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The nuclear accumulation of b-catenin plays an important role in the Wingless/Wnt
signaling pathway. This study describes an examination of the nuclear import of b-cate-
nin in living mammalian cells and in vitro semi-intact cells. When injected into the cell
cytoplasm, b-catenin rapidly migrated into the nucleus in a temperature-dependent and
wheat germ agglutinin–sensitive manner. In the cell-free import assay, b-catenin rapidly
migrates into the nucleus without the exogenous addition of cytosol, Ran, or ATP/GTP.
Cytoplasmic injection of mutant Ran defective in its GTP hydrolysis did not prevent
b-catenin import. Studies using tsBN2, a temperature-sensitive mutant cell line that
possesses a point mutation in the RCC1 gene, showed that the import of b-catenin is
insensitive to nuclear Ran-GTP depletion. These results show that b-catenin possesses the
ability to constitutively translocate through the nuclear pores in a manner similar to
importin b in a Ran-unassisted manner. We further showed that b-catenin also rapidly
exits the nucleus in homokaryons, suggesting that the regulation of nuclear levels of
b-catenin involves both nuclear import and export of this molecule.

INTRODUCTION

The trafficking of macromolecules across the nuclear
envelope plays a key role in the coordination of cyto-
plasmic and nuclear events. The exchange of macro-
molecules occurs at the nuclear pore complex (NPC),
which spans the double lipid bilayer of the nuclear
envelope. The NPC is a large proteinaceous structure
of ;125 MDa in size and mediates bidirectional trans-
port via several different mechanisms (for reviews, see
Davis, 1995; Fabre and Hurt, 1997). Small molecules,
such as ions, low-molecular-weight metabolites, and
proteins smaller than 20–40 kDa cross 10-nm-diame-
ter aqueous channels of the NPC by passive diffusion,
whereas larger molecules are generally transported
through the gated channels of the NPC via an active,
receptor-mediated mechanism.

A number of recent discoveries have led to the de-
velopment of a model for receptor-mediated active
nuclear import and export (for reviews, see Corbett

and Silver, 1997; Görlich, 1997; Nakielny et al., 1997;
Nigg, 1997; Ullman et al., 1997; Imamoto et al., 1998;
Mattaj and Englmeier, 1998; Ohno et al., 1998). The
model involves two essential elements, which are re-
quired for both the import and export pathways: 1)
soluble transport factors, which recognize respective
signals present in each protein, which is either im-
ported into or exported out of the nucleus; and 2) a
small GTPase Ran that affects the affinity between the
transport factors and signals by binding directly to the
transport factors. Import substrates form a complex
with import factors in the cytoplasm, are transported
through the NPC, and are then released from the
import factors on the nucleoplasmic side of NPC when
the GTP-bound form of Ran binds to the import fac-
tors. Export substrates form a complex with export
factors and Ran-GTP inside the nucleus, are trans-
ported through the NPC, and are then released from
the export factors when Ran-GTP is converted into
Ran-GDP in the cytoplasm or on the cytoplasmic side
of NPC.

Proteins that contain a basic-type nuclear localiza-
tion signal (NLS) are recognized by importin a/b and
form a nuclear pore-targeting complex in the cyto-
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plasm to target nuclear pores (Imamoto et al., 1995c).
Importin a specifically recognizes the NLS, whereas
importin b docks the NLS-containing proteins to NPC
by binding directly to importin a and NPC (Adam and
Gerace, 1991; Adam and Adam, 1994; Görlich et al.,
1994, 1995; Chi et al., 1995; Enenkel et al., 1995;
Imamoto et al., 1995a,b; Moroianu et al., 1995; Radu et
al., 1995; Weis et al., 1995). Several other importin
b–related proteins have been identified as import fac-
tors for proteins that contain different types of NLS.
For example, transportin binds directly to the M9 se-
quence of heterogeneous nuclear ribonucleoprotein
A1 and has been shown to mediate the import of the
M9 sequence–containing protein (Pollard et al., 1996).
Importin b requires importin a family proteins
(Miyamoto et al., 1997; Tsuji et al., 1997) to bind to its
import cargos, whereas the other importin b–related
proteins bind directly to their import cargos with no
additional adaptor proteins such as importin a being
required. Aside from these differences, importin b and
its related import factors possess two common prop-
erties: their abilities of binding directly to NPC com-
ponents as well as to Ran-GTP. The binding of Ran-
GTP causes the dissociation of import cargos from the
import factors (Rexach and Blobel, 1995; Chi et al.,
1996; Görlich et al., 1996; Izaurralde et al., 1997).

Other importin b–related proteins have also been
identified as export factors. These include CRM1, an
export factor for leucine-rich nuclear export signals
(Fornerod et al., 1997a; Fukuda et al., 1997; Stade et al.,
1997), CAS for importin a (Kutay et al., 1997), and
exportin-t for tRNA (Arts et al., 1998; Kutay et al.,
1998). These export factors possess homologous N-
terminal regions, which are required for Ran binding
(Fornerod et al., 1997b; Görlich et al., 1997) and share
two common properties: their abilities of interacting
with NPC components as well as to Ran-GTP. In con-
trast to import factors, the binding of Ran-GTP to
export factors stabilizes the complex with their export
cargos (Fornerod et al., 1997a; Kutay et al., 1997, 1998).

