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Background: The disruption of endothelial barrier function by tumor cells was studied.
Results: The attachment of tumor cells to endothelial cells leads to the disorganization of endothelial adherens junction.
Conclusion: Interaction of tumor cells with endothelial cells alters endothelial signaling and facilitates cancer cell diapedesis.
Significance: This study introduces new therapeutic targets for treating metastatic breast cancer.

The molecular mechanisms that regulate the endothelial
response during transendothelial migration (TEM) of invasive
cancer cells remain elusive. Tyrosine phosphorylation of vascu-
lar endothelial cadherin (VE-cad) has been implicated in the
disruption of endothelial cell adherens junctions and in the dia-
pedesis of metastatic cancer cells. We sought to determine the
signaling mechanisms underlying the disruption of endothelial
adherens junctions after the attachment of invasive breast can-
cer cells. Attachment of invasive breast cancer cells (MDA-MB-
231) to human umbilical vein endothelial cells induced tyrosine
phosphorylation of VE-cad, dissociation of �-catenin from VE-
cad, and retraction of endothelial cells. Breast cancer cell-in-
duced tyrosinephosphorylationofVE-cadwasmediatedby acti-
vation of the H-Ras/Raf/MEK/ERK signaling cascade and
depended on the phosphorylation of endothelial myosin light
chain (MLC). The inhibition of H-Ras or MLC in endothelial
cells inhibited TEM of MDA-MB-231 cells. VE-cad tyrosine
phosphorylation in endothelial cells induced by the attachment
of MDA-MB-231 cells was mediated by MDA-MB-231 �2�1
integrin. Compared with highly invasive MDA-MB-231 breast
cancer cells, weakly invasive MCF-7 breast cancer cells
expressed lower levels of�2�1 integrin.TEMofMCF-7 aswell as
induction of VE-cad tyrosine phosphorylation and dissociation
of �-catenin from the VE-cad complex by MCF-7 cells were
lower than in MDA-MB-231 cells. These processes were
restoredwhenMCF-7 cells were treatedwith�1-activating anti-
body. Moreover, the response of endothelial cells to the attach-
ment of prostatic (PC-3) and ovarian (SKOV3) invasive cancer
cells resembled the response to MDA-MB-231 cells. Our study
showed that theMDA-MB-231 cell-induceddisruption of endo-
thelial adherens junction integrity is triggered byMDA-MB-231
cell�2�1 integrin and ismediated byH-Ras/MLC-induced tyro-
sine phosphorylation of VE-cad.

Tumor cell migration depends on the invasive capacity of
tumor cells and their ability to breach the endothelial cell bar-
rier. During the process of hematogenous metastasis, circulat-
ing tumor cells must overcome the endothelial barrier to
extravasate. However, the precise molecular mechanism of
tumor cell extravasation has been poorly defined. Awidely sup-
ported model is that the adhesion of tumor cells to the endo-
thelium or the secretion of growth factors by cancer cells dis-
rupts the integrity of endothelial barrier function. The integrity
of the vascular endothelium is primarily dependent upon the
organization of interendothelial adherens junctions. These
junctions are formed by the homotypic interaction of vascular
endothelial cadherin (VE-cad),2 which is a transmembrane pro-
tein that forms a complexwith an intracellular protein network,
including �-, �-, and �-catenin. VE-cad is found specifically in
endothelial cell adherens junctions and may play fundamental
roles in controlling transport across the endothelial barrier and
in regulating angiogenesis (1, 2).
To maintain endothelial barrier function, VE-cad activity is

tightly regulated through mechanisms that involve protein
phosphorylation and cytoskeletal dynamics. Phosphorylation
of VE-cad on Tyr residues disrupts endothelial cell adherens
junctions by causing the dissociation of catenins from VE-cad,
facilitating the diapedesis of leukocytes and metastatic cancer
cells (3–5). Previously, the endothelium has been shown to act
as a protective barrier against the invasion of cancer cells and,
hence, metastasis (6). Transmigrating tumor cells are thought
to overcome the endothelial barrier by inducing changes in
endothelial cells, including the reorganization of the cytoskele-
ton (7), Src-mediated disruption of endothelial VE-cad��-
catenin complexes (5), the formation of gaps between endothe-
lial cells (8), and the induction of apoptosis (9). However, the
validity of this paradigm has recently been called into question.
Endothelial cells have been shown tomodulate the invasiveness
of several types of cancer cells by increasing their dissemination
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through vessels (10) or by increasing their invasive capability to
migrate into the extracellular matrix (11, 12). Most previous
studies regarding themolecularmechanisms underlying tumor
cell metastasis have focused on the role of cancer cells, whereas
the mechanisms that protect endothelial barrier integrity dur-
ing the diapedesis of metastatic cancer cells remain elusive. In
our study, we explored the molecular pathways that regulate
the disruption of endothelial barrier function after the attach-
ment of invasive breast cancer cells. Tumor cell invasion may
closely resemble leukocyte trafficking, in which the endothe-
lium acts as a barrier and greatly reduces invasion rates (13).
Recently, we identified signal transduction pathways that reg-
ulate the transendothelial migration (TEM) of monocytes (14).
In the present study, we determined that the attachment of
invasive breast cancer cells (MDA-MB-231 cells) to endothelial
cells leads to the disorganization of adherens junction structure
and Tyr phosphorylation of VE-cad. Furthermore, we charac-
terized the mechanisms underlying these events by identifying
roles for �2�1 integrin, endothelial H-Ras/Raf/MEK/ERK sig-
naling, and myosin light chain (MLC) phosphorylation.

EXPERIMENTAL PROCEDURES

Reagents—Phospho-specific and nonphospho-specific anti-
bodies against Src (Tyr(P)-416), Pyk2 (Tyr(P)-402), �-catenin,
and ERK1/2 were purchased from Abcam (Cambridge, MA).
Phospho-specific antibodies and nonphospho-specific anti-
bodies against VE-cadherin (Tyr-731) were purchased from
Invitrogen. Monoclonal �1 integrin-activating TS2/16 was
from American Type Culture Collection (Manassas, VA). �1
integrin-blocking mAb (33B6) was a generous gift from Dr.
Bradley McIntyre (University of Texas MD Anderson Cancer
Center, Houston, TX). Monoclonal phospho-antibody against
MLC and specific antibody against MLC were purchased from
Sigma-Aldrich. Monoclonal antibodies against �1–3, �9, �1–3,
and �v�3 were purchased from Millipore (Temecula, CA).
Monoclonal antibodies against �5 and rat IgG were purchased
from BD Biosciences. Monoclonal antibodies against �4 and �6
were purchased from ABD Serotec (Raleigh, NC). Monoclonal
antibody against �7 was purchased from Santa Cruz Biotech-
nology, Inc. (Santa Cruz, CA). Mouse IgG was purchased from
Southern Biotech (Birmingham, AL). Recombinant IL-1,
monocyte chemoattractant protein, and cytochalasin D were
purchased from Calbiochem. Recombinant human �2�1, �3�1,
and �5�1 were purchased from R&D Systems (Minneapolis,
MN). Premade recombinant Ras N17 (dominant negative
(DN)), RhoA N19 (DN), Raf-1 (DN), ERK2 (DN), Cdc42 N17
(DN), RAC1N17, null control andGFP adenoviruses, andVira-
Ductin adenovirus transduction reagents were purchased from
Cell Biolabs, Inc. (San Diego, CA). The mutant construct for
MLC, in which Thr-18 and Ser-19 were replaced with alanines
(A-A-MLC) so that the protein could not be phosphorylated,
was a generous gift from Dr. Andreas Kapus (University of
Toronto) (15). siRNA and TaqMan primers and probes for Src,
Pyk2 (PTK2B), �1, �2, �v�3, and �2–6 integrin subunits were
purchased from Applied Biosystems (Foster City, CA).
Cells—Human umbilical vein endothelial cells (HUVECs),

