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PERSPECTIVE SERIES

Renato V. Iozzo, Series Editor

Heparan sulfate proteoglycans

Studies of the involvement of ECM molecules in cell
attachment, growth, and differentiation have revealed
a central role of heparan sulfate (HS) proteoglycans
(HSPGs) in early embryogenesis, morphogenesis,
angiogenesis, and epithelial-mesenchymal interactions
(1–3). HS chains bind a multitude of proteins and
ensure that a wide variety of bioactive molecules (e.g.,
heparin-binding growth factors, chemokines, lipopro-
teins, and enzymes) cling to the cell surface and ECM.
HSPGs can thus influence a variety of normal and
pathologic processes, among which are tissue repair,
neurite outgrowth, inflammation and autoimmunity,
tumor growth and metastasis, vasculogenesis and
angiogenesis (1–4). Binding to HS can modulate a teth-
ered molecule’s biological activity or protect it from
proteolytic cleavage and inactivation. Transmembrane
and phospholipid-anchored HSPGs (syndecans and
glypicans, respectively) mediate cell interactions with
components of the microenvironment that control cell
shape, adhesion, proliferation, survival, and differenti-
ation (2, 3). These species of HSPGs can also serve as
coreceptors along with the other cell surface molecules
to form functional receptor complexes that transduce
signals from various ligands (2, 3).

Because of the important and multifaceted roles of
HSPGs in cell physiology, their cleavage is likely to alter
the integrity and functional state of tissues and to pro-
vide a mechanism by which cells can respond rapidly to
changes in the extracellular environment. Enzymatic
degradation of HS is, therefore, likely to be involved in
fundamental biological phenomena, ranging from preg-
nancy, morphogenesis, and development to inflamma-
tion, angiogenesis, and cancer metastasis. Contrary to
some early claims, there is no good evidence for more
than one endogenous mammalian HS-degrading endo-
glycosidases. The recent cloning of a single gene by sev-
eral groups (5–10), together with biochemical studies
(11), suggests that mammalian cells express primarily a
single dominant heparanase enzyme (12). This Perspec-
tive focuses on the molecular properties, expression pat-
tern, biological functions, and clinical significance of
this heparanase in normal and pathological processes,
with emphasis on tumor metastasis and angiogenesis.

Molecular and biochemical properties 
of heparanase
HS degradation by mammalian endoglycosidic
enzymes was first described in human placenta and rat
liver hepatocytes. Since then, heparanase activity has
been identified in a variety of normal and malignant
cells and tissues, among which are cytotrophoblasts,
endothelial cells (ECs), platelets, mast cells, neu-
trophils, macrophages, T and B lymphocytes, and lym-
phoma, melanoma, and carcinoma cells (5, 6, 12–16).
Heparanase cleaves the glycosidic bond with a hydro-
lase mechanism and is thus distinct from bacterial
heparinases, which depolymerize heparin and HS by
eliminative cleavage. HS glycosaminoglycan chains are
cleaved by heparanase at only a few sites, yielding HS
fragments of appreciable size (10–20 sugar units), sug-
gesting that the enzyme recognizes a particular and rel-
atively rare HS structure (17).

Heparanase purified from human platelets and
hepatoma requires the presence of O-sulfation, with
no essential requirement for N-sulfation or IdoA
residues (17). The heparin-derived octasaccharide,
which binds antithrombin III is cleaved at a single site
(Figure 1, top, arrow), indicating that a 2-O-sulfate
group on a hexuronic acid residue located two mono-
saccharides away from the cleavage site is essential for
substrate recognition by heparanase (17) (Figure 1).
In other studies, however, the presence of either N- or
O-sulfates did not appear to be an absolute require-
ment for substrate cleavage (12, 18).

