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Background:Galectin-3 is expressed in a variety of tumors and its expression level is relatedwith tumor progres-
sion. Aberrant expression of MUC1 in various tumors is also associated with a poor prognosis. It has been report-
ed that MUC1 is a natural ligand of galectin-3.
Methods: A stable MUC1 transfectant was produced by introducing MUC1 cDNA into mouse 3T3 fibroblasts
(MUC1/3T3 cells). MUC1 was prepared from MUC1/3T3 cells; MUC1-N-terminal domain (MUC1-ND) and -C-
terminal domain (MUC1-CD) were separated by CsCl ultracentrifugation, and then the galectin-3-binding
domain was determined by co-immuniprecipitation assay. After ligation of galectin-3 to 3T3/MUC1 cells,
MUC1-CD was immunoprecipitated from the cell lysate. The immunoprecipitate was subjected to SDS-PAGE
and Western blotting, followed by detection of co-immunoprecipitated β-catenin.

Results: Galectin-3 binds to the N-terminal domain of MUC1 but not to the C-terminal one. Galectin-3 present
on the cell surface increased with the expression of MUC1 and is colocalized with MUC1. It should be noted
that β-catenin was detected in the immunoprecipitate with anti-MUC1-CD Ab from a lysate of galectin-3-
treated 3T3/MUC1 cells.
Conclusions: Galectin-3 binds to MUC1-ND and triggers MUC1-mediated signaling in 3T3/MUC1 cells, leading to
recruitment of β-catenin to MUC1-CD.
General significance: This signaling may be another MUC1-mediated pathway and function in parallel with a
growth factor-dependent MUC1-mediated pathway.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Galectin-3 is expressed in a variety of tumors and its expression level
is related with tumor progression [1,2]. The effects of endogenous
galectins on tumor progression seem to depend on the subcellular
localization of the protein. Galectin-3 is widely distributed in different
types of cells and tissues, and is found intracellularly in the nucleus
and cytoplasm or is secreted via a non-classical pathway outside of
cell, thus being found on the cell surface or in the extracellular space
[3,4]. Extracellular galectins bind to a wide array of glycoproteins and
glycolipids on the cell surface and in the extracellularmatrix. By binding
to these glycoconjugates, galectins can deliver signals intracellularly as
well as mediate cell–cell and cell–matrix adhesion [2,5–7]. The effect
of exogenously added galectin-3 on cell behavior such as proliferation
differs among cell types, probably due to differences in the ligand glyco-
proteins to which the galectin binds.

MUC1 is a transmembranemucin glycoprotein that is overexpressed
and aberrantly glycosylated in many types of epithelial tumor cells, and
it has been reported that an elevated level of MUC1 protein has been
).
associated with a poor prognosis [8,9]. The MUC1 protein is translated
as a single polypeptide, which is cleaved in the endoplasmic reticu-
lum, yielding N- and C-terminal subunits that form a heterodimeric
complex held together through non-covalent interactions [10,11]. The
N-terminal ectodomain (MUC1-ND) consists of variable numbers of
20 amino acid tandem repeats that are extensively O-glycosylated
[12]. The C-terminal domain (MUC1-CD) anchors MUC1-ND to the cell
surface. MUC1-ND has an extended structure because it carries a large
number of sialylated O-glycans. This extended structure is expected to
act as a particularly effective scaffold for the presentation of oligosac-
charide chains to lectins.

