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Abstract Two types of carbohydrate to carbohydrate inter-
action (CCI) have been known to be involved in biological
processes. One is the CCI between molecules expressed on
interfacing cell membranes of different cells to mediate cell
to cell adhesion, and subsequently induce cell signaling, and
is termed trans-CCI. It has been indicated that the Lex to Lex

interaction at the morula stage in mouse embryos plays an
important role in the compaction process in embryonic
development. GM3 to Gg3 or GM3 to LacCer interaction
has been suggested to be involved in adhesion of tumor cells
to endothelial cells, which is considered a crucial step in
tumor metastasis. The other is the CCI between molecules
expressed within the same microdomain of the cell surface
membrane, and is termed cis-CCI. The interaction between
ganglioside GM3, and multi (>3) GlcNAc termini of N-linked
glycans of epidermal growth factor receptor (EGFR), has been
indicated as the molecular mechanism for the inhibitory effect
of GM3 on EGFR activation. Also, the complex with GM3
and GM2 has been shown to inhibit the activation of hepato-
cyte growth factor (HGF) receptor, cMet, through its associ-
ation with tetraspanin CD82, and results in the inhibition of
cell motility. Since CCI research is still limited, more exam-
ples of CCI in biological processes in development, and
cancer progression will be revealed in the future.
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Abbreviations
CCI carbohydrate-to-carbohydrate interaction
Cer ceramide
CD82 one of tetraspanin superfamily (TM4),

interacting membrane components to
control cellular phenotype

CHO Chinese hamster ovary
CPI carbohydrate-to-protein interaction
Ecad E-cadherin
EDTA ethylenediaminetetraacetic acid
EGF epidermal growth factor
EGFR epidermal growth factor receptor
ES embryonal stem
Fuc fucose
GFR growth factor receptor
GalCer β-galactosylceramide
GalNAc N-acetylgalactosamine
GSL glycosphingolipid
HGF human growth factor
HGFR hepatocyte growth factor receptor
HPLC high-performance liquid chromatography
IgG immunoglobulin G
LacCer lactosylceramide
LacNAc Galβ4GlcNAc
M mannose
mAb monoclonal antibodies
NeuAc N-acetylneuraminic acid
NMR nuclear magnetic resonance
Os oligosaccharide
PPI protein-to-protein interaction
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RTK receptor tyrosine kinase
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel

electrophoresis
SSEA stage-specific embryogenic antigen
TBS tris-buffered saline (tris, tris(hydroxymethyl)

aminomethane)

Nomenclature of glycosphingolipids and glycan structures
GSLs are abbreviated as recommended by the IUPAC-IUB

Commission on Biochemical Nomenclature
(Biochem J 171: 21–35, 1978, Table I); however,
the suffix -Ose or -OseCer is omitted. Ganglio-
series gangliosides are abbreviated according to
the extended version of Svennerholm’s list (e.g.,
Holmgren et al., Proc Natl Acad Sci USA 77:
1947–1950, 1980).

Glycosphingolipid abbreviations used
Gb3 Galα4Galβ4Glcβ1Cer
Gb4 GalNAcβ3Galα4Galβ4Glcβ1Cer
Gb5 Galβ3GalNAcβ3Galα4Galβ4Glcβ1Cer
Gg3 GalNAcβ4Galβ4Glcβ1Cer
Gg4 Galβ3GalNAcβ4Galβ4Glcβ1Cer
GD1a [NeuAcα3]Galβ3GalNAcβ4[NeuAcα3]

Galβ4Glcβ1Cer
GD1b Galβ3GalNAcβ4[NeuAcα8NeuAcα3]

Galβ4Glcβ1Cer
GD2 NeuAcα2-8NeuAcα2-3[GalNAcβ1-4]

Galβ1-4Glc1Cer
GD3 NeuAcα2-8NeuAcα2-3Galβ4Glc1Cer
GT1a NeuAcα8NeuAcα3Galβ3GalNAcβ4

[NeuAcα3]Galβ4Glcβ1Cer
GT1b NeuAcα3Galβ3GalNAcβ4[NeuAcα8

NeuAcα3]Galβ4Glcβ1Cer
GM1 Galβ3GalNAcβ4[NeuAcα3]Gal

β4Glcβ1Cer
GM2 GalNAcβ4[NeuAcα3]Galβ4Glcβ1Cer
GM3 NeuAcα3Galβ4Glcβ1Cer
LacCer Galβ4Glcβ1Cer
nLc4 Galβ4GlcNAcβ3Galβ4GlcβCer
Lea Galβ3[Fucα4]GlcNAcβ3Galβ→R
Lex Galβ4[Fucα3]GlcNAcβ3Galβ→R
Ley [Fucα2]Galβ3[Fucα4]GlcNAcβ3Galβ→R
NGcGM3 N-glycolylneuraminyl-lactosylCer
NAcGM3 N-acetylneuraminyl-lactosylCer
PG paragloboside: Galβ4GlcNAcβ3Gal

β1-4Glcβ1-Cer
SSEA-3 Fucα2Galβ3NAcβ3Galα4Gal

β4Glcβ1Cer
SSEA-4 NeuAcα3Galβ3GalNAcβ3Galα4Gal

β4Glcβ1Cer
H antigen Fucα1-2Galβ-R

Introduction

Interactions between molecules expressed on cell membranes
are known to control various types of cellular functions, cell
growth, adhesion, differentiation, motility, and so on. Various
types of glycosylations, glycosyltransferases involved for the
modification, and their functional roles, including interactions
between carbohydrates and proteins, have been extensively
studied and well documented [1, 2]. However, little attention
was paid on carbohydrate to carbohydrate interaction (CCI),
and its roles in cell adhesion and cell signaling.While CCI is a
novel concept, and has been demonstrated in a relatively
limited combination of carbohydrate structures in limited
types of cells, ~10 independent groups have been involved
in this area of research. In this review, we will describe studies
from our own group, and others, on CCI involved in cell-cell
adhesions and in ganglioside-mediated inhibition of growth
factor receptor activation.

