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 THE INTEGRIN �1 REGULATES GALECTIN-3 EXPRESSION TO 
MODULATE ADHESION AND MIGRATION. 

 
Iman van den Bout, Coert Margadant, Stephan Huveneers, Victor Thijssen, Erik H.J. Danen and Arnoud 

Sonnenberg 

 
 

Reconstitution of the integrin �1 in �1-knockout cells results in dramatic changes in morphology, 
migration and RhoA activity.  Considering these dramatic changes we hypothesized that gene 
regulation might also be affected.  We used micro array analysis to evaluate gene transcription in cells 
with or without �1 and identified three genes whose transcription is regulated by �1.  Of these three 
only the transcription of the gene coding for the galactose binding lectin galectin-3, is highly increased.  
Furthermore, our data shows that �1, but not �3, regulates galectin-3 expression while the expression 
of only one other galectin family member, galectin-1, is increased by �1 and �3.  Therefore, increased 
galectin-3 expression is a specific �1-mediated effect.   Further investigations show that the 
extracellular domain and more specifically the presence of the hypervariable region within the I-like 
domain of �1 is required for increased galectin-3 expression.  Since this region has also been shown to 
regulate RhoA GTPase activity, we investigated if RhoA is important for galectin-3 expression.  Using 
different approaches we show that RhoA activity does not regulate galectin-3 expression.  
Furthermore, functional analysis reveals that galectin-3 promotes cell adhesion to fibronectin and 
migration.  However, galectin-3 is not involved in �1-mediated fibronectin fibrillogenesis or the 
maintenance of cell morphology.  In conclusion, �1 increases galectin-3 expression through a RhoA-
independent pathway in order to increase cell adhesion and migration.       
 
Introduction 
 
Integrins are heterodimeric transmembrane glycoproteins that bind to the extracellular matrix in order to 
facilitate cell adhesion and relay extracellular signals to the cell interior.  These signals can regulate different 
processes such as proliferation, migration, survival and differentiation (1).  Integrin mediated cell signaling 
also plays a role in the regulation of gene expression.  For instance, the binding of �5�1 to fibronectin or of 
�v�3 to vitronectin leads to an increase in Bcl-2 transcription (2).  Moreover, re-expression of �v�3 in �3 
knockout cells results in an increase in cdc2 expression (3) while the overexpression of �3 leads to the 
downregulation of MacMARCKS (4) and of uPAR expression (5) .   
 
Previously, we have shown that the expression of the �1 integrin subunit in the �1-knockout cell line GE11, 
(called GE�1) results in the loss of cell-cell contacts and induces changes in the actin cytoskeleton while it 
also leads to increased RhoA GTPase activity, migration, cell adhesion and fibronectin fibrillogenesis (6;7).  
We hypothesized that the expression of �1 would affect gene transcription.  Indeed, micro array analysis 
identified two genes whose transcription were reduced by �1 expression namely those coding for Thymosin-
�10 and Insulin-like growth factor binding protein-4 (IGFBP-4)) while the transcription of the gene coding 
for the �-galactose binding lectin galectin-3, was highly increased in GE�1 cells.   
Thymosin-�10 is a G-actin sequestering protein (8) and IGFBP-4 plays a role in Insulin growth factor (IGF) 
binding to its receptor (9).  Since galectin-3 has previously been shown to interact with �1 integrins and 
modulates adhesion it was chosen for closer investigation (10).   
 
The �-galactoside-binding lectins, also known as galectins, are a family consisting of 15 highly conserved 
proteins that bind to glycosylated proteins through their carbohydrate recognition domain (CRD) (10).  The 
galectin family can be divided into three structural groups.  The prototype group includes galectins that have 
a single CRD while the second group, called the tandem repeat group consists of galectins containing two 
CRDs.  Galectin-3 is unique in that it contains a single CRD attached to a long N-terminal proline- and 
glycine-rich region (10).  Increased galectin-3 expression has been used as a marker for a poor prognosis in a 
number of cancers such as colorectal cancer (11), non-small-cell lung cancer (12) and medullary thyroid 
carcinoma (13).   
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Galectin-3 is present in the nucleus and cytoplasm, but it can also be found on the cell surface (14) where it 
can bind to integrins such as �1�1 (10), �M���(15), and �7�1 (16) or to the T-cell receptor complex on T-
cells (17).   
 
In addition to binding to cell surface receptors, galectin-3 can bind to extracellular matrix (ECM) proteins 
such as laminin and fibronectin (18).  While cell adhesion to the ECM is mainly mediated by integrins, 
galectins can modulate this interaction.  For instance, it has been shown that overexpression of galectin-3 can 
protect cells from anoikis by improving integrin-mediated adhesion (19).  Moreover, galectin-3 is expressed 
at higher levels in metastatic breast carcinoma cells when compared to non-metastatic cells and these 
metastatic cells adhere better to endothelial cells (20).   
 
