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Abstract

Heparanase has generated substantial interest as therapeutic target for antitumor therapy, because
its activity is implicated in malignant behavior of cancer cells and in tumor progression. Increased
heparanase expression was found in numerous tumor types and correlates with poor prognosis.
Heparanase, an endoglucuronidase responsible for heparan sulfate cleavage, regulates the structure
and function of heparan sulfate proteoglycans, leading to disassembly of the extracellular matrix.
The action of heparanase is involved in multiple regulatory events related, among other effects, to
augmented bioavailability of growth factors and cytokines. Inhibitors of heparanase suppress
tumor growth, angiogenesis and metastasis by modulating growth factor-mediated signaling, ECM
barrier function and cell interactions in the tumor microenvironment. Therefore, targeting
heparanase has potential implications for anti-tumor, anti-angiogenic and anti-inflammatory
therapies. Current approaches for heparanase inhibition include development of chemically-
modified heparins, small molecule inhibitors and neutralizing antibodies. The available evidence
supports the emerging utility of heparanase inhibition as a promising antitumor strategy,
specifically in rational combination with other agents. The recent studies with compounds
designed to block heparanase (e.g., modified heparins) provide a rational basis for their
therapeutic application and optimization.
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1. Introduction

Heparanase, an endoglucuronidase responsible for heparan sulfate (HS) cleavage, regulates
the structure and function of heparan sulfate proteoglycans, thus resulting in structural
alterations of the extracellular matrix (ECM) and release of bioactive saccharide fragments
and HS-bound growth factors and cytokines (Figure 1). Heparanase is a multifaceted protein
endowed with enzymatic and non-enzymatic functions that appear to participate in major
human pathological processes (1 and quoted references). Since the cloning of the human
heparanase gene in 1999, heparanase was advanced from being an obscure enzyme with a
poorly understood function to a promising drug target. While most attention was addressed
to heparanase function in tumor biology, emerging evidence indicate that heparanase is also
engaged in other disease conditions often associated with degradation of HS, release of
bioactive molecules anchored within the ECM network, disregulated signalling cascades,
gene transcription, and activation of innate immune cells. Among these diseases are chronic
inflammation (i.e., inflammatory bowel disease, rheumatoid arthritis), autoimmunity (i.e.,
type 1 diabetes, psoriasis), diabetic nephropathy, bone osteolysis, thrombosis and
atherosclerosis [2-9]. There is growing evidence that heparanase upregulates expression of
genes that participate in cancer metastasis and angiogenesis, glucose metabolism, immune
response, inflammation and atherosclerosis, suggesting that heparanase belongs to an
emerging class of proteins that play a significant role in regulating transcription in addition
to their well-recognized extra-nuclear functions [1,5,6,8,9].

Several up-to-date reviews summarize basic aspects related to the involvement of
heparanase in cancer progression and inflammation [10-14]. The present commentary
provides information on the biology of the heparanase protein in cancer and inflammation,
with emphasis on translational aspects of heparanase-inhibiting strategies.

2. Heparanase and heparan sulfate proteoglycans

Heparan sulfate proteoglycans (HSPGs)

HSPGs exert their multiple functional repertoires via several distinct mechanisms that
combine structural, biochemical and regulatory aspects. By interacting with other
macromolecules such as laminin, fibronectin, and collagens | and 1V, HSPGs contribute to
the structural integrity, self-assembly and insolubility of the extracellular matrix (ECM) and
basement membrane (BM), thus intimately modulating cell-ECM interactions [15,16].
HSPGs also directly transfer information from the extracellular space to intracellular kinases
and cytoskeletal elements, thus affecting cell signaling, adhesion and motility [16]. The
sulfated saccharide domains of HS provide numerous docking sites for a multitude of
protein ligands, ensuring that a wide variety of bioactive molecules (i.e., cytokines,
chemokines, growth factors, enzymes, protease inhibitors, ECM proteins) bind to the cell
surface and ECM [15,18] and thereby function in the control of normal and pathological
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processes, among which are morphogenesis, tissue repair, vascularization, cancer metastasis,
inflammation, atherosclerosis, thrombosis and diabetes [18,19]. Heparanase-mediated
cleavage of HSPGs would ultimately release these proteins and convert them into bioactive
mediators, ensuring rapid tissue response to local or systemic cues. As a result, HS provides
cells with a rapidly accessible reservoir, precluding the need for de novo synthesis when the
requirement for a particular protein is increased (Figure 1) [6,7].

