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washed with CMF-PBS (pH 7.4) and stained in the dark with 8 pg/ml Hoechst
33258 in CMF-PBS (pH 7.4) at room temperature for 15 min. Samples were
loaded on the glass slide coated with 3-aminopropyl-trimethoxysilane (Sigma),
and chromatin condensation and nuclear fragmentation in apoptotic cells were
observed with a fluorescence microscope equipped with a UV filter.

Activation of CPP32/Yama Protease and PARP Degradation. Before
and after the treatment with 25 umM CDDP for 72 h, cell lysates were electro-
phoresed on reducing 8 or 15% SDS-PAGE, transferred to nitrocellulose, and
probed with mouse anti-PARP antibody® or goat anti-CPP32/Yama antibody
(Santa Cruz Biotechnology, Santa Cruz, CA), respectively.

Site-directed Mutagenesis of Galectin-3. Mutated galectin-3 (glycine-
182-alanine) was designed and obtained using the in vitro site-directed mu-
tagenesis kit (Stratagene, La Jolla, CA) and cloned into the EcoRlI site of the
pCNCI10 vector. For transfection, 2 ug of plasmid DNA were isolated and
incubated with 10 ul of lipofectamine (Life Technologies, Inc.), and this
mixture was added onto the cells grown to 70% confluency. Clones were
selected at random using 800 ug/ml G418 (Life Technologies, Inc.) and
maintained in 10% complete DMEM containing 400 ug/ml G418. Oligonu-
cleotide primers for PCR were sense (5'-TGGATAATAACTGGGCAAGG-
GAAGAAAG-3') and antisense (5'-CTTTCTTCCCTTGCCCAGTTAT-
TATCCA-3'), encoding 548-575 nucleotides in human galectin-3 cDNA.

Results and Discussion

Human breast carcinoma BT549 cell clones transfected with plas-
mid DNA containing inserts in either the sense (11811, 11913, 11914)
or the antisense control (41421) orientation encoding human galec-
tin-3 were established from the galectin-3-null parental cells as re-
ported previously (8). We have confirmed galectin-3 expression in the
parental BT549 cells and its clones 41421 and 11914 by Western blot
analysis, and only sense-transfected cell clones expressed galectin-3,
whereas the other two cell types remained galectin-3 null (Fig. 1A).

To test the effect of galectin-3 expression in CDDP-induced cyto-
toxicity, we treated all clones with CDDP and subsequently evaluated
cell viabilities by a trypan blue dye exclusion test. After an exposure
to 25 um CDDP, cell death was observed predominantly in parental
BT549 and 41421 cells when compared with 11811, 11913, and
11914 cells (Fig. 1B). Parental BT549 and 41421 cells showed similar
sensitivity to CDDP treatment; a 72-h exposure to CDDP exhibited a
decrease in viability to less than 30% of the parental BT549 and
41421 cells, whereas more than 60% of all galectin-3-expressing
clones remained viable even after a 72-h exposure with the same
CDDP concentration.

