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Abstract

Recent years have seen a growing body of evidence that enzymatic remodeling of heparan sulfate
proteoglycans profoundly affects a variety of physiological and pathological processes, including
inflammation, neovasvularization and tumor development. Heparanase is the sole mammalian
endoglycosidase that cleaves heparan sulfate. Extensively studied in cancer progression and
aggressiveness, heparanase enzyme was recently implicated in several inflammatory disorders as
well. Although the precise mode of heparanase action in inflammatory reactionsis still not
completely understood, the fact that heparanase activity is mechanistically important both in
malignancy and in inflammation argues that this enzyme is a candidate molecule linking
inflammation and tumorigenesis in inflammation-associated cancers. The elucidation of the
specific effects of heparanase in cancer development, particularly when inflammation is a causal
factor, will accelerate the devel opment of novel therapeutic/chemopreventive interventions and
help to better define target patient populations in which heparanase-targeting therapies could be
particularly beneficial.
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Introduction

Mammalian heparanase cleaves side chains of heparan sulfate (HS) proteoglycan, composed
of repeating disaccharide units of hexuronic (either glucuronic or iduronic) acid linked to N-
acetylglucosamine, with various degrees of O- and N-sulfation, deacetylation and
epimerization. HS proteoglycans are ubiquitously found in the extracellular matrix (ECM)
and plasma membrane of cells[1-4]. HS chains play key roles in numerous biological
functions, including developmental processes, cytoskeleton organization, cell-cell and cell-
ECM interactions [3,5,6]. The mechanisms underlying biologic action of HS include

modul ation of the activity of selected ligands, especially cytokines and growth factors,
through either control of their cellular uptake, sequestration to the ECM and cell surface, or
participation in receptor-ligand complex formation [1,3,6-9]. Additionally HS interacts with
laminin, fibronectin, and collagens| and 1V, through which HS contributes to the structural
integrity of the ECM, preserves proper tissue organization and inhibits cellular invasion by
promoting cell-cell and cell-ECM interactions [10,11]. In view of this functional diversity, it
is not surprising that enzymatic degradation of HS may profoundly affect a variety of
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pathophysiological processes, including tumorigenesis, neovasvularization and
inflammation [12—-15]. While the precise mode of action of HS-degrading heparanase in
inflammation until recently remained underinvestigated, the role of the enzyme in cancer
was extensively studied. Cleavage of HS by heparanase promotes tumor progression via
disassembly of extracellular barriersfor cell invasion, release of HS-bound angiogenic and
growth factors from the ECM depots, and generation of bioactive HS fragments which
promote growth factor-receptor binding, dimerization and signaling [2,8,13,16,17].
Preferential expression of the enzyme was found in various cancer types[16], and patients
bearing tumors with high levels of heparanase had a significantly shorter postoperative
survival time as compared to patients with low heparanase levelsin their tumors [18-24].
Furthermore, causative role for the enzyme in cancer progression was confirmed by both
heparanase over-expression [25-27] and silencing/inhibition [27-31] studies. Notably, in
recent yearsit has become apparent that along with the well documented extracellular
catalytic aspects of heparanase action, heparanase protein can exert additional biological
functions, such as regulation of gene transcription [32], facilitation of cell adhesion [33,34]
and activation of severa signaling pathways, either independent [35-37] or dependent [38]
on its enzymatic activity. Additionally, the ongoing accumulation of dataimplicates
heparanase in various non-cancerous pathologies (including inflammatory disorders [39—
43], atherosclerosis [44,45], graft versus host disease [46], nephropathies [47-50], diabetes
[51]). Thisreview will primarily focus on heparanase’ srole in inflammation and neoplastic
progression, discussing the possible action of the enzyme in coupling inflammation and
tumorigenesisin the setting of inflammation-triggered cancer.

