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NEW DIRECTIONS IN THE STUDY OF 
BRAIN TUMORS 

The diagnosis and treatment of brain tu-
mors is undergoing a paradigm shift. New 
molecular approaches and model systems 
are enabling the identification of genes, 
proteins and signaling pathways that drive 
tumorigenesis and progression. Not sur-
prisingly, many of these genes, proteins and 
signaling pathways also regulate normal 
brain development and formation, but are 
altered or aberrant in brain cancer. Since 
many of the signaling pathways that pro-
mote tumor formation and progression are 
also essential for tumor cell survival, drugs 
that specifically block these pathways are 
attractive targets for new anti-cancer drugs, 
providing a mechanism for selective elimi-
nation of neoplastic cells. Thus, consider-
able effort in brain tumor research is now 
directed towards identifying critical signal-
ing pathways and their components, to de-
fine new molecular targets for therapy (32, 
56, 60, 100).

The galectins, a family of proteins that 
recognize the sugar residues that decorate 
cellular glycoproteins or glycolipids, are an 
example of molecules that may play critical 
roles in tumorigenesis, tumor progression 
and tumor survival. Galectins have already 

been shown to play a key role in linking ex-
tracellular and intercellular signals to con-
trol survival and motility in lymphocytes 
and epithelial cells (31, 36, 79). In fact, 
roles for galectins in normal epithelial and 
hematopoietic development, as well as in 
epithelial carcinogenesis and lymphoma-
genesis, have been clearly demonstrated 
(35, 43, 44, 55, 61, 73, 80, 101). However, 
the roles of galectins in brain development, 
and in the development of brain tumors, 
are only beginning to be appreciated. By 
directly regulating the balance between cell 
survival and cell death, modulating cell mo-
tility, and impacting signaling through the 
Ras pathway, galectins may play important 
roles in the development and the potential 
treatment of brain tumors (31, 36, 70). In 
addition, by regulating immune responses, 
galectins may also determine the efficacy in 
brain tumor patients to a variety of experi-
mental immuno- and vaccine-based thera-
pies (31, 79). Thus, a wider appreciation of 
the role of galectins and their complexities 
in brain tumors is warranted. 

WHAT ARE GALECTINS?
The galectins are a phylogenetically 

conserved family of lectins, proteins that 
recognize the sugar residues that decorate 
cellular glycoproteins or glycolipids. Galec-

tins are expressed in species ranging from 
multicellular fungi and sponges, to insects, 
fish, birds and mammals. Fifteen galectins 
have been identified in mammals, and are 
expressed in a variety of tissues (17, 26, 91, 
97, 105). All galectins share a core structure 
called the carbohydrate recognition domain 
(CRD) that recognizes and binds to sugar 
ligands (Figure 1). While the CRDs of all 
galectins share affinity for the minimal sac-
charide ligand N-acetyllactosamine, a com-
mon disaccharide found on many cellular 
glycoproteins, individual galectins can also 
recognize different modifications of this 
minimal saccharide ligand, demonstrating 
the fine specificity of certain galectins for 
tissue- or developmentally-specific ligands 
(2, 9).

In addition to their phylogenetic con-
servation, galectins have an overwhelming 
variety of essential functions. Galectins 
regulate cell cycle progression and apop-
tosis, serve as adhesion and deadhesion 
molecules, and are involved in RNA splic-
ing (3, 5, 17, 43, 64, 68, 101). Numerous 
groups have noted the proliferative effects 
of several galectins (40, 64, 104). As early as 
1987, Moutsatsos and colleagues noted an 
increase in galectin-3 expression in divid-
ing 3T3 cells just before onset of S phase, 
suggesting that galectin-3 may be related to 
the proliferative state of cells (64). This hy-
pothesis was supported by the demonstra-
tion that overexpression of galectin-3 in a 
T-cell lymphoma line conferred a growth 
advantage to the cells (104), and that ga-
lectin-3 expression was induced following 
mitogenic stimuli in T-cells; in contrast, 
expression of galectin-3 antisense cDNA in 
T-cells blocked galectin-3 expression and 
inhibited T-cell proliferative responses to 
mitogens (40). 
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Unlike other proteins that are typically 
targeted to a single cellular location, galec-
tins are found at many sites within and out-
side the cell (Figure 2). Galectins are pro-
duced as cytosolic proteins, but can localize 
to the nucleus or associate with mitochon-
drial membranes. In addition, galectin-9 
can insert into the plasma membrane where 
it acts as a urate transporter in renal epi-
thelial cells (53). One compartment from 
which galectins are conspicuously absent 
is the ER-Golgi. As glycosylation of most 
secreted proteins occurs in the ER-Golgi, 
galectins may be excluded from this com-
partment in order to prevent disruption of 
processing and transport of nascent glyco-
proteins that would result from galectin-

