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Abstract: Galectin-3 is a 31 kDa member of a growing family of b-galactoside-
binding animal lectins. This protein is expressed in a variety of tissues and cell
types and is mainly found in the cytoplasm, although, depending on cell type and
proliferative state, a significant amount of this lectin can aso be detected in the
nucleus, on the cell surface or in the extracellular environment. Galectin-3 is
secreted from cells by a novel and incompletely understood mechanism that is
independent of the classical secretory pathway through the endoplasmic
reticulum/Golgi network. Galectin-3 exhibits pleiotropic biological function,
playing akey role in many physiological and pathological processes.
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INTRODUCTION

Lectins are carbohydrate-binding proteins that have an affinity for specific
oligosaccharides [1]. They have been classified into four groups: C-type lectins,
P-type lectins, pentraxins and galectins; the latter were formerly known as
soluble-type (Stype or S-Lac) lectins[2]. The galectins are a growing family of
B-galactoside-binding proteins. A common characteristic of the galectins is the
presence of at least one carbohydrate recognition domain (CRD) of about 135
amino acids with an affinity for B-galactosides [1]. The galectins are widely

* Corresponding author, e-mail: annal @biol.uni.lodz.pl

Abbreviations used: AGE - advanced glycation end products, Bcl-2 — B-cell
leukemia/lymphoma 2; CBP - carbohydrate binding protein;, CD — cluster of
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membrane protein 20; N-CAM - neural cell adhesion molecule; NeuNAc -
N-acetylneuraminic acid; SP1 — stimulatory or specificity protein 1.
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distributed in metazoan organisms. To date, 14 members of the galectin family
have been identified [3]. The galectins are cytosolic proteins, however, there is
abundant evidence for their secretion from the cytosol via nonclassical pathways
or translocation to the nucleus or the other cellular compartments [4, 5]. They
have been shown to play roles in diverse biological events, such as
embryogenesis, adhesion and proliferation of cells, apoptosis, mMRNA splicing,
bacteria colonization and modulation of the immune response [6-9]. Moreover,
galectins play a key role in various pathological states, including autoimmune
diseases, allergic reactions, inflammation, tumor spreading, atherosclerosis and
diabetic complications [10-12].

In this review, we give a general description of the specialized features of
galectin-3 (formerly known as CBP35, Mac2, L-29, L-34, IgEBP, and LBP).

TISSUE AND CELLULAR DISTRIBUTION

Each galectin exhibits a specific pattern of expression in various cells and
tissues. Galectin-3 has been detected in activated macrophages, eosinophils,
neutrophils, mast cells, the epithelium of the gastrointestinal and respiratory
tracts, the kidneys and some sensory neurons [4, 5]. Moreover, galectin-3 displays
pathological expression in many tumors, e.g., human pancreas, colon and thyroid
carcinomas (discussed in later sections of this review).

Although galectin-3 is predominantly located in the cytoplasm, it has also been
detected in the nucleus, on the cell surface or in the extracellular environment,
suggesting a multifunctionality of this molecule. It has been shown that in 3T3
mouse fibroblasts, the nuclear versus cytoplasmic distribution of this protein
depended on the proliferation state of the analysed cells. In quiescent cultures of
fibroblasts, galectin-3 (its phosphorylated derivative, pl ~8.2) was
predominantly cytoplasmic; however, proliferating cultures of the same cells
showed intense nuclear staining for this protein (nonphosphorylated native
polypeptide, pl ~8.7) [13]. The intracellular location of galectin-3 is connected
with its role in the regulation of nuclear premRNA splicing and protection
against apoptosis. On the other hand, its extracellular location on the cdll surface
and in the extracellular milieu indicates its participation in cell-cell and cell-
matrix adhesion (discussed in the context of ligands for galectin-3 and

apoptosis).
PROTEIN/GENE STRUCTURE AND CARBOHYDRATE BINDING

Working according to the architecture of galectins, Hirabayashi and Kasai [14]
classified this protein family into proto-type, chimera-type and tandem repeat
type. Galectin-3 is the sole member of chimeratype family of galectins.
Galectin-3 (m.m. 31 kDa) is found in solution as a monomer with two functional
domains [15-18]. Galectin-3 is so far unique in the family in having an extra
long and flexible N-terminal domain consisting of 100-150 amino acid residues,
according to species of origin, made up of repetitive sequence of nine amino
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acid residues rich in proline, glycine, tyrosine and glutamine and lacking
charged or large side-chain hydrophobic residues [4, 5, 17, 18]. The N-terminal
domain contains sites for phosphorylation (Ser 6, Ser 12) [19, 20] and other
determinants important for the secretion of the lectin by a novel, nonclassical
mechanism [21]. The C-terminus is the carbohydrate recognition domain (CRD),
consisting of about 135 amino acid residues; thisis what defines the molecule as
a gaectin. The CRD of galectin-3 displays an identical topology and very
similar three-dimensional structure to that reported for the CRD of the
homodimeric galectin-1 and -2 [22, 23] with which it shares 20-25% sequence
identity. Like galectin-1 and -2, it is arranged in 12 B strands (F1-F5 and
S1-S6a/6b) [24].

