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Wnt signaling stabilizes B-catenin, which in turn influences the transcription of Wnt-responsive genes in
conjunction with T-cell factor (TCF) transcription factors. At present, there are two models for the actions of
B-catenin. The conventional nuclear model suggests that B-catenin acts in the nucleus to form a heterodimeric
transcriptional factor complex with TCF, with TCF providing DNA-specific binding and the C and N termini
of B-catenin stimulating transcription. The alternative cytoplasmic model postulates that (3-catenin exports
TCF from the nucleus to relieve its repressive activity or activates it in the cytoplasm. We have generated
modified forms of 3-catenin and used RNA interference against endogenous 3-catenin to distinguish between
these models in cultured mammalian and Drosophila cells. We show that the VP16 transcriptional activation
domain can replace the C terminus of 3-catenin without loss of function and that the function of B-catenin is
compromised by fusion to a transcriptional repressor domain from histone deacetylase, favoring the direct
effects of 3-catenin in the nucleus. Furthermore, membrane-tethered 3-catenin requires interaction with the
adenomatous polyposis coli protein but not with TCF for its function, whereas untethered -catenin requires
binding to TCF for its signaling activity. Importantly, by using RNA interference, we show that the signaling
activity of membrane-tethered (3-catenin, but not free (3-catenin, requires the presence of endogenous [3-cate-
nin, which is able to accumulate in the nucleus when stabilized by the binding of the -catenin degradation
machinery to the membrane-tethered form. All of these data support a nuclear model for the normal function

of (3-catenin.

Whnt proteins are closely related secreted glycoproteins that
play critical roles in cell proliferation and cell fate determina-
tion at many stages of development (37). In addition, deregu-
lation of the Wnt signaling pathway leads to cancer (22). In the
absence of a Wnt signal, B-catenin is mostly associated with the
plasma membrane, where it associates with E-cadherin and
a-catenin and promotes cellular adhesion. Cytosolic B-catenin
is normally bound to Axin and the adenomatous polyposis coli
(APC) protein, phosphorylated at the N-terminal Ser/Thr res-
idues by casein kinase Ia and glycogen synthase kinase 3
(GSK3), and then degraded by the ubiquitination-proteasome
system. In response to a Wnt signal, B-catenin accumulates in
the cytoplasm and nucleus and influences the transcription of
Wht-responsive genes in conjunction with the LEF/T-cell fac-
tor (TCF) family of transcription factors (2, 19).

Wnt proteins induce the accumulation of nuclear B-catenin,
and prominent B-catenin nuclear staining has been found in
human cancers with deregulated Wnt signaling. B-Catenin
binds to LEF/TCF transcription factors and the C terminus of
B-catenin possesses potent transcription activation activity
(32). These observations support a model in which B-catenin
functions in the nucleus, forming a composite transcription
factor, with TCF enabling sequence-specific DNA binding and
the C and N termini of B-catenin augmenting the enzymatic
activity of RNA polymerase.

However, the nuclear model of B-catenin action has been
challenged. It is known that, in the absence of B-catenin, TCF
represses Wnt-responsive genes by recruiting Groucho-related
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transcriptional repressors (5, 23). This has led to the suggestion
that the major function of B-catenin might be binding to TCF
in the cytoplasm, relieving the repressor activity of TCF (17).
This idea has recently been reinforced by a series of experi-
ments performed in Drosophila melanogaster that suggest that
membrane-tethered armadillo (Drosophila -catenin) activates
signaling independently of endogenous armadillo and that the
C terminus of armadillo provides a nuclear export instead of
transcriptional activation function (6). These results support a
cytoplasmic model for the function of B-catenin, with B-catenin
modulating Wnt signaling through nuclear export or cytoplas-
mic activation of LEF/TCF transcription factors.

In the present study, we used function-specific mutants and
chimeras of B-catenin and small interfering RNA (siRNA)
against B-catenin to test whether the function of B-catenin is
mediated by nuclear or cytoplasmic B-catenin. Our results sug-
gest that, in our cell culture systems, the function of B-catenin
is carried out by nuclear B-catenin and that the signaling ac-
tivity of membrane-tethered B-catenin requires endogenous
B-catenin.

MATERIALS AND METHODS

Expression constructs. Human B-catenin mutants and LEF1-B-catenin chi-
meras were tagged with hemagglutinin (HA) epitope fused at the carboxyl
termini and cloned into a mammalian expression vector under the control of the
cytomegalovirus (CMV) promoter. Site-directed mutagenesis was performed by
using PCR, and all constructs were verified by DNA sequencing. A list of the
sequences at the joins between different components of various chimeric proteins
follows (the joins are indicated by “/”; additional amino acids generated at the
joins are indicated in lowercase): VP16-BAC = EYGG/g/ATQA, HDAC4-B =
EPPL/tr/ATQA, CNX-B = TTRA/tr/ATQA, BN-LEFAN = AGTL/ar/NESE,
BC-LEFAN = DTDL/ar/NESE, and FKBP-LEFAN = LKLE/tr/NESE. The plas-
mid encoding CnxPkg has been reported earlier (13). Human B-catenin and
plakoglobin mutants, LEF-1, and Renilla luciferase were cloned into the Dro-
sophila expression construct pPac-PL under the control of the Drosophila actin
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promoter. Human B-catenin and plakoglobin mutants were fused with green
fluorescent protein (GFP) at the carboxyl termini. Detailed descriptions of the
cloning process and physical maps of the constructs are available upon request.

