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Abstract. 

 

Cell-to-cell junction structures play a key 
role in cell growth rate control and cell polarization. In 
endothelial cells (EC), these structures are also in-
volved in regulation of vascular permeability and leu-
kocyte extravasation. To identify novel components in 
EC intercellular junctions, mAbs against these cells 
were produced and selected using a morphological 
screening by immunofluorescence microscopy. Two 
novel mAbs, LIA1/1 and VJ1/16, specifically recog-
nized a 25-kD protein that was selectively localized at 
cell–cell junctions of EC, both in the primary formation 
of cell monolayers and when EC reorganized in the 
process of wound healing. This antigen corresponded to 
the recently cloned platelet-endothelial tetraspan anti-
gen CD151/PETA-3 (platelet-endothelial tetraspan an-
tigen-3), and was consistently detected at EC cell–cell 
contact sites. In addition to CD151/PETA-3, two other 
members of the tetraspan superfamily, CD9 and CD81/
TAPA-1 (target of antiproliferative antibody-1), local-
ized at endothelial cell-to-cell junctions. Biochemical 

analysis demonstrated molecular associations among 
tetraspan molecules themselves and those of CD151/

 

PETA-3 and CD9

 

 

 

with 

 

a

 

3

 

b

 

1 integrin. Interestingly, 
mAbs directed to both CD151/PETA-3 and CD81/
TAPA-1 as well as mAb specific for 

 

a

 

3 integrin, were 
able to inhibit the migration of ECs in the process of 
wound healing. The engagement of CD151/PETA-3 
and CD81/TAPA-1 inhibited the movement of individ-
ual ECs, as determined by quantitative time-lapse 
video microscopy studies. Furthermore, mAbs against 
the CD151/PETA-3 molecule diminished the rate of 
EC invasion into collagen gels. In addition, these mAbs 
were able to increase the adhesion of EC to extracellu-
lar matrix proteins. Together these results indicate that 
CD81/TAPA-1 and CD151/PETA-3 tetraspan mole-
cules are components of the endothelial lateral junc-
tions implicated in the regulation of cell motility, either 
directly or by modulation of the function of the associ-
ated integrin heterodimers.

 

I

 

ntercellular

 

 adhesion structures provide, by means
of transmembrane proteins selectively localized at the
sites of cell–cell contact, the physical strength neces-

sary to build up solid tissues interconnecting the cytoskele-
ton from the different cells. Junctional structures are also
responsible for the polarization of certain cell types, deter-
mining different functional subdomains along the plasma
membrane, each containing a defined subset of proteins.
Tight junctions, composed by the transmembrane protein
occludin (Furuse et al., 1993) coupled to cytoplasmic pro-
teins ZO-1, ZO-2, 7H6, cingulin, and symplekin (Keon et

al., 1996; for review see Schneeberger

 

 

 

et al., 1992; Ander-
son et al., 1993; Citi 1993), are directly involved in restrict-
ing the lateral diffusion of proteins along the plane of the
plasma membrane. Adherens junctions, formed by differ-
ent cadherins (reviewed in Takeichi, 1990; Geiger and Ay-
alon, 1992; Dejana 1996) linked to the actin cytoskeleton
by catenins (Tsukita et al., 1992; Kemler 1993; Cowin and
Burke, 1996), initiate cell–cell contacts, nucleate the for-
mation of other junctional structures (Gumbiner et al.,
1988), and regulate the expression of the genes involved in
the polarized phenotype (McNeill et al., 1990; Marrs et al.,
1995). Focal adhesions, in which integrins are the trans-
membrane adhesion moiety, are mainly responsible for
adhesion to the extracellular matrix (Jockusch et al., 1995),
which may be sufficient for the establishment of some of
the characteristics of a polarized cell phenotype (Drubin
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and Nelson, 1996). Other junctional complexes like gap
junctions, composed by connexin oligomers (for review
see Goodenough et al., 1996), do not play a structural role
in intercellular adhesion but metabolically couple cells in a
determinate tissue.

Intercellular connections are responsible for the main
function of endothelial cells as a selective permeable bar-
rier between the bloodstream and the rest of tissues along
the body. Endothelial cell-to-cell adhesion also plays the
aforementioned general role of cell growth rate control
(Caveda et al., 1996) and tissue integrity maintenance.
Growth control in endothelium has a great relevance in tu-
morigenesis, since angiogenesis is one of the main requi-
sites for tumor progression and metastasis (Hanahan and
Folkman, 1996). On the other hand, intercellular connec-
tions must be modulated by many different stimuli in or-
der to finely regulate the permeability of the endothelial
cells (EC)

 

1

 

 monolayer to plasma macromolecules and, in
certain tissues and inflammatory conditions, to defined
subpopulations of leukocytes present in the bloodstream.
Vascular endothelial (VE)-cadherin, an endothelium-spe-
cific member of the superfamily of cadherins, seems to be
one of the main regulators of permeability in EC monolay-
ers. VE-cadherin is reversibly linked to actin cytoskeleton
by catenins and its association with these proteins is rap-
idly regulated through phosphorylation on catenin ty-
rosine residues (Lampugnani et al.,

 

 

 

1992;

 

 

 

Dejana 1996).
Other adhesion molecules, such as CD31/PECAM (plate-
let-endothelial cell adhesion molecule), also localize at in-
tercellular contact sites where it may play a functional role
similar to VE-cadherin. CD31 mediates both homophilic
as well as heterophilic (CD31-

 

a

 

v

 

b

 

3) molecular interac-
tions, and is involved in the leukocyte transmigration
across the EC monolayer (reviewed in Newman 1997).
Certain integrins, such as 

 

a

 

2

 

b

 

1 and 

 

a

 

5

 

b

 

1, have also been
implicated in the maintenance of the EC monolayer integ-
rity (Lampugnani et al., 1991).

The tetraspan superfamily of proteins (TM4) comprises
a group of molecules with four membrane-spanning do-
mains, which have been implicated in several cellular func-
tions, as regulation of cell growth and differentiation, cell
adhesion, and intracellular signaling (reviewed in Wright
and Tomlison, 1994; Hemler et al., 1996; Maecker et al.,
1997). In this study, we show the specific intercellular lo-
calization of CD9, CD81/TAPA-1 and CD151/PETA-3
tetraspan molecules in EC as well as their specific interac-
tion with 

 

a

 

3

 

b

 

1 integrin. These tetraspan molecules appear
to have an important role in EC motility, likely by altering
cell–matrix adhesion.

 

Materials and Methods

 

Cells and Cell Cultures

 

Human EC from umbilical vein (HUVEC) were obtained and cultured as
described previously (Jaffe et al., 1972). In brief, cells were seeded on tis-

 

sue culture flasks or dishes coated with gelatin 0.5% and grown in 199 me-
dium (Bio Whittaker, Verviers, Belgium) supplemented with 20% FCS
(GIBCO BRL, Gaithersburg, MD), 50 IU/ml penicillin, 50 

 

m

 

g/ml strepto-
mycin (ICN Biomedicals, Costa Mesa, CA), 250 

 

m

 

g/ml fungizone (Squibb
Industria Farmacéutica, Barcelona, Spain), 50 

 

m

 

g/ml

 

 

 

EC growth supple-
ment (ECGS; prepared from bovine brain), and 100 

 

m

 

g/ml heparin (Sigma
Chemical Co., St. Louis, MO), and used up to the third passage. Human
microvascular endothelial cell line-1 (HMEC-1; Ades et al., 1992) was
grown in MCDB-131 medium (GIBCO BRL) supplemented with 20%
FCS, 50 IU/ml penicillin, 50 

 

m

 

g/ml streptomycin, 10 ng/ml EGF (Boeh-
ringer Mannheim GmbH, Mannheim, Germany), and 1 

 

m

 

g/ml hydrocorti-
sone (Sigma Chemical Co.) on tissue cultured plates precoated with gela-
tin (0.5%). For immunofluorescence studies, ECs were cultured on glass
coverslips (12-mm diam), precoated with gelatin (1%) or human fibronec-
tin (7 

 

m

 

g/ml; Sigma Chemical Co.).
Murine FDC-P1 cells infected with a retrovirus containing CD151

cDNA (FD-CD151) or empty retrovirus (FD-Ruf) were obtained and cul-
tured as described (Ashman et al., 1997).