As a result, the GTPase cycle of Ran plays a key role
in nuclear import and export, as mediated by importin
b–related proteins (for reviews, see Koepp and Silver,
1996; Goldfarb, 1997; Cole and Hammell, 1998; Mel-
chior and Gerace, 1998). Because the only known Ran
GTPase-activating protein, Ran GAP1, is localized in
the cytoplasm and the cytoplasmic face of NPC
(Bischoff et al., 1995; Matunis et al., 1996; Mahajan et al.,
1997), and the only known GDP/GTP exchange factor
for Ran, RCC1, is localized in the nucleus (Ohtsubo et
al., 1989; Bischoff and Ponstingl, 1991), nuclear Ran is
thought to be predominantly in its GTP form, whereas
cytoplasmic Ran is in its GDP form. Because Ran-GTP
affects the binding of cargos with their import and
export factors in an opposite manner, a steep gradient
of Ran-GTP and Ran-GDP across the nuclear envelope
assures the directional transport of cargos through the

NPC (Izaurralde et al., 1997). Disruption of the Ran-
GTP and Ran-GDP gradient across the nuclear enve-
lope has been shown to severely impair both import
and export pathways mediated by importin b–related
soluble transport factors. In addition to its role in
affecting transport complex formation, GTP hydroly-
sis of Ran is thought to provide an energy source for
the energy-dependent NPC translocation of import
substrates (Melchior et al., 1995a), but the precise
translocation mechanism remains obscure. On the
other hand, in the previous study, we showed that
importin b itself does not require Ran or its GTP
hydrolysis for translocating through the NPC when
not carrying import cargos (Kose et al., 1997). Similar
observations have also been reported for other impor-
tin b–related proteins, indicating Ran-unassisted im-
port could be a common feature for importin b–relat-
ed proteins (Kutay et al., 1998; Nakielny and Dreyfuss,
1998).

In addition to the constitutive nuclear import of
proteins such as SV40 T-antigen NLS substrates, the
extracellular signal-dependent nuclear protein import
has also been studied. We have recently shown that
the interferon-g–dependent nuclear import of Stat1
(signal transducer and activator of transcription 1) is
mediated by the nuclear pore-targeting complex via
the influenza virus nucleoprotein interacter 1 family,
but not the Rch1 family, of importin a in conjunction
with importin b, and Ran (Sekimoto et al., 1996, 1997).
In this study, we focused on and examined the nuclear
import of b-catenin. It is well known that b-catenin
functions as a key signaling molecule involved in the
Wingless/Wnt signal transduction pathway. b-Cate-
nin was first identified as a component of the cell–cell
adhesion complex that binds directly to the cadherin
adhesion molecule (McCrea et al., 1991), but the par-
ticipation of b-catenin in signal transduction has been
shown to be dependent on its nuclear function (Fu-
nayama et al., 1995; Behrens et al., 1996; Molenaar et al.,
1996; Orsulic and Peifer, 1996; Schneider et al., 1996).
The Wingless/Wnt signal triggers an increase in the
cytoplasmic pool of b-catenin, and free cytoplasmic
b-catenin then migrates into the nucleus, where it
regulates the transcription of Wingless responsible
genes with DNA-binding proteins called the LEF/
TCF (lymphocyte enhancer factor/T-cell factor)
family (for reviews, see Cavallo et al., 1997; Gum-
biner, 1997; Kuhl and Wedlich, 1997; Shapiro, 1997;
Brown and Moon, 1998). It has been proposed that
the cytoplasmic level of b-catenin is largely regu-
lated by degradation, which is initiated by phos-
phorylation through the action of glycogen synthase
kinase 3b and interaction with adenomatous polyp-
osis coli (APC) protein (Munemitsu et al., 1995; Ru-
binfeld et al., 1996). A number of recent reports
showing the frequent genetic alteration of APC or
b-catenin gene in colorectal cancer (Korinek et al.,
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1997; Morin et al., 1997; Iwao et al., 1998), melanoma
(Rubinfeld et al., 1997) or hepatocellular carcinomas
(Miyoshi et al., 1998), which results in the stabiliza-
tion of b-catenin, suggest a close correlation be-
tween the nuclear accumulation of b-catenin and the
formation of several types of cancer.

It was previously proposed that b-catenin accumu-
lates in the nucleus in the form of a complex with the
LEF/TCF family possessing typical basic-type NLS,
based on the observation that b-catenin strongly accu-
mulated in the nucleus in TCF/LEF-overexpressing
cells (Behrens et al., 1996; Huber et al., 1996; Molenaar
et al., 1996). However, in living cells, we found that the
nuclear import of b-catenin is insensitive to cytoplas-
mically injected mutant Ran defective in its GTP hy-
drolysis (G19V Ran), which is a potent inhibitor of
importin b- and transportin-dependent import path-
ways. Studies using tsBN2 cells, temperature-sensitive
baby hamster kidney cells that possess a point muta-
tion in the RCC1 gene, further showed that the nuclear
import of b-catenin is insensitive to disruption of the
Ran-GTP/Ran-GDP gradient across the nuclear enve-
lope. In the in vitro transport assay, b-catenin rapidly
migrates into the nucleus without the addition of cy-
tosolic extract or Ran, and its import was not inhibited
by the addition of G19V Ran-GTP. These results show
that b-catenin migrates into the nucleus without the
aid of soluble transport factors, such as importin a/b
or transportin, and such an import pathway requires
neither Ran nor its GTP hydrolysis. The nuclear mi-
gration of b-catenin was saturable and competitively
inhibited by importin b, showing that specific molec-
ular interactions at NPC are involved in b-catenin
import. The further observation that the b-catenin also
rapidly exits the nucleus suggests that the regulation
of the nuclear level of b-catenin involves the balance
between nuclear import and export of this protein.

MATERIALS AND METHODS

Cell Culture
Madin–Darby bovine kidney (MDBK) cells were cultured in DMEM
supplemented with 5% FBS (Dainippon Pharmaceutical, Osaka,
Japan). Baby hamster kidney 21 (BHK21) and tsBN2 cells were
cultured in DMEM supplemented with 10% FBS at 37 and 33.5°C,
respectively. MDBK cells were plated on coverslips for microinjec-
tion experiments or on eight-well multitest slides (ICN Biomedicals,
Costa Mesa, CA) for in vitro transport assay 24 h-36 h before each
experiment. BHK21 cells were grown on coverslips for 48 h at 37°C,
and tsBN2 cells were grown on coverslips for 24 h at 33.5°C (per-
missive temperature) or 39.5°C (nonpermissive temperature) before
use in microinjection experiments. BHK21 cells were fused by the
hemagglutinating virus of Japan (Sendai virus) as described previ-
ously (Tachibana, et al., 1994). Homokaryons were incubated for 3 h
at 37°C before microinjection experiments.

