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Abstract
The heparan sulfate (HS) chains of heparan sulfate proteoglycans (HSPG) are “ubiquitous”
components of the cell surface and the extracellular matrix (EC) and play important roles in the
physiopathology of developmental and homeostatic processes. Most biological properties of HS
are mediated by interactions with “heparin-binding proteins” and can be modulated by exogenous
heparin species (unmodified heparin, low molecular weight heparins, shorter heparin
oligosaccharides and various non-anticoagulant derivatives of different sizes). Heparin species can
promote or inhibit HS activities to different extents depending, among other factors, on how
closely their structure mimics the biologically active HS sequences. Heparin shares structural
similarities with HS, but is richer in “fully sulfated” sequences (S domains) that are usually the
strongest binders to heparin/HS-binding proteins. On the other hand, HS is usually richer in less
sulfated, N-acetylated sequences (NA domains). Some of the functions of HS chains, such as that
of activating proteins by favoring their dimerization, often require short S sequences separated by
rather long NA sequences. The biological activities of these species cannot be simulated by
heparin, unless this polysaccharide is appropriately chemically/enzymatically modified or
biotechnologically engineered. This mini review covers some information and concepts
concerning the interactions of HS chains with heparin-binding proteins and some of the
approaches for modulating HS interactions relevant to inflammation and cancer. This is
approached through a few illustrative examples, including the interaction of HS and heparin-
derived species with the chemokine IL-8, the growth factors FGF1 and FGF2, and the modulation
of the activity of the enzyme heparanase by these species. Progresses in sequencing HS chains and
reproducing them either by chemical synthesis or semi-synthesis, and in the elucidation of the 3D
structure of oligosaccharide–protein complexes, are paving the way for rational approaches to the
development of HS-inspired drugs in the field of inflammation and cancer, as well in other
therapeutic fields.
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1. Introduction
Heparan sulfate (HS) is a glycosaminoglycan (GAG) often referred to as a “ubiquitous”
component of cell surfaces and extracellular matrix (ECM) in the form of HS proteoglycans
(HSPGs) in which its polysaccharide chains are covalently attached to peptide/protein cores
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(Bernfield et al., 1999; Whitelock and Iozzo, 2005; Iozzo, 2005; Bishop et al., 2007;
Dreyfuss et al., 2009; Iozzo et al., 2009). Owing to the difficulties in unraveling their
complex and diversified structures and functions, HSPGs and their HS chains have been
examined only relatively recently. With continuous refinement of methods for their
detection and structural analysis and perception of their implication in important
pathophysiological processes, HS is arousing increasing interest and is being investigated
also with the aim of generating HS-inspired glycotherapeutics (Coombe and Kett, 2005;
Bishop et al., 2007; Lindahl, 2007; Laremore et al., 2009; Lindahl and Li, 2009). The well
established anticoagulant/antithrombotic drug heparin, which is extracted from animal
organs where it is largely stored in the granules of mast cells (Lindahl et al., 1998; Dreyfuss
et al., 2009), shares several structural features with HS (Lyon and Gallagher, 1998; Casu and
Lindahl, 2001). Heparin species (comprising unfractionated and low-molecular weight
heparins, their fractions, fragments, and their variously modified forms) are regarded as
agonists or antagonists of HS functions. Most of the biological activities of HS are exerted
through interaction with “heparin binding proteins” (Conrad, 1998; Capila and Linhardt,
2002; Coombe, 2008; Lindahl and Li, 2009). Although some of these interactions involve
peptide moieties of the HSPG (Bishop et al., 2007; Iozzo et al., 2009), the vast majority are
associated with sequences within the GAG chains. This mini review deals with actual or
potential modulation of these interactions and the corresponding pathophysiological
functions using exogenous heparin species, and focuses on applications in inflammation and
cancer. Applications of these species in other therapeutic areas, such as the major field of
anticoagulation and thrombosis (Bourin and Lindahl, 1993; Linhardt, 2003) and the
prospective ones in viral, Alzheimer's, and malaria diseases (Lindahl, 2007; Lindahl and Li,
2009) are outside the scope of this article. For HS and heparin relevant to inflammation and
cancer, we choose to focus on paradigmatic examples rather than attempting to cover the
expanding information relating to specific roles of HS, which are covered in other reviews
(Linhardt, 2003; Götte, 2003; Iozzo, 2005; Whitelock and Iozzo, 2005; Liu and
Sasisekharan, 2005; Gallagher, 2006; Fears and Woods, 2006; Taylor and Gallo, 2006;
Bishop et al., 2007; Coombe, 2008; Rek et al., 2009; Fux et al., 2009; Iozzo et al., 2009;
Lindahl and Li, 2009).

Among the functions of the HS chains of HSPGs in inflammation and cancer, highlighted in
numerous papers (reviewed, i.a., by Parish, 2006 and Yip et al., 2006), a major one is their
ability to act as co-receptors for growth factor receptor signaling, whereby they promote cell
proliferation and angiogenesis. Other inflammation and cancer-related functions are exerted
in cell invasion and metastasis, either directly or following cleavage of HS chains by
heparanase (Parish, 2006; Fux et al., 2009). HSPGs, such as syndecan-1 on cell surface
(Sanderson and Yang, 2008) and perlecan in basement membranes (Iozzo et al., 2009) can
also modulate cell adhesion and migration (Yip et al., 2006). In this mini review, the
interactions of HS chains of HSPGs are briefly described from a structural point of view,
with the aim of estimating to what extent they can be simulated (agonized or antagonized)
by exogenous heparin species. Among open issues of structure–activity relationships, the
role of natural or induced local flexibility along heparin/HS chains in affecting protein
binding and biological properties will be discussed and, in this context, present and potential
pharmaceutical applications of heparin fragments and derivatives will also be presented.

