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The role of platelet endothelial cell adhesion molecule-1 (PECAM-1) in endothelial cell–cell
interactions and its contribution to cadherin-mediated cell adhesion are poorly understood. Such
studies have been difficult because all known endothelial cells express PECAM-1. We have used
Madin-Darby canine kidney (MDCK) cells as a model system in which to evaluate the role of
PECAM-1 isoforms that differ in their cytoplasmic domains in cell–cell interactions. MDCK cells
lack endogenous PECAM-1 but form cell–cell junctions similar to those of endothelial cells, in
which PECAM-1 is concentrated. MDCK cells were transfected with two isoforms of murine
PECAM-1, D15 and D14&15, the predominant isoforms expressed in vivo. Expression of the D15
isoform resulted in apparent dedifferentiation of MDCK cells concomitant with the loss of
adherens junctions, down-regulation of E-cadherin, a- and b-catenin expression, and sustained
activation of extracellular regulated kinases. The D15 isoform was not concentrated at cell–cell
contacts. In contrast, the D14&15 isoform localized to sites of cell–cell contact and had no effect on
MDCK cell morphology, cadherin/catenin expression, or extracellular regulated kinase activity.
Thus, the presence of exon 14 in the cytoplasmic domain of PECAM-1 has dramatic effects on the
ability of cells to maintain adherens junctions and an epithelial phenotype. Therefore, changes in
the expression of exon 14 containing PECAM-1 isoforms, which we have observed during
development, may have profound functional consequences.

INTRODUCTION

Platelet endothelial cell adhesion molecule-1 (PECAM-1/
CD31) is a member of the immunoglobulin gene super-
family. It is highly expressed at sites of endothelial cell–
cell contact and is expressed at moderate levels on the
surface of platelets and hemopoietic cells. PECAM-1 is
involved in leukocyte– endothelium transmigration, mod-
ulation of integrin activity on leukocytes and T cells, and
angiogenesis (Newman, 1997; Sheibani and Frazier, 1999).
Its expression on the surface of endothelial cells and

endocardial cells during early embryonic development
suggests that PECAM-1 plays a role in the development of
the cardiovascular system (Baldwin et al., 1994). However,
the role of PECAM-1 in the regulation of endothelial cell
adhesive functions and morphogenesis is not understood.
Antibodies to PECAM-1 prevent endothelial cell– cell con-
tacts and the formation of monolayers when added to
subconfluent cultures (Albelda et al., 1990) but fail to
disrupt already confluent monolayers. We have shown
that the expression of PECAM-1 in endothelial cells, in
which endogenous PECAM-1 expression is lost, results in
enhanced morphogenesis in three-dimensional Matrigel
cultures (Sheibani et al., 1997). Furthermore, antibodies to
PECAM-1 block tubular morphogenesis of human umbil-
ical vein endothelial cells in Matrigel assays (Sheibani et
al., 1997) and angiogenesis in mouse corneal assays
(DeLisser et al., 1997). Therefore, PECAM-1 appears to
play a role in endothelial cell– cell, and perhaps cell–
matrix, interactions that are essential during angiogenesis
(Sheibani and Frazier, 1999).
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PECAM-1 participates in both homophilic and hetero-
philic interactions. It can bind PECAM-1 (Sun et al., 1996),
proteoglycans (DeLisser et al., 1993), avb3 integrin (Piali et
al., 1995), and CD38 (Deaglio et al., 1998). These interactions
are modulated, at least in part, by the cytoplasmic domain of
PECAM-1 (Yan et al., 1995). Murine PECAM-1 undergoes
alternative splicing, generating eight isoforms that differ
only in the length of their cytoplasmic domains (Yan et al.,
1995; Sheibani et al., 1999). The isoform that lacks exons
14&15 (D14&15), and not “full-length” PECAM-1, is the
predominant isoform expressed in the endothelium, fol-
lowed by the isoform that lacks only exon 15 (D15) (Sheibani
et al., 1999). The alternative splicing of the cytoplasmic do-
main may have functional consequences. The alternative
splicing of exon 14 in murine PECAM-1 isoforms alters its
homophilic binding characteristics when expressed in L-
cells, regardless of the presence or absence of other cytoplas-
mic exons (Yan et al., 1995). Thus, specific interactions be-
tween PECAM-1 and intracellular proteins that require the
presence of exon 14 may be important in modulating
PECAM-1 adhesive functions. We have recently shown that
multiple isoforms of PECAM-1 are expressed in vascular
beds of different tissues in a developmentally regulated
manner (Sheibani et al., 1999), suggesting that different iso-
forms may differentially modulate the adhesive interactions
of endothelial cells during vascular development. For exam-
ple, in the developing kidney, PECAM-1 isoform(s) that
contain exon 14 are expressed early in vascular development
and are later replaced by PECAM-1 isoform(s) that lack exon
14 in the maturing blood vessels (Sheibani et al., 1999).