carbohydrate binding. Although galectins 
lack an N-terminal secretion signal and are 
excluded from the ER-Golgi secretory com-
partment, galectins are secreted from cells 
via a non-classical secretory pathway (16). 
Upon secretion, galectins typically bind to 
and stay associated with glycoproteins and 
glycolipids on the cell surface, or within the 
surrounding extracellular matrix (ECM). 
Thus, while galectins are abundant in tis-
sues where they are made, only low levels 
are found in serum, and serum levels of ga-
lectins do not reflect the rates of synthesis 
in tissues (4, 30, 39).

THE MANY FUNCTIONS OF GALECTINS—
WHERE THEY ARE DICTATES WHAT THEY 
DO

It is becoming increasingly clear that the 
function of a particular galectin depends 

on the localization of the protein within or 
outside the cell. For example, while galec-
tin-3 expression increases in proliferating 
3T3 cells, the level of cytoplasmic galectin-
3 does not change with proliferation, only 
the level of nuclear galectin-3 increases 
(64). In prostate cancer cells, localization 
of galectin-3 in the cytosol promoted inva-
sion, anchorage-independent growth, and 
angiogenesis, and inhibited apoptosis in 
response to apoptotic triggers. In contrast, 
localization of galectin-3 to the nuclei of 
the same prostate cancer cell line had the 
opposite effect, inhibiting invasion, reduc-
ing anchorage dependent growth and pro-
moting apoptosis (11). 

Within the nucleus, galectins-1 and 3 
can act as pre-mRNA splicing factors via 
interactions with gemin4, a component 

Figure 1. Schematic of the structures of galectin 
family members. Galectins can be divided into 3 
major subgroups, the prototype, tandem repeat, 
and chimeric galectins. The prototype galectins 
contain one CRD and include galectins-1, 2, 5, 7, 
10, 11, and 13. Many of these form homodimers 
that are able to cross-link identical ligands on the 
cell surface or the extracellular matrix. The tandem 
repeat galectins comprise 2 different CRDs 
connected by a short linker and include galectins-
4, 6, 8, 9, and 12. The CRDs of the tandem repeat 
galectins can be connected by linker peptides of 
variable length, and have the potential to cross-
link two different carbohydrate ligands. One 
chimeric galectin, galectin-3 has been identified in 
mammals. Galectin-3 has a single C-terminal CRD 
joined to a unique N-terminal domain important 
for the formation of higher order oligomers.

Figure 2. Diagram of intracellular and cell surface localization of several galectin family members. All 
galectins are produced in the cytosol. Galectins-1, 3, 7, 8, and 12 are all localized in the cytoplasm. 
Galectins-1 and 3 can also be transported to the nucleus, with roles in mRNA splicing and transcriptional 
regulation. In addition, galectin-3 can associate with the mitochondria following apoptotic stimuli. 
Galectins-1, 3, 7, 8, and 9 are secreted by a non-classical pathway. Once secreted, galectins avidly bind 
to glycoprotein or glycolipid ligands expressed on the cell surface or in the surrounding extra-cellular 
matrix. In addition, galectin-9 can insert into the plasma membrane, where it acts as a urate transporter 
in renal epithelial cells. The functions of galectins are influenced by the sites of localization inside or 
outside the cell.
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of the SMN splicing complex (68). Inter-
estingly, the SMN gene was identified as 
the target gene in spinal muscular atrophy 
(SMA), and mutations in SMN may lead 
to reduced levels of proteins necessary for 
growth and function of motor neurons 
(71). Galectins may thus regulate protein 
production via control of mRNA process-
ing, and disruption of galectin interactions 
with the nuclear splicing machinery may 
contribute to a variety of pathologic pro-
cesses.  

