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Previously published reports support the concept that, besides promoting homotypic intercellular
adhesion, cadherins may transfer intracellular signals. However, the signaling pathways triggered
by cadherin clustering and their biological significance are still poorly understood. We report
herein that transfection of VE-cadherin (VEC) cDNA in VEC null endothelial cells induces actin
rearrangement and increases the number of vinculin positive adhesion plaques. VEC expression
augments the level of active Rac but decreases active Rho. Microinjection of a dominant negative
Rac mutant altered stress fiber organization, whereas inhibition of Rho was ineffective. VEC
expression increased protein and mRNA levels of the Rac-specific guanosine exchange factor
Tiam-1 and induced its localization at intercellular junctions. In addition, in the presence of VEC,
the amounts of Tiam, Rac, and the Rac effector PAK as well as the level of PAK phosphorylation
were found increased in the membrane/cytoskeletal fraction. These observations are consistent
with a role of VEC in localizing Rac and its signaling partners in the same membrane compart-
ment, facilitating their reciprocal interaction. Through this mechanism VEC may influence the

constitutive organization of the actin cytoskeleton.

INTRODUCTION

Normal endothelial cells (EC) present a typical cobble-
stone morphology at confluence with an epithelioid phe-
notype. In contrast, when the cells are sparse or intercel-
lular junctions disrupted a fibroblastoid/mesenchimal
morphology predominates. All this implies that establish-
ment of intercellular contacts may transfer intracellular
signals able to mediate changes in cytoskeletal organiza-
tion and cell shape.

Endothelial junctions are complex structures formed by
different transmembrane adhesive proteins linked inside the
cells to a network of cytoskeletal and signaling partners
(Dejana et al., 1999). Cadherins are the major transmembrane
adhesive proteins at adherens junctions; they present a cell-
specific expression pattern (Vleminckx and Kemler, 1999)
and promote homophilic type of interactions (Gumbiner,
2000, and references therein).
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Cadherins establish direct molecular connections with cy-
toplasmic partners that bind to different and specific do-
mains of their cytoplasmic region. Classical cytoplasmic
partners of cadherins are the catenins (a-, B-, and p120)
(Anastasiadis and Reynolds, 2000, and references therein),
which, besides promoting anchorage to actin cytoskeleton,
when released into the cytoplasm, may translocate to the
nucleus and influence gene transcription (Ben-Ze’ev and
Geiger, 1998). In addition, cadherins may associate to
growth factor receptors (Carmeliet ef al., 1999; Pece and
Gutkind, 2000) and some components of their signaling
cascade such as Shc (Xu et al., 1997) phosphatidylinositol
3-kinase (Carmeliet et al., 1999; Pece et al., 1999), and various
protein phosphatases (Zondag et al., 2000b, and references
therein). These types of interactions may play a role in
controlling growth factor signaling.

Among different junctional proteins, cadherins are good
candidates as mediators of the change in cytoskeletal orga-
nization observed during the mesenchymal-epithelioid shift.
Loss of cadherins is a frequent phenomenon in the mesen-
chymal transition of tumor cells acquiring invasive proper-
ties. In many tumors cadherin expression was negatively
correlated to the invasive and dedifferentiated properties of
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the cells (Yap, 1998). However, the molecular mechanism
through which cadherins may influence cytoskeletal organi-
zation and cell shape is still unknown.

VE-cadherin (VEC) is exclusively expressed in the endo-
thelium and regulates fundamental activities of this tissue
(Dejana et al., 1999). Inactivation of VEC expression by gene
targeting results in early embryonic lethality due to impair-
ment of vascular organization and remodeling (Carmeliet et
al., 1999). Antibodies blocking VEC adhesion and clustering
strongly affect formation of new vascular structures in adult
animals (Liao ef al., 2000) and increase permeability of con-
stitutive vessels (Corada ef al., 1999).

In the present work we studied the effect of VEC in
modulating EC epithelioid shape and actin cytoskeleton or-
ganization. To this end we produced EC in which the VEC
gene was inactivated by gene targeting (VEC null EC). VEC
cDNA was then transduced into the same lines (VEC posi-
tive EC) and the populations were compared. We found that
expression of VEC alone is sufficient to determine the tran-
sition from a fibroblastoid to a well spread, cobblestone,
endothelial morphology. These modifications were accom-
panied by reorganization of actin stress fibers and increased
number of vinculin positive focal contacts. We also observed
that VEC induces activation of Rac and that this small
GTPase plays an important role in actin organization in EC.
Furthermore, expression of VEC increases the concentration
of the Rac-specific guanosine exchange factor (GEF) Tiam
(Michiels et al., 1995), Rac effector p-21 activated kinase
(PAK) (Aspenstrom, 1999) as well as Rac itself in the mem-
brane/cytoskeletal compartment. In this fraction we also
found a higher amount of PAK phosphorylated at positions
required for its sustained activity (Manser et al., 1997; Lei et
al., 2000; Sells et al., 2000). These activities were lost in VEC
mutants lacking either the carboxyterminal catenin binding
domain or the juxtamembrane p120 binding region. Overall,
these data show that, in resting EC, VEC can modulate the
activity of small GTPases, which in turn influence the cellu-
lar phenotype. This effect is important in modulating actin
cytoskeleton and cell shape and, as a consequence, cell
spreading and adhesion to the substrate.

