
MOLECULAR AND CELLULAR BIOLOGY, Apr. 2006, p. 3181–3193 Vol. 26, No. 8
0270-7306/06/$08.00�0 doi:10.1128/MCB.26.8.3181–3193.2006
Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Galectin Binding to Mgat5-Modified N-Glycans Regulates Fibronectin
Matrix Remodeling in Tumor Cells

Annick Lagana,1† Jacky G. Goetz,1,2† Pam Cheung,3 Avraham Raz,4
James W. Dennis,3 and Ivan R. Nabi1,2*
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Oncogenic signaling stimulates the dynamic remodeling of actin microfilaments and substrate adhesions, essen-
tial for cell spreading and motility. Transformation is associated with increased expression of �1,6GlcNAc-
branched N-glycans, products of Golgi �1,6-acetylglucosaminyltransferase V (Mgat5) and the favored ligand
for galectins. Herein we report that fibronectin fibrillogenesis and fibronectin-dependent cell spreading are
deficient in Mgat5�/� mammary epithelial tumor cells and inhibited in Mgat5�/� cells by blocking Golgi
N-glycan processing with swainsonine or by competitive inhibition of galectin binding. At an optimum dosage,
exogenous galectin-3 added to Mgat5�/� cells activates focal adhesion kinase (FAK) and phosphatidylinositol
3-kinase (PI3K), recruits conformationally active �5�1-integrin to fibrillar adhesions, and increases F-actin
turnover. RGD peptide inhibits PI3K-dependent fibronectin matrix remodeling and fibronectin-dependent cell
motility, while galectin-3 stimulates and overrides the inhibitory effects of RGD. Antibodies to the galectin-3
N-terminal oligomerization domain stimulate �5�1 activation and recruitment to fibrillar adhesions in
Mgat5�/� cells, an effect that is blocked by disrupting galectin-glycan binding. Our results demonstrate that
fibronectin polymerization and tumor cell motility are regulated by galectin-3 binding to branched N-glycan
ligands that stimulate focal adhesion remodeling, FAK and PI3K activation, local F-actin instability, and �5�1
translocation to fibrillar adhesions.

Extracellular matrices (ECM) serve as the molecular scaf-
fold for cell adhesion, migration, proliferation, and differenti-
ation and as a repository of cytokines and molecular cues that
determine cell polarization and tissue organization. The depo-
sition of fibronectin (FN) in ECM provides positional infor-
mation for mesodermal cell migration during early embryogen-
esis and wound healing (4, 49, 50), and its loss is lethal at
embryonic stages (15). FN fibril elongation involves centripetal
tensin-dependent translocation of �5�1-integrin from focal ad-
hesions along actin stress fibers, forming fibrillar adhesions
that promote conformational changes in soluble FN dimers
and assembly of a fibrillar network (37, 47, 52). FN fibrillogen-
esis is dependent on focal adhesion kinase (FAK) and activa-
tion of effector proteins Src kinase and phosphatidylinositol
3-kinase (PI3K) (26, 48). FAK-deficient cells fail to translocate
integrin-bound FN along actin filaments to form mature fibril-
lar adhesions (26). Ilic et al. (26) suggested that the FN fibril
defect in Fak�/� cells is due to a failure of postadhesive cytoskel-
etal reorganization and adhesion site remodeling that is required
to support normal FN matrix deposition and patterning.

The traction required for cell motility is also achieved by
remodeling of focal adhesions. Integrin receptors cluster in the
plane of the membrane and activate Src when engaged by

ECM, recruiting paxillin, talin, and vinculin to form complexes
that anchor microfilaments. Molecular remodeling of these
complexes stimulates membrane endocytosis, pseudopodia ex-
tension, and microfilament remodeling (14, 24). Focal adhe-
sions also recruit cytokine receptor tyrosine kinases that col-
laborate with integrins to activate common oncogenic signaling
intermediates including Src, protein kinase C�, PI3K, Rac/
Cdc42 (30, 43), and the adaptor proteins Grb7, Grb2, and
p130cas (20, 42). These observations suggest that fibrillogen-
esis, cell spreading, and motility share a common requirement
for dynamic remodeling of the actin cytoskeleton and focal
adhesions. The density of cell surface integrin receptors and of
substratum ligands plays a critical role in remodeling rates
(36). Therefore, molecular mechanisms that regulate integrin
interaction with the substratum should be determinants of
fibrillogenesis, spreading, and motility.

In this regard, galectins bind N-acetyllactosamine sequences
on N-glycans of integrins (32, 34) and have been described as
matricellular molecules that regulate integrin-mediated adhe-
sion to the ECM (27). The preferred ligands for galectins are
generated in the Golgi by Mgat5 (�1,6 N-acetylglucosaminyl-
transferase V), which catalyzes the addition of �1,6GlcNAc to
complex type N-glycans, leading to elongation with poly N-
acetyllactosamine (Gal-�1,4-GlcNAcn) (3, 22, 39, 51). Mgat5
overexpression increased cell motility and tumor formation (8,
18), while an Mgat5-deficient background suppresses mam-
mary tumor growth and metastasis in polyoma middle T trans-
genic mice (17, 38). Mammary carcinoma cells from Mgat5�/�

polyomavirus middle T antigen (PyMT) transgenic mice dis-
play loss of adhesion junctions and an invasive phenotype in
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vitro and in vivo. In contrast, tumor cells from Mgat5�/� lit-
termates fail to undergo epithelial-to-mesenchymal transition
(EMT) and are insensitive to multiple cytokines and limiting
for EMT, including epidermal growth factor, fibroblast growth
factor, platelet-derived growth factor, insulin growth factor 1,
and transforming growth factor � (38). Herein we report that
galectin-3 interactions with Mgat5-modified N-glycans at the
cell surface of mammary carcinoma cells stimulate �5�1-inte-
grin activation and translocation to fibrillar adhesions, thereby
regulating FN fibrillogenesis and FN-dependent tumor cell
spreading and motility.

