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ABSTRACT 

Medulloblastoma (MB), a cerebellar tumour primarily diagnosed in children, is the most 

common malignant brain tumour consisting of four molecular subgroups: Wingless (WNT), 

Sonic Hedgehog (SHH), Group 3 and Group 4. Although the 70-75% of MB patients survive the 

disease, the current therapeutic regimen, which comprises surgical resection, chemotherapy 

and cranial irradiation, is worryingly associated with severe side effects in these young 

patients. Thus, identifying new and more precise therapeutic strategies is needed to 

overcome medulloblastoma progression and dissemination as well as the eradication of the 

disease. Over the last few years, various tyrosine kinase signalling pathways have been 

identified to play important roles in medulloblastoma tumorigenesis. Active c-MET kinase has 

been detected as a marker of SHH-driven MB and several inhibitors provided pre-clinical 

evidence for an effective therapy for SHH-MB patients.  

In this PhD project, we firstly confirmed that c-MET is highly expressed in SHH MBs; next, the 

efficacy of multiple commercially available c-MET kinase inhibitors against several in vitro 

SHH-MB cell lines was evaluated to identify the most potent in the MB cells context and to 

provide a detailed explanation of how they induce cell death in MB cells.  

We showed that the highly selective c-MET inhibitor tivantinib outperformed the c-MET 

inhibitors foretinib and crizotinib in impairing cell viability in both 2D and 3D cell models by 

inducing a strong apoptotic response, which was more prominent in TP53-/- MB SHH cells 

compared to TP53wt cells, where it showed primarily mitotic delay. We observed a complex 

and diverse pharmacological response to c-MET inhibitors; while tivantinib strongly induce 

mitotic cell death, through downregulation of MCL-1 protein, foretinib and crizotinib causes 

mitotic slippage, phenomenon frequently correlated to aneuploidy and drug-resistance. 

However, we demonstrated that use of BH-3 mimetics can reverse this effect and cause cell 

death. Taken together, this first set of data substantiate the rational use of c-MET inhibitors 

for SHH-driven MB but the pharmacological heterogeneity in response to c-MET inhibitors 

should be highly considered when designing novel effective therapies for MBs.  

Finally, we demonstrated that tivantinib had synergistic anti-proliferative in vitro SHH-MB 

cells effects, when combined with either first-line chemotherapy for MB or small-molecule, 
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supporting the possibility of new therapeutic approaches aimed to lower doses of drugs and 

to limit drug toxicities as well as side effects.  
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.   

 

 

 

CHAPTER 1: Introduction 
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1.1 Fundamentals of cancer   

To date, according to the World Health Organization (WHO), cancer is the second leading 

cause of mortality around the world, and it accounted for nearly ten million deaths in 2020 

(Ferlay et al., 2021). In the United Kingdom (UK), nearly 400,000 cases of cancer are diagnosed 

every year and the mortality rate is worryingly high (around 450 cancer-related deaths are 

registered every day) (Cancer UK Statistics, 2016-2018). Distribution and incidence of 

difference cancer types in UK are summarized in the pie charts in Figure 1.  

 

Figure 1: Number of cancer cases and deaths in UK estimated in 2020 

A-B) Pie charts are referred to the estimated new cases (A) and number of deaths (B) in 2020 in UK. 
Graphs were generated on the International Agency for Research on Cancer website 
(https://gco.iarc.fr/today/home)(Ferlay et al., 2021) 

 

The term cancer comprises almost 300 different types that arise from cell types and organs 

all over the body (Stratton et al., 2009). Generally, cancer initiation is a result of several 

genetic alterations that cause a single cell, the so-called malignant cell, to aberrantly 

proliferate and establish a population of tumour cells which can potentially invade tissues and 

metastasize. With the term “neoplasm” (from the Greek word “new growth”), we indicate 

both malign and benign tumours; benign tumours occur when the neoplastic cell does not 

acquire invasive phenotype otherwise, together with many other it is classified as malignant 

(Hassanpour & Dehghani, 2017). 
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As mentioned before, cancer is a final response to a series of mutations, named driver-

mutations, which confer advantage in terms of cell growth. Passenger mutations were also 

identified within tumours by genome sequencing, but they do not contribute to cancer 

initiation and progression (Greenman et al., 2007). Mutations of two different groups of 

cancer-related genes, referred to as oncogenes and onco-suppressors, are implicated in 

malignant transformation and they arise in response to different factors, both exogeneous 

(e.g. exposure to chemicals, ultraviolet (UV) light, viruses such as human papilloma virus or 

Epstein Barr virus) and endogenous (errors during mitosis, enzymatic deregulation of DNA 

repair or genome editing) (Martincorena & Campbell, 2015).  

In terms of cellular phenotype, cancer cells can be described by a set of biological and 

functional capabilities, called the hallmarks of cancer, required to sustain the transformation 

from a normal to a malignant cell. Originally, only six hallmarks were proposed: sustaining 

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

angiogenesis, enabling replicative immortality and activating invasion and metastasis) 

(Hanahan & Weinberg, 2000). However, in 2011 deregulated cellular energetics together with 

the avoiding of immune system were proved to play a crucial role in the development of 

cancer and thus, proposed as two emerging hallmarks of cancer (Hanahan & Weinberg, 2011). 

It is well known that cancer is an extremely complex disease and possibly, cancer research is 

a never-ending story, as clearly summarised in Figure 2. The remarkable progress made in the 

last decade in the understanding of cancer pathogenesis led to a further update of the 

hallmarks. In the 2022, the emerging hallmarks proposed in 2011 were confirmed as 

hallmarks of cancer and further, four new additions were advised as a new integration to the 

core hallmarks: cellular plasticity, nonmutation epigenetic reprogramming, microbiomes and 

senescent cells. Even though, these processes clearly contribute to malignancy progression, 

they are still considered emerging and not fully comprised in the classification (Hanahan, 

2022). Nowadays, worldwide researchers are studying new effective approaches for cancer 

treatments. Unfortunately, as mentioned above, an upsettingly amount of people die from 

cancer every day. In most of the cases, cancer is treated with highly toxic drugs which affect 

long-term quality of life of patients; thus, targeted therapies aimed at affecting exclusively 

cancerous cells without affecting normal tissues are always needed to improve anti-cancer 

strategies.  
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Figure 2: Timeline of hallmarks of cancer updates  

Hallmarks of cancer were updated in the last two decades based on the latest discoveries in cancer 
research and graphically provided by Hanahan et al. Figure adapted from (Hanahan, 2022; Hanahan & 
Weinberg, 2000, 2011) 

1.2 Medulloblastoma: general overview 

Childhood tumours represent less than 1% of all the diagnosed tumours in UK (CRUK 2021, 

www.cancerresearchuk.org/). Only second to leukaemia in terms of incidence, embryonal 

tumours (ETs) of the Central Nervous System (CNS), are reported as nearly a third of all 

childhood cancer-related deaths (Zahnreich & Schmidberger, 2021). These high-grade 

malignancies include medulloblastomas, CNS neuroblastoma, pineoblastoma and others 

(Blessing & Alexandrescu, 2020). 

Medulloblastoma (MB) is the most frequent high-grade embryonal brain tumour during 

childhood, and it accounts for 15-20% of all the diagnosed brain cancers in children 

(Thorbinson and Kilday, 2021). MB widely occurs in the first decade of life with a high 

incidence between 3 and 4 years of age and between 8 and 10 years; even though incidence 

of medulloblastoma significantly decreases with age, MB can rarely be diagnosed in adults. 

Furthermore, in concordance with the registered cases MB is slightly more common in males 

than in females (Millard et al., 2016). In the last decades, insights from epigenetic and 

http://www.cancerresearchuk.org/
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transcriptional analysis on medulloblastoma primary samples identified discrete molecular 

entities within medulloblastoma; in 2012 a consensus paper classified medulloblastoma in 

four distinct subgroups (Wingless, Sonic-Hedgehog, Group 3 and Group 4 MBs) based on 

molecular studies (Taylor et al., 2012). The high-level of intra-tumour heterogeneity 

emphasized the need to consider molecular signatures, together with the histology, when 

diagnosing and treating medulloblastoma. To date, according to the 2021 WHO classification 

of central nervous system (CNS) tumours medulloblastoma is classified based on histology 

(MB histologically defined) and molecular characteristics (MB genetically defined) (Louis et 

al., 2021). 

1.2.1 Medulloblastoma histological classification 

Histologically, MBs is classified as classic medulloblastoma, desmoplastic/nodular 

medulloblastoma (D/N), medulloblastoma with extensive nodularity (MBEN) or 

large/anaplastic medulloblastoma (LCA) (Ellison, 2010; Louis et al., 2016; Millard & De 

Braganca, 2016). In detail, classic variant medulloblastomas are reported as the 72% of all the 

diagnosed MBs. They present small and round nuclei, minimal cytoplasm and low mitotic 

activity (Figure 3A). (Louis et al., 2016; Orr, 2020). In contrast to the classic variant, 

desmoplastic/nodular MB represents 10% of MBs. This variant presents nodular and reticulin-

poor islands of neurocytic differentiation with highly active mitotic cells (Figure 3B) (Millard 

et al., 2016). Desmoplasia is defined as pericellular deposition of collagen and represents a 

reactive phenomenon when MB cells are spread in the leptomeninges. MBEN variant is 

defined as special variant of D/N MB, and it is dominated by nodules connected by neurocytic 

cells (Ellison, 2010; Millard et al., 2016; Orr, 2020). Finally, large cell and anaplastic MBs 

(Figure 3C) account for 17% of all the MBs (Ellison,2010). At the beginning those two variants 

were described as distinct. On one hand, large cells are described as increased in cell size and 

with round cell morphology. On the other hand, anaplasia is characterized by increased 

nuclear size, high number of mitoses and presence of apoptotic bodies (Giangaspero et al., 

1992; Erbhart et al., 2002). Regions of anaplasia can be observed in classic medulloblastoma 

and, rarely in desmoplastic medulloblastoma (Giangaspero et al., 2006). Given that anaplastic 

features, such as frequent mitotic activity and apoptosis, are commonly found associated with 

large cells, the two variants were combined according to the WHO classification (Gilbertson 
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and Ellison, 2008; Louis et al., 2016; (Louis et al., 2021). Identification of histological variants 

plays a crucial role in the MB diagnosis as well as in risk stratification. 

 

Figure 3: Histological variants of medulloblastoma  

A-C) Hematoxylin/Eosin sections of MB samples A) Undifferentiated and small cells, characterize 
classic medulloblastoma. B) Nodules of cells and internodular desmoplasia define 
desmoplastic/nodular (D/N) MB C) Apoptotic bodies and enlarged cell phenotype are characteristic of 
large cell/anaplastic (LCA) MB. Figure was adapted from Eid & Heabah (Eid & Heabah, 2021) 

1.2.2 Medulloblastoma molecular subgroups 

One of the most remarkable features of medulloblastoma is the high intra-tumour 

heterogeneity. A high number of efforts are currently ongoing to better characterize 

medulloblastomas at molecular level. MBs are currently molecularly classified in: Wingless 

(WNT), Sonic Hedgehog (SHH), Group 3 and Group 4 (Louis et al., 2016; Louis et al., 2021; 

Ramaswamy et al., 2011; Taylor et al., 2012). The WNT and SHH account for 10% and the 30% 

respectively of all the MBs and are named after the activation of the WNT and SHH signalling 

pathways. The remaining 25% and 35% of all MB diagnoses are represented by Group 3 and 

Group 4 MBs which are indicated as non-WNT/non-SHH MBs (Hovestadt et al., 2020; Kool et 

al., 2012). Notably, a gene expression and DNA methylation study on a cohort of 763 

medulloblastoma samples by Cavalli et al. allowed a further classification within MBs 

subgroups of different subtypes with unique clinical and molecular features (Cavalli et al., 

2017). Interestingly, tumour location was observed to be predictive of molecular subgroups. 

WNT tumours tend to arise in the cerebellopontine angle (CPA), while SHH are frequently 

found in the cerebellar hemisphere. Group 3 and 4 MBs are mainly located in the fourth 

ventricle (Perreault et al., 2014). Importantly, the insight into the differences in epigenetic 

and transcriptional profiles between subgroups as well as the advent of single-cell RNA 

sequencing methods, suggested that different subgroups have different cellular origin 

(Azzarelli et al., 2018; Gilbertson & Ellison, 2008) further confirming the high degree of 
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heterogeneity within these tumours. Generally, MB is thought to have its origin in several 

neuronal stem and progenitor cells. (Northcott et al., 2019).  

Each subgroup is well described in the following paragraphs and a detailed summary of MB 

subgroups features provided by Liu et al.  is presented in Table 1 below (Liu et al., 2017). 

 

Table 1: Molecular features of MBs subgroups (Liu et al., 2017) 
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1.2.3 Wingless (WNT) medulloblastomas 

WNT subgroup, as mentioned above, is the rarest subgroup of MB, and it is more common in 

children between 3 and 10 years and in adults rather than infants. Metastases are present in 

less than 10% of all the WNT diagnosed MBs and they usually exhibit classic histology. With a 

98% 5-year overall survival rate, it represents a subgroup with an excellent prognosis and 

outcome (Kumar et al., 2020; Millard & De Braganca, 2016; Northcott et al., 2019). The first 

study suggesting that medulloblastoma subgroups have different cellular origins 

demonstrated that activating mutations of CTNNB1 induced cells in the dorsal brain stem to 

aberrantly proliferate.  Thus, WNT medulloblastoma are thought to originate from precursor 

cells in this region (Gibson et al., 2010). Genetically, nearly 90% of WNT tumours are driven 

by somatic activating mutation in the CTNNB1 gene which encodes for -catenin. The 

mutation prevents the -catenin degradation by the Anaphase-promoting complex (APC) and 

aberrant activation of -catenin leads to its constant accumulation in the nucleus resulting in 

up-regulation of WNT-responsive genes which causes uncontrolled cell growth and 

proliferation leading to cancerous phenotype (DeSouza et al., 2014; Northcott et al., 2017). 

In addition, the loss of one copy of the chromosome 6, also refereed as monosomy 6, is found 

83% of the WNT MB cases (Hovestadt et al., 2020; Northcott et al., 2017).  

1.2.4 Sonic Hedgehog (SHH) medulloblastomas 

SHH-driven medulloblastomas account for approximately 30% of the MB diagnoses with a 

peculiar and bimodal age distribution. It represents the most common subgroup in both 

infants and adults with events of metastasis registered in the 10-15% of the cases  (Hovestadt 

et al., 2020). SHH-activated medulloblastomas can present different histological features; 

however they are mainly characterized by nodular/desmoplastic features but classic and 

anaplastic histology can be also frequent in these children (Table 1) (Ellison et al., 2011). SHH 

medulloblastomas arise from granule cell precursors (GNPs) in the external granule layer 

(EGL) (Schüller et al., 2008). The Hedgehog signalling pathway is a highly conserved pathway, 

crucial in embryonic development but mostly inactive in the adults (Skoda et al., 2018). 

Physiologically, SHH binds its receptor PTCH1, which then release from suppression the 

Smoothened (SMO) protein. SMO is a transmembrane protein that promotes SUFU 

dissociation and activation of GLI genes to regulate cell growth (Ng & Curran, 2011). 
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Genetically, SHH MB tumours harbour somatic and germline mutations as well as copy-

number alterations in the SHH pathway which lead to its hyperactivation and tumour 

initiation (Taylor et al., 2012). Several mutations are indicated as drivers of SHH 

medulloblastomas such as: germline mutations in either the patched-1 gene (PTCH1) or in the 

suppressor of fused gene (SUFU) in patients with Gorlin syndrome cause a genetic 

predisposition to medulloblastoma (Gilbertson & Ellison, 2008; Millard & De Braganca, 2016; 

Taylor et al., 2012) and activating mutations in Smoothened (SMO), GLI1 or GLI2 

amplifications as well as MYCN amplifications. Interestingly, Northcott et al. reported 

alterations in the component of TP53 signalling (such as MDM2 amplifications and focal 

deletions of TP53) well known for its role in the control of DNA repair as well as cell cycle and 

apoptosis regulation (Northcott et al., 2019; Northcott et al., 2012). SHH subgroup is 

considered heterogenous in terms of molecular and clinical characteristics. Recently, Cavalli 

et al. performed a high-impact study of DNA methylation and gene expression analysis, and a 

high inter-tumours heterogeneity was pinpointed across SHH subgroups. Four distinct 

subtypes of SHH were identified (SHH, SHH, SHH, SHH). SHH tumours affect mostly 

children in the age between 3 and 16 years and are associated with poorer prognosis 

compared to SHH. These tumours are enriched for MYCN amplifications, GLI2 amplifications 

and TP53 mutations, all features previously related to very high-risk category of 

medulloblastomas (Cavalli et al., 2017; Louis et al., 2016; Ramaswamy et al., 2011). Generally, 

SHH occurs mostly in infants and it has the lowest 5-years overall survival (OS) (67%) 

compared to the other subtypes (Cavalli et al., 2017; Hovestadt et al., 2020).  

1.2.5 Group 3 medulloblastoma 

Group 3 MB occurs primarily in infants and during childhood with LCA histology and 

metastases at the diagnosis (Taylor et al., 2012).  One of the most important features of Group 

3 MB is the MYC amplification which appears in nearly the 17% of MB patients and it is rarely 

detectable in other subgroups (Northcott et al., 2019; Taylor et al., 2012). Expression of MYC 

in animal models led to identification of stem-like cerebellar progenitors and GABAergic 

neuronal progenitors as putative cell of origins of these tumours (Azzarelli et al., 2018; 

Kawauchi et al., 2012; Pei et al., 2012). However, finding the exact cell of origin for Group 3 is 

still a challenge.  
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Initially, Group 3 MB was classified in two categories named ‘C1’ and ‘C5’ based on the 

genomic analysis of 194 tumours. Interestingly, C1 was exclusively associated with MYC 

amplification and more important, with poor outcome for these patients (Cho et al., 2011). 

Lately, three major studies classified Group 3 medulloblastoma in high and low risk (Schwalbe 

et al., 2017), in three different genetically subtypes  (alpha, beta and gamma) (Cavalli et al., 

2017) and finally, a study including both Group 3 and Group 4 tumours defining eight different 

subtypes (II, III and IV indicated as Group 3), each with distinct characteristics (Sharma et al., 

2019). Importantly, all the subtypes associated with c-MYC aberrant activity were indicated 

as tumours with very poor-prognosis (5-years overall survival 50%) (Cavalli et al., 2017; 

Northcott et al., 2019; Schwalbe et al., 2017).  

1.2.6 Group 4 medulloblastoma 

Group 4 MB represents the most comment MB subgroup and comprises almost 40% of all the 

patients. The age of incidence is recorded across all age groups with a prevalence in children 

(Hovestadt et al., 2020). Previously, Group 3 and Group 4 MBs were defined as a single mixed 

subgroup named non-SHH/WNT tumours (Ellison et al., 2011). Nowadays, according to the 

WHO classification these subgroups are considered distinct (Louis et al., 2016). Like Group 3, 

Group 4 cellular origin is still under debate. However, the finding that showed the 

transcriptional factor Lmxa1a to be a regulator both in upper rhombic lip (URL) and in Group 

4 MB tumours, suggested precursor cell in this region as putative cell of origin for this 

subgroup (Lin et al., 2016)  

Group 4 MB patients present classic histology and are frequently diagnosed with metastatic 

disease. However, with an approximately 80% 5-year OS the prognosis is considered 

intermediate (Hovestadt et al., 2020; Kool et al., 2012). Group 4 represents the least 

understood subgroup; the most common driver event in this subgroup is the overexpression 

of PRDM6 followed by loss of function (LOF) mutations in KDM6A, ZMYM3, and KMT2C as 

well as gene amplifications in MYCN and CDK6 (Northcott et al., 2019).  
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1.2.7 Medulloblastoma diagnosis and therapeutic approaches  

To date, diagnosis of medulloblastoma is not possible only with imaging methods and thus, 

surgical resection together with histopathological and molecular analysis are essential to 

exactly define the disease (Northcott et al., 2019). Generally, patients with medulloblastoma 

present increased intracranial pressure which causes typical brain tumour symptoms such as 

vomiting, nausea, headaches and irritability. Due to the existence of several tumours that can 

potentially arise in the posterior fossa (e.g. ependymoma), differential diagnosis by 

radiographic exams is necessary to confirm the diagnosis of medulloblastoma (Millard & De 

Braganca, 2016).  

Historically, MB patients were classified as standard-risk or high-risk based on the tumour 

dimensions, age at diagnosis, histology and presence of metastasis or residual tumour 

(Chang’s classification) (Chang et al., 1969). According to Chang’s system, extent of metastasis 

is defined as: M0 in absence of metastasis, M1 when cancerous cells are detected in the 

cerebrospinal fluid (CSF), M2 and M3 when tumour spread either in the subarachnoid space, 

or third or lateral ventricle (M2), or in the spinal space (M3). Finally, M4 staging is assessed 

when metastases are found outside the brain and the spine (Dufour et al., 2012). According 

to this system, patients > 3 years age at diagnosis, with no metastatic disease and residual 

tumour < 1.5 cm3 are classified as average-risk; patients that do not meet these parameters 

are all classified as high-risk (Gajjar et al., 2006). However, the biological understanding of 

medulloblastoma considerably increased in the last decade and that has led to integration of 

molecular criteria in order to diagnose and treat the disease. Commonly, patients between 3 

and 17 years old belong to different risk groups: low-risk (Non-Metastatic; >90% survival), 

standard-risk (Non-metastatic; no MYC amplification or TP53 mutation; 75-90% survival), 

high-risk (Metastatic; MYCN amplification; 50-75% survival), and very-high-risk (Metastatic; 

TP53 Mutation <50% survival) (Juraschka & Taylor, 2019; Ramaswamy et al., 2016).  

