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    Introduction 
 Optimal cell migration requires spatiotemporal feedback between 

actomyosin contraction, actin polymerization, and continuous 

formation and disassembly of adhesions ( Gupton and Waterman-

Storer, 2006 ). Focal adhesions (FAs), via integrin aggregation, 

mediate interaction between the ECM and cytoskeletal proteins 

( Burridge and Fath, 1989 ). Tyrosine kinase signaling and local 

proteolysis are critical regulators of the dynamic recruitment of 

FA components and regulate leading edge activity ( Franco et al., 

2004 ;  Webb et al., 2004 ). Integrin binding to ECM and clustering 

of integrins induces autophosphorylation (Tyr397) of focal adhe-

sion kinase (FAK), the major kinase implicated in FA signaling, 

generating a high-affi nity binding site for SH2-containing pro-

teins such as Src family kinases, PI3K, Grb7, and phospholipase 

C �  ( Mitra and Schlaepfer, 2006 ). 

 Caveolins are integral membrane proteins involved in 

formation of caveolae, omega-shaped invaginations involved in 

signal transduction and vesicular transport ( Parton and Simons, 

2007 ). Caveolin-1 (Cav1; the caveolin family also includes Cav2 

and Cav3) was initially identifi ed as a tyrosine-phosphorylated 

Src kinase substrate ( Glenney and Zokas, 1989 ). Less than 1% 

of total cellular Cav1 is phosphorylated on tyrosine-14 (Y14) 

and it is virtually absent from caveolae ( del Pozo et al., 2005 ). 

Cav1 and caveolae locate to the rear of migrating cells and Y14 

of Cav1 is required for it to be localized to the leading edge 

of cells ( Isshiki et al., 2002 ;  Parat et al., 2003 ). A phospho-

specifi c monoclonal antibody against Y14-phosphorylated 

Cav1 (pY14Cav1) localizes it mainly to the leading edge, 

where it associates with FAK,  � 1-integrin, and phospho-

 paxillin ( Beardsley et al., 2005 ). However, the anti-pY14Cav1 

monoclonal antibody has recently been reported to crossreact 

with phospho-paxillin, questioning the extent of pY14Cav1 

localization to FAs ( Hill et al., 2007 ). Cav1 depletion results in 

loss of FA sites and adhesion as well as of cell polarization and 

directional cell movement ( Wei et al., 1999 ;  Beardsley et al., 

2005 ;  Grande-Garcia et al., 2007 ). Conversely, Cav1 depletion 

can result in increased migration and Cav1 overexpression has 

been associated with decreased migration, including EGF-

stimu lated migration of tumor cells ( Zhang et al., 2000 ;  Gonzalez 

et al., 2004 ;  Brouet et al., 2005 ). Although the role of Cav1 in 

the biogenesis of caveolae is well established, the role of 
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oth tyrosine-phosphorylated caveolin-1 (pY14Cav1) 

and GlcNAc-transferase V (Mgat5) are linked 

with focal adhesions (FAs); however, their function 

in this context is unknown. Here, we show that galectin-3 

binding to Mgat5-modifi ed N-glycans functions together 

with pY14Cav1 to stabilize focal adhesion kinase (FAK) 

within FAs, and thereby promotes FA disassembly and 

turnover. Expression of the Mgat5/galectin lattice alone 

induces FAs and cell spreading. However, FAK stabiliza-

tion in FAs also requires expression of pY14Cav1. In cells 

lacking the Mgat5/galectin lattice, pY14Cav1 is not 

suffi cient to promote FAK stabilization, FA disassembly, 

and turnover. In human MDA-435 cancer cells, Cav1 

expression, but not mutant Y14FCav1, stabilizes FAK ex-

change and stimulates de novo FA formation in protrusive 

cellular regions. Thus, transmembrane crosstalk between 

the galectin lattice and pY14Cav1 promotes FA turnover 

by stabilizing FAK within FAs defi ning previously unknown, 

interdependent roles for galectin-3 and pY14Cav1 in 

tumor cell migration.
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of Cav1-defi cient fi broblasts are rescued by reintroducing a wild-

type form of Cav1, but not its Y14F mutant form ( Grande-Garcia 

et al., 2007 ). However, it has yet to be demonstrated that 

pY14Cav1 recruitment impacts on FA behavior and dynamics. 

 The galectin lattice, a cell surface microdomain, recruits 

glycoproteins based on the extent of N-glycan number and branch-

ing, the latter determined in large part by modifi cation by the 

Golgi enzyme GlcNAc-transferase V (Mgat5) ( Lau et al., 2007 ). 

Studies with Mgat5  � / �   mice and derived cell lines have shown that 

recruitment to the lattice regulates receptor signaling by lowering 

activation thresholds and protecting receptors from loss due to 

constitutive endocytosis ( Demetriou et al., 2001 ;  Partridge et al., 

2004 ). Using Mgat5  � / �   mammary epithelial tumor cells, we have 

shown that galectin binding to Mgat5-modifi ed N-glycans regu-

lates fi bronectin (FN) matrix remodelling and cell spreading and 

motility ( Lagana et al., 2006 ). Galectin-3 (Gal-3) stimulated FAK 

and PI3K activation, increased F-actin turnover, and enhanced 

integrin activation and recruitment to elongated fi brillar adhesions. 

Mgat5  � / �   cells are defi cient for FAs and actin stress fi bers 

( Granovsky et al., 2000 ;  Lagana et al., 2006 ) and they also express 

pY14Cav1 in the regulation of FA expression and dynamics 

remains elusive. 

 Cav1 functions as a membrane adaptor that, upon integrin 

ligation in FAs, promotes integrin signaling through Src kinase 

and FAK and links Fyn kinase to Shc/Grb2/SOC/Rac activation 

and progression through G1 phase of the cell cycle ( Wary et al., 

1998 ;  Wei et al., 1999 ;  Mettouchi et al., 2001 ). pY14Cav1 gener-

ates a docking site for SH2 domain – containing proteins such as 

Grb7 ( Lee et al., 2000 ) and the C-terminal Src kinase Csk that 

down-regulates Src activity via phosphorylation ( Cao et al., 2002 ). 

Integrin activation appears to be essential for Cav1 phosphory-

lation, as  � 1-integrin blocking antibodies inhibit shear stress-

induced Cav1 phosphorylation and actin reorganization in bovine 

aortic endothelial cells ( Radel and Rizzo, 2005 ). Relocalization of 

pY14Cav1 from FAs induces the raft-dependent internalization of 

Erk, PI3K, and Rac from the plasma membrane upon cellular de-

tachment ( del Pozo et al., 2004, 2005 ). FAs have recently been 

shown to express highly ordered pY14Cav1-dependent membrane 

organization ( Gaus et al., 2006 ). Defects in cytoskeletal organiza-

tion, FA architecture, polarization, and directional cell migration 

 Figure 1.    Tyrosine phosphorylation of 
FAK and expression of Cav1 are defi cient in 
Mgat5  � / �   cells.  (A) Mgat5 +/+ , Mgat5  – / –  , and 
Rescue cells were immunofl uorescently labeled 
with Hoechst (blue), Alexa568-phalloidin (red), 
and anti-vinculin (green) antibodies (top) or 
Hoechst (blue) and anti-pFAK(Y397) (red) anti-
bodies (bottom). Bar, 20  μ m. (B) Cell lysates 
of Mgat5 +/+ , Mgat5  – / –  , and Rescue cells were 
probed by Western blotting for pFAK(Y397), 
FAK, and  � -actin (top); Cav1, pY14Cav1, and 
 � -actin (middle); or Gal-3 and  � -actin (bottom). 
(C). Mgat5 +/+  cells were treated with 1  μ g/ml 
Gal-3 for 48 h in serum-free media and cell ly-
sates probed for pY14Cav1, Cav1, and  � -actin 
by Western blot. Intensity of the pY14Cav1 
band relative to Cav1 was quantifi ed by den-
sitometry (P  <  0.05,  n  = 4). Molecular mass 
markers (in kD) are indicated.   



