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b-Catenin and plakoglobin are highly homologous components of cell-cell adherens junctions linking
cadherin receptors to the actin cytoskeleton. b-Catenin, in addition, activates transcription by forming a
complex with LEF/TCF family transcription factors in the nucleus. Plakoglobin can also bind to LEF-1 and,
when overexpressed in mammalian cells, enhances LEF-1-directed transcription. Plakoglobin overexpression,
however, results in the elevation and nuclear translocation of endogenous b-catenin. We show here, by DNA
mobility shift analysis, that the formation of a plakoglobin-LEF/TCF-DNA complex in vitro is very inefficient
compared to a complex containing b-catenin-LEF-DNA. Moreover, in plakoglobin-transfected cells plakoglo-
bin-LEF/TCF-DNA complexes were not formed; rather, the endogenous b-catenin, whose level is elevated by
plakoglobin transfection, formed a b-catenin–LEF–DNA complex. Removal of the N- and C-terminal domains
of both b-catenin and plakoglobin (leaving the armadillo repeat domain intact) induced plakoglobin-LEF-DNA
complex formation and also enhanced b-catenin–LEF–DNA complexing, both with in vitro-translated compo-
nents and in transfected cells. Transfection with these truncated catenins increased endogenous b-catenin
levels, but the truncated catenins acted as dominant-negative inhibitors of b-catenin-driven transcription by
forming transcriptionally inactive complexes with LEF-1. When these catenin mutants were prevented from
entering the nucleus, by their fusion to the connexin transmembrane domain, they indirectly activated tran-
scription by increasing endogenous b-catenin levels. These results suggest that overexpression of plakoglobin
does not directly activate transcription and that formation of catenin-LEF-DNA complexes is negatively
regulated by the catenin N- and C-terminal domains.

b-Catenin and plakoglobin (g-catenin) are homologous pro-
teins originally discovered as cytoplasmic components of cell-
cell adherens junctions (52; for a review, see reference 6).
Plakoglobin, in addition, is a component of the submembranal
plaque of desmosomes (10, 18). In adherens junctions, b-cate-
nin and plakoglobin independently bind to the cytoplasmic
domain of cell-cell adhesion receptors of the cadherin family,
linking them to the actin cytoskeleton by an association with
a-catenin (reviewed in references 3, 6, 20, 34, 76, and 77).

In addition to their structural role in adherens junctions,
b-catenin and its Drosophila homologue, armadillo, are part
of the wg/wnt signaling pathway (56, 57, 85). Armadillo acts
downstream of the secreted signaling molecule wg (the homo-
logue of vertebrate wnt) to regulate wg-dependent developmental
decisions (for example, specification of the anterior-posterior
segment polarity [56]). During embryonic development in Xe-
nopus laevis, b-catenin is required for the specification of the
early dorsoventral axis (24). Ectopic elevation of b-catenin
level (19), similar to wnt overexpression (73), results in the
induction of a complete secondary embryonic axis. Signaling by
b-catenin is believed to involve the nonjunctional pool of this
protein, as recruitment of b-catenin to adherens junctions
blocks its signaling function (16, 66, 70).

In the absence of a wnt signal, nonjunctional b-catenin is
efficiently degraded by the ubiquitin-proteasome system (1, 51,
65). The targeting of b-catenin for degradation involves the
phosphorylation of its N terminus by glycogen synthase kinase
3b (GSK) (1, 88), which requires engagement of b-catenin in a
multiprotein complex that involves, in addition to b-catenin

and GSK, the adenomatous polyposis coli tumor suppressor
protein (47, 60), axin (32, 89) or conductin (5, 87), protein
phosphatase 2A (27, 68), and dishevelled (17, 41, 72). This
complex associates with the F-box/WD-repeat ubiquitin ligase
b-TrCP that is responsible for the ubiquitination of b-catenin,
leading to its degradation by the proteasome (22, 35, 64, 84).

The binding of wnt to its receptor frizzled results in the
inhibition of GSK activity (9) and the subsequent elevation in
b-catenin level (55). This is followed by the translocation of
b-catenin into the nucleus and its complexing with LEF/TCF
transcription factors (4, 29, 45). In this complex, LEF/TCF
provides the DNA binding domain, while b-catenin contrib-
utes the transactivation domain, forming a bipartite transcrip-
tion activator of LEF/TCF target genes (45, 80). Aberrant
activation of b-catenin signaling, which may result from stabi-
lization of b-catenin in cells carrying inactivating mutations in
adenomatous polyposis coli, or mutations in the N terminus of
b-catenin, is associated with tumors in a variety of tissues (8,
15, 40, 44, 46, 53, 61, 75, 81, 91). Increased b-catenin levels
were shown elsewhere to enhance cell proliferation (50, 86, 90)
and, in some cases, to induce neoplastic transformation (39).
In line with these findings, the target genes of b-catenin–LEF/
TCF, in mammalian cells, include oncogenes such as c-myc
(23) and cyclin D1 (69, 78).

While the involvement of b-catenin in wnt signaling is well
documented, it is still unclear whether its close homologue,
plakoglobin, also has a signaling role. During early develop-
ment in Xenopus, the reduction in plakoglobin level (38), un-
like that of b-catenin (24), does not affect embryonic axis
formation. The phenotypes of mice that are knockouts for
b-catenin (21, 31) and plakoglobin (7, 62) are also different.
While embryos lacking b-catenin die before gastrulation, pla-
koglobin-null mice undergo organogenesis and die owing to
heart failure that results from compromised desmosome as-
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sembly in the absence of plakoglobin (7, 62). In addition, the
level of plakoglobin is often reduced in cancer cells (2, 48, 74),
and the human plakoglobin gene displays loss of heterozygosity
in certain tumors (2). Finally, plakoglobin was shown previ-
ously to suppress tumorigenicity when overexpressed in various
cell lines (71).

Despite these differences between b-catenin and plakoglo-
bin, a transactivation domain was also identified in the plako-
globin molecule (70) and plakoglobin can bind to LEF-1, sim-
ilarly to b-catenin (29, 70). An elevation in plakoglobin
expression was shown to lead to ectopic axis formation in
Xenopus (33) and activation of LEF/TCF-dependent transcrip-
tion in mammalian cells (70). Plakoglobin can also activate
LexA-responsive transcription when introduced into yeast cells
together with a LEF-LexA fusion protein (25). The interpre-
tation of these results regarding the signaling potential of pla-
koglobin in Xenopus (42) and mammalian cells is, however,
complicated by the fact that increased levels of plakoglobin
lead to compromised degradation and nuclear accumulation of
the endogenous b-catenin (43, 70). This was suggested to ac-
count for the signaling effects reported in plakoglobin-overex-
pressing cells (43, 70).

In this study, we addressed the mechanism(s) underlying
LEF/TCF-dependent transcriptional activation in mammalian
cells expressing increased plakoglobin levels. We show that,
while plakoglobin binds to LEF-1 with an affinity similar to that
of b-catenin, it is inefficient in forming a ternary complex
containing LEF-1 and the LEF-1 binding DNA sequence. This
apparently results from an inhibitory action confined to the N-
and C-terminal domains of the plakoglobin molecule and from
the difference between the armadillo repeat domains of b-cate-
nin and plakoglobin. In addition, we demonstrate that trans-
activation in plakoglobin-transfected cells results from ele-
vated endogenous b-catenin that becomes engaged in a
complex with LEF-1 and the LEF-1 binding DNA sequence.

