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Abstract

Heparanase, the sole mammalian endoglycosidase degrading heparan sulfate, is causally involved
in cancer metastasis, angiogenesis, inflammation and kidney dysfunction. Despite the wide
occurrence and impact of heparan sulfate proteoglycans in vascular biology, the significance of
heparanase in vessel wall disorders is underestimated. Blood vessels are highly active structures
whose morphology rapidly adapts to maintain vascular function under altered systemic and local
conditions. In some pathologies (restenosis, thrombosis, atherosclerosis) this normally beneficial
adaptation may be detrimental to overall function. Enzymatic dependent and independent effects
of heparanase on arterial structure mechanics and repair closely regulate arterial compliance and
neointimal proliferation following endovascular stenting. Additionally, heparanase promotes
thrombosis after vascular injury and contributes to a pro-coagulant state in human carotid
atherosclerosis. Importantly, heparanase is closely associated with development and progression
of atherosclerotic plaques, including stable to unstable plaque transition. Consequently,
heparanase levels are markedly increased in the plasma of patients with acute myocardial
infarction. Noteworthy, heparanase activates macrophages, resulting in marked induction of
cytokine expression associated with plaque progression towards vulnerability. Together,
heparanase emerges as a regulator of vulnerable lesion development and potential target for
therapeutic intervention in atherosclerosis and related vessel wall complications.
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1. Introduction

1.1 Heparan sulfate proteoglycans (HSPGSs)

HSPGs exert their multiple functional repertoires via several distinct mechanisms that
combine structural, biochemical and regulatory aspects. By interacting with other
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macromolecules such as laminin, fibronectin, and collagens | and 1V, HSPGs contribute to
the structural integrity, self-assembly and insolubility of the extracellular matrix (ECM) and
basement membrane, thus intimately modulating cell-ECM interactions (Bernfield et al.,
1999; Timpl and Brown, 1996; Udo Hacker, 2005). HSPGs also directly transfer
information from the extracellular space to intracellular kinases and cytoskeletal elements
and thus afffect cell signaling, adhesion and motility (Aalkjaer and Boedtkjer, 2009;
Couchman, 2010). The sulfated saccharide domains of heparan sulfate (HS) provide
numerous docking sites for a multitude of protein ligands, ensuring that a wide variety of
bioactive molecules (i.e., cytokines, chemokines, growth factors, enzymes, protease
inhibitors, ECM proteins) bind to the cell surface and ECM (Bernfield et al., 1999; Lindahl
and Li, 2009) and thereby function in the control of normal and pathological processes,
among which are morphogenesis, tissue repair, cancer metastasis, inflammation,
vascularization, atherosclerosis, thrombosis and diabetes (lozzo and Sanderson, 2011;
Lindahl and Li, 2009). Cleavage of HSPGs would ultimately release these proteins and
convert them into bioactive mediators, ensuring rapid tissue response to local or systemic
cues. This function of HS provides the cell with a rapidly accessible reservoir, precluding
the need for de novo synthesis when the requirement for a particular protein is increased
(Vlodavsky et al., 1991; Vlodavsky et al., 2011).

The biosynthesis of HS takes place in the Golgi system and has been studied in great detail.
Briefly, the polysaccharide chains are modified at various positions by sulfation,
epimerization and N-acetylation, yielding clusters of sulfated disaccharides separated by low
or non-sulfated regions (lozzo and Sanderson, 2011; Lindahl and Li, 2009). Unlike the well
resolved biosynthetic pathway, the mode of HS breakdown is less characterized. While
synthesis and modification of HS chains require the activity of an array of enzymes,
degradation of mammalian HS is primarily carried out by one enzyme, heparanase (HPSE),
which cleaves the HS side chains of HSPGs into fragments of 10-20 sugar units (VIodavsky
et al., 1999). Enzymatic activity capable of cleaving glucuronidic linkages and converting
macromolecular heparin to physiologically active fragments was first identified by Ogren
and Lindahl (Ogren and Lindahl, 1975). Subsequent studies revealed that the same enzyme
(heparanase) is critically involved in various pathologies such as cancer (Arvatz et al., 2011,
Ilan et al., 2006; Parish et al., 2001; Vlodavsky et al., 2011; Vlodavsky and Friedmann,
2001), chronic inflammation (Lerner et al., 2011; Li and Vlodavsky, 2009), thrombosis
(Baker et al., 2012; Nadir et al., 2010), atherosclerosis (Blich et al., 2012; Osterholm et al.,
2012; Planer et al., 2011) and kidney dysfunction (Gil et al., 2012; van den Hoven et al.,
2006). As a direct result of these studies heparanase was advanced from being an obscure
enzyme with a poorly understood function to a highly promising drug target, offering new
treatment strategies for various cancers and other diseases. Several up-to-date reviews nicely
summarize basic and translational aspects related to the involvement of heparanase in cancer
progression and inflammation (Hermano et al., 2012; Li and Vlodavsky, 2009; McKenzie,
2007; Vreys and David, 2007). The present review focuses on the emerging role of
heparanase in vessel wall pathologies such as atherosclerosis (Baker et al., 2010; Blich et al.,
2012; Osterholm et al., 2012; Planer et al., 2011), restenosis (Baker et al., 2009) and
thrombosis (Baker et al., 2012; Nadir et al., 2010).

1.2 Mammalian heparanase

Heparanase is an endo-p-glucuronidase that cleaves HS side chains presumably at sites of
low sulfation (Peterson and L.iu, this series; Peterson and Liu, 2012; Peterson and Liu,
2010), releasing saccharide products with appreciable size (4-7 kDa) that can still associate
with protein ligands and facilitate their biological potency. Mammalian cells express a single
dominant functional heparanase enzyme (heparanase-1) (Barash et al., 2010; llan et al.,
2006). A second heparanase (heparanase-2) has been cloned but has not been shown to have
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HS degrading activity (Levy-Adam et al., 2010; McKenzie et al., 2000). For simplification,
we refer to heparanase-1 as heparanase. The heparanase mMRNA encodes a 65 kDa pro-
enzyme that is post translationally cleaved into 8 and 50 kDa subunits that non-covalently
associate to form the active heparanase (Levy-Adam et al., 2003; McKenzie et al., 2003).
The heparanase structure delineates a TIM-barrel fold harboring the enzyme’ active site and
substrate binding domains, and a C-terminus domain that is critical for heparanase secretion
and signaling function (Fux et al., 2009b). Similar to other glycosy! hydrolases, heparanase
has a common catalytic mechanism that involves two conserved acidic residues, a putative
proton donor at Glu?2% and a nucleophile at Glu343 (Hulett et al., 2000). Cellular processing
of the secreted latent enzyme involves uptake and delivery into late endosomes and
lysosomes followed by removal of a 6 kDa linker segment brought about by cathepsin L
(Abboud-Jarrous et al., 2008; Arvatz et al., 2011).

