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Abstract

Heparanase is an endo-β-D-glucuronidase capable of cleaving heparan sulfate (HS) side chains 

contributing to break down of the extracellular matrix. Increased expression of heparanase has 

been found in numerous malignancies, and is associated with a poor prognosis. It has generated 

significant interest as a potential anti-neoplastic target because of the multiple roles it plays in 

tumor growth and metastasis. The pro-tumorigenic effects of heparanase are enhanced by the 

release of HS side chains, with subsequent increase in bioactive fragments and increased cytokine 

levels; both promoting tumor invasion, angiogenesis and metastasis. Preclinical experiments have 

shown heparanase inhibitors to substantially reduce tumor growth and metastasis leading to 

clinical trials with heparan sulfate mimetics. In this review we will examine heparanase’s role in 

tumor biology, its interaction with heparan surface proteoglycans, specifically syndecan-1; as well 

as the mechanism of action for heparanase inhibitors developed as anti-neoplastic therapeutics.

Introduction

The extracellular matrix (ECM) is composed of different proteins that maintain cellular 

organization and architecture. It was initially felt to be inactive, but later appreciated as a 

dynamic entity, where significant cell signaling interactions occur.1 The ECM contains 

heparan sulfate proteoglycans (HSPGs), collagen, fibronectin, laminin, and growth factors.1 

HSPGs are ubiquitous macromolecules that are integral parts of normal tissue architecture. 

They possess various functions including: cell attachment/adhesion, components of 

structural integrity, reservoirs for growth factors, and act as cofactors in signaling 

pathways.2,3 HSPGs are comprised of a core protein attached to one of several negatively 

charged polysaccharide chains of heparan sulfate glycosaminoglycans (GAGs). Heparan 

sulfate (HS) is composed of repeating units of glucosamine and glucuronic/iduronic acid 

residues.4
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Heparanase is an endo-β-D-glucuronidase that cleaves HS side chains. This results in 

structural changes and the release of bioactive HS fragments from the ECM.5 Over the past 

two decades much work has been dedicated to examining the role of heparanase in cancer 

biology. Various methods of analysis have revealed that heparanase expression is augmented 

in numerous cancers, including hematologic malignancies, carcinomas and sarcomas.6–15 

Furthermore, elevated heparanase levels are associated with reduced post-operative survival, 

increased angiogenesis, and metastasis.8,12,13,16 All of these factors have sparked the 

development of heparanase inhibitors as novel anti-cancer agents. In this article we will 

review the function of heparanase in cancer biology and focus on the development of 

heparanase inhibitors, their specific mechanism of action, and relevant clinical findings to 

date.

Heparanase and Heparan Sulfate/Syndecan-1 Axis

Mammalian cells express a single functional heparanase enzyme, heparanase-1.17 

Heparanase-2, a heparanase homologue was cloned, but is incapable of performing HS 

degrading activity.18,19 It may however, regulate heparanase-1 activity.20 The heparanase 

gene is located on chromosome 4q21.3 and is highly conserved throughout different 

species.21 It is first expressed as preproheparanase, with the N-terminal signal removed upon 

translocation to the endoplasmic reticulum, generating a 65 kDa proheparanase, it is then 

moved to the Golgi apparatus where it is encapsulated and secreted. Once secreted it 

interacts with extracellular components before being internalized and mobilized to the late 

endosome/lysosome where it undergoes post-translational proteolysis and alternative 

splicing to become active heperanase.22–25 The active form of heparanase consists of a 

heterodimer composed of an 8 and 50 kDa subunit that are non-covalently liked. The 

heparanase structure contains a TIM barrel fold, which incorporates the enzyme’s active site; 

and a distinct C-terminus domain that has non-catalytic properties and is involved in 

heparanase’s non-enzymatic signaling and secretory function.26–28 Recently, the human 

heparanase enzyme structure was solved, confirming the TIM barrel fold structure.29

Heparanase expression is under tight regulation. In non-cancerous cells the heparanase 

promoter is constitutively inhibited secondary to promoter methylation and activity of wild 

type p53, which suppresses transcription of the heparanase gene by directly binding to its 

promoter.30 Furthermore, additional regulation occurs during post-translational processing. 

