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Galectin-3 is a member of the galectin family of
b-galactoside-specific animal lectins. Here we show
that galectin-3 is constitutively expressed in 15 out of
16 glioma cell lines tested, but not by normal or reac-
tive astrocytes, oligodendrocytes, glial O-2A progeni-
tor cells and the oligodendrocyte precursor cell line
Oli-neu. Galectin-3 is also expressed by one oligoden-
droglioma cell line, but not by primitive neuroectoder-
mal tumor and 4 neuroblastoma cell lines tested so far.
In all galectin-3 expressing cell lines, the lectin is pre-
dominantly, if not exclusively, localized intracellularly
and carries an active carbohydrate recognition domain
(shown for C6 rat glioma cells). Moreover, in contrast
to primary astrocytes, glioma cells do not or only
weakly adhere to substratum-bound galectin-3, prob-
ably reflecting an unusual glycosylation pattern. Our
findings indicate that the expression of galectin-3
selectively correlates with glial cell transformation in
the central nervous system and could thus serve as a
marker for glial tumor cell lines and glial tumors. J.
Neurosci. Res. 60:45–57, 2000. © 2000 Wiley-Liss, Inc.
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Galectin-3 is a member of the galectin family of
animal lectins that specifically recognizes b-galactosidic
carbohydrate structures (Leffler, 1997). Although
galectin-3 displays properties of a typical cytoplasmic pro-
tein, it is found not only intracellularly, but also on the cell
surface and in the extracellular space. As recently demon-
strated, the extracellular expression results from an unusual
secretion mechanism (Lindstedt et al., 1993; Mehul and
Hughes, 1997). Due to its complex subcellular distribu-
tion, it is not possible to specify a precise function of
galectin-3. Intracellularly, galectin-3 seems to be involved
in splicing events (Dagher et al., 1995) and in the molec-
ular control of apoptotic processes (Yang et al., 1996;
Akahani et al., 1997b). On the cell surface and in the
extracellular space, galectin-3 can modify cell–cell and

cell–substrate interactions or exhibit cytokine-like prop-
erties that could play a role during inflammatory processes,
such as the activation of mast cells or neutrophils, and the
regulation of cytokine expression and function (Liu, 1993;
Krugluger et al., 1997; Cortegano et al., 1998).

Besides its expression in normal tissues and cells,
galectin-3 has been identified in a number of tumors, such as
breast (Castronovo et al., 1996; Marder and Hughes, 1996),
colon (Irimura et al., 1991; Castronovo et al., 1992; Lotz et
al., 1993), gastric, ovarian and thyroid (Xu et al., 1995)
carcinomas, in lymphomas (Konstantinov et al., 1996), mel-
anomas and fibrosarcomas (Raz et al., 1986). An increase in
galectin-3 expression often correlates with increased malig-
nancy and metastatic capacity of tumor cells (see, for exam-
ple, Nangia-Makker et al., 1995 and references therein). In
bladder transitional-cell- and ovarian carcinomas, however,
no correlation between galectin-3 expression and patholog-
ical phenomena could be found (van den Brule et al., 1994;
Cindolo et al., 1999). Inconsistent results have been described
for colon carcinomas: either a decrease of galectin-3 expres-
sion in cancer tissues with respect to normal mucosa (Lotz et
al., 1993; Castronovo et al., 1996; Sanjuan et al., 1997) or an
increased lectin expression with transformation and metastasis
formation (Shoeppner et al., 1995; Bresalier et al., 1998).

In normal neural tissues, the expression of galectin-3
is restricted to subpopulations of dorsal root ganglion
(DRG) neurons (Regan et al., 1986). Under traumatic
conditions, the lectin becomes expressed by Schwann cells
in the lesioned sciatic nerve (Reichert et al., 1994) and by
brain microglial cells in vivo and in vitro (Reichert and
Rothshenker, 1996; Pesheva et al., 1998b). Recently,
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galectin-3 has also been found to be expressed in glial
tumors in vivo (Bresalier et al., 1997; Gordower et al.,
1999). To gain more insights into the functional role of
galectin-3 in neoplastic neural cells we have analyzed the
expression pattern of the lectin in a number of neural
tumor cell lines and compared it to that by cultured central
nervous system (CNS) glial cells, i.e., astrocytes, oligoden-
drocytes and their precursors.

MATERIALS AND METHODS

Lectins and Antibodies

Recombinant galectin-3 was expressed from plasmid
prCBP35s in E. coli strain JA221 and affinity purified on a
lactose-agarose column as described (Agrwal et al., 1993; Probst-
meier et al., 1995).

Polyclonal antibodies against recombinant galectin-3 were
raised in rabbits (Pesheva et al., 1998b). The hybridoma cell line
expressing a monoclonal antibody against galectin-3 (Mac-2)
was obtained from the American Type Culture Collection.
Monoclonal antibody against cyclic nucleotide phosphodiester-
ase (CNPase) was from Roche Diagnostics. Polyclonal rabbit
antibodies against glial fibrillary acid protein (GFAP) were from
Serva. Secondary antibodies against rabbit and rat IgG coupled
to horseradish peroxidase were from Promega and those coupled
to cyanin3 or dichlorotriazinyl-amino-fluorescin (DTAF) were
from Jackson Laboratories.

Cytokines/Growth Factors and Other Reagents

Ciliary neurotrophic factor (CNTF), epidermal growth
factor (EGF), leukemia inhibitory factor (LIF), transforming
growth factor-b (TGF-b) and tumor necrosis factor-a (TNF-a)
were from Roche Diagnostics. Basic fibroblast growth factor
(bFGF), granulocyte macrophage colony stimulating factor
(GM-CSF), interleukin-1b (IL-1), interleukin-6 (IL-6) and
b-nerve growth factor (b-NGF) were purchased from Pepro-
Tech. Lipopolysaccharides (LPS) from E. coli were from Difco
Laboratories. Collagen type I was from Serva and RNase A from
Sigma.