1.3. Heparanase in cancer progression

Heparanase is up-regulated in essentially all human tumors examined (Vlodavsky et al.,
2011). A direct role of heparanase in tumor metastasis was demonstrated by the increased
lung, liver and bone colonization of cancer cells following over-expression of the
heparanase gene, and by a marked decrease in the metastatic potential of cells subjected to
heparanase gene silencing (llan et al., 2006; Vlodavsky et al., 2011). A significant role of
heparanase in tumor angiogenesis and lymphangiogenesis was demonstrated applying a
similar experimental approach (Cohen-Kaplan et al., 2008; Ilan et al., 2006). Notably,
heparanase expression levels correlate with tumor vascularity in cancer patients, further
indicating a significant role in tumor angiogenesis (\VVlodavsky et al., 2011). Cancer patients
exhibiting high levels of heparanase had a significantly shorter postoperative survival time
than patients whose tumors contained low levels of heparanase (Vlodavsky et al., 2011).
Collectively, these results indicate that heparanase is causally involved in cancer progression
and hence is a valid target for anti-cancer drug development and a promising tumor marker.
This statement was reinforced by in vivo studies indicating a marked inhibition of tumor
progression in mice treated with heparanase-inhibiting compounds (Casu et al., 2008;
Dredge et al., 2011; Ritchie et al., 2011; Shafat et al., 2011a; Zhou et al., 2011; Yang et al,
2007). Of increasing significance are observations that heparanase promotes gene expression
(i.e., VEGF, tissue factor, HGF, RANKL, TNFa) (Parish et al., this series; He et al., 2011,
Nadir et al., 2006; Sanderson et al., 2004; Yang et al., 2010; Zetser et al., 2006; Ramani et
al, 2011) and signaling pathways (i.e., phosphorylation of Akt, Src, Erk, EGF-receptor,
insulin receptor) (Fux et al., 2009b; Ilan et al., 2006; Sanderson et al., 2004; Purushothaman
et al, 2012) of which some are mediated by its C-terminus domain, devoid of heparanase
enzymatic activity (Fux et al., 2009a).

2. Heparanase in atherosclerosis, stenosis and thrombosis

2.1. Heparanase & atherosclerosis (introduction)

Atherosclerosis represents the major cause of death and disability in the adult population.
Atherosclerotic lesions are asymmetric focal thickenings of the intima, consisting of
inflammatory and immune cells, connective tissue elements, lipids, debris, and vascular
endothelial and smooth muscle cells. Proteoglycans were one of the earliest class of
molecules identified to be associated with atherosclerotic lesions and lipid deposition in the
vascular wall (Camejo et al., 1998). Proteoglycans with predominantly chondroitin or
dermatan sulfate chains can retain low density lipoprotein (LDL) and are considered
atherogenic (Wight and Merrilees, 2004). However the role of HSPGs in atherogenesis is
less clear. Proteoglycans bearing HS chains have often been considered anti-atherogenic due
to their ability to inhibit monocyte adhesion and vascular smooth muscle cell (SMC) growth.
However, studies in mice with HS deficient perlecan have indicated that HS can have pro-
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atherogenic effects in mouse models of atherosclerosis (Vikramadithyan et al., 2004),
suggesting that atherogenesis is stimulated by HS degradation. Heparin and HSPGs are
important regulators of cellular and molecular processes in atherogenesis. They mediate
lipoprotein clearance, recruitment of inflammatory cells and are essential modulators of
SMC function (Aalkjaer and Boedtkjer, 2009; Osterholm et al., 2012). In addition, HSPGs
bind lipoprotein lipase (LPL) to the endothelial cell surface where it promotes cellular
uptake of chylomicron remnants, cholesterol-rich lipoproteins, and free fatty acids (Aalkjaer
and Boedtkjer, 2009).

While the vast majority of atherosclerotic lesions remain stable, some undergo alterations
that make them vulnerable to rupture. Inflammatory process creates a thin cap of fibrous
tissue over a lipid rich and metabolically active core which is the hallmark feature of
vulnerable, high risk plaques (Fig. 1), associated with acute coronary syndrome and sudden
cardiac death. The mechanism(s) underlying the progression from asymptomatic
fibroatheromatous plaque to a lesion at high risk for rupture (“vulnerable plaque”) (VP) is
largely unclear. In the continuum of atheroma morphology, vulnerable plaques are thought
to be those with lowered collagen content, indicating that regulation of the ECM is a key
aspect to stabilizing these plaques by preventing plaque cap thinning and eventual rupture.
While the essential role of matrix metalloproteases (MMPs) in the atherosclerotic process is
well recognized, little is known about the enzymatic regulation of HSPGs during the
formation and progression of atherosclerotic plaques. Recent studies on the involvement of
heparanase in the pathogenesis of athresclerosis are presented below.

2.2. Heparanase expression in coronary artery disease

Baker et al (Baker et al., 2008) examined the enzymatic regulation of HS by heparanase
during the natural history of atherosclerotic plague development in the coronary arteries of
hyperlipidemic, diabetic swine. They reported that heparanase protein levels and activity
increased with progression of atherosclerotic lesions from minimal lesions to thin cap
fibroatheromas (TCFAS). A critical comparison is that of the intermediate and TCFA lesions
as this represents the transition from a stable to potentially unstable lesion. A greater than 3-
fold increase in heparanase between these two groups suggests that heparanase may be
involved not only in initial lesion formation but in the progression of stable lesions to
vulnerable plaques. Immunohistochemical analysis revealed a pattern of heparanase
accumulation that was similar to lipid deposition and inflammatory cell distribution
suggesting that the major source of heparanase was the inflammatory cells. Notably, lipids
have been shown to regulate heparanase expression in some cells (Chen et al., 2004) and
heparanase immunostaining in human coronary arteries is increased in arteries with
atherosclerosis versus non-diseased arteries (Baker et al., 2008; Osterholm et al., 2012) (see
2.3). In vitro studies on human macrophages demonstrated that heparanase activity can be
increased by oxidized LDL and angiotensin Il (Baker et al., 2008). Thus, oxidized lipid- or
angiotensin-induced expression of heparanase in macrophages may be a primary mechanism
increasing heparanase in these plaques.