More recently, galectin-3 has been re-
ported to regulate transcription. Galectin-3 
interacts with and augments the transcrip-
tional activity of the thyroid specific tran-
scription factor (TTF-1) with implications 
for thyroid cancer, as TTF-1 is involved 
in the differentiation and proliferative po-
tential of thyroid cells (69, 84). As TTF-
1 belongs to a family of highly conserved 
transcription factors, galectin-3 may regu-
late transcription in other cell types as well 
(69).

Outside the nucleus, several galectins 
regulate the balance between cell survival 
and cell death. As mentioned above, in-
tracellular galectin-3 confers a survival or 
proliferative advantage to many cell types. 
Specifically, cytoplasmic galectin-3 associ-
ates with the apoptotic regulatory protein 
Bcl-2 at mitochondrial membranes and 
blocks cytochrome c release, a key step in 
apoptosis (63). The cytoprotective effect of 
intracellular galectin-3 has been demon-
strated in response to a plethora of cellular 
insults, including Fas cross-linking, UVB 
irradiation, staurosporine, nitric oxide, and 
anoikis (43, 52, 63, 104). In contrast to the 
anti-apoptotic function of intracellular ga-
lectin-3, intracellular galectin-7 expression 
in damaged keratinocytes sensitized the 
cells to UV induced apoptosis; the acceler-
ated loss of damaged keratinocytes may be 
a mechanism preventing development of 
skin cancer (6). 

In addition to regulation of apoptosis by 
intracellular galectins, several extracellular 
galectins directly induce apoptosis. Galec-
tins-1, 2, 3, 7, and 9 all induce apoptosis 
of thymocytes, activated T lymphocytes, or 
human leukemic T-cell lines (22, 72, 73, 
92, 96, 98). Galectin-1 also induces apop-
tosis of breast and prostate cancer cell lines 
(20, 101). Furthermore, galectin-9 induces 
apoptosis of melanoma cells and galectin-
9 expression in primary melanoma lesions 

is associated with good prognosis in mela-
noma patients (42).

Other extracellular functions of galec-
tins include regulating both adhesive and 
deadhesive interactions between cells or 
between cells and the ECM. For example, 
galectin-1 caused detachment of myoblasts 
and human vascular smooth muscle cells 
from laminin (27, 62), while galectin-1 
promoted adhesion of CHO cells, mouse 
F9 cells, human ovarian carcinoma cells 
and human melanoma cells to laminin (90, 
94, 107). These differences in adhesive ver-
sus de-adhesive functions may be related 
not only to the specific cell type involved, 
but also to the local galectin concentration. 
As shown in Figure 1, some galectins are 
monomeric, while others are dimeric or 
bivalent; multimeric galectins may be ef-
fective cross-linkers between saccharide 
ligands on the cell surface and within the 
ECM, while monomeric galectins may 
block ligands and promote deadhesion. As 
galectin-3 pentamerizes upon binding mul-
tivalent ligands (Figure 2), galectin-3 may 
be a very effective cross-linker of cells and 
matrix (1). 

Modulation of cellular adhesion has 
direct effects on cell growth regulation, 
with many cell types requiring anchorage 
for survival and growth. Breast carcinoma 
cells expressing high levels of galectin-3 had 
increased adhesion to various ECM pro-
teins compared to breast carcinoma cells 
expressing low levels of galectin-3 (57). 
The increased adhesion mediated by ga-
lectin-3 conferred a survival advantage to 
the breast cancer cells, with increased cell 
survival following apoptotic stimuli. Con-
versely, galectin-8 appears to be deadhesive 
for human lung carcinoma cells; addition 
of galectin-8 to the carcinoma cells prior to 
seeding in tissue culture reduced cell adhe-
sion and increased susceptibility to apop-
totic stimuli (28). 

