
Abstract. Background: Galectins have emerged as critical
regulators of tumor progression and metastasis, by
modulating different biological events including homotypic
cell aggregation, apoptosis, migration, angiogenesis and
immune escape. Therefore, galectin inhibitors might
represent novel therapeutic agents for cancer. Materials and
Methods: A series of structural analogs of the disaccharide
methyl β-lactosaminide were screened as potential galectin
inhibitors by examining their capability to block binding of
galectin-1 and/or galectin-3 to LGalS3BP in solid-phase
assays. To demonstrate any functional role in vitro,
oligosaccharides were characterized by their ability to
regulate tumor cell apoptosis and LGalS3BP-induced
homotypic cell aggregation. Results: Oligosaccharides
differentially inhibited binding of each galectin to LGalS3BP.
Compounds containing longer oligosaccharide chains were

found to be potent inhibitors of both galectins under static
conditions. Strikingly, the most active compound in inhibiting
homotypic cell aggregation and tumor cell apoptosis was
found to be allyl lactoside, which paradoxically exhibited a
modest inhibitory capacity for blocking galectin-1 and -3
binding to LGalS3BP. Conclusion: Allyl lactoside represents
a novel powerful inhibitor of tumor-associated homotypic
cell aggregation and apoptosis. Further investigations are
required to remodel selective and potent inhibitors capable
of specifically modulating the activity of different members
of the galectin family.

Metastasis is the main cause of death in patients affected by
malignant neoplasia (1). Epidemiological studies have
indicated that around 60%  of these patients are susceptible
to metastasis. Hence, identification of successful treatments
capable of blocking the metastatic process represents a major
goal in basic and clinical oncology.

Accumulating studies indicate that tumor metastasis is a
multifactor process initially determined by changes in
homotypic and heterotypic cell adhesion, apoptosis, evasion
of immune responses, angiogenesis, migration and
invasiveness (1). In this regard, several adhesion molecules,
such as integrins, cadherins, selectins and proteins belonging
to the immunoglobulin superfamily, have been reported to be
engaged in this process. In addition, other molecules such as
galectins and their glycoconjugate ligands have been described
as molecules capable of influencing metastasis (2-4).
Galectins, an evolutionarily conserved family of animal
lectins, share a consensus amino acid sequence and a
carbohydrate recognition domain (CRD) that is responsible
for the β-galactoside-binding specificity (2). A typical CRD
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recognizes glycoconjugates that contain the basic disaccharide
N-acetyllactosamine: Galβ1,4GlcNAc (LacNAc) (2). 

To date, fifteen galectins have been isolated and sequenced in
a wide variety of tissues from different species (2). Galectin-1
is a homodimer composed of subunits of 14.5 kDa containing
identical CRDs (2). On the other hand, galectin-3 is composed
of one CRD, localized in the carboxy-terminal group, and an
amino-terminal domain that is responsible for the
oligomerization of this protein (5).

Galectins are involved in a wide variety of biological
processes influencing different steps of tumor progression
and metastasis (2, 5-7). Galectin-1 and -3 have been
proposed to play a role in apoptosis and cell growth
regulation (5, 8, 15). In addition, both galectin-1 and -3 were
recently postulated to participate in cell migration and
angiogenesis (16-19) and galectin-1 has been shown to
contribute to tumor cell evasion from immune responses (3,
4). However, the most important feature of these endogenous
lectins is their capacity to promote cell-cell and cell-matrix
interactions and influence tumor cell extravasation and
metastasis (2, 15). Previous studies have documented the
role of galectin-1 and -3 as critical mediators of homotypic
adhesion of tumor cells and heterotypic adhesion between
cancer cells and leukocytes (15, 20, 21). In addition, clinical
studies indicate that high serum levels of galectin-3 in cancer
patients directly correlate with a higher incidence of distant
metastasis (22). Moreover, Al-Mehdi and colleagues
proposed a new model of hematogenous metastasis (23) in
which protein-glycan interactions represent a critical
reversible event in tumor dissemination (23). Finally,
galectin-1 and -3 were shown to mediate tumor cell docking
to endothelium in different experimental models (24-26). 

In addition to the role of galectins in tumor progression,
accumulating evidence indicates the essential contribution of
galectin-binding glycoproteins (mainly LGalS3BP) in
different events associated with tumor growth and metastasis,
mainly in homotypic cell aggregation (2, 20, 27). LGalS3BP
is a protein initially found in sera of breast cancer patients
which has been shown to interact specifically with galectin-1,
-3 and -7 (2, 20, 27). Due to particular structural
characteristics, this protein can bridge galectins exposed on
the surface of tumor cells, thus favoring the formation of
homotypic cell aggregates (20, 27). The role of LGalS3BP in
neoplastic progression is strongly supported by numerous
studies, as the expression levels of this protein in sera and
neoplastic tissue from cancer patients tightly correlate with
poor prognosis and the occurrence of metastasis (22, 28).

