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Chapter 15
Heparanase: A Potential Therapeutic 
Target in Sarcomas
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Abbreviations

BMP Bone Morphogenic Protein
ECM Extracellular Matrix
EXT Exostosin
FGF Fibroblast Growth Factor
FGFR Fibroblast Growth Factor Receptor
GAG Glycosaminoglycan
GIST Gastrointestinal Stromal Tumor
Hh Hedgehog Ligand
HIF1α Hypoxia-inducible Factor 1α
HS Heparan Sulfate
HSPG HS Proteoglycan
IGF1R Insulin-like Growth Factor 1 Receptor
InsR Insulin Receptor
MO Multiple Osteochondroma
NDST N-deacetylase/N-sulfotransferase
PDGF Platelet Derived Growth Factor
PDGFR Platelet Derived Growth Factor Receptor
Ptc1 Patched 1
VEGF Vascular Endothelial Growth Factor

15.1  Sarcomas

Sarcomas are rare mesenchymal tumors accounting for about 1% of all cancers in 
adults and 15–20% of pediatric tumors. They constitute a heterogeneous family of 
bone and soft tissue malignancies that comprises more than 70 subtypes [1]. 

G. Cassinelli (*) · C. Lanzi (*) 
Molecular Pharmacology Unit, Department of Applied Research and Technological 
Development, Fondazione IRCCS Istituto Nazionale dei Tumori, Milan, Italy
e-mail: giuliana.cassinelli@istitutotumori.mi.it; cinzia.lanzi@istitutotumori.mi.it

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-34521-1_15&domain=pdf
https://doi.org/10.1007/978-3-030-34521-1_15
mailto:giuliana.cassinelli@istitutotumori.mi.it
mailto:cinzia.lanzi@istitutotumori.mi.it


406

Molecular classification distinguishes two categories:( 1) genetically simple sarco-
mas characterized by a tumor-specific chromosomal translocation or point mutation 
and a near-diploid karyotype; and (2) genetically complex sarcomas that lack con-
sistent specific genetic changes but present unbalanced translocations, changes in 
chromosome number, genetic deletions and amplifications characteristic of unstable 
genome. The current view is that sarcomas should be considered as a collection of 
histologically and genetically distinct malignancies, a feature that, together with 
rarity, makes treatment and diagnosis in several cases, particularly challenging.

A huge variety of genetic alterations has been described in sarcomas. Nevertheless, 
a few general events driving sarcomagenesis can be recognized [2]. Most geneti-
cally simple sarcomas harbor pathognomonic chromosomal translocations. The 
resulting fusion genes, encoding chimeric transcription factors (e.g., EWS-FLI1 in 
Ewing’s sarcoma, PAX3/7-FOXO1A in alveolar rhabdomyosarcomas) or chromatin 
remodeling proteins (e.g., SS18-SSX1/2  in synovial sarcoma), induce transcrip-
tional dysregulation of target genes. Epigenetic control of the transcriptome can 
also be subverted by genetic alterations that change the composition of chromatin 
remodeling complexes (e.g., loss of SMARCB1 in rhabdoid tumors). Other genetic 
changes directly alter cell signaling components [e.g., COL1A1-PDGFBB fusion 
gene in dermatofibrosarcoma protuberans, KIT or PDGFR mutations in gastrointes-
tinal stromal tumors (GIST)]. Among sarcomas with complex genetic profiles, a 
category characterized by intermediate complexity harbors few recurrent amplifica-
tions leading to oncogene co-amplifications (e.g., CDK4 and MDM2 co-amplified 
with 12q chromosome in well-differentiated/dedifferentiated liposarcomas). Highly 
complex sarcomas, including, among others, osteosarcomas and embryonal rhabdo-
myosarcomas, harbor multiple numerical and structural chromosomal aberrations 
with no specific pattern. In these tumors, recurrent genomic alterations identified 
with some frequency include inactivating mutations of tumor suppressor genes 
(e.g., TP53, NF1, RB1, PTEN) [3].

Traditionally, the different types of sarcomas have been treated in the same man-
ner despite differences in histology and biology. Surgery, with or without radio- and 
chemo-therapy, is the critical management for local control. Treatment of metastatic 
disease, which develops in 40–50% of patients, remains a challenge. Systemic 
doxorubicin-based cytotoxic regimens have been the gold standard since early sem-
inal observations by Bonadonna et al. of the anthracycline clinical activity in sarco-
mas in the late 1960s [4–6]. First-line treatment of GIST and dermatofibrosarcoma 
protuberans represents an exception as they have shown a peculiar sensitivity to the 
tyrosine kinase inhibitor imatinib which is able to block the oncogenic activation of 
KIT and PDGFRβ, characteristic of these tumors [7]. Although treatment response 
varies among the different histologies, a substantial proportion of patients derives 
no benefit from first-line chemotherapy or experiences recurrence. Over the last 
years, the treatment options in second-line and beyond have expanded for soft tissue 
sarcomas, being increasingly subtype-directed [8, 9]. In fact, recent clinical trials 
evidenced a selected activity of various drugs in specific histotypes with progression- 
free survival benefit. From these studies, a few drugs received approval for use in 
sarcoma subtypes. These included the tyrosine kinase inhibitors sunitinib, 
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 regorafenib (GIST, dermatofibrosarcoma protuberans) and pazopanib (soft tissue 
sarcomas), the DNA binding and multi-tasking trabectedin (liposarcoma and leio-
myosarcoma) and the microtubule-targeting eribulin (liposarcoma). Several other 
histology-driven therapies are currently under investigation [5, 10, 11].

Next-generation sequencing technologies are increasingly applied in sarcoma 
translational research. These potent tools offer now the opportunity to discover 
molecular abnormalities in the different sarcomas subtypes improving our knowl-
edge of the biology of these challenging diseases and potentially identifying new 
actionable alterations and genome-based drug targets [3, 12]. A few studies reported 
targetable pathways in genetically complex sarcomas. For instance, gain of function 
of IGF1R and PI3K/mTOR signaling pathways have been described in a subset of 
patients with osteosarcomas [13, 14] and mutations along the receptor tyrosine 
kinase/RAS/PI3K pathway have been identified as frequent in embryonal rhabdo-
myosarcomas [15]. Although clinical validation will be needed to assess safety and 
efficacy of new treatments derived from these studies, there is great hope that imple-
mentation of next-generation sequencing to guide therapeutic treatments will 
improve the outcome of patients with bone and soft tissue tumors in the next 
future [16].

Advances in understanding the pathogenesis of sarcomas have evidenced a cru-
cial role for the tumor microenvironment. As in other solid tumors, the complex 
interactions between tumor cells and components of the microenvironment are 
essential for sarcoma growth and dissemination and influence the response to thera-
pies [17]. Vascular invasion by tumor cells, as well as VEGF expression and circu-
lating VEGF levels, have been identified as prognostic factors in several studies 
[18]. Elevated expression of other pro-angiogenic factors, such as PDGFB and 
FGF2, has been associated with a worse prognosis [19]. Mechanisms underlying the 
enhanced expression of angiogenic factors are tumor-type specific. In addition to 
the increased expression of hypoxia-inducible factor (HIF1α) that activates the tran-
scription of VEGF during the angiogenic switch [20], specific genetic alterations 
have been associated with elevated expression of growth factors. In osteosarcomas, 
VEGF pathway genes have been found amplified [21] and high levels of the growth 
factor correlated with progression and poor survival [22, 23]. In Ewing’s sarcomas, 
VEGF-A and PDGF-C have been shown to be upregulated by the specific fusion 
oncoproteins EWS-ETS and EWS-FLI, respectively [24, 25]. Growth factors such 
as VEGF, PDGF, and FGF2 activate receptor tyrosine kinase pathways in sarcoma 
and stromal cells driving proliferation, survival, motility, and angiogenesis through 
paracrine/autocrine loops. In fact, most receptor tyrosine kinase inhibitors approved 
and under investigation in sarcomas are thought to exert their effects by acting on 
the stroma and directly on tumor cells [18].

