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GLYCOCONJUGATE

A molecule in which one or
more glycan units are covalently
linked to a non-carbohydrate
entity.

N-LINKED GLYCANS

Glycans covalently linked to an
asparagine residue of a
polypeptide chain in the
consensus sequence
-Asn-X-Ser/Thr.

GLYCOPROTEIN
A protein with one or more
covalently bound glycans.
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THE SWEET AND SOUR OF
CANCER: GLYCANS AS NOVEL
THERAPEUTIC TARGETS
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Abstract | A growing body of evidence supports crucial roles for glycans at various
pathophysiological steps of tumour progression. Glycans regulate tumour proliferation,
invasion, haematogenous metastasis and angiogenesis, and increased understanding of these
roles sets the stage for developing pharmaceutical agents that target these molecules. Such
novel agents might be used alone or in combination with operative and/or chemoradiation

strategies for treating cancer.

Several glycans, on both the tumour surface and host
elements, have now been identified as mediating key
pathophysiological events during the various steps of
tumour progression. Tumour progression involves a
range of unique alterations in intracellular and inter-
cellular signalling. These serve to promote dysregu-
lation of the cell cycle and facilitate proliferation; to
promote the emergence of a subset of invasive cells
that dissociate from the tumour and digest and migrate
through host extracellular matrix (ECM) and base-
ment membranes; to summon an endothelial-lined
neovascular network from nearby host endothelial
cells (angiogenesis); to endow disseminating tumour
cells with cell-surface characteristics that promote
adhesive interactions with platelets, leukocytes and
blood or lymphatic vascular endothelial cells; and to
facilitate the evasion of innate immunity. Ultimately, a
‘survivor’ subset of cells must invade, neovascularize,
disseminate, extravasate and proliferate at a new tissue
location to become a pathological metastasis.
Glycans are covalent assemblies of sugars (oligosac-
charides and polysaccharides) that exist in either free
form or in covalent complexes with proteins or lipids
(cLycoconjuGartes). There are several main families of
glycoconjugates: the Asn-linked (v-LinkED) oligosac-
charides of many GrycoproteNs; the Ser- or Thr-linked
(o-LINkeD) oligosaccharides that are present on many
glycoproteins and that predominate on secreted and

membrane bound mucixns; the glycosaminoglycans,
which are glycans present as free polysaccharides
(such as hyaluronan) or as part of proTEOGLYCANS (such
as heparan sulphate and chondroitin sulphate); the
glycosphingolipids, which consist of oligosaccharides
glycosidically linked to ceramide; the glycosylphos-
phatidylinositol (GPI)-linked proteins, which are
proteins that bear a glycan chain linked to phosphati-
dylinositol; and nuclear and cytoplasmic proteins,
which bear the monosaccharide O-linked N-acetylglu-
cosamine (O-GlcNAc) linked to serine, often at sites
that are normally phosphorylated' (FIG. 1). Most classes
of glycan exist as membrane-bound glycoconjugates
(for example, in the crycocaryx) or as secreted mol-
ecules, which can become integral parts of the ECM.
These locations place glycans in a position to medi-
ate cell adhesion and motility, as well as intracellular
signalling events®.

In the tumour environment, changes in glycosylation
allow neoplastic cells to usurp many of the events that
occur in development (for example, receptor activation,
cell adhesion and cell motility), which allows tumour
cells to invade and spread throughout the organism®.
Malignant transformation is often accompanied by
the expression of oncofetal antigens — epitopes that
are expressed on embryonic tissues and tumour cells,
and only in a few cell types in the adult. Many of the
first-identified tumour-specific antibodies were directed
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Summary

« Tumours aberrantly express various glycans. Glycans regulate many different
aspects of tumour progression, including proliferation, invasion, angiogenesis

and metastasis.

« The proliferation of tumour cells is potentiated by the ability of glycoproteins and
glycosphingolipids to directly activate growth-factor receptor tyrosine kinases and
by the ability of proteoglycans to function as co-receptors for soluble tumour

growth factors.

The overexpression of specific glycosyltransferases by tumour cells promotes the

formation of tumour glycans that facilitate invasion.

Carcinomas commonly overexpress O-linked glycans in the form of cell-surface

and secreted mucins that present ligands for adhesion receptors, such as the
selectins, which promote the ability of tumour cells to interact with host platelets,
leukocytes and endothelial cells. These interactions facilitate haematogenous

metastasis of tumour cells.

Glycosphingolipids, in the form of gangliosides, are overexpressed by a range of

tumours, and their shedding into the bloodstream might impair host immunity to

some tumours.

During tumour proliferation and invasion, heparan-sulphate proteoglycans

(HSPGs) that are present on the surface of tumour cells function as co-receptors to
stabilize growth-factor receptor signalling complexes. Secreted HSPGs that are
present in the extracellular matrix store growth factors that can be mobilized by the
action of tumour heparanases. A similar mechanism that involves endothelial-
associated HSPGs and endothelial growth factors facilitates vascular sprouting
during tumour angiogenesis.

Some glycans can be measured in the bloodstream, and their use as markers of

disease burden can be used to screen for specific cancers as well as track response

to therapy.

Experiments in which glycan function is genetically altered in cell-culture systems

or mouse tumour models validate their potential as targets for anticancer therapy.

A few glycan-based targeting strategies are currently being tested in clinical trials.

As we learn more about the roles of glycans in tumour progression, new targets will
continue to emerge for drug design.

O-LINKED GLYCANS

Glycans glycosidically linked to
the hydroxyl group of the
amino acids serine, threonine,
tyrosine or hydroxylysine.

MUCINS

Large glycoproteins with a high
content of serine, threonine and
proline residues, and numerous
O-linked glycans, often
occurring in clusters on the
polypeptide. Tumour mucins
are often decorated by unique
small glycans such as Tn
(O-linked GalNAc) or sialyl Tn
antigens (sialic acid-capped
O-linked GalNAc).

against carbohydrate oncofetal antigens presented on
tumour glycoproteins and glycosphingolipids®*. In
some cases, the underexpression, truncation or altered
branching patterns of certain glycans correlate with cell
growth. Similar alterations on tumours endow them
with enhanced proliferative capacity, which could reflect
the outcome of ‘Darwinian selection’ of rapidly grow-
ing cells that can endure survival pressures imposed by
the host. A massive potential for glycan diversity exists,
but a relatively limited array of glycans correlates with
invasion and metastatic potential across a wide range
of tumours.

Initial insight into the unique repertoire of gly-
cans expressed on tumour cells emerged from the
increased ability of tumours to bind a range of plant
LecTINs®. Lectins exhibit protein folds that define
families of carbohydrate-binding proteins that can
bind in a specific ‘lock-and-key’ fashion®. Various
endogenous animal lectins also exist, and these facili-
tate fundamental processes such as quality control
of secreted proteins, cell-cell recognition, cell adhe-
sion and motility, and pathogen-host recognition.
Many lectins exist on the surface of immune cells and
endothelial cells that line the vasculature, as ECM
proteins and as soluble adhesion molecules such

as mannose-binding proteins or galactose-binding
lectins (galectins), and many of these can associate
with tumour-cell-associated glycans. The interac-
tions of lectins with tumour-cell glycans facilitate all
aspects of tumour progression.

This article will mainly focus on examples in which
genetic or pharmacological data confirm a correlation
between a specific pattern of glycan expression and
tumour progression. We have organized this review
according to the main stages of tumour progression:
proliferation, invasion, angiogenesis, metastasis and
immunity (FIG. 2). We refer readers interested in more
details to several excellent reviews on specific glycan
classes and cancer®” .

Proliferation of tumour cells

Tumour cells arise from mutations in proto-oncogenes
and tumour suppressors that normally control the cell
cycle and affect DNA repair'*. Tumours often express
a unique repertoire of glycans. These changes might
reflect selection of cell clones that have distinct glycan
compositions, but correlating these changes to pro-
liferation itself has been difficult. Nevertheless, a few
examples illustrate how alterations in protein or lipid
glycosylation can stimulate cell growth (TABLE 1).

