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Abstract  

With its capacity to modulate the tumour microenvironment (TME) and promote the 

hallmarks of cancer, heparanase (HPSE) has emerged as a key mediator in the 

development and progression of malignant disease. HPSE overexpression has been 

observed in all cancers, which correlates with a poor clinical prognosis. Significant interest 

has therefore been focused on defining the role of HPSE within the TME and in the 

development of inhibitors for use in the clinic. 

Employing the well-established spontaneous mammary tumour-developing PyMT-MMTV 

mouse model, this study explored the role of HPSE in the progression of breast cancer. 

The use of the HPSE-deficient PyMT-MMTVxHPSE-/- mice addressed the general under-

utilisation of genetic ablation in vivo models described in the current literature. 

Furthermore, the tumour stroma was investigated as a critical modulator of HPSE activity 

within the primary tumour. The findings of this thesis indicate that although the lack of 

HPSE expression affected tumour angiogenesis, it plays no major role in the overall 

establishment, progression and metastasis of mammary tumours in the PyMT-MMTV 

mouse model. Additionally, novel HPSE inhibitors GW7647 and GW9578 were identified 

by high throughput screening of a known drug library. The in vitro and in vivo efficacy of 

these compounds in inhibiting the enzymatic activity of HPSE was characterised, which 

suggest that further optimisation of these compounds will be required for future pre-clinical 

studies. 

This study revealed that despite the widely accepted nature of HPSE in promoting 

cancers, in some tumour settings, the overall role of HPSE may be redundant due to 

reasons yet to be elucidated. This finding, coupled with the need for more efficacious 

HPSE inhibitors, suggest that the precise role of HPSE within the TME and its targeting 

modality is yet to be comprehensively defined, creating avenues for further research.   
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1.1 Abstract  

Heparanase (HPSE) is a β-D-endoglucuronidase with demonstrated roles in a variety of 

important physiological and pathological processes. HPSE is the only mammalian enzyme 

that cleaves heparan sulphate (HS) chains of heparan sulphate proteoglycans (HSPGs), 

a major component of the extracellular matrix (ECM). The enzymatic cleavage of HS by 

HPSE leads to the remodelling of the ECM whilst liberating growth factors and cytokines 

bound to HS. This promotes processes such as immune cell migration, inflammation, 

wound healing, tumour angiogenesis and metastasis. Furthermore, HPSE exhibits non-

enzymatic actions in cell signalling and regulating gene expression. Essentially, all 

cancers examined to date have been reported to overexpress HPSE, often leading to 

enhanced tumour growth and metastasis with concomitant poor patient survival.  

This highlights an opportunity for HPSE-targeted therapies, with several HPSE inhibitors 

progressing through to clinical trials.  

Cancer is underpinned by multiple key characteristics that have been proposed to drive 

malignant cell growth, termed the ‘hallmarks’ of cancer. HPSE contributes to a number of 

cancer-associated processes, with demonstrated effects across all hallmarks. 

Furthermore, the tumour microenvironment (TME) is well-established as playing a critical 

role in tumour progression and regulates many of these characteristic features.  

1.2 Cancer  

Cancer is a collective term describing over one hundred individual disease types.  

The common defining feature of all cancers is the loss of cellular regulation mechanisms 

through genetic changes. This leads to uncontrolled cell division, resulting in either benign 

or malignant neoplasms (‘new-growths’).  The earliest evidence of cancer was discovered 

in a 1.7-million-year-old hominin fossil bearing signs of osteosarcoma, suggesting that 

cancers pre-date human civilisation (Odes et al., 2016). The oldest case of breast cancer 

was discovered in an Egyptian mummy dating back to 2000 B.C (University of Granada). 

Cancer is the second leading cause of death globally, following cardiovascular disease.  

An estimated 18.1 million new cases with 9.6 million deaths were reported in 2018 by the 

GLOBOCAN 2018 cancer statistics project, produced by the International agency for 

research on cancer (IARC), revealing a substantial increase from its 14.1 million new 

cases and the 8.2 million deaths reported in 2012 (figure 1.1) (Torre et al., 2015, Bray et 

al., 2018). There are numerous causes of cancer identified by the IARC, which have at 

times been the subject of debate. These genetic, environmental, occupational and lifestyle 

factors include, but are not limited to; obesity, lack of physical activity, harmful ultraviolet 

radiation through exposure to sunlight, tobacco use and smoking, a diet low in fibre, urban 
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air pollution, alcohol consumption, certain pharmaceuticals, hormones, parasitic, fungal, 

bacterial and viral infections, beta carotene, red meat and processed meat consumption, 

and changes in reproductive patterns such as lower or no parity and giving birth later in 

life (Blackadar, 2016). Metastasis leads to 90% of cancer-related deaths rather than the 

formation of a primary tumour alone (Steeg, 2016). This process will be discussed in detail 

later in this chapter. 

Based on the recent GLOBOCAN 2018 worldwide cancer statistics, lung cancer was the 

most commonly diagnosed malignancy in both males and females combined, and was 

also the leading cause of cancer-related deaths (Bray et al., 2018). This was followed by 

female breast cancer, prostate cancer and colorectal cancer for incidence rates with 

colorectal cancer, stomach cancer and liver cancer for mortality rates (figure 1.1).  

Males were mostly diagnosed with lung cancer followed by prostate and colorectal cancer. 

The leading cause of cancer-related deaths in males was lung cancer, followed by liver 

and stomach cancer. Amongst females, breast cancer was most prevalent, followed by 

colorectal and lung cancer. Most cancer-related deaths in females were due to breast 

cancer, followed by lung and colorectal cancers (Bray et al., 2018). 

For many cancers, the incidence rate in more developed regions is two to three-fold higher 

compared to less developed regions (Bray et al., 2018). This can be attributed to lifestyle 

factors such as a Westernised diet, lack of physical activity, smoking, alcohol consumption 

and changes in reproductive patterns.  However, the differences in mortality rates in both 

regions are small, partly due to a higher fatality rate in less developed countries. Infections 

were responsible for 2.2 million, or 15.4% of all new cases in 2012 and were more 

prevalent in less developed countries, highlighting the need for vaccination and screening 

programs (Plummer et al., 2016). Cancers are also often diagnosed late in less developed 

countries, leading to reduced treatment options.  

In Australia, there were an estimated 144,713 new cases and 49,896 cancer-related 

deaths in 2019, with 150,000 new cases predicted for 2020 (Cancer Australia). The current 

overall risk of an individual being diagnosed with cancer by the age of 85 is 1 in 2 while 

that of dying from cancer is 1 in 5. Lung, colorectal, breast, prostate and pancreatic 

cancers account for most cancer-related deaths nationwide.  

As a complex disease involving several cell and tissue types, the study of cancer has 

evolved from merely understanding malignant cell behaviour to adopting a more holistic 

approach, whilst taking into consideration the myriad of cellular and tissue components 

associated with malignancy. Amongst the many components associated with a tumour, 

the ECM plays a key role. 



Chapter 1: Part I: Heparanase in promoting the hallmarks of cancer and regulating the tumour microenvironment 

 

5 
 

 

Figure 1.1 The global impact of cancer 
The distribution of cases and deaths for ten of the most common cancers in 2018 for (A) both males and 
females (B) males alone and (C) females alone (Bray et al., 2018). 
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1.3 The ECM: in sickness and in health  

The ECM plays critical roles in both normal physiology as well as in disease settings. 

Initially assumed to be a passive structural entity, key discoveries made in the 20th century 

redefined the ECM as an active extracellular component and as a key contributor to 

cellular maintenance and function (Piez, 1997). The ECM is a dynamic, non-cellular, 3D, 

mesh-like structure essential for tissue integrity and homeostasis which, in colloquial 

terms, is the ‘glue’ that holds cells together. It is comprised mainly of collagen, laminin and 

HS, key components amongst approximately 300 proteins which collectively form the 

‘matrisome’ (figure 1.2) (Naba et al., 2012, Naba et al., 2016). The ECM not only exists 

in an interstitial form within tissues, but can also be arranged in a sheet-like manner, 

forming the basement membrane (BM), which underlies epithelial layers. The BM, much 

like the ECM, provides tissue integrity, promotes signalling and plays a vital role in 

development (Ramos-Lewis and Page-McCaw, 2018).  

In addition to providing structural support, the ECM also interacts with surrounding cells 

and facilitates signalling pathways by binding and regulating the release of growth factors 

and cytokines. This modulates processes such as cellular migration, proliferation, 

adhesion, survival and differentiation (Hynes, 2009). ECM remodelling also maintains 

tissue homeostasis and can also contribute towards the progression of a variety of 

pathological conditions (Bonnans et al., 2014, Gilkes et al., 2014, Iozzo and Gubbiotti, 

2018). Gene mutations of ECM components have been linked to a variety of disorders 

such as Marfan syndrome, Ehlers-Danlos syndrome, Dandy-Walker malformation, several 

myopathies and chondrodysplasias (Bateman et al., 2009, Darbro et al., 2013, Hicks et 

al., 2014). Abnormalities in ECM mechanoregulation involving the deposition,  

re-arrangement and remodelling of components leads to disorders such as hypertension 

(Humphrey et al., 2014, Arribas et al., 2006).  

The TME is an essential regulator of cancer progression (Quail and Joyce, 2013). It is a 

complex arrangement of tumour cells, a number of soluble factors, immune cells, 

fibroblasts, pericytes, adipocytes, mesenchymal stem cells and the ECM.  

Although cancer-associated fibroblasts (CAFs) were considered the source of the tumour-

associated ECM, it is now known that tumour cells themselves are able to produce ECM 

components and promote the formation of a supportive TME (Naba et al., 2014).  

These components collectively provide the biochemical and biophysical properties of the 

tumour-associated ECM that promotes growth and metastasis (Pickup et al., 2014). 

Aberrant levels of ECM components such as collagen-I, hyaluronan, periostin, tenascin-C 

and versican levels have been shown to promote various cancers (Venning et al., 2015, 

Alowami et al., 2003). The critical steps in metastasis rely heavily on creating a supportive 
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ECM, remodelling of the existing ECM and maintaining cancer cell-ECM crosstalk 

(Bonnans et al., 2014). Therefore, the ECM is key in promoting the hallmarks of cancer 

and has gathered significant interest as a key target in cancer therapy (Pickup et al., 2014). 

This review will focus mainly on HS, a major ECM component and the sole substrate of 

HPSE.  

   

 

Figure 1.2 The major components of the ECM 
The ECM is a complex, 3D structure, mainly comprised of laminin, collagen and proteoglycans (such as 
HSPGs).    
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1.4 HS and HSPGs 

To appreciate the significance of HPSE in cancer, the structure and the multitude of 

functions of its substrate HS must be addressed. HS was initially described as ‘heparin 

monosulphuric acid’, a structurally-related, but less sulphated form of heparin (Jorpes and 

Gardell, 1948). It is a variably sulphated, anionic glycosaminoglycan (GAG) chain of 

repeating disaccharide units of β1-4-linked D-glucuronic acid (GlcA) and α1-4-linked N-

acetyl-D-glucosamine (GlcNAc). These HS chains vary in length and typically comprise of 

50-250 disaccharide units, ranging from 20-100 kDa and are bound to a protein core to 

form HSPGs (Sarrazin et al., 2011, Xu and Esko, 2014). A linkage tetrasaccharide 

comprised of GlcA-galactose-galactose-xylose (GlcA-Gal-Gal-Xyl) facilitates the 

attachment of the HS chain to the protein core (see section 1.8).  

HS is found in all cells. Despite extensive studies, the 3D structure as well as the precise 

regulation mechanisms that govern the size and composition of HS remain poorly 

understood (Xu and Esko, 2014). The most recent hypothesis describes a multi-step 

process beginning in the Golgi complex where heparan, the non-sulphated precursor form 

of HS is first synthesised on core proteins as a chain of GlcA and GlcNAc. As heparan 

transits through the Golgi, it is further enzymatically modified by a series of N- and O-HS-

sulphotransferases and an HS epimerase, resulting in mature chains of HS (Gallagher, 

2015, Li and Kusche-Gullberg, 2016, Zhang et al., 2016c). 

The anionic nature, variable sulfation levels and length of HS chains enables and regulates 

its interaction with several HS-binding proteins (HSBPs). HS is a reservoir for a variety of 

HSBPs that do not necessarily share structural similarity. These include growth factors, 

morphogens and cytokines such as vascular endothelial growth factor (VEGF), fibroblast 

growth factor (FGF), hepatocyte growth factor (HGF), epidermal growth factor (EGF), 

platelet derived growth factor (PDGF), transforming growth factor-beta (TGF-β), hedgehog 

(Hh), interleukins (IL) -5, -6, -8, -10, and tumour necrosis factor-alpha (TNF-α) (Table 1.1). 

In addition to its role in maintaining structural integrity of the ECM, HS plays a crucial 

physiological role in sequestering such molecules and regulating their availability and 

signalling capacity (Knelson et al., 2014, Migliorini et al., 2015, Xu and Esko, 2014, 

Sarrazin et al., 2011). The sequestering of ligands by HS enhances receptor activation 

even at low ligand concentrations (Park et al., 2000). HSBPs are protected against 

proteolysis by being bound to HS and their liberation facilitates the establishment of 

morphogen gradients during development and chemokine gradients essential for cellular 

recruitment. HS is also a receptor for proteases and their respective inhibitors, which 

regulates their distribution and activity (Sarrazin et al., 2011). Additionally, structural 

proteins such as collagen and fibronectin, proteins of the complement pathway, cell  



Chapter 1: Part I: Heparanase in promoting the hallmarks of cancer and regulating the tumour microenvironment 

 

9 
 

 HSBP Function/s in normal physiology and cancer 

Growth factors and morphogens 

VEGF Multiple family members, most prominently VEGF-A, along with VEGF-
B, -C and -D. Signal through VEGF receptors (VEGFRs) 1-3. Mediate 
new blood vessel formation with maintenance and remodelling of old 
ones during development and in adult tissue (Simons et al., 2016). 
Promote lymphangiogenesis during development and tumour 
progression (Davydova et al., 2016). In the TME, VEGF affects immune 
cell and fibroblast function (Goel and Mercurio, 2013). 

FGF Signals through FGF receptors (FGFRs) 1-4. Homeostatic, function in 
tissue repair and injury response. Regulate cell proliferation, migration 
and differentiation during embryonic development. Affects 
angiogenesis, tumour growth and cancer therapy resistance (Goetz and 
Mohammadi, 2013). 

HGF Signals through the c-Met receptor. Regulates cell proliferation, 
survival, differentiation, morphogenesis and cancer therapy resistance 
(Comoglio et al., 2018). 

EGF EGF receptor (EGFR) signalling promotes cell motility, proliferation and 
differentiation. Associated with tumour recurrence, metastasis and 
angiogenesis (Guo et al., 2015, Li et al., 2018). 

PDGF Exists as 4 different isoforms; PDGF-A, -B, -C and –D. Stimulates cell 
proliferation and migration under normal physiology. Promotes tumour 
proliferation, angiogenesis and tumour-associated fibroblast 
development (Demoulin and Essaghir, 2014). 

TGF-β Exists as 3 isoforms; TGFβ-1, -2 and -3. TGFβ signalling regulates cell 
growth, differentiation, motility, apoptosis, ECM production, immune 
responses and angiogenesis. In the TME, impacts angiogenesis, 
fibrosis and immune infiltration. Plays a critical role in tumour initiation, 
progression and metastasis (Neuzillet et al., 2015). TGF-β also acts as 
a tumour-suppressor. 

Hh Plays a major role in development. Hh signalling in cancer promotes 
proliferation, angiogenesis, epithelial-mesenchymal transition (EMT), 
self-renewal and the regulation of apoptosis (Gonnissen et al., 2015).   

TNF-α Induces inflammation and the downstream release of cytokines and 
chemokines. Although initially identified for its anti-tumour activity, TNF-
α also promotes chronic inflammation and cancer cachexia (Sedger and 
McDermott, 2014, Porporato, 2016). 

Cytokines 

IL-5 A critical factor in eosinophil differentiation and proliferation. Supports 
metastatic colonisation by regulating the immune microenvironment 
(Zaynagetdinov et al., 2015). 

IL-6 Stimulates expression of Signal transducer and activator of 
transcription-3 (STAT3) target genes in tumour cells, promoting tumour 
proliferation, survival, angiogenesis, invasion and metastasis and 
immunosuppression (Johnson et al., 2018). 

IL-8 Potent activator of neutrophils. Promotes tumour proliferation, invasion, 
metastasis, angiogenesis and cancer stem cell (CSC) formation  (Singh 
et al., 2013). 

IL-10 Regulator of T cell activity. Controls tumour-promoting inflammation 
(Oft, 2014). 

 

Table 1.1 The multiple roles of HSBPs 
The wide range of physiological and pathological functions of HSBPs which include growth factors, 
morphogens and cytokines. 
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adhesion proteins and certain blood  coagulation factors exhibit HS binding, adding to its 

diverse role within the ECM (Tumova et al., 2000, Koda et al., 1985, Yu et al., 2005, 

Kallapur and Akeson, 1992, Ho et al., 1997). Furthermore, certain viruses and bacteria 

have evolved to exploit their HS-binding capacity to enhance pathogenicity (Bobardt et al., 

2003, Shieh et al., 1992, Chen et al., 1997, Sava et al., 2009). Many cells contain 

structurally similar GAGs such as chondroitin sulphate (CS) and dermatan sulphate, which 

may bind HSBPs (Mizumoto et al., 2013). However, these interactions are generally 

weaker and are unaffected by the enzymatic activity of HPSE and therefore, will not be 

addressed in this chapter.  

HSPGs are comprised of four families. The two major HSPG families are the 

transmembrane syndecans and the glycophosphatidylinositol (GPI)-anchored glypicans 

(figure 1.3). Secreted forms such as perlecan, agrin and collagen-XVIII belong to the third 

family while serglycin, a highly-sulphated HS species residing in intracellular storage 

granules comprise the fourth (Li and Kusche-Gullberg, 2016). The classification and 

nomenclature of a wide variety of proteoglycans has been extensively reviewed (Iozzo 

and Schaefer, 2015).  

1.4.1 Syndecans  

Syndecans are a family of transmembrane proteoglycans. Mammals possess four distinct 

genes, and molecular phylogenetic analysis has revealed that syndecans are ancient in 

the animal lineage (Chakravarti and Adams, 2006). Syndecans possess a common 

structural organisation with distinct cytoplasmic, transmembrane and extracellular 

domains. The core proteins range from 20 – 45  kDa in size with a cytoplasmic domain of 

approximately 40 amino acids (Couchman et al., 2015). Although HS is the principle GAG 

found in all syndecans, syndecan-1 and -3 may additionally contain CS chains (Deepa et 

al., 2004). The cytoplasmic domain of syndecans interact with PDZ-domain-containing 

proteins such as syntenin, CASK, synectin, synbindin and Tiam-1, leading to cytoskeletal 

rearrangements in response to signalling as well as the promotion of ECM-cell adhesion 

and migration (Cheng et al., 2016, Cavalheiro et al., 2017). Apart from cytoskeletal 

organisation, syndecans also play a role in ECM assembly (Yang and Friedl, 2016). 

Syndecans further promote intercellular communication by regulating the biogenesis of 

exosomes (Baietti et al., 2012, Roucourt et al., 2015). 

1.4.2 Glypicans  

Mammals contain six glypican family members whose core proteins are GPI-anchored to 

the cell membrane. Mature glypican core proteins vary from 60 – 70 kDa in size, carrying  

2 – 5 GAG chains (Fransson et al., 2004). Glypicans generally carry HS chains, however, 

glypican-5 carries both CS and HS chains (Saunders et al., 1997).  
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1.4.3 Secreted HSPG forms 

Perlecan, agrin, and collagen-XVIII comprise the third family of HSPGs. Perlecan is one 

of the largest ECM proteins; human perlecan is a 4391-amino acid protein. The protein 

core of perlecan consists of a series of folding motifs or ‘modules’, facilitating its role as a 

long modular multi-functional protein (Farach-Carson et al., 2014). Agrin is better known 

for its role at the neuromuscular junction (Barik et al., 2014). Collagen-XVIII is expressed 

as three isoforms in various BMs and has attracted interest on account of its endostatin 

domain (Heljasvaara et al., 2017). 

1.4.4 Serglycin  

Human serglycin consists of a 158-amino acid core protein with eight serine/glycine 

repeats, with each serine residue a putative GAG attachment site. Serglycin was first 

considered as a hematopoietic proteoglycan found in intracellular secretory compartments 

and is expressed in all normal hematopoietic cells and hematopoietic tumour cell lines 

(Korpetinou et al., 2014). 

 

Figure 1.3 The two major families of HSPGs 
HSPGs exist mainly as transmembrane syndecans or as GPI-anchored glypicans. 
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1.5 HPSE: a brief history – identification and characterisation 

The only mammalian enzyme shown to cleave HS chains of HSPG is the β-D-

endoglucuronidase, HPSE. Its identification and characterisation have a history spanning 

several decades. A heparin-inactivating enzyme was first described by Jaques as 

‘heparinase’ with its purification from rabbit liver leading to its initial characterisation 

(Jaques and Keeri-Szanto, 1952). The isolation of ‘heparinase’ from a mouse 

mastocytoma was then described (Ogren and Lindahl, 1975). Later, an enzyme isolated 

from human platelets, capable of cleaving heparin and HS was described as ‘heparitinase’ 

(Oosta et al., 1982). However, heparitinase originally designated an elimination enzyme 

purified from Flavobacterium heparinum (Hovingh and Linker, 1970). The present term 

‘heparanase’ was first coined by Nakajima upon observing the expression of a HS-

degrading enzyme by metastatic B16 melanoma cells (Nakajima et al., 1984).  

Subsequent studies demonstrated the presence of HS-degrading enzyme from various 

other sources such as platelets, activated T lymphocytes, metastatic lymphoma cells, 

cultured endothelial cells, and normal and neoplastic murine B-lymphocytes (Yahalom et 

al., 1984, Naparstek et al., 1984, Bar-Ner et al., 1985, Fridman et al., 1987, Godder et al., 

1991, Laskov et al., 1991).  

Several factors hindered the early characterisation of HPSE, the most noteworthy being 

the lack of a robust activity assay (Bame, 2001). This was partly due to the hydrolase 

mechanism of HPSE, which was unlike bacterial lyases that cleaved heparin or HS by an 

eliminase mechanism (Tripathi et al., 2012). Spectrophotometric methods of assaying 

enzymatic activity therefore were unsuitable. The difficulty in obtaining HS prompted some 

to conduct assays with heparin, a highly modified version of HS (Oosta et al., 1982). 

However, due to fundamental structural differences in the substrates used, these assays 

cannot be considered physiologically relevant. Finally, the low physiological expression of 

HPSE presented challenges in its purification. This was however later addressed by using 

human platelets, a rich source of the enzyme (Freeman and Parish, 1998).  

Several assays to investigate HPSE activity were developed as briefly highlighted below;  

I. Gel filtration and chromatography were used to analyse radiolabelled HS 

fragments following HPSE cleavage (Nakajima et al., 1984, Hook et al., 1975).  

II. Long HS chains were precipitated under conditions where short oligosaccharides 

were soluble (Oldberg et al., 1980, Graham and Underwood, 1996, Tumova and 

Bame, 1997).  

III. Radioactivity released from immobilised heparin or HS was determined in other 

assays (Oosta et al., 1982, Gonzalez-Stawinski et al., 1999, Hoogewerf et al., 

1995).  
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IV. BM with incorporated 35S-HSPG was used in neutrophil ECM degradation assays 

(Matzner et al., 1985).  

V. The retention properties of HPSE products on a labelled HS-ligand column was 

used to assay human platelet-derived HPSE (Freeman and Parish, 1998).  

VI. Fluorescein isothiocyanate (FITC) was conjugated to bovine kidney HS followed 

by gel chromatography analysis of the release of FITC upon HPSE cleavage 

(Toyoshima and Nakajima, 1999).  

VII. Finally, a time-resolved fluorescence energy transfer (TR-FRET)-based assay, 

where HPSE-mediated cleavage of biotin and europium-cryptate-labelled HS is 

measured with the addition of streptavidin-XL665 (Poon et al., 2014). 

1.5.1 Cloning of human HPSE 

The development of a robust method to purify and determine the enzymatic activity of 

HPSE from human platelets was pivotal in its characterisation and cloning. During the 

decades preceding its cloning, vastly different molecular weights had been reported for 

HPSE, ranging from 8 – 137 kDa (Oosta et al., 1982, Hoogewerf et al., 1995, Freeman 

and Parish, 1998). A breakthrough came with the development of a rapid quantitative 

assay that enabled the 1700-fold purification of human HPSE to homogeneity, 

demonstrating an active 50 kDa subunit with no reported activity in 8 – 10 kDa or the  

137 kDa fractions, in contrast to previous observations (Freeman and Parish, 1998). 

Human HPSE was first cloned in 1999 independently by two groups using  

(i) HPSE purified from platelets to perform N-terminal protein sequencing and 

oligonucleotide probe generation to screen a placental complimentary deoxyribonucleic 

acid (cDNA) library, and (ii) HPSE purified from placenta and a hepatoma cell line  

(SK-hep-1) using sequential chromatography, with the resulting peptides sequenced and 

the corresponding deoxyribonucleic acid (DNA) sequences identified from a placental 

cDNA library (Hulett et al., 1999, Vlodavsky et al., 1999). Later in the same time period, a 

separate study reported the cloning of HPSE from a human placental cDNA library, where 

the cDNA was identified via peptide sequences of purified HPSE derived from human 

hepatoma cells (Kussie et al., 1999). 

Hulett et al. conducted an in situ trypsin digestion of a 50 kDa protein purified from 

platelets, resulting in ten peptides that were then amino acid-sequenced (Hulett et al., 

1999). Comparison of the peptide and the N-terminal sequences revealed no homologous 

proteins, suggesting it was unique. This was in contrast to previous suggestions that HPSE 

closely resembled heat shock family-90 proteins or belonged to the connective tissue 

activating peptide-III family (Graham, 1994, Hoogewerf et al., 1995). Further analysis 

identified a clone from a human placental cDNA library, based on the amino acid 
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sequence. Additional database searches and library analyses revealed an open reading 

frame (ORF) of 1,629 bp encoding for a 543-amino acid polypeptide of a predicted mass 

of 65 kDa. Gel filtration studies excluded enzymatic activity of the 65 kDa ‘full length’ form 

of HPSE, and instead identified an enzymatically active 50 kDa protein, which suggested 

a post-translational activation process. These observations were corroborated by others 

(Vlodavsky et al., 1999). The enzymatically active form of HPSE is a non-covalently linked 

heterodimer comprising of an 8 kDa N-terminal region (Gln36-Glu109) and a 50 kDa  

C-terminal region (Lys158-Ile543) (Fairbanks et al., 1999). Expression of the truncated  

50 kDa HPSE (Lys158-Ile543) failed to yield activity, indicating that the region from the  

N-terminus to Lys158 played a crucial role in the expression of a functional enzyme (Nadav 

et al., 2002). 

HPSE orthologues from other species that have high amino acid identity with human 

HPSE (figure 1.4) have been cloned, as summarised below (Table 1.2). Furthermore, an 

additional gene designated HPSE-2, has been identified that encodes for a more distant 

relative of human HPSE with ~40% amino acid sequence identity  (McKenzie et al., 2000).  

In contrast to HPSE, HPSE-2 does not have any HS-degrading activity (McKenzie et al., 

2000) and instead has been shown to play an inhibitory role to its enzymatically active 

counterpart in a number of malignancies that has been associated with clinically 

favourable outcomes (Levy-Adam et al., 2010, Gross-Cohen et al., 2016). This review, 

however, will focus exclusively on the enzymatically active HPSE.  

Species Identity with 

human HPSE 

Reference 

Mouse 77% (Miao et al., 2002) 

Rat (Rattus norvegicus) 79.7% (Hulett et al., 1999) 

Cow (Bos Taurus) 80% (Kizaki et al., 2003) 

Chicken (Gallus gallus) 62% (Goldshmidt et al., 2001) 

Spalax (mole rat, Spalax 

carmeli) 

85% (Nasser et al., 2005) 

Xenopus (Xenopus tropicalis) 57% (Bertolesi et al., 2008) 

 

Table 1.2 HPSE orthologues 
The sequence identities of HPSE of several species with human HPSE. 
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Figure 1.4 Sequence alignment of HPSE orthologues 
The alignment of amino acid sequences of HPSE derived from a variety of species highlighting sequence 
identity (in red) with that of human HPSE. 
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1.6 HPSE: genomic organisation and alternate spliced transcripts 

The human HPSE gene consists of 14 exons spanning approximately 50 kb and is located 

on chromosome 4q21.23, as confirmed by fluorescence in situ hybridisation and radiation 

hybrid mapping (Baker et al., 1999). The exons range in size from 48 bp (exon 7) to  

1649 bp (exon 14) while the introns vary between 0.23 kb (intron 8) to 23 kb (intron 2).  

The second exon contains an untranslated 31 bp sequence and the start codon.  

Two human HPSE transcripts encoding the same ORF for the 65 kDa protein are 

expressed via alternative splicing of the first and last exons (Hulett et al., 1999, Dong et 

al., 2000). The predicted transcript based on the cDNA cloning is the 2 kb messenger 

ribonucleic acid (mRNA) form (HPSE 1b) and was found in the placenta but not in the 

heart, brain, skeletal muscle, kidney, lung, liver or pancreas. The 4.4 kb mRNA form 

(HPSE 1a) was weakly detected in the placenta as well as in all other tissues. In immune 

tissues such as spleen, lymph node, peripheral blood leukocytes, thymus and bone 

marrow, both 2 and 4.4 kb transcripts were detected at similar levels. Southern blot 

analysis of digested genomic DNA from two donors probed with full-length human HPSE 

cDNA showed a simple hybridisation pattern  (Hulett et al., 1999). These observations 

strongly suggested that both transcripts originated from a single gene. The 4.4 kb  

HPSE 1a transcript contains 14 exons and 13 introns, with a longer 3’ untranslated region, 

while the HPSE 1b variant has its first and last exons spliced out (Dong et al., 2000).  

Other splice variants of human HPSE have been reported. A 55 kDa variant resulting in 

skipping exon 5 was described which maintained the original reading frame, but lacked 

enzymatic activity due to the loss of 174 bp encoding for 58 amino acids, including key 

active site components (Nasser et al., 2007). Subcellular localisation studies in COS-7 

cells demonstrated that overexpressed HPSE and its exon 5-deleted spliced variant 

localised to the endoplasmic reticulum (ER) independent of glycosylation (Sato et al., 

2008). Spliced variants have been linked to malignancies. An additional novel spliced 

variant, designated T5, was identified in silico and following its in vivo validation, was 

shown to be upregulated in 75% of human renal cell carcinomas (Barash et al., 2010).  

T5 is a truncated, enzymatically inactive HPSE variant where 144 bp of intron 5 are joined 

with exon 4 and is endowed with pro-tumorigenic features (Barash et al., 2010, Barash et 

al., 2012). It is composed of only the 8 kDa subunit and the linker region but lacks the  

50 kDa subunit, resulting in a 15 – 17 kDa protein, dependent upon glycosylation.  

Other species have been shown to express HPSE variants as well. A variant cloned from 

the blind mole rat (Spalax), termed splice 36, which skips part of exon 3, exon 4, exon 5 

and part of exon 6 was shown to inhibit HS degradation, suppress glioma tumour growth 

and decrease B16 mouse melanoma lung colonisation (Nasser et al., 2009). However, in 
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the same study, another splice variant, splice 7, resulting from the skipping of exon 7 was 

shown to be pro-tumorigenic, although lacking enzymatic activity. Two splice variants 

playing a role in early embryonic development of Xenopus laevis have also been 

described; a 531-amino acid long (XHpaL) variant and a short (XHpaS) variant missing  

58 amino acids due to skipping exon 4 (Bertolesi et al., 2008).  

The 4q21.23 location of the HPSE gene raises the possibility of its involvement in genetic 

disorders. One of six familial Parkinson’s disease chromosomal localization was mapped 

to 4q21.23 (Polymeropoulos et al., 1996). More recently, 4q21 deletions have been linked 

to development disorders (Komlosi et al., 2015). However, no conclusive evidence exists 

for the direct involvement of the HPSE gene in these conditions.  

1.7 HPSE: 3D structure  

A model structure of human HPSE was first proposed by Hulett et al by identifying 

similarities between HPSE and several glycosyl hydrolase family members from glycosyl 

hydrolase clan-A (GH-A) (Hulett et al., 2000). Secondary structure predictions suggested 

a (β/α)8 TIM-barrel fold, with the likely proton donor and nucleophile identified as Glu225 

and Glu343, respectively. Despite significant scientific interest, the 3D structure of HPSE 

remained elusive for decades, until Wu et al. succeeded in providing the first conclusive 

insights (Wu et al., 2015). This was achieved by employing a baculoviral dual protein 

expression strategy (McKenzie et al., 2003). Expression of the 8 and 50 kDa HPSE 

subunits resulted in co-translational folding into mature HPSE, effectively bypassing the 

requirement for processing of the 65 kDa pro-HPSE form (Wu et al., 2015).  

The crystal structure of human HPSE (figure 1.5) was resolved at 1.6-1.9 Å and consists 

of a substrate binding (β/α)8 TIM-barrel domain flanked by a β-sandwich domain, with 

Glu225 and Glu343
 residues forming the catalytic region, as predicted (Hulett et al., 2000, 

Wu et al., 2015). The proximity of the 6 kDa linker to the (β/α)8 domain imparts steric 

hindrance, preventing enzymatic activity (Nardella et al., 2004).  Both domains involve the 

50 kDa and 8 kDa subunits, with one β-sheet contributed by the 8 kDa subunit to the  

β-sandwich and the first β-α-β-fold of the (β/α)8 domain. The remaining folds are 

contributed by the 50 kDa subunit, which also contains six putative N-glycosylation sites. 

Prior structural data of a GH-79 exoglucuronidase from Acidobacterium capsulatum and 

that of an endo-acting heparanase from Burkholderia pseudomallei provided crucial 

overview that aided in its characterisation (Bohlmann et al., 2015, Michikawa et al., 2012).  
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Figure 1.5 The 3D structure of human HPSE 
The front view (A) in ribbon representation shows the 8 kDa subunit in yellow and the 50 kDa subunit in blue. 
The side view (B) of HPSE shows the binding cleft in the (β/α)8 domain which contains the catalytic residues, 
shown in green (Wu et al., 2015).  

A 

B 
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1.8 HPSE: substrate binding and enzymatic activity 

HPSE favours acidic environments, with optimal HS-degrading activity exhibited between  

pH 5.0 – 6.0, with pH levels near neutral and above significantly reducing activity 

(Vlodavsky and Friedmann, 2001). This results in high HPSE activity in sites of 

inflammation and in the TME (Estrella et al., 2013, Gilat et al., 1995). The cloning of HPSE 

and its conservation with GH-A members, enabled the identification of residues critical for 

enzymatic activity (Hulett et al., 2000), as detailed above.   

In an attempt to define HPSE/HS interaction, Levy-Adam et al. undertook site-directed 

mutagenesis and nuclear magnetic resonance studies (Levy-Adam et al., 2005).  

These studies identified the amino acid residues Lys158, Lys159, Phe160, Lys161 and Asp162 

as critical mediators of HPSE-heparin/HS interaction. Two heparin-binding domains were 

thus identified and mapped; Lys158-Asp162 (KKKFKN) at the N-terminal end of the 50 kDa 

subunit and at Pro271-Met278 (PRRKTAKM). A third domain containing two tandem basic 

amino acid clusters at Lys411-Lys417 and Lys427-Arg432 suggested a third potential heparin-

binding domain. The domain at Lys158-Asp171 (KKDC peptide) was shown to physically 

interact with HS and heparin (Levy-Adam et al., 2005). Later studies provided evidence 

for the interaction of the KKDC peptide with cell-surface HS, resulting in syndecan-1 and 

-4 clusters (Levy-Adam et al., 2008).  

The substrate binding of HPSE is dependent on the sulfation patterns of HS chains (Okada 

et al., 2002). The enzymatic cleavage of HS chains occurs at the internal GlcA(β1-4)N-

sulfoglucosamine (GlcNS) linkages (figure 1.6). High sulfation not only directs HPSE to 

certain cleavage sites on HS, but the N-sulphate and O-sulphate moieties enable HPSE 

to pry open HS (Wu et al., 2015). HS cleavage liberates low-molecular weight HS 

fragments of 5 – 10 kDa. This leads to the degradation and remodelling of the ECM, 

resulting in the release and activation of HS-bound growth factors and cytokines (Okada 

et al., 2002, Wilson et al., 2014, Knelson et al., 2014). This HS-mediated signalling 

promotes physiological and pathological processes such as immune cell migration and 

activation, inflammation, angiogenesis and metastasis (Putz et al., 2017, Poon et al., 

2014, Wood and Hulett, 2008, Gutter-Kapon et al., 2016, Weissmann et al., 2016, 

Vlodavsky and Friedmann, 2001).  
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Figure 1.6 The structure of HS chains and the mode of HPSE-mediated HS cleavage 
HS is a variably sulphated, anionic GAG chain of repeating disaccharide units of β1-4-linked D-glucuronic acid 
(GlcA) and α1-4-linked N-acetyl-D-glucosamine (GlcNAc). A GlcA-Gal-Gal-Xyl tetrasaccharide linker attaches 
the HS chain to its protein core. Enzymatic cleavage of HS occurs at internal GlcA(β1-4)GlcNS linkages.  
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1.9 HPSE: expression regulation 

The expression of HPSE is tightly regulated in order to prevent non-specific tissue 

damage. A variety of transcription factors such as E26 transformation specific (ETS) family 

members, early growth response protein-1 (EGR-1), specificity protein-1 (Sp1), B-Raf 

kinase, NFκB and p53 are involved in regulating HPSE expression (de Mestre et al., 2003, 

de Mestre et al., 2007, Baraz et al., 2006, Jiang et al., 2002, Lu et al., 2003, Andela et al., 

2000, Rao et al., 2010). Cloning of the HPSE gene promoter revealed a 3.5 kb, TATA-

less, GC-rich region subjected to both positive and negative controls (Jiang et al., 2002). 

A minimal 0.3 kb region (-1 to -340 bp) with basal promoter activity was identified through 

truncation analysis to contain three Sp1 sites. The -25 to +1 bp region contains 

overlapping consensus EGR-1 and Sp1 binding sites (de Mestre et al., 2003). Four ETS 

transcription factor binding sites exist within a 598 bp region encompassing the 

transcription initiation site, two of which are non-functional and flank the transcription 

initiation site with the remaining two functional binding sites located at the 5’ end (Lu et al., 

2003). A cis-acting site at -391 to -164 bp with repressor activity was reported along with 

other repressor elements at -700 to -3,500 bp and -598 to -1089 bp (de Mestre et al., 

2003). 

Sp1 and ETS family member GA-binding protein was shown to collectively regulate HPSE 

expression in thyroid tumour cells by binding within the minimal promoter region, 0.3 kb 

upstream of the start site (Jiang et al., 2002). In metastatic breast cancer cells, ETS1 and 

ETS2 were found to regulate HPSE expression by binding to sites upstream of the 0.3 kb 

minimal promoter (Lu et al., 2003). Mutant BRAF, a potent oncogene coding for B-Raf 

kinase was shown to stimulate HPSE expression (Rao et al., 2010). EGR-1 was shown to 

be a potent inducer of HPSE transcription in activated T cells while Sp1 was also shown 

to bind EGR-1 consensus sequences and play a role in basal HPSE promoter activity  

(de Mestre et al., 2003). Furthermore, EGR-1 was shown to promote HPSE expression in 

a number of human cancers (de Mestre et al., 2005). HPSE expression was markedly 

reduced through NFκB signal blockade, demonstrating its role as a HPSE gene regulator, 

(Andela et al., 2000). Tumour cells exposed to hypoxic conditions were shown to 

upregulate HPSE in an NFκB-dependent manner (Wu et al., 2010b). TP53, encoding for 

the potent tumour suppressor p53, is the most commonly mutated gene in human cancers 

(Kastenhuber and Lowe, 2017, Lane and Crawford, 1979). Wild-type p53 was shown to 

bind to the HPSE promoter, effectively inhibiting its activity whereas mutant p53 failed to 

do so, resulting in expression (Baraz et al., 2006). 

Several other biological factors function in HPSE gene regulation. Four estrogen response 

elements were found in the HPSE promoter region and the MCF-7 estrogen receptor (ER)-
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positive human breast cancer cell line was shown to express HPSE upon estrogen 

treatment (Elkin et al., 2003). However, this could be due to an interplay between the ER 

complex and the ETS or Sp1 transcription factors rather than being directly estrogen-

driven (Lincoln et al., 2003). Following these observations, a strong correlation between 

ER-positivity and HPSE-overexpression in breast cancer was shown, along with an 

estrogen-like effect of tamoxifen on HPSE expression (Cohen et al., 2007).  

Increased HPSE levels were observed in kidneys with diabetic nephropathy and high 

glucose levels were shown to promote HPSE expression via a glucose-response element 

in the HPSE promoter region (Maxhimer et al., 2005b). Finally, increased EGR-1 

expression coupled with CpG hypomethylation was shown to regulate HPSE expression 

in prostate and bladder cancers (Ogishima et al., 2005b, Ogishima et al., 2005a). 

However, this is likely due to the combined effect of aberrant demethylation and the 

expression of related transcription factors.  

1.10 HPSE: expression and processing 

Human HPSE is initially expressed as a pre-pro form as a 543-amino acid polypeptide, 

which matures to a glycosylated 65 kDa pro-form in the ER by the removal of the  

N-terminal signalling peptide (Met1-Ala35) (Wu et al., 2015, Hulett et al., 2000).  

Initial analysis of the amino acid sequence of the active 50 kDa HPSE subunit yielded an 

N-terminus of KKFKXSTYSRRSVDVLY, a sequence 158 amino acids downstream of the 

initiation site (Hulett et al., 1999). This observation first indicated a pro-enzyme form which 

undergoes cleavage to produce its active form. 

Pro-HPSE is then shuttled to the Golgi apparatus followed by its packaging into vesicles 

and secretion (figure 1.7). Once secreted, pro-HPSE interacts with HSPG molecules, 

specifically syndecans (Gingis-Velitski et al., 2004b). This pro-HPSE-HSPG interaction 

promotes its cellular uptake into latent endosomes and lysosomes leading to its proteolysis 

mediated activation by cathepsin-L cleavage, which removes a 6 kDa linker (Ser110-Gln157) 

fragment (figure 1.8) (Nadav et al., 2002, Abboud-Jarrous et al., 2008). The half-life of 

freshly-formed HPSE was estimated to be approximately 30 h, significantly longer than 

that of transmembrane domain-HSPGs (2 – 6 h) and of GPI-anchored HSPGs 

(approximately 25 min) (Egeberg et al., 2001). The physiological expression of HPSE is 

limited to a few cells and tissue types such as platelets, cells and tissues of the immune 

system, and the placenta as described in the previous section (Vlodavsky et al., 1992, 

Goshen et al., 1996, Hulett et al., 1999). Klein first described the partial purification of a 

HS-specific endoglucuronidase from human placenta (Klein and Von Figura, 1976).  
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Figure 1.7 A schematic representation of the biogenesis of HPSE 
HPSE is initially synthesised in its pre-pro form, which matures to its pro-form in the ER. Pro-HPSE is then 
shuttled to the Golgi and secreted. Secreted pro-HPSE interacts with HSPGs. The Pro-HPSE-HSPG complex 
undergoes endocytosis followed by cathepsin cleavage-mediated activation. 
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Figure 1.8 The processing of pre-pro HPSE to its mature, active form  
The 543 amino acid pre-pro form of HPSE consists of a signal sequence, an 8 kDa subunit, a linker and a  
50 kDa subunit. The 6 kDa linker of pro-HPSE is cleaved by cathepsin-L, leading to the active, mature form of 
the enzyme. 

Placental HPSE is expressed mainly in trophoblasts during all stages of gestation as well 

as in the endothelium of the foetal capillaries (Haimov-Kochman et al., 2002, Dempsey et 

al., 2000). Platelets contain high levels of HPSE, which led to its initial characterisation 

(Oosta et al., 1982). HPSE in platelets has been shown to promote platelet adhesion and 

enhance coagulation activity through the upregulation of tissue factor (TF) (Nadir and 

Brenner, 2016, Cui et al., 2016). These non-enzymatic functions of platelet-derived HPSE 

play a major role in the metastatic cascade, by promoting adhesion and pro-coagulant 

activity, which will be discussed in detail later. Recent studies have highlighted the role of 

HPSE in immune cell activity. HPSE has been shown to affect several types of immune 

cells such as natural killer (NK) cells, neutrophils, macrophages, dendritic cells (DCs) and 

mast cells that mediate both acute and chronic inflammatory responses (Benhamron et 

al., 2012, Poon et al., 2014, Schmidt et al., 2012, Wang et al., 2011, Secchi et al., 2017a, 

Lerner et al., 2011, Putz et al., 2017, Gutter-Kapon et al., 2016). Furthermore, the 

overexpression of HPSE triggers both innate and adaptive immune responses in a mouse 

rheumatoid arthritis model (Digre et al., 2017). In a pivotal study, the expression of HPSE 

in chimeric antigen receptor-redirected T (CAR-T) cells enhanced tumour infiltration and 

anti-tumour activity, highlighting the potential of HPSE in cancer immunotherapy (Caruana 

et al., 2015). The role of HPSE in immune cells is discussed in more detail in section 

1.23.5.                             
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Dysregulated gene expression, a hallmark of cancer, leads to the overexpression of HPSE 

in all cancers, causing pathological ECM remodelling (Hanahan and Weinberg, 2011, 

Hammond et al., 2014). HPSE overexpression in cancer enhances tumour growth and 

metastasis, as outlined in table 1.3 (Sanderson et al., 2017). This results in a poor clinical 

prognosis, demonstrating the potential of HPSE as a therapeutic target (Rivara et al., 

2016). HPSE also exhibits a variety of non-enzymatic functions such as regulating gene 

expression, promoting cell adhesion and tumour-promoting pro-coagulant activity (Nadir 

and Brenner, 2014, Sanderson et al., 2017). The role of HPSE in promoting the hallmarks 

of cancer via both enzymatic and non-enzymatic processes will be now discussed.  

 

Cancer type Clinical studies implicating HPSE overexpression in enhanced 

cancer growth/metastasis 

Lung (Cohen et al., 2008, Castelo-Branco et al., 2015, Katz et al., 2018) 

Breast (Sun et al., 2017, Vornicova et al., 2018)  

Colorectal (Nobuhisa et al., 2005a, Wu et al., 2010a) 

Prostate (Lerner et al., 2008, Stadlmann et al., 2003) 

Stomach (Liu et al., 2018, Li et al., 2015b, Sonoda et al., 2010) 

Liver (Chen et al., 2014, Liao et al., 2016a, Wang et al., 2010) 

Oesophageal  (Brun et al., 2009, Han et al., 2005, Ohkawa et al., 2004a) 

Cervical (Hu et al., 2017a, Shinyo et al., 2003, Zeng et al., 2014) 

Thyroid (Matos et al., 2015, Xu et al., 2003) 

Bladder (Gohji et al., 2001b, Shafat et al., 2008, Zhao et al., 2009) 

 

Table 1.3 HPSE is implicated in promoting the ten major human cancers 
The ten major cancer types affecting humans with studies demonstrating that the expression of HPSE 
correlates with enhanced cancer growth/metastasis, leading to a poor clinical prognosis.  
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1.11 The hallmarks of cancer 

The characteristic features or the ‘hallmarks’ of a cancer were first described by Hanahan 

and Weinberg in 2000 (Hanahan and Weinberg, 2000). The six classic hallmarks are 

sustaining proliferative signalling, evading growth suppressors, resisting cell death, 

enabling replicative immortality, inducing angiogenesis and activating invasion and 

metastasis. These are now accompanied by four newly-introduced enabling 

characteristics and emerging hallmarks, namely genome instability and mutation, tumour-

promoting inflammation, reprogramming energy metabolism and avoiding immune 

destruction (Hanahan and Weinberg, 2011). By virtue of its capacity to regulate multiple 

pro-tumorigenic pathways, HPSE can be implicated in the promotion of each of these 

features (figure 1.9). The remainder of this section will define in detail the role of HPSE in 

the hallmarks of cancer and discuss its enzymatic and non-enzymatic activity as a key 

player in human malignancies.  

1.12 Sustaining proliferative signalling  

Cell proliferation is a highly regulated physiological process, with balanced positive and 

negative signal transduction mechanisms. This carefully choreographed process is 

dysregulated in cancers, leading to uncontrolled cell proliferation; the most fundamental 

hallmark of cancer (Kolch et al., 2015). The progression of the cell cycle is tightly regulated 

by the G1/S transition, which depends on biochemical and biophysical cues arising from 

cellular interactions with the ECM (Xiong et al., 2013). Somatic mutations, loss in cell-ECM 

adhesion as well as the increased availability of growth factors through ECM remodelling 

promotes G1/S transition, resulting in uncontrolled cell growth. The ability of cancer cells 

to produce growth factors themselves and express relevant receptors, resulting in 

autocrine proliferative signalling, is a well-characterised phenomenon (Sporn and Roberts, 

1985). Constant crosstalk between cancer cells and the stroma further results in the 

release of growth factors (Calon et al., 2015). 

1.12.1 HPSE-driven growth factor and morphogen signalling  

As previously highlighted, HS in the ECM binds to and sequesters a variety of key growth 

factors and morphogens in cancer settings such as FGF, HGF, VEGF, EGF, PDGF,  

TGF-β and Hh, regulating signal transduction through restricting their bioavailability. 

Remodelling of the ECM through HS cleavage by HPSE liberates these growth factors, 

promoting cellular proliferation, amongst several other key hallmarks of cancer (refer to 

table 1.1) (Knelson et al., 2014, Hynes, 2009). Growth factor-mediated receptor tyrosine 

kinase (RTK) signalling plays critical roles in both physiological and pathological 

conditions (Lemmon and Schlessinger, 2010). RTK family members are highly conserved 

cell-surface growth factor receptors, whose signalling pathways have garnered significant 
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Figure 1.9 HPSE regulates all hallmarks and enabling characteristics of cancer 
The enzymatic and non-enzymatic activity of HPSE directly promotes or is suggested to promote all classic 
and emerging hallmarks of cancer as well as all enabling characteristics. The key mechanisms of action 
undertaken by HPSE in facilitating each of the hallmarks and characteristic features are listed. This multi-
faceted nature of HPSE thus establishes its pivotal role in the TME. Evidence is provided by the following 
authors. 

1 (Knelson et al., 2014, Hynes, 2009, Escobar Galvis et al., 2007, Ramani et al., 2011, Hao et al., 2015, Ostapoff et al., 

2013, Zetser et al., 2006, Luan et al., 2011, Wang et al., 2014, Wirstlein et al., 2013, Zhang et al., 2010, Cohen-Kaplan et 

al., 2008a, Malavaki et al., 2013, Troilo et al., 2016, Masola et al., 2014a, Welch et al., 1990, Batool et al., 2017) 

2 (Boyango et al., 2014, Tang et al., 2016, Rao et al., 2010, Luan et al., 2011, Welch et al., 1990) 

3 (Gingis-Velitski et al., 2004a, Riaz et al., 2013, Hao et al., 2015) 

4 (Knelson et al., 2014, Hynes, 2009, Escobar Galvis et al., 2007, Ramani et al., 2011, Hao et al., 2015, Ostapoff et al., 

2013, Zetser et al., 2006, Luan et al., 2011, Wang et al., 2014, Wirstlein et al., 2013, Zhang et al., 2010, Cohen-Kaplan et 

al., 2008a, Malavaki et al., 2013, Troilo et al., 2016, Masola et al., 2014a, Welch et al., 1990, Batool et al., 2017) 

5 (Riaz et al., 2013, Cohen-Kaplan et al., 2012, Qu et al., 2016) 

6 (Knelson et al., 2014, Cohen et al., 2006, Riaz et al., 2013, Zetser et al., 2006, Rubinfeld et al., 2011, Ostapoff et al., 2013, 

Joyce et al., 2005, Parangi et al., 1995) 

7 (Goldshmidt et al., 2002, Shteingauz et al., 2015) 

8 (Gutter-Kapon et al., 2016, Nadir and Brenner, 2016, Peled et al., 2013, Peled et al., 2016) 

9 (Knelson et al., 2014, Escobar Galvis et al., 2007, Flaumenhaft et al., 1990, Jung et al., 2016b) 
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10 (Riaz et al., 2013) 

11 (Knelson et al., 2014, Watanabe et al., 2003a, Cohen et al., 2006, Sato et al., 2004, Okawa et al., 2005, Zhang et al., 

2007, Edovitsky et al., 2004, Hammond et al., 2012, Dredge et al., 2010, Parish et al., 1999) 

12 (Godder et al., 1991, Purushothaman et al., 2010, Gingis-Velitski et al., 2004a) 

13 (Zetser et al., 2006) 

14 (Li et al., 2017b, Naomoto et al., 2007, He et al., 2004a) 

15 (Tan et al., 2013, Hunter et al., 2014, Cohen-Kaplan et al., 2008b, Zhang et al., 2009) 

16 (Li et al., 2016b, Masola et al., 2016, Masola et al., 2012a, Masola et al., 2012c, Strutz et al., 2002, Escobar Galvis et 

al., 2007, Masola et al., 2014a) 

17 (Hulett et al., 1999, Vlodavsky et al., 1992, Takaoka et al., 2003, Bar-Ner et al., 1985, Bar-Ner et al., 1986, 

Purushothaman et al., 2008, Gonzalez-Alva et al., 2010a, Ohkawa et al., 2004a, Beckhove et al., 2005) 

18 (Cui et al., 2016, Goldshmidt et al., 2003, Wei et al., 2018b, Zetser et al., 2003, Zhang et al., 2013b) 

19 (Gomes et al., 2013, Roucourt et al., 2015, David and Zimmermann, 2016a, Thompson et al., 2013) 

20 (Purushothaman et al., 2008, Tang et al., 2014a, Chen et al., 2012) 

21 (Riaz et al., 2013, Cohen-Kaplan et al., 2012, Masola et al., 2014a, Naomoto et al., 2007, Nobuhisa et al., 2005a, Ohkawa 

et al., 2004a, Schubert et al., 2004a, Kobayashi et al., 2006) 

22 (Naparstek et al., 1984, Vlodavsky et al., 1992, Matzner et al., 1985, Goodall et al., 2014, Poon et al., 2014, Benhamron 

et al., 2012, Schmidt et al., 2012, Waterman et al., 2007, Lerner et al., 2011, Edovitsky et al., 2006) 

23 (Schmidt et al., 2012, Lerner et al., 2011, Waterman et al., 2007, Khamaysi et al., 2017b, Morris et al., 2015, Goldberg 

et al., 2014) 

24 (Brun et al., 2009, Lerner et al., 2011, Gutter-Kapon et al., 2016, El-Assal et al., 2001, Koliopanos et al., 2001) 

25 (Chen et al., 2004, Riaz et al., 2013, Hamoud et al., 2017, Shafat et al., 2011, Zhang et al., 2017a, Wang et al., 2012a) 

26 (Li et al., 2017b, Naomoto et al., 2007, Wu et al., 2010b, Hu et al., 2012, Hu et al., 2015) 

27 (Gutter-Kapon et al., 2016) 
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interest, owing to their functional diversity (Volinsky and Kholodenko, 2013, Bergeron et 

al., 2016). RTK-mediated signalling regulates cellular proliferation as well as 

differentiation, migration, cell cycle control, survival and metabolism. Aberrant RTK activity 

is linked to pathologies such as cancer, diabetes, bone disorders, arteriosclerosis, 

angiogenesis and inflammatory disorders. On this account, the development of RTK 

inhibitors has been investigated as a potential therapeutic measure for over three 

decades, with numerous inhibitors approved to date (Ferguson and Gray, 2018).  

The relationships between several key pro-proliferative HSBPs and HPSE expression are 

closely examined below. 

