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Abstract Recent studies suggest that signal transduction
may have an important role in the development and
regulation of the metastatic phenotype. Here, we inves-
tigated the role of the epidermal growth factor receptor
(EGFR), and protein kinase C (PKC), in the process of
reassembly of cadherin-dependent cell-cell adhesion of
Caco-2 cells. We used chemical activation of PKC and
EGFR with 12-O-tetradecanoylphorbol-13-acetate (TPA),
a tumor-promoting agent, pretreatment with protein
kinase inhibitors and subcellular fractionation to analyze
the effect of the phorbol ester on the redistribution of
junctional proteins. Transepithelial resistance (TER),
electron microscopy and immunofluorescence analyses
were also carried out. Activation with TPA resulted in
disassembly of adherens junctions (AJs), but the tight
junction (TJ) structure and function remained unaltered.
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TPA affected E-cadherin levels. In Caco-2 cells at day 2
of culture, when most E-cadherin is not associated with
the cytoskeleton, a decrease in the level of this protein
was observed as soon as 6 h after TPA addition. However,
at day 5 of culture, the major effect observed after 6 h of
treatment was a translocation of the protein from the
Triton-insoluble to the -soluble fraction. On the other
hand, TPA did not significantly affect the E-cadherin-
associated proteins o and S-catenins. Potent specific
EGFR inhibitors, such as PD153035 and Tyrphostin 25,
as well as Calphostin C, an inhibitor of PKC, significantly
blocked the effect of TPA on AlJs. Furthermore, inhibition
of the TPA effect by the PD98059 MAPK inhibitor
suggests that activation of this kinase was the final event
in the modulation of cadherin-dependent cell-cell adhe-
sion. Pretreatment of cell monolayers with Calphostin C
before EGF treatment, one of the ligands of EGFR,
blocked the redistribution of E-cadherin caused by EGF.
Based on these results, we conclude that both EGFR and
PKC activation are involved in TPA-induced cell signal-
ing for modulation of cadherin-dependent cell-cell adhe-
sion and cell shape in Caco-2 cells.

Keywords TPA - Protein kinase C - Epidermal growth
factor receptor - Junctional complex - Signal transduction -
Tyrosine phosphorylation - Cell-cell adhesion - Caco-2
cells

Introduction

Cadherins comprise a family of widely expressed trans-
membrane glycoproteins that mediate the initiation,
specificity, and maintenance of cell-cell adhesion (Naga-
fuchi et al. 1987; Takeichi 1993). The adhesive function
of E-cadherin requires its attachment to the actin cyto-
skeleton. This association is mediated by a set of proteins
collectively named catenins. In Als, the intracellular
domain of E-cadherin binds directly to B-catenin that, in



320

turn, associates with a-catenin, which is thought to link
cadherin complex to the actin cytoskeleton (Cowin and
Burke 1996). Although several studies have reported the
important role of cadherin as a determinant of cell
behavior, cell fate, and probable tumor suppressor gene,
the regulation of cell-cell adhesion mediated by this
protein, and the recruitment of signaling molecules to
complexes at these adhesions, are not yet fully under-
stood. The presence of EGFR, phosphotyrosine phospha-
tases or tyrosine kinase substrates such as p120 suggests
that tyrosine phosphorylation plays a role in the modu-
lation of this complex. This hypothesis has been support-
ed by observations showing that maintenance of the
adhesion complex is modulated by the Src family tyrosine
kinases, such as pp60SRC itself. Receptors with tyrosine
kinase activity, such as EGFR, hepatocyte growth factor
receptor (HGFR) c-Met, platelet-derived growth factor,
and colony-stimulating factor (Hoschchuetzky et al. 1994;
Fuji et al. 1996; Shibata et al. 1996), are modulators of the
adhesion complex. The insulin-like growth factor-I
receptor (IGF-IR), a multifunctional tyrosine kinase, also
modulates E-cadherin-mediated cell-cell adhesion (Play-
ford et al. 2000; Mauro et al. 2001). Recently, it was
demonstrated that tyrosine kinase induced tyrosine phos-
phorylation and ubiquitination of components of the E-
cadherin complex, causing endocytosis of E-cadherin and
disassembly of cell-cell adhesion in epithelial cells (Fujita
et al. 2002).