Because all cultured endothelial cells that retain appropri-
ate phenotypic markers express multiple isoforms of endog-
enous PECAM-1, it has been difficult to study PECAM-1
function in a physiologically relevant cell type. The majority
of PECAM-1 structural and functional studies have been
performed in nonendothelial cells such as L-cells. These cells
were initially selected because they lack cadherin-mediated
cell–cell interactions, thus making PECAM-1–mediated in-
teractions easier to detect (Nagafuchi et al., 1994; Wang and
Rose, 1997). However, cadherin-mediated cell–cell interac-
tions do occur in endothelial cells and are important for the
maintenance of an endothelial permeability barrier. Thus,
L-cells may not accurately represent the role of PECAM-1
in endothelial cell adhesion. To investigate the role of
PECAM-1 isoforms in the modulation of cellular adhesive
functions, we have used Madin-Darby canine kidney
(MDCK) cells, an epithelial cell line that, like endothelial
cells, forms adherens junctions (Lampugnani et al., 1995;
Staddon and Rubin, 1996) but lacks PECAM-1 expression.
We demonstrate that PECAM-1 isoforms, with and without
exon 14, expressed in MDCK cells can differentially modu-
late the formation and/or maintenance of adherens junc-
tions by activation of MAPK/extracellular regulated kinase
(ERK). Furthermore, the localization of PECAM-1 to sites of
cell–cell contact may require cadherin-mediated cell–cell
interactions.

MATERIALS AND METHODS

Cells and DNA Transfection
MDCK epithelial cells were obtained from the American Type Cul-
ture Collection (Rockville, MD) and maintained in a-MEM with 10%

heat-inactivated FCS and 10 mM HEPES. For DNA transfection, 5 3
105 cells (stable) or 8 3 105 cells (transient) were plated in a 100-mm
tissue culture dish. The next day, cells were rinsed twice with
serum-free medium and transfected with expression plasmids con-
taining the cDNA encoding for PECAM-1 isoforms D15 or D14&15
or empty vector by Lipofectin as described previously (Sheibani et
al., 1997). Cells were either harvested 48 h after transfection (tran-
sient) or fed with growth medium containing 400 mg/ml G418 to
select for stable clones. Stable clones were isolated, expanded, and
screened for the expression of PECAM-1 by Western blot and FAC-
Scan analysis.

Western Blot Analysis
To screen the clones of stably transfected cells, ;106 cells were
washed with PBS, resuspended in 0.1 ml of 20 mM Tris-HCl, pH 7.5,
2 mM EDTA, and stored at 270°C until all of the clones were
available. For other protein analysis, 3 3 105 cells were plated in
100-mm dishes, and 3 d later, cells were fed with either regular
growth medium or serum-free medium to starve the cells for 2
additional days. Starved cells were stimulated with regular serum-
containing medium for 10 min. Plates were then rinsed twice with
cold serum-free medium containing 0.5 mM Na3OV4, lysed in 0.8 ml
of lysis buffer (50 mM HEPES, 150 mM NaCl, 0.1 mM EDTA, 1 mM
each CaCl2 and MgCl2, 1% NP-40, 0.5% deoxycholate, 100 mM NaF,
3 mM Na3OV4, and a cocktail of protease inhibitors), and trans-
ferred to a microfuge tube on ice. Samples were rocked for 30 min
at 4°C and centrifuged for 15 min at 14,000 3 g, and cleared lysates
were transferred to clean tubes. Protein concentrations were deter-
mined by the DC protein assay kit (Bio-Rad, Hercules, CA), and
aliquots corresponding to equal amounts of protein were mixed
with 63 SDS sample buffer containing b-mercaptoethanol, boiled
for 3 min, and analyzed by SDS-PAGE with the use of 12% Tris-
glycine gels (Novex, San Diego, CA). Proteins were transferred to
nitrocellulose and processed as described previously (Sheibani et al.,
1998). A polyclonal antibody to murine PECAM-1 extracellular
domain (a gift of Dr. B.A. Imhof) that recognizes all PECAM-1
isoforms and a polyclonal antibody to the murine PECAM-1 exon 14
peptide that recognizes only PECAM-1 isoforms that contain exon
14 (Sheibani et al., 1999) were used for blotting. The antibodies to
E-cadherin, a-catenin, b-catenin, and g-catenin were obtained from
Transduction Laboratories (Lexington, KY). The antibody to phos-
pho-MAPK was from Promega (Madison, WI), and the antibody to
ERK-1 was from Santa Cruz Biotechnology (Santa Cruz, CA). The
mAb to vimentin was from Santa Cruz Biotechnology, and the mAb
that reacts with an epitope on a wide range of cytokeratins (40–60
kDa) was from DAKO (Carpinteria, CA).

FACScan Analysis
Cells were removed by EDTA (0.04% in PBS with 0.1% BSA) and
washed once with Tris-buffered saline (TBS; 20 mM Tris-HCl, pH
7.6, 150 mM NaCl), and ;106 cells were resuspended in 0.5 ml of
TBS with 1% goat serum and incubated on ice for 20 min. Cells were
pelleted and resuspended in 0.25 ml of TBS with 1% BSA containing
the primary antibody. For PECAM-1, the rat anti-mouse mAb 390 (a
gift of Dr. S.B. Albelda) was used at 10 mg/ml. The rat anti-mouse
uvomorulin (Sigma Chemical, St. Louis, MO) was used at a 1:500
dilution. After 30 min of incubation with the primary antibody on
ice, cells were pelleted, washed twice with 2 ml of TBS with 1% BSA,
and resuspended in 0.25 ml of TBS with 1% BSA containing a 1:100
dilution of FITC-conjugated goat anti-rat immunoglobulin G
(Pierce, Rockford, IL) for 30 min on ice. Cells were pelleted, washed
with TBS plus 1% BSA as described above, and resuspended in 0.5
ml of TBS with 1% BSA. Samples were analyzed on a FACScan
(Becton Dickinson, San Jose, CA).