FGF: The binding of FGF to HS is vital for dimerisation with and signalling through FGFR 

(Huang et al., 2017). The overexpression of HPSE in mouse organs and human tumours 

has been shown to correlate with enhanced 6-O-sulfation of HS which promoted the 

formation of ternary complexes with FGF-1 or -2 and FGFR (Escobar Galvis et al., 2007).  

HGF:  HGF-mediated c-MET signalling is observed in cancer (Pothula et al., 2016, 

Cascone et al., 2017). It has been demonstrated that HGF expression correlates with that 

of HS in cancer settings (Ramani et al., 2011). HPSE activity enhances HGF expression 

and signalling through syndecan shedding. It has also been shown that HGF activates 

phosphoinositide-3-kinase (PI3K)/protein kinase-B (Akt) and NF-κB signalling to promote 

HPSE in cancer cells, resulting in a poor prognosis in gastric tumours (Hao et al., 2015). 

This may suggest a cyclic relationship between HGF and HPSE.  

VEGF: HPSE expression in the TME is directly related to the release of HS-bound VEGF 

(Ostapoff et al., 2013). The VEGF family members have long been known for their positive 

effects in angiogenesis, vascular permeability and lymphangiogenesis. However, 

evidence of VEGF directly targeting tumour cells through autocrine signalling to promote 

angiogenesis-independent processes has emerged (Goel and Mercurio, 2013).  

For instance, studies on neoplastic epithelial cells have demonstrated that autocrine 

VEGF signalling promotes cellular proliferation (Zhang et al., 2014a, Lichtenberger et al., 

2010). The expression of HPSE has also been shown to promote the expression of VEGF 

in a Src-dependent manner (Zetser et al., 2006). Furthermore, VEGF can influence the 

expression levels of HPSE, demonstrating a synergy between HPSE and VEGF in cancer 

(Luan et al., 2011).   

EGF: EGFR-mediated signalling is a potent driver of the cell cycle, enhancing proliferation 

and is implicated in numerous cancer settings (Wee and Wang, 2017, Gao et al., 2016, 

Goel et al., 2016). The EGFR family includes human-EGFR2 (HER2), of which 

overexpression is observed in 25-30% of all breast cancers (Mendes et al., 2015).  
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HPSE activates EGFR signalling through HS cleavage (Wang et al., 2014).  

The expression of heparin-binding EGF-like growth factor with a high affinity to HS 

correlates to HPSE expression, suggesting a HPSE-driven regulation of EGF expression 

(Wirstlein et al., 2013). Of particular interest is the observation that in brain-metastatic 

breast cancer, EGF induces the nucleolar localisation of HPSE, resulting in DNA 

topoisomerase-I modulation and enhanced proliferation (Zhang et al., 2010).  

Furthermore, both enzymatically active and inactive HPSE were shown to phosphorylate 

EGFR and enhance proliferation, which correlated with head and neck cancer progression 

(Cohen-Kaplan et al., 2008a).  

PDGF: PDGF has potent effects in promoting tumour proliferation (Pinto et al., 2014, 

Bruna et al., 2007). HPSE promotes the release of HS-bound PDGF. It has also been 

demonstrated that PDGF mediates cell-surface HSPG expression (Malavaki et al., 2013). 

This suggests a positive feedback mechanism of PDGF signalling in the TME. 

TGF-β: TGF-β plays a complicated role in cancer cell proliferation, initially as a tumour 

suppressor in early tumorigenesis through inhibiting proliferation and promoting apoptosis, 

to then transitioning to a tumour promoter in later stages (Bierie and Moses, 2006, 

Neuzillet et al., 2015). TGF-β has been shown to interact with HS, which regulates its 

bioavailability (Lyon et al., 1997). HS has also been shown to play a key role in TGF-β- 

mediated signalling (Troilo et al., 2016). Although Batool et al. showed that overexpressing 

HPSE attenuated TGF-β signalling, others have demonstrated a positive correlation and 

even the upregulation of HPSE expression and invasive potential upon TGF-β treatment 

(Welch et al., 1990, Masola et al., 2014a, Batool et al., 2017).  

Hh: Binding of Hh to Patched receptors and several other type-1 membrane proteins 

promotes pathway activation (Lee et al., 2016). Hh-mediated signalling has been shown 

to correlate directly with cell cycle regulation (Duman-Scheel et al., 2002). The binding of 

Hh to HS followed by its release upon HPSE activity leads to increased Hh signalling and 

an aggressive cancer phenotype (Datta et al., 2006). 

1.12.2 Oncogenic signalling incorporating HPSE and positive feedback 
mechanisms  

A correlation of expression between HPSE and a number of oncogenes exists, which 

promotes tumour growth. Cellular proliferation is driven by oncogenes such as the rat 

sarcoma viral oncogene homologue (Ras) and the myelocytomatosis oncogene (Myc) and 

BRAF, encoding the serine/threonine-protein kinase B-raf. Ras is a binary molecular 

switch, alternating between an active guanidine triphosphate-bound state and an inactive 

guanidine diphosphate-bound state and is a potent promoter of cell proliferation 

(Simanshu et al., 2017). A correlation between HPSE and Ras expression was 
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demonstrated in driving tumorigenesis in murine models of breast and skin cancer 

(Boyango et al., 2014). Myc is a transcription factor which coordinates a number of 

biological processes (Gabay et al., 2014). Although a relationship similar to that between 

Ras and HPSE has not been reported for Myc, human telomerase reverse transcriptase 

(hTERT) was shown to correlate with Myc and HPSE expression in gastric cancer (Tang 

et al., 2016). The expression of hTERT plays a pivotal role in maintaining telomere length, 

seen in 85-90% of cancers (Schwaederle et al., 2018, Ramlee et al., 2016). Expression of 

Myc driven by hTERT in turn activates further hTERT transcription and HPSE expression, 

leading to downstream tumour-promoting enzymatic activity (Tang et al., 2016).  

As previously mentioned, B-Raf kinase, the product of the mutant BRAF oncogene 

upregulates HPSE expression, by HPSE promoter activation (Rao et al., 2010).  

HPSE therefore plays an integral role in oncogenic signalling. 

Disrupting negative-feedback mechanisms that attenuate proliferative signalling is vital in 

cancer progression (Hanahan and Weinberg, 2011). As previously highlighted, the 

signalling by cancer-promoting growth factors is not only enhanced by HPSE activity, but 

growth factors such as HGF, VEGF and TGF-β in turn promote the upregulation of HPSE 

(Hao et al., 2015, Luan et al., 2011, Welch et al., 1990). This maintains a constant positive 

feedback loop which drives both HPSE expression and its resultant downstream 

proliferative mechanisms. The phosphatase and tensin homolog (PTEN) is a potent 

tumour suppressor, de-phosphorylating phosphatidylinositol-(3,4,5)-trisphosphate and 

counteracting PI3K/Akt activity (Lee et al., 1999). Partial or complete PTEN inactivation is 

associated with a large proportion of cancers and is a well-documented phenomenon 

(Milella et al., 2015). The non-enzymatic activity of HPSE in stimulating the PI3K/Akt 

pathway was demonstrated in endothelial cells (Gingis-Velitski et al., 2004a). A later 

observation of integrin-dependent PI3K/Akt activation following the binding of HPSE to a 

cell surface receptor further highlighted the non-enzymatic activity of HPSE in promoting 

tumour signalling (Riaz et al., 2013). Additionally, the activation of the PI3K/Akt pathway 

by HGF signalling was shown to stimulate the downstream expression of HPSE, promoting 

gastric cancer metastasis (Hao et al., 2015). These data suggest that HPSE may play a 

critical role in bypassing the potent PTEN-mediated tumour suppression, by directly 

influencing the PI3K/Akt pathway which in turn may upregulate HPSE expression. 
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1.13 Evading growth suppressors  

HPSE-driven mechanisms overlap in their promotion of proliferative signalling as well as 

evading growth suppressors. A key regulator of cancerous cell growth is the TP53-

encoded p53 tumour suppressor (Kastenhuber and Lowe, 2017, Lane and Crawford, 

1979). Although HPSE plays no role in causing TP53 gene mutations, HPSE expression 

is regulated by wild-type p53 binding to the HPSE promoter (Baraz et al., 2006).  

TP53 gene mutations lead to upregulated HPSE expression, which promotes a number of 

HPSE-mediated growth suppressor-evasion mechanisms.  

As previously mentioned, PTEN plays a potent tumour-suppressive role. The ability of 

HPSE to activate PI3K/Akt in a non-enzymatic manner, essentially bypassing PTEN 

signalling, is evidence of its ability to counter tumour-suppressive mechanisms (Riaz et 

al., 2013). Another, although controversial tumour suppressor is STAT3 (Zhong et al., 

1994). The oncogenic potential of STAT3 has been extensively studied, with emerging 

experimental and clinical data demonstrating its role as a tumour suppressor (Zhang and 

Lai, 2014). Its tumour-suppressive role is seemingly driven by a STAT3 splice variant, 

STAT3β (Zhang et al., 2016a). In a study of head and neck cancer, HPSE was shown to 

phosphorylate STAT3, through Src and EGFR phosphorylation, leading to a poor clinical 

outcome (Cohen-Kaplan et al., 2012). 

TGF-β plays a dual role in cancer, both as a tumour suppressor and a promoter (Neuzillet 

et al., 2015). In support of its tumour-suppressive role, a number of studies have 

demonstrated that the lack of TGF-β signalling promoted tumour growth (Lu et al., 2006, 

Guasch et al., 2007, Lucas et al., 2004, Forrester et al., 2005).  Furthermore, SMAD family 

member-4, a component of the TGF-β signalling pathway, was shown to inhibit HPSE 

activity, adding to the tumour-suppressive role of TGF-β (Qu et al., 2016). By regulating 

other signalling pathways that promote tumour growth, HPSE may contribute to effectively 

bypassing the tumour-suppressive role of TGF-β.  
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1.14 Resisting cell death 

1.14.1 HPSE inhibits apoptosis 

Apoptosis, or programmed cell death was discovered as a fundamental biological process 

in maintaining tissue homeostasis (Kerr et al., 1972). This occurs in response to a number 

of stimuli, resulting in the activation of caspase family proteins (Nagata, 2018).  

Briefly, apoptosis occurs via either an extrinsic pathway in response to extracellular 

ligands binding to cell-surface death receptors or via an intrinsic pathway, in response to 

stress. These pathways congregate at the effector caspases (caspase-3 or -7), resulting 

in cell death.  

Unlike healthy cells, cancer cells are under constant stress brought about by processes 

such as genomic instability and hypoxia, but have evolved means to inactivate apoptosis 

that is normally triggered under such conditions. Numerous studies have demonstrated 

the well-characterised tumour-suppressive role of apoptosis (Evan et al., 1992, Lowe et 

al., 2004, Fernald and Kurokawa, 2013, Parsons et al., 2013). As previously mentioned, 

p53 is a potent tumour suppressor (Lane and Crawford, 1979). The activation of TP53 

upon cancer-related stress stimuli and its role in promoting apoptosis of cancer cells is a 

well-known phenomenon (Aubrey et al., 2018). Mutant p53, found in a large proportion of 

human cancers, is also a promoter of HPSE expression (Baraz et al., 2006). 

The anti-apoptotic role of HPSE can be attributed largely to its ability to promote and 

sustain tumour growth via HS-mediated signalling (Knelson et al., 2014). HPSE-promoted 

release of FGF has been shown to inhibit apoptosis in breast cancer cells and prolong 

tumour survival (Cohen et al., 2006). Basic FGF is known to inhibit caspase-3 and in turn, 

downregulate apoptosis (Miho et al., 1999). Additionally, the non-enzymatic activity of 

HPSE in activating Akt was shown to inhibit oxidative-stress and growth factor starvation-

induced apoptosis (Riaz et al., 2013). HPSE further facilitates the activation of Src (Zetser 

et al., 2006). Activated Src has been shown to suppress apoptosis by mechanisms such 

as the degradation of Bik, a BH3-only protein and through the phosphorylation of the 

apoptosis suppressor Ku70 (Lopez et al., 2012, Morii et al., 2017). 

HPSE gene silencing showed that its inactivation induces apoptosis in pituitary tumour 

cells with an observed increase in sub-G1 events and poly (adenosine diphosphate-

ribose) polymerase (PARP) cleavage (Rubinfeld et al., 2011). The drug-mediated 

inhibition of HPSE has also been demonstrated to promote apoptosis in cancer cells, 

further validating its anti-apoptotic role. Inhibition of HPSE with PG545, a HS-mimetic, 

promoted apoptosis in pancreatic cancer cells (Ostapoff et al., 2013). Treatment with  

PI-88, another HS-mimetic, of RIP1/Tag2 transgenic mice which exhibit a multi-step 
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process of islet cell carcinoma showed an increase in tumour apoptosis (Parangi et al., 

1995, Joyce et al., 2005).  

1.14.2 HPSE mediated autophagy  

Autophagy is a critical, evolutionarily-conserved process for maintaining cellular 

homeostasis. The discovery of lysosomes by De Duve et al. and of autophagy-related 

proteins by Oshumi et al. were pivotal in elucidating its role (De Duve et al., 1955, Tsukada 

and Ohsumi, 1993). Mammalian autophagy is a well-characterised and reviewed process 

with both physiological and pathological roles (Dikic and Elazar, 2018, Yu et al., 2018).  

Briefly, cytoplasmic contents such as macromolecules and organelles are first collected in 

autophagosomes. These double-membraned vesicles eventually fuse with lysosomes, 

leading to the degradation and recycling of intracellular material, thus maintaining cellular 

homeostasis. The induction of autophagy was shown to inhibit tumorigenesis, suggesting 

a cytoprotective role (Liang et al., 1999). However, autophagy has also been shown to 

promote cancer cell survival under stressful conditions and lead to chemoresistance 

(Degenhardt et al., 2006, Pagotto et al., 2017, Takahashi et al., 2017). HPSE was 

observed to reside in lysosomes in a stable form, which raised the possibility of its 

involvement in autophagy (Goldshmidt et al., 2002). A critical regulator of autophagy is the 

mammalian target of rapamycin-1 (mTOR1) (Brown et al., 1994). HPSE expression was 

shown to reduce mTOR1 activity, evident by the decrease of phosphorylation levels of its 

substrate p70S6K, which promoted autophagy, enhancing tumour growth and 

chemoresistance (Shteingauz et al., 2015). Shteingauz et al. further demonstrated that 

the inhibition of autophagy and HPSE resulted in reduced tumour growth, suggesting a 

potential therapeutic strategy. Therefore, in a rather interesting twist, the intracellular 

activity of HPSE is suggested to mediate tumour cell survival through promoting 

autophagy, a mechanism designed to maintain cellular homeostasis.  

1.14.3 HPSE and necrosis  

For a significant period of time, apoptosis was considered the standard form of cell death. 

However, Schweichel and Merker first reported the presence of three morphologically 

distinct types of cell death, which included not only apoptosis, but also autophagy and 

necrosis (Schweichel and Merker, 1973). Unlike apoptosis, necrosis was long considered 

to be associated with pathological cell death, trauma or injury, with characteristic plasma 

membrane leakage, cell and organelle swelling and limited chromatin condensation. 

However, with recent studies demonstrating dedicated molecular pathways regulating 

necrosis, this view has been revised (Chan et al., 2015).  

There is no clear evidence for the direct involvement of HPSE in tumour necrosis, but 

HPSE has been shown to regulate TNF, a key component of necrosis. TNF is one of the 
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most widely-studied cytokines in the TME, initially identified to induce ‘haemorrhagic-

necrosis’ of tumours in an endotoxin-like manner (Carswell et al., 1975, O'Malley et al., 

1962). However, subsequent studies revealed TNF superfamily members as a ‘double-

edged sword’, with potent pro-tumorigenic activity (Waters et al., 2013, Knight et al., 2000, 

Popivanova et al., 2008, Moore et al., 1999, Aggarwal, 2003). TNF is a central player in 

tumour inflammation. Tumour-associated macrophages (TAMs) produce TNF-α in a 

HPSE-dependent manner, promoting inflammation and tumour growth (Gutter-Kapon et 

al., 2016). The role of HPSE in tumour-promoting inflammation will be discussed in section 

1.19. 

HPSE has been shown to regulate necrosis in several other disease settings.  

HPSE enhances TF activity and promotes coagulation in various diseases, including 

cancer (Nadir and Brenner, 2016). In a study of patients with diabetic foot necrosis, HPSE-

driven post-surgical pro-coagulant activity predicted a successful clinical outcome, 

whereas a reduction of such predicted necrosis (Peled et al., 2016). In a study of avascular 

necrosis of bone (osteonecrosis), an increased level of HPSE was shown to promote 

destruction of the femur head (Peled et al., 2013).    

1.15 Enabling replicative immortality 

Cancer cells by definition, are immortal. Normal cell lineages are limited in their replicative 

capability by cellular senescence, a non-proliferative but viable state (Hernandez-Segura 

et al., 2018, Hayflick and Moorhead, 1961). The expression of a wide variety of oncogenes 

is demonstrated to cause oncogene-induced senescence (Serrano et al., 1997, Gorgoulis 

and Halazonetis, 2010). Crisis, a second anti-proliferative barrier leads to cell death 

(Campbell, 2012, Ishikawa, 1997). Telomeres at the ends of chromosomes play a pivotal 

role in regulating cellular replication and the expression of telomerase by cancers enables 

replicative immortality (Greider and Blackburn, 1987, Blackburn and Gall, 1978, Kim et al., 

1994, Arndt and MacKenzie, 2016). Although HPSE has not been reported to upregulate 

telomerase expression, studies in gastric cancer has shown that hTERT, a catalytic 

subunit of human telomerase, enhanced invasion and metastasis through the c-Myc-

mediated upregulation of HPSE (Tang et al., 2016).  

FGF is a key growth factor in the inhibition of cellular senescence and the promotion of 

cancer (Turner and Grose, 2010, Wang and Becker, 1997, Huang et al., 2017). FGF is 

found sequestered in the ECM by HS and as previously described, tumour-induced HPSE 

expression was shown to regulate HS biosynthesis and promote FGF activity, leading to 

enhanced tumour growth (Escobar Galvis et al., 2007). HS has also been shown to play 

a key role in FGF signalling by increasing the radius of diffusion of FGF (Flaumenhaft et 
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al., 1990). Furthermore, HS fine-tunes the FGFR signalling pathway through variable 

sulfation, thereby overcoming cellular senescence (Jung et al., 2016b).  

The interaction between cancer cells and the ECM is also key to maintaining immortality 

and overcoming growth-inhibitory signals. Integrins are a major cell-ECM adhesive 

molecule expressed by both healthy and cancerous cells, which enables cell-ECM 

communication (Seguin et al., 2015). CSCs, first described in acute myeloid leukaemia, 

are known to play a critical role in the initiation and the maintenance of tumours (Batlle 

and Clevers, 2017, Bonnet and Dick, 1997). Numerous studies have shown that integrins 

play a key role in the maintenance of CSCs (Seguin et al., 2015). Furthermore, HS was 

shown to promote cell-ECM adhesion by interacting with integrins (Soares et al., 2015). 

Integrin-mediated cellular adhesion via αVβ3 and α5β1 was shown to promote HPSE-

induced Akt phosphorylation and the induction of the pro-survival PI3K/Akt pathway (Riaz 

et al., 2013). This intricate relationship between HPSE, HS and integrins ensures 

continuous tumour growth. HPSE, therefore plays a limited but important role in enabling 

replicative immortality and this warrants further investigation. 

1.16 Inducing angiogenesis 

1.16.1 Angiogenesis 

Much like healthy tissues, tumours too require nutrients, oxygen and the removal of 

metabolic waste and carbon dioxide. This is achieved through tumour-associated 

neovasculature, the result of engaging an ‘angiogenic switch’, causing quiescent 

vasculature to sprout new vessels continuously (Hanahan and Folkman, 1996). In addition 

to sustaining growth of the primary tumour, angiogenesis promotes metastasis by 

providing a means of escape for metastatic cancer cells (Bielenberg and Zetter, 2015).  

A balance exists between pro and anti-angiogenic factors, which must be tipped in favour 

of tumour growth (Baeriswyl and Christofori, 2009). The concept of angiogenesis has been 

studied for centuries, since John Hunter coined the term in 1787 (Lenzi et al., 2016).  

At present, tumour angiogenesis and its regulation by the TME is a very well characterised 

hallmark of cancer (De Palma et al., 2017b).  

In 1939, Ide et al. reported that tumours implanted in vivo recruited their own capillaries, 

forming the basis for the notion that angiogenesis was a key process in tumour growth 

(Ide et al., 1939). The early 1970s were a turning point in angiogenesis research with the 

discovery that solid tumour growth beyond a few millimetres in diameter was dependent 

on angiogenesis and that tumour cells appeared to stimulate endothelial cell proliferation 

with angiogenic factors, which suggested a strong therapeutic potential (Folkman, 1971, 

Folkman, 1990). The discovery and the cloning of VEGF by Ferrera et al., the purification 
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of a tumour-derived angiogenic factor by Shing et al., the isolation of FGF independently 

by Böhlen et al. and Gospodarowicz et al. along with several other key discoveries of 

angiogenic factors made in the late 20th century, added further validity to Folkman’s 

findings (Ferrara and Henzel, 1989, Shing et al., 1985, Gospodarowicz et al., 1984, Ribatti 

et al., 2000). These discoveries culminated in the finding that the administration of 

angiostatin, an angiogenesis inhibitor, was capable of causing in vivo human tumour 

regression in mice (O'Reilly et al., 1996).  

However, in contrast to the traditional model of tumour angiogenesis, it is now known that 

some tumours can resort to ‘alternative vascularisation’ mechanisms by acquiring its 

vasculature from pre-existing vessels, with no endothelial cell sprouting (Döme et al., 

2007). Furthermore, tumour growth lacking morphological evidences of angiogenesis has 

been reported (Pezzella et al., 1997). These observations, along with several others 

contradicting Folkman’s early descriptions of angiogenesis, have raised intriguing 

questions on the validity of this hallmark (Dvorak, 2015). However, the pivotal role of 

angiogenesis in tumour growth and metastasis cannot be underestimated.  

1.16.2 HPSE and angiogenesis 

As previously mentioned, VEGF is a prominent HSBP (Ferrara and Henzel, 1989, Park et 

al., 1993). VEGF-A is the major pro-angiogenic VEGF family member, which constitutes 

the prime focus of this hallmark (Simons et al., 2016). A second HSBP and promoter of 

angiogenesis is FGF (Huang et al., 2017, Goetz and Mohammadi, 2013).  

Indeed, numerous studies have demonstrated that FGF is key in tumours developing 

resistance to VEGF inhibition and that combined anti-VEGF and anti-FGF treatments may 

benefit cancer patients compared to a single mode of therapy (Lieu et al., 2011).  

The enzymatic activity of HPSE has been shown to promote angiogenesis via activation 

of the VEGF and FGF signalling pathways through HS cleavage and the liberation of 

growth factors (Knelson et al., 2014). Numerous studies using pre-clinical disease models 

and patient tumour samples have demonstrated the key role of HPSE in activating the 

angiogenic switch and promoting this hallmark as highlighted below.  

A strong correlation between expression of HPSE mRNA and microvessel density was 

observed in tumour samples of endometrial cancer patients, which also correlated with 

highly aggressive tumours (Watanabe et al., 2003b). HPSE-overexpressing MCF-7 

human breast cancer cells showed increased angiogenesis in vivo and correlated with 

large tumour size (Cohen et al., 2006). Histological analysis of human colorectal cancers 

showed a positive correlation between HPSE expression and tumour angiogenesis (Sato 

et al., 2004). Endothelial cells exhibit an invasive phenotype at the onset of angiogenesis, 

as well as atherosclerosis and wound healing, which was shown to be mediated by HPSE 
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(Godder et al., 1991). HPSE expression in myeloma cells promotes syndecan-1 shedding, 

which promoted angiogenesis and endothelial invasion via the release of angiogenic 

factors (Purushothaman et al., 2010). Interestingly, Akt phosphorylation in endothelial cells 

was mediated by HPSE in a non-enzymatic manner which resulted in endothelial cell 

migration and invasion (Gingis-Velitski et al., 2004a). The small interfering ribonucleic acid 

(siRNA)-mediated silencing of HPSE expression resulted in the reduction of angiogenesis 

in an in vivo model of lymphoma, which prolonged survival (Edovitsky et al., 2004).  

A second study silencing HPSE expression in the MDA-MB-435 human breast cancer cell 

line demonstrated a similar effect on angiogenesis (Zhang et al., 2007). The combined 

effects of HPSE and cyclooxygenase-2 (COX-2) in promoting tumour angiogenesis was 

demonstrated in human oesophageal cancer patients, with an increased HPSE 

expression leading to poor survival (Okawa et al., 2005). In addition to liberating HS-bound 

VEGF, HPSE was shown to induce the expression of VEGF in correlation with p38 

phosphorylation and Src activation, which promoted angiogenesis in vivo in an MDA-MB-

435 xenograft model (Zetser et al., 2006). This suggests that the expression of HPSE 

correlates with VEGF gene regulation.  

Several other studies have demonstrated that the inhibition of HPSE leads to the inhibition 

of angiogenesis, enhancing survival. Treatment with PI-88, a potent small molecule 

inhibitor of HPSE, inhibited angiogenesis in vitro and in vivo in a model of rat 

adenocarcinoma, resulting in impaired tumour growth (Parish et al., 1999). The PG500 

series of HS mimetics were developed as potential HPSE inhibitors for clinical use (Dredge 

et al., 2010). The lead drug candidate, PG545 was shown to bind VEGF and FGF and 

effectively reduce angiogenesis in vitro and affect in vivo tumour development.  

Further pre-clinical studies with PG545 demonstrated its anti-angiogenic effects in vivo, 

resulting in increased survival (Hammond et al., 2012, Dredge et al., 2011). In addition, a 

low molecular weight heparin derivative was also shown to inhibit tumour angiogenesis in 

vivo, as well as λ-carrageenan, a HS-mimetic (Debergh et al., 2010, Poupard et al., 

2017a). The use of HPSE inhibitors in the clinic will be discussed later in this chapter. 

1.16.3 HPSE and immune cell-driven angiogenesis 

The infiltration of solid tumours by immune cells is a well characterised phenomenon and 

has been extensively reviewed (Barnes and Amir, 2017b). Infiltrating immune cells could 

at times be detrimental to the tumour, but in many cases can promote its development. 

Numerous studies have revealed the pro-angiogenic effects of tumour-associated immune 

cells such as macrophages, neutrophils, myeloid-derived suppressor cells (MDSCs), mast 

cells, etc. (Bingle et al., 2006, Bruno et al., 2014, Chen et al., 2011, Qian and Pollard, 

2010). The expression of HPSE and its role in activating and regulating the function of a 
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number of immune cell populations has been demonstrated (Gutter-Kapon et al., 2016, 

Naparstek et al., 1984, Matzner et al., 1985, Fridman et al., 1987, Vlodavsky et al., 1992, 

Putz et al., 2017). This raises the possibility that tumour-associated immune cells may 

enhance angiogenesis by virtue of their HPSE expression capacity and HPSE-mediated 

activation.  

1.16.4 HPSE and hypoxia 

Tumours rely on pre-existing vasculature and neovasculature for oxygen supply.  

However, due to the rapid and disorganised growth of solid tumours, the tumour generally 

outgrows its vasculature, resulting in hypoxia, seen mainly in its core (Goldmann, 1908). 

The chaotic architecture and leakiness of the tumour vasculature further contribute to 

hypoxia and is a well-characterised phenomenon in solid tumours (Baish and Jain, 2000, 

Hashizume et al., 2000). Of additional interest is the observation that abnormal solid 

tumour vasculature not only leads to hypoxia, but also contribute to metastasis (Cooke et 

al., 2012, Li et al., 2016c). Solid tumours exhibit a widely heterogeneous hypoxia pattern, 

with regions of variable oxygenation as well as pH levels (Helmlinger et al., 1997).  

The phenomenon of tumour hypoxia, the various adaptations by solid tumours to 

overcome oxygen starvation and the implications of hypoxia to patient survival are well- 

characterised (Eales et al., 2016, Wigerup et al., 2016). Cells respond to hypoxia by 

expressing hypoxia-inducible factors (HIFs), which promote survival (Semenza, 2012, 

Semenza et al., 1997). On this account, HIFs have generated much interest as cancer 

therapeutic targets (Semenza, 2012, Rey et al., 2017, Semenza, 2003, Semenza, 2010).  

The relationship between HPSE and hypoxia is not only limited to cancer.  

Hypoxic conditions in postnatal development were shown to upregulate HPSE in the rat 

brain, resulting in hypoxia-induced neovascularisation (Navarro et al., 2008). HPSE has 

also been shown to be highly expressed as an adaptive mechanism in the Spalax mole 

rat, which is exposed to hypoxic stress in its underground habitat (Nasser et al., 2005).  

In a disease model of retinopathy of prematurity, HPSE was shown to be upregulated in 

response to hypoxia, leading to disease-promoting neovascularisation (Hu et al., 2012). 

Cancer cells exposed to hypoxic conditions were shown to upregulate HPSE expression 

in an NFκB-dependent manner (Wu et al., 2010b). COX-2 was shown to be a key 

component in HPSE-mediated HIF-1α expression, leading to increased tumour 

angiogenesis (Naomoto et al., 2007). Hypoxia was further shown to not only promote 

angiogenesis, but also to promote invasion in a HPSE-dependent manner (He et al., 

2004b). HPSE was also shown to play a role in radiation resistance by upregulating the 

HIF-1 pathway with correlated upregulation of VEGF and FGF (Li et al., 2017a). 
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1.16.5 HPSE and lymphangiogenesis 

Angiogenesis is a key hallmark in tumour progression; however, lymphangiogenesis also 

plays an important role. The lymphatic system was originally thought to play a passive role 

in metastasis. At present, lymphangiogenesis and the dynamic role of tumour-associated 

lymphatic vessels in the tumour environment and in the metastatic cascade is well- 

demonstrated (Stacker et al., 2014). Lymphangiogenic factors such as FGF-2, VEGF-C 

and VEGF-D enhance metastatic spread of tumours and have generated much clinical 

interest (Stacker et al., 2001, Skobe et al., 2001, Cao et al., 2012). The binding of FGF to 

HS has been discussed previously in this chapter. The heparin and HS-binding properties 

of VEGF-C and VEGF-D have been demonstrated, suggesting that the enzymatic activity 

of HPSE in the TME facilitates their release and subsequent activity (Yin et al., 2011, 

Harris et al., 2013).  

The relationship between HPSE expression, lymphangiogenesis and overall tumour grade 

has been demonstrated in a number of studies. In a pre-clinical model of inflammation in 

rats, HPSE expression by neutrophils was shown to drive lymphangiogenesis via the 

enhanced bioavailability of VEGF-A (Tan et al., 2013). Furthermore, in clinical studies of 

lung, pancreatic and head and neck cancer patients, HPSE expression upregulated 

VEGF-C signalling and was shown to promote invasion (Hunter et al., 2013, Cohen-

Kaplan et al., 2008b, Zhang et al., 2009). A relationship between COX-2 and 

lymphangiogenesis has also been demonstrated in a study of breast cancer patients, 

whereby COX-2 expression correlated with that of VEGF-C, promoting lymph node 

metastasis (Zhang et al., 2008). In a later study of cervical cancer patients, this relationship 

was more closely examined and it was demonstrated that HPSE promoted the expression 

of COX-2, leading to VEGF-C signalling (Zeng et al., 2014). 
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1.17 Activating invasion and metastasis 

Undoubtedly, the most formidable hallmark of a cancer is its ability to activate invasion 

and metastasis, which is responsible for the majority of cancer deaths (Steeg, 2016). 

Owing to its clinical significance, this important hallmark has been studied in much detail. 

Metastasis is an extremely complex, multi-step, non-random process resulting in the 

dissemination of cancer cells from its origin to distant secondary sites (Lambert et al., 

2017). Initially considered a late event in tumour progression, it is now evident that 

invasion and metastasis can occur relatively early (Linde et al., 2018). The ‘seed and soil 

hypothesis’ proposed by Stephen Paget provided an early insight into metastasis (Paget, 

1889). This revealed a distinct relationship between metastatic tumour cells (seeds) and 

the metastatic microenvironment (soil) and described metastasis as a targeted process. 

Current treatment options face numerous challenges when targeting metastatic disease, 

which poses a major clinical challenge (Ratajczak et al., 2013). 

For the purpose of this review, the metastasis of epithelial carcinomas will be considered. 

Cancer cells disseminate from the primary tumour by gaining invasive capabilities. This is 

made possible by the adoption of mesenchymal features, in a process known as 

‘epithelial-mesenchymal transition (EMT)’ (Hay, 1995). This is driven by key transcription 

factors such as Snail, Slug, Zeb1 and Twist, leading to cytoskeletal reorganisation, loss of 

cell-cell junctions, loss of apical-basal polarity with the gain of a front-rear polarity, changes 

in cell shape and gene expression and acquiring the ability to degrade ECM components 

(Lamouille et al., 2014). Recent data suggest a ‘partial-EMT’ phenotype in metastatic cells, 

rather than a fully mesenchymal state which may enhance metastatic colonisation 

(George et al., 2017, Jolly et al., 2015). Several studies have shown that HPSE is able to 

induce EMT in disease settings such as myeloma and renal injury (Li et al., 2016a, Masola 

et al., 2016). Additionally, the inhibition of HPSE has been shown to block mesenchymal 

features both in vitro and in vivo (Li et al., 2016a). Furthermore, the sulodexide-mediated 

inhibition of HPSE controls EMT-driven tubular fibrosis in a diabetic nephropathy setting 

(Masola et al., 2012b). A key regulator of EMT is FGF, which is also a HSBP, whose 

signalling pathway is activated by HPSE, leading to the promotion of EMT (Strutz et al., 

2002, Escobar Galvis et al., 2007). Of note is that the interplay between HPSE and 

syndecan-1 can induce EMT in renal tubular cells (Masola et al., 2012a). TGF-β is also a 

potent regulator of EMT, shown to promote renal fibrosis and cancer (Yang and Liu, 2001, 

Pang et al., 2015). HPSE is a demonstrated key player in TGF-β-mediated EMT, further 

solidifying its role in promoting this vital metastatic phenotype (Masola et al., 2014b).  
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Tumour cell invasion of the surrounding tissue generally occurs via ‘collective-cell 

migration’ involving a cluster of cells maintaining cell-cell adhesion but can also occur as 

individual cells or as a strand of single cells in ‘multicellular streaming’ (Friedl et al., 2012). 

A key rate-limiting step in the multi-step metastatic cascade is the migration of tumour 

cells through the ECM, which acts as a physical barrier. Indeed, the degradation of HS 

has been shown to be a key component in tumour cell invasion (Vlodavsky et al., 1992). 

A number of proteases such as members of matrix metalloproteinase (MMP), serine, 

aspartic and cysteine protease families are key in invasion-promoting ECM disassembly 

and their role in cancer promotion has been known for decades (Duffy, 1992, Duffy, 1996, 

Ludwig, 2005). The collective expression of ECM-degrading proteases and HPSE at the 

invasive tumour front enables invading cells to effectively navigate through the ECM (Bar-

Ner et al., 1986, Bar-Ner et al., 1985). Furthermore, the ability of HPSE to stimulate the 

expression of MMP-9 through extracellular signal-regulated kinase-phosphorylation in a 

myeloma setting demonstrated its regulatory role in promoting invasion (Purushothaman 

et al., 2008). A number of clinical studies have demonstrated that the expression of HPSE 

at the tumour invasion front leads to poor patient prognosis, indicating a key role of HPSE 

in overcoming this initial rate-limiting step of the metastatic cascade (Takaoka et al., 2003, 

Gonzalez-Alva et al., 2010b, Ohkawa et al., 2004b, Beckhove et al., 2005). As mentioned 

in the previous section, tumours often experience hypoxic conditions. Recent studies have 

demonstrated that tumour hypoxia promotes invasion of tumour cells via a number of 

mechanisms such as macrophage-driven signalling, acquisition of EMT features, 

increasing lysyl oxidase expression, enhanced Notch and MAPK activation and the 

activation of the met proto-oncogene (Pennacchietti et al., 2003, Asnaghi et al., 2014, 

Azab et al., 2012, Huber et al., 2016, Kirschmann et al., 2002, Erler and Giaccia, 2006).  

The expression of HPSE is not only confined to tumour cells, but to other cell types in the 

TME as well. In an in vivo model of lymphoma, the TME was shown to contribute to HPSE 

activity of tumour xenografts, suggesting that host cells in the TME played an active role 

in HPSE expression of the primary tumour (Weissmann et al., 2016). Neutralisation of 

HPSE activity of the TME affected primary tumour growth, indicating a bi-directional 

relationship between the tumour and the host with regards to HPSE expression. 

Furthermore, as previously mentioned, tumour-associated immune cells have been shown 

to express HPSE (Gutter-Kapon et al., 2016, Naparstek et al., 1984, Matzner et al., 1985, 

Fridman et al., 1987, Vlodavsky et al., 1992, Putz et al., 2017). It can be speculated 

therefore, that HPSE contributed by the host-derived cells of the TME plays a critical role 

in the initial invasive stage of metastasis. This will be discussed in greater detail in section 

1.23.  
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Invading tumour cells intravasate into the circulatory system either directly (hematogenous 

intravasation) or via the lymphatic network (lymphatic intravasation), becoming circulating 

tumour cells (CTCs) (Wong and Hynes, 2006). Hematogenous intravasation involves the 

binding of tumour cells to endothelial cells of blood vessels which then pass through cell 

junctions to enter the circulation. This can be either an active or a passive process, 

depending on the nature and the level of tumour-associated vasculature. Lymphatic 

intravasation results in the invading tumour cells eventually entering the circulation 

through the major thoracic duct (Chiang et al., 2016). Contrary to the widely-accepted 

model of metastasis, however, intra-tumoural intravasation can occur independently of 

stromal invasion, bypassing a crucial step of the metastatic cascade (Deryugina and 

Kiosses, 2017). The process of intravasation is of significant interest as a rate-limiting step 

of the metastatic cascade. Invasion through the ECM and in particular, the BM, a more 

complex form of the ECM, are critical in intravasation with tumour cells employing various 

strategies to overcome these physical barriers (Chiang et al., 2016, Kelley et al., 2014).  

The role of proteases, in particular MMPs, in tumour invasion and intravasation has been 

demonstrated (Kim et al., 1998, Quigley and Armstrong, 1998). HPSE, with its 

aforementioned roles in stimulating angiogenesis and lymphangiogenesis, therefore 

actively participating in creating a vessel network for metastatic tumour cells and in 

degrading the ECM and BM, facilitating invasion followed by intravasation, is a key player 

in this step of the metastatic cascade.  

CTCs are valuable prognostic markers, which have garnered clinical interest (Bidard et 

al., 2014, Krebs et al., 2014). Once in circulation, CTCs face numerous challenges such 

as oxidative stress, shear force and immune destruction, resulting in approximately 0.01% 

of CTCs capable of forming metastases (Krebs et al., 2010). To overcome some of these 

challenges, CTCs are coated with platelets, mediated by TF expressed on the CTC 

surface (Jiang et al., 2017). Platelets ‘cloak’ CTCs and form a physical barrier, which 

protects against shear force and masks CTCs against immune detection. The secretion of 

PDGF and TGF-β by platelets inhibit NK cell activity and sustain EMT pathways in CTCs 

(Kopp et al., 2009, Labelle et al., 2011, Palumbo et al., 2005). CTCs can also interact with 

neutrophils which promote tumour cell survival and extravasation (Spiegel et al., 2016). 

Neutrophils impart immunosuppressive functions by suppressing NK cell activity, as well 

as secrete MMPs, that enhance extravasation. The formation of neutrophil extracellular 

DNA traps designed to immobilise pathogens, trap and collect CTCs, promoting 

intraluminal survival (Park et al., 2016). The therapeutic potential of targeting of adhesion 

molecules that maintain CTC clusters has been addressed to prevent metastatic 

colonisation (Li and King, 2012). In addition to its enzymatic means of promoting aspects 

of the metastatic cascade, HPSE has been shown to promote cellular adhesion by non-
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enzymatic means, with significant implications in CTC cluster formation (Goldshmidt et al., 

2003). HPSE in platelets has been shown to enhance their adhesive capacity, promoting 

thrombogenicity, which in turn supports CTC clusters (Cui et al., 2016).  The expression 

of HPSE in CTCs induces focal adhesion kinase (FAK) and intercellular adhesion 

molecule-1 (ICAM-1)-mediated adhesion and enhanced metastasis in human breast 

cancer cells and was also shown to affect the adhesive properties of human glioma cells 

(Wei et al., 2018a, Zetser et al., 2003). The brain-metastatic potential of breast cancer 

CTCs isolated from patients was shown to be related to HPSE expression, a key 

component of the ‘metastatic signature’ of these cells (Zhang et al., 2013a). This HPSE-

mediated adhesiveness not only promotes CTC survival en route to distant metastatic 

sites, but also promotes extravasation and the eventual formation of the pre-metastatic 

niche, as will be discussed further.  

Extravasation occurs with CTCs breaching the capillary wall at a distant site to form 

metastatic colonies, which concludes the ‘metastatic cascade’ (Massague and Obenauf, 

2016). Despite extensive studies, the organ-specific nature of metastasis remains poorly 

defined. In contrast to Paget’s seed and soil hypothesis, Ewing suggested metastatic 

colonisation to be based solely on the dynamics of circulation (Ewing, 1928).  

However, sufficient evidence now supports metastasis as an organ-specific event (Fidler 

and Nicolson, 1976). Metastatic cells undergo trans-endothelial migration (TEM) at the 

extravasation site by the secretion of proteins that aid in disrupting vascular integrity, such 

as angiopoietin-like-4 (ANGPTL4), VEGF and MMPs (Reymond et al., 2013). HPSE too, 

plays a key role in this process. As previously mentioned, the ability of HPSE to mediate 

cellular adhesion would aid in the attachment of CTCs to endothelial cells at the sites of 

extravasation (Lever et al., 2014, Goldshmidt et al., 2003). The sub-endothelial ECM 

degradation by HPSE has been shown to promote extravasation of immune cells such as 

mast cells, macrophages, neutrophils and CAR-T cells as well as tumour cells (Vlodavsky 

et al., 1992, Bashkin et al., 1990, Komatsu et al., 2008a, Parish et al., 1998, Sasaki et al., 

2004).  

CTC-associated platelets secrete nucleotides, which together with tumour cell-secreted 

chemokine (C-C motif) ligand-2 (CCL2) activate endothelial cells, rendering capillary walls 

permeable and promoting TEM (Schumacher et al., 2013, Wolf et al., 2012).   

CCL2 recruits inflammatory monocytes which may differentiate into metastasis-associated 

macrophages and promote metastatic seeding (Qian et al., 2011). As previously 

mentioned, HPSE has been shown to promote the activity of TAMs, which may also aid 

metastatic seeding (Gutter-Kapon et al., 2016). Contrary to the traditional metastatic 

cascade model, metastatic outgrowths can sometimes occur intraluminally, without the 
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need for extravasation (Al-Mehdi et al., 2000). Furthermore, a mechanism whereby tumour 

cells induce programmed necrosis (necroptosis) in endothelial cells to promote 

extravasation has been recently described (Strilic et al., 2016).  

The malignant progression of a tumour concludes with metastatic colonisation.  

This depends on the receptive tissue microenvironment which can be prepared by the 

primary tumour, forming the ‘pre-metastatic niche (PMN)’ (Kaplan et al., 2005). The key 

contributing factors to PMN formation are tumour-secreted components, the local stromal 

microenvironment and tumour-mobilised bone marrow derived cells (Liu and Cao, 2016). 

Furthermore, infection, effects of surgery and ageing can also promote PMN formation. 

This creates a microenvironment that is receptive for colonisation by CTCs with 

characteristic features of immunosuppression, inflammation, angiogenesis, 

organotropism, lymphangiogenesis and reprogramming (Peinado et al., 2017).  

Tumour-derived exosomes have been implicated in intracellular communication in the 

TME as well as the pre-metastatic niche formation in a number of cancer settings (Costa-

Silva et al., 2015, Peinado et al., 2012, Maia et al., 2018). Studies have shown that HPSE 

activates the syndecan-syntenin-ALIX exosome pathway and that it is a key regulator of 

tumour-derived exosomes (Roucourt et al., 2015, David and Zimmermann, 2016b, 

Thompson et al., 2013). Interestingly, in a study of myeloma, it was demonstrated that 

chemotherapy stimulated the release of exosomes containing high HPSE levels that 

promoted cancer progression, indicating a role of HPSE in mediating resistance to cancer 

therapy (Bandari et al., 2018). The formation of the pre-metastatic niche involves 

significant remodelling of the existing ECM, to which HPSE carried by tumour derived 

exosomes and produced by metastatic cells would make an important contribution 

(Gomes et al., 2013). 

Metastatic outgrowths are highly reliant on the stromal microenvironment, similar to 

primary tumours (Hanahan and Coussens, 2012). Recently-arrived tumour cells may 

undergo dormancy, either failing to encounter a supportive stroma or experiencing 

suppressive cues (Sosa et al., 2014, Sosa et al., 2011). Dormant tumour cells reside in 

specialised niches and may acquire stem cell traits, which are a prerequisite for eventual 

colonisation (Plaks et al., 2015). These metastatic stem cells will initiate colonisation 

following a latent period, based upon the activation of signalling pathways, the tumour-

initiating ability of metastatic cells and the presence of a supportive stromal 

microenvironment (Aguirre-Ghiso et al., 2004, Oskarsson et al., 2014, Lambert et al., 

2017). The role of HPSE in the active modulation of the ECM of distant metastatic sites in 

order to create a supportive microenvironment is vital in colonisation, as discussed in 

numerous previously-mentioned studies where tumours overexpressing HPSE showed 
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enhanced metastasis. HPSE, through both enzymatic and non-enzymatic functions, is a 

key regulator of each step of the metastatic cascade. 

Following the well-received definition of the six hallmarks of cancer in 2000, two enabling 

characteristics, namely ‘genome instability and mutation’ and ‘tumour-promoting 

inflammation’ as well as two emerging hallmarks of ‘reprogramming energy metabolism’ 

and ‘evading immune destruction’ were described (Hanahan and Weinberg, 2000, 

Hanahan and Weinberg, 2011). The contribution of HPSE to these emerging hallmarks of 

cancer will now be discussed. 

1.18 Genome instability and mutation: an enabling characteristic 

Genomic instability is an inherent cause of most cancers (Hanahan and Weinberg, 2011). 

The TP53 gene plays a major role as the ‘guardian of the genome’ and its mutations are 

found in a majority of human malignancies (Lane, 1992). As described previously, mutant 

p53 is a potent mediator of HPSE expression (Baraz et al., 2006). The existence of 

multiple ‘caretaker’ and ‘guardian’ systems that maintain genomic stability have been 

described, with their defects promoting tumour development (Roth and Gellert, 2000, 

Kinzler and Vogelstein, 1997). An aberrant ECM has also been shown to promote genomic 

instability and compromise these tumour-preventative pathways.  

The expression of MMPs correlates with malignant progression of nearly every cancer 

type. It is now evident that the role of MMPs in cancer is quite complex and not only limited 

to ECM remodelling but also extends to causing tumour-initiating genetic alterations 

(Radisky and Bissell, 2006, Xie et al., 2017). For instance, the stromal expression of 

stromelysin-1 was shown to promote malignant changes in transgenic mouse mammary 

glands in conjunction with the upregulation of MMP-3 (Sternlicht et al., 1999). MMP-3 was 

shown to induce the expression of Ras-related C3 botulinum toxin substrate-1, causing 

the increasing in reactive oxygen species (ROS), which in turn stimulated the Snail 

transcription factor expression, promoted EMT, caused oxidative DNA damage and led to 

genomic instability and malignant transformation of mouse mammary epithelial cells 

(Radisky et al., 2005). A similar ROS-induced tumorigenic function was suggested for 

MMP-9 in a mouse intestinal cancer model (Sinnamon et al., 2008). The overexpression 

of membrane type-1 MMP was shown to promote chromosomal instability, conferring 

tumorigenicity on normal cells (Golubkov et al., 2005, Golubkov et al., 2006).  

The expression of HPSE has been demonstrated to directly correlate with that of MMPs 

and indeed was shown to directly stimulate MMP-9 expression (Tang et al., 2014a, Chen 

et al., 2012, Purushothaman et al., 2008). By being a master regulator of MMPs, HPSE 

may play an indirect but critical role in achieving genomic instability through aberrant MMP 

expression.  
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As previously mentioned, HPSE bypasses the tumour-suppressive roles of several genes, 

such as PTEN, STAT3 and TGF-β (Riaz et al., 2013, Cohen-Kaplan et al., 2012, Masola 

et al., 2014a). Although this does not translate to HPSE directly compromising genome 

integrity, it can be argued that bypassing crucial protective roles of such genes amounts 

to an indirect promotion of genetic instability. HPSE has been shown to localise to the 

nucleus, where it affects gene expression (Schubert et al., 2004b). This is thought to occur 

by passive transport, where HPSE affects gene expression through nuclear-HS cleavage 

and the release of proteins such as FGF and topoisomerase-1 (Kobayashi et al., 2006). 

Translocation of HPSE to the nucleus has been shown to promote differentiation in human 

and mouse cancer cell lines (Nobuhisa et al., 2005b, Nobuhisa et al., 2007). In a study of 

oesophageal squamous cell carcinoma patients, nuclear HPSE was shown to promote 

differentiation, but not proliferation (Ohkawa et al., 2004b). However, in a study of head 

and neck squamous cell carcinoma patients, the nuclear localisation of HPSE was shown 

to indicate a favourable clinical outcome, in contrast to cytoplasmic localisation (Doweck 

et al., 2006).   

1.19 Tumour-promoting inflammation: an enabling characteristic  

The phenomenon of tumour-infiltrating immune cells was briefly discussed earlier. Virchow 

first noticed leukocyte infiltrates within tumours and described a link between inflammation 

and tumour growth (Virchow, 1881). This is now a well-characterised phenomenon, with 

cancer-promoting inflammation described as the ‘fuel that feeds the flames’, emphasising 

its critical role (Balkwill and Mantovani, 2001, Crusz and Balkwill, 2015). A variety of 

immune cells have been shown to be intimately involved with the TME, promoting tumour 

progression (Barnes and Amir, 2017b, Qian and Pollard, 2010, Qian et al., 2011, Gajewski 

et al., 2013). On account of the similarities between the tumour stroma and the 

inflammatory conditions in wounds, tumours have been described as ‘wounds that do not 

heal’ (Dvorak, 1986). Additionally, infections have been suggested to be responsible for 

over 15% of malignancies, with inflammation playing a major role in infection-mediated 

cancer development (Elinav et al., 2013, Kuper et al., 2000). Although some infiltrating 

immune cells function in eliminating tumours, certain others promote tumour growth, 

resulting in a poor clinical outcome. This will be discussed in detail throughout this section. 

1.19.1 HS/HPSE mediated immune cell migration and activation 

Leukocyte migration into tissues is a well-characterised, multi-step process, which is aided 

by HS and HPSE (Nourshargh and Alon, 2014, Farrugia et al., 2018, Parish, 2006). 

Leukocytes first establish adhesive interactions with endothelial cells, leading to arrest, 

adhesion strengthening, crawling and the migration of cells through the vessel wall and 

into sites of inflammation. This process is significantly affected by the availability of 
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chemokines and the establishment of a chemokine gradient (Sokol and Luster, 2015, 

Lopez-Cotarelo et al., 2017). HS has also been shown to mediate cellular adhesion via 

cell-surface molecules such as integrin and selectin, in both physiological and pathological 

conditions (Cole et al., 1986, Lim et al., 2015, Ma and Geng, 2000, Stanley et al., 1995). 

The adhesion of leukocytes to the endothelial wall is thus facilitated by HS, leading to cell 

arrest and the initiation of infiltration (Koenig et al., 1998, Giuffrè et al., 1997). A number 

of pro-inflammatory chemokines bind to HS, whose activity is thus regulated (Lortat-Jacob 

et al., 2002, Knelson et al., 2014). HS-mediated chemokine presentation plays a critical 

role in leukocyte recruitment, as demonstrated in an inducible mouse model deficient for 

exostoses-1, a key mediator of HS synthesis  (Bao et al., 2010). The enzymatic activity of 

HPSE enhances the liberation of HS-bound chemokines, facilitating the formation of a 

chemokine gradient and stimulating the recruitment of leukocytes (Zhang et al., 2014b). 

HPSE-cleaved HS fragments were capable of stimulating the release of pro-inflammatory 

cytokines such as IL-1β, IL-6, IL-8, IL-10 and TNF through the toll-like receptor (TLR)-4 

pathway in human peripheral blood mononuclear cells and the release of IL-6, monocyte 

chemoattractant protein-1 and TNF in mouse splenocytes (Goodall et al., 2014). 

Fragmented HS has also been shown to activate DCs through TLR-4 stimulation, 

mediating an inflammatory response (Johnson et al., 2002).  

The activity of HPSE in promoting the migration of leukocytes was described even prior to 

the cloning of the enzyme (Naparstek et al., 1984, Vlodavsky et al., 1992, Matzner et al., 

1985). This observation, coupled with that of HPSE-inhibiting substances such as heparin 

and HS-mimetics being capable of eliciting anti-inflammatory effects, further verified the 

role of HPSE in a variety of inflammatory disorders (Khamaysi et al., 2017a, Parish et al., 

1998, Hershkoviz et al., 1995, Morris et al., 2015). HPSE has been shown to affect several 

types of innate immune cells such as neutrophils, macrophages, DCs and mast cells that 

mediate both acute and chronic inflammatory responses (Benhamron et al., 2012, Poon 

et al., 2014, Schmidt et al., 2012, Wang et al., 2011, Secchi et al., 2017a, Lerner et al., 

2011). 

Although it was long-assumed that immune cells were the sole source of HPSE in 

inflammatory settings, numerous studies have demonstrated that epithelial cells also 

contribute to HPSE activity in conditions such as delayed-type hypersensitivity, ulcerative 

colitis, Crohn’s disease and acute lung injury following sepsis (Schmidt et al., 2012, 

Waterman et al., 2007, Lerner et al., 2011, Edovitsky et al., 2006). In such conditions, 

HPSE was shown to be released upon the presence of inflammatory cytokines (Edovitsky 

et al., 2006, Lerner et al., 2011, Schmidt et al., 2012). Furthermore, the nuclear localisation 

of HPSE was shown to induce endothelial cell gene expression and promote inflammation 
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(Wang et al., 2012a). Nuclear HPSE was also shown to modify histone methylation 

patterns and promote an inflammatory T-cell phenotype (He et al., 2012).  

1.19.2 HPSE in acute and chronic inflammation 

HPSE has been implicated in acute inflammation. Neutrophils are the major mediators of 

acute inflammation and related tissue injury (Weiss, 1989). In contrast to this traditional 

view, recent studies have shed light on the role of neutrophils in mediating chronic 

inflammation as well (Soehnlein et al., 2017). Cerulein-induced expression of HPSE 

expression has been shown to increase pancreatic cytokine (TNF-α, IL-6, etc) and 

signalling molecules (i.e. phospho-STAT3) activity, along with enhanced pancreas 

oedema and inflammation marked by neutrophil infiltration, which ultimately led to acute 

pancreatitis (Khamaysi et al., 2017a). In addition, the sepsis-induced upregulation of 

HPSE within the pulmonary microvasculature leads to degradation of the endothelial 

glycocalyx, forming a HS-mediated chemotactic gradient, which recruits neutrophils and 

promotes lung tissue injury (Schmidt et al., 2012).  