The phorbol ester TPA is a highly potent tumor
promoter that activates some isoforms of the important
signaling enzyme PKC (Ono et al. 1989), which interferes
with both cell proliferation and cell adhesion in a variety
of cell types (Lewis et al. 1995; Vuori and Ruoslahti
1993). It has been reported that PKC activation by TPA
can also lead to disruption of TJs, causing an increase in
paracellular permeability (Soler et al. 1993; Stenson et al.
1993; Farshori and Kachar 1999). However, this effect
was not observed in established cell monolayers by other
groups (Clarke et al. 2000; Gémez et al. 1999). On the
other hand, various studies have demonstrated the
involvement of PKC in disassembly of E-cadherin-
dependent cell-cell adhesion (Fabre and Garcia de
Herreros 1993; Skoudy and Garcia de Herreros 1995;
Ratcliffe et al. 1997; Lewis et al. 1995). In addition, it has
also been reported that PKC regulates endocytosis and
recycling of E-cadherin in cells treated with phorbol ester
(Le et al. 2002). It is important to point out that as PKC is
an intracellular receptor of TPA, promotion of TPA-
induced tumor is thought to be related to the PKC/MAPK
pathway (Dong et al. 1994; Young et al. 1999; Li et al.
1996; Huang et al. 1997). However, various studies have
reported that TPA-induced PKC activation is a transient
process, but that sustained treatment with TPA downreg-
ulates PKC activity (Young et al. 1987; Nishizuka 1988;
Lu et al. 1997), suggesting that other mechanisms, in
addition to the PKC pathway, could mediate TPA-
induced signal transduction. Recently, Chen et al
(2001) demonstrated that activation of the EGFR by
TPA is a necessary step in TPA-induced signal transduc-

tion and cell transformation and, therefore, is involved in
TPA-induced tumor promotion. Despite these studies
indicating an important role of TPA-induced signal
transduction, either in cell transformation or in cell-cell
adhesion, the mechanisms underlying this effect are still
to be established.

In the present study, we investigated the role of EGFR
and PKC activated by TPA as well as the signaling
pathways involved in the regulation of the disassembly of
intercellular junctions. Using specific kinase inhibitors we
show that EGFR and PKC activation by TPA is a
necessary step in TPA-induced signal transduction and
cadherin-dependent cell-cell adhesion in Caco-2 cells.

Materials and methods
Cell culture and TPA and EGF treatment

Caco-2 cells were cultured in RPMI medium (Sigma) supplemented
with 10% fetal bovine serum (FBS) (Hyclone), 60 ug/ml strepto-
mycin and 100 pg/ml penicillin in a humidified atmosphere of 5%
CO,. Cells were seeded at 2x10* cells/cm? and grown for 2—7 days.
Culture medium was changed every 24 h to avoid nutrient
depletion.

Cell monolayers from different days of culture were treated
with 200 nM TPA (Sigma) for 1, 3 and 6 h. Stock solution of TPA
was prepared in DMSO and stored at —20°C. When indicated,
monolayers were also treated with 20 ng/ml EGF (Sigma) for 12 h.

Pretreatment with protein kinase inhibitors

Before TPA addition, some monolayers were pretreated with
protein kinase inhibitors for 1 h at 37°C. The inhibitors were
obtained from Sigma (Calphostin C and Tyrphostin 25) or
Calbiochem (PD153035 and PD98059) and diluted from stock
solutions in DMSO (stored at —20°C) to give final concentrations,
in DMEM medium without serum, as indicated: Calphostin, 0.5 uM;
Tyrphostin 25, 3 uM; PD153035, 100 nM; PD98059, 50 uM. These
concentrations were selected based on previous experiments
showing no apparent toxicity to control cells. After 1 h of
pretreatment, a fresh medium containing TPA, as well as the
protein kinase inhibitors, replaced the bathing solution. To ensure a
valid comparison of the relative effect of the four inhibitors tested,
pretreatments with each of the inhibitors were performed in
parallel.

