
Contributions of Galectin-3 and -9 to Epithelial Cell Adhesion
Analyzed by Single Cell Force Spectroscopy*□S

Received for publication, March 2, 2007, and in revised form, July 9, 2007 Published, JBC Papers in Press, August 3, 2007, DOI 10.1074/jbc.M701867200

Jens Friedrichs‡1, Juha M. Torkko§1, Jonne Helenius‡, Terhi P. Teräväinen¶, Joachim Füllekrug!, Daniel J. Muller‡,
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Galectins are widely expressed in epithelial tissues and have
been implicated in a variety of cellular processes, including
adhesion and polarization. Here we studied the contributions of
galectins in cell adhesion and cyst formation of Madin-Darby
canine kidney cells. Quantitative single cell force spectroscopy
and standard adhesion assayswere employed to study both early
(<2 min) and long term (90 min) adhesion of cells to different
extracellularmatrix components. Inhibitors were used to exam-
ine the contribution of integrins and galectins in general and
RNA interference to specifically address the role of two abun-
dantly expressed galectins, galectin-3 and -9. We found that
both galectin-3 and -9 were required for optimal long term cell
adhesion to both collagen I and laminin-111. Early adhesion to
laminin was found to be integrin-independent and was instead
mediated by carbohydrate interactions and galectin-3 and -9.
The opposite was observed for early adhesion to collagen.
Although similar, the contributions of galectin-3 and -9 to adhe-
sion appeared to be by distinct processes. These defects in adhe-
sion of the two galectin knockdown cell lines may underlie the
epithelial phenotypes observed in the cyst assays. Our findings
emphasize the complex regulation of epithelial cell functions by
galectins.

Polarized epithelial cells are responsible for the integrity and
function of the epithelial barrier (1, 2). Extracellular matrix
(ECM),3 in particular the basement membrane, is not only

essential for structural support but also provides cues for epi-
thelial differentiation and the orientation of apico-basal polar-
ity (3, 4). Therefore, the characterization of interactions
between ECM components and receptors at the cell surface is
essential to understand the formation and maintenance of the
epithelium.
Galectins constitute a family of structurally related proteins

that bind to !-galactoside residues and interact with a broad
spectrum of ligands (5, 6). Most if not all galectins are di- or
multivalent and are therefore able to function as versatile cross-
linkers of glycosylated cell surfacemolecules (7). Galectins have
been shown to either promote or inhibit cell adhesion, depend-
ing on the galectin member studied as well as experimental
condition (8). Galectins have also been implicated in the regu-
lation of polarized membrane trafficking and cell-ECM inter-
actions (9–12). Galectin-1 and galectin-3 null mice, as well as
double-null mice, are viable and fertile but show subtle devel-
opmental and inflammatory phenotypes (13). In Caenorhabdi-
tis elegans, 3 of 26 predicted galectin-related genes have been
associated with embryonic lethality or developmental abnor-
malities in large scale RNAi screens (5, 14, 15).
Here we studied the expression of several galectin family

members in Madin-Darby canine kidney (MDCK) cells and
used RNA interference (RNAi) to address the role of abun-
dantly expressed galectin-3 and galectin-9 in cell adhesion and
epithelial morphogenesis. A quantitative analysis of early
events of cell-substratum adhesion was performed using single
cell force spectroscopy (SCFS).

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—MDCK strain II cells were
maintained in Earle’s MEM (EMEM; PAA Laboratories) sup-
plemented with 2 mM L-glutamine (Invitrogen), 100 units/ml
penicillin, 100 "g/ml streptomycin (Invitrogen) and with 5%
FCS (PAA Laboratories; 10% for Transwell filter (Corning
Costar) and cyst cultures). MDCK cells expressing the Myc-
tagged galectin-9were generated by retroviral transduction fol-
lowed by hygromycin B (800 "g/ml; BD Biosciences) selection
for 3 days. The resulting cells were grown for up to 20 passages.
The Phoenix gag-pol retroviral packaging cell line (obtained
from the ATCC with authorization by Garry Nolan, School of
Medicine, Stanford University, Stanford, CA) was kept in high
glucose Dulbecco’s modified Eagle’s medium (Invitrogen) con-
taining L-glutamine, penicillin/streptomycin, and 10% FCS.
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For three-dimensional cell cultures, subconfluent MDCK
cells were trypsinized and suspended to 5" 106 cells/ml in PBS.
Cells were pipetted into growth factor-reduced MatrigelTM
(BD Biosciences) solution at 2 " 105 cells/ml and onto 24-well
plates. After 30–45 min at 37 °C, medium was added, and the
incubation was continued for 2–8 days. Medium was replaced
every 2–3 days.
For transient transfections, 2 " 106 MDCK cells/condition

were trypsinized, washed with PBS, and resuspended in 100 "l
of Nucleofector solution T (Amaxa Biosystems). DNA (4 "g)
was added, and electroporation was performed using program
G-16 on an Amaxa Nucleofector (Amaxa Biosystems).
Antibodies and Constructs—The mouse monoclonal anti-

