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Diffuse large B-cell lymphoma (DLBCL) is
the most common non-Hodgkin lym-
phoma and an aggressive malignancy.
Galectin-3 (gal-3), the only antiapoptotic
member of the galectin family, is overex-
pressed in DLBCL. While gal-3 can local-
ize to intracellular sites, gal-3 is secreted
by DLBCL cells and binds back to the cell
surface in a carbohydrate-dependent
manner. The major counterreceptor for
gal-3 on DLBCL cells was identified as
the transmembrane tyrosine phospha-

tase CD45. Removal of cell-surface gal-3
from CD45 with the polyvalent glycan
inhibitor GCS-100 rendered DLBCL cells
susceptible to chemotherapeutic agents.
Binding of gal-3 to CD45 modulated ty-
rosine phosphatase activity; removal of
endogenous cell-surface gal-3 from CD45
with GCS-100 increased phosphatase ac-
tivity, while addition of exogenous gal-3
reduced phosphatase activity. Moreover,
the increased susceptibility of DLBCL cells
to chemotherapeutic agents after re-

moval of gal-3 by GCS-100 required CD45
phosphatase activity. Gal-3 binding to a
subset of highly glycosylated CD45 glyco-
forms was regulated by the C2GnT-1 gly-
cosyltransferase, indicating that specific
glycosylation of CD45 is important for
regulation of gal-3–mediated signaling.
These data identify a novel role for cell-
surface gal-3 and CD45 in DLBCL survival
and suggest novel therapeutic targets to
sensitize DLBCL cells to death. (Blood.
2012;120(23):4635-4644)

Introduction

Diffuse large B-cell lymphoma (DLBCL) is a heterogeneous group
of neoplasms arising from germinal center or postgerminal center
B cells.1 DLBCL is the most commonly diagnosed non-Hodgkin
lymphoma2 and is an aggressive malignancy with a survival rate of
� 60%, partly because DLBCL cells become resistant to apoptosis
induced by chemotherapy drugs.3,4 There are at least 3 molecular
subtypes of DLBCL that reflect the biology of the B cell of
origin.4,5 Despite the prevalence of DLBCL, and perhaps because
of DLBCL heterogeneity, there is no known canonical mechanism
of apoptosis resistance for the majority of DLBCL. Thus, it is
critical to identify new mechanisms of apoptosis resistance in
DLBCL as potential therapeutic targets.

Galectin-3 (gal-3) is expressed in � 65% of primary DLBCL
cases.4,6-9 Gal-3 is a member of the galectin family of immunoregu-
latory lectins and has both proapoptotic and antiapoptotic func-
tions.10 Gal-3 is expressed in many types of cancer, where it has
been shown to mediate apoptosis resistance.11-13 Gal-3 can localize
intracellularly and participate in protein-protein interactions; for
example, gal-3 has been proposed to interact with Bcl-2 protein
family members at mitochondria to promote apoptosis resis-
tance.14,15 Gal-3 can also be secreted; secreted gal-3 remains
cell-surface–associated by binding to �-galactoside–containing
oligosaccharides, typically on complex N-glycans and core
2 O-glycans,16 on cell-surface glycoproteins. Secreted gal-3 can
form multimers via interactions of the N-terminal domain, promot-
ing multivalent binding of the C-terminal carbohydrate recognition
domain (CRD) to glycoprotein receptors. The resulting complexes

have been termed galectin-glycoprotein lattices.17-19 Galectin-
glycoprotein lattices modulate intracellular signaling pathways,
and regulate cellular processes such as apoptosis,20 proliferation,19

and migration.21 However, while gal-3 is highly expressed in the
majority of DLBCL, the role of gal-3 in apoptosis resistance in
DLBCL cells has not been directly examined. In addition, if
gal-3 does contribute to apoptosis resistance in DLBCL, where
gal-3 acts—intracellularly or extracellularly—is also unknown.

CD45 is the major receptor tyrosine phosphatase in B cells. In
normal B cells, the CD45 phosphatase regulates B-cell receptor
signaling.22 CD45 is highly glycosylated, bearing both N- and
O-glycans on its extracellular domain, and CD45 is a known
counterreceptor for gal-3 on T cells.23,24 On T cells, gal-3 binding
to CD45 modulates T-cell receptor signaling and T-cell survival.
Binding of galectin-1, another galectin family member, to CD45 on
T cells has also been shown to regulate phosphatase activity.20

We have found that gal-3 localizes to the cell surface of
DLBCL cells, where it bound CD45 to promote apoptosis resis-
tance. Gal-3 binding modulated CD45 phosphatase activity, and
this regulation was important for apoptosis resistance. Removal of
cell-surface gal-3 with GCS-100, a modified citrus pectin polysac-
charide inhibitor of gal-3 that has been shown to potentiate
apoptosis of other types of neoplastic cells,12,13,18,25 was sufficient
to render DLBCL cells susceptible to cell death induced by
different agents. This identifies a novel role for CD45 in DLBCL
survival, and gal-3 as a potential therapeutic target.
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Methods

Cells and reagents

Cells were maintained in RPMI 1640 with 10mM GluxaMAX, 1% MEM
nonessential amino acids (Invitrogen), and 10% fetal bovine serum
(Thermo Fisher Scientific).

The following reagents were used: anti–mouse gal-3 monoclonal
antibody (mAb) M3/38, rat IgG2a,k isotype control, fluorescein isothiocya-
nate (FITC)–goat anti-rat IgG (BioLegend); anti–human CD45 mAB
2B11 � PD7/26, mouse IgG1 isotype control, FITC-goat anti–mouse IgG
(DAKO); rabbit anti-Erk mAb, rabbit anti-phosphoErk1/2 (Tyr204; Cell
Signaling Technology); mouse anti–human Lyn mAb H-6 (Santa Cruz
Biotechnology); rabbit anti–human phosphoLyn (pY507) mAb (Epitom-
ics), horseradish peroxidase (HRP)–goat anti–rabbit IgG, HRP-goat anti–
mouse IgG (Bio-Rad); HRP-anti–rat IgG, HRP-streptavidin, FITC-
streptavidin, anti–human IgM (Jackson ImmunoResearch Laboratories);
potassium bisperoxo(1,10-phenanthroline)oxovanadate(V) (bp(V)phen),
1-Deoxymannojirimycin (DMNJ; Calbiochem), dexamethasone and etopo-
side (Sigma-Aldrich); FITC–annexin V (Invitrogen); propidium iodide (PI;
BD Biosciences); Bis(sulfosuccinimidyl) suberate (BS3), 3-3�-
dithiobis(sulfosuccinimidylpropionate) (DTSSP; Thermo Fisher Scientific);
ImmunoPure Immobilized Protein G (Pierce); agarose-bound streptavidin,
biotinylated peanut agglutinin (PNA-biotin), biotinylated Phaseolus vul-
garis leukoagglutinin (PHA-L-biotin), biotinylated bovine serum albumin
(BSA-biotin; Vector Laboratories); Enhanced Chemiluminescence (ECL)
Detection Kit (Amersham). GCS-100 was supplied by Prospect Therapeu-
tics; recombinant gal-3 and gal-3C were made as described.23

Immunohistochemistry

Two hundred fifty-nine cases of de novo DLBCL were obtained, sectioned,
and stained with anti-gal-3 (BioLegend) as described.6,26 Slides were
digitized on a ScanScope AT (Aperio Technologies) at a magnification of
20�. Images were viewed with the ImageScope viewer (Aperio Technolo-
gies) to generate detailed fields of view. Cases were scored for gal-3
expression based on staining intensity and distribution by 2 independent
pathologists, who reached � 98% consensus. The study protocol for use of
human tissue was approved by the University of California at Los Angeles
Institutional Review Board. This study was conducted in accordance with
the Declaration of Helsinki.