Both collagen and elastin play an integral role in the atherosclerotic plaque development
process. Destruction of these ECM molecules is therefore key to facilitating plaque thinning
and rupture. In this context, heparanase could act as a facilitator of MMP and cathepsin-
mediated destruction of ECM molecules (Baker et al., 2008). Notably, removal of HS from
the cell surface has been shown to increase activation of MMP-2 (Munesue et al., 2007) and
MMP mediated shedding of syndecan 1 from the cell membrane (Purushothaman et al.,
2008; Purushothaman et al., 2010; Ramani et al, 2012). Heparanase and MMP-9 can also
work synergistically to enhance the differentiation of vascular smooth muscle cells
(Fitzgerald et al., 1999). More information on the cross-talk between heparanase and MMPs
is presented in 2.6.
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van den Berg et al demonstrated that the dimension and composition of the glycocalyx was
altered in high risk atherogenic regions of the mouse carotid artery (van den Berg et al.,
2009). Their results imply that loss of the glycocalyx layer, by disturbed flow and/or
hyperlipidemia, may lead to enhanced arterial accumulation of lipids. In this context,
heparanase activity, increased in arterial regions with low endothelial shear stress (ESS),
would lead to loss of HS from the glycocalyx and enhanced permeability to lipoproteins.
Thus, heparanase may have an important role in the well-known atherogenic effects of low
or disturbed flow within the artery through altering the glycocalyx (Baker et al., 2008).
Notably, loss of the glycocalyx in response to elevated levels of TNFa and the associated
up-regulation of heparanase was recently reported to enhance white cell infiltration, acute
inflammation and sepsis (Schmidt et al., 2012).

2.3. Heparanase in symptomatic carotid atherosclerosis

Osterholm et al (Osterholm et al., 2012) investigated expression of the HPSE gene and
protein in a biobank of human carotid endarterecomy samples obtained from patients
undergoing surgery for symptomatic and asymptomatic carotid disease. Briefly, microarray
analysis of RNA extracted from 127 human carotid plaques showed a 6.6-fold increase in
levels of HPSE mRNA in comparison to control tissue from non-atherosclerotic iliac
arteries. In addition, HPSE mRNA expression correlated with increased serum creatinine
levels and a reduced glomerular filtration rate (GFR), in accordance with our studies on the
causal involvement of heparanase in the development of diabetic nephropathy (Gil et al.,
2012). Blinded semiquantitative grading of 170 endarterectomy tissue core sections revealed
that HPSE staining intensity was increased in plaque tissue sections from symptomatic
patients, when compared to tissue sections from asymptomatic patients. Previously,
polymorphism within the HPSE gene has been associated with differential transcription
levels (Ostrovsky et al., 2009). Notably, equivalent association between the same gene
polymorphisms and HPSE expression was found in carotid plaque tissues (Osterholm et al.,
2012). Furthermore, positive correlations were found between HPSE and markers of
inflammation and apoptosis whereas a clear negative correlation was observed between
HPSE and SMC differentiation markers (Osterholm et al., 2012). Tissue microarray analyses
revealed a widespread immunoreactivity for HPSE, especially in areas with extensive
infiltration of inflammatory cells. The majority of CD163+ macrophages and a proportion of
CD3+ lymphocytes expressed the HPSE protein. It was also found that HPSE co-localizes to
a high degree with fibrin deposition in human carotid plaques, suggesting a connection
between HPSE and coagulation (Nadir et al., 2010) within carotid plaque tissue, regardless
of the source of HPSE. A recent report by Baker et al (Baker et al., 2012) (see 2.10)
emphasizes the role of HPSE in thrombosis after vascular injury and endovascular stenting,
and supports the notion that HPSE contributes to a pro-coagulant state in human carotid
atherosclerosis. Altogether, analysis of the expression of HPSE in human carotid
endarterectomies revealed increased expression of HPSE in human atherosclerosis
associated with inflammation, coagulation and plaque instability. Collectively, these results
indicate a role for heparanase as a regulator of the progression and development of
atherosclerotic plaques, including stable to unstable plaque transition (Fig. 1). In this
context, heparanase was associated with proatherogenic risk factors and severe plaque
remodeling. Further, co-localization of heparanase with macrophages (Blich et al., 2012;
Osterholm et al., 2012) (Fig. 2) and MMP activity (Baker et al. 2008) suggests that
heparanase may work in concert with proteases (see 2.6) to enhance TCFA formation. In a
recent study (Blich et al., 2012) combining basic research and clinical data (see 2.4) we have
demonstrated that heparanase activates macrophages, resulting in marked induction of
cytokine expression associated with plaque progression towards vulnerability (Figs. 1 &2).
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2.4. Heparanase associates with plague instability

Blich et al (Blich et al., 2012) provided evidence for the clinical significance of heparanase
in atherosclerosis. We examined by immunostaining heparanase expression in specimens of
stable (SP) and vulnerable (VP) plagues compared with control arteries. Weak staining of
heparanase was observed in the media of control and SP lesions, likely decorating SMC. In
striking contrast, intense staining of heparanase was seen in the intima of VP lesions.
Morphometric analysis revealed a significant increase in the staining percent for heparanase
in specimens of VP as compared to specimens of SP. In order to identify heparanase-
positive cells in the intima of VP, specimens were double stained for CD163, a macrophage
cell surface marker, and heparanase. Results indicated that most of the heparanase positive
cells within plaques were macrophages. We next evaluated the levels of heparanase in the
plasma of patients with acute myocardial infarction (M), stable angina and healthy subjects
by ELISA. Heparanase levels were increased nearly 9-fold in patients with acute MI, and
three fold in patients with stable angina (SA) as compared to healthy individuals (Blich et
al., 2012). Subsequently, on day 3-5 after admission with acute MI, mean heparanase levels
were reduced significantly. We compared the clinical manifestation of patients exhibiting
low vs. high levels of plasma heparanase and found that high levels of heparanase were
associated with acute MI and elevated white blood cell count (Fig. 2).

