in destruc-
tion of the intercellular adhesion and increase in the
endothelial monolayer permeability [16, 20]. The results
of the present work have shown that suppression of the
expression of T-cadherin in HUVEC associated with a
decrease in the endothelial monolayer permeability for
FITC-dextran molecules leads to a significant increase in
the B-catenin content in the nucleus and cytoplasm of the
cells. It seems that down-regulation of the expression of
T-cadherin in endothelial cells is associated with activa-
tion of intracellular signaling pathways with involvement
of B-catenin. The hypothesis about the involvement of 3-
catenin in T-cadherin-mediated signaling is in correla-
tion with data obtained in the laboratory of Dr. T. Resink
that have shown that, although T-cadherin overexpres-
sion does not change the total content of (-catenin in
endothelial cells, it enhances the level of active -catenin
and its accumulation in the nucleus, where the latter
interacts with Lef/Tcf transcription factors and activates
expression of genes responsible for cell proliferation and
regulation of the cell cycle [13].

Despite changes in the P-catenin content in
HUVEC upon suppression of the expression of T-cad-
herin, we have not found significant differences in the
content and location of VE-cadherin. Possibly, changes in
the monolayer permeability in a dense culture of
endothelial cells are regulated not by changes in the VE-
cadherin location in the contact zone on the membrane
surface but by changes in the functional activities of these
contacts. This hypothesis is supported by data on the
influence of activation of Rho/Rac proteins on location
and maturation of cell—cell contacts during formation of
endothelial and epithelial cell monolayers [21]. As differ-
entiated from E-cadherin in epithelial cells, Rho/Rac
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proteins fail to influence the location of VE-cadherin in
endothelial cells, although activation of Rho/Rac pro-
teins results in rearrangements in the cytoskeleton.
However, the endothelial monolayer permeability upon
suppression of the expression of T-cadherin can be also
changed via changes in organization of tight contacts.

The results of the present work are summarized in
the scheme (Fig. 7; see color insert), and T-cadherin is
concluded to be involved in activation of the intracellular
signaling systems. Overexpression of T-cadherin activates
Racl and Cdc42 GTPases, does not influence the Rho
activity, but increases phosphorylation of LIMKI1 kinase,
which induces rearrangements of actin and microtubular
cytoskeleton that in turn influences the endothelial
monolayer permeability.
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