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Abstract 

Medulloblastoma (MB) is the most common malignant paediatric brain tumour accounting for 

about 20% of all childhood brain cancers. Over the last decade, a consensus has been reached 

over the existence of 4 main molecular subtypes, known as WNT-activated MB, SHH-activated 

MB, group 3 MB and group 4 MB. Despite their extreme heterogeneity, medulloblastoma 

patients are still uniformly treated with a combination strategy that encompasses surgery, 

radiation therapy and chemotherapy. The standard of care has now reached a plateau failing 

to cure more than 50% of the diagnosed children resulting in debilitating long-term side 

effects; therefore, there is an urgent need for developing new targeted therapies. 

The aim of this PhD research was focused on expanding the knowledge of MB biology and 

providing tailored therapeutic options to be used in the clinic: 

Project 1. A well-defined feature of MB is the genetic alterations of the cell cycle machinery, 

which controls cell cycle progression and transcription. Therefore, pharmacologic intervention 

to inhibit the activity of specific cyclin-dependant kinases (CDK) is an attractive therapeutic 

approach to boost MB standard of care, reducing morbidities associated with specific 

treatments. 

Herein, we identified the pan-CDKi, dinaciclib, as a promising and more effective alternative 

to palbociclib, a CDK4/6 inhibitor currently pursued in clinical studies. We present evidence 

supporting dinaciclib’s ability to inhibit MB proliferation, impair cancer stemness and induce 

apoptosis at considerably lower doses than palbociclib. Furthermore, sequencing data 

confirmed that dinaciclib is a potent apoptotic inducer, possibly through transcriptional shifts 

mediated by MYC downregulation and RNA polymerase II phosphorylation reduction.  

Finally, we observed the in vitro pharmacological synergy when using dinaciclib with clinically 

used chemotherapeutic drugs and BH3 mimetics, an approach that may boost therapeutic 

efficacy and reduce treatment-related morbidities. 

Project 2. Group 3 MB patients have the worst overall survival rates, with MYC 

amplification/overexpression being the strongest adverse prognostic factor. Furthermore, the 

repressive transcriptional complex formed by MYC and MIZ1 is required for the maintenance 

of the group 3 MB identity.  
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Considering the failure of MYC-targeted therapies and the importance of MYC/MIZ1 

interaction, we hypothesised that targeting MIZ1 might represent a valid therapeutic strategy 

tailored to MYC-driven group 3 MB patients. 

Here we proved that the knockdown of MIZ1 specifically inhibits proliferation of group 3 MB 

cells by reducing MYC expression and MYC-regulated microRNA networks. From 

computational predictions that identified miR-124-3p as a miRNA targeting MIZ1, we 

confirmed through luciferase assay in vitro that miR-124-3p binds to the 3’ untranslated 

region of MIZ1 and represses its protein levels. Over-expression of miR-124-3p impairs 

proliferation of group 3 cells, mimicking the effects obtained after MIZ1 silencing. 

Transcriptomic analysis identified essential genes and pathways controlled by miR-124-3p in 

group 3 MB, which predominantly clustered around different aspects of cell cycle and cell 

division regulation determining vulnerable pathways that could be therapeutically pursued 

and targeted in future studies.  

Finally, we show that miR-124-3p synergises with currently used chemotherapeutic agents, 

further highlighting the potential of miR-124-3p for the treatment of group 3 patients. 
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1.1 Introduction to cancer   

Cancer is a broad term that includes a collection of heterogeneous diseases, benign and 

malignant, which can be generally characterised by one predominant feature: an uncontrolled 

cell growth. Invasion is an additional property of cancer and is what separates malignant 

tumours from benign tumours. It occurs when cancerous cells detach from their primary site 

and infiltrate into surrounding tissues to form secondary tumours or metastasis (Bashyam, 

2002). When reviewing cancer biology, it is mandatory to refer to the invasive propensity of 

the tumour, as it is a major prognostic factor for most cancers. 

Overall, tumours are made of cells that have gone awry and escaped the strict regulatory 

system that controls proliferation and ensures homeostatic signals and functions of the 

primary tissue (Donley & Thayer, 2013).  

There can be a variety of causes, inherited or acquired, that favour this cell deviance but, 

ultimately, all causes impact upon gene expression, which is why cancer is defined as a genetic 

disease. Tracing back to the control centre of the cell, the human genome in the nucleus holds 

those strict instructions, in the form of proteins or RNA, that make cells behaving normally. 

Gene alterations are called mutations, and they are responsible for acquired capabilities of 

the cells that progressively initiate them to be tumorigenic and subsequently malignant 

(Hanahan & Weinberg, 2000). Furthermore, epigenetic modifications that do not affect the 

DNA sequence but determine changes in gene expression are equally crucial for cancer 

acquired functions. Ultimately, malignant transformation is determined by the interplay of 

genetic and epigenetic mechanisms. 

 

1.1.1 The hallmarks of cancer  

In 2000, Hanahan and Weinberg described six acquired characteristics or hallmarks that are 

essential for cancer pathogenesis and progression: sustained proliferative signalling, evasion 

from growth suppressors, invasion and metastasis activation, induction of replicative 

immortality, angiogenesis promotion and cell death escape. Since then, these features have 

been used as a general guideline to understanding cancer’s complex underpinnings since they 

are widely applicable, despite the evident diversity of cancers (Hanahan & Weinberg, 2000, 

2011). 
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A decade later, the authors updated the hallmark model adding two “emerging” cancer 

characteristics: reprogramming of the metabolic processes and evasion of the immune 

response. 

The metabolic rewiring translates specifically in the glycolytic dependence of cancer cells, 

which preferentially rely on glucose consumption to supply energy for cell growth and division 

(Hanahan & Weinberg, 2011).  

Secondly, the evasion of the immune system comes from the theory that the immune system 

would control and block the rise of tumorigenic cells (cancer immune surveillance). 

Nonetheless, there is increasing evidence that tumours develop regardless of the immune 

system status and, if anything, cancer cells are shaped with immune resistant properties 

thanks to the immune selective pressure, in a process referred to as “cancer immunoediting”) 

(Fouad & Aanei, 2017)  

Lastly, the authors identified two “enabling characteristics” necessary to acquire the hallmarks 

mentioned above. The first requirement is that cancer cells must accumulate mutations over 

time, which bypass DNA damage checkpoints and become genomically unstable. As previously 

mentioned, only through mutation can cancer cells acquire new functions and out-compete 

normal cells (Hanahan & Weinberg, 2000). 

In the updated version of their cancer hallmarks, Hanahan and Weinberg added a new 

enabling trait, which is tumour-promoting inflammation. Notably, this addition to the panel 

has been considered controversial since inflammatory cells are active components of the 

immune system, and they are known to be tumour suppressive and favour response to 

immunotherapy (Fouad & Aanei, 2017). Nonetheless, inflammation might enhance and 

enable tumour progression by different mechanisms such as secretion of pro-survival, pro-

migration, and anti-detection molecules to the tumour microenvironment (Hanahan & 

Weinberg, 2011). 

With the fast-growing progress in cancer research and the knowledge regarding the widely 

applicable hallmarks of cancer development and progression, and enabling features, novel 

targeted therapies are emerging. Therapeutic options have been classified according to their 

ability to target specific cancer hallmarks, as shown in Figure 1. 



	 6	

 

Figure 1 | The hallmarks of cancer and targeted therapies. 

The figure, adapted from (Hanahan & Weinberg, 2011), illustrates the ten characteristics that shape 
cancer identity and respective targeting therapeutic strategies. 
 

 

To date, more than 200 types of tumours have been described (CRUK 2017) and, even though 

they share common properties, diversification is still possible thanks to the varying degrees of 

dependency of different tumour types on the hallmarks and by the different mechanisms 

through which they can be acquired. For example, as previously mentioned, the most 

explicative feature of cancer cells is their autonomy in growth signals, which allows them to 

proliferate unconditionally. Cells can achieve that status by producing growth factor ligands 

themselves or stimulating adjacent stromal cells to produce proliferative growth factors, or 

they can increase the presence of receptors in the cell surface becoming more sensitive to 

growth factors.  

Ultimately, this sustained heterogenous trend, extended to the other cancer features, is the 

cause of the current failure to pinpoint treatment and avoid resistance. Indeed, despite the 
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specificity of targeted treatments, cancer cells are still able to adapt from them to re-acquire 

functional tumorigenic features in a process known as cancer resistance, which is followed by 

relapse. The reasons why treatments fail and cancer cells become resistant can be different, 

there might be diverse parallel pathways to support core hallmarks so that a specific drug for 

one pathway is not sufficient to turn off completely the targeted functionality or cancer cells 

can modify their degree of dependence on a particular core feature and start relying more on 

other non-targeted features (Hanahan & Weinberg, 2011). 

Therefore, despite an increased understanding of the determinants of cancer and improved 

lifestyle, cancer incidence in the developed world has continued to rise, with a lifetime risk of 

developing cancer in the UK of 50% for males and 45% for females, according to 2016 

statistics, and this is projected to increase by 2% between 2014 and 2035 (CRUK,2020). 

Moreover, according to the latest cancer statistics of 2016, 363,615 people were diagnosed 

with cancer in the UK and, in 2017, 166,544 died because of it in the UK (CRUK, 2020). 

These statistics highlight the urgent need to improve therapeutics and clinical outcomes. 

 

1.1.2 Childhood cancer 

According to Cancer Research UK statistics, childhood cancer, defined as cancer diagnosis in 

patients under 15 years of age, is quite rare representing only 1% of all new cancer cases in 

the UK, with cancer being predominantly a disease that affects the elderly (CRUK, 2020). 

Central nervous system (CNS) tumours represent the second most common group of cancers 

under 14 years of age after leukaemia (Figure 2) and account for 34% of all cancer deaths in 

children (CRUK, 2020). 
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Figure 2 | Cancer incidence statistics for children (0-15 years old) in the UK 

(cruk.org/cancerstats). 

 
 

 

Commonly, childhood cancers have an embryonic origin, in contrast to adult cancers, which 

primarily arise in regions derived from epithelial tissues.  

The 2016 update of the WHO classification of embryonal tumours of CNS identifies four main 

variants: medulloblastoma, embryonal tumour with multilayered rosettes (ETMR), Atypical 

teratoid/rhabdoid tumours (AT/RT) and other CNS embryonal tumours, which includes 

medulloepithelioma,  CNS neuroblastoma,  CNS  ganglioneuroblastoma, and CNS embryonal 

tumour not otherwise specified (Louis et al., 2016). 

For the first time since 2007, this re-classification of embryonal tumours recognised the 

importance of the molecular advances to implement the existing histological features 

knowledge, in a new attempt to improve diagnosis and therapeutic approaches.  

Medulloblastoma is by far the most common form, comprising 63% of intracranial embryonal 

neuroepithelial tumours (Ostrom et al., 2018). 
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1.2  Medulloblastoma: a disease with unique heterogeneity 

Medulloblastoma (MB) is historically defined as an embryonic tumour, which arises from 

undeveloped precursor cells located in the cerebellum (Bailey & Cushing, 1925). It is the most 

common childhood malignancy of the brain and accounts for 20% of all brain tumours 

(Crawford et al., 2007). MB is predominantly diagnosed in children between 3 to 15 years old 

(70% of all diagnoses) although a 10-15% of cases are reported in young infants below 3 years 

of age (Crawford et al., 2007).  

Medulloblastoma is the perfect example to highlight the striking heterogeneity of cancer, 

identifiable at every level of MB biology. In the last decade, multiple studies have tried to 

dissect MB heterogeneity, first at histopathological and then molecular levels, to identify 

diagnostic parameters that could provide the most effective patient stratification.  

 

1.2.1 Histology of medulloblastoma  

Firstly, according to the World Health Organization 2016 (WHO), MB is classified in five 

histological variants concerning pathological manifestation: classic, desmoplastic/nodular 

(D/N), medulloblastoma with extensive nodularity (MBEN), anaplastic and large cell 

medulloblastoma  (Figure 3) (Louis et al., 2016).  

 

Classic MB is the most frequent histological subtype, accounting for around 70% of all 

diagnoses (D. W. Ellison, 2010; Gilbertson & Ellison, 2008; Gulino et al., 2008; B. L. Pizer & 

Clifford, 2009). Phenotypically, is characterised by sheets of densely packed and 

undifferentiated cells, which are small, round and with a high nuclear/cytoplasm ratio. Nuclei 

are hyperchromatic and well visible after haematoxylin and eosin staining (D. Ellison, 2002). A 

small percentage of these tumours is also characterised by the presence of “rosettes”, which 

consist of nuclei arranged in a circular fashion around cytoplasmic processes (Gulino et al., 

2008).  

10-15% of MB patients are affected by Desmoplastic/Nodular medulloblastomas named after 

the presence of distinctive reticulin-free nodules of neurocytic cells in the tissue surrounded 

by more proliferative and desmoplastic cells in the reticulin-rich internodular space (D. W. 

Ellison, 2010; Gilbertson & Ellison, 2008; Gulino et al., 2008; B. L. Pizer & Clifford, 2009).  
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Medulloblastomas with Extensive Nodularity (MBEN) comprise 2% of all MB and are very 

similar to the D/N morphology having the same nodular and internodular regions, although in 

these tumours the first component is much more extensive than the second one. These 

tumours are often associated with a more favourable prognosis (D. Ellison, 2002; McManamy 

et al., 2007). 

Anaplastic medulloblastomas are mainly characterised by regions of anaplasia, where nuclear 

pleomorphism, cell wrapping, high mitotic activity and apoptotic bodies are more diffused 

than other groups (Louis et al., 2007).  

The Large Cell medulloblastoma variant shows cells with abundant cytoplasm, large nucleus 

and marked nucleoli (Giangaspero et al., 1992).  

Often, MBEN and D/N medulloblastomas are further grouped as “desmoplastic” tumours, and 

Large Cell and anaplastic medulloblastomas are also combined (LCA) due to overlapping 

morphological and prognostic characteristics. Generally, MBENs and D/N medulloblastomas, 

which together account for 10-20% of cases, have been shown to have better outcomes than 

classic tumours, while LCA tumours, although present in 5-10% of patients are more 

aggressive with a mortality peak over 3 years of age (Eberhart et al., 2002; McManamy et al., 

2007). 

Overall, each subtype is ranked as grade IV cancer by the WHO 2016, underlying the 

undifferentiated appearance and the highly aggressive nature shared between subgroups. 
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Figure 3 | Histopathological forms of medulloblastoma. 

Microscopic sections of MB forms stained with haematoxylin and eosin:  
A) Masses of small cells define classic MB. B) Desmoplastic/Nodular MB histology characterized by 
nodules (N) and internodules areas (IN) C) MBEN histology is very similar to desmoplastic/nodular MB 
histology with nodules (N) and internodules (IN). D) Anaplastic MB histological pattern displays an 
increased mitotic rate and a high number of apoptotic bodies. E) Large cell MB histology consists of 
enlarged nuclei and prominent nucleoli. Adapted from (D. W. Ellison, 2010). 
 

1.2.2 Molecular classification of medulloblastoma 

In the last decade, it became increasingly clear that a histology-based approach alone fails to 

acknowledge the striking intra-subgroup heterogeneity that most of the time is reflected in 

the differential outcomes for patients affected by the same variant. A considerable 

international effort to define the transcriptional identity of MB tumours (Kool et al., 2008; 

Northcott, Nakahara, et al., 2009; G. Robinson, Parker, Kranenburg, et al., 2012; Thompson et 

al., 2006) has come to a consensus over the existence of four main MB molecular subgroups: 

1) Wingless (WNT) activated MB, 2) Sonic Hedgehog (SHH) activated MB, 3) Group 3 MB and 

4) Group 4 MB (Northcott, Nakahara, et al., 2009; Taylor et al., 2012). WNT and SHH subgroups 

are better molecularly characterised and therefore are named after developmental pathways 

that are perturbed and are known to trigger initiation of those specific subgroups, while Group 

3 and Group 4 are yet to be fully characterised. Table 1 presents a summary of the molecular 

and clinical features of each subgroup. 
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A distinctive gene background reflects differential outcomes for patients, other than 

explaining the cause. In the following paragraphs, a detailed outline of all MB sub-groups is 

presented. 

1.2.2.1  Wnt-activated medulloblastoma 

This variant comprises 10% of all medulloblastomas and is associated with the best prognosis 

for patients, with very rare metastatic diffusion and recurrence of the tumours (Juraschka & 

Taylor, 2019). 

The characteristic molecular abnormalities of WNT MBs are mainly mutations in the β-catenin 

gene, CTNNB1. These mutations lead to constitutive activation of the WNT pathway fueling 

tumour proliferation (Clifford et al., 2006; Taylor et al., 2012).  

The second most common aberrancy for WNT MBs lacking CTNNB1 mutations is on the 

tumour suppressor APC gene (Waszak et al., 2018). 

Other genes with common mutations are DDX3X (36%), SMARCA4 (19%), TP53 (14%, CSNK2B 

(14%), PIK3CA (11%) and EPHA7 (8%) (Jones, Jäger, et al., 2012; Northcott et al., 2017). 

Only rare genomic aberrations have been described for this subgroup, with the deletion of 

one copy of chromosome 6 (monosomy 6) being the most frequent (79%) (Clifford et al., 2006; 

Shih et al., 2014; Taylor et al., 2012).  

1.2.2.2  SHH-activated medulloblastoma  

Patients are usually either infants (≤ 3 years old) or adolescents (> 16 years old) (Northcott et 

al., 2011), with a good 5-year survival rate of 75%. Infants and younger children have a better 

prognosis than adults (Schroeder & Gururangan, 2014). Metastatic forms are rare and 

associated with other poor prognostic factors such as LCA histology and older age at diagnosis 

(Roussel & Robinson, 2013).  

In this context, the developmental control under SHH signalling pathway malfunctions at 

different levels resulting in constitutive activation of the pathway. Most commonly, the 

tumour suppressor gene PTCH1 is inactivated (43%) (Goodrich et al., 1997; Kool et al., 2014), 

which encodes for the Shh receptor, patched. In the absence of its ligand, the patched 

receptor binds to smoothened receptor (SMO) preventing signalling initiation within the cell. 

In MB, this brake is absent, leading to constitute activation of the SHH pathway.  

Other common mutations that cooperate for the same signalling activation are deletion of 

SUFU (10%), which is another suppressor of SHH pathway, amplification of SMO (9%) and GLI2 
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(9%), which is a transcription factor normally activated by SMO, and MYCN (7%) (Jones, Jager, 

et al., 2012; G. Robinson, Parker, Kranenburg, et al., 2012).  

TP53, KMT2D, TP53, BCOR, DDX3X, LDB1 are also found frequently mutated even if they are 

not strictly characteristic of SHH MBs (Jones, Jager, et al., 2012; G. Robinson, Parker, 

Kranenburg, et al., 2012; Zhukova et al., 2013). 

Particularly, patients bearing TP53 mutations are currently considered a high-risk population 

(Ramaswamy et al., 2016). 

1.2.2.3  Group 3 medulloblastoma 

Group 3 is the most aggressive type of medulloblastoma, with a high frequency of metastasis 

at diagnosis and 5-year overall survival rate of 50% (Northcott, Shih, et al., 2012; Taylor et al., 

2012). Few molecular features have been demonstrated to be responsible for the 

tumorigenesis of this subgroup. One of the most crucial genomic aberrations is the 

amplification of the oncogene c-Myc (15% of diagnosis), which is also associated with a worse 

prognosis. MYCN amplification is also accounted as driver factor in this subgroup, although it 

is less frequent than MYC aberrations (5%). Group 3 also harbours an OTX2 amplification, 

which is considered a master transcription factor for cerebellar development, and usually in a 

mutually exclusive fashion with MYC amplification, suggesting the existence of two different 

driving pathways for Group 3 tumourigenesis (Y. Lu et al., 2017). Less common mutations are 

found in chromatin remodelling proteins encoded by SMARCA4 (9%), KMT2D (5%), CTDNEP1 

(5%) and multiple possible mutations in the lysine-specific demethylase (KDM) gene family 

(Northcott et al., 2011). Structural variations in enhancers position are responsible for the 

overexpression of the oncogenes GFI1 or GFI1B in these tumours (Northcott et al., 2014). 

Mostly, Group 3 tumours present widespread distinctive genome instability disclosed as a gain 

of chromosome 1q and 7, isochromosome 17q (predictive of outcome), and loss of 10q and 

16q chromosomes (Northcott, Shih, et al., 2012).  

1.2.2.4  Group 4 medulloblastoma 

Group 4 tumours have a considerably higher incidence in males (3:1) (Taylor et al., 2012) and 

generally occur in children but may be found in adults (Roussel and Robinson, 2013).  

Survival rates for this subgroup are intermediate, even though metastasis occurrence is 

frequent (Ramaswamy et al., 2016). 
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The most common drivers of group 4 tumours are the amplification of MYCN and CDK6 (6%), 

overexpression of PRDM6 (17%) and duplication of SNCAIP (Northcott et al., 2017). 

Isochromosome 17q is also observed and associated with high-risk patients (Schwalbe et al., 

2017). 

Additionally, mutations in chromatin-remodelling genes are described in this group, such as 

KDM6A, ZYMYM3, and CHD7 (6-9%) (Northcott et al., 2017).  

 

 

 

 
Table 1 | Clinical and genomic features of medulloblastoma subgroups. 
(Cavalli et al., 2017) 
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1.2.3 The origin of medulloblastoma subgroups 

Another factor that should be considered to understand MB complexity is that different MB 

subgroups trace back to the different anatomic site of origin in the embryonic cerebellum and 

to location-specific mutations, which account for differential cell fates (Gibson et al., 2010). 

From a histological point of view, desmoplastic subtypes seem to originate from precursors 

located in the fourth ventricle (Gilbertson & Ellison, 2008; Thompson et al., 2006) while classic 

variants seem to differentiate from precursors located in the rhombic lip, which forms after 

the closure of the neural tube during development (Gibson et al., 2010; Marino, 2000).  

Furthermore, the generation of mouse models for the different MB subgroups shed light on 

the possible embryonic origin of the tumours. WNT MB arises from progenitor cells located in 

the embryonic dorsal brainstem (Gibson et al., 2010; Kawauchi et al., 2012; Taylor et al., 2012). 

SHH tumours arise from cerebellar granule cell precursors (CGCPs), which persist in the 

external granular layer (EGL), do not differentiate and do not migrate in the internal granular 

layer (IGL) of the developing cerebellum (G. H. Huang et al., 2016; Vladoiu et al., 2019). Group 

3 and group 4 origin is still not well characterised, particularly group 4’s where preclinical 

models recapitulating tumour development are lacking. Nonetheless, both subgroups might 

originate in similar locations from neural stem cells in the hindbrain or the brainstem (Figure 

4). 
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Figure 4 | Different origins of medulloblastoma subgroups. 

The figure outlines the different anatomical sites of origin of medulloblastoma. MB subgroups originate 
from dysregulation of normal cerebellum developmental processes. It all starts from a few neural 
progenitors, differentially located, that undergo specific pathway and driver gene alterations.  
 
 

 

To date, it is well established that there is a fine line between embryogenesis and 

tumorigenesis, as they share the same pathways involved in proliferation, differentiation, 

programmed cell death and angiogenesis to name a few which, if inappropriately activated, 

turn healthy tissues into tumours (Gilbertson & Ellison, 2008; Kelleher et al., 2006; Silvia 

Marino, 2005b). Cerebellar developmental stages are finely orchestrated by those pathways 

that are found deregulated at different gene levels in the cerebellar progenitor cells.  

These oncogenic driver pathways and common mutations define MB subgroup identity, as 

they were explored in detail in the previous paragraph. 
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1.2.4 Risk stratification of medulloblastoma 

Risk stratification is required to design appropriate treatment regimens for patients. For the 

past few decades, clinicians during patients evaluation took into account age at diagnosis, the 

extent of surgical resection, metastatic stage and histological variant (Pei et al., 2016). Broadly 

in this system, patients older than 3 years of age are deemed “standard risk” if they do not 

present metastasis at diagnosis (namely M0 according to Chang staging classification (Laurent 

et al., 1985)), having total or near-total surgical resection (less than 1.5cm2) and with classic 

histology tumours. All the other patients were classified as “high risk” if presenting metastatic 

tumours (ranging from M1 to M4 stage) at diagnosis, residual tumour greater than 1.5cm2 and 

other histological variants (Dhall, 2009; B. Pizer & Clifford, 2008; B. L. Pizer & Clifford, 2009).  

In 2016, molecular features were integrated with the traditional phenotype-based 

classification of medulloblastoma from 2007, accounting for better prediction of prognosis (S. 

L. Pomeroy et al., 2002). In the new WHO classification, the main revision for 

medulloblastomas concerns SHH MB subgroup, which has been further sub-classified SHH-

TP53 wild type, SHH-TP53 mutant (Table 2) (Louis et al., 2016).  

 

Table 2 | Summary of the 2016 WHO Classification of medulloblastoma and clinical correlations.  
(Archer, 2017) 
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More recently, risk stratification criteria have also been updated and tailored on MB 

subgroups and specific molecular aberrations, such as MYC and MYCN amplification, defining 

a consensus on four new risk categories: low risk (>90 % survival), standard risk (75–90 % 

survival), high risk (50–75 % survival) and very high risk (<50 % survival) (Table 3) (Ramaswamy 

et al., 2016). 

 

 Table 3 | Risk stratification for medulloblastoma patients ages 3-17 years old.  
(Juraschka and Taylor 2019) 

 

 

 

MB classification is in continuous evolution, revealing the struggle of confining MB 

heterogeneity into strict parameters. While acknowledging the importance of genome-based 

criteria is the first step towards more individualised targeted therapy, a lot still needs to be 

done to improve the cross-talk between the bench and the clinic. 

	

1.2.5 Current treatment and future perspectives 

Appropriate therapeutic choice directly follows patient risk stratification, the criteria of which 

have been updated and improved as discussed in the previous paragraph.  

To date, the standard of care for medulloblastoma is a combination of surgery, craniospinal 

irradiation and chemotherapy (Kool et al., 2008; Northcott, Shih, et al., 2012). Overall, this 

therapeutic strategy achieves long term event-free survival rates of 60% for patients with 

metastatic tumours and 80% for patients with non-metastatic medulloblastoma (Packer et al., 

2006). Nonetheless, almost all of the survivors face debilitating late complications that each 

of the therapeutic options might cause (Moxon-Emre et al., 2014).  
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As mentioned, surgery is usually the first option, in applicable cases, after diagnosis. It is 

mainly performed to alleviate symptoms caused by tumour mass, such as increased 

intracranial pressure (headache) and ataxia. One of the major drawbacks that have been 

reported in 25% of cases after surgery is the occurrence of the cerebellar mutism syndrome 

that leads to detrimental effects on speech ability (Wibroe et al., 2017), in addition to the risk 

of other neurocognitive deficits that might occur from performing surgery in such critical 

regions of the brain, even more so in children (Northcott et al., 2017; Rutkowski et al., 2005). 

Adjuvant therapy is started within a month from surgery with radiation therapy to the brain 

and spinal cord, which positively kills medulloblastoma radiosensitive cells. However, the price 

for improved survival is the occurrence of secondary cancers, hearing loss, cardiovascular 

dysfunctions, hormone deficits, growth and cognitive impairments (Bansal et al., 2015; 

Gurney et al., 2003; Packer, 2008). Efforts to reduce these adverse effects, especially in 

younger children have taken place. Currently, proton beam technology is being examined in 

place of photon-based therapy to lower doses and for more targeted delivery of radiation, 

sparing exposure to adjacent tissues, although evaluations on this matter are still in early 

stages (Giantsoudi et al., 2016; Yock et al., 2016). 

After 6 weeks from radiotherapy, multi-drug chemotherapy is adopted. The most common 

chemotherapeutic agents used are vincristine, cisplatin, cyclophosphamide and lomustine. 

Cycles of a different combination of these agents have been implemented as they have 

different ability to stop vital tumour functions, interfering for example with mitosis and 

cytostructures (vincristine) or with DNA replication and transcription (alkylating agents), and 

therefore potential different combinatory effects. Chemotherapy as well can result in delayed 

effects among which secondary tumours (i.e. leukaemia after alkylating agents), ototoxicity 

and infertility are the most frequently documented (Packer et al., 1999, 2006).  

Due to the detrimental cognitive effect that radiotherapy has proven to have on infants, the 

current standard of care for these patients is surgery and chemotherapy only, even at high 

dosage (Duffner, 2004; Fouladi et al., 2008; Merchant et al., 2008; Mulhern et al., 2017). 

Taken together, these observations highlighted the urgency of developing more risk-adapted 

and targeted therapies to reduce side-effects and improve survival. For instance, this led 

current clinical trials (NCT01878617, NCT02066220, NCT02724579, NCT02212574) for the 

low-risk WNT-activated MB subgroup investigating the possibility of reducing conventional 

therapy to improve patient’s quality of life and reduce long-term sequelae. 
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The understanding of the molecular underpinnings of medulloblastoma and the improved 

prognostication have brought new targeted strategies to be tested in clinical trials, holding 

the great promise to change MB care once and for all.  

Different drugs have been recently studied for SHH-activated MB treatment, which can be 

easily explained by the fact that molecular mechanisms underlying SHH tumourigenesis are 

mostly defined. Recently, SMO antagonists have been studied to contrast the unrestrained 

SHH signalling activation. A specific SMO inhibitor, called vismodegib, proved to be effective 

in phase II on a small cohort of SHH MB patients harbouring PTCH1 or SMO mutations, 

although its effect seems to be temporary and valid only for this sub-population (80% of SHH 

patients) (Buonamici et al., 2010; Ransohoff et al., 2015; G. W. Robinson et al., 2015; Zhukova 

et al., 2013). Another recent study showed how the multikinase inhibitor foretinib hampers, 

in vitro and in preclinical murine models, SHH MB tumour growth and invasion by targeting c-

Met, which is directly responsible for metastatic variants of this subgroup, suggesting the 

potential for clinical evaluation (Faria et al., 2015). Another clinical trial 

(https://clinicaltrials.gov/ct2/show/NCT03434262) is evaluating the effects of the treatment 

with the CDK4/6 inhibitor ribociclib and trametinib, gemcitabine or sonidegib on resistant SHH 

MB.  

Experimental studies on Group 3 MB have flourished in the past few years, drawn by its 

particularly dismal prognosis, trying to decode an underlying molecular order for this 

subgroup. Particularly, given that MYC amplification is a critical marker for poor outcome, 

efforts have been directed towards MYC inhibition. Currently, two promising agents effective 

against MYC-overexpressing tumours (Morfouace et al., 2014), pemetrexed and gemcitabine, 

have been included in an ongoing trial (SJMB12), which is testing new possible drug 

combination for high-risk Group 3 and 4 with c-MYC/MYCN amplification (S. Pomeroy et al., 

2017). 

In another attempt to target MYC, inhibitors of BET bromodomain proteins, which cooperate 

for the functions of MYC, have been studied (Delmore et al., 2011). Specifically, JQ1 a BRD4 

inhibitor proved to be effective suppressing MYC transcription and because of that inhibiting 

cell viability and promoting senescence in vitro and in xenograft models of MYC-amplified MB 

(Bandopadhayay et al., 2014; Venkataraman et al., 2014). JQ1 has a short half-life, which does 

not allow clinical practice but a phase I clinical trial is ongoing to test other BET inhibitors (CPI-
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0610, MK-8628) in adults (Archer et al., 2017). So far, no direct MYC targeting strategy has 

been successful, and mainly this is since MYC has no characterised ligand-binding domain.  