Cathepsin L is necessary for post-translational activation of heparanase, and inhibitors of 

cathepsin L impede the formation of active heparanase.31 In non-pathologic states, 

heparanase expression is restricted primarily to platelets, activated white blood cells and the 

placenta with little or no expression in connective tissue or normal epithelium.5 Moreover, it 

is most active under acidic conditions (pH 5–6), during inflammation or within the tumor 

microenvironment.16

The syndecans (SDCs) are a family of four HSPGs that are either membrane bound or 

soluble. They have diverse functions including cell differentiation, cell adhesion, 

cytoskeletal organization, cell migration/invasion, and angiogenesis.32–35 Syndecan-1 

(SDC-1) has been the most extensively studied and is found principally on epithelial cell 

surfaces. However, it is also present during different stages of lymphoid development, 
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specifically on pre-B cells and plasma cells.36,37 Loss of both syndecan-1 and E-cadherin 

from the cell surface is considered an integral step in neoplastic epithelial-mesenchymal cell 

transition.38

The heparanase/SDC-1 axis is a key regulator of cell signaling within tumor cells and the 

microenvironment, especially in multiple myeloma.39 Syndecan-1 is made of three domains: 

1) an extracellular domain composed mostly of heparan sulfate GAGs; 2) a transmembrane 

domain; and 3) a highly conserved cytoplasmic domain.40 Syndecan-1 can be shed and 

mobilized via proteolytic cleavage of the extracellular domain near the plasma membrane. 

This is primarily performed by shedases, frequently matrix metalloproteinases (MMP).41 

Shed syndecan-1 contains bound HS chains within the ectodomain (which typically contain 

bound growth factor) and thus can become a paracrine signaler by transferring signaling 

proteins from one cell to another.41 In the case of malignancy, this is often from a cancer cell 

to a stromal cell.42,43 Syndecan-1 shedding is regulated by various extracellular mechanisms 

including: heparanase, growth factors (FGF-2), and chemokines.44–46

Heparanase increases syndecan-1 shedding, both in human myeloma and breast cancer cell 

lines, by augmenting expression of MMP-9 through upregulation of ERK phosphorylation.47 

Heparanase also reduces the length of HS chains attached to syndecan-1, enhancing the rate 

at which shedases cleave the core protein.47 Syndecan-1 is also shed constitutively, which is 

accelerated in tumors, typically in response to growth factors, chemokines or other 

agonists.48 Recently, it was found that chemotherapy stimulates syndecan-1 shedding in 

colorectal cancer, pancreatic cancer, and human myeloma cell lines, increasing the risk for 

relapse and chemotherapy resistance.49,50

The heparanase/syndecan-1 axis regulates growth factor release, thus modulating cellular 

proliferation.51 Both hepatocyte growth factor (HGF) and vascular endothelial growth factor 

(VEGF) are regulated by the heparanase/syndecan-1 axis. HGF is a cytokine that enhances 

growth, motility, and angiogenesis of tumor cells.52 Heparanase has been demonstrated to 

increase expression of HGF in myeloma cell lines. Shed syndecan-1 binds to secreted HGF, 

facilitating a paracrine and autocrine signaling cascade via cell surface receptor c-Met.52 

Similarly, heparanase enhances VEGF secretion from tumor cells. Secreted VEGF 

subsequently binds shed sydecan-1 in the ECM stimulating angiogenesis and endothelial 

invasion via the Erk pathway.43 In breast cancer, shed syndecan-1 promotes angiogenesis 

and growth via activation of FGF-2.42 In multiple myeloma, shed syndecan-1 in the bone 

marrow ECM enhances growth, angiogenesis and metastasis of myeloma cells within the 

bone. Cell membrane syndecan-1 promotes myeloma cell adhesion and inhibits invasion. 

Conversely, heparanase facilitates invasion of myeloma by increasing the expression and 

shedding of syndecan-1.43,47,53

Heparanase and syndecan-1 can also be transported to the nucleus to regulate gene 

expression. Shed syndecan-1 and the full syndecan-1 protein have been identified in the 

nucleus.51 Similarly, HS has also been identified in the nucleus, both as free chains and 

bound to syndecan-1. Syndecan-1 transports HS to the nucleus, as it does so for FGF2. In 

general, nuclear HS and syndecan-1 are anti-proliferative and decrease gene transcription. 

