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Abstract 

Proteases are involved in different processes of cancer progression by cleaving peptide 
bonds and thus modifying proteins. One of the processes is the invasive spread of the brain 
tumour glioblastoma (GBM). Besides single GBM cell invasion into surrounding brain 
parenchyma, GBM is characterized by significant heterogeneity. In this thesis, the GBM 
invasion is addressed in relation to invasion-associated proteases and the heterogeneous 
nature of GBM. Four GBM subtypes have been identified on the basis of clinical behaviour 
and patient’s survival. GBM cell heterogeneity is a consequence of both different cancer 
cells and different stromal cells, such as mesenchymal stem cells (MSCs).  

It was shown that GBM cell lines U87 and U373 differ in their invasive properties, with 
the U87 cell line being more invasive and expressing higher levels of proteases. It was 
proven that the effects of tumour-infiltrating MSCs on GBM cell invasion is GBM cell 
type-specific. MSCs increased the invasion of U373 cells and inhibited the invasion of U87 
cells. MSCs enhanced invasion of U373 cells via overexpression of proteases, such as 
cathepsin B, calpain1, uPA/uPAR, MMP-2, -9 and -14, and increased activities of some of 
these proteases, whereas selective protease inhibitors had no effect on U87 cell invasion 
upon MSC co-culturing. New selective cathepsin B inhibitors were tested and GBM cell 
type-specific inhibition of cell migration in MSC and GBM cell co-cultures was 
demonstrated, implicating the importance of addressing the GBM heterogeneity when 
testing novel anti-GBM drugs. By monitoring GBM cell invasion upon their co-injection 
with MSCs into the brain of zebrafish embryo, GBM cell type-dependent responses to 
MSCs were confirmed in vivo. It was demonstrated that zebrafish embryos are an excellent 
model for studying GBM heterogeneity. 

The research described in this thesis was focused on the expression of the lysosomal 
cysteine cathepsins B, K and X, which were found to be upregulated in GBM tissue. High 
cathepsin X mRNA levels were associated with poor GBM patient survival. Moreover, it 
was found that cathepsins K and X were heterogeneously expressed and that GBM 
subtype–dependent expression had predictive value with respect to overall survival, 
indicating the importance of taking into account GBM heterogeneity when exploring novel 
biomarkers.  

Therapy-resistant GBM stem cells (GSCs) reside in specific tumour tissue niches and 
contribute to the heterogeneity of GBM. It was demonstrated that cathepsin X, K and B 
are localized in GSC niches both in paraffin and cryostat GBM tissue sections. In vitro, it 
was demonstrated that SDF-1α induces chemotactic responses of CXCR4- and CXCR7-
positive GSCs supporting the concept that this cytokine recruits GSCs to niches. Moreover, 
it was shown that cathepsin K can cleave SDF-1α at the N-terminal site and thus inhibits 
its chemotactic effects on CXCR4/7-positive GSCs. This implies that cathepsin activity 
may facilitate the invasion of GSCs out of their niches. The clinical relevance of this finding 
is supported by correlations that were observed between mRNA expression of cathepsins 
and GSC niche markers in GBM tissues. In summary, previously unknown roles of 
proteases in GBM pathobiology, such as mediation of GBM-MSC interactions and 
regulation of GSC invasion from their niches were demonstrated.
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Povzetek 

Proteaze so s cepitvijo peptidnih vezi in posledično modifikacijo številnih proteinov 
udeležene v različnih procesih napredovanja raka, vključno z invazivnostjo možganskega 
tumorja glioblastoma (GBM). Poleg invazije posameznih celic GBM v okoliško 
možganovino je za GBM značilna heterogenost. V tej doktorski nalogi invazivnost GBM 
obravnavamo v povezavi s proteazami in heterogeno naravo GBM. Na podlagi stopnje 
preživetja in kliničnega obnašanja so bili identificirani 4 podtipi GBM. Celična heterogenost 
GBM je posledica prisotnosti različnih rakavih celic in stromalnih celic, kot so mezenhimske 
matične celice (MSC). 

Pokazali smo, da se celični liniji GBM U87 in U373 razlikujeta v invazivnih lastnostih. 
Celična linija U87 je namreč bolj invazivna in izraža višji nivo proteaz kot celična linija 
U373. Dokazali smo, da je učinek v tumor infiltrirajočih celic MSC na invazijo celic GBM 
specifičen glede na vrsto celic GBM. MSC so povečale invazijo celic U373 in zmanjšale 
invazijo celic U87. MSC so povečale invazijo celic U373 preko povečanega izražanja proteaz, 
kot so katepsin B, kalpain 1, uPA/uPAR, MMP-2, -9 in -14, in preko povečane aktivnosti 
nekaterih proteaz. Nasprotno pa selektivni inhibitorji proteaz niso imeli učinka na invazijo 
celic U87 ob so-gojenju z MSC. Testirali smo tudi nove selektivne inhibitorje katepsina B 
ter dokazali celično specifično inhibicijo migracije celic v ko-kulturi celic GBM in MSC, kar 
nakazuje na pomembnost obravnavanja heterogenosti GBM pri testiranju novih proti-
tumorskih učinkovin. S spremljanjem invazije celic GBM ob njihovem ko-injiciranju z MSC 
v možgane zarodkov rib cebric, smo potrdili različen odziv celic GBM na MSC in vivo, ki 
je odvisen od vrste celic GBM. Prikazali smo, da so zarodki rib cebric odličen model za 
študijo heterogenosti GBM.  

V študiji predstavljene doktorske naloge smo se osredotočili na izražanje lizosomalnih 
cisteinskih katepsinov B, K in X, ki so povišano izraženi v tkivu GBM. Visok mRNA nivo 
katepsina X je bil povezan s slabšim preživetjem bolnikov z GBM. Poleg tega smo ugotovili 
heterogeno izražanje katepsinov K in X ter da je napovedna vrednost za preživetje izražanja 
katepsinov odvisna glede na GBM podtip. Vse to nakazuje na pomembnost upoštevanja 
heterogenosti GBM pri raziskovanju novih bioloških označevalcev.  

Na terapijo odporne GBM matične celice (GSC) prebivajo v specifičnih tumorskih 
tkivnih nišah ter prispevajo k heterogenosti GBM. Z uporabo tako parafinskih kot 
zamrznjenih rezin tkiv GBM smo odkrili, da so katepsini B, K in X lokalizirani v nišah 
GSC. Prikazali smo, da SDF-1α sproži kemotaktični odziv CXCR4- in CXCR7-pozitivnih 
celic GSC in vitro. Ta rezultat podpira koncept, da citokin SDF-1α rekrutira GSC v niše. 
Poleg tega smo pokazali, da katepsin K cepi SDF-1α na N-terminalnem koncu in s tem 
inhibira njegov kemotaktični učinek na CXCR4/7-pozitivne GSC. To pomeni, da aktivnost 
katepsinov lahko pospeši invazijo GSC iz njihovih niš. Kliničen pomen teh izsledkov je 
potrjen z opaženimi korelacijami med mRNA izražanjem katepsinov in označevalcev niš 
GSC v tkivih GBM. 