HPSE plays a role in chronic inflammation as well. HPSE expression was observed in the 

colon of irritable bowel syndrome patients during both acute and chronic disease phases 

(Lerner et al., 2011, Waterman et al., 2007). Interestingly, the colonic epithelial cells were 

shown to be a major contributor of HPSE activity (Waterman et al., 2007). These interacted 

with macrophages in a HPSE-mediated manner to maintain a chronic inflammatory 

condition, which aided the formation of a tumour-promoting microenvironment with NF-κB 

signalling and induction of STAT3 expression (Lerner et al., 2011). HPSE was shown to 

generate a vicious cycle which promoted colitis and eventual colon cancer development 

by stimulating macrophages, which induced the production and activation of epithelial-

HPSE via TNF-α and cathepsin-L. In a mouse model of allergic pulmonary cell recruitment, 

the lack of HPSE expression was shown to reduce eosinophil recruitment with no effect 

on neutrophils, resulting in a reduced allergen-induced bronchial hyper-responsiveness 

(Morris et al., 2015). The same study demonstrated that lung specimens of patients with 

varying severity of chronic obstructive pulmonary disease showed an increase in HPSE 

expression. HPSE expression was also shown to promote macrophage activation, leading 

to TNF-α production in macrophages as well as in renal tissue and to enhance chronic 

inflammation associated with diabetic nephropathy (Goldberg et al., 2014). In an 

interesting contrast, however, overexpression of HPSE was shown to lead to aberrant 

neutrophil recruitment due to the HS-mediated chemokine gradient being disrupted on 

account of the enzymatic activity of HPSE (Massena et al., 2010). 
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1.19.3 HPSE in cancer-promoting inflammation  

Well-characterised cases of inflammation-driven cancers include chronic gastritis 

developing to intestinal-type gastric carcinoma, progression of chronic hepatitis-C to 

hepatocellular carcinoma (HCC), pancreatitis advancing to pancreatic adenocarcinoma, 

progression of Barrett’s oesophagus to adenocarcinoma and progression of colitis to 

colorectal cancer (Fitzgerald et al., 2002, Gupta et al., 2007, Guerra et al., 2011, Lowenfels 

et al., 1993, Chiba et al., 2012, Picardo et al., 2012). Interestingly, HPSE has been strongly 

implicated in the malignancy of each of these conditions. HPSE expression was shown to 

be activated in the early stages of initiation and progression of Barrett’s oesophagus to 

oesophageal carcinoma (Brun et al., 2009). The progression from normal to Barrett’s 

epithelium and then onwards to low and high-grade carcinoma and finally, 

adenocarcinoma, was associated with the gradual increase in HPSE activity. Patients with 

hepatitis-C-related HCC showed a higher level of HPSE expression, which correlated with 

tumour angiogenesis and invasion (El-Assal et al., 2001). In a clinical study, patient 

samples of chronic pancreatitis showed a high expression of HPSE, which increased 

further in cases of pancreatic cancer, with pancreatic cancer patients with high HPSE 

levels exhibiting poor post-operative survival (Koliopanos et al., 2001).  

Mice overexpressing HPSE showed accelerated progression of colitis to colonic tumours, 

with activated macrophages shown to induce HPSE expression in the colonic epithelial 

cells, promoting inflammation and cancer progression (Lerner et al., 2011). These findings 

thus suggest a strong correlation between HPSE expression, inflammation and cancer 

progression. 

A large proportion of tumour-infiltrating immune cells are TAMs, which are key promoters 

of inflammation and contribute strongly to cancer progression (Aras and Zaidi, 2017, Noy 

and Pollard, 2014). Activated macrophages have been shown to express HPSE, aiding in 

ECM degradation (Savion et al., 1987). In the aforementioned study of colon cancer, a 

cyclic relationship between HPSE and macrophage activation was reported (Lerner et al., 

2011). Colonic epithelial cells expressing HPSE and mucosal macrophages interacted to 

maintain a chronic inflammatory condition, which aided the formation of a tumour-

promoting microenvironment with NF-κB signalling and induction of STAT3 expression. 

HPSE was shown to generate a vicious cycle which promoted colitis and eventual colon 

cancer development by stimulating macrophages, which induced the production and 

activation of epithelial-HPSE via TNF-α and cathepsin-L. Recently, HPSE was shown to 

be pivotal in the activation and function of macrophages in the TME (Gutter-Kapon et al., 

2016). Using a genetic approach, mice lacking HPSE were shown to possess 

macrophages that expressed lower levels of cytokines such as TNF-α, IL-1β, IL-6 and  

IL-10. Macrophages lacking HPSE activity further showed impaired phagocytic activity and 
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reduced infiltrative capacity. Furthermore, these macrophages showed a significantly 

reduced expression of chemokine (C-X-C motif) ligand-2, which functions in attracting 

macrophages to sites of inflammation.   

1.20 Reprogramming energy metabolism: an emerging hallmark 

Cancer cells require novel metabolic means to fuel growth, which differs significantly from 

that of normal cells (Hanahan and Weinberg, 2011). Aberrant cancer-associated 

metabolism was a phenomenon first reported by Warburg (Warburg et al., 1927, Warburg, 

1956b, Warburg, 1956a). Normal cells, under aerobic conditions, process glucose to 

pyruvate through glycolysis in the cytosol and then to carbon dioxide in the mitochondria. 

Under anaerobic conditions, cells switch to glycolysis. However, cancer cells reprogram 

their glucose metabolism by limiting energy metabolism mainly to glycolysis, with 

increased glucose uptake and the production of lactate; a phenomenon referred to as the 

‘Warburg effect’ (Liberti and Locasale, 2016, Racker, 1972). The Warburg effect describes 

‘aerobic glycolysis’, in which cancer cells preferentially employ a glycolytic energy 

metabolism pathway, even under aerobic conditions. Genetic studies suggested that the 

Warburg effect was indeed required for tumour growth, following decades of debate (Shim 

et al., 1998, Fantin et al., 2006). Today, cancer-associated metabolic changes can be 

categorised into six hallmarks as (i) deregulated glucose and amino acid uptake, (ii) using 

opportunistic nutrient acquisition methods, (iii) use of glycolysis/TCA cycle intermediates 

for biosynthesis and NADPH production, (iv) increased nitrogen demand, (v) altered 

metabolite-driven gene regulation and (vi) metabolic interactions with the TME (Pavlova 

and Thompson, 2016).  

There is no reported evidence in the literature for HPSE directly promoting the Warburg 

effect and modulating glucose metabolism in cancer. However, HPSE expression has 

been shown to affect glucose metabolism in several other settings. The inhibition of HPSE 

in the apolipoprotein-E deficient mouse model of atherosclerosis resulted in a marked 

reduction of serum glucose levels (Hamoud et al., 2017). In a clinical study of type-2 

diabetes mellitus patients, urine HPSE was shown to correlate with high blood glucose 

levels, indicating a glucose-mediated HPSE expression and secretion, with follow up in 

vitro studies showing insulin-mediated HPSE secretion by human embryonic kidney cells 

in culture (Shafat et al., 2011). The interesting observation of HPSE improving glucose 

metabolism was made in a study of transgenic HPSE overexpressing mice, with significant 

changes in pancreatic islet cell composition, structure, gene expression and the overall 

protective effect from streptozotocin-induced diabetes (Zhang et al., 2017a). 

Following Warburg’s observations, it was shown that tumours converted glucose or 

acetate into lipids and that tumour cells generate nearly all their cellular fatty acids via de 
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novo synthesis (Medes et al., 1953, Ookhtens et al., 1984). The synthesis of fatty acids in 

cancer and its cellular metabolism in promoting cancer cell proliferation are well- 

characterised phenomena (Currie et al., 2013, Röhrig and Schulze, 2016). Fatty acids 

were shown to upregulate HPSE expression in endothelial cells through the Sp1 site within 

the HPSE gene promoter (Chen et al., 2004). Further studies in endothelial cells showed 

that fatty acids caused the nuclear translocation of HPSE, leading to the regulation of 

genes related to glycolysis and the accumulation of lactate (Wang et al., 2012a).  

Lactate, once considered a glycolytic waste product, has now emerged as a fuel source 

and vital regulator in cancer progression (Faubert et al., 2017, Doherty and Cleveland, 

2013, Feron, 2009, Thorn et al., 2009). Additionally, the activation of the PI3K signalling 

pathway has been shown to promote glycolysis and the Warburg effect in cancers (Hu et 

al., 2016, Makinoshima et al., 2015). As mentioned previously, HPSE has been shown to 

promote PIK3 signalling (Riaz et al., 2013). Although no direct link between HPSE 

expression and glycolysis in cancer is found in the literature, the above observations 

suggest a potential correlation in a tumour setting. 

As previously mentioned, tumours experience hypoxia due to a disorganised vasculature 

network and have adapted survival mechanisms (Eales et al., 2016, Semenza, 2009, 

Semenza, 2010, Semenza, 2012). The upregulation of HIF transcription factors in 

response to hypoxia induces several cancer-promoting pathways, including metabolic 

reprogramming (Wigerup et al., 2016). HIF-1-mediated gene expression has been shown 

to promote the Warburg effect in cancers (Lu et al., 2002). The upregulation of HIF-1 has 

also been shown to actively direct the cellular energy pathway towards glycolysis (Kim et 

al., 2006). This has prompted the development and a phase I clinical trial of a novel 

glycolysis inhibitor, dichloroacetate, in patients with recurrent malignant brain tumours 

(Dunbar et al., 2014). The upregulation of HPSE in hypoxic conditions and the HPSE-

mediated upregulation of HIFs have been well demonstrated phenomena (Wu et al., 

2010b, Hu et al., 2012, Li et al., 2017a, Hu et al., 2015, Naomoto et al., 2007).  

These observations imply a role of HPSE in hypoxia-mediated modifications of cancer 

metabolism.  
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1.21 Evading immune destruction: an emerging hallmark 

Virchow’s observations of tumour-associated leukocytes provided the first evidence of 

immune cell infiltration and promotion of tumours (Virchow, 1881). However, subsequent 

studies revealed that protective immune responses played a key role in tumour 

suppression (Ehrlich, 1909). Later in the 20th century, the suppression of malignancy by 

immunosurveillance was widely appreciated, with adaptive immunity shown to play a key 

role (Burnet, 1957, Burnet, 1970). Today, it is known that cancer-associated immune cells 

can be either detrimental or beneficial to its progression, thus generating significant clinical 

interest (Shalapour and Karin, 2015, Grivennikov et al., 2010). These opposing roles of 

the immune system in either destroying cancer cells and inhibiting tumour outgrowths or 

in selecting for tumour cells capable of surviving in an immunocompetent host have been 

described in a conceptual framework termed ‘cancer immunoediting’ (Schreiber et al., 

2011).  

As previously mentioned, macrophages form a significant portion of tumour-associated 

immune cells and HPSE has been shown to play a key role in their activation and function 

(Aras and Zaidi, 2017, Gutter-Kapon et al., 2016). Macrophages have been shown to play 

several roles in promoting tumours, including immunosuppression (Noy and Pollard, 

2014). For example, macrophages express human leukocyte antigen (HLA) molecules 

such as HLA-C, HLA-E and HLA-G that are capable of inhibiting NK cells and certain 

activated T cell subsets (Borrego et al., 1998).  

The upregulation of programmed cell death protein-1 (PD-1) on activated T cells induces 

immune tolerance (Nishimura et al., 1999, Freeman et al., 2000). Often, the ligand for  

PD-1, programmed cell death ligand-1 (PD-L1) is expressed by cancer cells, aiding 

immune evasion (Iwai et al., 2002, Hirano et al., 2005).  For these reasons, the PD-1 and 

PD-L1 pathway is a potent target in cancer therapy (Zou et al., 2016, Curiel et al., 2003, 

Strome et al., 2003). PD-1 expression by TAMs has been shown to reduce anti-tumour 

immunity and to promote the pro-tumorigenic M2 macrophage phenotype (Gordon et al., 

2017).  

Gutter-Kapon demonstrated that HPSE regulated the secretion of cytokines such as TNF-

α, IL-1β, IL-10 and IL-6 by macrophages (Gutter-Kapon et al., 2016). These cytokines 

have been implicated in promoting an immunosuppressive tumour environment, where 

TNF-α promotes an immunosuppressive environment in chronic inflammation and cancer 

(Sade-Feldman et al., 2013, Ham et al., 2015), IL-10 induces immunosuppression in the 

TMEs of ovarian cancer, non-small cell lung cancer and non-Hodgkin lymphoma (Xiu et 

al., 2015, Vahl et al., 2017, Lamichhane et al., 2017), and an IL-6-STAT3-PD-L1 signalling 

pathway in HCC is mediated by CAFs promoting immunosuppression (Cheng et al., 2018). 
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IL-6 has been implicated in a more systemic response in a cancer cachexia model, where 

it was shown to reprogram host metabolism which blocked anti-tumour immunity (Flint et 

al., 2016). The inflammatory nature of the TME was shown to correlate with IL-1β 

expression, which mediates immunosuppression and enhanced cancer growth (Chien et 

al., 2015, Guo et al., 2016).  

Macrophages also secrete chemokines that suppress CD4+ and CD8+ T cell function by 

the recruitment of regulatory T (Treg) cells. The infiltration of the TME by Treg cells is 

generally associated with a poor clinical prognosis (Jang et al., 2017, Shang et al., 2015). 

The secretion of CCL22 has been shown to recruit Treg cells to human ovarian carcinoma 

tumours (Curiel et al., 2004). In a study of colorectal cancer, Treg cell recruitment was 

mediated by TAM-secreted CCL20 (Liu et al., 2011). Other studies have shown CCL5 to 

be expressed by macrophages in mouse tumour models (Liou et al., 2013, Biswas et al., 

2006). The involvement of HPSE in the secretion of these molecules leading to Treg 

recruitment therefore seems likely and warrants further investigation. These observations 

collectively indicate that HPSE, through activating macrophages, plays an indirect role in 

maintaining an immunosuppressive TME.  

1.22 Consideration of the role of HPSE in future studies 

With decades of research presenting evidence of the pro-tumorigenic roles of HPSE, its 

contribution to promoting the hallmarks of cancer cannot be downplayed. This review has 

attempted to comprehensively gather data generated from numerous studies to 

investigate the many features of this single enzyme. The ability to modify the ECM through 

its enzymatic activity, coupled with the ability to influence a number of cellular signalling 

pathways in a non-enzymatic manner, HPSE provides a clear advantage which is not 

found in most other TME-related enzymes. It is therefore clear that HPSE should indeed 

hold a prominent position in future studies addressing the hallmarks of cancer.     

1.23 HPSE in the TME 

1.23.1 The TME 

Tumours are heterogeneous entities and are comprised of a number of different cell types, 

both cancerous and otherwise, collectively forming the TME (Hanahan and Coussens, 

2012). This is in stark contrast to the outdated view of tumours as homogenous collections 

of cancer cells. The observation of tumour infiltrating leukocytes by Virchow provided early 

evidence that tumours were indeed comprised of components in addition to cancer cells  

(Balkwill and Mantovani, 2001). The composition of a tumour is further complicated by the 

heterogeneity amongst cancer cells themselves. This phenomenon can be explained by 

Darwinian evolution, where cells compete for limited resources, resulting in selection 
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pressure-driven genetic diversity (Cairns, 1975, Greaves, 2007, Nowell, 1976, Greaves, 

2002, Greaves and Maley, 2012).  

Solid tumours can be viewed as ecosystems, with a level of organisational complexity at 

times rivalling that of normal tissues (Pienta et al., 2008). Much like those found in the 

natural world, tumour ecosystems are also dynamic. Each component of this complex 

environment plays a key role in tumour maintenance and progression. Constant crosstalk 

between cancer cells and their stromal counterparts maintains a vital tumour-promoting 

line of communication. This interconnectedness between stromal and cancer cells as well 

as within stromal cells themselves have been the subject of extensive review (Quail and 

Joyce, 2013). Decades of studies characterising the TME have shed light on how cancers 

exploit their immediate surroundings to resist treatment and how the microenvironment 

itself may hold the key to successful therapeutic options. This section will discuss the role 

of HPSE in the maintenance and function of some of the major components of the TME 

(figure 1.10). 

1.23.2 Cancer cells and CSCs 

Cancer cells are the fundamental building units of a tumour and carry defining genetic 

properties that impart oncogenic characteristics upon them (Hanahan and Weinberg, 

2011). HPSE expressed by cancer cells promotes a number of key hallmark features as 

described in previous sections such as proliferation, inflammation, invasion and 

metastasis and angiogenesis. All human cancers are known to overexpress HPSE. 

Multiple clinical studies and patient sample analyses have demonstrated this aberrant 

expression as well as the correlating poor clinical prognosis in a variety of malignancies 

including breast, prostate, lung, pancreatic, head and neck, oral, colorectal, gastric, 

thyroid, liver, bladder, and cervical cancer as well as melanoma, lymphoma and leukaemia 

(Maxhimer et al., 2002, Sun et al., 2017, Ogishima et al., 2005a, Koliopanos et al., 2001, 

Kim et al., 2002, Beckhove et al., 2005, Doweck et al., 2006, Sato et al., 2004, Friedmann 

et al., 2000, Takaoka et al., 2003, Tang et al., 2002, Xu et al., 2003, Matos et al., 2015, 

El-Assal et al., 2001, Xiao et al., 2003, Shafat et al., 2008, Gohji et al., 2001a, Shinyo et 

al., 2003, Zeng et al., 2013, Vornicova et al., 2016, Rohloff et al., 2002, Bitan et al., 2002, 

Fernandes dos Santos et al., 2014, Leiser et al., 2011).  

More recent observations have indicated the presence of a second subset of cancer cells 

within the TME, the CSCs, with the ability to give rise to new tumours (Hanahan and 

Weinberg, 2011). The function of stem cells in normal human tissues has been extensively 

studied, especially illustrated by hematopoietic stem cells (Siminovitch et al., 1963, Ng 

and Alexander, 2017). A pivotal observation made by Furth in demonstrating that a single 

mouse tumour cell possessed the ability to generate a new tumour in vivo, suggested that 



Chapter 1: Part I: Heparanase in promoting the hallmarks of cancer and regulating the tumour microenvironment 

 

56 
 

stemness is a quality reserved not merely to healthy cells and tissues, but is also a feature 

of malignant disease (Furth et al., 1937). With the discovery of genetic mutations as the 

major cause of cancers, the clonal evolution concept was proposed by Nowell, stating that 

most neoplasms had a single cell of origin with tumour progression resulting from acquired 

genetic variability within the original clone, subsequently allowing the selection of 

aggressive cancer cell sublines (Nowell, 1976).  

The key studies that shaped our understanding of CSCs have been reviewed elsewhere 

(Clevers, 2011, Batlle and Clevers, 2017). The current CSC model is based on the 

premises that tumour heterogeneity arises from its hierarchical organisation, driven by rare 

CSCs whose identity is hardwired and that CSCs are largely responsible for tumour 

relapse by virtue of their resistance to standard therapies (Batlle and Clevers, 2017).  

Several in vivo studies have demonstrated the role of HPSE in normal stem cell function. 

HPSE was shown to affect basic hematopoietic stem and progenitor cells as well as the 

bone marrow environment (Spiegel et al., 2008a). Loss-of-function studies employing 

HPSE inhibitors demonstrated that the enzymatic activity of HPSE was key in proliferation 

and colony-formation efficiency of mouse bone marrow-derived mesenchymal stem cells 

(Cheng et al., 2014a). A growth advantage was imparted upon HPSE-overexpressing 

mouse embryonic stem cells, which formed larger teratomas when inoculated in vivo 

(Xiong et al., 2017). Furthermore, in a study to determine the therapeutic potential of 

hypoxic preconditioning mesenchymal stem cells (HPC-MSCs), mice injected with HPSE 

overexpressing HPC-MSCs showed enhanced blood flow recovery on account of the pro-

angiogenic properties of HPSE (Hu et al., 2015). These observations suggest that HPSE 

may play a role in CSCs and warrants further investigation. 

EMT features have been shown to play a direct role in imparting cellular stemness, with a 

study demonstrating the expression of EMT markers in normal mammary gland stem cells 

as well as mammary CSCs of both human and mouse origin (Mani et al., 2008). 

Furthermore, the induction of EMT in human breast cancer cells was shown to impart 

stem-like properties upon them (Morel et al., 2008). These and other studies have shed 

light on the unexpected observation that EMT programs impart stemness in both normal 

and neoplastic cells (Scheel and Weinberg, 2012, Sato et al., 2016). As previously 

mentioned, HPSE promotes EMT features in cancer cells (Li et al., 2016a, Masola et al., 

2016, Masola et al., 2012b, Strutz et al., 2002, Escobar Galvis et al., 2007, Masola et al., 

2012a, Masola et al., 2014a, Yang and Liu, 2001, Pang et al., 2015). This is achieved 

mainly through the increased availability of EMT-promoting growth factors such as FGF 

and TGF-β. Therefore, EMT not only aids metastatic dissemination, but may also play a 

key role in the generation of a reservoir of CSCs able to continuously seed tumours and 
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Figure 1.10 HPSE regulates multiple components within the TME  
HPSE is a key regulator of a variety of cell types found within the TME. This promotes a number of pro-
tumorigenic properties of these TME components as well as critical anti-tumour properties. Evidence is 
provided by the following authors. 

1 (Maxhimer et al., 2002, Sun et al., 2017, Ogishima et al., 2005a, Koliopanos et al., 2001, Kim et al., 2002, Beckhove et 

al., 2005, Doweck et al., 2006, Sato et al., 2004, Friedmann et al., 2000, Takaoka et al., 2003, Tang et al., 2002, Xu et al., 

2003, Matos et al., 2015, El-Assal et al., 2001, Xiao et al., 2003, Shafat et al., 2008, Gohji et al., 2001a, Shinyo et al., 2003, 

Zeng et al., 2013, Vornicova et al., 2016, Rohloff et al., 2002, Bitan et al., 2002, Fernandes dos Santos et al., 2014, Leiser 

et al., 2011) 

2 (Knelson et al., 2014, Hynes, 2009, Escobar Galvis et al., 2007, Ramani et al., 2011, Hao et al., 2015, Ostapoff et al., 

2013, Zetser et al., 2006, Luan et al., 2011, Wang et al., 2014, Wirstlein et al., 2013, Zhang et al., 2010, Cohen-Kaplan et 

al., 2008a, Malavaki et al., 2013, Troilo et al., 2016, Masola et al., 2014a, Welch et al., 1990, Batool et al., 2017) 

3 (Hu et al., 2015, Spiegel et al., 2008b, Cheng et al., 2014b, Xiong et al., 2017) 

4 (Li et al., 2016a, Masola et al., 2016, Masola et al., 2012b, Strutz et al., 2002, Escobar Galvis et al., 2007, Masola et al., 

2012a, Masola et al., 2014a, Yang and Liu, 2001, Pang et al., 2015) 

5 (Masola et al., 2014a, Lv et al., 2016a, Masola et al., 2012a, Gil et al., 2012, Secchi et al., 2017b) 

6 (Gutter-Kapon et al., 2016, Erez et al., 2010a) 

7 (Godder et al., 1991, Chen et al., 2004) 

8 (Nadir and Brenner, 2016, Lip et al., 2002a, De Cicco, 2004, McDonald et al., 2008, Hunter et al., 2014) 

9 (Naparstek et al., 1984, Vlodavsky et al., 1992, Matzner et al., 1985, Poon et al., 2014, Morris et al., 2015, Knelson et al., 

2014) 

10 (Putz et al., 2017) 

11 (Gutter-Kapon et al., 2016) 

12 (Caruana et al., 2015) 
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ultimately lead to therapy resistance and relapse. Although there is a lack of studies 

directly implicating HPSE in the generation of CSCs, this may be achieved indirectly 

through the promotion of EMT programs in the TME. 

1.23.3 Endothelial cells and pericytes 

The stromal compartment of a tumour is responsible for much of its cellular heterogeneity 

with endothelial cells as a key component (Hanahan and Weinberg, 2011).  

Endothelial cells found in the TME are fundamentally different to those found in normal, 

healthy tissues. For instance, these cells tend to be cytogenetically abnormal (Hida et al., 

2004, Akino et al., 2009). The gene expression profile, angiogenic properties and the 

growth factor responses of these endothelial cells also drastically differ from those in 

normal tissue (Matsuda et al., 2010, Hida et al., 2008, Kurosu et al., 2011, Tsuchiya et al., 

2010). Furthermore, tumour-associated endothelial cells exhibit aberrant 

chemotherapeutic responses, complicating disease treatment (Ohga et al., 2009, Akiyama 

et al., 2012, Ohga et al., 2012).   

Human vascular endothelial cells were shown to produce active HPSE, released at times 

of cellular injury and death (Godder et al., 1991). Inflammatory cytokines such as TNF-α 

and IL-1β were demonstrated to promote HPSE expression in endothelial cells (Chen et 

al., 2004). The TME can harbour an inflammatory environment which may stimulate HPSE 

production by endothelial cells, causing the remodelling of the sub-endothelial matrix, thus 

leading to enhanced cell proliferation and angiogenesis. The enzymatic activity of HPSE 

mediates the crosstalk between cancer cells and endothelial cells of the TME.  

As described in section 1.16, HPSE promotes tumour angiogenesis through the 

stimulation of endothelial cells. This results in blood vessel development, tumour response 

to hypoxic conditions as well as lymphangiogenesis.  

Pericytes, along with endothelial cells, are structural components of blood vessels and are 

found embedded in the microvessel BM (Ferland-McCollough et al., 2017).  

Although initially thought to be exclusively involved in tumour vasculature, it is now evident 

that pericytes play a key role in TME maintenance and regulation. Several pericyte-derived 

tumour types such as myopericytoma, glomus tumour and angioleiomyoma have been 

identified (Shen et al., 2015). Multiple studies on the role of pericytes in the TME have 

described their aberrant organisation with tumour-associated blood vessels, the pericyte-

mediated effects on BM organisation and endothelial cell function as well as their overall 

effect on clinical outcome (Morikawa et al., 2002, O'Keeffe et al., 2008, Stratman et al., 

2009, Franco et al., 2011, Cao et al., 2013, Reynolds et al., 2017). Targeting pericytes 

has been suggested as a novel therapeutic option in the treatment of cancers (Chen et 

al., 2017b). The diverse range of functions these previously-overlooked cells play in a 
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variety of pathological settings, including cancer, has been the subject of recent reviews 

(Ribeiro and Okamoto, 2015, Ferland-McCollough et al., 2017).  

Despite the recent interest in tumour-associated pericytes, the precise role of HPSE, if 

any, in connection with these cells is yet to be elucidated. However, pericytes may be key 

in HPSE-driven coagulation in the TME. TF, crucial in the coagulation cascade, is primarily 

expressed by pericytes and generally not by endothelial cells (McDonald et al., 2008). 

HPSE has been shown to participate in the coagulation cascade as a co-factor of TF 

activity (Nadir and Brenner, 2016). A number of cancers have been identified to possess 

a pro-thrombotic state, which raises the possibility of a pericyte-initiated mechanism of 

tumour-promoting coagulation, aided by HPSE (De Cicco, 2004, Lip et al., 2002b).  

Interestingly, Hunter et al. reported that the deletion of HPSE in mice led to increased 

angiogenesis and pericyte coverage in pancreatic neuroendocrine tumours, suggesting a 

HPSE-dependent organisation of pericytes (Hunter et al., 2013).  

1.23.4 CAFs 

CAFs are a major component of the tumour stroma and their function in cancer settings 

has been studied extensively (Kalluri, 2016). Fibroblasts are activated in a wound healing 

response manner, which has led to the identification of two major cell types; (i) cells that 

resemble those that provide structural support within normal epithelial tissue and  

(ii) ‘activated’ fibroblasts, or myofibroblasts, expressing α-smooth muscle actin (Micallef et 

al., 2012). Myofibroblasts are responsible for pathological fibrosis associated with wound 

healing and chronic inflammation, with their high stromal cellular density correlating with 

a poor prognosis in cancer patients (Liu et al., 2016). The role of fibroblasts in wound 

healing is well characterised and is aided by their ability to produce ECM components 

such as proteoglycans, laminin, GAGs, collagen, glycoproteins, hyaluronic acid and HS 

(Kalluri, 2016, Forrest, 1983, Bainbridge, 2013). Fibroblasts are also capable of modifying 

the ECM through the expression of MMPs in both physiological and malignant conditions 

(Simian et al., 2001, Taguchi et al., 2014, Hassona et al., 2014). It is indeed this wound 

healing capability of fibroblasts that leads to pathologic fibrosis found in a number of 

organs and tissues such as eye, skin, heart, lungs, liver, kidney and pancreas (Rockey et 

al., 2015). Fibrosis is also a feature of solid tumours, associated with major ECM 

modifications in the TME, which ultimately promotes metastasis (Cox and Erler, 2014). 

However, the precise role of fibrosis in cancer is currently debated, with data emerging to 

suggest a paradoxical nature of fibrosis playing both positive and negative regulatory roles 

(Cox and Erler, 2016). 

Pathological fibrosis is dependent on growth factor signalling (Kalluri, 2016). Clinical data 

has demonstrated that the inhibition of FGF, PDGF and VEGF as well as multiple tyrosine 
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kinases that are critical in promoting fibrosis lead to a favourable patient outcome (Richeldi 

et al., 2014). TGF-β is considered the master regulator of fibrosis and is potent in activated 

fibroblast recruitment in cancers and several other disease settings (Meng et al., 2016, 

Caja et al., 2018, Wei et al., 2017, Principe et al., 2016, Fuyuhiro et al., 2011). Studies on 

several pathological conditions have shed light on the role of HPSE in fibrosis (Lv et al., 

2016b). HPSE has been shown to play a key role in the EMT transition of proximal tubular 

epithelial cells to myofibroblasts in renal fibrosis by regulating HS-mediated FGF signalling 

(Masola et al., 2012a). Additionally, HPSE has been suggested as a master regulator of 

TGF-β signalling, leading to the conversion of tubular cells to myofibroblasts by enhancing 

EMT (Masola et al., 2014a). In a mouse model of diabetes nephropathy, mice lacking 

HPSE experienced significantly reduced interstitial fibrosis (Gil et al., 2012).  

Furthermore, dysregulated paracrine and autocrine signalling has been shown to convert 

hepatic stellate cells into myofibroblasts, leading to liver fibrosis in a process largely 

mediated by macrophage-derived HPSE (Secchi et al., 2017a). Lastly, in a mouse model 

of pulmonary fibrosis, HPSE released by activated fibroblasts enhanced TGF-β signalling, 

leading to the progression of bronchiolitis obliterans syndrome (He et al., 2016).  

In the TME, crosstalk between cancer cells and the CAFs is suggested to be mediated by 

HPSE expressed mainly by cancer cells and tumour-infiltrating immune cells.  

As discussed in the previous sections, the enzymatic activity of HPSE liberates a number 

of HS-bound growth factors, including TGF-β, FGF, PDGF and VEGF, which may directly 

contribute to fibroblast recruitment and activation in the TME, resulting in cancer fibrosis. 

The inflammatory nature of the TME can also be modified by fibroblast activity, where  

NF-κB signalling activation in fibroblasts leads to a tumour-promoting inflammatory 

signature, resulting in increased recruitment of macrophages and angiogenesis (Erez et 

al., 2010b). This education of fibroblasts is thought to be initially mediated by tumour-

associated immune cells, mainly macrophages. As previously discussed, HPSE is a 

potent regulator of tumour inflammation, especially mediating TAM activity (Gutter-Kapon 

et al., 2016). This suggests an indirect role of HPSE in the modification of fibroblast activity 

in the TME through promoting immune cell recruitment and activation. An additional novel 

regulatory mechanism for HPSE in the TME has been suggested when primary human 

fibroblasts were shown to be capable of converting enzymatically inactive pre-HPSE into 

its active form (Nadav et al., 2002). This modulatory capability may contribute to excessive 

HPSE activity within the TME, enhancing tumour growth. HPSE is also highly expressed 

in the accompanying stromal fibroblasts in colon carcinoma metastases (Friedmann et al., 

2000). This suggests a role in CAF-derived HPSE in promoting colonisation by modifying 

the ECM of the metastatic niche. 



Chapter 1: Part I: Heparanase in promoting the hallmarks of cancer and regulating the tumour microenvironment 

 

61 
 

1.23.5 Immune cells 

The role of tumour-associated immune cells in regulating the TME and promoting tumours 

is well characterised (Kitamura et al., 2015b, Gajewski et al., 2013, van der Woude et al., 

2017). HPSE has been identified as a key mediator of immune cell recruitment and 

activation, whose function in the immune system has been studied for several decades 

(Naparstek et al., 1984, Vlodavsky et al., 1992, Matzner et al., 1985, Poon et al., 2014, 

Morris et al., 2015). Chemokine gradients are vital signalling pathways in the migration of 

immune cells to sites of inflammation and cancer (Sokol and Luster, 2015, Lopez-Cotarelo 

et al., 2017). HS-mediated chemokine release and activation enables the establishment 

of these gradients, initiated by HPSE released from cancer cells and other components of 

the TME (Knelson et al., 2014). Previous segments of this section have addressed these 

observations in detail. In a study of TAMs, HPSE was shown to regulate macrophage 

recruitment to tumours (Gutter-Kapon et al., 2016). Once in the tumour, macrophage-

derived HPSE was shown to maintain immune cell-TME crosstalk and promote tumour 

growth. Based on such data, a predominantly tumour-promoting role for HPSE with 

respect to the tumour immune cell population can be attributed. However, recently- 

published data challenge this notion.  

In parallel to the well-characterised phenomenon of immune cells promoting tumour 

growth, it is also understood that the immune system plays a critical role in preventing the 

establishment and the progression of a number of cancers (Chen and Mellman, 2013). 

With recent advances in immunotherapy, understanding the precise role of immune cells 

in the TME and harnessing their protective functions in combating malignancies and 

addressing resistance has become imperative (Rosenberg, 2014, Ribas, 2015, Sharma et 

al., 2017, Yang, 2015). ‘Hot’ tumours, or those rich in infiltrating T cells are considered 

favourable to patient outcome compared to ‘cold’ tumours, with recent clinical data 

demonstrating efforts to boost T cell tumour infiltration, with improved immunotherapy 

efficacy (Ribas et al., 2017a).                      

Amongst the large array of tumour-associated immune cells, NK cells have emerged as a 

potent safeguard against tumour and metastatic growth and is a key player in 

immunosurveillance (López-Soto et al., 2017). This has led to a recent interest in the 

promise of NK cells as a directed tumour immunotherapy method (Lowry and Zehring, 

2017). In contrast to previous observations of tumour-associated immune cells promoting 

cancer progression in a HPSE-dependent manner, Putz et al. recently reported that HPSE 

was indeed vital in NK cell-mediated anti-tumour activity (Putz et al., 2017).  It was 

demonstrated in a study involving human and mouse NK cells, that HPSE expression was 

significantly upregulated upon NK cell activation, and that mice lacking NK cell-specific 



Chapter 1: Part I: Heparanase in promoting the hallmarks of cancer and regulating the tumour microenvironment 

 

62 
 

HPSE expression exhibited impaired invasion and tumour surveillance. The in vivo growth 

of tumours was also significantly enhanced with the lack of NK cell HPSE activity. 

Additionally, the efficacy of immunotherapy was drastically reduced in tumour-bearing 

mice lacking NK cell-specific HPSE. This pivotal study has shed light on a previously- 

unknown role of HPSE in positively influencing NK cell-mediated tumour 

immunosurveillance.  

Cytotoxic lymphocytes, along with NK cells have also emerged as key regulators of anti-

tumour immunity (Martínez-Lostao et al., 2015). This protective function has resulted in 

the engineering of CAR-T cells in an effort to provide targeted, highly effective cancer 

therapy (Newick et al., 2017). The American society of clinical oncology named CAR-T 

therapy the advance of the year in 2018, with an anti-CD19 therapy being approved by 

the food and drug administration (FDA) in 2017 for refractory B-cell acute lymphoblastic 

leukaemia (June et al., 2018). In a landmark study, an increase in HPSE activity in CAR-

T cells was shown to significantly enhance tumour invasion and anti-tumour immunity 

(Caruana et al., 2015). This was aided greatly by the superior ECM-degrading capability 

of HPSE-overexpressing CAR-T cells, resulting in the impaired tumour growth in mouse 

melanoma and neuroblastoma xenograft models. Even though no direct evidence linking 

HPSE expression and T cells in a physiological anti-tumour setting has yet been reported, 

such a relationship can be strongly suggested based on these observations.  

1.24 Signalling in the TME and a dual role of HPSE 

Cancers are driven by complex signalling networks within the TME (Hanahan and 

Weinberg, 2011, Sanchez-Vega et al., 2018). This network is initiated by neoplastic cells 

that promotes the recruitment and activation of the cancer-associated stroma, resulting in 

its reprogramming to support tumour growth and metastasis. This signalling further 

extends to the formation of the PMN, with the ability of primary tumours to modify 

secondary sites in preparation for the arrival of metastatic cells.      

Decades of research have unveiled multiple roles of HPSE in the development and 

progression of cancer as summarised earlier in this section. HPSE-mediated crosstalk 

amongst the various components of the TME promotes tumour maintenance and 

progression, which has been the subject of therapy-based research. In an effort to 

ameliorate the effects of HPSE, several inhibitors have progressed to human clinical trials, 

with many others in various stages of development (Jia and Ma, 2016, Yang et al., 2008, 

Dredge et al., 2010, Dredge et al., 2011, Hammond et al., 2012, Ostapoff et al., 2013, 

Weissmann et al., 2016, Liu et al., 2014, Lewis et al., 2008). The design and use of these 

will be discussed in detail later in this chapter.  
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Figure 1.11 HPSE plays a dual role within the TME 
The pro-tumour roles of HPSE are well characterised. However, recent data have indicated a critical anti-
tumour role of HPSE within the TME. This double-edged sword nature of HPSE will prove challenging to 
address in the clinic. 

 

However, recent data regarding HPSE-mediated tumour immunity has raised the 

possibility of a dual role of HPSE within the TME, in both promoting and inhibiting tumour 

growth (figure 1.11). In light of the above contradictory findings, a critical question ought 

to be raised of whether targeting HPSE in the TME may prove detrimental or beneficial to 

a patient. As the complexity of the role of HPSE in cancer continues to unravel, it is now 

clear that a one-size-fits-all approach may not work in some, if not most tumour settings. 

Indeed, HPSE inhibitors may result in more harm than clinical benefit in some cancers and 

may explain why several human trials in the past experienced failures and have since 

been discontinued.  

The development and first human cancer trials of MMP inhibitors provide valuable insights 

into the complexity of targeting TME components with proven contradictory roles.  

Early broad-spectrum MMP inhibitors suffered multiple failures, where their administration 

resulted in worsening of tumour progression by the unintended but unavoidable blocking 

of MMPs with anti-tumour activity and those crucial in maintaining normal physiology 

(Dove, 2002b, Winer et al., 2018a). This is indeed testament to the risk of indiscriminately 

targeting ECM-modifying enzymes in the TME, which may hold true in the case of HPSE. 

Much work is needed to elucidate the precise role of HPSE in a given tumour setting and 
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this pro and anti-tumour balance must be thoroughly addressed prior to the use of HPSE 

inhibitors.   

The elucidation of the hallmarks of cancer has revolutionised cancer research and has 

successfully defined the characteristic features of the most insidious of human diseases. 

It is now clear that cancers are far more complex, more organised in some ways and more 

disorganised in other ways than originally assumed. These features result in the many 

challenges in the treatment of patients. Future research will continue to further dissect and 

define the inner workings of the TME. The ECM, long considered a passive bystander, 

has revealed itself as a major regulator of diseases to an extent that many pathologies, 

including cancer, could be considered aberrations of its normal function. ECM-modifying 

enzymes such as HPSE have therefore gained significant interest as therapeutic targets.    

With its roles in both the maintenance of normal physiology and the promotion of several 

pathologies, HPSE has emerged as a ‘jack-of-all-trades’. It was this notion that spurred 

this review as it was clear that through its multi-faceted nature, HPSE may be a potent 

driver of most, if not all hallmarks of cancer. Despite several decades of research, our 

understanding of HPSE and its many functions continues to evolve. Adding to this 

complexity are the recent findings demonstrating that HPSE plays a role in preventing 

tumours through activating cells of the innate immune system. With the current trend 

towards the discovery and clinical trials of novel HPSE inhibitors, this contradictory role of 

HPSE in cancer must be addressed.  

Therefore, despite our current knowledge, much work is needed to navigate the ‘grey’ 

areas created by recent studies. HPSE may be revealed as not the previously proposed 

holy grail ‘target’ of cancer treatment, but a highly complex, unpredictable and 

underestimated entity of the TME. 
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1.25 Breast cancer  

1.25.1 The current landscape of breast cancer 

Breast cancer has plagued human civilisation for millennia. Throughout human history, 

breast cancer incidences have been documented, with theories put forth by early 

physicians such as Hippocrates (460 BC) and Galen (200 AD) speculating on its origin 

and of possible treatments (Lukong, 2017). The Edwin Smith surgical papyrus and the 

Ebers papyrus produced in the Egyptian pyramid age (3500 – 2500 BC) contain 

descriptions of conditions strongly consistent with modern depictions of breast cancer 

(Brawanski, 2012, Hajdu, 2004). These also suggest treatment methods for cancer 

including, but not limited to, cautery, lead and sulphur salts, arsenic paste and knife 

(Hajdu, 2004). The oldest known case of breast cancer was recently discovered in an 

Egyptian mummy dating back to 2000 B.C., uncovered by an anthropology group led by 

Professor Miguel Lopez of the University of Granada (unpublished, December 2017). 

Several Renaissance paintings depict breast abnormalities which have now been 

determined as cancer (Bianucci et al., 2018). Interestingly, this period saw the pioneering 

of surgical techniques, eventually paving the way for ‘radical mastectomy’ first performed 

in 1894 by William Halsted which effectively revolutionised disease management 

(Ghossain and Ghossain, 2009). The description of the non-random nature of metastatic 

growth and the seed and soil hypothesis by Stephen Paget was a result of autopsies 

conducted on breast cancer patients (Paget, 1889). 

Today, breast cancer is a major global health concern (figure 1.12). It is the second most 

common human malignancy, the most commonly diagnosed cancer in women and the 

second leading cause of cancer death in women worldwide. The GLOBOCAN 2018 cancer 

statistics project estimated approximately 2.1 million new cases in 2018, an increase from 

1.67 million diagnoses in 2012, amounting to 24.2% of all cancer cases and 15% of female 

cancer deaths (Torre et al., 2015, Bray et al., 2018). Female breast cancer was estimated 

to comprise 11.6% of all diagnosed malignancies in 2018. More developed countries 

account for 54.4% of global breast cancer cases and 11.6% of cancer-related mortality in 

2018 (Bray et al., 2018). Countries with a low – medium human development index 

reported less breast cancer incidence at 31.3% with the mortality rate slightly higher at 

14.9%. Even though males too develop breast cancer, these cases are significantly lower 

in number compared to female breast cancer, amounting to less than 1% of the total breast 

cancer burden (Ottini, 2014, Fentiman et al., 2006). For the purpose of this thesis, 

however, the malignancy in females alone will be considered. 

In Australia, one in eight women will be diagnosed with breast cancer by their 85th birthday 

(Cancer Australia). It was estimated that in 2019, approximately 19,535 females will have 
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been diagnosed, comprising 14% of all new cancer cases nationwide and resulting in 

3,058 deaths, or 6.2% of total cancer-related mortality. Multiple risk factors which promote 

breast cancer have been proposed through epidemiological studies. Early menarche or a 

late menopause or both will significantly increase a woman’s likelihood of developing 

breast cancer (Britt, 2012, Collaborative Group on Hormonal Factors in Breast, 2012). 

Reproductive factors such as not bearing children and delaying child-bearing have 

historically been shown to further increase the risk of developing breast cancer by virtue 

of extended periods of uninterrupted reproductive cycling (Brinton et al., 1988, MacMahon 

et al., 1970). Additional risk factors include obesity, poor diet, physical inactivity, use of 

menopausal hormone therapy as well as alcohol consumption (Torre et al., 2015, Kerr et 

al., 2017, Bray et al., 2018). Despite the high rate of incidence, the overall prognosis for 

patients is generally positive, with a current 5-year survival rate of 91% reported by Cancer 

Australia. Studies have indicated a decline in mortality in developed nations, despite a 

global trend of increasing incidence rates (Ferlay et al., 2015, DeSantis et al., 2015).  

This decrease can be attributed to early diagnosis and the advancement in therapeutics. 

Some regions such as Africa, Asia and South America have reported an increased 

incidence of breast cancer, which may be the result of lifestyle changes and improved 

screening (Torre et al., 2015, Bray et al., 2018). 
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Figure 1.12 Region-specific incidence and mortality age-standardised rates of female breast cancer  
in 2018 
Reproduced from GLOBOCAN 2018 (Bray et al., 2018). 

 

1.25.2 Breast cancer development and progression 

1.25.2.1 Normal breast structure 

The female breast presents a highly complex organisation. The breast tissue extends 

downwards from the collarbone to the lower ribs, sternum and the armpit and houses the 

mammary glands, with an abundance of adipose tissue and dense connective tissue 

(Johnson and Cutler, 2016). These undergo changes throughout a female’s lifetime, 

starting dramatically at puberty, during which branch formation is initiated. Constant 

changes of the breast structure occur during each menstrual cycle, with breasts enlarging 

during pregnancy and lactation. The axillary artery, several posterior intercostal arteries 

and the internal thoracic artery supply blood to the breast with accompanying veins along 

with the superficial venous plexus providing venous drainage. The breast vasculature 

varies during the menstrual cycle and is at its peak closer to ovulation. A complex network 

of lymphatics drains to the axillary and non-axillary lymph nodes. Breast lymphatics have 
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been considered to play a key role in metastasis (Cunnick et al., 2008, Rizwan et al., 

2015). However, a study by Ullah et al. suggested that lymphatic-mediated migration may 

have no significant benefit to breast cancer progression (Ullah et al., 2018).  

Approximately 15 – 20 glands, or ‘lobes’ exist within the breast, which are modified sweat 

glands designed to produce milk when breastfeeding. These lobes are in turn made up of 

numerous smaller lobules, individually embedded in a stroma of highly cellular connective 

tissue. These lobes and lobules are connected to the nipple via 6 – 8 mammary ducts. 

Based on its structural organisation, the mammary gland is categorised as branched 

tubulo-alveolar. The functional units of the breast are the terminal ductal lobular units, 

each of which consists of an intra-lobular duct and associated saccules (ductules).  

These saccules differentiate into acini, or alveoli, the secretory units of the breast.  

This ductal network has an epithelial layer which progressively thickens as it converges 

towards the nipple. Simple cuboidal epithelial cells line the smallest ducts while the largest 

contain stratified columnar epithelial cells. A BM surrounds the entire tubulo-alveolar 

system with myoepithelial cells found between the luminal epithelium and the BM.  

Luminal epithelial cells function in milk production. Myoepithelial cells secrete the BM and 

are found abundantly in the ducts and ductules (Ingthorsson et al., 2015). These contract 

to transport milk towards the nipple and maintain epithelial cell polarity. Furthermore, the 

myoepithelium regulates lineage segregation during development, regulates branching 

morphogenesis and enhances luminal cell growth and differentiation. Although true 

epithelial cells, the myoepithelium strongly resembles smooth muscle cells. They contain 

cytokeratin, smooth muscle actin, β-integrins, P-cadherin, desmosomes, 

hemidesmosomes and express growth factor receptors and MMPs as well as MMP 

inhibitors thus playing a role in ECM modification (Johnson and Cutler, 2016).  

Breast cancers are rarely of myoepithelial cell-origin and these cells are considered to act 

as a tumour suppressor, especially through maintaining the structural integrity of the duct 

(Duivenvoorden et al., 2017, Pandey et al., 2010, Polyak and Hu, 2005, Sternlicht et al., 

1997). Breast carcinoma generally arises within the ductal network and within lobules. 

Although breast cancer can also arise in the connective tissue supporting the ducts and 

lobes, termed breast sarcoma, these account for less than 1% of all breast cancers (Yin 

et al., 2016, Al-Benna et al., 2010). For the purpose of this thesis, only breast carcinoma, 

or breast cancer of epithelial origin will be considered.     

1.25.2.2 Breast cancer progression 

The traditional linear model of human mammary carcinoma progression describes distinct 

stages of cancer development, from normal breast epithelium to hyperplasia, ductal 

carcinoma in situ (DCIS), invasive ductal carcinoma and finally metastatic disease, with 

each stage accompanied by discrete genetic and epigenetic profiles (figure 1.13) 
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(Rivenbark et al., 2013, Wellings and Jensen, 1973, Ma et al., 2003, Rivenbark and 

Coleman, 2012). Although benign breast diseases that do not lead to cancer are 

commonly diagnosed in women, certain features detected on a biopsy are capable of 

predicting the future risk of progression to malignancy (Silvera and Rohan, 2008, Dyrstad 

et al., 2015). These include cysts, fibrocystic disease, papillomas and fibroadenomas. 

Hyperplasia is the overgrowth of epithelial cells that line the ducts or lobules, with or 

without atypia. Atypical hyperplasia is a high-risk benign lesion of either ductal or lobular 

nature, whose occurrence translates to the high likelihood of developing breast cancer 

(Hartmann et al., 2015).  

DCIS is viewed as a precursor to invasive carcinoma, with the widespread use of 

screening methods resulting in a rise in incidence rates (Barrio and Van Zee, 2017, 

Wellings and Jensen, 1973). During this stage, the malignant proliferation of ductal 

epithelial cells is confined to the duct, with the BM defining the structural boundary 

between DCIS and invasive carcinoma. The progression from DCIS to invasive carcinoma 

is considered to be associated with genetic changes in the cancer cells as well as changes 

in the DCIS-associated microenvironment (Cowell et al., 2013). Normal myoepithelial cells 

associated with the ducts have emerged as vital ‘gatekeepers’, effectively suppressing 

invasion (Duivenvoorden et al., 2017). During tumour progression, however, myoepithelial 

cells gradually lose this protective role, and indeed, may actively promote invasion by 

adopting a tumour-associated phenotype (Polyak and Hu, 2005, Lo et al., 2017).  

The hallmark features of DCIS-to-invasive carcinoma progression are the gradual loss of 

the ductal myoepithelium along with the BM and the stromal invasion of tumour cells. 

Invasion of breast cancer cells into the surrounding stroma depends upon complex 

interactions between cancer cells and the various components of the stromal environment 

(Truong et al., 2016). As previously discussed, the stroma plays an active role in promoting 

invasion and metastasis, aided by a myriad of biochemical and biophysical cues (Khamis 

et al., 2012). Despite significant advances in diagnosis and cancer therapy, patients with 

metastatic breast cancer have reported little improvement in survival rates over the past 

several decades (Tevaarwerk et al., 2013). Metastatic dissemination in breast cancer has 

been shown to occur early in tumour formation (Hosseini et al., 2016). Clinical data 

gathered from patient samples has shown that metastatic breast cancer cells evolve and 

acquire ‘driver’ mutations as they spread, contributing to resistance and relapse (Yates et 

al., 2017).  
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Figure 1.13 Progression of breast carcinoma  
This schematic of linear cancer progression shows the progression of normal ductal epithelial cells to 
hyperplasia, DCIS and eventually, invasive carcinoma. 

1.25.2.3 Breast cancer subtypes and treatment 

Breast cancer was initially stratified to four clinically significant molecular subtypes, 

namely luminal-A, luminal-B, HER-2-positive and basal-like (Perou et al., 2000, Sorlie et 

al., 2001). However, taking into account gene copy number and expression patterns, up 

to ten molecular subtypes were later described (Curtis et al., 2012). Today, molecular-

based classification of breast cancer has revealed a vastly complex, heterogeneous 

disease with multiple behavioural features and has shifted disease classification based 

purely on morphological description to taking into account clinical features and biomarker 

expression (Russnes et al., 2017). It is also likely that a single tumour may contain multiple 

subtypes within itself, contributing to treatment challenges (Yeo and Guan, 2017).  

The recently-revised breast cancer staging guidelines by the American joint committee on 

cancer aims to standardise diagnoses globally and has added characteristics to the 
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traditional TNM system to determine cancer stage (Giuliano et al., 2017).  

The determination of cancer stage ideally takes into account the size of the tumour and 

the level of invasion, whether cancer is detected in the lymph nodes and if it has indeed 

spread to other parts of the body beyond the breast, the level of cancer cell differentiation, 

ER, progesterone receptor (PR) and human epidermal HER2 status and the genomic 

status of the cancer based on the oncotype DX test (breastcancer.org). 

Over 75% of all breast cancers express ER and/or PR with 10 – 15% expressing HER2 

(Russnes et al., 2017). Of clinical significance are triple-negative breast cancers (TNBCs), 

devoid of ER, PR and HER2 expression, which make up 10 – 20% of all cases and present 

major challenges in treatment (Denkert et al., 2017, Bianchini et al., 2016). The treatment 

options for patients have evolved over time and depend upon molecular subtype, tumour 

load and metastatic burden as well as the patient’s own wishes (Harbeck and Gnant, 

2017).  

The early diagnosis of breast cancer without metastases bodes well for the patient. 

Surgery and radiotherapy are used for local therapy of early breast cancer. For a systemic 

treatment approach, endocrine therapy and chemotherapy are administered.  

However, metastatic breast cancer presents major treatment challenges (Chen et al., 

2017a, Redig and McAllister, 2013, Yates et al., 2017). Although breast cancers 

expressing the endocrine markers can be subjected to targeted therapies, TNBC varieties 

present fewer treatment options and instead, must be addressed mainly with a 

combination of surgery, radiation and chemotherapy. Advances in immunotherapy have 

presented novel treatment options for breast cancer (Vonderheide et al., 2017).  

Recently, a landmark study by Zacharakis et al. demonstrated that treating a patient with 

metastatic, ER-positive, HER2-negative breast cancer with the adoptive transfer of 

tumour-infiltrating leukocytes reactive against a panel of mutant proteins resulted in 

complete tumour regression (Zacharakis et al., 2018). This has renewed hope of the arrival 

of targeted, highly efficacious, immune-mediated therapies with a favourable clinical 

outcome.  

1.25.3 HS and HPSE in normal breast development 

The mammary ECM and BM play crucial roles in the development of the mammary gland 

(Fata et al., 2003, Wiseman and Werb, 2002, Nelson and Larsen, 2015). As a major 

component of these structures, the role of HS must be taken into account. HS plays key 

roles in the maintenance of normal physiology as well as in the progression of several 

pathological conditions, including cancer (Knelson et al., 2014). Proteoglycans, including 

HSPGs have been shown to be vital in normal mammary gland development (Gomes et 

al., 2013). The development of mammary glands rely heavily on cell-ECM interactions with 
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abundant experimental evidence showing the involvement of proteoglycans (Delehedde 

et al., 2001, Prince et al., 2002, Zako et al., 2003, Deepa et al., 2004, Hallberg et al., 2010, 

Xiang et al., 2001, Wiseman and Werb, 2002). Multiple ECM changes are associated with 

the menstrual cycle, such as fluctuating levels of proteoglycans, including HSPGs 

(Ferguson et al., 1992, de Lima et al., 2012). Conditional inactivation of Ext1, whose gene 

product is key in HSPG assembly was shown to affect ductal branch morphogenesis 

(Garner et al., 2011). Additionally, ductal branching and lobulo-alveolar formation were 

shown to be regulated by HS-biosynthetic enzymes (Bush et al., 2012). Furthermore, the 

deletion of N-deacetylase/N-sulfotransferase-1, affecting both N-acetylation and  

N-sulfation of HS, was shown to lead to aberrant lobulo-alveolar development (Crawford 

et al., 2010).  

As the only enzyme to cleave HS, HPSE plays a key role in normal mammary 

development. The association of HPSE overexpression was shown to directly correlate 

with enhanced mammary gland morphogenesis in transgenic mice, suggesting a role in 

organ development (Zcharia et al., 2004). Mammary glands of virgin HPSE-transgenic 

mice showed a higher level of development compared to those of pregnant mice. Recently, 

it was demonstrated that mammary gland branching morphogenesis and overall 

mammary gland development was increased in transgenic mice with the mammary gland-

targeted expression of both HPSE  as well as its C-terminal domain alone, driven by the 

mouse mammary tumour virus (MMTV) promoter (Boyango et al., 2018).  

