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ABSTRACT: Galectin-3 binding protein (Gal-3BP) is a large
hyperglycosylated protein that acts as a ligand for several galectins
through glycan-dependent interactions. Gal-3BP can induce
galectin-mediated tumor cell aggregation to increase the survival
of cancer cells in the bloodstream during the metastatic process.
However, the galectin interacting with Gal-3BP and its binding
specificity has not been identified and structurally elucidated,
mainly due to the limitation of mass spectrometry in glycan
sequencing. To understand the role of Gal-3BP, we here used
liquid chromatography−mass spectrometry combined with specific
exoglycosidase reactions to determine the sequences of N-glycans
on Gal-3BP from MCF-7 and MDA-MB-231 cells, especially the
sequences with terminal sialylation and fucosylation, and addition of LacNAc repeat structures. The N-glycans from both strains
are complex type with terminal α2,3-sialidic acid and core fucose linkages, with additional α1,2- and α1,3 fucose linkages found in
MCF-7 cells. Compared with that from MCF-7, the Gal-3BP from MDA-MB-231 cells had fewer tetra-antennary structures, only
α1,6-linked core fucoses, and more LacNAc repeat structures; the MDA-MB-231 cells had no surface galectin-3 but used surface
galectin-1 for interaction with Gal-3BP to form large oligomers and cell aggregates. This study elucidates the specificity of Gal-
3BP interacting with galectin-1 and the role of Gal-3BP in cancer cell aggregation and metastasis.

■ INTRODUCTION

Glycoconjugates on the cell surface play important roles in a
variety of biological functions. Various glycan structures are
present in different cell types and at different developmental
and differentiation stages and are modified in many
pathological states including cancers.1 Aberrant glycosylation
is frequently observed in various tumor cells, and some glycan
biomarkers have been utilized for detection of cancer (e.g.,
CA19-9 and CA-125) and development of vaccines.2 Glycan
changes in glycoproteins that correlate with tumor progression
include aberrant branching of N-linked glycans, terminal
sialylation and fucosylation, expression of sialylated Lewis
structures, truncation of O-linked glycans, and expression of the
poly-N-acetyllactosamine (poly-LacNAc) structure.3 Altered
oligosaccharides on glycoproteins can affect glycoprotein
folding and stability and interfere with carbohydrate−
carbohydrate, carbohydrate−protein, and glycoprotein−glyco-
protein interactions, and as a result, regulate many physiological
and pathological events. Therefore, specific glycan structures
have been suggested to be signatures of certain disease states
such as cancer metastasis.4

Gal-3 binding protein (Gal-3BP), also known as Mac-2
binding protein (Mac-2BP) or tumor-associated antigen 90K
(TAA90K), is a glycoprotein without a transmembrane domain.

Gal-3BP is expressed in various cell types, including
hematopoietic cells and glandular or mucosal epithelia, and is
present at high levels in the serum and other biological fluids of
patients5,6 with pancreatic, breast, or lung cancer and patients
with AIDS, hepatitis, and autoimmune diseases.7−10 It has been
reported that breast cancer patients with serum Gal-3BP
exceeding 11 μg/mL have poor prognosis and metastasis;11

Gal-3BP is therefore considered to be a tumor-associated
antigen of breast cancer.
Gal-3BP is a highly glycosylated protein with seven N-linked

glycosylation sites. Gal-3BP can self-assemble to form large
homo-oligomers in a linear or ring-like shape, and ring−ring
association is also observed.12 These multimeric forms of Gal-
3BP are believed to increase the interaction with multiple
targets, including galectins-1, -3, and -7, and the extracellular
matrix (ECM, including collagen IV, V and VI, fibronectin,
laminin-1, -5, and -10, and β1-integrin). Recently, Gal-3BP was
also demonstrated to bind other lectins on immune cells,
including dendritic cell-specific intercellular adhesion molecule
3-grabbing nonintegrin (DC-SIGN) and E-selectin,13,14 and the
interaction of Gal-3BP and Gal-3 has been confirmed to be
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carbohydrate dependent.15,16 Although the biological functions
of Gal-3BP remain unclear, the induction of homotypic cell
aggregation by Gal-3BP16 is considered to facilitate tumor
metastasis by preventing anoikis of metastatic cells in the
bloodstream.17 Moreover, the interaction of Gal-3BP and ECM
may also relate to the adhesiveness of tumor cells in situ.18