V doktorski dizertaciji smo dokazali doslej nepoznane vloge proteaz v patobiologiji 
GBM, kot sta mediacija interakcij med celicami GBM in MSC ter regulacija invazije GSC 
iz njihovih niš. 
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Chapter 1 

1 Introduction 

1.1 Glioblastoma  

Malignant diffuse gliomas are brain tumours of neuroepithelial tissue and are classified 
according to histopathological and molecular features. As they can arise from different 
types of glial cells, we distinguish astrocytomas, oligoastrocytomas and oligodenrogliomas. 
Glioblastoma (GBM), WHO grade IV astrocytoma, represents the most commonly-
occurring and biologically aggressive form of primary brain tumours (Louis et al., 2016). 
The annual incidence of GBM is 3.2 cases per 100,000 (Gallego, 2015). GBM is 
characterized by nuclear atypia, cellular pleomorphism, mitotic activity, vascular 
thrombosis, microvascular proliferation, and necrosis (Ohgaki & Kleihues, 2013). The 
median survival of patients with GBM after diagnosis is only 15 months despite 
multimodality treatment comprising of surgery, radiotherapy and temozolomide therapy 
(Czarnek et al., 2016). The reasons for poor patient survival and tumour recurrence are 
infiltrative invasion of individual GBM cells into the surrounding healthy parenchyma, 
high resistance to therapy and the tumour heterogeneity (Verhaak et al., 2010; Bonavia et 
al., 2011; Cuddapah et al., 2014; Gallego, 2015). 

In the 2016 World Health Organization classification of tumours of the central nervous 
system classification (CNS WHO) (Louis et al., 2016), GBM were classified for the first 
time into isocitrate dehydrogenase (IDH)-wild type and IDH-mutant GBM, which are 
synonyms for primary GBM and secondary GBM, respectively. Secondary GBM have a 
mutation in either the IDH1 or IDH2 gene and the IDH1 mutation is a reliable diagnostic 
marker of secondary GBMs (Ohgaki & Kleihues, 2013). Primary GBM, which occur in 
approx. 90% of all GBM cases, develop rapidly de novo, mostly in elderly patients. 
Meanwhile, secondary GBM progress from low-grade diffuse gliomas in younger patients 
and have a significantly better prognosis (Louis et al., 2016). Primary and secondary GBM 
have similar morphological and biological hallmarks of GBM. Furthermore, therapy 
resistance and consequently tumour recurrence is inevitable in both GBM types, although 
with significantly different rates. 

1.2 Glioblastoma: A Heterogeneous Disease  

Tumour heterogeneity is a well-known characteristic of cancers and is crucial for cancer 
spreading and resistance to therapy. GBM is a heterogeneous type of tumour with inter- 
and intra-tumoural heterogeneity, both at the molecular and cellular level (Ohgaki & 
Kleihues, 2013). Therapy responses of GBM patients are impossible to predict on the basis 
of histopathology only. At present, more advanced and personalized medicine approaches 
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are becoming available to understand pathobiology of GBM and to improve the treatment 
of GBM.  

1.2.1 Molecular Subtypes of Glioblastoma 

Based on genomic profiling of 206 patient samples, The Cancer Genome Atlas (TCGA) 
research network defines 4 molecular subtypes of GBM: proneural, neural, classical and 
mesenchymal subtype. These GBM subtypes differ in the expression pattern of signature 
genes and signalling-pathway alterations, which drive GBM pathogenesis. It has been 
speculated that GBM of different subtypes have a different cause or different cells of origin 
(Verhaak et al., 2010). The final goal of this classification is the development of more 
effective and personalized therapeutic strategies for each subtype of GBM tumours. 
Detailed genetic changes and characteristics of each GBM subtype are listed and described 
in Table 1.1. The studies imply that secondary GBM (IDH-mutated) have a proneural 
expression pattern, whereas primary GBMs show all expression profiles such as proneural, 
neural, classical and mesenchymal (Verhaak et al., 2010; Ohgaki & Kleihues, 2013). 
Recently, three GBM-intrinsic transcriptional subtypes were revealed: the proneural, 
classical and mesenchymal subtypes by Wang et al. (2017). The classification of these 
subtypes is based on gene expression in GBM cells only, because the expression of genes in 
tumour-associated microenvironment was filtered out. 
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Table 1.1: Genetic changes and characteristics of different GBM subtypes (adopted 
from Philips et al., 2006; Verhaak et al., 2010; Van Meir et al., 2010). 
 
GBM subtype Genetic changes and characteristics 

Proneural PDGFRA amplification 
IDH1 point mutation 
PIK3A/PIK3R1 mutations 
TP53, CDKN2A and PTEN loss/mutation 
Proneural marker expression (SOX, DCX, DLL3, ASCL1, TCF4) 
Oligodendrocytic marker expression (PDGFRA, OLIG2, TCF3, 
NKX2-2) 
HIF, PI3 kinase and PDGFRA pathways activation 
Younger patients 

Neural EGFR amplification/overexpression 
Gene signature of normal brain 
Neuron marker expression (NEFL, GABRA1, SYT1, SLC12A5) 

Classical EGFR mutation/amplification/overexpression 
PTEN loss/mutation 
CDKN2A loss 
NES overexpression (neural precursor and stem cell marker) 
Notch (NOTCH3, JAG1, LFNG) and Sonic hedgehog (SMO, GAS1, 
GLI2) pathway activation 

Mesenchymal NF1 loss/mutation 
TP53 loss/mutation 
PTEN loss/mutation 
Mesenchymal marker overexpression (MET, CHI3L1, CD44, 
MERTK) 
TNF family and NFkB pathway activation 
Higher necrosis 
High infiltration of immune cells 

 

 
Genomic profiling-based GBM classification is clinically relevant for patients by 

predicting the disease outcome and their response to treatment. Aggressive therapy 
(chemo- and radiotherapy) reduced mortality in classical and mesenchymal subtypes, but 
it did not change the survival of proneural subtype (Verhaak et al., 2010).  

Further investigations of genome, transcriptome, miRNAs, DNA methylation status 
and proteomic profiling of different GBM subtypes brought new insights in GBM 
classification and the prediction of patient responses to treatment. For example, DNA 
methylation of the O-6-methylguanine-DNA methyltransferase (MGMT) gene promoter 
was found to be a predictive biomarker for the treatment response of the classical subtype 
only and not for the other subtypes (Brennan et al., 2013). 

1.2.2 Intra-Tumoural Heterogeneity 

Intra-tumoural heterogeneity is one of the major reasons of unreliable predictions with 
respect to therapy responses and outcome of the treatment, as TCGA classification of 
whole GBM tumours did not have sufficient predictive significance (Renovanz & Kim, 
2014; Ellis et al., 2015; Segerman et al., 2016). Genomic and transcriptomic profiling of 
whole GBM tumours showed only small differences in prognosis and therapy response 
among different GBM subtypes (Verhaak et al., 2010; Brennan et al., 2013). Recently, 

https://en.wikipedia.org/wiki/O-6-methylguanine-DNA_methyltransferase
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different molecular subtypes were found in one and the same GBM tumour at regional and 
at single cell levels, implicating that different cancer cell subclones with diverse biological 
behaviour co-exist within the same tumour (Patel et al., 2014; Segerman et al., 2016). 
Chemotherapy can even further enhance this heterogeneity by causing additional 
mutations in signalling pathways within the tumour mass (Johnson et al., 2014). Moreover, 
interactions between distinct GBM cells can lead to GBM progression and therapeutic 
resistance as described by Ricklefs et al. (2016) and Motaln et al. (2015).   

In addition to already described cell-autonomous factors (e.g., genomic and epigenomic 
heterogeneity), intra-tumoural heterogeneity can be governed by non-cancer cell-
autonomous factors (e.g., stromal heterogeneity), which refers to the presence of 
extracellular matrix (ECM) and distinct non-cancerous cell populations within the GBM 
mass, such as endothelial cells (ECs), infiltrating immune cells, fibroblasts and other cell 
types (Cassidy et al., 2015). How these stromal factors that represent the GBM 
microenvironment affect GBM progression is discussed in the following section. 

