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Abstract

Heparan sulphate proteoglycans are ubiquitous macromolecules of cell surfaces and extracellular matrices.
Numerous extracellular matrix proteins, growth factors, morphogens, cytokines, chemokines and coagulation
factors are bound and regulated by heparan sulphate. Degradation of heparan sulphate thus potentially 
profoundly affects cell and tissue function. Although there is evidence that several heparan sulphate-degrading
endoglucuronidases (heparanases) might exist, so far only one transcript encoding a functional heparanase has
been identified: heparanase-1. In the first part of this review, we discuss the current knowledge about heparan
sulphate proteoglycans and the functional importance of their versatile interactions. In the second part, we 
summarize recent findings that have contributed to the characterization of heparanase-1, focusing on the molec-
ular properties, working mechanism, substrate specificity, expression pattern, cellular activation and localization
of this enzyme. Additionally, we review data implicating heparanase-1 in several normal and pathological
processes, focusing on tumour metastasis and angiogenesis, and on evidence for a potentially direct signalling
function of the molecule. In that context, we also briefly discuss heparanase-2, an intriguing close homologue
of heparanase-1, for which, so far, no heparan sulphate-degrading activity could be demonstrated.
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Heparan sulphate proteoglycans 

Proteoglycans (PGs) form a large group of structurally
complex and functionally versatile molecules that are
present at the cell surface, in the extracellular matrix
(ECM), in intracellular granules and even in the
nucleus. They are composed of one or several poly-
saccharide chains of the glycosaminoglycan type
(i.e. heparan sulphate (HS), chondroitin sulphate
(CS), dermatan sulphate and keratan sulphate) that
are covalently attached to a core protein.

Heparan sulphate 

HS appeared early in metazoan evolution. Most
multi-cellular organisms, from simple invertebrates
like Hydra up to human beings,  have the capacity to
produce HS. The biosynthesis of these polysaccharide
chains occurs mainly in the Golgi apparatus and
involves a complex set of enzymes (Fig. 1) (reviewed
by [1–3]). The first step in HS chain biosynthesis is
the enzymatic transfer of a xylose (Xyl) residue, from
the sugar nucleotide UDP-Xyl, to the hydroxyl group
of specific serine residues of the core protein.
Potential acceptor serines are localized next to a
glycine residue, flanked by one or more acidic
residues. Sequential attachment of two galactose
(Gal) residues and one glucuronic acid (GlcA)
residue to the Xyl completes the synthesis of the
tetrasaccharide linkage region (GlcA-Gal-Gal-Xyl-Ser).
This linkage region is identical for both HS and CS,
the addition of the fifth saccharide determining the
nature of the polysaccharide chain that is further
made: an N-acetyl glucosamine (GlcNAc) in the case
of HS and an N-acetyl galactosamine (GalNAc) in the
case of CS. Amino acid determinants or structural
domains lying close to the glycosaminoglycan
attachment sites in the protein appear to regulate this
step of the process [4, 5]. After attachment of the first
GlcNAc residue, further polymerization takes place
by alternate addition of GlcA and GlcNAc to the 
non-reducing end of the growing chain. This process
is catalysed by proteins now recognized as members
of the exostosin family of tumour suppressors [6].
The number of repeating GlcA-GlcNAc disaccharide
units varies from 50 to 150 units per HS chain.

While chain elongation is ongoing, approximately
40–50% of the GlcNAc residues of the nascent polymer
are modified into N-sulphoglucosamine (GlcNS) 

residues [7]. This N-deacetylation/N-sulphation step
is the first of a series of modifications, and controls all
subsequent modifications. Further C5-epimerization
of GlcA to IdoA and O-sulphations, indeed, only
occur within regions adjacent to the GlcNS residues.
All modifications are catalysed by enzymes. A num-
ber of these enzymes occur as multiple isoforms,
which show distinct tissue-specific distributions and
substrate recognition properties. To date, four differ-
ent N-deacetylase/N-sulphotransferases and various
different 6-O- and 3-O-sulphotransferases have been
identified in vertebrates [7]. Each modification is
incomplete, as the enzymes do not modify all the
available sugars and each reaction depends on pre-
vious reactions. All this results in extensive structural
heterogeneity, the macroscopic organization of HS
showing a typical ‘block structure’ ([8] and reviewed
by [9]) whereby regions of 2–9 highly modified disac-
charides (N-sulphated or NS-domain) alternate 
with longer regions of relatively unmodified disaccha-
rides (N-acetylated or NA-domain). Short mixed
sequences, of alternating N-acetylated/N-sulphated
(NA/NS) disaccharides, may occur between the NS-
domains and NA-domains. Heparin, which is phar-
maceutically manufactured from mast cell rich tis-
sues and is often used as a substitute for HS in
experiments, may be considered as a single, unusu-
ally extended (~15 kD), highly N- and O-sulphated
IdoA-rich NS-domain.

Thus, the fine structure of the HS chain ultimately
depends on the regulated expression and action of
multiple glycosyltransferases, sulphotransferases
and an epimerase, which are arrayed in the lumen of
the Golgi apparatus. The processes of chain elonga-
tion and modification appear to be at least partially
coupled [10]. In addition to polymerases and modify-
ing enzymes, a series of cytoplasmic enzymes are
needed to form nucleotide sugar (e.g. UDP-GlcA)
and nucleotide sulphate (PAPS, which is the 
sulphate donor substrate), and multiple transporters
are needed to import the nucleotides from the
cytosol to the lumen of the Golgi apparatus. The
assembly process also depends on the availability of
GlcNAc or other sugars. In short, the fine structure of
the HS chains on a given PG appears to be tissue
[8,11,12] and cell type specific [13], and changes in
HS composition occur in association with develop-
ment, aging and pathology [14–16].
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Fig. 1 Heparan sulphate (HS) chains
are covalently bound to specific ser-
ine residues of the proteoglycan core
protein. After assembly of the
tetrasaccharide linkage region (Xyl-
Gal-Gal-GlcA) and the first GlcNAc
residue, further HS polymerization
takes place by alternate addition of
GlcA and GlcNAc to the non-reducing
end of the growing chain. While chain
elongation is ongoing, the nascent
polysaccharide forms a substrate for
the N-deacetylase/N-sulphotrans-
ferases, which control all subsequent
modifications (C5-epimerization of
GlcA to IdoA by an epimerase and
O-sulphations by 6-O- and 3-O-
sulphotransferases). Each sugar
residue is depicted by a symbol
shown below the scheme. NA,
NA/NS and NS domains are defined
according to the degree of GlcNAc
sulphation. Also shown are regions
that are implicated in the binding of
specific ligands, such as FGF-
1/FGF-2 and antithrombin (adapted
from [2]).



430

Heparan sulphate interactions

Given the high content of charged groups in HS, it is
not surprising that many molecules bind to HS
through electrostatic interactions. To date, more than
100 different proteins have been reported to interact
with HS/heparin, including ECM proteins, growth 
factors, morphogens, cytokines, chemokines, coagu-
lation factors, proteases and their inhibitors. Detailed
information on the structural requirements for binding
is available in only a few cases. Two types of binding
sites are known: (1) sites that depend on relatively
rare modifications, exemplified by the minimal
antithrombin-binding sequence (a pentasaccharide
that contains a central 3-O-sulphated GlcN residue,
adjacent to a GlcA residue and located to the non-
reducing side of a fully modified disaccharide, as
shown in Figure 1 and thoroughly reviewed by [3]) and
(2) sites that consist of relatively common disaccha-
rides. The arrangement of these common substituents
in a sequence-specific manner [10], their precise
spacing and the specific spacing between different
(sulphated) domains (e.g. SAS-arrangement, where
short NS-domains are separated by N-acetylated
disaccharide units) may provide selective protein
binding (reviewed by [17]). An important example of
this second type of binding sites is provided by the
HS structures that bind and approximate basic
fibroblast growth factor (FGF2) and FGF receptor-1
(FGFR1). FGF2 is a key regulator of angiogenesis
and is involved in a number of pathophysiological
processes such as wound repair and tumour growth
[18]. Initially, the association of FGF2 with HS had
been proposed to protect this growth factor from 
proteolysis and thermal denaturation and to serve as
a reservoir of growth factor that can be released by
enzymes that degrade HSPGs [19]. However, since
1991, it has become obvious that HSPGs are essen-
tial co-receptors for FGF2, which strongly promote
FGF2-FGFR1 binding and subsequent activation of
the receptor [20, 21]. The minimal structure required
for activating FGF2-signalling consists of a deca- to
dodecasaccharide, containing N-, 2-O- and 6-O-sul-
phations. While an IdoA(2S) residue in an N-sulphat-
ed pentasaccharide-domain is sufficient for FGF2
binding (Fig. 1) [22, 23], 6-O-sulphation is needed for
FGF2-dependent dimerization and activation of
FGFR1 [24–27]. Recent surface plasmon resonance
studies suggest that FGF2 initially binds to
HS/heparin (Kd = 39 nM), with FGFR1 showing near-