 

Antibodies

 

mAbs TEA1/31 (anti–VE-cadherin; Leach et al., 1993), TP1/15 (anti-
CD31; García-Monzón et al., 1995), TS2/16 (anti-

 

b

 

1 integrins; Arroyo et al.,
1992), W6/32 (anti–HLA-A,B; Campanero et al., 1991), and 11B1.G4 and
14A2.H1 (anti–CD151/PETA-3; Fitter et al., 1995) have previously been
described. mAb GR2110 (anti-CD9) was provided by Dr. F. Garrido
(Hospital Virgen de las Nieves, Granada, Spain), 50H.19 (anti-CD9) by
Dr. A. Shaw (Cross Cancer Institute, Alberta, Canada), and

 

 

 

5A6 (anti–
CD81/TAPA-1) by Dr. S. Levy (Oncology, Stanford University School of
Medicine, Stanford, CA). TEA3/18 mAb, clustered as CD63 in the VI In-
ternational Leukocyte Typing Workshop, and VJ1/14 (anti-

 

b

 

1 integrin)
were obtained in our laboratory and their characterization will be de-
scribed elsewhere. The monoclonal Ig (IgG1,

 

k

 

) from the P3X63 myeloma
cell line was used as negative control. Anti-

 

a

 

2, -

 

a

 

3, -

 

a

 

5, and -

 

b

 

1 integrin
chain rabbit polyclonal antibodies directed against the cytoplasmic tail of
these molecules were provided by Dr. G. Tarone (Università di Torino, It-
aly), and anti-

 

a

 

3 rabbit polyclonal antibody as well as P1B5 mAb were
purchased from Chemicon International, Inc. (Temecula, CA).

 

 

 

Both anti-

 

a

 

v rabbit polyclonal and ABA-6D1 monoclonal Abs were provided by
Dr. C. Martinez-A. (Centro Nacional de Biotecnología, Madrid, Spain).

 

Generation of LIA1/1 and VJ1/16 mAbs

 

BALB/c mice were injected intraperitoneally with 1.5

 

 3 

 

10

 

7

 

 cells (U937 or
HMEC-1) on days 

 

2

 

45 and 

 

2

 

30 and intravenously on day 

 

2

 

3. Spleen
cells were fused on day 0 with SP2 mouse myeloma cells at a ratio of 4:1
according to standard techniques and distributed on 96-well tissue culture
plates (Costar Corp., Cambridge, MA). After 2 wk, hybridoma culture su-
pernatants were harvested and their reactivity was tested against the cell
line used in immunization by flow cytometry. Positive supernatants were
assayed by immunofluorescence staining of HUVEC, and hybridomas
showing a specific cell–cell contact staining were cloned and subcloned by
limiting dilution. Both mAbs LIA1/1 and VJ1/16 were IgG1, 

 

k

 

. mAbs
were purified from ascitic fluid using an affinity chromatography column
of protein A–Sepharose (Pharmacia Biotech Sverige, Uppsala, Sweden)
eluted with sodium citrate 0.1 M pH 3.5. Purified antibodies were then ei-
ther coupled to CNBr-activated CL-4B Sepharose (Pharmacia Biotech
Sverige) or biotinylated with 

 

N

 

-hydroxysuccinimide-biotin (Pierce Chem-
ical Co.,

 

 

 

Rockford, IL).

 

Immunofluorescence Microscopy

 

Immunofluorescence assays were performed as previously described
(Lampugnani et al., 1992), but nonspecific binding sites were blocked by
incubation with TNB (0.1 M Tris-HCl, 0.15 M NaCl, 0.5% blocking re-
agent; Boehringer Mannheim GmbH). Cells were fixed with 4% formal-
dehyde in PBS supplemented with 1 mM CaCl

 

2

 

 and 1 mM MgCl

 

2

 

 for 15
min at room temperature or with methanol 5 min at 

 

2

 

20

 

8

 

C. Secondary
FITC-conjugated antibodies to the immunoglobulins of the appropriate
species, depending on the primary antibody (anti-mouse Igs from DAKO-
PATTS, Copenhagen, Denmark or anti-rabbit Igs from Pierce Chemical
Co.) were used. When double stained for actin, samples were fixed again
with 4% formaldehyde in PBS supplemented with 1 mM CaCl

 

2

 

 and 1 mM
MgCl

 

2

 

, permeabilized with 0.1% NP-40 in PBS, washed and incubated
with Texas red–phalloidin (Molecular Probes, Inc., Eugene, OR). Samples

 

1. 

 

Abbreviations used in this paper

 

: EC, endothelial cells; ECM, extracellu-
lar matrix; HMEC-1, human microvascular endothelial cell line-1; HUVEC,
human EC from umbilical vein; PECAM, platelet-endothelial cell adhe-
sion molecule; TM4, transmembrane 4/tetraspan molecule; TNF-

 

a

 

, tumor
necrosis factor-

 

a

 

; PETA-3, platelet-endothelial tetraspan antigen-3; TAPA-1,
target of antiproliferative antibody-1;VE, vascular endothelial.
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were examined with a Nikon Labophot-2 photomicroscope with a 

 

3

 

60 oil
immersion objective. Images were recorded on TMAX 400 film (Kodak).

 

Confocal Microscopy

 

For double staining, cells were incubated with the primary antibody fol-
lowed by an FITC- or a Cy2-conjugated (Amersham Pharmacia Biotech
Inc., Piscataway, NJ) anti-mouse Ig. Then, samples were saturated with
mouse serum before the incubation with the second mAb coupled to bi-
otin and revealed with avidin conjugated to Cy-3 (Amersham Pharmacia
Biotech Inc.) or to TMRITC (Vector Labs, Inc., Burlingame, CA). Series
of optical sections were obtained with a confocal scanning laser micro-
scope (MCR 1024; Bio-Rad Laboratories, Hercules, CA) mounted on a
Zeiss Axiovert 135 microscope (Zeiss, Oberkochen, Germany) equipped
with a 

 

3

 

63, 1.4 NA planapochromat objective. Fluorescences of Cy2/
FITC and Cy3/TMRITC were obtained with the two major lines at 488
and 514 nm of a 25 mW multilinea Argon laser. The gain and contrast of
the photomultiplier were set in order to obtain an optimal detection of the
two types of fluorescence while limiting fluorescence overlapping.

 

Flow Cytometry Analysis

 

EC either nonactivated or activated 15 h in the presence of 320 U/ml of
tumor necrosis factor-

 

a

 

 (TNF-

 

a

 

; Wiechen, Vienna, Austria), were trypsinized,
washed and resuspended in PBS.