MATERIALS AND METHODS

Cell culture and transfections. 293-T human embryonic kidney cells were
cultured in Dulbecco modified Eagle medium and 10% calf serum (Gibco Lab-
oratories), at 37°C, in the presence of 7% CO2. Cells were transiently transfected
with the cDNA constructs described below, using Ca21-phosphate, and the
expression of transgenes was assessed 36 h after transfection.

Construction of plasmids. The hemagglutinin (HA)-tagged b-catenin
(b-CAT), HA-tagged plakoglobin (PG), vesicular stomatitis virus (VSV)-tagged
b-catenin (b-CAT-VSV-C), VSV-tagged plakoglobin (PG-VSV-C), b-CAT
1-ins, and PG 1-ins constructs were described previously (70). A b-catenin mu-
tant containing armadillo repeats 1 to 13 (b-CAT ARM) was obtained by PCR
amplification using oligonucleotides 59-ACCTTCTAGATTGAAACATGCAGT
TGTCAATTTG-39 and 59-ACCTGGATCCTGCAGTCTCATTCCAAGCC-39.
The amplified fragment was cloned into the XbaI/BamHI site of pCGN (70),
resulting in pHA-b-CAT ARM. The PG ARM mutant was obtained by PCR
amplification using oligonucleotides 59-ACCTTCTAGACTCAAGTCGGCCAT
TGTGC-39 and 59-ACCTGGATCCTACTGGGCAGCCTCCCAGGC-39. The
amplified fragment was subcloned into the XbaI/BamHI site of the pCGN vector,
resulting in pHA-PG ARM. To prepare fusion constructs of catenin armadillo
repeat domains and the connexin transmembrane domain, the latter was ob-
tained by PCR amplification from pCS7. CnxHPkg-UGP (42) using the following
primers: 59-ACCTTCTAGAAACTGGACAGGTCTATAC-39 and 59-ACCTAC
TAGTCGCACAGGCCCGGATGAT-39. The PCR product was digested by
XbaI/SpeI and subcloned into the XbaI site of pHA-b-CAT ARM and pHA-PG
ARM. To obtain the b-CAT ARM, PG ARM, PG 1-ins, and b-catenin constructs
containing the N-terminal VSV tag, pHA-b-CAT ARM, pHA-PG ARM, pHA
PG 1-ins, and pHA-b-catenin were digested with XbaI/BamHI and the inserts
were subcloned into pCGN-VSV bearing the N-terminal VSV tag (provided by
D. Helfman, Cold Spring Harbor, N.Y.).

For in vitro translation assays, catenin inserts were excised from the pCGN
expression vector by XbaI and BamHI and subcloned into pIND-tkUTR (14),
which was digested by XbaI and BamHI. The resulting constructs were digested
by PmeI, and the inserts containing catenins, with the 59 untranslated region of
herpes simplex virus thymidine kinase, were subcloned into the pCIneo vector,
digested by SmaI, and treated with alkaline phosphatase.

Chimeras of b-catenin and plakoglobin were obtained by PCR and contained

the N-terminal amino acids 1 to 132 of b-catenin fused to amino acids 123 to 687
of plakoglobin (b-N/PG ARM), amino acids 1 to 132 of b-catenin fused to amino
acids 123 to 687 of plakoglobin and amino acids 698 to 781 of b-catenin (b-N/PG
ARM/b-C), amino acids 133 to 695 of b-catenin fused to amino acids 686 to 745
of plakoglobin (b-ARM/PG C), and amino acids 123 to 685 of plakoglobin fused
to amino acids 696 to 781 of b-catenin (PG ARM/b-C). b-N/PG ARM and
b-N/PG ARM/b-C were kindly provided by M. Wheelock (University of Toledo,
Toledo, Ohio) (82).

In vitro translation and DNA binding assays. In vitro-translated proteins were
synthesized from a T7 promoter with a coupled transcription and translation
(TnT) kit (Promega). The efficiency of in vitro translation was assessed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of par-
allel translation reactions performed in the presence of [35S]methionine (Amer-
sham). To study the interaction between LEF-1 and catenins, in vitro-translated
LEF-1 (0.4 ml) was incubated with a fivefold molar excess of in vitro-translated
catenins in the presence of a 32P-labeled duplex oligonucleotide probe, contain-
ing a LEF-1 binding site from the cyclin D1 promoter (69). The molar ratio of
catenins to LEF-1 or TCF-4 was determined by densitometric tracing of SDS-
PAGE autoradiograms obtained from parallel translations in the presence of
[35S]methionine. When in vitro-translated TCF-4 was used for the binding reac-
tions, 0.2 ml of TCF-4 and a 10-fold molar excess of catenins were employed. The
binding reaction and native gel electrophoresis in 4% acrylamide were per-
formed as described previously (69).

Nuclear extracts. 293-T cells grown in 90-mm-diameter dishes were trans-
fected with 2 mg of LEF-1 and 8 mg of catenin expression plasmids, or with the
control pCIneo vector. Thirty-six hours after transfection, nuclear extracts were
prepared as described previously (67). Briefly, cells were incubated for 15 min in
low-salt buffer, then NP-40 was added, nuclei were pelleted by centrifugation,
and nuclear proteins were extracted with high-salt buffer at 4°C. Protein con-
centrations were determined using the bicinchoninic acid protein assay reagent
(Pierce) and bovine serum albumin as a standard. For DNA binding assays, 6 mg
of nuclear extract was used. The polyclonal antibodies to b-catenin, the VSV-G
epitope, and monoclonal antibody to the HA epitope were all previously de-
scribed (70). One microgram of antibody was added to the binding reactions for
analyzing the DNA mobility supershift. In competition experiments, a 1,000-fold
excess of unlabeled oligonucleotides containing a mutant LEF-1 binding site
from the cyclin D1 promoter was employed (69).

Immunoblotting. Equal amounts of protein from nuclear extracts isolated
from the transfected cells were separated by SDS-PAGE and subjected to West-
ern blotting using a monoclonal anti-HA antibody (clone 12CA5; Boehringer
Mannheim) and a polyclonal anti-VSV-G antibody (a gift from J. C. Perriard,
Swiss Federal Institute of Technology, Zurich, Switzerland).

Coimmunoprecipitation. 293-T cells grown in 90-mm-diameter dishes were
transfected with VSV-catenin and HA-LEF-1 plasmids and lysed 24 h after
transfection in 600 ml of buffer containing 20 mM Tris-HCl, 140 mM NaCl, 1%
Triton X-100, 10% glycerol, 1 mM EGTA, 1.5 mM MgCl2, 1 mM dithiothreitol,
and 1 mM phenylmethylsulfonyl fluoride (pH 8.0) (61). The lysates were centri-
fuged at 15,000 rpm for 15 min at 4°C in an Eppendorf centrifuge and the
supernatants were used for Western blotting and coprecipitation experiments.
The lysates were precleared for 1 h at 4°C in the presence of 20 ml of protein
A/G-coated agarose beads (Santa Cruz), centrifuged for 10 min at 15,000 rpm at
4°C, and incubated with 2 mg of anti-HA or anti-VSV antibodies at 4°C for 1 h,
followed by another 1-h incubation with 20 ml of protein A/G-agarose bead
suspension, after which the beads were pelleted; washed three times with 1 ml of
a buffer containing 20 mM Tris-HCl, 150 mM NaCl, and 0.5% NP-40 (pH 8.0);
and boiled for 5 min in 20 ml of SDS-PAGE sample buffer. The samples were
subjected to SDS-PAGE and immunoblotted with anti-VSV and anti-HA anti-
bodies.