ly 22-fold higher affinity for FGF2-heparin complexes
than for FGF2 (Kd = 2.7 nM as compared to Kd = 
62 nM) [28]. In addition to promoting FGF2–FGFR1
interaction, HS/heparin plays an important second
role in signalling, by promoting the dimerization of
two FGF2-FGFR1 complexes. Two crystallographic
models have been proposed for FGF-FGFR-heparin
signalling complexes. Pellegrini et al. [29], studying
the FGF1–FGFR2 interaction, found that two FGF1
ligands are dimerized by a central single heparin
molecule, bringing two FGFR2 molecules together
(2:2:1 heteropentameric assembly). Significant fea-
tures of this model are that very few protein–protein
contacts occur between the two FGF-FGFR dimers,
and that one FGFR molecule is not interacting directly
with the (asymmetric) heparin molecule.
Schlessinger et al. [27], in contrast, but investigating
the FGF2–FGFR1 interaction, propose signalling
results from two 1:1:1 FGF2–FGFR1-heparin ternary
complexes associating to form a symmetrical dimer.
Within each 1:1:1 ternary complex, heparin interacts
extensively with FGF2 and FGFR1. Moreover, the
heparin structure from one 1:1:1 ternary complex
also interacts with FGFR1 of the adjoining 1:1:1 ter-
nary complex, promoting the dimerization of two ter-
nary complexes. Yet, sterical restrictions to that
approximation require that ternary complexes are
assembled at or near the non-reducing end of the
heparin structures (two-end model). Unlike heparin,
HS-chains are composed of both NA- and (heparin-
like) NS-domains (see above). Whereas heparin
stimulates FGF2–FGFR1 signalling in HS-negative/
receptor-positive cells, our laboratory has shown that
most of the cell surface HS, as it can be recovered
from cells by proteolytic treatment, has little activity
and is even inhibitory (for heparin) in this sense [30].
Bacterial heparitinase (which selectively cleaves 
the glycosidic bonds to GlcA, locating mainly in 
NA-domains), in contrast to heparinase (which
specifically cleaves N-sulphated GlcN in linkage 
to O-sulphated IdoA, occurring in NS-domains), 
converts these inactive/inhibitory HS-species into
potent activators of FGF2-dependent FGFR1
autophosphorylation, interpreted as the generation
of heparin-like ‘end-structures’ that can cooperate 
in receptor dimerization. As will be explained 
further, mammalian heparanase-1 is surmized 
to be also able to liberate these ‘dormant’ HS- 
fragments from their inhibitory contexts, with ensuing
biological consequences.
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Core proteins 

The core proteins of HSPGs dictate when, where
and to what extent the HS-chains are expressed. In
the ECM, HSPGs are mostly found in the basement
membranes (BM), which separate endothelial cells
(ECs) and epithelial cells from their subjacent connec-
tive tissues. Three main BM HSPGs have been well
characterized: perlecan, collagen XVIII (both
reviewed by [31]) and agrin (reviewed by [32]). Most
HS-chains at the cell surface are attached to trans-
membrane syndecan (reviewed by [33, 34]) and GPI-
anchored glypican (reviewed by [35]) core proteins,
the number of HSPG-molecules at the cell surface
varying between 105 and 106 per cell [36]. All these
core proteins show differential and highly regulated
expressions during development. Some domains of
these proteins are remarkably conserved throughout
evolution, implying that not only the HS-chains but
also the core proteins of the HSPGs engage in 
highly specific functional interactions. Indeed, the
syndecan transmembrane domain is believed to be
important for localizing these HSPGs to distinct mem-
brane compartments [37], for syndecan oligomeriza-
tion [38] and, together with the cytoplasmic domain,
for internalization of bound ligands [39]. Although
quite small (ca. 30 amino acids), the syndecan cyto-
plasmic domain interacts with several cytoskeletal
and cytoplasmic proteins. One of these proteins is
syntenin, a prominent component of focal adhesions
and cell–cell junctions [40]. Recently, it has been
shown that syntenin can also bind to PtdIns(4,5)P2
[41], and that this interaction controls stimulus-
induced and Arf6-mediated syndecan recycling
through endosomal compartments [42]. Importantly,
cargo for the HS-chains of syndecans (i.e. FGF2 and
FGFR1) accompanies syndecan along the syntenin
recycling pathway, where they might encounter
heparanase-1, as will be explained further.

Similarly, an increasing number of reports shows
that also the core proteins of the glypicans support
essential functions, other than just the anchorage of
HS to the cell surface. While first reports suggested
that glypican-3 binds to insulin-like growth factor-II
via its core protein and modulates its action [43, 44],
others were unable to confirm this claim [45].Yet from
genetic studies, mostly obtained in Drosophila, it is
becoming increasingly clear that the different glypi-
cans (i.e. Dally and Dally-like protein) have distinct,
non redundant functions in morphogen gradient for-

mation (e.g. Wingless/Wnt) and signal transduction
during development (reviewed by [46, 47]). Their dif-
ferential roles can be partially explained by distinct
expression patterns [48], but also implicate the differ-
ent core proteins of these PGs. Our laboratory found
that the glypican-3 core protein is processed by a
pro-protein convertase, and that this processing,
along with the HS, is essential for glypican-3 modu-
lating Wnt signalling and cell survival in vitro and for
regulation of embryonic cell movements in zebrafish
[49]. One possible scheme could be that the process-
ing uncovers a cryptic site in the core protein that is
necessary, together with the HS chains, for optimal
binding of the Wnt ligand. In that sense and context,
heparanases are also potential modulators of 
Wnt-signalling.

Heparanase  

Mammalian heparanases are endoglycosidases
that cleave heparin/HS chains at specific intrachain
sites. The first report on heparanases goes back to
1975, when Ögren and Lindahl described an
endoglucuronidase from mouse mast cells, capable
of cleaving macromolecular heparin at a limited
number of sites [50]. A few months later, Höök et al.
reported an endoglycosidase from rat liver tissue
that degrades HS-polymers into oligosaccharides
[51]. Since then, heparanase activity has been iden-
tified in a wide variety of normal and malignant cells
and tissues. The purification and further characteri-
zation of heparanase(s) was initially hampered by
limited supply and unstable enzyme activity, as well
as by the lack of a simple assay for monitoring the
degradation of heparin/HS chains. This has lead to
conflicting reports on the physicochemical proper-
ties and substrate specificity of the enzyme(s) [52].
More recently, in 1999, four different groups inde-
pendently reported the cloning of a single human
gene encoding a functional heparanase [53–56].
Since then, identical or highly homologous cDNA
sequences were derived from different types of nor-
mal and malignant cells and from different species
respectively. So far, no other cDNA sequence
encoding an active heparanase enzyme has been
identified, indicating that mammalian cells express
primarily one single dominant heparanase enzyme:
heparanase-1.