Specifically, highly sulfated nuclear HS chains are mostly inhibitory.51,54 This is in contrast 
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to extracellular shed syndecan-1, which promotes cell migration, angiogenesis, invasion and 

proliferation.51 Once in the nucleus HS can regulate gene expression by decreasing histone 

acetylation and inhibiting transcription factors.55 Both syndecan-1 and HS can inhibit 

histone acetyl transferase enzyme (HAT), reducing gene expression and tumor growth.56,57 

Conversely, heparanase augments gene expression in the nucleus and promotes growth.58 In 

T-lymphocytes heparanase binds to euchromatin, altering gene transcription.58 Heparanase 

increases DNA topoisomerase I activity in metastatic breast cancer.59 Lastly, heparanase 

decreases nuclear syndecan-1 levels, increasing gene expression and promoting aggressive 

tumor phenotype secondary to augmented HAT expression.60

Many studies have examined syndecan-1 expression as a prognostic tool in solid and 

hematologic malignancies. High levels of stromal expression of syndecan-1 are a negative 

prognostic factor in multiple malignancies. Low levels of epithelial syndecan-1 are generally 

an indicator of advanced disease and poor prognosis. It is believed that the loss of 

syndecan-1 represents cancer cells with high malignant and metastatic potential. Increased 

levels of soluble (shed) syndecan-1 also signify advanced disease and poor prognosis. 

However, this has not been consistent for all malignancies, as increased levels of soluble 

syndecan-1 have also been associated with improved prognosis.51,61–72 In both non-small 

cell lung cancer and multiple myeloma, loss of syndecan-1 decreases response to standard 

chemotherapy.73,74 Because soluble syndecan-1 can be detected in plasma, it serves as an 

attractive biomarker and therapeutic target.

The Role of Heparanase in Cancer Biology

As previously mentioned, increased heparanase expression within numerous malignancies is 

associated with poor prognosis. Early studies in murine T-lymphoma and melanoma cell 

lines demonstrated that cells that over-express heparanase transformed from a non-

metastatic to a highly invasive metastatic phenotype.24,75 Heparanase’s direct role in 

malignancy was confirmed when heparanase inhibition/silencing in cancer cell lines resulted 

in a significant reduction in the invasive phenotype of cells.76–80 Since then, there has been 

much work exploring the relationship between heparanase and tumor metastasis.

Heparanase’s main enzymatic activity is the cleavage of HS side chains from HSPGs, 

releasing growth factors and cytokines that can then propagate cellular signaling pathways 

facilitating the remodeling of the extracellular matrix, particularly the subendothelial 

capillary basement membrane of endothelial cells (EC).81 This step is necessary prior to 

endothelial migration during angiogenesis.81 Heparanase can also release heparan sulfate 

bound proangiogenic growth factors, bFGF, HGF, PDGF and VEGF, from the extracellular 

matrix to indirectly promote endothelial cell migration and proliferation.82,83 Heparanase-

induced HS fragments retain biological activity and can enhance growth factor activity.14,84 

Heparanase is preferentially located at the sites of sprouting EC’s, with little evidence of 

heparanase present on inactive blood vessels.85 Moreover, tumors with elevated heparanase 

levels have significantly higher microvessel density then tumors with low heparanase 

expression; and inhibition of heparanase result in decreased microvessel density.14,27,85,86 

Similarly, heparanase increases lymphatic vessel density and lymph node metastasis through 

increased expression of VEGF-C in head and neck carcinoma.87
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Heparanase also augments angiogenesis and tumor activity independent of its enzymatic 

activity at its C-terminus domain. Heparanase increases the expression of VEGF in 

heparanase-transfected cell lines via Src upregulation and p38 phosphorylation.88 

Heparanase overexpression in multiple cell lines augmented endothelial cell stimulation, 

migration and invasion secondary to Akt phosphorylation. Akt phosphorylation was found to 

be independent of heparanase activity, and increased twofold in the presence of heparin.89,90 

In multiple myeloma, heparanase enhanced the activation of the insulin receptor signaling 

pathway, with subsequent stimulation of insulin receptor phosphorylation, increased protein 

kinase C (PKC) activity and augmented expression of insulin receptor substrate-1 (IRS-1). 