Transactivation assays. 293-T cells, in 35-mm-diameter dishes, were trans-
fected with 4 mg of catenin constructs, 0.5 mg of the TOPFLASH reporter (80),
and 0.5 mg of the control simian virus 40 promoter-driven b-galactosidase, using
Ca21-phosphate, and luciferase activity was measured 36 h after transfection
from duplicate plates (70). The inhibitory effects of catenin constructs on b-cate-
nin-dependent transactivation were examined by transfecting 0.6 mg of b-catenin
expression plasmid and 3.0 mg of catenin constructs, or control vector, together
with 0.5 mg of the TOPFLASH or FOPFLASH reporter and 0.5 mg of LacZ,
which served as a control for transfection efficiency. FOPFLASH activity was not
affected by transfection of catenin expression plasmids.

Immunofluorescence microscopy. Cells cultured on glass coverslips were fixed
with 3.7% paraformaldehyde in phosphate-buffered saline and permeabilized
with 0.5% Triton X-100 (Sigma). Monoclonal antibodies against the C terminus
of b-catenin (6F9) and polyclonal antibodies against the HA epitope were de-
scribed previously (70). The secondary antibody was fluorescein isothiocyanate-
or Cy3-labeled goat anti-mouse immunoglobulin G (Jackson ImmunoResearch
Laboratories, West Grove, Pa.). The epifluorescence images were visualized with
an Axiovert S100 TV microscope equipped with a cooled, scientific-grade,
charge-coupled device camera (Photometrics, Tucson, Ariz.) and deconvoluted
with the DeltaVision 2.10 software on a Silicon Graphics computer. Images were
assembled using the Adobe PhotoShop 4.0 software.

For the quantification of b-catenin fluorescence intensity, images of trans-
fected cells were collected with the DeltaVision 2.10 software and integrated
cytoplasmic and nuclear fluorescence was measured using the Priism software.
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Values were normalized for the cell area, and the resulting intensity was divided
by the corresponding values obtained with control untransfected cells (chosen
within the same field of view). The resulting values were designated fold increase
in fluorescence intensity.

RESULTS

Plakoglobin and b-catenin differ in their ability to form a
ternary complex with LEF/TCF factors and DNA. To compare
the ability of b-catenin and plakoglobin to form ternary com-
plexes with LEF/TCF and DNA, we used the DNA mobility
shift analysis (electrophoretic mobility shift assay [EMSA])
with a radiolabeled LEF-1 DNA binding site as the DNA
probe. First, in vitro-transcribed and -translated LEF-1,
b-catenin, and plakoglobin and deletion mutants of the two
catenins (Fig. 1) were prepared (Fig. 2A), and the interaction
of LEF-1 with catenins and DNA was determined (Fig. 2B).
Incubation of in vitro-translated LEF-1 with the DNA probe,
in the absence of catenins, resulted in the formation of a single
LEF-1–DNA band (Fig. 2B, lane 2). When LEF-1 was incu-
bated with the DNA in the presence of b-catenin (at a fivefold
molar excess of b-catenin over LEF-1), an additional slower-
migrating band was formed (Fig. 2B, lane 3), corresponding to
the b-catenin–LEF-1–DNA complex. In contrast to b-catenin,
plakoglobin did not form a detectable complex with LEF-1 and
DNA (Fig. 2B, lane 4). When b-catenin and plakoglobin were
compared in their ability to form catenin–TCF-4–DNA ternary
complexes, plakoglobin was again found unable to form a com-
plex composed of plakoglobin–TCF-4–DNA (Fig. 2C, lane 3),
while a b-catenin–TCF-4–DNA complex was efficiently formed

under the same conditions (Fig. 2C, lane 2, compare to lanes 1
and 3). These results demonstrate that the observed difference
between b-catenin and plakoglobin in the efficiency in forming
a ternary complex with LEF/TCF factors and DNA was appar-
ent with both LEF-1 and TCF-4 and was not unique to LEF-1.

Since the armadillo repeat domain of b-catenin was implied
to contain the binding site for LEF/TCF (4, 80), we next com-
pared the abilities of deletion mutants of b-catenin and plako-
globin comprised of the armadillo repeat domains of these
proteins (Fig. 1, b-CAT ARM and PG ARM) to those of
full-length catenins in forming ternary complexes by EMSA.
The results shown in Fig. 2B demonstrate that there was a
significant difference in catenin–LEF-1–DNA complex forma-
tion between these constructs: both b-CAT ARM and PG
ARM were substantially more efficient in forming catenin–
LEF-1–DNA complexes than were the respective full-length
molecules (Fig. 2B, lanes 9 and 10, compare to lanes 3 and 4).
To determine whether the N or the C termini of catenins were
responsible for conferring the inefficient capacity to form ter-
nary complexes by the full-length catenins, we prepared DN
and DC deletion mutants of both b-catenin and plakoglobin
(Fig. 1, b-CAT DC, b-CAT DN, PG DC, and PG DN) and
tested their ability to form complexes with LEF-1 and DNA.
Both DN and DC b-catenin mutants interacted with LEF-1
with an efficiency that was similar to that of the full-length
protein but which was much lower than that of the armadillo
repeat domain (Fig. 2B, lanes 5 and 7, compare to lanes 3 and
9). DN- and DC-plakoglobin constructs were also significantly
less effective in their interaction with LEF-1 than was PG
ARM (Fig. 2B, lanes 6 and 8, compare to lane 10). PG DC was
slightly more efficient than full-length plakoglobin in forming
such a complex (Fig. 2B, compare lane 4 to 8, which displays a
smear). Thus, both the N- and C-terminal domains of b-cate-
nin and plakoglobin could apparently act as negative regulators
of catenin–LEF-1–DNA ternary complex formation. Removal
of the last three armadillo repeats of both b-catenin and pla-
koglobin (Fig. 1, b-CAT 1-ins and PG 1-ins) completely abol-
ished the interaction with LEF-1 and DNA (Fig. 2B, lanes 11
and 12), indicating that the integrity of the armadillo repeat
domain is necessary for binding to LEF-1 (see below).

To determine the contribution of the catenin terminal do-
mains and the armadillo repeats to the difference in ternary
complex formation between the two catenins, chimeras of
b-catenin and plakoglobin were also prepared (Fig. 3A). These
constructs were translated in vitro (Fig. 3B) and tested for the
ability to form ternary complexes with LEF-1 (Fig. 3C). When
the terminal domains of plakoglobin were replaced by those of
b-catenin, the resulting chimera (b-N/PG ARM/b-C), similarly
to full-length plakoglobin (Fig. 3C, lane 4), was unable to form
a detectable complex with LEF-1 and the DNA (Fig. 3C, lane
5), thus being significantly different from b-catenin (Fig. 3C,
lane 3). This implies that the terminal domains of either
b-catenin or plakoglobin exert a similar inhibitory effect on
ternary complex formation by PG ARM.