Due to the essential and multifunctional role of galectins
and/or their binding glycoconjugates (glycoproteins or
glycolipids) in the metastatic process, different candidate
inhibitors that could block the interaction between these
molecules have been proposed as potential anticancer drugs
(5, 29-30). In this regard, compounds named glycoamines

were initially isolated from human and mouse serum and
then structurally characterized. They consist of penta- or
hexasaccharides generally bound to primary or secondary
amine group by covalent binding. Some of these compounds
were tested for their capacity to inhibit adhesion and
aggregation either in vitro or in vivo (31). Subsequently,
Pienta and colleagues have demonstrated that some naturally
occurring galectin-binding compounds, such as pectins
isolated from citrus, were also effective in reducing the
occurrence of metastasis (32). 

Given the fact that endogenous sequences similar to
oligosaccharide inhibitors are present in different glycoproteins
which are involved in different physiological and pathological
processes (30), we hypothesized that the introduction of
exogenous oligosaccharides may mimic the endogenous
ligands for different lectins, thus affecting survival, adhesion
and migration of normal or neoplastic cells. Here we report the
study of galectin-1 and -3 inhibitory potential of a series of
oligosaccharide derivatives (OSDs) 1-11 (Figure 1) containing
oligosaccharide fragments related to natural carbohydrate
chains of galectin ligands. Compounds 2-11 represent a set of
derivatives and structural analogs of disaccharide methyl 
β-lactosaminide 1 which is used in many investigations as a
reference galectin ligand. Compounds 2-11 differ from the
lactosaminide 1 due to variation of the structure of aglycon, the
substituent at C-2, the sequence of monosaccharide units and
the direction of glycoside linkages between them, as well as by
the presence of carbohydrate substituents which are typical for
natural glycolipid and glycoprotein chains. These synthetic
compounds were evaluated for their ability to inhibit binding
of galectin-1 and -3 to LGalS3BP and their capacity to
modulate homotypic cell aggregation and tumor cell apoptosis.

Materials and Methods

Model oligosaccharides. Oligosaccharide derivatives 1 (33), 2 (34),
3 (35), 4 (36), 5 (37), 6 (38), 7 (39), 8 (40), 9 (37), 10 (34), and
11 (34) were synthesized and purified as described.

Cell cultures. A375 human melanoma cells were cultured as described
elsewhere (15). H69 small cell lung carcinoma cells (H69-SCLC;
ATCC, Rockville, MD, USA) were grown in RPMI 1640 (Gibco-
Invitrogen, Carlsbad, CA, USA), supplemented with 10%  heat-
inactivated fetal bovine serum and 25 mM HEPES. Previous to all the
experiments, SCLC-H69 cells were grown in SITA medium for 24 h
(RPMI-1640 supplemented with 30 nM selenium, 5 μg/ml insulin, 10
μg/ml transferrin and 0.25%  (w/v) bovine serum albumin). Cell
viability was routinely greater than 90% , as judged by trypan blue
exclusion.

Recombinant proteins. The plasmid pKK-233-2 with cDNA for human
galectin-3 was a gift from Dr. Fu-Tong Liu (University of California,
Davis). The construct encoding for galectin-1 was obtained as follows:
the cDNA encoding full length human galectin-1 was amplified by PCR
from IMAGE clone 4722280 using primers  5’-GCCAGCCATGGCTT
GTGGTC-3’ and 5’-GGCAAGCTTTCAGTCAAAG GC-3’. The
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purified product was inserted into NcoI/HindIII digested vector pKK-
233-2. These plasmids were used to transform Escherichia coli (BL21)
and the recombinant proteins were purified (15). Recombinant LGalS-
3BP was produced and purified essentially as previously described (15).

Solid-phase binding assays. Binding assays were performed essentially
as described elsewhere (20). Briefly, microtiter plates were coated with
the LGalS3BP (5 μg/ml, 100 μl/well) overnight at 4˚C. After 2 hours
saturation in PBS-1%  BSA-0.05%  Tween-20 at room temperature,
plates were incubated with recombinant galectin-1 or recombinant
galectin-3 (5 μg/ml, 100 μl/well) in the presence or absence of
oligosaccharides (ranging from 15.6 to 1000 to μM). After washing
with PBS with Tween 0.05%  (washing buffer), plates were incubated
with polyclonal rabbit anti-galectin-1 (3) or monoclonal M3/38 anti-
galectin-3 (15) at room temperature for 1 h, followed by peroxidase
conjugated goat anti-rabbit IgG (Sigma, St. Louis, MO, USA) for
galectin-1 (diluted 1:1,000) or peroxidase-conjugated mouse anti-rat
(Sigma) IgG for galectin-3 (diluted 1:10,000) at room temperature for
45 minutes. Binding of galectins to LGal3SBP was detected using
3,3,5,5-tetramethylbenzidine (100 μl/well) substrate (15 minutes
shaking) and 1 M H2SO4 (100 μl/well) to stop the reaction.
Absorbance was determined using a microplate reader (450 nm; Bio-

Rad Model 550v; Bio-Rad, San Jose, CA, USA) and values were
converted to protein concentrations based on a standard curve. In all
the experiments, lactose (ranging from 15.6 to 2,000 to μM) was used
as control for binding assays. For each compound, the concentration
required to inhibit by 50%  the binding of galectins to LGalS3BP
(IC50) was calculated. The potency of each compound with respect to
potency of lactose was calculated as following: Relative potency to
lactose=IC50 lactose/IC50 compound.