Recombinant Expression and Purification
The recombinant mouse b-catenin proteins were generated as fol-
lows. The pBluescript SK(2) carrying the entire coding region of

mouse b-catenin with BamHI and KpnI sites at the ends was kindly
provided by Drs. A. Nagafuchi and Sh. Tsukita (Faculty of Medi-
cine, Kyoto University, Kyoto, Japan). The insert of full-length
b-catenin was subcloned into a modified pGEX-6P2 expression vec-
tor at the BamHI and KpnI sites, and oligonucleotides encoding the
FLAG epitope (DYKDDDDK) were ligated into the N terminus of
the b-catenin gene at the BamHI site. To construct the expression
vector of the green fluorescent protein (GFP) chimera of b-catenin,
the full-length mouse b-catenin ORF was amplified by PCR using
the synthetic oligonucleotides (59-GATCGGATCCATGGCTATC-
CAAGTCGACC-39 and 59-GATCGCGGCCGCGGACGATTTA-
CAGGTCAG-39), and this PCR product was inserted into the BamHI
and NotI sites of pGEX6P2 carrying the S65A/Y145F humanized
GFP gene at the N terminus of multicloning sites (kindly provided
by Dr. S. Kuroda, Osaka University, Institute of Scientific and In-
dustrial Research).

The expression vectors described above were transformed into
Escherichia coli strain BL21(DE3), and the expression was induced by
addition of 0.2 mM isopropyl-b-d-thiogalactopyranoside and incu-
bation for 12 h at 20°C. Bacteria were lysed in buffer A (50 mM
Tris-HCl, pH 8.0, 50 mM NaCl, 2 mM DTT, which contained 1
mg/ml aprotinin, leupeptin, and pepstatin) with freeze–thaw and
sonication and clarified by centrifugation (45,000 rpm, 30 min). The
resultant supernatant was incubated with glutathione-Sepharose at
4°C for 30 min. After extensive washing, the Sepharose beads were
incubated with PreScission Protease (Pharmacia, Piscataway, NJ) for
5 h at 4°C in buffer B (50 mM phosphate, pH 7.2, 50 mM NaCl, 2 mM
DTT, containing 1 mg/ml aprotinin, leupeptin, and pepstatin) to
recover GST cleaved FLAG- or GFP-b-catenin in the supernatant.
The FLAG- or GFP-b-catenin was further purified on a MonoQ
column (Pharmacia) with a linear gradient of buffer B containing 50
mM–1.0 M NaCl at a flow rate of 0.5 ml/min. The first peak
fractions containing the b-catenin proteins were collected, desalted
with a PD10 column (Pharmacia) equilibrated with buffer B, and
concentrated by ultrafiltration using Microcon 50 (Amicon, Dan-
vers, MA).

E. coli strains expressing wild-type and G19V Ran were obtained
as described previously (Sekimoto et al., 1996). Recombinant wild-
type and G19V Ran were expressed, purified, and charged with
GTP and GDP according to the methods of Bischoff and Ponstingl
(1995) and Melchior et al. (1995b) with slight modifications. Briefly,
expression was induced by addition of 1 mM isopropyl-b-d-thioga-
lactopyranoside and incubation for 14 h at 20°C. The E. coli cells
were lysed in buffer C (50 mM Tris-HCl, pH 8.0, 75 mM NaCl, 1 mM
MgCl2, 0.1 mM PMSF, 1 mM DTT, 1 mg/ml aprotinin, leupeptin,
and pepstatin) by freeze–thaw and the addition of lysozyme. The
clarified lysates were applied to a diethylaminoethyl-Sepharose FF
column (Pharmacia), and flow-through fractions were collected.
After precipitation in 60% saturated ammonium sulfate solution, 2
mM GTP or GDP was added, and the solution was incubated for at
least 1 h in buffer D (50 mM phosphate buffer, pH 7.0, 1 mM
2-mercaptoethanol, 10% glycerol, 2 mM GTP or GDP) on ice. The
samples were applied to a HiPrep Sephacryl S-200 HR fast-perfor-
mance liquid chromatography column (Pharmacia) equilibrated
with buffer D, and peak fractions containing Ran proteins were
pooled. GTP and GDP forms of Ran were further separated on a
Fractogel EMDSO3-650 (s) column (Merck, Darmstadt, Germany)
with a linear gradient of buffer D containing 50 mM phosphate to
500 mM phosphate. The purified GTP or GDP form of Ran was
desalted with a PD10 column equilibrated with transport buffer (see
below) and concentrated. Ninety-five percent of purified wild-type
and G19V Ran-GTP were charged with GTP, and 100% of purified
wild-type Ran-GDP was charged with GDP by this procedure.

The human transportin/karyopherin b2 gene (Pollard et al., 1996)
was amplified from a Hela cell cDNA library by PCR using the
synthetic oligonucleotide primers (59-CTCAGCGGATCCATGGAG-
TATGAGTGGAAACCTGAC-39 and 59-CTCAGCGGTACCTTA-
AACACCATAAAAAGCTGCAAG-39). The PCR product was in-
serted into the BamHI and KpnI sites of a modified pGEX-6P-3
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(Pharmacia) and verified by DNA sequencing. Recombinant GST-
transportin was expressed as described previously (Imamoto et al.,
1995b) and purified to homogeneity using glutathione-Sepharose
(Pharmacia) following the manufacturer’s recommended protocol.

A nuclear localization domain (M9) in the heterogeneous nuclear
ribonucleoprotein A1 protein (Siomi and Dreyfuss, 1995) was am-
plified from a Hela cell cDNA library by the PCR using the synthetic
oligonucleotide primers (59-CTCAGCGGATCCGGAGGTGGTG-
GAAGCTACAATG-39 and 59-ATAGCCACCTTGGTTTCGTGG-39).
The PCR product was inserted into the BamHI and SmaI sites of
pGST-GFP (Tachibana et al., 1996) and verified by DNA sequencing.
The oligonucleotide encoding SV40 large T-antigen NLS
(PKKKRKVEDP) was ligated into the BamHI and SmaI sites of
pGST-GFP to obtain the GST-NLS-GFP expression plasmid. The
GST-M9-GFP and GST-NLS-GFP fusion proteins were expressed as
described previously (Imamoto et al., 1995b) and purified to homo-
geneity using glutathione-Sepharose (Pharmacia) following the
manufacturer’s recommendations.