The structure of the galectin-3 gene is consistent with the multi-domain
organization of the protein. The gene for galectin-3 is composed of six exons
and five introns (human locus 14g21-22). Exon | encodes the mgjor part of the
5 untrandated sequence mRNA. Exon |l contains the remaining part of the
5 untranslated sequence, the protein translation initiation site and the first six
amino acids including the initial methionine. The repetitive sequence in the
N-terminal half of the gene product is encoded within exon Ill. Exons 1V, V and
V1 code the C-terminal half of the protein [4, 17] (Fig. 1).
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mRNA

protein
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N-terminal CRD
Fig. 1. The organization of the mRNA and structure of galectin-3

Galectin-3 has an affinity for lactose (Lac) and N-acetyllactosamine (LacNAC).
The Lac/LacNAc binding site is formed by the B-strands S4-S6a/S6b. The
C-4 hydroxyl group of the galactose moiety (Gal) plays a central role in binding,
probably accepting hydrogen bonds from the highly conserved residues His 158
and Arg 162, at the same time donating hydrogen bonds to Asn 160 and a water
molecule (W1) [24]. The galactose C-6 hydroxyl group also displays this
cooperative hydrogen bonding pattern, interacting with Glu 184, Asn 174 and
Wa3. In the case of N-acetylglucosamine (GIcNACc), only its C-3 hydroxyl group
makes direct hydrogen bonds to the Glu 184 and Arg 162 of the protein. The
only other contacts involving the GICNAc moiety are mediated through its
N-acetyl group; the amide proton is hydrogen bonded through water (W2) to Glu
165 and the methyl group makes a van der Waals contact with the guanidino
head group of Arg 186. The van der Waals interaction and the strength of the
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hydrogen bond involving the 2 position of the Glc/GIctNAc moiety represent the
only significant differences between the Lac and LacNAc complexes, and
presumably account for the approximately 5-fold higher binding affinity for
N-acetyllactosamine over lactose shown by human galectin-3 [24] (Fig. 2).
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Fig. 2. The interaction of human galectin-3 with the N-acetyllactosamine moiety (for
details, see text). The water molecules are labeled W1-W3. Potential hydrogen bonds are
shown as dotted lines. The positions of the carbon atoms and the main hydroxyl groups
are numbered.

Galectin-3, like most members of the galectin family, acts as a receptor for
ligands containing poly-N-acetyllactosamine sequences which consist of many
disaccharide units: Gal b1,4 GIcNAc bond to each other by bl1,3 linkage.
However, galectin-3 appears to have an increased affinity for the more complex
oligosaccharides [5, 25]. Extension at the nonreducing end of the disaccharide
units with NeuNAca2, 3 or with GalNAcal, 3 and Fuc al, 2 substituents
greatly enhances affinity for galectin-3 [5, 6]. Structural and mutagenic studies
enabled the identification of contact residues in the galectin-3 CRD responsible
for recognition of these more complex carbohydrates [24]. Human galectin-3
was found to have Arg 144, which iswell positioned to interact with the GICNAc
moiety or other saccharide residues linked to the O-3 of the terminal galactose
[24]. Recently, Hirabayashi et al. [25] showed that the N-terminal non-CRD
domain contributes to the enhanced affinity of galectin-3 for extended structures
of basic recognition units such as Lac or LacNAc. Fronta affinity
chromatography analysis revealed that intact galectin-3 showed an on-average
3.8 times higher affinity for oligosaccharides terminated with fucose or siaic
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acid residues than its deletion product in which the N-terminal domain was
removed by Clostridium hystolyticum collagenase digestion.

SECRETION

Galectin-3 is synthesized on free ribosomes in the cytoplasm and lacks any
signal sequence for tranglocation into the endoplasmic reticulum (ER) [5].
Although it does not traverse the endoplasmic reticulum/Golgi network, there is
abundant evidence for galectin-3 also having an extracellular location. This
protein has been shown to be secreted from cells by a novel, incompletely
understood mechanism called ectocytosis, which is independent of the classical
secretory pathway through the ER and Golgi system [5, 26-28]. The N-terminus
of galectin-3 has been proposed to contain targeting information for nonclassical
secretion [21, 29, 30]. It has been shown that a hamster galectin-3 CRD
fragment lacking the N-terminal domains, when expressed in transfected Cos
cells, is not secreted. Moreover, the addition of the N-terminal segment to
a normally cytosolic protein such as chloramphenicol acetyltransferase (CAT)
means the fusion protein is efficiently exported from transfected Cos cells [29].
A short segment of the galectin-3 N-terminal sequence comprising residues 89-
96 (Tyr-Pro-Ser-Ala-Pro-Gly-Ala-Tyr) has been found to play a critical role in
galectin-3 secretion. However, this sequenceis not sufficient on its own to cause
the direct secretion of the CAT fusion protein, indicating that it is operative in
the context of alarge stretch of the N-terminal sequence of galectin-3 [21].