As glycosylation plays an important role in modulating the
behavior of Gal-3BP in cancer progression, we decided to first
identify the galectin that interacts with Gal-3BP and the
sequences of N-linked glycans on the Gal-3BP from different
breast cancer cell lines to investigate their structures and ability
to enhance tumor aggressiveness. The glycan sequences were
determined by liquid chromatography−mass spectrometry
(LC-MS) combined with exoglycosidase treatment and lectin-
based ELISA to overcome the limitation of LC-MS method
alone. Gal-3BP from MDA-MB-231, an aggressive breast cancer
cell line, induced a higher level of homotypic cell aggregation
than the Gal-3BP from MCF-7. We also observed that the Gal-
3BP from MDA-MB-231 formed a larger homo-oligomer.

Understanding the differences of Gal-3BPs from MDA-MB-231
and MCF-7 cells in terms of N-glycans sequences and their
spatial arrangement as well as the specificity of Gal-3BP-lectin
interaction will provide valuable information for use to
elucidate the role of Gal-3BP in cancer cell aggregation and
metastasis.

■ RESULTS AND DISCUSSION

It has been proposed that Gal-3BP is a breast cancer-specific
antigen.19 To understand how the glycans on Gal-3BP affect
the behavior of breast cancer cells, we overexpressed and
purified Gal-3BP in two breast cancer cell lines, MCF-7 (mild)
and MDA-MB-231 (aggressive). After PNGaseF digestion to
remove the N-linked glycans, the molecular weight of each
species shifted from ∼90 to 65 kDa as expected (65 331 Da as
calculated based its amino acid sequence) (Supporting
Information, Figure S1). We then immobilized and compared
the Gal-3BPs from MCF-7 and MDA-MB-231 for their binding
to Gal-3 in microtiter plates and found that Gal-3 did interact

Figure 1. Glycoform profiling of Gal-3BP. (a) Glycoforms of Gal-3BP/MCF7 and Gal-3BP/MB231. (b and c) Site-specific sialylation (b) and
fucosylation (c). Sialic acid and fucose indexes were calculated based on the following equation: ∑(% of the glycan with sialic acid/fucose × the
number of the sialic acid/fucose annotated on the glycan). Man, high mannose; Bi/Tri/Tetra/Penta/Hexa, bi/tri/tetra-/penta-/hexa-antennary; F,
fucose; S, sialic acid; N,N-acetylhexosamine; H, hexose. Symbols for monosaccharides: fucose, triangle; N-acetylglucosamine, blue square; galactose,
yellow circle; mannose, green circle; N-acetylneuraminic acid, diamond.
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with Gal-3BP (Figure S2a). The binding affinity of Gal-3BP/
MB231 was significantly higher than Gal-3BP/MCF7 at low
concentrations of Gal-3, and a similar trend was also observed
in the binding of endogenous Gal-3BP from MCF-7 and MDA-
MB-231 toward Gal-3, indicating that the overexpressed Flag-
tagged Gal-3BP could represent native Gal-3BP (Figure S2b).

This result suggested that Gal-3BP/MB231 with higher affinity
for Gal-3 was due to the N-glycans on Gal-3BPs, since the
recombinant Gal-3BP was produced by the same expression
construct, and the nucleotide sequences of endogenous Gal-
3BP in both MCF-7 and MDA-MB-231 were identical (data
not shown).

