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Tyrosine Phosphorylation of Plakoglobin Causes Contrary Effects
on Its Association with Desmosomes and Adherens Junction
Components and Modulates B-Catenin-Mediated Transcription
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Plakoglobin is a protein closely related to (-catenin that links desmosomal cadherins to intermediate
filaments. Plakoglobin can also substitute for 3-catenin in adherens junctions, providing a connection between
E-cadherin and a-catenin. Association of 3-catenin with E-cadherin and «-catenin is regulated by phosphor-
ylation of specific tyrosine residues; modification of B-catenin Tyr654 and Tyr142 decreases binding to
E-cadherin and «-catenin, respectively. We show here that plakoglobin can also be phosphorylated on tyrosine
residues, but unlike (3-catenin, this modification is not always associated with disrupted association with
junctional components. Protein tyrosine kinases present distinct specificities on B-catenin and plakoglobin,
and phosphorylation of [3-catenin-equivalent Tyr residues of plakoglobin affects its interaction with compo-
nents of desmosomes or adherens junctions differently. For instance, Src, which mainly phosphorylates Tyr86
in B-catenin, modifies Tyr643 in plakoglobin, decreasing the interaction with E-cadherin and «-catenin and
increasing the interaction with the «-catenin-equivalent protein in desmosomes, desmoplakin. The tyrosine
kinase Fer, which modifies 3-catenin Tyr142, lessening its association with a-catenin, phosphorylates plako-
globin Tyr549 and exerts the contrary effect: it raises the binding of plakoglobin to a-catenin. These results
suggest that tyrosine kinases like Src or Fer modulate desmosomes and adherens junctions differently. Our
results also indicate that phosphorylation of Tyr549 and the increased binding of plakoglobin to components
of adherens junctions can contribute to the upregulation of the transcriptional activity of the (3-catenin-Tcf-4

complex observed in many epithelial tumor cells.

B-Catenin and plakoglobin (also known as +y-catenin) are
two closely related proteins essential for the establishment and
maintenance of cell-cell contacts among epithelial cells. In
adherens junctions, 3-catenin links the cytosolic domain of the
transmembrane protein E-cadherin to a-catenin, which in turn
directly or indirectly associates with the actin cytoskeleton (2,
33, 38). Plakoglobin can substitute for B-catenin in adherens
junctions. In addition, plakoglobin is a component of the des-
mosomes, where it mediates the association of desmosomal
cadherins, desmocollin and desmoglein, to desmoplakin and
the intermediate filament cytoskeleton (15, 21). This role of
plakoglobin is specific and cannot be exerted by B-catenin,
even though both proteins are structurally similar. Besides this
role, B-catenin also has a signaling activity as a member of the
Wnt pathway. When released from E-cadherin and a-catenin,
B-catenin can migrate to the nucleus where, through its inter-
action with the Tcf family of transcription factors, it can acti-
vate the transcription of a rapidly increasing number of genes
involved in embryonic development and tumorigenesis (5, 37).
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Probably as a consequence of the importance of this pathway,
the translocation of B-catenin to the nucleus is tightly con-
trolled through the activity of a complex implicated in B-cate-
nin degradation. This complex includes the product of the
tumor suppressor adenomatous polyposis gene axin and the
Thr/Ser protein kinases CKla and glycogen synthase kinase 33
(27, 37). As a result of the activity of this complex, B-catenin
Ser45 is phosphorylated initially by CKIa on Ser45 and se-
quentially by glycogen synthase kinase 33 on Thr41 and Ser37,
Ser33, and Ser29. Upon phosphorylation, B-catenin is polyu-
biquitylated by B-TrCP ubiquitin ligase and degraded by the
proteasome. The activity of the complex is controlled by a
signaling pathway triggered by Wnt factors that stabilize cyto-
solic B-catenin (37). Recently, another parallel mechanism of
B-catenin degradation has been described, which depends on
the activity of Siah-1 and is activated by p53 (28, 30).

The involvement of plakoglobin in the Wnt pathway has also
been a matter of discussion. Kolligs and coauthors observed
that plakoglobin can induce transformation of RK3E with a
higher efficiency than B-catenin (23). However, data from
other laboratories, including ours, indicated that binding of
plakoglobin decreases the affinity of Tcf-4 for DNA (31, 44)
and prompted the suggestion that the positive effect detected
for plakoglobin on Tcf-4-mediated transcription may be indi-
rectly explained by an increased transport of B-catenin to the
nucleus (45). To this respect, it has been observed that B-cate-
nin and plakoglobin bind to different sites on Tcf-4 (31). More-
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over, other data (reviewed in reference 45) indicate that pla-
koglobin overexpression is normally associated with tumor
suppression, contrary to what happens with B-catenin.

Tyrosine phosphorylation of components of the adhesion
complexes regulates the stability of these complexes (11, 26).
Thus, stimulation of growth factor receptors or oncogenic Src
kinases is implicated in the negative regulation of cell-cell
adhesion (4, 16, 29, 40). Increased tyrosine phosphorylation of
B-catenin is correlated with the disassembly of adherens junc-
tions and decreased cell adhesion (reviewed in reference 26).
Suppression of the association of the epidermal growth factor
receptor (EGFR) with B-catenin increases the association with
E-cadherin and decreases invasion (6, 40). On the contrary, the
activity of several phospho-Tyr (PTyr) phosphatases has been
associated with the upregulation of B-catenin—cadherin bind-
ing and the prevention of migration (3, 32, 41). Accordingly,
inhibition of tyrosine phosphorylation has been reported to
result in reassociation of B-catenin to E-cadherin in ras-trans-
formed cells (22, 35).

The phosphorylation of B-catenin residues Tyr654 and
Tyr142 specifically decreases the interaction of this protein
with E-cadherin and a-catenin, respectively (35, 39). Structural
data support these results, since these two Tyr are involved in
E-cadherin binding (Tyr654, by establishing an ionic pair with
E-cadherin Asp667) (20) and in the stabilization of the B-cate-
nin structure implicated in a-catenin binding (Tyr142) (36).
The identification of the Tyr kinases that catalyze these mod-
ifications indicates that B-catenin Tyr142 is a good substrate
for Fer and Fyn kinases (35), whereas Tyr654 is modified by
EGFR-related proteins. Although in vitro assays have not been
reported, both the EGFR and its homologue erbB2 interact
with B-catenin through the sequence where Tyr654 is located
(17, 40, 42) and their activation promotes phosphorylation
of Tyr654 (6). Moreover, Src tyrosine kinase phosphorylates
B-catenin Tyr654 in vitro with a low level of activity, although
it presents a much higher efficiency on Tyr86 (39). The rele-
vance of the phosphorylation of this B-catenin residue is still
unknown.