Mammalian cell culture, transfection, and luciferase assays. Human kidney
epithelial 293 cells and mouse NIH 3T3 cells were grown in Dulbecco modified
Eagle medium supplemented with 10% fetal bovine serum or bovine calf serum
(HyClone), 1% glutamine, and 1% penicillin-streptomycin (Gibco) at 37°C in
5% CO,. Cells were plated into 12-well plates 24 h before transfections and
transfected with Lipofectamine 2000 (Invitrogen) according to the protocol pro-
vided by the manufacturer. For 293 cells, each well received 0.01 pg of pPCMV-
Renilla, 0.2 pg of TOP-FLASH, and 0.5 pg of effector plasmid. For NIH 3T3
cells, each well received 0.02 wg of pCMV-LEF-1, 0.01 ng of pCMV-Renilla, 0.2
g of LEF-1-luciferase reporter plasmid, and 0.5 pg of effector plasmid. Lucif-
erase assays were performed with the dual luciferase assay kit (Promega) ac-
cording to the manufacturer’s instructions. The luciferase activities were nor-
malized with the Renilla luciferase activities. Each experiment was carried out in
triplicate, and error bars represent standard deviations. The activity of the empty
vector was set to 1.

RNA interference. The siRNA targeting human B-catenin was derived from an
mRNA sequence (AATGCTTGGTTCACCAGTGGA) of human B-catenin,
which contains one underlined mismatch with the corresponding sequence of
mouse B-catenin. The siRNA targeting mouse B-catenin was derived from an
mRNA sequence (AAACATAATGAGGACCTACAC) of mouse B-catenin,
which contains two mismatches (underlined) with the corresponding sequence of
human B-catenin mRNA. The siRNA targeting an mRNA sequence (AACAA
GATCACCTTCTCCGAG) of human Dvll was used as the negative control in
siRNA experiments. The siRNA duplexes were prepared by Dharmacon Re-
search (Lafayette, Colo.).

Drosophila S2 cell transfection and dsRNA experiments. We have used a
LEF-luciferase assay in Drosophila S2 cells as described previously (25). S2 cells
were grown at room temperature in Schneider’s Drosophila medium (Gibco)
supplemented with 10% fetal bovine serum (Gibco), 1% glutamine, and 1%
penicillin-streptomycin (Gibco). Double-stranded RNA (dsRNA) experiments
were performed as described previously (7). PCR was performed with primers
containing T7 polymerase binding sites. Complementary single-stranded RNA
with a length of ~700 nucleotides was generated by using a MegaScript T7
transcription kit (Ambion) and annealed to form dsRNA. S2 cells were plated
into six-well plates at a density of 10° cells/well. dsSRNA was added into S2 cells
at 15 pg/well in 1 ml of Drosophila serum-free medium (D-SFM; Gibco). After
1 h of incubation, 1 ml of D-SFM containing 20% fetal calf serum was added.
Cells were transfected with the indicated plasmids 24 h after dSRNA treatment.
Cells were transfected with CellFECTIN (Invitrogen) according to the protocol
provided by the manufacturer. Each well received 0.1 pg of pPac-LEF-1, 0.1 pg
of pPac-Renilla, and 0.1 ng of LEF-1-luciferase reporter plasmid and 0.5 wg of
effector plasmid. At 36 h after transfection, cells were lysed, and cell lysates were
used for luciferase assay. The following genes were targeted with dsSRNA: Dro-
sophila armadillo, accession no. X54468; and Drosophila aconitase, accession no.
NM_079969. The primers used to generate templates for T7 polymerase were 5’
primer (5'-GGATTAATACGACTCACTATAGGGAGACAGCTAAGCCAG
ACACGTTC-3") and 3’ primer (5'-GGATTAATACGACTCACTATAGGGA
GAGCTTTCCTGGTTGCCGTAGG-3') for armadillo and 5 primer (5'-GGATT
AATACGACTCACTATAGGGAGACTCTGTCCAAGTTCGACTCG-3") and 3’
primer (5'-GGATTAATACGACTCACTATAGGGAGAGATAGAGTCAAC
ACCCTGC-3') for aconitase. Aconitase-dsRNA was used as a negative control
in the RNA interference experiments.

Immunoblot analysis. Cells were lysed with radioimmunoprecipitation assay
buffer (10 mM sodium phosphate [pH 7.4], 100 mM NaCl, 1% Triton X-100,
0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, and protease inhibi-
tors). Equal amounts of protein were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, and proteins were transferred onto a nitro-
cellulose filter. After a blocking step with 5% dry milk in Tris-buffered saline plus
0.1% Tween 20 for 1 h, the membrane was incubated with the primary antibodies
overnight at 4°C and with horseradish peroxidase-conjugated secondary antibod-
ies for 1 h at room temperature. Signals were detected by an enhanced chemi-
luminiscence kit (Amersham). Mouse monoclonal anti-B-catenin antibodies
were purchased from Transduction Laboratories, and mouse monoclonal anti-
a-tubulin antibodies were purchased from Sigma.

Fluoresence microscopy. COS cells were transfected with HA-tagged B-cate-
nin AC. At 36 h after transfection, cells were washed once with phosphate-
buffered saline (PBS) and then fixed with 2% paraformaldehyde for 20 min at
room temperature. Fixed cells were treated with 0.1% Triton X-100 for 5 min
and blocked with 2% fetal bovine serum in PBS for 1 h. Mouse monoclonal
anti-B-catenin (Transduction Laboratories) and rabbit anti-HA antibody
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(HA.11; Covance) were incubated with cells for 1 h at 37°C. Cells were then
rinsed and incubated with affinity-purified, fluorescein isothiocyanate (FITC)-
conjugated, goat anti-rabbit immunoglobulin (Sigma) and Texas red-conjugated
goat anti-mouse immunoglobulin (Jackson Immunoresearch Laboratories) in
PBS supplemented with 2% fetal bovine serum for 1 h at 37°C. Cells were then
washed with PBS. Nuclei were counterstained with DAPI (4’,6'-diamidino-2-
phenylindole) dihydrochloride (Roche) at a final concentration of 1.5 pg/ml in
PBS for 30 min in room temperature. Cells were then washed several times with
PBS, mounted by using Vetashield mounting medium (Vector), and examined by
fluorescence microscopy (Leica).