MATERIALS AND METHODS

Antibodies and reagents. Bovine plasmatic FN, bovine serum albumin solution
(BSA, 30%), swainsonine, �-lactose, RGD peptide, LY294002, rabbit anti-lami-
nin, and mouse anti-�-actin antibodies were purchased from Sigma (Oakville,
ON, Canada). Sucrose was purchased from EM industries (Germany). Mouse
anti-FN antibody was purchased from Transduction Laboratories (Mississauga,
ON, Canada), rat anti-mouse �1-integrin (MAB1997) antibody from Chemicon
(Temecula, CA), and rabbit anti-FAK-P397, anti-FAK, anti-Akt ser-473, and
anti-Akt antibody from Biosource International (Camarillo, CA). The
SNAKA51 anti-�5�1-integrin monoclonal antibody (7) was kindly provided by
Martin Humphries, and the monoclonal rat anti-galectin-3 antibody (TIB166)
was purchased from the American Type Culture Collection. Fluorescein isothio-
cyanate- and horseradish peroxidase (HRP)-conjugated rat, mouse, and rabbit
secondary antibodies were purchased from Jackson Immunoresearch Laborato-
ries (West Grove, PA). Phalloidin and secondary antibodies conjugated to Alexa
488, 568, or 647 were purchased from Molecular Probes (Eugene, OR). L-
Phytohemagglutinin (L-PHA) gel and L-PHA HRP were purchased from EY
Laboratories (San Mateo, CA). Protein G-Sepharose was purchased from In-
vitrogen Canada, Inc. (Burlington, ON, Canada). Human recombinant galectin-3
was produced as previously described (16).

Cell culture. Mgat5�/� and Mgat5�/� epithelial mammary tumor cells were
isolated and cloned from Mgat5-deficient mice crossed with mice expressing the
PyMT oncogene (17). PyMT Mgat5�/� cells were rescued by infection with a
retroviral Mgat5 expression vector (17). Cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with nonessential amino acids, vita-
mins, glutamine, penicillin-streptomycin (Canadian Life Technologies), and 10%
fetal bovine serum (Immunocorp, Laval, QC, Canada) at 37°C in a humidified
5% CO2–95% air incubator. Where indicated, coverslips were coated with FN by
incubation with 200 �l of a solution of 10 �g/ml of FN in phosphate-buffered
saline (PBS) for 30 min at room temperature and then washed three times with
PBS before the cells were plated.

Immunofluorescence labeling. Cells were plated on glass coverslips, coated
with 10 �g/ml of FN where indicated, at 37°C in a humidified 5% CO2–95% air
incubator in complete medium for 5 h and then for 2 days in serum-free medium
supplemented, as indicated, with 1 �g/ml swainsonine, 20 mM �-lactose, 20 mM
sucrose, 100 �g/ml RGD, 50 �M LY294002, and/or the indicated concentrations
of recombinant galectin-3 or anti-galectin-3 antibodies. Cells were washed with
PBS (pH 7.4) supplemented with 0.1 mM Ca2� and 1 mM Mg2� (PBS/CM) and
then fixed with 3% paraformaldehyde for 15 min at room temperature. After
fixation, cells were rinsed extensively with PBS and permeabilized with 0.1%
Triton X-100 in PBS/CM containing 0.5% BSA for 15 min to reduce nonspecific
binding. Subsequent washing and incubations with phalloidin and primary and
fluorescent secondary antibodies were done in PBS/CM containing 0.2% BSA.
After labeling, the coverslips were mounted in Airvol (Air Products, Inc., Allen-
town, PA) and viewed with the 63� Plan Apochromat objective (numerical
aperture [NA], 1.3) of a Leica TCS-SP1 confocal microscope, the 100� Plan
Apochromat objective (NA, 1.35) of an Olympus FV1000 confocal microscope or
the 40� PlanNeoFluor objective (NA, 0.75) of a Zeiss Axiophot fluorescence
microscope equipped with a Retiga I300 monochrome 10-bit charge-coupled
device camera.

FN fibrillogenesis of cells plated on an FN substrate was quantified from
images of slides labeled in parallel for each experiment and acquired with
equivalent acquisition parameters. Threshold levels were established across the
series of slides from each experiment that selected for fibrillar FN and excluded
substrate FN labeling using Northern Eclipse (Empix Imaging) or ImagePro
(Media Cybernetics) image analysis software. Expression of fibrillar adhesions
was quantified by counting the number of cells that expressed elongated, cen-
trally located �1-integrin-positive adhesions passing over the nucleus (14).

SNAKA51 labeling was quantified from confocal images of cells stained in
parallel for each experiment and acquired with equivalent acquisition parame-
ters. Individual cells were circumscribed, and total fluorescence intensity values
per cell were determined.

Cell spreading. Cells were added to 96-well plates at 1,000/well coated with the
indicated concentrations of FN in serum-free DMEM. Cells were incubated at
37°C and, at various times thereafter, fixed with 3.7% formaldehyde for 1 h at
room temperature, and after 3 washes with PBS, cells were incubated with
tetramethyl rhodamine isothiocyanate-phalloidin (1:1,000) and Hoechst
(1:2,000) with 0.2% Triton X-100 for 30 min at room temperature. Cells were
scanned with a 10� objective and identified by nuclear stain, and the cell area
was quantified by phalloidin staining using the Cellomics scan array cell-spread-
ing algorithm. Data are means � standard errors of the means (SEM) of results
for 500 cells/well.

