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Intravascular cancer cell adhesion plays a significant role
in the metastatic process. Studies indicate that galectin-3,
a member of the galectin family of soluble animal lectins,
isinvolved in carbohydrate-mediated metastatic cell hetero-
typic (between carcinoma cells and endothelium) and
homotypic (between carcinoma cells) adhesion via inter-
actions with the tumor-specific Thomsen-Friedenreich
glycoantigen (TFAg). We hypothesized that blocking the
galectin-3 carbohydrate recognition domain with synthetic
peptides would significantly reduce metastasis-associated
carcinoma cell adhesion. To test this hypothesis, we identi-
fied peptide antagonists of the galectin-3 carbohydrate
recognition domain using combinatorial bacteriophage dis-
play technology. The peptides bound with high affinity to
purified recombinant galectin-3 protein (Ky ~ 17-80 nM)
and to cell surface galectin-3. Experiments with a series of
recombinant serially truncated galectin-3 mutants indi-
cated that the peptides bound the carbohydrate recognition
domain of galectin-3. Furthermore, the peptides did not
bind the carbohydrate recognition domain of other galec-
tins and plant lectins. Synthetic galectin-3 carbohydrate
recognition domain-specific peptides blocked the inter-
action between galectin-3 and TFAg and significantly inhib-
ited rolling and stable heterotypic adhesion of human
MDA-MB-435 breast carcinoma cells to endothelial cells
under flow conditions, as well as homotypic tumor cell
aggregation. These results demonstrate that carbohydrate-
mediated, metastasis-associated tumor cell adhesion could
be inhibited efficiently with short synthetic peptides which
do not mimic naturally occurring glycoepitopes yet bind to
the galectin-3 carbohydrate recognition domain with high
affinity and specificity.

Introduction

Metastasis is a complex process consisting of multiple steps.
Metastasis-associated events initiate with release of cancer
cells from a primary lesion, migration into the bloodstream
(1) and binding to the endothelium in target organ microves-
sels (2). Two forms of metastasis-related tumor cell adhesion,
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heterotypic adhesion between neoplastic and endothelial cells
and homotypic adhesion of tumor cells to each other, are
involved in metastasis (3). Both heterotypic and homotypic
cancer cell adhesion are mediated in part by specific inter-
actions between cell surface lectins and their cognate carbohy-
drate ligands presented on glycoproteins and glycolipids (3-7).

Galectin-3 is the predominant member of the galectin
family of soluble mammalian lectins recognizing terminal
[B-galactopyranose. Galectin-3 may facilitate metastasis by
promoting tumor cell adhesion (7,8) and invasiveness (9), as
well as by antagonizing tumor cell apoptosis (10-12) and
inducing endothelial cell proliferation and angiogenesis (13).
Galectin-3 is prominently expressed in several types of cancer
(14,15) and its expression correlates with tumor cell transfor-
mation and metastatic phenotype in vivo (16). Elevated galec-
tin-3 expression significantly enhances tumor cell adhesion to
common extracellular matrix proteins (17), increases the inci-
dence of lung metastases (16) and protects cancer cells from
apoptosis (10-12). Furthermore, pretreatment of tumor cells
with an anti-galectin-3 antibody reduces the incidence of
metastatic lung colonies by up to 90% (18). These data suggest
that galectin-3 expression and interactions with its cognate
carbohydrate ligands could be important in tumor metastasis.

We previously demonstrated that the cancer-associated
Thomsen-Friedenreich glycoantigen (TFAg), a galactose 31-3
N-acetylgalactosamine disaccharide (19) exposed on up to 90%
of human carcinomas (19,20), is one of the major galectin-3
carbohydrate ligands present on cancer cells (21). Increased
levels of TFAg correlate with metastasis in gastric (22), colo-
rectal (23) and breast carcinomas (24). Recent works suggest
that galectin-3 expressed on endothelial cells may interact with
carbohydrate ligands such as TFAg on carcinoma cells to
mediate tumor cell adhesion and metastasis (21,25). Upon
appropriate stimulation, endothelial galectin-3 is rapidly redis-
tributed to the sites of tumor cell-endothelial cell contacts (3),
suggesting that galectin-3-TFAg interactions might be impor-
tant early steps in the formation of intravascular metastatic
deposits. Inhibiting these steps could potentially modify
metastasis-associated tumor cell adhesion and help in control-
ling metastatic cancer spread. Traditionally, such inhibition
could be achieved using carbohydrate-based compounds inter-
acting with the galectin-3 carbohydrate recognition domain
(26,27). In this study we have tested the hypothesis that
metastasis-associated heterotypic and homotypic adhesion of
carcinoma cells mediated by interactions between galectin-3
and TFAg could be efficiently inhibited by small synthetic
peptides which specifically and selectively bind to the
galectin-3 carbohydrate recognition domain. Short synthetic
peptides which bind to galectin-3 carbohydrate recognition
domain with high affinity and specificity may represent yet
another attractive alternative approach to inhibiting galectin-3
function and B-galactoside-mediated metastasis-associated
tumor cell adhesion. Carbohydrate-lectin interactions usually
occur in the mid-micromolar range (28-30). In contrast,
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peptide-protein interactions frequently occur with much higher
affinity, in the nanomolar range (31,32). However, our labora-
tory has identified high affinity (K4 ~ 100 nM) carbohydrate-
binding peptides (33,34). Thus, identifying peptides with high
affinity that could block the corresponding carbohydrate
recognition domains of carbohydrate-binding proteins may
represent a valuable new approach to inhibiting functionally
relevant carbohydrate-lectin interactions.

In this report, peptide antagonists of galectin-3 which bound
to purified recombinant galectin-3 with high affinity were
identified. The selected peptides specifically bound to the
C-terminal carbohydrate recognition domain of galectin-3,
but not to other lectins tested, and efficiently blocked
the interaction of human recombinant galectin-3 with
B-galactosides. Further, the galectin-3 carbohydrate recogni-
tion domain-specific peptides exhibited specific binding to
galectin-3 expressed on tumor cells and inhibited homotypic
adhesion of MDA-MB-435 human breast cancer cells as well
as their heterotypic adhesion to endothelial cells under physio-
logical flow conditions. These results demonstrate that
B-galactoside-mediated, metastasis-associated tumor cell
adhesion could be efficiently disrupted by small synthetic
peptides that interact with the galectin-3 carbohydrate recog-
nition domain with high affinity and specificity.