Analysis of mRNA. DNA-free RNA was obtained with the RNeasy Minikit
(Qiagen) with DNase treatment, and 5 pg of total RNA was reverse transcribed
with oligo(dT) and Moloney murine leukemia virus reverse transcriptase. Real-
time PCR was done in triplicate with the iCycler iQ thermal cycler and detection
system (Bio-Rad) and the PCR core reagents kit (Applied Biosystems) with 500
nM concentrations of primers; the final Mg?* concentration was adjusted to 4
mM. Fourfold serial dilutions of cDNAs were used to generate curves of log
input amount versus threshold cycle, and comparable slopes for a given primer
set were obtained for the group of cDNAs being tested (signifying comparable
efficiencies of amplification). Induction was normalized for levels of GAPDH
(glyceraldehyde-3-phosphate dehydrogenase). When reverse transcriptase was
omitted, threshold cycle number increased by at least 10, signifying a lack of
genomic DNA contamination or nonspecific amplification. The generation of
only correct-size amplification products was confirmed with agarose gel electro-
phoresis, and the identity of PCR product was confirmed by DNA sequencing.
The oligonucleotide primers used were as follows: GAPDH, 5'-GTGAAGGTC
GGAGTCAAC-3' and 5'-TGGAATTTGCCATGGGTG-3'; and DKKI, 5'-AA
TCTGTCTCGCCTGCAGGAAG-3" and 5'-ACCCATCCAAGGTGCTATGA
TC-3'.

RESULTS

Functional substitution of the C terminus of 3-catenin by
the VP16 transcriptional activation domain. In the nuclear
model, B-catenin is proposed to function as a transcription
activator by recruiting nuclear factors to DNA-bound TCEF,
thereby increasing the enzymatic activity of the RNA polymer-
ase II complex. However, in the cytoplasmic model, B-catenin
could function by exporting TCF out of the nucleus, thereby
reducing its inhibitory activities, or by activating TCF in the
cytoplasm. In order to distinguish between these two models,
we first sought to determine whether the function of disabled
B-catenin can be compensated for by a fused transcription
activation domain and whether a wild-type B-catenin can be
compromised by a fused transcription repressor domain.

B-Catenin is composed of an N-terminal region, a central 12-
armadillo-repeat region, and a C-terminal region (Fig. 1A).
The N-terminal region influences the stability of B-catenin;
Ser/Thr residues in the N-terminal region of B-catenin are
phosphorylated by GSK3 and targeted by B-TrCP for ubiquiti-
nation and degradation; mutations of these phosphorylation
sites stabilize the protein. The armadillo repeats contain the
binding sites for most B-catenin binding partners, such as E-
cadherin, APC, Axin, and TCF. The C-terminal region is re-
quired for the normal signaling activity of B-catenin and pos-
sesses the capacity to activate transcription when fused to a
heterologous DNA-binding domain (32).

We first tested whether the C terminus of B-catenin could be
replaced by the VP16 transcriptional activation domain. Hu-
man B-catenin is used in most of the experiments in the present
study, and all B-catenin derivatives that we generated contain
the stabilizing S37A mutation and an HA epitope. B-Catenin
mutants were ectopically expressed in 293 cells, together with
a TOP-FLASH luciferase reporter that contains multiple cop-
ies of an optimal TCF-binding site (32). As seen in Fig. 1B,
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FIG. 1. Functional substitution of the C terminus of B-catenin by
the VP16 transcriptional activation domain. (A) Schematic represen-
tation of B-catenin constructs. B-Catenin is composed of the N-termi-
nal domain (OJ), 12 armadillo repeats (&), and the C-terminal domain
(). Amino acid residues 675 to 781 were deleted to form B-catenin
AC, and residues 422 to 490 of VP16 were added to the amino termi-
nus of B-catenin AC to form VP16—p-catenin AC. All B-catenin deriv-
atives were tagged with HA epitopes at their C termini. (B) Activation
of TOP-FLASH by B-catenin (B), -catenin AC (BAC), and VP16—8-
catenin AC (VP16-BAC). Human 293 cells were transfected with indi-
cated plasmids, together with TOP-FLASH and a CMV-Renilla lucif-
erase reporter, and the luciferase activities were determined as
described in Materials and Methods. Expression of B-catenin con-
structs was monitored by immunoblotting with anti-HA antibodies
(below the chart). (C) Induction of the DKK1 gene by B-catenin
proteins. 293 cells were transfected with indicated plasmids. The abun-
dance of DKK1 mRNA was determined by reverse transcription and
quantitative real-time PCR. The results were normalized by the level
of GAPDH. vec, Vector.

exogenous expression of B-catenin dramatically increased the
luciferase activity of TOP-FLASH, and truncating the C-ter-
minal 108 amino acid residues of B-catenin (B-catenin AC)
decreased the signaling activity of B-catenin by 10-fold.