Carbohydrate to carbohydrate interactions involved
in cell adhesion

Sponges, the simplest and earliest multicellular organisms are
considered to have developed frommono-cellular ancesters in
the sea, ~1 billion years ago. Various species of sponges with
different colors are known to develop through species-specific
auto-aggregation. These bio-chemical mechanisms initially
were studied by Humphreys about 45 years ago [3]. Subse-
quent and extensive biochemical studies on the molecular
mechanism of the auto-aggregation by Burger, Spillman,
Misevic, Vliegenthart and their associates, demonstrated
that red sponge cells (Microciona prolifera) aggregate
through CCI between oligosaccharide (Os), particularly
with the structure 3-O-sulfated GlcNAcβ1-3Fucα1-O-
Ser/Thr, assembled on “proteoglycan”, but not with the same
Os structure with β-anomeric linkages to Ser/Thr of proteo-
glycan [4]. A clear piece of evidence along this line of studies,
was shown by self-aggregation of the Os with α- vs. β-
anomeric linkages, when linked to gold nanospheres [5].
The same approach with glycosyl-nanospheres was previous-
ly developed by Rojo et al. [6]. The cell adhesion force
between proteoglycan oligosaccharide in sponge cells was
determined by atomic force microscopy (AFM) and the adhe-
sion force between two proteoglycans was found to be upto
400 pN. This indicates a single pair of molecules could hold
the weight of 1600 cells [7].

In mammalian cells, we demonstrated that mouse embryon-
ic stem cells at the morula stage induce compaction. Our
studies started with the characterization of an epitope defined
by the monoclonal antibody (mAb), stage-specific embryogen-
ic antigen (SSEA)-1, which was established by immunizing
Balb C mice with embryonic carcinoma F9 cells [8]. The
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epitope was identified as Galβ4[Fucα3]GlcNAcβ3Gal, i.e.
internally fucosylated lacto-series type 2 structure, the position-
al isomer of blood group Lea, and therefore termed as Lex [9],
and better reactivity was shown with the long, non-branched
structure with Lex at terminal structure [10]. Also, the trisac-
charide inhibited the binding of the mAb [11]. Later, other
stage specific antigens, SSEA-3, and −4, defined by respective
mAb were characterized as extended globo-series structures
[12, 13], indicating a high impact on functional significance of
glycosylation defining the developmental process [14, 15].

SSEA-1 antigen is not expressed in zygotes up to the 2- to
4-cell stage (0.5-1 day), but is expressed at 8–32 cells,
i.e.,“morula” stage (1.5-2 days), and declines after “compac-
tion” [8, 15] (Fig. 1a). Such a clear change of expression
pattern suggested that Lex may mediate the compaction. In-
deed, the compaction process was inhibited by trivalent Lex,

but not by trivalant Lea (Fig. 1b-b vs. b-c; see c for structures)
in mouse embryogenesis [16]. Subsequent studies showed
that homotypic interaction of mouse teratocarcinoma F9 cells
is inhibited with Lex oligosaccharide (lactofucopentaose III)
and that liposomes containing Lex GSL selectively bind to not
only F9 cells but also to Lex GSL-coated plates. These results
strongly suggested CCI in cell-cell interaction [17]. The pos-
sible interaction between Lex was further tested with Lex-
conjugated gold sol nanoparticles; auto-aggregation of the
nanoparticles was observed in the presence of CaCl2, and such
auto-aggregation was abolished by EDTA [18], as shown in
Fig. 1d. While the data in Fig. 1 suggested the occurrence of
Lex to Lex interaction, it did not exclude the possibility for the
presence of Lex-binding proteins that may mediate the cell
aggregation. Using mouse embryonal carcinoma F9 cells,
which highly express SSEA-1, we searched for a possible

Trivalent Lea Trivalent Lex

a

b

c

d

a b c

Fig. 1 Lex -Lex interaction. a: Lex expression during mouse embryo-
genesis. Lex, which is not expressed in zygote, or 2–4 cell, is expressed
maximally at morula, and declines at “compaction” stage. At blastocyst
stage, Lex expression is limited to inner cell mass (I) and endodermal
surface (E), whereas E-cadherin (Ecad) is expressed fairly consistently.
Composed from data by Solter & Knowles [8], and Handyside [15]. b:
De-compaction effect of trivalent Lex but not trivalent Lea. Compacted
mouse embryonic stem cells in Whitten medium (a) were de-
compacted in the presence of trivalent Lex (b), but not trivalent Lea

(c). Data from Fenderson et al. [16]. c: Trivalent Lea and Lex . Left:
Trivalent Lea, three Lea oligosaccharides are conjugated to three amino
groups of lysyllysine. Right: Trivalent Lex, three Lex oligosaccharides
are conjugated to three amino groups of lysyllysine. d: Ca2+ dependent
auto-aggregation of Lex-gold nanoparticles. Auto-aggregation of gold
(Au) nanoparticles conjugated with Lex epitope in the presence of
10 mM CaCl2, observed by transmission electron microscopy. The
aggregation was reversed by the addition of 10 mM EDTA. Data from
de la Fuente et al. [18]
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Lex-binding protein that may block binding mAb SSEA-1 to
F9 cells. We found that components with molecular mass 15–
25 kD display the inhibitory activity. Proteinase treatment had
no effect on their inhibitory activity [9, 19], and no protein
was detectable in the components, suggesting that these could
be poly-LacNAc, though further analysis needs to be done.

Subsequent studies on molecules carrying the Lex-glycan
in F9 cells, were performed [20] following previous studies
on “embryoglycan” [21, 22], which was shown to have a
high molecular mass, while structural information about the
glycan was limited at that time. Our observations were: (i)
Comparative adhesion studies of Lex-expressing tumor cells
vs. non-expressing variants showed that only Lex-expressing
cells adhere to Lex-coated plates, and display cell aggregation
in analogy to F9 cell aggregation. (ii) The major carrier of
Lex-determinants in F9 cells was not GSLs, but rather
polylactosaminoglycan with high mass range in “embry-
oglycan”, and they demonstrated auto-aggregation in the
presence of Ca2+, and reversible dissociation by addition
of EDTA. Furthermore, defucosylation caused the loss of
auto-aggregation activity (Fig. 2).

In addition, the importance of Lex–carrying molecules
and of E-cadherin (Ecad) expressed in embyonal stem
(ES) cells and F9 cells were compared, since both Lex and
Ecad are expressed during embryogenesis and cell adhesion
through either process is known to require the presence of
Ca2+. For this purpose, Ecad gene was knocked out by
homologous recombination in both F9 and ES cell line,
D3M, to establish F9 Ecad (−/−), and D3M Ecad (−/−) cells.
The Ecad-deficient cells still retained the ability of cell
aggregation, suggesting the importance of Lex dependent
interaction in the cell aggregation with these cells [23].