It has been reported that MUC1 is a natural ligand of endogenous
galectin-3 [13–16]. Many studies have focused on the binding of
galectin-3 to MUC1 and the resultant effect on cell behavior such as
cell adhesion. Thus, it has been demonstrated that the galectin-3-
MUC1 interaction induces the polarization of MUC1 on the cell surface
and the exposure of cell adhesion molecules, facilitating homolytic ag-
gregation of tumor cells and adhesion of cancer cells to endothelial
cells [13,15,16]. With respect to galectin-3-binding domain, however,
opposing data have been reported with respect to its binding domain.
Yu et al. reported that recombinant galectin-3 interacts with the TF
antigen expressed on MUC1-ND, facilitating the adhesion of epithelial
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cancer cells to the endothelium [13]. In contrast, Ramasamy et al. dem-
onstrated that galectin-3 binds toN-glycans expressed onMUC1-CD, fa-
cilitating the interaction with receptors for growth factors [14]. In
addition, many studies on MUC1-mediated signaling, which is initiated
by growth factors, have been reported using epithelial tumor cells
[17–20], and fibroblasts transfected with MUC1cDNA [8,21]. These
studies have revealed that an FGF-triggered signal is mediated through
MUC1 in MUC1cDNA-transfected fibroblasts like that initiated by EGF
in epithelial tumor cells. Thus, we speculated that we could elucidate
the function of MUC1 more clearly using 3T3/MUC1 cells lacking
tumor associated genetic and epigenetic changes. These studies also
demonstrated that MUC1-CD serves as a scaffold protein, enabling
interactions between different regulators such as β-catenin. Dysregula-
tion ofβ-catenin is known to be of great importance to the development
of diverse human malignancies [17].

In the present study, we demonstrated that galectin-3 bound to
MUC1-ND, but not to MUC1-CD, and that this direct binding of
galectin-3 to MUC1 also triggered the recruitment of β-catenin to
MUC1-CD in 3T3/MUC1 cells.

2. Materials and methods

2.1. Cells

Mouse NIH3T3 cells were obtained from the American Type Culture
Collection. 3T3/MUC1 cells were prepared by introducing MUC1cDNA
into mouse 3T3 fibroblasts as described previously [22], and 3T3 mock
cells were prepared by transfection of the empty vector. 3T3/mock
and 3T3/MUC1 cells were cultured in RPMI1640 containing 2 mM L-
glutamine and 10% fetal calf serum.

2.2. Preparation of MUC1-ND and -CD

3T3/MUC1 cells (4.5× 107 cells)were labeledwith biotin according to
the manufacturer's instructions. The cells were solubilized with a
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Fig. 1. Expression ofMUC1 and galectin-3 in 3T3/MUC1 and 3T3/mock cells. A. 3T3/MUC1 and 3
mouse IgG Ab ( ), and analyzed by flow cytometry. A control experiment was performed us
the lysates were subjected to SDS-PAGE and Western blotting, followed by detection with ant
formed in duplicate and representative data are shown.
solubilizing solution (1% NP-40, 10 mM Tris–HCl; pH 8.0, 0.14 M NaCl,
1 mMEDTA, 1mMPMSF and protease inhibitor cocktail (Nacalai tesque)
and centrifuged at 14,000 ×g for 20 min. The supernatant was subjected
to gel filtration on Sepharose™ CL-6B (2.8 × 91 cm; GE-Healthcare),
and eluted with a gel filtration solution (25 mM Tris–HCl; pH 7.5, 0.15
M NaCl, 0.5% Triton® X-100), fractions of 8 ml being collected. Aliquots
were dot-blotted onto a Zeta-Probe Blotting membrane (Bio-Rad) and
biotin-labeled proteinswere detectedwithHRP-streptavidin. The density
was determined using Image J software (NIH) to reveal the elution pat-
tern. The excluded fractions containingMUC1were pooled and subjected
to CsCl ultracentrifugation (36,000 rpm, 72 h; HITACHI, P40ST rotor) in
the presence of 4 M guanidine–HCl. Aliquots (24 fractions) were dotted
onto a Zeta-Probe Blotting membrane (BioRad), and MUC1-ND and -CD
were detected with mouse anti-MUC1-ND Ab (BD Pharmingen™) and
Armenian hamster anti-MUC1-CD Ab5 (Neo Marker), respectively.

