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REVIEW

Heparanase: a target for drug discovery in cancer
and inflammation

EA McKenzie

Faculty of Life Sciences, University of Manchester, Manchester, UK

The remodelling of the extracellular matrix (ECM) has been shown to be highly upregulated in cancer and inflammation and
is critically linked to the processes of invasion and metastasis. One of the key enzymes involved in specifically degrading the
heparan sulphate (HS) component of the ECM is the endo-fS-glucuronidase enzyme heparanase. Processing of HS by
heparanase releases both a host of bioactive growth factors anchored within the mesh of the ECM as well as defined fragments
of HS capable of promoting cellular proliferation. The finding that heparanase is elevated in a wide variety of tumor types and is
subsequently linked to the development of pathological processes has led to an explosion of therapeutic strategies to inhibit its
enzyme activity. So far only one compound, the sulphated oligosaccharide PI88, which both inhibits heparanase activity and
has effects on growth factor binding has reached clinical trials where it has shown to have promising efficacy. The scene has
clearly been set however for a new generation of compounds, either specific to the enzyme or with dual roles, to emerge from
the lab and enter the clinic. The aim of this review is to describe the current drug discovery status of small molecule, sugar and
neutralising antibody inhibitors of heparanase enzyme activity. Potential strategies will also be discussed on the selection of
suitable biomarker strategies for specific monitoring of in vivo heparanase inhibition which will be crucial for both animal

model and clinical trial testing.
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Introduction

The extracellular matrix (ECM) plays a key role in both
normal and disease processes as diverse as angiogenesis,
inflammation, wound healing and tumour cell invasion. In
the ECM, heparan sulphate proteolglycans (HSPGs) interact
with fibronectin, laminin, collagen and growth factors to
help maintain cellular architecture. HSPGs themselves act as
a storage depot for a number of cytokines and growth factors
such as basic fibroblast growth factor (bFGF), vascular
endothelial growth factor (VEGF), keratin growth factor
(KGF), hepatocyte growth factor (HGF) and transforming
growth factor f (TGFp), which bind specifically to the
heparan sulphate (HS) glycosaminoglycan chains (Bernfield
et al., 1999; Kreuger et al., 2006). The synthesis of HS on the
core HSPG protein begins within the Golgi apparatus and
requires the sequential action of a HS synthase enzyme
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followed by modification brought about by a series of
additional enzymes: sulfotransferases, N-deacetylase/N-sul-
fotransferase, C-5 epimerase, 2-O-sulfotransferase, 6-O-sulfo-
transferase and 3-O-sulfotransferase. This postglycosylation
modification produces the diverse repertoire of HS sulphated
species, which is important for generating protein-binding
sites and cleavage sites for endoglucuronidase enzymes such
as heparanase. The complete HS molecule has a domain
structure organization (Lyon and Gallagher, 1998; Merry
et al., 2001; Murphy et al., 2004) with N- and O-sulphate
groups clustered into iduronic acid-rich S-domains separated
by the NA domains, which contain N-acetylglucosamine-
glucuronic acid disaccharide repeats with low levels of
O-sulphation. Heparanase cleavage sites are spaced within
these regions of low sulphation. The fact that HS is so widely
distributed and evolutionarily conserved is testament to the
vital importance of this molecule in cell development and
function. Remodelling of the ECM following heparanase
cleavage of HS results both in the liberation of glycosami-
noglycan-anchored bioactive molecules and HS fragments of
approximately 5-7kDa in size that modulate growth factor
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binding to their receptors (Sanderson et al., 2004). The actual
amount of heparanase required for HS remodelling appears to
be of key importance as low levels of the enzyme enhances
FGF2 binding and subsequent downstream activation of ERK/
FAK signalling in human metastatic melanoma cells (70W),
whereas very high levels are inhibitory (Reiland et al., 2006).

Heparanase activity has been detected in activated
immune cells including T and B cells, macrophages,
neutrophils, mast cells mediating extravasation and traffic
to inflammatory sites (Vaday and Lider, 2000), and the
enzyme is highly expressed in placental tissue where it is
involved in trophoblast cell implantation (Dempsey et al.,
2000). Platelets are also a very rich source of heparanase and
their aggregation with tumour cells is believed to facilitate
tumour cell metastases and ECM disassembly following
platelet degranulation (Freeman and Parish, 1998). The key
role played by heparanase in malignancy was confirmed by
antisense cDNA transfection studies that showed a signifi-
cant reduction in the invasive and metastatic properties
of tumour cells (Uno et al., 2001). Expression of an anti-
heparanase ribozyme construct in human MDA-MB-435
breast carcinoma cells reduced significantly heparanase
enzyme activity and also invasion through a matrigel
basement membrane (Edovitsky et al., 2004). A large number
of publications now clearly link heparanase expression to the
process of tumourigenesis in a wide number of cancers,
including bladder (Gohji et al., 2001), colon (Friedmann
et al., 2000; Sato et al., 2004), gastric (Tang et al., 2002;
Takaoka et al., 2003), breast (Maxhimer et al., 2002), oral
(Ikuta et al., 2001), oesophageal (Mikami et al., 2001),
pancreatic (Koliopanos et al., 2001; Rohloff et al., 2002;
Kim et al., 2002), brain (Marchetti and Nicolson, 2001),
thyroid (Xu et al., 2003), prostate (Ogishima et al., 2005a, b)
and acute myeloid leukemia (Vlodavsky et al., 2002).
Collectively, this evidence suggests that heparanase plays a
fundamental role in sustaining the pathology of malignant
diseases and therefore that it may provide a potential target
for anti-cancer therapy. An exciting development in the
understanding of heparanase function was the finding that
the protein has a role in cell adhesion. Overexpression of
heparanase in Eb T-cell lymphomas induced cell adhesion
via f1 integrin and Rac activation (Goldshmidt et al., 2003).
Inactive variants of the protein produced the same pro-
adhesive effects suggesting, for the first time, that hepar-
anase has functions over and above its enzymatic activity.
The as yet elusive pro-adhesive domain of heparanase was
also shown to be responsible for the phosphorylation of Akt
in primary endothelial cells (Gingis-Velitski et al., 2004) and
it has been postulated that this may provide anti-apoptotic
protection in tumour cells (Cohen et al., 2005).