Cell Cultures

The following cell lines were used. Rat C6 glioma cells
(Benda et al., 1968) were cultured in Ham’s F12 medium
(Gibco) containing 10% fetal calf serum (FCS, from Sigma).
Human astrocytoma cell lines A172 (Giard et al., 1973), A582,
CCF-STTG1 (Barna et al., 1985), SK-MG-2, SK-MG-3, SK-
MG-4, SK-MG-5, SK-MG-9, SK-MG-11, SK-MG-13, SK-
MG-15 (Jennings et al., 1989), U87MG (Giard et al., 1973),
U138MG (Rehemtulla et al., 1988), U251MG (Osborn et al.,
1981) and U343MG (Asai et al., 1994) were cultured in Dul-
becco’s modified Eagle medium (DMEM) containing 10% FCS.
Human neuroblastoma MHH-NB-11 (Pietsch et al., 1988) and
human oligodendroglioma cell line TC620 (Merrill and Mat-
sushima, 1988) were cultured in DMEM containing 10% FCS,
human SK-N-MC primitive neuroectodermal tumor cell line
(Sano et al., 1990), SK-N-SH (Sprengler et al., 1973) and
SMS-KAN neuroblastoma (Reynolds et al., 1986) and mouse
N2A neuroblastoma cells (Rathjen and Schachner, 1984) were
maintained in RPMI 1640 medium (PAA Laboratories) con-

taining 10% FCS. Murine oligodendrocyte precursor cell line
Oli-neu (Fok-Seang et al., 1995; Jung et al., 1995) was cultured
in SATO medium containing 1% FCS.

Mixed neural primary cell cultures were prepared from
cerebella of six-day-old mice (Pesheva et al., 1989) and cultured
on poly-L-lysine (PLL)-coated coverslips in Basal medium Eagle
(BME) containing 10% horse serum (HS). Cultures of cerebral
hemispheres derived from newborn mice or rats were cultured
in DMEM containing 10% FCS. Primary astrocytes were ob-
tained from mixed glial cell cultures derived from neonatal
mouse brain after shaking off microglial cells (Pesheva et al.,
1998b) and maintained in DMEM containing 10% FCS. O-2A
progenitor cells were obtained from mixed cerebral glial cultures
according to Pesheva et al. (1997) and cultured on PLL-coated
coverslips in SATO medium.

In some experiments, cytokines/growth factors or LPS
were added to the cultures for 24 to 72 hr at the following
concentrations: CNTF, 10 ng/ml; EGF, 500 ng/ml; bFGF, 100
ng/ml; GM-CSF, 5 ng/ml; IL-1b, 10 U/ml; IL-6, 10 ng/ml;
LIF, 20 ng/ml; LPS, 20 mg/ml; b-NGF, 100 ng/ml; TGF-b, 1
ng/ml; TNF-a, 200 U/ml. For incubations longer than 24 hr
fresh factors were added daily.

Cell-Substratum Adhesion Assay

Galectin-3 or collagen type I were diluted in phosphate-
buffered saline, pH 7.2 (PBS), spotted (3 ml/spot) onto plastic
petri dishes (from Falcon) and incubated for 2 hr at room
temperature in a humid atmosphere. Dishes were then washed
once with PBS containing 10% heat-inactivated bovine serum
albumin (BSA) and incubated for 1 hr at room temperature in
the same solution. Dishes were subsequently washed three times
with PBS and cell suspensions (2 3 105 to 1 3 106 cells/ml) in
DMEM containing 1 mg/ml fatty acid-free BSA (Roche Diag-
nostics) were added to the substrata. After 4 hr of incubation at
37°C, nonadherent cells were removed by washing the dishes 3
to 5 times with DMEM and the number of cells adherent to
galectin-3 and collagen type I substrata was monitored micro-
scopically.

Immunocytochemistry

For extracellular staining, cells grown on PLL-coated cov-
erslips were washed twice with PBS containing 0.1% BSA
(PBS-BSA), fixed for 10 min in 4% paraformaldehyde (PA) in
PBS and blocked for 15 min in Dulbecco’s PBS (DPBS) con-
taining 10% HS and 10% FCS. After washing twice in PBS-
BSA, cells were incubated for 20 min with the first antibody
(diluted in DPBS, 10% HS, 10% FCS) and washed three times
in PBS-BSA. Cells were then incubated for 20 min with the
secondary fluorochrome-conjugated antibody (diluted in DPBS,
10% HS, 10% FCS), washed again and embedded in PBS/
glycerol (v/v; 1:1). For intracellular staining, cells were perme-
abilized for 2 min with methanol at 220°C or for 10 min with
0.1% Triton X-100 in DPBS at room temperature, fixed for 10
min with 4% PA and further treated as described above.

For the identification of the nuclear compartment by
confocal microscopy, immunostained permeabilized C6 cells
were treated for 15 min at room temperature with RNase (1
mg/ml in PBS), washed twice with PBS and incubated for 30
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min at room temperature with propidium iodine (2 ng/ml in 10
mM Tris-HCl, 150 mM NaCl, pH 7.6).

Cell Extraction and Affinity Purification of Galectin-3

Cells grown in tissue culture dishes were washed three
times with ice-cold PBS and solubilized for 60 min at 4°C in
100 mM NaH2PO4/Na2HPO4, 100 mM NaCl, 0.2 mM CaCl2,
0.2 mM MgCl2, 1% Triton X-100, pH 7.4 (buffer A) containing
the protease inhibitors phenylmethylsulfonylfluoride. 1 mM),
iodoacetamide (0.8 mM) and soybean trypsin inhibitor. 15 mM).
Solubilizates were centrifuged for 10 min at 10,000 3 g and the
protein concentration of the supernatant determined according
to Bradford. 1976). For affinity purification of galectin-3, cell
extracts (500 ml, protein content of 1.5 mg/ml) were incubated
overnight at 4°C with 200 ml lactose-agarose (Sigma) or Sepha-
rose 4B (Pharmacia). The gel slurry was washed three times with
1 ml of cold buffer A, three times with buffer A without Triton
X-100 (buffer B), and three times with buffer B containing 100
mM sucrose. Proteins bound were eluted with 2 3 400 ml
buffer B containing 100 mM lactose.