2. Similarities and differences between the structure of heparan sulfate and
heparin

Although HS and heparin are localized in different cellular compartments, their structures
are qualitatively similar, since they share some common sequences, although represented in
quite different proportions depending on the extent of post-polymer biosynthetic
transformation of the common precursor N-acetyl-heparosan (Lindahl et al., 1998). In
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heparin, the N-acetyl groups of D-glucosamine (GlcNAc) in the precursor are largely
replaced by N-sulfate groups, and the D-glucuronic acid (GlcA) residues are predominantly
converted to L-iduronic acid (IdoA) with subsequent 2-O-sulfation of most of these latter
residues, as well as 6-O-sulfation of most of the glucosamine residues. On the other hand,
HS still contains large amounts of GlcNAc and GlcA residues and is less O-sulfated than
heparin (Lindahl et al., 1998; Lyon and Gallagher, 1998; Casu and Lindahl, 2001). Major
sequences in HS are usually represented by N-acetylated domains (NA) constituted by
repeating disaccharide units of (GlcA–GlcNAc)n and those of heparin by sulfated domains
(S) constituted by extended repeating units of the trisulfated disaccharide IdoA2SO3–
GlcNSO36SO3. However, both GAGs, and especially HS, display high degrees of structural
heterogeneity and variability, with some aminosugar residues in NA domains being also 6-
O-sulfated. In minor proportions, S domains contain some GlcA, IdoA and 2-O-sulfated
GlcA residues. A few aminosugar residues bear unsubstituted amino groups and others a 3-
O-sulfate group, this latter especially in the pentasaccharide sequence of the active site for
antithrombin. The relative content of various units in HS varies significantly depending on
animal species and, more markedly, on organs and tissues (reviewed in Laremore et al.,
2009). The relative content is also distinct for different heparins (reviewed in Casu, 2005).
However, it should be recalled that heparins are purified products and some of their chains
could conceivably be lost and some residues modified during “purification” steps.
Statistically, HS and heparin can be differentiated in terms of their N-acetyl/N-sulfated
GlcN, GlcA/IdoA uronic acids and in their O-sulfate group content (reviewed in Lyon and
Gallagher, 1998; Casu and Lindahl, 2001).

An important difference between the structures of HS and heparin is in the arrangement of
their major units along the polysaccharide chains. Heparin is characterized by relatively long
sequences of repeating trisulfated disaccharide units separated by relatively short,
undersulfated sequences containing both IdoA and GlcA residues (NA/NS domain). The NA
and S domains of HS are arranged in blocks, separated by “mixed” NA/NS domains
containing both N-acetylated and N-sulfated GlcN, as well as GlcA and IdoA (or
IdoA2SO3) residues (Gallagher, 2006). A model for such an arrangement of the rat skin
fibroblast HS chain (Murphy et al., 2004) is depicted in the upper part of Fig. 1. It should be
noted that HS from different sources are characterized by varied domain lengths and spacing
between them. As an example, rat liver HS is much richer in higher sulfated (S) regions, and
its chains are shorter than in rat skin fibroblast HS (Lyon and Gallagher, 1998). HS and
heparin of different origins also differ in their degree of 6-O-sulfation and the location of 6-
O-sulfated GlcN residues along HS chains, which seems to be controlled not only by the
action of 6-O-sulfotransferases during biosynthetic transformations, but also by post-
biosynthetic “editing” exerted on cell surfaces by extracellular 6-O-endosulfatases (Ai et al.,
2006). Notably, 6-O-sulfate groups were found at precise, central positions in rat skin
fibroblast HS (hexasaccharide) sequences which had been excised from S-regions (Merry et
al., 1999).

3. Heparin- and HS-binding proteins
3.1. General aspects

Most of the biological activities of heparin and HS are associated with complexation with
proteins (Conrad, 1998; Capila and Linhardt, 2002; Dreyfuss et al., 2009; Lindahl and Li,
2009). Although heparin (or HS)/protein molar ratios in these complexes are usually 1:1,
sufficiently long saccharide chains can also form 1:2 complexes either with the same protein
or two different proteins (i.e., a growth factor and its receptor). Different topologies of these
complexes are depicted in Lindahl and Li (2009).
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The interaction of heparin with antithrombin (AT) was the first to be investigated in depth
(reviewed in Lindahl and Li, 2009) and led to the rational design of potent synthetic
antithrombotic drugs (van Boekel and Petitou, 1993). Such an interaction is considered as
the paradigmatic example of “specific” binding of a heparin/HS sequence to a protein,
involving conformational changes in the protein and a dramatic increase in its activity.
Notably, the minimal active sequence has been identified in the pentasaccharide GlcNAc(or
NSO3)6SO3–GlcA–GlcNSO3,3,6SO3–IdoA2SO3–GlcNSO3,6SO3, containing the central 3-
O-sulfated glucosamine residue which is taken as a marker of the active site for AT. The
pentasaccharide sequence is contained in only about one third of the chains constituting
heparin, and much less in those of HS (reviewed in Casu and Lindahl, 2001; Lindahl and Li,
2009). The heparin/HS interactions with AT and other coagulation proteins are covered in
numerous articles and reviews. It should be noted that the large majority of the biologically
relevant, non-AT-mediated interactions of heparin/HS do not require the above mentioned
pentasaccharide sequence and that a detailed coverage of interactions of heparin/HS species
with other proteins would need considerably more space than is available here. In this mini
review these interactions will be summarized and discussed for a few examples only, which
are considered to be relevant to the potential development of antiinflammatory and
anticancer drugs. These examples include interaction with some chemokines (as exemplified
by interleukin-8) and growth factors (exemplified by FGF1 and FGF2), as well as some
structural aspects of interactions with the HS-cleaving enzyme heparanase involved in
inflammation and cancer.