Actin microfilament turnover. Cells were plated in 96-well plates coated with
10 �g/ml of FN in complete medium for 5 h and then for 2 days in serum-free
medium supplemented or not, as indicated, with 2 �g/ml galectin-3, 100 �g/ml
RGD, or both 2 �g/ml galectin-3 and 100 �g/ml RGD. Following treatment for
1 to 20 min with 0.5 �M latranculin A, an actin monomer-binding drug that
renders the monomers incompetent for filament formation, cells were fixed with
3% paraformaldehyde for 15 min at room temperature and labeled with Alexa
568-conjugated phalloidin (F-actin) and Hoechst stain (nucleus). Actin micro-
filament density per cell was determined with a Cellomics Kineticscan HCS
reader (10� objective; NA, 0.5) using compartment analysis.

Immunoblot and immunoprecipitation. For immunoblot experiments, cells
cultured at 80% confluence and washed three times with ice-cold PBS/CM were
scraped, lysed, and sonicated in lysis buffer containing 1% sodium dodecyl sulfate
(SDS), 5 mM EDTA, and 1� Complete Mini (protease inhibitor cocktail tablets)
(Roche, Laval, QC, Canada). For immunoprecipitation experiments, cells were
scraped and lysed in extraction buffer containing 25 mM Tris, pH 7.5, 25 mM
glycine, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, and protease inhibitor
cocktail. Protein content was assayed using the BCA protein assay (Pierce,
Rockford, IL). �1-Integrin was immunoprecipitated with rat anti-integrin �1 and
protein G-agarose beads, and �1,6GlcNAc-branched N-glycan proteins were
precipitated with L-PHA agarose. To measure FAK-P397 and Akt ser-473 ex-
pression, cells were cultured at 60 to 70% confluence on petri dishes coated with
10 �g/ml FN. Cell monolayers were washed three times with ice-cold PBS/CM,
lysed with 400 �l of hot (95°C) reducing Laemmli buffer, scraped, and sonicated.
Equal protein concentrations were loaded on 7.5% SDS–polyacrylamide gel
electrophoresis gels and transferred onto Hybond C Extra nitrocellulose mem-
branes (Amersham). The blots were blocked with 5% nonfat dry milk in PBS
containing 0.1% Tween 20, with 5% BSA in TBS (Tris-base, NaCl, pH 7.6) for
phosphoprotein blots and with 2% BSA in PBS–0.1% Tween 20 buffer for L-PHA
HRP labeling. The labeled bands were revealed by chemiluminescence and
exposed to preflashed Kodak XRP-1 film.

Wound healing motility assay. PyMT mammary tumor cells were plated on
35-mm plastic dishes coated with 10 �g/ml of FN for 2 days at 37°C in a
humidified 5% CO2–95% air incubator in complete DMEM until 90% conflu-
ence. The cells were grown for 1 day in serum-free medium before wounding of
the monolayer by scraping from the middle of the plate and incubation of the
cells in serum-free medium supplemented with 20 mM �-lactose, 50 �M
LY294002, and indicated concentrations of recombinant galectin-3 and RGD.
Cells were then fixed after 1 day, and images were collected with a 20� objective.
Images were analyzed, and cell motility was quantified with Northern Eclipse
image analysis software by measuring the distance from the scrape of the 10 most
motile cells for 4 fields of each condition.

RESULTS

Mgat5/galectin-3-dependent �5�1-integrin activation, FN
fibrillogenesis, and FN-dependent cell motility. Mgat5�/� tu-
mor cell spreading increased with FN coating density on the
substratum, while Mgat5�/� mammary tumor cells were defi-
cient for spreading on FN (Fig. 1A). This suggested that inte-
grin-dependent functions may be deficient in the Mgat5�/�

cells, and to examine this possibility, we measured remodeling
of the FN ECM. In Mgat5�/� cells, total cellular levels of FN,
but not of laminin, were significantly reduced compared to
Mgat5�/� cells as well as to Mgat5�/� tumor cells rescued by
infection with an Mgat5 retroviral vector (referred to as res-
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cued cells) (Fig. 1B). Similarly, expression of FN fibrils was
dramatically reduced in Mgat5�/� cells relative to Mgat5�/�

cells (Fig. 1C). As previously observed for sensitivity to cyto-
kines and EMT (38), FN expression is completely restored
upon rescue of Mgat5�/� tumor cells by infection with an
Mgat5 retroviral vector (Fig. 1B, C). When plated on glass
coverslips in serum-depleted medium for 24 h, all cell lines
were deficient for FN fibrillogenesis, suggesting that the
Mgat5�/� cells remodel serum FN. Plating the cells in serum-
free conditions on an FN substrate was, however, sufficient for
Mgat5�/� but not Mgat5�/� cell lines to reorganize FN into
fibrils (Fig. 1C). Mgat5 deficiency, therefore, limits the ability
of these mammary tumor cells to remodel exogenous FN.

Remodeling of substrate FN in serum-free conditions is en-
hanced in rescued cells exhibiting increased Mgat5 expression
relative to Mgat5�/� cells, and treatments disrupting galectin-
glycoprotein cross-linking at the cell surface blocked FN fibril-
logenesis (Fig. 2). Treatment of Mgat5�/� cells with swainso-

nine, an inhibitor of Golgi �-mannosidase II that prevents
processing by Mgat5, or with �-D-lactose, a competitive inhib-
itor of galectin binding to glycoconjugates, reduces FN fibril-
logenesis (Fig. 2). Inhibition of FN fibrillogenesis by �-D-lac-
tose, but not an equivalent concentration of sucrose, and by
swainsonine suggests that galectins and their high-affinity li-
gands (i.e., �1,6GlcNAc-branched N-glycans), respectively, are
both required.