WHAT ROLES DO GALECTINS PLAY IN 
CANCER?

As suggested by the various galectin 
functions described above, galectins play 
key roles in tumorigenesis and cancer pro-
gression. Aberrant galectin expression has 
been demonstrated in many different types 
of cancer. While a small number of studies 
suggest a tumor-suppressive role for some 
galectins, most studies demonstrate galec-
tin cancer-promoting activity. Accordingly, 

expression of several different galectins is 
often higher in cancerous compared to nor-
mal tissue.

Since galectin-3 is anti-apoptotic in many 
cell types, galectin-3 expression in tumors is 
often associated with poor prognosis. Ga-
lectin-3 has been suggested as a diagnostic 
and prognostic marker for thyroid cancer 
(15, 21, 38, 86) and is required for the 
highly proliferating transformed phenotype 
of thyroid papillary carcinoma cells (106). 
Galectin-3 has also been described as a 
prognostic marker for colon cancer (65, 89) 
and there are reports of increased galectin-3 
expression in other cancers including head 
and neck squamous cell, pancreas, bladder, 
stomach, and renal carcinomas (93). 

Galectin-3 can promote malignancy 
through a variety of mechanisms. As men-
tioned above, intracellular galectin-3 can 
directly associate with mitochondrial mem-
branes, block release of pro-apoptotic fac-
tors, and prevent apoptosis, as shown in 
breast cancer (63). Intracellular galectin-3 
expression is also high in aggressive large B-
cell lymphomas, and protects B lymphoma 
cells against apoptosis (35). Increased levels 
of galectin-3 may also affect mRNA pro-
cessing and transcription, as noted above, 
resulting in altered cellular regulation of 
protein production and turnover, and thus 
contribute to tumorigenesis (68). 

Like galectin-3, galectin-1 can participate 
in pre-mRNA processing (68). Intracellular 
galectin-1 has additional tumor-promoting 
activities, as galectin-1 is involved in mem-
brane anchorage of oncogenic Ras, a key 
step in Ras-induced cellular transformation 
(70). As the structures of both galectin-1 
and Ras are known (10, 54), this pathway 
may be an attractive target for molecular 
inhibitors to disrupt growth and survival of 
transformed cells. 

Outside the cell, galectins participate 
in cellular adhesion, promoting survival 
for anchorage dependent cells, as well as 
facilitating invasion of neighboring tis-
sue and migration to distal sites (51, 57). 
As described above, breast carcinoma cells 
that express high levels of galectin-3 bound 
avidly to and spread rapidly on extracellu-
lar matrix (ECM) proteins, while the same 
breast carcinoma cell line expressing rela-
tively little or no galectin-3 spread poorly 
(57, 99). Expression of galectin-3 antisense 
cDNA in a highly malignant breast can-
cer cell line restored cell contact-mediated 
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growth inhibition and abrogated serum-
independent and anchorage-independent 
growth in vitro. In addition, inhibition of 
galectin-3 expression led to suppression of 
tumor growth in nude mice (33).

Expression of some galectins may also 
protect tumors from immune attack. The 
immune system is responsible for removal 
of foreign cells; many tumors may appear 
“foreign,” as tumor cells can express neoan-
tigens that are recognized by CD8 T-cells 
(22). However, as galectins-1, -3, and -9 
can directly kill T-cells, expression of these 
galectins on the tumor cell surface could 
thwart the immune response to the tumor. 
This mechanism of tumor immune evasion 
has been directly demonstrated for galectin-
1 in a murine melanoma model. Inhibition 
of galectin-1 expression by the melanoma 
cells in vivo resulted in increased CD8 T-
cell mediated immunity to the tumor and 
tumor rejection, apparently by increasing 
the survival of CD8 T-cells that attacked 
the tumor cells (85). As increased galectin-1 
expression is found in many types of cancer, 
including bladder, prostate, ovary, thyroid, 
and endometrium, compared to non-trans-
formed cells (93), galectin-1 on the surface 
of these types of tumor cells may also kill 
infiltrating T-cells. 