The biosynthesis of HS takes place in the Golgi system and has been studied in great detail.
Briefly, the polysaccharide chains are modified at various positions by sulfation,
epimerization and N-acetylation, yielding clusters of sulfated disaccharides separated by low
or non-sulfated regions [18,19]. Unlike the well resolved biosynthetic pathway, the mode of
HS breakdown is less characterized. While synthesis and modification of HS chains require
the activity of an array of enzymes, degradation of mammalian HS is primarily carried out
by one enzyme, heparanase (HPSE), which cleaves the HS side chains of HSPGs into
fragments of 10-20 sugar units. Cleavage of HS by heparanase has multiple downstream
effects due to the broad regulatory activity of HS. For example, HS promote growth factor
signaling, mediate cell adhesion and sequester growth factors within the ECM, thereby
facilitating storage of growth factors and the establishment of growth factor/chemokine
gradients [19]. Additionally, heparanase upregulates expression of the HSPG syndecan-1
and also enhances its shedding from the cell surface. This is important because shed
syndecan-1 is known to regulate tumor growth, metastasis and angiogenesis, largely by
promoting growth factor signaling within the tumor microenvironment [6].

Mammalian heparanase

Heparanase cleaves HS side chains presumably at sites of low sulfation, releasing saccharide
products with appreciable size (4-7 kDa) that can still associate with protein ligands and
facilitate their biological potency. Elucidating the substrate specificity of heparanase has
been complicated by the heterogeneity of heparan sulfate chains and the lack of highly pure
homogeneous substrates. The enzyme cleaves the linkage between a GICA unit and an N-
sulfo glucosamine residue carrying either a 3-O-sulfo or a 6-O-sulfo group. In addition,
heparanase cleaves such linkages with a 2-O-sulfated GIcA residue, but not a 2-O-sulfated
IdoA residue, in proximity. This suggests that heparanase recognizes certain sulfation
patterns rather than specific monosaccharide sequences and that cleavage occurs in the
mixed domains between the sulfated and non-sulfated spacer domains. Use of structurally
defined oligosaccharides indicates that heparanase displays different cleavage modes by
recognizing structural features at the non-reducing ends of HS, thus suggesting a regulatory
role in the release or preservation of specific HS structures [20].

Mammalian cells express a single dominant functional heparanase enzyme (heparanase-1)
[21]. The heparanase mMRNA encodes a 65 kDa pro-enzyme that is post-translationally
cleaved into 8 and 50 kDa subunits that non-covalently associate to form the active
heparanase. The heparanase structure delineates a TIM-barrel fold harboring the enzyme’
active site and substrate binding domains, and a C-terminus domain (C-domain) that is
critical for heparanase secretion and signaling function [1]. Similar to other glycosyl
hydrolases, heparanase has a common catalytic mechanism that involves two conserved

Biochem Pharmacol. Author manuscript; available in PMC 2016 January 12.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pisano et al.

Heparanase

Page 4

acidic residues, a putative proton donor at Gluy,s and a nucleophile at Gluzas [22]. Cellular
processing of the secreted latent enzyme involves uptake and delivery into late endosomes
and lysosomes followed by removal of a 6 kDa linker segment brought about by cathepsin L
[23]. Importantly, heparanase functions beyond its enzymatic activity. Although enzymatic
activity requires both the TIM-barrel and C-terminus domains, the C-domain can function
independently of the TIM-barrel fold, promoting AKT signaling and leading to enhanced
tumor growth in animal models [1]. Of increasing significance are observations that
heparanase through both enzymatic and non-enzymatic activities promotes gene expression
(i.e., VEGF, tissue factor, MMP-9, HGF, RANKL, TNFa) and signaling pathways (i.e.,
phosphorylation of Akt, Src, Erk, EGF-receptor, insulin receptor) of which some are
mediated by its C-domain, devoid of heparanase enzymatic activity [1, 5-7, 21].