A clinical trial testing the efficacy of palbociclib, a CDK 4/6 inhibitor, in paediatric brain 

tumours is ongoing (NCT02255461). This directly followed the promising results of a preclinical 

study, where MYC-amplified Group 3 mice improved survival rates after palbociclib treatment 

(Cook Sangar et al., 2017). 

Epigenetic targeting molecules, which have been shown to have predominantly cytostatic 

effects, are also studied in combination with cytotoxic drugs to boost antitumourigenic 

effects. The HDAC inhibitor vorinostat proved to be effective when in combination with 

temozolomide or bortezomib in two completed phase I clinical trials (NCT01076530, 

NCT00994500) for paediatric patients with recurrent CNS tumours (Gopalakrishnan et al., 

2015; Hummel et al., 2013; Muscal et al., 2013). Currently, vorinostat is being tested in 

combination with isotretinoin and chemotherapy in young patients with embryonal CNS 

tumours (NCT00867178) (Gopalakrishnan et al., 2015). 

Finally, Group 4 MB, despite being the most common medulloblastoma, is also the most 

heterogeneous and least understood variant. The lack of clearly characterised driving 

oncogenes represents a major drawback for the development of targeted therapies for this 

variant.  
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1.3  Cell cycle  

Cell cycle is a controlled process through which cells can proliferate, dividing and duplicating 

genetic information. Proliferation occurs with the progression of the four distinct phases of 

the cell cycle: G1, S, G2 and M and advancement through these phases is strictly regulated by 

positive and negative signals (Otto & Sicinski, 2017). Specifically, there are mitogenic proteins 

such as cyclins and cyclin-dependent kinases (CDKs), which form complexes that favour cell 

cycle progression and their negative regulators (CDK inhibitors) represented by proteins 

belonging to the INK4 family (p16INK4A, p15INK4B, p18INK4C, p19INK4D) and the CIP/KIP family 

(p21CIP1, p27KIP1, p57KIP2) (Malumbres & Barbacid, 2001) (Figure 5).  

CDKs are a family of serine-threonine kinases, which are always present in the inactive form. 

Different CDKs are activated by specific cyclins produced at a specific time of the cell cycle, 

forming heterodimer complexes with partner CDKs, in which cyclins constitute the regulatory 

subunits and CDKs the catalytic subunits.  

The role of CDKs is not limited to cell cycle progression. Only CDK2, CDK4 and CDK6 are 

involved in interphase and CDK1 in mitosis (M). Another essential subgroup of CDKs such as 

CDK7, CDK8, CDK9, CDK11 and CDK20, are involved in regulating transcription (Malumbres, 

2014). CDK9, for example, is the catalytic subunit of the positive transcription elongation 

factor b (P-TEFb) multiproteic complex, which in association with Cyclin-T1, phosphorylates 

the carboxyl-terminal domain (CTD) of the RNA polymerase II at Ser2 allowing the RNA 

transcription elongation (Garriga & Graña, 2004)(Rickert et al., 1996). Similarly, CDK7 is a 

component of the TFIIH complex, which, bound to cyclin H, also phosphorylates the CTD 

domain of the RNA polymerase II but at Ser5 and Ser7 regulating transcription initiation 

(Malumbres, 2014).  

Furthermore, despite CDK5 being classified as a cell cycle kinase, it is considered an atypical 

CDK since its activation is primarily dependent on non-cyclin proteins (P35 and P39), which 

are mainly expressed in neurons, and for its broad influence on gene expression, 

differentiation and senescence among other mechanisms (Arif, 2012; Cheung, Zelda H Ip, 

2012). 

 
The two overarching stages of the cell cycle are the interphase, where most of the cell growth 

occurs, and mitosis. Most of the cells do not advance in the cell cycle towards cell division, but 

they are rather arrested in the so-called G0 stage. Mitotic signals can be responsible for 
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stimulating those cells to re-enter the cell cycle, but some will permanently remain in G0 as 

differentiated or senescent cells (Otto & Sicinski, 2017).  

The first and longest phase of the cell cycle is G1, where cyclin D is produced under mitogenic 

stimulations to activate CDK 4/6. Cyclin D/CDK4/6 complex is responsible for the 

phosphorylation of the retinoblastoma tumour suppressor protein (Rb) and for switching cells 

from G1 to S phase. Hyperphosphorylation of Rb abolishes its suppressive influence on the 

transactivation domain of the E2F transcription factors leading to the activation of genes 

involved in cell cycle progression, including cyclin E and A and other genes involved in DNA 

replication among other processes (Dimova & Dyson, 2005; Soucek et al., 1997). Importantly, 

cyclin E/CDK2 complex further phosphorylates Rb protein, creating a positive feedback loop 

and fuelling even more G1/S transition. Cyclin D/CDK4/6 are in turn accountable for 

maintaining the activation of CDK2 by sequestering p21CIP1 and p27KIP1   which would otherwise 

inhibit CDK2 activation (Bornstein et al., 2003; Harbour et al., 1999; Lundberg & Weinberg, 

1998; Montagnoli et al., 1999). Cyclin A is required in the S phase where it is specifically 

produced becoming more abundant than cyclin E to favour complexing with CDK2 and 

inducing DNA synthesis. In the G2 phase, cyclin A-CDK1 complex is formed and eventually, 

upon degradation of cyclin A, cyclin B is solely present in the G2 phase to bind CDK1 favouring 

the mitotic entry (Schafer, 1998).  

As previously mentioned, inhibitory signals are exerted by the upregulation of INK4 and 

CIP/KIP families, where INK4 proteins inhibit CDK4 and CDK6, while CIP/KIPs mostly block the 

activity of CDK2 and CDK1. On top of these negative regulators, ubiquitylation of specific 

cyclins is a key mechanism for the cell to move out of one phase and into the next, further 

controlling the timing of activity of each specific cyclin/CDK complex. This process allows the 

targeting of the cyclin by proteasome and irreversible degradation (Hershko, 1997; Weissman, 

2001).  

Finally, cell cycle checkpoints are pivotal to detect DNA damage (i.e. single or double-strand 

breaks), arrest the cell cycle and allow repair before normal cell growth and division can occur. 

At the end of G1 phase, DNA damage is sensed by checkpoint kinase 2 (CHK2), which activates 

P53 tumour suppressor and in turn P21. P21 inhibits CDK/cyclins complexes and leads to cell 

cycle arrest and DNA repair (El-Deiry et al., 1993). Conversely, activated CHK1 mediates cell 

cycle arrest in S and G2 phases (O’Connell et al., 1997; Sanchez et al., 1997). 
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As previously discussed, cell cycle dysregulation is one of the ten hallmarks of cancer cells. 

Cells that progress unchecked throughout cell cycle phases will gain genomic instability and 

acquire oncogenic functions growing uncontrollably, forming malignant masses and 

eventually spreading in the body.  

 

Among all cancers, many cell cycle abnormalities have been associated with medulloblastoma. 

In the past decades, studies have supported the idea that aberrant cell growth from CGCPs, 

which mainly give rise to SHH MBs, is mediated by lesions of pRB pathway, which is 

responsible for cell genomic instability and MB development (Marino 2005; Bhatia 2010). 

Focal amplification and overexpression of CDK 4/6 and CCND1/2 genes were found to be 

triggers of pRB inactivation and oncogenic phenotype in childhood medulloblastoma (Cook 

Sangar et al., 2017). Despite CDK2 having been shown to be dispensable in several tumour 

types, it is required in MYC-overexpressing malignancies to inhibit senescence mediated by 

the Ras pathway (Campaner et al., 2010; Gillam et al., 2015; Hydbring & Larsson, 2010; Macias 

et al., 2007; Martín et al., 2005; Padmakumar et al., 2009). CDK2 together with CDK1 

phosphorylation is indeed critical for MYC protein stability (Hydbring & Larsson, 2010; 

Sjostrom et al., 2005). At the same time, overexpression of MYC activates CDK2 and increases 

cyclin A/E gene expression, pushing cell cycle progression (Amati et al., 1998; Jansen-Durr et 

al., 1993). 

Uziel et al. reported that loss of the cyclin D-dependent kinases inhibitor, p18Ink4c, contributes 

to enhancing proliferative properties of MB cells in mice pointing once more towards the 

importance of an aberrant Rb pathway background for MB tumorigenesis (Uziel et al., 2006). 

Interestingly, CDK5 has been recently shown to be correlated with cell cycle due to its ability 

to phosphorylate Rb and pathways such as DNA repair and apoptosis through the activation 

of CK1 (Ianes et al., 2016; Pozo et al., 2013).  

Finally, overexpression or amplification of CDKs has been reported in medulloblastoma 

accounting for an adverse prognosis for patients (Song et al., 2019; Whiteway et al., 2013). 

Overall, uncontrolled cell proliferation has been the focus of study for cancer research and 

the regulatory molecules of this cell cycle machinery have been considered potential targets 

for therapeutic approaches (Otto & Sicinski, 2017). More importantly, CDKs have proven to 

be highly responsive to drugs, becoming attractive targets for cancer therapy (Shapiro, 2006). 
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In the past few years, many effective CDKis have been developed, as will be discussed further 

in the next section. 

 

 

 

 

Figure 5 | CDKs regulation of cell cycle and transcription. 

The cell cycle is divided into 4 phases: G1, S, G2 and M. G0 is a quiescent phase. The initiation of the 
cell cycle in G1 is regulated by cyclin D-CDK4/6 complexes, which start Rb phosphorylation that is 
continued by cyclin E-CDK2 complexes. Rb becomes hyperphosphorylated and releases the E2F 
transcription factors, which in turn induce the transcription of genes that allow cell cycle progression. 
Cyclin A-CDK2 control the S-phase and DNA synthesis and, lastly, cyclin A-CDK1 and cyclin B-CDK1 
complexes regulate the G2-M phase. Transcription is controlled by the phosphorylation of the CTD 
domain of the RNA pol II by CDK7 and CDK9. CDK7 activity starts the elongation step of transcription, 
whereas CDK) activity controls the elongation of the RNA. 
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1.3.1 CDK inhibitors 

Over the years, many strategies have been considered when attempting to inhibit CDK activity, 

and to date over 50 compounds have been described (Fischer, 2001). Despite their chemical 

differences, all CDK inhibitors are low molecular weight compounds that inhibit the activation 

of CDK catalytic activity, binding to ATP-binding site (Knockaert et al., 2002). 

The first compounds ever-created exhibited poor specificity towards individual CDKs, and they 

are known as “pan-CDK inhibitors”. Flavopiridol (Tolero Pharmaceuticals) represents the most 

significant first-generation compound being the first to be tested in clinical trials in 1997 and 

pursued until phase II (Otto & Sicinski, 2017). Although promising results from preclinical 

studies, flavopiridol is considered not effective to be used in single-agent therapy due to high 

toxicities at therapeutic concentrations, especially in solid tumours (Aklilu et al., 2003; 

Burdette-Radoux et al., 2004; G. Liu et al., 2004). 

More selective and potent drugs were then created, given the failure of the first generation 

of CDKi. Dinaciclib (Merck & Co.), AT7519 (Astex Therapeutics) and milciclib (Tiziana Life 

Sciences) are referred to as second-generation CDKis. 

Among these, dinaciclib has been the most extensively studied in the clinic. Dinaciclib inhibits 

CDK 1, CDK 2, CDK 5 and CDK 9 activity at IC50 values in the 1-4 nM range in vitro. It is more 

than 100 times more effective in RB phosphorylation inhibition and has a therapeutic index 

more than 10 times higher than flavopiridol (Parry et al., 2010). Unfortunately, preclinical 

studies and early clinical trials demonstrated little activity and cytotoxicity of dinaciclib in a 

variety of tumours such as non-small cell lung cancer, acute leukaemias (AML and ALL), triple-

negative breast cancer (Flynn et al., 2015; Gojo et al., 2013; Mita et al., 2014; Stephenson et 

al., 2014). However, studies from phase I/II show partial responses in patients with relapsed 

multiple myeloma (Kumar et al., 2015). Besides, last year a phase III clinical trial was just 

terminated due to “program prioritization and reasons unrelated to safety or efficacy issues 

occurred”, nonetheless showing that dinaciclib treatment could result in a better progression-

free survival and overall survival than ofatumumab for patients with relapsed/refractory 

chronic lymphocytic leukaemia (CLL) (Ghia et al., 2017).  

Interestingly, MYC-dependant tumours proved to be uniquely sensitive to dinaciclib. Dinaciclib 

displayed high efficacy in preclinical mouse models of MYC-overexpressing triple-negative 

breast cancer and MYC-driven B cell lymphomas were induced tumour regression and 

improved survival (Gregory et al., 2015; Horiuchi et al., 2012). Moreover, dinaciclib 
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significantly reduced growth in several patient-derived T-cell acute lymphoblastic leukaemia 

(T-ALL) cell lines and a T-ALL cell xenograft model (Moharram et al., 2017).  

Currently, a phase I study is investigating the use of dinaciclib in combination with 

pembrolizumab in patients with advanced breast cancer, with interest in the relationship 

between MYC-status and clinical response (NCT01676753).  

In brain tumour settings, such as in neuroblastoma, dinaciclib has been proven to be very 

effective in vitro and in vivo in MYCN transgenic mouse model. In MYC-driven MB, 

combination therapy targeting CDK2 and BET bromodomains to impair MYC stabilisation 

efficiently reduced group 3 MB tumour growth in vivo and promoted apoptosis (Bolin et al., 

2018). Finally, dinaciclib was also shown to enhance cell sensitivity to chemotherapy (X. X. 

Chen et al., 2015), further suggesting the potential benefit of using this drug in combination 

therapies. 

In the past decade, three specific CDKis against CDK4/6 demonstrated to be clinically 

successful: palbociclib (Pfizer), ribociclib also known as LEE01 (Novartis) and abemaciclib (Eli 

Lilly) (Sherr et al., 2016).  

Palbociclib and ribociclib are approved by the Food and Drug Administration (FDA) for the 

treatment of advanced breast cancer (Finn et al., 2016; Hortobagyi et al., 2016). Palbociclib 

has been frequently studied for medulloblastoma treatment. Palbociclib treatments resulted 

in increased radiosensitivity in medulloblastoma while its antineoplastic properties were 

reduced when combined with chemotherapy (McClendon et al., 2012; Whiteway et al., 2013). 

Palbociclib blocks tumour growth in Patient-Derived Xenograft (PDX) mouse models of SHH 

and Group 3 medulloblastoma (Cook Sangar et al., 2017). Although palbociclib studies seem 

promising for its use in the treatment of Group 3 and SHH medulloblastomas, the persistence 

of tumour cells is still a concern.   

Overall, despite CDKis proved to have quite successful effects on cell cycle, still a lot has to be 

done regarding pharmacokinetic and pharmacologic profiles of these compounds. One of the 

main difficulties that has been encountered in the clinic is defining an appropriate 

administration and sequence schedule maintaining reasonable toxicity ranges. Combination 

treatments of CDKis and cytotoxic drugs are often referred to as necessary to eradicate 

tumours (Diaz-Padilla et al., 2009; Malumbres et al., 2008). 
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1.4  MYC in medulloblastoma 

c-MYC is part of the MYC protein family, together with MYCN and MYCL (Roussel & Robinson, 

2013). These proteins are basic Helix-loop-Helix (bHLH) transcription factors the activity of 

which strictly depends on the interaction with other bHLH co-factors, namely MAX and MIZ-

1. MYC/MAX heterodimer works as a transcriptional activator binding to Enhancer-box (E-box) 

sites, while MYC/MIZ-1 interaction results in the transcriptional repression of target genes 

(Wiese et al., 2013). 

Lack of MYC proteins is embryonic lethal in mice since they are crucial for normal development 

(Davis et al., 1993; Stanton et al., 1992). Moreover, MYC proteins regulate numerous cellular 

processes such as proliferation, differentiation, cell cycle progression, metabolism and 

apoptosis, mainly controlling transcription of associated genes through different regulatory 

mechanisms (Eilers & Eisenman, 2008; Tansey & P., 2014). For example, MYC promotes cell 

cycle progression by inducing the expression of cyclin D2, CDK4 and E2F members, which play 

a crucial role for G1/S transition, and alternatively inhibiting the expression of p21 and p27 

when bound to MIZ1 (Bretones et al., 2015; Nasi et al., 2001). In the same way, MYC triggers 

apoptosis by controlling the balance between pro-apoptotic and anti-apoptotic genes. MYC 

reduces the expression of the anti-apoptotic BCL-2 and BCL-XL proteins and, at the same time, 

induces pro-apoptotic proteins such as BIM and BAX (Eischen et al., 2001; Mitchell et al., 2000; 

Muthalagu et al., 2014). 

As a consequence of their crucial role in key cellular functions, when MYC members activity is 

upregulated, they switch into potent oncogenes that have been associated with more than 

half of human cancers, especially c-Myc (Dang, 2012).  

Amplification or overexpression of MYC family members (c-Myc and MycN) is found in the 

most aggressive forms of medulloblastoma tumours (Roussel & Robinson, 2013). As already 

mentioned, MycN amplification accounts for a more invasive and drug-resistant variant of 

SHH MB (D. W. Ellison et al., 2011; Kessler et al., 2009) and c-Myc amplification is a defining 

feature in Group 3 pathogenesis, associated with worst prognosis among all MB subgroups 

(Northcott, Jones, et al., 2012). A peculiar feature of MB is that MYC family members 

expression is subgroup-specific and context-specific for the different MB cerebellar 

progenitors. While SHH and group 4 MBs are associated with MYCN expression, group 3 and 

WNT subgroups express predominately MYC (G. Robinson, Parker, & Kranenburg, 2012). In 

2012 Kawauchi et al. demonstrated that overexpressing MYC in murine GCNPs resulted in 
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group 3 MB tumour-like formation, whereas the same degree of overexpression of MYCN in 

the same precursors originated SHH MB (Kawauchi et al., 2012). 

The biological reasons behind these differential fates are still not completely understood. 

MYC tumorigenic functions are more significantly linked with group 3 MB than other 

subgroups, where its expression is mostly a marker of SHH or WNT pathway activity (Roussel 

& Robinson, 2013). Additionally, Vo et al. recently showed that group 3 development is 

enabled by the interaction between MYC and MIZ-1, which represses important genes for 

neuronal differentiation and fosters tumour progression (Vo et al., 2016). Interestingly, the 

same group showed that MYC and MYCN have a different binding affinity with MIZ-1, although 

MYC proteins have always been considered to be functionally redundant, and that this would 

be a determinant of MB subgroup. MYCN has a lower binding affinity for MIZ1, leading to a 

weaker gene expression reduction and to a typical genetic background for SHH MB. 

Alternatively, MYC has a higher affinity for MIZ-1 and strongly represses genes involved in 

neuronal differentiation allowing group 3 MB to retain a stem-like state (Figure 6) (Vo et al., 

2016).  

MIZ1 expression is found widespread in the developing cerebellum, and it can act as a positive 

or negative regulator of transcription depending on binding partners (Wanzel et al., 2003).  

To date, MYC targeting strategies still have not met the clinical need. As mentioned before, 

this is mainly due to the lack of MYC druggable binding sites and to MYC tangled 

transcriptional regulations. Therefore, the targeting of MYC down-stream pathways or 

interactors is currently the most favourable way to hamper MYC-driven tumours.  
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Figure 6 | MB subgroup-specific binding affinity of MYC/MIZ1 complex. 

The different binding affinity of MYC and MYCN with MIZ1, but not MAX, elicits different transcriptional 
effects in MB: MYC/MIZ1 interaction induces strong repression of genes involved in neuronal 
differentiation, survival and ciliogenesis in group 3 MB compared to SHH MB. Adapted from 
(Mathsyaraja & Eisenman, 2016b). 
 

1.5 microRNAs 

MicroRNAs (miRNAs) are a family of small, endogenous non-coding RNAs (of about 22 

nucleotides) that regulate gene expression in a sequence-specific manner (Lau et al., 2001).  

The first evidence of the existence of miRNAs dates back to the '90s. Lin-4 and, later on, let-7 

were the first small non-coding RNAs to be discovered to have a role in developmental 

transitions in the nematode C. elegans (R. C. Lee et al., 1993; Reinhart et al., 2000). To date, 

thousands of miRNAs have been identified in flies, worms and mammals. They are 

evolutionarily conserved across different species and, in many cases, ubiquitously expressed 

(M. Lagos-Quintana et al., 2001).  

miRNA biogenesis starts with transcription in the nucleus: each miRNA is transcribed, as part 

of a much larger primary transcript (pri-miRNA), by the RNA polymerase II (Pol II) (Y. Lee et al., 

2004). The pri-miRNAs can be quite long (over 1kb) and fold into at least one hairpin structure 

containing imperfectly base-paired stems and a terminal loop. Either one or more than one 

mature miRNA sequences can be present on each pri-miRNA. 

While in the nucleus, pri-miRNAs are recognized and processed into smaller secondary miRNA 

precursors (or pre-miRNAs) by a RNase III family nuclease, Drosha (Denli et al., 2004). In 

particular, Drosha is part of the so-called “microprocessor complex” in which it interacts with 
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DiGeorge syndrome critical region gene 8 (DGCR8), also known as Pasha in D. melanogaster 

and C. elegans, a double-stranded RNA binding protein required for the proper processing 

(Han et al., 2006), that mainly consists in cropping the stem of the pri-miRNAs leaving a 3’ 

overhang of 2 nucleotides (Y. Lee et al., 2003). 

The precursor molecules generated by the microprocessor complex are single-stranded, 

hairpin-shaped RNAs of about 70-100nt which then exit the nucleus with the help of Exportin-

5 (Exp5) and the binding of Exp5 with its cofactor, Ran guanosine triphosphate (RAN-GTP) (Yi 

et al., 2003). 

Once in the cytoplasm, the pre-miRNAs require further processing. They are cleaved by Dicer, 

another RNase III endonuclease, with a function similar to Drosha (Bernstein et al., 2001). This 

enzyme lops off the double-stranded loop of the pre-miRNA leaving, as a product of its 

cleaving reaction, imperfect miRNA duplexes. Each duplex comprises two antiparallel and not 

fully complementary strands (both of about 22nt) with 5’ phosphates and 3’ overhangs of two 

nucleotides. Most of the time, only one of these two strands is going to become the mature 

miRNA. The reason behind this should perhaps be ascribed to minor thermodynamic stability 

at 5' end of one of the two strands, which regulate the entry into the RISC complex (Schwarz 

et al., 2003). The less stable strand can either be accumulated at a lower level than its partner 

strand, but still be used to generate a mature miRNA (Chiang et al., 2010), be processed as 

much as the mature miRNA from the other strand (Krichevsky, 2003; Mariana Lagos-Quintana 

et al., 2002) or be degraded (Ambros et al., 2003). 

Once the miRNA-duplex has been created, it is bound by AGO2, in humans a protein of the 

Argonaute family, composed of four members (AGO1-4). AGO2 is dedicated to microRNA 

mediated silencing reactions (Hammond et al., 2001); it binds to Argonaute-cofactor GW182 

and other proteins to generate the “miRISC complex” (microRNA Induced Silencing Complex) 

(Filipowicz et al., 2008). Upon loading, the mature miRNA act as a guide strand because of its 

complementary to the target mRNA (Figure 7). 

 
The importance of miRNAs relies on their function in regulating gene expression and on the 

consequent physiological implication that this regulation may have. miRNAs have been shown 

to regulate important physiological processes such as metabolism, development 

(Kloosterman & Plasterk, 2006), cell proliferation (Gangaraju & Lin, 2009), differentiation and 

apoptosis (Bushati & Cohen, 2007). 
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miRNA regulation occurs at a post-transcriptional level, and the imperfect (in metazoans) 

complementarity of microRNAs with 3’ UTR (untranslated region) of target mRNAs provokes 

the repression of mRNA translation (Doench & Sharp, 2004). 

The key component for this miRNA-mRNA pairing is the so-called the “seed sequence”, which 

generally encompasses nucleotide positions 2 to 8 in the mature microRNA (Bartel, 2009), and 

is considered the most conserved portion of miRNAs (Lewis et al., 2003). 

It has been shown that miRNA regulation on gene expression is a complex and strictly 

regulated event since each miRNA can recognize many targets (Lim et al., 2005) and each 

mRNA can be targeted by several different miRNAs at the same time (Wu et al., 2010). 
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Figure 7 | The current model for the biogenesis of microRNAs. 

In the nucleus, pri-microRNAs are transcribed by the RNA polymerase II (RNA pol II) and processed by 
Drosha to form hairpin looped pre-miRNAs. Then, pre-miRNAs exit into the cytoplasm through Exportin 
5 (Exp5) and are further processed by Dicer to form mature miRNAs. Mature miRNAs post-
transcriptionally modulate target genes by binding to specific sequences in their 3’UTR. According to 
complementarity strength with the target mRNA, miRNAs can either repress translation or induce 
transcript degradation.  
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1.5.1 miRNAs biological role  

miRNAs have been demonstrated to exhibit high evolutionary conservation over a wide range 

of species (Lim et al., 2003). Over 2000 mature miRNA sequences have been reported in 

humans (according to miRBase, Release 21). This high number of miRNAs, combined with the 

fact that each miRNA can target multiple mRNAs, has led to the estimate that more than 30% 

of the human genome is regulated by miRNAs (Lewis et al., 2005).  

miRNAs have been shown to play a part in varying aspects of physiologic processes, such as 

development (Kloosterman & Plasterk, 2006), cell proliferation (Gangaraju & Lin, 2009), 

differentiation and apoptosis (Bushati & Cohen, 2007). In particular, their expression profiles 

differ greatly in various cell types and tissues, some miRNAs have been proposed as 

specifically expressed at particular developmental stages and as being species-specific. For 

example, miRNAs regulate development of hematopoietic system (C.-Z. Chen et al., 2004), 

morphogenesis of epithelial tissues (Yi et al., 2006), they are involved in many metabolic 

processes (Esau et al., 2006) and orchestrate numerous aspects of central nervous system 

development (Small & Olson, 2011). 

Conversely, their deregulation or altered expression has been associated with the pathological 

development of many maladies among all neurological disorders, cardiovascular disease and 

particularly they modulate all the hallmarks of cancer (Lu et al. 2005; van Rooij et al. 2007; Di 

Leva et al. 2014).  

Because of that, miRNAs have various potential applications and have been proposed as novel 

biomarkers and therapeutic targets. 

 

1.5.2 miRNAs in medulloblastoma 

As discussed, medulloblastoma pathogenesis and the acquisition of tumorigenic functions are 

driven by mutations and gene expression alterations. miRNAs, as post-transcriptional 

regulators, can influence the expression of oncogenes and tumour suppressor genes in 

different cancers.  

One of the first pieces of evidence of miRNA having a cancer-causing role was in 2006 when 

Cimmino et al. showed that miR-15a and miR-16-1 negatively regulated the anti-apoptotic B 

cell lymphoma 2 (BCL2) protein in chronic lymphocytic leukaemia (Cimmino et al., 2005). 
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miRNAs are also referred to as oncogenes or tumour suppressors, and they are up-regulated 

or down-regulated in cancer compared to normal tissues respectively (Di Leva et al., 2014). 

Notably, MYC plays a prominent role in controlling transcription of both oncogenic and 

tumour suppressive miRNAs. On the one hand, MYC up-regulates the expression of the 

oncogenic 17-92 cluster, which have been shown to drive cell proliferation, induce 

angiogenesis and stop apoptosis in different cancer types including brain cancers (Mendell, 

2008; Ventura et al., 2008). On the other, MYC represses let-7 family members expression 

leading to increased proliferation in cancer (Lujambio & Lowe, 2012). 

A great deal of research has been recently focused on microRNAs involvement in cancer; 

nonetheless, the study of the role of microRNAs in medulloblastoma is still in its infancy. 

Few miRNAs are found altered and have been documented to have tumour-suppressing or 

tumour-promoting activity in in vitro and/or in vivo models (Cavalli et al., 2017; Garg et al., 

2015). Ferretti et al. were one of the first to unravel miRNA regulation patterns in MB, 

reporting an overall miRNAs downregulation compared to controls and proving miR-9 and 

miR-125 as tumour growth inhibitors (Ferretti et al., 2009). 

Moreover, the same group was one of the first to correlate miRNA profile with specific 

molecular features of MB and not with MB as individual clinical entity, showing interestingly 

that MB tumours with a higher expression of c-Myc exhibited a signature of miRNAs (miR-

181b, miR-128a, miR-128b) that was differentially expressed compared to other subgroups 

without c-Myc overexpression (Ferretti et al., 2009). 

Once again, the 17-92 cluster deserves a special mention among frequently up-regulated 

miRNAs in medulloblastoma (6% of MBs). Its upregulation has been linked more frequently to 

MB tumours relying on the activation of SHH signalling (Uziel et al., 2009). The proliferative 

effects of the cluster have been confirmed both in cell and mouse models for SHH MB (Murphy 

et al., 2013; Northcott, Fernandez-L, et al., 2009).  

 

1.5.2.1  miR-124  

miR-124 is highly expressed in all brain regions except for the pituitary gland (Baroukh & Van 

Obberghen, 2009), and its role is essential for the maintenance of neuronal identity  (Conaco 

et al., 2006). Given its abundance in the brain, it’s not surprising that alterations in miR-124 

expression lead to neurodegenerative diseases, such as Alzheimer’s and Parkinson, strokes or 

brain tumours (Sun et al., 2015).  
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miR-124 is specifically highly expressed in differentiating and mature neurons and external 

granule cells of the normal cerebellum, which are believed to be cells of origin of MB (Li et al., 

2009). Accordingly, miR-124 is also one of the most frequently down-regulated miRNAs in MB 

(Pierson et al., 2008). In this context, it acts as tumour-suppressor inhibiting cell proliferation 

and MB progression in vitro and in vivo via direct targeting of CDK6, a master regulator for 

G0/G1 progression (Silber et al., 2013). miR-124 has also been shown to down-regulate 

SLC16A1 in medulloblastoma. SLC16A1 is responsible for the efflux of lactic acid during aerobic 

glycolysis, and its knockdown leads to cell death in MB (K. K. W. Li et al., 2009). 

One of the key prognostic factors for medulloblastoma is the presence of metastasis at 

diagnosis. miR-124 has been shown to target the SOX9 gene, which is frequently 

overexpressed in WNT and SHH MB, recently associated with MB malignancy and metastasis 

(Suryo Rahmanto et al., 2016; Swartling et al., 2012).  

Altogether, miR-124 holds great potential for malignant MB treatment. 
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Chapter 2:  

Materials & Methods 
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2.1 Cell culture 

The following medulloblastoma cell lines have been used in this study: DAOY, ONS76 and 

UW228 (SHH subgroup), HD-MB03 (group 3 subgroup), CHLA-01-MED and CHLA-01R-MED 

(group 4 subgroup). DAOY, CHLA-01-MED were purchased from American Type Culture 

Collection (ATCC) and HD-MB03, ONS76, UW228 were kindly provided by Dr. Chris Jones. 