© 2007 The Authors
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Molecular properties of 

human heparanase-1

The heparanase-1 gene (~50kb) is located on
human chromosome 4q22 [57]. The single-copy
gene is expressed as 5 and 1.7 kb mRNA species,
generated by alternative splicing [54, 57]. Both forms
contain the same open reading frame of 1629bp that
encodes a polypeptide of 543 amino acids, with a
calculated Mr of ~61.2 kD. Based on the predicted
amino acid sequence, heparanase-1 contains a
putative N-terminal signal sequence (Met1-Ala35), a
C-terminal hydrophobic region (Pro515-Ile534), 5 cys-
teine residues and 6 N-glycosylation sites [58]
(Fig. 2). The mature, active enzyme purified from var-
ious cells and tissues was found to have a Mr of ~50
kD, and have its N-terminus situated 157 amino
acids downstream from the initiation codon [53, 54,
56]. Moreover, western blot analysis of lysates of CHO
cells transfected with human full-length heparanase-1
revealed a major band of ~50 kD and a minor band
of ~65 kD [53], suggesting some form of post-trans-
lational processing. Heparanase activity was readily

obtained in mammalian cells after transfection with
the full-length heparanase-1 cDNA [53–56], but not
after transfection with cDNA encoding the N-truncat-
ed ~50 kD protein, suggesting that the N-terminal
region is essential for the expression of heparanase-1
activity [54]. Active heparanase-1 was subsequently
shown to be a heterodimer, consisting of a ~50 kD
subunit (Lys158-Ile543) associated non-covalently with
an ~8 kD peptide (Gln36-Glu109), generated by the
excision of a ~6 kD peptide (Ser110-Gln157) from the
precursor [59] (Fig. 2). Co-expressing the ~8 and ~50
kD heparanase-1 subunits in insect cells [60] or
mammalian cells [61] results in an active enzyme,
indicating that the heterodimer is necessary and suf-
ficient for heparanase-1 enzymatic activity. Co-
expressions in HEK293-T cells, investigating the
interaction of the ~50 kD subunit with the ~8 kD sub-
unit, revealed that a middle fragment (Glu228-Lys417)
can be co-precipitated with the ~8 kD peptide [61].
Consistently, a deletion construct of the ~50 kD sub-
unit lacking Lys411-Arg432 fails to interact with the ~8
kD subunit [62]. It is worth noting that combining (cul-
ture media of insect cells containing) individually

© 2007 The Authors
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Fig. 2 Predicted structure and processing of human heparanase-1. Heparanase-1 is synthesized as an inactive pre-
cursor of ~65 kD that subsequently undergoes proteolytic cleavage, yielding ~8 and ~50 kD protein subunits that het-
erodimerize to form the active enzyme. The protein contains a putative N-terminal signal peptide (SP, Met1-Ala35), a
C-terminal hydrophobic region (HR, Pro515-Ile534), five cysteine residues (black C’s) and six N-linked oligosaccharides
(orange balloons). Heparanase-1 uses a general acid catalysis mechanism for the hydrolysis of the HS-chains, requir-
ing two critical residues, a proton donor (Glu225) and a nucleophile (Glu343) (red asterisks).



J. Cell. Mol. Med. Vol 11, No. 3, 2007

433

expressed subunits fails to produce active protein
[60], suggesting that the subunits need to intimately
fold together within a cellular environment (do not
fold independently during synthesis) to produce
active protein. Recently it has been shown that a
bulky hydrophobic amino acid at position 156 (Tyr156)
is required for proper processing and activation of
pro-heparanase-1 by a cathepsin L-like protease. In
complementary experiments, incubation of purified
recombinant ~65 kD pro-heparanase-1 with a puri-
fied preparation of cathepsin L resulted in processing
of the precursor into ~8 and ~50 kD subunits and in
heparanase-activity [63]. Similarly, by engineering
tobacco etch virus protease cleavage sites at the N-
and C-terminal junctions of the ~6 kD fragment, the
proteolytic activation of heparanase-1 could be
reproduced in vitro using purified components [64].
Therefore, it can be concluded that the activation
switch is solely mediated by the presence/removal of
the ~6 kD fragment (see next section) and does not
require additional components.

Working mechanism and substrate

specificity of human heparanase-1

Sequence homology studies and secondary structure
predictions demonstrate that mammalian heparanase-1
is related to members of the ‘clan A’ glycosylhydro-
lases, especially in the active-site regions of these
enzymes [65]. This family of enzymes uses a general
acid catalysis mechanism for the hydrolysis of glyco-
sidic bonds, requiring two critical residues, a proton
donor and a nucleophile, both of which appear to be
conserved in heparanase-1 at Glu225 and Glu343,
respectively (Fig. 2) [65].

Secondary structure predictions suggest that
heparanase-1 is likely to contain an (�/�)8 TIM-barrel
fold, which is another characteristic of clan A glyco-
sylhydrolases [65]. However, the region Lys158-Lys409

within the ~50 kD fragment corresponds to only one
α-helix plus six β/α units, suggesting either a depar-
ture from the classical (α/β)8 TIM-barrel fold or that
other parts of the protein contribute the missing units
[65]. Recently, on the basis of multiple-sequence
alignments, it has been suggested that the first β/α/β
elements are contributed by the ~8 kD subunit and
that the intermediate ~6 kD fragment connects the
second β-strand and the second α-helix of the barrel
[64]. Since adding extra flanking regions of the ~6 kD

fragment to the N-terminus of the ~50 kD subunit
prevents the formation of an active enzyme from ~8
and ~50 kD heparanase-1 subunits that are co-
expressed in insect cells [60], and  since substitution
of the ~6 kD fragment with a shorter loop leads to a
constitutively active, single-chain heparanase-1 in
insect cells [64], it is postulated that the ~6 kD frag-
ment impedes substrate binding and/or obstructs
access to the active site. Indeed, using the homolo-
gy-modelling approach, the critical glutamate
residues (Glu225 and Glu343) are proposed to be
localized inside the barrel (active-site cleft) [65, 66].
As for many other glycosylhydrolases in which β/α
units 1 and 2 seem to participate in substrate bind-
ing, the region Lys158-Asp171 (corresponding to α-
helix 2) has been reported to be responsible for the
interaction with the HS-substrate [62]. Consistent
with such a role for the Lys158-Asp171 peptide, poly-
clonal antibodies raised in rabbits against this pep-
tide significantly inhibit (in a dose-dependent man-
ner) the HS-degrading activity of purified, active
recombinant human heparanase-1 as well as they
inhibit the activity of heparanase-1 transfected cells
and the activity of mammalian cells that express high
levels of endogenous heparanase-1 [67]. Similarly,
oligomannurarate sulphate (JG3), a novel marine-
derived oligosaccharide that inhibits heparanase-
activity seems to act via binding to the Lys158-Asp171

(and to a lesser extent to the Gln270-Lys280) domain
of the heparanase-1 molecule [68].

Mammalian heparanase-1 cleaves the HS chains at
only a few sites, resulting in HS fragments of still
appreciable size (5–10 kD, 10-20 sugar units).
Recently, it was made clear that heparanase-1 is also
responsible for the intracellular processing of macro-
molecular heparin [69]. Macromolecular heparin is
synthesized in mast cells as part of a unique proteo-
glycan, serglycin, and has a Mr of 60–100 kD.
Heparanase-1 cuts macromolecular heparin into frag-
ments of 5–20 kD (which can be recovered from most
animal tissues and correspond to ‘commercial
heparin’) [69], suggesting that it corresponds to the
heparin-degrading enzyme originally identified by
Ögren and Lindahl [50]. Infrequent enzyme cleavage
sites may be due to either the recognition of a single,
unusual modification in the heparin/HS chains or the
requirement of a specific extended carbohydrate
sequence for the cleavage. All studies examining 
the substrate specificity of heparanase-1 agree that
the enzyme is an endo-β-D-glucuronidase (producing
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a GlcA at the newly formed reducing terminus), but no
unified picture of the heparin/HS-sequence recog-
nized and cleaved by heparanase-1 can yet be provid-
ed [70–73]. For example, Pikas et al. reported that a
heparin-derived octasaccharide, which binds to
antithrombin, is cleaved at a single site (by
heparanase-1 partially purified from human hepatoma
or platelets) (Fig. 3A) [70]. No NS-groups or IdoA units
are required, but a 2-O-sulphated hexuronic acid
residue located 2 monosaccharides away from the tar-
get GlcA residue, towards the reducing end, is essen-
tial for substrate recognition. On the contrary, Okada et
al. reported that this 2-O-sulphated hexuronic acid
residue is not an absolute requirement for cleavage by
human heparanase-1, highly purified from transfected
human melanoma cells, and that the 3-O-sulphate
group on the GlcN at the reducing side of the cleav-

age, which is required for antithrombin binding, is dis-
pensable and even has an inhibitory effect when locat-
ed in a NS-region [73]. Instead, the GlcNS structure on
the reducing site and GlcN(6S) structure on the nonre-
ducing side of the target GlcA residue are consider-
ably important for substrate recognition (Fig. 3B).
Notably, all studies examining the substrate specificity
of heparanase-1 not only use different cell-lines and
methods to purify heparanase-1, but also different
approaches (assays and non-uniform substrates) to
define the substrate recognition properties.