Our further search for CCI between other glycans in
addition to the Lex-Lex interaction, showed a strong inter-
action between GM3 to Gg3, and to lactosyl-ceramide
(LacCer), but not other GSLs tested. In liposome binding
assay, as shown in Fig. 3, and in cell adhesion assay using
B16 mouse melanoma cells, as shown in Fig. 4 [24]. In both
assays, Gg3 showed higher binding than LacCer. Also, in
the lung colonization assay in mice, pre-incubation of B16
cells with liposomes containing GM3- or Gg3 resulted in
clear inhibition, while liposomes containing LacCer was
found to be much less effective [25]. In contrast, the binding
assay based on Langmuir monolayers, demonstrated the
most clear binding between LacCer and GM3 [26]. Indeed,
a following study showed that lacosyl-bound to gold-
nanoparticles (Fig. 5a) inhibit the colonization of B16
mouse melanoma cells in lung and liver most effectively
(Fig. 5b)[6]. It is reasonable that lactosyl residues linked to
gold nanoparticles through the long alkyl chain are more
efficient in blocking tumor cells adhering to vascular endo-
thelial cell surfaces than lactosylceramide liposomes directly
and randomly linked to PC-cholesterol surfaces. Thus the

approaches with glycosyl-gold nanosphere, originally found
by Penades and her group are well justified for inhibition of
cancer progression.

In addition, a different trans-CCI was found based on a
series of studies using GalCer and 3-O-sulfated GalCer
(sulfatide), which are expressed in the myelin sheath mem-
brane, by Boggs and her colleagues [27, 28]. Nerve axons are
surrounded bymultilayers of myelin sheath. They showed that
a strong interaction between cerebroside and sulfatide
expressed at interfacing membranes, may cause mutual mem-
brane binding, and demonstrateg the CCI between the two
GSLs induces signal transduction with various signaling path-
ways, involving Src family kinases, P13K, MAPK, etc., using
selective inhibitors for these signaling molecules [28]. GSL
expression at uterine endometrium was found to change on

Fig. 2 Aggregation of Lactosaminoglycan-Glycopeptide (LAG-GP)
as demonstrated by gel filtration. a: LAG-GP fraction prepared from
F9 cells metabolically labeled with [3H]GlcN, was dialysed in the
presence of CaCl2 or EDTA, then subjected to gel filtration on
Sephacryl CL-6B colum, and eluted with buffer solution containing
CaCl2 or EDTA. Fractions were collected and radioactivity in each
fraction was determined. (○), gel filtration pattern in the presence of
CaCl2. (●) in the presence of EDTA. v0, void volume. vi, column
volume. In the presence of Ca2+, LAG-GP fraction showed three peaks
(termed a, b and c) corresponding to high-Mr aggregates, in addition to
the major peak d. In the presence of EDTA, peaks a and b completely
disappeared, and c was greatly reduced. b: LAG-GAP fraction was pre-
treated with bovine liver α-fucosidase, which cleaves off the fucosyl
residue of Lex, and then analyzed by gel filtration in the presence in the
presence of CaCl2. Peaks a, b, and c disappeared. Data from Kojima et al.
[20]
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pregnancy, as shown in rabbit experiments; GM3, GD3 de-
creased and Gb3, Gb4 increased, which may provide a better
chance for the embryo to get embedded in the endometrium
[29]. Further studies in mic showed that blastocysts express
Ley, while endometrium express blood group O-associated H
epitope, and that intra-uterine injection of anti-Ley mAb AH6
blocks blastocyst cell adhesion and their continuous develop-
ment [30]; suggesting a possible CCI between Ley and H in
adhesion of blastocysts to endometrium.

Further physicochemical studies by various labs support
the specific Lex-Lex interaction: An example 2-dimensional
1H-NMR [31]; atomic force microscopy between a pair of
single Lex was 20±4 piconewtons (pN), whereas no force (0
pN) was found for lactose-to-Lex, or lactose-to-lactose [32];
vesicular adhesion energy, determined by the change of
contact angle θc between vesicles [33], was much higher
for two vesicles both containing Lex-Cer, than for two

vesicles both containing Lea-Cer, or one vesicle containing
Lex-Cer and the other Lea-Cer [34].

Human embryonic carcinoma cells like 2102Ep are char-
acterized by high expression of nLc4, Gb4 and the extended
Gb4 (Gb5, fucosyl or sialosyl Gb5), termed SSEA-3, and −4.
Our previous study indicated 2102Ep cells bind to Gb4-coated
plates through interaction between Gb4 and nLc4 or Gb5, and
that the binding activates transcription factors AP1 and CREB
[35].

Fig. 3 Interaction of GM3 liposomes to various GSLs coated on solid
phase wells. a: GM3-liposomes labeled with [14C]-cholesterol are
added to 96-well polystyrene plastic plates coated with various quan-
tities of Gg3 (○), LacCer (●), Gb4 (∇), Gg4 (▼), nLc4 (Δ), and Gb3
(▲). Each well is added with 100 μl (25,000 cpm) of GM3 liposomes
in TBS containing 1 mM CaCl2 and 0.5 mM MgCl2, and incubated at
room temperature for 16 h. After washing, bound 14C activity was
measured [24]. b: A similar analysis as in A, including N-acetyl GM3
(regular GM3) and N-glycolyl GM3. It is noticeable that negative
interaction (repulsion) was found between N-acetyl GM3, but no
repulsion between N-acetyl GM3 and N-glycolyl GM3. Data from
Kojima et al. [24]

Fig. 4 Adhesion of B16 melanoma cells on LacCer-coated (in com-
parison with other GSL-coated) solid phase and effects of anti-GM3
mAb and sialidase treatment. a: Adhesion of B16/BL6 cells on GSL-
coated 96-well plates: Gg3 (○), LacCer (CDH) (Δ), Gb4 (▲), Gg4
(▼), PG (●) GM3 (∇). [3H]Thymidine-labeled cells (2×104) were
added to the wells. After incubation for 15 min in serum-free medium
at 37°C, the plates were washed. The bound cells were harvested and
counted. b: Adhesion of BL6 melanoma cells on LacCer-coated 96-
well plates and effects of treatment of cells with various reagents. [3H]
Thymidine-labeled cells (1×105/ml) were treated with sialidase
(0.1 unit/ml in PBS) (○), mAb DH2 (anti-GM3, 20 µg/ml) (∇), or
nonspecific mouse IgG (20 µg/ml) (▼), for 30 min at room tempera-
ture. After washing, the treated cells (2×104) were added to the coated-
wells. After 15 min of incubation, plates were washed. The bound cells
were harvested and counted
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Summary of CCIs currently known is shown in Fig. 6.
Some of them were observed based on strong cell adhesion
assay, although some others were based on biochemical
assays in vitro. Futher extensive studies are needed to dem-
onstrate that these CCIs are really involved in cell adhesion,
and have some functional roles in development and/or cancer.