Signalling properties initiated by the C-terminal domain of HPSE was shown to promote 

mammary gland development, with enhanced Stat5 and Src phosphorylation. This study 

further demonstrated that this targeted overexpression of HPSE in mammary glands 

resulted in enhanced tumour growth. MMPs have been shown to regulate mammary gland 

development by virtue of ECM remodelling (Lee et al., 2000, Tan et al., 2014, Inman et 

al., 2015, Talhouk et al., 1991). As mentioned, the expression of HPSE has been shown 

to correlate with that of MMPs (Tang et al., 2014a, Chen et al., 2012, Purushothaman et 

al., 2008). This suggests that HPSE may play a role in normal mammary development 

through regulating MMP expression or acting in concert with MMPs.  

Indeed, in vitro 3D organotypic culturing of mammary epithelial cells as well as in vivo 

studies demonstrated that HPSE and MMP-14 reciprocally regulate each other during 

branching morphogenesis (Gomes et al., 2015).  

The role of HS and HPSE in the development and progression of breast cancer will be 

discussed in detail in chapters 3 and 4 of this thesis. 
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1.26 Introduction 

A range of options exist for the treatment of malignant disease, including surgery, radiation 

therapy, chemotherapy, immunotherapy, hormone therapy, stem cell transplants, 

precision medicine and targeted therapy (Schirrmacher, 2019). Amongst these, targeted 

therapies provide the means to disrupt disease by focusing on specific cancer-promoting 

pathways and molecules (Baudino, 2015). Targeted therapies generally include small 

molecule inhibitors and monoclonal antibodies. A great variety of these are currently in 

clinical use, in parallel with an active drug discovery process. These therapies have been 

widely reviewed and are briefly discussed herein.   

Recent advances in cancer therapy through immune checkpoint blockage have been 

described. Most commonly, inhibiting the CTLA-4 and PD-1 pathways either in 

combination or alone have resulted in promising patient responses (Ribas and Wolchok, 

2018). The repertoire of immunotherapy targets continues to grow, despite therapeutic 

limitations, with some patients not achieving a complete response (Marin-Acevedo et al., 

2018). As a major hallmark of cancer, angiogenesis has remained an attractive therapeutic 

target. A large variety of angiogenesis inhibitors have received FDA approval and are used 

in disease settings including cancer (Rajabi and Mousa, 2017). As described previously, 

VEGF, PDGF and FGF are potent mediators of neovascularisation and are therefore key 

targets of a number of these inhibitors. Targeting angiogenesis in cancer, however, is not 

without its limitations (Moserle et al., 2014).  

The process of DNA damage repair in cancer cells in response to therapy hinders 

treatment, therefore rendering it a potential target (Gavande et al., 2016). Small molecule 

inhibitors of DNA repair proteins such as the well-characterised PARP have shown 

efficacy at inhibiting replication of cells with mutated BRCA1 or BRCA2 genes, resulting 

in cell death (Lin and Kraus, 2017). Several other targets besides PARP such as RAD51 

recombinase, MRE11 nuclease, WRN DNA helicase and RAD52 DNA repair protein have 

also been described (Hengel et al., 2017). Monoclonal antibodies have also emerged as 

potent cancer combatants over several decades (Weiner, 2015, Scott et al., 2012).  

These monoclonal antibodies can be conjugated to toxins or radioactive isotopes in order 

to deliver a lethal blow to cancer cells in a targeted manner, while minimising off-target 

effects. Hormone therapies target hormonally-driven cancers such as certain subtypes of 

breast cancer expressing ER or PR (Masoud and Pagès, 2017). As discussed previously 

in this chapter, the expression of hormone receptors in breast cancer patients prove 

clinically favourable, compared to TNBCs which are challenging.     

However, targeted treatments present a range of limitations (Dagogo-Jack and Shaw, 

2017, Moserle et al., 2014). Tumours constantly evolve and when subjected to therapy, 
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through their inherent heterogeneity, often develop resistance. In certain instances, such 

as in TNBCs, the lack of expression of target proteins drastically limits treatment options. 

It is therefore imperative that the process of drug discovery continues in the search for 

new targets and treatment modalities. 

As it is now clear, HPSE represents an attractive therapeutic target in treating cancer as 

well as other diseases driven by its activity, as discussed previously (Rivara et al., 2016). 

The existence of HPSE as a unique enzyme is key in its choice as a target (Hulett et al., 

1999, Hulett et al., 2000). Several HPSE inhibitors have been thus far described, with 

varying levels of in vitro and in vivo efficacy, with some progressing to clinical trials.  

These include HS and heparin mimetics, nucleic acid-based inhibitors, HPSE-neutralising 

antibodies and small molecule inhibitors (Mohamed and Coombe, 2017, Heyman and 

Yang, 2016, Vlodavsky et al., 2016, Jia and Ma, 2016). A number of these are discussed 

below, with chapter 5 of this thesis highlighting efforts to identify and characterise novel 

HPSE inhibitors.  

1.26.1 Heparin 

Heparin was investigated early as a HPSE inhibitor, due to it being closely related to HS 

and its ability to inhibit the ECM-degrading activity of HPSE (Shriver et al., 2012, Bar-Ner 

et al., 1987). However, the use of heparin in the clinic as an anti-cancer agent was limited, 

as it induces anti-coagulant effects and thrombocytopenia (Warkentin et al., 1995).  

In order to improve efficacy and reduce its off-target effects, low molecular weight heparin 

(LMWH) has been used as an alternative (Koopman et al., 1996, Franchini and Mannucci, 

2015). Several studies have reported the clinical usage of heparin and LMWH, with varying 

efficacy (Klerk et al., 2005, Zhang et al., 2016b, Sanford et al., 2014, Yu et al., 2016, Niers 

et al., 2007). LMWH varieties such as enoxaparin, dalteparin and tinzaparin have proven 

effective in both in vitro and in vivo studies in a range of cancer settings (Abu Arab et al., 

2011, Stevenson et al., 2005, Harvey et al., 2007, Harada et al., 2006). The ability of 

unfractionated heparin to inhibit HPSE and to attenuate intestinal injury in an in vivo model 

may pave the way for novel treatment options for sepsis (Chen et al., 2015). Interestingly, 

the capacity of HPSE to neutralise heparin has been reported, which suggests that 

tumours overexpressing HPSE could, in theory, develop resistance to heparin treatment 

(Gong et al., 2003, Nasser et al., 2006). Earlier, the pro-coagulant activity of HPSE in 

promoting cancer was briefly introduced (Nadir and Brenner, 2016). HPSE promotes the 

expression of TF, resulting in increased coagulation. Many tumours have been shown to 

express high levels of TF which enhances tumour growth, suggesting the involvement of 

the coagulation system in cancer (Versteeg et al., 2008, Bromberg et al., 1995, Wang et 

al., 2012b, van den Berg et al., 2012). This relationship has prompted the use of heparins 
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to specifically target the coagulation system (Nadir and Brenner, 2010). An ideal candidate 

would possess weak anti-coagulant activity and would target the beginning of the 

coagulation cascade. Using peptides derived from tissue factor pathway inhibitor-2, along 

with inhibiting the HPSE-TF interaction should be considered (Nadir and Brenner, 2018, 

Crispel et al., 2016). 

1.26.2 PI-88 (Muparfostat) 

PI-88 (Muparfostat) is the most clinically advanced of all HPSE inhibitors and is a 

sulphated HS-mimetic first described to inhibit tumour growth, angiogenesis and 

metastasis in a model of rat mammary adenocarcinoma (figure 1.14) (Parish et al., 1999). 

PI-88 inhibits the enzymatic activity of HPSE and competes with HS-binding of growth 

factors such as VEGF and FGF, effectively impeding angiogenesis and in turn, tumour 

growth and metastasis. A phosphomannan oligosaccharide mix is contained within the 

exopolysaccharide of the yeast species Pichia (Hansenula) holstii NRRL Y-2448, which 

formed the precursor for large-scale production of PI-88 (Yu et al., 2002). The individual 

components of PI-88 were later characterised by capillary electrophoresis to reveal a 

combination of mannose-6-phosphate (3%), monophosphorylated disaccharide (3%), 

monophosphorylated tetrasaccharide (28.5%), monophosphorylated pentasaccharide 

(59%) and monophosphorylated hexasaccharide (1%). Additionally, two other 

components (5.5% combined) were described, one of which corresponded to 

monophosphorylated trisaccharide (Yu et al., 2002). This study further investigated the 

anticoagulant properties reported for PI-88. 

The potent in vivo  anti-tumour activity resulted in the rapid progression of PI-88 to a  

phase I clinical trial of establishing a dose and toxicity profile in patients with advanced 

malignancies (Rosenthal et al., 2002). The interaction of PI-88 with proangiogenic factors 

such as FGF-1, FGF-2 and VEGF was characterised by surface plasmon resonance, with 

its anti-angiogenic properties forming a strong foundation for pre-clinical and clinical 

validation (Cochran et al., 2003, Ferro et al., 2007). Several clinical studies followed to 

determine the efficacy of PI-88 in malignant settings. A phase I study of PI-88 in solid 

tumours yielded promising results, warranting an escalation to phase II clinical trials 

(Basche et al., 2006). In a phase II trial of advanced melanoma patients, PI-88 resulted in 

overall survival and time to progression similar to chemotherapy (Lewis et al., 2008). 

However, the use of PI-88 in cancer treatments has resulted in several complications.  

In a study of PI-88 in combination with docetaxel in metastatic castrate-resistant prostate 

cancer, higher-than-expected febrile neutropenia was reported, suspected to be due to an 

interaction between the combined drugs (Khasraw et al., 2010b). The development of 
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dose-limiting thrombocytopenia was described in a phase I toxicity profiling study, 

highlighting the need for further research (Rohloff et al., 2002). 

PI-88 has shown most promise in HCC. Successful phase II trials indicated significant 

clinical benefits of PI-88 as an adjuvant therapy to HCC patients following curative 

resection (Liu et al., 2009, Liu et al., 2014). It is now understood that PI-88 inhibits post-

operative HCC recurrence through disrupting the HPSE surge following liver resection 

(Liao et al., 2016a). PI-88 is the only HPSE inhibitor to have progressed through to a phase 

III clinical trial and was used as an adjuvant therapy in patients with hepatitis virus-related 

HCC following liver resection (clinicaltrials.gov ID NCT01402908). These records indicate 

that the recruitment to this study was recently terminated due to interim analysis and 

business concerns. Disease-free survival was not significantly improved in the overall 

treatment group but PI-88 did prolong survival in patients with microvascular invasion, 

comprising 40% of all trial patients (Chen et al., 2017c). A second phase I/II trial of PI-88 

in melanoma patients has not yet reported clinical outcomes at the time of writing 

(clinicaltrials.gov ID NCT00068172). 

1.26.3 PG545 (Pixatimod) 

The PG500 series, a collection of HS mimetics, were developed to target HPSE activity 

and angiogenesis (figure 1.14) (Dredge et al., 2010). Following a screening process to 

determine their in vitro efficacy, PG545, a cholestenol-sulfotetrasaccharide, was selected 

as the lead clinical candidate for oncology. Promising pre-clinical data indicated potent 

anti-angiogenic, anti-tumour growth and anti-metastatic activity, which paved the way for 

a phase I clinical study in patients with solid tumours (clinicaltrials.gov ID NCT01252095) 

(Dredge et al., 2011). However, this was terminated due to unexpected injection-site 

reactions. A second phase I study was established to determine the safety and tolerability 

of PG545, but efficacy in treating human malignancies is yet to be shown (clinicaltrials.gov 

ID NCT02042781). In an in vivo model of murine breast cancer, PG545 in combination 

with anti-PD-1 treatment was shown to increase tumour-specific CD4+ and CD8+ effector 

cells as well as NK cells, suggesting an immunomodulatory effect (Hammond et al., 2018).  

In other recent studies, PG545 was demonstrated as an anti-lymphoma drug, involving 

ER stress response-induced autophagy (Weissmann et al., 2018). PG545 was shown to 

activate TLR-9 through elevating its ligand CpG in DCs, leading to enhanced IL-12 

production, which in turn mediated NK cell activation (Brennan et al., 2016). This PG545-

mediated NK cell activity was key in its anti-lymphoma effects. The expression of p21, a 

cyclin-dependent kinase inhibitor capable of hindering the cell cycle was shown to be 

downregulated by HPSE, whose inhibition with PG545 led to reduced colon polyp 

formation and growth in vivo (Singh et al., 2017). PG545 has potential applications beyond 
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cancer. The prophylactic HPSE-inhibitory effect of PG545 in protecting against the 

mosquito-borne Ross river virus was demonstrated both in vitro and in vivo, suggesting 

potential clinical applications (Supramaniam et al., 2018). As previously discussed, HPSE 

plays a role in kidney diseases. A nephroprotective role was attributed to PG545 in acute 

kidney injury (AKI) (Abassi et al., 2017). The pathogenesis of ischemic reperfusion-

mediated AKI was attenuated through inhibiting the upregulation of HPSE as well as pro-

inflammatory and pro-fibrotic mediators.  

1.26.4 SST0001 (Roneparstat) 

Yet another HPSE inhibitor to progress to clinical trials was SST0001, a heparin mimetic 

(figure 1.14). Major anti-myeloma drugs were shown to upregulate the NFκB pathway, 

leading to HPSE upregulation as well as release into the conditioned medium in vitro, in 

tumour cells (Ramani et al., 2016a). Uptake of this soluble HPSE promoted tumour 

aggressiveness, which was inhibited by SST0001 treatment. Further in vivo studies 

demonstrated that SST0001 sensitizes myeloma cells to chemotherapeutic drugs through 

the inhibition of HPSE, which reduced relapse (Ramani et al., 2016b). In the first human 

trial to evaluate a HPSE inhibitor in a haematological malignancy, SST0001 was 

administered to multiple myeloma patients in a phase I clinical trial (clinicaltrials.gov ID 

NCT01764880) (Galli et al., 2018). Although an excellent safety profile was established, 

this study did not demonstrate a direct anti-myeloma effect of SST0001. 

 

 

 

 

 

 

 

 

 

 

Figure 1.14 The chemical structures of PI-88, PG545 and SST0001 

PI-88, PG545 and SST0001 progressed to human clinical trials (Rondanin et al., 2017).  
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1.26.5 M402 (Necuparanib) 

An N-sulphate glycol-split modified heparin, M402 was engineered to possess reduced 

anti-coagulant activity while retaining HS-like binding properties to HSBPs (figure 1.15).  

M402 treatment in vivo was shown to reduce angiogenesis and mouse mammary tumour 

metastasis (Zhou et al., 2011b). Its anti-tumour efficacy was demonstrated both as a single 

agent and in combination with chemotherapy. A phase I/II clinical trial of M402 in 

combination with nab-paclitaxel and gemcitabine in pancreatic cancer was recently 

terminated due to a lack of efficacy in the study population (clinicaltrials.gov ID 

NCT01621243).   

 

Figure 1.15 The chemical structures of M402 

Adapted from Jia and Ma, 2016 (Jia and Ma, 2016). 

1.26.6 Other sulphated oligosaccharides 

Several other sulphated oligosaccharides have shown HPSE-inhibitory properties, 

although no clinical studies have yet been conducted. Chemical modification of β-1,3-

glucan phycarine isolated from Laminaria digitata, a species of brown algae, yielded PS3 

which exhibited inhibition of the enzymatic activity of human HPSE as well as bacterial 

heparinase II in a concentration-dependent manner (Menard et al., 2004, Schoenfeld et 

al., 2014). PS3 was further shown to target a range of biological functions including 

inflammation, in a heparin-like manner (Alban et al., 2009). The oligomannurarate 

sulphate JG3 was shown to bind strongly to the KKDC domain and weakly to the QPLK 

domain of HPSE, effectively inhibiting enzymatic activity (Zhao et al., 2006). This in turn 

reduced bFGF-mediated signalling in the ECM and resulted in the inhibition of 

angiogenesis and metastasis in vivo. JG3 was further shown to inhibit HPSE-mediated 

cell adhesion (Li et al., 2009). Novel synthetic tri-mannose C-C-linked dimers (STMCs), 

STMC α,β, showed potent HPSE-inhibitory activity along with the inhibition of P-selectin 

(Borsig et al., 2011). The highly sulphated galactans, λ-carrageenans, are isolated from 

red algae and have potent heparin-like properties of inhibiting HPSE enzymatic activity 
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and angiogenesis (Poupard et al., 2017a, Poupard et al., 2017b). A low molecular weight 

glycol-split λ-carrageenan was described as the major drug candidate, with virtually non-

existent anti-coagulant activity which had affected a majority of heparin-like HPSE 

inhibitors (Poupard et al., 2017b). 

1.26.7 Defibrotide  

Defibrotide is a nucleic acid-based inhibitor which modulates HPSE activity (figure 1.16).  

It is a polydisperse oligonucleotide, shown to enhance chemotherapeutic efficacy by 

modifying the myeloma TME (Mitsiades et al., 2009). Following promising pre-clinical data, 

a phase I/II clinical trial was established to determine the efficacy of defibrotide 

administration in combination with melphalan, prednisone and thalidomide treatment in 

multiple myeloma patients (Palumbo et al., 2010). The results of this trial have not yet 

been determined (clinicaltrials.gov ID NCT00406978). 

 

Figure 1.16 Structure of defibrotide sodium  
Adapted from the National Centre for Biotechnology Information; PubChem Database; Defibrotide sodium, 
CID=135565962. 

 

1.26.8 OGT2115 

OGT2115 is a small molecule HPSE inhibitor, developed through high-throughput 

screening of a small molecule library (figure 1.17) (McKenzie, 2007). HPSE inhibition with 

OGT2115 was shown to attenuate cerebrovascular inflammation and prevent 

subarachnoid haemorrhage-induced neurological impairment in vivo (Changyaleket et al., 

2017). ER stress-induced invasion and migration of human breast cancer cells was 

reduced with the use of heparin and OGT2115 in vitro (Li et al., 2013). However, no human 

trials have yet commenced.  
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Figure 1.17 Structure of OGT2115  
Adapted from ApexBio. 

 

1.26.9 Suramin  

Another small molecule inhibitor of HPSE, suramin, was first shown to inhibit cell invasion 

(figure 1.18) (Nakajima et al., 1991). This was confirmed through the study of the anti-

angiogenic effects of suramin analogues in vivo as well as suramin-mediated inhibition of 

cancer cell proliferation (Marchetti et al., 2003, Li et al., 2015a). An in vivo study of HCC 

demonstrated that suramin blocked the expression of HPSE and led to prolonged survival 

(Tayel et al., 2014). Suramin is yet to be tested in clinical trials. 

 

 

 

 

 

 

 

Figure 1.18 Structure of suramin 
Suramin is a small molecule HPSE inhibitor (Bailly et al., 2016). 
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1.26.10 Other heterocyclic compounds  

The carboxylic acid group, the benzoxazole ring and the isoindole-5-carboxylic acid moiety 

of 2,3-dihydro-1,3-dioxo-1H-isoindole-5-carboxylic acids were found to be key in inhibiting 

the enzymatic activity of HPSE, in a high throughout screen (figure 1.19) (Courtney et al., 

2004). Furthermore, a series of benzoxazol-5-yl acetic acid derivatives were identified as 

HPSE inhibitors, possessing anti-angiogenic properties (Courtney et al., 2005). A further 

variety of small molecule HPSE inhibitors were described as a series of N-(4-phenyl)-

benzamides (Xu et al., 2006). This study further established pharmacokinetic properties 

of lead compounds in vivo. Additionally, a series of 4-(1H-benzoimidazol-2-yl)-phenyl-

ureas were investigated as potential inhibitors, with 1,3-bis-[4-(1H-benzoimidazol-2-yl)-

phenyl]-urea exhibiting most promising activity (Pan et al., 2006).   

Novel 1, 3-N, O-spiroheterocyclic compounds were shown to inhibit HPSE activity and 

result in the enhanced cytotoxicity of the anti-cancer drug nedaplatin in cervical cancer 

cells (Song et al., 2016). The anti-cancer effects were mediated through restoring p53 

activity and downregulating the expression of h-TERT and c-Myc.  

DMBO (2-(2,6-difluorophenyl)-5-(4-methoxyphenyl)-1-oxa-3-azaspiro[5.5]undecane), a 

pyranoside mimetic, resembles the pyranosidic ring structure of HS and binds a number 

of growth factors and cytokines such as VEGF, EGF and TNF-α (Basappa et al., 2010). 

DMBO was shown to inhibit in vitro HPSE activity and its anti-tumour effects were 

demonstrated in vivo when in combination with heparin.  A recent study involving 

molecular docking to identify structural features critical in HPSE inhibition led to novel 

benzazole derivatives with potent in vitro efficacy (Madia et al., 2018). 

 

 

 

 

 

 

 

 

Figure 1.19 Structure of several benzoaxazoles known to inhibit HPSE  
These compounds were identified through a high throughput drug screen. Compounds 17-19 exhibited potent 

inhibition of HPSE activity and angiogenesis (Jia and Ma, 2016). 

17 
18 

19 



Chapter 1 Part III: HPSE as a therapeutic target and the development of HPSE inhibitors 

 

84 
 

1.26.11 Quinolines  

Amodiaquines are known for their anti-malarial properties. Interestingly, these have been 

shown to inhibit HPSE activity (figure 1.20). A subset of fourteen 4-arylaminoquinolines 

were selected from a set of amodiaquine analogues, based on a virtual library screen, in 

silico modelling, solubility prediction and chemical diversity analysis (Gozalbes et al., 

2013).  

 

 

 

 

 

Figure 1.20 Structure of quinolones 

 

1.26.12 Natural products  

Several natural compounds with HPSE-inhibitory activity have reportedly been isolated.  

The eosinophil major basic protein (MBP) was the first naturally-occurring HPSE-inhibiting 

protein identified (Temkin et al., 2004). The presence of MBP in cellular granules suggests 

a protective function of eosinophils in inflammation and cancer. Trachyspic acid, a 

metabolic product of Talaromyces trachyspermus, was shown to inhibit tumour-cell HPSE, 

with its first total synthesis reported by Hirai et al. (Shiozawa et al., 1995, Hirai et al., 2003). 

Fungal metabolites CRM646-A and -B isolated from Acremonium species MT70646 

demonstrated HPSE inhibition (Ko et al., 2000). Subsequent in vitro data suggested a 

potent anti-invasion effect of both compounds and total synthesis was achieved shortly 

afterwards (Wang et al., 2005). Based on structural information and rational drug design, 

(R)-3-hexadecanoyl-5-hydroxymethyltetronic acid (RK-682), isolated from Acinomycete 

strain DSM 7357 and Streptomyces species was shown to possess HPSE-inhibitory action 

(Ishida et al., 2004).       
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Table 1.4 Key HPSE inhibitors currently in development 
This indicates the type of inhibitor, mode of action, the clinical trial phases which the inhibitors progressed to, 
along with the outcome. 

Name Type and mode of action Clinical trial/s Comments 

PI-88 
(muparfostat) 

HS mimetic, inhibits 
HPSE, FGF and VEGF.  

Phase III, HCC 
(NCT01402908) 
 
 
 
 
Phase I/II, 
melanoma 
(NCT00068172) 

Patient recruitment 
terminated at interim 
analysis. Disease-free 
survival was not 
significantly improved.  
 
No reported clinical 
outcomes yet. 

PG545 
(pixatimod) 

HS mimetic, inhibits 
HPSE, FGF and VEGF.  

Phase I, solid 
tumours 
(NCT01252095) 
 
Phase I, safety 
and tolerability 
(NCT02042781) 

Terminated due to 
injection site 
reactions. 
 
 
No reported clinical 
outcomes yet. 

 SST0001 
(Roneparstat) 

Heparin mimetic, inhibits 
HPSE, FGF and VEGF.  

Phase I, multiple 
myeloma 
(NCT01764880) 

No clinical efficacy 
was demonstrated. 

M402 
(necuparanib) 

Modified heparin. Inhibits 
HPSE, FGF and VEGF. 

Phase I/II, 
metastatic 
pancreatic 
cancer 
(NCT01621243) 

Terminated due to 
lack of efficacy. 

Sulphated 
oligosaccharides 

Various compounds, 
inhibit HPSE and growth 
factor signalling. 

None Clinical studies are 
yet to commence 

Defibrotide Nucleic acid-based 
inhibitor, downregulates 
HPSE expression. 

Phase I/II, 
multiple 
myeloma  
(NCT00406978) 

No reported clinical 
outcomes yet. 

OGT2115 Small molecule inhibitor None Clinical studies are 
yet to commence 

Suramin Small molecule inhibitor None Clinical studies are 
yet to commence 

Heterocyclic 
compounds 

Molecules with a 
carboxylic acid group, a 
benzoxazole ring and an 
isoindole-5-carboxylic acid 
moiety 

None Clinical studies are 
yet to commence 

Quinolines Amodiaquines, bind to 
HPSE and inhibit activity  

None Clinical studies are 
yet to commence 

Natural products Inhibit HPSE activity None Clinical studies are 
yet to commence 

Anti-HPSE 
antibodies 

Inhibit HPSE activity None Clinical studies are 
yet to commence 

HPSE 
vaccinations 

Cytotoxic T cell response 
against HPSE peptides 

None Clinical studies are 
yet to commence 
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1.26.13 Anti-HPSE antibodies 

Recently, it was reported that the use of HPSE-neutralising antibodies resulted in 

attenuated lymphoma growth and metastasis in a pre-clinical study (Weissmann et al., 

2016). This is the first observation of its kind and it is interesting to note that the antibodies 

were shown to neutralise HPSE in the TME rather than the tumour cells, which did not 

exhibit HPSE activity. This highlights the importance of targeting HPSE not only expressed 

by the primary tumour itself, but also by the components of the TME.  

1.26.14 HPSE vaccinations  

The overexpression of HPSE in pathological settings forms the basis for the development 

of vaccines for therapeutic use. A cytotoxic T cell response in vitro was shown to be elicited 

by HPSE peptides (Tang et al., 2010). Recently, a B cell multiple antigen peptide vaccine 

approach demonstrated a reduction in HPSE activity as well as VEGF and FGF2 

expression, which resulted in reduced angiogenesis and tumour volume in a mouse HCC 

model (Zhang et al., 2015b). Additionally, a T cell-based vaccine demonstrated HPSE-

specific anti-tumour activity both in vitro and ex vivo (Tang et al., 2014b). 
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1.27 Aims and nature of this thesis 

As a major regulator of the ECM and a proven promoter of malignant disease, HPSE has 

garnered interest over the previous decades. Extensive clinical, in vitro and in vivo studies 

have established HPSE as a potent drug target in a number of disease settings, including 

cancer. All human cancers overexpress HPSE with a clear correlation demonstrated 

between its expression and patient survival.  

Breast cancer is a major health concern amongst women worldwide with one in eight 

Australian women being diagnosed by their 85th birthday. Although numerous studies have 

demonstrated the role of HPSE in breast cancer progression, there is a lack of robust, 

loss-of-function in vivo genetic ablation models to elucidate its precise role in the 

mammary TME. In chapter 3 of this thesis, the well-characterised PyMT-MMTV mouse 

model of spontaneous mammary tumour development is used to observe tumour 

progression over time. To our knowledge, no other study has employed a HPSE-deficient 

spontaneous mouse mammary tumour model. The role of HPSE in tumour progression 

and metastasis in the PyMT-MMTV model is described along with the effects of HPSE in 

early mammary tumour establishment, which has remained largely unexplored. 

Interestingly, the progression of breast cancer in a HPSE-independent manner in the 

PyMT-MMTV mouse model was observed during the course of this study. 

Chapter 4 addresses the role of the TME in modifying HPSE expression in primary 

mammary tumours. The stroma has emerged as an undeniable regulator of tumour 

growth, with HPSE-mediated crosstalk amongst the many TME components. By using 

HPSE-deficient C57Bl/6 mice (C57Bl/6xHPSE-/-), this relationship is explored. Although a 

clear association between the stroma and tumour cells exists with respect to HPSE 

activity, this did not translate to overall tumour growth. The findings of this chapter echo 

those of the preceding chapter.    

Finally, chapter 5 characterises novel, first-generation HPSE inhibitors. With the recent 

interest in the use of HPSE inhibitors in the clinic, this chapter provides in vitro and in vivo 

characterisation data of novel drug candidates.  

The overall findings of chapters 3 and 4 of this thesis have been unexpected, based on 

published literature, which raises the possibility that HPSE in certain cancer settings may 

not play a major role as originally assumed. This critical observation coupled with the fact 

that in some settings such as in NK cell tumour immunosurveillance, HPSE has been 

shown to act against tumour establishment, present challenges in the use of HPSE 

inhibitors in the clinic. 

 



 

88 
 

  



 

89 
 

 

 

 

 

 

 

 

 

 

Chapter 2  

Materials and methods 

 

 

 

 

 



Chapter 2: Materials and methods 

90 
 

2.1 Mice 

2.1.1 Generation of PyMT-MMTVxHPSE-/- and other mouse strains 

All in vivo animal procedures were performed in compliance with the Australian National 

Health and Medical Research regulations. All procedures were reviewed and approved by 

the La Trobe University Animal Ethics Committee. Animals were housed at the La Trobe 

University Animal Research and Training Facility (LARTF) with dedicated technicians 

appointed to allocate food, drink and bedding as needed. Mice were housed in a sterile 

physical containment level-2 facility with a 12 h night and day cycle, ambient temperature 

regulation and sterile filtered air delivered directly to individual cages.  

C57Bl/6xHPSE-/- mice were generated as previously described (figure 2.1) (Poon et al., 

2014). Briefly, mice with a LoxP HPSE gene were produced using a targeting construct 

incorporating exon 1 of mouse HPSE flanked by two LoxP sites and a neomycin resistance 

(neoR) gene which enabled selection. This construct was electroporated into C57Bl/6 

embryonic stem (ES) cells and screened for neomycin resistance (neoR). Polymerase 

chain reaction (PCR) and Southern blot confirmed the targeting of the construct into HPSE 

by homologous recombination. Chimeric mice were produced by injecting the ES cells into 

wildtype albino C57Bl/6 blastocysts. These mice were bred with albino C57Bl/6 wildtype 

mice to result in germline transmission and HPSE-LoxP+/- mice. These HPSE-LoxP+/- mice 

were bred with C57Bl/6 TNAP-Cre mice to delete the exon 1 of HPSE and neoR.  

The deletion of floxed genes was enabled by the excision during early development in 

primordial germ cells of TNAP-Cre mice. The resultant heterozygotes were crossed to 

generate C57Bl/6xHPSE-/- mice.  

PyMT-MMTV mice are transgenic animals where the robust polyomavirus middle-tumour 

oncogenic antigen (PyMT) expression is driven by the MMTV promoter’s long terminal 

repeat (LTR) regulatory sequence (Guy et al., 1992). This oncogenic expression 

transforms mouse cells and give rise to cancer (Lee et al., 2011, Kiefer et al., 1994, 

Dilworth, 2002, Schaffhausen and Roberts, 2009). To generate PyMT-MMTVxHPSE-/- 

mice, male PyMT-MMTV mice (on a C57Bl/6 genetic background, kindly provided by 

Associate Professor Belinda Parker) were crossed with female C57Bl/6xHPSE-/- mice 

(figure 3.1A). The resultant male PyMT-MMTVxHPSE+/- mice were then crossed with 

female C57Bl/6xHPSE+/- mice. This gave rise to an F2 progeny of six distinct genetic 

backgrounds; C57Bl/6, C57Bl/6xHPSE-/-, C57Bl/6xHPSE+/, PyMT-MMTV, PyMT-

MMTVxHPSE-/- and PyMT-MMTVxHPSE+/-. Of these, animals of four genotypes were 

chosen for subsequent mating and experiments, namely C57Bl/6, C57Bl/6xHPSE-/-, 

PyMT-MMTV and PyMT-MMTVxHPSE-/-. For breeding purposes, male PyMT-MMTV or 

PyMT-MMTVxHPSE-/- mice were crossed with female C57Bl/6 or C57Bl/6xHPSE-/- mice 



Chapter 2: Materials and methods 

91 
 

respectively, as required. For ethical reasons, female PyMT-MMTV and PyMT-

MMTVxHPSE-/- mice were not used in mating as these animals would develop 

spontaneous mammary tumours, hindering their nursing capability.  

2.1.2 Genotyping strategy  

In order to maintain the mouse colony, pups were genotyped at approximately 21-days of 

age. Mouse ear tissue were obtained as a by-product of ear clipping identification carried 

out by LARTF. These clippings were digested at 95ºC in 50 mM NaOH with frequent 

mixing for 12-15 min. The digestion was promptly neutralised with the addition of  

1/6 volumes of Tris-HCl (1.0 M, pH 8.0) per reaction. PCR was performed using GoTaq® 

Green master mix (M7123, Promega) in a total volume of 20 μl per primer pair. Primer 

pairs used are listed in table 2.1, with a fatty acid-binding protein, intestinal (Fabpi) internal 

control. Each individual sample obtained from an animal was subjected to four distinct 

PCR reactions to confirm the status of four distinct targets; PyMT-MMTV, HPSE+/+,  

HPSE-/- and Fabpi. A final concentration of 1 μM of primer was obtained in a total reaction 

volume of 20 μl per sample, performed in a 96-well PCR plate (4ti-0750/TA, 4titude, 

supplied with PCR strip caps, 4ti-0751, 4titude). The reaction was carried out with the 

following temperature profile; an initial denaturation step of 95ºC for 5 min, 35 cycles of 

95ºC for 30 sec, 60ºC for 30 sec, 72ºC for 25 sec, a final extension cycle of 72ºC for  

10 min, followed by a holding temperature of 4ºC (T-100 thermocycler, Bio-Rad).  

Target/ 

size 

Forward (Fwd) primer  

(5’-3’) 

Reverse (Rev) primer (5’-3’) 

PyMT-MMTV 

(260 bp) 

AGGAACCGGCTTCCAGGTA

AGA 

TTGGTGTTCCAAACCATTGCAT 

HPSE+/+  

(143 bp) 

GAAGAACCATTATTCATCTT

GCT 

CCAAGTGCCAGTCTGCAAGT 

HPSE-/-  

(300 bp) 

GGGATGGATGCAGGTCTTC CAGATGGGTGCAGATTAGATAT 

Fabpi  

(200 bp) 

TGGACAGGACTGGACCTCT

GCTTTCCTAGA 

TAGAGCTTTCGGACATCACAGG

TCATTCAG 

 
Table 2.1 Mouse genotyping oligonucleotide primer sequences 
Four primer combinations were used to determine mouse genotypes with a Fabpi internal control (See Figure 
2.1). 
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The reaction products were loaded directly onto a 1% (w/v) agarose gel in TBE buffer  

[50 mM Tris base, 100 mM borate, 10 mM ethylenediaminetetraacetic acid (EDTA),  

pH 8.2] and subjected to electrophoresis alongside the 1 Kb Plus DNA ladder (10787018, 

ThermoFisher Scientific). The products were viewed and photographed with a G:BOX 

Chemi XL1.4 Fluorescent and Chemiluminescent imaging system (Syngene). 

 

 

Figure 2.1 Strategy used to generate C57Bl6xHPSE-/- mice 
The targeting construct used to introduce the HPSE exon-1-flanking LoxP sites and the neoR is shown along 
with the binding sites for HPSE+/+ and HPSE-/- primer pairs (Poon et al., 2014). 
 

2.1.3 Dissection of mammary glands and mammary tumours of female PyMT-

MMTV and PyMT-MMTVxHPSE-/- mice 

Female PyMT-MMTV and PyMT-MMTVxHPSE-/- were humanely euthanised with a 

manual cervical dislocation. Animals were pinned in a supine position followed by 

performing a vertical incision from the base of the tail to the base of the neck. The skin 

was separated from its underlying connective tissue using a blunt dissection technique 

and was peeled back and away from the peritoneal cavity. The mammary glands are 

located on the inner surface of the skin; the cervical (1st), thoracic (2nd and 3rd) and inguinal 

(4th and 5th), totalling ten mammary glands per mouse. The 2nd and 3rd thoracic mammary 

glands are indistinct from one another and were therefore excised together as one for 

analysis. 
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Figure 2.2 The mammary gland anatomy of a PyMT-MMTV mouse 
A female PyMT-MMTV mouse bearing mammary tumours on all mammary glands is shown.  

 

2.1.4 Mammary tumour measurements 

Mouse mammary tumours were measured 2 – 3 times weekly with the use of electronic 

callipers and employing the formula (length x width2)/2 mm3. A total cumulative tumour 

volume of >1500 mm3 was considered the ethical end point.  

2.1.5 Orthotopic mammary tumour cell inoculation and tumour measurements 

A single-cell suspension of 106 PyMT3 cells in sterile phosphate-buffered saline (PBS) in 

a total volume of 20 μl was implanted into the 4th right inguinal mammary fat pad of  

8 – 12-week-old female mice under isoflurane-induced anaesthesia. Once anesthetised, 

the mice were connected to a nose cone for the continuous delivery of isoflurane and the 

4th inguinal mammary fat pad was located by palpating. The cell suspension was injected 

directly into the mammary fat pad via a 27G needle (Terumo) attached to a Hamilton® 

gastight syringe (1705LT, Hamilton). Immediately following the injection, mice were 

removed from the nose cone and allowed to rapidly recover under close observation.   
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2.1.6 Surgical resection of induced orthotopic PyMT mammary tumours 

Induced orthotopically-implanted mammary tumours were surgically resected at a volume 

of 500 mm3. The animals were anaesthetised by the intraperitoneal administration of 

ketamine (86 mg/kg) and xylazine (17 mg/kg) using a 27G needle (Terumo) as per LARTF 

guidelines. Buprenorphine (0.1 mg/kg) was administered as pain relief with a 27G needle 

(Terumo) subcutaneously at the nape of the neck. Anaesthesia was confirmed by the 

complete lack of a withdrawal of a paw from an interdigital pinch. The surgical area was 

shaven with a pet trimmer (WAHL), cleaned and sterilised with ethanol swabs. An incision 

was made just below the tumour growth and the incision was widened with a blunt 

dissection. The tumour was separated from its underlying mammary fat pad taking extra 

precautions not to penetrate the peritoneum. Following the excision of the tumour, the 

surgical wound was closed with wound clips (7 mm Reflex Clip, RF7 KIT, Braintree 

Scientific Inc) or with skin sutures. The animals were closely monitored until conscious 

and mobile and were left to recover on a heated recovery pad for 16 h.  

2.2 HPSE 

2.2.1 HPSE enzymatic activity assay 

A TR-FRET-based assay was employed. The substance with unknown enzymatic activity 

was diluted at a 1:1 ratio in buffer (20 mM Tris-HCl, 0.15 M NaCl, 0.1% CHAPS; [3-((3-

cholamidopropyl)-dimethylammonio)-1-propanesulfonate, pH 5.5) followed by the addition 

of Biotin-HS-Eu(K) (0.7 μg/ml Biotin-HS-Eu(K), 0.2 M NaCH3CO2, pH 5.5) with the reaction 

incubated at 37°C for 2 h. Streptavidin-conjugated XL665 [1 μg/ml Strepavidin-XL665, 0.1 

M NaPO4, pH 7.5,1.2 M KF, 0.1% (w/v) BSA, 2.0 mg/ml heparin] was then added followed 

by an incubation in the dark for 16 h at room temperature. Using a spectrophotometer, 

excitation at 315 nm and emission at both 620 and 668 nm was measured. The percentage 

of HS degradation was calculated relative to fluorescence resonance energy transfer 

(FRET)-negative or positive samples (absence or presence of XL665-conjugated 

Streptavidin in the absence of purified HPSE). 

In the screening of known and potential HPSE inhibitors, purified HPSE was pre-incubated 

with the inhibitor for 10 min at 37ºC prior to the addition of the substrate.  

2.2.2 Purification of human HPSE from platelets and downstream validation 

A modified HPSE purification procedure based on a previously described method of 

isolation of human HPSE from platelets was used (Freeman and Parish, 1998). Expired 

platelets were collected from the Australian Red Cross Blood Service (with appropriate 

human ethics approval) and collected by centrifuging at 1,600 g for 20 min at 20ºC.  

The pellet was then washed in saline [0.9% (w/v) sodium chloride (NaCl) in sterile PBS] 
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by gently distributing the pellet with a wide disposable pipette. A total of four washes were 

performed. The final pellet was resuspended in an appropriate volume of DMG buffer  

(15 mM dimethyl glutarate, pH 6.0) and stored at -80ºC until needed.  

A total of 50 – 100 units of platelets were pooled for the large-scale purification of HPSE. 

The pooled platelets were resuspended in DMG buffer (15 mM dimethyl glutarate, pH 6.0) 

and subjected to three freeze-thaw cycles using liquid N2 and a 37ºC water bath.  

The lysate was centrifuged at 35,000 g for 1 h at 4ºC. The supernatant was then collected 

and stored at 4ºC. The pellet was resuspended in 4 volumes of DMG buffer (15 mM 

dimethyl glutarate, pH 6.0) followed by three freeze-thaw cycles. The supernatant was 

collected by centrifugation at 35,000 g for 1 h at 4ºC. The resuspension of the pellet 

followed by a freeze-thaw cycle was performed once more and the supernatant was 

collected, with the pellet discarded. The collected supernatant fractions were pooled and 

centrifuged at 35,000 g for 30 min at 4ºC to remove any remaining debris. The supernatant 

following this clarification step was made up to contain a final concentration of 0.2% (v/v) 

Triton X-100 (11332481001, Roche) and 1 mM CaCl2/MnCl2. A concanavalin-A (con-A) 

sepharose 4B (17044001, GE Healthcare) column (dimensions of 1.5 cm x 5 cm) was 

equilibrated with one volume (20 ml) of buffer B [DMG buffer (15 mM dimethyl glutarate, 

pH 6.0), supplemented with 0.2% (v/v) Triton X-100 (11332481001, Roche)] at a rate of  

1 ml/min with the use of a programmable pump (MINIPULS 3, Gilson) at 4ºC. The pooled 

supernatant was allowed to flow through the column at a rate of 1 ml/min at 4ºC.  

The column was then washed with 1.25 volumes of buffer B [DMG buffer (15 mM dimethyl 

glutarate, pH 6.0), supplemented with 0.2% (v/v) Triton X-100 (11332481001, Roche)] 

followed by 4 volumes of buffer A [DMG buffer (15 mM dimethyl glutarate, pH 6.0), 

supplemented with 0.5 M NaCl] at 4ºC. The column was then removed from 4ºC to room 

temperature and washed further with 2 volumes of buffer A [DMG buffer (15 mM dimethyl 

glutarate, pH 6.0), supplemented with 0.5 M NaCl, stored at room temperature] at a rate 

of 1 ml/min. The protein was eluted in 2 volumes of buffer A [DMG buffer (15 mM dimethyl 

glutarate, pH 6.0), supplemented with 0.5 M NaCl, stored at room temperature] further 

supplemented with 20% (w/v) α-methyl mannoside (M6882, Sigma-Aldrich) at a rate of  

1 ml/min. 

The remainder of the procedure was carried out at 4ºC. The eluted protein was added to 

a Zn2+-chelating sepharose (GE Healthcare) column (dimensions 1 cm x 10 cm) connected 

in series to a blue-A agarose (GE Healthcare) column (dimensions 1 cm x 2 cm) at a rate 

of 1 ml/min. The columns were washed with 2.5 volumes of buffer A [DMG buffer (15 mM 

dimethyl glutarate, pH 6.0), supplemented with 0.5 M NaCl] followed by the blue-A agarose 

column being individually washed with 1 volume of Tris buffer [60 mM Tris-HCl, pH 7.2, 

supplemented with 10% (v/v) glycerol] containing 0.5 M NaCl. The column was then 
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washed again with 1 volume of Tris buffer [60 mM Tris-HCl, pH 7.2, supplemented with 

10% (v/v) glycerol] containing 0.8 M NaCl. The blue-A agarose column was then 

connected in series to an octyl-agarose (GE Healthcare) column (dimensions 1 cm x  

1.5 cm) pre-equilibrated with Tris buffer [60 mM Tris-HCl, pH 7.2, supplemented with  

10% (v/v) glycerol] containing 2 M NaCl. The HPSE was eluted from the blue-A agarose 

column at a rate of 0.5 ml/min with 0.75 volumes of Tris buffer [60 mM Tris-HCl, pH 7.2, 

supplemented with 10% (v/v) glycerol] containing 2 M NaCl. The resultant purified HPSE 

was concentrated further by centrifugation with a centrifugal filter unit (UFC803024, 

Amicon® Ultra-4, Merck, with a molecular weight cut-off of 30 kDa) to approximately 1/15th 

of the eluted volume. This was followed by further downstream validation.  

2.2.2.1 Validation of purified HPSE by gel electrophoresis 

Following the purification of human HPSE, the concentration of the eluted protein was 

determined by a spectrophotometer (NanoDrop 1000, ThermoFisher). Loading dye 

(NuPAGETM LDS sample buffer, 4X, NP0007, ThermoFisher Scientific) and denaturing 

agent (NuPAGETM sample reducing agent, 20X, NP0004) were added to the protein to a 

total volume of 20 μl and boiled for 5 min at 95ºC. The denatured protein sample was then 

loaded onto a NuPAGETM 4 – 12% Bis-Tris pre-cast protein gel (NP03335BOX, 

ThermoFisher Scientific) along with purified human HPSE as a control and subjected to 

electrophoresis. The gel was stained with Coomassie blue [0.1% (w/v) Brilliant blue R-250 

(B0149, Sigma-Aldrich), 45.45% (v/v) methanol (106018, Merck), 9.09% (v/v) acetic acid 

(100063, Merck)] followed by treatment with a de-staining solution [7.5% (v/v) acetic acid 

(100063, Merck), 10% (v/v) ethanol]. The stained gels were photographed using the 

G:BOX Chemi XL1.4 Fluorescent and Chemiluminescent imaging system (Syngene). 

2.2.2.2 Validation of purified HPSE by Western blot 

Loading dye (NuPAGETM LDS sample buffer, 4X, NP0007, ThermoFisher Scientific) and 

denaturing agent (NuPAGETM sample reducing agent, 20X, NP0004) were added to the 

eluted HPSE to a total volume of 20 μl, boiled at 95ºC for 5 min and loaded onto a 

NuPAGETM 4 – 12% Bis-Tris pre-cast protein gel (NP03335BOX, ThermoFisher Scientific) 

along with purified human HPSE as a control and subjected to electrophoresis.  

The resolved gel was transferred onto a Nitrocellulose membrane (10600001, GE 

Healthcare) using an XCell Sure LockTM electrophoresis system (ThermoFisher Scientific) 

in NuPAGE transfer buffer (NP00061, ThermoFisher Scientific). The membrane was then 

blocked in 5% (w/v) skim milk in PBS for 1 h at room temperature. Incubation with the 

primary anti-HPSE antibody (1:500 working concentration, 2 μg/ml, rabbit polyclonal, 

AB85543, Abcam) was performed at 4ºC for 16 h in 5% (w/v) skim milk in 0.1% (v/v) 

Tween-20/PBS. The membrane was then washed in 0.1% (v/v) Tween-20/PBS, three 

times, with 10 min per wash. The bound primary antibody was detected by using a 
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secondary anti-rabbit IgG (1:2,000 working concentration, 0.5 μg/ml, donkey, NA934, GE 

Healthcare) in 5% (w/v) skim milk in 0.1% (v/v) Tween-20/PBS for 1 h at room 

temperature. Chemiluminescence detection was then performed using the Pierce ECL 

Western blotting substrate (32106, ThermoFisher scientific). 

2.2.2.3 Validation of purified HPSE by the HPSE enzymatic activity assay  

The purified HPSE was subjected to an enzymatic activity assay as described in 2.2.1 

2.2.2.4 Validation of purified HPSE by mass spectrometry  

Mass spectrometry analysis was performed by the La Trobe Institute for Molecular 

Science Proteomics facility at La Trobe University. Purified HPSE was reduced with  

10 mM dithiothreitol (DTT-RO, Roche) for 1 h at 60ºC followed by alkylation with 30 mM 

iodoacetamide (I1149, Sigma-Aldrich) for 20 min at room temperature. Trypsin digestion 

was then carried out with 1 μg of trypsin for 2 h at 37ºC. The digested protein was then 

dried in a centrifugal evaporator (Speedvac, Thermo Scientific) followed by the analysis of 

the resulting peptides on an Ultraflex III Maldi-TOF-TOF-MS mass spectrometer (Bruker-

Daltonics). The peptides thus recorded were analysed on a data analysis software 

(Bruker-Daltonics) followed by determining the identity of the proteins(s) using the Bio 

Tools program (Bruker-Daltonics).   

2.2.3 Detection of mouse splenic HPSE by Western blot 

The spleen is a rich source of HPSE. Spleens from 10 – 12-week old female PyMT-MMTV 

and PyMT-MMTVxHPSE-/- were harvested, snap-frozen in liquid N2 and stored at -80ºC. 

These were then homogenized in CytobusterTM protein extraction reagent (500 μl per 

spleen, 71009, Merck) using a metal bead lysing matrix (6925-050, MP bio) and with high 

speed disruption using a FAST-PREP-24TM instrument (SKU 116004500, MP bio).  

The lysate was centrifuged at 10,000 g for 10 min at 4ºC. A protein concentration 

estimation was performed as per manufacturer’s instructions (PierceTM BCA protein assay 

kit, 23225, ThermoFisher scientific). A total of 1.5 mg of protein content per individual 

spleen was incubated with 20 μl of washed con-A sepharose 4B beads (17044001, GE 

Healthcare) at 4ºC for 16 h with continuous rotation. The supernatant was then separated 

from the beads by being centrifuged at 300 g for 3 min at 4ºC and discarded. The beads 

were washed in PBS twice with centrifugation at 300 g for 3 min at 4ºC in between washes. 

Loading dye (NuPAGETM LDS sample buffer, 4X, NP0007, ThermoFisher Scientific) and 

denaturing agent (NuPAGETM sample reducing agent, 20X, NP0004) were added to the 

beads in a total volume of 20 μl, boiled at 95ºC for 5 min. The con-A beads were separated 

from the supernatant by centrifuging at 300 g for 3 min at room temperature.  

The supernatant was then loaded onto a NuPAGETM 4 – 12% Bis-Tris pre-cast protein gel 

(NP03335BOX, ThermoFisher Scientific) along with purified human HPSE as a control 
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and subjected to electrophoresis. The resolved gel was transferred onto a Nitrocellulose 

membrane (10600001, GE Healthcare) using an XCell Sure LockTM electrophoresis 

system (ThermoFisher Scientific) in NuPAGE transfer buffer (20X, NP00061, 

ThermoFisher Scientific). The membrane was then blocked in 5% (w/v) skim milk in PBS 

for 1 h at room temperature. Incubation with the primary anti-HPSE antibody (1:500 

working concentration, 2 μg/ml, rabbit polyclonal, AB85543, Abcam) was performed at 4ºC 

for 16 h in 5% (w/v) skim milk in 0.1% (v/v) Tween-20/PBS. The membrane was then 

washed in 0.1% (v/v) Tween-20/PBS, three times, with 10 min per wash. The bound 

primary antibody was detected by using a secondary anti-rabbit IgG (1:2,000 working 

concentration, 0.5 μg/ml, donkey, NA934, GE Healthcare) in 5% (w/v) skim milk in 0.1% 

(v/v) Tween-20/PBS for 1 h at room temperature. Chemiluminescence detection was then 

performed using the SuperSignalTM West Femto reagent (34096, ThermoFisher scientific).  

2.2.4 Measurement of HPSE activity of mouse splenic lysate 

Animals at 10 – 12 weeks of age were euthanised with the spleen rapidly harvested and 

stored in ice-cold RPMI medium (11875093, ThermoFisher Scientific) supplemented with 

10% (v/v) foetal calf serum (FCS, SFBSNZ, Interpath). The spleen was punctured at either 

end with a 23G needle and the splenic cellular content flushed out with PBS. The cells 

were separated from tissue debris by passing through a 70 μm strainer and collected by 

centrifuging at 400 g for 4 min at 4ºC. The cell pellet was resuspended in red blood cell 

(RBC) lysis buffer (155 mM NH4Cl, 12 mM NaHCO3, 0.1 mM EDTA) and incubated for  

5 min at room temperature. Lysed RBCs were removed by centrifuging at 400 g for 4 min 

at 4ºC. The resulting cell pellet was lysed by resuspending in CytobusterTM
 protein 

extraction reagent (71009, Merck, approximately 200 μl per splenocyte sample) and 

incubating at 4ºC. Cellular debris was then separated by centrifuging at 16,000 g for  

10 min at 4ºC. The supernatant was collected and subjected to protein quantification as 

per manufacturer’s instructions (PierceTM BCA protein assay kit, 23225, ThermoFisher 

scientific). Equal amounts of total cellular protein were used in the HPSE enzymatic activity 

assay. 

2.2.5 Measurement of HPSE activity of mouse mammary tumours 

Excised mammary tumours were homogenised in 1% (w/v) CHAPS/DMG [CHAPS; 

C3023, Sigma-Aldrich. DMG; 3,3-dimethylglutaric acid, D4379, Sigma-Aldrich] using a 

metal bead lysing matrix (6925-050, MP bio) and with high speed disruption using a FAST-

PREP-24TM instrument (SKU 116004500, MP bio). The homogenates were then subjected 

to three freeze/thaw cycles using liquid N2 and a 37ºC water bath. Cellular debris was 

removed by centrifugation at 10,000 g for 10 min at 4ºC. The supernatant was collected 

and a protein concentration estimation was performed as per manufacturer’s instructions 
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(PierceTM BCA protein assay kit, 23225, ThermoFisher scientific). Equal amounts of total 

cellular protein (50 μg) was then subjected to the HPSE enzymatic activity assay. 

2.3 Histology 

2.3.1 Paraffin embedding 

Excised organs and tissue were fixed in 10% neutral buffered formalin at >20 times the 

volume of the tissue for 24 h at room temperature (as required, organs such as lungs were 

perfused with PBS prior to being fixed in order to remove excess blood). The samples 

were then individually placed in cassettes (10-0114L, Grale) and processed for 

approximately 12 h in a tissue processor (TP1020, Leica biosystems) as follows:  

70% ethanol, 1 h; 100% ethanol, 1 h; 100% ethanol, 1 h; 100% ethanol 1.5 h;  

100% ethanol, 1.5 h; xylene, 1 h; xylene 1 h; xylene, 1 h; xylene, 1.5 h; paraffin wax 

(1151612504, Merck) (60ºC), 1 h; paraffin wax (60ºC), 1 h and paraffin wax (60ºC), 1 h. 

The samples were then embedded using a tissue embedding centre (EG1150, Leica) and 

base moulds (Tissue-Tek) and left to set at room temperature.  

2.3.2 Paraffin sectioning  

Paraffin blocks were sectioned with low-profile disposable blades (14035838382, Leica) 

to collect 4 μm-thick sections using a manual rotary microtome (RM2235, Leica). Paraffin 

blocks were first placed in a 37ºC histology water bath (HI1210, Leica) then transferred to 

wet ice for the remainder of the procedure. Between each round of sectioning, the blocks 

were returned promptly to wet ice to remain cold and hydrated. Tissue sections were 

placed on the surface of the water in the histology water bath and collected on to 

electrostatically charged adhesion slides (SF41296SP SuperFrostTM, Thermo Scientific). 

The slides were then dried for 16 h in a 37ºC incubator. 