2.3. Immunostaining

Immunostaining of the cell surface was performed as follows.
After washing of 3T3/MUC1 and 3T3/mock cells (5 × 103 cell) with
cold PBS, the cells were treated with PBS containing 10% goat serum,
and then with mouse anti-MUC1-ND Ab, goat anti-galectin-3 Ab
(Santa Cruz) or a control IgG in PBS containing 1% BSA at 4 °C for 2 h.
After washing with cold PBS, the cells were stained with Alexa
Fluor®-488 labeled rabbit anti-mouse IgG Ab or Alexa Fluor®-594
labeled rabbit anti-goat IgG Ab (Molecular Probe™) at 4 °C for 1 h.
After treatment with PBS containing 4% paraformaldehyde, the nucleus
was stained with diamidino-2-phenylindole (DAPI). Slides were
mounted using ProLong® Gold Antifade Reagents (Invitrogen) and
observed under a confocal fluorescence microscope (TCS SPE, Leica
microsystems).

When the cells were immunostained intracellularly, they were fixed
with PBS containing 4% paraformaldehyde, and then treated with PBS
containing 10% goat serum and 0.1% Triton® X-100, followed by treat-
ment with primary Abs as described above in PBS containing 1% BSA
IB : MUC1-ND

IB : MUC1-CD

IB : Galectin-3

IB : -actin

T3/mock cells were treatedwith anti-MUC1-NDAb and thenwith FITC-labeled rabbit anti-
ing a control mouse IgG Ab ( ). B. 3T3/MUC1 and 3T3/mock cells were solubilized and
i-MUC1-ND, anti-MUC1-CD, anti-galectin-3, and anti-β-actin Abs. Experiments were per-
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and 0.1% Triton® X-100 at room temperature for 2 h. After washing
with PBS, the cells were stained with secondary Abs and DAPI, and the
mounted slides were observed as described above.
2.4. Flow cytometry

3T3/MUC1 and 3T3/mock cells (1 × 106 cells) were treated with
mouse anti-MUC1-ND Ab or a control mouse IgG in PBS containing
0.5% BSA at 4 °C for 1 h. After washing with PBS containing 0.5% BSA,
the cells were incubated with FITC-labeled rabbit anti-mouse IgG Ab
(Zymed) and analyzed with a FACS Calibur™ (Becton Dickinson).
2.5. Immunoprecipitation

3T3/MUC1 and 3T3/mock cells were solubilized with a solubiliz-
ing solution as described above. MUC1-CD and β-catenin were
immunoprecipitated from the lysates (500 μg) by incubation with
Armenian hamster anti-MUC1-CD Ab and mouse anti-β-catenin Ab,
respectively, and then with Protein G-SepharoseTM 4 Fast Flow
(GE Healthcare).

Immunoprecipitation of galectin-3 was also performed by incuba-
tion with goat anti-galectin-3 Ab, and then with PureProteomeTM

Protein G Magnetic Beads (MILLIPORE).
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Fig. 2. Distribution of galectin-3 and MUC1 in 3T3/MUC1 and 3T3/mock cells. A. 3T3/MUC1 an
MUC1-ND and Alexa Fluor®-488 labeled rabbit anti-mouse IgG Ab, and goat anti-galectin-3 A
were treated with PBS containing 10% goat serum and 0.1% Triton® X-100, and then stained im
2.6. N-Glycanase, O-glycanase, and O-glycanase and neuraminidase
treatment

Lysates (250 μg) of 3T3/MUC1 cells were treated with 10 mU of
Glycopeptidase F (TaKaRa) at 37 °C for 17 h in 100 mM Tris–HCl; pH
8.6. The MUC1-ND fraction (10 μg) prepared as described above was
treated with 2 × 105 U of O-glycanase (BioLabs inc.) or with 2 × 105 U
of O-glycanase and 50 mU of neuraminidase (Arthrobacter ureafaciens,
Nacalai tesque) at 37 °C for 17 h in 0.25% SDS, 1% NP-40, 20 mM DTT,
and 50 mM sodium phosphate; pH 7.5.
2.7. Cell surface labeling with biotin