We reasoned that if the primary function of the C terminus
of B-catenin was to activate transcription, it could be function-
ally substituted with the VP16 transcriptional activation do-
main. Indeed, fusing the VP16 transcriptional activation do-
main to the N terminus of B-catenin AC fully rescued its
signaling activity (Fig. 1B). We initially fused the VP16 activa-
tion domain to the N terminus of B-catenin AC to avoid po-
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tential structural interference with the C-terminal armadillo
repeats, but we obtained indistinguishable results when the
VP16 transcriptional activation domain was fused to the C
terminus of B-catenin AC (data not shown). The production of
various B-catenin derivatives was similar, as measured by im-
munoblotting (Fig. 1B), and B-catenin and VP16-B-catenin
AC had no effect on the FOP-FLASH luciferase reporter,
which contains multiple copies of mutant form of TCF binding
sites (data not shown).

We confirmed these results with an endogenous gene regu-
lated by B-catenin. Expression profiling has revealed that in
293 cells, DKKI1, an inhibitor of the Wnt-1 signaling pathway
(16), is upregulated by overexpression of Wnt or B-catenin (M.
Chamorro and H. Varmus, unpublished data). Using real-time
quantitative PCR, we showed that exogenous expression of
B-catenin in 293 cells increased DKKI1 expression by 20-fold,
whereas expression of B-catenin AC had minimal effects (Fig.
1C). Notably, VP16-B-catenin S37A stimulated the expression
of DKKI1 to a similar extent, as did the full-length B-catenin
protein (Fig. 1C).

Together, these results indicate that the C terminus of
B-catenin can be functionally replaced by the VP16 transcrip-
tional activation domain, suggesting that the major effects of
B-catenin are mediated by transcription activation.

Inhibition of the function of 3-catenin by a fused transcrip-
tional repressor domain. If B-catenin functions as a transcrip-
tional activator in the nucleus, its signaling activity might be
compromised by fusion to a transcriptional repressor domain.
Histone deacetylases (HDACs) repress transcription by re-
moving acetyl groups from histones and remodeling chromatin
into a closed conformation (26). Fusing the catalytic domain of
HDAC4 (amino acids 663 to 1083) to the N terminus of B-cate-
nin significantly decreased the activity of B-catenin on the
expression of luciferase from the TOP-FLASH plasmid (Fig.
2B). Two residues, His-802 and His-803, in the catalytic do-
main of HDACH4 are essential for its catalytic activity (35). The
HDAC4-B-catenin fusion containing mutated His-802 and
His-803 no longer suppressed B-catenin signaling activity (Fig.
2B). Therefore, the effects of the HDACH4 catalytic domain on
the signaling activity of B-catenin require the enzymatic activity
of HDAC4 and are not due to the steric effects of adding
HDAC4 protein to the N terminus of B-catenin. Since
HDAC4-B-catenin had no effect on the expression of Renilla
luciferase encoded by a cotransfected plasmid (data not
shown), it did not have a global inhibitory effect on transcrip-
tion. Exogenous expression of the HDAC4—B-catenin chimera
also had negligible effects on FOP-FLASH (data not shown).
These data suggest that the signaling activity of B-catenin is
compromised when fused to enzymatically active HDAC4,
which can modulate chromatin into a closed conformation, a
finding consistent with the view that B-catenin normally func-
tions in the nucleus to promote transcription.

Differential requirements of APC and LEF binding for
membrane-tethered and untethered B-catenin. Membrane-
tethered B-catenin and plakoglobin (a B-catenin relative) pos-
sess signaling activities (13, 17, 38). These observations suggest
that B-catenin can function in the cytoplasm. However, since
endogenous B-catenin becomes stabilized upon overexpression
of membrane-tethered B-catenin, it has been postulated that
membrane-tethered B-catenin competes with endogenous
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B-catenin for its binding partners, such as APC, which pro-
motes the degradation of B-catenin, and that stabilized endog-
enous B-catenin then mediates the signaling activities of mem-
brane-tethered B-catenin (18).

To investigate these possibilities, we tested the signaling
activities of B-catenin mutants with defective binding affinities
for LEF/TCF or APC. If membrane-tethered B-catenin func-
tions by titrating components of B-catenin degradation com-
plex and stabilizing endogenous B-catenin, as suggested by the
nuclear model, binding to APC, but not to LEF/TCF, might be
required for activity. On the other hand, if membrane-tethered
B-catenin acts through sequestering repressive LEF/TCF or
activating LEF/TCF in the cytoplasm, as suggested by the cy-
toplasmic model, it should require binding to LEF/TCF, but
not to APC, for activity.

We first examined the effect of membrane-tethered B-cate-
nin on endogenous B-catenin. HA-tagged connexin—3-catenin
AC (CnxBAC) was overexpressed in COS cells, and in situ
immunofluoresence experiments were performed. Consistent
with previous findings, overexpression of CnxBAC results in
stabilization of endogenous B-catenin (Fig. 3A). Similarly,
overexpression of connexin-plakoglobin also induces stabiliza-
tion of endogenous B-catenin (data not shown).