Mammalian heparanase and its regulation

Heparanase (endo-B-glucuronidase) is the only known endoglycosidase enzyme capable of
HS cleavage. It degrades HS side chains at sites of low sulfation, releasing saccharide
products with appreciable size (4—7 kDa) that can still associate with protein ligands and
facilitate their biological potency[17,52]. Its close homolog heparanase-2 (Hpa2), cloned
based on sequence homology, exhibits no HS degrading enzymatic activity [53].
Intriguingly, Hpa2 was recently implicated in control of enzymatic action of heparanase
[54]. Hpa2 protein appears to inhibit heparanase activity, most likely due to its high affinity
to HS and ability to associate physically with heparanase [54]. Additional endogenous

mol ecules controlling heparanase enzymatic activity include heparin [55] and eosinophilic
major basic protein [56], released by activated mast cells and eosinophils. Inhibition of
heparanase enzymatic activity represents only one type of regulatory mechanism. Since
uncontrolled cleavage of HS could result in significant tissue damage, heparanase is kept
tightly regulated at transcriptional and post-trandational levels as well. With afew
exceptions (placenta, activated immune cells, keratinocytes), in normal non-cancerous cells
and tissues heparanase promoter is constitutively inhibited and the gene is not transcribed,
largely due to promoter methylation [57—60] and action of wild type p53, which supresses
transcription of the heparanase gene by direct binding to its promoter [61]. Thus, epigenetic
changes and/or mutational inactivation of p53 during cancer development may provide
molecular explanation for the induction of heparanase expression observed in many human
tumors (reviewed in [16]). In addition, early growth response 1 (EGR1) transcription factor
is an important regulator of heparanase promoter activity. EGR1 was shown to control
heparanase expression acting as either an activator or repressor of heparanase transcription,
depending on the cell and tissue type [62,63], while members of SP1 and Ets transcription
factor families were associated with basal activity of heparanase promoter [64—66].
Heparanase expression is stimulated by high glucose, reactive oxygen species[44,67],
estrogens [68,69] and inflammatory cytokines [41,70-72]
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Post-tranglational processing represents an additional level of complexity in control of
heparanase action: The heparanase mRNA encodes for a 61.2 kDa latent pro-enzyme with
543 amino acids which is cleaved into 8 and 50 kDa subunits that non-covalently associate
to form an enzymatically active heterodimer [73—75]. Cellular processing of the latent 65
kDa pro-enzyme into its active 8+50 kDa heterodimer is inhibited by specific inhibitor of
cathepsin L [76]. Moreover, multiple site-directed mutagenesis and cathepsin L gene
silencing and knockout experiments strongly argue that cathepsin L is a predominant
protease responsible for post-tranglational activation of pro-heparanase [77].

Heparanase in inflammation

Heparan sulphate glycosaminoglycans and their enzymatic remodelling are involved in
shaping inflammatory responses through control of sequestration and release of cytokines/
chemokinesin extracellular space, modulation of leukocyte interactions with endothelial
cells and ECM, and initiation of innate immune responses through recognition by toll-like
receptor 4 (TLR4) [14,77-84]. Augmented expression/enzymatic activity of heparanase was
reported in numerous inflammatory conditions, often associated with degradation of HS and
remodelling of the ECM [15,39-43]. As can be expected from the diversity of HS functions
in inflammation, its degradation by heparanase appears to affect several aspects of
inflammatory reactions, such as leukocyte recruitment, extravasation and migration towards
inflammation sites; release of cytokines and chemokines anchored within the ECM or cell
surfaces, as well as activation of innate immune cells. In early studies heparanase activity
originating in immunocytes (neutrophils, activated T-lymphocytes) was found to contribute
primarily to their ability to penetrate blood vessel walls and accumulate in target organs
[55,78-82]. However immunocytes are not the sole source of the enzyme in inflammation.
Up-regulation of heparanase, locally expressed (i.e., by epithelial cells, vascular
endothelium) at the site of inflammation, was demonstrated in multiple organ systems,
including mouse models of delayed type hypersensitivity [71], vascular injury [83], chronic
colitis [41], sepsis-associated lung injury [43], aswell asin several auto-immune and auto-
inflammatory human disorders, including rheumatoid arthritis [39], atherosclerosis [44,45],
inflammatory lung disease [43], psoriasis (our unpublished results), ulcerative colitis and
Crohn’s disease [40,41]. The role of heparanase as an important mediator of inflammation in
multiple organ sitesis further supported by anti-inflammatory effects of heparanase-
inhibiting substances in mouse models of autoimmune encephalomyelitis, central nervous
system inflammation, contact dermatitis, and colitis [71,84-86]. Y et the precise role of the
enzyme in the inflammation process has proved difficult to pin down, as experimental
evidence suggest that heparanase may act aternatively either augmenting or restraining
inflammatory responses. It appears that tissue/organ specific contextual cues may dictate, at
least in part, cellular interpretation and outcome of heparanase action in inflammation. In the
following sections, the involvement of heparanase in modulation of immune responses will
be discussed through afew illustrative examples of inflammatory disorders, including
inflammatory bowel disease, inflammatory lung disease and neuroinflammation.