1.2.3 Glioblastoma Microenvironment 

The hypothesis of tumour microenvironment (TME) has its origins in 1889, when the 
English surgeon Sir James Paget compared tumour cells with the seed of plants as they 
are both carried in all directions; but they can only live and grow if they fall on congenial 
soil. He hypothesized that metastatic cells can thrive only where conditions are in some 
way favourable (Mueller & Fusenig, 2004). Now it is proven that cancer progression is a 
result of intensive intercellular interactions between cancer cells and non-cancerous stromal 
cells within the tumour and its surrounding supporting tissue, called TME or stroma. 
Cancer cells in the TME coexist with ECs, pericytes, immune cells, fibroblasts and 
mesenchymal stem cells (MSCs) that infiltrate the tumour mass (Hannahan & Coussens, 
2012; Hossain et al., 2015). In GBM, also brain-specific cell types including microglia, 
neurons, astrocytes, glial and neuronal progenitors, are present, dynamically 
communicating with glioma cells to promote tumour growth and therapy resistance 
(Placone et al., 2015; Quail & Joyce, 2017). Furthermore, non-cellular components such as 
soluble factors (growth factors, cytokines) and insoluble matrix-forming proteins of the 
ECM, participate in a complex network within TME (Quail & Joyce, 2017).  

Various promising approaches to target components of the TME and/or to normalize 
the TME in GBM are investigated in preclinical and clinical studies (Quail & Joyce, 2017). 
For example, repolarization and re-education of tumour-promoting macrophages and 
microglia can be achieved by colony-stimulating factor 1 receptor (CSF-1R) inhibitors, 
which are already in clinical trials for recurrent GBM (Butowski et al., 2015). Although 
these studies are in early stages, they show clinical potential of selectively targeting TME 
components in GBM, either via monotherapy or as a part of multimodal treatment 
regimens. 

1.2.3.1 Glioblastoma Stem Cells  

Cancer stem cells (CSCs) are a small population of tumorigenic and self-renewing cancer 
cells that contribute to tumour initiation, progressive tumour growth and therapeutic 
resistance (Van Meir, 2010; Borovski et al.,2011; Podergajs et al., 2016; Ludwig et al., 
2017). CSCs are resistant to conventional therapies due to active DNA damage response 
mechanisms, the ability to evade cell death and high expression of ATP-binding cassette 
(ABC) transporters (Bao, 2006; Borovski, 2011; Tajnsek, 2013; Rama, 2014). The theory 
of CSCs, which hypothesize that the tumours are initiated by a subtype of stem-like cells, 
originates back in the 19th century. In recent years, the stochastic and hierarchical models 



1.2. Glioblastoma: A Heterogeneous Disease 5 

of carcinogenesis have been challenged by a mixed CSC model (Bjerkvig et al., 2009), which 
includes the features of both, the stochastic and hierarchical model, to explain tumour 
development, as has been reviewed in detail by Tajnsek and co-workers (2013). CSCs may 
arise in different ways: from normal stem cells/progenitors or from already differentiated 
cells, which undergo mutations, dedifferentiate and re-acquire stem-like properties (Van 
Meir et al., 2010; Tajnsek et al., 2013). CSCs are defined by three functional characteristics 
in vitro and in vivo: sustained self-renewal, persistent proliferation and tumour initiation 
upon secondary transplantation (Lathia et al., 2015). Clear-cut characterization of CSCs 
is not available since CSCs in different tumour types are defined by different markers and 
CSCs can arise from multiple populations. Moreover, CSCs show inherent phenotypic 
plasticity and adaptability to the microenvironment clues (Plaks et al., 2015). 

Numerous markers of GBM stem cells (GSCs) have been identified such as surface 
proteins CD133, CD15, CD44, integrin α6, L1CAM, transcriptional factors SOX2, 
NANOG, Olig2 and intermediate filament nestin (Singh et al., 2003; Lathia et al., 2010; 
Ludwig et al., 2017). Recently, transmembrane protein CD9 has been reported as potential 
selective GSC marker that can allow discrimination between GSCs and normal neural stem 
cells (Podergajs et al., 2016). Although CD133-negative glioma cells can have tumour-
initiating potential, cell surface glycoprotein CD133 (also named prominin-1) remains the 
most commonly used cell surface marker for isolation and identification of GSCs (Beier et 
al., 2007; Wang et al., 2008; Campos et al., 2010; Ludwig et al., 2017). 

1.2.3.2 Glioblastoma Stem Cell Niches 

GSC differentiation state and quiescence are regulated by external (extrinsic) factors, 
which include the host immune system and factors in GSC niches. These are specific 
microenvironments, where GSCs are maintained and protected against therapy (Lathia et 
al., 2015). Moreover, dynamic interactions of GSCs with non-neoplastic stromal cells and 
the ECM within niches create a supportive microenvironment for GSC survival, growth 
and immune surveillance (Borovski, 2011; Tajnšek, 2013; Gattazzo, 2014; Hambardzumyan 
& Bergers, 2015; Plaks et al., 2015). Various cell types, both cancerous and stromal, within 
the CSC niche promote CSC stemness through cell-cell interactions and paracrine 
signalling. For example, cancer-associated fibroblasts (CAFs) with increased cytokine 
production activate Wnt and Notch signalling pathways, which are both implicated in stem 
cell maintenance (Plaks et al., 2015). Another activated pathway in CSCs is NF-kB, 
promoted by stromal MSC-derived SDF-1α, IL-6 and IL-8 (Cabarcas et al., 2011). On the 
other hand, CSCs directly modulate the cells of the immune system to create an immune-
suppressive environment within the niche. CSC-secreted TGF-β and IL-10 suppress the 
function of tumour-associated macrophages (TAMs) and generate the immunosuppressive 
M2 TAM phenotype (Wu et al., 2010). Moreover, cross-talk between ECs and GBM cells 
is crucial for angiogenesis and GSC propagation in the niches (Roos et al., 2017). 

Within GBM, morphologically and functionally distinct GSC niches such as 
perivascular, hypoxic and invasive niches can be found. With GBM invasion and growth 
also the switch between different niches can occur. For example, expanding tumour growth 
triggers hypoxia and subsequent vascularization, consequently transforming the hypoxic 
niche into a perivascular niche (Hambardzumyan & Bergers, 2015). In the perivascular 
niche, GSCs reside close to abnormal blood vessels (Calabrese, 2007; Borovski, 2011), 
whereas in the vascular-invasive niche GBM cells migrate along blood vessels, enabling 
invasion deep into the brain parenchyma (Cuddapah, 2014; Hambardzumyan & Bergers, 
2015). 
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1.3 Glioblastoma Invasion 

GBM cells individually or in small clusters invade into the brain parenchyma, up to 4-7 
cm away from the tumour bulk, thus preventing complete surgical removal of the GBM 
cells (Mentlein et al., 2012). Because the GBM cell-specific properties enable diffuse 
infiltration and their survival during conventional treatment approaches, GBM cells are 
also called guerrilla warriors (Claes et al., 2007). Gliomas frequently home and migrate 
along nerve tracts, meninges and blood vessels (Claes et al., 2007; Mentlein et al., 2012; 
Cuddapah et al., 2014). Already in 1939, neuropathologist Scherer (1938) described that 
gliomas migrate along existing brain structures, also called “secondary structures”. He was 
the first to describe preferential sites of glioma homing and invasion: brain parenchyma 
(around neurons), blood vessels, white matter tracts and below the margins of the pia 
mater. Although glioma cells are extremely invasive, gliomas rarely metastasize outside the 
brain (Cuddapah et al., 2014).  