Myc (9E10) antibody was provided by D. Drechsel (Max Planck
Institute ofMolecular Cell Biology andGenetics, Dresden,Ger-
many). The gp135/podocalyxin antibody cell line, 3F2 (16, 17),
was provided by G. Ojakian (State University of New York
DownstateMedical Center, Brooklyn, NY) and A.Müsch (Cor-
nell University, Ithaca, NY). Rat monoclonal integrin !-1
(AIIB2) antibody was provided by Karl Matlin (University of
Chicago, Chicago, IL). Rat monoclonal galectin-3 (Mac-2;
Cedarlane Laboratories Ltd.), RGD peptide (Sigma), mouse
monoclonal integrin #-6 antibody (BD Biosciences), and
fluorescein isothiocyanate- and Cy3-conjugated secondary
antibodies (Jackson ImmunoResearch Europe Ltd.) were
purchased.

Hamster galectin-3 cDNA was a gift of Dr. R. C. Hughes
(National Institute forMedical Research, London, UK). Canine
galectin-9 cDNA was PCR-amplified from our MDCK
expressed sequence tag (EST) library.Weobtained two variants
(972 and 1068 bp; the latter, having a 96-bp insertion in its
linker domain, was used). For the Gal9-6"Myc construct, an
XbaI site was added between N-terminal lectin and linker
domains. Six Myc tags where inserted into this site, and the
Gal9-6"Myc fragment between BglII andXhoI restriction sites
was subcloned into a BamHI/SalI-digested retroviral pBABE-
hygro vector.
Retrovirus-mediated RNAi—Target sequences (Gal3-KD-

528, GCT GAT AAC AAT TCT GGG CAC; Gal9-KD-298,
GAG CTC TGC TTC ATG GTG AAC; Gal9-KD-867, GGA
TGGTGAGCACCTGTT TGA) corresponding to the canine
galectin-3 (residues 528–548) and galectin-9 (residues 298–
318 and 867–887) coding sequences were selected. Sequences
were obtained from theMDCK EST library. Annealed oligonu-
cleotides (supplemental Table S1) were cloned into an RVH-1-
puro retroviral vector, and recombinant knockdown (KD)
viruses were generated as described previously (18). Subconflu-
entMDCK strain II cells were trypsinized, and 5" 105 cells in 3
ml of complete EMEM (5% FCS) supplementedwith 4"g/ml of
hexadimethrine bromide (Polybrene; Sigma) were seeded onto
a 3.5-cmdiameter culture dish (Corning Costar). The following
day, medium was aspirated, and 1 ml of virus-containing pre-
cleared supernatant from Phoenix cells was added. Hexad-
imethrine bromide (4 "g/ml) was added to virus preparations.
One hour later, 1 ml of fresh complete EMEM (5% FCS) was
added, and the incubation was continued for 8–12 h. Infection
was repeated 1–2 times before cells were trypsinized and
reseeded in EMEM containing 4 "g/ml puromycin (BD Bio-

sciences). Maximum knockdown efficiencies were obtained
after 2–3 days of puromycin selection, and the KD cells were
used for up to 2 weeks without a significant drop in knockdown
efficiency. Knockdown efficiency was analyzed by RT-PCR as
described previously (18) (Table S1).
Immunofluorescence—For surface labeling, filter-grown (4

days) MDCK cells were washed twice with ice-cold serum-free
EMEM and subsequently kept on ice to prevent endocytosis.
Filters were incubated for 45 min in serum-free medium con-
taining !1-integrin (AIIB2; 1:10) or #6-integrin (1:100) anti-
bodies on both apical and basolateral sides. Cells were washed
twice with EMEM and twice with PBS containing 0.9 mM Ca2#

and 0.5 mM Mg2# (PBS#), followed by MeOH fixation. For
intracellular and extracellular staining of integrins, cells on fil-
ters were washed once with PBS and fixed with MeOH prior to
the addition of primary antibodies. Filters were cut out of their
supports and washed in PBS$. Nonspecific binding was
blocked in PBS$ containing 0.1% fish skin gelatin (Sigma) and
0.5% BSA (Sigma) for 30 min. Filter pieces were incubated with
secondary antibodies (1:500 in blocking solution) containing
DAPI (0.6 "M; Sigma) for 45 min, washed extensively in PBS$,
and mounted onto slides with MowiolTM.
MDCK cysts in three-dimensional gels were washed with