This results in increased ERK signaling and myeloma cell survival and growth.91 Lastly, 

over-expression of heparanase in head and neck cancers causes greater EGFR activation 

leading to enhanced cell proliferation and tumor growth independent of heparanase’s 

enzymatic activity.92

Heparanase has also been demonstrated to promote chemotherapy resistance in 

myeloma.93,94 Chemotherapy directed at the nuclear factor-kappa B (NF-κB) pathway 

results in increased expression of heparanase in tumor cells.94 The amplified heparanase 

expression in tumor cells results in activation of the NF-κB pathway, chemotherapy 

resistance, and an aggressive tumor phenotype.94 Chemotherapy also induces release of 

soluble heparanase by myeloma cells, where it can be taken up by macrophages or other 

tumor cells.94 Soluble heparanase causes an increase in TNF-α production by macrophages, 

and induces expression of HGF, VEGF and MMP-9 in tumor cells.94 It has also been 

demonstrated to activate the ERK and Akt signaling pathways in myeloma.94 Roneparstat, a 

heparanase inhibitor, curbs the effects of soluble heparin, resensitizes myeloma cells to 

chemotherapy, and had the potential to prevent growth of tumors after treatment with 

chemotherapy.93

Heparanase has been shown in myeloma to augment the expression of mesenchymal 

markers.95 Specifically, increased heparanase expression in both myeloma and endothelial 

cells correlates with the augmented expression of mesenchymal markers vimentin and 

fibronectin.95 Mechanistically, the alteration in mesenchymal markers is thought to be 

promoted by the ERK signaling pathway.95 These findings support that heparanase promotes 

angiogenesis and metastasis in multiple myeloma by supporting the mesenchymal transition 

of both tumor and endothelial cells.95

Recently, Heparanase was found to have a critical role in modulating autophagy in tumor 

cells.96 Lysosomal heparanase fuses with autophagosomes contributing to the cellular 

control of autophagy. Tumor cells that overexpress heparanase were found to have increased 

levels of autophagy, which promoted tumor growth and chemotherapy resistance.96 

Mechanistically, autophagy induction by heparanase occurs through the mammalian target 

of rapamycin complex 1 pathway (MTORC1). Decreased phosphorylation of RPS6KB/p70 

S6-kinase, a MTORC1 substrate, was found in cells over expressing heparanase indicating 

increased autophagy. In mice deficient for heparanase, there was reduced phosphorylation 

RPS6KB, with a resulting decrease in autophagy.96 Directly inhibiting autophagy with the 

lysosomal inhibitor chloroquine prevented chemotherapy resistance.96 Lastly, tumor growth 

was further attenuated with the addition of heparanase inhibitor PG545 to chloroquine.96,97
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Furthermore, heparanase over-expression increases cell adhesion both in an HS-dependent 

and independent manor. HS dependent adhesion and clustering is mediated through 

syndecans and glypicans. HS side chains are linked to PKCα, Src and Rac1 activation.98 HS 

independent adhesion and clustering are mediated through Akt, p38, and Src activation.98 

Recent studies have also demonstrated that heparanase may also act as a procoagulant. 

Heparanase over expression in multiple cancer cell lines is correlated with marked increase 

of tissue factor (TF) and factor Xa levels.99,100 Moreover, increased heparanase activity 

leads to greater expression of TF, which interacts with tissue factor pathway inhibitor (TFPI) 

on endothelial and tumor cell surfaces, causing release of TFPI and enhanced local 

coagulation activity.101 Recently, platelets over expressing heparanase were found to have 

stronger adhesion.102 Activated platelets were also found to have upregulated expression of 

heparanase and P-selectin.102

Lastly, elevated heparanase expression was found by IHC in patients with JAK-2 positive 

myeloproliferative disorders or erythropoietin receptor-transfected glioma cells.103 While 

inhibition with hydroxyurea or ruxolitinib lead to decreased levels. Thus, the epo receptor 

and JAK-2 may contribute to heparanase up-regulation in these cell lines.103

Heparanase Inhibitors as Novel Cancer Therapeutics

Heparanase promotes tumor cell proliferation, growth and angiogenesis by its activity within 

the tumor cells, at the cell surface, and within the tumor microenvironment. Since 

heparanase is implicated in many features of tumor progression, it is an ideal therapeutic 

target. Additionally, since there is only one functional mammalian heparanase, there are no 

redundant enzymes able to act in its place. Lastly, since heparanase is typically not 

expressed in most normal tissue, side effects secondary to inhibition should be minimal.

Since the recognition of heparanase as a promotor of tumor progression, several heparanase 

inhibitors have been produced. Generations of a selective inhibitor had been limited due to 

lack of knowledge of the full 3D structure of mammalian heparanase, which has only 

recently been solved.29 Heparin is a logical choice, as it is a close mimetic of HS. However, 

its use as a therapeutic anti-cancer agent is limited by its potent anticoagulant effects. 