Cell extraction and immunoblotting

Cell monolayers at 2, 3 and 5 days of culture were treated with
200 nM of TPA for 1, 3 and 6 h. Cell monolayers at 5 days of
culture were also pretreated with protein kinase inhibitors before
the TPA treatment. After extensive washing, subcellular fraction-
ation to obtain the soluble and the insoluble fractions was carried
out as previously described (Skoudy and Garcia de Herreros 1995).
Briefly, cells were rinsed in PBS plus 100 mM CaCl,, 100 mM
MgCl,, pH 7.6, and homogenized in CSK buffer (50 mM NaCl,
10 mM PIPES, pH 6.8, 3 mM MgCl,, 0.5% Triton X-100, 300 mM
sucrose, 1 mM PMSF, 10 ug/ml leupeptin, 1 mM orthovanadate,
1 mg/ml pepstatin) for 10 min at 4°C with gentle stirring. After
centrifugation for 10 min, at 4°C, the supernatant constituted the
Triton-soluble fraction (TX-100 soluble). The pellet was harvested
and solubilized in SDS buffer (20 mM TRIS, pH 7.5, 5 mM EDTA,
2.5 mM EGTA, 1% SDS) and boiled at 100°C for 10 min. After a
new centrifugation for 10 min the supernatant (TX-100 insoluble)



constituted the cytoskeleton fraction. This fraction usually con-
tained fivefold less protein than the Triton-soluble fraction.

Proteins of cell fractions were electrophoretically separated by
SDS-PAGE in 7.5% or 10% gels (Laemmli 1970) and transferred to
nitrocellulose sheets using a semidry transfer cell at 10 V for 60 min
(Towbin et al. 1979). Then, the nitrocellulose membranes were
blocked for 1 h with TBS-T buffer (20 mM TRIS-HCI, pH 7.6,
137 mM NaCl and 0.1% v/v Tween 20) containing 5% low-fat
dried milk and incubated for 2 h or overnight with primary
antibodies: anti-E-cadherin (dilution 1:5000), anti-a- and S-catenin
(dilution 1:4000) (all from Sigma Chemical Co.), and anti-occludin
(1 pg/ml) (Zymed Laboratories, Inc.). After washing, membranes
were incubated for 1 h with peroxidase-conjugated goat anti-rat or
anti-mouse IgG (dilution 1:80,000) or peroxidase-conjugated goat
anti-rabbit IgG (Zymed Laboratories, Inc.) diluted 1:1000. Proteins
were visualized using an enhanced chemiluminiscence kit (Amers-
ham Pharmacia Biotech., Bucks., UK) and autoradiography.

Immunofluorescence microscopy

Cells were cultured on glass coverslips and following pretreatment
with the protein kinase inhibitors, and treatment with TPA or EGF,
were washed 3 times with PBS/CM (PBS plus 100 mM CaCl, and
100 mM MgCl,) and fixed in freshly prepared 2% paraformalde-
hyde in PBS/CM for 30 min. Subsequently, they were permeabi-
lized for 30 min in PBS/CM containing 0.075% saponin, and 0.2%
albumin, and incubated with 50 mM NH4CI for 10 min. After 1 h
incubation in blocking solution (0.2% bovine serum albumin in
PBS/CM), the cells were incubated with monoclonal primary anti-
E-cadherin antibody diluted 1:1500, for 2 h at room temperature.
After washing, the cells were further incubated for 1 h with FITC-
conjugated rabbit anti-rat IgG (Sigma) diluted 1:60, in the dark.
The coverslips were washed in PBS and mounted using n-
propylgallate, and observed in an Axiovert S 100 immunofluores-
cence microscope equipped with a KS300 image analyzer (Zeiss).

Antibody permeability assay

Macromolecule permeability assay to test TJ functionality was
carried out as previously described (Rajasekaran et al. 2001).
Confluent cell monolayers grown on glass coverslips were fixed as
described above and labeled with the monoclonal antibody against
E-cadherin under nonpermeabilized conditions. The cells were
washed and stained with FITC-conjugated rabbit anti-rat secondary
antibody and visualized using Axiovert S 100 microscopy as
described above.

