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In previous studies, we reported that N-acetylglucosaminyl-
transferase III (GnT-III) activity and the enzyme product, bi-
sected N-glycans, both were induced in cells cultured under
dense conditions in an E-cadherin-dependent manner (Iijima,
J., Zhao, Y., Isaji, T., Kameyama, A., Nakaya, S., Wang, X.,
Ihara, H., Cheng, X., Nakagawa, T., Miyoshi, E., Kondo, A.,
Narimatsu, H., Taniguchi, N., and Gu, J. (2006) J. Biol. Chem.
281, 13038–13046). Furthermore, we found that �-catenin, a
component of the E-cadherin-catenin complex, was also re-
quired for this induction (Akama, R., Sato, Y., Kariya, Y., Isaji,
T., Fukuda, T., Lu, L., Taniguchi, N., Ozawa, M., and Gu, J.
(2008) Proteomics 8, 3221–3228). To further explore the mo-
lecular mechanism of this regulation, the roles of �-catenin, an
essential molecule in both cadherin-mediated cell adhesion
and canonical Wnt signaling, were investigated. Unexpectedly,
shRNA knockdown of �-catenin resulted in a dramatic in-
crease in GnT-III expression and its product, the bisected N-
glycans, which was confirmed by RT-PCR and GnT-III activity
and by E4-PHA lectin blot analysis. The induction of GnT-III
expression increased bisecting GlcNAc residues on �1 inte-
grin, which led to down-regulation of integrin-mediated cell
adhesion and cell migration. Immunostaining showed that nu-
clear localization of �-catenin was greatly suppressed; intrigu-
ingly, the knockdown of �-catenin in the nuclei was more ef-
fective than that in cell-cell contacts in the knockdown cells,
which was also confirmed byWestern blot analysis. Stimula-
tion of the Wnt signaling pathway by the addition of exoge-
nous Wnt3a or BIO, a GSK-3� inhibitor, consistently and sig-
nificantly inhibited GnT-III expression and its products.
Conversely, the inhibition of �-catenin translocation into the
nuclei increased GnT-III activation. Taken together, the re-
sults of the present study are the first to clearly demonstrate
that GnT-III expression may be precisely regulated by the in-
terplay of E-cadherin-catenin complex-mediated cell-cell ad-
hesion andWnt/�-catenin signaling, which are both crucial in

the process of epithelial-mesenchymal transitions in physio-
logical and pathological conditions.

Oligosaccharides (glycans) attached to proteins (glycosyla-
tion) are conserved in eukaryotes, and this is one of the most
abundant posttranslational modification reactions (1). Glyco-
sylation has been shown to play key roles in a variety of bio-
logical functions, such as bioactivity, folding, localization, and
expression of the protein. In fact, changes in glycan structure
are associated with many physiological and pathological
events, including cell growth, migration, differentiation, and
tumor invasion (2, 3). Production of glycoprotein glycans is
catalyzed by various glycosyltransferases, and most of the can-
cer-associated changes of them are due to changes in glyco-
syltransferases (4). Functional glycomics, which uses sugar
remodeling by glycosyltransferases, is known to be a promis-
ing tool for the understanding and characterization of glycan
roles.
N-Acetylglucosaminyltransferase III (GnT-III)3 transfers

N-acetylglucosamine (GlcNAc) from UDP-GlcNAc to a �1,4-
mannose in N-glycans to form a “bisecting” GlcNAc linkage,
as shown in Fig. 1A. Bisecting GlcNAc linkages are found in
various hybrid and complex N-glycans. The addition of this
bisecting GlcNAc residue alters not only the composition but
also the conformation of the N-glycan (5). GnT-III is gener-
ally regarded as a key glycosyltransferase in N-glycan biosyn-
thetic pathways. Introduction of the bisecting GlcNAc sup-
presses further processing and elongation of N-glycans
catalyzed by GnT-V, which is strongly associated with cancer
metastasis, because GnT-V cannot utilize the bisected oligo-
saccharide as a substrate (6–8). GnT-V activity and �1,6-
branched N-glycans levels reportedly also are increased in
highly metastatic tumor cell lines (9, 10). Consistently, cancer
metastasis is greatly suppressed in GnT-V knock-out mice
(11). GnT-III has, therefore, been proposed as an antagonist
of GnT-V, thereby contributing to the suppression of cancer
metastasis. In fact, overexpression of GnT-III in highly meta-
static melanoma cells reduced �1,6 branching in cell surface
N-glycans and increased bisected N-glycans (12). Cell-cell
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adhesion was enhanced due to prolonged turnover of E-cad-
herin on the cell surface in these GnT-III transfectants (13).
These results further suggest that remodeling of glycosyl-
transferase-modified N-glycan structures modulates cell ad-
hesion and cancer metastasis. It is, therefore, very important
to clarify molecular mechanisms for the regulation of glyco-
syltransferase expression under physiological and pathological
conditions.
Cell-cell adherence junction formation and remodeling