Materials and methods

Materials

All chemicals and reagents, unless specifically noted, were purchased from
Sigma-Aldrich Chemical Co. (St Louis, MO).

Purification of recombinant galectin-3 and galectin-3 mutants

Full-length recombinant human galectin-3 was expressed in Escherichia coli
from the vector pET3 (a generous gift from Dr Avraham Raz, Wayne State
University, Detroit, MI). Recombinant human galectin-3 was purified using a
B-lactose affinity chromatography matrix as previously described (35).

Four truncated proteins with N-terminal deletions were produced by cloning
the full-length human galectin-3 cDNA into the vector pET15b (Novagen,
Madison, WI). Mutants De/1-28 and Del1-63 were constructed by sequentially
digesting galectin-3 plasmid DNA (Del1-28, Ndel and BstXI; Del1-63, Ndel
and Xcml). The desired fragments were gel purified and recircularized using
T4 DNA ligase. Mutants Del1-12 and Del1-118 were constructed using primer-
directed mutagenesis. A common downstream primer (5-GGGTACCGA
GCTCGAATTC-3') containing an EcoRI site was used. Distinct upstream
primers introduced a unique BamHI restriction site (Dell-12, 5'-CGGG-
ATCCGGGGTCTGGAAACCCAAACC-3'; Dell-118, 5'-CGGGATCCGAA
CCTGCCTTTGCCTGGG-3'). The PCR products were gel purified, digested
with appropriate restriction enzymes and ligated into the vector pET15b.
All constructs were chemically transformed into the non-expression host strain
JM109. Plasmid DNA was isolated and the mutations were confirmed by DNA
sequencing (University of Missouri DNA Core Facility). The mutants were
expressed in E.coli BL21 and purified using Ni-NTA columns (Qiagen,
Valencia, CA).

The identity, purity and molecular weight of the recombinant proteins were
analyzed using SDS-PAGE and immunoblotting with either monoclonal anti-
body TIB-116 (American Type Culture Collection), which binds an N-terminal
epitope and recognizes the full-length and Del1-12, and Del1-28 galectin-3
proteins, or rabbit anti-galectin-3 polyclonal antibody (Dr Avraham Raz),
which recognizes all proteins (13). Protein concentration was determined
using a Micro BCA Protein Assay Reagent Kit (Pierce, Rockford, IL).

Affinity selection

Two random phage display libraries, f88/15 and f88/Cys6 (Dr George Smith,
University of Missouri-Columbia) (36), each consisting of ~1 x 10'! phage
clones encoding random 15 and 6 amino acid peptides, respectively, were used
for affinity selection against purified recombinant galectin-3 as previously
described (37). Briefly, galectin-3 was biotinylated using an Immunopure
Sulfo-NHS-Biotin Kit (Pierce, Rockford, IL) according to the manufacturer’s
directions. Next, 4 pg biotinylated galectin-3 in 0.5% v/v Tween 20 in Tris-
buffered saline was immobilized on streptavidin-coated dishes. Recombinant
phage (10'? transforming units/ml) were added for 4 h at room temperature.
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The dishes were extensively washed. Bound phage particles were eluted with
0.22 M glycine-HCI, pH 2.2, and neutralized with Tris-HCI, pH 9.1. After
each round of selection, phage were amplified for further use. After four
rounds of selection, 80 individual phage clones were randomly picked and
propagated independently. Redundant phage clones were eliminated using
one-lane dideoxy DNA sequencing with a single termination mix (38). The
coding sequences of the unique clones were determined using a modified
dideoxy sequencing method as described previously (39).

Phage membrane binding assay

Phage membrane binding assays were conducted as described previously (34).
Individual phage clones (2 x 10® virions) were spotted onto a nitrocellulose
membrane and blocked. The membrane was incubated with 2 mg biotinylated
galectin-3. Bound galectin-3 was detected colorimetrically using a streptavidin—
horseradish peroxidase conjugate.

Peptide synthesis and purification

Peptides were chemically synthesized using solid phase Fmoc chemistry on an
Advanced ChemTech 396 multiple peptide synthesizer (Advanced ChemTech,
Louisville, KY) and purified by high pressure liquid chromatography. Biotin
was covalently linked to the N-terminus of the peptide on the resin using a
standard coupling agent for formation of the amide bond. All masses were
verified by mass spectroscopy analysis.

Peptide binding and immunoblot analysis

Purified full-length and truncated galectin-3 proteins were separated by 12%
SDS-PAGE (40) and transferred to nitrocellulose membranes, which were
subsequently blocked with 6% bovine serum albumin for 1 h at room tempera-
ture and washed with Tween 20 in Tris-buffered saline. Next, the membranes
were incubated with 20 wM solutions of either biotinylated anti-galectin-3
peptides (10 mM Tris, pH 7.5, 2% bovine serum albumin), anti-galectin-3
monoclonal antibody (1/200 dilution) or anti-galectin-3 polyclonal antibody
(1/500 dilution) in Tween 20 in Tris-buffered saline for 1 h at room tempera-
ture and washed extensively with Tween 20 in Tris-buffered saline. The
membranes were then incubated with streptavidin-horseradish peroxidase
conjugate for peptides or the corresponding horseradish peroxidase-conjugated
secondary antibody (anti-rat for anti-galectin-3 monoclonal antibody or anti-
rabbit for anti-galectin-3 polyclonal antibody; Santa Cruz Biotechnology,
Santa Cruz, CA). After extensive washing, binding was detected colorimetri-
cally using the 4CN membrane peroxidase substrate system (Kirkegaard &
Perry Laboratories, Gaithersburg, MD).

To determine binding specificity of the peptides, blotting experiments were
performed with galectin-3, galectin-1 and galectin-4 (R & D Systems,
Minneapolis, MN), as well as with Aleuria aurantia lectin, Vicia villosa lectin
(Vector Laboratories, Burlingame, CA) and Arachis hypogaea lectin. Equiva-
lent amounts of each lectin were separated by SDS-PAGE, transferred onto
nitrocellulose membranes and incubated with biotinylated peptides, as
described previously. Peptide binding was detected using an alkaline phospha-
tase-streptavidin conjugate (Gibco BRL, Gaithersburg, MD) and BCIP/NBT
as substrate (Fisher Scientific, Pittsburgh, PA). Lectin membrane binding
assays were conducted in a manner similar to phage membrane binding assays,
with lectins (0.1 pg/pl) being spotted onto nitrocellulose, blocked, incubated
sequentially with biotinylated peptides and streptavidin-alkaline phosphatase
and developed colorimetrically.