Effects on tumour growth-factor receptors. N-linked
glycans have important roles in protein folding, quality
control and half-life; cell-cell recognition and adhe-
sion; and signalling® (FIG. 1). Because N-glycosylation
of glycoproteins is so prevalent, the changes in
N-glycan biosynthesis can have pleiotropic effects on
many systems, making it difficult to correlate tumour
growth with a change in glycosylation of a specific
protein. For example, N-glycosylation of the insulin-
like growth factor 1 receptor (IGF1R) is required for
IGFIR phosphorylation, cell-surface translocation,
and the subsequent growth and survival of melanoma
and sarcoma cells'. Treating cells with N-glycosylation
inhibitors in vitro can inhibit the survival of tumours
that depend on signalling by IGFIR.

Extensive literature exists about the roles of O-linked
glycans and mucins in proliferation (FIG. 1). Mucins are
glycoproteins that contain numerous O-glycans in clus-
tered domains along the core protein. The MUC gene
superfamily (reviewed in REE 12) is a family of mucin
core proteins that are expressed in a tissue-specific
manner and serve as markers for epithelial cells. Most
carcinomas express mucins, either as transmembrane
proteins on the cell surface or as secreted proteins.
MUC expression often goes awry in the tumour. For
example, mammary tumours overexpress MUC4 on
the cell surface'’, whereas it is not expressed on the
normal mammary epithelium. MUC4 contains an epi-
dermal growth factor (EGF)-like motif on its extracel-
lular (juxtamembrane) domain that directly interacts
with ERBB2 (a member of the EGF-RECEPTOR FAMILY),
initiating phosphorylation of the receptor tyrosine
kinase in the absence of more typical ERBB ligands
(such as EGF)"2. ERBB2 is frequently overexpressed (or
mutated to the activated state) in breast carcinomas.
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PROTEOGLYCAN

A protein with one or more
covalently attached
glycosaminoglycan chains, such
as heparan sulphate or
chondroitin sulphate (and
dermatan sulphate). In the
tumour environment, a range of
heparan-sulphate proteoglycans
expressed by both tumour cells
as well as endothelial cells affect
growth-factor signalling.

GLYCOCALYX

The cell-coat structure
consisting of glycans and
glycoconjugates surrounding
animal cells. This is seen as an
electron-dense layer by electron
microscopy.

LECTIN

A protein (other than an anti-
carbohydrate antibody) that
specifically recognizes and
binds to glycans without
catalysing a modification of the
glycan.

EGF-RECEPTOR FAMILY
Epidermal growth factor
receptors have important roles
in initiating the signalling that
directs the behaviour of
epithelial cells and tumours of
epithelial origin. The four
members of the family are also
known as ERBB receptor
tyrosine kinases (ERBB1-4),
and share structural and
functional similarities.

GANGLIOSIDES

Anionic glycosphingolipids
containing one or more residues
of sialic acid.
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Figure 1 | Important glycans involved in tumour progression. Unique glycans are involved in promoting the progression of
various carcinomas. a | N-linked glycans on glycoproteins are covalently bound to Asn residues. Typical branched structures
contain two or more ‘antennae’. The enzyme N-acetylglucosaninyltransferase V (GnTV) generates a specific antenna on some
glycoproteins and has been implicated in tumour invasion. b | O-linked glycans are found covalently linked to Ser or Thr
residues on glycoproteins and mucins. SLe*A (sialyl Lewis X or A) are carbohydrate determinants composed of four sugars in
specific linkage to one another, and are commonly overexpressed on tumour-cell mucins. The determinant forms part of a
ligand for the selectin class of adhesion receptors involved in tumour-cell aggregation with leukocytes and platelets, and
adhesion of tumour cells to endothelial cells. Tn and STn are tumour antigens that consist of truncated O-linked chains. Their
accumulation in many tumours correlates with invasion. ¢ | Glycosphingolipids consist of the lipid ceramide linked to one or
more sugars. Certain sialic-acid-containing glycosphingolipids, called gangliosides (for example, GM,, GM,, GD, and GD,),
have been correlated with tumour growth. d | Glycosylphosphatidylinositol (GPI)-linked proteins are anchored in the outer
leaflet of the plasma membrane by a glycan covalently linked to phosphatidylinositol. Glycosaminoglycans can occur as free
chains (hyaluronan; e) or as covalent complexes with proteoglycan core proteins (heparan sulphate, chondroitin sulphate and
dermatan sulphate, a type of chondroitin-sulphate-containing iduronic acid (IdoA)). f | Proteoglycans participate in growth-
factor activation and cell adhesion. g | Various cytoplasmic and nuclear proteins contain O-linked N-acetylglucosamine
(O-GIcNAc). Some glycoconjugates can be tethered to the plasma membrane as depicted or secreted into the extracellular
matrix. In some cases, hybrid molecules exist, containing more than one type of glycan. Sugars are represented by coloured
geometric symbols. Glc, glucose; Gal, galactose; Man, mannose; GlcNAc, N-acetylglucosamine; GalNAc,
N-acetylgalactosamine; GIcA, glucuronic acid; Fuc, fucose; Xyl, xylose; Sia, sialic acid.
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Recent experiments show that the overexpression
of MUC4 in melanoma cells induces rapid cellular
growth and the suppression of tumour apoptosis in
human melanoma-bearing nude mice'®. Furthermore,
MUCA4-overexpressing cells can autophosphorylate
ERBB2, which contributes to inhibition of apoptosis'.
The specific role of O-glycosylation in this process
is unknown. The glycan moiety might affect MUC4

protein folding or exposure of the EGF-like domains
on the MUC4 backbone in a manner that promotes
interaction with ERBB2.

Many tumours overexpress glycosphingolip-
ids, especially cancriosipes, which are ‘capped’ with
sialic acid (a negatively charged acidic sugar) on the
outermost tip of the glycan (FIG.1). In normal cells,
gangliosides are often associated with various receptor
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Figure 2 | Stages of tumour progression. Tumour proliferation (a) is crucial at early stages of
progression. b | During invasion, tumour cells gain the capacity to degrade, and migrate
through, basement membranes and extracellular matrix. ¢ | During the dissemination of tumour
cells through the bloodstream, they aggregate with host cells such as platelets and
lymphocytes and eventually lodge in the small vessels of distant organs. d | Tumour
angiogenesis is required for pathological growth of the primary cancer and its metastases.
Glycans have roles in each of these stages of tumour progression. See FIG. 3 for more details.

LIPID RAFTS

Microdomains in the plasma
membrane that are enriched in
sphingolipids, cholesterol and
GPI-linked proteins. They
function as signalling platforms
through their ability to
concentrate signalling proteins,
resulting in increased output
from receptors that require
cross-activating interactions and
increasing local concentrations
of other downstream signalling
components.

tyrosine kinases (such as EGF or insulin receptors) and
modulate their phosphorylation. Evidence indicates
that the interaction between gangliosides and receptor
tyrosine kinases serves important growth-promot-
ing functions. For example, the gangliosides G, or
G,, — which are commonly overexpressed in lung
cancers, melanomas and neurogenic tumours — are
able to regulate growth signalling through interactions
with membrane-associated receptor tyrosine kinases
or protein kinase C**". At a higher level of molecu-
lar organization, gangliosides on breast cancer cell
membranes regulate the formation of EGF receptor

complexes in LIPID RAFTS (FIG. 3). In particular, the gan-
glioside G, is necessary for ERBB2 and ERBB3 recep-
tors to form growth-factor-responsive heterodimers
on lipid rafts®, thereby facilitating ERBB signalling.
The ERBB receptors provide an example in which the
surrounding milieu of glycans (in this case glycosphin-
golipids) and a specific protein-glycoprotein (in this
case MUC4) interaction can modulate the function of
a crucial growth receptor.