Cell-surface phenotyping

For gal-3 surface staining, 1 � 106 cells were transferred from flasks to
FACS tubes without resuspension and fixed in 10 mg/mL DTSSP in PBS
for 10 minutes, followed by 10�M Tris, pH 7.5 for 15 minutes at room
temperature (RT) to cross-link soluble cell-surface gal-3 to glycoprotein
receptors. Samples were washed twice in cold PBS and blocked in
1% BSA/PBS overnight. Cells were incubated with 2 �g of anti–gal-3 mAb
or isotype control for 1 hour, followed by 0.4 �g of anti–rat FITC for
1 hour. CD45 staining and lectin phenotyping were performed as de-
scribed,20 and on a FACScan flow cytometer (BD Biosciences).

Immunoprecipitation and Western blot

Cells were washed in PBS and lysed in NP40 lysis buffer with protease and
phosphatase inhibitor cocktails (Sigma-Aldrich) as described.20 Protein
concentration was determined by Bradford assay (Bio-Rad). For immuno-
precipitation, lysates were diluted to 5 �g/�L with lysis buffer. Lysate
(500 �g) was incubated with 30 �L of protein G beads and 2 �g of
anti–gal-3 mAb or anti-CD45 mAb overnight at 4°C. Beads were washed
with lysis buffer and denatured in NuPAGE sample buffer and reducing
agent (Invitrogen). Where indicated, cells were fixed before lysis with
BS3 for 30 minutes at RT.

RT-PCR

Total RNA was extracted using the RNAeasy Mini kit (QIAGEN). Reverse
transcriptase–polymerase chain reaction (RT-PCR) was performed on

2 �g of RNA using the Super Script One-Step RT-PCR Kit (Invitrogen).
PCR was performed to amplify CD45 isoforms,27 C2GnT-1,28 and GAPDH,28

as described.

Death assays

Cells (2 � 105) were resuspended in medium and incubated at 37°C for
30 minutes. Cells were treated with 75 �g/mL GCS-100 for 1 hour before
10�M dexamethasone, 5 �g/mL rituximab, or 1�M etoposide for 24 hours.
Cells were analyzed for annexin V binding and PI uptake as described.26

Viability was determined as % (annexin V� � PI� cells)/total live cells;
cell death was determined as (100 � viability). Cells (2 � 105) were treated
as above with GCS-100 and dex or rituximab before caspase-8 analysis
with the Vybrant FAM Caspase-8 Assay Kit (Invitrogen) according to the
manufacturer’s protocol.

Inhibition of glycosylation

To inhibit production of complex N-glycans, 1 � 107 cells were treated
with 2mM DMNJ for 72 hours. To inhibit production of core 2 O-glycans,
7.5 � 106 cells were transfected with 2�M C2GnT-1 siRNA or control
siRNA (Santa Cruz Biotechnology) using Amaxa Nucleofector II with the
human B-cell kit and program O-017 according to the manufacturer’s
instructions.

Phosphatase assay

Phosphatase assays were performed as described20 with the following
modifications: 5 � 106 cells were resuspended in 250 �L of medium with
5�M gal-3, 5�M gal-3C, or 75 �g/mL GCS-100, as indicated.

Results

DLBCL cell expression and cell-surface localization of gal-3

Previous studies using small cohorts (n 	 10-30) have suggested
that gal-3 is expressed by the majority of primary DLBCL.4,6-9 In
the current study, we examined a large cohort of 259 primary
DLBCL for gal-3 protein expression. A tissue microarray was
stained with anti-gal-3, and bound antibody detected with HRP.
A low-power magnification of a portion of the tissue array is shown
in Figure 1A. Tumors were scored for gal-3 protein expression, as
described in “Methods”; representative gal-3� and gal-3� DLBCL
are shown in Figure 1B and C, respectively. We found that
173 (67%) of 259 of the DLBCL samples were positive for
gal-3, similar to our previous study in which 21 (66%) of
32 expressed gal-3.6

To explore the function of gal-3 in DLBCL cells, we profiled
cell lines derived from DLBCL patients for gal-3 expression
(supplemental Table 1, available on the Blood Web site; see the
Supplemental Materials link at the top of the online article).
Approximately two-thirds of the cell lines examined expressed
gal-3, similar to what we observed for primary tumors.6 We focused
on 2 DLBCL lines: SUDHL-6 that expresses gal-3 and SUDHL-9
that does not (Figure 1D).

Gal-3 can localize to several subcellular locations, including the
nucleus, mitochondria, and inner face of the plasma membrane, as
well as to the cell surface.10 Gal-3 lacks a transmembrane domain,
and secreted gal-3 remains cell-surface–associated by binding to
cell-surface glycoproteins via the CRD. To determine whether
gal-3 was present on the surface of SUDHL-6 cells, cells were fixed
and analyzed by flow cytometry. We detected abundant gal-3 on
SUDHL-6 cells (Figure 1E), while, as expected, no gal-3 was
detected on SUDHL-9 cells.
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GCS-100 removes cell-surface gal-3 from DLBCL cells

Gal-3 at different subcellular locations has been proposed to have
different functions. While our previous work indicated that gal-3 in

DLBCL cells had antiapoptotic activity,6 that study did not identify
the subcellular site at which gal-3 was acting. Although several
groups have suggested that intracellular gal-3 interacting with
Bcl-2 at mitochondria has antiapoptotic activity,14 the role of
cell-surface gal-3 in tumor cell survival has not been examined.
Thus, we used a gal-3–specific glycan inhibitor, GCS-100, to
remove cell-surface gal-3 from SUDHL-6 cells. In prior studies
using GCS-100 as a gal-3 antagonist, GCS-100 at high concentra-
tions (� 100 �g/mL) was cytotoxic for multiple myeloma cells.12,13

However, we found that at concentrations 
 75 �g/mL, GCS-100
did not affect viability of SUDHL-6 cells (Figure 2A). Thus, to

Figure 2. GCS-100 removes cell-surface gal-3 from DLBCL cells. (A) Cytotoxicity
of GCS-100. Viability of SUDHL-6 cells treated with GCS-100 for 24 hours over the
indicated dose range was determined. At � 75 �g/mL, GCS-100 showed no toxicity,
while cell death to GCS-100 alone was observed at � 75 �g/mL. Values are means
� SD of triplicates from 1 of 3 independent experiments. (B) GCS-100 removes
cell-surface gal-3. SUDHL-6 cells were treated with 75 �g/mL GCS-100 (thin line) or
buffer control (thick line) for 24 hours and cell-surface gal-3 measured by flow
cytometry. (C) Cell-surface gal-3 is repopulated by 1 hour after removal of GCS-100.
SUDHL-6 cells were treated with 75 �g/mL GCS-100 for 24 hours. GCS-100 was
washed out with PBS, and cells were treated with either 75 �g/mL GCS-100 or
control for 1 hour at 37°C. Cells were fixed and cell-surface gal-3 was evaluated by
flow cytometry. Cells that remained in GCS-100 (thin line) had less cell-surface gal-3
compared with cells that were washed out of GCS-100 (thick line). (D) Total gal-3 was
examined by immunoblot after treatment of SUDHL-6 cells with 75 �g/mL GCS-100
or buffer alone. GCS-100 treatment did not appreciably alter the total amount of gal-3
in SUDHL-6 cells.