Western Blot Analysis

Western blot analysis was carried out essentially as de-
scribed (Towbin et al., 1979). Briefly, proteins separated by
SDS-PAGE using 10% slab minigels (Laemmli, 1970) were
transferred for 45 min at 150 mA onto nitrocellulose filters. To
visualize transferred proteins, filters were incubated with a 0.2%
solution of Ponceau S in 3% trichloroacetic acid, subsequently
washed in water and destained in PBS. Filters were blocked for
1 hr in PBS, 3% milk powder and incubated for 3 hr at 37°C
with the first antibody diluted in PBS, 1% milk powder. Filters
were then washed three times (10 min each) in PBS, 0.2%
Tween 20 and incubated for 1 hr at room temperature with
secondary antibodies diluted in PBS, 1% milk powder. After
three washing steps, antibody binding was visualized using the
enhanced chemiluminescent detection system (Pierce).

Biosynthetic Labeling of Cell Cultures and
Immunoprecipitation

C6 cell cultures of about three quarter confluence were
washed three times with methionine-free minimal essential me-
dium and after 30 min of incubation in the same medium
(preincubation period), 150 mCi 35S-methionine were added for
3 or 24 hr (pulse period). Cells were washed twice with RPMI
containing 10% HS and 5% FCS and cultured for further 4 hr in
the same medium (chase period). The culture supernatant was
cleared by centrifugation (10 min at 10,000 3 g) and used for
further analysis. Cell monolayers were washed three times with
RPMI containing 1% HS and lysed for 30 min on ice in
Tris-buffered saline (50 mM Tris-HCl, 100 mM NaCl, pH 7.2;
TBS) containing 1% Triton X-100, iodoacetamide (0.8 mM),
phenylmethylsulfonylfluoride (1 mM), and soybean trypsin in-
hibitor (15 mM). Cell lysates were centrifuged for 10 min at
10,000 3 g and the supernatants were used for further analysis;
250 ml of each supernatant were incubated overnight at 4°C
with 75 ml of Sepharose 4B coupled with polyclonal galectin-3
antibodies (2 mg/ml gel). Beads were washed three times with
lysis buffer and bound material eluted with SDS-sample buffer at
95°C. For autoradiography, eluted proteins were separated by

SDS-PAGE using 12% slab gels. Gels were fixed in isopropanol/
acetic acid/H2O (25:10:65), amplified for 1 hr in 1 M sodium
salicylate and exposed to XAR-5 films (Kodak).

Reverse Transcriptase-Polymerase Chain Reaction
(RT-PCR)

Total RNA was purified from cultured cells according to
Chomzynski and Sacchi (1987) and 3 mg of RNA were used for
oligo-dT-primed single-stranded cDNA synthesis with super-
script reverse transcriptase (SuperScript Preamplification Set,
Gibco) in 20 ml of reaction volume. After hydrolysis of the
RNA with RNAse H, 4 ml of single-stranded cDNA were
amplified in a total reaction volume of 20 ml using the rat
galectin-3-specific primers 59-CCCTTTGGTGCCCCGACT-
GGA-39 (upstream primer) and 59-CCCCAGTTGGCTGAT-
TTCCCTGA-39 (downstream primer) or the human galectin-3
specific primers 59-CCCCTGCTGGGCCACTGATT-39 (up-
stream primer) and 59-CCAGAAATTCCCAGTTTGCTG-
AT-39 (downstream primer) in 10 mM Tris-HCl, pH 9.0, 50
mM KCl, 1.5 mM MgCl2, 0.1% Triton X-100, 0.2 mM dNTP
and 0.26 mM primer each. Both of these amplifications lead to
390 bp products. As control, the rat glycerinaldehyde-3-
phosphate dehydrogenase (GAPDH)-specific primers 59-TG-
AAGGTCGGTGTCAACGGATTTGGC-39 (upstream primer)
and 59-CATGTGGGCCATGAGGTCCACCAC-39 (down-
stream primer) yielding a 950 bp product were used with 2 ml of
template cDNA. PCR products were amplified through 35
cycles of 45 sec at 94°C, 30 sec at 50°C and 30 sec at 72°C (for
galectin-3) and through 35 cycles of 45 sec at 94°C, 45 sec at
50°C and 90 sec at 72°C (for GAPDH; Pesheva et al., 1997).

RESULTS
Galectin-3 Is Not Expressed in Normal Macroglial
Cells In Vivo and In Vitro

As previously demonstrated, with the exception of ax-
onal processes of DRG neurons projecting into the spinal
cord (Regan et al., 1986), galectin-3 is not expressed by
neuronal and glial cells (astrocytes or oligodendrocytes) in the
embryonic, early postnatal and adult mouse or rat brain
(Regan et al., 1986; Reichert and Rotshenker, 1996; Pesheva
and Probstmeier, unpublished observations). It has recently
been demonstrated, however, that galectin-3 is expressed by
activated microglial cells after injury in vivo and in vitro
(Reichert and Rotshenker, 1996; Pesheva et al., 1998b). To
examine if galectin-3 becomes expressed by macroglial cells
in vitro, i.e., under conditions that partially lead to cell
activation, we analyzed mixed neural cell cultures derived
from newborn mouse or rat cerebral hemispheres and from
six-day-old mouse cerebella maintained in vitro for 3 to 7
days by indirect double-immunofluorescence using galectin-
3-, CNPase- (for oligodendrocytes) and GFAP-specific (for
astrocytes) antibodies (Fig. 1, for mouse cerebellar cultures).
Under these experimental conditions, neither astrocytes (Fig.
1A,B) nor oligodendrocytes (Fig. 1D,E) expressed galectin-3.
In agreement with previous results (Pesheva et al., 1998b),
microglial cells were the only cell type expressing galectin-3
(Fig. 1B,E), as shown by double-immunofluorescence using
antibodies that recognize macrophage/microglia-specific an-
tigens (not shown).
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Comparable results were obtained for mouse and rat
cerebral cultures maintained in vitro for four days without
further additives and for further three days in the presence
of CNTF, EGF, bFGF, GM-CSF, IL-1b, IL-6, LPS,
NGF, TGF-b or TNF-a, cytokines/growth factors
known to be associated with CNS injury and inflamma-
tion (not shown). Galectin-3 was also not expressed by
O-2A progenitor cells derived from newborn mouse brain
(not shown).

