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Abstract

Heparanase, the sole heparan sulfate degrading endoglycosidase, regulates multiple biological
activities that enhance tumor growth, metastasis, angiogenesis and inflammation. Heparanase
accomplishes this by degrading heparan sulfate and thereby regulating the bioavailability of
heparin-binding proteins, priming the tumor microenvironment, mediating tumor-host crosstalk
and inducing gene transcription, signaling pathways, exosome formation and autophagy that
together promote tumor cell performance and chemoresistance. In contrast, heparanase-2, a close
homolog of heparanase, lacks enzymatic activity, inhibits heparanase activity and regulates
selected genes that promote normal differentiation, ER-stress, tumor fibrosis and apoptosis,
together resulting in tumor suppression. The emerging premise is that heparanase is a master
regulator of the aggressive phenotype of cancer, while heparanase-2 functions as a tumor
suppressor.
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Heparanase-1 vs. heparanase-2

Cloning and expression of mammalian heparanase-1 (= heparanase, see Glossary) elicited a
broad interest in the enzyme and prompted extensive basic and clinical research, focusing on
the involvement of heparanase in cancer, inflammation and kidney dysfunction. Heparanase
expression is increased in multiple types of cancers, and this elevation is associated with
aggressive disease and poor prognosis. The enzyme is highly implicated in the crosstalk
between cells and their microenvironment, a consequence of cleavage of heparan sulfate
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(HS) (see Glossary) and remodeling of the extracellular matrix (ECM) underlying epithelial
and endothelial cells. Despite important and unexpected advances in basic and translational
features of the heparanase enzyme its multiple modes of action and significance in health
and disease are underemphasized. Even more so are recent developments in the biology of
heparanase-2 (Hpa2, see Glossary), a close homolog of heparanase that lacks heparanase
enzymatic activity. It appears that Hpa2 not only inhibits heparanase activity but also
regulates selected genes that affect tumor vascularity, tumor fibrosis, cell differentiation, ER-
stress and apoptosis, together resulting in tumor suppression. Several excellent reviews
present basic and translational aspects related to the involvement of heparanase in cancer
and inflammation [1-5]. In contrast, research on heparanase-2 (Hpa2) is in its infancy and
has not been reviewed. The present review addresses recent developments in the heparanase
field, highlighting the multiple pro-tumorigenic functions of heparanase, the emerging role
of Hpa2 as a tumor suppressor, and the related clinical implications.

Heparanase-1

Biochemical features

Unlike synthesis and modification of heparan sulfate (HS) chains that require the activity of
an array of enzymes, intra-chain cleavage of HS is carried out by one enzyme, heparanase (=
heparanase-1; endo-B-D-glucuronidase), an endoglycosidase that cleaves the HS side chains
of HS proteoglycans (see Glossary) into fragments of 10-20 sugar units [6]. Heparanase is
initially translated as a preproenzyme containing a signal peptide. Cleavage of the signal
sequence yields a latent 65-kDa pro-heparanase, which must undergo further processing for
activity. Proteolytic removal by cathepsin L [7] of a 6-kDa linker liberates an N-terminal 8-
kDa subunit and a C-terminal 50-kDa subunit, which remain associated as a noncovalent
heterodimer in mature active heparanase [8]. For structural information, see Box 1.

Box. 1
Heparanase crystal structure and mode of action

Heparanase is a member of the glycoside hydrolase 79 (GH79) family of carbohydrate-
processing enzymes [69, 88]. It catalyzes hydrolysis of internal glucuronic acid (GIcUA)
B1-4 N-sulfoglucosamine (GIcNS) linkages in HS, with net retention of anomeric
configuration. The GH79 family belongs to the larger GH-A clan, which is characterized
by a (B/a)8 domain containing the catalytic site [89]. The crystal structure of human
heparanase reveals how an endo-acting binding cleft is exposed by proteolytic activation
of latent pro-heparanase [69]. The cleft contains residues Gluzsz and Gluyos, which have
been identified as the catalytic nucleophile and acid-base of heparanase required for
retaining the catalytic mechanism [88]. In accordance with the negatively charged nature
of its HS substrate, the heparanase binding cleft is lined by basic side chains contributed
by Argss, Lysisg, Lysisg, LyS161, LyS231, Argz72, Argazz and Argsos [69]. The
positioning of the 8-kDa and 50-kDa-subunits indicates that the excised Sery10-Glnys7
linker of pro-heparanase lie very near or even within the active site cleft of the (B/a)8
domain [7, 69]. This positioning hinders incoming HS substrates and is consistent with a
steric-block mechanism for pro-heparanase inactivation by its own linker [7]. The crystal
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structure confirmed that sulfation is key for heparanase interaction with HS and that the
recognized cleavage site is a trisaccharide accommodated in the heparanase binding cleft
[69]. The recently resolved structure of pro-heparanase is similar to that of mature
heparanase, with the same (B/a.)8 and B-sheet domains clearly discernible. Unexpectedly,
the 6-kDa linker does not entirely block access to the catalytic residues of pro-
heparanase, but instead contributes to the formation of an exo-glycosidase-like ‘binding
pocket’ that can accommaodate smaller molecules [70]. Thus, small and likely soluble HS
substrates are possibly accessible to the active site even of the latent enzyme.