�1-Integrin from Mgat5�/� cells migrated faster in SDS gels
than that from Mgat5�/� and rescued cells, consistent with the
presence of �1,6GlcNAc-branched N-glycans on �1-integrin in
Mgat5-expressing mammary epithelial tumor cells. Further-
more, �1-integrin in Mgat5-expressing cells but not Mgat5�/�

cells reacted with L-PHA, confirming the presence of Mgat5-
modified N-glycans (Fig. 3A). Affinity isolation of cellular gly-
coproteins on L-PHA agarose showed a complete absence of
�1-integrin in the bound fraction from Mgat5�/� cells. FN was
also detected in the L-PHA isolates from Mgat5�/� and res-

FIG. 1. Deficient FN expression and responsiveness in Mgat5�/� cells. (A) Cell spreading of Mgat5�/� and Mgat5�/� cells plated for 24 h was
measured on an FN substrate at the indicated concentrations. (B) Total cell lysates (40 �g protein) of Mgat5�/� and Mgat5�/� PyMT mammary
tumor cell lines and Mgat5�/� cells rescued by retroviral expression of Mgat5 (rescued) were blotted for FN, laminin, and �-actin, as indicated.
Molecular mass markers (in kDa) are indicated, and the graph shows the densitometric quantification of band intensity (�SEM; n 	 3; �, P 

0.01 relative to Mgat5�/� cells). (C) Mgat5�/�, Mgat5�/�, and rescued cells grown in serum (plus fetal calf serum [�FCS]) or in the absence of
serum (�FCS) on coverslips or on coverslips coated with 10 �g/ml of FN (�FN sub) for 48 h. Cells were fixed and labeled with mouse anti-FN
monoclonal antibody and Alexa 568-conjugated anti-mouse secondary antibody. Bar, 20 �m.
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cued cells but absent in that of Mgat5�/� cells (Fig. 3B).
However, the commercial preparation of soluble FN did not
react with L-PHA-HRP, suggesting that Mgat5-modified N-
glycans on FN were not required to reorganize exogenous FN
into fibrils (Fig. 3B).

FN fibrillogenesis is associated with the formation of �5�1-
integrin-positive fibrillar adhesions that extend along actin
stress fibers (52). �1-Integrin-labeled fibrillar adhesions were
detected in Mgat5�/� cells and in rescued cells but not in
Mgat5�/� cells (Fig. 3C). Quantification of the number of cells
expressing fibrillar adhesions, defined as elongated adhesions

that extended over the cell nucleus (14), showed that a minor-
ity (�10%) of wild-type Mgat5�/� cells expressed fibrillar ad-
hesions, that essentially no fibrillar adhesions were detected in
Mgat5�/� cells, but that �50% of rescued cells presented
fibrillar adhesions (Fig. 3C). We subsequently labeled the cells
with the �5 integrin-specific SNAKA51 monoclonal antibody
that recognizes an integrin conformation associated with trans-
location along fibrillar adhesions and FN fibrillogenesis (7). Focal
adhesions were labeled with SNAKA51 in both Mgat5�/� and
rescued cells but not in Mgat5�/� cells (Fig. 3D). In rescued cells,
SNAKA51 labeling was predominantly associated with elongated

FIG. 2. FN fibrillogenesis is deficient in Mgat5�/� cells. (A) Mgat5�/�, Mgat5�/�, and rescued cells were plated for 2 days on coverslips coated
with 10 �g/ml of FN in serum-free medium supplemented with 1 �g/ml swainsonine (SW), 20 mM �-lactose (�-lac), or 20 mM sucrose (Suc), as
indicated. Cells were fixed and FN labeled with mouse anti-FN monoclonal antibody, Alexa 488-conjugated antibodies (green), and actin with
Texas red phalloidin (red). FN fibril intensity in untreated (white bars) and swainsonine (black bars)-treated cells (B) and from untreated (white
bars) and �-lactose (gray bars)- or sucrose (black bars)-treated cells (C) was quantified from 10 images of each condition (�SEM; n 	 4; �, P 

0.05; ��, P 
 0.01 relative to untreated Mgat5�/� cells [B] and to untreated Mgat5�/� and rescued cells [C]). Bar, 20 �m.
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fibrillar adhesions. Total SNAKA51 fluorescence labeling in the
three cell lines (Fig. 3D) correlated with the expression of fibrillar
adhesions (Fig. 3C) and the ability of the cells to remodel sub-
strate FN into fibrils (Fig. 2B).

Galectin-3 has a single carbohydrate binding domain and an N
terminus interaction domain that mediates multimerization in the
presence of high concentrations of multivalent N-glycan ligands
(1). The addition of recombinant galectin-3 to the cell medium
stimulates FN matrix remodeling and cell motility of Mgat5�/�

cells plated on an FN substrate in a dose-dependent manner with

maximum efficiency at a concentration of 1 to 2 �g/ml (Fig. 4).
Galectin-3-induced fibrillogenesis was mediated by its carbohy-
drate binding domain, as it could be inhibited by adding 20 mM
�-D-lactose but not 20 mM sucrose (Fig. 4B, inset). At higher
concentrations, exogenous galectin-3 stimulated neither FN fibril-
logenesis nor cell motility, perhaps because multimerization of
the N-terminal domain is inhibited at high concentrations of ga-
lectin-3 (Fig. 4). This is analogous to the critical ratio of reactants
for optimal cross-linking in multivalent systems, such as antibody
immune precipitation. Galectin-3 did not stimulate the motility

