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TGF-b1 Induces Rearrangement of FLK-1–VE-Cadherin–b-
Catenin Complex at the Adherens Junction Through
VEGF-Mediated Signaling
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ABSTRACT
VEGF and TGF-b1 induce angiogenesis but have opposing effects on vascular endothelial cells: VEGF promotes survival; TGF-b1 induces

apoptosis. We have previously shown that TGF-b1 induces endothelial cell apoptosis via up-regulation of VEGF expression and activation of

signaling through VEGF receptor-2 (flk-1). In context with TGF-b1, VEGF signaling is transiently converted from a survival into an apoptotic

one. VEGF promotes cell survival in part via activation of PI3K/Akt by a mechanism dependent on the formation of a multi-protein complex

that includes flk-1 and the adherens junction proteins VE-cadherin and b-catenin. Here we report that TGF-b1 induces rearrangement of the

adherens junction complex by separating flk-1 from VE-cadherin and increasing b-catenin association with both flk-1 and VE-cadherin. This

rearrangement is caused neither by changes in adherens junction mRNA or protein expression nor by post-translational modification, and

requires VEGF signaling through flk-1. These results show that the adherens junction is an important regulatory component of TGF-b1–VEGF

interaction in endothelial cells. J. Cell. Biochem. 105: 1367–1373, 2008. � 2008 Wiley-Liss, Inc.
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A ngiogenesis, the formation of new capillaries from pre-

existing blood vessels, occurs in many physiological and

pathological processes such as wound healing, embryonic devel-

opment, and tumor growth. Angiogenesis is dependent on

endothelial cell proliferation, migration, and apoptosis, processes

that are regulated by cytokine and growth factor signaling,

particularly VEGF and TGF-b1. VEGF increases vascular perme-

ability and stimulates endothelial cell proliferation and angiogen-

esis [Ferrara and Henzel, 1989; Keck et al., 1989]. Heterozygous

deficiency of VEGF in mice results in embryonic lethality with

delayed endothelial cell differentiation [Ferrara et al., 1996]. Two

tyrosine kinase receptors, VEGF-R1/flt-1 and VEGF-R2/flk-1,

mediate signaling induced by VEGF [Neufeld et al., 1999; Robinson

and Stringer, 2001; Ferrara et al., 2003]. VEGF-R2 is the primary

mediator of the mitogenic and angiogenic properties of VEGF, while

VEGF-R1 may perform an inhibitory role in vivo, sequestering

soluble VEGF [Neufeld et al., 1999; Robinson and Stringer, 2001].

Genetic deletion of either VEGF receptor is embryonic lethal. VEGF-

R2-deficient mice fail to develop sufficient populations of
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differentiated endothelial cells by E9.5; conversely, in VEGF-R1-

deficient mouse embryos endothelial cell differentiation occurs but

endothelial cells fail to assemble into functional vascular networks

[Neufeld et al., 1999; Breen, 2007]. FGF-2, another endothelial cell

mitogen, is not essential for embryonic development, and FGF-2�/�

mice are viable and fertile with neuronal and wound-healing defects

[Breen, 2007].

TGF-b1 is a multifunctional cytokine with cell type- and context-

specific properties [Massague et al., 2000]. In endothelial cells, TGF-

b1 is an inhibitor of proliferation and migration, opposing the

activity of VEGF. TGF-b1 induces endothelial cell apoptosis, and

down-regulates expression of VEGF-R2 in endothelial cells

[Maharaj et al., 2006], although it promotes angiogenesis in vivo

and in vitro [Carmeliet et al., 1996]. TGF-b1 induction of

angiogenesis requires endothelial cell apoptosis, which occurs via

autocrine/paracrine stimulation of VEGF expression and signaling

through VEGF-R2. This mechanism relies on molecular cross-talk

between the VEGF and TGF-b1 signaling pathways, which results in

converting a survival signal into an apoptotic one, in part via
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downstream activation of the MAP kinase p38 a [Hyman et al.,

2002] (Ferrari, unpublished results).

