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Background: Galectin-3-N-glycan binding forms a lattice that regulates cancer cell adhesion, migration, and signaling.
Results: Galectin-3 destabilizes cell-cell junctions and increases junctional mobility of N-cadherin and GM1 ganglioside.
Conclusion: Galectin-3 is a novel regulator of N-cadherin dynamics and cell-cell junction stability.
Significance: First demonstration of galectin-3 regulation of both glycoprotein and glycolipid mobility defines novel roles for
the galectin lattice in junctional stability.

Galectin-3 binding to cell surface glycoproteins, including
branched N-glycans generated by N-acetylglucosaminyltrans-
ferase V (Mgat5) activity, forms a multivalent, heterogeneous,
and dynamic lattice. This lattice has been shown to regulate
integrin and receptor tyrosine kinase signaling promoting
tumor cell migration. N-cadherin is a homotypic cell-cell adhe-
sion receptor commonly overexpressed in tumor cells that con-
tributes to cell motility. Here we show that galectin-3 and
N-cadherin interact and colocalize with the lipid raft marker
GM1 ganglioside in cell-cell junctions of mammary epithelial
cancer cells. Disruption of the lattice by deletion of Mgat5,
siRNA depletion of galectin-3, or competitive inhibition with
lactose stabilizes cell-cell junctions. It also reduces, in a p120-
catenin-dependent manner, the dynamic pool of junctional
N-cadherin. Proteomic analysis of detergent-resistant mem-
branes (DRMs) revealed that the galectin lattice opposes entry of
many proteins into DRM rafts. N-cadherin and catenins are
present inDRMs; however, their DRMdistribution is not signif-
icantly affected by lattice disruption. Galectin lattice integrity
increases the mobile fraction of the raft marker, GM1 ganglio-
side binding cholera toxin B subunit Ctb, at cell-cell contacts in
a p120-catenin-independent manner, but does not affect the
mobility of eitherCtb-labeledGM1orGFP-coupledN-cadherin
in nonjunctional regions. Our results suggest that the galectin
lattice independently enhances lateral molecular diffusion by

direct interactionwith specific glycoconjugateswithin the adhe-
rens junction.Bypromoting exchangebetween raft andnon-raft
microdomains as well as molecular dynamics within junction-
specific raft microdomains, the lattice may enhance turnover of
N-cadherin and other glycoconjugates that determine junc-
tional stability and rates of cell migration.

Galectins are small �-galactoside-binding proteins that bind
cell surface glycans. Although most galectins contain one or
two carbohydrate domains, galectin-3 (Gal-3)5 contains an
oligomerization domain that enables oligomer formation, up to
pentamers, upon binding to glycoproteins, resulting in the for-
mation of heterogeneous cell surface lattices (1–3). The Golgi
N-glycan branching pathway generates ligands with a range of
affinities for galectins, with the higher affinities requiring
N-acetylglucosaminyltransferase V (Mgat5) (4). BothGolgi gly-
can modification and the number of N-glycan sites encoded in
the protein sequence contribute to glycoprotein affinity for
galectin (5). Expression of bothMgat5 and Gal-3 has long been
associated with tumor progression and metastasis (6, 7), and
tumor formation is delayed in Mgat5-deficient mice (8). The
affinity of tyrosine kinase receptors such as EGF or TGF�
receptors for the galectin lattice is increased by Mgat5-depen-
dent modifications to the receptors and prevents their down-
regulation by clathrin-dependent endocytosis and interaction
with inhibitory caveolin-1 domains (9, 10). In T cells, the galec-
tin lattice reduces T cell receptor clustering and recruitment to
the immune synapse, thereby reducing T cell activation and
autoimmunity (11–13). Gal-3 has also been proposed to restrict
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CD8 and T cell receptor interaction, preventing lymphocyte
activation (14, 15). Mgat5 and the galectin lattice also promote
focal adhesion dynamics and fibronectin fibrillogenesis, leading
to enhanced matrix remodeling and tumor cell migration (16–
18). A common theme is that decodingN-glycanmodifications
of cell surface receptors by the galectin lattice acts as a regulator
of their turnover and membrane domain interaction (19).
Cadherins are glycoproteins responsible for homotypic and

calcium-dependent cell-cell adhesion (20). �- and �-catenin
are recruited to the C-terminal tail of cadherins forming a
dynamic linkage with the actin cytoskeleton (21, 22). p120-
catenin is a Src substrate that regulates RhoGTPase activity,
which in turn promotes cadherin internalization and/or stabil-
ity at the cell surface (23, 24). A key aspect of epithelial tumor
cell progression is the disruption of E-cadherin-mediated cell-
cell adhesions and switching to a more mesenchymal, migra-
tory phenotype, a process called epithelial-mesenchymal tran-
sition (25). Expression of Mgat5 is associated with enhanced
TGF-� receptor signaling and epithelial-mesenchymal transi-
tion (9, 10). N-cadherin (cadherin-2 or CDH-2) is a mesenchy-
mal cadherin overexpressed in many cancers and associated
with cancer cell migration and FGF receptor signaling in breast
cancer metastasis (26). Mgat5-dependent glycosylation of
N-cadherin has also been associated with increased cell migra-
tion and decreased cell-cell aggregation (27, 28). N- and E-cad-
herins have seven and three N-glycosylation sites, respectively,
suggesting a different threshold for the galectin lattice (5). Bio-
physical analysis suggests that the adhesion force between
N-cadherin homophilic bounds is qualitatively smaller than
those of E-cadherin (29, 30), which might contribute to the
lability of cell-cell contacts, thereby promoting tumor cell
migration.
Here we show that Gal-3 accumulates at cell-cell junctions

withN-cadherin and the raftmarker gangliosideGM1 and con-
tributes to the destabilization of cell-cell junctions. Although
the sequestration of EGFR and focal adhesion proteins in the
galectin lattice decreases their mobility in the plasma mem-
brane (9, 16), the galectin lattice increases the p120-dependent
mobility of N-cadherin at cell-cell junctions. The galectin lat-
tice also enhances dynamics of GM1 ganglioside binding chol-
era toxin B subunit (Ctb), but not the unglycosylated raft pro-
tein flotillin-2, at cell-cell junctions independently of p120.
However, although disruption of the galectin lattice results in
accumulation of many proteins in detergent-resistant mem-
branes (DRMs) or rafts, it does not impact on the raft associa-
tion of cadherins and catenins. Lattice regulation ofN-cadherin
and Ctb mobility is specific to cell-cell junctions, and our data
suggest that the galectin lattice independently regulates the
dynamics of N-cadherin and GM1. Gal-3 regulation of the
dynamics of N-cadherin and raft components at cell-cell junc-
tions may play a complementary role to p120-catenin in the
regulation of junctional stability and thereby tumor cell
migration.