Figure 2. Degalactosylation of Gal-3BP for poly-LacNAc structure determination. (a) Degalactosylated glycoforms of Gal-3BP/MCF7 and Gal-3BP/
MB231. (b and c) Site-specific glycoforms of Gal-3BP/MCF7 (b) and Gal-3BP/MB231(c). Possible glycan structures are drawn on top of each bar.
The glycoforms with oxonium ions, m/z = 512.2, in MS/MS spectra, are labeled with t (terminal fucose). The glycoforms with ions corresponding to
the mass of peptide-HexNAc-Fuc fragments in the MS/MS spectra are labeled with c (core fucose). The glycoforms with poly-LacNAc structure are
highlighted with red boxes.
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In order to link the glycans specifically expressed on Gal-3BP
of breast cancer cells with their function, we next performed
site-specific glycoprofiling of Gal-3BPs by LC-MS/MS. This
method is based on matching the experimental masses with the
predicted masses of tryptic peptide fragments and the glycans
from the CFG carbohydrate database and confirmed the
existence of ionized glycan fragments in MS/MS spectra. The
glycoforms of individual glycopeptides were quantified and
calculated for their proportions in all the glycoforms observed
on a specific glycopeptide. Gal-3BP was observed to have N-
glycans on the expected glycosylation sites, but there was no O-
glycans detected. Five out of seven expected N-glycosylation
sites were consistently identified in tryptic glycopeptides,
including Asn (N) 69, N125, N192, N398, and N551 (Figure
1a). The other two glycopeptides with N362 and N580,
respectively, were detected with very weak signal and therefore
were not listed. Most N-linked glycans of Gal-3BPs from these
two cell lines were complex-type glycans containing sialic acids
and fucoses. High-mannose or hybrid-type glycans were only
found at low percentages in the glycopeptide of N551. The size
of complex-type glycans and the fucosylation status were very
different in Gal-3BP/MCF7 and Gal-3BP/MB231: bigger N-
linked glycans were observed in Gal-3BP/MCF7 (MCF7, tetra-
antennary 85%; MB231, biantennary 20%, triantennary 28%,
and tetra-antennary 43%). The level of sialylation and
fucosylation at each glycosylation site was calculated as sialic
and fucose indexes (Figure 1b,c) and compared. The results
indicated that the levels of sialylation on these two Gal-3BPs
were similar, with a lower sialylation on N551. However, the N-
linked glycans in Gal-3BP/MB231 had fewer branches and
therefore fewer terminal galactoses compared to Gal-3BP/
MCF7. There was more fucosylation in Gal-3BP/MCF7, and
most N-linked glycans (∼90%) on Gal-3BP/MB231 carried
only one fucose. Among these five glycosylation sites, N398
was less fucosylated and more sialylated, and N551 was less
sialylated and more fucosylated, reflecting a pattern of site-
specific glycosylation on Gal-3BP. The glycoform data from MS
analysis were consistent with lectin-based ELISA. Six lectins
were used to detect the binding with Gal-3BPs (Figure S3):
Gal-3BP/MCF7 showed higher PHA-L (for tri- or tetra-
antennary N-linked glycans) and UEA-I (for α1,2-linked
fucose) binding intensities, and Gal-3BP/MB231 showed
higher MAL-II, SNA, and LEL binding intensities. Therefore,
the glycoforms of Gal-3BP/MCF7 contained more tri- or tetra-
antennary N-linked glycans and α1,2-linked fucoses, while Gal-
3BP/MB231 had smaller N-linked glycans and had more poly-
LacNAc structures.
Poly-LacNAc is a high-affinity ligand for Gal-3. In the lectin

assay, we discovered that Gal-3BP could be recognized by LEL,
which binds to poly-LacNAc. The number of poly-LacNAc
moieties on Gal-3BP may be an important key factor affecting
the affinity for Gal-3. Here, we have designed a method to
identify poly-LacNAc on Gal-3BP glycopeptides using β1,3/4-
galactosidase to differentiate from the multibranched LacNAc
structures. Before enzyme digestion, we chemically removed
the terminal sialic acid to expose terminal galactose residues
and then used β1,3/4-galactosidase to remove the terminal
galactose. If the N-glycans contain poly-LacNAc residues, the
outer galactose is removed by the enzyme, but the exposed
GlcNAc can protect the inner galactose from further cleavage.
The terminal fucoses, including the α1,2-, α1,3-, or α1,4-fucose
linkages also resist β1,3/4-galactosidase digestion. In addition,
we checked the MS/MS spectrum to detect the presence of