The cloning of a single human heparanase cDNA
sequence and its expression in mammalian cells was
independently reported by several groups (5–10). The
heparanase cDNA contains an open reading frame of
1629 bp encoding a 61.2-kDa polypeptide of 543
amino acids. The mature active 50 kDa enzyme, isolat-
ed from cells and tissues, has its N-terminus 157 amino
acids downstream from the initiation codon (5–12),
suggesting post-translational processing of the
heparanase polypeptide at an unusual cleavage site
(Gln157-Lys158). Processing and activation occur during
incubation of the full-length 65-kDa recombinant
enzyme with several normal and transformed cells and,
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to a lesser extent, with their conditioned medium (5).
The putative cell surface proteinase that activates the
latent heparanase has not been characterized, but pre-
liminary studies indicate that the heparanase precur-
sor may bind to the cell surface, most likely to HS, and
is then converted to its highly active 50 kDa form in a
process accompanied by endocytosis of the processed
form (Katz, B.-Z., et al., our unpublished results).
Heparanase activity is readily obtained after transfec-
tion of mammalian cells with cDNAs encoding the
entire heparanase precursor (5–10). Attempts to
express the truncated 50-kDa (Lys158 to Ile543) protein
failed, however, to yield active enzyme, suggesting that
regions N-terminal to Lys158 are required for expression
and/or function of the protein. In fact, the active
enzyme has been postulated to be a heterodimer of the
50-kDa subunit noncovalently associated with an 
8-kDa peptide (Gln36 to Glu109), which arises from pro-
teolytic processing of the pre-proheparanase protein
(9). It has not been determined whether association of
the 50-kDa polypeptide with the 8-kDa fragment is
essential for heparanase activity (9).

The predicted amino acid sequence of heparanase
includes six putative N-glycosylation sites, five of
which cluster in the first 80 amino acids of the 50-kDa
mature protein. Removal of N-glycosylation does not
affect the enzyme activity (5). The sequence also con-
tains a putative N-terminal signal peptide sequence
(Met1 to Ala35) and a candidate transmembrane region
(Pro515 to Ile534) (5, 6, 12). Alignment of the human,
mouse, and rat heparanase amino acid sequences cor-
responding to the 50-kDa human mature enzyme

(Lys158 to Ile543) revealed 80–93% identity (6); 61%
homology was found between the recently cloned
chicken heparanase (19) and the human enzyme. A
prominent difference between the chicken and the
mammalian enzymes resides in their signal peptide
sequence, accounting for the chicken enzyme being
secreted and localized in close proximity to the cell
surface. In contrast, the human heparanase is mostly
intracellular, localized in perinuclear granules (19).

The fact that highly homologous cDNA sequences
were derived from different species and types of normal
and malignant cells is consistent with the notion that
one dominant HS-degrading endoglycosidase is
expressed by mammalian cells (5–10, 12). Thus, unlike
the large number of proteases that can solubilize
polypeptides in the ECM, one major heparanase
appears to be used by cells to degrade the HS side
chains of HSPGs. A putative heparanase 2, which
shows 35% homology with the heparanase 1 described
above, was recently cloned, although no enzymatic
activity has been associated with this gene product (20).
Unlike heparanase 1, heparanase 2 mRNA expression
shows a wide distribution in normal tissues (20).

Secondary structure predictions suggest that
heparanase contains an (α/β)8 TIM-barrel fold
(residues 411–543), characteristic of the clan A glyco-
syl hydrolase families (11). Site-directed mutagenesis
reveals that, as with other TIM-barrel glycosyl hydro-
lases, heparanase’s catalytic mechanism involves two
conserved acidic residues, a putative proton donor at
Glu225 and a nucleophile at Glu343. Conserved basic
residues are found in proximity to the proposed cat-
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Figure 1
Heparanase-mediated release of bioactive molecules sequestered in the ECM. Heparanase cleaves HSPGs (arrows) and releases a variety of physio-
logically and pathologically important molecules. Inset shows the cleavage site within the antithrombin-binding heparin 3H-octasaccharide. The actu-
al antithrombin-binding sequence corresponds to sugar units 2–6 (within brackets). X in sugar unit 4 represents hydrogen or SO–