MATERIALS AND METHODS

Plasmids, Antibodies, and Reagents—Vector encoding
N-cadherin-GFP was provided by Dr. Shernaz Bamji (Univer-
sity of British Columbia, Vancouver, Canada), and mutated

N-cadherin AAA-YFP was provided by Dr René-Marc Mège
(Institut du Fer à Moulin, INSERM, Paris, France). Human
Gal-3 and recombinant human GST-Gal-3 was purified and
coupled to Cy3 according to the manufacturer’s instructions
(Invitrogen). FITC-coupled Ctb and Alexa Fluor 488-, 568-, or
647-coupled anti-mouse or -rabbit or phalloidin were from
Invitrogen, mouse anti-N-cadherin from BD Biosciences, rab-
bit anti-�-catenin was from Sigma-Aldrich, and rabbit anti-
p120-catenin was from Santa Cruz Biotechnology. SMART-
pool siRNA targeting Gal-3 or p120-catenin and nontargeting
siRNA were from Dharmacon. Normal Dulbecco’s modified
Eagle’s medium (DMEM) was from Sigma-Aldrich, L-gluta-
mine, penicillin/streptomycin, BCA assay kit, and cell culture
trypsin were from Invitrogen, and both qualified and dialyzed
fetal bovine serum (FBS) and L-lysine- and L-arginine-deficient
DMEM were from Caisson Laboratories (North Ogden, UT).
Sucrose, lactose, swainsonine, L-lysine, L-arginine, Triton
X-100, sodiumdeoxycholate, dithiothreitol (DTT), and iodoac-
etamide were from Sigma-Aldrich. [2H4]lysine, [13C6]arginine,
[13C6

15N2]lysine, and [13C6
15N4]arginine were from Cam-

bridge Isotope Laboratories. Sequencing grade modified por-
cine trypsin solution was from Promega, and protease inhibitor
mixture tablets with EDTA were from Roche Applied Science.
Cell Culture and Transfection—Mgat5�/�, Mgat5�/� and

Mgat5�/�Res were cultured as described previously (18). Cells
were plated 24 h before transfection of DNA, siRNA, or both at
the same time at a ratio of 1:2 DNA:RNA using Lipofectamine
2000 in Opti-MEM (Invitrogen). Experiments were performed
48 h after transfection. Where indicated, culture medium was
supplemented with 20 mM lactose, 20 mM sucrose, or 1 mM

swainsonine for 48 h.
Calcium Switch Experiment and Immunofluorescence—Cells

were pretreated for 48 hwith 20mM sucrose or lactose or trans-
fected with control or Gal-3-targeted siRNA before the
medium was switched to a complete medium containing only
50 �M calcium or before the addition of 1.5 mM EGTA. After 8
min for the low calcium conditions or 30 min for the EGTA
treatment, cells were fixed with 3% paraformaldehyde at 37 °C
and then permeabilized with 0.2%Triton X-100. After blocking
in 1%BSA, cellswere incubatedwith the primary and secondary
antibodies for 1 h. Images for all conditionswere acquired using
equivalent settings on an Olympus FV1000 confocal micro-
scope. Using the ImageJ image analysis software, the same
threshold was applied to all N-cadherin images and, separately,
to all �-catenin images based on junctional labeling in control
cells. The resulting images were merged, and the Pearson’s
coefficient was calculated for each field. Statistical analyses
were performed on GraphPad Prism 4 using an unpaired Stu-
dent’s t test (two-tailed with a confidence interval of 95%).
FRAP Analysis—Cells were plated in 8-well 15�-Slide ibidi

chambers (ibidi GmbH, Munich, Germany) 24 h before trans-
fection. After transfection, the cells were treated, or not with 20
mM lactose or sucrose or with 1mM swainsonine for 48 h before
the experiment. Fluorescence recovery after photobleaching
(FRAP) experiments were performed at 37 °C for N-cadherin-
GFP and AAA-YFP and at 30 °C for FITC-coupled Ctb (9).
Regions of interest, at cell-cell junctions or not, were photo-
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bleached and recoverymeasured over time on an FV100 confo-
cal microscope as described previously (9).
Cross-linking, Immunoprecipitation, and Western Blot

Analysis—Cross-linking was performed by incubating conflu-
ent cells in 100-mm plates at 4 °C with 2 �g/ml GST-Gal-3 for
20 min before switching the medium to PBS containing 2 mM

calcium and 0.1 mg/ml 3,3�-dithiobis[sulfosuccinimidylpropi-
onate] (DTSSP, Pierce) for 1 h. After quenching, proteins were
extracted in a lysis buffer containing 50 mM Tris, pH 7.5, 1 mM

