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Background: Both MUC1 and galectin-3 are overexpressed in various malignant tumors.

Results: Binding of galectin-3 to MUCI enhances the phosphorylation of ERK1/2 and Akt, promoting tumor cell malignancy.
Conclusion: MUC1-mediated signal transduction occurs through direct binding of galectin-3 to MUCL.

Significance: Our findings will provide a new insight into the promotion of MUC1-mediated tumor cell malignancy.

Both mucin 1 (MUC1) and galectin-3 are known to be overex-
pressed in various malignant tumors and associated with a poor
prognosis. It has been extensively reported that MUCI1 is
involved in potentiation of growth factor-dependent signal
transduction. Because some carbohydrate moieties carried on
MUCI change to preferable ones for binding of galectin-3 in
cancer cells, we speculated that MUC1-mediated signaling may
occur through direct binding of galectin-3. Immunochemical
studies showed that the distribution of galectin-3 coincided
with that of MUCI in various human tumor tissues but not in
human nonmalignant tissues, and the level of galectin-3 re-
tained on the surface of various cancer cells paralleled that of
MUCI. Treatment of MUC1-expressing cells with galectin-3
induced phosphorylation of ERK1/2 and Akt following
enhanced phosphorylation of MUC1 C-terminal domain, con-
sistently promoting tumor cell malignancy. It is also noted that
this enhanced phosphorylation occurred independently of EGF
receptor-mediated signaling in both EGF receptor- and MUC1-
expressing cells, and multivalency of galectin-3 was important
for initiation of MUC1-mediated signaling. Expectedly, both
silencing of endogenous galectin-3 and treatment with galec-
tin-3 antagonists down-regulated cell proliferation of MUC1-
expressing cells. These results suggest that the binding of galec-
tin-3 to MUC1 plays a key role in MUC1-mediated signaling.
Thus, constitutive activation of MUC1-mediated signaling in an
autocrine/paracrine manner caused by ligation of galectin-3
promotes uncontrolled tumor cell malignancy. This signaling
may be another MUC1-mediated pathway and function in par-
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allel with a growth factor-dependent MUC1-mediated signaling
pathway.

Mucin 1 (MUC1),? one of the transmembrane mucins, is a
heavily O-glycosylated protein that protrudes from the apical
membrane of cells (1, 2). MUC1 is synthesized as a single poly-
peptide and autocleaved in the endoplasmic reticulum into two
subunits (N- and C-terminal subunits, respectively) that form a
stable heterodimeric complex held together through a nonco-
valent interaction on the cell surface (3, 4). The N-terminal
domain (MUC1-ND), which is a major part of the MUC]1 extra-
cellular domain, contains variable numbers of 20 amino acid
tandem repeats including five serine/threonine residues that
are possible O-glycosylation sites (5, 6). The C-terminal domain
(MUC1-CD) consists of a short extracellular domain, a trans-
membrane domain, and a cytoplasmic tail, and the MUC1-CD
is involved in not only anchoring of the MUC1-ND to the mem-
brane but also various signaling events. In malignant tumors,
MUCI1 is aberrantly overexpressed and distributed on the
entire cell surface because of loss of polarity, and its expression
level is correlated with a poor prognosis (1, 2). It has been
reported that MUCI is associated with several growth factor
receptors and potentiates growth factor-dependent signaling
through the MUC1-CD (2, 7); however, in those studies,
MUCI1-CD but not MUC1-ND has been focused on. The
MUCI-ND has an extended structure because it carries a large
number of sialylated O-glycans. In addition, O-glycans carried
on the MUC1-ND in cancer cells are altered, so an increase of
short oligosaccharides such as Thomsen-Friedenreich antigen
(known as TF or T antigen; GalB1-3GalNAca-Ser/Thr) has

2The abbreviations used are: MUC1, mucin 1; MUC1-ND, MUC1 N-terminal
domain; MUC1-CD, MUC1 C-terminal domain; EGFR, EGF receptor; TF,
Thomsen-Friedenreich; Gal, galactose; GaINAc, N-acetylgalactosamine;
MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Lac-
NAc, N-acetyllactosamine; HI-FBS, heat-inactivated FBS.
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been found (8, 9). These oligosaccharides carried on the
MUCI1-ND are expected to act as a scaffold for the binding of
galectins.

Galectins, one of the animal lectin groups, are defined by
their ability to bind to -galactoside-containing oligosaccha-
rides through an evolutionarily conserved carbohydrate re-
cognition domain (10). In the galectin family, galectin-3 is a
chimera type galectin and comprises one carbohydrate recog-
nition domain and non-lectin domain, which consists of an
N-terminal domain and a collagen-like linker region rich in
glycine, tyrosine, and proline residues (11). Galectin-3 is mainly
distributed in the cytoplasm, nuclei, and mitochondria (12, 13)
and is involved in multiple cellular functions such as anti-apo-
ptosis, cell proliferation, and pre-mRNA splicing (14-16).
Despite lacking a signal peptide, galectin-3 is also secreted out-
side the cell via a nonclassical pathway and thus is found on the
cell surface and/or in the extracellular space (17, 18). It is known
that the expression level and distribution of galectin-3 are
changed in various human tumors (10, 19). In addition, the level
of galectin-3 is also correlated with tumor progression, and the
concentration of circulating galectin-3 in the serum of cancer
patients has been reported to be higher than that in healthy
individuals (20, 21). The secreted extracellular galectin-3 binds
to a wide array of glycoproteins and glycolipids on the cell sur-
face and in the extracellular matrix, which play biological roles
such as in angiogenesis and cell adhesion (10, 22, 23). Further-
more, because galectin-3 can act as a bivalent or multivalent
ligand (24, 25), it can cross-link cell surface glycoconjugates,
which, like many other receptor-ligand systems, can trigger a
cascade of transmembrane signaling events (26). It was recently
reported that exogenous galectin-3 activates a calcium-sensi-
tive MAPK signaling pathway (27).

In regard to the relationship between MUC1 and galectins, it
has been reported that MUCI is a natural receptor for endoge-
nous galectins such as galectin-3. The interaction of galectin-3
with MUCI1 induces polarization of MUCI on the cell surface
and resultant exposure of cell adhesion molecules, leading to
homotypic aggregation of cancer cells or adhesion of cancer
cells to endothelial cells (28 —30). However, these studies have
provided no insights into the downstream signaling by MUC1
after the binding of galectin-3. Studies on signaling through the
direct binding of endogenous ligands to MUCI1 have been lim-
ited except in the case of some ligands, such as ICAM-1 (inter-
cellular adhesion molecule 1) and Siglec-9 (sialic acid-binding
Ig-like lectin 9) (31-33).

In this study, we demonstrated that galectin-3 was similarly
distributed with MUCI in various human tumor tissues and on
the surface of cancer cells and that extracellular galectin-3
retained on the cell surface approximately paralleled the level of
MUCI, suggesting that galectin-3 actually binds to MUC1 on
the cell surface. The binding of galectin-3 to MUCI activated
the MAPK and PI3K/Akt signaling pathways, leading to
enhancement of cell proliferation and motility. Consistently,
proliferation and motility of galectin-3 shRNA-treated cells
were down-modulated. This galectin-3-triggered signaling was
markedly reduced by using monovalent galectin-3 produced by
treatment with collagenase, suggesting that multivalency of
galectin-3 is important for initiation of galectin-3-triggered
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MUC1-mediated signaling. In addition, an EGFR inhibitor had
no effect on these signaling pathways. These results suggest
that galectin-3 may play a significant role as a potential
endogenous ligand for activation of MUC1-mediated signal-
ing in an autocrine/paracrine manner and that this signaling
may be another MUC1-mediated pathway and function in
parallel with a growth factor-dependent MUCI1-mediated
signaling pathway.