3. Adapted from
Pikas et al. (17).



alytic proton donor (Lys231 and Lys232) and nucleophile
(Lys337 and Lys338) (11). The heparanase gene (∼50 kb) is
located on human chromosome 4q21.3 and is linked
to the genetic marker D4S400 (21). The gene is
expressed as 5 kb (HPSE 1a) and 1.7 kb (HPSE 1b)
mRNA species, generated by alternative splicing. The
HPSE 1a form contains 14 exons and 13 introns,
whereas in HPSE 1b, the first and fourteenth exons
have been spliced out (21).

Regulation of heparanase activity
Because of the potential tissue damage that could result
from inadvertent cleavage of HS, heparanase must be
tightly regulated, although little is known about the
control of its expression, activity, or subcellular local-
ization. Heparanase activity has been detected in both
chloroquine-sensitive (lysosomal) and -insensitive
(endosomal) compartments of rat ovarian and human
colon carcinomas. The enzyme has been localized in
perinuclear acidic endosomal and lysosomal granules of
fibroblasts and tumor cells (Katz, B.-Z., et al., our
unpublished results) and in the tertiary granules of
human neutrophils, where it is colocalized with matrix
metalloproteinase-9 (MMP-9) (16, 22). It will be of inter-
est to determine whether these molecules are coordi-
nately regulated in various cellular contexts.

Several observations suggest that heparanase can be
membrane-bound. Heparanase immunoreactivity is
observed on the surface of various human cancer cells,
including colon adenocarcinoma (23). The heparanase
sequence contains a putative hydrophobic transmem-
brane domain (11, 12), and its complete solubilization
from rat liver, platelets, and tumor cells, requires the
presence of a detergent, indicating that up to 25% of
the heparanase activity in these preparations is associ-
ated with the membrane (6). Interestingly, mannose-
6-phosphate displaces heparanase from the surface of
T lymphocytes, suggesting that it binds to surface-
expressed mannose-6-phosphate receptor (6, 12).
Bioinformatic analysis of the protein sequence also
predicts that heparanase can exist as a glycosylphos-
phatidylinositol-linked protein on the surface of cells.

Soluble heparanase exhibits maximal endoglycosi-
dase activity between pH 5.0 and 6.0 and is inactivated
at pH greater than 8.0. Cell surface bound heparanase

is moderately active at pH 6.7, but the nonvascularized
core of tumor masses might provide the acidic envi-
ronment required for heparanase degradation of ECM.
At physiological pH, where very little enzymatic activi-
ty is evident, heparanase binds to HSPGs, where it may
facilitate leukocyte adhesion and extravasation in
response to inflammatory conditions (24).

Preferential expression of heparanase 
in human tumors
Expression of the human heparanase mRNA in nor-
mal tissues is restricted primarily to the placenta and
lymphoid organs (5, 6, 20). Immunohistochemistry
shows that heparanase occurs primarily in neu-
trophils, macrophages, platelets, cytotrophoblasts,
keratinocytes, capillary endothelium, and neurons,
with little or no staining in connective tissue cells and
most normal epithelia.

As judged by quantitative RT-PCR, heparanase
mRNA is increased in human malignancies and
xenografts of human breast, colon, lung, prostate,
ovary, and pancreas tumors, compared with the corre-
sponding normal tissues (20). Heparanase mRNA and
protein accumulate even at early stages in the progres-
sion of human colon carcinoma, and their levels
increase gradually as cells progress from severe dyspla-
sia through well-differentiated to poorly differentiated
colon carcinoma; adjacent, morphologically normal
colonic tissue shows no expression of the enzyme.
Deeply invading colon carcinoma cells and the adjacent
desmoplastic stromal fibroblasts show high levels of
the heparanase mRNA and protein (23).

