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The movement of cells is a basic feature of a range of normal
and pathological processes, including embryonic development,
tissue repair, immune cell function, inflammation, angiogenesis, and cancer cell invasion and metastasis. The actin cytoskeleton is the “engine” of cell crawling, whereas dynamic actinlinked cell attachment provides traction for movement (for
reviews, see Refs. 1– 6). In multicellular organisms, certain cells,
such as leukocytes and fibroblasts, tend to move as single individuals, whereas others, such as epithelial and endothelial cells,
generally migrate as groups, maintaining cell-cell contacts as
they move.
A common way of initiating cell migration in vitro is to grow
cells to high density in tissue culture dishes and then mechanically disrupt the cell monolayer. This kind of “scratch wounding” initiates cell migration in myriad cell types. Epithelial cells
generally migrate in a collective fashion upon scratch wounding
with contacts between cells maintained throughout the process
of wound closure. Epithelial cell sheet migration following
wounding of cell monolayers of Madin-Darby canine kidney
(MDCK)2 cells, a model differentiated epithelial cell line, is regulated by the small GTPase Rac with active protrusive force
generation distributed from the wound edge to multiple rows of
cells behind it in the moving cell sheet (7, 8). Rac proteins are
members of the Rho family of small GTPases, which also
includes Rho isoforms and Cdc42; Rac activation leads to membrane ruffling and formation of lamellipodia, broad sheetlike
membrane protrusions (for reviews, see Refs. 9 and 10). Unlike
Rac, Rho and Cdc42 are not required for wound closure by
MDCK cell sheets and instead appear to regulate how uniformly the wound edge advances (7). Epithelial cell sheet migration in this system also depends on phosphoinositides (7), c-Jun
N-terminal kinase (11), glycogen synthase kinase 3 (12), and
ADP-ribosylation factor 6 (12, 13).
Although there are many available small molecule inhibitors
of actin dynamics and cell migration that target actin directly,
there is a lack of specific inhibitors of actin-binding proteins
and upstream regulators of actin dynamics, cell motility, and
cell adhesion (for a review, see Ref. 14). We have exploited the
classical scratch-wound closure assay for screening chemical
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Cell migration is central to a number of normal and disease
processes. Small organic molecules that inhibit cell migration
have potential as both research probes and therapeutic agents.
We have identified two tetrahydroisoquinoline natural product
analogs with antimigratory activities on Madin-Darby canine
kidney epithelial cells: a semisynthetic derivative of quinocarmycin (also known as quinocarcin), DX-52-1, and a more complex synthetic molecule, HUK-921, related to the naphthyridinomycin family. It has been assumed that the cellular effects of
reactive tetrahydroisoquinolines result from the alkylation of
DNA. We have reported previously that the primary target of
DX-52-1 relevant to cell migration appears to be the membranecytoskeleton linker protein radixin. Here we extend the analysis
of the protein targets of DX-52-1, reporting that the multifunctional carbohydrate-binding protein galectin-3 is a secondary
target of DX-52-1 that may also be relevant to the antimigratory
effects of both DX-52-1 and HUK-921. All known inhibitors of
galectin-3 target its ␤-galactoside-binding site in the carbohydrate recognition domain. However, we found that DX-52-1 and
HUK-921 bind galectin-3 outside of its ␤-galactoside-binding
site. Intriguingly HUK-921, although a less potent inhibitor of
cell migration than DX-52-1, had far greater selectivity for
galectin-3 over radixin, exhibiting little binding to radixin, both
in vitro and in cells. Overexpression of galectin-3 in cells led to a
dramatic increase in cell adhesion on different extracellular
matrix substrata as well as changes in cell-cell adhesion and cell
motility. Galectin-3-overexpressing cells had greatly reduced
sensitivity to DX-52-1 and HUK-921, and these compounds
caused a change in localization of the overexpressed galectin-3
and reversion of the cells to a more normal morphology. The
converse manipulation, RNA interference-based silencing of
galectin-3 expression, resulted in reduced cell-matrix adhesion
and cell migration. In aggregate, the data suggest that DX-52-1
and HUK-921 inhibit a carbohydrate binding-independent
function of galectin-3 that is involved in cell migration.

Antimigratory Compounds That Target Galectin-3

SEPTEMBER 5, 2008 • VOLUME 283 • NUMBER 36

tose. Thus, DX-52-1 and HUK-921 apparently bind outside of
the carbohydrate-binding site of galectin-3, unlike other known
inhibitors of galectin-3 (for reviews, see Refs. 34, 35). Of particular note is the fact that HUK-921, which also inhibited cell
migration, albeit less potently than DX-52-1, bound galectin-3
but exhibited little binding to radixin. Both DX-52-1 and HUK921 largely reversed the morphology of galectin-3-overexpressing MDCK cells, restoring the cells to a more normal epithelial
state. Sensitivity of cells to the antimigratory activity of HUK921 was greatly diminished in galectin-3-expressing cells but
only weakly diminished in radixin-overexpressing cells, unlike
the case with DX-52-1 (18). HUK-921 is thus remarkably selective for galectin-3 over radixin and represents a potentially useful probe for evaluating the distinct contributions of the noncarbohydrate-binding functions of galectin-3 to cell motility.
The results collectively suggest that functions independent of
carbohydrate binding may be involved in the role of galactin-3
in cell migration.