Experimental Procedures

Antibodies and Reagents—Mouse anti-MUC1-ND, Arme-
nian hamster anti-MUC1-CD, rabbit anti-galectin-1 (for West-
ern blotting), and rabbit anti-galectin-1 (for immunocytochem-
istry) antibodies were purchased from BD Biosciences (San
Jose, CA), Lab Vision (Fremont, CA), Abcam (Cambridge, UK),
and GeneTex (Irvine, CA), respectively. Goat anti-galectin-3,
rabbit anti-EGFR, and biotin-conjugated mouse anti-phospho-
tyrosine antibodies were from Santa Cruz Biotechnology (Santa
Cruz, CA). Mouse anti-phospho-ERK1/2, rabbit anti-ERK1/2,
rabbit anti-phospho-Akt, and rabbit anti-Akt antibodies were
from Cell Signaling Technology (Beverly, MA). Mouse anti-£3-
actin antibodies and collagenase type VII were from Sigma-
Aldrich. Recombinant human galectin-3 and EGFR/ErbB-2/
ErbB-4 inhibitor were from Pepro Tech (Rocky Hill, NJ) and
Merck Millipore, respectively.

Cell Culture and Cell Transfection—HCT116 (a human
colon cancer cell line), A549 (a human lung cancer cell line),
and SKOV3 (a human ovary cancer cell line) cells were obtained
from the American Type Culture Collection (Manassas, VA).
Human MUCI gene transfectants (HCT116/MUC1 and A549/
MUC1) and the respective control cells (HCT116/Mock and
A549/Mock) were prepared as described previously (34). Hu-
man MUCI gene knockdown cells (SKOV3/Si-1 and -2) and
MUCI-expressing cells (SKOV3/Scr) were generated as de-
scribed previously (35). Human galectin-3 gene knockdown
HCT116/MUCI1 cells (HCT116/MUC1-Gal-3/Si) and control
cells (HCT116/MUC1-Scr) were generated by introducing
human galectin-3 shRNA and scrambled shRNA vectors (Invi-
voGen, San Diego, CA), respectively, into HCT116/MUC1
cells. HCT116/Mock, HCT116/MUC1, HCT116/MUC1-Scr,
HCT116/MUC1-Gal-3/Si, SKOV3/Scr, SKOV3/Si-1, and
SKOV3/Si-2 cells were cultured in DMEM containing 10%
heat-inactivated FBS (HI-FBS), 4 mm L-glutamine, 100 units/ml
penicillin and 100 pug/ml streptomycin. A549/Mock and A549/
MUCI1 cells were maintained in F-12K medium (American
Type Culture Collection) containing 10% HI-FBS, 100 units/ml
penicillin, and 100 pg/ml streptomycin.

Preparation of Total RNA and DNA Microarray Analysis—
Preparation of total RNA and DNA microarray analysis were
performed as described previously (35).

Preparation of Cell Lysates—Cells were sonicated in cell lysis
buffer (25 mm Tris-HCI, pH 7.5, 150 mM NaCl, 5mM EDTA, 1%
Triton X-100, and a protease inhibitor mixture; Nacalai
Tesque, Kyoto, Japan) and then centrifuged. The supernatant
was used as a whole cell lysate.

Cell Surface Biotinylation and Preparation of Cell Surface
Proteins—Subconfluent cells were washed with PBS, and then
the cell surface was labeled with biotin using EZ-Link Sulfo-
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NHS-Biotin (Thermo Scientific, Rockford, IL) at 4 °C according
to the manufacturer’s protocol. After quenching with 100 mm
glycine in PBS, the cells were solubilized as described above.
Biotin-labeled cell surface proteins were collected with strepta-
vidin-Sepharose™ high performance (GE Healthcare).

Immunoprecipitation and Western Blotting—Lysates pre-
pared from HCT116/MUCI cells as described above were
incubated with anti-galectin-3 antibodies or control IgG, and
subsequently immune complexes were collected with PurePro-
teome™™ protein G magnetic beads (Merck Millipore).

The immunoprecipitates or cell lysates were subjected to
SDS-PAGE, followed by Western blotting and incubation with
primary antibodies (anti-MUC1-ND, anti-MUC1-CD, anti-ga-
lectin-1, anti-galectin-3, anti-B-actin, anti-phospho-ERK1/2,
anti-ERK1/2, anti-phospho-Akt, anti-Akt, anti-EGFR, or bio-
tin-conjugated anti-phosphotyrosine antibodies). After incu-
bation with HRP-conjugated secondary antibodies, the bands
were visualized using chemiluminescence, and in some cases
the intensity of bands was determined with Image] software
(National Institutes of Health, Bethesda, MD). Biotin-conju-
gated anti-phosphotyrosine antibodies were detected by incu-
bation of the membranes with HRP-conjugated streptavidin.

Immunochemical and Hematoxylin and Eosin Staining—
Immunochemical and hematoxylin and eosin staining was per-
formed as described previously (35). Briefly, sections of paraf-
fin-embedded tumor and nonmalignant tissues were deparaf-
finized. After antigen retrieval and blocking, MUC1-ND and
galectin-3 were detected by using anti-MUC1-ND and anti-
galectin-3 antibodies and each fluorescence-conjugated sec-
ondary antibody. Specimens of tumor and adjacent nonmalig-
nant tissues were obtained from cancer patients in accordance
with a protocol approved by Osaka City University.

Immunocytochemistry—To determine the distributions of
MUCI, galectin-3, and galectin-1 on the cell surface, after
blocking with 1% BSA in PBS, cells were incubated with anti-
MUCI1-ND, anti-galectin-3, and anti-galectin-1 antibodies at
4 °C for 2 h. After washing with cold PBS, the cells were stained
with fluorescence-conjugated secondary antibodies at 4 °C for
1 h. After washing with cold PBS, the cells were fixed with 4%
paraformaldehyde in PBS and stained with DAPI. For intracel-
lular immunostaining, cells were fixed with 4% paraformalde-
hyde in PBS at room temperature and then permeabilized with
PBS containing 5% BSA and 0.1% Triton X-100 at room tem-
perature for 30 min. Thereafter, the cells were incubated with
primary antibodies and subsequently with fluorescence-
conjugated secondary antibodies and DAPI at room tempera-
ture. Images were obtained by confocal fluorescence micros-
copy (Leica, Mannheim, Germany).

Preparation of Monovalent Galectin-3—Recombinant galec-
tin-3 was digested with collagenase type VII in 50 mm Tris-HCl,
pH 7.5,150 mm NaCl, and 10 mm CaCl, at 37 °C for 2 h basically
according to Herrmann et al. (11). Thereafter, collagenase was
removed from the reaction solution including the fragments of
carbohydrate recognition domain and N-terminal domain
using Amicon® ultra centrifugal filters with a molecular mass
cutoff of 50 kDa (Merck Millipore). The solution that passed
through the filters was concentrated and replaced with PBS
using Amicon® ultra centrifugal filters with a molecular mass of
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10 kDa (Merck Millipore) and then used as cleaved monovalent
galectin-3.