 

 

 

The activated state of the ECs was assessed
by measuring the expression level of inducible EC markers as E-selectin
or vascular cell adhesion molecule (VCAM-1; data not shown). Nonad-
herent cells were also washed and resuspended in PBS. A total of 5 

 

3

 

 10

 

5

 

cells were incubated with 100 

 

m

 

l of hybridoma culture supernatants for 20
min at 4

 

8

 

C, washed with PBS and then incubated with 100 

 

m

 

l of a 1:50 dilu-
tion of an FITC-conjugated anti–mouse Ig.

 

 

 

Finally, fluorescence was mea-
sured using a FACScan

 

®

 

 flow cytometer (Becton Dickinson Labware,
Lincoln Park, NJ)

 

Cell Labeling, Immunoprecipitation, and Western Blot

 

For metabolic labeling, HUVEC on confluence were washed twice with
PBS supplemented with 1 mM CaCl

 

2

 

, 1 mM MgCl

 

2

 

, and incubated at
37

 

8

 

C, 5% CO

 

2

 

 with RPMI-1640 medium free of methionine (ICN Bio-
medicals, Costa Mesa, CA) supplemented with 20% dialyzed FCS, 50 IU/
ml penicillin, 50 

 

m

 

g/ml streptomycin, ECGS, and heparin. After 45 min,
500 

 

m

 

Ci 

 

35

 

S-labeled methionine (Trans 

 

35

 

S-Label™; ICN Pharmaceuticals,
Inc., Irvine, CA) were added as well as 10% of the final volume of 199 me-
dium with 20% FCS containing ECGS and heparin. Cells were then cul-
tured overnight at 37

 

8

 

C, 5%CO

 

2

 

, washed twice with PBS 1 mM CaCl

 

2

 

, 1 mM
MgCl

 

2

 

,

 

 

 

and lysed in PBS, pH 7.5 containing 1% Triton X-100, 1% hemo-
globin, 1 mM PMSF (Sigma Chemical Co.) at 4

 

8

 

C. Cell lysates were imme-
diately clarified by centrifugation at 14,000 rpm for 10 min and precleared
four times with Gly–Sepharose. For immunoprecipitation, 

 

z

 

6 

 

3

 

 10

 

7

 

 cpm
of precleared cell lysates were incubated, for 2 h at 4

 

8

 

C under continuous
mixing, with 40 

 

m

 

l of the mAb or Glycine coupled to Sepharose. Immuno-
precipitates were then washed twice with lysis buffer 1:10 in PBS 1 mM
CaCl

 

2

 

, 1 mM MgCl

 

2

 

, and boiled 5 min at 96

 

8

 

C in Laemmli buffer contain-
ing or not 5% 2-mercaptoethanol (reducing or nonreducing conditions, re-
spectively). Samples were then analyzed by SDS-PAGE followed by fluo-
rography and autoradiography.

For Western blot assays, unlabeled cells were lysed under “mild” (TBS
1 mM CaCl

 

2

 

, 1 mM MgCl

 

2

 

, 1% Brij-96, 1% hemoglobin, and 1 mM PMSF)
or “stringent” conditions (PBS, 1% Triton X-100, 1% hemoglobin, and
1 mM PMSF). Lysates were immunoprecipitated as before, washed either
in 1:10 or undiluted lysis buffer for stringent or mild detergent conditions,
separated by SDS-PAGE under nonreducing conditions, and transferred
to a nitrocellulose membrane (Protran Nitrocellulose 0.2 

 

m

 

m; Filtration
Life-Science, Dassel, Germany). The membrane was then blocked over-
night in 10% nonfat milk or 5% BSA in PBS-T (PBS, 0.05% Tween 20),
incubated with the primary antibody for 2 h at room temperature under
continuous shaking, washed twice with PBS-T before incubation with the
secondary antibody to the appropriate Ig species (Pierce Chemical Co.) or
streptavidin (DAKOPATTS) conjugated to horseradish peroxidase, and
then revealed by enhanced chemiluminescence (ECL; Amersham Phar-
macia Biotech Inc.).

 

Wound Healing Assays

 

For the measurement of cell migration during wound healing, ECs were
seeded on 24-well plates (Costar Corp.) coated with gelatin and grown to

confluence. Cells were changed to 199 medium 20% FCS without growth
factors 16 h before the experiment and 30 min before the lesion, preincu-
bated with different purified mAbs at 20 

 

m

 

g/ml. Monolayers were then
disrupted with a cell scrapper of 

 

z

 

1.2 mm and photographed at 4, 8, 12,
24, and 28 h in a phase contrast microscope (Nikon ELWD 0.3). Experi-
ments were done in duplicate and two fields of each well were recorded.
For immunofluorescence studies during injury repair, cells were main-
tained in the presence of growth factors and no antibody was added. Cells
were scrapped, fixed at the times indicated, and processed as indicated
above.

 

Videomicroscopy Endothelial Cell Motility Assay

 

Endothelial cells were plated in 199 medium supplemented with 20% FCS
on 0.5% gelatin-coated 3.5-cm plastic petri dishes and cultured for 24 h
before filming in the absence of growth factors. 30 min before videore-
cording, different antibodies (final concentration 20 

 

m

 

g/ml) were added to
the dishes. Cell videorecords were generated as a sequence of individual
digital images (frames) that were obtained every 5 min for a period of 5 h
in an Axiovert 135 Zeiss videomicroscope using the IP-LAB-Spectrum
software (Signal Analytics Corporation, Vienna, Austria). The tracks of
random migration, distances, and average speeds of individual endothelial
cells were obtained using the CELL TRACKING software extension de-
veloped by Tim Hutton (Confocal Microscopy and Digital Image Unit,
Imperial Cancer Research Fund, London, UK).

 

Collagen Gel Assay

 

Three-dimensional collagen gels were prepared by diluting type I collagen
(ICN Biomedicals Inc.) in serum-free Dulbecco’s MEM (Seromed,
Heidelberg, Germany) to a final concentration of 500 

 

m

 

g/ml. 500 

 

m

 

l per
well of this solution were dispensed onto 24-well plates (Costar Corp.)
and allowed to solidify for one h at 37

 

8

 

C. Then, trypsinized HUVECs
were plated at confluence in 199 medium (BioWhittaker, Inc., Walkers-
ville, MD) supplemented with 10% FCS (GIBCO BRL) on the surface of
the gels. After cell attachment, different mAbs (20 

 

m

 

g/ml) in combination
with PMA (20 ng/ml; Sigma Chemical Co.) were added. Collagen gels
were photographed after 24 h in a phase contrast microscope (Nikon
ELWD 0.3), and migrating cells (dendritic-shaped cells, whose plane of
focus was beneath the surface monolayer) were counted in four 20

 

3

 

 ran-
dom fields per well. Experiments were done in duplicate.

 

Adhesion Assays

 

For cellular adhesion assays, 96-microwell plates (Nunc-Immuno Plates
Maxisorp; Nunc, Inc., Naperville, IL) were coated with different extracel-
lular matrix (ECM) proteins (2 

 

m

 

g/ml fibronectin, 10 

 

m

 

g/ml laminin;
Sigma Chemical Co., or Type-I collagen 5 

 

m

 

g/ml; ICN Biomedicals Inc.)
for 2 h at 37

 

8

 

C, washed with PBS and blocked with 1% heat denatured (30
min 60

 

8

 

C) BSA for 1 h at 37

 

8

 

C. Then, trypsinized ECs were labeled with
the fluorescent probe BCECF-AM (Molecular Probes, Inc.) by incubating
the cells in loading buffer (199 medium supplemented with 20 mM Hepes;
BioWhittaker, Inc., and 0.1% heat denatured BSA) containing 1 

 

m

 

M
BCECF-AM for 15 min at 37

 

8

 

C. Cells were then washed and resuspended
in loading buffer containing either 10 

 

m

 

g/ml of different purified mAbs or,
anti-

 

a

 

3 P1B5 mAb ascitic fluid diluted 1:100, for 10 min. Then, 3 

 

3

 

 10

 

4

cells/well were added to the coated plates, and incubated 15 or 30 min at
378C. Unbound cells were removed by adding PBS 1 mM CaCl2, 1 mM
MgCl2, 20 mM Hepes, 0.1% BSA, sealing with plastic, and inverting the
plate for 30 min. The number of cells adhered to the wells was obtained by
solubilization with 0.1% SDS in 50 mM Tris, pH 8.5, and fluorescence in-
tensity measurement in a microplate fluorescence reader (Bio-tek FL500).
All assays were run by triplicate.