Immunohistochemical studies have indicated that the first step in galectin-3
secretion is its accumulation at the cytoplasmic side of the plasma membrane.
This step is rate limiting in galectin-3 secretion from macrophages and Cos cells
transfected with galectin-3 constructs, and is strongly up-regulated by heat shock
and calcium ionophores [26, 29]. It has been suggested that the transfer of
protein to plasma membrane domains is mediated through heat shock proteins
and other molecular chaperones, which could be atarget for the up-regulation of
secretion at high temperatures [5]. However, the most important rate limiting
step for galectin-3 secretion appears to be the capture of the protein at plasma
membrane domains. This is demonstrable by comparing the level of secretion
from transfected cells of fusion proteins tagged at the N-terminal with an Lck
acylation sequence of the Src protein family of tyrosine kinases and that of wild-
type lectin; the former is enhanced relative to the latter [29]. The acylation of
Lck is an essential requirement for the retention and functioning of these
proteins at the cytoplasmic side of plasma membranes. In transfected cells, the
L ck-tagged gal ectin-3 fusion protein was efficiently acylated and accumulated at
the cytoplasmic side of plasma membranes [31]. The next step in galectin-3
secretion is the pinching off of evaginating membrane domains and the release
of extracellular vesicles in which galectin-3 is protected against proteolysis.
Electron microscopy showed that the vesicles are morphologically
heterogeneous and have a small size (up to about 0.5 mm). Under culture
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conditions, lectin release from extracellular vesicles was rather fast with a half-
life about 1 h [29]. However, isolated vesicles were much more stable,
suggesting that the rapid breakdown of vesicles requires factor(s) released by
cells. Hughes [5] suggested that a good candidate is one or more members of the
phospholipase A2 family that catalyse the hydrolysis of an sn-2 fatty acyl bond
of phospholipids and liberate free fatty acids and lysophospholipids. Although
this hypothesisis very intriguing, it needs to be checked.

LIGANDS

Owing to its affinity for polylactosamine glycans, galectin-3 binds to
glycosylated extracellular matrix components, including laminin, fibronectin,
tenascin and Mac-2 binding protein [32-37] (see below Tab. 1). Some cell-
-surface adhesion molecules, for instance integrins, are aso ligands for
galectin-3. Preliminary evidence suggests that galectins, through binding to the
extracellular domains of one or both subunits of an integrin, may positively or
negatively modulate integrin activation, and affect binding with extracellular
ligands [6]. A major ligand for galectin-3 on mouse macrophage is the a-subunit
of the integrin aMb2, otherwise known as CD11b/18 [6, 38]. Moreover,
galectin-3 aso interacts with integrin albl via its CRD domain in a lactose
dependent manner [39]. Galectin-3 also seems to be an endogenous cross-linker
of the CD98 antigen, leading to the activation of integrin mediated adhesion [6].
The cytoplasmic domain of CD98 binds intracellularly to the cytoplasmic tail of
specific integrin b subunits, and promotes integrin activation through as yet
incompletely identified intracellular signaling pathways. The association of
CD98 and the integrin subunit requires the dimerization of CD98. It is suggested
that galectin-3 could promote CD98 dimerization and, indirectly, integrin
activation [6].

Despite the specific binding of galectin to glycoconjugates, there are still
controversies as to whether galectins facilitate or inhibit cell adhesion.
Galectin-3 was shown to reduce the adhesion and spreading of baby hamster
kidney epithelial cells on laminin 1 coated wells [35]. On the other hand,
purified galectin-3 was shown to promote the adhesion of human neutrophils to
laminin [40]. This binary action of galectin-3 may be related to its concentration
as well asto the expression level and glycosylation of its cell surface and matrix
ligands[6].

Potential ligands for galectin-3 are the lysosomal associated membrane proteins
1 and 2 (Lamp 1 and 2) [41]. Lamps are mainly confined to lysosomal
membranes, and are rarely found on the plasma membrane of normal cells. But
there is evidence suggesting an increase in their cell surface expression in tumor
cells, especidly in highly metastatic ones, where they are major carriers for
poly-N-acetyllactosamines. Serafian et al. [41] demonstrated strong surface
binding of recombinant galectin-3 to Lamp-expressing metastasing melanoma
cells. These results favor the hypothesis that Lamps could be ligands for cell-
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adhesion molecules and could participate in the complex process of tumor
invasion and metastasis.

Recent studies have shown that MP20, the lens membrane integral protein and
a member of the tetraspanin superfamily, also appears to be a ligand for
galectin-3 [42]. It is suggested that MP20 may be a glycoprotein since this
protein has a consensus N-linked glycosylation site in one of the extracellular
loops, but until now it has not been verified. It is not known exactly what role
the MP20/galectin-3 complex could play in the lens. MP20 acts in lens
development because point mutations in the MP20 gene cause lens vacuolation
and fiber cell disorganisation. It is conceivable that galectin-3 plays an essential
role in modulating the ability of MP20 to form adhesive junctions at this critical
stage of development [42].