Cell aggregation assay. Confluent A375 human melanoma cells
were harvested using 0.02%  EDTA (ethylenediaminetetraacetic
acid) and single-cell suspensions (1×106 cells/ml in PBS) were
incubated with 10 μg/ml of recombinant LGalS3BP alone or in the
presence of oligosaccharides (each at 0.5 mM). Aliquots containing
0.5 ml cell suspension were placed in polypropylene tubes and
agitated at 100 rpm at 37˚C for 1 h. Homotypic cell aggregation was
then stopped by the addition of 50 μl of 10%  paraformaldehyde.
The number of single cells in suspension was counted, and the
extent of the aggregation was calculated using the following
equation: 1-(Nt/Nc) ×100, where Nt (test) and Nc (control)
represent the number of single cells in the presence and absence of
oligosaccharide derivatives, respectively.
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Figure 1. Chemical structures of the oligosaccharide galectin inhibitors studied.



Cell death assay. SCLC-H69 cells were plated at a density of 1×105

cells/well in 48-well plates in SITA medium for 24 hours and treated
alone or with different oligosaccharide derivates (each at 0.5 mM)
for further 24 hours. After treatments, floating cells were collected
and centrifuged at 1,000×g for 5 minutes. To evaluate tumor cell
death, 1 μl of a mixture of ethidium bromide (100 μg/ml) and
acridine orange (100 μg/ml) (1/1 v/v) was added to a 200 μl cell
suspension and the percentage of cells undergoing apoptosis was
determined using fluorescence microscopy as described elsewhere
(15). Cell death was confirmed by measuring the frequency of
subdiploid nuclei following propidium iodide incorporation.

Statistical analysis. Comparison between groups was performed by
using Student’s t-test. Only p-values ≤0.05 were considered as
statistically significant.

Results

Selective inhibition of galectin-1 and -3 binding to
LGalS3BP by synthetic oligosaccharide derivatives. We first
evaluated the ability of compounds 1-11 to inhibit the
binding of galectin-1 and -3 to LGalS3BP, a highly
glycosylated protein previously shown to interact with these
lectins (20), in solid-phase assays. In all cases, the inhibitory
effect of lactose was considered as a positive control. 

As shown in Table I, the oligosaccharide derivates may be
classified into different groups according to their inhibitory
potency on galectin binding to LGalS3BP. Oligosaccharides
1-4 and 11 exhibited modest inhibitory activities with at least
one of the galectins, whereas compounds 9 and 10 were
found to be stronger inhibitors of galectin-1 and -3 in solid-
phase binding assays. Compounds 5 and 6 showed no
activity (hence data not shown), while the trisaccharides 7
and 8 were only capable of slightly interfering with the
binding of galectin-3 to LGalS3BP (Figure 2 and Table I).
Elongation of the lactosaminide chain by 3’-sialylation

(1�10) or the substitution of methyl aglycon by -
(CH2)3NH2 group (1�2) increased the ability to inhibit both
galectins, while the transfer from (1�4)-linked
lactosaminide 1 to its (1�3)-linked iso-lactosaminide isomer
4, or the attachment of lactoside block to 1 from the reducing
end (1�9) enhanced the ability to inhibit galectin-3 but not
galectin-1 (Table I). These findings indicate that individual
OSDs with subtle differences in their chemical structure may
differentially inhibit the binding of galectin-1 or galectin-3
to specific glycoconjugate ligands.

Interestingly, some of the compounds tested in these
assays were more potent than the natural disaccharide
lactose, which is traditionally used as a competitor of
galectin binding in in vitro assays. Relatively low activity of
lactose could be due to the domination of its α-isomer
(Figure 1) in aqueous solution, while it is the β-isomer that
generates lactoside and lactosaminide fragments in the chains
of natural galectin ligands.

Effect of oligosaccharids derivatives on LGalS3BP-induced
homotypic aggregation in A375 melanoma cells. We
previously demonstrated that LGalS3BP is capable of
inducing homotypic aggregation of tumor cell lines, a critical
event involved in tumor progression and metastasis, by
mediating specific interactions of galectin-1 and-3 present
on tumor cells (20, 41). Moreover, in a recent study, we
described the use of synthetic lactulose amines (SLA) as
specific inhibitors that prevent this effect on A375 cells (15). 

In an attempt to characterize the functional properties of
OSDs, we next screened the functional activity of
oligosaccharides on LGalS3BP-induced homotypic
aggregation in A375 human melanoma cells. As shown in
Figure 3, only three of the compounds tested (oligosaccharides
2, 3, 11) significantly inhibited homotypic cell aggregation (2,
3 p<0.005; 11 p<0.01) at a final concentration of 0.5 mM.
Among the chemical features that characterize these active
compounds, it is worthwhile mentioning that the longer chains
of oligosaccharides 9-11, which considerably improved their
ability to block galectin carbohydrate interactions in solid-
phase assay, were not always effective inhibitors in rolling
conditions (Figures 2 and 3). 