PBS# and incubated for 20min in PBS containing 4%paraform-
aldehyde (PFA; Sigma). After a PBSwash, residual aldehydewas
quenched for 20 min in PBS$ containing 200 mM glycine
(Sigma). Cells were permeabilized for 20min in PBS$with 0.1%
Triton X-100 (Sigma), incubated in blocking solution for 30
min. Primary antibodies (1:200 anti-Myc and anti-Pcx, 1:400
anti-galectin-3; dilutions in blocking solution) were added and
incubated overnight at 4 °C,washed extensively in PBS followed
by overnight incubation at 4 °C with 1:500 dilutions of fluoro-
phore-conjugated secondary antibodies. When indicated,
DAPI and TRITC-phalloidin (0.1 "M; Sigma) were added with
the secondary antibodies. Gels were washed in PBS, removed
from the plates, and mounted onto slides with MowiolTM.
Images were acquired with an OLYMPUS FluoView-1000
(Olympus; using a 60" PlanApo oil objective, numerical aper-
ture 1.1) laser-scanning confocal microscope.
Galectin-9 Secretion—MDCK-Gal9myc cells grown for 3–4

days on 12-mm Transwell filters were washed twice with star-
vation medium (EMEM lacking methionine and cysteine (PAA
Laboratories), containing L-glutamine and antibiotics) before a
15-min incubation in starvation medium at 37 °C. Cells were
labeled by placing the filter onto a 20-"l drop of labeling
medium (starvation medium containing 30 "Ci of [35S]methi-
onine) for 20 min. Filters were washed twice with chase
medium (complete EMEM containing 5% FCS and 150 "g/ml
unlabeled methionine) prior to incubation in chase medium at
37 °C. Apical and basolateral medium and cells were harvested
at the indicated times. Galectin-9 was immunoprecipitated
using an anti-Myc antibody (9E10) and Protein G-Sepharose
beads (Sigma). Precipitated proteins were separated and visu-
alized by SDS-PAGE and autoradiography.
Standard Cell Adhesion Assay—Cell adhesion was deter-

mined as described previously (19). Briefly, subconfluent
MDCK cells were detached in PBS$ containing 2 mM EDTA
and 0.5 mM EGTA at 37 °C. Cells were pelleted and resus-
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pended in serum-free medium at 2 " 106 cells/ml. Fifty micro-
liters of cell suspension was pipetted into 96-well plate wells
coated with laminin-111 (20) (20 "g/ml; Sigma), collagen I (3
"g/ml; Nutacon), MatrigelTM (40 "g/ml), BSA (1%; Sigma), or
poly-D-lysine (100"g/ml; Sigma) containing 50"l of 1% BSA in
serum-free medium. When indicated, cells were resuspended
and incubated in ice-cold serum-free medium containing 50
mM D-lactose (Sigma), 100 "g/ml RGD peptide (Sigma), or a
1:10 dilution of AIIB2 for 30 min prior to plating. Plates were
incubated at 37 °C for 90 min followed by four washes with
PBS# to remove nonadherent cells. Adherent cells were fixed in
methanol, stained with crystal violet (0.1% w/v; Sigma), lysed in
10 mM HEPES, pH 7.4, containing 1% (w/v) sodium deoxy-
cholate, and quantified using a spectrophotometer (absorbance
at 540 nm from which the background at 405 nm was
subtracted).
Single Cell Force Spectroscopy Instrumentation—Force spec-

troscopy was conducted using a NanoWizard (JPK Instru-
ments), mounted on a Zeiss Axiovert 200 M microscope (Carl
Zeiss). The NanoWizard atomic force microscope (AFM) was
equipped with the CellHesion module (JPK Instruments) that
extended the vertical movement range to 100 "m. A BioCell
stage incubator (JPK Instruments) allowedmeasurements to be
conducted at 37 °C. Cantilevers used were 200-"m-long
V-shaped silicium nitride tipless cantilevers with nominal
spring constants of 0.06 N/m (NP-0, Veeco). Cantilever spring
constants were calibrated prior to use by routines included in
the AFM software (21).
Surface Coating of AFM Cantilever and Coverslips—Cantile-

vers were cleaned in 2% Hellmanex (Hellma GmbH), residual
air plasma-cleaned for 1 min and incubated at 4 °C in 2 mg/ml
concavalin A (from Canavalia ensiformis; Sigma) in PBS over-
night. Before use, cantilevers were extensively washed in PBS.

Glass coverslips (A24 mm) were cleaned by sequential
washes in 1M HCl, water, and EtOH and air-dried. Thereafter,
coverslips were incubated with 5 "g/ml laminin-111 in PBS for
2 h at 37 °C. For collagen coating, mica discs (A6.5 mm) were
glued (OP-29; Dymax Europe GmbH) onto the center of glass
coverslips (A24 mm). Then solubilized bovine dermal collagen
(3 mg/ml; Cohesion) was diluted to 30 "g/ml in coating buffer
(200mMKCl, 50mM glycine, pH 9.2) and was then added to the
freshly cleaved mica discs and incubated overnight at room
temperature (22). Prior to use, unbound protein was removed
by washing, first with PBS then with fresh measurement
medium (see below).
Cell Capture, ForceMeasurement, andData Processing—Ap-

proximately 12 h prior to adhesion experiments, theMDCKcell
growth medium was replaced by CO2-independent medium
(Invitrogen) supplemented with L-glutamine, penicillin/strep-
tomycin, and 1% FCS. Prior to measurements, cells were
washed oncewith PBS$, trypsinized, pelleted, and resuspended
into serum-free CO2-independent medium (measurement
medium) and allowed to recover for 15 min. When indicated,
mediumwas supplemented with 50mM lactose or 5mM EDTA.
Integrin-blocking antibodies (1:10 dilution of the hybridoma
supernatant) and RGD peptides (100 "g/ml) were incubated
together with cells on ice for 30 min prior to analysis.