In this report, we show that the reconstitution of �1, but not the overexpression of �3, in the �1 knockout cell 
line GE11, results in increased galectin-3 expression.  Not only galectin-3 but also galectin-1 expression was 
increased by �1.  Galectin-1 expression is not specifically regulated by �� since �3 overexpression also led 
to higher galectin-1 expression levels.  Studies using different �1 mutants indicate that the presence of the 
hypervariable region of the I-like domain of �1 is required for galectin-3 expression.  Although this region of 
�1 has been shown to regulate RhoA GTPase activity (21), we could not demonstrate that galectin-3 
expression is regulated by RhoA.  Furthermore, functional studies show that galectin-3 enhances adhesion to 
the ECM protein, fibronectin, and increases migration.  However, the RhoA-dependent effects on fibronectin 
fibrillogenesis and cell morphology (6) are not regulated by galectin-3.  Therefore, �1 specifically regulates 
the expression of galectin-3 independently of RhoA activity in order to enhance integrin-mediated cell 
adhesion and migration. 
 
Experimental procedures 
 
Antibodies and other materials 
 
The monoclonal anti-paxillin Ab (clone 1665) and anti-human �1 TS 2/16 Ab (clone 18) were obtained from 
BD Transduction Labs, rat anti-mouse galectin-1 Ab was obtained from R&D systems and the monoclonal 
galectin-3 Ab was from Abcam (clone A3A12).  Tubulin was detected with an anti-�-tubulin monoclonal Ab 
from Sigma.  The RhoA monoclonal Ab (clone 26C4) was obtained from Santa Cruz.  Texas Red conjugated 
Phalloidin and TOPRO-3 were obtained from Molecular Probes.  Texas Red- and FITC conjugated 
Streptavidin were purchased from Pierce Chemical Co., and human plasma fibronectin and biotinylated-
fibronectin were prepared as described previously (6).  Rho kinase (ROCK) was inhibited with the ROCK 
inhibitor Y27632 from Sigma.  
 
Cell lines 
 
GE11 cells and GE11 cells re-expressing the human �1, overexpressing the human �3 integrin subunit or 
expressing the chimera integrin subunit �1-3 have been described previously (6;7). Cells were cultured in 
DMEM with 10% fetal calf serum (FCS), penicillin and streptomycin at 37 oC with 5% CO2. The cDNA 
encoding �1-3-1 was kindly provided by Dr. Yoshikazu Takada (University of California Davis Medical 
Center, Sacramento, California, USA).  The pcDNA3 Q63L RhoA-GFP construct was kindly provided by 
Dr. Sylvia Gutkind (NIH, Bethesda, Maryland, USA) (22). 
 
Micro array analysis 
 
Micro array slides were prepared at the central microarray facility (CMF) at the Netherlands Cancer Institute. 
A list of genes is available at http://microarrays.nki.nl/download/geneid.html. Cell lines were grown in 
DMEM with 10% FCS overnight before total RNA was isolated, labeled and hybridized and analyzed as 
described at http://microarrays.nki.nl/download/protocols.html.   
 
Northern blot analysis 
 
Clones of identified genes were obtained from the CMF and used to make probes for Northern blot analysis.  
The following primers were used: thymosin �10 AGACGCAGGAGAAGAACACC and 
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ACGCGTACGTAAGCTTGGAT, galectin-3 TACCCAGGAAAATGGCAGAC and 
GATAGCCTCCAGGAGCACTG, IGFBP-4 GGAGTCTGAGTCCTGGCTGT and 
AATCGGAGGAAATCACAACG.  Total RNA was isolated using guanidine-isothiocyanate (GIT) as 
described previously (4).  Northern blots were performed using standard protocols.  
 
Western blot analysis 
 
Cells were seeded on culture plates and grown overnight before being washed with PBS and lysed in 1x 
protein loading buffer (62.5 mM Tris-HCl, pH 6.8, 20% glycerol, 2% SDS, 5% mercaptoethanol).  After the 
samples were boiled for 3 minutes they were centrifuged for 2 minutes at 14,000 rpm.  Samples were loaded 
onto SDS-PAGE gels, separated and transferred to polyvinylidene difluoride membranes (Millipore) and 
analyzed by Western blotting followed by ECL using the Super signal system (Pierce Chemical Co.). 
 
