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Abstract: Beyond anticoagulation, the therapeutic potential of heparin derivatives and heparan
sulfate (HS) mimetics (functionally defined HS mimetics) in oncology is related to their ability to
bind and modulate the function of a vast array of HS-binding proteins with pivotal roles in cancer
growth and progression. The definition of structural/functional determinants and the introduction
of chemical modifications enabled heparin derivatives to be identified with greatly reduced or
absent anticoagulant activity, but conserved/enhanced anticancer activity. These studies paved
the way for the disclosure of structural requirements for the inhibitory effects of HS mimetics on
heparanase, selectins, and growth factor receptor signaling, as well as for the limitation of side
effects. Actually, HS mimetics affect the tumor biological behavior via a multi-target mechanism of
action based on their effects on tumor cells and various components of the tumor microenvironment.
Emerging evidence indicates that immunomodulation can participate in the antitumor activity of
these agents. Significant ability to enhance the antitumor effects of combination treatments with
standard therapies was shown in several tumor models. While the first HS mimetics are undergoing
early clinical evaluation, an improved understanding of the molecular contexts favoring the antitumor
action in certain malignancies or subgroups is needed to fully exploit their potential.

Keywords: heparin; heparan sulfate proteoglycan; heparan sulfate mimetics; non-anticoagulant
heparin derivatives; heparanase; cancer therapy

1. Introduction

1.1. Heparan Sulfate and Heparin in Physiology and Pharmacology

Heparan sulfate (HS) and heparin are members of a class of glycosaminoglycans (GAGs)
characterized by closely related linear polyanionic polysaccharidic structures, but distinct functions in
both physiology and disease [1–7]. They are synthesized as long polysaccharidic chains covalently bound
to a serine residue that is part of a GAG attachment sequence in a protein core, forming glycoconjugates
known as HS proteoglycans (HSPGs). HS, synthesized by most cells in the body, is a ubiquitous component
of cell surface- and extracellular matrix (ECM)-associated HSPGs. By interacting with a plethora of proteins
through the HS chains, HSPGs are able to heavily affect multiple biological processes with essential roles
in development and homeostasis, as well as in many pathological conditions, including inflammation,
neoplastic transformation, and cancer progression [7–14].

In contrast to HS, heparin is exclusively produced by mast cells, where it is stored in intracellular
granules specifically linked to the proteoglycan serglycin, which controls the activities of many
proteases [15–17]. Stimulated mast cells eject their granules in a process termed degranulation,
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leading to the extracellular release of heparin, an effect that was proposed to act as a homeostatic
“braking” mechanism limiting the extent of inflammation. Nonetheless, the specific role of heparin in
normal homeostasis is yet to be fully elucidated.

HS and heparin display some structural differences between saccharide sequences, as well as
sulfation degree and pattern, related to differences between the biosynthetic pathways in mast cells
and other cell types. In fact, although the biosynthesis of heparin/HS is a non-template-driven process,
it involves at least 22 enzymes and is finely regulated to produce cell- and tissue-specific forms of
GAGs [1,2,5–7,18,19]. Of note, the sulfatase enzymes, Sulf-1 and Sulf-2, acting extracellularly after
transport of HS to the cell surface, trim some of the 6-O-sulfates from HS, whereas they do not
modify heparin which it is not a cell-surface GAG [20]. Thus, whereas heparin consists of around
80% of the trisulfated disaccharide containing sulfated iduronic acid (IdoA) and sulfated glucosamine
(GlcN), i.e., [(-4) L-IdoA2-O-sulfate α(1-4) D-GlcN-sulfate,6-O-sulfate α (1-)], the majority of the HS
chains are composed of disaccharide repeats containing D-glucuronic acid (GlcA) and D-N-acetyl
glucosamine (GlcNAc), i.e., [(-4) D-GlcA α (1-4) D-GlcNAc α (1-)], with a lower sulfation degree.
Overall, HS structural heterogeneity is greater than that observed in heparin (Figure 1). Although both
heparin and HS chain are polydispersed with a broad molecular weight distribution, HS chains are
generally longer than those of heparin (~30 kDa vs. ~15 kDa) [4,5,7].
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Figure 1. Schematic representation of the major repeating disaccharide (2-O-sulfated-L-iduroninyl-
1α-4-O-N sulfated D-glucosamine 1α, also 6-O-sulfated) in heparin (a) and (4-O-D-glucuronyl-1β-4-O-N
acetyl D-glucosamine 1α) in heparan sulfate (b).

The pharmaceutical formulation of heparin, produced by partial fractionation of natural GAGs
derived primarily from porcine intestines or bovine lungs, is used as an anticoagulant for the prevention
and treatment of venous thrombosis [7,21]. Experimentally, heparin is widely used as a proxy for HS to
dissect the molecular and functional aspects of the HS–protein interactome [22]. Indeed, a large
number of proteins, including growth factors, cytokines and chemokines, enzymes and enzyme
inhibitors, ECM proteins, and membrane receptors, bind both heparin and HS. Although traditionally
classified as heparin-binding proteins, under normal physiological conditions, these proteins actually
interact with HS chains of membrane-associated or ECM proteoglycans. Hence, they should be
more appropriately termed HS-binding proteins (HSBPs) [23]. The interactions between proteins and
HS/heparin are usually dominated by charge–charge interactions between the anionic carboxylate
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and/or sulfate group of the polysaccharide and basic amino acids of the proteins [22,24], although other
interactions also contribute. The frequency, location, and structure of basic amino acids (ariginine, lysine,
and histidine) in HSBPs are, consequently, important determinants of their binding properties [25,26].
However, the interaction between HS/heparin and their binding proteins may also be influenced
by post-translational modifications, GAG heterogeneity, cationic association, hydrogen bonding,
and van der Waals contacts [24,27]. Several studies contributed to highlighting the complexity of
HS/heparin–protein interactions. Ori et al. [28] compiled a list of 435 nonredundant human HSBPs in the
HS/heparin interactome, which include members of important protein families, such as growth factors,
cytokines, and morphogens. Rudd et al. [22] demonstrated, using a bioinformatics survey of 437 HSBPs,
that there are no extensive, conserved HS/heparin-binding sequences; rather, there are a number of
shorter, more widely spaced sequences that may work in unison to form HS/heparin-binding sites
on the protein surface. These also involve non-polar aminoacids and others. The study supports the
relevance of the three-dimensional arrangement of these conserved motifs on the protein surface rather
than the primary sequence per se.

Heparin, as a highly sulfated form of HS, can outcompete HS for binding to protein ligands.
Actually, the ability of heparin and derivatives to affect the physiological function of HS underpins their
multiple therapeutic applications. Indeed, heparin and related drugs, by virtue of their pleiotropic
effects, are being exploited for clinical uses beyond anticoagulation and antithrombotic activities,
and are being developed for a wide range of disorders, including cancer [7,12,29–31].

1.2. Pleiotropic Effects of Heparin and Heparan Sulfate Mimetics in Cancer Therapy

The well-established use of unfractioned heparin and low-molecular-weight heparins (LMWHs)
in clinical practice, for the prophylaxis of venous thromboembolism in cancer patients suggested their
potential anticancer, antiangiogenic, and antimetastatic activity [32–38]. In fact, a few retrospective
analyses of clinical studies, as well as prospective trials, support a beneficial effect of heparins on
cancer patient survival [32–35,38]. Since hypercoagulability, hemodynamic changes, and endothelial
dysfunction, the so-called “Virchow’s triad”, are common cancer features, it is difficult to discriminate
and evaluate the contribution of the anticoagulant activity from other biological activities of heparins
to patients’ survival [36,39]. Ongoing clinical trials, specifically designed to test the effect of LMWHs in
the prevention of metastasis in adjuvant or preoperative settings, are expected to provide informative
insights [37].

Anticoagulant activity and side effects (e.g., bleeding and heparin-induced thrombocytemia) limit
long-term treatment with heparins in anticancer therapy. Nonetheless, the identification of a low
abundance, high-affinity, pentasaccharide within the heparin chain, crucial for antithrombin (AT)
binding and activation, opened new therapeutic perspectives [40,41]. These studies, and the clear
preclinical evidence of antitumor activity displayed by heparin and several derivatives in cancer
models independent of the anticoagulant and antithrombotic properties, prompted investigation of the
complex structure–activity relationship of heparin to disclose structural determinants of anticoagulant,
antiflammatory, and antitumor/antimetastatic effects [42–46]. An intensive synthetic effort led to the
production of heparin/HS derivatives characterized by the ability to mimic heparin non-anticoagulant
activities. Evidence for a role of HSPGs in essentially all aspects of tumor biology prompted the
development of this class of compounds as anticancer therapeutics.

The beneficial antitumor effects of heparin and HS mimetics are presumed mainly to be related to
their direct and/or indirect interference on heparanase activity, adhesion molecules, the tissue factor
pathway, and signaling triggered by chemokines/cytokines, growth factors, tissue-degrading enzymes,
or endosulfatases. Given the increasingly recognized clinical significance of heparanase, the HS-specific
endo-β-D-glucuronidase implicated in multiple aspects of tumor growth and progression [47–52],
extensive efforts were made to identify agents targeting the HS-degrading activity of this enzyme [53–57].
Accumulating evidence indicates, however, that heparin derivatives and HS mimetics can affect tumor
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biological behavior by exerting pleiotropic effects through a context-specific mechanism of action based
not only on heparanase inhibition, but also on the counteraction of HSPG functions.

2. Heparan Sulfate and Cancer

HSPGs are structural and functional components ubiquitously expressed at the cell surface and in the
ECM. Nuclear localization was also described in tumor and stromal cells [3,58]. Cell surface-associated
HSPGs include four transmembrane syndecans and six glycosylphosphaditylinositol membrane-anchored
glypicans. Agrin, perlecan, and collagen XVIII are basement membrane HSPGs, whereas serglycin
is found in intracellular secretory vescicles [3,9]. A complex machinery devoted to the synthesis of
HSPG core proteins and to the synthesis and post-translational editing of HS polysaccharidic chains,
confers these molecules a marked structural diversity and the ability to interact in a specific way
with a vast array of HSBPs. The unique structural features of HS, contributed by the coordinated
action of several enzymes (e.g., glycosyl- and sulfo-transferases, endosulfatases, deacetylases, epimerase,
and the endoglucuronidase heparanase), constitute the main molecular bases of the multitude of
biological functions of HSPGs [6,19]. Through binding to stromal components, such as laminin, collagen,
and fibronectin, HSPGs participate in the maintenance of ECM integrity. In addition, by sequestering
HS-binding growth factors, cytokines, and chemokines, HSPGs protect them from protease degradation,
provide extracellular storage, modulate their bioavailability, and allow the formation of ligand gradients.
Cell surface-associated HSPGs directly participate in cell signaling by functioning as co-receptors for
high-affinity growth factor receptors and integrins [8,12,47,48]. Alterations of HSPG core protein expression
and HS chains are common in malignant transformation and progression [8]. A major role in the
post-translational modification of HS structure, and consequently, its bioactivity, is assumed by heparanase
and the endosulfatases, Sulf-1 and Sulf-2. The functions of these enzyme activities during development,
homeostasis, tissue repair, and other physiological processes appear to be hijacked in cancer. In fact, a large
body of evidence indicates that the altered expression or activity of either heparanase or endosulfatases
determines a profound impact on tumor behavior [13,52,56,59].

Upregulation of heparanase, the mammalian endoglycosidase devoted to HS degradation,
is observed in essentially all tumor types examined, including carcinomas, sarcomas, and hematological
malignancies where, in several cases, it is associated with an aggressive tumor behavior [49,51,54].
Through its enzymatic activity, heparanase contributes to the structural remodeling of the ECM, thus
favoring angiogenesis, inflammation, and metastasis, all processes involving cell motility [47–49,55,60].
Heparanase cleaves HS at low sulfation sites producing discrete biologically active fragments still able
to link HSBPs. This enables growth factor access to receptors and the activation of cell signaling in
tumor and stromal cells. Indeed, reported findings suggest that heparanase and HSPGs synergize to
foster tumor growth and progression. This aspect was clearly described for the heparanase/syndecan-1
axis which regulates HSPG expression, clustering, shedding, and growth factor signaling. Through this
co-operation, heparanase and syndecan-1 control tumor cell growth, adhesion, spread, and signaling at
a distance through exosomes [13,48,60–62]. Heparanase has long been known as an extracellularly acting
degrading enzyme. However, intracellular functions, mainly associated with nuclear and lysosomal
localization, are increasingly reported as influencing heparanase protumorigenic activities [63–66].
Moreover, evidence is mounting that heparanase accomplishes part of its pleiotropic effects through
HS- and enzymatic activity-independent mechanisms [60].

Similarly to heparanase, the two extracellular endosulfatases, Sulf-1 and Sulf-2, were found to be
dysregulated in a wide range of human malignancies where they affect the tumor microenvironment
and cell signaling by modifying the structure and function of HS. Both sulfatases act by removing
6-O-sulfates from GlcN in the HSPG polysaccaridic chains, thereby influencing their ligand-binding
capacity. They are unique among the sulfatase enzyme family in that they are endo-sulfatases and
act extracellularly [59,67]. Despite a similar HS selective catalysis, the two enzymes regulate cell
signaling mediated by HS-binding growth factors in opposite ways in several tumor types. Indeed,
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Sulf-1 and Sulf-2 have been reported widely as tumor suppressors and tumor promoters respectively,
although conflicting data in a few studies challenged this concept [59].

The role of HS and its structural modifications in cancer has been examined extensively in
several excellent reviews [8–14]. In the following sections, we describe a few examples of cancer-
related processes critically regulated by HS and/or heparanase and potential targets of heparin/HS
mimetic-based therapies.

2.1. Inflammation

The existence of a connection between inflammation and cancer has long been recognized. Not only
do chronic inflammatory states predispose one to the development of some tumors, but tumors that
initially occur in non-inflammatory contexts even present inflammation features fueled by malignant
cells. In turn, inflammatory components of the tumor microenvironment, including infiltrating immune
cells, supply bioactive molecules able to foster early stages of tumor growth, as well as progression,
favoring angiogenesis, tumor cell invasion, and distant dissemination [68]. It is now known that
key events in the inflammatory process, including leukocyte recruitment, adhesion, rolling on the
endothelial cell surface, and transmigration into inflamed tissue, are dependent on the interaction of
HS with inflammatory modulators (i.e., chemokines, selectins, and integrins) and regulated by the
HS-specific enzymatic activity of heparanase. A role for HS and heparanase in inflammation is further
supported by the anti-inflammatory effects of HS mimetics observed either in preclinical or clinical
settings [11,50,69–71].

In the initial phase of inflammation, the interaction between HS present on the endothelial cell
surface and L-selectin, an adhesion molecule expressed by leukocytes, is an essential step allowing
recruitment and rolling of leukocytes on the inflamed endothelium [11,72]. Both recruitment and
infiltration of inflammatory cells through the vessel walls are regulated by the presentation of
chemokines on the endothelial cell surface by HSPGs. The specificity and fine-tuning of these processes
are modulated by the high level of structural diversity of HS chains, as well as by the vast array of
inflammatory HS-binding chemokines [11,73]. Confirming the essential role of endothelial HS in
these phases of inflammation, in vivo loss of functional HS due to inactivation of the biosynthetic
enzyme N-deacetylase and N-sulfotransferase-1 was shown to result in reduced L-selectin binding
to endothelial cells, decreased chemokine binding, and transcytosis, as well as decreased neutrophil
infiltration upon different inflammatory stimuli [72]. Moreover, as demonstrated by Massena et al.,
HS also provides directionality to the intraluminal crawling of immune cells toward the site of
transmigration by forming a chemotactic gradient sequestered on endothelial cells [74]. Following the
leukocyte transendothelial migration, also assisted by the apical and basolateral HSPG-mediated
chemokine gradient and HS interactions with selectins and integrins [75], the subendothelial basement
membrane represents an additional major obstacle to further migration. In this phase, the enzymatic
activity of heparanase, locally expressed by different cell types (immunocytes, as well as endothelial
and epithelial cells), plays an important role facilitating leukocyte extravasation through the basement
membrane by degrading HS [76]. Moreover, an indirect effect enhancing the degradative process could
be further provided by nuclear heparanase through its effect on the HSPG-mediated regulation of gene
transcription with the induction of matrix metalloproteinase expression [64].

The role of heparanase in inflammation is complex and still not completely understood [76,77].
Beyond its HS-degrading function facilitating leukocyte migration through the basement membrane
and ECM, heparanase was implicated in macrophage activation via modulation of the Toll-like
receptor (TLR) signaling pathway, resulting in inflammatory cytokine induction and release.
Heparanase-dependent TLR stimulation was suggested to be mediated by the enzymatic production
of HS fragments, although non-enzymatic mechanisms were also brought into play [78,79]. Since,
distinct from HS fragments, intact HS inhibits TLR4 and macrophage activation, it was suggested that
degradation of the ECM and cell surface HS by heparanase also contributes to macrophage activation by
relieving constraints on TLR4 function [80,81]. The key role of heparanase in inflammation-associated
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cancers is supported by its induction in several tumor-predisposing inflammatory disorders before
the occurrence of malignancy [50,76]. Studies performed in mouse models of colon and pancreatic
carcinomas exemplified how heparanase may represent a mechanistic link coupling inflammation
and cancer [81,82]. Lerner and collaborators [81] showed that, in a mouse model of ulcerative
colitis-associated colon cancer, heparanase drives a vicious cycle powering chronic colitis and
tumorigenesis. Produced by the inflamed colon epithelium, heparanase activates macrophages which,
in turn, contribute to heparanase induction and activation by secreting tumor necrosis factor alpha
(TNF-α) and cathepsin L. This self-sustaining cross-talk, thus, prevents inflammation resolution,
creating a tumor-promoting microenvironment. A chronic state of aseptic inflammation is implicated
in pancreatic ductal adenocarcinoma (PDAC), a tumor in which heparanase overexpression was linked
with increased aggressiveness [83,84]. Using a mouse model of PDAC, Hermano et al. [82] found
that heparanase overexpression is associated with the infiltration of macrophages characterized by
a protumor phenotype, as indicated by the enhanced production of cytokines relevant in PDAC
pathogenesis. The observation that human PDAC specimens overexpressing heparanase also show
high levels of macrophage infiltration supports the clinical relevance of these findings and suggests
a role for the enzyme in guiding the tumor-promoting action of tumor-associated macrophages.

2.2. Proliferation, Angiogenesis, and Metastasis

In the pathological conditions of tumorigenesis and tumor progression, where cell mechanisms
governing the physiological controls are lost as a result of gene alteration, the tumor stroma,
composed of cancer-associated fibroblasts, inflammatory and endothelial cells, pericytes, and the
ECM, plays an important role providing a permissive environment [85]. HSPGs, as functional
components of the cell surface and ECM endowed with high capacity to bind growth factors, cytokines,
chemokines, enzymes, and adhesion molecules, represent “hub molecules” able to modulate key
tumor processes such as proliferation, invasion, angiogenesis, and distant colonization. Roles in
specific cancers were described for individual HSPGs [8,9,12,54]. HS-binding growth factors regulate
multiple carcinogenesis processes being either mitogenic or pro-angiogenic (e.g., platelet-derived
growth factor (PDGF), fibroblast growth factor (FGF), and vascular endothelial growth factor (VEGF))
and promoting tumor cell survival, invasiveness, and metastasis (e.g., hepatocyte growth factor (HGF),
epidermal growth factor (EGF), and insulin-like growth factor (IGF)) [10]. As previously mentioned,
heparanase increases the bioavailability of HS-bound growth factors via its HS-specific degrading
activity. Studies performed in a heparanase transgenic mouse model correlated the overexpression of
heparanase with the upregulation of HS sulfation, which enhanced the interaction with FGFs and their
receptors, thus suggesting a further mechanism whereby heparanase can promote growth factor action
in tumors [86]. Notably, heparanase functions independent of its enzymatic activity were implicated
in the upregulation of tissue factor and growth factors (i.e., VEGFC, VEGFA, and HGF) [87–89] and
in the activation of signaling molecules such as EGF receptor (EGFR) and Src [90]. Heparanase can
promote an aggressive tumor behavior also through an indirect mechanism by enhancing HSPG
ectodomain proteolytic shedding, which converts a membrane proteoglycan co-receptor into a soluble
paracrine bioactive effector able to potentiate the activity of HS-binding growth factors (e.g., VEGF and
HGF) [91]. Interestingly, recent insights into the effects of heparanase-induced shedding of syndecan-1,
an HSPG implicated in the pathobiology of multiple myeloma, revealed a unifying mechanism
whereby heparanase expression promotes different aspects of disease progression [92]. It was
previously shown that syndecan-1 proteolytic shedding by matrix metalloproteinase 9 (MMP-9)
is favored by the heparanase-mediated trimming of HS chains and that heparanase upregulates
MMP-9 expression [93,94]. Jung and collaborators demonstrated that a syndecan-1 juxtamembrane
site, exposed upon shedding in endothelial and myeloma cells, binds both VEGF receptor 2 (VEGFR2)
and very late antigen 4 (VLA-4). Coupling the receptor tyrosine kinase to the integrin activates cell
signaling and triggers an invasive phenotype, thus promoting both angiogenesis and metastasis [77,92].
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An additional form of cooperation between heparanase and syndecan-1 in the regulation of
exosome biogenesis was first reported by the group of Sanderson in a study performed using multiple
myeloma cell models with high and low heparanase expression [95]. Further mechanistic insights
in breast cancer cells, reported in a study by Roucourt et al. [96], demonstrated that, through its
HS-degrading activity, heparanase favors syndecan-1 clustering and formation of a complex containing
syndecan-1, the scaffolding protein syntenin, and α-1,3-mannosyltransferase (ALG-2)-interacting
protein X (ALIX), a component of the endosomal-sorting complex required for transport (ESCRT)
which drives exosome production [97]. Another membrane-associated HSPG, glypican-1, was found
specifically enriched in circulating cancer cell-derived exosomes and was identified as a potential
biomarker to detect early stage pancreatic cancer [98]. The involvement of heparanase and HSPG in the
production, composition, and docking of exosomes from tumor and stromal cells, eventually triggering
an aggressive phenotype [95], expands the known impact of heparanase/HSPGs axes in tumor biology
and further supports their roles as therapeutic targets. Accumulating evidence suggests that exosomes,
defined as “extracellular signalosomes” [99], by delivering their cargo of proteins and nucleic acids
to recipient cells in the tumor stroma or at distant organs, act as key players in tumor progression.
In fact, they were implicated in epithelial–mesenchymal transition (EMT) signaling, pre-metastatic
niche formation, tumor immune escape, and drug resistance (reviewed in References [99–101]).

Translocation to the nucleus in tumor and stromal cells is another mechanism whereby cell-surface
HSPGs either in their full-length or shed forms can regulate cell functions and tumor–host cross-talk [58,102].
Through this cellular trafficking, syndecan-1 participates in the nuclear delivery of growth factors (e.g., HGF
and FGF) and heparanase [103]. Moreover, cooperating with these molecules, HSPG can modulate gene
expression by acting at different levels, e.g., the chromatin structure by inhibiting histone acetylation and
histone acetylase (i.e., p300) activity [64,102]; or the transcription machinery by interfering with the binding
of transcription factors to DNA or by blocking DNA topoisomerase I [104,105]. Although the presence
of HS, HSPGs, and heparanase in the cellular nuclear compartment has been known for several years,
their functional significance is still incompletely understood. Actually, effects of HSPGs appear to be
tissue- and tumor type-dependent. Recently, mutated syndecan-1 unable to translocate to the nucleus was
used to address functions and molecular pathways related to nuclear localization in fibrosarcoma cells.
By combining transcriptomic and proteomic approaches with functional assays, Szatmari and colleagues
identified EGR1, NEK11, and DOCK8 as genes responsive to syndecan-1 nuclear translocation and the
TGF-β1 pathway as playing a role in the inhibition of cell proliferation and cell-cycle progression [106].