EXPERIMENTAL PROCEDURES
Cell Culture and Wound Closure Assay—MDCK cells were
purchased from the American Type Culture Collection. Cells
were maintained in a growth medium consisting of minimum
essential medium with 10% newborn calf serum and grown at
37 °C with 5% CO2 in a humidified tissue culture incubator.
Early passages of cells thawed from frozen stock cultures were
used in all experiments. Wound closure experiments were conducted and analyzed as described previously (15). Images taken
as a function of time postwounding were imported into ImageJ
for morphometric analyses. Cell viability was determined at the
end of each experiment by the Trypan blue dye exclusion assay
and morphological observations, noting any rounding up of
cells or cell detachment.
Cell Proliferation Assay—MDCK cells were plated onto
96-well tissue culture plates (4.0 ⫻ 104 cells/well) in the presence or absence of compounds. After culturing the cells for
72 h, cell numbers were measured with the Cell Counting Kit-8
(Dojindo), a tetrazolium salt-based assay, according to the
manufacturer’s protocol with an absorbance plate reader
(Quant, BioTek Instruments).
Identification of Secondary DX-52-1-binding Proteins—Purification and identification of the three secondary DX-52-1binding proteins were performed in a manner similar to that
described previously for the primary DX-52-1-binding protein,
radixin, from lysates of MDCK cells that had been preincubated
with biotinylated DX-52-1 (18). All steps were conducted at
4 °C. At each step, fractions containing biotinylated DX-52-1labeled protein were identified by subjecting samples to
SDS-PAGE, followed by transfer to Millipore Immobilon polyvinylidene difluoride membranes and incubation with streptavidinhorseradish peroxidase from Sigma as described previously
(18). Protein visualization was by enhanced chemiluminescence (Amersham Biosciences/GE Healthcare) on a Bio-Rad
ChemiDoc XRS with Bio-Rad Quantity One software. Ammonium sulfate precipitation of whole-cell lysates resulted in separation of the three secondary DX-52-1-binding proteins into
the following fractions: 40% ammonium sulfate pellet for the
⬃120-kDa protein and 60% ammonium sulfate pellet for the
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libraries to discover new compounds that inhibit or accelerate
cell migration. We have identified a number of new inhibitors
of cell migration, including locostatin (15–17) and the tetrahydroisoquinoline DX-52-1, a semisynthetic derivative of quinocarmycin (also known as quinocarcin) (18). These small molecules target Raf kinase inhibitor protein (16) and the
membrane-actin cytoskeleton linker protein radixin (18),
respectively.
We discovered that radixin is the major target of DX-52-1
following preparation of a biotinylated derivative of DX-52-1,
incubation of cells with this derivative, and then affinity-based
target purification from cell lysates (18). DX-52-1 acts by specifically and covalently modifying the C-terminal region of
radixin, thereby causing radixin to dissociate from actin and
certain membrane proteins like the cell adhesion protein CD44,
a receptor for hyaluronic acid (18). Overexpression of radixin
makes cells less sensitive to the antimigratory activity of
DX-52-1, whereas RNA interference (RNAi)-based silencing of
radixin expression results in a reduced rate of cell migration
(18). Although radixin is consistently the protein that is most
intensely labeled by biotinylated DX-52-1 in MDCK cells, we
also detected three other less intensely labeled proteins that
also appeared to bind DX-52-1 in a saturable manner. In the
present study, we describe the isolation of secondary biotinylated DX-52-1-labeled proteins and the evaluation of their possible roles in cell migration.
One of the three secondary targets of DX-52-1 we identified
is galectin-3. This protein is a member of a family of lectins
encoded by at least 15 different genes (for reviews, see Refs.
19 –21). Galectin-3 is composed of an N-terminal repetitive
collagen-like domain rich in proline, glycine, and tyrosine and a
conserved C-terminal carbohydrate recognition domain.
Galectin-3 is found in the nucleus and cytoplasm as well as
extracellularly and has a range of apparent functions with roles
in cell-extracellular matrix (ECM) adhesion, cell-cell adhesion,
cell motility, cell differentiation, cell growth, apoptosis, and
pre-mRNA splicing (for reviews, see Refs. 20 –27). It has been
implicated in numerous normal and disease processes, including inflammation, kidney development, angiogenesis, and cancer progression and metastasis (for reviews, see Refs. 22, 23, and
28 –33).
Here we present evidence that galectin-3 is involved in epithelial cell migration during wound closure and, along with
radixin, may be one of the targets accounting for the antimigratory activity of DX-52-1. Overexpression of galectin-3 in
MDCK cells resulted in dramatically altered morphology,
increased cell adhesion and spreading, increased rates of cell
motility, and markedly decreased sensitivity of cells to the antimigratory activity of DX-52-1. In contrast, RNAi-based knockdown of galectin-3 in MDCK cells resulted in decreased cell
motility and cell adhesion. DX-52-1 appeared to covalently
bind to galectin-3 in a saturable and specific manner. Furthermore, alkylation of galectin-3 by biotinylated DX-52-1 was
strongly competitive with binding of a more complex synthetic
naphthyridinomycin-related tetrahydroisoquinoline that we
designated HUK-921. However, binding of both DX-52-1 and
HUK-921 to galectin-3 displayed little competition with binding of the ␤-galactosides N-acetyllactosamine (LacNAc) or lac-
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lect the beads. Bound galectin-3 was eluted from the beads
with 20 l of 2⫻ SDS sample buffer containing ␤-mercaptoethanol. For Western blot analysis, samples were boiled for 5
min and then subjected to SDS-PAGE on 12% gels. Proteins
were transferred from the gels to polyvinylidene difluoride,
and the resulting blots were blocked for 2 h with 5% (w/v)
bovine serum albumin (BSA) in 1% (w/v) Tween 20/Trisbuffered saline. The blots were probed with an anti-galectin-3 primary antibody (Santa Cruz Biotechnology) for 2 h
and horseradish peroxidase-conjugated secondary antibody
(Santa Cruz Biotechnology) for another 2 h and then washed
four times (10 min each) with Tween 20/Tris-buffered
saline. Proteins were visualized as described above by
chemiluminescence.
Competitive Biotinylated DX-52-1-binding Assay— Recombinant full-length galectin-3, recombinant full-length radixin,
and a C-terminal domain fragment of radixin were all tested
under identical conditions, i.e. 50 l of a 400 g/ml solution in
a buffer of 20 mM Tris-HCl (pH 7.4), 150 mM NaCl, 2 mM
EDTA, 2 mM DTT, 0.5% Triton X-100, 1 g/ml leupeptin, 1
g/ml pepstatin A, 100 M phenylmethylsulfonyl fluoride, and
100 M benzamidine. To each sample, biotinylated DX-52-1
was added with or without simultaneous addition of a 50-fold
molar excess of free, non-biotinylated DX-52-1 or 50-fold
molar excess of HUK-921. After incubation at 4 °C for 4 h, an
equal volume of 2⫻ SDS sample buffer was added to each
sample, followed by SDS-PAGE and transfer to polyvinylidene
difluoride. Detection of biotinylated DX-52-1-labeled proteins
was performed with streptavidin-horseradish peroxidase as
described previously (18).
Preparation of MDCK Cells Expressing Green Fluorescent
Protein (GFP)-Galectin-3—A construct encoding human galectin-3 fused at its C terminus to enhanced GFP was prepared by
polymerase chain reaction of galectin-3 from the pGEX-2T
vector with 5⬘-CCGCTCGAGATGGCAGACAATTTTTCGCTC-3⬘ and 5⬘-CTGGGATCCTTATATCATGGTATATGAAGCACT-3⬘ primers to introduce XhoI and BamHI restriction
sites, followed by cloning into the pEGFP-C1 mammalian
expression vector (Clontech). Success of cloning was confirmed
by evaluating restriction enzyme digestion patterns and by
DNA sequencing. Transfection of the pEGFP-C1-galectin-3
construct or the pEGFP-C1 vector alone was mediated by Lipofectamine (Invitrogen) according to the manufacturer’s
instructions. Stable MDCK transfectants expressing GFP-galectin-3 or GFP alone were selected and maintained in growth
medium with 500 g/ml G418 sulfate (Geneticin; Invitrogen).
GFP-positive MDCK cells were then isolated by fluorescenceactivated cell sorting on a FACSCalibur flow cytometer (BD
Biosciences), and expression was confirmed by fluorescence
microscopy and Western blot analysis. For the latter, cells were
grown to 80% confluence, and whole-cell lysates were prepared
in ice-cold lysis buffer consisting of 20 mM Tris-HCl (pH 7.4),
150 mM NaCl, 2 mM EDTA, 2 mM DTT, 0.5% (w/v) Triton
X-100, 1 g/ml leupeptin, 1 g/ml pepstatin A, 0.1 mM phenylmethylsulfonyl fluoride, and 0.1 mM benzamidine. After 30
min on ice, the plates were scraped with cell scrapers. Samples
were homogenized by passing through a 27-gauge needle,
transferred to new tubes, and centrifuged at 15,000 ⫻ g for 30
VOLUME 283 • NUMBER 36 • SEPTEMBER 5, 2008