DAOY, ONS76, UW228 and HD-MB03 cells were grown in a monolayer in Roswell Park 

Memorial Institute (RPMI) 1640 medium supplemented with 10% (vol/vol) FBS and 1% 

(vol/vol) Penicillin-Streptomycin antibiotics (Invitrogen). CHLA-01-MED and CHLA-01R-MED 

suspension cells were cultivated in DMEM:F12 medium with 20 ng/mL human recombinant 

EGF, 20 ng/mL human recombinant basic FGF, and B-27 Supplement (Invitrogen) to a final 

concentration of 2% (vol/vol). 

All cell lines were incubated at 37°C and 5% CO2 and passaged every three days upon 

confluency. 

 

2.2 3D spheroid culture 

3D spheroids of HD-MB03 cells were generated with a forced floating strategy, seeding 500 

cells/well in the Nunclon Sphera 96-well microplate with super low cell attachment surface 

(ThermoFisher). The plate was then centrifuged at 200 g for 2 minutes, to gather all cells at 

the bottom of each well. Cells were incubated at 37°C and 5% CO2 for 3 days to allow spheroid 

formation. Spheroid formation was assessed through phase-contrast microscopy at BioTek 

Cytation 3 Image reader (BioTek).  

Spheroid volume was measured using the following formula  !"#$%&	(	)*+&%!
,  (Jensen et al., 

2008). 

 

2.3 Drugs 

All CDK inhibitors used and respective CDK selectivity are listed below in Figure 8 and Table 4. 

All compounds were purchased from MedChemExpress and stock solution were stored at -

20°C for short term storage and -80°C for long term storage. CDKis were used with a 0-10 μM 

concentration range.  
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Figure 8 | Chemical structures of CDKis used in the study. 

 

 

 

Table 4 | Selectivity of CDK inhibitors used in the study. 
 
The “+” show which CDKs are targeted by each compound as they are indicated by the manufacturer.  
	

CDK Inhibitor CDK1 CDK2 CDK4 CDK5 CDK6 CDK7 CDK9 

Palbociclib 
  

++++ 
 

+++ 
  

Dinaciclib ++++ ++++ 
 

++++ 
  

++++ 

AT7519 ++ ++ ++ +++ ++ + +++ 

PHA-767491 + ++ 
 

+ 
  

+++ 

Milciclib + ++ ++ + 
 

++ 
 

LEE011 
  

+++ 
 

+++ 
  

Flavopiridol +++ +++ +++ 
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Vincristine and cisplatin were employed in this study as chemotherapeutic agents 

(MedChemExpress). These compounds were used at 0-10 μM and 0-100 μM concentration 

ranges respectively. 

BH3 mimetic compounds were purchased from APExBIO and they all target with high 

specificity anti-apoptotic Bcl-2 proteins. Specifically, we used Navitoclax, an inhibitor of BCL-

XL, BCL-2 and BCL-w, Maritoclax, a selective MCL-1 inhibitor, and WEHI 539, a selective BCL-

XL inhibitor. All BH3 mimics were tested at 0-100μM concentrations. 

The calculation of the IC50 of the compounds and graphs were performed using Graphpad 

Prism 5.0 software in short-term proliferation assays (72h treatments), as described.  

 

2.4 Generation of chemo-resistant cells 

Group 3 MB vincristine- and cisplatin-resistant cells were derived from parental HD-MB03 cells 

by continuous exposure to the primary inhibitors. Initially, IC50 values for each drug were 

obtained from dose-response results over 72h treatment of the sensitive HD-MB03 cells using 

MTT assay. Each resistant cell line was treated starting with a low concentration of the drugs 

(100-fold less than IC50) until full recovery of the cells. The cells were passaged every two days 

and treated with the drugs the following day. Drug concentration was slowly increased until 

at least 2-fold IC50 was reached. This development period was carried out for approximately 6 

months, after which time IC50 concentrations were re-assessed in each chemo-resistant cell 

line and compared to parental cells. After that, cells were maintained continuously in the 

presence of the respective inhibitor. 

 

2.5 Transfection 

Transfections were performed using Lipofectamine 2000 or Lipofectamine RNAiMax 

(Invitrogen) as suggested by the manufacturer’s instructions. HD-MB03 cells were cultured to 

50–60% confluence in 6-well plates at 200,000 cells/well, in antibiotics-free RPMI medium, 

and then transfected with 50-100 nM of specific siRNA or pre-miRNA for 72 h. Specifically, 

only single siRNAs for MCL-1 were transfected at 50nM final concentration. siRNAs pools 

(SMARTpool) used from Dharmacon consists of a mixture of 4 different siRNAs targeting the 
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gene of interest, accounting for a better knockdown. A list of all transfected siRNAs and pre-

miRNAs can be found in Table 5.  

The day after transfection, cell culture medium was changed to avoid lipofectamine toxicity 

effects on cells.  

 

 

Table 5 | List of RNA molecules used in this study. 
 

RNA molecule name Supplier 

siGENOME Non-Targeting siRNA Pool #1 Dharmacon (#D-001206-13-05) 

siRNA Non-Targeting Control Dharmacon (#D-001810-10-05) 

SMARTpool siRNAs ZBTB17 (MIZ1) Dharmacon (#L-012659-00-0005) 

SMARTpool siRNAs MYC Dharmacon (#L-003282-02-0005) 

SMARTpool siRNAs CDK1 Dharmacon (#L-003224-00-0005) 

SMARTpool siRNAs CDK2 Dharmacon (#L-003236-00-0005) 

SMARTpool siRNA CDK9 Dharmacon (#L-003243-00-0005) 

siRNA MCL1 #1 Qiagen (#SI03069003) 

siRNA MCL1 #2 Qiagen (#SI00131768) 

Pre-miR miRNA Precursor Negative Control #1 ThermoFisher scientific (#AM17110) 

Pre-miR miRNA Precursor hsa-miR-124-3p ThermoFisher scientific (#PM10691) 

 

2.6 CRISPR/Cas9 genome editing 

To establish MYC and MIZ1 knockouts, we used the CRISPR-Cas9 system following the 

workflow represented in Figure 9.  

Briefly, 100 nmol of crMYC (Edit-R Human MYC, Dharmacon) and crMIZ1 (Edit-R Human 

ZBTB17 crRNA, Dharmacon), Table 6, were transfected in HD-MB03 cells together with an 

equimolar amount of trans-activating crRNA (Edit-R CRISPR-Cas9 Synthetic tracrRNA, 

Dharmacon) and 1 μg of hCMV-PuroR-Cas9 expression plasmid (Dharmacon). 
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Table 6 | crMYC and crMIZ1 target region. 
 

crRNA name Target sequence 

crMYC GGTGTGACCGCAACGTAGGA 

crMIZ1 CTGGTGCACGGTCTTCACGT 

 

 

Positively transfected cells were selected using 750 ng/ml puromycin, starting from the 48 h 

after transfection. Selected cells were grown as a single cell in 96-well plates and then 

expanded for DNA extraction of isogenic cell lines and long-term storage. Transfections were 

performed with Lipofectamine 2000 (Invitrogen) as previously stated. 

 

2.6.1 DNA extraction 

Genomic DNA was extracted from crMYC, crMIZ1 and Cas9 HD-MB03 cells right after 

puromycin selection and from the different crMYC and crMIZ1 isogenic cell lines. 

Briefly, collected cells were incubated overnight at 60°C with 700 μl Lysis Buffer (50 mM Tris-

HCl, pH 8.0, 100 mM EDTA, 100 mM NaCl, 1% SDS) and 35 μl 10 mg/ml Proteinase K. The 

following day, 20 μl 10 mg/ml RNase A (DNase-free) were added to the samples and then 

incubated at 37°C for 2 h.  500 μl Phenol:Chloroform:Isoamyl Alcohol (PCI, 25:24:1) was 

added to the samples, mixed and then centrifuged at 12,000 x g for 5 min. The aqueous layer 

was collected, and a chloroform extraction was performed in 500 μl chloroform. The aqueous 

phase was transferred in a new tube containing 100% isopropanol to allow DNA precipitation 

upon centrifugation. White DNA pellets were washed twice with 70% ethanol and then left to 

dry and resuspended in nuclease-free water. 

DNA was quantified using Nanodrop-2000c spectrophotometer (Thermo Scientific). 

2.6.2  CRISPR efficiency 

The Alt-R Genome Editing Detection Kit (IDT), based on T7EI nuclease assay, was used to 

screen for and characterize any insertions/deletions (Indels) present in each HD-MB03 MYC 

and MIZ1 mutagenised pools.  Specifically, 40 ng of gDNA was PCR-amplified using the primer 
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set (Table 7) specific for the crRNA-targeted regions with My Taq Red Mix (Bioline) following 

the manufacturer’s instructions. 

 

 

 

Table  7 | Primers used for crMYC and crMIZ1 targeted regions. 
All primers were ordered from Eurofins. 
	

Gene name Primer sequence 

MYC Forward 5’-CCCGCGACGATGCCCCTCAACG-3’ 

MYC Reverse 5’-GGCCTGGGCGGGCTTCGCTTAC-3’ 

MIZ1 Forward 5’-CCCCAGAGCACCTCCTGCTG-3’ 

MIZ1 Reverse 5’-CACTGCAGCTCCCACCGGC-3’ 

 

 

 

All of the primers were validated for optimal annealing temperature. To visualize the T7EI 

digestion products, a 2% agarose gel in 1xTBE buffer (National Diagnostics) was prepared and 

stained with SYBR Safe DNA Gel Stain (Invitrogen). DNA bands were visualized using the GBox 

system (Syngene) and taking as a reference the molecular weight marker Quick-Load 1 kb DNA 

Ladder (NEB).  

2.6.3  Sequencing 

100 ng of single clone’s DNA was amplified using My Taq Red Mix (Bioline), following 

manufacturer’s recommendations. PCR products were purified using FavorPrep PCR Clean-UP 

Kit (Favorgen) and sent for Sanger sequencing at Source BioScience laboratory (UK). 
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Figure 9 | CRISPR/CAS9 gene knockout workflow. 

1-2) HD-MB03 cells were co-transfected with Cas9 expressing plasmid, tracRNA and crRNAs targeting 
MYC and MIZ1 respectively. Genome editing will occur only in the cells receiving all 3 molecules. 3) 
After 48h from transfection, CRISPR pools were selected for Cas9 plasmid with puromycin antibiotic. 4) 
Following selection, cell populations were screened to detect mutation in MYC and MIZ1 genes by T7EI 
digestion. Mismatches will form fragments with different sizes when resolved in agarose gel. 5-6) After 
assessing the efficacy of the editing, cells were clonally expanded to collect DNA and proteins for 
sequencing and western blot analyses. 
 

 

2.7 RNA extraction 

Total RNA was extracted from cell pellets with 1 ml of TRI Reagent (Sigma-Aldrich) each time, 

following the manufacturer’s protocol. RNA was dissolved in 30-50 μl of RNase-free water and 

then measured using Nanodrop-2000c spectrophotometer (Thermo Scientific). Specifically, 

samples selected for further microRNA expression screening were purified using RNA Clean-

up and Concentration Kit (Norgen) as per instructions to obtain high-quality RNA. 
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2.8  RNA profiling 

2.8.1 miRNA high-throughput screening 

Medulloblastoma samples selected for miRNA expression profiling were sent at The Ohio 

State University genomic facility, and the detection was performed on the NanoString 

nCounter Human microRNA expression assay (Figure 10) (NanoString Technologies). 

Specifically, 180 ng of high-quality total RNA was used as input material, and each selected 

sample was submitted in triplicate. 

 

 

 
 
 
 
 
 
 

 
 

 
 

 

Figure 10 | Overview of NanoString miRNA assay. 

Briefly, A) this detection method consists of a first step where every mature miRNA present in the sample 
is paired with a miRNA-specific bridge oligonucleotide, which in turn is required for the correct ligation 
of the miRNA-tag at its 3’. The tagged microRNAs are hybridized with probes specific for each tag 
sequence, which are made of a biotin label, that allows subsequent miRNA capture, and a reporter 
portion that consists in a fluorescent barcode. B) Each tagged-miRNA:probe complex is then 
immobilised on a streptavidin-coated cartridge, C) fluorescent barcodes are counted by the nCounter 
Digital Analyzer and values assigned to the corresponding miRNA identity. Overall, these highly miRNA-
specific steps confer the system of a great sensibility and specificity, allowing a quantitative readout of 
800 human microRNAs. Adapted from (Geiss et al., 2008). 
	  

A) B) 

C) 
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A panel of microRNAs was analysed in HD-MB03 transfected with siRNA negative CTRL vs HD-

MB03 transfected with siRNA MIZ1 comparison groups.  

After miRNA screening, data normalization and analyses, including heat map generation, were 

performed using the nSolver software by Paolo Fadda from The Ohio State University genomic 

facility.  

2.8.2 RNA-sequencing 

Sequencing libraries for pre-miR-CTRL vs pre-miR-124 transfected HD-MB03 cells and DMSO 

vs Dinaciclib treated HD-MB03 cells, each submitted in triplicate at the Sequencing facility of 

the Cancer Research UK – Manchester Institute, were prepared by using the QuantSeq kit 

(Lexogen) and run on an Illumina NextSeq sequencer for 76bp. RNA-seq analyses were 

performed by Mattia Chiesa from the Immunology and Functional Genomics Unit, Centro 

Cardiologico Monzino (Italy). Briefly, reads were quality checked and aligned to a human 

reference genome. Differential expression was evaluated using the R DaMiRseq package 

(Chiesa et al., 2017).  

 

2.9 Computational analysis 

Gene ontology analysis (GO) (http://geneontology.org) for differentially expressed genes, 

from both RNA-seq datasets or publicly available datasets from the R2: Genomics Analysis and 

Visualization Platform (https://hgserver1.amc.nl/cgi-bin/r2/main.cgi), was performed by 

ranking the selected genesets. The cut-off for the final list of genes was p-value < 0.05.  

 

2.10 miRNA and mRNA RT-qPCR: expression analyses and RNA profiling 

validation 

For quantitative PCR studies of microRNAs, RNA samples were diluted in RNAse-free water at 

the concentration of 50 ng/μl in order to use 50 ng of the RNA solution in each RT assay for 

technical consistency. Total RNA was reverse transcribed to cDNA using specific miRNA 

primers and the reagents of TaqMan MicroRNA Reverse Transcription kit (ThermoFisher). 

Specifically, TaqMan RT probes are stem-looped with a miRNA-specific single-stranded region 
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and a double-stranded universal fragment (universal primer-specific), this structure avoids 

annealing of the primer to pre- and pri-miRNAs and allows only mature miRNA reverse 

transcription, thereby conferring high specificity of the assay. Therefore, total RNA has been 

reverse transcribed in a reaction volume scaled down to 7.5 μl. This was comprised of 0.075 

μl of 100 mM dNTPs, 0.75 μl of RT buffer (10X), 0.094 μl of RNase Inhibitor (20 units/μl), 0.5 

μl Multiscribe RT enzyme (50 units/μl), 3.581 μl of nuclease-free water and 1.5 μl of miRNA-

specific stem looped primer (5X). Lastly, 1 μl (50 ng) of RNA was added to each reaction 

volume. Samples were vortexed and incubated in a GeneAmp PCR System 9700 Fast Thermal 

Cycler (Applied Biosystems) according to manufacturer’s instructions. 

Then, 1 μl of diluted RT product was amplified in 10 μl PCR reactions including 5 μl of 2X 

TaqMan Fast Advanced Master Mix (Applied Biosystems), 3.5 μl of nuclease-free water, 0.5 μl 

of miRNA-specific primer (20X). All reactions were run in triplicate on a 7900HT Sequence 

Detection System (Applied Biosystems) as per manufacturer’s protocol. 

For quantitative PCR studies of mRNA, complementary DNA (cDNA) was synthesized from 500 

ng of RNA as input with Superscript III First-Strand Synthesis kit (Thermo Fisher) according to 

manufacturer’s instructions. Then, 1 μl of diluted cDNA (50 ng/μl) from each reaction was 

amplified with the FS Universal SYBR Green Master Rox master mix (Roche) as per 

manufacturer’s protocol. All reactions were run on a Lightcycler 96 instrument (Roche).  

Results were expressed as Ct (cycle threshold) levels, defined as the fractional cycle number 

at which the fluorescence passes the fixed threshold. The threshold is a numerical value, which 

is set as a significant point above the background signal (baseline fluorescence) and allows 

accurate measurement of only the fluorescence deriving from target presence in a well. 

Relative expression was calculated using the comparative Ct method (2-ΔΔCt) (Schmittgen & 

Livak, 2008). Each Ct value was normalized (ΔCt) to the corresponding Ct value of the 

housekeeping microRNA or gene to allow comparison between different samples. Specifically, 

U6 or RNU44 were used as housekeeping microRNAs, and 18s or Actin were used as 

housekeeping genes. Next, relative expression was calculated with the formula 2- ΔCt and an 

average of the three technical replicates was taken. Final results are expressed as fold changes  

!,"#$%	&-".&"+,"#$%	/0#&-01" of different miRNAs or mRNAs (average of three biological triplicates) ± SD. 
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2.11 SDS-polyacrylamide gel electrophoresis (PAGE) and Western Blot 

Cells were cultured in 10-cm dishes, collected adding ice-cold PBS and scraping the dishes. 

Pellets were obtained by centrifugation and proteins extracted in Triple lysis buffer composed 

of 50 mM Tris-HCl (pH=7.5), 150 mM NaCl, 0.1% SDS, 1% NP-40 and 0.5% sodium 

deoxycholate. Protease inhibitor cocktail set III (EMD Millipore), and phosphatase inhibitor 

cocktail set II (EMD Millipore) were always added to the buffer before lysis. Samples were 

then vortexed for 30 min at 4 °C, and cell lysates were cleared by centrifugation at 13,000 rpm 

for 10 min at 4 °C. Briefly, equal amounts of protein lysates (50 μg each time) and molecular 

weight marker (Precision Plus Protein Kaleidoscope, Bio-Rad Laboratories) were separated by 

4-20% SDS-polyacrylamide gel electrophoresis (Bio-Rad), transferred to 0.45 μm nitrocellulose 

membranes (Bio-Rad) and blocked in 5% (w/vol) skim milk in PBS-T (PBS, 0.1% (w/vol) Tween 

20) for 1h at room temperature. Immunoblots were carried out with specific primary antibody 

incubation	 overnight at 4 °C, three washes with PBS-T,	 followed by species-specific 

horseradish peroxidase-conjugated antibodies incubation for 1h at room temperature (GE 

Healthcare). Chemiluminescence was induced with	SuperSignal West Pico Chemiluminescent 

Substrate and SuperSignal West Dura Chemiluminescent Substrate (Thermo Fisher). Finally, 

signal detection was possible through X-ray film exposure (Phenix). 

A complete list of all primary and secondary antibodies used can be found in Table 8. GAPDH, 

Vinculin, Actin and Tubulin were used as loading controls. 
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Table 8 | List of all antibodies used in the study. 
 

Primary Antibody Supplier 

MIZ-1 (1:500) Cell Signaling (#14300) 

PARP (1:500) Cell Signaling (#9532) 

Cleaved PARP (1:500) Cell Signaling (#D64E10) 

MYC (1:1000) Abcam (#Ab32072) 

GAPDH (1:10.000) EMD Millipore (#Ab2302) 

CDK1 (1:500) Cell Signaling (#9116) 

CDK2 (1:500) Cell Signaling (#2546) 

CDK5 (1:500) Cell Signaling (#12134) 

CDK9 (1:500) Cell Signaling (#2316) 

MCL-1 (1:200) Santa Cruz (sc-12756) 

Actin (1:10.000) Santa Cruz (sc-47778) 

Rb (1:500) Cell Signaling (#9313) 

p-Rb (1:500) Cell Signaling (#8516) 

RNA polymerase II (1:1000) Abcam (#ab140509) 

p-RNA polymerase II (Ser 2) (1:1000) Abcam (#ab193468) 

Vinculin (1:5000) Cell Signaling (#13901) 

Tubulin (1:5000) Cell Signaling (#2125) 

BCL2 (1:500) Santa Cruz (#sc-7382) 

BCLXL (1:500) Cell Signaling (#2764) 

BAX (1:500) Cell Signaling (#5023) 

 

Secondary Antibody Supplier 

anti-Mouse IgG, HRP-linked whole Ab (from sheep) 

(1:2000) 
GE Healthcare (#NA931) 

anti-Rabbit IgG, HRP-linked whole Ab (from donkey) 

(1:5000) 
GE Healthcare (#NA934) 
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2.11.1 Densitometric analysis 

A semiquantitative analysis of western blot data was possible through measurement of each 

band optical intensity. This was possible using the Image J software (http://imagej.nih.gov/ij/). 

Each target value was normalised to the respective value of the loading control protein 

(GAPDH, actin, vinculin or tubulin). Data were expressed as a percentage relative to the 

control and bar charts were created using the GraphPad Prism 5 software. 

 

2.12 Short-term proliferation assay 

Cells were seeded in 96-well plates at a density of 1000 cells/well DAOY, 2000 cell/well HD-

MB03, 2500 cell/well UW228, 1200 cell/well ONS76 and 5000 cells/well CHLA-01-MED for 

short-term viability assays (72h).  

Short-term viability of adherent cells after different treatment conditions was determined in 

quadruplicates and examined by Thiazolyl Blue tetrazolium bromide (MTT) (Alfa Aesar) assay 

or Sulforhodamine B sodium salt (SRB) (Sigma-Aldrich) assay whereas suspension cells viability 

was measured by Alamar blue (Alfa Aesar) resazurin assay. For MTT assays, metabolically 

active cells were detected adding 50 μl of Thiazolyl Blue Tetrazolium Bromide 3mg/ml (Alfa 

Aesar) to the medium of each well. After 3h of incubation, the medium was removed and 200 

μl of DMSO was added to each well to solubilise the cells and dissolve the formazan crystals. 

Finally, the optical density of the formazan solution in each well was analysed using the 

FLUOstar Omega microplate reader (BMG Labtech) at 540 nm. For SRB assays, cells were 

washed with PBS and then fixed for 1 hour with 100 μl of 10% trichloroacetic acid (TCA). Cells 

were washed and left to dry overnight. The next day 100 μl of SRB was added to each well. 

Protein-bound SRB was first washed with 1% acetic acid and then solubilised with Tris base 

solution 10 mM pH 10.5. Absorbance was measured at 540 nM using FLUOstar Omega reader 

(BMG Labtech). 

For resazurin assay, 40 μl of the reagent (0.15 mg/ml) was added to each well and, after 24h 

incubation, colour changes were measured through FLUOstar Omega reader (BMG Labtech).  

Drugs were always tested using a 0-10 μM concentration range at 1:10 fold dilution except for 

cisplatin, which was tested using 0-100 μM at 1:2.5 fold dilution. 

All results were normalized to untreated controls and reported as the average +/- SD.  IC50 

values and statistical analyses were performed using GraphPad Prism 5 software. 
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2.13 Long-term proliferation assay 

For long-term viability assay (9 days), HD-MB03 were plated at 200 cells/well. All cells were 

maintained at 37 °C in a 5% CO2 incubator. After 24h from seeding, cells were treated in 

quadruplicates every three days, following the same concentration ranges and fold dilution 

ratios used for the short-term viability assay. 

Long-term viability was assessed by crystal violet staining (0.5% w/v, Sigma-Aldrich) for 20 

minutes on a bench rocker at room temperature, rinsed with water and air-dried overnight. 

Crystal violet staining was dissolved by adding 200 μl of methanol to each well. The optical 

density of crystal violet solution was measured using FLUOstar Omega reader (BMG Labtech) 

at 570 nm wavelength.  

The statistical analysis was performed with GraphPad Prism 5 software.  

 

2.14  Washout Assay  

Cells were seeded in 6-well plates at 200,000 cells/well and treated the next day with 

increasing concentrations of the selected drugs for further 24h. Then, cells were counted 

again and seeded for long term analyses at 200 cells/well in 6-well plates. Cells were 

monitored over 2 additional weeks, with media replacement every two days. At the endpoint, 

survivor strains were stained with crystal violet solution (0.5% w/v, Sigma-Aldrich). 

 

2.15 Apoptotic Assay  

Caspase 3/7 activity assays after siRNAs transfections were performed using the Caspase-Glo 

3/7 Assay system (Promega) under manufacturer’s instructions. Briefly, MB cells were plated 

for 24h in 96-well plates (2000 cells/well) and transfected with the selected siRNAs. Caspase-

Glo reagent was added to culture media after 72h from transfection. Luminescence was 

measured using the Varioskan microplate reader (Thermo Scientific). All results were 

normalized to non-targeting control siRNA values.  

Caspase 3/7 activity assessment after dinaciclib and palbociclib treatment was performed 

using CellEvent Caspase-3/7 Green Detection Reagent (ThermoFisher) in 2D and 3D MB cell 

cultures. Briefly, for 2D treatments, HD-MB03 cells were plated at 3500 cells/well in 96-well 
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plate, and for 3D experiments, spheroids were generated as previously described (2.1.1). In 

both culture settings, cells were treated with 100nM of the CDKis tested for 24h. Then, 

Caspase-3/7 reagent was added to culture media at 3µM final concentration and incubated 

for 30 min before imaging. BioTek Cytation 3 Image reader (BioTek) was used to identify the 

fluorescence of caspase active cells. 

 

2.16 Time-lapse microscopy 

Cells were seeded in a 96-well plate (Starstedt) at a density of 2500 cells/well and incubated 

for 24h. Next day, cells were treated with different drugs being studied or transfected as 

specified in the relevant method’s section. Each treatment condition was performed in 

technical quadruplicates. The plate was then maintained at 37°C and 5% CO2 in the Cytation 

3 system (Biotek). Phase-contrast images were recorded every 15 minutes for 72h at 100X 

magnification. Images were exported in mp4 format from the Gen5 software. Changes in cell 

morphology were assessed by visually analysing the fate of 30 cells per condition, across the 

4 replicate wells.  

At the beginning of each video, we identified a single cell in interphase, and we recorded its 

progress throughout the cell cycle interpreting frame to frame by eye.  

Single cell fate interpretation was performed using the following criteria (Figure 11): 

• Mitotic entry: cells round up 

• Apoptosis: cells round up to shrinking and cytoplasm condensation (early apoptosis) 

and then cell fragmentation occurs (late apoptosis); 

• Mitotic slippage: just one large tetraploid cell comes out of the mitotic phase. Cells 

flatten back again in interphase and do not undergo anaphase.  

Finally, timing results and statistical analysis for each cell fate was presented using GraphPad 

Prism 5, following Taylor group analyses (Topham et al., 2015). 
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Figure 11 | Phase-contrast cell morphology assessment in time-lapse microscopy. 

Red arrows indicate tracked cells: Flattened cells are considered in interphase as DNA is not 
condensed; the same cell round-up undergoing mitosis. A cell in apoptosis will be round-up but 
presenting fragmentation and apoptotic bodies. The yellow number at the top left corner of each frame 
represents the minutes passed from the start of the recording. Images are captured by Cytation 3 system 
at 100X magnification (Biotek). 
 

 

2.17 Tumour Sphere Assay 

Low adhesion 6-well plates were prepared by coating with 1.5 ml of 1.2% Poly 2-hydroxyethyl 

methacrylate (PolyHema, Sigma). HD-MB03 cells were first treated with scalar concentrations 

of dinaciclib and palbociclib (0.001 µM, 0.1 µM and 1 µM) for 72h. Cells were trypsinised and 

manually disaggregated using a 25-gauge needle. 5000 cells/well were plated in low adhesion 

6-well plates and cultured in Neural Precursor Media: DMEM/F12 (ThermoFisher) containing 

10 ml of B27 (50X), 20 ng/ml Epidermal Growth Factor (EGF), and 20 ng/ml basic fibroblast 

growth factor (bFGF) (ThermoFisher).   
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After 5 days, the spheres were visualized and counted using an inverted microscope (Zeiss 

Primovert). Spheres were counted only if presenting a diameter of at least 50 µm, using an 

eyepiece graticule at x40 magnification. Tumour sphere assay was always performed in three 

technical replicates and repeated three times independently. 

 

2.18 Propidium iodide staining and cell cycle analysis 

Cells were plated in 6-well plates at 250,000 cells/well and treated with CDKis the following 

day for 24h. On the day of collection, cells were trypsinised, washed with PBS, and fixed with 

cold 70% ethanol for 30 min while being vortexed. Cells were washed twice with cold PBS 

before flow-cytometric analysis. First, 50 µl of 100 µg/ml RNAse A was added to each sample 

cell pellet and incubated for 15 min at 37 ˚C, this to avoid RNA staining contamination. Then, 

cells were stained for 15 minutes at room temperature adding 200 µl of propidium iodide (PI) 

solution (50 µg/ml) (Sigma-Aldrich). Specifically, PI is a fluorescent molecule that stains DNA 

intercalating between bases. Therefore, fluorescence detected is directly proportional to the 

DNA content of the cell. Based on the DNA amount, it is possible to identify cell population 

fractions across the Sub-G1, G1, S and G2/M phases of the cell cycle by flow cytometry. 

Samples were loaded onto the BD FACSVerse flow cytometer (BD Biosciences), and data 

analysed using the BD FACSuite software (BD Biosciences). Graphs were represented using 

GraphPad Prism 5.0 software as percentage of gated cells in each phase of the cell cycle. 

 

2.19 Cloning and Luciferase reporter assay 

2.19.1 Cloning of MIZ1 binding site into pGL3 vector 

To confirm miR-124-3p binding to MIZ1 gene, we generated a luciferase reporter construct 

where the 3′-UTR sequence of wild-type MIZ1 binding site was cloned downstream of the 

luciferase-coding sequence in a pGL3-control vector (Promega) at the XbaI restriction site. The 

oligonucleotides used for cloning are presented in the Table 9, and they were designed 

following Targetscan prediction for MIZ1/miR-124-3p binding sites (Xba-MIZ-3UTR forward 

and reverse). Briefly, the oligonucleotides were annealed at 95oC for 2 min and cooled down 
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to 25oC over 45 minutes. Then, 5 µg of pGL3-control vector and 20 µl of the annealed 

oligonucleotides (100µM) were digested separately with 20 units of XbaI restriction enzyme 

in 10x CutSmart buffer (New England Biolabs) in a 50 µl reaction volume for 1 h at 37°C. 

Restriction digest products of the pGL3 vector and the annealed primers were run on a 1% 

and 2% agarose gel electrophoresis, respectively. Digested products were each purified using 

the Favorprep Gel/PCR purification mini kit (Favorgen), following the manufacturer’s 

instructions, and quantified using Nanodrop-2000c spectrophotometer (Thermo Scientific). 

To avoid vector re-circularisation during the ligation step, 1 µg of the purified pGL3 vector was 

dephosphorylated in a reaction with Alkaline Phosphatase, Calf Intestinal (CIP) in 10x 

CutSmart buffer (New England Biolabs). 

The ligation of the annealed oligonucleotides with the digested and dephosphorylated pGL3-

control vector was done following the ligation step conditions described in the Rapid DNA 

Dephos & Ligation Kit (Roche). Ligation product was transformed into α-Select Competent 

Cells (Bioline) via heat-shock for selection and amplification of the construct. LB-Agar plates 

with ampicillin selection were inoculated with the transformation solution and incubated 

overnight at 37°C. We then performed single colony PCR screening using backbone-specific 

primers (pGL3 forward and reverse), designed to anneal sites that flank the insert site (Table). 

PCR reactions were performed using the MyTaq Red Mix (Bioline) according to the 

manufacturer’s instructions. PCR products were analysed on a 2% agarose gel via 

electrophoresis and imaged using a G:box apparatus (SynGene) (Figure 12). 