512.2 oxonium ion as an indicator of the terminal fucose signal
and peptide+HexNAc+Fuc ion as a core fucose signal (Table
S1). The results showed that major N-glycans with one fucose
have no 512.2 oxonium ion signal, indicating core fucosylation.
Therefore, the N-glycans with extra hexose residues (over three
core mannoses) without outer fucose residues could be derived
from the N-glycans containing the poly-LacNAc substructure.
Degalactosylated glycopeptides were analyzed using LC-MS/
MS to observe glycan compositions (Figure 2) and the location
of fucose. Only four glycoforms, N5H4S0F0, N5H4S0F1,
N6H4S0F1, and N7H4S0F1 corresponded to the N-glycans
with poly-LacNAc.
We calculated the sum of these four glycoforms in every N-

glycosite on the Gal-3BPs (Table 1). Gal-3BP/MB231 had

higher glycoforms with poly-LacNAc (9.01%) than MCF-7
(5.34%). Furthermore, the distribution of N-glycans with poly-
LacNAc on the glycosites was different in these two Gal-3BPs;
Gal-3BP/MB231 had three glycosites (N125, 192 and 551)
over 10%, but Gal-3BP/MCF7 had only one (N398), and the
major glycoform on Gal-3BP/MB231 was from N6H4S0F1
and that on Gal-3BP/MCF7 was from N7H4S0F1. This result
indicated that the higher binding ability of Gal-3BP/MB231 for
Gal-3 could come from the contribution of the poly-LacNAc
substructure.
Through degalactosylated glycopeptide profiling, we also

discovered and determined the major glycoforms of Gal-3BP/
MCF7 (Figure 2b) and Gal-3BP/MB231 (Figure 2c). After
galactosidase digestion, most N-glycans of Gal-3BP/MB231
only retained three hexose residues from the core structure and
had only one fucose. Based on the characteristics of enzyme
digestion and MS/MS spectra of glycopeptides, we believe that
the location of the fucose residue was on the N-glycan core
(core fucosylation). On the other hand, there was almost no
terminal fucose signal in the MS/MS spectra of Gal-3BP/
MB231 glycopeptides. Therefore, the three major glycoforms of
Gal-3BP/MB231 were bi- (14.5%), tri- (24%), and tetra-
antennary (47.4%) N-glycans with a core fucose and several
sialic acids. The major degalactosylated glycoform of Gal-3BP/
MCF7 was N6H3S0F1 (∼50%) derived from a tetra-antennary
N-glycan with core fucose. The other glycoforms also had six
HexNAc residues and multiple fucose residues, so we
concluded that the major glycoform of Gal-3BP/MCF7 was
the tetra-antennary structure with a core fucose and outer arm
fucose and sialic acids. These results were also confirmed by the
glycopeptide profiling and lectin assay.
The other specific exoglycosidases, including α2,3-sialidase

and α1,2- and α1,3/4-fucosidase, are useful for determining the
terminal sialic acid and fucose linkages, which are difficult to
obtain using mass spectra only. We also compared the
glycopeptide profiling of Gal-3BP before and after exoglycosi-
dase digestion. First, we used α2,3-sialidase to remove the α2,3-