In the last decades the treatment scheme for medulloblastoma patients remained unchanged 

and consists of a combination of surgical maximal safe tumour resection, performed in almost 

all the patients, followed by radiation therapy (RT) and chemotherapy. Post-surgical RT 

represents the standard of care for patients older than 3 years whereas in younger patients 

is generally avoided due to severe effects on neurocognitive development (De Braganca & 

Packer, 2013). Average-risk children are treated with 23.4 Gy irradiation to the craniospinal 
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axis, while high-risk patients receive between 36 and 40 Gy craniospinal irradiation. Adjuvant 

chemotherapy with vincristine is weekly administrated together with RT followed by eight 

cycles of a multidrug regimen with cyclophosphamide or lomustine, cisplatin and vincristine 

(Packer et al., 2006). There is still a little agreement about how to treat children younger than 

3 years age which do not receive radiation therapy. Generally, very high dose of 

chemotherapy is the main choice for these patients (Packer & Vezina, 2008; von Bueren et 

al., 2011). Even though this regimen greatly improved survival in MB patients, with a 5-year 

overall survival rate registered at nearly 75% (Ellison, 2010), therapy-related side effects are 

devastating in terms of neurocognitive impairments, such as cerebellar mutism syndrome 

secondary to surgical resection, hearing loss, and vascular disease (Gurney et al., 2003; 

Robertson et al., 2006; Vieira et al., 2014). Worryingly, secondary malignancies, such as 

gliomas, can later develop as consequences of radiotherapy and chemotherapy (Packer et al., 

2013). Altogether, this evidence suggests the poor quality of life of these young patients 

which led to the urgency of finding less toxic and more targeted therapies while improving 

survival. To date, tremendous efforts have been made in terms of genomic identification of 

new diagnostic and prognostic factors for medulloblastoma. The main goal now is to translate 

all these discoveries to the clinical strategies. Risk stratification schemes are now based on 

both molecular and histopathological features, and they are considered for the design of new 

clinical trials. When it comes to WNT MB patients, classified as low risk in most of the cases, 

a reduction both in the craniospinal irradiation dose and chemotherapy dosage is currently 

under evaluation in two distinct clinical trials (https://www.clinicaltrials.gov/: NCT04474964; 

NCT02724579). Interestingly, WNT MB are characterized by an aberrant blood-brain barrier 

(BBB) which allows accumulation of chemotherapeutic agents on the tumour site. On the 

contrary, patients diagnosed with SHH MB do not present defects in the BBB, and are less 

responsive to the therapy (Phoenix et al., 2016) 

Therapeutic approaches to treat SHH MB patients have been largely investigated and, the 

most used strategy aims to target the Smoothened (SMO) receptor. The SMO antagonist 

vismodegib showed encouraging anti-tumoral effects and longer progression free survival 

(PFS) in both Phase I and Phase II clinical trials (LoRusso et al., 2011; Robinson et al., 2015). 

However, intra-tumour heterogeneity and overcoming resistance after repeated 

monotherapy administrations represent the major drawback of this therapy (Ransohoff et al., 

https://www.clinicaltrials.gov/


 15 

2015). A clinical trial, evaluating the combination of vismodegib in concomitance with 

standard cranial irradiation and chemotherapy, is currently on-going (NCT01878617). In the 

SHH context, also the protein kinase CK2, critical for the activation of GLI factors, showed to 

be a promising therapeutic target against SHH MB mouse models (Purzner et al., 2018) and a 

CK2 inhibitor is currently being evaluated in clinical trial recruiting recurrent SHH MB patients 

(NCT03904862). Furthermore, small molecule inhibitors of tyrosine receptor kinases were 

evaluated in several clinical trials. Interestingly, a clinical trial with volitinib, HGF receptor 

inhibitor, showed promising effects on Phase I on primary brain tumours and it is now 

recruiting (NCT03598244). 

Given the poorly understood mechanisms underpinning Group 3 and Group 4 pathogenesis, 

there is a lack of targeted therapies. Considering that MYC is the driver event in Group 3 

tumours and that it is not easy to target, alternative approaches are being evaluated. For 

instance, for MYC-amplified tumours, BET proteins, such as BRD4, are considered as potential 

therapeutic target (Luzzi et al., 2020). JQ1, BRD4 inhibitor, has been tested both in vivo and 

in vitro in MYC-amplified models; the use of this compound triggered cell cycle arrest and 

apoptosis in cell lines and prolonged survival of xenografts (Bandopadhayay et al., 2014). 

Interestingly, a combinatory approach with JQ1 and the PI3K/mTOR inhibitor BEZ235 recently 

showed to act synergistically to impair MYC-amplified cell proliferation and tumour growth 

(Chaturvedi et al., 2020).  

Furthermore, immunotherapy has been evaluated for treating CNS tumours including 

medulloblastoma but immunosuppressive properties of these tumours are peculiar and often 

associated with treatment failures; oncolytic viruses as well as inhibitors of checkpoints are 

currently under clinical trials for brain tumour patients, comprising medulloblastoma (Kabir 

et al., 2020). The most novel and innovative type of immunotherapy is represented by 

Chimeric Antigen Receptor T (CAR T) cells therapy, where T-cells are taken directly from the 

patients and engineered in the laboratory to create specific receptors against antigens on the 

tumour cells before being administrated into the patients. Use of HER2-CAR-T as well as B7-

H3-specific CAR-T cells are under clinical trials evaluation for paediatric tumours 

(NCT04185038; NCT03500991) (Voskamp et al., 2021).  
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1.3 Receptor tyrosine kinases (RTKs) and their role in cancer 

Protein kinases are enzymes that catalyse the transfer of a -phosphate group from the ATP 

to another protein (Fabbro et al., 2015). When it comes to receptor tyrosine kinases (RTKs), 

they transfer the -phosphate group specifically to tyrosine residues substrates (Metibemu et 

al., 2019). RTKs represent a subclass of a larger family of protein tyrosine kinases (PTKs) which 

comprises non-receptor families and receptor families. (Robinson et al., 2000). Out of the 518 

kinase genes encoded in the human genome, 58 are RTKs; among these, examples are the 

Epidermal Growth Factor Receptor (EGFR), Mesenchymal-epithelial transition factor (MET), 

Vascular endothelial growth factor Receptor (VEGFR). They all possess a similar structure with 

an extracellular portion which binds the specific ligand, a transmembrane domain (TM), juxta 

membrane region, a tyrosine kinase domain on the cytosolic side and a flexible C-terminal tail 

(Metibemu et al., 2019). RTKs are mostly activated by binding specific ligands, usually growth 

factors, in the extracellular regions of the receptors. Generally, ligand binding causes 

dimerization and resulting autophosphorylation of receptors which are now in their active 

conformation (Du & Lovly, 2018) and can activate downstream pathway such as MAPK, 

PI3K/AKT, and JAK/STAT. RTKs and activated downstream signalling are involved in a wide 

range of cellular processes such as cell proliferation, motility, differentiation (Blume-Jensen 

& Hunter, 2001). RTK activity is strictly regulated under physiological conditions; however, 

mutations in RTKs can disrupt balance between cell proliferation and cell death as well as 

deregulate mechanism of migration and invasion (Schlessinger, 2000). Deregulation of RTK 

activation, due to gain of function mutations, overexpression, gene re-arrangement or 

amplification, leads to aberrant signalling from RTK and further, to cancer initiation and 

progression (Takeuchi & Ito, 2011).  

Thus, they were suggested as plausible targets for anti-cancer treatments. To date, RTKs 

inhibitors represent the predominant type of targeted therapies (Alexander & Wang, 2015). 

The Food and Drug Administration (FDA) has approved numerous protein kinase inhibitors, 

and in Table 2 below only inhibitors of tyrosine kinase receptors are listed.  

However, beneficial effects of these compounds still represents a challenge due to the 

overcoming resistance and toxicity (Bhullar et al., 2018); in fact, pre-clinical and clinical 

evidences showed that treatment with tyrosine kinase inhibitors causes a selective pressure 
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on cancer cells which then acquire modifications to  survive the drug inhibition (Jiao et al., 

2018). Mechanisms of resistance can be related to the primary target and those are 

commonly single mutations occurring in the protein coding gene  (e.g. the missense mutation 

T790M which substitutes a threonine in methionine in the EGFR which is found in almost 50% 

of lung cancers treated with EGFR inhibitors (Suda et al., 2009)).  

Moreover,  mechanisms of RTKs redundancy and compensation such as activation of other 

receptor tyrosine kinase via amplifications or translocation occur in the, so-called, secondary 

drug target (Alexander & Wang, 2015; Wood, 2015). c-MET amplifications are among the 

most frequent secondary events that confer resistance to primary therapies (Tartarone & 

Lerose, 2015). For examples, acquired resistance to EGFR inhibitors, such as erlotinib and 

osimertinib, in non-small lung cancers is related to c-MET amplification in almost the 25% of 

cases. Generally, c-MET overexpression and activation induces a constitutive activation of 

PI3K/AKT pathway which led to cell survival and proliferation (Wang et al., 2019).   

To this instance, a full understand of mechanism of actions of these compounds, is essential 

to further investigate potential resistance mechanisms as well as to improve the development 

of more selective and effective inhibitors.  

 

Table 2: RTKs inhibitors approved by FDA. List adapted from (Bhullar et al., 2018) 
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1.4 Scatter factor/Hepatocyte growth factor (SF/HGF)-c-MET signalling  

The N-methyl-N’-nitroso-guanidine human proto-oncogene (MET) was originally identified in 

a transformed osteosarcoma cell line (Cooper et al., 1984). MET transforming ability was 

related to a chromosomal rearrangement due to the fusion of sequences from the 

translocated promoter region (TPR) locus on chromosome 1 to sequences from MET locus on 

chromosome 7 (Park et al., 1986). Later, they observed that the proto-oncogene encodes for 

the so-called mesenchymal-epithelial transition tyrosine kinase receptor on the cellular 

surface (c-MET kinase) (Park et al., 1987), which binds the hepatocyte growth factor (HGF), 

also known as scatter factor (SF) (Bottaro et al., 1991; Naldini et al., 1991). To date, HGF 

represents the only known ligand for the c-MET receptor. It is located in the chromosome 7 

and it is synthesized by mesenchymal cells as a single-chain inactive pro-peptide (pro-HGF); 

to be biologically active, HGF requires conversion to a functional  and -chain heterodimeric 

form (Gak et al., 1992) by extracellular proteases such as the serine protease activator (HGF-

A), which acts by cleaving in certain residues of arginine and valine to generate  the two 

different chains bonded by disulphide bridges (Miyazawa et al., 1993). Structurally, HGF in its 

active state is characterized by four Kringle domains (K1-K4), and amino (N) domain and a 

serine protease homology domain (SPH), which are all crucial for enabling receptor 

dimerization (Lokker et al., 1992). HGF acts in a paracrine manner with primary effects on 

epithelial cells that express c-MET receptor (Trusolino et al., 2010). The receptor c-MET is a 

heterodimer complex of 185-kDa consisting of a glycosylated extracellular -subunit linked 

by a disulphide bond to a transmembrane  subunit which contains an extracellular region, a 

membrane spanning segment and an intracellular catalytic region (Maulik et al., 2002).  

As summarized in Figure 4, upon HGF binding at -subunit level, c-MET is activated by 

dimerization and trans-phosphorylation of two tyrosine residues (Tyr1234 and Tyr1235) 

located in the intracellular region (Birchmeier et al., 2003; Birchmeier & Gherardi, 1998). 

While phosphorylation of these residues is crucial for the receptor’s activation (Longati et al., 

1994), Tyr1349 and Y1356 phosphorylation in the C-terminal tail is important for adaptors 

recruitment such as Grb2 and Gab-1 (Growth factor receptor-bound protein 2 (Grb2) – 

associate binder 1) (Ponzetto et al., 1994). Moreover, phosphorylation sites in the juxta-

membrane domain are required  for endocytosis and degradation of the receptor; this 
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process is crucial to strictly regulate c-MET activity (Sattler & Salgia, 2009). After c-MET 

phosphorylation, adaptors are recruited to trigger activation of downstream pathways: 

mainly the mitogen-activated protein kinase (MAPK) and the phosphoinositide 3 kinase-AKT 

(PI3K-AKT) signalling.  

c-MET dependent- MAPK cascade starts with c-MET and Grb2/SOS complex interaction 

followed by the small GTPase Ras. In its active state Ras associates with the serine/threonine 

Raf which acquires activity and phosphorylates the final effectors of the cascade, ERK1 and 

ERK2. Once activated, ERKs can translocate to the nucleus and stabilize transcription factors 

that play a role in the G1-S cell cycle transition (Trusolino et al., 2010). Activation of MAPKs 

regulate cell cycle as well as cell migration and degradation of extracellular matrix, all 

processes that can lead to tumorigenesis.  

Furthermore, c-Met phosphorylation induces the activation of phosphatidylinositol-3-kinase 

(PI3K) and consequentially, the formation of phosphatidylinositol-3,4,5-triphospate (PIP3). 

PIP3 recruits Akt to the plasma membrane where is phosphorylated at different residues and 

translocate to the nucleus. Here, AKT regulate several processes such as cell survival, by 

modulation of apoptotic proteins, and protein synthesis, by mTOR phosphorylation (Porta et 

al., 2014; Zhang et al., 2018).  

Physiologically, HGF/c-MET is fundamental during the embryogenesis, development, and 

during adulthood,  in wound healing processes when events of tissue and organs damage 

occur; however its deregulation has been strictly correlated to cancer (Comoglio et al., 2008).  
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Figure 4: Schematic representation of SF-HGF/MET pathway and signalling effects 

HGF binds to c-Met and causes receptor homodimerization and trans-phosphorylation of Tyr1234 and 
Tyr1235 in the catalytic intracellular region and Tyr1349 and Tyr1356 in the multifunctional docking 
site. Following MET activation, effectors such as GRAB2 and GAB1 are phosphorylated, and 
downstream signalling triggered. Activated Grb2 stimulates RAS and the ERK/MAPK signalling to 
modulate transcription factors for cell proliferation while Gab1 associated with c-Met trigger PI3K/Akt 
pathway to suppress apoptosis and stimulate cell growth (Pathway cascade was designed on 
Biorender (https://biorender.com/) and adapted from (Trusolino et al., 2010). 
 
 
 
 
 
 
 
 

https://biorender.com/
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1.4.1 SF/HGF-c-MET dysregulation in cancer  

In the last decades, both in vivo and in vitro evidence showed that SF/HGF-MET signalling is 

aberrantly expressed in a wide range of human carcinomas: lung, liver, colorectal, ovarian, 

gastric and metastatic head and neck cancers (Christensen et al., 2005; Gherardi et al., 2012; 

Maulik et al., 2002) and it is frequently associated with poor prognosis and outcome for 

cancer patients (Comoglio et al., 2008). In 1994, Rong et al., demonstrated that human cell 

lines with ectopic overexpression of either SF-HGF or MET were transformed in tumorigenic 

cells with metastatic ability in athymic nude mice (Rong et al., 1994).  

SF/HGF-MET aberrant activation occurs via several mechanisms such as receptor 

overexpression, amplification, mutations as well as ligand independent c-MET activation, due 

to constitutive phosphorylation of the receptor, or HGF-dependent autocrine and paracrine 

stimulation (Trusolino et al., 2010). Moreover, both germinal and somatic mutations, even 

though are rare events, have been associated with c-MET pathway dysregulation. For 

instance, skipping mutations in the MET exon 14 affect sites in the juxta membrane domain 

and causes inhibition of c-MET degradation (Christensen et al., 2005).  

HGF plays also a crucial role in the tumour microenvironment by establishing a crosstalk 

between cancer-associated fibroblast (CAFs), the most predominant cell type in the tumour 

stroma, and tumour cells (Ding et al., 2018; Nakamura et al., 1997). This cross-talk lead to 

impairment of cellular processes such proliferation, survival, invasion, migration, and 

epithelial-mesenchymal transition (EMT), which all together play a major role in tumour 

progression, dissemination and metastatic spread (Owusu et al., 2017). Notably, stromal 

expression of HGF has been strictly correlated with mechanisms of drug resistance to RAF 

inhibitors by sustaining activation of ERK and AKT (Straussman et al., 2012); recently, HGF/c-

MET pathway has been found responsible for the resistance to BRAF inhibitors in melanoma 

and further, targeting c-MET kinase with a selective inhibitor was needed to overcome this 

resistance (Caenepeel et al., 2017).  

c-MET pathway also contributes to the growth of new blood vessels, process known as neo-

angiogenesis (Comoglio et al., 2008), critical for both the sustainment of cancer cells and the 

metastatic process. It is well established that MET is highly expressed by endothelial cells and 

further, HGF induces growth and migration of endothelial cells as well as overexpression of 
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the vascular endothelial growth factor (VEGF) in cancer cells (Zhang et al., 2003). As support 

of this evidence, promising results of c-MET inhibitors in inhibiting tumour growth were 

correlated with a reduced angiogenesis (Piguet et al., 2015).  

Given all these results, both HGF and c-MET have been pinpointed as suitable targets for 

cancer therapy.  
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1.4.2 Therapeutic strategies against SF-HGF/c-MET kinase signalling 

The role of SF/HGF-c-MET kinase pathway in tumorigenesis is now well defined. To date, 

different approaches are considered for disrupting this axis in order to inhibit cellular 

processes such as proliferation, migration, survival and invasion of cancer cells. Two major 

classes of SF/HGF-MET inhibitors were developed over the years: monoclonal antibodies and 

small molecule tyrosine kinase inhibitors (Scagliotti et al., 2013). The first category includes 

both anti-HGF (e.g ficlatuzumab and rilotumumab) and anti-MET (e.g onartuzumab) 

monoclonal antibodies which aim to neutralize c-MET activation by preventing HGF from 

binding to the receptor (Ariyawutyakorn et al., 2016). Small molecule tyrosine kinase 

inhibitors (TKIs) block intracellular signalling in tumour cells and are extensively studied as 

anti-cancer strategies (Steeghs et al., 2007). Generally, as many kinase inhibitors, c-MET 

inhibitors are classified, based on how the drug binds to the receptor, in: ATP competitive and 

non-ATP competitive. As suggested by the nomenclature, ATP-competitive inhibitors behave 

as ATP analogs; they compete with the intracellular ATP and recognize the receptor in its 

active conformation; those are further classified in class I ATP-competitive inhibitors which 

are selective for the ATP pocket of c-MET receptor and class II represented by multi-kinase 

inhibitors. Class III is represented by non-ATP competitive inhibitors which bind the receptor 

on its inactive conformation (e.g. tivantinib). (Lee et al., 2015; Puccini et al., 2019; Zhong et 

al., 2021). A brief description of examples of c-MET kinase inhibitors is provided below and 

structures, targets and mechanism of receptor inhibition are summarized in the Table 3 

below. 

Crizotinib (PF02341066) is a multi-kinase, non-selective ATP-competitive inhibitor targeting 

anaplastic lymphoma kinase (ALK), c-MET kinase receptor and the ROS proto-oncogene 1 

(ROS1) (Cui et al., 2011; Puccini et al., 2019). In 2011, crizotinib was approved as ALK inhibitor 

by the Food and Drug Administration (FDA) for the treatment of non-small cell lung cancer 

(NSCLC). Later, its efficacy was also demonstrated in NSCLC patients harboring MET-exon 14 

alterations (Drilon et al., 2020). Currently, crizotinib is under investigation in several other 

solid tumours (except NSCLC) either as monotherapy or in combination with other agents 

(NCT01121588, NCT02510001, NCT01524926) (Puccini et al., 2019) 

Foretinib (GSK1363089) is also classified as ATP-competitive multi-kinase inhibitor with 

activity against c-MET receptor and the vascular endothelial growth factor receptor (VEGFR) 

https://clinicaltrials.gov/ct2/show/NCT02510001
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(Qian et al., 2009). Foretinib has been investigated, either as monotherapy or in combination, 

in clinical trials for different cancers, such as hepatocellular carcinoma (NCT00920192), breast 

cancer (NCT01138384), Papillary Renal-Cell carcinoma (NCT00726323).  

Cabozantinib (XL184) inhibits both c-MET and ALK. It is an FDA approved small molecule 

inhibitor for patients with metastatic thyroid medullary carcinoma (Tomita et al., 2020).  

Tivantinib (ARQ197) is a selective non-ATP competitive c-MET inhibitor which binds to the 

dephosphorylated and inactive form of c-MET receptor (Munshi et al., 2010). The very first 

Phase I trial with tivantinib as monotherapy has been conducted in the UK recruiting patients 

with several types of solid tumours. This study confirmed its ability to inhibit c-MET signalling 

as well as safety and tolerability of the drug (Yap et al., 2011). Tivantinib reached Phase II and 

Phase III studies on hepatocellular carcinoma where patients with high-MET status showed a 

longer median overall survival (NCT01755767) (Santoro et al., 2013). To date, the debate 

regarding mechanism of action of tivantinib is still on-going. Despite its development as highly 

selective c-MET inhibitor, numerous studies concluded that its efficacy is not directly 

correlated with c-MET inhibition.  

They demonstrated that tivantinib displayed cytotoxic activity in cell lines with lack of MET 

expression and suggested that its activity was mainly due to microtubule disruption (Basilico 

et al., 2013; Katayama et al., 2013; Remsing Rix et al., 2014). Nevertheless, during clinical 

studies patients with low-MET did not show significant advantages in the overall survival after 

administration of tivantinib compared to the high-MET status supporting the role of c-MET 

while using this compound (Pievsky & Pyrsopoulos, 2016). Interestingly, a recent study on 

glioblastoma patients demonstrated the positive association between c-MET expression and 

tumour size. Then, tivantinib was tested on glioblastoma cells to study its effects; the drug 

was able to repress the cell proliferation as well as colony formation through PI3K/Akt/mTOR 

signalling inhibition (Wu et al., 2019).  