Carbohydrate to carbohydrate interaction in regulation
of growth factor receptor

Previous works by our lab and others, showed that GM3
strongly interacts with epidermal growth factor receptor

(EGFR), and inhibits EGF-induced activation of EGFR [1,
36, 37]. Subsequent studies to compare the activity of var-
ious gangliosides indicated that GM3 displays much higher
inhibitory effect than other gangliosides; and the order of the
inhibitory effect was: GM3>>>GM2, GD3, GM4>GM1>
GD1a, GD1b in A431 cells or KB cells [38]. However, the
molecular mechanism underlying the specific inhibition of
EGFR with GM3 was not known.

Based on our previous finding of CCI, we examined the
possibility that GM3 interacts with N-linked glycans of
EGFR as the first step for the inhibition. Human EGFR
has 11 potential N-glycosylation sites, and at least 8 sites are
known to carry N-glycan in A431 cells [39]. The preparation

Fig. 5 Inhibition of the colonization of B16F10 melanoma cells in in
vivo. a: Neoglycoconjugates and glyconanoparticles used in this study.
b: Specific inhibitory effect of lacto-GNPs on the lung colonization of

B16F10 cells. Representative pictures of lungs from animals in each
group in comparison with the lung obtained from a control animal not
injected with B16F10 cells. Data from Rojo et al. [6]

Fig. 6 Structures of various carbohydrate epitopes showing strong (S),
medium (M), weak (W), no, or repulsive (R) interactions with one
another. a: Lex/Ley/H interaction [16, 17, 25, 29, 30]. b: Gb4

(globoside) interaction [35]. c: GM3 interaction [25, 67] d: sulfatide
GalCer interaction [27, 28]
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of enough N-glycans to analyze their binding to GM3 requires
a large amount of A431 cells; therefore, we prepared and
purified N-glycans from readily available sources, ovalbumin
and fetuin. Since a series of methodologies for isolation and
characterization of N-glycans were well established, we first
separated a sufficient amount of purified N-glycans from
ovalbumin, and analyzed which types of N-glycans display
GM3 binding. This was to apply such information in the
future for analysis of N-glycans expressed and involved in
GM3-mediated inhibition of EGFR activation in A431 cells.
Total N-glycans from ovalbumin were isolated following the
fractionation method, as outlined by Shimizu et al. [40],
including lectin-affinity chromatography [41, 42], and then
further separated into N-glycan components by high perfor-
mance liquid chromatography (HPLC) using “Varian Prostar”
column. These purified N-glycans were covalently bound to
amino-group of phosphatidyl-ethanolamine (PE) as previous-
ly reported [43, 44]. The PE-bound glycans were coated/
affixed on to polystyrene plates, and their binding with GM3

and other GSLs were determined using liposomes containing
each GSL. With this method, we found that N-glycan con-
taining 5 or 6 GlcNAc termini, termed as “OsFr.B” (Fig. 7a),
binds to GM3 at highest degree among N-glycans tested.
These penta-hexa antennary N-linked structures and their
incomplete form with multiple GlcNAc termini were previ-
ously isolated from oviduct epithelial cells and their structures
were fully characterized [45]. The biantennary N-glycan car-
rying 2 GlcNAc termini “Os 1” did not show any detectable
GM3 binding. Also, OsFr. B did not show any significant
binding to other GSLs tested so far [46].

Next, we examined if N-linked glycan with multi-
GlcNAc termini is expressed in A431 cells and whether it
is really involved in GM3-mediated inhibition of EGFR
activation, using OsFr.B, described above. As shown in
Fig. 7: (i) Polystyrene beads coated with GM3, but not with
GM1 or Gb4, could bind EGFR in A431 cell lysate. The
specific binding of EGFR to GM3 was blocked by preincu-
bation of GM3-coated beads with Os Fr.B, but not with

Fig. 7 Interaction between GM3 and EGFR, and effects of "Os Fr.B"
glycan with multiple GlcNAc termini. a: Structure of Os Fr.B, having 5
or 6 GlcNAc(Gn) termini. The oligosaccharide (Os) was separated,
purified from obalbumin, and its structure was determined as in Yoon
et al. [46] and Yamashita et al. [45]. Gn, N-acetylglucosamine
(GlcNAc). M, mannose. b: Interaction of GSL-coated polystyrene
beads with EGFR, and inhibition of this interaction by Os Fr.B.
Polystyrene beads (1 μm in diameter), which were coated with GM3,
GM1, or Gb4 were mixed with cell lysate prepared from A431 cells.
After washing, EGFR bound to the beads were detected by Western
blot with anti-EGFR mAb. Os Fr.B, or cellobiose were added in the
cell lysate to analyze the specific effect of Os Fr.B on the binding of

EGFR to GM3-coated beads. c: Os Fr.B was mixed with GM3 micelles
and then incubated with membrane fraction prepared from A431 cells.
EGF was added and the mixture was incubated for 10 min at 22°C.
Phosphorylation of EGFR was analyzed by Western blot with mAb
PY20, and re-blotted with anti-EGFR mAb. EGF-induced EGFR acti-
vation was calculated as P-EGFR/EGFR. d: Effect of swainsonine
(SW) treatment on GM3-mediated inhibition of EGFR activation.
Control and SW-treated A431 cells were preincubated with GM3 and
then stimulated with EGF. EGFR activation was detected with mAb
PY20, using γ-tubulin as loading control. Significance of differences:
*, p00.025; **, p00.0025. Data from Yoon et al. [49]
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cellobiose, which has no GlcNac termini (B). (ii) Pre-
incubation of GM3 micelles with Os Fr.B reduced the in-
hibitory effect of GM3 on EGFR activation (C). (iii) Immu-
noprecipitated EGFR from the cell lysate reacted with lectin
GS-II [47] and mAb J1 [48], both of which are known to
react with GlcNAc termini of N-linked glycan. Treatment of
the cells with swainsonine, an inhibitor for mannosidase II,
enhanced the inhibitory effect of GM3 on EGFR activation
(D), along with increased expression of glycan with GlcNAc
termini on the cell surface. The data shown in Fig. 7 which
was constructed from various results shown in Yoon et al.
[49].

These findings indicate the existence of a novel type of
CCI, which takes place between GM3 and GlcNAc termini
of N-linked glycan of EGFR within the same cells, and its
functional role in EGFR activation. We termed this type of
CCI as “cis-CCI”.