Figure 1. DLBCL cells express and secrete gal-3. (A-C) Tissue array of 259 primary
DLBCL tissue sections was analyzed for gal-3 expression by immunohistochemistry.
(A) Low-power magnification of a portion of the tissue array stained for gal-3.
(B) DLBCL tissues that showed cytoplasmic staining of tumor cells were scored as
gal-3�. (C) Samples in which stromal cells expressed gal-3 but no gal-3 expression
was detected in tumor cells were scored as gal-3�. SUDHL-6 and SUDHL-9 cell lines
derived from patients with DLBCL were analyzed for total gal-3 expression by
immunoblot (D) and gal-3 cell-surface expression by flow cytometry (E). For panel E,
cells were fixed before staining to retain cell-surface gal-3.

Galectin-3 AND CD45 REGULATE DLBCL SURVIVAL 4637BLOOD, 29 NOVEMBER 2012 � VOLUME 120, NUMBER 23

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/120/23/4635/1360583/zh804912004635.pdf by guest on 16 M

ay 2024



remove cell-surface gal-3, we treated SUDHL-6 cells with 75 �g/mL
GCS-100 for 24 hours, fixed the cells, and measured cell-surface
gal-3 by flow cytometry. GCS-100 typically removed � 75% of
cell-surface gal-3 from SUDHL-6 cells (Figure 2B). The effect of
GCS-100 was reversible. When SUDHL-6 cells treated with
GCS-100 were washed, we observed increased cell-surface gal-3
beginning by 1 hour compared with cells that remained in GCS-
100 (Figure 2C), indicating repopulation of cell-surface gal-3 in the
absence of continuous exposure to GCS-100. Importantly, we and
others determined that GCS-100 did not affect galectin-1 binding to
SUDHL-6 cells (data not shown),18 indicating that GCS-100 was
specific for gal-3.

The effect of GCS-100 appeared to be limited to cell-surface
gal-3. When SUDHL-6 cells treated with GCS-100 were analyzed
by immunoblot to detect total gal-3 (Figure 2D), there was no
appreciable difference in total gal-3 in cells treated with GCS-100
compared with control cells, indicating that GCS-100 specifically
removed cell-surface gal-3 without significantly affecting the
cytoplasmic gal-3 pool. This also implies that cell-surface gal-3 is a
relatively small fraction of the total gal-3 in SUDHL-6 cells, as
there was no appreciable difference in total gal-3 detected by
immunoblot compared with the decreased cell-surface gal-3 de-
tected by flow cytometry.

Removal of cell-surface gal-3 sensitizes DLBCL cells to
apoptosis

Gal-3 has been reported to have antiapoptotic activity in several
types of tumor cells, including DLBCL cells6-8; however, removal
of cell-surface gal-3 alone with 75 �g/mL GCS-100 did not
decrease cell viability (Figure 2A). Thus, we asked whether
removal of cell-surface gal-3 would sensitize DLBCL cells to
apoptosis induced by other agents. Both SUDHL-6 and SUDHL-9
are relatively resistant to dexamethasone (dex), and dex treatment
alone had minimal effect on cell viability (Figure 3A). However,
removal of cell-surface gal-3 from gal-3� SUDHL-6 cells with
GCS-100 before exposure to dex resulted in an � 2-fold increase in
apoptosis compared with treatment with dex alone. In contrast,
GCS-100 treatment of the gal-3� SUDHL-9 cells did not sensitize
the cells to dex. We treated additional gal-3� and gal-3� DLBCL
cell lines with and without GCS-100 in combination with dex and
observed similar results (supplemental Figure 1). Importantly, the
effect of GCS-100 required cell-surface gal-3, as the BCBL1
DLBCL cell line that expressed intracellular but not cell-surface
gal-3 was not sensitized to dex by treatment with GCS-100
(supplemental Figure 1).

These results indicated that cell-surface gal-3 confers resistance
to dex, so we asked whether removing cell-surface gal-3 would
sensitize SUDHL-6 cells to other apoptosis-inducing agents.
SUDHL-6 cells were treated with GCS-100 in combination with
dex, etoposide, or rituximab. Removal of cell-surface gal-3 with
GCS-100 sensitized the cells to all 3 agents in a dose-dependent
manner (Figure 3B-D). Thus, removal of cell-surface gal-3 is
sufficient to sensitize gal-3� DLBCL cells to different apoptotic
stimuli.

To confirm that intracellular apoptotic pathways were being
triggered, we examined activation of caspase-8, which has been
shown to be activated in dex-, rituximab-, and etoposide-induced
apoptosis.13,29-31 GCS-100 treatment alone did not activate caspase-8
(Figure 3E-F). However, GCS-100 in combination with dex
(Figure 3E) or rituximab (Figure 3F) significantly increased
caspase-8 activation compared with dex or rituximab alone. Thus,

removal of cell-surface gal-3 sensitized these cells to apoptosis
induced by different agents.

CD45 is the primary glycoprotein receptor for cell-surface gal-3
on DLBCL cells

Secreted gal-3 binds to specific glycan-bearing receptors on the
plasma membrane.23 To identify glycoprotein counterreceptors that
could bind cell-surface gal-3, we used a coimmunoprecipitation
approach that we previously used to identify galectin-1 receptors
on dendritic cells.32 Cell-surface proteins on SUDHL-6 and
SUDHL-9 cells were biotinylated, endogenous gal-3 was immuno-
precipitated from cell extracts, and gal-3–associated cell-surface
proteins were detected with streptavidin-HRP (Figure 4A). As
expected, no biotinylated proteins were detected in the precipi-
tates from gal-3� SUDHL-9 cells. In contrast, we detected 1
predominant biotinylated cell-surface glycoprotein associated with
gal-3 in SUDHL-6 cells, with a molecular weight of � 250 kDa
(Figure 4A).