Heparanase was reported to influence gene expression through various direct or indirect
mechanisms. Through an enzyme-independent signaling function, mediated by the C-terminal
domain, heparanase enhances the activation of protein kinases, ultimately increasing the transcription
of genes associated with tumor progression, such as VEGF-A and VEGF-C [60]. In multiple myeloma
models, heparanase was found to represent a critical factor regulating levels of HS and syndecan-1 in
the nucleus. Loss of nuclear syndecan-1 was shown to be induced by elevated levels of heparanase,
which resulted in a significant increase in histone acetylase activity, leading, in turn, to stimulation
of the transcription of genes (i.e., VEGF and MMP-9) that drive aggressive tumor behavior [64,107].
These findings are in agreement with the observation that HS can negatively regulate histone acetylase
activity [108] and support nuclear syndecan-1 as a transcriptional repressor.

In addition to histone acetylation, nuclear heparanase was reported to be able to modulate
histone H3 methylation, another key epigenetic process regulating gene expression. Using human
Jurkat T cells as a model system to study the transcriptional regulation of immune response genes,
He and collaborators [65] found evidence that heparanase associated with chromatin may form an
active complex with RNA polymerase II and histone lysine-specific demethylase-1 modifying the H3
methylation pattern. Notably, gain- and loss-of-function studies showed that heparanase is essential
for the transcription of inducible immune response genes, including genes required for T-lymphocyte
effector function (cluster of differentiation 69 (CD69), interleukin 2 (IL-2), and interferon gamma
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(IFNγ)) and migration (MMP-2 and MMP-14). It remains to be established whether this mechanism is
similarly active in tumor cells.

Mechanistic details and the functional role of the nuclear translocation of heparanase remains
incompletely understood. Heparanase induction of HGF and C–X–C motif chemokine ligand
10 (CXCL10) in multiple myeloma appears not to rely on the endo-β-D-glucuronidase enzymatic
activity [89,109]. Moreover, counterintuitively to the generally accepted notion of a pro-malignant
action of heparanase, nuclear localization was correlated with differentiation in various tumor cellular
models [110] and with a favorable outcome in patients with head and neck cancer [111]. Based on
in vitro and in vivo studies with melanoma models, Yang and colleagues proposed a model whereby
heparanase could exert a dual function with a protumorigenic and a tumor-suppressive activity in the
extracellular and the nuclear compartment, respectively [66].

2.3. Therapeutic Resistance

Several lines of evidence indicate that tumor sensitivity to drug treatment can be affected by
altered expression of cell-surface HSPGs and/or heparanase [51,56,63]. Mechanisms underlying
this effect are still not well understood and are likely context-dependent. In gastric carcinoma cells,
glypican-3 overexpression was implicated in the decreased drug accumulation associated with atypical
multidrug resistance [112]. On the other hand, high glypican-1 expression was found to be related to
chemoresistance in patients with esophageal squamous cell carcinoma, and further in vitro studies
with cellular models of this tumor suggested a specific role for the HSPG in cisplatin resistance without
alteration of drug availability [113].

In breast cancer and multiple myeloma, syndecan-1 overexpression correlates with aggressive
phenotype and poor prognosis and was implicated in resistance to either cytotoxic or targeted
therapeutics [61,62,114–117]. Gotte and collaborators [118] noted a relationship between intensity of
syndecan-1 immunostaining in pre-chemotherapy breast cancer biopsies and decreased response to
treatment with cyclophosphamide and cisplatin. In in vitro studies [119], sensitivity of breast cancer
cells to the anti-human ErbB2 (HER2) monoclonal antibody, trastuzumab, was associated with the
availability of HS on the cell surface and with the ability of HS to elicit the antibody response by forming
a ternary complex with trastuzumab and HER2. In these cellular models, high levels of exogenous
heparanase induced resistance to the antibody and the release of HS, suggesting a mechanism whereby
HS, capturing trastuzumab in the medium, prevents the formation of the ternary complex. Again,
cooperation between syndecan-1 and heparanase, through indirect induction of HSPG shedding,
and consequent enhancement of HS-binding growth factor signaling, was suggested to play a role in
resistance of colorectal cancer cells to several conventional chemotherapeutics [120]. An additional
report implicated high levels of heparanase in resistance of metastatic breast cancer models to the
small-molecule tyrosine kinase inhibitor of HER2 and EGFR, lapatinib, through the activation of
a compensatory EGFR-dependent pathway [121].

Further studies suggested a role for heparanase overexpression in tumor protection against
radiotherapy. In pancreatic cancer models, ionizing radiation was shown to upregulate heparanase
by downregulating the transcription repressor EGR1, ultimately leading to the enhanced invasive
capability of tumor cells [122]. In cervical cancer models, heparanase expression was shown, by gain-
and loss-of function experiments, to enhance angiogenesis and radiation resistance through the
hypoxia-inducible factor 1 (HIF1) pathway [123].

Recent evidence implicates intracellular lysosomal heparanase in the modulation of autophagy,
a catabolic pathway maintaining homeostasis in normal cells and dysregulated in several tumors,
promoting cancer cell survival [63,124]. Vlodavsky and his group showed that heparanase co-localizes
with the autophagy marker, lipid-modified microtubule-associated protein 1A/1B-light chain 3
(LC3-II), and that autophagy extent correlates with heparanase expression levels [63,125]. In this
study, resistance to stress (i.e., amino-acid starvation) and chemotherapy (i.e., cisplatin) was induced
by upregulation of heparanase and was shown to be mediated, at least in part, by increased autophagy.
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An additional interesting discovery in recent years is that not only can alterations of the
heparanase/HSPG system in tumors contribute to modulating response to drug treatments,
but chemotherapy, in turn, can promote the heparanase/HSPG axis functions. Clinical anti-myeloma
drugs were shown to induce syndecan-1 shedding in multiple myeloma cell cultures and in
tumor xenografted mice, as well as the upregulation of heparanase expression and its release into
conditioned medium. Soluble heparanase, in turn, could be taken up by both tumor cells and
macrophages, enhancing the expression of pro-tumorigenic genes. Clearly, these chemotherapy
side effects have the potential to promote re-establishment of a microenvironment permissive for
tumor relapse. Indeed, gene expression analyses of myeloma cells from patients subjected to
sequential rounds of chemotherapy revealed that tumor cells that survived expressed elevated
levels of heparanase. Moreover, the forced high expression of heparanase in myeloma cells induced
chemoresistance [126,127]. Alishekwits et al. added an additional element to the emerging connection
among chemotherapy, heparanase/HSPGs, inflammation, and tumor resistance to therapy, re-growth,
and metastasis [128]. Using breast cancer models, they demonstrated that paclitaxel treatment induced
an increase in VEGF-C levels, which stimulated tumor-infiltrating macrophages to release cathepsin.
They proposed that the resulting proteolytic activation of heparanase further promoted the expression
of VEGF-C, ultimately leading to VEGFR3-dependent lymphangiogenesis and metastasis.

3. Non-Anticoagulant Heparin Derivatives and Oligosaccharidic HS Mimetics

The molecular basis of the anticoagulant action of heparin lies in its ability to bind to and
enhance the inhibitory activity of the serpin antithrombin (AT) against several serine proteases of the
coagulation cascade, most importantly factors IIa (thrombin), Xa, and IXa [21]. Moreover, heparin can
act through other serine protease inhibitors such as heparin cofactor II, protein C inhibitor, and tissue
factor pathway inhibitor, representing other endogenous anticoagulant proteins.

A simplistic view of the interaction between heparin and AT involved a specific high-affinity
pentasaccharide sequence (ATBR), present in only one third of the unfractioned heparin chains,
containing the typical 3-O-sulfated GlcN and, optionally, the 6-O-sulfated GlcNSO33,6SO3 residue [18,21].
Further studies suggested the extension role of the active pentasaccharide sequence on AT-binding
properties of heparin oligosaccharides and the generation, by depolymerization processes, of many
structural variants influencing the AT-binding properties and regulating the interaction with several other
proteins [129]. Heparin species with decreased or negligible anticoagulant properties can be obtained
either by removing chains with high affinity for the AT-binding sequence or by inactivating critical
functional groups or units of the ATBR through depolymerization or other chemical modification, such as
desulfation or glycol-splitting [18,130,131]. Therefore, a drastic decrease in anticoagulant properties
results from removal of the 3-O-sulfate of the central ATBR GlcNSO33,6SO3 residue or modifications
of the GlcA residue in the pentasaccharidic sequence by reduction of its carboxyl group or by cleavage
of the bond between its two vicinal hydroxyl groups. In particular, periodate oxidation/borohydrate
reduction of non-sulfated uronic acid residues of heparin represents an effective way of inactivating the
ATBR, leading to the so-called glycol-split heparins. Since periodate oxidation of GlcA component of the
ATBR sequence hinders the interaction with AT [132], the residual anticoagulant activity may result from
non-AT-binding-mediated mechanisms. On the other hand, N- and O-desulfation in heparin sequences
located outside the ATBR can also impair thrombin inhibition mediated by heparin cofactor II and the
release of vascular tissue factor pathway inhibitor [130].

3.1. Non-Anticoagulant Heparin Derivatives

Some breakthrough experimental studies paved the way for the design and development of
non-anticoagulant anticancer heparin derivatives and contributed to the identification of the pleiotropic
mechanisms underlying their antitumor/antimetastatic effects.

Bar-Ner et al. [133] described the heparanase inhibitory effects of non-anticoagulant heparin
species and suggested some structural requirements for endo-β-D-glucuronidase inhibition. Indeed,
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they indicated that the enzyme inhibition was dependent on polysaccharide size, degree and
distribution of sulfate groups, and substitution at the N-positions of hexoseamines.

N-acetylated, N-desulfated heparin, as well as N-resulfated N- and O-desulfated heparin,
significantly reduced lung colonization abilities of the highly metastatic B16-BL6 mouse melanoma,
and similar effects were described with the O-sulfated, N-desulfated, N-acetyl, or N-hexanoyl heparin
derivatives, all endowed with potent heparanase inhibitory activity [134–136]. A very LMWH and
an LMW fully N-succinyl heparin, endowed with low anticoagulant activity, were found highly effective
in decreasing the lung colonization of B16-BL6 melanoma and in prolonging mice survival [137].

Lapierre et al. [138] reported the potent heparanase inhibitory activity of 2,3-O-desulfated heparin
(ODSH/CX-01) (Figure 2) and periodate-oxidized, borohydride-reduced heparin (RO-H), along with
their antiangiogenic activity in the chick chorioallantoic membrane bioassay. ODSH exhibited
antitumor activity against human Ca-Pan-2 pancreatic adenocarcinoma xenografts and antimetastatic
activity in the B16-F10 mouse melanoma model, an effect associated with a significant improvement of
mice survival [138,139]. ODSH also inhibited P-selectin-mediated adhesion of human A375 melanoma
cells to platelets [140]. Interestingly, the removal of 2-O- and 3-O-sulfate groups, reducing the affinity
for AT and increasing the margin of safety, did not substantially harm the anti-inflammatory properties
of the agent. ODSH was also able to inhibit complement activation and to interfere with sequential
events in leukocyte-mediated inflammation by inhibiting P- and L-selectin, azurocidin, elastase,
and G cathepsin [139,141]. The interaction of the vascular adhesion molecule, receptor for advanced
glycation end products (RAGE), with its disparate ligands, mediating amplification of inflammatory
response, was also disrupted by ODSH. Noteworthy, ODSH infusion in human volunteers produced
anti-inflammatory effects without anticoagulation-related adverse effects. Recently, Zheng et al. [142]
described a novel mechanism contributing to the ODSH anti-inflammatory properties. The modified
heparin inhibits the release from macrophages of the alarmin and nonhistone chromatin-binding
protein high-mobility group box 1 (HMGB1), an important inflammatory mediator able to interact with
RAGE. ODSH, via direct molecular inhibition of the histone acetyltransferase p300, impairs HMGB1
lysine acetylation and, consequently, its secretion. ODSH (CX-01) is currently in clinical trials,
as described in Section 3.3.
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Roy and colleagues [143] performed bioactivity screening of a series of size-defined (6–7 kDa)
partially desulfated LMWHs generated by regioselective chemical modifications. N-, 6-O-, and 2-O-
desulfated derivatives displayed reduced anticoagulant activity and varying affinity toward angiogenic
growth factors (i.e., FGF2, VEGF, stromal cell-derived factor 1 alpha (SDF1-α)). The 6-O- and
2-O-desulfated derivatives significantly inhibited murine melanoma B16-F10 colonization to the
lung. The N- and 6-O-desulfation decreased the ability to inhibit P-selectin/ligand interaction.

Supersulfated LMWH (ssLMWH) with an average MW of 6300 Da and a sulfate-to-carboxyl ratio
of 3.8, obtained via depolymerization concomitant with oversulfation, displayed reduced anticoagulant
activity [144,145]. This heparin derivative was shown to interfere with the activity of several pharmacological
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targets including heparanase, growth factor/receptor axes and proinflammatory molecules (e.g., leucocyte
elastase and cathepsin G) [146,147]. In particular, in human synovial sarcoma models, ssLMWH exhibited
remarkable in vitro and in vivo antitumor and antimetastatic activities [146]. It dose-dependently inhibited
cancer cell colony growth and invasion and downregulated the activation of receptor tyrosine kinases of
EGFR, PDGFR, and IGF1R families. Interestingly, the combination of ssLMWH with a small-molecule
inhibitor of IGF1R/insulin receptor (IR) produced a synergistic antiproliferative effect, abrogated cell
motility, and promoted apoptosis in CME-1 synovial sarcoma cells. In vivo, the drug combination
profoundly suppressed CME-1 orthotopic xenograft growth and distant spontaneous lung metastatic
dissemination. The latter effect was associated with the presence of aggregates of natural killer (NK) cells in
degenerated metastastic deposits and with a trend toward reduced levels of macrophages and neutrophils
in lung metastases. These observations suggested the contribution of an immunomodulatory effect to the
antimetastatic activity of the ssLMWH combination with the receptor tyrosine kinase inhibitor.

Other supersulfated heparins with low anticoagulant activity (e.g., ssLMWH-19) were reported
to strongly inhibit the expression of hepcidin, a key factor in the regulation of iron metabolism also
involved in carcinogenesis and metastasis [148].

Interestingly, chemical conjugation of an LMWH with deoxycholic acid led to orally active
derivatives which exhibited remarkable anticancer therapeutic potential, thus providing a great
advantage in the perspective of chronic treatment regimens [149–151]. The presence of deoxycholic acid
increased the LMWH hydrophobicity and reduced the flexibility of the molecule, likely causing severe
conformational changes of interacting angiogenic factors, thus impairing their biological functions.
In particular, oral administration of the LHD4 derivative, characterized by a high deoxycholic acid
conjugation ratio and minimal anticoagulant activity, resulted in marked antiangiogenic and antitumor
activity in murine SCC7 squamous cell carcinoma and human A549 lung carcinoma models [151].

A periodate-treated, non-anticoagulant heparin carrying a hydrophobic polystyrene chain (NAC-HCPS)
displayed antiangiogenic and antimetastatic effects both in vitro and in vivo, reducing lung metastatic
colonization from B16 melanoma and Lewis lung cancer (3LL) cells [152]. Moreover, NAC-HCPS
significantly inhibited tumor growth and vascularization of subcutaneously implanted 3LL, an effect
likely related to its ability to inhibit the endothelial cell growth stimulated by VEGF165, FGF2, or HGF.

Yoshitomi et al. [153] reported the antimetastatic activity of a chemically modified low-
anticoagulant heparin (LAC heparin) obtained via the sodium periodate oxidation and sodium
borohydride reduction of heparin. By virtue of its reduced anticoagulant activity, it can be repetitively
administered via intravenous (i.v.), subcutaneous (s.c). and intraperitoneal (i.p.) injections without
severe bleeding complication. The LAC heparin effect on tumor cell dissemination of several murine
metastatic models, i.e., 3LL, B16-F10 melanoma, colon 26 carcinoma, and FBJ osteosarcoma, was related
to its ability to impair tumor cell adhesion and extravasion in lung capillaries by competitively
inhibiting cell-surface HS functions.

The non-anticoagulant heparin derivative ST1514 (Figure 3a) was obtained by introducing
sulfation gaps along regions of heparin though selective removal of 2-O-sulfate groups to reach
a ratio of about 1:1 between sulfated and non-sulfated uronic acid residues. Then, the uronic C(2)–C(3)
bonds were split, generating flexible joints along the heparin chains while minimizing cleavage of
glycosidic bonds [154,155]. As the splitting reaction also occurs at the level of the essential GlcA
residue of the AT binding site, ST1514 was no longer anticoagulant. Moreover, it displayed potent
FGF2 antagonist and angiostatic activity. Analogously, ST2184 (Figure 3b), the LMW derivative of
ST1514, differing from the precursor mainly by the presence of 2,5 anhydromannitol residues at the
chain reducing end, was able to bind VEGF165, exerting marked VEGF165 antagonist activity and
antiangiogenic action in vitro [156]. These studies demonstrated that glycol-split heparin chains are
more flexible than unmodified ones and conformationally driven to adopt geometries unfavorable
for the formation of the ternary complexes with FGF2 or VEGF165 and their receptors [154–156].
Both ST1514 and ST2184 inhibited metastatic dissemination to the lung in the B16-BL6 mouse model
melanoma, and the LMW derivative significantly reduced angiogenesis of human MeVo melanoma
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xenografts and potentiated the antitumor activity of a camptothecin derivative [157]. Furthermore,
by inhibiting heparanase enzymatic activity, ST1514 significantly reduced wound vascular density and
decreased inflammatory response in heparanase-overexpressing transgenic mouse models of wound
healing and delayed-type hypersensitivity, respectively [158,159].
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Further chemical modifications performed on glycol-split heparins allowed the identification of
derivatives with negligible anticoagulant activity, able to interfere with growth factor-mediated signaling
and to efficiently inhibit heparanase. Naggi et al. [160] described the potent heparanase inhibitory
activity of glycol-split N-acetyl heparins and, in particular, of the N-desulfated, 100% N-acetylated and
25% glycol-split derivative (100NAH, 25gs, SST0001, roneparstat) (Figure 4a). Interestingly, these series of
derivatives were not susceptible to the cleavage by the endo-β-D-glucuronidase. Moreover, the presence
of N-acetyl-glucosamine restricted the release of FGF2 from ECM and did not stimulate bFGF mitogenic
activity. Further molecular modeling studies showed that glycol-split residues along the heparin
chains and mainly located within 6-O-sulfated sequences in the roneparstat molecule act as flexible
joints which favor the docking and interaction of these heparin derivatives with multiple HSBPs,
including growth factors or heparanase [130,161,162]. In addition, recent studies suggested the
existence of multiple heparanase–roneparstat interaction models depending on the drug concentration;
whereas a single molecule of roneparstat could interact with the two main heparin-binding domains of
heparanase, the drug at high concentration would interact with two heparanase adjacent molecules
promoting the enzyme oligomerization [163]. According to the potent heparanase inhibitory activity,
roneparstat was shown to efficiently attenuate the lung metastatic colonization of B16-BL6 mouse
melanoma cells, which produce both P-selectin ligands and heparanase, whereas it was ineffective on
dissemination from the mouse colon carcinoma MC-38 metastatic model which primarily expresses
selectin ligands [164]. These findings suggested that heparanase is a primary target of roneparstat
in vivo. Roneparstat emerged as a lead compound in this field, demonstrating remarkable antitumor,
antiangiogenic, antimetastatic, and immunomodulatory activity in several preclinical models of
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both hematological and solid tumors [92,117,121,122,165–170]. These results prompted its clinical
investigation (Section 3.3).

Another heparin derivative rationally designed to have reduced anticoagulant activity is M402
(necuparanib) (Figure 4b) [171], a glycol-split LMWH resulting from nitrous acid depolymerization of
heparin followed by periodate oxidation and borohydrate reduction, to give chains bearing glycol-split
uronic acid moieties. It exhibits a complex mechanism of action related to its ability to bind with
high affinity and to interfere with the biological function of several HSBPs, including P-selectin,
VEGF, FGF2, SDF1-α, and heparanase, likely related to the presence of N-sulfated glucosamine.
Necuparanib showed promising antitumor/antimetastatic effects in several preclinical models and
entered early clinical trials (Section 3.3).
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Among the non-anticoagulant glycol-split LMWHs (NAC) obtained from unfractioned heparin by
controlled heparinase I depolymerization, NAC8000 and NAC10000 derivatives significantly inhibited
BL16-F10 mouse melanoma spreading to the lung [172].

Mousa et al. [173] demonstrated that the non-anticoagulant ultra-LMW heparin (NA-LMWH)
obtained by acid hydrolysis of a glycol-split depolymerized heparin preparation, significantly inhibited
BL16-F10 mouse melanoma experimental metastases. The increased release of tissue factor pathway
inhibitor from vascular endothelial cells induced by NA-LMWH could contribute to its antimetastatic
activity. Studies from the same group reported the antimetastatic efficacy of the sulfated low-anticoagulant
heparin (S-NACH) in the mouse MPanc96 pancreatic cancer model [174]. S-NACH attenuated cancer cell
adhesion to endothelial cells and platelets by inhibiting P-selectin. In addition, in orthotopic pancreatic
MPanc96 and SUIT2 models, S-NACH significantly inhibited tumor growth and angiogenesis and
enhanced gemcitabine response without any systemic anticoagulant effects. MPanc96 cells exposed
to S-NACH showed induction of the antiangiogenic protein thrombospondin-1 and reduction of the
X-linked inhibitor of apoptosis protein (XIAP) [175].

Ultra-LMWHs were generated via the physicochemical depolymerization method based on
hydrogen-catalyzed radical hydrolysis assisted by ultrasonic waves. They displayed moderate
anticoagulant properties related to molecular weight reduction and desulfation induced by this
physicochemical method. Moreover, the ultrasonic-assisted radical depolymerization of heparin
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produces a random hydrolysis of glycosidic bonds preserving antiheparanase activity comparable to
that of commercial LMWHs [176].

