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Abstract

Galectins are beta-galactoside binding mammalian lectins and they share homologous car-
bohydrate recognition domains. To date, 11 members of galectin family have been cloned and
identified. They have been shown to play roles in diverse biological events, such as embryoge-
nesis, oncogenesis, adhesion and proliferation of the cells, receptor for advanced glycation end
products, mRNA splicing, bacterial colonization, apoptosis, and in the modulation of the immune
response. The mechanisms by which galectins exert these diverse effects remain largely unknown.
However, the elucidation of multi-functional proteins belong to galectin family are going to open
new fields in clinical science including diagnosis and therapy of autoimmune disorders, cancers,
and vascular complications in diabetes and hypertension.
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Review

Galectins, Galactoside-Binding Mammalian Lectins:
Clinical Application of Multi-Functional Proteins

Jun Wada* and Hirofumi Makino

Depariment of Medicine III, Okayama University Medical School, Okayama 700-8558, Japan

Galectins are S-galactoside binding mammalian lectins and they share homologous carbohydrate
recognition domains. To date, 11 members of galectin family have been cloned and identified. They
have been shown to play roles in diverse biological events, such as embryogenesis, oncogenesis,
adhesion and proliferation of the cells, receptor for advanced glycation end products, mRNA
splicing, bacterial colonization, apoptosis, and in the modulation of the immune response. The
mechanisms by which galectins exert these diverse effects remain largely unknown. However, the
elucidation of multi-functional proteins belong to galectin family are going to open new fields in
clinical science including diagnosis and therapy of autoimmune disorders, cancers, and vascular

complications in diabetes and hypertension.

Key words: galectins, 3-galactoside binding lectins, apoptosis, cell adhesion and proliferation, oncogenesis,
autoimmune diseases, diabetic vascular complications

C arbohydrates are present on the cell surface and

within extracellular matrix, and specific oligosac-
charide structures on glycoproteins play specific cellular
functions. Mammalian lectins are carbohydrate binding
proteins that have affinity for specific oligosaccharides,
and they have been classified into four groups: C-type
lectins, P-type lectins, pentraxins, and galectins; the
latter are formerly known as soluble-type (S-type or
S-Lac) lectins [1, 2]. Since the polysaccharide chains
constitute an integral component of many plasmalemmal
and of the extracellular matrix (ECM) proteins, it is
conceivable that by virtue of the interaction between
lectins and their putative ligands they mediate a wide
variety of biological process [3]. Among the lectins, the
role of Ca®" -dependent (C-type) mammalian lectins have
been well documented in various biological processes.
For instance, the adhesion of leukocytes to the activated
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endothelial cells has been shown to be mediated by
selectins and their ligands, ie. sialylated and fucosylated
oligosaccharides, such as, sialyl-Lewis* and sialyl-Lewis®
[4].

Galectins were first recognized as galactoside-binding
proteins in various vertebrate tissues derived from
amphibians, birds, fish, and mammalians. The galectin
family was formally defined based on homologous amino
acid sequence and galactoside biding activities [1, 2].
Human galectins had been identified and discovered in
various contexts under multiple names, and they were
re-named as galectin-1 to galectin-4 [1]. Since the formal
naming of 4 mammalian galectins, the additional 7 galectin
members, galectin-5 through galectin-11 [5-13], have
been identified by molecular biology technique mainly
utilizing sequence similarity (Table 1, Fig. 1). The grow-
ing members of galectin family interact with glycocon-
jugate on cell surface and ECM (extracellular matrix)
proteins and influence diverse cellular functions, such
as adhesion, migration, chemotaxis, proliferation,
apoptosis, and differentiation. Furthermore, novel impli-
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Table | Structure and tissue distribution of galectins
Galectin Structure Tissue Distribution
| | CRD, dimer Skeletal/smooth muscle. Motor/sensory neurons, kidney, placenta, thymus
2 | CRD, dimer Hepatoma, gastrointestinal tract
3 | CRD + N-termminal domain Activated macrophages, eosinophils, mast cells, epithelium of gastrointestinal and
respiratory tracts, kidney, sensory neurons
4 2 CRDs Intestinal and oral epithelium
5 | CRD, monomer Erythrocytes and oral epithelium
6 2 CRDs Intestinal epithelium
7 | CRD, monomer Keratinocytes
8 2 CRDs Lung, liver, kidney, heart, brain
9 2 CRDs Thymus, liver, small intestine, kidney, spleen, lung, cardiac and skeletal muscle
10 | CRD, dimer Eosinophils and basophils
I | CRD Gastrointestinal tract