occur repeatedly throughout development. Epithelial cells are
linked by adherence junctions that rely on the cadherin-cate-
nin module. Cadherins, of which epithelial E-cadherin has
been the most studied, are Ca2�-dependent transmembrane
adhesion proteins forming homophilic and heterophilic bonds
in trans between adjacent cells. The cytoplasmic carboxyl ter-
minus of the E-cadherin is known to bind to p120-catenin and
either of two closely related proteins, �-catenin or �-catenin
(plakoglobin), thereby linking the complex to �-catenin.
Whereas p120-catenin acts to stabilize cadherins at the cell
surface (14), �-catenin provides a link to �-catenin (15),
which in turn has the ability to provide a functional link to the
actin cytoskeleton, thus promoting junction protein cluster-
ing and stabilization of cellular adhesion. The ability of these
junction core components to reorganize the actin cytoskele-
ton makes the assembly of cadherin-catenin adhesion com-
plexes a highly dynamic process, which allows spatial reorga-
nization of cells during normal development and cancer
metastasis. In addition to their structural role in stabilizing
adhesive contacts between the neighboring cells and directing
actin cytoskeleton reorganization, components of the cad-
herin-catenin complex are tightly linked to several key signal
transduction networks. The protein �-catenin plays a critical
role in canonical Wnt signaling. The Wnt/�-catenin signaling
pathway has a crucial role in the embryonic development of
all animal species, in the regeneration of tissues in adult or-
ganisms, and in numerous other processes (16–18).
It is becoming clear that N-glycosylation can be regulated

by cell-cell adhesion. We recently found that E-cadherin-me-
diated cell-cell interaction up-regulated GnT-III expression
(19, 20). Significant up-regulation of GnT-III expression was
observed only in epithelial cells that expressed basal levels of
E-cadherin and GnT-III but not in E-cadherin-deficient cells,
such as fibroblasts (20). The expression levels of GnT-III and
its products, the bisected N-glycans, were up-regulated by
cell-cell interaction via the E-cadherin-catenin-actin complex
because disruption of actin polymerization or lack of �-cate-
nin expression interfered with the regulation of GnT-III. The
reintroduction of �-catenin into �-catenin-deficient cells res-
cued GnT-III expression enhanced under cell-cell adhesion
(19), clearly indicating that the E-cadherin-catenin complex is
essential for cell-cell adhesion-regulated GnT-III expression.
In the present study, the roles of �-catenin were investi-

gated to further explore the detailed molecular mechanism
for GnT-III regulation by E-cadherin-mediated cell adhesion.
We found that �-catenin has both positive and negative ef-
fects on GnT-III expression, up-regulation by E-cadherin/�-
catenin-mediated cell adhesion, and down-regulation by the
Wnt/�-catenin pathway.

EXPERIMENTAL PROCEDURES

Cell Line and Cell Culture—Cells lacking �-catenin expres-
sion (DLD-1/��), a subclone of the human colon carcinoma
DLD-1 cell line, were kindly provided by Dr. Shintaro T. Su-
zuki (Kwansei Gakuin University). The expression vector en-
coding the wild type �-catenin was transfected into DLD-
1/�� cells and selected using G418 to obtain a stable
expression cell line (DLD-1/�-cat) (21, 22). DLD-1/�-cat cells
used in this study were cultured in Dulbecco’s modified Ea-
gle’s medium (DMEM) with high glucose (Sigma), supple-
mented with 10% fetal calf serum (FCS), 100 units/ml penicil-
lin G, and 0.1 mg/ml streptomycin under a humidified
atmosphere containing 5% CO2. Cells were plated at 5 � 106

and 5 � 105 on 150-mm dishes for dense culture and sparse
culture, respectively, followed by incubation for 3 days (20).
MCF-10A, a human non-tumorigenic immortalized breast
epithelial cell line, was cultured in DMEM/F-12 medium sup-
plemented with 5% horse serum, 20 ng/ml EGF, 10 �g/ml
insulin, 0.5 �g/ml hydrocortisone, and 100 ng/ml cholera
toxin under a humidified atmosphere containing 5% CO2 at
37 °C.
Western Blot, Immunoprecipitation, and Lectin Blot