A similar modulation has been proposed for plakoglobin
action on desmosomes and adherens junctions. Tyrosine phos-
phorylation of plakoglobin after EGFR activation has been
associated with the loss of interaction with desmoplakin but
not with desmoglein (12). Addition of the inhibitor of PTyr
phosphatases peroxyvanadate inhibits the interaction of plako-
globin with a-catenin and E-cadherin, an effect that can be
reverted by supplementing the system with PTyr phosphatase
(18). With this background, we started to study the contribu-
tion of the tyrosine kinases mentioned before (EGFR, Src,
Fyn, and Fer) in the control of the interactions formed by
plakoglobin with other members of desmosomes or adherens
junctions. Our results indicate that, although B-catenin and
plakoglobin are two closely related proteins, the same protein
kinases phosphorylate different residues in both proteins.
Moreover, phosphorylation of equivalent residues causes dif-
ferent effects on the interaction of plakoglobin and B-catenin
with their cellular partners.

MATERIALS AND METHODS

Generation of plakoglobin mutants. Human plakoglobin was cloned in the
EcoRI site of the pcDNA3.1 plasmid (Invitrogen). Plakoglobin point mutants
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Y133E, Y133F, Y549E, Y549F, Y643E, and Y643F were obtained by using the
QuikChange site-directed mutagenesis kit (Stratagene). A PCR was performed
with Pfx polymerase, pcDNA3.1-His-plakoglobin as a template, and oligonucle-
otide primers containing each mutation. The sense primers used for the gener-
ation of Y133E, Y133F, Y549E, Y549F, Y643E, and Y643F were, respectively,
5'-GGCACTGCCACCTTTGCTGCT GCCGTC-3', 5'-CATCTCATCAACGA
ACAGGACGATGCC-3', 5'-CATCTCATCAAC TTTCAGGACGATGCC-3',
5'-GGCACTGCCACCGAAGCTGCTGCCGTC-3", 5'-ACACAGCAGCCCGA
AACGGATGGTGTG-3', and 5'-ACACAGCAGCCCTTTACG GATGGTGT
G-3'. Modified nucleotides with respect to the plakoglobin sequence (GenBank
accession number M23410) are indicated by boldface type. The amplified frag-
ment was treated with Dpnl, which digests the parental construct. Finally, the
nicked plasmid was transformed and sequenced. The preparation of the plako-
globin fragments Ntail (amino acids [aa] 1 to 113), Arm (aa 111 to 672), Arm 1-6
(aa 111 to 385), Arm 7-12 (aa 380 to 672), and Ctail (aa 667 to 745) has been
previously reported (31).

Expression of recombinant proteins. Mutant plakoglobin cDNAs were in-
serted in the EcoRI site of the pGEX-6P2 plasmid (Amersham Pharmacia
Biotech), expressed in Escherichia coli as glutathione S-transferase (GST) fusion
proteins, and purified by affinity chromatography on glutathione-Sepharose (39).
Expression and purification of recombinant full-length GST-B-catenin, B-cate-
nin mutants, and the cytosolic domain of human E-cadherin were performed as
described previously (35, 39). When required, GST was removed by cleaving with
Pre-Scission protease (Amersham Pharmacia Biotech).

Protein binding assays. Pull-down assays were performed by using purified
recombinant proteins fused to a GST tag and extracts from SW-480 cells, as
described previously (39). Glutathione-sepharose-bound proteins were analyzed
by Western blotting with specific monoclonal antibodies (MAbs) against 3-cate-
nin, a-catenin, E-cadherin, plakoglobin, TATA binding protein (TBP), desmo-
glein (all from Transduction Laboratories), desmoplakin (clones DP1 and 2-2.15;
Progen Biotechnik), or Tcf-4 (clone 6H5-3; Upstate Biotechnology). Polyclonal
antibody against GST was from Amersham. Reanalysis of the blots with a
different antibody was performed after stripping the membranes as described
previously (35).

Transient transfections. Cell lines were routinely grown in Dulbecco’s modi-
fied Eagle’s medium supplemented with 10% fetal calf serum. Transient expres-
sion of ectopic proteins was achieved in 50% confluent RWP1, IEC18, IECI18
K-ras, or MDCK cells with the indicated plasmids by using Lipofectamine (Life
Technologies) according to the instructions of the manufacturer. When indi-
cated, wild-type or mutant forms of plakoglobin (in pcDNA3.His) were cotrans-
fected with pCMV-Src (13) or pcDNA3-Fer (35). Cells were analyzed 48 h after
transfection.

Reporter gene assays. MDCK or RWP1 cells were cotransfected as described
above with wild-type or mutant plakoglobin forms and a plasmid containing three
copies of the Tcf-4 binding site upstream of a firefly luciferase reporter gene
(plasmid TOP-FLASH) (24). The activity of the product of the Renilla luciferase
gene under the control of a constitutive thymidine kinase promoter (Promega)
was used as a control. Assays were always performed in triplicate; the averages
of the results of three to four independent transfections * standard deviations
are given.