VEGF-R2 can associate with a membrane multiprotein complex at

the endothelial cell adherens junction. The adherens junction is

responsible for homotypic cell–cell adhesion by linking actin

filaments of adjacent cells, and in endothelial cells it consists of

members of the catenin family associated directly and indirectly with

VE-cadherin [Terman et al., 1991]. Both VEGF and TGF-b1 have been

shown to control adherens junction formation and protein-protein

association [Matthews et al., 1991; Quinn et al., 1993].

b-Catenin is an armadillo family member that binds intracellu-

larly to the VE-cadherin cytoplasmic domain and the TCF/Lef-1

family of transcription factors. b-Catenin has two primary known

functions: it is a structural protein involved in cell–cell adhesion,

and an effector of canonical Wnt signaling that translocates to the

nucleus, inducing proliferative genes, which in vivo can stimulate

tumorigenesis [Waltenberger et al., 1994; Cross and Claesson-

Welsh, 2001; Liebner et al., 2006]. b-Catenin is essential in

endothelial cells for normal vascular patterning. Conditional

deletion under control of the Tie-2 promoter is embryonic lethal

and results in abnormal vascular development, particularly in the

yolk sac and head, and in altered cell junctions devoid of a-catenin

[Cattelino et al., 2003].

VE-cadherin is an integral membrane glycoprotein expressed

exclusively in endothelial cells [Fong et al., 1995; Shalaby et al.,

2002; Cross et al., 2003]. Unlike other cadherin family members VE-

cadherin expression at cell junctions is independent of b-catenin

binding, which appears to be required only for junction stabilization

[Karsan et al., 1997]. VE-cadherin clusters at cell junctions and

mediates cell adhesion in a calcium-dependent manner, inhibits cell

proliferation, and decreases cell permeability and migration when

over-expressed in various cell types [Mandriota et al., 1996; Ortega

et al., 1998; Massague et al., 2000; Bertolino et al., 2005]. Additionally,

VE-cadherin inhibits VEGF-R2 phosphorylation and internalization

and is required for normal vascular integrity [Madri et al., 1988;

Segura et al., 2002; Lampugnani et al., 2006; Hofer and Schweighofer,

2007]. Genetic deletion or cytoplasmic truncation of VE-cadherin in

mice results in embryonic lethality by E9.5, with endothelial cells

failing to undergo remodeling into vascular structures [Carmeliet et al.,

1996]. The endothelial cells derived from these mice exhibit disruption

of a protein complex at the adherens junction consisting of b-catenin,

VE-cadherin, and VEGF-R2. These endothelial cells also exhibit a high

apoptotic rate in culture, a result of dismantling of the VEGF survival

signal normally propagated through VEGF-R2 and PI3K/Akt activa-

tion [Carmeliet et al., 1996]. We reasoned that TGF-b1 might influence

the composition of the adherens junction complex. Here we show that

TGF-b1 induction of rearrangement of the endothelial cell adherens

junction is mediated by VEGF.

MATERIALS AND METHODS

MATERIALS

Pooled HUVEC from multiple donors were obtained from Cascade

Biologics (Portland, OR) and grown until the 5th passage in culture.

BCE cells were isolated and cultured as described [Folkman et al.,

1979; Seghezzi et al., 1998] and used until passage 22. Human
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recombinant VEGF and TGF-b1 were obtained from PeproTech

(Rocky Hill, NJ), and TNF-a was obtained from Invitrogen (Portland,

OR). Anti-VEGF neutralizing antibody was purchased from R&D

Systems (Minneapolis, MN). The following antibodies were obtained

as follows: VEGF-R2/flk-1 (rabbit polyclonal serum from Calbio-

chem, and goat polyclonal from R&D Systems); VE-cadherin (goat

polyclonal C-19 from Santa Cruz Biotechnology, Santa Cruz, CA,

and mouse monoclonal from Chemicon, Pittsburgh, PA); b-catenin

(Cell Signaling Technology, Danvers, MA); phospho-b-catenin (ser

33/37/thr 41, Cell Signaling Technology); phosphotyrosine (Santa

Cruz Biotechnology); ERK-2 (Santa Cruz Biotechnology), and p120

(H-90; Santa Cruz). Anti-plakoglobin mouse ascites fluid was

generously provided by Dr. P. Cowin (NYU School of Medicine).

CELL CULTURE

Endothelial cells were grown in 2% gelatin-coated culture dishes.