Analyses—Cells cultured under different conditions as indi-
cated were washed with PBS and then lysed with lysis buffer
(10 mM Tris-HCl, 1% Triton-X, 150 mM NaCl, aprotinin, leu-
peptin, and 1 mM phenylmethylsulfonyl fluoride). Insoluble
materials were removed by centrifugation at 15,000 rpm for
10 min at 4 °C. Equal amounts of protein were separated using
7.5% SDS-PAGE, transferred to nitrocellulose, and probed
with the appropriate antibodies, as indicated, or with biotinyl-
ated phytohemagglutinin-E4 (E4-PHA), phytohemaggluti-
nin-L4 (L4-PHA), and Aleuria aurantia lectin (Seikagaku Ko-
gyo Inc., Japan). Immunoreactive bands were visualized using
a Vectastain ABC kit (Vector Laboratories, CA) and an ECL
kit (Amersham Biosciences). Monoclonal antibodies against
E-cadherin and �-catenin were purchased from BD Bio-
sciences, and the anti-�-tubulin antibody was from Sigma.
HRP-labeled anti-mouse IgG was obtained from Cell Signal-
ing (Danvers, MA). For immunoprecipitation, the supernatant
(2 mg of protein) was incubated with anti E-cadherin mono-
clonal antibody (3 �g/ml) (BD Biosciences) and anti-�1 inte-
grin (P5D2), which was obtained from the Developmental
Studies Hybridoma Bank, University of Iowa, for 1 h at 4 °C.
Protein G beads (30 �l in 50% slurry) were then added, fol-
lowed by incubation overnight at 4 °C with a rotator. After
washing three times with lysis buffer, the immunoprecipitates
were subjected to 8% SDS-PAGE, and the separated proteins
were transferred to a nitrocellulose membrane. The mem-
brane was incubated with a lectin for a lectin blot analysis or
an antibody for immunoblot analysis.
GnT-III Activity Assay—After washing with PBS, the cul-

tured cells were lysed by sonication. The cell lysate protein
concentration was determined using a BCA protein assay kit
(Pierce). Equal amounts of protein were used in the GnT-III
activity assays, as described previously (23). The specific
activity of GnT-III was determined using a substrate, 4-(2-
pyridylamino)-butylamine-labeled GlcNAc�1–2Man�1-
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6(GlcNAc�1–2 Man�1–3)Man�1–4GlcNAc�1–4GlcNAc-
Asn (24). Each assay used 5 mM substrate (in 10 �l of total
reaction solution). The activity of endogenous GnT-III was
measured by high performance liquid chromatography
(HPLC), expressed as pmol of GlcNAc transferred/h/mg of
proteins (20).
Microscopy and Cell Image—Cells were seeded on glass

bottom dishes for 48 h before fixation. After washing two
times with PBS, cells were fixed for 30 min in 3.7% paraform-
aldehyde solution at 37 °C. For permeabilization, the cells
were treated with 0.2% (v/v) Triton X-100 in PBS. The fixed
cells were blocked with 2% bovine serum albumin (BSA) in
PBS for 1 h and were then incubated with anti-�-catenin and
TO-PRO3 (Invitrogen) in blocking buffer for 1 h at room
temperature. Following three washes in PBS, the cells were
incubated with a 1:500 dilution of Alexa Fluor� 488 secondary
antibody (Invitrogen) for 1 h at room temperature. After
washing three times with PBS, the cells were analyzed using
an Olympus fluorescence microscope (FV1000 system).
PCR for mRNA Expression Analysis—Total RNA was pre-

pared with TRIzol (Invitrogen), and 2.0 �g of total RNA was
reverse transcribed using the Superscript III RNase H reverse
transcriptase kit (Invitrogen) according to the manufacturer’s
instructions. The following primers were used in PCR analysis
for human GnT-III, GnT-V, and GAPDH mRNA expression:
human GnT-III forward (5�-GCCGCGTCATCAACGCCAT-
CAA-3�) and human GnT-III reverse (5�-CAGGTAGTCGT-
CGGCGATCCA-3�); human GnT-V forward (5�-GACCTGC-
AGTTCCTTCTTCG-3�) and human GnT-V reverse (5�-
CCATGGCAGAAGTCCTGTTT-3�); human GAPDH
forward (5�-AGCCACATCGCTCAGACA-3�) and human
GAPDH reverse (5�-TGGACTCCACGACGTACT-3�). The
GAPDH mRNA was used as a control in PCR runs, and the
reaction products obtained were submitted to electrophoresis
in 1.6% agarose gels containing ethidium bromide.
Construction of the shRNAVector and Retroviral Infection—