Expression of human heparanase-1

Under normal conditions, heparanase-1 expression
is restricted primarily to placental trophoblasts,
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Fig. 3 HS-sequences recognized and cleaved by human heparanase-1. (A) One candidate human heparanase-1
cleavage site, as identified by Pikas et al. [70]. The heparin-derived octasaccharide, which binds antithrombin (binding
sequence corresponds to units 2–6, between brackets), is cleaved by human heparanase-1 at a single site (arrow),
yielding a GlcA at the newly formed reducing terminus (endo-β-D-glucuronidase activity). The 2-O-sulphate group on
a hexuronic acid residue located two monosaccharide units away from the cleavage site is essential for substrate
recognition (shown in the largest font size). The 3-O-sulphate group on the GlcN residue, required for high affinity bind-
ing of antithrombin, but of no particular relevance in the present context, is shown in italics. (B) A target octasaccha-
ride sequence for human heparanase-1, as identified by Okada et al. [73]. Although longer oligosaccharides are most
likely better substrates for the cleavage by human heparanase-1, the minimum size required for recognition is only a
trisaccharide (indicated between brackets). A highly sulphated structure is crucial for enzyme action, and the GlcNS
structure on the reducing side and GlcN(6S) structure on the non-reducing side of the cleavage site are considered
as important for the substrate recognition (shown in the largest font size). The additional 2-N-sulphate group on the
non-reducing GlcN or 6-O-sulphate group on the reducing GlcN appear to promote cleavage by heparanase-1 (shown
in the middle font size). The GlcN 3-O-sulphate structure (shown in italics) promotes cleavage when it resides in a rel-
atively low sulphated sequence but inhibits cleavage when located in a highly sulphated sequence.
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blood-borne cells and keratinocytes [53, 54, 74].
However, as will be addressed further, highly
metastatic cells and tumours often show elevated
expression of heparanase-1 in comparison with their
non-invasive counterparts and normal tissues.
Elevated expression of human heparanase-1 protein
also occurs in ECs of sprouting capillaries and small
vessels in the vicinity of a tumour, but not of mature,
quiescent blood vessels [75]. Moreover, human ECs
that are stimulated with FGF2 [75], inflammatory
cytokines, oxidized LDL or fatty acids [76, 77] demon-
strate a high expression of heparanase-1 mRNA and
protein, in contrast to non-stimulated ECs or stimulat-
ed smooth muscle cells (SMCs). Increased
heparanase-1 expression has also been noted in
(diabetic) kidney disorders [78, 79].

The heparanase-1 promoter is GC-rich [80], and
appears to be subjected to multiple, both positive and

negative controls (schematically presented in Fig. 4).
First of all, several transcription factors have been
shown to regulate heparanase-1 transcription (trans-
regulation). The transcription factor Sp1 and the Ets
family member GA-binding protein cooperate in bind-
ing to a number of sites in the minimal promoter
region (which was mapped to the 0.3-kb region
upstream of the ATG initiation site), controlling the
expression of heparanase-1 in thyroid tumour cells
[80]. Sp1 was suggested to be the fatty acid regula-
tory target in the 0.3-kb promoter region in ECs [76].
Two Ets sites located upstream of the 0.3-kb minimal
promoter are functionally important in binding Ets1
and Ets2, and in regulating heparanase-1 mRNA
expression in metastatic breast tumour cells [81].
Moreover, the expression of early growth response-1
(EGR1, a member of the zinc-finger family of tran-
scription factors that is rapidly induced in response to
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Fig. 4 Regulation of heparanase-1 mRNA expression in different cell types. Heparanase-1 mRNA expression by 
RNA polymerase II (RNA pol II) is positively regulated by transcription factors such as Sp1, GA-binding protein
(GABP), Ets1 and Ets2, early growth response-1 (EGR1), nuclear factor-kappa B (NF-κB), oestrogen and glucose 
(or transcription factors induced by the latter two). Expression is negatively regulated by the transcription factor 
p53 and by DNA-methylation.
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a variety of signals, including growth factors,
cytokines, vascular injury and hypoxia) correlates
with the levels of heparanase-1 mRNA in human
prostate and bladder cancer cells [82, 83]. EGR1
binds to two elements in the 0.3-kb heparanase-1 pro-
moter region and has been shown to be responsible
for the PMA-induced heparanase-1 gene transcription
in T-lymphocytes [84], and also for the regulation of
heparanase-1 transcription in several different tumour
cells [85]. Blockage of the nuclear factor-kappa B
(NF-κB) signal pathway results in the down regula-
tion of heparanase-1 expression in a murine lung
alveolar carcinoma cell line [86]. Human gastric car-
cinoma tissue shows a positive correlation between
NF-κB activation and increased heparanase-1 gene
expression [87]. Still, NF-κB was not found to be
responsible for the TNFα-induced heparanase-1
expression in ECs, and a transcription factor search
of the heparanase-1 promoter revealed no NF-kB
elements [76]. Oestrogen can induce the expression
of heparanase-1 mRNA in oestrogen receptor-posi-
tive, but not in receptor-negative breast cancer cells
[88]. Four putative oestrogen response element
sequences were found in the 3.5-kb heparanase-1
promoter, but whether the stimulation of heparanase-1
expression is attributable to the oestrogen receptor
complex itself and/or to transcription factors (e.g. Ets
or Sp1) induced by oestrogen is not known yet. High
glucose conditions up-regulate heparanase-1
expression in renal epithelial cells [89] and a glu-
cose-response element is located largely within the
0.3-kb promoter region, but the transcription factor(s)
responsible for the glucose-dependent gene regula-
tion remain elusive. Recently, it has been shown that
the heparanase-1 gene is under a strict negative
control by wild-type tumour suppressor p53, and that
the loss of wild-type p53 activity or the expression of
(cancer-associated) p53 mutants stimulates
heparanase-1 expression [90]. Wild-type p53 binds
to the 3.5-kb heparanase-1 promoter, which is sug-
gested to alter the chromatin structure of the promot-
er by recruiting histone deacetylases.

Finally, heparanase-1 transcription may also be
regulated by alterations in promoter methylation levels
(cis-regulation). The heparanase-1 promoter appears
to be hypo- and hypermethylated in high- and low-level
heparanase-1 expressing cells, respectively [82, 83,
91]. Moreover, treating low-level expressing cells with
demethylating agents or a DNA methylation inhibitor

results in an increase of heparanase-1 mRNA expres-
sion [91, 92]. It must be noted, however, that pre-treat-
ing the cells with a protein synthesis inhibitor abol-
ished this effect [92]. This result suggests that overex-
pression of heparanase-1 might not be (exclusively)
caused by the aberrant demethylation of the
heparanase-1 gene itself, but rather by other gene(s),
encoding, e.g. transcriptional factors, that, in turn, 
regulate heparanase-1 expression.