Recombinant mouse importin b and GFP-importin b proteins
were expressed and purified as described previously (Kose et al.,
1997).

In Vitro Transport Assay
Digitonin-permeabilized MDBK cells were prepared as described
previously (Kose et al., 1997). Unless described differently in figure
legends, 10 ml of testing solution usually contained 8 pmol of
FLAG-b-catenin in transport buffer (20 mM HEPES, pH 7.3, 110 mM
potassium acetate, 2 mM magnesium acetate, 5 mM sodium acetate,
0.5 mM EGTA, 2 mM DTT, 1 mg/ml aprotinin, leupeptin, and
pepstatin) containing 2% BSA. Where indicated, cytosol prepared
from mouse Ehrlich ascites tumor cells, recombinant wild-type or
mutant Ran proteins, or recombinant importin b or transportin and
energy source (ATP and GTP) were included in the above 10-ml
testing solution. Reactions involving the addition of ATP and GTP
were performed in the presence of 1 mM ATP (Sigma, St. Louis,
MO; A-6410), 5 mM phosphocreatine (Sigma, P-6502), 20 U of cre-
atine kinase (Sigma, C-3755), and 0.5 mM GTP (Boehringer Mann-
heim, Indianapolis, IN), whereas reactions without nucleotides
were performed in the absence of nucleotides and ATP-regenerating
systems. Pretreatment of permeabilized cells with apyrase was per-
formed as follows. Digitonin-permeabilized cells were incubated
with transport buffer containing 0.1 U/ml apyrase (Sigma, A-6410)
and 2% BSA for 5 min at 30°C. After rinsing the cells with transport
buffer, they were incubated with import mixtures containing b-cate-
nin or NLS substrate. For wheat germ agglutinin (WGA) treatment,
permeabilized cells were incubated with 0.5 mg/ml WGA (EY
Laboratories, San Mateo, CA) for 5 min on ice before the import
reaction. The import reaction was performed for 20 min at 30°C or
on ice, and the cells were then washed twice with ice-cold transport
buffer and fixed with 3.7% formaldehyde in transport buffer (minus
DTT) for 10 min at room temperature.

Microinjection
Recombinant b-catenin protein was injected through a glass capil-
lary into the cytoplasm or nucleus of cells grown on coverslips.
Where indicated, WGA, G19V Ran-GTP, or NLS substrate was
coinjected with b-catenin protein. After incubation for 30 min at
37°C or on ice, the cells were washed twice with PBS and fixed with
3.7% formaldehyde in PBS for 10 min at room temperature.

Indirect Immunofluorescence
To examine the localization of FLAG-b-catenin, the fixed cells were
permeabilized with 0.5% Triton X-100 in PBS for 5 min at room
temperature, incubated with 3% skim milk in PBS for 20 min, and
then incubated with 30 mg/ml murine immunoglobulin G1 (IgG1)
monoclonal anti-FLAG M2 antibody (Eastman Kodak, Rochester,

NY) for 1 h at room temperature. The mouse antibody was detected
with CY3-labeled goat antibodies to mouse IgG (Tago, Burlingame,
CA). The samples were examined using an Axiophoto microscope
(Carl Zeiss, Thornwood, NY).

Conjugation of Texas Red with BSA
BSA was dissolved at 5 mg/ml in 0.1 M carbonate buffer, pH 9.5,
and mixed with 0.5 mg of Texas Red. After incubation for 2 h at
room temperature, free fluorophore was removed by gel filtration
on a PD10 (Pharmacia) equilibrated with 20 mM HEPES, pH 7.3, 110
mM potassium acetate. Peak fractions containing Texas Red–labeled
BSA were collected and dialyzed against 20 mM HEPES, pH 7.3, 110
mM potassium acetate.

Recombinant FLAG-b-Catenin Injection and
Treatment of Xenopus Embryos
Egg collection and fertilization were performed as described previ-
ously (Guger and Gumbiner, 1995). The equatorial region of a single
prospective ventral blastomere of the four-cell stage embryo was
injected with purified recombinant FLAG-b-catenin in volumes of
;25 nl (;25 ng of protein). Embryos were then allowed to develop
at room temperature in 0.13 modified Barth’s solution [88 mM
NaCl, 1 mM KCl, 0.82 mM MgSO4, 0.41 mM CaCl2, 0.33 mM
Ca(NO3)2, 2.4 mM NaHCO3, 10 mM HEPES, pH 7.4].

Others
Allophycocyanin (Calbiochem, La Jolla, CA) was chemically conju-
gated to a synthetic peptide containing the amino acid sequence of
SV40 large T-antigen NLS (CYGGPKKKRKVEDP; purchased from
the Peptide Institute, Mino, Osaka, Japan ) as described previously
(Imamoto et al., 1995c). Ehrlich ascites tumor cell cytosol was pre-
pared as described previously (Imamoto et al., 1995c).