Results

Expression of a Protein of 25-kD
(CD151/PETA-3), Specifically Localized at Endothelial 
Cell-to-Cell Junctions

To search for novel molecules selectively localized at in-
tercellular cell junctions, different mAbs were raised and
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screened by immunofluorescence techniques on HUVEC
monolayers. Two novel mAbs, LIA 1/1 and VJ1/16, specif-
ically recognized a molecule localized at endothelial cell–
cell junctions (Fig. 1 a, C and D). When compared to other
known EC junctional antigens, their staining pattern was
similar to the almost continuous distribution along the
cell–cell junctions of VE-cadherin (Fig. 1 a, A) and CD31
(Fig. 1 a, B), but completely different from the punctuated
pattern of the gap-junction protein connexin 37 (data not
shown). The biochemical analysis of the antigen recog-
nized by LIA 1/1 and VJ 1/16 mAbs showed that both Abs
immunoprecipitated a broad band of z25 kD from EC ly-
sates metabolically labeled with [35S]methionine, both un-
der reducing and nonreducing conditions (Fig 1 b).

The expression of LIA1/1 and VJ1/16 antigen was then
analyzed by flow cytometry in EC. We found a high ex-
pression in both resting and TNF-a–activated HUVECs as

well as in the microvascular endothelial cell line HMEC-1
(Fig. 1 c). The pattern of cellular distribution of LIA1/1
antigen as well as its molecular mass strongly suggested its
identity with the platelet and endothelial tetraspan antigen
PETA-3 (Sincock et al., 1997) clustered in the Sixth Inter-
national Leukocyte Typing Workshop as CD151 (Immu-
nol. Today. 1997. 18:100–101).

The identity of the 25-kD antigen recognized by LIA1/1
and VJ1/16 mAbs as CD151/PETA-3, was characterized
by Western blot analysis. We found that the anti–CD151/
PETA-3 mAb, 11B1.G4 (Fitter et al., 1995), specifically
reacted with the 25-kD band immunoprecipitated by
LIA1/1 and VJ1/16 mAbs, (Fig. 2 a, lanes A and B, respec-
tively), with no reactivity towards other tetraspan mole-
cules such as CD9 or CD63 (Fig. 2 a, lanes C and D, re-
spectively). In addition, a flow cytometry analysis was
performed on cells transfected with the cDNA coding for

Figure 1. Subcellular localiza-
tion at cell-to-cell junctions of
HUVEC confluent monolay-
ers and cellular distribution
of the antigen recognized by
LIA1/1 and VJ1/16 mAbs.
(a) HUVEC confluent mono-
layers were stained with
mAbs LIA1/1 and VJ1/16 (C
and D, respectively), and
with mAbs specific to previ-
ously characterized markers
of EC cell–cell junctions:

TEA1/31 anti–VE-cadherin (A) and TP1/15 anti-CD31 (B). The antigen recognized by both mAbs LIA1/1 and VJ1/16 localizes selec-
tively at cell-to-cell junctions. (b) Immunoprecipitation of a 25-kD protein by mAbs LIA1/1 and VJ1/16. HUVECs were metabolically
labeled with [35S]methionine and immunoprecipitated with LIA1/1 (lanes D and H),VJ1/16 (lanes C and G), and anti-CD31 TP1/15
(lanes B and F) mAbs coupled to Sepharose, or with Gly-Sepharose (lanes A and E). Immunoprecipitates were subjected to SDS-PAGE
under either reducing (lanes A–D) or nonreducing (lanes E–H) conditions. Molecular mass markers are indicated. (c) Expression of
LIA1/1 in ECs from different origins and states of activation. Flow cytometry analysis was performed on resting (A) or TNF-a–stimulated
HUVECs (B), and HMEC-1 cells (C) stained with the LIA1/1 mAb. Negative control P3X63 mouse myeloma IgG1 is shown in dotted
line. Bar, 20 mm.
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CD151/PETA-3 (Fitter et al., 1995), that was indepen-
dently cloned as SFA-1 (Hasegawa et al., 1996), showing
specific recognition by both mAbs LIA1/1 and VJ1/16 of
the transfected but not the parental cells (Fig. 2 b). Finally,
cross-competitive binding assays with labeled LIA1/1,
VJ1/16, and 11B1.G4 anti–CD151/PETA-3 mAbs showed
that all three mAbs competed for the binding of labeled
LIA1/1 or VJ1/16 mAbs (not shown). These data demon-
strated that the LIA1/1 and VJ1/16 mAbs specifically rec-
ognize the CD151/PETA-3 tetraspan molecule.

Selective Localization of CD151/PETA-3 to Cell–Cell 
Contacts in EC

We examined in detail the junctional localization of
CD151/PETA-3 in HUVEC monolayers by different ap-
proaches. Confocal microscopy studies confirmed that the
staining with anti-CD151/PETA-3 VJ1/16 and anti–VE-
cadherin TEA1/31 mAbs was almost coincident among
different optical sections suggesting that CD151 antigen is
localized at adherens-junctions (Fig. 3 a). Next we studied
the localization of the CD151 antigen in HUVEC mono-
layers with increasing degrees of confluence. When EC
were sparse, the staining was strictly confined to the cell–
cell contact areas, being completely absent in isolated cells
and the cell borders where no intercellular contact had yet
been established. As the cellular density increased and the
EC monolayer approached to confluence, the staining pat-
tern was reinforced, always defining the points where adja-
cent EC interacted (Fig. 3 b, A, and data not shown). In
confluent cell monolayers, the pattern of expression of this
antigen was that of a typical junctional protein localizing
all around the cell margins (Fig. 3 b, C), independently of
the substratum where the EC were initially seeded (data
not shown). The localization of CD151/PETA-3 in cell–
cell contact areas was also evident during the process of
cell monolayer repair in wound healing (Fig. 3 c). When an
EC confluent monolayer is disrupted, the cells along the
margin of the wound progressively invade the damaged
area until the continuity of the cell monolayer is reestab-
lished. We found that the CD151/PETA-3 antigen van-

ished from the margins of the ECs situated on the border
of the wound where the cell–cell contact disappeared (Fig.
3 c, A and E). During the invasive movement of the cells
into the damaged area, the staining was always confined to
those sites where the cell–cell contact was retained.