Among the 28 colonies screened, 5 were selected as putatively positive for the presence of 

the cloned insert, and further grown in 10 ml LB broth under ampicillin selection (50 μg/μl) 

overnight at 37°C and 220 rpm. Purified plasmid DNA was obtained using the QIAprep spin 

miniprep kit (Qiagen) following the manufacturer’s instructions. Finally, the 5 purified DNA 

vectors were sent for Sanger sequencing further to confirm the presence and the orientation 

of the insert.  

Among the 5 analysed constructs, we picked 4 for further testing: two, which we called “wild-

type” constructs having one or 3 copies of the binding site sequence in the correct plasmid 

orientation (from 5’ to 3’), and the other two, which we defined as “reverse” constructs having 

one or 3 copies of the binding site sequence in the opposite plasmid orientation (from 3’ to 

5’).  
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Table 9 | List of oligonucleotides used for cloning. 
 
For Xba-MIZ-3UTR oligos, in bold is presented the predicted binding site sequence for miR-124-3p, 
obtained from TargetScan program and sequences in italic are those recognised by XbaI restriction 
enzyme. pGL3 primers are designed in regions of the backbone plasmid flanking the insert. 
 

Oligonucleotide  Sequence 

Xba-MIZ-3UTR Forward 
5’-gcatggTCTAGATGGTTATATTCTGTATCAAAATTGGAA 

GTGCCTTCCTTCCACATTACCTAAGAACCAGTTTCTAGAaatgtc-3’ 

Xba-MIZ-3UTR Reverse 
5’-gacattTCTAGAAACTGGTTCTTAGGTAATGTGGAAGG 

AAGGCACTTCCAATTTTGATACAGAATATAACCATCTAGAccatgc-3’ 

pGL3 Forward 5’-GCGGAGGAGTTGTGTTTGTGGACG-3’ 

pGL3 Reverse 5’-TATCATGTCTGCTCGAAGCGGCCG-3’ 
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Figure 12 | MIZ1-3’UTR cloning efficiency. 

Images show PCR product bands from 17 colonies of 28 screened for MIZ1-3’UTR insert. Samples 
were run on 2% agarose gel and images were taken at the G: box apparatus (SynGene). Quick-Load 
100 bp DNA Ladder (NEB) was used in the first lane as reference. Samples in bold were selected for 
Sanger sequencing. 
 

 

2.19.2 Dual-Luciferase reporter assay 

The pGL3 vector containing the cloned 3’ UTR sequence of wild-type or reverse MIZ1 (250ng) 

was co-transfected along with a pRL-Renilla control vector (50ng) (Promega) and with 100nM 

of the precursor miR-124-3p (pre-124-3p) or negative control (pre-CTRL) into Human 

embryonic kidney 293T cells (HEK293T) for 24 h. Cells were then lysed and treated according 

to the Dual-Luciferase System Protocol (Promega). Luminescence was recorded in the 

Varioskan microplate reader (ThermoFisher), and the values of Renilla luminescence were 

used to normalise firefly luciferase activity. The ratios of Firefly/Renilla values were used for 

result interpretation. 
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Chapter 3:  

Hypotheses and Aims 
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Medulloblastoma is a deadly disease with survivors suffering from severe therapy-associated 

side effects. Current therapies fail to recognise medulloblastoma patient’s heterogeneity. To 

date, generalised treatments have reached a plateau in survival, and leptomeningeal 

metastasis is always a fatal event. Therefore, there is a pressing need for innovative targeted 

approaches to improve survival for high-risk patients and reduce treatment-related sequelae. 

In this context, this research is divided into two projects with the same overarching goal: 

providing new therapeutic options for MB patients by focusing on 1) the identification of 

suitable CDK inhibitors for MB cells; 2) the role of MYC/MIZ1/miRNA regulation within G3 MB 

cells. 

 

PROJECT1: Amplification or overexpression of CDKs act as a powerful trigger for 

medulloblastoma development. Therefore, CDKs inhibition may represent a valuable option 

for targeted therapeutic interventions implementing the current standard of care.  

Specifically, we assess the efficacy of pan-CDKs inhibitors versus the specific CDK4/6 inhibitors, 

currently evaluated in the clinical setting. The main aims of this project are: 

AIM1.1: to identify a potent pan-CDKi candidate for medulloblastoma treatment to be used 

in a comparative study with CDK4/6 inhibitors. 

Tasks: 

- Determine the anti-proliferative efficacy of CDKis with different selectivity and 

specificity in medulloblastoma cell lines; 

- Characterise cytotoxic or cytostatic effects of selected CDKi in MB cells (cell cycle 

distribution and apoptotic response); 

- Evaluate the effect of CDKis on tumour stemness; 

AIM1.2: to characterise the molecular mechanisms underlying medulloblastoma sensitivity to 

the proposed CDKi. 

Tasks: 

- Define the transcriptomic profiles of CDKi treated MB cells (RNA-seq, differential gene 

expression); 

- Validate and interpret the transcriptomic analyses (RT-PCR, WB, GSEA, GO); 

AIM1.3: to characterise the potential use of the proposed CDKi in combination with 

chemotherapeutic drugs to reduce toxicity burden on patients and evaluation of its efficacy 

in chemo-resistant settings. 
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Tasks: 

- Determine the synergistic potential of combination treatments with CDKi and clinically 

relevant chemotherapeutic drugs (vincristine and cisplatin); 

- Generate and characterise chemo-resistant MB cell lines; 

- Evaluate CDKi effects on chemo-resistant MB cell lines; 

 

PROJECT2: MYC amplification is the strongest adverse prognostic factor, predominantly 

associated with group 3 MB patients. However, MYC-dependent biology remains poorly 

understood in MB. The interaction of MYC with MIZ1 has been recently reported as a defining 

hallmark for group 3 MB development (Vo et al., 2016). Considering the failure of MYC-

targeted therapeutic strategies and the role of miRNAs in medulloblastoma, understanding 

the link between MYC/MIZ1 regulatory axis and microRNA network in group 3 biology could 

unveil mechanisms of gene regulation that would help to identify therapeutic vulnerabilities 

for this subgroup. In this scenario, we will explore a new possible strategy to target MIZ1 using 

microRNAs, with the aim to disrupt its interaction with MYC and ability to sustain G3 MB cells. 

The main aims of this project are:  

AIM2.1: to identify MIZ1 targeting miRNAs that could serve as a new targeted therapeutic tool 

to implement the current standard of care for group 3 MB patients. 

Tasks: 

- Characterise the phenotype of group 3 MB cells overexpressing MIZ1-targeting miRNA; 

- Define the transcriptomic profiles of group 3 MB cells overexpressing MIZ1-targeting 

miRNA (RNA-seq, GO); 

- Evaluate the potential use of MIZ1-targeting miRNA to implement chemotherapy; 

AIM2.2: to determine the regulatory role of MYC/MIZ1 complex and its influence over 

microRNAs expression in medulloblastoma cell lines. 

Tasks: 

- Characterise the phenotype of G3 vs SHH MB cell lines after MIZ1 knockdown;  

- Identify the miRNA signature of G3 MB cell line after MIZ1 knockdown; 

- Validate the miRNA signature by RT-qPCR; 

- Characterise the phenotype of CRISPR/CAS9 model of MYC and MIZ1 knockout cells.  
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Chapter 4:  

Targeting CDKs  
for MB treatment 
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4.1 Background 

Medulloblastoma standard of care does not account for intra- and inter-heterogeneity of the 

tumours, and prognosis for high-risk patients is still poor. Treatment-associated morbidities 

and resistance to unspecific therapies are crucial challenges in handling patients. Currently, 

there is an unmet need in the clinic for molecularly tailored therapies for MB, that would allow 

drug dosage reduction and patients quality of life improvement. 

CDKs are critical players in the control of the cell cycle progression, transcription and several 

other cellular processes. These proteins are frequently found up-regulated in many types of 

cancer, including MB (M. Li et al., 2012; Mendrzyk et al., 2005). Hence, there has been a 

growing effort in developing small inhibitors targeting CDKs for cancer treatment. So far, first 

generation CDKis have shown great preclinical potential, but their effects have been 

frequently associated with unacceptable toxicities. Besides, treatments with these 

compounds showed effects that were not strictly associated with targeted CDKs, pointing at 

other non-targeted effects. 

In the past few years, drug design approaches mainly focused on the development of more 

selective CDKis, and specifically CDKis targeting CDK4/CDK6/cyclin D complexes to control 

highly proliferating cells by blocking only G1/S phase, in an attempt to limit the generalised 

side-effects of broad CDK inhibition. Palbociclib is the first CDK4/6 inhibitor approved for 

advanced breast cancer treatment and also effective against many other solid tumours. After 

showing promising inhibitory effects against group 3 and SHH MB tumours, palbociclib is the 

only CDKi selected for MB treatment in clinical trials (Cook Sangar et al., 2017). Nonetheless, 

this specific CDK4/6 inhibitor has, for the most part, been associated with different 

mechanisms of resistance in patients (McCartney et al., 2019).  

CDKs are dispensable, and they can compensate for each other's function (Santamaría et al., 

2007). Therefore, we speculated that truly specific CDK inhibition, particularly as with specific 

CDK4/6 inhibitors, might not have been the best option considering the high adaptability of 

cancer cells and the quick onset of compensatory mechanisms after treatment.  

Hence, we aimed at exploring the effects of currently available CDKis on MB cells and defining 

the mechanisms of actions in this context.  

Ultimately, more potent CDKis than CDK4/6 inhibitors might already be available, and a 

successful therapeutic application might be dependent on a better administration schedule 

and sequence with currently used drugs. 
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4.2 Results 

4.2.1 Cell cycle-related vulnerabilities in medulloblastoma 

To start our project 1, we first generated a map of the most significant cell cycle related genes 

that are deregulated in medulloblastoma. Using the R2 algorithm, we analysed the Cavalli et 

al. dataset containing the expression and survival data from 612 patient samples, from the 

four different MB subgroups (Cavalli et al., 2017). Out of the 124 cell cycle related genes, only 

16 genes were significantly modulated (FDR<0.05) across the different subgroups of MB and 

associated with patients survival.  

MYC overexpression is confirmed to be the most crucial negative prognostic marker across 

MB subgroups. No CDK gene was directly identified. However, direct modulators of CDK2 (e.g. 

CDKN1 and CCNE1) and CDK1 (e.g. CCNA2, CDC25A and PLK1) activities were associated to 

survival. Moreover, gene ontology (GO) analysis of these 16 genes confirmed that not only 

G1/S but also G2/M checkpoint and mitotic processes are commonly altered in 

medulloblastoma patients (Figure 13).  

The most common altered cell cycle genes resulted to be proteins with direct or indirect 

catalytic activity (CDKN1B, HDAC2, PLK1, TTK, CDC7, CCNA2 and CDC25A), and particularly 

kinases (CDKN1B, PLK1, TTK and CCNA2). Inhibitors for PLK1 and HDAC2 have been already 

pre-therapeutically tested for MB (Coni et al., 2017; Timme et al., 2020), whilst the other 

kinases are not pharmacologically druggable. This prompted us to investigate if targeting CDKs 

different from CDK4/6 is a good strategy for MB treatment (Table 10). 
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Figure 13 | In silico analysis of the most significant cell cycle genes altered in medulloblastoma. 

Transcriptional data from 612 patients across the 4 MB subgroups have been employed to perform GO 
analysis against the cell cycle gene set (Cavalli et al. dataset). Results were corrected for multiple gene 
testing by FDR. 16 genes were significant with p-value FDR<0.05 (list on the left). GO analysis for the 
biological function term was performed on the 16 most altered cell cycle genes in MB. Results are shown 
on the left for 80%<fold enrichment scores>100% and FDR<0.05. Data are presented using GraphPad 
Prism software. 
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Table 10 | Gene ontology for molecular functions of most common altered cell cycle genes in MB. 
 
GO analysis for the molecular function term was performed on the 16 most altered cell cycle genes in 
MB presented in Figure 13. Significant results are shown below p-value <0.05. 
 

 
 

 

 

 

	  

Gene Molecular function p-value

CDKN1B,HDAC2,PLK1,TTK,CDC7,CCNA2,CDC25A catalytic activity, acting on a protein 7.00E-04

CDKN1B,PLK1,TTK,CDC7,CCNA2,CCNE1 kinase activity 2.70E-08

MCM3,ORC1,PLK1,TTK,CDC7 nucleotide binding 0.04

CDKN1B,PLK1,TTK,CDC7,CCNA2,CCNE1 transferase activity 0.01

CDKN1B,PLK1,TTK,CDC7,CCNA2,CCNE1 transferase activity,
transferring phosphorus-containing groups

4.90E-07 

CDKN1B,PLK1,TTK,CDC7,CCNA2
phosphotransferase activity,

alcohol group as acceptor 3.30E-06 
MCM3,ORC1,PLK1,TTK,CDC7 purine nucleotide binding 0.02

MCM3,ORC1,PLK1,TTK,CDC7 nucleoside phosphate binding 0.04
CDKN1B,HDAC2,PLK1,TGFB1,YWHAE,

CCNA2,CCNE1,CDC25A enzyme binding 2.30E-05 

CDKN1B,PLK1,CCNA2,CCNE1,CDC25A kinase binding 3.60E-07 

CDKN1B,PLK1,CCNA2,CCNE1,CDC25A protein kinase binding 3.40E-08 
MCM3,ORC1,PLK1,TTK,CDC7 adenyl nucleotide binding 5.30E-03 

MCM3,ORC1,PLK1,TTK,CDC7 ribonucleotide binding 0.02

MCM3,ORC1,PLK1,TTK,CDC7 purine ribonucleotide binding 0.02

MCM3,ORC1,PLK1,TTK,CDC7 adenyl ribonucleotide binding 5.10E-03 
MCM3,ORC1,PLK1,TTK,CDC7 purine ribonucleoside triphosphate binding 0.02

MAD2L1,PLK1,TGFB1,TTK,YWHAE identical protein binding 7.60E-03 
CDKN1B,PLK1,TTK,CDC7,CCNA2 protein kinase activity 1.70E-07

MAD2L1,MYC,TGFB1,TTK,YWHAE protein dimerization activity 8.60E-04 
CDKN1B,HDAC2,MAD2L1,MCM3,MYC,ORC1,FZR1,PLK1,

TGFB1,TTK,YWHAE,CDC7,CDC45,CCNA2,CCNE1,
CDC25A

protein binding 4.00E-03 

MCM3,ORC1,PLK1,TTK,CDC7 ATP binding 3.90E-03 

MCM3,ORC1,PLK1,TTK,CDC7 drug binding 0.01

MCM3,ORC1,PLK1,TTK,CDC7 carbohydrate derivative binding 0.05
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4.2.2 Screening of CDKis effects on MB cell lines proliferation 

To assess the in vitro anti-proliferative effects of a panel of clinically relevant pan-CDKis with 

different CDK specificity and selectivity (Table 4), we have performed proliferation assays on 

a set of 5 MB cell lines belonging to different MB molecular subgroups. Cells were treated with 

different doses of the drugs for 72h, and cell viability was measured by MTT assay (Figure 14). 

Palbociclib, a specific inhibitor of CDK4/6, has been recently reported to be selectively active 

against group 3 and SHH MB cells (Hanaford et al., 2016). However, although more specific for 

HD-MB03, ONS76 and CHLA-01-MED cells, in our experiments, palbociclib did not appear 

among the most effective CDK inhibitors. Palbociclib showed none or a limited inhibitory 

effect on two of the tested SHH MB cell lines, UW228 and DAOY; in the group 3 cell line, it 

reduced cell proliferation no more than 70% even at the highest dose of the drug used. In 

addition, another CDK 4/6 specific inhibitor, LEE011, showed low efficacy in all studied cell 

lines.  

Overall, broad CDK inhibitors showed a better anti-proliferative effect than specific CDKis. 

Specifically, dinaciclib, a potent inhibitor of CDK1, CDK2, CDK5 and CDK9, stood out for being 

the most effective pan-CDKi across the 5 different MB cell lines. CDKs inhibition by dinaciclib 

decreased cell growth in a dose-dependent manner and, interestingly, group 3 HD-MB03 cells 

emerged as the most sensitive to the drug, as shown by the lowest IC50 value across all cell 

lines (Table 11). 

Since group 3 MB is the most aggressive MB subtype and with poorest prognosis, we mainly 

considered the effects of selected CDKis on HD-MB03 cells throughout the study.  

We first confirmed the effects of dinaciclib and palbociclib treatments on HD-MB03 cell line 

by SRB assay. 72h treatments with both drugs resulted in a 15-fold growth inhibition by 

dinaciclib compared to palbociclib (Figure 15A). Even at the highest dosage of palbociclib, cells 

were still viable compared to dinaciclib treatment (Figure 15B). 

In addition, we showed that dinaciclib is able to significantly slow down HD-MB03 spheroids 

growth compared to palbociclib at 0.1 and 1 μM in short-term evaluations (Figure 16). 
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Figure 14 | Differential effects of CDK inhibitors on a panel of medulloblastoma cell lines. 

Cells were treated with a 0-10 μM range of concentrations at 1:10 fold dilution with different CDKis for 
72h. MB cell proliferation was examined using MTT assay for panel A-D, and with resazurin assay for 
panel E. Data are presented as mean ± SD (N=3, each performed in quadruplicates) using GraphPad 
software.  
A) HD-MB03, B) DAOY, C) ONS76, D) UW228 and E) CHLA-01-MED cell line, respectively. 
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Table 11 | IC50 of CDKis on medulloblastoma cell lines.  
 
IC50 values were calculated using GraphPad software after 72 h treatment of respective CDKis. N=3 
independent experiments. N.D.= not determined. 

 

	 	

IC50 (μM) HD-MB03 DAOY ONS76 UW228 CHLA-01-MED 

Milciclib 0.16±0.17 0.57±0.21 0.24±0.16 1.92±1.35 4.1±1.12 
Palbociclib 0.12±0.07 11.36±0.63 0.25±0.11 9.27±0.87 N.D. 
Dinaciclib 0.001±0.001 0.004±0.003 0.04±0.02 0.02±0.002 0.02±0.01 
AT7519 0.13±0.07 0.3±0.06 0.19±0.04 0.37±0.14 0.3±0.11 

Flavopiridol 0.14±0.08 0.19±0.03 0.39±0.1 0.32±0.07 0.69±0.38 
PHA767491 0.37±0.13 1.59±0.6 0.98±0.11 2.1±0.95 1.3±1.3 

LEE011 0.27±0.02 6.3±0.61 7.3±0.3 8.7±2.6 N.D. 
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Figure 15 | Anti-proliferative effects of dinaciclib vs palbociclib on HD-MB03 cells. 

A) HD-MB03 cells were treated with a 0-10 μM range of concentrations (1:10 fold dilution) for 72h. 
Viability was assessed using SRB assay. Data are presented as mean ± SD using GraphPad software 
(N=3 replicates, each performed in quadruplicates). B) Representative phase-contrast images of HD-
MB03 cells treatment with dinaciclib or palbociclib at respective IC50 and highest concentration used 
(10μM) for 72h. Images were captured by Cytation 3 system (Biotek) at 100X total magnification.  
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Figure 16 | Growth rates of HD-MB03 spheroids upon dinaciclib vs palbociclib treatment. 

A) Formed HD-MB03 cells spheroids were treated with 0.1μM and 1μM of dinaciclib or palbociclib and 
imaged before treatment at time 0, at 24h after treatment and at 48h after treatment, using the Cytation 
3 system (Biotek) at 100X total magnification. Scale =200μm. B) Relative growth rates are presented 
as mean ± SD (N=3) using GraphPad software. Time 0 values were used as reference control for 
respective treatment. Statistical comparisons were performed using two-tailed student’s t-test where *= 
p ≤ 0.05, **= p ≤ 0.01, ***= p ≤ 0.001. 
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We next challenged HD-MB03 cells to long-term effects of dinaciclib and palbociclib 

treatments.  To this aim, the effects of the two CDKis were assessed first by long-term 

proliferation assay. HD-MB03 cells were treated three times with scalar concentrations of 

dinaciclib or palbociclib and, after 9 days, cells were stained with crystal violet solution.  

Dinaciclib caused again a marked reduction in cell viability compared to palbociclib at 100-fold 

lower dosage of the drug (Figure 17A).  

In parallel, HD-MB03 cells were treated for 24h with increasing doses of both drugs and 

survivor cells were left to outgrow for 2 weeks. Given the potent efficacy of dinaciclib and the 

more extended evaluation period, we decided to lower by 10-fold the starting concentration 

used for dinaciclib. Nonetheless, even at the lowest concentration of dinaciclib used (0.0001 

μM), the number of outgrowing colonies was far less than with all palbociclib treatments 

(Figure 17B).  

Altogether, these experiments demonstrated that dinaciclib is more potent than palbociclib 

to halt proliferation of group 3 MB HD-MB03 cells and has the ability to suppress cancer cells 

ability to resume growth after only 24 hours treatment at very low concentration.  
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Figure 17 | Long-term proliferation and washout experiment with outgrowth formation assays of 

HD-MB03 cells treated with dinaciclib and palbociclib. 

A) Representative images of the long-term proliferation assay (N=3). HD-MB03 cells were seeded at 
200 cells/well in 96-well plate and treated with 0-10 μM at 1:10 dilution fold of dinaciclib and palbociclib 
for 9 days. Cells were stained with 0.5% w/v crystal violet solution. Below, the crystal violet quantification 
of the presented images is shown. Data are plotted using GraphPad software. B) Representative images 
of washout assay (N=3). Cells were treated for 24h with increasing concentrations of the drugs and 
seeded again at 200 cells/well in 6-well plates. Recovery from treatments was allowed over 2 weeks, 
after which crystal violet staining was performed. 
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4.2.3 Dinaciclib significantly reduces HD-MB03 cells 3D sphere formation ability  

Cancer stem cells (CSC) represent a fraction of the tumour population that is responsible for 

the initiation, propagation, metastatic potential and resistance to treatment of the tumour (H. 

Liu et al., 2015). 

Recently, it was shown that dinaciclib is able to repress the proliferation of cancer stem-cell-

like such as Triple Negative Breast Cancer (TNBC) or T-cell acute lymphoblastic leukaemia (T-

ALL) cell lines (Carey et al., 2018; Moharram et al., 2017). 

Thus, we decided to evaluate the capacity of dinaciclib to target CSC properties of the 

aggressive group 3 MB cells and compare it with palbociclib effects. To this aim, HD-MB03 

cells were treated with 0.01 μM, 0.1 μM, and 1 μM of dinaciclib and palbociclib in parallel, and 

24h after, cells were seeded again in low-attachment conditions to promote the 3D- 

medullosphere formation. Interestingly, dinaciclib significantly inhibited medullospheres 

formation at all concentrations tested compared to untreated controls (NT), whilst palbociclib 

treatments showed a more limited inhibitory effect on tumoursphere formation, with 47% 

reduction being most substantial effect at 1 μM (Figure 18). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18 | Sphere formation assay after treatment with dinaciclib and palbociclib on HD-MB03 

cells. 

HD-MB03 cells have been treated with scalar concentrations of dinaciclib and palbociclib for 72 h, and 
then seeded again at 5000 cells/well in neural stem-cell media and low-attachment conditions. Spheres 
were counted after five days. Data are presented as mean percentage relative to untreated control ± 
SD (N=3, each performed in duplicates). Statistical comparisons were performed using two-tailed 
student’s t-test where *= p ≤ 0.05, **= p ≤ 0.01, ***= p ≤ 0.001.  
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4.2.4 Dinaciclib vs Palbociclib effects on cell cycle distribution and apoptosis 

To further elucidate the inhibitory mechanisms of the two CDKis on group 3 MB cells on cell 

growth, we assessed cell cycle distribution and apoptosis by flow cytometry and apoptotic 

assays after 24h treatments with the compounds. 

Treatment with dinaciclib induced a significant dose-dependent increase in the sub-G1 cell 

population, starting from IC50 concentration (0.001 μM), compared to the untreated control. 

1 μM dinaciclib generated the highest effect on sub-G1 population, reaching approximately 

40% of the total cells. This observation indicated a predominant cytotoxic activity of dinaciclib 

(Figure 19A). 

Conversely, treatment with palbociclib provoked only a significant cytostatic effect with cells 

arrested in G1 phase at the IC50 concentration (0.1 μM) and even more so at 10 fold IC50 

compared to untreated control (Figure 19B). 

We further evaluated the cytotoxic potential of the drugs by measuring poly(ADP ribose) 

polymerase 1 (PARP-1) cleavage (indicated with * in Figure 19), a common marker of apoptotic 

induction via caspase-3 activation and caspase 3/7 activated labelling. We found that only 

dinaciclib induced PARP1 cleavage in HD-MB03 cells after 24h treatments, starting from 0.1 

μM dose, whilst palbociclib treatments did not result in a PARP1 cleavage (Figure 20).  

Caspase-mediated apoptosis was also confirmed using the CellEvent Caspase 3/7 green 

detection reagent, a substrate which becomes fluorescent upon cleavage by active caspases 

3/7. Again, 24h treatment with 0.1 μM dinaciclib visually resulted in a robust signal detection 

compared to untreated cells and palbociclib effects in adherent HD-MB03 cells (Figure 21 A).  

We also tested the efficacy of dinaciclib and palbociclib to induce cell death in a 3D spheroid 

model; HD-MB03 cell stimulation for 24h with tested drugs resulted in comparable effects 

with those obtained in adherent conditions (Figure 21 B and Appendix 6.1). 
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Figure 19 | Cell cycle analysis of HD-MB03 cells after treatment with dinaciclib and palbociclib. 

HD-MB03 cells were treated with scalar concentrations of dinaciclib (A) and palbociclib (B) for 24 h. 
DNA content was measured by propidium iodide staining on flow cytometry. The percentages of cell-
cycle phases are depicted in each column. Data are presented as mean ± SD of at three independent 
experiments and each run in triplicate. Statistical comparisons between drug treatments vs untreated 
control were performed using two-tailed student’s t-test where *= p ≤ 0.05, **= p ≤ 0.01, ***= p ≤ 0.001. 
NT= not treated, DMSO control. 
 

 

 

 

 

 

 

 

 

 

Figure 20 | PARP1 cleavage after treatment with dinaciclib and palbociclib on HD-MB03 cells. 

HD-MB03 cells were treated for 24h with scalar concentrations of dinaciclib and palbociclib. 50 μg of 
total protein lysates were analysed by western blots. GAPDH was used as loading control. The blot 
shown is representative of 3 independent experiments. * shows the cleaved PARP1 fragment. 
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Figure 21 | Apoptotic activation after dinaciclib and palbociclib treatment in HD-MB03 cells by 

fluorescent microscopy. 

A-B) HD-MB03 cells, 2D or cultured as 3D spheroids, were treated with 0.1μM of dinaciclib and 
palbociclib. After 24h treatment, CellEvent Caspase 3/7 Green detection reagent was added to each 
well (3μM). Fluorescent signal of apoptotic cells (green) was detected using the Cytation 3 system 
(Biotek) at 100X total magnification.  
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Finally, we wanted to gather more detailed information on how group 3 cells responded to 

dinaciclib by analysing individual cell fates. Understanding the patterns of cell fate choices 

upon treatment, gives valuable information on possible resistance mechanisms and allow us 

to improve treatment efficacy. Therefore, we analysed for 48h by time-lapse microscopy the 

morphological changes of 30 single cells upon treatment with 0.1 μM dinaciclib treatment. 

The majority of HD-MB03 cells died rapidly in interphase without entering mitosis (Figure 22). 

A small portion of cells either died in mitosis, completed division and died in the subsequent 

interphase or slipped. Particularly, mitotic slippage is an undesirable phenomenon for cancer 

treatment. Slippage entails that a cell exits mitosis without undergoing cytokinesis becoming 

tetraploid and potentially could re-enter cell cycle. This is a resistance modality by which 

cancer cells escape mitotic death unchecked and therefore calls for further study. 

Nonetheless, our results showed dinaciclib as a potent inducer of apoptotic cell death in HD-

MB03 cells, with mitochondria and caspases involvement, at nanomolar concentrations. 

Palbociclib treatments, inhibiting CDK4 and CDK6, decreased cell growth via cell cycle arrest 

in G1 and were less potent than dinaciclib treatments for in vitro MB.  
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Figure 22 | Dinaciclib promotes rapid cell death in interphase in medulloblastoma. 

Representative cell fate profiles of HD-MB03 cells treated with 0.1 μM dinaciclib or DMSO control (N=2). 
Each line depicts the fate of one single cell followed over time using time-lapse microscopy imaging. 
The colour of the line represents a specific cell behaviour, as indicated. A total of 30 cells per experiment 
from quadruplicate wells were analysed manually. Phase-contrast images were recorded every 15 
minutes for 48h at 100X magnification in the Cytation 3 system (Biotek). Below, pie charts indicating the 
percentage of cells that either died in interphase, died in mitosis, remained in interphase or were still 
alive at the end of the recording (N=2). 
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4.2.5 Molecular mechanisms of dinaciclib sensitivity in MB  

Having confirmed the better efficacy of dinaciclib than palbociclib for medulloblastoma, we 

further investigated the molecular mechanisms underlying the sensitivity of medulloblastoma 

cells to the drug. 

4.2.5.1  CDK1 and CDK2 are overexpressed in MB and CDK5 and CDK9 are potential 

prognostic markers  

Firstly, we conducted an in silico analysis, using the R2 software (http://r2.amc.nl), to assess 

the expression of the CDK1, CDK2, CDK5 and CDK9 targeted by dinaciclib and examined 

whether their expression was correlated to prognostic significance for MB.  

We found that CDK1 and CDK2 were significantly up-regulated and CDK9 down-regulated in a 

cohort of 76 MB patient samples (G. Robinson, Parker, & Kranenburg, 2012) compared to 9 

normal cerebellum specimens (dataset from (Roth et al., 2006) (Figure 23 A-B). 

In addition, we examined whether CDKs expression was subgroup specific using the Cavalli et 

al. gene expression dataset (763 MB patients, (Cavalli et al., 2017)). CDK1, CDK2 and CDK5 had 

variable but similar levels of expression among different subgroups whilst CDK9 was 

consistently more expressed than the other CDKs in all MB subgroups. We also observed 

subgroup specific up-regulation of each CDK. Specifically, CDK1 was more expressed in WNT 

subgroup; CDK2 in SHH and WNT MBs; CDK5 in group 3 and CDK9 in group 4 MB (Figure 24 A 

and Appendix 6.2). 

To extend our analysis, we generated Kaplan-Meier survival curves, again using the Cavalli et 

al. dataset, to evaluate the potential of CDK1, CDK2, CDK5 and CDK9 as prognostic markers. 

Data analysis with the R2 software showed that only the higher expression of CDK5 was 

significantly predictive of lower overall survival across all MB subgroups, according to the 

dataset used (Figure 24 B-E).  

These findings suggest that CDK5 could be a potential prognostic biomarker for MB patients 

outcome and promising target for treatment, independently from MB subgrouping.  
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Figure 23 | CDK1, CDK2, CDK5 and CDK9 expression in MB patients vs normal cerebellum 

samples. 