3.2. Oligosaccharidic HS Mimetics

The phospho-sulfo-mannan PI-88 (muparfostat) (Figure 5A) was identified in a comprehensive
discovery program among sulfated oligosaccharides endowed with antiangiogenic and antiheparanase
activity [177,178]. PI-88 was obtained via sulfation of a phospho-mannan complex produced in
cultures of the yeast Pichia holstii, as a highly sulfated oligosaccharide mixture, ranging from di- up
to hexasaccharides, mostly penta- (60%) and tetrasaccharides (30%). As an HS structural mimetic
non-cleavable by heparanase, it inhibited the endo-β-D-glucuronidase activity and prevented the
release of proangiogenic growth factors (i.e., FGF1, FGF2, and VEGF) by competing with HS [179].
In addition, displaying high-affinity interactions with several angiogenesis-stimulating growth factors,
PI-88 interfered with the ligand–HSPG–receptor ternary complex and, therefore, with signaling
activation [180]. It was also shown to induce the release of the endogenous antiangiogenic tissue factor
pathway inhibitor [181] and to inhibit the HS 6-O sulfatases, Sulf-1 and Sulf-2 [182]. Although PI-88
maintained anticoagulant activity related to its capacity to enhance heparin cofactor II, it appeared
well tolerated in animal studies. Thus, its ability to significantly inhibit tumor growth, angiogenesis,
and metastasis in preclinical models prompted its clinical investigation (Section 3.3).
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PG545 (pixatimod) (Figure 5B) is a fully sulfated, PI-88-like, tetrasaccharide functionalized with
a cholestanyl aglycone, selected as a lead clinical candidate among olisaccharidic HS mimetics
of the PG500 series. These compounds provided several advantages over PI-88 being based on
anomerically pure, fully sulfated oligosaccharides with a lipophilic aglycone at the reducing end that
confers improved biological activity and reduced anticoagulant activity [183]. Indeed, the lipophilic
modification in PG545 resulted in improved in vivo pharmacokinetics, allowing less frequent dosing
(weekly versus daily) compared with other HS mimetics [184]. PG545 showed antitumor activity
in several murine and human solid and hematological tumor models and potent anti-metastatic
effect in experimental and spontaneous metastasis models. Of note, beyond its antiheparanase and
antiangiogenic activity, the emerging immunomodulatory activity of PG545 represents an additional
aspect of the mechanism of action of this HS mimetic [185], which is currently undergoing clinical
trials (Section 3.3).

3.3. Clinical Candidate HS Mimetics

Based on promising preclinical data, a few heparin derivatives and HS mimetics (hereafter,
all functionally referred to as HS mimetics) progressed to clinical evaluation (Table 1).

Table 1. Heparan sulfate mimetics entered into clinical trials

Drug Company Phase Tumors Half-Life Administration Route
and Dose Ref.

CX-01 (ODSH) Cantex
Pharmaceuticals II a Acute myeloid

leukemia ~3 h i.v.4 mg/kg [139,186]

Roneparstat
(SST0001)

Leadiant
Biosciences I Multiple myeloma 14–20 h s.c.25–400 mg/day [187]

Necuparanib
(M402)

Momenta
Pharmaceuticals I/II b Pancreatic cancer N/A c s.c.0.5–5 mg/kg/day [188]

Muparfostat
(PI-88)

Progen
Pharmaceuticals

Medigen
Biotechnology

III Hepatocellular
carcinoma ~8 h s.c.160 mg/day [189,190]

Pixatimod
(PG545)

Progen
Pharmaceuticals I Solid tumors 141 h i.v.25–150 mgonce weekly [191]

a in combination with idarubicin and cytarabine (NCT02873338); b in combination with nab-paclitaxel and
gemcitabine; c not available. i.v.—intravenous; s.c.—subcutaneous.

Vast amounts of the literature describing the biological effects of such compounds in tumor
experimental models were revised in several reviews to which the reader can refer [53,55–57,131,192–194].
Here, some recently emergent peculiar effects characterizing their preclinical and clinical antitumor
activity are highlighted.

The 2,3-O-desulfated heparin CX-01 (ODSH) (Figure 1) is undergoing clinical evaluation as
an adjuvant to chemotherapy. It has low anticoagulant activity but retains most of the anti-inflammatory
properties of heparin [139]. The results of a clinical pilot study preceding phases I/II were recently
released [186]. CX-01 was combined with the standard therapy, cytarabine and idarubicin, for the
treatment of acute myeloid leukemia. The derivative was well tolerated and the combination was
associated with a high rate (92%) of morphologic complete remissions. The rapid hematological recovery
was also encouraging, an effect that could be related to the binding and neutralization of platelet factor
4, a negative regulator of megakariopoiesis [195]. Interestingly, parallel in vitro studies suggested that
CX-01 may interfere with the CXCL12/C–X–C chemokine receptor 4 (CXCR4) axis implicated in the
homing of leukemic stem cells in marrow stromal niches via competitive inhibition for the binding of
CXCL12 to the marrow HS [186]. These findings require confirmation in large studies, and clinical trials
of CX-01 in combination with cytarabine and idarubicin (phase II) or azacitidine (phase I) for treatment
of acute myeloid leukemia are ongoing at present.
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The N-acetylated glycol-split heparin roneparstat (SST0001) (Figure 4a) completed a phase I clinical
trial in advanced relapsed/refractory multiple myeloma patients who exhausted all available therapies
for the disease. The study was the first evaluating a HS mimetic/heparanase inhibitor in a hematological
malignancy. The results, recently reported, indicated an excellent safety profile and hints of anti-tumor
activity, although evidence of efficacy was beyond the objective of the study [187]. Notably, in preclinical
studies, disruption of the heparanase/syndecan-1 axis by roneparstat was strongly correlated with the
inhibition of multiple processes critical in multiple myeloma development and progression including
growth, angiogenesis, dissemination, and bone disease-associated osteolysis, a major cause of morbidity
in these patients [92,165,196]. Preclinical evidence of antitumor activity was shown in either hematological
malignancies (multiple myeloma and lymphoma) or solid tumors (e.g., melanoma, breast and pancreatic
cancer, and sarcomas) with the most remarkable effects noted particularly in combination treatments
where roneparstat was found to potentiate the in vivo action of standard therapies, including conventional
cytotoxic and targeted drugs [170]. Interestingly, in vitro studies demonstrated the ability of this HS
mimetic to strongly counteract receptor tyrosine kinase-mediated signaling and heparanase-induced
expression of genes associated with tumor aggressive phenotypes [127,168].

The glycol-split LMWH necuparanib (M402) (Figure 4b) progressed to a phase I/II trial
following promising preclinical data demonstrating antitumor/antimetastatic activity in orthotopic
and genetically engineered murine models of breast and pancreatic cancer, in addition to a remarkable
effect in combination with cytotoxic chemotherapeutics [171,197–199]. The clinical trial, conducted in
patients with metastatic pancreatic adenocarcinoma, consisted of a two-part study of necuparanib in
combination with nab-paclitaxel and gemcitabine. The results of the first part, phase I, of the study
indicated a favorable tolerability and signals of activity, including partial responses and stable diseases,
with an overall disease-control rate of 63% [188]. Although encouraging efficacy outcomes were found
in the early clinical trial, the subsequent part of the study, phase II, was discontinued after interim
futility analysis showing an insufficient level of efficacy.

Among the HS-related compounds specifically developed as antitumor agents, the highly sulfated
phosphosulfomannan muparfostat (PI-88) (Figure 5A) was the first to enter clinical trials reaching
phase III in patients with hepatitis virus-related hepatocellular carcinoma after surgical resection.
Despite preliminary activity shown in previous phase II studies, the phase III trial was concluded
following the interim analysis indicating that the drug failed to reach the primary disease-free survival
endpoint. However, subsequent protocol analyses after completion of one-year treatment revealed
a significant prolongation in disease-free time in the microvascular invasion patient subgroup [189].
The presence of microvascular invasion in hepatocellular carcinoma, comprising 40% of the trial
population, represents a prognostic factor associated with higher recurrence rates and lower survival.
Interestingly, patient stratification using subgroup analysis in an observational follow up study
of a phase II trial of PI-88 in an adjuvant setting for hepatocellular carcinoma also indicated the
most significant survival advantage for patients at higher risks of recurrence [200]. These findings,
thus, support a possible clinical benefit of muparfostat in subgroups of patients with hepatocellular
carcinoma. An experimental basis for muparfostat as adjuvant therapy after liver cancer resection
was recently provided by Liao and colleagues, who showed that PI-88 blocked the upregulation of
heparanase induced in regenerating liver and plasma after partial hepatectomy in mice harboring
orthotopic tumors [201].

Muparfostat was generally well tolerated in animal and clinical studies. However, reported toxicities
related to residual anticoagulant activity (e.g., injection site hemorrhage, thrombocytopenia, and bleeding
events) prompted the synthesis of second-generation PI-88 analogs (P500 series) aimed at obtaining
compounds endowed with more favorable pharmacokinetic profiles and toxicology while maintaining
the biological activity [183]. Pixatimod (PG545) (Figure 5B), the lead compound in this series,
has low anticoagulant properties and has shown remarkable antitumor activity in several preclinical
models associated with the inhibition of heparanase and competition with HS for binding to growth
factors [184,202–205]. In models of ovarian and pancreatic cancer, it also enhanced the anticancer
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activity of standard chemotherapies [206,207]. Recent reports also ascribe to pixatimod direct proapototic
effect by interfering with Wnt/β-catenin signaling in pancreatic cancer cells and endothelial reticulum
stress response in lymphoma cells [185,207]. A remarkable aspect of the antitumor activity of this
compound pertains to the potent immunomodulatory activity which could be critical for its antitumor
effect. Investigation into the mechanism underlying immunomodulation in lymphoma models revealed
that pixatimod enhanced cytosine–phosphate–guanine (CpG)-mediated TLR9 activation on dendritic cells,
leading to increased production of proinflammatory cytokines (e.g., IL-12) and NK-cell activation [208].
In addition, pixatimod inhibited the infiltration of tumor-associated macrophages and myeloid-derived
suppressor cells in experimental pancreatic carcinomas [82,209]. Evidence of immune modulation was
also provided by pharmacodynamic data obtained in the phase I monotherapy in advanced cancer
patients, recently completed [191]. Moreover, using a syngeneic breast cancer model, Hammond and
colleagues demonstrated that pixatimod not only modulated innate immune cells but, in combination
with an anti-programmed death 1 (PD-1) checkpoint inhibitor antibody, also enhanced T cell infiltration
potentiating the antitumor effectiveness [210]. Based on these properties, a phase I trial of pixatimod
in combination with the anti-PD-1 inhibitor, nivolumab, in patients with advanced solid tumors and
metastatic pancreatic cancer is ongoing. Further bringing HS competition/heparanase inhibition closer to
the clinic, in a recent paper, pixatimod was tested in lung cancer patient-derived xenografts (PDX). It was
found to be highly effective in reducing tumor growth and lymph node metastases in >85% of cases. It was
also effective in PDX that did not respond to cisplatin, suggesting the possibility that HS/heparanase
targeting treatment can be applied where conventional cytotoxic chemotherapy fails [211].

4. New Molecules and Perspectives

Porcine and bovine tissues are still the sole sources for commercial heparin. Difficulties/hurdles
related to sourcing, isolation, and purification of heparin continue to be faced in order to obtain
a pharmaceutical-grade drug or intermediates with guaranteed safety and efficacy. To circumvent
some manufacturing problems, as well as the risk of contamination with pathogens (e.g., mammalian
prionic proteins and viruses) or other dangerous polysaccharides (e.g., oversulfated chondroitin
sulfate), intensive efforts were made to identify alternative sources of heparin-like compounds, as well
as synthetic derivatives endowed with similar biological activities but devoid of side effects [212–214].

4.1. HS and Heparin-Like GAGs from Marine and Terrestrial Invertebrates

HS and heparin-like GAGs from marine prokaryotes and eukaryotes characterized by unique
structural chemodiversity offer the opportunity of evaluating biological activities of novel materials in
native form or after their selective chemical modification [214]. For instance, heparin-like polymers
characterized by low anticoagulant activity and devoid of bleeding effects, but endowed with
anti-inflammatory and antimetastatic activities, were identified in mollusks cultivated on a large scale [215].
The unique HS from the bivalve mollusk, Nodipecten nodosus (Figure 6), displays P-selectin and heparanase
inhibitory properties and does not induce bleeding effects [216,217]. The heterogeneous polysaccharide is
characterized by the major disaccharide, 4-O-D-GlcA β1-4-D-GlcN 1α, showing partial and random 2-
and/or 3-O-sulfation and/or 2-N and 6-O-sulfation, respectively. It drastically attenuates experimental
metastases induced by mouse 3LL lung carcinoma cells, an effect associated with the inhibition of
platelet–tumor cell complex formation in blood vessels. In addition, the mollusk HS was able to reduce
inflammatory cell recruitment suggesting L-selectin inhibitory properties, which may contribute to the
reported inhibition of lung metastatic colonization of human colon carcinoma LS180 cells [213].
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Acharan sulfate (AS) is a GAG from the giant African snail, Achatina fulica, characterized by
a primary repeating disaccharide structure α-D-N-acetylglucosaminyl-2-O-sulfo-α-L-iduronic acid.
It exhibited antitumor and antiangiogenic activity in vitro and in vivo, significantly reducing the
tumor growth of 3LL lung carcinoma and sarcoma 180 [218,219]. The ability of AS to bind nucleolin
was suggested to contribute to the tumor growth inhibitory activity on 3LL and A549 human lung
adenocarcinoma by altering signal transduction, thereby driving cells into stress condition. AS can
affect the nucleolin functions as a cell-surface receptor for a variety of growth factors/chemokines and
as a shuttle protein between the cytoplasm and the nucleus by inducing its degradation.

4.2. Bacterial HS and Semisynthetic Heparin-Like GAGs

The discovery of a biosynthetic natural polysaccharide produced by some strains of Escherichia
coli provided a great opportunity to produce “biotechnological” heparin/HS endowed with different
biological properties, and to finely dissect structural determinants responsible for anticoagulant/
antithrombotic, anticancer and anti-viral activities [214,220,221]. The capsular polysaccharide E. coli
K5 formed by the repetition of a disaccharide composed of D-GlcA α 1,4-linked to D-GlcNAc, displays
the same structure of the natural biosynthetic precursor of heparin, N-acetyl heparosan. Being not
decorated with sulfate groups nor epimerized at D-GlcA residues, K5 is biologically inactive with
regards to effects on coagulation, proliferation, and inflammation. Actually, this bacterial polysaccharide
represents an interesting starting material to produce, via chemical enzymatic technology, non-animal
derived-heparin/HS-like GAGs with or without anticoagulant activity [214,221–223]. On the other hand,
Chinese hamster ovary cells producing natural HS can be metabolically engineered to obtain high-value
“designer heparins” endowed with peculiar structural and functional properties [223].

Poggi et al. [224] evaluated the effect of a series of semisynthetic sulfamino heparosan compounds
(SAHSs) obtained via chemical modifications of the K5 polysaccharide and characterized by various
degrees of sulfation, distribution of sulfates, and molecular size, in lung experimental metastasis
with mouse B16-BL6 melanoma cells. Among the compounds tested, SAHS-2 and SAHS-4 displayed
remarkable antimetastatic activity related to the degree and ratio of 2-O- and 3-O-sulfation at GlcA
residues, although they still possessed some anticoagulant and antiXa activity. However, an LMW
fraction of SAHS-4, affinity-depleted of AT-binding sites, conserved antimetastatic activity similar
to that of the parent compound, confirming the involvement of other mechanisms not related to the
interference with the clotting system in the inhibition of melanoma cell lung colonization.

A number of heparosan derivatives have been reported to have FGF2 antagonistic activity,
producing angiostatic effects. For instance, highly sulfated species of the K5 polysaccharide were
shown to bind FGF2 and inhibit FGF2-induced endothelial cell proliferation and angiogenesis,
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likely by interfering with the formation of FGF2/FGFR/HS complexes [220,221,225]. Noteworthy,
although various species of N-acetylated, O-sulfated K5 polysaccharides bind FGF1, FGF2,
and FGF8b [226], their impact on growth factor-triggered signaling and biological effects may be
different, depending on the cellular context, the receptor type, and cell-surface density along with
the HS fine structure. Since FGFRs differ in their interaction with HS [227], receptor activation
and signaling might consequently vary in their susceptibility to inhibition by HS mimetics.
Indeed, Borgenstrom et al. [226] demonstrated that the FGF antagonistic activity of O-sulfated K5
polysaccharides was influenced by the FGF/FGFR species and the cellular context. In particular,
FGF8b-induced proliferation of S115 mammary carcinoma cells was markedly inhibited only by
the highly O-sulfated K5-OS, which binds FGF8b with high affinity preventing receptor activation.
An LMW derivative, obtained via nitrous acid depolymerization of the K5N,OS compound, maintained
antiangiogenic activities abrogating the formation of the HSPG/FGF2/FGFR ternary complex with
negligible anticoagulant activity. Subsequently, among chemically O-sulfated K5 polysaccharides
with low anticoagulant activity, the high-molecular-weight derivative (OS-HMW) was reported to
significantly inhibit the metastatic dissemination of human MDA-MB-231 breast cancer cells to the
bone, and of mouse B16-BL6 melanoma cells to the lung [228]. OS-HMW antimetastatic effects have
been related to heparanase inhibition and to the ability to lower cancer cell adhesion to endothelial
cells, and to intercellular adhesion molecule 1 and P-selectin. The K5-NS,OS derivative was shown to
inhibit osteolytic bone destruction and tumor growth of the highly bone metastatic model of breast
cancer MDA-MB-231(SA) [229]. This effect was associated with the ability of K5-NS,OS to inhibit
TGF-β-induced IL-11 production, likely by affecting TGF-β–HSPG interaction by virtue of its high
sulfation degree at C-6.

Other studies exploited the versatile K5 polysaccharide to decipher the multi-faced substrate
specificity of heparanase [230–232]. Using K5 derived substrates, Peterson et al. [231] demonstrated
that heparanase cleaves the linkage –GlcA–GlcNS3S (or –GlcNS6S) and the linkage GlcA2S–GlcNS.
Moreover, the repeating disaccharide unit IdoA2S–GlcNS was shown to have enzyme inhibitory
properties. Of note, as polysaccharides carrying the IdoA2S–GlcNS repeating sequence have no
anticoagulant activity or cell proliferation stimulating effect, these studies provided useful information
for designing novel heparanase inhibitors devoid of side effects [233].

Studies on the anticancer/antimetastatic activity of variably sulfated K5 polysaccharides also
provide information about the signaling and the biological function of their multiple targets.
For instance, K5-NS,OS was shown to inhibit the SDF-1/CXCL12 chemokine-mediated B16 melanoma
cell proliferation and adhesion to endothelial cells and activated platelets, likely by interfering with
the CXCL12–CXCR4 interaction [234]. Consistently, CXCL12 was reported to bind sulfated domains
of GAGs with high affinity predominantly through 2-O- and N-sulfate groups [235]. These studies
also suggested immunomodulatory and antiflammatory activities of sulfated K5 polysaccharides.
Teng et al. [236] described the ability of K5-OS2 to stimulate TNF-α and IL-1β production by RAW
264.7 mouse macrophages and to enhance both murine T- and B-cell proliferation. However, a possible
contribution of immunostimulating effects on the antitumor activity of these derivatives remains to
be defined.

Heparosan derivatives were also used to determine how the sulfation pattern can influence
receptor-mediated cell internalization and nuclear localization of heparin-like polysaccharides and
consequent biological effects [237]. These findings provide information for designing heparin–drug
conjugates as drug delivery vehicles which can also be used in the oncological context.

4.3. Synthetic Oligosaccharidic HS Mimetics

Progresses in synthetic chemistry enabled the production of structurally defined HS
oligosaccharides, thereby extending investigational opportunities to counteract pathological HSPG
functions. Cole et al. [238] synthesized a series of HS oligosaccharides ranging from 7–12 saccharide
residues containing a repeating disaccharide unit consisting of L-iduronate 2-O-sulfate linked to D-GlcN
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with or without N-sulfation. They demonstrated that the inhibition of endothelial cell functions essential
for angiogenesis is dependent on specific structural features of the HS fragments. The 12-mer 2SNS
emerged in this series as the most potent oligosaccharide in inhibiting endothelial cell migration and
signaling induced by key proangiogenic factors such as FGF2 and VEGF165.

Further studies demonstrated the relevance of site-specific sulfation in determining binding
preferences and biological effects of synthetic, mono 6-O-sulfated HS mimetic polysaccharides.
For instance, the addition of a single 6-O-sulfate moiety at the non-reducing end of an otherwise
uniformly 2-O- and N-sulfated dodecasaccharide switched the inhibitory selectivity from CXCL12 to
CXCL8, and increased the potency in targeting FGF2-mediated biological activities in endothelial cells,
while minimally improving the effects against VEGF165-induced cellular functions [239,240].

Kuhnast et al. [241] reported the in vitro antiangiogenic properties of a rationally designed
octasaccharide-based HS mimetic and of its fluoropyridinilated radioactive derivative. The parental
oligosaccharide showed strong affinity for VEGF-A, FGF2, PDGF-β, and SDF-1α, as well as potent
heparanase inhibitory activity. Both agents similarly inhibited FGF2-induced proliferation of normal
human dermal fibroblasts (NHDF). Octasaccharide-18F labeling provided useful insights concerning
the pharmacodistribution of the HS mimetic. In male Winstar rats, the radiolabeled derivative
displayed a long-lasting residence time in the vascular system and progressive accumulation in
elimination organs (liver, kidneys and bladder).

Roy et al. [242], in a structure–activity relationship (SAR) study, evaluated the affinity for 22 heparin
binding proteins and the heparanase inhibitory activity of three synthetic heparin mimetic hexasaccharides
in vitro. The different hexasaccharides contained the same (L-iduronic acid–D-glucosamine)3 backbone
but varying substitution patterns. Among them, the irregular N-differentiated α pentyl hexasaccharide-3
presenting N-acetylated and N-sulfated D-glucosamines and one non sulfated uronic acid unit, displayed
a unique and distinct molecular recognition profile. With respect to the other hexasaccharides, it exhibited
the highest affinity for various immunomodulatory/inflammation proteins including bone morphogenetic
protein 6 (BMP6), C–C motif chemokine ligand 2 (CCL2), CXCL12, CXCL4, IFNγ, IL-23, P-selectin, VEGF,
and Wnt-3a. The atypical conformational orientation of hexasaccharide 3 associated with the two N-acetyl
glucosamines at the terminal end, and the internal iduronic acid N-sulfated glucosamine disaccharide,
can contribute to its interesting binding profile. In addition, hexasaccharide 3 reduced heparanase activity,
exhibiting a noteworthy atypical bell-shaped inhibition curve, which might reflect a different mechanism
of action or substrate competition at high concentration.

Although rare, naturally occurring N-unsubstituted GlcNH3
+ residues display relevant biological

functions. Nadanaka et al. [243] showed that HS structures possessing N-unsubstituted GlcN accumulate
in highly invasive human breast cancer cells and evade heparanase-mediated degradation. Indeed,
chemically synthetic HS tetrasaccharides containing unsubstituted GlcN residues, GlcAβ1-4GlcNH3

+

(6-O-sulfate)α1-4GlcAβ1-4GlcNH3
+ (6-O-sulfate)(TD4-143-1) (Figure 7a), accumulated in lysosomes,

inhibited heparanase activity, and suppressed invasion of breast cancer cells in vitro [243]. Noteworthy,
since TD4-143-1 tetrasaccharides do not possess the critical structure for complex formation with AT,
they are supposed to exhibit no anticoagulant activity.

The synthetic polymers OTR4120 or OTR4131 (Figure 7b) were shown to directly bind the
proinflammatory basic chemokine CCL5 (regulated on activation, normal T cell expressed and secreted;
RANTES) and to inhibit the the CC-chemokine-stimulated migration and invasion of the human hepatoma
cell line HuH7 [244]. These synthetic derivatives of dextran T40, composed of ~200 D-glucopyranose units
linked by α-1,6 bonds, are equally characterized by the presence of carboxylate and sulfated groups in
extents similar to those found in heparin. The presence of acetate groups increased the hydrophobicity of
the OTR4131 derivative without modifying its inhibitory effects on RANTES/CCL5-mediated signaling.
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Sheng et al. [245], using a core disaccharide synthetic precursor, produced a novel class of
HS/heparin glycomimetics characterized by a highly tunable structure, controllable sizes, and defined
sulfation motifs. Among these glycomers devoid of anticoagulant activity, a specific trisulfated HS
mimetic was able to antagonize the chemotactic activity of RANTES/CCL5 with a potency similar
to that displayed by heparin. This study provided a general strategy for modulating chemokine
activity and dissecting the pleiotropic functions of HS/heparin through the presentation of defined
sulfation motifs within polymeric scaffolds. Overall, theses studies demonstrated that controlling the
positioning and distribution of sulfate groups within the glycopolymers enables the dissection of the
anti-inflammatory functions of HS/heparin from the anticoagulant activity.