In the absence of a 3D structure of the enzyme, a number of
groups have taken a structure prediction strategy to carry out a
rational design of new high-affinity inhibitors (Ishida et al.,
2004; Zhou et al., 2006). Heparanase has been the subject of
a number of excellent reviews in recent years examining its
mode of action, disease association and efficacy of specific
inhibitory molecules (Parish et al., 2001; Vlodavsky et al., 2002;
Simizu et al., 2004b; Ferro et al., 2004; Ilan et al., 2006).

This review will focus on some of the latest heparanase
inhibitory compounds and antibodies to have emerged, and

British Journal of Pharmacology (2007) 151 1-14

Chemotherapeutic strategies to target heparanase
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Figure 1 The latent form of heparanase (pro-heparanase) is
schematically represented as a contiguous fusion of 8 and 50 kDa
subunits joined by an intervening linker region. Proteolytic digestion
of the linker is thought to induce a conformation change that opens
up the active site and allow HS cleavage. The minimum HS epitope
required for heparanase digestion is indicated. The most direct route
to inhibit heparanase action and consequently most heavily
investigated (*) is to inhibit the enzymatic activity. Other potential
targets implicated from recent studies on the enzyme include the
linker peptide proteases or the putative pro-adhesive domains of the
enzyme.

discuss new therapeutic strategies to downregulate the
actions of this important protein (Figure 1). The develop-
ment of the Oxford GlycoSciences (OGS) heparanase
inhibitor series of compounds is presented as a case study
example of the structure-activity relationship (SAR) involved
in the progression of this class of drugs through animal
model testing. It is envisaged that these inhibitors will serve
as valuable research tools for both in vitro and in vivo studies
into the functioning of the enzyme in both normal
and disease settings. Progression of heparanase inhibitors
towards clinical testing is critically dependent on obtaining
biomarkers to study the efficiency of heparanase knock-
down, and hence for the first time a discussion is given on
potential strategies that may be useful to assess heparanase
inhibitor efficacy.

Heparanase enzyme

In 1999, five groups published papers describing the cloning
of the heparanase gene (Fairbanks et al., 1999; Kussie et al.,
1999; Hulett et al., 1999; Toyoshima and Nakajima, 1999;
Vlodavsky et al.,, 1999). Up until that time there was
considerable controversy in the literature regarding the
actual molecular weight of active heparanase with sizes
ranging from 8 to 137 kDa all having been reported in Oosta
et al. (1982), Hoogewetf et al. (1995) and Freeman and Parish
(1998). Recombinant chemokine connective tissue-activat-
ing peptide (CTAP)-III (Rechter et al., 1999) was shown to



digest HS from a metabolically labelled naturally produced
ECM substrate. It seems likely, however, that the CTAP III
proteins used in this study contained contaminating activ-
ities, whereas a later study showed that highly purified
native CTAP III from platelets was completely devoid of
heparanase activity. In addition, immunoaffinity depletion
of CTAP III from platelets left behind an active HS degrading
species of ~55kDa consistent with that expected of the
HPSE1 gene product (Castor et al., 2002). Confirmation that
heparanase enzyme activities from both natural and tumour
sources were similar came from the finding that both platelet
and carcinoma cell heparanase activity (Freeman et al., 1999)
degraded heparin and HS to equivalent size fragments and
Western blotted positive against a HPSE1 antibody.

The human heparanase gene is located on chromosome
4q21.3 (Baker et al., 1999; Dong et al., 2000) and encodes
a pre pro-polypeptide of 543 amino acids. The protein is
N-glycosylated at six putative sites and tunicamycin inhi-
bitor studies have shown that these are important for the
kinetics of oestrogen receptor (ER) to Golgi transport and for
enzyme secretion (Simizu et al., 2004a). Signal peptidase
cleavage of the pre pro-enzyme within the ER (position A3%)
generates the latent 65 kDa (as judged by its mobility on SDS
PAGE gels) pro-enzyme form of the enzyme. The active
heterodimer form of the enzyme consists of an N-terminal
8kDa subunit (Q**-E'%’) non-covalently associated with a
C-terminal 50kDa subunit (K'*®-1°*%) that is subsequently
produced by proteolysis of the pro-enzyme and excision of
the intervening 6kDa linker region (S''°-Q'®”) (Fairbanks
etal., 1999; Levy-Adam et al., 2003; McKenzie et al., 2003). As
the active residues (E*?° and E3*%) required for HS cleavage
are both contained within the 50kDa subunit (Hulett et al.,
2000), it is presumed that the 8kDa subunit binding
produces some conformation change within the active site
that facilitates catalysis. The precise nature of the proteases
responsible for generating both subunits is an area of
intensive investigation. Extensive mutagenesis studies
indicate that the bulky hydrophobic group Y'*° is essential
for correct heparanase processing and activation at the P2
position of the cathepsin L-like linker cleavage site 2 (i.e.
between amino acids Q'” and K'*®) (Abboud-Jarrous et al.,
2005). In contrast, mutations around site 1 (i.e. between
amino acids E'®and $''°) had no effect, suggesting that this
region contains a novel protease recognition motif. The
proteolytic processing of heparanase occurs intracellularly
within the late endosomes and lysosomes (Nadav et al., 2002;
Goldshmidt et al., 2002a, b; Gingis-Velitski et al., 2004; Vreys
et al., 2005; Zetser et al., 2004). The requirement for a low-pH
environment for efficient processing is consistent with this
reaction being carried out in acidic intracellular organelles.
For example, pH increasing agents such as chloroquine and
bafilomycin Al inhibit heparanase processing (Zetser et al.,
2004) and a pH range between 4 and 5 was found to be
optimal in vitro processing of heparanase using endosome/
lysosome cell fractions (Cohen et al., 2005).