GBM invasion differs from invasion of other cancer types into parenchyma or stroma, 
because of the different composition of brain ECM. In the compact cellular environment of 
brain tissue, extracellular space presents only 20% of the tissue volume, whereas network 
of neuronal and glial cells fills the rest (Rauch, 2007). The extracellular space of brain is 
composed of a ternary network of the glycosaminoglycan hyaluronic acid, proteoglycans of 
the lectican family, which are connected directly or through linker proteins, and tenascins 
interspersed in the structures that connect the network to cell surfaces (Rauch, 2004). 
Brain ECM resembles that of cartilage, but without a collagen component. The collagens 
are found in the brain only around blood vessels and at the surface of pia mater, where a 
conventional basal lamina is present (Rauch, 2007; Mentlein et al., 2012). This is a network 
of collagen type IV, laminin, heparin sulfate, proteoglycans and nidogen/entactin (Kalluri, 
2004). 

 GBM cell movement in the brain is thus defined as a mesenchymal type of migration. 
Mesenchymal migration strategy is a five-step process, which begins with pseudopod 
protrusions at the leading edge, cell-matrix interactions via integrins and formation of focal 
contacts, followed by recruitment of surface proteases and proteolysis of surrounding ECM, 
contraction of intracellular actin-myosin and detachment of the trailing edge. This process 
was initially described in details by Friedl & Wolf (2003). Besides mesenchymal protease-
driven cell movement, amoeboid type of movement can be utilized by the GBM cells. This 
amoeboid type of movement can occur without the formation of mature focal contacts and 
proteolytic activity (Friedl & Wolf, 2011). Plasticity and flexibility of GBM cells enable 
adaption of cellular programs and movements to specific circumstances during tumour 
progression such as epithelial-to-mesenchymal transition (EMT), or from mesenchymal-to-
amoeboid type of movement (MAT transition) (Ulrich et al., 2009; Meng et al., 2014; Ye 
& Weinberg, 2015). 

1.3.1 Proteases 

Proteases (also called proteinases, proteolytic enzymes or peptidases) irreversibly catalyse 
the hydrolysis of peptide bonds by attacking the carbonyl group of the peptide bond. Each 
protease is assigned to a family on the basis of similarities in the primary structure, and 
families that are homologous are grouped together in clans. A clan comprises of proteases 
with the same catalytic mechanism, based on the active site amino acid, i.e. aspartic, 
cysteine, glutamic, metallo, asparagine, serine and threonine proteases. Besides, there are 
also proteases of which the active site amino acid is unknown or are mixed (Rawlings et 
al., 2016). Both intracellular and secreted proteases degrade proteins completely or provide 
limited proteolysis to control various physiological processes such as cell cycle progression, 
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cell death, tissue remodelling, homeostasis, wound healing and immune responses (López-
Otín & Bond, 2008). 

Protease activity is tightly regulated under normal physiological conditions at different 
levels to preserve homeostasis, from genetic and epigenetic factors controlling gene 
expression, protein biosynthesis, and posttranslational modifications that affect trafficking 
and compartmentalization of proteins, to zymogen activation. Ultimately, activity is also 
controlled by the abundance of selective endogenous protease inhibitors (Lah et al., 2006; 
Turk et al., 2012). Collectively, the complex network and interactions between proteases, 
their inhibitors and substrates are called the degradome (López-Otín & Overall, 2002), the 
functionality of which is dependent on cellular context and tissue physiology. Furthermore, 
proteases are involved in a highly-organized network of proteolytic events and a 
hierarchical cascade of steps, which Turk et al. (2012) described as protease signalling, 
where the initial proteolytic step does not cause complete substrate degradation, but rather 
activation of signalling pathways, thus initiating a chain of reactions that lead to specific 
biological effects. 

In humans, more than 1200 known and putative proteases genes have been identified 
(Rawlings et al., 2016), representing ~ 7 % of the genome (Verbovšek et al., 2015). When 
homeostasis is challenged, protease–inhibitor–substrate balances may become disrupted, 
resulting in altered protease signalling. This may be either the cause or the consequence of 
a disease state, as is the case in various inflammatory conditions, neurodegenerative and 
cardiovascular diseases, viral infections, osteoporosis and cancer. Protease signalling is 
coupled to other types of cellular signalling, altogether being involved in various biological 
and pathological processes. A typical example in cancer is the interplay between proteases 
and cytokines (Mason & Joyce, 2011) that modulates angiogenesis, ECM composition and 
integrity, cancer cell invasion and other signalling pathways in the TME. During tumour 
progression, deregulation of protease homeostasis plays a highly relevant role (Lah et al., 
2006; Verbovšek et al., 2015), where cancer cells and stromal cells are part of a complex 
proteolytic network within the TME (Mason & Joyce, 2011; Olson & Joyce, 2015), having 
both pro- and anti-tumorigenic effects (Lah et al., 2006; López-Otín & Matrisian, 2007). 
The role of different proteases in cancer is described recently in a review paper (Breznik et 
al., 2017a) in Section 2.1. 

1.4 Advanced Models for Studying Cancer Progression: from 

in vitro Three Dimensional (3D) Cellular to in vivo 

Zebrafish Xenotransplantation Models 

In the past, studies of tumour pathobiology were dependent on two-dimensional (2D) cell 
culture investigations and/or rodent model systems. Yet, cells that are grown in 2D 
monolayers in vitro differ significantly in their morphology, cell-cell and cell-matrix 
interactions, and differentiation from cells that are grown in 3D cultures, which mimics 
physiological conditions in organisms much better. Moreover, 3D models enable the 
acceleration of translational research from reductionist 2D in vitro systems to whole-animal 
systems. (Yamada & Cukierman 2007; Kimlin et al., 2013; Rape et al., 2014). Sophisticated 
3D multicellular spheroid systems, using different ECM and scaffolds, are an emerging tool 
to model complex cellular heterogeneity, interactions and microenvironmental conditions 
of tumours in vivo (Kimlin et al., 2013; Thorma et al., 2014; Breslin et al., 2016). 
Multicellular 3D tumour spheroids that mimic cancer cell-stromal cell interactions have 
been shown to be a powerful tool for studying cancer progression mechanisms, developing 
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new anti-tumour agents and screening their efficiency as part of preclinical studies (Kimlin 
et al., 2013; Rape et al., 2014; Thorma et al., 2014).  

Animal modelling is an essential tool for cancer research studies and translational 
oncology. In addition to widely-used rodent models (Huszthy et al., 2012; Welker et al., 
2016), alternative vertebrate models such as zebrafish (Danio rerio) are becoming 
frequently used in cancer research (White et al., 2013; Eden et al., 2015; Vittori et al., 
2015). Originally, zebrafish have been used in developmental biology and genetics (White 
et al., 2013), but more recently zebrafish and their embryos have been exploited to 
investigate cancer processes such as proliferation, invasion, angiogenesis and metastasis 
(Vittori et al., 2015; Wang et al., 2015) as well as to screen anti-cancer compounds (Zhang 
et al., 2014; MacRae & Peterson, 2015). Zebrafish embryos are an excellent experimental 
system because of several advantages, as discussed by Vittori et al. (2015). Zebrafish are 
ethically less problematic and can serve as a simple, relatively high throughput and cheap 
animal model. Zebrafish reproduce rapidly and allow a daily production of large numbers 
of embryos in a small facility (Vittori et al., 2015). Transparency and small size of zebrafish 
embryos makes these embryos appropriate for in vivo imaging of tumour progression 
directly at single-cell resolution in a real time (Tobia et al., 2013; White et al., 2013). 
Xenotransplantation of human cancer cells into zebrafish embryos has another benefit as 
these animals have not yet developed an immune system and thus immunosuppression is 
not needed (White et al., 2013; Vittori et al., 2015). Taken together, 3D tumour cell 
cultures and zebrafish xenotransplantation models contribute to a better and more 
thorough understanding of cancer progression. These model systems allow studies of 
important elemental processes of tumour development, including cell-cell interactions, 
cancer cell-microenvironment interactions and cancer heterogeneity, and can be thus 
utilized as additional tools to other model systems for preclinical validation studies. 