A-D) Boxplots summarising CDKs mRNA relative expression between MB patients n=76 (dataset from 
G. Robinson et al. 2012) and normal cerebellum samples n=9 (dataset from Roth et al. 2006). Statistical 
comparisons between groups were performed using one-way ANOVA where ***= p ≤ 0.001 and N.S.= 
not significant. All analysis and graphs presented here were done through the R2 online software.  
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Figure 24 | CDK1, CDK2, CDK5 and CDK9 expression in MB subgroups and prognostic 

correlation in MB patients. 

A) Dinaciclib targeted CDKs mRNA expression analysis across MB subgroups using Cavalli et al. 
dataset (n=763). Statistical values for each comparison were done using one-way ANOVA and can be 
found in the Appendix 6.2. B-E) Kaplan-Meier survival analysis based on CDK1, CDK2, CDK5 and 
CDK9 expression in MB patients (Cavalli et al. dataset, n=763). All analysis and graphs presented here 
were done through the R2 software. N.S.= not significant. 
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4.2.5.2  Transcriptomic effects of dinaciclib treatment in HD-MB03 cells 

Due to the multiple targets of dinaciclib, we decided to employ an unbiased approach to 

identify key pathways involved in the cellular response to the drug. We performed an mRNA 

sequencing analysis comparing untreated HD-MB03 cells versus dinaciclib treated HD-MB03 

cells. In order to filter out only the most critical response genes and mechanisms modulated 

by dinaciclib, we decided to use a relatively low dose and short incubation of the inhibitor for 

treatment, namely 0.001 μM (IC50 at 72h) for only 24h treatment.  

As shown in the volcano plot in Figure 25 A, 627 mRNAs were significantly up-regulated 

(orange) and 685 down-regulated (blue) after dinaciclib treatment in HD-MB03 cells (p-value 

< 0.05), among protein-coding genes, long non-coding genes, small non-coding genes and 

pseudogenes.  

We decided to focus on protein-coding gene alterations. The list of all significantly modulated 

protein-coding genes can be found in the Appendix 6.3: 92 genes were significantly 

upregulated and 50 down-regulated after treatment with FC>1.2 and p-value < 0.05. 

As expected from our phenotypic results, pathway analysis by gene ontology (GO) revealed 

that most dinaciclib-regulated genes were involved in cell cycle and cell death, among other 

pathways (Figure 25 B).  

To validate our sequencing results, we decided to focus on genes that were involved in cell 

death processes, also considering our previous results showing dinaciclib as a potent 

apoptotic inducer.  

After only 24h treatment with dinaciclib IC50 dose, we could confirm the downregulation of 

BAX gene and the up-regulation of CASP9 by a single qRT-PCR in HD-MB03 cells (Figure 26). 

As a supplementary data to support BAX downregulation as a rapid response to dinaciclib 

treatments in MB, we have also observed proportional reduction of the BAX protein in ONS76 

cells (Appendix 6.4).  

Therefore, we hypothesised that CASP9 and BAX are involved in the early response to 

dinaciclib, both pointing at mitochondrial cell death mechanisms triggered by dinaciclib. 
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Figure 25 | RNA sequencing and pathway analysis after dinaciclib treatment in HD-MB03 cells. 

A) Volcano plot of the RNA-seq data performed in HD-MB03 untreated (DMSO) cells vs HD-MB03 cells 
treated with 0.001 μM (IC50) dinaciclib for 24h. Blue dots represent all down-regulated genes, and 
orange dots represent all up-regulated genes after treatment (p-value<0.05). B) Gene ontology analysis 
of significantly up- and down-regulated genes with logFC±0.2 and p-value<0.05. Biological function 
terms with fold enrichment score≥1.5 and FDR<0.05 are presented using GraphPad Prism software. 
Most relevant cellular functions for the study are high-lighted with colours (orange for cell death-related 
functions and green for cell cycle-related functions).  
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Figure 26 | RNA-seq validation by a single qRT-PCR in HD-MB03 cells. 

HD-MB03 cells were treated with 0.001 μM (IC50) dinaciclib or DMSO for 24h. Total RNA was subjected 
to qRT-PCR analysis for BAX and CASP9 expression and normalised with actin. Plotted graphs show 
fold change mean ± SD (n=3). Statistical comparisons were performed using two-tailed student’s t-test 
where: *= p ≤ 0.05, **= p ≤ 0.01, ***= p ≤ 0.001. 
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4.2.5.3  Mechanisms of cell death mediated by dinaciclib 

Next, to investigate which of the targeted CDKs was the main driver of the effects observed in 

cell growth inhibition and apoptosis induction, we silenced CDK1, CDK2 and CDK9 by RNAi. 

Specifically, we decided to study those CDKs and not CDK5, for their role in cell cycle and 

transcription regulation. Successively, significant effects were validated in the ONS76 cell line 

to investigate whether the drug acted with the same mechanism in other MB subgroups. 

Upon silencing using a pool of 4 siRNAs targeting individual CDKs for 72h, we observed that 

CDK1 and CDK9 were responsible for the reduction of cell proliferation in both cell lines tested, 

with seemingly higher impact on the ONS76 cell line (Figure 27 A-B).  

Apoptosis, detected through caspase 3/7 activity measurements, was significantly induced 

upon silencing of CDK9 in both cell lines, with a 45% induction in HD-MB03 cells and a 36% 

induction in ONS76 cells (Figure 27 C-D).  

Overall, these findings offer possible mechanistic implications of the dinaciclib-targeted CDKs 

in the phenotypic effects observed after treatment. As expected, the targeting of CDK1, 

reduced cell proliferation mainly through cell cycle arrest, since no apoptotic effect has been 

observed after silencing in HD-MB03 cells. On the contrary, cell viability impairment under 

CDK9 silencing was a consequence of apoptotic effects in both cell lines.  
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Figure 27 | CDKs silencing phenotypic effects in HD-MB03 and ONS76 cell lines via RNA 

interference. 

HD-MB03 and ONS76 cells were transfected with siCDK1/siCDK2/siCDK9 or scramble siRNA (siCTRL) 
at 100nM. All siRNAs are formulated as a pool of 4 siRNAs targeting each CDKs and silencing. After 
72h from transfections, viability (A-B) was assessed by MTT assay and apoptosis (C-D) was assessed 
by Caspase Glo assay measuring the caspase 3/7 activity. Data are presented as mean of 2 biological 
replicates, each performed using 4 technical replicates, ± SD. Statistical comparisons were performed 
using two-tailed student’s t-test where: *= p ≤ 0.05, **= p ≤ 0.01, ***= p ≤ 0.001.  
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To complete our analysis, we tested protein levels of dinaciclib targets after 24h scalar 

concentration treatments of the drug in HD-MB03 cells, and we assessed significant results in 

ONS76 cells, for biological comparison. We found that levels of CDK2 and CDK5 were mostly 

stable after dinaciclib treatment in HD-MB03 cells; in contrast, CDK9, and slightly CDK1, 

protein levels were markedly reduced at 0.1 and 1 μM of dinaciclib. CDK9 protein reductions 

starting from 0.1 μM was also confirmed in ONS76 cells (Figure 28 A-B). 

Considering the efficacy of dinaciclib in inhibiting the transcriptional CDK9 in HD-MB03 cells, 

we hypothesised that its pronounced apoptotic activity could be in part due to the 

suppression of transcription. 

In support of reduced CDK9 activity, we detected lower RNA polymerase II phosphorylation at 

Ser 2, a specific CDK9 phosphorylation site, along with reductions of known downstream 

targets of the RNA pol II, MYC and MCL-1, which are promptly influenced by RNApol II 

alteration due to their short half-life (Booher et al., 2014; Hashiguchi et al., 2019; Rello-Varona 

et al., 2019). Notably, although the down-regulation effect on MCL-1 was comparable 

between cell lines, MYC protein levels were markedly more affected in HD-MB03 cells than in 

ONS76 cells. 

In addition, we considered the possibility that dinaciclib cytotoxicity might also depend on 

CDK1 targeting, since CDK1 protein levels reduce, albeit slightly, at apoptotic doses (0.1 and 1 

μM).  

Moreover, dinaciclib significantly decreased Rb phosphorylation at S807/811 in both cell lines, 

with a stronger effect in ONS76 cells than HD-MB03 cells.  
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Figure 28 | Dinaciclib treatment affects key proteins involved in cell-cycle and transcription. 

A-B) HD-MB03 and ONS76 cells were treated with scalar concentrations of dinaciclib for 24h. 50μg of 
protein lysates were subjected to immunoblotting with indicated antibodies. Vinculin, actin or GAPDH 
were used as loading controls. These are representative western blots from three replicates for the HD-
MB03 cell line and two replicates for the ONS76 cell line.  
	 	

A BHD-MB03
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4.2.5.4   Mechanisms of cell death mediated by dinaciclib: the BCL2 family proteins. 

To further infer cell death response mechanisms triggered by dinaciclib, we first wanted to 

have an overview of the expression of key apoptosis-associated proteins in MB. We analysed 

the basal levels of PARP-1, MCL1, BCL2, BCLXL in HD-MB03, ONS76 and DAOY cell lines. We 

added to the panel BAX, which we observed to be rapidly regulated after dinaciclib from our 

RNA-seq data, and MYC because we hypothesised that MYC abundance could have a role in 

differential cell cycle and apoptotic responses to dinaciclib and because it has been previously 

shown to regulate BAX expression (Mitchell et al., 2000). Expression patterns were variable 

across tested cell lines, but the most characteristic differences are summarised as follows: 

PARP-1 expression was higher in HD-MB03 cells than other cell lines; DAOY and HD-MB03 cells 

had almost undetectable levels of BCLXL and BCL2, respectively; but both cell lines have high 

expression of MCL-1; finally, HD-MB03 cells had overall higher expression of BAX protein 

(Figure 29 A). 

Next, since apoptosis is ultimately the result of the balance between anti-apoptotic BCL2 

members (MCL1, BCLXL and BCL2), we used BCL2 homology 3 (BH3)-mimetics as a tool to 

differentiate apoptotic vulnerabilities across MB cell lines. HD-MB03, ONS76 and DAOY cells 

were subjected to 72h treatments with scalar concentrations of maritoclax (MCL-1 selective 

inhibitor), navitoclax (BCL-2, BCL-XL and BCL-w inhibitor) and WEHI-539 (BCL-XL selective 

inhibitor) (Figure 29 B-D). We observed that the specific MCL-1 inhibitor, maritoclax, was the 

most effective of the BH3-mimetic compounds in all the cell lines, reaching IC50 values in the 

nanomolar range for HD-MB03 cells (Figure 29 B). 
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Figure 29 | Regulators of mitochondrial apoptosis and functional analysis in medulloblastoma 

cell lines. 

A) Representative western blot of two replicates showing the basal expression of key regulators of 
mitochondrial apoptosis pathway in DAOY, ONS76 and HD-MB03 MB cells. 50μg of protein lysates 
were used for immunoblotting with indicated antibodies. Tubulin and actin were used as loading controls. 
^ symbol indicates proteins run on a different blot but using the same protein lysates and run at the 
same protein quantity. Densitometric analysis for WB ^ is provided on the right. B-D) DAOY, ONS76 
and HD-MB03 cells were treated with a 0-100μM range of concentrations of maritoclax, navitoclax and 
WHEI 539 (1:10 fold dilution) for 72h. Viability was assessed using MTT assay. Data are presented as 
mean ± SD using GraphPad software (N=3 replicates, each performed in quadruplicates). IC50 values 
(μM) are presented below each graph. 
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Since we previously detected the downregulation of the anti-apoptotic MCL1 after dinaciclib 

treatment, we further addressed its role in dinaciclib-mediated cell death by RNAi. MCL-1 

silencing using two different siRNAs resulted in viability reduction and marked apoptotic 

induction in both HD-MB03 and ONS76 cells (Figure 30 A-B). 

As shown previously, dinaciclib induced apoptosis also in ONS76 cells, which have a weak 

expression of MCL-1. Moreover, the apoptotic induction via MCL-1 in ONS76 cells was 

confirmed by RNAi. These observations further suggest the onset of multiple mechanisms of 

cell death by dinaciclib, which cannot only be ascribed to MCL-1 downregulation. 

 

 

 

 

 
Figure 30 | MCL-1 silencing phenotypic effects in HD-MB03 and ONS76 cell lines via RNA 

interference. 

HD-MB03 and ONS76 cells were transfected with two different siRNAs targeting MCL-1 or scramble 
siRNA (siCTRL) at 50nM. After 72h from transfections, viability (A) was assessed by MTT assay and 
apoptosis (B) was assessed by Caspase Glo assay measuring the caspase 3/7 activity. Data are 
presented as mean of 2 biological replicates, each performed using 4 technical replicates, ± SD. 
Statistical comparisons were performed using two-tailed student’s t-test where: *= p ≤ 0.05, **= p ≤ 0.01, 
***= p ≤ 0.001.  
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4.2.6 Dinaciclib sensitises HD-MB03 cells to chemotherapy 

In recent years, chemotherapy for cancer treatment is mostly used in combination with other 

agents because of its improved efficacy, such as slower development of drug resistance and 

lower treatment failure rate (Bozic et al., 2013). As vincristine and cisplatin are commonly 

used as a standard of care for MB treatment, we wanted to evaluate whether multi-CDKs 

targeting with dinaciclib could sensitise MB cells to these chemotherapeutic agents allowing 

to contain toxicity-associated side effects. 

After combined treatments with dinaciclib (0.000001, 0.0001, 0.01 and 0.1 μM) and either 0-

10 μM doses of vincristine at 1:10 fold dilution or 0-100 μM doses of cisplatin at 1:2.5 fold 

dilution, cell survival was significantly reduced compared with single chemo-drugs treatments. 

Leftward shifts towards lower doses of both vincristine (Figure 31 A) and cisplatin (Figure 31 

B) demonstrate dose-dependent chemo-drugs fold-sensitisation by dinaciclib. 

To characterise the anti-growth effects of combination treatments, combination index (CI) 

values were computed using CompuSyn software (Figure 31 A-B, on the right).  

Both vincristine and cisplatin combinations with dinaciclib proved to have synergistic 

potential, with CI values < 1. Dinaciclib doses more significantly reduced cell growth of HD-

MB03 cells when combined with vincristine than cisplatin. Nonetheless, dinaciclib significantly 

enhanced cisplatin doses efficacy at 0.16-6.4 μM range. 

The results indicate that multi-CDK targeting with dinaciclib could be a promising approach to 

sensitise vincristine- and cisplatin-resistant HD-MB03 cells to the respective drugs. 
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Figure 31 | Combination drug dose-response assay with chemotherapy and dinaciclib treatments 

in HD-MB03 cells. 

HD-MB03 cells were dosed with vincristine (A) or cisplatin (B) as single-agent and in combination with 
dinaciclib. After 72h cell viability was determined using MTT assay. Data are presented as mean ± SD 
(N=3) using GraphPad software. Combination index (CI) values are presented. CI lower than 1 indicates 
synergistic interactions (in green), while values greater or equal than 1 indicate antagonistic or additive 
interactions, respectively. CI values were calculated with CompuSyn Software and are shown for distinct 
dose combinations. Statistical comparisons were performed between the inhibitory effect of combination 
treatment vs individual chemo-treatments using two-tailed student’s t-test where: *= p ≤ 0.05, **= p ≤ 
0.01, ***= p ≤ 0.001.  
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4.2.7 BH3-mimetics enhance dinaciclib effects in medulloblastoma 

Since we showed that dinaciclib treatments down-regulate the anti-apoptotic proteins MCL-

1 and since chemo-resistance has been frequently ascribed to overexpression of BCL-2 family 

members (van Delft et al., 2006; Vogler et al., 2009), we asked if combination therapy with 

BH3-mimetics could enhance cell death by dinaciclib in medulloblastoma. For this purpose, 

we selected for treatment the specific MCL-1 inhibitor, maritoclax, and the broad BCL-2 

inhibitor, navitoclax, targeting BCL-2, BCL-XL and BCL-w. 

We treated HD-MB03 and ONS76 cells with scalar drug combinations of dinaciclib alone or 

dinaciclib with either maritoclax or navitoclax for 72h. MTT assay results showed that doses 

of maritoclax and navitoclax significantly enhanced dinaciclib growth inhibitory effects in both 

HD-MB03 and ONS76 cell lines (Figure 32 A-D). Overall, both BH3-mimetics were more 

efficient in HD-MB03 than ONS76 cells, since they synergised with lower doses of dinaciclib 

(Figure 32 E-H).  

These suggest that co-treatments of maritoclax and navitoclax with dinaciclib have the 

potential to intensify treatment-response rate and to reduce the concentration of each drug 

needed to elicit a satisfactory inhibitory effect. 
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Figure 32 | BH3-mimetics synergise with dinaciclib to inhibit medulloblastoma cell growth. 

HD-MB03 and ONS76 cells were dosed with dinaciclib as single-agent and in combination with 
maritoclax (A-C) or navitoclax (B-D). After 72h cell viability was determined using MTT assay. Data are 
presented as mean ± SD (N=3) using GraphPad software. Combination index (CI) values are presented. 
CI lower than 1 indicates synergistic interactions (in green), while values greater or equal than 1 indicate 
antagonistic or additive interactions, respectively. CI values were calculated with CompuSyn Software 
and are shown for distinct dose combinations in HD-MB03 cells (E-F) and ONS76 cells (G-H). Statistical 
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comparisons were performed between the inhibitory effect of combination treatment vs dinaciclib 
treatment alone using two-tailed student’s t-test where: *= p ≤ 0.05, **= p ≤ 0.01, ***= p ≤ 0.001.  
 

 

4.2.8 Generation of chemo-resistant HD-MB03 cells and dinaciclib effects 

To date, the major drawback of chemotherapeutic treatments is the emergence of drug-

resistant cells. One of the mechanisms of resistance is apoptotic failure, which can be due to 

alterations in the cell cycle- and/or apoptosis-regulating proteins (Luqmani, 2005). Since we 

observed that dinaciclib is a potent apoptotic inducer in medulloblastoma, we wanted to 

assess its efficacy in resistance settings. 

To mimic the context of acquired resistance to chemotherapeutic drugs in vitro, we employed 

cell lines with acquired resistance to vincristine and cisplatin. Specifically, HD-MB03 cells were 

kept in culture for three months in the presence of progressively higher doses of 

chemotherapeutic drugs, until cells were able to grow with concentrations close to the 

respective IC50.  

Resistant cells were established at final concentrations of 0.002 μM vincristine and 0.5 μM 

cisplatin. To confirm that each cell line acquired resistance, we assessed IC50 values of 

resistant cells compared to parental cells with short-term viability assays (72h). Each chemo-

resistant subline showed significantly increased IC50 values than sensitive cells, with 

approximately a 10-fold and 2-fold increase for vincristine and cisplatin cells, respectively 

(Figure 33 A-B).  

Acquired resistance was further validated testing the drug inhibition-response in a more 

extended treatment timescale (9 days) after which viability was measured by crystal violet 

staining. Both chemo-resistant HD-MB03 cell lines were still less affected than parental cells 

after long-term exposure with either vincristine or cisplatin (Figure 33 C-D). Notably, cisplatin-

resistant HD-MB03 manifested overall stronger resistance to the primary inhibitor than 

vincristine-resistant cells in long-term treatments, with a 3-fold increase in cell viability than 

parental cells.  
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Figure 33 | Generation of vincristine and cisplatin-resistant HD-MB03 cells. 

A-B) Parental and chemo-resistant HD-MB03 cells were treated with either 0-1 μM doses (1:10 fold 
dilution) of vincristine or 0-100 μM doses (1:2.5 fold dilution) of cisplatin for 72h. Cell viability was 
examined using MTT assay. Data are presented as mean ± SD (N=3) using GraphPad software. C-D) 
Representative images of long-term viability assay (N=3) of parental and chemo-resistant HD-MB03 
cells. HD-MB03 cells were seeded at 200 cells/well and treated for 9 days with the respective 
chemotherapeutic drugs (3 treatments). Viability of non-resistant (NR) and resistant HD-MB03 cells was 
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compared using 0.5% w/v crystal violet staining. Measurements of the staining are presented below 
each image using GraphPad software. Statistical comparisons were performed using two-tailed 
student’s t-test where: *= p ≤ 0.05, **= p ≤ 0.01, ***= p ≤ 0.001. 
 

 

4.2.9 Dinaciclib efficacy on chemo-resistant HD-MB03 cells 

Following the generation of group 3 cell lines resistant to currently used chemotherapeutic 

drugs, we asked if dinaciclib could overcome acquired resistance. 

Dinaciclib treatment of sensitive and chemo-resistant cell lines resulted in a comparable 

inhibition of proliferation, resulting in identical IC50 concentrations in short-term treatment 

assays (72 h) (Figure 34 A-B).  

Next, we wanted to evaluate if longer exposures with dinaciclib could be more effective in 

chemo-resistance settings. Therefore, we evaluated dinaciclib treatment in long-term 

proliferation assay (9 days), with drug replacement every other day.  

Vincristine-resistant HD-MB03 cells exhibited higher sensitivity than parental cells when 

treated at 0.01 μM dinaciclib (Figure 34 C). In contrast, cisplatin-resistant cells did not show 

vulnerability for dinaciclib treatment when compared with parental cells even at longer 

exposure with the inhibitor (Figure 34 D). 
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Figure 34 | Dinaciclib effects on cell viability in parental vs chemo-resistant HD-MB03 cells. 

A-B) Non-resistant (NR) and chemo-resistant HD-MB03 cells were treated with a 0-10 μM range of 
concentrations (1:10 fold dilution) with dinaciclib for 72h. MB cell proliferation was assessed using MTT 
assay. Data are presented as mean ± SD (N+3) using GraphPad software. C-D) Parental and chemo-
resistant HD-MB03 cells were seeded at 200 cells/well and treated for 9 days with dinaciclib 0-10 μM 
(1:10 fold dilution). Long-term viability is here compared using 0.5% w/v crystal violet staining. 
Measurements of the staining are presented below each image using GraphPad software. Statistical 
comparisons were performed using two-tailed student’s t-test where: *= p ≤ 0.05, **= p ≤ 0.01, ***= p ≤ 
0.001.
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4.3 Discussion 

One of the hallmarks of cancer is represented by the dysregulation of the cell cycle machinery 

(Hanahan & Weinberg, 2011). Genomic studies have outlined how amplification of CDKs, 

overexpression of cyclins, inactivation of CDK inhibitors and loss of Rb expression occur 

frequently in different human malignancies (Malumbres & Barbacid, 2009; Shah & Schwartz, 

2001). 

Given the crucial role of CDKs in regulating cell cycle and transcription, targeting CDKs by small 

molecule inhibitors has been frequently pursued as a potential therapy option for human 

malignancies.  

Palbociclib, a specific CDK 4/6 inhibitor, was the first CDKi approved by the FDA for the 

treatment of advanced breast cancer (Finn et al., 2016). The beneficial effects of palbociclib 

treatments have been also reported on both PDX models of SHH and MYC-amplified G3 

medulloblastomas (Cook Sangar et al., 2017). The Cook Sangar et al. study led to its testing in 

ongoing clinical trials for recurrent medulloblastoma patients (NCT02255461 and 

NCT03709680). However, the initial enthusiasm for palbociclib has been tempered by 

recurrence and resistance episodes in almost all treated solid tumours when palbociclib is 

withdrawn (Cook Sangar et al., 2017).  

Thus, with this research we aimed at identifying a more potent CDKi candidate to be used as 

targeted therapy for MB. With the ultimate goal to mimicking a possible application in the 

clinic, we tried to clarify, as far as possible, drug mechanism of action in MB context. 

In this study, we showed that MB development and progression rely on druggable 

vulnerabilities that are not only limited to the G1/S checkpoint failure but are spread 

throughout all cell cycle stages (Figure 13). We singled out dinaciclib, a CDK1, CDK2, CDK5 and 

CDK9 inhibitor (Parry et al., 2010), as the most effective pan-CDKi across all cell lines and, 

specifically, most effective on the group 3 MB cell line (HD-MB03) (Figure 14). 

In fact, the ideal drugs to advance to clinical trials are usually those with relevance to multiple 

cancer subtypes and, preferentially, those that show activity in poor prognosis subgroups. G3 

medulloblastoma patients, as already mentioned, bear MYC amplification and are associated 

with the worst prognosis over all MB subgroups (Roussel & Robinson, 2013) Therefore, HD-

MB03 cells were our primary in vitro model throughout the study. 



	 101	

We have showed that dinaciclib has better efficacy in short- and long-term proliferation assays 

than palbociclib, our reference specific-CDKi for MB treatment (Figure 15, Figure 16 and Figure 

17).  

Notably, long-term studies proved that dinaciclib inhibitory effects induced a prolonged cell 

death (2 weeks after drug withdrawal). On the contrary, with palbociclib, we observed the 

undesirable presence of surviving cells after treatment, even at the highest dose of the drug 

used. In addition to this, we showed that dinaciclib has a marked ability of blocking 

medulloblastoma cancer stem cells (CSCs) propagation compared to palbociclib (Figure 18). 

CSCs are a minority in the tumour population that is characterised by marked self-renewal and 

have the ability to differentiate into non-stem cancer cells (Al-Hajj & Clarke, 2004). The ability 

of CDKis to impair CSCs proliferation has important implications for the good outcome of the 

therapy in the clinic (Donnenberg & Donnenberg, 2005), since CSCs population in the tumour 

is also responsible for resistance to more conventional therapy, such as chemotherapy and 

radiotherapy, leading to relapse.  

Furthermore, cell cycle arrest by palbociclib can be reversible or irreversible, with quiescent 

and senescent cells respectively (Campisi & D’Adda Di Fagagna, 2007). Specifically, palbociclib 

has already been associated with senescence induction in other tumours but not yet in MB 

(Leite de Oliveira & Bernards, 2018). After palbociclib treatments, we did not observe the 

enlarged flat cell morphology typical of senescent cells, pointing at still viable and potentially 

resistant cells after drug withdrawal. Nonetheless, this is just a speculation and further studies 

aimed at better characterising senescence induction after palbociclib in MB are required to 

confirm this. 

Altogether these results put forward a concern for the onset of resistance when using 

palbociclib in MB. 

We characterised dinaciclib mode of action, where dinaciclib induced strong cytotoxic effects 

(Figure 19 and Figure 20). These results are in line with previous publications demonstrating 

that dinaciclib is able to trigger the apoptotic cascade in multiple tumours (Fu et al., 2011; 

Gojo et al., 2013; Nguyen & Grant, 2014). Our 3D HD-MB03 culture with caspase 3/7 activation 

detection was crucial to prove that dinaciclib is able to infiltrate and elicit cell death in solid 

tumours, comparably to 2D culture (Figure 21). These data further highlighted that dinaciclib 

is a promising candidate to be employed in MB in vivo studies. 
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In conjunction with caspase 3/7 activity, single cell fate analysis revealed that dinaciclib elicits 

a predominant death in interphase in HD-MB03 cells (Figure 22). Dinaciclib’s effect on cell 

cycle has been frequently associated to mitotic failure in many tumours, as a consequence of 

CDK1 inhibition (Jane et al., 2016; Lin et al., 2017; Rajput et al., 2016). In our settings, CASP9 

dephosphorylation by CDK1 inhibition could explain the partial effects that we observed in 

mitosis (Allan & Clarke, 2007). Overall, the G2/M phase is not a major dinaciclib-target in MB, 

suggesting that CDK1 inhibition plays only a limited role on drug cytotoxic effects.  

We speculated that dinaciclib employs different cytotoxic mechanisms depending on the 

tumour settings and we decided to unravel specific molecular mediators in MB. 

Trying to predict MB vulnerability to dinaciclib, our preliminary in silico analysis showed that 

CDK1 and CDK2 are overexpressed in MB patients compared to normal cerebellum, while 

CDK5 expression was comparable and CDK9 was even lower than controls (Figure 23). 

Nonetheless, the low number of control samples used for the comparison might limit our 

ability to draw solid conclusions. In fact, the overexpression of CDK9 in MB tumours compared 

normal adjacent tissue has been recently described in a recent study (Song et al., 2019). 

Further analysis revealed that only the high expression level of CDK5 is associated with poor 

patients prognosis independently from MB subgrouping (Cavalli et al. dataset) (Figure 24). 

Nonetheless, in the same study from Song et al., high expression of CDK9 has been correlated 

with MB high-risk patients survival and therefore proposed as prognostic marker and potential 

vulnerability for these patients (Song et al., 2019). 

Next, we pursued identifying the immediate transcriptional alterations under dinaciclib 

targeting. RNAseq data indicated that cell cycle- and cell death-associated genes were among 

the most affected molecular players upon mild dinaciclib treatment (Figure 25). We 

acknowledge that 1nM dinaciclib is a rather low dose to be used, however, due to the high 

efficacy of the drug, we reasoned that using a milder dose would have filtered out only 

relevant dinaciclib response mediators. 

Indeed, we found a significative downregulation of BAX and up-regulation of CASP9 mRNAs 

upon dinaciclib treatment in HD-MB03 cells (Figure 26). Other studies already demonstrated 

that dinaciclib cell death is achieved through the mitochondrial apoptotic pathway in different 

cancers, but a clear cell death characterisation in MB was not yet available (Alsayegh et al., 

2017; Gregory et al., 2015; Varadarajan et al., 2015). 
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Additionally, we asked which of the targeted CDKs was responsible for the transcriptional and 

phenotypic effects and to what extent. We showed that dinaciclib treatment mostly reduced 

CDK9 and, marginally, CDK1 protein levels in MB cells. CDK9 targeting by RNAi revealed that 

CDK9 is the only mediator of cell growth inhibition via apoptotic induction in both HD-MB03 

cells and ONS76 cells; conversely, RNAi-targeting of CDK1 elicited cell growth reductions but 

could not explain the strong apoptotic effects in MB cells (Figure 27), corroborating even more 

our cell fate results.  

Further, CDK9 targeting by dinaciclib dephosphorylated the downstream target RNA pol II at 

Ser 2 and, in turn, reduced short-lived proteins such as MYC and the anti-apoptotic MCL-1 

(Figure 28). The inhibitory effect of CDK9-activity reduction on mRNA elongation by the RNA 

polymerase II is corroborated by previous studies in different tumour settings, and so is the 

mediated degradation of MYC and of the anti-apoptotic BCL-2 family proteins (Booher et al., 

2014; Hashiguchi et al., 2019). Specifically, the recent study of Song et al. further 

demonstrated that specific CDK9 inhibition in HD-MB03 cells provokes MYC and BCL2 proteins 

mRNA downregulation (Song et al., 2019). 

Notably, we observed a stronger reduction in MYC protein in the group 3 cell line than in the 

SHH cell line (Figure 28). Group 3 MB depends on MYC to exhibit characteristic subgroup 

properties and CDK9 has been previously reported as a druggable vulnerability specific for 

MYC-relying tumours (C. H. Huang et al., 2014; Rowland et al., 2016). Therefore, a stronger 

transcriptional impact on MYC in HD-MB03 cells might partially explain the higher sensitivity 

of this subgroup to the drug. 

In order to complete our characterisation of dinaciclib apoptotic induction in MB, we need to 

consider that mitochondrial apoptosis is the result of anti- or pro- apoptotic BCL2 proteins, 

such as MCL-1 or BAX, inhibition or activation, which ultimately relies on the interaction with 

pro-apoptotic  BH3-only members (Youle & Strasser, 2008). 