Among HSPGs relevant to inflammation and cancer, we chose syndecan-1 (CD138) as a
paradigmatic example. Functions of HS chains of syndecan-1 as coreceptor for insoluble
ligands (e.g. ECM fibronectin and laminin) affecting cell adhesion, as coreceptor for soluble
ligands (e.g. growth factors, chemokines, and cytokines) that form part of a signaling
complex with their signal transducing receptors, and as effector in other functions, are
reviewed in Bernfield et al. (1999). Recent studies unraveled the role of syndecan-1 in
stimulating endothelial invasion and angiogenesis in myeloma and other cancers
(Purushothaman et al., 2010). Other HSPGs, such as other members of the syndecan family
(Bernfield et al., 1999; Götte, 2003; Bishop et al., 2007) and basement membrane
proteoglycans such as perlecan, agrin and collagen XVIII (Iozzo and San Antonio, 2001;
Iozzo, 2005; Iozzo et al., 2009) have emerged as protagonists of angiogenesis and other
biological functions. Besides sharing structural and functional domains with extracellular
matrix proteins, growth factors and surface receptors, the basement membrane
proteoglycans contribute to the storage of (HS-binding)-cytokines and growth factors, but
also in presenting them in a more active configuration to their receptors (Iozzo et al., 2009).
Some of these interactions, which modulate cancer growth and angiogenesis and share
similarities with those of syndecans at the cell surface, were recently reviewed (Whitelock
and Iozzo, 2005; Iozzo, 2005; Whitelock et al., 2008; Iozzo et al., 2009). Structural aspects
of HS-protein interactions are discussed in more detail in recent reviews (Imberty et al.,
2007; Gandhi and Mancera, 2008; Skidmore et al., 2008; Rudd et al., 2009).

HS–protein interactions play several roles in inflammation (Taylor and Gallo, 2006; Parish,
2006) and cancer (Yip et al., 2006; Bishop et al., 2007; Lindahl and Li, 2009). An essential
feature of any inflammatory response is the rapid recruitment of leukocytes from the blood
to the site of inflammation. This recruitment process requires the leukocytes to migrate
through the blood-vessel wall and enter tissues via a multistep mechanism known as
extravasation. Key steps during extravasation are as follows: the initial attachment and
rolling of leukocytes on the inflammed endothelium; activation of leukocytes by endothelial-
bound chemokines; stable adherence of the activated leukocytes to endothelium; and
migration of leukocytes along chemokine gradients, into the target tissue (Parish, 2006). As
shown schematically in the lower part of Fig. 1, HS chains of HSPGs play three major roles
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at different stages during the entry of leukocytes into sites of inflammation: they facilitate L-
selectin-dependent cell rolling, promote chemokine transport across the endothelium, and
assist chemokine presentation to leukocytes, which results in integrin activation (Wang et
al., 2005). Inhibition of leukocyte rolling promoted by selectins plays a role also in early
events of tumor metastasis (reviewed in Borsig, 2004). Though prevented by heparin
(reviewed in Borsig, 2004), the P-selectin-dependent cell rolling in vascular lumen seems
not mediated by HS, but mostly by sulfatides (Borsig et al., 2002). On the other hand, L-
selectin effects are both mediated by HS (Wang et al., 2005) and inhibited by heparins
(Koenig et al., 1998; Hostetter et al., 2007).

3.2. Heparin/HS chains as stabilizers of dimeric proteins
The interaction with HS chains is thought to provide a mechanism for retaining chemokines
on cell surfaces, facilitating the formation of chemokine gradients (Johnson et al., 2005).
Immobilization of chemokines to endothelial cells by HSPGs has been demonstrated both in
vitro and in vivo. This interaction is thought to enable chemokines to concentrate at
functional sites. Both HS binding and the ability to form higher-order oligomers are
essential for the activity of chemokines in vivo (Johnson et al., 2005). Aspects of the
molecular basis and functional implications of chemokine interactions with HS have been
discussed (Wang et al., 2005; Parish, 2006; Imberty et al., 2007; Rek et al., 2009; Lortat-
Jacob, 2009).

Interleukin-8 (IL-8; CXCL8 according to the new nomenclature) provides a paradigmatic
example of a HS-dependent process and of the function of HS chains in assembling two
protein molecules. In the case of IL-8, such a complex consists of a flat array of β-pleated
sheet with the α-helices of the two monomers arranged as antiparallel rods on top.
Biochemical studies suggested that the dimeric form of the protein mediates the binding of
22–24 mer sequences of HS consisting of two ~6 monosaccharide long sulfated (S) blocks
separated by an N-acetylated (NA) domain consisting of ≤14 monosaccharide residues.
According to the proposed model, the HS chain binds in a horseshoe fashion over the helical
region of the dimeric protein (Spillmann et al., 1998). Heparin and heparin oligosaccharides
are unable to promote IL-8 dimerization (Goger et al., 2002), most probably because they do
not possess sufficiently long NA-domains flanking their S-domains. An NMR and molecular
modeling docking study essentially confirmed the horseshoe model for IL-8 (Fig. 2A;
Krieger et al., 2004). As illustrated in Fig. 2B (Krieger et al., 2004), molecular dynamics
simulation also indicated that contacts with only one disaccharide portion for each sulfated
hexasaccharide sequence was sufficient for binding to IL-8 (Krieger et al., 2004), and was
confirmed in experiments using synthetic oligosaccharides on microarrays (de Paz et al.,
2007). In another context, a trisulfated disaccharide sequence has been also shown to be
sufficient for high affinity binding to the chemokine RANTES (CCL5) (Johnson et al., 2005;
Rek et al., 2009). The topology of complexes of heparin/HS oligosaccharides with a number
of other chemokines widely differ from each other (Imberty et al., 2007; Lortat-Jacob,
2009). An electrospray ionization mass spectrometric study of complexes formed by
individual components of a HS octasaccharide library with the chemokines MCP-1(CCL2),
MCP-2(CCL8), and MCP-3(CCL7) indicated that the HS sulfation is the foremost
requirement for chemokine binding. However, within octasaccharides of constant charge
density, N-acetylation was also observed to augment binding, suggesting that there may be
as yet undiscovered specificity in the chemokine–HS interaction (Schenauer et al., 2007).
Another example of HS chains that stabilize dimeric heparin-binding proteins is provided by
their interaction with the growth factor VEGF165, which controls the formation and growth
of blood vessels under physiological and pathological conditions (Robinson et al., 2006).
Aspects of the molecular basis for the relative flexibility of HS domains are discussed in
Section 3.
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3.3. Heparin/HS chains and fragments as promoters of tertiary complexes and signaling
HS interactions regulate the activity of the growth factors activity through a number of
distinct mechanisms, including extending the half-life, controlling diffusion, and
differentially modulating interactions with the receptor tyrosine kinases (Bernfield et al.,
1999; Mohammadi et al., 2005). The interaction of the HS chains of a cell surface HSPG
with growth factors is exemplified in Fig. 3A for syndecan-1, which is expressed in various
human cancers and may promote tumorigenesis by regulating tumor cell spreading and
adhesion, proliferation and angiogenesis (Bernfield et al., 1999; Fears and Woods, 2006).
Syndecan-1 binds to factors that promote angiogenesis and tumor cell proliferation (such as
FGF2, VEGF, and IL-8) and its expression is regulated by some of these factors (Sanderson
and Yang, 2008). FGF2 is stored in a dormant form by soluble syndecan-1 and is released,
upon cleavage of its HS chains by heparanase, as a mitogenic complex with still relatively
large heparin-like oligosaccharides (Bernfield et al., 1999). Biological functions similar to
those exhibited by the HS chains of syndecans are also performed by the HS chains of
perlecan, an important basement membrane HSPG. The major functions of perlecan, such as
storing and stabilizing chemokines and growth factors, and presenting them in more active
configurations to their receptors, have been covered in recent reviews, which also
highlighted the dual role of the proteoglycan as a proangiogenic and antiangiogenic
molecule (Iozzo, 2005; Whitelock et al., 2008; Iozzo et al., 2009).

