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Physically distinguishable microdomains associated with various
functional membrane proteins are one of the major current topics
in cell biology. Glycosphingolipids present in such microdomains
have been used as “markers;” however, the functional role of
glycosyl epitopes in microdomains has received little attention. In
this review, | have tried to summarize the evidence that glycosyl
epitopes in microdomains mediate cell adhesion and signal trans-
duction events that affect cellular phenotypes. Molecular assem-
blies that perform such functions are hereby termed “glycosyn-
apse” in analogy to ““immunological synapse,” the membrane
assembly of immunocyte adhesion and signaling. Three types of
glycosynapses are so far distinguishable: (/) Glycosphingolipids
organized with cytoplasmic signal transducers and proteolipid
tetraspanin with or without growth factor receptors; (i) trans-
membrane mucin-type glycoproteins with clustered O-linked gly-
coepitopes for cell adhesion and associated signal transducers at
lipid domain; and (iii) N-glycosylated transmembrane adhesion
receptors complexed with tetraspanin and gangliosides, as typi-
cally seen with the integrin-tetraspanin—-ganglioside complex. The
possibility is discussed that glycosynapses give rise to a high
degree of diversity and complexity of phenotypes.

he structure and function of “microdomains” having dif-

ferent physical properties and specialized functions is one
of the major topics of current cell biology (for review, see refs.
1-6). The development of this area has occurred over the past
two decades, based on key observations such as (i) the
distinctive clustering of glycosphingolipids (GSLs)™ and/or
glycoproteins, which has been observed by scanning electron
microscopy with freeze-fracture (7). GSL clusters were ob-
served even on liposome surfaces prepared without cholesterol
(8). (if) Detergent-insolubility of GSLs together with pericel-
lular matrix proteins and microfilaments at fibroblast adhesion
sites, termed detergent-insoluble membrane (DIM) (9, 10).
(iii) Exclusive presence of “fucolipids” in villous membranes
separated from intestinal mucosa (11), and enriched sphingo-
lipids vs. glycerophospholipids in apical vs. basolateral mem-
branes in kidney epithelial cells (12). (iv) Association of Src
family kinases with glycosylphosphatidylinositol-anchored
proteins found originally by Horejs$i and colleagues (13), and
noted later in DIM or glycolipid-enriched microdomain
(GEM) of many types of cells. (v) Specific membrane domains
termed “caveolae,” associated with the scaffold protein caveo-
lin (14, 15), and claimed to be involved in endocytosis and
signal transduction (1). Caveolar membranes showed a com-
position similar to that of other low-density membranes re-
gardless of the presence or absence of caveolin (1, 16). Various
terms such as caveolae (1), caveola-like (16), DIM (10),
detergent-resistant membrane (2), GEM (17-20), and most
frequently “raft” (5, 6) were used to refer to similar mixtures
of membranes with low density.

In most of these studies, the presence of GSLs was noted
simply as a marker of low-density membrane fraction. Little
attention was paid to the structural variety of glycoclusters and
their potential roles in microdomains, even though carbohy-
drate-dependent cell adhesion and/or signaling have been well
studied subjects (for reviews, see refs. 21-31).
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Our studies have established novel structures of globo-
series, lacto-series types 1 and 2, and hybrid types (=30
structures in total; for review, see ref. 23). Some of the novel
structures expressed highly at defined stages of development
are termed ‘‘stage-specific embryonic antigens,” and some
expressed highly after oncogenic transformation are identified
as tumor-associated antigens (Table 1). We subsequently tried
to determine the biological significance of the glycosylation
changes during development or tumor progression. Certain
GSLs expressed highly at defined stages of these processes
have been identified as adhesion molecules recognized by two
mechanisms: (i) through binding proteins, i.e., endogenous
lectins—mainly selectins (e.g., refs. 32-36; for review, see refs.
26-28) and siglecs (e.g., 37-39; for review 30); and (if) through
complementary carbohydrates expressed at the target cell
surface, based on carbohydrate to carbohydrate interaction
(40-47; for review, see refs. 24 and 25). GSL antigens involved
in cell adhesion are highlighted in Table 1, with appropriate
references, and examples of these mechanisms are given in
subsequent sections.

GSLs, particularly gangliosides, have been characterized by
their ability to interact with key transmembrane receptors or
signal transducers involved in cell adhesion and signaling. Ex-
amples are (i) modulation of growth factor receptors with
intrinsic tyrosine kinases (48-51; for review, see ref. 31); (if)
modulation of integrin function (52) through their complex with
tetraspanin CD9 (53); and (iii) interaction with and activation of
cytoplasmic signal transducers such as Src family kinases and
small G proteins present in microdomain (17-20).