Electron-microscopy analysis

For electron-microscopy analysis, Caco-2 cells were cultured on
polycarbonate filters (Transwell, 0.4 um pore size, Costar, Cam-
bridge, MA, USA) and after the respective treatments they were
washed in PBS, and fixed for 1 h in a solution containing 2.5%
glutaraldehyde, 1% paraformaldehyde, 0.8% sucrose and 2 mM
CaCl, in 0.1 M cacodylate buffer, pH 7.4. Postfixation was carried
out in 1% osmium tetroxide in cacodylate buffer, containing 0.8%
potassium ferrocyanide and 5 mM CaCl,. Subsequently, the cells
were dehydrated with acetone and embedded in Epon. Ultrathin
sections were obtained, stained with uranyl acetate and lead citrate
and observed in a Zeiss CEM-900 transmission electron micro-
scope.

For scanning electron microscopy, Caco-2 cells were fixed and
postfixed as described above. Subsequently, the samples were
dehydrated in graded ethanol, critical-point dried in CO,, coated
with chromium in a Penning sputter system in a high vacuum
chamber (Gatan-model 681), and viewed in a JEOL-JSM-6340F
field emission scanning electron microscope.
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Transepithelial electrical resistance

For transepithelial electrical resistance (TER) measurements, cells
were plated on polycarbonate filters with a pore size of 0.4 um. A
Millicell ERS system (Millipore Co.) was used to determine the
TER value. All TER values were normalized for the area of the
filter and were obtained after background subtraction (i.e., filter and
bath solution).

Results

TPA affects the expression and distribution of E-cadherin

It is known that functionality of E-cadherin depends on its
association with the cytoskeleton. In order to analyze the
level of expression and the cell distribution of this protein,
soluble and cytoskeleton fractions of Caco-2 cells at
different days after seeding, with and without the addition
of TPA, were prepared and analyzed by immunoblotting.
As shown in Fig. 1A, 2 days after seeding most of the E-
cadherin was detected in TX-soluble fraction, thus
suggesting a light association with the cytoskeleton. The
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Fig. 1A, B Effect of TPA treatment on the cellular levels and the
association of E-cadherin with cytoskeleton in Caco-2 cells. A
Cells were grown for 2 (D2), 3 (D3) and 5 (D5) days and cell
fractions were prepared as described in “Materials and methods.”
E-cadherin levels were determined by Western blotting with anti-E-
cadherin antibody. Observe that the association of E-cadherin with
cytoskeleton progressively increases after seeding. B Cells were
grown as above, then TPA (200 nM) was added for 1, 3 and 6 h.
Cell fractions were prepared and levels and redistribution of E-
cadherin determined; 35 ul of the Triton-soluble (S) and 7 ul of the
Triton-insoluble (/) fractions were analyzed. Only a band of
120 kDa, corresponding to E-cadherin, was detected
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Fig. 2A-L Redistribution of E-cadherin in Caco-2 cells at 2 (D2),
3 (D3) and 5 (5) days of culture after treatment with TPA for 1, 3
and 6 h. Cells were grown on glass coverslips and immunostained

levels of E-cadherin in the cytoskeleton fraction (TX-100-
insoluble fraction) gradually increased with cultivation
time, reaching the highest level after 5 days.

with anti E-cadherin antibody. TPA clearly induces alterations in
the morphology and distribution of E-cadherin at different days of
culture (D-L), as compared to control cells (A=C). Scale bar 20 um

At day 2, when most of the E-cadherin was not
associated with the cytoskeleton, an apparent decrease in
the level of this protein after 6 h of TPA treatment was
observed. The same result was seen at day 3. The
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disappearance of the insoluble E-cadherin observed
before any decrease of the soluble protein suggests its
possible translocation from one fraction to the other. The
translocation of the protein was more evident at day 5
after 6 h of incubation with TPA (Fig. 1B). However, in
this latter case no apparent decrease in the level of the
protein was observed.