All the above listed ligands for galectin-3 are extracellular matrix or membrane
proteins. However, galectin-3 is also known to have an intracellular location and
to interact with several proteins inside the cell, i.e., cytokeratins [43], CBP70
[44], Chrp [45], Gemin4 [46], Alix/AIP-1 [9], and Bcl-2 [47]. (the last will be
discussed in alater section of this review concerning apoptosis).

It is worth noting that aimost all of the mentioned intracellular ligands interact
with galectin-3 via protein-protein rather than lectin-glycoconjugate interactions.
The only exception is the cytokeratins. Goletz et al. [43] have shown that
cytokeratins of MCF7 and other human cells carry a novel posttranslational
modification, a glycan with a terminal a linked GalNAc. These residues are
recognized in vitro by mammalian galectin-3. The authors suggest that if similar
galectin-cytokeratin associations occur in vivo, this might potentially define
a new role for cytokeratins as a cytoplasmic anchor for galectins directing or
regulating galectin-3 transport and function.

A carbohydrate binding protein with m.m. 70 kDa (CBP70) is a nuclear and
cytoplasmic lectin glycosylated by the addition of N- and O-linked
oligosaccharide chains [48]. It was first isolated from HL60 cell nuclei [44]. In
this cellular compartment, CBP70 interacts with galectin-3 via a protein-protein
interaction mediated by the addition of lactose, probably resulting in
modification of the galectin-3 conformational structure.

Menon et al. [45] used the yeast two-hybrid screen system with murine
galectin-3 as bait and the murine 3T3 cDNA library to search for cytoplasmic
proteins that might assist intracellular trafficking of galectin-3. They identified a
novel protein containing an unusually high content of cysteine (17) and histidine
(11) in atotal of 311 residues. This protein has been referred to as a cysteine-
histidine rich protein — Chrp. Direct interaction between galectin-3 and Chrp was
confirmed by immunoprecipitation and in vitro binding assays. The confocal
immunofluorescence of permeabilized 3T3 fibroblasts showed a predominant
perinuclear as well as cytoplasmic location of a novel protein but not nuclear
one. Later studies showed that Chrp recognizes the CRD domain of galectin-3
and not the N-terminal repeat sequence [49]. The exact site within the CRD of
galectin-3 recognized by Chrp has not been identified yet. However, complex



312 CELL. MOL. BIOL. LETT. Vol. 9. No. 2. 2004

formation with Chrp does not interfere with the binding of galectin-3 to the
polylactosamine glycan of laminin, showing that Chrp and high affinity
oligosaccharides utilize separate binding sites on the CRD. The functional
significance of the Chrp-galectin-3 interaction remains to be elucidated.

Tab. 1. Ligands for galectin-3.

Ligand Sour ce/cells References
Extracellular ~ Laminin EHS, macrophage, placenta 32, 35, 37
matrix proteins Fibronectin Foetal 35
Tenascin Brain 36
M2BP Brain 33,34
Membrane Integrins:
proteins aM/b2(CD11b/18) Macrophage 33
al/bl Adenocarcinoma 39
N-CAM Mouse brain 36
L1 Mouse brain 36
MAG Mouse brain 36
LAMP-1,2 Ubiquitous 38,41, 51
MP20 Rat lens 42
CD98 Human T lymphoma 38
Jurkat cells
Intracellular Cytokeratins HeLa, MCF-7 43
proteins Chrp Murine 3T3 fibroblasts 45, 49
CBP70 HL60 44
Alix/AIP-1 Human T lymphoma 9
Jurkat cells
Bcl-2 Human T lymphoma 52
Jurkat cells
Gemin-4 HeLa 46
Others AGE Ubiquitous 53-55

Nuclear galectin-3 can interact with Gemin-4, a component of a macromolecular
complex containing approximately 15 polypeptides, among them SMN (survival
of motor neuron) protein, Gemin-2, Gemin-3, some of the Sm core proteins of
snRNPs and other as yet unidentified proteins. These complexes are implicated
in processes directly or indirectly related to preemRNA splicing. The
identification of Gemin-4 as an interacting partner of galectin-3 provides strong
evidence that this galectin can play arole in splicesome assembly in vivo [9, 46].
The yeast two-hybrid method screen of a Jurkat cell cDNA library using
galectin-3 as a bait allowed the identification of another galectin-3 binding
protein. It is a human homologue of ALG-2 linked protein x (Alix) or ALG-2
interacting protein-1 (AIP-1) [9]. This protein interacts with ALG-2, a calcium-
binding protein necessary for cell death induced by different stimuli. AIP-1
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cooperates with ALG-2 in executing the calcium dependent requirements along
the cell death pathway [50]. Alix/AIP-1 contains a proline, glycine, alanine and
tyrosine rich sequence in the C-terminal region, which is highly homologous to
the tandem repest sequencein the N-termind part of gdectin-3[9].