Based on these findings, I have tried to construct a conceptual
view with a focus on how the mechanistic process of carbohy-
drate-dependent cell adhesion/recognition is converted to sig-
naling impulses affecting cellular phenotype—the essential
theme of “cell sociology.”

Type 1 Glycosynapse:* GSL Clusters, Organized with Signal
Transducers, Involved in Cell Adhesion Coupled with
Signal Transduction

Regardless of the structural variations of the carbohydrate
moieties, GSLs have a common minimum-energy conforma-
tional structure in which the oligosaccharide chain, having
specific ligand-binding activity, is oriented at a defined angle to

Abbreviations: EGF, epidermal growth factor; GEM, glycolipid-enriched microdomain; GSL,
glycosphingolipid; PL, proteolipid.
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*Glycosphingolipids are abbreviated according to the recommendations of the Interna-
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mission on Biochemical Nomenclature (CBN) [CBN for lipids (1977) Eur. J. Biochem. 79,
11-21]; however, the suffix -OseCer is omitted. Ganglio-series gangliosides are abbrevi-
ated according to the extended version of Svennerholm’s list [Holmgren, J., Svennerholm,
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*The term "glycosynapse’ is applied to the membrane assembly involved in glycosylation-
dependent cell adhesion and signaling, in analogy to “immunological synapse,” which
controls functional adhesion between immunocytes (refs. 120 and 121). The term supple-
ments the concepts of “caveolae” (1), ““raft” (5), and other terms which do not implicate
glycosylation-dependent cell function.
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Table 1. Major GSLs identified as developmentally regulated or tumor-associated antigens involved in

cell adhesion

GSL class Structure

Human
carcinoma

Name(s), original
characterization

Binding partner
in cell adhesion

Globo
Gal B3Gl NB3Gal a4Gal p4d cplCer

SAa3Gal B3Gal NB3Gal a4Gal B4d cp1Cer
SAb

Lacto type 1

SAa3Gal B3d cNpB3Gal p4d cpBlCer
SAb
Lacto type 2
+SAa3CGal B4A cNB3G&l B4G cNB3Gal p4d cp1Cer
Fuca3 Fuca3

SAa3Gal B4d cNB3Gal B4d cNB3Gal B4A cNB3Gal B4A cNB3Gal 4G cplCer
nyel ogl ycan (35, 36)

Fuca3 Fuca3

Hybrid b

Gal NB4Gal 3G cNB3Gal B4d cB1Cer
SAa3 |  SAab
a

Ganglio
SAx3Gal B4d cBlCer

Gb5 (SSEA3) (124)  Gb4 (54) TerCa (125)
diSA-Gb5 (126) siglec-7 (39) RC Ca (126)
diSA-Lcg (127) siglec-7 (39) colorect Ca (127)
RC Ca (39)
LeX-LeX (61) LeX (40) or colorect Ca

SLeX-LeX (128) E-selectin (32)

E-selectin (36)

gastric Ca (129)

GalNACcdiSA- siglec-7 (39) RC Ca (131)
LC4 (130)
GM3 Gg3, LacCer (42, 112)  Melanoma (132)

Each GSL class has a characteristic core structure as indicated by underlining in the table, i.e., Gala4Gal for globo-series; Gal33GIcNAc
for lacto-series type 1; GalB4GIcNAc for lacto-series type 2; GaINAcB4Gal and SAa3Gal for ganglio-series. In hybrid-type, “’a"” as indicated
is ganglio-, and “b"" is lacto type 1. TerCa, teratocarcinoma; RC Ca, renal cell carcinoma; SA, sialic acid; Fuc, fucose.

the axis of ceramide (Fig. 14). They have the physical property
to form extensive clusters (“GSL patch”), separate from glyc-
erophospholipids and some types of glycoprotein clusters, in the
plasma membrane (Fig. 1B). Although the majority of glyco-
proteins are separated from GSL patches, some functional
glycoproteins such as growth factor receptors associated with
intrinsic tyrosine kinases are often found within GSL domains
and display clear interaction with and functional susceptibility to
gangliosides (see below).