LMWH is a possible alternative. The use of LMWH to improve survival of patients with 

cancer has been controversial. Some studies have demonstrated improved survival, while 

others yield no benefit.104–106 Mechanistically, heparin and LMWH are believed to alter 

tumor growth by both their anticoagulant properties, and anticoagulant-independent effects 

that inhibit cell adhesion, metastasis, and angiogenesis.107,108 In non-small cell lung cancer, 

enoxaparin decreased expression of both c-Myc and CD44, and cancer cell proliferation.109 

Additionally, Dalteparin, tinzaparin, and enoxaparin have been shown to decrease FGF-

induced mitogenesis via ERK kinase inhibition in tumor-derived endothelial cells, 

augmenting tumor growth and angiogenesis.110 Tinzaparin and UFH decreased metastases 

in colon adenocarcinoma and melanoma cell lines secondary to inhibition of P and L 

selectin.111 Tinzaparin also prevented lung metastasis in severe combined immunodeficiency 

mice inoculated with human breast cancer cells by inhibiting the interaction between 

CXCL12 and CXCR4.112 However, most of the anti-neoplastic properties of LMWHs are 

due to the inhibition of growth factors and angiogenesis108,113 Tinzaparin, inhibited 
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endothelial tube formation, VEGF expression and angiogenesis secondary to TFPI release 

from endothelial cells.114,115

In addition to heparin and LMWH, there are various strategies employed attempting to 

inhibit heparanase. Heparan sulfate mimetics, modified heparins and related polysulfated 

compounds have been the most studied.116 Heparan sulfate mimetics have lower 

anticoagulant activity and greater selectivity for heparanase than heparin, allowing for a 

higher therapeutic window. Most heparan sulfate mimetics are carbohydrate based.117 Here 

we focus on heparanase inhibitors investigated as cancer therapeutics and provide a more 

comprehensive list of agents in (Table 1)

PI-88 (Mupafostat) is a mixture of highly sulfonated mannan oligosaccharides, 

predominately penta and tetra-saccharides, isolated from the yeast species pichia holstii, 
NRRL Y-2448.118 PI-88 has demonstrated its anti-angiogenic and anti-metastatic effects 

principally by inhibiting heparanase; and blocking interactions of FGF-1, FGF-2, and VEGF, 

with their receptor HS.119–121 It also stimulates the release of TFPI, further potentiating its 

anti-angiogenic effects.121 In preclinical models PI-88 decreased the rate of invasive rat 

mammary adenocarcinoma cells and reduced metastasis.119 It also reduced leukemic cell 

burden in mouse models.122 Lastly, it has inhibited late stage tumor growth and early 

progenitor lesions in a pancreatic neuroendocrine mouse model. This was associated with a 

decrease in cell proliferation, angiogenesis and increased tumor cell death.123

PI-88 is the most extensively studied heparan sulfate mimetic in clinical trials, having 

undergone multiple phase I and II trials.124–126 Most recently it was studied in a phase II 

trial as adjuvant therapy for patients with hepatocellular carcinoma (HCC) after attempted 

curative resection. It was found to be safe at a dose of 160 mg/day, with promising 

improvements in recurrence rates especially in subgroup analysis.127 This lead to a phase III 

trial as adjuvant therapy for patients with HCC after attempted curative resection, however 

this was recently stopped because at interim analysis the drug failed to reach primary 

objective. (NCT01402908)

PG545 is a synthetic, single molecular entity containing lipophilic modifications unlike 

PI-88, which is a mixture derived from heparin or fermentation products from yeast.122 Such 

modifications in PG545 allow for improved pharmacokinetic properties and reduced 

anticoagulant activity.128 PG545 is a competitive inhibitor of heparanase and inhibits 

proangiogenic growth factors VEGF, FGF-1 and 2.129 In pancreatic cell lines it inhibited 