Regulation of heparanase gene transcription

Numerous studies using quantitative RNA analysis methods
have shown a striking correlation between tumour progres-
sion and the increase in heparanase mRNA expression.
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Upregulation of heparanase transcription by modulating
the levels of transcription factors able to bind to its promoter
appears to be a common factor of most malignant cells
studied to date. Hypomethylation of the heparanase pro-
moter in benign prostatic hyperplasia and normal bladder
correlated with increased levels of heparanase expression
(Ogishima et al., 2005a,b). Treatment of C6 rat glioma or
human choriocarcinoma cells that have higher levels of
promoter methylation with demethylating agents, such as
S-azacytidine, restored heparanase activity and potentiated
metastasis capacity in vivo (Shteper et al.,, 2003). The
transcription factors SP1 and Ets are associated with basal
level heparanase regulation (Jiang et al., 2002), whereas the
early growth response 1 transcription factor is involved
in the inducible regulation of heparanase transcription
(de Mestre et al., 2003, 2005). The presence of functional
oestrogen response elements within the heparanase promo-
ter suggested a hormonal control mechanism that in
particular could have a role in the development and
progression of breast cancer (Elkin et al., 2003). Induction
of heparanase expression in ER positive MCF7 human breast
carcinoma cells was shown to be inhibited by treatment of
by the oestrogen antagonist ICI 182,780 (Elkin et al., 2003).
Two interferon-stimulated response elements consensus
sequences are also present in the heparanase promoter and
may mediate the effect of interferon-y on heparanase gene
expression in endothelial cells (Edovitsky et al., 2006) and T
lymphocytes (Sotnikov et al., 2004) upregulated heparanase
gene expression and enzymatic activity. Under normal
cellular conditions, the heparanase promoter needs to be
tightly regulated and transcriptional repression at least in
part is produced by the binding of the pS53 tumour
suppressor via recruitment of histone deacetylases. Tumour
variants of p53 were unable to bind to the promoter and
hence failed to repress transcription (Baraz et al., 2006).

Promoter study analysis show that heparanase by itself can
act to promote further the expression of other proteins
involved in tumour malignancy and angiogenesis such as
Cox-2 (Ohtawa et al., 2006) and HIFla (Naomoto et al.,
2007). It is unclear whether this involves the direct
translocation of heparanase into the nucleus, heparanase-
mediated signalling or activation as a consequence of
increased HS turnover. Other studies have shown that
heparanase is upregulated together with matrix metallopro-
teinase 2 (MMP2) in vascular smooth muscle cells (Fitzgerald
et al., 1999) and in an animal model of cardiac hypertrophy
(Kizaki et al., 2005). It would be interesting to take these
observations further and analyse global transcription
changes (e.g. microarray transcriptome profiling of a reg-
ulatable heparanase cell line) brought upon by heparanase
expression to see whether heparanase expression triggers
a downstream expression cascade of other key disease-
associated proteins.

Heparanase cellular localization

It is clear that heparanase has an important housekeeping
function within the late endosome and lysosomal organelles
where it is involved in the processing and recycling of HS
from internalized HSPGs. It is not restricted to these cellular
locations, however, as immunofluorescence and cell fractio-
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nation studies clearly show the presence of the protein in the
nucleus, perinuclear regions and, plasma membrane (March-
etti et al., 2000; Goldshmidt et al., 2001, 2002a,b, 2003).
Intracellular pools of heparanase can be mobilized by
demand and relocated to the cell surface or secreted where
it may degrade cell surface HS. In this context it has been
shown that immature dendritic cells contain a resting pool
of nuclear and cytoplasmic heparanase, which can be
actively translocated to cell surface membrane extensions
upon lipopolysaccharide stimulation. This cell surface
heparanase degrades ECM HS and is thought to play a role
in cellular transmigration (Benhamron et al.,, 2006). The
nuclear role of heparanase is still undefined but is thought to
play a role in nuclear HS degradation and stimulation of
gene expression. Heparanase protein contains two potential
nuclear localization sequences (amino acid positions 271-
277 and 427-430), which may mediate its nuclear transloca-
tion as evidenced in cancer cell lines (Schubert et al., 2004)
and human gastric and oesophagus cancer sections (Takaoka
et al., 2003). Strong heparanase expression was localized to
the invasion front of head and neck squamos cell carcinomas
and in disseminated tumour cells where it correlated with
poor prognosis (Beckhove et al.,, 200S5). Promonocytic
leukaemia U937 and THP-1 cells have been used as models
to study the spatial regulation of heparanase in macro-
phages. Activation of the cells with PMA induced HS
degradation of endothelium-derived ECM and re-distribu-
tion of heparanase to the cell surface (but not secreted)

(Sasaki et al., 2004). Treatment of human microvascular
endothelial cells with TNFe and I1-1 (Chen et al., 2004) and
human peripheral T cells with TNF« (Sotnikov et al., 2004)
increased secretion dramatically. Tumour-derived cells, on
the other hand, seem to secrete heparanase more efficiently
via agonist stimulation with nucleotides such as adenosine
triphosphate, adenosine diphosphate and adenosine. These
nucleotides act through the P2Y G-protein coupled receptor
(GPCR) signal transduction cascade via protein kinase C to
effect the movement of intracellular endosome/lysosome
heparanase pools towards the cell surface (Shafat et al.,
2006a,b). The P2Y nucleotide receptor is found on the
surface of platelets where it plays a major role in platelet
aggregation and thrombus stabilization and is a well-
established target in its own right for anti-thrombotic drugs
(Kahner et al., 2006). Gene expression profiling data across a
number of primary human cancers also indicates that many
GPCRs including P2Y are overexpressed in tumours (Li et al.,
2005) that may initiate a re-routing of intracellular hepar-
anase to cell surface locations during disease progression.

A number of cell types, for example, primary fibroblasts,
endothelial cells and tumour cell lines, have been shown to
be able to internalize extracellular latent 65 kDa heparanase
via binding to cell surface HSPGs or the low-density
lipoprotein receptor (LDLR)-related protein and mannose
6-phosphate receptor (Vreys et al., 2005). This offers yet
another mechanism for normal cells to regulate their local
levels of heparanase and offers the potential for cancer cells

Heparanase induced malignant cell phenotype depends on its cellular localisation
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Figure 2 Heparanase has an important housekeeping role in degrading recycled glycosaminoglycan chains of internalized HSPG molecules,
which accounts for its endosomal/lysosomal roles in normal/unstimulated cells. Latent enzyme can be internalized by binding to membrane-
bound co-receptors such as HSPGs and LDLR. A recent study has described a route where intracellular heparanase can be actively secreted via
the P2Y1 cell surface receptor. In the scenario of a malignant tumour cell it can be envisaged that a combination of increased heparanase
expression at the mRNA level coupled with appropriate signals forcing pools of heparanase protein to the cell surface could rapidly mobilize
ECM components required for proliferation and metastases (adopted from Shafat et al., 2006a).
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to acquire more heparanase enzyme from the extracellular
space to increase their tumourigenicity (Figure 2).