human breast cancer cells (MDA-MB-231 and MCF-7), and
human ovarian and prostatic cancer cells (PC-3) were pur-

chased from ATCC. HUVECs were grown in Lonza EGM-
2-MV medium on collagen-coated (20 �g/ml) tissue culture
dishes. HUVECs from fewer than 4 generations were used for
all experiments. The cancer cells were maintained in DMEM
medium with 10% heat-inactivated FCS.
Interaction of Cancer Cells with Endothelial Cells—Tumor

cells were detached from a 75-mm flask by trypsin and were
then added to a monolayer of HUVECs (3 � 106 cancer cells/
1 � 106 HUVECs). There was a firm adhesion of cancer cells to
HUVECs 10 min after the addition (the cancer cells were not
detached fromHUVECs after vigorouslywashingwith PBS). To
avoid the contamination of HUVEC lysates with cancer cells,
the maximum time allowed for the interaction of cancer cells
with HUVECs was 7 min.
Western Blotting—HUVECs were grown to confluence in

35-mmol/liter dishes or 6-well plates. Cells were extracted in
radioimmunoprecipitation assay buffer, which contained 0.1%
SDS, 1% deoxycholate, 1%Nonidet P-40, 10mmol/liter sodium
phosphate, 150 mmol/liter NaCl, 2 mmol/liter EDTA, 50
mmol/liter NaF, 5 mmol/liter sodium pyrophosphate, 0.1
mmol/liter sodium vanadate, 2 mmol/liter PMSF, 0.1 mg/ml
leupeptin, and 100 KIU/ml aprotinin. Samples were loaded
onto an SDS-polyacrylamide gel and run at 150 V for 1 h. The
proteins were then transferred onto nitrocellulose paper at 300
mA for 1.5 h, followed by Western blot analysis. Blots were
blocked with 5% dry milk in 0.1% Tween 20 in PBS for 1 h at
room temperature. The primary antibodies were used at a dilu-
tion of 1:500 to 1:1000. All antibodies were added for 1 h at
room temperature or overnight at 4 °C. After washing, the
appropriate secondary antibodies (Pierce) were added at a dilu-
tion of 1:10,000 for 1 h at room temperature. After extensive
washing, blots were developed with the SuperSignal enhanced
chemiluminescence kit (Pierce) and visualized on Kodak-AR
film.
Immunoprecipitation—Cells were grown to confluence,

washed gently with ice-cold PBS twice, and lysed in 1 ml of
radioimmunoprecipitation assay lysis buffer. After 10 min on
ice, cell lysates were collected and precleared for 30 min at 4 °C
with proteinA-agarose. After centrifugation (14,000� g, 15 s at
4 °C), the supernatants were incubated with primary antibodies
(1�g/mg lysate) overnight at 4 °Cwith continuousmixing. Pro-
tein A-agarose (40 �l) was added to the lysate. After 2 h at 4 °C,
the beads were washed three times in lysis buffer, and proteins
were eluted by boiling in SDS-sample buffer containing 4%
2-mercaptoethanol (Bio-Rad). The samples were analyzed by
SDS-PAGE.
Cell Adhesion Assay—HUVECs were seeded into 24-well

plates and grown to confluence. Tumor cells (25 � 106) were
resuspended in 1ml of complete medium and incubated for 1 h
at 37 °C in the presence of 50 �g/ml calcein-AM (Molecular
Probes, Invitrogen). After the cells were labeled, they were
resuspended at a concentration of 1 � 106 cells/ml in DMEM.
Tumor cells (1.5 � 105 in 150 �l) were added to washed plates
and incubated for 30min at 37 °C. After incubation, plates were
washed three times with DMEM. Adherent cells were lysed,
and cell adhesion was quantified on an Ultra384 plate reader
(Tecan, Männedorf, Switzerland) by using 485- and 535-nm
excitation and emission filters, respectively, after cell lysis in
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lysis buffer containing 50 mmol/liter Tris-HCl (pH 7.5), 1%
Nonidet P-40, and 5 mmol/liter EDTA.
Pull-down Assay for H-Ras—Pull-down assays for Ras were

performed according to the manufacturer’s instructions
(Pierce).HUVECswere lysed in lysis buffer (25mmol/liter Tris-
HCl, pH 7.5, 150 mmol/liter NaCl, 5 mmol/liter MgCl2, 1%
Nonidet P-40, 1 mmol/liter DTT, and 5% glycerol) on ice for 5
min. The lysates were centrifuged at 16 000 � g at 4 °C for 15
min. Activated Ras was pulled down with GST�Raf1�Ras-bind-
ing domain complex followed by Western blotting for active
Ras.
Flow Cytometry—Tumor cells were trypsinized and resus-

pended in 100 �l of FACS buffer (1 � 106 cells/tube). The cells
were treated with 1 �g of antibody and were incubated on ice
for 1 h. The cells were washed, secondary FITC antibody was
added, and cells were incubated for 30 min on ice. The cells
were thenwashedwith cold FACSbuffer, resuspended in 400�l
of FACS buffer, and used for analysis. Fluorochrome- and iso-
type-matched controls were used in parallel experiments to
monitor nonspecific staining. All data were recorded with a BD
FACS LSRII and analyzed with FlowJo 7.6.1.
Transduction of Adenovirus—The conditions used for the

transduction of recombinant adenoviruses were optimized by
using adenovirus encoding GFP. All reagents and kits, includ-
ing transduction reagents, an adenovirus purification kit, and
an adenovirus titration kit, were purchased from Cell Biolabs,
Inc. After purification, the titration of each recombinant ade-
novirus was determined by an ELISA titrating kit. HUVECs
were seeded into 6-well plates for 24 h until they reached 80%

confluence. According to the manufacturer’s protocol, adeno-
virus was transduced into cells by using ViraDuctin (Cell Bio-
labs, Inc.). HUVECs were infected with adenoviral vectors with
a multiplicity of infection of 100 plaque-forming units/cell in
the presence of ViraDuctin. After incubation with viral parti-
cles for 48 h, the cells were assessed for the expression of the
transduced genes. The efficacy of all recombinant adenoviruses
was previously tested (14).
Transfection of siRNAand Plasmids—AnFITC-labeled, dou-

ble-stranded siRNA (Invitrogen) was used to optimize the
transfection of endothelial cells with siRNA. The siRNA con-
structs for Src Pyk2, �1, and �2–6 were validated by Applied
Biosystems (Foster City, CA). To confirm the efficiency of
siRNA transfection, the mRNA expression of genes of interest
was measured by RT-PCR (15), and protein expression was
analyzed by flow cytometry. The vector pcDNA3.1/CT-GFP
TOPO (Invitrogen) was used to optimize the transfection of
plasmids into HUVECs. Plasmids and siRNA were transfected
into cells by using Lipofectamine 2000 (Invitrogen). Scrambled
siRNA (a non-targeting siRNApool) and empty pcDNA3.1 vec-
tor were transfected as controls. Cells were collected 48 h after
transfection with siRNA or plasmids.
Immunofluorescence Studies—Cells were grown in wells of