Treatment of Cells with Galectin-3—Prior to experiments,
the following procedures were performed to exclude galectin-3
on the cell surface. Cells were cultured in medium containing
10% HI-EBS and 30 mM lactose. After washing with serum-free
medium containing 30 mM lactose, the cells were incubated in
the same medium for 3 h. After washing with serum-free
medium, the cells were harvested with cell dissociation buffer,
enzyme-free, and Hanks” balanced salt solution (Invitrogen),
and then suspended in serum-free medium. In some cases, an
EGER inhibitor or DMSO was added to the cell suspension,
followed by incubation at 37 °C for 1 h.

Thereafter, the cell suspension was divided equally and sub-
sequently incubated with recombinant galectin-3 or PBS at
37 °C for 10 min. The cells were dissolved in SDS-PAGE sample
buffer and then subjected to SDS-PAGE, followed by Western
blotting as described above.

Phosphorylation of MUCI-CD—After exclusion of galectin-3
from the cell surface as described above, cells were incubated
with recombinant galectin-3 or PBS at 37 °C for 4 min. After
centrifugation and discarding of the supernatants, the cell pel-
lets were solubilized with cell lysis buffer containing a phospha-
tase inhibitor mixture (Nacalai Tesque). Thereafter, MUC1 was
immunoprecipitated from the lysates with anti-MUC1-ND
antibodies, and then the immunoprecipitates were subjected to
SDS-PAGE, followed by Western blotting as described above.

MTT Assays—Cells were seeded into 96-well plates in tripli-
cate and cultured until 72 h. The experiment was repeated
using at least two independent cell preparations. After adding
the MTT solution (Nacalai Tesque), the plates were incubated
for 2 h. After removal of the medium, the resulting formazan
crystals were dissolved in DMSO. The absorbance of each well
was measured using a plate reader at 570 nm with a reference
wavelength of 630 nm.

Anchorage-dependent Clonogenic Assays—These assays were
performed basically according to Mahanta et al. (36). Cells were
seeded into 60-mm dishes and cultured for 2 weeks. After wash-
ing with PBS, the cells were fixed with 4% paraformaldehyde in
PBS at room temperature for 20 min. After washing with dis-
tilled water, the cells were stained with 0.5% crystal violet in
70% methanol at room temperature for 20 min, followed by
washing with distilled water and drying. The dye in the cells was
extracted with a 10% acetic acid solution for 20 min, and then
the absorbance at 590 nm was determined.

Wound Healing Assays—Cells were seeded into a culture
insert (Ibidi, Martinsried, Germany) and then incubated for
24 h. After removal of the culture insert, which created a cell-
free gap between the cell patches, images were taken (0 h), and
the cells were cultured in medium containing 10% HI-FBS and
10 mm hydroxyurea for 20 h (control and gene manipulated
HCT116 cells) or 7 h (control and gene manipulated SKOV3
cells). In some experiments, recombinant galectin-3 was added
to the medium described above, and then the cells were cul-
tured. Images were taken at individual times (7 and 20 h), and
then the level of cell motility was assessed by measuring the
cell-free area with Adobe Photoshop (Adobe Systems Inc., San
Jose, CA).
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FIGURE 1. Expression of the mucin and galectin family in HCT116 cells. A and B, mRNA levels of the mucin (A) and galectin (B) family in HCT116/Mock and
HCT116/MUC1 cells were determined by DNA microarray analysis. C, lysates of HCT116/Mock and HCT116/MUCT cells were subjected to SDS-PAGE, followed
by Western blotting and detection with anti-MUC1-ND, anti-MUCT1-CD, anti-galectin-1, anti-galectin-3, and anti-B-actin antibodies. B-Actin was used as a

loading control.

Synthesis of Glycopolymers—Artificial glycopolymers were
synthesized as described previously (37).

Binding of Galectin-3 to Glycopolymers—Artificial glycopo-
lymers were coated on Universal-BIND™ 96-well plates
(Corning Inc., Corning, NY) in triplicate at room temperature
for 1 h, followed by immobilization using UV illumination.
After washing with PBS and subsequent blocking with 2.5%
BSA in PBS at room temperature for 2 h, serially diluted recom-
binant galectin-3 (0-2.5 pg/ml) was added to each well, fol-
lowed by incubation at room temperature for 1 h. After washing
with 0.05% Tween 20 in PBS, anti-galectin-3 antibodies were
added to the wells. After incubation at room temperature for
2 h, bound anti-galectin-3 antibodies were detected with HRP-
conjugated secondary antibodies and a 1-Step™ Ultra TMB-
ELISA Substrate (Thermo Scientific), and finally the absor-
bance at 450 nm was measured.

Effects of Glycopolymers on Cell Proliferation—Cells were
seeded into 96-well plates and cultured in medium containing
0.5% HI-FBS and artificial glycopolymers. After incubation for
72 h, MTT assays were performed as described above.

Statistical Analysis—Unless otherwise stated, statistically
analyzed experiments were performed using three independent
cell preparations. Differences between two groups were ana-
lyzed statistically using the two-tailed Student’s ¢ test. Differ-
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ences among three or more groups were analyzed by analysis of
variance, followed by the Tukey-Kramer or Dunnett’s test.

Results

MUCI Is Similarly Distributed with Galectin-3 on the Surface
of Cancer Cells and in Human Tumor Tissues—To date, many
mucin and galectin family members have been identified in
mammals (2, 10). Aberrant overexpression of MUCI is
observed in various malignant tumor cells, and MUC1 is poten-
tially a natural receptor for endogenous galectin-3. To investi-
gate the function of MUCI, we mainly used a human colon
cancer cell line, HCT116 cells. Because DNA microarray anal-
ysis demonstrated that HCT116 cells expressed negligible lev-
els of membrane-bound and secreted mucins including MUC1
(Fig. 1A), we generated MUC1-expressing cells by introducing
human MUC1cDNA into HCT116 cells (HCT116/MUC1) and
confirmed the expression of MUC1 by DNA microarray analy-
sis. Of the galectin family, galectin-1 and -3 were mainly
expressed in HCT116 cells, and the substantial levels of their
mRNAs were not affected by MUC1cDNA introduction (Fig.
1B). To confirm the expression levels of these proteins, lysates
of HCT116/MUCI1 and its control cells (HCT116/Mock) were
subjected to SDS-PAGE, followed by Western blotting. In
agreement with the results of DNA microarray analysis, MUC1
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FIGURE 2. Binding of galectin-3 to MUC1 in various MUC1-expressing cells. A, HCT116/Mock and HCT116/MUC1 cells were treated with biotin as described
under “Experimental Procedures,” and the cell surface proteins were precipitated from the lysates with streptavidin-Sepharose. The precipitates were sub-
jected to SDS-PAGE, followed by Western blotting and detection with anti-MUC1-ND, anti-galectin-1, and anti-galectin-3 antibodies. B, the levels of galectin-1
and -3 on the cell surface were determined by measuring the intensities of their bands in Fig. 2A with ImageJ. The respective intensities of galectin-1 and -3 in
control cells were taken as 1 (means + S.D., n = 3). **, p < 0.01. C, lysates of A549/Mock, A549/MUC1, SKOV3/Scr, SKOV3/Si-1, and SKOV3/Si-2 cells were
subjected to SDS-PAGE, followed by Western blotting as described in Fig. 1C. B-Actin was used as a loading control. D and E, A549/Mock, A549/MUC1 (D),
SKOV3/Scr, SKOV3/Si-1, and SKOV3/Si-2 (E) cells were labeled with biotin, and then MUC1-ND and galectin-3 on the cell surface were detected as described in
Fig. 2A. F and G, the intensity of galectin-3 in Fig. 2 (D and E) was determined and normalized as described in Fig. 2B (means = S.D.,n = 3).*, p < 0.05; **, p <
0.01. H, galectin-3 was immunoprecipitated (/P) from lysates of HCT116/MUC1 cells with anti-galectin-3 antibodies (lane b) or control IgG (lane a) and then
subjected to SDS-PAGE, followed by Western blotting and detection with anti-MUC1-ND, anti-MUC1-CD, and anti-galectin-3 antibodies.