To determine the inhibitory properties of the C-terminal
domains, in the absence of the N terminus, we tested chimeric
molecules consisting of the ARM repeats of plakoglobin and
b-catenin linked to the C-terminal domain of the other mole-
cule (Fig. 3A, PG ARM/b-C and b-CAT ARM/PG-C). Com-
parison of these chimeras to b-catenin DN and plakoglobin DN
showed that the b-CAT ARM/PG-C chimeric molecule be-
haved similarly to b-catenin DN (Fig. 3C, lanes 6 and 8) and
that PG ARM/b-C was similar to plakoglobin DN (Fig. 3C,
lanes 7 and 9), in their efficiency in forming ternary complexes.
The b-N/PG ARM chimeric molecule formed a smear (Fig.
3C, lane 10) indicative of weak complexing, similar to that

FIG. 1. Schematic representation of catenin constructs used in this study.
Catenin domains that have transactivation capacity are hatched. The numbers 1
to 13 represent armadillo (ARM) repeats in b-catenin and plakoglobin with a
nonrepeat region (ins) between repeats 10 and 11. HA designates the HA
epitope tag; CNX marks the transmembrane domain of connexin-32.
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observed with plakoglobin DC (Fig. 2C, lane 8). Taken to-
gether, these experiments demonstrate that the inhibitory
properties of the N- and C-terminal domains of b-catenin and
plakoglobin are similar, and the major difference between the
catenins in ternary complex formation is apparently deter-
mined by the ARM domains of these molecules (Fig. 2B,
compare lanes 9 and 10).

b-Catenin–LEF-1–DNA but not plakoglobin–LEF-1–DNA
complexes are formed in cells transfected with plakoglobin.
We have previously demonstrated that the transfection of pla-
koglobin into 293-T cells results in LEF-1-dependent tran-
scriptional activation (70). Since plakoglobin was inefficient in
the formation of a complex with LEF-1 and DNA in vitro (Fig.
2B and C and Fig. 3C), we next asked whether it could form
such a complex in the nuclei of cells overexpressing plakoglo-
bin. 293-T cells were transfected with HA-tagged LEF-1 either
alone or together with VSV-tagged plakoglobin, or b-catenin

(Fig. 4A), and EMSAs with nuclear extracts from the trans-
fected cells were conducted (Fig. 4B). Nuclear extracts from
cells transfected with a control vector formed bands (Fig. 4B,
lane 1, N. S.) that were competed by excess unlabeled DNA
comprised of the mutant LEF-1 binding site and were thus
considered nonspecific (results not shown).

When nuclear extracts from cells transfected with HA-
tagged LEF-1 were analyzed, an additional strong band was
detected (Fig. 4B, lane 2), which corresponded to the LEF-1–
DNA complex and displayed a lower mobility in the presence
of anti-HA antibodies (results not shown). When extracts from
cells transfected with LEF-1 and b-catenin, or plakoglobin,
were analyzed, an additional band (b-CAT–LEF–DNA) whose
position corresponded to the expected position of a catenin–
LEF-1 complex was apparent (Fig. 4B, lanes 3 and 6). To
identify the molecular composition of this band, nuclear ex-
tracts were incubated with antibodies to the VSV tag, or to

FIG. 2. Identification of b-catenin and plakoglobin domains governing the formation of catenin–LEF-1–DNA complexes. (A) The catenin constructs and LEF/TCF
factors were transcribed and translated in vitro in the presence of [35S]methionine, resolved by SDS-PAGE, and visualized by autoradiography. The positions of
molecular weight markers (in thousands) are indicated on the right. (B) The in vitro-translated LEF-1 was incubated with 32P-labeled DNA, containing a LEF/TCF
binding site, in the absence or presence of a fivefold molar excess of the various in vitro-translated catenin constructs. Protein-DNA complexes were separated by native
4% PAGE and visualized by autoradiography. (C) In vitro-translated TCF-4 was incubated with a 32P-labeled DNA probe containing the LEF/TCF binding site in the
presence or absence of a 10-fold molar excess of b-catenin or plakoglobin, and the EMSA was performed as described for panel B.
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b-catenin (Fig. 4B, lanes 4 and 7 and 5 and 8, respectively). As
expected, in extracts from b-catenin-transfected cells this band
was supershifted by anti-VSV and anti-b-catenin antibodies
(Fig. 4B, lanes 7 and 8, compare to lane 6), confirming that it
contained the b-catenin–LEF-1–DNA complex. In contrast,
with extracts from cells transfected with VSV-plakoglobin, only
the anti-b-catenin antibody induced a shift in this band (Fig.
4B, lane 5), while the anti-VSV antibody did not alter the
migration of this band (Fig. 4B, lane 4). Since the level of
transfected plakoglobin in the nuclear extracts was higher than
that of transfected b-catenin (Fig. 4C), these results imply that
plakoglobin did not form a detectable complex with LEF-1–
DNA in the VSV-plakoglobin-transfected cells (Fig. 4B, lane
4) but that, rather, the endogenous b-catenin became engaged
in a complex with LEF-1 and the DNA.

Removal of the N- and C-terminal domains of b-catenin and
plakoglobin enhances catenin–LEF-1–DNA complex forma-
tion in transfected cells. To analyze the ability of the terminal
domains of b-catenin and plakoglobin to regulate catenin–
LEF-1–DNA complex formation in cells, nuclear extracts from
cells transfected with LEF-1 and with VSV-tagged armadillo

repeat domains of b-catenin and plakoglobin (Fig. 4A) were
subjected to DNA mobility shift analysis. In these experiments,
the strong band corresponding to the LEF-1–DNA complex
(Fig. 5A, lane 3) was almost completely supershifted in extracts
containing the armadillo repeat domains of b-catenin (Fig. 5A,
lane 6) and plakoglobin (Fig. 5A, lane 7) compared to full-
length catenins (Fig. 4B, lanes 3 and 6). This demonstrates the
very efficient formation of DNA-bound complexes comprised
of LEF-1–DNA and the armadillo domains. To confirm that
these complexes indeed contained b-CAT-ARM-VSV and
PG-ARM-VSV, the anti-VSV antibody was added to the nu-
clear extracts. This resulted in the induction of a supershift in
the migration of these bands (Fig. 5A, lanes 10 and 11, com-
pare to lanes 6 and 7). The addition of antibodies to b-catenin
to such lysates did not induce an efficient supershift (Fig. 5A,
lanes 14, 15), indicating that the nuclear extracts from cells
cotransfected with LEF-1 and the armadillo repeat domains of
catenins did not contain significant amounts of endogenous
b-catenin complexed with LEF-1. Since the polyclonal anti-
body to b-catenin that was used here did not react with the
armadillo repeat domain of b-catenin (data not shown), we

FIG. 3. Formation of catenin–LEF–DNA complexes by a chimera of b-catenin and plakoglobin. (A) Schematic representation of b-catenin and plakoglobin
chimeric molecules. The b-catenin domains are shown in black, and those of plakoglobin are shown in white. (B) The catenin constructs were translated in vitro in the
presence of [35S]methionine, resolved by SDS-PAGE, and visualized by autoradiography. Numbers at right of panel B represent molecular masses in kilodaltons. (C)
In vitro-translated LEF-1 was incubated with a 32P-labeled DNA probe that contained a LEF/TCF binding site in the presence or absence of a fivefold molar excess
of the in vitro-translated catenin mutants over LEF-1, and the EMSA was performed as described in the legend to Fig. 2.
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attributed the very weak supershift observed with this antibody
(Fig. 5A, lanes 14 and 15) to a ternary complex formed by the
endogenous b-catenin.