It has been reported that TPA treatment induces
phenotypic changes in epithelial cells (Ben-Ze’v 1986;
Skoudy and Garcia de Herreros 1995). In the present
work, we observed that cells treated with TPA 2 or 3 days
after seeding displayed a fibroblast-like morphology and
spreading. Figure 2A-C shows the distribution of E-
cadherin in untreated cells after 2, 3 and 5 days of culture,
as analyzed by immunofluorescence microscopy. It can
be observed that after 5 days of seeding, E-cadherin was
mainly localized in the intercellular junction region,
indicating its association with the cytoskeleton. Incuba-
tion of Caco-2 cells with TPA for 1, 3 and 6 h at 2, 3 and
5 days of culture caused changes in the pattern of
distribution of E-cadherin (Fig. 2D-L), as compared to
untreated cells. After 2 days of culture after TPA
treatment for 3 or 6 h, it was possible to observe that
the cells acquired a fibroblast-like morphology with
diffuse E-cadherin immunostaining on the cell surface
(Fig. 2G, J). At 3 days of culture, when it was possible to
see some labeling at the cell-cell junctions, the TPA effect
on the redistribution of E-cadherin was more evident also
with 3 and 6 h of treatment (Fig. 2H, K). By 3 or 6 h of
treatment at 5 days, E-cadherin immunoreactivity ap-

6 1 3 6

Time (hours)

peared diffuse on the cell surface with an eventual
punctual labeling, but labeling of the cell-cell contact area
was also observed (Fig. 2I, L).

The effect of TPA is independent of the level
and distribution of o~ and S-catenin

It is known that catenins bind to E-cadherin and are
necessary to its functionality. In order to determine if
changes induced by TPA on the levels of E-cadherin are
followed by alterations in catenin levels, we used specific
monoclonal antibodies to analyze the protein expression
by immunoblotting. Figure 3A shows the levels and
distribution of o and B-catenin at different days of culture
both in TX-soluble and TX-insoluble fractions of cells
that were not treated with TPA. An increase in the levels
of these proteins with the passage of days of culture was
observed. Figure 3B shows that in contrast to what
happened with E-cadherin, the distribution of o and S-
catenin did not change significantly, either in TX-soluble
or TX-insoluble fractions, after TPA treatments in
cultures 5 days after seeding. In addition, it was clear
that the distribution of o and B-catenin in the cytoskeleton
fraction remained unchanged after 6 h of treatment with
TPA.
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Fig. 4A-D TPA treatment induces morphological changes as
observed by scanning electron microscopy. Caco-2 cells were
incubated with or without TPA for 3 h, fixed, critical-point dried
and processed for scanning electron microscopy. A, C Control cells

Inhibitors of protein kinases depress morphological
changes and TPA-induced redistribution of E-cadherin

Untreated Caco-2 cells analyzed by scanning electron
microscopy were closely apposed and presented numer-
ous apical microvilli (Fig. 4A, C). After 3 h of TPA
treatment, long cell processes were observed and many of
the cells had a reduced number of microvilli. Also, some
cells were separated from each other (Fig. 4B, D).
However, microvillar loss was not observed, suggesting
that this effect appears to be related to extensive cell
elongation.

We examined the morphological alterations induced
by TPA treatment using transmission electron microsco-
py. Caco-2 cells form a coherent and well-organized
monolayer, with a typical junctional complex at the
subapical region (Fig. 5A). After addition of TPA to cell
monolayers, the AJs region was significantly altered
(Fig. 5B). Despite extensive alterations at the Als region,

incubated in DMEM medium show numerous apical microvilli.
After TPA incubation, long cell processes are present, with few
microvilli and adjacent cells separated in some regions (B, D).
Scale bars 5 pm

the desmosomes remained intact. On the other hand, TPA
apparently did not affect the TJs. In order to determine if
these alterations in AJs took place via tyrosine kinase
receptor, the effect of tyrphostin 25, a well-known
specific inhibitor of tyrosine kinase, was tested at a
concentration (3 uM) that inhibits EGFR. Figure 5C
shows the inhibitory effect of tyrphostin 25 on cells
treated for 3 h with TPA after 5 days of culture. It could
be observed that the junctional complex was significantly
reassembled.

This result was further confirmed when cells were
pretreated with the specific EGFR inhibitor PD153035
(Fig. 5D). In addition, PD98059 and Calphostin C,
inhibitors of MAPK and PKC respectively, also blocked
the effect of TPA (not shown).