1263GALECTIN-3 AND CAVEOLIN-1 REGULATE FOCAL ADHESIONS • GOETZ ET AL.

actin ( Fig. 1 A ). Immunofl uorescence and Western blot analysis 

with anti-pFAK(Y397) antibodies revealed that FAK shows 

reduced phosphorylation in Mgat5  � / �   cells compared with 

Mgat5 +/+  and Rescue cells ( Fig. 1, A and B ). 

 Reduced Cav1 expression in Mgat5  � / �   cells ( Lajoie et al., 

2007 ) is associated with a reduction of total cellular pY14Cav1 

expression to very low, indeed undetectable, levels that are 

restored in Rescue cells ( Fig. 1, A and B ). Gal-3 expression is 

similar between the three cell lines with a slight increase in Res-

cue cells ( Fig. 1 B ). In serum-free conditions, binding of Gal-3 

stimulates motility, FN fi brillogenesis, and fi brillar adhesions in 

Mgat5 +/+  cells in a concentration-dependent manner ( Lagana 

et al., 2006 ). Under similar conditions, Gal-3 also stimulates 

Cav1 Y14 phosphorylation in Mgat5 +/+  cells ( Fig. 1 C ). 

 FAK lacking its kinase domain (FRNK) or its Y397 auto-

phosphorylation site shows increased exchange between FAs 

and cytosol that is associated with reduced FA dynamics and 

cell migration ( Giannone et al., 2004 ;  Hamadi et al., 2005 ). 

reduced levels of Cav1 ( Lajoie et al., 2007 ). This led us to study 

the role of the Mgat5/Gal-3 lattice and Cav1 phosphorylation in 

FA dynamics in these cells. Using mammary carcinoma cell lines 

differentially expressing Mgat5 and Cav1, we show that Cav1 

tyrosine phosphorylation, in concert with the Mgat5/Gal-3 lattice, 

stabilizes FAK, paxillin, and  � 5-integrin in FAs, thereby promot-

ing FA turnover. This suggests that Gal-3 – mediated activation of 

integrins recruits tyrosine-phosphorylated Cav1, thereby stabiliz-

ing FAK in FA domains, promoting FA disassembly and forma-

tion and stimulating cellular displacement and motility. 

 Results 
 Defi cient FA maturation in Mgat5  � / �   cells 
 In contrast to the actin stress fi bers and well-developed FAs of 

Mgat5 +/+  cells or of Mgat5  � / �   cells rescued by infection with an 

Mgat5 retroviral vector (Rescue cells), Mgat5  � / �   cells present 

a predominantly cytosolic distribution of vinculin and cortical 

 Figure 2.    Increased FAK exchange in FAs of Mgat5  � / �   cells.  (A) Mgat5 +/+ , Mgat5  – / –  , and Rescue cells transfected with FAK-GFP were imaged before laser bleach-
ing of one FA-containing region of interest (ROI; red square). A time-lapse sequence (in seconds) shows the corresponding ROI before photobleaching (prebleach), 
immediately after photobleaching (bleach), and during recovery (recovery). Quantifi cation of FAK-GFP fl uorescence over time is presented for Mgat5 +/+ , Mgat5  – / –  , 
and Rescue cells in FA (B) or non-FA (C) ROIs. Percentage of recovery (boxes) shows the extent of FAK-GFP mobile fraction. *, P  <  0.05. Bar, 20  μ m.   
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analysis was slower than FAK-GFP and showed a signifi cant 

increase in the mobile fraction (percentage of recovery) in 

Mgat5  � / �   cells compared with Mgat5 +/+  and Rescue cells 

( Fig. 3 B ). No signifi cant variation was noted when bleaching 

was performed on non-FA localized integrin ( Fig. 3 C ).    Simi-

larly, FRAP analysis of paxillin-GFP revealed an increased 

mobile fraction in Mgat5  � / �   cells compared with Mgat5 +/+  and 

Rescue cells ( Fig. 3 D ). Paxillin-GFP recovery also showed sig-

nifi cant differences in half-time of recovery that corresponded 

to the changes in mobile fraction. Interestingly, Rescue cells, 

which show enhanced FN fi brillogenesis relative to Mgat5 +/+  

cells ( Lagana et al., 2006 ), also showed signifi cantly increased 

stability of FA-associated paxillin but not  � 5-integrin ( Fig. 3 B ) 

or FAK ( Fig. 2 B ). 

 Expression of the Mgat5/galectin lattice 
and pY14Cav1 regulates FAK exchange in 
FAs and cell migration 
 Treatment of Mgat5 +/+  cells with  � -lactose, a competitive 

inhibitor of galectin binding, but not control sucrose, or 

with swainsonine (SW), an  � -mannosidase II inhibitor that 

blocks N-glycan branching, increased the mobile fraction of 

FAK-GFP compared with untreated Mgat5 +/+  cells ( Fig. 4, A 

and B ). Expression of the Mgat5/galectin lattice therefore 

To determine whether FA defects observed in Mgat5  � / �   cells 

were related to altered exchange of FAK between FAs and 

cytosol, we performed FRAP analysis on FAK-GFP transfected 

cells ( Fig. 2 ). Due to the molecular and functional heterogene-

ity of integrin-mediated adhesion sites, we studied only peri-

pheral FAs. Although half-time of recovery of FAK-GFP was 

not signifi cantly affected between the three cell lines, a signifi -

cant increase in the mobile fraction (percentage of recovery) 

was noted in Mgat5  � / �   cells compared with Mgat5 +/+  and Res-

cue cells ( Fig. 2, A and B ). To ensure that differences in FAK-

GFP mobile fraction in FAs were not due to differences in 

overall diffusion of FAK-GFP in the three cell lines, we per-

formed FRAP analysis on non-FA associated, cytosolic FAK-

GFP. The three cell lines all displayed a quasi-instantaneous 

recovery of FAK-GFP reaching close to prebleach intensity 

levels (around 90%), indicative of rapid diffusion of cytosolic 

FAK-GFP ( Fig. 2 C ). 

 We subsequently performed FRAP analysis on cells ex-

pressing  � 5-integrin-GFP and paxillin-GFP ( Fig. 3 ).  � 5-integrin-

GFP is distributed to smaller, less organized FAs in live 

Mgat5  � / �   cells, compared with the more elongated fi brillar 

adhesions present in Mgat5 +/+  and Rescue cells ( Fig. 3 A ), as 

previously observed for anti- � 1-integrin immunofl uorescent 

labeling ( Lagana et al., 2006 ).  � 5-integrin recovery by FRAP 

 Figure 3.    Increased exchange of  � 5-integrin 
and paxillin in FAs of Mgat5  � / �   cells.  (A) Rep-
resentative images of live Mgat5 +/+ , Mgat5  – / –  , 
and Rescue cells transfected with  � 5-integrin-GFP 
are presented. Quantifi cation of  � 5-integrin-GFP 
fl uorescence recovery after bleaching in FA (B) 
and non-FA (C) ROIs over time is presented for 
Mgat5 +/+ , Mgat5  – / –  , and Rescue cells. (D) Quan-
tifi cation of FA-associated paxillin-GFP fl uores-
cence recovery over time is presented for 
Mgat5 +/+ , Mgat5  – / –  , and Rescue cells. The boxes 
show the percentage of recovery and, for pax-
illin, the half-time of recovery (*, P  <  0.05).   
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( Fig. 4 A,B ). Galectin-mediated cross-linking of glycosy-

lated FA components is therefore associated with FAK stabil-

ity within FA domains. 

 Cav1 depletion has been shown to reduce FA sites and 

cellular adhesion ( Wei et al., 1999 ;  Grande-Garcia et al., 2007 ). 