Downloaded from www.jbc.org at University of Connecticut Health Center Library on September 18, 2008

⬃31- and ⬃55-kDa proteins. This was followed by dialysis of
the samples against low salt buffer and separation on a 5-ml
HiTrap Q-Sepharose anion exchange column (Amersham Biosciences/GE Healthcare). The ⬃31- and ⬃55-kDa proteins
eluted around 100 mM NaCl, whereas the ⬃120-kDa protein
eluted around 200 mM NaCl. Following desalting, the DX-521-binding proteins were affinity-purified by pulldown with
streptavidin-agarose beads (Prozyme) after preclearing nonspecific agarose-binding proteins with agarose beads (MP Biomedical) as described previously (18). After SDS-PAGE, specific DX-52-1-binding protein-containing bands were cut out
from SYPRO Ruby dye-stained gels and subjected to in-gel
digestion with trypsin. Liquid chromatography-tandem mass
spectrometry was performed using a 75-m reverse-phase
microcolumn terminating in a PicoView nanoelectrospray
source (New Objective) directly coupled to a Thermo Scientific
LTQ Orbitrap linear quadrupole ion trap mass spectrometer.
These procedures and the subsequent analyses have been
described elsewhere (16, 18).
Expression and Purification of Recombinant Galectin-3—A
glutathione S-transferase fusion with full-length human galectin-3 in the pGEX-2T (36) vector was expressed in BL21(DE3)
Escherichia coli cells. Single bacterial colonies were picked to
seed cultures in 500 ml of Luria-Bertani medium. After growing
the cells overnight, isopropyl D-thiogalactopyranoside was
added to a final concentration of 2 mM, followed by incubation
for 4 h, and cells were then collected by centrifugation (5000 ⫻
g for 10 min). Bacterial pellets were resuspended in 25 ml of
ice-cold phosphate-buffered saline (PBS) containing 2 mM
EDTA, 1 mM dithiothreitol (DTT), 1 g/ml leupeptin, 1 g/ml
pepstatin A, 0.1 mM phenylmethylsulfonyl fluoride, and 0.1 mM
benzamidine. Homogenized lysates were centrifuged at
15,000 ⫻ g for 30 min at 4 °C. The supernatants were removed
and mixed with 5 ml of a 1:1 slurry of glutathione-agarose beads
(Sigma) in PBS and then incubated on a rotating wheel for 2 h at
4 °C. Beads were washed four times with PBS, and glutathione
S-transferase fusion proteins were eluted with 10 mM reduced glutathione in 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 2.5 mM CaCl2,
and 1 mM DTT. The glutathione S-transferase moiety was
removed by incubation with bovine thrombin (Sigma) for 12 h
at 4 °C. The cloning, expression, and purification of both fulllength and C-terminal mouse radixin have been described previously (18, 37). Each recombinant protein was ultimately used
in a buffer of 20 mM Tris-HCl (pH 7.4), 150 mM NaCl, 2 mM
EDTA, 2 mM DTT, 0.5% (w/v) Triton X-100, 1 g/ml leupeptin,
1 g/ml pepstatin A, 0.1 mM phenylmethylsulfonyl fluoride,
and 0.1 mM benzamidine.
Competitive Lactose-binding Assay—The experiment was
carried out by procedures similar to those described previously
(38). Recombinant galectin-3 (0.5 g/l) was incubated for 3 h
at room temperature with lactose, LacNAc, DX-52-1, HUK921, or carrier solvent as control. The samples (30-l volume)
were mixed with 40 l of a 1:1 lactose-conjugated agarose slurry
(Sigma) and then incubated for 2 h at room temperature with
gentle rocking. Following centrifugation (1000 ⫻ g for 5 min),
supernatants were carefully transferred to new tubes, and beads
were washed three times to remove unbound galectin-3 with
centrifugation (1000 ⫻ g for 5 min) between each wash to col-
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min. Supernatants were concentrated in Amicon centrifugal
concentrators (Millipore) with a molecular mass cutoff of 5,000
Da at 4,000 ⫻ g at 4 °C. Total protein concentration was determined by the Bradford assay (39). Western blot analyses were
then carried out as described earlier with anti-GFP and antigalectin-3 antibodies (both from Santa Cruz Biotechnology).
Fluorescence Microscopy—MDCK cells were plated onto
glass coverslips placed in 12-well tissue culture plates at 2 ⫻ 105
cells/well and grown to confluence. Cell monolayers were
wounded by manual scratching with ultramicropipette tips. For
experiments involving sparsely seeded cultures, cells were
plated at low density onto fibronectin-coated glass coverslips in
12-well plates (4 ⫻ 104 cells/well) that had been blocked with
2% BSA. After incubation at 37 °C in 5% CO2 for 3 h in the case
of the wounded monolayers and 48 h in the case of the sparsely
seeded cultures, cells were fixed with 3.7% formaldehyde and
permeabilized with 0.5% Triton X-100 for 15 min. In some
experiments, cells were also stained for filamentous actin with
50 nM tetramethylrhodamine isothiocyanate-labeled phalloidin
(Sigma). Coverslips were mounted onto glass slides in Mowiol
4-88 (0.1 g/ml) mounting medium (Calbiochem) containing 15
mg/ml antifade agent 1,4-diazabicyclo[2,2,2]octane (Sigma).
Slides were examined on an inverted fluorescence microscope
(Leica DMI 6000B), and images were captured using a
Hamamatsu Orca AG cooled charge-coupled device camera.