Overall, various c-MET inhibitors showed promising results in preclinical models and thus, 

entered clinical trials. Unfortunately, except for the non-selective inhibitors crizotinib and 

cabozantinib, whose effects are more related to ALK inhibition rather than c-MET, patients 

treated with c-MET inhibitors did not show significant improvement in the overall survival. It 

is likely that patient recruitment based on c-MET expression is often not sufficient to 

guarantee therapy success correlating with failure of many c-MET inhibitors. Importantly, 

http://clinicaltrials.gov/show/NCT01755767
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phosphorylation status of c-MET kinase is not evaluated when patients are selected to receive 

the treatment, and this may represent the major drawback for clinical trials evaluating c-MET 

inhibitors (Hughes & Siemann, 2018). Furthermore, the preclinical evaluation of c-MET 

inhibition employs the use of high concentration of HGF which does not mimic human levels 

in the serum; response to c-MET inhibitor resulted affected when tumour cells were 

stimulated with physiological concentrations of HGF compared to high concentrations, 

normally used in in vitro experiments (Hughes & Siemann, 2019).  

 

 

Table 3: List of small-molecules c-MET kinase inhibitors  
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1.4.3 Role of c-MET pathway in cerebellar development and medulloblastoma  

As previously mentioned, SF-HGF/c-MET signalling pathway plays an important role during 

the embryogenesis, by controlling the proliferation and migration of cells during the 

establishment of several tissues, such as liver, placenta, muscle and nervous system 

(Trusolino et al., 2010). In the context of neuronal development, HGF has been demonstrated 

to be crucial as neurotrophic factor and to couple with nerve growth factor (NGF) in enhancing 

growth of axons in neurons (Maina et al., 1998). In line with this, HGF together with c-MET 

receptor was detected in the early embryonal stages of developing brain (Desole et al., 2021).  

Medulloblastoma is an embryonal cerebellar tumour (Bailey & Cushing, 1925). Development 

of the cerebellum is a long and complex process that last until 2 years post-natal and it 

requires several steps such as organization and characterization of the cerebellar territory in 

the brain, establishment of two compartments for Purkinje cells and granule cells 

proliferation, migration of the granule cells to form several layers and finally, the formation 

of a cerebellar circuitry (ten Donkelaar et al., 2003).  

Mechanisms of cell-cell interaction play a fundamental role in the formation of different 

cerebellar layers through a fine regulation of proliferation, migration and apoptotic 

processes. Those processes are normally controlled by different molecules, such as growth 

factors. Importantly, hepatocyte growth factor (HGF) and fibroblast growth factor 1 (FGF-1) 

were shown to have a similar neuroprotective role in cerebellar granule neurons when those 

were challenged with neurotoxic molecules and further, this process was correlated with the 

activation of the PI3K/AKT pathway (Hossain et al., 2002). Based on this evidence, in the same 

year Ieraci et al., confirmed the expression of c-MET receptor in granule cell precursors and 

that the addition of HGF to the cerebellar cell cultures induced a strong increase in cell 

proliferation. They further proved the point in vivo by establishing an hypomorphic mutant of 

c-MET receptor which caused defects in the cerebellar size (Ieraci et al., 2002). Given that 

HGF/MET pathway is a well-known oncogenic pathway and that it plays a physiological role 

in the cerebellum development, its involvement in medulloblastoma pathogenesis was 

considered.  

In 2004, MET gene amplifications were described for the first time by CGH analysis in 5 out of 

14 primary medulloblastoma samples suggesting that amplification of this oncogene has a 
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role in medulloblastoma tumorigenesis (Tong et al., 2004). Expression of c-MET and HGF was 

then evaluated by RT-PCR and western blot analysis across CNS tumour samples and 

medulloblastoma cell lines. Both c-MET and HGF were largely expressed in MB samples and 

high-MET mRNA levels correlated with shorter survival compared with low MET patients’ 

samples (Yunqing Li et al., 2005). Since c-MET autophosphorylation in response to HGF 

stimulation is essential to evaluate c-MET activity, Li et al. demonstrated that HGF induced 

activation of c-MET kinase as well as downstream proteins, such as AKT and ERK. An increase 

in cell proliferation was observed upon HGF stimulation in MB cell lines; in addition, they 

demonstrated that this effect was mediated by the activation of the Cyclin Dependent Kinase 

2 (Cdk2) and the down-regulation of the tumour suppressor p27 (Yunqing Li et al., 2005). 

Later, HGF showed to regulate MYC expression both at transcriptional and post-

transcriptional level in MB cell lines and MB primary tumours. c-Myc acted as potent mediator 

of HGF effects on cell cycle progression, proliferation and survival in MB cell suggesting that 

c-MET kinase pathway and c-Myc protein cooperates in MB development and growth (Li et 

al., 2008). 

Furthermore, SF/HGF-c-MET kinase pathway was found to contribute to the chemoresistance 

to etoposide, a well-known cytotoxic agent, in medulloblastoma cells. Interestingly, 

experiments of knockdown demonstrated that HGF exploits cytoprotective effects in MB cells 

in correlation with higher expression of tissue factor (TF), suggesting that they couple in 

inducing resistance to etoposide in MB cells (Provencal et al., 2010). Moreover, higher 

sensitivity to c-MET kinase inhibition was found correlated with high expression of HGF in 

several cell lines derived from brain tumours, including medulloblastomas, suggesting that c-

MET inhibition could be more efficient when tumours express high levels of the ligand (Zhang 

et al., 2013). Interestingly, exogeneous HGF added to medulloblastoma cells treated with 

canertinib, a pan-erbB (RTKs) inhibitor, circumvented drug’s effects in terms of cell viability, 

advising that a combination between RTKs inhibitors could be a better approach for MB 

treatment (Zomerman et al., 2015). Interestingly, promising results of targeting c-MET 

pathway in medulloblastoma were also provided with the use of flavonols, easily taken by 

dietary adjustments. In this instance, MB cells treated with low concentrations of quercetin 

showed a decrease phosphorylation of c-MET and AKT as well as an inhibitory effect of cell 

migration in response to HGF stimulation (Labbe et al., 2009). 
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The efficacy of targeting c-MET kinase in medulloblastoma was then investigated and 

confirmed by using a highly specific molecule against c-MET receptor (PHA665752) to inhibit 

cell proliferation as well as cell migration in in vitro medulloblastoma cell lines, representative 

both of SHH and Group 3 MB (Kongkham et al., 2010). Together with this finding, a different 

group demonstrated that the small molecule and orally bioavalaible c-MET inhibitor (SGX523) 

was effective in halting MET-dependent cell proliferation and migration in medulloblastoma 

cells. SGX523 was tested in a range of glioma and medulloblastoma cells and it potently 

inhibited c-MET kinase phosphorylation as well as AKT and ERK phosphorylation. 

Interestingly, SGX523 was also effective in hampering intracranial tumour growth in vivo 

suggesting the capacity of this drug to cross the blood brain barrier (BBB) after oral 

administration (Guessous et al., 2010).  

1.4.4 SF-HGF/MET signalling and Sonic Hedgehog medulloblastoma 

Bearing in mind the molecular heterogeneity of medulloblastoma and the role of SF/HGF-MET 

in the cerebellum development, numerous studies investigated how SF/HGF-MET pathway 

was contributing to medulloblastoma pathogenesis. As previously mentioned, activation of 

SHH pathway was largely demonstrated to be contributing to medulloblastoma pathogenesis 

and several molecular signals contribute to SHH’s ability to increase MB formation in mice 

(Rao et al., 2003; Weiner et al., 2002). Given the role of HGF/MET in cerebellum development 

and its correlation with medulloblastoma’s poor-prognosis, Binning et al. decided to 

investigate whether ectopic expression of HGF enhances SHH-driven MB formation. A viral 

gene transfer system allowed them to establish a lineage of neural progenitors expressing 

both HGF and SHH. Results from this study confirmed the original hypothesis: HGF ectopic 

expression enhanced SHH-mediated cell proliferation and survival. In addition, the use of anti-

HGF antibody prolonged survival of the mice, supporting the rationale behind the use of 

HGF/MET pathway inhibitors to stop MB growth (Binning et al., 2008).  

Later, gene expression analysis on primary samples of medulloblastoma demonstrated that 

overexpression of c-MET receptor was more evident in SHH MBs compared to other 

subgroups and to healthy cerebella (Onvani et al., 2012). In addition, c-MET and expression 

were found significantly increased in the two distinct datasets of primary medulloblastomas. 

In the same study, single cell motility and invasion was observed to increase in response to c-
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MET activation by HGF binding in SHH MB cell lines and that was confirmed using two 

different c-MET inhibitors which reverted HGF-mediated effects. Furthermore, MB cells 

dissemination in response to HGF stimulation was promoted by JNK activity and the Ser/Thr 

kinase MAP4K4, which regulates cytoskeleton dynamics driving cell motility and invasiveness 

(Santhana Kumar et al., 2015). Later, increase of MAP4K4 mRNA levels was found in 

medulloblastoma samples and associated with the subtype SHH ; interestingly, tumours with 

high levels of MAP4K4 showed a high expression of c-MET. The authors revealed that 

activation of MAP4K4 controls ligand-dependent c-MET endocytosis which is crucial for its 

activation (Tripolitsioti et al., 2018).  

Relying on these findings, Faria et al. observed that c-MET was highly expressed in SHH 

medulloblastoma in a cohort of primary medulloblastomas and both tumour recurrence and 

lower 5-year overall survival were associated with high expression of c-MET in SHH tumours. 

The efficacy of the orally available c-MET inhibitor foretinib was then investigated in SHH 

medulloblastoma cell lines. Foretinib was able to suppress c-MET as well as downstream 

pathways activation in SHH cell lines resulting in a strong anti-proliferative effect and 

apoptotic response. Additionally, intracranial drug injection both increased survival in 

transgenic mouse models of SHH MB and affected occurrence of metastases; this provided 

encouraging pre-clinical evidence for the use of foretinib in SHH MB treatment and it defined 

drug’s ability of penetrating blood-brain barrier (Faria et al., 2015). Although the preclinical 

evidence was quite convincing, to date no clinical trials have evaluated the efficacy of 

foretinib in medulloblastoma patients. Interestingly, volitinib, a highly selective c-MET 

inhibitor is under Phase 1 clinical trial for treatment of childhood CNS tumours, including 

medulloblastoma, harbouring MET alterations (NCT03598244). 

Altogether, this evidence endorses the idea that MET pathway plays a role in 

medulloblastoma progression and it represents a good candidate as therapeutic target to 

avoid treatment-related toxicity in young MB patients as well as to hamper MB metastasis. 

However, the mechanism of actions of many small molecule inhibitors are still not completely 

understood and it is crucial to characterize this before they can be proposed for the use in 

clinic.  
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2.1 Cell lines and culture methods 

Human SHH medulloblastoma cell lines (DAOY, ONS76 and UW228) were either purchased 

from American Type Culture Collection (ATCC) (DAOY) or kindly provided by Dr Chris Jones 

(ONS76 and UW228). MB cell lines were maintained in RPMI-1640 growth medium (Biosera) 

with a supplement of 10% fetal bovine serum (FBS) (Gibco) and 1% penicillin/streptomycin 

(P/S) (Gibco) and placed in the incubator at 37°C and 5% CO2. Each cell line was subcultured 

twice a week: cells were washed with sterile phosphate buffered saline (PBS), detached with 

Trypsin-EDTA 0.25% (ThermoFisher Scientific, USA) and centrifuged at 1200rpm for 5mins. 

For seeding, cells were counted with a haemocytometer and plated dependent on the 

experimental design.  

2.2 In silico analysis by querying R2 database 

All data used to determine the RTKs expression and c-MET expression in both 

medulloblastoma samples and healthy cerebellum are accessible via R2 Genomic Analysis and 

Visualization platform (http://r2.amc.nl/). Kaplan Meier curves were generated on R2 

considering only the first and last quartile of the patient cohort taken in consideration and 

the survival curves were downloaded as images from the software. Datasets interrogated in 

this study are listed in the table below (Table 4) 

Table 4: Gene expression datasets interrogated through R2 platform 

  

http://r2.amc.nl/


 32 

2.2 Inhibitors 

Cells were treated with the following compounds (structures available in Figure5 ): c-MET 

kinase inhibitors both representative of ATP competitive and non-ATP competitive classes 

(tivantinib, crizotinib, foretinib, tepotinib, AMG337, PF-04217903, JNJ-38877605), BH3-

mimetics (Navitoclax, Maritoclax), PI3K/mTOR inhibitor (BEZ235/Dactosilib), and the anti-

microtubule agent Vincristine. They were purchased from Selleckchem 

(https://www.selleckchem.com/) with exception for AMG337 which was purchased from 

AdooQ Bioscence (https://www.adooq.com/).  

Compounds were diluted in dimethyl sulfoxide (DMSO) (Fisher) at 10 mM stock concentration 

except for AMG337 (5 mM) and BEZ235 (1mM) and then aliquoted and stored at -20°C.  

https://www.selleckchem.com/
https://www.adooq.com/
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Figure 5: Structures of selected inhibitors used in the study  
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2.3 Cell viability assay by MTT  

DAOY (1500 cells/well), ONS76 (1000 cells/well) and UW228 (2000 cells/well) were seeded in 

96 well plates and left for 24h in the incubator at 37°C and 5% CO2 to allow adherence. After 

24h, media was replaced with media containing different drugs at scalar concentrations 

(starting at 10 M). Treatments were performed in technical quadruplicates for each 

condition. For short-term assay, cells were incubated for 72h with desired compounds. At the 

end point, Thiazolyl Blue Tetrazolium bromide (MTT) (Alfa Aesar) working solution was 

prepared by dissolving 150 mg of powder in 50 ml of phosphate saline buffer (PBS). Solution 

was aliquoted and stored at -20°C until use. At the experiment end point, 50 l of MTT were 

added in each well and kept for 3h in the incubator at 37°C. DMSO was used to dissolve MTT 

crystals and absorbance was read after at 540 nM with Varioskantm LUX multimode microplate 

reader (ThermoFisher Scientific, USA) to determine cell viability. Pictures post treatments 

were taken at 10X magnification with Evos FL Auto 2 microscope (ThermoFisher). Rate of 

proliferation was calculated relatively to the untreated cells. Results were plotted in 

GraphPad 8 software as non-linear regression curves. IC50, defined as the required 

concentration to cause a decrease of 50% of cell viability, was calculated in GraphPad 8 

software for each drug.  

2.3 Stimulation of SHH-MB cell lines with Hepatocyte Growth Factor (HGF) 

Study of c-MET pathway activation by western blot analysis: DAOY, UW228 and ONS76 were 

seeded in a 6-well plate at 150.000 cells/well density. After 24h, media was replaced with 

RPMI 1640 (Biosera) with no serum (0% FBS) and 1% penicillin/streptomycin (P/S) (Gibco) to 

allow cell starvation for 24h. After serum starvation, cells were pre-treated with c-MET 

inhibitor crizotinib (1M) for 2h. c-MET kinase pathway was activated by adding human-

recombinant HGF protein (10ng/ml) (SinoBiological) for 30 minutes according to the 

experimental design. Proteins were extracted as described in the paragraph 2.13 below.  
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Proliferation assay by MTT: DAOY (1500 cells/well) and ONS76 (1000 cells/well) were seeded 

in a 96-well plate in quadruplicates. One more plate (time 0) was seeded in parallel with the 

same cell density for each cell line. After a day, media was replaced with RPMI 0% FBS to 

starve the cells for 24 hours. MTT was added and absorbance was read after 24 hours for the 

time 0 plate to allow normalization. Cells were then treated with crizotinib (1M) and HGF 

was added at 10ng/ml concentration for 24 hours. At the end point, MTT assay was performed 

as previously described. Growth rates were calculated by normalizing OD values at 24 hours 

on OD values at time 0. Graphs were plotted as Mean±SD on GraphPad Prism 8 software and 

p-values were calculated by Student’s student’s t-test and values ≤ 0.05 were considered 

significant (p ≤ 0.05 = *, p ≤ 0.01 = **, p ≤ 0.001=***) 

2.4 Long-term viability assay  

For long-term viability assays, DAOY and ONS76 cells were seeded at low density (150 

cells/well) in 96-well plate and left 24h in the incubator to allow adherence. The day after, 

cells were treated in technical quadruplicates every 3 days for a total of 9 days with tivantinib 

at scalar concentrations. After 9 days, Crystal Violet (0.5% w/v in methanol) was added to 

each well for 15 minutes at room temperature. Pure methanol was added to dissolve Crystal 

violet and plates were put on a shaker for 20 minutes to facilitate the dissolution. Absorbance 

was measured at 570 nm with Varioskantm LUX multimode microplate reader (ThermoFisher 

Scientific, USA).  

2.5 Synergy study for combination treatments   

DAOY and ONS76 cells were seeded in 96-well plate and treated the day after with either 

single agents or a combination of two drugs according to the experimental design. After 72 

hours, MTT assay was performed (Figure 6A) as previously described. Drug dose and effect 

for each sample were computed using Compusyn Software to calculate Combination index 

values (Figure 6B). CI values reports were calculated and generated for each combinatorial 

treatment.  
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According to the Chou-Talalay method: CI < 1 indicates synergistic effect; CI = 1 indicates 

additive effects; CI > 1 indicates antagonistic effects (Chou, 2010). CI values derived from for 

each combination treatment were plotted as heatmaps generated on R software (Figure 6C) 

 

Figure 6: Workflow of combinatorial treatments  

A) MB cells were seeded in 96-well plate and treated for 72 hours with single agents (Drug A and Drug 
B) and with combinations (Drug A+ Drug B). B) Dose and response for each condition were entered in 
CompuSyin software to calculate combination index values. C) Mean of three independent replicates 
were plotted as heatmap on R software. An example of the workflow as image was generated using 
Biorender (https://biorender.com/). 

2.5 Colony formation assay  

DAOY and ONS76 were seeded in a 6-well at 150.000 cells/well density and pre-treated for 

24h with different concentrations of tivantinib. After 24h, cells were detached with trypsin, 

counted and seeded at low density (200 cells/well) in a 6 well plate. 15 days after, pictures of 

colonies were taken and staining with Crystal Violet (0.5%) was performed. Crystal Violet was 

dissolved in pure methanol. Plates were placed on a shaker for 20 mins to allow dissolution 

and absorbance was measured at 570 nm with Varioskantm LUX multimode microplate reader 

(ThermoFisher Scientific, USA). Results were normalized to the untreated samples and plotted 

as Mean±SD in GraphPad Prism 8 software. 
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2.6 Neurosphere formation assay  

DAOY and ONS76 were seeded in a 6-well plate and then, treated with tivantinib at different 

concentrations for 24h. After a day, cells were detached, washed with PBS and resuspend in 

fresh media. Single cell suspensions of DAOY and ONS76 were obtained by mechanical 

disaggregation using 25-gauge needle. Single cells were then seeded in technical replicates in 

6-well plates (5000 cells/well) previously coated with 1.2% Poly 2-hydroxyethyl methacrylate 

(PolyHema, Sigma) and cultured in DMEM/F12 (Sigma) supplemented with B27 (50X) 

(ThermoFisher Scientific USA), bFGF (20 ng/ml) and EGF (20 ng/ml) EGF (ThermoFisher 

Scientific, USA). Spheres with a size above 50 m were manually counted after 5 days at the 

Evos FL Auto 2 microscope (Invitrogen).  

2.7 3-D spheroids model  

DAOY adherent cells were detached, manually counted and centrifuged 100 x g for 10 min. 

Pellet was gently resuspended in 3ml of RPMI medium. 1500 cells/well were seeded as 100 

l in each well of the Nunclon Sphera 96-well microplate. (ThermoFisher Scientific, USA). The 

plate was centrifuged at 200xg for 2 minutes in order to allow single cells to aggregate in 

spheroids. Spheroids were left in the incubator at 37°C and 5% CO2 for 5 days without any 

disturbance. After the incubation, formed spheroids were treated according to experimental 

designs. Pictures of spheroids were taken at the Evos FL Auto 2 microscope (Invitrogen) at 

different time points (day0-day3-day6-day9). Volumes were measured with ImageJ software 

and calculated with the formula: 

𝑉𝑜𝑙𝑢𝑚𝑒 =
(𝐿𝑒𝑛𝑔ℎ𝑡)∗(𝑊𝑖𝑑ℎ𝑡)2 

2
  (Jensen et al., 2008) 

Each volume was normalized to the respective volume at time 0 and plotted on GraphPad 

Prism 8 software as Mean±SD. 
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Figure 7: Representative pictures of spheroids post-seeding and after 5 days  

DAOY were seeded at density of 1500 cells/well in Nunclon Sphera 96-well microplate. (ThermoFisher) 
and then centrifuged for 2mins at 200g. Spheroids were left for 5 days in the incubator to allow 
formation. Representative picture was taken right after the plating and after 5 days at the Evos FL 
Auto 2 microscope (Invitrogen). 

2.8 Cell cycle analysis by Flow Cytometry  

DAOY, ONS76 and UW228 cells were seeded at 150.000 cells/well density and treated the day 

after with tivantinib, foretinib and crizotinib in technical duplicate. After 24 h, cells were 

detached with trypsin, washed twice with PBS and fixed in cold ethanol 70% overnight. Vortex 

was used to avoid cell clumps. Samples were then washed twice with cold PBS and bearing in 

mind that propidium iodide stains both RNA and DNA, 50 L of RNAse A (Sigma-Aldrich) (stock 

concentration: 100 g/ml) was added for 15 mins at 37°C to digest RNA molecules. Propidium 

iodide (PI) solution (Stock concentration: 50 g/ml) (APExBIO) was then added for 15 mins in 

the dark at room temperature. By using BD FACSVerse flow cytometer (BD Biosciences), 

10.000 events were analysed for each condition. FCS files were generated on the BD flow 

cytometer, and histograms and statistics were obtained by gating cells on for each sample on 

FlowJo software. Graphs with the percentage of cells in each phase were plotted with 

GraphPad Prism 8.  
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2.9 Apoptosis assay by Caspase 3/7 detection  

Apoptotic pathway was studied by assessing the caspase 3/7 activation. For the 2D study, 

DAOY (1500 cells/well), ONS76 (1000 cells/well) and UW228 (2000 cells/well) were seeded in 

white bottom plate. Once cells were attached, treatment with c-MET inhibitors was 

performed for 24h at different concentration in technical duplicates. Activation of caspase 

3/7 was evaluated by Caspase-Glo 3/7 Assay (Promega) following the manufacture’s protocol. 