Ulcerative colitis and Crohn’s disease, represent two major forms of inflammatory bowel
disease (IBD) - achronic condition of the gastrointestinal tract resulting from inappropriate
response of the mucosal immune system to commensal gut florain genetically susceptible
individuals [87]. In patients with IBD, an equilibrium between the immune response to
microbial pathogens and tolerance to the normal flora becomes unbalanced, leading to the
uncontrolled uptake of proinflammatory substances (i.e., bacteria, bacterial products) from
the gut lumen and triggering immune activation, cytokine release, and further barrier
dysfunction [87,88]. Given the important role of HS in maintaining the integrity of the gut
wall [89,90], enzymatic degradation of HS is expected to significantly affect both the
permeability of the colon and immune reactions. Indeed, analysis of glycosaminoglycan
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content in normal colonic tissue and colons of IBD patients reveaed loss of HS from the
subepithelial BM and from the vascular endothelium in submucosa[89,91-93]. In
agreement, preferential expression of heparanase was reported in colonic epithelium of IBD
patients during both acute and chronic phases of the disease [40,41]. Of note, immunocytes
in the involved areas, showed little heparanase expression during al phases[40]. Similar
temporo-spatial pattern of heparanase expression was observed in experimental dextran
sodium sulfate(DSS) -induced chronic colitisin mice [41]. Although the evidence is still
incomplete, it appears that in the setting of colitis (characterized by the presence of abundant
luminal floraand activation of toll-like receptor [TLR] signaling pathways) heparanase
enzyme of epithelial origin modulates inflammatory phenotype of innate immune cells (i.e.,
macrophages), preventing inflammation resolution and switching macrophage responses to
chronic inflammation pattern [41]. In support of this notion, exacerbated chronic
inflammatory phenotype and augmented recruitment and activation of macrophages were
detected in colonic mucosa of heparanase-overexpressing transgenic (Hpa-tg) mice
following induction of DSS colitis [41]. Of note, macrophage recruitment/activation in the
presence of increased heparanase levels were a so reported in the model of neointimal
lesions following vascular injury [83] and implicated in atherosclerotic plague progression
toward vulnerability [94], further supporting the role of the enzyme in modulation of innate
immune responses. |mportantly, heparanase enzymatic activity strongly augmented
activation of macrophages /n vitroby lipopolysaccharide (LPS, a specific stimulator of
TLRA4 signaling), resulting in marked increase in production of TNFa and additional
macrophage-derived proinflammatory cytokines [41]. In fact, it was previously shown that
intact extracellular HS inhibits L PS-mediated TLR4 signaling and macrophage activation,
and that its removal relievesthisinhibition [95]. Thus, in the IBD setting, abnormal levels of
heparanase may preserve inflammatory conditions by reprogramming macrophage responses
from resolution of inflammation to unresolved chronic colitis. Activated macrophages, in
turn, stimulate further production of heparanase by the epithelial cells of the inflamed colon
viaa TNFa-dependent mechanism, and proteolytic processing of the pro-enzyme via
increased secretion of cathepsin L [41]. Thus, heparanase may participate in establishing a
so called “multiplier” effect in IBD, in which even small elevation in initiating inflammatory
stimuli givesrise to large increase in downstream cytokines.