Characterization and Subcellular Distribution of
Galectin-3 Expressed by C6 Glioma Cells

Galectin-3 is expressed by a number of tumor cells
(Akahani et al., 1997a). To evaluate if this also holds for
neoplastic cells of neural origin, we analyzed the expression of

the lectin in different neural tumor cell lines by using the rat
C6 glioma cell line as a first experimental paradigm.

We first analyzed the expression of galectin-3 by C6
glioma cells grown on PLL-coated coverslips by indirect
immunocytochemistry. In nonpermeabilized C6 cells, no
galectin-3-specific cell surface staining was detectable (Fig.
2A). By contrast, all permeabilized cells exhibited a
marked cytoplasmic immunostaining and in about 40% of
the cells also a nuclear staining could be recognized. When
permeabilized C6 cells were analyzed with GFAP-specific
antibodies, the immunostaining was restricted to the cy-
toplasm (Fig. 2C). Omission of the first antibody resulted
in a complete lack of immunoreaction product (Fig. 2D).

To prove the nuclear localization of galectin-3, we
next performed confocal microscopic studies. For this

Fig. 1. Expression of galectin-3 in mixed neural cultures derived from early postnatal mouse
cerebellum as determined by indirect double-immunofluorescence. Cultures were double-labeled
with GFAP- (A) and galectin-3- (B) or with CNPase- (D) and galectin-3-specific (E) antibodies.
Arrowheads indicate galectin-3-positive microglial cells. C and F show the corresponding Nomarski
optic micrographs of A, B and D, E, respectively. Scale bar in F 5 40 mm (A–F).

48 Kuklinski et al.



purpose, permeabilized C6 cells were double-labeled with
galectin-3-specific antibodies using DTAF-conjugated
secondary antibodies and propidium iodine. As shown in
the selected plane given in Figure 3, galectin-3 immuno-
reactivity (Fig. 3A) colocalized with the propidium iodine
staining (Fig. 3B) demonstrating a nuclear localization of
the protein.

To exclude the possibility that the lack of extracel-
lularly detectable galectin-3 might be due to an extensive
secretion of the lectin into the culture medium, we further
analyzed its expression using biosynthetically labeled cells.
Therefore, C6 cells were biosynthetically labeled for 3 or
24 hr with 35S-methionine and subsequently cultured for

further 4 hr in a serum-containing medium. Galectin-3
was immunoprecipitated out of the cell lysates prepared
from these cells using polyclonal galectin-3-specific anti-
bodies coupled to Sepharose 4B and analyzed by autora-
diography (Fig. 3D, for 24 hr of 35S-methionine labeling).
For each time point galectin-3 was detectable only in
immunoprecipitates of cell lysates (Fig. 3D, lane 1), but
not in those of culture supernatants (Fig. 3D, lane 3).

When lysates from C6 cells were analyzed by West-
ern blot, a single band of an apparent MW of 29 kD was
recognized by polyclonal antibodies to galectin-3 (Fig. 4,
lane 3). These antibodies recognize specifically the
N-terminal collagenous-like half of the lectin (Pesheva et

Fig. 2. Expression of galectin-3 in C6 cells as determined by indirect immunofluorescence. Non-
permeabilized (A) or permeabilized C6 cells (B–D) were immunostained with polyclonal antibodies
to galectin-3 (A, B) or GFAP (C). In D, the first antibody was omitted. E–H show the corresponding
Nomarski optic micrographs of A–D. Scale bar in H 5 40 mm (A–H).
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al., 1998b) and after treatment of cell lysates with colla-
genase, that leads to a degradation of this part of the
molecule (Agrwal et al., 1993), the galectin-3-specific
band was no longer detectable (Fig. 4, lane 1). After
treatment of cell lysates in the absence of collagenase
performed in parallel, the 29 kD band of intact galectin-3
was still detectable in those lysates (Fig. 4, lane 2).

We were further interested in the question if the
carbohydrate recognition domain of C6 cell-derived
galectin-3 is present in a functionally active form. To
evaluate the lectin activity of galectin-3, cell lysates were
incubated overnight at 4°C with lactose agarose. After this
treatment, galectin-3 was no longer detectable in the lysate
(Fig. 4, lane 4). Galectin-3 bound to the lactose agarose
could be eluted with lactose- (Fig. 4, lane 5), but not with
sucrose-containing buffers (Fig. 4, lane 6).

The constitutive expression of galectin-3 by C6 cells
could be the result of an autocrine mechanism (Zaheer et
al., 1995). To analyze if the expression of galectin-3 is
subject to regulation by CNTF, IL-1b, LIF or NGF (C6
cells express the corresponding receptor molecules as well
as CNTF, LIF and NGF, at least at the mRNA level;
Zaheer et al., 1995), C6 cells were cultured for 1 to 3 days
in the presence of cytokines/growth factors and the level
of galectin-3 expression was analyzed by Western blot of
cell lysates. None of the growth factors tested had a
significant effect on galectin-3 expression by C6 cells (not
shown).

Taken together, these data demonstrate that in C6
glioma cells, galectin-3 is predominantly if not exclusively
expressed in intracellular compartments in a functionally
active form.

Fig. 4. Western blot analysis of galectin-3 expression by C6 cells. Cell
lysates of C6 cells (lane 3) were treated for 1 hour at 37°C in the
presence (lane 1) or absence of collagenase (lane 2) or preincubated
with lactose agarose (lane 4). Galectin-3 bound to the lactose agarose
was eluted with lactose- (lane 5) or sucrose-containing buffers (lane 6).
The position of galectin-3 (29 kD) is indicated (arrowhead) at the left
margin.