2.3.3 H&E staining 

H&E staining of paraffin sections were performed by incubating slides in a series of 

reagents using a manual staining station comprised of staining buckets (4456 and 4457, 

Tissue-Tek). The staining protocol was as follows: histolene (11031, Grale), 3 min; 

histolene, 3 min; histolene 3 min; 100% ethanol, 1 min; 100% ethanol, 1 min; 100% 

ethanol, 1 min; 70% ethanol, 30 sec; distilled water, 1 min; haematoxylin (MH-500, Amber 

Scientific), 4 min; distilled water, 1 min; distilled water, 1 min; Scotts tap water substitute 

(SCOT-5L, Amber Scientific), 45 sec; distilled water, 2 min; eosin (EOA1-5L, Amber 

Scientific), 4 min; distilled water, 15 sec; 100% ethanol, 45 sec; 100% ethanol, 45 sec; 

100% ethanol, 45 sec; histolene, 3 min; histolene, 3 min and histolene, 3 min. Mounting 

medium (Entellan, 107960, Merck) was added on to the section prior to placing cover slips 

(24x50 mm, Menzel Gläser). The slides were then dried for 16 h at room temperature.  
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2.3.4 Immunohistochemistry (IHC) 

Paraffin section slides were first de-waxed as follows: histolene (11031, Grale), 4 min; 

histolene, 4 min; histolene, 3 min; 100% ethanol, 1 min; 100% ethanol, 1 min; 100% 

ethanol, 1 min; 70% ethanol, 1 min and re-hydrated in distilled water. If required, antigen 

retrieval was performed in a de-cloaking chamber (DC2012, Biocare Medical) for 5 min at 

5 psi and at 110ºC in sodium citrate (Na3C6H5O7, S1804, Sigma-Aldrich) retrieval buffer 

(10mM, pH 6.0). The slides were then cooled to room temperature. Endogenous 

peroxidase was blocked by incubating the slides in a solution of 1% (v/v) hydrogen 

peroxide (H2O2, 30%, 107209, Merck) in methanol. The sections were blocked in 3% (v/v) 

normal goat serum (G9023, Sigma-Aldrich) in 0.1% (v/v) Tween-20/PBS for 1 h at room 

temperature, in a humidified chamber. Avidin/biotin blocking was performed using a kit 

(AB64212, Abcam) by incubating the section in individual avidin and biotin blocking 

solutions for 15 min each as per manufacturer’s instructions. The primary antibody was 

prepared in blocking solution (3% (v/v) normal goat serum (G9023, Sigma-Aldrich) in 0.1% 

(v/v) Tween-20/PBS), added on to the sections and incubated for 16 h at 4ºC in a 

humidified chamber. Slides were then washed gently in 0.1% (v/v) Tween-20/PBS three 

times, with 3 min per wash. The secondary antibody was added on to the sections and 

incubated for 1 h at room temperature in a humidified chamber. During this incubation 

period, the avidin-biotin-complex (ABC) solution (PK-4000, Vector Laboratories) was 

prepared (0.9% (v/v) solutions A and B in PBS) and incubated for 30 min at room 

temperature to form the ABC. The slides were washed twice in 0.1% (v/v) Tween-20/PBS 

followed by twice in PBS for 3 min per wash. The ABC solution was added onto the 

sections and incubated for 1 h at room temperature in a humidified chamber. The slides 

were washed twice in 0.1% (v/v) Tween-20/PBS followed by twice in PBS for 3 min per 

wash. The 3,3’-diaminobenzidine (DAB, SK-4100, Vector Laboratories) substrate solution 

was prepared as per manufacturer’s instructions by adding 1 drop of buffer stock solution, 

1 drop of the hydrogen peroxide (H2O2) solution and 2 drops of the DAB solution to 2.5 ml 

of Milli-Q® ultra-pure water. The DAB solution was added onto the sections and developed 

by observing under a light microscope until a prominent brown staining appeared. Control 

sections were used which lacked the primary antibody or which used an isotype control in 

order to detect and eliminate false-positive signals. Slides were placed in distilled water to 

stop the further development of the DAB stain signal. A counter-stain was performed as 

follows: distilled water, 1 min; haematoxylin (MH-500, Amber Scientific), 1-4 dips as 

required, depending on the intensity of the DAB stain; distilled water, 1 min; Scotts tap 

water substitute (SCOT-5L, Amber Scientific), 2 min; distilled water, 1 min; 100% ethanol,  
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Target Antigen 

retrieval  

Primary antibody Secondary antibody 

HPSE De-cloaking 

chamber 

Rabbit polyclonal anti-

HPSE  

(10 μg/ml, 1:500 working 

concentration, AB85543, 

Abcam) 

Biotinylated goat anti-rabbit 

IgG (H+L) (6 μg/ml, 1:250 

working concentration,  

BA-1000, Vector 

Laboratories) 

CD31 De-cloaking 

chamber 

Rabbit polyclonal anti-

CD31 (16 μg/ml, 1:50 

working concentration, 

AB28364, Abcam) 

Biotinylated goat anti-rabbit 

IgG (H+L) (6 μg/ml, 1:250 

working concentration,  

BA-1000, Vector 

Laboratories) 

Ki67 De-cloaking 

chamber 

Rabbit polyclonal anti-Ki67 

(1 μg/ml working 

concentration, AB15580, 

Abcam) 

Biotinylated goat anti-rabbit 

IgG (H+L) (6 μg/ml, 1:250 

working concentration,  

BA-1000, Vector 

Laboratories) 

Smooth 

muscle 

myosin 

heavy chain 

(SMMHC) 

De-cloaking 

chamber 

Rabbit monoclonal anti-

SMMHC (clone EPR5335, 

1.2 μg/ml, 1:500 working 

concentration, AB124679, 

Abcam) 

Biotinylated goat anti-rabbit 

IgG (H+L) (6 μg/ml, 1:250 

working concentration,  

BA-1000, Vector 

Laboratories) 

MMP-2 De-cloaking 

chamber 

Rabbit polyclonal anti-

MMP-2 (2 μg/ml working 

concentration, AB37150, 

Abcam) 

Biotinylated goat anti-rabbit 

IgG (H+L) (6 μg/ml, 1:250 

working concentration,  

BA-1000, Vector 

Laboratories) 

Normal 

rabbit IgG 

(isotype 

control) 

As required IgG from rabbit serum 

(various working 

concentrations, 18140, 

Sigma-Aldrich)  

Biotinylated goat anti-rabbit 

IgG (H+L) (6 μg/ml, 1:250 

working concentration,  

BA-1000, Vector 

Laboratories) 

Table 2.2 Antibodies used in IHC  
Combinations of primary and secondary antibodies along with the conditions used in the detection of a variety 
of targets by IHC. 
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30 sec; 100% ethanol, 1 min; 100% ethanol, 2 min; histolene (11031, Grale), 4 min; 

histolene, 4 min and histolene, 4 min. The slides were then cover-slipped as described in 

2.3.3. The IHC antibodies used in this thesis are listed on table 2.2. 

2.3.5 Microvessel density quantification following anti-CD31 IHC 

Tissue sections were made as described in 2.3.2. These were collected 100 – 200 μm 

apart in order to generate a more representative histology data stack per tissue sample. 

Photographs were taken under a light microscope. 

2.3.5.1 Manual quantification of microvessels 

Each image was divided into 10 – 12  grids or fields and the number of visible stained 

vessels were manually counted. An average vessel count per field was obtained by 

dividing the total number of visible microvessels counted by the number of fields employed 

per image. 

2.3.5.2 Calculation of the %area of staining  

The trainable Weka segmentation tool on the Fiji image analysis software (ImageJ) was 

used in the automated quantification of %area of stain. Photographs of sections were 

taken following IHC using a light microscope in high-quality TIF format. The colours of 

each image were deconvoluted using the H-DAB setting followed by selecting the DAB-

specific image and auto-subtracting the background to enhance its quality.  

Positively stained regions of a single section were selected using the classifier tool, which 

was then able to automatically select similarly stained regions of all other images.  

Once the Weka segmentation tool had identified all positively stained regions of the image 

against the background, the resulting image was converted to a black and white image in 

order to digitally quantify particles. By creating regions of interest which enabled the 

elimination of non-specifically stained regions of the image, a reading of %area of stain of 

the selected area was obtained and used in statistical analysis.  

2.3.6 Pathological grading of PyMT-MMTV and PyMT-MMTVxHPSE-/- mammary 

tumour development  

Mammary glands stained with H&E were first analysed to determine the stage of 

mammary tumour development. Based on the appearance of the ductal structures 

observed on each individual section, a pathological grading of normal, hyperplasia, DCIS 

or invasive carcinoma was assigned to each mammary gland (figure 2.3). In order to 

further validate the grading obtained by H&E staining, an anti-Ki67 staining was carried 

out to distinguish grades of hyperplasia, DCIS and invasive carcinoma from normal 

mammary ducts. Anti-SMMHC staining was employed to distinguish between DCIS and 
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invasive carcinoma. The total number of mammary glands bearing invasive carcinoma 

were determined and subjected to statistical analysis. 

 

 

Figure 2.3 Pathological grading of mammary tumour development status of female PyMT-MMTV and 
PyMT-MMTVxHPSE-/- mice 
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2.3.7 H-scoring of mammary tumours 

H-scoring of anti-MMP-2 stained mouse mammary gland sections bearing DCIS and 

invasive carcinoma lesions was carried out using the staining intensity guide (figure 2.4). 

A score of 0 – 3 was assigned to four distinct levels of staining, from no staining to highest 

intensity. The percentage area of stain for each intensity level within each lesion was then 

visually determined. The H-score was calculated using the formula [(0 x %area of stain of 

score 0) + (1 x %area of stain of score 1) + (2 x %area of stain of score 2) + (3 x %area of 

stain of score 3)]. Statistical analysis was then carried out. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 H-scoring of mammary tumour sections following IHC staining 
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2.3.8 Whole-mounting of mouse mammary glands 

Excised mouse mammary glands were laid outstretched on a glass slide (SF41296SP 

SuperFrostTM, Thermo Scientific) and further flattened as needed in order to avoid in-

folding of the tissue. The slide with the mammary gland was then incubated in Canoy’s 

fixative [a solution of ethanol: chloroform (102445, Merck): acetic acid (100063, Merck) in 

a 6:3:1 ratio, respectively] for 16 h at room temperature. The slide was then rehydrated by 

incubating in 70% ethanol, 15 min; 50% ethanol, 15 min; 20% ethanol, 15 min and distilled 

water, 5 min. The tissue was then stained in Carmine red [a solution of 0.2% (w/v) Carmine 

red (C1022, Sigma-Aldrich) and 0.5% (w/v) Aluminium potassium sulphate (A7167, 

Sigma-Aldrich), boiled for 20 min, filtered, with a crystal of Thymol (W306606, Sigma-

Aldrich) added as a preservative, then stored at 4ºC] for 16 h at room temperature.  

The tissue was then dehydrated by incubating in 70% ethanol, 15 min; 90% ethanol,  

15 min; 100% ethanol, 15 min and stored in histolene (11031, Grale) for photography 

under a light microscope. 

2.4 Quantification of lung metastatic tumour burden by quantitative polymerase 

chain reaction (qPCR) 

2.4.1 Phenol/chloroform extraction of genomic DNA 

Mouse lungs were lysed in lysis buffer [0.1 M sodium chloride (NaCl), 0.05 M Tris-HCl (pH 

7.5), 0.1 M EDTA, 1% (w/v) sodium dodecyl sulphate (SDS); a volume of at least 1 ml of 

lysis buffer per lung] using a metal bead lysing matrix (6925-050, MP bio) and with high 

speed disruption using a FAST-PREP-24TM instrument (SKU 116004500, MP bio). 

Proteinase-K (RPROTKSOL-RO, Roche) was added to the solution to a final 

concentration of 0.1 mg/ml and digested for 16 h at 50ºC. The digestion was mixed with 

saturated sodium chloride (NaCl, 5M) at a ratio of 1:1.5 respectively.  

The phenol/chloroform/isoamyl alcohol (25:24:1) solution was prepared by mixing  

25 volumes of Phenol (C6H5OH) (P4557, Sigma-Aldrich), 24 volumes of chloroform 

(CHCl3) (C2432, Sigma-Aldrich) and 1 volume of isoamyl alcohol [(CH3)2CHCH2CH2OH] 

(3-methlybutanol, I9392, Sigma-Aldrich) and letting the solution settle for 16 h at 4ºC.  

One volume of phenol/chloroform/isoamyl alcohol (25:24:1) solution was added to the lung 

homogenate and shaken vigorously for 15 sec. This was then centrifuged at 21,000 g for 

5 min at room temperature. The aqueous phase was collected to a new tube. One volume 

of phenol/chloroform/isoamyl alcohol (25:24:1) solution was added, shaken vigorously for 

15 sec and centrifuged at 21,000 g for 5 min at room temperature. The resulting aqueous 

phase was collected to a new tube and mixed vigorously for 15 sec with one volume of 

chloroform/isoamyl alcohol (24:1) solution [prepared by mixing 24 volumes of chloroform 

(CHCl3) (C2432, Sigma-Aldrich) and 1 volume of isoamyl alcohol [(CH3)2CHCH2CH2OH]  
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(3-methlybutanol, I9392, Sigma-Aldrich). This solution was centrifuged at 21,000 g for  

5 min at room temperature. The final aqueous phase was collected and mixed with a 

solution equivalent to 0.5 volumes of ammonium acetate (CH3CO2NH4, A1542, Sigma-

Aldrich) and 2 volumes of 100% ethanol (molecular biology grade, E7023, Sigma-Aldrich) 

(the solution was prepared and stored at -20ºC) in order to facilitate the precipitation of 

DNA. The DNA was collected by centrifugation at 21,000 g for 10 min at 4ºC and the pellet 

was washed twice in 70% ethanol [molecular biology grade, E7023, Sigma-Aldrich, 

prepared in nuclease-free water (B1500, New England Biolabs)] with centrifugation at 

21,000 g for 5 min at 4ºC. The supernatant was discarded, the DNA pellet was briefly air-

dried and dissolved in nuclease-free water (B1500, New England Biolabs). The purity, 

integrity and concentration of the DNA solution was ascertained by a spectrophotometer 

(NanoDrop 1000, ThermoFisher).  

2.4.2 Extraction of total ribonucleic acid (RNA)  

Mouse lungs were collected, snap-frozen in liquid N2 and stored at -80ºC. The lungs were 

weighed and homogenised in 1 ml of TRI reagent® (RT111, Molecular Research Centre, 

Inc) per 100 mg of tissue using a metal bead lysing matrix (6925-050, MP bio) and with 

high speed disruption using a FAST-PREP-24TM instrument (SKU 116004500, MP bio). 

Bromoanisole (BN191, Molecular Research Centre, Inc) was added to the homogenate at 

a ratio of 1:20 respectively and shaken vigorously for 15 sec. The mixture was centrifuged 

at 12,000 g for 15 min at 4ºC to facilitate phase separation [protein in the lower (phenol) 

phase, DNA in the interphase and RNA in the upper (aqueous) phase]. The aqueous 

phase was extracted and mixed with 1 volume of isopropanol [(CH3)2 CHOH, molecular 

biology grade, 19516, Sigma-Aldrich], incubated for 10 min at room temperature, mixed 

vigorously on a vortex mixer and centrifuged at 12,000 g for 5 min at 4ºC. The supernatant 

was discarded and the pellet was washed with 2 volumes of 75% ethanol, mixed 

vigorously on a vortex mixer and centrifuged 12,000 g for 5 min at 4ºC. All ethanol was 

removed and the pellet was rehydrated and solubilised by incubating in nuclease-free 

water (B1500, New England Biolabs) for 5 min at room temperature. The purity, integrity 

and concentration of the RNA was ascertained by a spectrophotometer (NanoDrop 1000, 

ThermoFisher). Prior to cDNA synthesis, the purified RNA was subjected to a DNase I 

(M0303, New England Biolabs) digestion for 10 min at 37ºC in order to remove 

contaminating DNA with the reaction terminated with the addition of EDTA (pH 8.0) to a 

final concentration of 5 mM and incubating  for 10 min at 75ºC.  

2.4.3 cDNA synthesis 

The synthesis of cDNA from isolated RNA was carried out using the iScript cDNA 

synthesis kit (170-8891, Bio-Rad), utilising a modified Moloney murine leukaemia virus-
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derived reverse transcriptase with blended oligo dT and random hexamer primers. A total 

of 1 μg of purified RNA was subjected to cDNA synthesis as per manufacturer’s 

recommendations, in a reaction volume of 20 μl containing 20% iScript reaction mix and 

5% iScript reverse transcriptase. The cDNA synthesis was carried out in a thermocycler 

(T-100, Bio-Rad) using the following profile: 25ºC, 5 min; 42ºC, 30 min and a final heat 

inactivation at 85ºC, 5 min. The purity, integrity and concentration of the cDNA was 

ascertained by a spectrophotometer (NanoDrop 1000, ThermoFisher). 

2.4.4 Sample preparation for qPCR  

Purified DNA or cDNA was diluted to 20 ng/μl with nuclease-free water (B1500, New 

England Biolabs). The qPCR master reaction was prepared with a total of 120 ng of DNA 

and 54.7% (v/v) Sybr Green (4368702, ThermoFisher) in a total volume of 100 μl.  

A working solution with 0.8 μM of each primer was prepared with 46 μl of the master 

reaction in a total volume of 50 μl. This working solution was divided into three 15 μl 

fractions in a 96-well PCR plate (4ti-0750/TA, 4titude, supplied with PCR strip caps, 4ti-

0751, 4titude) in order to carry out the reaction in triplicate. 

2.4.5 qPCR methods 

Relative tumour burden (RTB) in lungs was calculated based on the quantification cycle 

(Cq) for a target relative to a control/housekeeping gene. The arbitrary value of RTB was 

calculated using the formula below as previously described (Rautela et al., 2015). 

 

RTB = 10,000/2ΔCq where ΔCq = Cq (target gene) – Cq(control) 

 

2.4.5.1 Quantification of lung metastatic burden of induced PyMT3 orthotopic 
mammary tumour-bearing and B16F10-mCherry-Luc (luciferase) tumour-bearing 
mice 

Lung metastatic burden in PyMT3 or B16F10-mCherry-Luc tumour bearing mice was 

quantified by comparing the abundance of PyMT or mCherry DNA (present only in lung 

metastases) to vimentin DNA (present in all cells). Total lung genomic DNA was extracted 

as described in section 2.4.1. The following primers (table 2.3) were used with a qPCR 

cycle of an initial denaturation step of 95ºC for 10 mins, 40 cycles of 95ºC, 30 sec, 62ºC, 

30 sec, 72ºC, 40 sec, then 95ºC for 1 min and a melting curve generation from 55 – 95ºC  

with 30 sec per 1ºC increment.  
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Target Fwd primer (5’ – 3’) Rev primer (5’ – 3’) 

PyMT-

MMTV 

AGGAACCGGCTTCCAGGTAAGA  

 

TTGGTGTTCCAAACCATTGCAT 

mCherry GACCACCTACAAGGCCAAGAAG AGGTGATGTCCAACTTGATGTT

GA 

Vimentin AGCTGCTAACTACCAGGACACT

ATTG 

CGAAGGTGACGAGCCATCTC 

Table 2.3 Oligonucleotide primers used in lung-metastatic burden qPCR quantification of orthotopic 
PyMT3 and B16F10-mCherry-Luc lung metastases-bearing mice 

 

2.4.5.2 Quantification of lung metastatic burden of mammary tumour-bearing PyMT-
MMTV mice 

Total lung RNA was isolated followed by cDNA conversion as described in section 2.4.2. 

The following primers (table 2.4) were used with a qPCR cycle of an initial denaturation 

step of 95ºC for 10 mins, 40 cycles of 95ºC, 30 sec, 62ºC, 30 sec, 72ºC, 40 sec, then 95ºC 

for 1 min and a melting curve generation from 55 – 95ºC with 30 sec per 1ºC increment. 

Target Fwd primer (5’ – 3’) Rev primer (5’ – 3’) 

PyMT 

cDNA 

CCAACAGATACACCCGCACAT GGTCTTGGTCGCTTTCTGGATA 

18S 

cDNA 

GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG 

 
Table 2.4 Oligonucleotide primers used in lung-metastatic burden qPCR quantification of mammary 
tumour-bearing female PyMT-MMTV mice 
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2.5 Cell lines 

2.5.1 PyMT3, MDA-MB-231, Phoenix-eco, B16F10 and B16F10-mCherry-Luc cells  

The PyMT3, MDA-MB-231, Phoenix-eco, B16F10 and B16F10-mCherry-Luc cells were 

cultured in Dulbecco’s modified Eagle medium [DMEM, 11995-065, Gibco, containing  

4.5 mg/ml glucose, 0.11 mg/ml sodium pyruvate, supplemented additionally with 10% (v/v) 

FCS (SFBSNZ, Interpath) and 100 units/ml penicillin with 100 μg/ml streptomycin 

(15140122, Gibco)]. The cells were maintained at 37ºC with 5% CO2 and passaged using 

1 mM EDTA in PBS. 

2.5.2 CHO-K1 cells  

CHO-K1 cells were cultured in Ham’s F-12K medium [21127022, Gibco, supplemented 

with 10% (v/v) FCS (SFBSNZ, Interpath) and 100 units/ml penicillin with 100 μg/ml 

streptomycin (15140122, Gibco, 10,000 units/ml)]. The cells were maintained at 37ºC with 

5% CO2 and passaged using 0.25% (v/v) trypsin-EDTA (25200056, Gibco). Prior to the 

HS surface assay, CHO-K1 cells were harvested using 0.5 mM EDTA. 

2.5.3 Development of the B16F10-mCherry-Luc cell line 

The PhoenixTM retrovirus producer cell line Phoenix-eco (kindly provided by Associate 

Professor Belinda Parker, La Trobe University) was used in the development of the 

B16F10-mCherry-Luc cell line. The cells were seeded in a 75 cm2 tissue culture flask in 

DMEM medium [11995-065, Gibco, containing 4.5 mg/ml glucose, 0.11 mg/ml sodium 

pyruvate, supplemented additionally with 10% (v/v) FCS (SFBSNZ, Interpath) and 100 

units/ml penicillin with 100 μg/ml streptomycin (15140122, Gibco)] and incubated at 37ºC 

in 5% CO2 in order to reach 50% confluency. The retroviral expression construct pMSCV-

mCherry-Luc containing the ORFs of mCherry and firefly luciferase on a pMSCV retroviral 

vector backbone was kindly provided by Associate Professor Belinda Parker. The cells 

were transfected with 30 μg of this DNA using the LipofectamineTM 3000 reagent 

(L3000015, ThermoFisher) as per manufacturer’s guidelines. The transfected cells were 

incubated for 24 h at 37ºC in 5% CO2 in order to produce viral particles. The supernatant 

containing viral particles was collected, filtered through a 45 μm filter, with polybrene (TR-

1003, Sigma-Aldrich) added to a final concentration of 4 μg/ml. The culture medium for 

Phoenix-eco cells was immediately replaced. The viral supernatant was added onto 

B16F10 cells [seeded at a density of 5x105 cells/well in a 6-well plate in DMEM medium 

(Gibco) supplemented with 10% FCS, incubated for 16 h at 37ºC in 5% CO2 to reach a 

confluency of 70%]. The spinfection of the cells was carried out at 750 g for 45 min at 

room temperature then promptly returned to 37ºC in 5% CO2. This spinfection was 

repeated with the viral supernatants collected at 48 h and 72 h post-transfection.  
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The infected B16F10 cells were collected and cultured, followed by flow cytometry sorting 

for B16F10 cells expressing mCherry (figure 5.16). These cells were cultured, followed 

by further sorting to achieve a cell population expressing mCherry at  

nearly 100%.     

2.6 Flow cytometry analysis of immune cell populations 

2.6.1 Isolation of mouse immune cell populations  

2.6.1.1 Isolation of tumour-associated immune cells 

Mice bearing orthotopic mammary tumours were euthanised and the tumour was excised, 

taking care to avoid collecting the inguinal lymph node. The tumour was placed in a petri 

dish and dissociated with scissors in a digestion solution [collagenase type-1 (1 mg/ml, 

17018029, ThermoFisher scientific) and DNaseI (0.02 mg/ml, 11284932001, Roche) in 

RPMI medium (with 2 mg/ml D-glucose and 25 mM HEPES, 22400105, Gibco) 

supplemented with 2% (v/v) FCS (SFBSNZ, Interpath)]. The dissociated tumour was 

further digested by adding 2.5 volumes of the digestion solution and manually pipetting 

with a transfer pipette for 20 min at room temperature. Sterile EDTA was added to the 

solution to a final concentration of 12 mM and the digestion continued for a further 5 min 

on ice. The digested tissue was filtered through a metal wire mesh and centrifuged at  

500 g for 5 min at 4ºC. The supernatant was discarded and the pellet was resuspended in 

a Ficoll®-Paque (GE17-5442-02, GE Healthcare) solution [28.6% (v/v) Ficoll®-Paque in 

RPMI medium (with 2 mg/ml D-glucose and 25 mM HEPES, 22400105, Gibco) 

supplemented with 2% (v/v) FCS (SFBSNZ, Interpath)] and a density gradient created by 

centrifuging at 675 g for 10 min at 4ºC with a minimum acceleration and deceleration 

setting. The supernatant containing a visible collection of cells was collected and 

centrifuged at 930 g for 5 min at 4ºC. The cell pellet was resuspended in flow cytometry 

buffer [sterile PBS supplemented with 2% (v/v) FCS (SFBSNZ, Interpath) and 0.2 mM 

EDTA]. A cell count was performed using a haemocytometer.  

2.6.1.2 Isolation of mouse lung immune cells  

The lungs were placed in a petri dish and dissociated with scissors in a digestion solution 

[collagenase type-1 (1 mg/ml, 17018029, ThermoFisher scientific) and DNaseI  

(0.02 mg/ml, 11284932001, Roche) in RPMI medium (with 2 mg/ml D-glucose and 25 mM 

HEPES, 22400105, Gibco) supplemented with 2% (v/v) FCS (SFBSNZ, Interpath)].  

The dissociated tissue was further digested by adding 2.5 volumes of the digestion 

solution and manually pipetting with a transfer pipette for 20 min at room temperature. 

Sterile EDTA was added to the solution to a final concentration of 12 mM and the digestion 

continued for a further 5 min on ice. The digested tissue was filtered through a metal wire 

mesh and centrifuged at 500 g for 5 min at 4ºC. The resulting cell pellet was subjected to 
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RBC lysis by resuspending in an appropriate volume (1 – 2 ml) of RBC lysis buffer  

(155 mM NH4Cl, 12 mM NaHCO3, 0.1 mM EDTA) and incubating for 5 min at room 

temperature. The immune cells were collected by centrifugation at 500 g for 5 min at 4ºC. 

The pellet was resuspended in flow cytometry buffer [sterile PBS supplemented with  

2% (v/v) FCS (SFBSNZ, Interpath) and 0.2 mM EDTA]. A cell count was performed using 

a haemocytometer.   

2.6.1.3 Isolation of mouse splenic immune cells  

Splenic cells were used in order to ensure appropriate gating and compensation of the 

flow cytometry protocol. The splenic immune cells were isolated and RBC lysis performed 

as described in section 2.2.4. The cell pellet was resuspended in flow cytometry buffer 

[sterile PBS supplemented with 2% (v/v) FCS (SFBSNZ, Interpath) and 0.2 mM EDTA] 

and a cell count was performed using a haemocytometer.  

2.6.2 Flow cytometry analysis strategy 

2.6.2.1 Analysis of immune cells isolated from mammary tumours and lungs of 
orthotopic mammary tumour-bearing mice 

The immune cells isolated from the mammary tumours and lungs of C57Bl/6 and 

C57Bl/6xHPSE-/- mice bearing orthotopic PyMT3 mammary tumours were analysed using 

the antibodies listed on table 2.5. Compensation was performed using single-stained 

samples. Four distinct antibody cocktails were employed in the analysis. A total of 5x105 

cells were resuspended in flow cytometry buffer [sterile PBS supplemented with 2% (v/v) 

FCS (SFBSNZ, Interpath) and 0.2 mM EDTA] prior to a single analysis. Cells were 

collected by centrifugation at 500 g for 5 min at 4ºC. Fc receptor blocking was carried out 

for 10 min at 4ºC in the dark. The antibody cocktail for a given population of immune cells 

was then added to the cell suspension followed by an incubation for 20 min at 4ºC in the 

dark. The cells were then washed twice in flow cytometry buffer with centrifugation at  

500 g for 5 min at 4ºC followed by resuspension in flow cytometry buffer. The flow 

cytometry was carried out using a FACSCantoTM II (Beckton Dickinson) instrument with 

data analysed using the FlowJo software (FlowJo LLC; gating strategy outlined in figures 

2.5 – 2.9). 
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Antibody Clone Catalogue 

number/Company 

Dilution 

DAPI/Pacific Blue NA 564907, BD Biosciences  1:300 

Fc receptor block 2.4G2 553141, BD Biosciences  1:300 

Anti-mouse CD45.2-FITC 104 109806, Biolegend  1:300 

Anti-mouse CD25-PE PC61 553866, BD Biosciences 1:300 

Anti-mouse CD3-APC 17A2 565643, BD Biosciences 1:300 

Anti-mouse CD69-PECy7 H1.2F3 25-0691.82, eBioscience 1:300 

Anti-mouse CD4 APC-Cy7 GK1.5 552051, BD Biosciences 1:300 

Anti-mouse CD8-BV510 53-6.7 560776, BD Biosciences 1:300 

Anti-mouse Ly6G-PE 1A8 551461, BD Biosciences 1:300 

Anti-mouse CD11c-APC HL3 550261, BD Biosciences 1:300 

Anti-mouse CD11b-PerCP5.5 M1/70 550993, BD Biosciences 1:300 

Anti-mouse MHC Class II-

PECy7 

M5/114.15.2 4332615, eBioscience  1:600 

Anti-mouse Ly6c-A780 HK1.4 4346376, eBioscience 1:300 

Anti-mouse CD115-PE T38-320 565249, BD Biosciences 1:300 

Anti-mouse F4/80-PECy7 BM8 25-4801-82, eBioscience  1:300 

Anti-mouse DX5(CD49b)-PE DX5 553858, BD Biosciences 1:300 

Anti-mouse NK1.1-PECy7 PK136 552878, BD Biosciences 1:300 

 
Table 2.5 Antibodies used in quantifying tumour and lung immune cell populations of orthotopic 
PyMT3 tumour-bearing mice  
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Figure 2.5 Gating strategy for orthotopic tumour T cells 
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Figure 2.6 Gating strategy for orthotopic tumour neutrophils and DCs 

 

 

Figure 2.7 Gating strategy for orthotopic tumour residential macrophages and myeloid cells 
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Figure 2.8 Gating strategy for lung T cells in orthotopic tumour-bearing mice 
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Figure 2.9 Gating strategy for lung neutrophils, alveolar macrophages and DCs in orthotopic tumour-
bearing mice  
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2.6.2.2 Analysis of lung and spleen immune cells of mice bearing B16F10-mCherry-
Luc lung metastases and treated with novel HPSE inhibitors 

The immune cells isolated from the lungs and spleens of B16F10-mCherry-Luc lung 

metastases-bearing mice were counted, followed by the collection of 1.5x106 cells for 

analysis at 500 g for 5 min at 4ºC. The cells were set up in a 96-well plate in triplicate.  

The supernatant was removed by centrifuging at 500 g for 5 min at 4ºC. The cell pellet 

was resuspended in the antibody cocktail followed by incubating for 20 min at 4ºC in the 

dark. The cell suspension was washed twice in flow cytometry buffer [sterile PBS 

supplemented with 2% (v/v) FCS (SFBSNZ, Interpath) and 0.2 mM EDTA] with 

centrifugation at 500 g for 5 min at 4ºC prior to resuspension in flow cytometry buffer.  

The staining strategy (figures 2.10 – 2.12) was carried out using the antibodies listed 

below (table 2.6) with three distinct antibody cocktails. Compensation was performed with 

single-stained samples. Interference with mCherry fluorescence was compensated for by 

using freshly isolated B16F10-mCherry-Luc cells. A CytoFLEX flow cytometer (Beckman 

Coulter) was used with data analysed using the FlowJo software (FlowJo LLC). 

Antibody Clone Catalogue 

number/Company 

Dilution 

Anti-mouse NK1.1-PE PK136 12-5941-81, eBioscience 1:200 

Anti-mouse TCRβ-FITC H57-597 11-5961-81, eBioscience 1:200 

Anti-mouse NKG2D (CD314)-

PECy7 

CX5 25-5882-81, eBioscience 1:200 

Anti-mouse CD69-APC H1.2F3 560689, BD Biosciences 1:200 

Anti-mouse CD27-APC LG.7F9 17-0271-81, eBioscience 1:200 

Anti-mouse CD11b-BV421 M1/70 562605, BD Biosciences 1:200 

Anti-mouse CD4-PECy7 RM4-5 25-0042-82, eBioscience 1:200 

Anti-mouse CD8-PE 53-6.7 12-0081-82, eBioscience 1:200 

 
Table 2.6 Antibodies used in quantifying immune cell populations of B16F10-mCherry-Luc lung 
metastases-bearing mice 

 

 



Chapter 2: Materials and methods 

118 
 

 

Figure 2.10 Gating strategy for NK cells, NKG2D+ NK cells and CD69+ NK cells of B16F10-mCherry-Luc 
lung metastases-bearing mice 

 

Figure 2.11 Gating strategy for NK cells, CD11b+ NK cells and CD11b+ CD27+ NK cells of B16F10-
mCherry-Luc lung metastases-bearing mice 
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Figure 2.12 Gating strategy for lung CD4+ T cells and CD8+ T cells of B16F10-mCherry-Luc lung 
metastases-bearing mice 

 

2.7 Screening for novel HPSE inhibitors  

The Sigma LOPAC1280 drug stocks (10 mM, LO4200, Sigma-Aldrich) were diluted to 1 mM 

in dimethyl sulfoxide (DMSO, 41640, Sigma-Aldrich) prior to dilution in assay buffer  

(20 mM Tris-HCl, 0.15 M NaCl, 0.1% CHAPS, pH 5.5) to a final concentration of 10 μM of 

drug per reaction. The inhibition of HPSE activity was then determined using the HPSE 

enzymatic activity assay (2.2.1). The secondary screen of compounds which 

demonstrated a reduction of HPSE enzymatic activity to <40% of its basal level were re-

screened for reproducibility with the 1 mM intermediate stocks.  

2.7.1 Cell surface HS assay   

Purified HPSE was treated with drugs of interest for 10 min at 37ºC prior to being incubated 

with CHO-K1 cells for 1 h at 37ºC [2x106 cells/ml in PBS supplemented with 0.1% (w/v) 

BSA]. The cells were centrifuged at 300 g for 5 min at room temperature and washed with 

PBS supplemented with 0.1% (w/v) BSA twice to remove cleaved HS. Following the 

washes, the cells were incubated with either anti-human HS (IgM, mouse monoclonal, 

clone F58-10E4, 370255, Amsbio, 1:500 working concentration) or with PBS 
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supplemented with 0.1% (w/v) BSA for 30 min at 4ºC. the samples were washed three 

times as previously, followed by treatment with a PE-conjugated anti-mouse IgM (goat, 

SC-3768, Santa Cruz Biotechnology, 1:100 working concentration) for 30 min at 4ºC.  

The cells were washed three times as previously described and resuspended in PBS 

supplemented with 0.1% (w/v) BSA and analysed on a flow cytometer (FACSCanto II Flow 

Cytometer, BD Biosciences). The data was analysed using the FlowJo software (FlowJo 

LLC).    

2.7.2 Molecular modelling of the interaction between GW7647 and HPSE 

The interaction between GW7647 and human HPSE was performed using the YASARA 

molecular modelling application (available at http://www.yasara.org; performed by  

Professor Brian Smith, La Trobe University). The VINA (Vina Is Not Autodock, developed 

at the Scripps research institute) approach to determine small molecule docking was 

employed (Trott and Olson, 2010). This is an automated program which uses the Autodock 

molecular mechanics force field (including electrostatics, van der Waals, desolvation, 

entropy, etc) to score the interaction between the ligand and the receptor. The subsequent 

poise prediction is controlled via a genetic algorithm.   

2.7.3 Cell viability assay 

5x103 MDA-MB-231 cells were seeded in serum-free DMEM (11995-065, Gibco) in a 

single well in a 96-well plate, allowed to adhere and treated with compounds of interest by 

incubating for 48 h at 37ºC and 5% CO2. One volume of MTT (3-[4,5 dimethylthiazol-2-yl]-

2,5 diphenyltetrazolium bromide, M2128, Sigma-Aldrich) was added to a final 

concentration of 0.5 mg/ml. A further incubation for 3 h at 37ºC and 5% CO2 allowed the 

formation of formazan crystals, which were then solubilised in DMSO (41640, Sigma-

Aldrich). The absorbance was measured at 570 nm. The cell viability was determined by 

assuming 100% viability of the untreated cells.  

2.7.4 Transwell migration assay 

MDA-MB-231 cells in serum-free DMEM (11995-065, Gibco) was seeded at a density of  

105 cells/well in the upper chamber of a Transwell® cell culture insert (8 μm pore 

polycarbonate membrane insert, 3428, Corning), with a synthetic BM of Matrigel® 

(354248, Corning) at a concentration of 3.5 mg/ml reconstituted in serum-free DMEM. 

Prior to the addition of cells, the Matrigel® inserts were prepared by adding the solubilised 

Matrigel® to the inserts at 4ºC, followed by incubating the inserts for 30 min at room 

temperature. The solidified Matrigel® was gently washed with serum-free DMEM prior to 

the addition of the cell suspension. The inserts were added to wells containing DMEM 

supplemented with 5% (v/v) FCS (SFBSNZ, Interpath) as a chemoattractant. The cells 

http://www.yasara.org/
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were incubated for 1 h at 37ºC and 5% CO2, then treated with compounds of interest for 

24 h at 37ºC and 5% CO2. This was followed by fixing the invaded cells in 70% ethanol for 

10 min and staining in 0.6% (w/v) crystal violet (C0775, Sigma-Aldrich). The crystal violet 

stain was dissolved in 10% (v/v) acetic acid (1.00063, Merck) with absorbance measured 

at 590 nm. The average fluorescence of treated samples was compared to that of the no 

treatment control to determine the percentage of migration. 

2.7.5 In vitro angiogenesis assay 

In order to determine the effect of known and novel HPSE inhibitors on angiogenesis, a 

modified in vitro assay based on previously published data (Brown et al., 1996) was 

designed. Aortas were excised from approximately 20-week old C57Bl/6 and  

C57Bl/6xHPSE-/- mice. Connective tissue was removed and the aorta was flushed free of 

clots in serum-free medium-199 (11150067, Gibco) supplemented with 2.5 μg/ml 

amphotericin B (15290018, Gibco). The aortic vessels were then sectioned finely into 

approximately 1 mm fragments followed by embedding in a fibrin matrix formed by the 

addition of thrombin [(50 units/ml, Sigma-Aldrich), 0.15 M NaCl] to fibrinogen (3 mg/ml, 

Sigma-Aldrich) in serum-free medium-199 (Gibco) supplemented with 5 μg/ml aprotinin 

(A6106, Sigma-Aldrich). Following the matrix formation, the vessel fragments were treated 

with compounds of interest solubilised in medium-199 (Gibco) supplemented with  

20% (v/v) FCS (SFBSNZ, Interpath), 0.24 μg/ml gentamycin (15710-064, Sigma-Aldrich),  

2.5 μg/ml amphotericin B (Gibco), 1 mM L-glutamine (35050061, Gibco) and 7.62 mM  

ε-aminocaproic acid (PHR-1224, Sigma-Aldrich). The aorta samples were then incubated 

for 7 days at 37ºC in 5% CO2 with the change of treatment medium on day 4. The level of 

angiogenesis was determined on day 7 following the guide (figure 5.14B) which 

accounted for the number, length and the density of vessel outgrowths. The images were 

captured on a light microscope.   
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3.1 Abstract 

Breast cancer is a major health concern and is the second most common human 

malignancy. As a promoter of all cancers, HPSE has been widely implicated in enhancing 

the development and progression of breast cancer. In this chapter, the well-defined 

spontaneous mammary tumour-developing PyMT-MMTV mouse model is employed to 

investigate the role of HPSE in breast cancer, whereby HPSE-deficient PyMT-MMTV 

(PyMT-MMTVxHPSE-/-) mice were generated and used to address the lack of genetic 

ablation models in the current literature. It was shown that despite HPSE promoting 

mammary tumour angiogenesis, the overall tumour progression and metastasis were 

HPSE-independent. HPSE was further shown to impart no effects in early mammary 

tumour development and no evidence of a compensatory mechanism by MMPs in 

response to the lack of HPSE expression in the mammary tumours was uncovered.  

The findings of this chapter therefore suggest that HPSE does not play a significant role 

in mammary tumour development in the PyMT-MMTV mouse model, which may have 

implications in certain clinical settings.  

3.2 Introduction 

As discussed in chapter 1, HS plays key roles in the progression of malignancy.  

The involvement of proteoglycans in malignant transformation including breast cancer, is 

a well-characterised phenomenon and is widely reviewed (Raman and Kuberan, 2010, 

Sasisekharan et al., 2002, Liu et al., 2002, Blackhall et al., 2001, Gomes et al., 2013).  

Even though GAGs other than HS such as CS and dermatin sulphate have been 

suggested to be involved in mammary gland and in turn, mammary tumour development, 

only HS will be considered for the purpose of this thesis (Gomes et al., 2013, Cooney et 

al., 2011, Weyers et al., 2012, Olsen et al., 1988).  

The aforementioned features of HS as a structural as well as a physiological component 

of the ECM are crucial in this context. This has led to HSPGs being suggested as targets 

in breast cancer treatment (Koo et al., 2008). HS expression was shown to directly 

correlate with the aggressiveness of breast cancers in patient-derived samples and the in 

vitro inhibition of GAG-sulfation and HS species resulted in reduced cancer cell migration 

(Guo et al., 2007). This highlighted HS as a cancer biomarker. Gene expression analysis 

of patients with invasive ductal carcinoma demonstrated altered expression patterns of 

HSPG genes, particularly the expression and localisation of proteoglycans along with 

variations in sulfation levels (Fernández-Vega et al., 2013). HS was shown to enhance the 

response of human breast cancer cells to FGFs in vitro, affecting cell proliferation and 

migration (Nurcombe et al., 2000). More recently, in vitro studies employing the MCF-7 

and MDA-MB-231 human breast cancer cell lines demonstrated variable expression levels 
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of HSPGs as well as the resulting proliferation, mobility and tumorigenicity mediated by 

the Wnt signalling pathway (Okolicsanyi et al., 2014).  

Syndecans are a prominent variant of HSPGs (Sarrazin et al., 2011). Numerous studies 

have demonstrated the expression of syndecans in breast cancer. Two syndecan 

varieties, syndecan-1 and -4 have been demonstrated as independent indicators of breast 

cancer, with syndecan-1 levels correlating with tumour grade and syndecan-4 levels 

indicating ER and PR expression status in breast cancers (Lendorf et al., 2011). 

Interestingly, a previous study indicated the correlation of epithelial syndecan-1 

expression with negative ER status while its stromal expression indicated a positive status 

(Leivonen et al., 2004). Variable syndecan-1 expression was demonstrated in malignant 

and non-malignant human breast samples, suggesting its correlation with the metastatic 

phenotype of infiltrating ductal carcinoma (Stanley et al., 1999). The expression of 

syndecan-1 was shown to increase in breast tumours, while that of other proteoglycans 

such as decorin and lumican decreased (Eshchenko et al., 2007). Syndecan-1 possesses 

a prognostic value in breast cancer with its IL-6-mediated role in breast cancer cell 

migration demonstrated in vitro, along with its suggested involvement in resistance to 

irradiation (Hassan et al., 2013). Syndecan-1 expression is not only limited to cancer cells, 

and its expression by stromal fibroblasts was demonstrated to promote the in vitro growth 

of MDA-MB-231 human breast cancer cells as well as in vivo breast tumour growth, with 

enhanced angiogenesis (Maeda et al., 2005, Maeda et al., 2004). The mammary fibroblast 

syndecan-1 expression is further suggested to be involved in tumour stroma production, 

regulating ECM assembly and architecture which may facilitate the migration of cancer 

cells (Yang et al., 2011). Additionally, the TNBC stem cell phenotype was demonstrated 

to be regulated by syndecan-1 expression, mainly via STAT3 signalling (Ibrahim et al., 

2013, Ibrahim et al., 2017).  

Other HSPG variants too, play a role in breast cancer progression. The HSPG glypican-1 

overexpression was demonstrated in breast cancer which correlated with the mitogenic 

effects of HSBPs (Matsuda et al., 2001). Glypican-3 expression was shown to be 

downregulated in breast cancer, which suggests its role as a negative regulator in cancer 

progression (Xiang et al., 2001). The protective role of glypican-3 was again highlighted 

through its ability to inhibit invasion and metastasis in vivo (Peters et al., 2003). 

Mesenchymal to epithelial transition in breast cancer cells was shown to be influenced by 

glypican-3, indicating its potential as a therapeutic target (Castillo et al., 2016).  

However, an observation by Tsai et al. using microarray data suggested that glypican-3 

had no prognostic value in breast cancer (Tsai et al., 2015).  



Chapter 3: Defining the role of heparanase in breast cancer progression using the PyMT-MMTV mouse model 

126 
 

As outlined earlier in this thesis, HPSE is overexpressed in essentially all cancers.  

A significant proportion of these studies implicate HPSE in the development and 

progression of breast cancer, which will now be discussed. The initial cloning of human 

HPSE reported a correlation of HPSE expression with the metastatic potential of rat 

tumour cells (Hulett et al., 1999). Complementing this observation, the highly metastatic 

MDA-MB-435 human breast cancer cell line was shown to express HPSE at a greater 

level compared to the moderately metastatic MDA-MB-231 and the weakly metastatic 

MCF-7 breast cancer cell lines (Vlodavsky et al., 1999). These findings provided an early 

insight into the role of HPSE in breast cancer. Numerous studies generating in vitro, in 

vivo and human data have since shed further light on the significance of HPSE in breast 

cancer growth, which has generated interest in its therapeutic and prognostic implications.  

Early in vivo studies using HPSE-overexpressing MCF-7 cells demonstrated that HPSE 

indeed promoted tumour growth and angiogenesis, leading to larger tumours and 

furthermore, promoted in vitro cell survival (Cohen et al., 2006). Jiao et al. conducted DNA 

methylation pattern studies to define the differential regulation of HPSE expression in 

specific stages of breast cancer (Jiao et al., 2014). Interestingly, it was demonstrated that 

higher HPSE gene promoter methylation levels were observed in the poorly metastatic 

MCF-7 breast cancer cell line, while the highly aggressive MDA-MB-435 cell line exhibited 

much lower promoter methylation. DNA methylation levels in patient samples were further 

demonstrated to inversely correlate with clinical stage and accompanying HPSE 

expression levels. This suggests a methylation-driven regulation of HPSE expression 

which correlates directly with tumour aggressiveness. HPSE expression was shown to 

also be influenced by estrogen in both in vitro and in vivo settings, indicating its hormonal-

mediated regulation in breast cancer, promoting disease progression (Elkin et al., 2003). 

More recently, HPSE was shown to enhance CTC clusters through the induction of  

FAK-1 and ICAM-1-mediated cell adhesion, resulting in enhanced breast cancer 

metastasis (Wei et al., 2018a). 

Genetic models of mice overexpressing or lacking HPSE expression were utilised to 

demonstrate its role in early mammary tumorigenesis (Boyango et al., 2014).  

The development of breast cancer was shown to be significantly enhanced with the 

expression of HPSE and was further promoted with the co-expression of a mutant H-Ras 

gene. Boyango et al. further demonstrated that in addition to promoting mammary gland 

development, the MMTV regulatory element-driven expression of the C-terminal domain 

of HPSE also induced mammary tumour growth (Boyango et al., 2018).  

Studies conducted by inhibiting the activity of HPSE have further validated its role in breast 

cancer. PG545, a HS-mimetic, was demonstrated to significantly reduce tumour growth 
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and metastasis in mice, utilising the 4T1 syngeneic breast cancer model (Hammond et al., 

2012). Resistance to lapatinib in the human brain-colonising MDA-MB-231BR breast 

cancer cell line was attenuated through the inhibition of HPSE by SST0001 (Roneparstat) 

(Zhang et al., 2015d). Overexpression of extracellular superoxide dismutase was shown 

to inhibit HPSE expression, which in turn reduced in vitro breast cancer cell growth and 

invasion (Teoh et al., 2009). The mode of action of the plant extract elemene, a traditional 

Chinese anti-cancer remedy, had remained elusive for decades (Zhang et al., 2017b). 

Recently, by using the 4T1 murine breast cancer cells, it was demonstrated that elemene 

was capable of downregulating HPSE, thus imparting anti-proliferative and anti-metastatic 

effects. Proliferation, primary tumour growth, angiogenesis and metastasis of the highly 

aggressive MDA-MB-435 human breast cancer cell-derived tumours was attenuated by 

the use of siH1324, an siRNA acting as a HPSE gene-specific inhibitor (Zhang et al., 

2007).  

In addition to a myriad of in vitro and in vivo studies, numerous patient-derived data have 

explored the relationship between HPSE and breast cancer. Recently, a study of The 

Cancer Genome Atlas with an associated meta-analysis of available data, demonstrated 

that HPSE expression was upregulated in most human breast cancer specimens and was 

associated with larger tumours, metastasis, histological tumour grade and ultimately 

resulted in poor survival (Sun et al., 2017). This finding echoes those of prior studies. In a 

study of patient samples, HPSE expression was demonstrated to be associated with 

reduced HS deposition and increased metastatic potential of breast cancer (Maxhimer et 

al., 2002). Larger tumours were found to express higher levels of HPSE. The invasive 

capacity of DCIS lesions directly correlated with their expression of HPSE (Maxhimer et 

al., 2005a). HPSE resulted in the reduction of HS deposition in the ductal BM which 

contained the DCIS lesions, allowing progression to an invasive phenotype. HPSE, along 

with COX-2 were shown to be predictive markers of lymph node metastasis in high-grade 

breast tumours, further highlighting it as a predictive marker (Gawthorpe et al., 2014).  

The micro RNA species miR-1258 was identified to directly target HPSE and inhibit brain-

metastatic breast cancer (Zhang et al., 2011). In support of HPSE-mediated breast cancer 

metastasis, miR-1258 levels were shown to inversely correlate with HPSE expression and 

activity and the overall metastatic potential of breast cancer cells. However, the expression 

levels of HPSE by the primary tumour and metastatic lesions do not always correlate.  

In a study of patient samples, a discordance in HPSE expression levels between the 

primary breast tumour and matched metastases was reported (Vornicova et al., 2018). 

This difference resulted in a poorer prognosis when compared to patients whose primary 

tumour and metastases showed stable HPSE expression levels. 
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Interestingly, peripheral blood mononuclear cells (PBMCs) of breast cancer patients 

showed a significantly higher level of HPSE expression when compared to healthy 

individuals (Theodoro et al., 2007). This was in turn shown to decrease following surgery 

in patients treated with neoadjuvant chemotherapy. This observation therefore suggests 

a tumour-inducing effect of HPSE expression in PBMCs of breast cancer patients. HPSE 

was shown to play a role in therapy resistance in breast cancer when tamoxifen was 

shown to induce HPSE expression in ER-positive breast cancer cells, thus imparting a 

growth advantage (Cohen et al., 2007). This was shown to occur through the recruitment 

of AIB1, an ER co-activator, to the HPSE promoter resulting in a tamoxifen-mediated 

agonistic effect on HPSE expression. This finding may explain the failure of tamoxifen 

therapy in certain breast cancer patients. This study also shed light on the ER-mediated 

HPSE expression as previously demonstrated through the discovery of four putative 

estrogen response elements within the HPSE gene promoter region (Elkin et al., 2003).  

In vivo studies indicated that HPSE mediates lapatinib resistance in brain-metastatic 

breast cancer, further suggesting its effect in overcoming cancer therapy (Zhang et al., 

2015d). In a study highlighting its potential as a therapeutic target, HPSE-specific T cells 

were shown to exist in breast cancer patients (Sommerfeldt et al., 2006). The possibilities 

and challenges of the clinical use of HPSE inhibitors are discussed elsewhere in this 

thesis. 

However, despite decades of research, much remains unknown regarding the precise role 

of HPSE in the establishment, early progression and metastasis of breast cancer. This is 

largely due to the lack of robust in vivo models. Many of the in vivo models utilised in 

HPSE research involve transgenic HPSE-overexpressing mice and immunodeficient mice. 

The use of HPSE-overexpressing mice as a comparator does not appropriately reflect the 

conditions found in nature and it is preferable to use a HPSE-deficient mouse model in 

conjunction with wild type animals for these studies. The immune system has been 

demonstrated to play a key role in cancer development and HPSE is now known to 

regulate key components of the immune system (Putz et al., 2017, Poon et al., 2014).  

The use of immunodeficient mice to study the effects of HPSE therefore has numerous 

drawbacks. Furthermore, there are no reported studies utilising a mouse model of 

spontaneous mammary tumour growth. All reported studies of HPSE in breast cancer 

have involved the in vivo grafting of mammary tumour cells. This does not reproduce the 

gradual stepwise development of breast cancer and therefore, is unsuitable to investigate 

the effects of HPSE throughout malignant progression. In order to address these gaps in 

our current knowledge, spontaneous mammary tumour-developing PyMT-MMTV mice 

devoid of HPSE expression (PyMT-MMTVxHPSE-/-) were used for the study of breast 

cancer.  
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In this chapter, the development of mammary tumours in both PyMT-MMTV and PyMT-

MMTVxHPSE-/- mice were compared over time to determine the long-term effects of HPSE 

in breast cancer growth in a spontaneous mammary tumour model. The effects of HPSE 

on several tumour growth kinetic parameters and mammary gland architecture were 

explored. Attempts were made to understand the expression of HPSE over time and to 

determine when the HPSE gene was ‘switched on’ in the mammary glands of PyMT-

MMTV mice. The effect of HPSE on angiogenesis in mammary tumours as well as lung 

metastasis was investigated at both early and late-stage mammary tumour development. 

Furthermore, the role of HPSE in early mammary tumour development was studied, which 

had remained poorly defined. Finally, the expression of MMPs in mammary tumour lesions 

was studied to determine if indeed a compensatory mechanism exists in the mammary 

TME whereby the lack of HPSE is countered by the overexpression of MMPs as suggested 

by others.      

3.3 Results  

3.3.1 Generation of PyMT-MMTVxHPSE-/- mice 

In order to define the role of HPSE in spontaneous murine mammary tumour development, 

a novel in vivo model was required. As mentioned, PyMT-MMTV mice provide a robust 

model for the study of human-like mammary tumour development. Prior to the 

commencement of the studies described here, the HPSE-deficient PyMT-MMTV mouse 

strain (PyMT-MMTVxHPSE-/-) was developed as outlined in 2.1.1 (figure 3.1A).  

The genotypes of animals used in these studies were confirmed as outlined in 2.1.2 

(figure 3.1B). 

Female PyMT-MMTV and PyMT-MMTVxHPSE-/- mice over time developed spontaneous 

mammary tumours (figure 3.1C). There was no visible significant difference in the growth 

patterns of mammary tumours between the two strains. A rare few male PyMT-MMTV and 

PyMT-MMTVxHPSE-/- mice developed mammary tumours over the course of these 

studies. However, the study of male breast cancer using the PyMT-MMTV model is 

beyond the scope of this thesis and these animals were thus discarded.  
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Figure 3.1 Generation of PyMT-MMTVxHPSE-/- mice  
(A) The schematic of the breeding strategy used to generate PyMT-MMTVxHPSE-/- mice. The genetic 
backgrounds of animals resulting from the F2 generation that were used in subsequent in vivo studies 
described in this thesis are indicated in red. (B) Genotypes of PyMT-MMTV, PyMT-MMTVxHPSE-/-, C57Bl/6 
and C57Bl/6xHPSE-/- animals were confirmed by PCR. (C) Representative photographs of spontaneous 
mammary tumour-bearing female PyMT-MMTV and PyMT-MMTVxHPSE-/- mice at 20-weeks of age.  
Both strains developed mammary tumours in a comparable manner. Visible mammary tumours are indicated 

by arrows.  
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3.3.2 Confirming the HPSE-/- status of mice used in this study 

It was necessary to confirm the HPSE expression null status of mice used in this study. 

The lack of HPSE expression and activity in C57Bl/6xHPSE-/- mice has been previously 

reported (Poon et al., 2014). In order to verify the HPSE expression status of PyMT-MMTV 

and PyMT-MMTVxHPSE-/- mice, a Con-A sepharose bead pull down assay was performed 

on whole spleen lysates of female animals (figure 3.2A). This resulted in a prominent 

band of approximately 45 kDa upon immunoblotting, which corresponded to the size of 

purified human HPSE and was present only in the spleen lysates of PyMT-MMTV mice.  