FGF1 and FGF2 — the prototypical members of the fibroblast growth factor (FGF) family
— are the most extensively studied growth factors, mainly because of their potent
angiogenic activity, exerted by triggering mitogenic signals through formation of ternary
complexes with HS and FGF receptors (FGFR) (reviewed in Presta et al., 2005;
Mohammadi et al., 2005). In these complexes, HS chains keep together the growth factor
and its receptor allowing functional contacts that promote active signaling. As illustrated in
Fig. 3B, exogenous heparin can displace HS from these complexes and support signaling
(Presta et al., 2005). Most of the 23 known FGFs have high affinity for heparin (Asada et al.,
2009). Competitive binding and activity studies using variously sulfated heparin/HS
oligosaccharides have defined the minimal size and structure of sequences able to bind
individual FGFs (selected examples in Pye et al., 2000; Kreuger et al., 2001; Delehedde et
al., 2002; Jemth et al., 2002). The role of 6-O-sulfation in binding FGFs has been the most
extensively studied (see Ashikari-Hada et al., 2004). 6-O-sulfation is required for binding
FGF1, but not for FGF2; however, at least one 6-O-sulfate group is needed to allow
formation of ternary complexes involving FGFRs and for signaling (reviewed in Lyon and
Gallagher, 1998; Casu and Lindahl, 2001). High-resolution gel chromatography studies
permitted to evaluate the molecular size of FGF–FGFR–heparin complexes. Theses studies
suggest that the initial event in FGF signaling, at least in the case of FGF1, may be driven by
the co-operative binding of two FGF1 monomers to a single heparin fragment (Robinson et
al., 2005). Rationalization of the minimum length of heparin/HS chains and the requirements
for 6-O-sulfation have been sought and discussed in support of one or the other X-ray
structures of ternary complexes of heparin decasaccharides with FGF1 and FGF2 and their
corresponding receptors (Fig. 3B). These crystal structures opened a debate on the spatial
arrangement of components of ternary complexes (the Pellegrini–Blundell (P–B)
asymmetrical vs the Schlessinger–Muhammadi (S–M) symmetrical model) in actual
biological systems (Mohammadi et al., 2005; Harmer et al., 2006). It was proposed that the
two arrangements are equally stable in solution for ternary complexes of both FGF1 and
FGF2, and that the FGF2/FGFR/heparin decasaccharide may co-exist in both the
asymmetrical and symmetrical forms, however, always with the 2:2:1 stoichiometry of the
asymmetric model (Goodger et al., 2008). The length of the oligosaccharide chain appears to
influence the preference for one or the other arrangement of FGF and receptor molecules,
with a 2-O-sulfate iduronate residue at the non-reducing end of heparin tetra- and
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hexasaccharides being essential for the growth factor-mediated mitogenic activity of these
saccharides (Goodger et al., 2008).

Sequence and sulfation pattern requirements for binding and signaling are somewhat
different for different growth factors (Ashikari-Hada et al., 2004; Asada et al., 2009) and
growth factor–receptor complexes (Zhang et al., 2009), indicating some degree of specificity
in several systems. Using libraries of HS-related oligosaccharides generated by chemo-
enzymatic methods, common binding motifs required for binding to FGF1 and FGF2 have
been shown to be IdoA2SO3–GlcNSO36SO3–IdoA2SO3 and IdoA2SO3–GlcNSO3–
IdoA2SO3, respectively (Kreuger et al., 2001; Jemth et al., 2002). Apparent discrepancies
among different groups and experimental systems have been found as regards the structure
and minimal size required for binding the growth factors and stimulating cell proliferation
(reviewed in Mohammadi et al., 2005). A tetrasaccharide size was found to be sufficient for
binding FGF1 and FGF2, but heparin/HS octa- or longer oligosaccharides are required for
the biological activity (Delehedde et al., 2002; Mohammadi et al., 2005). Interestingly, a
synthetic sulfated hexasaccharide, which does not contain the above mentioned trisaccharide
motif required for FGF1 binding of HS fragments, stimulates the growth factor more
efficiently than natural oligosaccharides (Angulo et al., 2004). Since this hexasaccharide
displays sulfate groups only on one side of its 3D chain structure and is unable to promote
FGF1 dimerization, these findings suggest that FGF1 dimerization is not a general and
absolute requirement for biological activity (Angulo et al., 2004). However, though
important in drug design, this atypical hexasaccharide may not reproduce a normal
physiological mechanism.