was detected as bands of MUC1-ND and -CD with molecular
masses of ~250 and 15-25 kDa, respectively, in HCT116/
MUCI1 cells but not in HCT116/Mock cells (Fig. 1C). The mul-
tiple bands of MUC1-CD are considered to be due to different
levels of N-glycosylation, as described previously (38). It has
been reported that MUCI1 suppresses the expression of
microRNA against galectin-3 gene in some cancer cells, result-
ing in up-regulation of galectin-3 expression (38). However,
there was no significant difference in the protein level of galec-
tin-3 between HCT116/Mock and HCT116/MUC1 cells (Fig.
1C). Kharbanda et al. (39) reported similar results, i.e. that the
expression of galectin-3 has no relationship with that of MUC1
in a human lung cancer cell line, H1975 cells.

Itis well known that galectins are present both intracellularly
and extracellularly, and extracellular galectins bind to cell sur-
face glycoconjugates bearing suitable 3-galactoside-containing
oligosaccharides (10). To determine the levels of MUCI1 and
galectins on the surface of HCT116/Mock and HCT116/MUC1
cells, the surface of both cell types was labeled with biotin, and
then biotin-labeled cell surface proteins were precipitated from
the lysates with streptavidin-Sepharose. The precipitates were
subjected to SDS-PAGE, followed by Western blotting and
detection with anti-MUCI1-ND, anti-galectin-1, and anti-galec-
tin-3 antibodies. As shown in Fig. 2 (A and B), a higher level of
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biotin-labeled galectin-3 was detected in HCT116/MUCT cells
as compared with in HCT116/Mock cells, whereas that of bio-
tin-labeled galectin-1 on the surface of HCT116/MUCI cells
was similar to that of HCT116/Mock cells. These results sug-
gest that galectin-3 but not galectin-1 is retained on the cell
surface through its binding to MUCI. In this context, it has
been reported that although the galectin family exhibits high
affinity for B-galactoside-containing carbohydrate moieties
such as TF antigen, its affinity for each B-galactoside-contain-
ing carbohydrate moiety differs among galectins (40, 41). In the
case of TF antigen, galectin-3 exhibits a higher affinity than
galectin-1 does (41, 42). Therefore, although both galectin-1
and -3 may be secreted extracellularly, as shown in Fig. 2 (A and
B), galectin-3 is likely to preferentially bind to TF antigen car-
ried on the MUCI extracellular domain. To examine expres-
sion of TF antigen carried on MUCI, peanut agglutinin, a TF
antigen-binding lectin-conjugated agarose, was added to the
lysates of HCT116/MUCI cells, and then the peanut aggluti-
nin-binding glycoconjugates pulled down from the lysates were
subjected to SDS-PAGE, followed by Western blotting. Expect-
edly, MUC1 was detected in the peanut agglutinin-binding gly-
coconjugates (data not shown), indicating that MUCI core pro-
tein carries preferable carbohydrate moieties for the binding of
galectin-3.
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Next, to examine whether or not the binding of galectin-3 to
MUCI1 on the cell surface is also observed in other human can-
cer cell lines, we detected biotin-labeled cell surface galectin-3
as described above using A549 and SKOV3 cells, which are
derived from a human lung cancer and a human ovary cancer,
respectively. Because A549 and SKOV3 cells express a low level
and a considerable level of MUCI, respectively, MUC1-ex-
pressing cells (A549/MUC1 and SKOV3/Scr) and the respec-
tive control cells (A549/Mock, SKOV3/Si-1 and -2) were pre-
pared as described under “Experimental Procedures.” Although
there was no significant difference in the level of endogenous
galectin-3 between MUC1-expressing cells and the respective
control cells (Fig. 2C), as expected, a higher level of galectin-3
on the cell surface was detected in MUC1-expressing cells as
compared with in the respective control cells (Fig. 2, D-G). To
further confirm the binding of galectin-3 to MUCI, co-immu-
noprecipitation assays were performed using HCT116/MUC1
cells. Galectin-3 was immunoprecipitated from HCT116/
MUCT cell lysates and subjected to SDS-PAGE, followed by
Western blotting. As shown in Fig. 2H, MUC1 was co-immu-
noprecipitated with galectin-3, and both MUC1-ND and -CD
were detected, probably because of the tight association of both
domains even if galectin-3 bound to either MUC1-ND or -CD.

Furthermore, we stained MUC1-expressing cells (HCT116/
MUC1 and SKOV3/Scr) and the respective control cells
(HCT116/Mock and SKOV3/Si-1) immunocytochemically
using anti-MUC1-ND and anti-galectin-3 antibodies to
observe the distributions of MUC1 and galectin-3. Although
MUCI1 was detected on the entire surface of MUC1-expressing
cells, its distribution was not completely uniform (Fig. 3, A and
C). The uneven distribution of galectin-3 on the cell surface
seems to parallel that of MUCI, suggesting the association of
galectin-3 with MUC1 on the cell surface. On the other hand, a
similar level of cytoplasmic galectin-3 was detected under per-
meabilized conditions in each cell type (Fig. 3, Band D). Immu-
nocytochemical staining of HCT116/Mock and HCT116/
MUC1 cells using anti-MUCI1-ND and anti-galectin-1
antibodies demonstrated the same level and distribution of
galectin-1 on the surface of both cell types as well as those in the
cytoplasm regardless of the presence or absence of MUC1 (Fig.
3, E and F). These results are consistent with the biochemical
data in Fig. 2.

Next, to confirm that MUC1 and galectin-3 are actually dis-
tributed similarly in human tumor tissues, human tumor and
nonmalignant tissues (stomach, colon, breast, and pancreas)
were immunostained with anti-MUC1-ND and anti-galectin-3
antibodies. The distribution of galectin-3 coincided with that of
MUCT in tumor tissues but not in nonmalignant tissues (Fig. 4,
A and B), suggesting that some endogenous galectin-3 is actu-
ally associated with MUC1 in tumor tissues.