FIG. 3. Mgat5 expression regulates �5�1-integrin glycosylation, conformation, and recruitment to fibrillar adhesions. (A) Total cell lysates,
�1-integrin immunoprecipitates, and L-PHA–agarose binding fractions from Mgat5�/� (WT), Mgat5�/� (�/�), and rescued (Res) cells were
blotted with either anti-�1-integrin antibodies, L-PHA–HRP or anti-FN antibodies, as indicated. In Mgat5�/� cells, �1-integrin migrates more
rapidly in SDS-polyacrylamide gel electrophoresis (* indicates the integrin band) and is not recognized by the �1,6GlcNAc-branched N-glycan-
specific lectin L-PHA. (B) FN also carries L-PHA-labeled �1,6GlcNAc-branched N-glycans (top panel). To determine whether exogenous FN
carries �1,6GlcNAc-branched galectin binding sites, 1 �g of commercial FN was blotted with anti-FN antibody or L-PHA–HRP, as indicated
(bottom). The multiple FN bands are due to the monomer, dimer, and multimer. Mgat5�/�, Mgat5�/�, and rescued cells were immunofluores-
cently labeled with anti-�1-integrin (C) or the SNAKA51 monoclonal antibody (D). Cells presenting elongated fibrillar adhesions were counted
based on the anti-�1-integrin (C) and total SNAKA51 (D) labeling intensity per cell quantified for each cell type (histogram; �SEM; n 	 3; P
values are relative to Mgat5�/� cells). Bar, 50 �m.
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and FN fibrillogenesis of Mgat5�/� tumor cells (Fig. 4B and C) or
the motility of Mgat5�/� cells plated on tissue culture plastic (Fig.
4D), demonstrating specificity for FN and a requirement for
Mgat5-modified N-glycans.

RGD peptides enhance the ability of galectin-3 to promote
FN fibrillogenesis. Addition of RGD-containing peptides com-
petes with �5�1-integrin binding to FN (2), and their addition
to Mgat5�/� cells inhibited FN fibrillogenesis and cell motility
(Fig. 5A and B). However, in the presence of galectin-3 and
RGD peptide, FN fibril formation and cell motility were en-
hanced, suggesting that exogenous galectin-3 suppresses the
inhibitory effects of RGD (Fig. 5A and B). Both cell motility
and FN fibrillogenesis induced by galectin-3 or galectin-3 plus
RGD were inhibited by treatment with lactose as well as by the
PI3K inhibitor LY294002 (Fig. 5B). While the addition of
RGD did not significantly affect galectin-3-stimulated motility
on an FN substrate, it did inhibit motility in the presence of
galectin-3 on plastic (Fig. 5C). The addition of galectin-3 or
galectin-3 plus RGD peptides, but not RGD alone, to

Mgat5�/� cells stimulated the phosphorylation of the PI3K
substrate Akt and FAK, and galectin-3-dependent activation of
both PI3K and FAK was reduced in the presence of lactose
(Fig. 5D). While FAK activation by galectin-3 was similar in
the presence or absence of RGD peptide, Akt phosphorylation
in the presence of galectin-3 was greater with the addition of
RGD (Fig. 5D). Galectin-3 therefore stimulates integrin-me-
diated activation of FAK and PI3K, leading to increased FN
fibrillogenesis and cell motility.

Labeling of Mgat5�/� cells for �1-integrin and F-actin re-
vealed that RGD treatment alone resulted in the predominant
expression of short �1-integrin-positive focal adhesions located
at the ends of actin stress fibers. In contrast, addition of ga-
lectin-3 or galectin-3 plus RGD induced the formation of elon-
gated fibrillar adhesions that extended along stress fibers over
the center of the cell (Fig. 6 A). The number of cells expressing
fibrillar adhesions was increased in the presence of galectin-3
and even further in the presence of galectin-3 and RGD (Fig.
6B). The SNAKA51 monoclonal antibody labeled the fibrillar

FIG. 4. Galectin-3 binding to �1,6GlcNAc-branching N-glycans regulates FN fibrillogenesis and cell motility on an FN substrate. (A) Mgat5�/�

cells were plated on an FN substrate in serum-free medium in the absence or presence of 1 �g/ml recombinant galectin-3 and labeled for FN
(green) and phalloidin (red). Bar, 20 �m. (B) FN fibril intensity was quantified from 10 images of Mgat5�/� and Mgat5�/� cells plated in
serum-free medium supplemented with 0, 0.5, 1, 2, and 5 �g/ml recombinant galectin-3 (graph; �SEM; n 	 4). FN fibril intensity was also
quantified for Mgat5�/� cells plated in serum-free medium supplemented with 1 �g/ml recombinant galectin-3 (Gal-3), 1 �g/ml Gal-3 plus 20 mM
lactose (Gal-3��-lac), or 20 mM sucrose (Gal-3�Suc) (inset, graph; �SEM; n 	 3). (C) Migration of Mgat5�/� and Mgat5�/� PyMT tumor cells
over a 24-h period in serum-free medium on an FN substrate (10 �g/ml) in the absence or presence of 2 �g/ml galectin-3 was determined using
a wound healing assay. The dashed line indicates the location of the wound. Bar, 50 �m. (D) The distance migrated from the wound of the 10 most
motile cells was measured in 4 fields for cells plated on plastic or on an FN substrate in the presence of 0, 1, 2, 3, or 5 �g/ml galectin-3 (�SEM;
n 	 5; �, P 
 0.05; ��, P 
 0.01 relative to Mgat5�/� cells on FN in the absence of added galectin-3).
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FIG. 5. Galectin-3 stimulates FN fibrillogenesis and cell motility via a PI3K-dependent pathway. (A) To test whether integrin-FN binding
regulates galectin-3-induced fibrillogenesis, Mgat5�/� cells were plated for 2 days on glass coverslips coated with 10 �g/ml FN in serum-free
medium (CTL) or in serum-free medium supplemented with 100 �g/ml RGD (�RGD), 1 �g/ml galectin-3 (�Gal-3), or 100 �g/ml RGD and 1
�g/ml galectin-3 (�Gal-3�RGD) and labeled for FN (green) and F-actin (red). Bar, 20 �m. (B) FN fibril intensity (top; 10 images per condition;
n 	 4; �, P 
 0.01 relative to control) and cell migration (bottom; migration of 10 most motile cells from 4 frames for each condition; n 	 5; ��,
P 
 0.01; �, P 
 0.05 relative to control) were measured in Mgat5�/� cells plated for 2 days on an FN-coated substrate in serum-free medium
supplemented with 100 �g/ml RGD, 1 �g/ml galectin-3, or RGD and galectin-3 in the absence or presence of 20 mM �-lactose or 50 �M
LY294002, as indicated. (C) The effect of 100 �g/ml RGD (�RGD), 1 �g/ml galectin-3 (�Gal-3), or 100 �g/ml RGD and 1 �g/ml galectin-3
(�Gal-3�RGD) on cell migration on an FN-coated or plastic substrate was determined (migration of 10 most motile cells from 4 frames for each
condition; n 	 5; ��, P 
 0.01; �, P 
 0.05 relative to control; P 	 0.1079 for Gal-3 versus Gal-3�RGD on FN; P 	 0.00621 for Gal-3 versus
Gal-3�RGD on plastic). (D) The effect of galectin-3 and/or RGD on FAK and Akt activation was studied by Western blotting of total Mgat5�/�

cell lysates with anti-FAK-P397, anti-FAK, anti-Akt-P473, and anti-Akt antibodies. Phosphorylated and total forms of FAK and Akt were blotted
on corresponding antibody-stripped nitrocellulose membranes to determine relative activation in the same samples. The graphs show the
densitometric quantification of FAK-P relative to total FAK and Akt-P473 relative to total Akt (n 	 3; �SEM; �, P 
 0.01 relative to CTL).
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adhesions induced by galectin-3 or by galectin-3 and RGD, and
SNAKA51 labeling intensity corresponded to the extent of
fibrillar adhesion expression. RGD treatment alone also in-
duced SNAKA51 labeling, which was, however, restricted to
FAK-labeled focal adhesions (Fig. 6A and C). Therefore, the
activating conformational change in �5�1-integrin detected by
SNAKA51 is stimulated, at the concentrations used, by RGD
peptides. Following galectin-3 treatment, in the presence or
absence of RGD, SNAKA51 labeling extended along fibrillar
adhesions from FAK-labeled focal adhesions (Fig. 6A). There-
fore, galectin-3 binding enhances conformationally active �5�1-
integrin in substrate adhesions and stimulates integrin transloca-
tion along fibrillar adhesions.

Actin cytoskeleton dynamics are critical for FN fibrillogen-
esis and translocation of fibrillar adhesions (37, 53). To com-
pare microfilament density and turnover rates, cells attached to
fibronectin-coated plates were treated with latrunculin A (Lat-
A), an inhibitor of actin polymerization, and loss of microfila-
ment density was measured over time by phalloidin labeling.
Mgat5�/� cells display reduced F-actin density and slower de-

cay of actin microfilaments in the presence of Lat-A, consistent
with slower remodeling rates in the mutant cells (17). Mgat5�/�

cells grown in the presence of 2 �g/ml galectin-3 for 2 days
exhibited a more rapid loss of F-actin upon addition of Lat-A
than untreated cells (Fig. 7). In the presence of RGD, micro-
filament turnover was essentially equivalent to that of un-
treated cells; however, galectin-3 stimulated actin turnover
even in the presence of RGD. Mgat5�/� cells grown in the
presence of RGD peptides presented a reduction in F-actin
density after 20 min of Lat-A treatment. The Lat-A stable actin
pool was associated with peripheral cell substrate contact re-
gions and was disrupted by treatment with galectin-3 (Fig. 7).
Treatment with both RGD and galectin-3 was also associated
with reduced actin density, and galectin-3 stimulated actin
turnover even in the presence of RGD. Cellular activation by
galectin-3 therefore accelerates microfilament dynamics and
promotes turnover of a stable RGD-sensitive F-actin pool.

Immunoblotting of cell extracts for galectin-3 revealed that
galectin-3 was expressed in Mgat5�/�, Mgat5�/�, and rescued
cells with levels slightly reduced in the Mgat5�/� cells but

FIG. 6. Galectin-3 induces fibrillar adhesions and integrin activation. Mgat5�/� cells were plated for 2 days on glass coverslips coated with 10
�g/ml of FN in serum-free medium (CTL) or in serum-free medium supplemented with 100 �g/ml RGD (�RGD), 2 �g/ml galectin-3 (�Gal-3),
or 100 �g/ml RGD and 2 �g/ml galectin-3 (�Gal-3�RGD). (A) Immunofluorescent labeling of cells for SNAKA51 (top row and in green), F-actin
(middle row in red) and FAK (bottom row in red) revealed that RGD-induced SNAKA51 labeling was restricted to FAK-labeled focal adhesions
located at the ends of actin stress fibers but that addition of galectin-3, in the presence or absence of RGD, induced the translocation of
SNAKA51-labeled �5�1-integrin from FAK-labeled focal adhesions along actin stress fibers. Cells expressing �1-integrin-labeled fibrillar adhe-
sions were counted (B) (n 	 3, �SEM, P values are relative to control) and fluorescent intensity of SNAKA51 antibody labeling determined per
cell (C) (n 	 3, �SEM, P values are relative to control). Bar, 20 �m.
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increased in rescued cells relative to Mgat5�/� cells (Fig. 8A).
To demonstrate that endogenous galectin-3 regulates FN fi-
brillogenesis in Mgat5�/� cells, we treated the cells with the
TIB-166 monoclonal antibody to galectin-3, specific for the
N-terminal and not the carbohydrate binding domain of galec-
tin-3 (33). Anti-galectin-3 did not inhibit but rather induced
recruitment of �1-integrin to fibrillar adhesions (Fig. 8B) and
increased SNAKA51 labeling and localization to fibrillar ad-
hesions (Fig. 8C) as well as FN fibrillogenesis (Fig. 8D). Anti-
galectin-3 induced effects could be inhibited by �-D-lactose but
not by sucrose, indicating that anti-galectin-3 antibody medi-
ates �5�1-integrin activation and translocation to fibrillar ad-
hesions and FN fibrillogenesis via glycoconjugate binding.