Immunoprecipitation assays. Cell extracts were prepared from cultured cells
resuspended in lysis buffer (50 mM Tris-HCI [pH 7.6], 200 mM NaCl, 5 mM
MgCl,, 0.1% Nonidet P-40, 1 mM dithiothreitol, 0.1 mM sodium orthovanadate,
10 mM NaF, 1 mM phenylmethylsulfonyl fluoride, 10 g of leupeptin/ml, and 10
pg of aprotinin/ml) on ice for 30 min. Lysates were cleared at 12,000 X g for 15
min at 4°C. Three hundred micrograms of cell extracts was incubated with 4 g
of antibody/ml for 5 h at 4°C. Precipitated material was removed by centrifuga-
tion at 12,000 X g, and the resulting supernatant was incubated for 90 min with
30 wl of protein A-agarose (Sigma). Immunoprecipitates were washed three
times with lysis buffer, and bound proteins were directly eluted with electro-
phoresis sample buffer and either analyzed by Western blotting or used for
kinase assays. Desmosomal complexes were solubilized in 25 mM Tris-HCI (pH
7.6), 150 mM NaCl, 1 mM EDTA, 1% digitonin, 10 mM NaF, 1 mM phenyl-
methylsulfonyl fluoride, 10 pg of leupeptin/ml, and 10 wg of aprotinin/ml on ice
for 15 min. Lysates were cleared at 16,000 X g for 18 min at 4°C. Alternatively,
ectopically expressed proteins were purified with nickel-nitrilotriacetic acid aga-
rose (Qiagen). Two hundred fifty micrograms of cell extracts was incubated in a
final volume of 300 wl with 20 pl of a 50% (wt/vol) suspension of nickel-agarose
for 1 h at 4°C. Proteins present in the complex were analyzed by Western blotting
with specific MADbs.

Immunofluorescence. Cells, plated on glass coverslips, were fixed with 4%
paraformaldehyde for 30 min and permeabilized by incubation with 1% sodium
dodecyl sulfate for 10 min. Blocking was carried out for 1 h with phosphate
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FIG. 1. Diagram of B-catenin and plakoglobin. The three different
domains that form these two proteins are shown. The amino acid
sequences near the three indicated Tyr residues in B-catenin are
shown, as are the equivalent sequences in plakoglobin.

buffered-saline containing 0.1% saponin and 1% bovine serum albumin. Mouse
MADb anti-plakoglobin, anti-B-catenin, or anti-a-catenin (Transduction Labora-
tories) were used to analyze the distribution of these proteins. After washing,
binding of primary antibodies was detected with anti-mouse antibodies conju-
gated to fluorescein-isothiocyanate (Dako, Glostrup, Denmark) or Alexa 488
(Molecular Probes), respectively. Nuclei were counterstained with propidium
iodide. Finally, fluorescence was viewed through a TCS-SP2 Leica confocal
microscope.

In vitro phosphorylation assays. Pure recombinant Src and EGFR (cytosolic
domain) kinases were purchased from Upstate Biotechnology and Sigma, re-
spectively. Fer kinase was cloned into the BamHI/Xbal sites of pcDNA3-His(C)
(Invitrogen), expressed as anti-X-Press and poly-His-tagged protein in RWP-1
cells and purified by nickel-agarose chromatography (35). Fyn kinase was puri-
fied from cell extracts by immunoprecipitation with anti-Fyn MAb (Transduction
Labs). Phosphorylation assays were performed in a final volume of 30 pl of
kinase buffer (25 mM Tris-HCI [pH 6.8], 25 mM MgCl,, 5 mM MnCl,, 0.5 mM
EGTA, 1 mM dithiothreitol, 0.25 mM sodium orthovanadate, 0.1 mM ATP) for
1 h at 22°C (Src assays) or 30°C (EGFR, Fer, or Fyn assays). The extent of
phosphorylation was determined by analyzing the substrate (plakoglobin) by
Western blotting with an anti-PTyr MAb (clone PY20; Transduction Labs).

RESULTS

Both plakoglobin and B-catenin can be divided into three
different subdomains (Fig. 1). The central domain is composed
of 12 repetitions of 42 amino acids each, known as armadillo
repeats, after the B-catenin ortholog in Drosophila melano-
gaster, armadillo. This region, very similar in both proteins
(with a 76% identity) (7), has a basic pl, and its structure has
been determined; it forms a super helix composed of 36 small
a-helices (3 per each armadillo repeat) (19). Tyr654 lies on the
last repeat of this domain, and Tyr142 lies on the limit of this
domain and the N-terminal tail. Contrarily to the armadillo
repeat domain, the N- and C-terminal tails are mainly acidic
(in both the pl is 4.4) and the degree of conservation between
B-catenin and plakoglobin is very low (29 and 41%, respec-
tively, for the N- and C-terminal tails). As a consequence of the
homologies in these domains, Tyr residues equivalent to
B-catenin tyrosines 142 and 654 can be located in plakoglobin:
they correspond to tyrosines 133 and 643, respectively. The
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similarity among the sequences surrounding equivalent Tyr
residues in B-catenin and plakoglobin is shown in Fig. 1. On
the other hand, B-catenin Tyr86, placed in the N-terminal tail,
does not have a correspondent residue in plakoglobin; the
equivalent amino acid is Ser74.

We determined whether protein kinases that specifically
phosphorylate these three Tyr residues in B-catenin also do it
in plakoglobin. As shown in Fig. 2A, recombinant EGFR or
purified erbB2 phosphorylates B-catenin. The phosphorylation
is not observed when a B-catenin Tyr654—Phe mutant was
used as the substrate but was not affected by similar mutations
in Tyr86 or Tyr142. These data indicate that EGFR or erbB2
exclusively phosphorylates Tyr654 in (-catenin.

Similar in vitro assays were performed with recombinant
plakoglobin or several fragments as substrates. Plakoglobin
was efficiently phosphorylated by EGFR, but different from
B-catenin, EGFR did not phosphorylate the plakoglobin ar-
madillo domain, where Tyr643 is located, but modified the
C-terminal tail (Fig. 2B). Data from other authors have shown
that three Tyr residues in this domain (Tyr693, Tyr724, and
Tyr729) are phosphorylated after EGFR stimulation (12). To
verify that Tyr643 was not being modified, the same in vitro
assays were performed with a Tyr643—Phe mutant. This pla-
koglobin form incorporated phosphate identically to the wild-
type form (Fig. 2C), indicating that Tyr643 is not a substrate of
EGFR.

The relevance of plakoglobin phosphorylation by EGFR was
also determined. Interaction with desmoplakin was signifi-
cantly decreased after phosphorylation (Fig. 2D), in agreement
with previously published data (12). No changes were observed
after phosphorylation in the interaction with desmoglein, E-
cadherin, a-catenin, or other cofactors related to the transcrip-
tional activity of this protein (TBP and Tcf-4) (Fig. 2D).