Small molecule inhibitors

Case study: development of OGS series of heparanase inhibitors
Between 1999 and 2003, OGS undertook a programme
aimed to develop small-molecule inhibitors against hepar-
anase enzyme activity.

High-throughput screening of a 50000 compound library
using a modified HS/bFGF 96-well plate assay (Figure 3a)
identified the 2,3-dihydro-1,3-dioxo-1H-isoindole-5-car-
boxylic acid compound (Figure 4, molecule 2a) as a inhibitor
of heparanase activity (ICso of 8 uM) and with modest cell-
based anti-angiogenic activity (ICso 40 uM). This compound
satisfied a number of favourable drug selection criteria
including molecular weight, lipophilicity, polar surface area
and synthetic accessibility of related structures. An SAR
programme directed to identify more potent and selective
inhibitors using this compound as a scaffold was therefore
initiated (Courtney et al., 2004). Early studies identified key
structural features that could not be modified without the
loss of inhibitory activity, namely the carboxylic acid,
isoindole-5-carboxylic acid moiety and pendant benzoxazole
ring system. Instead substitutions were made on the central
aromatic core and benzoxazole moiety to study their effect
and the efficacy of some of these molecules (Figure 4). This
series of compounds led to the selection of derivative 2h
(OGT 2492) with its much-improved anti-angiogenic
potency (ICso, 2uM) and enzyme inhibitory potency (ICsg,
3.0uM) for further optimization (Figure 3b). A number of
substitutions were then made on the pendant phenyl ring of
OGT 2492 (Figure 4). Introduction of fluoro to the 4-position
(compound 6b) led to a significant increase in heparanase
inhibitory activity. A loss of activity was observed with the
introduction of an ortho-methoxy group (6i). Translocating
the methoxy substituent on the central phenyl ring to the
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4-position produced the most potent compound in the series
(6p) with an ICs of 0.2 uM against the enzyme and an ICs of
3 uM in the angiogenesis assay. There was a poor correlation
between the ICsy data from both assays for each compound
probably due to solubility issues, poor cellular uptake or an
off-target component to the activity. One clear exception
however was the 3/,5'-diflouro derivative (6i), which had
close matching potencies (ICso of 0.9 uM against the enzyme
and ICsg of 0.75 uM in the angiogenesis assay).

A series of solubilizing substitutions were introduced to
improve compound solubility with the aim of narrowing
the gap between ICsy data in both assays (Figure 4c). These
molecules were potent inhibitors in both primary and
angiogenesis assays and had more comparable ICs, values.
A two-fold variation was observed with compounds 9a
(0.5 uM ICs against the enzyme vs 0.25 uM in the angiogen-
esis assay) and 9e (2.0 uM ICsp enzyme vs 1.0 uM angiogen-
esis), suggesting that these compounds should be more
amenable for cellular assays including angiogenesis, cell
invasion and cell motility studies.

A second-phase research programme at OGS centred on
the furanylthiazole acetic acid compound as a new SAR
scaffold (Courtney et al., 2005). This compound inhibited
heparanase enzyme activity relatively weakly at ICsy of
25 uM, but was deemed a good candidate for optimization
because of the scope for introducing a variety of structural
changes within the molecule. In a similar fashion to the 2,3-
dihydro-1, 3-dioxo-1H-isoindole-5-carboxylic acid series, all
compounds were tested for efficacy in the primary enzyme
assay and secondary cell-based angiogenesis assay. A table of
some selected molecules showing structures and ICsq data is
shown in Figure 5. The 2-chloro substituent was found to be
essential for inhibition activity and so modifications were
introduced at the 4-chloro position (compound 4a). The
most potent compound in that series was the 4-chloro-
benzamide variant, which had an ICsq of 2.5 uM against the
enzyme and ICso of 2uM in the angiogenesis model.
Extending the amide moiety to a cinnamoyl group increased

OGS high throughput enzyme inhibition & angiogenesis assay
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Figure 3 (a) OGS heparanase high-throughput assay. The assay is based on the use of the specific binding of bFGF (shown as triangles) to HS
pre-adsorbed onto plates (in red). Following cleavage of high molecular weight HS by heparanase, the smaller material generated no longer
adheres to the surface of the six-well plate and hence heparanase activity can be followed by as a reduction in bFGF binding (as measured by a
HRP-conjugated bFGF antibody). (b) Angiogenesis assay. Human endothelial cells were co-cultured with fibroblast cells and left for 12 days to
form tubule structures. Tubules are stained positive with anti-CD31 and secondary alkaline phosphatase conjugate and quantified using an
image analysis programme. Plates show controls plates incubated with dimethylsulphoxide, VEGF or recombinant HPSE1 protein. The anti-
angiogenic activity of 1 um OGT 2492 is indicated (adopted from Courtney et al., 2004).
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Structure and efficacy table of OGS carboxylic acid inhibitors

Activity |Angiogenesis
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Figure 4 Structure and efficacy of a select number of 2,3-dihydro-1,3-dioxo-1H-isoindole-5-carboxylic acid OGS heparanase inhibitors
(adopted from Courtney et al., 2004). SAR derivatives of each class are shown.

Structure and efficacy of OGS benzoaxazol heparanase inhibitors
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Figure 5 Structure and efficacy of a select number of furanyl-1,3-thiazol-2-yl and benzoaxazol-5-yl acetic acid OGS heparanase inhibitors

(adopted from Courtney et al., 2005).

dramatically the inhibition potency towards the enzyme by
a factor of 10-20-fold, but the molecules had poor bioavail-
ability and short half-life (0.5h in mice). As the synthetic
access to the furanylthiazole acetic acids was difficult, it was
decided to seek replacements for this unit. Using a technique
of ‘structural morphing’, it was shown that bicyclic hetero-
aromatic acids could be structurally overlayed onto the
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furanylthiazole acetic acids and so these compounds were
put forward as effective surrogates. Indeed, compound 11i
displayed a comparable heparanase inhibitory activity (ICsq
of 0.4uM) to that of compound Sb. The IC;s, in the
angiogenesis assay however was five times less potent;
nevertheless, this compound was selected for further SAR
analysis.