DISCUSSION

Galectin-3 binding to Mgat5-modified N-glycans regulates
FN-dependent tumor cell motility. In Mgat5�/� cells, FN-de-
pendent spreading, FN fibrillogenesis, and �5�1-integrin acti-
vation and localization to fibrillar adhesions were deficient and
rescued by expression of Mgat5. In Mgat5-expressing cells, FN
fibrillogenesis could be inhibited by prevention of terminal
N-glycosylation with swainsonine or by competitive inhibition
of galectin binding with lactose. Galectin-3 was limiting for FN
remodeling, �5�1-integrin activation, translocation to fibrillar
adhesions, and motility of mammary epithelial tumor cells on
an FN substrate but not on plastic. Exogenous galectin-3-in-

FIG. 7. Galectin-3 stimulates microfilament dynamics and turnover. (A) Actin filament turnover of Mgat5�/� cells treated with 2 �g/ml
galectin-3 and/or 100 �g/ml RGD peptide (see legend in box at right) was measured by quantifying the density of phalloidin-labeled F-actin per
cell following treatment with 0.5 �M Lat-A for 1, 3, 5, 7, 10, and 20 min. F-actin intensities were normalized to maximum and minimum values
for each experiment. The half-life of F-actin depolymerization and residual F-actin densities after 20 min of Lat-A treatment are indicated (�SEM;
P values are relative to controls unless otherwise indicated; n 	 4). (B) Representative images are presented from a Cellomics KSR analysis (10�
objective) of phalloidin-labeled Mgat5�/� cells that were untreated (control) or treated for 2 days with 2 �g/ml galectin-3 (�Gal-3), 100 �g/ml
RGD (�RGD), or galectin-3 and RGD (�Gal-3�RGD) prior to (0 min) or 20 min after (20 min) treatment with 0.5 �M Lat-A.
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duced FAK activation and concomitant addition of RGD pep-
tides enhanced the ability of galectin-3 to induce �5�1-integrin
and PI3K activation (7, 26, 40). These results demonstrate that
galectin-binding to Mgat5-modified N-glycans induces �5�1-
integrin activation, enhancing FN fibrillogenesis and FN-de-
pendent tumor cell spreading and motility. Mgat5-modified
N-glycans are present on mature glycoproteins and potentially
on many cell surface signaling receptors known to be N-glyco-
sylated.

Galectin-1, -3, and -8 are reported to bind integrins (10, 19,
29), an interaction that might directly promote adhesion re-
modeling. Galectin-8-coated substratum stimulated integrin-
mediated spreading and signaling in a similar fashion to that of

cells on FN, while binding of soluble galectin-8 to �1-integrin
antagonized adhesion and signaling (27). Increased galectin-3
expression in Mgat5-rescued Mgat5�/� cells is associated with
increased �5�1 activation and FN fibrillogenesis (Fig. 2, 3,
8A). Moreover, the ability of anti-galectin-3 antibodies to stim-
ulate these processes in a lactose-dependent manner (Fig. 8)
argues that endogenous galectin-3 regulates �5�1 activation
and FN fibrillogenesis. Galectin-3 expression was previously
reported to be limiting in carcinoma cells, as overexpression
enhanced adhesion to laminin, FN, and vitronectin and remod-
eling of the cytoskeleton and cell spreading, leading to en-
hanced resistance to apoptotic stimuli (28). However, lactose
treatment, a competitive inhibitor of galectin binding, en-

FIG. 8. Endogenous galectin-3 regulates FN fibrillogenesis and the conformation and association of �5�1-integrin with fibrillar adhesions.
(A) Expression of endogenous galectin-3 in Mgat5�/�, Mgat5�/�, and rescued cells was assessed by Western blotting relative to �-actin expression
levels. Molecular mass markers (in kDa) are indicated, and the graph shows the densitometric quantification of band intensity (�SEM; n 	 4; P
values are relative to Mgat5�/� cells). Mgat5�/� cells were plated for 2 days on glass coverslips coated with 10 �g/ml of FN in serum-free medium
(CTL), in serum-free medium supplemented with anti-galectin-3 monoclonal supernatant (1:50 dilution; ��-Gal-3), or in the presence of
anti-galectin-3 antibody plus 20 mM lactose (��-Gal-3��-lac) or 20 mM sucrose (��-Gal-3�Suc). Cells were then labeled for �1-integrin (green)
and phalloidin (red) (B), SNAKA51 (green) and FAK (red) (C), or FN (green) and phalloidin (red) (D). Corresponding graphs show the number
of cells presenting �1-integrin-labeled fibrillar adhesions (B), SNAKA51 labeling intensity (C), and FN fibril expression (D) in control and treated
cells (histogram; �SEM; n 	 3; P values are relative to the control). Addition of control monoclonal antibody to mitochondrial HSP70 had no
effect on any of these processes (data not shown). Bar, 10 �m.

3190 LAGANA ET AL. MOL. CELL. BIOL.



hanced cell spreading and cytoskeletal reorganization, and this
was accompanied by increased endocytosis of galectin-3 and
�1-integrins (11), similar in this regard to galectin-3/Mgat5-
dependent protection of cytokine receptors from endocytosis
(38). The ability of exogenous galectin-3 and anti-galectin-3
antibodies to induce �5�1-integrin conformational changes,
F-actin turnover, and FN fibrillogenesis demonstrates that, in
these tumor cells, galectin-3 promotes the �5�1-integrin dy-
namics associated with motility.