Realtime PCR 
 
To quantify different galectin mRNA levels, realtime PCR was performed using the iCycler (Biorad).  Each 
galectin was measured in a total volume of 25 �l containing 1.5 �l cDNA, 12.5 �l iQ SYBR Green Supermix 
(Biorad) and 400 nM of both the forward and reverse primer. As negative control, the cDNA was replaced 
by milliQ. The primers used for this study were designed to target specific murine galectins as described 
previously (23). As standard control, primers targeted against cyclophilin A, �-actin and HPRT-1 were used. 
All primers were synthesized by Eurogentec and each sample was analyzed in quadruplicate. The 
comparative Ct method was used to calculate differences in mRNA expression between GE11 and GE�1 
cells. For this, the Ct value of each sample was normalized to the geometric mean of the three reference 
genes ([delta]Ct = Ct,sample - (Ct,cyclo*Ct,actin*Ct,HPRT)1/3). Subsequently, the fold difference in expression was 
calculated as 2-[delta][delta]Ct, with [delta][delta]Ct = [delta]Ct,GE11 - [delta]Ct,GEB1. The Mann-Whitney rank sum 
test was used to identify statistical significant differences between [delta]Ct-values of GE11 and GEB1. All 
statistical analyses were performed in SPSS12.0. 
 
Immunofluorescence and flow cytometry 
 
For immunofluorescence cells were fixed in 2% paraformaldehyde for 15 minutes and permeabilized with 
0.2% Triton X-100 for 5 minutes with washing with PBS in between steps. Coverslips were subsequently 
blocked with 2% BSA in PBS for 1 hour at room temperature (RT). Coverslips were incubated with primary 
antibodies for 1 hour at RT, washed three times in PBS and incubated with FITC- or Texas Red-conjugated 
secondary antibody (Jackson ImmunoResearch Laboratories) for 1 hour at RT. Slides were mounted in 
MOWIOL 4-88 solution supplemented with DABCO (Calbiochem) and examined with a confocal Leica 
TCS NT microscope.   
For FACS analysis cells were trypsinized, washed twice in cold PBS supplemented with 2% FCS and 
incubated with primary antibody for 45 minutes at 4oC.  Cells were subsequently washed in cold PBS 
supplemented with 2% FCS and incubated with FITC- or PE-conjugated secondary antibody for another 45 
minutes at 4oC.  Cells were washed again and resuspended in PBS with 2% FCS and analyzed using a 
FACSCalibur (Becton Dickinson).  
 
RNAi against galectin-1 and galectin-3 
 
A SMARTpool® from Dharmacon consisting of 4 siRNAs (catalog number M-042642-00-0010) against 
galectin-1 (NM_008495) was used to transfect GE�1 cells.  The standard siCONTROL® siRNA from 
Dharmacon was used as negative control.  For galectin-3 knockdown a custom siRNA was ordered from 
Dharmacon with the target sequence GUAACACGAAGCAGGACAA.    Cells were transfected using the 
standard transfection protocol provided by Dharmacon using the transfection reagent DharmaFECT® 1.  
Experiments were performed 48 hours post transfection and protein expression was analyzed each time.  
 
Fibronectin binding assays 
 
For soluble fibronectin binding cells were trypsinized and resuspended in DMEM supplemented with 0.5% 
BSA, 2 mM MnCl2 and 10 μg/ml biotinylated fibronectin for 1 hour at 4°C. After centrifugation the cells 
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were washed in 0.9% NaCl and 2 mM MnCl2 and subsequently labeled with PE-conjugated streptavidin for 
30 minutes at 4°C. Samples were then analyzed using the FACSCalibur. 
 
Adhesion assay to fibronectin-coated surfaces 
 
96-well plates were coated overnight with 8 �g/ml fibronectin in PBS at 4°C and blocked the next day in 1% 
BSA for 1 hour at 37°C.  Cells were trypsinized, washed once in DMEM supplemented with FCS and then 
resuspended in DMEM alone.  30 000 cells were added to individual wells and allowed to adhere for the 
indicated timepoints.  Non-adherent cells were washed away with PBS before substrate buffer (7.5 mM p-
nitrophenyl N-acetyl-beta-D-glucosaminide (NPAG), in 0.1 M sodium citrate pH 5, 0.5% Triton-X100) was 
added to each well.  Plates were then incubated overnight at 37°C after which stop buffer (50mM glycine, 
pH 10.4, 5mM EDTA) was added and the absorbance was measured at 405 nm on a BioRad microplate 
reader.  Total cell amounts were measured by taking 30 000 cells, centrifuging them and adding the substrate 
buffer.  Three wells were used per condition in each experiment and experiments were repeated three times. 
Adhesion was measured as the fraction of cells adhering compared to the positive control.  Graphs represent 
the average of three independent experiments. 
 