CRD, carbohydrate recognition domain; N-terminal domain, Glycine-tyrosine-glutamine-proline-rich repeat sequence of galectin-3.
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Fig. | Structures of galectins. The homologous carbohydrate
recognition domains (CRD) are conserved in all galectins. Glycine-
tyrosine-glutamine-proline-rich repeat sequence of galectin-3 (N-
terminal) and link peptides of tandem repeat type is shown.

cations of galectins reveal that they play a key role in
various pathological states, including autoimmune dis-
eases, allergic reactions, inflammation, tumor spreading,
atherosclerosis and diabetic complications. Although
galectins share homologous carbohydrate binding domains
and evolutionally conserved, the existence of dozens of
galectins in a single species and their diverse tissue
distribution suggests that each galectin family member
participates in a variety of specific biological functions in
a given cell-type or tissue. In this review article, we
would like to summarize structural and functional features
of galectins and possible application to clinical diagnosis
and therapeutic interventions (Table 2).

http://escholarship.lib.okayama-u.ac.jp/amo/vol 55/iss1/3

Conserved structure of carbohydrate-binding
domains of galectins

Galectins share characteristic carbohydrate binding
domains consisting of ~130 amino acids, which are
highly conserved. All the known galectins lack a signal
peptide, have cytoplasmic distribution, and are also se-
creted as soluble proteins by a non-classical secretory
pathway [14]. Structural analyses of various galectins
indicate the presence of homodimers of carbohydrate-
binding domains in galectin-1, -2, and 10, monomer of
carbohydrate-binding domain in galectin-5 and 7 (proto-
type), and a single polypeptide chain with 2 carbohy-
drate-binding domains joined by a link peptide in galectin-
4, -6, -8, and -9 (tandem repeat type). Galectin-3 has a
carbohydrate-binding domain, and a short N-terminal
segment, consisting of PGAYPG(X),_, repeats, and an
intervening stretch of amino acids, enriched with proline,
glycine and tyrosine (chimeric type).

Homodimer of prototype or 2 distinct carbohydrate-
binding domains in tandem-repeat type galectins can
cross-link specific glycoprotein on both cell surface and
ECM, activate differential signaling events, and eventu-
ally induce diverse biological response. Such multiple
response may depend upon the cell types and a discrete
spectrum of glycoconjugate receptors with S-galactoside
sugars.

Expression Regulation of galectins

Expression analyses have revealed that certain
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Table 2  Expression, function, and therapeutic application in various intractable diseases.
Galectins Expression, function, and application in various diseases References
Tumor invasion and metastasis
Galectin-1, -3 Expressed in colon, thyroid and breast carcinomas [27]
Galectin-3 Decrease metastatic potential in thyroid and breast carcinomas [36, 37]
Galectin-3 Increase metastatic potential in melanoma and fibrosarcomas [38]
Galectin-3 Decreased with the progression of colon, breast and thyroid carcimomas [39]
Galectin-3 Increased with the progression of colon carcinoma [40]
Galectin-| Correlated with malignant potential of human gliomas [41]
Modulation of immune system and the application to autoimmune diseases
Galectin-| Prevent myasthenia gravis and experimental encephalomyelitis (42, 43]
Galectin-1 Suppress collagen-induced arthritis via T cell apoptosis [48]
Galectin-9 Inhibit anti-GBM nephritis in WKY rats by inducing apoptosis of CD8-positive cells [49]
Inflammation and allergic diseases
Galectin-1, 3 Inhibit proliferation and infiltration of macrophages in the glomeruli in anti-GBM nephritis (48]
Ecalectin A novel eosinophil chemoattractant and involved in eosinophil accumulation in various allergic diseases [16]
(galectin-9)
Atherosclerosis and diabetic vascular complications
Galectin-3 Expressed in carotid atherosclerotic lesions [53]
Galectin-3 Receptor for advanced glycation end products and galectin-3 deficient mice are associated with accelerat- [56]

ed diabetic glomerulopathy

GBM, glomerular basement membrane; WKY rats, Wistar-Kyoto rats.