After 1 h of incubation, luminescence data were acquired with Varioskantm LUX multimode 

microplate reader (ThermoFisher) and results were normalized to untreated cells. Caspase 

3/7 activation was analysed in 3D-DAOY spheroids model by adding CellEvent Caspase-3/7 

Green Detection Reagent (final reagent concentration: 3M) (ThermoFisher). After 30 min of 

incubation, fluorescence pictures were taken with Evos FL Auto 2 microscope (Invitrogen).  

2.10 siRNA transfection  

ON-TARGETplus siRNAs, SMARTpool siRNAs against MET (Cat.ID: L-003156-00-0005) and 

siGENOME non-Targeting siRNA Pool (Cat.ID: L-001810-01-05) were purchased from 

Dharmacon and resuspended in DNase/RNase-free water at 20M stock concentration. 

Aliquots of 50l were made to avoid degradation due to continue defrosting. DAOY cells were 

seeded in either 6-well plate (for protein extraction) or 96-well plate (for cell viability assay) 

and left for 24h to allow attachment. A day after, cells were transfected with siMET (100nM) 

and siCTR (100nM) using Lipofectamin 2000 (Invitrogen) and Reduced-Serum Medium Opti-

MEMTM (Gibco) in antibiotic-free media. 24h later media was replaced to avoid Lipofectamin-

related toxicity, and assays were performed after 72h.  

2.11 Establishment of H2B-GFP stable cell lines 

H2B-GFP plasmid (neomycin resistance gene) (#11680) was purchased from Addgene as agar 

stab. Prior to transfection, plasmid was purified out of the bacteria using Qiagen Plasmid Midi 

Kit (Qiagen). Purified DNA was transfected with Lipofectamin 2000 (Invitrogen) at 2g/ml 

concentration. A “kill-curve” with neomycin was performed on control cells to establish the 
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concentration of antibiotic needed to kill all the non-transfected cells in order to culture only 

cells that integrated the plasmid. Next, cells were kept in antibiotic selection with neomycin 

(G418) (Roche) at 1mg/ml concentration for 2 weeks and presence of GFP-positive cells was 

confirmed at the Evos FL Auto 2 microscope (Invitrogen) before performing further analyses.   

2.12 Cell fate analysis by automated time-lapse microscopy 

ONS76, DAOY and UW228 cells were seeded in technical quadruplicates in a 96-well plate and 

treated according to the experimental design, either with c-MET kinase inhibitors or with 

siRNA against MET. Cells were maintained at 37°C and 5% CO2 in the Cytation 3 system 

(Biotek) where pictures were taken every 15 min for 72 h at 10X magnification to create time-

lapse videos. Only cells in interphase, with a typical flattened morphology, were taken in 

consideration at time 0 before starting the analysis. Then, 40 cells for each condition were 

analysed by looking at cell’s morphological changes (summarised in Figure 8 below) to define: 

entering in mitosis (cells round up when enter in mitosis), mitotic slippage and apoptotic cell 

death either in interphase or during mitosis. The term “slippage” defines an event when the 

cell does not complete the cellular division (cytokinesis) and comes back to the interphase 

forming tetraploid and multinucleated cells (Brito & Rieder, 2006; Sinha et al., 2019). Events 

of apoptosis were recognized by cell bubbling and presence of fragments.  

Results of interphase duration, mitosis length, and time of cell death either in mitosis of 

interphase for each single cell were manually recorded and plotted with GraphPad Prism 8 as 

time in minutes and each bar colour corresponds to an event:  

Light grey = Interphase 

Blue = Slippage 

Black = Mitosis 

Brown = Death in interphase 

Orange = Death in mitosis  

To show percentages of cell fates derived from the manual analysis, pie charts were 

generated on GraphPad Prism 8 Software by plotting:  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 𝑎 𝑐𝑒𝑟𝑡𝑎𝑖𝑛 𝑓𝑎𝑡𝑒

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙𝑠 𝑡𝑟𝑎𝑐𝑘𝑒𝑑
.  
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Figure 8: Schematic view of cell fate decisions upon drugs treatment 

Treatments with different drugs lead to different responses in terms of cell fate decisions: single cell 
that enter mitosis can undergo normal division, mitotic cell death or death during interphase, and 
mitotic slippage. Representative pictures of DAOY cells are showed in the diagrams.  

  



 42 

2.13 Protein extraction and Western blot analysis   

Cells were seeded and cultured in 6-well plates. For proteins extraction, cells were washed 

with cold PBS and scraped. Homemade Triple Lysis Buffer containing 50 mM Tris-HCl (pH 7.5), 

150 mM NaCl, 0.1 % SDS, 1% NP-40 and 0.5 % sodium deoxycholate, was added to the cells 

and collected in tubes. Prior to adding to the cells, Protease and Phosphates inhibitors cocktail 

were added to the buffer (Santa Cruz Biotechnology). After 30 mins in ice, lysates were 

centrifuged at 13000 rpm for 15 mins and then quantified with Bradford assay (Biorad). 

Absorbance was measured at 595nm using a spectrophotometer. Protein lysates were diluted 

using distilled water and Loading Dye (6X) (Fisher Scientific). To avoid protein denaturation, 

lysated were boiled at 99° for 10 minutes. Equal amounts of lysates (40 g) were loaded on 

4-10% SDS polyacrylamide gels before starting electrophoresis. Either PageRuler Prestained 

Protein Ladder (ThermoFisher) or Precision Plus Protein Kaleidoscope (Biorad), was loaded 

into the gel as molecular weight reference. Gels were then transferred to polyvinylidene 

difluoride (PVDF) membrane (Merck Millipore) for 1 hour and 30 minutes at constant 

amperage (400 mA). Pounceau S (Biorad) staining was used to assess successful protein 

transfer. Filters were blocked with 5% milk solution in PBS supplemented with Tween 0.1% 

(Biorad) (T-PBS) and incubated with primary antibodies overnight in a cold room. Next, filters 

were washed 3 times with T-PBS and incubated for 1 hour with secondary antibodies. Finally, 

signals for proteins of interests were detected by mixing equal parts of West Femto 

Chemilumiscent Substrate (ThermoFisher), added on the membranes for 60 seconds in the 

dark. Images were taken with G: BOX SynGene software. Densitometric analysis was 

performed by measuring band intensity with ImageJ software and each band was normalized 

to the loading control (GAPDH/Vinculin). Graphs were generated on GraphPad Prism 8 

software.  

Primary and secondary antibodies used in this study are listed below:  

- MET Rabbit mAb (Cell signalling Technology) – 1:1000  

- Phospho-MET Rabbit (Tyr1234/1235) mAb (Cell signalling Technology) – 1:1000 

- AKT Rabbit mAb (Cell signalling Technology) – 1:1000 

- Phospho-AKT (Ser473) mAb (Cell signalling Technology) – 1:1000 

- p44/42 MAPK (Erk1/2) Rabbit mAb (Cell signalling Technology) 1:1000 
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- Phospho-p44/42 (Thr202/Tyr 204) MAPK Rabbit mAb (Cell signalling Technology) 

1:1000 

- PARP (46D11) Rabbit mAb (Cell signalling Technology) 1:1000 

- Mcl-1 Antibody Rabbit mAb (Cell signalling Technology) 1:1000 

- Cyclin B1 Antibody Rabbit mAb (Cell signalling Technology) 1:1000 

- P70 S6 Kinase (49D7) Rabbit mAb (Cell signalling Technology) 1:1000 

- Phospho-p70 S6 Kinase (Thr389) Rabbit mAb (Cell Signalling Technology) 1:1000 

- GAPDH Mouse mAb (EMD Millipore) 1:10000 

- Vinculin Mouse mAb (SantaCruz Biotechnology) 1:1000 

- Secondary Ab anti-Rabbit IgG, HRP-linked (Cell signalling) (1:5000) 

- Secondary Ab anti-Mouse IgG, HRP-linked (GE Healthcare) (1:3000)  

 

2.14 Data manipulation and Statistical analysis  

Data are presented as Mean±SD and p-values were calculated by Student’s t-test and values 

less than 0.05 were considered significant (p ≤ 0.05 = *, p ≤ 0.01 = **, p ≤ 0.001=***, ns= no 

significant). Graphs presented in this study were generated with GraphPad Prism Software 

(Version 8.0) with the exception for Violin plots and Heatmaps which were generated with R 

software (https://www.R-project.org/.). Kaplan-Meier curves were generated on R2 Genomic 

and Visualization Platform (http://r2.amc.nl/).   

https://www.r-project.org/
http://r2.amc.nl/
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CHAPTER 3: Aims and 

Objectives 
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Medulloblastoma (MB) is a highly heterogeneous disease, and it is currently classified in four 

subgroups on molecular basis (WNT, SHH, Group 3 and Group 4). Each subgroup is then 

subclassified in subtypes which can have important differences in prognosis and outcome. To 

date, MB is treated with a strong combination of surgical resection, chemo and radiotherapy. 

Side effects linked with this regimen are worrying and there is an urgent need to find and to 

characterize new targeted therapies. SF/HGF-c-MET pathway has been correlated with SHH 

MB pathogenesis and it has been proposed as potential MB treatment target. Various c-MET 

kinase inhibitors have been described as effective in hampering MB growth and 

dissemination. However, understanding mechanisms of action underlying their effects can be 

quite challenging.  

The aims of this PhD project are to: 

AIM 1: confirm the importance of c-MET kinase as potential target in SHH medulloblastoma, 

test commercially available c-MET kinase inhibitors and identify the most effective inhibitors 

in suppressing SHH MB cell lines proliferation in both 2D and 3D cultures.  

AIM 2: define differences in how c-MET inhibitors cause SHH MB cell death and characterise 

the molecular changes that may be involved in the drug’s effects. 

AIM 3: perform combinatorial treatments with the most effective c-MET kinase inhibitor and 

chemotherapeutic drugs used to treat MB patients, or other small molecule drug inhibitors 

linked to HGF-c-MET pathway to investigate the possibility to lower the concentrations of 

chemotherapeutic drugs curtailing drug-resistance and toxicity. 

OBJECTIVES: 

- A panel of commercially available c-MET kinase inhibitors was tested in vitro on SHH-

MB cell lines to evaluate their ability to impair cell proliferation in 2D and then in 3D 

models of SHH MB cells 

- Cell cycle distribution and apoptotic activation was investigated upon treatments with 

effective c-MET kinase inhibitors to define possible mechanisms of anti-proliferative 

activity.  

- To use high-throughput automated time-lapse microscope to create the cellular 

profiles (mitotic death, death during interphase, mitotic slippage, mitotic delay) of 
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SHH MB cell lines in response to effective c-MET kinase inhibitors and assessing the 

pharmacological variation to c-MET inhibitors. 

- Western blot analyses were performed to identify the molecular determinants that 

dictate cellular cell fate changes in SHH MB cell lines treated with effective c-MET 

kinase inhibitors. 

- Combinatorial strategies between chemotherapeutic drugs and c-MET kinase 

inhibitors were established to check their effectiveness in vitro to suppress SHH MB 

cell proliferation in 2D and 3D cellular models.  
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CHAPTER 4: Results  
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4.1 c-MET kinase is a suitable RTK therapeutic target in SHH medulloblastoma  

In cancer tissues, RTKs are constitutively and aberrantly activated to promote uncontrolled 

proliferation, metastatic spreading and resistance to therapeutic interventions. For this 

reason, blunting the activity of RTK proteins has become an elective strategy in oncology 

(Takeuchi & Ito, 2011).  To identify possible RTKs that perpetuate the malignant phenotype 

and representing a prime druggable targets in MB, first we assessed the expression of the 57 

members of the RTK gene family in MB tumour samples compared to normal adult cerebella 

from patients with an age ranging between 23 to 50 years. By interrogating seven different 

dataset (Table 4; Figure 9A), obtained from R2: Genomic analysis and Visualisation Platform 

(http://r2.amc.nl/), which comprehend 500 MB primary tumour samples and 9 normal 

cerebella (Table 4), we found that only 36 RTK genes were significantly modulated in MB 

tumours when compared to normal adult cerebella (p-value < 0.05). Of these, only 8 

candidate genes were significantly overexpressed in MB tumours: MET, PTK7, ROR1 and 2, 

RYK, EPHA3, EPHA8 and EPHB2. To further refine our initial list of gene targets, we completed 

a literature search to verify a possible implication of these genes in MB tumorigenesis and 

evaluate the availability of commercial inhibitors that can be repurposed for therapeutic 

strategy in MB. A literature search was generated with archived articles from PUBMED 

(https://pubmed.ncbi.nlm.nih.gov/) using as a query the keywords “medulloblastoma AND 

(official gene target name)”. Only primary research articles were selected for critical analyses 

and the number of outputs is reported in Table 5 below.  

http://r2.amc.nl/
https://pubmed.ncbi.nlm.nih.gov/
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Table 5: Literature review outputs on RTKs in medulloblastoma 
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The highest number of outputs were identified for c-MET kinase and all studies assessed the 

oncogenic role of HGF/c-MET axis supporting the proliferative and invasive phenotype of MB 

cells. Contrasting evidence was instead identified for EPHB2. If Bhatia et al., corroborated our 

data and found that EPHB2 is upregulated in MB samples compared to normal cerebella and 

its siRNA-mediated knockdown sensitises MB cells to radiation (Bhatia et al., 2017), McKinney 

et al. found that EPHB2 is also strongly expressed in fetal cerebella (McKinney et al., 2015). 

No literature outputs were identified for RYK and ROR1 and limited evidence (a single article) 

were found for all other genes. Then, availability of small molecule inhibitors was assessed 

for all the identified receptors by using two of the leading suppliers of small molecule 

inhibitors with validated biological and pharmacological activities confirmed through pre-

clinical and clinical research (https://www.selleckchem.com/; 

https://www.medchemexpress.com/). To date, no inhibitors are commercially available for 

ROR1, ROR2 and PTK7 receptors. A naturally occurring bioactive furochromone, named 

Khellin, is reported in Selleckchem as RYK inhibitor but it has aspecific activity and low potency 

against RTK receptors is instead reported in Selleckchem as RTK inhibitor. Up to 9 inhibitors 

are available against the Eph receptors, but they have been developed only to target EPHA2, 

EPHB4, EPHA4. As expected, up to 66 small molecule inhibitors have been developed against 

c-MET kinase and several of them, including crizotinib and foretinib, have been also tested 

against medulloblastoma cell lines showing a potent anti-proliferative effect (Faria et al., 

2015; Zomerman et al., 2015). Overall, these initial data identified c-MET kinase as the most 

ideal therapeutic RTK in MB.  

 

 

 

 

 

https://www.selleckchem.com/
https://www.medchemexpress.com/
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4.2 c-MET expression and prognostic significance in MB subtypes 

To support this initial finding that c-MET kinase is a promising RTK target in MB, we further 

ascertained the expression of c-MET kinase across an independent validation cohort that 

comprehends 763 primary MB tumour specimens with available clinical data related to 612 

patients (Cavalli et al., 2017) (Figure 9B-C). Firstly, we considered c-MET expression across the 

four main MB subgroups, and we found that c-MET kinase is preferentially expressed in SHH 

MB compared to the other subgroups (Figure 9B). This trend has been already reported by 

Faria et al., (2015) showing in two large nonoverlapping cohorts of MB patients that c-MET 

kinase is a biomarker of SHH-driven MB (Faria et al., 2015). 

In addition to this, we also evaluated c-MET expression across the different MB subtypes 

which bear distinct patient demographics, genetic abnormalities and clinical 

progression(Cavalli et al., 2017). We found that c-MET kinase is robustly expressed in the SHH-

 subtype (Figure 9C) which affects non-infant children (>3 years old), and it is defined by 

accumulation of both germline and somatic TP53 mutations, amplification of MYCN or GLI2 

and pathogenic germline alterations in ELP1 (Cavalli et al., 2017; Garcia-Lopez et al., 2021). 

Interestingly, the other three SHH subtypes (Shh-β: infants with a poor prognosis; Shh-γ: 

infants with a good prognosis; Shh-δ: adults) still expressed higher levels of c-MET kinase 

compared to all other MB subtypes (Figure 9C).  

Next, we interrogated the dataset to explore the correlation between c-MET expression and 

the overall survival of MB patients. Initially, the total specimens (n=612) were divided in high 

and low-c-MET expression and the Kaplan-Meier curve was generated only by using the first 

and the last quartile of the patient cohort. Survival differences could not be determined 

according to c-MET expression across the full cohort or subgroups of MB patients (Figure 

10A). Interestingly, a trend toward a poor survival was observed for high c-MET patients in 

the Group 3 population which displays a refractory phenotype to multimodal therapies and 

the worst prognosis across all MB subgroups (Northcott et al., 2019) (Figure 10D).  

We also assessed the correlation of c-MET expression with the overall survival of MB patients 

according to their molecular subtypes (Figure 11). High c-MET expressing cohort displayed 

the lowest survival rates in the MB subtypes associated with the poorest survival, with the 

exception of WNT group which is usually related with good outcomes, (WNT-α: p-value = 
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0.033; SHH-β: p-value = 0.038; G4-α: p-value = 0.018) (Figure 11 A-B-D); interestingly, a trend 

toward poor survival was also identified for all three subtypes of Group 3 MBs (Figure 11C). 

However, statistical significance was not reached for any of these subtypes, possibly due to 

the small number of patients in the cohorts. Altogether, these results provide evidence that 

c-MET kinase exert an oncogenic role in MB and a strong rationale to explore the targeting of 

c-MET kinase in SHH-MB.  

 

 

Figure 9: RTKs and MET gene expression in medulloblastoma   

A) Gene expression analysis of tyrosine kinase receptors from six different medulloblastoma datasets 
compared with expression in healthy cerebellum. Heatmap was generated by plotting gene expression 
values on R software. B-C) MET gene expression in Cavalli dataset (MB samples=612) across 
medulloblastoma subgroups (p-value = 1.01e-115) (no of samples: WNT=70; SHH=223; Group 3= 144; 

Group 4= 326) (B) and subtypes (p-value = 3.75e-115) (no of samples: WNT=21; WNT=49; SHH=65; 

SHH=35; SHH= 76; SHH=47; Group 3=67; Group 3= 37; Group 3=40; Group 4=98; Group 4= 

109; Group 4=119) (C). All the data were visualized and analysed by R2 genomics analysis and 
visualization platform. References to each interrogated dataset are listed in Table 4 (Chapter 2).  
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Figure 10: c-MET kinase association with survival in MB patients 

A-E) Kaplan-Meier survival curves correlated to MET expression in medulloblastoma primary tumours 
(Cavalli et al.,2017). Survival rates based on MET expression were generated on R2 software across 
the whole cohort of MB patients (A) and for each MB subgroup: SHH (B), WNT (C), Group 3 (D), Group 
4 (E). Statistical significance is indicated as p-value in each graph (bottom right corner).  
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Figure 11: Kaplan-Meier survival curves based on c-MET expression across MB subtypes 

A-D) Survival analysis of c-Met kinase expression for each subtype of medulloblastoma: A) SHH  

(n=51), SHH (n=28), SHH (n=36) SHH (n=57). B) WNT  (n=55), WNT  (n=18).  C) Group 3 (n=55), 

Group 3 (n=27), Group 3 (n=30). D) Group 4 (n=77), Group 4 (n=88), Group 4 (n=99) (Cavalli et 
al., 2017). Kaplan-Meier curves displaying overall survival probability correlating to c-MET expression 
were generated by only using the first and the last quartile of the patient’s cohort on R2 software and 
retrieved significance values are indicates as raw p-values in each graph.  
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4.2 c-MET kinase pathway activation in SHH MB cell lines 

HGF dependent – c-MET kinase activation promotes the modulation of many downstream 

signalling pathways, such as ERK1/2 and PI3K/AKT, that affect tumour growth by stimulating 

proliferation, anti-apoptosis, invasion and angiogenesis in multiple tumour types (Birchmeier 

et al., 2003). To assess the integrity of the c-MET signalling pathway in SHH-driven MB cells, 

we first investigated the biochemical responsiveness of c-MET kinase to HGF stimulation on 

three different SHH MB cell lines (DAOY, UW228 and ONS76) (Figure 12). These cell lines were 

selected because harbouring different genetic abnormalities in the TP53 gene, which has 

been reported to be highly prognostic for SHH MB patients and prioritised by the WHO for 

the design of new therapies (Ramaswamy et al., 2016): DAOY and UW228 are typical 

representative of a TP53 mutant MB cell lines, whilst ONS76 cells are derived from a classic 

medulloblastoma tumour harbouring a TP53 wildtype gene  (Ivanov et al., 2016).  

Analysis of activated c-MET signalling pathway was initially performed by measuring the level 

of phosphorylation of c-MET kinase following stimulation with exogeneous human 

recombinant HGF and c-MET kinase inhibitor crizotinib (Rodig & Shapiro, 2010). Western blot 

analysis revealed that c-MET autophosphorylation was similarly induced by short time 

exposure to HGF (30 minutes) in both DAOY and UW228 cell lines (Figure 12). As expected, 

pre-incubation with the crizotinib abolished the tyrosine phosphorylation of c-MET in 

response to HGF. Despite HGF stimulation prompted the phosphorylation of c-MET, that was 

equally ablated by crizotinib, ONS76 cells were 10-fold less responsive to the HGF treatment. 