Cellular uptake, exosome formation, autophagy and chemoresistance

A number of studies have shown that secreted or exogenously added latent heparanase
rapidly interacts with HS side chains of syndecans (see Glossary), followed by
internalization and processing into a highly active enzyme [9] (Fig. 1), a process that may be
used by cancer cells to increase their own levels of heparanase. Heparanase uptake is a pre-
requisite for the delivery of latent heparanase to lysosomes and its subsequent proteolytic
processing and activation (Fig. 1). While syndecan-1 is regarded as the primary receptor for
heparanase endocytosis, low density lipoprotein receptor-related protein (LRP) and the
cation-independent mannose-6-phosphate receptor (CIMPR) have been identified as cell
surface heparanase-binding proteins [10, 11] that contribute to heparanase uptake.
Heparanase resides primarily within endocytic vesicles, assuming a polar, peri-nuclear
localization and co-localizing with lysosomal markers (Fig. 1). Residence and accumulation
of heparanase in lysosomes indicate that the enzyme may function in the normal physiology
of this organelle. In a search for such function, we identified a role of lysosomal heparanase
in augmenting autophagy [12] (Fig. 2b, c) (see Glossary), a physiological process required
to remove unfolded proteins and damaged organelles, thus maintaining cellular homeostasis
[13]. This implies that heparanase function is not limited to the extracellular milieu but can
operate inside the cell as well [14]. Thus, heparanase inhibitors (i.e., aspirin and other small
molecules) [15] should ideally be able also to penetrate cells and target heparanase within
lysosomes.

To examine the role of syndecan-1 cytoplasmic domain in heparanase processing [16], cells
were transfected with a full length mouse syndecan-1 or deletion constructs lacking the
entire cytoplasmic domain (delta) (Fig. 2a), the conserved (C1 or C2) or variable (V) regions
of syndecan. It was found that the C2 and V regions of the cytoplasmic tail of syndecan
mediate heparanase uptake (Fig. 2a). Internalization of the latent enzyme is followed by
proteolytic processing. There is no indication for direct interaction between the cytoplasmic
domain of syndecan and heparanase, nor for a role of syndecan signaling in heparanase
processing. Furthermore, syntenin, known to interact with syndecan C2 domain, and a
actinin are essential for heparanase processing [16]. Interestingly, syndecans and syntenin,
via interaction with ALIX, have been implicated in regulating the biogenesis of exosomes
[17] (see Glossary) and heparanase was found to promote the secretion of exosomes and
alter their composition and biological function [18]. Further investigation indicated that
heparanase activates the syndecan-syntenin-ALIX pathway establishing a linear axis that
regulates exosome formation [19]. Heparanase was also found to be heavily loaded into
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exosomes as cargo. Because of the known role of heparanase in promoting metastasis and
angiogenesis, delivery of the enzyme via exosomes possibly play a role in establishing
niches to which tumor cells eventually home and grow. Emerging data indicate that
ex0somes can act as barriers to anti-cancer therapy by interacting with tumor cells and
enhancing their chemoresistance [20] (see Glossary). This was shown to occur in myeloma
cells, where treatment with anti-myeloma drugs stimulated a burst of exosome secretion and
those exosomes (referred to as chemoexosomes) were loaded with heparanase (Fig. 3) [21].
Chemoexosomes were capable of docking with other myeloma cells or macrophages and
transferring heparanase to those cells (Fig. 3). This enhances the shedding of syndecan-1 by
the recipient myeloma cells and likely also augments their resistance to killing by the drugs.
Chemoexosomes stimulate macrophage migration and upregulate secretion of TNF-a. (Fig.
3), a cytokine known to support myeloma growth. Analysis of the chemoexosomes revealed
that heparanase was present on the exosome surface. Intact heparanase-containing
chemoexosomes are capable of releasing HS fragments from the extracellular matrix
indicating that once released by tumor cells these exosomes can remodel their surrounding
matrix and perhaps contribute to tumor and host cell migration (Fig. 3). Together,
heparanase helps drive exosome secretion, alters exosome composition and facilitates
production and docking of exosomes that impact both tumor and host cell behavior thereby
promoting tumor progression and chemoresistance [18] [21].

One protein with multiple functions

Even though the straightforward function of heparanase is to loosen the ECM, the role of
heparanase extends much beyond tissue invasion. For example, both enzymatically active
and inactive heparanase promotes signal transduction, including Akt, STAT, Src, Erk, HGF-,
IGF- and EGF-receptor signaling [22—24], highlighting the significance of non-enzymatic
activities of heparanase in tumor progression [25, 26]. This is best exemplified in a recent
study in which the regulatory elements of the mouse mammary tumor virus (MMTV) were
used to direct expression of heparanase and its C-domain (8c) to the mammary gland
epithelium of transgenic mice [27]. Mammary gland branching morphogenesis was
increased in MMTV-heparanase and MMTV-8c¢ mice, associating with increased Akt, Stat5
and Src phosphorylation [27]. Furthermore, the growth of tumors generated by mouse breast
cancer cells and the resulting lung metastases are enhanced in MMTV-heparanase mice, thus
supporting the notion that heparanase contributed by the tumor microenvironment (Box 2)
plays a decisive role in tumorigenesis [28]. Remarkably, MMTV-8c mice develop
spontaneous tumors in their mammary gland. Although this occurs at low rates and requires
long latency, it evidently demonstrates the pro-tumorigenic capacity of heparanase signaling
[27]. Heparanase also regulates the transcription of pro-angiogenic (i.e., VEGF-A, VEGF-C,
COX-2, MMP-9), pro-thrombotic (i.e., tissue factor), pro-inflammatory (i.e., TNFa, IL-1,
IL-6), pro-fibrotic (i.e., TGF), mitogenic (i.e., HGF), osteolyic (RANKL) and other genes
[5, 29], further expanding its functional repertoire and mode of action [22-24].
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Box. 2
Targeting the tumor microenvironment