The VSV-tagged b-catenin used in this experiment (Fig. 5A,
lane 4) contained an N-terminal VSV tag (Fig. 4A), in contrast
to the C-terminal VSV tag used in the experiments described
for Fig. 4B. This resulted in a different efficiency in the super-
shifts induced by the anti-VSV and anti-b-catenin antibodies in
the two experiments (compare Fig. 4B, lanes 7 and 8, to Fig.
5A, lanes 8 and 12). It is noteworthy that in nuclear extracts
from transfected cells, PG-ARM-VSV was an efficient partner
for LEF-1–DNA, while full-length plakoglobin did not form a

detectable complex with LEF-1–DNA (Fig. 5A, lanes 7 and 11,
compare to lanes 5 and 9), although the level of plakoglobin in
such extracts was higher than that of the PG ARM, as deter-
mined by Western blotting (results not shown). These results
demonstrate that the increase in catenin–LEF-1–DNA com-
plex formation observed after removal of the N- and C-termi-
nal domains using in vitro-translated components (Fig. 2B) was
also apparent with nuclear lysates from cells transfected with
these constructs.

To examine whether the differences observed in ternary
complex formation resulted from different affinities of the var-
ious catenin constructs for LEF-1, we determined the interac-

FIG. 4. b-Catenin–LEF-1–DNA complex formation in plakoglobin-transfected cells. (A) Schematic representation of N- and C-terminally VSV-tagged catenin
constructs. (B) Catenin–LEF-1–DNA complex formation was analyzed with nuclear extracts from 293-T cells transfected with LEF-1 and VSV-plakoglobin, or
VSV–b-catenin. Gel EMSAs were performed with 6 mg of nuclear extract from 293-T cells transfected with control vector (lane 1) or with LEF-1 and the indicated
catenin mutants. Nuclear extracts were incubated with a 32P-labeled DNA probe containing the LEF-1 binding site, in the absence or presence of the indicated
antibodies. DNA-protein complexes were analyzed as described in the legend to Fig. 2. N. S., nonspecific. (C) The nuclear extracts used in panel B were analyzed, by
immunoblotting, for levels of catenins (with anti-VSV antibody [upper panel]) and LEF-1 (with anti-HA antibody [lower panel]).
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tion of catenins and their deletion mutants with LEF-1 by
coimmunoprecipitation (Fig. 5B and C). VSV-tagged catenins
were cotransfected with HA-tagged LEF-1, and immunopre-
cipitation was performed with either monoclonal anti-HA an-
tibody (Fig. 5B) or polyclonal anti-VSV antibodies (Fig. 5C).
In cells expressing similar levels of catenins and LEF-1 (Fig.
5B), the efficiencies of coprecipitation of full-length b-catenin

and plakoglobin with LEF-1, by an antibody recognizing the
transfected LEF-1 (HA), were very similar (Fig. 5B, lower
panel, lanes 1 and 2). Similarly, the coprecipitations of LEF-1
with both catenins by anti-VSV that recognized the catenins
were also similar (Fig. 5C, lower panel, lanes 2 and 3). These
results, together with previously published data (29), strongly
suggest that the differences observed between b-catenin and

FIG. 5. The armadillo repeats of b-catenin and plakoglobin efficiently form ternary complexes with LEF-1 and DNA in transfected cells. (A) EMSA was conducted
with nuclear extracts from 293-T cells transfected with control vector (lane 2) or with LEF-1 and the indicated catenin constructs (lanes 3 to 15, illustrated in Fig. 4A).
Nuclear extracts were incubated with a 32P-labeled DNA probe containing the LEF/TCF binding site, in the absence or presence of antibodies, as indicated. In lane
1, the radiolabeled DNA was incubated without the nuclear extract. DNA-protein complexes were analyzed by native gel electrophoresis as described in Fig. 2. N. S.,
nonspecific bands that could be competed with wild-type or mutant LEF-1 binding DNA sequences. Abs, antibodies. (B and C) Coimmunoprecipitation of VSV-tagged
catenins (B) and their deletion mutants (C) with HA-tagged LEF-1 using cell lysates of transfected 293 cells. (B) The amount of catenins coprecipitated by LEF-1 was
determined (lower panel); (C) the amount of LEF-1 coprecipitated by catenins (lower panel) is shown. The levels of transfected proteins in the cell lysates were
determined by Western blotting (upper and middle panels). Numbers to the right of panel C are molecular masses in kilodaltons. WB, Western blot; IP, immuno-
precipitation.
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plakoglobin in ternary complex formation with LEF-1 and
DNA apparently do not result from different affinities of the
catenins for LEF-1 but most probably are due to the weaker
capacity of the plakoglobin–LEF-1 complex to interact with
DNA.

We have also compared the abilities of full-length catenins
to those of their deletion mutants (by coimmunoprecipitation)
in the interaction with LEF-1. The results shown in Fig. 5C
(lower panel, lanes 4 and 5) demonstrate that both ARM
repeats efficiently bind LEF-1 while PG 1-ins does not display
a detectable binding to LEF-1 (Fig. 5C, lane 6), in agreement
with its inability to shift the LEF-1–DNA complex in EMSA
(Fig. 2B, lanes 11 and 12). The low expression level of the
VSV-tagged b-CAT 1-ins precluded us from using it in this
experiment (results not shown).

Differential ability of catenin deletion mutants to elevate
and translocate endogenous b-catenin into the nucleus. The
formation of a complex between endogenous b-catenin and
LEF-1 and DNA, using extracts from cells transfected with
catenin mutants (b-CAT-ARM-VSV and PG-ARM-VSV),
suggested that these mutants could elevate endogenous b-cate-
nin, similar to observations made with cells transfected with
full-length plakoglobin (70). To examine this possibility, we
determined, by immunofluorescence microscopy, the abilities
of the catenin deletion mutants to elevate and consequently
alter the localization of endogenous b-catenin.

293-T cells were transiently transfected with deletion mu-
tants of catenins and doubly stained for the endogenous
b-catenin and for the transfected protein (Fig. 6 and 7). In
general, the various deletion mutants displayed similar subcel-
lular localizations: they were mainly localized in the nuclei of
the transfected cells (Fig. 6C and G and 7A and E) and only
sometimes also localized at cell-cell junctions (arrows in Fig. 6
and 7). In addition, PG 1-ins staining was mainly diffuse, while
the other constructs were mostly confined to the nucleus.