Together, these results indicate that EGFR modifies B-cate-
nin and plakoglobin differently and exerts distinct effects on
the interaction of these proteins with some shared partners,
such as E-cadherin. These observations prompted us to extend
the study to other Tyr kinases, like Src, Fer, or Fyn, which
phosphorylate B-catenin.

Src kinase phosphorylates B-catenin mainly on Tyr86, al-
though Tyr654 is also modified with a lower efficiency (39). In
plakoglobin, phosphate was incorporated mostly in a fragment
comprising armadillo repeats 6 to 12, and to a lesser extent in
the C-terminal tail (Fig. 3A). The plakoglobin Tyr643—Phe
mutation greatly diminished the amount of PTyr present after
Src treatment (Fig. 3B), suggesting that this residue, present in
the 12th armadillo repeat, was the main target of this kinase.

The effect of Fer kinase was also quite different in -catenin
and plakoglobin. Fer and Fyn specifically phosphorylate
B-catenin Tyr142, blocking the interaction with a-catenin (35).
Fer phosphorylated plakoglobin, but results with armadillo
fragments indicated that this kinase was modifying armadillo
repeats 7 to 12, comprising aa 381 to 673, but not armadillo
repeats 1 to 6, the fragment that contains Tyr133, the equiva-
lent residue to B-catenin Tyr142 (Fig. 3A). Fer was unable to
modify this residue, as could be concluded from the experi-
ments performed with plakoglobin Tyr—Phe mutants. Re-
placement of either Tyr643 or Tyr133 by Phe did not modify
the phosphorylation of plakoglobin (Fig. 3B). Thus, in plako-
globin, Fer phosphorylates a residue different from Tyr133 and
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FIG. 2. EGFR presents different substrate specificities of phosphorylation on B-catenin and plakoglobin. (A) GST-B-catenin fusion proteins
(6.7 pmol) were phosphorylated with 0.5 U of recombinant EGFR kinase or RWP1 cell extracts transfected with erbB2. Phosphorylation was
analyzed by Western blotting (WB) with anti-PTyr MAb. The membrane was stripped and reprobed for B-catenin as a control, and similar levels
of GST—B-catenin were present. (B and C) Five picomoles of GST-plakoglobin deletion mutants (B) or point mutants (C) was phosphorylated with
EGFR under the indicated conditions. Samples were analyzed by Western blotting with anti-PTyr MAb and reblotted against GST (B) or
plakoglobin (C). (D) Five picomoles of GST or GST-plakoglobin fusion proteins was phosphorylated with EGFR as described above. Pull-down
assays were then performed, and the GST proteins were incubated with the indicated amounts of total cell extracts from SW480. The associated
proteins were detected with specific MAbs. WT, wild type; +, present; —, absent. The estimated molecular masses of the bands detected with each

antibody are indicated.

Tyr643. We investigated the involvement of Tyr549, the only
residue located within plakoglobin armadillo repeats 7 to 12
that is not present in B-catenin (Phe561 in B-catenin). Muta-
tion of Tyr549 to Phe confirmed that this Tyr was the target of
Fer action: phosphorylation of plakoglobin Tyr549—Phe by
this kinase was completely abolished (Fig. 3B).

Similar results were obtained with Fyn kinase. However,
although the plakoglobin armadillo fragment 7-12 was again
the best substrate for this kinase, the armadillo repeat frag-
ment 1-6 was also modified to a lesser extent. None of the
terminal tails were phosphorylated (Fig. 3A). Experiments
with Tyr—Phe mutants gave evidence that Fyn mainly phos-
phorylated Tyr549 and that it phosphorylated Tyr133 with a
much lower activity (Fig. 3B).

We investigated the effect of these kinase activities on the
interaction of plakoglobin with several partners. Pull-down
assays revealed that phosphorylation by Src decreased the
binding of plakoglobin with two components of the adherens
junctions, a-catenin and E-cadherin, whereas no changes with
desmoglein, TBP, or Tcf-4 were detected (Fig. 4A). On the
other hand, the affinity of phosphorylated plakoglobin for des-
moplakin is higher than that of the unmodified protein (Fig.
4A). This change in affinities was further analyzed by using
recombinant proteins: phosphorylation of plakoglobin by Src
caused a 2.3-fold decrease in the affinity for E-cadherin (Fig.
4B) and a 4.1-fold rise in the binding to desmoplakin (Fig. 4F).
However, neither Src phosphorylation nor the plakoglobin mu-
tant Y643E, designed to mimic the phosphorylation at this
residue, had a direct effect on the interaction with «-catenin
(Fig. 4C). The apparent contradiction between this result and
the decrease in a-catenin binding observed in the pull-down
assays can be reconciled if plakoglobin—a-catenin binding is

dependent on the presence of E-cadherin, similar to the coor-
dinated interaction of E-cadherin and a-catenin with B-catenin
previously reported (10). Indeed, we found that the association
of a-catenin and E-cadherin with plakoglobin is interdepen-
dent. Previous binding of E-cadherin to plakoglobin signifi-
cantly facilitated the association of a-catenin (Fig. 4D), al-
though preassociation of a-catenin with plakoglobin did not
modify E-cadherin binding to the complex (Fig. 4E). There-
fore, the decrease observed in a-catenin binding upon plako-
globin phosphorylation by Src (Fig. 4A) is likely the conse-
quence of reduced E-cadherin binding. No changes were
observed in the desmoplakin-plakoglobin binding upon addi-
tion of E-cadherin or a-catenin, indicating that, as expected,
effects on the affinity for desmoplakin are not dependent on
adherens junction proteins (Fig. 4G).

The relevance of Fer phosphorylation was also investigated.
Fer affected plakoglobin interaction with desmoplakin and
a-catenin. Contrary to what was previously observed for
a-catenin—B-catenin interaction, phosphorylation by Fer raised
the affinity of plakoglobin for a-catenin (Fig. SA); using re-
combinant proteins, this increase was estimated to be 4.4-fold
(Fig. 5B). On the other hand, Fer-phosphorylated plakoglobin
showed a sevenfold decrease in the affinity for desmoplakin
(Fig. 5C). No effect was detected on the interaction of plako-
globin with E-cadherin, desmoglein, TBP, or Tcf-4.