MATERIALS AND METHODS

Cells and Culture Conditions

EC with homozygous null mutation of VEC gene (VEC null) were
isolated from both embryonic stem cells and 9.0-d postcoitum em-
bryos (Carmeliet ef al., 1999; Balconi et al., 2000). The homogeneous
endothelial nature of the cultures was proved by fluorescence-
activated cell sorting (FACS), Western blot, and immunofluores-
cence microscopy with antibodies to endothelial markers as de-
scribed in RESULTS. To express wild-type (Breviario et al., 1995)
and mutant forms of the protein in VEC null EC we used retroviral
vectors as described (Grignani ef al., 1998). Mutant forms were as
follows: Ap120 (deleted aa 621-702 of human VEC ¢cDNA, which
corresponds to p120 binding region; Lampugnani et al., 1997; Thore-
son et al., 2000), ABcat (truncated aa 703-784 of human VEC cDNA,
which correspond to B-catenin binding region; Navarro et al., 1995),
and IL2-VE (with VEC cytoplasmic domain, aa 621-784, linked to
the extracellular and transmembrane domains of interleukin-2 [IL-2]
receptor a-chain; donated by Dr. Andrew Kowalczyk, Emery Uni-
versity, Atlanta, GA; LaFlamme et al., 1994). The different cDNA
fragments where cloned into PINCO plasmids, which were trans-
fected in amphotrophic Phoenix packaging cells and the culture
supernatant containing viral particles used to infect VEC null EC as
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Figure 1. Endothelial markers and junctional molecules in VEC
null and positive EC. (A) When examined by immunofluorescence
microscopy the neo-expressed VEC was concentrated to intercellu-
lar contacts in VEC positive cells (b). In both VEC null and positive
cells the endothelial junctional markers PECAM (c and d) and JAM
(e and f) were concentrated at cell-cell contacts. Bar, 20 um. (B) VEC
null cells were found positive in Western blot for the endothelial-
selective VEGF and angiopoietin 1 receptors VEGFR-2 and Tie 2,
respectively, as well as for the transforming growth factor-B core-
ceptor endoglin. The level of endothelial markers was comparable
in VEC null and positive EC.

described in detail in Introna et al. (1998). The Phoenix cell line and
the PINCO plasmid were obtained through the courtesy of Dr. P.G.
Pelicci (European Institute of Oncology, Milan, Italy) and their use
was authorized by Dr. Nolan (Department of Molecular Pharma-
cology, Stanford University, Palo Alto, CA). The efficiency of cDNA
transfer was tested measuring the expression of VEC protein by
FACS analysis and was >60% in most infections. To avoid clonal
selection heterogeneity, cells were sorted by FACS and homoge-
neous cell populations expressing VEC by >90% were used for the
experiments.

Cells were routinely cultured in DMEM with 20% fetal calf serum
(FCS), endothelial cell growth supplement, and heparin (mainte-
nance medium; Balconi et al., 2000) on gelatin-coated tissue culture
vessels. Human umbilical vein EC (HUVEC) were cultured in M199
and 20% newborn calf serum with the same supplements and
coating. For the experiments, cells were put in suspension by using
trypsin-EDTA (Balconi et al., 2000) seeded at the concentrations
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Figure 2. VEC expression modifies actin and vinculin organization in EC. VEC null and VEC positive cells formed morphologically different
monolayers as observed at phase contrast (a and b). The organization of actin stress fibers was deeply modified by the expression of VEC
(cand d). Actin stress fibers were thick and short in VEC positive cells (d) in comparison with the thin and elongated fibers in VEC null cells
(c). Distribution of vinculin positive adhesion plaques (e and f) at the end of the actin stress fibers reflected the different setting of actin
microfilaments. Vinculin positive plaques were numerous and marked the cell margins in VEC positive cells (f). They were few, thin, and
mostly polar in VEC null cells (e). EC isolated from 9.0-d-postcoitum embyros with wild-type (h and 1) or homozygous null mutation of VEC
gene (g and i) showed differences in thickness and organization of actin stress fibers and vinculin positive adhesion plaques comparable with
EC differentiated from embryonic stem (ES) cells. Cells in c-1 were double stained for vinculin and actin. Black bar, 100 wm; white bar, 20 wm.
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Figure 3. VEC antibodies disorganize actin and vinculin in VEC positive murine EC and in HUVEC. VEC positive murine EC (A) responded
to monoclonal antibodies in a way comparable to HUVEC (B). As reported previously in detail (Corada et al., 1999) VEC antibodies induced
release of VEC from cell-cell junctions (f in A and B in comparison with control antibodies in e in A and B). This effect paralleled a strong
reduction of actin stress fibers (compare b with control a both in A and B) and loss of the vinculin positive adhesion plaques (compare d with
control ¢ both in A and B). The cells shown in the figure were treated with the antibodies for 7 h. For analysis in immunofluorescence
microscopy they were double labeled for vinculin (c and d) and actin (a and b) or labeled for VEC (e and f). Bar, 20 um.
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Figure 4. Activity of Rac-1 and
Rho-A in VEC null and VEC pos-
itive EC. (A) GTP-bound Rac re-
covered in pulldown experi-
ments with recombinant PBD-
GST was twice as much in VEC
positive in comparison with VEC
null EC. The mean fold increase
over control VEC null = SD of
five experiments is reported in
the right panel. This difference
was slightly reduced (to 1.6 in-
crease), but still significant, after
stimulation with FCS for 9 min.
(B) GTP-bound Rho could not be
recovered in pulldown experi-
ments with recombinant RBD-
GST from unstimulated VEC null
or VEC positive EC. After stimu-
lation with FCS for 3 min GTP-
Rho became measurable and it
was 1.6-fold more in VEC null
than in VEC positive cells. The
mean fold increase over FCS-
stimulated VEC positive + SD of
five experiments is shown in the
right panel.