The tumor microenvironment (TME) is the cellular and a-cellular environment in which
the tumor exists, including surrounding blood vessels, immune cells, fibroblasts, bone
marrow-derived inflammatory cells, lymphocytes, signaling molecules and the
extracellular matrix (ECM). Traditionally, the ECM network of proteins, glycoproteins
and proteoglycans was regarded as an inert scaffold providing a structural framework for
cells to form tissues and organs. Subsequently it was realized that the ECM plays an
active role in the control of cell survival, proliferation and differentiation. The tumor and
the surrounding microenvironment are closely related and interact constantly to support
the survival, growth and evolution of cancerous cells. An active interplay exists between
cells and the ECM where cells synthesize matrix components which in turn dictate and
regulate cell shape and function. Moreover, the ECM serves as a reservoir for numerous
bioactive molecules (i.e., growth factors, cytokines, chemokines, enzymes) that bind
primarily to heparan sulfate (HS) proteoglycans (HSPGs) and together orchestrate
cellular responses to both normal and pathological situations. Cleavage of HSPGs
ultimately releases these proteins and converts them into bioavailable and 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. Heparanase, secreted
by tumor cells, platelets, activated endothelial and immune cells, primes the
microenvironment by releasing HS-bound factors and extracellular signals that promote
tumor growth, angiogenesis, peripheral immune tolerance and formation of a metastatic
niche. Thus, the tumor microenvironment plays multifaceted roles during cancer
progression and can promote or inhibit tumor development, depending on local and
systemic conditions. Briefly, tumor cells can change the nature of the microenvironment,
and conversely, the microenvironment can affect how a tumor grows and spreads.
Interestingly, a strategy by which tumor cells gain drug resistance is by modifying the
tumor microenvironment. Understanding the mechanisms by which the tumor
microenvironment functions would greatly facilitate the development of therapeutic
interventions that target the tumor niche [90]

Compelling evidences tie heparanase with all steps of tumor formation including tumor
initiation, growth, metastasis, and chemoresistance [12, 30—-34]. Mechanistic studies on
heparanase action have focused primarily on its expression by tumor cells and revealed that
heparanase promotes an aggressive tumor behavior via multiple mechanisms [3, 4]. Yet,
non-tumor (host) cells including T lymphocytes, B lymphocytes, neutrophils, monocyte/
macrophages (see Glossary), endothelial cells, osteoclasts and fibroblasts can also
upregulate heparanase expression upon activation and thereby contribute not only to cancer
progression and chemoresistance [5, 12, 30-34], but also to acute and chronic inflammation
[35-37], autoimmunity [36, 38], atherosclerosis [39], tissue fibrosis [40], kidney dysfunction
[41-44], ocular surface dysfunction [45], viral infection [46], diabetes [47] and diabetic
complications [48, 49]. These functions dynamically impact multiple pathological pathways,
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but at the same time, may fulfill some normal functions associated, for example, with
vesicular traffic, exosome formation, lysosomal-based secretion, stress response, and
heparan sulfate turnover [50-52]. Noteworthy, heparanase appears to activate cells of the
innate immune system and soluble HS fragments generated by heparanase trigger the
expression and secretion of pro-inflammatory cytokines through toll-like receptors (TLR) [1,
53-55]. While heparanase up-regulation by tumor cells is well documented, the pro-
tumorigenic function of heparanase mediated by the host has not been sufficiently
emphasized. The significance of heparanase residing in the tumor microenvironment (Box 2)
has been demonstrated by showing that tumors are more aggressive when developed in
heparanase over-expressing transgenic mice (Hpa-Tg, MMTV-heparanase), while smaller
tumors develops in Hpa-KO mice [56, 57]. Also, heparanase-neutralizing antibodies
attenuate the growth of lymphoma cells that do not express heparanase, implying that
neutralization of heparanase contributed by the tumor microenvironment may be sufficient to
restrain tumor growth [28]. As a direct result of these and other 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.

Cells of the immune system

Heparanase is critically required for activation and function of macrophages, an important
constituent of the tumor microenvironment that may accelerate or suppress tumor
progression [56, 58] (Box 2). Macrophages isolated from heparanase knockout (Hpa-KO)
mice express lower levels of cytokines (i.e., TNF-a, IL1-B) and exhibit lower motility and
phagocytic capacities as compared to wild type (WT) macrophages [56]. Intriguingly,
inoculating WT monocytes together with Lewis lung carcinoma (LLC) cells into Hpa-KO
mice resulted in a nearly complete inhibition of tumor growth. In striking contrast,
inoculating LLC cells together with monocytes isolated from Hpa-KO mice did not affect
tumor growth. Mechanistically, we identified a linear cascade by which heparanase activates
Erk, p38 and JNK signaling in macrophages, leading to increased c-Fos levels and induction
of cytokine expression [56]. These results identify heparanase as a key mediator of
macrophage activation and function in tumorigenesis and cross-talk with the tumor
microenvironment, paving the way for the development of heparanase-based treatment
modalities that either stimulate or inhibit macrophage activation and function in a broad
range of human diseases, including cancer, inflammation, kidney failure, diabetes and
atherosclerosis.

Natural killer (NK) cells are highly efficient at preventing cancer metastasis but are
infrequently found in the core of primary tumors. NK cell invasion into primary tumors and
recruitment to the site of metastasis strictly depend on the presence of heparanase [59]. In
fact, mice lacking heparanase specifically in NK cells were highly tumor prone when
challenged with a carcinogen or when inoculated with metastatic melanoma, prostate
carcinoma, or mammary carcinoma cells [59]. Moreover, cytokine and immune checkpoint
blockade immunotherapy for metastases was compromised when NK cells lacked
heparanase [59]. This should be considered when systemically treating cancer patients with
heparanase inhibitors, since the potential adverse effect on NK cell infiltration might limit
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the antitumor activity of the inhibitors. These findings advocate a more selective targeting of
heparanase in tumor cells that would avoid the potentially adverse effect of reducing effector
T cell or NK cell infiltration into tumors. In line with this thought, heparanase pro-invasion
function has been exploited in humans by engineering CAR T cells overexpressing
heparanase [60]. Such T cells showed improved ECM degradation in vitro and efficient
infiltration into solid tumors in vivo, ultimately leading to improved antitumor activity [60].
Thus, under certain conditions, heparanase may exert effects that may expedite tumor cell
killing.