We have studied the composition and functional roles of GSL
glycosynapses in mouse B16 melanoma (19, 20), human terato-
carcinoma 2102 (54), mouse neuroblastoma Neuro2a (55), and
human renal cell carcinoma TOS-1 cell lines (56). In each case,
the major GSL or ganglioside in the assembly mediates cell
adhesion or displays susceptibility to exogenous gangliosides to
activate cytoplasmic signal transducers. This event induces
downstream signaling leading to change in transcription factors
and/or consequent phenotypic changes. Well studied examples
are signal transduction events resulting from GM3-dependent
adhesion of B16 cells (42) and Gb4-dependent adhesion of 2102
cells (54). GM3-enriched membranes in B16 cells are separable
from caveolar membranes by anti-GM3 or anti-caveolin Abs
(20). Contrasting properties of GM3-enriched signaling domain
vs. caveolar membranes are summarized in Fig. 1B Inset. GM3-
dependent adhesion and associated activation of Src and focal
adhesion kinase in B16 cells were not inhibited by cholesterol-
binding reagents filipin and nystatin (20), but were inhibited by
sialyl a2 — 1 sphingosine (57).

In addition to nonreceptor signal transducers, GEM contains
hydrophobic chloroform/methanol-soluble proteins termed
“proteolipids” (PLs), originally described by Folch and Lees (58)
as PL-A, -B, and -C, which are now identified as a class of
tetraspanin present at GSL glycosynapse. We found a PL-C
having molecular mass of 15 kDa, present exclusively in Folch’s
lower phase of B16 melanoma, showing strong binding affinity
to GM3. A similar PL-C, originally termed ‘“‘maturation-
associated lymphocyte antigen,” expressed in 1dID cells by its
gene transfection, has dual affinity to GM3 and to cSrc, but not
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to caveolin. PL-C is considered a common basic constituent of
glycosynapse or GEM (Fig. 1B). PL-C may modulate signal
transduction, but it seems to block signaling from upstream to
downstream transducers in the case we studied (K. Handa, D. A.
Withers, and S.H., unpublished data).

How are GSLs clustered, and why are GSLs associated with
sphingomyelin and cholesterol often detergent-insoluble? Bio-
physical approaches to answer these questions have been limited
to liposome models, in studies led by D. Brown and colleagues
(for review, see ref. 2). Detergent resistance of membranes has
been correlated with the liquid-ordered (lo) phase based on
saturated aliphatic chain, as opposed to the liquid-disordered gel
phase associated with multiple olefinic bonds.

GSL clustering to form microdomains is considered a priori
based on side to side (cis) interaction between GSLs, which is
greater than that between glycerophospholipids. Ceramide in
GSLs has a 3-O-hydroxyl group and a 2-acylamido group in
sphingosine in addition to many hydroxyl groups in carbohy-
drate, and can therefore function more easily as hydrogen bond
donor, whereas glycerophospholipids are essentially hydrogen
bond acceptors (59). Ceramide with a-hydroxy fatty acid pro-
vides additional chance of hydrogen bond donors, leading to
enhanced antigenicity of GSL when it contains «-hydroxy fatty
acid (60). Head group interaction between GalCer and sulfatide
is much higher when they contain a-hydroxy fatty acid (44). Fatty
acid a-hydroxylation is unusually high in GSLs of human colonic
cancer (61), human neuroblastoma (62), and Le* GSL isolated
from colonic cancer (63). The last case contains exclusively
4-O-hydroxysphinganine. Thus, hydroxyl groups at fatty acid C2
or sphingosine C3 or C4 may promote cis interaction of GSLs,
leading to a larger more stable GSL microdomain.

Another ceramide factor affecting GSL organization in mem-
brane is the comparative chain length of fatty acid and sphin-
gosine. a-Fucosylceramide from colonic cancer has C20 sphin-
gosine and C14 fatty acid (64), and this GSL is not immunogenic.
A synthetic a-fucosylceramide having C18 sphingosine and
C20-24 fatty acid was strongly immunogenic (65). These findings
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suggest that GSLs with a sphingosine chain longer than the fatty
acid chain have unstable membrane organization and vice versa.