RESULTS

b-Catenin Rapidly Migrates into the Nucleus in a
Temperature-dependent and WGA-sensitive Manner
in Living Cells
To examine the nuclear import of b-catenin, recombi-
nant mouse b-catenin, tagged with a FLAG epitope at
its N terminus, was bacterially expressed, purified to
homogeneity, and used as an import substrate. The
purified FLAG-b-catenin was confirmed to possess
signaling activity by examining its ability to induce
axis duplication by directly injecting the recombinant
protein into a Xenopus embryo (Figure 1). As shown in
Figure 2, the FLAG-b-catenin, when injected into the
cytoplasm of living mammalian cells, rapidly mi-
grated into the nucleus within 5–10 min. A portion of
the injected b-catenin was also observed at the plasma
membrane, probably because of interaction with its
known binding proteins. The nuclear migration of
b-catenin in living cells was temperature dependent
and was potently inhibited by WGA. The inhibition of
import by WGA shows that the observed nuclear mi-
gration of b-catenin does not result from the passive
diffusion of degradated products but that this protein
migrates into the nucleus through gated channels of
NPC (Finlay et al., 1987; Yoneda et al., 1987). Such
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import of b-catenin has been observed in Hela cells,
BHK21 cells, and MDBK cells.

b-Catenin Rapidly Migrates into the Nucleus of
Permeabilized Cells without the Addition of Soluble
Factors and ATP/GTP
We further examined the import of b-catenin using a
digitonin-permeabilized cell-free transport assay (Adam
et al., 1990). We found that b-catenin rapidly migrated
into the nucleus in the absence of exogenously added
cytosol or nucleotides (Figure 3, A and B). The nuclear
migration of b-catenin was sensitive to temperature and
was inhibited by WGA as in living cells (Figure 3C).
Furthermore, it was found that the addition of cytosol
did not stimulate but rather inhibited import at high
concentration. We also examined whether b-catenin as-

sociates with importin a and b, either directly or indi-
rectly, through the pull-down assay using GST-b-cate-
nin, and the immunoprecipitation of FLAG-b-catenin
using an anti-FLAG antibody. b-Catenin, when incu-
bated in the crude cytosol prepared from Ehrlich ascites
tumor cells or alone with purified recombinant importin
a or b or both proteins, did not associate with either
importin a or b (our unpublished results).

Furthermore, the addition of either ATP or GTP or
both failed to stimulate the import, and preincubation
of cells with apyrase also did not inhibit import (Fig-
ure 3B), whereas the import of allophycocyanin con-
jugated to SV40 T-antigen NLS peptide (allophycocya-
nin-NLS) was completely abolished in the apyrase-
pretreated permeabilized cells. It should be noted that
the incubation of permeabilized cells with apyrase can
readily diminish free ATP from permeabilized cells
but does not completely deplete the nucleotides re-
tained in the cells, even after prolonged incubation
(our unpublished results). Therefore, these data do not
necessarily show that the nuclear import of b-catenin
is completely independent of ATP/GTP as well as
their hydrolysis, but differences in sensitivity to nu-
cleotide depletion between import of b-catenin and
SV40 T-antigen NLS substrate show that the require-
ment for ATP and/or GTP is much less for the b-cate-
nin import pathway compared with the importin
a/b–mediated import pathway. Moreover, as shown
in Figure 3D, N-terminally tagged GFP-b-catenin,
which showed the same import behavior as FLAG-b-
catenin both in living cells and the in vitro transport
assay, did not accumulate into the nucleus of perme-
abilized cells against a concentration gradient when
the cells were examined directly without fixation, in-
dicating that the b-catenin import is not an energy-
dependent active process.

Nuclear Migration of b-Catenin Is Insensitive to
Excess Cytoplasmic Ran-GTP
To understand the role of Ran in the nuclear import of
b-catenin, we first examined the effect of mutant Ran

Figure 1. Double axis formation induced by purified recombinant
b-catenin. (A) SDS-PAGE profile of purified b-catenin. The purified
FLAG-b-catenin was subjected to 10% SDS-PAGE and stained with
Coomassie Brilliant Blue. (B) Right panel, a Xenopus embryo was
injected at the four-cell stage with purified recombinant FLAG-b-
catenin (;25 ng protein/25 nl) in 50 mM potassium phosphate
buffer, pH 7.2, and 50 mM NaCl. Tadpoles exhibit axis duplication,
including two eye pairs and two cement glands. Left panel, control
experiment demonstrating that the injection of BSA in the same
buffer had no effect.

Figure 2. b-Catenin migrates into the nu-
cleus of living cells in a temperature-depen-
dent and WGA-sensitive manner. Purified re-
combinant mouse FLAG-b-catenin (1 mg/ml)
was injected into the cytoplasm of MDBK
cells with (e and f) or without (a–d) 2 mg/ml
WGA. After incubation for 30 min at 37°C (a,
b, e, and f) or on ice (c and d), cells were fixed
with 3.7% formaldehyde in PBS. Injected
FLAG-b-catenin was visualized by indirect
immunofluorescence with anti-FLAG mouse
mAb and CY3-labeled anti-mouse goat IgG.
The localization of b-catenin was examined
by Axiophoto microscopy (Zeiss).
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defective in its GTP hydrolysis (G19V Ran) on the
nuclear accumulation of b-catenin in living cells. The
G19V Ran-GTP, when coinjected into the cytoplasm,
has been shown to potently inhibit nuclear import
mediated by importin a/b (Sekimoto et al., 1996; Kose
et al., 1997). G19V Ran-GTP also inhibited transport
mediated by transportin (Figure 4). However, in the
case of b-catenin, we observed no effect of coinjection
of G19V Ran-GTP on its nuclear accumulation (Figure
4, b and f). It is noteworthy that raising the concentra-
tion of G19V Ran-GTP up to fivefold, which com-
pletely inhibits the nuclear import of the SV40 T-
antigen NLS-containing substrate, still had no effect
on the b-catenin import (import of the NLS substrate
was completely inhibited by the coinjection of 1
mg/ml G19V Ran-GTP). These results show that the
import of b-catenin is not affected by excess cytoplas-
mic Ran-GTP.