Noteworthy, presence of high levels of heparanase systemically may further damage the
vasculature. For example, accumulating evidence suggests that heparanase functions also as
a pro-coagulation mediator, enhancing expression of tissue factor and generation of factor
Xa, two critical components in blood coagulation (Baker et al., 2012; Nadir et al., 2010;
Nadir et al., 2006) thus providing another mode by which heparanase affects the vasculature
in general and plaque development and progression in particular. It is evident that activation
of the atherosclerotic plaque rather than stenosis causes ischemia and infarction. Major
advance in prevention of the disease will thus require early detection of rupture-prone,
vulnerable plaques. Our results (Blich et al., 2012) imply that heparanase levels are
associated with plaque vulnerability and progression and may thus be considered as
diagnostic marker and potentially therapeutic target in acute heart diseases.

2.5. Heparanase activates macrophages via TLR

As discussed above, extensive research has shown that inflammation plays a key role in
coronary artery disease. Activated immune cells are abundant at sites of rupture; produce
numerous inflammatory molecules and proteolytic enzymes that transform the stable plaque
into vulnerable, unstable structures (Hansson, 2005). The following experiments were
undertaken to elucidate the role and mode of heparanase action in these processes. Addition
of recombinant latent heparanase to the culture medium of J774 mouse macrophage-like
cells, resulted in marked increase in MCP-1 levels, in agreement with increased MCP-1
expression in injured neointima of transgenic mice over expressing heparanase (Baker et al.,
2012). Heparanase addition elicited even higher increase in TNFa and IL-1 levels, while
MMP-9 was elevated to a lesser degree. In order to substantiate these results, heparanase
was similarly added to primary macrophages isolated from the peritoneum of thioglycolate-
treated mice, resulting in a comparable increase in the levels of TNFa, MCP-1, MMP-9, and
IL-1 (Blich et al., 2012). Marked increase of TNFa and IL-1 was similarly obtained
following addition of heparanase to monocytes isolated from human peripheral blood,
further demonstrating the ability of heparanase to activate macrophages. An increase in
TNFa and IL-1 was also observed following the addition of mutated (glutamic acid residues
225 and 343) enzymatically inactive heparanase to J774 cells, thus strongly implying that
HS-degrading activity is not required for elevation of cytokines by heparanase. RT-PCR
analyses revealed that the observed increase in cytokine levels is due to enhanced gene
transcription (Blich et al., 2012). TNFa transcription was similarly induced by the
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heparanase C-terminus protein domain shown previously to mediate signaling properties of
heparanase (Fux et al., 2009a,b), further supporting this mode of action. These results
clearly imply that over expression or exogenous addition of heparanase activates
macrophages and stimulates the transcription of selected genes. Induction of MMP-9
expression by macrophages following heparanase over expression or exogenous addition
suggests an intimate cooperation between the two distinct enzymatic activities in cancer,
inflammation, and atherosclerosis (see 2.6.). Notably, macrophages exhibit heparanase
activity that can be detected inside and outside the cells, resulting in macrophage activation
in an autocrine manner. Macrophages can also be activated by heparanase originating from
other cell types residing in the atherosclerotic plaque. For example, treatment of human
microvascular endothelial cells with the pro-inflammatory cytokines TNFa and IL-18
resulted in a marked increase of heparanase secretion (Chen et al., 2004). This suggests co-
operation between cellular compartments of the atherosclerotic plaque, in which cytokines
(i.e., TNFa) secreted by activated macrophages stimulate the secretion of heparanase from
endothelial cells, leading to further augmentation of macrophage activation. Subsequently,
latent and active heparanase secreted by macrophages, together with enzymatic activity
responsible for proteolytic cleavage of protein constituents of the ECM (i.e., MMPs) likely
cooperate in remodeling the ECM, leading to plaque rupture.

The molecular mechanism underlying cytokine induction by heparanase is not entirely clear
but involves toll like receptors (TLRs). TLRs are a family of type | transmembrane proteins
which bind a range of bacterial products, leading to downstream signaling via NF«B which
activates the transcription of pro-inflammatory mediators (Kawai and Akira, 2010). TLR-2
and TLR-4 are expressed by macrophages and are well characterized in terms of their
contribution to atherosclerotic lesion development. Cytokine induction by heparanase
appears to involve TLR-2, TLR-4, and NFkB. The involvement of TLRs is concluded since
TNFa elevation was markedly attenuated in cells treated with MyD88 inhibitor, an adaptor
molecule critical for TLRs signaling, or anti-TLR-2 and anti-TLR-4 neutralizing antibodies
prior to heparanase addition (Blich et al., 2012) (Fig. 2). Even more striking were the results
utilizing mouse peritoneal macrophages (MPM) derived from TLR-null mice. Clearly,
induction of TNFa, MMP-9, and MCP-1 by heparanase was not seen in MPM deficient for
TLR-2 or TLR-2 and -4 (Blich et al., 2012).

A growing body of evidence suggests that TLR signaling is elicited in the absence of
infection through endogenous ligands generated at sites of tissue remodeling and
inflammation. Of note, ECM components and their degradation products generated during
tissue injury or remodeling have been found to function as TLR ligands (Brunn et al., 2005).
Examples are hyaluronic acid, decorin, and soluble biglycan recognized as ligands for
TLR-2 and TLR-4 (Schaefer and lozzo, 2012), and versican which activates tumor-
infiltrating myeloid cells through TLR-2 and its co-receptors TLR-6 and CD14. Thus,
although activation of TLRs does not require binding or cleavage of HSPG, heparanase may
activate TLRs by introducing conformational changes in cell membrane HS proteoglycans
(i.e., syndecans, glypicans) following their clustering and activation, or by HS cleavage
products (Brunn et al., 2005) in addition to its HS-independent function (Blich et al., 2012)

(Fig. 1).