To assess whether CDDP-treated cells underwent apoptosis, cells
were stained with the DNA-binding dye (propidium iodide) and
subjected to flow cytometric DNA analysis. The apoptotic subpopu-
lation can be detected as the appearance of a discrete peak and
increased fluorescence in the sub-G, cell cycle region in the DNA
histogram. It has been shown that the sub-G, peak was derived from
apoptotic cells in Gy/G, region (15). The sub-G, population of the
galectin-3 null parental BT549 and 41421 cells occupied more than
30% of the DNA histogram after a 72-h exposure to 25 um of CDDP,
whereas that of 11914 cells occupied not more than 20% (Fig. 2,
D-F). To further investigate the apoptotic features of CDDP-treated
cells, including nuclear condensation and fragmentation, cells were
visualized under fluorescence microscopy after paraformaldehyde fix-
ation and staining with the DNA-binding fluorochrome bis-(benzim-
ide)-trihydrochloride (Hoechst 33258). As shown in Fig. 2, G-/,
CDDP-induced cell death in all three types of cells involved apopto-
sis. More than 40% of CDDP-treated parental BT549 cells exhibited
nuclear morphologies that are indicative of apoptosis, i.e., DNA
fragmentation and condensed chromatin (Fig. 2G). Similar patterns of
chromatin condensation and nuclear fragmentation were seen in
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Fig. 1. A, galectin-3 and Bcl-2 expressions in untreated parental BT549 and transfec-
tants. Western blot analysis: samples of protein from cell lysates were subjected to
reducing 15% SDS-PAGE, transferred to nitrocellulose, and probed with rat anti-galec-
tin-3 antibody or mouse anti-Bcl-2 antibody. Human breast carcinoma MCF-7 and
lymphoma WSU-CLL cells were used as positive controls of galectin-3 and Bcl-2,
respectively. These results are representative of three separate experiments. Galectin-3
and Bcl-2 expressions in untreated cells were also confirmed by Northern blot analyses
(data not shown). B, cell viability of parental BT549 cells (l); antisense transfectant
41421 cells (A); and sense transfectant 11811 (A), 11913 (V), and 11914 (V) cells with
25 um CDDP in a time-dependent manner. Cells were cultured with or without
CDDP and harvested at the indicated times, and cell viability was determined using a
trypan blue dye exclusion test. Data are means (bars, SD) of triplicate determinations from
three separate experiments.
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CDDP-treated 41421 cells (Fig. 2H). However, 11914 cells responded
differently to CDDP with more visible nucleoli, mostly without al-
tered chromatin structure (Fig. 2/). When considered together with the
result of flow cytometry, apoptosis was observed in galectin-3-null
parental BT-549 and 41421 cells, yet it was largely absent in galectin-
3-expressing 11914 cells.

We further evaluated whether the expression of galectin-3 in
BT549 cells resulted in altered expression of the Bcl-2 family of
proteins, because previous studies had indicated that an elevated Bcl-2
level influenced the cell survival effect (17, 18). Galectin-3-null and
-positive cell clones showed no difference in the level of Bcl-2 protein
expressions (Fig. 14); no significant difference in the level of the
Bcl-X; and Bax expressions among these three cell clones was
observed (data not shown), and their expressions were not altered by
a 72-h exposure to 25 uM CDDP (data not shown). We then investi-
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Fig. 2. Flow cytometric cell cycle histograms of
ethanol-fixed parental BT549 and transfectants
stained with 50 pg/ml propidium iodide before [pa-
rental BT549 (A), 41421 (B), and 11914 (C) cells]
and after [parental BT549 (D), 41421 (E), and 11914
(F) cells] treatment with 25 um CDDP for 72 h (13).
*, cells in the sub-G, region that have undergone
chromatin degradation associated with apoptosis.
G-I, morphological changes associated with apopto-
sis in parental BTS49 cells (G) and transfectants
[41421 (H) and 11914 (D)) treated with 25 um CDDP
for 72 h. Cells were paraformaldehyde fixed, stained
dark with Hoechst 33258, and visualized through
fluorescence microscopy with a UV filter. Magnifi-
cation, X400.
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gated the possibility that galectin-3 might regulate apoptosis through
interactions with members of the Bcl-2 family of proteins, but a
complex formation between galectin-3 and Bcl-2 or Bax in 11914
cells could not be established by coimmunprecipitation assay (data not
shown).