Oligosaccharide derivates induced apoptosis in human small
cell lung carcinoma. Previous work has demonstrated that
galectin-3 may protect cells from apoptosis induced by UV
and chemotherapeutic agents (42, 43). Moreover, we and
others reported that overexpression of galectin-3 in tumor
cells protects these cells from anoikis, a process that links cell
adhesion and apoptosis (2, 44). Therefore, we evaluated
whether the anti-adhesive effect of oligosaccharide derivatives
may result in tumor cell apoptosis. For this purpose, ethidium
bromide/acridine orange staining was used to monitor
apoptosis in OSD-treated SCLC-H69. As shown in Figure 4,
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Table I. Inhibitory effect of oligosaccharides on LGalS3BP binding to
galectin-1 and galectin-3.

LGalS3BP binding to

Oligosaccharide Galectin-1 Galectin-3
inhibitor

IC50 Relative to IC50 Relative to 
(μM) lactose (μM) lactose

Lactose 921±49 1.0 1017±69 1.0
1 391±21 2.4 676±12 1.5
2 282±76 3.3 401±41 2.5
3 614±20 1.5 799±20 1.3
4 426±37 2.2 269±30 3.8
9 240±83 3.8 203±25 5.0

10 146±63 6.3 213±46 4.8
11 310±31 3.0 243±40 4.2



control cultures exhibited 13.6±2.6%  of cells undergoing
apoptosis. However, when cells were exposed to compound
3 at a concentration of 0.5 mM, the percentage of apoptotic
cells increased to 76±2.9%  (p<0.0005). Remarkably, this rate
of apoptosis was comparable to that induced by the
chemotherapeutic agent etoposide (data not shown).
Furthermore, no significant effect on tumor cell apoptosis was
observed when other oligosaccharides were used. 

Collectively, our results demonstrate that allyl lactoside 3,
but not the other oligosaccharides, promoted apoptosis of
SCLC-H69 cells, indicating that these synthetic compounds
may have selectivity for different biological processes.

Discussion

Accumulating evidence indicates that galectins, particularly
galectin-1 and -3, play a key role in tumor progression and
metastasis (2, 8-11, 15, 20, 21). Up-regulated expression of
galectins is well documented in different tumor types,
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Figure 2. Inhibitory effect of representative oligosaccharide derivates on galectin-1 (A) (examples: 4, 10, lactose) and galectin-3 (B) (examples: 2,
10, lactose) binding to immobilized LGalS3BP in solid-phase assay. Results are shown as percentages of residual binding. The data were fit by
nonlinear regression to the formula for single-site competitive inhibition: Y=100/1+10 (X-log(IC50)), where Y=binding with the inhibitor as a
percentage of binding without the inhibitor, and X=logarithm of the inhibitor concentration in μM. 

Figure 3. Effect of oligosaccharide derivates on LGalS3BP-induced
homotypic aggregation of A375 human melanoma cells. Inhibition of
LGalS3BP (10 μg/ml)-induced homotypic cell aggregation as induced by
lactose (10 mM, positive control) and different oligosaccharides (0.5 mM)
is shown. Cells were agitated for 1 h in the presence of 10 μg/ml LGalS3BP
with or without different OSDs added at final concentrations of 0.5 mM, or
with lactose (10 mM), and the percentage of aggregation was determined as
described in Materials and Methods. Error bars represent the SD of
triplicate measurements. *p<0.01, **p<0.005 versus untreated control.

Figure 4. Effect of oligosaccharide inhibitor (0.5 mM) on apoptosis of small
cell lung carcinoma cells. Cells were grown in SITA medium for 24 h before
addition of the indicated concentrations of oligosaccharides for a further
24 h. The percentage of cells undergoing apoptosis was determined by
acridine orange/ethidium bromide staining using fluorescence microscopy
and further confirmed by propidium iodide staining of subdiploid nuclei
(data not shown). Data represent the mean±SD of three independent
experiments performed in triplicates. The percentage of apoptotic cells
detected in control cultures (no added OSD) was 13.6±2.6.



including astrocytoma, glioblastoma, melanoma, lung,
prostate, breast and ovary carcinomas (2). In particular, gene
and protein expression profile analysis has led to the
identification of galectin-1 and -3 as typical proteins whose
expression is up regulated in a plethora of tumors and
metastatic lesions, as compared with their non-transformed
and/or non-invasive counterparts (5). In general, galectin
expression is associated with poor prognosis and the
acquisition of a metastatic phenotype (2). Indeed, studies
using animal models have provided significant support to the
role of galectins in tumor growth and metastasis in vivo (2, 3,
45), suggesting that selective inhibition of galectins might
have profound implications for cancer therapy. Thus, it is
predicted that inhibition of these glycan-binding proteins will
find its way into cancer clinical trials (2, 15, 46-51).
Furthermore, the availability of synthetic inhibitors might
also serve as basic research tools to dissect the mechanisms
implicated in the biological functions of galectins.