1.5 Scientific Problems and Aims of this Thesis 

Invasion is a key process of GBM progression. Invasion of GBM cells into surrounding 
brain parenchyma is associated with the activity of proteases, which are involved in 
different steps of GBM progression besides ECM degradation (Kenig et al., 2010; Gole et 
al., 2012; Sayegh et al., 2014). Many studies have been focused on therapeutic targeting of 
various types of proteases involved in GBM cell invasion. Most relevant players in 
pericellular protease activity of GBM cells are lysosomal cathepsins, such as cathepsins B 
and S, calpains, the serine protease urokinase-type plasminogen activator (uPA) and its 
receptor uPAR and specific matrix metalloproteases (MMPs) (Mentlein et al., 2012; Rao 
Malla et al., 2013; Sayegh et al., 2014). All these proteases enable cancer cell invasion by 
direct degradation of the ECM or indirectly by activating other proteases as part of the 
proteolytic cascade. However, little or nothing is known about the expression and the role 
of other cysteine cathepsins, such as K and X, in GBM progression.  
   The aim of the present doctoral dissertation was to explore the involvement of different 
proteases in GBM progression, taking the heterogeneity of GBM into consideration. MMPs, 
serine and cysteine proteases are studied: (a) in various GBM cell lines, (b) in GBM cells 
and stromal MSCs upon their interactions, (c) in GBM tissues of different subtypes, and 
(d) in special GBM microenvironments, such as GSC niches. 
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1.5.1 The Invasion of Various GBM Cell Lines and the Effects of MSCs 

The heterogeneous nature of GBM is reflected in the diverse GBM cell types and the 
presence of non-cancerous stromal cells in the GBM microenvironment (Bonavia et al., 
2011; Segerman et al., 2016).  

The first aim was to compare GBM subtypes (TCGA) and the invasion properties of 
the generally used and phenotypically distinct GBM cell lines U87 MG and U373, 
respectively. GBM cell invasion and expression of different invasion-related proteases were 
studied in 3D in vitro invasion models and qRT-PCR, flow cytometry and Western blot, 
respectively. 

MSCs in bone marrow or endogenous brain tissue are attracted by signalling molecules 
secreted by GBM tumours (Behnan et al., 2014; Hossain et al., 2015). The effects of MSCs 
on GBM progression are poorly understood. Besides being part of the GBM 
microenvironment, MSCs have been suggested as therapeutic vectors to treat GBM. 
However, treatment with MSCs is not yet an approved therapeutic strategy because of 
opposite effects of MSCs that have been observed on growth and invasion of GBM and ill-
defined molecular mechanisms of their interactions (Motaln et al., 2012; Barcellos-de-Souza 
et al., 2013; Kološa et al., 2015). Moreover, the involvement of proteases in MSC-GBM 
interactions has not been explored so far. 

The second aim was to evaluate the effect of MSC-GBM interactions on cell invasion 
in vitro by measuring cell invasion in 3D co-culture models and by analysing the expression 
of cysteine proteases, serine proteases and metalloproteases in cells and media of co-
cultures.  

The third aim was to determine the anti-invasive properties of specific selective 
protease inhibitors in monocultures and co-cultures of GBM cells and MSCs. 

1.5.2 Studying MSC-GBM Interactions in Zebrafish Embryo Model 

As the critical step in translational oncology remains the bridge from in vitro cell cultures 
to in vivo animal models, as a preclinical phase I step, a zebrafish embryo 
xenotransplantation model can be employed for studying GBM progression and cancer-
stromal cell interactions. As described above, the most important benefit of zebrafish as a 
tumour model is the transparency of the embryos that allows visualization of tumour 
progression at single-cell resolution in real time (Vittori et al., 2015).  

The fourth aim was to establish zebrafish embryo model for studying MSC-GBM 
interactions and to explore the effects of cellular cross-talk between MSCs and GBM cells 
during invasion in vivo. 

1.5.3 Expression of Cathepsins K and X in Glioblastoma Tissues 

Cathepsins D, B, L and S are the most extensively studied lysosomal cathepsins in cancers 
and are involved in various processes in GBM progression, such as angiogenesis, invasion 
and apoptosis (Fukuda et al., 2005; Flannary et al., 2006; Kenig et al., 2011; Gole et al., 
2012). These cathepsins are over-expressed in GBM tissue, as compared to gliomas of lower 
grades and normal brain. Moreover, cathepsins B and S are also prognostic factors for 
GBM survival (Fukuda et al., 2005; Strojnik et al., 1999; 2005; Flannary et al., 2006). 
However, very little or nothing is known of expression patterns and the roles of cathepsins 
K and X in GBM progression, whereas both are important in progression of several other 
types of tumours (Vižin et al., 2012; Verbovšek et al., 2015; Kos et al., 2015). Recently, 
cathepsin K has been identified as one of the highest up-regulated proteases in GBM tissue 
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and GBM cells using in silico approach, as compared to normal brain and astrocytes, 
respectively (Verbovšek et al., 2014). 

The fifth aim was to explore cathepsins K and X expression pattern in GBM tissue 
at gene end protein level and its prognostic value for GBM survival. The aim was also to 
determine the expression of both cathepsins in GBMs of different subtype and to correlate 
cathepsins expression with survival of different subtypes. 

1.5.4 Cathepsins in GSC Niches 

In the GBM microenvironment, GSCs are a tumour-initiating and therapy-resistant 
population of GBM cells. They are maintained and protected in special GBM regions, so-
called GSC niches (Hira et al. 2015; Hambardzumyan & Bergens, 2015). These niches have 
been identified in close proximity of tumour vasculature as interactions between ECs and 
GSCs promote GSC stemness and malignancy (Calabrese et al., 2007; Zhu et al., 2011; 
Roos et al., 2017). Hira et al. (2015; in press) have shown that GSC niches are localized in 
hypoxic areas around arterioles in GBM. However, there are still a lot of open questions 
with respect to molecular mechanisms in GSC niches, for example, which proteins and 
signalling pathways are crucial for GSC trafficking to and out of their niches.  

Stromal-derived factor 1α (SDF-1α/CXCL12) is a chemotactic cytokine, belonging to 
a CXC cytokine subgroup and binds to chemokine receptor type (CXCR) 4 and 7. SDF-
1α/CXCR4 axis is involved in tumour angiogenesis and proliferation, apoptosis and 
migration of cancer cells by activating downstream signalling pathways, such as, 
MAPK/ERK, NF-kB, PI3 and PKC (Domanska et al., 2013). Moreover, SDF-1α is a key 
factor for the retention and maintenance of CSCs in their niches (Hira et al., 2015) and 
the SDF-1α/CXCR4 signalling axis has been identified as mediator of GSC resistance to 
radiotherapy (Goffart et al., 2017). It has already been shown that cathepsins B, K an X 
can cleave SDF-1α in vitro with different efficiency. Functional inactivation of SDF-1α by 
cathepsin B, K and X cleavage inhibited its chemoattractive capacity toward hematopoietic 
stem cells (HSCs) (Staudt et al., 2010; 2012). Since high expression of cathepsins B, K and 
X was observed in the proximity of tumour vasculature in GBM tissue, it was speculated 
that similar mechanisms may occur in GSC niches and that cathepsins are involved in the 
regulation of GSC migration/invasion out of their niches. 