Human mammary carcinomas likewise express the
heparanase mRNA and protein in both the in situ and
the invasive components of ductal and lobular origins.
Breast carcinoma cells that have entered the circulation
and lymph node metastases show particularly intense
immunostaining, whereas normal breast tissue
expresses little or no heparanase (5, 25). Preferential
expression of the heparanase mRNA and protein in
tumors is also evident in tissue specimens derived from
adenocarcinoma of the ovary, metastatic melanoma,
oral squamous cell carcinoma, hepatocellular carcino-
ma, and carcinomas of prostate, bladder, and pancreas
(refs. 5, 23, 26, and our unpublished observations). In
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Figure 2
Heparanase-mediated extravasation of
blood-borne cells. Heparanase expressed
by tumor cells (left) and neutrophils (right)
promotes cell invasion between adjacent
vascular ECs and through their underlying
basal lamina (BL) into the ECM. Platelets
may facilitate extravasation of blood-borne
cells through binding to the invading cells,
and activation and release of their own
heparanase enzyme. Left: Scanning electron
micrographs showing invasion of T-lym-
phoma cells, in the absence (top) or pres-
ence (bottom) of platelets, through a
monolayer of cultured vascular ECs.



addition, enhanced heparanase mRNA expression cor-
relates significantly with reduced postoperative sur-
vival of patients with pancreatic cancer (26).

Heparanase in tumor metastasis and angiogenesis
HSPGs are prominent components of blood vessels. In
large vessels they are concentrated mostly in the intima
and inner media, whereas in capillaries they are found
mainly in the subendothelial basement membrane (BM),
where they support proliferating and migrating ECs and
stabilize the structure of the capillary wall. Cleavage of
HS is therefore expected to facilitate extravasation of
blood-borne tumor cells, as well as sprouting of angio-
genic ECs (Figure 2). It was originally thought that the
role of ECM-degrading enzymes is to break down tissue
barriers, thus enabling tumor cells to invade through
stroma and blood vessel walls. In recent years it has been
appreciated that extravasation of blood-borne tumor
cells may not be the primary rate-limiting step in the
metastatic cascade and that matrix degradation enzymes
— MMPs and heparanase among them — not only pro-
mote cell invasion but also induce angiogenesis by mod-
ulating growth factor activity and bioavailability.

Cancer invasion and metastasis involves degradation
of ECM constituents, including collagens, laminins,
fibronectin, vitronectin, and HSPGs. The malignant
cell is able to accomplish this task through the con-
certed sequential action of enzymes such as MMPs, ser-
ine and cysteine proteases, and endoglycosidases.
Expression of heparanase correlates with the metasta-
tic potential of human tumor cells (5, 6, 12–14). More-
over, elevated levels of heparanase have been detected
in sera of animals and human cancer patients bearing
metastatic tumors and in the urine of some patients
with aggressive metastatic disease (ref. 13, and our
unpublished observations). In addition, Andela et al.
recently found that inhibition of NF-κB signaling coor-
dinately downregulates MMP-9, plasminogen activa-
tor, and heparanase and thus prevents experimental
and spontaneous metastasis (27). Conversely, coculture
with astrocytes, or treatment of metastatic brain
melanoma cells with nerve growth factor or neu-
rotrophin-3, stimulates both heparanase activity and

cell invasion, suggesting that astrocytes may signifi-
cantly contribute to melanoma brain colonization (28).

Remarkably, heparanase-inhibiting molecules, such
as nonanticoagulant species of heparin, polysulfated
polysaccharides, and other polyanionic molecules,
reduce the incidence of experimental metastases by
more than 90% (12–15, 18). Evidence for a direct role of
heparanase in tumor metastasis is seen in the conver-
sion of T-lymphoma cells from nonmetastatic to
metastatic behavior following stable transfection and
overexpression of heparanase (5). A massive liver infil-
tration of the transfected cells and accelerated mortal-
ity of the mice were observed following subcutaneous
inoculation of heparanase-overexpressing cells, com-
pared with mice inoculated with mock-transfected
lymphoma cells. Similarly, transient transfection with
a heparanase cDNA increases lung colonization of
intravenously inoculated mouse melanoma cells (5).
These effects were best demonstrated with a secreted,
membrane-bound form of heparanase (ref. 19; Gold-
shmidt, O., our unpublished results).