In Mgat5 +/+  cells, transfection of Cav1 siRNA reduced Cav1 

expression by  > 70% as monitored by quantitative immuno-

fl uorescence and Western blot ( Fig. 5, A and B ). FRAP analysis 

of Cav1 siRNA-transfected Mgat5 +/+  cells revealed that Cav1 

depletion signifi cantly increased the mobile fraction of FAK-

GFP compared with CTL siRNA transfected and nontransfected 

cells ( Fig. 5 C ). Similarly, cotransfection of Mgat5 +/+  cells with 

FAK-GFP and Cav1Y14F-mRFP signifi cantly increased the 

mobile fraction of FAK-GFP compared with cells cotransfected 

with FAK-GFP and Cav1-mRFP ( Fig. 5 D ). This suggests that 

Cav1Y14F-mRFP acts as a dominant-negative and implicates 

recruits FAK to immobile FA domains. Gal-3 stimulation 

(1  μ g/ml) of Mgat5 +/+  promotes integrin activation, F-actin 

turnover, fi brillar adhesion expression, and FN fi brillogenesis 

( Lagana et al., 2006 ). However, addition of Gal-3 did not af-

fect FAK exchange in FAs ( Fig. 4 B ), suggesting that endo-

genous expression levels of Gal-3 are suffi cient to recruit 

FAK-GFP to immobile FA domains. FACS analysis showed 

that lactose, SW, and Gal-3 siRNA specifi cally reduced cell 

surface Gal-3 expression ( Fig. 4 C ). Gal-3 siRNA signifi -

cantly knocked down endogenous Gal-3 levels in Mgat5 +/+  

cells after 48 h of transfection, as assessed by both Western 

blot and immunofl uorescence but affected neither Cav1 tyro-

sine phosphorylation nor Cav1 expression levels ( Fig. 4, D 

and E ). Upon Gal-3 knockdown, we observed a signifi cant 

increase in FAK-GFP mobile fraction ( Fig. 4 F ), equivalent 

to that observed in SW- and  � -lactose – treated Mgat5 +/+  cells 

 Figure 4.    Expression of the Mgat5/galectin lattice regulates FAK exchange in FAs.  Mgat5 +/+  cells were transfected with FAK-GFP and treated with either 
 � -lactose (20 mM) and sucrose (20 mM) (A) or Gal-3 (1  μ g/ml) and swainsonine (+SW, 1  μ g/ml) (B) and subjected to FRAP analysis of FA localized 
FAK-GFP. Percent intensity ( ± SEM) in the bleached zone of FAK-GFP during recovery and quantifi cation of percentage of recovery (box) are shown ( ± SEM). 
(C) Mgat5 +/+  cells were either treated with 20 mM lactose, 20 mM sucrose, or 1  μ g/ml SW, or transfected with Gal-3, control (CTL), or Cav1 siRNA and then 
surface labeled at 4 ° C with anti-Gal-3 mAb and analyzed by FACS. The percentage of positive cells is shown ( ± SEM;  n  = 4; *, P  <  0.01; **, P  <  0.001). 
(D) Mgat5 +/+  cells not transfected or transfected for 2 d with either control (CTL) siRNA or Gal-3 siRNA were immunofl uorescently labeled with Hoechst 
(blue) and mouse anti-Gal-3 (green) antibodies. Quantifi cation of Gal-3 mean intensity is shown as a bar graph for untreated (white), CTL siRNA (gray), 
and Gal-3 siRNA transfected (black) Mgat5 +/+  cells ( n  = 3;  ± SEM; *, P  <  0.05). (E) Mgat5 +/+  cells were not transfected or transfected for 2 d with either 
control (CTL) siRNA or Gal-3 siRNA, lysed, and subjected to Western blot analysis for Gal-3, pY14Cav1, Cav1, and  � -actin expression. (F) Percent intensity 
( ± SEM) in the bleached zone of FAK-GFP during recovery and percent recovery (box) are shown ( n  = 3;  ± SEM; *, P  <  0.05).   
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 Reduced FAK exchange requires expression 
of both the Mgat5/Gal-3 lattice 
and pY14Cav1 
 Cell lines established from larger PyMT Mgat5  � / �   tumors that 

escape the constraints imposed by Mgat5 defi ciency, called 

Mgat5  � / � ESC , present reduced Cav1 expression and restored EGF 

signaling. Stable infection of Mgat5  � / � ESC  cells with an Mgat5 

retroviral expression vector generated the ESC-Rescue cell line, 

that presents restored  � 1-6-branched N-glycan expression but 

not Cav1 expression, indicative of disruption of Cav1 gene ex-

pression in Mgat5  � / � ESC  cells ( Lajoie et al., 2007 ). These cells 

express L-PHA reactive  � 1-6 branched glycoproteins, maintain 

cellular expression of Gal-3 and, importantly, show restored cell 

surface Gal-3 expression relative to Mgat5  � / � ESC  cells ( Fig. 6, A 

and B ), thereby providing a model for the study of the role of the 

Mgat5/galectin lattice independently of Cav1 expression. 

 As in Mgat5  � / �   cells, Mgat5  � / � ESC  cells show a reduction 

of pFAK expression levels that remain low in ESC-Rescue 

Cav1 Y14 phosphorylation in the regulation of FAK-GFP 

exchange in FAs of Mgat5 +/+  cells. 

 The extent of FAK-GFP recovery in Mgat5 +/+  cells trans-

fected with either Cav1 siRNA or Cav1Y14F was similar to that 

observed in Mgat5  � / �   cells ( Fig. 2 B ). This suggested that Cav1 

depletion may be responsible for the defects in FAK dynamics 

observed in Mgat5  � / �   cells. However, cotransfection with either 

Cav1-mRFP or Cav1Y14F-mRFP did not affect the FAK-GFP 

mobile fraction in Mgat5  � / �   cells. In Mgat5  � / �   cells,  � 1-integrin 

is poorly localized to FAs and distributed over the plasma mem-

brane ( Lagana et al., 2006 ). Overexpression of Cav1 did not 

impact on  � 1-integrin distribution in these cells suggesting that 

Cav1 defi ciency is not solely responsible for the loss of FA or-

ganization in Mgat5  � / �   cells (Fig. S1, available at http://www

.jcb.org/cgi/content/full/jcb.200709019/DC1). In support of the 

essential role of both Gal-3 and Cav1 in FA turnover, knock-

down of either protein by siRNA was associated with reduced 

migration of Mgat5 +/+  cells ( Fig. 5 F ). 

 Figure 5.    Cav1 tyrosine 14 regulates FAK 
exchange.  (A) Mgat5 +/+  cells were not trans-
fected or transfected for 2 d with either con-
trol (CTL) siRNA or Cav1 siRNA and labeled 
with Hoechst and anti-Cav1 antibodies. 
Quantifi cation of Cav1 mean intensity rela-
tive to Alexa568-phalloidin labeled F-actin 
(not depicted) is shown as a bar graph ( n  = 3; 
 ± SEM; *, P  <  0.05). (B) Cell lysates from 
untransfected and CTL and Cav1 siRNA 
transfected Mgat5 +/+  cells were subjected to 
Western blot analysis for Cav1 and  � -actin. 
(C) Percent intensity ( ± SEM) in the bleached 
zone of FAK-GFP during recovery and quan-
tifi cation of percentage of recovery (box) are 
shown for Mgat5 +/+  cells transfected with 
FAK-GFP alone or with FAK-GFP and either 
CTL or Cav1 siRNA transfected Mgat5 +/+  cells 
( n  = 3,  ± SEM; *, P  <  0.05). Mgat5 +/+  (D) and 
Mgat5  � / �   (E) cells were cotransfected with 
FAK-GFP and either Cav1-mRFP or Cav1Y14F-
mRFP and subjected to FRAP analysis of FAK-
GFP. Percent intensity ( ± SEM) in the bleached 
zone of FAK-GFP during recovery and quanti-
fi cation of percentage of recovery (box) are 
shown ( ± SEM; *, P  <  0.05). (F) Migration of 
untransfected Mgat5 +/+  and control, Gal-3, 
and Cav1 siRNA transfected Mgat5 +/+  cells 
was determined over a 24-h period in serum-
free medium on an FN substrate (10  μ g/ml) 
using a wound-healing assay ( n  = 3;  ± SEM; 
*, P  <  0.05).   
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whether Src-dependent phosphorylation of Cav1 was required 

for stabilization of FAK exchange in FAs, ESC-Rescue cells 

cotransfected with FAK-GFP and Cav1-mRFP were treated 

with PP2, a well-characterized inhibitor of Src family kinases. 