HUVEC were grown in 200 Medium supplemented with LSGS

endothelial cell supplement (Cascade Biologics) and 10% fetal

bovine serum (FBS). BCE cells were grown in alpha-MEM (Cellgro,

Herndon, VA) supplemented with 5% donor calf serum (DCS).

Treatments with growth factors/cytokines and inhibitors were

carried out with cells starved overnight with 0.5% serum-containing

medium. Cells were treated for 6 h with either 1 ng/ml of TGF-b1 or

1 ng/ml of TNF-a and 1 mg/ml of cycloheximide. Cells were treated

with 50 ng/ml of VEGF for 30 min to activate VEGF-R2. Endogenous

VEGF activity was blocked by treating cells with 10 mg/ml of anti-

VEGF antibody for 6 h.

IMMUNOPRECIPITATION AND WESTERN BLOTTING

Cells were washed twice with ice-cold PBS containing 100 mg/l

of Mg2þ and Ca2þ. Cells were lysed in buffer containing 150 mM

NaCl, 10 mM Tris pH 7.4, and 1% Triton-X-100, supplemented with

Pefabloc (Roche, 1 mM), leupeptin (1 mM), Na3VO4 (1 mM), and

2 mM CaCl2. For phosphorylation studies the lysis buffer also

contained 100 mM peroxyvanadate. For immunoprecipitation,

100 mg of protein was pre-cleared by rocking at 48C for 30 min

with 0.5 mg of non-immune IgG coupled to 10 ml of protein AþG

agarose beads (Santa Cruz Biotechnology) that had been recon-

stituted by washing three times with lysis buffer. Pre-cleared

extracts were centrifuged for 60 s at 300g, and the supernatant was

immunoprecipitated by rocking overnight at 48C with 10 ml of

reconstituted protein AþG agarose beads and 0.75 mg of antibody

per 100 mg of protein. The samples were centrifuged at 300g and the

pelleted beads were washed three times with lysis buffer, and boiled

in reducing sample buffer. Samples were loaded onto SDS–PAGE

gels and separated electrophoretically. Proteins were transferred

onto nitrocellulose PVDF membranes (Immobilon-P, Millipore,

Bedford, MA), and blots were incubated with antibodies as indicated.

In cases where whole cell extracts were examined, the lysates were

measured for protein concentration and 25 mg of protein was loaded

onto the gel.

INDIRECT IMMUNOFLUORESCENCE

Cells were grown on gelatin-coated glass coverslips and treated with

TGF-b1 as described above. Cells were fixed in 2% paraformalde-
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Fig. 1. TGF-b1 stimulates rearrangement of endothelial cell adherens junc-

tions and increases association of VE-cadherin with b-catenin. A: Co-immu-

nopreciptitation analysis of VEGF-R2 interaction with adherens junction

proteins. HUVEC were treated with VEGF for 30 min to induce VEGF-R2

activation, or TGF-b1 for 6 h to induce apoptosis, and cell lysates were

subjected to immunoprecipitation using VEGF-R2 antibody. Precipitates were

analyzed by Western blotting for VEGF-R2, and for co-precipitated b-catenin

or VE-cadherin. B: HUVEC cells were serum-starved (CTL) and treated with

TGF-b1 for 6 h, then cell lysates were subjected to immunoprecipitation with

VE-cadherin antibody. Precipitates were analyzed by Western blotting for

VE-cadherin and b-catenin. C: BCE cells were serum-starved (CTL) and treated

with TNF-a or TGF-b1 for 6 h. Cell lysates were subjected to immuno-

precipitation with antibody to VE-cadherin (top panel) or b-catenin (bottom

panel). Precipitates were analyzed by Western blotting for VE-cadherin and

plakoglobin (top panel), and for b-catenin and p120 (bottom panel). Only the

second largest of the four p120 isoforms is associated with b-catenin, while

the full-length protein is not.
hyde and permeabilized with 0.5% Triton-X-100 in PBS. Coverslips

were incubated with primary antibody for 2 h at 378C in a

humidified chamber. Coverslips were washed several times with 1%

BSA-PBS, and primary antibodies were detected with tetramethyl

rhodamine isothiocyanate-conjugated goat anti-rabbit or donkey

anti-goat secondary antibodies (Jackson ImmunoResearch Labora-

tories, West Grove, PA), diluted 1:100 in 1% BSA-PBS and incubated

at 378C for 1 h. Nuclei were stained with 4,6-diamino-2-

phenylindole (DAPI; 0.2 mg /ml). Images were acquired and

recorded with a Zeiss Axioskop 2 microscope using a Zeiss Axiocam

HRc camera and Carl Zeiss Axiovision software.