The effects of Fyn phosphorylation on the association of
plakoglobin with a-catenin and desmoplakin were comparable
to those obtained with Fer; i.e., an increased binding to a-cate-
nin and a disruption of the interaction with desmoplakin (Fig.
5D). These changes were further confirmed in binding assays
with different amounts of recombinant proteins (Fig. SE and
G). Moreover, phosphorylation of plakoglobin by Fyn, and not
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FIG. 3. Mapping of residues involved in plakoglobin phosphoryla-
tion by Src, Fer, and Fyn kinases. Five picomoles of GST-plakoglobin
deletion mutants (A) or the indicated point mutants (B) was phos-
phorylated with either 0.5 U of recombinant Src (upper panel), Fer
kinase purified from transfected RWP1 cells (middle panel), or Fyn
kinase immunoprecipitated from transfected RWP1 cells (lower panel)
as described in Materials and Methods. Samples were analyzed by
Western blotting (WB) with anti-PTyr MAb and reblotted with anti-
GST (A) or anti-plakoglobin (B) to ensure that similar levels of GST-
plakoglobin forms were present in all cases. +, present; —, absent.

by Fer, also modified the interaction with the transcriptional
factor Tcf-4 (Fig. 5D). We consider that effects on this binding
may likely be mediated by the phosphorylation of plakoglobin
Tyr133, a residue that is modified by Fyn and not by Fer, albeit
with a low efficiency. Even so, Fyn phosphorylation reduced
the affinity of plakoglobin for Tcf-4 more than twofold (Fig.
5F). No changes were observed in the interaction with other
factors.

All these results indicate that phosphorylation of plakoglo-
bin residues Tyr133, Tyr549, and Tyr643 affects its ability to
interact with a-catenin, E-cadherin, desmoplakin, and Tcf-4.
To confirm our conclusions, each of these three residues was
individually replaced with Glu to mimic the phosphorylation
charge. The results obtained with these mutants were consis-
tent with those obtained with the kinases. The plakoglobin
Tyr643—Glu mutant showed reduced binding to a-catenin and
E-cadherin and a rise in the affinity for desmoplakin. On the
contrary, the Tyr549—Glu mutant presented the opposite al-
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terations: an increase in binding to a-catenin and a decreased
affinity for desmoplakin without modifications in the associa-
tion with other factors (Fig. 6). Finally, the Tyr133—Glu mu-
tant showed a complete disruption in the interaction with
a-catenin and a parallel increase in desmoplakin binding (Fig.
6). Thus, this mutant has an behavior opposite to what was
previously observed upon Fyn phosphorylation of wild-type
plakoglobin (Fig. 5D), where the predominant effect is caused
by the more efficient modification of Tyr549 (Fig. 3B). A de-
crease in Tcf-4 binding was also observed in the Tyr133—Glu
mutant (Fig. 6).

The results shown so far indicate that the effects of phos-
phorylation of plakoglobin are quite complex, and modifica-
tion of a specific Tyr residue affects the interaction of several
partners. In addition, the action of a specific tyrosine kinase
can simultaneously promote the disassembly of the interac-
tions with components of the adherens junctions and the es-
tablishment of associations with components of desmosomes.
This is what was expected after Src phosphorylation which,
upon Tyr643 phosphorylation, reduces binding to a-catenin
and E-cadherin and increases the association with desmo-
plakin. In turn, Fer stimulation, through modification of
Tyr549, causes diminished binding of plakoglobin to compo-
nents of desmosomes (desmoplakin) and increased interaction
with adherens junction proteins (a-catenin).

To verify these conclusions, epithelial RWP1 cells were tran-
siently cotransfected with the different Tyr kinases and wild-
type plakoglobin (labeled by a poly-His tag). Plakoglobin com-
plexes were purified by Ni**-agarose, and its association with
the different components of adherens junction and desmosome
complexes was examined. Overexpression of Src promoted a
significant change in the interactions established by plakoglo-
bin; as predicted, higher levels of desmoplakin and lower levels
of E-cadherin and a-catenin were purified with this protein
(Fig. 7A). On the other hand, transfection of Fer exerted the
opposite effect: strengthening the association between plako-
globin and a-catenin while disrupting the interaction with des-
moplakin (Fig. 7B). Therefore, our results indicate that these
Tyr kinases modulate the interaction of plakoglobin with ad-
herens junctions and desmosome components. Thus, as a con-
sequence of Src phosphorylation, plakoglobin would be mainly
associated with desmosomes while Fer activation would pro-
mote the preferential linking of plakoglobin to adherens junc-
tions.