Cells were incubated in PBS containing 0.1 mg/ml EZ-Link®
Sulfo-NHS-Biotin (Thermo) at 4 °C for 1 h. After washing with PBS
containing 0.1 M glycine, the cells were dissolved with a solubilizing
solution.
2.8. Western blot analyses

Lysates of 3T3/MUC1 and 3T3/mock cells, and immunoprecipitates
were subjected to SDS-PAGE, followed by Western blotting using
Immuno-Blot™ PVDF membranes (Bio-Rad), except for the detection
Galectin-3 Merge

Galectin-3 Merge

d 3T3/mock cells were stained immunochemically using the combinations of mouse anti-
b and Alexa Fluor®-594 labeled rabbit anti-goat IgG Ab. B. 3T3/MUC1 and 3T3/mock cells
munochemically as described above.
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of MUC1-ND. In the case of MUC1-ND, Zeta-Probe Blotting membranes
were used.

Detection of MUC1-ND, β-catenin and β-actin was performed using
mouse anti-MUC1-ND, anti-β-catenin and anti-β-actin Abs, and subse-
quently HRP-labeled rabbit anti-mouse IgG Ab (Zymed). The intensity
of bands was determined using Image J software (NIH).

2.9. Detection of galectin-3 chemically cross-linked with MUC1 on the
surface of 3T3/MUC1 cells

3T3/MUC1 cells (2 × 107 cells) were incubated with recombinant
galectin-3 (1 μg/ml) at 4 °C for 30 min. After washing with PBS, the
cells were treated at 4 °C for 1 h with a chemical cross-linking reagent,
DTSSP [3,3′-dithiobis(sulfosuccinimidylpropionate)] (Thermo Fisher
Scientific), which includes a disulfide bond. After washing with PBS
containing 50 mM glycine, the cells were solubilized and subjected to
CsCl ultracentrifugation, and then the MUC1-ND and -CD positive frac-
tions were separated as described above. After dialysis of the pooled
MUC1-ND and -CD positive fractions against a solubilizing solution,
MUC1-ND and -CD were immunoprecipitated from the respective frac-
tions and subjected to SDS-PAGE under reduced conditions, followed by
detection of galectin-3.

2.10. Statistical analysis

Student's test was used to determine the significance of differences
between sample means.

3. Results and discussion

3.1. Expression of MUC1 and galectin-3 in 3T3/MUC1 cells

MUC1cDNA was introduced into mouse 3T3 fibroblasts and stable
transformants were obtained. Expression of MUC1 on the surface of
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Fig. 3. Detection of cell surface galectin-3. A. 3T3/MUC1 and 3T3/mock cells were labeled
with biotin as describedunderMaterials andmethods, and the immunoprecipitate obtain-
ed from the lysate with anti-galectin-3 Ab was subjected to SDS-PAGE andWestern blot-
ting, followed by detection with HRP-streptavidin. Experiments were performed in
triplicate and representative data were shown. B. The intensity of the bands was deter-
mined using Image J software (NIH).
3T3/MUC1 cells was confirmed byflow cytometry. Therewas nodetect-
able MUC1 expression on cells transfected with the empty vector
(Fig. 1A). A cell lysate was subjected to SDS-PAGE, followed byWestern
blotting, and detection with anti-MUC1-ND and -CD Abs, and anti-
galectin-3 Ab. For 3T3/MUC1 cells, a major band of MUC1-ND was de-
tected at the position corresponding to about 250 kDa, and MUC1-CD
gave several bands corresponding to molecular weights of 15 kDa to
25 kDa, which is considered to be due to different levels of N-
glycosylation, as previously described [23]. It has been reported that
MUC1 induces the expression of galectin-3, and galectin-3 also positive-
ly controls MUC1 expression in pancreatic cancer cells [24]. The level of
galectin-3 in 3T3/MUC1 cells was slightly higher than that in 3T3/mock
cells. One possibilitymay be due to the binding of galectin-3 toMUC1 on
the surface of 3T3/MUC1 cells (Fig. 1B).
3.2. Distribution of galectin-3 and MUC1 on the surface of 3T3/MUC1 cells