RT-PCR

Total RNA was extracted from cells using Trizol (Invitrogen) or the

RNeasy Micro Kit (Qiagen, Valencia, CA), and reverse transcribed to

cDNA using the Superscript II First-Strand kit (Invitrogen). For PCR,

2 ml of cDNA were used in a 25 ml reaction volume with Jump Start

Taq polymerase (Sigma, St. Louis, MO), using 18 cycles for b-actin,

23 cycles for b-catenin, 28 cycles for VE-cadherin, and 25 cycles for

VEGF-R2 with an annealing temperature of 568C. The following

primers were used: b-actin, forward: 50-GGA AAT CGT GCG TGA

CAT CAA AG-30; b-actin, reverse: 50-CGT CAC ACT TCA TGA TGG

AAT TG-30 (239 bp product); VEGF-R2 (bovine), forward: 50-CAG

CTT CCA AGT GGC TAA GGG C-30; VEGF-R2, reverse: 50-GTC TGG

TAC ATT TCT GGT G-30 (390 bp product).

RNA INTERFERENCE

Smartpool siRNA for VEGF-R2 was obtained from Dharmacon

(Chicago, IL). BCE cells were grown to 50% confluence in 6-well

plates and transfected with VEGF-R2 siRNA using Oligofectamine

(Invitrogen) per manufacturer’s instructions. When the cells reached

confluency approximately 36 h after transfection, they were serum-

starved overnight and treated with growth factors/cytokines as

described above, and then processed for immunoprecipitation and

Western blotting analyses.

RESULTS

EFFECT OF TGF-b1 ON ADHERENS JUNCTION COMPOSITION

VEGF exerts its pro-survival effect on endothelial cells in part

through rearrangement of the adherens junctions. TGF-b1, a potent

inducer of endothelial cell apoptosis, induces endothelial cell

expression of VEGF. Therefore, we examined the effects of TGF-b1

on adherens junction composition. For this purpose, we used human

and bovine endothelial cells to investigate the changes wrought by

TGF-b1 in the interactions among three components of the adherens

junction: VEGF receptor-2, b-catenin, and VE-cadherin. In

agreement with previous results [Matthews et al., 1991; Quinn

et al., 1993], VEGF stimulated the formation of a tri-partite complex

consisting of flk-1, b-catenin, and VE-cadherin. In contrast, TGF-b1

treatment induced a substantial increase in the association of VEGF-

R2 with b-catenin but not with VE-cadherin (Fig. 1A). TGF-b1 also

increased the association of b-catenin with VE-cadherin (Fig. 1B);

however, it did not increase VE-cadherin association with

plakoglobin or b-catenin association with p120 (Fig. 1C).
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Fig. 3. TGF-b1 does not alter expression of adherens junction proteins in

endothelial cells. Serum-starved BCE cells were treated with TGF-b1 for 6 h,

and cell extracts were analyzed by Western blotting for VE-cadherin and

b-catenin. As a control, cells were treated with TNFa, a known inducer of

apoptosis, and extracts were analyzed by Western blotting for cleaved

caspase-3 to measure the induction of apoptosis. ERK-2 served as a protein

loading control.
EFFECT OF TGF-b1 ON b-CATENIN LOCALIZATION

Since b-catenin was increasingly, but separately, associated with

two cell-membrane proteins, VEGF-R2 and VE-cadherin, under

conditions of TGF-b1 treatment, it was important to determine

whether b-catenin nuclear translocation and activation of pro-

liferative genes were altered by TGF-b1 treatment. Immunofluor-

escence analysis showed that TGF-b1 treatment did not significantly

alter b-catenin localization, which was concentrated along the cell

membrane in endothelial cells both in the presence and in the

absence of TGF-b1; similarly, TGF-b1 did not alter VE-cadherin

localization (Fig. 2). b-Catenin activity was measured using a

luciferase reporter assay, which did not show a consistent change in

response to TGF-b1 treatment (data not shown).