Down-regulation of intrinsic tyrosine kinases in various
growth factor receptors by gangliosides has been known for many
years (48-50; for review, see ref. 31). Receptors for epidermal
growth factor (EGF) and platelet-derived growth factor were
found to be associated with “caveolar membrane,” or GEM
(66—68). GM3 binding to EGF receptor, and GM3-dependent
inhibition of receptor tyrosine kinase, were observed only when
N-glycans were fully processed to complex-type structure, sug-
gesting that GM3 interaction with N-glycosylated EGF receptor
takes place in GEM and leads to down-regulation of the
receptor-associated tyrosine kinase (69). GM3 may interact with
a defined conformation of the receptor that depends on pro-
cessed N-glycans, or it may interact directly with N-linked glycans
present in EGF receptor, presumably through carbohydrate—
carbohydrate interaction. In certain cases, gangliosides may
up-regulate receptors. GM1 binds to TrkA (nerve growth factor
receptor) in PC12 cells, activates its tyrosine kinase, promotes
neuritogenesis, and inhibits apoptosis (51). GDla, added to
certain fibroblasts, followed by prolonged starvation, causes
receptor kinase activation rather than down-regulation in re-
sponse to EGF; this effect was claimed to be triggered by initial
activation of cSrc followed by cascades of signaling (68, 70).

A model of GSL clusters in glycosynapse, associated with
signal transducers and with growth factor receptors, is shown in
Fig. 24. The assembly plays a primary role in GSL-dependent
cell adhesion (42, 54), induction of differentiation (55), and
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modulation of growth factor receptor function (48-51), and may
lead to the dramatic phenotypic changes seen during ontogenesis
and oncogenesis.

Type 2 Glycosynapse: O-Linked Mucin-Type Adhesion Epitopes
Organized with Signal Transducers in a Cholesterol-Rich Lipid
Microdomain

Mucin-type glycoproteins having tandem repeat peptides with
multiple O-linked glycan are carriers of various glycoepitopes
involved in cell adhesion mediated by selectins and siglecs. It was
recently observed that both MUC-1 and PSGL-1 (71) are highly
enriched in low-density membrane fractions (Fr. 5 and 6) of
human HUT78 and mouse EL4 T-cell lines expressing MUC-1
by its gene transfection. The enrichment was observed in Brij, as
well as in high-ionic alkaline conditions (500 mM Na,COs3), a
drastic condition used to eliminate weak interaction (72). The
association may be maintained by cholesterol, because both
MUC-1 and PSGL-1 undergo solubilization and translocation
from GEM to a high-density soluble fraction when cells are
treated with cholesterol-binding reagent B-cyclodextrin (73). In
contrast, GSLs in GEM are not affected by cholesterol-binding
reagents (20).

Signal transducers characteristic of T-cells (Ick56, Lyn, Fyn,
and CD45) were also found to be associated with low-density
lipid fraction. This finding raises an interesting possibility that
binding of ligands to glycoepitopes in O-linked glycoclusters
triggers change of signal transducers, leading to phenotypic
modulation of cells. A new functional role of MUC-1 in T-cells
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was presented recently, based on observations that (i) activated
but not resting human T-cells express and secrete MUC-1 (74),
and that (if) soluble MUC-1 inhibits T-cell proliferation (75, 76).
These findings suggest that T-cell activation induces MUC-1
transcription, and that the activation process is inhibited by
MUC-1 per se, i.e., MUC-1 is an automodulator of T-cell
activation and inhibition.

O-linked glycoepitopes present in mucin-type structures in-
clude (i) ABH and Lewis blood group antigens; (if) tumor-
associated antigens T, Tn (77, 78), and sialyl-Tn (79, 80); (iii)
E-selectin epitopes sialyl-Le* (32) and sialyl-Le® (81, 82) for
tumor cell binding; (iv) P-selectin epitopes (33); (v) L-selectin
epitopes (83); and (vi) a number of sialyl 2 — 3 or sialyl 2 — 6
epitopes, including sialyl-Tn, as targets of siglecs (84; for review,
see ref. 30). The “myeloglycan” epitope (see Table 1 for struc-
ture) found originally in GSLs (35, 36) may well be present in
O-linked form in PSGL-1 and other mucin-type glycoproteins.
Thus, type 2 glycosynapses may play major roles in glycosylation-
dependent adhesion through selectins and siglecs, and conse-
quent changes in signaling leading to phenotypic changes, e.g.,
tumor cell invasiveness. A model of type 2 glycosynapse is
illustrated in Fig. 2B.