Glycans as co-receptors for soluble tumour growth fac-
tors. Proteoglycans contain a core protein and one or
more covalently attached glycosaminoglycan (GAG)
side chains (FIG. 1). Unlike N- or O-linked glycans,
GAGs are composed of repeating disaccharide units
that are composed of an amino sugar (GIcNAc in
heparan sulphate or GalNAc in chondroitin sulphate;
see FIG. 1) linked to a uronic acid (GlcA or IdoA).
Negatively charged sulphate groups at discrete posi-
tions along heparan-sulphate chains facilitate inter-
actions with basic amino-acid residues on a range of
protein ligands involved in cell-matrix interactions
(for example, laminin, fibronectin and thrombospon-
din), inflammation (for example, the P and L seLEcTINS)
and growth (for example, the fibroblast growth factors
(FGFs), vascular endothelial growth factor (VEGF),
transforming growth factor-f (TGFp) and interleukin-
8 (IL-8))*23, GAGs are able to facilitate the formation
of ligand-receptor complexes, lowering the effective
concentration of ligand required for receptor activa-
tion. In this way, GAGs act as ‘co-receptors. GAGs also
facilitate the storage of ligands for future mobilization
and the protection of ligands from degradation?"*.
These functions are usurped in the tumour environ-
ment, allowing tumour-released growth factors to
exert autocrine effects as well as paracrine effects on
surrounding host cells, such as endothelial cells that
also bear growth-factor receptors.

The proliferation of tumour cells depends on
heparan-sulphate proteoglycans (HSPGs). For exam-
ple, glypican-1 (a GPI-anchored HSPG; FIG. 1) is over-
produced by pancreatic cancer cells, and mediates
mitogenic responses by tumour cells to basic fibroblast
growth factor (FGF2) and heparin-binding EGF-like
growth factor (HB-EGF) by facilitating the formation of
ligand-receptor complexes®. This interaction occurs at
specific sulphate-modified domains along cell-surface
heparan-sulphate chains?. In pancreatic, breast, ovar-
ian and hepatocellular cancers, tumour cells regulate
genes that modulate sulfation of cell-surface HSPGs
in a manner that increases their binding capacity for
growth-factors and the activation of receptor tyrosine
kinases?. Other examples are provided in TABLE 2.

In some cells, HSPGs can have the opposite
effect, acting as tumour suppressors. For example,
in Simpson-Golabi-Behmel syndrome, deletions or
point mutations within the glypican-3 gene cause a
congenital overgrowth syndrome, and patients have
an increased risk of developing certain malignancies®.
It is unclear how glypican-3 modulates growth, but
it appears to modify epithelial responses to growth
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Table 1 | Examples of glycan families involved in tumour progression

Glycan involved

Growth and proliferation

N-glycans

O-glycans

O-glycans

Glycosphingolipids

Heparan-sulphate
proteoglycans

Hyaluronan
O-GlcNAc

Tumour invasion

N-glycans
N-glycans

O-glycans

Glycosphingolipids

Heparan-sulphate
proteoglycans

Chondroitin-sulphate
proteoglycans

Hyaluronan

Tumour metastasis

O-glycans

N-linked and O-linked
glycans

Glycosphingolipids

Tumour angiogenesis

N-glycans

Heparan-sulphate
proteoglycans

Tumour immunity

Glycosphingolipids

Proposed major function(s)

Suppress apoptosis; growth-factor
signalling

Mucin (MUC4)-mediated activation of
ERBB?2 receptors

Suppress apoptosis (possibly through
galectin-3 binding to tumour O-
glycans expressing terminal galactose)

Control of signalling through lipid rafts

Coreceptors for tumour growth
factors

Signaling through hyaluronan
receptors (for example, CD44)

Modify oncogene phosphorylation

Alter E-cadherin-dependent tumour
adhesion

Tumour repulsion (for example,
polysialylation)

Stimulate migration; potentiate
migration of tumour cells through
inhibition of cell-cell contacts (for
example, sialyl Tn on mucins)

Tumour repulsion (for example, G, )

Matrix growth factor storage
(heparanase substrate)

Modulate tumour—matrix attachment

Coordinate tumour growth signalling
with cytoskeletal events during
migration

Facilitate tumour adhesion during
haematogenous metastasis (SLe*,
SLe* and other selectin ligands);

Promote tumour aggregation
(galectin-3 binding)

Tumour adhesion (sulphated selectin
ligands)

Promote migration of endothelia

Co-receptor for growth factors; matrix
growth factor storage; co-receptor for
matrix proteins

Immune ‘silencing’ (ganglioside
shedding)

Possible therapeutic targeting

Alkaloid inhibitors of N-linked
processing

Immunotherapy targeting MUC4
(similar to other mucin-targeting
immunotherapy)

Galectin-3 inhibitors (3-galactosides)

Ceramide glycosylation inhibitors;
ganglioside-targeted vaccines

Heparin derivatives as
heparan-sulphate competitors;
sulphotransferase inhibitors

Hyaluronan oligomers; adenoviral
delivery of hyaluronan-binding protein
genes

O-GlcNACc transferase inhibitors

Alkaloid inhibitors of N-glycan
processing

Sialyltransferase inhibitors

Vaccines (for example, conjugated
sialyl Tn)

Glycosphingolipid inhibitors;
ganglioside-targeted vaccines

Heparin fragments and analogues;
sulphotransferase inhibitors; xylosides;
antisense RNA to perlecan

Xylosides

Target tumour hyaluronan receptors
(for example, gene silencing of CD44)

Disaccharide primers of glycosylation
(reduce tumour SLeX); competition by
intravenous heparin

Galectin-3 inhibitors (3-galactosides)

Disaccharide primers; competition with
heparin

Alkaloid inhibitors of N-linked
glycosylation

Heparin fragments and analogues;
sulphotransferase inhibitors; xylosides;
antisense RNA to perlecan

Ganglioside vaccines

Examples of
neoplasms

Breast, melanoma,
Ewing’s sarcoma

Breast

Colon, pancreatic

Breast

Pancreatic, ovarian,
renal, hepatic

Colon, breast

Pancreatic

Breast, colon

Neuroblastoma,
lung (small cell)

Breast, gastric,
ovarian

Melanoma,
neuroblastoma,
breast

Breast, colon,
hepatic, lymphoma,
melanoma

Melanoma, glioma,
lung

Breast

Colon

Melanoma

Colon

Prostate

Colon, renal,
melanoma, breast

Melanoma,
neuroblastoma,
breast

References

16,18

150

20

24,25

13,30

31

41,74

43

47

35,36,
134,151
68,69,72

61-63

28

101,112,118

150

101,118

152

9,71

35,36,134

O-GIcNAc, O-linked N-acetylglucosamine; SLe, sialyl Lewis.
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SELECTINS

C-type calcium-dependent
lectin expressed by cells in the
vasculature and bloodstream.
The three known selectins are
L-selectin/CD62L (expressed by
most leukocytes), E-selectin/
CDG62E (expressed by cytokine-
activated endothelial cells) and
P-selectin/CD62P (expressed by
activated endothelial cells and
platelets). Important ligands for
the selectins include glycans
containing sialyl Lewis X and
sialyl Lewis A.

and differentiation factors such as bone morphogenic
proteins?. Therefore, HSPGs might have important
roles in maintaining epithelial differentiation and
suppressing progression to malignancy. Similarly,
heterozygous mutations in EXTI and EXT2, which
encode the heparan-sulphate copolymerase, result in
benign osteochondromas in hereditary multiple exos-
toses, a paediatric bone disorder in which patients
are predisposed to developing malignant chond-
rosarcomas. The signalling pathway that underlies
this disorder is unknown, but might involve Indian
Hedgehog (IHH) or FGF18 (known to bind heparan
sulphate), which coordinate cartilage growth and
bone deposition. Whether HSPGs act as tumour pro-
moters or suppressors probably depends on the array
of growth factors and the cell-type-specific regulation
of heparan-sulphate formation.