A retroviral vector carrying shRNA targeted to �-catenin
(sense, GATCCAAGTCCTGTATGAGTGGGAACTTCAA-
GAGAGTTCCCACTCATACAGGACTTTTTTTTG; anti-
sense, AATTCAAAAAAAAGTCCTGTATGAGTGGGAAC-
TCTCTTGAAGTTCCCACTCATACAGGACTTG) and a
random sequence (sense, GATCCAACAGTCGCGTTTGCG-
ACTGGTTCAAGAGACCAGTCGCAAACGCGACTGTTT-
TTTTTG; antisense, AATTCAAAAAAAACAGTCGCGTT-
TGCGACTGGTCTCTTGAACCAGTCGCAAACGCGACT-
GTTG) were inserted in the sense and antisense directions
into the pSINsi-mU6 cassette vector (Takara Bio). The retro-
viral supernatant was obtained by transfection of human
embryonic kidney 293 cells using a Retrovirus Packaging Kit
Eco (Takara Bio) according to the manufacturer’s protocol.
The recombinant retrovirus particles containing the target
sequence or a random sequence as a control were infected
into DLD-1/�-cat cells, and the puromycin-resistant clones
were selected as a stable transfect. The expression of �-cate-
nin and GnT-III activities were confirmed in the stable
transfectants.
Extraction of Nuclear �-Catenin—The nuclear proteins

were prepared using the Thermo Scientific NE-PER nuclear

and cytoplasmic extraction kit (Rockford, IL). Briefly, 5 � 106
cells were harvested with trypsin-EDTA and then centrifuged
at 500 � g for 5 min. After washing with PBS, the cells were
transferred to 1.5 microcentrifuge tubes, leaving the cell pel-
lets as dry as possible, and reagents were then added to nu-
clear proteins according to the manufacturer’s instructions.
The expression levels of �-catenin were examined by Western
blot analysis. The staining of �-tubulin was used as a loading
control.
Cell Adhesion Assay Using 96-well Plates—96-well plates

(Corning Glass) were coated with 3 �g/ml fibronectin at 37 °C
for 1 h and blocked with 1% BSA in DMEM at 37 °C for 1 h.
The cells were detached with trypsin containing 1 mM EDTA
and resuspended with 0.5 mg/ml trypsin inhibitor (Nacalai
Tesque) in DMEM. The suspended cells were centrifuged at
1,000 rpm for 3 min and diluted to 8 � 105 cells/ml with assay
medium and 0.1% BSA in DMEM. 100-�l aliquots of cell sus-
pension were added to each well, and the plates were incu-
bated at 37 °C for 30 min. After incubation, attached cells
were fixed with 25% glutaraldehyde (Nacalai Tesque) and
stained with 0.5% crystal violet. The absorbance at 590 nm
was measured using an automated microtiter plate spectrom-
eter, Powerscan� HT (Dainippon Sumitomo Pharma Co.,
Ltd., Osaka, Japan) operated with microplate data analysis
software, KC4TM (BIO-TEC Instruments, Inc., Winooski,
VT).
Wound-healing Assay—A confluent layer of cells was

scraped/wounded using a yellow tip. The open gap was then
inspected microscopically over time as the cells moved in and
filled the damaged area. Micrographs were taken 0, 3, 9, and
18 h after wounding. The pictures show the cells as they be-
gan to migrate toward the center of the wound. Wound clo-
sure was measured by showing the distances between the
sides of the wound at the indicated times.
Flow Cytometry—Flow cytometry was performed as previ-

ously described (25). Briefly, cells were detached by trypsiniz-
ing and incubated with biotinylated E4-PHA lectin, followed
by streptavidin Alexa Fluor 488 conjugate (Invitrogen). Nega-
tive controls underwent the same procedure without E4-PHA
lectin. The analyses were performed using a FACSCalibur
instrument (BD Biosciences), equipped with CELLQuestPro
software.

RESULTS

Knockdown of �-Catenin Resulted in a Dramatic Increase in
GnT-III Expression—We have previously observed that GnT-
III expression was markedly induced in cells cultured under
dense conditions in an E-cadherin-�-catenin-actin-dependent
manner in several cancer cell lines (19, 20). The mechanism
was also confirmed in MCF-10A cells, a human non-tumori-
genic immortalized breast epithelial cell line in the present
study (data not shown), suggesting that it could be a universal
observation. Here, we focused on �-catenin, which is a central
player in E-cadherin-mediated cell-cell adhesion. Knockdown
of �-catenin genes in the DLD-1/�-cat cells was used to con-
firm the necessity of �-catenin for GnT-III induction. The
expression levels of �-catenin were effectively decreased to
�20% of the levels in wild type or mock transfectants (Fig. 1B,
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top). It is worth noting that knockdown of �-catenin did de-
crease E-cadherin expression and �-catenin (Fig. 1B). It was
previously found that newly synthesized E-cadherin associates
with �-catenin, and the two proteins move together to the cell
surface (26). Impairment of �-catenin binding leads to pro-
teosomal destruction of cadherin (27). The catenin binding
region of cadherins features a “PEST” sequence motif that is
recognized by ubiquitin ligases but would be inaccessible in
the complex with �-catenin (28). Thus, it appears that �-cate-
nin prevents proteosomal destruction of cadherin, ensuring
delivery of cadherin-�-catenin complexes to the cell surface.
Theoretically, it was thought that GnT-III expression was