B-Catenin binds to most of its partners through its armadillo
superhelix. B-Catenin mutants that have compromised affini-
ties to various binding partners have been identified by a struc-
ture-function analysis of B-catenin mutants (34). Specifically, it
has been shown that Lys-435 of B-catenin is essential for bind-
ing to LEF/TCF transcription factors, whereas Trp-383 and
Arg-386 are important for binding to the 20- and 15-amino-
acid repeats of APC. Therefore, mutating Lys-435 would de-
crease the interaction between B-catenin and LEF/TCF,
whereas mutating Trp-383 and Arg-386 would affect the inter-
action between B-catenin and APC. When B-catenin was fused
to the C terminus of the transmembrane domain of connexin
and anchored to the cytoplasmic face of intracellular vesicles,
it strongly activated TOP-FLASH (Fig. 3C), a finding consis-
tent with previous results with membrane-tethered plakoglobin
(13). Next, we generated mutant forms of B-catenin or con-
nexin—f3-catenin containing either K435A or W383A/R386A
mutations (Fig. 3B). Consistent with the previous study (34),
we found by using a coimmunoprecipitation assay that B-cate-
nin K435A bound poorly to LEF-1, whereas B-catenin W383A/
R386A bound relatively poorly to APC (data not shown). We
then tested these mutants for their signaling activities in 293
cells. Mutating Lys-435, but not Trp-383 and Arg-386, de-
creased the signaling activities of B-catenin (Fig. 3C). On the
other hand, mutating Trp-383 and Arg-386, but not Lys-435,
compromised the signaling activities of connexin—p-catenin
(Fig. 3C). Therefore, binding to LEF/TCF transcriptional fac-
tors is required for the signaling activity of untethered B-cate-
nin but not for that of membrane-tethered B-catenin; con-
versely, binding to APC is required for the function of
membrane-tethered B-catenin but not for that of untethered
B-catenin. These results support the hypothesis that mem-
brane-tethered B-catenin activates the signaling pathway by
inhibiting the function of the B-catenin destruction complex,
possibly by titrating APC, and are inconsistent with the hy-
pothesis that membrane-tethered -catenin activates the path-
way through a direct interaction with LEF/TCF.
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FIG. 2. Loss of signaling activity by fusing the transcriptional re-
pression domain from an HDAC to B-catenin. (A) Schematic repre-
sentation of HDAC4-B-catenin chimeras. The catalytic domain (amino
acids 663 to 1083) of HDAC4 was fused to the N terminus of B-catenin
(HDAC4-B). Two residues (His-802 and His-803) essential for the
catalytic activity of HDAC4 were mutated in HDAC4mut-B. All
B-catenin derivatives are tagged with HA epitopes at their C termini.
(B) Activation of TOP-FLASH by B-catenin and HDAC4—B-catenin
chimeras. 293 cells were transfected with TOP-FLASH together with
indicated expression constructs. 3-Catenin expression was determined
by immunoblotting with anti-HA antibodies (below the chart). vec,
Vector.

Inhibitory RNA confirms that endogenous 3-catenin is re-
quired for the signaling activity of membrane-tethered (3-cate-
nin. Although membrane-tethered B-catenin induces stabiliza-
tion of endogenous p-catenin, the question of whether
stabilized endogenous B-catenin mediates the signaling activity
of membrane-tethered B-catenin remains controversial (6, 8,
31). Because published loss-of-function experiments with ar-
madillo were performed in Drosophila and the membrane
function of armadillo is essential for the early development of
Drosophila embryos, complete removal of endogenous arma-
dillo precludes a completely satisfying assessment of armadillo
signaling. Therefore, only hypomorphic armadillo mutants
with various degrees of C-terminal truncations can be used to
test the signaling activities of membrane-tethered, full-length
armadillo, and interpretations have been complicated by the
possibility that the hypomorphic mutants retain signaling ac-
tivities.

We addressed this question by reducing endogenous B-cate-
nin levels through RNA interference in cultured human,
mouse, and Drosophila cells that produce membrane-tethered
variants of B-catenin and plakoglobin. The silencing effects of
human p-catenin-specific siRNA in 293 cells and mouse
B-catenin-specific siRNA in NIH 3T3 cells were documented
by immunoblotting (Fig. 4A). The effects of siRNA were highly
specificc human B-catenin-specific siRNA, but not mouse
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FIG. 3. Differential requirements of TCF and APC binding for activities of untethered and membrane-tethered B-catenins. (A) Stabilization
of endogenous B-catenin by membrane-tethered B-catenin. HA-tagged connexin—B-catenin AC (CnxBAC) was expressed in COS cells. Cells were
incubated with rabbit polyclonal anti-HA antibody and mouse monoclonal anti-B-catenin antibody. The epitope recognized by anti-pB-catenin
antibody was missing in CnxBAC. Cells were next stained with FITC-conjugated, anti-rabbit immunoglobulin and Texas red-conjugated, anti-
mouse immunoglobulin antibodies. Note that B-catenin is localized on the plasma membrane in cells without CnxBAC (the left side of pictures),
whereas B-catenin accumulated in the nucleus in cells with CnxBAC (the right side of pictures). (B) Schematic representation of B-catenin mutants
with defective TCF or APC binding sites. In Bm1, Lys 435, crucial for TCF binding, was changed to Ala. In fm2, W383 and R386, crucial for APC
binding, were both changed to Ala. Wild-type B-catenin, Bm1, and Bm2 were also fused to the C terminus of the transmembrane domain of
connexin to form Cnxf, CnxBml, and CnxBm?2, respectively. All B-catenin constructs were fused with HA epitopes at their C termini. (C) Dif-
ferential requirements of TCF and APC binding for untethered and membrane-tethered B-catenin. 293 cells were transfected with TOP-FLASH,
and the indicated expression constructs and luciferase activities were assayed. The expression of B-catenin mutants was followed by immunoblotting
with anti-HA antibodies (below the chart). vec, Vector.

B-catenin-specific siRNA, decreased Wnt-1-induced LEF-lu-
ciferase in human 293 cells, whereas mouse B-catenin-specific
siRNA, but not human B-catenin-specific siRNA, blocked
Wnt-1-induced LEF-luciferase in mouse NIH 3T3 cells (data
not shown).

First, we tested the effects of human B-catenin-specific
siRNA on the signaling activities of connexin-plakoglobin in
human 293 cells by using TOP-FLASH as a readout. Human
B-catenin-specific sSiRNA reduced the signaling activities of
connexin-plakoglobin by >80% but had no effect on the sig-
naling activities of LEF-VP16 (Fig. 4B), suggesting that en-

dogenous B-catenin is required for the function of membrane-
tethered plakoglobin.