Type 3 Glycosynapse: Adhesion Receptors with N-Glycosylation
Complexed with Tetraspanin and Gangliosides in
Microdomains

Our knowledge of cell adhesion, motility, and signaling con-
trolled by various types of integrin receptors is comprehensive
(85). Many recent studies indicate that integrins are associated
with various members of the tetraspanin family [CD81, CDS82,
CD9, CD63, CD53 (86; for review, see ref. 87)], or tetraspanins
interact with other tetraspanins or with non-tetraspanin mem-
brane proteins (88, 89). Integrins, complexed with tetraspanin,
are found at low-density membrane domain. Formation of such

Fig. 2. Schematic models of types 1, 2, and 3 glycosynapse. (A) Type 1
glycosynapse with GSL clusters, PL tetraspanin (PLtsp), and growth factor
receptor (in this example EGF-R). Clusters of GSLs are organized with signal
transducer molecules (TDa, TDb). Stimulation of GSL region “a’’ causes strong
signaling “’x”" through TDa (19, 20), whereas stimulation of region “’b"" causes
weaker signaling "y" through TDb because of the presence of the blocking
factor PLtsp in that region (K. Handa, D. A. Withers, and S.H., unpublished
data). When EGF-R is located in a GSL-rich domain, signaling through growth
factor (EGF) to activate tyrosine phosphorylation (P-Y) is blocked by the
association of EGF-R with GSL (in this example, ganglioside GM3) (48). Binding
of GM3 to EGF-R may result from interaction of GM3 with carbohydrate
N-linked to EGF-R, as suggested by a previous study (69), and by our studies
with N-glycosylation inhibitors (T. Hikita, K. Handa, and S.H., unpublished
data). Note that the majority of N-glycosylation (pink oval chains) is localized
at the fourth domain from the top (135), close to ganglioside clusters (purple
ovals), such that interaction with gangliosides at the membrane surface is
favored. (B) Type 2 glycosynapse with mucin-type transmembrane glycopro-
tein at cholesterol-rich membrane domain. Examples are shown for MUC-1
and PSGL-1. In MUC-1, the number of tandem repeats varies from 20 to 120,
and each repeat is a 20-aa sequence. In PSGL-1, the number of tandem repeats
is 15, and each repeat is a 10-aa sequence. The units, having multiple O-linked
structure with glycosyl adhesion epitope, are organized with various signal
transducers (TDa, TDb, TDc). In human and mouse T-cell lines, cSrc, Ick¢, Lyn,
Fyn, and CD45 are detected (73). Both MUC-1 and PSGL-1 are associated with
a membrane domain rich in cholesterol (indicated by yellow rods). Cells
expressing type 2 glycosynapse are capable of binding to cells expressing
P-selectin, E-selectin, or siglecs. A specific structure with three tyrosine phos-
phates and O-linked glycan to define P-selectin-dependent adhesion in PSGL-1
was recently elucidated (33). (C) Type 3 glycosynapse with integrin receptor
(ITR) having a- and B-subunits and tetraspanin (Tsp.). N-glycosylation (pink
oval chains) of ITR is essential for connection and stabilization of «5- and
B1-subunits (90) and also for interaction of ITR with tetraspanin CD82 (98).
Interaction of some tetraspanins (e.g., CD9) with ITR requires GM3 ganglioside
(53). The complex is more stable with complete N-glycosylation and is located
at a low-density domain showing resistance to p-cyclodextrin.
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Fig. 3. Models of glycosylation-dependent cell adhesion with signaling. (A)
Self-adhesion (autoaggregation) of human teratocarcinoma 2102 cells, with
simultaneous signaling to activate transcription factors. The adhesion is me-
diated by two globo-series (Gb4, Gb5) and one lacto-series GSL (nLcs) based on
Gb4-nLcs or Gb4-Gb5 interaction in type 1 glycosynapse. Structures: Gb4,
GalNAcB3Galad4GalB4aGIcB1Cer; nLcs, Galp4GIctNAcB3Galp4aGlcp1Cer; Gb5,
see Table 1. Adhesion by this process may occur in cooperation with E-
cadherin-based homotypic interaction. The former process may be much
faster than the latter. The glycosynapse membrane is indicated by a light
brown color. Simultaneous with GSL-dependent adhesion, signal transducers
(cSrc, RhoA, RasH) present in this glycosynapse may be activated, leading to
activation of transcription factors AP-1 (activation protein 1) or CREB (CAMP
responsive element binding protein). The adhesion process can be inhibited by
Abs directed to Gb4, Gb5, or nLcs. (B) Adhesion of renal cell carcinoma (RCC)
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complexes, and their presence in microdomain, are affected by
N-glycosylation of both integrin and tetraspanin, as well as by
surrounding gangliosides. The association of a5 with 81 subunits
in «5B1 complex is maintained by N-glycosylation (90), and
optimal quantity of GM3 is necessary for maximal fibronectin-
dependent adhesion through «581 (52). In contrast, GT1b and
GD3 inhibit a5B1-dependent binding of keratinocytes. In this
system, N-glycosylation of 581 is essential for this inhibitory
effect, in which GT1b and GD3 are claimed to interact with the
mannose core of N-linked glycan through carbohydrate—
carbohydrate interaction (91).