Indirect Immunofluorescence Analysis
Cells (2 3 104) were plated on glass coverslips until they were
semiconfluent. Coverslips were rinsed in PBS, and cells were fixed
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with 3% paraformaldehyde for 15 min at room temperature, washed
with TBS, and incubated with primary antibodies to PECAM-1 or
uvomorulin in TBS with 1% ovalbumin at concentrations similar to
those used for FACScan analysis (see above) for 30 min at 37°C.
Coverslips were rinsed with TBS, incubated with FITC-conjugated
antibody in TBS with 1% ovalbumin for 30 min at 37°C, washed, and
mounted in TBS with 50% glycerol. Cells were viewed on a Nikon
(Garden City, NY) phase-epifluorescence microscope with the use
of a 403 fluorescence lens and photographed with TMAX 400
black-and-white film.

Inhibitor Studies
All of the inhibitors were obtained from Calbiochem (San Diego,
CA), and stock solutions were prepared (10003) as recommended
by the supplier. We examined several concentrations of inhibitors,
and the optimal concentrations were chosen for the experiments as
noted below. These concentrations of inhibitors are similar to those
used by many investigators and demonstrated maximal effect and
minimal toxicity. Cells (105) were plated in 60-mm dishes, and the
next day they were incubated with growth medium containing the
indicated concentrations of inhibitors: PD98059 (50 mM; mitogen-
activated protein kinase kinase [MEK[ inhibitor), wortmannin (50
nM; phosphatidylinositol 3-kinase [PI-3 kinase] inhibitor), SB203580
(10 mM; p38 inhibitor), LY294002 (20 mM; PI-3 kinase inhibitor), and
GF109203x (100 nM; PKC inhibitor). Cells were fed with fresh
medium and inhibitors after 2 d. Cells incubated with different
inhibitors were examined by phase microscopy and photographed.

Construction of Mutant D15 PECAM-1 Isoform
The tyrosine residue in exon 14 of the D15 PECAM-1 isoform was
mutated to phenylalanine using the QuickChange site-directed mu-
tagenesis kit (Stratagene, La Jolla, CA) as recommended by the
supplier. The oligonucleotide primers containing the desired muta-
tion were 59-GCCACAGAGACGGTGTTCAGTGAGATCCGG-39
(sense) and 59-CCGGATCTCACTGAACACCGTCTCTGTGGC-39
(antisense). The identity of the mutation was confirmed by DNA
sequencing. The mutant D15 PECAM-1 isoform was expressed in
MDCK cells, and clones expressing similar levels of PECAM-1
compared with wild-type D15 PECAM-1 were used for comparison
as described above.

RESULTS

Expression of PECAM-1 Isoforms in MDCK Cells
To determine the relationship between PECAM-1 and cad-
herin-mediated cell–cell adhesion, we used MDCK cells. We
chose this epithelial cell line because, like endothelial cells,
they form adherens junctions but do not express PECAM-1.
Furthermore, the components and organization of adherens
junctions in these cells are very similar to those found in
endothelial cells and are well characterized (Lampugnani et
al., 1995; Staddon and Rubin, 1996). MDCK cells were stably
transfected with expression vectors encoding the cDNA for
the two predominant murine PECAM-1 isoforms expressed
in vivo (Sheibani et al., 1999), D14&15 and D15, or the empty
vector control. It should be noted that “full-length”
PECAM-1 is not the most abundant form of PECAM-1 ex-
pressed in any tissue or endothelial cell line examined (Shei-
bani et al., 1999). Approximately 50 G418 resistant clones
were isolated from each of the PECAM-1 isoform transfec-
tants and 25 clones were isolated from the empty vector
transfected cells. Clones were initially screened by Western
analysis of cell lysates (our unpublished results), and several

clones from each transfection expressing comparable levels
of PECAM-1 were chosen for analysis.

Expression of these two PECAM-1 isoforms had dramat-
ically different effects on the morphology of MDCK cells.
Cells transfected with the D15 PECAM-1 isoform (Figure 1,
middle) lacked the closely packed cobblestone epithelial
morphology observed in parental or vector control cells
(Figure 1, top) and appeared more disorganized. A similar
morphology has been observed in MDCK cells treated with
hepatocyte growth factor/scatter factor (HGF/SF) (Royal
and Park, 1995; Potempa and Ridley, 1998; Tanimura et al.,
1998). This morphology is typical of cells that undergo an
epithelial-to-mesenchymal transition and is referred to as a
“dedifferentiated” phenotype. These cells exhibit a spindle-
shaped fibroblastic morphology and lack contact inhibition
as well as monolayer formation. In contrast, the cells trans-
fected with the D14&15 PECAM-1 isoform (Figure 1, bottom)
exhibited a morphology very similar to that of the parental
or vector transfected cells. We (Sheibani and Frazier, 1998)
and others (Yan et al., 1995) have demonstrated that the
adhesive properties of PECAM-1 depend, to some extent, on
the level of PECAM-1 expression. Thus, we have compared
the characteristics of clones that express similar levels of
PECAM-1, which are also comparable to the levels of
PECAM-1 expressed in primary cultures of endothelial cells
(Sheibani and Frazier, 1998). MDCK cells that expressed low
levels (less than two logs of fluorescence) of D15 PECAM-1
did not exhibit the altered morphology or changes in
E-cadherin expression (our unpublished results).