An important addition to the emerging body of research exploring modulation of innate
immune cell responses by heparanase is arecent report by Schmidt et al., focusing on
enzymatic degradation of endothelial glycocalyx in pulmonary inflammatory disorders [43].
Glycocalyx, the thin gel-like endothelial layer that coats the luminal surface of blood
vessels, is composed of HS and other glycosaminoglycans, proteoglycans and glycoproteins
[96,97]. It serves as a barrier to circulating cells and controls availability of endothelial
surface adhesion molecules to circulating leukocytes [96,97]. In the mouse model of sepsis-
associated inflammatory lung disease, rapid induction of heparanase activity (through
TNFa-dependent mechanism) was demonstrated in pulmonary microvascular endothelial
cells [43]. Heparanase induction was also noted in biopsies of human inflammatory lung
disease [43]. Consistent with the key role of HS in glycocalyx structure [96,97] and in
control of immunocyte adhesion to endothelium [86], heparanase appears to contribute to
acute inflammatory lung injury through degradation and loss of pulmonary endothelial
glycocalyx, resulting in increased availability of endothelial surface adhesion molecules and
fostering neutrophil recruitment to the endothelial surface [43]. Moreover, sepsis associated
loss of pulmonary glycocalyx and endothelial hyperpermeability were attenuated in
heparanase-null mice and in mice treated with enzymatic inhibitors of heparanase activity
[43].

Perhaps paradoxically, constitutive overexpression of heparanase (i.e., in Hpa-tg mice) was
shown to attenuate intraluminal crawling of neutrophils toward an extravascular chemokine
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source, reportedly due to reduction of endothelia surface HS chain length and altered ability
of truncated HS to serve as aligand for chemokines[98]. In addition, recent reports
exploring acute inflammatory phenotypes of Hpa-tg mice in the models of inflammatory
hyperalgesia[99] and neuroinflammation [42] demonstrated that neutrophil recruitment and
activation were attenuated in the presence of constitutively increased levels of heparanasein
Hpa-tg mice. It remains to be seen whether seemingly opposing effects of heparanase on
acute inflammatory responses in different organ/tissue settings are a consequence of tissue-
specific patterns reported for its enzymatic substrate, HS [100-102], or rather reflect
different roles of the enzyme through distinctive phases of inflammatory cascade.
Additionally, given anti-inflammatory effects of heparin [103], increased levels of highly
sulfated, “heparin-like” HS fragments which are constantly present in Hpa-tg mice [104]
may offer an alternative explanation for the observed effects of continuous heparanase
overexpression on inflammatory hyperalgesia and neuroinflammation [42,99].

Heparanase in malignancy

Therole of the enzyme in malignant tumor development and progression is, in contrast,
better understood. For amost 3 decades heparanase enzymatic activity has been associated
with the metastatic potential of tumor-derived cells [105,106]. More recently, demonstration
of enhanced tumor growth [25-27,107,108] and increased metastatic ability [27,109] of
myeloma, colon, breast, and prostate carcinoma cells following over-expression of the
heparanase gene provided direct evidence for a causal role of heparanase in tumor
progression. This notion was further supported by inhibition of the tumorigenic and
metastatic abilities of cancer cells following heparanase gene silencing [27-29,31,110]. In
addition, multiple lines of evidence mechanistically implicated heparanase in endothelial
sprouting and establishment of a vascular network that accel erates primary tumor growth
and provides a gateway for invading metastatic cells[13,111,112]. During tumor
progression heparanase enzymatic action not only contributes to the breakdown of
extracellular barriers for cell invasion, but also regulates the bioavailability and activity of
growth factors. Various HS-binding growth factors (i.e., bFGF, VEGF, HGF), are
sequestered by HS in the ECM protected from proteolytic degradation, and readily available
to activate cells after being released by heparanase [1,6,9,111]. Heparanase enzymatic
activity also generates HS fragments which potentiate growth factor - receptor binding,
dimerization and signaling, and there is evidence that the fragments of HS generated by
heparanase are more biologically active than the native HS chain from which they are
derived [8,13].