Scratch assays 
 
Cells were seeded in 24-wells plates, grown to confluency, and subsequently serum starved overnight. To 
inhibit proliferation, cells were treated with 10 �g/ml mitomycin C (Nycomed Inc., Breda, The Netherlands; 
10 �g/ml) 2 hours before wounding. Monolayers were scratched with a yellow pipette tip and washed twice 
in serum-free medium to remove cell debris, prior to stimulation with fresh medium. Cells were then 
incubated at 37 °C and scratched areas were photographed overnight at 10x magnification. Relative 
migration was calculated from the scratch area at t (end) over the scratch area at t(0) and averaged from 3 
independent experiments done in triplicate. 
 
Fibronectin fibrillogenesis assay 
 
Cells were plated on 12 mm coverslips in DMEM with 10% FCS and allowed to form a confluent layer.  The 
medium was subsequently replaced with DMEM containing fibronectin-depleted serum supplemented with 
10 �g/ml biotinylated fibronectin and incubated for 6 hours or overnight.  Cells were washed and processed 
for immunofluorescence as described above and incubated with strepavidin-Texas Red conjugate to visualize 
the fibers and TOPRO-3 as nuclear staining before slides were mounted and examined under the microscope.  
For quantification several fields were photographed of each slide with the same settings and total 
fluorescence was measured using ImageJ software for each field and divided by the number of cells per field.   
 
Proliferation assay 
 
Cells were plated on 12 mm coverslips in DMEM supplemented with 10% FCS and incubated the next day 
for 2 hrs with 10 �M Bromo-deoxy-uridine (BrdU; Roche). Cells were then fixed and processed for 
immunofluorescence as described, with the following modification. Before blocking, cells were treated with 
2 M HCl for 30 minutes at 37°C to denature nuclei. Nuclei were counterstained using TOPRO-3. Images 
were acquired from 3-9 fields per coverslip using a confocal Leica TCS NT microscope, and BrdU-positive 
nuclei were expressed as a fraction of the total number of nuclei. The average of three independent 
experiments is depicted.  
 
Results 
 
Identifying genes whose expression is regulated by the integrin �1 
 
Reconstitution of �1 in the �1 knockout GE11 cell line (called GE�1), leads to striking morphological 
changes, loss of cell-cell contacts, increased cell adhesion and migration, increased RhoA GTPase activity 
and fibronectin fibrillogenesis (6;7;24).  To measure �1-mediated changes in gene expression, we performed 
a microarray analysis of knockout GE11 cells and GE�1 cells.  Genes were identified as valid targets of 
regulation if their transcription had changed in at least two out of three independent experiments and if their 
mRNA levels differed by three-fold or more between the two cell lines.  Using these criteria we identified 
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three genes whose expression levels were altered upon �1 expression (Table 1).  In GE�1 cells Tmsb10 
(thymosin-�10) and Igfbp4 (IGFBP-4) mRNA levels were reduced while the mRNA level of Lgals3 
(galectin-3) was strongly increased.  Northern blot analysis using probes specific for these three genes 
confirmed that Lgals3 transcription was strongly upregulated in the GE�1 cells while IGFBP-4 and 
thymosin-�10 mRNA levels were reduced (Fig. 1A).  IGFBP-4 is important in the insulin pathway and 
regulates the transport of IGF I and II (9), while thymosin-�10 is a G-actin sequestering protein and an 
inhibitor of angiogenesis (8).  Interestingly, galectin-3 directly interacts with �1 integrins (25) and was 
therefore chosen for further investigation.   
 
 
�
�
�
�
�
�
�
�
�
Table 1. Genes differentially regulated by �1 were identified by micro array analysis of GE11 versus GE�1 cells. 
Identified genes with the accession number from which probes were made are shown in the table together with the 
average mRNA level from three independent experiments in GE�1 relative to those from GE11 that was set to 1.�
�
�1 specifically regulates galectin-3 
 
The galectin family consists of 15 members of which galectin-1, -3 and –8 are the best studied.  Since not all 
galectins were represented on the micro array used, a quantitative PCR was performed to measure the mRNA 
levels of other galectins in the GE11 and GE�1 cells (Fig. 1B).  Of the galectins tested only Lgals1 
transcription was detected in GE11 cells and its transcription was increased 4-fold in GE�1 cells.  However, 
the increase in galectin-1 transcription was modest compared to the 28-fold increase in galectin-3 
transcription measured in GE�1 cells.   
We investigated by Western blotting if the higher mRNA levels for galectin-1 and galectin-3 in GE�1 cells 
resulted in increased protein expression (Fig. 1C).  Moreover, protein expression of galectin-1 and –3 was 
analyzed in cells overexpressing �3 (GE�3) to determine if the regulation of the proteins was specific for �1.  
Galectin-3 protein was detected in GE�1 cells but not in GE11 or GE�3 cells indicating that �1, but not �3, 
enhances galectin-3 expression.  On the other hand, galectin-1 was expressed in all cell lines but its 
expression was stronger in GE�1 and GE�3 cells.  Therefore only �1 upregulates galectin-3 expression while 
both �1 and �3 modulate galectin-1 expression.   
 