Challenges for the future will be employing these potent
and selective inhibitors of different members of the galectin
family; in fact, molecules with such properties have already
been developed. Pioneer studies reported the effects of two
synthetic low molecular weight glycoamine analogs (Fru-D-
Leu and Lac-L-Leu) on the metastatic potential of human
breast carcinoma xenografts growing in the mammary fat
pads of nude mice (46). More recently, other studies (47)
examined the effects of modified citrus pectin, a water-
soluble polysaccharide fiber derived from citrus fruit that
specifically inhibits galectin-3 in tumor growth and
metastasis. Interestingly, the authors found that citrus pectin,
given orally, inhibited carbohydrate-mediated tumor growth,
angiogenesis and metastasis by disrupting the interactions
between galectin-3 and its specific carbohydrate ligands
(47). In addition, recent findings described the synthesis of
wedge-like glycodendrimers with two, four and eight lactose
moieties using 3,5 di-(2-aminoethoxy) benzoic acid as the
branching unit (2). These compounds successfully inhibited
the binding of galectin-1 to a highly glycosylated matrix.
Furthermore, during recent years, Nilsson and colleagues
designed a variety of efficient and stable galectin inhibitors
with high affinity, including low micromolar inhibitors of
galectin-3 based on 3’-derivatization of N-acetyllactosamine
with an inhibitory potenty of ~50 times greater than N-
acetyllactosamine (52), O-galactosyl aldoximes (51) and a
collection of thiodigalactoside derivatives (49, 50). We found
that lactulose amine derivatives may also inhibit galectin-1
and galectin-3 binding to LGalS3BP in binding inhibition
assays with IC50s in the order of 20-40 μM (15). 

In the present study, we show that structural variations of
oligosaccharides themselves might be responsible for the
different potency by which these compounds inhibit the
binding of galectin-1 and -3 to LGalS3BP. In addition, we
found that some of these inhibitors were specific for either

galectin-1, or galectin-3. This finding is of critical
importance considering recent observations on the divergent
functions of galectin-1 and -3 on cell adhesion, immune cell
regulation and apoptosis (5, 53), and the importance of
specifically targeting individual galectins, without interfering
with the functions of other members of this family.

Interaction of galectins with β-galactoside-decorated
glycoproteins has been described as an important mechanism
responsible for the homotypic aggregation of tumor cells and
emboli formation (3, 19). This phenomenon can protect
tumor cells in the circulation, thus leading to increased
invasiveness and metastasis (1, 3). In addition, we and others
have demonstrated that galectin-3 overexpression can favour
tumor cell anoikis, a phenomenon which links cell adhesion
and cell death (5, 12, 32). 

We found previously that synthetic lactulose amines, which
block the interactions between galectins and LGalS3BP, have
promising therapeutic effects since they are capable of
blocking tumor cell aggregation and angiogenesis, and of
triggering tumor cell apoptosis (15). Here we compared the
series of oligosaccharides that are homologous to normal
components of serum using in vitro assays. We demonstrate
that oligosaccharide derivatives can differentially inhibit
binding of galectin-1 or -3 and interrupt two different steps
that are critical for tumor metastasis, namely homotypic cell
aggregation and tumor cell apoptosis. Some of these
compounds display a potent inhibitory effect on LGalS3BP-
induced homotypic aggregation of A375 cells, under rolling
conditions at 37˚C resembling the prevailing circumstances
in the bloodstream; this process has critical importance during
the intravascular phase of the metastatic dissemination. On
the other hand, some oligosaccharides showed the capacity to
modulate apoptosis of tumor cells. This effect might, at least
in part, be associated with the interruption of galectin binding
to the tumor cell surface as has been suggested (44).
Interestingly, apoptosis induced by some oligosaccharides is
comparable to that promoted by antiblastic chemotherapeutic
drugs in MTT assays. Furthermore, the observation that these
compounds are similar to serum glycoproteins is of particular
interest for clinical applications. Remarkably, the ability to
interfere with multiple pathways involved in cancer
progression suggests that glycomimetics might also affect
other galectin-independent mechanisms. This possibility
warrants future studies.

However, before galectin-1-based therapeutic agents can be
extrapolated to clinical settings, a more thorough
understanding of the mechanisms involved in galectin
functions is required. In this regard a number of questions
remain to be addressed: i) To what extent is there functional
redundancy and specificity of action within the galectin
family? ii) What is the rational explanation for the different
functions exerted by galectin-1 and -3 within different
environmental contexts? iii) What are the levels of galectin-1
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and -3 attained in vivo during tumor dissemination? All these
questions should be experimentally addressed before galectins
can be used as anticancer targets in clinical settings. 

In summary, our results suggest that oligosaccharide
derivatives, especially allyl lactoside 3, demonstrate promising
activity and could serve as a basis for further structure
optimization and site-specific modifications to obtain effective
and safe pharmacological inhibitors. In addition, a
comparative evaluation of the antitumor activity of different
galectin inhibitors is essential to fully validate the concept of
galectins as potential targets for anticancer therapy.

Acknowledgements

This work was supported in part by the Russian Foundation for
Basic Research (grants 07-03-00225). A.A.S is grateful to INTAS
for YS fellowship (grant 03-55-1026).