Table 1. Potential N-Glycans with Poly-LacNAc in the N-
Glycosylation Site

N-glycosite Gal-3BP from MCF-7 Gal-3BP from MDA-MB-231

N69 1.94% 4.40%
N125 4.58% 10.75%
N192 6.42% 14.43%
N398 13.76% 4.81%
N551 0.00% 11.07%
average 5.34% 9.01%
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linkage sialic acid specifically from the trypic Gal-3BP
glycopeptides (Figure S4a). The result showed that most sialic
acid (over 95%) was removed by this enzyme, indicating that
the major sialylation in these two Gal-3BPs was the α2,3-
linkage. Second, α1,2- and α1,3/4-fucosidase can release
terminal α1,2-fucose and subterminal α1,3/4-fucose, respec-
tively. Before the treatment with these two enzymes, we also
removed the terminal sialic acid to simplify the glycoforms and
improve signal intensity. According to the previous result, the
N-glycans on Gal-3BP/MB231 usually carry only one fucose,
and the fucose is located in the inner N-glycan (core fucose)
and is not removed by these two fucosidases. Gal-3BP/MCF7
has many mutiple fucosylated glycoforms and was thus
performed using fucosidase digestion (Figure S4b). After
α1,2-fucosidase treatment, we observed a small increase in
monofucosylated N-glycans and a decrease in N-glycans with

2−5 fucose residues. In addition, this digestion only occurred at
the N69, 125, and 192 sites with the fucosylation level at the
N398 and N551 sites remaining unchanged. The other
fucosidase, α1,3/4-fucosidase, could reduce the size of N-
glycans by 2−5 fucoses to about 50% at every N-glycosylation
site. Therefore, α1,2-fucosylation in Gal-3BP/MCF7 is less
than α1,3-fucosylation but is site-specific. These two
fucosidases cannot remove all fucose residues in the N-glycans
(as the N-glycans without fucose did not increase), and this
result also indicates that most N-glycans in MCF-7 cells have a
core fucose.
In summary, the N-glycans of Gal-3BP/MCF7 were

tetraantennary N-glycans with terminal α2,3-sialic acids and
terminal fucoses and about 5% contained the poly-LacNAc
substructure. The N-glycans of Gal-3BP/MB231 contained
mixtures of bi-, tri-, and tetra-antennary N-glycans with 2−3

Figure 3. Gal-3BP induced carbohydrate-dependent cell aggregation in breast cancer cells. (a) Induction of MDA-MB-231 aggregation by Gal-3BP/
MCF7 or Gal-3BP/MB231. Gal-3BP (5 μg/mL) was used to treat cells for 1 h, and the degree of cell aggregation was quantitated by ImageJ. (b)
Homotypic MDA-MB-231 aggregation was inhibited by lactose. Lactose (10 mM) or sucrose (10 mM) was added together with Gal-3BP and
degrees of cell aggregation were quantified. Results are shown as mean ± SD (n = 5). ***, P < 0.001 compared with sucrose treatment by Student t
test. (c) Gal-3BP was detected on the cell surface and at the regions of cell−cell contact under fluorescence microscopy. MDA-MB-231 cells were
subjected to aggregation assay and then stained with anti-Gal-3BP pAb (red) or Hoechst 33342 (nuclear stain, shown in blue color). The cells
incubated with PBS were stained as a negative control.
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terminal α2,3-sialic acids and a core fucose, and about 9% of the
glycans contained the poly-LacNAc substructure.
Gal-3BP functions in the induction of homotypic cell

aggregation, and the mechanism is considered to proceed
through Gal-mediated carbohydrate-dependent interaction. In
previous studies, Gal-3BPs showed different binding affinities
for Gal-3. We therefore performed the cell aggregation assay to
compare the activity (Figure 3). Compared to Gal-3BP/MCF7,
Gal-3BP/MB231 could induce more aggregates of MDA-MB-
231 cells. Moreover, we also observed that the ratio of larger
aggregates (over 10 cells) induced by Gal-3BP/MB231 was
obviously higher than that of Gal-3BP/MCF7. In the
microscopic images, huge cell aggregates were observed after
treatment with Gal-3BP, and the added Gal-3BP was found to
be located at the cell−cell contact region as shown by the anti-
Gal-3BP antibody staining (Figure 3c). Because the aggregation
of MDA-MB-231 cells induced by Gal-3BP was also inhibited
by lactose but not sucrose (Figure 3b), it is believed to be a
carbohydrate-dependent interaction.
In order to understand whether MDA-MB-231 cell