A

VE-Cadherin and Actin Cytoskeleton

indicated in the specific sections, and cultured for 2 d in mainte-
nance medium. Cell layers were then washed once with MCDB131
(Invitrogen, Carlsbad, CA) and cultured in MCDB131 with 1%
bovine serum albumin for further total 40 h with one wash and

change of medium after 24 h.

Antibodies

Mouse monoclonal antibodies were as follows: anti-Rac-1 (clone
23A8; Upstate Biotechnology, Lake Placid, NY), anti-RhoA (clone
26C4; Santa Cruz Biotechnology, Santa Cruz, CA), anti-vinculin
(clone hVIN-1; Sigma Chemical, St. Louis, MO), anti-p120 and anti-
B-catenin (both from Transduction Laboratories, Lexington, KY),
and anti-VEC (clone BV9, to VEC extracellular domain; Corada et
al., 1999). Rat monoclonal antibodies were as follows: anti-platelet
endothelial cell adhesion molecule (PECAM), anti-junctional adhe-
sion molecule (JAM) (clone Mec 7.46 and BV12, respectively; Corada
et al., 1999), and anti-endoglin (clone MJ]7/18; BD PharMingen, San
Diego, CA). Rabbit polyclonal antibodies anti-Tiam (C-16), Tie 2,
and VEGF-R2 (C-1158) were all from Santa Cruz Biotechnology.
Goat polyclonal anti-VEC (to VEC carboxyterminal region) was
from Research Diagnostics (Flanders, NJ). Anti-PAK were rabbit
polyclonal antibodies both from Santa Cruz Biotechnology and Cell
Signaling Technology (Beverly, MA). Anti-phospho-PAK (Ser 199/
204) and anti-phospho-PAK (Thr 423) were rabbit polyclonal from

Cell Signaling Technology.
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Immunofluorescence Microscopy

Cells (1.0 X 10°/well VEC positive, VEC null, and VEC mutants or
0.7 X 10°/well HUVEC) were cultured on fibronectin-coated glass
coverslips set in 2-cm? wells as described in detail in Corada et al.
(1999), in 1 ml of the media indicated above. Fixation was in 3%
formaldehyde from paraformaldehyde (PAF) for 15 min and was
followed by permeabilization with 0.5% Triton X (TX)-100 before
staining. Best junctional staining for Tiam was obtained fixing and
permeabilizing cells at the same time with 0.5% TX-100 in 3% PAF
for 3 min followed by 3% PAF for further 15 min. After incubation
with the primary antibody for 1 h cells were double labeled with the
appropriate tetramethylrhodamine B isothiocyanate (TRITC)-conju-
gated secondary antibody and fluorescein isothiocyanate-phalloidin
for 45 min. Samples were examined under a Zeiss Axiophot or a
Leica DMR fluorescence microscope and images recorded on 3200
ASA Kodak films or with a Hamamatsu 3 charge-coupled device
camera before processing through Adobe Photoshop for Macintosh.
In vivo treatment with blocking antibodies to VEC (80 ug/ml affin-
ity-purified immunoglobulins; clone BV9) was for 7 h before fixa-
tion as described by Corada ef al. (1999).

Microinjection

Cells were cultured on glass coverslips as described in the previous
section. Production of recombinant proteins and microinjection pro-
cedure were as described in detail in Braga et al. (1997). After

1179



M.G. Lampugani et al.

VEC positive

VEC null

Figure 5. Actin reorganization in response to N17Rac microinjection in VEC null and VEC positive EC. VEC positive EC responded to
microinjected N17Rac with a strong reduction of actin stress fibers (a). After the same treatment VEC null did not show appreciable
modification of actin microfilaments (c). Microinjected cells were TRITC-dextran labeled as shown in b and d. They are indicated by
arrowheads in a and c. The effects presented in the figure were observed 1 h after microinjection, but similar responses were already present

30 min after injection (our unpublished data). Bar, 20 um.

microinjection, samples were processed for immunofluorescence
microscopy as described in the previous section.

Cell Fractionation and Western Blot

Cells (2.5 X 10°) were seeded in 50-cm? Petri dishes and cultured as
described under “Cells and Culture Conditions.” Cell membrane
and cytosolic fractions were obtained exactly as described by del
Pozo et al. (2000). Briefly, cell layers were washed twice with ice-
cold phosphate-buffered saline (PBS), scraped in ice-cold hypotonic
lysis buffer (500 ul), homogenized with a Dounce homogenizer, and
separated by two steps of centrifugation. Protein content was mea-
sured with the bicinchoninic acid method (Pierce Chemical, Rock-
ford, IL). PAGE electrophoresis followed by protein transfer on
nitrocellulose membrane for Western blot was used to analyze the
samples. Forty micrograms of proteins was loaded per gel lane. This
amount corresponded to approximately one-fiftieth of the soluble
fraction and one-eighth of the particulate fraction. Total cell extracts
were obtained washing twice the cell layer with PBS at room tem-
perature and scraping the cells in boiling Laemmli sample buffer
(500 ul) and immediately boiling the extract for further 5 min. To
test for the presence of more than one antigen with distinct molec-
ular weight in the same sample, the nitrocellulose membrane was
either reprobed in sequence with different primary antibodies or it
was cut perpendicularly to the direction of run and the separated
sheets probed in parallel with different antibodies. The intensity of
the bands was quantified on a G4 Macintosh computer by using the
NIH Image 1.62 program developed at the National Institutes of
Health and available at http://rsb.info.nih.gov/nih-image/.