PP2 completely prevented Cav1-mRFP stabilization of FAK-

GFP exchange in ESC-Rescue cells ( Fig. 7 A ). PP2 did not af-

fect FAK-GFP exchange in ESC-Rescue cells transfected with 

FAK-GFP alone (Fig. S2, available at http://www.jcb.org/cgi/

content/full/jcb.200709019/DC1). To determine whether tyro-

sine phosphorylation of Cav1 is required for Cav1 regulation 

of FAK exchange in FAs, we introduced a phosphomimetic 

glutamate (D) residue or a positively charged arginine (R) resi-

due in place of Y14 on Cav1. Expression of Cav1Y14D-mRFP 

or Cav1Y14R-mRFP did not affect FAK exchange in Mgat5  � / � ESC  

cells, but both stabilized FAK-GFP in FAs of ESC-Rescue 

cells to a similar extent as Cav1-mRFP ( Fig. 7 B ). PP2 only 

partially enhanced FAK-GFP stabilization in Cav1Y14D-mRFP 

transfected cells and did not affect FAK-GFP stabilization in 

Cav1Y14R-mRFP transfected cells ( Fig. 7 B ). The ina  bility 

of Src inhibition to completely prevent Cav1Y14D-mRFP or 

Cav1Y14R-mRFP stabilization of FAK-GFP in FAs is indicative 

cells relative to Mgat5 +/+  or Rescue cells ( Fig. 6 C ). In serum-

free conditions, ESC-Rescue cells present denser peripheral 

FAs than Mgat5  � / � ESC  cells and also show increased cell 

spreading ( Fig. 6, D and E ; Fig. S3, available at http://www

.jcb.org/cgi/content/full/jcb.200709019/DC1). In contrast to the 

restored motility of Cav1-expressing Rescue cells ( Granovsky 

et al., 2000 ;  Lagana et al., 2006 ), both Mgat5  � / � ESC  and ESC-

Rescue cells present a dramatic inhibition of motile ability 

( Fig. 6 F ). FRAP analysis of FAK-GFP and paxillin-GFP in 

FAs revealed that Mgat5  � / � ESC  and ESC-Rescue cells exhibited 

a similar elevated mobile fraction for these two FA markers 

relative to Mgat5 +/+  cells ( Fig. 6, G and H ). Half-time of recov-

ery of paxillin-GFP in Mgat5  � / � ESC  and ESC-Rescue cells was 

also signifi cantly faster than in Mgat5 +/+  cells ( Fig. 6 H ). 

 We then cotransfected Mgat5  � / � ESC  and ESC-Rescue 

cells with FAK-GFP and either Cav1-mRFP or Cav1Y14F-

mRFP and performed FRAP analysis of FAK-GFP. Cav1-

mRFP, but not Cav1Y14F-mRFP, stabilized FAK in FAs of 

ESC-Rescue cells ( Fig. 7 A ). As for Mgat5  � / �   cells ( Fig. 5 E ), 

neither Cav1-mRFP nor Cav1Y14F-mRFP affected FAK 

exchange in FAs of Mgat5  � / � ESC  cells ( Fig. 7 A ). To assess 

 Figure 6.    Regulation of FA exchange re-
quires both the Mgat5/Gal-3 lattice and Cav1.  
(A) Equal protein amounts of cell lysates from 
Mgat5 +/+ , Mgat5  � / � ESC , and ESC-Rescue cells 
were blotted with L-PHA-HRP or with antibodies 
to Gal-3, Cav1, and  � -actin and HRP-conju-
gated secondary antibodies. (B) Mgat5 +/+ , 
Mgat5  � / �  , Rescue, Mgat5  � / � ESC , and ESC-Res-
cue cells as well as ESC-Rescue (ESC-R) cells 
transfected with control (CTL) or Gal-3 siRNA 
were surface labeled at 4 ° C with anti-Gal-3 
mAb and analyzed by FACS. The percent-
age of positive cells is shown ( ± SEM;  n  = 4; 
*, P  <  0.001). (C) Cell lysates of Mgat5 +/+ , 
Mgat5  – / –  , Rescue, Mgat5  � / � ESC , and ESC-Res-
cue cells were probed by Western blotting for 
pFAK(Y397), FAK, and  � -actin and HRP-con-
jugated secondary antibodies. (D) Mgat5 +/+ , 
Mgat5  � / � ESC , and ESC-Rescue cells were 
grown in serum-free conditions on fi bronectin-
coated coverslips (10  μ g/ml) for 48 h and 
stained with Alexa568-Phalloidin (red) and 
antibodies to paxillin (green). (E) Mgat5 +/+ , 
Mgat5  – / –  , Rescue, Mgat5  � / � ESC , and ESC-Res-
cue cells were grown in serum-free conditions 
on fi bronectin-coated coverslips (10  μ g/ml) 
for 48 h, labeled with Alexa568-Phalloidin, 
and cell area determined ( ± SEM;  n  = 3; 
*, P  <  0.05; **, P  <  0.005). (F) Migration 
of Mgat5 +/+  (black), Mgat5  � / � ESC  (gray), and 
ESC-Rescue cells (white) was determined over 
a 24-h period in serum-free medium on an FN 
substrate (10  μ g/ml) using a wound-healing 
assay ( ± SEM; *, P  <  0.01). FRAP analysis was 
performed on Mgat5 +/+ , Mgat5  � / � ESC , and 
ESC-Rescue cells transfected with FAK-GFP (G) 
or paxillin-GFP (H). Percentage of recovery 
(box) shows the extent of the FAK-GFP (G) and 
paxillin-GFP (H) mobile fraction. Half-time for 
recovery of fl uorescence toward the asymp-
tote of paxillin-GFP is also presented (Box) (H) 
(*, P  <  0.05).   
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but their coordinate action is not suffi cient to promote FA dis-

assembly and turnover. 

 pY14Cav1 regulates FA turnover 
in MDA-435 breast carcinoma cells 
 MDA-435 human breast cancer cells express low levels of Cav1 

and few caveolae ( Kojic et al., 2007 ). Wild-type myc-tagged 

Cav1-mRFP, but not mutant myc-tagged Cav1Y14F-mRFP, 

transfected in MDA-435 cells was tyrosine phosphorylated 

( Fig. 8 A ). In FAK-GFP transfected MDA-435 cells, the mobile 

fraction of FA localized FAK-GFP was high ( Fig. 8, B and C ).

Cotransfection of MDA-435 with FAK-GFP and Cav1-mRFP, 

but not Cav1Y14F-mRFP, signifi cantly decreased the mobile 

fraction of FAK within FAs ( Fig. 8, B and C ). PP2 treatment of 

MDA-435 cells transfected with Cav1-mRFP, but not of un-

transfected cells or Cav1Y14F-mRFP transfected cells, signifi -

cantly increased FAK-GFP mobile fraction levels ( Fig. 8 D ). 

Tyrosine-phosphorylated Cav1 therefore mediates FAK stabili-

zation in FAs in MDA-435 cells. 

of a role for Src-dependent phosphorylation of Cav1Y14 in 

FA turnover. 