Interestingly, a limited reduction in the levels of c-MET phosphorylation was observed in the 

ONS76 cells after serum starvation, suggesting a ligand-independent stimulation of c-MET 

phosphorylation, possibly due to the activity of other RTK receptors or cellular adhesion 

(Varkaris et al., 2013). No differences were measured in the levels of total c-MET kinase after 

serum-starvation, HGF treatments or crizotinib pre-treatments in all SHH cell lines (Figure 10). 

Similar results were obtained when we assessed the ability of c-MET kinase to activate the 

downstream signalling cascades (pERK and pAKT). Of note, ONS76 cells still exhibited the 

highest levels of pERK and pAKT at baseline followed by a minimal stimulation upon treatment 

with HGF (Figure 12). Inappropriate activation of the signalling pathway of c-MET kinase or its 

HGF ligand has been shown to support MB malignancy (Li et al., 2008).  
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To further corroborate the role of c-MET kinase in supporting the proliferation of our SHH 

models, we first assessed cell proliferation of MB cell lines upon stimulation with c-MET ligand 

HGF. DAOY and ONS76 cell lines were subjected to serum starvation prior to HGF stimulation 

(Figure 13 A-B); whereas DAOY cells grew under normal serum conditions, proliferation assays 

showed that 10 ng/ml recombinant HGF increased significantly DAOY cell numbers relative to 

starved control cells. Co-treatments of DAOY cells with the c-MET inhibitor crizotinib halted 

the effect of HGF stimulation on proliferation for this cell line (Figure 13A). Interestingly, 24 

hours stimulation with HGF did not promote a significant increase in the proliferation of 

ONS76 cells that also continued to grow under serum starvation (Figure 13B). Next, we 

employed siRNA-mediated knockdown of c-MET kinase in DAOY cells and assessed the effect 

of its silencing on cell proliferation. Transfection of DAOY cells with a siRNA directed against 

c-MET kinase resulted in the suppression of protein levels of c-MET (Figure 14A). When 

compared to siRNA control transfected cells, MET siRNA transfected cells showed a significant 

reduction in survival after 72 hours from transfection (Figure 14B), confirming that the direct 

inhibition of c-MET kinase can affect the growth of MB cells. Taken together, these data 

confirm the ability of SHH-driven MB cells to fully activate c-MET kinase upon stimulation with 

HGF and regulate the downstream signalling cascades that are responsible for most of the 

oncogenic properties of c-MET kinase (Gherardi et al., 2012). According to our data, activation 

of c-MET signalling pathway preferentially enhances the proliferation of mutant TP53 MB cells 

whilst wild-type TP53 cells only showed a minimal responsiveness to c-MET biochemical and 

proliferative stimulation when compared to TP53 mutant cells.  
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Figure 12: c-MET kinase activation study in MB SHH cell lines 

Phosphorylation of c-MET kinase and its downstream signalling pathway activation was investigated 
in SHH cell lines via western blot analysis. Cells were starved for 24h followed by stimulation with 
human recombinant HGF (10 ng/ml) for 30 minutes. Pre-treatment with c-MET kinase inhibitor 
crizotinib (CRZ) was performed for 2hours before HGF-stimulation. GAPDH was used as loading 
control. Densitometric analysis was performed with ImageJ software and graphs are representative of 
phospho/total protein ratio for the representative experiment in the figure.  
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Figure 13: Growth rate of SHH cell lines after HGF stimulation 

DAOY (A) and ONS76 (B) were seeded in 12-well plate and after 24h media was replaced with 0% FBS 

medium to starve cells. HGF (10 ng/ml) and crizotinib (1M) were added for 24h. At the end point, 
MTT assay was performed, and results were normalized to absorbance read at time 0. Statistical 
significance was calculated with student’s t-test between FBS 0% and HGF and between HGF and 
crizotinib (p ≤ 0.05 = *, p ≤ 0.01 = **, p ≤ 0.001=***, ns= non-significant). Results (n=3) are showed as 
as Mean±SD were generated on GraphPad Prism 8 software.  
 
 
 
 
 

 
Figure 14: siRNA-mediated c-MET knockdown impairs DAOY cell proliferation 

A) Western blot analysis was performed to verify c-MET kinase knockdown, 72h B) DAOY cells were 
transfected with siRNA scramble (siCTRL) and siRNA directed against c-MET at concentration of 
100nM. After 72h, cell viability was assessed by MTT assay. Results are shown as Mean±SD of two 
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independent biological replicates each performed in four technical replicates (n=2). Significance 
between siMET and siCTRL was calculated with student’s t-test (p ≤ 0.05 = *, p ≤ 0.01 = **, p ≤ 
0.001=***). 

4.3 Tivantinib suppresses proliferation of SHH 2D and 3D models of MB cell 

lines 

To confirm that c-MET kinase confers proliferative advantages to SHH MB cell lines, we 

investigated the anti-proliferative efficacy of c-MET kinase inhibitors against SHH MB cells. To 

this aim, SHH MB cells were treated with linear dilutions of seven different c-MET inhibitors, 

with ATP or non-ATP competitive activity (Figure 5). MTT proliferation assays were performed 

72h after treatment, and tivantinib was found to be the most effective drug in impairing cell 

proliferation of SHH MB cell lines (Figure 15 A-D). DAOY cells resulted to be the most sensitive 

cell line to tivantinib whilst ONS76 and UW228 showed around 20% residual cell viability 

when treated with the drug (Figure 15 B-C, Table 6). Both crizotinib and foretinib were 

effective in suppressing the proliferation of all SHH MB cell lines but at much higher 

concentration compared to tivantinib. With the exception of tepotinib, which showed ability 

to suppress proliferation only at a concentration forty times higher than tivantinib, the other 

three c-MET inhibitors did not present any anti-proliferative activity in the range of the 

concentrations we tested (Figure 15, Table 6). Given the sensitivity of SHH cell lines to 

tivantinib, we focused our attention on comparing the effects of tivantinib with foretinib and 

crizotinib, both previously shown to be effective against medulloblastoma cells (Endersby et 

al., 2021; Faria et al., 2015). Representative pictures of DAOY (TP53 mutant) and ONS76 (TP53 

wild-type) cells were taken 72h after treatments to investigate the presence of any 

morphological changes upon treatment with the three drugs (Figure 16 A-B). Cells treated 

with tivantinib clearly showed accumulation of apoptotic bodies preferentially in DAOY 

(Figure 16A) rather than ONS76 (Figure 16B) cells. Interestingly, a consistent increase in cell 

size was observed for both cell lines when treated exclusively with crizotinib or foretinib 

(Figure 16 A-B).  
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Figure 15: Anti-proliferative effects of MET inhibitors on SHH cell lines 

A-D) SHH medulloblastoma cell lines DAOY (A), UW228 (B) and ONS76 (C) were treated for 72h with 
increasing concentration (fold dilution=1:4) of different c-MET inhibitors and cell viability was assessed 
by MTT assay. Results were relative to untreated cells and are shown as Mean±SD (n=3). (D) IC50 
values for tivantinib, foretinib and crizotinib were calculated with GraphPad 8 software and shown as 
Mean±SD of the three independent experiments.  
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Table 6: IC50 values calculated for each c-MET inhibitor 

IC50 for each compound tested was calculated on GraphPad Prism 8 Software is represented in the 
table as Mean±SD of three independent experiments and N.D indicates the drugs were calculation of 
IC50 was not possible. 
 

 
 
 
  



 62 

 
 

Figure 16: Bright-field pictures of DAOY and ONS76 upon treatment with tivantinib, foretinib and 
crizotinib 

Pictures of DAOY and ONS76 treated with crizotinib, foretinib and tivantinib (2.5 M) were taken after 
short-term viability assay (72 h) with Evos FL Auto 2 microscope (Invitrogen) at 10X magnification 
(scale bar = 275 µm). 



 63 

Furthermore, we evaluated the time-dependent response, in terms of cellular proliferation, 

to tivantinib over a period of 72h in DAOY and ONS76 cells. MTT assays results showed that 

tivantinib exploited its anti-proliferative effects already at 24h in both SHH-MB cell lines. 

However, treatment with tivantinib caused a significant and dose-dependent reduction of cell 

proliferation in DAOY cells (Figure 17A). Even though ONS76 cells treated with tivantinib 

showed a significant time and dose-dependent decrease in proliferation rates compared to 

untreated cells, a complete suppression of cell growth was not evident in these cells when 

compared to DAOY (Figure 17B).  

 

 

 

Figure 17: Proliferation rates upon treatment with tivantinib in SHH-MB cells 

A-B) DAOY (A) and ONS76 (B) cells were seeded in 96-well plates and treated with tivantinib at 
different concentrations for 72h. A reference plate after the seeding was read for each cell lines (Time 
0 plate). MTT assay was performed at 24, 48 and 72h and absorbance at each time point were 
normalized to absorbance at time 0 to establish growth rates in both cell lines. Student’s t-test (p ≤ 
0.05 = *, p ≤ 0.01 = **, p ≤ 0.001=***) was performed to statistically compared viability at time 0 vs 
viability at 24, 48 and 72h for both cell lines (n=3).  
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Sensitivity to the tivantinib was then tested by using 3D tumour spheroids, a tumour model 

previously established in the laboratory and that better mimics the biological features of the 

original tumour (Buzzetti et al., 2021; Edmondson et al., 2014). Thus, we challenged DAOY 3-

D spheroids for 9 days treatments with tivantinib at 1 and 10M concentrations and results 

were compared to the effects of crizotinib and foretinib at the same concentrations. As shown 

in Figure 18, treatment with tivantinib was effective in hampering spheroid growth over time 

and started to be effective at 1M after only three days of treatment (Figure 18 A-B); spheroid 

structures were completely dissociated when treated with both concentrations of tivantinib 

with the maximum effect after 9 days of treatment (Figure 18A). When compared to 

tivantinib, 1M treatments with foretinib and crizotinib did not induce any significant 

reduction in the spheroid volumes (Figure 18B); 10 M concentration of foretinib was 

required to significantly reduce spheroid volumes to the same extent as tivantinib at 1 M 

(Figure 18A-B). No reductions in volume were observed for crizotinib treatments and even 

10M concentration only showed limited reduction when compared to tivantinib. To 

summarise, SHH MB cell lines showed a time- and dose-dependent sensitivity to c-MET kinase 

inhibitors with tivantinib outperforming all inhibitors including foretinib and crizotinib.  

In addition, we preliminarily tested the c-MET kinase efficacy (1 and 10M) in ONS76-derived 

3D spheroids. Here, we firstly observed that, in contrast with DAOY 3D spheroids, untreated 

spheroids generated from ONS76 cells did not show evidence of growth over a period of 9 

days (Supplementary 1). We then evaluated the spheroids volume after 9 days of treatment 

with c-MET inhibitors in comparison with the untreated and we showed that tivantinib and 

crizotinib at both 1 and 10M did not significantly affect the spheroids volume (Figure 19 A-

B).  Interestingly, treatment with foretinib at 10M caused a significant increase in ONS76 

spheroids volume after 9 days treatment (Figure 19 A-B) 
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Figure 18: c-MET kinase inhibitors ability to hamper 3D spheroid’s structure 

A-B) DAOY (1500 cells/well) cells were seeded in U-bottom 96-well plate and left for 5 days to allow 
spheroids formation. Spheroids were treated with c-MET kinase inhibitors at 1 and 10µM 
concentration every 3 days for 9 days. A) Pictures of DAOY spheroids were taken at time 0 and after 
3, 6, and 9 days with Evos FL Auto 2 microscope (Invitrogen) at 10X magnification (scale bar = 275 µm) 
B) Volume of each spheroid was calculated at the end point and results were normalized to time 0 for 
the respective spheroid; relative growth rates were plotted on GraphPad Prism Software and are 
showed as Mean±SD (n=3) Student’s t-test (p ≤ 0.05 = *, p ≤ 0.01 = **, p ≤ 0.001=***) was performed 
to statistically compared volume at time 0 vs volume at 3, 6, and 9 days for each treatment. 
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Figure 19: Preliminary data on ONS76 3-D spheroids after 9 days treatment with c-MET inhibitors 

A-B) ONS76 (1500 cells/well) cells were seeded in U-bottom 96-well plate and left for 5 days to allow 
spheroids formation. Spheroids were treated with c-MET kinase inhibitors at 1 and 10µM 
concentration every 3 days for 9 days. A) Pictures of ONS76 spheroids were taken after 9 days with 
Evos FL Auto 2 microscope (Invitrogen) at 10X magnification (scale bar = 275 µm) B) Volume of each 
spheroid was calculated at the end point and results were normalized to untreated spheroids after 9 
days; Volumes were plotted on GraphPad Prism Software and are showed as Mean±SD (n=3, technical 
replicates). Student’s t-test (p ≤ 0.05 = *, p ≤ 0.01 = **, p ≤ 0.001=***) was performed to statistically 
compared volume of untreated vs treated. 
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4.5 c-MET inhibitors differences in regulating cell cycle distribution 

To further investigate how tivantinib inhibits SHH MB cell proliferation, cell cycle distribution 

of DAOY, ONS76 and UW228 cell lines was assessed by flow cytometry 24h after treatments 

with tivantinib, foretinib and crizotinib. Treatment with tivantinib induced a dose-dependent 

accumulation of cells in sub-G1 in all the SHH-MB cell lines (Figure 20 A-C). DAOY cells resulted 

again significantly more sensitive to tivantinib when compared to ONS76: an average of 45% 

of DAOY cells accumulated in Sub-G1 when treated with 1M of tivantinib, whilst ONS76 cells 

showed a 20% significant accumulation of cell in Sub-G1 (Figure 20 A-B). When treated with 

tivantinib UW228 cells showed a G2/M arrest still coupled with nearly 20% of cells 

accumulating in Sub-G1 (Figure 20 C). Treatment with foretinib altered the Sub-G1 population 

of both cell lines to a limited extent and only when cells were treated with 1M concentration 

of the drug (Figure 20 A-C). Specifically, DAOY and ONS76 cells showed an average of 7% and 

6% respectively, of cells accumulated in Sub-G1. In sharp contrast to tivantinib, foretinib 

preferentially induced a G2/M arrest in all the three cell lines with more than 50% of the cells 

accumulated in G2/M after 24h treatment with the drug. At the same time, foretinib also 

caused the specific appearance of a polyploid population in both DAOY and ONS76 cell lines 

(Figure 20 A-B). No significant differences in cell cycle distribution were observed when SHH-

MB cells were treated with crizotinib at 0.5 and 1M concentrations for 24h, highlighting the 

low potency of the drug (IC50 > 1M) when compared to tivantinib and foretinib (Figure 15 D 

Table 6).  
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Figure 20: Cell cycle analysis upon treatment with tivantinib, foretinib and crizotinib 

A-C) Cell cycle analysis with 24h c-MET inhibitors treatment on DAOY (A), ONS76 (B) (n=3) and UW228 
(C) (n=2). Cell cycle phases were determined based on DNA content by propidium iodide staining with 
flowcytometry. Representative histograms are shown and were obtained by gating cells on FlowJo 
Software. Representative G1, S and G2/M populations are plotted as percentages Mean±SD. Sub-G1 
populations were separately calculated, and results are presented as Mean±SD. Statistical comparison 
for both Sub-G1 and G2/M phases was calculated with Student’s t-test (p ≤ 0.05 = *, p ≤ 0.01 = **, p ≤ 
0.001=***) between treated and untreated cells.  

To further support these results, we investigated whether tivantinib, foretinib and crizotinib 

specifically induce apoptotic cell death in SHH MB cells. To this aim, activation of Caspase 3/7, 

an essential event in the onset of cellular apoptosis (Shi, 2004), was evaluated upon 24h 

treatment with the three drugs. As expected from the cell cycle results, in both DAOY and 

UW228 cell lines, tivantinib was able to induce a strong dose-dependent increase in the 

activity of the Caspase 3/7 when compared to foretinib and crizotinib (Figure 21 A-B). Despite 
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the Caspase 3/7 activation, at the concentration and time chosen for the treatments, ONS76 

cells resulted to be also less sensitive to the effect of tivantinib in the induction of apoptosis 

when compared to the DAOY and UW228 cells (Figure 21C). 

Finally, treatments with foretinib and crizotinib did not consistently alter Caspase 3/7 activity 

in any of the cell lines, further validating the previous results on the cell cycle. To further 

confirm the apoptotic induction by tivantinib in DAOY cells, we also assessed the Caspase 3/7 

-mediated apoptotic activation in DAOY 3D spheroid models. DAOY spheroids were treated 

with tivantinib at 0.5 and 1M concentration and Caspase 3/7 activity was measured after 

24h. As shown in Figure 22, tivantinib significantly induced apoptosis in DAOY spheroids in a 

dose-dependent manner compared to the untreated spheroids (Figure 22). 

Altogether, these results suggested that tivantinib is effective in suppressing proliferation of 

SHH MB cells by inducing apoptotic death in both 2D and 3D culture models. This effect is 

particularly consistent in the TP53 mutant SHH-MB cells, DAOY and UW228, where a 

prominent accumulation of cells in sub-G1 (Figure 20A) was measured coupled with induction 

of caspase 3/7 activity in both 2D and 3D models (Figure 21A-B; Figure 22).  

Conversely, neither foretinib nor crizotinib treatments caused a consistent accumulation of 

cells in sub-G1 or a Caspase 3/7 activation, with foretinib inducing a major cell cycle arrest in 

G2/M and appearance of cells with polyploidy. 
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Figure 21: Activation of apoptosis upon treatment with tivantinib, foretinib and crizotinib 

DAOY (A), UW22 (B) and ONS76 (C) were treated with tivantinib, foretinib and crizotinib (0.5 and 1 
µM). After 24h, apoptotic activation was assessed by Caspase Glo luminescence assay. Results are 
presented as Mean±SD (n=2, each performed in technical replicates). Student’s t-test (p ≤ 0.05 = *, p 
≤ 0.01 = **, p ≤ 0.001=***) was performed to statistically compare treated samples vs untreated.   
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Figure 22: Caspase 3/7 activation in 3D DAOY spheroids treated with tivantinib 

DAOY spheroids were treated with tivantinib at 0.5 and 1 µM concentration for 24h. Apoptotic 
activation was assessed by adding CellEvent Caspase 3/7 detection reagent. Apoptotic cells are 
showed in green. Pictures were taken with Evos FL Auto 2 microscope (scale bar = 500 µm). 
Fluorescence intensity data are plotted as Mean±SD (n=3), and statistical analysis untreated vs treated 
was performed with Student’s t-test (p ≤ 0.05 = *, p ≤ 0.01 = **, p ≤ 0.001=***). 

4.7 Tivantinib affects long-term cell viability, colony formation and stemness 

in SHH cell lines 

Tivantinib is the most effective c-MET kinase inhibitor in suppressing cell proliferation of SHH 

MB cells when compared to other tested c-MET inhibitors. To further investigate its anti-

proliferative potential, we first assessed its ability to curtail MB cells viability when SHH MB 

cells were exposed to multiple doses of the drug. SHH MB were challenged for 9 days with 

linear dilutions of tivantinib, and drug was refreshed every three days. At the end point, 

staining with crystal violet was performed to assess cellular viability and results showed that 

multiple treatments with tivantinib affect cell proliferation of all SHH MB cells with 

preferential inhibition of DAOY cells (Figure 23A). Interestingly, multiple treatments with 

tivantinib increased the drug sensitivity of all SHH MB cells as measured by the reduction of 

the relative IC50 values for the long-term treatments (DAOY = 0.04 µM; UW228 = 0.19µM; 



 72 

ONS76 = 0.14µM) when compared to single dose 72h treatments (DAOY = 0.19µM; UW228 = 

0.36 µM; ONS76 = 0.36 µM) (Figure 23B; Table 6) 

 

 

Figure 23: Long-term tivantinib effects on SHH cell lines  

A) Representative crystal violet pictures of long-term treatment with tivantinib (n=3). DAOY, UW228 
and ONS76 were seeded in 96-well plate at low-density (150 cells/well) and treated with tivantinib at 
linear dilutions starting from 10 µM and with drug refreshed every three days for a total of nine days. 
At the end point, cells were stained with 0.5 % crystal violet. B) Crystal violet absorbance of each 
condition was then measured at 540 nm and results are plotted as Mean±SD (n=3). IC50 values were 
calculated on GraphPad 8 software and are indicated in the table.  
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In the last decades, many studies have suggested that a population of cells that display stem 

properties, so-called cancer stem-like cells (CSCs), can drive progression and relapse of 

numerous tumours (Chen et al., 2016). Stemness is one of the key features of 

medulloblastoma relapse and MB resistance to therapy (Casciati et al., 2020). Therefore, 

targeting medulloblastoma cancer stem cells (MBSCs) represents a promising option for MB 

patients (Huang et al., 2016). Thus, the ability of tivantinib to affect medulloblastoma 

stemness was evaluated in vitro by assessing colony formation ability and production of 

medullospheres.   

For colony formation ability, DAOY and ONS76 cell lines were treated with tivantinib for 24h 

and then seeded at low-density to evaluate the ability of single cells to grow into a colony 

after treatment. After 15 days of colony forming time, cells were stained with crystal violet 

and colony formation was assessed. In both cell lines, pre-treatment with tivantinib 

significantly impaired their ability to form colonies in a concentration-dependent manner 

when compared to untreated cells with the maximum effect at 1M (Figure 24 A-B). 

Concomitantly, we also assessed the ability of tivantinib to suppress the efficiency of 

medulloblastoma cells to form medullospheres. In this case, DAOY and ONS76 cell lines were 

treated with tivantinib 0.1, 0.5 and 1M concentrations for 24h; after treatment, single cells 

were seeded in low-attachment plate and 5 days late medullospheres were manually 

counted. Results showed that a single 24h pre-treatment with tivantinib caused a significant 

reduction of the ability of a single MB cell to behave like a CSC in a dose-dependent manner 

with the highest inhibitory effect at 1M (Figure 25 A-B).  