Fluorescence quenching

Galectin-3 was fluorescently labeled using an AlexaFluor 488 Protein Label-
ing Kit (Molecular Probes, Eugene, OR) according to the manufacturers’
instructions. High throughput fluorescence quenching analysis of peptide
binding affinity was performed as described previously (41). AlexaFluor
488-galectin-3 (1 nM) was used as a fluorophore. Serial peptide dilutions
were used as quenchers. The quantum fluorescence output (in c.p.m.)
was read on a Fusion Universal Microplate Analyzer (Packard Bioscience,
Meriden, CT), using a 485 4+ 20 nm excitation filter and a 520 + 20 nm
emission filter. The autofluorescence of empty wells was subtracted from each
reading prior to analysis. Percent decrease from maximum [{1 - (Qobs/Omax } X
100%] was calculated. Binding affinity was calculated using the Langmuir
binding equation, ¥ = (Bpax X X)/(Kq + X) (42) and GraphPad Prism 3.0
software, where K, is the dissociation affinity constant, B, the maximal
binding and X the total peptide molar concentration. All titrations were
performed in triplicate.

Cell lines and culture

The human breast cancer cell lines BT549, which does not express detectable
levels of galectin-3 (10), and BT549trans, transfected with the cDNA encoding
galectin-3 (Dr Avraham Raz), were used as a model system for differential
galectin-3 expression (10). The mouse monocyte/macrophage cell line J744A
(American Type Culture Collection) (43), was used as a positive control.
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The human breast carcinoma cell line MDA-MB-435 (National Cancer
Institute) and human prostate carcinoma cell line PC-3M (Dr Avraham Raz),
both of which express moderate levels of galectin-3 (43), were also used. Cells
were grown to confluence in RPMI 1640 medium (Gibco BRL, Grand Island,
NY) supplemented with L-glutamine, 10% fetal bovine serum, sodium pyruvate
and non-essential amino acids. The human bone marrow endothelial cell
line HBME-1 (25), kindly provided by Dr Kenneth J.Pienta (University of
Michigan, Ann Arbor, MI), which has been used in our laboratory (3,44) as a
model of tumor cell adhesion to the microvasculature in heterotypic adhesion
assays, was cultured in DMEM medium supplemented with L-glutamine,
10% fetal bovine serum and sodium pyruvate.

Cell surface binding

Laser scanning confocal microscopy was conducted as described previously
(33). For each cell suspension, 1 x 10 cells were dried on a microscope slide
and blocked. The slides were incubated with biotinylated peptide solutions
(20 pM in 10 mM Tris, pH 7.5, 1% bovine serum albumin) or rat anti-
galectin-3 monoclonal antibody for 1 h at room temperature. Binding was
detected using 10 pwg/ml NeutrAvidin-Texas Red (Molecular Probes) for pep-
tides and AlexaFluor 488-conjugated anti-rat secondary antibody (Molecular
Probes) for anti-galectin-3 monoclonal antibody (incubation for 30 min at room
temperature in the dark). Laser scanning confocal microscopy was performed
on a Bio-Rad MRC 600 confocal microscope (University of Missouri
Molecular Cytology Core Facility).

Asialofetuin (ASF) binding to galectin-3

Briefly, 10 pg/ml biotinylated galectin-3 in 0.5 % v/v Tween 20 in Tris-
buffered saline was immobilized on streptavidin-coated dishes. ASF was
fluorescently labeled using a Molecular Probes AlexaFluor 488 protein
labeling kit as directed. The plates were blocked with 2% bovine serum
albumin in Tween 20 in Tris-buffered saline and washed extensively. Biotiny-
lated galectin-3 (0.5 pg) was immobilized on streptavidin-coated Microtest
96-well plates (BD Biosciences, NJ). The wells were then incubated with
0.5 pg AlexaFluor 488-labeled ASF for 1 h in the presence or absence of
competitors (N-acetyl-lactosamine, Arachis hypogaea lectin or sucrose). ASF
possesses three O-linked desialylated TFAg disaccharide moieties (45) and
three branched asparagine-linked oligosaccharides containing a total of nine
N-acetyl-lactosamine sequences (46,47). The binding of ASF to immobilized
galectin-3 was detected using a Fusion Universal Microplate Analyzer
(Packard Instrument Co., Meriden, CT) with 485 + 20 nm excitation and
520 £ 20 nm emission filters. All the assays were performed in triplicate and
data were analyzed using GraphPad Prism 3.0 software.

Inhibition enzyme-linked immunosorbent assay (ELISA)

ASF (0.5 pg) was preabsorbed to a 96-well plate for 2 h at room temperature
and blocked. Galectin-3 (0.5 pg) in the presence or absence of increasing
concentrations (1-50 wM) of anti-galectin-3 peptides or ‘scrambled’ anti-
galectin-3 control peptides (G3-C9s, DKFPPTLHPQSINPG; G3-H12s,
PTHVTCKYCPAGNRDP) were added and incubated for 1 h at room
temperature. Bound galectin-3 was detected colorimetrically using a rat
anti-galectin-3 primary monoclonal antibody and an alkaline phosphatase-
conjugated goat anti-rat secondary antibody and developed with p-nitrophenyl
phosphate. The absorbance at 405 nm was recorded. The assay was performed
in triplicate. The data were normalized using the GraphPad Prism 3.0 software
package. The absorbance obtained without peptide was set as 100% and the
inhibition by peptides was calculated as a decrease in the absorbance at 405 nm
compared with the control (no peptide).