galectins display restricted distribution, e.g., galectin-2 in
hepatoma, galectin-4 and -6 in small intestine, galectin-5
in erythrocytes, and galectin-7 in keratinocytes. Galectins
with broad tissue distribution include galectin-1, express-
ed in cardiac, smooth and skeletal muscles, neurons,
thymus, kidney, and placenta; galectin-3, present in
blood cells, intestine, kidney, and neurons; and galectin-
8, expressed in liver, kidney, cardiac muscle, lung, and
brain [14]. We found that galectin-9 also reveals wide
tissue distribution in thymus, liver, intestine, kidney,
lung, cardiac and skeletal muscle. Interestingly, in addi-
tion to original form of galectin-9 with 14 amino acids link
peptide, intestine isoform of 26 amino acid link peptide
and ecalectin with 58 amino acids link peptide were also
discovered [10, 15, 16].

Expression of galectins was found to be develop-
mentally regulated and hallmark of specific stages in

embryogenesis [17]. Galectins are present in intracellular

space, as well as on cell surface and ECM. In addition,
various stimuli, such as sodium butyrate [18], viral
infections [19], tumor suppressor genes [20], and
inflammatory agents [21], modulate expression levels
and subcellular and extracelluar localizations. Thus,
galectins should have distinct biological roles depending
on their localization, although most reported functions are
related to the process requiring the common recognition
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of carbohydrate on cell surface and it is also noted that
most of data indicated in following sections are assigned
to galectin-1 and -3, which have been extensively inves-
tigated [22].

Cell-cell and cell-matrix interactions

Adhesion and migration of cells are mediated by the
interaction between cells and ECM glycoproteins and they
are involved in inflammation and metastasis of cancer
cells. Since galectins are secreted into extracellular space
and recognize and cross-link glycoconjugates on cell
surface and ECM glycoproteins, a variety of candidates
of extracellular and cellular ligands were reported includ-
ing laminin [23], fibronectin [24], lysosome-associated
membrane proteins 1 and 2 [25] and CD45 [26].
Despite specific binding of galectins to these glycocon-
jugates, controversies are still remained whether galectins
facilitate or inhibit cell adhesion [27]. Galectin-1 pro-
motes the adhesion of ovarian carcinoma cells to extracel-
lular matrix [28], whereas it inhibits the adhesion of
myoblast to laminin by blocking the laminin receptor
integrin @781 from recognizing laminin [29]. Similar-
ly, galectin-3 mediates adhesion of the neutrophils [30],
but not of the melanoma cells to laminin [31, 32]. The
binary action of galectin-1 and -3 may be related to its
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concentration and expression and to the glycosylation of
the counter-receptors [27]. Albeit these divergent
actions, galectins seem to cross-link glycoconjugates of
different cells or of cell and ECM to facilitate adhesion.
However, in the presence of high concentration of
galectins, it could be speculated that the cell surface
glycoproteins on the same cells get cross-linked and the
divalent carbohydrate-binding domains of galectins
become occupied, and as a result they loose their adhesive
potential [32].

Cell growth regulation

In addition to adhesion potential, the galectins also
modulate cell proliferation and growth. Galectin-1 has
been found to promote as well as inhibit cell proliferation.
Its over-expression has been reported to induce transfor-
mation of 3T3 fibroblasts [33], while addition of galectin-
1 in the culture media leads to the inhibition in the
replication of mouse embryonic fibroblasts [34]. Such
biphasic response in cell growth seems to be concentration
dependent and galectin-1 is mitogenic at low physiological
concentrations, while galectin-1 exerts growth inhibitory
effect in a higher concentration range in human cells in
vitro [35]. The effects of galectin-1 seem to be bifunc-
tional depending upon the presense of concominant sig-
nals, dose, cell type, and expression of glycoconjugate
receptors on cell surface [35].

Tumor invasion and metastasis

Since galectins are involved in cell adhesion and
proliferation, tumorigenic potential of galectins and their
role in tumor invasion have been extensively investigated.
Galectin-1 and galectin-3 is expressed in many epithelial
tumors such as colon, thyroid, and breast carcinomas
[27]. However, there are still controversies whether
galectin-3 promotes the metastatic potential and correlates
with a poorly differentiate morphology or not. For exam-
ple, the expression of galectin-3 is inversely correlated
with metastatic potential in breast and thyroid carcinoma
[36, 37], and in another study overexpression of
galectin-3 conferred an increase metastatic potential to low
metastatic cells in mouse melanoma and fibrosarcoma cells
[38]. The level of galectin-3 expression decreases with
the progression of colon, breast and thyroid carcimonoma
[39], while it increases in and correlated with the neo-
plastic progression of colon carcinoma [40]. Recently,
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galectin-1 is found to correlate with the malignant potential
of human gliomas and the expression of galectin-1 and
antisense oligonucleotide of galectin-1 inhibits the growth
of glioma cells [41]. As mentioned in the above sections,
galectins reveal biphasic or binary effects upon cell adhe-
sion and proliferation, the efficacy of galectins to tumor
cells need to be carefully examined using different malig-
nant cells and various concentrations of galectins.