Taken together, these results suggested that tivantinib affects stemness properties in SHH 

MB cells and its use can support tumour eradication.  
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Figure 24: Tivantinib effects on colony formation ability in DAOY and ONS76 cells 

A-B) Representative graphs and pictures of colony formation assays on DAOY and ONS76 cells. Cells 
were treated with tivantinib at 0.1, 0.5 and 1µM for 24 h. After a day, cells were detached, counted 
and seeded at low-density (200 cells/well) in a 6-well plate. 15 days later, colonies were stained with 
Crystal Violet 0.5%. Graphs show absorbance of Crystal Violet as Mean±SD normalized to the 
untreated cells. Student’s t-test was performed to assess the significance (n=3). (p ≤ 0.05 = *, p ≤ 0.01 
= **, p ≤ 0.001=***) 
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Figure 25: Medullosphere formation upon tivantinib treatment in DAOY and ONS76 cells 

A-B) Representative graphs and pictures of DAOY and ONS76 medullospheres. Cells were treated with 
tivantinib at 0.1, 0.5 and 1µM for 24 h. After a day, cells were detached and counted. DAOY and ONS76 
were seeded in low-attachment 6-well plate as single cells (5000 cells/well density). After 5 days, 
spheres above 50µm were manually counted. Percentage of spheres formation were normalized to 
the untreated cells and plotted as Mean±SD. Student’s t-test was performed to assess the significance 
(p ≤ 0.05 = *, p ≤ 0.01 = **, p ≤ 0.001=***) (n=2, each performed in triplicates). 
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4.8 Heterogeneous post-mitotic cell fate response to c-MET inhibitors in SHH 

MB cells  

Our observations showed that c-MET kinase inhibitors can impair SHH-MB cell proliferation 

with tivantinib exerting the more robust anti-proliferative activity. Interestingly, whilst 

tivantinib was induce a strong apoptotic response, other c-MET kinase inhibitors such as 

foretinib and crizotinib, although able to manifest an anti-proliferative effect against SHH MB 

cell lines, stimulated a G2/M arrest and did not trigger an apoptotic response. To better 

delineate the differences in the pharmacological responses of SHH-MB cells to the anti-

proliferative activity of c-MET inhibitors, we challenged SHH-MB cells with tivantinib, foretinib 

and crizotinib and analysed the effects by high-throughput automated time-lapse light 

microscopy, investigating the cell fate profiles after treatment.  

We initially established two cellular models of SHH MB cells expressing a GFP tagged version 

of the human H2B histone. These cellular models were used to visualise the different mitotic 

cell fates induced by treatments with c-MET inhibitors through the evaluation of changes in 

the nucleus and in the cellular morphology of MB cells (Kanda et al., 1998). Representative 

pictures of cells expressing H2B-GFP were taken every 10 minutes upon treatments with 

tivantinib or foretinib and, as shown in Figure 26, following mitosis, SHH cells were able to 

undergo three different cellular fates: initiate anaphase and divide in two daughter cells; exit 

mitosis without completing the cytokinesis, a phenomenon known as mitotic slippage; 

undergo cell death, either during interphase or during mitosis.  
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Figure 26: Representative pictures of cell fate response visualized in H2B-GFB expressing DAOY 
and ONS76 

A-B-C) DAOY and ONS76 cells stably expressing H2B-GFP were either no treated (A) or treated with 
foretinib (B) and tivantinib (A) for 72h and subjected to time-lapse phase-contrast/fluorescence 
imaging to assess different cell fates. Cells were tracked until they entered in mitosis (round cells) and 
followed to assess difference in post-mitosis cell fates. Cells can initiate anaphase and divide (A), 
undergo mitotic slippage (B), undergo apoptotic death (C). Time (minutes) is indicated in white in the 
top-right corner.  
 

 

We then performed the cell fate analysis by automated using time-lapse microscopy in bright 

field and cell fate profiles were constructed by tracking 40 unsynchronised cells for 72h after 

treatment with tivantinib, foretinib and crizotinib.  

In the time frame chosen for the analysis, ~95% of untreated cells completed at least one full 

mitotic division and few events of death in mitosis or interphase were observed across all the 

three SHH cell lines (Figure 27A; Figure 28A; Supplementary 3). Interestingly, different SHH-

MB cells displayed differences in the profiles of the cell fate when treated with the same drug. 

The extent of this variations is illustrated by the behavior of SHH cells in response to 0.5M 

tivantinib. The majority of DAOY cells exhibited an extended mitosis (Figure 30), with 75% of 

them displaying a later death in mitosis (Figure 27 B-F). Similarly, the majority of UW228 died 

in mitosis after a prolonged arrest but 35% of cells exited mitosis and continued to cycle, 
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possibly due to the lower sensitivity of this cell line to tivantinib (Supplementary Figure 3). In 

stark contrast, all ONS76 cells exited mitosis after a prolonged arrest (Figure 30) and 

continued to cycle whilst only 10% of the cells died in mitosis (Figure 28 B-F). Once again, 

heterogeneity in the pharmacological response to the foretinib was also observed. DAOY cells 

displayed 52% of normal fates with multiple rounds of mitosis during the observation time; 

interestingly, 40% of the cells exhibited slippage with 22% of the cells entering again cell cycle 

and 18% dying in the following interphase or mitosis (Figure 27 C-G). Similarly, UW228 

showed 45% of the cells undergoing mitotic slippage with most of the cells entering the cell 

cycle again and showing a prolonged mitosis (Supplementary 3; Supplementary 4).  

However, ONS76 cells displayed dramatically different cell fate profiles when treated with 

foretinib with 92% of cells exited mitosis without completing cytokinesis. In addition, the 

majority of these cells entered again the cell cycle but, in the presence of the drug, continued 

to exit mitosis without dividing (Figure 28 C-G). To further address this, we performed light 

microscopy of DAOY and ONS76 cells treated with foretinib to measured variation in the 

cellular size; ONS76 cells showed an increase in cellular size with cells displaying an expanded 

cytoplasm and the presence of multinuclei structure related to the multiple rounds of slippage 

(Figure 29 A-B); in stark contrast, the majority of DAOY cells exhibited a round apoptotic 

appearance but we were able to still observe a small percentage of cells displaying an 

enhanced cell size (Figure 29 A-B), as expected from the number of DAOY cells that escaped 

cell death in mitosis or interphase after slippage (Figure 27 C-G). 

Finally, we also evaluated the cell fate responses of DAOY and ONS76 cell lines to crizotinib. 

48% of DAOY cells treated with crizotinib underwent two rounds of mitotic slippage; 

nonetheless, 40% of tracked cells died either in interphase or during mitosis after slippage 

(Figure 27 D-H).  As previously reported for the foretinib, also crizotinib caused mitotic 

slippage in more than 92% of ONS76 cells and only 5% of the cells died after slippage either 

in interphase or mitosis (Figure 28 D-H).  

It is well established that cell fates are dictated by the duration of the arrest in mitosis (Kops 

et al., 2005; Masuda et al., 2003; Rieder & Maiato, 2004; Tao et al., 2005). To this notion, we 

finally compared the mitotic period of cells treated with tivantinib, foretinib and crizotinib 

and their cellular fate (Figure 30). We observed that average mean mitotic time varied in 

response to different drugs, and we identified tivantinib as the drug able to induce the longest 
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mitotic arrest whilst foretinib and crizotinib having limited effects on mitotic delay. Overall, 

despite the presence of complex cellular fates with interline and intraline pharmacological 

heterogeneity to the c-MET inhibitors, these results confirmed the cytotoxic activity of 

tivantinib toward the TP53-mutant SHH MB cell lines and the cytostatic activity for both 

crizotinib and foretinib that, for the first time, were associated to the induction of mitotic 

slippage and the accumulation of polyploid cells.  
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Figure 27: Cell fate decisions upon c-MET inhibitors treatment in DAOY  

A-D) DAOY cells were either untreated (A) or treated with 0.5 µM of tivantinib (B) and foretinib (C) or 2.5µM of crizotinib (D) and incubated in the Cytation 3 
system (Biotek), at 37°C and 5% CO2 where pictures were taken every 15 min for 72 hours at 10X magnification. 40 cells per condition were analysed and each 
horizontal bar in the graphs (on the left) indicates duration of each phase for a single cell (n=40 cells per condition). E-H) Pie charts representing percentages 
of all the different cell fate profiles observed upon treatment with tivantinib (F), foretinib (G) and crizotinib (H) compared to the untreated cells (E) (n=2) 
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Figure 28: Cell fate profiles upon c-MET inhibitors treatment in ONS76 

A-D) ONS76 cells were either untreated (A) or treated with 0.5 µM of tivantinib (B) and foretinib (C) or 2.5µM of crizotinib (D) and incubated in the Cytation 
3 system (Biotek), at 37°C and 5% CO2 where pictures were taken every 15 min for 72 hours at 10X magnification. 40 cells per condition were analysed and 
each horizontal bar in the graphs (on the left) indicates duration of each phase for a single cell (n=40 cells per condition). E-H) Pie charts representing 
percentages of all the different cell fate profiles observed upon treatment with tivantinib (F), foretinib (G) and crizotinib (H) compared to the untreated cells 
(E) (n=2).
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Figure 29: DAOY and ONS76 cell sizes upon 120h treatment with foretinib 

A-B) DAOY and ONS76 cells were seeded in 96-well plates and treated with foretinib (1 M) for 48 and 
120h. Representative pictures of DAOY and ONS76 at 120h either untreated or treated with foretinib 

were taken at 10X magnification using light microscopy (scale bar = 275m). White arrows indicate 
cells with multinuclei.  Size of each cell was calculated by drawing a line through the diameter of cells 
using ImageJ software. B)  Plotted number of cells for each condition is indicated in the graphs.  Graphs 
were generated on GraphPad Prism 8 Software.  
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Figure 30: Mitosis time length upon tivantinib, foretinib and crizotinib treatment 

Duration of mitosis (in minutes) was quantified by time-lapse microscopy. Box plots were generated 
with GraphPad Prism 8 software by plotting time spent in mitosis (minutes) by single cells upon 

treatment with tivantinib (0.5M), foretinib (0.5M), and crizotinib (2.5M). Statistical comparison 
between the mitosis duration of untreated and treated cells was performed with Student’s t-test (p ≤ 
0.05 = *, p ≤ 0.01 = **, p ≤ 0.001=***).  
 

4.9 Tivantinib induces MCL-1 downregulation and PARP cleavage in DAOY cells  

It is well known that prolonged mitosis is the result of slow CCNB1 degradation that allows 

cells to “slip” not to “adapt” (Brito & Rieder, 2006); moreover, inhibition of caspase changes 

fate profiles denoting how the cellular fate is dictated by the balance between progression 

through mitosis driven by CCNB1 degradation and activation of apoptosis. To elucidate the 

molecular mechanism underlying the pharmacological heterogeneity of tivantinib, foretinib 

and crizotinib on SHH-MB cells, first western blot analyses were performed on protein 

extracts of DAOY and ONS76 cells treated for 24h with all drugs to investigate the balance 

between the apoptotic response and the progression through mitosis. To this aim, we 

assessed protein levels of:  Poly (ADP-ribose) polymerase-1 or PARP plays a role in DNA 

repairs, and it is cleaved during apoptosis (Bressenot et al., 2009); CCNB1, essential 

component of the mitotic engine whose degradation triggers mitotic exit (Brito & Rieder, 



 84 

2006); Myeloid cell leukemia protein (MCL1), an anti-apoptotic member of the BCL-2 family, 

whose modulation, either by degradation or overexpression, has been related to mitotic 

death and mitotic slippage respectively (Sloss et al., 2016). As shown in Figure 31A, PARP1 

cleavage was increase by 2.5-fold in DAOY cells after 24h treatment with tivantinib while no 

cleavage was detected when DAOY cells were treated with foretinib or crizotinib (Figure 31A). 

In parallel, whilst MCL-1 was downregulated in DAOY cells exclusively after treatment with 

tivantinib, reduction of Cyclin B1 levels was observed in DAOY treated with foretinib and 

crizotinib, suggesting that these drugs induce mitotic slippage in these cells followed by death 

in the next interphase or mitosis (Figure 31A). In stark contrast, ONS76 cells treated with 

tivantinib showed no cleavage of PARP1, no consistent downregulation of MCL-1 or alteration 

in the levels of CCNB1 (Figure 31B) as expected by the limited apoptotic response we have 

observed with Caspase 3/7 assays and their ability to cycle with extended mitosis (Figure 21C; 

Figure 30). Despite the observation of mitotic slippage in most of the ONS76 cells treated with 

foretinib and crizotinib, CCNB1 levels were increased in these cells tipping off the balance 

between cell death and mitotic progression, allowing these cells to resume cell cycle and 

generate polyploid phenotype.  

Altogether, these results confirmed that tivantinib specifically induces apoptotic death 

through the downregulation of MCL1 only in the TP53-mutant DAOY cells, which was also 

corroborate by western blot analysis of UW228 cells after treatment with tivantinib 

(Supplementary 5). Furthermore, treatment with tivantinib did not cause PARP cleavage or 

strong MCL-1 downregulation in ONS76 cells.  
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Figure 31: c-MET kinase inhibitors effects on PARP1, MCL-1 and Cyclin B1 expression 

A-B) Representative western blot for DAOY (A) and ONS76 (B) of two independent experiments (n=2). 

Cells were treated with tivantinib, foretinib and crizotinib (0.5 and 1 M) for 24h before protein 
extraction. Lysates (40 µg) were loaded in a poly-acrylamide gel and membranes were incubated with 
antibodies against each protein of interest. GAPDH was used as loading control and densitometric 
analysis was performed by normalizing each protein of interests with GAPDH. Proteins levels 
represented in the bar graphs are relative to the western presented and were generated on GraphPad 
Prism Software 8.  
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4.10 c-MET signalling in DAOY cells after treatment with crizotinib and 

tivantinib   

Although, tivantinib has been developed as highly selective non-ATP competitive MET 

inhibitor, several articles suggest that the drug exhibits its anti-proliferative activity through 

other targets such as microtubule polymerisation or alpha catenin (Xiang et al., 2015). Thus, 

we aimed to clarify whether the inhibition of c-MET kinase by tivantinib is directly responsible 

for the effects observed on the SHH-MB cell lines. To this aim, we first evaluated the ability 

of tivantinib to suppress HGF-dependent activation of c-MET signalling pathway in SHH-MB 

cells. Treatment with tivantinib halted the ligand-dependent auto-phosphorylation of c-MET 

kinase in DAOY cells (Figure 32A). As shown by the moderate reduction in the phosphorylation 

levels of AKT and ERK, activation of the downstream signalling pathways of c-MET kinase was 

limitedly impaired by the treatment with tivantinib. When DAOY cells were treated with 

crizotinib, c-MET signalling pathways was potently inhibited after the stimulation with HGF 

(Figure 32A). These data suggest that tivantinib has the capacity to mitigate HGF-dependent 

c-MET kinase activation but, due to the limited inhibition of the downstream pathways, its 

antiproliferative effect on SHH-MB cells may be linked to other pathways.  

To further explore the connection between c-MET kinase and the viability effects that we 

observed in SHH-MB cells, we performed a siRNA-mediated knockdown of c-MET in HGF-

stimulate DAOY cells and assessed the levels of MCL-1 and CCNB1 that were both modulated 

when SHH-MB cells were treated with c-MET inhibitors. Whether MCL-1 levels were induced 

upon HGF stimulation, c-MET knockdown mitigated this increase after 6h of ligand 

stimulation and caused a 50% reduction in its levels after 24h (Figure 32 B). Then, we 

evaluated changes in CCNB1. As expected by G1 arrested cells, serum starved DAOY cells 

showed an accumulation of CCNB1 when compared to cycling cells (Supplementary Figure 5). 

Concomitantly, knockdown of c-MET delayed early degradation of the CCNB1 but, after 24h 

of HGF stimulation, no differences were evident with the siRNA control (Figure 32B).  

Finally, to clarify whether knockdown of c-MET phenocopied the cell prolife caused by 

tivantinib or foretinib, we constructed by time-lapse microscopy the fate profile after c-MET 

knockdown in DAOY cells. This preliminary experiment showed that 25% of DAOY cells died 

in mitosis when c-MET kinase was knocked-down (Figure 33B). Conversely, death in 
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interphase affected the 22.5% of control cells compared to 12.5% of the cells dying in 

interphase with c-MET knockdown. A single event of mitotic slippage was observed in both 

samples (2.5%). Although time in mitosis was on average longer for c-MET knockdown 

compared to control (siMET= 50.83 mins vs siCTRL= 46.3 mins) (Figure 33C), no significance 

was reached. Altogether, these results revealed that MET knockdown mimics in part the 

cellular and biochemical effects observed by tivantinib thus other possible targets should be 

considered to fully describe its effects.  

 

Figure 32: c-MET kinase role in tivantinib-induced effects on DAOY cells 

A-B) Representative western blot images. A) DAOY were starved for 24h and then cells were either 

pre-treated 2 hours with crizotinib and tivantinib (1 M) and stimulated with HGF (10ng/ml) or 

stimulated with HGF alone. 40 g of lysates was loaded, and membranes were incubated with the 
indicated antibodies; GAPDH was used as loading control. Densitometric analysis was performed with 
ImageJ software and proteins levels of phosphorylated proteins were plotted as bar graphs on 
GraphPad Prism 8 Software (n=3). B) DAOY were transfected with siRNA against c-MET for 72h. After 
48h transfected cells were serum-starved for 24h and then stimulated with HGF for 6 and 24h before 

protein extraction. 40 g of protein lysates was loaded. Densitometric analyses are referred to the 
western presented in the figures. 
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Figure 33: Cell fate profiles upon c-MET kinase knockdown in DAOY 

A-C) DAOY cells were transfected with both scramble siRNA control (siCTRL) (A) and siRNA against c-
MET (siMET) (B) and incubated in the Cytation 3 system (Biotek), at 37°C and 5% CO2 where pictures 
were taken every 15 min for 72 h at 10X magnification. 40 cells per condition were analysed and each 
horizontal bar in the graphs (indicates duration of each phase for a single cell (n=40 cells per condition) 
(A-B). For each condition, percentages of each cell fates were calculated by dividing the number of 
cells that underwent a certain cell fate by the total number of cells analysed. Pie charts based on the 
different fates of the cells were generated with GraphPad 8 Software. C) Duration of mitosis (in 
minutes) was quantified by time-lapse microscopy. Box plots were generated with GraphPad Prism 8 
software by plotting time spent in mitosis (minutes) by single cells either transfected with siMET or 
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scramble control siRNAs. Statistical comparison between untreated and treated cells were performed 
with Student’s t-test (p ≤ 0.05 = *, p ≤ 0.01 = **, p ≤ 0.001=***, ns= non-significant).  
 

4.11 Tivantinib synergises with vincristine in the killing of DAOY cells  

First-line treatment of medulloblastoma comprises chemotherapeutic drugs, such as 

vincristine, a well-known antimitotic drug, that inhibits microtubule polymerization and 

causes block in mitosis (Jordan, 2002). Previous results in this study highlighted that tivantinib 

strongly induces mitotic death in DAOY cells and significant mitotic delay in ONS76 cells 

(Figure 27B; Figure 28B). Combined with the observation that tivantinib exerts anti-tumour 

effects via microtubule inhibition with a mechanism of action that seems to be different from 

the classical anti-mitotic drugs (Katayama et al., 2013; Xiang et al., 2015), we decided to assess 

the ability of tivantinib to enhance the cytotoxic effects of vincristine.  

To this aim, combination treatments of vincristine and tivantinib were performed on DAOY 

and ONS76 cell lines by using linear dilutions of vincristine coupled with five concentrations 

of tivantinib spanning the IC50 of the drug on the two cell lines. Cells were treated with the 

drug combination for 72h and then subjected to MTT proliferation assay to compare the % of 

viability to single drug treatments (Figure 34 A-C). Combined treatments of 

vincristine/tivantinib significantly inhibited the growth of both SHH-MB cell lines compared 

to single treatments. Analysis of the IC50 values for the combinatorial strategy in DAOY cells 

demonstrated superior efficacy when tivantinib was added to vincristine at concentration 

lower that 0.6µM (Figure 34 A-C). Consistently, ONS76 cells showed benefits from the 

combination vincristine/tivantinib but only when tivantinib was used at concentration of 0.01 

and 0.04µM.  

Combination Index (CI) were calculated by using the Chou-Talalay matrix (CI=1 indicates 

additive effect, CI < 1 indicates synergism and C > 1 antagonism) (Chou, 2010), and used to 

assess the synergistic interaction of the two drugs. Analysis of the combination indexes 

confirmed that the addition of tivantinib chemosensitised SHH-MB cells to vincristine with 

ONS76 cells showing the highest degree of synergy for low concentration of vincristine and 

tivantinib (Figure 34 B-D). To further confirm these results, we decided to assess the apoptotic 

activation after drug combination by measuring the activation of PARP1. DAOY and ONS76 
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cells were treated with the combination of tivantinib and vincristine for 24h and then PARP1 

cleavage was assessed by western blots. Consistently with previous results, DAOY cells 

showed a robust induction of PARP1 cleavage when compared to single drug treatments 

(Figure 35A). Unfortunately, minimal or irrelevant induction of PARP cleavage was observed 

when TP53 wild-type ONS76 cells were treated with combinations of vincristine and tivantinib 

(Figure 35B). This suggested that the combination tivantinib/vincristine, although promoting 

a potent anti-proliferative effect possibly related to an extended time in mitosis, will be 

unable to activate the apoptotic programme and contribute to the eradication of this specific 

cell type of MB.  