A particular level of complexity has been revealed for binding and signaling requirements of
hepatocyte growth factor/scattered factor (HGF/SF), for which a minimum growth factor
binding sequence is a disulfated trisaccharide comprising an internal iduronate flanked by
monosulfated hexosamine residues. However, these sequences also recognize quite different
carbohydrate backbones and sulfation patterns such as those of dermatan sulfate, indicating
in this case a lack of any apparent positional requirement for sulfation (Deakin et al., 2009).

3.4. Heparin/HS species as substrates for heparanase
The ECM provides a scaffold for cell growth, migration, differentiation and survival. ECM-
remodeling enzymes are therefore expected to profoundly affect cell and tissue function.
Heparanase is an endo-β-D-glucuronidase capable of cleaving the HS side chains of HSPGs
at a limited number of sites. Enhanced heparanase expression in human tumors correlates
with metastatic potential, tumor vascularity, and reduced postoperative survival of cancer
patients (reviewed in Vlodavsky et al., 2008; Fux et al., 2009). Among actions relevant to
inflammation and cancer, heparanase enhances shedding of soluble syndecan-1, stimulates
tumor angiogenesis and endothelial invasion (Yang et al., 2007a; Sanderson and Yang,
2008; Purushothaman et al., 2010) and increases sulfation of its HSPG HS chains, thereby
facilitating their interaction with chemokines (reviewed in Li and Vlodavsky, 2009). Thus,
heparanase is an attractive target for anticancer drug discovery and for new treatment of
inflammation, including delayed type hypersensitivity (DTH) of skin reactions,
inflammatory bowel disease (IBD), Crohn's disease, ulcerative colitis, and rheumatoid
arthritis (RA), where the enzyme is overexpressed (reviewed in Parish, 2006; Li and
Vlodavsky, 2009). Whether heparanase is overexpressed as a defence mechanism, or acts in
concert with pro-inflammatory stimuli to aggravate pathological conditions, is an open
question. Heparanase may influence several stages of the inflammatory response depicted in
Fig. 1, especially by altering the chemokine-orienting role of intact HSPGs. However, the
net effect of heparanase on extravasation of leukocytes is still unknown. The use of
transgenic mice deficient of heparanase as recently described to study the impact of the
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protein on airway leukocytes (Waern et al., 2010) will certainly provide information on
these and other important aspects.

Heparanase cleaves HS chains at the level of GlcA residues between sulfated GlcN (or
GlcNAc) residues (Sandbäck-Pikas et al., 1998), with preference for certain structural
environments (Okada et al., 2002). Heparin acts both as a substrate and an inhibitor of the
enzyme (Sandbäck-Pikas et al., 1998; Naggi et al., 2005). Heparin oligosaccharides lacking
GlcA residues are not cleaved by heparanase. The 3-O-sulfated GlcA-containing
pentasaccharide corresponding to the active site for AT is cleaved by heparanase, providing
the means of determining the activity of the enzyme; AT-binding octasaccharides compete
with the homologous pentasaccharide as substrates and also show some inhibitory activity
(Bisio et al., 2007).

The structure of heparanase has been defined to some detail and of the active site and
heparin/HS binding sites have been identified (reviewed in Fux et al., 2009). Besides its
enzymatic activity, which is exerted predominantly on HS chains of overexpressed
syndecan-1 (Yang et al., 2007a) and perlecan (Reiland et al., 2004), heparanase also elicits
nonenzymatic, HS-independent activities, such as enhanced Akt phosphorylation, that may
have an impact on cancer- and inflammation related pathologies (reviewed in Fux et al.,
2009).

4. Issues of specificity. Influence of local flexibility
It has been speculated that HS chains of HSPG in different organs are biosynthetically
engineered in order to perform specific protein binding and biological functions. However,
similar protein binding properties and corresponding biological functions have been
observed for oligosaccharides of the same size, but with somewhat different degrees of
sulfation and sulfation patterns (reviewed in Lindahl and Li, 2009). In most cases, the
strongest protein binding was observed for the “fully sulfated” (i.e., N-, 6-O-, and 2-O-
sulfated) natural heparin/HS sequences, and binding can be further potentiated by their
chemical oversulfation. This suggests that extra-sulfate groups may be compatible, but not
essential for high-affinity binding (Lindahl and Li, 2009). It has become increasingly
evident that more than one sulfation pattern is compatible with high-affinity binding of an
oligosaccharide to a given protein. As an extreme example, HGF/SF recognizes different
sulfation patterns not only in HS, but also in dermatan sulfate, a GAG with a different
carbohydrate backbone (Deakin et al., 2009). The attractive concept of a “HS code” is being
gradually replaced by the concept that “specificity” of protein binding by HS is governed
more by tissue-dependent arrangement of component blocks (i.e., length and spacing of S,
NA, and mixed sequences) than by precise location of sulfate groups along these sequences
(Kreuger et al., 2006; Lindahl and Li, 2009). A scheme was proposed that explains graded
affinity of sulfate groups of an oligosaccharide and the basic residues of a protein as a
function of the “complementarity” of charges (Lindahl and Li, 2009). The basic concept
behind the scheme is that, whereas interaction between a HS domain and a target protein
may require a precise minimal pattern of sulfate groups, there is no biosynthetic mechanism
to ensure generation of such precise sequences devoid of any other sulfate groups.
Biosynthesis seems indeed regulated to affect levels of N-, 2-O-, and 6-O-sulfation, and thus
the probability of generating a specific binding sequence that may be hidden among
redundant residues. On the other hand, the proposed scheme does not rule out the essential
participation of HS segments containing rare residues (such as GlcN with unsubstituted
amino groups or bearing a 3-O-sulfate group).