down-regulated in shRNA-�-cat cells because E-cadherin-
catenin complex was essential for GnT-III induction by cell-
cell adhesion. However, unexpectedly, the GnT-III expression
in shRNA-�-cat cells, in all 10 of the clones selected by puro-
mycin, dramatically increased by more than 10-fold, com-
pared with those in wild type or mock transfectants, which
was confirmed by RT-PCR and HPLC assays (Fig. 1, C and D).
Furthermore, the GnT-III products, bisected N-glycans, were
greatly enhanced in knockdown cells, which was confirmed by
an E4-PHA lectin blot (which specifically recognizes bisecting
GlcNAc) (Fig. 1E). On the other hand, the expression levels of
GnT-V and �1,6-fucosyltransferase and their products con-
firmed by L4-PHA and A. aurantia lectin (data not shown),

which selectively recognize �1,6-branching GlcNAc and �1,6-
fucose, respectively, were not affected by the knockdown of
�-catenin (Fig. 1F). In a similar fashion, the regulation of cell-
cell interaction was also relatively specific to GnT-III but not
other glycosyltransferases (20). Overall, these results suggest
that �-catenin might specifically regulate the expression of
GnT-III.
It remains unclear why the induction of GnT-III expression

by �-catenin shRNA knockdown did not affect L4-PHA stain-
ing. Although an introduction of the bisecting GlcNAc usually
suppresses the action of GnT-V in several cell lines and mole-
cules, as we previously reported (29, 30), it is noteworthy that
this is not always the case, which may be dependent on cells
and molecules. In some cases, an introduction of the bisecting
GlcNAc could enhance the products of GnT-V on some mol-
ecules, such as integrins and laminins.4 It could be argued that
modification of the bisecting GlcNAc on certain sites can lead
to molecular conformation changes, which may give GnT-V
easy access to other N-glycosylation sites for �1,6-GlcNAc
modification, because most glycoproteins contain multiple
potential N-glycosylation sites. Recently, we found that GnT-
III mainly modifies site 4 of the integrin �5 subunit, although

4 T. Isaji, Y. Kariya, and J. Gu, unpublished data.

FIGURE 1. Effects of �-catenin knockdown on the GnT-III gene and its product expressions. A, reaction pathway for the synthesis of bisecting GlcNAc.
Man, mannose. B, shRNA knockdown of �-catenin in a retroviral vector, as described under “Experimental Procedures.” Equal amounts of cell lysate protein
were separated on 7.5% SDS-PAGE, and the membranes were probed with the indicated antibodies. �-Tubulin was used as a loading control. Control, with-
out retroviral infection; Mock, retroviral infection with a random sequence. C, comparison of GnT-III gene expression levels among three cells. D, cells were
then harvested under subconfluence. Equal amounts of cell lysate protein (20 �g) were used as the enzymatic source for GnT-III. Top and middle, a repre-
sentative example of elution patterns of control and knockdown cells, respectively. S, substrate; P, product. The activity in control cells was set equal to 1.
GnT-III activity is expressed as -fold increase relative to the activity in control cells (bottom). The shRNA knockdown of �-catenin resulted in a dramatic in-
crease in the expression of bisected N-glycans but not �1,6-GlcNAc expression detected by E4-PHA (E) and L4-PHA (F), respectively. The asterisks indicate
nonspecific staining of E4-PHA because those bands did not disappear after treatment with 100 mM acetic acid.
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it has 14 potential N-glycosylation sites (31). Thus, it may not
be surprising that total L4-PHA staining is not affected by an
increase in GnT-III activation, as shown in the present study.
Efficient shRNA Knockdown of �-Catenin in Nuclei—Based

on the observation above, we hypothesized that there might
be two pathways that participate in the regulation of GnT-III
because it is known that �-catenin is a central player in not
only E-cadherin-mediated cell-cell adhesion but also in the
canonical Wnt signaling pathway. Experiments were thus car-
ried out to examine the efficiency of the knockdown of
�-catenin in cell-cell contact and the nuclei. Interestingly, the
level of �-catenin in the nucleus was greatly decreased in
shRNA-�-cat cells, compared with their corresponding con-
trol cells, in the immunofluorescence observation (Fig. 2A).
To a lesser extent, decreased �-catenin staining was also ob-
served in cell-cell contacts of knockdown cells. In order to
confirm this phenomenon, nuclei were further isolated nuclei,
and the expression levels of �-catenin were compared in
membrane fraction and nuclear fraction by Western blot. The
expression levels of �-catenin in membrane fractions and cy-
tosol fractions were decreased in shRNA-�-cat cells, com-
pared with control cells and mock cells (Fig. 2B). Consistent
with the immunostaining data, �-catenin expression of nuclei
in the shRNA-�-cat cells was substantially decreased as com-
pared with those in control cells and mock cells (Fig. 2C).