Other studies, using minimal-sized oligosaccharides of variable but well-defined sulfation
patterns, contributed to refining structural requirements for GAG–HGF interactions and to envisaging
structural determinants for the rational design of carbohydrate- and non-carbohydrate-based inhibitors
of HGF-triggered signaling [246,247].

The synthetic sulfated pentasaccharide EP80061, mimicking natural HS, incorporates the
trisaccharidic minimal sequence for heparanase recognition and a 2-deoxy-1N-imino glucuronic acid
at the reducing end, and displays relevant heparanase inhibitory activity. It demonstrated significant
antitumor activity in human A673 rhabdomyosarcoma xenografts, and antimetastatic activity in rat
MAT13762 mammary adenocarcinoma and in mouse B16-F10 melanoma models [248].
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5. Conclusions

Since the discovery of heparin 100 years ago, polypharmacology beyond anticoagulation of this
life-saving agent and related drugs was increasingly recognized and characterized. The definition
of structural/functional determinants in the heparin and HS molecules, as well as the consequent
production of derivatives with reduced or absent anticoagulant activity, prompted an intense chemical
synthesis effort, still ongoing, aimed at the identification of heparin/HS mimetics effective in several
diseases. Preclinical oncology studies showed that HS mimetics can potentially counteract all steps
of cancer development and progression, from local tumor growth, to angiogenesis and invasion,
to distant metastatic dissemination. Immunomodulatory properties of these agents can also provide
a relevant contribution to their antitumor effects. Several HS mimetics were found to exert antitumor
action; however, the most significant effects were reported for their use in combination treatments.
These findings support the notion that interfence on the multiple effects of heparanase/HSPGs
on tumor cells and the tumor microenvironment represents a valuable strategy to potentiate the
efficacy of standard therapies. Notably, heparanase 2, encoded by an HPSE gene homolog, emerged as
an additional player in this complex landscape [249]. It does not exhibit enzymatic activity, but displays
higher affinity toward HS than heparanase, competing for HS binding, and thus, inhibiting the enzyme
activity. Although preclinical and clinical data suggest a tumor suppressor role for heparanase 2,
its functional role and effects of its interaction with HS mimetics in vivo remain to be fully elucidated.

Reports of early trials of the first HS mimetics that progressed to clinical evaluation mostly provided
good tolerability and hints of anti-tumor activity. Although conclusions about the clinical relevance
of HS mimetics in cancer therapy cannot be drawn at present, preclinical and clinical data suggest
a few considerations. HS mimetics represent an innovative promising approach still poorly explored
in the scenario of cancer therapy. While the first compounds are facing the clinic, much attention
should be paid to fully exploit their potential. The antitumor action of HS mimetics appears to be
context-dependent, likely specific for certain tumors, and possibly restricted to subgroups of patients in
a way reminiscent of the action of molecularly targeted agents. As for the latter therapeutics, a major
challenge ahead will be to identify molecular determinants (e.g., the heparanase/syndecan-1 axis
in multiple myeloma) associated with a peculiar sensitivity to treatment, and to discover predictive
biomarkers. This is of upmost importance to identify appropriate malignancies and to rationally select
patient population for clinical trials. HS mimetics are characterized by good safety and tolerability
profiles, a feature that renders them highly suitable for inclusion in combination regimens designed
to enhance antitumor efficacy of conventional treatments. Moreover, such a feature, together with
the unique pleiotropic mechanism of action, is of particular interest in the perspective of precision
medicine, where acquired drug resistance and intratumoral heterogeneity are still important challenges.
Implementation of preclinical studies applying novel approaches such as patient-derived in vitro and
in vivo tumor models is expected to give impulse to HS mimetic research, providing the opportunity
to test drug combinations in predictive models that recapitulate key features of human tumors.
The peculiar structures of HS mimetics derived from non-animal sources, as well as those of novel
synthetic molecules, can potentially reveal context-specific protein interactions, mechanisms of action,
and biological effects. The development of orally active non-anticoagulant heparin/HS derivatives
represents an additional extremely interesting frontier in the oncologic field in view of long-term
treatments and enhanced patient compliance.

Author Contributions: C.L. and G.C. equally contributed to the conception and design of the work. Both authors
drafted sections of the manuscript, revised it, and approved the final version. G.C. prepared the figures.

Acknowledgments: The authors are grateful to Giuseppe Cassinelli for the critical reading of and constructive
suggestions on the manuscript. The graphical abstract was prepared using tools from Servier Medical Art
(http://www.servier.fr/servier-medical-art).

Conflicts of Interest: The authors declare no conflict of interest.

http://www.servier.fr/servier-medical-art


Molecules 2018, 23, 2915 23 of 36

References

1. Bernfield, M.; Götte, M.; Park, P.W.; Reizes, O.; Fitzgerald, M.L.; Lincecum, J.; Zako, M. Functions of cell
surface heparan sulfate proteoglycans. Annu. Rev. Biochem. 1999, 68, 729–777. [CrossRef] [PubMed]

2. Rudd, T.R.; Skidmore, M.A.; Guerrini, M.; Hricovini, M.; Powell, A.K.; Siligardi, G.; Yates, E.A. The conformation
and structure of GAGs: Recent progress and perspectives. Curr. Opin. Struct. Biol. 2010, 20, 567–574. [CrossRef]
[PubMed]

3. Sarrazin, S.; Lamanna, W.C.; Esko, J.D. Heparan sulfate proteoglycans. Cold Spring Harb. Perspect. Biol. 2011,
3. [CrossRef] [PubMed]

4. Shriver, Z.; Capila, I.; Venkataraman, G.; Sasisekharan, R. Heparin and heparan sulfate: Analyzing structure
and microheterogeneity. In Handbook Experimental Pharmacology; Heparin-A century of Progress, Lever, R.,
Mulloy, B., Page, C.P., Eds.; Springer: Berlin/Heidelberg, Germany, 2012; Volume 207, pp. 159–176.

5. Gallangher, J.T. Heparan sulfate: A heparin in miniature. In Handbook Experimental Pharmacology; Heparin-A
century of Progress, Lever, R., Mulloy, B., Page, C.P., Eds.; Springer: Berlin/Heidelberg, Germany, 2012;
Volume 207, pp. 347–360.

6. Li, J.P.; Kusche-Gullberg, M. Heparan sulfate: Biosynthesis, structure, and function. Int. Rev. Cell. Mol. Biol.
2016, 325, 215–273. [PubMed]

7. Mulloy, B.; Hogwood, J.; Gray, E.; Lever, R.; Page, C.P. Pharmacology of heparin and related drugs.
Pharmacol. Rev. 2016, 68, 76–141. [CrossRef] [PubMed]

8. Theocharis, A.D.; Skandalis, S.S.; Tzanakakis, G.N.; Karamanos, N.K. Proteoglycans in health and disease:
Novel roles for proteoglycans in malignancy and their pharmacological targeting. FEBS J. 2010, 277,
3904–3923. [CrossRef] [PubMed]

9. Iozzo, R.V.; Sanderson, R.D. Proteoglycans in cancer biology, tumour microenvironment and angiogenesis.
J. Cell. Mol. Med. 2011, 15, 1013–1031. [CrossRef] [PubMed]

10. Knelson, E.H.; Nee, J.C.; Blobe, G.C. Heparan sulfate signaling in cancer. Trends Biochem. Sci. 2014, 39,
277–288. [CrossRef] [PubMed]

11. Parish, C.R. The role of heparan sulphate in inflammation. Nat. Rev. Immunol. 2006, 6, 633–643. [CrossRef]
[PubMed]

12. Chiodelli, P.; Bugatti, A.; Urbinati, C.; Rusnati, M. Heparin/Heparan sulfate proteoglycans glycomic
interactome in angiogenesis: Biological implications and therapeutical use. Molecules 2015, 20, 6342–6388.
[CrossRef] [PubMed]

13. Couchman, J.R.; Multhaupt, H.; Sanderson, R.D. Recent insights into cell surface heparan sulphate
proteoglycans and cancer. F1000 Res. 2016, 5. [CrossRef] [PubMed]

14. Nagarajan, A.; Malvi, P.; Wajapeyee, N. Heparan sulfate and heparan sulfate proteoglycans in cancer
initiation and progression. Front. Endocrinol. 2018, 9, 483. [CrossRef] [PubMed]

15. Forsberg, E.; Pejler, G.; Ringvall, M.; Lunderius, C.; Tomasini-Johansson, B.; Kusche-Gullberg, M.; Eriksson, I.;
Ledin, J.; Hellman, L.; Kjellén, L. Abnormal mast cells in mice deficient in a heparin-synthesizing enzyme.
Nature 1999, 400, 773–776. [CrossRef] [PubMed]

16. Humphries, D.E.; Wong, G.W.; Friend, D.S.; Gurish, M.F.; Qiu, W.T.; Huang, C.; Sharpe, A.H.; Stevens, R.L.
Heparin is essential for the storage of specific granule proteases in mast cells. Nature 1999, 400, 769–772.
[CrossRef] [PubMed]

17. Mulloy, B.; Lever, R.; Page, C.P. Mast cell glycosaminoglycans. Glycoconj. J. 2017, 34, 351–361. [CrossRef]
[PubMed]

18. Casu, B.; Naggi, A.; Torri, G. Re-visiting the structure of heparin. Carbohydr. Res. 2015, 403, 60–68. [CrossRef]
[PubMed]

19. Kreuger, J.; Kjellén, L. Heparan sulfate biosynthesis: Regulation and variability. J. Histochem. Cytochem. 2012,
60, 898–907. [CrossRef] [PubMed]

20. Nagamine, S.; Tamba, M.; Ishimine, H.; Araki, K.; Shiomi, K.; Okada, T.; Ohto, T.; Kunita, S.; Takahashi, S.;
Wismans, R.G.; et al. Organ-specific sulfation patterns of heparan sulfate generated by extracellular sulfatases
Sulf1 and Sulf2 in mice. J. Biol. Chem. 2012, 287, 9579–9590. [CrossRef] [PubMed]

21. Gray, E.; Hogwood, J.; Mulloy, B. The anticoagulant and antithrombotic mechanisms of heparin. In Handbook
Experimental Pharmacology; Lever, R., Mulloy, B., Page, C.P., Eds.; Springer: Berlin/Heidelberg, Germany,
2012; Volume 207, pp. 43–61.

http://dx.doi.org/10.1146/annurev.biochem.68.1.729
http://www.ncbi.nlm.nih.gov/pubmed/10872465
http://dx.doi.org/10.1016/j.sbi.2010.08.004
http://www.ncbi.nlm.nih.gov/pubmed/20833032
http://dx.doi.org/10.1101/cshperspect.a004952
http://www.ncbi.nlm.nih.gov/pubmed/21690215
http://www.ncbi.nlm.nih.gov/pubmed/27241222
http://dx.doi.org/10.1124/pr.115.011247
http://www.ncbi.nlm.nih.gov/pubmed/26672027
http://dx.doi.org/10.1111/j.1742-4658.2010.07800.x
http://www.ncbi.nlm.nih.gov/pubmed/20840587
http://dx.doi.org/10.1111/j.1582-4934.2010.01236.x
http://www.ncbi.nlm.nih.gov/pubmed/21155971
http://dx.doi.org/10.1016/j.tibs.2014.03.001
http://www.ncbi.nlm.nih.gov/pubmed/24755488
http://dx.doi.org/10.1038/nri1918
http://www.ncbi.nlm.nih.gov/pubmed/16917509
http://dx.doi.org/10.3390/molecules20046342
http://www.ncbi.nlm.nih.gov/pubmed/25867824
http://dx.doi.org/10.12688/f1000research.8543.1
http://www.ncbi.nlm.nih.gov/pubmed/27408707
http://dx.doi.org/10.3389/fendo.2018.00483
http://www.ncbi.nlm.nih.gov/pubmed/30197623
http://dx.doi.org/10.1038/23488
http://www.ncbi.nlm.nih.gov/pubmed/10466727
http://dx.doi.org/10.1038/23481
http://www.ncbi.nlm.nih.gov/pubmed/10466726
http://dx.doi.org/10.1007/s10719-016-9749-0
http://www.ncbi.nlm.nih.gov/pubmed/27900574
http://dx.doi.org/10.1016/j.carres.2014.06.023
http://www.ncbi.nlm.nih.gov/pubmed/25088334
http://dx.doi.org/10.1369/0022155412464972
http://www.ncbi.nlm.nih.gov/pubmed/23042481
http://dx.doi.org/10.1074/jbc.M111.290262
http://www.ncbi.nlm.nih.gov/pubmed/22298771


Molecules 2018, 23, 2915 24 of 36

22. Rudd, T.R.; Preston, M.D.; Yates, E.A. The nature of the conserved basic amino acid sequences found among
437 heparin binding proteins determined by network analysis. Mol. Biosyst. 2017, 13, 852–865. [CrossRef]
[PubMed]

23. Xu, D.; Esko, J.D. Demystifying heparan sulfate-protein interactions. Annu. Rev. Biochem. 2014, 83, 129–157.
[CrossRef] [PubMed]

24. Meneghetti, M.C.; Hughes, A.J.; Rudd, T.R.; Nader, H.B.; Powell, A.K.; Yates, E.A.; Lima, M.A. Heparan
sulfate and heparin interactions with proteins. J. R. Soc. Interface 2015, 12. [CrossRef] [PubMed]

25. Hileman, R.E.; Fromm, J.R.; Weiler, J.M.; Linhardt, R.J. Glycosaminoglycan-protein interactions: Definition
of consensus sites in glycosaminoglycan binding proteins. Bioessays 1998, 20, 156–167. [CrossRef]

26. Kjellén, L.; Lindahl, U. Specificity of glycosaminoglycan-protein interactions. Curr. Opin. Struct. Biol. 2018,
50, 101–108. [CrossRef] [PubMed]

27. Gallagher, J. Fell-Muir Lecture: Heparan sulphate and the art of cell regulation: A polymer chain conducts
the protein orchestra. Int. J. Exp. Pathol. 2015, 96, 203–231. [CrossRef] [PubMed]

28. Ori, A.; Wilkinson, M.C.; Fernig, D.G. A systems biology approach for the investigation of the heparin/
heparan sulfate interactome. J. Biol. Chem. 2011, 286, 19892–19904. [CrossRef] [PubMed]

29. Ludwig, R.J. Therapeutic use of heparin beyond anticoagulation. Curr. Drug Discov. Technol. 2009, 6, 281–289.
[CrossRef] [PubMed]

30. Cassinelli, G.; Naggi, A. Old and new applications of non-anticoagulant heparin. Int. J. Cardiol. 2016, 212,
S14–S21. [CrossRef]

31. Lima, M.; Rudd, T.; Yates, E.A. New applications of heparin and other glycosaminoglycans. Molecules 2017,
22. [CrossRef] [PubMed]

32. Smorenburg, S.M.; Hettiarachchi, R.J.; Vink, R.; Büller, H.R. The effects of unfractionated heparin on survival
in patients with malignancy—A systematic review. Thromb. Haemost. 1999, 82, 1600–1604. [PubMed]

33. Kakkar, A.K. Thrombosis and cancer. Hematol. J. 2004, 5, S20–S23. [CrossRef] [PubMed]
34. Kuderer, N.M.; Ortel, T.L.; Francis, C.W. Impact of venous thromboembolism and anticoagulation on cancer

and cancer survival. J. Clin. Oncol. 2009, 27, 4902–4911. [CrossRef] [PubMed]
35. Lyman, G.H.; Bohlke, K.; Khorana, A.A.; Kuderer, N.M.; Lee, A.Y.; Arcelus, J.I.; Balaban, E.P.; Clarke, J.M.;

Flowers, C.R.; Francis, C.W.; et al. American Society of Clinical Oncology. Venous thromboembolism
prophylaxis and treatment in patients with cancer: American Society of clinical oncology clinical practice
guideline update 2014. J. Clin. Oncol. 2015, 33, 654–656. [CrossRef] [PubMed]

36. Tieken, C.; Versteeg, H.H. Anticoagulants versus cancer. Thromb. Res. 2016, 140, S148–S153. [CrossRef]
37. Läubli, H.; Varki, A.; Borsig, L. Antimetastatic properties of low molecular weight heparin. J. Clin. Oncol.

2016, 34, 2560–2561. [CrossRef] [PubMed]
38. García-Escobar, I.; Beato-Zambrano, C.; Muñoz Langa, J.; Brozos Vázquez, E.; Obispo Portero, B.;

Gutiérrez-Abad, D.; Muñoz Martín, A.J. Cancer and Thrombosis Working Group of the Spanish Society of
Medical Oncology (SEOM). Pleiotropic effects of heparins: Does anticoagulant treatment increase survival in
cancer patients? Clin. Transl. Oncol. 2018, 20, 1097–1108. [CrossRef] [PubMed]

39. Nadir, Y.; Brenner, B. Cancer and thrombosis-new insights. Rambam. Maimonides Med. J. 2018, 1–7. [CrossRef]
[PubMed]

40. Lindahl, U.; Bäckström, G.; Höök, M.; Thunberg, L.; Fransson, L.A.; Linker, A. Structure of the antithrombin-
binding site in heparin. Proc. Natl. Acad. Sci. USA 1979, 76, 3198–3202. [CrossRef] [PubMed]

41. Rosenberg, R.D.; Lam, L. Correlation between structure and function of heparin. Proc. Natl. Acad. Sci. USA
1979, 76, 1218–1222. [CrossRef] [PubMed]

42. Hejna, M.; Raderer, M.; Zielinski, C.C. Inhibition of metastases by anticoagulants. J. Natl. Cancer Inst. 1999,
91, 22–36. [CrossRef] [PubMed]

43. Smorenburg, S.M.; Van Noorden, C.J. The complex effects of heparins on cancer progression and metastasis
in experimental studies. Pharmacol. Rev. 2001, 53, 93–105. [PubMed]

44. Stevenson, J.L.; Choi, S.H.; Varki, A. Differential metastasis inhibition by clinically relevant levels of
heparins-correlation with selectin inhibition, not antithrombotic activity. Clin. Cancer Res. 2005, 11, 7003–7011.
[CrossRef] [PubMed]

45. Niers, T.M.; Klerk, C.P.; DiNisio, M.; Van Noorden, C.J.; Büller, H.R.; Reitsma, P.H.; Richel, D.J. Mechanisms
of heparin induced anti-cancer activity in experimental cancer models. Crit. Rev. Oncol. Hematol. 2007, 61,
195–207. [CrossRef] [PubMed]

http://dx.doi.org/10.1039/C6MB00857G
http://www.ncbi.nlm.nih.gov/pubmed/28317949
http://dx.doi.org/10.1146/annurev-biochem-060713-035314
http://www.ncbi.nlm.nih.gov/pubmed/24606135
http://dx.doi.org/10.1098/rsif.2015.0589
http://www.ncbi.nlm.nih.gov/pubmed/26289657
http://dx.doi.org/10.1002/(SICI)1521-1878(199802)20:2&lt;156::AID-BIES8&gt;3.0.CO;2-R
http://dx.doi.org/10.1016/j.sbi.2017.12.011
http://www.ncbi.nlm.nih.gov/pubmed/29455055
http://dx.doi.org/10.1111/iep.12135
http://www.ncbi.nlm.nih.gov/pubmed/26173450
http://dx.doi.org/10.1074/jbc.M111.228114
http://www.ncbi.nlm.nih.gov/pubmed/21454685
http://dx.doi.org/10.2174/157016309789869001
http://www.ncbi.nlm.nih.gov/pubmed/20025596
http://dx.doi.org/10.1016/S0167-5273(16)12004-2
http://dx.doi.org/10.3390/molecules22050749
http://www.ncbi.nlm.nih.gov/pubmed/28481236
http://www.ncbi.nlm.nih.gov/pubmed/10613641
http://dx.doi.org/10.1038/sj.thj.6200416
http://www.ncbi.nlm.nih.gov/pubmed/15190272
http://dx.doi.org/10.1200/JCO.2009.22.4584
http://www.ncbi.nlm.nih.gov/pubmed/19738120
http://dx.doi.org/10.1200/JCO.2014.59.7351
http://www.ncbi.nlm.nih.gov/pubmed/25605844
http://dx.doi.org/10.1016/S0049-3848(16)30114-1
http://dx.doi.org/10.1200/JCO.2016.66.4607
http://www.ncbi.nlm.nih.gov/pubmed/27185851
http://dx.doi.org/10.1007/s12094-018-1835-2
http://www.ncbi.nlm.nih.gov/pubmed/29470777
http://dx.doi.org/10.5041/RMMJ.10349
http://www.ncbi.nlm.nih.gov/pubmed/30180930
http://dx.doi.org/10.1073/pnas.76.7.3198
http://www.ncbi.nlm.nih.gov/pubmed/226960
http://dx.doi.org/10.1073/pnas.76.3.1218
http://www.ncbi.nlm.nih.gov/pubmed/286307
http://dx.doi.org/10.1093/jnci/91.1.22
http://www.ncbi.nlm.nih.gov/pubmed/9890167
http://www.ncbi.nlm.nih.gov/pubmed/11171940
http://dx.doi.org/10.1158/1078-0432.CCR-05-1131
http://www.ncbi.nlm.nih.gov/pubmed/16203794
http://dx.doi.org/10.1016/j.critrevonc.2006.07.007
http://www.ncbi.nlm.nih.gov/pubmed/17074500


Molecules 2018, 23, 2915 25 of 36

46. Borsig, L. Antimetastatic activities of heparins and modified heparins. Experimental evidence. Thromb. Res.
2010, 125, S66–S71. [CrossRef]

47. Barash, U.; Cohen-Kaplan, V.; Dowek, I.; Sanderson, R.D.; Ilan, N.; Vlodavsky, I. Proteoglycans in health
and disease: New concepts for heparanase function in tumor progression and metastasis. FEBS J. 2010, 277,
3890–3903. [CrossRef] [PubMed]

48. Levy-Adam, F.; Ilan, N.; Vlodavsky, I. Tumorigenic and adhesive properties of heparanase. Semin. Cancer Biol.
2010, 20, 153–160. [CrossRef] [PubMed]

49. Vlodavsky, I.; Elkin, M.; Ilan, N. Impact of heparanase and the tumor microenvironment on cancer metastasis
and angiogenesis: Basic aspects and clinical applications. Rambam. Maimonides Med. J. 2011, 2, e0019.
[CrossRef] [PubMed]

50. Vlodavsky, I.; Beckhove, P.; Lerner, I.; Pisano, C.; Meirovitz, A.; Ilan, N.; Elkin, M. Significance of heparanase
in cancer and inflammation. Cancer Microenviron. 2012, 5, 115–132. [CrossRef] [PubMed]

51. Vlodavsky, I.; Singh, P.; Boyango, I.; Gutter-Kapon, L.; Elkin, M.; Sanderson, R.D.; Ilan, N. Heparanase: From
basic research to therapeutic applications in cancer and inflammation. Drug Resist. Updat. 2016, 29, 54–75.
[CrossRef] [PubMed]