Thereafter, cell suspensions were pipetted into the BioCell
containing a coated coverslip and allowed to settle for 5 min.
The apex of a calibrated concanavalin A-coated cantilever was
positioned above a cell before it was lowered (speed, 5 "m/s)
until an absolute force of 0.75 nNwas applied to the cells. After
5 s, the cantilever-bound cells were retracted (50 "m) and
allowed to adhere for at least 5 min. For force curve measure-
ments, the approach and retract rates were set to 5 "m/s, and
the contact force was set to 0.75 nN. Depending on the contact
time (2–90 s), the pulling rangewas adjusted between 15 and 60
"m. For short contact times (2–20 s), 5–10 force curves were
recorded with resting periods of 10 s between approach/retract
cycles. Cells were allowed to recover for %5 min, before a new
set of force curves was acquired. Amaximum of 30 curves were
acquired per cell. At 90 s contact time, force curves were
recorded at 3-min intervals, never exceeding five force curves
per cell. Loss of adhesion strength with force curve cycle was
not observed.
Detachment forces and step size and step number were

extracted using in-house algorithms in Igor Pro 5.04 (Wavem-
etrics). InStat3 (GraphPad) was used to perform statistical tests
on data sets.

RESULTS

Expression of Galectins inMDCKCells—The relative expres-
sion levels of selected galectins, known to be expressed in the
kidney (galectins 1, 3, 8, and 9) and/or containing tandem car-
bohydrate recognition domains (galectins 4, 6, 8, 9, and 12),
were analyzed using quantitative real time PCR (Fig. 1A).
Galectin-3 was expressed at very high levels. Galectin-9, -8, and
-1 were relatively abundant, whereas only low levels of galec-
tin-6 and -12 mRNAs were found. Galectin-4 mRNA was not
detected. Hereafter, we limited our studies to galectin-3 and -9,
the two most abundantly expressed galectins.
Retroviral RNAi was employed to specifically and efficiently

inhibit (&90%) the expression levels of galectin-3 or -9 mRNAs
(Fig. 1B) (18). MDCK cells infected with retroviruses lacking a
target sequence in their short hairpin RNA expression cassette
were used as a control in all experiments. Protein levels in galec-
tin-3 knockdown (Gal3-KD) and Gal9-KD cells were analyzed
byWestern blotting. Endogenous galectin-3was detected using
galectin-3 antibodies. Due to the lack of a suitable antibody
against canine galectin-9,MDCK cells expressingMyc epitope-
tagged canine galectin-9 (MDCK-Gal9myc) were generated by
retroviral transduction. The efficiency of the Gal9-KD con-
struct at protein level was analyzed in MDCK-Gal9myc cells
using antibodies against the Myc epitope. The observed reduc-
tion (%90%) in galectin-3 and -9 protein levels in KD cells cor-
related well with the reduction seen in mRNA levels (Fig. 1B).
Galectin-3 and -9Contribute to Cell Adhesion—Toassess the

role of the two galectins in epithelial long term adhesion, tissue
culture plates were coated with laminin-111, themajor compo-
nent of the basement membranes; MatrigelTM (23), a solubi-
lized basement membrane-like matrix; or collagen I. Single cell
suspensions were seeded onto the coated plates and allowed to
adhere for 90 min before nonadhering cells were washed off.
When integrin-mediated adhesion was blocked by chelating
free calcium and magnesium, cells did not adhere to any of the
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coatings, demonstrating the involvement of integrins in cell
adhesion in this assay (data not shown). Preincubation of cells
with competitive inhibitors of galectin sugar-binding activity,
D-lactose or galactose, slightly reduced the adhesion, suggesting
that carbohydrate-dependent interactions may play a role (Fig.
2A). The contribution of integrins was more specifically con-
firmed using function-blocking !1-integrin antibodies (AIIB2)
and competitive inhibitory RGD peptides. Although !1-inte-
grins were found to be essential for adhesion to all of the mat-
rices studied, RGD peptide, an inhibitor of integrin receptors
for fibronectin matrix (19), did not affect adhesion (Fig. 2A).
The specific roles of galectin-3 and -9 were addressed by study-
ing the adhesion of galectin-depleted cells. Compared with
control cells, both Gal3- and Gal9-KD cells adhered less effi-
ciently to laminin-111, collagen I (Fig. 2B), and MatrigelTM
(Fig. S1).
The possibility of RNAi off target effects (24) was examined.