 To verify that pY14Cav1 regulation of FAK stabilization 

in FAs in ESC-Rescue cells was indeed due to the presence of 

the galectin lattice, we disrupted the galectin lattice with lac-

tose competition of galectin binding, SW inhibition of N-glycan 

terminal processing, and Gal-3 siRNA ( Fig. 7 C ). These treat-

ments did not affect FAK recovery in FAs of ESC-Rescue cells; 

however, lactose, SW, and Gal-3 siRNA, which disrupt cell sur-

face Gal-3 binding ( Figs. 4 C and 6 B ) but not sucrose or control 

siRNA, all prevented Cav1-dependent stabilization of FAK in 

FAs. However, Cav1 expression did not promote cell migration 

in Mgat5  � / �ESC   or ESC-Rescue cells ( Fig. 7 D ). Furthermore, 

relative to Mgat5 +/+  cells, Mgat5  � / �ESC   and ESC-Rescue cells 

showed increased stability and reduced turnover of FAs in 30-min 

time-lapse videos, even upon overexpression of Cav1 ( Fig. 7 E ; 

Videos 1 – 6, available at http://www.jcb.org/cgi/content/full/

jcb.200709019/DC1). The Mgat5/galectin lattice and pY14Cav1 

therefore work in concert to regulate FAK stabilization in FAs, 

 Figure 7.    pY14Cav1 regulates FAK exchange 
in Mgat5-expressing cells.  FRAP analysis was 
performed on Mgat5  � / � ESC  and ESC-Rescue 
cells transfected with FAK-GFP and either 
Cav1-mRFP or Cav1Y14F-mRFP (A) or with 
Cav1-mRFP, Cav1Y14R-mRFP, or Cav1Y14D-
mRFP (B) and treated (or not) for 1 h with PP2, 
as indicated. (C) ESC-Rescue cells were either 
treated with 20 mM lactose, 20 mM sucrose, 
or 1  μ g/ml SW, or transfected with Gal-3, con-
trol (CTL), or Cav1 siRNA for 48 h and then 
transfected with FAK-GFP (top) or cotransfected 
with FAK-GFP and Cav1-mRFP (bottom). FRAP 
analysis of FAK-GFP in FAs was then performed. 
Percent intensity ( ± SEM) in the bleached zone 
of FAK-GFP during recovery and quantifi cation 
of percentage of recovery (box) are shown 
( n  = 3;  ±  SEM; *, P  <  0.05; **, P  <  0.01). (D) Mi-
gration of Mgat5 +/+ , Mgat5  � / � ESC , and ESC-
Rescue cells untreated (black bars) or infected 
with a Cav1-expressing adenovirus (white 
bars) was determined over a 24-h period in 
serum-free medium on an FN substrate (10  μ g/ml) 
using a wound-healing assay. Images show 
migration of Cav1 adenovirus-infected cells. 
(E) Mgat5 +/+ , Mgat5  � / � ESC , and ESC-Rescue 
cells were transfected with FAK-GFP alone (left) 
or FAK-GFP and Cav1-mRFP (right) and FAK-
GFP imaged every 30 s for 30 min (see Videos 
1 – 3, available at http://www.jcb.org/cgi/
content/full/jcb.200709019/DC1). Overlay 
of FAK-GFP images at time 0 (red) and 30 min 
(green) shows disassembled (red), stable (yellow), 
and newly formed (green) FAs.   
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presented an approximate 3-fold increase in new protrusive areas 

and a 2.5-fold increase in retractile areas relative to untransfected 

and CavY14F-mRFP transfected cells ( Fig. 9 D ). Together, those 

observations suggest that the increased FA disassembly and for-

mation observed in Cav1-mRFP transfected MDA-435 cells are 

associated with increased tumor cell motility. 

 Discussion 
 Tyrosine-phosphorylated Cav1 regulates 
FA dynamics 
 Gal-3 binding to Mgat5-modifi ed N-glycans induces FN fi bril-

logenesis and cell motility via activation of  � 5 � 1-integrin 

( Lagana et al., 2006 ). Here, we show that the Mgat5/galectin 

lattice regulates FA dynamics and that this activity is depen-

dent on expression of tyrosine-phosphorylated Cav1. Gal-3 and 

pY14Cav1 act in concert to increase the immobile fraction of 

FAK, paxillin, and  � 5-integrin in FAs, consistent with the for-

mation of a stable membrane domain within FAs ( Gaus et al., 

2006 ). Gal-3 – mediated integrin activation therefore acts through 

pY14Cav1 to induce FA membrane organization that restricts 

exchange of FAK and other FA components and enables 

FA turnover. 

 To determine whether the extent of FAK exchange be-

tween FA and cytosolic pools, as measured by FRAP analysis, 

impacts on FA disassembly and formation, we tracked FAs in 

MDA-435 cells transfected with FAK-GFP alone or cotrans-

fected with FAK-GFP and either Cav1-mRFP or Cav1Y14F-

mRFP ( Fig. 9 A ). Time-lapse images were acquired every 30 s 

for half an hour. In Cav1-mRFP transfected cells, multiple FAs 

underwent disassembly in retractile areas of the cell ( Fig. 9 B , 

red arrows; Video 7, available at http://www.jcb.org/cgi/content/

full/jcb.200709019/DC1) and protrusive areas contained newly 

formed FAs ( Fig. 9 B , green arrows; Video 4). In contrast, 

nontransfected and Cav1Y14F-mRFP transfected cells exhibit 

reduced retractile areas and only a few disassembled FAs 

( Fig. 9 B ), corresponding to the limited displacement of the cells 

(Videos 8 and 9). Quantifi cation revealed that the percentage of 

disassembled and newly formed FAs over 30 min is signifi cantly 

higher in cells transfected with Cav1-mRFP compared with the 

mostly stable FAs of nontransfected and Cav1Y14F-mRFP 

transfected cells ( Fig. 9 C ). 

 Increased FA turnover in Cav1-mRFP transfected cells cor-

responded to increased cellular retraction and protrusion ( Fig. 9, 

B and D ). Although cell area did not signifi cantly change over the 

30-min time period, MDA-435 cells transfected with Cav1-mRFP 

 Figure 8.    pY14Cav1 regulates FAK exchange in MDA-435 human breast cancer cells.  (A) MDA-435 cells transfected with vector control (pcDNA), myc-
tagged Cav1-mRFP, or Cav1Y14F-mRFP were Western blotted with antibodies to Cav1, pY14Cav1, the myc epitope tag, and  � -actin. (B) FRAP analysis of 
FAK-GFP was performed in MDA-435 cells transfected with FAK-GFP (FAK-GFP only) or cotransfected with FAK-GFP and either Cav1-mRFP or Cav1Y14F-mRFP. 
A time-lapse sequence (in seconds) shows the corresponding ROI (boxed in red) before photobleaching (prebleach), immediately after photobleaching 
(bleach), and during recovery (recovery). (C) For MDA-435 cells transfected with FAK-GFP (FAK-GFP only) or cotransfected with FAK-GFP and either Cav1-
mRFP or Cav1Y14F-mRFP, percent intensity ( ± SEM) in the bleached zone of FAK-GFP during recovery and percentage of recovery (box) are shown ( n  = 3; 
 ± SEM). (D) MDA-435 cells were cotransfected with FAK-GFP and either Cav1-mRFP or CavY14F-mRFP, treated 1 h with PP2, and subjected to FRAP analysis 
of FAK-GFP. Percent intensity ( ± SEM) in the bleached zone of FAK-GFP during recovery and quantifi cation of percentage of recovery (box) are shown ( n  = 3; 
 ± SEM; *, P  <  0.05). Bar, 20  μ m.   
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cellular protrusions and directional motility. Indeed, Cav1, but 

not Cav1Y14F, promotes both FA turnover and protrusive activ-

ity in MDA-435 tumor cells, implicating pY14Cav1 expression 

in tumor cell migration. 

 Cav1 is a well-recognized scaffolding protein that interacts 

with Shp2 and other phosphatases including PTP-1B ( Caselli et al., 

2001, 2002 ;  Lee et al., 2006 ). Similarly to the pY14Cav1-

dependent FA turnover that we describe here, absence of Shp2 

phosphatase activity results in a spreading defect due to hyperphos-

phorylation of FAK and decreased adhesion site dynamics ( von 

Wichert et al., 2003 ). PTP-1B interacts closely with pY14Cav1, 

and promotes integrin-mediated responses by activating Src 

kinase, thereby contributing to maturation of cell-matrix adhesions 

( Liang et al., 2005 ;  Hernandez et al., 2006 ;  Lee et al., 2006 ). 

By sequestering Csk and recruiting Shp2 and PTP-1B, pY14Cav1 

recruitment to FAs may promote the Rho GTPase activation and 

FA maturation that is essential for cell spreading and motility. 