Distribution of E-Cadherin and PECAM-1 Isoforms
The altered morphology or dedifferentiation of D15 PE-
CAM-1 transfected MDCK cells suggested that alterations in
the organization and/or expression of adherens junction
components may have occurred. We examined the expres-
sion and localization of E-cadherin in PECAM-1 transfected
MDCK cells by FACS and indirect immunofluorescence
analysis, respectively. The FACS analysis demonstrated a
dramatic decrease in the level of E-cadherin detected on the
surface of MDCK cells transfected with the D15 isoform
compared with vector control, D14&15 isoform, and parental
cells (our unpublished results). Figure 1 also demonstrates
the localization of E-cadherin and PECAM-1 in MDCK cells
transfected with the two PECAM-1 isoforms or vector con-
trol. A representative clone of each transfectant is shown.
The FACS analysis of these clones demonstrates similar
levels of each PECAM-1 isoform on the cell surface (Figure
1, left). E-cadherin exhibited a typical junctional localization
in D14&15 PECAM-1 or vector transfected cells. In contrast,
the D15 isoform transfected cells lacked detectable junctional
E-cadherin localization.

We next examined the localization of the PECAM-1 iso-
forms in the MDCK cell clones. The D14&15 isoform exhib-
ited typical PECAM-1 localization at sites of cell–cell con-
tacts, as has been demonstrated in endothelial cells isolated
from a variety of tissues (Albelda et al., 1990; Sheibani et al.,
1997). However, the D15 isoform exhibited a diffuse cell
surface staining that did not localize to sites of cell–cell
contact (Figure 1, right). Together, these results in MDCK
cells show that PECAM-1 isoforms with alternatively spliced
cytoplasmic domains, which differ in the presence or ab-
sence of exon 14, organize quite differently. This suggests
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that different PECAM-1 isoforms can differentially modulate
the expression and/or organization of adherens junction
components. Furthermore, the junctional localization of
PECAM-1 may require the formation of adherens junctions,
a characteristic of both epithelial and endothelial cells.

Effects of PECAM-1 Isoform Expression on Adherens
Junction Components
We next determined whether the expression of the adherens
junction components E-cadherin and a, b-, and g-catenin
was affected in MDCK cells transfected with D15 or D14&15
PECAM-1 isoforms. Cell lysates were prepared from paren-
tal or two representative clones from vector or PECAM-1
transfected MDCK cells. Figure 2 demonstrates the levels of
E-cadherin, a-catenin, b-catenin, and g-catenin. MDCK cells
transfected with the D14&15 isoform contained similar lev-
els of these proteins compared with parental or vector trans-
fected cells. In contrast, MDCK cells that expressed the D15
isoform exhibited a dramatic decrease in the levels of
E-cadherin and a- and b-catenin. The level of g-catenin was

not significantly affected. This decrease in the expression of
adherens junction proteins is consistent with the absence of
close cell–cell contacts and the dedifferentiated phenotype
of MDCK cells expressing the D15 isoform.

Analysis of Intermediate Filaments in PECAM-1
Transfected MDCK Cells
Epithelial cells generally produce intermediate filaments
of the cytokeratin type, whereas mesenchymal cells pre-
dominantly express vimentin. MDCK cells can express
both vimentin and keratin intermediate filaments depend-
ing on their differentiation state (Vitranen et al., 1981). We
next examined the expression of vimentin and cytokera-
tins in MDCK cells transfected with the two PECAM-1
isoforms. Figure 3 shows the Western blot analysis of
intermediate filament proteins in extracts prepared from
these cells. The parental, vector control, and D14&15
PECAM-1 transfected MDCK cells expressed a panel of
cytokeratins (40 – 60 kDa), consistent with the epithelial
morphology of these cells, but very little or no vimentin.

Figure 1. Characteristics of MDCK cells expressing different PECAM-1 isoforms. MDCK cells were stably transfected with vector control,
D15 PECAM-1, and D14&15 PECAM-1. Clones were isolated and characterized for expression levels of PECAM-1, their morphology, and
E-cadherin and PECAM-1 localization. PECAM-1 expression levels were compared by FACScan analysis. The morphologies of cells are
shown in phase micrographs (103 objective) of representative clones of transfected cells growing under normal conditions. Note that the D15
PECAM-1–expressing cells lack the closely packed epithelial morphology observed in vector control and D14&15 PECAM-1 transfected cells.
The localization of E-cadherin and PECAM-1 was examined by indirect immunofluorescence (403 objective). Note the lack of E-cadherin and
PECAM-1 junctional localization in D15 PECAM-1 transfected cell compared with D14&15 PECAM-1 transfected cells. The PECAM-1
transfected cells express similar levels of PECAM-1 on their cell surface.
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However, this pattern was switched in the D15 PECAM-1
transfected MDCK cells, i.e., they expressed very high
levels of vimentin and reduced levels of cytokeratins. This
is consistent with the mesenchymal phenotype of D15

PECAM-1– expressing cells. Such changes have been dem-
onstrated previously in dedifferentiated MDCK cells
(Schramek et al., 1997b).