To this end, galectin-3 expression was rescued by transiently
transfecting Gal3-KD cells with a hamster galectin-3-encoding
expression vector. This galectin-3 ortholog differs from the
canine galectin-3 at the RNAi target region, making it resistant
to silencing by the short hairpin RNAwith the canine sequence.
Hamster galectin-3 expression in Gal3-KDMDCK cells led to a
robust increase in adhesion, indicating that the observed adhe-

sion defect inGal3-KDcellswas specifically due to lack of galec-
tin-3 expression (Fig. S1A). With galectin-9, we used an alter-
native approach to confirm the specificity. A second target
sequence (nucleotides 867–887) for canine galectin-9 from a
different region of the galectin-9 mRNAwas selected. This ret-
roviral Gal9-KD2-construct resulted in efficient depletion of
galectin-9 mRNA (90 ' 3% as measured by quantitative real
time PCR) and protein levels (data not shown) in MDCK cells.
Furthermore, we found that adhesion to MatrigelTM was
reduced to a similar extent in both Gal9-KD cell populations
(Fig. S1B). The probability that the two distinct RNAi targets in
the galectin-9 sequence would lead to same off-target effects is
negligible. Thus, we concluded that the effects of galectin-3 and
-9 depletion on adhesion were specific.

FIGURE 1. Expression of galectins in MDCK cells. A, mRNA expression levels
of seven galectin family members in MDCK cells were analyzed using real-
time PCR. Galectin-1 mRNA level was set to 100%, and expression of the other
galectin mRNAs relative to this are plotted (n ( 3). Error bars denote S.D.
unless stated otherwise. B, galectin-3 and -9 levels in control and KD cells were
determined by Western blot (WB) and real time PCR analysis. Lysates from
puromycin-selected MDCK cells infected with control or Gal3-KD viruses (left)
and MDCK-Gal9myc cells infected with control or Gal9-KD viruses (right) were
assayed for expression of endogenous galectin-3 or ectopically expressed
Gal9myc using galectin-3 or Myc antibodies, respectively. Dilutions of the
control cell lysates (1 ( 20 "g of total protein, 1⁄4 ( 5 "g, and 1⁄20 ( 1 "g)
were loaded to allow residual galectin protein levels in the KD cells (20 "g of
total protein loaded) to be estimated. Podocalyxin was used as a loading
control.

FIGURE 2. Galectin-3 and galectin-9 contribute to cellular adhesion.
A, single cell suspensions of MDCK cells were allowed to settle for 90 min on
laminin-111-, MatrigelTM-, or collagen I-coated tissue culture wells. When
indicated, cell suspensions were incubated for 30 min on ice in medium sup-
plemented with 50 mM D-lactose, 50 mM D-galactose, a 1:10 dilution of !1-in-
tegrin function blocking antibody, or 100 "g/ml RGD-peptide prior to plating.
Nonadherent cells were washed away, and remaining adherent cells were
fixed, stained, and quantified (n ( 3). Adhesion of untreated cells to each
coating was set to 100%, and adhesion of treated cells is shown relative to
this. B, adhesion of control, Gal3-KD, and Gal9-KD MDCK cells on BSA-, poly-
D-lysine-, laminin-111-, or collagen I-coated plates was assayed as described
in A (n ( 5). BSA and poly-D-lysine coatings served as a negative and positive
control, respectively. C, adhesion of control, Gal3-KD, and Gal9-KD cells to
laminin-111 (left) and collagen I (right) in the absence and the presence of 50
mM lactose (n ( 3).
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Interestingly, the already reduced adhesion of cells by 50mM
lactose was further reduced in Gal3- and Gal9-KD cells (Fig.
2C). This suggests that the galectins have functions that are not
mediated by their sugar-binding domain at the cell surface.
These could be indirect mechanisms, such as regulating inte-
grin function or localization. In conclusion, the long term stable
adhesion to laminin and collagen was !1-integrin-dependent,
but both galectin-3 and -9 were required for maximal adhesion
efficiency.
To get a more quantitative insight into the early cell-sub-

strate adhesion events, SCFS was applied (25) (Fig. S2). In this
approach, single cells were attached to a concavalin A-coated
AFM cantilever and lowered onto laminin-111- or collagen
I-coated substrates. Upon retraction, the maximum detach-
ment force was determined. Surprisingly, in contrast to long
term cell adhesion, early adhesion to laminin-111 was found to
be integrin-independent, since chelation of divalent ions by
EDTA or the addition of !1-integrin function blocking anti-
bodies had no significant effect (Fig. 3, B and C). Instead, car-
bohydrate-mediated interactions were important, as evidenced
by the ability of lactose to inhibit cell adhesion to laminin-111
(Fig. 3B). The opposite was observed for early adhesion to col-
lagen I, whichwas found to be entirely dependent on functional
!1-integrin (Fig. 4, B and C). In both cases, RGD-binding inte-
grins were dispensable for adhesion (Figs. 3C and 4C). In agree-
ment with lactose insensitivity, adhesion to collagen I was not
affected in Gal3- and Gal9-KD cells (Fig. 4A). On the contrary,
a clear reduction was evident in the adhesion to laminin-111 of
Gal3- and Gal9-KD cells, compared with control cells, suggest-
ing that galectins, via their sugar-binding domains, play an
important role in the early adhesion to laminin-111 (Fig. 3A).
To exclude the possibility that galectin depletion resulted in