The sixth aim was to localize cathepsins B, K and X in peri-arteriolar GSC niches in 
cryostat and paraffin-embedded GBM tissue sections. Furthermore, it was also aimed to 
confirm the role of one of the cathepsins, cathepsin K, in GSC invasion via cleavage and 
inactivation of chemotactic cytokine SDF-1α. 

1.6 Research Hypothesis 

1. Two established GBM cell lines U87 MG and U373 differ in genotype 
and their invasion properties. Specifically, it is hypothesized that:  

 U87 and U373 cell lines belong to two distinct GBM subtypes (TCGA) on the 
basis of transcriptome analysis. 

 U87 and U373 cell lines differ in the expression of pro-invasive proteases and in 
invasive behaviour in vitro. 

 
2. MSC-GBM cell interactions differentially affect the invasion of GBM 

cell lines via invasion-related proteases such as cathepsins, calpains, 
uPA/uPAR and MMPs in vitro. Specifically, it is hypothesized that: 
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 MSCs differently affect invasive behaviour of two distinct GBM cell lines (U87 
MG and U373). 

 The distinct GBM cell lines impact invasive behaviour of MSCs differentially. 

 Cell invasion in co-cultures depends on the expression and activity of proteases, 
involved in specific protease signalling pathways, in the two GBM cell lines. 

 Established selective protease inhibitors (CA-074, Nitroxoline) and new selective 
protease inhibitors (Compound 17) of cathepsin B inhibit cell invasion in MSC-
GBM co-cultures. 

 
3. GBM progression studies in zebrafish embryo model confirm the effect 

of MSCs on GBM cell invasion in vivo. Specifically, it is hypothesized 
that: 

 The invasion of distinct GBM cell lines alone and in the presence of MSCs also 
differs in vivo. 

 The zebrafish embryo model is a suitable tool for studying cancer-stromal cell 
interactions in vivo. 

 
4. Cathepsins K and X expression is up-regulated in GBM tissue, as 

compared to gliomas of lower grades and normal brain, and correlates 
with GBM survival. Specifically, it is hypothesized that: 

 The expression levels of cathepsin K and X are upregulated in GBM vs. normal 
brain and lower-grade gliomas, and the highest expression levels of both 
cathepsins are associated with the mesenchymal GBM subtype. 

 Cathepsins K and X are heterogeneously expressed in GBM tissue at the protein 
level. 

 High expression levels of cathepsins K and X at mRNA and protein levels 
correlate with poor survival of GBM patients. 

 Prognostic values of cathepsins K and X expression levels depend on the GBM 
subtype. 

 
5. Cathepsins B, K and X are present in peri-arteriolar GSC niches. One 

of the cathepsins, cathepsin K promotes invasion of GSCs out of their 
niches by inactivation of chemotactic cytokine SDF-1α. Specifically, it is 
hypothesized that: 

 Cathepsins B, K and X are expressed and active in peri-arteriolar GSC niches, 
which are positive for GSC markers CD133 and nestin, smooth muscle cell 
marker smooth muscle actin (SMA) and cytokine SDF-1α. 

 GBM and GSC cell lines express CXCR receptors 4 and 7. 

 Cathepsin K inactivates SDF-1α by cleaving its active N-terminal site. 

 Cathepsin K cleavage of SDF-1α prevents its chemotactic activity towards GSCs 
in vitro. 

 CXCR4 inhibitor inhibits the invasion of GSCs in vitro. 
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1.7 Publications Included and Candidate' s Contributions 

Three groups of proteases, the cysteine proteases, serine proteases and metalloproteases, 
and their role in cancer progression are described in details in the first manuscript 
“Proteases and cytokines as mediators of interactions between cancer and stromal cells in 
tumours”. In particular, the role of proteases in the TME, stromal cells and cellular cross-
talk within the tumours are discussed. Moreover, this review summarizes the interplay 
between proteases and cytokines in tumour stroma that regulates cancer development and 
spreading. The PhD candidate is the first author of this publication. The candidate wrote 
the review paper based on existing literature, previous work in the research group of the 
supervisor and her own data on proteases in MSC-GBM interactions. 

In the second manuscript “Mesenchymal stem cells differentially affect the invasion 
of distinct glioblastoma cell lines” the difference in genotype and phenotype of various 
established GBM cell lines are analysed. Furthermore, the effects of MSCs on the expression 
of various proteases and invasive behaviour of different GBM cells were studied. PhD 
candidate is the first author of this publication and she wrote the manuscript. The 
candidate performed and designed all in vitro experiments on cell lines using RT-PCR, 
Western blot, flow cytometry and fluorescent microscopy. The candidate also analysed and 
interpreted all data, as well as interpreted bioinformatics studies, which were performed 
by the co-workers in the research group.  

In the third manuscript “Addition of 2-(ethylamino)acetonitrile group to nitroxoline 
results in significantly improved anti-tumor activity in vitro and in vivo” the addition of a 
2-(ethylamino)acetonitrile group to nitroxoline (compound 17) was tested whether it 
improved anti-invasive and anti-cancer activities in vitro and in vivo. The effects of these 
selective inhibitors of cathepsin B on GBM cell invasion and migration were tested in 
monocultures and co-cultures with MSCs. The PhD candidate is the coauthor of this 
publication. She designed and performed the experiments on MSC-GBM co-cultures, as 
well as analysed and interpreted these data. The candidate drafted the corresponding part 
of the manuscript. 

The fourth manuscript “Imaging of human glioblastoma cells and their interactions 
with mesenchymal stem cells in zebrafish (Danio rerio) embryonic brain” describes the 
development and establishment of a zebrafish embryo model to study GBM cell invasion 
and the interactions between GBM cells and stromal cells in vivo. A carbocyanine-
compatible clearing protocol was applied for the observation of cells in deep layers of tissues 
for example to study GBM cell invasion and MSC-GBM cell interactions in zebrafish 
embryo brain. The PhD candidate is the coauthor of this publication. The candidate 
designed the study, prepared the cells for experiments, analysed and interpreted the data. 

In the fifth manuscript “Cathepsins K and X in glioblastoma progression” mRNA 
and protein expression of cathepsins K and X was studied in human GBM tissues and its 
association with GBM patient survival. Furthermore, it was studied whether cathepsins K 
and X protein expression was found in special regions around arterioles and whether their 
mRNA expression correlated with mRNA expression of GSC niche markers. The PhD 
candidate is the first author of this publication and she wrote the first draft of the 
manuscript. The candidate analysed and interpreted the data of cathepsin mRNA 
expression in GBM using public transcriptomic datasets. Moreover, she designed, 
performed and analysed the immunohistochemical studies.  

In the sixth manuscript “Cysteine cathepsins B, X and K are expressed in peri-
arteriolar glioblastoma stem cell niches” localization pattern of the cathepsin B and the 
less explored cathepsins K and X in GSC niches within human GBM tissue were studied 
using immunohistochemistry. As cathepsin K has already been identified in GSC niches, 
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expression of the two other cathepsins, B and X, was determined in peri-arteriolar GSC 
niches. Furthermore, the activities of cathepsins were analyzed in cryostat GBM sections 
using metabolic mapping and fluorogenic substrates. The PhD candidate is the first author 
of this publication and she drafted the manuscript. She designed and performed 
immunohistochemistry and metabolic mapping experiments, as well as analysed and 
interpreted the data. 