EDTA, 1 mM EGTA, 150 mM NaCl, 1% Triton X-100, and pro-
tease inhibitors (Roche Applied Science). Lysates were incu-
bated with protein A-coupled Sepharose beads preincubated
with 1 �g of mouse anti-N-cadherin (BD Biosciences) or 0.4 �l
of rabbit anti-�-catenin (Sigma). After 2 h at 4 °C on rotator, the
beads were washed in lysis buffer and suspended in loading
buffer containing 25 mM DTT. 2% of the lysate used for immu-
noprecipitation (input) was loaded in parallel to the pulldown.
Western blots were probed with HRP-coupled antibodies
(Jackson ImmunoResearch) and revealed by chemilumines-
cence or probed with IRDye 700- or 800-conjugated antibodies
(Rockland Immunochemicals) and revealed with the Odyssey
imaging system (LI-COR Biosciences).
SILAC—Triplex SILAC was conducted as described previ-

ously (31). Before labeling, all Mgat5 cells were maintained in
DMEM supplemented with 10% FBS (v/v), 1% L-glutamine
(v/v), and 1% penicillin/streptomycin (v/v) at 5%CO2 and 37 °C
and then transferred to SILAC medium with dialyzed FBS and
lysine and arginine isotopologs. To achieve complete labeling,
cell populations were amplified 200-fold in the labeling media.
Here we refer to the different labels as 0/0 for the normal iso-
topic abundance Lys and Arg, 4/6 for [2H4]Lys and [13C6]Arg,
and 8/10 for [13C6

15N2]Lys and [13C6
15N4]Arg. To obtain

enough material for effective proteomic analysis, five 15-cm
plates of labeled Mgat5 cells were used for each of the 0/0, 4/6,
and 8/10 conditions for lactose/sucrose treatment and subse-
quent detergent-resistantmembrane extraction. In the lactose/
sucrose treatment experiment, 35% confluent 0/0 and 4/6
Mgat5�/� cells were treated by adding 20 mM lactose or
sucrose, respectively, directly to the growth medium for 48 h
with 8/10 cells as the control.
DRM Preparation—DRMs were extracted from SILAC cells

as described previously (31, 32). Very briefly, cells were solubi-
lized in lysis buffer (1%Triton X-100, 25mM 2-(N-morpholino)
ethanesulfonic acid, pH 6.5, protease inhibitor mixture). Rela-
tive protein concentrations of cell lysates were determined
using the Coomassie Plus kit (Pierce), and equal masses of pro-
tein from each SILAC condition were mixed together. From
this step, lysates were combined as one sample and subjected to
sucrose density gradient analysis by first mixing with an equal
volume of 90% sucrose (in 25 mM MES, 150 mM NaCl, pH 6.5
(MES-buffered saline)) and then layering with 35 and 5%
sucrose. These gradients were then centrifuged for 18 h at
166,000 relative centrifugal force. The white, light-scattering
band appearing between 35 and 5% sucrose after centrifugation
correspond to DRMs, and this was then diluted out �3-fold
with MES-buffered saline, and membranes were further pel-
leted by centrifugation at 166,000 relative centrifugal force for
2 h. All steps were carried out at 4 °C.

LC-MS/MS, Database Searching, and Data Analysis—All
analyses involved solution digestions in 1% sodium deoxy-
cholate (50 mM Tris, pH 8) with protein pellets solubilized
directly in sodium deoxycholate and then subjected to trypsin
digestion. Protein solutions were reduced (1 �g of DTT/50 �g
of protein), alkylated (5 �g of iodoacetamide/50 �g of protein),
and digested (1�g of trypsin/50�g of protein) as described. For
each sample, 5 �g (measured by the BCA method) of digested
peptides were analyzed by liquid chromatography-tandem
mass spectrometry (LC-MS/MS) on an LTQ Orbitrap XL
(Thermo Fisher, Bremen, Germany). The LTQ Orbitrap XL
was on-line-coupled to Agilent 1100 series nanoflow HPLC
instruments using a nanospray ionization source (Proxeon Bio-
systems) holding columns packed into 15-cm-long, 75-�m-in-
ner diameter fused silica emitters (8-�m-diameter opening,
pulled on a P-2000 laser puller from Sutter Instruments) using
3-�m-diameter ReproSil Pur C18 beads. Buffer A consisted of
0.5% acetic acid, and buffer B consisted of 0.5% acetic acid
and 80% acetonitrile. Gradients were run from 6% B to 30% B
over 60min and then from 30% B to 80% B in the next 10min,
held at 80% B for 5 min, and then dropped to 6% B for
another 15 min to recondition the column. The LTQ
Orbitrap XL was set to acquire a full range scan at 60,000
resolution from 350 to 1500 mass-to-charge units in the
Orbitrap and to simultaneously fragment the top five pep-
tide ions in each cycle in the LTQ. In all experiments,
digested peptides were also further fractionated by strong
cation exchange chromatography (SCX) into five fractions
using 0, 20, 50, 100, and 500 mM of NH4CH3COO and ana-
lyzed as above on an LTQ Orbitrap XL.
Protein identification and quantification were done using

Proteome Discover (v.1.2, Thermo Fisher) and Mascot (v2.3,
Matrix Science) to search against the International Protein
Index (IPI) Mouse (v3.69, 110,771 sequences; common serum
contaminants and human keratins were added, and all reversed
sequences were concatenated) database with the following cri-
teria: electrospray ionization-ion trap fragmentation character-
istics, tryptic specificity with up to one missed cleavage; �10
ppmand�0.6-Da accuracy forMS andMS/MSmeasurements,
respectively; cysteine carbamidomethylation as a fixed modifi-
cation; and N-terminal protein acetylation, methionine oxida-
tion, and deamidation (Asn-Gln), triplex ([2H4]Lys, [13C6]Arg,
[13C6

15N2]Lys and [13C6
15N4]Arg) SILAC modifications. Pep-

tide false discovery rate was set at 1%. Quantitation was done
using a mass precision of 2 ppm (three times the mass pre-
cision is used to create extracted ion chromatograms). After
extracting each ion chromatogram, Proteome Discoverer
runs several filters to check for, among other things, inter-
fering peaks and the expected isotope pattern, and peptides
that do not meet all the criteria are not used in calculating
the final ratio for each protein. We consider proteins iden-
tified if at least two peptides were observed. Analytical vari-
ability of SILAC data in the types of experiments performed
here is typically �20% on average, and biological variability
was addressed in these experiments by performing three
independent replicates of each experiment.
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RESULTS