aggregation was galectin dependent, we investigated the
expression profiles of all the known human Gals in MDA-
MB-231 cells. By examining the mRNA expression via Q-PCR
and their expression levels on the cell surface by flow cytometry
(Figure 4), we found that MDA-MB-231 cells could express
Gal-1, -3, -8, and -9 mRNA. However, it is interesting that only
Gal-1 and -8, but not Gal-3, were detected on the cell surface of
MDA-MB-231 (Figure 4b), while the expression of Gal-3 was
detected on MCF-7 (Figure 4b, inset of Gal-3 staining),

indicating that anti-Gal-3 could detect Gal-3 on the cell surface.
This result suggested that the aggregation of MDA-MB-231
induced by Gal-3BP was not mediated by Gal-3 and could
possibly be mediated by Gal-1 or -8. Interaction of Gal-1 and
Gal-3BP was reported to be involved in homotypic cell
aggregation in human melanoma A375 cell line. To explore the
relative contribution of Gal-1 to MDA-MB-231 cell aggrega-
tion, Gal-1-deficient cells were established by two kinds of Gal-
1 siRNA (siGal1#1 and siGal1#2). The mRNA and cell surface
expressions of Gal-1 in the two Gal-1-deficient cell lines were
significantly reduced compared to parental and control cells
(Figure S5). We performed cell aggregation assay with or
without additional Gal-3BP (Figure 4c). Gal-1-deficient cells
had less cell aggregation induced by Gal-3BP, and the
percentage of large aggregates (siGal1#1:43%, siGal1#2:40%)
was lower compared to control cells. This result suggested that
Gal-3BPs interact with Gal-1 on the cell surface to induce
MDA-MB-231 cell aggregation with large cell aggregates. To
analyze the interaction between Gal-1 and Gal-3BPs, we
performed surface plasmon resonance (SPR). The sensorgrams
revealed that the association and dissociation of Gal-1 to Gal-
3BPs was very rapid (Figure S6). The KD values of Gal-3BP/
MCF7 and Gal-3BP/MB231 binding to Gal-1 calculated by
steady-state analysis were 2.34 and 1.88 μM, respectively,
showing that the binding affinity of Gal-1 for Gal-3BP/MCF7 is
slightly higher (Figure 4d). Interestingly, the binding of Gal-
3BP/MCF7 and Gal-3BP/MB231 to immobilized Gal-1 in the
ELISA experiment also showed that Gal-3BP/MB231 had a

Figure 4. Expression profiles of galectin (Gal) in breast cancer MDA-MB-231 cells and the interaction of Gal-1 and Gal-3BP. (a) Q-PCR analysis for
Gal mRNA expression in MDA-MB-231 cells. The expression of Gal was normalized against the expression level of GAPDH mRNA. (b) Flow-
cytometric analysis of galectin expression on MDA-MB-231 cells. Blue histograms, isotype control staining; green histograms, antigalectin staining.
Inset: Flow-cytometric analysis of Gal-3 expression on MCF-7 cells. (c) Aggregation of the cells knocked down with Gal-1 upon treatment of Gal-
3BP. MDA-MB-231 cells transfected with negative control or Gal-1 siRNA were incubated in the presence of Gal-3BP/MB231 (10 μg/mL). After 1
h of incubation, the degrees of cell aggregation were quantitated by ImageJ. (d) SPR-derived steady-state affinity for Gal-1 and Gal-3BP interactions.
Gal-3BP/MCF7 and Gal-3BP/MB231 were immobilized on sensor chips, and Gal-1 in various concentrations was applied to calculate the KD values.
(e) Binding ability of Gal-3BPs to immobilized Gal-1 in the ELISA assay.
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higher binding affinity toward Gal-1 comparing to Gal-3BP/
MCF7 (Figure 4e).
Because of oligomerization, native human Gal-3BPs can self-