Double staining for the endogenous b-catenin showed that
transfection with both b-CAT ARM (Fig. 7A) and PG ARM
(Fig. 6C) resulted in nuclear translocation of the endogenous
b-catenin (Fig. 7B and 6D, respectively), similar to the effect of
full-length plakoglobin (Fig. 6A and B). This result is attrib-
uted to the compromised degradation of b-catenin in these
cells (43). The shorter truncation mutants, PG 1-ins and
b-CAT 1-ins (Fig. 1), differed in their effect on endogenous
b-catenin (Fig. 6H and 7F), as previously described (70). While
transfection with b-CAT 1-ins (Fig. 7E) resulted in nuclear
localization of the endogenous b-catenin (Fig. 7F), transfec-
tion with PG 1-ins (Fig. 6G) did not display a detectable effect
on the endogenous b-catenin (Fig. 6H). This implies that the
regions within the armadillo repeat domains that determine
the binding of catenins to components of the degradation ma-
chinery are different in b-catenin and in plakoglobin.

To examine whether nuclear localization of the armadillo
repeat domains of both catenins was necessary for nuclear
translocation of the endogenous b-catenin, we also prepared
fusion constructs of these molecules to the transmembrane
domain of connexin (Fig. 1). Such membrane-tethered arma-
dillo repeats of b-catenin and plakoglobin were excluded from
the nucleus and localized to cytoplasmic vesicles and to cell
borders (arrowheads in Fig. 6E and 7C). The ability to affect
the level and localization of endogenous b-catenin, however,
was preserved in such constructs, and cells overexpressing
these cytoplasm-anchored mutants displayed nuclear staining
of the endogenous b-catenin (Fig. 6F and 7D).

We have also determined the fluorescence intensity of en-
dogenous b-catenin in the nuclei and cytoplasm of cells trans-
fected with plakoglobin and with various deletion mutants of

catenins (Fig. 7G) and found that, except for PG 1-ins, which
did not affect the level of endogenous b-catenin, transfection
with the other catenin mutants moderately elevated the cyto-
plasmic pool of b-catenin (between 1.5- and 2.5-fold) and
induced a two- to fourfold increase in the nuclear level of
b-catenin (Fig. 7G). The connexin-anchored catenin mutants
were the most efficient in their effect on endogenous b-catenin,
most probably owing to their exclusive cytoplasmic localiza-
tion. Interestingly, the level of junctional b-catenin was not
significantly affected by transfection with the catenin constructs
(Fig. 6 and 7 and data not shown).

Taken together, these results suggest that the b-catenin and
plakoglobin mutants examined (except PG 1-ins), were capable
of increasing the level and induced the translocation into the
nucleus of the endogenous b-catenin, and their cytoplasmic
sequestration did not affect this ability.

FIG. 6. The effect of plakoglobin mutants on the localization of endogenous
b-catenin. 293-T cells were transiently transfected with the HA-tagged plakoglo-
bin constructs described in Fig. 1 and doubly stained for the HA tag (A, C, E, and
G) and the endogenous b-catenin (B, D, F, and H). Cells were transfected with
PG (A and B), PG ARM (C and D), CNX-PG ARM (E and F), and PG 1-ins (G
and H). Note that PG ARM is efficient in translocating the endogenous b-cate-
nin into the nucleus while PG 1-ins is not. The localization of the transfected
proteins to cell-cell contacts is marked by arrows, while localization of CNX-PG
ARM to cytoplasmic vesicles is marked by an arrowhead. Bar, 10 mm.
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Transcriptional capacities of deletion mutants of b-catenin
and plakoglobin. The ability of the various catenin deletion
mutants to increase the level and translocate endogenous
b-catenin into the nucleus did not always correlate with their
ability to form ternary complexes with LEF-1–DNA (Fig. 2B,
compare to Fig. 6 and 7). For example, while both b-CAT
ARM and b-CAT 1-ins could translocate the endogenous
b-catenin into the nucleus (Fig. 7B and F), only b-CAT ARM,
not b-CAT 1-ins, formed a complex with LEF-1 and DNA

(Fig. 2B, lanes 9 and 11). We have therefore analyzed the
transactivation capacity of these constructs. We expected that
constructs lacking the transactivation domain, but which effi-
ciently formed a complex with LEF-1 and the DNA, would act
as dominant-negative inhibitors of transactivation by b-cate-
nin, irrespective of their influence on endogenous b-catenin.
We also expected that the transactivation capacity of catenin
deletion mutants that do not form complexes with LEF-1 and
DNA (b-CAT 1-ins and PG 1-ins) would depend on their
capacity to elevate endogenous b-catenin (70).

To test these predictions, 293-T cells were transfected with
the various constructs, together with a reporter plasmid that
detected LEF-1-responsive transcription, and the activity of
this reporter was determined (Fig. 8A). As expected, neither
b-CAT ARM nor PG ARM and PG 1-ins induced significant

FIG. 7. Transfection of deletion mutants or membrane-tethered forms of
b-catenin increases the level and translocates endogenous b-catenin to the nu-
cleus. 293-T cells were transiently transfected with plasmids encoding the arma-
dillo repeat of b-catenin (b-CAT ARM) (A and B), a connexin-fused derivative
(CNX-b-CAT ARM) (C and D), and b-CAT 1-ins (E and F). Cells were stained
for the HA tag to detect the transfected proteins (A, C, and E) and doubly
stained for endogenous b-catenin with the 6F9 antibody (B, D, and F), which
does not recognize the truncated b-catenin mutants. Note that both CNX-b-
CAT ARM and b-CAT ARM are efficient in translocating the endogenous
b-catenin into the nucleus. Localization of the transfected proteins to cell-cell
contact sites (arrow) and to cytoplasmic vesicles (arrowhead) is indicated. Bar, 10
mm. (G) Levels of nuclear and cytoplasmic b-catenin in control and transfected
cells were determined by computerized quantitation of the fluorescence intensity
as described in Materials and Methods. The values were derived from 30 cells
and represent the means 6 standard errors of the means. Note that transfection
of the catenin constructs induced an increase in the levels of the endogenous
b-catenin in both the cytoplasm and the nucleus of the transfected cells.

FIG. 8. Transcriptional properties of various b-catenin and plakoglobin con-
structs. 293-T cells were transfected with different catenin constructs together
with a LEF-1-responsive reporter and the LacZ plasmid that served as control
for transfection efficiency and lysed 36 h after transfection, and luciferase activity
was determined. The values (fold activation) were normalized for transfection
efficiency by analyzing b-galactosidase activity. (A) Note that transfection with
the armadillo repeat constructs PG ARM and b-CAT ARM, which lack the
transactivation domain, was inefficient in the induction of reporter activation,
while the connexin fusion of these constructs (CNX-PG ARM and CNX-b-CAT
ARM) effectively induced transactivation. (B) The inhibitory effect of catenin
constructs on transcriptional activation driven by full-length b-catenin was de-
termined by transfecting 0.6 mg of b-catenin and 3 mg of control plasmid, or the
indicated catenin constructs, together with the reporter plasmid and the LacZ
control. Note the inhibitory effect of b-CAT ARM and PG ARM (probably by
a dominant-negative action in the nucleus). In contrast, CNX-b-CAT ARM and
CNX-PG ARM, which are sequestered in the cytoplasm, elevated transcription
similarly to plakoglobin. In addition, b-CAT 1-ins and PG 1-ins, which could not
complex with LEF-DNA (Fig. 2B), had no significant effect on b-catenin-di-
rected transactivation.
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transcriptional activation of the reporter, while transfection of
b-CAT 1-ins led to a 20-fold activation of the reporter (Fig.
8A). The transactivation potential of b-CAT 1-ins was similar
to that of PG (Fig. 8A) (70), in line with their similar capacities
to elevate the level of endogenous b-catenin (Fig. 6 and 7). PG
ARM and PG 1-ins were both weak in transactivation (Fig.
8A), while their abilities to form complexes with LEF-1–DNA
were very different (Fig. 2B, lanes 10 and 12).