Integrin a3 or a5 complexed with tetraspanin CD9 or CD82
strongly affects cell motility and may control tumor cell
malignancy. CD82 was originally identified as an anti-
metastatic gene product of prostate cancer (92), and its
expression is down-regulated in metastatic lesions of prostate
cancer (93) and lung cancer (94) as shown in clinicopatholog-
ical studies. CD9, originally found as motility-regulatory pro-
tein (95), is also down-regulated in metastatic deposits of
human colonic cancer (96).

To verify the effect of N-glycosylation and gangliosides on
CDS82 and CD9 function, we used Krieger’s Chinese hamster
ovary mutant deficient in UDP-Gal 4-epimerase, 1dID14 cells
(97), expressing CD82 or CD9 through transfection of their
genes (1dID/CDS82 and 1dID/CD9Y). Studies with this model
system indicated that (i) CD82 with complete N-glycosylation
reduces, whereas incomplete N-glycosylation or deletion of
N-glycosylation enhances, the association of CD82 to integrin
receptor. The motility-inhibitory effect of CD82 is strong when
the association is enhanced (98). (i) Association of CD9 with
a3 /a5 is not influenced by N-glycosylation, because CD9 has
no N-glycosylation site. However, this association is affected
by endogenously synthesized or exogenously added GM3.
GM3 was identified as a cofactor for the motility-inhibitory
effect of CD9, and this was also shown clearly in a few colonic
and gastric cancer cell lines. Specific interaction of GM3 with
CD9 was demonstrated by using photoactivatable GM3 (53).
A model of type 3 glycosynapse having glycosylation complex
with integrin and tetraspanin is illustrated in Fig. 2C.

Effects of N- or O-glycosylation on the function of adhesion
receptors other than integrins, such as (i) cadherins, (if) Ig family
receptors, and (iii) CD44, are known. A notable example is that
N-glycosylation of E-cadherin with bisecting GIcNAc enhances
the cell adhesion and reduces tumor malignancy (99). In general,

to peripheral blood mononuclear cells (PBMC), mediated by clustered disia-
logangliosides in type 1 glycosynapse, and binding of siglec-7 expressed at the
PBMC surface. Three types of disialoganglioside in RCC, indicated by different
colors, are organized with signal transducers (cSrc, RhoA, focal adhesion
kinase) present in RCC glycosynapse. Disialogangliosides of RCC that bind to
siglec-7 are GalNAc-disialyl-Lcs, disialyl-Lcs, and disialyl-Gb5 (see Table 1 for
structures). Siglec-7 binds equally well to the three types of disialoganglioside,
indicating a lack of binding specificity. Low binding specificity or lack of
binding specificity in endogenous lectin is often seen in selectins, siglecs, and
galectins. Adhesion of RCC to PBMC causes large-scale aggregation of these
two types of cells, which may lead to microembolisms in lung. RCC adhesion
to PBMC activates cSrc, followed by signaling (red arrows) to enhance motility
and invasiveness. (C) Tumor cell (TC) adhesion to activated ECs, through type
2 glycosynapse in TCs, may activate transducers, followed by signaling to
enhance TC motility and invasiveness. Mucin-type transmembrane glycopro-
teins are organized with signal transducers in glycosynapse (light brown). The
majority of glycosyl epitopes in TCs involved in selectin-dependent adhesion
are carried by mucin-type glycoproteins in type 2 glycosynapse. The glycosyl
epitopes are SLe*, SLe*-LeX, and SLe?, which bind to E-selectin but not to
P-selectin unless they are expressed on PSGL-1, and sulfated SLe*, which binds
to P-selectin. This process, i.e., binding of activated ECs to type 2 glycosynapse
of TCs, may activate Src family kinases, RhoA, and Ras present in the glyco-
synapse, leading to enhanced motility and invasiveness.
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the presence of these receptors in low-density microdomain to
form glycosynapse has not been studied.

Glycosynapse Involved in Development, Differentiation, and
Tumor Progression

Phenotypic changes occurring during embryogenesis, differen-
tiation, and oncogenic progression are all based on glycosylation-
dependent cell adhesion coupled with signal transduction. These
processes also take place through three types of glycosynapse as
discussed in the preceding three sections. A few practical exam-
ples are briefly explained below.