In addition to increased galectin-1 ex-
pression on the surface of tumor cells, ga-
lectin-1 expression is increased in the stro-
mal tissue surrounding tumors in prostate, 
ovary, and head and neck carcinomas, com-
pared to normal tissues (24, 95). Increased 
deposition of galectin-1 in tumor-associat-
ed stroma is associated with tumor progres-
sion, and galectin-1 presented on ECM can 
directly kill adherent T-cells (30, 88, 95). 
Thus, galectin-1 in tumor stroma may both 
promote adhesive interactions required for 
tumor cell migration and metastasis, and 
also protect tumors from immune attack 
(30).

WHAT ROLE DO GALECTINS PLAY IN 
BRAIN CANCER?

Galectin-1 and galectin-3 are highly ex-
pressed in brain (7, 14, 18, 25, 74, 75) In 
human brain, galectin-3 is expressed by 
fibroblasts, macrophages, activated microg-
lial cells, a subpopulation of dorsal root 
ganglia neurons, and Schwann cells fol-
lowing nerve injury (29, 75, 76, 82, 102). 
Galectin-1 expression has not been well-
characterized in human brain; however, in 

animal models, galectin-1 is expressed in a 
subpopulation of dorsal root ganglia neu-
rons, primary sensory neurons, and motor 
neurons as well as astrocytes, perivascular 
cells, and microvessels (37, 41, 55, 81, 87). 
The functions of galectin-3 and galectin-1 
in normal brain remain largely unknown. 
No neural developmental defects have been 
described for galectin-3 knockout mice. 
However, galectin-1 knockout mice dem-
onstrate defects in olfactory neuron target-
ing (78). Consistent with the findings in 
the knockout mice, galectin-1 has recently 
been shown to stimulate axonal regenera-
tion (34, 58, 59). 

Most studies of galectins in brain cancer 
have focused on galectin-1 and galectin-3. 
Galectin-1 expression in brain cancer is as-
sociated with malignancy and poor prog-
nosis. Increased expression of galectin-1 
mRNA and immunoreactive galectin-1 pro-
tein correlated with increased malignancy 
in a study of 27 astrocytic tumors, ranging 
from low-grade astrocytoma to malignant 
glioma (103). In this study, transfection of 
glioma cell lines with galectin-1 antisense 
cDNA reduced cell proliferation and inhib-
ited anchorage-independent cell growth. In 
a larger study, Rorive et al. performed im-
munohistochemical analysis of galectin-1 
expression in 220 tumors, including 151 
astrocytic, 38 oligodendroglial, and 31 ep-
endymal tumors. In this study, all gliomas 
expressed galectin-1. However, higher levels 
of galectin-1 were observed in high-grade 
astrocytic tumors with patient survival less 
than 12 months, compared to lower levels 
of galectin-1 in tumors from patients with 
long survival periods (over 48 months). To 
examine potential mechanisms responsible 
for shorter survival in patients with tumors 
expressing high levels of galectin-1, this 
group examined cultured human glioblas-
toma cells and found that addition of exog-
enous galectin-1 to the cultures stimulated 
cell migration, suggesting that galectin-1 
expression promotes tumor cell invasion 
and dissemination in vivo (83).

Camby et al also found that both low-
grade and high-grade astrocytic tumors ex-
press galectin-1. However, while galectin-1 
was expressed by both low-grade and high-
grade tumors, the fraction of tumor area pos-
itive for galectin-1 by immunohistochemis-
try was greater in diffuse astrocytic tumors 
than low-grade tumors. Furthermore, high 
galectin-1 expression was associated with 

poor prognosis (13). To investigate the role 
of galectin-1 in tumor survival in vivo, hu-
man glioblastoma cells were grafted into 
brains of nude mice. Higher galectin-1 ex-
pression was observed in the invasive versus 
the non-invasive tumor areas. To directly 
examine the role of galectin-1 in glioblas-
toma cell growth and invasion, the human 
glioblastoma cells were stably transfected 
with galectin-1 antisense mRNA, to reduce 
galectin-1 expression, prior to grafting into 
nude mouse brain. Mice with xenografts 
expressing reduced levels of galectin-1 had 
an increased survival time compared with 
mice with xenografts expressing normal 
levels of galectin-1 (13).   