To examine whether an efficient complex formation by these
mutants with LEF-1–DNA is reflected in a dominant-negative
effect on b-catenin-directed transactivation, b-catenin was
transfected together with the expression plasmids coding for
b-CAT ARM, PG ARM, b-CAT 1-ins, and PG 1-ins (Fig. 8B).
In agreement with the in vitro binding studies, both b-CAT
ARM and PG ARM inhibited b-catenin-driven transactiva-
tion, while b-CAT 1-ins and PG 1-ins had no effect (Fig. 8B;
see Fig. 9C for the proposed mechanism).

To demonstrate that this inhibition of transcription requires
nuclear localization of the b-CAT ARM and PG ARM con-
structs, we have also used fusion proteins of these catenin
mutants with the transmembrane domain of connexin (Fig. 1).
With these membrane-tethered forms of b-CAT ARM and PG
ARM (CNX-PG ARM and CNX-b-CAT ARM), there was no
inhibition of transactivation, but rather a significant induction
of transcription (Fig. 8B). This was expected, as these fusion
proteins were localized in the cytoplasm (Fig. 7C and 6E),
elevated endogenous b-catenin levels, and efficiently activated
transcription (Fig. 8A), most probably by the endogenous
b-catenin (Fig. 9D).

Taken together, the transactivation studies demonstrated
that the differences observed in vitro in LEF-1–DNA complex
formation with the various b-catenin and plakoglobin mutants
were also reflected in their different transactivation capacities
in transfected cells.

DISCUSSION

b-Catenin and plakoglobin display a high degree of homol-
ogy and have similar functions in the assembly of cell-cell
adherens junctions, but the two proteins are clearly different in
various aspects (for a review, see reference 6). This was most
convincingly demonstrated by the different phenotypes ob-
served in mice that were knockouts for plakoglobin (7, 62) and
b-catenin (21, 31) and by the different effects of the interfer-
ence with the function of maternal b-catenin (24) and plako-
globin (38) in Xenopus embryos. Mice lacking plakoglobin did
not display abnormalities that could be attributed to compro-
mised wnt signaling in early development, and a decrease in
maternal plakoglobin level in Xenopus did not affect embryonic
axis formation, which, in contrast, is critically dependent on
b-catenin–LEF/TCF-driven transcription. Furthermore, acti-
vating mutations in b-catenin were reported to lead to onco-
genic transformation (reviewed in references 6 and 58), and
oncogenes such as c-myc and cyclin D1 (23, 69, 78) and inva-
sion-promoting secreted proteases including matrilysin (13)
are direct transcriptional targets of the b-catenin–LEF/TCF
complex. In contrast, the levels of plakoglobin are often re-
duced in cancer cells (2, 48, 71, 74), and overexpression of
plakoglobin was shown to suppress tumorigenicity (71).

In spite of these differences, when several functional tests
were applied to b-catenin and plakoglobin, they revealed a
high degree of similarity in the effects of the two catenins. For
example, ectopic overexpression of either b-catenin (19, 24) or
plakoglobin (33) leads to axis duplication in Xenopus, and both
proteins can induce transcriptional activation of a LEF/TCF
reporter plasmid when transfected into mammalian cells (46,

70). To address this apparent contradiction between the simi-
larities and the differences in b-catenin and plakoglobin func-
tions, we studied the mechanism of transcriptional activation in
plakoglobin-overexpressing cells and compared the abilities of
b-catenin and plakoglobin to form complexes with LEF/TCF
and DNA.

The difference between b-catenin and plakoglobin in the
formation of catenin–LEF/TCF–DNA complexes. By applying
the DNA EMSA, we demonstrated that plakoglobin differs
from b-catenin in its ability to form a catenin–LEF/TCF–DNA
complex. While b-catenin–LEF/TCF–DNA complexes were
efficiently formed using this experimental approach, plakoglo-
bin–LEF/TCF–DNA complex formation was undetectable.
However, we (this study) and others (29) found that trans-
fected b-catenin and plakoglobin were both effective in coim-
munoprecipitating LEF-1, and vice versa, and the catenin-
binding domain of LEF-1 is equally potent in recruiting
b-catenin and plakoglobin to a LexA-driven promoter (25). In
addition, overexpression of either b-catenin or plakoglobin
results in its colocalization with LEF-1 in the nuclei of the
transfected cells (4, 63, 70). Taken together with the present
study, these results suggest that, while a plakoglobin–LEF-1
complex can form, this complex is probably very inefficient in
binding to DNA. This difference in DNA binding of the cate-
nin complexes was detected with nuclear extracts from trans-
fected cells and also with in vitro-translated proteins, using
either LEF-1 or TCF-4. Such a difference, therefore, likely
results from inherent structural variations between b-catenin
and plakoglobin and not from differential regulation of
catenins by their interaction with other regulatory proteins.

Since cells transfected with plakoglobin display LEF/TCF-
dependent transactivation, while plakoglobin–LEF-1–DNA
complexes were not detected in the nuclear extracts of these
cells, we examined the reason for LEF-directed transcription
in these cells. We demonstrated that the catenin–LEF-1–DNA
complex detected by DNA mobility shift analysis with nuclear
extracts from plakoglobin-transfected cells is comprised, by
and large, of the endogenous b-catenin whose level was in-
creased in these cells (43, 70). It appears, therefore, that trans-
activation in cells transfected with plakoglobin is most likely
mediated by the elevated endogenous b-catenin and not by
plakoglobin (Fig. 9A and B). In addition, the apparent simi-
larity in the effects of b-catenin and plakoglobin on transcrip-
tional activation does not reflect similar mechanisms of action
of the two proteins (Fig. 9). While the overexpression of
b-catenin probably mimics the elevation in b-catenin following
activation of the wnt pathway, which leads to b-catenin-driven
transactivation after complexing with LEF/TCF, overexpres-
sion of plakoglobin results in compromised degradation of the
endogenous b-catenin (by the interaction of plakoglobin with
components of the degradation machinery [30, 37, 43, 59, 64]),
thereby indirectly leading to transactivation (Fig. 9A and B).
This plakoglobin-induced transcription masks the apparent in-
ability of plakoglobin to act as coactivator of LEF/TCF factors
as shown in the present study. These findings support the
hypothesis that the function of plakoglobin in Xenopus axis
specification is mediated by the elevation of the endogenous
b-catenin (43) and are also in agreement with the phenotype of
plakoglobin knockout mice (7, 62), which display normal wnt
signaling. These results are also consistent with the inability of
plakoglobin to rescue the signaling function of armadillo in
arm2/2 Drosophila embryos (83).