PECAM-1 Expression Activates MAPK/ERKs
It has been demonstrated previously that the activation of
MAPK/ERKs and PI-3 kinase is required for adherens junc-
tion disassembly and is essential for the motile response of
MDCK cells to HGF/SF (Schramek et al., 1997b; Potempa
and Ridley, 1998; Tanimura et al., 1998). Expression of a
constitutively active mutant of MEK-1 also induces epithe-
lial dedifferentiation of MDCK cells (Schramek et al., 1997a).
Figure 4 shows the enhanced and sustained activation of
MAPK/ERKs in D15 PECAM-1 transfected cells. Figure 4A
demonstrates the steady-state levels of activated MAPK/
ERKs in parental, vector, and PECAM-1 transfected cells.
Only the MDCK cells transfected with the D15 isoform ex-
hibited high levels of active (phosphorylated) MAPK/ERKs,
as demonstrated by specific staining with antibody to phos-
pho-MAPK/ERKs. Figure 4B shows the levels of active
MAPK/ERKs after serum stimulation. Again, the cells trans-
fected with the D15 isoform expressed high levels of active
MAPK/ERKs compared with parental, vector, and D14&15
isoform transfected MDCK cells. The levels of ERK proteins
were not affected under these conditions (Figure 4, A and B,

Figure 2. Analysis of adherens junction components in MDCK cells.
Cell lysates were prepared from MDCK parental cells and two repre-
sentative clones of vector control and PECAM-1 isoform transfected
cells under normal growth conditions. Equal amounts of protein (30
mg) were analyzed by SDS-PAGE and Western blotting with specific
antibodies to E-cadherin, a-catenin, b-catenin, and g-catenin. Note the
dramatic decrease in production of E-cadherin, a-catenin, and b-cate-
nin but not g-catenin in D15 PECAM-1–expressing cells. These exper-
iments were repeated three times with identical results.

Figure 3. Loss of cytokeratin expression in dedifferentiated MDCK cells.
The levels of cytokeratins and vimentin were examined by SDS-PAGE
and Western blotting with specific antibodies as described for Figure 2.
Note that the production of cytokeratins is decreased, whereas that of
vimentin is increased in D15 PECAM-1–expressing MDCK cells.

Figure 4. Expression of the D15 PECAM-1 isoform in MDCK cells
results in the activation of MAPK/ERKs. Cell extracts were pre-
pared from parental or two representative clones of vector or
PECAM-1 transfected cells grown under normal conditions (A) or
serum starved for 48 h followed by 10 min of serum stimulation (B).
Equal amounts of protein (30 mg) were analyzed by SDS-PAGE and
Western blotting with either antiphospho-MAPK/ERKs (upper
panels) or anti-ERK-1 (lower panels). Note the increased levels of
constitutive (A) and serum-stimulated (B) phosphorylated active
MAPK/ERKs in the D15 PECAM-1–expressing cells. These experi-
ments were repeated three times with identical results.
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lower panels). Thus, the ability of the D15 PECAM-1 isoform
to modulate adherens junction assembly correlates with the
activation of MAPK/ERKs.

We next determined whether sustained activation of
MAPK/ERKs is necessary for the dedifferentiated pheno-
type of MDCK cells expressing the D15 isoform. MDCK cells
expressing the D15 isoform were incubated with various
inhibitors of signal-transducing kinases, and the effects on
the morphology of cells was assessed. Figure 5 demonstrates
the morphology of cells after incubation with vehicle (A), 50
nM wortmannin (a PI-3 kinase inhibitor) (B), and 50 mM
PD98059 (a MEK inhibitor) (C) for 4 d. Inhibition of MAPK/
ERKs activity by PD98059 resulted in the reestablishment of
an epithelial morphology in these cells (Figure 5, compare A
and C). The wortmannin effects were minimal. Similar re-
sults were observed in the presence of LY294002, another
inhibitor of PI-3 kinase (our unpublished results). However,
prolonged incubation with LY294002 resulted in extensive
cell death. SB203580 (a p38 inhibitor) and GF109203x (a PKC
inhibitor) had no effect on the morphology of dedifferenti-
ated cells. None of these inhibitors had any effect on the
morphology of the vector or the D14&15 PECAM-1 trans-
fected MDCK cells, nor did they affect the expression of
PECAM-1 and/or components of the adherens junctions in
these cells (our unpublished results). The inhibitors were not
cytotoxic (except LY294002) at the concentrations used in
this study. Thus, sustained activation of MAPK/ERKs is
essential for the dedifferentiated phenotype of MDCK cells
induced by the expression of D15 PECAM-1.

To demonstrate that activation of MAPK/ERKs by ex-
pression of the D15 PECAM-1 isoform is not due to long-
term selection of stable clones in the presence of G418, we
assessed the level of active phosphorylated MAPK/ERKs
in MDCK cells transiently transfected with vector, D15
PECAM-1, or D14&15 PECAM-1. Forty-eight hours after
transfection, MAPK/ERKs phosphorylation levels were
assessed by Western blotting (Figure 6). Expression of the
D15 PECAM-1 isoform, but not the vector or D14&15
PECAM-1, resulted in an enhanced level of phosphory-

lated (activated) MAPK/ERKs (Figure 6, top), whereas
levels of total ERK proteins remained the same. Therefore,
expression of the D15 PECAM-1 isoform, but not D14&15
PECAM-1, in MDCK cells correlates with the activation of
MAPK/ERKs. It was difficult to see an effect on the mor-
phology of D15 PECAM-1 transfected cells in these exper-
iments because of the short-term and nonuniform nature
of transient expression.