Vlassara e al. [53] were the fird to propose that gaectin-3 is one of the AGE
receptors. Galectin-3 was identified as an AGE-binding protein in macrophages,
adrocytes and umbilical vein endothdid cells [54]. Zhu et al. [55] characterized the
functional aspect of gdectin-3 as an AGE receptor by using CHO cells overexpressing
human gdectin-3. The results clearly showed that AGE binds to galectin-3 CHO cdlls
in a specific and saturable manner, followed by endocytosis and subsequent lysosomal
degradation. Further experiments showed that acetylated and oxidized low density
lipoproteins dso undergo receptor-mediated endocytosis by these cells. Therefore,
gdectin-3 is likely to play an important role in the formation of atherosclerotic lesons
in vivo by the modification of the endocytic uptake of AGE and by modified low

dendity lipoproteins[55].
GALECTIN-3ASAN INHIBITOR OF APOPTOSIS

There is a series of pieces of evidence showing the involvement of galectin-3in
the inhibition of apoptosis. Cells with galectin-3 overexpression display
increased resistance to the apoptotic stimuli induced by the anti-Fas antibody,
staurosporine (chemotherapeutic reagent), tumor necrosis factor, radiation and
nitric oxide [47, 52, 56-58]. Galectin-3 was found to have a significant sequence
similarity with the Bcl-2 protein, a well-known suppressor of apoptosis. The
lectin contains a four amino acid motif, Asn-Trp-Gly-Arg, which is a highly
conserved sequence within the BH1 domain of the Bcl-2 family proteins and is
crucial for Bcl-2 protein function in the inhibition of programmed cell death [47,
52]. Akahani et al. [47] showed that an amino acid substitution of Gly to Ala at
position 182 in this motif of galectin-3 prevents its anti-apoptotic activity. The
four amino acid motif in Bcl-2 is critical for Bcl-2/Bcl-2 homodimerization and
Bcl-2/Bax heterodimerization [59]. Yang et al. [52] demonstrated that galectin-3
can interact with Bcl-2 in a lactose-inhibitable manner. This finding is very
surprising since Bcl-2 is not a glycoprotein. The authors suggested that the Asn-
Trp-Gly-Arg motif is present within the carbohydrate recognition domain in
galectin-3, and is closely involved in interaction with Bcl-2. Lactose binding to
galectin-3 may induce a conformational change in the critical region of this
protein, which preventsits interaction with Bcl-2.

The molecular mechanism by which galectin-3 regulates apoptosis induced by
different agents remains to be elucidated. However, it is possible that this lectin
can replace or mimic Bcl-2 protein. Bcl-2 is a mitochondrial protein located on
the outer membranes. It regulates apoptosis by blocking the release of
cytochrom ¢ from the mitochondria [60, 61]. Moon et al. [58] showed that
galectin-3 inhibition of nitrogen free radical-mediated apoptosisin human breast
carcinoma BT549 cells involved the protection of mitochondrial integrity, the
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inhibition of cytochrom c release and the activation of caspase. Thus, galectin-3
appears to be a mitochondrial -associated apoptotic regulator additional to Bcl-2
[56, 58]. Recent studies have demonstrated that galectin-3 translocates into the
mitochondrial membrane following a variety of apoptotic stimuli [62].
Galectin-3 is enriched in the mitochondria, where it prevents mitochondrial
damage and cytochrom c release. Such a location of galectin-3 is regulated by
galectin-3 interacting proteins. One of these proteins was identified as a synexin,
a 51 kDa member of the annexin family of proteins, which can bind to
phospholipid membranes. Synexin down-regulation abolished the anti-apoptotic
activity of galectin-3 suggesting that translocation to the mitochondrial
membranesis crucial for galectin-3 function.

Overexpression of galectin-3 also prevents human breast carcinoma BT 549
cells from undergoing anoikis, a specific form of apoptosis caused by loss of
epithelial cell-matrix interactions [63]. It is suggested that galectin-3-mediated
inhibition of anoikis may result from its ability to induce cell cycle arrest at late
G; through the expression modulation of cyclins and their inhibitors. Galectin-3-
mediated G, arrest involves down-regulation of G;-S cyclin levels (cyclin E and
cyclin A) and up-regulation of their inhibitory protein levels (p21"A™“'"* and
p27'™). Galectin-3 aso induces cyclin D, expression (an early G, cyclin) and
its associated kinase activity in the absence of cell anchorage. Kim et al. [63]
suggested that galectin-3 induction of cyclin D;-associated kinase activity may
help cells pass the apoptosis-sensitive point in early G;. Similarly, galectin-3
mediated down-regulation of cyclin E and A expression may be involved in cell
cycle arrest at an anoikis-resistant point.

Apart from cell cycle arrest at late G; in response to loss of cell adhesion,
gaectin-3 influences G,/M arrest of BT 549 cells following genistein
(4,5,7-trihydroxyisoflavone phytoestrogen) treatment [64]. Lin et al. [64]
showed that genistein effectively induces apoptosis without detectable cell cycle
arrest in BT 549, a human breast epithelial cell line which does not express
galectin-3 at a detectable level. In galectin-3 transfected BT 549 cells, genistein
stimulates cell cycle arrest at G,/M phase without apoptosis induction. Genistein
induces p21"VA"S"! expression in galectin-3-expressing BT 549 cells but not in
control BT 549 cells undergoing apoptosis.