Wnt/β- catenin signaling decreasing the proliferation of tumor cells.130 It has been studied in 

multiple preclinical models in various tumor subtypes demonstrating potent anti-tumor, anti-

metastatic, and anti-angiogenic effects. This has included breast, hepatocellular, melanoma, 

ovarian and lymphoma.129,131–133 It works synergistically with standard chemotherapy in 

preclinical murine models.130,131,134

Recently, PG545 was studied in ovarian cancer murine model and its impact on metabolism 

and tumor growth.135 Sulfatase-1 (HSulf-1) deficiency promoted glycolysis, resulting in 

impaired mitochondrial function and a reduction in oxidation phosphorylation.135 

Mechanistically, HSulf-1 deficiency leads to increased levels of c-myc, via activation of p-
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ERK by HB-EGF signaling.135 PG545 decreased glycolysis through inhibition of p-ERK 

and c-Myc; indicating that it may be have similar mode of action as HSulf-1 in altering 

tumor metabolism.135

Importantly, PG545 is the only HS mimetic reported to have immunostimulatory activity 

against lymphoma resulting in significant anti-tumor activity.134 In a murine model, mice 

were treated with placebo, single agent cyclophosphamide, single agent PG545, or a 

combination of PG545 and cyclophosphamide. The combination of PG545 and 

cyclophosphamide resulted in a complete response and 100% sixty day survival.134 PG545 

exerted its major anti-lymphoma effects through the activation of the innate immune system 

via natural killer (NK) cells. Mechanistically, NK cell activation occurred through the Toll 

like-receptor 9/MyD88 pathway. Specifically, PG545 enhances the accumulation of 

oligodeoxynucleotides (CpG DNA) in the lysosomes of dendritic cells (DC), leading to an 

increased production of pro-inflammatory cytokines IL-12, IL-6 and TNF-α. IL-12 

production by dendritic cells was found to be critical for increased NK cell activation.134 

PG545 is currently undergoing investigation with phase 1 trials in patients with advanced 

solid tumors. (NCT02042781)

SST0001 (Roneparstat) is a modified heparin that is 100% N-acetylated and 25% glycol 

split. SST0001 inhibits heparanase enzymatic activity and exhibits a decreased ability to 

release extracellular matrix-bound FGF-2 as compared with unmodified heparin. N-

acetylation causes heparin to lose its affinity for antithrombin, decreasing anticoagulant 

activity.136 Recently, the pharmacokinetics of SST0001 demonstrated that the mechanism of 

heparanase inhibition was based on drug concentration, suggesting the existence of multiple 

protein–ligand interactions.137 SST0001 in multiple myeloma cells lines inhibited 

heparanase, and the expression of HGF, VEGF, and MMP-9 resulting in decreased 

angiogenesis. It also decreased shedding of syndecan-1 and heparanase-mediated 

degradation of syndecan-1 HS chains, which promotes myeloma growth.136 Recently, 

SST0001 in combination with standard chemotherapy diminished the growth of 

disseminated myeloma tumors in vivo. SST0001 also decreased regrowth of myeloma 

tumors in vivo after completion of chemotherapy.138 It was also studied in pediatric 

sarcoma, metastatic lepatinib resistant breast cancer, and pancreatic preclinical models; 

demonstrating effective anti-tumor activity.139–141 Specifically, in pediatric sarcoma it 

demonstrated synergy with other anti-angiogenic agents (i.e. bevacizumab).139 SST0001 is 

currently undergoing phase I clinical trials in patients with advanced multiple myeloma, and 

was found to be safe at a dose of 200mg/day.142 (NCT01764880)

M402 (Necuparanib) is a N-sulfate glycol-split modified heparin. It was specifically 

engineered to substantially reduce anticoagulant activity while retaining its heparan sulfate-

like binding properties to multiple targets involved in tumor progression and metastasis. It 

inhibits heparanase and endothelial sprouting in response to FGF2, HB-EGF, and VEGF.143 

Furthermore, it has demonstrated both as single agent and in combination with standard 

chemotherapy potent anti-metastatic activity in preclinical models.143 It is currently in a 

phase I/II trial in combination with nab-paclitaxel and gemcitabine for the treatment of 

metastatic pancreatic cancer. (NCT01621243)
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Nucleic-acid based inhibitors have also been used to modulate the effect of heparanase. 