References 

1 Chambers AF, Groom AC and MacDonald IC: Dissemination
and growth of cancer cells in metastasic sites. Nat Rev Cancer 2:
563-572, 2002.

2 Liu FT and Rabinovich GA: Galectins as modulators of tumour
progression. Nat Rev Cancer 5: 29-41, 2005.

3 Rubinstein N, Alvarez M, Zwirner NW, Toscano MA, Ilarregui
JM, Bravo A, Mordoh J, Fainboim L, Podhajcer OL and
Rabinovich GA: Targeted inhibition of galectin-1 gene
expression in tumor cells results in heightened T-cell-mediated
rejection: A potential mechanism of tumor-immune privilege.
Cancer Cell 5: 241-251, 2004.

4 Juszczynski P, Ouyang J, Monti S, Rodig SJ, Takeyama K,
Abramson J, Chen W, Kutok JL, Rabinovich GA and Shipp MA:
The AP1-dependent secretion of galectin-1 by Reed Sternberg
cells fosters immune privilege in classical Hodgkin lymphoma.
Proc Natl Acad Sci USA 104: 13134-13139, 2007.

5 Salatino M, Croci DO, Bianco GA, Ilarregui JM, Toscano MA
and Rabinovich GA: Galectin-1 as a potential therapeutic target
in autoimmune disorders and cancer. Expert Opin Biol Ther 8:
45-57, 2008.

6 van Den Brûle FA, Buicu C, Sobel ME, Liu FT and Castronovo V:
Galectin-3, a laminin-binding protein fails to modulate adhesion of
human melanoma cells to laminin. Neoplasma 42: 215-219,1995.

7 Inohara H and Raz A: Functional evidence that cell surface
galectin-3 mediates homotypic cell adhesion. Cancer Res 55:
3267-3271, 1995. 

8 Akahani S, Nangia-Makker P, Inohara H, Kim HR and Raz A:
Galectin-3: a novel antiapoptotic molecule with a functional BH1
(NWGR) domain of Bcl-2 family. Cancer Res 57: 5272-5276, 1997.

9 Inohara H, Akahani S and Raz A: Galectin-3 stimulates cell
proliferation. Exp Cell Res 245: 294-302, 1998.

10 Yang RY, Hsu DK and Liu FT: Expression of galectin-3
modulates T-cell growth and apoptosis. Proc Natl Acad Sci USA
93: 6737-6742, 1996.

11 Stillman BN, Hsu DK, Pang M, Brewer CF, Johnson P, Liu FT
and Baum LG: Galectin-3 and galectin-1 bind distinct cell
surface glycoprotein receptors to induce T-cell death. J Immunol
176: 778-789, 2006.

12 Kopitz J, von Reitzenstein C, André S, Kaltner H, Uhl J,
Ehemann V, Cantz M and Gabius HJ: Negative regulation of
neuroblastoma cell growth by carbohydrate-dependent surface
binding of galectin-1 and functional divergence from galectin-3.
J Biol Chem 276: 35917-35923, 2001.

13 Strik HM, Schmidt K, Lingor P, Tônges L, Kugler W, Nitsche M,
Rabinovich GA and Bâhr M: Galectin-1 expression in human
glioma cells: modulation by ionizing radiation and effects on tumor
cell proliferation and migration. Oncol Rep 18: 483-488, 2007.

14 Mathieu V, Le Mercier M, De Neve N, Sauvage S, Gras T,
Roland I, Lefranc F and Kiss R: Galectin-1 knockdown increases
sensitivity to temozolomide in a B16F10 mouse metastatic
melanoma model. J Invest Dermatol 127: 2399-2410, 2007.

15 Rabinovich GA, Cumashi A, Bianco GA, Ciavardelli D, Iurisci I,
D’Egidio M, Piccolo E, Tinari N, Nifantiev NE and Iacobelli S:
Synthetic lactulose amines: novel class of anticancer agents that
induce tumor-cell apoptosis and inhibit galectin-mediated
homotypic cell aggregation and endothelial cell morphogenesis.
Glycobiology 16: 210-220, 2006.

16 Ingrassia L, Nshimyumukiza P, Dewelle J, Lefranc F,
Wlodarczak L, Thomas S, Dielie G, Chiron C, Zedde C, Tisnes
P, van Soest R, Braekman UJC, Darro F and Kiss R: A
lactosylated steroid contributes in vivo therapeutic benefits in
experimental models of mouse lymphoma and human
glioblastoma. J Med Chem 9: 1800-1807, 2006. 

17 Thijssen VL, Postel R, Brandwijk RJ, Dings RP, Nesmelova I,
Satijn S, Verhofstad N, Nakabeppu Y, Baum LG, Bakkers J,
Mako KH, Poirier F and Griffoen AW: Galectin-1 is essential in
tumor angiogenesis and is a target for antiangiogenesis therapy.
Proc Natl Acad Sci USA 103: 15975-15980, 2006.

18 Nangia-Makker P, Honjo Y, Sarvis R, Akahani S, Hogan V, Pienta
KJ and Raz A: Galectin-3 induces endothelial cell morphogenesis
and angiogenesis. Am J Pathol 156: 899-909, 2000.