 FAKY397 phosphorylation is a downstream response to 

integrin clustering and activation ( Mitra and Schlaepfer, 2006 ) 

and is essential for FA assembly and disassembly ( Giannone 

et al., 2004 ;  Webb et al., 2004 ;  Hamadi et al., 2005 ;  Owen et al., 

2007 ). It represents a high-affi nity binding site for the SH2 

domain of Src, leading to formation of a transient FAK-Src sig-

naling complex that further phosphorylates FAK (Y576, Y577, 

Y861, Y925) recruiting adaptor proteins such as p130Cas, paxil-

lin, and Crk promoting FA dynamics and tumor cell motility 

( Mitra and Schlaepfer, 2006 ). pY14Cav1 has been shown to re-

cruit Csk ( Cao et al., 2002 ;  Radel and Rizzo, 2005 ), inhibiting 

Src activity and leading to a p190RhoGAP-dependent increase 

in RhoGTP levels ( Grande-Garcia et al., 2007 ). Cav1  � / �   MEFs 

present fewer newly formed adhesions in cellular protrusions 

as well as defects in polarized spreading and reduced mobility 

( Grande-Garcia et al., 2007 ). We report that pY14Cav1 promotes 

the FA stabilization that is required for substrate adherence of 

 Figure 9.    pY14Cav1 regulates FA turnover and cellular 
displacement in MDA-435 human breast cancer cells.  (A) 
MDA-435 cells were transfected with FAK-GFP alone or FAK-
GFP with either Cav1-mRFP or CavY14F-mRFP and FAK-GFP 
imaged every 30 s for 30 min. Representative images at 
time 0, 6, 12, 18, 24, and 30 min are shown (see Videos 
1 – 3, available at http://www.jcb.org/cgi/content/full/
jcb.200709019/DC1). (B) Overlay of FAK-GFP images 
at time 0 (red) and 30 min (green) shows FA displacement 
over time (top) and cell outlines show cellular displacement 
over time (bottom). Protrusive regions are indicated by green 
 arrows and retractile areas by red arrows. (C) Stable, dis-
assembled, and newly formed FAs were quantifi ed as a per-
centage of total FAs during the 30-min interval of acquisition. 
(D) Retractile and protrusive cell areas over the 30-min inter-
val of acquisition and total cell area at 30 min were normal-
ized to cell area at time 0 and displayed as a percentage 
(mean  ±  SEM;  n  = 4; *, P  <  0.05; **, P  <  0.01 relative to 
FAK-GFP only). Bar, 20  μ m.   
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Mgat5 rescue of Mgat5  � / � ESC  cells induced FA formation and 

cell spreading in the absence of serum but not FAK stabilization 

in FAs. Indeed, clustering is not suffi cient for integrin  � IIb � 3-

mediated signaling, and also requires integrin conformational 

changes that involve separation of integrin transmembrane do-

mains ( Zhu et al., 2007 ). 

 Regulation of FA dynamics by the galectin lattice is also 

dependent on expression of pY14Cav1. Interdependence of FA 

turnover on both extracellular Gal-3 and intracellular pY14Cav1 

is an elegant example of the outside-in signaling that regulates 

integrin activation and cell adhesion ( Luo et al., 2007 ). Cav1 

binds directly to integrin, recruits Src-kinase, regulates FAK 

phosphorylation, and couples integrin activation to Ras-ERK 

signaling ( Wary et al., 1998 ;  Chapman et al., 1999 ;  Wei et al., 

1999 ). Cav1 phosphorylation is a consequence of integrin-

mediated mechanotransduction after shear stress is applied to 

endothelial cells ( Radel and Rizzo, 2005 ) and is lost upon inte-

grin dissociation from ligand ( del Pozo et al., 2005 ). Both Gal-3 

and pY14Cav1 are therefore required, but not necessarily suffi -

cient, for activation of Src kinases resulting in the stabilization 

of FA components and promotion of FA signaling, disassembly, 

and translocation. 

 Our data supports a model in which Gal-3 binding pro-

motes integrin clustering and formation of focal contacts ( Fig. 10 ).   

Subsequent recruitment of pY14Cav1 will result in the forma-

tion of a stabilized domain within the FA that promotes the sta-

bilized recruitment of FAK, paxillin, and other effectors of FA 

turnover. This domain is proposed to be equivalent to the 

ordered lipid domains in FAs previously described to be 

pY14Cav1 dependent ( Gaus et al., 2006 ). Together with the 

 established interaction of pY14Cav1 with integrins ( Wary et al., 

1998 ;  Wei et al., 1999 ;  Mettouchi et al., 2001 ;  del Pozo et al., 

2005 ;  Radel and Rizzo, 2005 ), these data conclusively describe 

a role for pY14Cav1 in FA domain organization. However, it is 

important to recognize that evidence for a stable association of 

pY14Cav1 within FAs is based on the use of a single monoclo-

nal antibody that crossreacts with phospho-paxillin ( Hill et al., 

2007 ). These data do not exclude a localization of pY14Cav1 

to FAs, but do suggest that the exclusive FA distribution of 

pY14Cav1 based on antibody labeling may be exaggerated. 

In ad dition, the role for pY14Cav1 as an inhibitor of Src leading 

to Rho activation ( Grande-Garcia et al., 2007 ) contrasts the criti-

cal role of Src kinase activity in phosphorylation of Cav1 and 

other FA components, such as FAK, leading to FA disassembly. 

As such, the formation of a stable pY14Cav1 containing domain 

within the FA, as proposed in  Fig. 10 , remains hypothetical and 

pY14Cav1-dependent regulation of FA domains may invoke 

the temporal and spatial recruitment of pY14Cav1 to FAs and 

mechanistic details that remain to be defi ned. 

 FA translocation and fi bronectin remodeling are complex 

multistep processes ( Geiger et al., 2001 ). Both Gal-3 and Cav1 

are multifunctional proteins with a multitude of binding proteins. 

Gal-3 stimulation of pY14Cav1 may not be limited to FAs, and it 

is also possible that Gal-3 and pY14Cav1 play multiple roles in 

FA turnover and maturation. Indeed, Cav1 and raft membrane 

domains have been shown to be involved in FN reorganization 

( Hocking and Kowalski, 2002 ;  Sottile and Chandler, 2005 ). 

 Using the fl uorescent probe Laurdan that labels ordered 

membrane domains, the FA membrane has been shown to be 

highly ordered and in fact better ordered than caveolae and 

 cholesterol-dependent raft domains ( Gaus et al., 2006 ). FA mem-

brane order was reduced in Cav1  � / �   MEFs and more effi ciently 

restored in cells transfected with wild-type Cav1 than in cells 

transfected with Cav1Y14F. Together with the reduced sensitiv-

ity to Src inhibition of FAK stabilization in FAs by Cav1Y14D 

compared with wild-type Cav1, this indicates that pY14Cav1 

recruitment to FAs regulates the order and structure of these 

cellular domains. The ability of Cav1Y14R, in which a posi-

tively charged arginine residue replaces the negatively charged 

phosphotyrosine, to functionally mimic pY14Cav1 in a Src-

independent manner suggests that conformational changes due 

to Y14 phosphorylation may be involved in pY14Cav1 function. 

The demonstration here that pY14Cav1 reduces the availability 

of FAK within FAs for dynamic exchange is consistent with its 

ability to promote membrane order within FAs ( Gaus et al., 

2006 ). It further argues that regulation of membrane order 

within FAs by pY14Cav1 is a determinant of the dynamics and 

stabilization of FA components, including FAK. 

 Interdependence of the galectin lattice and 
pY14Cav1 on FA dynamics in tumor cells 
 Expression of the Mgat5/Gal-3 lattice is required for pY14Cav1 

to impact on FA dynamics. Gal-3 forms pentamers, shows 

close molecular interaction on the cell surface ( Ahmad et al., 

2004 ;  Nieminen et al., 2007 ), and exhibits affi nity for N-glycans 

in proportion to GlcNAc branching ( Hirabayashi et al., 2002 ). 