Utilizing a colitis model, we have reported that recruitment and infiltration of macrophages
to the colon of transgenic mice over-expressing heparanase is substantially increased and
sustained during the chronic phase of experimental colitis compared with control mice
(Lerner et al., 2011; Goldberg et al, this series). Thus, it appears that in both the colitis and
atheroscloris models, heparanase not only functions to recruit but also activates
macrophages. Our data indicate that up-regulation of heparanase enables enhanced
activation of macrophages, reprogramming their response from resolution of inflammation
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to unresolved chronic inflammation. In addition, we found that activated macrophages are
capable of inducing heparanase expression in cells, most likely through TNFa-mediated
stimulation of the Egrl transcription factor, a powerful inducer of heparanase transcription
(Lerner et al., 2011). Moreover, due to their unique ability to secrete mature cathepsin L,
macrophages appear to be responsible for proteolytic activation of secreted latent
proheparanase. Thus, macrophages not only represent a cellular target for heparanase action
(i.e., macrophage activation), but can also upregulate heparanase, both at the transcriptional
and posttranslational levels (Lerner et al., 2011; (Lerner et al., 2011; Goldberg et al, this
series).

Taken together, our results emphasize the clinical relevance of heparanase in plaque
progression and rupture, and identify TLR family members as mediators of this function
(Blich et al., 2012) (Figs. 1 & 2). The signal transduction initiated by heparanase is
transmitted to the cell nucleus, actively inducing the transcription of pro-inflammatory genes
that further fuels the inflammatory reaction. Heparanase inhibitors (see 2.11.) are thus
expected to attenuate plaque progression.

2.6. Heparanase-protease cooperation

Cross-talk between heparanase and MMPs has been demonstrated. Enhanced expression of
heparanase stimulates sustained ERK phosphorylation that in turn drives MMP-9
expression, while heparanase gene silencing resulted in reduced MMP-9 activity
(Purushothaman et al., 2008). Moreover, not only MMP-9 but also urokinase-type
plasminogen activator (UPA) and its receptor (UPAR), molecular determinants responsible
for MMP-9 activation and plaque rupture, are up-regulated by heparanase (Purushothaman
et al., 2008). Interestingly, heparanase appears to have a duel effect in stimulating
syndecan-1 shedding; it increases expression of MMP-9 (a sheddase of syndecan-1) and it
trims the heparan sulfate chains of syndecan-1 which enhances susceptibility of the core
protein to MMP cleavage (Ramani et al, 2012; Purushothaman et al, 2008). These findings
provide evidence for cooperation between heparanase and MMPs in regulating HSPGs on
the cell surface and likely in the ECM, and are supported by our generation and
characterization of heparanase knockout mice. Despite the complete lack of heparanase gene
expression and enzymatic activity, heparanase null mice develop normally, are fertile, and
exhibit no apparent anatomical or functional abnormalities (Zcharia et al., 2009). Notably,
heparanase deficiency was accompanied by a marked elevation of MMP family members
such as MMP-2 and MMP-14, in an organ-dependent manner, suggesting that MMPs
provide tissue-specific compensation for heparanase deficiency (Zcharia et al., 2009). Co-
regulation of heparanase and MMPs was also noted by a marked decrease in MMP
(primarily MMP-2,-9 and -14) expression following over-expression of the heparanase gene
in cultured human mammary carcinoma cells (Zcharia et al., 2009). These and other results
suggest that heparanase acts as a regulator of protease expression (Arvatz et al., 2011).

2.7. Involvement of nuclear heparanase in cardiovascular complications

Patients with diabetes are predisposed to developing atherosclerosis, and, as discussed
above, inflammation is considered an important regulatory process in early development of
the atheromatous lesion. Hyperglycemia and hyperlipidemia are characteristic features
associated with diabetes. A novel regulation of endothelial heparanase by these substrates
was reported (Wang et al., 2009). Briefly, high glucose was identified as a potent stimulator
of endothelial heparanase production (via Egrl) and secretion, which helps in the transfer of
lipoprotein lipase (LPL) from the cardiomyocyte to the vascular lumen, permitting
augmented fatty acid provision to cardiomyocytes (Wang et al., 2009). Unlike high glucose,
augmented concentrations of fatty acid increased the nuclear content of heparanase (Wang et
al., 2012). Heparanase is first synthesized as a latent 65 kDa enzyme that undergoes
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secretion followed by reuptake into the cells (llan et al., 2006). After proteolytic cleavage
(primarily by cathepsin-L in lysosomes), a highly active heterodimer composed of 8 and 50
kDa polypeptides is formed. Within the acidic compartment of the lysosome, active
heparanase is stored in a stable form and can assist in the turnover of HS side chains.
Mobilization by demand can occur, where the enzyme is either secreted to degrade cell
surface HS and release HS-bound proteins, or translocated to the nucleus to affect gene
transcription (Ilan et al., 2006; Parish et al., this series). Wang et al (Wang et al., 2012)
investigated the mechanisms by which fatty acid induces nuclear translocation of
heparanase. It was found that palmitic acid (PA) triggers lysosome permeabilization, nuclear
shuttling of released heparanase by Hsp90, and induction of genes that affect glucose
metabolism and inflammation. Notably, nuclear localization of heparanase is not uncommon
and several groups have detected the enzyme in the nucleus of cancer cells that were stably
transfected with heparanase and in biopsy specimens of human tumors (Doweck et al., 2006;
Kobayashi et al., 2006). Interestingly, nuclear heparanase was associated with good
prognosis in head & neck cancer patients (Doweck et al., 2006).

The presence of HS in the nucleus has been reported in various cell types including
endothelial cells. In response to palmitic acid (PA), staining for intact nuclear HS was lost,
coinciding with appearance of cleaved HS exclusively in the nucleus, suggesting that PA-
induced nuclear entry of heparanase facilitates HS cleavage (Wang et al., 2012). HS has
been reported to be a potent repressor of gene transcription through its inhibitory effect on
HAT, the enzyme that acetylates the lysine side chain of histone, allowing access of
transcription factors to bind DNA and initiate transcription. Indeed, augmented HAT activity
and histone acetylation were observed when nuclear HS was cleaved by heparanase
(Purushothaman et al., 2011). It was also reported that nuclear heparanase is associated with
euchromatin in both resting and activated human T cells (He et al., 2011). At the chromatin
level, heparanase regulates histone H3K4 and H3K9 methylation by binding to target gene
control regions in association with the demethylase LSD1 and thereby plays a central role in
mediating the on/off transcription switch of inducible immune response genes (He et al.,
2011). Thus, heparanase belongs to an emerging class of proteins that play an important role
in regulating transcription in addition to their well-recognized extra-nuclear functions
(Parish et al., this series).