assemble to form huge macromolecules with ring-like
structures. These protein macromolecules contain 10−16
monomers and about 70−116 N-glycans on one protein
oligomer. A previous study indicated that Gal-3BP oligomers
may contribute to the multivalent effect of Gal-3BP, which
binds to multiple targets.15 To validate the oligomerization of
the Gal-3BPs, we observed protein oligomers of Gal-3BP/
MCF7 and Gal-3BP/MB231 using HPLC SEC-MALLS
(Figure S7). Analysis of the molar mass of these two protein
oligomers indicated that Gal-3BP/MB231 could form bigger
oligomers (1502 kDa) than Gal-3BP/MCF7 (1138 kDa).
Based on the molecular weight of Gal-3BP monomer (∼90
kDa), Gal-3BP/MB231 oligomer is composed of 16−17

monomers, and Gal-3BP/MCF7 oligomer is composed of
12−13 monomers.
In this study, we investigated the glycosylation changes in

breast cancer cells to understand why the tumor cells show
altered glycosylation state during tumorigenesis. We studied the
glycosylation profile of a hyperglycosylated glycoprotein, Gal-
3BP, which has been suggested to be a breast cancer marker,
from two cell lines (MCF-7 and MDA-MB-231) with different
metastatic abilities. We used LC-MS/MS to analyze the
glycoforms of Gal-3BP glycopeptides site-specifically and
introduced exoglycosidases with linkage specificity to facilitate
the determination of detailed glycan structures, including the
linkages of terminal sialic acids and fucoses, and the
substructures of glycan branching and poly-LacNAc.
The results revealed that Gal-3BP/MB231 had a stronger

interaction with Gal-3 than Gal-3BP/MCF7 (Figure S2) did.
Since Gal-3BP interacts with Gal-3 in a carbohydrate-

Figure 5. Major glycoforms of Gal-3BP derived from MCF-7 cells (A) and MDA-MB-231 cells (B), and a hypothesized model of Gal-3BP-induced
cell aggregation (C).
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dependent manner, the glycans on Gal-3BP are the major
factors that modulate the interaction with Gal-3. It has been
reported that a tetraantennary N-linked glycan fully capped
with sialic acid can also interact with Gal-3, and the binding
intensity can be increased up to 8-fold if one poly-LacNAc unit
is added.20 Our glycan profiling results showed that poly-
LacNAc was more predominant on Gal-3BP/MB231, indicat-
ing that this structure could be the key determinant in binding
to Gal-3. Glycan profiling showed that the major glycoforms of
Gal-3BPs from both breast cancer cell lines were bi-, tri-, and
tetra-antennary N-linked glycans with sialylation and fucosyla-
tion. It has been reported that α2,3- and α2,6-sialylation and
α1,3-fucosylation can partially or completely inhibit the binding
between Gal-3BP and Gal-3, while α1,2-fucosylation has no
inhibitory effect on Gal-3BP/Gal-3 interaction.21 This finding is
also supported by our results that showed that removal of the
sialic acids on Gal-3BP increased its binding ability to Gal-3
(data not shown).
We also determined the position of fucose by LC-MS/MS.

The oxonium ion with m/z = 512.2 (Hex-HexNAc-Fuc) can be
used to identify terminal fucosylation. The profile of glycoforms
after exogalactosidase treatment also helps locate terminal
fucoses since the enzyme is unable to cleave terminal galactose
if the LacNAc unit is fucosylated. However, if the position of
the fucose cannot be clearly assigned, especially when there is
only one fucose in the whole glycan, it is difficult to locate the
position of LacNAc unit in the poly-LacNAc structure or as a
branch of the glycan chain. In this case, treatment with β1,3/4-
galactosidase plus α1,2- and β1,3/4-fucosidases can be used to
assign the correct glycan structures.
In order to understand the effect of N-glycans on Gal-3BPs,