4-chamber culture collagen-coated slides. Cells were fixed in
4% paraformaldehyde for 15 min at 4 °C, washed with PBS, and
permeabilized for 5minwith 0.1%TritonX-100. After blocking
with PBS plus 2%BSAplus 0.1%Tween 20, cells were incubated
with primary antibody against VE-cad and goat anti-rabbit IgG
for 45 min each. Images were acquired by MicroSuite FIVE

FIGURE 1. Attachment of MDA-MB-231 cells to HUVECs induces Tyr phosphorylation of VE-cad, dissociates �-catenin from VE-cad, and retracts
endothelial cells. A, Tyr phosphorylation of VE-cad, Src, and Pyk2 was induced in HUVECs after the addition of MDA-MB-231 cells (3 � 106 MDA-MB-231
cells/1 � 106 HUVECs). B and C, MDA-MB-231 cell-induced VE-cad Tyr phosphorylation depended on Src and Pyk2. HUVECs were transfected with the indicated
siRNA and were exposed to MDA-MB-231 cells for 5 min (3 � 106 of MDA-MB-231 cells/1 � 106 HUVECs). Neg, scrambled siRNA control. D, attachment of
MDA-MB-231 cells to HUVECs led to the retraction of HUVECs. MDA-MB-231 cells were trypsinized, washed, and added to HUVECs for 10 min. Cells were fixed
with 4% paraformaldehyde and stained with primary rabbit polyclonal antibody against VE-cad and secondary FITC-conjugated goat anti-rabbit IgG antibody
(green). D1, control HUVECs without the addition of MDA-MB-231 cells. D2, retraction of HUVECs 10 min after the addition of MDA-MB-231 cells (3 � 106

MDA-MB-231 cells/1 � 106 HUVECs). D3, retraction of HUVECs inhibited by the pretreatment of HUVECs with PP2 (10 �M, 2h) before the addition of MDA-MB-
231 cells. D4, HUVECs treated with PP2 (10 �M, 2 h). White arrow, gaps formed between HUVECs. Bar, 10 �m. E, attachment of MDA-MB-231 cells to HUVECs led
to the dissociation of �-catenin from VE-cad. MDA-MB-231 cells (3 � 106 MDA-MB-231 cells/1 � 106 HUVECs) were added to HUVECs, and after 5 min, HUVECs
were washed and used for the immunoprecipitation assay. MDA, MDA-MB-231 cells. *, p � 0.05; ***, p � 0.001, versus control. Each experiment was indepen-
dently performed 3– 4 times. Error bars, S.E.
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software (Olympus Soft Imaging Solutions, Golden, CO) with
an Olympus BX61 motorized microscope (Olympus America,
Center Valley, PA).
TEM Assay—A kit from Cell Biolabs, Inc. was used for TEM

assays according to the manufacturer’s instructions. MDA-
MB-231 or MCF-7 cells (25 � 106 each) were resuspended in 1
ml of complete medium and incubated for 1 h at 37 °C in the
presence of 50 �g/ml calcein-AM (Molecular Probes, Invitro-
gen). After the cells were labeled, they were resuspended at a
concentration of 1 � 106 cells/ml in DMEM.MDA-MB-231 or
MCF-7 cells (1.5 � 105 in 150 �l) were added to the upper
compartment of transwell chambers with 6.5-mm diameter
and 8-�m pores for 4 h. To remove non-migrating cells, the
apical side of the filter was scraped gently with cotton wool and
discarded; only cells that attached to the bottom side of the
filter ormigrating tumor cells were quantified with anUltra384
plate reader (Tecan) by using 485- and 535-nm excitation and
emission filters, respectively.
Statistics—Adhesion and transmigration data were analyzed

by analysis of variance, and a two-sample Student t test was
used to calculate statistical significance (Excel,Microsoft Corp.,
Houston, TX). All experiments were repeated at least three
times. A probability (P) value of �0.05 was considered
significant.

RESULTS

Attachment of Invasive Breast Cancer Cells (MDA-MB-231)
to HUVECs Induces Tyr Phosphorylation of VE-cad, Dissociates
�-Catenin from the VE-cad Complex, and Retracts Endothelial
Cells—We recently showed that the interaction of monocytes
with endothelial cells leads to Tyr phosphorylation of VE-cad
and disruption of endothelial adherens junctions (14). To

determine if the interaction of breast cancer cells with endothe-
lial cells leads to similar effects on endothelial adherens junc-
tions, invasive breast cancer cells (MDA-MB-231) were added
to amonolayer of HUVECs.MDA-MB-231 cells are known as a
highly aggressive estrogen receptor-negative breast cancer cell
line. As indicated in Fig. 1A, VE-cad Tyr phosphorylation was
significantly increased after the addition ofMDA-MB-231 cells,
and this was accompanied by an increase in the phosphoryla-
tion of Src and Pyk-2, two Tyr kinases that are involved in Tyr
phosphorylation of VE-cad (14). The increase in VE-cad tyro-
sine phosphorylation induced by MDA-MB-231 cells also
occurs after attachment of other invasive cancer cells (see
below). siRNA against Src and Pyk2, which reduced basal levels
of each respective protein almost 50% (data not shown),
attenuated the Tyr phosphorylation of VE-cad induced by
MDA-MB-231 cells (Fig. 1, B and C). As indicated by immuno-
fluorescence staining of VE-cad (Fig. 1D), the attachment of
MDA-MB-231 cells to a monolayer of HUVECs led to a dra-
matic retraction in endothelial cells, a process thatmay precede
MDA-MB-231 endothelial transmigration. When HUVECs
were pretreated with a Src inhibitor (4-amino-5-(4-chlorophe-
nyl)-7-(t-butyl) pyrazolo[3,4-d]pyrimidine, PP2), the retraction
of HUVECs was blocked (Fig. 1D), suggesting that Src activa-
tion contributes to MDA-MB-231-induced retraction of
HUVECs. In addition, after the attachment of MDA-MB-231
cells to HUVECs, �-catenin was dissociated from VE-cad
(Fig. 1E).
Adhesion of Breast Cancer Cells to HUVECs Depends on the

Expression of �1 Integrins on MDA-MB-231 Cells—Integrins
regulate cell proliferation, migration, invasion, and survival,
processes that are required in both tumorigenesis andmetasta-