in cancer progression

The clinical significance of heparanase in tumor progression emerged from a systematic
evaluation of heparanase expression in primary human tumors. Immunochistochemistry, in
situ hybridization, RT-PCR and real time-PCR analyses revealed that heparanase is up-
regulated in essentially all major types of human cancer, namely carcinomas, sarcomas and
hematological malignancies [7, 14, 21]. Notably, heparanase up-regulation in human tumors
is associated with increased tumor size [7, 21]. Likewise, heparanase over-expression
enhanced, while local delivery of anti-heparanase siRNA inhibited the progression of tumor
xenografts [7]. A significant role of heparanase in tumor angiogenesis and
lymphangiogenesis was demonstrated applying similar experimental approaches [21]. In
fact, heparanase expression levels correlate with tumor vascularity in cancer patients, further
indicating a significant role in tumor angiogenesis [7], altogether implying that heparanase
function is not limited to tumor metastasis but is also engaged in accelerated growth of the
primary lesion. Notably, cancer patients exhibiting high levels of heparanase had a
significantly shorter postoperative survival time than patients whose tumors contained low
levels of heparanase [7] further implicating heparanase as a master regulator of cancer
progression and metastasis. The involvement of heparanase in tumor behaviour was
reinforced by preclinical studies indicating a marked inhibition of tumor progression in mice
treated with compounds that inhibit heparanase enzymatic activity [24-29]. Importantly,
heparanase promotes cancer progression through its action on both the tumor cells and the
tumor cell microenvironment [6].

3. Heparanase in inflammation

HS is known to control inflammatory responses at multiple levels, including sequestration of
cytokines/chemokines in the extracellular space, modulation of leukocyte interactions with
endothelium and ECM, and initiation of innate immune responses through interactions with
toll-like receptor 4 (TLR4) [30-33]. Thus, HS enzymatic remodeling by heparanase may
affect several aspects of inflammatory reactions, such as leukocyte recruitment,
extravasation and migration towards inflammation sites; release of cytokines and
chemokines anchored within the ECM or cell surfaces, as well as activation of innate
immune cells. The link between inflammation and heparanase was first demonstrated when
HS-degrading activity was discovered in immunocytes (neutrophils, activated T-
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lymphocytes) and found to contribute to their ability to extravasate and accumulate in target
organs [34]. In subsequent studies, the notion that immunocytes represent the principal
cellular source of the enzyme in inflammation was challenged by observations that
heparanase expression occurs mainly in epithelial and/or endothelial compartment in
numerous inflammatory settings, including delayed type hypersensitivity [35], vascular
injury, chronic colitis [36], sepsis-associated lung injury [37], as well as in several auto-
immune and auto-inflammatory human disorders, such as rheumatoid arthritis,
atherosclerosis, psoriasis, ulcerative colitis and Crohn’s disease [9, 10, 11]. Collectively, a
complex picture of the versatile role of heparanase in inflammation is evolving, whereby
heparanase may act either in facilitating or limiting inflammatory responses, most likely
depending on the cellular/extracellular framework.