Rho and Rac Activity Assay

To recognize GTP-bound Rac and GTP-bound Rho, respectively,
recombinant p21-binding domain of PAK1 (PBD) and Rho-binding
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domain of rhotekin (RBD) fused to glutathione S-transferase (GST)
were prepared using the constructs obtained through the courtesy
of Dr. M.A. Schwartz (Scripps Research Institute, La Jolla, CA)
following the protocol described by Ren et al. (1999) and del Pozo et
al. (2000).

Cells cultured in 50-cm? Petri dishes, as described in the previous
section, were washed once with ice-cold PBS and scraped in ice-cold
lysis buffer (50 mM Tris pH 7.5, 1% TX-100, 0.5% sodium deoxy-
cholate, 0.1% SDS, 150 mM NaCl [500 mM NacCl for pull down with
RBD-GST], 10 mM MgCl,, 1 mM dithiothreitol, 10 ug/ml leupeptin,
10 pg/ml pepstatin, 1 mM phenylmethylsulfonyl fluoride). Cell
extracts were centrifuged at 15,000 rpm for 5 min and the superna-
tants were incubated with 20 ug of recombinant PBD-GST or RBD-
GST (precoupled to Sepharose-glutathione beads; Amersham Bio-
sciences, Piscataway, NJ) for 40 min at 4°C. The beads were then
washed four times with washing buffer (50 mM Tris pH 7.5, 1%
TX-100, 150 mM NaCl, 10 mM MgCl,, 1 mM dithiothreitol, 10
pg/ml leupeptin, 10 ug/ml pepstatin, 1 mM phenylmethylsulfonyl
fluoride) and eluted by boiling in Laemmli sample buffer for 5 min.
Samples were then probed by Western immunoblotting for the
presence of Rac-1 or Rho-A. Total cell extracts were prepared and
run in parallel for normalization. To test for the specificity of the
GTP-bound GTPases some samples were loaded with GDP before
incubation with the resins. To this purpose, the lysates were pre-
pared without MgCl, and with 2 mM EDTA pH 7.5 and incubated
for 10 min at room temperature, before adding 1 mM GDP, 10 mM
MgCl,, and the resin.

Northern Blot

To test for Tiam transcript, mRNA was isolated, separated (3.5
pg/lane), and transferred on nitrocellulose membranes by using
standard procedures. A cDNA fragment obtained by polymerase

Molecular Biology of the Cell



Figure 6. Actin reorganization in iti
response to L63Rho and C3 micro- A VEC positive
injection in VEC null and VEC pos- L63Rho

itive EC. (A) Microinjection of the
constitutively active L63Rho in-
duced formation of thick cables of
actin stress fibers both in VEC posi-
tive and null EC (a and e). In null
cells this effect was followed by con-
traction (e, arrowheads, and g). In
contrast, microinjected VEC positive
cells remained mostly flat (a, arrow-
heads, and c). Microinjection of C3
transferase did not modify actin
stress fibers either in VEC null (f) or
VEC positive EC (b). Microinjected
cells were TRITC-dextran labeled as
shown in ¢, d, g, and h. The figure
reports the effects observed 1 h after
microinjection. Bar, 30 um. (B) In
keratinocytes, the same preparation
of C3 transferase as in A (0.1 mg/ml
for 1 h) microjniected on the same
day as for the experiments in A in-
duced dissolution (arrows, in micro-
injected cells, 1) of the peripheral
ring of actin stress fibers (arrow-
head, in control cells, 1) and diffusion
of E-cadherin from cell-cell contacts
(asterisks, m). i shows microjniected
cells labeled with TRITC-dextran.

chain reaction amplification (nucleotides 953-1059) of the murine
sequence (Habets ef al., 1994) was used to prepare the radiolabeled
probe. The transcript recognized by the probe was 7.2 kb.

RESULTS

Expression of VEC Changes EC Morphology and
Actin Cytoskeletal Organization

Murine EC carrying a null mutation of VEC gene (VEC null)
do not express VEC but maintain control levels of endothe-
lial specific markers such as VEGFR-2, Tie2, endoglin, and
junctional proteins such as B-catenin, p120, PECAM, occlu-
din, zonula occludens 1, and JAM (Figures 1 and 9; Carme-
liet et al., 1999). When VEC cDNA was retrovirally trans-
duced into these cells the protein was correctly expressed
and homogenously distributed at cell-cell contacts in all the
cell population (Figure 1; VEC positive cells). As reported in
Figure 2, a and b, VEC null and positive cells show a distinct
morphology. VEC positive cells have a rhomboid to polyg-
onal shape and organize regular monolayers with no cell
overlapping. VEC null cells have a triangular, fibroblastoid
shape and form irregular layers with cell edge overlappings.

When the organization of actin stress fibers was exam-
ined, VEC positive cells presented thick actin stress fibers
mostly disposed in a zig-zag pattern in part connecting the
two longer sides of the cell and in part ending in the middle
of the cell body. At the ends of actin stress fibers vinculin
positive adhesion plaques were present (Figure 2, d and f).
VEC null cells have thin actin stress fibers arranged in a
parallel pattern along the major axis of the cell and ending in
thin, elongated vinculin positive adhesion plaques (Figure 2,
c and e). The density of adhesion plaque was of 44 = 6.8 and
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VE-Cadherin and Actin Cytoskeleton

VEC null

20 * 3.5/500 um? for VEC positive and VE null cells, re-
spectively.