Nuclear Migration of b-Catenin Is Insensitive to
Nuclear Ran-GTP Depletion
We next asked whether the depletion of Ran-GTP
from the nucleus affects b-catenin import. For this, we
examined b-catenin import in tsBN2 cells, a tempera-

ture-sensitive BHK21 cell line that possesses a point
mutation in the RCC1 gene (Nishimoto et al., 1978;
Uchida et al., 1990). In tsBN2 cells, when cultured at
nonpermissive temperature, RCC1 rapidly loses its
activity, and as a result, nuclear Ran-GTP declines
(Nishitani et al., 1991; Ren et al., 1993). When nuclear
import was examined in tsBN2 cells cultured at non-
permissive temperature for 24 h, the import of SV40
T-antigen NLS substrate was inhibited in 50–60% of
the cells examined 30 min after cytoplasmic injection,
which is consistent with our previous report (Tachi-
bana et al., 1994). The import of M9 sequence-contain-
ing substrates was found to be even more inhibitory
(80–90% inhibition) under the same conditions. In
contrast, no import inhibition or decline of b-catenin
in these cells was observed (Figure 5). b-Catenin mi-
grated into the nucleus of tsBN2 cells to a similar
extent whether nuclear migration of coinjected SV40
T-antigen NLS substrate was impaired. The import
inhibition of b-catenin by WGA was confirmed in
these cells (our unpublished results). These results
indicate that the import of b-catenin is the most insen-
sitive to nuclear Ran-GTP depletion among the import
substrates examined.

Figure 3. b-Catenin migrates into the nucleus in the absence of
exogenous soluble factors or ATP in the digitonin-permeabilized
cell-free import assay. (A) Digitonin-permeabilized MDBK cells were
incubated with 10 ml of testing solution containing 8 pmol of FLAG-
b-catenin (a, c, and e) or 1 mg of allophycocyanin-NLS (b, d, and f) in
the presence of 10 mg/ml cytosol (e and f) or 1 mg/ml cytosol (c and
d) or in the absence of cytosol (a and b). All reaction mixtures
contained ATP and GTP. After incubation for 20 min at 30°C, cells
were fixed, and FLAG-b-catenin was visualized by indirect immuno-
fluorescence with anti-FLAG mouse mAb and CY3-labeled anti-
mouse goat IgG. Allophycocyanin-NLS was directly examined by
Axiophoto microscopy (Zeiss) after fixation. (B) Digitonin-permeabi-
lized MDBK cells were incubated with 10 ml of testing solution
containing 8 pmol of FLAG-b-catenin (a, c, and e) without cytosol or
1 mg of allophycocyanin-NLS (b, d, and f) supplemented with 10
mg/ml cytosol in the absence (a, b, e, and f) or presence (c and d) of
ATP and GTP. e and f show import reactions performed in the
permeabilized cells, which were pretreated with apyrase (see MATE-
RIALS AND METHODS). After incubation for 20 min at 30°C, cells
were fixed, and the localization of b-catenin and allophycocyanin-
NLS was examined as in A. (C) Digitonin-permeabilized MDBK cells
were incubated with 8 pmol of FLAG-b-catenin for 20 min at 30°C (a
and c) or on ice (b). c shows the import reaction performed in the
permeabilized cells, which were pretreated with WGA (see MATE-
RIALS AND METHODS). After incubation, cells were fixed, and
localization of b-catenin was examined as in A. (D) Digitonin-perme-
abilized MDBK cells were incubated with 8 pmol of GFP-b-catenin in
the absence of energy source as in B. After 20 min of incubation,
distribution of GFP-b-catenin (a) was examined by confocal laser
scanning microscope (Zeiss, LSM410) using a 403 objective with oil
immersion, without washing and fixation of the cells. Cells were
recorded simultaneously by interference contrast (b). A 1-mm section,
corresponding to the equator of the nucleus, is shown. The final figure
was produced using Adobe Photoshop (Adobe Systems, Mountain
View, CA).
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Figure 4. Nuclear accumulation of b-catenin is not
inhibited by mutant Ran (G19V Ran)-GTP in living
cells. A mixture of FLAG-b-catenin (0.8 mg/ml) and
GST-NLS-GFP (0.5 mg/ml) (a–d) or GST-M9-GFP (1
mg/ml) (e–h) was coinjected with 5 mg/ml G19V
Ran-GTP (a, b, e, and f) or alone (c, d, g, and h) into
the cytoplasm of MDBK cells. After incubation for 30
min at 37°C, cells were fixed, and the localization of
FLAG-b-catenin (b, d, f, and h) was examined as in
Figure 2. The localization of GST-NLS-GFP (a and c)
or GST-M9-GFP (e and g) shows that G19V Ran-GTP
strongly inhibited the nuclear accumulation of these
two substrates, whereas the nuclear accumulation of
FLAG-b-catenin was not affected in the same cells.

Figure 5. Nuclear accumulation of b-catenin
is insensitive to nuclear Ran-GTP depletion in
living cells. A mixture of 0.8 mg/ml FLAG-b-
catenin and 0.5 mg/ml GST-NLS-GFP (a and b)
or 1 mg/ml GST-M9-GFP (c and d) was injected
into the cytoplasm of tsBN2 cells cultured at
nonpermissive temperature (upper panels). Af-
ter further incubation for 30 min at nonpermis-
sive temperature, cells were fixed, and localiza-
tion of FLAG-b-catenin (b and d) was examined
as in Figure 2. Localization of GST-NLS-GFP (a)
or GST-M9-GFP (c) shows that nuclear accumu-
lation of these two substrates declined in the
tsBN2 cells incubated at nonpermissive temper-
ature, whereas nuclear accumulation of FLAG-
b-catenin was not affected in the same cells.
Lower panels, control experiments showing
that GST-NLS-GFP (a), GST-M9-GFP (b), and
FLAG-b-catenin (c) all migrate normally in the
nucleus of tsBN2 cells, which were incubated at
permissive temperature within 30 min after cy-
toplasmic injection.
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Last, we examined the requirement of Ran for
b-catenin import using the in vitro transport assay.
The addition of Ran, at various concentrations, com-
pletely failed to stimulate the import (Figure 6). More-
over, addition of G19V Ran-GTP, at a concentration
that completely inhibits the nuclear accumulation of
importin b (Figure 6, lower panels) and the SV40
T-antigen NLS-containing substrate (our unpublished
results), failed to inhibit the nuclear accumulation of
b-catenin. These results provide further supporting
evidence that Ran, as well as its GTP hydrolysis, is not
required for the import of b-catenin.