Treatment of MUCI-expressing Cells with Galectin-3 Induces
MUCI-mediated Signaling—It has been extensively demon-
strated that MUC1 is associated with growth factor receptors in
some cancer cells and potentiates growth factor-dependent sig-
nal transduction. However, little is known about the signal
transduction through direct ligation of MUC1 with endoge-
nous ligands including galectin-3. Extracellular galectin-3 has
been implicated in biological processes such as cell-cell adhe-
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sion. Because galectin-3 can cross-link and lattice MUC], it is
expected that galectin-3 can induce MUC1-mediated signaling.
It has been reported that phosphorylation of tyrosine residues
of MUC1-CD is involved in multiple signal transduction path-
ways (2). First, we investigated phosphorylation of MUC1-CD
after treatment with galectin-3. To exclude the possible influ-
ence of endogenous galectin-3 and growth factors included in
serum and/or produced by the cells, HCT116/MUCI1 cells were
washed with lactose-containing medium, and subsequently the
cells were preincubated in the same medium. Thereafter, they
were treated with or without galectin-3 as described under
“Experimental Procedures,” and MUCI1 immunoprecipitated
from each cell lysate was subjected to SDS-PAGE, followed by
Western blotting and detection with biotin-conjugated anti-
phosphotyrosine and anti-MUC1-CD antibodies. Among sev-
eral bands of MUC1-CD on SDS-PAGE, only a species with a
molecular mass of ~25 kDa was phosphorylated, and the level
of phosphorylation increased ~2.3-fold on treatment with
galectin-3 (Fig. 5, A and B), indicating that the binding of galec-
tin-3 to MUCI triggers the phosphorylation of the tyrosine res-
idues of MUC1-CD. Li et al. (34) also showed that only a species
with a molecular mass of ~25 kDa was phosphorylated during
growth factor-initiated signaling. Regarding this experiment,
surface proteins of HCT116/MUCI1 cells were labeled with bio-
tin as described above, and MUC1 was immunoprecipitated
from the cell lysates. The immunoprecipitates were subjected
to SDS-PAGE, followed by Western blotting and detection with
HRP-conjugated streptavidin. It was MUC1-CD with a molec-
ular mass of ~25 kDa that was labeled with biotin (data not
shown), indicating that a 25-kDa species is expressed on the cell
surface and phosphorylated, others maybe being intermediate
forms during intracellular transport. Next, to determine
whether or not phosphorylation of MUC1-CD leads to activa-
tion of signaling cascades, HCT116/Mock and HCT116/MUC1
cells were treated with or without galectin-3 as described under
“Experimental Procedures,” and the lysates were subjected to
SDS-PAGE, followed by Western blottingand detection of phos-
phorylated ERK1/2 and Akt. Although phosphorylated ERK1
was under the detectable level, phosphorylation of ERK2 was
elevated ~1.5-fold on treatment with galectin-3 in HCT116/
MUCT cells but not in HCT116/Mock cells (Fig. 5, C and F). It
is also noted that phosphorylation of Akt was enhanced more
prominently on treatment with galectin-3 in HCT116/MUC1
cells (~4-fold) than in HCT116/Mock cells (~2-fold) (Fig. 5, C
and G), suggesting that although galectin-3-initiated MUCI-
mediated signaling mainly contributes to enhancement of Akt
phosphorylation, other unknown membrane glycoproteins
may also be involved in galectin-3-induced Akt phosphoryla-
tioninHCT116/MockandHCT116/MUC]cells.Similarly,phos-
phorylation of ERK1/2 and Akt was enhanced more promi-
nently in other MUCI-expressing cells (A549/MUC1 and
SKOV3/Scr) as compared with in the respective control cells
(Fig. 5, D-G). These results suggest that the binding of galec-
tin-3 to MUCI1 initiates signaling cascades.

So far, many reports have demonstrated that MUCI-medi-
ated signaling originates indirectly through ligation of growth
factors such as EGF and FGF with receptors that are associated
with MUCI1 on the cell surface (2, 34, 38, 43, 44). Because

SASBMB

VOLUME 290-NUMBER 43-OCTOBER 23, 2015



Binding of Galectin-3 to MUCT Initiates Signal Transduction

>

DAPY

DAPI/MUCL | DAPY/ B DAPI/MUC1

| HCT116/MUC1 || HCT116/Mock |

| HCT116/MUC1 || HCT116/Mock |

SKOV3/Scr
|[ skov3/scr

SKOV3/Si-1
SKOV3/Si-1

| permeabilization

F DAPI/MUC1 || DAPI/

| non-permeabilization

DAPI/MUCL | DAPY/

| non-permeabilization |

| HCT116/MUC1 || HCT116/Mock |

| HCT116/MUC1 || HCT116/Mock |

permeabilization

FIGURE 3. Distributions of MUC1, galectin-3, and galectin-1 in various MUC1-expressing cells. A, C, and £, MUC1 and galectin-3 on the surface of
HCT116/Mock, HCT116/MUCT (A), SKOV3/Scr, and SKOV3/Si-1 (C) cells, or MUC1 and galectin-1 on the surface of HCT116/Mock and HCT116/MUCT (E) cells
were detected immunocytochemically using the combinations of anti-MUC1-ND and Alexa Fluor 488-conjugated secondary antibodies (green), and anti-
galectin-3 or anti-galectin-1 and Alexa Fluor 594-conjugated secondary antibodies (red), respectively. B, D, and F, after the cells had been permeabilized as
described under “Experimental Procedures,” MUC1 and galectin-3 in HCT116/Mock, HCT116/MUC1 (B), SKOV3/Scr and SKOV3/Si-1 (D) cells, or MUC1 and
galectin-1 in HCT116/Mock and HCT116/MUCT (F) cells were detected as described above. The nuclei were stained with DAPI (blue). Image magnification is

X630. Scale bars, 25 um.
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FIGURE 4. Distributions of MUC1 and galectin-3 in various tumor and nonmalignant tissues. A and B, sections of paraffin-embedded human tumor (A) and
nonmalignant (B) tissues (stomach, colon, breast, and pancreas) were stained with hematoxylin and eosin (H&E), DAPI (blue), and the same combinations of
antibodies as described in Fig. 3 (MUC1-ND, green; galectin-3, red). Image magnification is X200. Scale bars, 100 pwm.
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(vehicle, rGal-3 —) for 4 min, and then MUC1 was immunoprecipitated (/P) from lysates of HCT116/MUC1 cells with anti-MUC1-ND antibodies. The immuno-
precipitates were subjected to SDS-PAGE, followed by Western blotting and detection with biotin-conjugated anti-phosphotyrosine (pTyr) and anti-MUC1-CD
antibodies. The arrowhead in the right panel indicates tyrosine-phosphorylated MUC1-CD. B, the intensities of the bands in Fig. 5A were determined with
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rGal-3 +) or PBS (vehicle, rGal-3 —) for 10 min, and then the lysates were subjected to SDS-PAGE, followed by Western blotting and detection with anti-
phospho-ERK1/2 (pERK1/2), anti-ERK1/2, anti-phospho-Akt (pAkt), and anti-Akt antibodies. F and G, the intensities of the bands in Fig. 5 (C-E) were determined
with ImageJ. Each histogram shows the ratios of pERK1/2 to ERK1/2 (F) and pAkt to Akt (G) in each galectin-3-treated cell type when the ratios obtained from

each non-galectin-3-treated cell type were taken as 1 (means = S.D., n = 3).*,p < 0.05; **, p < 0.01.