Cellular activation and localization of

human heparanase-1 

Specific antibodies directed against human
heparanase-1, as well as the expression of a
heparanase-1-GFP fusion protein, have localized the
enzyme predominantly within late endosomes/lyso-
somes, both in transfected normal cells (e.g. human
fibroblasts) and in cells that express detectable levels
of endogenous heparanase-1 (e.g. metastatic breast
carcinoma cells) [67, 93]. Moreover, it has been
shown that the addition of exogenous recombinant
inactive pro-heparanase-1 to human fibroblasts
results in the cell surface binding of this precursor,
followed by its internalization and proteolytic activa-
tion [94]. The internalization occurs through endocyto-
sis, involves the actin cytoskeleton, and is mediated by
non-caveolar pathways. Also upon de novo synthesis,
intracellular active heparanase-1 originates, at least in
part, from the uptake of secreted inactive heparanase-
1 precursor, suggesting that this possibly reflects an in
vivo trafficking route [95]. Pro-heparanase-1 endocyto-
sis was not blocked by the sole addition of mannose-
6-phosphate (Man-6-P) [94]. However, pre-incubation
of the precursor with heparin partially inhibited bind-
ing and completely abolished endocytosis [94].
These results, together with more recent data from
the same group [95], identified cell surface HSPGs,
and in particular the syndecans, as mediators of pro-
heparanase-1 binding and uptake. While confirming
the importance of HSPGs, our laboratory identified
low density lipoprotein receptor-related proteins
(LRP) and Man-6-P receptors as key elements of the
receptor system that mediates the internalization of
the enzyme precursor [96]. The use of specific
inhibitors and mutant cell lines, deficient in at least
one type of receptor, showed that each of these
receptors can work separately, and that LRP is a
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bona fide and major internalization receptor. Yet, we
found that LRP also cooperates with HSPGs, to form
a dual receptor-complex with an affinity for pro-
heparanase-1 (Kd = ~0.05 nM) that is 22 times high-
er than that of LRP alone (Kd = ~1.06 nM) (Vreys et al.,
our own unpublished data). Man-6-P receptors appear
to work as independent receptors, which have a
lower affinity for pro-heparanase-1 (Kd = ~23.4 nM)
but are ~10 fold more abundant than the LRP-based
receptors (Vreys et al., our own unpublished data).

Living cells that express heparanase-1-GFP in
their lysosomes, show no signs of degranulation or
trafficking of the enzyme, even over several hours of
observation, suggesting that the enzyme is stored
within these acidic compartments in a stable form
[93]. Consistently, the half-life of the newly formed
processed enzyme was estimated to be ~30 h [95].
The acidic microenvironment within the late endo-
somes/lysosomes provides heparanase-1 with suit-
able conditions for storage and optimal enzymatic
activity. Human heparanase-1 exhibits maximal
endoglycosidase activity between pH 5.5 and 6.0,
but shows no significant activity below pH 3.5 and
above pH 7.0 [56, 71, 97]. The lysosomal compart-
ment contains also a variety of proteolytic enzymes
that may facilitate the conversion of latent
heparanase-1 precursor to the active heterodimer
form. Although it had originally been suggested that
the proteolytic activation of heparanase-1 occurs at
the cell surface [94], recent reports show that the
processing occurs in acidic intracellular compart-
ments [63, 67, 95, 96, 98].

Cell surface HSPGs are constitutively internalized
and degraded [36, 99]. It is generally accepted that
endosomal heparanase-1 is responsible for the initial
decomposition of internalized HSPGs. However, the
predominant (pathological) function of heparanase-1
is commonly attributed to degradation of HS-chains
at the cell surface and in the ECM (see next section),
a function that would require the presence of cell sur-
face-bound or secreted active heparanase-1.
Elevated levels of heparanase-activity have been
detected in sera and urine samples of patients suffer-
ing from diabetic nephropathy [79, 89, 100] or
aggressive metastatic disease [100–102], and also in
the bone marrow plasma of myeloma patients [103].
Additionally, it has been shown that the active
enzyme can be secreted from intracellular compart-
ments in response to a proper and effective stimulus.

In blood-borne cells, active heparanase-1 is stored in
specific granules, but in response to chemoattrac-
tants or inflammatory stimuli it is redistributed to the
cell surface and released by degranulation
[104–107]. Inflammatory cytokines, such as TNFα
and IL-1β, stimulate secretion of mature heparanase-
1 by human ECs [76], and tumour-derived cells, stim-
ulated with physiological concentrations of various
nucleotides (ATP, ADP or adenosine) release active
heparanase-1 from intracellular vesicles (most likely
lysosomes) [108]. Yet, this secreted heparanase-1
appears also to be subject to uptake by cells.
Recently, we found that this (re-)capture is mediated
by the LRP HSPG receptor-complex and by LRP
(Vreys et al., our own unpublished results). Thus, the
presence of extracellular (active) heparanase-1
seems to be tightly regulated and restricted by at
least two independent mechanisms, on one hand by
regulated secretion and on the other hand by LRP-
mediated (re-)uptake.

Human gastric [109] and oesophagus [110, 111]
cancer cells show also nuclear immunostaining 
for heparanase-1. The latent (~65 kD) and active 
(~50 kD) forms of human heparanase-1 were
claimed to accumulate in the nucleus of non-trans-
fected human breast carcinoma cells (expressing
high levels of endogenous heparanase-1) and in the
nucleus of glioma cells that were transfected or
uploaded with exogenous human heparanase-1
[112].The amount of nuclear heparanase-1 has been
estimated to represent up to ~7% of the total levels
found in the cytosol [112]. It should be noted that the
presence of HSPGs in the cell nucleus had been
reported long before [113], and nuclear heparanase-
1 is claimed to be able to degrade this nuclear HS
[112, 114]. How heparanase-1 would translocate into
the nucleus is not known, and different mechanisms
have been suggested: (1) human heparanase-1 con-
tains its own (yet unidentified) nuclear localization
signal; (2) it uses HSPGs (its substrates) as vehicle
(e.g. a functional nuclear localization signal has been
detected in glypicans [115]); (3) it uses other pro-
teins, e.g. β- and γ-catenin, as suggested by
Schubert et al. [112], or heat shock protein 90, as
suggested by Nobuhisa et al. [116]. The function for
heparanase-1 in the nucleus has not been clarified
yet, but recent data suggest that its nuclear localiza-
tion is correlated with a role in cell differentiation
(explained in Section ‘Normal development’).
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Involvement of human

heparanase-1 in normal and

pathological processes

Tumour metastasis 

The degradation of various constituents of the ECM,
including HSPGs, represents a critical step in the
process of cancer invasion and metastasis. It has
been shown for many years that the metastatic poten-
tial of tumour cells is related to their capacity to
degrade HS [117, 118]. This observation was con-
firmed by the finding that increased expressions of
heparanase-1 mRNA and protein correlate with
increased heparanase activity and the metastatic
capacity of rat and human breast cancer cells 
[53, 54]. Since then, this correlation has been
observed in a variety of human tumour-derived cell
lines and tissues, including those of the bladder [119],
pancreas [120], cervix [121], colon [122], ovary [123],
endometrium [124], prostate [83], thyroid [125], liver
[126], oesophagus [110], stomach [109], oral cavity
[127], galbladder [128], nasopharynx [129], brain
[130], salivary gland [131] and in multiple myeloma
[132] and acute myeloid leukaemia [133]. Consistently,
as already mentioned above, elevated levels of
heparanase-activity have been detected in sera and
urine samples of patients suffering from an aggressive
metastatic disease [100–102]. Moreover, several stud-
ies show that increased heparanase-1 expression cor-
relates with a reduced post-operative survival time of
cancer patients [109, 111, 119–121, 129, 131]. More
convincing, direct evidence for a role of heparanase-1
in tumour metastasis was provided by the conversion
of non-metastatic murine T-lymphoma and melanoma
cells into highly metastatic cells, following transfection
with human heparanase-1 cDNA [53]. Similar results
were obtained upon over-expression of human
heparanase-1 in pancreatic cancer [120], myeloma
[132] and breast carcinoma [134] cells. Enhancement
of metastasis was even more pronounced for a readi-
ly secreted and membrane-bound chimeric form of the
enzyme [135]. It is interesting to note that breast can-
cer cells that express high levels of human
heparanase-1, and that are grown in the mammary fat
pads of SCID mice, stimulate bone resorption long
before metastasis or even microscopic tumour foci can
be detected in the bone marrow, suggesting that
heparanase-1 conditions the bone marrow for metas-