Next, we examined the effects of mouse B-catenin-specific
siRNA on LEF-dependent transcription induced by various
human B-catenin mutants in mouse NIH 3T3 cells. As shown
in Fig. 4C, mouse B-catenin-specific sSiRNA had only a minimal
effect on the induction of luciferase by human B-catenin but
significantly decreased the signaling activities of connexin-hu-
man B-catenin and connexin-human f-catenin AC, presum-
ably by reducing the levels of endogenous murine -catenin.

Similar experiments were performed in Drosophila S2 cells.
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Membrane-tethered connexin-human plakoglobin activated
the LEF-luciferase reporter by >400-fold, and connexin-hu-
man [-catenin activated the pathway >200-fold (Fig. 4D).
Truncation of the C terminus of B-catenin (AC1) or removal of
the C terminus, together with the last two armadillo repeats
(AC2) (Fig. 5), did not significantly affect the signaling activi-
ties of connexin—f3-catenin (Fig. 4D), in contrast to a require-
ment for the C terminus for the activity of untethered B-cate-
nin in mammalian cells (Fig. 1) or Drosophila cells (Fig. 5). To
examine whether these constructs activate the signaling path-
way through endogenous armadillo, cells were treated with
either control or armadillo-specific inhibitory dsSRNA prior to
transfection of the indicated expression plasmids. Armadillo-
specific dSRNA decreased the signaling activities of all of the
membrane-tethered plakoglobin and B-catenin mutants (Fig.
4D), suggesting that membrane-tethered plakoglobin and
B-catenin required endogenous armadillo to activate the re-
porter gene. In contrast, the 100-fold induction of luciferase by
untethered B-catenin was not affected by interfering RNA,
implying that endogenous armadillo was not required to acti-
vate the reporter, presumably because exogenous B-catenin
was able to enter the nucleus. Armadillo-specific dSRNA also
did not affect LEF-VP16-activated LEF-luciferase (data not
shown).

All B-catenin and plakoglobin mutants cloned in a Drosoph-
ila expression vector were tagged with GFP at their C termini
to show by fluorescence microscopy that they were expressed
both in the presence or absence of armadillo dSRNA (data not
shown). Further, we have noted that HA-tagged B-catenin has
greater signaling activities than GFP-tagged B-catenin protein,
presumably due to structural interference by the GFP compo-
nent (data not shown).

Finally, we tested the contribution of endogenous B-catenin
to the signaling activities of membrane-tethered plakoglobin in
human 293 cells by using induction of the endogenous DKK1
gene as a readout. Connexin-plakoglobin stimulated the ex-
pression of DKKI1 by ~7-fold. Human B-catenin-specific
siRNA, but not control siRNA, significantly decreased induc-
tion of DKKI1 by membrane-tethered plakoglobin (Fig. 4E).
Taken together, these results suggest that the signaling func-
tion of membrane-tethered B-catenin is mediated by endoge-
nous B-catenin.

Signaling activities of 3-catenin C-terminal truncation mu-
tants. It has been shown that membrane-tethered armadillo
has signaling activity in the Drosophila hypomorphic mutants
arm™1? (6, 8) and arm®* (6). Arm™™"? lacks the C terminus
of armadillo, and Arm®* lacks the C terminus plus the last two
armadillo repeats. If membrane-tethered armadillo transduces
a signal through endogenous armadillo, both Arm™™*'® and
Arm®®? should retain some signaling activity. To investigate
this possibility, we generated human B-catenin C-terminus
truncation mutants (AC1 and AC2), which are truncated at
sites homologous to the C terminus of Arm*™*® and Arm®*?
(Fig. 5A) and tested their signaling activities in S2 cells. S2 cell
were pretreated with armadillo-specific dsSRNA to reduce or
eliminate the contribution of endogenous armadillo. These
truncated mutants activated the LEF-luciferase reporter by
10-fold (Fig. 5A). Although their activities are significantly
lower than that of full-length B-catenin, they are readily mea-
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sured, indicating that B-catenin C-terminal truncation mutants
retain some signaling activity.

C-terminal truncation mutants of $-catenin contain most of
the armadillo repeats and presumably bind to LEF/TCF tran-
scription factors. However, these mutants lack the C-terminal
region, a domain responsible for most of the transcriptional
activity of B-catenin. The finding that B-catenin C-terminal
truncation mutants have residual signaling activities suggests
that other regions of B-catenin must also contain transcrip-
tional activation activities. Indeed, it has been suggested that
the N terminus of B-catenin contains a transcriptional activa-
tion domain (11, 36). To confirm these results, we fused dif-
ferent fragments of B-catenin to the N terminus of LEF-1 AN
and tested these chimeras for signaling activity. Fusing the C
terminus of B-catenin to LEF-1 dramatically increased the
stimulatory effect of LEF-1 on TOP-FLASH, a finding consis-
tent with the notion that the C terminus of B-catenin functions
as the major transcriptional activation domain (Fig. 5B). Fur-
ther, fusing the N terminus of B-catenin to LEF-1 also in-
creased the stimulatory effect of LEF-1 on TOP-FLASH,
whereas fusing an unrelated protein, FKBP (FK506-binding
protein), to LEF-1 had no effect on its signaling activities (Fig.
5B), suggesting that the N terminus of B-catenin contains tran-
scriptional activation activities.