We also analyzed what happens in conditions in which cell-
to-cell contacts are disrupted. Transfection of ras oncogenes to
epithelial cells have been shown to disrupt intercellular adhe-
sion (22, 35). In IEC intestinal cells, K-ras transfection stimu-
lates the activity of Fer, Fyn, Src, and EGFR tyrosine kinases
and induced the phosphorylation of B-catenin in residues
Tyr142 and Tyr654, which was correlated with a downregulated
binding to a-catenin and E-cadherin (35). Accordingly, a
change in the subcellular distribution of B-catenin was de-
tected after K-ras transfection. Differently than control IEC
cells, in which B-catenin was restricted to the cell periphery,
IEC K-ras cells presented -catenin reactivity more dislocated
from these regions (Fig. 8). Similar results have been obtained
by other groups (22). On the contrary, in IEC cells, plakoglobin
showed a more diffuse localization; the protein was observed in
the intercellular contacts but also in the cytosol. In IEC K-ras
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FIG. 4. Phosphorylation of plakoglobin by Src decreases its interaction with a-catenin and E-cadherin and increases plakoglobin-desmoplakin
association. (A) Five picomoles of GST or GST-plakoglobin fusion proteins was phosphorylated with 0.5 U of pp60°*™. Pull-down assays were then
performed by incubating the GST proteins with 100 pg of total cell extracts from SW480. The amount of associated proteins was determined by
using specific MAbs. (B) Control and Src-phosphorylated plakoglobin (0.35 or 0.7 pmol) were incubated with 1.2 pmol of either GST-cytoE-cadh
or GST in a final volume of 200 pl. Plakoglobin (0.03 pmol) was included as a reference (St). The numbers below the lanes indicate the amount
of bound protein. (C) GST or GST-plakoglobin fusion proteins (control or phosphorylated by Src) (1.8 pmol) were incubated with 2.4 pmol of
a-catenin in a final volume of 200 pl. The amount of bound a-catenin was determined with a specific MAb. (D) Modulation of plakoglobin-a-
catenin association by E-cadherin. GST or GST-plakoglobin (0.8 pmol) was incubated with 1.4 pmol of a-catenin. When indicated, binding assays
were supplemented with 20 pmol of cytoE-cadh. The amount of associated a-catenin was determined by using a specific MAb. (E) Modulation
of plakoglobin—E-cadherin association by a-catenin. GST or GST-plakoglobin (0.8 pmol) was incubated with 1.4 pmol of cytoE-cadh. When
indicated, binding assays were supplemented with 20 pmol of a-catenin. The amount of associated cytoE-cadh was determined by using a specific
MAD. (F) GST or GST-plakoglobin fusion proteins (5 pmol) were phosphorylated with Src, and pull-down assays were then performed by
incubating the GST proteins with 100 or 200 pg of total cell extracts from SW480. The amount of associated desmoplakin was determined by using
a specific MAb. (G) GST or GST-plakoglobin (5 pmol) was incubated with 200 g of total cell extracts from SW480 with the presence of 10 pmol
of a-catenin or cytoE-cadh when indicated. The amount of associated desmoplakin was determined by using a specific MAb. WB, Western blotting;
+, present; —, absent.

cells, the distribution of this protein seemed to be more local- noprecipitation with antiplakoglobin and blotting with anti-a-

ized to the loose contacts established by these cells (Fig. 8).
Plakoglobin also showed an increased tyrosine phosphoryla-
tion after K-ras transfection (Fig. 9A). Residues Tyr549 and
Tyr643 are modified in IEC K-ras cells, since mutation of both
amino acids to Phe reduced the phosphorylation of this protein
(Fig. 9B). Probably as a consequence of Tyr549 phosphoryla-
tion, a higher association of plakoglobin with a-catenin was
observed in coimmunoprecipitation experiments, either immu-

catenin MAbs or vice versa (Fig. 9A and C). Accordingly, a
Tyr549—Phe plakoglobin mutant that cannot be phosphory-
lated in this residue showed a lower association with a-catenin
in IEC K-ras cells than wild-type plakoglobin. These results
indicate that plakoglobin Tyr549 phosphorylation and in-
creased binding to a-catenin occur even under conditions with
low levels of cell-to-cell interactions.

In addition to its role in the formation of adherens junctions
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FIG. 5. Phosphorylation of plakoglobin by Fer and Fyn kinases decreases plakoglobin-desmoplakin interaction and increases plakoglobin—a-
catenin association. (A and D) GST or GST-plakoglobin fusion proteins (5 pmol) were phosphorylated with Fer purified from transfected RWP1
cells (A) or Fyn kinase immunoprecipitated from transfected RWP1 cells (D). Pull-down assays were then performed by incubating the GST
proteins with 100 g of total cell extracts from SW480. The amounts of the associated proteins were determined by using specific MAbs. (B and
E) GST or GST-plakoglobin (1.2 pmol) (control and Fer phosphorylated [B] or Fyn phosphorylated [E]) was incubated with 0.4 or 0.8 pmol of
a-catenin in a final volume of 200 pl. a-Catenin (0.08 pmol) was included as a reference (St). The numbers below the lanes indicate the amounts
of bound a-catenin. (C and G) GST or GST-plakoglobin fusion proteins (5 pmol) were phosphorylated with Fer (C) or Fyn kinases (G), and
pull-down assays were then performed by incubating the GST proteins with 100 or 200 pg of total cell extracts from SW480. The amount of
associated desmoplakin was determined by using a specific MAb. (F) GST or GST-Tcf-4(1-80) (1.2 pmol) was incubated with 0.5 or 1 pmol of
plakoglobin incubated or not with Fyn in a final volume of 200 pl. Plakoglobin (0.03 pmol) was included as a reference (St). The numbers below
the lanes indicate the amounts of bound plakoglobin. WB, Western blotting; +, present; —, absent.

and desmosomes, plakoglobin has also been involved in the
regulation of gene transcription (see the introduction). As ob-
served in Fig. 10A, plakoglobin overexpression stimulated the
transcriptional activity of B-catenin—-Tcf-4 complexes, deter-
mined by using the TOP plasmid (24). This effect may be
explained by the competition between B-catenin and plakoglo-
bin for binding to several cofactors that has been detected in
several systems (45). We checked whether plakoglobin mutants
in the phosphorylation sites with altered interactions with E-
cadherin and a-catenin behaved differently than the wild-type

form on Tcf-4-mediated transcription. IEC K-ras cells were
transiently transfected with a Tyr549—Phe mutant which
shows decreased binding to a-catenin with respect to the con-
trol (Fig. 9D). As shown in Fig. 10A, the stimulatory activity on
the TOP activity of this mutant was significantly lower than
that of the control. Similar assays were performed with MDCK
and RWP-1 cells which show well-formed contacts. Whereas
wild-type plakoglobin stimulated TOP activity, plakoglobin
mutants with lower affinities for a-catenin (Tyr133—Glu) or
E-cadherin and a-catenin (Tyr643—Glu) could not stimulate
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FIG. 6. Effect of Tyr-to-Glu point mutants in the association of
plakoglobin to its cellular cofactors. Pull-down assays were performed
by incubating 8 pmol of GST or GST-plakoglobin fusion proteins with
200 pg of whole-cell extracts from SW480. Protein complexes were
affinity purified with glutathione-Sepharose and analyzed by SDS-
PAGE and Western blotting (WB). The amounts of the associated
proteins were determined by using specific MADbs.