When the morphology of EC obtained from embryos car-
rying a null mutation for VEC (Figure 2, g and i) was
compared with that of EC from control animals (Figure 2, h
and 1) we found that, also in this case, VEC positive cells
presented better organized stress fibers (Figure 2, g and h)
and a higher number of focal contacts (Figure 2, i and 1). The
experiments reported in the following sections were per-
formed using EC derived from embryonic stem cells. The
same experiments were repeated at least once using EC from
early embryos (Figure 2) with comparable results.

To test whether VEC needs to be engaged at intercellular
junctions to maintain its effects, we exposed VEC positive
cells (Figure 3A) and HUVEC (Figure 3B) to blocking anti-
VEC monoclonal antibodies (mAbs) able to disrupt VEC
junctional clusters (Figure 3, A and B, e and f) without
affecting the distribution of other junctional molecules (Co-
rada et al., 1999, 2001). As reported in Figure 3, A and B, a-d,
these mAbs induced rearrangement of actin filaments and
pulverization of vinculin positive adhesion plaques in both
cell types.

VEC Expression Activates Rac

General cell morphology, actin stress fibers, and cell shape
are regulated by the Rho family of small GTPases (Hall,
1998). Therefore, the observations reported above prompted
us to examine the state of activation of Rho and Rac in the
presence or absence of VEC (Figure 4).

The active GTP-bound forms of Rac and Rho GTPases
were isolated using the recombinant proteins PBD-GST and

1181



M.G. Lampugani et al.

A VEC null

VEC positive

B Tiam

aw1 ey

VE-cadherin -

VEC positive
+ antl-VEc Figure 7. (A) Junctional local-
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(a) localized Tiam to intercellular
junctions. Antibodies to VEC that
disrupted VEC clusters at junc-
tions (Figure 3) also induced dis-
appearance of Tiam from cell-cell
contacts (c). Bar, 20 um. (B) Dis-
tribution of Rac activators and ef-
fectors between soluble and par-
ticulate fractions in VEC null and
positive EC. When tested by
Western blot, the Rac GEF Tiam
was twofold concentrated in the
particulate fraction of VEC posi-
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soluble pa rticulate total tively distributed in this fraction.
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RBD-GST, respectively. GTP-Rac could be detected in un-
stimulated cells and was twofold more in VEC positive than
in VEC null cells (Figure 4A). After acute, short-lasting
stimulation with serum for 9 min GTP-Rac increased 1.3-
and 1.6-fold in VEC positive and VEC null cells, respec-
tively, reducing the difference to 1.6-fold (Figure 4A).
GTP-bound Rho was undetectable in control cells (Figure
4B) and could be measured only after stimulation with
serum for 3 min. At variance with GTP-Rac, GTP-Rho was
1.6-fold more abundant in VEC null than in VEC positive
cells (Figure 4B).

Activation of Rac Is Required for Actin Stress Fiber
Organization

The relative contribution of Rac and Rho to actin organiza-
tion in VEC null and positive cells was further studied by
microinjecting the cells with dominant negative Rac
(N17Rac). In VEC positive cells N17Rac disassembled actin
stress fibers in 80% of microinjected cells within 1 h (Figure
5a). In VEC null cells N17 Rac had virtually no effect (Figure
5¢; mean number of stress fibers = SD was 15 = 5 and 12 =
5 for each of 20 control or N17-injected cells).

The microinjection of a constitutively active form of Rac
(L61Rac) in VEC negative cells induced a phenotype similar
to that of VEC positive cells (our unpublished data). These
observations suggest that Rac activation is required for
stress fibers organization induced by VEC expression. This
hypothesis was further challenged using a constitutively
active form of Rho (L63Rho). The reasoning was that if the
more active Rac is present the better it could counterbalance
the effect of active Rho as suggested by various reports
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(Sander et al., 1999; Zondag et al., 2000a). In VEC positive
cells L63Rho increased the number of actin stress fibers and
modified their shape and distribution within the cells, in-
ducing deposition of bundles of thick actin stress fibers
along the longest axis of the cell (Figure 6a). VEC null cells
were more susceptible to the action of L63Rho, and not only
presented a strong increase in number and dimension of
actin microfilaments but also appeared strongly contracted
(Figure 6, e and g). The Rho inhibitor C3 did not change actin
organization either in VEC positive or null cells (Figure 6, b and
f). Similarly, in resting, confluent HUVEC, N17Rac disassem-
bled actin stress fibers in >70% of microinjected cells, whereas
C3 induced disappearance of actin stress fibers only in 20% of
microinjected cells (our unpublished data). Different prepara-
tions of C3, effective in disassembling actin stress fibers in
epithelial cells, gave results comparable to the ones reported
above when tested in VEC positive cells, VEC null cells, and
HUVEC. The same preparation of C3 used on the same day on
keratinocytes disorganized actin stress fibers and junctional
E-cadherin (Figure 6B).