Clinical considerations

Numerous clinical association studies have consistently demonstrated that upregulation of
heparanase expression correlates with increased tumor size, tumor angiogenesis, enhanced
metastasis and poor prognosis [23, 61]. In contrast, knockdown of heparanase or treatments
of tumor-bearing mice with heparanase-inhibiting compounds, markedly attenuate tumor
progression [3, 5, 37, 62, 63] further underscoring the potential of anti-heparanase therapy
for multiple types of cancer. In addition, recent studies revealed that high levels of
heparanase in the tumor metastases predict poor prognosis in stage IVVc melanoma patients
[64]. This result implies that heparanase not only enhances tumor cells dissemination but
also promotes the growth and aggressiveness of the resulting metastases. Interestingly, in
breast cancer patients, heparanase expression in the metastatic lesion does not always reflect
its expression in the primary tumor. Accordingly, in some cases the primary lesion was
stained positive for heparanase while the metastasis stained negative, and vice versa
(unpublished). Thus, precision medicine approaches applying heparanase inhibitors must
examine heparanase levels in the tumor metastases. Although heparanase expression is noted
to be induced in all major types of cancer (carcinomas, sarcomas and hematological
malignancies) [37], the molecular mechanisms that regulate heparanase expression are
largely unknown. A few recent publications describe the involvement of microRNAs in
induction and repression of heparanase expression in human tumors [65, 66].

Heparanase neutralizing monoclonal antibodies block myeloma and lymphoma tumor
growth and dissemination [28]; this is attributable to a combined effect on the tumor cells
and/or cells of the tumor microenvironment [28]. In fact, substantial impact of heparanase on
tumor progression is related to its function in mediating tumor-host crosstalk, priming the
tumor microenvironment to better support tumor seeding, growth and chemoresistance.
Heparanase is upregulated in response to chemotherapy in cancer patients [33] and the
surviving cells acquire chemoresistance [34], attributed, at least in part, to autophagy [12]
(Fig. 2b, c). Consequently, heparanase inhibitors used in tandem with chemotherapeutic
drugs overcome initial chemoresistance [34], providing a strong rationale for applying anti-
heparanase therapy in combination with conventional anti-cancer drugs. Heparin-mimetics
(i.e., Muparfostat, Roneparstat, Necuparanib, PG545) that inhibit heparanase enzymatic
activity are being evaluated in clinical trials for various types of cancer and appear to be well
tolerated [67]. Heparanase neutralizing monoclonal antibodies are being examined in pre-
clinical studies [28], and heparanase-inhibiting small molecules are being developed, based
on the recently resolved crystal structure of the heparanase protein [68—70]. While clinical
trials focus on cancer patients, the same inhibitors are likely to be applied in other
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indications as well. For example, the efficacy of heparanase inhibitors has been
demonstrated in preclinical models of sepsis [71], autoimmune diabetes [72], diabetic
nephropathy [48], pancreatitis [73], viral infection [46], acute kidney injury [74] and other
kidney diseases [44].

Heparanase 2 (Hpa2)

Biochemical features

McKenzie and colleagues reported the cloning of heparanase homolog termed heparanase 2
(Hpa2) [75]. The full-length HPSEZ gene consists of 2353 bp encoding a protein of 592
amino acids; Alignment of the coding region of heparanase and Hpa2 reveals an overall
identity of 40% and sequence resemblance of 59%, including conservation of residues
critical for heparanase enzymatic activity (Gluyos and Glusss). The segment corresponding
to the linker region and cleavage sites of pro-heparanase are not conserved in Hpa2. Indeed,
Hpa2 does not undergo proteolytic processing and hence lacks intrinsic HS-degrading
activity, the hallmark of heparanase [76]. It is appealing to examine whether enzymatic
activity can be restored following excision of a putative linker segment from the Hpa2
molecule. In addition to the full length Hpa2 protein (Hpa2c), several variants have been
identified as a result of alternative splicing of the HPSEZtranscript, including Hpa2a (480
aa) and Hpa2b (534 aa) [75]. Notably, only Hpa2c is secreted, likely due to extra
glycosylation sites that are lost in the splice variants [76]. Hpa2 retains the capacity to bind
heparin/HS [76] and, importantly, exhibits even higher affinity towards heparin/HS than
heparanase, thus competing for HS binding and inhibiting heparanase enzymatic activity
(Fig. 4, key figure) [76]. Moreover, co-immunoprecipitation studies revealed physical
association between Hpa2 and heparanase proteins [76], providing additional explanation for
the inhibition of heparanase enzymatic activity by Hpa2. Notably, exogenously added Hpa2
binds to HS and clusters syndecan-1 and -4. Surprisingly, however, unlike heparanase, it
fails to get internalized but remains on the cell surface for relatively long periods of time
(Fig. 1) and does not undergo proteolytic processing [76].

Hpa2 and urofacial syndrome

While the role played by Hpa2 in healthy tissues is unknown, genetic studies revealed that
Hpa2 is critically important in urofacial syndrome (UFS) [77, 78], a rare autosomal recessive
disease with severe dysfunctional urination including urinary incontinence (leading to renal
failure) and peripheral neuropathies (i.e., facial abnormalities) [79]. The genetic basis for
this condition involves mutation of the Hpa2 gene [77, 78]. The biallelic mutations in
HPSEZ mostly result in frame-shifts that lead to an early stop codon and a truncated Hpa2
protein, resulting in a loss-of-function phenotype [77, 78]. In order to reveal the function of
Hpa2 in the urinary tract, Stuart et al [80] and Guo et al [81] independently generated a
Hpa2 mutant mouse. Interestingly, Hpa2 mutant mice display a distended bladder
(megacystis) phenotype and abnormal voiding behaviour similar to that found in UFS
patients, indicating that Hpa2 is necessary for peripheral neural control of bladder function
[80, 81]. Further analysis of the Hpa2-KO mutant mice suggests involvement of Hpa2 in
tissue remodelling and fibrosis, apparently via the TGFp pathway [80]. Notably,
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homozygous Hpa2 mutant mice exhibited a growth retardation phenotype and poor weight
gain after birth, and most mice have subsequently died [80, 81]. Given the lethal phenotype
of the mutant mice it is conceivable that Hpa2 also plays a significant role in the function of
organs other than the bladder in a manner that is yet to be defined. Unlike heparanase, Hpa2
is readily detected in normal epithelium (i.e., breast, bladder, oral cavity) and its expression
levels are markedly reduced in the adjacent tumor tissue [82]. Importantly, we have
demonstrated anti-tumoral and anti-angiogenic effects of Hpa2 [82, 83], providing a solid
rationale for the notion that Hpa2 functions as a tumor suppressor (see Glossary) (Fig. 4).