Recruitment to the galectin lattice regulates receptor signal-

ing ( Demetriou et al., 2001 ;  Partridge et al., 2004 ). Gal-3 – 

mediated clustering of Mgat5-modifi ed N-glycans stimulates 

integrin activation and phosphorylation of FAKY397 ( Lagana 

et al., 2006 ). Disruption of the Mgat5/Gal-3 lattice by siRNA 

knockdown of Mgat5 attenuated EGF-induced FAK dephos-

phorylation and activation of Shp2 and inhibited tumor cell 

motility and invasiveness ( Guo et al., 2007 ). Interestingly, cell 

surface clustering of GalT, which exhibits a similar galactose 

specifi city to Gal-3, has also been shown to promote FAKY397 

phosphorylation and loss of FAs ( Wassler and Shur, 2000 ). 

FRAP analysis shows here that it also plays a critical role in 

regulating FAK molecular dynamics. 

 Lateral association of integrins into clusters generates FA 

precursors and is a result of a combination of various extra-

cellular and intracellular stimuli including ligand binding, inte-

grin activation, and actin polymerization ( DeMali et al., 2003 ;  

Ginsberg et al., 2005 ). Introduction of an N-glycosylation site at 

the interface of the I-like and the hybrid domain of  � 3 integrin 

forces the integrin to adopt an extended conformation that re-

sults in integrin activation and clustering and slows integrin ex-

change ( Cluzel et al., 2005 ). Expression of the Mgat5/Gal-3 

lattice slows  � 5-integrin exchange ( Fig. 3 ) and promotes inte-

grin organization into focal and fi brillar adhesions ( Lagana et al., 

2006 ). Gal-3 – dependent integrin activation was enhanced by 

addition of RGD ligand, suggesting that integrin clustering pro-

motes but may not be suffi cient for activation ( Lagana et al., 

2006 ). Consistent with a role for Gal-3 in integrin clustering, 
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as phospho-peptide turnover rates. Shallow external gradients 

of growth factors can amplify internal gradients of PtdIns(3,4,5)P 3  

at the leading edge due to positive feedback through PI3K and 

Rac/Cdc42, resulting in membrane ruffl ing and persistent cell 

protrusion and motility ( Wang et al., 2002 ). Mgat5 opposes 

PTEN phosphatase to regulate cellular sensitivity to extracellu-

lar cues and cell polarity ( Cheung and Dennis, 2007 ). Coordi-

nate recruitment via the galectin lattice of cytokine receptors, 

such as EGFR, and integrins to nascent FAs at the leading edge 

may selectively promote the FA domain stabilization and sig-

naling enhanced by pY14Cav1 that is associated with dynamic 

adhesion turnover and directional cell migration. 

 Interestingly, recruitment of EGFR to oligomerized Cav1 

microdomains, via the scaffolding domain and not the pY14 

motif, inhibits lateral mobility of EGFR and EGF-dependent 

activation in lattice-defi cient Mgat5  � / �   cells. Conversely, restrict-

ing EGFR diffusion by recruitment to the galectin lattice limits 

interaction with negative regulatory Cav1 microdomains, pro-

moting EGFR signaling and tumor growth ( Lajoie et al., 2007 ). 

 The galectin lattice, Cav1, and 
tumor progression 
 Crosstalk between integrins and growth factor receptors regu-

lates epithelial – mesenchymal transition, angiogenesis, survival, 

and tumor cell invasion by disrupting cell – cell adhesion, induc-

ing FA maturation and disassembly, and enabling matrix re-

modelling ( Guo and Giancotti, 2004 ). Affi nity for the galectin 

lattice will vary for different proteins depending on the number 

of N-glycan chains ( Lau et al., 2007 ), and the lattice is likely a 

highly heterogeneous domain composed of multiple and varied 

glycoproteins. It is therefore tempting to speculate that recruit-

ment to the galectin lattice promotes interaction between growth 

factor receptors and integrins. 

 Our results show that extracellular cross-linking of glyco-

proteins by the Mgat5-dependent galectin lattice and intracellu-

lar Cav1 binding to FA proteins via the pY14 motif cooperate to 

slow the exchange of FAK, paxillin, and  � 5-integrin in FAs. 

Increasing the stability of these proteins in FA domains promotes 

FA maturation, due to increased FA signaling intensity as well 

 Figure 10.    Gal-3 and Cav1 work in concert to gener-
ate intra-FA domains.  (A) In Mgat5  � / �   cells lacking the 
Mgat5/galectin lattice, FAs are defi cient and FAK is 
mostly cytosolic. (B) Gal-3-dependent integrin clustering 
promotes integrin activation as well as ligand-induced in-
tegrin activation ( Lagana et al., 2006 ). Under serum-free 
conditions, expression of the Mgat5/galectin lattice alone 
can induce the formation of FAs and cell spreading (i.e., 
ESC-Rescue cells) but not FAK stabilization in FA domains. 
(C) Expression of pY14Cav1 results in the formation of an 
ordered membrane domain ( Gaus et al., 2006 ) that re-
sults in the stabilization within the FA of integrin, FAK, and 
paxillin as well as, potentially, other FA components. Src-
dependent FAK phosphorylation and its stable association 
with FAs lead to focal disassembly and turnover ( Hamadi 
et al., 2005 ) and pY14Cav1 promotes FA disassembly 
such as observed in Cav1 transfected MDA-435 cells 
( Fig. 9 ). However, Gal-3/pY14Cav1-mediated stabiliza-
tion of FAK in FAs is not suffi cient to induce FA disassembly 
( Fig. 7 ). How domain organization occurs within the FA 
remains speculative and the concentration of integrin and 
FAK within an intra-FA liquid ordered domain is hypotheti-
cal. Indeed, the temporal and spatial nature of pY14Cav1 
association with FAs remains to be determined.   
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oligonucleotides (custom synthesized) or control siRNA (si CONTROL  non-
targeting siRNA no. 1; Dharmacon) using Lipofectamine 2000 transfection 
reagent following the protocol described by the supplier (Invitrogen). 

 Immunofl uorescence labeling and FACS analysis 
 Cells plated on glass coverslips coated with 10  μ g/ml of FN were fi xed 
with 3% paraformaldehyde and permeabilized with 0.1% Triton X-100 be-
fore washing and incubation with phalloidin and primary and fl uorescent 
secondary antibodies ( Lagana et al., 2006 ). After labeling, coverslips 
were mounted in CelVol (Celanese, Ltd.) and imaged with the 60 or 100x 
planApochromat objectives (NA 1.35) of a confocal microscope (FV1000; 
Olympus). Cell surface Gal-3 expression was determined by FACS analy-
sis of surface-labeled cells at 4 ° C with the TIB-466 anti-Gal-3 mAb (ATCC). 
Dead cells were excluded using propidium iodide and fl ow cytometry mea-
surements of at least 50,000 viable cells were performed using CellQuest 
software on a FACSCalibur (BD Biosciences). 

 Western blotting 
 Cell pellets from 80% confl uent cultures were washed with cold PBS and 
resuspended in lysis buffer (20 mM Tris-HCl, pH 7.6, 0.5% NP-40, 250 mM 
NaCl, 3 mM EDTA, 3 mM EGTA containing freshly added 2 mM DTT, 0.5 mM 
PMSF, 1 mM sodium vanadate, 2.5 mM sodium fl uoride, and 1  μ M leu-
peptin) for 30 min at 4 ° C, pelleted at 13,000 rpm at 4 ° C, and the super-
natant collected and stored at  � 80 ° C. Equal amounts of proteins were 
separated on 12% SDS-PAGE, electroblotted onto nitrocellulose, probed 
with L-PHA-HRP or the indicated antibodies and HRP-conjugated secondary 
antibodies, and revealed by ECL. 

 FRAP measurements 
 FRAP was performed on a confocal microscope (FV1000; Olympus) 
equipped with a 60x planApochromat objective (NA 1.35; oil) and SIM 
scanner. Cells were plated at low density on FN (10  μ g/ml) for 24 h in an 
8-well IDIBI chamber, transfected with FAK-GFP, Paxillin-GFP, or  � 5-integrin-
GFP, and experiments were performed 24 h later at 37 ° C. Two prebleach 
events were acquired followed by a single bleach event using the simulta-
neous and independent stimulation of the 405 line of the SIM scanner. 
Fluorescence recovery was followed at 4-s time intervals until the intensity 
reached a plateau. Fluorescence during recovery was normalized to the 
prebleach intensity. Relative recovery rates for FAK-GFP at FAs were com-
pared using the half-time for recovery of fl uorescence toward the asymp-
tote. Intensity ratios in the bleached area were compared before bleaching 
and after recovery to calculate mobile and immobile fractions using Prism 4 
(GraphPad). Graphs are representative of a minimum of three independent 
experiments in which between 6 and 15 FAs were bleached. 