DISCUSSION

B-Catenin accumulates in the nucleus upon activation of the
Whnt signaling pathway. It is generally believed that B-catenin
functions in the nucleus through formation of a heterodimeric
transcription factor with LEF/TCF. However, according to an
alternative model, B-catenin exerts its function in the cyto-
plasm, possibly through nuclear export or cytosolic activation
of TCF. There are several key questions in the debate over the
nuclear versus the cytoplasmic model. Does membrane-teth-
ered B-catenin exert its effects directly or through stabilized
endogenous B-catenin? Does the C terminus of B-catenin serve
as a transcriptional activation domain or a nuclear export do-
main? What is the relationship between the activity of B-cate-
nin and its subcellular locations?

In the present study, we have tried to answer these questions
by generating modified forms of B-catenin and by using RNA
interference against endogenous (-catenin. Our findings sup-
port the model in which B-catenin functions in the nucleus; this
was shown most persuasively by our demonstration that, when
B-catenin is retained in the cytoplasm by membrane tethering,
endogenous B-catenin is required for activity.

One issue in the debate is how membrane-tethered B-cate-
nin or plakoglobin activates the Wnt pathway. Nuclear accu-
mulation of endogenous B-catenin by membrane-tethered
B-catenin prompted the hypothesis that membrane-tethered
B-catenin signals through endogenous B-catenin (18). Hypo-
morphic armadillo mutants have been used to test this idea,
but the issue has remained controversial, because it is unclear
whether the hypomorphic mutants contain any residual activ-
ity. Moreover, results have been conflicting: one group found
that membrane-tethered armadillo rescues the Wg phenotype
in arm™*? and arm®* germ line clone embryos (6), whereas
others found that membrane-tethered armadillo exhibits sig-
naling activities in arm’™’? but not arm®* embryos (8, 31).
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FIG. 4. Requirement of endogenous B-catenin for the stimulatory effect of membrane-tethered B-catenin/plakoglobin on luciferase reporters.
(A) Effect of B-catenin-specific siRNA on the expression of endogenous B-catenin. 293 cells or NIH 3T3 cells were treated with control (c) and
human or mouse-specific B-catenin (hf or mp) siRNA, and the expression of endogenous -catenin was determined by immunoblotting with
anti-B-catenin antibodies. Equal loading was confirmed by Western blotting with anti-a-tubulin antibodies. (B) Requirement of endogenous
B-catenin for the signaling activity of membrane-tethered plakoglobin (CnxPkg) in 293 cells. 293 cells were transfected with control (m) or human
B-catenin-specific () siRNA, together with TOP-FLASH and the indicated expression constructs, and the luciferase activities were determined
48 h after transfection. (C) Requirement of endogenous B-catenin for the signaling activity of membrane-tethered B-catenin in NIH 3T3 cells. To
achieve high sensitivity in NIH 3T3 cells, -catenin was cotransfected with a mouse LEF-1 expression plasmid and a LEF-1 luciferase reporter that
contains multiple LEF-1 binding sites. NIH 3T3 cells were transfected with control (m) or mouse p-catenin-specific (E) siRNA, together with the
indicated expression constructs, and assayed for luciferase activity. Amino acid residues 675 to 781 of B-catenin were deleted from Cnxp to form
CnxBAC. (D) Requirement of endogenous armadillo for the signaling activity of membrane-tethered B-catenin in Drosophila S2 cells. S2 cells were
grown in six-well plates and treated with control (m) or armadillo-specific () dSRNA at a concentration of 15 pg/well. Cells were then transfected
with LEF-luciferase and LEF-1 expression constructs with the indicated plasmids that encode various forms of plakoglobin and 3-catenin. Amino
acid residues 677 to 781 and 583 to 781 of B-catenin were removed from Cnxf to form CnxBAC1 and CnxBAC2. (E) Requirement of endogenous
B-catenin for membrane-tethered plakoglobin-induced DKKI1 expression. 293 cells were transfected with control siRNA (m) or human p-catenin-
specific siRNA (&) with the indicated expression plasmids. The expression of DKK1 gene was determined by quantitative real-time PCR after
reverse transcription. vec, Vector.

Using RNA interference, we have demonstrated that the
signaling activity of membrane-tethered B-catenin relies on
endogenous B-catenin in mammalian and Drosophila cell cul-
ture systems (Fig. 4). In addition, we have shown that the
signaling activities of untethered B-catenin require binding to
LEF/TCF, whereas the signaling activities of membrane-teth-
ered B-catenin require binding to APC (Fig. 3). Taken to-
gether, these two approaches strongly support the idea that
membrane-tethered B-catenin functions by stabilizing endoge-
nous B-catenin, possibly through titration of APC.

A second issue in the debate is the function of the C termi-
nus of B-catenin. The conventional nuclear model of B-catenin
proposes that the C terminus of B-catenin serves as a tran-
scriptional activation domain (32). However, the cytoplasmic
model proposes that it functions as a nuclear export domain