(and even inhibited) Tcf-4—B-catenin transcriptional activity
(Fig. 10A). Binding assays rendered compatible results. Trans-
fection of wild-type plakoglobin to MDCK cells stimulated the
amount of B-catenin bound to Tcf-4; on the contrary, the
Tyr643—Glu mutant did not modify this association (Fig.
10B). These results indicate that the enhanced transcriptional
activity induced by plakoglobin was dependent on its phos-
phorylation status and suggest that displacement of B-catenin
from its interaction with other components of adherens junc-
tions is relevant for the plakoglobin transcriptional activity.

DISCUSSION

Tyrosine phosphorylation is involved in the regulation of
cell-to-cell contacts. It is clearly established that effectors of
protein tyrosine phosphatases or kinases modify the formation
of adherens junctions and the interactions established among
their components (reviewed in reference 26). Phosphorylation
of B-catenin is considered to be responsible for destabilizing
adhesions. The phosphorylation of specific Tyr residues of
B-catenin, Tyr654 and 142, was previously described as being
involved in the disruption of the contacts with E-cadherin and
a-catenin, respectively (35, 39). Tyr142 is phosphorylated by
Fer or Fyn kinases with high efficiency (35). In this work, we
show that B-catenin Tyr654 is a good target of EGFR or the
related kinase erbB2.

Although not as well studied as B-catenin, plakoglobin has
also been reported to undergo tyrosine phosphorylation (12).
Plakoglobin, structurally comparable to B-catenin, can substi-
tute for B-catenin in the adherens junctions, interacting simul-
taneously with E-cadherin and a-catenin. Moreover, plakoglo-
bin is a specific component of the desmosomes, where it
mediates the interaction of the desmosome cadherins, desmo-
glein and desmocollin, with desmoplakin and the intermediate
filament cytoskeleton. Other proteins, such as plakophilin, also
participate in these junctional complexes (45). Here we de-
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FIG. 7. Src and Fyn modify the association of plakoglobin to its
cellular partners. RWP1 cells were cotransfected with 5 pg of
pcDNA3.1His-plakoglobin and pCMV-Src (A) or pcDNA3.1His-Fer
(B), with empty vectors as controls. After 48 h, cell extracts were
prepared, His-tagged plakoglobin was purified by chromatography on
nickel-agarose, and the associated proteins were analyzed with specific
MADbs against a-catenin, E-cadherin, desmoplakin, desmoglein, and
plakoglobin. WB, Western blotting; +, present; —, absent.

scribe how the same tyrosine kinases differently phosphorylate
equivalent residues in B-catenin and plakoglobin. Thus, EGFR
does not phosphorylate the residue equivalent to Tyr654 in
B-catenin, i.e., Tyr643 in plakoglobin, but modifies the C-ter-
minal tail of this latter protein. Src works much better on
plakoglobin Tyr643 than on B-catenin Tyr654. Lastly, Fer or
Fyn cannot phosphorylate plakoglobin Tyr133, the position

IF

IEC K-ras
B-catenin

IEC
o . .

FIG. 8. Localization of B-catenin and plakoglobin in IEC and IEC
K-ras cells. Cells were grown on glass coverslips as indicated in Ma-
terials and Methods and fixed before they reached confluence. The
distribution of B-catenin and plakoglobin was analyzed by immunoflu-
orescence with specific MAbs.
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FIG. 9. K-ras transfection of IEC epithelial cells induces plakoglobin phosphorylation and upregulates binding to a-catenin. (A and C) Three
hundred micrograms of whole-cell extracts from control and K-ras IECI18 cells were immunoprecipitated (IP) with anti-plakoglobin (A) or
anti-a-catenin (B) and followed by immunoblotting with the indicated MAbs. (B and D) IEC18 and IEC18 K-ras cells were transfected with 5 pg
of pcDNA3.1His-plakoglobin (wild-type [WT] or the indicated mutants). His-tagged plakoglobin was purified by chromatography on nickel-
agarose, and the level of tyrosine phosphorylation (B) or a-catenin association (D) was analyzed by Western blotting (WB) with specific antibodies.
The membranes were reprobed for plakoglobin to check that similar levels of expression were obtained.

equivalent to B-catenin Tyr142, with high efficiency. As a mat-
ter of fact, Fer cannot modify this residue at all, and Fyn does
it with low efficiency (Fig. 3 and data not shown). These two
kinases act on a different residue, Tyr 549, a Phe in B-catenin.
A summary of the targets of the different kinases is depicted in
Fig. 11. At the present moment, we do not know which kinase
is responsible for the modification of plakoglobin Tyr133 in
vivo nor whether this residue is really modified.

As shown in Fig. 11, the consequences of phosphorylation of
tyrosine residues in plakoglobin bear similarities with those in
B-catenin, although the model seems to be much more com-
plex. Significant differences emerge. For instance, the intro-
duction (through different kinases) of negative charges in
Tyr643 and Tyr133 hinders the interaction of plakoglobin with
E-cadherin and a-catenin, respectively. However, phosphory-
lation of plakoglobin Tyr133 exerts an additional effect, block-
ing the interaction with Tcf-4. Such an inhibition was not
detected when B-catenin was phosphorylated in this residue or
when it was mutated to Glu (data not shown). This is probably
a consequence of the different sites of interaction of Tcf-4 in
plakoglobin and B-catenin; as previously described, Tcf-4 as-
sociates mainly with armadillo repeats 1 to 6 of plakoglobin
(31) while it requires armadillo repeats 3 to 10 of B-catenin
(14).

In addition, plakoglobin phosphorylation also modulates the
interaction of this protein with other components of the des-
mosomes. Phosphorylation of Tyr643 increases the association
with desmoplakin, a protein that has been shown to interact
with the central armadillo domain of plakoglobin (15, 25).
Similar effects are observed after modification of Tyr133.
Therefore, these two residues seem to act by driving the switch
of plakoglobin from adherens junction with desmosome com-

ponents: phosphorylation of Tyr643 (by Src) or Tyr133 (by a
yet unknown kinase) disrupts the interaction of plakoglobin
with components of the adherens junctions (E-cadherin and
a-catenin, in the case of Tyr643; only a-catenin for Tyr133)
and favors in both cases the association with the desmosome
protein, desmoplakin. We have shown that this switch takes
place when Src is overexpressed in epithelial cells.