Given the size and heterogeneity of the precipitated gal-3–
binding glycoprotein, we considered CD45 a likely candidate, as
CD45 is a receptor for gal-3 on T cells.23,24 Immunoblotting of
precipitated material confirmed that the binding partner for gal-3
on DLBCL cells was CD45 (Figure 4B). Importantly, while CD45
is a heterogeneous population of glycoproteins because of differen-
tial isoform expression and differential glycosylation, we observed
that only a high-molecular-weight subset of CD45 immunoprecipi-
tated with gal-3 (Figure 4B). These results suggested that gal-3
selectively binds to a subset of CD45 on these cells.

We confirmed that gal-3 bound CD45 in a glycan-dependent
manner and that gal-3 was removed from CD45 by GCS-100.
SUDHL-6 cells were treated with or without GCS-100 and endog-
enous gal-3 was immunoprecipitated from cell extracts. Treatment
with GCS-100 dramatically decreased the amount of CD45 copre-
cipitated with gal-3 (Figure 4C). Thus, gal-3 binds to glycans on a
subset of CD45 molecules, and can be removed from CD45 with
GCS-100.

Specific O-glycans on CD45 bind gal-3 to regulate
susceptibility to apoptosis

As described in the previous section, CD45 is heterogeneous
(Figures 4B, 5A), and gal-3 binds to a subset of high-molecular-
weight CD45 on DLBCL cells (Figure 4B). Heterogeneity could
result from different expression of CD45 isoforms, as well as from
differential glycosylation. SUDHL-6 and SUDHL-9 cells express
virtually identical amounts of total cell-surface CD45, as detected
by flow cytometry using an antibody cocktail that recognizes all
CD45 isoforms (Figure 5B). We examined differential CD45
isoform expression between the 2 cell lines by RT-PCR, and found
that both SUDHL-6 and SUDHL-9 express similar CD45 splice
variants (supplemental Figure 2A). Because SUDHL-6 and
SUDHL-9 express similar amounts of CD45 and similar isoforms
of CD45, we reasoned that the differences in CD45 mobility
between SUDHL-6 and SUDHL-9 cells, as well as the preferential
binding of gal-3 to a high-molecular-weight subset of CD45 on
SUDHL-6 cells, could be because of differential glycosylation. In
fact, while exogenous gal-3 added to SUDHL-9 cells bound to the
cell surface as determined by flow cytometry (supplemental Figure
3A), exogenous gal-3 did not bind to CD45 on these cells
(supplemental Figure 3B), further implying that gal-3 binds to a
specifically glycosylated subset of CD45 expressed by SUDHL-6
cells, but not by SUDHL-9 cells.
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All isoforms of CD45 can be decorated by complex N-glycans
and core 2 O-glycans.16 Complex N-glycans and core 2 O-glycans
both contain N-acetyl-lactosamine sequences, the preferred glycan
ligands recognized by gal-3.10 Complex N-glycans have been
identified as critical for gal-3 binding to some glycoprotein
receptors on T cells.19 We analyzed SUDHL-6 and SUDHL-9 cells
for complex N-glycan expression by flow cytometry with the plant
lectin PHA-L and the 2 cell lines demonstrated comparable binding
of PHA-L (supplemental Figure 2B). To determine whether com-
plex N-glycans were required for gal-3 binding to SUDHL-6 cells,
we treated the cells with the mannosidase I inhibitor DMNJ to
block processing of complex N-glycans, and confirmed the effec-
tiveness of DMNJ treatment by reduction in PHA-L binding
(supplemental Figure 2C). However, DMNJ treatment did not

reduce the amount of gal-3 on the cell surface (supplemental Figure
2C), nor did DMNJ treatment reduce the amount of CD45 that
coprecipitated with gal-3 (data not shown).

As complex N-glycans were not essential for gal-3 binding to
CD45 on these cells, we asked whether core 2 O-glycans were
important for gal-3 binding to CD45. Core 2 O-glycans result from
the addition of branching GlcNAc residues to asialo-core
1 O-glycans by the enzyme C2GnT-1; the core 2 branch can then be
elongated into polylactosamine sequences, the preferred ligand of
gal-3.10,16 SUDHL-6, but not SUDHL-9, cells had abundant
asialo-core 1 O-glycans, as detected by flow cytometry with the
plant lectin PNA (Figure 5C). In addition, SUDHL-6 cells ex-
pressed C2GnT-1, while SUDHL-9 cells did not (Figure 5D). We
also determined that the heterogeneity of CD45 on SUDHL-6 cells

Figure 3. Removal of cell-surface gal-3 with GCS-100
sensitizes DLBCL cells to cell death. (A) To remove
cell-surface gal-3, SUDHL-6 and SUDHL-9 cells were
treated with 75 �g/mL GCS-100 or buffer alone for 1 hour
before addition of dexamethasone (dex) and analyzed for
annexin V staining 24 hours later. SUDHL-6 cells were
relatively resistant to dex alone (left panel, thin line)
compared with control treatment (left panel, gray); how-
ever, treatment with GCS-100 before dex increased the
fraction of annexin V–positive cells (left panel, thick line).
SUDHL-9 cells were resistant to dex alone (right panel,
thin line) compared with control treatment (right panel,
gray) and no increase in annexin V binding was observed
after treatment with GCS-100 plus dex (right panel, thick
line). (B-D) SUDHL-6 cells were treated with increasing
doses of GCS-100 for 1 hour before treatment with
(B) 10�M dex, (C) 5 �g/mL rituximab, or (D) 1�M
etoposide for 24 hours. Cells were analyzed for annexin
V binding and PI uptake. Viability was determined as
described in “Methods”; **P 
 .001, ***P 
 .0001.
(E-F) Removal of cell-surface gal-3 with GCS-100 permit-
ted caspase-8 activation. Caspase-8 activation was deter-
mined in SUDHL-6 cells treated with GCS-100 or buffer
control and (E) dex or (F) rituximab; **P 
 .001. In panels
B through F, values are mean � SD of triplicate samples
from 1 representative of 3 independent replicate experi-
ments.
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as shown in Figure 5A was because of glycosylation. When
SUDHL-6 cells were treated with DMNJ and C2GnT-1 siRNA
individually or simultaneously, we observed decreased CD45

heterogeneity by immunoblot (supplemental Figure 2D), substanti-
ating that CD45 heterogeneity on SUDHL-6 was because of
glycosylation by both complex N-glycans and core 2 O-glycans.

Figure 4. Cell-surface gal-3 binds to CD45 on
DLBCL cells. (A) To identify glycoprotein receptors for
gal-3, endogenous gal-3 was immunoprecipitated from
SUDHL-6 (S-6) and SUDHL-9 (S-9) cells that were
biotinylated to label cell-surface glycoproteins. Precipi-
tates were separated by SDS-PAGE and blotted to
nitrocellulose and biotinylated gal-3–binding proteins de-
tected with streptavidin-HRP. As expected, no gal-3–
associated proteins were precipitated from SUDHL-9 cells. In
SUDHL-6 cells, a single major gal-3–binding protein was
detected at � 250 kDa. (B) Immunoblotting with anti-CD45 of
material immunoprecipitated in panel A confirmed that
gal-3 precipitated CD45 from SUDHL-6 cells. (C) GCS-
100 reduced the amount of CD45 associated with gal-3.
SUDHL-6 cells were treated with GCS-100 or buffer
control for 1 hour, endogenous gal-3 immunoprecipi-
tated, and the amount of associated CD45 determined by
immunoblot. WCL indicates whole-cell lysate; and IP,
immunoprecipitate.