FIGURE 2. Localization of �-catenin in �-catenin knockdown cells. To visu-
alize the effects of �-catenin knockdown, control and �-catenin knockdown
cells were cultured for 48 h and stained with anti-�-catenin primary antibody
and TO-PRO-3 and fluorescent secondary antibodies (A). The �-catenin protein
expression levels were compared in membrane and cytoplasm fractions (B) and
nuclear fractions (C). �-Tubulin was used as a load control.

FIGURE 3. Enhanced expression levels of bisected N-glycans on cell surface and proteins. Cell surface expression levels of bisected N-glycans were ex-
amined using FACS analysis. Prior to analysis, cells were incubated with biotinylated E4-PHA lectin, followed by incubation with streptavidin Alexa Fluor 488
conjugate (A). Cell lysates from those three cells were immunoprecipitated using anti-�1 integrin (B) or anti-E-cadherin (C) antibodies. Immunoprecipitates
were run on a 7.5% SDS-polyacrylamide gel and probed with the biotinylated E4-PHA lectin. IP, immunoprecipitation; IB, immunoblot.
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Enhanced Expression of Bisected N-Glycans on Cell Surface
Proteins—To examine whether increased GnT-III expression
can affect the N-glycans expressed on the cell surface, a FACS
analysis was performed using E4-PHA lectin. As shown in Fig.
3A, the E4-PHA reactivity was much stronger in shRNA-�-
cat cells than in mock or control cells. Furthermore, the gly-
coproteins, such as �1 integrin and E-cadherin, were abun-
dantly modified by GnT-III (Fig. 3, B and C). These results
indicate that both �1 integrin and E-cadherin are targets of
GnT-III induced by the knockdown of �-catenin.
Enhanced GnT-III Expression, Down-regulated Cell Adhe-

sion, and Cell Migration—Previously, we reported that over-
expression of GnT-III down-regulated integrin-mediated cell
adhesion and cell migration. Here, cell adhesion and cell
wound healing were examined. As expected, cell adhesion on
fibronectin was significantly inhibited in �-catenin knock-
down cells, compared with control or mock cells (Fig. 4A). In
the wound-healing assay, the control cells efficiently moved in
and filled the open gap at 3, 9, and 18 h after wounding. How-
ever, wound closure could not be observed in the knockdown
cells (Fig. 4, B and C). These results suggest that the induction
of GnT-III by shRNA-�-catenin functionally affects cell be-
havior. Of course, this does not exclude other reasons for the
regulation of cell movement. For example, cadherin-mediated

cell adhesion can activate small G proteins, such as Rho and
Rac, which are also important for cell migration.
Wnt/�-Catenin Signal Pathway Was Involved in Regulation

of GnT-III Expression—We previously reported that E-cad-
herin-catenin mediated cell adhesion positively regulates
GnT-III expression. Logically, �-catenin knockdown should
therefore decrease GnT-III expression. However, shRNA
knockdown of �-catenin resulted in drastic up-regulation of
GnT-III expression as described above. Because �-catenin is
an essential molecule in both cadherin-mediated cell adhesion
and canonical Wnt signaling, this finding prompted the hy-
pothesis that Wnt signaling should inhibit GnT-III expres-
sion. To confirm this hypothesis, the effects of Wnt3a were
examined. As expected, the addition of Wnt3a into the cul-
tured medium significantly down-regulated GnT-III expres-
sion, confirmed by GnT-III activity assay as shown in Fig. 5A
and 5B, and its products were confirmed by E4-PHA lectin
blot (Fig. 5C). The addition of BIO or SB415286, an inhibitor
of GSK-3� (glycogen synthase kinase-3�), which phosphory-
lates �-catenin for its proteasome degradation, consistently
decreased GnT-III activities (Fig. 5, A and B) and E4-PHA
staining to a great extent (Fig. 5D). By contrast, the inhibition
of Wnt signaling by the presence of quercetin, a natural prod-
uct that inhibits Wnt/�-catenin signaling without altering
cytosolic �-catenin levels (32), significantly increased GnT-III
activities (Fig. 5, A and B) and E4-PHA staining levels (Fig.
5E). Taken together, these results indicate that Wnt/�-cate-
nin signaling inhibits GnT-III expression. The GnT-III activi-
ties were inhibited by treatment with GSK-3� inhibitors, Bio
or SB415286, by �70%, a greater extent than those in cells
treated with Wnt3a by �30% (Fig. 5, A and B). Considering
Wnt binding also acts through �-catenin-independent, non-
canonical pathways, the less inhibitory effects of Wnt3a on
GnT-III activities could mean that the non-canonical Wnt
pathway also affects GnT-III expression. Taken together,
these results indicate that Wnt/�-catenin signaling inhibits
GnT-III expression.