Growth-regulatory effects of plasma membrane-,
cytosolic- and nuclear-assembled glycans. The glycans
of glycoproteins, proteoglycans and glycosphingolip-
ids are assembled as they pass through the endoplas-
mic reticulum and Golgi, but a few examples exist
in which glycosylation occurs in the plasma mem-
brane, the cytoplasm or the nucleus. Hyaluronan, a
large, anionic glycosaminoglycan, is polymerized at
the plasma membrane and secreted into the ECM.
Tumour matrices are especially rich in hyaluronan.
Interactions between hyaluronan and its main recep-
tor CD44 (a transmembrane glycoprotein) as well as
CD168, activate signal-transduction pathways that
promote cytoskeletal changes involved in cell motil-
ity and growth®. Studies of tumours transfected with
an anti-hyaluronan synthase cDNA have shown
that hyaluronan has an important role in tumour
proliferation and survival®. Receptor activation by
tumour hyaluronan glycans promotes signalling and
proliferation through the mitogen-activated protein
kinase pathway and the phosphatidylinositol 3-kinase
(PI3K)-AKT survival pathway. Interestingly, hyaluro-
nan oligomers compete with endogenous polymeric
hyaluronan and block signalling responses in breast
tumour cells®.

Many soluble oncogene products and tumour-
suppressor proteins contain O-GlcNAc (FIG. 1). The
addition of O-GlcNAc to specific serine residues on
the MYC proto-oncogene protein by O-GlcNAc trans-
ferase promotes mitogenesis in a manner similar to that
promoted by phosphorylation of the same amino acids
by protein kinases®'. In another example, O-GlcNAc
modification of the tumour-suppressor protein p53
appears to mask or block its ability to bind to crucial
regions of DNA, and this also promotes growth®. These
complementary effects of modification by O-GlcNAc
on major tumour cell-cycle effector proteins make
tumour O-GIcNAc transferase an appealing target for
future cancer therapy.

Therapeutic targeting of glycans that affect tumour
proliferation. Given the broad spectrum of glycans that
affect tumour proliferation, a range of glycan-specific

targeting approaches might be considered for novel
drug development. MUC4 represents a possible future
target for cancer immunotherapy using anti-mucin
monoclonal antibodies or mucin peptide-based vac-
cines. Other tumour-associated mucins are now being
targeted in clinical trials. MUC16 (which carries the
CA125 tumour antigen) is currently a target for anti-
body-based therapy (in Phase II testing). Peptide-based
vaccine therapy for targeting MUCI is in Phase I1I test-
ing for ovarian and breast carcinomas'>*>*. In addition,
small monosaccaride and disaccharide decoys —
glycan substrates designed to divert (and thereby alter)
endogenous glycan synthesis — might also be useful
for blocking tumour growth through their ability to
alter O-glycans expressed on tumour mucins (BOX 1).
The use of these mucin-targeting approaches might
be limited because secreted- and membrane-bound
mucins have important roles in the homeostasis of
normal epithelial barriers'. Nevertheless, safety has
been demonstrated in Phase I studies of MUCI pep-
tide-based vaccine®. Tumour gangliosides are also
proving to be appealing targets for tumour-growth
inhibition through vaccine approaches®*.

Interference with the co-receptor activity of HSPGs
on tumour cells represents a novel therapeutic strategy
for altering tumour proliferation. This might be achieved,
for example, through the inhibition of sulphotransferases
that are responsible for sulphating heparan-sulphate
chains during biosynthesis, or through the design of
competitive blocking agents such as heparan-sulphate
mimetics (for example, heparin-based derivatives that
have structural similarities to heparan sulphate). One
interesting approach is to combine an inhibitor of HSPG
synthesis with difluoromethylornithine, an inhibitor
of polyamine formation*”*. Polyamines are aliphatic
cations that are synthesized by all cells during urea
metabolism and can be taken up from the extracellular
environment. Polyamines function as tumour growth
factors through their ability to modulate gene expression
and signal transduction”. As polyamine uptake depends
in part on HSPGs, the combination of the two drugs is
sufficient to block tumour growth through inhibition
of tumour polyamine uptake and synthesis*. Because
HSPGs appear to serve important roles in multiple steps
during tumour progression, the targeting of HSPGs is
discussed in more detail below.

Little is known about possible approaches to target
hyaluronan in human cancer, although one promising
finding demonstrated the ability of hyaluronan oli-
gomers to inhibit the growth of melanoma in mice®.
Treatment with either hyaluronan oligomers or the ade-
noviral administration of hyaluronan-binding protein
decoys provide other possible therapeutic avenues®’.

Tumour invasion

During invasion, tumour cells detach from one
another and from the ECM and migrate through
neighbouring tissue. This requires the remodelling
of cell-surface adhesion receptors and ligands, and
the secretion of proteolytic enzymes and glycosidases
(which catalyse the hydrolysis of glycosidic bonds in
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Figure 3 | Glycans participate in major pathophysiological events during tumour progression. Tumour proliferation
is crucial during early stages of progression and after metastasis, when secondary tumours form at sites distant from the
primary tumour. a | Various growth-factor receptors are modulated by glycans, for example, through oligomerization of
their respective receptor tyrosine kinase receptors in lipid rafts mediated by gangliosides. The figure illustrates the ability of
the ganglioside GM, to promote ERBB2-ERBBS3 receptor heterodimerization. Glycosylphosphatidylinositol-anchored
proteins also co-localize in rafts. b | Tumour invasion occurs when cells gain the capacity to degrade and migrate through
basement membranes and extracellular matrix. Invasion is also associated with the expression of sialylated glycans that
promote dissociation of tumour cells. STn is one such class of sialylated glycan overexpressed on tumour cells.

c | Dissemination of tumour cells through the bloodstream is facilitated by host elements such as platelets and
lymphocytes that promote embolization and arrest of tumour at distant endothelial sites. Selectins are important adhesion
receptors expressed on activated platelets (P-selectin), leukocytes (L-selectin) and endothelial cells (E-selectin) that bind to
specific glycan receptors containing sialyl Lewis X (SLeX) or SLe* (expressed in the respective tumour ligands labelled ‘P,
‘", and ‘E’ in the figure). d | Tumour angiogenesis is required for pathological growth of the primary cancer and its
metastases. Angiogenesis is the sprouting of blood-vessel endothelial cells in response to pro-angiogenic factors such as
vascular endothelial growth factor and fibroblast growth factor (released from the tumour cells and from the host stroma).
Heparan sulphate on the endothelial-cell surface facilitates growth-factor binding and activation of endothelial receptor
tyrosine kinases.

532[JULY 2005 | VOLUME 5

www.nature.com/reviews/cancer
© 2005 Nature Publishing Group



REVIEWS

glycans) to degrade ECM components. Glycans are
involved at each of these stages (TABLE 1). Tumours
also generate glycoconjugates that appear to serve a
repulsive role, physically facilitating the detachment
of invasive cells from the primary tumour.

Cell-cell interactions. Malignant cells commonly
exhibit increased expression of complex $1,6-branched
N-linked glycans on their cell surface (FIG. 1), caused
by an increase in the expression of the enzyme
N-acetylglucosaminyltransferase V (GnT'V). In the
Golgi, this enzyme transfers a GIcNAc residue onto
growing N-linked glycans so that subsequent gly-
cosylation results in ‘multi-antennary’ chains®. The
presence of such complex B1,6-branched N-glycans
on tumour-cell E-cadherin — an adhesion molecule
that normally mediates cell aggregation through
homotypic interactions — reduces tumour cell-cell
adhesion. Therefore, increased expression of this
enzyme promotes cell detachment and invasion®**4!,
Interestingly, E-cadherin is often downregulated by
invasive cancers*. Therefore, the coordinated control
of E-cadherin and GnTV expression can affect the
invasive characteristics of a tumour. The GnTV modi-
fication also affects other molecules that are important
in modulating tumour adhesion, including the integrin
family of adhesion receptors, as discussed below.

Tumour cells tend to produce increased levels of
glycoconjugates containing sialic acid, an acidic sugar
that imparts a negative charge to the glycan chain
(FIG. 1). The formation of polysialic acid also occurs
and it is overexpressed on some tumour cells”*.
Enhanced sialic acid expression might promote cell
detachment from the tumour mass through charge
repulsion, which physically inhibits cell-cell appo-
sition. Polysialylation is often associated with the
increased invasive potential of tumour cells in both
cultured cell lines as well as clinical tumours, and its
expression correlates with poor prognosis”**.