we performed an aggregation assay by treating MDA-MB-231
cells with Gal-3BPs. Our result was consistent with reports that
the formation of Gal-3BP-induced cell aggregates is a
carbohydrate-dependent process, because the aggregation was
suppressed in the presence of lactose (Figure 3b). Aggregation
of cancer cells can facilitate metastasis by preventing anoikis of
cells, a kind of apoptosis induced by loss of cell anchorage. The
imaging data also showed that Gal-3BP/MB231 induced more
and larger cell aggregates than Gal-3BP/MCF7. In addition to
enabling the survival of metastatic cells through anoikis, large
cell aggregates also promote cell extravasation when getting to
the metastasized sites.22 Our data suggest that Gal-3BP may
influence the behavior of cells through its glycosylation, which
contributes to the metastasis of cancer cells.
It is also important to determine the galectins involved in the

MDA-MB-231 cell aggregation. We stained the Gal-1, -3, -8,
and -9 on the cell surface using flow cytometry (Figure 4b), and
the results indicated that Gal-3 was not expressed on the
surface of MDA-MB-231 cells. Knockdown of Gal-1 was found
to inhibit the formation of large cell aggregates in MDA-MB-
231 cells, indicating that the behavior of Gal-3BP-induced cell
aggregation can be mediated by Gal-1.
It has been reported that in N-linked glycans, poly-LacNAc is

added by β-1,3-N-acetylglucosaminyltransferase (β3GNT) and
β-1,4-galactosyltransferase (β4GalT),23 after the branching
process catalyzed by β-1,6-N-acetylglucosminyl- transferase V
(GNT-V, encoded byMgat5), and both GNT-V overexpression
and poly-LacNAc structure are highly associated with cancer
metastasis.24−26 The interaction of Gal-3 to poly-LacNAc is
thought to be involved in tumorigenic process.27 Although Gal-
1 and Gal-3 can interact with poly-LacNAc, Gal-1 prefers to
bind terminal LacNAc residue,28 and Gal-3 prefers to internal

LacNAc.21 Terminal α2,3-sialylation or α1,2-fucosylation of
poly-LacNAc was found to have no significant effect on Gal-1
or Gal-3 recognition of poly-LacNAc, while α1,3/4-fucosylation
blocks Gal-1 and Gal-3 binding.21,29 In our study, we
investigated extensively the N-glycan structures including
sialylation, fucosylation, and poly-LacNAc. Our results showed
that the Gal-3BP expressed in more aggressive breast cancer
cells MDA-MB-231 contained more poly-LacNAc structures
and less subterminal α1,3/4-fucosylation compared to the Gal-
3BP from MCF-7. Therefore, the Gal-3BP derived from MDA-
MB-231 has better binding ability to Gal-1 on cell surface and
induces a higher level of cell aggregation.
Gal-3BP can self-assemble to form large oligomers, and

according to the results from SEC-MALLS analysis (Figure S7),
Gal-3BP/MB231 formed larger oligomers (16−17 monomers)
than Gal-3BP/MCF7 (12−13 monomers). In cell aggregation
assay, we also observed that Gal-3BP/MB231 could induce
larger cell aggregates, perhaps due to the interaction with cell
surface Gal-1 to provide a higher degree of multivalent
interaction between cells.
In conclusion, we analyzed the detailed glycoforms of Gal-

3BP/MCF7 and Gal-3BP/MB231 using LC-MS/MS and
exoglycosidase treatment and compared the differences in the
N-linked glycan structures, including terminal sialylation,
fucosylation, branching, and poly-LacNAc. The profiles of
site-specific glycoforms of the proteins provide some
information regarding their spatial orientation in modulating
protein function and multivalent interaction (Figure 5). We
further demonstrated that changes in Gal-3BP glycosylation can
affect the binding for Gal-3 and Gal-1, the ability of Gal-3BP-
mediated cell aggregation, and protein oligomerization, which
can contribute to the metastatic potential of cancer.
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