Fig. 3. Subcellular distribution of galectin-3 in
C6 cells. (A–C) Confocal microscopic analysis
of permeabilized C6 cells double-labeled with
galectin-3-specific antibodies (A) and pro-
pidium iodine (B). A selected plane through the
nucleus is shown. (C) shows the corresponding
phase-contrast micrograph of A and B. Scale
bar in C 5 15 mm (A–C). (D) Autoradiography
of biosynthetically labeled C6 cells. Cells were
labeled for 24 hr with 35S-methionine and cell
lysates (lanes 1, 2) or culture media (lanes 3, 4)
were incubated with galectin-3-specific anti-
bodies coupled to Sepharose 4B (lanes 1, 3) or
with Sepharose 4B only (lanes 2, 4). Bound
material was eluted in boiling SDS-sample
buffer, separated by SDS-PAGE and analyzed
by autoradiography. Arrowheads at the left
margin indicate the position of galectin-3 (29
kD) and a 45 kD band (an unspecific precipi-
tation product).
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Expression Pattern of Galectin-3 In Other Neural
Tumor Cell Lines

In the following studies, we analyzed the expression
pattern of galectin-3 in a representative collection of neural
tumor cell lines consisting of 15 human glioblastoma cell
lines, the human oligodendroglioma cell line TC620, the
murine oligodendrocyte precursor cell line Oli-neu, three
human (MHH-NB-11, SMS-KAN, SK-N-SH) and one
mouse neuroblastoma (N2A) cell lines and one primitive
neuroectodermal tumor cell line (SK-N-MC) (Table I).

In a first set of experiments we analyzed the expres-
sion of galectin-3 using Western blot and RT-PCR tech-
niques (Table I). Using galectin-3-specific polyclonal an-
tibodies, galectin-3 was detectable in 14 out of 15
glioblastoma cell lines by Western blot analysis (Fig. 5;
Table I). Comparable results were obtained with the
galectin-3-specific monoclonal antibody (recognizing hu-
man and mouse, but not rat galectin-3) with the exception
of the SK-MG-15 cell line, for which no immunoreac-
tivity was detectable (Fig. 5, Table I). If the latter results
reflect alterations in the primary structure of galectin-3 in
this cell line is yet a matter of consideration. In addition,
galectin-3 was detectable by both mono- and polyclonal
galectin-3 antibodies in the human oligodendroglioma cell
line TC620, but not in the oligodendrocyte precursor cell
line Oli-neu, four neuroblastoma and one neuroectoder-
mal tumor cell lines (Fig. 5; Table I). The data on the
protein expression could be further confirmed on the
mRNA level by RT-PCR analysis (Fig. 5; Table I).

We next analyzed the subcellular expression pattern
of galectin-3 by indirect immunofluorescence. As shown
for C6 cells (Fig. 2), galectin-3 was amply detectable in the
intracellular compartment of all neural tumor cells express-
ing the lectin. In some cell populations of the cell lines
tested, a nuclear staining was also detectable (Fig. 6, for
A172 und U87MG cells). In none of the cell lines, a cell
surface expression of galectin-3 was detectable (Fig. 6 for
A172 und U87MG cells). In contrast to glial tumor cells,
none of the neuroblastoma and neuroectodermal tumor
cell lines expressed detectable amounts of galectin-3 (Fig.
6M-O, for N2A, SK-N-SH and SK-N-MC cells). In two
of the human glioma cell lines (A172 and U87MG), we
finally examined the effect of different cytokines/growth
factors on the regulation of galectin-3 expression. As for
rat C6 glioma cells, the expression level of galectin-3 was
not altered in the presence of different cytokines/growth
factors (EGF, bFGF, GM-CSF, IL-1b, IL-6, NGF,
TGF-b and TNF-a) or LPS (not shown).

Adhesion of Glioma Cells to Galectin-3 Substrata
We have previously shown that a number of neural

cells adhere to galectin-3 substrata in vitro by a
b-galactoside-mediated mechanism (Pesheva et al.,
1998a). Applying the same cell-substratum adhesion assay,
we first examined the adhesion of neoplastic glial cells (i.e.,
C6 glioma) and primary astrocytes to substratum-bound
galectin-3 (Fig. 7). When C6 cells were allowed to adhere
for 4 hr to galectin-3 or collagen type I substrata, cells
strongly adhered to collagen type I (Fig. 7B), but not to
galectin-3 substrata (Fig. 7A). Comparable results were
obtained after 24 hr of incubation (not shown). By con-
trast, primary astrocytes derived from early postnatal
mouse brain, efficiently adhered to both substrata after 4 hr
of incubation (Fig. 7C,D).

To study if this behavior is a more general phenom-
enon for glioblastoma cells, we next analyzed the adhesion
of A172, CCF-STTG1, SK-MG-2, -3, -5, -9,
-13,U87MG and TC620 cell lines to galectin-3 (derived
from four different preparations of the recombinant lectin)
and collagen type I substrata and compared it to the
adhesion pattern of primary astrocytes and C6 cells. Al-
though all glioblastoma cells tested adhered to galectin-3
substrata to varying degrees (dependent on the cell line and
the galectin-3 preparation used), the number of adherent
cells was always between 0 (only for C6 cells) and 30% of
the number of primary astrocytes adhering to galectin-3
substrata. In contrast, the number of primary astrocytes or
glioblastoma cells adhering to collagen type I substrata was
almost identical (not shown), suggesting that the glyco-
structures recognized by galectin-3 display certain varia-
tions among the different glioblastoma cell lines and are
expressed at much lower levels than those on primary
astrocytes.