Effects of sarcoma therapies on the innate immune system have also been 
described. For instance, imatinib was shown to induce NK cell response in GIST 
patients, and trabectedin was found to induce depletion of monocytes, including 
tumor-associated macrophages, in soft tissue sarcoma patients [26, 27]. The sar-
coma immune microenvironment is still poorly characterized and, not surprisingly, 
appears to be highly variable. Inflammation, T cell infiltration, and checkpoint 
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 proteins expression are dependent on the tumor histotype [28, 29]. Immunotherapy, 
an area of intense investigation that has already revolutionized the standard of care 
in other tumors, is still in an early phase of clinical development for sarcomas. The 
main approaches that are being investigated involve checkpoint inhibitors and adop-
tive T cell therapy. Encouraging responses have been observed only in selected 
sarcoma sub-groups so far. However, studies exploring new immune system enhanc-
ing approaches are ongoing. In addition, a variety of combination strategies, aimed 
at improving efficacy and assessing the safety of immune-modulating therapies in 
different sarcoma subtypes are under clinical evaluation [11, 30].

15.2  Heparanase in Sarcomas

Heparanase enzymatic activity was first described in murine sarcoma cell lines, 
before its gene cloning, in the late 1980s. Early papers reporting heparan sulfate 
(HS) endoglycosidase activity in sarcoma cells also described a relationship with 
the cell metastatic potential (Table  15.1). In highly spontaneously metastasizing 
mouse cell lines of Rous sarcoma virus-induced fibrosarcoma, the enzyme activity 
was found 20 fold higher compared to non-metastasizing or normal counterparts 
[31]. Similarly, extracellular matrix (ECM) degradation by tumor cell lines derived 
by nickel-induced rat rhabdomyosarcomas was characterized by partial hydrolysis 
of HS. The ECM degrading activity of subclones representative of various meta-
static degrees correlated with the ability to spontaneously metastasize to the lung 
from the primary s.c. tumor site, but not after i.v. injection. These findings suggested 
that additional tumor cell capabilities, such as adhesion to biologic supports, are 
relevant in determining lung homing and colonization [32].

Accumulating evidence indicates that secreted heparanase can exert local effects 
in the tumor microenvironment as well as systemic effects. Thanks to the latter fea-
ture, Shafat and colleagues demonstrated the possibility to quantify heparanase pro-
tein in human biological fluids by an ELISA method [33]. Elevated levels of 
heparanase were found in the plasma of 64 pediatric patients with hematological 
and solid tumors, including 15 sarcomas (7 osteosarcomas, 4 rhabdomyosarcomas, 
4 Ewing’s sarcomas), compared with healthy controls. Evaluation of plasma levels 
after chemotherapy showed a correlation with response to treatment, although with 
a trend not statistically significant in the heterogeneous sarcoma subgroup, suggest-
ing that heparanase could represent a potential tumor marker. The positive immu-
nostaining in 5 out of 8 Ewing’s sarcoma biopsy specimens showed for the first time 
heparanase expression in human sarcoma [34]. The same group subsequently 
extended the immunohistochemical analysis of heparanase to a cohort of 69 Ewing’s 
sarcoma patients. Positive staining was found in all specimens. Notably, the inten-
sity of staining, which was scored as strong in 51% of cases, correlated with patient 
age and tumor size, two parameters associated with worse prognosis in Ewing’s 
sarcoma. Correlation with metastasis, the main disease prognostic factor, could not 
be analyzed in this cohort due to low case number [35].
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Table 12.1 Expression of heparanase in sarcomas

Histological type/cell lines Evidence Ref.

Rous sarcoma virus-transformed 
mouse fibroblasts with various 
metastatic power

Fibrosarcoma cell lines degraded HS.
Enzyme activity higher in metastasizing cell lines.

[31]

Rat rhabdomyosarcoma cell lines 
with various metastatic power

Cell lines degraded ECM by partially hydrolyzing 
HS.
ECM degrading activity correlated with in vivo 
ability to spontaneously metastasize to the lung 
from sc primary tumor.

[32]

Pediatric sarcomas (osteosarcoma, 
rhabdomyosarcoma, Ewing’s 
sarcoma)

High enzyme activity in patients’ plasma. Positive 
by immunohistochemistry 5/8 Ewing’s sarcoma 
specimens.

[34]

Ewing’s sarcoma Positive by immunohistochemistry; intensity 
(high in 51% of cases) correlated with patient age 
and tumor size prognostic factors.

[35]

Alveolar and embryonal 
rhabdomyosarcoma

mRNA and protein expression in cell lines of both 
subtypes. High enzyme activity in plasma from 
patients. High levels of HPSE mRNA in tumor 
biopsies.

[36]

Human pediatric sarcoma cell lines 
(Ewing’s sarcoma, alveolar and 
embryonal rhabdomyosarcomas, 
rhabdoid tumor, osteosarcomas)

Protein expression [37]

Human synovial sarcoma cell lines 
and tumor xenografts

Protein expression [38]

Adult soft tissue sarcomas 
(malignant fibrous histiocytoma, 
liposarcoma, leiomyosarcoma, 
angiosarcoma, chondrosarcoma 
synovial sarcoma, not defined 
subtype)

Positive by immunohistochemistry; overexpressed 
in nearly 50% of cases.

[39]

Alveolar orbital rhabdomyosarcomas High mRNA and immunostaining in tumor 
specimens compared to normal tissue

[56]

Osteosarcomas Overexpression detected in 37/51 osteosarcoma 
tissues by immunohistochemistry. Heparanase 
expression correlated with a poor 
chemotherapeutic response, metastasis and poor 
survival rate. Enzyme expression levels as an 
independent prognostic factor.

[118]

Osteosarcoma specimens and human 
cell line

Positive expression in 51% of cases by 
immunohistochemistry. Heparanase silencing by 
shRNA decreased expression of HIF-1α and 
reduced U2OS cell proliferation and migration/
invasion

[119]

Osteosarcoma cell line mRNA and protein expression in MG63 cell line. 
Heparanase silencing significantly inhibited cell 
adhesiveness and invasiveness

[120]

Murine osteosarcoma cell lines In cell lines derived from FBJ virus-induced 
mouse osteosarcoma, heparanase mRNA 
correlated with high metastatic potential.

[121]
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Heparanase expression was confirmed for the first time in rhabdomyosarcomas 
by Masola and colleagues. Human cell lines of both the alveolar and embryonal 
subtypes were found to express heparanase mRNA and protein, while enzyme activ-
ity was assessed in conditioned media. On the other hand, real-time PCR revealed a 
higher heparanase expression in 12 rhabdomyosarcoma biopsies compared to fetal 
skeletal muscle, and enzyme activity in plasma from 15 patients was significantly 
higher compared to healthy controls. The involvement of heparanase in rhabdomyo-
sarcoma cell invasiveness was shown by gene silencing [36]. Subsequently, hepa-
ranase expression was confirmed in several cell lines from both soft tissue- and 
bone-sarcomas [37, 38].