Figure 5. Core 2 O-glycans on differentially glycosy-
lated CD45 contribute to gal-3 binding. (A) SUDHL-6
(S-6) and SUDLH-9 (S-9) cells express different popula-
tions of CD45. Cell lysates were separated on a 3%-8%
Tris-acetate SDS-PAGE gel to resolve high-molecular-
weight isoforms of CD45, detected by immunoblot.
(B) SUDHL-6 and SUDHL-9 cells express equivalent
amounts of total CD45 on the cell surface. Cells were
analyzed by flow cytometry using the 2B11 � PD7/26
mAbs that recognizes all 5 CD45 isoforms. (C) The
abundance of asialo-core 1 O-glycans on the surface of
SUDHL-6 and SUDHL-9 cells was determined by binding
of biotinylated PNA, detected with avidin-FITC. (D) SUDHL-6
but not SUDHL-9 cells express mRNA encoding the
enzyme C2GnT-1, that initiates addition of lactosamine
chains to asialo-core 1 O-glycans. C2GnT-1 mRNA
detected by RT-PCR. (E) siRNA targeting (�) reduced
C2GnT-1 mRNA in SUDHL-6 cells. Nontargeted siRNA
(�) was used as a control. Knockdown efficiency was
determined 24 hours posttransfection by RT-PCR.
(F) Reduction of C2GnT-1 expression by siRNA reduced
cell-surface gal-3 association with CD45. Biotin-gal-3 or
biotin-BSA was added to SUDHL-6 cells treated with
siRNA for C2GnT-1 (�) or control (�). Biotinylated gal-3
and associated binding partners were precipitated from
lysates with streptavidin-agarose (SA). While gal-3 precipi-
tated CD45 from control cells, there was a significant
reduction in CD45 association with gal-3 in cells with
reduced C2GnT-1.
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To determine whether core 2 O-glycans were necessary for
gal-3 binding to SUDHL-6 cells, we reduced expression of
C2GnT-1 using siRNA. The efficiency of the siRNA treatment was
confirmed by RT-PCR (Figure 5E). Exogenous biotinylated gal-3
was added to SUDHL-6 cells with reduced C2GnT-1 expression,
the bound exogenous gal-3 was precipitated from cell lysates with
streptavidin-agarose, and CD45 in the precipitates was detected by
immunoblotting. As shown in Figure 5F, reduction of C2GnT-1
expression decreased the amount of gal-3 bound to CD45. Thus,
core 2 O-glycans, not complex N-glycans, are required for gal-3
binding to CD45 on DLBCL cells.

Gal-3 binding to CD45 modulates phosphatase activity

CD45 is the most abundant tyrosine phosphatase in B cells. For
T cells, there is abundant evidence that intracellular CD45 phospha-
tase activity is regulated by the degree of CD45 clustering on the
cell surface; CD45 phosphatase activity is reduced when CD45 is
clustered.33 Another galectin family member, galectin-1, binds to
CD45 on T cells and reduces phosphatase activity by clustering
CD45, which is involved in galectin-1–mediated apoptosis.20,34,35

To evaluate whether gal-3 binding to CD45 on DLBCL cells affects
intracellular phosphatase activity, exogenous gal-3 was added to
SUDHL-6 and SUDHL-9 cells and tyrosine phosphatase activity in
cell extracts was measured. Exogenous gal-3 significantly reduced
phosphatase activity in SUDHL-6 cells, whereas phosphatase
activity in SUDHL-9 cells, which was inherently lower than that of
SUDHL-6 cells, was unaffected by exogenous gal-3 (Figure 6A).
The inhibitory effect of gal-3 on SUDHL-6 cells was abrogated by
the competitive inhibitor lactose, but not by sucrose, confirming
that the reduction in CD45 phosphatase activity resulted from gal-3
binding to glycans on CD45 (Figure 6B). Galectin-1 bound to
CD45 on SUDHL-6 cells, but did not affect phosphatase activity
(data not shown), demonstrating the specificity of the gal-3 effect
on these cells.

Gal-3, like other galectins, can form multimers such as dimer or
pentamers that enhance binding avidity.17,36,37 Galectin-mediated
multimerization of glycoprotein ligands is required for most effects
of cell-surface galectins. To determine whether the reduction in
phosphatase activity after addition of gal-3 to SUDHL-6 cells
required gal-3 multimerization, we used gal-3C, a construct
containing only the C-terminal CRD and lacking the N-terminal
domain required for multimerization. We treated SUDHL-6 cells
with gal-3C and measured phosphatase activity. Unlike intact gal-3
that reduced phosphatase activity, binding of gal-3C did not reduce
phosphatase activity (Figure 6C). This indicates that gal-3 binding
to CD45 and reduction of phosphatase activity involves clustering
of CD45 by multimeric gal-3.

We directly assessed whether gal-3 binding to CD45 facilitates
clustering. Cell-surface proteins on SUDHL-6 cells treated with or
without GCS-100 were cross-linked with the nonreducible cross-
linking agent BS.3 As shown in Figure 7A, BS3 cross-linked CD45
from whole-cell lysates of control cells migrated as a high-
molecular-weight smear, while BS3 cross-linked CD45 from ly-
sates of cells pretreated with GCS-100 lacked the highest molecular-
weight bands seen in the control cells. Similarly, immunoprecipitated
cross-linked CD45 from control SUDHL-6 cells contained high-
molecular-weight bands that were not detectable in cross-linked
CD45 immunoprecipitated from GCS-100–treated cells.

If removing cell-surface gal-3 from CD45 reduced CD45
clustering, and CD45 clustering is known to decrease CD45
phosphatase activity,33 we asked whether removal of cell-surface
gal-3 would increase CD45 phosphatase activity. Treatment of

SUDHL-6 cells with GCS-100 resulted in a significant increase in
tyrosine phosphatase activity, while treatment of SUDHL-9 cells
with GCS-100 did not affect phosphatase activity (Figure 7B).
These results demonstrate that endogenous cell-surface gal-3
binding to CD45 promotes CD45 multimerization and reduces
tyrosine phosphatase activity.