Tetraspan Molecules CD9, CD81/TAPA-1 and
CD151/PETA-3 Localize at EC Cell-to-Cell Junctions 
and Are Noncovalently Associated with Each Other
and with a3b1 Integrin

Members of the tetraspan superfamily exhibit a complex
pattern of cellular distribution and no detailed study of
their localization in EC has yet been made, except for
CD63 (Vischer and Wagner, 1993). By this reason, we de-
cided to study the expression of other transmembrane 4/tetra-
span molecule (TM4) proteins in EC. A high expression of
CD9 and CD81/TAPA-1 was detected in the plasma mem-
brane of resting HUVECs, as assessed by flow cytometry
(data not shown). The cellular distribution of these anti-
gens studied on HUVEC monolayers by immunofluores-
cence microscopy, showed that CD9 and CD81/TAPA-1
(Fig. 4 a, A and B) were localized at cell boundaries. In
contrast, CD63 staining (Fig. 4 a, C) was, as expected, mainly
restricted to lysosomes and intracellular vesicles, that likely
corresponded to Weibel-Palade bodies (Vischer and Wag-
ner, 1993). The expression of CD53 was completely absent
in this cell type (not shown). Thus, HUVEC express, aside
from CD151/PETA-3, considerable levels of CD9 and CD81/
TAPA-1 tetraspan molecules, which all localize at cell–cell
junctions.

Proteins from the tetraspan superfamily share the ca-
pacity to interact noncovalently among themselves and
with other integral membrane proteins including b1 inte-
grins (Hemler et al., 1996). Therefore, we studied the pos-
sible association of CD151/PETA-3 with CD81/TAPA-1
and CD9 as well as the interaction of these TM4 molecules
with b1 integrins in EC. For this purpose, we carried out
Western blot analysis on immunoprecipitates of unlabeled
EC lysates performed under mild detergent conditions.
As shown in Fig. 4 b, coprecipitation of CD81/TAPA-1,

Figure 2. LIA1/1 and VJ1/16
mAbs specifically recognize the
CD151/PETA-3 molecule. (a)
The antigen immunoprecipi-
tated by LIA1/1 and VJ1/16 is
recognized by anti–CD151/
PETA-3 mAb in Western-blot.
EC lysates obtained under
“stringent” detergent condi-
tions were immunoprecipitated
with LIA1/1 (lane A) and VJ1/
16 (lane B) as well as with mAbs
to other tetraspan antigens
present in ECs: GR2110 anti-

CD9 (lane C), and TEA3/18 anti-CD63 (lane D). Then, precipitates were subjected to SDS-PAGE, transferred and blotted with the
anti–CD151/PETA-3 11B1.G4 mAb. Specific recognition is observed only with the 25 kD antigen immunoprecipitated by LIA1/1 and
VJ1/16 (lanes A and B). (b) LIA1/1 and VJ1/16 specifically react with CD151/PETA-3 cDNA expressing cells. LIA1/1, VJ1/16,
11B1.G4, and 14A2.H1 anti–CD151/PETA-3 mAbs were screened on murine FDC-P1 cells infected with a retrovirus containing CD151
cDNA (FD-CD151) or empty retrovirus (FD-Ruf). All mAbs were used as 1/100 dilutions of ascites. Data correspond to the arithmetic
mean of mean fluorescence intensities 6 1 SE from triplicate determinations. mAbs 1D4.5 (IgG2a) and 3D3 (IgG1) are, respectively,
isotype-matched negative controls for 11B1.G4 and all other mAbs.
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CD151/PETA-3, and CD9 was observed in EC immuno-
precipitates obtained with either the 5A6 anti–CD81/
TAPA-1 mAb (lane A), the LIA1/1 and VJ1/16 anti–
CD151/PETA-3 mAbs (lanes B and C), or the GR2110
anti-CD9 mAb (lane D). In contrast, CD63, that did not
localize at lateral junctions, did not coprecipitate CD9 or
CD151/PETA-3 (lane E).

On the other hand, CD151/PETA-3 and CD9 molecules
were found in anti-b1 (Fig. 5 a, lane A) as well as in anti-a3
(Fig. 5 a, lane D), but not in anti-av, a5, or a2 immunopre-
cipitates (Fig. 5 a, lanes B, C, and E, respectively), whereas
CD81 was not detected in any of the anti-integrin immu-
noprecipitates (not shown). Conversely, both the b1 as
well as the a3 integrin chains, were easily detected in anti–

Figure 3. Analysis of the junctional character of CD151/PETA-3 in EC monolayers. (a) Comparison by confocal microscopy of the
staining in HUVEC confluent monolayers of anti–VE-cadherin and anti–CD151/PETA-3 mAbs. HUVEC confluent monolayers were
double-stained with anti–VE-cadherin mAb (TEA1/31) followed by a Cy2-conjugated anti-mouse Ig secondary antibody (A–C), and
with biotinylated anti–CD151/PETA-3 (VJ1/16) plus Cy3-streptavidin (D–F) and analyzed by confocal microscopy. Optical sections dis-
tanced from each other by 0.4 mm the z axis, starting at the substratum level (A and D). The fluorescence signal in both channels was al-
most restricted to the same optical section (B and E), indicating the vertical colocalization of both antigens. (b) CD151/PETA-3 staining
in HUVEC monolayers at increasing degrees of confluence is restricted to the points of cell–cell contact and is absent from cell margins
where no intercellular contact has been established. Immunofluorescence staining was performed in nonconfluent (A), and confluent
(C) HUVEC monolayers. B and D show the corresponding staining with phalloidin of the same field. (c) CD151/PETA-3 redistribution
during EC monolayer wound healing. Confluent monolayers were disrupted and stained with the LIA1/1 mAb, as stated in Materials
and Methods. Wounded edge: (A and E) asterisk shows the position of the wound; proximal to the front (C and G). (A and C) 4 h after
the lesion; (E and G) 20 h after the lesion. B, D, F, and H show the corresponding staining with phalloidin of the same field. Note that
the staining of LIA1/1 disappears from the margin of the EC cell where cell–cell contact is lost within 4 h, (A) remaining at the intercel-
lular contacts during the process of invasion of the damaged area (C and G). The normal LIA1/1 staining pattern on EC distal from the
wounded area did not change during the 20 h of the experiment (not shown). Bars, 20 mm.
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CD151/PETA-3 and anti-CD9 but not in anti-CD63 or
anti–CD81/TAPA-1 immunoprecipitates (Fi.g 5 b, lanes
A–H, and data not shown). These associations were spe-
cific and independent of the level of integrin expression
since both a2b1 and a5b1 heterodimers seemed to be
quantitatively far more represented than a3b1 in EC, as
shown by the amount of b1 integrin chain coprecipitated
with each a chain. No associations of CD9 and CD151/
PETA-3 with other proteins also localized to EC cell–cell
junctions, such as VE-cadherin, catenins or CD31 were
observed (data not shown).

The a2b1 and a5b1 integrins have previously been re-
ported to localize at EC cell-to-cell junctions (Lampugn-
ani et al., 1991), whereas a3b1 has been detected in cell–
cell contact sites from other cell types, such as epithelial
cells (Larjava et al., 1990). Therefore, we have compared
the cellular localization of the different integrins ex-
pressed by EC. b1 integrins were detected on EC plasma
membrane, showing a reinforced staining at focal adhe-
sions and intercellular boundaries (Fig. 5 c, A). a2 chain
was mainly confined at cell–cell contact sites (Fig. 5 c, B),
whereas anti-a5 mAbs mainly stained sites of cell–matrix
interaction (Fig. 5 c, C), and only in some fields reacted
with cell–cell contact sites. The av integrin chain, which
did not coprecipitate with b1 chain in EC (Fig. 5 a, lane B),
showed a focal adhesion staining pattern (Fig. 5 c, E). In-
terestingly, a3 chain was detected in cell-to-cell junctions
(Fig 5 c, D), in accordance to its association with TM4 pro-
teins, and clearly colocalized with CD151/PETA-3 (Fig. 5 c,
F), as assessed by two-color confocal microscopy analysis.