Subsequent works in this area support the CCI between
GM3 and N-glycans with GlcNAc on EGFR as the molecular
mechanism for GM3-mediated inhibition of EGFR activation,
essentially supporting our results as above. In studies by
Nakayama and his colleagues [50], the sequential treatments
of A431 cells with sialidase and β-galactosidase resulted in
enhanced inhibition with GM3 of EGFR activation, and en-
hanced binding of lectin GS-II to EGFR. In addition, GM3 did
not bind to EGFR from α-mannosidase IB-knocked down
A431 cells, and at the same time, GM3-mediated EGFR
activation was not detectable in the knockdown cells. The
concept was also supported by our recent study with ldlD14
cells, UDP-Gal/UDP-GalNAc 4′-epimerase-deficient mutant
of Chinese hamster ovary (CHO) cells. The cells were initially
used by Davis and his colleagues to demonstrate that induced
GM3 expression causes a reduction of EGFR activation [37],
indicating that EGFR activation is physiologically regulated

Fig. 8 Inhibitory role of GM2/GM3 complex in cell motility through
its association with CD82. a: Interaction of GM2/GM3 complex with
CD82. Polystyrene beads (1 μm diameter) coated with GM2, GM2/
GM3, GM3, LacCer or GM2/LacCer, were mixed with cell lysates
prepared from YTS-1 cells overexpressing CD82. After washing, the
amount of CD82 bound to the coated beads was determined by West-
ern blot with anti-CD82. b: Inhibitory effect of GM2/GM3 complex on

cell motility. Silica nanospheres (50 nm diameter) were coated with
GM3, GM2, or GM2/GM3. HCV29 cells (CD82 positive) and YTS-1
cells (CD82 negative) were mixed with the coated nanospheres and
their phagokinetic cell motility activities were analyzed on gold-sol
monolayers and expressed as moved area. * p<0.001. ** p<0.01. Data
from Adriane Todechini et al. [52]

Table 1 Cell adhesion mediated by

PPI (protein-to
protein interaction)

CPI (carbohydrate-to-
protein interaction)

CCI (carbohydrate-to-
carbohydrate interaction)

Examples Integrin α3β1 to LN5 α5β1 to
FN αLβ2 to ICAM-1 or −2

SLex-to-E-selectin SLea-to-E-
selectin Sialoglycan to siglec

Lex-to-Lex GM3-to-Gg3

Rapidity Slow [55] Fast Very Fast [55]

Affinity (Ka in M) ~10-8 to 10-9 10-8 ~10-5 to 10-8 [18, 63–65]

Variability Low Low Very High; depends on degree of
clustering and orientation
of epitopes [20, 24, 34]

Repulsion Yes [66] Not known Yes [55, 67]

Synergism between
two adhesion systems

Yes, with CCI Not known Yes, with PPI
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by endogenous GM3, and supporting the findings of the
inhibitory activity of GM3 [36]. In our study, EGFR-
transfected ldlD14 cells expressed higher level of GlcNAc
termini on the cell surface and exogenously-added GM3
showed inhibitory activity on EGFR activation, when the cells
were cultured in the absence of Gal. The addition of excessive
amounts of Gal in the culture media could block the expres-
sion of GlcNAc termini, and the inhibitory effect of GM3 on
EGFR activation was much weaker in these cells [51]. Iden-
tification of the structure of the N-glycan that exists on EGFR
and binds to GM3 remains to be studied, although N-glycan
carrying 6 GalNAc termini was identified as a minor compo-
nent expressed in EGFR from A431 cells after treatment with
sialidase and β-galactosidase [50].

In addition to cis-CCI between ganglioside and N-linked
glycans in EGFR activation, we recently found regulator
activity of the complex of gangliosides on hepatocyte growth
factor receptor (HGFR), cMet; using human bladder cell lines
with different degree of malignancy. Hetero-dimeric complex
of GM2 and GM3 was closely associated with cMet-CD82
complex, and the ganglioside complex negatively regulated
HGF-induced cMet activation, cell motility and growth
(Fig. 8) [52]. Other examples of ganglioside complexes have
been reported; antibodies to ganglioside complexes, GM1-
GD1a, GD1a-GD1b, and GT1a-GT1b, were detected in sera
of patients with Guillain-Barre syndrome, suggesting connec-
tion of the complexes with acute motor nerve paralysis in this
autoimmune disease [53, 54].

Discussion/perspective

Processes mediated by CCI show many key differences
from those mediated by protein to protein interaction (PPI)
or carbohydrate to protein interaction (CPI). Some of the
major distinctions, for trans-CCI, are summarized in Table 1.
PPI is the slowest process, since it requires conformational
adaptation between two interacting proteins (e.g., integrin
and fibronectin), whereas in CPI carbohydrate conformation
is pre-defined and ready to bind to a single protein conforma-
tion. In CCI, the reaction is most rapid since conformations of
two carbohydrates are pre-defined. Under physiological dy-
namic flow condition, cell adhesion based on CCI or CPI is
clearly observed, but adhesion based on PPI is very weak or
undetectable [55].

Functional roles of PPI and CPI have been extensively
investigated, and their importance in a wide range of cellular
functions (cell growth, motility, adhesion, apoptosis, etc.),
in both physiological and pathological conditions including
cancer, has been well documented. In contrast, comparable
studies on CCI so far are quite limited. Binding affinity of CCI
varied extensively, possibly based on degree of cluster, and
display high affinity when presented on gold nanoparticles.

Binding affinities of PPI and CPI are consistently higher than
CCI. Further extensive research in this direction will reveal
more examples of CCI and its role in regulation of cell
functions.

It is well documented that expression and activity of
EGFR, and other GFRs in the ErbB family, are enhanced
in many human cancers and that they play important roles in
mediating tumor cell growth and progression. These tyro-
sine kinase associated growth factor receptors, particularly
EGFR, are therefore considered prime targets for cancer
treatment, and tyrosine kinase inhibitors, such as gefitinib
and erlotinib have been developed for the treatment of
cancer. However, it has been reported that the treatment
with such drugs induces mutations in the kinase domain of
EGFR, leading to resistance to the drugs [56–61]. Since the
mechanism of the inhibition with GM3 through CCI is
completely different from that of the tyrosine kinase inhib-
itors, it might be possible to consider GM3 or its synthetic
mimetics as therapeutic agents in future. In fact, N-trifluoro-
acetyl-GM3 synthesized by Yoshino and Halfpap strongly
inhibited sialidase activity and oncogenic phenotype in mor-
phology. Cell growth and “contact inhibition” [62]; further
studies along this line are under way.

Acknowledgements Our original studies were supported by the Na-
tional Institute of Health, research no.: 2 R01 CA080054, National
Cancer Institute Outstanding Investigator Grant, CA42505 (to S.H.)
and the Biomembrane Institute. We thank Dr. Wai Cheu Lai and Marlin
Lobaton for the preparation of the manuscript.