52. Hammond, E.; Khurana, A.; Shridhar, V.; Dredge, K. The role of heparanase and sulfatases in the modification
of heparan sulfate proteoglycans within the tumor microenvironment and opportunities for novel cancer
therapeutics. Front. Oncol. 2014, 4, 195. [CrossRef] [PubMed]

53. Pisano, C.; Vlodavsky, I.; Ilan, N.; Zunino, F. The potential of heparanase as a therapeutic target in cancer.
Biochem. Pharmacol. 2014, 89, 12–19. [CrossRef] [PubMed]

54. Cassinelli, G.; Zaffaroni, N.; Lanzi, C. The heparanase/heparan sulfate proteoglycan axis: A potential new
therapeutic target in sarcomas. Cancer Lett. 2016, 382, 245–254. [CrossRef] [PubMed]

55. Rivara, S.; Milazzo, F.M.; Giannini, G. Heparanase: A rainbow pharmacological target associated to multiple
pathologies including rare diseases. Future Med. Chem. 2016, 8, 647–680. [CrossRef] [PubMed]

56. Lanzi, C.; Zaffaroni, N.; Cassinelli, G. Targeting heparan sulfate proteoglycans and their modifying enzymes
to enhance anticancer chemotherapy efficacy and overcome drug resistance. Curr. Med. Chem. 2017, 24,
2860–2886. [CrossRef] [PubMed]

57. Jia, L.; Ma, S. Recent advances in the discovery of heparanase inhibitors as anti-cancer agents. Eur. J.
Med. Chem. 2016, 121, 209–220. [CrossRef] [PubMed]

58. Kovalszky, I.; Hjerpe, A.; Dobra, K. Nuclear translocation of heparan sulfate proteoglycans and their
functional significance. Biochim. Biophys. Acta 2014, 1840, 2491–2497. [CrossRef] [PubMed]

59. Vivès, R.R.; Seffouh, A.; Lortat-Jacob, H. Post-Synthetic Regulation of HS Structure: The Yin and Yang of the
Sulfs in cancer. Front. Oncol. 2014, 3, 331. [CrossRef] [PubMed]

60. Fux, L.; Ilan, N.; Sanderson, R.D.; Vlodavsky, I. Heparanase: Busy at the cell surface. Trends Biochem. Sci.
2009, 34, 511–519. [CrossRef] [PubMed]

61. Mahtouk, K.; Hose, D.; Raynaud, P.; Hundemer, M.; Jourdan, M.; Jourdan, E.; Pantesco, V.; Baudard, M.;
De Vos, J.; Larroque, M.; et al. Heparanase influences expression and shedding of syndecan-1, and its
expression by the bone marrow environment is a bad prognostic factor in multiple myeloma. Blood 2007,
109, 4914–4923. [CrossRef] [PubMed]

62. Ramani, V.C.; Purushothaman, A.; Stewart, M.D.; Thompson, C.A.; Vlodavsky, I.; Au, J.L.; Sanderson, R.D.
The heparanase/syndecan-1 axis in cancer: Mechanisms and therapies. FEBS J. 2013, 280, 2294–2306.
[CrossRef] [PubMed]

63. Ilan, N.; Shteingauz, A.; Vlodavsky, I. Function from within: Autophagy induction by HPSE/heparanase—
New possibilities for intervention. Autophagy 2015, 11, 2387–2389. [CrossRef] [PubMed]

64. Purushothaman, A.; Hurst, D.R.; Pisano, C.; Mizumoto, S.; Sugahara, K.; Sanderson, R. Heparanase-mediated
loss of nuclear syndecan-1 enhances histone acetyltransferase (HAT) activity to promote expression of genes
that drive an aggressive tumor phenotype. J. Biol. Chem. 2011, 286, 30377–30383. [CrossRef] [PubMed]

65. He, Y.Q.; Sutcliffe, E.L.; Bunting, K.L.; Li, J.; Goodall, K.J.; Poon, I.K.A.; Hulett, M.D.; Freeman, C.; Zafar, A.;
McInnes, R.L.; et al. The endoglycosidase heparanase enters the nucleus of T lymphocytes and modulates
H3 methylation at actively transcribed genes via the interplay with key chromatin modifying enzymes.
Transcription 2012, 3, 130–145. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0049-3848(10)70017-7
http://dx.doi.org/10.1111/j.1742-4658.2010.07799.x
http://www.ncbi.nlm.nih.gov/pubmed/20840586
http://dx.doi.org/10.1016/j.semcancer.2010.06.005
http://www.ncbi.nlm.nih.gov/pubmed/20619346
http://dx.doi.org/10.5041/RMMJ.10019
http://www.ncbi.nlm.nih.gov/pubmed/23908791
http://dx.doi.org/10.1007/s12307-011-0082-7
http://www.ncbi.nlm.nih.gov/pubmed/21811836
http://dx.doi.org/10.1016/j.drup.2016.10.001
http://www.ncbi.nlm.nih.gov/pubmed/27912844
http://dx.doi.org/10.3389/fonc.2014.00195
http://www.ncbi.nlm.nih.gov/pubmed/25105093
http://dx.doi.org/10.1016/j.bcp.2014.02.010
http://www.ncbi.nlm.nih.gov/pubmed/24565907
http://dx.doi.org/10.1016/j.canlet.2016.09.004
http://www.ncbi.nlm.nih.gov/pubmed/27666777
http://dx.doi.org/10.4155/fmc-2016-0012
http://www.ncbi.nlm.nih.gov/pubmed/27057774
http://dx.doi.org/10.2174/0929867324666170216114248
http://www.ncbi.nlm.nih.gov/pubmed/28215163
http://dx.doi.org/10.1016/j.ejmech.2016.05.052
http://www.ncbi.nlm.nih.gov/pubmed/27240275
http://dx.doi.org/10.1016/j.bbagen.2014.04.015
http://www.ncbi.nlm.nih.gov/pubmed/24780644
http://dx.doi.org/10.3389/fonc.2013.00331
http://www.ncbi.nlm.nih.gov/pubmed/24459635
http://dx.doi.org/10.1016/j.tibs.2009.06.005
http://www.ncbi.nlm.nih.gov/pubmed/19733083
http://dx.doi.org/10.1182/blood-2006-08-043232
http://www.ncbi.nlm.nih.gov/pubmed/17339423
http://dx.doi.org/10.1111/febs.12168
http://www.ncbi.nlm.nih.gov/pubmed/23374281
http://dx.doi.org/10.1080/15548627.2015.1115174
http://www.ncbi.nlm.nih.gov/pubmed/26571129
http://dx.doi.org/10.1074/jbc.M111.254789
http://www.ncbi.nlm.nih.gov/pubmed/21757697
http://dx.doi.org/10.4161/trns.19998
http://www.ncbi.nlm.nih.gov/pubmed/22771948


Molecules 2018, 23, 2915 26 of 36

66. Yang, Y.; Gorzelanny, C.; Bauer, A.T.; Halter, N.; Komljenovic, D.; Bäuerle, T.; Borsig, L.; Roblek, M.;
Schneider, S.W. Nuclear heparanase-1 activity suppresses melanoma progression via its DNA-binding
affinity. Oncogene 2015, 34, 5832–5842. [CrossRef] [PubMed]

67. Rosen, S.D.; Lemjabbar-Alaoui, H. Sulf-2: An extracellular modulator of cell signaling and a cancer target
candidate. Expert. Opin. Ther. Targets 2010, 14, 935–949. [CrossRef] [PubMed]

68. Mantovani, A.; Allavena, P.; Sica, A.; Balkwill, F. Cancer-related inflammation. Nature 2008, 454, 436–444.
[CrossRef] [PubMed]

69. Goldberg, R.; Meirovitz, A.; Hirshoren, N.; Bulvik, R.; Binder, A.; Rubinstein, A.M.; Elkin, M. Versatile role
of heparanase in inflammation. Matrix. Biol. 2013, 32, 234–240. [CrossRef] [PubMed]

70. Kumar, A.V.; Katakam, S.K.; Urbanowitz, A.K.; Gotte, M. Heparan sulphate as a regulator of leukocyte
recruitment in inflammation. Curr. Protein Pept. Sci. 2015, 16, 77–86. [CrossRef] [PubMed]

71. Farrugia, B.L.; Lord, M.S.; Melrose, J.; Whitelock, J.M. The role of heparan sulfate in inflammation, and
the development of biomimetics as anti-inflammatory strategies. J. Histochem. Cytochem. 2018, 66, 321–336.
[CrossRef] [PubMed]

72. Wang, L.; Fuster, M.; Sriramarao, P.; Esko, J.D. Endothelial heparan sulfate deficiency impairs L-selectin- and
chemokine-mediated neutrophil trafficking during inflammatory responses. Nat. Immunol. 2005, 6, 902–910.
[CrossRef] [PubMed]

73. Lortat-Jacob, H.; Grosdidier, A.; Imberty, A. Structural diversity of heparan sulfate binding domains in
chemokines. Proc. Natl. Acad. Sci. USA. 2002, 99, 1229–1234. [CrossRef] [PubMed]

74. Massena, S.; Christoffersson, G.; Hjertström, E.; Zcharia, E.; Vlodavsky, I.; Ausmees, N.; Rolny, C.; Li, J.P.;
Phillipson, M. A chemotactic gradient sequestered on endothelial heparan sulfate induces directional
intraluminal crawling of neutrophils. Blood 2010, 116, 1924–1931. [CrossRef] [PubMed]

75. Stoler-Barak, L.; Barzilai, S.; Zauberman, A.; Alon, R. Transendothelial migration of effector T cells across
inflamed endothelial barriers does not require heparan sulfate proteoglycans. Int. Immunol. 2014, 26, 315–324.
[CrossRef] [PubMed]

76. Meirovitz, A.; Goldberg, R.; Binder, A.; Rubinstein, A.M.; Hermano, E.; Elkin, M. Heparanase in inflammation
and inflammation-associated cancer. FEBS J. 2013, 280, 2307–2319. [CrossRef] [PubMed]

77. Sanderson, R.D.; Elkin, M.; Rapraeger, A.C.; Ilan, N.; Vlodavsky, I. Heparanase regulation of cancer,
autophagy and inflammation: New mechanisms and targets for therapy. FEBS J. 2017, 284, 42–55. [CrossRef]
[PubMed]

78. Blich, M.; Golan, A.; Arvatz, G.; Sebbag, A.; Shafat, I.; Sabo, E.; Cohen-Kaplan, V.; Petcherski, S.;
Avniel-Polak, S.; Eitan, A.; et al. Macrophage activation by heparanase is mediated by TLR-2 and TLR-4 and
associates with plaque progression. Arterioscler. Thromb. Vasc. Biol. 2013, 33, e56–e65. [CrossRef] [PubMed]

79. Goodall, K.J.; Poon, I.K.; Phipps, S.; Hulett, M.D. Soluble heparan sulfate fragments generated by heparanase
trigger the release of pro-inflammatory cytokines through TLR-4. PLoS ONE 2014, 9, e109596. [CrossRef]
[PubMed]

80. Brunn, G.J.; Bungum, M.K.; Johnson, G.B.; Platt, J.L. Conditional signaling by Toll-like receptor 4. FASEB J.
2005, 19, 872–874. [CrossRef] [PubMed]

81. Lerner, I.; Hermano, E.; Zcharia, E.; Rodkin, D.; Bulvik, R.; Doviner, V.; Rubinstein, A.M.; Ishai-Michaeli, R.;
Atzmon, R.; Sherman, Y.; et al. Heparanase powers a chronic inflammatory circuit that promotes
colitis-associated tumorigenesis in mice. J. Clin. Investig. 2011, 121, 1709–1721. [CrossRef] [PubMed]

82. Hermano, E.; Meirovitz, A.; Meir, K.; Nussbaum, G.; Appelbaum, L.; Peretz, T.; Elkin, M. Macrophage
polarization in pancreatic carcinoma: Role of heparanase enzyme. J. Natl. Cancer Inst. 2014, 106. [CrossRef]
[PubMed]

83. Rohloff, J.; Zinke, J.; Schoppmeyer, K.; Tannapfel, A.; Witzigmann, H.; Mössner, J.; Wittekind, C.; Caca, K.
Heparanase expression is a prognostic indicator for postoperative survival in pancreatic adenocarcinoma.
Br. J. Cancer 2002, 86, 1270–1275. [CrossRef] [PubMed]

84. Quiros, R.M.; Rao, G.; Plate, J.; Harris, J.E.; Brunn, G.J.; Platt, J.L.; Gattuso, P.; Prinz, R.A.; Xu, X. Elevated
serum heparanase-1 levels in patients with pancreatic carcinoma are associated with poor survival. Cancer
2006, 106, 532–540. [CrossRef] [PubMed]

85. Quail, D.F.; Joyce, J.A. Microenvironmental regulation of tumor progression and metastasis. Nat. Med. 2013,
19, 1423–1437. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/onc.2015.40
http://www.ncbi.nlm.nih.gov/pubmed/25745999
http://dx.doi.org/10.1517/14728222.2010.504718
http://www.ncbi.nlm.nih.gov/pubmed/20629619
http://dx.doi.org/10.1038/nature07205
http://www.ncbi.nlm.nih.gov/pubmed/18650914
http://dx.doi.org/10.1016/j.matbio.2013.02.008
http://www.ncbi.nlm.nih.gov/pubmed/23499528
http://dx.doi.org/10.2174/1573402111666150213165054
http://www.ncbi.nlm.nih.gov/pubmed/25692849
http://dx.doi.org/10.1369/0022155417740881
http://www.ncbi.nlm.nih.gov/pubmed/29290153
http://dx.doi.org/10.1038/ni1233
http://www.ncbi.nlm.nih.gov/pubmed/16056228
http://dx.doi.org/10.1073/pnas.032497699
http://www.ncbi.nlm.nih.gov/pubmed/11830659
http://dx.doi.org/10.1182/blood-2010-01-266072
http://www.ncbi.nlm.nih.gov/pubmed/20530797
http://dx.doi.org/10.1093/intimm/dxt076
http://www.ncbi.nlm.nih.gov/pubmed/24402310
http://dx.doi.org/10.1111/febs.12184
http://www.ncbi.nlm.nih.gov/pubmed/23398975
http://dx.doi.org/10.1111/febs.13932
http://www.ncbi.nlm.nih.gov/pubmed/27758044
http://dx.doi.org/10.1161/ATVBAHA.112.254961
http://www.ncbi.nlm.nih.gov/pubmed/23162016
http://dx.doi.org/10.1371/journal.pone.0109596
http://www.ncbi.nlm.nih.gov/pubmed/25295599
http://dx.doi.org/10.1096/fj.04-3211fje
http://www.ncbi.nlm.nih.gov/pubmed/15738005
http://dx.doi.org/10.1172/JCI43792
http://www.ncbi.nlm.nih.gov/pubmed/21490396
http://dx.doi.org/10.1093/jnci/dju332
http://www.ncbi.nlm.nih.gov/pubmed/25326645
http://dx.doi.org/10.1038/sj.bjc.6600232
http://www.ncbi.nlm.nih.gov/pubmed/11953884
http://dx.doi.org/10.1002/cncr.21648
http://www.ncbi.nlm.nih.gov/pubmed/16388520
http://dx.doi.org/10.1038/nm.3394
http://www.ncbi.nlm.nih.gov/pubmed/24202395


Molecules 2018, 23, 2915 27 of 36

86. Escobar Galvis, M.L.; Jia, J.; Zhang, X.; Jastrebova, N.; Spillmann, D.; Gottfridsson, E.; van Kuppevelt, T.H.;
Zcharia, E.; Vlodavsky, I.; Lindahl, U.; et al. Transgenic or tumor-induced expression of heparanase
upregulates sulfation of heparan sulfate. Nat. Chem. Biol. 2007, 3, 773–778. [CrossRef] [PubMed]

87. Cohen-Kaplan, V.; Naroditsky, I.; Zetser, A.; Ilan, N.; Vlodavsky, I.; Doweck, I. Heparanase induces VEGF C
and facilitates tumor lymphangiogenesis. Int. J. Cancer 2008, 123, 2566–2573. [CrossRef] [PubMed]

88. Zetser, A.; Bashenko, Y.; Edovitsky, E.; Levy-Adam, F.; Vlodavsky, I.; Ilan, N. Heparanase induces vascular
endothelial growth factor expression: Correlation with p38 phosphorylation levels and Src activation.
Cancer Res. 2006, 66, 1455–1463. [CrossRef] [PubMed]

89. Ramani, V.C.; Yang, Y.; Ren, Y.; Nan, L.; Sanderson, R.D. Heparanase plays a dual role in driving hepatocyte
growth factor (HGF) signaling by enhancing HGF expression and activity. J. Biol. Chem. 2011, 286, 6490–6499.
[CrossRef] [PubMed]

90. Cohen-Kaplan, V.; Doweck, I.; Naroditsky, I.; Vlodavsky, I.; Ilan, N. Heparanase augments epidermal growth
factor receptor phosphorylation: Correlation with head and neck tumor progression. Cancer Res. 2008, 68,
10077–10085. [CrossRef] [PubMed]

91. Piperigkou, Z.; Mohr, B.; Karamanos, N.; Götte, M. Shed proteoglycans in tumor stroma. Cell. Tissue Res.
2016, 365, 643–655. [CrossRef] [PubMed]

92. Jung, O.; Trapp-Stamborski, V.; Purushothaman, A.; Jin, H.; Wang, H.; Sanderson, R.D.; Rapraeger, A.C.
Heparanase-induced shedding of syndecan-1/CD138 in myeloma and endothelial cells activates VEGFR2
and an invasive phenotype: Prevention by novel synstatins. Oncogenesis 2016, 5, e202. [CrossRef] [PubMed]

93. Yang, Y.; Macleod, V.; Miao, H.Q.; Theus, A.; Zhan, F.; Shaughnessy, J.D., Jr.; Sawyer, J.; Li, J.P.; Zcharia, E.;
Vlodavsky, I.; et al. Heparanase enhances syndecan-1 shedding: A novel mechanism for stimulation of
tumor growth and metastasis. J. Biol. Chem. 2007, 282, 13326–13333. [CrossRef] [PubMed]

94. Purushothaman, A.; Chen, L.; Yang, Y.; Sanderson, R.D. Heparanase stimulation of protease expression
implicates it as a master regulator of the aggressive tumor phenotype in myeloma. J. Biol. Chem. 2008, 283,
32628–32636. [CrossRef] [PubMed]

95. Thompson, C.A.; Purushothaman, A.; Ramani, V.C.; Vlodavsky, I.; Sanderson, R.D. Heparanase regulates
secretion, composition, and function of tumor cell-derived exosomes. J. Biol. Chem. 2013, 288, 10093–10099.
[CrossRef] [PubMed]

96. Roucourt, B.; Meeussen, S.; Bao, J.; Zimmermann, P.; David, G. Heparanase activates the syndecan-syntenin-
ALIX exosome pathway. Cell. Res. 2015, 25, 412–428. [CrossRef] [PubMed]

97. Baietti, M.F.; Zhang, Z.; Mortier, E.; Melchior, A.; Degeest, G.; Geeraerts, A.; Ivarsson, Y.; Depoortere, F.;
Coomans, C.; Vermeiren, E.; et al. Syndecan-syntenin-ALIX regulates the biogenesis of exosomes.
Nat. Cell. Biol. 2012, 14, 677–685. [CrossRef] [PubMed]

98. Melo, S.A.; Luecke, L.B.; Kahlert, C.; Fernandez, A.F.; Gammon, S.T.; Kaye, J.; LeBleu, V.S.; Mittendorf, E.A.;
Weitz, J.; Rahbari, N.; et al. Glypican-1 identifies cancer exosomes and detects early pancreatic cancer. Nature
2015, 523, 177–182. [CrossRef] [PubMed]

99. Syn, N.; Wang, L.; Sethi, G.; Theiry, J.P.; Goh, B.C. Exosome-mediated metastasis: From Epithelial-
Mesenchymal Transition to escape from immunosurveillance. Trends Pharmacol. Sci. 2016, 37, 606–617.
[CrossRef] [PubMed]

100. Azmi, A.S.; Bao, B.; Sarkar, F.H. Exosomes in cancer development, metastasis, and drug resistance:
A comprehensive review. Cancer Metastasis Rev. 2013, 32, 623–642. [CrossRef] [PubMed]

101. Zhang, X.; Yuan, X.; Shi, H.; Wu, L.; Qian, H.; Xu, W. Exosomes in cancer: Small particle, big player.
J. Hematol. Oncol. 2015, 8, 83. [CrossRef] [PubMed]

102. Stewart, M.D.; Ramani, V.C.; Sanderson, R.D. Shed syndecan-1 translocates to the nucleus of cells delivering
growth factors and inhibiting histone acetylation: A novel mechanism of tumor-host cross-talk. J. Biol. Chem.
2015, 290, 941–949. [CrossRef] [PubMed]

103. Zong, F.; Fthenou, E.; Wolmer, N.; Hollosi, P.; Kovalszky, I.; Szilak, L.; Mogler, C.; Nilsonne, G.; Tzanakakis, G.;
Dobra, K. Syndecan-1 and FGF-2, but not FGF receptor-1, share a common transport route and co-localize
with heparanase in the nuclei of mesenchymal tumor cells. PLoS ONE 2009, 4. [CrossRef] [PubMed]

104. Busch, S.J.; Martin, G.A.; Barnhart, R.L.; Mano, M.; Cardin, A.D.; Jackson, R.L. Trans-repressor activity of
nuclear glycosaminoglycans on Fos and Jun/AP-1 oncoprotein-mediated transcription. J. Cell. Biol. 1992,
116, 31–42. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nchembio.2007.41
http://www.ncbi.nlm.nih.gov/pubmed/17952066
http://dx.doi.org/10.1002/ijc.23898
http://www.ncbi.nlm.nih.gov/pubmed/18798279
http://dx.doi.org/10.1158/0008-5472.CAN-05-1811
http://www.ncbi.nlm.nih.gov/pubmed/16452201
http://dx.doi.org/10.1074/jbc.M110.183277
http://www.ncbi.nlm.nih.gov/pubmed/21131364
http://dx.doi.org/10.1158/0008-5472.CAN-08-2910
http://www.ncbi.nlm.nih.gov/pubmed/19074873
http://dx.doi.org/10.1007/s00441-016-2452-4
http://www.ncbi.nlm.nih.gov/pubmed/27365088
http://dx.doi.org/10.1038/oncsis.2016.5
http://www.ncbi.nlm.nih.gov/pubmed/26926788
http://dx.doi.org/10.1074/jbc.M611259200
http://www.ncbi.nlm.nih.gov/pubmed/17347152
http://dx.doi.org/10.1074/jbc.M806266200
http://www.ncbi.nlm.nih.gov/pubmed/18812315
http://dx.doi.org/10.1074/jbc.C112.444562
http://www.ncbi.nlm.nih.gov/pubmed/23430739
http://dx.doi.org/10.1038/cr.2015.29
http://www.ncbi.nlm.nih.gov/pubmed/25732677
http://dx.doi.org/10.1038/ncb2502
http://www.ncbi.nlm.nih.gov/pubmed/22660413
http://dx.doi.org/10.1038/nature14581
http://www.ncbi.nlm.nih.gov/pubmed/26106858
http://dx.doi.org/10.1016/j.tips.2016.04.006
http://www.ncbi.nlm.nih.gov/pubmed/27157716
http://dx.doi.org/10.1007/s10555-013-9441-9
http://www.ncbi.nlm.nih.gov/pubmed/23709120
http://dx.doi.org/10.1186/s13045-015-0181-x
http://www.ncbi.nlm.nih.gov/pubmed/26156517
http://dx.doi.org/10.1074/jbc.M114.608455
http://www.ncbi.nlm.nih.gov/pubmed/25404732
http://dx.doi.org/10.1371/journal.pone.0007346
http://www.ncbi.nlm.nih.gov/pubmed/19802384
http://dx.doi.org/10.1083/jcb.116.1.31
http://www.ncbi.nlm.nih.gov/pubmed/1730747