The hypervariable region of the I-like domain of �1 is required for increased galectin-3 expression 
 
To investigate if galectin-3 expression coincides with other features of the �1-induced phenotype several 
mutants of �1 were expressed in the GE11 cell line.  A chimera consisting of the extracellular and 
transmembrane regions of �1 fused to the cytoplasmic domain of �3 was expressed in GE11 cells (GE�1-3) 
(6).  The morphology of GE�1-3 cells was similar to that of GE�1 cells i.e. cells appeared fibroblast-like 
lacking cell-cell contacts (6) (Fig. 2A). Next, we investigated if the hypervariable region of the I-like domain 
of �1 was important for the regulation of galectin-3 expression. The hypervariable region forms a cysteine 
loop that affects ligand specificity (26).  Moreover, this region was also shown to regulate the activity of Rho 
GTPases (21) and we recently observed that replacing this region in the �1 I-like domain with the same 
region of �3 resulting in the GE�1-3-1 cell line inhibits RhoA-mediated contractility and fibronectin 
fibrillogenesis by �1 (27) (Fig 2A). Galectin-1 and galectin-3 expression  was analyzed in the mutant cell 
lines and GE�1 and GE�3 cells (Fig. 2A).  GE�1 and GE�1-3 cells, but not GE�3 or GE�1-3-1 cells 
expressed high levels of galectin-3.  In contrast, the level of galectin-1 expression was similar in GE�1, 
GE�1-3 and  

 

                                                                        

Protein names 

Genbank 
accession 
number 

Relative 
mRNA levels 
compared to 

GE11 
Thymosin ß-10 BG063081 0.24 
 IGFBP-4, insulin-like growth factor-binding 
protein-4  

BG084827 0.24 

 L-34 galactoside-binding lectin BG064176 5.92 
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Figure 1.  �1, but not �3, enhances galectin-3 expression while both integrins regulate galectin-1 expression.  
mRNA levels of genes identified by the micro array analysis were analyzed by Northern blot using probes specific for 
each gene while GAPDH mRNA was measured as a loading control (A).  mRNA levels of different galectins were 
quantified in GE11 and GE�1 cells in three independent qPCR experiments.  The averages are represented in the graph 
and a * represents galectins with statistical significant differences between the two cell lines (B).  Protein expression of 
galectin-1 and -3 were analyzed by Western blot in GE11, GE�1 and GE�3 cells with tubulin staining used as loading 
control (C). 
 
GE�1-3-1 cells and was only marginally lower in GE�3 cells.  Therefore, we conclude that the presence of 
the hypervariable domain of the I-like domain of �1 is required for increased galectin-3 expression.  
�
�1-induced RhoA activation is not responsible for the increase in galectin-3 expression 
 
As RhoA plays an important role in the morphology of GE�1 cells we wished to know if RhoA signaling 
also regulates galectin-3 expression downstream of �1.  A major downstream effector of RhoA is Rho kinase 
(ROCK).  To test if ROCK regulated galectin-3 expression, GE�1 cells were incubated for 48 hours with 
different concentrations of the ROCK inhibitor, Y27632.  Analysis of galectin-3 expression showed that it 
was not affected by ROCK inhibition at any concentration tested (Fig. 2B).  Although ROCK did not 
regulate galectin-3 expression it was still possible that RhoA regulated expression through another pathway.  
To test this RhoA expression was knocked down by siRNA transfection in GE�1 cells.  Cells were analyzed 
for galectin-3 and RhoA expression 48 hours after transfection (Fig. 2C).  While RhoA was nearly 
completely absent, galectin-3 expression remained unchanged in RhoA knockdown and control cells.    
Lastly, an active form of RhoA, (Q63L)RhoA fused to GFP was transfected into GE�3 cells to investigate if 
active RhoA can increase galectin-3 expression independently from �1.  Transfected cells were FACS sorted 
for GFP expression and subsequently grown overnight after which galectin-3 protein levels were determined.  
While (Q63L)RhoA-GFP was present it did not lead to increased galectin-3 expression (Fig. 2D).  Therefore, 
it can be concluded that RhoA inhibition in GE�1 cells or RhoA activation in GE�3 cells does not influence 
galectin-3 expression suggesting that RhoA does not control galectin-3 expression downstream of��1.    
 