Kazarin et  al. [39] examined the expression of heparanase in biopsies from a 
heterogeneous cohort of 101 adult soft tissue sarcoma patients. Samples from pri-
mary tumors and metastases included malignant fibrous histiocytomas and sarco-
mas with no defined subtype histology, which together represented 50% of cases. 
Other histologies included liposarcomas, leiomyosarcoma, angiosarcomas, chon-
drosarcomas, and synovial sarcomas. Heparanase immunohistochemical staining 
indicated a large extent (> 50% of cells) in more than 95% of samples and overex-
pression in nearly 50% of cases including all subgroups. No correlation was found, 
however, with the risk of disease recurrence evaluated in 55 patients, or between the 
primary tumor and metastasis from the same patient evaluated in 10 cases. 
Unfortunately, the sample size was too small for any statistical analysis related to 
specific sarcoma sub-types. These findings highlighted the need to address the clini-
cal significance of heparanase, and likely any tumor biomarker, in homogeneous 
sarcoma subtypes due to the high histological and molecular heterogeneity of these 
tumors [39].

As widely described in other sections of this Book, heparanase has multiple 
functions. Through its HS degradation activity, heparanase modulates structural 
and biochemical functions of HS proteoglycans (HSPGs) working in concert with 
them so that together they have been referred to as the heparanase/HSPG axis [40, 
41]. As an endo-β-glucuronidase, heparanase participates in the complex biosyn-
thetic/catabolic machinery, also including glycosyltransferases, sulfotransferases, 
and endosulfatases, which allow cells to finely control HS composition and 
sequence. Alterations of these HS modifying enzymes may profoundly affect the 
ability of HSPGs to interact with hundreds of growth factors, cytokines, chemo-
kines, and several other structural and regulatory proteins, thereby influencing their 
multiple functions [42, 43]. Indeed, HS deregulation and alterations in HSPGs 
expression have been reported in several pathological conditions [44]. In cancer, 
they have been shown to influence both initiation and progression, regulating 
growth and  survival, differentiation, angiogenesis, immune response, metastasis 
and response/resistance to a given drug treatment [reviewed in 45–48]. Several pre-
clinical studies, focusing on cell-surface associated HSPGs, i.e., glypicans and syn-
decans, or HS metabolizing enzymes, evidenced subtype-specific roles in sarcoma 
pathobiology in keeping with the high histological and molecular heterogeneity of 
these tumors [41]. In most cases, however, the connection with heparanase expres-
sion has not yet been elucidated. For instance, glypican-5, overexpressed in rhabdo-
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myosarcomas, was found to promote cell proliferation by enhancing signaling of 
heparin- binding growth factors such as FGF2, HGF, Wnt and Hedgehog (Hh) 
ligands [49, 50]. Hh signaling is thought to play an oncogenic role in rhabdomyo-
sarcomas [51, 52]. Li and collaborators [50] demonstrated that glypican-5 partici-
pates in activation of Hh signaling by promoting the interaction of the Sonic Hh 
ligand with its receptor Patched (Ptc1). By using a non glycanated glypican-5 
mutant, the authors demonstrated that the HS chains are essential for binding of 
both the ligand and receptor [50]. Interestingly, another member of the glypican 
family, glypican-3, also expressed in rhabdomyosarcomas [53], exerts an opposite 
role in the regulation of Hh signaling by competing with Ptc1 for Sonic Hh binding. 
Differently, from glypican- 5, glypican-3 binds only the Hh ligand, mostly at the 
core protein [54]. The cooperation between glypican-5 and the Hh signaling in sup-
porting sarcomagenesis also emerged in a comprehensive transcriptome analysis of 
a human mesenchymal stem cell line performed at various stages during the gradual 
transformation to sarcoma upon prolonged culture. At late stages, both glypican-5 
and Ptc1 were found significantly overexpressed and co-localized. Moreover, 
silencing of the HSPG by RNA interference reduced cell proliferation [55].  
In another study, heparanase and Hh pathway components, Ptc1, Smoothened, and 
glioma-associated oncogene homolog-1, were analyzed in a series of 23  
alveolar orbital rhabdomyosarcomas by immunohistochemistry and nested 
RT-PCR. Consistent results with both techniques showed elevated expression of 
either heparanase or the Hh signaling components compared with normal muscle. 
In contrast, expression levels in samples from patients that underwent preoperative 
chemoradiotherapy were not significantly different from the normal tissue [56]. 
Although a role for heparanase in regulating Hh signaling has already been pro-
posed in another tumor, i.e., medulloblastoma [57], mechanistic links with deregu-
lated expression and functions of Hh components and glypican-5 have yet to be 
elucidated in rhabdomyosarcomas.

In the next sections, we review the literature reporting on the biological signifi-
cance of heparanase expression and function in specific sarcoma sub-types.

15.3  Bone Sarcomas

Bone-forming tumors are benign or malignant neoplasms defined by neoplastic 
cells that differentiate along the lines of osteoblasts, and able to secrete the organic 
components of bone, which in turn may or may not mineralize [58]. They are het-
erogeneous tumors characterized by a broad spectrum of biological behaviors 
 ranging from indolent to very aggressive with a rapidly fatal outcome. The three 
most common forms of primary bone tumors are osteosarcoma, Ewing’s sarcoma, 
and chondrosarcoma. Whereas osteosarcoma and Ewing’s sarcoma, mainly affect-
ing adolescents and young adults, exhibit a high propensity to metastasize to the 
lungs, chondrosarcoma, more frequently observed after the age of 40, is character-
ized by a high frequency of local recurrence. The combination of chemotherapy, 
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surgical resection and radiotherapy have contributed to improving patients’ out-
come. Nonetheless, refractory and metastatic bone sarcomas remain lethal.

The occurrence of bone sarcomas in the context of rare hereditary disorders has 
provided unequivocal evidence of the relevance of mutations of genes coding for 
HSPGs (e.g., Glypican 3 in Simpson-Golabi-Behmel syndrome) or HS biosynthetic 
enzymes (e.g., exostins (EXTs) in Multiple Osteochondroma (MO) syndrome) in 
promoting and sustaining neoplastic growth. Emerging evidence indicates that the 
machinery involved in bone development and homeostatic processes, including 
angiogenesis which is intimately coupled with osteogenesis through reciprocal 
crosstalk [59], can be recruited and hijacked by neoplastic cells. Here, we summa-
rize studies addressing the involvement of HSPGs and their synthesizing and modi-
fying enzymes, with particular reference to heparanase, in bone physiology and 
disorders, focusing on the pathobiology of chondrosarcoma and osteosarcoma.