Figure 5. Inhibition of MAPK/ERKs in D15 PECAM-1–expressing cells restores the closely packed epithelial morphology. MDCK cells
expressing the D15 PECAM-1 isoform were incubated with the vehicle (A), wortmannin (B), or PD98059 (C) in growth medium. The
morphology of the cells was monitored microscopically and photographed (103 objective). Note that the closely packed epithelial
morphology was observed only when the cells were incubated with PD98059. These experiments were repeated twice with two different
batches of the same inhibitors with identical results.

Figure 6. Transient transfection of MDCK cells with the D15
PECAM-1 isoform results in activation of MAPK/ERKs. MDCK
cells were transfected with empty vector, D15 PECAM-1, or D14&15
PECAM-1, and 48 h later the cells were lysed and equal amounts of
protein (30 mg) were analyzed by SDS-PAGE and Western blotting
with either antiphospho-MAPK/ERKs (upper panels) or anti-ERK-1
(lower panels). Note the increased levels of phosphorylated active
MAPK/ERKs in the D15 PECAM-1 transfected cells. These experi-
ments were repeated three times with two different plasmid DNA
preparations with identical results.
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Inhibition of MAPK/ERKs Restores E-Cadherin
Expression and Junctional Localization of PECAM-1
in Dedifferentiated Cells
The data presented thus far suggest that sustained activation
of MAPK/ERKs is necessary to maintain the dedifferenti-
ated phenotype of MDCK cells expressing the D15 PECAM-1
isoform (Figure 5). Incubation of these cells with the specific
inhibitor of MAPK/ERKs (PD98059) resulted in reestablish-
ment of a closely packed epithelial morphology. We next
asked whether incubation of these cells with PD98059 also
restores E-cadherin expression. PD98059 does restore E-cad-
herin expression, which localizes to sites of cell–cell contact
(Figure 7, A and B). Interestingly, upon restoration of the
E-cadherin–containing cell–cell contacts, D15 PECAM-1 ex-
hibited junctional localization in these cells (Figure 7, C and
D). The E-cadherin and PECAM-1 expression patterns were
similar to those shown for D14&15 PECAM-1–expressing
MDCK cells in Figure 1. Therefore, these results indicate that
junctional localization of PECAM-1 is dependent on the
expression of E-cadherin and the formation of adherens
junctions. This is further supported by our previous obser-
vation that the expression of PECAM-1 in thrombospondin-

transfected bEND cells, which lack endogenous PECAM-1
and are unable to form adherens junctions, fails to localize to
sites of cell–cell contact regardless of the isoform expressed
(Sheibani et al., 1997). This is consistent with alterations in
the expression and localization of adherens junction compo-
nents we have observed in these cells (our unpublished
results).

Mutation of a Single Amino Acid in Exon 14 of
D15 PECAM-1 Blocks the Dedifferentiation of
MDCK Cells
Our data suggest that the presence of exon 14 in D15
PECAM-1 is responsible for the activation of MAPK/ERKs
and the dedifferentiation of MDCK cells. Exon 14 has been
proposed to be an important modulator of PECAM-1 adhe-
sive properties. Famiglietti et al. (1997) demonstrated that
lack of exon 14, or mutation of the tyrosine residue in exon
14, of PECAM-1 is sufficient to promote homotypic interac-
tions in L-cells. The tyrosine in exon 14 forms an immuno-
receptor tyrosine-based inhibitory motif (ITIM) (Newman,
1999) that acts as a docking site for SH2-containing phos-

Figure 7. Inhibition of MAPK/ERKs in D15 PECAM-1–expressing cells restores E-cadherin expression and junctional localization of
PECAM-1. MDCK cells (2 3 104) expressing the D15 PECAM-1 isoform were plated on glass coverslips and incubated with medium
containing PD98059 (50 mM) for 4 d. Cells were fixed and stained with antibodies to E-cadherin (A and B) or PECAM-1 (C and D) as described
in MATERIALS AND METHODS. The localization of E-cadherin and PECAM-1 was examined by indirect immunofluorescence (403
objective). Two different clones of MDCK D15 PECAM-1 were used (A and C, clone 19; B and D, clone 36). Note the reexpression and
localization of E-cadherin at sites of cell–cell contact (A and B). D15 PECAM-1 isoform now also exhibits a junctional localization. Cells
incubated with the vehicle alone for the duration of the experiments showed no effect on morphology and/or the expression of E-cadherin
and PECAM-1 (our unpublished results).
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phatases and perhaps other signaling molecules. To deter-
mine if the presence of tyrosine 686 in exon 14 is essential for
the ability of D15 PECAM-1 to result in dedifferentiation of
MDCK cells, we mutated the tyrosine residue to a phenyl-
alanine (Y3F). The mutant Y3F D15 PECAM-1 isoform
was expressed in MDCK cells, and multiple clones express-
ing levels of PECAM-1 similar to those of D15 or D14&15
PECAM-1 transfected cells were analyzed for morphological
and phenotypic changes as described above. The MDCK
cells that expressed the Y3F D15 PECAM-1 isoform be-
haved similarly to the MDCK cells that expressed the
D14&15 PECAM-1 isoform (our unpublished results). There-
fore, the presence of the tyrosine residue in exon 14 appears
to be essential for the ability of D15 PECAM-1 to activate
MAPK/ERKs and cause dedifferentiation of MDCK cells
concomitant with the loss of adherens junctions.