cytoskeletal or morphological changes that influenced cell
adhesion measurements, cell elasticity was studied (26). Signif-
icant differences were not found between cells, confirming that
the decrease in the maximum detachment force was not due to
gross differences in KD cell elasticity or size but instead repre-
sented a difference in adhesion between cells and substratum
(data not shown).
Cell detachment did not occur via a single rupture event but

via a number of smaller steps of varying size representing the
disruption of single adhesion units or clusters (Fig. S2). The
sizes as well as the average number of such individual steps
within force curves recorded after 90 s contact time to laminin-
111 were analyzed (Fig. 5). Although the relatively small num-
ber of curves analyzed (control, n( 82; Gal3-KD, n( 35; Gal9-
KD, n ( 48) only allows statistical significance to be assigned
to the difference in rupture steps per curve, an interesting
trend was observed. Compared with control cells, Gal9-KD
cells had slightly smaller steps (Fig. 5A), whereas Gal3-KD
cells had fewer steps per curve (Fig. 5B). This suggested that
the mechanism by which these two galectins affect cell
adhesion to laminin-111 is different. It is tempting to spec-
ulate that whereas galectin-9 mainly contributed directly to
the adhesion, galectin-3 affected the number of adhesive
interactions.
Comparative analysis of the step sizes in the force curves

recorded in control cells after 90-s contactwith collagen I (inte-

grin-mediated) and laminin-111 (galectin-mediated)
showed a significant difference between these two types of
interactions. Integrin-mediated interactions with collagen I
were generally stronger (the most probable force 86.42 pN;
Fig. 5C) than galectin-mediated interactions to laminin-111

FIGURE 3. SCFS analysis of adhesion to laminin-111. A, single control (2 s,
n ( 53; 90 s, n ( 21), Gal3-KD (2 s, n ( 24; 90 s, n ( 23), or Gal9-KD (2 s, n ( 26;
90 s, n ( 20) MDCK cells were captured onto concavalin A-coated AFM canti-
levers and pressed onto laminin-111-coated substrates. After the indicated
contact times, cells were lifted from the substrate, and the maximum detach-
ment force was recorded as described under “Experimental Procedures.” ns,
no significance (p & 0.05); *, p ) 0.05; **, p ) 0.001. B, the maximum detach-
ment force between MDCK cells and laminin-111 was measured in the
absence and presence of 50 mM lactose or 5 mM EDTA. At least 20 cells were
analyzed for each condition. C, the maximum detachment force between
MDCK cells and laminin-111 was measured in the absence and presence of
!1-integrin function blocking antibody (AIIB2; diluted 1:10) or 100 "g/ml
RGD peptide. At least 15 cells were analyzed for each condition.
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(60.02 pN), further supporting the conclusion that different
kinds of machineries are involved in early adhesion pro-
cesses to these two matrices.
Surface Expression of Major ECM Receptor Integrins Is Nor-

mal in Galectin-3- and Galectin-9-depleted MDCK Cells—In
addition to the direct role of galectins in early laminin-111

adhesion, galectins were also found to regulate stable integrin-
dependent adhesion via an indirect mechanism (Fig. 2B).
Galectin-3 has been shown to regulate the subcellular local-
ization of !1-integrins (27). To test if altered localization of
ECM receptors may explain the observed adhesion defects,
we analyzed the surface expression of the major integrin
receptors in galectin-depleted MDCK cells. Polarized filter-
grown cells were chilled on ice to prevent endocytosis, and
cell surfaces (both apical and basolateral) were probed using
!1- or #6-integrin antibodies. A strong lateral signal and less
intense basal staining were detected with !1-integrin anti-

FIGURE 4. SCFS analysis of adhesion to collagen I. A, single control (2 s, n (
21; 20 s, n ( 20), Gal3-KD (2 s, n ( 20; 20 s, n ( 19), or Gal9-KD (2 s, n ( 22; 20 s,
n ( 21) MDCK cells were captured onto concavalin A-coated AFM cantilevers
and pressed onto collagen I-coated substrates. The maximum detachment
force was recorded. ns, p & 0.05; *, p ) 0.05; **, p ) 0.001. B, the maximum
detachment force between MDCK cells and collagen I was measured in the
absence and presence of 50 mM lactose or 5 mM EDTA. At least 15 cells were
analyzed for each condition. C, the maximum detachment force between
MDCK cells and collagen I was measured in the absence and presence of
!1-integrin function-blocking antibody (AIIB2; diluted 1:10) or 100 "g/ml
RGD peptide. At least 15 cells were analyzed for each condition.