We confirmed that the GCS-100–mediated increase in tyrosine
phosphatase activity affected signaling pathways downstream of
CD45. We examined the B-cell receptor (BCR) signaling, a
pathway that involves CD45 phosphatase activity.22,38 SUDHL-6
cells were treated with GCS-100, BCR signaling was stimulated by
cross-linking with anti-IgM, and Erk activation was analyzed by
immunoblot. Removal of cell-surface gal-3 from DLBCL cells
before BCR cross-linking with anti-IgM resulted in more robust
activation of Erk, as determined by increased Erk phosphorylation,
compared with control cells treated with anti-IgM alone (Figure
7C). We also examined Lyn, a substrate of CD45 phosphatase in
B cells22; GCS-100 treatment of SUDHL-6 cells resulted in
decreased phosphorylation of Lyn at inhibitory residue Y507,

Figure 6. Exogenous gal-3 binding to CD45 reduces tyrosine phosphatase
activity. (A) SUDHL-6 and SUDHL-9 cells were treated with 5�M gal-3 and
intracellular tyrosine phosphatase activity determined spectrophotometrically. Exog-
enous gal-3 significantly decreased phosphatase activity in SUDHL-6 cells, but had
no effect on phosphatase activity in SUDHL-9 cells (***P 
 .0001). (B) Gal-3
reduction of CD45 phosphatase activity is glycan dependent. Gal-3 was preincubated
with 100mM lactose or sucrose or with buffer control for 15 minutes at 37°C before
treatment of SUDHL-6 cells. Although treatment with gal-3 alone or gal-3 plus
sucrose significantly reduced phosphatase activity (***P 
 .0001), no reduction in
phosphatase activity was seen in cells treated with gal-3 plus lactose to block gal-3
binding. (C) Multimerization of gal-3 is required to reduce phosphatase activity.
Gal-3C is the C-terminal domain of gal-3 that lacks the N-terminal peptide required for
multimerization. SUDHL-6 cells were treated with gal-3 or gal-3C and assayed for
phosphatase activity. Although gal-3 significantly reduced phosphatase activity
(***P 
 .0001), gal-3C did not affect phosphatase activity. Values are mean � SD for
triplicates from 1 representative of 3 independent replicate experiments.
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compared with Lyn from control-treated cells, also consistent with
increased CD45 phosphatase activity (supplemental Figure 4).

To determine whether the increase in CD45 phosphatase
activity resulting from removal of cell-surface gal-3 was important
for GCS-100–mediated sensitization of gal-3� DLBCL cells to
apoptosis-inducing agents (Figure 3), SUDHL-6 cells were treated
with the tyrosine phosphatase inhibitor bp(V)phen20 before treat-
ment with GCS-100 and dex or rituximab. Addition of bp(V)phen
alone decreased tyrosine phosphatase activity in SUDHL-6 cells
without decreasing cell viability (data not shown). While GCS-100
treatment sensitized the cells to dex and rituximab, as seen in
Figure 3, addition of bp(V)phen abrogated this effect of GCS-100,
and restored resistance to both dex and rituximab (Figure 7D-E).
Thus, GCS-100–mediated removal of cell-surface gal-3 from
CD45-enhanced CD45 phosphatase activity, and this enhanced
phosphatase activity was essential for GCS-100–mediated sensiti-
zation of the cells to cell death. Taken together, these data identify
novel roles for cell-surface gal-3 and CD45 in promoting apoptosis
resistance of DLBCL cells.

Discussion

The resistance of lymphoma cells to apoptosis induced by chemo-
therapeutic agents is a major obstacle in the treatment of DL-
BCL.3,4 We propose that expression and cell-surface localization of
gal-3, and interaction of cell-surface gal-3 with CD45 to regulate
CD45 phosphatase activity, is a novel mechanism of apoptosis
resistance in DLBCL. In the present study, when the interaction of
gal-3 and CD45 on DLBCL cells was disrupted by removing
cell-surface gal-3 with GCS-100, cells were sensitized to apoptosis
induced by a variety of agents (Figure 3). Furthermore, signaling
from CD45 phosphatase, which was activated by removing gal-3
from CD45 (Figure 7B), was required for this sensitization to
apoptosis (Figure 7D and E). These findings indicate that cell-
surface gal-3 may act as an upstream “apoptotic block” in DLBCL,
the majority of which express gal-3,4,6-9 and that disrupting the
gal-3/CD45 interaction may enhance sensitivity of these cells to a
range of chemotherapeutic agents. Moreover, this work identifies a
novel role for CD45 in DLBCL survival.

Figure 7. Removal of endogenous gal-3 from CD45
increases phosphatase activity to potentiate DLBCL
cell death. (A) Removal of cell-surface gal-3 alters CD45
clustering. SUDHL-6 cells were treated with 75 �g/mL
GCS-100 or buffer control for 1 hour and cell-surface
glycoproteins were immediately cross-linked with the
nonreducible cross-linker BS3. CD45 was immunoprecipi-
tated from cell lysates and resolved by 3%-8% Tris-
acetate SDS-PAGE. In control-treated cells, high-
molecular-weight clusters of CD45 are present
(arrowheads), which are diminished when cells are treated
with GCS-100. (B) Removal of cell-surface gal-3 in-
creases phosphatase activity. SUDHL-6 and SUDHL-9
cells were treated with 75 �g/mL GCS-100 and phospha-
tase activity measured (***P 
 .0001, values are mean
� SD of triplicates from 1 representative of 6 indepen-
dent replicate experiments). (C) Removal of cell-surface
gal-3 alters downstream signaling regulated by via CD45
phosphatase. SUDHL-6 cells were treated with 75 �g/mL
GCS-100 or buffer control for 30 minutes before treat-
ment with 10 �g/mL anti-IgM for 1 minute. Lysates were
immunoblotted with anti-phospho-Erk and anti-Erk. The
levels of Erk and phospho-Erk were determined by
densitometry and the levels of phospho-Erk were normal-
ized to Erk expression. Increased Erk phosphorylation
after anti-IgM cross-linking was observed in GCS-100–
treated cells. (D-E) GCS-100 sensitization to cell death
requires phosphatase activity. SUDHL-6 cells were treated
with the phosphatase inhibitor 12.5nM bp(V)phen for
1 hour, followed by 75 �g/mL GCS-100 for 1 hour, and
(D) dex or (E) rituximab for 24 hours. Viability was
determined as described in “Methods.” **P 
 .001,
***P 
 .0001, values are mean � SD of triplicates from
1 representative of 3 independent replicate experiments
for each treatment.
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Importantly, this study directly examined the role of cell-surface
gal-3 in regulating DLBCL cell survival. Removal of only cell-
surface gal-3 by GCS-100 was sufficient to sensitize cells to
apoptosis (Figure 3), indicating that the subpopulation of gal-3 at
the cell surface could exert an antiapoptotic function. Previous
studies examining the antiapoptotic activity of gal-3 have concen-
trated on cytoplasmic gal-3 interacting with Bcl-2 at mitochondria,
while cell-surface gal-3 has been implicated in other functions,
such as regulating TCR signaling and promoting T-cell death or
promoting tumor cell adhesion and metastasis.13,19,23,39,40 However,
a recent study found that gal-3 acts at the cell surface to promote
survival of colon adenocarcinoma cells.41 While cytoplasmic gal-3
may also have a role in promoting survival of DLBCL cells, our
findings demonstrate a clear role for cell-surface gal-3 in DLBCL
cell resistance to apoptosis, and cell-surface gal-3 may be an
accessible and thus more tractable therapeutic target.