DISCUSSION
In the present study we provide evidence that

galectin-3 is expressed by high-grade astrocytoma and
oligodendroglioma cell lines, but not by neuroblastoma,

TABLE I. Expression of Galectin-3 in Neural Tumor Cell Lines

Cell line WB polyclonal WB monoclonal RT-PCR

A172 1 1 1
A582 1 1 1
CCF-SSTG1 1 1 1
C6 1 2 1
SK-MG-2 1 1 NT
SK-MG-3 1 1 1
SK-MG-4 1 1 NT
SK-MG-5 2 2 2
SK-MG-9 1 1 1
SK-MG-11 1 1 NT
SK-MG-13 1/2 1/2 1
SK-MG-15 1 2 NT
U87MG 1 1 1
U138MG 1 1 NT
U251MG 1 1 NT
U343MG 1 1 NT
Oli-neu 2 2 NT
TC620 1 1 1
MHH-NB-11 2 2 2
N2A 2 2 NT
SK-N-SH 2 2 2
SMS-KAN 2 2 NT
SK-N-MC 2 2 NT

Galectin-3 expression in different neural cell lines was determined by
Western blot analysis (WB) using monoclonal or polyclonal galectin-3-
specific antibodies and by RT-PCR. 1Strong to mediate expression;
1/2weak expression; 2no expression; NT, not tested.
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primitive neuroectodermal and oligodendrocyte precursor
cell lines or primary O-2A progenitor cells. The expres-
sion of the lectin can not be induced in cultured astrocytes
or oligodendrocytes maintained in serum-containing me-
dia supplemented with a variety of cytokines/growth fac-

tors. It is noteworthy in this context that extended studies
of ours now further give evidence for the lack of
galectin-3 expression by reactive macroglial cells also un-
der pathological conditions in vivo, such as experimental
ischemia or facial nerve axotomy in the rat (Walther,
Kuklinski, Pesheva and Probstmeier, unpublished obser-
vations). Together, these observations argue for an asso-
ciation of galectin-3 expression with a transformed glial
phenotype.

Galectin-3 as a Marker Molecule for Glial Tumor
Cells

There are yet contradictory data on the in vivo
expression of galectin-3 in glial tumors. Bresalier et al.
(1997) have reported a lack of galectin-3 expression in
grade II, but mediate to high levels of expression, though
by a varying number of tumor cells (between 10 and 90%),
in all grade III and IV astrocytomas analyzed. In contrast,
Gordower et al. (1999) have recently shown a decrease in
galectin-3 expression from grade II to grade IV astrocytic
tumors accompanied by an increasing heterogeneity in the
expression level of the lectin and the appearance of tumor
cell clones expressing large amounts of the lectin in high
grade astrocytomas.

As it is assumed that glial tumors are of monoclonal
origin (see, for example, Kleihues et al., 1995), galectin-3
expressing and non-expressing tumor cells most likely
represent different cellular phenotypes whose molecular
profile depends on the particular tissue microenvironment.
Alternatively, this pattern could reflect secondary clonal
tumor evolution. Thus, the dominant presence of
galectin-3 in established glioma cell lines in vitro would
reflect the presence of an optimal environment for the
expression of galectin-3 under the culture conditions used.
The only glioma cell line tested that does not express the
lectin (SK-MG-5) has been derived from a patient with
the diagnosis of anaplastic astrocytoma (grade III astrocy-
toma). At present we have no evidence for the cellular/
molecular basis of this altered expression. In contrast to the
findings of Bresalier et al. (1997) for the lack of galectin-3
expression in four oligodendrogliomas analyzed, the oli-
godendroglioma cell line TC620 tested by us expresses

Fig. 5. Western blot (A) and RT-PCR analysis (B) of cell lysates and
total RNA preparations from A172 (lane 1), A582 (lane 2), CCF-
SSTG1 (lane 3), C6 (lane 4), SK-MG-3 (lane 5), SK-MG-5 (lane 6),
SK-MG-9 (lane 7), SK-MG-13 (lane 8), U87MG (lane 9), TC260
(lane 10) and MHH-NB-11 (lane 11) cells using polyclonal (A, upper
panel) and monoclonal (A, lower panel) galectin-3-specific antibodies
or galectin-3-specific primers (B). The diagram in A represents a
densitometric analysis of galectin-3-specific bands immunoreactive
with polyclonal galectin-3 antibodies (i.e., upper panel). Highest im-
munoreactivity with C6 cell-derived galectin-3 was set as 100% and all
other values were related to this. In A, equal amounts of protein (80 mg)
were loaded per lane. In B, 4 ml of each template cDNA were used for
amplification. Arrowheads indicate the positions of galectin-3-specific
protein bands (29 kD, A) and PCR products (390 bp, B).
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Figure 6. (Legend on following page.)



high levels of the lectin. Thus, further studies are needed
to allow a more precise statement about the application of
galectin-3 as a marker for this kind of glial tumors.

Regulation of Galectin-3 Expression in Glioma
Cells

The regulation of galectin-3 expression by glioma
cells is yet a matter of investigation. In principle, two main
possibilities could be considered. 1) Autocrine mecha-
nisms governed by cytokines/growth factors secreted by
glioma cells. Although stimulation of glioma cells with
various cytokines/growth factors does not lead to a further

increase in the level of galectin-3 expression, we can not
exclude the possibility that in this cell type, the lectin level
of expression has already reached a maximal value. (2)
Changes in the intrinsic machinery of gene expression
leading to a constitutive expression of the lectin. For
example, the constitutive expression of galectin-1 can be
regulated by the methylation level of the promoter region
(Benvenuto et al., 1996). By treating glioma cell lines (i.e.,
SK-MG-4, U251MG, U343MG and TC620) with the
demethylating agent 59-azacytidine, however, we were
not able to observe changes in the expression level of
galectin-3 (Kuklinski and Probstmeier, unpublished ob-
servations).

Biological Function of Galectin-3 in Glioma Cells
It has been speculated that one function of galectin-3 in

tumor cells expressing the molecule at the cell surface is to
mediate cell-cell or cell-matrix interactions (Akahani et al.,
1997a). As all cell lines investigated in our present study
express galectin-3 only intracellularly, these speculations can
not be extended to CNS-derived glial tumor cells.

Fig. 6. (Figure appears on preceding page.) Indirect immunofluores-
cence analysis of galectin-3 expression in non-permeabilized (A, G) or
permeabilized (B, C, H, I, M, N, O) A172 (A–C), U87MG (G–I),
N2A (M), SK-N-MC (N) or SK-N-SH (O) cells using polyclonal (B,
H) or monoclonal (A, C, G, I, M, N, O) galectin-3-specific antibodies.
D–F, J–L and P–R show the corresponding Nomarski optic micrographs
of A–C, G–I and M–O, respectively. Scale bar in R 5 60 mm (A–R).