Sialic acid capping of terminal galactose residues
on N-linked glycans by the enzyme ST6Gal-I (which is
upregulated in human breast and colon malignancies)
has also been reported to alter tumour cell-cell interac-
tions in a manner that promotes invasion. Transfection
of breast cancer cells with this enzyme increases cell
migration and reduces cell-cell adhesion, whereas
transfection with antisense ST6Gal-I RNA enhances
homotypic cell-cell adhesion®. Tumour sialic acids
could also potentiate invasiveness by receptor-depend-
ent processes or by facilitating interactions between
tumour sialic acids and matrix proteins (such as lam-
inin or fibronectin), but additional studies are needed
to determine if these processes actually occur.

In tumours, sialic acids are also found on O-linked
sugars in structures that are rare in normal tissues.
A well-known example involves the sialyl Tn antigen
(STn), a disaccharide commonly expressed on tumour
mucin backbones that consists of the O-linked core
sugar 0.GalNAc ‘capped’ by a sialic acid residue. This
glycan is commonly overexpressed in the mucin-rich
surfaces of cancer cells (FIG. 1), and its expression

potentiates tumour invasiveness. Recent studies have
shown that a common defect in many tumours is loss
of a chaperone called COSMC, which is required for
maturation of the galactosyltransferase that acts on
the core GalNAc residue of O-linked glycans®. Lack
of COSMC results in the accumulation of cGalNAc-
Ser linkages (Tn antigen), which in turn allows the
addition of sialic acid, thereby forming STn antigen.
Transfection of breast cancer cells with cDNA that
encodes the human sialyltransferase responsible for
STn biosynthesis (ST6GalNAc-I) reduces cell-cell
interactions and increases the migration potential
of transfected cells*. STn antigen is also associated
with increased metastatic potential, and therefore
poor prognosis, in colorectal, gastric and ovarian
carcinomas (TABLE 1).

Cell-matrix interactions. Invasion by tumour cells
involves the alteration of cell-matrix interactions,
which are mediated by adhesion molecules present
on the tumour cells that bind to ECM components.
Integrins represent a particularly important class of
cell-surface adhesion receptors that mediate attachment
to important ECM protein ligands, such as fibronectin
and laminin. Increased GnTV expression is a hallmark
of many malignant cells, and results in increased B1,6
branching on the 8, subunit of tumour 0.3, integrins,
and this disrupts the ability of integrins to cluster on the
tumour-cell membrane®. Altered integrin clustering, in
turn, reduces the formation of tumour-cell focal adhe-
sions, and this increases tumour motility through the
ECM as well as invasion across basement membranes.
Focal adhesions are supramolecular complexes that link
integrin-mediated ECM adhesion to the cytoskeleton
as well as initiate signalling pathways that affect cell
migration, mechanosensing, and proliferation during
cell motility*.

Whereas the disruption of tumour-cell focal
adhesions can promote migration, in some cases
the formation of focal adhesions promotes invasion
by facilitating tumour-cell spreading on the ECM.
During this process, HSPGs on the surface of tumour
cells work together with integrins to form focal adhe-
sions”?»%°%¢ Syndecans are a class of cell-surface-
bound HSPGs that have particularly important roles
in facilitating these contacts®-*>°%, Syndecan-4 is
frequently upregulated in a range of malignancies,
including hepatocellular carcinomas and malignant
mesotheliomas. It binds to fibronectin and laminin
and enhances the function of B1 integrins during cell
spreading on matrix®*. Syndecan-1 is overexpressed
by a range of human tumours®, including pancreatic,
gastric and breast carcinomas. Its functional cou-
pling with o, B, integrins on breast carcinoma cells
results in ¢ 3,-dependent spreading and migration™.
Interestingly, in some tumours the downregulation of
HSPG on cells can promote anchorage-independent
growth® and increase invasive potential®*®. Therefore,
the activity of HSPGs is context dependent. It is also
possible that coordinated changes in the expression of
specific HSPGs over time might promote sequential
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adhesion (which is necessary for tumour-cell spread-
ing) followed by disengagement (which is necessary for
motility) during tumour invasion.

Other glycans that might have key roles in
tumour-ECM interactions during invasion include
chondroitin-sulphate proteoglycans (CSPGs) and
hyaluronan (F1G. 1). Chondroitin sulphate is an impor-
tant constituent of certain tissue matrices (for exam-
ple, cartilage). Recent studies on brain neoplasms and
melanomas show that CSPGs on both the tumour-cell
surface and the ECM facilitate tumour invasion by
enhancing integrin-mediated cell adhesion, motil-
ity and intracellular signalling'>¢-®*. Inhibition of
the motility and invasion of melanoma cells across
type 1 collagen has been achieved by treating cells
with xylosides. Xylosides consist of xylose attached
to a hydrophobic aglycone and resemble xylosylated
proteoglycan core proteins. Xylosides are able to
uncouple chondroitin-sulphate formation from pro-
teoglycan formation by ‘decoying’ chondroitin-sul-
phate polymerization away from endogenous CSPG
core proteins®®. The main hyaluronan receptor on
tumour cells, CD44, seems to have a prominent role
in mediating the binding of tumours to the ECM**,
Interactions between matrix hyaluronan and CD44
also appear to facilitate the tight coordination of
tumour-growth signals with cytoskeletal events in
tumour migration®. Additionally, proteoglycan forms
of CD44 that contain chondroitin- and heparan-
sulphate chains facilitate the binding of tumour to
fibronectin®*®, thereby affecting the organization of
tumour matrix while anchoring tumour cells along a
scaffold during invasion.

Matrix degradation and the release of sequestered
growth factors. HSPGs secreted into the ECM by
the tumour have the capacity to bind and sequester
large amounts of important heparin-binding growth
factors®®® (TaBLE 1). This sequestration protects
growth factors from denaturation or proteolysis and
thereby augments their activity. Moreover, tumour
cells that secrete HSPG-digestive enzymes (glycosi-
dases) are able to release and use the glycan-bound
factors during matrix invasion. Perlecan, a secreted
HSPG that makes up normal basement membranes,
has a particularly important role in matrix growth-
factor sequestration”'. Perlecan is overexpressed in
several carcinomas, including melanoma, breast and
colon malignancies, and transfection of metastatic
melanoma cells with perlecan antisense oligonucle-
otides significantly reduces their invasive potential™.
Heparanase is an endoglycosidase that partially depo-
lymerizes heparan-suphate chains, and is secreted by
invasive normal cells (for example, cytotrophoblasts,
which are the specialized epithelial cells in the pla-
centa that have an important role in implantation) and
malignant cells (including carcinoma and lymphoma
cells). During invasion by tumour cells, heparanases
released by migrating tumour cells can liberate seques-
tered growth factors at an invading tumour front by
degrading the heparan-sulphate chains of HSPGs

such as perlecan®®**¢’ (TABLE 2). Indeed, the release
of heparanase by a range of tumours correlates with
metastatic potential”®”.

Therapeutic targeting of glycans during tumour inva-
sion. From the above discussion, therapeutic target-
ing of three major glycosylation pathways should be
considered as anti-invasion approaches: blockade of
tumour N-glycosylation (specifically focusing on the
inhibition of GnT'V); blockade of sialylation pathways
in tumours (that is, those that generate polysialic acid
or STn); and targeting approaches aimed at HSPGs
and CSPGs. The inhibition of tumour hyaluronan
might also prove effective.

Inhibition of GnTV promises to be an appealing
therapeutic target’. However, there are no specific
inhibitors of GnTV currently under therapeutic
testing. Swainsonine, a competitive inhibitor of
N-glycan processing in the Golgi (and which par-
tially blocks the action of GnTV), reduced invasion
with low toxicity in Phase I human cancer trials”,
and is currently in Phase II testing. The disadvan-
tage of these types of inhibitor is that they affect all
N-glycan biosynthesis, potentially leading to many
side effects. Better knowledge of the crystal struc-
ture of GnTV might facilitate the design of specific
inhibitors’. The isoenzymes ST8Siall and ST8SialV
catalyse the synthesis of polysialic acid in mamma-
lian cells. For example, the inhibition of ST8Siall
using synthetic sialic acid precursors has recently
been shown”, but the use of these agents in vivo has
not been established.