It was then necessary to confirm the HPSE status of the PyMT-MMTVxHPSE-/- mice at an 

enzymatic activity level. An enzyme activity assay was performed to determine HPSE 

activity in whole spleen lysates of female PyMT-MMTV and PyMT-MMTVxHPSE-/- mice 

(figure 3.2B). Whole spleen lysate of PyMT-MMTVxHPSE-/- mice exhibited a significantly 

lower level of HPSE activity compared to that of PyMT-MMTV mice. In order to determine 

the expression of HPSE in mammary tumour lesions of PyMT-MMTV and PyMT-

MMTVxHPSE-/- mice, an anti-HPSE IHC assay was performed (figure 3.2C). The 4th 

inguinal mammary glands were excised from animals euthanised at the ethical cumulative 

tumour volume end point. Tumour lesions of at least DCIS-grade within the mammary 

glands of PyMT-MMTV mice showed distinct regions of HPSE expression while those of 

PyMT-MMTVxHPSE-/- mice showed a lack of such. These results confirm the lack of HPSE 

expression in PyMT-MMTVxHPSE-/- mice.       

 

 

  



Chapter 3: Defining the role of heparanase in breast cancer progression using the PyMT-MMTV mouse model 

132 
 

 

Figure 3.2 Confirmation of HPSE-null status in PyMT-MMTVxHPSE-/- mice  
(A) Con-A-Sepharose bead pull down assay of whole spleen lysates of PyMT-MMTV and PyMT-
MMTVxHPSE-/- mice followed by a Western blot assay indicated a prominent band of approximately 45 kDa 
(arrow) corresponding to enzymatically active HPSE seen only in PyMT-MMTV animals (n = 4).  
(B) HS degradation assay with whole spleen lysates of PyMT-MMTV and PyMT-MMTVxHPSE-/- mice showed 
a significant reduction of HPSE enzymatic activity in PyMT-MMTVxHPSE-/- mice (n = 3). (C) A representative 
image of an anti-HPSE IHC of mammary gland sections isolated from PyMT-MMTV and PyMT-MMTVx 
HPSE-/- mice shows a lack of HPSE expression within DCIS/invasive lesions of PyMT-MMTVxHPSE-/- mice. 
Scale bar = 100 μm; ***, p<0.001, unpaired t-test. 
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3.3.3 Evaluation of spontaneous mammary tumour growth between PyMT-MMTV 

and PyMT-MMTVxHPSE-/- mice 

Based on our current knowledge of the role of HPSE in tumour growth, it was originally 

hypothesised that female PyMT-MMTVxHPSE-/- mice would exhibit a significantly less 

aggressive mammary tumour growth profile in contrast to female PyMT-MMTV mice.  

In order to investigate the influence of HPSE on spontaneous mammary tumour growth, 

cumulative tumour volumes of female PyMT-MMTV and PyMT-MMTVxHPSE-/- mice were 

measured from when tumours were first palpable and measurable to when the animals 

were euthanised at the ethical cumulative tumour volume end point (figure 3.3A). 

Mammary tumour growth rates between female PyMT-MMTV and PyMT-MMTVxHPSE-/- 

mice were observed to be comparable. The time taken to reach the ethical cumulative 

tumour volume end point was also comparable between female PyMT-MMTV and PyMT-

MMTVxHPSE-/- mice (figure 3.3B). The tumour latency periods to when palpable and 

measurable mammary tumours were first detected were also comparable between female 

PyMT-MMTV and PyMT-MMTVxHPSE-/- mice (figure 3.3C). In order to determine total 

mammary gland weights at the ethical end point, mammary glands were excised and 

weighed immediately following euthanisation. No significant difference in gross mammary 

gland weights was observed between female PyMT-MMTV and PyMT-MMTVxHPSE-/- 

mice (figure 3.3D). In order to normalise mammary gland weight measurements, female 

PyMT-MMTV and PyMT-MMTVxHPSE-/- mice were euthanised at 20-weeks of age and 

total tumour weights were measured (figure 3.3E). No significant difference was observed 

in age-matched gross mammary gland weights. These results therefore suggest that 

HPSE has no significant effect on the spontaneous mammary tumour development and 

growth kinetics in PyMT-MMTV mice.    
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Figure 3.3 Evaluation of spontaneous mammary tumour growth between PyMT-MMTV and PyMT-
MMTVxHPSE-/- mice 
(A) Total mammary tumour growth rates between PyMT-MMTV and PyMT-MMTVxHPSE-/- mice were 
comparable; n = 20 per group. (B and C) Time to reach the ethical tumour volume end point (>1500mm3 
cumulative tumour volume) in PyMT-MMTV and PyMT-MMTVx HPSE-/- was comparable (n=20) as well as the 
time taken to develop palpable tumours (n = 18 – 20). (D and E) Total mammary gland weights of PyMT-
MMTV and PyMT-MMTVxHPSE-/- at the ethical tumour volume end point (n = 10) as well as at 20-weeks of 
age (n = 6) were comparable. Error bars = SEM; NS, not significant; unpaired t-test. 
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3.3.4 The effect of HPSE on the mammary gland architecture of PyMT-MMTV mice 

The effect of HPSE on the architecture of mammary glands of female PyMT-MMTV mice 

was then evaluated. On account of the role of HPSE in ECM remodelling, it was 

hypothesised that female PyMT-MMTVxHPSE-/- mice would exhibit a less-complex 

organisation of ductal branching and overall mammary gland internal architecture in 

comparison to PyMT-MMTV mice. The 4th inguinal mammary glands were excised at the 

ethical tumour volume end point, whole mounted and visually examined under 

magnification (figure 3.4). Upon visual observation of the pattern and extent of mammary 

ductal branching as well as the development of alveolar buds between PyMT-MMTV and 

PyMT-MMTVxHPSE-/- mice, no significant difference was observed in the overall 

mammary architecture between the two strains. This result suggests that HPSE may not 

have a significant influence on the development of mammary glands of female PyMT-

MMTV mice.   

3.3.5 HPSE expression over time in PyMT-MMTV mammary glands 

Although it is known that HPSE is overexpressed in breast cancer, it is not well understood 

precisely when during mammary tumour development this physiological change occurs 

(Boyango et al., 2014). An attempt was thus made to determine when significant HPSE 

expression first became evident during the mammary tumour progression of PyMT-MMTV 

mice (figure 3.5). Initial H&E staining of 4th inguinal mammary glands of PyMT-MMTV 

mice at 4, 8, 12, 16 and 20-weeks of age confirmed tumour lesions of at least DCIS grade. 

This was followed by an anti-HPSE IHC, which revealed detectable levels of HPSE 

expression within the DCIS lesions occurring as early as 4-weeks of age and remaining 

consistent over time. No significant overexpression of HPSE associated with the age of 

the mice was observed. Therefore, these results suggest that in PyMT-MMTV mice, 

tumour lesion-associated HPSE expression within the mammary glands occurs early in 

tumour development and remains at a steady level throughout growth.  

3.3.6 The influence of HPSE on angiogenesis in PyMT-MMTV mammary tumours 

It is known that HPSE promotes angiogenesis in solid tumours, leading to enhanced 

tumour growth (Zhang et al., 2009, Ostapoff et al., 2013, Cohen et al., 2006, Naomoto et 

al., 2007). In order to investigate this phenomenon in PyMT-MMTV mammary tumours, 

an anti-CD31 IHC was performed on serial sections of mammary tumours excised at the 

ethical cumulative tumour volume end point (figure 3.6A). Upon quantitative analysis, it 

was revealed that tumours excised from female PyMT-MMTVxHPSE-/- mice exhibited a 

significantly reduced level of microvessel density compared to those from PyMT-MMTV 

mice (figure 3.6B). This result suggests that HPSE does indeed play a significant role in 

promoting angiogenesis in mammary tumours of PyMT-MMTV mice. It is however 
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interesting to note that this difference in angiogenesis did not translate to a variation in 

mammary tumour growth rates between female PyMT-MMTV and PyMT-MMTVxHPSE-/- 

mice. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 Mammary gland architecture of PyMT-MMTV and PyMT-MMTVxHPSE-/- mice at the ethical 
tumour volume end point 
Whole-mounted 4th inguinal mammary glands of PyMT-MMTV and PyMT-MMTVxHPSE-/- mice excised at the 
ethical tumour volume end point appeared similar in architecture upon visual observation. Representative 
images of one mammary gland per mouse, n = 3 per group. Scale bars = 50 μm.  
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Figure 3.5 HPSE expression over time in mammary glands of PyMT-MMTV mice 
Evaluation of HPSE expression by IHC in the 4th inguinal mammary glands of 4, 8, 12, 16 and 20-week old 
PyMT-MMTV mice bearing DCIS lesions revealed a consistent level of HPSE expression over time. 
Representative images of n = 3 per age group. Scale bar = 50 μm. 
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Figure 3.6 Microvessel density quantification in PyMT-MMTV and PyMT-MMTVxHPSE-/- mammary 
tumours 
(A) Representative anti-CD31 IHC images of serial sections of primary mammary tumour excised from PyMT-
MMTV and PyMT-MMTVxHPSE-/- mice. Arrows indicate microvessels positively stained for CD31.  
(B) Quantification of microvessels revealed that tumours excised from PyMT-MMTVxHPSE-/- mice exhibited 
a significantly reduced level of angiogenesis. Pooled data, n = 3 per group; 5 serial sections per tumour.                  
Scale bars = 100 μm. Error bars = SEM; ***, p<0.001; unpaired t-test.   
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3.3.7 The influence of HPSE on angiogenesis in early PyMT-MMTV mammary 

tumour development  

Following the observation that HPSE influences mammary tumour angiogenesis, as 

evident at the ethical cumulative tumour volume end point, it was decided to investigate if 

this phenotype was observable early in tumour development in female PyMT-MMTV and 

PyMT-MMTVxHPSE-/- mice. Serial sections of 4th inguinal mammary glands of 6-week old 

female PyMT-MMTV and PyMT-MMTVxHPSE-/- mice were subjected to an anti-CD31 IHC 

analysis (figure 3.7A). Upon visual examination, microvessels associated with 

DCIS/invasive mammary tumour lesions were located. Quantitative analysis revealed 

there was no significant difference in vessel count between mammary gland sections of 

PyMT-MMTV and PyMT-MMTVxHPSE-/- mice (figure 3.7B). This result suggests that 

although a positive correlation between angiogenesis and HPSE expression is evident in 

late-stage mammary tumours of female PyMT-MMTV mice, this phenotype does not exist 

in early mammary tumour development. Therefore, it is likely that HPSE-driven 

upregulation of angiogenesis occurs at a later stage in mammary tumour growth in female 

PyMT-MMTV mice. 

3.3.8 The role of host HPSE in influencing metastasis of PyMT-MMTV mammary 

tumours  

As previously described, mammary tumours in PyMT-MMTV mice result mainly in lung 

metastases (Guy et al., 1992). Numerous studies have demonstrated HPSE as a promoter 

of tumour metastasis as highlighted in the first chapter of this thesis. This therefore led to 

the evaluation of the role of HPSE in influencing lung metastasis in PyMT-MMTV and 

PyMT-MMTVxHPSE-/- mice to test the hypothesis that female PyMT-MMTVxHPSE-/- mice 

would exhibit significantly reduced lung metastases in contrast to PyMT-MMTV mice. To 

first confirm the presence of metastasis in these animals, serial lung sections were stained 

with H&E and visually examined for the presence of lesions (figure 3.8A). This analysis 

revealed that both female PyMT-MMTV and PyMT-MMTVxHPSE-/- mice euthanised at the 

ethical tumour volume end point did indeed exhibit lung metastases, although only 50% 

of all mice of either strain presented visible lesions. A quantitative analysis of the number 

of metastatic lesions did not reveal a significant difference between female PyMT-MMTV 

and PyMT-MMTVxHPSE-/- mice (figure 3.8B). Further quantitative analysis of the lung 

metastatic burden between the two strains through calculating qPCR-derived RTB 

confirmed the previous findings, showing no significant difference in RTB in the lungs of 

female PyMT-MMTV and PyMT-MMTVxHPSE-/- mice euthanised at the ethical tumour 

volume end point (figure 3.8C). These results suggest that even though HPSE is known 
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Figure 3.7 Evaluation of DCIS/invasive lesion-associated microvasculature in 6-week old PyMT-MMTV 
and PyMT-MMTVxHPSE-/- mouse mammary glands 
(A) Representative anti-CD31 IHC images of DCIS/invasive lesion-bearing mammary glands of 6-week old 
PyMT-MMTV and PyMT-MMTVxHPSE-/- mice. Microvasculature positive for CD31 expression are indicated 
by arrows. (B) Visual quantification of blood vessels associated with regions of DCIS and invasive lesions 
revealed no significant difference in angiogenesis during early tumour development. Pooled data of n = 5 per 
group; 2 sections per mammary gland. Scale bars = 100 μm. Error bars = SEM; NS, not significant; unpaired 
t-test. 
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Figure 3.8 Lung metastatic burden in PyMT-MMTV and PyMT-MMTVxHPSE-/- mice 
(A) Representative images of metastatic lesions in PyMT-MMTV and PyMT-MMTVxHPSE-/- female mice lungs 
excised at the ethical tumour volume end point; H&E stained. (B) Visual quantification of individual metastatic 
lesions in serial lung sections revealed no significant difference between PyMT-MMTV and PyMT-MMTVx    
HPSE-/- mice (n = 6 – 8). (C) qPCR of PyMT-MMTV and PyMT-MMTVxHPSE-/- mouse lungs excised at the 
ethical tumour volume end point revealed no significant difference in RTB (n = 12 – 15). Scale bars = 100 μm. 
Error bars = SEM; NS, not significant; unpaired t-test. 
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to promote metastasis in numerous cancer settings, HPSE in the PyMT-MMTV mouse 

model does not play such a role. 

3.3.9 Evaluation of the role of HPSE in the early stages of mammary tumour 

development in the PyMT-MMTV mouse model 

As discussed earlier in this chapter, it is known that HPSE promotes the development of 

breast cancer. However, despite extensive research, the precise role of HPSE in the early 

stages of mammary tumour development remains poorly defined. The spontaneous 

mammary tumour-developing mouse model PyMT-MMTV was therefore investigated in 

this context. Mammary tissue from 6-week old PyMT-MMTV and PyMT-MMTVxHPSE-/- 

mice were serially sectioned and histologically examined to reveal the pathological status 

of tumour lesions present in each mammary gland (figure 3.9A). The presence of lesions 

was first determined through H&E staining, which revealed normal mammary glands or 

malignant grades of hyperplasia, DCIS and invasive carcinoma. Further staining with anti-

Ki67 and anti-SMMHC antibodies distinguished between hyperplasia, DCIS and invasive 

carcinoma stages. A graphical representation shows the distribution of incidence of each 

major stage of breast cancer observed between all mammary glands analysed (figure 

3.9B). This was further expanded upon to represent the distribution between non-invasive 

and invasive lesions observed in each of the four mammary glands per animal analysed 

in this study (figure 3.9C). No distinct variation in lesion grade between female PyMT-

MMTV and PyMT-MMTVxHPSE-/- mice was observed in either of these representations. 

Finally, a quantitative analysis of the number of mammary glands bearing non-invasive vs 

invasive mammary tumour lesions between PyMT-MMTV and PyMT-MMTVxHPSE-/- mice 

was carried out by a chi-square test as previously described (Duivenvoorden et al., 2017) 

(figure 3.9D). This revealed no significant variation in invasive lesion incidence between 

the two groups. Together, these data suggest that HPSE does not play a role in promoting 

the progression of PyMT-MMTV mammary tumours early in their development. 

3.3.10 Investigating the presence of a compensatory mechanism of MMP 

expression in PyMT-MMTVxHPSE-/- mouse mammary tumour lesions 

Due to the dynamic nature of the ECM, the lack of an ECM-modulatory enzyme such as 

HPSE is sometimes thought to be compensated for by the upregulation of other ECM 

remodelling enzymes such as MMPs (Zcharia et al., 2009). However, our previous data 

suggests otherwise (Poon et al., 2014). In order to determine the status of MMP 

expression within mammary gland lesions, DCIS/invasive lesions were analysed for MMP-

2 expression by IHC (figure 3.10A). H-score quantification of MMP-2 expression revealed 

no significant difference between PyMT-MMTV and PyMT-MMTVxHPSE-/- mice (figure 
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Figure 3.9 Evaluation of early mammary tumour 
development in PyMT-MMTV and PyMT-
MMTVxHPSE-/- mice  
(A) Representative images of normal, hyperplastic, 
DCIS and invasive carcinoma regions of PyMT-

MMTV and PyMT-MMTVxHPSE
-/- 

mammary glands. 
H&E staining along with IHC for Ki67 and SMMHC 
expression confirmed each stage of mammary 
tumour development. The expression of Ki-67 
increases with the progression of carcinoma while 
that of SMMHC decreases. (B) A pie-chart 
representation of the number of mammary glands 
with each distinct stage of tumour development 
(represented as parts of 32; n = 8 per group,  
4 mammary glands per mouse). (C) A pie-chart 
representation of invasive vs non-invasive 
phenotypes observed in each of the excised 
mammary glands of PyMT-MMTV and PyMT-

MMTVxHPSE
-/-

 mice (n = 8). (D) Chi-square analysis 
of invasive vs non-invasive phenotypes between 
mammary glands of PyMT-MMTV and PyMT-

MMTVxHPSE
-/-

 mice
 

showed no significant 
difference (n = 8). Scale bars = 50 μm; NS, not 
significant 
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Figure 3.10 H-score quantification of MMP-2 expression in DCIS/invasive lesions of PyMT-MMTV and 
PyMT-MMTVxHPSE-/- mouse mammary glands 
(A) Representative MMP-2 IHC images of serial sections of DCIS/invasive lesion-bearing mammary glands 
excised from 20-week old PyMT-MMTV and PyMT-MMTVxHPSE-/- mice. (B) H-score analysis revealed no 
significant difference in staining intensity and therefore, MMP-2 expression levels in DCIS/invasive lesions of 
PyMT-MMTV and PyMT-MMTVxHPSE-/- mice (n = 3). Scale bar = 200 μm; Error bars = SEM; NS, not 
significant; unpaired t-test. 
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3.10B).This suggests that mammary tumour-associated MMP-2 expression (and possibly 

the expression of other MMPs) is not influenced by the lack of HPSE in PyMT-

MMTVxHPSE-/- mice and a previously-proposed compensatory mechanism of upregulated 

MMP expression does not exist in this model.   

3.4 Discussion 

HPSE has been suggested as a key player in breast cancer progression, as supported by 

extensive in vitro and in vivo data as well as numerous clinical investigations mentioned 

in section 3.2. A majority of cancer-related deaths are the direct result of metastasis 

(Steeg, 2016). Breast cancer in particular, proves potentially life-threatening in its 

metastatic setting in contrast to when localised to its primary site. As a key promoter of 

tumour growth and metastasis, HPSE has therefore garnered much attention over the past 

several decades in the context of breast cancer. This chapter utilised the well-defined 

PyMT-MMTV mouse model of spontaneous mammary tumour development in order to 

further define the precise role of HPSE in murine breast cancer which would in turn form 

a basic understanding of the human malignancy.   

3.4.1 PyMT-MMTV mice as a model of human breast cancer  

The study of breast cancer has involved a large variety of mouse models over several 

decades, whilst acknowledging that the perfect in vivo model does not exist (Holen et al., 

2017, Saxena and Christofori, 2013). The PyMT-MMTV mouse model is a well-

characterised, robust mouse model of spontaneous mammary tumour development and 

metastasis, which closely resembles the development of breast cancer in humans (Lin et 

al., 2003). Therefore, this has emerged as an ideal in vivo model to understand the human 

malignancy. These are transgenic mice where the polyomavirus middle-tumour antigen 

(PyMT) expression is driven by the mouse mammary tumour virus (MMTV) promoter’s 

long terminal repeat (LTR) regulatory sequence (Guy et al., 1992). The PyMT is a robust 

oncogenic antigen with a demonstrated capacity to transform mouse cells and give rise to 

cancer (Lee et al., 2011, Kiefer et al., 1994, Dilworth, 2002, Schaffhausen and Roberts, 

2009). The tumour induction is through the mimicking of an activated growth factor 

receptor and has been demonstrated to increase cellular responsiveness to growth factors 

(Zhou et al., 2011a, Raptis, 1991). The development of multifocal tumours involves the 

activation of c-src, PI3-K and Raf-Mek-ERK signalling pathways, resulting in the malignant 

transformation of the mammary epithelial cells (Courtneidge and Smith, 1983, Whitman et 

al., 1985, Ichaso and Dilworth, 2001). At the time of derivation of these animals, a majority 

of mice were reported to develop lung metastases (Guy et al., 1992). 

PyMT-driven mammary carcinogenesis has been shown to upregulate MMP-13 with no 

promotion of tumour growth (Nielsen et al., 2008). It also promotes the expression of 



Chapter 3: Defining the role of heparanase in breast cancer progression using the PyMT-MMTV mouse model 

147 
 

osteopontin, demonstrated to promote metastasis through EMT plasticity regulation 

(Whalen et al., 2008, Jia et al., 2016). However, no evidence yet exists for the influence 

of PyMT-driven carcinogenesis on HPSE expression. The MMTV-LTR contains a 

glucocorticoid hormone response element, resulting in a hormonal-driven regulation of 

protein expression (Dudley et al., 2016, Otten et al., 1988, Mink et al., 1990, Qin et al., 

1999). These features result in localised, spontaneous tumour growth with associated 

metastasis. 

Numerous studies have elucidated the malignant progression in the PyMT-MMTV model. 

The analysis of gene activation at each distinct stage of tumour development showed a 

remarkably similar gene expression pattern between both later stages and the beginning 

of tumour growth, shedding new light on the transcriptional dynamics of this model (Cai et 

al., 2017). Lin et al. described in detail the mammary tumour growth process in PyMT-

MMTV mice (Lin et al., 2003). Here, it was reported that similar to humans, the mice 

exhibited morphologically distinct stages of hyperplasia, adenoma, early carcinoma and 

late carcinoma. The expression of biomarkers, too, was consistent with human breast 

cancers resulting in a poor prognosis, with the gradual loss of ER, PR as well as integrin-

β1 along with the persistent expression of cyclin-D1 and ErbB2/Neu (equivalent to human 

HER2). Malignancy was also associated with an increased influx of leukocytes. 

Myoepithelial cells, critical in limiting metastasis in mammary tumours, as well as 

proliferation markers were recently utilised in developing a scoring matrix to distinguish 

normal epithelium, hyperplasia, intraepithelial neoplasia and invasive carcinoma in PyMT-

MMTV mice  (Duivenvoorden et al., 2018). This would enable the transition of in vivo 

findings to a clinical setting.  

Several mouse strains have been derived based on the PyMT-MMTV model for the study 

of numerous breast cancer-related processes. These include PI3K signalling, CSF-1 

driven tumorigenesis, the regulation of pulmonary metastasis of mammary carcinoma by 

CD4+ T-cells, the role of neutrophils in supporting lung metastasis in breast cancer, the 

CD44-mediated metastatic invasion during breast cancer, VEGF-mediated mammary 

tumour growth, TGF-β signalling, urokinase-mediated breast cancer metastasis and the 

role of mitogen-activated protein kinase kinase kinase-1 in breast cancer metastasis 

(Klarenbeek et al., 2013, Lin et al., 2001, DeNardo et al., 2009, Lopez et al., 2005, 

Schoeffner et al., 2005, Muraoka-Cook et al., 2004, Almholt et al., 2005, Cuevas et al., 

2006, Wculek and Malanchi, 2015b). Thus, the PyMT-MMTV model has established itself 

as an ideal tool in the study of breast cancer.  

Most studies on the role of HPSE in breast cancer have been conducted using in vivo 

models incorporating HPSE overexpression, the use of isolated breast cancer cells in vitro 
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or the use of human clinical samples. No studies thus far have reported the use of an in 

vivo model of spontaneous mammary tumour development incorporating the genetic 

ablation of HPSE expression. This chapter aimed to address the current gap in knowledge 

with the use of PyMT-MMTVxHPSE-/- mice. Data generated from these animals were 

expected to shed further light on the role of HPSE in human breast cancer.  

Earlier, we established the C57Bl/6xHPSE-/- mouse strain and demonstrated the lack of 

HPSE expression in these animals both at a transcription level and a protein expression 

level (Poon et al., 2014). However, it was necessary to also demonstrate the lack of HPSE 

expression localised specifically to regions of tumour lesions in the mammary glands of 

female PyMT-MMTVxHPSE-/- mice. As expected, no HPSE expression was observed 

within DCIS/invasive mammary tumour lesions of female PyMT-MMTVxHPSE-/- mice, 

further validating our previous findings (figure 3.2C).  

3.4.2 The HPSE-independent mechanism of mammary tumour progression in 
female PyMT-MMTVxHPSE-/- mice 

Based on published literature, female PyMT-MMTVxHPSE-/- mice lacking in HPSE 

expression were hypothesised to develop less aggressive mammary tumours in contrast 

to PyMT-MMTV mice. However, results of this study suggest otherwise. Mammary 

tumours in both female PyMT-MMTV and PyMT-MMTVxHPSE-/- mice progressed in a 

similar manner. PyMT-MMTVxHPSE-/- mice mammary tumours also exhibited a similar 

tumour latency as those of PyMT-MMTV mice. No parameter used to evaluate mammary 

tumour growth suggested a disadvantage of lacking HPSE expression in these animals 

(figure 3.3). These data therefore suggest a HPSE-independent mode of mammary 

tumour development in the PyMT-MMTV mouse model, which is contrary to our original 

hypothesis.  

Recently, the MMTV-directed overexpression of HPSE in the mammary glands of mice 

demonstrated a HPSE-mediated promotion of mammary gland development  (Boyango et 

al., 2018). In order to investigate the role of HPSE in the development of mammary glands 

of PyMT-MMTV mice in this thesis, mammary glands were examined at the ethical tumour 

volume end point (figure 3.4). This suggested no distinct role of HPSE in mammary gland 

branching morphogenesis, in contrast to previously published data (Zcharia et al., 2009, 

Boyango et al., 2018). It should be noted, however, that the studies by Boyango et al. 

stimulated the overexpression of HPSE specifically in the mouse mammary glands and 

compared HPSE-transgenic mice to their wild type counterparts. A HPSE-deficient control 

was not employed in arriving at this conclusion. It should further be noted that mouse 

mammary glands undergo ovarian cycle-dependent morphological changes and its 

development is strongly hormonal-driven (Bocchinfuso et al., 2000, Fata et al., 2001, Chua 

et al., 2010). Thus, it may be crucial to consider synchronising the oestrous cycle status 
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of female mice used in similar studies in order to better define the role of HPSE 

independently of the effects of varying hormone levels.    

3.4.3 Despite a lack of primary tumour growth disadvantage in PyMT-
MMTVxHPSE-/- mice, tumour angiogenesis is affected 

Angiogenesis is a key requirement for tumour progression as discussed previously, with 

HPSE functioning as a promoter of neovascularisation (Cohen et al., 2006). Consistent 

with this notion, mammary tumours excised from female PyMT-MMTVxHPSE-/- mice at the 

cumulative ethical tumour volume end point were shown to possess significantly reduced 

vasculature in contrast to those from PyMT-MMTV mice (figure 3.6). This observation 

aligns with that of previous studies conducted using both in vivo and human clinical 

samples (Cohen et al., 2006, Dai et al., 2017). However, no significant variation in 

mammary tumour lesion-associated microvessels was observed in the early stages of 

PyMT-MMTV mammary tumour growth (figure 3.7).  

These observations suggest that HPSE is a promoter of angiogenesis in PyMT-MMTV 

mice, whose effects become evident at the ethical tumour volume end point. It is 

interesting to note that reduced angiogenesis in female PyMT-MMTVxHPSE-/- mice did not 

result in impaired mammary tumour growth. The current literature reports an increase in 

HPSE expression leading to increased angiogenesis that in turn correlates with an 

increased tumour size and growth rate in numerous cancer settings as discussed earlier. 

Based on the observations reported in this chapter however, it can be suggested that in 

the PyMT-MMTV model, a reduction in mammary tumour angiogenesis as a result of the 

lack of HPSE expression does not impact upon the overall tumour growth capacity.  

A similar relationship in human malignancies is yet to be reported. Indeed, in certain 

clinical settings, the use of HPSE inhibitors aimed at inhibiting tumour growth through 

impaired angiogenesis may not prove to be effective. This concept requires further 

investigation. 

It should also be noted that angiogenesis is not wholly dependent on HPSE but rather 

enhanced through its enzymatic activity. Therefore, it is likely that the inherent capacity of 

a mammary tumour to generate its vasculature independently of HPSE activity is sufficient 

to maintain tumour growth. This likely occurs through the activity of enzymes such as 

MMPs, with ECM-modulating and angiogenesis-inducing capabilities (Deryugina and 

Quigley, 2015). It also remains to be seen if the reduction in angiogenesis in HPSE-devoid 

mammary tumours leads to increased hypoxia and in turn, leads to downstream HIF-

mediated survival pathways, resulting in the maintenance of tumour progression (Tam et 

al., 2020, LaGory and Giaccia, 2016).  
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3.4.4 HPSE expression is detected early and remains consistent during PyMT-
MMTV mammary tumour growth  

The data gathered from investigating primary tumour angiogenesis in PyMT-MMTV mice 

further suggest that a distinct overexpression of HPSE may likely be observed at a specific 

and yet to be elucidated stage of PyMT-MMTV mammary tumour development. However, 

an attempt to pinpoint if and when an increase in mammary tumour lesion-associated 

HPSE expression occurred suggested that HPSE expression remains at a consistent level 

throughout mammary tumour development in PyMT-MMTV mice (figure 3.5). The high 

lipid content of the mammary glands prevented the conduct of enzymatic activity assays 

to demonstrate the HPSE activity within these glands over time and therefore, an anti-

HPSE IHC was employed. Taken together with the previous data on HPSE-driven tumour 

angiogenesis, these observations suggest that a distinct upregulation of HPSE expression 

may not occur in PyMT-MMTV mice during the course of mammary tumour development, 

but a consistent level of HPSE expression does activate the angiogenic switch. 

3.4.5 Metastasis in PyMT-MMTV occurs independently of HPSE 

Spontaneous metastasis is a key feature of the PyMT-MMTV mouse model, which further 

warrants its use in the understanding of breast cancer progression. The use of PyMT-

MMTVxHPSE-/- animals therefore enabled the investigation of the influence of HPSE 

expression on breast cancer metastasis. PyMT-MMTV transgenic mice have been 

generated on a variety of genetic backgrounds which in turn has a significant impact on 

mammary tumour metastasis. It has been demonstrated that PyMT-MMTV mice on an 

FVB (indicating susceptibility to the Friend leukemia virus) background are significantly 

more susceptible to metastatic disease compared to those on a C57Bl/6 background 

(Lifsted et al., 1998). Indeed, the initial reporting of the PyMT-MMTV strain by Guy et al. 

employed FVB animals, where nearly all tumour-bearing MMTV/middle T transgenic 

animals developed metastases (Guy et al., 1992). However, our studies employed 

transgenic mice on a C57Bl/6 background. Therefore, it should be noted that only 50% of 

animals employed in the studies reported in this chapter exhibited histologically detectable 

lung metastases (figure 3.8A). Follow up analysis of PyMT expression by qPCR further 

confirmed this observation (figure 3.8B). Future studies focusing on the role of HPSE in 

mediating mammary tumour metastasis in PyMT-MMTV transgenic mice may benefit from 

using animals generated on an FVB background. 

As discussed in the first chapter, tumour growth and metastasis are significantly affected 

by the immune system. Key components of the immune system such as NK cells have 

been demonstrated to be pivotal in anti-tumour immunity and additionally, be dependent 

on intracellular HPSE activity in order to exert cytotoxic effects (Putz et al., 2017).  

Based on this and other observations previously elaborated upon, a significantly higher 



Chapter 3: Defining the role of heparanase in breast cancer progression using the PyMT-MMTV mouse model 

151 
 

lung tumour burden was expected in mammary tumour-bearing female PyMT-

MMTVxHPSE-/- mice at the ethical tumour volume end point, in contrast to PyMT-MMTV 

mice. However, data reported in this chapter indicate that lung metastasis in tumour-

bearing female PyMT-MMTV mice remained unaffected by the lack of HPSE expression 

in the host tissue (figure 3.8). It is possible that a difference in lung metastatic burden 

between mammary tumour-bearing PyMT-MMTV and PyMT-MMTVxHPSE-/- mice exists 

in the early stages of tumour growth that is not evident at the ethical tumour volume end 

point. However, it should be noted that due to the extremely low level of metastatic 

dissemination in the animals used, analysis by quantitative qPCR to determine a 

difference in lung RTB at an early stage prior to the ethical tumour volume end point may 

prove unfeasible.  

3.4.6 HPSE plays no distinct role in early mammary tumour development  

Attempts were made to investigate the role of HPSE in the early stages of mammary 

tumour development. Earlier, studies on the effects of HPSE expression on human breast 

cancer progression were discussed in detail. However, the current literature is focused on 

reports on disease in its later stages. Tumours develop gradually over time. The actions 

of ECM-modulating enzymes such as HPSE may have a profound impact especially in the 

early stages of tumour development, translating to clinically obvious effects in advanced 

stages of cancer. Despite this potential, no study has thus far reported on this aspect.  

The use of the spontaneous mammary tumour-developing PyMT-MMTV mice provided an 

excellent model to understand the role of HPSE in promoting early mammary tumour 

establishment.  

A visual examination was first carried out on serial sections of mammary glands. It was 

important to isolate mammary glands at an age when distinct stages of tumour 

development would be present, without an overwhelming presence of invasive carcinoma 

lesions. Guidelines were adapted from studies previously conducted by Duivenvoorden et 

al. with 6-weeks of age determined as the ideal stage to observe variations in early 

mammary tumour establishment between female PyMT-MMTV and PyMT-MMTVx 

HPSE-/- mice (Duivenvoorden et al., 2017). Although initial H&E staining of the mammary 

gland sections confirmed the pathology of carcinoma or the absence of lesions to a certain 

degree, it was necessary to follow up with IHC confirmation (figure 3.9A). This was due 

to the fact that subtle variations between tumour grades may not be visible upon basic-

level histological examination. To distinguish normal mammary ducts from those 

undergoing rapid epithelial proliferation and progressed to a stage of hyperplasia, an  

anti-Ki67 IHC was employed. This identified epithelial cells undergoing rapid division, 

indicating early stages of carcinoma development. In order to distinguish between DCIS 

and invasive carcinoma, an anti-SMMHC IHC was employed. This in turn enabled the 
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identification of intact ductal walls of DCIS lesions from invasive carcinoma, which showed 

a severe disruption or a complete lack of ductal walls.  

However, statistical analysis of the number of mammary glands exhibiting invasive 

carcinoma versus those that did not, suggested no significant difference in the promotion 

of mammary tumour invasion between female PyMT-MMTV and PyMT-MMTVxHPSE-/- 

mice at 6-weeks of age (figure 3.9D). No distinct pattern in the incidence of invasive 

carcinoma between the different mammary glands studied was observed (figure 3.9C). 

Neither was a significant variation between each of the four major stages of mammary 

tumour development observed between female PyMT-MMTV and PyMT-MMTVxHPSE-/- 

mice (figure 3.9B). These results collectively suggest that HPSE imparts no effects in the 

early stages of mammary tumour development in PyMT-MMTV mice.  

In the context of human breast cancer, this suggests that HPSE may not always promote 

the early establishment of disease but may play a critical role in its later stages. Although 

this hypothesis needs further investigation, the logistics of such a study would pose major 

challenges. Scientific studies are conducted on human samples collected at a clinically 

significant disease state and certainly not at early disease establishment, when the 

presence of cancer is not detectable. Therefore, the most feasible option is an animal 

model of spontaneous tumour development such as PyMT-MMTV, which would allow the 

use of animals at a pre-determined investigative time point.  

3.4.7 No evidence of an MMP-mediated compensatory mechanism for the lack of 
HPSE expression in PyMT-MMTVxHPSE-/- mice  

The ECM is a complex, dynamic environment as discussed in length in the first chapter 

(Pickup et al., 2014, Iozzo and Gubbiotti, 2018, Bonnans et al., 2014). Indeed, the 

multitude of ECM components with sometimes overlapping functions suggests the 

likelihood that the lack or inhibition of one component may be compensated for by another 

with a similar role within the ECM. In certain other cases, the targeted inhibition of an ECM 

component with the aim of curbing the severity of disease may lead to unintended side 

effects, as the same component could be vital in maintaining tissue homeostasis.  

Previously, an upregulation of MMPs was described in HPSE-deficient mice in response 

to the lack of HPSE expression (Zcharia et al., 2009). This indicated a co-regulatory 

mechanism between MMPs and HPSE in the ECM and in particular, indicated an 

upregulation of MMP-2 expression in the mammary glands. These observations could lead 

one to the assumption that an upregulation of MMP expression in female PyMT-

MMTVxHPSE-/- mice may explain results of the studies reported in this thesis which 

suggested a HPSE-independent mode of mammary carcinoma progression in the PyMT-

MMTV mouse model.  
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However, upon the generation of the C57Bl/6xHPSE-/- animals that formed the founding 

members of the PyMT-MMTVxHPSE-/- mice reported in this chapter, the expression levels 

of a range of MMPs (MMP-2, -9, -14 and -25) in a variety of tissues were analysed (Poon 

et al., 2014). Here, it was reported that MMP expression levels in HPSE-deficient mice 

remained unchanged. In order to further elaborate on the observations by Poon et al. and 

to investigate if indeed an MMP-2 overexpression was present in the mammary glands of 

female PyMT-MMTVxHPSE-/- mice as described by Zcharia et al., an anti-MMP-2 IHC was 

undertaken (figure 3.10). Mammary tumour lesions of DCIS/invasive grade were chosen 

for this purpose as the previous studies employed qPCR, which had no means of 

pinpointing if MMP upregulation occurred within the lesions itself. Confirming our previous 

findings, no significant difference in MMP-2 expression was observed in PyMT-

MMTVxHPSE-/- mice.  

3.5 Conclusion  

This chapter explored the effects of HPSE on the spontaneous tumour growth of PyMT-

MMTV mice and identified that the mammary tumour progression in these animals 

occurred in a HPSE-independent manner. Although primary tumour angiogenesis was 

affected by the lack of HPSE, the overall tumour burden, tumour growth rate and 

metastasis in mammary tumour-bearing PyMT-MMTV mice remained unperturbed.  

HPSE was also suggested to play no significant role during the early stages of mammary 

tumour development, which had remained largely undefined. Furthermore, no 

compensatory mechanism of MMP-2 overexpression to counter the lack of HPSE 

expression was observed.  

Collectively, these data suggest that in some human breast cancer settings and possibly 

in other cancer settings too, HPSE may not always play a significant role as would be 

assumed based on the published literature. Coupled with recently published data 

demonstrating its critical anti-tumour role, the findings of this chapter suggest that HPSE 

may not always contribute to tumour progression. This could have significant implications 

in the current development and the clinical validation of HPSE inhibitors.      
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4.1 Abstract 

HPSE has been implicated as a key mediator in the development and progression of 

breast cancer. In this chapter, the role of the stromal components of the TME in promoting 

HPSE expression within the primary mammary tumour is defined by employing HPSE-

deficient C57BL/6xHPSE-/- mice. Furthermore, the role of tumour stromal component-

driven HPSE activity in regulating tumour angiogenesis, growth and metastasis is 

analysed. The findings of this chapter indicate that the stromal components of the 

mammary TME play a crucial role in promoting HPSE activity within the tumour and lead 

to enhanced angiogenesis. The TME-driven HPSE expression was hypothesised to 

originate from the migration of tumour immune cells expressing HPSE. However, this 

increased HPSE expression did not translate to the promotion of overall primary tumour 

growth and metastasis or enhanced immune cell migration.  

4.2 Introduction 

Mammary tumours, as other solid tumours, are heavily influenced by the TME that 

regulates growth and other cancer hallmarks. Numerous studies have examined this 

intricate relationship and have shed light on the various components of the mammary TME 

and their roles in tumour promotion. The roles of the various stromal cells of the TME as 

well as the molecular components in regulating HPSE expression, and therefore cancer 

progression, have been covered in detail in chapter 1. In particular, HPSE and its substrate 

HS have been suggested to play key roles in angiogenesis and metastasis, two key focus 

areas of this thesis (Gomes et al., 2013).  

A correlation between angiogenesis and metastasis in invasive breast carcinoma has 

been clinically demonstrated (Weidner et al., 1991). Several anti-angiogenic therapies 

have been developed and assessed through human clinical trials in a number of 

malignancies, including breast cancer, with varying degrees of efficacy (Jayson et al., 

2016, Miller et al., 2005, Gerber et al., 2013, Fakhrejahani and Toi, 2014, Earl et al., 2015). 

A large number of in vivo studies employing mouse models as well as human studies have 

indicated the role of HPSE in breast cancer angiogenesis and metastasis (highlighted in 

section 3.2) (Cohen et al., 2006, Zhang et al., 2007, Maxhimer et al., 2002).  

Elevated HPSE expression in breast cancer has been correlated with a poor clinical 

prognosis (Sun et al., 2017).  

Immune cells make important contributions to the mammary TME and represent attractive 

therapeutic targets (Coussens and Pollard, 2011, Law et al., 2017). As discussed 

previously, immune cells are key expressers of HPSE, which is a key promoter of cell 

migration and activation (Gutter-Kapon et al., 2016, Putz et al., 2017, Poon et al., 2014, 

Morris et al., 2015, Naparstek et al., 1984, Vlodavsky et al., 1992, Matzner et al., 1985). 
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Therefore, it is likely that immune cells within the mammary TME contribute to the overall 

HPSE expression in the primary tumour. This may in turn promote HPSE-driven hallmarks 

of cancer such as angiogenesis and metastasis. 

Several studies have described the use of transgenic HPSE-overexpressing or 

immunocompromised mice in investigating the role of HPSE in breast cancer (Boyango et 

al., 2014, Zhang et al., 2007). However, a functional immune system is critical to 

understanding cancer growth and metastasis as it plays a vital role in cancer progression 

(Vinay et al., 2015). Immunocompromised mice, therefore, will not enable the anti-tumour 

and/or tumour-promoting role of the immune system to be fully defined.  

HPSE-overexpressing mice can be limited in their physiological relevance to 

understanding disease. Such transgenic mice may exaggerate the effects of naturally 

induced overexpression of HPSE in the TME and prove the comparison to a wild type 

phenotype difficult. Therefore, the use of a HPSE-deficient, immunocompetent in vivo 

model is preferable for the purpose of understanding the role of the mammary TME in 

disease progression. 

In this chapter, orthotopic tumours are induced with the use of PyMT-MMTV mouse 

mammary tumour-derived cells in female C57Bl/6 and C57Bl/6xHPSE-/- mice. With the 

induction of tumours using tumour cells capable of expressing HPSE in vivo in both 

C57Bl/6 and C57Bl/6xHPSE-/- animals, the HPSE-mediated effects of the TME 

components can be better defined. Additionally, the role of HPSE expressed within the 

mammary TME in promoting angiogenesis and lung metastasis is further studied. The use 

of immunocompetent animals also enabled the study of HPSE-mediated intra-tumoural 

immune cell migration.  
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4.3 Results  

4.3.1 HPSE expressed by stromal cells within the TME contributes to the overall 

HPSE activity of mammary tumours, but does not affect tumour growth 

In order to better define the role of HPSE expressed by the stromal cells within the 

mammary TME in affecting the growth of the primary tumour, it was necessary to first 

establish a model of inducible mammary tumours in female C57Bl/6 and C57Bl/6x 

HPSE-/- mice (figure 4.1A). The PyMT-MMTV mammary tumour-derived cell line PyMT3 

(kindly provided by Associate Professor Belinda Parker, La Trobe University) was 

implanted into the 4th inguinal mammary fat pads of C57Bl/6 and C57Bl/6xHPSE-/- female 

mice in order to investigate the ability of the cells to establish mammary tumours in vivo.  

The orthotopic inoculation of PyMT3 cells into the mammary fat pad of female C57Bl/6 

and C57Bl/6xHPSE-/- mice gave rise to solid tumours. The resulting mammary tumours of 

female C57Bl/6 and C57Bl/6xHPSE-/- mice progressed at a comparable rate and the 

animals were euthanised at the ethical end point of an estimated tumour volume of  

>1500 mm3 (figure 4.1B). Mammary tumours were excised at the ethical tumour volume 

end point, lysed and subjected to a HPSE enzymatic activity assay. It was thus observed 

that in comparison to the parental PyMT3 cell line, tumours excised from both female 

C57Bl/6 and C57Bl/6xHPSE-/- mice exhibited a significantly higher level of HPSE activity.  

Interestingly, mammary tumours excised from C57Bl/6 mice exhibited a significantly 

higher HPSE activity level compared to those excised from C57Bl/6xHPSE-/- mice (figure 

4.1C). It is therefore likely that components of the TME are active participants in promoting 

HPSE activity in mammary tumours either by promoting the upregulation of HPSE by the 

PyMT3 cells or through HPSE expressed by the TME components themselves. 

4.3.2 The effect of HPSE expressed by the stromal components of the mammary 

TME on mammary tumour angiogenesis 

Induced PyMT3 mammary tumours were excised from both female C57Bl/6 and  

C57Bl/6xHPSE-/- mice at the ethical tumour volume end point. Serial sections were 

analysed by anti-CD31 IHC, revealing microvessels within the tumour (figure 4.2A). 

Quantification of the percent (%) area of CD31 stain revealed that mammary tumours 

excised from female C57Bl/6xHPSE-/- mice had a significantly reduced level of tumour 

angiogenesis compared to those of C57BL/6 mice (figure 4.2B). This observation 

suggests that the HPSE expressed by the stromal cells of the TME of a mammary tumour 

leads to increased angiogenesis. 
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Figure 4.1 The influence of the TME on the progression and HPSE enzymatic activity of induced PyMT3 

mammary tumours in C57Bl/6 and C57Bl/6xHPSE
-/-

 mice 
(A) A schematic representation of the study design, whereby PyMT-MMTV tumour-derived cells (PyMT3) were 

implanted in the 4
th

 inguinal mammary fat pad of C57Bl/6 and C57Bl/6xHPSE
-/-

 mice. (B) Induced PyMT3 

mammary tumours progressed at a comparable rate between C57Bl/6 and C57Bl/6xHPSE
-/-

 mice (n = 5); 
representative of one of two independent experiments (C) PyMT3 tumours excised at the ethical tumour 
volume end point from C57Bl/6 mice exhibited a significantly higher level of HPSE enzymatic activity compared 

to those from C57Bl/6xHPSE
-/-

 mice (n = 5); representative results of one of two independent assays.  
Error bars = SEM; NS, not significant; **, p<0.01; ****, p<0.0001; unpaired t-test.   
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Figure 4.2 Quantification of microvessel density in induced PyMT3 mammary tumours excised from 

C57Bl/6 and C57Bl/6xHPSE
-/-

 mice 
(A) Representative anti-CD31 IHC images of serial sections of induced PyMT3 mammary tumours excised 

from C57Bl/6 and C57Bl/6xHPSE
-/-

 mice. Arrows indicate microvessels positively stained for CD31.  

(B) Quantification of the % area of staining revealed that tumours excised from C57Bl/6xHPSE
-/-

 mice exhibit 
significantly reduced angiogenesis. Pooled data, n = 5 per group; sections of 3 distinct regions analysed per 
tumour. Scale bars = 100 μm. Error bars = SEM; ***, p<0.001; unpaired t-test.  
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4.3.3 Evaluation of tumour infiltrates of induced PyMT3 mammary tumours 

PyMT3 mammary tumours were excised from both female C57Bl/6 and  

C57Bl/6xHPSE-/- mice at the ethical tumour volume end point and histologically analysed 

in order to verify stromal cell infiltrates (figure 4.3). All tumours examined showed 

evidence of infiltration as distinctly stained regions of a deep purple colour upon H&E 

staining. Based upon morphology, these clusters of infiltrates were strongly suggested to 

consist of immune cells. On visual examination, tumours excised from both female 

C57Bl/6 and C57Bl/6xHPSE-/- mice showed no clear difference in the degree of infiltration. 

This suggests that orthotopic PyMT3 mammary tumours contain infiltrating immune cells, 

which may contribute to elevated levels of HPSE activity as previously described. 

However, the intra-tumoural migration of these cells appears to not be affected by the lack 

of HPSE expression by the stromal components of the TME.  

4.3.4 The effect of HPSE on mammary tumour-infiltrating immune cells 

The significant effects of HPSE on tumour-infiltrating immune cells have been discussed 

(see sections 1.19 and 1.23.5). It was thus important to investigate the effect of HPSE on 

tumour-infiltrating immune cells in the induced mammary tumour model. Following the 

histological verification of tumour-infiltrating stromal cells, orthotopic PyMT3 mammary 

tumours excised from both female C57Bl/6 and C57Bl/6xHPSE-/- mice at the ethical 

tumour volume end point were subjected to flow cytometric analysis (figure 4.4).  

This revealed no significant difference in total lymphocytes, CD4+ T cells, CD25+ CD4+ T 

cells, CD25- CD4+ T cells, CD8+ T cells, MHCII+ CD11c+ DCs, monocytes, F4/80+ CD11b+ 

CD11c+ Ly6c+ myeloid cells, F4/80+ CD11b+ CD11c+ Ly6c- residential macrophages and 

Ly6G+ CD11b+ neutrophils. This observation confirms the findings of section 4.3.3 and 

further suggests that PyMT3 mammary tumours do contain a variety of infiltrating immune 

cells but these remain unaffected by the lack of HPSE expressed by the stromal cells of 

the TME. It should be noted that tumour-infiltrating NK cells were not detected. 
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Figure 4.3 Histological analysis of induced PyMT3 mammary tumours  
Representative images of H&E stained sections of induced individual PyMT3 mammary tumours excised from 

C57Bl/6 and C57Bl/6xHPSE
-/-

 mice at the ethical tumour volume end point showed distinct regions of 
infiltration (indicated by black arrow). A significant level of necrotic regions was also observed (indicated by 
yellow arrow). Visual analysis did not reveal a significant difference in the level of infiltration between the two 
groups; n = 3 per group; sections of 3 distinct regions analysed per tumour. Scale bars = 200 μm.  
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Figure 4.4 PyMT3 mammary tumour immune infiltrates analysis by flow cytometry 
Analysis of induced PyMT3 mammary tumour-infiltrating immune cell populations of C57Bl/6 and C57Bl/6x 

HPSE
-/-

 mice revealed no significant difference in immune cell content. These include total lymphocytes, CD4
+
  

T cells (CD25
+
 CD4

+
 T cells and CD25

-
 CD4

+
 T cells within this population are boxed), CD8

+
 T cells, MHCII

+
 

CD11c
+
 DCs, monocytes, F4/80

+
 CD11b

+
 CD11c

+
 Ly6c

+
 myeloid cells (n = 10 – 12 per group), F4/80+ CD11b+ 

CD11c+ Ly6c- residential macrophages (n = 9 – 12 per group) and Ly6G+ CD11b+ neutrophils (n = 5 – 6 per 
group). Error bars = SEM; NS = not significant; unpaired t-test.  
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4.3.5 Designing a primary mammary tumour-resection model to investigate the 

influence of HPSE expression by the stromal cells within the TME on lung 

metastasis  

In order to investigate the role of the mammary TME in influencing metastasis, an attempt 

was made to establish a primary tumour-resection model (figure 4.5A). Briefly, mammary 

tumours were induced with the use of PyMT3 cells as described previously.  

These tumours were surgically resected at an estimated volume of approximately  

500 mm3 and mice were observed for subsequent signs of metastatic distress. Tumours 

were resected as indicated on the tumour growth curve (figure 4.5B). However, in two 

independent experiments, it was observed that the PyMT3 induced mammary tumours 

resulted in a high rate of tumour regrowth, severely hindering attempts to obtain data on 

post-tumour resection-metastatic colonisation of the lungs. Post-surgical survival showed 

that only one animal per group survived with no subsequent tumour regrowth in the 

representative study presented here (figure 4.5C). Histological examinations of the lungs 

of all animals was carried out for the confirmation of the presence of metastatic lesions. 

Only one such incidence was observed in a C57Bl/6 mouse that experienced primary 

tumour regrowth and was euthanised at the ethical tumour volume end point (figure 4.5D). 

No lesions were observed in animals that survived with no primary tumour regrowth.  

Due to these complications, this tumour resection model was discontinued; animals were 

instead euthanised at the ethical tumour volume end point with subsequent analysis of 

lung metastasis.      

4.3.6 The effect of HPSE expressed in the mammary TME on lung metastasis  

The lungs are the major site of metastatic colonisation in the PyMT-MMTV mammary 

tumour model. Therefore, the lungs of PyMT3 mammary tumour-bearing female C57Bl/6 

and C57Bl/6xHPSE-/- mice were examined at the ethical tumour volume end point, in order 

to determine if HPSE expressed by the stromal cells of the mammary TME affected the 

metastatic dissemination of mammary tumour cells. Initially, an H&E stain confirmed the 

presence of lung-metastatic lesions in these animals (figure 4.6A). This was then followed 

by qPCR analysis to determine the RTB within the lungs, which revealed that 

approximately 50% of both female C57Bl/6 and C57Bl/6xHPSE-/- mice presented 

detectable metastases (figure 4.6B). No significant difference in RTB was observed 

between the two strains. These results suggest that although the mammary TME has a 

significant impact on the HPSE activity and angiogenesis within the primary mammary 

tumour, this did not translate to enhanced metastatic progression.   
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Figure 4.5 Establishment of a surgical resection 
model of induced PyMT3 tumours of C57Bl/6 and 
C57Bl/6x HPSE-/- mice to determine the effect of 
HPSE expression in the TME on metastasis  
(A) A schematic representation of the study design, 
where 106 PyMT3 tumour cells were implanted in the 
4th inguinal mammary fat pad of C57Bl/6 and 
C57Bl/6xHPSE-/- mice following which the tumours 
were surgically resected as individual animals reached 
an approximate 500 mm3 tumour volume, with mice 
observed for signs of metastatic distress. (B) Induced 
mammary tumours progressed at a comparable rate 
between C57Bl/6 and C57Bl/6xHPSE-/- mice; n = 3 - 5 
per group. (C) Surgical resection of induced PyMT3 
tumours, however, resulted in a high rate of tumour  
re-growth. Kaplan-Meier survival analysis showed no 
significant difference in post-surgical survival between 
the groups. Data representative of one of two 
independent experiments. n = 3 – 5 per group.  
(D) Representative images of lung metastasis observed 
in a single C57Bl/6 mouse, following tumour regrowth 
to the ethical tumour volume end point.  
Scale bars = 100 μm. Error bars = SEM. 
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Figure 4.6 Evaluation of the effect of stromal HPSE on lung metastasis in induced PyMT3 mammary 
tumour-bearing C57Bl/6 and C57Bl/6xHPSE-/- mice at the ethical tumour volume end point 
(A) A representative image of a lung-metastatic lesion of an induced PyMT3 tumour-bearing C57Bl/6 mouse 
at the ethical tumour volume end point of 1500 mm3. (B) qPCR of C57Bl/6 and C57Bl/6xHPSE-/- mouse lungs 
excised at the ethical tumour volume end point revealed no significant difference in RTB; (n = 10 – 11).  
Scale bars = 100 μm. Error bars = SEM; NS = not significant; unpaired t-test. 
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4.3.7 Evaluation of the effect of HPSE on lung infiltrating-immune cells  

Following the earlier observation of lung metastatic burden of PyMT3 mammary tumour-

bearing female C57Bl/6 and C57Bl/6xHPSE-/- mice, the lung immune cell populations were 

analysed in both strains in order to determine if the lack of HPSE had an effect on the 

migration of immune cells to a site of metastatic colonisation (figure 4.7). Flow cytometric-

quantification of immune cell populations revealed no difference in total lymphocytes in 

the lungs of PyMT3 mammary tumour-bearing female C57Bl/6 and C57Bl/6xHPSE-/- mice 

at the ethical tumour volume end point. Further analysis revealed no difference in distinct 

immune cell types such as CD4+ T cells, CD25+ CD4+ T cells, CD25- CD4+ T cells, CD8+ 

T cells, neutrophils, DCs and NK cells. This suggests that the migration of immune cells 

into the lungs of PyMT3 mammary tumour-bearing C57Bl/6 mice is unaffected by the lack 

of HPSE expression by the host immune system.       