Head & neck carcinoma

In head & neck cancer patients, Hpa2 expression correlates with prolonged time to disease
recurrence and inversely correlates with tumor cell dissemination to regional lymph nodes
[76]. In an attempt to reveal molecular parameters responsible for this function, Hpa2 was
over-expressed in FaDu pharyngeal carcinoma cells. Tumor xenografts produced by cells
over expressing Hpa2 were significantly smaller than xenografts produced by control cells.
These tumors exhibited a marked decrease in lymphatic and blood vessels associated with
reduced VEGF-A and VEGF-C expression (Fig. 4) [83]. In addition, levels of collagen and
lysyl oxidase (LOX), an enzyme that is strongly implicated in collagen deposition and tissue
fibrosis, were markedly increased in xenografts produced by Hpa2 overexpressing cells [82,
83], in agreement with the notion that LOX functions as a tumor suppressor [84], apparently
via ECM cross-linking, collagen deposition and inhibition of tumor angiogenesis. Moreover,
expression of differentiation markers (i.e., cytokeratins 13, 15) was also increased [83],
implying increased cell differentiation and lower tumor grade (Fig. 4). Notably, Hpa2 over-
expression resulted in reduced expression of 1d-1 (Fig. 4), a pro-angiogenic transcription
factor [85, 86]. This result was confirmed by the ability to rescue tumor growth of Hpa2
transfected cells by over expression of 1d-1 gene construct [83].

Bladder cancer

Unlike head and neck tissues, Hpa2 is expressed in normal human bladder transitional
epithelium and its levels are decreased substantially in bladder cancer, an expression pattern
typical of a tumor suppressor. Remarkably, tumors that retain high levels of Hpa2 were
diagnosed as low grade and low stage, suggesting that Hpa2 is required to preserve cell
differentiation and halt cell migration and proliferation [82]. Notably, migration of bladder
carcinoma cells was attenuated markedly by exogenous addition of purified Hpa2, and over
expression of Hpa2 resulted in smaller tumors that were diagnosed as low grade and were
abundantly decorated with stromal cells and collagen, correlating with a marked increase in
Lox [82]. The association between Hpa2 and Lox was further confirmed clinically [82].
Importantly, endogenous heparanase enzyme activity was not altered in Hpa2 over-
expressing cells, indicating heparanase-independent function of Hpa2 in bladder [82] and
head and neck [83] tumor growth regulation. This and a pro-adhesive function even in the
presence of heparin clearly suggest that Hpa2 exerts HS-, and heparanase-independent tumor
suppressing function.
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Pancreatic carcinoma

In the normal pancreas, Hpa2 staining is detected in beta islets whereas the duct epithelium
is stained negative. Notably, Hpa2 expression is increased substantially in some pancreatic
ductal adenocarcinomas associating inversely with tumor grade. In orthotopic model of
pancreatic carcinoma, over-expression of Hpa2 resulted in tumors that were 8-folds smaller,
associating with reduced blood vessel density, elevation in tumor fibrosis and Lox
expression, and decreased levels of phospho-Met, phospho-STAT3, and phospho-Akt
(unpublished). Notably, Hpa2 tumors exhibited higher degree of cell differentiation,
indicated by elevated levels of cytokeratin 18 and E-cadherin. Further analyses revealed
increased immunostaining of molecular determinants typical of ER-stress (i.e., BiP,
phospho-PERK, CHOP, cleaved caspase-8) in Hpa2 tumors (Fig. 4). In fact, exogenous
addition of Hpa2 to Panc01 cells stimulated ER-stress, and this effect was attenuated by
antibody that blocks Hpa2 interaction with HS or by heparin, clearly implying that enhanced
ER-stress by Hpa2 is HS-dependent (unpublished) (Fig. 4). Notably, Hpa2 expression was
induced by ER-stress, thus establishing a loop that fuels itself and enhances ER-stress, likely
leading to apoptotic cell death, together suggesting that Hpa2 functions as a tumor
suppressor (Fig. 4). Induction of Hpa2 by ER-stress as well as hypoxia may explain why
Hpa2 expression is increased in pancreatic and head and neck tumors compared with normal
ductal epithelium. Mechanisms that mediate Hpa2 down-regulation as occurs in bladder
cancer are yet to be characterized.