Targeting proteoglycans has also been considered.
Administration of clinical heparin inhibits tumour
heparanase activity and invasion by tumour cells
in vivo®™’8, an effect that probably results from the
ability of heparin to compete with matrix heparan
sulphate as a substrate for tumour heparanase.
Furthermore, specific alterations to the length and
sulphate-substitution pattern of heparin have been
shown to improve its efficacy™**%. Competitive
antagonists of CSPGs might also be considered as
possible candidates. Cell-surface CSPGs are over-
expressed by certain tumours such as melanoma”
and breast neoplasms®. This observation has been
exploited in the laboratory to improve tumour-
specific drug delivery (using novel chondroitin-
sulphate-binding cationic liposomes loaded with
chemotherapeutic agents) and to reduce systemic
drug toxicity. Cisplatin (a commonly used chemo-
therapeutic agent) delivered in this way to tumour-
bearing mice resulted in reduced tumour growth,
reduced drug toxicity, and improved survival com-
pared with control mice treated with systemic drug®.
This last example illustrates an alternative approach
to the direct targeting of glycans that promote tumour
invasion, and demonstrates how one might exploit
the tumour’s overexpression of certain glycans (for
example, proteoglycans or other glycoconjugates) to
improve tumour-specific drug targeting and reduce
drug toxicity.
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Table 2 | Potentiation of tumour growth by HSPGs and heparin-binding growth factors

HSPG alterations on Examples of tumours Mechanism of tumour growth References
tumour cells potentiation by HSPG
FGF2
Downregulation of SULF1 Ovarian, breast, hepatocellular, Increase heparan sulphate binding 25
(endosulphatase) pancreatic, colon, renal sites for FGF2
Increased expression of Pancreatic Facilitate FGF2 binding to FGF 24,153
glypican-1 (a GPl-anchored receptors
HSPG)
HB-EGF
Downregulation of SULF1 Pancreatic, breast, Increase heparan sulphate binding 25
(endosulfatase) hepatocellular, colon, ovarian,  sites for HB-EGF

renal
Increased tumour Breast, pancreatic, ovarian, Facilitate HB-EGF binding to EGF 154
glypican-1 expression bladder receptors
HGF
Downregulation of SULF1 Ovarian, breast, hepatocellular, Increase heparan sulphate binding 25
(endosulphatase) pancreatic, squamous cell sites for HGF
Increased glypican-1 Breast, pancreatic, Facilitate HGF binding to HGF 24,153
expression receptors (MET)
HGF binding to syndecan-1  Multiple myeloma Facilitate HGF binding and 155
(@ membrane-bound HSPG) activation of MET
VEGF
Role of specific HSPGs Breast, ovarian, pancreatic, Possibly stabilize ligand-receptor 156
unknown prostate ternary complexes; increase matrix

growth factor storage

Increased expression of Melanoma Possible VEGF reservoir, but role as 72
perlecan (secreted HSPG) tumour-cell effector not clear
PDGF
Increased expression of Mesothelioma PDGF might stimulate increased 157
syndecans and perlecan by production of matrix proteoglycans
PDGF
Role of specific HSPGs Glioblastoma, prostate, Unknown 158
unknown gastrointestinal stromal

tumours

FGF2, fibroblast growth factor 2; GPI, glycosylphosphatidylinositol; HB-EGF, heparin-binding epidermal growth factor; HGF,
hepatocyte growth factor; HSPG, heparan-sulphate proteoglycan; PDGF, platelet-derived growth factor; SULF1, sulfatase 1; VEGF,

vascular endothelial growth factor.

Tumour angiogenesis

Solid tumours and their metastases must acquire a vas-
culature through the process of tumour angiogenesis
in order to achieve diameters of greater than 2 mm®.
Direct genetic evidence exists that supports a role for
HSPGs in tumour angiogenesis®”'. The neovasculature
that forms during angiogenesis consists of microvas-
cular endothelia, which express 10-15 times the level
of HSPG found in macrovascular endothelia®. Genetic
studies show that endothelial growth and migration are
stimulated by several pro-angiogenic factors, including
FGF2, VEGE, hepatocyte growth factor (HGF), IL-8,
platelet-derived growth factor (PDGF), TGFp and
tumour-necrosis factor-o””", all of which bind heparan
sulphate. Furthermore, the endothelial-specific deletion
of the important biosynthetic enzyme N-deacetylase/N-
sulphotransferase (NDST1), which is involved in the
sulphation of nascent heparan-sulphate chains, dimin-
ishes tumour angiogenesis in mouse models (M.M.E
et al., unpublished observations).

Specific HSPGs might have especially crucial roles
in tumour angiogenesis. Genetic targeting of the
basement-membrane proteoglycan perlecan blocks
carcinoma growth and angiogenesis in several in vivo
models*®. Additionally, the release of heparanase from
endothelial cells might promote the cleavage of matrix
HSPG, mobilizing pro-angiogenic factors that support
the growing tumour neovasculature®**%, making
heparanase an attractive target for anti-angiogenesis
therapy, as discussed below. Indeed, the importance of
mammalian heparanase in vascular remodelling was
recently demonstrated by the overexpression of human
heparanase in transgenic mice®.

Therapeutic targeting of glycans in tumour angiogen-
esis. Therapy directed against tumour angiogenesis
has the advantage that it might induce less drug resist-
ance than that induced by standard chemotherapy
directed against the tumour, because endothelial cells
are genetically stable compared with tumour cells®. A
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Box 1 | Strategies to alter expression of cell-surface glycans on tumour cells

Treatment of tumour cells with peracetylated disaccharides can alter the assembly of cell-surface glycans (see
figure part a). The figure shows the disaccharide GIcNAcf1,3Galf3, which is peracetylated and covalently
linked to a hydrophobic aglycone (non-carbohydrate ‘R’ moiety in figure) — these modifications render the
disaccharide membrane-permeable. Once inside the tumour cell, the disaccharide is deacetylated and treated
as a substrate by one or more glycosyltransferases (which catalyse the transfer of a sugar from a sugar
nucleotide donor to a substrate). Assembly of oligosaccharides on the disaccharide ‘primer’ decoys or diverts
glycosylation away from endogenous glycoproteins. This results in decreased expression of specific glycans on
the cell surface. In the example, the disaccharide inhibits the expression of sialyl Lewis X (SLe*) on cell-surface
mucins, which blocks tumour dissemination in mice''2. Other examples of similar decoys include
monosaccharide primers such as o-D-N-acetylgalactosaminides (for example, GalNAco-benzyl)'*¢, which
targets O-linked glycan biosynthesis, and B-D-xylosides that target heparan-sulphate and chondroitin-
sulphate assembly®®'¥”. Some analogues of sugars that contain fluorine instead of a specific hydroxyl group
directly inhibit glycosylation'*®.

Part b of the figure depicts another use of glycosides. Tumour cells express sialic acids that are normally
tolerated by the immune system, and antitumour immunity can be generated in principle by introducing
unnatural sialic acid precursors to tumours, so that their metabolic incorporation leads to the generation of
unnatural sialic-acid epitopes. In this example, a mannosamine analogue is fed to tumour cells, where it is
converted to a sialic acid derivative. This results in the formation of a cytidine monophosphate-sialic acid
derivative that is then used by one or more sialyltransferases to produce a new cell-surface glycoconjugate
containing the sialic acid analogue. By adjusting the R-group in the added mannosamine'?!*>!*4, a range of
unnatural chemical structures can be inserted biosynthetically on the cell surface, rendering the cell more
immunoreactive or chemically reactive. In this way, it might be possible to boost complement-mediated lysis
of the targeted tumour by vaccinating a host with the unnatural sialic acid epitope before administering the
analogue. Owing to their high expression of sialic acids, tumour cells might be preferentially targeted by
this approach'®.

a Reducing adhesive potential

Tumour cell expressing pro-adhesive Reduced SLeX at tumour
glycan, SLeX on surface glycoproteins cell surface
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METASTATIC SEEDING

The colonization of an organ or
tissue by metastatic tumour
cells.