Angiogenesis represents a coordinated multicellular
process involving a wide variety of molecules, including
growth factors, ECM components, adhesion receptors,
and matrix-degrading enzymes. HSPGs and HSPG-
degrading enzymes have long been implicated in cell
invasion, migration, adhesion, differentiation, and pro-
liferation (2, 3, 29), all processes that are associated with
angiogenesis. Heparin and HS sequester, stabilize, and
protect FGFs and VEGFs from inactivation. Moreover,
these molecules can function as low-affinity coreceptors
that promote the formation of HS-FGF-FGFR com-
plexes, thus facilitating receptor dimerization and sig-
naling (see Iozzo and Antonio, this Perspective series,
ref. 30; and refs. 2, 3, 29, 31) (Figure 3). Both recombi-
nant and native heparanase expressed by platelets,
tumor, and inflammatory cells release an active complex
of bFGF and an HS fragment from ECM and BM (4,
31). The length of HS required for stimulation of FGF-
receptor binding and dimerization is similar to that of
HS fragments released by heparanase (17, 31).

An important early step in the angiogenic cascade is
degradation of the subendothelial capillary BM by pro-
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Figure 3
Proposed involvement of heparanase in angiogenesis.
Heparanase promotes: EC migration and degradation of
the subendothelial basal lamina (BL) and ECM; release
of active HS-bound bFGF and VEGF; and release of HS
degradation fragments that promote FGF-receptor
(FGFR) binding, dimerization, and signaling (arrows),
inducing EC migration and proliferation.



liferating ECs, a prerequisite for the formation of vas-
cular sprouts. By degrading the polysaccharide scaffold
of BM, heparanase may facilitate EC invasion and
migration toward angiogenic factors (Figure 3), much
as MMPs and other proteolytic enzymes are presumed
to do. We have demonstrated a high expression of
heparanase mRNA in proliferating human ECs. More-
over, immunohistochemical staining of human colon
and breast carcinomas revealed preferential expression
of the heparanase protein by ECs of sprouting capillar-
ies in the vicinity of the tumor, with little or no staining
of mature vessels (32). Using the mouse Matrigel plug
angiogenesis assay, we observed an increased angiogenic
response to heparanase-transfected T-lymphoma cells,
embedded in Matrigel and implanted subcutaneously;
mock-transfected control cells elicited no such response
(32). Similarly, MMP-9 is now regarded as a specific
component of the angiogenic switch, because it renders
VEGF more available to its receptors and its inhibitors
impair angiogenesis and tumor growth (33).

Heparanase in normal development 
and tissue remodeling
Most studies emphasize the involvement of heparanase
in pathophysiology. Little is known about the enzyme
contribution to normal cell and tissue function. How-
ever, we have observed that heparanase mRNA and pro-
tein are specifically expressed in the developing chick,
in cells migrating from the epiblast and forming the
hypoblast layer, as early as 6 hours after fertilization.
Later, by 72 hours, the enzyme is preferentially
expressed in cells of the developing vascular and nerv-
ous systems (19). Heparanase might prove to be essen-
tial for embryo implantation through its effects on cel-
lular invasive properties (10). The roles heparanase plays
in the adult are likely to include wound repair, tissue
regeneration, and immune surveillance. Clearly, the
development of mice with targeted disruption of the
heparanase gene is needed to elucidate its normal roles in
embryonic development and in the mature individual.