FIGURE 2. Adhesion of MDA-MB-231 cells to HUVECs is dependent on the expression of �1 integrins on MDA-MB-231 cells. A, flow cytometry analysis
shows the expression of � and � integrin subunits on MDA-MB-231 cells. mIgG, mouse IgG; rIgG, rat IgG. B, flow cytometry analysis shows the expression of �v�3
integrin on HUVECs. C, �1 integrin-blocking antibody and �1 integrin-activating antibody inhibited and enhanced, respectively, the attachment of MDA-MB-
231 cells to laminin, fibronectin, and collagen type I. The 96-well plates were coated with laminin (3 �g/ml), fibronectin (5 �g/ml), or collagen type I (0.2 �g/ml)
before the adhesion assay was performed. MDA-MB-231 cells were treated with 1 �g/ml �1 integrin-blocking antibody (33B6), �1 integrin-activating antibody
(TS2/16), or mouse IgG for 1 h and were then used for the adhesion assay. D, attachment of MDA-MB-231 cells to HUVECs was inhibited by a �1 integrin-blocking
antibody and enhanced by a �1 integrin-activating antibody. MDA-MB-231 cells were treated with the �1 integrin-blocking antibody (33B6; 1 �g/ml) or a �1
integrin-activating antibody (TS2/16; 1 �g/ml) for 1 h, washed, and subjected to the adhesion assay. E, flow cytometry analysis shows that the expression of �1
integrins on MDA-MB-231 cells was inhibited after treatment with siRNA against the �1 integrin subunit. Scrambled siRNA (Neg) was used as a control.
F, treatment of MDA-MB-231 cells with siRNA against the �1 integrin subunit (48 h) inhibited their subsequent attachment to HUVECs. G, flow cytometry
analysis shows that siRNA against �2 and �3 integrin subunits reduced the expression of these integrins on MDA-MB-231 cells. H, adhesion of MDA-MB-231 cells
to HUVECs was inhibited when MDA-MB-231 cells were treated with the indicated siRNA for 48 h. **, p � 0.01; ***, p � 0.001, versus control. Each experiment
was independently performed 3– 4 times. Error bars, S.E.
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sis of cancer cells. To determine which integrinsmediate breast
cancer cell-inducedVE-cad Tyr phosphorylation, we examined
integrin expression onMDA-MB-231 cells. As indicated in Fig.
2A,�1 integrins were themost highly expressed integrins found
onMDA-MB-231 cells. In addition,�2 and�3 integrin subunits
were expressed at greater levels than the rest of the � integrin
subunits examined. The expressions of�5 and�6 integrinswere
also significantly greater than the control IgG. The expression
of �4 integrin subunit was almost undetectable. The expression
of �v�3 integrins on MDA-MB-231 cells was very low. The
expression of �v�3 integrin on HUVECs was used as a positive
control (Fig. 2B).

To determine whether �1 integrins are critical for the adhe-
sion of MDA-MB-231 cells to endothelial cells and for the
induction of VE-cad Tyr phosphorylation in HUVECs, MDA-
MB-231 cells were treated with a �1 integrin-blocking antibody
(mAb 33B6) or �1 integrin-activating antibody (mAb TS2/16).
The results of substrate attachment assays showed that the pre-
treatment of MDA-MB-231 cells with �1 integrin-blocking
(33B6) antibody or �1 integrin-activating (TS2/16) antibody
inhibited or enhanced, respectively, the attachment of these
cells to laminin, fibronectin, and collagen type I (Fig. 2C). The
attachment ofMDA-MB-231 cells toHUVECswas inhibited or

enhanced when MDA-MB-231 cells were treated with the �1
integrin-blocking (33B6) antibody or �1 integrin-activating
(TS2/16) antibody, respectively (Fig. 2D). To verify the data
obtained with the function-blocking mAb 33B6, we examined
the effects of knocking down the �1 integrin subunit in MDA-
MB-231 cells with siRNA. The knockdown of the �1 integrin
subunit was confirmed by flow cytometry (Fig. 2E). The adhe-
sion of MDA-MB-231 cells to HUVECs was reduced by �1
siRNA (Fig. 2F), suggesting that �1 integrins play a critical role
in the attachment ofMDA-MB-231 cells toHUVECs. To deter-
mine which � subunit was involved in the attachment ofMDA-
MB-231 cells to HUVECs, we examined the effects of knocking
down �2 and �3 integrin subunits in MDA-MB-231 cells. By
using flow cytometry, we confirmed the siRNA-mediated
reduction in expression of�2 and�3 integrin subunits (Fig. 2G).
The inhibition of �2 subunit did not show any effect on expres-
sion of �3 subunit and vice versa (data not shown). As shown in
Fig. 2H, �2 and �3 siRNAs inhibited the adhesion ofMDA-MB-
231 cells to HUVECs (Fig. 2H). The inhibition was more pro-
nounced for �2 siRNA.
MDA-MB-231 Cell-induced Tyr Phosphorylation of VE-cad

in HUVECs IsMediated by �1 and �2 Integrins—Previous stud-
ies have shown that the interaction of integrins �4�1 and

FIGURE 3. Integrin �2�1 on MDA-MB-231 cells mediates breast cancer cell-induced Tyr phosphorylation of VE-cad in HUVECs. A, blocking antibody
against �1 integrin suppressed MDA-MB-231 cell-induced Tyr phosphorylation of VE-cad. MDA-MB-231 cells were treated with the �1 integrin-blocking
antibody (33B6; 1 �g/ml) for 1 h, washed, and added to HUVECs (3 � 106 MDA-MB-231 cells/1 � 106 HUVECs) for 5 min. B and C, integrin subunits �2 and �1
mediated breast cancer cell-induced Tyr phosphorylation of HUVECs. MDA-MB-231 cells were treated with siRNA against �1 (B) or �2 and �3 (C) integrin
subunits, and after 48 h, cells were added to HUVECs (3 � 106 MDA-MB-231 cells/1 � 106 HUVECs) for 5 min. Neg, scrambled siRNA control. D, adhesion
of MDA-MB-231 cells to HUVECs was inhibited when MDA-MB-231 cells were treated with fibronectin, laminin, or collagen type I. MDA-MB-231 cells were
incubated with 10 �M of fibronectin (Fcn), laminin (Lam), collagen type I (Col I), or bovine serum albumin (BSA) for 1 h; washed; and subjected to the
adhesion assay. E, MDA-MB-231 cell-induced Tyr phosphorylation of VE-cad was attenuated by the pretreatment of MDA-MB-231 cells with collagen
type I. MDA-MB-231 cells were treated with fibronectin, laminin, collagen type I, or BSA (10 �M each) and added to HUVECs (3 � 106 MDA-MB-231
cells/1 � 106 HUVECs) for 5 min. F, TEM of MDA-MB-231 cells was attenuated by siRNA against �2 and �1 integrin subunits. MDA-MB-231 cells were
transfected with the indicated siRNA 48 h before their addition to HUVECs (10 � 105 cells/well). After 4 h, the migrating tumor cells were quantified with
a plate reader by using 485- and 535-nm excitation and emission filters, respectively. Data are expressed as the mean � S.D. (error bars) from triplicate
experiments. G, recombinant human �2�1 integrin induced Tyr phosphorylation of VE-cad. Recombinant human integrin �2�1, �3�1, or �5�1 or BSA (5
�M each) were added to HUVECs for 5 min. MDA, MDA-MB-231 cells. *, p � 0.05; **, p � 0.01; ***, p � 0.001, versus control. Each experiment was
independently performed 3– 4 times.
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�L/M�2 with VCAM-1 and ICAM-1 adhesion molecules leads
to monocyte-induced Tyr phosphorylation of VE-cad (14, 16).
By using blocking antibody and siRNA, we sought to determine
which integrin(s) mediate MDA-MB-231 cell-induced Tyr
phosphorylation of VE-cad in HUVECs. The treatment of
MDA-MB-231 cells with blocking antibody against �1 integrin
suppressed MDA-MB-231 cell-induced Tyr phosphorylation
of VE-cad and Pyk2 (Fig. 3A). The treatment of MDA-MB-231
cells with siRNA against�1 and�2 integrin subunits attenuated
Tyr phosphorylation of VE-cad in HUVECs (Fig. 3, B and C).
Tyr phosphorylation of VE-cad was slightly but significantly
reduced by siRNA against �3 integrin subunit. The siRNA-
mediated knockdown of �4, �5, �6, �2, and �v�3 integrin sub-
units failed to attenuate breast cancer cell-induced Tyr phos-
phorylation of VE-cad (data not shown). To determine which
ligand(s) mediates MDA-MB-231-induced Tyr phosphoryla-
tion of HUVECs, we pretreated MDA-MB-231 cells with solu-
ble laminin, fibronectin, or collagen type I before adding the
cells to amonolayer ofHUVECs. As shown in Fig. 3D, the adhe-