The TPA effect was also monitored by immunofluo-
rescence microscopy localization of E-cadherin and by
immunoblotting. Tyrphostin 25 and PD153035 also
blocked the TPA-induced redistribution of E-cadherin,
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Fig. SA-D Ultrastructure of Caco-2 cell monolayers. Electron
micrographs show sections of control cells (A), cells treated with
TPA for 3 h (B) or pretreated with tyrphostin 25 (C), and
PD153035 (D) before incubation with TPA. Note the enlargement

so that the pattern of immunostaining for this protein was
similar to that observed in control cells (Fig. 6A, a—d).
The specificity of the inhibitory effect by other kinase
inhibitors was tested. Figure 6A, e, f shows that PD98059
and Calphostin C also significantly inhibited the effect of
TPA treatment. To analyze a possible link between EGFR
and PKC signaling, cells were treated with EGF or

of the area corresponding to the adherent junctions due to the effect
of TPA (B) and the stabilization of this structure after treatment
with tyrphostin 25 (C) and PD153035 (D) (arrows TJ region, d
desmosomes). Scale bar 0.35 um

pretreated with Calphostin C before the EGF treatment.
Figure 6B shows that EGF treatment caused alterations in
morphology and distribution of E-cadherin in a similar
fashion to TPA (Fig. 6B, a). In addition, when cells were
pretreated with Calphostin C it was possible to see a
significant inhibitory effect of the EGF treatment (Fig. 6B,
b).
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Fig. 6A, B Immunofluorescence microscopy shows the distribution
of E-cadherin in Caco-2 cells, after treatment with TPA and its
modulation by inhibitors of protein kinases. A Cell monolayers
were incubated in the presence (b) or absence (a) of TPA or after
pretreatment with tyrphostin 25 (¢), PD153035 (d), PD98059 (e)

Immunoblotting analysis of TX-100-soluble and
-insoluble fractions of cell monolayers pretreated with
Tyrphostin 25, PD153035 and PD98059 showed the
inhibition of the translocation of E-cadherin to the soluble
fraction induced by TPA, thus confirming the above-
mentioned result (Fig. 7).

N TY.

and Calphostin C (f). B Cell monolayers were treated with EGF (a)
or pretreated with Calphostin C (b) and stained for E-cadherin
protein. Observe that the effect of TPA on the redistribution of E-

cadherin was significantly blocked by pretreatment with all
inhibitors tested. Scale bars 10 um (A), 10 um (B)

TPA treatment does not disrupt
the paracellular permeability barrier

To determine the functionality of the TJ after TPA
treatment, three approaches were used: First, permeability
of cell monolayers to ions at 5 days of culture was
determined by measuring the transepithelial resistance
(TER). Figure 8A shows that TPA treatment of Caco-2
monolayer did not interfere with TER, independently of
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Fig. 7 Redistribution of E-cadherin by TPA treatment from the
Triton-insoluble fractions to the soluble fraction is blocked by
protein kinase inhibitors. Cell fractions of untreated cells (C) or
cells incubated with TPA for 1, 3 and 6 h after pretreatment with
Tyrphostin 25, PD153035 and PD98059 were fractionated into
Triton-insoluble (/) and Triton-soluble (S) fractions. Triton-soluble
(35 ) and Triton-insoluble (7 ul) fractions were loaded and probed
for E-cadherin
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Fig. 8A-C TPA does not perturb the paracellular permeability
barrier. A No significant changes in TER are observed following
TPA treatment or after pretreatment with Tyrphostin 25 (Tyr) or
PD153035, as compared to the control group. A strong decrease in
the TER in an experiment in which cells were switched for 2.5 h to
low-calcium medium (LC), indicating TJ disruption, is observed. B
Confluent monolayers were fixed under nonpermeabilized condi-
tions and incubated from the apical side with anti-E-cadherin
antibody and FITC-conjugated secondary antibody. The absence of
TJ in cells switched to low-calcium medium resulted in staining of
E-cadherin on the plasma membrane (J). In control cells (B), TPA
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the presence of the kinase inhibitors Tyrphostin 25 and
PD153035. The same results were obtained using
Calphostin C and PD98059 (not shown). Second, the
permeability of cell monolayers to macromolecules was
tested using a macromolecular permeability assay. Anti
E-cadherin antibody was added to the apical surface of
monolayer grown on glass coverslips and the TJ perme-
ability to the antibody was detected by staining the cells
with a secondary antibody under nonpermeabilized con-
ditions (Fig. 8B). Caco-2 control cells (Fig. 8B, A, B),
treated with TPA (Fig. 8B, C, D), and pretreated with
kinase inhibitors (Fig. 8B, E, H), were impermeable to
anti-E-cadherin antibody, indicating the presence of
functional TJs. In contrast, cells grown in conditions of
low calcium, which are known to functionally impair the
TJs, showed clear E-cadherin staining on the plasma
membrane, indicating the absence of TJs (Fig. 8B, I, J).
Third, the functionality of TJ was also assessed by the
presence of highly phosphorylated occludin in the TX-
100 fractions of Caco-2 cells after 5 days of culture. As