Interaction of Gal-3 and N-cadherin at Cell-Cell Junc-
tions—Using cell lines derived from epithelial mammary
tumors from Mgat5�/� and Mgat5�/� transgenic mice on a
polyoma middle T (PyMT) background, we have previously
shown that Mgat5 and the galectin lattice regulate EGFR sig-
naling and focal adhesion dynamics (8–10, 16). Although
Mgat5-deficient tumor cells (Mgat5�/� cells) retain E-cadherin
expression and an epithelial phenotype, despite concomitant
N-cadherin expression, Mgat5�/� cells and Mgat5�/� cells
rescued by retroviral expression of Mgat5 (Mgat5�/�RES cells)
express only N-cadherin at cell-cell junctions and have under-
gone epithelial-mesenchymal transition (9, 10). Incubation of
Mgat5�/� cells with cyanine-5 (Cy5)-coupled Gal-3 at 4 °C
revealed a cell surface labeling and strong accumulation of
Gal-3 at cell-cell junctions where it colocalized with N-cad-
herin (Fig. 1A). Gal-3 recruitment to junctions was completely
prevented by lactose treatment, which competes with cell sur-
face glycans for Gal-3 binding, whereas control sucrose treat-
ment does not block Gal-3 recruitment. Swainsonine inhibits
Golgi �-mannosidase II, which blocks terminal N-glycan
branching, preventing interaction with Gal-3, and blocks Gal-3
recruitment to cell-cell junctions, although a residual signal
remained on the cell surface (Fig. 1A).

N-cadherin has been localized in rafts (33), and we also
observed the localization of Ctb-FITC to cell-cell junctions,
indicating an enrichment ofGM1 ganglioside in these domains.
Distribution of N-cadherin or Ctb at cell-cell junctions was not
affected by disruption of the galectin lattice with either lactose
or swainsonine (Fig. 1A).
To determine whether Gal-3 interacts with the N-cadherin-

catenin complex at cell-cell junctions, we performed cross-
linking experiments followed byN-cadherin immunoprecipita-
tion using the membrane-impermeable DTSSP cross-linker
(Fig. 1B). Endogenous Gal-3 is detected in the N-cadherin
immunoprecipitate after cross-linking only. Untreated
Mgat5�/� cells or sucrose-, lactose-, or swainsonine-treated
cells were incubated with purified Gal-3 at 4 °C for 20 min
before cross-linking. The faster migration of N-cadherin in
SDS-PAGE in the swainsonine-treated cells is indicative of
N-glycan truncation. The addition of exogenous Gal-3 strongly
increases the Gal-3 signal in the N-cadherin immunoprecipi-
tate. This enrichment is decreased by lactose and swainsonine
treatment indicative of extracellular interaction of Gal-3 with
N-cadherin.
To support this hypothesis, we treated the cells with 1.5 mM

EGTA for 25 min before the addition of purified Gal-3 and
cross-linking (Fig. 1B). EGTA, as a calcium chelator, is known
to destabilize the extracellular domain of cadherins, resulting in
loss of cell-cell adhesion and cadherin internalization (34).
EGTA treatment prevents cross-linking of Gal-3 to N-cad-
herin, demonstrating that junctional stability is important for
their interaction.
Using another approach, Mgat5�/� cells were incubated

with GST-tagged Gal-3 (GST-Gal-3) before cross-linking and
�-catenin immunoprecipitation (Fig. 1C). BothN-cadherin and
exogenous GST-Gal-3 are detected in the �-catenin immuno-

precipitates in untreated or sucrose-treated cells but not after
EGTA treatment or lattice disruption with lactose or swainso-
nine. In contrast to N-cadherin immunoprecipitation, endoge-
nous Gal-3 was not detected in the �-catenin pulldown. Treat-
ment with lactose or swainsonine reduces Gal-3-GST in both
the pulldown and total extract but does not alter endogenous
Gal-3 in the input. This suggests that endogenous Gal-3may be
predominantly intracellular. Interestingly, lactose treatment
resulted in complete loss of Gal-3-GST in the total extract, but
a reduced signal was present in swainsonine-treated cells. This
suggests that residual GST-Gal-3 binds to the cell surface, pos-
sibly due to binding to O-glycans on glycoproteins or to glyco-
lipids, even when N-glycan branching is blocked. Altogether
these results suggest thatGal-3 is recruited at cell-cell junctions
by direct interaction with branched N-glycans of N-cadherin.
Regulation of Junctional Stability of N-cadherin by the Galec-

tin Lattice—To determine whether the galectin lattice affects
cell-cell junctions, we transfected Mgat5�/� cells with siRNA
targeting Gal-3 (supplemental Fig. S1) or treated them with
sucrose, lactose, or swainsonine. Immunofluorescence analysis
of N-cadherin and �-catenin colocalization revealed that these
treatments did not impact on cell-cell junction formation (Fig.
2). However, when the cells were switched to low calcium
medium (50 �M Ca2� medium or 1.5 mM EGTA treatment),
Gal-3 siRNA-, lactose-, and swainsonine-treated cells showed
increased N-cadherin-�-catenin colocalization indicative of
higher retention of junctional complexes when compared with
untreated and sucrose-treated cells. The addition of extracellu-
lar Gal-3 did not affect cell-cell junctions in normal calcium
conditions but increased junction destabilization in low cal-
cium conditions and restored destabilization of cell-cell junc-
tions in low calcium conditions in siGal-3-treated cells (Fig.
2C). This rescue effect combined with the lactose and swainso-
nine treatments suggests that extracellular Gal-3 destabilizes
junctions, possibly by enhancing the dynamics ofN-cadherin in
the membrane.
We then measured the dynamic properties of N-cadherin-