Galectin-3 is important for �1-mediated cell adhesion 
 
We next investigated the reason for the increase in galectin-3 expression by �1 by knocking down galectin-3 
in GE�1 cells.  Additionally, to investigate if galectin-1 played a role, cells were also transfected with 
galectin-1 siRNA.  A scrambled siRNA was transfected in cells as a control for off-gene effects.  48 hours 
after transfection galectin-1 and -3 expression was measured to determine if the knockdown was successful  
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Figure 2.  Galectin-3 expression is regulated by the hypervariable domain of the I-like domain of �1 
independently of RhoA activity.    GE11 cells expressing �1, �3, �1-3 or �1-3-1 were analyzed for galectin-1 and 
galectin-3 expression by Western blot.  Additionally, confocal images of these cells stained for paxillin and F-actin 
show the differences in morphology; scalebar = 10�m (A).  GE�1 cells were incubated with different concentrations of 
the ROCK inhibitor, Y27632, and analyzed for galectin-3 expression by Western blot (B).  GE�1 cells were transfected 
with RhoA siRNA or control siRNA after which cells were analyzed for galectin-3 expression by Western blot 48 hours 
after transfection while the efficiency of knockdown was evaluated by staining for RhoA at the same time (C).  A 
constitutively active mutant of RhoA (Q63L RhoA-GFP) was transfected into GE�3 cells.  After cells were FACS 
sorted for GFP expression they were analyzed for galectin-3 expression, while Q63L RhoA-GFP expression was 
visualized by staining with GFP (D). 
 
(Fig. 3A).  Both siRNAs were specific for their respective target genes and resulted in more than 90% 
reduction of expression of the respective proteins while the control siRNA had no effect.  First, we 
determined if galectin-3 plays a role in �1-mediated cell adhesion to fibronectin.  Cell adhesion assays were 
performed on fibronectin-coated wells at different times using cells transfected with the control, galectin-1 or 
galectin-3 siRNA.  Knockdown of galectin-3 led to a significant decrease in cell adhesion to up to 50% of 
the expression in the control cells (Fig. 3B).  In contrast, adhesion was not affected by the knockdown of 
galectin-1 (Fig. 3C).  Thus, the �1-mediated increase in galectin-3 expression enhances cell adhesion to 
fibronectin. 
 
Galectin-3 does not enhance cell adhesion by influencing �1 cell surface expression or by modulating the 
affinity of �1 for soluble fibronectin 
 
We investigated if galectin-3 influences integrin-mediated adhesion by regulating the surface expression of 
�1.  The cell surface expression of �1 was measured by FACS analysis in control and galectin-3 siRNA 
transfected cells.  FACS analysis from three independent experiments showed no significant difference in �1 
surface expression of control and galectin-3 siRNA transfected cells (Fig. 3D).   Next, we tested if galectin-3 
influences cell adhesion by affecting the affinity of �1 for soluble fibronectin by measuring the amount of 
soluble, biotin-labeled fibronectin that was bound to suspended cells after incubation and washing (Fig. 3E).   
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Figure 3.  Galectin-3 knockdown in GE�1 cells inhibits integrin-mediated cell adhesion to fibronectin.  GE�1 
cells were transfected with galectin-1, galectin-3 or control siRNA.  Expression was analyzed 48 hours after 
transfection by Western blot (A).  The adhesion of cells to fibronectin was quantified by measuring the amount of 
adherent cells relative to the total amount of cells using the NPAG adhesion assay as described above.  The results of 
the average of three independent experiments are represented in the graph for control and galectin-3 siRNA transfected 
cells (B) or control and galectin-1 siRNA transfected cells (C).  The surface expression of �1 in GE�1 cells transfected 
with control or galectin-3 siRNA was measured by FACS analysis using the anti-�1 Ab TS2/16 in three independent 
experiments with the average fluorescence intensity represented in the graph.  There was no significant difference 
between cells transfected with control or galectin-3 siRNA (D).  GE�1 cells were transfected with control or galectin-3 
siRNA, trypsinized after 48 hours and incubated with soluble, biotin-labeled fibronectin after which cells were washed 
and incubated with PE-streptavidin before being FACS analyzed.  The graph represents the average fluorescence 
intensity of three experiments.  No significant difference was found between control and galectin-3 siRNA transfected 
cells (E). 
 
Our data shows that there was no significant difference in the amount of biotin label present on cells 
transfected with the control or galectin-3 siRNA suggesting that galectin-3 does not influence the affinity of 
�1 for fibronectin.  Thus, neither the expression of integrin at the cell surface nor their affinity for fibronectin 
is regulated by galectin-3.   
 