Antibodies Against CD151/PETA-3 and CD81/TAPA-1 
Proteins Inhibit Migration of ECs

It has previously been reported by different experimental
approaches, the involvement of CD9 (Miyake et al., 1991;
Jones et al., 1996; reviewed in Maecker et al., 1997), and

recently of CD63 (Radford et al., 1997) and CD81/TAPA-1
(Domanico et al., 1997) in tumor cell motility. Therefore,
it was of interest to explore the effect of mAbs to different
tetraspan molecules on EC motility in a wound healing mi-
gration assay. Interestingly, anti–CD81/TAPA-1 5A6 and
anti–CD151/PETA-3 LIA1/1 and VJ1/16 mAbs signifi-
cantly delayed the migration process by which the integ-
rity of the EC monolayer is reestablished (Fig. 6 a, B and
C). This effect was also observed with the P1B5 anti-a3 in-
tegrin chain mAb (Fig. 6 a, A). In addition, an inhibitory
effect was observed with the proactivatory anti-b1 mAb
TS2/16, which is able to block leukocyte migration (Weber
et al., 1996; Gómez et al., 1997) and increase cell adhesion
and spreading (Arroyo et al., 1992). In contrast, the anti–
VE-cadherin TEA1/31 mAb, did not significantly affect
the rate of migration of EC (Fig. 6 a, A). The anti-CD9
GR2110 showed no effect or a slight inhibitory effect in
some migration assays (data not shown).

The effect of antitetraspan mAbs on the EC motility
was further assessed by measuring the rate of random mi-
gration of individual ECs by time-lapse videomicroscopy.
Representative individual cell migration tracks are shown
in Fig. 6 b. In this assay, the anti–CD81/TAPA-1 5A6 as
well as the anti–CD151/PETA-3 LIA1/1 significantly de-
creased cell migration (Fig. 6 b, C and D and Table I),
whereas the anti–VE-Cadherin TEA1/31 did not exert any
effect (Fig. 6 b, A). The proactivatory anti-b1 integrin TS2/
16 also diminished migration of endothelial cells (Fig. 6 b,
B and Table I).

Antibodies Against CD151/PETA-3 Decrease the 
Ability of ECs to Invade Type I Collagen Gels

The effect of anti-TM4 mAbs on EC was further assessed
in a collagen gel invasion assay. After PMA treatment,
these cells are able to migrate into a type I collagen gel
and assemble to form tube-like structures (Montesano and

Figure 4. Subcellular localization and
association of different tetraspan pro-
teins in ECs. (a) Immunofluorescence
staining was performed on HUVEC
confluent monolayers with GR2110
anti-CD9 (A), 5A6 anti–CD81/TAPA-1
(B), and TEA3/18 anti-CD63 (C),
showing the cell–cell junctional pattern
of expression of CD9, CD81/TAPA-1
and the staining of lysosomes and Wei-

bel-Palade bodies of CD63. (b) EC lysates obtained under “mild” detergent conditions were immunoprecipitated with 5A6 anti–CD81/
TAPA-1 (lane A), or with LIA1/1 and VJ1/16 anti–CD151/PETA-3 (lanes B and C, respectively), GR2110 anti-CD9 (lane D) and
TEA3/18 anti-CD63 (lane E) coupled to Sepharose. Precipitates were subjected to SDS-PAGE and immunoblots revealed with
11B1.G4 anti–CD151/PETA-3, or 50H.19 anti-CD9 mAbs. Coprecipitation of CD81/TAPA-1, CD9 and CD151/PETA-3 was observed
using both anti-CD9 and anti–CD151/PETA-3 mAbs. CD63, although expressed by ECs, did neither localize at cell-to-cell junctions nor
associate to CD9 or CD151/PETA-3 in these cells. Bar, 20 mm.
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Orci, 1985, 1986). This kind of assay has been broadly used
as an in vitro approach to study several steps in the angio-
genic process (Jain et al., 1997). As shown in Fig. 7 a (D)
and b, the anti–CD151/PETA-3 LIA1/1 and VJ1/16 mAbs
were able to reduce EC migration and tube formation as
compared to control antibodies, whereas the anti–CD81/
TAPA-1 5A6 mAb showed no effect or a slight inhibition
on EC migration in this assay (Fig. 7 b). Proactivatory
anti-b1 integrin TS2/16 also inhibited both processes (Fig.

7 b). On the other hand, both the anti–VE-Cadherin
TEA1/31 (Fig. 7 a, C, and 7 b) and the anti-HLA-A,B W6/
32 mAbs (Fig. 7 b) neither affected EC invasivity nor their
ability to develop cord-like structures.

Effect of Anti-TM4 mAbs on EC-ECM Adhesion

To determine the possible mechanism of inhibition of cell
migration by anti-TM4 mAbs, we studied the possible role

Figure 5. Association of
TM4 proteins to a3b1 inte-
grin, which is also localized
to lateral cell junctions from
ECs. (a) EC lysates obtained
under “mild” detergent con-
ditions were immunoprecipi-
tated with TS2/16 anti-b1 in-
tegrin chain mAb (lane A)
and with rabbit polyclonal
antibodies against av, a5, a3,
and a2 integrin chains (lanes
B–E, respectively). Precipi-
tates were subjected to SDS-
PAGE and immunoblots re-
vealed with biotinylated TS2/
16 anti-b1 integrin, 11B1.G4
anti–CD151/PETA-3, or
50H.19 anti-CD9 mAbs. (b)
EC lysates obtained under
“mild” detergent conditions
were immunoprecipitated
with 5A6 anti-CD81 (lane
A), LIA1/1 anti–CD151/
PETA-3 (lane B), GR2110
anti-CD9 (lane C) and
TEA3/18 anti-CD63 (lane D)
mAbs coupled to Sepharose
and revealed with anti-a3 in-
tegrin polyclonal Ab. EC ly-
sates were also precipitated
with VJ1/16 and LIA1/1
anti–CD151/PETA-3 (lanes
E and F, respectively),
GR2110 anti-CD9 (lane G)
and TEA3/18 anti-CD63
(lane H) and blotted with bi-
otinylated TS2/16 anti-b1 in-
tegrin mAb. Coprecipitation
of a3b1 integrin with CD9
and CD151/PETA-3 is evi-
dent in both tetraspan and
integrin immunoprecipitates,
whereas CD81/TAPA-1 and
CD63 do not directly associ-
ate to this integrin. (c) Immu-
nofluorescence staining was
performed on HUVEC con-
fluent monolayers with rabbit
polyclonal antibodies against
integrin chains b1 (A), a2 (B),
a5 (C), or with the anti-a3
P1B5 (D) and anti-av ABA-
6D1 mAbs (E). F shows the

same optical section of a sample doubled stained with P1B5 anti-a3 (green) and LIA1/1 anti–CD151/PETA-3 (red) mAbs. This section
showed the maximal staining intensity of both antigens. Bars, 20 mm.
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of tetraspan molecules in regulating the activity of their as-
sociated a3b1 integrin, that it has been shown to function
as a receptor for several ECM proteins, including fi-
bronectin, collagen and laminin (Wayner and Carter,
1987). We found that mAbs against CD81/TAPA-1 and
CD151/PETA-3 induced a slight but significant (P , 0.01)
increase of EC adhesion to the three substrates studied
(Fig. 8). In addition, the proactivatory anti-b1 mAb TS2/
16 greatly enhanced the cellular adhesion to the different
ECM proteins, whereas the blocking anti-b1 mAb VJ1/14
inhibited almost completely EC adhesion (Fig. 8). Lastly,
the anti-a3 P1B5 mAb, which has been shown to interfere
with fibrosarcoma cell adhesion to different ECM proteins
(Wayner and Carter, 1987), did not inhibit EC adhesion,
but instead it showed an increment.