1. Glycosylation-dependent adhesion of teratocarcinoma cells,
coupled with changes in signal transduction: A model of ““compac-
tion process.” Compaction, the first cell adhesion event during
embryogenesis, causes differentiation from “morula” to “blas-
tocyst,” in which glycosynapses carrying “stage-specific” gly-
cosyl epitopes are expressed and organized with signal trans-
ducers. At the morula stage, globo-series epitopes (100, 101)
and lacto-series epitopes are coexpressed (100). Globo-
epitopes in human teratocarcinoma 2102 or Tera2 cells may
serve as adhesion sites, providing a model of the compaction
process in human or primate embryo. All GSLs in 2102 cells,
together with cSrc, RhoA, and Ras, are found in GEM (102).
Autoaggregation of 2102 cells is based on interaction of Gb4
to Gb5 and Gb4 to nLc4, which induces activation of yet-
unidentified signal transducers, leading to enhancement of two
transcription factors, AP-1 and CREB (54). A large variety of
phenotypic changes may follow as a consequence. The com-
paction process mediated by glycosylation may be coopera-
tively supported by E-cadherin, as observed originally in
mouse embryo (103); this can also be applied to primate or
human embryo (see Fig. 34).

Le*-dependent adhesion of mouse embryo at compaction
(104) is assumed to be mediated by Le*~Le* interaction (e.g., ref.
40) presented by “embryoglycan” (43), in cooperation with
E-cadherin (103). Basigin and embigin (both Ig-like receptors)
have been characterized as embryoglycan carriers (105, 106);
however, their expression at morula stage and functional rela-
tionship with E-cadherin remain to be clarified.

2. GSL-induced differentiation of neuroblastoma Neuro-2a.
Mouse neuroblastoma Neuro-2a cells are highly susceptible to
exogenous addition of gangliosides GM3 or GM1 to induce
differentiation and neuritogenesis (107). 3H-labeled GM3/
GM1, but not *H-labeled phosphatidylcholine added exog-
enously, accumulates preferentially in GEM, which is charac-
terized by the presence of >90% of cellular GSLs and signal
transducers (cSrc, Csk, Lyn, RhoA, and RasH). Stimulation of
GEM by GM3 induces rapid (=5 min) cSrc activation with
simultaneous 70% reduction of Csk, a physiological cSrc
inhibitor, leading to activation of MAPK. A crucial question
on the mechanism of Csk reduction, and the quick response to
GM3/GM1 stimulation, remains to be elucidated (55).

3. Tumor cell malignancy defined by glycosynapse function.
Various mechanisms and possibilities with regard to composition
and function of tumor cell glycosynapse have been indicated.

(i) Tumor-associated epitopes SLe* and SLe*-Le* (Table 1)
have been identified as E-selectin epitopes (32) and promote
tumor cell metastasis (108), particularly when carried by long
glycans (109). In this case, metastasis was inhibited by peptide
mimetics of SLe* (110). SLe* or SLe*-Le*, present as ganglioside
or mucin-type glycoprotein in tumor cell glycosynapse, mediates
binding of tumor cells to activated endothelial cells (ECs)
expressing E-selectin. The tumor-associated epitope SLe?, the
positional isomer of SLe¥, is equally active in binding to E-
selectin (81, 82). The same process can be considered for
promotion of tumor cell metastasis by this epitope (111). Mo-
tility and invasiveness of tumor cells may be enhanced after
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adhesion of tumor cells to ECs, through activation of signal
transducers present in type 1 or type 2 glycosynapse.

(@) Tumor cell adhesion to ECs through carbohydrate—
carbohydrate interaction promotes tumor cell metastasis. In a
typical example, adhesion of B16 melanoma cells to mouse ECs
(SPE-1) is based on interaction of GM3 (expressed on B16 cells)
with LacCer and Gb4 (expressed on ECs), whereby not only
adhesion but also motility are strongly enhanced (42, 112). Gg3,
a strong ligand of GM3, is suggested to be expressed at mouse
lung microvascular ECs (112), so the Gg3—-GM3 interaction may
also account for B16 metastasis to lung. Liposomes containing
Gg3 or GM3 inhibit this metastasis (113). These results provided
a basis for further studies on GSL glycosynapse, and demon-
strate that GM3-dependent adhesion is coupled with activation
of cSrc, RhoA, and focal adhesion kinase (19, 20), which may
promote B16 cell invasiveness.