HCT116/MUCI cells express EGFR, as described previously
(33), we next performed the same experiment as described
above in the presence of an EGFR inhibitor. Prior to investigat-
ing the influence of the EGFR inhibitor on MUCI1-mediated
signaling through the binding of galectin-3 to MUC1, we con-
firmed the effect of the EGFR inhibitor using HCT116/MUC1
cells pretreated with or without the inhibitor. The cells were
treated with EGF in the presence or absence of the EGFR inhib-
itor, and total (i.e. phosphorylated and unphosphorylated)
EGFR was immunoprecipitated with anti-EGFR antibodies.
The immunoprecipitates were subjected to SDS-PAGE, fol-
lowed by Western blotting and detection with biotin-conju-
gated anti-phosphotyrosine and anti-EGFR antibodies. Phos-
phorylation of EGFR was completely inhibited by treatment
with the EGFR inhibitor in HCT116/MUCI1 cells (data not
shown). In the presence of the EGFR inhibitor, HCT116/MUC1
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cells were treated with or without galectin-3, and then phos-
phorylation of ERK1/2 and Akt was examined as described
above. Phosphorylation of ERK1/2 and Akt was elevated on
treatment with galectin-3 even in the presence of the EGFR
inhibitor, as well as in its absence (Fig. 6), indicating that phos-
phorylation of ERK1/2 and Akt is enhanced through MUCI-
mediated signaling pathways triggered by galectin-3 but not
EGFR-related events.

MUCI1-mediated signaling seems to be initiated by cross-
linking of MUC1 through the binding of galectin-3. Thus,
multivalency of galectin-3 may be necessary to initiate MUC1-
mediated signaling. Oligomerization of galectin-3 through
association of its N-terminal domain can be abolished by its
cleavage from the carbohydrate recognition domain by treat-
ment with collagenase type VII (11, 45). To determine whether
or not multivalency of galectin-3 is important for MUC1-me-
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FIGURE 6. Influence of an EGFR inhibitor on phosphorylation of ERK1/2
and Akt through the binding of galectin-3 to MUC1. A, after exclusion of
galectin-3 from the cell surface as described in Fig. 54, HCT116/MUC1 cells
were preincubated with an EGFR inhibitor (10 um) for 1 h and subsequently
treated with recombinant galectin-3 (40 wg/ml, rGal-3 +) or PBS (vehicle,
rGal-3 —) for 10 min. Phosphorylated ERK1/2, total ERK1/2, phosphorylated
Akt, and total Akt were determined as described in Fig. 5 (C-E). Concomi-
tantly, EGFR and B-actin were also determined. B and C, the intensities of the
bands in Fig. 6A were determined as described in Fig. 5 (F and G). The ratios
obtained from non-galectin-3-treated HCT116/MUC1 cells were taken as 1
(means £ S.D.,n = 4).* p <0.05;**, p <0.01.

diated signaling, we prepared cleaved galectin-3 without the
ability of oligomerization (Fig. 7A). As shown in Fig. 7 (B-D),
phosphorylation of ERK1/2 and Akt induced by treatment with
intact galectin-3 was markedly reduced by using cleaved galec-
tin-3 instead of intact galectin-3. These results indicate that
multivalency of galectin-3 is important for initiation of MUC1-
mediated signaling.

MUCI-mediated Signaling Initiated by Galectin-3 Enhances
Cell Proliferation and Motility—It is generally known that
activation of the MAPK and PI3K/Akt signaling pathways
induces various cellular functions such as cell proliferation
and motility (46, 47). To determine whether or not MUC1-
mediated signaling triggered by the binding of galectin-3 pro-
motes malignancy, proliferation of MUCI1-expressing cells
(HCT116/MUC1, A549/MUC1, and SKOV3/Scr), and the
respective control cells was examined by MTT assays. Prolifer-
ation of HCT116/MUCI and A549/MUCI1 cells was facilitated
by forced expression of MUCI as compared with that of the
respective control cells (Fig. 8, A and B). In contrast, prolifera-
tion of SKOV3/Si-1 and -2 cells was down-regulated by silenc-
ing of MUCI1 expression as compared with that of SKOV3/Scr
cells (Fig. 8C). Anchorage-dependent clonogenic assays were
also performed using HCT116/Mock and HCT116/MUC1
cells, and similar results were obtained (Fig. 8, D and E). Next,
we further investigated cell motility by means of wound healing
assays using the cells described above. To exclude the possibil-
ity that cell proliferation influences the assessment of cell
motility, these cells were treated with hydroxyurea, which sup-
presses cell proliferation through inhibition of DNA synthesis.
Prior to performing wound healing assays, the effective concen-
tration of hydroxyurea that inhibits the proliferation of these
cells was determined by BrdU assays (data not shown). Cell
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FIGURE 7. Effect of galectin-3 multivalency on phosphorylation of ERK1/2
and Akt through the binding of galectin-3 to MUC1. A, galectin-3 treated
with collagenase type VIl (cleaved) or PBS (intact) as described under “Exper-
imental Procedures” was subjected to SDS-PAGE, followed by Coomassie Bril-
liant Blue staining. B, after exclusion of galectin-3 from the cell surface and
subsequent preincubation with the EGFR inhibitor as described in Fig. 6A,
HCT116/MUCT cells were treated with intact galectin-3, cleaved galectin-3
(40 ng/ml, respectively), or PBS (vehicle) for 10 min, and then phosphorylated
ERK1/2, total ERK1/2, phosphorylated Akt, and total Akt were determined as
described in Fig. 5 (C-E). C and D, the intensities of the bands in Fig. 7B were
determined as described in Fig. 5 (F and G). The ratios obtained from PBS-
treated HCT116/MUC1 cells were taken as 1 (means = S.D., n = 3).**,p < 0.01.

motility was also enhanced by forced expression of MUC1 in
HCT116 cells (Fig. 9, A and C) and decreased by silencing of
MUCI1 in SKOV3 cells (Fig. 9, B and D), suggesting the corre-
lation of cell motility with the expression level of MUCI.

To further determine whether or not endogenous galectin-3
is related to promotion of malignancy in MUC1-expressing
cells, we generated HCT116/MUCI1 cells expressing a lower
level of galectin-3 by treatment of MCT116/MUCI1 cells with
galectin-3 shRNA (HCT116/MUC1-Gal-3/Si). Reduction of
the galectin-3 expression in HCT116/MUC1-Gal-3/Si cells as
compared with in control cells (HCT116/MUC1-Scr) was con-
firmed by SDS-PAGE and Western blotting (Fig. 104). Next,
both cell types were labeled with biotin to estimate the level of
galectin-3 retained on the cell surface as described in Fig. 2. As
shown in Fig. 10 (B and C), galectin-3 retained on the cell sur-
face was markedly decreased in HCT116/MUC1-Gal-3/Si cells.
Furthermore, expectedly, galectin-3-silent cells proliferated
more slowly than control cells did (Fig. 10, D—F), and cell motil-
ity was also down-modulated by silencing of galectin-3 (Fig. 10,
G and H). It is also noted that down-modulation of cell motility
of HCT116/MUC1-Gal-3/Si cells recovered to the level of con-
trol cells on treatment with exogenous galectin-3 (Fig. 10, G and
H). Taking these results together, we speculated that inhibition
of the binding of galectin-3 to MUC1 by antagonists may sup-
press the promotion of tumor cell malignancy. To examine this
possibility, we used galectin-3 antagonists, i.e. glycopolymers
carrying several repeats of N-acetyllactosamine (LacNAc),
which exhibit high affinity for galectin-3. Because it has been
reported that the binding affinity of LacNAc for galectin-3 is
dependent on the number of repetitive LacNAcs (40), we pre-
pared three kinds of artificial glycopolymers carrying single,
tandem, and triplet LacNAc repeats (Fig. 114), and then the
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A549/MUCT (2 X 103 cells) (B), and SKOV3/Scr, SKOV3/Si-1, and SKOV3/Si-2 cells (2 X 103 cells) (C) were plated and cultured for 24,48, and 72 h. The level of cell
proliferation was assessed by MTT assays (means *+ S.D., n = 3).*, p < 0.05; **, p < 0.01. D, HCT116/Mock and HCT116/MUC1 cells (5 X 10° cells) were plated
and cultured for 2 weeks. The cells thereafter were fixed and stained with crystal violet as described under “Experimental Procedures.” E, the dye was extracted
from the cells as described under “Experimental Procedures,” and its level was determined by measuring the absorbance at 590 nm (means = S.D.,n = 3).*,p <
0.05.
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FIGURE 9. Enhancement of cell motility of various MUC1-expressing cells. A and B, a cell-free area as to HCT116/Mock, HCT116/MUCT (A), SKOV3/Scr,
SKOV3/Si-1, and SKOV3/Si-2 (B) cells was created with culture inserts as described under “Experimental Procedures,” and then the cells were cultured for 20 h
(A) or 7 h (B) in the presence of hydroxyurea (10 mm). Images were taken immediately after removal of the culture inserts (0 h) and after the incubation times
described above (20 or 7 h). Image magnification is X 100. Scale bars, 100 um. C and D, the percentage of the cell-free area was expressed as the percentage of
the cell-free area at 20 (C) or 7 h (D) when the cell-free area at 0 h was taken as 100% (means * S.D., n = 3).*,p < 0.05; **, p < 0.01.