Modulation of immune system and the applica-
tion to autoimmune diseases

Among the various functions of galectins, the role in
the modulation of the immune responce has been well
documented. Research over the past decade indicated that
the administration of galectin-1 prevented clinical and
histopathological signs of myasthenia gravis and experi-
mental encephalomyelitis, ie., T-cell-mediated antoim-
mune diseases [42, 43]. In line of this evidence, Perillo
et al introduced conceptional idea and a novel pradigm
that galactoside binding lectins could affect the apoptotic
threshold of T cells and they showed that galectin-1
induces apoptosis of PHA-activated peripheral T cells and
of the thymocytes [26, 44]. Such an induction by the
galectin seems to be specific and is conceivably mediated
via its sugar-binding moiety on apoptosis-related receptors
(death receptors) since apoptosis can be inhibited by
lactose [26, 44]. In particular, it plays a vital role in the
clonal deletion or negative selection of self-reactive T cells
during thymocyte development, since the vast majority of
cortical thymocytes (97 %) die in thymus and only 3% are
positively selected and migrate to the peripheral circulation
[45]. During this clonal deletion, a number of adhesion
molecules, including receptor and counter receptor pairs
CD2 and LLFA-3, and LFA-1 and intercellular adhesion
molecule-1 (ICAM-1) that are expressed on the
thymocytes and thymic epithelial cells, have been shown
to participate in cell-cell interactions. In addition to cell
surface protein-protein interactions, many investigators
have suggested the potential role of carbohydrate-protein
interactions in thymocyte-thymic epithelial (stromal) cell
adhesion processes. Two subpopulations were particular-
ly susceptible to galectin-1-induced apoptosis, ie. non-
selected thymocytes bearing the immature phenotype
CD3~ CD4" CD8"°" CD69~ and negatively selected
population of CD3'™ CD4'*% CD8'** CD69~ [44]. The
potential candidate(s) for the counter receptor(s) may
include leukosialin (CD43) or leukocyte common antigen
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(CD45) since both bind to other galectins, ie., galectin-1
[26], and CD45 has been proposed to participate in
apoptosis [46]. We also demonstrated that galectin-9 is
also highly expressed on stromal cells in thymus and
induce apoptosis of murine thymocytes [14, 15].

Although all members of the galectin family contain
[-galactoside binding domains, they do not consistently
induce apoptosis. For instance, galectin-3 does not
induce apoptosis of the thymocytes. On the contrary, the
galectin-3 has been reported to protect the Fas-antibody-
mediated apoptosis in human T-cell leukemia cell line
(Jurkat E6-1), transfected with galectin-3 cDNA [47].
Interestingly, galectin-3 and bcl-2 share the NWGR motif
that is highly conserved in bcl-2 family. Conceivably, it
is critical for the lactose-inhibitable intracellular hetero-
dimerization of bcl-2/galectin-3 [47], and in negating
Fas-antibody-mediated apoptosis. Homology alignment
revealed that NWGR motif overlaps XWGXEER con-
served sequences of the galectin family, and thus, the
observed opposing biological effects of galectin-3 wvs
galectin-1 or -9 are rather intriguing. The motif in the
overlapping segments of galectin-1 is AWGT, and of
galectin-9 are QWGP and SWGQ in the respective N-
and C-terminal domains. Therefore, the differential
effects may be related to the NWGR motif, which is
exclusively present in galectin-3.