VEC Concentrates Rac, PAK, and Tiam in
Particulate Compartment

The association of Rac (del Pozo et al., 2000) and its partners
(Stam ef al., 1997) to the membrane/cytoskeletal compart-
ment appears crucial for local and selective activation of the
related signaling pathways. VEC positive and null EC were
fractionated into soluble and particulate fractions corre-
sponding to cytosol and membranes/cytoskeleton, respec-
tively (del Pozo et al., 2000). We then analyzed expression
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Figure 8. Effect of VEC antibodies on Rac-1 activity and distribution between soluble and particulate fraction. (A) Incubation of EC with
VEC antibodies for 7 h did not modify the amount of GTP-Rac recovered in pulldown experiments with PBD-GST in both VEC positive and
negative EC. (B) Rac is 2 * 0.4-fold (mean * SD from five experiments) more concentrated in the pellet of VEC positive than VEC null EC.
Incubation of the cells with a VEC mAb reduced the particulate Rac by ~50% in VEC positive EC, leading to values similar to VEC null cells.
Graphics on the right report Rac fold increase in the respective fractions. For soluble and particulate fractions the reference level is soluble
Rac in control VEC null. For the total, the reference value is Rac in control VEC null. The mean = SD of three experiments is reported.

and distribution of Rac, the selective Rac activator Tiam-1,
and the Rac effector PAK (Aspenstrom, 1999).

As shown in Figure 7B when antibodies against Tiam were
used, we observed more (2 = 0.28-fold; mean * SD of five
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experiments) Tiam in the particulate fraction of VEC positive
compared with null cells. The amount of the antigen detected
in total extract of VEC positive cells was 1.8 = 0.3-fold (mean =
SD of five experiments) higher than in VEC null. The reactivity
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and Thr 423 are Western blot performed using two antibodies that recognize PAK only when phosphorylated in these respective positions.
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of the antibody for Tiam was specific and was blocked by the
corresponding immunopeptide (our unpublished data). These
data indicate that expression of VEC increases Tiam protein
levels and distribution in the particulate fraction. These obser-
vations were further confirmed by Northern blot analysis of
Tiam mRNA. As reported in Figure 7C expression of VEC
induced a twofold increase in Tiam mRNA in comparison with
null cells. In addition, Tiam colocalized with VEC at intercel-
lular junctions only in VEC positive but not in VEC null cells
(Figure 7A, a and b) and the antibody that induces diffusion of
VEC out of junctions (Figure 3A) also caused loss of Tiam from
cell-cell contacts of VEC positive EC (Figure 7A, c). As reported
in Figures 8B and 9, Rac and its effector PAK were concentrated
at higher levels in the membrane pellet of VEC positive cells
2 * 04- and 1.6 = 0.1-fold (mean of five experiments = SD,
respectively, vs. VEC null cells). When PAK phosphorylation
at positions Ser 199-204 and Thr 423, an index of PAK activa-
tion (Manser et al., 1997; Lei et al., 2000; Sells et al., 2000), was
tested using specific antibodies, 2.5- and 2-fold increase in the
level of Ser 199204 and Thr 423, respectively, was observed in
the particulate fraction of VEC positive in comparison with
VEC null cells (Figure 9, middle). VEC was almost exclusively
present in the particulate fraction (Figure 7B).

VEC Antibodies Reduce Rac Level and PAK
Phosphorylation in Particulate Compartment

VEC antibody that affects actin and vinculin organization
(Figure 3) and VEC and Tiam distribution (Figures 3 and 7,
respectively) reduced Rac in the particulate fraction of VEC
positive cells by 40-50% (Figure 8B). The antibody had no
effect on the level of active Rac (Figure 8A). It also did not
reduce particulate fraction-associated Tiam and VEC (our
unpublished data) as well as PAK (Figure 9, middle). It
reduced PAK phosphorylation in the particulate fraction by
50—-60% both at the level of Ser 199204 and Thr 423 (Figure
9, middle).

Wild-Type VEC Is Necessary for Rac Activation and
for Reshaping Actin Stress Fibers

To the aim of defining the region of VEC responsible for the
effects described above, various endothelial mutants ex-
pressing different truncated forms of VEC have been pro-
duced. The mutant cDNAs were transduced into VEC null
EC as described above. The mutants were as follows: 1)
Apcat, truncated in the carboxyterminal cytoplasmic domain
responsible for VEC binding to - and y-catenins (Navarro et
al., 1995); 2) Ap120, truncated in the juxtamembrane half of
the cytoplasmic domain responsible for binding to p120
(Lampugnani et al., 1997; Thoreson et al., 2000); and 3) IL2-
VE, where the cadherin extracellular domain was substi-
tuted with the IL-2 receptor sequence linked to the cadherin
cytoplasmic tail (Figure 10). The mutants were expressed at
levels comparable to the wild type (Figure 10) and were
correctly distributed to the plasma membrane; indeed, a
similar amount of labeled VEC molecules was recovered
from surface biotinylated wild-type and mutant cells (our
unpublished data). ABcat and Ap120 could be found at
cell-cell junctions (Figure 11, d and g), whereas IL2-VE re-
mained diffused on the cell membrane (Figure 11, 1). The
mutants coimmunoprecipitated (Figure 10) with the ex-
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Figure 10. Association of catenins to VEC mutants. Mutant cDNAs
with deletion of the cytoplasmic domain required for p120 (Ap120),
or B-catenin (ABcat) binding, or with substitution of the extracellu-
lar domain with the extracellular domain of the IL-2 receptor (IL2-
VE) (bottom) were transduced into VEC null cells. By immunopre-
cipitation and Western blot analysis VEC mutants were expressed at
the expected molecular weight of ~110 kDa for Ap120 and Apcat
and 50 kDa for IL2-VE, in comparison to 120 kDa of the full-length
VEC (top). Ap120 mutant coimmunoprecipitated only with g-cate-
nin, ABcat mutant only with p120, and IL2-VE chimera with both
B-catenin and p120. The total amount of both B-catenin and p120 in
the different cell types was not significantly modified (our unpub-
lished data). The position of molecular weight markers is shown on
the right.

pected catenins: ABcat only with p120, Ap120 only with
B-catenin, and IL2-VE with both p120 and B-catenin.