sion of MDA-MB-231 cells to HUVECs was partially inhibited
by the pretreatment of MDA-MB-231 cells with laminin/fi-
bronectin and profoundly inhibited by collagen type I. VE-cad
Tyr phosphorylation in HUVECs was primarily attenuated by
collagen type I and weakly attenuated by laminin and fibronec-
tin (Fig. 3E). TEM of MDA-MB-231 cells was also inhibited by
the siRNA-mediated knockdown of�2 and�1 integrin subunits
(Fig. 3F). Integrin�2�1-mediated adhesionofMDA-MB-231 cells
to HUVECs could induce VE-cad Tyr phosphorylation. To deter-
mine whether �2�1 integrin alone is sufficient to induce this, we
treated HUVECs with recombinant soluble integrins (�2�1, �3�1,
and �5�1) and examined tyrosine phosphorylation of VE-cad. As
shown in Fig. 3G, recombinant human�2�1 and to a lesser degree
�3�1 integrins induced Tyr phosphorylation of VE-cad in
HUVECs, whereas recombinant human �5�1 or BSA did not.
These results suggest that binding of �2�1 and �3�1 integrins to
HUVECs is sufficient to induce Tyr phosphorylation of HUVECs
and thatMDA-MB-231 cell-induced Tyr phosphorylation of VE-
cad is primarily mediated by the integrin �2�1.

FIGURE 4. Noninvasive breast cancer cells (MCF-7) induce VE-cad Tyr phosphorylation to a lesser degree than invasive breast cancer cells (MDA-MB-
231). A, flow cytometry analysis shows the integrin expression profile of MCF-7 cells. mIgG, mouse IgG; rIgG, rat IgG. B, expression of �1, �2, and �3 integrin
subunits was lower in MCF-7 cells than in MDA-MB-231 cells. C, VE-cad Tyr phosphorylation induced by MCF-7 cells was less than that induced by
MDA-MB-231 cells. MCF-7 or MDA-MB-231 cells (3 � 106 cancer cells/1 � 106 HUVECs) were added to HUVECs for 5 min. MCF-7 cells were treated with
�1 integrin-activating antibody (TS2/16; 1 �g/ml) for 1 h, washed, and added to HUVECs. D, induction of endothelial retraction by MCF-7 cells is much
lower than that by MDA-MB-231 cells. MDA-MB-231 and MCF-7 cells were trypsinized, washed, and added to HUVECs for 10 min. Cells were fixed with
4% paraformaldehyde and stained with primary rabbit polyclonal antibody against VE-cad and secondary FITC-conjugated goat anti-rabbit IgG anti-
body (green). D1, control HUVECs without the addition of MDA-MB-231 cells. D2, retraction of HUVECs 10 min after the addition of MDA-MB-231 cells
(3 � 106 MDA-MB-231 cells/1 � 106 HUVECs). D3, the addition of MCF-7 cells to HUVECS for 10 min (3 � 106 MCF-7 cells/1 � 106 HUVECs). Bar, 10 �m.
E, the dissociation of �-catenin from VE-cad induced by MCF-7 cells was less than that induced by MDA-MB-231 cells. MCF-7 or MDA-MB-231 cells (3 �
106 cancer cells/1 � 106 HUVECs) were added to HUVECs for 5 min, and HUVECs were used for immunoprecipitation assays. F, fewer MCF-7 cells than
MDA-MB-231 cells crossed endothelial cells in the transwell chamber assay. MCF-7 cells were treated with �1 integrin-activating antibody (TS2/16; 1
�g/ml) or mIgG (1 �g/ml) for 1 h, washed, and used for the TEM assay. MDA, MDA-MB-231 cells. *, p � 0.05; **, p � 0.01; ***, p � 0.001, versus control.
Each experiment was independently performed 3– 4 times. Error bars, S.E.
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Weakly Invasive Breast Cancer Cells (MCF-7) Induce VE-cad
Tyr Phosphorylation to a Lesser Degree than Highly Invasive
Breast Cancer Cells (MDA-MB-231)—To determine whether
the invasiveness of breast cancer cells affects the induction of
VE-cad Tyr phosphorylation in HUVECs, we compared the
effects of highly invasive MDA-MB-231 cells with those of
weakly invasiveMCF-7 cells. InMCF-7 cells, integrin subunits,
including �1, �2, and �3, were expressed 3–4-fold less than in
MDA-MB-231 cells (Fig. 4, A and B). In addition, MCF-7 cells
induced less VE-cad Tyr phosphorylation in HUVECs than did
MDA-MB-231 cells (Fig. 4C). However, VE-cad Tyr phospho-
rylation was increased by the treatment of MCF-7 cells with �1
integrin-activating antibody (TS2/16) (Fig. 4C). In addition,
interaction ofMCF-7 with HUVECs did not induce endothelial
retraction to the extent that MDA-MB-231 cells did (Fig. 4D).
MCF-7 cells also induced less dissociation of �-catenin from
theVE-cad complex than didMDA-MB-231 cells (Fig. 4E). The
low potency of MCF-7 in induction of VE-cad Tyr phosphory-
lation correlated with the TEM of MCF-7 cells, which was less
than that of MDA-MB-231 cells (Fig. 4F). As shown in Fig. 4F,
the TEM of MCF-7 cells increased after treatment with �1
integrin-activating antibody (TS2/16).
MDA-MB-231 Cell-induced Tyr Phosphorylation of VE-cad