Galectins are present both inside and outside the cells and function
both intracellularly and extracellularly. It seems likely that extracellular
galectins can bind to cell surface glycoconjugates bearing suitable
galactose oligosaccharides. The distributions of MUC1 and galectin-3
on the surface of 3T3/MUC1 and 3T3/mock cells were observed using
anti-MUC1-ND Ab and anti-galectin-3 Ab, and the corresponding
fluorescein-labeled secondary Ab. MUC-1 was completely co-localized
with galectin-3 (Fig. 2A). Therefore, it is speculated that ligation of
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Fig. 4. Binding of galectin-3 to MUC1. A. Anti-galectin-3 Ab (1 μg/ml) was added to a
lysate of 3T3/MUC1 cells and the immunoprecipitate was subjected to SDS-PAGE and
Western blotting, followed by detection with anti-MUC1-ND, anti-MUC1-CD and anti-
galectin-3 Abs. Experiments were performed in duplicates and representative data are
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under Materials and methods. MUC1-ND and MUC1-CD were detected as described in
A. Experiments were performed in duplicates and representative data are shown.
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galectin-3 may initiate the signaling through MUC1 like other cross-
linked cell surface proteins. A low level of galectin-3 was detected on
the surface of 3T3/mock cells compared with that on 3T3/MUC1 cells.
It seems likely that N- and/or O-glycans borne on the MUC1 core pro-
teins may be preferable ligands for galectin-3. Thus, galectin-3 seems
to be retardedon the cell surface through its binding toMUC1. Cytoplas-
mic galectin-3 was also observed in 0.1% Triton-X 100-treated 3T3/
MUC1 and 3T3/mock cells. Similar levels of galectin-3 were detected
in the cytoplasm of both cells (Fig. 2B).

3.3. Level of cell surface galectin-3

To determine the level of galectin-3 present on the cell surface, 3T3/
MUC1 and 3T3/mock cells were treated with biotin as described
under Materials and methods. From the cell lysates, galectin-3 was
immunoprecipitated and subjected to SDS-PAGE, followed by Western
blotting and detection of galectin-3 with HRP-streptavidin. The level
of galectin-3 on the surface of 3T3/MUC1 cells was about twice that
on 3T3/mock cells, suggesting that galectin-3 was retained on the cell
surface through binding to MUC1 (Fig. 3A,B).