Compounds 12d and 15b were shown to have much more
favourable Absorption, Distribution, Metabolism, and Excre-
tion (ADME) characteristics compared with the original Sb
compound. Oral dosing studies in mice models (at
20mgkg~") showed that the plasma concentration remained
high at almost 10 times the ICso values. In addition, the
compounds showed no major inhibition of human cyto-
chrome P450 isoenzymes (ICso >30uM) and displayed
modest cell penetration in a Caco 2 cell model of intestinal
drug transport (Courtney et al., 2005). Overall, it is likely that
these compounds will be useful as biological tools to dissect
the function of heparanase enzyme in both normal and
disease settings. Unfortunately there is no published data on
the efficacy of any of the OGS small molecule inhibitors in
animal studies, hence it remains to be seen whether these
compounds will actually have efficacy in vivo.

Small molecule inhibitors: Imclone Systems Incorporated

A novel class of N-(4-{[4-(1H-benzoimidazol-2-yl)-arylami-
no]-methyl}-phenyl)-benzamides were identified as potent
inhibitors of heparanase enzyme activity. The N-(4-{[5-(1H-
benzoimidazol-2-yl)-pyridin-2-ylamino]-methyl}-phenyl)-3-
bromo-4-methoxy-benzamide derivative had an ICsq value of
0.29 uM against the platelet enzyme. The highest plasma
concentration achieved in mice was only 5.5 uM, however, this
compound series were not deemed suitable for ‘proof-of-
concept’ evaluation in animal models (Xu et al., 2006).

A second series of heparanase inhibitors namely the 1-[4-
(1H-benzoimidazol-2-yl)-phenyl]-3-[4-(1H-benzoimidazol-2-
yl)-phenyl]-ureas were developed by the same company and
further evaluated for their inhibition potency and suitability
for in vivo animal model studies. Among them, the 1, 3-bis-[4-
(1H-benzoimidazol-2-yl)-phenyl]-urea (compound 7a) dis-
played good heparanase inhibitory activity (ICso of 0.27 um).
Compound 7a inhibited the proliferation of B16-BL6
melanoma cells in vitro by <50% at 100 uM. The plasma
concentration of the compound was significantly improved
over the first series of compounds with values of 31 uM at 1h
and 23uM by 4h. The inhibitor was dosed intraperitoneal
(i.p.) to C57 mice at 30mgkg~! in a B16-BL6 melanoma tail
vein model and mice killed at day 21. Results showed an
inhibition of lung metastasis by approximately 50% as
compared to the vehicle-treated group indicating the poten-
tial of these drugs as therapeutic agents (Pan ef al., 2006).

Sugar inhibitors

PI-88 Progen Industries Limited

PI-88 is a mixture of highly sulfonated mannan oligosac-
charides, consisting of predominantly penta- and tetra-sized
species isolated from the yeast pichia pastoris. It is the only
heparanase inhibitor to date to have reached the clinical trial
testing stage and is currently being evaluated in multiple-
phase II clinical trials as a monotherapy or in combination
with standard chemotherapy for metastatic melanoma, non-
small cell lung cancer, prostate cancer, post-resection
hepatocellular carcinoma and multiple myeloma (http://
www.progen.com.au/in/Aug0O6FactSheet.pdf). It is increas-
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ingly clear that PI-88 has a dual mode of action, inhibiting
heparanase enzyme activity and interfering with the binding
or action of HS-bound growth factors.

In an RIP1-Tag2 mouse model of multistage pancreatic
islet, carcinogenesis PI-88 was shown to reduce the number
of early progenitor lesions and impair tumour growth at later
stages. Strikingly, the reduction in tumour angiogenesis
correlated with a reduced association of VEGF-A with its
receptor VEGF-R2 on tumour epithelium (Joyce et al., 2005).
The compound also inhibits in vitro angiogenesis of human
placental blood vessels (Brown et al.,, 1996) and tumour
growth and metastases of highly invasive mammary adeno-
carcinoma 13762 MAT cells (Parish et al., 1999).

A family of anomerically pure, pentasaccharide analogues
of PI-88 were synthesized to allow a combinatorial chemistry
approach to be carried out and to facilitate structural
characterization (Karoli et al., 2005). All the analogues were
still able to inhibit heparanase activity (ICso, 1uM) and
to bind the proangiogenic growth factors FGF-1, FGF-2 and
VEGF with high affinity. The n-octyl derivative had
improved pharmacokinetic properties in that it was cleared
three times mores slowly than PI-88, and hence may provide
increased systemic exposure. Replacement of the terminal
phosphate group of PI-88 oligosaccharide mixture with
a sulpho moiety showed that only the tetra and penta-
saccharide species inhibited heparanase activity (ICso, 1 uM),
whereas smaller size species only partially inhibited even at
saturating concentrations. In rat and rabbit models of
balloon angioplasty, PI-88 inhibits vascular smooth muscle
cell proliferation and reduces intimal thickening. PI-88
directly blocks the interaction of HS with FGF-2 and thus
blocks the downstream ERK1/2 activation and cellular
signalling cascades (Francis et al., 2003). A series of HS
mimetic compounds called sulphated-linked cyclitols were
shown to inhibit heparanase activity, albeit less than PI-88
and to bind with varying selectivity to a number of HS-
binding proteins such as FGF-1, FGF-2, VEGF-2 and inter-
leukin-8 (Ferro et al., 2004). It is anticipated that the study
of these compounds will eventually lead to the design of
heparanase inhibitory PI-88 analogues that also specifically
target particular HS-binding proteins.

Heparins. Heparins, in particular the low-molecular-weight
species (LMWH), have been shown to increase the survival
of patients with advanced cancer (Klerk et al., 2005; Rickles,
2006). A recent, in-depth retrospective analyses review of
clinical trial data over a 45-year period from 1960 to 2005 in
addition to prospective clinical studies has suggested that
heparins have a beneficial effect on cancer survival. Data
were collated on the type and dose of heparin used, exposure
time, interval between drug administration and cancer cell
inoculation, and the animal tumour model used. Impor-
tantly, a distinction was also made in the analysis between
heparin effects on the primary tumour or on established
metastases and effects on the metastatic potential of infused
cells. Results show that heparins affect the formation of
metastasis rather than the growth of primary tumours due to
either effects on blood coagulation, inhibition of cancer cell-
platelet and -endothelial interactions by selectin inhibition
or inhibition of cell invasion and angiogenesis (reviewed in
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Niers et al., 2006). The anti-coagulant properties of heparin
however limit the extensive use of these compounds as anti-
tumour agents. Chemically modified non-anti-coagulant
species of heparin can be given at higher efficacious doses
and are safer to use when there are concerns of bleeding
complications. Glycol splitting of heparin, which involves
periodate oxidation/borohydride reduction of naturally or
partially 2-O-sulfated heparins, abolishes the anti-coagulant
activity through a loss of anti-thrombin binding and
increase of in vitro heparanase inhibitory activity (Casu
et al., 2002; Naggi et al., 2005). Glycol-split heparins have
a significantly reduced ability to displace bFGF from ECM,
making them more specific anti-heparanase drugs.