DISCUSSION

In the present study, it was found that GnT-III and its
products, the bisected N-glycans, are up-regulated by knock-
down of �-catenin or inhibition of Wnt/�-catenin signaling
by treatment with quercetin. Conversely, stimulation of Wnt/
�-catenin signaling by exogenous Wnt3a down-regulated
GnT-III expression. �-catenin is an essential molecule both in
cadherin-mediated cell adhesion and in canonical Wnt signal-
ing, the loss of cadherin-mediated cell adhesion can promote
�-catenin release and Wnt signaling, and then Wnt signaling
in turn inhibits E-cadherin-catenin-mediated cell adhesion.
Therefore, there is mutually exclusive cross-talk between
�-catenin in two different compartments, the adhesion com-
plex at the plasma membrane and a signaling complex in the
nucleus. Given the previously described up-regulation by E-
cadherin-mediated cell-cell adhesion, we postulate that there
are positive and negative regulation pathways for GnT-III (i.e.
E-cadherin-catenin-mediated cell adhesion signaling and
Wnt/�-catenin signaling), and the intersection point is at
�-catenin, as shown in Fig. 6. Thus, the expression levels of

FIGURE 4. Effects of �-catenin knockdown on fibronectin-mediated cell
adhesion and migration. A, subconfluent cells were detached, and 40,000
cells were added to 96-well plates coated with 3 �g/ml fibronectin for the
cell adhesion assay. The plates were incubated at 37 °C for 30 min and then
washed twice with warmed PBS to remove non-adherent cells. The adher-
ent cells were fixed with 25% glutaraldehydes and stained with 0.5% crystal
violet, and then the absorbance at 590 nm was measured. Error bars, S.D.
B, a confluent layer of cells was scraped/wounded using a yellow tip. The
open gap was then inspected microscopically, and the distances between
the sides of the wound were measured at the indicated times. C, quantita-
tive data (mean value) for the cell migration from three independent exper-
iments. The distance between the sides of the wound immediately follow-
ing wounding (0 h) was set equal to 100. The relative wound closure is
expressed as widths of the wound relative to the distance at 0 h.
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GnT-III can be closely regulated by the cellular distributions
of �-catenin.

Cadherin-mediated cell-cell adhesion is highly dynamic
and enables the reorganization and dispersal of cells (e.g.
during the epithelial-to-mesenchymal transition in normal
development and carcinogenesis) (33). In epithelium-derived
tumors, the loss of cell-cell adhesion is correlated with down-
regulation of E-cadherin as well as increased proliferation and
tumor invasiveness (34). Ductal carcinoma, accounting for
�80% of breast cancer, is associated with a reduction in both
E-cadherin and �-catenin (34), and the loss of �-catenin is
associated with advanced stages and poor patient survival
(35). Taken together, these observations provide strong evi-
dence that the regulation of E-cadherin and associated pro-
tein expression and localization are factors involved in carci-
nogenesis. On the other hand, E-cadherin can be
N-glycosylated, and the N-glycosylation at Asn-633 is essen-
tial for E-cadherin expression, folding, and trafficking (36, 37).
Our earlier study showed that E-cadherin-mediated cell-cell
adhesion is regulated by post-transcriptional modification of
N-glycans. Overexpression of GnT-III increased the retention
of E-cadherin at the cell border, which resulted in an en-
hancement of E-cadherin-mediated homotypic adhesion.
Thus, the expression of E-cadherin may be regulated not only
by transcriptional factors but also by post-transcriptional
processing, maturation, and modifications. It was recently

found that GnT-III was conversely up-regulated by E-cad-
herin-catenin complex-mediated cell-cell adhesion. The regu-
lation of GnT-III and E-cadherin expression may exist as a
positive feedback loop (38). It is possible that up-regulation of
GnT-III by cell-cell interaction might neutralize the signals
responsible for maintenance of the cell differentiation
phenotype.
Besides the roles of the cadherin-catenin complex in stabi-