tasis by first stimulating osteoclastogenesis and bone
resorption (e.g. by releasing HS-bound osteoclast-
stimulating factors) [136]. Consistent with the notion
that heparanase-activity is correlated with cancer
metastasis, in vivo administration of heparanase-
inhibitors significantly reduces the incidence of experi-
mental metastasis. Both JG3 (see above) and PI-88 (a
mixture of highly sulphonated phosphomannan
oligosaccharides derived from the yeast Pichia holstii
that is currently undergoing Phase II clinical trials in
patients with advanced malignancies) reduce metasta-
sis by up to ~90% [68, 137]. More rigorous and specific
proof for this notion has been provided recently, using
an adenovirus-mediated antisense gene-delivery strat-
egy [138–140] or by applying siRNA and ribozyme tech-
nologies [141]. Tumours produced by cells infected or
transfected with these gene-silencing vectors are less
invasive in vitro and less metastatic in vivo than tumours
produced by cells transfected with the control vectors.

Recently it has been found that heparanase-1
also contributes to tumour metastasis by mecha-
nisms that are independent of its enzymatic activity.
Catalytically inactive forms of heparanase-1 that
are immobilized on a tissue culture plate facilitate in
vitro cell adhesion and facilitate cell invasion when
they are expressed as a chimera at the cell surface
[142]. It should be noted, however, that (although
the adhesive properties of the proteins are similar)
cells that over-express the active membrane-bound
chimera are significantly more invasive than cells
that express the mutated, inactive chimeric form of
the protein. The exact mechanism(s) by which
(inactive) heparanase-1 promotes cell adhesion is
still unclear. However, the effect cannot solely be
explained by the enzyme binding to HS (potentially
forming a bridge between the circulating cell and
the adhesion surface) [142] and is suggested to be
mediated, at least in part, by β1-integrin cell mem-
brane localization and activation [143]. Addition of
pro-heparanase-1 can induce Akt [144], p38 and
Src signalling [145] in different mammalian cell
types, independent of its uptake and activation.
Activation of Akt does not require cell membrane
HSPGs and can be augmented by heparin, mimick-
ing heparin requirements for some growth factor
receptors to exert maximal activities (e.g. FGF2-
FGFR1 as explained above). Exogenous, added
human heparanase-1 stimulates, independent of its
enzymatic activity, in vitro EC migration and inva-
sion (important for tumour angiogenesis, see next
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section) [144]. This effect is PI-3-kinase-dependent
and is likely mediated by Akt activation. Such
effects may not be restricted to ECs, as the
enhanced in vitro migration of human breast carci-
noma cells, resulting from the over-expression of
heparanase-1, could be inhibited by treating the
cells with inhibitors of p38 or Src [145].

Finally, it has also been suggested that
heparanase-1 contributes to tumour growth by sup-
porting cell survival under stress conditions.
A marked stimulatory effect of heparanase-1 (over-
expression) on cell proliferation and survival was
noticed when breast carcinoma MCF-7 cells were
cultured in vitro under low serum conditions [134].
However, this study did not address whether a func-
tion as survival factor is dedicated to the inactive pro-
form (e.g. activating Akt, which has a well known
function in cell survival [146]) and/or the active het-
erodimer form (e.g. releasing HS-bound ‘active’
FGF2 (see next topic), which is known to suppress
apoptotic caspase 3 [147]).

Tumour angiogenesis

Angiogenesis is the process of generating new blood
vessels, as extensions derived from the existing vascu-
lature. A tumour must continuously recruit new blood
vessels in order to sustain itself and grow. HSPGs are
prominent components of blood vessels, and HSPG
degrading enzymes have long been implicated in a
number of angiogenesis-related cellular processes.

The principal cells involved in angiogenesis are
ECs, which line all blood vessels and constitute virtu-
ally the entirety of capillaries. Immunohistochemical
staining of several human carcinomas revealed prefer-
ential expression of heparanase-1 by ECs of sprouting
capillaries in the vicinity of the tumour, but little or no
staining of mature, quiescent vessels [75]. Moreover, a
pronounced correlation between heparanase-1
expression and tumour microvessel density has been
reported several times [103, 119, 148, 149].
Consistently, in vivo studies reveal that ‘on purpose’
elevation of the heparanase activity of tumour cells
results in tumours that have a significantly higher
microvessel density than tumours established from
control cells with low heparanase activity [75, 103,
134]. Similar to effects on tumour metastasis, these
effects were best demonstrated with a readily secret-

ed and membrane-bound chimeric form of
heparanase-1 [135]. Moreover, it has been shown that
the anti-cancerous potential of JG3 or PI-88 is not
restricted to suppression of the invasive metastatic
phenotype, but is also due to suppression of tumour
neovascularization [68,137]. Microvessel density was
significantly reduced in tumours developing from cells
transfected with anti-heparanase-1 ribozyme or
siRNA-vectors, in comparison with tumours produced
by cells transfected with control vectors [141]. It
remains to be clarified whether heparanase is also
involved in normal processes of capillary sprouting, or
whether heparanase-1 activity on sprouting is peculiar
to tumours.

Similar to its effect on tumour metastasis,
heparanase-1 is presumed to degrade the HS chains
of the subendothelial capillary BM, disrupting a phys-
ical barrier and facilitating EC invasion and migration
toward the growing tumour. Heparanase-1 may also
promote angiogenesis by releasing HS-bound angio-
genic factors (e.g. FGF2). As discussed in the first
part of this review, heparanase-1 activity may also
generate the precise HS-fragments that are required
for the formation of, e.g. FGF2.FGFR1.HS ternary
complexes, encrypted but present in ‘dormant’ state in
native HS, with resulting biological consequences,
e.g. EC proliferation [75, 150, 151].Yet, heparanase-1
may also elicit angiogenic responses, like EC adhe-
sion, migration, invasion and survival, independent of
its enzymatic activity (e.g. by activating Akt signalling
[144]). Upregulation of cyclooxygenase-2 (COX-2)
[149, 152, 153] and vascular endothelial growth factor
(VEGF) [145], two key regulators of vascular develop-
ment, represent additional mechanisms by which
heparanase-1 may have indirect pro-angiogenic func-
tions. The up-regulation of COX-2 by heparanase-1 in
human oesophageal cancer is strongly suppressed
by the combined deletion of three transcription factor
binding sites (cycling AMP response element , NF-κB
and NF-interleukin-6) in the COX-2 promoter, but
whether the (extra- or intracellular) precursor or active
form of heparanase-1 is required for this process, is
not known [149]. The marked elevation of VEGF
expression and secretion in HEK 293-T, human
breast carcinoma and rat glioma cells, by over-
expression or exogenous addition of heparanase-1, is
independent of the enzymatic activity of the enzyme
and seems to be mediated by Src family members
[145]. Similarly, (inactive) heparanase-1 was found to
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induce tissue factor expression in vascular endothe-
lial and cancer cells, via the activation of the p38 sig-
nalling pathway [154]. Tissue factor not only possess-
es pro-coagulant activity, but also plays a role in cel-
lular signalling, contributing to tumour growth, sur-
vival, metastasis and angiogenesis [155]. Recently, it
has been shown that heparanase-1 enhances the
synthesis and cell surface shedding of syndecan-1
[156, 157]. The shed ectodomain of syndecan-1 pro-
motes the growth, metastasis and angiogenesis of
tumours [158], possibly revealing a new mechanism
whereby heparanase-1 and (proteolytically shed)
syndecan-1 synergise to fine tune the tumour
microenvironment. The effect of heparanase-1 on
syndecan-1 shedding requires active enzyme, and
shedding is also induced by exposing cells to bacter-
ial heparitinase, suggesting shedding might be a
(late, indirect) result from the enzymatic removal or
reduction in size of the HS chains on syndecan-1
[156, 157]. Yet, it remains to be clarified whether syn-
decan-1 is acted upon at the cell surface, or encoun-
ters heparanase-1 along the stimulus-induced syn-
tenin recycling pathway (see above).