Small Interfering RNA (siRNA)-mediated Silencing of Galectin-3 Expression—Four potentially effective siRNA target
sequences corresponding to different parts of the coding region
of canine galectin-3 and not found elsewhere in the canine
genome, were identified by using Ambion’s siRNA Target
Finder algorithm. The siRNA target sequences were synthesized as short hairpin RNA (shRNA) molecules and ligated into
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FIGURE 2. DX-52-1 and HUK-921 bind galectin-3 non-competitively with
known carbohydrate ligands of galectin-3. A, DX-52-1 covalently and specifically binds galectin-3. Recombinant galectin-3 was incubated with 10 M
biotinylated DX-52-1 (lane 1) or 10 M biotinylated DX-52-1 plus 500 M free,
non-biotinylated DX-52-1 competitor added simultaneously (lane 2). Following SDS-PAGE and transfer to polyvinylidene difluoride, the blot was probed
with streptavidin-horseradish peroxidase. The degree of competition of biotinylated DX-52-1 by free DX-52-1 was calculated as 84.3 ⫾ 3.5% (mean ⫾ S.E.)
from three independent experiments. B, HUK-921 competes with biotinylated DX-52-1 for binding to galectin-3 but not radixin. Lane 1, full-length
radixin with 10 M biotinylated DX-52-1; lane 2, full-length radixin with 10 M
biotinylated DX-52-1 plus 500 M HUK-921; lane 3, C-terminal domain fragment of radixin with 10 M biotinylated DX-52-1; lane 4, C-terminal domain
fragment of radixin with 10 M biotinylated DX-52-1 plus 500 M HUK-921;
lane 5, galectin-3 with 10 M biotinylated DX-52-1; lane 6, galectin-3 with 10
M biotinylated DX-52-1 plus 500 M HUK-921. This experiment was done
similarly to that shown in A except that potential competition of the binding
of biotinylated DX-52-1 to galectin-3 and radixin by HUK-921 added simultaneously was evaluated. Based on quantitation of the degree of binding from
the intensity of the bands from three independent experiments, we calculated the percent competition between biotinylated DX-52-1 and HUK-921 as
16.5 ⫾ 6.8% for full-length radixin, 29.5 ⫾ 6.9% for the C-terminal domain
fragment of radixin, and 84.3 ⫾ 4.2% for galectin-3 (means ⫾ S.E. in all cases).
C, percent binding of galectin-3 to lactose-agarose beads in the presence of
the indicated concentrations of lactose, LacNAc, DX-52-1, or HUK-921. The
extent of galectin-3 binding to lactose-conjugated agarose in the presence of
DMSO is defined as 100% binding. (Every individual experiment was performed along with a parallel DMSO control, and each value was normalized to
its parallel control.) Error bars represent S.E. for four to seven independent
experiments, quantitated from Western blots, as described under “Experimental Procedures.” D, lactose and LacNAc do not compete with biotinylated
DX-52-1 for binding to galectin-3. Lane 1, galectin-3 with 20 M biotinylated
DX-52-1; lane 2, galectin-3 with 20 M biotinylated DX-52-1 plus 20 mM lactose; lane 3, galectin-3 with 20 M biotinylated DX-52-1 plus 5 mM LacNAc.
Based on quantitation of the intensity of bands from three independent
experiments, we found only very weak competition between 20 M biotinylated DX-52-1 and 20 mM lactose or 5 mM LacNAc and calculated the percent
competition values as 25.0 ⫾ 5.2 and 20.4 ⫾ 2.4% (means ⫾ S.E.), respectively.
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FIGURE 1. Structures and antimigratory activities of analogs of reactive
tetrahydroisoquinoline natural products. A, chemical structures of
DX-52-1 and HUK-921. Me, methyl; Bn, benzyl. B, HUK-921 inhibits cell sheet
migration during wound closure in MDCK cell monolayers. Final dimethyl
sulfoxide (DMSO) carrier solvent concentration was 0.05% for each treatment
(compound was added 30 min prior to wounding). Error bars represent S.E. for
the indicated number of wounds. The IC50 for inhibition of wound closure at
24 h by HUK-921 is 32.5 M as calculated from the data presented in this
figure, whereas the corresponding value for DX-52-1 is 140 nM (18).
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FIGURE 3. Overexpression of galectin-3 results in strongly reduced sensitivity to the antimigratory activities
of DX-52-1 and HUK-921, whereas overexpression of radixin only weakly reduces sensitivity to HUK-921.
A, Western blot analysis with an anti-GFP antibody to probe whole-cell lysates from MDCK cells stably expressing
GFP alone or GFP-galectin-3. B, Western blot analysis with an anti-galectin-3 antibody showing levels of GFP-galectin-3 and endogenous galectin-3 in MDCK cells stably expressing GFP alone or GFP-galectin-3. C, overexpression of
galectin-3 markedly decreases the sensitivity of MDCK cells to the inhibitory effect of DX-52-1 on cell sheet migration
in the wound closure assay. D, overexpression of galectin-3 markedly decreases the sensitivity of MDCK cells to the
antimigratory activity of HUK-921. E, overexpression of radixin only mildly decreases the sensitivity of MDCK cells to
the antimigratory activity of HUK-921 in contrast to previous results with DX-52-1 (18). Error bars represent S.E. for the
indicated number of wounds in C–E.