ABcat and Ap120 codistributed at junctions only with p120
(Figure 11, f) and B-catenin (Figure 11, h), respectively. In
transfectants with IL2-VE, which does not cluster at junc-
tions, no significant junctional staining of catenins was ob-
served (Figure 11, I-n). The general morphology of the cell
layer as well as the organization of actin stress fibers in all
the mutants was similar to that of VEC null cells (Figure 12).
The level of GTP-Rac was low in the three mutants (2-3-fold
lower than in VEC positive cells) and comparable to VEC
null cells (Figure 12). Furthermore, the mutants did not
show a detectable increase of Tiam in the particulate frac-
tions compared with wild-type VEC cells (Figure 12). Rac
and PAK showed a pattern of distribution between soluble
and particulate fraction superimposable on that found in
VEC null cells (our unpublished data).

DISCUSSION

In this study we show that VEC expression influences EC
shape and that this effect is accompanied by reorganization
of actin stress fibers and associated vinculin positive adhe-
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B-catenin
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sion plaques. The specific role of VEC in the reorganization
of actin and vinculin was demonstrated both by adding
specific blocking antibodies to confluent EC and by compar-
ing VEC positive and null EC. Within few hours, disruption
of VEC clusters at junctions by blocking antibodies (Corada
et al., 1999, 2001) paralleled the disorganization of actin and
vinculin clusters, indicating that the continuous presence of
VEC at junctions is required for a correct signaling and
assembly of actin microfilaments. VEC effect seems specific
and not due to a more general disorganization of intercel-
lular junctions because in the presence of the antibodies or in
VEC null cells all the other junctional proteins we could test,
including occludin, zonula occludens 1, JAM, and PECAM
(Carmeliet et al., 1999; this study), were correctly clustered at
intercellular contacts.

We found that activation of Rac GTPase plays a role in
these VEC-mediated activities. VEC expression augmented
the amount of GTP-bound Rac in comparison with null cells,
and microinjection of a Rac dominant negative form induced
a strong disorganization of actin stress fibers in VEC positive
cells. It has been recently observed, using a Ca?* switch
assay or blocking antibodies that clustering of E-cadherin
activates Cdc42 (Kim et al., 2000) and Rac (Nakagawa et al.,
2001; Noren et al., 2001). These data are consistent with the
present report. However, in our system we could measure
Rac activation in resting endothelial monolayers, indicating
that VEC can exert a steady-state control on Rac GTPase.
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Figure 11. Junctional distribution of VEC
mutants and associated catenins. ABcat and
Ap120 distributed to intercellular junctions (d
and g, respectively) as wild-type VEC (a).
ABcat codistributed with p120 (f), but not
Bcat (e), whereas Ap120 codistributed with
B-catenin (h), but not p120 (i). IL2-VE and
associated B-catenin and p120 did not show
preferential junctional distribution (I-n). Bar,
20 pm.

Because in physiological situations in vivo the endothelium
is virtually quiescent, the mechanism we are describing
should reflect the common functional state of the endothe-
lium.

Activation of Rac signaling may down-regulate Rho
GTPase (Sander et al., 1999; Zondag et al., 2000a), and it has
been reported for epithelial cells and 3T3 fibroblasts that this
effect accompanies the shift from a mesenchymal to an epi-
thelial phenotype with increase in cell spreading and inhi-
bition of motility. Decreased RhoA and elevated Rac activity
are also found in confluent epithelial cells in comparison
with subconfluent cultures (Noren et al., 2001). In our cells,
irrespective of VEC expression, activated Rho could not be
measured in resting conditions. Only upon stimulation with
serum, GTP-bound Rho was detectable and its levels were
lower in VEC positive compared with VEC null EC.

Other studies showed that C3 could disrupt stress fibers in
HUVEC activated by different stimuli (Wojciak-Stothard et
al., 1998, 1999) and also in unstimulated confluent EC from
bovine pulmonary arteries (Carbajal and Schaeffer, 1999). It
is likely that Rho may promote actin reshaping upon acute
cell activation by inflammatory cytokines and permeability-
increasing agents, whereas its role in the maintenance of
cytoskeletal organization in resting and confluent EC may
depend on the specific endothelial origin. An important
issue is the mechanism through which VEC maintains Rac
activation. We found that VEC expression increases the total
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B Rac

Figure 12. Actin organization,
Rac activity, and Tiam distribu-
tion in soluble and particulate
fractions in VEC mutants. (A)
Compared with wild-type VEC
none of the mutants induced ac-
tin reorganization. (B) In parallel,
VEC mutants did not increase the
level of activated Rac measured
in pulldown experiments with o

pull down

PBD-GST (GTP-Rac was 2-3-fold Tiam soluble —_

less than in wild-type VEC). (C) ’ . “ “ ‘
Tiam was not concentrated in the

particulate compartment of any particulate ‘ - ‘ . *4
VEC mutants in contrast to wild-

type VEC. Tiam associated to ——

particulate fraction was 1.7-2.3-
fold more in wild-type than in
mutant cells, whereas the reactiv-
ity in the total extract of VEC
positive cells was 1.8-2-fold
more than in the other transfec-
tants. Bar, 20 pm (A).

amount of the Rac-specific GEF Tiam and its association to
the particulate fraction. In addition, VEC induces Tiam re-
distribution at junctions as shown by immunofluorescence
staining of confluent EC. The effect was specific because no
junctional Tiam could be observed in VEC null cells or after
treatment with a VEC blocking antibody.