We showed that basal expression of BCL2 family proteins is variable in MB in vitro models 

(Figure 29). Nonetheless, there was no strong association between the anti-apoptotic MCL-1 

protein abundance in HD-MB03 and ONS76 cells and apoptotic induction. In fact, very 

different basal levels of MCL-1 resulted in comparable apoptotic induction under MCL-1 

inhibition with maritoclax or RNAi in the two MB cell lines (Figure 30). Similarly, we showed 

that the pro-apoptotic BAX protein is much more expressed in HD-MB03 cells than in ONS76 

cells but again this does not seem to impact on a differential in vitro response to dinaciclib.  
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Furthermore, we observed reductions of the pro-apoptotic BAX in both cell lines, which would 

suggest that BAX is not directly involved the MCL-1-mediated apoptosis triggered by dinaciclib 

in MB (Figure 26 and Appendix 6.4).  

A recent publication from Xiaoou Xu et al. demonstrated how dinaciclib actually can induce 

apoptosis in a BAX-independent manner through BAK (Xu et al., 2020). In addition, MCL-1 is 

able to bind alternatively to either BAX or BAK (Czabotar et al., 2014). These data suggest that, 

BAK might have a crucial role in mitochondrial apoptosis induction. 

While the reduction of  CDK9-dependent anti-apoptotic proteins alone is sometimes enough 

to trigger apoptosis, such reduction has also been proposed to sensitise tumour cells to other 

apoptotic stimuli like microtubule instability, as with vincristine, or DNA damage, as with 

cisplatin (Lam et al., 2001; Shapiro, 2006). In medulloblastoma, synergistic effects have been 

observed when CDKis were administered sequentially with conventional chemotherapeutic 

drugs (Song et al., 2019).  

Therefore, we addressed the possibility of using dinaciclib to sensitise clinically used 

chemotherapy. Cisplatin and vincristine are currently the first-line chemotherapeutic drugs 

for medulloblastoma treatment in the clinic. To date, combination treatments are the main 

mode of cancer therapy, aiming at blocking development of resistance and lowering drug 

toxicities (Bozic et al., 2013). 

Here, we showed that dinaciclib synergises with both cisplatin and vincristine at specific drug 

doses (Figure 31).   

Additionally, BH3-mimetics have been recently proposed for combination therapies for their 

role of boosting cytotoxic effects of various agents, including CDK9 inhibitors (Inoue-Yamauchi 

et al., 2017). Since dinaciclib mechanism of action is mainly interfering with MCL-1 mediated 

apoptotic pathway, we asked if a complete inhibition of MCL-1 with maritoclax or a reduction 

in compensatory BCL2 members with navitoclax could have boosted dinaciclib inhibitory 

effects. We demonstrated that combinatorial strategies with BH3-mimetics synergise with 

dinaciclib and could be an additional option to improve therapeutic protocols for MB (Figure 

32). 

Finally, since chemoresistance is one of the major causes of relapse in patients, we addressed 

the use of dinaciclib chemo-resistant settings. We acknowledge that the short time (6 months) 

used for the generation of these in vitro resistant models might be a limitation in our study 

and that the onset of solid mechanisms of resistance should be further validated. Nonetheless, 
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our preliminary data in long-term assays showed that dinaciclib could re-sensitise vincristine-

resistant MB cells to treatment (Figure 34).  

In addition, the overexpression of BCL2 members is frequently associated to chemotherapy 

resistance (Konopleva et al., 2002). We have shown that dinaciclib is able to reduce MCL-1 

expression, and other studies indicate that dinaciclib downregulates also other BCL2 proteins 

(Rello-Varona et al., 2019). This potentially might explain the benefit of using dinaciclib in 

chemoresistance contexts, although further studies are required to confirm this. 

 

Altogether, we have demonstrated that the broad targeting of MB cells with dinaciclib would 

be a better option than specific CDK4/6 inhibition, prompting for more advanced pre-clinical 

and clinical studies in MB.  

We showed that dinaciclib extensive cytotoxic effects are mainly mediated by CDK9 inhibition 

and the consequent transcriptional effect on apoptotic proteins, particularly MCL-1, and more 

limitedly to CDK1 inhibition and G2/M failure. We have not explored the role CDK5 targeting 

in MB, nonetheless it has already been shown as critical for anti-tumour immune response in 

vivo and further hinting at the benefit of using this broad-CDKi for treatment (Dorand et al., 

2016). 

Dinaciclib has reached clinical trials III for many malignancies, showing encouraging anti-

cancer activity, however monotherapy with dinaciclib is still under consideration due to 

unwanted toxicities (Parry et al., 2010). Nevertheless, we have demonstrated the potential of 

using dinaciclib in different combination therapies. These new preclinical data lay the 

foundation for more tailored drug strategies, where combinations with dinaciclib may provide 

a safer and more effective solution for MB patients. 
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4.4 Future directions 

Further studies are required to complete our overview on the dinaciclib-cell death 

characterisation in MB. Particularly, the critical involvement of BH3-only proteins in the MCL-

1 mediated apoptosis needs to be identified. 

BCL2 proteins levels have been shown to be predictive of dinaciclib-induced apoptosis in solid 

tumours (Booher et al., 2014). Even though MCL-1 is often referred to as the main mediator 

of dinaciclib effects and it is mediator of apoptosis in our MB in vitro models, the contribution 

of other anti-apoptotic BCL2 members should be explored.  

Moreover, localisation studies on BAX and BAK proteins might be useful to confirm our 

hypothesis that dinaciclib induces a BAX-independent mitochondrial apoptosis. 

Finally, since we showed that MB in vitro models bear different basal levels of both pro-

apoptotic and anti-apoptotic BCL2 family members, further studies should aim at exploring 

how and at which extent this influences drug response in MB subgroups. These findings are 

paramount in order to employ dinaciclib in combination therapies as it would anticipate the 

emergence of resistance mechanisms and, overall, it would generate safer treatment 

protocols with reduced toxicities. 
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Chapter 5:  

Targeting MYC/MIZ1  
for G3 MB treatment 
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5.1 Background 

MYC overexpression and amplification are mainly associated with group 3 MB, with the 

presence of metastasis at diagnosis and with poorest outcomes among MB subgroups 

(Roussel & Robinson, 2013). Nevertheless, the role of MYC in medulloblastoma 

tumourigenesis is still poorly characterised.  

MYC plays a central role in many mechanisms such as proliferation, apoptosis and cell cycle 

(Frenzel et al., 2010).  It carries out its function regulating transcription in both positive and 

negative fashions. Traditionally, MYC activates transcription of Enhancer Box sites (E-boxes) 

on regulated genes when bound to MAX (Conacci-Sorrell et al., 2014). Instead, MYC can 

heterodimerise with MIZ1 to induce transcriptional repression, suppressing, for example, 

negative cell-cycle regulators, such as CDKN1A and CDKN1B, and driving proliferation 

(Bretones et al., 2015; Hönnemann et al., 2012). 

To further complicate the picture of MYC regulation networks, microRNAs have been shown 

to be both MYC-regulated and MYC-regulators (Psathas & Thomas-Tikhonenko, 2014). 

MYC family members, mainly MYC and MYCN, represent interesting driver genes to study in 

medulloblastoma, since they are often over-expressed or amplified in a subgroup-specific 

manner. MYC over-expression is usually associated with WNT and group 3 MBs, whereas 

MYCN is usually expressed in SHH and group 4 MBs. Only a few years ago, Vo et al. showed 

that MIZ1 interacts more strongly with MYC than MYCN and that this discrepancy in binding 

affinity provokes gene expression alterations underpinning group 3 and SHH MBs diversity  

(Vo et al., 2016).  

Altogether, these observations suggest subgroup-specific roles of MYC family members and 

interacting partners to shape medulloblastoma in different subgroups. Understanding these 

associations might be crucial to tackle medulloblastoma heterogeneity. 

Significant improvements have been made in medulloblastoma diagnosis and treatment 

mainly due to a better understanding of the molecular underpinnings of the tumour. A 

consensus has been reached over the concept that medulloblastoma is not a single disease 

but a complex collection of heterogeneous variants. Nonetheless, treatment-related 

morbidity and mortality are still a significant burden. Specifically, outcomes are sub-optimal 

when it comes to high risk, metastatic and relapsed patients.  

Here, we aim to fill this gap, giving insights on MYC transcriptional networks, specifically 

looking at the importance of the interaction with MIZ1 to trigger group 3 development. 
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Furthermore, given the failure of all the attempts to target MYC, we put forward a novel 

strategy to hit MYC-driven group 3 medulloblastoma, impairing its balance in binding with 

MIZ1 through microRNAs. 

 

 

5.2 Results 

5.2.1  Expression levels of MYC and MIZ1 in MB cell lines and patient samples 

To identify suitable cellular models to employ in our experiments, we first measured by real-

time qPCR and western blot analysis endogenous mRNA and protein levels of MIZ1 and MYC 

in different MB cell lines.  

mRNA expression analysis indicated higher levels of the MIZ1 gene in DAOY and HD-MB03 cell 

lines and overall the highest MYC expression in HD-MB03 cells (Figure 35 A-B), confirming that 

group 3 cell line (HD-MB03) is characterised by MYC over-expression/amplification.  

It should be noted that, at this point, we decided to adopt the DAOY cell line as the only 

representative model of SHH MB, considering that MIZ1 mRNA expression levels were more 

comparable to those of the group 3 cell line than the other SHH MB cell lines (ONS76 and 

UW228).  

For protein quantification, we have also included the CHLA-01-R-MED cell line, which is the 

metastatic match for the CHLA-01-MED cell-line, to the panel of cells to evaluate MYC 

abundance in more aggressive MB variants. MYC protein expression was significantly higher 

in the more aggressive G4 variant compared to the primary tumour-derived cell line, 

highlighting MYC key role in aggressive MB (Figure 35 C). 

Further, we evaluated MIZ1 protein level across the cell lines. We found that MIZ1 is 

particularly abundant in HD-MB03 and CHLA-01-R-MED cells (Figure 35 C), supporting the 

hypothesis that MIZ1 activity might be essential alongside MYC to shape aggressive MB 

phenotypes. 
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Figure 35 | MYC and MIZ1 mRNA and protein expression in medulloblastoma cell lines. 

A-B) Analysis of the endogenous mRNA expression of MIZ1 and MYC in MB cell lines. Plotted graphs 
indicate relative expression of the genes of interest, normalised to beta-actin housekeeping gene. 
Results are presented as mean ± SD (N=3). C) MIZ1 and MYC protein expression was analysed by 
western blot. 50 μg of proteins were used for all samples. On the right, densitometric analysis was 
obtained by comparing the levels of each protein to GAPDH as loading control. WB shown is one 
representative of N=3 experiments. 
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Next, to further confirm the significance of these findings, we evaluated the gene expression 

levels of MYC and MIZ1 in a set of 763 primary MB specimens by using the R2 genomic and 

visualization platform (R2: Genomics Analysis and Visualization Platform http://r2.amc.nl 

(Cavalli et al., 2017).  

As also previously reported, MYC expression is specifically high in WNT and G3 subgroups 

(Figure 36), whereas SHH and G4 subgroups characteristically express MYCN and not MYC 

(Roussel & Robinson, 2013).  Conversely, MIZ1 is well expressed across all subtypes of MB 

without showing a specific enrichment pattern for specific subgroups (Figure 37).  

This confirms that group 3 MB molecular identity does not depend only on MIZ1 expression, 

but it is entrenched by the exclusive interaction with MYC (Vo et al., 2016).  

Based on these preliminary evaluations, we decided to use the HD-MB03 cell line for group 3 

MB and the DAOY cell line for SHH MB as our cellular models for comparative studies. We 

propose that these two in vitro models can better highlight MYC/MIZ1 and MYCN/MIZ1 

alternative regulations in group 3 and SHH MBs and therefore unravel clues behind very 

different prognostic fates. 
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Figure 36 | Expression level of MYC in 763 medulloblastoma patients. 

YY graph generated using R2 online tool, showing expression levels of MYC in all patients analysed in Cavalli et al. study. A total of 763 samples is used in the 

analysis divided in the four main molecular subgroups: WNT (70), SHH (223), G3 (144), G4 (326). Statistical significance of data shown is presented as p-value. 

Clinical and molecular information of the patients used for the clustering analysis are reported in the right side of the figure.   

 
T prob 

group 3 vs group 

4 

5.0e-52 

group 3 vs SHH 1.2e-57 

group 3 vs WNT 0.02 

group 4 vs SHH 0.07 

group 4 vs WNT 4.1e-62 

SHH vs WNT 3.0e-98 
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Figure 37 | Expression level of MIZ1 in 763 medulloblastoma patients. 

YY graph generated using R2 online tool, showing expression levels of MIZ1 in all patients analysed in Cavalli et al. study. A total of 763 samples is used in the 

analysis divided in the four main molecular subgroups: WNT (70), SHH (223), G3 (144), G4 (326). Statistical significance of data shown is presented as p-value. 

Clinical and molecular patient information used for the clustering analysis is reported in the right side of the figure. 

 
T prob 

group 3 vs group 4 2.4e-03 

group 3 vs SHH 0.25 

group 3 vs WNT 7.1e-03 

group 4 vs SHH 0.04 

group 4 vs WNT 1.7e-08 

SHH vs WNT 1.1e-04 
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5.2.2 miR-124-3p targets MIZ1 

With the final aim of targeting MIZ1 for MB treatment, we decided to use microRNAs for their 

ability to post-transcriptionally downregulate gene expression. 

In order to investigate which microRNA represses MIZ1 expression, we carried out an in silico 

analysis for the prediction of miRNA/MIZ1 binding sites using the TargetScan program 

(www.targetscan.org) (Figure 38 A). 4 microRNAs were predicted to have highly conserved 

binding sites on the 3’-UTR of the MIZ1 gene, namely miR-124-3p.1, miR-6766-3p, miR-219a-

5p and hsa-miR-4782-3p. We decided to evaluate miR-124-3p.1 because of its overall higher 

pairing scores and because miR-124-3p is known to be poorly expressed in medulloblastoma, 

acting as a tumour suppressor microRNA in this context (Mollashahi et al., 2019). 

To identify whether miR-124-3p directly targeted MIZ1, dual-luciferase reporter assay was 

performed. As shown in Figure 38 B, we cloned the 3’UTR of MIZ1 downstream of the coding 

sequence of the luciferase gene in the pGL3 reporter plasmid.  

HEK293T cells were co-transfected with two different “wild-type” or two “reverse” plasmids, 

containing one or 3 copies of the MIZ1-3’UTR, and with the miR-124-3p precursor (pre-124-

3p) or precursor scramble miRNA (pre-CTRL). Compared to the pre-CTRL, miR-124-3p 

significantly decreased the firefly luciferase activity in both wild-type reporters, with a 

stronger reduction in the cells with the reporter having 3 copies of MIZ1 binding site. 

Furthermore, miR-124-3p did not alter the activity of both reverse plasmids (Figure 39). These 

observations indicated that miR-124-3p directly targeted MIZ1 by interacting with the 

predicted binding site. 
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Figure 38 | Selection of miR-124-3p targeting MIZ1 gene. 

Here it’s presented the TargetScan page for the prediction of MIZ1 3’UTR binding sites. A) At the top is 

the 3’UTR profile. Below the profile are predicted conserved sites for miRNAs broadly conserved among 

vertebrates. In the blue box, is shown the predicted binding site sequence for miR-124-3p. B) Scheme 

of the luciferase plasmid used to assess miR124-3p direct targeting on MIZ1 3’UTR by dual luciferase 

assay. 
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Figure 39 | Dual-luciferase assay results: MIZ1 is a target of mir-124-3p. 

Dual-luciferase assay results confirming the binding site of miR-124-3p on MIZ1 3’UTR. Briefly, 

HEK293T cells were co-transfected with renilla plasmid and wild-type or reverse constructs together 

with the precursor of miR-124-3p (pre-124-3p) or the precursor scramble microRNA (pre-CTRL). Renilla 

and Luciferase activity were measured after 24h from transfection. 

The relative luciferase activity ratio (firefly Luciferase/Renilla luciferase) ± SEM was calculated from 

quadruplicate technical replicates and for N=3.  

Data are presented using GraphPad software. Statistical comparisons were performed using two-tailed 

student’s t-test where *= p ≤ 0.05, **= p ≤ 0.01, ***= p ≤ 0.001. 

 
 

 

 

 

In addition, the endogenous mRNA and protein levels of MIZ1 were significantly reduced in 

HD-MB03 cells overexpressing miR-124-3p compared to precursor scramble miRNA control 

(Figure 40). Specifically, MIZ1 mRNA levels were significantly reduced by 20% after 72h from 

transfection compared to control (Figure 40 B). Densitometric analysis of MIZ1 protein 

expression levels revealed that the strongest effect in protein down-regulation is reached at 

72h from transfection, with 60% of protein reduction. Interestingly, MYC protein levels were 

also down-regulated after miR-124-3p overexpression but the mRNA expression was induced 

(Figure 40 C). 

Altogether, these results confirm that MIZ1 mRNA is a functional target of miR-124-3p and 

that the suppression of MIZ1 alters MYC levels.  
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Figure 40 | MIZ1 and MYC mRNA and protein levels following miR-124-3p over-expression in HD-
MB03 cells. 

A) miR-124-3p expression in HD-MB03 cells transfected for 72h with miR-124-3p precursor (pre-124-

3p) or negative miRNA control (pre-CTRL). B) MIZ1 and MYC mRNA expression levels in HD-MB03 

cells transfected with pre-124-3p or pre-CTRL after 72h. Plotted graphs indicate expression fold change 

of the genes of interest expressed as mean ± SD (N=3). C) Western blot analysis of MIZ1 and MYC 

proteins in HD-MB03 cells after 72h transfection with pre-124-3p or pre-CTRL in HD-MB03 cells. 50 μg 

of proteins were used for all samples. Densitometric quantifications are provided on the right: protein 

levels are expressed as fold change relative to the control (pre-CTRL), arbitrarily set to 1. WB shown is 

one representative of N=3 replicates.  

Statistical comparisons were performed using two-tailed student’s t-test where *= p ≤ 0.05, **= p ≤ 0.01, 

***= p ≤ 0.001. 
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5.2.3 miR-124-3p overexpression inhibits proliferation of group 3 MB cells  

We next examined the phenotypic effects of miR-124-3p overexpression in group 3 and SHH 

cells. HD-MB03 and DAOY cells were transfected with scalar concentrations of miR-124-3p 

precursor or scramble miRNA precursor for 72h. Cell viability was significantly compromised 

in group 3 cells (20% reduction) but not in SHH cells, suggesting that MYC/MIZ1 balance and 

interaction is somehow crucial for group 3 MB progression, where also MYC is overexpressed, 

but not for SHH MB. This result further prompted us to pursue MIZ1 as potential target for 

group 3 treatment (Figure 41).  

 

 

 

 

 
Figure 41 | miR-124-3p overexpression effect on HD-MB03 vs DAOY cell proliferation. 

A-B) MTT assay was performed after 72h from transfection of scramble miRNA precursor (pre-CTRL) 

vs miR-124-3p precursor (pre-124-3p) in HD-MB03 cells (A) and DAOY cells (B).  

Precursor microRNAs were transfected at 0-100nM concentration range at 1:2.5 fold dilution. Phase-

contrast images are presented for transfections of pre-CTRL and pre-124-3p in HD-MB03 cells at the 

highest concentration used to assess cell viability (100nM). Cells were observed using inverted Vert.A1 

AXIO (Zeiss) microscope (x40 magnification). 

Data are presented as mean ± SD (N=3) using GraphPad software. Statistical comparisons were 

performed using two-tailed student’s t-test where *= p ≤ 0.05, **= p ≤ 0.01, ***= p ≤ 0.001. 
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5.2.4 Functional role of miR-124-3p in group 3 medulloblastoma 

To gain a better understanding of miR-124-3p role in group 3 MB, we performed an RNA 

sequencing analysis of HD-MB03 cells overexpressing miR-124-3p. By analysing the 

transcriptomic data, 5992 genes among protein-coding, long non-coding, small non-coding 

and pseudogenes were found significatively modulated with a p-value < 0.05 (Figure 42 A). 

Specifically, we found 152 upregulated protein-coding genes with fold change (FC) >2 and 142 

down-regulated protein-coding genes with FC < 0.5. Although statistically significant, MIZ1 

downregulation (FC<0.8) did not pass our analysis cut off (Appendix 6.5).  

A subsequent gene ontology (GO) analysis of biological process and molecular function terms 

was conducted in order to investigate the biological significance of modulated genes. The 

analysis revealed a significant enrichment of altered genes for biological processes involved in 

cell-cycle progression and cell division (Figure 42 B). The molecular functions that miR-124-3p 

overexpression affected were predominantly microtubule binding and CDKs regulator activity 

(Figure 42 C). 

Among modulated genes, we were more interested in looking at the downregulated genes as 

in potential targets of miR-124-3p that could shed light on the miRNA regulatory functions 

and tumour suppressive properties in MB. miR-124-3p targets could in fact be exploited as 

druggable vulnerabilities of group 3 MB.  

In order to scale down the pool of genes and focus on the putatively most relevant and 

functional miR-124-3p targets, we cross-referenced the list of repressed genes from our 

transcriptomic data with the miR-124-3p target predictions from TargetScan and miRDB 

algorithms (www.mirdb.org). In doing so, we obtained a list of strong candidates target genes, 

presented in Figure 43 A with respective fold change values.  

To verify the reliability of the sequencing, we picked the top downregulated gene on the list, 

namely vimentin (VIM), for validation with single assay qRT-PCR. Results showed a 75% 

reduction in VIM gene expression after miR-124-3p overexpression in HD-MB03 cells, 

validating sequencing data (Figure 43 B). 

Finally, time-lapse microscopy showed that miR-124-3p overexpression shifted HD-MB03 cells 

fate towards an increased death in interphase (approximately 20%) and in mitosis (16%) 

compared to control cells (Figure 44).  
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Figure 42 | Transcriptomic analysis following miR-124-3p overexpression in HD-MB03 cells. 

A) Volcano plot of the distribution of genes differentially expressed in HD-MB03 cells transfected with 

miR-124-3p precursor (pre-124-3p) vs negative miRNA control (pre-CTRL), assessed by RNA-seq. B-

C) Gene ontology analysis of significantly up- and down-regulated genes (FC>1.2 and p-value<0.001) 

after miR-124-3p overexpression in HD-MB03 cells. Biological function and molecular function terms 

with fold enrichment score≥2 are presented using GraphPad Prism software. 
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Figure 43 | Potential targets of miR-124-3p in group 3 medulloblastoma. 
A) List of down-regulated genes from sequencing transcriptomic analysis after miR-124-3p over-

expression in HD-MB03 cells cross-referenced with miR-124-3p target predictions from TargetScan and 

miRDB algorithms. 

B) Vimentin (VIM) mRNA expression levels by qRT-PCR in HD-MB03 cells transfected with pre-124-3p 

or pre-CTRL after 72h. Plotted graphs indicate expression fold change of the gene of interest expressed 

as mean ± SD (N=3) using GraphPad Prism software. Statistical comparisons were performed using 

two-tailed student’s t-test where *= p ≤ 0.05, **= p ≤ 0.01, ***= p ≤ 0.001. 
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Figure 44 | Cell fate profiles of HD-MB03 cells overexpressing miR-124-3p. 

Representative cell fate profiles of HD-MB03 cells transfected with 100 nM pre-CTRL or pre-124-3p 

(N=2). Each line depicts the fate of one single cell followed over time using time-lapse microscopy 

imaging. The colour of the line represents a specific cell behaviour, as indicated. A total of 30 cells per 

experiment from quadruplicate wells were analysed manually. Phase-contrast images were recorded 

every 15 minutes for 72h at 100X magnification in the Cytation 3 system (Biotek). On the right, pie charts 

indicating the percentage of cells that either died in interphase, died in mitosis or were still alive at the 

end of the recording (N=2). 
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5.2.5 miR-124-3p enhances HD-MB03 cells sensitivity to chemotherapeutic drugs 

After identifying miR-124-3p as new possible therapeutic tool for group 3 MB, we evaluated 

potential synergistic effects with cytotoxic drugs used in the clinic. Firstly, HD-MB03 cells were 

transfected with 80 nM of the miR-124-3p precursor (pre-124-3p) or the negative control (pre-

CTRL) and, after 48h from transfection, cells were treated with scalar concentrations of the 

drugs for another 72h hours. We found that miR-124-3p overexpression significantly 

enhanced vincristine and cisplatin effects over HD-MB03 cell proliferation (Figure 45).  

These observations suggest that miR-124-3p could be used to enhance cellular sensitivity to 

conventional chemotherapy, allowing the reduction of cytotoxic doses and treatment 

associated side effects. 

 

 

 

 
Figure 45 | miR-124-3p in combination treatment with chemotherapeutic drugs. 

HD-MB03 cells were transfected with 80 nM of the miR-124-3p precursor (pre-124-3p) or the negative 

miRNA precursor (pre-CTRL). After 48h from transfections, cells were treated with vincristine at 0-10 

μM concentration range and 1:10 fold dilution (A), and cisplatin at 0-100 μM concentration range at 1:2.5 

fold dilution (B). Cell proliferation was then evaluated by MTT assay. Data are presented as mean ± SD 

(N=3) using GraphPad software. Dotted lines represent reference cell viability after single transfections 

with pre-CTRL or pre-124-3p (80nM). 

Statistical comparisons were performed between the two combinations chemodrug+pre-CTRL vs 

chemodrug+pre-124-3p using two-tailed student’s t-test where *= p ≤ 0.05, **= p ≤ 0.01, ***= p ≤ 0.001. 
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5.2.6 MIZ1 knockdown 

In order to further investigate the role of MIZ1 in group 3 development and compare our 

previous results with miR-124-3p overexpression, we performed RNAi-mediated knockdown 

of MIZ1 in the HD-MB03 cell line. After 72h from transfection, we confirmed that silencing of 

MIZ1 was effective by using qRT-PCR and by western blot analysis. Specifically, we measured 

a significative reduction in MIZ1 mRNA expression (50%) (Figure 46 A) and a more substantial 

downregulation at protein level (90%) compared to cells transfected with the non-targeting 

siRNA (Figure 46 B).  

To evaluate how changes in MIZ1 and MYC levels could impact each other, we also evaluated 

mRNA expression of MIZ1 and MYC in both siMIZ1 and siMYC conditions in HD-MB03 cells. 

Interestingly, downregulating MIZ1 or MYC (siMIZ1 or siMYC), seemed to induce the mRNA 

expression of the respective interacting partner (Figure 46 A/C).  

Nonetheless, despite the significant rise in MYC mRNA expression upon MIZ1 silencing, we 

reported a 30% reduction in MYC protein level, similar to what we observed with the over-

expression of miR-124-3p (Figure 46 B).  

Next, following the approach used with miR-124-3p over-expression, we evaluated the 

phenotypical consequences of reducing MIZ1 endogenous levels in group 3 versus SHH 

settings. 
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Figure 46 | MIZ1 and MYC mRNA and protein levels after MIZ1 silencing in HD-MB03. 

A and C) Miz1 and MYC mRNA expression levels in HD-MB03 cells transfected with non-targeting 

siRNA (siCTRL) and MIZ1 siRNA (siMIZ1) or MYC siRNA (siMYC) after 72h. Plotted graphs indicate 

expression fold change of the genes of interest expressed as mean ± SD (N=3). B) Western blot analysis 

of MIZ1 and MYC proteins in HD-MB03 cells after 72h transfection with control siRNA (siCTRL) or Miz1 

siRNA (siMIZ1). 50 μg of proteins were used for all samples. Densitometric quantifications are provided 

on the right: protein levels are expressed as fold change relative to the control (siCTRL), arbitrarily set 

to 1. WB shown is one representative of N=3 replicates.  

Statistical comparisons were performed using two-tailed student’s t-test where *= p ≤ 0.05, **= p ≤ 0.01, 

***= p ≤ 0.001. 
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5.2.7  Silencing of endogenous MIZ1 inhibits proliferation of group 3 MB cells  

To investigate the unique MYC/MIZ1 contribution to group 3 MB development, we measured 

cell proliferation upon MIZ1 silencing in HD-MB03 cells vs DAOY cells. After 72h from 

transfection, scalar concentrations of siMIZ1 were able to significantly impair proliferation in 

a concentration dependent manner in HD-MB03 (20% reduction) but not in DAOY cells, 

comparing to control siRNA (siCTRL) (Figure 47 A-B). These results further suggest the 

importance of MIZ1 role in group 3 MB. 

Furthermore, in order to study which phenotypic effects were directly induced by miR-124-3p 

targeting via MIZ1 in HD-MB03 cells, we performed time-lapse microscopy imaging on HD-

MB03 cells upon MIZ1 downregulation by RNAi. We observed a 11% cell fate increase towards 

death in mitosis (Figure 48). 

 

 

 

Figure 47 | MIZ1 knockdown effects on HD-MB03 vs DAOY cells proliferation. 

A-B) MTT assay was performed after 72h from transfection of non-targeting siRNA (siCTRL) vs MIZ1 

siRNA (siMIZ1) in HD-MB03 cells (A) and DAOY cells (B).  

siRNAs were transfected at 0-100nM concentration range at 1:2.5 fold dilution. 

Data are presented as mean ± SD (N=3) using GraphPad software. Statistical comparisons were 

performed using two-tailed student’s t-test where *= p ≤ 0.05, **= p ≤ 0.01, ***= p ≤ 0.001. 
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Figure 48 | Cell fate profiles of HD-MB03 cells upon MIZ1 downregulation by RNAi. 

Representative cell fate profiles of HD-MB03 cells transfected with 100 nM siCTRL or siMIZ1 (N=2). 

Each line depicts the fate of one single cell followed over time using time-lapse microscopy imaging. 

The colour of the line represents a specific cell behaviour, as indicated. A total of 36 cells per experiment 

from quadruplicate wells were analysed manually. Phase-contrast images were recorded every 15 

minutes for 72h at 100X magnification in the Cytation 3 system (Biotek). On the right, pie charts 

indicating the percentage of cells that either died in interphase, died in mitosis or were still alive at the 

end of the recording (N=2). 

	 	

0	 1000	 2000	 3000	 4000	 5000	

26	
27	
38	
25	
5	

37	
40	
22	
12	
4	
18	
35	
7	

31	
15	
24	
20	
32	
3	

11	
12	
17	
18	
14	
22	
34	
30	
26	
9	
5	

10	
20	
24	
4	
25	
38	

Time	(min)	

Interphase		

Death	in	interphase		

Mitosis			

Death	in	mitosis		

Slippage		

si
M

IZ
1

si
C

TR
L siMIZ1=36 cells

11.11%  Death in mitosis
16.67%  Death in interphase

72.22%  Survival

siCTRL=36 cells

16.67%  Death in interphase

83.33%  Survival



	 128	

5.2.8 Screening of MYC/MIZ1-regulated microRNA network 

After confirming the effective MIZ1 knockdown upon siRNA silencing (Figure 49), we next 

performed an expression profile analysis of a panel of 800 human miRNAs on HD-MB03 cells 

with the MIZ1 knock-down versus HD-MB03 cells transfected with the siRNA control by using 

the NanoString platform (NanoString Technologies).  

A total of 43 miRNAs resulted in being potentially deregulated after MIZ1 knockdown (set cut 

off: p ≤ 0.055). As shown in Figure 49, 13 miRNAs were identified significantly up-regulated 

and 30 down-regulated in studied conditions.  
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Figure 49 | Heatmap of differentially expressed miRNAs upon Miz1 silencing in HD-MB03 cells.  