At present, the way galectin-3 regulates expression of the cyclins and their
inhibitors is not entirely clear. Galectin-3 was shown to be a nuclear matrix
protein that binds to RNA and single-stranded DNA [65] and identified as
a splicing factor in the cell-free splicing assay [66]. Thus, it is possible that
nuclear galectin-3 may directly modulate gene expression through regulation of
transcription and/or mRNA splicing. The results of recent studies by Lin et al.
[67] seem to confirm this possibility. The authors found out that galectin-3
induces cyclin D; promoter activity in BT 549 cells through multiple
cis-elements, including SP1 and CREB binding sites. They also showed that
galectin-3 induction of the cyclin D; promoter activity may result from the
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enhancement/stabilization of nuclear protein-DNA complex formation at the
CRE site of the cyclin D, promoter.

Galectin-3 phosphorylation is required for its anti-apoptotic activity and anti-
-anoikis activity [68]. Human galectin-3 is phosphorylated at Ser 6 by casein
kinase |. Previously, phosphorylation of galectin-3 was shown to regulate its
carbohydrate recognition [20]. Ser 6 phosphorylation of human galectin-3
significantly reduces its binding ability to ligands, e.g. laminin and asialomucin,
while dephosphorylation fully restores the sugar binding activity [20]. Y oshii et
al. [68] demonstrated that galectin-3 phosphorylation can aso influence its other
biological activities. Ser 6 mutation resulted in a relative decline in the level of
galectin-3's ability to protect cells against cisplatin-induced cell death and
poly(ADP-ribose)polymerase from degradation when compared with wild type
galectin-3.

GALECTIN-3IN CANCER PROGRESSION

Thyroid

Galectin-3 expression in norma and neoplastic human thyroid tissue has
recently been reported on by severa investigators [69-80]. These studies
demonstrated the overexpression of galectin-3 in thyroid carcinomas, while its
expression in normal tissue and adenomas was absent or weak. In addition,
galectin-3 mRNA was observed in all malignant thyroid lesions, while in normal
and non-malignant tissues, it was not detectable [72]. Galectin-3 expression in
malignant thyroid cells was detected by immunohistochemistry on both
cytological paraffin samples (cell blocks) obtained by fine-needle aspiration
biopsy (FNAB) and histological sections. Galectin-3, when expressed, was
predominantly found in the cytoplasm of follicular and parafollicular cells;
a nuclear location was also sometimes observed. Kawachi et al. [74] reported
differences in galectin-3 expression between the primary lesions of papillary
carcinomas with metastases and those without metastases; the expression of
galectin-3 was significantly higher in the former (score: 1.613+0.742) than in the
latter (score: 1.308+0.782). A trend towards a stronger expression of galectin-3
in the observed stages of medullary thyroid carcinoma (with regiona lymph
node metastases) was also observed [73]. On the other hand, expression of
galectin-3 in the lymphatic metastases of papillary carcinoma appeared to be
significantly lower than in corresponding primary lesions [74]. In the case of
medullary thyroid carcinoma, galectin-3 expression was also reduced markedly
in lymph node metastases as compared to corresponding thyroid tumors [78].
The published observations permit the conclusion to be drawn that cytoplasmic
galectin-3 expression is a phenotype associated with malignant transformation
and progression toward metastatic potential. Yoshii et al. [75] showed that
antisense inhibition of galectin-3 expression in thyroid papillary carcinoma cells
resulted in a marked reduction of the malignant phenotype. It is possible that the
transforming function of galectin-3 may result from its action as an anti-
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apoptotic molecule. Recently, Takenaka et al. [80] proved that overexpression of
galectin-3 in transfected galectin-3 cDNA normal thyroid follicular cellsleadsto
the acquisition of the malignant phenotype. Moreover, Takenaka et al. [80] tried
to identify the genes that are associated with overexpression of galectin-3. The
genes with increased expression include: retinoblastoma (RB), proliferating cell
nuclear antigen (PCNA) and replication factor C (RCF), al of which are
involved in the G;-S transition of the cell cycle. Therefore, the possibility of
galectin-3 involvement in the cell cycle regulation exists.

From a biochemical point of view, the evaluation of cytoplasmic galectin-3
expression in epithelial cells isolated from FNAB should serve to make
a differential presurgical diagnosis between benign follicular adenomas and
differentiated carcinomas (i.e., papillary and widely and minimally invasive
follicular carcinomas). Routine use of this analysis can lead to the better
selection of patients who really require surgery.

Digestive system

Using Northern and Western blotting analysis, in situ hybridization and
immunohistochemistry, Barberat et al. [81] studied the expression of galectin-3
in primary pancreatic cancers and in tumor metastases in comparison to normal
pancreas. The results showed that galectin-3 was strongly overexpressed at the
MRNA and protein level in human pancreatic cancer compared to the level of its
expression in norma human pancreas cells. However, no relationship was found
between gal ectin-3 expression and the tumor stage. On the other hand, metastatic
pancreatic cancer cells in lymph nodes and in liver showed strong galectin-3
immunoreactivity, indicating that galectin-3 might have an impact on metastasis
formation.