An intact BM is essential for the proper function, dif-
ferentiation, and morphology of many epithelia. Dis-
ruption or loss of BM occurs during normal develop-
ment and in the disease state. To investigate the
involvement of heparanase in tissue remodeling and
differentiation, we have generated transgenic mice that
overexpress the heparanase mRNA and protein in all
tissues. The most pronounced phenotype was noted in
the mammary gland. Mammary glands taken from
heparanase-overexpressing virgin females show preco-
cious alveolar development and maturation, with pri-
mary and secondary ducts, similar to those of a normal
pregnant mouse (25). Intact BM is inhibitory for
growth and sprouting of epithelial cells both in vivo
and in vitro. Heparanase-dependent cleavage of BM
HSPGs appears to disrupt this physical barrier and to
unmask ECM molecules and liberate HS-bound
growth and differentiation factors, such as bFGF.
Extracellular proteolysis is required for branching mor-
phogenesis (34), as revealed by the highly differentiat-
ed morphological and functional phenotype of mam-
mary glands of transgenic mice overexpressing

stromelysin-1 (34), which also show a high incidence of
premalignant or malignant phenotypes, ranging from
severe hyperplasia to adenocarcinoma (34). Our pre-
liminary results suggest that overexpression of
heparanase may be associated with similar alterations.

Inhibitory molecules and clinical considerations
Nonanticoagulant species of heparin and various sul-
fated polysaccharides — fucoidan, pentosan sulfate, car-
rageenan-λ, laminaran sulfate — that inhibit experimen-
tal metastasis also inhibit tumor cell heparanase.
Intriguingly, other polymers (e.g., chondroitin sulfate,
carrageenan-κ, hyaluronic acid) have little or no effect on
both parameters (12–15). While the mechanism under-
lying this correlation is in need of study, treatment with
low molecular weight heparin has been observed to con-
fer a lower mortality rate on cancer patients (35).

We (14) have observed that heparin species containing
more than ten sugar units and having sulfate groups at
both the N and the O positions are the most potent
both at inhibiting heparanase activity and at blocking
experimental metastasis. While O-desulfation abolished
the inhibitory effect of heparin, replacement of N-sul-
fates by N-acetyl or N-hexanoyl groups had only a small
effect on the inhibitory activity (14). Potent inhibition
of heparanase activity and tumor metastasis has also
been demonstrated with other heparin-mimicking com-
pounds and polyanionic molecules, although an effect
on selectin-mediated cell adhesion cannot be excluded
as the mechanism for these beneficial effects (35).

Parish et al. (18) have initiated a comprehensive
screening program to identify sulfated oligosaccha-
rides that can inhibit tumor metastasis and promote
tumor regression by their effects on heparanase activ-
ity and angiogenic growth factor action. Oligosac-
charide chain length and degree of sulfation emerged
as more important parameters than the sugar com-
position and type of linkage in this study. With
increasing sulfation there was a steady increase in the
ability of maltohexaose to inhibit both heparanase
activity and experimental metastasis (18). Phospho-
mannopentaose sulfate (PI-88) and maltohexaose sul-
fate were comparable to heparin in their inhibitory
activity (IC50 1–2 µg/ml). Continuous administration
of PI-88 inhibits growth, vascularity and lymph node
metastasis of mammary adenocarcinoma tumors in
rats. This compound is being evaluated in a multi-
center phase II clinical trial (12, 18).