3.4. Binding of galectin-3 to MUC1-ND

With respect to the binding domain of galectin-3, different results
have been reported. Galectin-3 can interact either with O-glycans
branched on MUC1-ND [13] or with N-glycans on MUC1-CD [14]. To
determine which domain galectin-3 can bind to, galectin-3 was
immunoprecipitated from lysates of 3T3/MUC1 cells and subjected
to SDS-PAGE, followed by Western blotting and detection of co-
immunoprecipitated MUC1. As shown in Fig. 4A, MUC1 was co-
immunoprecipitated with galectin-3, and both MUC1-ND and -CD
were detected, probably due to the tight association of both domains
even if galectin-3 bound to eitherMUC1-ND or -CD. Ramasamy et al. re-
ported that galectin-3 binds to N-glycans carried on MUC1-CD [14].
Thus, a similar experiment was performed after treatment of 3T3/
MUC1 cell lysates with N-glycanase. The molecular weight of MUC1-
ND was slightly decreased and with respect to MUC1-CD, 20–25 kDa
molecular species disappeared and concomitantly a 17 kDamolecule in-
creased, this being consistentwith the fact thatMUC1-CD containsmul-
tiple N-glycans. MUC1-ND and -CD were co-immunoprecipitated with
galectin-3 even after N-glycanse treatment, suggesting that at least O-
glycans expressed on MUC1-ND may be involved in the binding of
galectin-3 (Fig. 4B). However, there is no direct evidence that galectin-
3 can bind to MUC1-ND and/or MUC1-CD. To extend this analysis, it is
necessary to separate MUC1-ND and -CD. The surface proteins of 3T3/
MUC1 cells were labeled with biotin and the lysates were fractionated
by gel filtration on Sepharose™ CL-6B. A part of the eluted proteins
was blotted onto a membrane and cell surface proteins were detected
with HRP-streptavidin (Fig. 5A) and an elution profile based on the den-
sity of dot blots is shown in Fig. 5B. The excluded fractions containing
MUC1 were pooled, denatured with 4 M guanidine–HCl, and then sub-
jected to CsCl centrifugation (Fig. 5C).MUC1-ND and -CDwere detected
in each fraction by dot blot analysis as shown in Fig. 5D. Fractions 3–5
(fraction a) and 21–23 (fraction b) containing MUC1-ND and -CD, re-
spectively, were collected and subjected to SDS-PAGE, followed by
Western blotting and detection of MUC1-ND and -CD. It was confirmed
that fractions a and b exclusively contained MUC1-ND and -CD, respec-
tively (Fig. 5E). MUC1-ND and -CD were incubated with recombinant
galectin-3, and then anti-galectin-3 Ab was added. The immunoprecip-
itates were subjected to SDS-PAGE, followed by Western blotting. As
shown in Fig. 6A,B, MUC1-ND but not MUC1-CD was co-precipitated
with galectin-3. Furthermore, we analyzed the binding of galectin-3 to
MUC1 under natural conditions. After incubation of 3T3/MUC1 cells
with recombinant galectin-3 at 4 °C for 30min and subsequentwashing
with PBS, cell surface proteins were cross-linked with DTSSP as de-
scribed under Materials and methods. The cell lysates were subjected
to CsCl ultracentrifugation, and MUC1-ND and -CD fractions were pre-
pared as described above, and then dialyzed against a solubilizing solu-
tion. Separation of MUC1-ND and -CD was confirmed by SDS-PAGE and
immunoblotting (Fig. 6C, lanes a, b). MUC1-ND and -CD were
immunoprecipitated from the MUC1-ND and -CD positive fractions, re-
spectively, and then subjected to SDS-PAGE, followed byWestern blot-
ting and detection of galectin-3. Galectin-3 was detected in the MUC1-
ND fraction but not in the MUC1-CD one (Fig. 6C, lanes c, d), indicating
that galectin-3 binds to MUC1-ND but not to MUC1-CD on the cell sur-
face. Since MUC1-ND possesses a large number of O-glycans, we exam-
ined galectin-3 binding activity after O-glycanase treatment. O-