Concluding Remarks and Future Perspectives

As investigation of heparanase advances, new roles for the enzyme in signal transduction,
gene regulation, exosome formation and function, autophagy, activation of innate immune
cells and chemo-resistance, are emerging and thus widening the impact of this enzyme.
Unraveling these and other aspects of heparanase biology is ongoing and is critical to our
understanding of its multiple functions in health and disease. Notably, the enzymatic and
non-enzymatic functions of heparanase are not tumor specific and hence cannot be ascribed
to a specific type of cancer (a table listing various malignancies affected by heparanase is
presented in ref. #37). Central to some of the downstream effects of heparanase is the
enzyme’s ability to regulate gene transcription. At the molecular level, nuclear heparanase
appears, among other effects, to regulate histone 3 lysine 4 (H3K4) methylation by
influencing the recruitment of demethylases to transcriptionally active genes [29]. Yet our
understanding of heparanase nuclear accessibility and mode of action is far from being
complete (see Outstanding Questions). An important challenge in the field rests on structure-
based rational development of clinically effective inhibitors (heparin mimics, neutralizing
antibodies, small molecules) of heparanase that will be applied to treat cancer, inflammation
and other diseases. Remarkably, heparanase inhibitors were effective even when the
xenografted tumor cells were devoid of heparanase, emphasizing the significance of
heparanase contributed by cells residing in the tumor microenvironment (Box 2). It appears
that targeting the tumor microenvironment by heparanase inhibitors enhances the antitumor
activity of approved therapies, further providing a strong rationale for applying anti-
heparanase therapy in combination with conventional anti-cancer drugs. Collectively, the
emerging premise is that heparanase expressed by tumor cells and cells of the tumor
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microenvironment is a dominant regulator of the aggressive phenotype of cancer, an
important contributor to the poor outcome of cancer patients and a prime target for therapy.

Outstanding Questions Box

. Is there a heparanase/Hpaz2 specific cell surface signaling receptor?

. How does heparanase activate macrophages and other cells of the immune
system?

. Does host heparanase play a significant role in establishing a metastatic
niche?

. What is the role of Hpa2 in normal physiology (conditional Hpa2-KO mice)?

. How does nuclear heparanase and Hpa2 affect gene transcription?

. What are the structural features of Hpa2 and its mode of action as a tumor
suppressor?

. Can heparanase inhibitors be applied for indications other than cancer such as

diabetes, diabetic nephropathy, fibrosis, autoimmunity, chronic and acute
inflammatory disorders?

Unlike heparanase, the role played by Hpa2 in normal physiology and pathological disorders
is still largely obscure. Genetic studies revealed that Hpa2 is critically important in urofacial
syndrome (UFS), a rare autosomal recessive disease with severe dysfunctional urination and
peripheral neuropathies. It appears that Hpa2 is necessary for peripheral neural control of
bladder function. Given the lethal phenotype of Hpa2 mutant mice, it is conceivable that
Hpa2 plays a significant role in the function of organs other than the bladder in a manner
that is yet to be defined (see Outstanding Questions). In some normal epithelium Hpa2 is
localized mainly to the cell nucleus but appears diffused within the cytoplasm of tumor cells
suggesting a role in maintaining traits of normal epithelium, possibly associating with the
regulation of gene transcription and cell differentiation. Hpa2 appears to attenuate tumor
growth via gene transcription, decreasing the expression of pro-angiogenic mediators and
inducing the manifestation of genes involved in tumor suppression and cell differentiation.
Yet the molecular mechanisms that underlie these properties are obscure (see Outstanding
Questions). Together, Hpa2 functions in heparanase activity- and HS- dependent and
independent manners, and regulates the expression of selected genes that affect tumor
vascularity, tumor fibrosis, cell differentiation, ER-stress and apoptosis of cancer cells,
resulting in tumor suppression. Clearly, further research is needed (i.e., generation and
characterization of conditional Hpa2 knockout and transgenic mice) in order to appreciate
the scope of Hpa2 normal functions, mode of action in UFS and related complications and
role as a tumor suppressor.

In summary, heparanase exerts strong pro-tumorigenic properties, promoting all aspects of
tumor development (tumor initiation, growth, and metastasis) and chemo-resistance. The
enzyme is expressed by tumor cells and cells of the tumor microenvironment and functions
extracellularly to remodel the ECM as well as inside the cell, augmenting autophagy.
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Heparanase promotes the secretion of exosomes and alter their composition and biological
function. Heparanase is also heavily loaded in exosomes as cargo, and delivery of the
enzyme via exosomes plays a role in chemo-resistance and the establishment of niches to
which tumor cells eventually home and grow. In striking contrast, Hpa2 suppresses tumor
growth and vascularity, maintaining cell differentiation. Thus, unlike many enzyme families
(i.e., MMPs, cathepsins), heparanase and its only close homolog Hpa2 exert opposing
biological properties.
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Autophagy

Autophagy is the natural, regulated, destructive mechanism of the cell that disassembles
unnecessary or dysfunctional components. Autophagy allows the orderly degradation and
recycling of cellular components. In macroautophagy, targeted cytoplasmic constituents are
isolated from the rest of the cell within a double-membraned vesicle known as an
autophagosome. The autophagosome eventually fuses with lysosomes and the contents are
degraded and recycled. In disease, autophagy has been seen as an adaptive response to
stress, which promotes survival, whereas in other cases it appears to promote cell death and
morbidity. In the extreme case of starvation, the breakdown of cellular components promotes
cellular survival by maintaining cellular energy levels. Autophagy is induced by starvation
and stress, including chemotherapy, thereby promoting cancer cells survival and
chemoresistance by providing their metabolic needs

Chemoresistance

Chemotherapy is a category of cancer treatment that uses one or more anti-cancer drugs
(chemotherapeutic agents) as part of a standardized chemotherapy regimen. Resistance is a
major cause of treatment failure of chemotherapeutic drugs. There are several causes of
resistance in cancer, one of which is the presence of small pumps, known as p-glycoprotein,
on the surface of cancer cells that actively move chemotherapy from inside the cell to the
outside, thereby protecting themselves from chemotherapeutics

Exosomes

Exosomes are cell-derived vesicles (30-150 nm in diameter) that are present in eukaryotic
fluids, including blood, urine, and cultured medium of cell cultures. Exosomes are released
from cells when multivesicular bodies fuse with the plasma membrane. Once released
exosomes can interact with target cells transferring molecules (proteins, mMRNA, miRNAS)
thereby impacting key processes such as coagulation, intercellular signaling, and waste
management. Tumor-derived exosomes can travel through the body and impact resident cells
at locations distal to the tumor thereby aiding in preparation of the pre-metastatic niche and
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influencing metastatic organotropism. Exosomes can be used for prognosis, for therapy, and
as biomarkers for health and disease