GFP at cell-cell junctions using FRAP (Fig. 3A). We observed
significantly decreased recovery at junctions in lactose or
swainsonine-treated and siRNAGal-3 transfected cells in com-
parison with controls (Fig. 3, B and C). FRAP analysis revealed
that the mobile fraction of N-cadherin was affected by lactose
and swainsonine treatment but that the half-life of recoverywas
not significantly changed (supplemental Table S1). The effect
of the galectin lattice was Mgat5-dependent as N-cadherin
showed increasedmobility inMgat5�/� cellswhere its recovery
was insensitive toGal-3 siRNAand lactose treatment. Rescue of
Mgat5�/� cells by retroviral expression of Mgat5 both
increased N-cadherin mobility and restored its sensitivity to
Gal-3 knockdown and lactose treatment (Fig. 3, B and C).
Moreover, the effect of Gal-3 depletion was rescued by the
addition of Gal-3 to the medium, indicating that extracellular
Gal-3 regulates N-cadherin mobility at cell-cell junctions (Fig.
3D). However, we did not observe any effect of lactose on
N-cadherin-GFP located in cellular lamellipodia not involved
in cell-cell junctions (supplemental Fig. S2).
Next we asked whether lattice-dependent regulation of

N-cadherin at cell-cell junctions was dependent on p120-
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catenin, known to regulate cadherin stability and turnover (23,
35). We observed that the junctional mobility of a YFP-tagged
N-cadherin mutated at the p120-catenin binding site (AAA-
YFP (36)) was lower than that of N-cadherin-GFPmobility and
was not affected by lactose treatment (Fig. 4, A and B, supple-
mental Table S1). p120-catenin siRNA reduced endogenous
N-cadherin expression (supplemental Fig. S1), as reported pre-
viously (35). However, overexpressed N-cadherin-GFP still
localized at cell-cell junctions where its mobility was markedly
reduced when compared with control cells and not affected by
lactose (Fig. 4C). Altogether, these results suggest that
increased mobility of junctional N-cadherin upon recruitment
to the galectin lattice is p120-catenin-dependent.
Galectin Lattice Regulation of Raft Composition—It has been

proposed that p120-catenin regulates cell-cell junction forma-
tion and stability through recruitment of cadherins into raft
microdomains (35). We have previously characterized the

DRM proteome of Mgat5�/� and Mgat5�/� cells and defined
the impact of caveolae and caveolin-1 expression on the raft
proteome of these cells (37). To specifically determine whether
the galectin lattice affects raft protein composition, we per-
formed quantitative proteomic analysis of DRMs from
untreated Mgat5�/� cells and cells treated with lactose or
sucrose (supplemental Fig. S3). The raft association of the vast
majority of the more than 700 proteins detected was not signif-
icantly affected by disruption of the galectin lattice with lactose
(Fig. 5A), and overall protein abundance ratios were highly sim-
ilar for both lactose versus sucrose and lactose versus untreated
samples (Fig. 5B). 181 proteins accumulated in rafts upon dis-
ruption of the galectin lattice for lactose versus control and 66
for lactose versus sucrose, whereas only four proteins were dis-
placed from rafts by lactose treatment for either condition (Fig.
5C, supplemental Table S2). Therefore, the lattice predomi-
nantly inhibits protein traffic into rafts rather than facilitating

FIGURE 1. N-cadherin, Gal-3, and Ctb localize to cell-cell junctions. A, Mgat5�/� cells were untreated (UT) or treated for 48 h with 20 mM sucrose (�Suc), 20
mM lactose (�Lac), or 1 mM swainsonine (�SW) before incubation for 20 min at 4 °C with FITC-coupled Ctb (blue) and cyanine-3-coupled Gal-3 (red). Cells were
fixed and stained for N-cadherin (N-cad) (green). Insets show accumulation of Gal-3 and Ctb at N-cadherin-positive cell-cell junctions. Gal-3 binding to the cells
is reduced by lactose and swainsonine. Bar: 20 �m. B, Mgat5�/� cells were untreated or treated for 48 h with 20 mM sucrose, 20 mM lactose, or 1 mM swainsonine
and then incubated or not with 1.5 mM EGTA (�E) for 1 h before incubation for 20 min at 4 °C with Gal-3. Cells were then incubated with 0.1 mg/ml DTSSP for
1 h at 4 °C. After quenching and cell lysis, cell extracts were submitted to N-cadherin immunoprecipitation (IP Nc). Pulldowns and total cell extracts (input) were
analyzed by Western blot for N-cadherin (Nc) and Gal-3, and inputs were blotted for GAPDH as a loading control. C, Mgat5�/� cells were treated as described
in B except that cells were incubated with GST-Gal-3 and immunoprecipitated with antibodies to �-catenin. 0.5 �g of purified Gal-3-GST were also loaded for
Western blot analysis.

FIGURE 2. Galectin lattice decreases stability of cell-cell junctions. A, Mgat5�/� cells were transfected with nontargeting RNAi control (siCtl) or with siRNA
targeting Gal-3 (siGal-3) 48 h before incubation with 1.5 mM EGTA for 25 min. After fixation, cells were stained for N-cadherin (green) and �-catenin (red). B,
Mgat5�/� cells were untreated (UT) or treated with lactose (�Lac), sucrose (�Suc), or swainsonine (�SW). After 48 h, cells were incubated in low calcium
medium (50 �M) for 8 min (left) or treated with 1.5 mM EGTA for 25 min (right) and then fixed. To quantify junction loss, images from all treatment conditions
were acquired and thresholded equally, and the extent of colocalization (Pearson’s coefficient) of N-cadherin and �-catenin per field was used as a measure of
junctional stability. Quantifications of the average colocalization from eight fields containing 10 –15 cells are presented � S.E., *, p � 0.05, **, p � 0.01, ***, p �
0.005. Experiments were reproduced independently three times. Bar: 50 �m. C, Mgat5�/� cells were transfected with control (siCtl) or Gal-3 targeted (siGal-3)
siRNA. After 48 h, cells were incubated with exogenous Gal-3 for 10 min before either the switch to low calcium medium (50 �M) or the addition of 1.5 mM EGTA,
as indicated. Junction loss was quantified based on N-cadherin-�-catenin colocalization as described in B.
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the exit of proteins. This is consistentwith earlierwork showing
that the lattice recruits EGF receptors away from caveolin-1-
positive raft domains (9). Proteins whose raft association
increased upon disruption of the galectin lattice included Src
(isoform 2), protein kinase Yes, and the �-adrenergic receptor