Additional sites are modified in plakoglobin compared to
B-catenin. EGFR modifies one or more of three tyrosine res-
idues at the C-terminal tail, probably Tyr 693, Tyr724, or
Tyr729 (12). As a consequence, the interaction with desmo-
plakin is dramatically decreased. Fer and Fyn kinases act on
Tyr549. Introduction of a negative charge in this residue in-
creases the association with a-catenin and inhibits the interac-
tion with desmoplakin. Therefore, these two kinases act in an
opposite fashion than Src: they destabilize the interactions
between plakoglobin and the desmosome-associated protein
desmoplakin and favor the interaction with adherens junction
proteins (a-catenin). Ectopic expression of Fer confirms this
conclusion, causing the exchange of proteins bound to plako-
globin.

Our results indicate that tyrosine phosphorylation of plako-
globin is not as unequivocally associated with the loss of cell-
to-cell contacts as that of B-catenin. As mentioned, phosphor-
ylation of specific residues of plakoglobin normally plays a dual
role, modifying in an opposite fashion the interaction of this
protein with components of adherens junctions and desmo-
somes. These results may explain why some authors have as-
sociated increased tyrosine phosphorylation with enhanced
cell-to-cell adhesion in some cellular systems such as keratin-
ocytes (8, 9). The elevated ratio of plakoglobin to 3-catenin in
these cells, resulting in a high presence of plakoglobin in ad-
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FIG. 10. Tyrosine phosphorylation of plakoglobin affects p-cate-
nin-dependent transcription. (A) The indicated cells were cotrans-
fected with plakoglobin plasmid mutants inserted into pcDNA3.1His
(150 ng), TOP-FLASH (20 ng), and pTK-Renilla (20 ng) luciferase
plasmids in the presence or absence of wild-type (WT) B-catenin.
Relative luciferase activity was determined with a dual-luciferase re-
porter assay system 48 h after transfection and normalized by using the
Renilla luciferase activity for each sample. The percentage of activity
was calculated by comparing levels of luciferase activity to those ob-
tained after transfection of the pcDNA3.1His plasmid alone. (B) In
vivo association between B-catenin and Tcf-4 in MDCK cells overex-
pressing plakoglobin. Cells were cotransfected with 5 g of pcDNA3-
plakoglobin (wild-type or Tyr643—Glu mutant) or empty vector as a
control and 5 ug of pcDNA3.1His-Tcf-4(1-80). His-tagged Tcf-4(1-80)
was purified by nickel-agarose chromatography, and associated B-cate-
nin was analyzed by Western blotting (WB) with anti-B-catenin MAb.
To verify that the extent of ectopic expression was similar, blots were
reanalyzed with anti-Tcf-4. +, present; —, absent.

herens junctions and a distinct distribution of tyrosine kinases
(increased levels of Fer or functional equivalent kinases),
might explain the results obtained with these cells.

The switch of plakoglobin cellular partners may have an-
other functional significance. Plakoglobin transfection in-
creases the transcriptional activity of B-catenin-Tcf-4 com-
plexes. However, the effect is indirect, since plakoglobin
association with Tcf-4, in either the presence or the absence of
B-catenin, prevents Tcf-4 binding to DNA (31, 44). Therefore,
a maximal activation of B-catenin-Tcf-4-dependent promoters
should happen in conditions that prevent plakoglobin translo-
cation to the nucleus, for instance, by an increased binding to
a-catenin. Our results are consistent with this conclusion. For
instance, increased interaction of plakoglobin with a-catenin is
detected under cellular conditions that elevate B-catenin—Tcf-
4-dependent transcription, even though cell-to-cell contacts
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phosphorylated by Src, EGFR, Fer, and Fyn kinases and their corre-
sponding effects. Question marks indicate the points where either an
effect of phosphorylation has not been demonstrated (Tyr86 in B-cate-
nin) or the kinase has not been identified (in the case of plakoglobin
Tyr133).

are disrupted. Moreover, the positive correlation of plakoglo-
bin levels with Tcf-4-dependent transcription is not observed
with plakoglobin mutants that are unable to interact with com-
ponents of the adherens junctions and are therefore unable to
compete with and release B-catenin from the adhesion com-
plex. Therefore, plakoglobin phosphorylation can contribute to
the upregulated B-catenin transcriptional activity detected in
epithelial cells after transformation.

Finally, our results suggest that while the general structure
of plakoglobin is comparable to that of B-catenin, significant
differences exist. For instance, unpublished data from our lab
(S. Miravet, J. Piedra, J. Castano, A. Garcia de Herreros, and
M. Duiach, unpublished data), together with already pub-
lished observations (31, 43), indicate that the N- and C-termi-
nal tails restrict the interaction of different factors with the
central plakoglobin armadillo domain, as has also been re-
ported for B-catenin (34). Moreover, analogous to B-catenin,
phosphorylation of Tyr residues within the armadillo repeat
domain of plakoglobin may prevent the interaction between
the tails and the central domain, facilitating the association of
different plakoglobin cofactors. Thus, this effect may explain
why phosphorylation of Tyr549 facilitates the binding of
a-catenin to plakoglobin, an interaction that involves the dis-
tant aa 109 to 137 of plakoglobin (1). It was previously re-
ported that B-catenin association with E-cadherin and a-cate-
nin is interdependent (10) and that this effect requires the
presence of both terminal tails. According to published results,
a-catenin binding to the N-terminal tail of B-catenin results in
a looser binding of the C-terminal tail to the armadillo domain,
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facilitating E-cadherin association with this domain of B-cate-
nin (10). In plakoglobin, a coordinated association of both
cofactors was also detected, but it was of the opposite nature.
E-cadherin association markedly increases the interaction with
a-catenin (Fig. 4D). The effect is stronger in plakoglobin (4.9-
fold stimulation) than in B-catenin (2.5-fold). These results
suggest that plakoglobin tails are also involved in the control of
its interaction with adherens junction proteins. The mechanism
is a matter of current research in our laboratory.

In summary, our results indicate that plakoglobin and
B-catenin, although structurally and functionally similar, are
differently regulated by tyrosine kinases. Our data provide a
detailed picture of the exquisite modulation of cell junctions
present in epithelial cells and open new perspectives for the
explanation of the activity of plakoglobin as an effector of the
B-catenin transcriptional activity.
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