Glycosaminoglycan (GAG) and heparan sulfate (HS)

GAGs are polymers of disaccharide units. In heparan sulfate (HS), uronic acid (glucuronic
acid or iduronic acid) and glucosamine (N-acetyl or N-sulfamino) repeats comprise its basic
structure. These GAG chains are long, linear carbohydrate polymers that are negatively
charged under physiological conditions due to sulfate and uronic acid groups. Despite the
seemingly simple single repeating structural motif, these sugar polymers show a great deal
of structural diversity generated by complex pattern of deacetylation, sulfation, and
epimerization. Embryos that lack HS die during gastrulation. HSPGs function is not limited
to developmental processes but play key roles in numerous biological settings, including
cytoskeleton organization, cell-cell and cell-ECM interactions. HSPGs exert their multiple
functional repertoires via distinct mechanisms that combine structural, biochemical and
regulatory aspects. By interacting with other macromolecules such as laminin, fibronectin,
and collagens | and IV, HSPGs contribute to the structural integrity, self-assembly and
insolubility of the ECM and basement membranes, thus intimately modulating cell-ECM
interactions

Heparanase-1 (heparanase)

an endo-B-glucuronidase that cleaves HS side chains of HSPGs thereby releasing saccharide
products of appreciable size (7—4 kDa) that can associate with protein ligands and modulate
their biological potency. Heparanase-mediated breakdown of HS is not indiscriminate but
instead is restricted to a small subset of glucuronic acids, thus reflecting a requirement for
specific N- and O-sulfation patterns on neighboring sugars. Heparanase cleaves HS utilizing
a hydrolase mechanism as opposed to bacterial heparinase 111 (heparitinase) which cleaves
HS more extensively by a B-eliminase mechanism. The heparanase gene (HPSE) encodes a
61.2-kDa latent pro-enzyme that is post-translationally cleaved into 8-kDA and 50-kDa
subunits that non-covalently associate to form the active heparanase heterodimer. Notably,
lysosomes harbor HS degrading enzymes other than heparanase. In fact, lack of lysosomal
enzymes that degrade HS is causally associated with lysosomal storage diseases, but unlike
heparanase, these enzymes are exoglycosidases

Heparanase-2 (Hpa2)

Heparanase-2 is a protein found based on sequence similarity to heparanase. In humans it is
encoded by the HPSE2 gene mapped to chromosome 10 (unlike heparanase that was
mapped to chromosome 4). It is associated with urofacial syndrome, other neuropathies and
tumor suppression

Macrophages

Macrophages are a type of white blood cell that engulfs and digests cellular debris, foreign
substances, microbes and cancer cells in a process called phagocytosis. Macrophages are
found in essentially all tissues where they patrol for potential pathogens by amoeboid
movement. They take various forms throughout the body (e.g., histiocytes, Kupffer cells,
alveolar macrophages, microglia, and others), but all are part of the mononuclear phagocyte
system. Besides phagocytosis, they play a critical role in both innate and adaptive immunity.
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Beyond increasing inflammation and stimulating the immune system, macrophages also play
an important anti-inflammatory role and can decrease immune reactions through the release
of cytokines. Macrophages that support inflammation are referred to as M1 macrophages,
whereas those that decrease inflammation and encourage tissue repair and cancer
progression are called M2 macrophages

Proteoglycans

consist of a core protein with one or more covalently attached GAG side chain(s). The major
cell membrane HSPGs are the transmembrane syndecans and the
glycosylphosphatidylinositol (GPI)-anchored glypicans. In the ECM (particularly basement
membranes) perlecan, agrin and collagen XVI1I11 core proteins are the main HS-bearing
species

Syndecan

Syndecans are single transmembrane domain proteins that act as co-receptors, especially for
G protein-coupled receptors. These core proteins carry three to five heparan sulfate and
chondroitin sulfate chains, which allow the interaction with a large variety of ligands
including fibroblast growth factors, vascular endothelial growth factor, fibronectin and
antithrombin-1. In some cases, a ternary complex composed of a ligand (i.e., bFGF), its
high-affinity receptor and HSPG is required for most efficient signaling

Tumor suppressor

Tumor suppressor gene, or anti-oncogene, is a gene that protects a cell from one step on the
path to cancer. When this gene mutates to cause a loss or reduction in its function, the cell
can progress to cancer, usually in combination with other genetic changes. Proteins encoded
by tumor-suppressor genes have a repressive effect on the regulation of the cell cycle and/or
promote apoptosis. These genes are often down-regulated in cancer
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Trends Box

Compelling evidence tie heparanase enzymatic and non-enzymatic activities
with tumor initiation, growth, metastasis, and chemoresistance.

Studies emphasize the impact of host heparanase on tumor progression,
supporting the clinical use of anti-heparanase therapy in combination with
conventional anti-cancer drugs.

The heparanase-syndecan-syntenin axis regulates exosome formation and
hence provides a mechanism for the crosstalk between tumor cells, the host
and the tumor microenvironment.

Heparanase-inhibiting compounds are being examined in cancer patients.

Hpa2 inhibits heparanase activity and regulates the expression of selected
genes that affect tumor angiogenesis, tumor fibrosis, cell differentiation, ER-
stress and apoptosis of cancer cells, together resulting in tumor suppression.

Heparanase-1 and Hpa2 have multiple functions in health and disease in a
context dependent manner.

The crystal structure of heparanase has been solved paving the way for
rational design of heparanase inhibiting small molecules and monoclonal
antibodies.

Trends Biochem Sci. Author manuscript; available in PMC 2019 January 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Vlodavsky et al.