binding affinity of galectin-3 for these glycopolymers was mea-
sured by using plates coated with each glycopolymer. In agree-
ment with the previous report, the binding of galectin-3 to gly-
copolymers increased according to the number of repetitive
LacNAcs (Fig. 11B). Next, we examined the effects of these
glycopolymers on cell proliferation. As shown in Fig. 11C, cell
proliferation was inhibited depending on the number of repet-
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itive LacNAcs, and proliferation of HCT116/MUCI cells was
more markedly inhibited than that of HCT116/Mock cells.
These findings suggest that galectin-3 bound to MUCI1 is
excluded by glycopolymers, and thereby cell proliferation is
inhibited. Partial exclusion of galectin-3 from the cell surface by
treatment with the glycopolymer carrying a triplet LacNAc
repeat was confirmed by flow cytometry (data not shown).
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FIGURE 10. Effect of galectin-3 silencing on malignancy of MUC1-expressing cells. A, lysates of HCT116/MUC1-Scr and HCT116/MUC1-Gal-3/Si cells were sub-
jected to SDS-PAGE, followed by Western blotting as described in Fig. 1C. B-Actin was used as a loading control. B, biotin-labeled MUC1-ND and galectin-3 on the
surface of HCT116/MUC1-Scr and HCT116/MUC1-Gal-3/Si cells were detected as described in Fig. 2A. C, the level of galectin-3 on the cell surface was determined by
measuring the intensities of the bands in Fig. 108 as described in Fig. 2B (means = S.D., n = 3).**, p < 0.01. D, HCT116/MUC1-Scr and HCT116/MUC1-Gal-3/Si cells (1 X
10* cells) were plated, and the proliferation level was determined as described in Fig. 8 (A-C) (means + S.D., n = 3). **, p < 0.01. E and F, HCT116/MUC1-Scr and
HCT116/MUC1-Gal-3/Si cells (5 X 103 cells) were plated, and then anchorage-dependent cell proliferation was evaluated by measuring the absorbance as described
inFig.8 (Dand E) (means = S.D.,n = 3).*,p < 0.05. Gand H, HCT116/MUC1-Scr and HCT116/MUC1-Gal-3/Si cells were precultured using culture inserts. After creating
a gap, the cells were further incubated for 20 h under the same conditions as described in Fig. 9 (A and B). HCT116/MUC1-Gal-3/Si cells were also cultured in the
presence of recombinant galectin-3 (rGal-3) (40 wg/ml), and their cell motilities were assessed as described above. The percentage of the cell-free area was calculated

as described in Fig. 9 (Cand D) (means = S.D., n = 3).*, p < 0.05. Image maghnification is X 100. Scale bars, 100 pm.

With respect to the inhibitory effect, the glycopolymer carrying
a triplet LacNAc repeat had a low inhibitory effect even on the
proliferation of HCT116/Mock cells, maybe because of sup-
pression of galectin-3-induced Akt phosphorylation through
the binding of galectin-3 to unknown glycoprotein receptors
related to cell growth, as shown in Fig. 5 (C and G).

Discussion

It has been reported that elevated levels of MUC1 and galec-
tin-3 are associated with a poor prognosis in a variety of malig-
nant tumors. However, little is known about the cooperative
functions of these molecules except for the effect on cell adhe-
sion through the binding of galectin-3 to MUCI.

By means of DNA microarray analysis, it was demonstrated
that HCT116 cells expressed negligible levels of mucins includ-
ing MUCI1 (Fig. 1A). Therefore, we mainly used HCT116/Mock
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and HCT116/MUCI1 cells throughout all experiments because
the biological functions of MUCI1 through the binding of galectins
may be attenuated by other mucins, which have a potential for
binding to galectins, as well as MUCIL. Expression of MUC1 was
confirmed, and the same levels of galectin-1 and -3 were expressed
in HCT116/Mock and HCT116/MUCI1 cells (Fig. 1C), but inter-
estingly, it was galectin-3 but not galectin-1 that bound more
prominently to the surface of HCT116/MUCI1 cells than that of
HCT116/Mock cells (Fig. 2, A and B). Furthermore, the distribu-
tion of galectin-3 almost completely coincided with that of MUC1
on the surface of cancer cells and in tumor tissues (Figs. 3 and 4A4).
In nonmalignant tissues, as shown in Fig. 4B, MUC1 was detected
slightly, and its distribution seemed to be different from that of
galectin-3, probably because of limited distribution of MUC1 on
the apical surface and/or nonexpression of TF antigen carried on
MUC1 in nonmalignant cells.
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FIGURE 11. Inhibitory effects of galectin-3 antagonists on cell proliferation.
A, schematic structures of artificial glycopolymers. m indicates the number of
repetitive LacNAcs (m = 1-3), and n indicates the degree of polymerization of
glutamic acid residues (n = 467). B, each glycopolymer (0.5 um) was immobilized
on a plate as described under “Experimental Procedures.” The binding affinity of
galectin-3 for each glycopolymer was measured by plate assays (means = S.D.,
n = 3).C,HCT116/Mock and HCT116/MUCT cells (1 X 10* cells) were cultured in
medium containing 0.5% HI-FBS and each glycopolymer (0.1 um) for 72 h. The
effects of the glycopolymers on cell proliferation were determined by MTT assays.
The absorbance observed for each (LacNAc),-treated cell was taken as 100%
(means = S.D., n = 4). **, p < 0.01. (LacNAc),, glycopolymer carrying a single
LacNAc repeat; (LacNAc),, glycopolymer carrying a tandem LacNAc repeat; (Lac-
NAc);, glycopolymer carrying a triplet LacNAc repeat.