 

 

 

Figure 34: Synergistic effects of tivantinib and vincristine on DAOY and ONS76 cell proliferation 

A) DAOY and ONS76 cells were treated with Vincristine and/or Tivantinib at increasing concentrations 
of vincristine (Fold dilution 1:10- starting from 1 µM) and with fixed concentration of tivantinib (0.01-
0.04-0.6-2.5 µM) for 72h. Cell viability was assessed using MTT assay and absorbance data were 
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normalized to the untreated cells. Graphs represent Mean±SD (n=3) and were plotted with GraphPad 
8.0 software B) Combination index values were calculated with Compusyn software (CI=1 additive 
effect; CI < 1 synergism; C > 1 antagonism) and representative CI values are presented as heatmaps 
generated with R software.  

 

The synergistic effects of combinatorial treatment vincristine/tivantinib was further 

investigated in the 3-D culture system with DAOY cells. The chemotherapeutic regimen was 

similar to the one we used for the PARP1 cleavage assay, but spheroids were treated for 9 

days, and drugs refreshed every 3 days. Combination index analysis was used again to 

establish whether the two drugs acted synergistically to impair spheroids growth. As shown 

in Figure 36A, measurements of the spheroid volumes confirmed the enhanced activity of 

tivantinib and vincristine in suppressing the proliferation of DAOY cells after combined 

treatments, compared to single agent treatments. The lowest CI value (CI = 0.04), indicating 

the highest synergistic effect was observed when spheroids were treated at concentration of 

0.01µM for both vincristine and tivantinib (Figure 36B).  

Concomitantly, we also tested the induction of apoptotic programme by measuring the 

caspase 3/7 activation after 24h of combinatorial treatment with tivantinib and vincristine 

(0.01M VCR + 0.01M TIVA). In this pilot experiment, results of fluorescence intensity 

analysis showed that caspase 3/7 enzyme was activated with vincristine treatment alone 

(0.01M) but not with tivantinib (0.01M). However, we found that fluorescence signal was 

enhanced when spheroids were treated with both drugs compared to both untreated and 

single agents (Figure 37).  
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Figure 35: PARP1 cleavage upon combination treatment with vincristine and tivantinib 

A-B) DAOY (A) and ONS76 (B) representative western blot images. PARP analysis after vincristine and 
tivantinib combination treatment DAOY and ONS76 were treated for 24h with vincristine (VCR) and 
tivantinib (TIVA) as single agents and with drug combination. Two concentrations were chosen for 
vincristine (0.01 and 0.00001µM) and three for tivantinib (2.5-0.6-0.01µM). After protein extractions, 
40 µg of each sample were loaded, and western blot was performed. GAPDH was used as loading 
control. Densitometric analysis is provided on the left and it is referred to the images presented (n=3). 

 

Overall, we observed that vincristine and tivantinib exhibited a synergistic potential in killing 

DAOY cells, as suggested by combination index values in both 2D and 3D cultures and 

assessment of levels of PARP1 cleavage, which infers that the dual treatment could be a 

beneficial approach for MB treatment.  In contrast, although treatment of ONS76 cells 

showed synergistic effects in impairing cell viability upon 72h treatment with combination of 

vincristine and tivantinib, 24h treatment with both drugs did not cause any significant 

cleavage in PARP1, likely due the possibility that these cells are delayed in mitosis and not 

dying with the same extent as DAOY cells, as suggested by cell fate analysis (Figure 28B).  
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Figure 36: Combination treatment with vincristine and tivantinib on DAOY 3D spheroids 

A-B) 5 days after seeding, DAOY 3D spheroids were treated with either vincristine (0.01 and 

0.00001M) and tivantinib (2.5, 0.6, 0.01M) alone or with combinatorial treatments using the two 
drugs. Treatments were replaced every 3 days for a total of 9 days. Pictures were taken at the end 
point (9 days) with Evos Auto 2 microscope (scale bar = 275µm) (n=2, each done in triplicates) C) CI 
values were calculated with Compusyn software (CI=1 additive effect; CI < 1 synergism; C > 1 
antagonism) and representative CI values were plotted as bar graph on GraphPad 8 software.  
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Figure 37: Caspase 3/7 activation in DAOY spheroids treated with vincristine and tivantinib 
combination 

DAOY spheroids were treated with vincristine and tivantinib alone at 0.01 µM concentration for 24h. 
Apoptotic activation was assessed by adding CellEvent Caspase 3/7 detection reagent. Apoptotic cells 
in the spheroids are showed in green. Pictures were taken with Evos FL Auto 2 microscope (scale bar 
= 650 µm). Fluorescence intensity data are plotted as Mean±SD of two technical replicates. 
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4.12 Targeting BCL-2 family induces death in foretinib-treated cells  

When cancer exhibit a prolonged arrest in mitosis, due for example to anti-mitotic drugs, they 

can either died in mitosis or undergo slippage (Ghelli Luserna Di Rorà et al., 2019). This 

decision is dictated by a balance between two contrasting signalling networks: one gradually 

activating an apoptotic signal that, regulated mainly by the BCL-2 family proteins, coordinates 

the death of the cancer cells; the other which is controlled by the degradation of CCNB1 and 

may pushes cancer cells into slippage (Brito & Rieder, 2006). Following slippage, a cancer cell 

can generally arrest in the next interphase, go into senescence or die; but if the cell resumes 

the cell cycle, then chromosomal instability can be fuelled, inducing tumour progression and 

resistance to therapy (Brito & Rieder, 2006; Sinha et al., 2019; Sloss et al., 2016). The 

observation that foretinib or crizotinib induce slippage when used against DAOY or ONS76 

(Figure 27 C; Figure 28 C) cells supported the idea that initial balance in these treated cells is 

tilted toward a pro-survival fate, allowing slow degradation of CCNB1 and induction of 

slippage (Topham & Taylor, 2013). To redirect the balance toward cell death, we decided to 

reinforce the apoptotic trigger by using BCL2-related inhibitors in combination with these 

classical c-MET inhibitors.  

To this aim, we decided to test the efficacy of maritoclax (MCL-1) inhibitor and navitoclax 

(broad BCL-2 family protein inhibitor) either in combinatorial or sequential treatments with 

foretinib in both DAOY and ONS76 cell lines. DAOY and ONS76 cells were initially challenged 

with linear dilution of foretinib combined with either navitoclax or maritoclax at four different 

concentrations (0.01-0.1-1-10M) (Figure 38 A-H) spanning the IC50 previously calculated  

(Buzzetti et al., 2021). MTT assays were performed 72h after treatment to assess cell viability; 

we observed that combinations between foretinib and navitoclax or maritoclax were 

synergistic in both cell lines but at concentrations of both drugs too high to be clinically 

relevant. Combination index analysis confirmed the synergistic effects between foretinib and 

navitoclax or maritoclax at the concentration of 10M for both cell lines. Generally lower 

concentration of foretinib together with low concentrations of navitoclax and maritoclax, 

showed the least synergistic effects in both cell lines with major extent in ONS76 cells (Figure 

37 C-D, D-H). 
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Figure 38: BH3-mimetics in combination with foretinib in ONS76 and DAOY cells 

A-H) ONS76 (E-F) and DAOY (G-H) cells were treated with foretinib and/or navitoclax or maritoclax at 
increasing concentrations of foretinib (Fold dilution 1:2.5; starting from 1 µM) and with fixed 
concentration of maritoclax or navitoclax (0.01-0.1-1-10µM) for 72h. Cell viability was assessed using 
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MTT assay and absorbance data were normalized to the untreated cells. Graphs were plotted with 
GraphPad 8.0 software are represented as Mean±SD (n=3) B) Representative CI values were calculated 
with Compusyn software (CI=1 additive effect; CI < 1 synergism; C > 1 antagonism) and are shown as 
heatmap generated on R software. 

 

Next, we aimed to investigate whether navitoclax and maritoclax can induce cell death in 

DAOY and ONS76 after mitotic slippage caused by pre-treatment with foretinib.  

To this aim, DAOY and ONS76 cells were treated for 72h with foretinib and, after assessing 

formation of multinucleated cells by light microscopy as shown in Figure 29, treatments with 

maritoclax and navitoclax were performed to investigate whether mitotic ‘slipped’ cells were 

more sensitive to the inhibition of anti-apoptotic proteins. Results showed that navitoclax 

was the most effective drug in impairing viability of ONS76 cells previously treated with 

foretinib when compared to navitoclax or foretinib as single agents (Figure 39A). Even though 

DAOY cells were already sensitive to foretinib, sequential treatment with navitoclax further 

impaired cell viability (Figure 39B). In contrast, while mono-treatment with maritoclax 

affected cell viability in both DAOY and ONS76 cells, we did not observe any significant 

enhanced effects when the drug was used in a sequential treatment with foretinib. Moreover, 

single agent treatment with navitoclax did not show any anti-proliferative activity against 

both cell lines (Figure 39 A-B). Crystal violet staining of ONS76 cells showed the efficacy of 

navitoclax in a sequential treatment with foretinib pre-treated cells when compared to both 

foretinib and navitoclax effects as single agents (Figure 39C). To further assess the ability of 

navitoclax in causing cell death, PARP analysis was performed by western blot (Figure 40). To 

this aim, DAOY and ONS76 were treated with foretinib (1 M) for 48h and then navitoclax (2 

M) was added for 24h. Cells treated only with foretinib were used as comparison. As shown 

in Figure 40, levels of cleaved PARP/proPARP1 ratio increased in both cell lines after navitoclax 

treatment compared to untreated and foretinib treated cells. 
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Figure 39: Anti-proliferative effects of BCL-2 family inhibitors on foretinib-treated DAOY and 
ONS76 

A) ONS76 cells were subjected for 48h and 120h with foretinib treatment (1 M), p DAOY (A) and 

ONS76 (B) cells were firstly treated with foretinib (1 M) for 72h. After, foretinib pre-treated cells 

were subjected to 72h treatment with navitoclax and maritoclax (2 M). Drug withdrawal, second 
treatment with foretinib and treatment with navitoclax and maritoclax as single agents were 
performed as controls together with the untreated cells. MTT results are showed as Mean±SD (n=3). 
Statistical analysis was performed with Student’s t-test (p ≤ 0.05 = *, p ≤ 0.01 = **, p ≤ 0.001 = ***) 
between foretinib 72h treatment and navitoclax and maritoclax treatments following foretinib 
treatment. C) Representative pictures of Crystal Violet staining on ONS76 treated with foretinib (72 

and 144h), navitoclax and maritoclax (2M) as single agents, and sequential treatment after foretinib 
with both BH3-mimetics. 
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Figure 40: PARP cleavage upon treatment with navitoclax in DAOY and ONS76 pre-treated with 
foretinib 

Representative western blot images for DAOY and ONS76 treated with foretinib (48h) plus navitoclax 
(24h) to assess PARP cleavage. After 48h of foretinib treatment navitoclax was added (2µM) and 
proteins were extracted to perform western blot analysis. 40 µg of proteins were loaded for all the 
samples and GAPDH was used as loading control. Densitometric analysis show the ratio between 
cleaved PARP1 and pro-PARP1 
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4.13 Enhanced MET signalling in vincristine-resistant MB cells  

Chemotherapy belongs to the standard care regimen for patients diagnosed with 

medulloblastoma; however, tumour recurrence in infant patients (< 3 years old), where 

chemotherapy represents the main strategy, is worryingly frequent and often associated with 

drug-resistance and limited efficacy of this therapeutic strategy (Othman et al., 2014). Thus, 

identifying new mechanisms underlying drug resistance in recurrent medulloblastoma is 

crucial.  It has been well established that overexpression of c-MET receptor is related to the 

development of resistance mechanisms to small-molecule targeted strategies, such as 

inhibitors of EGFR (Engelman et al., 2007). Nonetheless, numerous studies suggested that SF-

HGF/c-MET kinase pathway activation plays a role in resistance to chemotherapy in cancer 

cells mainly through inhibition of apoptosis, stimulation of cell proliferation and maintenance 

stemness properties in CSCs (Delitto et al., 2014; Wood et al., 2021). As mentioned in the first 

chapter, c-MET pathway activates downstream proteins such as ERK and AKT which promote 

cell survival and proliferation. In chemo resistant cells, activation of c-MET causes increase in 

cell viability by inhibiting pro-apoptotic proteins, mainly regulated by AKT activation, and 

enhanced cell proliferation by ERK activation and mitogen signals (Wood et al., 2021). 

Overexpression of MET and enhanced c-MET signalling pathway was observed in 

concomitance with cisplatin resistance in both ovarian and osteosarcoma cancer cells; 

moreover, use of c-MET inhibitors reversed cisplatin resistance and enhanced apoptotic 

response in resistant cells through inhibition of PIK3/AKT signalling  (Li et al., 2016; Wang et 

al., 2012).    

To this regard, here c-MET kinase pathway activation was investigated in vincristine (VCR) 

resistant DAOY cells (previously generated in the laboratory) in comparison with DAOY 

parental cells. Western blot analysis was performed upon HGF stimulation and pre-treatment 

with crizotinib. As shown in Figure 41, c-MET kinase signalling resulted more activated in 

response to HGF stimulation in vincristine resistant cells compared to the parental cells. 

However, crizotinib was effective in decreasing phosphorylation in both cell types.  
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Figure 41: c-MET kinase pathway activation in vincristine resistant DAOY 

Vincristine-resistant DAOY and parental DAOY were subjected to western blot analysis. Cells were 
starved for 24h before performing pre-treatment with 1µM crizotinib (2h) and stimulation with 
10ng/ml HGF (30mins). Protein lysates were loaded on polyacrylamide gel (40µg for each sample) and 
membranes were incubated with the indicated antibodies. Vinculin was used as loading control and 
densitometric analysis is referred to the western presented in the figure.    
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Due to the increased level of c-MET signalling pathway, we decided to subject vincristine 

resistant DAOY cells with tivantinib, foretinib and crizotinib treatments for 72h to assess 

whether development of resistance to vincristine sensibilize cells to c-MET inhibitors. Firstly, 

treatment with vincristine was performed to confirm the resistance to the drug. As shown in 

Figure 42A, DAOY vincristine-resistant cells showed an IC50 value 10-fold higher compared to 

the parental cells, confirming the acquisition of the chemoresistance phenotype to the 

vincristine. Although, IC50 values showed that treatments with crizotinib and foretinib (Figure 

42 C-D) were significantly less effective (Figure 42 E) in vincristine resistant cells compared to 

parental cells, treatments with tivantinib were still effective in suppressing the efficacy of 

vincristine resistant cells when compared to parental cells (Figure 42B). Altogether, these 

results suggested that c-MET signalling may be implicated in the mechanism of resistance of 

MB cells to the anti-mitotic drugs such as vincristine. The unexpected decrease in the 

sensitivity to foretinib and crizotinib of vincristine resistant cells highlighted the possibility 

that these two c-MET inhibitors share a similar mechanism of action with vincristine in altering 

the mitotic progression of cancer cells (Gortany et al., 2021; Megiorni et al., 2015). Therefore, 

it will be highly unreasonable to use these drugs in therapy for MB patients that have been 

already treated with vincristine. In contrast, since tivantinib is an atypical c-MET inhibitor and 

it was observed to exert an anti-mitotic effect through the inhibition of the microtubule 

polymerisation by binding the colchicine binding site without affecting the vincristine binding 

to the tubulin (Katayama et al., 2013), we may hypothesise that tivantinib can be a viable 

option as second line therapy for recurrent MB patients.    
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Figure 42: c-MET kinase inhibitors effects on DAOY vincristine resistant 

A-D) Vincristine resistant DAOY and parental DAOY were treated for 72h with vincristine (A), tivantinib 

(B), foretinib (C) and crizotinib (D) at scalar concentration starting from 10 M for MET inhibitors and 

1 M for vincristine (Fold dilution 1:10). MTT assay was performed to determine cell viability. Data are 
shown as Mean±SD (n=3) E) IC50 values were calculated with GraphPad 8 software and are shown as 
Mean±SD of three independent replicates. Statistical comparison between parental and vincristine 
resistant was performed by Student’s t-test (p ≤ 0.05 = *, p ≤ 0.01 = **, p ≤ 0.001=***, ns= non-
significant) on three independent experiments.  
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4.14 Tivantinib and mTOR inhibitors synergistically affect DAOY proliferation 

The PI3K/AKT/mTOR pathway is a intracellular signalling which plays a fundamental role in 

cellular growth, proliferation and metabolism (Zou et al., 2020) and its genetic and epigenetic 

alterations are strictly associated with tumours initiation and progression, including 

medulloblastoma (Dimitrova & Arcaro, 2015). For this reason, inhibition of PI3K/AKT/mTOR 

signalling pathway has been thoroughly evaluated in MB context; for instance, inhibition of 

PI3K with the inhibitor LY294002 strongly induced apoptotic response in medulloblastoma 

cell lines and more importantly, this inhibitor showed even more promising effects when used 

to treat medulloblastoma CD133+ cancer stem cells (Frasson et al., 2015), suggesting its 

promising role as therapeutic target in recurrent medulloblastomas.  

Furthermore, mTOR inhibitors showed promising effects when used in combination with the 

BET protein bromodomain inhibitor JQ1 in medulloblastoma cell lines (Chaturvedi et al., 

2020). Recent observations by Wu et al. (2019) have shown that tivantinib can inhibit 

glioblastoma cell proliferation through block of the PI3K/AKT/mTOR pathway (Wu et al., 

2019). 

Therefore, here we aimed to investigate the efficacy of tivantinib to suppress cell SHH MB cell 

proliferation when subjected to combinatorial regimen with dual ATP-competitive PI3K and 

mTOR inhibitor BEZ235 or the FDA approved mTOR inhibitor everolimus. Initially, we 

challenged DAOY cells for 72h treatments with linear dilutions of the two inhibitors and we 

observed that DAOY cells were highly sensitive to nanomolar concentrations of the dual 

inhibitor BEZ235 (Figure 43A) whilst 25µM concentration of everolimus were needed to reach 

the 50% inhibitory effects (IC50) (Figure 43B). Next, DAOY cells were treated with tivantinib in 

combination with BEZ235 at three different concentrations (0.003-0.03-0.3µM) or everolimus 

(2-20µM). MTT proliferation assays showed that combinatorial treatment with both BEZ235 

and everolimus drugs caused a significant decrease in cell proliferation compared to tivantinib 

alone (Figure 43C-D).  

Combination index value analysis suggested that drugs potentially act in synergy to cause anti-

proliferative effects (Figure 43E-F). CI values < 1 were mainly observed at 0.6 and 2.5µM of 

tivantinib in combination with all the three concentrations tested for BEZ235.  Generally, 



 105 

DAOY cells resulted more sensitive to combination treatments with tivantinib and everolimus 

compared to BEZ235, as suggested by lower CI values (Figure 43F).  

Next, DAOY 3-D spheroids model were generated again to test the ability of these 

combinations to hamper spheroids cell growth. To this aim, we chose 2.5 and 0.6 µM 

concentration of tivantinib for treating spheroids in combination with either BEZ235 (0.03µM) 

or everolimus (20µM) over a period of 9 days. We showed that spheroids growth was strongly 

impaired when they were treated with both BEZ235 and everolimus, but we did not observe 

evidence of structure dissociation when spheroids were treated with mTOR inhibitors as a 

single agent. Treatment with tivantinib was confirmed again to be effective in inhibiting 

spheroids growth as well as in disrupting their structures (Figure 44A). When DAOY 3-D 

spheroids were treated with the combination of BEZ235 and tivantinib, no significant 

advantages in impairing spheroids growth were not evident when compared to tivantinib 

alone (Figure 44B-C). Interestingly, everolimus in combination with tivantinib 0.6µM showed 

to be slightly but significantly more effective in inhibiting spheroids growth compared to 

single agents. Overall, we observed that both BEZ235 and everolimus elicit anti-proliferative 

effects in DAOY cells which resulted importantly more sensitive to the dual inhibition of 

PI3K/AKT/ mTOR when compared to the mTOR inhibitor everolimus. Combination treatment 

with either BEZ234 and everolimus and tivantinib have synergistically effects on DAOY cells 

proliferation; however, when 3D spheroid models were challenged with similar regimen no 

significant effects were observed, likely due the need to use higher concentration to elicit an 

effect in such a complex structure.  
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Figure 43: Tivantinib and BEZ235 synergistic effects on DAOY cell proliferation 

A-B) DAOY cells were treated with tivantinib alone at increasing concentrations (Fold dilution 1:4 - 
starting from 10 µM) and with fixed concentration of BEZ235 (0.003-0.03-0.3 µM) (A) and Everolimus 
(2-20 µM) (B) for 72h. Cell viability was assessed using MTT assay and absorbance data were 
normalized to the untreated cells. Graphs were plotted with GraphPad 8.0 software. Data are 
represented as Mean±SD (n=3). B-D) CI values were calculated with Compusyn software (CI=1 additive 
effect; CI < 1 synergism; C > 1 antagonism) and were plotted as heatmaps generated with R software. 
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Figure 44: Effects of dual combination with mTOR inhibitors and tivantinib in 3D spheroids 

A-B) 5 days after seeding, DAOY 3D spheroids were treated with tivantinib (0.6 and 2.5M) with either 

BEZ235 (0.03M) or everolimus (20M) alone (A) or with combinatorial treatments using the two 
drugs (B). Treatments were replaced every 3 days for a total of 9 days. Pictures were taken at the end 
point (9 days) with Evos Auto 2 microscope (scale bar = 275µm) C) Volume of each spheroid was 
calculated at the end point and results were normalized to time 0 spheroids to determine the growth 
over time. Student’s t-test (p ≤ 0.05 = *, p ≤ 0.01 = **, p ≤ 0.001=***) was performed to statistically 
compared volume at time 0 vs volume at 3, 6, and 9 days for each treatment (n=2, each done in 
quadruplicates). 
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CHAPTER 5: Discussion  
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5.1 General discussion 

Targeting SF-HGF/c-MET signalling pathway has been shown as a valid therapeutic approach 

for treating numerous cancers, including MB (Y. Li et al., 2005; Tong et al., 2004). 