Homotypic aggregation assay

The ability of the anti-galectin-3 peptides to inhibit homotypic aggregation of
MDA-MB-435 breast carcinoma cells was determined as previously described
(27). Briefly, 500 pl of a single cell suspension (5 x 10° cells) was mixed with
500 wl of serum-free medium in the presence of increasing concentrations
(0-25 M final concentration) of anti-galectin-3 peptides or control peptide
and agitated for 1 h at 37°C. Next, three 25 pl aliquots from each sample were
spotted onto a microscope slide, dried for 1 h at room temperature and fixed
overnight in formaldehyde vapor. Immediately prior to microscopic evalua-
tion, 25 pl of phosphate-buffered saline was placed on each spot to facilitate
viewing. The total number of cells and the number of cells in aggregates were
counted in four random fields in each spot. The percent of cells in aggregates
[(number of cells in aggregates/total number of cells) x 100] and the average
number of aggregated cells was calculated for individual samples. Each assay
was performed in triplicate. The results, analyzed using GraphPad Prism 3.0
software, are presented as means & SD.

Carcinoma cell adhesion to endothelial cell monolayer under flow conditions

The effects of anti-galectin-3 peptides on rolling and stable adhesion of MDA-
MB-435 human breast carcinoma cells to endothelial cells under conditions of

Synthetic peptide galectin-3 inhibitors

physiological shear stress were determined in an in vitro parallel plate laminar
flow chamber as described previously (3). A human bone marrow endothelial
cell line, HBME-1 (25), was used in parallel flow chamber experiments.
HBME-1 cells were exposed to flow conditions (0.8 dyn/cm? shear stress) by
perfusing warm medium (RPMI containing 0.75 mM Ca*" and Mg>" and 0.2 %
human serum albumin) using a constant infusion/withdrawal syringe pump
KDS210 (KD Scientific, New Hope, PA). Next, the flow chamber was perfused
for 15 min with a MDA-MB-435 single cell suspension (1 x 10* cell/ml) in the
presence or absence of 20 wM anti-galectin-3 peptides or control peptide.
Tumor cell interactions with HBME-1 monolayers were observed using an
inverted phase contrast Diavert microscope (Leitz, Wetzlat, Germany) and
video recorded for subsequent frame-by-frame analysis. The percent of rolling
cells and number of stably adherent cells per field was determined over 1 and
5 min time periods, respectively, in at least three different observation fields
for each experimental setting. The data are presented as the means £ SD of
three observation fields from one representative experiment.

Results

Isolation of galectin-3-binding peptides

Galectin-3-specific peptides were selected by screening both a
random 15 amino acid and a cysteine-constrained library dis-
played on coat protein VIII. By the fourth round of selection,
the output phage yield from both libraries was ~100-fold
higher compared with the first round phage yield (data not
shown), which indicated enrichment of galectin-3-binding
phage clones in the eluted phage population. G3-A9 and
G3-C12 were the predominant output clones (Table I).

In a phage membrane binding assay, six immobilized clones
from the final round appeared to bind to galectin-3 (Figure 1 A).
Of these, G3-A9 and G3-C12 bound with the strongest inten-
sities. Similar results were obtained from a phage capture-
ELISA, which detected phage bound by immobilized
galectin-3 (data not shown).

Binding affinity of synthesized peptides

Four peptides identified in the affinity selections were
chemically synthesized. Three corresponded to the foreign
sequences encoded by phage giving the strongest binding
signals (G3-A9, G3-C9 and G3-C12) in the phage membrane
binding assay and one corresponded to the predominant clone
from the selection (G3-A3). G3-A9 represents the first 15
amino acids of a triple insert in the phage genome Fluore-
scence spectroscopy titration (41) was used to determine the

Table I. Results of combinatorial selections against galectin-3: deduced
peptide sequences, percent occurrence of phage clones and affinity of peptides

Name Peptide sequence Library Percent of Affinity

clones®  (Ky) (nM)
G3-A3 SMEPALPDWWWKMFK {88-15 8.8 17.7 + 9.4 (K})

4.2 +23 (K3)

G3-A4 DKPTAFVSVYLKTAL  f88-15 1.3 NA
G3-A9 PQNSKIPGPTFLDPH 88-15  10.0 722 £ 32.8
G3-A18  APRPGPWLWSNADSV  {88-15 1.3 NA
G3-A19  GVTDSSTSNLDMPHW  {88-15 1.3 NA
G3-A28  PKMTLQRSNIRPSMP  {88-15 1.3 NA
G3-A29  PQNSKIPGPTFLDPH 88-15 1.3 NA
G3-A40  LYPLHTYTPLSLPLF 88-15 1.3 NA
G3-C4 LTGTCLQYQSRCGNTR f88-Cys6 1.3 NA
G3-C9 AYTKCSRQWRTCMTTH f88-Cys6 1.3 57+22
G3-C12  ANTPCGPYTHDCPVKR {88-Cys6 80.0 722 £ 32.8
G3-C44  NISRCTHPFMACGKQS f88-Cys6 1.3 NA
G3-C60  PRNICSRRDPTCWTTY f88-Cys6 1.3 NA

“The percentage of individual clones that were represented in the populations
of 80 f88-15 and 60 f88-Cys6 libraries selected.
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Fig. 1. Phage-displayed and chemically synthesized anti-galectin-3 peptides
bind to galectin-3. (A) Peptides displayed on immobilized phage bind to
galectin-3 in solution. Individual galectin-3 peptide phage clones (G3-A3,
G3-A9, G3-A18 and G3-A28) or negative control phage (S0j24) were
spotted onto a nitrocellulose membrane and incubated with biotinylated
galectin-3 (in solution) and streptavidin-horseradish peroxidase conjugate
(first two panels) or streptavidin-horseradish peroxidase conjugate only
(third panel). (B) Dose-dependent quenching of AlexaFluor 488 fluorescence
by galectin-3-binding peptides. Dose-dependent quenching of AlexaFluor
488 fluorescence by peptides was analyzed using the Langmuir binding
equation and reported as K4 == SEM. Error bars were eliminated for clarity.
G3-A3 (squares) K§ = 17.9 + 9.4 nM, K3 = 4.2 + 2.3 uM; G3-A9
(diamonds) K4 = 72.2 £ 32.8 nM; G3-C12 (triangles) K4 = 88.0 £ 23.0 nM;
G3-C9 (inverted triangles) K4 = 5.7 & 2.2 nM.