15.3.1  HSPGs and Heparanase in Bone Development 
and Biology

Bone is a specialized connective tissue composed of bone forming cells, the osteo-
blasts, deriving from mesenchymal stem cells, and bone resorbing osteolytic cells, 
the osteoclasts, considered as highly specialized macrophages derived from the 
monocyte lineage [60–62]. The formation of bone proceeds broadly via two types 
of processes. The intramembranous ossification, characteristic of flat bones, occurs 
through the differentiation of mesenchymal progenitor cells that proliferate and 
then differentiate into osteoblasts producing an osteoid matrix which undergoes cal-
cification. The endochondral ossification, characteristic of appendicular skeleton 
and vertebral column, develops through an intermediate cartilaginous process. The 
progenitor cells in the growth plate, a highly organized structure driving long bone 
elongation, differentiate into chondrocytes that secrete a cartilaginous matrix. Then, 
the chondrocytes undergo hypertrophy and secrete proangiogenic factors to pro-
mote blood vessel formation and influx of mesenchymal progenitors which differ-
entiate into chondroclasts, osteoclasts and osteoblasts. The cartilage template is 
then degraded by chondroclasts and replaced by a mineralized matrix synthesized 
by osteoblasts. The development of bone requires coordination between cell-cell, 
cell-matrix, and growth factor-mediated signaling to achieve ossification and min-
eralization [63]. In particular, osteoblastic differentiation requires ordered presenta-
tion and balance of several growth promoting elements including circulating 
molecules (e.g. growth factors, cytokines) and tissue architecture-related signals 
(cell-cell contact and cell adhesion) which share HS as a major co-factor [63–65]. 
In turn, osteoblasts produce many crucial mitogenic and adhesion factors that bind 
extracellular HS chains. The bone presents a highly specialized microenvironment 
and, although collagen is the prevalent organic component, HSPGs represent the 
most bioactive elements of the developing matrix. Actually, during osteogenesis, 
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expression and temporal changes in HSPG structure (e.g. HS sequence and length 
variation, critical positioning of sulfate groups) are instrumental in the concerted 
signaling flow of molecules coordinating mesenchymal stem cells growth/commit-
ment and, ultimately, the osteoblast phenotype [63, 66]. In fact, HSPGs interact 
with a wide number of bioactive molecules with a central role in osteogenesis 
including Hhs, FGFs and their receptors, bone morphogenic proteins (BMPs), as 
well as collagens, laminins, and fibronectins. As HS interacting abilities “follow HS 
structure”, the activity HSPG biosynthetic and modifying enzymes, including hepa-
ranase, may critically influence the signaling triggered by HS-binding molecules 
[63, 65–67].

Several lines of evidence support a relevant, although not yet fully elucidated, 
role of heparanase in bone formation and remodeling. Depending on the cellular 
context, the cell differentiation status and the surrounding microenvironment, hepa-
ranase has been associated with the osteogenic or osteolytic process. In the bone 
microenvironment, it has emerged as a relevant endogenous factor playing crucial 
functions in cell-cell communication and cell differentiation through modification 
of HSPGs and modulation of gene expression.

Saijo et al. [68] described sequential changes of heparanase and VEGF expres-
sion during endochondrial ossification in a model of fracture repair in mice. 
Heparanase, highly expressed in osteo(chondro)clasts at the chondro-osseous junc-
tion in the growth plate (physiological condition) and in the fracture callus (patho-
logical condition), was suggested to promote fracture repair by recruiting VEGF 
into the local microenvironment and then osteoclast precursors and osteoprogeni-
tors. Kram et al. [69] described the expression of heparanase in osteoblastic cells 
and its ability to stimulate bone formation and mass. Progressive increasing expres-
sion of heparanase mRNA was observed in murine bone marrow stromal pre- 
osteoblast MC3T3-E1 cells undergoing osteoblastic differentiation in osteogenic 
medium, whereas heparanase was undetectable in MC3T3-E1 cells incubated in 
non-osteogenic medium. In contrast, heparanase transcript, abundantly present at 
the monocytic stage of osteoclastogenic cultures, was found markedly decreased in 
cultures at an advanced stage of differentiation, suggesting downregulation of the 
enzyme during osteoclastogenesis. Notably, ex vivo bone marrow stromal cells 
derived from transgenic mice overexpressing human heparanase (hpa-tg mice), or 
MC3T3-E1 cells exposed to soluble human heparanase, spontaneously underwent 
osteogenic differentiation even in absence of osteogenic medium. These findings 
demonstrated the ability of heparanase to directly induce osteogenic differentiation 
and stimulate osteoblast activity. Moreover, observation of the skeletal phenotype of 
wt vs hpa-tg mice supported a positive regulation of bone formation by the 
heparanase- HSPG system as the transgene caused a marked increase of trabecular 
bone mass and cortical thickness. In this model, stimulation of bone formation was 
independent of the proangiogenic function of heparanase but likely related to its 
ability to regulate availability and activity of HS-binding proteins (e.g. VEGFs, 
FGFs) directly implicated in the control of osteoblast number and functions. 
Conversely, hpa-tg mice-derived bone marrow cells that underwent osteoclastic dif-
ferentiation following stimulation with M-CSF and RANK, displayed an increased 
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osteolytic activity with respect to the cells derived from wt animals [70]. These 
findings highlighted the relevance of the microenvironment in influencing heparan-
ase functions and bone marrow cell behavior. Studies examining the expression of 
HSPGs and related enzymes in MC3T3-E1 cells undergoing osteoblastic differen-
tiation provided insights into the temporal, structural and functional changes in 
HSPGs during osteogenesis [66, 71]. Proliferating cells (day 5) displayed a high 
level of HSPGs, mainly glypican-3 known to promote FGF- and BMP-mediated 
mitogenic signaling [62]. In this experimental model, the active production of 
HSPGs was associated with increased expression of HS synthetic enzymes (i.e. 
glycosyltransferases EXTs, HS N-deacetylase/N-sulfotransferases NDSTs, 2- and 
6-O sulfotransferases), highlighting the need for longer, more sulfated and complex 
HS chain bound to a variety of HSPG core proteins to sustain the growth process. 
During the shift of MC3T3-E1 cells from a proliferative to a differentiated status 
(day 14), a progressive reduction of HS chain complexity was observed. Indeed, in 
cells fully committed to osteogenic differentiation, the production of short and 
highly sulfated HS chains correlated with increased expression of NDST-1 and 
glypican-3 protein core. Thus, osteogenically committed cells likely need the pro-
duction of fewer, short and homogeneous, but more highly sulfated HS side chains 
to mediate specific growth factor signals to switch from proliferation to differentia-
tion [71]. Mineralizing MC3T3-E1 cells (day 20) were characterized by the pres-
ence of short and less sulfated HS and high expression levels of heparanase. 
Moreover, these cells exhibited increased expression of syndecan-2, a HSPG 
involved in bone ECM deposition and tissue consolidation [66, 72]. Overall, these 
findings indicated a different HSPG profile and a systematic HS variability with 
more complex sugars made during the MC3T3-E1 cell growth process compared to 
the subsequent phases of osteogenic differentiation characterized by intense HSPG 
turnover likely bolstered by higher levels of heparanase.