DISCUSSION

PECAM-1 mRNA undergoes alternative splicing to generate
eight different isoforms that differ only in their cytoplasmic
domains (Yan et al., 1995; Sheibani et al., 1999). We have
recently demonstrated that multiple isoforms of PECAM-1
are expressed in vascular beds of different tissues in a de-
velopmentally regulated pattern (Sheibani et al., 1999), sug-
gesting that different functional properties of PECAM-1 pro-
vided by different cytoplasmic domain isoforms may be
required during vascular development. Expression of these
isoforms in L-cells (a nonendothelial cell line) suggested that
exon 14 is a major regulator of PECAM-1 adhesive function
because PECAM-1 isoforms that contained exon 14 partici-
pated in “heterotypic” interactions, whereas those that
lacked exon 14 participated in “homotypic” interactions
(Yan et al., 1995), regardless of the presence or absence of
other exons. In the present studies, we have used epithelial
MDCK cells, which, like endothelial cells, form cadherin-
mediated adherens junctions. Thus, MDCK cells may be a
more relevant cell model system in which to study these
interactions than L-cells, which normally are incapable of
forming cadherin-mediated adherens junctions (Nagafuchi
et al., 1994; Wang and Rose, 1997). PECAM-1 isoforms with
and without exon 14 were expressed in MDCK cells to
evaluate the adhesive properties of these PECAM-1 isoforms
and determine their effects on cadherin-mediated cell junctions.

We chose to express D15 and D14&15 PECAM-1 isoforms
rather than full-length and D14 PECAM-1 because these two
isoforms lacking exon 15 are the most predominant isoforms
in mouse tissues as well as in cultured endothelial cells
(Piedboeuf et al., 1998; Sheibani et al., 1999). Expression of
the D14&15 isoform in MDCK cells had no effect on cad-
herin-mediated cell–cell interactions, and PECAM-1 exhib-
ited a junctional localization seen in many endothelial cells
in culture (Albelda et al., 1990; Sheibani et al., 1997). In
contrast, expression of the D15 isoform in MDCK cells had a
dramatic effect on their morphology and phenotype. The
cells lost the closely packed epithelial morphology observed
in vector or D14&15 PECAM-1 transfected cells and had a
more elongated fibroblastic morphology without any close
cell–cell apposition. Indeed, these cells exhibited a dediffer-
entiated or mesenchymal phenotype. This same sort of epi-
thelial-to-mesenchymal transition has been observed when
MDCK cells are incubated with HGF/SF (Royal and Park,

1995; Potempa and Ridley, 1998; Tanimura et al., 1998). The
D15 PECAM-1 transfected cells lost expression of cytokera-
tins and turned on expression of vimentin, consistent with a
transition from an epithelial to a mesenchymal phenotype.
Furthermore, FACS and immunofluorescence staining of
these cells demonstrated the absence of cell surface and
junctional E-cadherin. Further analysis of these cells indi-
cated a dramatic decrease in the expression of E-cadherin
and associated catenins in D15 isoform transfected cells com-
pared with D14&15 isoform or vector control cells (Figure 2).
Despite high levels of cell surface expression (Figure 1,
middle), the D15 isoform could not promote cell–cell adhe-
sion in MDCK cells and failed to demonstrate junctional
localization. These results indicate that PECAM-1 isoforms,
which differ only in a single exon (exon 14) encoding 19
amino acids, can differentially affect the assembly of adher-
ens junctions. To our knowledge, this is the first report
indicating a role for PECAM-1 in the modulation of cad-
herin-mediated cell–cell interactions.

When MDCK cells are incubated with HGF/SF, they lose
the adherens junction proteins E-cadherin and b-catenin
from intercellular junctions. This is dependent on sustained
activation of MAPK/ERKs and possibly PI-3 kinase
(Schramek et al., 1997b; Khwaja et al., 1998). The enhanced
permeability of endothelial cell monolayers in response to
vascular endothelial growth factor, which occurs through
disorganization of junctions (loss of VE-cadherin and occlu-
din), is also dependent on the activation of MAPK/ERKs
(Kevil et al., 1998). MDCK cells that express the D15
PECAM-1 isoform exhibited high levels of phosphorylated
MAPK/ERKs under both normal growth conditions (basal)
or when cells were stimulated with serum. Incubation of
these cells with PD98059 (a MEK inhibitor), which prevents
phosphorylation and activation of MAPK/ERKs in vitro and
in vivo (Alessi et al., 1995), resulted in the reestablishment of
an epithelial morphology, as seen previously in HGF/SF
dedifferentiated MDCK cells (Royal and Park, 1995; Po-
tempa and Ridley, 1998; Tanimura et al., 1998). Incubation of
D14&15 PECAM-1 or vector transfected MDCK cells with
PD98059 had no effect on the phenotype and/or morphol-
ogy of these cells. The PI-3 kinase inhibitors (wortmannin
and LY294002) were not effective in reestablishing the
closely packed cell colonies in D15 PECAM-1–expressing
MDCK cells. Inhibitors of p38 MAPK (SB203580) or PKC
(GF109203x) also had no effect.