(6). This idea is based, in part, on the observation that a motif
at the N-terminal portion of the armadillo C terminus may be
related to the corresponding region of pendulin, the Drosoph-
ila a-importin homologue, which supposedly binds to karyo-
pherin CAS (named for cellular apoptosis susceptibility) to
mediate its nuclear export. Two glutamic acid residues con-
served between armadillo and pendulin appear to be important
for the signaling activity of armadillo in Drosophila, and the C
terminus of armadillo can be functionally substituted with the
C terminus of pendulin but not with a mutant version of the C
terminus with these two Glu residues mutated (6). However,
we have not been able to observe a critical role of these Glu
residues for the localization and signaling activities of arma-
dillo; mutating the two Glu residues to either Asp or Ala did
not alter the subcellular localization of the mutant proteins and
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FIG. 5. Signaling activities of B-catenin C-terminal truncation mu-
tants. (A) Residual signaling activity of B-catenin C-teminal truncation
mutants. Human B-catenin C-terminal truncation mutants were gen-
erated. The approximate truncation sites in arm® and arm™*!? mu-
tant alleles from Drosophila are labeled (upper panel). In BACI, the C
terminus of B-catenin (amino acids 677 to 781) was removed. In BAC2,
the C terminus and the last two armdillo repeats (amino acid 583 to
781) were removed. B-Catenin mutants were also fused to the C ter-
minus of the transmembrane domain of connexin. All B-catenin de-
rivatives in Drosophila expression constructs were fused with GFP at
their C termini. S2 cells were treated with control (m) or armadillo-
specific (E) dsSRNA and transfected with the indicated plasmids as in
Fig. 4D. (B) The N terminus of B-catenin contains transcriptional
activation activity. 3-Catenin—-LEF1AN chimeric proteins were gener-
ated (upper panel). A LEF-1 N-terminal truncation mutant (lacking
amino acids 1 to 57) was fused at its N terminus with either the N
terminus (amino acids 1 to 218) or C terminus (amino acids 659 to 781)
of B-catenin. LEF1-B-catenin chimeras were fused with an HA
epitope at the C termini. The effects of LEF1--catenin chimera on
TOP-FLASH were tested in 293 cells; expression of these chimeras
was examined by Western blotting with anti-HA antibodies (below the
chart). vec, Vector.
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had no effect on the stimulatory activities of armadillo on
luciferase reporters in 293 or S2 cells (data not shown). There-
fore, our results support a transcriptional activational function
instead of a nuclear export function for the C terminus of
B-catenin.

Third, what is the relationship between the signaling activity
of B-catenin and its subcellular localization? Chan and Struhl
have observed that adding a nuclear localization signal (NLS)
to the C terminus of armadillo decreased its signaling activity
in Drosophila, a finding that argues against a nuclear function
for B-catenin (6). Consistent with this observation, we found
that adding the NLS of simian virus 40 large T antigen to the
C terminus of B-catenin caused a significant redistribution of
B-catenin toward the nucleus in COS cells and reduced the
signaling activities of B-catenin by threefold in 293 cells (data
not shown). However, introducing positive charges into the C
terminus of B-catenin could have affected the transcriptional
activity of the C-terminal domain independent of its effect on
location. We have also found that adding the NLS to the N
terminus of B-catenin did not alter the subcellular localization
and signaling activities of B-catenin (data not shown).

If endogenous Arm™ ™' can mediate the signaling activity of
membrane-tethered armadillo, why does ectopically expressed
Arm*M1'? stabilized by an N-terminal truncation only have low
or no ectopic activity (6)? It is conceivable that the signaling
activity of Arm*M1? stabilized by either membrane-tethered
armadillo or N-terminal truncation can be blocked by endog-
enous E-cadherin or by other B-catenin inhibitors, such as
ICAT (27) or Chibby (29). However, membrane-tethered ar-
madillo in sufficient amounts might titrate such inhibitors of
armadillo, thus promoting the signaling activity of endogenous
Arm™™*? Tt is also possible that membrane-tethered armadillo
titrates inhibitory TCF and provides a sensitized environment
for stabilized endogenous Arm™™*°, Further experiments are
needed to address this issue.

Our experiments with B-catenin chimeras strongly suggest
that B-catenin primarily functions as a transcriptional activa-
tor. We have shown that fusing the VP16 transcriptional acti-
vation domain to a B-catenin C-terminal truncation mutant
completely restored its signaling activity, whereas fusion of the
catalytic domain of HDACH4 to B-catenin suppressed its signal-
ing activity. In agreement with our observations, a chimeric
protein in which the C-terminal domain of B-catenin is re-
placed with the transcriptional repression domain of Drosoph-
ila engrailed shows a strong dominant-negative effect in Xeno-
pus embryos (20). However, in Drosophila, the C terminus of
armadillo cannot be replaced by the VP16 transcriptional ac-
tivation domain, and fusion of the engrailed transcriptional
repressor to armadillo does not interfere with the signaling
activity of armadillo (6). The causes of these discrepancies are
not yet known but could reflect different experimental systems
with different concentrations of components.

The discrepancies between our results and those of Chan
and Struhl might also be partially explained by the possibility
that TCF has a repressor function in Drosophila embryos (5)
but primarily functions as an activator in the cell culture sys-
tems that we have used. Somatic mutation of TCF in Drosoph-
ila wing imaginal disk does not show any repressor function for
TCF (24). It is likely that TCF transcription factors function
predominantly as transcriptional activators in most Wnt sig-
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naling processes. This would explain why losses of TCF in
Drosophila or mammals produce phenotypes resembling the
loss Wnt signaling (4, 9, 14, 33).

The conclusions we have drawn from our experiments are
strongly reinforced by other evidence that B-catenin acts as a
transcriptional activator. B-Catenin binds to transcriptional co-
activators such as CBP/p300 (10, 28) and Brahma/Brg-1 (1).
Significantly, Pygopus and Legless, two potential chromatin-
remodeling factors dedicated to the activation of Wnt-respon-
sive genes, are nuclear proteins and form a trimeric complex
with B-catenin (3, 15, 21, 30). By using chromatin immunopre-
cipitation methods, we have demonstrated that B-catenin binds
to DKK1 promoter in vivo (Chamorro and Varmus, unpub-
lished). Similarly, chromatin immunoprecipitation has been
used to show that B-catenin binds to the pitx2 promoter (12).
All of these data support a model in which the primary role of
B-catenin in the Wnt signaling pathway is to enhance transcrip-
tion by direct actions in the nucleus, most likely recruiting
different transcriptional coactivators to the TCF binding sites
of Wnt-responsive genes.
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