19 Glinsky VV, Huflejt ME, Glinsky GV, Deutscher SL and Quinn
TP: Effects of Thomsen-Friedenreich antigen-specific peptide 
P-30 on β-galactoside-mediated homotypic aggregation and
adhesion to the endothelium of MDA-MB-435 human breast
carcinoma cells. Cancer Res 60: 2584-2588, 2000. 

20 Tinari N, Kuwabara I, Huflejt ME, Shen PF, Iacobelli S and Liu
FT: Glycoprotein 90K/MAC-2BP interacts with galectin-1 and
mediates galectin-1-induced cell aggregation. Int J Cancer 91:
167-172, 2001. 

21 Clausse N, van den Brûle F, Waltregny D, Garnier F and
Castronovo V: Galectin-1 expression in prostate tumor-
associated capillary endothelial cells is increased by prostate
carcinoma cells and modulates heterotypic cell-cell adhesion.
Angiogenesis 3: 317-325, 1999.

22 Iurisci I, Tinari N, Natoli C, Angelucci D, Cianchetti E and
Iacobelli S: Concentrations of galectin-3 in the sera of normal
controls and cancer patients. Clin Cancer Res 6: 1389-1393, 2000.

23 Al-Mehdi AB, Tozawa K, Fisher AB, Shientag L, Lee A and
Muschel RJ: Intravascular origin of metastasis from the
proliferation of endothelium-attached tumor cells: a new model
for metastasis. Nat Med 6: 100-102, 2000. 

24 Honn KV and Tang D: Hemostasis and malignancy: an overview.
Cancer Metastasis Rev 3-4: 223-226, 1992.

25 Lotan R, Belloni PN, Tressler RJ, Lotan D, Xu XC and Nicolson
GL: Expression of galectins on microvessel endothelial cells and
their involvement in tumour cell adhesion. Glycoconj J 11: 462-
468, 1994.

Iurisci et al: Galectin Inhibitors as Modulators of Cell Aggregation and Apoptosis

409



26 Lehr JE and Pienta KJ: Preferential adhesion of prostate cancer
cells to a human bone marrow endothelial cell line. J Natl
Cancer Inst 90: 118-123, 1998.

27 Koths K, Taylor E, Halenbeck R, Casipit C and Wang A:
Cloning and characterization of a human Mac-2-binding protein,
a new member of the superfamily defined by the macrophage
scavenger receptor cysteine-rich domain. J Biol Chem 268:
14245-14249, 1993.

28 Marchetti A, Tinari N, Buttitta F, Chella A, Angeletti CA, Sacco
R, Mucilli F, Ullrich A and Iacobelli S: Expression of 90K
(Mac-2 BP) correlates with distant metastasis and predicts
survival in stage I non-small cell lung cancer patients. Cancer
Res 62: 2535-2539, 2002.

29 Ingrassia L, Camby I, Lefranc F, Mathieu V, Nshimyumukiza P,
Darro F and Kiss R: Anti-galectin compounds as potential anti-
cancer drugs. Curr Med Chem 13: 3513-3527, 2006.

30 Barchi JJ Jr: Emerging roles of carbohydrates and glycomimetics
in anticancer drug design. Curr Pharm Des 6: 485-501, 2000. 

31 Borsig L, Wong R, Feramisco J, Nadeau DR, Varki NM and
Varki A: Heparin and cancer revisited: mechanistic connections
involving platelets, P-selectin, carcinoma mucins, and tumor
metastasis. Proc Natl Acad Sci USA 98: 3352-3357, 2001.

32 Pienta KJ, Naik H, Akhtar A, Yamazaki K, Replogle TS, Lehr J,
Donat TL, Tait L, Hogan V and Raz A: Inhibition of spontaneous
metastasis in a rat prostate cancer model by oral administration
of modified citrus pectin. J Natl Cancer Inst 87: 348-353. 1995.

33 Kochetkov NK, Nifantiev NE and Backinowsky LV: Synthesis
of the capsular polysaccharide of Streptococcus pneumoniae type
14. Tetrahedron 43: 3109-3121, 1987.

34 Nifantiev NE, Sherman AA, Yudina ON, Cheshev PE, Tsvetkov
Yu E, Khatuntseva EA, Kornilov AV and Shashkov AS: New
schemes for the synthesis of glycolipid oligosaccharide chains.
Pure Appl Chem 76: 1705-1714, 2004.

35 Kononov LO, Kornilov AV, Sherman AA, Zyrjanov EV, Zatonsky
GV, Shashkov AS and Nifantiev NE: Synthesis of oligosaccharides
related to HNK-1 antigen. 2. Synthesis of the 3’’’-O-(3-sulfo-β-
D-glucuronyl)-lacto-N-neotetraose (HNK-1 pentasaccharide) β-
propyl glycoside. Russ J Bioorgan Chem 24: 537-50, 1998.

36 Nifantiev NE, Shashkov AS and Kochetkov NK: Synthesis of
methyl O-(α-L-fucopyranosyl)-(1�2)-O-(β-D-
galactopyranosyl) - ( 1� 3) - 2- acetamido- 2- deoxy- β- D-
glucopyranoside using benzo-bromofucose as the α-L-
fucosylating agent. Carbohydr Res 226: 331-336, 1992.