In the seventh manuscript “Cathepsin K cleavage of SDF-1α inhibits its chemotactic 
activity towards glioblastoma stem-like cells” it was investigated whether SDF-1α is a niche 
factor that through its interactions with CXCR4 and/or its second receptor CXCR7 on 
GSCs facilitates their homing in niches. Furthermore, it was aimed to show that SDF-1α 
cleavage by cathepsin K inactivates SDF-1α and inhibits its chemotactic activity towards 
GSCs. It is shown that cathepsin K can cleave and inactivate SDF-1α. The PhD candidate 
is the co-author of this publication. She designed and performed 2D/3D invasion 
experiments and CXCR mRNA/protein expression experiments. Moreover, she analysed 
and interpreted the data. 
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Chapter 3 

3 Discussion and Conclusions 

Tumour heterogeneity is recognized as a major cause of ineffective radio- and chemotherapy 
and recurrence in many types of cancer, including GBM. Invasion of GBM cells into 
surrounding brain parenchyma is associated with the activity of proteases. Proteases 
degrade proteins of the ECM and process growth factors, cytokines, chemokines and cell-
adhesion proteins (Section 2.1). In this doctoral dissertation, invasion-associated proteases 
were explored, in particular the cathepsins, MMPs and uPA, in GBM progression in 
relation to GBM inter- and intra-tumoural heterogeneity. 

 
GBM tumours contain heterogeneous populations of cancer cells that also differ in their 

subtype (Bonavia et al., 2011; Segerman et al., 2016). In the first part of this thesis, the 
aim was to correlate the genotype and invasion properties of two frequently-used GBM cell 
lines U87 and U373, which show distinct phenotypes and differ in expression of genes 
associated with ECM organization, developmental processes and cell differentiation 
(Motaln et al., 2015). The U87 cell line is more invasive in 3D invasion models and expresses 
higher levels of MMPs, cysteine and serine proteases, as compared to the U373 cell line. 
On the basis of the GBM molecular subtype classification according to Verhaak et al. 
(2010) both U87 and U373 cells are of the mesenchymal subtype. Behnan et al. (2016) 
recently identified 12 genes for GBM genotyping instead of the 840 genes that were used 
until then for that purpose. Analysis of the 12 genes revealed that U373 cells have a more 
distinct mesenchymal feature than U87 cells, as mesenchymal genes were highly expressed 
in U373 cells whereas only some of these genes were expressed in U87 cells. The two cell 
lines also differed in the expression of genes that are associated with cellular responses to 
transforming growth factor beta (TGF-β). Therefore, it was surprising that U87 cells were 
more invasive and aggressive than U373 cells in 2D and 3D monocultures (Section 2.2.). 
However, the invasion and aggression behaviour was triggered in U373 cells by MSC co-
culturing, possibly stimulating TGF-β-induced invasion. 

Various studies have indicated that cancer-stromal cell cross-talk affects the proteolytic 
network and thus may affect cancer cell invasion (Sevenich & Joyce, 2014; Breznik et al., 
2017a). Communication between GBM cells and infiltrating stromal cells creates a tumour-
promoting microenvironment (Bonavia et al., 2011; Breznik et al., 2017a; Quail & Joyce, 
2017). Here, it is reported that bone-marrow derived MSCs affect invasion of the two GBM 
cell lines in an opposite way. This finding is not in disagreement with the literature, as 
opposite effects of MSCs on the same type of tumours in vivo and in vitro has been observed 
before (Klopp et al., 2011; Barcellos-de-Souza et al., 2013). In GBM, both roles of MSCs 
in promotion (Schichor et al., 2012; Torsvik et al., 2013) and inhibition (Dasari et al., 2010; 
Kološa et al., 2015) of tumour growth have been reported. However, the molecular 
mechanisms of MSC interactions with GBM cells are not yet well defined. It is reported 
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here that MSCs inhibit invasion of U87 cells and enhance invasion of U373 cells in vitro 
and in vivo. A major cause of the opposite effects of MSCs is the heterogeneity of GBM 
cells, which is relevant for responses to infiltrated or exogenously applied MSCs in tumours 
(Section 2.2.). 

To confirm the differential effects of MSCs on GBM cell invasion in a more physiological 
matrix, e.g. brain parenchyma in vivo, a novel animal model of zebrafish embryos was 
applied. Zebrafish models have already contributed to a better understanding of a number 
of pathologies, including glioma. Zebrafish xenotransplantation models have been applied 
to study glioma stem cell invasion (Yang et al., 2013), GBM cell heterogeneity (Welker et 
al., 2016) and efficacy of anti-GBM drugs (Eden et al., 2015). Zebrafish embryo brains 
mimic the human GBM TME with the presence of laminin and neuronal tracts that are 
present in early stages (Burril et al., 1995; Gutzman et al., 2008). When GBM cells were 
injected, rapid aggregation into tumour masses occurred in ventricles and midbrain 
hemispheres of zebrafish brains. GBM cells invaded the central nervous system, but they 
did not leave it. GBM cells in midbrain hemispheres formed elongated pseudopodia and 
invaded neighbouring brain areas dorsally, most likely along axonal tracts. Co-injection of 
GBM cells and MSCs resulted in the development of mixed tumours in zebrafish embryo 
brains. Intercellular interactions between GBM cells and MSCs and cell-fusion events 
occurred. GBM cells and MSCs used similar invasion routes in the central nervous system. 
The zebrafish embryo model has been successfully established and applied for addressing 
GBM invasion and heterogeneity (Section 2.3). 

MSCs play an important immunomodulatory role in TME due to their expression of 
cytokines and their receptors. It was shown that MSCs in the presence of GBM cells 
overexpress and secrete a range of cytokines and chemokines, such as TGF-β, IL-1α and 
β, CXCL1-2, CXCL6, CXCL12, and CCL2/MCP1 (Motaln et al., 2012; Motaln & Turnsek, 
2015). Increased levels of inflammatory cytokines enhance in an autocrine and/or paracrine 
manner the expression and activity of proteases in TME, affecting tumour progression 
(Breznik et al., 2017a). With respect to proteases, it was shown that in MSC co-cultures 
with U373 cells, but not with U87 cells, invasion depended on overexpression and activation 
of cathepsin B, which is involved in various processes of cancer progression (Hazen et al., 
2000; Lah et al., 2006; Mohamed & Sloane, 2006; Mirkovic et al., 2015). It has already 
been demonstrated that cathepsin B is involved in the invasion of GBM cell lines and 
primary GBM cells since its silencing and selective inhibition impaired GBM cell invasion 
in vitro (Gole et al., 2009; 2012). In NOD/SCID mice, cathepsin B was consistently 
localized at the invasive edges of GBM tumours (Gole et al., 2012). Cathepsin B is also 
known as a potential initiator of the proteolytic cascade (Lah et al., 2006; Rao Malla et 
al., 2013; Kos et al., 2014). Cathepsin B activates ECM-degrading MMPs (Olson & Joyce, 
2015) and uPA, when bound to its membrane receptor uPAR (Mohamed & Sloane, 2006). 
It was found that MMP-2, -9 and-14 as well as uPA/uPAR were overexpressed in co-
cultured U373 cells and not in co-cultured U87 cells. It was functionally confirmed 
cathepsin B, MMP-9 and MMP-14 activation by the effects of their selective inhibitors, 
which completely abolished the effects of MSCs on U373 cell invasion, but not on co-
cultured U87 cells (Section 2.2).  