Taking all these data into account it appears that VEC
expression increases and stabilizes Tiam at the membrane.
Tiam may then activate Rac and indirectly PAK, which are
concurrently concentrated in the particulate compartment of
VEC positive cells, starting in this way a chain of molecular
events responsible for the observed functional effects. Other
studies (del Pozo et al., 2000; Kraynov et al., 2000; Sells et al.,
2000) demonstrated that Rho family GTPases regulate sig-
naling components that are localized in specific domains at
the cell membrane. It has been proposed (Sander et al., 1999;
Zondag et al., 2000a) that Tiam can control the transition
from mesenchymal to epithelial phenotype and that a criti-
cal element for this effect is its relocalization at junctions
with consequent sustained activation of Rac. It was shown
that, when cells are confluent, Tiam (Sander et al., 1999) and
Rac (Kraynov et al., 2000) would be mostly concentrated at
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cell-to-cell junctions, whereas in motile cells these effectors
would relocalize to membrane ruffles. Herein, we add a new
element to the picture that is the direct role of cadherin in
inducing the junctional distribution of Tiam and in main-
taining the Tiam/Rac system constitutively activated. Sup-
porting this issue we also observed that PAK recovered in
the membrane/cytoskeletal compartment of VEC positive
EC is more phosphorylated at positions that positively mod-
ulate its activity (Manser ef al., 1997; Lei et al., 2000; Sells et
al., 2000) than in VEC null EC.

The involvement of the Rac-PAK pathway in the activity
of VEC on actin stress fibers and vinculin organization is
further illustrated by the effect of VEC antibodies. These
antibodies do not decrease the amount of active Rac. How-
ever, they reduce by ~50% Rac level and ~60% PAK phos-
phorylation, specifically in the particulate fraction of VEC
positive cells. Treatment with VEC antibodies does not re-
duce PAK protein, as well as Tiam and VE-cadherin, in the
particulate compartment. These results would fit in a picture
in which de-/mislocalized activation of Rac, as a conse-
quence of VEC and Tiam diffusion out of intercellular junc-
tions, would result in functional failure even if the activation
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of Rac itself is not impaired. A similar regulatory mechanism
operating in adherent versus suspended cells has been re-
ported by del Pozo et al. (2000).

Even if PAK seems to be the most likely effector of the
VEC-Rac pathway we cannot exclude at this stage that other
partners could play a relevant role in actin and vinculin
distribution. For instance, we studied the effect of a Rho-
associated coiled-coil kinase (ROCK) inhibitor, Y-27632, but
at concentrations able to disrupt focal contacts and adhesion
plaques in other cell types (keratinocytes and fibroblasts), it
was ineffective in VEC positive cells (our unpublished data).

A further question is whether the known partners of VEC
may play a role in the processes described. The cytoplasmic
domain of VEC binds - and y-catenins and p120. These
proteins when released into the cytoplasm exert important
biological activities. p120 may act as an inhibitor of Rho
GTPase (Anastasiadis et al., 2000; Noren et al., 2000) and as -
and y-catenins may translocate to the nucleus and modulate
gene transcription by binding specific transcription factors.
The binding of these proteins to cadherins would therefore
prevent their release into the cytosol and inhibit their activ-
ity. p120 binds to a juxtamembrane region of VEC tail (Lam-
pugnani et al., 1997), whereas - and y-catenins bind to the
carboxyterminal domain (Navarro et al., 1995). Deletion mu-
tants of VEC lacking either one of these domains are unable
to concentrate Tiam in the particulate compartment, to acti-
vate Rac, and to induce actin reorganization, although they
retain the ability to link catenins in the respective residual
cytoplasmic region and to localize at cell-cell contacts. This
would suggest that the concomitant binding of all the part-
ners is necessary for a correct activity of VEC. However, the
chimeric mutant IL2-VE, containing a full-length VEC cyto-
plasmic tail, was also ineffective despite its ability to cor-
rectly link B-catenin and p120. This mutant, although cor-
rectly expressed on the cell surface, is unable to localize at
junctions, suggesting that VEC clustering at intercellular
junctions is also a requirement for its activity.

In conclusion, although in previous reports Rac was able
to modulate cadherin activity by an “inside out” mecha-
nism, our observations support the idea of an “outside in”
signaling pathway from cadherins to Tiam, Rac, and PAK.
Therefore, the cross-talk between regulators of cell-cell rec-
ognition and adhesion, such as the cadherins, and regulators
of cytoskeletal organization and substrate adhesion, such as
Rho-like GTPases, can operate in both directions.

We have previously shown that embryos lacking VEC
show a lethal phenotype due to defects in the normal devel-
opment of the vasculature (Carmeliet ef al., 1999). The data
reported herein add further information about the mecha-
nism leading to the null phenotype. The lack of a correct
actin organization may affect several cellular responses, in-
cluding growth, apoptosis, and formation of vascular struc-
tures. Therefore, modulation of Rac by VEC may have a
more general impact on EC functional behavior and be
required for the normal organization of the vasculature in
vivo.
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