Glypican-3 was demonstrated to mediate MC3T3-E1 cell commitment toward 
osteogenesis by inducing the osteogenic transcription factor Runx2 [71]. Complex 
crosstalk has been described between Runx2 and the FGF2/HSPG axis which forms 
an ECM-regulated feedback loop controlling osteoblast proliferation and differen-
tiation [73]. Signaling mediated by FGFs is fundamental for bone development 
[74]. Indeed, disruption of the FGF2 gene in knock-out mice resulted in decreased 
bone mass whereas mutations in FGFRs are responsible for several clinically dis-
tinct craniosynostosis syndromes in humans [75, 76]. Reintroduction of Runx2 in 
mouse calvaria Runx2-null osteoprogenitor cells was reported to markedly increase 
expression of genes related to FGF2/HSPGs axis (e.g. FGFR2 and FGFR3, syn-
decan −1, −2, −3, glypican-1) [73]. In addition, the transcription factor increased 
expression of EXT1 and heparanase and altered the relative expression of NDSTs 
and O-sulfotransferases. As HS structural diversities determined by saccharide 
sequence, sulfation degree and pattern are known to affect FGF/FGFR signaling 
outcome [67, 77], Runx2 indirectly changed osteoprogenitor responsiveness to 
FGF2 during the transition from active proliferation to growth arrest. In turn, FGF2 
and HS from differentiating MC3T3-E1 cells stimulated Runx2 expression [78].
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By a combination of ex vivo and in vitro approaches, along with pharmacologi-
cal inhibition of heparanase by the phospho-sulfo-mannan PI88, Brown et al. [79] 
investigated the contribution of the enzyme in long bone formation in developing 
mice. High expression levels of heparanase mRNA and protein were detected in 
perichondrium, periosteum and at the chondroosseous junction, sites of crucial sig-
naling events regulating bone length and width. Moreover, experiments performed 
in the murine chondrogenic cell line ATDC5, suggested that heparanase activity was 
strictly titrated at the transition from chondrogenesis to osteogenesis. A biphasic 
pattern of heparanase expression was also observed during the osteogenic differen-
tiation timeframe (0–21 days) of rat marrow stromal cells [80]. Protein and mRNA 
expression levels reached a peak on days 10 and 14, respectively, followed by a 
gradual decline. Notably, consistent with a declined osteogenic differentiation abil-
ity over the age, heparanase expression in osteogenic differentiated marrow stromal 
cells from aged rats was weaker compared with that from young rats.

15.3.2  HSPGs and Heparanase in Bone Disorders

Smith et al. [81] described for the first time the expression and function of heparan-
ase in human primary osteoblasts and found lower levels of expression and activity 
in human osteoporotic osteoblasts from bone fragments compared to the cells from 
healthy subjects. The significant correlation found between the decrease in heparan-
ase mRNA expression and the activity of the bone turnover marker alkaline phos-
phatase in osteoporotic osteoblasts was consistent with the downregulation of 
several osteogenic genes (e.g. VEGFA, FGFR2, COL15A1, BMP3). Osteoblasts 
exposed to exogenous heparanase displayed increased levels of histone H3 phos-
phorylation at Ser 28, a modification coupled with the induction of transcription of 
immediate-early genes [82]. These findings suggested a direct involvement of HPSE 
in human osteoblastogenesis through histone H3 modulation and epigenetic regula-
tion of osteogenic gene expression.

Heparanase has also been implicated in cartilage disruption and subchondral 
bone remodeling occurring in human osteoarthritis, a characteristic adult disease 
state of cartilage. Gibor et al. [83] described heparanase expression and enzymatic 
activity in adult human osteoarthritic cartilage and suggested a contribution of the 
enzyme in the pathologic interactions between the chondrocytes and their pericel-
lular matrix. In fact, the addition of exogenous heparanase to cultured human pri-
mary chondrocytes induced the expression of the metalloproteinases MMP13 and 
ADMTS4, acting as ECM catabolic enzymes, and downregulated anabolic genes 
(i.e., aggrecan core ACAN and COL2A1). The effect on catabolic gene products, 
partially mediated by FGF2 signaling, was reverted by treatment with the heparan-
ase inhibitor PG545. This observation is consistent with findings in multiple 
myeloma models evidencing that secretion of heparanase, along with other mole-
cules promoting matrix degradation, enhances bone destruction within the tumor 
microenvironment [84] (Sanderson et al., Chap. 12 in this volume).
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Recently, in apparent contrast with previous findings, Chanalaris et al. [85] did 
not find differential expression of heparanase mRNA in human knee cartilage from 
osteoarthritic donors with respect to specimens from normal subjects. Nonetheless, 
osteoarthritic cartilage samples showed a marked dysregulation of the expression of 
HS biosynthetic and modifying enzymes with increased expression of the EXT gly-
cosyltransferases, the glucuronyl epimerase GLCE, and the sulfotransferase 
HS6ST1. Also, HS6ST1 was demonstrated to boost FGF2-ERK signaling in human 
chondrocytes. Overall, these findings support the involvement of highly dynamic 
modulation of HS structure and function in the regulation of bone formation under 
both physiological and pathological conditions.

15.3.3  HSPGs and Heparanase in Osteochondromas 
and Chondrosarcomas

Chondrosarcomas constitute a heterogeneous group of malignant bone tumors, 
characterized by the production of cartilage matrix and displaying different histopa-
thology and clinical behaviors. Following osteosarcoma, chondrosarcoma is the 
second most frequent primary malignancy of the bone [86]. Conventional chondro-
sarcomas are typically low or intermediate grade and are characterized by indolent 
clinical behavior and low metastatic potential, whereas high-grade chondrosarco-
mas (5–10%) are associated with high metastatic potential and poor prognosis. 
Localized chondrosarcomas are generally well managed by surgery. 
Chondrosarcomas are inherently resistant to chemo- and radio-therapy due to low 
mitotic fraction, activation of multidrug resistance pumps, and limited drug penetra-
tion into the tumor microenvironment characterized by poor vascularity and abun-
dant hyaline-dense ECM. Conventional chondrosarcomas occur either de novo in 
the bone medulla or arise, as secondary tumors, from preexisting benign cartilage 
lesions, named enchondromas and osteochondromas, during periods of bone growth 
in a site adjacent to the growth plate [87, 88]. Enchondromas can develop central 
chondrosarcoma whereas osteochondromas can be precursors of peripheral chon-
drosarcomas. Enchondromas arise within the metaphyseal portion of the bone. 
Osteochondromas that appear as cartilage-capped bony neoplasms on the outer sur-
face of bones, can occur as sporadic/solitary or as multiple lesions in the context of 
hereditary Multiple Osteochondroma (MO) syndrome. MO is an autosomal domi-
nant disorder characterized by short stature, skeletal deformities and the formation 
of osteochondromas (exostoses). This syndrome represents an interesting model of 
oncogenesis driven by complex deregulation of HSPG synthesis and metabolism 
[65, 87, 89, 90]. Loss-of-function mutations of the tumor suppressors EXT genes 
have been identified in both sporadic and MO osteochondromas, although associ-
ated with different gene alterations and mechanisms [87, 91, 92]. EXT1/2 glycosyl-
transferases function in hetero-oligomeric complexes to polymerize HS chain. Loss 
of either enzyme causes a total deficit of HS chains resulting in embryonic lethality. 
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Specific EXT mutations are considered early-stage molecular alterations able to 
increase the proliferative capacity of normal chondrocytes. In fact, by causing 
reduction/lack of HS, or HSPG mislocation, EXT mutations produce a deep pertur-
bation of signaling pathways tightly implicated in the regulation of chondrocyte 
proliferation/differentiation, such as Indian Hh, BMP, and FGF pathways. 
McCormick et al. [93] demonstrated that EXT1 mutation caused aberrant process-
ing and cytoplasmic accumulation of HSPG resulting in abnormal diffusion of Hh 
ligands in the extracellular environment at the growth plate. Absence of HS and 
intracellular accumulation of syndecan-2 and CD44v3 HSPGs were also observed 
in the osteochondroma and peripheral chondrosarcoma cartilage [94]. In mice car-
rying EXT1 mutation, a reduced amount of HS potentiated Indian Hh signaling 
resulting in delayed hypertrophic differentiation and increased chondrocyte prolif-
eration [95]. Moreover, an increased diffusion area of Indian Hh was supposed to 
produce a loss of polar organization allowing chondrocytes to growth in the wrong 
direction. Additional molecular insights revealed that a somatic “second hit”, likely 
complementing germline EXT mutations to further decrease HS production, is 
required for osteochondroma development. Actually, loss-of-heterozygosity, aneu-
ploidy, and other large genomic changes can render local resident cells EXT1- or 
EXT2-null [96]. Further clinical observations and experimental data from mouse 
models add levels of complexity in the scenario of osteochondroma formation and 
its potential evolution towards peripheral chondrosarcoma. The observed heteroge-
neous distribution of HS-positive and -negative cells in murine and human osteo-
chondromas paved the basis for a “niche-based” model of oncogenesis implicating 
both cells with homozygous inactivation of EXT genes and wild type cells in shap-
ing osteochondroma [92, 97, 98]. The EXT-negative cells present in the osteochon-
dromas would create an extracellular mutation-promoting environment favoring the 
acquisition of late-stage mutations (e.g., p53, Rb) in EXT-positive cells retaining 
one or both copies of EXT genes. Such alterations, occurring in EXT-positive cells 
likely endowed with stem-like genotype, would provide a proliferative advantage 
over the osteochondroma EXT-null cells [92, 99]. Thus, osteochondromas would 
serve as a niche which facilitates the committed stem cells/EXT wild type chondro-
cytes to acquire genetic changes to develop malignant secondary peripheral 
chondrosarcomas.