(iii) Motility and invasiveness of colorectal cancer or bladder
cancer cells is controlled by type 3 glycosynapse having a
complex of N-glycosylated integrin, CD9, and GM3. For these
cancers, the higher the level of CD9 and GM3, the lower the
invasiveness and motility (53, 114). GM3 in bladder cancer cell
lines is cryptic and not involved in GM3-dependent cell adhe-
sion. This situation is in striking contrast to mouse melanoma
cells that express high GM3 but no CD9, where the higher the
level of GM3, the higher the degree of malignancy (see subsec-
tion ii above).

(iv) Aggregation of tumor cells with peripheral blood mono-
nuclear cells is mediated by siglecs expressed on blood cells
and sialoglycan expressed on tumor cells. Such aggregates may
cause vascular microembolisms from which metastasis may
arise. An example was shown for aggregation of renal cell
carcinoma cells, expressing disialogangliosides, with periph-
eral blood mononuclear cells expressing siglec-7. The ganglio-
sides involved are disialyl-Lcs4, GalNAc-disialyl-Lcs, and disia-
lyl-Gb5 (see Table 1 for structures). The aggregates may
become large enough to cause microembolisms, and cSrc in
tumor cell GEM may be activated, leading to enhanced
invasiveness (39). Models of glycosynapses involved in tumor
cell adhesion as a step in tumor progression are shown in Fig.
3 B and C.

Conclusions and Perspective

The concept that cell surface carbohydrates mediate cell
adhesion, and affect gene expression (e.g., 115, 116), has been
a major challenge for cell biologists working on the biological
significance of cell surface glycosylation defining cell social
functions. Major glycosyl structures were identified during the
1970s, and mechanisms of glycosylation and its processing were
clarified during the 1980s (e.g., ref. 117). The majority of genes
encoding individual glycosyltransferases were cloned and char-
acterized during the 1990s (118). The genes essential for
synthesis of glycoconjugates have been applied to test the
functional role of each glycosyl residue during development or
to test the effect of modified glycosylation on physiological
processes, using transgenic, gene knockout, or antisense ap-
proaches (119).

We are now at the stage to answer the question of how
individual glycosyl structures are assembled and organized in
membranes, and how such assemblies control the basic cell social
functions, adhesion/recognition coupled with signaling, to main-
tain or alter cellular phenotype. The assemblies are based
essentially on physical interaction of the membrane components,
which depend on (i) primary structure of each type of membrane
component (lipids, carbohydrates, and proteins) and their quan-
tities; (i) N- or O-linked glycosylation status of membrane
proteins, in terms of glycosyl structure and glycosylation sites;
and (iif) structural variety of GSLs, their degrees of clustering,
and interaction with other membrane components. Differential
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combinations of factors i, ii, and iii may lead to microdomains
with extensive diversity of structure and function, providing a
basis for great phenotypic diversity and biological complexity in
organisms.

Among various functions assigned to microdomains, carbohy-
drate-dependent cell adhesion coupled with signaling plays a
major role, and the assembly for this function is hereby termed
“glycosynapse”, in analogy to “immunological synapse” control-
ling functional adhesion and signaling between immunocytes
(120, 121). Glycosynapse is one type of assembly present in
low-density membrane fraction, which may also contain other
assemblies not involved in glycosylation-dependent functions.
The term supplements the vague concept of “raft” (5) and the
limited notion of caveolae (1).

The diversity of cellular phenotypes based on organizational
diversity of membrane may provide a partial explanation for the
“gap” in phenotypic and biological complexity between primi-
tive organisms and humans. The total number of protein-coding
genes in the human genome was recently estimated to be
~30,000 (122), which is on a similar order as the number
(~20,000) found in the primitive organism Caenorhabditis el-
egans. The complexity “gap” may be “filled up” by various
factors; mechanisms for gene activation/inhibition and for dif-
ferential splicing are commonly considered. Incidence and vari-
ation of splicing and number of messengers in primitive organ-
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isms are lower than in higher animals (123), but the difference
is less than expected. Diversity and complexity of membrane
organization may fill up this gap as well.

Differential combinations of components may lead to large
phenotypic diversity and complexity, although the physical
mechanism creating different combinations of interactions is
mostly unknown at this time. New biophysical or biochemical
approaches are necessary to solve this problem.

The three types of glycosynapse found so far are major
functional units of microdomains and provide a basis for
glycosylation-dependent cell social functions. Further studies
along this line are essential for understanding the functional
role of glycosylation in defining not only basic mechanisms of
cellular interaction but also important disease processes such
as cancer, infection, inflammatory disorders, and geriatric
disorders.
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