37 Wiederschain GY, Koul O, Bovin NV, Nifantiev NE and
McCluer R: The study of the substrate specificity of rat brain
fucosyltransferase using synthetic acceptors. Russ J Bioorgan
Chem 26: 448-451, 2000.

38 Perez S, Mouhous-Riou N, Nifantiev NE, Tsvetkov YE, Bachet
B and Imberty A: Crystal and molecular structure of a histo-
blood group antigen involved in cell adhesion: the Lewis X
trisaccharide. Glycobiology 6: 537-542, 1996.

39 Sherman AA, Yudina ON, Mironov YV, Sukhova EV, Shashkov
AS, Menshov VM and Nifantiev NE: Study of glycosylation
with N-trichloroacetyl-D-glucosamine derivatives in the
syntheses of the spacer-armed pentasaccharides sialyl lacto-N-
neotetraose and sialyl lacto-N-tetraose, their fragments, and
analogues. Carbohydr Res 336: 13-46, 2001.

40 Yudina ON, Sherman AA and Nifantiev NE: Synthesis of propyl
and 2-aminoethyl glycosides of α-D-galactosyl-(1�3’)-β-
lactoside. Carbohydr Res 332: 363-371, 2001.

41 Inohara H, Akahani S, Koths K and Raz A: Interactions between
galectin-3 and Mac-2-binding protein mediate cell-cell adhesion.
Cancer Res 56: 4530-4534, 1996.

42 Yang RY, Hsu DK and Liu FT: Expression of galectin-3
modulates T-cell growth and apoptosis. Proc Natl Acad Sci USA
93: 6737-6742, 1996. 

43 Nangia-Makker P, Nakahara S, Hogan V and Raz A: Galectin-3
in apoptosis, a novel therapeutic target. J Bioenerg Biomembr
39(1): 79-84, 2007.

44 Kim HR, Lin HM, Biliran H and Raz A: Cell cycle arrest and
inhibition of anoikis by galectin-3 in human breast epithelial
cells. Cancer Res 59: 4148-4155, 1999.

45 Camby I, Belot N, Lefranc F, Sadeghi N, de Launoit Y, Kaltner
H, Musette S, Darro F, Danguy A, Salmon I, Gabius HJ and Kiss
R: Galectin-1 modulates human glioblastoma cell migration into
the brain through modifications to the actin cytoskeleton and
levels of expression of small GTPases. J Neuropathol Exp
Neurol 61: 585-596, 2002.

46 Glinsky VV, Glinsky GV, Glinskii OV Huxley VH, Turk JR,
Mossine VV, Deutscher SL, Pienta KJ and Quinn TP: Intravascular
metastatic cancer cell homotypic aggregation at the sites of primary
attachment to the endothelium. Cancer Res 63: 3805-3811, 2003.

47 Nangia-Makker P, Hogan V, Honjo Y, Baccarini S, Tait L,
Bresalier R and Raz A: Inhibition of human cancer cell growth
and metastasis in nude mice by oral intake of modified citrus
pectin. J Natl Cancer Inst 94: 1854-1862, 2002.

48 Sörme P, Kahl-Knutsson B, Wellmar U, Magnusson BG, Leffler
H and Nilsson UJ: Design and synthesis of galectin inhibitors.
Methods Enzymol 363: 157-169, 2003.

49 Cumpstey I, Sundin A, Leffler H and Nilsson UJ: C2-
symmetrical thiodigalactoside bis-benzamido derivatives as
high-affinity inhibitors of galectin-3: efficient lectin inhibition
through double arginine-arene interactions. Angew Chem Int Ed
Engl 44: 5110-5112, 2005.

50 Salameh BA, Leffler H and Nilsson UJ: 3-(1,2,3-Triazol-1-yl)-
1-thio-galactosides as small, efficient, and hydrolytically stable
inhibitors of galectin-3. Bioorg Med Chem Lett 15: 3344-3346,
2005.

51 Tejler J, Leffler H and Nilsson UJ: Synthesis of O-galactosyl
aldoximes as potent LacNAc-mimetic galectin-3 inhibitors.
Bioorg Med Chem Lett 15: 2343-2345, 2005.

52 Sorme P, Qian Y, Nyholm PG, Leffler H and Nilsson UJ: Low
micromolar inhibitors of galectin-3 based on 3’-derivatization of
N-acetyllactosamine. Chembiochem 3: 183-9, 2002.

53 Toscano MA, Bianco GA, Ilarregui JM, Croci DO, Correale J,
Hernandez JD, Zwirner NW, Poirier F, Riley EM, Baum L and
Rabinovich GA: Differential glycosylation of TH1, TH2 and
TH-17 effector cells selectively regulates susceptibility to cell
death. Nat Immunol 8: 825-834, 2007.

Received June 30, 2008
Revised November 20, 2008
Accepted December 1, 2008

ANTICANCER RESEARCH 29: 403-410 (2009)

410



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (Japan Color 2001 Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 793.701]
>> setpagedevice