In macrophages and transformed cells where membrane re-
modeling is robust, Mgat5 expression and the galectin lattice
are required to maintain sufficient cytokine receptors to drive
phagocytosis and the invasive phenotype, respectively (38).
The increased loss via constitutive endocytosis and reduced
sensitivity of Mgat5�/� tumor cells to stimulation by epidermal
growth factor, fibroblast growth factor, platelet-derived growth
factor, insulin growth factor 1, and transforming growth factor
� argues that galectin-mediated cross-linking regulates the res-
idency and rate of turnover of multiple signaling and adhesion
receptors in functional domains. Similarly, at high concentra-
tions, galectin-3 was inhibitory for FN fibrillogenesis, while
addition of anti-galectin-3 was stimulatory. This suggests that
galectin-3 regulates the dynamics of FN fibrillogenesis and
associated integrin activation and translocation via receptor
cross-linking. Multivalent galectins bind and cross-link glyco-
proteins based largely on their N-glycan composition, resulting
in heterogeneous clustering of receptors forming a microdo-
main or lattice with the potential to impact multiple cellular
receptors and processes (5). It is therefore possible that galec-
tin secretion regulates FN fibrillogenesis and cell motility
through Mgat5 modifications to receptor tyrosine kinases and,
in this manner, functions as a regulator of inside-out signaling
(24), as described for the ECM protein hensin (23). Alterna-
tively, �1-integrin of Mgat5�/� cells carries galectin-binding
�1,6GlcNAc-branched N-glycans (Fig. 3), and direct binding of
galectin-3 could induce �5�1-integrin activation, possibly via
integrin clustering within focal contacts.

Stimulation of tumor cell motility by Mgat5/galectin-depen-
dent remodeling of the FN matrix may represent a critical early
event in tumor progression. Mgat5 expression plays a critical
role at early stages of cell transformation and tumorigenesis (8,
17) and is highly correlated with human colorectal carcinoma
progression (9, 44). Cellular transformation is associated with
reduction of FN expression in cultured cells (25, 35), although
FN expression in tumors varies dramatically (41). Increased
expression of �1,6GlcNAc-branched N-glycans upon cellular
transformation enables the modulation of integrin-FN interac-
tion by galectin binding. As such, an Mgat5-dependent role for
galectin-3 function in cell adhesion and motility would explain
the previously reported cell type-specific effects of galectin-3
expression on cell adhesion, cell motility, and tumor metastasis
in various cell models (45).

Mgat5/galectin-3-dependent FN fibrillogenesis. FN fibrillo-
genesis involves the dissociation of �5�1-integrin from focal
adhesions and its translocation along fibrillar adhesions (37).
The conformation-dependent SNAKA51 anti-�5 integrin an-
tibody recognizes �5�1-integrin in fibrillar adhesions and also
promotes FN fibrillogenesis and induces �5�1-integrin trans-
location from focal adhesions to fibrillar adhesions (7). Galec-
tin-3 and anti-galectin-3 antibodies each induced increased

SNAKA51 binding, confirming that the effect of these treat-
ments on FN fibrillogenesis and cell spreading and motility
were coupled to increased �5�1-integrin activation. SNAKA51
binding was also induced by RGD peptide alone but was re-
stricted to focal adhesions and did not stimulate FN remodel-
ing. The addition of RGD peptides disrupts a peripheral Lat-
A-resistant F-actin pool detected in untreated Mgat5�/�

mammary epithelial tumor cells (Fig. 7), consistent with li-
gand-induced integrin regulation of actin polymerization and
remodeling in focal complexes (6, 12). Exogenous galectin-3
also diminished the Lat-A-resistant F-actin pool and, in con-
trast to RGD peptides alone, also stimulated FAK phosphory-
lation and accelerated the rate of microfilament decay upon
addition of Lat-A (Fig. 5, 7). Galectin-3 therefore acts as a
dominant enhancer of integrin activation to stimulate both
integrin and FAK activation within focal adhesions as well as
integrin translocation to fibrillar adhesions and actin filament
turnover.

Exogenous RGD peptides have been shown to inhibit cell
adhesion to FN, although at lesser concentrations, they can
accelerate integrin-mediated remodeling (2, 21). Inhibition of
FN fibrillogenesis and cell motility by RGD peptides is abro-
gated in the presence of galectin-3, where the combination
appears to promote integrin activation and turnover. Integrin
binding to FN via both RGD-based ligand binding and the
synergy domain is associated with FN fibrillogenesis (13, 31,
47). Promotion or stabilization of this alternate non-RGD in-
tegrin-FN adhesive mode may be associated with galectin in-
duction of FN fibrillogenesis.

RGD peptides inhibit cell migration and FN fibrillogenesis,
while galectin-3 alone stimulates and overrides RGD inhibi-
tion of the same. Unlike RGD peptide, galectin-3 stimulated
the recruitment of �5�1-integrin to fibrillar adhesions and
activation of Akt and FAK phosphorylation. Furthermore, the
PI3K inhibitor LY294002 inhibits FN fibrillogenesis but not
FAK activation induced by galectin-3, and FAK remains local-
ized to focal adhesions upon galectin-3-induced �5�1-integrin
translocation to fibrillar adhesions (Fig. 6). These data suggest
that the role of FAK activation in FN fibrillogenesis is at the
level of focal adhesion remodeling (26) and represents an early
event in the transition of focal adhesions to fibrillar adhesions.
Adhesion-dependent phosphorylation of Akt by integrin can
occur independently of FAK and Src (46). In the context of
galectin-3-induced FN fibrillogenesis, integrin activation of
PI3K would appear to be associated with integrin translocation
to fibrillar adhesions.

We propose a model whereby galectin-3 cross-linking of
glycoprotein receptors promotes �5�1 recruitment and activa-
tion within focal adhesions. Galectin-3 is known to bind recep-
tor tyrosine kinases and integrins that contribute via outside-in
and inside-out signaling to adhesion remodeling, respectively.
Stimulation by galectin-3 results in FAK activation and inte-
grin-substratum exchange that is subsequently coupled to PI3K
activation, microfilament turnover, and the recruitment and
translocation of integrins to fibrillar adhesions. By promoting
both �5�1-integrin activation and actin filament turnover, ga-
lectin binding controls the translocation rate of fibrillar adhe-
sion movement along actin stress fibers, FN fibril stretching,
and FN polymerization.
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