The results of studies by Hsu et al. [82] demonstrated that normal hepatocytes
do not express galectin-3, but that this protein can be present in hepatocellular
carcinoma (HCC). The investigation revealed that galectin-3 expression in HCC
is independent of whether the patient had prior hepatitis B virus (HBV)
infection. However, the authors established that lectin expression in HCC can be
positively influenced by HBV infection through a mechanism that may include
the transactivation of the galectin-3 gene promoter. It was found that focal
regenerating nodules of cirrhotic tissue also express galectin-3. Abundant
expression of galectin-3 in rapidly proliferating hepatocytes may be a result of
a high mitotic index or, aternatively, it is possible that these cells indicate early
neoplastic events [82].

Conflicting data was published regarding the expression of galectin-3 in the
human colonic mucosa and colonic tumors. Some investigators found decreasing
galectin-3 levels in colon carcinoma progression [83, 84], whereas others
presented opposite results [85-87]. Castronovo et al. [83] and Lotz et al. [84]
found low levels of galectin-3 mRNA in human colon cancer tissues relative to
the levels in normal adjacent colonic mucosa. Castronovo et al. [83] indicated
that the steady-state MRNA level of galectin-3 was down-regulated by about
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50% in 18 of 21 human colon carcinomas compared with the level in their
corresponding normal colonic mucosa. Moreover, Castronovo et al. [83] stated
that patients with Dukes' C and D tumors had a lower ratio of primary tumor
galectin-3 mMRNA to normal tissue mRNA than did patients with Dukes
B tumors. Lotz et al. [84] observed a 5- to 10-fold decrease in galectin-3 mRNA
level aswell as a significant reduction in the amount of protein expressed in the
cancer compared with the normal colonic mucosa. This was accompanied by a
trang ocation of the protein from the nucleus to the cytoplasm during neoplastic
progression. On the other hand, Irimura et al. [85] found a higher content of
galectin-3 in advanced stage of Dukes' D colorecta cancer than in specimens of
the early-stage disease. Schoeppner et al. [86] demonstrated that normal mucosa
distant from areas of neoplasia was characterized by weak or negative
expression of galectin-3. They indicated that cytoplasmic expression of
galectin-3 correlated with progression from adenoma to carcinoma.

Schoeppner et al. [86], similarly to Irimura et al. [85], stated that galectin-3
expression in invasive cancers varied according to the stage in Dukes' scale.
Furthermore, when metastases were compared with the primary tumors from the
same patients, distant metastases expressed a high level of galectin-3 relative to
thelevel in the primary tumors from which they arose.

Sanjuan et al. [87] separately analysed both cytoplasmic and nuclear galectin-3
expression in this tumor model. They observed that normal colonic mucosa
usually strongly expressed galectin-3 both in the nucleus (100% of cases) and in
the cytoplasm (77%). Nuclear and cytoplasmic expression was significantly
down-regulated in adenomas (60%, 16%, respectively), whereas cytoplasmic
expression of galectin-3 increases in the carcinomas again (64%) although it
usually did not reaching the level of norma mucosa expression. Nuclear
expression was similar to that seen in adenomas (48%) but lower than in the
norma mucosa. Contrary to the normal mucosa pattern in which cytoplasmic
and nuclear expression of galectin-3 was aways associated, the cytoplasmic
expression of galectin-3 in carcinomas was frequently observed in cells with
negative nuclear staining. A correlation between increased levels of galectin-3
expression and shorter survival periods, particularly in the case of patients with
Dukes A and B colon tumors, was observed [86-88].

To more directly establish the role of galectin-3 in colon cancer metastasis,
human colon cancer cell lines with high metastatic potential and high levels of
galectin-3 were stable transfected with a plasmid designed to express antisense
galectin-3 mRNA. Conversdly, colon cancer cdlls with low metastatic potential and
low levels of native galectin-3 were transfected with a plasmid containing the
complete coding sequence of galectin-3 mRNA [89]. Down-regulation of
galectin-3 expression by antisense transfection resulted in a significant decrease
in liver colonizing ability, whereas up-regulation of galectin-3 increased
metastatic potential. Moreover, the alterations in galectin-3 levels by the
expression of sense or antisense galectin-3 constructs resulted in parallel
changesin thelevel of Muc 2 mucin —amajor ligand for galectin-3[90].
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Taken together, these results provide strong evidence that galectin-3 plays arole
in the ability of colon cancer cells to metastasi ze to distant sites.

Breast

It was shown by immunohistochemical methods that normal breast tissue
expressed a high level of galectin-3 and that the expression of this protein was
down-regulated in breast cancer [91, 92]. The reduced expression of galectin-3
was associated with increasing histologic grade, and thus with the acquisition of
invasive and metastatic potential which possibly resulted from reduced extra-
cellular matrix binding and increased cell motility [92].

Different results concerning the role of galectin-3 in breast cancer malignancy
were obtained in studies using cell lines. Honjo et al. [93] determined that the
blocking of galectin-3 expression in highly malignant human breast carcinoma
MDA-MB-435 cells led to the reversion of the transformed cellular phenotype
and to significant suppression of tumor growth in nude mice. So they suggested
that the expression of galectin-3 is necessary for the maintenance of the
transformed and tumorigenic phenotype of MDA-MB-435 breast carcinoma
cells.