TGF-b1 DOES NOT ALTER EXPRESSION OF ADHERENS JUNCTION

PROTEINS IN ENDOTHELIAL CELLS

Because b-catenin localization did not appear to be affected by TGF-

b1, we reasoned that TGF-b1-induced adherens junction rearrange-

ment could be due to an increase in cellular expression of b-catenin

or of another adherens junction protein. Therefore, we examined the

protein expression of b-catenin and VE-cadherin in response to TGF-

b1. The results showed that TGF-b1 had no effect on the expression of

these proteins (Fig. 3). In contrast, TNF-a, which induces endothelial
Fig. 2. TGF b-1 does not alter subcellular localization of b-catenin. BCE cells

were treated as above, fixed in paraformaldehyde, and analyzed by immuno-

fluorescence with b-catenin or VE-cadherin antibody, which was visualized

with a TRITC-conjugated secondary antibody; nuclei were stained with DAPI

(blue). [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]
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cell apoptosis by a VEGF-independent mechanism [Ferrari et al.,

2006], down-regulated expression of VE-cadherin [Hofmann et al.,

2002] and decreased the protein level of b-catenin (Fig. 3). TGF-b1

did not affect the expression of other proteins at the adherens junction

that are not directly involved in endothelial cell survival signaling,

such as p120 catenin (data not shown). The analysis of caspase-3

activation confirmed that both TNF-a and TGF-b1 induced

endothelial cell apoptosis. TNF-a downregulated VE-caherin and

b-catenin levels, whereas TGF-b1 had no such effect (Fig. 3).

TYROSINE PHOSPHORYLATION OF ADHERENS JUNCTION PROTEINS

Because TGF-b1 did not affect adherens junction protein expression,

we examined whether it influenced post-translational modification of

one or more of the junction components. Association of b-catenin

with VE-cadherin is regulated in part by tyrosine phosphorylation

of both proteins; therefore, we used co-immunoprecipitation to see

if TGF-b1 altered VE-cadherin or b-catenin phosphorylation. Cells

were treated with TGF-b1, extracts were subjected to immunopre-

cipitation for the protein of interest, and the precipitates were

analyzed by Western blotting with phosphotyrosine antibody. TGF-

b1 did not induce a significant change in the tyrosine phosphoryla-

tion of either b-catenin (Fig. 4A) or VE-cadherin (Fig. 4B) as

compared to control, serum-starved cells.

TGF-b1-MEDIATED REARRANGEMENT OF THE ADHERENS

JUNCTION AND ITS PROTEIN ASSOCIATION IS DEPENDENT ON VEGF

SIGNALING

We next examined the contribution of VEGF signaling through

VEGF-R2 to TGF-b1-induced adherens junction rearrangement. For

this purpose we used inhibition or transient knockdown of different

molecules in the VEGF signaling pathway, as described [Ferrari

et al., 2006]. Inhibition of VEGF signaling by neutralizing anti-

VEGF antibody blocked TGF-b1-induced increase in b-catenin/
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 4. Tyrosine phosphorylation of adherens junction proteins is unaffected

by TGF-b1. BCE cells were treated as described above (Fig. 3) with VEGF, TNFa,

or TGF-b1 and lysates were subjected to immunoprecipitation with antibodies

to the indicated proteins. TNFa reduces expression of adherens junction

proteins, particularly of VE-cadherin. A: Precipitated b-catenin was analyzed

by Western blotting with monoclonal antibody to phospho-tyrosine. B: Pre-

cipitated VE-cadherin was analyzed by Western blotting for phospho-tyrosine.