The relative flexibility of different structural HS domains has been often discussed,
especially in connection with its role in providing the GAG chain segments with appropriate
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orientation of substituents to establish favorable “contacts” with the protein binding sites. As
discussed in Section 3.2 for IL-8 and VEGF165, the N-acetylated and/or mixed (transition)
domains of HS are thought to constitute the flexible segments of HS chains (Spillmann et
al., 1998). Protein-induced changes in the local conformation of heparin oligosaccharides
have been identified in a number of crystal structures, especially involving FGFs (Raman et
al., 2003). These changes, which result in local deviations (“kinks”) in the helical axis of the
oligosaccharide to provide optimal ionic and van der Waals contacts with the protein, are
generated by slight changes in the backbone torsion angles in addition to changes in the
shape of the iduronate rings (Raman et al., 2003). Conformational flexibility is conferred on
iduronic acid-containing GAG sequences by the co-existence of equienergetic
conformations of iduronate (IdoA and/or IdoA2SO3) residues, which is regarded as a
molecular device to facilitate binding to proteins (Casu et al., 1998; Rudd et al., 2009). As
illustrated in Fig. 4A and B for a segment of heparin/HS chain, a change of an IdoA2SO3
residue from the 1C4 to the 2S0 conformation, both existing in equilibrium in internal
sequences of the polysaccharides, drastically changes the shape of this residue and the
orientation of its appended sulfate group. Fig. 4A and B also show that an iduronate residue
in the 1C4 conformation (with two axial glycosidic bonds) is more contracted than the one in
the 2S0 conformation (with two semi-equatorial glycosidic bonds) (Raman et al., 2003).
Comparison with a similar model of N-acetyl heparosan (Fig. 4C) shows that the GlcA
residue of the heparin/HS precursor, and of their corresponding NA regions in the mature
polysaccharides as well, span a somewhat larger space because of their diequatorial
glycosidic bonds. Co-crystal structures in which a protein selects one of the two
equienergetic conformations in a heparin oligosaccharide have been reported, a notable
example being a FGF2-bound hexasaccharide, in which one sulfated iduronate residue is in
the chair 1C4 conformation and the other in the skew-boat 2S0 conformation (Fig. 5A).
Protein binding also drives the conformational equilibrium toward one of the two
conformations of iduronate residues in solution, as demonstrated in AT-bound
oligosaccharides for IdoA2SO3 within the pentasaccharide sequence of the active site for
AT and for an IdoA outside this sequence (Guerrini et al., 2008). However, examples of
solution conformations of heparin oligosaccharides with iduronate residues driven toward
the 2S0 form as a consequence of interaction with a growth factor have not been yet
reported. A NMR and molecular modeling study of a non-6-O-sulfated tetrasaccharide in the
absence and presence of FGF2 indicates that its IdoA2SO3 residue retains the 1C4
conformation prevalent in free solution (Fig. 5B; Guglieri et al., 2008). The finding that the
conformer populations of IdoA (or IdoA2SO3) are affected by O-sulfation of the
neighboring glucosamine residues (for 6-O-sulfation, see Murphy et al., 2008) is most
probably relevant to the protein-binding properties of heparin/HS sequences.

It is increasingly perceived that the flexibility of N-acetylated domains of HS is important in
modulating protein binding properties. On the basis of charge repulsions of closely spaced
sulfate groups, it is expected that polysulfated chains such as those of S domains are more
rigid (“stiff”) than the nonsulfated, or poorly sulfated NA domains. 15N NMR and molecular
dynamics simulation studies on N-acetyl heparosan (K5) oligosaccharides demonstrated that
nonsulfated chains do indeed behave as relatively disordered random coils, supporting their
higher flexibility as compared with reported data on S domains (Mobli et al., 2008).

On the other hand, evidence is being accumulated on the role of the conformational plurality
of IdoA rings to facilitate kinking of GAG chains to provide their best fit to protein active
sites. A recent study on porcine mucosal HS hexasaccharides highlighted the role of GlcN 6-
O-sulfation in determining the balance between the 1C4 and 2S0 conformations of the
flanking IdoA2SO3 residues (Murphy et al., 2008). As illustrated for the complex of a
tetrasaccharide with FGF2 (Fig. 5B), the conformational flexibility (“plasticity”) of
iduronate rings may compensate for a lack of 6-O-sulfation in neighbouring glucosamine
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residues (Guglieri et al., 2008). It is attractive to think that the bending of NA domains as
required to favor dimerization of IL-8 as described in Section 3.2 involves conformational
transitions at the level of iduronate residues on both terminals of the S stretches rather than
being caused by slight adjustments of the interglycosidic angles along the whole NA stretch.
This hypothesis is awaiting experimental proof.

Additional local flexibility can be induced along the chains of heparin/HS by glycol-splitting
of C2–C3 bonds of nonsulfated GlcA and IdoA residues, usually performed by periodate
oxidation with reductive stabilization of the resulting dialdehydes. By generating additional
degrees of freedom at the level of the uronic acid, glycol-split residues act as flexible joints
along the heparin/HS chains (Naggi, 2005). This is illustrated in Fig. 4D by the evident kink
generated by glycol-splitting of a GlcA residue in an N-acetyl heparin chain (Vlodavsky et
al., 2007). Notably, glycol-splitting of all nonsulfated uronic acid residues of heparin/HS
generate “nonanticoagulant” species, since it modifies also the GlcA residue in the
pentasaccharide sequence of the active site for AT (Conrad, 1998; Casu et al., 2004).