Page 20

Take-home message

Heparanase exerts strong pro-tumorigenic properties, promoting all aspects of
tumor development (tumor initiation, growth, and metastasis) and chemo-
resistance.

Heparanase is expressed by tumor cells and cells of the tumor microenvironment
and functions extracellularly to remodel the ECM as well as inside the cell,
augmenting autophagy.

Heparanase promotes the secretion of exosomes and alter their composition and
biological function. Heparanase is also heavily loaded in exosomes as cargo, and
delivery of the enzyme via exosomes plays a role in chemo-resistance and
establishing niches to which tumor cells eventually home and grow.

In striking contrast, Hpa2 suppresses tumor growth and vascularity, maintaining
cell differentiation. Thus, unlike many enzyme families (i.e., MMPs, cathepsins),
heparanase and its only close homolog Hpa2 exert opposing biological properties.
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Figure 1.
Schematic presentation of heparanase and Hpa2 biosynthesis and trafficking. Pre-pro-

heparanase is first targeted to the ER lumen via its own signal peptide (1). The 65 kDa pro-
heparanase is then shuttled to the Golgi apparatus, and is subsequently secreted via vesicles
that bud from the Golgi (2). Once secreted, heparanase rapidly interacts with syndecans (3),
followed by rapid endocytosis of the heparanase-syndecan complex that accumulates in late
endosomes (4). Heparanase uptake is inhibited by heparin or Hpa2, resulting in extracellular
accumulation of the latent enzyme (9). Conversion of endosomes to lysosomes results in
heparanase processing and activation (primarily by cathepsin L) (5). Typically, heparanase
appears in perinuclear lysosomes (merge: heparanase-green; lysotracker-red) (6). Lysosomal
heparanase may translocate to the nucleus, where it affect gene transcription, and/or can get
secreted via secretory lysosomes and exosomes. Similar to heparanase, Hpa2 is first targeted
to the ER lumen (1), secreted via vesicles that bud from the Golgi (2) and interacts with
syndecan on the cell surface (7). Unlike heparanase, Hpa2 is retained on the cell surface
(merge: Hpa2-green; syndecanl-red) for a relatively long period followed by a decline at
later time points (>4 hours), possibly due to proteolysis (7), or release from the cell surface
by shedding of syndecan (8). Accumulation of Hpa2 in the extracellular compartment is
enhanced by heparin or anti-Hpa2 monoclonal antibody (1c7) (10).
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Figure 2.
Heparanase uptake is mediated by syndecan and promotes autophagy. A. Heparanase uptake

is mediated by syndecan cytoplasmic tail. Heparanase was added (1ug/ml, 1h) to U87
glioma cells transfected with control empty vector (Vo; left panels), syndecan-1 (WT;
middle panels) or syndecan-1 lacking its cytoplasmic tail (Delta; right panels). Cells were
fixed with cold methanol and subjected to immunofluorescent staining applying anti-
heparanase mouse monoclonal antibody (upper panels, green). Merged images with rat anti-
syndecan staining (red) are shown in the lower panels. Note retention of heparanase at the
cell membrane, co-localizing with syndecan lacking the entire cytoplasmic tail, and
increased heparanase-positive endocytic vesicles in cells over expressing wild type (WT)
syndecan-1. B. Heparanase co-localizes with LC3-I1. Heparanase (1 pg/ml) was added
exogenously to HelL a cells stably expressing GFP-LC3 gene construct for 24h. Cells were
then deprived of amino acids in the presence of chloroquine for 3 h, fixed with methanol and
subjected to immunofluorescent staining applying anti-heparanase (middle panel, red)
antibody. Co-localization of heparanase and GFP-LC3 appears yellow (lower panel). C.
Electron microscopy. Pancreas tissues from control (WT) and transgenic mice over
expressing heparanase (Hpa-Tg) were fixed and processed for electron microscopy. Shown
are representative images at x10,000 magnification. Note a substantial increase in the
number and size of autophagosomes in heparanase-transgenic mice.
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Figure 3.
Exosomes released following chemotherapy facilitate tumor progression. Treatment of

myeloma cells with bortezomib causes a burst of exosome secretion. These exosomes
(referred to as chemoexosomes) carry an abundance of heparanase bound to the heparan
sulfate of syndecan-1 that is present on the exosome surface. Chemoexosomes can transfer
their heparanase to other tumor cells thereby enhancing their chemoresistance. Heparanase
also stimulates syndecan-1 shedding by those cells. Shed syndecan-1 facilitates tumor
metastasis and angiogenesis by enhancing both myeloma and endothelial cell migration via
activation of the VEGFR-2 receptor [87]. Chemoexosomes may also have VEGF bound on
their surface that aids in driving angiogenesis. Chemoexosomes can also dock with
macrophages, stimulating their migration and enhancing their expression of TNF-a.
Because heparanase is present on the exosome surface, it is also available to degrade
heparan sulfate within the ECM which may liberate tumor-supporting growth factors and
facilitate tumor and host cell migration.
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Hpa2 promotes tumor suppression via down regulation of 1d1, inhibition of heparanase
enzymatic activity, and stimulation of ER-stress. Down-regulation of the transcription factor
1d1 reduces vascular (VEGF-A) and lymphatic (VEGF-C) tumor angiogenesis and growth
(cyclin D2) and promotes cell differentiation (i.e., cytokeratin 13 & 15). Hpa2 also inhibits
heparanase enzymatic activity thereby attenuating cell invasion and release of HS-bound
growth and angiogenesis promoting factors. Hpa2 enhances ER-stress (BiP, pPERK,
pelF2a, CHOP, cleaved caspase 8) through interaction with HS. Moreover, Hpa2 levels are
elevated in response to hypoxia and ER-stress (i.e., thapsigargin), generating a vicious cycle

Figure 4.

that contributes to tumor suppression.
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