in acute inflammatory responses

Mounting evidence suggests that heparanase affects activities of several types of innate
immunocytes, including neutrophils, macrophages, dendritic and mast cells [8, 10, 36-39].
Of those, neutrophils represent the important effectors in the acute inflammatory responses.
The consequence of heparanase action on neutrophil behavior was highlighted in a recent
report by Schmidt et al., focusing on enzymatic degradation of endothelial glycocalyx in a
mouse model of sepsis-associated lung injury. In this model, rapid induction of heparanase
activity (through TNFa-dependent mechanism) in pulmonary microvascular endothelial
cells was shown to facilitate neutrophil recruitment through exposure of the endothelial
surface and increased availability of cell adhesion molecules [37]. Moreover, sepsis
associated loss of pulmonary glycocalyx and endothelial hyperpermeability were attenuated
in heparanase-null mice and in mice treated with inhibitors of heparanase enzymatic activity
[37]. On the other hand, constitutive over-expression of heparanase in heparanase transgenic
(Hpa-tg) mice was shown to attenuate intraluminal crawling of neutrophils in the
cremasteric muscle microvessels toward an extravascular chemokine source, reportedly due
to reduction in endothelial surface HS chain length and altered ability of truncated HS to
serve as a ligand for chemokines [38]. In addition, reports exploring acute inflammatory
phenotypes of heparanase over-expressing Hpa-tg mice in models of inflammatory
hyperalgesia and neuroinflammation [40] demonstrated that neutrophil recruitment and
activation were attenuated in the presence of constitutively increased levels of heparanase in
Hpa-tg mice. Thus, the overall effect of heparanase on neutrophil behavior may depend on
the proportional contribution of glycocalyx removal (which is expected to facilitate
neutrophil access to the blood vessel wall [37] vs. the disturbance of chemokine gradients at
the endothelial cell surface (which attenuates neutrophil recruitment) [10, 38, 40].

Heparanase in chronic inflammation

When acute inflammation is not properly resolved, the composition of the infiltrating
leukocytes changes from neutrophils to macrophages, dominant cellular players in chronic
inflammation. Heparanase ability to modulate macrophages responses was highlighted in
studies focusing on inflammatory bowel disease (IBD). In patients with IBD, an equilibrium
between the immune response to pathogens and tolerance to the normal flora becomes
unbalanced, leading to the uncontrolled uptake of proinflammatory substances (i.e., bacteria,
bacterial products) from the gut lumen and triggering immune activation, cytokine release,
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and dysfunction of the epithelial barrier [41]. Given the important role of HS in maintaining
the integrity of the gut wall [30], enzymatic degradation of HS is thought to significantly
affect colon permeability and inflammatory reactions. Analysis of glycosaminoglycan
content in normal colonic tissue and colons of IBD patients revealed loss of HS from the
subepithelial BM and from the vascular endothelium in the submucosa [10]. In agreement,
preferential expression of heparanase was reported in colonic epithelium, but not
immunocytes, of IBD patients during both acute and chronic phases of the disease,
suggesting that heparanase of epithelial origin modulates the inflammatory phenotype of
macrophages towards a chronic inflammation pattern [36]. In support of this notion,
exacerbated chronic inflammatory phenotype and augmented recruitment and activation of
macrophages were detected in colonic mucosa of Hpa-tg mice following induction of DSS
colitis [36]. Moreover, heparanase strongly augmented in vitro activation of macrophages by
LPS, resulting in marked increase in production of TNFa, IL-6 and 1L12 [36]. Activated
macrophages can in turn induce epithelial heparanase expression (via a TNFa-dependent
mechanism) and post-translational processing of the pro-enzyme via increased secretion of
cathepsin L [36], fueling a self-sustaining inflammatory circuit.

in inflammation-associated cancer

Chronic inflammatory conditions are present in the microenvironment of most tumors [42]
and have been shown to contribute to cancer progression [43], among other mechanisms,
through mobilization of tumor-supporting immunocyte populations (e.g., tumor associated
macrophages, neutrophils) which supply bioactive molecules that foster survival,
angiogenesis, invasion and metastasis [42, 44]. Progression of Barrett’s oesophagus to
adenocarcinoma; chronic gastritis to intestinal-type gastric carcinoma, chronic hepatitis C to
hepatocellular carcinoma pancreatitis to pancreatic adenocarcinoma and colitis to colorectal
cancer are well-known examples of inflammation-driven tumorigenesis [10]. Remarkably,
induction of heparanase prior to the appearance of malignancy was reported in essentially all
of the above-mentioned inflammatory conditions, i.e., Barrett’s oesophagus [45], hepatitis C
infection [46], chronic pancreatitis [47], Crohn disease and ulcerative colitis [36]. It is
therefore conceivable that inflammation-induced heparanase may be involved in coupling
inflammation and cancer. Findings obtained in a study utilizing a mouse model of colitis-
associated colon carcinoma support this notion [36]. It appears that by sustaining continuous
activation of macrophages that supply cancer-promoting cytokines (i.e., TNFa, IL-1, IL-6),
heparanase participates in creating tumorigenic microenvironment characterized by
enhanced NFxB and STATS3 signaling, augmented levels of cyclooxygenase 2 and increased
vascularization (Figure 2) [36].