Medulloblastoma is one of the most common brain tumours during childhood, and it accounts 

for almost 20% of all the diagnosed paediatric brain tumours (Millard & De Braganca, 2016). 

Due to MB peculiar and high heterogeneity, in the post-genomic era, MB has been widely 

studied and dissected; to date MB is classified in four distinct subgroups based on different 

molecular signatures (WNT, SHH, Group 3 and Group 4) (Louis et al., 2021; Taylor et al., 2012). 

Many genes have been correlated with the pathogenesis of different MB subgroups and 

among those, the SF-HGF/c-MET pathway was found to play a role in the SHH-MB progression 

and dissemination (Binning et al., 2008; Y. Li et al., 2005; Provencal et al., 2010). Relying on 

these findings, inhibitors of c-MET kinase were tested both in vitro and in vivo MB models, 

providing promising insights into their potential use for treatment of medulloblastoma 

(Guessous et al., 2010; Kongkham et al., 2010). Interestingly, a phase 1 study is now recruiting 

patients with recurrent MB to test the efficacy of the highly selective c-MET inhibitor 

savolinitib as monotherapy.  

Here, we initially interrogated the latest transcriptional study performed on 763 MB primary 

tumour samples (Cavalli et al., 2017) and we confirmed that, as previously shown by other 

groups (Faria et al., 2015; Onvani et al., 2012), c-MET kinase is highly expressed in SHH MB 

compared to the other subgroups (Figure 9B); moreover, Cavalli et al. provided an additional 

classification for MB subgroups in different subtypes within subgroups, which are correlated 

to different prognoses and outcomes (Cavalli et al., 2017). Among the subtypes, SHH-, which 

harbours genomic aberrations associated with poor survival, such as TP53 or MYCN 

mutations, showed the highest expression of c-MET kinase compared to the other subtypes 

(Figure 9C). Although, our analysis of MB patients’ survival in correlation with c-MET 

expression did not reveal a significant difference in overall survival between high-MET and 

low-MET patients across the cohort, it is crucial to consider that biomarkers of c-MET activity, 

such as phosphorylation of the kinase, were not evaluated in this instance. Study of 

phosphorylation status of c-MET kinase represent an essential proof to establish activation of 

the c-MET in tumour samples and lack of its evaluation, as biomarker for patient stratification 
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and recruitment, has been often correlated with failures of clinical trials that aimed to 

evaluate c-MET inhibitors (Hughes & Siemann, 2019). 

The high expression of MET gene in SHH MB primary tumours, together with the evidence 

already found in the literature regarding its role in MB, provided the basis for exploring the 

effects of a panel of seven different commercially available c-MET kinase inhibitors, both 

selective and non-selective for the c-MET receptor, in in vitro SHH MB cell lines. Since the 

extreme heterogeneity, within subgroups and subtypes,  of MB is the hardest challenge when 

it comes to decide the most proper treatment for patients, we aimed to provide most of  the 

results on SHH MB cell lines representative of both SHH-TP53 mutated (DAOY and UW228) 

and SHH-TP53 wildtype (ONS76) (Ivanov et al., 2016).  

Firstly, in line with previous studies (Faria et al., 2015; Li et al., 2008; Santhana Kumar et al., 

2015), we observed that c-MET kinase was activated by receptor autophosphorylation 

(Tyr1234/1235) in our SHH cell lines in response to HGF stimulation (Figure 12).  Moreover, 

we observed that proliferation of the TP53-mutated DAOY significantly increased after 24 

hours of HGF (10ng/ml) (Figure 13) stimulation and that DAOY cells proliferation was affected 

by MET knockdown (Figure 14), suggesting that inhibition of the kinase influences MB cells 

growth.  

When we challenged SHH MB cell lines for 72 h with c-MET kinase inhibitors, we observed 

that the highly selective non-ATP competitive c-MET inhibitor tivantinib showed the highest 

efficacy across the three SHH MB cell lines, being the most effective in hampering cell 

proliferation in these cells. Foretinib (non-selective ATP competitive) and crizotinib (non-

selective ATP competitive) ranked, respectively, as second and third most effective drugs 

among the ones tested (Figure 15D), consistently with previous studies (Endersby et al., 2021; 

Faria et al., 2015; Zomerman et al., 2015). Outperformance by tivantinib when compared to 

foretinib and crizotinib was confirmed also in DAOY 3-D cultures, used to mimic as close as 

possible the tumour geometry, suggesting the ability of tivantinib to elicit its effects in more 

complex structures compared to 2D cultures.  

Based on our viability assays, we decided to mainly use two different concentrations of the 

different drugs (0.5 and 1M) based on the different time-point on which the following assays 

were performed. For instance, we showed, through cell cycle analysis by flow cytometry, that 
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24 hours treatment with tivantinib significantly caused accumulation in Sub-G1 in SHH cell 

lines, with major extent in the SHH-TP53 mutated DAOY cells (Figure 20 A-B) compared to 

TP53 wild-type ONS76, while the SHH-TP53 mutated UW228 cells showed to be arrested in 

G2/M phase but still a 20% of gated cells were accumulated in Sub-G1 (Figure 20 C). However, 

analyses of caspase 3/7 activation in both 2D and 3D cultures, confirmed the strong apoptotic 

response upon tivantinib treatment in DAOY (Figure 20A; Figure 21) and UW228 cells (Figure 

20B) while no significant activation was observed in the ONS76 upon tivantinib treatment 

(Figure 20C).  

In contrast, we showed that treatment with foretinib caused a significantly major G2/M arrest 

(Figure 19A-C) in our SHH cell lines which has not been previously described in MB cells (Faria 

et al., 2015). On the other hand, cells treated with crizotinib did not show any major change 

in terms of cell cycle distribution, likely due to the need of using higher concentrations of this 

drug when treating SHH MB cell lines, as suggested by the IC50 values (Table 6). Moreover, no 

prominent apoptotic activation was observed across SHH MB cell lines after 24h of foretinib 

and crizotinib treatments when compared to tivantinib. Interestingly, ability of the foretinib 

to induce G2/M arrest and apoptotic death was recently shown, and associated with c-MET 

inhibition, in glioblastoma cells; however, to observe significant cell death in glioblastoma 

cells, very high concentrations of foretinib were needed (10 and 20M) (Gortany et al., 2021).  

Next, cell fates analysis provided more detailed information on the inhibitory mechanism of 

tivantinib, foretinib and crizotinib. We observed that tivantinib largely caused mitotic cell 

death in TP53-mutated DAOY cells (Figure 27 B-F), as suggested by cell cycle analysis and 

apoptotic assays; cell fate profiles analysed after tivantinib treatment in UW228 confirmed 

its ability of causing death during mitosis (Supplementary 3). Furthermore, western blot 

analyses showed that tivantinib induces mitotic cell death in DAOY and UW228 cells (Figure 

26B; Supplementary 3) through down-regulation of MCL-1 (Figure 30A; Supplementary 5), as 

previously shown in different cancer cell lines (Lu et al., 2015), implying that mitochondrial 

apoptotic pathway is triggered in these cells.   

In contrast, effects of tivantinib on ONS76 cells resulted in a major mitotic delay (Figure 27 B-

F; Figure 29) with no downregulation of MCL-1 observed after treatment with tivantinib in 

this cell line. We then speculated that the higher sensitivity to the drug can be correlated to 

the loss of p53 protein. Nonetheless, further experiments are required to clarify this point. 
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However, long-term effects with 9 days tivantinib treatment revealed that all the three SHH 

MB cell lines, including ONS76 cells, became more sensitive to the drug’s effects, suggesting 

that ONS76 may only require longer treatment to be strongly affected by tivantinib. 

Moreover, our results also confirmed that 24 hours treatments with tivantinib is significantly 

able to affect colony forming ability and formation of DAOY and ONS76-derived 

medullospheres, which suggests tivantinib’s ability to also affect the cancer stem cells 

population, which are often responsible for medulloblastoma recurrence and drug resistance 

(Singh et al., 2003).  

Surprisingly, cell fate profiles analyses after treatment with foretinib showed that this drug 

mainly caused mitotic slippage and failure of cytokinesis in our in vitro SHH-MB models. 

Mitotic slippage is a well-known cause of chromosomal instability that may lead to drug 

resistance and cell survival (Ghelli Luserna Di Rorà et al., 2019; Huang et al., 2019). Moreover, 

similarly to foretinib, also treatment with crizotinib in DAOY and ONS76 cells induced mitotic 

slippage, suggesting that these two c-MET inhibitors may have similar mechanism of action in 

SHH MB cells. However, foretinib and crizotinib effects resulted to be again cell line-

dependent; while a fraction of mitotic ‘slipped’ DAOY and UW228 cells died either in mitosis 

or in interphase, ONS76 cells treated with foretinib and crizotinib continued to undergo 

events of mitotic slippage over the 72 hours. At molecular level, compared to tivantinib, 24h 

treatment with foretinib and crizotinib were not able to induce either cleavage of PARP1 or 

MCL-1 down-regulation in both cell lines, suggesting that apoptotic pathway was not 

activated with these treatments, as also corroborated by Caspase 3/7 detection.  

Moreover, we observed that levels of Cyclin B1 were decreasing in DAOY cells after foretinib 

and crizotinib treatment. This is in line with the idea that CNNB1 degradation is responsible 

for premature mitotic exit and slippage (Sloss et al., 2016). Nonetheless, Cyclin B1 levels 

increased in response to foretinib and crizotinib in ONS76 cells; we then hypothesize that such 

an effect is due to the tendency of this cells to re-start the cell cycle after the mitotic slippage, 

which it may require higher levels of CNNB1. This is only a speculation and experiments with 

synchronized cells are needed to better clarify this point (Sonoda, 2006).  

Mitotic cell fates in response to drug treatment, mainly in the context of anti-mitotic drugs, 

are regulated by networks of death signals release and regulation of CNNB1 levels, two 

different pathways that compete to each other when prolonged mitotic arrest occurs. 
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Furthermore, boosting pro-apoptotic pathways is a valid approach to avoid mitotic slippage 

tipping the balance towards cell death (Topham & Taylor, 2013). It is well known that 

apoptosis is controlled by the BCL-2 family proteins including both pro-apoptotic (BAX, BAK, 

BIM) and anti-apoptotic (BCL-2, MCL-1, BCL-XL) proteins (Carrington et al., 2017). Here, we 

showed that pharmacological inhibition of BCL-2 and BCL-XL with the small molecules BH3-

mimetic, navitoclax, significantly sensitize SHH MB cells to the effects of pre-treatment with 

foretinib when compared to their use as single agents. Besides, an increased ratio of cleaved 

PARP1/pro-PARP1 confirmed that sequential foretinib and navitoclax was more effective 

compared to foretinib treatment alone in triggering cell death in both DAOY and ONS76 cells. 

Interestingly, similar to what we have observed with foretinib in our SHH-MB cells, treatment 

with navitoclax was demonstrated to be extremely effective in triggering apoptosis in mitotic 

arrested cells after treatment with anti-mitotic drugs, by inhibition of MCL-1 and BCL-XL (Shi 

et al., 2011). It would be helpful to investigate the expression of these two anti-apoptotic 

proteins after sequential treatment with foretinib and navitoclax, to better explain molecular 

mechanisms underlying such effects. We showed for the first time in the MB context, that 

both foretinib and crizotinib, which were demonstrated to be promising candidates as c-MET 

kinase inhibitors for treatment of MB cells, induced premature mitotic exit without 

completing cytokinesis, potentially resulting in aneuploid cells, chromosomal instability and 

development of drug resistance (Sinha et al., 2019). However, pre-treatment with foretinib 

followed by treatment with BH-3 mimetics may represent a valid strategy to avoid survival of 

slipped cells. Nonetheless, we hypothesise that both foretinib and crizotinib should be 

carefully re-evaluated for their clinical relevance in MB context.   

Next, we indicated tivantinib as the most promising c-MET inhibitors in affecting cell 

proliferation by inducing MCL-1 mediated mitotic cell death in our in vitro models of SHH MB 

When evaluated in phase 2 clinical trial for treatment of hepatocellular carcinoma, tivantinib 

showed an advantage in the overall survival in patients with high expression of MET compared 

to patients expressing low MET (Santoro et al., 2013). However, in vitro studies showed that 

cytotoxic mechanisms of tivantinib were independent from c-MET inhibition and correlated 

to microtubules disruption (Basilico et al., 2013; Katayama et al., 2013; Xiang et al., 2015). 

Here, we observed that treatment with tivantinib inhibits autophosphorylation of c-MET 

kinase upon ligand stimulation but the modest inhibition of the downstream protein’s 



 114 

activation, AKT and ERK, may suggest that the robust cytotoxic effects observed in DAOY cells 

are also correlated to the inhibition of different processes (Michieli & Di Nicolantonio, 2013). 

Interestingly, mitotic cell death was observed when MET knockdown experiments were 

performed in DAOY cells; however further experiments are required due to the unhealthy 

state of cells transfected with scramble siCTRL.  

MCL-1 protein which belongs to the downstream apoptotic pathway triggered by c-MET 

kinase activation, was downregulated when MET was silenced by siRNA in HGF-stimulated 

DAOY cells, again in line with observations in different cancer cell lines (Lu et al., 2015). 

However, we still recognize the need of considering different targets to fully explain the 

efficacy of tivantinib as candidate therapy for medulloblastoma.  

We then considered that patients diagnosed with medulloblastoma younger than 3 years are 

currently treated with very-high doses of chemotherapeutic agents. This regimen comes with 

long-term and severe side effects during adulthood and thus, strategies to reduce toxicity and 

to use lower dose of the drugs are constantly under evaluation in clinic (Ayoub, 2021; 

Menyhárt & Győrffy, 2020). In order to address this problem, we evaluated the potential of 

tivantinib, which in this study exhibited the most promising effects in causing MB cell death, 

in combination with vincristine, a first-line chemotherapeutic agent used in medulloblastoma 

(Kim et al., 2013). We observed that this combinatorial strategy had synergistic effects in 

hampering SHH MB cells in both 2D and 3D culture, suggesting the possibility of this approach 

for MB treatment.  

Moreover, as mentioned before, one of the main obstacles in clinic is the onset of multi-drug 

resistance which has been related to multiple mechanisms, including enhanced activity of c-

MET kinase pathway (Wood et al., 2021). Here, we showed that stimulation with HGF caused 

an increased phosphorylation of c-MET, AKT and ERK proteins in DAOY vincristine-resistant 

cells compared to parental cells, suggesting that c-MET activation has a role in 

chemoresistance in MB cells. When we challenged our vincristine resistant cells with 

tivantinib treatment, we observed that there was no significant difference between the anti-

proliferative effects compared to the parental cells, suggesting that they may still be sensitive 

to the drug; this would be explained by the evidence that tivantinib acts on microtubule by 

binding the colchine-binding site and not the vincristine-binding site (Katayama et al., 2013). 

Unexpectedly, DAOY vincristine-resistant resulted to be significantly less sensitive to 
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crizotinib and foretinib treatment, suggesting that they may have been developing a parallel 

resistance to those two drugs. Together with the evidence that they cause mitotic slippage, 

which has been indicated as mechanism of resistance to anti-mitotic drugs (Cheng & Crasta, 

2017), we hypothesise that both foretinib and crizotinib mechanisms of actions, 

independently from c-MET inhibition, in MB cells need to be carefully investigated. Possibly, 

high-selective c-MET inhibitors are required to overcome the resistance and, based on our 

data we assumed that first-line combinatorial treatments may still represent a better choice.  

Finally, we provide a small set of data to support the idea of using tivantinib in combination 

with other small-molecule inhibitors. Tivantinib has been investigated in multiple clinical trials 

for hepatocellular carcinoma and non-small lung cancers, both as single therapy and in 

combination with others tyrosine kinase inhibitors (Wu et al., 2020). Here, we considered that 

targeting PI3K-mTOR pathway has been recently suggested as a valid therapeutic strategy in 

medulloblastoma (Aldaregia et al., 2018; Chaturvedi et al., 2018; Eckerdt et al., 2019) and we 

aimed to provide an insight on the use of tivantinib in combination with the PI3K/mTOR dual 

inhibitor Dactolisib (BEZ235) and the mTOR inhibitor Everolimus. Our in vitro analysis 

demonstrated that targeting mTOR pathway in combination with tivantinib, had synergistic 

effects in hampering the proliferation of SHH MB cells DAOY in 2D. However, when we 

challenged 3D-spheroids models with combination treatments, we did not observe significant 

effects in DAOY 3D spheroids disaggregation when treated when tivantinib was combined 

with BEZ235. Potentially, higher concentration of BEZ235, due to the use of more complex 

structures compared to the 2D, are needed to observe significant effects. Nonetheless, 

explorations on the molecular mechanism underlying these anti-proliferative effects are 

needed.  
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5.2 Conclusions and future directions 

Overall, we found that expression of c-MET kinase is positively correlated with SHH 

medulloblastoma subgroups and subtypes. Among seven different commercially available c-

MET kinase inhibitors tested, only three were able to affect proliferation within 10 M 

concentration, which is roughly the accepted range for clinical relevance (Hughes et al., 2011), 

across our SHH MB cell lines. Nonetheless, we acknowledge that the small panel of c-MET 

inhibitors tested was a limit in this study and a broader selection of drugs, including more 

high-selective for c-MET kinase, may be required.  

On one hand, tivantinib generally showed the ability to induce cell death more prominently 

in TP53 mutated cell lines compared to TP53 wildtype cells where it mainly caused mitotic 

delay. Nonetheless, further investigation is needed to understand the link between loss of 

p53 and the sensitivity to tivantinib as well as understanding potential molecular differences 

between these heterogeneous cells lines that may explain the observed effects. On the other 

hand, the other two c-MET kinase inhibitors evaluated in this study, foretinib and crizotinib, 

mainly caused mitotic slippage in our cell lines. To the best of our knowledge, we showed for 

the first time in the MB context, that both foretinib and crizotinib, which were demonstrated 

to be promising candidates as c-MET kinase inhibitors for treatment of MB cells, induced 

premature mitotic exit without completing cytokinesis, potentially resulting in aneuploid 

cells, chromosomal instability and development of drug resistance (Sinha et al., 2019). 

Nonetheless, we showed that the use of BH3-mimetic navitoclax induces potent cell death 

specifically in SHH MB cells pre-treated with foretinib suggesting that mitotic “slipped” cells 

are more sensitive to the inhibition of anti-apoptotic proteins. However, additional 

experiments to evaluate expression of BCL-2 family upon sequential treatment with foretinib 

are required. We acknowledged that more experiments are needed to better understand the 

exact molecular mechanisms which underlie such effects and whether those effects are 

strictly linked to c-MET inhibition. Furthermore, the promising results obtained with 

combination treatments with both vincristine and mTOR inhibitors need to be further 

explored, to fully understand molecular changes underlying the observed effects, and 

eventually to be validated in in vivo models to corroborate their potential as therapeutic 

approach in SHH-MB.  
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Understanding the mechanisms of action of drugs is crucial to successfull clinical trials but 

many drugs showed promising safety profiles and efficacy during clinical trials and are 

approved by the FDA without precise knowledge of how they work. Therefore, characterizing 

mechanisms of action, especially in the context of target-therapy, is essential to better stratify 

and recruit patients in clinical trials and to avoid treatment failures ("Mechanism matters," 

2010). Here, we provided a new insight on the heterogenous response to c-MET kinase 

inhibition in SHH medulloblastoma cell lines, which may help in future for tailoring new 

therapies.   
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Supplementary 1. Growth rate for ONS76-derived 3-D spheroids 

ONS76 cells were seeded in U-bottom 96-well plate and left for 5 days to allow spheroids 

formation. Picture were taken with the Evos FL Auto 2 microscope (Invitrogen) at 10X 

magnification (scale bar = 275 µm).  
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Supplementary 2. Enlarged images for DAOY and ONS76 medullospheres 

Representative pictures of untreated DAOY and ONS76-derived medullospheres after 5 days. 
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Supplementary 3. Cell fate analysis on UW228 treated with tivantinib and 

foretinib  

UW228 were subjected to 72h treatment with tivantinib and foretinib and cell fate profiles 

were analysed. Tivantinib majorly caused mitotic cell death while foretinib induced mitotic 

slippage. Those results sustained the idea that TP53 mutated cells are more sensitive to 

tivantinib treatment compared to TP53 wildtype cells (ONS76).  
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Supplementary 4. Mitosis length in UW228 upon foretinib and tivantinib 

treatments 

Time (in minutes) spent in mitosis by UW228 after treatment with tivantinib and foretinib was 

quantified by time-lapse microscopy. Box plots were generated with GraphPad Prism 8 

software by plotting time spent in mitosis (minutes) by single cells upon treatment with 

tivantinib and foretinib and statistical comparison between the mitosis duration of untreated 

and treated cells was performed with Student’s t-test (p ≤ 0.05 = *, p ≤ 0.01 = **, p ≤ 

0.001=***)  
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Supplementary Figure 5: MCL-1 downregulation in UW228 cells after tivantinib 

treatment  

Western blot analysis showing down-regulation of MCL-1 protein after 24h tivantinib 

treatment (0.1-0.5-1M). 40g was loaded for each sample and representative western 

images are provided below (N=2) 
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Supplementary Figure 6. CyclinB1 levels in DAOY serum-starved cells  

Western blot analysis showed Cyclin B1 protein levels in DAOY cells after 24h starvation 

compared to 10% FBS-serum. 
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Supplementary Figure 7. Unprocessed western blot showed in Figure 12 

=
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Supplementary Figure 8. Unprocessed western blot showed in Figure 14 
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Supplementary Figure 9. Unprocessed western blot showed in Figure 30 
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Supplementary Figure 10. Unprocessed western blot showed in Figure 31 

 



 129 

Supplementary Figure 11. Unprocessed western blot showed in Figure 37 
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Supplementary Figure 11. Unprocessed western blot showed in Figure 35 

 

  



 131 

Supplementary Figure 12. Unprocessed western blot showed in Figure 40 
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