an shRNA expression vector under
the direction of the U6 promoter.
This shRNA expression vector has
been described previously (12); it
contains a GFP expression cassette
to aid in isolation of stable transfectants and was modified from an earlier vector we designed (16). The
constructs were transfected into
MDCK cells with Lipofectamine
(Invitrogen) according to the manufacturer’s protocol. GFP-positive
stable transfectants were isolated by
fluorescence-activated cell sorting
after selection in growth medium
with 100 g/ml hygromycin B
(A. G. Scientific). The efficiency of
knockdown was evaluated by Western blot analysis of whole-cell
lysates prepared as described earlier. The most efficient knockdown
was achieved with an siRNA corresponding to nucleotides 708 –728 of
canine galectin-3 (GenBankTM
accession number XM 848582),
although nucleotides 589 – 609
were also highly effective as an
siRNA sequence for knockdown. As
a control, we used a cell line
expressing an siRNA corresponding
to nucleotides 631– 651 of canine
galectin-3 that we found to cause no
change in galectin-3 protein levels
by Western blot analysis. Each cell
line was maintained in growth
medium containing 100 g/ml
hygromycin B.
Cell Adhesion Assay—Cell adhesion experiments were performed in
96-well plates coated with human
fibronectin, human laminin, rat tail
collagen I, or gelatin (BD BioCoat,
BD Biosciences). As a negative control, BSA-coated 96-well plates
were used. Prior to plating cells for
these experiments, the wells were
washed three times with PBS, and
nonspecific binding sites were
blocked with 1% BSA in PBS at 37 °C
for 1 h. Wells were then washed
again three times with PBS. Experiments were initiated by plating
MDCK cells in serum-free minimum essential medium containing
0.5% (w/v) BSA in the presence or
absence of DX-52-1 onto the different precoated surfaces of the
96-well plates at 5 ⫻ 104 cells/well.
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RESULTS
Antimigratory Tetrahydroisoquinolines and Their Targets—
Given that DX-52-1 (Fig. 1A) potently inhibits epithelial cell
migration (18), we evaluated the biological activity of a more
complex tetrahydroisoquinoline (Fig. 1A), herein designated
HUK-921, as part of an effort to investigate whether structurally related tetrahydroisoquinolines might have activity similar
to that of DX-52-1. HUK-921 is an advanced intermediate in a
recent synthesis of cyanocycline A and bioxalomycin ␤2 (41),
compounds of the naphthyridinomycin family. We found that
HUK-921 also inhibits cell migration during wound closure in
MDCK cell monolayers (Fig. 1B). We calculated the half-maximal inhibitory concentration (IC50) for inhibition of cell sheet
migration in the wound closure assay at 24 h postwounding by
HUK-921 as 32.5 M. The antimigratory activity of HUK-921 is
thus considerably less than that of DX-52-1, whose IC50 for inhibition of wound closure at 24 h after wounding is 140 nM (18).
HUK-921 did not display any cytotoxic or antiproliferative effects
at the concentrations that inhibited cell migration based on the
Trypan blue dye exclusion assay, the tetrazolium salt-based assay,
and observations of cell morphology (data not shown).
We previously reported the preparation of biotinylated
DX-52-1 and the finding that it specifically and covalently modifies four proteins in MDCK cells (18). The binding to all the
DX-52-1-binding proteins is largely competed away when a
50-fold molar excess of free, non-biotinylated DX-52-1 is added
simultaneously with biotinylated DX-52-1. Although radixin,
which migrates as an ⬃80-kDa protein by SDS-PAGE, is by far
the most intensely labeled DX-52-1-binding protein and was
confirmed as a molecular target of DX-52-1 relevant to the
antimigratory activity of the compound in our previous work
(18), we wished to identify and assess the possible roles of the
secondary DX-52-1-binding proteins in cell migration. To
determine their identity, the secondary DX-52-1-binding proteins were each purified to apparent homogeneity following
lysis of biotinylated DX-52-1-treated MDCK cells. After SDSPAGE, the bands corresponding to each of the DX-52-1-binding proteins were excised from the gels and subjected to in-gel
digestion with trypsin. The identity of each protein was
revealed by tandem mass spectrometry as galectin-3 (⬃31
kDa), ATP synthase ␤-chain (⬃55 kDa), and heterogeneous
nuclear ribonucleoprotein U isoform b (⬃120 kDa).
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FIGURE 4. RNAi-based silencing of galectin-3 expression results in a
reduced rate of cell migration. A, Western blot analysis of whole-cell lysates
from MDCK cells stably expressing either an inert, control siRNA or an effective galectin-3-specific (Gal-3) siRNA prepared as described under “Experimental Procedures.” B, knockdown of galectin-3 results in a decreased rate of
cell sheet migration during wound closure in MDCK cell monolayers. Error
bars represent S.E. for the indicated number of wounds. Note that, unlike
knockdown of galectin-3 or treatment with DX-52-1 or HUK-921, treatment
with LacNAc had little or no effect on cell migration in this system.

Galectin-3 is an attractive candidate as a DX-52-1-binding
protein also relevant to the antimigratory activity of DX-52-1
because it has already been implicated in cell motility, tumor
invasion, and metastasis. On the other hand, both ATP synthase and heterogeneous nuclear ribonucleoprotein U are
housekeeping proteins with no known or immediately plausible
direct role in cell motility. We nonetheless tested whether inhibition of ATP synthase had any effect on cell migration by treating cells with oligomycin, an inhibitor of ATP synthase, and
found no subtoxic antimigratory activity of oligomycin (data
not shown). There are currently no available small molecule inhibitors of heterogeneous nuclear ribonucleoproteins, which share
weak sequence homology with the N-termnal domain of galectin-3 (42) and, like galectin-3, have roles in pre-mRNA splicing (for
a review, see Ref. 43). We do not yet know whether DX-52-1 binds
in the region of homology or affects pre-mRNA splicing.
We investigated the binding of DX-52-1 and HUK-921 to
pure recombinant galectin-3 in vitro. The binding of biotinylated DX-52-1 to recombinant human galectin-3 was largely
competed away when a 50-fold molar excess of free, non-biotinylated DX-52-1 was added simultaneously with the biotinylated compound (Fig. 2A). We calculated that the rate of alkylation of galectin-3 by biotinylated DX-52-1 is 5-fold slower
than that of radixin based on the kinetics of binding in vitro.
Moreover, although HUK-921 had much lower antimigratory
activity than DX-52-1, competitive binding experiments
revealed that HUK-921 competed strongly with biotinylated
DX-52-1 for covalent binding to galectin-3, but there was little
competition between biotinylated DX-52-1 and HUK-921 for
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Cells were allowed to adhere at 37 °C for 2 h. Non-adherent
cells were removed by gently washing the plates three times
with cold PBS, and adherent cells were fixed with 150 l of
methanol for 10 min. The methanol was removed by aspiration,
and the plates were allowed to air dry. The relative number of
adherent cells was determined as described previously (40).
Adherent cells were stained for 30 min with 100 l of filtered 1%
(w/v) methylene blue in 10 mM borate buffer (pH 8.5) and then
washed extensively with 10 mM borate buffer (pH 8.5). The
stain from each well was eluted with 100 l of a 1:1 (v/v) solution of ethanol and 0.1 M HCl. The level of staining was determined by measuring absorbance at 650 nm on an absorbance
plate reader. Control values from BSA-coated plates were subtracted from values from ECM-coated plates. Each experiment
was performed in triplicate.