4. Heparanase inhibitors

Heparanase promotes cancer progression by its actions within tumor, at the tumor cell
surface and in the tumor cell microenvironment [7]. Since heparanase is secreted into the
microenvironment, targeting heparanase has the therapeutic potential to concurrently block
tumor growth and interfere with establishment and maintenance of the tumor
microenvironment. Because there is only one single active heparanase enzyme, once the
enzyme is blocked or inactivated, there are no backup molecules to perform its function.
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Also of therapeutic importance is the fact that heparanase expression in normal tissue is very
low, allowing prediction of negligible side effects of blocking heparanase function.

The understanding of the role of heparanase in malignant behavior of tumor cells has
stimulated efforts to identify selective inhibitors as potentially useful agents in cancer
therapy. The approaches proposed for targeting heparanase include the development of
small molecule inhibitors, the use of monoclonal antibodies to block enzyme function on
regulatory domains or modified heparins to inhibit enzyme activity as competitive substrate
inhibitors [13]. The design of selective enzyme inhibitors is still limited by the absence of
the three-dimensional structure of heparanase. In the absence of structural information,
sequence homology models with proposed binding mode for heparan sulfate substrates have
been developed to be employed in the rational design of novel inhibitors [48-50].

Heparin is one of the closest mimics of HS and is a natural choice as heparanase inhibitor.
Heparin, however, is not clinically useful as an anti-cancer/anti-inflammatory drug because
of its potent anticoagulant activity. Considerable efforts have thus been expended in the
development of modified heparins and related polysulfated compounds with reduced
anticoagulant activity. Modified heparins and heparin mimetics are the best studied
heparanase inhibitors [25] and some compounds of this class are currently in various stages
of preclinical/clinical development [6]. Chemically modified heparins have been developed
in an attempt to abolish the anticoagulant activity and to retain or enhance their affinity for
heparanase [25]. These features are critical requirements for their clinical use, because high
doses and protracted treatment schedules should be used to fully exploit the therapeutic
potential of heparin derivatives. Modified heparins or sulphated oligosaccharides, including
SST0001, M402, P1-88 and PG545, have been developed as potent heparanase inhibitors
(ICsq in the nM range).

SST0001 (Roneparstat, currently in Phase I/11 clinical trial in myeloma patients) is a
modified heparin with a mean molecular size of 20kDa, characterized by 100% N-
acetylation, and 25% glycol splitting [25]. The N-acetylation is responsible for the loss of
the anticoagulant activity and glycol splitting likely contributes to enhance affinity for
heparanase [25, 51]. SST0001 was found to be effective as inhibitor of heparanase in vivo
and as modulator of levels of growth factors, including VEGF and HGF [24, 27]. The
antiangiogenic activity of SST0001 reflects the downregulation of angiogenic heparin-
binding factors and the impact of heparanase inhibition on tumor-microenvironment
interactions [6]. SST0001 also inhibit shedding of syndecan-1, a process regulated by
heparanase and known to be implicated in signalling pathways in both tumor and endothelial
cells [6]. Preclinical studies indicate that SST0001 is effective in the treatment of selected
human tumor models including myeloma, pediatric sarcoma and pancreatic carcinoma [24,
27, 28, 52]. The good tolerability of SST0001 in protracted treatment schedules is consistent
with the selective heparanase inhibition and lack of anticoagulant activity [24].

M402 is a related glycol-split heparin having a smaller molecular size (6 kDa) [29]. This
compound is N-sulfated instead of N-acetylated, which may provide it with broader growth
factor binding activity. M402 showed efficacy in metastasis models [29] and progressed in
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2012 to a Phase I/11 clinical trial in combination with gemcitabine in patients with metastatic
pancreatic cancer [6].