Molecules 2018, 23, 2915 28 of 36

105. Kovalszky, I.; Dudás, J.; Oláh-Nagy, J.; Pogány, G.; Töváry, J.; Timár, J.; Kopper, L.; Jeney, A.; Iozzo, R.V.
Inhibition of DNA topoisomerase I activity by heparan sulfate and modulation by basic fibroblast growth
factor. Mol. Cell. Biochem. 1998, 183, 11–23. [CrossRef] [PubMed]

106. Szatmári, T.; Mundt, F.; Kumar-Singh, A.; Möbus, L.; Ötvös, R.; Hjerpe, A.; Dobra, K. Molecular targets and
signaling pathways regulated by nuclear translocation of syndecan-1. BMC Cell. Biol. 2017, 18, 34. [CrossRef]
[PubMed]

107. Chen, L.; Sanderson, R.D. Heparanase regulates levels of syndecan-1 in the nucleus. PLoS ONE 2009, 4,
e4947. [CrossRef] [PubMed]

108. Buczek-Thomas, J.A.; Hsia, E.; Rich, C.B.; Foster, J.A.; Nugent, M.A. Inhibition of histone acetyltransferase
by glycosaminoglycans. J. Cell. Biochem. 2008, 105, 108–120. [CrossRef] [PubMed]

109. Barash, U.; Zohar, Y.; Wildbaum, G.; Beider, K.; Nagler, A.; Karin, N.; Ilan, N.; Vlodavsky, I. Heparanase
enhances myeloma progression via CXCL10 downregulation. Leukemia 2014, 28, 2178–2187. [CrossRef]
[PubMed]

110. Nobuhisa, T.; Naomoto, Y.; Okawa, T.; Takaoka, M.; Gunduz, M.; Motoki, T.; Nagatsuka, H.; Tsujigiwa, H.;
Shirakawa, Y.; Yamatsuji, T.; et al. Translocation of heparanase into nucleus results in cell differentiation.
Cancer Sci. 2007, 98, 535–540. [CrossRef] [PubMed]

111. Doweck, I.; Kaplan-Cohen, V.; Naroditsky, I.; Sabo, E.; Ilan, N.; Vlodavsky, I. Heparanase localization and
expression by head and neck cancer: Correlation with tumor progression and patient survival. Neoplasia
2006, 8, 1055–1061. [CrossRef] [PubMed]

112. Wichert, A.; Stege, A.; Midorikawa, Y.; Holm, P.S.; Lage, H. Glypican-3 is involved in cellular protection
against mitoxantrone in gastric carcinoma cells. Oncogene 2004, 23, 945–955. [CrossRef] [PubMed]

113. Hara, H.; Takahashi, T.; Serada, S.; Fujimoto, M.; Ohkawara, T.; Nakatsuka, R.; Harada, E.; Nishigaki, T.;
Takahashi, Y.; Nojima, S.; et al. Overexpression of glypican-1 implicates poor prognosis and their
chemoresistance in oesophageal squamous cell carcinoma. Br. J. Cancer 2016, 115, 66–75. [CrossRef]
[PubMed]

114. Barbareschi, M.; Maisonneuve, P.; Aldovini, D.; Cangi, M.G.; Pecciarini, L.; Angelo Mauri, F.; Veronese, S.;
Caffo, O.; Lucenti, A.; Palma, P.D.; et al. High syndecan-1 expression in breast carcinoma is related to
an aggressive phenotype and to poorer prognosis. Cancer 2003, 98, 474–483. [CrossRef] [PubMed]

115. Nguyen, T.L.; Grizzle, W.E.; Zhang, K.; Hameed, O.; Siegal, G.P.; Wei, S. Syndecan-1 overexpression is
associated with nonluminal subtypes and poor prognosis in advanced breast cancer. Am. J. Clin. Pathol.
2013, 140, 468–474. [CrossRef] [PubMed]

116. Ibrahim, S.A.; Gadalla, R.; El-Ghonaimy, E.A.; Samir, O.; Mohamed, H.T.; Hassan, H.; Greve, B.;
El-Shinawi, M.; Mohamed, M.M.; Götte, M. Syndecan-1 is a novel molecular marker for triple negative
inflammatory breast cancer and modulates the cancer stem cell phenotype via the IL-6/STAT3, Notch and
EGFR signaling pathways. Mol. Cancer 2017, 16, 57. [CrossRef] [PubMed]

117. Ramani, V.C.; Zhan, F.; He, J.; Barbieri, P.; Noseda, A.; Tricot, G.; Sanderson, R.D. Targeting heparanase
overcomes chemoresistance and diminishes relapse in myeloma. Oncotarget 2016, 7, 1598–1607. [CrossRef]
[PubMed]

118. Götte, M.; Kersting, C.; Ruggiero, M.; Tio, J.; Tulusan, A.H.; Kiesel, L.; Wülfing, P. Predictive value
of syndecan-1 expression for the response to neoadjuvant chemotherapy of primary breast cancer.
Anticancer Res. 2006, 26, 621–627. [PubMed]

119. Suarez, E.R.; Paredes-Gamero, E.J.; Del Giglio, A.; Tersariol, I.L.; Nader, H.B.; Pinhal, M.A. Heparan sulfate
mediates trastuzumab effect in breast cancer cells. BMC Cancer 2013, 13, 444. [CrossRef] [PubMed]

120. Wang, X.; Zuo, D.; Chen, Y.; Li, W.; Liu, R.; He, Y.; Ren, L.; Zhou, L.; Deng, T.; Wang, X.; et al. Shed Syndecan-1
is involved in chemotherapy resistance via the EGFR pathway in colorectal cancer. Br. J. Cancer 2014, 11,
1965–1976. [CrossRef] [PubMed]

121. Zhang, L.; Ngo, J.A.; Wetzel, M.D.; Marchetti, D. Heparanase mediates a novel mechanism in
lapatinib-resistant brain metastatic breast cancer. Neoplasia 2015, 17, 101–113. [CrossRef] [PubMed]

122. Meirovitz, A.; Hermano, E.; Lerner, I.; Zcharia, E.; Pisano, C.; Peretz, T.; Elkin, M. Role of heparanase in
radiation-enhanced invasiveness of pancreatic carcinoma. Cancer Res. 2011, 71, 2772–2780. [CrossRef]
[PubMed]

123. Li, J.; Meng, X.; Hu, J.; Zhang, Y.; Dang, Y.; Wei, L.; Shi, M. Heparanase promotes radiation resistance of
cervical cancer by upregulating hypoxia inducible factor 1. Am. J. Cancer Res. 2017, 7, 234–244. [PubMed]

http://dx.doi.org/10.1023/A:1006898920637
http://www.ncbi.nlm.nih.gov/pubmed/9655174
http://dx.doi.org/10.1186/s12860-017-0150-z
http://www.ncbi.nlm.nih.gov/pubmed/29216821
http://dx.doi.org/10.1371/journal.pone.0004947
http://www.ncbi.nlm.nih.gov/pubmed/19305494
http://dx.doi.org/10.1002/jcb.21803
http://www.ncbi.nlm.nih.gov/pubmed/18459114
http://dx.doi.org/10.1038/leu.2014.121
http://www.ncbi.nlm.nih.gov/pubmed/24699306
http://dx.doi.org/10.1111/j.1349-7006.2007.00420.x
http://www.ncbi.nlm.nih.gov/pubmed/17284253
http://dx.doi.org/10.1593/neo.06577
http://www.ncbi.nlm.nih.gov/pubmed/17217623
http://dx.doi.org/10.1038/sj.onc.1207237
http://www.ncbi.nlm.nih.gov/pubmed/14661052
http://dx.doi.org/10.1038/bjc.2016.183
http://www.ncbi.nlm.nih.gov/pubmed/27310703
http://dx.doi.org/10.1002/cncr.11515
http://www.ncbi.nlm.nih.gov/pubmed/12879463
http://dx.doi.org/10.1309/AJCPZ1D8CALHDXCJ
http://www.ncbi.nlm.nih.gov/pubmed/24045542
http://dx.doi.org/10.1186/s12943-017-0621-z
http://www.ncbi.nlm.nih.gov/pubmed/28270211
http://dx.doi.org/10.18632/oncotarget.6408
http://www.ncbi.nlm.nih.gov/pubmed/26624982
http://www.ncbi.nlm.nih.gov/pubmed/16739330
http://dx.doi.org/10.1186/1471-2407-13-444
http://www.ncbi.nlm.nih.gov/pubmed/24083474
http://dx.doi.org/10.1038/bjc.2014.493
http://www.ncbi.nlm.nih.gov/pubmed/25321193
http://dx.doi.org/10.1016/j.neo.2014.11.007
http://www.ncbi.nlm.nih.gov/pubmed/25622903
http://dx.doi.org/10.1158/0008-5472.CAN-10-3402
http://www.ncbi.nlm.nih.gov/pubmed/21447736
http://www.ncbi.nlm.nih.gov/pubmed/28337373


Molecules 2018, 23, 2915 29 of 36

124. Singh, S.S.; Vats, S.; Chia, A.Y.; Tan, T.Z.; Deng, S.; Ong, M.S.; Arfuso, F.; Yap, C.T.; Goh, B.C.; Sethi, G.; et al.
Dual role of autophagy in hallmarks of cancer. Oncogene 2018, 37, 1142–1158. [CrossRef] [PubMed]

125. Shteingauz, A.; Boyango, I.; Naroditsky, I.; Hammond, E.; Gruber, M.; Doweck, I.; Ilan, N.; Vlodavsky, I.
Heparanase enhances tumor growth and chemoresistance by promoting autophagy. Cancer Res. 2015, 75,
3946–3957. [CrossRef] [PubMed]

126. Ramani, V.C.; Sanderson, R.D. Chemotherapy stimulates syndecan-1 shedding: A potentially negative effect
of treatment that may promote tumor relapse. Matrix Biol. 2014, 3, 215–222. [CrossRef] [PubMed]

127. Ramani, V.C.; Vlodavsky, I.; Ng, M.; Zhang, Y.; Barbieri, P.; Noseda, A.; Sanderson, R.D. Chemotherapy
induces expression and release of heparanase leading to changes associated with an aggressive tumor
phenotype. Matrix Biol. 2016, 55, 22–34. [CrossRef] [PubMed]

128. Alishekevitz, D.; Gingis-Velitski, S.; Kaidar-Person, O.; Gutter-Kapon, L.; Scherer, S.D.; Raviv, Z.; Merquiol, E.;
Ben-Nun, Y.; Miller, V.; Rachman-Tzemah, C.; et al. Macrophage-induced lymphangiogenesis and metastasis
following Paclitaxel chemotherapy is regulated by VEGFR3. Cell. Rep. 2016, 17, 1344–1356. [CrossRef]
[PubMed]

129. Guerrini, M.; Guglieri, S.; Casu, B.; Torri, G.; Mourier, P.; Boudier, C.; Viskov, C. Antithrombin-binding
octasaccharides and role of extensions of the active pentasaccharide sequence in the specificity and strength
of interaction. Evidence for very high affinity induced by an unusual glucuronic acid residue. J. Biol. Chem.
2008, 283, 26662–26675. [CrossRef] [PubMed]

130. Casu, B.; Vlodavsky, I.; Sanderson, R.D. Non-anticoagulant heparins and inhibition of cancer.
Pathophysiol. Haemost. Thromb. 2007, 36, 195–203. [CrossRef] [PubMed]

131. Gandhi, N.S.; Mancera, R.L. Heparin/heparan sulphate-based drugs. Drug Discov. Today 2010, 15, 1058–1069.
[CrossRef] [PubMed]

132. Conrad, H.E.; Guo, Y. Structural analysis of periodate-oxidized heparin. Heparin and related polysaccharides.
In Advances in Experimental Medicine and Biology; Lane, D.A., Bjork, I., Lindahl, U., Eds.; Springer: Boston,
MA, USA, 1991; Volume 313, pp. 31–36.

133. Bar-Ner, M.; Eldor, A.; Wasserman, L.; Matzner, Y.; Cohen, I.R.; Fuks, Z.; Vlodavsky, I. Inhibition of
heparanase-mediated degradation of extracellular matrix heparan sulfate by non-anticoagulant heparin
species. Blood 1987, 70, 551–557. [PubMed]

134. Irimura, T.; Nakajima, M.; Nicolson, G.L. Chemically modified heparins as inhibitors of heparan sulfate
specific endo-beta-glucuronidase (heparanase) of metastatic melanoma cells. Biochemistry 1986, 25, 5322–5328.
[CrossRef] [PubMed]

135. Vlodavsky, I.; Mohsen, M.; Lider, O.; Svahn, C.M.; Ekre, H.P.; Vigoda, M.; Ishai-Michaeli, R.; Peretz, T.
Inhibition of tumor metastasis by heparanase inhibiting species of heparin. Invasion Metastasis 1994, 14,
290–302. [PubMed]

136. Bitan, M.; Mohsen, M.; Levi, E.; Wygoda, M.R.; Miao, H.Q.; Lider, O.; Svahn, C.M.; Ekre, H.P.; Ishai-
Michaeli, R.; Bar-Shavit, R.; et al. Structural requirements for inhibition of melanoma lung colonization by
heparanase inhibiting species of heparin. Isr. J. Med. Sci. 1995, 31, 106–118. [PubMed]

137. Sciumbata, T.; Caretto, P.; Pirovano, P.; Pozzi, P.; Cremonesi, P.; Galimberti, G.; Leoni, F.; Marcucci, F.
Treatment with modified heparins inhibits experimental metastasis formation and leads, in some animals,
to long-term survival. Invasion Metastasis 1996, 16, 132–143. [PubMed]

138. Lapierre, F.; Holme, K.; Lam, L.; Tressler, R.J.; Storm, N.; Wee, J.; Stack, R.J.; Castellot, J.; Tyrrell, D.J. Chemical
modifications of heparin that diminish its anticoagulant but preserve its heparanase-inhibitory, angiostatic,
anti-tumor and anti-metastatic properties. Glycobiology 1996, 6, 355–366. [CrossRef] [PubMed]

139. Rao, N.V.; Argyle, B.; Xu, X.; Reynolds, P.R.; Walenga, J.M.; Prechel, M.; Prestwich, G.D.; MacArthur, R.B.;
Walters, B.B.; Hoidal, J.R.; et al. Low anticoagulant heparin targets multiple sites of inflammation,
suppresses heparin-induced thrombocytopenia, and inhibits interaction of RAGE with its ligands. Am. J.
Physiol. Cell. Physiol. 2010, 299, C97–C110. [CrossRef] [PubMed]

140. Wei, M.; Gao, Y.; Tian, M.; Li, N.; Hao, S.; Zeng, X. Selectively desulfated heparin inhibits P-selectin-mediated
adhesion of human melanoma cells. Cancer Lett. 2005, 229, 123–126. [CrossRef] [PubMed]

141. Wang, L.; Brown, J.R.; Varki, A.; Esko, J.D. Heparin’s anti-inflammatory effects require glucosamine
6-O-sulfation and are mediated by blockade of L- and P-selectins. J. Clin. Investig. 2002, 110, 127–136.
[CrossRef] [PubMed]

http://dx.doi.org/10.1038/s41388-017-0046-6
http://www.ncbi.nlm.nih.gov/pubmed/29255248
http://dx.doi.org/10.1158/0008-5472.CAN-15-0037
http://www.ncbi.nlm.nih.gov/pubmed/26249176
http://dx.doi.org/10.1016/j.matbio.2013.10.005
http://www.ncbi.nlm.nih.gov/pubmed/24145151
http://dx.doi.org/10.1016/j.matbio.2016.03.006
http://www.ncbi.nlm.nih.gov/pubmed/27016342
http://dx.doi.org/10.1016/j.celrep.2016.09.083
http://www.ncbi.nlm.nih.gov/pubmed/27783948
http://dx.doi.org/10.1074/jbc.M801102200
http://www.ncbi.nlm.nih.gov/pubmed/18640975
http://dx.doi.org/10.1159/000175157
http://www.ncbi.nlm.nih.gov/pubmed/19176992
http://dx.doi.org/10.1016/j.drudis.2010.10.009
http://www.ncbi.nlm.nih.gov/pubmed/20974281
http://www.ncbi.nlm.nih.gov/pubmed/2955820
http://dx.doi.org/10.1021/bi00366a050
http://www.ncbi.nlm.nih.gov/pubmed/3768351
http://www.ncbi.nlm.nih.gov/pubmed/7657522
http://www.ncbi.nlm.nih.gov/pubmed/7744578
http://www.ncbi.nlm.nih.gov/pubmed/9186548
http://dx.doi.org/10.1093/glycob/6.3.355
http://www.ncbi.nlm.nih.gov/pubmed/8724143
http://dx.doi.org/10.1152/ajpcell.00009.2010
http://www.ncbi.nlm.nih.gov/pubmed/20375277
http://dx.doi.org/10.1016/j.canlet.2005.01.034
http://www.ncbi.nlm.nih.gov/pubmed/16157224
http://dx.doi.org/10.1172/JCI0214996
http://www.ncbi.nlm.nih.gov/pubmed/12093896


Molecules 2018, 23, 2915 30 of 36

142. Zheng, S.; Kummarapurugu, A.B.; Afosah, D.K.; Sankaranarayanan, N.V.; Boothello, R.S.; Desai, U.R.;
Kennedy, T.; Voynow, J.A. 2-O, 3-O Desulfated heparin blocks high mobility group box 1 release by inhibition
of p300 acetyltransferase activity. Am. J. Respir. Cell. Mol. Biol. 2017, 56, 90–98. [CrossRef] [PubMed]

143. Roy, S.; Lai, H.; Zouaoui, R.; Duffner, J.; Zhou, H.P.; Jayaraman, L.; Zhao, G.; Ganguly, T.; Kishimoto, T.K.;
Venkataraman, G. Bioactivity screening of partially desulfated low-molecular-weight heparins: A structure/
activity relationship study. Glycobiology 2011, 21, 1194–1205. [CrossRef] [PubMed]

144. Naggi, A.; Torri, G.; Casu, B.; Pangrazzi, J.; Abbadini, M.; Zametta, M.; Donati, M.B.; Lansen, J.; Maffrand, J.P.
“Supersulfated” heparin fragments, a new type of low-molecular weight heparin. Physico-chemical and
pharmacological properties. Biochem. Pharmacol. 1987, 36, 1895–1900. [CrossRef]

145. Sissi, C.; Naggi, A.; Torri, G.; Palumbo, M. Effects of sulfation on antithrombin-thrombin/factor Xa
interactions in semisynthetic low molecular weight heparins. Semin. Thromb. Hemost. 2001, 27, 483–487.
[CrossRef] [PubMed]

146. Cassinelli, G.; Dal Bo, L.; Favini, E.; Cominetti, D.; Pozzi, S.; Tortoreto, M.; De Cesare, M.; Lecis, D.;
Scanziani, E.; Minoli, L.; et al. Supersulfated low-molecular weight heparin synergizes with IGF1R/IR
inhibitor to suppress synovial sarcoma growth and metastases. Cancer Lett. 2018, 415, 187–197. [CrossRef]
[PubMed]

147. Sissi, C.; Lucatello, L.; Naggi, A.; Torri, G.; Palumbo, M. Interactions of low-molecular-weight semi-synthetic
sulfated heparins with human leukocyte elastase and human Cathepsin G. Biochem. Pharmacol. 2006, 71,
287–293. [CrossRef] [PubMed]

148. Poli, M.; Asperti, M.; Ruzzenenti, P.; Mandelli, L.; Campostrini, N.; Martini, G.; Di Somma, M.; Maccarinelli, F.;
Girelli, D.; Naggi, A.; et al. Oversulfated heparins with low anticoagulant activity are strong and fast
inhibitors of hepcidin expression in vitro and in vivo. Biochem. Pharmacol. 2014, 92, 467–475. [CrossRef]
[PubMed]

149. Lee, D.Y.; Park, K.; Kim, S.K.; Park, R.W.; Kwon, I.C.; Kim, S.Y.; Byun, Y. Antimetastatic effect of an orally
active heparin derivative on experimentally induced metastasis. Clin. Cancer Res. 2008, 14, 2841–2849.
[CrossRef] [PubMed]

150. Lee, D.Y.; Lee, S.W.; Kim, S.K.; Lee, M.; Chang, H.W.; Moon, H.T.; Byun, Y.; Kim, S.Y. Antiangiogenic activity
of orally absorbable heparin derivative in different types of cancer cells. Pharm. Res. 2009, 26, 2667–2676.
[CrossRef] [PubMed]

151. Park, J.W.; Jeon, O.C.; Kim, S.K.; Al-Hilal, T.A.; Jin, S.J.; Moon, H.T.; Yang, V.C.; Kim, S.Y.; Byun, Y. High
antiangiogenic and low anticoagulant efficacy of orally active low molecular weight heparin derivatives.
J. Control. Release 2010, 148, 317–326. [CrossRef] [PubMed]

152. Ono, K.; Ishihara, M.; Ishikawa, K.; Ozeki, Y.; Deguchi, H.; Sato, M.; Hashimoto, H.; Saito, Y.; Yura, H.;
Kurita, A.; et al. Periodate-treated, non-anticoagulant heparin-carrying polystyrene (NAC-HCPS) affects
angiogenesis and inhibits subcutaneous induced tumour growth and metastasis to the lung. Br. J. Cancer
2002, 86, 1803–1812. [CrossRef] [PubMed]

153. Yoshitomi, Y.; Nakanishi, H.; Kusano, Y.; Munesue, S.; Oguri, K.; Tatematsu, M.; Yamashina, I.; Okayama, M.
Inhibition of experimental lung metastases of Lewis lung carcinoma cells by chemically modified heparin
with reduced anticoagulant activity. Cancer Lett. 2004, 207, 165–174. [CrossRef] [PubMed]

154. Casu, B.; Guerrini, M.; Naggi, A.; Perez, M.; Torri, G.; Ribatti, D.; Carminati, P.; Giannini, G.; Penco, S.;
Pisano, C.; et al. Short heparin sequences spaced by glycol-split uronate residues are antagonists of fibroblast
growth factor 2 and angiogenesis inhibitors. Biochemistry 2002, 41, 10519–10528. [CrossRef] [PubMed]

155. Casu, B.; Guerrini, M.; Guglieri, S.; Naggi, A.; Perez, M.; Torri, G.; Cassinelli, G.; Ribatti, D.; Carminati, P.;
Giannini, G.; et al. Undersulfated and glycol-split heparins endowed with antiangiogenic activity.
J. Med. Chem. 2004, 47, 838–848. [CrossRef] [PubMed]

156. Pisano, C.; Aulicino, C.; Vesci, L.; Casu, B.; Naggi, A.; Torri, G.; Ribatti, D.; Belleri, M.; Rusnati, M.;
Presta, M. Undersulfated, low-molecular-weight glycol-split heparin as an antiangiogenic VEGF antagonist.
Glycobiology 2005, 15, 1C–6C. [CrossRef] [PubMed]

157. Pisano, C.; Foderà, R.; Marcellini, M.; Giordano, V.; Cervoni, M.L.; Chiarucci, I.; Penco, S.; Riccioni, T.;
Vesci, L.; Carminati, P. Antiangiogenic and antitumoral activity of novel heparin derivatives devoid of
anticoagulant effects. In Symposium on Molecular Targets and Cancer Therapeutics, Proceedings of the 14th EORTC
NCI-AACR, Frankfurt, Germany, 19–22 November 2002; Abstract A229; European Journal of Cancer: Oxford,
UK, 2002.