4.3.8 HPSE expressed by the stromal cells of the mammary TME did not affect 

tumour growth and metastasis in the early stages of mammary tumour development  

The effect of HPSE expressed by the stromal cells of the mammary TME on the early 

stages of metastatic dissemination remains largely undefined. In order to first determine if 

metastases were detectable in early tumour growth, PyMT3 mammary tumours were 

induced in both female C57Bl/6 and C57Bl/6xHPSE-/- mice. The animals were then 

euthanised once the tumours reached an estimated volume of 500 – 600 mm3.  

No difference in tumour growth rates were observed between female C57Bl/6 and 

C57Bl/6xHPSE-/- mice (figure 4.8A). Initially, lungs of tumour-bearing mice were 

histologically examined for signs of metastatic lesions (figure 4.8B). Histological 

examination of serial sections of the lungs did not reveal metastatic lesions. The RTBs of 

the lungs were then determined, which once again showed that a majority of lungs had no 

detectable metastases and that there was no significant difference in RTB between female 

C57Bl/6 and C57Bl/6xHPSE-/- mice (figure 4.8C). These results suggest that HPSE 

expressed within the TME plays no role in metastatic dissemination of cells in the early 

stages of mammary tumour development.         
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Figure 4.7 Lung immune infiltrates of PyMT3 mammary tumour-bearing mice by flow cytometry 
Analysis of lung immune cell populations of induced PyMT3 mammary tumour-bearing C57Bl/6 and 

C57Bl/6xHPSE
-/-

 mice revealed no significant difference in immune cell content. These include total 

lymphocytes, CD4
+
 T cells (CD25

+
 CD4

+
 T cells and CD25

-
 CD4

+
 T cells within this population are boxed), 

CD8
+
 T cells, neutrophils, DCs and NK cells; n = 5 – 6 per group; error bars = SEM; NS = not significant; 

unpaired t-test.  
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Figure 4.8 Evaluation of the effect of HPSE expressed by stromal cells in the TME on lung metastasis 

in induced PyMT3 mammary tumour-bearing C57Bl/6 and C57Bl/6xHPSE
-/-

 mice during early tumour 
development 
(A) Induced PyMT3 mammary tumours progressed at a comparable rate between C57Bl/6 and 

C57Bl/6xHPSE
-/-

 mice to a volume of 500 – 600 mm
3
 (n = 6). (B) Representative images of lung sections of 

induced PyMT3 tumour-bearing C57Bl/6 and C57Bl/6xHPSE
-/-

 mice excised at a primary tumour volume of 

500 - 600 mm
3
 with no signs of metastatic lesions (n = 5). (C) No significant RTB was detected in the lungs of 

C57Bl/6 and C57Bl/6xHPSE
-/-

 mice by qPCR (n = 6). Scale bar = 200 μm. Error bars = SEM; NS = not 
significant; unpaired t-test.  
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4.4 Discussion  

As previously discussed, tumours are vastly complex structures comprised of a variety of 

cell types, collectively forming the TME (Hanahan and Coussens, 2012, Pienta et al., 

2008). The TME plays a critical role in regulating tumour growth and metastatic 

progression. HPSE has been suggested as a key regulatory component of the TME 

through its enzymatic and non-enzymatic activities and thus, it is important that the precise 

role of HPSE within the TME be defined. This chapter investigates the role of HPSE in the 

TME on regulating the progression of breast cancer, which currently remains poorly 

defined, using an in vivo inducible mammary tumour model with mice of C57Bl/6 and 

C57Bl/6xHPSE-/- genetic backgrounds. 

4.4.1 Establishment of an in vivo model of inducible mammary tumours  

The PyMT3 cell line was provided by Associate Professor Belinda Parker (La Trobe 

University) and used for in vivo studies. A total of 106 PyMT3 cells were implanted in the 

mammary fat pads in order to overcome the extremely slow rate of tumour growth 

observed with the implantation of a lower number of cells as practiced with several 

commonly used mouse mammary tumour cell lines. Additionally, the establishment of 

mammary tumours by implanting PyMT3 cells orthotopically in the mammary fat pads of 

immunocompetent female mice was deemed more physiologically relevant to the study of 

tumour growth compared to the use of immunocompromised mice or the use of non-

orthotopic allografts as commonly seen in other studies. 

A notable difference in the establishment of induced PyMT3 mammary tumours reported 

in this chapter and the spontaneous PyMT-MMTV mammary tumours reported in the 

previous chapter is the ability of PyMT3 cell lines to express HPSE in vitro and in vivo as 

well as the introduction of a HPSE-expressing tumour cell line into both HPSE-expressing 

and HPSE-deficient mammary TMEs. Through the use of a single parental mammary 

tumour cell line, it was therefore possible to investigate the influence of HPSE expressed 

by the stromal cells of the TME on mammary tumour growth. 

4.4.2 The mammary TME and/or stromal cells enhance HPSE activity within 
mammary tumours but do not promote tumour growth 

The growth of induced PyMT3 mammary tumours was comparable between female 

C57Bl/6 and C57Bl/6xHPSE-/- mice (figure 4.1). This is in contrast to previously published 

data using HPSE-deficient mice which demonstrated impaired tumour establishment 

through implanting Lewis lung carcinoma cells (Gutter-Kapon et al., 2016). However, it 

was observed that following the implantation of PyMT3 cells in female C57Bl/6 and 

C57Bl/6xHPSE-/- mice, the resulting mammary tumours excised exhibited a significantly 

higher HPSE activity level compared to the parent PyMT3 cells. Furthermore, the tumours 
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isolated from C57Bl/6 mice exhibited a significantly higher level of HPSE activity compared 

to those isolated from C57Bl/6xHPSE-/- mice. This suggests that once implanted and 

established in vivo, the PyMT3 tumour cells in both C57Bl/6 and C57Bl/6xHPSE-/- mice 

upregulate HPSE expression, which together with HPSE expressed by the stromal cells 

of the TME in the setting of the wild-type C57Bl/6 mice, likely accounted for the enhanced 

HPSE activity. Indeed, cellular components of the mammary TME such as immune cells 

would have a profound impact on the overall HPSE activity level of a solid tumour.  

This enhanced HPSE activity mediated by the upregulation of HPSE expression of the 

implanted PyMT3 cells together with the HPSE activity of the stromal components of the 

TME was further suggested to promote angiogenesis. It could be assumed therefore, that 

HPSE expression by TME components enhances HS cleavage within the tumour-

associated ECM, leading to the release of pro-angiogenic factors. Future studies could 

isolate key components of the TME and quantitate the level of HPSE expression to 

determine their role in promoting the overall HPSE expression within an individual tumour. 

It is once more interesting to note that although the lack of HPSE within the TME led to 

reduced tumour angiogenesis, no growth disadvantage was observed. It could be 

speculated that a ‘baseline level’ of angiogenesis established without the influence of 

HPSE activity is sufficient to maintain tumour growth in this and possibly other tumour 

settings. 

4.4.3 Effect of HPSE expression on tumour and lung immune infiltrates and 
metastasis 

In order to investigate the degree of PyMT3 tumour infiltration dependent upon the 

expression of HPSE by stromal cells within the TME, a histological analysis was carried 

out (figure 4.3). It was thus observed that mammary tumours excised from both female 

C57Bl/6 and C57Bl/6xHPSE-/- mice exhibited a substantial level of stromal infiltrates.  

The strong purple stain following H&E staining together with the morphological 

appearance suggested these as immune cells and no significant variation between the 

degrees of infiltration was observed between the two groups. The role of infiltrating 

immune cells in the primary tumour as well as in the metastatic niches has been widely 

studied and reviewed (Kitamura et al., 2015a, Barnes and Amir, 2017a, Janssen et al., 

2017). It was therefore of interest to characterise the migration and the distinct populations 

of immune cells present in the primary tumour as well as the lungs and to determine the 

role of HPSE expressed by the stromal cells of the host TME as well as metastatic sites 

on their regulation.  

The recruitment of immune cells to the TME and the expression of HPSE by these cells 

have been discussed in detail (Knelson et al., 2014, Gutter-Kapon et al., 2016, Putz et al., 

2017). These findings therefore suggest that recruited immune cells are likely key 
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contributors to the overall HPSE expression and activity of a solid tumour. Recently, the 

use of the Vectra automated quantitative pathology imaging system (PerkinElmer) has 

yielded more reliable data on tumour-infiltrating immune cells (Brockwell et al., 2019) 

However, establishing this system required significant optimisation and was beyond the 

scope of this thesis. Therefore, a flow cytometry-based method alone was employed to 

determine the quantity and nature of tumour-infiltrating immune cells of female C57Bl/6 

and C57Bl/6xHPSE-/- mice. A variety of distinct immune cell populations were thus 

analysed (figure 4.4). However, no significant difference in the numbers of any immune 

cells was observed. This was in contrast to an expected reduced migration of immune 

cells in mammary tumour-bearing C57Bl/6xHPSE-/- mice on account of the lack of cellular 

HPSE expression, based on prior studies (Poon et al., 2014, Putz et al., 2017).  

The immune cell populations investigated have been mostly demonstrated to play key 

roles in tumour growth and the role of HPSE in promoting the function of immune cells 

was discussed previously in sections 1.19 and 1.23.5. Amongst the immune components 

studied were CD4+ T cells, T reg cells, CD8+ T cells, macrophages, DCs and neutrophils. 

With the use of PyMT-MMTV mice, CD4+ T cells have been demonstrated to regulate 

pulmonary metastasis in mammary carcinomas by modulating the pro-tumour 

characteristics of TAMs which increase the invasive capacity of malignant mammary 

epithelial cells (DeNardo et al., 2009). CD25+ CD4+ T reg cells play an immunosuppressive 

role in the TME and these have been shown to promote tumour growth. Indeed, highly 

aggressive human breast tumours present an increased level of T reg cells (Plitas et al., 

2016). On the other hand, tumour infiltrating CD8+ T cells have been shown to possess 

anti-tumour features and in some breast cancer subtypes, result in an improved patient 

prognosis (Egelston et al., 2017, Egelston et al., 2018). TAMs have been shown to 

promote tumour growth and metastasis (Mantovani, 1978, Mantovani et al., 2017). 

Previously, we have demonstrated that the lack of HPSE expression in mice led to reduced 

migration of DCs (Poon et al., 2014). DCs of various subtypes have been shown to be 

associated with the mammary TME (Michea et al., 2018). It was therefore of interest to 

quantify PyMT3 mammary tumour-associated DCs in this study to understand the 

influence of HPSE on DC migration. Neutrophils are promoters of tumour progression in 

the mammary TME as well as being key regulators of metastatic colonisation of lungs by 

breast cancer cells (García-Mendoza et al., 2016, Wculek and Malanchi, 2015a).  

Based on recent observations on the role of HPSE in promoting NK cell migration and 

immunosurveillance, efforts were made to investigate tumour-infiltrating NK cells of 

PyMT3 mammary tumours (Putz et al., 2017). However, a distinct NK cell population could 

not be identified by flow cytometry within the primary tumours (data not shown).  
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The main aim of this analysis was to gain an overview of the TME-associated immune 

cells in the PyMT3 mammary tumours and to determine if immune cell migration in this in 

vivo setting was indeed a HPSE-regulated process. However, as no significant difference 

between the groups was observed, no follow up studies were deemed necessary.  

It appears that HPSE expressed by the tumour cells alone or the actions of ECM-

modulating enzymes such as MMPs were sufficient to maintain an influx of immune cells 

into the primary tumour and that the lack of HPSE expression in the immune cells 

themselves played no significant role in promoting intra-tumoural migration.  

Further studies are required to address this question. 

As previously mentioned, the lungs are the major site of metastatic colonisation in the 

PyMT-MMTV model. Therefore, in the induced PyMT3 mammary tumour studies 

undertaken in this chapter, the metastatic burden within the lungs was quantified.  

Initially, an in vivo mammary tumour resection model was considered as a possible 

method of determining the effect of HPSE expression within the host mammary TME on 

lung metastasis (figure 4.5). However, following surgical resection of the PyMT3 

mammary tumours, most mice experienced rapid tumour regrowth, leading to euthanasia 

upon reaching the ethical tumour volume end point. The PyMT-MMTV mammary tumour-

derived cells formed relatively diffuse tumours; this consistently led to failure in the 

complete removal of tumour material at the surgical site which ultimately resulted in tumour 

regrowth. The development of this model was further hindered by the fact that the PyMT3 

tumour cell line and indeed, PyMT-MMTV tumour-derived cell lines in general, are poorly 

metastatic. Successful metastatic dissemination may not have occurred at a tumour 

volume of approximately 500 mm3 when surgical resections were performed. This is in 

significant contrast to well-characterised metastatic mouse mammary tumour lines such 

as 4T1 and 4T1.2 used in Balb/c mice (Aslakson and Miller, 1992, Miller et al., 1983, 

Lelekakis et al., 1999). The exclusive use of mice on a C57Bl/6 background in these 

studies prevented the use of these highly metastatic cells. Furthermore, due to ethical 

reasons, resections could not be performed on larger mammary tumours, which may have 

resulted in a higher level of metastatic dissemination. The general lack of a well-

characterised C57Bl/6 tumour cell line with demonstrated metastatic dissemination 

capacity prior to resection therefore hindered these investigations. The commonly used 

E0771 cell line too was shown by others to be prone to tumour regrowth upon surgical 

resection and to be poorly metastatic (personal communication, Associate Professor 

Belinda Parker, La Trobe University).  Thus, the mammary tumour resection model was 

discontinued and mice were instead euthanised at the ethical tumour volume end point 

with the lung metastatic burden quantified.       
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The observation from these studies was that there was no significant difference in the RTB 

of lung metastasis between female C57Bl/6 and C57Bl/6xHPSE-/- mice at the ethical 

tumour volume end point (figure 4.6). It should also be noted that the overall metastatic 

burden was quite low, with several animals reporting no detectable tumour cells within the 

lungs. As discussed, the role of the immune system in cancer growth is not only limited to 

the primary tumour, but also extends to the metastatic sites (Kitamura et al., 2015a, 

Barnes and Amir, 2017a, Janssen et al., 2017). Distinct immune cells within the lungs of 

mammary tumour-bearing female C57Bl/6 and C57Bl/6xHPSE-/- mice were therefore 

analysed at the ethical tumour volume end point (figure 4.7). However, no significant 

difference was observed in infiltrating immune cells within the lungs.  

The next aim was to investigate the influence of HPSE expressed within the TME on the 

early stages of metastasis (figure 4.8). Metastatic dissemination has been shown to occur 

early in tumour development (Hu et al., 2017b). In order to determine the role of HPSE at 

this critical stage of tumour growth, the lungs of mice bearing tumours of approximately  

500 – 600 mm3 in volume were examined both histologically and by qPCR. However, no 

signs of metastatic colonisation were observed. It is therefore suggested that due to the 

poor metastatic capacity of the PyMT3 cells, the role of HPSE in the early stages of 

metastasis could not be assessed using this in vivo model. A highly metastatic C57Bl/6-

compatible mammary tumour cell line is thus required for future studies. 

4.5 Conclusion  

This chapter aimed to define the influence of HPSE expressed within the tissues of the 

mammary tumour-bearing host, especially the TME, on tumour progression. It was thus 

demonstrated that the stromal cells of the TME indeed contribute to the HPSE expression 

of the primary mammary tumour, but this did not impact upon tumour growth. The HPSE 

expressed by the stromal cells within the TME enhanced tumour angiogenesis, which did 

not result in enhanced tumour growth. The migration of tumour-infiltrating immune cells 

was unaffected by the lack of HPSE expression within the stromal components of the TME 

and within the immune components themselves. Lung metastasis and the migration of 

lung-infiltrating immune cells were not affected by the lack of HPSE expression of stromal 

cells within the TME. 

Although it is clear that the TME does increase HPSE expression in the primary tumour, 

only tumour angiogenesis appeared to be enhanced. As in the previous chapter, the 

potential benefits of inhibiting HPSE expression in the clinic must once again be queried 

based upon these findings.  
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5.1 Preface 

The data presented in this chapter were generated in collaboration with Kathleen Wragg 

(Undergraduate student, Hulett laboratory), Alyce Forrest (Undergraduate student, Hulett 

laboratory), Alyce Mayfosh (PhD student, Hulett laboratory) and Shaun Gaskin (PhD 

student, Hulett laboratory). 

• The initial high throughput analysis of the Sigma LOPAC1280 library and subsequent 

characterisations of novel drug candidates were performed by K. Wragg. 

• The in vitro migration/invasion assay and the angiogenesis assay were performed 

by A. Forrest. 

• The flow cytometry analysis of the splenic and lung immune cell populations were 

performed with the assistance of A. Mayfosh. 

• S. Gaskin assisted in conducting the in vivo B16F10-mCherry-Luc lung metastasis 

studies. 

• A. Mayfosh and S. Gaskin assisted in the purification of human HPSE. 
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5.2 Abstract 

With its proven roles in promoting tumour progression through regulating key hallmarks of 

cancer, HPSE has emerged as an attractive therapeutic target. With the recent interest in 

the pre-clinical and clinical validation of several novel anti-HPSE drug candidates, often 

with no significant outcomes, this chapter explores the identification, characterisation and 

the preliminary pre-clinical validation of two novel HPSE inhibitors. Using HPSE purified 

from human platelets, a high throughput in vitro HPSE activity assay was established and 

used to screen 320 compounds of the Sigma LOPAC1280 library of 1280 known drugs. 

Using this approach, the PPAR-α agonists GW7647 and GW9578 were identified as novel 

HPSE inhibitors. In silico 3D modelling demonstrated the potential binding modality of 

these drugs with HPSE. The capacity of GW7647 and GW9578 to reduce tumour cell 

migration and angiogenesis in vitro is demonstrated, although interestingly, via a yet to be 

defined HPSE-independent mechanism. Finally, a preliminary pre-clinical study in which 

mice bearing B16F10 lung metastatic lesions were treated with GW7647 and GW9578 

was carried out to investigate the efficacy of these novel HPSE inhibitors in inhibiting 

tumour metastasis in vivo. This, however, indicated that these compounds were ineffective 

at reducing metastasis. Additionally, no significant detrimental effects on immune cell 

populations through the use of HSPE inhibitors were observed with regards to relative cell 

populations within the lungs and spleen and with the maturation levels of lung and splenic 

NK cells. The findings of this chapter therefore identify the PPAR-α agonists GW7647 and 

GW9578 as novel HPSE inhibitors that warrant further development and pre-clinical 

validation.  

5.3 Introduction 

Malignant diseases have proven challenging to treat, despite decades and even centuries 

of study. Targeted therapies have been thrust into the spotlight by virtue of targeting a 

single entity that is unique and generally essential to a cancer’s progression. This has 

provided a rational approach to drug design. This thesis has highlighted on many 

occasions that HPSE is upregulated in all cancers, and thus promotes key cancer 

hallmarks, providing an ideal therapeutic target. Many studies were initiated to discover 

potential drugs through various approaches such as high throughput screening of known 

compounds, development of synthetic inhibitors and the re-modulation of known HPSE 

inhibitors for better efficacy. Several pre-clinical studies yielded promising results, 

prompting first-in-human trials. However, as indicated previously in chapter 1, several 

novel inhibitors failed either in the clinical or pre-clinical stages. The reasons for this vary 

from lack of efficacy to adverse off-target effects. The development of HPSE inhibitors, 

therefore, is an ongoing process. The identification and validation of a variety of HPSE 
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inhibitors is discussed in detail in chapter 1. A number of more recent discoveries relevant 

to this chapter along with an insight into the future of anti-HPSE drug design are 

highlighted below. 

Computational studies were employed to extract HS-HPSE interactions as a template for 

the design of novel HS-mimetics (Loka et al., 2017). A glycopolymer of 12 repeating 

disaccharide units was thus identified as a potent inhibitor which further lacked 

anticoagulant activity. Recently, aspirin was shown to inhibit HPSE, leading to reduced 

angiogenesis and metastasis in vivo (Dai et al., 2017). By directly binding to the catalytic 

Glu225 region of HPSE, aspirin effectively inhibited enzymatic activity, leading to 

downstream therapeutic effects. For the first time, patient-derived lung cancer xenografts 

were used to demonstrate the in vivo efficacy of PG545, in order to explore its potential in 

lung cancer, especially those that do not respond to conventional chemotherapy (Katz et 

al., 2018). Here, PG545 was shown to be highly effective, suggesting its possible benefits 

in the clinic.  

Nanomedicine has made impressive strides in the use of microscopic particles to study 

and to treat tumours. Iron oxide nanoparticles coated with depolymerised heparin could 

be used in a theranostic approach, to target tumours and deliver a tumour-specific HPSE-

inhibitory function (Groult et al., 2017). However, such applications are still in their infancy 

and are yet to progress beyond their concept phase. In another inaugural study, 

saccharide units were attached to a synthetic polymer backbone, resulting in 

glycopolymers capable of inhibiting glycosidase functions, including the enzymatic activity 

of HPSE (Sletten et al., 2017). Such studies highlight the importance of incorporating 

computational docking approaches to understanding molecular dynamics, a critical feature 

of drug design.  

Syntatins are peptides capable of inhibiting syndecan-1 signalling, thus inhibiting 

angiogenesis and tumour proliferation (Rapraeger, 2013, Metwaly et al., 2018).  

The mechanism by which HPSE modulates syndecan-1 signalling in myeloma to promote 

angiogenesis and cancer cell invasion was recently elucidated (Jung et al., 2016a).  

By inhibiting the HPSE-induced syndecan-1 shedding, novel synstatins show potential as 

therapeutics against myeloma and possibly other malignancies as well. Finally, the urinary 

inhibitor ulinastatin was shown to inhibit HPSE activity and to maintain the pulmonary 

endothelial glycocalyx integrity in an in vivo model of acute respiratory distress syndrome 

(Wang et al., 2016). 

This chapter describes the discovery of novel HPSE inhibitors through the screening of a 

library of known pharmacological compounds. These lead candidates were studied for 

their in vitro efficacy in inhibiting the enzymatic activity of HPSE, as well as their effects 
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on angiogenesis and tumour cell invasion. Finally, a study was established to investigate 

the in vivo efficacy of these compounds. Preliminary data presented here will form the 

basis of further development and characterisation of these drugs in pre-clinical studies.   

5.4 Results 

5.4.1 Purification of human HPSE from platelets 

In order to identify novel HPSE inhibitors, the Sigma LOPAC1280 library of 

pharmacologically active compounds was screened. This relied on the availability of 

purified HPSE which was isolated from human platelets obtained from the Australian Red 

Cross. The concentration of the eluted protein was estimated at 0.45 mg/ml, followed by 

SDS-PAGE analysis and Coomassie staining (figure 5.1A) which showed a prominent 

band at approximately 45 kDa, suggesting the presence of the 50 kDa subunit of HPSE. 

Several other bands of unknown origin were also present, suggesting the purity of the 

eluted protein was less than 100%. The 45 kDa prominent protein band was confirmed as 

HPSE by Western blot with an anti-HPSE antibody with no non-specific signals observed 

(figure 5.1B). Next, the capacity of the eluted protein to degrade HS was assessed using 

an in vitro HPSE activity assay (as described in 5.4.2). Here, 2 ng of total protein exhibited 

significant HS degradation capability estimated at approximately 50%, when compared to 

the negative control of assay buffer alone which demonstrated no activity (figure 5.1C). 

Finally, mass spectrometric data identified this purified protein fraction conclusively as 

human HPSE, based on peptide fragment analysis (figure 5.1D). These results indicated 

that enzymatically active human HPSE was successfully purified from platelets, which 

could be used in a series of downstream assays including attempts at identifying novel 

HPSE inhibitors. 

Several batches of HPSE purified from human platelets were used throughout the course 

of this study. All batches behaved similarly with regards to their ability to degrade HS and 

were inhibited similarly with the use of known and novel HPSE inhibitors. 

5.4.2 Validation of the in vitro HPSE activity assay   

In order to screen the library to identify HPSE inhibitors, an in vitro FRET-based HPSE 

activity assay was utilised (figure 5.2A). The reproducibility and sensitivity of this assay 

needed to be initially demonstrated. The assay is based on transfer of fluorescence energy 

dependent upon a HS substrate labelled with a europium-cryptate donor electrophore and 

a streptavidin-labelled XL665 acceptor electrophore remaining intact. When HPSE 

cleaves HS, this energy transfer is significantly reduced (figure 5.2B). It was thus 

determined that 2 ng of HPSE demonstrated an appropriate level of HPSE activity in this 

assay with an ability to degrade approximately 50% of the HS substrate. This provided the 
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means to determine the effects of HPSE inhibitors by providing a suitable baseline level 

of enzymatic activity. Known HPSE inhibitors (Suramin, OGT-2115, PI-88 and heparin) 

were assessed in the assay to determine their effect on the enzymatic activity (figure 

5.2C). At 10 ng, heparin displayed the greatest inhibition, followed by PI-88 and OGT-

2115. Suramin showed no inhibition at 10 or 20 ng. It is interesting to note that PI-88 

appeared to display saturation at 10 ng.  The potent HPSE inhibition displayed by heparin 

even at sub-nanogram levels led to its use in further validation of the assay (figure 5.2D). 

Heparin was shown to have dose-dependent activity, with essentially complete inhibition 

reached at 5 ng or higher.  

These data suggest that the in vitro HPSE activity assay is reproducible and sensitive and 

is therefore suitable to be employed in further downstream assays. 
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Figure 5.1 Purification of human HPSE from platelets 
(A) Reducing and denaturing SDS-PAGE analysis of purification fractions of HPSE shows a distinct band of 
approximately 45 kDa. (B) Immunoblotting of purified HPSE (100 ng) detected a band of approximately  
45 kDa. (C) Enzymatic activity assay of purified HPSE confirmed its ability to cleave HS. (D) Proteomic 
analysis of the purified protein fraction verified the isolation of HPSE. Regions of sequence identification are 
indicated by blue lines. Error bars = SEM; ****, p<0.0001; unpaired t-test. 
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Figure 5.2 Reproducibility, sensitivity and validity 
of the HPSE activity assay 
(A) Basis of the HPSE activity assay. Left: HPSE 
cleaves the labelled HS substrate, inhibiting 
fluorescence energy transfer between the europium-
cryptate donor electrophore (orange) and the 
streptavidin-labelled XL665 acceptor electrophore 
(red). Right: The inhibition of HPSE reduces HS 
substrate cleavage, leading to fluorescence energy 
transfer and increased XL665 excitation and emission. 
(B) Increasing amounts of HPSE was assayed in the 
HPSE activity assay, leading to an incremental %HS 
digestion. (C) Known HPSE inhibitors were assayed in 
their inhibitory capacity against 2 ng of HPSE. PI-88 
and heparin were most effective at both 10 and 20 ng 
in inhibiting HS degradation. (D) Heparin demonstrated 
a dose-dependent HPSE-inhibitory activity against  
2 ng of HPSE. n = 3, representative data of  
3 independent assays shown; Error bars = SEM;  
*, p<0.05; **, p<0.01; ***, p<0.001; unpaired t-test.  
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5.4.3 The LOPAC1280 library screening strategy 

A high throughput screening strategy was designed to identify potential HPSE inhibitors 

with the use of the previously-validated HPSE activity assay (figure 5.3A). Briefly, purified 

HPSE was pre-treated with a series of individual LOPAC1280 compounds at a concentration 

of 10 μM, followed by analysis with the FRET-based in vitro HPSE activity assay.  

This screening technique was used to analyse 320 such compounds, comprising 

molecules belonging to a wide range of classes from neurotransmission, apoptosis, cell 

cycle, G-protein coupled receptors, gene regulation, hormones, ion channels, lipids, 

phosphorylation, etc (figure 5.3B). The overall screening strategy involved the primary 

screen of 320 compounds followed by a secondary screen of those compounds displaying 

a reduction of HPSE activity to <40% of its basal activity level (figure 5.3C). This was then 

followed by a cell surface HS assay (an independent assay of HS-degradation involving 

the inhibition of degradation of cell surface HS) with the compounds identified in the 

secondary screen.  

5.4.4 Primary screen of the LOPAC1280 library for novel HPSE inhibitors  

Following the verification of the HPSE activity assay and the design of the LOPAC1280 

library screening strategy, the first 320 compounds were screened simultaneously 

(figures 5.4A-5.4D). A 10 μM concentration of the compounds was deemed appropriate 

for the discovery of initial hits, based on previous observations (Hughes et al., 2011).  

In each screen, heparin successfully inhibited HPSE activity, indicating a valid, functional 

screening strategy. Fifteen compounds were thus identified to inhibit HPSE enzymatic 

activity to <40% of the basal activity level (indicated by red arrows). These compounds 

were further subjected to a secondary screen to confirm reproducibility and validity. 
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Figure 5.3 LOPAC
1280

 library screening strategy 

(A) LOPAC
1280

 library screening procedure. 2 ng of HPSE was first pre-treated with 10 μM of LOPAC
1280

 library 
compounds. Then, the labelled HS substrate was added with the enzymatic reaction allowed to occur.  
HS degradation level was detected with the streptavidin-conjugated fluorophore followed by the measurement 

of fluorescence. (B) An overview of the variety of LOPAC
1280

 library compounds screened, represented by 
drug class. (C) Strategy for inhibitor identification and validation. Eu(K) = Europium cryptate. 
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5.4.5 Secondary screen of candidate LOPAC1280 compounds displaying HPSE 

inhibition for further validation 

The fifteen compounds identified in the primary screen of the LOPAC1280 library to reduce 

HPSE activity to <40% of its basal level were then subjected to a secondary screen to 

assess reproducibility (figure 5.5). Interestingly, the secondary screen invalidated most 

compounds from further consideration, leaving only compounds 237 (GW7647, an agonist 

of the peroxisome proliferator activated receptor-alpha (PPAR-α)) and 264 (6-hydroxy-

DOPA, a catecholamine-neurotoxin pre-cursor) for further characterisation.  

5.4.6 Optimisation and validation of the cell surface HS assay 

A flow cytometry-based assay to further validate GW7647 and 6-hydroxy-DOPA as HPSE 

inhibitors was designed. This was distinct to the HPSE activity assay and relied on the 

detection of the level of degradation of cell surface HS by HPSE (figure 5.6A). HS levels 

on the surface of CHO-K1 cells were measured following treatment with HPSE.  

The maintenance in fluorescence was thus attributed to a reduction in HPSE enzymatic 

activity. Increasing levels of HPSE indicated a trend towards a reduction in PE 

fluorescence (figure 5.6B). It was concluded that 200 ng of HPSE was sufficient for use 

in this assay. Approximately 40 – 55% inhibition of HPSE activity was observed for OGT-

2115, PI-88 and heparin in this cell surface HS assay, reflecting those observed in the 

FRET-based activity assay (figures 5.6C and 5.6D). Suramin displayed no significant 

HPSE-inhibitory effect. Furthermore, in contrast to the FRET-based activity assay, OGT-

2115 displayed a higher level of HPSE inhibition compared to PI-88 and heparin.  

Thus, 10 ng/μl of OGT-2115 was deemed an appropriate control in this assay for the 

further validation of novel HPSE inhibitors. 
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Figure 5.5 Secondary screen of LOPAC
1280

 compounds displaying HPSE inhibition 

LOPAC
1280

 library compounds with the capacity to reduce HPSE activity to <40% of its basal level were  
re-screened for reproducibility. Those which consistently demonstrated the capacity to reduce HPSE activity 
to <40% (represented by red line) were considered reproducible. Compounds 237 (GW7647) and compound 
264 (6-hydroxy-DOPA) were found to consistently exhibit HPSE-inhibitory activity. Error bars = SD; samples 
in duplicate. 
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Figure 5.6 Optimisation and validation of the cell surface HS assay 
(A) Cell surface HS assay. CHO-K1 cells were treated with purified HPSE and inhibitors following a pre-
incubation period. Cell surface HS levels were measured with an anti-mouse HS with a secondary  
PE-conjugated goat anti-mouse IgM antibody. Flow cytometry was used to quantify PE fluorescence; 
increased fluorescence (blue) compared to HPSE only (red) indicated HPSE inhibition. (B) Increasing amounts 
of HPSE was assessed for ability to reduce PE fluorescence intensity relative to a no HPSE control in the cell 
surface HS assay. (C) Known HPSE inhibitors were validated in the cell surface HS assay. Inhibitors were 
screened against 2 ng of HPSE at 10 and 20 ng/μl. (D) Representative histograms of known HPSE inhibitors 
at 10 ng/μl. C; n = 3 (except suramin 20 ng/μl, where n = 2), error bars = SEM; NS, not significant; *,p<0.05; 
**, p<0.01; unpaired t-test. 
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5.4.7 Validation of novel HPSE inhibitors with the cell surface HS assay 

Following the validation of the cell surface HS assay as a useful tool in further 

authentication of novel HPSE inhibitors, GW7647 and 6-hydroxy-DOPA were subjected to 

this assay (figure 5.7A and 5.7B). As anticipated, OGT-2115 (10 ng/μl) inhibited HPSE 

cleavage of cell surface HS. GW7647 demonstrated an approximately 30% reduction of 

HPSE cleavage at a concentration of 10 μM. However, 6-hydroxy-DOPA at a 10 μM 

concentration failed to display a significant inhibitory capacity. This resulted in 6-hydroxy-

DOPA no longer being considered for further validation. A titration of GW7647 in the low 

μM range revealed a concentration-dependent inhibitory mechanism, which further 

validated GW7647 as a novel HPSE inhibitor (figure 5.7C). 

5.4.8 Validation of GW9578, a structurally-related compound to GW7647, as a 

novel HPSE inhibitor 

Following the demonstration that GW7647 exhibited HPSE-inhibitory activity, it was 

hypothesised that a structurally-related compound, GW9578, would possess a similar 

capability. Like GW7647, GW9578 is a PPAR-α agonist and a urea-substituted 

thioisobutyric acid (Brown et al., 1999). The two compounds share structural similarities; 

specifically, a urea substitution group and a thioisobutyric acid group (figure 5.8A).  

This was reflected in the cell surface HS assay, with GW9578 inhibiting the cleavage of 

HS (figure 5.8B). Both GW7647 and GW9578 inhibited the cleavage of cell surface HS in 

a comparable manner (figure 5.8C). As expected, GW9578 showed inhibition of 

enzymatic activity of HPSE in vitro, as observed for GW7647 (figure 5.8D). Both drugs 

thus demonstrated a drug-like, concentration-dependent manner of HPSE activity 

inhibition. These data suggest that the inhibition of HPSE by GW7647 and GW9578 may 

depend on conserved structural elements between these compounds.  
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Figure 5.7 Validation of potential HPSE inhibitors in the cell surface HS assay 
(A) GW7647 and 6-hydroxy-DOPA were screened in the HPSE activity assay. GW7647 exhibited HPSE 
activity inhibition at a 10 μM concentration against 200 ng of HPSE. However, no such activity was 
observed with 6-hydroxy-DOPA. OGT-2115 was used at 10 ng/μl (B) Representative histograms of 
GW7647 and 6-hydroxy-DOPA in the cell surface HS assay. (C) GW7647 was titrated against HPSE 
and exhibited a concentration-dependent HPSE-inhibitory activity. OGT-2115 was used at 10 μM. n = 3; 
error bars = SEM; *, p<0.05; **, p<0.01; ***, p<0.001; unpaired t-test. 
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Figure 5.8 Validation of GW7647 and a structurally related compound, GW9578, as HPSE inhibitors 
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Figure 5.8 (A) GW7647 and GW9578 exhibit structural similarities. The urea substitution group (red) and the 
thioisobutyric acid group (blue) are conserved between the two compounds (B) Representative histograms of 
GW7647 and GW9578 in the cell surface HS assay demonstrated the inhibition of HS degradation at 10 μM 
GW9578 inhibited HPSE activity at a 10 μM concentration. (C) GW7647 and GW9578 inhibit the degradation 
of cell surface HS by inhibiting the enzymatic activity of HPSE (D) GW7647 and GW9578 inhibit HPSE in a 
drug-like, concentration-dependent manner, in the in vitro HPSE enzymatic activity assay. n = 3, 
representative data of one of three independent assays shown; error bars = SEM; NS, not significant;  
*, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001; unpaired t-test. 
 

5.4.9 Modelling the molecular interaction between GW7647 and human HPSE 

Following the in vitro validation of GW7647, an in silico modelling of the interaction 

between GW7647 and human HPSE was performed using the YASARA molecular 

modelling application (available at http://www.yasara.org; performed by Professor Brian 

Smith, La Trobe University). Binding energies were calculated for the binding of GW7647 

to HPSE and it was suggested that GW7647 interacts with the active site of the enzyme, 

thus mediating the inhibition of HPSE activity (figure 5.9). These data suggest that the 

HPSE active site interaction of GW7647 is responsible for the in vitro HPSE-inhibitory 

action described for GW7647. On account of its structural similarity to GW7647, a similar 

interaction could be hypothesised to exist between GW9578 and human HPSE.  

5.4.10 Demonstrating the need for critical structural features for the inhibitory 

activity of GW7647 and GW9578 

In order to demonstrate that the HPSE-inhibitory action of both GW7647 and GW9578 

were dependent on structure and not on their PPAR-α agonistic capacity, a structurally-

unrelated PPAR-α agonist, fenofibrate, was investigated. It was thus demonstrated that 

fenofibrate did not inhibit the in vitro activity of human HPSE as GW7647 and GW9578 

(figure 5.10A). The molecular structure of fenofibrate is distinct from those of GW7647 

and GW9578 and lacks the structural similarities seen between these; specifically, the 

urea substitution group and the thioisobutyric acid group (figure 5.10B). These results 

therefore suggest that the capacity of GW7647 and GW9578 to inhibit the enzymatic 

activity of HPSE is dependent upon structural features. 

 

 
 

  

http://www.yasara.org/
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Figure 5.9 Molecular modelling of the interaction between GW7647 and HPSE 
Modelling of the interaction between GW7647 and HPSE shows binding of GW7647 to the active site of HPSE. 
This suggests inhibition of enzymatic activity that is dependent on molecular structure.  
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Figure 5.10 The effect of fenofibrate, a structurally unrelated PPAR-α agonist to GW7647 and GW9578, 
on in vitro HPSE enzymatic activity 
(A) The PPAR-α agonist fenofibrate failed to inhibit HPSE enzymatic activity in contrast to its structurally 
distinct counterparts, GW7647 and GW9578. This suggests a structure-dependent inhibitory mechanism.  
(B) The molecular structures of GW7647, GW9578 and fenofibrate. GW7647 and GW9578 share common 
structural features as highlighted in red (urea substitution group) and blue (thioisobutyric acid group). 
Fenofibrate is structurally distinct to GW7647 and GW9578. n = 3, representative data of one of 3 independent 
assays shown; error bars = SEM; NS, not significant; *, p<0.05; **, p<0.01; unpaired t-test.  
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5.4.11 Assessing the action of MK886, a non-competitive PPAR-α inhibitor 

structurally distinct to GW7647 and GW9578 on the enzymatic activity of HPSE.  

In order to investigate the possibility of a PPAR-α inhibitor structurally distinct to GW7647 

and GW9578 interacting with and inhibiting HPSE, MK886 was employed in an in vitro 

HPSE enzymatic activity assay. MK886 is structurally distinct to both GW7647 and 

GW9578 (figure 5.11A) and has demonstrated PPAR-α inhibitory properties (Kehrer et 

al., 2001). As expected, GW7647 and GW9578 inhibited the enzymatic activity of HPSE 

in a drug-like, concentration-dependent manner (figure 5.11B). Interestingly, MK886 too 

demonstrated the capacity to inhibit the enzymatic activity of HPSE, although not in a drug-

like, nor concentration-dependent manner.  

5.4.12 Optimisation of the transwell migration/invasion assay using MDA-MB-231 

cells 

As previously discussed, the ability of tumour cells to invade surrounding tissue and 

migrate through the ECM is a key hallmark of cancer (Hanahan and Weinberg, 2000, 

Hanahan and Weinberg, 2011). It is now well understood that HPSE is a key enzyme in 

cellular migration and invasion (Parish et al., 2001, Putz et al., 2017, Poon et al., 2014). 

In order to determine the effects of the known HPSE inhibitor heparin and novel HPSE 

inhibitors, namely GW7647, GW9578 and MK886, a transwell migration/invasion assay 

was designed using highly invasive MDA-MB-231 cells that have been demonstrated to 

express HPSE (Teoh et al., 2009). Furthermore, MDA-MB-231 human breast cancer cells 

have been demonstrated as an ideal cell line to study the migration and invasion of tumour 

cells (Abdelkarim et al., 2011, Wu et al., 2009, Xie et al., 2009, Paquette et al., 2011, Hsieh 

et al., 2013). 

Initially, the effect on the viability of MDA-MB-231 cells upon treatment with inhibitors was 

assessed (figure 5.12A). Cells were treated with heparin, GW7647, GW9578 and MK886 

for 24 h in an MTT cell viability assay. Heparin did not display a significant impact on cell 

viability at concentrations ranging from 5 – 50 mg/ml. MK886 displayed a significant impact 

at 20 μM, with a 50 μM concentration reducing viability by 70%. GW7647 showed little 

effect at 10 and 20 μM but decreased viability by 50% at a 50 μM concentration. GW9578 

did not appear to significantly affect cell viability in the concentration range assessed. 

Thus, a heparin concentration of 10 mg/ml and a concentration of 10 μM for GW7647, 

GW9578 and MK886 was chosen for subsequent studies in order to eliminate the 

possibility of cytotoxicity.  

Next, the optimal concentration of Matrigel® was determined for use in the transwell 

migration/invasion assay (figure 5.12B). A series of dilutions were performed of Matrigel®  
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Figure 5.11 The effect of MK886, a structurally distinct, non-competitive inhibitor of PPAR- α on in vitro 
HPSE enzymatic activity 
(A) The structure of MK886 is distinct from that of both GW7647 and GW9578. (B) MK886 demonstrated the 
ability to inhibit the enzymatic activity of HPSE, albeit in a non-drug-like manner. PI-88 and Heparin were used 
at 10 mg/ml. Statistical significance was calculated using a paired t-test in relation to the HPSE only control. 
n = 5, representative data of a single assay shown; error bars = SEM; *, p<0.05; **, p<0.01; ***, p<0.001; 
paired t-test.  
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Figure 5.12 Assessing the viability of MDA-MB-231 cells on treatment with known and novel HSPE 
inhibitors and the optimisation of the transwell migration assay 

(A) The assessment of MDA-MB-231 cell viability with the MTT viability assay. Cells were treated with 
varying concentrations of heparin (black; mg/ml), MK886 (grey; μM), GW7647 (blue, μM) and GW9578 
(orange, μM) following which their viability and proliferative capacity were assessed (n = 4). (B) A series 
of Matrigel® dilutions were used to determine the optimal concentration to inhibit the migration/invasion 
of MDA-MB-231 cells (n = 2). (C) The optimisation of drug concentration. GW7647 was assessed at  
5 and 10 μM to determine its optimal concentration in inhibiting the migration/invasion of MDA-MB-231 
cells. The percentage of migrated cells were compared to the no treatment control. Statistical significance 
was calculated between no treatment controls and GW7647-treated cell samples using a paired t-test  
(n = 2). Error bars = SEM; *, p<0.05; **, p<0.01; ***, p<0.001. 
 



Chapter 5: Identification and characterisation of novel heparanase inhibitors 

202 
 

with varying ratios of serum-free DMEM; 1:1, 1:2 and 1:4 (parts of Matrigel®: parts of 

serum-free DMEM, respectively). The 1:1 ratio showed a reduction in migration of 73% 

and the Matrigel® concentration was determined to be too high for the purpose of the 

assay. The 1:4 ratio showed a migration/invasion reduction of only 2% and was therefore 

deemed too low. The optimal Matrigel®: serum-free DMEM was thus determined to be 

1:2, with a reduction in migration/invasion of 22%. This demonstrated the ability of the 

Matrigel® to inhibit the migration/invasion of a significant proportion of cells while allowing 

an appropriate number of cells to travel through, enabling quantitative analysis. 

Next, as a pilot study, the concentration of GW7647 capable of affecting the 

migration/invasion of MDA-MB-231 cells in the transwell assay was determined (figure 

5.12C). GW7647 was used at concentrations of 5 and 10 μM. No significant effect was 

observed at 5 μM; however, a 10 μM concentration of GW7647 was shown to inhibit the 

migration/invasion of MDA-MB-231 cells by 52%. Heparin used at 10 mg/ml as a control 

demonstrated a significant reduction in migration/invasion to 60%. Thus, in subsequent 

experiments, GW7647, GW9578 and MK886 were used at a 10 μM concentration. 

5.4.13 Assessing the action of known and novel HPSE inhibitors on the 

migratory/invasive capacity of MDA-MB-231 cells 

Following the optimisation of the transwell migration/invasion assay of MDA-MB-231 cells, 

the effect of the known HPSE inhibitor heparin and novel HPSE inhibitors, namely 

GW7647, GW9578 and MK886, on this crucial cancer-promoting hallmark was 

determined. MDA-MB-231 cells were shown to produce enzymatically active HPSE as 

described using 50 μg of total cellular lysate with 2 ng of purified human HPSE (figure 

5.13A). Quantification of the migration/invasion of MDA-MB-231 cells through the 

Matrigel® showed that heparin significantly reduced the cellular migratory/invasive 

capacity (figure 5.13B). This observation further validated the use of the assay in 

determining novel drugs capable of inhibiting cellular migration/invasion by virtue of 

affecting the enzymatic activity of HPSE. The control with no FCS showed low migration 

levels, validating FCS as an appropriate chemoattractant for MDA-MB-231 cells.  

Both GW7647 and GW9578 significantly inhibited the migration/invasion of MDA-MB-231 

cells through the Matrigel®, in contrast to the no treatment control, with an approximately 

33% and 50% reduction in cellular migration/invasion respectively. Interestingly, MK886 

too showed a significant reduction of migration/invasion of MDA-MB-231 cells through the 

Matrigel® along with an approximately 54% reduction in migration/invasion compared to 

the no Matrigel® control. This suggests that this observation may not be the direct result 

of the inhibition of migration/invasion through the Matrigel®.      
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Figure 5.13 Effect of known and novel HPSE inhibitors on the migration/invasion of MDA-MB-231 cells 
(A) MDA-MB-231 cells demonstrate HPSE enzymatic activity in vitro. (B) GW7647 and GW9578 inhibited the 
Matrigel® invasion of MDA-MB-231 cells at a concentration of 10 μM. Interestingly, MK886 also showed a 
reduction in cellular migration in transwells both with and without Matrigel®. Representative images of crystal 
violet-stained MDA-MB-231 cells are shown in the bottom panel following migration/invasion through the 
Matrigel® and the no Matrigel® control.  A; n = 2, data representative of one of two independent assays with 
3 technical replicates each; unpaired t-test. B; n = 3, representative data of one of three independent assays 
shown; error bars = SEM; NS, not significant; *, p<0.05; **, p<0.01; ***, p<0.001; statistical significance 
calculated between no treatment controls and drug treated samples; paired t-test. 
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5.4.14 Design of an assay to determine the effect of HPSE inhibitors on 

angiogenesis 

As discussed previously, HPSE plays a well described role in angiogenesis (Knelson et 

al., 2014, Nadir and Brenner, 2014, Parish et al., 1999). Tumour growth and metastasis in 

turn are strongly promoted by HPSE through its pro-angiogenic capacity. In order to 

determine the role of novel HPSE inhibitors on angiogenesis, an in vitro assay was 

established. Angiogenesis assays using mouse aorta fragments in vitro have been 

previously described, which formed the basis of this study (Baker et al., 2011, Nicosia and 

Ottinetti, 1990). This was achieved by using sections of mouse aorta fragments embedded 

in a fibrin gel and exposed to a particular drug being assessed (figure 5.14A). Treatment 

of aortic fragments was carried out with GW7647, GW9578, MK886 and heparin for  

7 days. The resulting degree of vessel sprouting was assessed using a scoring matrix 

(figure 5.14B). 

5.4.15 Assessing the action of known and novel HPSE inhibitors in an in vitro 

angiogenesis assay using mouse aortas 

The effect of the known HPSE inhibitor heparin and novel HPSE inhibitors, namely 

GW7647, GW9578 and MK886, on angiogenesis was evaluated in aortas sourced from 

C57Bl/6 and C57Bl/6xHPSE-/- mice (figure 5.15). The no treatment control showed a high 

degree of vessel sprouting after 7 days, comparable to the DMSO control.  

In aortas excised from C57Bl/6 mice, heparin significantly reduced angiogenesis (figure 

5.15A). Treatment with GW7647 and GW9578 also resulted in a significant reduction of 

vessel outgrowth. In contrast, MK886 and DMSO alone did not affect angiogenesis.  

Next, aortas excised from C57Bl/6xHPSE-/- mice were assessed to determine if the anti-

angiogenic effects of the novel HPSE inhibitors observed on C57Bl/6 aortas were the 

result of HPSE inhibition (figure 5.15B). Interestingly, treatment with GW7647, GW9578 

and MK886 was shown to reduce vessel sprouting of C57Bl/6xHPSE-/- aortas suggesting 

the inhibition of angiogenesis by these compounds was occurring independently of HPSE.   

Finally, when comparing the effect of the known and novel HPSE inhibitors on aortic vessel 

outgrowths in both C57Bl/6 and C57Bl/6xHPSE-/- mouse aortas, heparin significantly 

affected angiogenesis in vessels of C57Bl/6 mice (angiogenesis index of approximately 

2.5 compared to 3.75 in the no treatment control) when compared to those of 

C57Bl/6xHPSE-/- mice (angiogenesis index of 3.5 compared to 3.75 in the no treatment 

control; figure 5.15C). No significant difference in angiogenesis was observed between 

C57Bl/6 and C57Bl/6xHPSE-/- mouse aortas treated with GW7647, GW9578 and MK886 

as well as the no treatment and DMSO alone controls.   
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Figure 5.14 The design of the angiogenesis assay and the scoring matrix 
(A) The angiogenesis assay; mouse aorta fragments were embedded in a fibrin gel and treated with HPSE 
inhibitors for 7 days. The resulting degree of vessel branching was then scored. (B) The scoring matrix 
employed to evaluate and quantify the level of angiogenesis seen after 7 days. 
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Figure 5.15 The effect of known and novel HPSE inhibitors on angiogenesis observed in aortas 

sourced from C57Bl/6 and C57Bl/6xHPSE
-/-

 mice 
 
 



Chapter 5: Identification and characterisation of novel heparanase inhibitors 

207 
 

 

Figure 5.15 (A) A graphical representation of the effect of known and novel HPSE inhibitors on angiogenesis 
in aortas sourced from C57Bl/6 mice. Vessel outgrowths were normalised to the no treatment controls. 
Representative images are shown of aortas (from 9 – 12-week old animals) embedded in fibrin gel following 
a 7-day treatment. (B) A graphical representation of the effect of known and novel HPSE inhibitors on 

angiogenesis in aortas sourced from C57Bl/6xHPSE
-/-

 mice. Representative images are shown of aortas (from 
9 – 12-week old animals) embedded in fibrin gel following a 7-day treatment. (C) A concise representation of 
the effects of known and novel HPSE inhibitors on angiogenesis in aortas from C57Bl/6 and C57Bl/6x 

HPSE
-/-

 mice. Vessel outgrowths were normalised to the respective no treatment controls. A, n = 4; B, n = 3; 
error bars = SEM; NS, not significant; *, p<0.05; **, p<0.01; ***, p<0.001; statistical significance calculated 
using a paired student’s t-test in relation to the no treatment control. 
 

5.4.16 The development and in vivo characterisation of the novel B16F10-mCherry-

Luc cell line 

The B16 mouse melanoma cell line has been widely used in in vivo tumour models, 

resulting in the development of several variants, including the highly-invasive B16F10 cell 

line (Fidler and Kripke, 1977, Overwijk and Restifo, 2001, Hart, 1979). The expression of 

HPSE in B16 melanoma cells has previously been described (Komatsu et al., 2008b).  

The B16 cell invasion model has traditionally involved the implantation of cells 

intravenously in mice, resulting in visible, quantifiable lesions in the lungs. This model was 

thus employed to assess the action of the novel HPSE inhibitors on tumour cell invasion, 

based on the previously described inhibition of the MDA-MB-231 migration/invasion by 

novel HPSE inhibitors. 

First, the B16F10-mCherry-Luc cell line was generated as described in section 2.5.3. 

Compared to the parental B16F10 cells, the newly-developed B16F10-mCherry-Luc cell 

line demonstrated a significantly high level of mCherry expression by flow cytometry 

analysis, with fluorescence detected in over 98% of the cell population following six rounds 

of sorting (figure 5.16A). In order to determine the capacity of this novel cell line to form 

lung-invasive nodules in vivo, 2x105 cells were injected intravenously, followed by IVIS  

in vivo imaging of the animals prior to lung excision (figure 5.16B). This demonstrated 

detectable luminescence within the lungs in live animals as well as visually detectable 
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lesions in the lungs. The presence of mCherry DNA only within invasive colony-forming 

B16F10-mCherry-Luc cells in the animal provided an essential tool for downstream 

quantitative analysis of tumour burden. The B16F10-mCherry-Luc cells were also shown 

to produce enzymatically active HPSE (figure 5.16C).  

5.4.17 Assessing the efficacy of novel HPSE inhibitors against lung invasion by 

B16F10-mCherry-Luc cells 

The newly-developed B16F10-mCherry-Luc cell line was used to determine the capacity 

of novel HPSE inhibitors GW7647 and GW9578 to inhibit lung invasion. An in vivo study 

was designed to determine the efficacy of these compounds (figure 5.17A). Briefly, 2x105 

B16F10-mCherry-Luc cells were implanted intravenously in 10 – 12-week-old C57Bl/6 

mice followed immediately by GW7647 or GW9578 (4 mg/kg) or DMSO only (0.5 – 5% 

v/v) treatment. The animals were administered the novel inhibitors or the DMSO alone 

control 3-times a week with lungs excised on day 20 for the analysis of tumour burden. 

The RTB thus analysed showed no significant difference between the lungs excised from 

the DMSO only control group and the GW7647 and GW9578 treated groups (figure 

5.17B). Representative images of excised lungs of each experimental group show visible 

tumour nodules (figure 5.17C). Therefore, despite the in vitro data, the novel HPSE 

inhibitors did not show successful efficacy data in vivo with regards to inhibiting lung 

metastatic colonisation by B16F10-mCherry-Luc cells. 
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Figure 5.16 The generation and in vivo characterisation of the 
novel B16F10-mCherry-Luc cell line 
(A) Flow cytometry analysis of the newly-developed B16F10-
mCherry-Luc cell line revealed that over 98% of cells expressed 
mCherry, in contrast to the B16F10 parent cell line. (B) The ability 
of B16F10-mCherry-Luc cells to colonise the lungs of C57Bl/6 mice 

was demonstrated by inoculating 2x10
5
 B16F10-mCherry-Luc cells 

intravenously, followed by IVIS imaging of luciferase expression  
20-days later. A representative image of an excised lung shows 
visible dark invasive nodules (arrows). (C) B16F10-mChery-Luc 
cells exhibit HPSE enzymatic activity. 50 μg of whole cell lysate 
was compared to 2 ng of purified HPSE. Error bars = SEM. 
 