Other sulfated polysaccharides which inhibit heparanase are potent inhibitors of
inflammation, tumor growth and metastasis, but these often suffer from unacceptably high
anticoagulant activity. Among many efforts in this area has been the identification of two
potent heparanase inhibitors, PI-88 and maltohexaose sulfate, with attenuated anticoagulant
activity. P1-88 displays antimetastatic and antiangiogenic activity [53] and has progressed to
Phase Il clinical trials in post-resection hepatocellular carcinoma [54]. Whilst developed
primarily for cancer indications, P1-88 and maltohexaose sulfate display promising anti-
inflammatory activity. Recently, polysulfated hexasaccharides (desighated STMCs or
SMTCs) in which two maltotriose units are joined head-to-head by a novel C1-C1’ C-
glycosidic bond were shown to inhibit metastases in a mouse model via inhibition of
heparanase and P-selectin [55]. Building on the clinical progress of PI-88, new series of HS
mimetics have been developed with improved properties [53, 56, 57]. Unlike P1-88 and
other sulfated oligosaccharides which are mixtures, the new compounds are single chemical
entities and contain lipophilic modifications which endow them with significantly improved
pharmacokinetic properties and in vivo activity in preclinical cancer models, and milder
anticoagulant activity. Among these, of particular note is PG545 [56] a tetrasaccharide
which has demonstrated promising in vivo antiangiogenic and antimetastatic activity and
potent anti-tumour activity in multiple preclinical models that are resistant to PI1-88
treatment [26, 58]. PG545 has been reported to inhibit angiogenesis by sequestering
angiogenic growth factors and preventing the binding to receptor [26]. PG545 entered Phase
I clinical trials in late 2010 administered as a subcutaneous injection, however, the trial was
halted due to unexpected injection site reactions [59].

A number of heparin-like compounds and low-molecular-weight heparins (LMWH) are
being considered as therapeutic agents [25]. Their biological effects may be not dependent
on heparanase inhibitions. A low-molecular-weight heparin (tinzaparin) has been reported to
prevent lung metastatis by the human breast cancer model MDA-MB-231 [60] and the
formation of hepatic metastases by the human colon carcinoma HCT-116 cells [61]. The
antimetastatic effect of tinzaparin has been ascribed to the inhibition of the interaction
between the chemokine CXCL12 and CXCR4 receptor. Heparin derivatives compete for the
binding of CXCL12, thus preventing chemokine-driven invasion and metastasis. In addition,
LMWHs appear to display their biological effects by modulation of the tumor
microenvironment and to inhibit angiogenesis by preventing the FGF-2 or VEGF-mediated
signaling. Since continuous parental use of heparin derivatives is not a practical modality of
protracted administration, chemical conjugates of LMWHSs have been develop to allow oral
absorption [63]. Although potential antineoplastic effects have been associated with the use
of LMWHs [64], their mechanism of action appears somewhat complex. It is unclear
whether their antimetastatic and antiangiogenic activity is related to heparanase inhibition or
to competitive inhibition of binding of growth factors to their receptors [25]. Given the
multiple in vivo interactions of heparin derivatives, it is conceivable that their biological
effects are related to various features, including molecular weight and nature of chemical
modifications (e.g., extent of sulfation or glycol splitting).
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Another drug being explored clinically is defibrotide, a polydisperse oligonucleotide isolated
from porcine mucosa that has multiple biological effects including inhibition of heparanase
expression. Defibrotide is currently being tested as a component of combination
chemotherapy in myeloma patients [62].

In addition to HS mimetics, a number of other approaches to heparanase inhibitors have
been described and reviewed [13, 59, 65] and continue to be actively investigated. These
include various small molecule approaches such as iminosugars and other putative transition
state analogues, substrate analogues, inhibitors discovered via screening of compound
libraries, and natural products and their derivatives.