Heparanase has been recently defined as an important culprit coupled with EXT 
loss in Multiple Osteochondroma (MO) [92]. Early studies by Trebicz-Geffen et al. 
[100] provided the first evidence of higher levels of heparanase in specimens and 
cell cultures from MO patients compared with solitary exostoses and healthy sub-
jects, suggesting that increased HS degradation, in addition to reduced synthesis by 
EXT loss of function, could contribute to HS low levels in MO. Increased expres-
sion of heparanase was also described in tumor cartilage from MO by Yang and 
colleagues [101]. Huegel et al. [102] evidenced, by immunohistochemical staining, 
the presence of heparanase in all chondrocytes within the exostoses and hypothe-
sized that, in the MO syndrome context, the endoglycosidase upregulation results 
from a feedback mechanism triggered by EXT inactivation-induced modulations in 
HS levels [102]. Consistently, treatment of primary mesenchymal cells with the HS 
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antagonist Surfen significantly increased heparanase level. Although somewhat 
paradoxical and counterintuitive, heparanase plays a concurrent role in stimulating 
chondrogenesis by further decreasing the levels of HS. Incubation of ATDC5 chon-
drogenic cells with human recombinant heparanase was found to promote cell 
migration, proliferation, and differentiation. Coherently, in vitro chondrogenesis 
was significantly counteracted by the heparanase inhibitor, glycol-split heparin, 
roneparstat (= SST0001) [102] (Noseda and Barbieri, Chap. 21 in this volume). 
These findings are in accordance with the inverse relationship between EXT and 
heparanase expression reported in several types of cancer cells [92]. Overexpression 
of heparanase was detected in 5/7 specimens from human chondrosarcoma patients 
although the tumor subtype was not reported [39].

An additional study from Presto et al. [103] showed that NDST1 directly interact 
with EXT2 during HS chain formation and that EXT mutations can modulate 
expression/function of NDST1 thus affecting both HS polymerization and sulfation. 
By combining different analytic methods, Veraldi and colleagues [104] investigated 
the structural complexity of HS from human EXT-mutant MO and peripheral chon-
drosarcoma specimens compared with HS from prepubescent growth plate and fetal 
cartilagineous samples. Most pathologic samples of both osteochondromas and 
peripheral chondrosarcomas displayed HS characterized by higher sulfation degree 
compared with other samples. In line with this observation, a positive correlation 
was found between enhanced expression of the 6-O sulfotransferases HS6ST1 and 
HS6ST2 and histological grade of chondrosarcoma, pointing to a relevant role for 
HS 6-O sulfation in disease progression [105, 106].

Interestingly, central chondrosarcomas, devoid of EXT alterations, are distinct 
genetic entities with respect to peripheral chondrosarcomas; they were shown to 
exhibit aberrant cytoplasmic accumulation of HSPG (e.g., CD44v3 and syndecan-2) 
and deregulated Indian Hh signaling [107]. Aberrant localization of HSPGs was 
also observed in low-grade variant of clear cell chondrosarcoma as well as in aggres-
sive mesenchymal and dedifferentiated subtypes [108]. These observations high-
light deregulation of HSPGs as a common feature in bone cartilage tumors although 
the underlying molecular mechanisms have not yet been elucidated.

15.3.4  HSPGs and Heparanase in Osteosarcomas

Osteosarcoma, the predominant form of bone cancer primarily occurring in children 
and adolescents, preferentially arises in the long bones near the metaphyseal growth 
plates [60, 109]. Osteosarcoma is mostly sporadic but a greater incidence is observed 
in subjects with Page’s disease of bone, after therapeutic radiation, and in certain 
cancer predisposition syndromes (e.g., Li-Fraumeni). Current therapies integrate 
surgery and combinatorial chemotherapy resulting in cures in about 70% of non- 
metastatic patients. Unfortunately, an overall 5-year survival rate of about 20% is 
reported for patients with metastatic or relapsed disease [60]. Etiological factors and 
pathogenic mechanisms underlying osteosarcoma development are very complex 
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and not yet fully elucidated. The challenging genomic complexity and instability, 
along with intratumoral and intertumoral heterogeneity makes very hard the identi-
fication of drivers as well as vulnerabilities for novel effective therapeutic 
approaches. The “multiple drivers” hypothesis pointed out the contribution of both 
first drivers (e.g., p53, Notch1, Ptc1) and synergistic drivers (e.g., Rb1, PTEN) in 
osteosarcomagenesis. According to this hypothesis, the nature and the number of 
alterations deeply impact the onset, the latency, and progression of this malignancy 
[109]. Recently, novel types of genetic abnormalities were described including 
chromothripsis (i.e., a phenomenon in which a single catastrophic event results in 
massive genomic rearrangements and remodeling of chromosomes) and kataegis 
(i.e., a pattern of localized hypermutation colocalized with regions of somatic 
genome rearrangements) [109].

Osteosarcomas are composed of malignant osteoblasts producing immature 
bone and osteoid tissue, an organic mineralized matrix primarily composed of col-
lagen I [60]. Various hypotheses have implicated among osteosarcoma originating 
cells, mutation-harboring mesenchymal stem cells, osteoblast-committed cells 
undergoing defective differentiation, and/or osteocytes [110]. In mesenchymal stem 
cells, the inactivation of p53, frequently disrupted in these tumors, was shown to 
promote early osteogenesis by accelerating osteoblastic differentiation while 
impairing osteocyte terminal maturation [111]. On the other hand, osteoblasts from 
pluripotent stem cells derived from Li-Fraumeni patients, harboring mutant p53, 
were able to recapitulate in vivo osteosarcoma features [112]. Also, murine osteo-
cytes immortalized by SV-40, inactivating p53, were shown to originate osteosarco-
mas [113]. Taking into consideration the osteosarcoma high heterogeneity, it is 
likely that all three cell types can contribute to osteosarcomagenesis.