Is Mediated by Activation of the H-Ras/Raf/MEK/ERK Signal-
ing Cascade—We recently demonstrated that monocyte-in-
duced Tyr phosphorylation of VE-cad is mediated by the
H-Ras/Raf/MEK/ERK signaling cascade and requires MLC
phosphorylation within HUVECs (14). In addition, we showed
that the activation of H-Ras by using a constitutively active

form of H-Ras or induction of the phosphorylation of MLC by
inhibiting MLC phosphatase leads to Tyr phosphorylation of
VE-cad and retraction of endothelial cells and enhances the
TEM of monocytes (14). Here, we examined whether the
H-Ras/Raf/MEK/ERK signaling cascade governs MDA-MB-
231 cell-induced Tyr phosphorylation of VE-cad. Using a pull-
down assay, we showed that the attachment of MDA-MB-231
cells to HUVECs increased the GTP-bound form of Ras (Fig.
5A) and ERK phosphorylation (Fig. 5B). In addition, MCF-7
cells induced less ERK phosphorylation in HUVECs than did
MDA-MB-231 cells (Fig. 5C), which was reversed by the treat-
ment ofMCF-7 cells with�1 integrin-activating antibody (TS2/
16) (Fig. 5C). To determine whether activation of the H-Ras/
Raf/MEK/ERK signaling cascade is required for MDA-MB-231
cell-induced Tyr phosphorylation of VE-cad, H-Ras, Raf-1, and
ERK-2 were each inhibited by recombinant DN adenovirus.
The inhibitory activity of each DN form of H-Ras, Raf-1, and
ERK-2 was confirmed by the attenuation of IL-1-induced ERK
phosphorylation in the presence of each recombinant adenovi-
rus (data not shown). The DN forms of H-Ras, Raf-1, and ERK
did not have a significant effect on the basal level of VE-cad Tyr
phosphorylation inHUVECs (Fig. 5D). As shown in Fig. 5E, Tyr
phosphorylation of VE-cad induced byMDA-MB-231 cells was
almost completely blocked in HUVECs expressing DN H-Ras,
Raf-1, or ERK-2.We recently revealed that H-Ras-induced VE-
cad Tyr phosphorylation partially depends on RhoA (17). It has
been demonstrated that constitutively active forms of Rac and
RhoA synergize with the constitutively active form of Raf to
activate ERK2, and a dominant negativemutant of Rac or RhoA

FIGURE 5. Breast cancer cell-induced Tyr phosphorylation of VE-cad is mediated by activation of the H-Ras/Raf/MEK/ERK signaling cascade. A, attach-
ment of MDA-MB-231 cells to HUVECs activated Ras. A pull-down assay was used to assess the binding of GTP to Ras. B, MDA-MB-231 cells induced phosphor-
ylation of ERK in HUVECs. MDA-MB-231 cells (3 � 106 MDA-MB-231 cells/1 � 106 HUVECs) were added to HUVECs for the indicated times. C, MCF-7 cells induce
endothelial cell ERK phosphorylation to a lower degree than MDA-MB-231 cells. MCF-7 cells and MDA-MB-231 cells (3 � 106 tumor cells/1 � 106 HUVECs) were
added to HUVECs for 5 min. In the indicated sample, MCF-7 cells were treated with �1 integrin-activating antibody (TS2/16; 1 �g/ml) for 1 h, washed, and then
added to HUVECs. D, dominant negative forms of H-Ras, Raf-1, and ERK2 did not show any effect on the basal levels of VE-cad Tyr phosphorylation in HUVECs.
HUVECs were transduced with the indicated adenovirus and were collected after 48 h. E, MDA-MB-231 cell-induced Tyr phosphorylation of VE-cad was
attenuated when H-Ras, Raf-1, or ERK2 was inhibited. HUVECs were transduced with the indicated adenovirus, and after 48 h, MDA-MB-231 cells (3 � 106

MDA-MB-231 cells/1 � 106 HUVECs) were added to HUVECs for 5 min. F, inhibition of RhoA, Rac-1, and CDC42 with their respective dominant negative forms
did not attenuate the basal level of Tyr phosphorylation of VE-cad. HUVECs were transduced with the indicated adenovirus, and after 48 h, MDA-MB-231 cells
(3 � 106 MDA-MB-231 cells/1 � 106 HUVECs) were added to HUVECs for 5 min. G, inhibition of RhoA attenuates MDA-MB-231 cell-induced Tyr phosphorylation
of VE-cad. HUVECs were transduced with the indicated adenovirus, and after 48 h, MDA-MB-231 cells (3 � 106 MDA-MB-231 cells/1 � 106 HUVECs) were added
to HUVECs for 5 min. MDA, MDA-MB-231 cells. *, p � 0.05; **, p � 0.01; ***, p � 0.001, versus control. Each experiment was independently performed 3– 4 times.
Error bars, S.E.
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can attenuate Raf activation by Ras (18–20). To determine the
role of Rho family GTPases in MDA-MB-231 cell-induced VE-
cad Tyr phosphorylation, recombinant DN forms of RhoA,
Rac1, and Cdc42 were used. Pull-down assays confirmed the
inhibitory effects of DN-RhoA, DN-Rac1, and DN-Cdc42
recombinants (data not shown). Overexpression of DN-RhoA,
DN-RAC1, and DN-Cdc42 did not alter the basal level of VE-
cad Tyr phosphorylation in HUVECs (Fig. 6F). Inhibition of
RhoA by the DN form attenuated MDA-MB-231 cell-induced
Tyr phosphorylation ofVE-cad (Fig. 5F). In contrast to the inhi-
bition of Cdc42, which did not attenuate Tyr phosphorylation
of VE-cad, inhibition of Rac1 slightly but significantly attenu-
ated Tyr phosphorylation of VE-cad (Fig. 5F).
Phosphorylation of MLC Is Required for MDA-MB-231 Cell-

induced Tyr Phosphorylation of VE-cad—Disruption of endo-
thelial barrier function by proinflammatory agents is associated
with alteration in endothelial cytoskeleton and phosphoryla-
tion of MLC (21). Our group recently delineated that MLC
phosphorylation is adequate to induce Tyr phosphorylation of
VE-cad (14). We previously demonstrated that inhibition of
MLC phosphorylation attenuates VE-cad tyrosine phosphoryl-
ation induced by the constitutively active form of H-Ras (17).
Therefore, the role of MLC phosphorylation and actin polym-
erization in MDA-MB-231 cell-induced Tyr phosphorylation
was studied. After the attachment of MDA-MB-231 cells to
HUVECs, MLC phosphorylation in the endothelial cells was
induced. This was accompanied by the inhibition/phosphory-

lation of MYPT (the regulatory subunit of MLC phosphatase;
Fig. 6A). To determine whether MLC phosphorylation is criti-
cal for the Tyr phosphorylation of VE-cad induced by MDA-
MB-231 cells, we used a dominant negative mutant of MLC
(A-A-MLC) that cannot be phosphorylated (14). The transfec-
tion rate for the pcDNA3.1/CT-GFP constructs was 40% (data
not shown). Consistent with a previous report (14), the overex-
pression of A-A-MLC in HUVECs did not alter basal levels of
MLC phosphorylation (Fig. 6C). However, MLC phosphoryla-
tion and VE-cad Tyr phosphorylation induced by MDA-MB-
231 cells were attenuated when A-A-MLC was overexpressed
in HUVECs (Fig. 6, B and C).
Alterations in actin-cytoskeleton structures and dynamics

affect TEMof leukocytes (22).We previously showed thatMLC
phosphorylation leads to the polymerization of G actin and the
formation of F actin (23). To determine whether the polymeri-
zation of actin plays a role in theTyr phosphorylation ofVE-cad
induced by MDA-MB-231 cells, we treated HUVECs with
cytochalasin D, an inhibitor of actin polymerization. Tyr phos-
phorylation of VE-cad induced byMDA-MB-231 cells was sup-
pressed when HUVECs were treated with cytochalasin D (Fig.
6D). We also examined the effects of dominant negative H-Ras
and the inhibition of MLC phosphorylation by A-A-MLC on
theTEMofMDA-MB-231 cells. As shown in Fig. 6,E and F, the
TEM of MDA-MB-231 cells were inhibited by dominant nega-
tive H-Ras and by the transfection of HUVECs with A-A-MLC.
These experiments indicate the critical role of H-Ras activation