Fig. 7. Adhesion of C6 cells (A, B) and primary astrocytes from early postnatal mouse brain (C, D)
to galectin-3 (A, C) and collagen type I (B, D) substrata. Proteins were immobilized onto tissue culture
plastic at concentrations of 250 (galectin-3) or 200 mg/ml (collagen type I). Cells were incubated with
the substrata for 4 hr at 37°C. Scale bar in D 5 120 mm (A–D).
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In glioma cells, galectin-3 is present predominantly
in the cytoplasm and, only in some cell lines and to a
varying degree, also in the nucleus. Dependent on each
particular subcellular location, distinct functions could be
hypothesized. It has been reported that galectin-3 is in-
volved in pre-mRNA splicing events either as an intrinsic
part of the splicing machinery or as a “control” molecule
(reviewed by Patterson et al., 1997). In the cytoplasm of
glioma cells, galectin-3 could be involved in apoptotic
processes. For T cells, it has been demonstrated that fas-
induced apoptosis is prevented by overexpression of
galectin-3 (Yang et al., 1996). In these cells, galectin-3
seems to interact directly or indirectly with bcl-2, a mem-
ber of a protein family involved in the initiation or pre-
vention of apoptosis (Yang et al., 1996). Such kind of
interactions could be essential for the unlimited growth of
glioma and other tumor cells.

It is very unlikely that galectin-3 serves as a key
molecule leading to cell transformation per se, as the lectin
is expressed in a number of non-malignant cells, such as
DRG neurons (Regan et al., 1986) or activated microglial
cells (Pesheva et al., 1998b). On the other hand, in non-
tumorigenic carcinoma or weakly metastatic sarcoma cell
lines, a tumorigenic phenotype (either de novo or with
increased potential for metastasis formation) can be in-
duced by an ectopic expression of galectin-3 (Raz et al.,
1990; Nangia-Makker et al., 1995). As in these cases,
however, cell lines have been used that can be propagated
in culture for an unlimited period of time, i.e., they show
growth properties different from those of their normal
counterparts, the findings can be interpreted in the way
that galectin-3 could favor the development of a malignant
cellular phenotype when normal growth properties have
already been disturbed.

The contradictory reports on galectin-3 expression
in astrocytic tumors of different grade of malignancy,
together with the observation that only a certain percent-
age of tumor cells express the lectin in vivo (Bresalier et al.,
1997; Gordower et al., 1999), surely make possible hy-
potheses on the role of galectin-3 in such tumors a com-
plicated matter.

b-Galactosidic Carbohydrate Structures Expressed
by Glioma Cells

In contrast to a number of neural cell types (Pesheva
et al., 1998a) and primary astrocytes (the present study),
glioma cells do not or only weakly adhere to a galectin-3
substratum. As in the same assay neuroblastoma or PC12
cells are capable of adhering to galectin-3 (Pesheva et al.,
1998a), this property of glioma cells is not shared by all
neural tumor cells and could reflect an inadequate glyco-
sylation pattern, i.e., the presence of low levels of
b-galactosidic carbohydrate structures or inadequate ter-
minal sialic acid residues. For instance, it has been dem-
onstrated that (i) a terminal a2 3 3-linked sialic acid
favors and (ii) a terminal a2 3 6-linked sialic acid or
substitution of N-acetylglucosamine with fucose inhibits

b-galactoside-specific binding of galectins (Hughes,
1992).

The main point addressed here, however, is the
presence of galectin-3 in most of the CNS-derived glial
tumor cell lines. Beside the possibility that galectin-3
expression may be useful as a marker in glial tumor diag-
nosis, further analysis of the lectin contribution to the
malignant potential of glial tumors may, hopefully, lead to
the development of reliable therapeutic tools.
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Kleihues P, Soylemezoglu F, Schäuble B, Scheithauer BW, Burger PC. 1995.
Histopathology, classification, and grading of gliomas. Glia 15:211–221.

Konstantinov KN, Robbins BA, Liu F-T. 1996. Galectin-3, a
b-galactoside-binding animal lectin is a marker of anaplastic large-cell-
lymphoma. Am J Pathol 148:25–30.

Krugluger W, Frigeri LG, Lucas T, Schmer M, Forster O, Liu FT, Boltz-
Nitulescu G. 1997. Galectin-3 inhibits granulocyte-macrophage colony-
stimulating factor (GM-CSF)-driven rat bone marrow cell proliferation
and GM-CSF-induced gene transcription. Immunobiology 197:97–109.

Laemmli UK. 1970. Cleavage of structural proteins during assembly of the
head of the bacteriophage T4. Nature 227:680–685.

Leffler H. 1997. Introduction to galectins. Trends Glycosci Glycotechnol
9:9–19.

Lindstedt R, Apodaca G, Barondes SH, Mostov KE, Leffler H. 1993. Apical
secretion of a cytosolic protein by Madin-Darby canine kidney cells.
J Biol Chem 268:11750–11757.

Liu F-T. 1993. S-type mammalian lectins in allergic inflammation. Immu-
nol Today 14:486–490.

Lotz MM, Andrews CW, Korzelius CA, Lee EC, Steele GD, Clarke A,
Mercurio AM. 1993. Decreased expression of Mac-2 (carbohydrate bind-
ing protein 35) and loss of its nuclear localization are associated with the
neoplastic progression of colon carcinoma. Proc Natl Acad Sci USA
90:3466–3470.

Marder le N, Hughes RC. 1996. Effects of the carbohydrate-binding
protein galectin-3 on the invasiveness of human breast carcinoma cells.
J Cell Physiol 168:51–58.

Mehul B, Hughes RC. 1997. Plasma membrane targeting, vesicular bud-
ding and release of galectin-3 from the cytoplasm of mammalian cells
during secretion. J Cell Sci 110:1169–1178.

Merrill JE, Matsushima, K. 1988. Production of and response to interleukin
1 by cloned human oligodendroglioma cell lines. J Biol Regul Homeost
Agents 2:77–86.