.- ?‘I -I“ -
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treated (D) or cells pretreated with Tyrphostin 25 (F), and
PD153035 (H), functional TJ prevented passage of the antibody
and no staining at the basolaterally localized E-cadherin is
observed. A, C, E, G, I are phase-contrast micrographs correspond-
ing to B, D, F, H and J, respectively. C Shows that TPA does not
modify occludin hyperphosphorylation. TX-100 fractions were
prepared as described in “Materials and methods” and probed with
antibody specific to occludin. The apparent molecular mass of the
two main bands, determined using molecular mass standard, is
indicated. Scale bar 10 uM (B)
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Fig. 9 Proposed model of the mechanism of EGFR and PKC
activation in TPA-induced signal transduction and effects on the
modulation of E-cadherin-dependent cell-cell adhesion in Caco-2
cells
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seen in Fig. 8C the presence of a band of higher molecular
weight (~80 kDa), corresponding to the hyperphosphory-
lated occludin form, was observed in the TX-100-
insoluble fractions after TPA treatment. The same
immunoreactivity profile to this protein was observed in
the control group, indicating that occludin remained
linked to the cytoskeleton after TPA treatment.

Discussion

In this study we investigated the distribution and levels of
E-cadherin as well as the effect of specific protein kinase
inhibitors during the activation of PKC by the phorbol
ester TPA. We showed that treatment with TPA resulted
in modification of the distribution and levels of E-
cadherin in Caco-2 cells. However, the treatment: (a) does
not induce changes in paracellular permeability, as
revealed by measuring the transepithelial resistance, and
the macromolecular permeability assay, (b) does affect
the TJ structure, as analyzed by electron microscopy, and
(c) caused significant alterations in the phosphorylation
state of occludin. Taken together these findings as well as
those we previously reported (Morgado-Diaz and De
Souza 2001) indicate that both AJs and TJ are indepen-
dently modulated. Furthermore, the present results indi-
cate that modulation of TJ is not a direct result of PKC
activation. It is likely that PKC acts further upstream in
the signaling pathway, which causes alterations at the
Als, but not at the TJ.

Immunoblotting analysis showed that the effect of
TPA was dependent on the day of culture. Thus, in early
cultures (2 days), when E-cadherin is in a soluble state,
the phorbol ester caused a significant depletion, but in late
cultures (5 days), when the protein is associated with the
cytoskeleton, the most evident effect was its translocation
to the soluble fraction. Cell fractionation experiments
showed also that, under our assay conditions, TPA did not
induce any obvious changes on the expression levels of o
and f-catenins, independently of the culture time. This
later result is in agreement with those reported by van
Hengel et al. (1997) and Skoudy and Garcia de Herreros
(1995), who did not find changes in the levels of these
molecules upon treatment with TPA, despite alterations in
the distribution and levels of the E-cadherin in other cell
lines. These results suggest that TPA induces disturbance
of the E-cadherin-catenin complex by loss of the
connection of E-cadherin to the cytoskeleton, but not by
loss of expression of the catenin molecules.

Earlier studies have shown that dysfunction in E-
cadherin-mediated adhesion can be generated by several
mechanisms, including PKC activation (Balda et al. 1993;
Denisenko et al. 1994; Stuart and Nigan 1995). Down-
regulation of PKC has also been considered a fair
explanation of transient effects on cell junction function-
ality, and reversibility upon prolonged TPA treatment
(Denisenko et al. 1994; Lewis et al. 1995; Stuart and
Nigan 1995). The decrease in the levels of E-cadherin in
2-day cultures (Fig. 1B) could be the result of either a
transient loss of cell-cell adhesion or a transient down-
regulation of the expression of E-cadherin (van Der Wurff
et al. 1997) or both. The observed translocation of E-
cadherin in later cultures (5 days), induced by TPA
treatment, can impair the function of the molecule as a
result of post-translational modifications (Frixen et al.
1991; Shiokaki et al. 1995).