5. Potential applications of non-anticoagulant heparin species in
inflammation and cancer

Exogenously administered heparin and low-molecular-weight heparins have been shown to
exert beneficial effects in inflammation (reviewed in Lever and Page, 2002; Young, 2008;
Rek et al., 2009) and cancer (reviewed in Yip et al., 2006; Lazo-Langner et al., 2007; Casu
et al., 2008). Anticancer activities are mostly expressed in animal models through
antimetastatic and antiangiogenic properties, these latter being observed mainly for low-
molecular weight species (summarized in Casu et al., 2008). The antiinflammatory and
antitumor properties of heparin and related species are thought to be largely associated with
the influence on pathological functions of HS chains of HSPGs. In fact, heparin-based drugs
can conceivably be designed to interfere with HS–protein interactions to compete with (or
reinforce) functions of HS chains (Lindahl, 2007; Lindahl and Li, 2009). As exemplified by
the intriguing finding that some HS sequences are cryptic promoters while others are
inhibitors of cancer progression (Liu et al., 2002), some of the HSPG functions and their
interplay with those of other biological effectors are still not completely understood.

The potential antitumor property of heparin species, including oligosaccharides as small as
disaccharides, has been most extensively investigated in the context of their effects on
angiogenesis. Early studies recognized that full-size heparin displaces growth factors (GFs)
stored by the HS chains of HSPGs on cell surfaces and in the EC matrix and is potentially
pro-angiogenic because it promotes formation of ternary complexes of heparin-bound GFs
(especially FGF2 and VEGF) with GF receptors (Fig. 3)(Bernfield et al., 1999;Mohammadi
et al., 2005). As discussed in Section 3.3, small heparin oligosaccharides are unable to
promote formation of such ternary complexes and to trigger mitogenic signaling.
Octasaccharides are on the borderline of size requirements and may be potentially anti-
angiogenic by blocking GFs in a way to prevent their dimerization and/or their interaction
with GFRs. However, they might function like longer heparin-like oligosaccharides and
induce mitogenic signaling. In fact, heparin octasaccharides act as inhibitors in four in vivo
models of angiogenesis that are progressively less dependent on FGF2, indicating that they
can inhibit angiogenesis through other mechanisms (Hasan et al., 2005). These results have
significant implications for clinical trials of low molecular weight heparins (LMWH) in
cancer. In fact, the overall effect of a LMWH on angiogenesis as observed in vivo is
probably a balance between the influence of 8-mer or smaller components and those of
larger size (Hasan et al., 2005).

Casu et al. Page 10

Matrix Biol. Author manuscript; available in PMC 2011 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Full-length heparins that have been depleted of substituents, that are essential for interaction
with antithrombin as well as with GF receptors, such 6-O-desulfated heparin, are
antiangiogenic without being significantly anticoagulant and are potential antiangiogenic
drugs (Lundin et al., 2000; Hasan et al., 2005). A large number of undersulfated, glycol-split
heparins, including their derivatives with different degrees of N-acetylation, can be obtained
chemically by generating additional (nonsulfated IdoA) residues susceptible to glycol-
splitting. Some of these non-anticoagulant heparins, including one in which about half of the
total uronic acid residues were glycol-split (Casu et al., 2002), are good complexing agents
for FGF2 (Casu et al., 2004) and VEGF (Pisano et al., 2005) and are endowed with
antiangiogenic properties in models in which heparin is either inactive or pro-angiogenic
(Casu et al., 2004). At least in part, these properties can be explained in terms of
conformational transitions at the level of glycol-split residues, rendering dimerization of the
growth factors unfavorable (Casu et al., 2004).

Inhibition of heparanase is a most promising target for the inhibition of both angiogenesis
and metastasis (Vlodavsky et al., 2008), as well as of some inflammatory pathologies
(Parish, 2006; Vlodavsky et al., 2008; Li and Vlodavsky, 2009). Since the identification of
the active site and two heparin/HS binding sequences of the enzyme (reviewed in Fux et al.,
2009), heparanase has been targeted with several inhibitors that block either the active site
of the enzyme or the heparin/HS binding sites, or both (Ferro et al., 2004; Vlodavsky et al.,
2007). Being close HS mimics, heparin-related inhibitors are promising leads for heparanase
inhibition (Naggi et al., 2005; Vlodavsky et al., 2007). A N-acetylated, glycol-split heparin
was shown to be a potent inhibitor of heparanase, while exerting little or no release of
growth factors from the ECM (Naggi et al., 2005; Vlodavsky et al., 2007). This heparin
derivative has strong anti-myeloma activity in vivo (Yang et al., 2007b). It is thought to
effectively interact with the heparin/HS binding regions of heparanase through its sulfated
sequences, as well as with the active site of the enzyme through its glycol-split GlcA
residues (Naggi, 2005; Vlodavsky et al., 2007). Another class of heparanase inhibitors
consists of heparin oligosaccharides terminating at their reducing end with an aza sugar and
this is thought to interact with the active site of the enzyme (Petitou and Driguez, 2006).

Most of the non-anticoagulant heparins are less sulfated than unmodified heparin and
consequently expected to have more favorable pharmacokinetic properties than unmodified
heparin. Based on early findings that association with corticosteroids induces antiangiogenic
properties in heparin (Folkman et al., 1983), several steroid-substituted heparin derivatives
have been described, among which a low-molecular weight heparin-deoxycholic acid
conjugate which is antiangiogenic in different types of cancer cells even when administered
by the oral route (Lee et al., 2009).