Nangia-Makker P, Thompson E, Hogan C, Ochieng J, Raz A. 1995.
Induction of tumorigenicity by galectin-3 in a non-tumorigenic human
breast carcinoma cell line. Int J Cancer 7:1079–1087.

Osborn M, Ludwig-Festl M, Weber K, Bignami A, Dahl D, Bayreuther K.
1981. Expression of glial and vimentin type intermediate filaments in
cultures derived from human glial material. Differentiation 19:161–167.

Patterson RJ, Dagher SF, Vyakarnam A, Wang JL. 1997. Nuclear galectins:
functionally redundant components in processing of pre-mRNA. Trends
Glycosci Glycotechnol 9:77–85.

Pesheva P, Gloor S, Schachner M, Probstmeier R. 1997. Tenascin-R is an
intrinsic autocrine factor for oligodendrocyte differentiation and promotes
cell adhesion by a sulfatide-mediated mechanism. J Neurosci 17:4642–4651.

Pesheva P, Kuklinski S, Schmitz B, Probstmeier R.. 1998a. Galectin-3
promotes neural cell adhesion and neurite growth. J Neurosci Res 54:
639–654.

Pesheva P, Urschel S, Frei K, Probstmeier R. 1998b. Murine microglial
cells express functionally active galectin-3 in vitro. J Neurosci Res 51:
49–57.

Pesheva P, Spiess E, Schachner M. 1989. J1-160 and J1-180 are
oligodendrocyte-secreted nonpermissive substrates for cell adhesion.
J Cell Biol 109:1765–1778.

Pietsch T, Gottert E, Meese E, Blin N, Feickert HJ, Riehm H, Kovacs G.
1988. Characterization of a continuous cell line (MHH-NB-11) derived
from advanced neuroblastoma. Anticancer Res 8:1329–1333.

Probstmeier R, Montag D, Schachner M. 1995. Galectin-3, a
b-galactoside-binding animal lectin, binds to neural recognition mole-
cules. J Neurochem 64:2465–2472.

Rathjen FG, Schachner M. 1984. Immunocytological and biochemical
characterization of a new neuronal cell surface component (L1 antigen)
that is involved in cell adhesion. EMBO J 3:1–10.

Raz A, Meromsky L, Lotan R. 1986. Differential expression of endogenous
lectins on the cell surface of non-tumorigenic, tumorigenic and metastatic
cells. Cancer Res 46:3667–3672.

Raz A, Zhu D, Hogan V, Shah N, Raz T, Karkash R, Pazerni G, Carmi
P. 1990. Evidence for the role of 43-kDa galactose-binding lectin in
transformation and metastasis. Int J Cancer 46:871–877.

Regan LJ, Dodd J, Barondes SH, Jessell TM. 1986. Selective expression of
endogenous lactose-binding lectins and lactoseries glycoconjugates in
subsets of rat sensory neurons. Proc Natl Acad Sci USA 83:2248–2252.

Rehemtulla A, Murphy P, Dobson M, Hart DA. 1988. Purification and
partial characterization of a plasminogen activator from the human glio-
blastoma, U138. Biochem Cell Biol 66:1270–1277.

Reichert F, Rotshenker S. 1996. Deficient activation of microglia during
optic nerve regeneration. J Neuroimmunol 70:153–161.

Reichert F, Saada A, Rotshenker S. 1994. Peripheral nerve injury induces
Schwann cells to express two macrophage phenotypes: phagocytosis and
the galactose-specific lectin MAC-2. J Neurosci 14:3231–3245.

Reynolds CP, Biedler, JL, Spengler BA, Reynolds DA, Ross RA, Frenkel
EP, Smith RG. 1986. Characterization of human neuroblastoma cell lines
established before and after therapy. J Natl Cancer Inst 76:375–387.

Sanjuan X, Fernandez, PL, Castells A, Castronovo V, van den Brule F, Liu
FT, Cardesa A, Campo E. 1997. Differential expression of galectin-3 and
galectin-1 in colorectal cancer progression. Gastroenterology 113:1906–
1915.

Sano K, Nakamura H, Mabuchi S, Tanaka T, Nakagawara A, Takai Y.
1990. Expression of the smg p25A (a ras p21-like GTP-binding protein)
gene in human neuroblastoma cell lines and tumor tissues. Cancer Res
50:7242–7245.

Shoeppner HL, Raz A, Ho SB, Bresalier RS. 1995. Expression of an
endogenous galactoside-binding lectin correlates with neoplastic progres-
sion in the colon. Cancer 75:2818–2826.

56 Kuklinski et al.



Sprengler BA, Biedler JL, Helson L, Freedman LS. 1973. Morphology and
growth, tumorigenicity and cytogenetics of human neuroblastoma cells
established in vitro. In Vitro 8:410–418.

Towbin H, Staehlin T, Gordon J. 1979. Electrophoretic transfer of proteins
from polyacrylamide gels to nitrocellulose sheets: procedure and some
applications. Proc Natl Acad Sci USA 76:4350–4354.

van den Brule FA, Berchuck A, Bast RC, Liu F-T, Gillet C, Sobel ME,
Castronovo V. 1994. Differential expression of the 67 kD laminin recep-
tor and 31 kD human laminin binding protein in human ovarian carci-
nomas. Eur J Cancer 30A:1096–1099.

Xu X-C, El-Nagar AK, Lotan R. 1995. Differential expression of
galectin-1 and galectin-3 in thyroid tumors. Am J Pathol 147:815–
822.

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

Zaheer A, Zhong W, Uc EY, Moser DR, Lim R. 1995. Expression of
mRNAs of multiple growth factors and receptors by astrocytes and glioma
cells: detection with reverse transcription-polymerase chain reaction. Cell
Mol Neurobiol 15:221–237.

Galectin-3 in Neural Tumor Cells 57


	MATERIALS AND METHODS
	RESULTS
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	TABLE I.

	DISCUSSION
	Fig. 5.
	Fig. 6.
	Fig. 7.

	ACKNOWLEDGMENTS
	REFERENCES