In addition to the well-documented role of heparanase in creating a supportive
microenvironment for tumor progression by enzymatic remodeling of HS
glycosaminoglycan chains, some of the pro-cancerous effects of heparanase were recently
attributed to its ability to enhance shedding of proteoglycan syndecan-1 from the tumor cell
surface [113], promote cell adhesion and induce signal transduction, including activation of
protein kinase B/Akt [35], Src [36], EGF [37] and HGF [114] and insulin receptor [38]
signaling pathways. Preferential over-expression of the enzyme in human carcinomas of
various origins, as well as association of augmented levels of heparanase with reduced
patients' survival post operation, and increased metastasis and higher microvessel density,
further highlight the role of heparanase in sustaining the pathology of malignant tumors
[12,16].
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Heparanase as a candidate linking molecule between inflammation and

cancer

Substantial evidence supports an association between inflammation and cancer [115,116].
Inflammatory conditions are present in the microenvironment of most tumors [117] and
have been shown to contribute to cancer progression, among other mechanisms, through
mobilization of tumor-supporting immunocyte populations (e.g., tumor associated
macrophages, neutrophils) which supply bioactive molecules that foster survival,
angiogenesis, invasion and metastasis [121-123]. Moreover, in several anatomic sites
chronic inflammation is crucially implicated in tumor initiation, producing a mutagenic
environment through release of reactive oxygen/nitrogen species from infiltrating immune
cells (largely macrophages), generating cytokines, chemokines, growth factors, and anti-
apoptotic proteins and activating tumor stimulating signaling pathways (e.g., NF-kB,
STATS3) [115-118]. A key role of inflammation in tumor initiation is best exemplified by
progression of Barrett’s oesophagus to adenocarcinoma[119]; chronic gastritisto intestinal-
type gastric carcinoma, hepatitis to hepatocellular carcinoma [120]; pancreatitis to pancreas
adenocarcinoma[121] and inflammatory bowel diseasesto colorectal cancer [122].

Involvement of heparanase is well documented in the pathogenesis of above-mentioned
tumor types, including Barrett’ s oesophageal adenocarcinoma[123], gastric carcinoma
[124], hepatocellular carcinoma[31,125,126], pancreatic carcinoma [21,127], colorectal
cancer [23,24]. Strikingly, induction of heparanase was reported in essentially all
inflammatory conditions implicated in initiation of these cancer types, namely in Barrett's
oesophagus [123,124], hepatitis C infection [125], chronic pancreatitis [21], Crohn disease
and ulcerative colitis[40,41]. Induction ofheparanase in cancer-triggering inflammatory
disorders prior to the appearance of malignancy, taken together with the role that the enzyme
playsin tumor progression in tissues in which cancer-related inflammation typically occurs
(i.e., gastrointestinal tract, pancreas, liver [21,23,24,31,123-127]), suggests that

inflammiati on-stimul ated heparanase expression may be mechanistically involved in
coupling inflammation and cancer (Fig. 1). In fact, such arole for heparanase was recently
demonstrated in a mouse model of at least one type of inflammation induced cancer (i.e.,
colitis-associated colon carcinoma). It appears that by sustaining continuous activation of
macrophages that supply cancer-promoting cytokines (i.e., TNFa, IL-1, IL-6) heparanase
(supplied by inflamed colonic epithelium) creates a tumorigenic microenvironment
characterized by enhanced NF-kB and STAT3 signaling, augmented levels of
cyclooxygenase 2 and increased vascularization [41]. Moreover, our ongoing experiments
utilizing a mouse model of heparanase-overexpressing pancreatic carcinoma suggest that
heparanase action in polarizing macrophages toward pro-tumorigenic phenotype is not
limited solely to the phase of tumor initiation. The datais still fragmentary, but it appears
that once the tumor isinitiated and progresses toward malignancy, the enzyme may
contribute to the switch of tumor-associated macrophages (TAMS) to a“trophic” phenotype
[118], responsible for pro-tumorigenic action of TAMs at the later stages of tumor
development.