HD-MB03 cells have been transfected either with control siRNA (siCTRL) or Miz1 siRNA (siMIZ1) for 

72h and, after validation of MIZ1 silencing, they have been processed for miRNA profiling by NanoString.  

Red: upregulated miRNA in siMIZ1 condition; Green: downregulated miRNA in siMIZ1 condition. P 

values ≤ 0,055 were considered to generate the heatmap. Comparison of expression between samples 

was made using a linear scale.  
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5.2.9 miRNA profile validation 

We next validated the modulation of some differentially expressed microRNAs by using single 

assay qRT-PCR. Specifically, let-7i, miR-30a, miR-32, miR-331 and miR-324 were confirmed to 

be down-regulated after MIZ1 silencing (Figure 50 A).  

We also tested the expression of other miRNAs, which did not emerge from the high-

throughput screening, but which have been associated with medulloblastoma and more 

importantly group 3 MB (X. S. Liu et al., 2013a). Specifically, we assessed the expression of 

miR-30b, which is correlated to MYC-triggered MBs, being downregulated after MIZ1 

silencing; then, we evaluated the expression of few members of the oncogenic miR-17-92 

cluster (O’Donnell et al., 2005), which were identified as down-regulated in MIZ1 knockdown 

settings (Figure 50 B).  

We concluded that MIZ1 knockdown altered miRNA expression profile of HD-MB03 cell line 

but further analyses are required to accurately identify and confirm the miRNAs directly 

regulated by MIZ1/MYC repressive complex. 

 

 

 

 

 
Figure 50 | Validation of NanoString microRNA profile by qRT-PCR. 

A) Validation of microRNA from the siCTRL vs siMIZ1 screening on HD-MB03. B) Expression analysis 

of microRNAs associated with MB and MYC status.  

The expression of each microRNA was analysed by qRT-PCR and results were normalised to the 

expression values of the RNU44 housekeeping microRNA.  

Data are presented as mean ± SD (N=3) using GraphPad software. Statistical comparisons were 

performed using two-tailed student’s t-test where *= p ≤ 0.05, **= p ≤ 0.01, ***= p ≤ 0.001.  



	 131	

5.2.10 MYC and MIZ1 knockout in vitro models 

To corroborate the results obtained with the previous approaches, the MIZ1 silencing and 

miR-124-3p over-expression, we decided to generate CRISPR/Cas9 mediated MIZ1 and MYC 

knockout cellular models for group 3 MB.  

To this aim, crRNAs were designed in the gene body of MIZ1 and MYC spanning exons coding 

for the protein domains of MIZ1 and MYC that coordinate the formation of the MYC/MIZ1 

complex. After transfection of the CAS9 complex, cells were puromycin-selected and 

subjected to indel analysis to verify the presence of mutant cells.  

Successful recombination in our MYC and MIZ1 targeted samples was confirmed by T7EI 

digestion, which recognised heteroduplexes of mutant PCR amplicons in both crMYC and 

crMIZ1 cell populations indicated as red stars in Figure 51. Then, we clonally expanded our 

cells and finally we were able to generate four crMYC and five crMIZ1 clones that were 

subjected to Sanger sequencing of the targeted regions and western blot analysis to confirm 

MYC and MIZ1 knockouts.  

No positive cell clones were isolated for crMYC. This did not come as a surprise since, during 

the process of single-cell selection, it was challenging and mostly impossible to grow MYC-

knockout clones. Almost all crMYC lines seemed to have reached a senescent state and did 

not proliferate after few passages (Figure 52). Therefore, we hypothesised that genetic 

deletion of MYC is deleterious for group 3 MB cells survival. Ultimately, that would explain 

why we were not able to isolate mutated cells.  
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Figure 51 | T7EI digestion of crMYC and crMIZ1 cellular pools. 

Red stars show the cleavage products of the samples indicated above each lane by T7EI.  The DNA 

fragments were amplified around the CRISPR/Cas9 target sites by PCR using gene-specific primers 

from extracted genomic DNA. The presence of mismatches was detected by T7EI digestion resulting in 

the generation of products with different molecular sizes. This observation indicates that, after 

CRISPR/Cas9 editing, insertions/deletions (INDELS) mutations have happened and crMYC and crMIZ1 

targeting were successful. HD-MB03 transfected with only Cas9 expressing plasmid was used as a 

negative control. 

Quick-Load 1 kb DNA Ladder (NEB) was used in the first lane as reference. 
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Figure 52 | Phase-contrast images of HD-MB03 wild-type cells vs crMYC HD-MB03 clones. 

A) HD-MB03 wild-type cells B) two representative clones from the crMYC HD-MB03 pool of cells. 

Images were taken during the clonal expansion step from single cells transfected with CRISPR/CAS9 

system targeting MYC. Cells were observed using the inverted Vert.A1 AXIO (Zeiss) microscope at A) 

x40 and B) x100 magnification. Scale bar: A-B) 100 μm. 
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We carried on evaluations on few crMIZ1 clones that we were able to grow sufficiently for 

further testing. From the sequencing results, we could only observe heterozygous deletions 

of MIZ1 in our clones (Figure 53). This was also confirmed by western blot analysis, where only 

reductions and not complete knockouts of the MIZ1 protein were observed. Overall, crMIZ1 

n.21 clone showed the highest level of MIZ1 knockdown among all collected CRISPR cell lines 

and crMIZ1 n.8 and 21 showed the lowest MYC protein levels (Figure 54). 

During CRISPR clones culturing, we observed different phenotypes and cell behaviours (Figure 

55). Briefly, crMIZ1 n.3 cells did not proliferate showing an enlarged and senescent 

morphology, and for these reasons, we could not test them for MIZ1 deletion or evaluate 

them further. crMIZ1 n.21 cells assumed a round-shape morphology and become quite slow 

to grow. 

crMIZ1 n.8 and 24 and crMIZ1 n.26 and 28 manifested an intermediate phenotype between 

wildtype and crMIZ1 n.21 cells, with the presence of some round shaped cells. 

Although we were not able to generate clean homozygous deletions for MIZ1, we decided to 

use the obtained crMIZ1 cell lines with different degrees of MIZ1 reduction to confirm results 

obtained with MIZ1 silencing mediated by RNA-interference. 
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Figure 53 | Sanger sequencing data from wild-type and mutated crMIZ1 clones. 

The image represents a schematic illustration of MIZ1 gene sequence around target locus to detect 

mutations at the targeted site. The crMIZ1 target sequence and PAM domain are indicated. Below, 

waveform data from DNA sequencer displaying the sequence obtained from PCR fragments of genomic 

DNA from 2 representative MIZ1 clones. 
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Figure 54 | Western blot analysis of MIZ1 protein levels in HD-MB03 crMIZ1 clones. 

Representative western blot images for crMIZ1 HD-MB03 clones vs HD-MB03 wild-type (WT) (N=2). 50 

μg of proteins were used for all samples. GAPDH was used as loading control. Dotted line indicates 

where WB image was cut, due to removal of a not discussed crMIZ1 clone; uncropped WB image is 

shown in the Appendix 6.6. Densitometric quantifications are provided on the right: protein levels are 

expressed as fold change relative to the control (HD-MB03 WT), arbitrarily set to 1.  
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Figure 55 | Phase-contrast images of HD-MB03 wild-type cells vs crMIZ1 clones. 

A) HD-MB03 wild-type cells B) 6 clones derived from HD-MB03 cells transfected with CRISPR/CAS9 

system targeting MIZ1. Cells were observed at EVOS FL Auto Imaging System (ThermoFisher) at x100 

magnification. 
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5.2.11 Validation of MIZ1-silencing phenotypic effects  

To further confirm the effects of MIZ1 loss on cell proliferation, we measured cell growth rates 

of HD-MB03 wild-type cells versus crMIZ1 clones at 24h, 48h and 72h (Figure 56).  

Overall, various degrees of MIZ1 reduction in crMIZ1 clones were able to significantly slow 

down cell proliferation rates compared to parental HD-MB03 cells. Particularly, crMIZ1 n.26 

and 28 clones showed considerably slower growth rates when compared to other cell lines. 

This observation is consistent with the lower levels of MIZ1 protein in these clones than any 

other clone.  

It should be noted that, in this study, we were not able to perform proliferation assays on the 

crMIZ1 n.21 line. In fact, culture of these cells was very challenging, and the growth rate was 

too slow to be compared with the other clones in the same assay. Nonetheless, we kept 

expanding this line and we observed the emergence of two sub-lines: an adherent line and a 

suspension line (Figure 57). 

Furthermore, crMIZ1 n.21 clone showed the highest degree of MIZ1 knock-down in the 

western blot result, further consolidating the hypothesis that MIZ1 is directly controlling cell 

proliferation among other possible pathways. 
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Figure 56 | crMIZ1 HD-MB03 clones vs parental HD-MB03 cells growth rates. 

All HD-MB03 cell lines were seeded at 2000 cells/well in a 96-well plate. Cell viability was measured at 

0h, 24h, 48h and 72h by MTT assay. Data are presented as mean ± SEM (N=2) using GraphPad 

software. HD-MB03 wild-type values were used as reference control. Statistical comparisons, presented 

below the graph, were performed using two-tailed student’s t-test where *= p ≤ 0.05, **= p ≤ 0.01, ***= 

p ≤ 0.001 and ns= not significant. 

 

 

 

Figure 57 | Phase-contrast images of HD-MB03 crMIZ1 n.21 sub-cell lines. 

crMIZ1 n.21 cells were observed at EVOS FL Auto Imaging System (ThermoFisher) at x100 

magnification. Since suspension cells were firstly observed as in Figure 55 B, cells were kept in culture 

for subsequent 3 weeks were suspension cells and adherent cells were expanded in separate flasks: 

crMIZ1 n.21a being cells grown from the original adherent population and crMIZ1 n.21b being cells 

obtained from suspension cells.  
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5.3 Discussion 

Group 3 is known in the clinic to have the worst overall survival rate (less than 50%) and it is 

molecularly characterised by the amplification and overexpression of MYC gene (Eilers & 

Eisenman, 2008; Taylor et al., 2012).  

Members of the MYC family are differentially expressed in medulloblastoma. Group 3 and 

WNT MB patients are characterised by a higher expression of MYC, whereas MYCN over-

expression is generally associated with SHH and G4 medulloblastomas (Kawauchi et al., 2012; 

Oliver et al., 2005). Recently Vo et al., demonstrated that MYC interaction with MIZ1 is crucial 

for the definition of the group 3 biology. Furthermore, the Roussel group revealed that MYC 

has the highest affinity to MIZ1 among MYC family members, whereas MYCN exhibits a much 

lower binding affinity for MIZ1, resulting in a reduced transcriptional repression activity (Vo 

et al., 2016).  

Since MIZ1 is expressed consistently across different MB patient samples (Figure 37) and since 

MYC overexpression is also found in milder tumours such as WNT MBs, we hypothesised that 

a key to decode outcome differences between less aggressive MB variants and more 

aggressive ones could hide behind the characteristic MYC/MIZ1 transcriptional context in G3 

MB.  

On the same note, it has been recently shown that the disruption of MYC/MIZ1 interaction 

shifts MB development towards a less proliferative state and contributes to the differences 

G3 and SHH tumours (Mathsyaraja & Eisenman, 2016). Furthermore, we reported in vitro that 

the G3 cell line (HD-MB03) and the G4 secondary cell line (CHLA-01-MED) showed higher 

protein expression of both MYC and MIZ1 compared to SHH and primary G4 cell lines, further 

supporting our hypothesis that MYC/MIZ1 interplay is crucial for aggressive phenotypes 

(Figure 35 C).  

Notably, MYC is often referred to as an undruggable target, due to the lack of binding sites for 

drug development and its pleiotropic nature. Much work has been done to target the 

expression and its binding with partner proteins; however, more traditional strategies using 

small inhibitors have failed to reach satisfactory requirements for in vivo trials (Zinzalla, 2016; 

Zirath et al., 2013). 

In the present study, we attempted a novel approach of targeting MYC transcriptional partner, 

MIZ1, through microRNAs, as a new strategy for disrupting MYC/MIZ1 regulation networks in 

aggressive MB.  
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Starting from computational studies, we identified and confirmed miR-124-3p as potential 

tool to target MIZ1 (Figure 38 and Figure 39). miR-124-3p is a crucial player in the developed 

cerebellum and it is a known tumour suppressor microRNA in medulloblastoma (Hohjoh & 

Fukushima, 2007; Mollashahi et al., 2019). 

We have assessed that overexpression of miR-124-3p causes tumour growth inhibition in a G3 

but not in a SHH in vitro model (Figure 41). Other recent studies showed that ectopic re-

expression of miR-124 leads to proliferation reduction in vivo in MB and drives neuronal 

differentiation (Sabelström et al., 2019; Silber et al., 2013).  

Silencing MIZ1 by RNAi corroborated our findings and was in line with previous studies, 

confirming the importance of MIZ1 specifically for group 3 MB development and progression 

(Figure 47) (Vo et al., 2016).  

We find ourselves in discordance with other studies showing that either overexpression of 

miR-124 or MIZ1 down-regulation resulted in the growth reduction also in SHH models (Jiuyi 

Lu et al., 2013; Pierson et al., 2008). As previously discussed by Vo. et al, it is the loss in the 

MYC/MIZ1 interaction to achieve different transcriptional landscapes and give rise to different 

MB fates during cerebellar development (Vo et al., 2016). Here, overexpressing miR-124-3p, 

we obtained a 60% downregulation of MIZ1 protein (Figure 40 C), while by using RNAi we 

obtained up to 90% MIZ1 reduction (Figure 46 B). In our settings, we were not disrupting the 

actual interaction between MYC and MIZ1, and the residual MIZ1 protein might still interact 

with MYC or MYCN and mitigate the effect shown in our settings. Further to this, the 

interaction between MYCN and MIZ1 is weaker than with MYC and it is considered dispensable 

for the SHH tumourigenesis (Peukert et al., 1997). Altogether, this could potentially explain 

why we did not observe any effect in the DAOY cell line, while in HD-MB03 cells, were 

MYC/MIZ1 interaction is stronger, the shifts in MIZ1 abundance have a stronger impact. 

In addition, the growth reduction effects generated with exogenous miR-124-3p expression 

might be due to indirect effects via inhibition of other miR-124-3p targets, independently from 

MIZ1. Cell fate profiles results also seem to validate this possibility, since downregulation of 

MIZ1 by RNAi mainly caused an increased mitotic cell death while miR-124-3p overexpression 

induced an extra inhibitory effect in interphase (Figure 44 and Figure 48). Furthermore, it has 

already been shown that miR-124 mediates its inhibitory effects on cell proliferation in MB via 

targeting CDK6, which might explain the increased interphase death that we observed in our 

settings (Pierson et al., 2008). 
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To our knowledge, for the first time, our RNAseq data provided information on the 

transcriptional output of miR-124-3p over-expression in G3 MB, which pointed to 

predominant alterations of cell cycle functions, particularly the G2/M stage (Figure 42), and 

which is also in alignment with cell fate results. In view of using miRNAs as therapeutic tools, 

functional analyses are crucial to predict side-effects and to use miRNAs in combination 

therapies to enhance treatment outcome. We put forward the idea that miR-124-3p could 

potentially be used as monotherapy in group 3 MB, considering its tumour suppressive roles 

in MB and its predominant impact on cell cycle. 

Moreover, we showed that it would be beneficial to restore miR-124-3p expression in parallel 

with conventional chemotherapy (vincristine and cisplatin), to improve treatment of G3 MB 

as it would allow to lower doses of non-targeted cytotoxic agents (Figure 45). miR-124-3p has 

been already proposed to sensitise glioblastoma to other alkylating agents and, for the first 

time we demonstrated its booster capacity in medulloblastoma (Qiao et al., 2017).  

As mentioned, the relevance of tipping MYC/MIZ1 equilibrium is found in the study of complex 

underpinning transcriptional regulations. MYC transcriptional regulation is very complex as it 

can both activate and inhibit transcription upon binding with different cofactors, MAX and 

MIZ1 being the most studied. At the same time, MIZ1 mainly activates transcription of its 

target genes but MIZ1 recruitment is shown as necessary for gene expression inhibition, and 

specifically MYC/MIZ1 transcription has been shown to have impact on neuronal 

differentiation in MB (Vo et al., 2016). Furthermore, MYC/MIZ1 interaction facilitates MYC 

stabilisation and protection from proteasomal degradation (Wiese et al., 2013).  

Interestingly, we showed that downregulating MIZ1 through miR-124-3p overexpression or 

RNAi provoked MYC protein downregulation but MYC mRNA transcriptional upregulation 

(Figure 40 and 46). In a group 3 context, where MYC overexpression is an hallmark for tumour 

progression, this new balance with different MYC and MIZ1 protein abundance might have a 

greater impact than in a SHH model. For example, this new system might shift transcriptional 

networks to mimic MB settings without MYC overexpression. 

Taken together, these results might reflect a different MYC transcriptional activity, possibly 

due to MYC protein downregulation after MIZ1 silencing.  

Here, we showed that MIZ1 reduction triggers a widespread downregulation of microRNA 

expression (Figure 49). Overall, we validated 5 miRNAs being significantly downregulated in 

siMIZ1 conditions from high-throughput data (Figure 50): miR-30a, miR-324, miR-331, let-7i 
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and miR-32. Each miRNA was previously shown to be down-regulated in tumour conditions 

and, more importantly, associated to MYC-driven tumours. 

The expression of members of the miR-30 family as well as let-7 family is known to be under 

the transcriptional regulation of MYC (Chang et al., 2008).  

In addition, the observation that members of the miR-17/92 oncogenic cluster are repressed 

after MIZ1 reduction is positive evidence of the beneficial effect of MIZ1 reduction in MB and 

support that MYC protein levels are diminished upon MIZ1 silencing, since MYC is usually 

synergistic with the cluster expression (X. S. Liu et al., 2013; Mestdagh et al., 2010).  

Altogether, the expression level of all validated miRNAs in our study are indication of 

tumourigenic settings. Therefore, is it possible to consider that the MIZ1 reduction actually 

shifts G3 cells towards milder MB phenotypes.  

In this scenario, the MIZ1-mediated stabilisation of MYC is required for broad miRNA 

modulation and, conversely, repression of a subset of miRNAs, and that these regulations are 

crucial to shape G3 identity. 

Finally, we have generated MIZ1 mutant models in G3 MB cells. We could not obtain complete 

knockouts for MIZ1 gene and this could be due to gene amplification within G3 MB or to the 

fact that complete MIZ1 loss might be lethal, since MIZ1 impacts on cell proliferation and since 

MYC/MIZ1 interaction is key for this subgroup. Nonetheless, we have confirmed our findings 

showing that MIZ1 reductions lead to cell proliferation impairment compared to wild-type 

cells using CRISPR/CAS9 model (Figure 56). Furthermore, from preliminary observations, we 

assessed that loss of MIZ1 provokes dramatic changes in cells phenotype, particularly by loss 

of cell adhesion (Figure 57). 

In conclusion, MIZ1 represents an attractive target for group 3 MB. We have demonstrated 

that MIZ1 down-regulation impact on cell proliferation and potentially tips MYC/MIZ1 balance 

towards milder MB phenotypes.  

miRNAs negatively regulate genes at a post-transcriptional level and have potential as tools 

for cancer treatment. We put forward the idea of using miR-124-3p as treatment for G3 MB 

as it would be suitable in combination therapies with conventional drugs.  
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5.4 Future directions 

Future tasks should aim at dissecting transcriptional network shifts upon MYC/MIZ1 

knockdowns and MYC/MIZ1 binding-deficient settings through ChIP-seq analyses. A better 

overview of the transcriptional impact of MYC alone, MIZ1 alone or MYC/MIZ1 impaired 

systems would validate our findings and clarify the actual influence of MIZ1 on the 

tumorigenic activity of MYC in group 3 MB. 

A lot still needs to be done to find key connections between MYC/MIZ1 regulated miRNAs and 

targeted networks. A first step could be testing other up-regulated miRNAs from our 

Nanostring screening, which interestingly are excluded from the generalised repressive 

control of MYC. 

According to preliminary results, we were able to generate at least one MIZ1-mutant cell line 

with a stable MIZ1 knockdown through CRISPR-Cas9 system. This model will be useful to 

corroborate previous results obtained with miR-124-3p and siMIZ1 systems.  

Finally, we have identified miR-124-3p as potential targeted therapy against MIZ1 in G3 MB. 

Further studies will need to address the problems of using small RNAs as therapy such as the 

efficacy of targeting cancer cells, miRNA stability in bodily fluids, penetration of cellular 

membranes and delivery method.  

Nonetheless, good efficiency has been recently shown towards the delivery of siRNAs to the 

CNS and miR-124 administration in vivo was already attempted with inhibitory effects on 

glioma growth, pointing at a promising future for the use of microRNAs as therapeutic tools 

(Wei et al., 2013). 
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6.1 HD-MB03 spheroids  

Below, time 0 images of the spheroids presented in Figure 21. These images were taken before 

treatment with respective inhibitors or DMSO, proving that the difference in size with the 

untreated control spheroid depended on a difference in plating (scale=200μm). 

 

 

 

 

6.2 Relative expression of CDK1, CDK2, CDK5 and CDK9 mRNA in MB subgroups 

Below, student’s two tailed t-test results for the mRNA expression levels comparisons of 

dinaciclib-targeted CDKs in MB subgroups. Significant differences are shown in bold (p-

value<0.05). 

 

CDK1: Combination t-test 

group3 vs group4 0.36 

group3 vs shh  1.2e-04 

group3 vs wnt 2.9e-06 

group4 vs shh 3.1e-05 

group4 vs wnt 4.0e-08 

shh vs wnt 0.02 
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CDK2: Combination t-test 

group3 vs group4 0.17 

group3 vs shh  2.7e-21 

group3 vs wnt 1.7e-20 

group4 vs shh 3.5e-29 

group4 vs wnt 1.3e-23 

shh vs wnt 0.2 

 

CDK5: Combination t-test 

group3 vs group4 1.8e-07 

group3 vs shh  3.3e-23 

group3 vs wnt 3.0e-07 

group4 vs shh 1.1e-16 

group4 vs wnt 0.03 

shh vs wnt 1.4e-03  

 

CDK9: Combination t-test 

group3 vs group4 2.4e-53 

group3 vs shh  0.29 

group3 vs wnt 8.3e-05 

group4 vs shh 1.3e-49 

group4 vs wnt 1.6e-20 

shh vs wnt 0.02 
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6.3 Protein-coding genes differentially expressed in HD-MB03 cells treated 

with IC50 dinaciclib vs DMSO. 

92 protein-coding genes were found up-regulated and 50 down-regulated after HD-MB03 cells 

treatment with DMSO or IC50 dinaciclib for 24h (0.8<FC>1.2, p-value<0.05) Genes that have 

been validated by single qRT-PCR are indicated in bold, namely CASP9 and BAX. 

Gene 

Name 
chr chr_start chr_stop strand logFC P.Value adj.P.Val FC 

TLN2 chr12 57768471 57772793 - 0,45 0,00007 0,092 1,366 

ZFAT chr3 49020459 49023495 + 0,44 0,00003 0,053 1,358 

XIRP2 chr1 227730425 227735411 - 0,42 0,00011 0,092 1,340 

MLLT11 chr6 30743199 30744554 - 0,41 0,00010 0,092 1,326 

ANXA2 chr16 19716456 19858467 + 0,40 0,00124 0,226 1,323 

CCDC15 chr19 48954815 48961798 + 0,40 0,00013 0,092 1,321 

HTRA1 chr20 50794894 50882676 + 0,40 0,00013 0,092 1,320 

AANAT chr15 64165517 64356259 - 0,40 0,00048 0,165 1,318 

CYP2W1 chr17 28724348 28727935 - 0,40 0,00512 0,313 1,317 

ATF7IP2 chr17 4937130 4940251 - 0,39 0,00070 0,181 1,311 

ALDH7A1 chr1 155610205 155614967 + 0,39 0,00094 0,197 1,308 

RBM14 chr9 136791355 136793257 + 0,38 0,00027 0,132 1,303 

RTP1 chr19 45815410 45863290 - 0,36 0,00030 0,139 1,282 

TUBB2B chr16 87830023 87869488 - 0,35 0,00186 0,241 1,278 

MICALCL chr12 119178642 119221131 + 0,35 0,00124 0,226 1,277 

RASSF2 chr1 53087179 53142632 - 0,35 0,00178 0,240 1,277 

SFI1 chrX 48590042 48608867 + 0,34 0,00188 0,241 1,268 

SLC9A7 chr7 99616946 99632407 + 0,34 0,00050 0,166 1,267 

KCNF1 chr14 73490964 73493392 + 0,34 0,00062 0,181 1,266 

BOC chr4 173331695 173335125 - 0,34 0,00145 0,240 1,262 

ATM chr21 25734570 25772460 + 0,33 0,00162 0,240 1,261 

BAALC chr8 143603913 143609773 - 0,33 0,00058 0,178 1,261 

EXD3 chr19 45606994 45645629 - 0,33 0,00217 0,253 1,259 

VARS chr19 57363511 57365353 + 0,33 0,00066 0,181 1,257 

PRELID2 chr20 49982999 49988886 + 0,33 0,00189 0,241 1,255 
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LPCAT3 chr10 125823546 125853695 + 0,33 0,00097 0,197 1,255 

MAP3K7CL chr1 32885994 32898441 + 0,33 0,00065 0,181 1,253 

EHD3 chr19 50797704 50804929 - 0,32 0,00285 0,265 1,252 

SHC1 chr22 23894004 23895227 + 0,32 0,00074 0,181 1,250 

MFAP3L chr1 150265399 150269580 - 0,32 0,00390 0,288 1,245 

ATP5D chr5 177301198 177303744 - 0,32 0,00257 0,259 1,244 

GNB3 chr11 3087116 3166739 - 0,31 0,00147 0,240 1,243 

ATP1B1 chr14 20455191 20457772 + 0,31 0,00155 0,240 1,241 

MSRB2 chr1 169394870 169460669 - 0,31 0,00159 0,240 1,241 

LGALS3 chr21 25585656 25607517 - 0,31 0,00174 0,240 1,240 

ALG10B chr1 161505430 161524013 + 0,31 0,00350 0,281 1,239 

USB1 chr11 6680782 6683401 - 0,31 0,00368 0,281 1,238 

DGAT1 chr19 49642125 49658642 + 0,31 0,00419 0,298 1,237 

RAB26 chr22 29554808 29581337 - 0,31 0,00272 0,264 1,237 

ZDHHC15 chr16 3065297 3082192 + 0,31 0,00297 0,265 1,237 

RMI2 chr1 156591762 156594299 + 0,31 0,00176 0,240 1,236 

PDE6H chr19 1086579 1095380 - 0,30 0,00313 0,268 1,235 

KRBOX1 chr20 17941597 17968980 - 0,30 0,00135 0,236 1,235 

TUBB2A chr10 122990806 123008817 - 0,30 0,00199 0,242 1,232 

MARK4 chr3 53224707 53256052 - 0,30 0,00441 0,301 1,232 

COMMD3 chr4 4290251 4321786 + 0,30 0,00110 0,213 1,231 

PRKCH chr12 55817919 55821879 + 0,30 0,00290 0,265 1,230 

CYLD chr3 122412332 122416051 - 0,30 0,00255 0,259 1,229 

VARS2 chr7 128455849 128458418 + 0,30 0,00201 0,242 1,229 

TAC4 chr17 19337554 19378182 - 0,30 0,01034 0,349 1,227 

ARHGAP26 chr14 30622112 30735812 + 0,29 0,00292 0,265 1,226 

BAD chr6 31834608 31839766 + 0,29 0,00170 0,240 1,226 

RTKN chr11 62787415 62790405 + 0,29 0,00135 0,236 1,225 

ZFYVE26 chr2 201071433 201085750 + 0,29 0,00189 0,241 1,223 

WDR76 chr3 24117160 24495282 - 0,29 0,00507 0,313 1,222 

RGS7BP chr7 44999475 45076469 + 0,29 0,00178 0,240 1,222 

TMEM120A chr3 49357176 49358600 - 0,29 0,00157 0,240 1,222 

PHKB chr9 110243811 110256640 - 0,29 0,00360 0,281 1,221 

STAG3 chr1 85580761 85583962 + 0,29 0,00749 0,329 1,221 
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PDK1 chr19 17405722 17433724 + 0,29 0,00372 0,281 1,220 

ZNF695 chr11 73974667 73983307 - 0,29 0,00450 0,301 1,219 

RHBDD2 chr12 39293228 39443390 - 0,29 0,00169 0,240 1,219 

GUCA1C chr1 67685061 67688338 + 0,29 0,00681 0,322 1,219 

HIST1H2BN chr6 33289302 33298401 + 0,29 0,00841 0,338 1,219 

RRAGC chr11 61391687 61398863 + 0,28 0,00156 0,240 1,218 

CLDN11 chrX 23983720 24027186 - 0,28 0,00423 0,298 1,218 

TNC chr5 71032670 71067689 - 0,28 0,00577 0,313 1,218 

HPS3 chr6 30600400 30618612 - 0,28 0,00257 0,259 1,216 

C3orf67 chr17 19383442 19387240 - 0,28 0,00237 0,258 1,216 

LNP1 chr12 57472255 57488814 - 0,28 0,00357 0,281 1,216 

ERAP2 chr3 170864875 170870483 - 0,28 0,00250 0,259 1,215 

KRT80 chr7 135092363 135170795 - 0,28 0,01336 0,366 1,213 

ACSL1 chr22 20441519 20495883 - 0,28 0,00413 0,296 1,213 

RBFA chr2 96143166 96145440 - 0,28 0,00420 0,298 1,212 

PLPPR4 chr12 57452323 57459280 + 0,28 0,00553 0,313 1,211 

DPYSL2 chr6 31661229 31666283 - 0,27 0,00246 0,259 1,209 

ATXN10 chr7 97852118 97872542 - 0,27 0,00224 0,254 1,209 

CREM chr11 8682411 8714759 + 0,27 0,00605 0,314 1,208 

TCEA2 chr16 29995294 30005793 + 0,27 0,00370 0,281 1,208 

TEAD2 chr3 53088483 53130462 - 0,27 0,00240 0,258 1,207 

ACCS chr3 118900557 119146068 - 0,27 0,00389 0,288 1,207 

MYC chr17 7402975 7404137 - 0,27 0,01606 0,387 1,207 

C1S chrM 14149 14673 - 0,27 0,01482 0,379 1,207 

DTX3L chr16 15949577 16143074 + 0,27 0,00657 0,320 1,206 

CASP9 chr5 80626228 80654983 - 0,27 0,00576 0,313 1,205 

ZNF341 chr3 51395867 51500002 - 0,27 0,01290 0,360 1,205 

NEIL2 chr2 216632828 216664436 + 0,27 0,00699 0,324 1,204 

MLF1 chr17 29560547 29567137 - 0,27 0,00378 0,284 1,204 

COX16 chr19 55654146 55674715 + 0,27 0,00626 0,317 1,203 

IKZF2 chr10 91906589 91909483 - 0,27 0,00268 0,264 1,202 

STS chr6 31530219 31542448 - 0,26 0,00844 0,338 1,202 

GPR137B chr1 241590102 241677376 - 0,26 0,00473 0,306 1,200 

B9D1 chr17 49838309 49848017 - -0,31 0,00097 0,197 0,809 
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HILPDA chr6 30908242 30926459 + -0,31 0,00138 0,236 0,808 

WDR5B chr16 50742050 50801935 + -0,31 0,00316 0,268 0,808 

ORMDL2 chr14 61187559 61550976 + -0,31 0,00124 0,226 0,808 

ZBTB49 chr10 22315974 22320308 + -0,31 0,00201 0,242 0,807 

TKT chr19 45079288 45305283 + -0,31 0,00149 0,240 0,807 

IKZF5 chr6 3153669 3157526 - -0,31 0,00303 0,265 0,806 

SNX5 chr3 42809483 42942792 + -0,31 0,00080 0,185 0,806 

POLR2E chr12 14973022 14981865 + -0,31 0,00131 0,234 0,804 

APOA1BP chr16 11249619 11351762 + -0,32 0,00070 0,181 0,804 

IL32 chrX 75368427 75523502 - -0,32 0,00861 0,338 0,803 

NIPSNAP1 chr16 2140803 2154165 + -0,32 0,00076 0,181 0,801 

SCAF1 chr8 144314584 144326910 - -0,32 0,00294 0,265 0,801 

MRPL17 chr16 57999546 58021618 + -0,32 0,00071 0,181 0,801 

FCGR2A chr12 38316578 38329728 + -0,32 0,00088 0,193 0,801 

MRPL39 chr14 55124110 55145413 + -0,33 0,01388 0,366 0,797 

CCDC181 chr10 23095506 23122013 + -0,33 0,00842 0,338 0,796 

APEX1 chr1 169105697 169132722 + -0,33 0,00336 0,281 0,795 

OSBPL5 chr12 6839954 6847393 + -0,33 0,00088 0,193 0,795 

RAB24 chr19 1241746 1244826 + -0,34 0,00296 0,265 0,791 

APH1A chr4 169986597 170033031 - -0,34 0,00059 0,178 0,789 

MIF chr1 154962298 154974395 - -0,34 0,00220 0,254 0,789 

C19orf48 chr2 31234337 31269447 + -0,34 0,00105 0,204 0,788 

HPCA chr21 29077471 29175889 + -0,34 0,00227 0,255 0,788 

BCCIP chr12 6976186 7018510 - -0,35 0,00246 0,259 0,787 

SNAI1 chr5 145471799 145835369 - -0,35 0,00064 0,181 0,787 

TRAPPC2P1 chr6 31777518 31795953 - -0,35 0,00046 0,162 0,784 

EML2 chr9 137306896 137423262 - -0,35 0,00044 0,162 0,782 

PYCRL chr8 103140710 103230305 + -0,35 0,00071 0,181 0,782 

GABPA chr11 108222484 108369102 + -0,36 0,00022 0,119 0,779 

HMGB2 chr3 113211003 113287459 + -0,36 0,00448 0,301 0,778 

C14orf169 chr2 10911937 10914225 + -0,36 0,00104 0,204 0,778 

ZSCAN25 chrX 46599252 46759172 - -0,36 0,00172 0,240 0,777 

WDR13 chr22 31488688 31618586 + -0,37 0,00023 0,119 0,776 

SLC1A7 chr20 4780023 4823645 - -0,38 0,00020 0,114 0,767 
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6.4 BAX is downregulated after dinaciclib treatments in ONS76 cells. 