It should be noted that in addition to genes controlling glucose metabolism (i.e., glucose
oxidation - PDK2; and lactate formation - LDHA), nuclear entry of heparanase was also
associated with an increase in genes related to inflammation, such as VCAM1, SERPINE1
and VEGFA, effects that were prevented by heparanase siRNA (Wang et al., 2012). The
critical role of VCAML, plasminogen activator inhibitor type 1 (SERPINE1), and VEGFA
in the development of atherosclerosis has been reported. Altogether, it appears that fatty acid
can provoke lysosomal release of heparanase, its nuclear translocation, and activation of
genes controlling glucose metabolism and inflammation. The ensuing uncoupling between
glucose oxidation and glycolysis leads to accumulation of lactate (Wang et al., 2012). Given
that lactate and its lowering of pH has been implicated in the progression of atherosclerosis
through its promotion of lipoprotein binding to proteoglycans, angiogenesis, and plaque
rupture, and the critical role of VCAM, plasminogen activator inhibitor type 1, and VEGF in
the development of atherosclerosis, data detailing the mechanism by which fatty acids
shuttles endothelial heparanase into the nucleus may serve to reduce the increased
susceptibility of patients with diabetes to atherosclerosis (Wang et al., 2012).

2.8. Lipid metabolism and fatty streak formation

Both animal and human studies indicated that triglyceridemia is an independent risk factor
for early atherosclerosis and subjects with coronary artery diseases exhibit delayed
metabolism of triglyceride rich lipoproteins (TRPs) (Boquist et al., 1999). Part of the
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increased susceptibility to atherosclerosis of patients with type 2 diabetes mellitus and the
metabolic syndrome has been attributed to the decreased clearance of TRPs (Tabas et al.,
2007). TRPs are extremely atherogenic and there is direct evidence showing high levels of
TRPs in human atherosclerotic plaques. Appying heparanase transgenic mice (Hpa-Tg) we
have demonstrated that over-expression of heparanase is associated with delayed clearance
of TRPs and reduced uptake by the liver resulting in elevated plasma levels of these
atherogenic particles. This could, at least in part, be due to the effect of heparanase on
enhancing shedding of syndecan-1 (Yang et al, 2007; Deng et al, 2012). Indeed, in Hpa-Tg
mice the increased triglyceride (TG) levels and decreased clearance of post-prandial
lipoprotein remnants by the liver are associated with increased cross sectional area of fatty
streaks (Planer et al., 2011). Clearly, shortening of the HS chains appears to have a
significant impact on remnant clearance as there are fewer sites available for the binding of
LPL and lipoproteins resulting in less sequestration and internalization. Over-expression of
the heparanase gene indicates the importance of HSPGs for the uptake of TRPs and its
protective effect on fatty streak formation and potentially atherosclerosis initiation. From a
clinical perspective, changes in HS structure and/or expression may contribute to
atherosclerotic manifestations in patients predisposed to mild but clinically relevant
hypertriglyceridemia. Potential pharmacologic modulation of heparanase expression or
activity may thus retard the development of atheromas (Planer et al., 2011).

2.9. Heparanase alters arterial structure and repair following endovascular stenting

Enzymatic dependent and independent effects of heparanase on arterial structure and
function are likely to play a role in arterial compliance and neointimal proliferation
following endovascular stenting. Baker et al (Baker et al., 2009) examined the role of
heparanase in controlling arterial structure, mechanics, and remodeling. In vitro studies
revealed that heparanase expression in endothelial cells serves as a negative regulator of
endothelial inhibition of vascular smooth muscle cell (vSMC) proliferation. Transgenic mice
overexpressing heparanase had increased arterial thickness, cellular density, and mechanical
compliance. Aortic stiffness and ultimate strength were both decreased, accompanied by
increased incidence of spontaneous aneurysm, implying that excessive heparanase
expression can compromise the mechanical integrity of the aorta (Baker et al., 2009).
Endovascular stenting is a common clinical treatment for arteries with occlusive disease due
to atherosclerosis. While this treatment immediately increases blood flow to the ischemic
tissue, the vascular injury and indwelling stent material can lead to restenosis of the artery
through the development of neointimal hyperplasia. Endovascular stenting studies in rats
demonstrated increased heparanase expression in the neointima of obese, hyperlipidemic
rats in comparison to lean rats. The extent of heparanase expression within the neointima
strongly correlated with the neointimal thickness following injury. To test the effects of
heparanase overexpression on arterial repair, Baker et al (Baker et al., 2009) developed a
novel murine model of stent injury using small diameter self-expanding stents. Using this
model, they found that increased neointimal formation and macrophage recruitment occurs
in transgenic mice overexpressing heparanase. Consistent with these findings, the
concentration of MCP-1 was increased in the transgenic heparanase mice following acute
vascular injury (Baker et al., 2009). Taken together, Baker et al demonstrated that
heparanase is a potent regulator of vascular remodeling, both on the level of paracrine
regulation of vascular homeostasis and as an effector molecule in vascular response to injury
(Baker et al., 2009). It appears that heparanase can act through multiple mechanisms to alter
vascular remodeling and response to injury. Heparanase can serve as a control point
allowing endothelial cells to modulate between inhibition and stimulation of vascular SMC.
Further, overexpression of heparanase can alter elastin fiber integrity as well as increase
response to vascular injury through enhancing macrophage recruitment. A common unifying
feature of these processes is the involvement of HS and, thus, vulnerability to disruption by
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heparanase. Consequently, aberrant heparanase may serve as a common pathophysiological
mechanism governing vascular remodeling under different pathological disease states.

Previous studies have made use of potential heparanase inhibitors in the context of
neointimal formation. Heparin (Edelman et al., 1990) and P1-88 (Khachigian and Parish,
2004) have been used in animal models to reduce neointimal formation. Both of these
compounds inhibit heparanase activity but also have other activities including growth factor
binding and direct activity on vSMCs. Local delivery of a neutralizing antibody to
heparanase has also been used to reduce neointima formation following carotid balloon
injury, resulting in a more specific outcome (Myler et al., 2006).