On the other hand, there is considerable evidence
implying tyrosine phosphorylation in the disassembly of
cadherin-mediated cell-cell contacts. For example, tyro-
sine phosphorylation of adhesion molecules like E-
cadherin and f-catenin due to activation of tyrosine
kinases, such as the EGFR, HGFR c-Met, the fibroblast
growth factor receptor (FGFR) or Src in epithelial cells,
induces cell scattering and a fibroblast-like morphology in
epithelial cells (Weidner et al. 1990; Stoker and Gherardi
1991; Behrens et al. 1993; Hamaguchi et al. 1993; Bauer
et al. 1998; Owens et al. 2000). Recent studies have
reported that loss of cell-cell adhesion is mediated by
EGFR signaling (Munshi et al. 2002; Hornia et al. 1999;
Jawhari et al. 1999). Although TPA is believed to
contribute to PKC activation, it also increases EGFR
phosphorylation (Xian et al. 1995; Prenzel et al. 1999).
The mechanism by which EGFR is phosphorylated by
TPA is still unknown. Here we demonstrated that
pretreatment of Caco-2 cell monolayers with Tyrphostin
25 and PD153035 blocked the TPA effect on cell-cell
adhesion and on the morphological alterations (e.g.,
colony dispersion fibroblastic cell shape). This result
suggests a direct blockade of the EGFR by the inhibitors



or an inhibitory effect through the involvement of an
endogenous EGFR-regulated cellular tyrosine kinase.
Recently, Chen et al. (2001) showed that blockade of
the EGFR by specific inhibitors reduced TPA-induced
EGFR phosphorylation and ERK activity, demonstrating
that activation of the EGFR is a necessary step in signal
transduction induced by TPA. In addition, our results
showing that redistribution of E-cadherin was blocked by
pretreatment with PD98059 suggest that activation of
MAPK is the final event in modulation of E-cadherin-
dependent cell-cell adhesion and cell shape. It is known
that TPA activates PKC and EGFR and that both may
stimulate the Ras/Raf-1 pathway (Marais et al. 1995,
1998; Price et al. 1989; Moran et al. 1991; Denhardt
1996), leading to activation of MAPK. Thus, one may
suggest that Ras/Raf-1 proteins are the possible link
between MAPK activation and modulation of cell-cell
adhesion. However, we do not rule out the possibility that
after activation of tyrosine kinases by TPA other mech-
anisms can also be involved in the redistribution of E-
cadherin. For instance, it was recently reported that
tyrosine phosphorylation of E-cadherin results in its
ubiquitination by the ubiquitin ligase Hakai, inducing its
subsequent degradation (Fujita et al. 2002). Furthermore,
when cells were pretreated with Calphostin C before EGF
treatment, the redistribution of E-cadherin was signifi-
cantly blocked, indicating a link between EGFR and PKC
signaling pathways. We suggest that this link is through
PLC-y, since this molecule is activated by EGF with
subsequent PKC activation (Reynolds et al. 1993; Rhee
1991; Goldschmidt-Clermont et al. 1991; Panayotou and
Waterfield 1993). Taken together our data suggest that
both EGFR and PKC activation are necessary to regulate
the disassembly of Als (Fig. 9).

In conclusion, our observations showing that treatment
of Caco-2 cell with TPA causes alterations in the Als
assembly and does not change the TJ structure and
function, provide more evidence that these structures are
independently regulated. Furthermore, the inhibitory
effect of Tyrphostin 25, PD153035, PD98059 and
Calphostin C on the AlJs disassembly and cell scattering
after TPA or EGF treatments, suggests that both EFGR
and PKC activation are involved in TPA-induced cell
signaling to modulate cadherin-dependent cell-cell adhe-
sion and cell shape. Our results open up the possibility for
more detailed studies on the molecular mechanisms
involved in the process of regulation of cell-cell adhesion
that may lead to identification of novel target for
therapeutic suppression of invasion and metastasis.
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