Administration of galectin-1 or galectin-9 would be
beneficial for the therapy of autoimmune diseases by
terminating the T cell activation by inducing apoptosis.
Indeed, galectin-1 is effective in experimental animal
model of autoimmune encephalitis [42, 43], collagen-
induced arthritis [48], and anti-glomerular basement
membrane (GBM) glomerulonephritis [49]. In anti-
GBM nephritis in WKY (Wistar Kyoto) rats, the admin-
istration of galectin-9 induced apoptosis of activated CD8
positive cells and ameliorated proteinuria and renal tissue
injuries. Galectin-9 did not induce apoptosis of T cells in
normal rats, while dexamethasone induced T cell
apoptosis in both diseased and normal rats. This evidence
suggested that galectin-9 is candidate for selective im-
munosuppresants with less chance of opportunistic infec-
tions [49].

Inflammation, atherosclerosis, and diabetic vas-
cular complications

Galectins also play important roles in inflammation
process suggested by the expression of galectin-3 on the
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surface of thioglycollate-elicited peritoneal macrophages
[50]. In addition to galectin-3, rat macrophage galectin
(RMGal) is expressed in activated macrophage and
induces apoptosis of mature T cells in its carbohytrate-
binding dependent manner [51]. We also demonstrated
that administration of excess amount of recombinant
proteins of galectin-1, -3, and -9 inhibited proliferation
and infiltration of macrophages into the glomeruli in
anti-GBM nephritis in WKY rats [49]. Besides macro-
phage activation and infiltration, gelectins are also
involved in leukocyte chemotaxis and regulation of respir-
atory burst. Galectin-3 has been reported to activate the
NADPH-oxidase and stimulate superoxide production
from peripheral blood neutrophils [53]. Actually, mice
lacking galectin-3 have so far been shown to have abnor-
malities in neutrophil accumulation during inflammation
[53]. Itis also interesting to note that ecalectin, a variant
of human galectin-9, has been proposed as a novel eosino-
phil chemoattractant produced by T cells [16]. Ecalectin
seems to be important for the eosinophil accumulation in
various allergic diseases such as bronchial asthama,
rhinitis and atopic dermatitis [16].

In atherosclerosis and diabetic nephropathy, macro-
phages are known to be present in atherosclerotic lesions
and glomeruli in diabetes. The infiltration of macrophages
in these macro- and micro-vasculatures has similarity with
inflammatory response. Galectin-3 is strikingly localized
in carotid atherosclerotic lesions mainly in macrophages
and foam cells [54]. Furthermore, advanced glycation
end-product receptor function of galectin-3 has been
demonstrated in macrophages, astrocyte, and endothelilal
cells by high-affinity binding for advanced glycation end
products (AGEs) [55]. In diabetic condition, galectin-3
is up-regulated in mesangial cells, and galectin-3
deficiency in knockout mice are associated with accelerat-
ed diabetic glomerulopathy compared with wild-type ani-
mal [56]. These evidences suggest the possible usage of
galectins in the therapy of diabetic vascular complications
by modulating macrophage function and AGE clearance.

Concluding remarks

Although mammalian galectins are evolutionarily con-
served and share homologous carbohydrate domains,
they seem to play diverse physiological and pathological
roles. Many questions are inevitably raised, however,
they still remain to be answered. Why are there so many
galectin members? All the redundant proteins are really
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playing specific roles? Why do they exert binary actions,
promoting vs inhibiting adhesion or proliferation of the
cells? They are promoting or inhibiting the car-
cinogenesis? Is it possible to control the immune system
by using galectins as molecular targets? Answering these
questions would facilitate the discovery of novel therapeu-
tic modalities for curing intractable diseases, such as
autoimmune disorders, cancers, and vascular complica-
tions in diabetes and hypertension.

Acknowledgements. This work was supported by Uehara Memorial
Foundation, The Naito Foundation, ONO Medical Foundation, Grant-in-
Aid for Encouragement of Young Scientists, Ministry of Education, Science,
Sports and Culture, Japan (10770199) to J. Wada and Grant-in-Aid for
Scientific Research (B), Ministry of Education, Science, Sports and Culture,
Japan (11470218) and Uehara Memorial Foundation to H. Makino.

References

|. Barondes SH, Castronovo V, Cooper DN, Cummings RD, Dickamer K,
Feizi T, Gitt MA, Hirabayashi J, Hughes C, Kasai K, Leffler H, Liu
F-T, Lotan R, Mercurio AM, Monsigny M, Pillai S, Poirer F, Raz A,
Rigby PWJ, Rini JM and Wang JL: Galectins: A family of animal
f3-galactoside-binding lectins. Cell (1994) 76, 597-598.