dissociation constant (K4) describing the binding of peptides
to galectin-3. Non-linear regression analysis of the dose-
dependent increase in fluorescence (Figure 1B) indicated that
G3-C9 had the highest affinity (K4 = 5.7 &+ 2.2 nM) for
galectin-3, with maximal binding observed at 0.5 WM. Pep-
tides G3-A9 (K4 = 72.2 £ 32.8 nM) and G3-C12 (K4 = 88.0 £
23.0 nM) exhibited 10-fold lower affinities compared with
G3-C9 (Table I). Maximal binding of G3-A9 and G3-CI12 to
galectin-3 was observed at concentrations between 1 and 10
pM. For all peptides except G3-A3, the range of 10-90%
saturation fell within a 100-fold concentration range, indicat-
ing specific non-cooperative binding. Non-linear regression
analysis of fluorescence quenching by peptide G3-A3 indi-
cated that the binding isotherm best fitted a two-site binding
algorithm (K4 = 17.9 nM, K§ = 4.2 pM). Thus, G3-A3 was
eliminated from further study.
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Peptide specificity

Galectin-3 possesses a single carbohydrate recognition
domain located at the C-terminal end of the protein (48),
which could be involved in tumor cell adhesion by inter-
acting with cancer-associated cell surface carbohydrate ligands
(21). Thus, we were interested in determining whether any of
the selected peptides preferentially bound to the C-terminal
carbohydrate recognition domain region of galectin-3. To
define the region of galectin-3 recognized by the synthetic
peptides, a series of truncated galectin-3 proteins with
deletions of 12, 28, 63 and 118 amino acids from the
N-terminus of the protein were generated (Figure 2A).
Immunoblot analyses with anti-galectin-3 monoclonal
antibody and polyclonal antibody permitted detection of
full-length and truncated galectin-3 proteins (Figure 2B).
The polyclonal antibody bound to all galectin-3 proteins,
including Del1-118, which consists of the carbohydrate
recognition domain only, whereas the monoclonal antibody
recognized an epitope located at the N-terminus of galectin-
3. The chemically synthesized peptides G3-A9 and G3-C12
similarly bound to all immobilized galectin-3 proteins,
including those lacking the entire N-terminal domain and a
linker region, but not to control proteins, indicating that
these peptides bound to the carbohydrate recognition domain
of galectin-3. In contrast, peptide G3-C9 bound all galectin-3
proteins as well as the control protein (Figure 2B), suggest-
ing that binding was non-specific.

Given that the peptides were shown to bind to the carbo-
hydrate recognition domain, the specificity of the three
peptides for the carbohydrate recognition domain structure of
the galectin-3 protein was further examined. We analyzed
peptide binding to plant lectins, including Vicia villosa lectin,
Aleuria aurantia lectin and Arachis hypogaea lectin, which
specifically recognize N-acetylgalactosamine, fucose and
TFAg, respectively, as well as to two additional animal galec-
tins, galectin-1 and galectin-4. The galectin family of lectins is
defined by a highly conserved carbohydrate recognition
domain and affinity for (3-galactosides (48). The amino acid
sequence identity in the carbohydrate recognition domains
among galectins ranges from 20 to 40% (49). Structurally,
galectin-1 protein is a prototypic galectin existing as a homo-
dimer comprised of two identical carbohydrate recognition
domains (48). Galectin-4 has two distinct carbohydrate recog-
nition domains, one of which is similar to the galectin-3
carbohydrate recognition domain (~35% sequence identity)
and a repeating linker region similar to that of galectin-3
(49). Lectins were separated using SDS-PAGE and transferred
to nitrocellulose membranes for immunoblotting with anti-
galectin-3 peptides. Both the G3-A9 and G3-C12 peptides
bound to galectin-3 only and did not recognize galectin-1 or
galectin-4 (Figure 2C). To investigate whether peptide binding
to galectin-3 was dependent upon the primary peptide
sequence, scrambled versions of G3-A9 and G3-C12 were
synthesized (G3-A9s and G3-Cl2s, respectively). The
scrambled peptides possessed the same amino acids as the
parent peptides but were randomized in their primary
sequence. Scrambled peptides such as G3-A9s did not bind
to galectin-3 or any of the other lectins examined (data not
shown). In contrast to G3-A9 and G3-C12, peptide G3-C9
clearly bound galectin-4 and Vicia villosa lectin in addition
to galectin-3. However, it was possible that denaturing gel
electrophoresis could have preferentially disrupted the struc-
ture or carbohydrate-binding functions of some of the lectins
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Fig. 2. Mapping the binding site and specificity of peptides for galectin-3.
(A) Schematic diagram of the primary structure of the truncated galectin-3
proteins and the epitopes that are recognized by anti-galectin-3 antibodies
(ovals below the proteins). The truncated proteins are shown in order, from
smallest deletion to largest deletion. In each diagram, the vertically hatched
areas indicate the deleted structures. (B) The binding of peptides to the
truncated galectin-3 proteins was analyzed using immunoblot analysis.
Purified recombinant galectin-3 (lane 1), truncated galectin-3 proteins
(lane 2, Dell-12; lane 3, Dell1-28; lane 4, Del 1-63; lane 5, Del 1-118)

and Hisg-tagged DNA-1 monoclonal antibody (61) (lane 6, negative control)
were separated by SDS-PAGE and transferred to nitrocellulose membranes.
The proteins were detected colorimetrically using biotinylated peptides or
galectin-3-specific antibodies (indicated at the top of each panel). Molecular
weight markers are labeled to the left. (C) Peptide specificity study.
Purified recombinant galectin-3 (lane 1), galectin-1 (lane 2), galectin-4
(lane 3), Aleuria aurantia lectin (lane 4), Vicia villosa lectin (lane 5)

and Arachis hypogaea lectin (lane 6) were detected colorimetrically

using biotinylated peptides and alkaline phosphatase-streptavidin
conjugate.

examined. To examine this, lectins were directly spotted onto
nitrocellulose and probed with the peptides. As in the gel
electrophoresis studies, G3-A9 and G3-C12 bound only to
galectin-3. These results, combined with those in Figure 2,
suggest that the G3-A9 and G3-C12 peptides specifically
interact with the carbohydrate recognition domain of

Synthetic peptide galectin-3 inhibitors

galectin-3 and do not recognize other lectins, even closely
related galectins.