1795S. Tanida et al. / Biochimica et Biophysica Acta 1840 (2014) 1790–1797
Glycanase treatment produced a small amount ofMUC1-NDwith a little
lower molecular weight, most MUC1-ND hardly changing on SDS-PAGE
(Fig. 6D, lane b). However, the major band of MUC1-ND was abolished
and a lower molecular band appeared with neuraminidase and O-
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Fig. 6. Binding of galectin-3 to MUC1-ND. A, B. MUC1-ND and -CD (10 μg) separated by
CsCl ultracentrifugation were mixed with recombinant galectin-3 (1 μg), and then anti-
galectin-3 Ab was added. The proteins co-immunoprecipitated with galectin-3 were sub-
jected to SDS-PAGE andWestern blotting followed by detection ofMUC1-ND (A) and -CD
(B). C. The lysate of 3T3/MUC1 cells, which were treated with galectin-3 and then with
DTSSP, was subjected to CsCl ultracentrifugation, and then MUC1-ND and -CD positive
fractions were prepared as described under Materials and methods. Separation of
MUC1-ND and -CD was confirmed by SDS-PAGE and immunoblotting (lanes a, b).
MUC1-ND and -CDwere immunoprecipitated from the respective fractions, and then sub-
jected to SDS-PAGE, followed byWestern blotting and detection of galectin-3 (lanes c, d).
D.MUC1-NDwas treatedwith O-glycanase (lane b), with neuraminidase andO-glycanase
(lane c) orwithout these enzymes (lane a) as described underMaterials andmethods, and
subjected to SDS-PAGE, followed by Western blotting and detection with anti-MUC1-ND
Ab. Galectin-3 binding activity ofMUC1-ND treatedwith O-glycanase (lane e), with neur-
aminidase and O-glycanase (lane f) or without these enzymes (lane d) was examined as
described above. Experiments were performed in triplicate and representative data are
shown.
glycanase treatment (Fig. 6D, lane c). Binding of galectin-3 toMUC1-ND
treated with these enzymes was examined as described above. Treat-
ment of MUC1-ND with O-glycanase apparently had little effect on
galectin-3 binding (Fig. 6D, lane e). However, galectin-3 binding activity
was almost completely abolished by the treatment with neuraminidase
and O-glycanase (Fig. 6D, lane f). Even after O-glycanase treatment,
MUC1-ND still possessed galectin-3 binding activity, maybe due to in-
complete cleavage by O-glycanase. After removal of sialic acid residues,
the cleavage sitemay bemore easily accessible to O-glycanase, resulting
in almost complete cleavage of both TF antigens natively expressed on
MUC1-ND, and produced from sialo- and disialo-TF antigens by neur-
aminidase treatment. These results suggest that TF antigen is responsi-
ble for the binding of galectin-3.
3.5. Recruitment of β-catenin to MUC1-CD on treatment of 3T3/MUC1 cells
with galectin-3

Extracellular galectins have been implicated in many biological pro-
cesses such as cell–cell interaction/adhesion and lattice formation
[25,26]. As galectin-3 can bind either bivalently or multivalently, it can
cross-link cell surface glycoconjugates, which, like many other recep-
tor–ligand systems, can trigger a cascade of transmembrane signaling
events, but little is known about the signaling through MUC1 initiated
by the direct binding of a ligand including a lectin such as galectin-3.
In fact, studies on signaling through MUC1 following direct ligation of
MUC1-ND with an endogenous ligand have been limited. Intracellular
adhesion molecule (ICAM-1) serves as a ligand for MUC1, activating
outside-in signaling via MUC1-CD [27,28]. Pseudomonas aeruginosa or
its flagellin protein can serve as an activator of MUC1 signaling [29]. It
has been reported that MUC1-CD serves as a scaffold protein, enabling
interactions between different regulators such as β-catenin [8,17].
Dysregulation of β-catenin is known to be of great importance to the
development of diverse human malignancies [17].