In conclusion, heparin oligosaccharides and some non-anticoagulant heparin derivatives are
promising candidates as safe and effective antiangiogenic, antimetastatic, and
antiinflammatory drugs. However, a deeper knowledge of their mechanisms of action is
needed to optimize the drug candidates and to ensure that they hit the selected targets.
Although the therapeutic efficacy is likely to be increased by multi-target approaches, the
apparent redundancy in sequence-to-activity relationships (Lindahl and Li, 2009) makes it
difficult to apply the typical drug discovery tools based on computational surveys of binding
proteins to heparin-derived molecules (Mulloy and Forster, 2008). The possibility of the —
apparently paradoxical — reversal of biological effects (i.e., from antiangiogenic to pro-
angiogenic) depending on interactions with HS in different organs or different
physiopathological conditions, requires extensive in vivo experimentation. In fact, HS
mimics targeted at a given HSPG could deal with a complex network of mutually interacting
species and may also promote interdomain interactions (Forsten-Williams et al., 2008) and
exogenous heparin may act at different levels at cell surfaces and in the ECM. However,
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heparin species designed for specific targets are expected to act preferentially at the level of
those proteins (e.g., cytokines, growth factors, or heparanase) that are overexpressed in
inflammation and cancer.

In order to design precisely tailored antagonists or agonists of HS (or heparanase) functions,
more subtle details of the 3D structure of their relevant complexes still need to be defined.
Much of the information available to date is based on biochemical, crystallographic and
structural studies on a still limited number of complexes of heparin/HS oligosaccharides
with heparin-binding proteins and complexes with their corresponding receptors. With the
exception of some examples (a few of them covered in this mini review), GAG sulfate
groups involved in relevant biological interactions have been defined only in statistical
terms, principally using heparin and heparin derivatives and their fragments instead of the
corresponding species derived from HS. A more detailed understanding requires the use of
HS species obtained from the HSPGs specifically involved in the interaction (Powell et al.,
2004; Lindahl and Li, 2009). However, continuous refinement of tools for structural analysis
of HSPGs and their interactions (Sasisekharan et al., 2006; Guglieri et al., 2008; Schenauer
et al., 2009; Rek et al., 2009; Korir and Larive, 2009; Guimond et al., 2009) and the
expected availability of extended libraries of synthetic heparin/HS oligosaccharides
(Seeberger and Werz, 2008; Arungundram et al., 2009), semi-biotechnological (Lindahl et
al., 2005) and fully biotechnological heparins/HSs (Martin et al., 2009; Peterson et al., 2009)
is expected to provide additional structure–activity information required for further
development of heparin-based GAGs as potential drugs in inflammation and cancer, as well
as in other therapeutic fields.
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Abbreviations

AT antithrombin III

ECM extracellular matrix

FGF1 fibroblast growth factor-1

FGF2 fibroblast growth factor-2

FGFR fibroblast growth factor receptor

GAG glycosaminoglycan

GlcA glucuronic acid

GlcNAc N-acetyl glucosamine

GlcNSO3 glucosamine N-sulfate

GF growth factor

HS heparan sulfate

HSPG heparan sulfate proteoglycan

IL-8 interleukin-8
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VEGF vascular endothelial growth factor
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Fig. 1.
(A) Model of a section of a HS chain (adapted from Murphy et al., 2004). (B) Multiple
functions for HS during inflammatory reactions. HS participates in each of the major steps
of leukocyte extravasation, such as facilitating L-selectin-dependent cell rolling, chemokine
transport across the endothelium, and the chemokine presentation to leukocytes, which
results in integrin activation (redrawn from Wang et al., 2005; Fig. 1 of Suppl. Inform.).
ICAM: Intercellular adhesion molecule.
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Fig. 2.
Modeled complex of dimeric IL-8 and a heparin 24-mer composed of two hexasaccharides
constituted of “fully sulfated” sequences connected by a nonsulfated N-acetylated, GlcA-
containing dodecamer, before (A) and after (B) molecular dynamics simulation. In both
binding sites, the interaction between protein and oligosaccharide focused on a disaccharide
(Krieger et al., 2004).
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Fig. 3.
(A) Function of HS in growth factor (GF)-mediated signaling. (B) Activation of signaling by
exogenous heparin (H) or a heparin-like HS fragment released by heparanase. The figure
also shows two competing crystallographic models for the formation of ternary complexes
involving FGF, FGFR, and a heparin dodecasaccharide. S–M: Schlessinger–Mohammadi
symmetrical 2:2:2 complex for FGF2–FGFR1c; P–B: Pellegrini–Blundell asymmetrical
2:2:1 complex for FGF1–FGFR2c (structures redrawn from Mohammadi et al., 2005).
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Fig. 4.
Energy-minimized structures of heparin/HS S chains (A,B) and NA chains, these latter
represented by the biosynthetic common precursor N-acetyl heparosan, C), and of one low-
energy conformer of glycol-split N-acetyl heparin (D) compatible with experimental
Nuclear Overhauser Effect values. Structures A and B (redrawn from Mulloy et al., 1993)
illustrate the dramatic influence of changes in the conformation (from 1C4 to 2S0) of
IdoA2OSO3 residues on spacing of sulfate groups along the chains (ANS and A6S = N-
sulfate and 6-O-sulfate groups of GlcN residues; I2S = 2-O-sulfate group of IdoA residues).
The rigid (4C1) conformation) of GlcA residues in N-acetyl heparosan does not involve
significant changes from the chain conformation shown in C. Structures A–C are
characterized by different dihedral angles between vicinal C–H bonds and distances between
nonbonded atoms of the uronic acid residues. Structure D illustrates that glycol-splitting
generates extra-degrees of rotational freedom (arrows), allowing abrupt kinks in the oligo/
polysaccharide chains where one GlcA residue was periodate-oxidized and borohydride
reduced. Similar conformations can be assumed by glycol-split, nonsulfated IdoA residues.
(Panels A–C are from Casu, 2005; D from Vlodavsky et al., 2007.)
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Fig. 5.
(A) Details of the crystal structure of a 1:1 FGF2-heparin hexasaccharide complex, showing
that the two 2-OSO3 residues select different conformations in binding to the growth factor
(from Casu and Lindahl, 2001). (B) Partial solution structure of the complex of FGF2 and a
synthetic tetrasaccharide, with both the sulfated iduronate residues in 1C4 conformation
(Guglieri et al., 2008). Designation of residues as for Fig. 4; ΔU = 4,5-unsaturated uronic
acid.
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