We propose that gal-3 binding to CD45 generates a cell-surface
galectin-glycoprotein lattice with subsequent reduction in phospha-
tase activity and downstream regulation of signaling pathways
involved in apoptosis (Figure 7). This is the first report of a role for
CD45 in the survival of DLBCL cells, and implies that CD45
phosphatase activity may also be a therapeutic target in DLBCL.
Gal-3 binding to CD45 creates high-molecular-weight clusters of
CD45 that are dispersed by removal of gal-3 with GCS-100 (Figure
7A), and gal-3 binding to CD45 regulates phosphatase activity
(Figures 6A, 7B). This is consistent with prior work showing that
CD45 multimerization, either by galectin-1 binding or by modulat-
ing CD45 glycosylation, down-regulates phosphatase activ-
ity,20,33,42 although this is the first report of gal-3 having this effect.
Remarkably, gal-3� SUDHL-9 cells had inherently lower phospha-
tase activity compared with gal-3� SUDHL-6 cells (Figure 6A).
Furthermore, phosphatase activity of SUDHL-6 cells could be
enhanced, leading to increased susceptibility to apoptosis, by
disrupting the gal-3/CD45 interaction with GCS-100, while phos-
phatase activity of SUDHL-9 cells could not be increased in this
manner. Together, this suggests that SUDHL-6 cells have “activat-
able” CD45, while SUDHL-9 cells have “non-activatable” CD45.

CD45 glycosylation is critical in regulating the interaction with
gal-3. Notably, inhibiting formation of core 2 O-glycans reduced
gal-3 binding to CD45 on DLBCL cells, while inhibiting formation
of complex N-glycans did not reduce gal-3 binding (Figure
5, supplemental Figure 2). These data indicate that gal-3 binds to
core 2 O-glycans on DLBCL cells to cluster CD45 and regulate
phosphatase activity. While previous studies have identified
N-glycans as critical for gal-3 binding to glycoproteins, including
CD45, on T cells,19,24 core 2 O-glycans may be the primary ligands
for gal-3 on DLBCL cells.

In analyzing DLBCL cell lines, we found that gal-3 was
expressed by cells that also expressed a heterogeneous, higher
molecular-weight population of CD45, indicating extensive glyco-
sylation and glycan heterogeneity; SUDHL-6 expressed both gal-3
and high-molecular-weight CD45, while SUDHL-9 did not express
gal-3 and had less CD45 heterogeneity (Figure 5). Importantly, we
also observed a similar trend regarding CD45 heterogeneity, gal-3
expression, and phosphatase activity in primary DLBCL tissue,
albeit with a small sample size (supplemental Figure 5). Does
CD45 glycosylation influence gal-3 expression or vice versa?
Recent studies provide compelling examples where the expression
or loss of a single lectin results in altered glycosylation and vice
versa,43-45 suggesting that this could be the case with gal-3 and
CD45 glycosylation in DLBCL cells.

Although antiapoptotic mechanisms have been identified for
subpopulations of DLBCL,46-48 there is no consistent mechanism of
apoptosis resistance in DLBCL. However, gal-3 is consistently
reported to be expressed by the majority of primary DLBCL,4,6-9

regardless of genetic subtype. As removal of cell-surface gal-3 with
GCS-100 sensitized cells to a variety of agents with distinct
apoptotic mechanisms (Figure 3), cell-surface gal-3 may act as a
general or upstream apoptotic block in DLBCL. Because GCS-100
removes cell-surface gal-3 (Figure 2),18 this indicates that GCS-100
could be a useful adjunct in therapies for DLBCL. Unlike other
gal-3 inhibitors that have been proposed as cancer therapeutics,11,49

for which the mechanism(s) and site(s) of action have not been
thoroughly studied, it is clear from the present work that GCS-100
acts at the cell surface to remove gal-3 from CD45, regulating
phosphatase activity to permit apoptotic signaling. In addition to
the current study demonstrating that GCS-100 sensitized
DLBCL cells to apoptosis, prior work has shown that GCS-100
promotes apoptosis of other types of hematopoietic tumor cells,
such as multiple myeloma, directly or in combination with
chemotherapeutic agents.12,13 In addition, GCS-100 activated tu-
mor infiltrating lymphocytes and promoted tumor rejection in a
mouse model.18 GCS-100 has already been in phase 1 clinical
trials, and demonstrated an acceptable human safety profile,
prompting initiation of subsequent trials in several types of
hematopoietic malignancies.13,50-52 Thus, GCS-100 may warrant
reexamination as a promising adjunct therapy in DLBCL. Collec-
tively, the data presented here identify the interaction of cell-
surface gal-3 with CD45, regulating CD45 phosphatase activity, as
a novel mechanism of apoptosis resistance in DLBCL.
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8. Andréasson U, Dictor M, Jerkeman M, et al. Iden-
tification of molecular targets associated with
transformed diffuse large B cell lymphoma using
highly purified tumor cells. Am J Hematol. 2009;
84(12):803-808.

9. D’Haene N, Maris C, Sandras F, et al. The differ-
ential expression of Galectin-1 and Galectin-3 in
normal lymphoid tissue and non-Hodgkin’s and
Hodgkin’s lymphomas. Int J Immunopathol Phar-
macol. 2005;18(3):431-443.

10. Dumic J, Dabelic S, Flögel M. Galectin-3: an
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18. Demotte N, Wieërs G, Van Der Smissen P, et al.
A galectin-3 ligand corrects the impaired function
of human CD4 and CD8 tumor-infiltrating lympho-

cytes and favors tumor rejection in mice. Cancer
Res. 2010;70(19):7476-7488.

19. Demetriou M, Granovsky M, Quaggin S, Dennis JW.
Negative regulation of T-cell activation and auto-
immunity by Mgat5 N-glycosylation. Nature.
2001;409(6821):733-739.

20. Earl LA, Bi S, Baum LG. N- and O-glycans modu-
late galectin-1 binding, CD45 signaling, and T cell
death. J Biol Chem. 2010;285(4):2232-2244.

21. Bi S, Hong PW, Lee B, Baum LG. Galectin-9
binding to cell surface protein disulfide isomerase
regulates the redox environment to enhance
T-cell migration and HIV entry. Proc Natl Acad Sci
U S A. 2011;108(26):10650-10655.

22. Shrivastava P, Katagiri T, Ogimoto M, Mizuno K,
Yakura H. Dynamic regulation of Src-family ki-
nases by CD45 in B cells. Blood. 2004;103(4):
1425-1432.

23. Stillman B, Hsu D, Pang M, et al. Galectin-3 and
galectin-1 bind distinct cell surface glycoprotein
receptors to induce T cell death. J Immunol.
2006;176(2):778-789.

24. Chen IJ, Chen HL, Demetriou M. Lateral com-
partmentalization of T cell receptor versus CD45
by galectin-N-glycan binding and microfilaments
coordinate basal and activation signaling. J Biol
Chem. 2007;282(48):35361-35372.

25. Wang Y, Nangia-Makker P, Balan V, Hogan V,
Raz A. Calpain activation through galectin-3 inhi-
bition sensitizes prostate cancer cells to cisplatin
treatment. Cell Death Dis. 2010;1(11):e101.