Taking these results together with studies demonstrating the
ability of both plakoglobin and b-catenin to complex with
LEF-1 in transfected cells (this study and references 29 and
70), we suggest a model (Fig. 9B) in which plakoglobin can
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form a complex with LEF-1 in the nuclei of cells transfected
with plakoglobin but this complex is not bound to DNA, while
the elevated endogenous b-catenin in such cells forms tran-
scriptionally active b-catenin–LEF/TCF–DNA complexes.

This model does not rule out the possibility that plakoglobin
may have a role in transactivation under other circumstances.
This notion is based on the presence of a C-terminal transac-
tivation domain in the plakoglobin molecule that is active in
transcription when linked to a Gal4 DNA binding domain,
similar to the C terminus of b-catenin and armadillo (70). In

addition, the comparison of the ARM repeats of the two
catenins in their ability to complex with LEF–DNA suggests a
quantitative, rather than a qualitative, difference between the
two proteins (Fig. 2, lanes 9 and 10). Moreover, a fusion pro-
tein consisting of a heterologous DNA binding domain with
LEF-1 (LexA–LEF-1) could activate transcription with both
b-catenin and plakoglobin in yeasts, which lack endogenous
catenins (25). It is noteworthy, however, that the heterologous
LexA DNA binding domain that mediated DNA binding in the
plakoglobin–LEF-1–DNA complex (25) could have been dif-

FIG. 9. Schematic representation of the proposed effect of plakoglobin and catenin mutants on endogenous b-catenin and LEF/TCF-dependent transcription. (A)
When b-catenin levels are elevated, b-catenin activates transcription directly by forming a b-catenin–LEF/TCF complex. (B) Plakoglobin blocks degradation of
endogenous b-catenin in the cytoplasm and also localizes to the nucleus but does not form a plakoglobin-LEF/TCF-DNA complex; rather, it induces transactivation
indirectly by elevating the level of endogenous b-catenin. (C) The armadillo repeat domains of b-catenin and plakoglobin (CAT ARM) elevate endogenous b-catenin
but act as dominant-negative inhibitors of transcription by forming a transcriptionally inactive complex with LEF/TCF and DNA. (D) The membrane-tethered armadillo
repeats of b-catenin and plakoglobin (CNX-CAT ARM) act as transcriptional activators by elevating endogenous b-catenin similarly to plakoglobin.
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ferently affected by plakoglobin, compared to the binding of
LEF-1 to DNA via its native high-mobility group domain (as
used in the present study).

Regulation of catenin–LEF-1–DNA complex formation by
the N- and C-terminal domains of catenins. While plakoglobin
was inefficient in the formation of a catenin–LEF-1–DNA
complex, we found that its armadillo repeat domain was highly
competent in this activity. This rather unexpected finding sug-
gests that catenins may have built-in regulatory domains that
affect catenin–LEF/TCF–DNA complex formation. Our at-
tempts to map such regulatory domains led us to conclude that
both the N- and C-terminal domains of the catenin molecules
are required for such negative regulation of plakoglobin–LEF-
1–DNA complex formation. Interestingly, a similar negative
effect on b-catenin–LEF-1–DNA complex formation of the N-

and C-terminal domains of b-catenin was also observed, sug-
gesting a common regulatory mechanism for both catenins.

Our efforts to determine whether the difference between
catenins in ternary complex formation results from different
terminal domains or from differences in the ARM repeats lead
us to conclude that this is most probably attributable to the
ARM domains of the two proteins and is enhanced by the
inhibitory effect of the terminal domains. Our finding that the
terminal domains of one catenin could be replaced by those of
the other, without a significant change in the efficiency of the
molecules in forming a ternary complex, supports this notion.

A recent study using the yeast two-hybrid screen demon-
strated that the C terminus of the Drosophila melanogaster
b-catenin (armadillo) could bind to the armadillo repeat do-
main of this molecule (11). It is possible that the inhibitory

FIG. 9—Continued.
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effect of the terminal domains of catenins on catenin–LEF-1–
DNA complex formation results from intramolecular interac-
tions within the catenin molecule, a property conserved in
evolution between Drosophila and mammals. In this respect, it
is noteworthy that the C termini of b-catenin and plakoglobin
are acidic, while the armadillo repeat domain forms a posi-
tively charged groove (28) that can potentially serve as a bind-
ing site for the terminal domains. Interestingly, deletion of the
C terminus of plakoglobin was shown to increase its binding in
vitro to the cytoplasmic domain of E-cadherin (79) and to
enhance desmosome assembly in transfected cells (54). In ad-
dition, terminal domains of b-catenin were shown to negatively
regulate its interaction with desmoglein, the effect that may
arise from the intramolecular interactions within the catenin
molecule (82). Together, these results strongly support the
existence of a negative regulation of ternary complex forma-
tion with LEF/TCF–DNA and the interaction of catenins with
other partners by their terminal domains.

The in vitro ternary complex formation studies were corrob-
orated by transactivation experiments demonstrating that the
armadillo repeat domains of both catenins (which lack the
transactivation domains) can act as dominant-negative effec-
tors of b-catenin-mediated transcription, by forming inactive
complexes with LEF-1 on the DNA. Such inactive complexes
on the DNA could prevent the complexing of endogenous
b-catenin with LEF–DNA and thus inhibit transactivation
(Fig. 9C).

Interestingly, the ARM domain of b-catenin was shown to
act positively in the wnt signaling pathway of Xenopus (19), in
contrast to the results of the present study. One possible ex-
planation for this difference could be that the balance between
the negative effect (owing to ARM complexing with LEF-1)
and the positive effect (by elevating endogenous b-catenin) is
different when comparing the injection studies in Xenopus and
the transfection in mammalian cells, therefore leading to an
activation rather than to inhibition in the Xenopus system.

As predicted, cytoplasmic anchorage of the armadillo do-
mains, of either plakoglobin or b-catenin, by their fusion to the
transmembrane domain of connexin abolished their inhibitory
effect on transcription. In contrast, such membrane-tethered
forms of the armadillo domains of both catenins acted as
transcription activators, by elevating the endogenous b-cate-
nin, similar to the effect of membrane-anchored b-catenin (12,
26, 42, 43, 49) (Fig. 9C and D) and plakoglobin (36, 43).

In conclusion, this study demonstrated significant differ-
ences between the abilities of b-catenin and plakoglobin to
form DNA-bound complexes with LEF/TCF factors. In addi-
tion, transcriptional activation in cells overexpressing plako-
globin is apparently not directly regulated by plakoglobin but is
mediated by the elevated endogenous b-catenin. These results
are consistent with the differential roles that the two catenins
may play in wnt signaling (7, 38, 62).

Nevertheless, since the armadillo repeat domain of plako-
globin can efficiently bind to the LEF-1–DNA complex and
since there is a transactivation domain in the C terminus of
plakoglobin (25, 70), plakoglobin may have a potential to act as
a transcription activator under certain conditions. Current
studies in our laboratory, employing DNA-microarray technol-
ogy, are addressing the question of the possible capacity of
plakoglobin to induce genes in cells lacking b-catenin.
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