Nuclear Migration of b-Catenin Is Saturable
WGA potently inhibited b-catenin import, showing
that this protein migrates into the nucleus of the gated
channels of the NPC but not the diffusive channel. To
further confirm whether nuclear accumulation of
b-catenin actually involves a facilitated process, we
examined the saturability of import. As shown in Fig-
ure 7, the nuclear accumulation of GFP-b-catenin was
competitively inhibited by FLAG-b-catenin. The nu-
clear accumulation of b-catenin was also strongly in-
hibited by both importin b and transportin. These
results show that the import of b-catenin is saturable,
and that the migration occurs via an interaction with
specific NPC components, which importin b and
transportin interact with. However, excess FLAG-b-
catenin did not inhibit the nuclear migration of GFP-
importin b, while transportin did inhibit the nuclear
migration of GFP-importin b, which will be discussed
below.

b-Catenin Is Able to Rapidly Exit the Nucleus
The above data show that b-catenin possesses the
ability to migrate rapidly into the nucleus constitu-
tively, without forming a complex with LEF and TCF

Figure 6. Nuclear accumulation of
b-catenin does not require Ran in vitro.
Upper panel, digitonin-permeabilized
MDBK cells were incubated with a
10-ml testing solution containing 8
pmol of FLAG-b-catenin in the ab-
sence (a) or presence of 80 pmol of
Ran-GDP (b) or 80 pmol of G19V Ran-
GTP (c). After incubation for 30 min at
30°C, the cells were fixed, and the lo-
calization of FLAG-b-catenin was ex-
amined as in Figure 3. Lower panel,
digitonin-permeabilized MDBK cells
were incubated with 10 ml of testing
solution containing 3 pmol GFP-im-
portin b in the absence (a) or presence
of 80 pmol of G19V Ran-GTP (b). After
incubation for 20 min at 30°C, the cells
were fixed, and the localization of
GFP-importin b was examined by Ax-
iophoto microscopy (Zeiss).

Figure 7. Nuclear accumulation of b-catenin is saturable and com-
petitively inhibited by importin b family proteins. Digitonin-perme-
abilized MDBK cells were incubated with 10 ml of testing solution
containing 4 pmol of GFP-b-catenin (a–d) or 4 pmol of GFP-impor-
tin b (e–h) in the absence (a and e) or presence of 80 pmol of
importin b (b and f), 80 pmol of GST-transportin (c and g), or 80
pmol of FLAG-b-catenin (d and h). After incubation for 10 min at
30°C, cells were fixed, and localization of the GFP fusion proteins
was examined by Axiophoto microscopy (Zeiss).
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families. However, b-catenin is not constitutively and
exclusively localized in the nuclei of all cells that ex-
press b-catenin. The intracellular level of b-catenin is
largely regulated by its degradation, which is thought
to occur in the cytoplasm. Such physiological evidence
prompted us to investigate whether b-catenin exits the
nucleus. To determine whether b-catenin is exported
from the nucleus, microinjection studies were per-
formed in homokaryons of mammalian cells. As
shown in Figure 8, b-catenin, when injected into one of
the nuclei in multinucleated cells, rapidly exited the
nucleus and migrated into all the nuclei within 30 min
after injection, whereas coinjected Texas Red–labeled
BSA stayed only in the injected nucleus. This reaction
was temperature dependent. These results show that
b-catenin has the capability of exiting the nucleus of a
living cell.

DISCUSSION

The NLS-mediated import process involves multiple se-
quential steps. NLS-containing karyophiles target the
NPC after the formation of a complex with the import
factors in an energy-independent manner. The subse-
quent energy-dependent translocation through the NPC
requires Ran (Moore and Blobel, 1993; Melchior et al.,
1993). Ran has been proposed to play at least two roles in
the NPC translocation step. One is to release import
substrates from their import factors at the nucleoplasmic
side of NPC, which results in the completion of transport
and the clearance of import factors from the NPC (Gör-

lich et al., 1996). The other is to provide an energy source
for the energy-dependent NPC translocation via its GTP
hydrolysis at the cytoplasmic side of NPC (Melchior et
al., 1995a; Mahajan et al., 1997).

Although cytoplasmic injection of dominant-negative
G19V Ran-GTP potently inhibits the nuclear import of
the SV40 T-antigen NLS substrate and the M9 sequence-
containing substrate, it has no effect on b-catenin import
(Figure 4). It has been shown that both importin-b and
transportin release their cargos upon binding to the GTP
form of Ran in vitro (Rexach and Blobel, 1995; Chi et al.,
1996; Görlich et al., 1996; Izaurralde et al., 1997). The most
likely explanation for the inhibitory effects of G19V Ran-
GTP, when injected into the cytoplasm, is that it prevents
import complex formation in the cytoplasm. The lack of
inhibition of b-catenin import, therefore, suggests that
b-catenin is not imported by soluble transport factors,
such as importin b or transportin, the import complex
formation of which is sensitive to G19V Ran-GTP. More-
over, the results obtained from the in vitro transport
assay showed that b-catenin migrated into the nucleus
without the addition of cytosol and that its import was
not inhibited by the addition of G19V Ran-GTP. From
these findings, we conclude that b-catenin can be im-
ported into the nucleus without the aid of soluble trans-
port factors such as importin a/b or transportin, which
are largely extracted during permeabilization with digi-
tonin. The lack of inhibition by G19V Ran-GTP also
shows that GTP hydrolysis of Ran is not required for the
nuclear import of b-catenin.

Figure 8. b-Catenin rapidly exits the nucleus in a temperature-dependent manner. A mixture of 1 mg/ml GFP-b-catenin and 0.5 mg/ml
Texas Red–labeled BSA was injected into the nuclei of homokaryon of BHK21 cells. After incubation for 30 min at 37°C (upper panels) or on
ice (lower panels), cells were fixed, and localization of GFP-b-catenin (middle panels) and Texas Red–labeled BSA (left panels) was examined
by Axiophoto microscopy (Zeiss). The localization of Texas Red–labeled BSA shows an injection site.
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Fagotto et al. (1998), using the digitonin-permeabi-
lized cell-free import assay, examined the import of
b-catenin. Their results are consistent with ours, in
that the b-catenin accumulates in the nucleus in an
importin a/b-independent manner without requiring
the addition of exogenous cytosol, although they also
reported the inhibition of import by a mutant Ran,
which was defective in its GTP hydrolysis (Q69L Ran),
the effect of which was observed only after preincu-
bation of the permeabilized cells. To precisely inter-
pret the effects of preincubation, the ongoing events in
the permeabilized cells, which are preincubated with
Q69L Ran-GTP, need to be examined.