Galectin-3 regulates cell migration but not proliferation 
 
Since galectin-3 expression leads to increased cell adhesion it possible that it also influences integrin-
mediated migration.  We assessed migration by performing a scratch assay on a monolayer of control and  
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Figure 4.  Cell migration, but not proliferation, is dependent on galectin-3 expression.  Control and galectin-3 
siRNA transfected cells were grown overnight so that they formed a monolayer.  The monolayers were scratched with a 
pipette tip and filmed until the scratch closed.  Migration speed was calculated as the time it took to close the scratch 
and the graph represents the relative migration speed from three independent experiments (p<0.05); scalebar = �����m 
(A).  Cell proliferation was measured by BrdU incorporation in control and galectin-3 siRNA transfected cells and the 
average of three independent experiments is represented in the graph but there is no significant difference.  Images are 
taken of cells stained for BrdU; scalebar = 20 �m (B). 
 
galectin-3 siRNA transfected cells.  Knockdown of galectin-3 expression resulted in a 30% decrease in 
migration when compared to cells transfected with the control siRNA (Fig. 4A). We also investigated if 
galectin-3 was involved in proliferation in GE�1 cells using BrdU incorporation.  However, there was no 
significant difference in the rate of BrdU incorporation in cells transfected with the control or galectin-3 
siRNA (Fig. 4B).  Thus, galectin-3 expression promotes cell migration but is not involved in cell 
proliferation. 
 
Galectin-3 does not regulate RhoA-dependent fibronectin fibrillogenesis or cell morphology 
 
Fibronectin fibrils are formed as a result of the tensin-dependent, centripetal translocation of �5�1 from the 
focal contact along the F-actin stress fibers resulting in fibrillar adhesions (28).  It has been shown that �1-
mediated RhoA activation is involved in the formation of these fibronectin fibrils (6) and galectin-3 has been 
implicated in fibronectin fibrillogenesis in Mgat5 knockout cells (29).  We investigated if galectin-3 was able 
to influence the ability of GE�1 cells to assemble fibronectin fibrils by quantifying fibrillogenesis in GE�1 
cells transfected with the control or galectin-3 siRNA (Fig. 5A).  Quantification of the amount of fibrils in 
three independent experiments indicated that there was no significant difference in fibronectin fibrillogenesis 
in cells transfected with control or galectin-3 siRNA.  Therefore, galectin-3 is not involved in the RhoA-



 38

dependent formation of fibronectin fibrils.  The activity of RhoA induced by �1 is correlated with the 
morphology of the cells including the distribution and formation of focal adhesions (6).  Therefore, we 
investigated if the morphology of cells transfected with galectin-3 siRNA was altered.  Moreover, we 
monitored focal contact formation and actin cytoskeleton organization by staining cells for the focal 
adhesion marker, paxillin, and F-actin.  Knockdown of galectin-3 in GE�1 had no visible effects on the 
general cell morphology (Fig. 5B).  Moreover, immunofluorescence revealed that focal adhesions were still 
present at the cell periphery similar to those in control cells while the actin cytoskeleton remained the same 
consisting mostly of long, thick stress fibers.  Thus, galectin-3 is not involved in the RhoA-induced effects 
on morphology or on the distribution of the focal adhesion and the organization of the actin cytoskeleton.   
 

 
 
Figure 5.  Galectin-3 does not control fibronectin fibrillogenesis or cell morphology in GE�1 cells.  Control and 
galectin-3 siRNA transfected GE�1 cells were plated on coverslips and grown overnight after which the medium was 
replaced with fibronectin-depleted medium and biotinylated fibronectin for 6 hours.  Afterwards, cells were stained with 
streptavadin-TexasRed and TOPRO.  The level of fibrillogenesis was quantified by measuring the total fluorescence of 
the streptavadin and dividing it by the number of cells.  The average of three independent experiments is represented in 
the graph with no significant difference.  Images were made of cells whose nuclei were stained with TOPRO-3 while 
fibronectin fibrils were visualized by staining with streptavadin-TexasRed; scalebar = 50�m  (A).  Cell morphology of 
control and galectin-3 siRNA transfected cells was visualized by light microscopy;  scalebar = 100 �m (B) while focal 
adhesions were visualized by paxillin staining and the actin cytoskeleton with phalloidin-TexasRed; scalebar = 20 �m 
(C). 
 