Binding of peptides to the surface of cultured carcinoma
cells

The galectin-3-binding peptides were selected against purified,
immobilized recombinant galectin-3. Thus, we investigated
whether the peptides would specifically recognize galectin-3
in its natural conformation present on cultured mammalian
cells and whether differential expression of surface galectin-3
would correlate with differential binding by the peptides. As
evidenced by staining intensities in laser scanning confocal
microscopy studies, peptides G3-A9 and G3-C12 bound most
efficiently to J744A cells, expressing the highest levels of
galectin-3. There was virtually no binding of these peptides
to the galectin-3-negative cell line BT549 (Figure 3A).
Heterologous expression of galectin-3 in BT549trans cells
correlated with peptide binding efficiency. A moderate signal
was observed for peptide binding to human breast (MDA-
MB-435) and prostate (PC-3 M) carcinoma cells, consistent
with the levels of galectin-3 expression in these cell lines.
In contrast to G3-A9 and G3-C12, peptide G3-C9 bound
uniformly to all cell lines tested, affirming the results of the
peptide blotting studies that suggested that this peptide was not
specific for galectin-3. The immunocytochemical observations
of galectin-3 expression on the various cell lines were con-
firmed using laser scanning confocal microscopy of intact cells
with an anti-galectin-3 monoclonal antibody (Figure 3A) and
immunoblotting analyses of cell lysates (data not shown).
A similar pattern of monoclonal antibody binding to that of
the peptides was observed, suggesting that the degree of
peptide binding correlated with the amounts of galectin-3
exposed on the carcinoma cell surfaces.

Binding of TFAg to galectin-3 is inhibited by anti-galectin-3
peptides

We then theorized that the selected galectin-3 carbohydrate
recognition domain-binding peptides might act as inhibitors of
galectin-3-TFAg interactions. To test this, we first examined
the ability of recombinant galectin-3 to interact directly with
TFAg in a solid phase binding assay. AlexaFluor 488-labeled
ASF bound efficiently to immobilized galectin-3 (Figure 3B).
Next, to determine carbohydrate dependence and specificity,
competition binding experiments were conducted, using
as competing ligands 10 mM N-acetyl-lactosamine, 100 uM
TFAg-specific Arachis hypogaea lectin (50) and 500 mM
sucrose. Sucrose, even at concentrations as high as 500 mM,
did not inhibit binding of TFAg to galectin-3. Both Arachis
hypogaea lectin, which binds to and masks the terminal
B-galactosides on ASF, and N-acetyl-lactosamine, which acts
as a soluble competitor for 3-galactoside binding, were able
to reduce ASF binding to immobilized galectin-3 by ~60%.
We then tested whether the two most specific carbohydrate
recognition domain-binding peptides, G3-A9 and G3-Cl12,
could inhibit the interaction of galectin-3 with ASF. As
revealed by inhibition ELISA, peptides G3-A9 and G3-C12
reduced ASF binding to immobilized galectin-3 in a dose-
dependent manner (Figure 3C). Peptides G3-A9 and G3-C12
both exhibited a similar maximal effect at concentrations of
6-12 M, which is consistent with the calculated binding
affinities of these two peptides for galectin-3. Taken together
with the data presented in Figure 2, these data suggest that
synthetic peptides specific to the galectin-3 carbohydrate
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Fig. 3. Galectin-3 peptides bind to carcinoma cells and inhibit binding of
galectin-3 to immobilized TFAg. (A) Binding of peptides to galectin-3
displayed on cultured human carcinoma cells, including MDA-MB-435
human breast carcinoma cells, PC-3 M human prostate carcinoma cells,
BT549 human breast carcinoma cells (negative control) and J744A mouse
monocytes (positive control). Binding was detected with NeutrAvidin-Texas
Red conjugate (10 pg/ml) or with rat anti-galectin-3 monoclonal antibody
followed by AlexaFluor 488-conjugated anti-rat antibody and laser scanning
confocal microscopy. (B and C) Peptides inhibit binding of galectin-3 to
TFAg displayed on ASF. (B) Binding of AlexaFluor 488-labeled ASF in
solution to immobilized galectin-3 is carbohydrate dependent. Immobilized
galectin-3 was incubated with AlexaFluor 488-labeled ASF (in solution) in
the presence or absence of 10 mM N-acetyl-lactosamine, 500 mM sucrose or
100 mM Arachis hypogaea lectin. Binding was detected fluorometrically.
All the assays were performed in triplicate and data were analyzed using
GraphPad Prism 3.0 software. “Means are significantly different (unpaired
t-test), P < 0.0001. (C) Peptides inhibit binding of galectin-3 (in solution) to
TFAg displayed on immobilized ASF in solution. Immobilized ASF was
incubated with galectin-3 in solution in the presence of different
concentrations of either G3-C12 (1-50 uM) (squares) or G3-A9 (circles).
Bound galectin-3 was detected colorimetrically. Wells with no galectin-3
were used as blanks. The assay was performed in triplicate. Percent
inhibition was calculated as the decrease in absorbance at 405 nm compared
with controls (no peptide).
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recognition domain are capable of inhibiting carbohydrate
binding to galectin-3.

Inhibition of homotypic adhesion of metastatic human breast
carcinoma cells by galectin-3-binding peptides

Metastatic cancer cells homotypically aggregate in a galectin-
3-dependent manner to form multicellular intravascular
clumps at sites of primary adhesion of tumor cells to the
endothelium (3,51). Further, spontaneous carcinoma cell
homotypic aggregation is mediated and promoted largely by
interaction between cell surface TFAg and galectin-3
molecules (3,21,52). Since our peptides bound cell surface
galectin-3 on MDA-MB-435 human breast carcinoma cells
and inhibited galectin-3-TFAg interactions, it was of interest
to determine whether they would function to inhibit MDA-
MB-435 homotypic aggregation. Both G3-A9 and G3-C12, but
not a control peptide, inhibited spontaneous MDA-MB-435
human breast carcinoma cell homotypic aggregation in a dose-
dependent manner (Figure 4A-C). The maximum reduction
(~60%) in homotypic aggregation was observed between
12.5 and 25 pM for G3-C12 (Figure 4A) and 6 and 12.5 pM
for G3-A9 (Figure 4B).