Antimigratory Compounds That Target Galectin-3
tose-agarose beads. We found that
pretreatment of galectin-3 with
DX-52-1 or HUK-921 prior to pulling down lactose-binding proteins
had no significant effect at any concentration of the compounds on the
binding of galectin-3 to the lactoseagarose beads compared with the
solvent carrier control (Fig. 2C). In
GFP-galectin-3 with 0.01% DMSO
contrast, free lactose and LacNAc
competed with binding of galectin-3
to the lactose-agarose beads as
expected. We then examined
whether lactose or LacNAc could
compete with biotinylated DX-52-1
for binding to galectin-3. We
observed little competition between
GFP-galectin-3 with 600 nM DX-52-1
DX-52-1 and lactose and LacNAc
for binding galectin-3 (Fig. 2D).
Overexpression of Galectin-3 in
MDCK Cells Reduces Their Sensitivity to the Antimigratory Activities of
DX-52-1 and HUK-921—We generated MDCK cells stably expressing GFP-galectin-3 to investigate
the role of galectin-3 in cell migraGFP-galectin-3 with 50 µM HUK-921
tion in MDCK cell monolayers as
well as the sensitivity of cells to
DX-52-1 with overexpression of
galectin-3. The same GFP-galectin-3 fusion protein (44) and a galectin-3 fusion with the cyan variant of
GFP (45) have been reported previously and appear to have normal
Galectin-3 siRNA
galectin-3 function. In the GFP-galectin-3-expressing cells we prepared, the GFP-galectin-3 fusion
protein appeared stable (Fig. 3A),
and the level of expression of GFPgalectin-3, as calculated from the
intensity of bands on Western blots,
was ⬃126% that of endogenous
FIGURE 5. Galectin-3-overexpressing cells are highly spread and display reduced cell-cell contact, and
treatment with DX-52-1 or HUK-921 causes a change in localization of GFP-galectin-3 and reversion of galectin-3 (Fig. 3B). We performed
cells to a more normal morphology, whereas galectin-3 knockdown cells display reduced membrane wound closure assays in confluent
protrusion. A, images of cells expressing GFP alone, GFP-galectin-3 in the presence or absence of DX-52-1 or
HUK-921, or a galectin-3-specific siRNA, all 4 h after wounding of MDCK cell monolayer treatment (compounds monolayers of galectin-3-overexwere added 30 min prior to wounding). From left to right, each row consists of a phase-contrast image, a GFP pressing cells. Galectin-3-overexfluorescence image, and a second fluorescence image showing TRITC-phalloidin staining of filamentous actin. pressing cells migrated at rates simScale bars, 50 m. B, images of cells expressing GFP alone, GFP-galectin-3, or a galectin-3-specific siRNA plated
at low density on fibronectin-coated glass coverslips and then imaged 48 h later. From left to right, each row ilar to that of control cells (Fig. 3C).
consists of a phase-contrast image, a GFP fluorescence image, and a second fluorescence image showing However, overexpression of galecTRITC-phalloidin staining of filamentous actin. Scale bars, 50 m. (Note that the shRNA expression vector
tin-3 did result in greatly decreased
harbors a GFP cassette, as described under “Experimental Procedures,” so the galectin-3 knockdown cells also
sensitivity of the cells to the antimidisplay GFP fluorescence.)
gratory activity of DX-52-1. There
binding to full-length or a C-terminal domain fragment of was little or no effect on the migration of galectin-3-overexradixin (Fig. 2B), the latter containing the putative DX-52-1- pressing cells with treatment of DX-52-1 at a subtoxic concentration (400 nM) that strongly inhibited wound closure in conbinding site on radixin (18).
DX-52-1 and HUK-921 Bind Outside of the Carbohydrate- trol MDCK cells expressing GFP alone (Fig. 3C). At high
binding Site of Galectin-3—We investigated whether DX-52-1 concentrations (ⱖ600 nM), DX-52-1 became cytotoxic in conor HUK-921 could compete with binding of galectin-3 to lac- trol MDCK cells with long term exposure as in the wound clo-