Size-fractionated heparin oligosaccharides have been ana-
lysed for their anti-angiogenic properties in a number of
growth factor-dependent angiogenesis animal models. Both
octa- and deca-oligosaccharide species (all doses given at
20mgkg~!day ') given to mice bearing subcutaneously (s.c.)
sponges impregnated with FGF-2 reduced the micro vessel
density to levels below control over a 14-day period.
Octasaccharides also significantly reduced micro vessel
density over a similar 2-week period in a HEC-FGF2 human
endometrial cancer cells that were implanted in a hollow fibre
placed s.c. in vivo and of implanted H460 lung carcinoma cells
in hollow fibres over 3 weeks. Crucially, clinical levels of
octasaccharides failed to show any significant in vitro anti-
coagulant effects, showing the potential of these compounds
as therapeutic agents. It is not yet clear however whether the
ability of these glycosaminoglycans to act as anti-angiogen-
esis inhibitors is via an affect on heparanase inhibition in
addition to them acting as HS competitor inhibitors for
growth factor binding (Hasan et al., 2005).

Suramin

Suramin is a polysulphonated napthylurea that was origin-
ally developed to combat the early stages of trypanosomiasis
(sleeping sickness), but more recently shown to have
promising anti-tumouregenic properties in treating human
malignancies. The clinical use of this drug has been
hampered, however, by its severe side effects, which include
neuro and renal toxicity (Stein et al., 1989). Various suramin
analogues have been described that still retain the anti-
tumour effect with significantly less toxicity (Firsching et al.,
1995; Braddock et al., 1994). Three analogues, NF127, NF145
and NF 171, were shown to inhibit heparanase purified from
brain metastatic melanoma (70W) cells with ICsq values of
20-30 uM, twice as potent as suramin itself. The compounds
also inhibited completely the invasion of human 70W cells
at 10 uM and of heparanase-induced angiogenesis with the
most potent compound NF145 having an ICsy of being
236 uM (Marchetti et al., 2003). In addition to the anti-
heparanase activity, it has also been postulated that suramin
may have a dual role in binding growth factors in such a way
as to block subsequent binding to growth factor receptors
(Pesenti et al., 1992).

Natural product inhibitors
The metabolite (+ )—trachyspic acid was isolated from yeast
culture broths and both enantiomeric forms shown to
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inhibit heparanase with a similar ICsy value of 36uM
(Shiozawa et al., 1995). The inhibitor RK-682 (ICsg, 17 uM)
was also identified by screening 10000 microbial culture
broths but lacks selectivity as it also inhibits other enzymes
such as phospholipase A2, HIV-1 protease and the protein
phosphatases CD45 and VHR (Ishida et al., 2004). RK-682
was selected as the lead compound in a combined combina-
torial chemistry and protein ligand docking analysis to try
and improve on the target selectivity. Benzyl, methyl and
isopropyl variants of RK-682 inhibited heparanase activity
to varying degrees (ICso of 17 uM, > 100 uM, > 100 uM, respec-
tively). Encouragingly, all derivatives poorly inhibited var-
ious glycosidases and VHR phosphatase enzyme
demonstrating that selectivity had been achieved. The
benzyl derivative of RK-682 also inhibited migration (ICs,
3.0 uM) and invasion (ICsp, 1.5 uM) of HT1080 cells (Ishida
et al., 2004).

Two fungal glucuronide metabolites with a dimeric 2,4-
dihydroxy-6-alkylbenzoic acid (orcinol p-depside) aglycone
have shown significant heparanase inhibition with an ICsq
of 10uM (Wang et al.,, 2005) and inhibition of B16-F10
melanoma cell invasion. These compounds are promiscuous
however in that they also inhibit bacterial heparinase and
telomerase enzyme activities, and hence any future use
would warrant detailed SAR studies to try to overcome this
lack of target selectivity.

Neutralising antibodies

Heparanase has been shown to play a role in the develop-
ment of restenosis following vascular injury by releasing
bFGF and by initiating the bFGF-mediated proliferation of
smooth muscle cells. A neutralizing rabbit heparanase anti-
body raised against the active site region G*'°*~D*** of the
50kDa subunit (Myler and West, 2002) was evaluated for
efficacy in a rat carotid balloon injury model. Local delivery
of 200 ug anti-heparanase IgG was found to inhibit bFGF
release by approximately 60% at 4 days in comparison with a
non-specific rabbit IgG sham control. Heparanase neutrali-
zation was also shown to reduce significantly neointima
hyperplasia as judged by the thickness of the intimal cell
layer at 14 days (Sham: 81+17uM, anti-heparanase IgG:
34+9uM) (Myler et al.,, 2006). The effect of neutralizing
antibody on inhibiting complete bFGF release in this model
system is not absolute, however potentially due to the
release of bFGF via other mechanisms, for example platelet
factor-4 (Myler and West, 2002). This study nevertheless
indicates clearly that the strategy for targeting heparanase
via an antibody directed towards the putative enzyme active
site cleft may well be of therapeutic benefit in the treatment
of restenosis.