Defective osteogenic differentiation resulting from deregulation of Hh, Notch, 
Wnt, and BMP signaling pathways and overactivation of several growth factors/
receptor tyrosine kinase axes (e.g. VEGF/VEGFR, IGF1/IGF1R, PDGF/PDGFR), 
have been involved in osteosarcoma development [60]. Deregulation of HSPGs and 
related enzymes that could greatly affect these signaling pathways contributing to 
osteosarcomagenesis, were described in several reports. For instance, a strong 
expression of syndecan-2 was found in mature osteoblasts, whereas low levels were 
observed in osteosarcoma cell lines [72, 114]. Syndecan-2 exogenous expression in 
U2OS osteosarcoma cells decreased migration/invasion and chemoresistance sug-
gesting an oncosuppressive role for this HSPG.  Consistently, syndecan-2 levels 
were found higher in bone tumors of patients responding to chemotherapy with 
respect to non-responders [114]. Conversely, increased expression of syndecan-4 in 
high-grade osteosarcomas was associated with large tumor size and distant metasta-
ses [115]. The HS 6-O-sulfatase SULF2 was shown to be a direct transcriptional 
target of p53 in several cancer cell lines including U2OS cells [116]. Importantly, 
p53 has been shown to directly bind heparanase promoter inhibiting its activity, 
whereas mutant p53 variants failed to exert an inhibitory effect [117]. Several pre-
clinical and clinical studies have correlated heparanase expression with aggressive 
tumor phenotype [see Chap. 1]. High heparanase expression was detected by immu-
nohistochemistry in 37/51 osteosarcoma specimens with protein expression levels 
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correlating with poor response to chemotherapy, metastasis occurrence, and poor 
survival rate. Moreover, multivariate analyses revealed the protein overexpression 
as a significant independent risk factor for distant metastasis [118]. High levels of 
heparanase were also detected in plasma samples from pediatric cancer patients 
including 7 patients suffering from osteosarcomas [34]. Zeng et al. [119] confirmed 
the expression of heparanase in 51% of human osteosarcoma biopsies and found a 
significant correlation with tumor size. Moreover, these authors noted that 40% of 
the samples were positive for both heparanase and HIF1α. The expression of both 
proteins correlated with the presence of lung metastasis and poorer patients’ sur-
vival, suggesting functional cooperation in promoting angiogenesis and tumor pro-
gression. Actually, in U2OS cells, heparanase silencing by shRNA decreased 
expression of HIF1α and reduced cell proliferation and migration/invasion. 
Likewise, proliferation, adhesiveness, and invasiveness of the human osteosarcoma 
cell line MG63 were significantly inhibited by heparanase silencing [120]. In cell 
lines derived from FBJ virus-induced mouse osteosarcoma, heparanase expression 
was found associated with a high metastatic potential [121]. Cell surface expression 
of HS was found significantly higher in poorly metastatic FBJ-S1 cells with respect 
to the FBJ-LL highly metastatic cells consistently with lower levels of both hepa-
ranase and EXT1 expression. Moreover, the authors demonstrated by molecular 
approaches that FBJ-S1 cell motility was regulated by heparanase, under EXT1 
control. In U2OS and SAOS osteosarcoma preclinical models, treatment of mice 
harboring tumor xenografts with the heparanase inhibitor Roneparstat induced a 
significant antitumor activity providing preclinical proof of principle that targeting 
heparanase could represent a valuable therapeutic approach in this malignancy [37].

15.4  Targeting Heparanase in Sarcomas

Several lines of evidence, discussed in details in other sections of this Book, high-
light the implication of heparanase in critical processes of tumor biology (e.g., 
growth, angiogenesis, metastasis, drug resistance) and its upregulation in the vast 
majority of malignancies examined, including carcinomas and hematological 
tumors as well as sarcomas. Such evidence, and the favorable feature of being the 
only HS degrading endoglycosidase, not substitutable with other enzymes, has sup-
ported the idea that heparanase could be a suitable target and promoted the develop-
ment of heparanase inhibitors as anticancer therapeutics [46, 122] (Chhabra and 
Ferro; Hammond and Dredge; Noseda and Barbieri, Naggi and Torri; Giannini 
et al., Chaps. 19, 20, 21, 22 and 23 in this volume). A few studies tested the potent 
heparanase inhibitor roneparstat (100NA,RO-H, ST0001) (Noseda and Barbieri, 
Naggi and Torri, Chaps. 20 and 21; in this volume), a chemically modified non-
anticoagulant heparin, in preclinical models of human sarcomas [41]. The first sar-
coma model applied in these studies was Ewing’s sarcoma [35], a natural choice as 
roneparstat had previously been shown effective in multiple myeloma models [123, 
124]. Ewing’s sarcoma is an aggressive tumor that mainly develops in bones, shar-
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ing with multiple myeloma a functional microenvironment characterized by com-
plex interactions between cellular components (tumor cells, osteoclasts and other 
stromal cells), humoral factors (growth factors and cytokines) and the ECM which 
provides a favorable “niche” for tumor growth and progression [125, 126]. The 
biological phenotype of both tumors has been shown to be influenced by signaling 
pathways mediated by growth factors (e.g. IGF-1, PDGF, bFGF, VEGF) some of 
which are transcriptional targets of the oncogenic fusion protein EWS-FLI1 which 
drives tumorigenesis in Ewing’s sarcoma [127, 128]. In studies on multiple 
myeloma, the cooperation between heparanase and the HSPG syndecan-1 was dem-
onstrated to regulate the functions of several growth factors in the bone niche, pro-
moting myeloma cell growth, angiogenesis, and metastasis, effects that were 
counteracted by roneparstat [123, 124, 129]. Similarly, the glycol- split heparin 
effectively inhibited TC71 Ewing’s sarcoma cell invasion stimulated by VEGF and 
bFGF through Matrigel, a reconstituted basement membrane highly rich in HSPGs. 
Moreover, roneparstat induced a strong antitumor effect in mice harboring TC71 
tumor xenografts with 25% of cures noted in treated animals [35].

In a subsequent report, investigation of the effects of roneparstat was extended to 
a panel of six human pediatric sarcoma models including bone (osteosarcoma, 
Ewing’s sarcoma) and soft tissue (rhabdomyosarcomas, rhabdoid tumor) histotypes 
with simple or complex genotype [37]. The study confirmed the ability of the hepa-
rin derivative to abrogate cell invasion induced by heparin/HS-binding growth fac-
tors (PDGF, bFGF, VEGF, HGF). Moreover, a marked drug inhibitory effect on the 
release/secretion of several angiogenesis-related molecules was reported (e.g., 
VEGF, MMP-9). All sarcoma cell lines growing in mice as tumor xenografts were 
responsive to roneparstat antitumor effect with maximum tumor growth inhibition 
(around 90%) obtained in the genetically simple sarcoma models (i.e., TC71 
Ewing’s sarcoma, RH30 alveolar rhabdomyosarcoma, and the A204 rhabdoid tumor 
previously misclassified as a rhabdomyosarcoma). Combination treatments with 
roneparstat and antiangiogenic agents, the anti-VEGF antibody bevacizumab and 
the tyrosine kinase inhibitor sunitinib, were shown to significantly increase the anti-
tumor efficacy compared to single-agent therapies in the Ewing’s sarcoma model.