Competitive inhibition of heparanase by PI-88 and
other sulfated oligosaccharides and modified heparin
derivatives may also be applied to suppress autoim-
mune and chronic inflammatory diseases. However,
the pleiotropic effects and interactions of such
heparin/HS mimetics with heparin-binding proteins
might elicit undesirable effects. Random, high-
throughput screening of chemical libraries, prepara-
tion of neutralizing antibodies, and rational design of
compounds that block the heparanase active site or
ligand-binding domain are among the other
approaches applied to develop effective heparanase
inhibitors. Natural endogenous heparanase inhibitors
may also be identified.
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Concluding remarks
Tumor spread involves degradation of macromolecules
in the ECM and blood vessel wall. Among these are
HSPGs, which play a key role in the self-assembly, sol-
ubility, and barrier properties of BM and ECM, as well
as in sequestration and stabilization of bioactive mol-
ecules. Expression of heparanase correlates with the
metastatic potential of tumor cells, and treatment with
heparanase inhibitors markedly reduces the incidence
of metastasis in experimental animals. bFGF and
VEGF, which bind heparin and promote angiogenesis,
are stored in the microenvironment of tumors, most
often as a complex with HS. These proteins are released
and can induce new capillary growth when HS is
degraded by heparanase. In fact, overexpression of
heparanase elicits an angiogenic response in vivo (32).
Thus, apart from its involvement in tumor spread,
heparanase may be a component of the angiogenic
switch, promoting tumor vascularization and growth.
Hence, ECM-degrading enzymes (e.g., MMPs and
heparanase) affect cell migration and spread, as well as
tumor growth at primary and secondary sites.

Given the potential tissue damage that could result
from inadvertent cleavage of HS, tight regulation and
balance are essential. Potential regulators are cytokines,
hormones, local pH, and cellular localization. Regula-
tory elements in the promoter and other regions of the
heparanase gene are being investigated, although very
little is known at the present time. An attractive regu-
latory target is the putative membrane-bound pro-
teinase that converts heparanase from a latent into an
active form. The nature of this enzyme is not known.
The significance of cell surface expression and secre-
tion of the enzyme, its activation, cellular uptake, and
the associated effects on cell migration, metastasis, and
angiogenesis are being investigated.

It appears that activated T lymphocytes use the same
enzymatic machinery as do tumor cells to traverse the
vascular endothelium, reach their target tissue, and
elicit inflammation and autoimmune disorders (16).
Whereas heparanase expression is induced upon acti-
vation of cells of the immune system, the enzyme is
constitutively expressed by acute myeloid leukemia, but
not chronic lymphocytic leukemia (our unpublished
results). Its role in platelets is unknown. Investigation
of the expression of heparanase in hematopoietic cells
may better elucidate the control of its expression and
its potential role in normal differentiation, mobiliza-
tion, and homing of bone marrow–derived cells.

Clearly, heparanase offers an attractive drug target.
The unexpected identification of a single predominant
functional heparanase suggests that if its activity can
be inhibited, there may be no other enzymes available
to compensate for its loss. On the other hand, taking
into account the normal functions of the enzyme,
heparanase-inhibiting compounds might interfere
with normal functions such as immune surveillance,
tissue repair, anticoagulant activity, and HS turnover.
Species of heparin and heparin/HS-mimicking com-
pounds that inhibit the enzyme may, for example, dis-
place HS-bound growth-promoting factors and there-
by elicit undesirable angiogenesis. These compounds

may shift the balance from free bFGF to HS-bound
bFGF and hence enhance cellular responses to bFGF
and other heparin-binding growth factors.

It is hoped that identification of the sugar residues in
HS adjacent to the heparanase cleavage site, as well as
crystallization and analysis of the three dimensional
structure of the enzyme, will lead to a rational design
of highly specific heparanase inhibitors. Several groups
are currently developing competitive heparin/HS-mim-
icking compounds, neutralizing anti-heparanase anti-
bodies, antisense oligonucleotides, and heparanase-
inhibiting small molecules. Conversely, because
heparanase itself promotes cell migration and angio-
genesis, administration and/or upregulation of the
enzyme in vivo may prove useful to accelerate wound
healing and neovascularization.

Heparanase is the first mammalian HS-degrading
enzyme that has been cloned, expressed, and charac-
terized. This work may pave the way for identifica-
tion and cloning of other mammalian glycosamino-
glycan-degrading enzymes (e.g., chondroitinase,
dermatanase, and keratanase) and thus represent a
step toward a better understanding of the function
and biological significance of these enzymes and
their polysaccharide substrates.
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