2. Cooper DN and Barondes SH: God must love galectins; he made so
many of them. Glycobiology (1999) 9, 979-984.

3. Perillo NL, Marcus ME and Baum LG: Galectins: Versatile modula-
tors of cell adhesion, cell proliferation, and cell death. J Mol Med
(1998) 76, 402-412.

4. Varki A: Selectin ligands. Proc Natl Acad Sci USA (1994) 91, 7390-
7397.

5. Gitt MA, Wiser MF, Leffler H, Herrmann J, Xia YR, Massa SM,
Cooper DN, Lusis AJ and Barondes SH: Sequence and mapping of
galectin-5, a (-galactoside-binding lectin, found in rat erythrocytes. J
Biol Chem (1995) 270, 5032-5038.

6. Gitt MA, Colnot C, Poirier F, Nani KJ, Barondes SH and Leffler H:
Galectin-4 and galectin-6 are two closely related lectins expressed in
mouse gastrointestinal tract. J Biol Chem (1998) 273, 2954-2960.

7. Madsen P, Rasmussen HH, Flint T, Gromov P, Kruse TA, Honore B,
Vorum H and Celis JE: Cloning, expression, and chromosome map-
ping of human galectin-7. J Biol Chem (1995) 270, 5823-5829.

8. Magnaldo T, Bernerd F and Darmon M: Galectin-7: A human 14-kDa
S-lectin, specifically expressed in keratinocytes and sensitive to
retinoic acid. Dev Biol (1995) 168, 259-271.

9. Hadari YR, Paz K, Dekel R, Mestrovic T, Accili D and Zick Y:
Galectin-8. A new rat lectin, related to galectin-4. J Biol Chem (1995)
270, 3447-3453.

10. Wada J and Kanwar YS: |dentification and characterization of galectin-
9, a novel B-galactoside-binding mammalian lectin. J Biol Chem
(1997) 272, 6078-6086.

{1.  Tureci O, Schmitt H, Fadle N, Pfreundschuh M and Sahin U: Molecu-
lar definition of a novel human galectin which is immunogenic in
patients with Hodgkin's disease. J Biol Chem (1997) 272, 6416-6422.

12.  Leonidas DD, Elbert BL, Zhou Z, Leffler H, Ackerman SJ and Acharya
KR: Crystal structure of human Charcot-Leyden crystal protein, an
eosinophil lysophospholipase, identifies it as a new member of the
carbohydrate-binding family of galectins. Structure (1995) 3, 1379~
1393.

http://escholarship.lib.okayama-u.ac.jp/amo/vol 55/iss1/3

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Acta Med. Okayama Vol. 55, No. 1

Dunphy JL, Balic A, Barcham GJ, Horvath AJ, Nash AD and Meeusen
EN: Isolation and characterization of a novel inducible mammalian
galectin. J Biol Chem (2000) 275, 32106-32113.

Hughes RC: Secretion of the galectin family of mammalian
carbohydrate-binding proteins. Biochim Biophys Acta (1999) 1473,
172-185.

Wada J, Ota K, Kumar A, Wallner El and Kanwar YS: Developmental
regulation, expression, and apoptotic potential of galectin-9, a g-
galactoside binding lectin. J Clin Invest (1997) 99, 2452-2461.
Matsumoto R, Matsumoto H, Seki M, Hata M, Asano Y, Kanegasaki
S, Stevens RL and Hirashima M: Human ecalectin, a variant of
human galectin-9, is a novel eosinophil chemoattractant produced by
T lymphocytes. J Biol Chem (1998) 273, 16976-16984.

Poirier F, Timmons PM, Chan C-T, Guenet J-L and Rigby PW: Expres-
sion of the Li4 lectin during mouse embryogenesis suggests multiple
roles during pre- and post-implantation development. Development
(1992) 115, 143-155.

Gillenwater A, Xu XC, Estrov Y, Sacks PG, Lotan D and Lotan R:
Modulation of galectin-1 content in human head and neck squamous
carcinoma cells by sodium butyrate. Int J Cancer (1998) 75, 217-224.
Hsu DK, Hammes SR, Kuwabara |, Greene WC and Liu F-T: Human T
lymphotropic virus-l infection of human T lymphocytes induces expres-
sion of the B-galactoside-binding lectin, galectin-3. Am J pathol (1996)
148, 1661-1670.

Gaudin JC, Arar C, Monsigny M and Legrand A: Modulation of the
expression of the rabbit galectin-3 gene by p53 and c-Ha-ras proteins
and PMA. Glycobiology (1997) 7, 1089-1098.