lizing adhesive contacts between neighboring cells and direct-
ing actin cytoskeleton reorganization, components of the
complex are tightly linked to several key signal transduction
networks. For example, �-catenin is a central player in the
canonical Wnt signaling pathway, where it translocates to the
nucleus and functions as a transcriptional cofactor (17, 39).
One potential determinant of �-catenin’s availability to par-
ticipate in either the adhesion or transcriptional complexes
may lie in its phosphorylation status. Indeed, �-catenin can be
phosphorylated by a variety of serine/threonine and tyrosine
kinases, and this can profoundly change the ability of �-cate-
nin to interact with cadherin and �-catenin as well as its sig-
naling function (40).
The Wnt/�-catenin signaling pathway has a crucial role in

the embryonic development of all animal species, in the re-
generation of tissues in adult organisms, and in numerous
other processes. Mutations or deregulated expression of com-
ponents of the canonical Wnt pathway can induce disease,

FIGURE 5. Effects of Wnt signaling pathway on GnT-III expression. A, subconfluent �-catenin knockdown cells were incubated with or without Wnt3a
(300 ng/ml), BIO (2 �M), SB415286 (50 �M), or quercetin (300 �M) for 48 h and then harvested for assay of GnT-III activities. Equal amounts of cell lysate pro-
tein (10 �g) were used as the enzymatic source for GnT-III. S, substrate; P, product. B, quantitative data for the relative activities of GnT-III from three inde-
pendent experiments. Error bars, S.D. *, p � 0.01; **, p � 0.0001 compared with cells in the presence of buffer without these reagents. The subconfluent
cells were cultured for 72 h in the absence or presence of Wnt3a (C), BIO (D), or quercetin (E) and then harvested and lysed for immunoblotting. Equal
amounts of protein (20 �g) were separated on 7.5% SDS-PAGE under reducing conditions, and the membranes were probed with E4-PHA (top), and rep-
robed with anti-�-tubulin (bottom), which was used as a loading control. Control, without retroviral infection; Mock, retroviral infection with a random se-
quence. The asterisks indicate nonspecific staining of E4-PHA because those bands did not disappear after treatment with 100 mM acetic acid.
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most importantly cancer (41). The manifestation of cancer by
aberrant Wnt signaling most likely results from inappropriate
gene activation mediated by stabilized �-catenin. It is appar-
ent that Wnt signaling causes cancer and that tumor promo-
tion by this pathway can proceed through a number of differ-
ent genetic defects. Here, we clearly showed that Wnt
signaling sufficiently suppressed GnT-III expression, which
usually relates to the inhibition of cancer metastasis. Thus, to
a certain extent, the up-regulation of GnT-III by the knock-
down of �-catenin could maintain cell differentiation rather
than cell proliferation and invasion because cell adhesion and
growth factor-mediated activation can be suppressed by GnT-
III expression. Because �-catenin is a co-transcriptional fac-
tor, which binds to lymphoid enhancer factor-1/T-cell factor
in order to turn on/off gene expression (42), we analyzed the
promoter of the GnT-III gene using TESS (Transcription Ele-
ment Search System) and found that there are three potential
lymphoid enhancer factor-1/T-cell factor binding motifs: py-
rimidine-rich elements (5�-PyCTTTG-3� or complementary
sequence 5�-PyGAAAC-3�) in the 5�-flanking 2000-bp region
of the first exon of the GnT-III gene (43). Those potential se-
quences were identified at positions �1496, �1563, and
�1652 (relative to the first base in the 5�-end of the first exon
designated as �1 according to the published human GnT-III
sequence) (44), suggesting that �-catenin may bind to tran-
scription factor lymphoid enhancer factor-1/T-cell factor to
turn off GnT-III gene expression. A detailed characterization

of the promoter of the GnT-III gene is required for further
studies.
Given the important biological functions of GnT-III de-

scribed above, these results provide new insight into the mo-
lecular mechanism of relationships among cell-cell interac-
tion and Wnt signaling during normal development,
epithelial-to-mesenchymal transition, and cancer metastasis.
A thorough understanding of these processes will require
mechanistic explanations of how the signaling pathways im-
plicated in epithelial-to-mesenchymal transitions trigger the
rearrangements of cellular architecture and changes in cell
behavior that permit this to happen through the regulation of
N-glycosylation. It is also important to further examine
whether the phenomena in vitro can also be observed in in
vivo studies using animal models, such as GnT-III knock-out
mice and epithelial tumor models, to elucidate the relation-
ship between bisected N-glycosylation by GnT-III and �-cate-
nin during cell adhesion, migration, and proliferation.
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