FIGURE 5. Analysis of the small detachment steps in force curves
recorded after 90 s of cell-substrate contact. A, the distribution of the step
sizes for control, Gal3-KD, and Gal9-KD MDCK cells in force curves recorded
after 90-s contact with laminin-111 was determined and plotted according to
the normalized step size probability. B, the average number of steps per force
curve (90-s contact times) in control, Gal3-KD, and Gal9-KD MDCK cells was
determined. ns, p & 0.05; **, p ) 0.001. C, the distribution of the step sizes in
retraction force curves recorded after control cells had been in contact with
laminin-111 (galectin-mediated, gray bars) and collagen I (integrin-mediated,
white bars) for 90 s.
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bodies (Fig. 6A). #6-Integrin antibodies showed a robust
basal signal and fainter staining at the lateral membranes
(Fig. 6B). When permeabilized cells were stained for these
integrins only, some intracellular vesicular structures were
seen, indicating that, at steady state, the majority of integrins
are at or close to the cell surface. No significant differences
could be found between the control and galectin-depleted
cells, suggesting that subcellular distribution and surface
expression of the major integrin receptors were not affected
by the absence of galectin-3 or -9.
Cystogenesis of Galectin-3 and -9-depleted MDCK Cells—

Adhesive cell-ECM interactions are thought to regulate epithe-
lial morphogenesis. When cultured in three-dimensional
proteinaceous gel matrices, MDCK cells form polarized multi-
cellular cysts. Cyst cultures are frequently used to reveal subtle
defects in epithelial morphogenesis (28). Control, Gal3-KD,
and Gal9-KD cells were seeded into MatrigelTM, and the pro-
gression of cystogenesis was followed by collecting samples at
days 2, 4, and 8. In these culture conditions, parental MDCK
cells form hollow spherical cysts with dilated lumens within
4–5 days. Compared with control cells, cystogenesis of both
galectin-KD cell types was delayed (Fig. 7A). Although the
majority of control cysts had formed smooth-surfaced, dilated

lumens by the fourth day in culture,
most of the Gal3-KD cysts and
almost half of theGal9-KDcysts still
had small lumenswith irregular sur-
faces (Fig. 7A). Because cystogenesis
requires cell division, the growth
kinetics of control and KD cells was
assayed by counting them over a
period of 1 week. Although
Gal9-KD cells grew at the same rate
as control cells, Gal3-KD cells grew
slower (Fig. 7B), indicating that the
delay in Gal3-KD cell cystogenesis
might be in part due to decreased
growth rate. Cell polarity in devel-
oping cysts was studied by following
an early apical membrane marker,
podocalyxin (Pcx) (16). Although
unpolarized surface expression of
Pcx was frequently observed in
developing Gal3-KD cysts (&60% at
day 2, examples shown in the left
column in Fig. 7A), significant
mistargeting was not observed in
Gal9-KD cells (15% at day 2) com-
pared with controls (10% at day 2).
When analyzed at day 8, the major-
ity of both Gal3- and Gal9-KD cysts
had fully matured, and their surface
polarity and overall morphology
was similar to that of control cysts
(Fig. 7A; data not shown). In conclu-
sion, the cyst analysis demonstrated
that both Gal3-KD and Gal9-KD
cells exhibited delayed cystogenesis.

The surface polarity of KD cells was either transiently (Gal3) or
not (Gal9) affected.

DISCUSSION

Our data show that both galectin-3 and -9 are involved in
cell-matrix interactions. Adhesion is a dynamic process where
initial contacts are mediated by limited number of interacting
molecules. The early interactions regulate a complex process of
recruitment and clustering of additional components, leading
to formation of organized adhesion complexes and focal adhe-
sions. This is highlighted by findings that the adhesion strength
at the single cell level does not uniformly and gradually increase
with contact time but shows complex behavior and cell-to-cell
variation at contact times exceeding 2 min (29). Due to the
small molecular forces involved, studying the early adhesion
phase poses a methodological challenge.
This is the first study of epithelial cell adhesion using SCFS.

We show that this quantitative method can be combined with
RNAi to study the role of specific genes in cellular adhesion.
SCFS measures early aspects of adhesion different from a tra-
ditional gravitational assay, where cells typically have more
than 1 h to interact with the substratum. This kinetic aspect
opens up new questions concerning functional and molecular

FIGURE 6. Subcellular localization of integrins in control, Gal3-KD, and Gal9-KD MDCK cells. To reveal
integrins exposed at the apical and basolateral surfaces, control, Gal3-KD, and Gal9-KD MDCK cells were grown
on Transwell filters (4 days), transferred on ice to block endocytosis, and incubated for 45 min with !1-integrin
(green, upper panels in A) or #6-integrin (green, upper panels in B) antibodies. After incubation, filters were
washed, fixed, and processed for immunofluorescence. Nuclei were stained with DAPI (blue). For total integrin
staining, filter-grown (4 days) control, Gal3-KD, and Gal9-KD MDCK cells were fixed and permeabilized with
MeOH and stained using !1-integrin (A) or #6-integrin (B) antibodies (lower panels including an xz view). Stacks
from the middle (Lateral) and the basal level (Basal) are shown. Scale bars, 20 "m.
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links between early and late phases of adhesion. Although
galectins seem to have a supportive role in the formation of
integrin-mediated strong adhesion to laminin-111, our data
show that initial contacts are mainly carbohydrate-mediated
and largely depend on galectins. In contrast, early adhesion to
collagen I is galectin-independent and mediated solely by inte-
grins. However, the long term adhesion to collagen I again
seems to be strengthened by galectins. It appears that galectins
regulate adhesion at multiple levels.
Given the carbohydrate-binding abilities of galectins, it is