LEWIS TYPE BLOOD GROUP
ANTIGENS

A structurally similar set of
fucose-containing (ou1-3-
fucosylated) oligosaccharides
found on normal epithelia and
blood cells, a few of which (for
example, the sialyl Lewis X or
sialyl Lewis Y antigens) are
overexpressed on the surface of
certain epithelial tumour cells.

few groups have achieved glycan-targeted inhibition of
angiogenesis through introduction of modified heparin
fragments or of sulphated oligosaccharide heparan-
sulphate mimetics that specifically inhibit hepara-
nase®~*'. Both types of agent can also interfere with
the ability of heparan sulphate to facilitate endothelial
growth-factor signalling by interfering with the for-
mation of growth factor-heparan sulphate-receptor
ternary complexes. For example, sulphonic-acid poly-
mers abrogate the formation of the FGF2-HSPG-FGF-
receptor complexes and potently inhibit angiogenesis
in vivo®™®. Ongoing research to model the carbohy-
drate-binding motifs of known glycan-binding growth
factors or to probe the binding potential of specific
growth factors with libraries of enzymatically treated
heparin fragments® might yield promising anti-ang-
iogenic compounds. The use of low-molecular-weight
heparins should also be explored, as there is some
evidence of improved cancer outcomes related to their
ability to block angiogenesis™.

In contrast to heparan sulphate, very little genetic
evidence to date implicates other glycan classes in
either pathological angiogenesis (which occurs during
tumour growth) or physiological angiogenesis. Various
cell-surface proteins such as integrins are targets for anti-
angiogenic therapy, so one might imagine that the gly-
cosylation of these proteins would affect angiogenesis™.
Treatment of endothelial cells with deoxymannojirimy-
cin, a plant-derived alkaloid, prevents the synthesis of
endothelial hybrid and complex-type N-linked oligosac-
charides and inhibits the formation of capillary tubes
in vitro®®, but whether this effect was due to alteration of
integrin activity is unknown. Further studies are needed
to establish the importance of various glycan classes in
tumour endothelial growth and remodelling.

Tumour dissemination through the circulation
Tumour dissemination occurs via the microvascula-
ture, after cells invade the fine capillaries and lymphat-
ics within the tumour. After entry into the vasculature,
tumour cells can absorb blood-borne factors, form
large aggregates with platelets and leukocytes, and
eventually lodge in the small vessels of distant organs.
The importance of aggregation of tumour cells with
cellular blood components for METASTATIC SEEDING is now
well established®*®.

Over the past two decades, an important role has
been established for O-glycans in promoting adhesion
between tumour cells, platelets and leukocytes by way
of receptors known as selectins. Selectins normally
mediate adhesion between platelets (which express
P-selectin), leukocytes (L-selectin) or endothelium
(E- and P-selectins) that bear the glycosylated ligands.
The ligands typically consist of clustered arrangements
of oligosaccharides that bear sialic acid, fucose and
sulphate, presented at the ‘tips’ of predominantly
O-linked glycans”. One class of carbohydrate ligand
consists of the LEWIS TYPE BLOOD GROUP ANTIGENS, sialyl
Lewis X (SLe*) and sialyl Lewis A (SLe*). The presence
of such ligands on blood cells (such as monocytes or
neutrophils) or on certain vascular endothelial cells

(for example, in lymph nodes) promotes the transmi-
gration of leukocytes to infected and/or inflammatory
sites and platelets to sites of vascular damage. Unlike
their normal cell counterparts, tumour cells frequently
overexpress SLe* (for example, on lung and colon ade-
nocarcinomas) or SLe” (for example, on colon, gastric
and pancreatic carcinomas) on glycoproteins or gly-
cosphingolipids on the surface of tumour cells*!®-1
The expression of these ligands is inversely correlated
with patient survival'®-1%,

In contrast to the important role of O-glycans
and glycosphingolipids during the circulatory phase
of metastasis, there is little evidence that other gly-
cans potentiate this process. One exception might be
endothelial HSPGs, which have the ability to bind
several chemokines and facilitate the establishment
of chemokine gradients across vascular endothelial
layers'°. The latter appear to potentiate extravasation
and metastasis of a range of human tumour cells that
commonly overexpress chemokine receptors such as
CXCR4 or CXCR7 (REFS 106,107). Furthermore, other
lectins such as siglecs (that might modulate binding of
innate immune cells to sialic-acid-containing tumour
glycans) and galectins (which bind to galactose-con-
taining glycans) might also have important roles in
effecting circulatory tumour dissemination'*-'%°,

Targeting glycans in circulatory tumour dissemina-
tion. The mechanism by which tumour-cell aggregates
facilitate metastasis has not been established. The
coating of tumour cells by platelets and lymphocytes
might serve to stabilize tumour emboli composed of
activated platelets and leukocytes. The cellular cloak
of platelets and leukocytes might facilitate the survival
(including protection from innate immunity), micro-
vascular arrest and eventual growth of metastases in
the microvasculature of distant organs!®10b111-113,
Agents that can interfere with selectin-carbohydrate
interactions have been considered for the treatment of
metastatic disease. These interactions can be targeted
through the administration of neutralizing anti-selec-
tin antibodies or small-molecule mimetics of the SLe*
or SLe* selectin ligands'*"'"7, but the applicability of
such experimental competitive therapies to clinical
tumour biology and metastasis remains challenging.
Some novel approaches of this type involve the com-
petition by heparin''® or synthetic negatively charged
polymers'?, and the alteration of the tumour ligands
themselves through metabolic approaches!'»20-12!
(BOX 1). Selectins are also expressed in lymphatic ves-
sels, and might be involved in lymphatic spread of
carcinoma'?*'?, Therefore, targeting the glycan ligands
for the selectins might serve to limit tumour metastasis
through both blood and lymphatic routes. Obviously,
these strategies might be limited by undesirable
effects on normal processes mediated by the selectin
adhesion system (for example, normal leukocyte and
platelet functions). However, the dire consequences
of metastatic disease warrants further development of
this class of therapeutic agents, which might work best
in combination with conventional chemotherapy.
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Glycans in tumour immunity

Relatively little is known about the mechanisms by
which tumour glycans affect or alter host immunity.
Glycosphingolipids might have an important role in
certain tumours. Some classes of ganglioside produced
by certain tumours can lead to immune silencing
though mechanisms discussed below. It is also pos-
sible that certain glycan patterns, such as O-GlcNAc-
modified peptides presented on the tumour surface'*,
could stimulate cytotoxic T-cell-mediated responses
by the host. Regardless of the mechanisms by which
tumour glycosylation influences host immunity, our
increasing knowledge of tumour glycan expression
means that it is now possible to exploit tumour glycans
as a means to augment antitumour immunity.

Augmenting immunity against tumour mucin gly-
cans. A tumour’s ability to generate or overexpress
unique mucins is now being harnessed in an attempt
to improve or augment the immune system’s ability to
recognize and destroy tumours. Methods to destroy
tumour cells using monoclonal antibodies or vaccines
that target the tumour mucins MUC1 or MUCI16, or
the mucin-associated O-linked glycan STn, have been
introduced as strategies to inhibit tumour prolifera-
tion or invasion. Indeed, carcinoma mucins aberrantly
glycosylated with either Tn (0GalNAc) or STn often
decorate the tumour surface, creating clustered sites
for antibody attachment, thereby improving their
activity as tumour immunogens. Because glycans
are weak immunogens, vaccines of this type are typi-
cally prepared by conjugating the glycan to a carrier
protein (for example, keyhole limpet haemocyanin
(KLH)), and then injecting the compound into the
patient together with an adjuvant that boosts T-cell
responses. Vaccines that contain these epitopes are
currently being used in breast cancer patients to aug-
ment antitumour immune responses, and a positive
survival effect has been noted in patients treated
with the STn-KLH conjugate “Theratope’ (currently
in Phase III clinical trials'*). Ongoing clinical trials
are examining the use of this agent to treat ovar-
ian and colorectal cancer patients'?*!¥”. In addition,
peptide mimetics of tumour carbohydrates, such as
SLe*, SLe* or SLY, have also been shown to stimulate
tumour immunity, although these studies have only
been carried out in animal models'*.