A

GFP alone
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GFP-galectin-3

FIGURE 5—continued

sure experiments (where compound was added 30 min before
wounding, and then the experiment proceeded for 36 h after
wounding in the presence of compound). However, the compound at 600 nM displayed no cytotoxic activity and possibly
only weak antimigratory activity in galectin-3-overexpressing
cells, although the decrease in rate of migration is not statistically significant. At ⱖ1 M, DX-52-1 became cytotoxic in galectin-3-overexpressing cells as with long term treatment.
Overexpression of galectin-3 also strongly reduced the sensitivity of cells to the antimigratory activity of HUK-921 (Fig.
3D). In contrast, overexpression of radixin resulted in only a
mild decrease in the sensitivity of the cells to the antimigratory
activity of HUK-921 (Fig. 3E), unlike our previously reported
findings with DX-52-1 (18).
RNAi-based Knockdown of Galectin-3 Results in a Lower Rate
of Cell Migration—Inhibition of the ␤-galactoside-binding
function of galectin-3 with 5 mM LacNAc had little or no effect
on wound closure in MDCK cell sheets (data not shown). However, because DX-52-1 and HUK-921 did inhibit cell migration
and bound galectin-3 non-competitively with LacNAc, we
wished to silence the expression of galectin-3 by RNAi to investigate the overall role of galectin-3 in cell migration. We therefore stably transfected MDCK cells with shRNA expression
constructs encoding galectin-3-specific siRNAs. The efficiency
of silencing of galectin-3 expression for the most effective of
four siRNAs we designed and tested was 88% as determined by
Western blot analysis (Fig. 4A). Galectin-3 knockdown cells
exhibited reduced rates of wound closure compared with control cells expressing an inert siRNA (Fig. 4B).
Effects of Galectin-3 Overexpression and Knockdown on CellECM Adhesion—Striking morphological changes occurred in
MDCK cells with overexpression of galectin-3: unlike normal
SEPTEMBER 5, 2008 • VOLUME 283 • NUMBER 36
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MDCK cells, which have a cuboidal
morphology,
galectin-3-overexpressing cells were extremely
spread and often had asymmetric
shapes (Fig. 5A). There was an
apparent decrease in strength
and/or extent of cell-cell contacts
because small gaps were often visible between cells. In galectin-3overexpressing cells, GFP-galectin-3 appeared to be concentrated in
and around the nucleus and at the
periphery of the cell (Fig. 5A). Treatment with DX-52-1 or HUK-921
resulted in the cells adopting a
much less spread shape more like
the cuboidal cells expressing GFP
alone (Fig. 5A). Treatment with
DX-52-1 or HUK-921 also appeared
to cause a change in the localization
of GFP-galectin-3. The amount of
GFP-galectin-3 localized to the
nucleus appeared to decrease upon
treatment with DX-52-1 or HUK-921
with GFP-galectin-3 having a more
diffuse distribution throughout the
cell. Treatment of cells with DX-52-1 or HUK-921 had little or
no effect on the overall levels of galectin-3 or radixin in the cell
based on Western blot analysis (data not shown).
In contrast to the dramatically altered morphology of galectin-3-overexpressing cells, galectin-3 knockdown cells
appeared more normal in morphology (Fig. 5A). However,
lamellipodial protrusion at the wound edge appeared limited,
consistent with the slower observed rate of migration of the
galectin-3 knockdown cells compared with controls (Fig. 4B).
Lower density cultures revealed that galectin-3-overexpressing cells do not grow in tightly cell-cell adherent islands, as do
normal MDCK cells, but as collectives of highly spread cells
without a uniformly high degree of cell-cell contact (Fig. 5B). As
in the confluent cultures, galectin-3 knockdown cells at lower
density displayed a more normal morphology but with less
apparent spreading of cells at the edge of the islands.
We next compared the adhesion of galectin-3-overexpressing cells, galectin-3 knockdown cells, and corresponding control cells, in the presence or absence of DX-52-1 or HUK-921, to
various ECM proteins. MDCK cells were harvested and incubated in 96-well plates coated with fibronectin, laminin, collagen I, or gelatin (hydrolyzed collagen) in serum-free minimum
essential medium. After 2-h incubation, the wells were washed,
and adherent cells were quantified by methylene blue staining.
The effects of galectin-3 overexpression and knockdown on
cell-ECM adhesion were evaluated in comparison with the
adhesion of control MDCK cells stably expressing GFP or a
control siRNA. We found that overexpression of galectin-3 in
MDCK cells results in stronger attachment to both fibronectin
and laminin (Fig. 6, A and B). The difference between galectin3-overexpressing and control cells was less marked on collagen
I and gelatin (Fig. 6, C and D). When control and galectin-3-
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FIGURE 6. Effects of galectin-3 overexpression, galectin-3 knockdown, or treatment with DX-52-1, HUK-921, or LacNAc on adhesion of cells to different ECM
proteins. Shown are the levels of attachment of MDCK cells that were not manipulated (“wild type”) and cells expressing GFP alone, GFP-galectin-3 (GFP-gal-3), a
control (Ctl) siRNA, or a galectin-3 specific (Gal-3) siRNA to fibronectin (A), laminin (B), collagen I (C), and gelatin (hydrolyzed collagen; D) in the presence or absence of
DX-52-1 or HUK-921, all 2 h after plating. E, levels of attachment of MDCK cells expressing GFP alone or GFP-galectin-3 (GFP-gal-3) in the presence or absence of LacNAc,
with or without co-treatment with HUK-921, 2 h after plating. Error bars represent S.E. for three independent experiments in each case.
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overexpressing cells were incubated in the presence of DX-52-1
or HUK-921 on the different ECM-coated plates, the numbers
of strongly adherent cells were mildly reduced, particularly on
fibronectin and laminin (Fig. 6, A and B). Knockdown of galectin-3 resulted in decreased adhesion of cells to fibronectin,
laminin, and collagen I, but not to gelatin, as compared with
controls (Fig. 6, A–D). No further reduction in adhesion of
galectin-3 knockdown cells was observed upon treatment with
DX-52-1 or HUK-921.
Treatment of cells expressing GFP alone and those expressing GFP-galectin-3 with LacNAc resulted in statistically significantly decreased adhesion of both cells expressing GFP alone
and those expressing GFP-galectin-3 to all the ECM substrata,
and co-treatment with HUK-921 led to no further reduction in
cell adhesion (Fig. 6E). In contrast, as mentioned above, LacNAc had little or no effect on cell migration during wound
closure in MDCK cell monolayers.

DISCUSSION
Despite its relatively modest size, galectin-3 is a multifunctional protein that is found in the nucleus, cytoplasm, and
extracellular environment (for reviews, see Refs. 20 –27). In
addition, a splice variant of galectin-3 with a putative transmembrane domain has been identified (46). The extracellular
fraction of galectin-3 is secreted by a non-classical secretory
pathway not involving the endoplasmic reticulum and Golgi
apparatus, which may be significant in that it prevents galectin-3 from binding to nascent glycoconjugates; extracellular
galectin-3 binds to various glycoproteins, including ECM proteins, such as fibronectin and laminin, and cell adhesion proteins, such as integrins and neural cell adhesion molecule (for
reviews, see Refs. 20, 21, 24, 25).
The fact that DX-52-1 and HUK-921 inhibited cell migration
(Fig. 1B and Ref. 18) and targeted galectin-3 outside of its carbohydrate-binding site of galectin-3 (Fig. 2, C and D) raises the
possibility that these compounds inhibit another galectin-3
SEPTEMBER 5, 2008 • VOLUME 283 • NUMBER 36
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FIGURE 6 —continued