http://dx.doi.org/10.1165/rcmb.2016-0069OC
http://www.ncbi.nlm.nih.gov/pubmed/27585400
http://dx.doi.org/10.1093/glycob/cwr053
http://www.ncbi.nlm.nih.gov/pubmed/21515908
http://dx.doi.org/10.1016/0006-2952(87)90485-0
http://dx.doi.org/10.1055/s-2001-17959
http://www.ncbi.nlm.nih.gov/pubmed/11668417
http://dx.doi.org/10.1016/j.canlet.2017.12.009
http://www.ncbi.nlm.nih.gov/pubmed/29225052
http://dx.doi.org/10.1016/j.bcp.2005.10.027
http://www.ncbi.nlm.nih.gov/pubmed/16310171
http://dx.doi.org/10.1016/j.bcp.2014.09.007
http://www.ncbi.nlm.nih.gov/pubmed/25241290
http://dx.doi.org/10.1158/1078-0432.CCR-07-0641
http://www.ncbi.nlm.nih.gov/pubmed/18451252
http://dx.doi.org/10.1007/s11095-009-9989-9
http://www.ncbi.nlm.nih.gov/pubmed/19830530
http://dx.doi.org/10.1016/j.jconrel.2010.09.014
http://www.ncbi.nlm.nih.gov/pubmed/20869408
http://dx.doi.org/10.1038/sj.bjc.6600307
http://www.ncbi.nlm.nih.gov/pubmed/12087470
http://dx.doi.org/10.1016/j.canlet.2003.11.037
http://www.ncbi.nlm.nih.gov/pubmed/15072825
http://dx.doi.org/10.1021/bi020118n
http://www.ncbi.nlm.nih.gov/pubmed/12173939
http://dx.doi.org/10.1021/jm030893g
http://www.ncbi.nlm.nih.gov/pubmed/14761186
http://dx.doi.org/10.1093/glycob/cwi007
http://www.ncbi.nlm.nih.gov/pubmed/15496501


Molecules 2018, 23, 2915 31 of 36

158. Zcharia, E.; Zilka, R.; Yaar, A.; Yacoby-Zeevi, O.; Zetser, A.; Metzger, S.; Sarid, R.; Naggi, A.; Casu, B.; Ilan, N.;
et al. Heparanase accelerates wound angiogenesis and wound healing in mouse and rat models. FASEB J.
2005, 19, 211–221. [CrossRef] [PubMed]

159. Edovitsky, E.; Lerner, I.; Zcharia, E.; Peretz, T.; Vlodavsky, I.; Elkin, M. Role of endothelial heparanase in
delayed-type hypersensitivity. Blood 2006, 107, 3609–3616. [CrossRef] [PubMed]

160. Naggi, A.; Casu, B.; Perez, M.; Torri, G.; Cassinelli, G.; Penco, S.; Pisano, C.; Giannini, G.; Ishai-Michaeli, R.;
Vlodavsky, I. Modulation of the heparanase-inhibiting activity of heparin through selective desulfation,
graded N-acetylation, and glycol splitting. J. Biol. Chem. 2005, 280, 12103–12113. [CrossRef] [PubMed]

161. Naggi, A. Glycol-splitting as a device for modulating inhibition of growth factors and heparanase inhibition
by heparin and heparin derivative. In Chemistry and Biology of Heparin and Heparan Sulfate; Garg, H.G.,
Linhardt, R.J., Hales, C.A., Eds.; Elsevier: Amsterdam, The Netherland, 2005; pp. 461–481.

162. Alekseeva, A.; Mazzini, G.; Giannini, G.; Naggi, A. Structural features of heparanase-inhibiting non-
anticoagulant heparin derivative Roneparstat. Carbohydr. Polym. 2017, 156, 470–480. [CrossRef] [PubMed]

163. Pala, D.; Rivara, S.; Mor, M.; Milazzo, F.M.; Roscilli, G.; Pavoni, E.; Giannini, G. Kinetic analysis and molecular
modeling of the inhibition mechanism of roneparstat (SST0001) on human heparanase. Glycobiology 2016, 26,
640–654. [CrossRef] [PubMed]

164. Hostettler, N.; Naggi, A.; Torri, G.; Ishai-Michaeli, R.; Casu, B.; Vlodavsky, I.; Borsig, L. P-selectin- and
heparanase-dependent antimetastatic activity of non-anticoagulant heparins. FASEB J. 2007, 21, 3562–3572.
[CrossRef] [PubMed]

165. Ritchie, J.P.; Ramani, V.C.; Ren, Y.; Naggi, A.; Torri, G.; Casu, B.; Penco, S.; Pisano, C.; Carminati, P.;
Tortoreto, M.; et al. SST0001, a chemically modified heparin, inhibits myeloma growth and angiogenesis via
disruption of the heparanase/syndecan-1 axis. Clin. Cancer Res. 2011, 17, 1382–1393. [CrossRef] [PubMed]

166. Shafat, I.; Ben-Arush, M.W.; Issakov, J.; Meller, I.; Naroditsky, I.; Tortoreto, M.; Cassinelli, G.; Lanzi, C.;
Pisano, C.; Ilan, N.; et al. Pre-clinical and clinical significance of heparanase in Ewing’s sarcoma. J. Cell.
Mol. Med. 2011, 15, 1857–1864. [CrossRef] [PubMed]

167. Cassinelli, G.; Lanzi, C.; Tortoreto, M.; Cominetti, D.; Petrangolini, G.; Favini, E.; Zaffaroni, N.;
Pisano, C.; Penco, S.; Vlodavsky, I.; et al. Antitumor efficacy of the heparanase inhibitor SST0001 alone
and in combination with antiangiogenic agents in the treatment of human pediatric sarcoma models.
Biochem. Pharmacol. 2013, 85, 1424–1432. [CrossRef] [PubMed]

168. Cassinelli, G.; Favini, E.; Dal Bo, L.; Tortoreto, M.; De Maglie, M.; Dagrada, G.; Pilotti, S.; Zunino, F.;
Zaffaroni, N.; Lanzi, C. Antitumor efficacy of the heparan sulfate mimic roneparstat (SST0001) against
sarcoma models involves multi-target inhibition of receptor tyrosine kinases. Oncotarget 2016, 7, 47848–47863.
[CrossRef] [PubMed]

169. Rossini, A.; Zunino, F.; Ruggiero, G.; De Cesare, M.; Cominetti, D.; Tortoreto, M.; Lanzi, C.; Cassinelli, G.;
Zappasodi, R.; Tripodo, C.; et al. Microenvironment modulation and enhancement of antilymphoma therapy
by the heparanase inhibitor roneparstat. Hematol. Oncol. 2018, 36, 360–362. [CrossRef] [PubMed]

170. Barbieri, P.; Paoletti, D.; Giannini, G.; Sanderson, R.D.; Noseda, A. Roneparstat and heparanase inhibition:
A new toll for cancer treatment. J. Pharmacol. Clin. Toxicol. 2017, 5, 1071.

171. Zhou, H.; Roy, S.; Cochran, E.; Zouaoui, R.; Chu, C.L.; Duffner, J.; Zhao, G.; Smith, S.; Galcheva-Gargova, Z.;
Karlgren, J.; et al. M402, a novel heparan sulfate mimetic, targets multiple pathways implicated in tumor
progression and metastasis. PLoS ONE 2011, 6, e21106. [CrossRef] [PubMed]

172. Kragh, M.; Binderup, L.; Vig Hjarnaa, P.J.; Bramm, E.; Johansen, K.B.; Frimundt Petersen, C. Non-anti-
coagulant heparin inhibits metastasis but not primary tumor growth. Oncol, Rep. 2005, 14, 99–104.

173. Mousa, S.A.; Linhardt, R.; Francis, J.L.; Amirkhosravi, A. Anti-metastatic effect of a non-anticoagulant
low-molecular-weight heparin versus the standard low-molecular-weight heparin, enoxaparin.
Thromb. Haemost. 2006, 96, 816–821. [PubMed]

174. Sudha, T.; Phillips, P.; Kanaan, C.; Linhardt, R.J.; Borsig, L.; Mousa, S.A. Inhibitory effect of non-anticoagulant
heparin (S-NACH) on pancreatic cancer cell adhesion and metastasis in human umbilical cord vessel segment
and in mouse model. Clin. Exp. Metastasis 2012, 29, 431–439. [CrossRef] [PubMed]

175. Sudha, T.; Yalcin, M.; Lin, H.Y.; Elmetwally, A.M.; Nazeer, T.; Arumugam, T.; Phillips, P.; Mousa, S.A.
Suppression of pancreatic cancer by sulfated non-anticoagulant low molecular weight heparin. Cancer Lett.
2014, 350, 25–33. [CrossRef] [PubMed]

http://dx.doi.org/10.1096/fj.04-1970com
http://www.ncbi.nlm.nih.gov/pubmed/15677344
http://dx.doi.org/10.1182/blood-2005-08-3301
http://www.ncbi.nlm.nih.gov/pubmed/16384929
http://dx.doi.org/10.1074/jbc.M414217200
http://www.ncbi.nlm.nih.gov/pubmed/15647251
http://dx.doi.org/10.1016/j.carbpol.2016.09.032
http://www.ncbi.nlm.nih.gov/pubmed/27842848
http://dx.doi.org/10.1093/glycob/cww003
http://www.ncbi.nlm.nih.gov/pubmed/26762172
http://dx.doi.org/10.1096/fj.07-8450com
http://www.ncbi.nlm.nih.gov/pubmed/17557930
http://dx.doi.org/10.1158/1078-0432.CCR-10-2476
http://www.ncbi.nlm.nih.gov/pubmed/21257720
http://dx.doi.org/10.1111/j.1582-4934.2010.01190.x
http://www.ncbi.nlm.nih.gov/pubmed/21029368
http://dx.doi.org/10.1016/j.bcp.2013.02.023
http://www.ncbi.nlm.nih.gov/pubmed/23466421
http://dx.doi.org/10.18632/oncotarget.10292
http://www.ncbi.nlm.nih.gov/pubmed/27374103
http://dx.doi.org/10.1002/hon.2466
http://www.ncbi.nlm.nih.gov/pubmed/28730742
http://dx.doi.org/10.1371/journal.pone.0021106
http://www.ncbi.nlm.nih.gov/pubmed/21698156
http://www.ncbi.nlm.nih.gov/pubmed/17139378
http://dx.doi.org/10.1007/s10585-012-9461-9
http://www.ncbi.nlm.nih.gov/pubmed/22415710
http://dx.doi.org/10.1016/j.canlet.2014.04.016
http://www.ncbi.nlm.nih.gov/pubmed/24769074


Molecules 2018, 23, 2915 32 of 36

176. Achour, O.; Poupard, N.; Bridiau, N.; Bordenave Juchereau, S.; Sannier, F.; Piot, J.M.; Fruitier Arnaudin, I.;
Maugard, T. Anti-heparanase activity of ultra-low-molecular-weight heparin produced by physicochemical
depolymerization. Carbohydr. Polym. 2016, 135, 316–323. [CrossRef] [PubMed]

177. Parish, C.R.; Freeman, C.; Brown, K.J.; Francis, D.J.; Cowden, W.B. Identification of sulfated oligosaccharide-
based inhibitors of tumor growth and metastasis using novel in vitro assays for angiogenesis and heparanase
activity. Cancer Res. 1999, 59, 3433–3441. [PubMed]

178. Khachigian, L.M.; Parish, C.R. Phosphomannopentaose sulfate (PI-88): Heparan sulfate mimetic with clinical
potential in multiple vascular pathologies. Cardiovasc. Drug Rev. 2004, 22, 1–6. [CrossRef] [PubMed]

179. Ferro, V.; Dredge, K.; Liu, L.; Hammond, E.; Bytheway, I.; Li, C.; Johnstone, K.; Karoli, T.; Davis, K.;
Copeman, E.; et al. PI-88 and novel heparan sulfate mimetics inhibit angiogenesis. Semin. Thromb. Hemost.
2007, 33, 557–568. [CrossRef] [PubMed]

180. Cochran, S.; Li, C.; Fairweather, J.K.; Kett, W.C.; Coombe, D.R.; Ferro, V. Probing the interactions of
phosphosulfomannans with angiogenic growth factors by surface plasmon resonance. J. Med. Chem. 2003,
46, 4601–4608. [CrossRef] [PubMed]

181. Demir, M.; Iqbal, O.; Hoppensteadt, D.A.; Piccolo, P.; Ahmad, S.; Schultz, C.L.; Linhardt, R.J.; Fareed, J.
Anticoagulant and antiprotease profiles of a novel natural heparinomimetic mannopentaose phosphate
sulfate (PI-88). Clin. Appl. Thromb. Hemost. 2001, 7, 131–140. [CrossRef] [PubMed]

182. Hossain, M.M.; Hosono-Fukao, T.; Tang, R.; Sugaya, N.; van Kuppevelt, T.H.; Jenniskens, G.J.; Kimata, K.;
Rosen, S.D.; Uchimura, K. Direct detection of HSulf-1 and HSulf-2 activities on extracellular heparan sulfate
and their inhibition by PI-88. Glycobiology 2010, 20, 175–186. [CrossRef] [PubMed]

183. Dredge, K.; Hammond, E.; Davis, K.; Li, C.P.; Liu, L.; Johnstone, K.; Handley, P.; Wimmer, N.; Gonda, T.J.;
Gautam, A.; et al. The PG500 series: Novel heparan sulfate mimetics as potent angiogenesis and heparanase
inhibitors for cancer therapy. Investig. New Drugs 2010, 28, 276–283. [CrossRef] [PubMed]

184. Dredge, K.; Hammond, E.; Handley, P.; Gonda, T.J.; Smith, M.T.; Vincent, C.; Brandt, R.; Ferro, V.; Bytheway, I.
PG545, a dual heparanase and angiogenesis inhibitor, induces potent anti-tumour and anti-metastatic efficacy
in preclinical models. Br. J. Cancer 2011, 104, 635–642. [CrossRef] [PubMed]

185. Weissmann, M.; Bhattacharya, U.; Feld, S.; Hammond, E.; Ilan, N.; Vlodavsky, I. The heparanase inhibitor
PG545 is a potent anti-lymphoma drug: Mode of action. Matrix Biol. 2018. [CrossRef] [PubMed]

186. Kovacsovics, T.J.; Mims, A.; Salama, M.E.; Pantin, J.; Rao, N.; Kosak, K.M.; Ahorukomeye, P.; Glenn, M.J.;
Deininger, M.W.N.; Boucher, K.M.; et al. Combination of the low anticoagulant heparin CX-01 with
chemotherapy for the treatment of acute myeloid leukemia. Blood Adv. 2018, 2, 381–389. [CrossRef]
[PubMed]

187. Galli, M.; Chatterjee, M.; Grasso, M.; Specchia, G.; Magen, H.; Einsele, H.; Celeghini, I.; Barbieri, P.; Paoletti, D.;
Pace, S.; et al. Phase I study of the heparanase inhibitor Roneparstat: An innovative approach for multiple
myeloma therapy. Haematologica 2018. [CrossRef] [PubMed]

188. O’Reilly, E.M.; Roach, J.; Miller, P.; Yu, K.H.; Tjan, C.; Rosano, M.; Krause, S.; Avery, W.; Wolf, J.; Flaherty, K.;
et al. Safety, pharmacokinetics, pharmacodynamics, and antitumor activity of necuparanib combined with
Nab-Paclitaxel and Gemcitabine in patients with metastatic pancreatic cancer: Phase I results. Oncologist
2017, 22. [CrossRef] [PubMed]

189. Chen, P.J.; Lee, P.H.; Han, K.H.; Fan, J.; Cheung, T.T.; Hu, R.H.; Paik, S.W.; Lee, W.C.; Chau, G.Y.; Jeng, L.B.;
et al. A phase III trial of muparfostat (PI-88) as adjuvant therapy in patients with hepatitis virus related
hepatocellular carcinoma (HV-HCC) after resection. In Integrating Science into Oncology for a Better Patient
Outcome, Proceedings of the 42nd ESMO Congress (ESMO 2017), Madrid, Spain, 8–12 September 2017; Abstract
624PD; Annals of Oncology: Oxford, UK, 2017.

190. Basche, M.; Gustafson, D.L.; Holden, S.N.; O’Bryant, C.L.; Gore, L.; Witta, S.; Schultz, M.K.; Morrow, M.;
Levin, A.; Creese, B.R.; et al. A phase I biological and pharmacologic study of the heparanase inhibitor PI-88
in patients with advanced solid tumors. Clin. Cancer Res. 2006, 12, 5471–5480. [CrossRef] [PubMed]

191. Dredge, K.; Brennan, T.V.; Hammond, E.; Lickliter, J.D.; Lin, L.; Bampton, D.; Handley, P.; Lankesheer, F.;
Morrish, G.; Yang, Y.; et al. A Phase I study of the novel immunomodulatory agent PG545 (pixatimod) in
subjects with advanced solid tumours. Br. J. Cancer 2018, 118, 1035–1041. [CrossRef] [PubMed]

192. Masola, V.; Secchi, M.F.; Gambaro, G.; Onisto, M. Heparanase as a target in cancer therapy. Curr. Cancer
Drug Targets 2014, 14, 286–293. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.carbpol.2015.08.041
http://www.ncbi.nlm.nih.gov/pubmed/26453883
http://www.ncbi.nlm.nih.gov/pubmed/10416607
http://dx.doi.org/10.1111/j.1527-3466.2004.tb00127.x
http://www.ncbi.nlm.nih.gov/pubmed/14978514
http://dx.doi.org/10.1055/s-2007-982088
http://www.ncbi.nlm.nih.gov/pubmed/17629854
http://dx.doi.org/10.1021/jm030180y
http://www.ncbi.nlm.nih.gov/pubmed/14521421
http://dx.doi.org/10.1177/107602960100700210
http://www.ncbi.nlm.nih.gov/pubmed/11292191
http://dx.doi.org/10.1093/glycob/cwp159
http://www.ncbi.nlm.nih.gov/pubmed/19822709
http://dx.doi.org/10.1007/s10637-009-9245-5
http://www.ncbi.nlm.nih.gov/pubmed/19357810
http://dx.doi.org/10.1038/bjc.2011.11
http://www.ncbi.nlm.nih.gov/pubmed/21285983
http://dx.doi.org/10.1016/j.matbio.2018.08.005
http://www.ncbi.nlm.nih.gov/pubmed/30096360
http://dx.doi.org/10.1182/bloodadvances.2017013391
http://www.ncbi.nlm.nih.gov/pubmed/29467192
http://dx.doi.org/10.3324/haematol.2017.182865
http://www.ncbi.nlm.nih.gov/pubmed/29700168
http://dx.doi.org/10.1634/theoncologist.2017-0472
http://www.ncbi.nlm.nih.gov/pubmed/29158367
http://dx.doi.org/10.1158/1078-0432.CCR-05-2423
http://www.ncbi.nlm.nih.gov/pubmed/17000682
http://dx.doi.org/10.1038/s41416-018-0006-0
http://www.ncbi.nlm.nih.gov/pubmed/29531325
http://dx.doi.org/10.2174/1568009614666140224155124
http://www.ncbi.nlm.nih.gov/pubmed/24568197


Molecules 2018, 23, 2915 33 of 36

193. Heyman, B.; Yang, Y. Mechanisms of heparanase inhibitors in cancer therapy. Exp. Hematol. 2016, 44,
1002–1012. [CrossRef] [PubMed]

194. Mohamed, S.; Coombe, D.R. Heparin mimetics: Their therapeutic potential. Pharmaceuticals 2017, 10.
[CrossRef] [PubMed]

195. Tkaczynski, E.; Arulselvan, A.; Tkaczynski, J.; Avery, S.; Xiao, L.; Torok-Storb, B.; Abrams, K.; Rao, N.V.;
Johnson, G.; Kennedy, T.P.; et al. 2-O, 3-O desulfated heparin mitigates murine chemotherapy- and
radiation-induced thrombocytopenia. Blood Adv. 2018, 2, 754–761. [CrossRef] [PubMed]

196. Hao, M.; Franqui-Machin, R.; Xu, H.; Shaughnessy, J., Jr.; Barlogie, B.; Roodman, D.; Quelle, D.E.; Janz, S.;
Tomasson, M.H.; Sanderson, R.D.; et al. NEK2 induces osteoclast differentiation and bone destruction via
heparanase in multiple myeloma. Leukemia 2017, 31, 1648–1650. [CrossRef] [PubMed]

197. Schultes, B.C.; Lolkema, M.P.J.K.; Chu, C.L.; Zhou, H.; Long, A.; Lockley, M.; Avery, W.; Kurtagic, E.;
Galcheva-Gargova, Z.; Miller, P.; et al. M402, a heparan sulfate mimetic and novel candidate for the
treatment of pancreatic cancer. In Proceedings of the 2012 Annual Meeting of the American Society of
Clinical Oncology, Chicago, IL, USA, 1–5 June 2012; Abstract 4056; Journal of Clinical Oncology: Alexandria,
VA, USA, 2012.

198. Galcheva-Gargova, Z.; Chu, C.L.; Long, A.; Duffner, J.; Holte, K.; Schultes, B.C. Role of M402, a novel heparan
sulfate mimetic, in pancreatic cancer cell invasion and metastasis: Inhibition of the Sonic Hedgehog pathway and
heparanase activity. In Proceedings of the 2012 Annual Meeting of the American Society of Clinical Oncology,
Chicago, IL, USA, 1–5 June 2012; Abstract 25; Journal of Clinical Oncology: Alexandria, VA, USA, 2012.

199. Chu, C.L.; Long, A.; Honan, C.M.; Duffner, J.; Avery, W.; D’Alessandro, J.; Kishimoto, T.K.; Schultes, B.C.
M402, a novel heparan sulfate mimetic, inhibits pancreatic tumor growth and desmoplasia potentially via
sonic hedgehog signaling in an orthotopic mouse model. In Proceedings of the 103rd Annual Meeting of the
American Association for Cancer Research, Chicago, IL, USA, 31 March–4 April 2012; Abstract 1524; Cancer
Research: Philadelphia, PA, USA, 2012.