FIGURE 6. Phosphorylation of MLC is required for breast cancer cell-induced Tyr phosphorylation of VE-cad. A, phosphorylation of MLC and MLC
phosphatase (MYPT) after the attachment of MDA-MB-231 cells. MDA-MB-231 cells (3 � 106 MDA-MB-231 cells/1 � 106 HUVECs) were added to HUVECs for the
indicated times. B and C, MDA-MB-231 cell-induced VE-cad Tyr phosphorylation and MLC phosphorylation were attenuated when A-A-MLC was overexpressed
in HUVECs. HUVECs were transfected by the indicated constructs. After 48 h, MDA-MB-231 cells (3 � 106 MDA-MB-231 cells/1 � 106 HUVECs) were added to
HUVECs for 5 min. D, MDA-MB-231 cell-induced Tyr phosphorylation of VE-cad was suppressed when HUVECs were treated with cytochalasin D. HUVECs were
treated with 1 �M cytochalasin D for 2 h, and MDA-MB-231 cells (3 � 106 MDA-MB-231 cells/1 � 106 HUVECs) were added to HUVECs for 5 min. E and F, TEM of
MDA-MB-231 cells was inhibited when H-Ras activity or MLC phosphorylation was inhibited. HUVECs were transduced by the indicated adenovirus or were
transfected by the indicated constructs. After 48 h, cells were used to analyze the TEM of MDA-MB-231 cells. *, p � 0.05; **, p � 0.01; ***, p � 0.001, versus
control. Each experiment was independently performed 3– 4 times. Error bars, S.E.
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and MLC phosphorylation in HUVECs for TEM of MDA-MB-
231 cells. Our results suggest that MDA-MB-231 cell-induced
VE-cad Tyr phosphorylation in HUVECs resembles VE-cad
Tyr phosphorylation induced bymonocytes and is mediated by
H-Ras activation and MLC phosphorylation.
Attachment of InvasiveOvarian and Prostatic Cancer Cells to

HUVECs Induces Tyr Phosphorylation of VE-cad—To deter-
mine whether the disruption of endothelial adherens junctions
occurs after the attachment of other invasive cancer cells, we
studied ovarian (SKOV3) and prostatic (PC-3) invasive cancer
cells. As shown in Fig. 7, A and B, the addition of both SKOV3
and PC-3 and cells to HUVECs increased Tyr phosphorylation
of VE-cad. In addition, endothelial cells retracted after the
attachment of PC-3 and SKOV3 cells to HUVECs (Fig. 7C).
Integrin expression profiles for SKOV3 and PC-3 cells were
similar to those for MDA-MB-231 cells, with a higher expres-
sion of �1, �2, and �3 integrin subunits (Fig. 7, D and E). How-
ever, the relative expression of �2 integrin subunit by SKOV3
cells was not as high as the other studied cancer cell lines. In
addition, in contrast to PC-3 and MDA-MB-231 cells, SKOV3
cells expressed integrin �v�3 to a higher extent (Fig. 7D).When
SKOV3 and PC-3 and cells were pretreated with �1 blocking
antibody, their induction of Tyr phosphorylation of VE-cad in

HUVECs were suppressed (Fig. 8, A and B). Flow cytometry
analysis indicated that siRNA against �1 integrin subunit
reduced the expression of this integrin almost 40–50% in both
PC-3 and SKOV3 cells (data not shown). The siRNA-mediated
knockdown of �1 in SKOV3 and PC-3 cells attenuated the
SKOV3 and PC-3 cell-induced Tyr phosphorylation of VE-cad
in HUVECs (Fig. 8, C and D). Furthermore, dominant negative
H-Ras, Raf1, and ERK2 attenuated SKOV3 and PC-3 cell-in-
duced Tyr phosphorylation of VE-cad (Fig. 8, E and F).

DISCUSSION

In this study, we have shown that the attachment of invasive
breast cancer cells to endothelial cells leads to VE-cad Tyr
phosphorylation and dissociation of�-catenin from theVE-cad
complex. The induction of VE-cad Tyr phosphorylation by
MDA-MB-231 cells is mainly triggered by �2�1 integrin, is
mediated by the H-Ras/Raf/MEK/ERK signaling cascade, and
depends on MLC phosphorylation. Furthermore, the attach-
ment of invasive ovarian and prostatic cancer cells to HUVECs
similarly altered endothelial signal transduction. Our results
provide evidence that invasive breast cancer cells (MDA-MB-
231 cells) are involved in intraendothelial signaling that pro-
motes the TEM of cancer cells. Our study suggests that leuko-

FIGURE 7. Attachment of invasive ovarian and prostatic cancer cells to HUVECs induces Tyr phosphorylation of VE-cad. A and B, attachment of ovarian
(SKOV3; ovarian cancer cells (OCC)) and prostatic (PC-3; prostatic cancer cells (PCC)) cancer cells to HUVECs induced Tyr phosphorylation of VE-cad. SKOV3 and
PC-3 cells (3 � 106 cancer cells/1 � 106 HUVECs) were added to HUVECs for the indicated times. C, endothelial cells were retracted after attachment of PC-3 and
SKOV3 cells. PC-3 (C2) and SKOV3 (C3) cells were added to HUVECs (3 � 106 cancer cells/1 � 106 HUVECs), and after 10 min, HUVECs were fixed and used for
immunofluorescence staining. Bar, 10 �m. D and E, flow cytometry analysis showing integrin expression profiles for SKOV3 and PC-3 cells. Each experiment was
independently performed 3– 4 times. Error bars, S.E.
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cytes and invasive breast cancer cells (MDA-MB-231 cells)
similarly induce alterations in endothelial cells that facilitate
invasive cell diapedesis.
The role of �2�1 integrin in the metastasis of cancer cells is

not clear. Ramirez et al. (24) showed in amousemodel of breast
cancer that �2�1 integrin suppressed metastasis. In contrast,
other studies have suggested that �2�1 integrin may enhance
metastasis to different organs (25–28). Wu et al. (29) reported
that the knockdown of RhoA in MDA-MB-231 cells increased
the invasive and proliferative properties of cells more than the
knockdown of RhoC. Furthermore, the knockdown of RhoC in
MDA-MB-231 cells resulted in low surface expression of�2 and
�1 integrin subunits and prevented the cells from adhering to
collagen type I, providing an explanation for their reduced
motility and invasiveness. Indeed, other groups have shown
that in prostate cancer, elevated levels of RhoC enhance colla-
gen I-�2�1 signaling and promote tumormetastasis to the bone
matrix, which contains abundant levels of collagen type I (30,
31). In addition, the attachment of MDA-MB-231 cells to cor-
tical bone disks was blocked by asmuch as 75%when cells were
pretreated withmonoclonal antibodies to�2 and�1 subunits of
the integrin family (32).
We observed that the expression of �1, �2, and �3 integrin