5. Tumor microenvironment and response to antitumor therapy

Several lines of evidence support the view that tumor microenvironment influences the
efficacy of antitumor treatments [66—68]. The heterogeneous distribution of drugs in
different tissues may limit the exposure of tumor cells to potentially lethal drug
concentrations [68]. However, the role of the tumor microenvironment appears to be more
complex, because the dynamic interplay among components of extracellular matrix and the
interaction of tumor cells and host cells (fibroblasts, endothelial cells and immune cells) can
be determinants of the malignant behavior of tumor cells, including proliferation, invasion
and survival under stress conditions [67, 69]. Cellular signaling pathways may promote cell
survival in response to chemotherapeutic agents. Interestingly, inhibition of stromal survival
signals by CXCR4 antagonists (e.g., plerixafor) has been reported to enhance sensitivity of
tumor cells to cytotoxic agents [70] and to therapeutic monoclonal antibodies [71].
Therefore, tumor microenvironment is now recognized as potential target of antitumor
therapy in a context of combination treatment strategies [72].

On the basis of the putative role of heparanase, i.e. cleavage of heparan sulfate and structural
remodeling of the extracellular matrix (Figure 1), inhibition of heparanase could be a
promising approach to target critical components of the tumor microenvironment and may
have potential to improve the efficacy of conventional antitumor agents. The local release of
prosurvival growth factors, sequestered by heparan sulfate in the extracellular matrix,
through heparanase action may contribute to tumor cell survival and protection against drug
treatment. Thus inhibition of survival signals and disruption of the tumor/stroma interactions
may influence sensitivity to chemotherapy.

In spite of the relevance of heparanase and heparan sulfate as regulators of signaling
pathways, it is likely that the efficacy of heparanase inhibitors can be better exploited in
rational combination therapy with other antitumor agents. Only few studies addressed this
aspect of the therapeutic applications of heparanase inhibitors. The available preclinical
studies support the therapeutic potential of heparanase inhibitors in combination with agents
that display their effects on tumor microenvironment. The combination of SST0001 with
dexamethasone exhibited improved efficacy in the treatment of myeloma models as
compared to single-agent therapy [27]. The efficacy of the combination was also observed in
a dexamethasone-resistant tumor subline. Since heparanase is involved in the inflammatory
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process [7], the efficacy of this combination is consistent with interpretation that tumor
growth inhibition in vivo reflects dual targeting of the tumor and its microenvironment.

Based on role of heparanase in angiogenesis [6, 20], a process regulated by secretion of
VEGF, a recent study was designed to investigate the efficacy of SST0001 in combination
with antiangiogenic therapies, including the anti-VEGF antibody bevacizumab and the
tyrosine kinase inhibitor, sunitinib, known to inhibit proangiogenic signaling [24]. In both
approaches, the combination with SST0001 resulted in a synergistic interaction in the
treatment of the TC71 Ewing’s sarcoma model, as documented by the high rate of complete
tumor regressions, with no evidence of tumor regrowth in an appreciable number of animals.
The synergistic effect of the combination of SST0001 with antiangiogenic agents may have
therapeutic implications in clinical setting, because of the modest single-agent efficacy of
antiangiogenic drugs.

In addition to the documented therapeutic interest of heparanase inhibitors combined with
antiangiogenic therapies, other potentially useful combinations could be envisaged, because
heparanase is involved in multiple regulatory pathways. Indeed like VEGF, the hepatocyte
growth factor (HGF) is known to be regulated by the heparanase/syndecan-1 axis and
aberrant HGF expression is implicated in several biological processes, including
angiogenesis and cell migration/metastases [6]. A number of inhibitors of MET, the tyrosine
kinase receptor of HGF, are now available [74] and could be explored for their antitumor/
antimetastatic efficacy in combination with heparanase inhibitors.

6. Discussion

The role of heparanase in modulating critical biological or pathological processes mediated
by release of bioactive molecules makes this enzyme as a promising target for novel
approaches in antitumor treatment. The preclinical studies have focused on the effects on
metastasis and angiogenesis. Indeed, emerging evidence support that heparanase inhibitors
may have potential interest for antitumor/antimetastatic and antiangiogenic therapies [6].
Although the primary focus of heparanase inhibitors has been antitumor therapy, the
available evidence provides support for their application in other pathological conditions,
including inflammatory and vascular diseases [6, 7].

In spite of the critical functions of heparanase in tumor biology, the therapeutic potential of
enzyme inhibition remains to be explored in various tumor types and the optimal approach
to exploit the therapeutic potential of heparanase inhibitors remains to be identified.