References

1. Varki, A., Cummings, R., Esko, J., Freeze, H., Hart, G., Marth, J.:
Essentials of glycobiology. Cold Spring Harbor Laboratory Press,
Cold Spring Harbor (1999)

2. Varki, A.: Biological roles of oligosaccharides: all of the theories
are correct. Glycobiology 3(2), 97–130 (1993)

3. Humphreys, T.: Chemical dissolution and in vitro reconstruction of
sponge cell adhesions: I. Isolation and functional demonstration of
the components involved. Dev Biol 8, 27–47 (1963)

4. Spillmann, D., Thomas-Oates, J.E., van Kuik, J.A., Vliegenthart,
J.F.G., Misevic, G., Burger, M.M., Finne, J.: Characterization of a
novel sulfated carbohydrate unit implicated in the carbohydrate-
carbohydrate-mediated cell aggregation of the marine sponge
Microciona prolifera. J Biol Chem 270(10), 5089–5097 (1995)

5. Carvalho de Souza, A., Halkes, K.M., Meeldijk, J.D., Verkleij,
A.J., Vliegenthart, J.F., Kamerling, J.P.: Gold glyconanoparticles
as probes to explore the carbohydrate-mediated self-recognition of
marine sponge cells. Chembiochem 6(5), 828–831 (2005)

6. Rojo, J., Diaz, V., de la Fuente, J.M., Segura, I., Barrientos, A.G.,
Riese, H.H., Bernad, A., Penades, S.: Gold glyconanoparticles as
new tools in antiadhesive therapy. Chembiochem 5(3), 291–297
(2004)

7. Dammer, U., Popescu, O., Wagner, P., Anselmetti, D., Guntherodt,
H.-J., Misevic, G.N.: Binding strength between cell adhesion pro-
teoglycans measured by atomic force microscopy. Science 267,
1173–1175 (1995)

Glycoconj J (2012) 29:627–637 635



8. Solter, D., Knowles, B.B.: Monoclonal antibody defining a stage-
specific mouse embryonic antigen (SSEA-1). Proc Natl Acad Sci
USA 75(11), 5565–5569 (1978)

9. Hakomori, S., Nudelman, E.D., Levery, S.B., Solter, D., Knowles,
B.B.: The hapten structure of a developmentally regulated glyco-
lipid antigen (SSEA-1) isolated from human erythrocytes and
adenocarcinoma: a preliminary note. Biochem Biophys Res Com-
mun 100, 1578–1586 (1981)

10. Kannagi, R., Nudelman, E.D., Levery, S.B., Hakomori, S.: A
series of human erythrocyte glycosphingolipids reacting to the
monoclonal antibody directed to a developmentally regulated an-
tigen, SSEA-1. J Biol Chem 257, 14865–14874 (1982)

11. Gooi, H.C., Feizi, T., Kapadia, A., Knowles, B.B., Solter, D.,
Evans, M.J.: Stage-specific embryonic antigen involves a1-3 fuco-
sylated type 2 blood group chains. Nature 292, 156–158 (1981)

12. Kannagi, R., Cochran, N.A., Ishigami, F., Hakomori, S., Andrews,
P.W., Knowles, B.B., Solter, D.: Stage-specific embryonic antigens
(SSEA-3 and −4) are epitopes of a unique globo-series ganglioside
isolated from human teratocarcinoma cells. EMBO J 2(12), 2355–
2361 (1983)

13. Kannagi, R., Levery, S.B., Ishigami, F., Hakomori, S., Shevinsky,
L.H., Knowles, B.B., Solter, D.: New globoseries glycosphingoli-
pids in human teratocarcinoma reactive with the monoclonal anti-
body directed to a developmentally regulated antigen, stage-
specific embryonic antigen 3. J Biol Chem 258(14), 8934–8942
(1983)

14. Shevinsky, L.H., Knowles, B.B., Damjanov, I., Solter, D.: Mono-
clonal antibody to murine embryos defines a stage-specific embry-
onic antigen expressed on embryos and human teratocarcinoma
cells. Cell 30(3), 697–705 (1982)

15. Handyside, A.H.: Distribution of antibody- and lectin-binding sites
on dissociated blastomeres from mouse morulae: evidence for
polarization at compaction. J Embryol Exp Morphol 60, 99–116
(1980)

16. Fenderson, B.A., Zehavi, U., Hakomori, S.: A multivalent lacto-N-
fucopentaose III-lysyllysine conjugate decompacts preimplanta-
tion mouse embryos, while the free oligosaccharide is ineffective.
J Exp Med 160(5), 1591–1596 (1984)

17. Eggens, I., Fenderson, B.A., Toyokuni, T., Dean, B., Stroud, M.R.,
Hakomori, S.: Specific interaction between Lex and Lex determi-
nants: a possible basis for cell recognition in preimplantation
embryos and in embryonal carcinoma cells. J Biol Chem 264
(16), 9476–9484 (1989)

18. de la Fuente, J.M., Barrientos, A.G., Rojas, T.C., Rojo, J., Canada,
J., Fernandez, A., Penades, S.: Gold glyconanoparticles as water-
soluble polyvalent models to study carbohydrate interactions.
Angew Chem Intl Ed 40(12), 2259–2261 (2001)

19. Rosenman, S.J., Fenderson, B.A., Hakomori, S.: The role of gly-
coconjugates in embryogenesis. In: Ohyama, M., Muramatsu, T.
(eds.) Glycoconjugates in medicine, pp. 43–50. Professional post-
graduate services, Japan (1988)

20. Kojima, N., Fenderson, B.A., Stroud, M.R., Goldberg, R.I.,
Habermann, R., Toyokuni, T., Hakomori, S.: Further studies on cell
adhesion based on Lex-Lex interaction, with new approaches: Embry-
oglycan aggregation of F9 teratocarcinoma cells, and adhesion of
various tumour cells based on Lex expression. Glycoconj J 11(3),
238–248 (1994)

21. Muramatsu, T., Gachelin, G., Damonneville, M., Delarbre, C.,
Jacob, F.: Cell surface carbohydrates of embryonal carcinoma
cells: polysaccharidic side chains of F9 antigens and of receptors
to two lectins, FBP and PNA. Cell 18, 183–191 (1979)

22. Muramatsu, T., Gachelin, G., Moscona, A.A., Ikawa, Y.: Terato-
carcinoma and embryonic cell interactions, p. 344. Japan Scientific
Societies Press/Academic Press, Tokyo (1982)