Anti-galectin-3 peptides inhibit adhesion of human breast
carcinoma cells to the endothelium under flow conditions

The metastatic cascade consists of coordinated sequential steps
(3,21,52) in which intravascular heterotypic adhesion between
carcinoma cells and the endothelium precedes formation of
intravascular carcinoma cell clumps. Heterotypic adhesion
functions to slow the forward movement of blood-borne meta-
static cells and facilitate their rolling and docking necessary
for more stable adhesive interactions to take place (21). Our
model of metastasis (21) suggests that galectin-3 expressed on
the endothelium may transiently interact with TFAg on the
surface of MDA-MB-435 carcinoma cells to slow the forward
motion of tumor cells under flow conditions (44). In these
studies, we used a bone marrow endothelial line, HBME-1,
as a model of endothelium. HBME-1 cells have been exten-
sively used in studies of prostate cell adhesion to bone marrow
endothelium (25,53); however, our laboratory has used this
cell line extensively to discern the function of galectin-3 in
breast cancer adhesion to endothelium. Here, we were inter-
ested in examining the effects of the galectin-3-avid peptides
G3-A9 and G3-C12 on carcinoma cell adhesion to cultured
human bone marrow endothelial cells in a parallel plate
laminar flow chamber system, which reconstructs in vitro the
physical characteristics of in vivo microvascular blood flow
(4). In our experiments, both rolling and stable adhesion of
MDA-MB-435 human breast carcinoma cells on HBME-1
monolayers was significantly inhibited in the presence of anti-
galectin-3 peptides, but not of the control peptide (Figure SA
and B; see also Supplementary material). To rule out non-
specific effects of peptide addition to the HBME-1 monolayer,
in selected experiments anti-galectin-3 and control peptides
were added sequentially to the same HBME-1 monolayer. The
test peptide (G3-A9 or G3-C12) was infused for ~30 min and
inhibition of rolling and stable adhesion was recorded. Tumor
cell infusion was halted and the HBME-1 monolayer was
perfused with serum-free medium for 20 min. After that, infu-
sion of cancer cells was resumed in the presence of the control
peptide. As before, G3-A9 and G3-C12 inhibited MDA-MB-
435 carcinoma cell rolling and adhesion. However, once the
anti-galectin-3 peptides were washed out of the system and the

Zz0z 1snbny Lz uo1senb Aq 9209/ 2/60€/2/9Z/21911e/uI0ieo/wo2 dno-ojwepeoe//:sdiy wolj papeojumoq



A

100+
& 75+
3]
&N
E *%
Eh ok
ED -
2 50 .
R= * *
E
—'U 25+
@)

0-

0.00 156 3.13 6.25 1250 25.00
G3-C12 peptide, UM

B

1004

Cells in Aggregates,%

0.00 1.56
G3-A9 peptide, UM

313 6.25 1250 25.00

OO L

= - L A
'n - -
Control G3-A9, 3.13uM
Gy O
G3-A9, 25uM Con. pep., 25uM
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(C) Representative transmission photomicrographs.
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Fig. 5. Galectin-3-binding peptides inhibit rolling and adhesion of
MDA-MB-435 human breast carcinoma cells to HBME-1 endothelial cells
under flow conditions. (A) A single cell suspension of MDA-MB-435 cells
was infused across HBME-1 cell monolayers in a laminar flow chamber in
the presence or absence of 25 uM G3-A9, G3-C12 or control peptide.

(B) After stabilization, the number of rolling and adherent tumor cells was
recorded. The data are presented as means £ SD of three observation fields
from one representative experiment of three independent experiments.
*Means are significantly different (unpaired r-test), P < 0.0001. **Means are
significantly different (unpaired #-test), P < 0.05.

control peptide was introduced instead, the MDA-MB-435
carcinoma cells rolled and adhered (data not shown) as effec-
tively as with fresh untreated or control peptide-treated
HBME-1 monolayers (Figure 5A and B). These data demon-
strate that under physiologically relevant conditions the anti-
galectin-3 peptides inhibit metastasis-related heterotypic
adhesion of carcinoma cells to bone marrow endothelium in
a manner dependent on transient galectin-3-mediated adhesive
interactions.

Discussion

Development of intravascular secondary tumors, the precur-
sors of metastatic lesions (2), requires both heterotypic tumor
cell adhesion to endothelium and homotypic adhesion between
tumor cells (3,44,51). Previous observations from our labora-
tory demonstrated that TFAg is able to induce galectin-3
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expression and its mobilization to the surface of cultured
human endothelial cells in vitro (20,51). Furthermore,
galectin-3 cell surface translocation occurs intravascularly in
well-differentiated microvessels of metastasis-prone tissues in
response to metastasis-associated activation by TFAg
expressed on circulating glycoproteins and tumor cells (44).
Thus, endothelial galectin-3 might function to promote meta-
static tumor cell adhesion to blood vessel walls by interacting
with TFAg and/or other carbohydrate ligands displayed on
tumor cells (21,51). Interactions between tumor cell expressed
galectin-3 and TFAg may also contribute to an increased
metastatic potential by mediating homotypic adhesion
between carcinoma cells (52). This line of homotypic inter-
cellular communication between metastatic cells greatly
increases their clonogenic growth and survival (3). Thus,
blocking early intravascular galectin-3-mediated tumor cell
adhesion has the potential to affect the entire metastatic pro-
cess and control hematogenous cancer spread. Indeed, efficient
inhibition of breast (26,27), colon (26) and prostate (54) cancer
metastasis has been achieved using carbohydrate-based
galectin-3 inhibitors, modified citrus pectin and lactulosyl-
L-leucine (26,27). Further, targeting (3-galactoside-mediated
interactions using a truncated recombinant galectin-3 carbo-
hydrate recognition domain also resulted in significant inhibi-
tion of spontaneous breast cancer metastasis (55).