Conclusions and future prospects

Although the mechanisms of heparanase dependent polarization of innate immune cells
toward a pro-inflammatory and/or pro-tumorigenic phenotype [41,43,83,94] are till obscure
and just beginning to be elucidated, the emerging complexity of heparanase-driven
responses in inflammatory and neoplastic disorders (Fig. 1) provides numerous avenues for
therapeutic exploration. Therapeutic benefits are expected to be gained by strategies
preventing enzymatic degradation of HS in ECM, inhibiting heparanase activated signaling
pathways or reversing heparanase effects on immunocytes. During the last decade several
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inhibitory compounds are being developed and pre-clinically tested (Table 1), including
small molecule inhibitors and polyanionic molecules such as laminaran sulfate, suramin,
phosphomannopentaose sulfate (PI-88) synthetic fully sulfated HS mimetic PG545 and
modified species of heparin [128-136]. Recently, anovel heparanase inhibitor SST0001
[134,137] (chemically modified non-anticoagulant heparin), has entered clinical testing in
phase | trial for multiple myeloma. In depth recognition of the multilevel “fine tune” control
that heparanase provides to heterotypic interactions among epithelial, endothelial, and
immune cellsin both inflammation and malignancy merits further systematic analysis and
continuous searching for the effective heparanase- inhibiting compounds, toward future
translation to the clinical setting.
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Figure 1. Heparanase may provide an important connection between inflammation and
malignant development

a. Macrophages infiltrating pre-neoplastic/neoplastic lesions induce heparanase expression
in transformed cells (possibly via TNFa and/or ROS -dependent mechanisms [41,43,138]).
b. In turn, heparanase degrades HS at the macrophage cell surface, relieving inhibitory
action of intact HS on TLR signaling and generating HS degradation fragments which
potentiate TLR activation [95,139], thus switching macrophage responses to the chronic
inflammation pattern (c). d. As aresult, macrophages continue to supply bioactive
molecules that foster survival, angiogenesis, invasion and metastasis. e. Through
degradation of HSin ECM heparanase facilitates breakdown of extracellular barriers for cell
invasion and releases HS-bound growth factors (i.e., bFGF, VEGF, HGF) [9,16,17,111]. f.
In addition, non--catalytic aspects of heparanase action may contribute to tumor progression
through modulation of cell adhesion [33,34] and induction of signal transduction [35-37].
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Heparanase inhibitorsin pre-clinical/clinical testing.
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prostate, liver, lung, colon, head and neck
cancer.

Inhibitor Experimental system Effect Refer ences’comments
Laminarin sulfate Murine melanoma, mammary carcinoma. Inhibition of [123]
experimental metastasis
invivo.
Suramin Murine melanoma. Inhibition of cell [133]
invasion through
reconstituted basement
membrane /n vitro.
Phosphomanno pentaose Post-operative hepatocellular carcinoma. Preliminary efficacy in [134]
sulfate (PI-88) phase Il trial. Currently in phase 11 trial for
post-operative hepatocel lular
carcinoma
PG545 Murine melanoma, carcinoma of breast, Inhibition of tumor [130]

growth, angiogenesis
and metastasis /n1 vivo.

Phase | study in patients with
advanced solid tumors has been
terminated in 2012 due to
unexpected injection site reactions.

SST0001 (ak.a. G4000) Myeloma, Ewing’s sarcoma, pancrestic Inhibition of cell [30,127,129,132]
carcinoma xenografts in immunodeficient invasion /n vitroand Entered phase| tria for multiple
mice. tumor xenograft growth myeloma.

invivo.

M402 Murine melanoma, mammary carcinoma. Inhibition of [131]
experimental/ Phase I/11 tria for metastatic
spontaneous metastasis pancreatic cancer (in combination

and prolonged survival.

with gemcitabine).
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