Chapter 5: Identification and characterisation of novel heparanase inhibitors 

210 
 

 

 
Figure 5.17 The effect of GW7647 and GW9578 treatment on mouse lung invasion by B16F10-mCherry-
Luc cells 
(A) A schematic representation of the study design in which 10 – 12-week old female C57Bl/6 mice were 

inoculated with 2x10
5
 B16F10-mCherry-Luc cells intravenously and left untreated or were treated with 4 mg/kg 

GW7647 or 4 mg/kg GW9578 or vehicle (DMSO) only. Treatments commenced immediately at the time of cell 
inoculation (day 0). All animals were euthanized on day 20 and lungs were excised. (B) qPCR analysis of 
mouse lungs revealed no significant difference in RTB between groups; n = 5 – 8 animals per group.  
(C) Representative images of lungs bearing visible B16F10-mCherry-Luc lesions. Error bars = SEM; NS, not 
significant; unpaired t-test.  
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5.4.18 Assessing the effects of novel HPSE inhibitors on the immune cell 

populations within the lungs of mice bearing B16F10-mCherry-Luc cell lung- 

metastatic lesions  

Previously, the role of HPSE in the activation and the promotion of the function of NK cells 

was discussed (Putz et al., 2017). The possibility of HPSE inhibitors affecting immune 

cells within the lungs must therefore be considered. Immune cell populations, including 

CD4+ T cells, CD8+ T cells and NK cells were thus analysed within the lungs of mice 

bearing B16F10-mCherry-Luc lung metastatic nodules (figure 5.18). Analysis of the 

expression levels of CD11b and CD27 enables the differentiation of NK cells based on 

maturity into four distinct populations; NKG2D+ NK cells, CD69+ NK cells, CD11b+ NK 

cells, CD11b+ CD27+ NK cells. Additionally, CD4+ T cells and CD8+ T cells within the lungs 

were also quantified. No significant difference was observed between the relative 

percentage of any of the immune cell types analysed in tumour-bearing mice treated with 

GW7647 or GW9578 and the control group treated with DMSO alone. These results 

suggest that the novel HPSE inhibitors did not exhibit any significant effects on the 

migration of CD4+ and CD8+ T cells nor the migration and maturation levels of NK cell 

populations within the lungs. 

5.4.19 Assessing the effects of novel HPSE inhibitors on the splenic immune cell 

populations in mice bearing B16F10-mCherry-Luc cell lung metastatic lesions 

Following the same hypothesis that led to the analysis of immune cell populations in the 

lungs of B16F10-mCherry-Luc metastatic lesion-bearing C57Bl/6 mice, a series of splenic 

immune cell populations of these animals were similarly investigated (figure 5.19).  

Splenic NK cells, NKG2D+ NK cells, CD69+ NK cells, CD11b+ NK cells, CD11b+ CD27+ NK 

cells, CD4+ T cells and CD8+ T cells were thus analysed by flow cytometry. No significant 

difference was observed between any of the immune cell types analysed in tumour-

bearing mice treated with GW7647 or GW9578 and the control group treated with DMSO 

alone. These results suggest that the novel HPSE inhibitors did not exhibit any significant 

effect on the migration of CD4+ and CD8+ T cells nor the migration and maturation levels 

of NK cell populations within the spleen.  
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Figure 5.18 Lung immune cell populations of 
C57Bl/6 mice inoculated with B16F10-mCherry-
Luc cells and treated with GW7647 and GW9578 
A series of distinct immune cell populations within 
the lungs of mice inoculated with B16F10-mCherry-
Luc cells and treated with novel HPSE inhibitors was 
analysed. No significant difference was observed in 

the relative percentage of NK cells, NKG2D
+
 NK 

cells, CD69
+
 NK cells, CD11b

+
 NK cells, CD11b

+
 

CD27
+
 NK cells, CD4

+
 T cells and CD8

+
 T cells 

between DMSO treated and GW7647/GW9578 
treated animals. 
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Figure 5.19 Spleen immune cell populations of C57Bl/6 
mice inoculated with B16F10-mCherry-Luc cells and 
treated with GW7647 and GW9578 
A series of distinct immune cell populations within the 
spleens of mice inoculated with B16F10-mCherry-Luc 
cells and treated with novel HPSE inhibitors was analysed. 
No significant difference was observed in the relative 

percentage of NK cells, NKG2D
+
 NK cells, CD69

+
 NK cells, 

CD11b
+
 NK cells, CD11b

+
 CD27

+
 NK cells, CD4

+
 T cells 

and CD8
+
 T cells between DMSO treated and 

GW7647/GW9578 treated animals. 
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5.5 Discussion 

HPSE has remained an attractive anti-cancer drug target since its initial characterisation, 

based on its expression as a single active form that correlates with the metastatic potential 

of several tumour cell types (Hulett et al., 1999, Hulett et al., 2000). Today, the targeting 

of HPSE has attracted widespread research efforts, with a number of drugs progressing 

to human trials and several others in the developmental pipeline (Mohamed and Coombe, 

2017, Heyman and Yang, 2016, Vlodavsky et al., 2016, Jia and Ma, 2016). As discussed 

in chapter 1, HS mimetics represent the most widely-used HPSE inhibitors.  

However, these have been affected by a variety of off-target effects and less-than-

anticipated efficacy (Khasraw et al., 2010b, Rohloff et al., 2002, Chen et al., 2017c).  

High throughput drug screening techniques boast advantages over conventional drug 

discovery methods by employing vast numbers of known and previously characterised 

molecules to identify novel functions (Macarron et al., 2011, Janzen, 2014).  

The ‘repurposing’ of known drugs has thus gained momentum as a fast, effective and 

financially viable method of drug discovery (Zheng et al., 2018, Corsello et al., 2017).  

Indeed, the screening of libraries of known molecules to identify potential HPSE inhibitors 

has previously been attempted (Pisano et al., 2014, Hammond et al., 2014). An initial 

series of thus identified inhibitors were described by Courtney et al. (Courtney et al., 2004, 

Courtney et al., 2005). However, the further development of these early compounds were 

hampered by the lack of a 3D molecular structure of HPSE (Pisano et al., 2014).  

Attempts at in silico screening for novel HPSE inhibitors was also undertaken, based on 

docking into a homology model of HPSE and fitting this to a pharmacophore model for 

known HPSE inhibitors (Gozalbes et al., 2013). The anti-malarial drug amodiaquine was 

thus identified followed by the preparation of a series of drug derivatives. However, these 

derivatives failed to demonstrate a binding affinity greater than their parent compound and 

no enzymatic inhibition was demonstrated. This chapter aimed to contribute to this 

ongoing effort by the screening of a library of known drugs to identify potential HPSE 

inhibitors followed by their characterisation. Here, the identification, in vitro 

characterisation and attempts at in vivo validation of novel HPSE inhibitors are described. 

5.5.1 Establishing an in vitro HPSE activity assay 

Prior to setting up a high throughput drug screen, it was essential to purify a sufficient 

quantity of enzymatically active HPSE, followed by establishing a robust in vitro assay to 

determine the enzymatic activity of purified HPSE. As a significant quantity of HPSE was 

needed for these purposes, the most commercially viable option was to purify human 

HPSE from platelets. As previously discussed, human platelets are a rich source of active 

HPSE (Hulett et al., 1999, Freeman and Parish, 1998). Platelets were sourced in bulk from 

the Australian Red Cross Blood Services and subjected to the HPSE purification process 
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described in section 2.2.2 (Freeman and Parish, 1998). Thus, enzymatically active human 

HPSE was purified, characterised by Western blot and mass spectrometry analysis and 

its activity verified by the in vitro HPSE enzymatic activity assay (figure 5.1).  

Alternate expression systems were considered such as the expression and purification of 

human HPSE using bacterial systems (Winkler et al., 2014). HPSE, as a pro-enzyme, 

requires rigorous processing for its activation, post-translational glycosylation and 

disulphide bond formation (Simizu et al., 2004, Simizu et al., 2007). Despite its perceived 

ease, bacterial expression of recombinant human proteins remains challenging (Rosano 

and Ceccarelli, 2014). Thus, considering the processing required in expressing 

enzymatically active HPSE, the use of bacterial, yeast, insect or mammalian cell-

expression systems were not considered and the direct purification of HPSE from human 

platelets was deemed the most viable, robust option. Previously published data 

demonstrated a high degree of purity of isolated human HPSE based on Coomassie 

staining (Freeman and Parish, 1998). Utilising this methodology, human HPSE was 

successfully purified from platelets, yielding a concentration of 0.45 mg/ml.   

A number of techniques have been described for the determination of the enzymatic 

activity of HPSE. These include the use of high-speed gel permeation chromatography 

following the exposure of FITC-labelled HS to HPSE, use of radiolabelled-HS followed by 

HPSE digestion and analysis by chromatography and a colorimetric assay deemed 

suitable for kinetic analysis and inhibitor screening (Toyoshima and Nakajima, 1999, 

Freeman and Parish, 1997, Hammond et al., 2010). The FRET-based in vitro HPSE 

activity assay described in this thesis was borne of the need for a robust, high throughput 

assay for efficient screening of a large number of pharmacological compounds (Enomoto 

et al., 2006). The FRET-based assay demonstrated dose-dependent HPSE activity levels 

as well as dose-dependent inhibition of the enzymatic activity of HPSE by known HPSE 

inhibitors (figure 5.2). Furthermore, the assay involved a simple set up and analysis of 

data as well as satisfying all needs expected of a high throughput screening tool.  

5.5.2 Screening the LOPAC1280 library and the identification and characterisation 
of novel HPSE inhibitors      

Using the high throughout HPSE activity assay, 320 compounds of the LOPAC1280 drug 

library of pharmacologically active compounds were screened (figure 5.3).  

The compounds thus screened had a wide variety of applications. To validate hits 

identified in the first round of screening, a second round of screening was carried out 

followed by a final cell surface HS assay. This three-tiered screening method was deemed 

suitable to deliver robust, reliable results. The first round of screening identified  

15 potential inhibitors out of the 320 compounds screened (figures 5.4A-D). However, the 

second round of screening narrowed this to just two compounds (figure 5.5).  
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The remainder failed to inhibit the enzymatic activity of HPSE as observed in the previous 

screening round. Thus, GW7647 and 6-hydroxy-DOPA progressed to the final round of 

screening. The two drugs that did show consistent inhibition are superior to their 

counterparts in inhibiting the activity of HPSE and this three-tiered validation strategy may 

very well identify compounds with the greatest inhibitory capacities.  

The final step of the validation pathway was the cell surface HS assay, which was crucial 

in determining the physiological relevance of the compounds identified and to confirm the 

reproducibility of their inhibitory capacity (figure 5.6). The cell surface HS assay thus 

evaluated the inhibitory capability of the drugs in a system more reflective of an in vivo 

setting. The dose-dependent reduction of cell surface HS upon titration with HPSE 

indicated the validity of this assay in determining the enzymatic activity of HPSE. 

Furthermore, this cleavage of cell surface HS was inhibited by known inhibitors of HPSE 

in a dose-dependent manner. It is interesting to note that compared to the FRET-based in 

vitro enzymatic activity assay, the inhibitory capacities of both heparin and PI-88 in the cell 

surface HS assay appeared reduced. As PI-88 is a HS-mimetic, and heparin is a highly 

sulphated version of HS, these molecules could be thought to possess HS-like properties 

in this assay (Shriver et al., 2012, Ferro et al., 2007). Indeed, heparin has been shown to 

bind to cell surfaces through heparin/HS-interacting proteins and to function as an 

intervenor in cell-cell communication (Trindade et al., 2008, Ryser et al., 1983, Xu and 

Dai, 2010). It is therefore possible that both PI-88 and heparin would bind to and become 

sequestered on the cell surface in the in vitro environment of the cell surface HS assay, 

similar to the binding exhibited by HS (Knelson et al., 2014, Sarrazin et al., 2011). 

Effectively, these interactions would limit the availability and physiological function of  

PI-88 and heparin, leading to compromised enzymatic activity inhibition observed in this 

assay. Thus, OGT-2115 was selected as a suitable control for further validation, as its 

HPSE-inhibitory activity appeared unaffected in this assay. 

5.5.3 GW7647 as a novel HPSE inhibitor 

Following the second round of screening of potential HPSE inhibitors, GW7647 and  

6-hydroxy-DOPA emerged to demonstrate consistent, reproducible inhibitory capacity. 

However, 6-hydroxy-DOPA failed to inhibit HS cleavage in the cell surface HS assay 

(figure 5.7). Thus, this compound was no longer pursued.  

GW7647 further demonstrated a dose-dependent inhibition of cell surface HS cleavage, 

suggesting a drug-like mechanism in interacting with HPSE in this assay. The possibility 

that this observation may not be the direct result of GW7647 interacting with HPSE, and 

instead could be a result of an interference in both the enzymatic activity assay and the 

cell surface HS assay would be quite unlikely. One could also consider the possibility of 
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GW7647 interacting with HS, thus inhibiting HPSE cleavage. However, HS is largely 

anionic with GW7647 containing localised regions of high negative charge, which would 

make such as an interaction implausible. Surface plasmon resonance and isothermal 

titration calorimetry could be employed to determine and validate the interaction between 

HPSE and GW7647. These techniques could confirm binding and furthermore, determine 

the thermodynamic or kinetic parameters of this interaction (Huber and Mueller, 2006, 

Patching, 2014, Renaud et al., 2016). The inability of 6-hydroxy-DOPA to demonstrate 

HPSE inhibition may be due to interference within the FRET-based enzymatic activity 

assay. However, 6-hydroxy-DOPA possesses neurotoxic properties, which would 

significantly hinder its downstream in vivo validation (Kostrzewa, 2016). In contrast, 

GW7647 possesses more desirable features such as solubility and oral bio-availability 

(Brown et al., 2001, Yue et al., 2003). Additionally, PPAR-α agonists have been 

characterised to be well tolerated physiologically, supporting the further development of 

GW7647 (Bopst et al., 2014).    

5.5.4 GW9578, a structurally-related PPAR-α agonist to GW7647, as a novel HPSE 
inhibitor 

The PPARs are ligand-activated transcription factors of the nuclear hormone receptor 

superfamily comprising of PPAR-α, PPAR-β/δ and PPAR-γ subtypes (Tyagi et al., 2011). 

The activation of PPAR-α leads to a reduction in triglyceride levels through the regulation 

of genes involved in the beta-oxidation of fatty acids and is associated with energy 

homeostasis (van Raalte et al., 2004). Activation of PPAR-γ leads to insulin sensitisation, 

in turn increasing glucose metabolism and hence plays a key role in the management of 

type-2 diabetes (Bermudez et al., 2010). PPAR-β/δ activation leads to enhanced fatty acid 

metabolism along with its role as a regulator of multiple cellular functions (Wagner and 

Wagner, 2010). Members of the PPAR family have been implicated in the development of 

cancer and are thus considered potential anti-cancer drug targets (Gou et al., 2017). 

The activation of PPAR-α with its ligands that include fatty acids and fibrate drugs leads 

to an increase in fatty acid oxidation and high density lipoprotein triglyceride levels in the 

serum, accompanied by a decrease in very low-density lipoprotein triglycerides (Staels et 

al., 2008, Pawlak et al., 2015, Wright et al., 2014). However, the biochemistry of PPAR-α 

remained largely undefined due to the high homology seen between the PPAR family 

members, despite the lipid-metabolising role of fibrates being well established (Brown et 

al., 1999, Wright et al., 2014). GW7647 and GW9578 were described as potent PPAR-α 

agonists (Brown et al., 1999, Brown et al., 2001). The modification of the fibrate head 

group of ureido-fibrate analogues with modified urea substituents demonstrated increased 

PPAR-α activity, leading to the discovery of GW9578 as a PPAR-α agonist (Brown et al., 

1999). Following this observation, GW7647 was described as possessing high PPAR-α 
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agonistic capacity using solid-phase, parallel array synthesis to synthesise a series of 

urea-substituted thioisobutyric acids (Brown et al., 2001). These compounds are also 

structurally similar. Thus, based on the observation that GW7647 possessed HPSE-

inhibitory capacity, GW9578 was assessed to determine its potential as a novel inhibitor. 

As expected, GW9578 displayed a similar trend in the cell surface HS assay and acted in 

a drug-like manner in the in vitro HPSE enzymatic activity assay (figure 5.8).  

Earlier work on the discovery of HPSE inhibitors was hindered by the lack of 3D structural 

information (Pisano et al., 2014). However, the crystal structure of HPSE was described 

recently, which could enhance future attempts at drug discovery (Wu et al., 2015).  

By employing an in silico molecular modelling tool, the docking of GW7647 to the active 

site of HPSE was demonstrated (figure 5.9). In conjunction with the accompanying in vitro 

data, it is possible that GW9578 too, would display a similar binding capability, based on 

conserved structural elements with GW7647. Further validation of the structural-

dependence of the HPSE-inhibitory capacity of GW7647 and GW9578 were provided by 

the observation that a structurally-unrelated PPAR-α agonist, fenofibrate, did not display 

the capacity to inhibit HPSE in the in vitro enzymatic activity assay (figure 5.10). 

The PPAR-α antagonist, MK886, was also used in the in vitro enzymatic activity assay as 

a negative control (Mascia et al., 2011, Panlilio et al., 2012, Le Foll et al., 2013). MK886 

is structurally unrelated to GW7647 and GW9578 and analysing its effects on HPSE along 

with the two novel inhibitors was designed to provide more insight into their inhibitory 

mechanism. It is interesting to note that MK886 too, exhibited HPSE-inhibitory activity, 

albeit in a non-drug like, dose-independent manner (figure 5.11). This may be due to a 

possible non-drug-like interaction between MK886 and HPSE. It is also possible that the 

concentrations used in this assay were beyond the range within which MK886 

demonstrates a dose-dependent inhibition of HPSE activity. Also, the possibility of 

interference within the assay with the use of MK886 cannot be excluded. However, the 

HPSE-inhibitory capacity of GW7647 and GW9578 were satisfactorily demonstrated in 

vitro, which deemed the progression to further validation appropriate. Further studies are 

needed to confirm the interaction between MK886 and HPSE and to understand the 

mechanism by which MK886 inhibits enzymatic activity. This could potentially be achieved 

through in silico molecular modelling, following the characterisation of the 3D structure of 

HPSE (Wu et al., 2015). MK886 has been demonstrated to inhibit the activity of the  

5-lipooxygenase-activating protein and COX-1, leading to the suppression of platelet 

aggregation (Koeberle et al., 2009, Kehrer et al., 2001). Studies have shown that HPSE 

in platelets promotes adhesion and the formation of a protective ‘coating’ around CTCs 

which aids in metastasis (Nadir and Brenner, 2016, Cui et al., 2016). A search of the 

literature revealed no studies reporting on the HPSE-inhibitory capacity of MK886, with a 
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possible link between its inhibition of HPSE and reduced platelet aggregation yet to be 

determined.    

5.5.5 Reduced cell migration/invasion by GW7647 and GW9578 

A majority of cancer deaths are the direct result of metastasis rather than the primary 

tumour alone (Steeg, 2016). As discussed in chapter 1, this hallmark of cancer has been 

extensively studied due to its crucial role in cancer progression. Thus, much effort has 

been made in understanding how cancer cells invade their surrounding environment and 

to determine how to inhibit this process, leading to reduced metastasis (Lambert et al., 

2017). The expression of HPSE has been implicated in the enhanced metastatic capacity 

of tumour cells (Weissmann et al., 2016, Yang et al., 2005, Hulett et al., 1999, Takaoka et 

al., 2003). The targeting of HPSE may very well in turn lead to reduced metastasis and an 

increased rate of survival (Weissmann et al., 2016, Dai et al., 2017, Rivara et al., 2016). 

Thus, the novel HPSE inhibitors GW7647 and GW9578 were assessed in their ability to 

inhibit cell migration/invasion using Matrigel®, a synthetic BM, in an in vitro cell 

migration/invasion assay. Matrigel® is a complex, gelatinous mixture of ECM proteins 

such as laminin, collagen-IV and HSPG derived from mouse tumour cells and has been 

extensively used to study cell growth and invasion in an in vitro, 3D, ECM-like environment 

(Orkin et al., 1977, Kleinman et al., 1982, Kleinman and Martin, 2005, Hughes et al., 2010). 

These properties justified its use in studying the effects of novel HPSE inhibitors in cell 

migration/invasion. It must also be noted that mouse and human HPSE share a high 

degree of sequence identity (Miao et al., 2002). This validated the use of the inhibitors in 

this assay which were initially screened and characterised using human HPSE.   

First, it was essential to demonstrate that neither of the inhibitors had detrimental effects 

on the viability of the MDA-MB-231 cells used. The HPSE-expressing ability and high 

invasiveness of MDA-MB-231 cells were ideal properties in this assay (Teoh et al., 2009, 

Abdelkarim et al., 2011, Wu et al., 2009, Xie et al., 2009, Paquette et al., 2011, Hsieh et 

al., 2013). A concentration of 10 μM of GW7647, GW9578 and MK886 and a concentration 

of 10 mg/ml of heparin did not show significant detrimental effects on the viability of MDA-

MB-231 cells, ensuring that any effects of the known and novel HPSE inhibitors on cell 

migration/invasion in the transwell assay would not be the result of cytotoxicity, but of 

inhibition of cellular movement through the Matrigel® layer. Treatment of MDA-MB-231 

cells with heparin; a known, potent inhibitor of HPSE, demonstrated a significant reduction 

in cell migration/invasion. This validated the suitability of this assay in determining the 

effects of novel HPSE inhibitors on cell migration/invasion (figure 5.12). 

Interestingly, both GW7647 and GW9578 demonstrated a significant ability to reduce the 

invasion of MDA-MB-231 through the Matrigel® (figure 5.13). GW7647 was more potent 
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in this regard compared to GW9578. The expression of HPSE by MDA-MB-231 cells and 

indeed by many cancer cells, as previously discussed, coupled with the fact that both 

GW7647 and GW9578 inhibited the enzymatic activity of HPSE in vitro as well as the 

reduction of cell surface HS cleavage by HPSE, collectively suggest that the reduction in 

the invasion of MDA-MB-231 cells through the Matrigel® seen in this assay may well be 

the direct result of the inhibition of HPSE by GW7647 and GW9578. However, it must be 

noted that MDA-MB-231 cells have been demonstrated to express PPAR-α, described as 

a master regulator of a number of genes, leading to a variety of downstream functions 

such as hepatic lipid metabolism, peroxisomal and mitochondrial fatty acid-β oxidation, 

hepatic lipogenesis, fatty acid uptake, metabolism of lipoprotein, glucose/glycerol, hepatic 

cholesterol/bile and amino acid and well as inflammation and biotransformation  

(Suchanek et al., 2002, Chen et al., 2017d, Rakhshandehroo et al., 2010). It could 

therefore by hypothesised that the effect of GW7647 and GW9578 on cell 

migration/invasion may be the result of the novel HPSE inhibitors interacting with PPAR-

α. Indeed, the angiopoietin-like 4 (ANGPTL4) gene is a classic PPAR-α target and has 

been shown to be induced through PPAR-α activation (Janssen et al., 2015). ANGPTL4 

has also been suggested to play a role in the crosstalk between metabolism and cancer, 

mediated through the PPAR signalling pathway (La Paglia et al., 2017). The expression 

of ANGPTL4 has been mostly linked to enhanced angiogenesis in a number of 

physiological and pathological conditions, but a study published by Okochi-Takada et al. 

suggested that ANGPTL4 may possess anti-angiogenic properties and may act as a 

secreted tumour suppressor (Le Jan et al., 2003, Babapoor-Farrokhran et al., 2015, 

Mousavizadeh et al., 2016, Okochi-Takada et al., 2014). Furthermore, ANGPTL4 has 

been linked to metastasis and has thus demonstrated a number of roles in human 

malignancies (Izraely et al., 2017, Tanaka et al., 2015, Liao et al., 2016b, Tan et al., 2012). 

The inhibition of HIF-1-mediated expression of ANGPTL4 in MDA-MB-231 cells has been 

shown to reduce metastasis (Zhang et al., 2012). It is therefore interesting to observe that 

the use of PPAR-α agonists in the transwell migration/invasion assay inhibited cell 

invasion, seemingly contrary to published observations, if indeed the use of GW7647 and 

GW9578 in the assay led to an upregulation of ANGPTL4 through PPAR-α activation.  

This phenomenon warrants further investigation with the use of HPSE-deficient MDA-MB-

231 cells to determine if the novel HPSE inhibitors did indeed affect cell invasion through 

Matrigel® via the inhibition of the enzymatic activity of HPSE or with the use of PPAR-α-

deficient MDA-MB-231 cells to determine if the effects seen here involved the interaction 

of GW7647 and GW9578 with PPAR-α and/or its derivatives. 

The use of the Matrigel® in the transwell migration/invasion assay served the vital purpose 

of differentiating between cell migration and cell invasion, which are two fundamentally 
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distinct processes (Stuelten et al., 2018, Welch, 2015). In this assay, FCS served as the 

chemoattractant for MDA-MB-231 cells incubated in a medium devoid of FCS.  

The Matrigel® barrier between the cells and the medium supplemented with FCS served 

as an ECM-equivalent through which the MDA-MB-231 cells were required to actively 

invade. MK886 treatment significantly reduced the movement of MDA-MB-231 cells 

through the Matrigel® membrane as well as in the negative control, which lacked 

Matrigel®. Therefore, the inhibitory effect displayed by MK886 can be suggested to be the 

result of inhibiting cell migration, not active invasion. 

5.5.6 Reduced angiogenesis upon treatment with GW7647 and GW9578 

As previously discussed, angiogenesis is a key hallmark of cancer (Hanahan and 

Weinberg, 2000, Hanahan and Weinberg, 2011). Angiogenesis has been demonstrated 

to be a vital regulator of tumour growth and metastasis and thus has been the focus of 

anti-cancer drug development (Folkman, 1971, Bielenberg and Zetter, 2015).  

The relationship between HPSE expression and angiogenesis has been studied 

extensively and it has been demonstrated that HPSE expression correlates with the 

growth and metastatic potential of cancer, as a result of enhanced angiogenesis (Marchetti 

et al., 2003, Cohen et al., 2006, Nadir and Brenner, 2014, Dai et al., 2017). This has led 

to several HPSE inhibitors being assessed in the clinic for their anti-angiogenic properties 

(Ferro et al., 2007, Dredge et al., 2010, Dredge et al., 2011, Ostapoff et al., 2013). In our 

attempts at isolating novel HPSE inhibitors, it was important that the effect of these 

compounds on angiogenesis was investigated.  

First, a suitable in vitro assay was required, and a mouse aortic ring assay was thus 

selected (figure 5.14). This assay has been demonstrated as an ideal alternative to other 

in vitro assays, with ex vivo, 3D studies on a mouse aorta made with developing 

microvessels. These microvessels undergo key features of angiogenesis on a comparable 

timescale to that seen in an in vivo setting (Baker et al., 2011, Nicosia and Ottinetti, 1990). 

Aortas from C57Bl/6 and C57Bl/6xHPSE-/- mice were used to determine if anti-angiogenic 

effects seen, if any, were due to the direct inhibition of the enzymatic activity of HPSE.  

The study of aortas excised from C57Bl/6 mice treated with heparin displayed a markedly 

reduced level of angiogenesis (figure 5.15). Previous studies have reported on the effects 

of heparin on angiogenesis, with mixed results. Angiogenesis assays using human 

placenta reportedly showed no inhibition of angiogenesis upon treatment with heparin 

(Parish et al., 1999). An earlier study on mast cells described that heparin released by 

mast cells enhanced angiogenesis and led to an increase in the migration of capillary 

endothelial cells (Folkman et al., 1983). Heparin was further shown to downregulate 

microRNA-10b in human microvascular endothelial cells, effectively inhibiting 
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angiogenesis (Shen et al., 2011). Adding to this complex nature of the role of heparin in 

regulating angiogenesis is the observation that low and high molecular weight fractions of 

heparin have opposing functions in angiogenesis, with the former inhibiting and the latter 

stimulating angiogenesis respectively (Norrby, 1993, Debergh et al., 2010).  

However, based on the ability of heparin to significantly reduce the enzymatic activity of 

HPSE using in vitro activity assays, heparin was expected to reduce angiogenesis, which 

was indeed observed. GW7647 and GW9578 too displayed a significant ability to reduce 

angiogenesis in vitro, adding further validation to their use as HPSE inhibitors with 

beneficial downstream effects. Heparin did not show the capacity to reduce angiogenesis 

in aortas excised from C57Bl/6xHPSE-/- mice, suggesting that the previously observed 

heparin-mediated inhibition of angiogenesis was indeed likely via the inhibition of the 

enzymatic activity of HPSE. However, GW7647 and GW9578 treatment led to a reduction 

in angiogenesis in C57Bl/6xHPSE-/- mouse aortas, suggesting that the anti-angiogenic 

properties observed may not have been through the inhibition of HPSE. Furthermore, 

MK886 displayed a reduction in angiogenesis in C57Bl/6xHPSE-/- mouse aortas, which 

was not observed in C57Bl/6 samples. This unanticipated observation may be due to the 

downstream effects of MK886 on cellular pathways normally influenced by HPSE that may 

be redundant in the presence of HPSE expression, but not so in its absence and this 

remains to be elucidated.  

The observation that GW7647 and GW9578 reduced angiogenesis in both C57Bl/6 and 

C57Bl/6xHPSE-/- mouse aortas to a comparable degree suggests that while both drugs do 

affect angiogenesis, this may not be directly due to the inhibition of HPSE.  

Tumour angiogenesis is a vastly complex biological process, as previously discussed and 

is regulated by a wide variety of factors (De Palma et al., 2017a). It is possible that 

GW7647 and GW9578 may be interacting with pro-angiogenic factors, thereby indirectly 

affecting angiogenesis (Simons et al., 2016, Goetz and Mohammadi, 2013). An alternative 

explanation could be provided by the fact that GW7647 and GW9578 are PPAR-α 

agonists, leading to the activation of a number of PPAR-α-regulated genes that are known 

to possess a wide variety of functions as previously described (Suchanek et al., 2002, 

Chen et al., 2017d, Rakhshandehroo et al., 2010). Fenofibrate, a PPAR-α agonist that is 

structurally distinct to GW7647 and GW9578 was shown to inhibit angiogenesis in vitro 

and in vivo in a study of atherosclerosis (Varet et al., 2003). However, a later study 

demonstrated that the activation of PPAR-α promoted angiogenesis (Rizvi et al., 2013). 

As discussed, ANGPTL4 is regulated by PPAR-α with seemingly conflicting roles in 

angiogenesis (Le Jan et al., 2003, Babapoor-Farrokhran et al., 2015, Mousavizadeh et al., 

2016, Okochi-Takada et al., 2014). Although the role of PPAR-α in angiogenesis remains 

controversial, it can be suggested that the downstream effects of a possible interaction 
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with GW7647 and GW9578 with PPAR-α may have led to impaired angiogenesis 

observed in these studies. In conclusion, GW7647 and GW9578 do not appear to reduce 

angiogenesis in a HPSE inhibition-mediated manner, highlighting that at least in this 

model, HPSE may not be critical for angiogenesis. These observations further highlight a 

level of redundancy in angiogenesis as it is clearly regulated by multiple pathways, as can 

be expected from a physiological process that is vital to tissue maintenance. Thus, the 

targeting of angiogenesis through the inhibition of HPSE must consider the high level of 

redundancy built into this process through evolution, resulting in compensatory 

mechanisms for when one pathway is inhibited. The incorporation of ANGPTL4-null and 

PPAR-α-null mouse aortas could assist in elucidating their role in similar assays in future 

studies. 

5.5.7 The effect of GW7647 and GW9578 on tumour cell invasion in vivo 

Following the results observed in vitro with the use of GW7647 and GW9578, an in vivo 

study was designed to assess the effects of these novel HPSE inhibitors in a pathological 

setting. The HPSE-expressing B16 mouse melanoma cell line has been extensively used 

in in vivo tumour models (Fidler and Kripke, 1977, Overwijk and Restifo, 2001, Hart, 1979, 

Komatsu et al., 2008b). Previous data have shown that treatment with PI-88 significantly 

reduced lung metastasis in a rat adenocarcinoma model (Parish et al., 1999).  

Additionally, the novel HPSE inhibitor, compound 7a, inhibited lung metastasis by 

approximately 50% in mice implanted with B16-BL6 melanoma cells intravenously (Pan et 

al., 2006). The HPSE inhibitor suramin was shown to affect the invasion of B16 cells in 

vitro (Nakajima et al., 1991). Thus, our investigations focused on elucidating the in vivo 

efficacy of these compounds in a B16F10 mouse melanoma-lung metastasis model.  

First, a suitable cell line was required. The traditional B16F10 mouse melanoma-lung 

metastasis model has relied upon visual quantification of metastatic nodules on the lungs 

following the implantation of cells into the tail vein (Menon et al., 1995). However, this 

approach does not allow in vivo imaging of live animals to verify tumour growth nor provide 

a qPCR-compatible target for downstream tumour burden quantification.  

Therefore, B16F10 cells were modified to express the fluorescent mCherry protein which 

would aid in sorting mCherry-expressing cells and luciferase, which would aid in live 

imaging. A flow cytometry cell sort was carried out on retroviral-infected B16F10 cells to 

positively select a highly mCherry-expressing cell population. This process was repeated 

six times, following which a large majority (98.2%) of cells were found to express mCherry 

(figure 5.16). Subsequent in vivo implantation of the newly-generated B16F10-mCherry-

Luc cells showed successful colonisation of the lungs of mice with visible metastatic 

lesions on the organ following excision. Furthermore, the B16F10-mCherry-Luc cells were 

shown to express HPSE.  
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Following the successful characterisation of this novel B16F10-mCherry-Luc cell line, an  

in vivo study to investigate the effects of GW7647 and GW9578 on lung metastasis was 

designed. No similar studies have been reported in the published literature, which 

prompted the design of an in vivo model based on previously observed results with the 

use of HPSE inhibitors and the use of GW7647 and GW9578 in mouse models (Parish et 

al., 1999). The use of these compounds in mice at concentrations between 3 – 5 mg/kg 

have been reported in studies investigating their role in a range of conditions such as 

ischemia/reperfusion injury, Alzheimer’s disease and insulin sensitivity (Guerre-Millo et al., 

2000, D'Agostino et al., 2012, Yue et al., 2003). Furthermore, both compounds were 

dissolved in DMSO, which restricted the amount that could be administered to an animal 

in a single dose, on the advice of the La Trobe University animal ethics committee. 

Therefore, a final dose of 4 mg/kg was administered per animal in order to maintain the 

final concentration of DMSO at a physiologically safe range of 0.5 – 5%  (v/v). Based on 

the studies by Parish et al., the initial dose was administered immediately following the 

intravenous implantation of B16F10-mCherry-Luc cells (Parish et al., 1999). This was 

followed by 3 doses per week for 3 weeks. In the initial in vivo characterisation study 

conducted with the novel B16F10-mCherry-Luc cell line, the mice exhibited distinct lung 

metastatic nodules 20-days following cell inoculation. Therefore, in order to terminate the 

study prior to the animals exhibiting metastatic distress, the animals were euthanised on 

day-20. Upon the analysis of the RTB, it was observed that GW7647 and GW9578 had 

no effect on lung metastasis (figure 5.17). 

It must be noted, however, that this was a pilot study with limited published data available 

to use in aiding its design. It must also be appreciated that drug discovery is a complex, 

vastly expensive and time-consuming process with an extremely high failure rate, driven 

partly by the failure of lead compounds to demonstrate in vivo efficacy (Kraljevic et al., 

2004, Issa et al., 2017, Calcoen et al., 2015, Dickson and Gagnon, 2004, Paul et al., 2010). 

One strategy to reduce the significant costs of research and development of novel small 

molecule drugs is to re-purpose known drugs (Swamidass, 2011, Xue et al., 2018).  

The intent to screen the LOPAC1280 library for potential HPSE inhibitors was borne of this 

concept. The potent in vitro effects exhibited by GW7647 and GW9578 were anticipated 

to yield promising preliminary data, although statistically, the likelihood of such an 

observation is generally low. These studies were hindered by a large number of factors 

which could be addressed in future attempts at optimisation. The low solubility of GW7647 

and GW9578 requiring suspension in DMSO, a toxic compound, drastically reduced the 

amount of either compound that could be administered to an animal. These molecules 

could therefore be chemically redesigned to be soluble in an aqueous solvent. The optimal 

route and frequency of administration of these drugs for a similar study need further 
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investigation, with the possibility of an intravenous route of drug delivery explored. 

Furthermore, an osmotic pump designed for continuous delivery of drugs could also be 

used (Lu et al., 2015, Tauer et al., 2013, Sanchez-Mendoza et al., 2016).  With a 

significantly high failure rate of novel drugs progressing from in vitro characterisation to in 

vivo validation, the results seen in this study are not wholly unexpected. However, further 

optimisation as outlined may improve their in vivo efficacy.  

Next, it was necessary to determine if the novel HPSE inhibitors displayed an inhibitory 

role upon immune cells in the animals. As discussed, HPSE plays a key role in regulating 

immune cell recruitment and activation (Naparstek et al., 1984, Vlodavsky et al., 1992, 

Matzner et al., 1985, Poon et al., 2014). Most recently, a landmark study demonstrated 

that NK cells relied upon HPSE expression in order to impart anti-tumour functions (Putz 

et al., 2017). This, along with previous observations of the role of HPSE in the immune 

system suggests that its expression may be a vital component to the ability of immune 

cells to keep infection and tumour growth at bay. Therefore, the effect of GW7647 and 

GW9578 on immune cell populations in both the lungs and spleen of mice bearing 

B16F10-mCherry-Luc lung metastases was investigated (figures 5.18 and 5.19).  

A special emphasis was placed upon NK cell populations in this analysis. NKG2D is an 

NK cell activating receptor, providing NK cell activating signals and co-stimulatory T cell 

signalling (Zhang et al., 2015a, Yabe et al., 1993, Lopez-Soto et al., 2015). CD69 too, has 

been demonstrated to be an NK cell activation marker (Borrego et al., 1999, Cibrián and 

Sánchez-Madrid, 2017). NK cells can be categorised into four distinct populations, based 

on maturation stage as indicated by the expression of CD11b and CD27 markers 

(Chiossone et al., 2009, Fu et al., 2014). This maturation progresses from CD11b- CD27- 

to CD11b- CD27+ to CD11b+ CD27+ and finally to CD11b+ CD27- NK cells. Analysis of the 

expression levels of CD11b and CD27 therefore enabled the determination of the maturity 

stages of NK cells present in the lungs and spleen. As previously described, the tumour 

infiltration by T cells is a key predictive feature of clinical outcomes in cancer (Ribas et al., 

2017b, Martinez-Lostao et al., 2015). Studies have shown that CD4+ and CD8+ T cells 

play critical roles in anti-tumour immunity (Kim and Cantor, 2014, Durgeau et al., 2018). 

The aforementioned role of HPSE in regulating immune cell infiltration prompted the 

analysis of CD4+ and CD8+ T cells in the lungs and spleen of metastases-bearing mice 

(Naparstek et al., 1984, Vlodavsky et al., 1992, Poon et al., 2014, Goodall et al., 2014, 

Matzner et al., 1985). However, none of the distinct lung and spleen immune cell 

populations analysed in this study suggested an effect imparted by GW7647 and GW9578 

upon immune cell activation and infiltration. As discussed in chapter 1, HPSE may play a 

dual role in cancer progression, both promoting tumour growth as well as regulating anti-

tumour immunity. It is therefore critical that the development of novel HPSE inhibitors 
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considers the possibility that the intent to inhibit the activity of HPSE expressed within the 

primary TME may impair anti-tumour immunity. The results reported here do not support 

an anti-tumour role of GW7647 and GW9578 nor suggest a detrimental effect on key 

immune cell populations within the lungs, the site of tumour growth. Key immune cell 

populations within the spleen were also unaffected. In order to develop these molecules 

with the aim of conducting pre-clinical validation studies, their anti-tumour properties must 

be further investigated and possibly enhanced through modifications to their chemical 

structure. 

5.6 Conclusion and future directions 

The efforts to develop anti-cancer drugs have yielded promising results whilst revealing 

the complexity and the dynamic nature of the TME, in which HPSE plays a key role. HPSE 

has and still remains an attractive target in cancer treatment, purely due to its ability to 

promote key hallmarks of cancer and has resulted in a number of drug candidates 

progressing through the multiple phases of clinical development. However, due to the 

widespread lack of efficacy and off-target effects of a majority of these lead compounds, 

there exists a need for improved efficacy, specificity and safer drug candidates. The re-

purposing of existing drugs has emerged as a more feasible option to address the arduous 

nature of drug design. This chapter describes lead anti-HPSE compounds identified 

through a high throughput screen of a library of known drugs. Through a variety of in vitro 

assays, GW7647 and GW9578 have proven to be inhibitors of the enzymatic activity of 

HPSE. Through their HPSE-inhibitory capacity, these compounds inhibited in vitro cell 

migration/invasion, a key HPSE-driven process in the metastatic cascade. However, the 

perceived inhibition of angiogenesis was demonstrated to occur not through the inhibition 

of HPSE, but via a mechanism yet to be elucidated. These observations thus strongly 

emphasise the need to incorporate HPSE-null controls in the future pre-clinical 

development of novel inhibitors which could yield insights into the extremely complex 

physiological nature of the TME. Preliminary attempts did not demonstrate the in vivo anti-

metastatic efficacy of GW7647 and GW9578. However, it is important to note that 

significant further development of these compounds will be required for future in vivo 

validation attempts. The dual nature of HPSE in the TME must also be considered in future 

pre-clinical development in order to investigate the effects imparted upon key anti-tumour 

immune cell populations by novel anti-HPSE compounds. Navigation through these 

confounding features driven by HPSE will require a more thorough understanding of its 

role in the TME and indeed, in each specific cancer setting.  
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6.1 Introduction 

Cancer is a leading cause of morbidity and mortality globally, with incidence rates 

expected to rise with an ageing population and lifestyle changes (Bray et al., 2018).  

This has led to the in-depth investigations of TME components which promote the 

development and the progression of cancers. Over the decades since its cloning, HPSE 

has emerged as a modulator of the TME and a key promoter of the hallmarks of cancer 

(Hulett et al., 1999, Knelson et al., 2014). A wide variety of studies spanning major human 

malignancies have implicated HPSE in all cancers, indicating its overexpression within the 

TME correlates with a poor clinical prognosis (as described in Chapter 1).  

Amongst the multitude of malignant disease varieties, breast cancer imparts a significant 

impact both within Australia and globally. Numerous studies have implicated HPSE in 

promoting the development and progression of breast cancer (Wei et al., 2018b, Boyango 

et al., 2014, Cohen et al., 2006). However, a general lack of robust, in vivo HPSE-ablation 

models has hindered the accurate definition of its role within the breast TME. In order to 

address this current gap in the literature, chapter 3 utilised the well-characterised PyMT-

MMTV model of spontaneous murine mammary tumour development to define the role of 

HPSE within the mammary TME and in the development and progression of breast cancer.  

Tumours are a diverse collection of cell types with stromal components shown to play a 

key role in tumour development (Hanahan and Weinberg, 2011). Chapter 4 outlines the 

use of HPSE-deficient C57Bl/6xHPSE-/- mice in order to define the role played by the 

stromal components of the mammary TME in promoting tumour-HPSE activity and the 

broader effects on overall tumour growth.  

Compounding the complexity of addressing the role of HPSE in promoting cancer is the 

widespread failure of novel HPSE inhibitors at various pre-clinical and clinical trial stages 

as discussed earlier in this thesis. With cancer therapeutic strategies moving towards a 

more targeted approach, HPSE has emerged as an attractive candidate (Rivara et al., 

2016). However, on account of the aforementioned complexities in successful drug 

targeting, a clinically available anti-HPSE drug has continued to remain elusive. In order 

to establish more effective HPSE inhibitors, chapter 5 employed high throughput drug 

screening to identify two compounds that were characterised in vitro and in vivo.  

This chapter will highlight the key findings of this thesis and their significance in the context 

of broader clinical implications.  
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6.2 The role of HPSE in mammary tumour progression  

6.2.1 HPSE does not promote mammary tumour progression in the PyMT-MMTV 

model 

Chapter 3 focused on the use of the HPSE-deficient spontaneous mammary tumour-

developing PyMT-MMTVxHPSE-/- mice to define the role of HPSE in the development and 

progression of breast cancer. The PyMT-MMTV model proved the most suitable candidate 

for the purpose of this study as it closely resembles its counterpart human malignancy (Lin 

et al., 2003). With the use of this model, it was thus demonstrated that HPSE does not 

play a critical role in mammary tumour development and progression in the PyMT-MMTV 

model.  

This is in significant contrast to other previously mentioned studies that strongly implicate 

HPSE in the development of cancer with the use of in vivo models. However, the studies 

described in this thesis differ to much of the published literature, in that a spontaneous 

mammary tumour-developing model was employed with tumours developing and 

progressing through all major stages of breast cancer with or without the influence of 

HPSE. Being pathologically comparable to the human malignancy, it is a significantly more 

robust model to investigate breast cancer in contrast to the use of (i) in vitro systems,  

(ii) tumour-derived cell lines in order to induce tumours, or (iii) the use of HPSE-

overexpressing transgenic mouse models. Through employing PyMT-MMTVxHPSE-/- 

mice in parallel with PyMT-MMTV mice, it was possible to clearly distinguish the role of 

HPSE in the stepwise development of mammary tumours in these animals. Furthermore, 

the PyMT-MMTVxHPSE-/- / PyMT-MMTV system would enable the identification of any 

physiological or pathological compensatory mechanisms in response to the lack of HPSE 

expression. Importantly, as immunocompetent animals were used in these studies, the 

role of an intact immune system during tumour development and progression was also 

taken into account.  

The intriguing finding that HPSE does not play a major role in PyMT-MMTV murine 

mammary tumour development highlights that the function of HPSE within the mammary 

TME may be redundant or more complex than previously hypothesised. Despite a 

reduction in tumour angiogenesis through the lack of HPSE expression, metastatic 

dissemination was unaffected in PyMT-MMTV animals. This observation confounds the 

hypothesis based on studies of HPSE activity within the TME made over the years which 

associated HPSE expression with enhanced angiogenesis and in turn, associated 

angiogenesis with metastatic dissemination (Knelson et al., 2014, Nadir and Brenner, 

2014, Pisano et al., 2014). To the best of our knowledge, no similar observations to that 

in this thesis have been reported in the published literature. The role of HPSE in the critical 
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early mammary tumour development stage which has thus far been ill-defined was 

investigated and was not shown to be significant. The lack of HPSE activity within the 

ECM/TME leading to compensatory actions by other ECM-modulating enzymes such as 

MMPs has been demonstrated previously (Zcharia et al., 2009). Interestingly, other 

studies have reported contrasting observations (Poon et al., 2014). The findings reported 

in this thesis were consistent with the observations of Poon et al. with no findings to 

indicate that the lack of HPSE was compensated for by MMP-2. 

6.2.2 Stromal components regulate HPSE activity within the primary mammary 

TME but do not affect overall tumour development and progression 

Following the observations in chapter 3 which indicated that HPSE may, in certain settings, 

not play a key role in the development of mammary tumours, the role of stromal 

components in modulating the HPSE activity within the mammary TME was investigated. 

The studies outlined in chapter 4 utilised C57Bl/6 and C57Bl/6xHPSE-/- mice to address 

this question. The findings herein indicated that the stroma upregulates HPSE activity. 

Increased HPSE activity is in turn suggested to promote tumour angiogenesis.  

HPSE-driven angiogenesis has been demonstrated to play a key role in enhancing tumour 

growth and to facilitate metastatic dissemination (Knelson et al., 2014).  However, as 

evident in the studies conducted in this thesis, HPSE activity regulated by the stromal 

components of the mammary TME did not influence the overall growth and metastasis of 

the primary mammary tumours; an observation that contradicts what is widely reported in 

the literature. Additionally, tumour-infiltrating immune cells were also investigated in 

respect to their migratory capacity influenced by HPSE. The promotion of migration, 

activation and function of a variety of immune cells by HPSE has been reported in the 

literature which prompted this analysis (Putz et al., 2017, Gutter-Kapon et al., 2016, 

Goodall et al., 2014, Poon et al., 2014). However, the immune cell populations in the 

mammary tumour-bearing mice investigated in this thesis were not influenced by stromal 

HPSE activity.  

6.3 The identification and characterisation of novel HPSE inhibitors   

In order to address the current need for novel, efficacious HPSE inhibitors, chapter 5 

involved the high throughput screening of a library of known compounds to identify lead 

drug candidates. This yielded promising results with GW7647 and GW9578, two PPAR-α 

agonists identified to possess HPSE-inhibitory activity. These were verified through in vitro 

validation and were additionally shown to possess anti-angiogenic properties. 

Interestingly, the anti-angiogenic capacity of these compounds was suggested to be 

independent of HPSE inhibition. Furthermore, GW7647 and GW9578 were shown to 

inhibit the invasion of the metastatic MDA-MB-231 cell line in vitro, indicating potential anti-
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metastatic properties. However, this too was suggested to occur via a HPSE-independent 

manner, with the exact nature of anti-invasive mechanism of these compounds yet to be 

defined. In an attempt to investigate the in vivo efficacy of these compounds in inhibiting 

metastasis, a study was carried out utilising a newly-designed B16F10-mCherry-Luc cell 

line. However, these preliminary findings did not indicate that GW7647 and GW9578 

imparted an anti-metastatic effect in vivo. Additionally, there was no indication of these 

compounds imparting an effect on infiltrating immune cells.  

6.4 The significance of the findings of this thesis and future directions 

The rising need for efficacious cancer therapeutics is coupled with the constant unravelling 

of the complex nature of the TME highlighted in recent studies, adding fuel to the fire of 

highly targeted anti-cancer approaches (Pickup et al., 2014). HPSE has remained in the 

crosshairs of anti-cancer therapeutics since its cloning over two decades ago (Hulett et 

al., 1999, Vlodavsky et al., 1999). The implication of a key role for HPSE in essentially all 

cancers by promoting multiple hallmarks (described in chapter 1) has further focused a 

spotlight on HPSE as a promising therapeutic target. The studies undertaken in this thesis 

were designed in consideration of the above, along with acknowledging that defining the 

true role of HPSE in the TME is far from being accomplished. 

Chapters 3 and 4 of this thesis specifically focused on the role of HPSE in breast cancer. 

The findings raise the possibility that in certain breast cancer settings, HPSE may not play 

a significant role and indeed, its role may be redundant due to reasons yet to be 

elucidated. The clinical implications of these findings are yet to be seen and it must be 

emphasised that the findings are limited to a specific cancer setting in a select in vivo 

model. However, owing to the robust, human-like pathological nature of breast cancer 

progression of the PyMT-MMTV model, as demonstrated by its prominent position within 

the literature, these findings are likely to be impactful (Lin et al., 2003). Future studies 

could employ HPSE-overexpressing PyMT-MMTV mice in parallel with both PyMT-MMTV 

and PyMT-MMTVxHPSE-/- mice to determine if the overexpression of HPSE has an effect 

on the mammary tumour development of these animals.  

This raises the additional possibility that these findings may also apply to other cancer 

settings in the context of HPSE. A vast majority of studies in the current literature do not 

employ in vivo models of spontaneous tumour development. This is largely due to the lack 

of availability of such models (Gómez-Cuadrado et al., 2017). This significantly impacts 

the ability to conduct observations on the true nature and role of TME components 

throughout the stepwise tumour development process. Tumours develop gradually over 

time, progressing through multiple stages of pathology prior to becoming malignant 

(Hanahan and Weinberg, 2011, Hanahan and Weinberg, 2000). The use of spontaneous 
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tumour-developing in vivo models provides the observer with the opportunity to conduct 

long-term observations as opposed to inducing tumours with cell lines cultivated in vitro. 

Although xenograft tumour models do provide significant merit, their limitations must be 

acknowledged when the intricate interplay of TME components are the subject of 

investigation (Gómez-Cuadrado et al., 2017). 

Confounding this further is the general limited or lack of use of HPSE-deficient in vivo 

models in conducting studies on the role of HPSE in malignant disease settings, including 

studies on breast cancer (Zhang et al., 2017c, Zhang et al., 2017b, Wei et al., 2018b, 

Zhang et al., 2015c). The use of transgenic HPSE-overexpressing in vivo and in vitro 

models in direct comparison with wildtype counterparts may not provide as robust results 

as the use of HPSE-deficient models in parallel with their wildtype counterparts. The use 

of a HPSE-deficient phenotype would take into account any potential physiological or 

pathological mechanisms to compensate for the lack of HPSE. Additionally, HPSE-

overexpressing transgenic phenotypes would likely result in the exaggeration of the role 

of HPSE to an extent which would prove the interpretation of its pathophysiological role 

difficult. The focus of this thesis therefore was to address the above gaps in the current 

knowledge. Prior to investigating the role of HPSE in other cancer settings and expanding 

further on breast cancer, it is important that the use of well-characterised HPSE-deficient 

in vivo models of spontaneous tumour development be employed, if feasible. 

Chapter 5 of this thesis described novel compounds with demonstrated in vitro HPSE-

inhibitory capabilities. As described, a majority of HPSE inhibitors developed thus far have 

failed in clinical and pre-clinical testing due to a lack of efficacy or significant side effects 

(Rohloff et al., 2002, Khasraw et al., 2010a). Employing high throughput screening, 

GW7647 and GW9578 were identified as potent HPSE inhibitors with demonstrated in 

vitro efficacy. However, much optimisation of the capacity of these compounds to inhibit 

HPSE within the complex TME setting will be required prior to any successful pre-clinical 

or clinical validation. The limited in vivo studies conducted in this thesis did not indicate 

the ability of these compounds to inhibit tumour growth and metastasis. However, this was 

limited to a single delivery technique and no modification to the design of the compound 

itself was performed. Future studies will be required to investigate the optimal mode of 

delivery and dosage of these compounds in a variety of tumour settings in order to provide 

a conclusion. It is also possible that the compounds may require modifications to their 

chemical makeup itself in order to enhance delivery and solubility as well as improving the 

specificity and activity in targeting HPSE. The recent solving of the 3D structure of HPSE 

will undoubtedly aid in constructing the optimal design of HPSE-targeting small molecules 

(Wu et al., 2015).  
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Figure 6.1 The use of HPSE inhibitors may promote cancer progression 
The indiscriminate targeting of HPSE within the TME may inadvertently promote the hallmarks of cancer by 
inhibiting key anti-tumour immune system components, thereby favouring pro-tumorigenic conditions.  
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The timing of the administration of HPSE inhibitors in the clinic may play a critical role. As 

discussed in previous chapters, metastasis can occur early in tumour development (Linde 

et al., 2018). Tumour angiogenesis must also be established early in tumour development 

(Folkman, 1971, Folkman, 1990). It remains to be seen if HPSE inhibitors may prove 

advantageous if administered early in tumour development.  

Finally, the ‘double-edged’ nature of HPSE within the TME must be carefully considered 

when designing HPSE-targeted therapeutics. As described on numerous occasions in this 

thesis, recent studies have indicated that HPSE is critical in maintaining the function of the 

components of the immune system (Poon et al., 2014, Putz et al., 2017). Amongst these 

components are NK cells which are vital in tumour immunosurveillance (Lopez-Soto et al., 

2015). With regards to the balance between the pro-tumorigenic hallmarks of cancer and 

the anti-tumour components of the immune system, the indiscriminate targeting of HPSE 

within the TME may tip the balance in favour of promoting the hallmarks of cancer (figure 

6.1).  

It is therefore vital that future studies dissect and define the precise role of HPSE within 

the TME in each tumour setting, as individual cancer types and tumour settings are vastly 

different from each other. The dual role of HPSE adds a significant layer of complexity to 

this task, but in order to minimise or prevent undesirable off-target effects seen in the past 

through the indiscriminatory targeting of MMPs, such detailed studies are necessary 

(Winer et al., 2018b, Dove, 2002a). These considerations will pave the way for multiple 

avenues of future research, as will each new discovery on the complicated nature of HPSE 

and its role in tumour progression.  

In conclusion, it must be emphasised that unlike many other aspects of cancer and its 

components, the role of HPSE as defined over the past two decades is not black and white 

but in fact, is many shades of grey. 
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