In this study, we pursued an alternative approach to inhibit-
ing galectin-3 function and 3-galactoside-mediated metastasis-
associated tumor cell adhesion. We identified short synthetic
peptides that bind to the carbohydrate recognition domain of
galectin-3 and inhibit the interaction between galectin-3 and
its sugar ligand TFAg, thereby interfering with metastasis-
associated carcinoma cell heterotypic and homotypic adhesion.
Galectin-3-binding peptides were discovered using a combi-
natorial phage display technology. We identified two peptides
(G3-A9 and G3-C12) that bound to purified galectin-3 with
high affinity (~80 nM) (Figure 1 and Table I) and recognized
cell surface galectin-3 on cultured carcinoma cells and J744A
mouse monocyte cells (Figure 2). Studies with full-length
and N-terminally truncated galectin-3 proteins indicated that
the peptides bound to the carbohydrate recognition domain
(Figure 3) and were capable of competing for binding to
TFAg displayed on glycoproteins (Figure 4). The peptides
may have prevented carbohydrate binding in one of two
ways, either by directly occupying the carbohydrate-binding
site (carbohydrate mimetic) or by simply occluding access of
the carbohydrate to the binding site. In either scenario the
peptides interfered with galectin-3 function and, thus, may
represent a valuable new approach to inhibiting functionally
relevant carbohydrate-lectin interactions. Like carbohydrates,
small peptides are capable of modulating carbohydrate
recognition domain functions. By blocking the galectin-
3-carbohydrate ligand interaction, carbohydrate recognition
domain-specific peptides were able to dramatically inhibit
both MDA-MB-435 human breast carcinoma cell homotypic
and heterotypic adhesion (Figure 5). Similarly, Fukuda and
co-workers previously reported that a peptide mimetic of an
E-selectin ligand eliminated binding to sialyl Lewis X oligo-
saccharides and inhibited lung colonization by tumor cells
(56). However, their peptide cross-reacted with other selectins,
including P-selectin and L-selectin. In our study both G3-A9
and G3-C12 showed remarkable specificity for the galectin-3
carbohydrate recognition domain and did not bind other galec-
tins or plant lectins examined. Although selected from two
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very different libraries, peptides G3-A9 and G3-C12 shared
common amino acids P-(C)-G-P-X-X-X-D-(C)-P that may
stabilize an active binding structure. Studies using ‘scrambled’
peptides indicated that binding was sequence-dependent.
Future mutagenesis and structural studies, which are beyond
the scope of this paper are being conducted to define the
structural basis of the functioning of these peptides.

When both TFAg and galectin-3 are present on carcinoma
cells, the interaction between the two is likely involved in
metastasis-related homotypic tumor cell adhesion (3,8).
Although the role of galectin-3 expressed on carcinoma cells
is the subject of much debate (57,58), previous observations
from our laboratory have indicated that galectin-3 is clustered
at the sites of homotypic contact. The results obtained in
the present study suggest that the carbohydrate recognition
domain of galectin-3 is exposed and available on the external
cell surface, which correlates with other findings that
galectin-3 is expressed both on cell surfaces and in the
cytoplasm (8). The carbohydrate recognition domain-avid
galectin-3 peptides bound to cell surfaces in a manner con-
sistent with the varying levels of galectin-3 cell surface expres-
sion known to occur in these cell lines. The ability of the
anti-galectin-3 peptides to block the galectin-3 carbohydrate
recognition domain was of further functional significance
in that the peptides were able to interfere with homotypic
carcinoma cell aggregation and adhesion (7,51). Two of the
anti-galectin-3 peptides, G3-A9 and G3-C12, reduced carci-
noma cell homotypic adhesion by >50%. Taken together,
these data suggest that the galectin-3-TFAg interaction is at
least partially responsible for homotypic adhesion and that
specific blockade of the carbohydrate recognition domain of
cell surface galectin-3 is an effective anti-adhesive strategy.
However, none of the galectin-3-binding peptides, TFAg-
binding peptides or carbohydrate-based compounds which
have been examined in this or previous studies (21) were
able to inhibit homotypic adhesion completely, suggesting
that the galectin-3-TFAg interaction is probably only one of
several mechanisms involved in this type of adhesion.

Studies from our laboratory (21) and others (25) suggest
that endothelial cell localized galectin-3 may interact with
[B-galactosides exposed on carcinoma cells to promote adhe-
sion and metastasis. In support of this is the observation that
PC-3 human prostate carcinoma cells, which do not express
cell surface galectin-3, bind to endothelial cells in a manner
that can be inhibited by an anti-galectin-3 monoclonal anti-
body (25). Similarly, an anti-galectin-3 monoclonal antibody
inhibited MDA-MB-435 human breast carcinoma cell rolling
and adhesion to human umbilical vein endothelial cell under
flow conditions (51). We previously observed that exposure
of endothelial cells to TFAg resulted in a 3-fold increase in
galectin-3 expression on the endothelial cell surface (3) and
that TFAg-binding peptides inhibited heterotypic carcinoma
cell adhesion (52). These results imply that the galectin-
3-TFAg interaction is involved in this process and that
endothelial cell-derived galectin-3 may be able to significantly
affect heterotypic carcinoma cell adhesion in vivo by creating
adhesive ‘hot-spots’, which may be at least partially responsi-
ble for the initial transient carcinoma cell tethering to the
endothelium (21,44,51). This event, in turn, may slow the
forward movement of carcinoma cells sufficiently to allow
other protein-protein interactions to participate in strong and
irreversible binding of the carcinoma cells to the vascular
endothelium.
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We employed the galectin-3 carbohydrate recognition
domain-binding peptides as inhibitors of galectin-3-TFAg
interactions to analyze the importance of galectin-3 in
metastatic cell adhesion to cultured human bone marrow
endothelial cells in an assay designed to replicate the in vivo
environment of the microvasculature. The peptides dramati-
cally inhibited heterotypic adhesion by 60-70% and reduced
the percentage of rolling cells in the floating cell population.
These findings suggest that galectin-3 is involved in the initial
transient contacts, which mature eventually into tight adhesive
bonds between cancer cells and endothelium.

Adhesion of carcinoma cells to the endothelium in vivo is
a complex process involving a variety of mechanisms. Endo-
thelial selectins (59), integrins (60) and other cell surface
molecules can promote the adhesion of tumor cells to endo-
thelium in the presence of shear forces that are encountered
within the microvascular environment. Recent observations
from Al-Mehdi et al. demonstrated that endothelium-attached
cells are required for the development of secondary tumors,
suggesting that early intravascular metastasis formation could
be inhibited by intravascular drugs that reduce the attachment
of tumor cells to the vascular endothelium (2). Small galectin-
3-specific peptides, such as those described here, open new
avenues for investigation of galectin-3 functions and the role
of carbohydrate-lectin interactions in hematogenous cancer
metastasis.

Supplementary material

Supplementary material can be found at: http://www.carcin.
oupjournals.org/.
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