function(s) that may also be important in cell migration. Because LacNAc did not inhibit migration of
MDCK cells, the function of galectin-3 involved in cell motility in this
system appears to be independent of
its ␤-galactoside-binding activity.
Because of the role of galectin-3
in myriad disease-relevant processes, there is considerable interest
in the development of new galectin-3 inhibitors. Existing galectin-3
inhibitors are carbohydrate- or peptide-based and target the carbohydrate-binding site of the C-terminal
carbohydrate recognition domain
of the protein (for reviews, see Refs.
34 and 35). DX-52-1 and HUK-921
are thus unique in that they specifically bind galectin-3 outside of its
carbohydrate-binding site.
Although less potent than
DX-52-1, the remarkable selectivity of HUK-921 for galectin-3
over radixin (Fig. 2B) suggests that target selectivity is derived
from specific recognition interactions between the protein and
small molecule prior to alkylation. It is likely that further development of related molecules would yield compounds with yet
different selectivities, such as those with greater selectivity for
radixin over galectin-3.
The mechanism of covalent modification of galectin-3 may
involve elimination of the nitrile group of DX-52-1 or HUK-921
and attack of a nucleophilic amino acid side chain of galectin-3
on the resulting iminium ion as proposed for alkylation of
radixin by DX-52-1 (18). Quinocarmycin, of which DX-52-1 is a
derivative resulting from opening of the oxazolidine ring of the
natural product by hydrocyanation, has DNA-damaging activity through two proposed mechanisms, one involving DNA
alkylation and the other involving oxidative cleavage of DNA
through the generation of superoxide (47–54). DX-52-1, unlike
its parent natural product, is incapable of mediating oxidative
scission of DNA (53, 54). However, the mechanism proposed
for alkylation of DNA by quinocarmycin (48), also involving
formation of an iminium ion, would be accessible to DX-52-1.
Nevertheless, such activity alone would be unlikely to account
for the antimigratory activity of DX-52-1 or HUK-921 because
other DNA-alkylating agents such as saframycin C (18),
another reactive tetrahydroisoquinoline, and mitomycin C (8)
do not inhibit cell migration during wound closure by MDCK
cell sheets. Interestingly, covalent DNA-saframycin C adducts
bind glyceraldehyde-3-phosphate dehydrogenase, and this
appears to be involved in the mechanism of the antiproliferative
activity of saframycin C (55). The data presented here extend
the notion that reactive tetrahydroisoquinolines possess
important protein targets and that their cellular activities may
not be confined to or even principally result from any targeting
of DNA.
The sensitivity of MDCK cells to the antimigratory activity
of DX-52-1 is reduced when either radixin (18) or galectin-3
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30. Hughes, R. C. (2004) Glycoconj. J. 19, 621– 629
31. Takenaka, Y., Fukumori, T., and Raz, A. (2004) Glycoconj. J. 19, 543–549
32. Chen, H. Y., Liu, F. T., and Yang, R. Y. (2005) Arch. Immunol. Ther. Exp.
(Warsz.) 53, 497–504
33. Liu, F. T., and Hsu, D. K. (2007) Drug News Perspect. 20, 455– 460
34. Ingrassia, L., Camby, I., Lefranc, F., Mathieu, V., Nshimyumukiza, P.,
Darro, F., and Kiss, R. (2006) Curr. Med. Chem. 13, 3513–3527
35. Pieters, R. J. (2006) ChemBioChem 7, 721–728

VOLUME 283 • NUMBER 36 • SEPTEMBER 5, 2008

Downloaded from www.jbc.org at University of Connecticut Health Center Library on September 18, 2008

(Fig. 3C) is expressed constitutively from the cytomegalovirus promoter in stably transfected cells. This is most likely
due to the fact that because both of them are specific DX-521-binding proteins, overexpression of either protein
covalently and irreversibly “titrates” out a large proportion
of the soluble DX-52-1, reducing its concentration in solution and thus its ability to inhibit either protein completely.
Because of continual biosynthesis of each transgenic protein
and protein turnover, the observed loss of sensitivity would
not even require an instantaneously high concentration of
either protein.
Overexpression of galectin-3 also led to a dramatic reduction
in sensitivity of cells to the antimigratory activity of HUK-921
(Fig. 3D). However, there was only weakly reduced sensitivity to
the antimigratory activity of HUK-921 when radixin was overexpressed (Fig. 3F), unlike the case with DX-52-1 (18). These
results are consistent with the in vitro binding data (Fig. 2, A
and B, and Ref. 18). The data thus suggest that DX-52-1 binds
both radixin and galectin-3 in vitro and in cells, whereas HUK921 predominantly binds galectin-3 over radixin in vitro and in
cells.
Treatment of galectin-3-overexpressing MDCK cells with
DX-52-1 or HUK-921 resulted in a change in localization of
GFP-galectin-3 and reversion of the galectin-3-overexpressing cells from a highly spread state to a more normal cuboidal morphology (Fig. 5A), strongly suggesting that these
compounds inhibit an important function of galectin-3. This
function is not purely related to cell adhesion because
DX-52-1 and HUK-921 only moderately inhibited cell adhesion and did so more on certain ECM substrata (Fig. 6, A and
B) than others (Fig. 6, C and D), unlike LacNAc, which inhibited cell adhesion more strongly and in a less substratum-dependent manner (Fig. 6E). DX-52-1 and HUK-921 may
inhibit interactions with intracellular galectin-3-binding
proteins involved in cell migration. Alternatively, these compounds may inhibit non-carbohydrate-based interactions
between galectin-3 and extracellular proteins or the extracellular domains of transmembrane proteins with roles in
cell adhesion and cell migration, such as ECM proteins or
integrins. Interactions between galectin-3 and glycoproteins
likely involve some degree of direct protein-protein contact
in addition to protein-carbohydrate contact, and the protein-protein component of such an interaction could be
affected by DX-52-1 and HUK-921. Efforts are ongoing to
identify the precise binding site of these tetrahydroisoquinolines on galectin-3 and to define the functional interactions
of galectin-3 that are disrupted by these compounds.
DX-52-1 and HUK-921 inhibited cell migration, bound
galectin-3 outside of its carbohydrate-binding site, and
largely reverted galectin-3-overexpressing MDCK cells to a
more normal epithelial morphology. Furthermore, although
less potent an inhibitor of cell migration than DX-52-1,
HUK-921 displayed remarkable selectively for galectin-3
over radixin. These data suggest that carbohydrate bindingindependent functions of galectin-3 are important for cell
motility and validate the use of privileged natural product
scaffolds for the exploration and delineation of specific protein function.
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