Defibrotide is an orally bioavailable polydisperse oligonucleotide. It decreases heparanase 

expression and tumor growth in multiple myeloma cell lines. Interestingly, defibrotide did 

not have any direct cytotoxic effects on myeloma cells, but rather enhanced combination 

chemotherapy likely by augmenting the myeloma microenvironment.144 It was well 

tolerated and safe in a phase I/II clinical trial in patients with relapsed/refractory multiple 

myeloma in combination with multi-agent chemotherapy.145

Small molecule inhibitors against heparanase have either been discontinued or are still in 

preclinical studies. This lack of progress in this area is likely secondary to the inability to 

solve the crystal structure until recently. Suramin, a synthetic polysulfonated napthylurea, 

was one of the first small molecule studied which has potent heparanase inhibition. It has 

been found to inhibit heparanase activity in melanoma, cervical, hepatocellular and ovarian 

cancer cell lines.146–148 It has not transitioned into clinical trials because its side-effect 

profile is too toxic. Multiple others have been studied and none have reached clinical 

trials.41

Anti-heparanase antibodies are another novel therapeutic to inhibit heparanase. Initial 

studies were successful in targeting and inhibiting heparanase, but did not produce 

significant anti-tumor effects. Recently, in a preclinical lymphoma mouse model, two 

antibodies directed the heparanase enzyme were employed.149 One of the antibodies was 

directed against the KKDC peptide, while the second targeted the full length protein.149 The 

results demonstrated significant inhibition of heparanase extracellularly and prevented 

uptake of heparanase intracellularly; resulting in reduced cellular invasion and metastasis.149 

Furthermore, when used in combination there was a potent synergistic effect in lymphoma 

murine models, with significant reduction in tumor growth and metastasis.149 Interestingly, 

the antibodies had no direct cytotoxic effect on the tumor cells, but exerted their effect on the 

tumor microenvironment.149

Vaccination against heparanase is also being explored. Heparanase is an ideal target for 

vaccination because it typically not expressed in non-pathologic cells, and thus the risk for 

autoimmunity is low. Heparanase peptides have been demonstrated to elicit a strong 

cytotoxic T-Cell (CTL) response in vitro.150 This lead to the development of heparanase 

vaccines. The most common strategy employed thus far is the multiple antigen peptide 

vaccine approach (MAP). In the MAP vaccine approach multiple copies of antigenic 

peptides are bound to a non-immunogenic lysine-based dendritic scaffold resulting in an 

increased recognition by immune cells, and initiation of a stronger immune response.151 

Recently, a B-cell MAP demonstrated a marked decrease in heparanase activity and 

expression of VEGF and FGF2; resulting in decreased microvessel density and tumor 

volume in a hepatocellular carcinoma murine model.152 Lastly, a recent T-cell MAP induced 

a heparanase-specific CTL to lyse tumor cells with a resultant increase in CTL secretion of 

interferon-γ in multiple malignancies. Importantly, it did not lyse heparanase-expressing 

autologous lymphocytes and dendritic cells.153
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Conclusions and future directions

There has been significant progress in understanding heparanase function in cancer biology 

over the past decades. Specifically, the interactions that occur within the tumor 

microenvironment between heparanase, HSPGs, and growth factors that stimulate tumor 

growth and metastasis have resulted in the development of heparanase inhibitors. Most 

recently, it has been demonstrated to promote tumor autophagy and enhance 

chemoresistance which can be reversed by heparanase inhibitors.93,96 Much of the 

preclinical work has focused on heparanase’s role in tumor growth and metastasis, however 

it has been reported to play role in other pathologic disease states such as inflammation, 

vascular disease, and kidney disease are currently being explored.4,154

Despite the significant role of heparanase in tumor growth and metastasis, the optimal 

approach for heparanase inhibition is still unknown. There are four heparan sulfate mimetics 

that show significant anti-tumor and anti-metastatic activity in preclinical models that are 

currently undergoing clinic trials. Preclinical studies have demonstrated efficacy as a single 

agent, in combination with chemotherapy to decrease chemotherapy resistance, as well as a 

maintenance therapy after finishing chemotherapy. It is likely that heparanase inhibitors will 

need to be combined with other drug combinations to achieve a satisfactory response.

Now that the crystal structure of mammalian heparanase has been solved, substantial 

improvement in designing future heparanase inhibitors, including small molecule inhibitors, 

can occur. Further work is still needed on understanding the non-enzymatic function of 

heparanase, identifying other cellular targets, which would allow for successful development 

of inhibitors specifically for its non-enzymatic function. Lastly, heparanase is considered an 

optimal target for immune-based therapy, for which more therapies will hopefully be 

developed in the coming years.
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Highlights

• Review the role of heparanase and heparanase inhibitors in cancer 

biology and therapy.

• Heparanase promotes invasion, angiogenesis, and tumor metastasis in 

preclinical models.

• Inhibition of heparanase results in decreased tumor growth and 

metastasis in vivo.

• Several classes of heparanase inhibitors are presently being 

investigated.
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