26. Cabrera PV, Amano M, Mitoma J, et al. Haploin-
sufficiency of C2GnT-I glycosyltransferase ren-
ders T lymphoma cells resistant to cell death.
Blood. 2006;108(7):2399-2406.

27. Fukuhara K, Okumura M, Shiono H, et al. A study
on CD45 isoform expression during T-cell devel-
opment and selection events in the human thy-
mus. Hum Immunol. 2002;63(5):394-404.

28. Lee SH, Yu SY, Nakayama J, et al. Core2
O-glycan structure is essential for the cell surface
expression of sucrase isomaltase and dipeptidyl
peptidase-IV during intestinal cell differentiation.
J Biol Chem. 2010;285(48):37683-37692.

29. Marchetti MC, Di Marco B, Cifone G, Migliorati G,
Riccardi C. Dexamethasone-induced apoptosis of
thymocytes: role of glucocorticoid receptor-
associated Src kinase and caspase-8 activation.
Blood. 2003;101(2):585-593.

30. Liu J, Uematsu H, Tsuchida N, Ikeda MA. Essen-
tial role of caspase-8 in p53/p73-dependent apo-
ptosis induced by etoposide in head and neck
carcinoma cells. Mol Cancer. 2011;10:95.

31. Stel AJ, Ten Cate B, Jacobs S, et al. Fas receptor
clustering and involvement of the death receptor
pathway in rituximab-mediated apoptosis with
concomitant sensitization of lymphoma B cells to
fas-induced apoptosis. J Immunol. 2007;178(4):
2287-2295.

32. Fulcher JA, Chang MH, Wang S, et al. Galectin-1
co-clusters CD43/CD45 on dendritic cells and
induces cell activation and migration through Syk
and protein kinase C signaling. J Biol Chem.
2009;284(39):26860-26870.

33. Xu Z, Weiss A. Negative regulation of CD45 by
differential homodimerization of the alternatively
spliced isoforms. Nat Immunol. 2002;3(8):764-771.

34. Amano M, Galvan M, He J, Baum LG. The
ST6Gal I sialyltransferase selectively modifies
N-glycans on CD45 to negatively regulate
galectin-1-induced CD45 clustering, phosphatase
modulation, and T cell death. J Biol Chem. 2003;
278(9):7469-7475.

35. Fouillit M, Joubert-Caron R, Poirier F, et al. Regu-
lation of CD45-induced signaling by galectin-1 in
Burkitt lymphoma B cells. Glycobiology. 2000;
10(4):413-419.

36. Yang RY, Hill PN, Hsu DK, Liu FT. Role of the

carboxyl-terminal lectin domain in self-association of
galectin-3. Biochemistry. 1998;37(12):4086-4092.

37. Lepur A, Salomonsson E, Nilsson UJ, Leffler H.
Ligand induced galectin-3 protein self-
association. J Biol Chem. 2012;287(26):21751-
21756.

38. Zikherman J, Doan K, Parameswaran R,
Raschke W, Weiss A. Quantitative differences in
CD45 expression unmask functions for CD45 in
B-cell development, tolerance, and survival. Proc
Natl Acad Sci U S A. 2012;109(1):E3-E12.

39. Kobayashi T, Shimura T, Yajima T, et al. Transient
silencing of galectin-3 expression promotes both
in vitro and in vivo drug-induced apoptosis of hu-
man pancreatic carcinoma cells. Clin Exp Metas-
tasis. 2011;28(4):367-376.

40. Lin CI, Whang EE, Abramson MA, et al.
Galectin-3 regulates apoptosis and doxorubicin
chemoresistance in papillary thyroid cancer cells.
Biochem Biophys Res Commun. 2009;379(2):
626-631.

41. Mazurek N, Byrd JC, Sun Y, et al. Cell-surface
galectin-3 confers resistance to TRAIL by imped-
ing trafficking of death receptors in metastatic
colon adenocarcinoma cells. Cell Death Differ.
2012;19(3):523-533.

42. Cedeno-Laurent F, Opperman M, Barthel SR,
Kuchroo VK, Dimitroff CJ. Galectin-1 triggers an
immunoregulatory signature in Th cells function-
ally defined by IL-10 expression. J Immunol.
2012;188(7):3127-3137.

43. Amano M, Hashimoto R, Nishimura SI. Effects of
single genetic damage in carbohydrate-
recognizing proteins in mouse serum N-glycan
profile revealed by simple glycotyping analysis.
Chembiochem. 2012;13(3):451-464.

44. Ramasamy S, Duraisamy S, Barbashov S,
Kawano T, Kharbanda S, Kufe D. The MUC1 and
galectin-3 oncoproteins function in a microRNA-
dependent regulatory loop. Mol Cell. 2007;27(6):
992-1004.

45. Chen HD, Zhou X, Yu G, et al. Knockdown of
core 1 beta 1, 3-galactosyltransferase prolongs
skin allograft survival with induction of galectin-1
secretion and suppression of CD8(�) T cells: T
synthase knockdown effects on galectin-1 and
CD8(�) T cells. J Clin Immunol. 2012;32(4):820-
836.

46. Zhang HW, Chen ZW, Li SH, Bai W, Cheng NL,
Wang JF. Clinical significance and prognosis of
MYC translocation in diffuse large B-cell lym-
phoma. Hematol Oncol. 2011;29(4):185-189.

47. Iqbal J, Sanger WG, Horsman DE, et al. BCL2
translocation defines a unique tumor subset
within the germinal center B-cell-like diffuse large
B-cell lymphoma. Am J Pathol. 2004;165(1):159-
166.

48. Iqbal J, Greiner TC, Patel K, et al. Distinctive pat-
terns of BCL6 molecular alterations and their
functional consequences in different subgroups of
diffuse large B-cell lymphoma. Leukemia. 2007;
21(11):2332-2343.

49. Glinsky VV, Kiriakova G, Glinskii OV, et al. Syn-
thetic galectin-3 inhibitor increases metastatic
cancer cell sensitivity to taxol-induced apoptosis
in vitro and in vivo. Neoplasia. 2009;11(9):901-
909.

50. O’Brien S, Kay NE. Maintenance therapy for
B-chronic lymphocytic leukemia. Clin Adv Hema-
tol Oncol. 2011;9(1):22-31.

51. Cotter F, J G, Streetly M, et al. Clinical caspase
activation in CLL by GCS-100, a novel carbohy-
drate, in a phase 2 study. Ann Oncol (Meeting
Abstracts);2008:1990(Suppl 4):iv.

52. Cotter F, Smith DA, Boyd TE, et al. Single-agent
activity of GCS-100, a first-in-class galectin-3 an-
tagonist, in elderly patients with relapsed chronic
lymphocytic leukemia. J Clin Oncol (Meeting Ab-
stracts);2009:27(15 Suppl):7006.

4644 CLARK et al BLOOD, 29 NOVEMBER 2012 � VOLUME 120, NUMBER 23

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/120/23/4635/1360583/zh804912004635.pdf by guest on 16 M

ay 2024