2a (Fig. 5A), suggesting that the raft localization of signaling
proteins is affected by lattice integrity.
A number of cadherins and catenins, including N-cadherin

(cadherin-2 or CDH-2), cadherin-11 (CDH-11, mesenchymal
cadherin), �- and �-catenins and p120 (�1-catenin, isoforms 1,
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2, and 3) were detected in DRM fractions, as reported previ-
ously (33). However, their raft localization was similar with or
without lattice disruption (Fig. 5D). This suggests that the
galectin lattice regulates N-cadherin mobility and stability
without affecting its distribution to raft microdomains.
Gal-3 Regulates Ctb Dynamics at Cell-Cell Junctions Inde-

pendently from N-cadherin—GM1 is localized to cell-cell junc-
tions with Gal-3 (Fig. 1A). If the galectin lattice binds and reg-
ulates glycoconjugates based on glycan affinity, GM1 mobility
in adhesion junctions may also be affected. Cells were incu-
bated with Ctb-FITC for only 5 min to limit endocytosis. In
cell-cell junctions, Ctb FRAP was reduced upon lactose treat-
ment orGal-3 siRNAknockdown (Fig. 6,A andB, supplemental
Table S1), whereasmobility of Ctb located in peripheral cellular
regions, outside cell-cell contacts, was not affected by lactose
(Fig. 6C). Swainsonine treatment, which results in loss of ter-
minal N-glycans of glycoproteins but does not affect glycolip-
ids, did not affect Ctb mobility in cell-cell junctions. However,
treatment with both swainsonine and lactose did reduce Ctb
mobility in cell-cell junctions (Fig. 6B). The ability of lactose to
reduce junctionalmobility of GM1 in swainsonine-treated cells
suggests that Gal-3 might regulate GM1 dynamics indepen-
dently of interactions with complex N-glycans. Moreover, the
addition of extracellular Gal-3 significantly rescued the
decrease of Ctb mobility at cell-cell junctions due to siRNA
targeting Gal-3, supporting a role for the cell surface galectin
lattice. Furthermore, p120-catenin knockdown did not affect
junctional accumulation or lattice-dependent mobility of GM1
at cell-cell junctions (supplemental Fig. S4, A and B). This sug-
gests that the lattice independently regulates junctional mobil-
ity of GM1 and N-cadherin.
To determine whether the galectin lattice regulates overall

raft dynamics at cell-cell contacts, we assessed mobility of the
unglycosylated raft protein flotillin-2-GFP, which is anchored
to the inner plasma membrane through palmitoylation and
myristoylation (38). Flotillin-2-GFP localizes to N-cadherin-
positive junctions, and FRAP analysis of junctional flotillin-2-
GFP revealed that disruption of the lattice did not significantly
affect flotillin 2-GFP recovery (supplemental Fig. S4C). There-
fore, the galectin lattice selectively regulates the dynamics of
glycosylated binding partners, both lipid and protein, within
cell-cell junction-associated domains.

DISCUSSION

Expression ofGal-3 andMgat5 is closely associatedwith can-
cer progression (4, 39, 40), and interaction of Gal-3 with adhe-

sion and signaling receptors has been shown to promote tumor
cell migration by clustering receptors in a lattice, which
decreases their mobility (3, 4). Here we show that Gal-3 regu-
lates themobility of both glycoproteins and glycolipids within a
particular plasma membrane domain, the cell-cell adhesion.
Our data herein reveal that Gal-3 interacts directly withN-cad-
herin and that the integrity of the lattice is associated with
reduced junctional stability upon calcium depletion as well as
enhancedmobility of junctional N-cadherin. TheGal-3-depen-
dent increase in N-cadherin mobility in cell-cell junctions
requires both branched N-glycan ligands and extracellular
Gal-3. N-cadherin mobility is reduced in Mgat5-deficient
tumor cells or in cells treated with either swainsonine, which
inhibits N-glycan branching, or lactose, which competes with
extracellular Gal-3 binding. Reduced mobility of N-cadherin
andCtb in junctions due toGal-3 siRNAknockdown is restored
by the addition of extracellular Gal-3, defining a critical role for
the cell surface lattice in both glycoprotein and glycolipid
mobility at the cell-cell junction.
Lattice regulation of N-cadherin dynamics requires p120-

catenin, indicating that recruitment to the lattice does not over-
ride p120 regulation of cadherin stability at cell surface (23, 24).
Both disruption of the Gal-3 lattice and loss of p120 reduce the
mobile fraction of N-cadherin. This suggests that they both
function to enhance the mobile pool of N-cadherin in cell-cell
junctions. Gal-3 promotes EGFR signaling (9), and EGF is
known to induce p120 or �-catenin phosphorylation (28, 41).
The lattice may therefore regulate N-cadherin mobility and
cell-cell adhesion through the promotion of EGFR signaling as
proposed for the regulation of E-cadherin by the Met receptor
or VE-cadherin by VEGF receptor (42, 43). Another possibility
is that the lattice decreases homotypic N-cadherin-N-cadherin
interactions, which restrict junctional stability. Guo et al. (27,
28) reported thatMgat5 activity is inversely proportional to the
stability of N-cadherin-mediated cell-cell adhesions. Branched
N-glycans at three sites in the EC2 and EC3 ectodomains of
N-cadherin were proposed to reduce homotypic N-cadherin
interactions (27). Our data show that the Mgat5-dependent
increase in N-cadherin dynamics at cell-cell junctions is medi-
ated by Gal-3. Junctional stability is associated with a switch in
cadherin conformation (44, 45), and it is possible that recruit-
ment to the galectin lattice may impede clustering and alter
N-cadherin conformation and recruitment of intracellular
partners. Indeed, it was shown that E-cadherin hyperglycosyla-
tion results in immature and less stable cell adhesions due to