 Wound-healing motility assay and cell spreading 
 Motility of PyMT mammary tumor cells plated on 35-mm plastic dishes 
coated with 10  μ g/ml of FN was assessed in serum-free medium by wound 
healing over 24 h as previously described ( Lagana et al., 2006 ). Cell mo-
tility was quantifi ed with ImagePro analysis software by measuring the dis-
tance from the scrape of the 10 most motile cells for 4 fi elds of each 
condition. Cell area was measured from confocal images taken with a 40x 
objective of Alexa568-phalloidin labeled cells using ImagePro. Cells not 
fully in the frame and overlapping cells were excluded and the areas of at 
least 15 cells per cell line per experiment were measured. 

 FA turnover and live cell imaging 
 Cells were plated at low density on FN (10  μ g/ml) for 24 h in an 8-well 
IDIBI chamber, transfected with FAK-GFP and either Cav1-mRFP or CavY14F-
mRFP. After 24 h, transfected cells were identifi ed and images of FAK-GFP 
acquired every 30 s for 30 min at 37 ° C. FA disassembly and formation were 
visualized and quantifi ed manually as the loss or appearance of fl uores -
cence in a selected region of interest. Quantifi cation of the percentage of 
stable (immobile), disassembled, or newly formed FAs is presented as mean 
( ±  SEM) of four different experiments ( n  = 4, 362 FAs for Cav1-mRFP, 
178 for CavY14F-mRFP, and 237 for FAK-GFP only). Cell outlines were 
manually drawn and areas of cellular protrusion were quantifi ed by count-
ing nonoverlapping pixels at time 30 compared with time 0 min and retrac-
tion by counting nonoverlapping pixels at time 0 compared with time 
30 min. Image analysis and quantifi cation was performed using either 
ImageJ (NIH Image software, http://rsb.info.nih.gov/ij/) or Image Pro. 

 Online supplemental material 
 Supplemental fi gures show that Cav1 expression does not impact on  
� 1-integrin distribution in Mgat5  � / �   cells (Fig. S1) and that PP2 does not 
affect FAK-GFP dynamics in focal adhesions of ESC-Rescue cells using 

This suggests that Cav1 is a conditional tumor suppressor, acting 

to restrict cytokine growth signaling only in the absence of Mgat5 

and the galectin lattice. However, as shown here, and consistent 

with the poor prognosis associated with elevated Cav1 expression 

in a number of tumor types ( Yang et al., 1999 ;  Suzuoki et al., 2002 ; 

 Savage et al., 2007 ), coexpression of the Mgat5/galectin lattice 

and Cav1 in tumor cells will not only result in domain competition 

to limit negative regulation of cytokine receptor signaling by Cav1, 

but also result in their concerted action via pY14Cav1 to promote 

FA turnover and tumor cell migration. 

 Materials and methods 
 Antibodies and reagents 
 Bovine plasmatic FN, bovine serum albumin solution (BSA, 30%), swainso-
nine,  � -lactose, mouse anti-talin, and mouse anti- � -actin antibodies were 
purchased from Sigma-Aldrich. L-PHA-HRP was purchased from EY Labora-
tories. Rabbit anti-Cav1, mouse anti-myc, and mouse anti-Gal-3 antibodies 
were purchased from Santa Cruz Biotechnology, Inc.; mouse anti-pY14Cav1 
antibodies from Transduction Laboratories; rat anti – mouse  �  1 -integrin 
(MAB1997) antibody from Chemicon; rabbit anti-FAK-P397 and anti-
FAK antibodies from Invitrogen; mouse anti-paxillin antibodies from EMD; 
and mouse anti-ILK antibodies from Millipore. Monoclonal rat anti-Gal-3 
antibody (TIB166) was purchased from the American Type Culture Collec-
tion (ATCC). HRP-conjugated rat, mouse, and rabbit secondary antibodies 
were purchased from Jackson ImmunoResearch Laboratories. Phalloidin 
and secondary antibodies conjugated to Alexa 488, 568, or 647 were 
purchased from Invitrogen. Human recombinant Gal-3 was produced as 
previously described ( Gong et al., 1999 ). 

 Cell culture 
 Mgat5 +/+  (Mgat5 +/+ (2.6)), Mgat5  – / –   (Mgat5  – / –  (22.9)), and Mgat5  � / � ESC  
(Mgat5  � / �  (22.10)) murine mammary tumor cells were obtained from PyMT 
mammary tumors ( Granovsky et al., 2000 ). Mgat5  � / �   and Mgat5  � / � ESC  
cells were genetically rescued by infection with a pMX-PIE retroviral vector 
for expression of murine Mgat5 selected by growth in medium containing 
1  μ g/ml puromycin ( Partridge et al., 2004 ) and designated Rescue and 
ESC-Rescue, respectively. PyMT murine mammary epithelial cells were grown 
in DMEM and MDA-435 human breast carcinoma cells (ATCC) in RPMI sup-
plemented with nonessential amino acids, vitamins, glutamine, penicillin-
streptomycin (Invitrogen), and 10% fetal bovine serum (Immunocorp) at 
37 ° C in a humidifi ed 5% CO 2 /95% air incubator. Where indicated, cells 
grown under serum-free conditions were plated for 24 h in complete medium 
and then rinsed and grown for 24 h in serum-free media. 

 Adenoviral infection, constructs, and siRNA transfection 
 Human Cav1-myc-mRFP was cloned into mammalian expressing pRFP-N1 
placing under CMV promoter. To prepare phosphomimetic Cav1Y14D-
mRFP, Cav1Y14D cDNA was PCR amplifi ed from GFP-Cav1Y14D (pro-
vided by Rich Minshall, University of Illinois at Chicago, Chicago, IL) using 
Cav1-BamHI-Rev (5 �  GGG GAT CCC TAT TTC TTT CTG CA AGT TGA TGC 
GGA C 3 � ), Cav1-HindIII-For (5 �  GGA AGC TTA GCA TGT CTG GGG 
GCA AAT AC 3 � ) primers. Amplifi ed product and pRFP-N1 vector were re-
striction digested with HindIII – BamHI, gel purifi ed, cloned, and verifi ed by 
sequencing. Tyrosine (Y)14 in human Cav1-mRFP was mutated to either 
phenylalanine (F) or arginine (R) by PCR-based overlapping extension tech-
nique with the altered codon indicated in bold (Forward primers: 5 �  G 
GGA ATT CTA GCA TGT CTG GGG GCA AAT ACG TAG ACT CGG 
AGG GAC ATC TC T TC A ML 3 � , 5 �  AAG CTT AGC ATG TCT GGG GGC 
AAA TAC GTA GAC TCG GAG GGA CAT C TC C GC ACC 3 � ; Reverse 
primer: 5 �  GGG ATC CCC AGA TCC TCT TCT GAG ATG AG 3 � ). 

 Transient transfections were performed using Effectene (QIAGEN). 
Cells infected for 48 h with adenovirus expressing myc-tagged Cav1 under 
the control of the tetracycline-regulated promoter were visualized with anti-
myc antibodies (Santa Cruz Biotechnology, Inc.). 

 To knockdown Cav1, Mgat5 +/+  cells were cultured in complete me-
dium for 24 h before the transfection with specifi c mouse Cav1 siRNA or 
control siRNA using Dharmafect 3 transfection reagent (Dharmacon). For 
the Gal-3 knockdown, we used the previously described siRNA oligonucleo-
tide sequences and protocol ( Henderson et al., 2006 ). In brief, Mgat5 +/+  
cells were transfected with the specifi c pool of four mouse Gal-3 siRNA 
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