To investigate possible mechanisms of 
galectin-1 induced astrocyte transforma-
tion, exogenous galectin-1 was added to 
the culture media of human neoplastic as-
trocytes. Galectin-1 caused increased cell 
motility associated with reorganization of 
the actin cytoskeleton and increased ex-
pression of RhoA, a protein that modulates 
actin polymerization and depolymeriza-
tion. In concert with the data demonstrat-
ing that galectin-1 increases glioblastoma 
cell migration (83), these studies indicate 
that galectin-1 can promote detachment of 
tumor cells from the initial tumor site and 
facilitate migration into the surrounding 
brain parenchyma (13).

The influence of galectin-3 on brain ma-
lignancy is more controversial. Galectin-3 
has recently been reported as a useful di-
agnostic marker to distinguish subtypes of 
astrocytic and glial tumors (66). Bresalier 
et al found a positive correlation between 
galectin-3 expression and tumor grade in 
diffuse astrocytomas in 71 patient samples, 
including 42 primary brain tumors and 
29 metastases. In this study, no galectin-3 
staining was observed in normal brain tis-
sue, oligodendrogliomas, ependymomas, 
nor WHO grade 2 astrocytomas (sample 
size of 12) with the exception of occasional 
blood vessels, while 16 of 16 WHO grade 
4 glioblastomas expressed galectin-3. Grade 
3 anaplastic astrocytomas demonstrated 
intermediate galectin-3 expression with 3 
of 4 samples staining weakly and 1 stain-
ing strongly. Galectin-3 localization in this 
study was primarily cytoplasmic, with oc-
casional nuclear staining. Furthermore, 
all brain metastases investigated expressed 
galectin-3, with 9 of 10 patients having 
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higher galectin-3 expression in metastases 
than the primary tumors (8).

Kuklinski et al also found galectin-3 ex-
pression in 15 of 16 glioma cell lines tested, 
but not in normal astrocytes, oligodendro-
cytes, glial progenitor cells, or an oligoden-
drocyte precursor cell line. Galectin-3 was 
also expressed by one oligodendroglioma 
cell line, but not by a primitive neuroecto-
dermal tumor or 4 glioblastoma cell lines. 
Galectin-3 localization in this study was 
primarily intracellular, although it was not 
clear whether the intracellular galectin-3 
was cytoplasmic or nuclear. As mentioned 
above, recent work in prostate cancer has 
demonstrated opposing effects of cytosolic 
and nuclear galectin-3 on tumor cell growth 
and invasion, so precise cellular localization 
of galectins is critical for understanding ga-
lectin function in brain tumors. Galectin-3 
may also have extracellular roles in brain 
cancer progression. As normal astrocytes, 
but not glioma cell lines, adhere to galectin-
3, it has been proposed that defective tu-
mor cell glycosylation may reduce available 
galectin-3 ligands on tumor cells; decreased 
glioma cell adhesion at the primary tumor 
site may contribute to glioma cell invasion 
and migration (48).

In contrast to the studies described 
above, Gordower et al found that white 
matter of non-cancerous brain expressed 
galectin-3. Furthermore, this group found 
a decrease in galectin-3 expression by tu-
mor astrocytes during progression from low 
to high grade tumors, evidenced by a de-
crease in percent tissue area stained quanti-
fied by computer assisted microscopy, in an 
analysis of 84 astrocytic tumors, including 
22 grade 2, 21 grade 3, 41 grade 4 astrocy-
tomas, and 7 control samples. While this 
study found an overall inverse correlation 
between galectin-3 expression and tumor 
grade, the authors noted the emergence of 
tumor cell clones expressing high amounts 
of galectin-3 during the course of malig-
nancy, suggesting that expression of galec-
tin-3 in some subclones could promote tu-
mor progression (25). Although this study 
did not specifically comment on galectin-3 
localization within or outside the cell, the 
data presented in the paper indicated that 
immunoreactive galectin-3 was primarily 
cytoplasmic, with occasional staining of 
nuclei and ECM. The predominantly cy-
toplasmic localization of galectin-3 and the 
appearance of clones expressing high levels 

of galectin-3 suggest that, in these cells, in-
tracellular galectin-3 may promote tumor 
growth by inhibiting apoptosis of tumor 
cells, as described above (25). 