23. Handa, K., Takatani-Nakase, T., Larue, L., Stemmler, M.P., Kemler,
R., Hakomori, S.: Lex glycan mediates homotypic adhesion of

embryonal cells independently from E-cadherin: a preliminary note.
Biochem Biophys Res Commun 358(1), 247–252 (2007)

24. Kojima, N., Hakomori, S.: Cell adhesion, spreading, and motility
of GM3-expressing cells based on glycolipid-glycolipid interaction.
J Biol Chem 266, 17552–17558 (1991)

25. Otsuji, E., Park, Y.S., Tashiro, K., Kojima, N., Toyokuni, T.,
Hakomori, S.: Inhibition of B16 melanoma metastasis by admin-
istration of GM3- or Gg3-liposomes: blocking adhesion of mela-
noma cells to endothelial cells (anti-adhesion therapy) via
inhibition of GM3-Gg3Cer or GM3-LacCer interaction. Int J Oncol
6, 319–327 (1995)

26. Santacroce, P.V., Basu, A.: Probing specificity in carbohydrate-
carbohydrate interactions with micelles and Langmuir monolayers.
Angew Chem Intl Ed 42(1), 95–98 (2003)

27. Boggs, J.M., Menikh, A., Rangaraj, G.: Trans interactions between
galactosylceramide and cerebroside sulfate across apposed
bilayers. Biophys J 78(2), 874–885 (2000)

28. Boggs, J.M., Gao, W., Hirahara, Y.: Myelin glycosphingolipids,
galactosylceramide and sulfatide, participate in carbohydrate-
carbohydrate interactions between apposed membranes and may
form glycosynapses between oligodendrocyte and/or myelin mem-
branes. Biochim Biophys Acta 1780(3), 445–455 (2008)

29. Zhu, Z., Cheng, L., Tsui, Z., Hakomori, S., Fenderson, B.A.:
Glycosphingolipids of rabbit endometrium and their changes during
pregnancy. J Reprod Fertil 95(3), 813–823 (1992)

30. Zhu, Z., Kojima, N., Stroud, M.R., Hakomori, S., Fenderson, B.A.:
Monoclonal antibody directed to Ley oligosaccharide inhibits im-
plantation in the mouse. Biol Repro 52, 903–912 (1995)

31. Geyer, A., Gege, C., Schmidt, R.R.: Calcium-dependent
carbohydrate-carbohydrate recognition between Lewis(X)
blood group antigens. Angew Chem Intl Ed 39(18), 3245–3249
(2000)

32. Tromas, C., Rojo, J., de la Fuente, J.M., Barrientos, A.G., Garcia,
R., Penades, S.: Adhesion forces between Lewisx determinant
antigens as measured by atomic force microscopy. Angew Chem
Intl Ed 40(16), 3052–3055 (2001)

33. Evans, E.A.: Detailed mechanics of membrane-membrane adhe-
sion and separation. II. Discrete kinetically trapped molecular
cross-bridges. Biophys J 48(1), 185–192 (1985)

34. Gourier, C., Pincet, F., Perez, E., Zhang, Y., Zhu, Z., Mallet, J.M.,
Sinay, P.: The natural LewisX-bearing lipids promote membrane
adhesion: influence of ceramide on carbohydrate-carbohydrate
recognition. Angew Chem Intl Ed 44(11), 1683–1687 (2005)

35. Yu, S., Withers, D.A., Hakomori, S.: Globoside-dependent adhe-
sion of human embryonal carcinoma cells, based on carbohydrate-
carbohydrate interaction, initiates signal transduction and induces
enhanced activity of transcription factors AP1 and CREB. J. Biol.
Chem. 273, 2517–2525 (1998)

36. Bremer, E.G., Schlessinger, J., Hakomori, S.: Ganglioside-
mediated modulation of cell growth: specific effects of GM3 on
tyrosine phosphorylation of the epidermal growth factor receptor. J
Biol Chem 261(5), 2434–2440 (1986)

37. Weis, F.M.B., Davis, R.J.: Regulation of epidermal growth factor
receptor signal transduction: role of gangliosides. J Biol Chem
265, 12059–12066 (1990)

38. Miljan, E.A., Meuillet, E.J., Mania-Farnell, B., George, D.,
Yamamoto, H., Simon, H.G., Bremer, E.G.: Interaction of the extra-
cellular domain of the epidermal growth factor receptor with ganglio-
sides. J Biol Chem 277(12), 10108–10113 (2002)

39. Zhen, Y., Caprioli, R.M., Staros, J.V.: Characterization of glyco-
sylation sites of the epidermal growth factor receptor. Biochemis-
try 42(18), 5478–5492 (2003)

40. Shimizu, Y., Nakata, M., Kuroda, Y., Tsutsumi, F., Kojima, N.,
Mizuochi, T.: Rapid and simple preparation of N-linked oligosac-
charides by cellulose-column chromatography. Carbohydr Res
332, 381–388 (2001)

636 Glycoconj J (2012) 29:627–637



41. Merkle, R.K., Cummings, R.D.: Lectin affinity chromatography of
glycopeptides. Meth. Enzymol. 138, 232–259 (1987)

42. Ohyama, Y., Kasai, K., Nomoto, H., Inoue, Y.: Frontal affinity
chromatography of ovalbumin glycoasparagines on a concanavalin
A-sepharose column. A quantitative study of the binding specific-
ity of the lectin. J Biol Chem 260(11), 6882–6887 (1985)

43. Feizi, T., Stoll, M.S., Yuen, C.-T., Chai, W., Lawson, A.M.: Neo-
glycolipids: probes of oligosaccharide structure, antigenicity, and
function. Meth. Enzymol. 230, 484–519 (1994)

44. Stoll, M.S., Feizi, T.: Preparation of neoglycolipids for structure
and function assignments of oligosaccharides. BioMethods 9, 329–
348 (1997)

45. Yamashita, K., Kamerling, J.P., Kobata, A.: Structural study of the
carbohydrate moiety of hen ovomucoid: occurrence of a series of
pentaantennary complex-type asparagine-linked sugar chains. J
Biol Chem 257(21), 12809–12814 (1982)

46. Yoon, S., Nakayama, K., Takahashi, N., Yagi, H., Utkina, N.,
Wang, H.Y., Kato, K., Sadilek, M., Hakomori, S.: Interaction of
N-linked glycans, having multivalent GlcNAc termini, with GM3
ganglioside. Glycoconj J 23(9), 639–649 (2006)