Furthermore, Song et al. [94] provided evidence that galectin-3 enhances the
metastatic potential of human breast carcinoma BT 549 cells. It was established
that galectin-3 in tumor cells can play the role of survival factor against
cytotoxic, reactive nitrogen and oxygen species such as NO and ONOO
possibly through the Bcl-2-like anti-apoptotic function of galectin-3.

Prostate

Immunohistochemical and Western blotting analysis showed a generally reduced
expression of galectin-3 in prostate cancer relative to the level in normal human
prostate tissue [95, 96]. Subcellular expression of galectin-3 in a collection of
145 primary human prostate carcinomas was studied using immunohisto-
chemistry by Van den Brile et al. [97]. They demonstrated a clear change in the
location of galectin-3 in prostate carcinoma cells as compared with non-tumor
cells. In general, normal glandular cells expressed galectin-3 in both the nucleus
and cytoplasm. In a subset of malignant lesions, galectin-3 was expressed in the
cytosol but was generally excluded from the nucleus. Such
a distribution of galectin-3 was correlated with disease progression. These
results suggest that galectin-3 might have anti-tumor activities when present in
the nucleus, whereas it could favor tumor progression when expressed in the
cytoplasm [97].

Head and neck

Choufani et al. [98] studied the expression of galectin-3 and the expression of
ligands for this lectin in 75 cases of head and neck squamous cell carcinomas
(HNSCCs) and in 40 normal tissue specimens. The results showed that HNSCCs
exhibited a significantly lower amount of galectin-3 and its ligands than their
corresponding normal counterparts. A decrease in the extent of galectin-3
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expression correlates with an increasing level of clinically detectable HNSCCs
aggressiveness. Later studies confirmed the correlation of galectin-3/galectin-3
ligand levels with a low differentiation status which is known as an indicator of
the recurrence rate in HNSCCs [99]. Recently, Lefranc et al. [100] showed that
rapidly recurring craniopharyngiomas also have a significantly lower level of
expression of galectin-3 than nonrecurring or slowly recurring cases. On the
other hand, the level of expression of galectin-3 is correlated highly and
positively with the level of apoptosis in human cholesteatomas [101].
Cholesteatomais a benign disease characterized by the presence of an unstrained
growth and the accumulation of keratin debris in the middie ear cavity.
Cholesteatoma can invade neighboring tissues and often recurs even after
surgical resection. The level of apoptosisis an indicator for the prediction of the
recurrence. It is suggested that an up-regulation of galectin-3 expression, which
is associated with pronounced apoptotic activity, could have a physiologically
protective effect against the substantial apoptotic features occurring in recurrent
cholestestomas [101].

Using immunohistochemical methods, Honjo et al. [102] analyzed the
intracellular expression of galectin-3 in 77 tongue specimens (54 squamous cell
carcinomas and 23 specimens of distinct normal mucosa). They reported that the
nuclear expression of galectin-3 markedly decreases during the progression from
normal to cancerous states, while cytoplasmic expression increased. The authors
suggested that translocation of galectin-3 from the nucleus to the cytoplasm
during neoplastic progression may serve as a prognostic factor for tongue cancer
patients [102].

Tumors of the nervous system

There is arelationship between the level of expression of galectin-3 and the level
of malignancy in human gliomas [103-105]. Bresalier et al. [103] showed that
normal brain tissue and benign tumors did not express galectin-3 but anaplastic
astrocytomas (grade 3) and glioblastomas (grade 4 astrocytomas) respectively
exhibit intermediate and high expression. Moreover, these authors reported
a more significant expression of galectin-3 in metastases than in the primary
tumors from which they derived [103]. Different results were obtained by
Gordower et al. [104]. They showed that the level of galectin-3 expression
significantly decreases in the majority of tumor astrocytes, from low to high
grade astrocytic tumors. However, the authors suggested that human astrocytic
tumors are very heterogenous, and in spite of the general decrease in the level of
galectin-3 expresssion, some tumour cell clones express a higher level of
galectin-3 with increasing level of malignancy [104]. A further study suggested
that galectin-3 is involved in tumor astrocyte invasion of the brain parenchyma,
since its expression is higher in the invasive parts of xenografted glioblastomas
than in their less invasive parts [105]. This is in accordance with in vitro
migration results. Camby et al. [105] showed that in vitro galectin-3 stimulates
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migration (and therefore, presumably malignancy) in the case of cell lines
originating from high-grade astrocytic tumors.

CONCLUDING REMARKS

The results of many studies indicate that galectin-3 is a multifunctional protein
engaged in different biological events. The abundance of information concerning
galectin-3 expression and its ligands enables us to see mechanisms of basic
cellular processes such as adhesion, proliferation, signal transduction, mRNA
splicing and apoptosis in a new light. It is possible that in the near future,
galectin-3 may become an attractive target for the devel opment of new strategies
in the diagnostics and treatment of some diseases especially cancers.
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