FIGURE 3. The galectin lattice increases the N-cadherin-GFP mobile fraction at cell-cell junctions. A, Mgat5�/� or Mgat5�/� cells were transfected with
N-cadherin-GFP (Nc-GFP) and treated or not with lactose (�Lac) for 48 h before FRAP analysis (bleached zone is circled). Boxed regions are shown before bleach,
immediately after bleach (0 s), and 120 s after bleach. Bar: 20 �m. B, FRAP analysis of N-cadherin-GFP was performed on Mgat5�/�, Mgat5�/�, or Mgat5�/�Res

either untreated (UT) or following 48 h of sucrose (�Suc), lactose (�Lac), or swainsonine (�SW) treatment. 12–15 points were acquired from 10 –15 cells, and
the mean percentages of recovery of N-cadherin-GFP in individual cell-cell junctions are presented as a fitted curve according to the equation Y � Ymax � (1 �
exp(�0.69/X � t1⁄2)); one of three independent experiments is represented here. A significant decrease in the plateau of the percentage of recovery is observed
after lactose or swainsonine treatment in comparison with the sucrose or untreated cells (maximum recovery percentage values (Ymax)) of untreated or
sucrose-treated when compared with lactose or swainsonine treatment (p � 0.05). C, FRAP analysis of N-cadherin-GFP in Mgat5�/�, Mgat5�/�, and
Mgat5�/�Res cells 48 h after transfection with control siRNA (siCtl) or siRNA against Gal-3 (siGal-3). Untreated cells or siCtl cells displayed a significant higher Ymax
values in comparison with the siGal-3-treated cells. D, FRAP analysis of N-cadherin-GFP in Mgat5�/� cells transfected with control (siCtl) or Gal-3 targeting
(siGal-3) siRNA. After 48 h, cells were incubated 10 min with Gal-3 before performing FRAP. Statistical analyzes revealed that the addition of Gal-3 did not affect
the Ymax value of siCtl-treated cells but rescued the effect of siGal-3 treatment. Means of percentages of recovery of 12–15 individual cell-cell junctions are
presented as fitted curves. Experiments were reproduced independently at least three times. See supplemental Table S1 for analysis of FRAP data from all
experiments. Significant p values from Student’s t test are indicated. Error bars indicate � S.E.
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increased spacing between dimers and differential recruitment
of intracellular partners at cell-cell contacts (46, 47).
N-cadherin stabilization at cell-cell junctions has been

shown to require raft microdomains (33). Gal-3, GM1, and
N-cadherin colocalize at cell-cell junctions, and we also

observed that cholesterol extraction with methyl-�-cyclodex-
trin disrupts cell-cell junctions (data not shown). We therefore
performed proteomic analysis to determine the impact of lat-
tice integrity on DRM protein composition. Interestingly,
although most raft marker proteins, such as Cav1 and flotillin,

FIGURE 4. Lattice-dependent N-cadherin-GFP mobility is p120-dependent. A, Mgat5�/� cells were transfected with N-cadherin-GFP or the AAA-N-cad-
herin-YFP mutant (AAA-YFP) and grown in the presence of 20 mM sucrose or lactose (�Lac) for 48 h before performing FRAP at cell-cell junctions (circles). Bar:
20 �m. B, recovery curves and statistical analysis of FRAP experiments of sucrose- (�Suc) and lactose (�Lac)-treated N-cadherin-GFP or the AAA-N-cadherin-
YFP transfected Mgat5�/� cells (UT, untreated). C, FRAP analysis of N-cadherin-GFP was performed on Mgat5�/� cells after transfection with control (siCtl) or
p120-catenin targeted (si p120) siRNA and treatment with sucrose or lactose. The means of percentages of recovery of 12–15 individual cell-cell junctions are
presented as fitted curves. Experiments were reproduced independently at least three times. See supplemental Table S1 for analysis of FRAP data from all
experiments. Significant p values from Student’s t test are indicated. Error bars indicate � S.E.
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were unchanged, lattice integrity was responsible for the pre-
dominant sequestration of proteins out of rafts with only four
proteins found to be displaced from rafts upon lactose treat-
ment. In contrast, using the same cell model and approach, we
recently found that Mgat5�/� cells present reduced DRM pro-
tein content and that loss of Cav1 and caveolae expression in
these cells reduces heterotrimeric G protein association with
DRMs (37). We show here that lactose-mediated disruption of
galectin lattice integrity does not affect G protein raft distribu-
tion (supplemental Table S2), suggesting that complex inter-
play between lattices, Cav1 scaffolds, and caveolae (48) impacts
on protein recruitment to DRMs.
Proteins recruited to rafts upon lactose treatment include

tyrosine kinase Yes and Src and the �-adrenergic receptor 2a
that have been previously reported to be present in rafts (49–
51). This suggests that the lattice may sequester signaling
receptors and their effectors away from raft domains, as
reported for EGFR interaction with Cav1 scaffolds and T cell
receptor and CD45 in the immune synapse (9, 11). We did not
observe any effect of lactose treatment on the DRM association
of the multiple cadherins and catenins that were detected,
including N-cadherin and p120-catenin. Although DRM prep-
arations will contain rafts from the whole cell and not just the
junction, the predominant localization of N-cadherin to cell-
cell junctions where it colocalizes with the raft marker Ctb,