200. Liu, C.J.; Chang, J.; Lee, P.H.; Lin, D.Y.; Wu, C.C.; Jeng, L.B.; Lin, Y.J.; Mok, K.T.; Lee, W.C.; Yeh, H.Z.; et al.
Adjuvant heparanase inhibitor PI-88 therapy for hepatocellular carcinoma recurrence. World J. Gastroenterol.
2014, 20, 11384–11393. [CrossRef] [PubMed]

201. Liao, B.Y.; Wang, Z.; Hu, J.; Liu, W.F.; Shen, Z.Z.; Zhang, X.; Yu, L.; Fan, J.; Zhou, J. PI-88 inhibits postoperative
recurrence of hepatocellular carcinoma via disrupting the surge of heparanase after liver resection. Tumor Biol.
2016, 37, 2987–2998. [CrossRef] [PubMed]

202. Hammond, E.; Brandt, R.; Dredge, K. PG545, a heparan sulfate mimetic, reduces heparanase expression
in vivo, blocks spontaneous metastases and enhances overall survival in the 4T1 breast carcinoma model.
PLoS ONE 2012, 7, e52175. [CrossRef] [PubMed]

203. Ferro, V.; Liu, L.; Johnstone, K.D.; Wimmer, N.; Karoli, T.; Handley, P.; Rowley, J.; Dredge, K.; Li, C.P.;
Hammond, E.; et al. Discovery of PG545: A highly potent and simultaneous inhibitor of angiogenesis,
tumor growth, and metastasis. J. Med. Chem. 2012, 55, 3804–3813. [CrossRef] [PubMed]

204. Barash, U.; Lapidot, M.; Zohar, Y.; Loomis, C.; Moreira, A.; Feld, S.; Goparaju, C.; Yang, H.; Hammond, E.;
Zhang, G.; et al. Involvement of heparanase in the pathogenesis of mesothelioma: Basic aspects and clinical
applications. J. Natl. Cancer Inst. 2018, 110. [CrossRef] [PubMed]

205. Spyrou, A.; Kundu, S.; Haseeb, L.; Yu, D.; Olofsson, T.; Dredge, K.; Hammond, E.; Barash, U.; Vlodavsky, I.;
Forsberg-Nilsson, K. Inhibition of heparanase in pediatric brain tumor cells attenuates their proliferation,
invasive capacity, and in vivo tumor growth. Mol. Cancer Ther. 2017, 16, 1705–1716. [CrossRef] [PubMed]

206. Winterhoff, B.; Freyer, L.; Hammond, E.; Giri, S.; Mondal, S.; Roy, D.; Teoman, A.; Mullany, S.A.; Hoffmann, R.;
von Bismarck, A.; et al. PG545 enhances anti-cancer activity of chemotherapy in ovarian models and increases
surrogate biomarkers such as VEGF in preclinical and clinical plasma samples. Eur. J. Cancer 2015, 51, 879–892.
[CrossRef] [PubMed]

207. Jung, D.B.; Yun, M.; Kim, E.O.; Kim, J.; Kim, B.; Jung, J.H.; Wang, E.; Mukhopadhyay, D.; Hammond, E.;
Dredge, K.; et al. The heparan sulfate mimetic PG545 interferes with Wnt/β-catenin signaling and
significantly suppresses pancreatic tumorigenesis alone and in combination with gemcitabine. Oncotarget
2015, 6, 4992–5004. [CrossRef] [PubMed]

208. Brennan, T.V.; Lin, L.; Brandstadter, J.D.; Rendell, V.R.; Dredge, K.; Huang, X.; Yang, Y. Heparan sulfate
mimetic PG545-mediated antilymphoma effects require TLR9-dependent NK cell activation. J. Clin. Investig.
2016, 126, 207–219. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.exphem.2016.08.006
http://www.ncbi.nlm.nih.gov/pubmed/27576132
http://dx.doi.org/10.3390/ph10040078
http://www.ncbi.nlm.nih.gov/pubmed/28974047
http://dx.doi.org/10.1182/bloodadvances.2017013672
http://www.ncbi.nlm.nih.gov/pubmed/29599195
http://dx.doi.org/10.1038/leu.2017.115
http://www.ncbi.nlm.nih.gov/pubmed/28400617
http://dx.doi.org/10.3748/wjg.v20.i32.11384
http://www.ncbi.nlm.nih.gov/pubmed/25170226
http://dx.doi.org/10.1007/s13277-015-4085-8
http://www.ncbi.nlm.nih.gov/pubmed/26415733
http://dx.doi.org/10.1371/journal.pone.0052175
http://www.ncbi.nlm.nih.gov/pubmed/23300607
http://dx.doi.org/10.1021/jm201708h
http://www.ncbi.nlm.nih.gov/pubmed/22458531
http://dx.doi.org/10.1093/jnci/djy032
http://www.ncbi.nlm.nih.gov/pubmed/29579286
http://dx.doi.org/10.1158/1535-7163.MCT-16-0900
http://www.ncbi.nlm.nih.gov/pubmed/28716813
http://dx.doi.org/10.1016/j.ejca.2015.02.007
http://www.ncbi.nlm.nih.gov/pubmed/25754234
http://dx.doi.org/10.18632/oncotarget.3214
http://www.ncbi.nlm.nih.gov/pubmed/25669977
http://dx.doi.org/10.1172/JCI76566
http://www.ncbi.nlm.nih.gov/pubmed/26649979


Molecules 2018, 23, 2915 34 of 36

209. Ostapoff, K.T.; Awasthi, N.; Cenik, B.K.; Hinz, S.; Dredge, K.; Schwarz, R.E.; Brekken, R.A. PG545,
an angiogenesis and heparanase inhibitor, reduces primary tumor growth and metastasis in experimental
pancreatic cancer. Mol. Cancer Ther. 2013, 12, 1190–1201. [CrossRef] [PubMed]

210. Hammond, E.; Haynes, N.M.; Cullinane, C.; Brennan, T.V.; Bampton, D.; Handley, P.; Karoli, T.; Lanksheer, F.;
Lin, L.; Yang, Y.; et al. Immunomodulatory activities of pixatimod: Emerging nonclinical and clinical data,
and its potential utility in combination with PD-1 inhibitors. J. Immunother. Cancer 2018, 6, 54. [CrossRef]
[PubMed]

211. Katz, A.; Barash, U.; Boyango, I.; Feld, S.; Zohar, Y.; Hammond, E.; Ilan, N.; Kremer, R.; Vlodavsky, I. Patient
derived xenografts (PDX) predict an effective heparanase-based therapy for lung cancer. Oncotarget 2018, 9,
19294–19306. [CrossRef] [PubMed]

212. Van der Meer, J.Y.; Kellenbach, E.; van den Bos, L.J. From farm to pharma: An overview of industrial heparin
manufacturing methods. Molecules 2017, 22, 1025. [CrossRef] [PubMed]

213. Pavão, M.S. Glycosaminoglycans analogs from marine invertebrates: Structure, biological effects,
and potential as new therapeutics. Front. Cell. Infect. Microbiol. 2014, 4, 123. [CrossRef] [PubMed]

214. Oreste, P.; Zoppetti, G. Semi-synthetic heparinoids. In Handbook of Experimental Pharmacology; Lever, R.,
Mulloy, B., Page, C.P., Eds.; Springer: Berlin/Heidelberg, Germany, 2012; Volume 207, pp. 403–422.

215. Colliec-Jouault, S.; Bavington, C.; Delbarre-Ladrat, C. Heparin-like entities from marine organisms.
In Handbook of Experimental Pharmacology; Lever, R., Mulloy, B., Page, C.P., Eds.; Springer: Berlin/Heidelberg,
Germany, 2012; Volume 207, pp. 423–449.

216. Gomes, A.M.; Kozlowski, E.O.; Pomin, V.H.; de Barros, C.M.; Zaganeli, J.L.; Pavão, M.S. Unique, extracellular
matrix heparan sulfate from the bivalve Nodipecten nodosus (Linnaeus, 1758) safely inhibits arterial thrombosis
after photochemically induced endothelial lesion. J. Biol. Chem. 2010, 285, 7312–7323. [CrossRef] [PubMed]

217. Gomes, A.M.; Kozlowski, E.O.; Borsig, L.; Teixeira, F.C.; Vlodavsky, I.; Pavão, M.S. Antitumor properties
of a new non-anticoagulant heparin analog from the mollusk Nodipecten nodosus: Effect on P-selectin,
heparanase, metastasis and cellular recruitment. Glycobiology 2015, 25, 386–393. [CrossRef] [PubMed]

218. Lee, Y.S.; Yang, H.O.; Shin, K.H.; Choi, H.S.; Jung, S.H.; Kim, Y.M.; Oh, D.K.; Linhardt, R.J.; Kim, Y.S.
Suppression of tumor growth by a new glycosaminoglycan isolated from the African giant snail Achatina
fulica. Eur. J. Pharmacol. 2003, 465, 191–198. [CrossRef]

219. Joo, E.J.; Yang, H.; Park, Y.; Park, N.Y.; Toida, T.; Linhardt, R.J.; Kim, Y.S. Induction of nucleolin translocation
by acharan sulfate in A549 human lung adenocarcinoma. J. Cell. Biochem. 2010, 110, 1272–1278. [CrossRef]
[PubMed]

220. Rusnati, M.; Oreste, P.; Zoppetti, G.; Presta, M. Biotechnological engineering of heparin/heparan sulphate:
A novel area of multi-target drug discovery. Curr. Pharm. Des. 2005, 11, 2489–2499. [CrossRef] [PubMed]

221. Li, P.; Sheng, J.; Liu, Y.; Li, J.; Liu, J.; Wang, F. Heparosan-derived heparan sulfate/heparin-like compounds:
One kind of potential therapeutic agents. Med. Res. Rev. 2013, 33, 665–692. [CrossRef] [PubMed]

222. Casu, B.; Grazioli, G.; Razi, N.; Guerrini, M.; Naggi, A.; Torri, G.; Oreste, P.; Tursi, F.; Zoppetti, G.; Lindahl, U.
Heparin-like compounds prepared by chemical modification of capsular polysaccharide from E. coli K5.
Carbohydr. Res. 1994, 263, 271–284. [CrossRef]

223. Fu, L.; Suflita, M.; Linhardt, R.J. Bioengineered heparins and heparan sulfates. Adv. Drug Deliv. Rev. 2016, 97,
237–249. [CrossRef] [PubMed]

224. Poggi, A.; Rossi, C.; Casella, N.; Bruno, C.; Sturiale, L.; Dossi, C.; Naggi, A. Inhibition of B16-BL6
melanoma lung colonies by semisynthetic sulfaminoheparosan sulfates from E. coli K5 polysaccharide.
Semin. Thromb. Hemost. 2002, 28, 383–392. [CrossRef] [PubMed]

225. Leali, D.; Belleri, M.; Urbinati, C.; Coltrini, D.; Oreste, P.; Zoppetti, G.; Ribatti, D.; Rusnati, M.; Presta, M.
Fibroblast growth factor-2 antagonist activity and angiostatic capacity of sulfated Escherichia coli K5
polysaccharide derivatives. J. Biol. Chem. 2001, 276, 37900–37908. [PubMed]

226. Borgenström, M.; Jalkanen, M.; Salmivirta, M. Sulfated derivatives of Escherichia coli K5 polysaccharides as
modulators of fibroblast growth factor signaling. J. Biol. Chem. 2003, 278, 49882–49889. [CrossRef] [PubMed]

227. Pomin, V.H. Paradigms in the structural biology of the mitogenic ternary complex FGF:FGFR:heparin.
Biochimie 2016, 127, 214–226. [CrossRef] [PubMed]

228. Borgenström, M.; Wärri, A.; Hiilesvuo, K.; Käkönen, R.; Käkönen, S.; Nissinen, L.; Pihlavisto, M.;
Marjamäki, A.; Vlodavsky, I.; Naggi, A.; et al. O-sulfated bacterial polysaccharides with low anticoagulant
activity inhibit metastasis. Semin. Thromb. Hemost. 2007, 33, 547–556. [CrossRef] [PubMed]

http://dx.doi.org/10.1158/1535-7163.MCT-12-1123
http://www.ncbi.nlm.nih.gov/pubmed/23696215
http://dx.doi.org/10.1186/s40425-018-0363-5
http://www.ncbi.nlm.nih.gov/pubmed/29898788
http://dx.doi.org/10.18632/oncotarget.25022
http://www.ncbi.nlm.nih.gov/pubmed/29721203
http://dx.doi.org/10.3390/molecules22061025
http://www.ncbi.nlm.nih.gov/pubmed/28635655
http://dx.doi.org/10.3389/fcimb.2014.00123
http://www.ncbi.nlm.nih.gov/pubmed/25309878
http://dx.doi.org/10.1074/jbc.M109.091546
http://www.ncbi.nlm.nih.gov/pubmed/20053999
http://dx.doi.org/10.1093/glycob/cwu119
http://www.ncbi.nlm.nih.gov/pubmed/25367817
http://dx.doi.org/10.1016/S0014-2999(03)01458-4
http://dx.doi.org/10.1002/jcb.22643
http://www.ncbi.nlm.nih.gov/pubmed/20564223
http://dx.doi.org/10.2174/1381612054367553
http://www.ncbi.nlm.nih.gov/pubmed/16026302
http://dx.doi.org/10.1002/med.21263
http://www.ncbi.nlm.nih.gov/pubmed/22495734
http://dx.doi.org/10.1016/0008-6215(94)00172-3
http://dx.doi.org/10.1016/j.addr.2015.11.002
http://www.ncbi.nlm.nih.gov/pubmed/26555370
http://dx.doi.org/10.1055/s-2002-34308
http://www.ncbi.nlm.nih.gov/pubmed/12244486
http://www.ncbi.nlm.nih.gov/pubmed/11473122
http://dx.doi.org/10.1074/jbc.M304208200
http://www.ncbi.nlm.nih.gov/pubmed/14514688
http://dx.doi.org/10.1016/j.biochi.2016.05.017
http://www.ncbi.nlm.nih.gov/pubmed/27263122
http://dx.doi.org/10.1055/s-2007-982087
http://www.ncbi.nlm.nih.gov/pubmed/17629853


Molecules 2018, 23, 2915 35 of 36

229. Pollari, S.; Käkönen, R.S.; Mohammad, K.S.; Rissanen, J.P.; Halleen, J.M.; Wärri, A.; Nissinen, L.;
Pihlavisto, M.; Marjamäki, A.; Perälä, M.; et al. Heparin-like polysaccharides reduce osteolytic bone
destruction and tumor growth in a mouse model of breast cancer bone metastasis. Mol. Cancer Res. 2012, 10,
597–604. [CrossRef] [PubMed]

230. Pikas, D.S.; Li, J.P.; Vlodavsky, I.; Lindahl, U. Substrate specificity of heparanases from human hepatoma
and platelets. J. Biol. Chem. 1998, 273, 18770–18777. [CrossRef] [PubMed]

231. Peterson, S.B.; Liu, J. Unraveling the specificity of heparanase utilizing synthetic substrates. J. Biol. Chem.
2010, 285, 14504–14513. [CrossRef] [PubMed]

232. Peterson, S.B.; Liu, J. Multi-faceted substrate specificity of heparanase. Matrix Biol. 2013, 32, 223–227.
[CrossRef] [PubMed]

233. Chen, J.; Jones, C.L.; Liu, J. Using an enzymatic combinatorial approach to identify anticoagulant heparan
sulfate structures. Chem. Biol. 2007, 14, 986–993. [CrossRef] [PubMed]

234. Teng, L.; Fu, H.; Deng, C.; Chen, J. Modulating the SDF-1/CXCL12-induced cancer cell growth and adhesion
by sulfated K5 polysaccharides in vitro. Biomed. Pharmacother. 2015, 73, 29–34. [CrossRef] [PubMed]

235. Sadir, R.; Imberty, A.; Baleux, F.; Lortat-Jacob, H. Heparan sulfate/heparin oligosaccharides protect stromal
cell-derived factor-1 (SDF-1)/CXCL12 against proteolysis induced by CD26/dipeptidyl peptidase IV.
J. Biol. Chem. 2004, 279, 43854–43860. [CrossRef] [PubMed]

236. Teng, L.; Fu, H.; Wang, M.; Deng, C.; Song, Z.; Chen, J. Immunomodulatory activity of heparan sulfate
mimetics from Escherichia coli K5 capsular polysaccharide in vitro. Carbohydr. Polym. 2015, 115, 643–650.
[CrossRef] [PubMed]

237. Raman, K.; Mencio, C.; Desai, U.R.; Kuberan, B. Sulfation patterns determine cellular internalization of
heparin-like polysaccharides. Mol. Pharm. 2013, 10, 1442–1449. [CrossRef] [PubMed]

238. Cole, C.L.; Hansen, S.U.; Baráth, M.; Rushton, G.; Gardiner, J.M.; Avizienyte, E.; Jayson, G.C. Synthetic
heparan sulfate oligosaccharides inhibit endothelial cell functions essential for angiogenesis. PLoS ONE
2010, 5, e11644. [CrossRef] [PubMed]

239. Jayson, G.C.; Hansen, S.U.; Miller, G.J.; Cole, C.L.; Rushton, G.; Avizienyte, E.; Gardiner, J.M. Synthetic
heparan sulfate dodecasaccharides reveal single sulfation site interconverts CXCL8 and CXCL12 chemokine
biology. Chem. Commun. 2015, 51, 13846–13849. [CrossRef] [PubMed]

240. Avizienyte, E.; Cole, C.L.; Rushton, G.; Miller, G.J.; Bugatti, A.; Presta, M.; Gardiner, J.M.; Jayson, G.C.
Synthetic site-selectively mono-6-O-sulfated heparan sulfate dodecasaccharide shows anti-angiogenic
properties in vitro and sensitizes tumors to cisplatin in vivo. PLoS ONE 2016, 11, e0159739. [CrossRef]
[PubMed]

241. Kuhnast, B.; El Hadri, A.; Boisgard, R.; Hinnen, F.; Richard, S.; Caravano, A.; Nancy-Portebois, V.; Petitou, M.;
Tavitian, B.; Dollé, F. Synthesis, radiolabeling with fluorine-18 and preliminary in vivo evaluation of
a heparan sulphate mimetic as potent angiogenesis and heparanase inhibitor for cancer applications.
Org. Biomol. Chem. 2016, 14, 1915–1920. [CrossRef] [PubMed]

242. Roy, S.; El Hadri, A.; Richard, S.; Denis, F.; Holte, K.; Duffner, J.; Yu, F.; Galcheva-Gargova, Z.; Capila, I.;
Schultes, B.; et al. Synthesis and biological evaluation of a unique heparin mimetic hexasaccharide for
structure-activity relationship studies. J. Med. Chem. 2014, 57, 4511–4520. [CrossRef] [PubMed]

243. Nadanaka, S.; Purunomo, E.; Takeda, N.; Tamura, J.; Kitagawa, H. Heparan sulfate containing unsubstituted
glucosamine residues: Biosynthesis and heparanase-inhibitory activity. J. Biol. Chem. 2014, 289, 15231–15243.
[CrossRef] [PubMed]

244. Sutton, A.; Friand, V.; Papy-Garcia, D.; Dagouassat, M.; Martin, L.; Vassy, R.; Haddad, O.; Sainte-Catherine, O.;
Kraemer, M.; Saffar, L.; et al. Glycosaminoglycans and their synthetic mimetics inhibit RANTES-induced
migration and invasion of human hepatoma cells. Mol. Cancer Ther. 2007, 6, 2948–2958. [CrossRef] [PubMed]

245. Sheng, G.J.; Oh, Y.I.; Chang, S.K.; Hsieh-Wilson, L.C. Tunable heparan sulfate mimetics for modulating
chemokine activity. J. Am. Chem. Soc. 2013, 135, 10898–10901. [CrossRef] [PubMed]

246. Raiber, E.A.; Wilkinson, J.A.; Manetti, F.; Botta, M.; Deakin, J.; Gallagher, J.; Lyon, M.; Ducki, S.W. Novel
heparin/heparan sulfate mimics as inhibitors of HGF/SF-induced MET activation. Bioorg. Med. Chem. Lett.
2007, 17, 6321–6325. [CrossRef] [PubMed]

http://dx.doi.org/10.1158/1541-7786.MCR-11-0482
http://www.ncbi.nlm.nih.gov/pubmed/22522458
http://dx.doi.org/10.1074/jbc.273.30.18770
http://www.ncbi.nlm.nih.gov/pubmed/9668050
http://dx.doi.org/10.1074/jbc.M110.104166
http://www.ncbi.nlm.nih.gov/pubmed/20181948
http://dx.doi.org/10.1016/j.matbio.2013.02.006
http://www.ncbi.nlm.nih.gov/pubmed/23499529
http://dx.doi.org/10.1016/j.chembiol.2007.07.015
http://www.ncbi.nlm.nih.gov/pubmed/17884631
http://dx.doi.org/10.1016/j.biopha.2015.05.009
http://www.ncbi.nlm.nih.gov/pubmed/26211579
http://dx.doi.org/10.1074/jbc.M405392200
http://www.ncbi.nlm.nih.gov/pubmed/15292258
http://dx.doi.org/10.1016/j.carbpol.2014.08.119
http://www.ncbi.nlm.nih.gov/pubmed/25439943
http://dx.doi.org/10.1021/mp300679a
http://www.ncbi.nlm.nih.gov/pubmed/23398560
http://dx.doi.org/10.1371/journal.pone.0011644
http://www.ncbi.nlm.nih.gov/pubmed/20657775
http://dx.doi.org/10.1039/C5CC05222J
http://www.ncbi.nlm.nih.gov/pubmed/26234943
http://dx.doi.org/10.1371/journal.pone.0159739
http://www.ncbi.nlm.nih.gov/pubmed/27490176
http://dx.doi.org/10.1039/C5OB02513C
http://www.ncbi.nlm.nih.gov/pubmed/26757783
http://dx.doi.org/10.1021/jm4016069
http://www.ncbi.nlm.nih.gov/pubmed/24786387
http://dx.doi.org/10.1074/jbc.M113.545343
http://www.ncbi.nlm.nih.gov/pubmed/24753252
http://dx.doi.org/10.1158/1535-7163.MCT-07-0114
http://www.ncbi.nlm.nih.gov/pubmed/18025279
http://dx.doi.org/10.1021/ja4027727
http://www.ncbi.nlm.nih.gov/pubmed/23879859
http://dx.doi.org/10.1016/j.bmcl.2007.08.074
http://www.ncbi.nlm.nih.gov/pubmed/17870532


Molecules 2018, 23, 2915 36 of 36

247. Deakin, J.A.; Blaum, B.S.; Gallagher, J.T.; Uhrín, D.; Lyon, M. The binding properties of minimal
oligosaccharides reveal a common heparan sulfate/dermatan sulfate-binding site in hepatocyte growth
factor/scatter factor that can accommodate a wide variety of sulfation patterns. J. Biol. Chem. 2009, 284,
6311–6321. [CrossRef] [PubMed]

248. Serin, G.; Mirjolet, J.F.; Nancy-Portebois, V.; Cabannes, E.; Petitou, M. Antitumor activity of EP80061,
a small-glycodrug in preclinical studies. In Proceedings of the 101st Annual Meeting of the American
Association for Cancer Research (AACR-2010), Washington, DC, USA, 17–21 April 2010; Abstract 5459;
Cancer Research: Philadelphia, PA, USA, 2010.

249. Vlodavsky, I.; Gross-Cohen, M.; Weissmann, M.; Ilan, N.; Sanderson, R.D. Opposing functions of
heparanase-1 and heparanase-2 in cancer progression. Trends Biochem. Sci. 2018, 43, 18–31. [CrossRef]
[PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1074/jbc.M807671200
http://www.ncbi.nlm.nih.gov/pubmed/19114710
http://dx.doi.org/10.1016/j.tibs.2017.10.007
http://www.ncbi.nlm.nih.gov/pubmed/29162390
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Heparan Sulfate and Heparin in Physiology and Pharmacology 
	Pleiotropic Effects of Heparin and Heparan Sulfate Mimetics in Cancer Therapy 

	Heparan Sulfate and Cancer 
	Inflammation 
	Proliferation, Angiogenesis, and Metastasis 
	Therapeutic Resistance 

	Non-Anticoagulant Heparin Derivatives and Oligosaccharidic HS Mimetics 
	Non-Anticoagulant Heparin Derivatives 
	Oligosaccharidic HS Mimetics 
	Clinical Candidate HS Mimetics 

	New Molecules and Perspectives 
	HS and Heparin-Like GAGs from Marine and Terrestrial Invertebrates 
	Bacterial HS and Semisynthetic Heparin-Like GAGs 
	Synthetic Oligosaccharidic HS Mimetics 

	Conclusions 
	References