Other pathologies 
It has been known for many years that the extravasa-
tion of leucocytes, during inflammation, is linked to
the degradation of HS from ECs and ECMs. Activated
platelets can release heparanase-activity [159], and
the ability of activated T cells, auto-sensitized to the
myelin basic protein, to cause experimental autoim-
mune encephalomyelitis is closely correlated with
their production of heparanase-activity [160]. Since
then, heparanase-1 expression and activity have
been reported in several other types of haematopoi-
etic cells (e.g. neutrophils, monocytes, B-lympho-
cytes, macrophages and dendritic cells), with
chemoattractants or inflammatory stimuli often dra-
matically enhancing heparanase-1 expression, and
causing a redistribution of the active enzyme from
specific intracellular granules to the cell surface and
a release by degranulation [54, 104–107, 161–163].
Consistently, several inhibitors of heparanase-activity
(e.g. PI-88) have been shown to exhibit in vivo anti-
inflammatory activity in rats [164] and more recently,
it has been shown that local in vivo electroporation of
anti-heparanase-1 siRNA into the ear skin of mice

markedly inhibits the delayed-type hypersensitivity
reactivity, which is mainly T-cell mediated [77].

Emerging evidence indicates that heparanase-1
may also be deregulated and play a critical role in the
pathogenesis of different kidney disorders. Elevated
levels of heparanase-1 protein and activity have been
detected in urine of human patients with diabetic
nephropathy [79, 89, 100] and in the glomerular epithe-
lial cells and urine of rats with experimental induced
nephropathy [78, 165, 166]. High glucose conditions
up-regulate heparanase-1 expression in renal epithe-
lial cells and, since urinary heparanase-1 antedates
albuminuria, it’s suggested that heparanase-1 disrupts
the permselective properties of the glomerular BM, ulti-
mately leading to urinary protein excretion [79, 89].
Consistently, in vivo administration of a polyclonal anti-
heparanase-1 antibody (raised against the Arg382-
Phe398 peptide) [165] or of PI-88 [167] significantly pre-
vents glomerular HS loss and reduces proteinuria.

It has also been reported that heparanase-1 con-
tributes to restenosis. Following vascular injury (which
results, e.g. in platelet degranulation), SMCs undergo
proliferation, migration (from the medial to the inner-
most layer of the vessel wall) and deposit matrix pro-
teins, contributing to the formation of an occlusive
neointimal layer. It has been demonstrated that
heparanase-1 releases FGF2 from the ECM deposit-
ed by vascular SMCs in vitro and from the arterial wall
in vivo (when locally delivered to an uninjured rat
artery), resulting in the induction of SMC proliferation
and migration [150, 168]. Moreover, an antibody
directed against the active site of heparanase-1 sig-
nificantly inhibits in vivo FGF2 mobilization, SMC pro-
liferation and neointima formation, when locally deliv-
ered to rats following a balloon injury [168].

Finally and interesting to note is that, in an exper-
imental in vivo model for amyloid induction  homozy-
gous transgenic mice over-expressing human
heparanase-1 (see further) revealed an inverse cor-
relation between heparanase-1 over-expression and
amyloid protein A amyloidosis [169]. Since formation
of amyloid fibrils/plaques seems to proceed through
intermediate stages of polymerization that are
thought to depend on interactions with HS structures,
it has been suggested that HS oligosaccharides gen-
erated by heparanase-1 might bind amyloid
monomers, but are unable to polymerize and assem-
ble these into larger aggregates.
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Normal development
Although most studies emphasize the involvement of
heparanase-1 in pathophysiology, recent publica-
tions reveal some important normal physiological
functions of the enzyme. Heparanase-1 protein is
preferentially expressed in cells of the developing
vascular and nervous systems of a 72 hrs chicken
embryo [170]. Human heparanase-1 mRNA and pro-
tein are expressed in the liver and colon of 18- and
22-week human foetuses, but not in the corresponding
mature tissues [171]. Moreover, a gain of heparanase-
1 expression was observed in the adult rat liver short-
ly following partial hepatectomy [171]. All these data
suggest a role for heparanase-1 in tissue morphogen-
esis, regeneration and repair during embryonic devel-
opment and in the adult. Heparanase-1 may contribute
to these processes by its known effects on ECM
remodelling, cell migration, adhesion and proliferation.
Recent publications reveal that it might also regulate
cell differentiation. Neural cells of the olfactory epithe-
lium express heparanase-1 in vitro depending on the
degree of differentiation [172]. Similarly, heparanase-
1 expression progressively increases in murine bone
marrow-derived cells undergoing osteoblastic differ-
entiation in vitro [173]. Moreover, it has been demon-
strated that nuclear heparanase-1 expression is cor-
related with the expression of differentiation markers
in normal oesophageal keratinocytes and in
oesophageal cancer tissues [111, 114] and that over-
expression of (active) heparanase-1 in the nucleus
induces differentiation of leukemia and breast cancer
cells in vitro [116, 174]. How nuclear heparanase-1 is
involved during these differentiations has not been
elucidated yet, but three hypotheses are: (1) affecting
the transcriptional regulation associated with, e.g.
nuclear HS-bound FGF2 [175]; (2) affecting the direct
nuclear function of HSPGs itself (e.g. modulating the
activity of DNA topoisomerase I [176]); (3) mediating the
nuclear translocation of other proteins (e.g. β- and γ-
catenins, as suggested by results of Schubert et al. [112]).

Recently, homozygous transgenic mice that over-
express human heparanase-1 in most of their tissues
have been generated [177]. Biochemical analysis of
HS isolated from newborn mice and adult tissues,
where heparanase-1 is highly expressed, revealed a
profound decrease in the size of the HS chains.
Despite this change, the transgenic mice appeared
normal, were fertile, and exhibited a normal life span.
However, the mice had increased levels of urinary
protein and creatinin, suggesting an effect on kidney

function, which is consistent with the postulated role
of heparanase-1 in the pathogenesis of different kid-
ney disorders. In addition, the mice exhibited a
decrease in food consumption and body weight.
Although there was no effect on the litter size, over-
expression of heparanase-1 was found to increase
the number of implanted embryos during the first
trimester of pregnancy. Consistently, incubation of
mouse morulae with recombinant latent heparanase-1
significantly increased the embryo implantation rate
in vivo [178] and high levels of heparanase-1
expression were detected in a variety of placental
trophoblasts, as well as in the endothelium of angio-
genic placental blood vessels [179,180]. Another
remarkable feature of the heparanase-1 over-
expressing transgenic mice was an accelerated rate
of wound healing [181] and hair growth [177, 182],
both processes requiring an efficient migration and
proliferation of keratinocytes and a proper angiogenic
response. Consistently, in normal mice, heparanase-
1 expression is restricted to keratinocytes in the stra-
tum corneum of the epidermis (probably contributing
to epidermal renewal [183]), as well as in the outer
root sheath of a hair follicle [177]. However, during
wound healing, heparanase-1 appears in most ker-
atinocytes adjacent to the wound margins [181] and,
after depilation, heparanase-1 is expressed in a high-
ly coordinated temporospatial pattern in the hair folli-
cle [182]. Moreover, addition of a heparanase-1
inhibitor (e.g. a N-acetylated, glycol-split derivative of
heparin) or of recombinant active heparanase-1 to
keratinocytes, respectively, decreases or increases
the ability of these cells to migrate in vitro and,
respectively, inhibits or promotes wound epithelial-
ization and blood vessel maturation in vivo [181,182].
Consistently, the skin of the transgenic mice shows
an increase in vascular density [177]. Finally, haema-
toxylin/eosin staining of most tissues of the
heparanase-1 over-expressing mice revealed no
readily detectable histological differences, except for
the mammary glands, which showed abundant side
branches and alveolar structures, typical of normal
pregnant mice [177, 184].