In another promising strategy, antitumour immu-
nity has been generated by making unique alterations
to tumour-cell-surface sialic acids (which are normally
tolerated by the immune system). This might be accom-
plished by introducing unnatural sialic acid precursors
to tumours (BOX 1), whereby metabolic incorporation
leads to the generation of unnatural sialic acid epitopes,
forming the basis for the induction of novel antitumour
immune responses’®.

Augmenting immunity against tumour glycosphin-
golipids. Some mammary carcinomas, neurob-
lastomas, sarcomas, melanomas, small-cell lung
carcinomas and lymphomas express very high levels

of immunogenic gangliosides, and often shed them
into the bloodstream®®. Paradoxically, this can lead
to immune silencing, which probably involves both
the inhibition of co-stimulatory molecule synthesis
as well as the arrest of dendritic-cell maturation,
resulting in the inability of dendritic cells to generate
effective antitumour T-cell immune responses’**!3!.
This observation indicates that inhibitors of the gan-
glioside assembly process might prove effective in
these types of tumour">'*,

Although glycosphingolipids are relatively poor
immunogens, certain glycosphingolipids might be
manipulated to generate both passive immunity (by the
infusion of antibodies to glycans) and active immu-
nity (by eliciting a host response to a glycan) against
tumours. Immunization with purified G, or G,
gangliosides (FIG. 1) has been carried out, initially with
some success in animal models and preliminary human
melanoma trials. This approach is showing promise
in several current clinical trials against melanoma
(using G, ~KLH"*), neuroblastoma (using anti-G
small immunoproteins®), breast (using NeuGcG,,,
proteoliposomes™ that contain the N-glycolyl form of
sialic acid) and prostate carcinomas (using a conjugate
between KLH and Globo-H hexasaccharide', a glycan
expressed on human prostate and breast cancer gly-
colipids). Finally, liposomal drug-delivery techniques
can take advantage of ganglioside overexpression by
certain tumours. For instance, MYB antisense oli-
godeoxynucleotides (for inhibiting the synthesis of
MYB) have been delivered to human neuroblastomas
by encapsulation in cationic liposomes that have been
covalently coupled to monoclonal antibodies against
the G, ganglioside'™.

Measurement of serum tumour glycans

Serum measurement of certain glycans on the sur-
face of tumour cells is currently used to facilitate
diagnosis, track tumour recurrence or tumour bur-
den or provide a surrogate measure for therapeutic
response. These glycans might be regarded as part
of a larger array of ‘metastatic codes’ that a tumour’s
glycan profile (or ‘glycotype’) might represent. For
example, the serological markers CA125, CA19-9
and CA15-3 are mucin glycoconjugates that are
commonly overexpressed by ovarian, pancreatic
and breast adenocarcinomas, respectively, and
their serum levels correlate with tumour burden
and prognosis'*~"*’. In ovarian cancer, the tumour
antigen CA125 is associated with a large mucin-
like glycoprotein called MUC16 that interacts with
galactose-binding lectins (galectins) that are secreted
into the tumour matrix. One of the ways in which
galectins might regulate tumour progression is
through their ability to facilitate cell adhesion and
promote the binding of tumour cells to laminin
and fibronectin''’. Their overexpression in ovarian
cancer might facilitate tumour-matrix interactions
during invasion of ovarian cancer cells'*. CA19-9
is the epitope that interacts with SLe* on pancreatic
carcinoma mucins'*!, and its expression facilitates
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Table 3 | Current clinical targets of glycans in cancer

Therapeutic agent Mechanism of action
Targeting N-glycans

GD0039 (Swainsonine) Blocks Golgi

o-mannosidase
Targeting O-glycans

Theratope
the STn mucin epitope

Disaccharide primers Alter SLe* (selectin ligand

(peracetylated facilitating haematogenous
GlcNAcB1,3Gal-naphthalen-  metastasis)

emethanol)

Heparin Inhibits P-selectin and

L-selectin binding to SLeX
ligand

Targeting heparan-sulphate proteoglycans

Heparin Inhibits heparanase and
interactions between
growth factor and heparan
sulphate

P188 Inhibits FGF release via

heparanase inhibition

Targeting gangliosides

GMK vaccine Conjugated G, vaccine

NeuGc G, ,,/VSSP NeuGcG, , proteoliposomes

Anti-G,, SIP Anti-G,, small
immunoproteins

G, lactone-KLH
Targeting galectin-binding glycans

GCS-100 (citrus pectin
derivative)

Conjugated G, vaccine

Blocks galectin-3 binding;
inhibits tumour apoptosis;
facilitates tumour
aggregation

Conjugated vaccine targets

Clinical status References
Phase Il (renal cancer) 11
Phase Ill (breast cancer) 125
Preclinical 112
On the market 118
On the market 78
Phase | and Il (melanoma) 11
Phase Il (multiple myeloma)

Phase IIl (melanoma) 11
Phase | (breast) 36
Preclinical 35
Phase | (melanoma) 134
Phase Il (pancreatic and colon 150

cancers)

selectin-mediated adhesion during haematogenous
metastasis. In breast cancer, the tumour antigen CA15-
3 is expressed on MUCI, which is aberrantly expressed
in more than 90% of breast carcinomas and appears
to promote invasion'*?. Therefore, the glycans CA125,
CA19-9 and CA15-3 are examples of molecules that
not only serve as tumour markers for diagnosis, but
also appear to serve important pathophysiological
roles in cancer progression. For now, although these
and other glycan diagnostic markers are used clinically
as sensitive markers for recurrence of disease following
initial treatment, they might also be used to facilitate
the timing of glycan-based therapies in future cancer
treatment programmes.

Implications and future directions

A few important patterns emerge from the above dis-
cussion. First, a given glycan might act at different stages
of tumour progression, so targeting that glycan might
have broad effects (FIG. 3). Second, at any given stage of
progression, a specific glycan-targeting strategy might
alter several glycan-dependent interactions. For exam-
ple, altering selectin interactions would affect platelet,
lymphocyte and endothelial adhesion. Third, some

therapeutic strategies can target more than one class
of glycan—protein interaction. For example, heparin
will block selectin-SLe* interactions and also block
invasion and angiogenesis by inhibiting heparanases
and growth-factor interactions with their receptors.
Alternatively, metabolic decoys might alter tumour-cell
interactions that are mediated by selectins and affect the
immunogenicity of carcinoma mucins (80X 1). Altering
N-glycosylation of tumour glycoproteins might confer
additional biological effects by affecting the folding
of several crucial membrane proteins'®. Finally, one
should also consider the potential synergistic effects of
altering tumour glycans in combination with existing
radiotherapeutic and chemotherapeutic therapies or
anti-angiogenic therapies. An added advantage of this
approach is that it might also overcome the problems
of tumour heterogeneity and drug resistance, which are
concerns that are inherent in any specific targeting of
tumour cells.

Ultimately, the choice and timing of any future gly-
can-based therapy against cancer should be guided by
both serological assays for glycan markers as well as
novel biopsy information. Refinement of technologies
to analyse clinical biopsy material (yielding a glycotype
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for the tumour) in addition to serum glycans might
assist with the rational choice and/or early application
of glycan-based immunomodulators. Glycan analysis
of serum or biopsy material could also facilitate the
preoperative administration of tumour-glycan inhibi-
tors to reduce the risk of operation-associated dissem-
ination of microscopic tumour deposits. The recent
application of microarray technology might provide
insights into the array of enzymes and glycoproteins
associated with the grade and stage of a given tumour.
This, in turn, might indicate appropriate tumour and
patient-specific panels of inhibitors to test. Valuable
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