Discussion
Members of the tetraspan superfamily of proteins have
been implicated in diverse cellular functions such as regu-
lation of cell growth and differentiation (Ledbetter et al.,
1987; Oren et al., 1990; Kallin et al., 1991; Miyake et al.,
1991; Gil et al., 1992; Wice and Gordon, 1995) as well as in
cell adhesion (Toothil et al., 1990; Forsyth 1991; Masellis-
Smith and Shaw, 1994; Behr and Schriever, 1995). In addi-
tion, other reports show their capacity to induce intracellu-
lar signals when crosslinked on the cell surface (Olweus et al.,
1993; Lebel-Binay et al., 1995; Tai et al., 1996; reviewed in
Wright and Tomlison, 1994; Maeker et al., 1997). In this
study, we investigated the expression and subcellular lo-
calization of different members of this protein superfamily

Figure 6. Effects of anti-
TM4 mAbs on EC migration.
(a) Confluent EC monolay-
ers treated with 20 mg/ml of
different purified mAbs, or a
1/50 dilution of ascitis fluid of
P1B5 anti-a3 integrin mAb,
were scrapped and migra-
tion of the front of the
wound was followed for 28 h.
A shows the migration of
ECs treated with anti–
VE-cadherin TEA1/31, anti-a3
integrin P1B5, and anti-b1
integrin TS2/16 mAb. In
panel B, cells were treated
with 5A6 anti–CD81/TAPA-1.
In panel C cells were prein-
cubated with mAbs anti–
CD151/PETA-3 LIA1/1 and
VJ1/16. Results correspond
to the arithmetic mean 6 1
SE of two experiments per-
formed by duplicate. (b) An-
tibodies to TM4 molecules
reduce EC motility. Video-
records of endothelial cells
were generated as described
under Materials and Methods
in the presence of the follow-
ing monoclonal antibodies:
(A) TEA1/31 anti–VE-cad-
herin; (B) TS2/16 proactiva-
tory anti-b1 integrin; (C) 5A6
anti–CD81/TAPA-1; and (D)
LIA1/1 anti–CD151/PETA-3.
The tracks of random migra-
tion of six individual cells
were followed in each condi-
tion. The end point of each
cell track are indicated by a
filled circle.
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in EC. By using a morphological screening, we selected
two monoclonal antibodies that recognize an endothelial
cell-to-cell junction molecule, that corresponds to the re-
cently identified tetraspan molecule CD151/PETA-3.

We found that EC express CD151/PETA-3, CD9,
CD81/TAPA-1, and CD63. Interestingly, they were all lo-
calized at intercellular contact sites with the exception of
CD63, which bears a lysosome-targeting signal in its cyto-
plasmic C-term tail (Metzelaar et al., 1991). The junctional
character of these proteins was studied in detail for
CD151/PETA-3. The specific localization of this molecule
at sites of cell–cell contact is evident not only when the EC
monolayer is already confluent, but also during the pro-
cesses of formation and reestablishment after wounding.
In this regard, it has been previously shown that typical
junctional molecules, as VE-cadherin, relocalize away
from the margins of ECs that are at the wound border,
where cell-to-cell contacts are disrupted (Breviario et al.,
1995; Lampugnani et al., 1995). Similarly, the expression
of CD151/PETA-3 shows a dynamic behavior during the
process of migration of ECs into the damaged area, being
preserved in the sites where intercellular contact is re-
tained and disappearing from the borders that have lost it.
On the other hand, the localization of this antigen at cell–
cell junctions is not specific for EC, and CD151/PETA-3
shows a typical junctional staining in all adherent cell
types studied that express it (Yáñez-Mó, M., unpublished
results). All these data suggest that CD151/PETA-3 is an
important element of an intercellular adhesion complex,
together with other tetraspan molecules, as CD9 and
CD81/TAPA-1.

Tetraspan molecules exhibit a great capacity to interact
with other integral proteins in the plasma membrane, such
as CD2 (Bell et al., 1992), CD4-CD8 (Imai and Yoshie,
1993), CD19-CD21 (for review Fearon 1993; Bradbury et al.,
1993), Fc receptors (Kitani et al., 1991), HLA-DR (Ange-
lisová et al., 1994), tyrosine phosphatases (Carmo and
Wright, 1995), heparin-binding EGF-like growth factor
(Iwamoto et al., 1994), and PI 4-Kinase (Berditchevski et al.,
1997). It has also been reported on different cell lines that
members of TM4 associate consistently with integrins
b1(Berditchevski et al., 1996; for review see Wright and
Tomlison, 1994; Hemler et al., 1996; Maecker et al., 1997),
b2 (Skubitz et al., 1996), GpIIb-IIIa (Slupsky et al., 1989),
and other TM4 molecules (Imai and Yoshie, 1993; Rad-
ford et al., 1996; Rubinstein et al., 1996). It seems that
their highly hydrophobic nature greatly favors their inter-

actions with other transmembrane proteins. Our data
demonstrate the association of this novel TM4 member
CD151/PETA-3 with CD9, CD81/TAPA-1, and a3b1 inte-
grin in ECs, but not with other transmembrane proteins
also localized in cell-to-cell junctions, such as VE-cadherin
or CD31. In this regard, CD9 has also previously been lo-
calized at sites of intercellular contact on monkey kidney
epithelial cells where is associated to the same a3b1 inte-
grin heterodimer (Nakamura et al., 1995). In contrast,
CD63 does not seem to associate with CD9, CD151/
PETA-3 or b1 integrins in EC, likely because its expres-
sion is almost restricted to lysosomes and Weibel-Palade
bodies (Vischer and Wagner, 1993). However, when ex-
pressed on the cell surface, such as in melanoma cells,
CD63 is able to associate with other tetraspan proteins
present on this cell type (Radford et al., 1996). Together,
these observations further support the specificity of the
interactions among CD9, CD81/TAPA-1, and CD151/
PETA-3 on EC, and rule out the possibility of an artefac-
tual association of these molecules during the immunopre-
cipitation procedure. On the other hand, CD81/TAPA-1,
although associated to both CD9 and CD151/PETA-3,
does not seem to be directly associated to a3b1 integrin or
other b1 integrins in this cell type. However, it still re-
mains to be determined whether the complexes CD9–
CD81/TAPA-1 and CD151/PETA-3–CD81/TAPA-1 in-
clude a3b1 integrin via its association with CD9 and
CD151/PETA-3.