We demonstrate that expression of the D15 PECAM-1
isoform in MDCK cells results in activation of MAPK/ERKs
whose sustained activity is required for the dedifferentiated
phenotype of MDCK cells and the down-regulation of
E-cadherin expression. The D14&15 PECAM-1 isoform,
which fails to activate MAPK/ERKs, had no effect on cad-
herin-mediated cell–cell interactions. However, when
MAPK/ERKs activity was inhibited by PD98059, even the
D15 PECAM-1 isoform localized to sites of cell–cell contact.
This result suggests a rather more passive role for PECAM-1
organization at sites of cell–cell contact. That is, PECAM-1
will localize at cell–cell junctions if they are formed. These
results are consistent with a recent report that all PECAM-1
isoforms localize to sites of cell–cell contact regardless of
their cytoplasmic domain when expressed in REN (“endo-
thelium-like”) cells that form close cell–cell contacts (Sun et
al., 2000). However, the integrity of adherens junctions and
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their components were not addressed in this study, nor was
the signaling role of the PECAM-1 cytoplasmic domain.
Thus, the functional roles of the PECAM-1 cytoplasmic do-
mains in modulation of adherens junctions and junctional
localization of PECAM-1 isoforms were overlooked.

How does PECAM-1 activate MAPK/ERKs? PECAM-1
has recently been demonstrated to become tyrosine phos-
phorylated in its cytoplasmic domain upon treatment of
endothelial cells with various stimuli (reviewed by New-
man, 1999). Adhesion of endothelial cells to fibronectin-
coated surfaces rapidly stimulates PECAM-1 tyrosine phos-
phorylation (Lu et al., 1996). Tyrosine phosphorylation of
PECAM-1 results in its association with SHP-2 (Jackson et al.,
1997; Masuda et al., 1997), a ubiquitously expressed tyrosine
phosphatase with two tandem SH2 domains. These SH2
domains not only target SHP-2 to tyrosine-phosphorylated
proteins but also regulate SHP-2 phosphatase activity
(Huyer and Alexander, 1999). SHP-2 interacts with the phos-
phorylated tyrosine residues in exons 13 and 14 of
PECAM-1, which form an ITIM, resulting in SHP-2 activa-
tion (Huyer and Alexander, 1999; Newman, 1999). The cy-
toplasmic domains of PECAM-1 isoforms that lack exon 14
lack the ITIM, and these fail to associate with SHP-2 even
though other tyrosines are phosphorylated (our unpub-
lished results). SHP-2 is a major regulator of cell motility,
and its localization to focal adhesions allows fine tuning of
integrin-mediated cell adhesion signals to stimulate or in-
hibit cell migration by modulating phosphorylation of focal
adhesion kinase (Huyer and Alexander, 1999). The ability of
cells to migrate is linked to the MAPK/ERKs pathway
(Klemke et al., 1997). Focal adhesion kinase can activate
MAPK/ERKs through its interaction with Shc/Grb2/SOS or
p130cas/crk (Guan, 1997). In addition, SHP-2 also can inter-
act directly with Grb2/SOS and activate MAPK/ERKs
(Huyer and Alexander, 1999). The ability of the D15
PECAM-1 isoform to bind SHP-2 and its proximity to focal
adhesions may enhance focal adhesion turnover and stimu-
late cell migration (Manes et al., 1999). The cytoplasmic
domain of PECAM-1 isoforms that contain exon 14 can also
interact directly with Shc/Grb2 upon tyrosine phosphoryla-
tion and thus activate MAPK/ERKs (our unpublished re-
sults). This is consistent with the inability of the mutant D15
PECAM-1 (Y3F D15) to activate MAPK/ERKs in MDCK
cells. Therefore, PECAM-1 isoforms containing exon 14 can,
either directly or indirectly, activate the MAPK/ERKs path-
way.

Activation and inhibition of MAPK/ERKs play a central
role in the control of angiogenesis, a cell migration–depen-
dent process (D’Angelo et al., 1995; Eliceiri et al., 1998). The
down-regulation of cadherins in epithelial and endothelial
cell tumors is consistent with the invasive and migratory
phenotype of these cells (Dejana et al., 1995). The ability of
PECAM-1 isoforms to differentially modulate cadherin-me-
diated cell adhesion may play an important role during
angiogenesis. Isoforms that contain exon 14 may function in
early stages of angiogenesis when cell motility is necessary
and strong cell–cell interactions are undesirable, whereas
later in development of the vasculature these PECAM-1
isoforms would be replaced with those that lack exon 14 to
promote and perhaps stabilize cell–cell junctions. Indeed,
this pattern of PECAM-1 isoform switching is observed dur-
ing development of the kidney vasculature (Sheibani et al.,

1999). We have recently shown that in the developing kid-
ney, PECAM-1 isoform(s) that contain exon 14 are expressed
early in vascular development, when there is a high degree
of cell migration and low levels of stable cell–cell adhesion.
These isoforms are later replaced by PECAM-1 isoform(s)
that lack exon 14, thus favoring formation of strong cell–cell
interactions in the maturing blood vessels (Sheibani et al.,
1999). Therefore, PECAM-1 emerges not as a mechanical
component of the adhesion mechanism but as a signaling
component that can regulate an important adhesive and
junctional apparatus. This raises the interesting possibility
that PECAM-1 isoform switching may play an important
role during developmental and reparative angiogenesis in a
number of situations.
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