A role for heparanase has also been implicated in the
pathogenesis of proteinuria where it degrades the HS side
chains of HSPGs within the glomerular basement membrane,
and in so doing alters their perm selective properties. A
rabbit peptide antibody against the heparanase 50 kDa
subunit (R32-F3%%) was raised and tested for its ability to
inhibit urinary protein secretion in an animal model of
passive Heymann nephritis. A significant reduction was
observed at day 5 of disease with the heparanase neutralizing



antibody as compared with normal rabbit serum control
(62+11mgday ' compared with 203+43 mgday !, respec-
tively) (Levidiotis et al., 2004). The efficacy of this antibody
on protein excretion was also tested in a later study by the
same group using a model of accelerated anti-glomerular
basement disease. An increase in glomerular heparanase was
shown using immunohistochemical analysis at day 10 of
disease and Western-blot analysis of kidney cortex confirmed
that the active 58 kDa heparanase species was restricted to
the diseased kidney at this time period. Proteinuria at day 10
of disease was significantly reduced by the intravenous
injection 24 h before disease induction of anti-heparanase
antiserum compared to injection of normal rabbit serum
control (126+25 and 216+17.8mgday !, respectively;
Levidiotis et al., 2005). Although the precise role of
heparanase in human glomerunonephritis is still unclear,
these studies indicate that inhibition of the enzyme activity
using a neutralizing antibody approach may be beneficial
in reducing proteinuria.

In addition to the strategy of targeting specific regions of
heparanase using peptide antibodies, the full-length recom-
binant active 58 kDa enzyme has also been used to immunize
both rabbits and chickens for the generation of polyclonal
antibodies. Addition of 100ugml~! anti-heparanase anti-
serum dramatically inhibited the invasion of human ovarian
cancer line OC-MZ-6 through matrigel by 95%, whereas
addition of control IgG at a similar concentration had no
effect (He et al., 2004). It remains to be seen whether other
regions of heparanase protein such as the heparin-binding
domains, active-site region around E*** and small 8kDa
subunit can also be selectively targeted by antibodies. Once
the protein adhesion moieties on heparanase have been
delineated fully, it will be interesting to speculate on the
potential therapeutic benefit of an antibody combination
cocktail consisting of enzyme neutralizing and anti-adhesion
heparanase effects.

Inhibitory proteins

A common theme to currently recognized naturally occur-
ring endogenous protein inhibitors of heparanase-mediated
HS digestion is that they are all highly basic proteins, which
are presumed to bind to negatively charged HS via electro-
static interactions. So far three such proteins have been
identified and these are described below.

Histidine-rich glycoprotein

Histidine-rich glycoprotein (HRG) is a relatively abundant
75kDa plasma glycoprotein (1-2 uM in humans) that binds
to and masks the heparanase cleavage site on HS. It has also
been proposed to prevent the heparanase-induced release
of FGF from the ECM and so act as an inhibitor to the pro-
angiogenic activity of heparanase (Freeman and Parish,
1997). Studies using pgsA-745 Chinese hamster ovary cell
lines which are deficient in cell surface glycosaminoglycans
and with cells pre-treated with mammalian heparanase have
shown that HRG binds predominantly to cell surface HS
specifically and that this interaction occurs via the
N-terminal domain of HRG (Jones et al., 2004).
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Eosinophil major basic protein

A natural heparanase inhibitor protein, major basic protein
(MBP), has been identified in activated eosinophils. MBP is
a 14kDa (117-amino acid residues) highly basic protein,
whose complement of basic residues consists entirely of
arginine residues. Eosinophil lysates and MBP were shown to
completely inhibit recombinant heparanase activity in a
concentration-dependent manner at 0.2uM. Two other
eosinophil proteins, peroxidase and eosinophil cationic
proteins, also inhibited partially heparanase activity at
similar concentrations. Poly-L-arginine alone inhibited only
at very high concentrations, however, suggesting that the
inhibition of heparanase by MBP is structurally specific and
does not solely depend on the presence of any highly
positively charged protein. It is proposed that active
secretion of a heparanase inhibitor protein by eosinophils
may confer a degree of protection to these cells, and thus
help to hinder the progression of inflammation and cancer
(Temkin et al., 2004).

HS-interacting protein

Heparanase and a synthetic peptide of HS-interacting
protein (HIP/RPL29) recognize common sites on cell surface
and ECM HS. Incubation of heparanase-containing melano-
ma cellular extracts or partially purified heparanase prepara-
tions with cell surface- or ECM-derived HS and HIP peptide,
but not a scrambled sequence of this peptide or other HS-
binding proteins present in ECM, inhibited heparanase
action completely (Marchetti et al., 1997).

LMWH endogenous inhibitor

An LMWH (2-10kDa), heat stable, natural endogenous
inhibitor of heparanase has also been identified in butanol
extracted B16-F10 cells, although the nature of this species
remains uncharacterized (Keren and LeGrue, 1989).

The analysis of these natural inhibitors and their regula-
tion warrants further investigation as they may well provide
a mechanism by which cells can rapidly modulate hepar-
anase activity. In addition, it will be important to study
whether the levels of these natural inhibitors are altered in
malignancies, for example overexpression of one of the
above HS-binding proteins or downregulation of the non-
proteinaceous LMWH inhibitor could in effect produce a
local increase in heparanase activity by removing the natural
regulator molecule.

Surrogate markers: efficacy of heparanase
inhibition

The development of selective markers of drug efficacy or
biomarkers during the drug discovery process is vital for
making preclinical evaluations through each phase of
clinical trials. Biomarkers predict a patient’s response to a
particular compound and act as an effective surrogate end
point. With the potential of an increasing number of
heparanase inhibitors entering the clinic, it is increasingly
important to develop minimally invasive tests to assess drug
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efficacy. Below is a compilation of a number of strategies that
could be further developed into a diagnostic product for use
in heparanase inhibitor clinical trials.

Serum VEGF levels

Heparanase cleavage of the ECM HS chain attached to HSPGs
liberates a number of growth factors. In a recent study of
over 114 patients with cutaneous melanoma, the serum
levels of VEGFR1, TGFf1 and VEGF were found to be
significantly higher in patients compared with controls.
Positive correlations were also found with advanced stages
of disease (Tas et al., 2006). Two of the OGS heparanase
inhibitors (OGT 2115 and OGT 2492) have been evaluated in
an MDA435 xenograft tumour model to study their effect on
serum VEGF levels (Figure 6). Drug OGT 2492 had the most
dramatic effect with an approximate 50% reduction, whereas
OGT 21135 reduced serum VEGF levels by a more modest
20%. Whilst this data suggests that monitoring serum VEGF
levels may be a useful indicator of heparanase drug efficacy,
this test is unlikely to be specific for the target as a number of
other enzymes in particular MMPs are known to have an
effect on serum VEGF levels. In this context, the MMP
inhibitor batimastat (BB-94) inhibited the MMP9- and
MMP2-induced release of VEGF in SKOV3 and OVCAR3
ovarian carcinoma cells in a dose- and time-dependent
manner (Belotti et al., 2003).