even in the presence of lactose (Fig. 1A), suggests that N-cad-
herin association with rafts in cell-cell junctions is not affected
by disruption of the lattice. p120-catenin interaction with
N-cadherin is required for recruitment of N-cadherin to raft
microdomains, and functional N-cadherin-p120-catenin inter-
actions occur within junctional raft domains (52). Our pro-
teomics data suggest that raft localization of most junctional
proteins, including N-cadherin, is independent of the lattice,
but that their dynamics within junctions are regulated by
Mgat5-dependent interaction with Gal-3.
Interestingly, the galectin lattice also enhances GM1 dynam-

ics at cell-cell junctions (Fig. 6). Lattice enhancement of GM1
dynamics parallels that of N-cadherin, and both are specific for
cell-cell junctions. Indeed, no effect of lattice disruption was
observed for either N-cadherin or GM1 dynamics in cellular
regions outside the junctions. p120-catenin knockdown dis-
rupts lattice-dependent N-cadherin dynamics without affect-
ing GM1 dynamics, and swainsonine, a specific inhibitor of
N-glycan branching, has no effect on GM1 dynamics. As such,
the ability of lactose andGal-3 siRNA to reduceGM1 dynamics
in cell-cell junctions of swainsonine-treated cells suggests that
Gal-3 binds directly to glycolipidswithin the adherens junction.
Indeed, although lactose completely removed Gal-3-GST, Gal-
3-GST remained associated with the cells after swainsonine
treatment (Fig. 1C).

FIGURE 5. Galectin lattice limits protein accumulation in rafts but not cadherins and catenins. Triple SILAC was performed on Mgat5�/� cells growing in
media supplemented with normal Lys and Arg (0/0), [2H4]Lys and [13C6]Arg (4/6), or [13C6

15N2]Lys and [13C6
15N4]Arg (8/10). 0/0 and 4/6 cells were treated with

lactose and sucrose, respectively, with 8/10 as the untreated (UT) control. DRMs were extracted after combining equal amounts of protein from the 0/0, 4/6, and
8/10 lysates. A, the lactose/sucrose ratios for the more than 700 proteins identified are shown here, with specific proteins of interest highlighted. SDPR, serum
deprivation factor. B, correlation plot of lactose/sucrose versus lactose/untreated ratios for all quantified proteins in DRMs. Proteins recruited to (blue) and
displaced from (red) rafts by lactose treatment are indicated. C, histogram of the number of proteins recruited to (blue) and displaced from (red) rafts upon
lactose treatment. D, lactose/sucrose ratios of identified cadherins and catenins fall between the cut-offs (2 and 0.5), indicating that their raft localization is not
significantly affected by lactose treatment. Error bars indicate � S.E.

Galectin-3 Regulation of Cell-Cell Junctions

SEPTEMBER 21, 2012 • VOLUME 287 • NUMBER 39 JOURNAL OF BIOLOGICAL CHEMISTRY 32949

http://www.jbc.org/cgi/content/full/M112.353334/DC1


Gal-3 is pluralistic in its ability to bind and cross-link glyco-
conjugates, consistent with independent regulation of N-cad-
herin and GM1 dynamics within junction-associated raft
domains and suggesting that Gal-3 may exchange between gly-
colipid and glycoprotein ligands. Indeed, our FRAP experi-
ments revealed very different mobilities for N-cadherin and
GM1 at cell-cell contacts, suggesting little physical interaction
between the glycoprotein and GM1 glycolipid lattices at cell-
cell junctions. Spatial considerations may account for this as
glycolipid ligands are very close to the membrane and most
glycoproteins extend well above the membrane, allowing inde-
pendent levels of lattice organization.
Although the preferred and higher affinity substrate for

galectins is branched N-glycans (1), galectins 1, 2, 3, 4, and 9

have been shown either to interact with glycolipids or to have
been localized to rafts (19). Gal-3 colocalizes with Ctb in cell
membranes and is detected in DRM fractions (53, 54). This
study highlights for the first time independent and selective
galectin regulation of glycoprotein and glycolipid raft compo-
nents. Although we have focused on multivalent Gal-3, galec-
tin-carbohydrate interactions have been proposed to form cell
surface lattices with various geometries depending on valency
(55). How interaction of different galectins with both glycopro-
teins and glycolipids contributes to lattice organization remains
to be determined. Our work strongly supports the idea that
Gal-3 lattice formation and turnover are critical membrane
organizers at cell-cell contacts. Gal-3-dependent increase in
N-cadherin dynamics at cell-cell junctions therefore represents

FIGURE 6. Galectin lattice increases Ctb dynamics at cell-cell junctions. A, Mgat5�/� cells were untreated (UT) or treated with 20 mM lactose (�Lac) for 48 h
before incubation with Ctb-FITC at room temperature and FRAP of junction-associated regions (circles) at 30 °C. B, Mgat5�/� cells were untreated, treated with
20 mM sucrose (�Suc) or lactose, treated with 1 mM swainsonine (�SW) alone or in combination with lactose (�Lac�SW), or transfected with control siRNA
(siCtl) or siRNA targeting Gal-3 (siGal-3). After 48 h, FRAP experiments were performed on Ctb-FITC located at cell-cell contacts. Cells were preincubated with
purified Gal-3 where indicated. Quantification revealed higher Ctb mobility in cell-cell contacts in the presence of an intact galectin lattice. C, FRAP experiments
were performed on Ctb-FITC in cellular regions not associated with a contact engaged zone (circles) of untreated cells or cells treated with 20 mM lactose or
sucrose. The maximum percentage of recovery (Ymax) values derived from the FRAP showed no statistical difference between the untreated or sucrose-treated
cells and the lactose-treated cells. The means of percentages of recovery of 30 individual cell-cell junctions are presented as fitted curves. Experiments were
reproduced independently at least three times. See supplemental Table S1 for analysis of FRAP data from all experiments. Significant p values from Student’s
t test are indicated. Bar: 20 �m. Error bars indicate � S.E.
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a mechanism whereby Gal-3 contributes to tumor cell motility
and metastasis.
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