Although the interactions among tetraspan molecules
and integrins have been widely described (for review
Wright and Tomlison, 1994; Hemler et al., 1996; Maecker
et al., 1997), there is little evidence regarding a functional
role of the tetraspan molecules in these complexes. It is
feasible that integrins are responsible for some of the ef-
fects seen in cell motility and adhesion triggered by anti-
TM4 antibodies. This point is supported by the specific in-
hibition of these phenomena with anti-integrin blocking
antibodies (Masellis-Smith and Shaw, 1994; Behr and
Shriever, 1995; Shaw et al., 1995), although some other ef-
fects seem to be integrin-independent. Herein, we ex-
plored the effect of anti-TM4 mAbs on the motility of EC
and found that the anti–CD81/TAPA-1 and -CD151/
PETA-3 mAbs significantly reduced the rate of cellular
migration. In addition, both the anti-a3 integrin P1B5 and
the proactivatory anti-b1 TS2/16 mAbs had the same in-
hibitory effect. In this regard, it has been reported that an
anti-a3 mAb blocked the motility of melanoma cells with-

 
Table I. Anti-TM4 mAbs Inhibit EC Random Motility on Gelatin

mAb Cell 1 Cell 2 Cell 3 Cell 4 Cell 5 Cell 6 Average speed

mean 6 SD

None 91.81 67.54 63.01 56.42 78.84 97.12 75.79 6 16.29
TEA 1/31 (VE-cadherin) 100.52 64.84 69.27 59.82 66.52 58.8 69.96 6 15.4
TS 2/16 (b1) 35.39 36.91 50.85 27.01 27.7 25.94 33.97 6 9.4
5A6 (CD81) 27.59 23.92 25.94 35.51 41.49 19.94 29.06 6 7.96
LIA 1/1 (CD151/PETA3) 54.70 40.29 47.21 36.32 35.42 31.37 40.88 6 8.6

Endothelial cells were plated on gelatin (0.5% in DW) coated plastic dishes and cultured for 24 h before filming starts. Films of cells were generated from stacks of individual dig-
ital photographs (frames) taken every 5 min for 5 h in an Axiovert 135 Zeiss videomicroscope using the IP-LAB-SPECTRUM software (Signal Analytics Corporation, Vienna,
Virginia) and the distances migrated by individual cells were quantitated using the CELL TRACKING software extension developed by Tim Hutton (Confocal Microscopy and
Digital Image Unit, Imperial Cancer Research Fund, UK). Numbers represent average speeds of migration of individual cells over a 5-h period in mm/h. mAb TEA 1/31 (anti–VE-
cadherin) has no effect on EC motility and was used as a negative control. Anti b1 mAb TS2/16, which activates b1 integrins, has been used as a control with inhibitory effect on
EC motility.
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out inhibiting cell adhesion (Melchiori et al., 1995). There-
fore, we analyzed on EC, the possible correlation between
adhesion to ECM proteins and inhibition of cell migration.
We found that anti-TM4 mAbs simultaneously induced an
inhibitory effect in cell motility and a slight but statistically

significant increase in cell adhesion to ECM proteins. A
similar dual effect exhibited the anti-a3 mAb P1B5, de-
spite that it has been reported to block cellular adhesion to
fibronectin, collagen and laminin (Wayner and Carter,
1987). All these data suggest the existence of TM4-a3b1
functional complexes at EC cell-to-cell contacts in which
the tetraspan components of the complex are able to mod-
ulate cell motility, likely through regulation of the integrin
adhesiveness. However, it remains to be determined
whether the TM4-a3b1 complexes that are the targets for
motility-regulating antibodies are identical to those at lat-
eral junctions. It also remains to be established whether
these effects of TM4 molecules, when engaged by specific
mAbs, on cell adhesion and migration are due to direct
modulation of the a3b1 function or a consequence of a
proactivatory signaling effect on other ECM receptors ex-
pressed by ECs. It has been postulated that in ECs a3b1
might act both as an ECM receptor and as an intercellular
adhesion moiety (Takeuchi et al., 1994; Weitzman et al.,
1994) involved in homophilic (Sriramarao et al., 1993) or
heterophilic interactions (Symington et al., 1993), al-
though other reports have proposed a negative role for
this integrin in intercellular adhesion (Weitzman et al.,
1995).

Cellular migration and invasion are accompanied by re-
modeling of ECM, which comprises both degradation of
preexisting and deposition of new ECM components. Inte-
grins have been shown to be able to regulate these events
in several cell types, either by modulating the expression
or subcellular localization of different metalloproteases
(Werb et al., 1989; Larjava et al., 1993; Langholz et al.,
1995; Brooks et al., 1996) or by regulating ECM assembly
(Langholz et al., 1995; Wu et al., 1995). In particular, the
a3b1 is involved in Type IV collagenase expression and
ECM deposition (Larjava et al., 1993; Wu et al., 1995).
Large-vessel EC are known to be able to migrate into col-
lagen gels and form tubular structures after treatment with
PMA (Montesano and Orci, 1985, 1986; Gamble et al.,
1993). This phenomenon involves several events such as
degradation of ECM, cell migration, and cellular adhesion
in order to form capillary-like cords. Our data showing the
inhibitory effect of anti–CD151/PETA-3 mAbs on EC col-
lagen gel invasion indicate that, in addition to their puta-
tive role on cell motility, this tetraspan protein could also
modulate the possible effect of integrins in endothelial re-
modeling of ECM. The failure of the anti–CD81/TAPA-1
mAb to significantly inhibit EC migration in this assay,
suggests that different tetraspan molecules could partici-
pate in either distinct steps of the migration process or
other events involved in the EC invasion mechanism. Fur-
ther research is required to elucidate this issue.

Another possible way of regulation of integrin function
by their associated TM4 molecules, could be by determin-
ing their cellular localization to a certain subdomain along
the plasma membrane. Thus, it is feasible that TM4 pro-
teins, through interactions among the different members
of the family, would create a tetraspan web on the cell
membrane (Rubinstein et al., 1996; Maecker et al., 1997),
that would include the a3b1 integrin, modulating the spec-
ificity or function of this adhesion receptor. The existence
of this “tetraspan lattice” has been morphologically de-
scribed in the bladder epithelium, where the TM4 mem-

Figure 7. Effect of anti-TM4 mAbs on invasion of collagen gels
by PMA-treated HUVECs. HUVECs were seeded on the surface
of collagen gels, in the presence or not of 20 ng/ml PMA alone
(control) or in combination with 20mg/ml of anti–HLA-A,B W6/
32, anti–VE-Cadherin TEA1/31, anti-b1 integrin TS2/16, anti–
CD81/TAPA-1 5A6, or anti–CD151/PETA-3 LIA1/1 and VJ1/16
mAbs for 24 h. (a) Phase-contrast micrographs of migrating cells
invading the collagen gels forming tube-like structures. (A) Un-
stimulated cells; (B) cells treated for 24 h with PMA alone; (C
and D) cells treated for 24 h with PMA plus TEA1/31 or LIA1/1,
respectively. (b) Quantitation of migrating cells under the differ-
ent conditions respect to control cells in the presence of PMA
(100%). Experiments were performed by duplicate and repre-
sented as the arithmetic mean of the number of migrating cells 6
1 SD of four fields per well from two different experiments.
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bers uroplakins Ia and Ib, interact with the transmem-
brane proteins uroplakins II and III, and form molecular
complexes which stabilize the apical surface of urothelium
(Yu et al., 1994).

As pointed out above, cell–cell junctions play crucial
roles in cell differentiation and homeostasis. It still re-
mains to be determined whether these TM4-a3b1 com-
plexes play also a role in cell growth control. Integrins, via
association with the transmembrane protein caveolin,
have recently been involved in the control of cell cycle
progression (Wary et al., 1996). Thus, tetraspan molecules,
via their interaction with integrins, might be also impli-
cated in these processes. It is also conceivable that the
TM4–integrin complexes in EC, due to its localization at
the cell–cell contact sites in the endothelial monolayer,
could participate in key functions of these cells such as the
control of vascular permeability and regulation of leuko-
cyte extravasation. Integrins, which are also localized at
cell–cell junctions, have been implicated in the mainte-
nance of EC monolayer integrity (Lampugnani et al.,
1991). It remains thus to be further investigated whether
their associated TM4 members are also involved in this
function.
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