2.10. Heparanase in stent thrombosis

The placement of an endovascular stent presents several major stimuli for the formation of
thrombosis including endothelial injury, arterial stretch with deep vascular injury and locally
disturbed blood flow due to the indwelling stent. Drug eluting stent technology has allowed
the delivery of therapeutic agents to inhibit the proliferation of vascular cells following stent
implantation. While these therapeutics have reduced the incidence of restentosis, it became
evident that these drugs also inhibit the normal healing of the artery leading to enhanced and
prolonged risk of thrombosis and subsequent cardiac death (Hacker et al., 2005).

HS anticoagulatory properties arise from the interaction of HS with antithrombin 111, an
inhibitor of coagulation pathway enzymes including thrombin and factor Xa. As discussed
above heparanase is increased during neointimal hyperplasia, a process that can be greatly
increased in the presence of type Il diabetes (Baker et al., 2009). Thus, heparanase
overexpression has the potential for mediating disease induced changes in the thrombotic
potential of endovascular stents. Baker et al (Baker et al., 2012) examined the role of
heparanase in controlling thrombosis following vascular injury and stent thrombosis. In the
absence of vascular injury wild type and heparanase overexpressing (Hpa-Tg) mice had
similar time to thrombosis in a laser-induced arterial thrombosis model. However, in the
presence of light or heavy vascular injury the time to thrombosis was dramatically reduced
in Hpa-Tg mice (Baker et al., 2012). An ex-vivo flow system was used to flow blood from
wild type and Hpa-Tg mice over stents and stented arterial segments. These studies revealed
markedly increased thrombosis in stents with blood isolated from Hpa-Tg mice in
comparison to blood from wild type animals (Baker et al., 2012). Stented arterial segments
were also exposed to luminal flow in an ex-vivo flow system. It was found that blood from
Hpa-Tg animals had markedly increased thrombosis when applied to stented arterial
segments from either wild type or Hpa-Tg mice (Baker et al., 2012). Thus, blood from
heparanase overexpressing mice had a near three fold increase in thrombin deposition in
stents implanted in silicone tubing. This implies that in response to the altered hemodynamic
environment provided by the stents, heparanase overexpression increases thrombus
formation.

Previous studies have demonstrated that heparanase overexpression induces increased levels
of tissue factor through a p38-dependent signaling pathway (Nadir et al., 2010; Nadir et al.,
2006). In parallel, heparanase appears to also stimulate TF pathway inhibitor (TFPI) (Nadir
et al., 2008). Additionally, exogenously applied heparanase has been shown to modify in-
vitro coagulation on endothelial cells in culture (Nadir et al., 2010). Yet, in the absence of
vascular injury there was little or no difference between the clotting times of wild type and
Hpa-Tg mice, indicating that heparanase has only a moderate effect on the
hypercoagulability of the blood (overexpression of TF with compensation by TFPI) (Baker
etal., 2012). Loss of endogenous HS increases VWF/GPIb interactions thereby facilitating
clot formation around in the flow surrounding stent struts. Thus, degradation of HS side
chains and shedding of syndecan-1 (Yang et al., 2010) due to heparanase excess may
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contribute to increased thrombosis. Clinically, as discussed above, heparanase expression is
increased in the plasma and urine of cancer patients (Shafat et al., 2007). In addition,
heparanase is increased locally and systemically in patients with chronic inflammation (Li et
al., 2008), renal disease (Shafat et al., 2012; Shafat et al., 2011b; van den Hoven et al., 2006)
and atherosclerotic lesions (Blich et al., 2012). Heparanase is also increased in the neointima
formed after stent implantation in diabetic animals and regulates the formation of neointimal
hyperplasa following vascular injury (Baker et al., 2008; Baker et al., 2009). Patients with
diabetes and end stage renal disease have increased risk of stent thrombosis (Hacker et al.,
2005), implying that heparanase is a powerful mediator of thrombosis in the context of
vascular injury and stent-induced flow disturbance. Consequently, inhibition of heparanase
in addition to traditional anticoagulatory therapy may provide a reduced risk of stent
thrombosis in patients with high levels of heparanase.

2.11. Heparanase inhibitors

Clearly, due to its critical role in many disease processes and to its perceived limited
function in normal tissues, heparanase has emerged as an important therapeutic target.
Several approaches hold potential for inhibition of heparanase including use of modified
heparins, small molecule inhibitors and function-blocking monoclonal antibodies. Modified
heparins or oligosaccharides that serve as heparin mimics have been developed and have
taken on many forms with predictably wide-ranging results (Casu et al., 2008) (Coombe and
Kett, 2012). Within this class of compounds PI-88, PG545, SST0001 and M402 are
currently in various stages of clinical trials in cancer patients. P1-88 is a
phosphosulfomannoligosaccharide having anti-heparanase and anti-angiogenic activity
presumably due to its binding to heparanase and to heparin-binding factors such as VEGF
(Cochran et al., 2003). It is reasonably well-tolerated by cancer patients and is efficacious
against some cancers, most notably hepatocellular carcinoma (Liu et al., 2009). A second
generation of anti-heparanase compounds similar to P1-88 yielded PG545, a tetrasaccharide
that has shown anti-tumor activity in murine models of breast, prostate, liver, lung, colon,
head and neck cancers and melanoma (Dredge et al., 2011). SST0001 (formerly designated
as G4000) is a modified heparin that is 100% N-acetylated and 25% glycol split (Casu et al.,
2008; Naggi et al., 2005). In pre-clinical cancer models, SST0001 has shown efficacy
against Ewing’s sarcoma, multiple myeloma and pancreatic cancer (Meirovitz et al., 2011;
Ritchie et al., 2011; Shafat et al., 2011; Yang et al., 2007). Pharmacodynamic studies in
myeloma models demonstrated that SST0001 inhibits heparanase activity in vivo, regulates
levels of growth factors (e.g., HGF, VEGF) and inhibits angiogenesis (Ritchie et al., 2011).
Another glycol-split heparin compound similar to SST0001 yet smaller in molecular mass is
M402. M402 showed efficacy in a melanoma model of experimental metastasis and in
spontaneous metastasis (Zhou et al., 2011).