47. Lyer, P.N., Wilkinson, K.D., Goldstein, L.J.: An -N-acetyl-D-gly-
cosamine binding lectin from Bandeiraea simplicifolia seeds. Arch
Biochem Biophys 177(1), 330–333 (1976)

48. Symington, F.W., Fenderson, B.A., Hakomori, S.: Fine specificity
of a monoclonal anti-testicular cell antibody for glycolipids with
terminal N-acetyl-D-glucosamine structure. Molec Immun 21,
877–882 (1984)

49. Yoon, S., Nakayama, K., Hikita, T., Handa, K., Hakomori, S.:
Epidermal growth factor receptor tyrosine kinase is modulated by
GM3 interaction with N-linked GlcNAc termini of the receptor.
Proc Natl Acad Sci USA 103(50), 18987–18991 (2006)

50. Kawashima, N., Yoon, S.J., Itoh, K., Nakayama, K.: Tyrosine
kinase activity of epidermal growth factor receptor is regulated
by GM3 binding through carbohydrate to carbohydrate interac-
tions. J Biol Chem 284(10), 6147–6155 (2009)

51. Guan, F., Handa, K., Hakomori, S.I.: Regulation of epidermal
growth factor receptor through interaction of ganglioside GM3
with GlcNAc of N-linked glycan of the receptor: demonstration
in ldlD cells. Neurochem Res 36(9), 1645–1653 (2011)

52. Todeschini, A.R., Dos Santos, J.N., Handa, K., Hakomori, S.:
Ganglioside GM2/GM3 complex affixed on silica nanospheres
strongly inhibits cell motility through CD82/cMet-mediated path-
way. Proc Natl Acad Sci USA 105(6), 1925–1930 (2008)

53. Kaida, K., Morita, D., Kanzaki, M., Kamakura, K., Motoyoshi, K.,
Hirakawa, M., Kusunoki, S.: Ganglioside complexes as new target
antigens in Guillain-Barre syndrome. Ann Neurol 56(4), 567–571
(2004)

54. Kusunoki, S., Kaida, K., Ueda, M.: Antibodies against ganglio-
sides and ganglioside complexes in Guillain-Barre syndrome: new
aspects of research. Biochim Biophys Acta 1780(3), 441–444
(2008)

55. Kojima, N., Shiota, M., Sadahira, Y., Handa, K., Hakomori, S.:
Cell adhesion in a dynamic flow system as compared to static
system: glycosphingolipid-glycosphingolipid interaction in the

dynamic system predominates over lectin- or integrin-based mech-
anisms in adhesion of B16 melanoma cells to non-activated endo-
thelial cells. J Biol Chem 267, 17264–17270 (1992)

56. Sharma, S.V., Bell, D.W., Settleman, J., Haber, D.A.: Epidermal
growth factor receptor mutations in lung cancer. Nat Rev Cancer 7
(3), 169–181 (2007)

57. Irmer, D., Funk, J.O., Blaukat, A.: EGFR kinase domainmutations—
functional impact and relevance for lung cancer therapy. Oncogene
26(39), 5693–5701 (2007)

58. Balak, M.N., Gong, Y., Riely, G.J., Somwar, R., Li, A.R., Zakowski,
M.F., Chiang, A., Yang, G., Ouerfelli, O., Kris, M.G., Ladanyi, M.,
Miller, V.A., Pao, W.: Novel D761Yand common secondary T790M
mutations in epidermal growth factor receptor-mutant lung adeno-
carcinomas with acquired resistance to kinase inhibitors. Clin Cancer
Res 12(21), 6494–6501 (2006)

59. Bean, J., Riely, G.J., Balak, M., Marks, J.L., Ladanyi, M., Miller,
V.A., Pao, W.: Acquired resistance to epidermal growth factor
receptor kinase inhibitors associated with a novel T854A mutation
in a patient with EGFR-mutant lung adenocarcinoma. Clin Cancer
Res 14(22), 7519–7525 (2008)

60. Sugawa, N., Ekstrand, A.J., James, C.D., Collins, V.P.: Identical
splicing of aberrant epidermal growth factor receptor transcripts
from amplified rearranged genes in human glioblastomas. Proc
Natl Acad Sci USA 87(21), 8602–8606 (1990)

61. Ekstrand, A.J., Sugawa, N., James, C.D., Collins, V.P.: Amplified
and rearranged epidermal growth factor receptor genes in human
glioblastomas reveal deletions of sequences encoding portions of
the N- and/or C-terminal tails. Proc Natl Acad Sci USA 89(10),
4309–4313 (1992)

62. Hakomori, S., Young, W.W.J., Patt, L.M., Yoshino, T., Halfpap, L.,
Lingwood, C.A.: Cell biological and immunological significance
of ganglioside changes associated with transformation. In:
Svennerholm, L., Dreyfus, H., Urban, P.F. (eds.) Structure and func-
tion of gangliosides, pp. 247–261. Plenum, New York (1980)

63. Haseley, S.R., Vermeer, H.J., Kamerling, J.P., Vliegenthart, J.F.G.:
Carbohydrate self-recognition mediates marine sponge cellular
adhesion. Proc Natl Acad Sci USA 98(16), 9419–9424 (2001)

64. Matsuura, K., Kitakouji, H., Sawada, N., Ishida, H., Kiso, M.,
Kitajima, K., Kobayashi, K.: A quantitative estimation of
carbohydrate-carbohydrate interaction using clustered oligosac-
charides of glycolipid monolayers and of artificial glycoconjugate
polymers by surface plasmon resonance. J Am Chem Soc 122(30),
7406–7407 (2000)

65. de la Fuente, J.M., Penades, S.: Understanding carbohydrate-
carbohydrate interactions by means of glyconanotechnology. Gly-
coconj J 21(3–4), 149–163 (2004)

66. Song, H., Ming, G., He, Z., Lehmann, M., McKerracher, L.,
Tessier-Lavigne, M., Poo, M.: Conversion of neuronal growth
cone responses from repulsion to attraction by cyclic nucleotides.
Science 281(5382), 1515–1518 (1998)

67. Kojima, N., Hakomori, S.: Specific interaction between ganglio-
triaosylceramide (Gg3) and sialosyllactosylceramide (GM3) as a
basis for specific cellular recognition between lymphoma and
melanoma cells. J Biol Chem 264, 20159–20162 (1989)

Glycoconj J (2012) 29:627–637 637


	Carbohydrate to carbohydrate interaction in development process and cancer progression
	Abstract
	Introduction
	Carbohydrate to carbohydrate interactions involved in cell adhesion
	Carbohydrate to carbohydrate interaction in regulation of growth factor receptor
	Discussion/perspective
	References