Sato S and Hughes RC: Regulation of secretion and surface expression
of Mac-2, a galactoside-binding protein of macrophages. J Biol Chem
(1994) 269, 4424-4430.

Rabinovich GA: Galectins: An evolutionarily conserved family of ani-
mal lectins with multifunctional properties; A trip from the gene to
clinical therapy. Cell Death Differ (1999) 6, 711-721.

Zhou Q and Cummings RD: L-14 lectin recognition of laminin and its
promotion of in vitro cell adhesion. Arch Biochem Biophys (1993) 300,
6-17.

Ozeki Y, Matsui T, Yamamoto Y, Funahashi M, Hamako J and Titani
K: Tissue fibronectin is an endogenous ligand for galectin-1.
Glycobiology (1995) 5, 255-261.

Do K-Y, Smith DF and Cummings RD: LAMP-1 in CHO cells is a
primary carrier of poly-N-acetyllactosamine chains and is bound
preferentially by a mammalian S-type lectin. Biochem Biophys Res
Commun (1990) 173, 1123-1128.

Perillo NL, Pace KE, Seilhamer JJ and Baum LG: Apoptosis of T cells
mediated by galectin-1. Nature (1995) 378, 736-739.

Perillo NL, Marcus ME, Baum LG: Galectins: Versatile modulators of
cell adhesion, cell proliferation, and cell death. J Mol Med (1998) 76,
402-412.

Allen HJ, Sucato D, Woynarowska B, Gottstine S, Sharma A and
Bernacki RJ: Role of galaptin in ovarian carcinoma adhesion to
extracellular matrix in vitro. J Cell Biochem (1990) 43, 43-57.
Cooper DN, Massa SM and Barondes SH: Endogenous muscle lectin
inhibits myoblast adhesion to laminin. J Cell Biol (1991) 115, 1437~
1448.

Kuwabara | and Liu F-T: Galectin-3 promotes adhesion of human
neutrophils to laminin. J Immunol (1996) 156, 3939-3944.

van den Brule FA, Buicu C, Sobel ME, Liu F-T and Castronovo V:
Galectin-3, a laminin binding protein, fails to modulate adhesion of
human melanoma cells to laminin. Neoplasma (1995) 42, 215-219.
Ochieng J, Leite-Browning ML and Warfield P: Regulation of cellular
adhesion to extracellular matrix proteins by galectin-3. Biochem



Wada and Makino: Galectins, galactoside-binding mammalian lectins: clinical

February 2001

33.

34.

35.

36.

37.

38.

39.

40.

41

42.

43.

44,

45.

Biophys Res Commun (1998) 246, 788-791.

Yamaoka K, Ohno S, Kawasaki H and Suzuki K: Overexpression of a
[-galactoside-binding protein causes transformation of BALB3T3
fibroblast cells. Biochem Biophys Res Commun (1991) 179, 272-279.
Wells V and Mallucci L: Identification of an autocrine negative growth
factor: Mouse 3-galactoside-binding protein is a cytostatic factor and
cell growth regulator. Cell (1991) 64, 91-97.

Adams L, Scott GK and Weinberg CS: Biphasic modulation of cell
growth by recombinant human galectin-1. Biochim Biophys Acta (1996)
1312, 137-144.

Xu XC, el-Naggar AK and Lotan R: Differential expression of galectin-|
and galectin-3 in thyroid tumors. Potential diagnostic implications. Am
J Pathol (1995) 147, 815-822.

Castronovo V, Van Den Brule FA, Jackers P, Clausse N, Liu F-T,
Gillet C and Sobel ME: Decreased expression of galectin-3 is associat-
ed with progression of human breast cancer. J Pathol (1995) 179, 43-
48.

Raz A, Zhu DG, Hogan V, Shah N, Raz T, Karkash R, Pazerini G and
Carmi P: Evidence for the role of 34-kDa galactoside-binding lectin in
transformation and metastasis. Int J Cancer (1990) 46, 871-877.
Lotz MM, Andrews CW Jr, Korzelius CA, Lee EC, Steele GD Jr,
Clarke A and Mercurio AM: Decreased expression of Mac-2 (carbo-
hydrate binding protein 35) and loss of its nuclear localization are
associated with the neoplastic progression of colon carcinoma. Proc
Natl Acad Sci USA (1993) 90, 3466-3470.