In a recent study by Debray et al, galec-
tin-3 was shown to modulate human glio-
blastoma cell motility (19). In contrast to 
studies of extracellular galectin-1, which in-
duced motility of human neoplastic astro-
cytes (13), human U373 glioblastoma cells 
expressing galectin-3 demonstrated dimin-
ished motility compared to U373 galectin-
3 deficient cells created by expressing galec-
tin-3 antisense mRNA (19). The galectin-3 
deficient cells demonstrated increased ex-
pression of integrins, proteins known to be 
involved in regulation of cellular adhesion, 
suggesting a mechanism for the increased 
motility of galectin-3 deficient cells (19). 
The increase in cellular motility associated 
with diminished galectin-3 expression may 
in part explain the inverse correlation be-
tween galectin-3 and tumor grade observed 
in the studies by Gordower et al (25).

In addition to studies on expression of 
individual galectins, 2 studies have inves-
tigated the expression of multiple galectins 
in brain cancer. Lahm et al examined the 
expression of a panel of galectins, includ-
ing galectin-1, -2, -3, -4, -7, -8, and -9, in 
8 tumor cell lines. There was high expres-
sion of galectin-1, galectin-3, and galectin-
8 by RT-PCR in all the cell lines, including 
those derived from neuroglioma, glioma, 
astrocytoma, and glioblastoma (49). Galec-
tin-2 was expressed in one of the tumor cell 
lines, galectin-4 was detected inconsistently 
in 3 cell lines, low expression of galectin-9 
was observed in 3 cell lines, while none of 
the samples expressed galectin-7. Thus, ga-
lectin-1, galectin-3 and galectin-8 appear to 
be the galectins most consistently expressed 
in brain cancer. 

Expression of galectin-1, 3, and 8 were 
also examined in a series of 116 human as-
trocytic tumors, grades I-IV (12). Galectin-
1 expression increased, while galectin-3 ex-
pression decreased, with increasing tumor 
grade. These 2 studies are concordant with 
the work described above demonstrating a 
consistent increase in galectin-1 expression 
with tumor grade, with conflicting observa-
tions on the relationship of galectin-3 and 
tumor grade. In xenografted glioblastomas, 
galectin-1, 3, and 8 were more highly ex-
pressed in the invasive sections of the tu-
mors compared to non-invasive areas. Im-

mobilized galectin-1 and galectin-3, and to 
a lesser extent galectin-8, stimulated in vi-
tro glioblastoma cell migration, linking the 
extracellular expression of these galectins to 
cell motility, invasion and metastasis. 

In contrast to the effects of galectin-1 
and 3 in primary astrocytoma growth and 
progression, purified recombinant galectin-
1 and 7, but not galectin-3, inhibited neu-
roblastoma cell growth in vitro. As extra-
cellular galectin-1 and galectin-7 can both 
bind to the ganglioside GM1 on the surface 
of neuroblastoma cells, signaling through 
GM1 may participate in the growth in-
hibitory effects of galectin-1 and galectin-7 
(45-47).

To understand the roles of galectins in 
neural tumor cell adhesion to the ECM or 
other cells, several groups have investigated 
the ability of neural cells and neural glyco-
proteins to bind to galectins. Dorsal root 
ganglia neurons adhere to a galectin-1 coat-
ed substratum, resulting in aggregation and 
formation of neurite bundles (67). Interac-
tions between galectin-3 and neural tissue 
glycoproteins indicated a role for galectin-3 
in neural cell-cell and cell-substrate adhe-
sion (77). Similarly, neuroblastoma, pheo-
chromocytoma, and transformed Schwann 
cell lines were found to adhere to galectin-3 
(74). Furthermore, substrate-bound galec-
tin-3 promoted neurite outgrowth from 
dorsal root ganglia explants, suggesting that 
galectin-3 interacts with glycoprotein or 
glycolipids ligands at the cell surface (74).