Discussion 
 
The reconstitution of �1 in the �1-knockout GE11 cell line leads to dramatic changes: cells lose their 
epithelial morphology to become fibroblast-like and cell adhesion and migration are increased (6;7;24).  
Moreover, the expression of �1 leads to an increase in the surface expression of �5�1 that induces 
fibronectin fibrillogenesis (6;7;24).  The morphology, mode of migration and increased fibronectin 
fibrillogenesis all depend on the �1-mediated increase in activity of the small GTPase RhoA (6;24).  We 
hypothesized that the expression of �1 would also influence gene transcription.  To test this we performed a 



 39

micro array analysis and found three genes whose transcription was regulated by �1 expression.  The three 
genes coding for galectin-3, thymosin-�10 and IGFBP-4 are new targets of regulation by �1.  Since galectin-
3 has been shown to directly bind to �1(10) we proceeded to investigate its role in the morphology and 
behavior of GE�1 cells.      
 
We identified the hypervariable region of the I-like domain present in the extracellular part of �1 as the motif 
required for increased galectin-3 expression.  The I-like domain is involved in ligand binding and its 
conformation regulates the affinity of the integrin for its ligand (30).  The hypervariable region in this 
domain has been shown to regulate the activity of Rho GTPases like RhoA and Rac (21) and we have 
recently observed that it is implicated in RhoA-mediated contractility and fibronectin fibrillogenesis by �1 
integrins (27).  Since increased RhoA activity (27) and galectin-3 expression are both dependent on the 
presence of the hypervariable region of the I-like domain of �1, we hypothesized that RhoA activity is 
important for galectin-3 expression.  This hypothesis is further supported by reports that show that RhoA is a 
potential regulator of expression of certain genes.  For instance, cingulin, a tight junction protein, regulates 
the expression of claudin-2 through the activity of RhoA (31) while TGF� inhibits RhoA activity to increase 
the expression of the M2 muscarinic receptor (32).  In contrast, our data shows that inhibiting the 
downstream effector of RhoA, ROCK, or knocking down RhoA in GE�1 cells does not result in decreased 
galectin-3 expression while overexpressing a dominant active RhoA construct did not increase galectin-3 
expression in GE�3.  Therefore, we conclude that RhoA does not directly regulate galectin-3 expression and 
we suggest that downstream of �1, RhoA and galectin-3 are independently regulated by different pathways 
(Fig. 6).   
 

 
 

Figure 6.  Galectin-3 expression and RhoA activity are regulated by �1 through separate pathways and influence 
different �1-mediated effects.  We propose a model in which separate pathways originating from �1 regulate RhoA 
activity and galectin-3 expression.  Additionally, the presence of galectin-3 enhances cell adhesion and migration while 
it not involved in the RhoA-dependent effects on fibronectin fibrillogenesis and cell morphology.  RhoA has been 
shown to regulate migration [6]. 
 
Functionally, we show that galectin-3 is important for integrin-mediated adhesion because knockdown of 
galectin-3 inhibits cell adhesion to fibronectin.  It has been shown in several reports that galectin-3 positively 
modulates integrin-mediated adhesion to different extracellular matrix proteins (19;33-35) concurring with 
our data.  Therefore, �1 enhances galectin-3 expression in order to enhance cell adhesion to fibronectin.  Not 
only is cell adhesion improved by galectin-3 but our data shows that migration is also increased.  As 
migration involves the continuous formation of new contacts between integrins and the ECM we suggest that 
galectin-3 may assist in the formation of these new contacts thereby increasing migration.   
 
Adhesion is influenced by the expression of integrins at the cell surface and their affinity for ligand.  We 
tested if the surface expression of integrins or their affinity for ligand was altered in galectin-3 siRNA 
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transfected cells but found no effect on these parameters. Since galectin-3 is present as multimers on the cell 
surface (36) we suggest that galectin-3 clusters integrins to assist cells in adhering to fibronectin.  However, 
recently it was reported that early adhesion to laminin and collagen was integrin-independent.  Instead, it was 
mediated by the interaction of galectin-3 and –9 with carbohydrates (37). It is therefore possible that 
galectin-3 also assists in early adhesion by binding to the carbohydrate chains of fibronectin, which in turn 
facilitates the adhesion of integrins to fibronectin. 
 
Other effects mediated by �1 were not dependent on galectin-3.  These included the effect on cell 
morphology and fibronectin fibrillogenesis.  Interestingly, both these effects have been shown to be RhoA-
dependent (6;27). We propose a model in which galectin-3 expression and RhoA activity are both increased 
due to the presence of the hypervariable region of the I-like domain of �1 but these increases are regulated 
by separate pathways downstream of the integrin.  Galectin-3 is important for integrin-mediated cell 
adhesion and migration while RhoA regulates fibronectin fibrillogenesis and maintains the cell morphology 
independently of galectin-3.  Since galectin-3 does not influence these RhoA dependent processes we 
suggest that galectin-3 expression does not regulate RhoA activity (Fig. 6). 
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