Cellular heparan sulphate levels

Monoclonal anti-HS antibodies have proved to be useful
tools to evaluate the presence or absence of HS in various cell
types. High levels of cellular heparanase activity have been
shown to correlate with a reduction of HS staining using the
commercially available Seigagaku 10E4 antibody, which
specifically binds to mixed HS domains containing both
N-acetylated and N-sulphated disaccharide units (Van den
Born et al., 2005). Two colorectal cell lines, HT29 and Lovo,
were assessed for their heparanase mRNA status by quanti-
tative analysis (Figure 7a) and shown to have low and high

Effect on the levels of serum VEGF in a MDA 435
xenograft model treated with selected OGS inhibitors.
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Figure 6 Animals were dosed with OGT compounds, OGT 2492
and OGT 2115, at 25mgKg~" by i.p. injection (mean of four

animals) and serum samples analysed by VEGF ELISA at 24 days
(adopted from Courtney et al., 2004).
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levels, respectively, of heparanase mRNA. Subsequent im-
munofluorescence staining of these cell types using the anti-
HS antibody 10E4 confirmed that high levels of heparanase
enzyme observed in the Lovo cell line corresponds to poor
staining with the HS antibody, whereas the opposite is
observed for the low enzyme expressing HT29 cell line
(Figure 7b).

A more quantitative study was undertaken at OGS to
investigate whether this inverse relationship between hepar-
anase enzyme levels and HS staining was observed over a
range of measured heparanase enzyme concentrations
(McKenzie et al., 2003). MDA-435 cells in culture were
incubated with increasing amounts of pro-HPSE1 enzyme
(from 0 to 200ngml~!) and left for 24h to internalize the
enzyme and convert it intracellularly into the active
heterodimer enzyme. Cells were permeabilized, incubated
with anti-HPSE1 antibody or HS antibody and measured by
fluorescence-activated cell sorter analysis (Figure 8a). Quan-
tification of the fluorescence (Figure 8b) showed an almost
linear inverse correlation demonstrating the potential of
using cell HS staining as a prognostic marker of heparanase
enzyme activity. An inverse relationship between heparanase
levels and HS staining has also been described previously
using histochemical analysis of paraffin-embedded thyroid
tumour sections (Xu et al., 2003).

As many immune cells (Vlodavsky et al., 1992) have been
shown to contain high levels of heparanase enzyme, it is
possible that a simple FACS-based blood test, such as the one

a Levels of heparanase and HS
staining in colorectal cell lines
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Figure 7 (@) Quantitative profiling of the level of heparanase mRNA
in HT29 and Lovo colorectal cell lines. Normal colon mRNA levels
were measured as a reference standard (adopted from McKenzie
et al., 2003). (b) Immunofluorescence staining of HT29 and Lovo cell
lines with anti-HS antibody 10E4 (shown in green), nuclear staining
is shown in blue.
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Figure 8 (a) Recombinant pro-heparanase protein (0-200 ng ml~") was added to MDA435 cells and left for 24 h to internalize protein fully.
Permeabilized cells were incubated with HPSE1 antibody or anti-HS antibody (10E4) and measured by FACS. The ovarian cancer line OV90,
a known high heparanase expresser, is shown in red as a reference standard (taken from McKenzie et al., 2003). (b) Quantification of the levels
of HS and heparanase staining at each dose of exogenously added pro-heparanase protein (taken from McKenzie et al., 2003).

just described, could be employed to monitor heparanase
levels and in particular heparanase inhibition during a
patient-drug treatment programme. The progress of anti-
HS antibody development also lends itself to the exciting
possibility of producing a HS antibody specific to the HS
‘stub’ produced upon heparanase cleavage.

Urinary levels of heparanase protein

A highly sensitive enzyme-linked immunosorbent assay
(ELISA) method for quantitating the level of heparanase
as low as 200 pgml~! has been developed. A study of urine
samples from normal individuals fell in the range of
69+20pgml~! heparanase, whereas those from primary
transitional bladder cell carcinoma patients (TCC) showed
a statistically significant increase to 286+ 100 pgml™"'. Inter-
estingly, monitoring of heparanase levels in TCC patients
following surgical resection of the primary tumour showed
a significant reduction in urinary heparanase protein levels
down to 107+23pgml ! which is consistent with the
tumour tissue being the original source of the excreted
protein. A similar study on urine from leukaemia patients
showed a statistically significant increase wup to
345+97pgml~! (Shafat et al., 2006a,b). The ELISA assay
could thus serve as a diagnostic and prognostic marker for
bladder cancer and may be useful in monitoring any effect

on tumour growth shrinkage following treatment with
heparanase inhibitors.

Conclusions

Heparanase has an important housekeeping role in the
metabolic turnover of HS chains in normal cells. A wide
number of studies demonstrate that the enzyme is upregu-
lated in a number of malignant diseases and that this
overexpression correlates directly with an increase in
processes such as cellular invasion, angiogenesis and metas-
tasis. Increasingly, a substantial body of literature has
supported the potential of heparanase as a viable therapeutic
target and this has accelerated the number of selective drug
development strategies. These have taken the form of small
molecule, sugar, natural product inhibitors and of neutralis-
ing antibodies which have all shown promising efficacy at
the pre-clinical stage. The compound PI88 is the only
heparanase inhibitor to date to reach human clinical trials
testing. Classically, the main target of heparanase inhibitors
has been aimed at the enzymatic function of the protein;
however, recent studies have indicated the future potential
of targeting the pro-adhesion activity and inhibiting the
proteases that cleave the linker region separating the 8 and
50kDa subunits. Increasingly, there is a need to develop
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surrogate markers for in vivo drug efficacy to keep up with the
variety of heparanase inhibitors emerging from academic
and industrial pre-clinical research. The most promising
strategies may involve a combination analysis of serum
growth factors, excreted heparanase and antibody staining of
cellular HS. Heparanase represents an excellent therapeutic
target and the exciting challenge ahead will be to see how
the encouraging slew of drugs performs in more advanced
animal model studies.
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