Hirabayashi J and Kasai K: Human placenta [-galactoside-binding
lectin. Purification and some properties. Biochem Biophys Res Com-
mun (1984) 122, 938-944.

Yamaoka K, Mishima K, Nagashima Y, Asai A, Sanai Y and Kirino T:
Expression of galectin-| mRNA correlates with the malignant potential
of human gliomas and expression of antisense galectin-1 inhibits the
growth of 9 glioma cells. J Neurosci Res (2000) 59, 722-730.

Levi G, Tarrab-Hazdai R and Teichberg VI: Prevention and therapy
with electrolectin of experimental autoimmune myasthenia gravis in
rabbits. Eur J Immunol (1983) 13, 500-507.

Offner H, Celnik B, Bringman TS, Casentini-Borocz D, Nedwin GE
and Vandenbark AA: Recombinant human B-galactoside binding lectin
suppresses clinical and histological signs of experimental autoimmune
encephalomyelitis. J Neuroimmunol (1990) 28, 77-184.

Perillo NL, Uittenbogaart CH, Nguyen JT and Baum LG: Galectin-I,
an endogenous lectin produced by thymic epithelial cells, induces
apoptosis of human thymocytes. J Exp Med (1997) 185, 1851-1858.
Shortman K, Vremec D and Egerton M: The kinetics of T cell antigen
receptor expression by subgroups of CD4* CD8* thymocytes: Delinea-
tion of CD4* 8* 3%* thymocytes as post-selection intermediates leading

Produced by The Berkeley Electronic Press, 2001

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Cloinical Application of Galectins 17

to mature T cells. J Exp Med (1991) 173, 323-332.

Ong CJ, Chui D, Teh HS and Marth JD: Thymic CD45 tyrosine phos-
phatase regulates apoptosis and MHC-restricted negative selection. J
Immunol (1994) 152, 3793-3805.

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

Rabinovich GA, Daly G, Dreja H, Riera CM, Hirabayashi J and Cher-
najovsky Y: Recombinant galectin-| and its genetic delivery suppress
collagen-induced arthritis via T cell apoptosis. J Exp Med (1999) 190
(3), 385-398.

Tsuchiyama Y, Wada J, Zhang H, Morita Y, Hiragushi K, Hida K,
Shikata K, Yamamura M, Kanwar YS, Makino H: Efficacy of galectins
in the amelioration of nephrotoxic serum nephritis in WKY rats. Kidney
Int (2000) 58(5), 1941-1952.

Sato S and Hughes RC: Regulation of secretion and surface expression
of Mac-2, a galactoside-binding protein of macrophages. J Bio! Chem
(1994) 269, 4424-4430.

Rabinovich GA, Iglesias MM, Modesti NM, Castagna LF, Wolfenstein-
Todel C, Riera CM and Sotomayor CE: Activated rat macrophages
produce a galectin-1-like protein that induces apoptpsis of T cells:
Biochemical and functional characterization. J Immunol (1998) 160,
4831-4840.

Yamaoka A, Kuwabara |, Frigeri LG and Liu F-T: A human lectin,
galectin-3 (e¢bp/Mac-2), stimulates superoxide production by neutro-
phils. J Immunol (1995) 154, 3479-3487.

Colnot C, Ripoche MA, Milon G, Montagutelli X, Crocker PR and
Poirier F: Maintenance of granulocyte numbers during acute peritoni-
tis is defective in galectin-3-null mutant mice. Immunology (1998) 94,
290-296.

Nachtigal M, Al-Assaad Z, Mayer EP, Kim K and Monsigny M:
Galectin-3 expression in human atherosclerotic lesions. Am J pathol
(1998) 152, 1199-1208.

Vlassara H, Li YM, Imani F, Wojciechowicz D, Yang Z, Liu F-T and
Cerami A: Identification of galectin-3 as a high-affinity binding protein
for advanced glycation end products (AGE): A new member of the
AGE-receptor complex. Mol Med (1995) 1, 634-646.

Pugliese G, Pricci F, Leto G, Amadio L, lacobini C, Romeo G, Lenti
L, Sale P, Gradini R, Liu F-T and Di Mario U: The diabetic milieu
modulates the advanced glycation end product-receptor complex in
mesangium by inducing or upregulating galectin-3 expression.
Diabetes (2000) 49, 1249-1257.