PARP is a substrate for mammalian cell death proteases and is
degraded by activated cysteine proteases of the interleukin-18 con-
verting enzyme/ced-3 family, including CPP32/Yama (caspase-3;
Refs. 19 and 20). Degradation of PARP is a characteristic feature of
the early stage of apoptosis and leads to inhibition of DNA repair;
activation of an endonuclease; and, eventually, cell death (21). To
further study the involvement of galectin-3 in the apoptosis pathway,
we examined expressions of intact and cleaved PARP before and after
a 72-h exposure to CDDP, showing that CDDP induced the cleavage
of intact PARP (M, 116,000) into the inactive fragment (M, 85,000) in
galectin-3-null parental BT549 and 41421 cells but not in galectin-3-
expressing 11914 cells (Fig. 3). Interestingly, the levels of precursor
CPP32/Yama in parental BT549 and 41421 cells attenuated after a
72-h exposure to CDDP, when compared to expression in 11914 cells.

The human proto-oncogene bcl-2 and the Caenorhabditis elegans
gene ced-9, both of which protect cells from apoptosis (22-24), and a
substitution of glycine in the NWGR motif of Bcl-2 BH1 domain and
its highly conserved motif of ced-9 lead to a loss of the antiapoptotic
activity of Bcl-2 and its binding activity to Bax (25-26). The BH1
domain in the Bcl-2 family of proteins and its partial homology with
the COOH terminus of galectin-3 suggest that the highly conserved
NWGR motif might be also critical to the apoptotic function of
galectin-3 (Fig. 4A). To determine the significance of the NWGR
motif in galectin-3, mutant galectin-3 (glycine 182 to alanine) was
generated and cloned into the expression vector, and the parental
BT-549 cells were transfected with it. Three stable transfectants
showing differences in expression levels of the mutant galectin-3
[clone 5 expressed mutant galectin-3 at the highest level (the most
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among the three), and its expression was as strong as that of the
wild-type 11914 cells (Fig. 4B)] were established in culture. Simul-
taneously, we examined in them the expression of Bcl-2, but no
alteration in Bcl-2 expression was detected following the introduction
of mutant galectin-3 (data not shown). To evaluate its function in
CDDP-induced apoptosis, we have treated the clones with 25 um
CDDP for up to 72 h, and a time-dependent cell viability was assessed
and compared to that of the parental and the galectin-3 wild-type
transfected BT-549 cells (Fig. 4C). The three clones containing the
mutated galectin-3 and the parental BT-549 cells showed a similar
sensitivity to CDDP, with clone 5 being the most susceptible to CDDP
among the clones. Next, we stained CDDP-treated cell clones with
propidium iodide for the analysis of sub-G, content in a DNA histo-
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Fig. 3. Cleavage of the DNA repair enzyme PARP and precursor CPP32/Yama
expressions in parental BT549 cells and transfectants exposed to CDDP. Before and after
the treatment with 25 um CDDP for 72 h, proteins from cell lysates were electrophoresed
on reducing 8 or 15% SDS-PAGE, transferred to nitrocellulose, and probed with mouse
anti-PARP antibody® or goat anti-CPP32/Yama antibody (Santa Cruz Biotech, Santa
Cruz, CA), respectively. The amount of protein used was the same as that described in the
Fig. 1A legend.
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Fig. 4. Stable clones expressing mutant galectin-3 ‘? M ™
and comparison with parental BT549 cells and trans- -_ -
fectants of galectin-3 cDNA. A, schematic represen- T © ©
tation of the BH1 domain and its similarity with the (LN U]
carbohydrate-binding domain of galectin-3. Bold, ® o - =
the NWGR motif, which is responsible for the anti- < < < : <
apoptotic function of Bcl-2. An amino acid substi- 0 2 ; 0 ¢ ;
tution of glycine 182 to alanine is shown in the = - - - - -
bottom row (arrow). B, Western blot analysis: Nt v~ O

galectin-3 with an amino acid substitution of 182
glycine for alanine was established by following the