First,we examined the levels ofβ-catenin in 3T3/MUC1 and3T3/mock
cells. Cell lysates of both cells were subjected to SDS-PAGE, followed by
Western blotting and detection of β-catenin. Similar levels of β-catenin
were detected in these cells (Fig. 7A). To exclude the possible influences
of growth factors included in serum and produced by the cells, 3T3/
MUC1 cells were pre-cultured in the serum-free RPMI1640 medium for
1 h prior to analysis, and then extensivelywashedwith the samemedium
containing 30 mM lactose and successively with serum-free RPMI1640
medium just before the treatment with galectin-3. 3T3/MUC1 cells
(4.5 × 105 cells) were treated with galectin-3 (10 μg/ml) at 37 °C for 30
min, and MUC1-CD was immunoprecipitated from cell lysates (500 μg)
and subjected to SDS-PAGE, followed by Western blotting and detection
of co-immunoprecipitaed β-catenin. As shown in Fig. 7B, β-catenin was
clearly co-immunoprecipitated with MUC1-CD. In a reciprocal experi-
ment, MUC1-CD was detected in the immunoprecipitate with anti-β-
catenin Ab after treatment with galectin-3. Next, we examined the
time-dependency of recruitment of β-catenin to MUC1-CD in 3T3/
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MUC1 cells. After treatment with galectin-3 for various times, MUC1-CD
was immunoprecipitated from cell lysates, followed by SDS-PAGE and
immunoblotting (Fig. 7C). The level of recruited β-catenin peaked at
30–40 min and then decreased to the control level at 50 min. c-Src
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Fig. 7. Recruitment of β-catenin to MUC1-CD on ligation of galectin-3 with MUC1-ND in
3T3/MUC1 cells. A. Lysates of 3T3/MUC1 and 3T3/mock cells were subjected to SDS-
PAGE and Western blotting, followed by detection of β-catenin. B. 3T3/MUC1 cells
(4.5 × 105 cells) were treated with galectin-3 (10 μg/ml) for 30 min and then MUC1-CD
or β-catenin was immunoprecipitated from the lysate with each antibody. The immuno-
precipitates were subjected to SDS-PAGE and Western blotting, followed by detection
with MUC1-CD and β-catenin. C. MUC1-CD was immunoprecipitated from lysates of
3T3/MUC1 cells treated with galectin-3 for 0–50 min. After SDS-PAGE and Western blot-
ting, co-immunoprecipitated β-catenin was detected. Experiments were performed in
triplicate and representative data are shown. D. The histogram shows the relative intensi-
ties of the recruited β-catenin in C in which each density was normalized as toMUC1-CD,
and the value obtained in the experiment in which 3T3/MUC1 cells were not treatedwith
galectin-3 is taken as 1 (means ± SD, n = 3, *p b 0.05).
is known to associate physically with MUC1 [8]. We also confirmed that
c-Src was present in 3T3/MUC1 cells and a part of it was associated
with MUC1-CD (data not shown). The conformational change of
MUC1 with the ligation of galectin-3 may stimulate c-Src, maybe
elevating the formation of the MUC1-CD-β-catenin complex. It has
been reported that MUC1 associates with the EGF or FGF family of
growth factor receptor kinases in some human carcinoma cells and
mouse mammary gland, and treatment with these growth factors
increases the binding of β-catenin to MUC1-CD [8,17,20,30–32].
Since 3T3/MUC1 cells express FGFR-3, a co-immunoprecipitation
assay was performed. From a lysate of 3T3/MUC1 cells, MUC1-ND was
immunoprecipitated and then subjected to SDS-PAGE, followed by
Western blotting. FGFR-3 was not detected in the immunoprecipitate
obtained with anti-MUC1-ND Ab (data not shown). Thus, we speculate
that this signaling may be another MUC1-mediated pathway that
promotes tumor progression even though growth factors such as EGF
and FGF or their receptors are absent. The effect of exogenously added
galectin-3 on cell growth differs among cell types, probably due to
differences in the ligand glycoproteins to which galectin-3 binds
[33–36]. Galectin-3 has been shown to bind to several cell surface
glycoproteins including β1-integrin [37] and EGF receptor [38] to
exert a variety of functions. In fact, Tadokoro et al. reported that ligation
of galectin-3 to N-glycans borne on VCAM-1 down-modulates the
phosphorylation of ERK1/2, leading to inhibition of proliferation of
mouse 3T3 cells [39].

Oligomerization of galectin-3 is necessary for it to be functional.
It is generally agreed that galectin-3 oligomerizes at higher con-
centration or when it binds to multivalent carbohydrates [40–42].
MUC1 seems to be one of the most preferable ligand glycoproteins
for oligomerizing galectin-3, because O-glycans, which are the
binding sites of galectins, may be expressed repeatedly on the tan-
dem repeats of the MUC1 core protein. Thus, galectin-3 is expected
to preferentially bind to MUC1 expressed on many epithelial tumor
cells.
4. Conclusion

Galectin-3 was colocalized with MUC1 on the surface of
mouse 3T3 cells stably transfected with human MUC1 cDNA,
and galectin-3 bound to MUC1-ND but not to MUC1-CD. Binding
of galectin-3 to MUC1-ND triggered recruitment of β-catenin
to MUC1-CD. This galectin-3-triggered MUC1-mediated path-
way may function co-operately with a growth factor-triggered
pathway.
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