To understand whether the import of b-catenin re-
quires nuclear Ran-GTP, we examined the effect of
nuclear Ran-GTP depletion on the import of b-catenin.
Previous studies (Tachibana et al., 1994; Dickmanns et
al., 1996) and this study as well (Figure 5) demon-
strated that the efficiency of the importin a/b- and
transportin-dependent import pathways clearly de-
clines in tsBN2 cells, which had been cultured at non-
permissive temperature. In contrast, it was found that
the import of b-catenin did not decline in these cells,
showing that the import of b-catenin is most insensi-
tive to the depletion of nuclear Ran-GTP in living cells.
In vitro results further showed that the addition of
Ran completely failed to stimulate the import of
b-catenin (Figure 6), which are consistent with the
results reported by Fagotto et al. (1998). Collectively,
these results indicate that Ran is not involved in all
aspects of the nuclear import of b-catenin, although
differences in sensitivity to nuclear Ran-GTP depletion
between importin a/b- and transportin-dependent
nuclear import pathways remain to be elucidated.

We did not detect a clear requirement for nucleo-
tides for b-catenin import as reported by Fagotto et al.
(1998). We included apyrase only during the preincu-
bation period but not during the incubation of perme-
abilized cells with b-catenin, because both apyrase
and hexokinase were found to destabilize FLAG-b-
catenin and to induce its degradation for unknown
reasons. Although pretreatment with apyrase did not
completely deplete the nucleotides from the perme-
abilized cells, the treatment was sufficient to com-
pletely abolish the import of SV40 T-antigen NLS sub-
strate (Figure 3B). Our present data clearly show
differences in the requirement of nucleotides between
Ran-unassisted b-catenin import and the Ran-assisted
conventional import pathways. Moreover, b-catenin
did not accumulate in the nucleus of permeabilized
cells against a concentration gradient, indicating that
the b-catenin import does not involve active mecha-
nisms. However, as has also been reported by Fagotto
et al. (1998), we observed the partial inhibition of
import of b-catenin on preincubation of the cells with
a nonhydrolyzable GTP analogue, guanylyl-imido
diphosphate, only in the presence of an ATP source

(our unpublished results), although the extent of inhi-
bition of import differed from cell to cell. These results
leave the possibility open that other GTPases might
affect the b-catenin import either directly or indirectly.

In a previous study, we demonstrated that importin
b migrates into the nucleus without Ran as well as its
GTP hydrolysis when it does not carry importin a and
the NLS substrate (Kose et al., 1997). Ran-unassisted
import also has been observed with other importin
b–related proteins (Kutay et al., 1998; Nakielny and
Dreyfuss, 1998). In addition to transport factors such
as importin b and its related proteins, b-catenin rep-
resents a novel example of a compound that can be
translocated through NPC without the aid of Ran.

b-Catenin possesses 12 tandem repeating motifs
called armadillo (Peifer et al., 1994; Huber et al., 1997),
and the armadillo repeats of b-catenin have been re-
ported to be necessary and sufficient for its nuclear
accumulation (Funayama et al., 1995). On the other
hand, importin b and its related proteins possess tan-
dem repeating motifs called HEAT motifs (Aitchison
et al., 1996). Recently, Malik et al. (1997) showed that
the armadillo motifs and HEAT motifs are fundamen-
tally similar in their structure and proposed that these
repeating motifs may share a functional similarity.
Moreover, Fagotto et al. (1998) showed that b-catenin
binds directly to the FXFG repeat-containing C-termi-
nal fragment of yeast nucleoporin NUP1. We showed
that the nuclear import of both importin b and b-cate-
nin occurs in a Ran-unassisted manner, and that im-
portin b competitively inhibits the import of b-cate-
nin. These results indicate that b-catenin migrates into
the nucleus via an interaction with the same site of the
NPC as importin b (Figure 7). However, excess b-cate-
nin failed to competitively inhibit the import of im-
portin b, although it effectively inhibited its own im-
port, leaving the possibility that b-catenin may require
a specific carrier protein, which is tightly retained in
the permeabilized cells and competes with importin b
for binding to NPC. Alternatively, b-catenin may in-
teract with NPC components with much lower affinity
than importin b to translocate through the NPC. Fur-
ther studies will be required to distinguish between
these possibilities.

The nuclear accumulation of b-catenin plays a key
role in the Wingless/Wnt signal transduction path-
way. In this study, we showed that b-catenin pos-
sesses the ability to migrate rapidly and constitutively
into the nucleus without forming a complex with the
LEF/TCF family. b-Catenin is not localized constitu-
tively in the nucleus, but its nuclear accumulation is
regulated by upstream events, which include Wing-
less/Wnt signal transduction. At present, the nuclear
concentration of b-catenin is generally thought to be
regulated mainly by cytoplasmic degradation. Be-
cause our present study shows that b-catenin pos-
sesses the ability to migrate rapidly into the nucleus
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through NPC by a facilitated mechanism without re-
quiring importin b-related transport factors and Ran,
and also rapidly exits the nucleus, the nuclear level of
b-catenin could be regulated by several alternative
mechanisms. The prevention of nuclear accumulation
of b-catenin observed in the presence of cytosol in
vitro (Figure 3A) raises the possibility that cytoplas-
mic factors exist that prevent b-catenin import and/or
stimulate its nuclear export. In addition, because
b-catenin apparently does not accumulate in the nu-
cleus against a concentration gradient by active mech-
anisms (Figure 3D), the nuclear retention of b-catenin
should be considered for its nuclear accumulation. In
summary, we propose that regulation of the nuclear
levels of b-catenin involves a balance between nuclear
import and export as well as cytoplasmic and nuclear
retention of this protein.
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