subunits was higher inMDA-MB-231 cells than inMCF-7 cells

(Fig. 4B). In support of our findings, a previous study showed
that MDA-MB-231 cells expressed higher levels of �2�1 than
MCF-7 breast cancer cells (33). The critical role of VE-cad in
the metastasis of cancer cells has been demonstrated. Disrup-
tion of the endothelial barrier directly with anti-VE-cad anti-
body amplified the metastasis of tumor cells in mice (5). In
addition, Tyr phosphorylation of VE-cad by VEGF significantly
increased the penetration of highly metastatic MDA-MB-231
breast cancer cells across the microvascular endothelial cell
monolayer in human brain tissue (34). Furthermore,Weis et al.
(5) proposed a model in which metastatic tumor cells release
high levels of VEGF, which deregulate endothelial cell-cell
junctional complexes and facilitate their extravasation. Our
results support a model in which, in addition to the release of
VEGF by cancer cells, the attachment of tumor cells to endo-
thelial cells contributes to the disruption of endothelial adher-
ens junctions and accelerates tumor cell TEM (Fig. 8H).
We have previously shown that the activation of Ras/ERK

leads to MLC phosphorylation and that MLC phosphorylation
leads to VE-cad Tyr phosphorylation (14). Our findings in the
present study further indicate that inhibiting MLC phosphory-
lation and blocking G actin polymerization inhibits VE-cad Tyr
phosphorylation and the TEM of MDA-MB-231 cells. In line
with these findings, blocking endothelialMLCphosphorylation

FIGURE 8. Induction of endothelial cells VE-cad Tyr phosphorylation by ovarian and prostatic cancer cells is mediated by �1 integrin and requires
H-Ras. A and B, blocking antibody against �1 integrin suppressed SKOV3 and PC-3 cell-induced Tyr phosphorylation of VE-cad. SKOV3 and PC-3 cells were
treated with the �1 integrin-blocking antibody (33B6; 1 �g/ml) for 1 h, washed, and added to HUVECs (3 � 106 tumor cells/1 � 106 HUVECs) for 5 min. C and
D, knockdown of �1 integrin subunit attenuated SKOV3 and PC-3 cell-induced Tyr phosphorylation of VE-cad. SKOV3 (ovarian cancer cells; OCC) and PC-3
(prostatic cancer cells; PCC) cells were transfected with the indicated siRNA. After 48 h, cells were added to HUVECs (3 � 106 cancer cells/1 � 106 HUVECs) for
5 min. Neg, scrambled siRNA control. E and F, dominant negative form of H-Ras, Raf, and ERK2 attenuated SKOV3 and PC-3 cell-induced VE-cad Tyr phos-
phorylation in HUVECs. HUVECs were transduced with the indicated adenovirus and were collected after 48 h. SKOV3 and PC-3 cells (3 � 106 cancer cells/1 �
106 HUVECs) were added to HUVECs for 5 min. G, a hypothetical model for the alterations in signal transduction of HUVECs after attachment of breast cancer
cells. Attachment of invasive breast cancer cells to endothelial cells via �1 integrin initiates the signal transduction that leads to tyrosine phosphorylation of
VE-cad. This disrupts the integrity of endothelial adherens junction and facilitates transendothelial migration of breast cancer cells. *, p � 0.05; **, p � 0.01; ***,
p � 0.001, versus control. Each experiment was independently performed 3– 4 times. Error bars, S.E.
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has been shown to reduce the invasion of breast cancer cells
(35). How phosphorylation of MLC leads to VE-cad Tyr phos-
phorylation needs further investigation. Actomyosin contrac-
tion could trigger not onlymechanical and cytoskeletal changes
in endothelial cells but could also lead to the redistribution of
kinases and phosphatases within the cells. This mechanism
might participate in the phosphorylation of VE-cad and associ-
ated proteins in response to tumor cell adhesion to endothelial
cells.We demonstrated that attachment ofmonocytes to endo-
thelial cells or overexpression of CA-H-Ras in endothelial cells
recruits Src to the VE-cad complex (14, 17). Furthermore, the
earlier findings demonstrated that actin polymerization, Rho A
activity, and activity ofmyosin are required for recruitment and
accumulation of junctional complex components (36, 37).
Our study suggests that MDA-MB-231 cell-induced VE-cad

Tyr phosphorylation is primarilymediated by the interaction of
�2�1 integrin on invasive cancer cells and a counterligand on
endothelial cells. Breast cancer cells may attach to subendothe-
lium extracellular matrix. Several studies, both in vitro and in
vivo, have shown that endothelial cells retract before tumor cell
extravasation. Nicolson (38) reported that melanoma cells
induce endothelial cell retraction, creating a portal of transmi-
gration. Such endothelial cell retraction has also been described
in pancreatic (39), lung (40), and breast (41) cancer cells. After
tumor cell attachment, endothelial cell retraction is initiated,
and tumor cells spread on the exposed subendothelial matrix.
Future investigation that addresses whether the retraction of
endothelial cells precedes breast cancer cell-induced VE-cad
Tyr phosphorylation (or vice versa) will be very informative. It
is also possible that tumor cells attach to the components of the
extracellularmatrix that are attached to the surface of endothe-
lial cells. Scanning electronmicroscopic analysis demonstrated
that prostate cancer cells adhered directly to the endothelial
cells and not to the underlying substrata (41). In addition, the
presence of extracellular matrix components on the surface of
endothelial cells has been reported (42). Our data indicating
that recombinant human �2�1 or �3�1 integrins are sufficient
to reproduce MDA-MB-231 cell-induced Tyr phosphorylation
of VE-cad support the concept that integrin interactions with
yet undefined ligand on endothelial cells or on matrix that can
be presented on the surface of endothelial cells directly cause
endothelial cell retraction.
Our results showed that �1 integrin triggered ovarian and

prostatic cancer cell-induced VE-cad Tyr phosphorylation.
This suggests the common alterations in endothelial signal
transduction after attachment of breast, ovarian and prostatic
invasive cancer cells. However, more specific studies are
needed to investigate the molecular mechanisms that regulate
the effects of ovarian and prostatic cancer cell attachment on
endothelial cell signal transduction.
In conclusion, we have shown that the attachment of MDA-

MB-231 cells to endothelial cells led to significant biochemical
alterations in endothelial cells that facilitate the TEM of inva-
sive breast cancer cells. Furthermore, we have shown that after
the attachment ofMDA-MB-231 cells, activation of the H-Ras/
Raf/ERK signaling cascade and phosphorylation of MLC were
required for integrin �2�1-mediated disruption of endothelial
adherens junctions. This study provides new insight into how

the endothelial signaling cascademight bemodulated by invad-
ing breast cancer cells and highlights the importance of exam-
ining the process of tumor invasion from the important yet
underexplored perspective of the underlying endothelium.
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