Paracrine signalling between MSCs and GBM cells is mediated via growth factors, 
cytokines and chemokines, which are released from both cell types (Breznik et al., 2017a). 
The most relevant signalling protein with respect to invasion is TGF-β, which plays an 
important role in EMT (Pickup et al., 2013; Sinh et al., 2016). Additionally, TGF-β causes 
activation of invasion-related proteases cathepsin B, MMP-2 and -9 (Pickup et al., 2013; 
Aggarwal & Sloane, 2014). Apparently, exogenous TGF-β, released by MSCs, triggers 
protease expression and increased invasion by U373 cells but not by U87 cells. This 
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differential effect of TGF-β may be caused by alternative signalling pathways in the two 
phenotypically different GBM cell lines (Piek et al., 1999). 

Since cathepsin B has tumour-promoting roles and elevated cathespin B protein and 
activity have been observed in many cancer types (Hazen et al., 2000; Lah et al., 2006; Kos 
et al., 2014; Mirković et al., 2015), including GBM (Strojnik et al., 1999; Colin et al., 2009; 
Gole et al., 2012), this cysteine protease is a potential target for anti-cancer treatment. 
Recently, nitroxoline was identified as reversible, selective and non-covalent inhibitor of 
cathepsin B that inhibits pro-tumorigenic endopeptidase activity of cathepsin B. It has 
been shown that nitroxoline significantly reduced cell proliferation and invasion of different 
cancer cell lines and abrogated tumour growth and metastasis in various mouse models 
(Mirković et al., 2015). Here, new selective inhibitors of cathepsin B, such as nitroxoline 
and its derivate - compound 17 (Sosić et al., 2013) were tested in co-cultures of MSCs and 
different GBM cells. When MSC/U373 co-cultured spheroids were prepared, and studied, 
migration of both cell types was increased and was significantly inhibited by compound 17 
as well as nitroxoline. On the other hand, addition of either compound 17 or nitroxoline 
had no effect on the migration of cells from MSC/U87 co-culture spheroids, whereas 
migration of U87 monoculture spheroids was impaired by both nitroxoline and compound 
17. Our results were in line with the upregulated cathepsin B levels in co-cultures of U373 
cells and MSCs and increased secretion of cathepsin B in U373/MSC co-cultures. In 
contrast, expression of cathepsin B was not altered in co-cultures of MSCs and U87 GBM 
cells, when compared to U87 monocultures. Besides that, compound 17 appeared to be 
more effective than nitroxoline in inhibition of cancer cell invasion in vitro as well as 
impairing tumour growth in vivo in LPB mouse fibrosarcoma tumours (Section 2.4).  

In conclusion, MSC/GBM cross-talk is different in two GBM cell lines, indicating that 
GBM heterogeneity has to be considered when testing new anti-GBM approaches. 
 

In the second part of this doctoral dissertation, cysteine cathepsins were studied, in 
particular with respect to the expression, roles and predictive values of less explored 
cathepsins K and X in GBM pathobiology. High expression of cysteine cathepsins K and 
X at mRA and protein levels have already been linked with the progression of various 
types of cancers (Kos et al., 2015; Verbovšek et al., 2015). 

High cathepsin K protein expression confirmed previous findings that cathepsin K 
mRNA was upregulated in GBM cells and tissues vs. their normal counterparts (Verbovšek 
et al., 2014). An association between cathepsin K mRNA expression and GBM patient’s 
survival was not found, as was proved for several other types of cancers (Verbovšek et al., 
2015). However, when GBM tumours were stratified according to the molecular subtype, 
high cathepsin K levels in proneural GBM subtypes showed a borderline predictive 
potential for poor survival. 

Cathepsin X mRNA expression levels in GBM tissues were observed to be significantly 
higher than in lower-grade gliomas and normal brain. These results are in a line with 
studies of other types of cancers, such as hepatocellular carcinoma and melanoma, showing 
a correlation between cathepsin X overexpression in cancer tissue and advanced tumour 
stages (Wang et al., 2011). The highest cathepsin X expression was observed in the 
mesenchymal GBM subtype, which represents the most aggressive and therapy-resistant 
GBM subtype (Segerman et al., 2016). With respect to the survival prediction, high 
cathepsin X levels in serum and cancer tissue of patients with colorectal cancer and 
hepatocellular carcinoma, respectively, have been shown to be associated with shorter 
overall survival (Wang et al., 2011; Vižin et al. 2012; Kos et al., 2015). The same trend for 
cathepsin X mRNA levels was found in 156 GBM patients. This predictive impact was 
dependent on the GBM subtype. An association between cathepsin X protein expression 
and survival of 21 GBM patients, which were not stratified by their subtype, was not 
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found. The discrepancy between the two studies is most likely due to the small size and 
characteristics of the GBM patients’ cohorts (Section 2.5). 

In the present thesis, it is demonstrated that tumour-initiating GSCs are present around 
arterioles, defined by a thick layer of tunica media of smooth muscle cells, that express 
SMA, demonstrating the presence of peri-arteriolar GSC niches in GBM tissues. GSCs were 
identified by expressing the stem cell markers CD133 and nestin. SDF-1α and CD68 
imaging confirmed that chemotactic cytokine SDF-1α and macrophages (CD68+ cells) are 
also present in these peri-arteriolar regions, as was already reported before (Hira et al., 
2015; Roos et al., 2017). The cathepsins K and X, together with the extensively studied 
cathepsin B, were detected in GSC niches, seemingly produced by cancer cells and stromal 
cells, and likely secreted into the interstitial space. In addition, protease activity of 
cathepsins B, but not that of cathepsin K was detected in the same GSC niches around 
arterioles. Cathepsin B, X and K distribution patterns in GSC niches were analysed in 
both paraffin and cryostat GBM tissue sections (Section 2.6). When correlations were 
investigated between mRNA expression of GSC niche markers and cathepsins K and X in 
156 GBM samples, it was found that cathepsins K and X mRNA expression correlated 
with mRNA expression of GSC niche markers. These findings indicate that cathepsins have 
a specific role in GSC regulation in their niches by degradation of ECM or processing of 
cytokines, such as SDF-1α (Section 2.7). 

Cathepsins B, K and X are structurally and functionally different, but were found in 
the same GSC niche microenvironment in GBM tissues and share the capacity to 
proteolytically degrade chemokine SDF-1α in vitro (Staudt et al., 2012), which is present 
in niches. This chemokine is important for retaining HSCs in their niches and the cleavage 
of SDF-1α by cathepsin B, K and X caused reduction in chemotaxis of HSCs (Kollet et al., 
2006; Staudt et al., 2010; 2012). It was demonstrated that SDF-1 α induces chemotactic 
responses of CXCR4- and CXCR7-positive GBM cells and GSCs supporting the concept 
that this cytokine recruits GSCs to niche regions. It was also demonstrated that cathepsin 
K cleaves the N-terminal site and thus inactivates SDF-1α. This implies that cathepsin K 
activity facilitates invasion of GSCs out of their niches (Section 2.7). 

Altogether, the findings reported in this thesis show that both cathepsins, K and X, are 
progressively upregulated in GBM. High cathepsin X mRNA levels are associated with 
poor GBM patient survival. Moreover, high inter- and intra-tumoural heterogeneity of 
cathepisins K and X expression was observed. GBM subtype-dependent predictive values 
of these cathepsins were found, indicating the importance of studying and understanding 
the GBM heterogeneity when exploring new biomarkers. Since SDF-1α and invasion 
affecting cathepsin B, K and X are all present in all GSC niches, it is possible that 
cooperation between all three cathepsins in regulation of SDF-1α chemotactic activity 
exists in vivo.  
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