3. Concluding remarks, future perspectives and take-home message

Heparanase is a multifaceted protein endowed with enzymatic and non-enzymatic functions
that appear to participate in major human pathologies. Since the cloning of the human
heparanase gene in 1999, heparanase was advanced from being an obscure enzyme with a
poorly understood function to a highly promising drug target. While most attention was
addressed to heparanase function in tumor biology, emerging evidence indicate that
heparanase is also engaged in other disease conditions often associated with degradation of
HS, release of bioactive molecules anchored within the ECM network, disregulated
signalling cascades and gene transcription, and activation of innate immune cells. Among
these diseases are chronic inflammation (i.e., inflammatory bowel disease, rheumatoid
arthritis) (Lerner et al., 2011; Li et al., 2008), autoimmunity (i.e., type 1 diabetes, psoriasis)
(Ziolkowski et al., 2012 & our unpublished results), diabetic nephropathy (Gil et al., 2012),

Matrix Biol. Author manuscript; available in PMC 2014 June 24.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Vlodavsky et al.

Page 13

bone osteolysis (Yang et al., 2010) and, as emphasized in the present review, aterosclerosis
(Baker et al., 2008; Blich et al., 2012; Osterholm et al., 2012). We have demonstrated that
heparanase induces activation of macrophages (Lerner et al., 2011; Blich et al., 2012) which
in turn may stimulate, via the effect of secreted cytokines (i.e., TNFa), transcription of the
HPSE gene and further production of the enzyme by various cell types (Fig. 1). Similarly,
the enzyme is up-regulated by glucose in endothelial, mesengial and kidney epithelial cells,
thereby generating a vicious cycle and local environment that fuels disease (i.e., cancer,
diabetic nephropathy, atherosclerosis) progression (Vlodavsky et al., 2011). Heparanase
exerts a strong angiogenic response and was also noted to accelerate the proliferation of
SMC, implying that the enzyme affects all major cellular components (i.e., endothelial cells,
vSMC, macrophages) of the atherosclerotic lesion. The results emphasize the clinical
relevance of heparanase in plaque progression and rupture, and identify TLR family
members as mediators of this function (Osterholm et al., 2012; Blich et al., 2012) (Fig. 2).
The molecular mechanism underlying heparanase mediated TLR activation and the resulting
cytokine induction in macrophages within the plaque, has not been elucidated and likely
involve heparanase-binding receptors on the cell surface. Likewise, the mode of heparanase
action in promoting restenosis, coagulation and thrombosis, all associated with arterial
plaque development and rupture, is the subject of intensive investigation. There is growing
evidence that heparanase upregulates expression of genes that participate in glucose
metabolism, immune response, inflammation, atherosclerosis, and plaque rupture,
suggesting that heparanase belongs to an emerging class of proteins that play a significant
role in regulating transcription in addition to their well-recognized extra-nuclear functions
(Parish et al., this series). Heparanase-inhibiting compounds (heparin-mimicking
compounds, sulfated oligosaccharides, neutralizing antibodies, small molecules) have been
developed, of which some (i.e., PI-88, SST0001, M402, PG545, all saccharide based
compounds) entered clinical trials in cancer patients (Sanderson and lozzo, 2012). The
clinical information gaind by these trials will certainly accelerate use of the same
compounds for the treatment of vessel wall complications.
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ECM extracellular matrix

HS heparan sulfate

HSPGs heparan sulfate proteoglycans
GAG glycosaminoglycan

HAT histone acetyltransferase
MMP matrix metalloproteinase
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VEGF vascular endothelial growth factor
SMC smooth muscle cells
TF tissue factor
TNFa tumor necrosis factor a
VP vulnerable plaque
TLR toll like receptor
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Figure 1.

Summary and proposed model for heparanase function in plaque vulnerability. A schematic
illustration of blood vessel occluded with a vulnerable plaque is shown in the upper panel. A
more detailed structure of the plaque is shown in the middle panel. A fibrous cap composed
of endothelial cells (EC), smooth muscle cells (SMC) and collagen surrounds and stabilizes
the plaque which is populated by macrophages, foam cells, monocytes, T cells and dendritic
cells. Heparanase, secreted by EC, SMC or macrophages is abundantly present in the plaque
and contributes to plaque rupture and vulnerability directly and indirectly. Heparanase
activity, together with proteolytic activity exerted by MMP9 and other proteases weaken the
fibrous cap making it more susceptible to rupture. Inactive heparanase activates
macrophages and induces the expression of MMP9 and pro-inflammatory cytokines (i.e.,
TNF-a, MCP-1, IL-1), leading to the recruitment of more immune cells and plaque
progression. Cytokine induction by heparanase involves the PI-3K and MAPK signaling
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pathways, NFkB, and TLR-2 and -4. The exact order of the complex sequence of events that
lead to TLR activation and signaling cascade is not clear but is thought to be mediated by
presently unidentified heparanase binding protein/receptor (HBP/R; lower panel).

Adopted from Hansson and Libby, Nature Immunology 6:508-519, 2006; and Microangela
(http://www5.pbrc.hawaii.edu/microangela).
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Figure 2.

A. Specimens of vulnerable plaques (\VVP) lesion were stained for CD163 (upper panel, red)
and heparanase (middle panel, green). Merge image stained for CD 163 and heparanase is
shown in the lower panel. Note that heparanase staining localizes, in part, to CD163-positive
cells (appears yellow-orange in lower panel). Original magnification: x63.

B. Elevation of heparanase levels in the plasma of atherosclerotic patients. Plasma samples
of control healthy donors (Con) and patients exhibiting stable angina (SA) or acute
myocardial infarction (AMI) were collected on admission and heparanase levels were
quantified by ELISA. Note marked increase of heparanase levels in patients exhibiting SA
and even more so in patients exhibiting AMI (p=0.0006). C. TLR-deficient macrophages.
Macrophages were harvested from control wild type mice (WT, blue bars), and mice
deficient for TLR2 (TLR27~, red bars), TLR4 (TLR4", yellow bars), or TLR2 and 4
(TLR2,47/=, green bars). Macrophages were left untreated (Con) or incubated with native
(Hepa) or mutated heparanase (DM; 5 pg/ml). Medium was collected after 20 h and TNFa
levels were quantified by ELISA.
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