An additional study by Cassinelli and colleagues addressed the impact of 
roneparstat treatment on sarcoma cell signaling [130]. As HS mimetic, roneparstat 
can act as a multi-target agent inhibiting heparanase and competing with HS in their 
broad regulatory functions. Overall, these effects are expected to influence growth 
factor signaling in both tumor and stromal cells. Focusing on RTKs-mediated sig-
naling, the authors applied a multiplexed phosphoproteomic approach to investigate 
the effects of drug treatment on receptor activation in sarcoma cells comprising 
various histotypes. Roneparstat was found to inhibit in a context-dependent manner 
growth factor/receptor tyrosine kinase axes implicated in sarcoma pathobiology, 
and inhibition was further validated by cellular functional assays. In vivo, reduced 
activation of EGFR, ERBB4, InsR, and IGF1R in tumor xenografts from treated 
mice confirmed the drug pharmacodynamic effect. The good tolerability of ronepar-
stat evidenced in preclinical tumor models suggested that it could be used in com-
bination with conventional cytotoxic drugs. The combination with the camptothecin 
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irinotecan, a drug of clinical interest in pediatric sarcoma patients, was well toler-
ated and highly effective in the A204 rhabdoid tumor xenograft significantly enhanc-
ing tumor growth inhibition, complete responses, and cures as compared to single 
drugs administration. A204 cells are characterized by constitutive high activation of 
PDGFRα which support rhabdoid tumor growth but is not directly implicated as a 
driver of malignant transformation. Early characterization of roneparstat activity in 
tumor models evidenced its antimetastatic potential against experimental metasta-
ses induced by intravenously injected B16 murine melanoma cells [131]. Using the 
orthotopic A204 rhabdoid tumor that metastasizes from the primary xenograft site 
to the lung, Lanzi and colleagues confirmed the antimetastatic activity of the hepa-
rin derivative in a human sarcoma model of spontaneous dissemination (unpub-
lished, Fig.  15.1). Notably, the heparin derivative was also able to counteract 
malignant transformation driven by the COL1A1/PDGFB fusion oncogene gener-
ated by chromosomal translocation in dermatofibrosarcoma protuberans [130]. In 
this sarcoma, the constitutive activation of PDGFRβ is induced through an autocrine 
loop supported by the functional PDGFBB produced by processing of the chimeric 
oncoprotein [132].

Another heparin derivative, the supersulfated low molecular weight heparin 
ssLMWH with high anti-heparanase activity, was tested in human synovial sarcoma 
models [38]. ssLMWH inhibited anchorage-independent growth in soft agar and 
invasion in Matrigel of synovial sarcoma cells. Moreover, it downregulated the acti-
vation of several receptor tyrosine kinases. In cells with elevated constitutive activa-
tion of IGF1R, a strong synergistic effect was shown with the dual IGF1R/InsR 
tyrosine kinase inhibitor BMS754807. Previous studies have associated IGF1R 
expression with a high incidence of metastases in synovial sarcoma [133] while its 
activation has been shown to be promoted by the IGF2 ligand whose transcription is 
epigenetically induced by the SS18-SSX fusion oncoproteins peculiar of these sar-
comas [134]. Despite a complete inhibition of IGF1R and InsR, BMS754807 did 
not achieve effective inhibition of downstream signaling pathways in synovial sar-
coma cells, likely due to bypass resistance pathways. In contrast, the combined 
treatment with BMS754807 and ssLMWH enhanced inhibition of both AKT and 
ERK signaling which resulted in apoptosis induction and suppression of cell motil-
ity in vitro. An impressive effect was also obtained in vivo by the drug combination 
that abrogated the orthotopic growth of synovial sarcoma xenografts and their spon-
taneous dissemination to the lungs.

Similarly to heparin derivatives, DMBO, designed as mimetic of the pyranosidic ring 
structure of HS, was found to bind growth factors and cytokines (i.e. VEGF, HB-EGF, 
TNF-α) and to inhibit heparanase catalytic activity. In in vitro assays, the oxazine inhib-
ited osteosarcoma cell proliferation, migration, and invasion. In vivo, it was able to 
inhibit liver experimental metastases induced by intravenously injected cells [135].

The dual nature of heparin derivatives and the oxazine DMBO, as heparanase 
inhibitors and HS mimetics, hampers a precise mechanistic interpretation of their 
biological effects [136]. Two recent reports described new small molecule inhibitors 
of heparanase enzymatic activity [137, 138] (Giannini et al., Chap. 23 in this vol-
ume). The best compounds in these series showed inhibitory effects similar to those 
observed with roneparstat and ssLMWH on invasion of rhabdoid tumor and synovial 
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sarcoma cells and the expression of proangiogenic factors in osteosarcoma cells. 
These findings suggest that inhibition of heparanase endoglycosidase activity is 
shared by agents belonging to different chemical classes.

15.5  Concluding Remarks

Sarcomas are characterized by an aggressive phenotype, angiogenesis, and propen-
sity to metastasize primarily to the lung. Identification of specific vulnerabilities has 
been successful only in a few histologies. For most patients with advanced disease, 
survival rates with available systemic therapies (i.e., conventional cytotoxic, new 
targeted and histology-driven) remain low, while immunotherapy is still in early 
clinical phases. New therapeutic approaches able to counteract sarcoma progression 
and improve patients’ outcome are highly desirable.
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Fig. 15.1 Inhibition of spontaneous lung micrometastases from orthotopic A204 rhabdoid tumor 
by the heparanase inhibitor roneparstat. A204 cells were injected i.m. in SCID mice. Roneparstat 
was administered s.c at 60 mg/kg (twice/day, 5 days/week) for 6 weeks. After treatment interrup-
tion, mice were sacrificed when primary tumors had similar volumes. Lungs were formalin fixed 
and paraffin embedded. Sections were subjected to immunohistochemistry with anti-human 
vimentin antibodies and positive spots were quantified. ∗, P < 0.05 by Student’t-test
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Since early reports describing the detection of an endoglycosidase able to pro-
duce biologically active HS fragments in sarcoma cells, heparanase was associated 
with the cell metastatic potential. The emerging role of heparanase in bone forma-
tion and remodeling during development suggests that its multiple functions in 
cooperation with HSPGs can be hijacked by bone sarcoma cells and exploited to 
promote cell signaling, angiogenesis, and dissemination. Likewise, aberrant coop-
eration of heparanase with other HS modifying enzymes appears to participate in 
the pathogenesis of cartilaginous tumors through a complex and still incompletely 
understood interconnection between HS, heparanase, the heparanome, and the tran-
scription machinery. Several aspects of heparanase deregulation and pathological 
functions in sarcomas remain to be elucidated including the relationship with onco-
genic players and molecular pathogenesis in the various histological subtypes.

Whereas most studies examining the clinical significance of heparanase in 
human malignancies have been carried out in hematological or epithelial tumors, 
investigation applying homogeneous cohorts of sarcoma patients is challenging 
because of the rarity and high heterogeneity of these malignancies. Only a few stud-
ies have correlated heparanase expression with poor prognosis in patients with 
Ewing’s sarcoma and osteosarcoma to date.

Nevertheless, studies addressing the effects of heparanase inhibitors in sarcoma 
models have provided preclinical proof-of-concept that heparanase represents a 
druggable vulnerability in either bone or soft tissue sarcomas. The potential of HS 
mimetics to improve current therapies was confirmed by the enhanced inhibition of 
sarcoma xenograft growth and spontaneous metastatic dissemination as well as the 
high rate of cures in combination regimens with cytotoxic and targeted agents. 
These findings provide a rational basis for including sarcomas in the evaluation of 
HS mimetics undergoing clinical development. It will be also interesting in future 
studies to target the heparanase/HSPG system with new heparanase targeting 
approaches by specific inhibitors (e.g., small molecules, antibodies) currently 
undergoing preclinical development.
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