Any appropriately glycosylated glycopro-
tein or glycolipid may be a ligand for one 
or more galectins. Although many poten-
tial galectin ligands exist on neural cells, 
only 9 galectin-binding glycoproteins or 
glycolipids have been identified thus far. 
The HBGp82 glycoprotein was isolated 
from human brain as a ligand for galec-
tin-1, while the glycolipid GM1 is a ligand 
for galectin-1 and galectin-7 on neuroblas-
toma cells. Several glycoproteins in brain 
have been identified as galectin-3 ligands, 
including N-CAM, L1, the myelin-associ-
ated glycoprotein MAG, and the ECM gly-
coproteins tenascin-C, tenascin-R, janusin, 
and restrictin (77). While relatively few ga-
lectin ligands have been identified in brain 
to date, many glycoproteins and glycolipids 
bear the appropriate carbohydrate epitopes 
that could be recognized by galectins; there-
fore, it is likely that many more galectin li-
gands will be identified in the future. 
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WHAT REMAINS TO BE DONE?
Future studies of galectins in primary 

brain cancer specimens need to incorporate 
precise information about subcellular local-
ization of galectins in the tumor cells and 
the surrounding tissue. As discussed above, 
galectins can be localized in the cytosol 
or nucleus, associated with mitochondrial 
membranes, or targeted to the extracellular 
space, with the function of a particular ga-
lectin related to its localization. For exam-
ple, while intracellular galectin-1 causes cell 
cycle arrest, extracellular galectin-1 induces 
proliferation or apoptosis.

Most tissues express multiple galectins, 
with different galectins having different 
biological functions, so that future studies 
must integrate information about the range 
of galectin family members expressed in tu-
mors vs. normal tissues. Relating expression 
of one or two galectins to biologic outcome 
may not result in accurate conclusions, as 
additional galectins expressed in the tissues 
may directly regulate similar functions or 
influence the functions of other galectins 
(49, 50). These comprehensive studies will 
be critical for developing accurate algo-
rithms that link expression patterns of spe-
cific galectins to prognosis of various types 
of brain cancer.

Analyses of galectin expression in brain 
cancer are beginning to incorporate studies 
of galectin function, eg, studies on effects 
of galectin-1 on astrocyte mobility have im-
plicated increased expression of RhoA (13). 
However, it is essential that future studies 
continue to link galectin expression to spe-
cific functions. 

Galectin function is not only dependent 
on localization within a cell, but also on 
the cell type involved; galectin-1 induces 
apoptosis of T-cells while promoting pro-
liferation, migration, and invasiveness of 
glioblastoma cells (13, 23, 72). Few studies 
to date have taken an integrated approach 
to understanding the influence of different 
galectin functions on brain cancer progres-
sion. As many galectins are expressed in a 
wide range of neural and non-neural tis-
sues, it will be critical to develop tissue-tar-
geted approaches to regulate functions of 
specific galectins.

In addition, future work should continue 
to identify novel galectin ligands in normal 
and neoplastic cells, and to examine func-
tional consequences associated with indi-

vidual galectin-ligand interactions. As men-
tioned above, while few galectin ligands 
have been identified to date, many more 
glycoprotein and glycolipid ligands likely 
exist. Identifying galectin ligands may pro-
vide insight into signaling pathways trig-
gered by these lectins in brain cancer. 

In conclusion, galectins are a highly con-
served, multifunctional family of proteins, 
with essential roles in tumorigenesis, cancer 
progression, and metastasis. The increas-
ing availability of commercially available 
galectin reagents will facilitate integrative 
studies into precise subcellular localiza-
tion, function, and signaling pathways of 
multiple galectins (Table 1). In addition, 
interested investigators will find a variety of 
resources, including microarrays and galec-
tin-null mice, at the Consortium for Func-
tional Glycomics, an NIH-funded program 
to encourage collaborative studies in lectin 
biology and to distribute resources to in-
terested laboratories (http://www.function-
alglycomics.org). The field will benefit from 
participation of translational and clinical 
investigators in order to maximize the po-
tential of galectins as prognostic markers or 
as therapeutic targets for brain cancer. 
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