Preclinical studies document the efficacy of approaches based on heparanase inhibition in
specific tumor types, including multiple myeloma and pediatric sarcoma [24, 27, 28]. Based
on the known functions of heparanase, one could speculate that tumors which are critically
dependent on signals delivered by the microenvironment could be the most responsive to
heparanase inhibitors. The efficacy of the glycol-split heparin derivative SST0001 against
pediatric sarcoma models is consistent with this prediction and could reflect the ability of
SST0001 to suppress the release of factors implicated in promoting tumor growth and
angiogenesis [24]. Specifically, the function of VEGF is not restricted to angiogenesis, since
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VEGF/VEGFR signaling contributes to various aspects of tumor biology [75] as observed
for Ewing’s sarcomas [76].

Although SST0001 and other available heparanase inhibitors may exhibit antitumor activity
as single agents in some tumor models [24, 27, 28], it is likely that, as observed for other
target-specific agents, single-agent therapy is not sufficient to control tumor growth. Also
based on preclinical evidence, it is conceivable that rational drug combinations with
heparanase inhibitors could achieve superior efficacy over single-agent therapy. This
prediction is supported by the expected contribution of targeting tumor cells and disruption
of tumor microenvironment. On the basis of the evidence of downregulation of
proangiogenic factors induced by heparanase inhibitors, it is likely that one of their
prominent effects is the inhibition of angiogenesis. This mechanism is supported by the
observation that SST0001 exhibits synergistic interaction in combination with agents
effective in modulation the angiogenesis process [24]. A number of agents effective in the
clinical setting, including cytotoxic agents, may have also the potential to improve the
control of tumor growth through inhibition of angiogenesis [77].

Although some small molecule heparanase inhibitors have been identified [13], their
development has been hampered by the lack of crystal structure for heparanase. A deeper
understanding of heparanase mechanism of action and resolution of heparanase crystal
structure and substrate specificity will lead to identification of small molecule inhibitors and
to improve the design of modified heparins to block heparanase activity. A number of
heparin/heparan sulfate mimetics have exhibited significant activity in preclinical studies
and some promising heparin-derived compounds are now under clinical evaluation [6]. The
identification of the clinical setting which may benefit by the use of heparanase inhibitors
will be a relevant challenge of their clinical development. The preclinical evidence supports
the optimal efficacy of SST0001 when administered during the early phase of tumor growth
following tumor cell inoculation. Indeed, the inhibition of release/activation of growth
factors that provide a favorable microenvironment for tumor growth might be the critical
event implicated in the control of primary tumor growth. This observation would suggest a
therapeutic potential of heparanase inhibitors in the control of minimal residual disease,
which requires the support of microenvironment, rather than in the treatment the bulky
progressive disease.

A better understanding of molecular/biological features of tumor types, responsive to
heparin mimetics could provide a rational basis to exploit their therapeutic potential and to
optimize their combinations.
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Hpa

Figure 1. Scheme showing the effects of heparanase (Hpa) involving tumor/microenviroment
interactions

1) cleavage of heparan sulfate (HS) by heparanase (as indicated by the solid arrows) and
release of heparan sulfate-bound growth factors (GF) from proteoglycans; 2) growth factor-
mediated signaling; 3) proangiogenic signaling; 4) disassembly of extracellular matrix and
release of HS-bound growth factors.
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Figure 2. Structures of selected heparanase inhibitors
A. Schematic representation of SST-0001 and chemical modification characterizing the

heparin derivative. Given the polymeric nature of SST-0001 (average molecular weight, 20
kDa) a "statistical" representation of the structure is shown.

B. Schematic representation of M402 (average molecular weight, 6 kDa). As for SST-0001,
a "statistical" representation of the structure is shown. R=SO3 or Ac.
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Figure 3. Structures of heparan sulfate mimetics
A. Structure of the heparan sulfate mimetic, PG545, a fully sulfated oligosaccharide

conjugated with a lipophilic moiety.
B. Structure of P1-88, a mixture of sulfated di- to hexasaccharides.
C. Structure of maltohexaose sulfate.
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