In related studies, it has been reported that the binding of
galectin-3 to MUCI1 leads to enhancement of metastasis and
loss of anoikis (28 —30). These phenomena are brought about
by the polarization of MUCI on the cell surface and eventual
exposure of adhesion molecules, but not by activation of signal
transduction. However, as shown in Fig. 5, treatment of
HCT116/MUCI1 cells with galectin-3 induced phosphorylation
of MUC1-CD and subsequent phosphorylation of ERK1/2 and
Akt. Galectin-3-induced phosphorylation of ERK1/2 and Akt
increased in a dose-dependent manner (data not shown), and
microgram levels of galectin-3 were necessary to enhance the
phosphorylation of ERK1/2 and Akt in HCT116/MUCI1 cells.
Zhao et al. (29) reported that the concentration of circulating
galectin-3 in the serum of patients with colorectal cancer
increased up to 5 pug/ml. In tumor microenvironments, galec-
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tin-3 is produced not only by the cancer cells but also by the
peritumoral inflammatory and stromal cells and is concen-
trated on the cell surface and/or local matrix, raising the local
concentration of galectin-3 to above that detected in the serum
of cancer patients. Thus, we speculate that the level of exoge-
nously added galectin-3 in this study may be similar to that of
endogenous galectin-3 in tumor microenvironments. In rela-
tion to these findings, Ramasamy et al. (38) demonstrated that
galectin-3 enhances the interaction between MUC1 and EGER,
resulting in enhancement of the EGF-dependent MUC1-medi-
ated signaling pathway. In contrast, Merlin et al. (48) reported
that silencing of galectin-3 facilitates the interaction between
MUCI1 and EGFR, leading to promotion of EGF-dependent
MUCI1-mediated signaling. This discrepancy has not been clar-
ified yet; however, in any case, growth factors such as EGF are
essential for initiation of MUC1-mediated signaling. To deter-
mine whether or not galectin-3-induced phosphorylation oc-
curs despite the absence of EGF and/or EGFR, we examined the
effect of galectin-3 on phosphorylation of ERK1/2 and Akt
using cells cultured in serum-free medium and in the presence of
an EGFR inhibitor, which inhibits its autophosphorylation. Phos-
phorylation of ERK1/2 and Akt was elevated on treatment with
galectin-3 independently of both EGF stimulation and EGER tyro-
sine phosphorylation (Fig. 6). In addition, we previously reported
that EGFR was not co-immunoprecipitated with MUC1 in
HCT116/MUCI1 cells (33). Thus, these findings suggest that phos-
phorylation of MUC1-CD by galectin-3 and subsequent phosphor-
ylation of ERK1/2 and Akt occur independently of EGFR. In addi-
tion, because the EGFR inhibitor used in this study suppresses not
only EGFR but also ErbB2 (HER2) and ErbB4 (HER4) activation, at
least EGFR, ErbB2, and ErbB4 are not directly involved in the phos-
phorylation of MUC1. However, there remains a possibility that
galectin-3 acts as a mediator of interactions between other recep-
tor tyrosine kinases and MUCI, followed by activation of the
MAPK and PI3K/Akt signaling pathways.

The MUCI1-CD cytoplasmic tail, which comprises 72 amino
acids, contains seven conserved tyrosine residues, each one
being phosphorylated by different (receptor) tyrosine kinases
(2). Phosphorylation of the YITNP and YHPM motifs contain-
ing Tyr-60 and Tyr-20, respectively, leads to the MAPK and
PI3K/Akt signaling pathways through the binding of the Src
homology 2 domain of an adaptor protein, Grb2 (growth factor
receptor-bound protein 2), and that of the PI3K p85 subunit to
the corresponding motifs, respectively (49 —52). Although the
phosphorylated sites of MUC1-CD on treatment with galec-
tin-3 have not been elucidated yet, the same tyrosine residues of
MUC1-CD may be phosphorylated, and common downstream
events between the EGF- and galectin-3-initiated pathways
may occur to enhance the MAPK and PI3K/Akt signaling
pathways, although MUC1-CD is phosphorylated by different
mechanisms in each pathway. In addition, Tyr-46 contained in
the YEKV motif is phosphorylated by several tyrosine kinases
including EGEFR, leading to recruitment of [(-catenin to
MUC1-CD (34). In this context, we previously demonstrated
that recruitment of B-catenin to MUC1-CD was enhanced on
treatment with Siglec-9 in HCT116/MUCI1 cells and with
galectin-3 in 3T3/MUCI1 cells (33, 53). With respect to the
recruitment of B-catenin, it is also speculated that galectin-3-
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triggered signaling leads to phosphorylation of the same tyro-
sine residues of MUC1-CD as EGF-triggered signaling does,
and after recruitment of B-catenin, the same pathway may
occur in both signaling events. These results are consistent with
the fact that similar downstream events after phosphorylation
of MUC1-CD on treatment with galectin-3 occurred even in
the presence of the EGER inhibitor.

When galectin-3 is present freely or binds to a monovalent
binding site, the major form of galectin-3 is monomeric (54). On
the other hand, when galectin-3 binds to multivalent binding sites,
galectin-3 behaves as a multivalent lectin by forming oligomers
through association of the galectin-3 N-terminal domain (24, 25).
MUCI1 seems to be one of the most preferable glycoproteins for
oligomerizing galectin-3 because O-glycans, which are the binding
sites of galectin-3, may be expressed repeatedly on the tandem
repeats of the MUCI core protein. Furthermore, it is an extremely
high molecular glycoprotein and easily accessible to galectin-3
because of its rod-like structure, which is longer (200—-500 nm)
than typical cell surface adhesion molecules (~30 nm) (55, 56), and
the binding affinity of galectin-3 for oligosaccharides carried on
proteins including MUCI increases dramatically by clustering of
its proteins (57). The significant role of the MUC1 extracellular
domain has also been demonstrated by the report that MUC1-
mediated signaling is dependent on the number of tandem repeats
(58). From another point of view, because homooligomerization of
MUCI-CD through interaction of a juxtamembrane region, the
CQC motif, in MUC1-CD plays a crucial role in MUC1-medi-
ated signal transduction (2, 39, 52, 59), clustering of MUC1
through the binding of galectin-3 to MUC1 may assist oligo-
merization of MUC1-CD.

Tumor malignant phenotypes such as cell growth and motil-
ity changed with the levels of MUCI and galectin-3 expression,
indicating that MUC1 and galectin-3 play a significant cooper-
ative role in promoting tumor cell malignancy. Being consistent
with these results, galectin-3 antagonists, synthetic glycopoly-
mers containing LacNAc, were effective in down-regulating
proliferation of MUC1-expressing cells. Interestingly, several
reports have demonstrated that other galectin-3 antagonists,
i.e. GCS-100 and lactulose-L-leucine, which are oligosaccha-
rides modified from citrus pectin and synthetic glycoamine,
respectively, inhibit several cellular functions in multiple
myeloma and prostate cancer cells (60— 62).

Thus, constitutive activation of MUC1-mediated signaling in
an autocrine/paracrine manner caused by ligation of galectin-3
promotes uncontrolled tumor cell malignancy. This may be an
alternative MUC1-mediated pathway that promotes tumor cell
malignancy even though growth factors such as EGF and FGF
and/or their receptors are absent and/or nonfunctional.
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experiments. M. Y., T. S., and K. H. prepared the specimens of tumor
and adjacent nonmalignant tissues and analyzed them pathologi-
cally. T. M. designed and synthesized the artificial glycopolymers.
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