Fig. 5. TGF-b1-mediated association of b-catenin with VEGF-R2 is depen-

dent on VEGF. A: HUVEC were serum-starved and treated with TGF-b1 for 6 h

alone, or in the presence of neutralizing VEGF antibody. Non-immune IgG was

used as a control. Cell lysates were subjected to immunoprecipitation with a

VEGF-R2 antibody, and analyzed by Western blotting for VEGF-R2 and

b-catenin. B: VEGF-R2 expression was transiently inhibited by siRNA in

BCE cells and was measured by RT-PCR. C: Transient knockdown of

VEGF-R2 blocked the ability of TGF-b1 to stimulate b-catenin/VE-cadherin

association compared to mock-transfected cells, as measured by immuno-

precipitation and Western blotting.
VEGF-R2 association (Fig. 5A). When VEGF-R2 expression was

downregulated by specific siRNAs (Fig. 5B) TGF-b1 failed to

increase b-catenin/VE-cadherin association compared to untreated

cells lacking VEGF-R2 (Fig. 5C). These results showed that the

TGF-b1-mediated rearrangement of the adherens junction and its

protein association is dependent on VEGF signaling through

VEGF-R2, as a component of the autocrine/paracrine loop required

for TGF-b1 induction of endothelial cell apoptosis.

DISCUSSION

In endothelial cells, b-catenin and VE-cadherin associate to form a

multiprotein complex with other catenin family members and

VEGF-R2, which promotes endothelial cell survival [Carmeliet et al.,

1996]. VEGF activation of VEGF-R2 results in tyrosine phosphor-

ylation and activation of b-catenin, in addition to the generation of

survival signaling through the PI3 kinase/Akt pathway. Conversely,

when VE-cadherin is truncated at its carboxyl terminus its

association with b-catenin and VEGF-R2 is lost, resulting in

endothelial cell apoptosis [Carmeliet et al., 1996]. We have shown

that TGF-b1 induces endothelial cell apoptosis through VEGF

activation of VEGF-R2 [Ferrari et al., 2006]. Therefore, we reasoned

that TGF-b1 might affect the composition of the adherens junction

complex. We found that TGF-b1 induces adherens junction

rearrangement in endothelial cells and that this effect is mediated

by VEGF activation of flk-1.
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TGF-b1 induced an increase in the association of b-catenin

independently with VEGF-R2 and VE-cadherin. This change in protein-

protein interaction was specific for b-catenin, as association with

plakoglobin or p120 did not change. However, we were unable to

observe a change in b-catenin activity or intracellular localization. It is

possible that a change in b-catenin localization, if any, would only

occur in those cells that undergo apoptosis in response to TGF-b1

(approximately 15–20% of the cell population in culture).

The association of b-catenin with VE-cadherin was not caused

by changes in protein or mRNA expression. Although in our

experiments TGF-b1 did not appear to alter tyrosine phosphoryla-

tion of either b-catenin or VE-cadherin, the association of b-catenin

with VE-cadherin has been shown to be regulated by tyrosine

phosphorylation of both proteins. Inhibition of tyrosine phospha-

tases results in decreased electrical conductivity across adherens

junctions, and in stabilization of b-catenin and VE-cadherin

phosphorylation, which disrupts junction integrity [Matsuyoshi

et al., 1992; Behrens et al., 1993; Staddon et al., 1995]. Also, VE-

cadherin tyrosine phosphorylation is up-regulated in sparsely

seeded cell cultures and colocalizes preferentially with b-catenin,

rather than plakoglobin [Lampugnani et al., 1997]. Src kinases,

particularly c-Src, have been identified as the likely mediators of

adherens junction protein tyrosine phosphorylation, and Src-

dependent VE-cadherin phosphorylation prevents binding of both

b-catenin and p120 [Potter et al., 2005; Ali et al., 2006; Wallez et al.,

2006]. Individual residues important for protein association have

been identified; for instance, interaction between b-catenin and
TGF-b1–VEGF CONTROL OF ADHERENS JUNCTIONS 1371