protocol of an in vitro site-directed mutagenesis kit —Galectin-3
(Stratagene, La Jolla, CA) and transfected into pa-
rental BT549 cells. Mutant galectin-3 in stable
clones was detected using rat anti-galectin-3, as C
shown in Fig. 1A. C, cell viability of clones express-
ing mutant galectin-3 (@, clone 1; @, clone 3; and
[, clone 5) with 25 um CDDP treatment in a time-
dependent manner and comparison with parental
BT549 (M) and wild-type galectin-3 transfectant —
11914 cells. Viability was determined as described \e 75"
in the Fig. 2 legend. e -
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-
©
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gram and with Hoechst 33258 for the assessment of chromatin con-
densation and fragmentation. All galectin-3 mutant clones displayed
similar features of apoptosis, as observed in parental BT-549 and
41421 cells (data not shown). In addition, all of the galectin-3 mutant
clones underwent activation of CPP32/Yama and proteolytic cleavage
of PARP after 72 h of CDDP exposure (Fig. 5). Taken together, these
findings indicate that the expression of the mutant galectin-3 resulted
in failure to inhibit CDDP-induced apoptosis in BT-549 cells and that
the NWGR motif of galectin-3 is critical for its antiapoptotic function
similar to that of Bcl-2 protein. It should be noted that the mutant
galectin-3 maintained activity similar to that of the wild-type as
determined by homotypic aggregation process and similar cellular
distribution, as visualized by indirect immunofluorescence.

The results also indicate that galectin-3 confers apoptosis resistance
to CDDP in a cysteine protease-dependent manner, similarly to Bcl-2

(20). It remains possible that galectin-3 can replace or mimic Bcl-2,
leading to the inhibition of CDDP-induced apoptosis involving
CPP32/Yama protease activation and PARP degradation.
Mutagenesis studies revealed that like Bcl-2 or ced-9, galectin-3
regulates its antiapoptotic activity through the glycine residue of the
NWGR motif. It has been demonstrated previously that synthetic
glycoamines or glycosylated molecules, such as Mac-2 binding pro-
tein, could regulate homotypic aggregation through their interactions
with galectin-3 (27, 28), and it was suggested that the disruption of
galectin-3-mediated cell-cell interactions on the cell surface resulted
in induction of apoptosis in murine melanoma B16-F10 (9). The
results from the COOH terminus mutation raises the possibility that
substitution of the glycine residue may change the affinity to carbo-
hydrates on the cell surface, block galectin-3 mediated cell-cell inter-
action, and cause the loss of antiapoptotic function of galectin-3.
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Fig. 5. Cleavage of PARP and precursor CPP32/Yama expressions in BT549 trans- 12
fectants of mutant galectin-3 cDNA. Before and after a 72-h exposure to 25 um CDDP,
cleavage of PARP and CPP32/Yama in transfectants was examined by Western blot as
described in the Fig. 3 legend. 13

14
However, our preliminary study showed that in parental BT549 cells,
CDDP activity was not inhibited by exogenously added recombinant 5
wild-type galectin-3 with a concentration of 10 ug/ml. This finding
indicates that the role of galectin-3 in apoptosis is more likely to
involve a mechanism in the intracellular compartment rather than on  '6
the cell surface. It is now well accepted that Bcl-2 localized at the
mitochondrial membrane regulates apoptosis by blocking cytochrome
¢ translocation (29, 30), whereas galectin-3 can be found at the :;
nuclease, the cytoplasm, the cell surface, or in a secreted form, but not
at the Golgi apparatus or the mitochondria. This suggests that the two
proteins regulate their antiapoptotic activities at different cellular 1
compartments.

It should be emphasized that galectin-3 does not belong to the Bcl-2 20
gene family, because they share less than a 30% homology (10). ’
However, whether they have merged from a common ancestral gene
containing the NWGR motif is unknown; it should also be noted that 21
among the galectin family of proteins, only galectin-3 contains the
Bcl-2 NWGR motif. In summary, we show here that galectin-3 is a  22.
novel antiapoptotic molecule, which like Bcl-2 acts through cysteine 55
protease pathways; this finding may lead to the development of new  24.
reagents to induce apoptosis of tumor cells and contribute to the 2
understanding of the role of galectin-3 in metastasis. '
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