Heparanase-2

To potentially identify other heparanases, i.e. as
members of a larger protein family, the published
amino acid sequence of heparanase-1 was used to
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Fig. 5 Four different splice-variants
of human heparanase-2. Based on
the predicted amino acid sequence,
heparanase-2 contains two potential
N-glycosylation sites (orange bal-
loons) that are shared by all four iso-
forms, whereas the B-part contains
three additional potential N-glycosy-
lation sites. Moreover, six cysteine
residues (black C’s) occur in the
pro-protein, one in the predicted sig-
nal peptide (SP), one in the A-part,
one in the B-part and three in the C-
terminal part that is present in all
isoforms. The red asterisks indicate
the two glutamates that correspond
with the critical active sites of human
heparanase-1 (according to Dürr
and David; patent WO 02/04645).

search EST databases [74]. This led to the molecular
cloning of human heparanase-2, the product of a gene
that localizes on chromosome 10q23-24. Alternative
splicing of the heparanase-2 transcript gives rise to
three different mRNAs, hep-2a, hep-2b and hep-2c,
which encode putative proteins of 480, 534, 592
amino acids, respectively [74]. Our laboratory
obtained similar results (patent WO 02/04645), yet
also identified a fourth splice variant, hep2-B, of 528
amino acids (Fig. 5; where hep-2a from McKenzie et
al. equals hep-2O, hep-2b equals hep-2A and hep-2c
equals hep-2AB). The cDNA sequence features two
possible ATG-start codons, separated from each other
by 27 base pairs. Based on a context that corre-
sponds to a Kozak-sequence, we surmize that trans-
lation is initiated from the second ATG, and results in
heparanase-2 proteins starting with a signal peptide.

Alignment of the predicted coding region of the four
isoforms of human heparanase-2 with heparanase-1
reveals an overall identity of 40%, including conserva-
tion of the crucial active site residues of human
heparanase-1 (Glu225 and Glu343). The highest identi-
ty (42%) is found with hep-2AB, for which the align-
ment is shown in Figure 6.The homology between the
two proteins is striking over both subunits (~8 and ~50
kD) of heparanase-1, implying that models developed
for that protein may also apply to heparanase-2.
However, the segment corresponding to the ~6 kD

linker region and the residues corresponding to amino
acids at, and surrounding the cleavage sites in
heparanase-1 are not similar in heparanase-2.
Moreover, western blot analyses of cell lysates of var-
ious mammalian cells, transiently transfected with the
different human heparanase-2 isoforms (either alone
or in combination with each other) provided no evi-
dence for a post-translational processing that would
mimic that of human heparanase-1 (Vreys et al., our
own unpublished results). Analyses of the culture
media of transiently transfected cell lines suggested
that only hep-2B and hep-2AB can be released
(Vreys et al., our own unpublished results). Binding
and uptake experiments with wild type cell lines and
with cell lines deficient in receptors involved in (re-
)uptake of heparanase-1, and the use of various
inhibitors of these receptors, showed that cells are
able to bind the secreted variants of heparanase-2
and that HSPGs likely play a role in this binding, but
no type of cell showed any evidence for (re-)uptake
(Vreys et al., our own unpublished results).

Heparanase-1 and heparanase-2 also show very
different patterns of mRNA distribution [74].The high-
est expressions of  heparanase-2 were detected in
the human brain, mammary gland, prostate, small
intestine, testis, uterus and bladder, with little or no
expression in most other normal tissues examined,
including the placenta and lymph nodes (in contrast
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to heparanase-1) [74]. As for heparanase-1,
heparanase-2 mRNA was dramatically elevated in
some pancreatic tumour samples, in comparison to
normal pancreas. However, in tumour samples from
other tissues (e.g. breast, colon, lung, ovarian,
prostate) this seemed not to be the case [74].

In short, all data on processing, trafficking and tis-
sue distribution suggest that heparanase-1 and

heparanase-2 might have distinct biological func-
tions. Indeed, up till now, no HS-degrading activity has
been reported for the different isoforms of
heparanase-2. Potential similarities in direct signalling
functions, however, have not yet been explored.
Intriguingly, also an alternatively spliced variant of
human heparanase-1 has recently been described.
Compared to the wild-type form, the variant cDNA
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Fig. 6 Amino acid alignment of human heparanase-1 with human heparanase-2AB. The predicted signal peptides are
shown in brown, the ~8  and the ~6 kD fragment of heparanase-1 and the A- and B-parts of heparanase-2AB are
shown in blue, green, orange and purple respectively. The potential N-glycosylation sites and cysteine residues are
underlined, and the two critical active sites of human heparanase-1 and the corresponding glutamates of heparanase-
2 are marked in red.
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skips exon 5, missing the 174bp that encode the
residues Ser168-Glu225 [185].The protein encoded by
the splice variant escapes proteolytic cleavage, does
not possess HS-degrading activity, exhibits a diffuse
intracellular staining and is not detectable in the incu-
bation medium of transfected cells. All this is in clear
contrast to wild-type heparanase-1, but is quite rem-
iniscent of the findings, so far, for heparanase-2.
Possibly, this further alludes to as yet to be discov-
ered functions of this family of proteins.

Conclusions

Based on all information now available, it is clear that
the identification of inhibitors of heparanase-1 is an
attractive approach towards developing new thera-
peutics suitable for the treatment of cancer or inflam-
matory diseases. The unexpected identification of
only a single predominant functional heparanase
suggests that if its activity can be inhibited, other
heparanases may not be available to cover for it. On
the other hand, taking into account the normal roles
of the enzyme, heparanase-inhibiting compounds
might interfere with physiological processes such as
wound healing and tissue-repair.

The existence of nearly ubiquitous and highly
effective uptake mechanisms (LRP·HSPG and LRP),
with very high affinities for both the secreted inactive
precursor and the mature active enzyme, suggests
that heparanase-1 is mostly an intracellular, lysoso-
mal enzyme. Only in cases where the receptor-sys-
tem is absent or defective, would the enzyme seem
to have a chance to accumulate extracellularly. HS
and LRP levels are known to be substantially
decreased in several tumour cells [186, 187].
However, surrounding non-tumour cells (e.g. stromal
and vascular endothelial cells) should still possess
these high affine uptake mechanisms, quickly attract-
ing and removing heparanase-1 from the extracellu-
lar space. One might therefore wonder whether an
important, if not predominant patho-physiological
function of heparanase-1 (e.g. during tumour angio-
genesis) might not primarily involve the paracrine
activation of intracellular signalling pathways, either
by acting on the intracellular processing of (concomi-
tantly) internalized HSPGs (e.g. syndecan-1) or by
engaging receptors at the cell surface (activating e.g.
Akt, p38 and/or Src) rather than by degrading the
HS-chains in the extracellular matrix. If so, this raises

the question to what extent the anti-metastatic, 
-angiogenic and -inflammatory activities of PI-88, JG3
or other sulphated oligosaccharides, of peptides that
compete with the HS-binding domains of
heparanase-1 or of antibodies directed against the
enzyme, are due to their active-site inhibiting proper-
ties or to potential concomitant inhibitory effects on
receptor-engagement and uptake or direct signalling
of human heparanase-1. In that way, more studies
are required to understand how the enzyme truly
functions during pathological (and normal) process-
es. Crystallization and analysis of the 3D structure of
heparanase-1 should aid the rational design of high-
ly specific inhibitors directed, not only against the
active site of the enzyme, but also against the
domains that interact with the (different) cell-surface
receptors, resulting in the development of novel
strategies for inhibiting heparanase-1 activation and
activity, inflammatory processes, and cancer pro-
gression. Conversely, future studies should also
explore potential relationships of heparanase-1 defi-
ciency to disease and the exploitation of
heparanase-1 as a drug-in-aid.
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