E-cadherin in epithelial cells is disrupted by EGFR-dependent

modification of Y654 [Miravet et al., 2003]. It will be interesting to

determine whether the interaction between b-catenin and VE-

cadherin is controlled via the same residue, but perhaps in a

TGF-b1–VEGFR2-dependent manner. VE-cadherin Y731 phosphor-

ylation disrupts its interaction with b-catenin in CHO cells

overexpressing VE-cadherin, and phospho-mimetic mutant con-

structs restore the migratory capability of these cells in culture

[Potter et al., 2005]. However, it remains to be determined whether or

not this is an important regulatory mechanism for endogenous VE-

cadherin interactions in endothelial cells. Future studies with VE-

cadherin mutants compromised for tyrosine phosphorylation or

lacking the cytoplasmic domain will help determine whether these

mechanisms control the ability of TGF-b1 to rearrange adherens

junctions and induce apoptosis. Other adherens junction proteins,

including p120 and plakoglobin, are also phosphorylated on

tyrosine residues. This post-translational modification functions

as an important regulatory mechanism in other cell types, and for

the interactions of other adherens junction proteins, for instance

mediating the association of b-catenin with E-cadherin and a-

catenin [Roura et al., 1999; Miravet et al., 2003; Piedra et al., 2003].

Finally, VEGF induces tyrosine phosphorylation of VE-cadherin via

signaling through VEGF-R2 [Esser et al., 1998], and endothelial cell

apoptosis induced by growth factor withdrawal is mediated by

dephosphorylation of membrane proteins, which can be blocked

by peroxyvanadate, a potent phosphatase inhibitor [Yang et al.,

1996].

Recent data have shown that VE-cadherin clustering at

endothelial cell adherens junctions is required for TGF-b1 signaling,

and that VE-cadherin is associated with the TGF-b receptor complex

[Rudini et al., 2008]. Therefore, the endothelial cell adherens

junction includes a large protein complex consisting of VE-

cadherin, flk-1, TGF-b receptors and the catenins. Our data show

that TGF-b1 disrupts the adherens junction complex of VE-cadherin

with flk-1. Based on these findings, we speculate that TGF-b1

binding to the TGF-b receptor/VE cadherin complex causes VE-

cadherin disassociation from flk-1. It is possible that flk-1 and TGF-

b receptors compete for binding to VE-cadherin, and that TGF-b1

binding to its receptors increases VE-cadherin clustering with TGF-

b receptors by removing VE-cadherin from flk-1. This hypothesis

warrants further investigation.

Our experiments using inhibition or siRNA-mediated knockdown

of molecules in the VEGF signaling pathway have shown that TGF-

b1-mediated adherens junction rearrangement requires VEGF

signaling through VEGF-R2. This finding identifies the endothelial

cell adherens junction as potentially responsible for the autocrine/

paracrine loop involved in the VEGF-mediated effects of TGF-b1 on

endothelial cells. These results also suggest that TGF-b1-induced

adherens junction rearrangement could be controlled downstream

of VEGF-R2 by signaling through p38MAPK [Hyman et al., 2002;

Ferrari et al., 2006]. Although VE-cadherin/VEGF-R2 interaction at

the adherens junction provides endothelial cells with survival

signaling through the PI3K/Akt pathway, TGF-b1 might not alter

the activation of this pathway. In contrast, activation of the p38MAPK

signaling pathway through flk-1 is required for TGF-b1 induction of

endothelial cell apoptosis [Ferrari et al., 2006].
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While our studies show some of the early biological consequences

of TGF-b1 treatment, at a later time cultured endothelial cells

become refractory to TGF-b1 induction of cell death [Ferrari et al.,

2006; Ferrari et al., unpublished data]. In addition, TGF-b1-

mediated apoptosis only affects a subpopulation of cultured

endothelial cells, usually amounting to about 20%. This contrasts

with the widespread apoptosis induced in serum-starved cultures by

inhibition of FGF-2, a growth factor that protects endothelial cells

from apoptosis in a VEGF-independent manner [Karsan et al., 1997;

Korff and Augustin, 1998]. These observations suggest that VEGF-

dependent apoptosis induced by TGF-b1 could serve as a

mechanism for pruning a subpopulation of endothelial cells, then

providing the surviving cells with stimuli for the migration and

proliferation required to form new capillary sprouts. These stimuli

are likely represented by VEGF and FGF-2, whose endothelial cell

expression is upregulated by TGF-b1 [Ferrari et al., 2006]. This

hypothesis raises the question of whether or not the adherens

junction rearrangement induced by TGF-b1 is similarly short-lived

and only necessary for the initial winnowing of the cell population,

before the survival and angiogenic functions of VEGF and/or FGF-2

come to dominate, resulting in a re-activated adherens junction

protein complex.
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