probable that they modulate adhesion from the extracellular
side. Although lacking signal sequences, some galectins, includ-
ing galectin-3, are secreted fromcells via a nonclassical pathway
(30–32). We found that galectin-9 was likewise secreted from
MDCK cells (Fig. S3A). Thus, galectin-3 and -9, being multiva-
lent, might directly form cell-ECM interactions. Alternatively,
their function in adhesion is indirect. To this end, galectins
have been implicated in the regulation of integrin activation
and/or trafficking (27, 33–35). Although no obvious alterations
of the steady state surface expression of the major integrins
were observed in galectin-depleted cells, the data do not
excludemore subtle, dynamic changes in integrin trafficking or
activity. More detailed studies are necessary to conclusively
address this issue.
The link between cell adhesion and epithelialmorphogenesis

is of great importance. It has been concluded that in cyst cul-
tures, efficient secretion takes place at the basal side (36). In cyst
cultures, cytoplasmic galectin-3 accumulates in the subbasal
region that faces the ECM (9). We found that galectin-9
behaves similarly (Fig. S3B). The secretion and subbasal local-
ization of galectin-3 and -9 are in agreement with a role in
regulated adhesive interactions. In the study by Bao and
Hughes (9), the addition of recombinant galectin-3 retarded
cyst expansion, whereas inhibition of galectin-3 function by
antibodies enhanced the growth of cells. Interestingly, the same
approach yielded similar conclusions for the growth-inhibitory
role of galectin-3 in ureteric branching tubulogenesis in mouse
kidney explants (37). It was proposed that secreted galectin-3
restricts the growth and expansion of epithelium by stabilizing
and/or modulating basal interactions between cells and the
ECM (9). Contrary to the positive effect on growth of the galec-
tin antibodies, we observed reduced proliferation of Gal3-KD
cells. Although the different methods of galectin-3 inhibition
(antibody blocking only extracellular galectin functions versus
RNAi depleting galectin expression in cells) most likely under-
lie the differing results, it is possible that the proliferation defect
in Gal3-KD cells is mechanistically distinct from the proposed
role of galectin-3 at the cyst surface. Because the time frame
required for the cyst expansion assay (clear differences
observed only after 12–20days) iswell beyond the time frameof
our experimental setup (up to 8 days), the data do not exclude
the latter.
Adequate assembly of the basal laminin networks is required

for proper MDCK cystogenesis (38). Assembly requires not
only homo- and hetero-oligomeric interactions between lami-
nin andother ECMmolecules but also concentration of laminin
at the cell surface and anchoring of the basal membrane to the
nascent networks. Galectins are possibly involved in the assem-

FIGURE 7. Galectin-3 and galectin-9 are required for efficient cystogenesis in
MDCK cells. A, control, Gal3-KD, and Gal9-KD MDCK cells were grown in
MatrigelTM for 2, 4, and 8 days. Developing and mature cysts were stained for
DNA (DAPI; blue), filamentous actin (TRITC-phalloidin; red), and podocalyxin (Pcx
antibodies; green). Labeled cysts were phenotypically classified into three cate-
gories, unpolarized (Pcx staining seen also at the basolateral membrane), small
apical lumen (polarized immature cyst), and dilated apical lumen (polarized
mature cyst). The data are representative of three independent experiments.
60–100 control or KD cysts were analyzed for each time point in the experiment
shown. B, 20,000 control, Gal3-KD, and Gal9-KD MDCK cells were seeded onto
tissue culture dishes (03.5 cm). Cells were counted on days 1, 2, 3, 4, 5, and 7.
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bly of laminin and other ECM networks. Such a function was
described byAl-Awqati and co-workers (10) when they showed
that galectin-3 was necessary for polymerization of hensin,
which in turn induced terminal differentiation of the epithelia.
Since galectin-3 binds laminin, a similar induced laminin
assemblymechanism could be envisioned (39). Perturbed lami-
nin assembly could underlie the transient polarity defect
observed in Gal3-KD cells (38). Alternatively, the polarity
defect might result from the suggested role of galectin-3 in api-
cal transport (12). The molecular interactions of galectin-9 are
less studied, but its strong affinity to glycolipid-type glycans is
of interest (6). Glycolipids play a crucial role in the assembly of
basal matrix and can regulate epithelial polarity (40, 41). This
aspect warrants further investigating into the role of galectin-9
in epithelial morphogenesis.
Galectins present a significant scientific challenge. They are

multivalent and capable of interacting with a number of ligands
via various carbohydrate structures. Partially overlapping bind-
ing specificities of different galectins further complicate the
characterization of their cellular functions. These complex
properties probably explain the diverse cellular functions
attributed to galectins. It appears that a systematic analysis of
the roles of individual galectins in different cell types will be
necessary to understand their functions. The combination of
RNAi and SCFS allows the study of the contributions by specific
proteins to aspects of cell adhesion not assessable with tradi-
tional methods. However, it will be important to accumulate
more experience with different kinds of samples to better
understand the parameters recorded and to realize the full
potential of SCFS.
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