Western blot analysis of BAX protein in ONS76 cells after 24h treatment with scalar doses of 

dinaciclib. 50 μg of proteins were used for all samples. Densitometric quantifications are 

provided on the right: protein levels are expressed as fold change relative to the control (NT), 

arbitrarily set to 1. WB shown is one representative of N=2 replicates.  

 

 

 
 

 

 

 

 
 
 
 
 
  

HSPB8 chr11 12276080 12359144 + -0,39 0,01986 0,397 0,763 

SLC7A5 chr6 3224261 3231730 - -0,39 0,00046 0,162 0,763 

SYMPK chr3 187197486 187201465 + -0,40 0,00009 0,092 0,758 

TMEM141 chr11 66616582 66627347 + -0,40 0,00008 0,092 0,757 

MSTO1 chr5 126541841 126595418 - -0,41 0,00016 0,103 0,755 

SLC25A11 chr16 10326434 10483638 + -0,41 0,00015 0,103 0,752 

TLCD1 chr7 983199 989640 + -0,41 0,00018 0,110 0,751 

CSNK1G1 chr17 76453351 76470117 + -0,42 0,00023 0,119 0,747 

BCAS4 chr10 122461525 122514908 + -0,42 0,00010 0,092 0,747 

BAX chr11 124954121 125041489 + -0,44 0,00012 0,092 0,738 

IQCK chr15 60347134 60402883 - -0,45 0,00002 0,052 0,731 

IER3 chr1 151057758 151068497 + -0,46 0,00086 0,193 0,725 

JMJD4 chr2 166888487 167259753 + -0,51 0,00001 0,048 0,704 

NDUFAF3 chr8 134477788 134713049 - -0,51 0,00001 0,048 0,701 

METTL1 chr15 62390526 62844631 + -0,52 0,00002 0,052 0,697 
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6.5 Protein-coding genes differentially expressed in HD-MB03 cells over-

expressing pre-miR-124-3p vs pre-miR-CTRL. 

152 protein-coding genes resulted up-regulated and 142 down-regulated in HD-MB03 cells 

transfected with pre-miR-124-3p compared to HD-MB03 cells transfected with pre-miR-CTRL 

for 72h (0.5<FC>2, p-value <0.05). Genes that have been validated by single qRT-PCR are 

indicated in bold, namely VIM. We also reported a significant ZBTB17 (MIZ1) down-regulation 

after miR-124-3p over-expression in HD-MB03 cells, as shown at the very end of this table. 

 

Gene 

Name 
chr chr_start chr_stop strand logFC P.Value adj.P.Val FC 

CAMKV chr3 49857988 49870222 - 3,14 
0,000000

00001 

0,000000

10339 
8,82 

CPLX1 chr4 784957 826198 - 3,01 
0,000000

00002 

0,000000

10339 
8,04 

CCDC181 chr1 
16939487

0 

16946066

9 
- 2,63 

0,000000

00036 

0,000000

67963 
6,19 

CHGA chr14 92923080 92935293 + 2,63 
0,000000

00427 

0,000001

90500 
6,17 

TTR chr18 31591726 31599021 + 2,44 
0,000000

03122 

0,000005

21594 
5,44 

PHF21B chr22 44881162 45009999 - 2,43 
0,000000

00012 

0,000000

39054 
5,40 

SCG3 chr15 51681353 51721031 + 2,34 
0,000000

00031 

0,000000

67963 
5,07 

PDC chr1 
18644356

6 

18646112

2 
- 2,28 

0,000000

00080 

0,000001

11443 
4,84 

MMP24 chr20 35226654 35277000 + 2,27 
0,000000

00178 

0,000001

22612 
4,84 

SCAMP5 chr15 74957219 75021496 + 2,22 
0,000000

00158 

0,000001

22171 
4,65 

CDK5R2 chr2 
21895965

5 

21896216

2 
+ 2,12 

0,000000

00267 

0,000001

66541 
4,35 

BEX1 chrX 
10306265

1 

10306424

0 
- 2,07 

0,000000

01822 

0,000003

69128 
4,19 
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FAM57B chr16 30024427 30052978 - 2,05 
0,000000

00102 

0,000001

11443 
4,16 

IER3 chr6 30743199 30744554 - 1,99 
0,000000

01318 

0,000003

03474 
3,97 

CELF3 chr1 
15170240

4 

15171681

4 
- 1,99 

0,000000

00091 

0,000001

11443 
3,97 

CHRNB2 chr1 
15456778

1 

15458002

6 
+ 1,93 

0,000000

00443 

0,000001

90500 
3,82 

TRNP1 chr1 26993707 27000898 + 1,92 
0,000000

00546 

0,000002

04595 
3,77 

KCNB1 chr20 49363877 49484297 - 1,91 
0,000000

00175 

0,000001

22612 
3,75 

BCO1 chr16 81238448 81291142 + 1,86 
0,000000

03252 

0,000005

21594 
3,62 

PDE6H chr12 14973022 14981865 + 1,83 
0,000000

17468 

0,000016

27634 
3,56 

ABCC5 chr3 
18391993

4 

18401801

5 
- 1,80 

0,000000

00859 

0,000002

45278 
3,48 

RUNDC3A chr17 44308413 44318671 + 1,80 
0,000000

00099 

0,000001

11443 
3,48 

EPHA8 chr1 22563564 22603594 + 1,77 
0,000000

04447 

0,000006

38677 
3,41 

GABBR1 chr6 29555629 29633976 - 1,76 
0,000000

00144 

0,000001

17887 
3,39 

SCRT1 chr8 
14433056

5 

14433628

1 
- 1,76 

0,000000

03163 

0,000005

21594 
3,39 

SV2C chr5 76083172 76353939 + 1,72 
0,000000

00262 

0,000001

66541 
3,30 

TAC4 chr17 49838309 49848017 - 1,72 
0,000000

64838 

0,000039

57246 
3,28 

DDN chr12 48995149 48999309 - 1,70 
0,000000

01282 

0,000003

00402 
3,26 

SRRM3 chr7 76201900 76287288 + 1,69 
0,000000

11529 

0,000012

60733 
3,22 
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PRR7 chr5 
17744644

5 

17745628

6 
+ 1,69 

0,000000

02206 

0,000004

02085 
3,22 

GABRA5 chr15 26866363 26949207 + 1,68 
0,000000

00357 

0,000001

87358 
3,21 

NRCAM chr7 
10814762

3 

10845671

7 
- 1,67 

0,000000

02879 

0,000004

97110 
3,18 

KCNH6 chr17 63523334 63548977 + 1,66 
0,000000

01922 

0,000003

70951 
3,16 

RAB3A chr19 18196784 18204074 - 1,65 
0,000001

30218 

0,000059

75766 
3,15 

NMNAT2 chr1 
18324823

7 

18341860

2 
- 1,65 

0,000000

03299 

0,000005

21594 
3,14 

GGACT chr13 
10053016

4 

10058952

8 
- 1,65 

0,000000

14610 

0,000014

97733 
3,14 

MAST1 chr19 12833951 12874951 + 1,65 
0,000000

01465 

0,000003

25934 
3,14 

SYT4 chr18 43267878 43277650 - 1,64 
0,000000

15805 

0,000015

53958 
3,12 

PCBP3 chr21 45643694 45942454 + 1,64 
0,000000

02297 

0,000004

12973 
3,11 

PAX5 chr9 36833275 37034185 - 1,63 
0,000000

00458 

0,000001

90500 
3,10 

CNGB3 chr8 86553977 86743675 - 1,59 
0,000000

04403 

0,000006

38677 
3,01 

HAGHL chr16 726936 735525 + 1,57 
0,000000

04527 

0,000006

38677 
2,98 

FAM124A chr13 51222334 51284241 + 1,57 
0,000000

01134 

0,000002

78345 
2,97 

SPINK4 chr9 33218365 33248567 + 1,57 
0,000001

89199 

0,000074

10945 
2,97 

SLC13A2 chr17 28473293 28497781 + 1,55 
0,000000

72638 

0,000042

05126 
2,93 

DCX chrX 
11129378

0 

11141237

5 
- 1,53 

0,000000

05396 

0,000007

21770 
2,89 
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SPOCK1 chr5 
13697529

8 

13759837

9 
- 1,53 

0,000000

53515 

0,000034

59243 
2,89 

PITPNC1 chr17 67377281 67697261 + 1,51 
0,000000

05490 

0,000007

21770 
2,85 

ARSI chr5 
15029634

3 

15033930

7 
- 1,49 

0,000000

00654 

0,000002

21304 
2,81 

ENO2 chr12 6913745 6923698 + 1,48 
0,000000

17276 

0,000016

27634 
2,78 

CHGB chr20 5911430 5925361 + 1,48 
0,000000

01666 

0,000003

52602 
2,78 

SNAP25 chr20 10218830 10307418 + 1,47 
0,000000

03264 

0,000005

21594 
2,78 

ADAMTSL

1 
chr9 18473894 18910950 + 1,47 

0,000000

01087 

0,000002

78345 
2,78 

PDE6C chr10 93612588 93666010 + 1,46 
0,000000

23998 

0,000020

67186 
2,76 

NAPB chr20 23374519 23421519 - 1,46 
0,000000

06733 

0,000008

49481 
2,75 

TMEM198 chr2 
21954366

3 

21955059

5 
+ 1,45 

0,000000

05678 

0,000007

37739 
2,73 

NOG chr17 56593699 56595590 + 1,45 
0,000000

03655 

0,000005

59141 
2,73 

SVOP chr12 
10890774

1 

10902124

0 
- 1,45 

0,000001

03988 

0,000051

10588 
2,73 

NEGR1 chr1 71395940 72282734 - 1,45 
0,000000

15223 

0,000015

36555 
2,73 

HBQ1 chr16 180453 181181 + 1,44 
0,000000

01083 

0,000002

78345 
2,72 

CCDC80 chr3 
11259679

4 

11264953

0 
- 1,44 

0,000000

00886 

0,000002

47442 
2,71 

SLC43A2 chr17 1569267 1628886 - 1,42 
0,000001

19738 

0,000056

72198 
2,68 

CHPF chr2 
21953894

7 

21954378

7 
- 1,42 

0,000000

01119 

0,000002

78345 
2,68 
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SEMA3A chr7 83955777 84492724 - 1,42 
0,000000

00658 

0,000002

21304 
2,68 

STMN3 chr20 63639705 63657682 - 1,41 
0,000000

03443 

0,000005

37895 
2,66 

SAG chr2 
23330781

6 

23334705

5 
+ 1,41 

0,000000

52815 

0,000034

30915 
2,66 

RASL10B chr17 35731649 35743521 + 1,40 
0,000000

15618 

0,000015

52538 
2,64 

MBP chr18 76978827 77133683 - 1,39 
0,000000

38573 

0,000028

75883 
2,62 

TMC6 chr17 78110458 78132407 - 1,39 
0,000000

08810 

0,000010

32243 
2,62 

ARR3 chrX 70268305 70281840 + 1,39 
0,000000

23444 

0,000020

50896 
2,62 

POU4F2 chr4 
14663889

3 

14664247

4 
+ 1,39 

0,000003

22104 

0,000102

81189 
2,62 

DUSP2 chr2 96143166 96145440 - 1,38 
0,000000

37838 

0,000028

53505 
2,59 

AP3B2 chr15 82659281 82709914 - 1,37 
0,000000

04786 

0,000006

61113 
2,58 

CPNE7 chr16 89575768 89597246 + 1,36 
0,000000

02428 

0,000004

30463 
2,57 

TMEM158 chr3 45224466 45226278 - 1,36 
0,000000

05166 

0,000006

98795 
2,56 

SLC7A8 chr14 23125295 23183674 - 1,35 
0,000000

24103 

0,000020

67186 
2,54 

LGALS3BP chr17 78971238 78980109 - 1,34 
0,000000

39559 

0,000028

83879 
2,54 

ECE2 chr3 
18424965

0 

18429303

1 
+ 1,32 

0,000000

02012 

0,000003

79132 
2,49 

LHFPL4 chr3 9498361 9553802 - 1,32 
0,000000

41840 

0,000029

79226 
2,49 

MFSD12 chr19 3538261 3574290 - 1,31 
0,000000

01385 

0,000003

13433 
2,49 
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A2M chr12 9067664 9116229 - 1,31 
0,000000

11768 

0,000012

76151 
2,48 

ASPHD1 chr16 29900375 29919864 + 1,31 
0,000000

97019 

0,000049

15387 
2,47 

BSN chr3 49554489 49671545 + 1,30 
0,000003

55342 

0,000109

71296 
2,47 

SPRYD3 chr12 53064316 53079420 - 1,30 
0,000000

17947 

0,000016

53813 
2,46 

KCNIP2 chr10 
10182597

4 

10184392

0 
- 1,30 

0,000000

12035 

0,000012

94501 
2,46 

NEUROD4 chr12 55019945 55030014 + 1,29 
0,000000

04848 

0,000006

62651 
2,45 

FBXO41 chr2 73254682 73284431 - 1,28 
0,000000

91345 

0,000047

89616 
2,43 

UNC119 chr17 28546707 28552668 - 1,25 
0,000000

18023 

0,000016

53813 
2,37 

SLC4A8 chr12 51391317 51515763 + 1,23 
0,000000

03260 

0,000005

21594 
2,35 

NAT8L chr4 2059512 2069089 + 1,23 
0,000000

10636 

0,000011

82803 
2,34 

ZNF385A chr12 54369133 54391298 - 1,22 
0,000000

46986 

0,000031

61803 
2,34 

UNC13A chr19 17601328 17688365 - 1,22 
0,000001

82885 

0,000073

38889 
2,33 

LAMP5 chr20 9514358 9530524 + 1,22 
0,000014

00846 

0,000279

35421 
2,33 

PSD chr10 
10240261

7 

10242153

9 
- 1,21 

0,000000

15441 

0,000015

46657 
2,32 

GPC2 chr7 
10016960

6 

10017737

2 
- 1,21 

0,000000

07826 

0,000009

42094 
2,32 

INA chr10 
10327716

3 

10329035

1 
+ 1,21 

0,000001

32086 

0,000059

75766 
2,31 

NPDC1 chr9 
13703947

0 

13704620

3 
- 1,21 

0,000000

06970 

0,000008

71070 
2,31 
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NSMF chr9 
13744757

0 

13745933

4 
- 1,20 

0,000000

37502 

0,000028

53505 
2,29 

CHRM3 chr1 
23938656

5 

23991545

2 
+ 1,18 

0,000000

23612 

0,000020

51890 
2,26 

PCP4 chr21 39867317 39929397 + 1,17 
0,000001

32078 

0,000059

75766 
2,24 

VASH1 chr14 76762189 76783015 + 1,16 
0,000000

58198 

0,000036

53914 
2,24 

RELL2 chr5 
14163695

0 

14164107

7 
+ 1,16 

0,000001

30671 

0,000059

75766 
2,23 

UNC80 chr2 
20977199

3 

20999930

0 
+ 1,16 

0,000000

71022 

0,000041

60493 
2,23 

C12orf73 chr12 
10395020

2 

10396570

8 
- 1,15 

0,000000

43365 

0,000030

09092 
2,23 

SEMA3C chr7 80742538 80922359 - 1,15 
0,000000

97804 

0,000049

35222 
2,22 

TMEM145 chr19 42313325 42325062 + 1,14 
0,000001

88363 

0,000074

04204 
2,20 

ATP6V0A1 chr17 42458844 42522611 + 1,13 
0,000001

19684 

0,000056

72198 
2,19 

GRIA1 chr5 
15348961

5 

15381386

9 
+ 1,13 

0,000000

07529 

0,000009

23372 
2,19 

DOCK4 chr7 
11172611

0 

11220641

1 
- 1,13 

0,000000

29419 

0,000023

97760 
2,18 

SNRPC chr6 34757406 34773794 + 1,12 
0,000000

11482 

0,000012

60733 
2,18 

C19orf24 chr19 1275438 1279249 + 1,12 
0,000001

44737 

0,000063

51949 
2,17 

SYN1 chrX 47571898 47619853 - 1,12 
0,000001

07652 

0,000051

93414 
2,17 

NPTX1 chr17 80467148 80477843 - 1,11 
0,000001

01046 

0,000050

22429 
2,17 

MRM1 chr17 36601572 36608971 + 1,11 
0,000000

18354 

0,000016

72465 
2,16 
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NEFM chr8 24913012 24919098 + 1,11 
0,000000

57325 

0,000036

33899 
2,16 

DEAF1 chr11 644233 706715 - 1,11 
0,000000

31368 

0,000025

25193 
2,16 

SLC5A6 chr2 27199587 27212958 - 1,10 
0,000000

96090 

0,000048

87178 
2,15 

SEZ6 chr17 28954901 29006440 - 1,09 
0,000001

54352 

0,000066

19062 
2,13 

OGDHL chr10 49734643 49762379 - 1,09 
0,000000

50945 

0,000033

59279 
2,13 

LNP1 chr3 
10040119

3 

10045631

9 
+ 1,09 

0,000002

93587 

0,000097

87699 
2,13 

MPP4 chr2 
20164487

0 

20169869

4 
- 1,09 

0,000000

93597 

0,000048

35339 
2,12 

CTXN1 chr19 7924485 7926166 - 1,08 
0,000001

07547 

0,000051

93414 
2,12 

MAK chr6 10762723 10838555 - 1,08 
0,000000

27130 

0,000022

67486 
2,12 

PTPRZ1 chr7 
12187308

9 

12206203

6 
+ 1,08 

0,000001

33215 

0,000059

86075 
2,11 

AMPD2 chr1 
10961610

4 

10963205

1 
+ 1,07 

0,000000

59632 

0,000036

91012 
2,10 

KCNK12 chr2 47516581 47570939 - 1,07 
0,000000

85198 

0,000046

19717 
2,10 

TMEM51 chr1 15152532 15220480 + 1,07 
0,000000

37718 

0,000028

53505 
2,09 

SLCO4A1 chr20 62642445 62685785 + 1,06 
0,000000

70136 

0,000041

45679 
2,09 

SLC19A3 chr2 
22768521

0 

22771801

2 
- 1,05 

0,000001

79979 

0,000072

82899 
2,08 

FREM2 chr13 38687129 38887131 + 1,05 
0,000013

83176 

0,000277

94838 
2,07 

PLD6 chr17 17200995 17206315 - 1,05 
0,000000

17384 

0,000016

27634 
2,07 
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XKR7 chr20 31968002 32003387 + 1,05 
0,000002

57626 

0,000090

45045 
2,07 

PIK3R3 chr1 46040140 46133036 - 1,05 
0,000000

67521 

0,000040

94625 
2,07 

ASIC1 chr12 50057548 50083611 + 1,05 
0,000000

21068 

0,000018

67916 
2,07 

BAALC chr8 
10314071

0 

10323030

5 
+ 1,05 

0,000002

63217 

0,000090

71545 
2,07 

SRGAP1 chr12 63844293 64162221 + 1,05 
0,000001

95563 

0,000075

92244 
2,07 

MAPK8IP3 chr16 1706183 1770317 + 1,04 
0,000014

17595 

0,000281

41731 
2,06 

PAQR5 chr15 69298947 69407780 + 1,04 
0,000001

66359 

0,000069

76033 
2,05 

UBAP1L chr15 65092770 65115197 - 1,04 
0,000014

83793 

0,000291

90908 
2,05 

MAPK8IP2 chr22 50600685 50613981 + 1,04 
0,000000

14953 

0,000015

21011 
2,05 

FBXL16 chr16 692498 705829 - 1,03 
0,000003

41154 

0,000106

74964 
2,04 

ARHGEF3 chr3 56727418 57079329 - 1,02 
0,000002

65468 

0,000090

71545 
2,03 

XPR1 chr1 
18063200

4 

18089025

1 
+ 1,02 

0,000000

51529 

0,000033

63976 
2,03 

TMCC2 chr1 
20522817

6 

20527334

3 
+ 1,02 

0,000000

34467 

0,000027

24524 
2,03 

HIST1H3E chr6 26224199 26227473 + 1,02 
0,000001

88462 

0,000074

04204 
2,03 

TTC12 chr11 
11331452

9 

11338354

4 
+ 1,02 

0,000000

88752 

0,000047

34142 
2,02 

LIMK2 chr22 31212239 31280080 + 1,01 
0,000000

40933 

0,000029

67557 
2,02 

NTMT1 chr9 
12960888

4 

12963613

1 
+ 1,01 

0,000000

38107 

0,000028

57343 
2,02 
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CLCN4 chrX 10156945 10237660 + 1,01 
0,000002

14836 

0,000081

94987 
2,01 

DPP7 chr9 
13711054

2 

13711517

7 
- 1,01 

0,000000

39513 

0,000028

83879 
2,01 

C3orf14 chr3 62318973 62336213 + 1,01 
0,000015

62064 

0,000304

11569 
2,01 

KIF21B chr1 
20096939

0 

20102370

0 
- 1,01 

0,000023

76793 

0,000406

62677 
2,01 

PLXNA2 chr1 
20802224

2 

20824432

0 
- -1,00 

0,000022

17107 

0,000384

31802 
0,50 

COL6A1 chr21 45981737 46005050 + -1,00 
0,000004

63722 

0,000130

57844 
0,50 

NME4 chr16 396725 410367 + -1,00 
0,000000

58010 

0,000036

53914 
0,50 

HERPUD1 chr16 56932048 56944863 + -1,00 
0,000051

19073 

0,000691

78657 
0,50 

LOXL4 chr10 98247690 98268250 - -1,00 
0,000000

58677 

0,000036

66486 
0,50 

MTHFD2 chr2 74198562 74217565 + -1,00 
0,000000

95378 

0,000048

87178 
0,50 

AQP3 chr9 33441154 33447611 - -1,00 
0,022742

14767 

0,060250

85034 
0,50 

PDE3B chr11 14643723 14872044 + -1,01 
0,000000

17489 

0,000016

27634 
0,50 

QKI chr6 
16341400

0 

16357859

6 
+ -1,02 

0,000000

28673 

0,000023

51540 
0,49 

VASH2 chr1 
21295052

0 

21299203

7 
+ -1,02 

0,000002

98253 

0,000098

83018 
0,49 

NHLH1 chr1 
16036706

7 

16037284

8 
+ -1,02 

0,000000

28534 

0,000023

51540 
0,49 

SLC44A3 chr1 94820342 94895246 + -1,02 
0,000039

71518 

0,000578

40464 
0,49 

CCND2 chr12 4273772 4305350 + -1,03 
0,000000

62748 

0,000038

50810 
0,49 
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TNNT1 chr19 55132794 55149354 - -1,03 
0,000000

35097 

0,000027

41302 
0,49 

DNAJC1 chr10 21756537 22003769 - -1,03 
0,000000

90840 

0,000047

87164 
0,49 

NANOS1 chr10 
11902971

6 

11903373

2 
+ -1,03 

0,000000

36791 

0,000028

39859 
0,49 

ATP1A2 chr1 
16011575

9 

16014359

1 
+ -1,04 

0,000000

68169 

0,000040

94625 
0,49 

TP73 chr1 3652520 3736201 + -1,04 
0,000001

38955 

0,000061

39298 
0,49 

PTGFR chr1 78303884 78539749 + -1,04 
0,000001

99547 

0,000077

04801 
0,49 

LAMB1 chr7 
10792379

9 

10800325

5 
- -1,04 

0,000000

15869 

0,000015

53958 
0,49 

NPC2 chr14 74476192 74494177 - -1,05 
0,000004

21481 

0,000121

96525 
0,48 

FADS1 chr11 61799625 61829318 - -1,05 
0,000003

04145 

0,000099

77492 
0,48 

TNC chr9 
11501957

8 

11511825

7 
- -1,05 

0,000068

26921 

0,000841

94418 
0,48 

ADD3 chr10 
10999636

8 

11013556

5 
+ -1,05 

0,000002

83018 

0,000095

46939 
0,48 

SNTB1 chr8 
12053574

5 

12081327

3 
- -1,05 

0,000619

90592 

0,004044

95551 
0,48 

MORC4 chrX 
10681387

1 

10700024

4 
- -1,06 

0,000001

54644 

0,000066

19062 
0,48 

AMOT chrX 
11277450

3 

11284081

5 
- -1,06 

0,000001

57878 

0,000066

93900 
0,48 

IL21R chr16 27402162 27452042 + -1,06 
0,000000

37659 

0,000028

53505 
0,48 

TRIM55 chr8 66126896 66175487 + -1,06 
0,000000

34802 

0,000027

34541 
0,48 

SNAP23 chr15 42491233 42545356 + -1,06 
0,000001

21034 

0,000057

13000 
0,48 
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CPT1A chr11 68754620 68844410 - -1,06 
0,000001

84071 

0,000073

44880 
0,48 

SGPL1 chr10 70815961 70881173 + -1,07 
0,000001

71000 

0,000070

12076 
0,48 

ATF4 chr22 39519695 39522685 + -1,07 
0,000000

91982 

0,000047

89616 
0,48 

CCDC28A chr6 
13877350

9 

13879331

9 
+ -1,07 

0,000000

98163 

0,000049

35222 
0,48 

TAPBP chr6 33299694 33314387 - -1,07 
0,000000

39544 

0,000028

83879 
0,47 

CDC25C chr5 
13828526

5 

13833835

5 
- -1,08 

0,000002

39827 

0,000087

90523 
0,47 

TPP1 chr11 6612763 6619461 - -1,08 
0,000009

43101 

0,000215

22387 
0,47 

CSNK1G1 chr15 64165517 64356259 - -1,08 
0,000001

84154 

0,000073

44880 
0,47 

CLDN15 chr7 
10123209

2 

10123882

0 
- -1,08 

0,000004

26229 

0,000122

38471 
0,47 

CEP170B chr14 
10486528

0 

10489677

0 
+ -1,09 

0,000000

50388 

0,000033

39326 
0,47 

SKP2 chr5 36151989 36184319 + -1,09 
0,000002

55522 

0,000090

45045 
0,47 

CHRNB1 chr17 7445061 7457707 + -1,09 
0,000003

30789 

0,000104

59319 
0,47 

CDT1 chr16 88803213 88809258 + -1,10 
0,000003

57524 

0,000110

12741 
0,47 

EMP2 chr16 10528422 10580698 - -1,10 
0,000000

16405 

0,000015

94549 
0,47 

ITGA9 chr3 37452115 37823514 + -1,10 
0,000001

85317 

0,000073

68865 
0,47 

SLC1A4 chr2 64988477 65023865 + -1,10 
0,000000

13885 

0,000014

46070 
0,47 

DHTKD1 chr10 12068972 12123225 + -1,10 
0,000002

35898 

0,000086

70725 
0,47 
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NCAPG chr4 17810902 17844862 + -1,11 
0,000001

91949 

0,000074

74041 
0,46 

FXYD3 chr19 35115879 35124324 + -1,11 
0,000000

46882 

0,000031

61803 
0,46 

KCNJ4 chr22 38426327 38455199 - -1,11 
0,000001

78880 

0,000072

82899 
0,46 

RAB26 chr16 2140803 2154165 + -1,11 
0,000000

46345 

0,000031

51012 
0,46 

ATP2B4 chr1 
20362656

1 

20374408

1 
+ -1,12 

0,000000

30984 

0,000025

09668 
0,46 

TMEM97 chr17 28319095 28328685 + -1,12 
0,000000

19408 

0,000017

44364 
0,46 

KIAA0101 chr15 64364311 64387687 - -1,13 
0,000000

22365 

0,000019

69592 
0,46 

CTDSP2 chr12 57819927 57846739 - -1,13 
0,000138

83434 

0,001378

05156 
0,46 

FBN2 chr5 
12825790

9 

12865918

5 
- -1,14 

0,000002

43718 

0,000088

62467 
0,46 

SOX2 chr3 
18171192

4 

18171443

6 
+ -1,14 

0,000002

50051 

0,000089

40518 
0,46 

NR2E3 chr15 71792638 71818259 + -1,14 
0,000000

72396 

0,000042

05126 
0,45 

PBXIP1 chr1 
15494407

6 

15495612

3 
- -1,14 

0,000000

13589 

0,000014

26530 
0,45 

TRIB3 chr20 362835 397559 + -1,15 
0,000000

04523 

0,000006

38677 
0,45 

SEMA5A chr5 9035026 9546075 - -1,15 
0,000000

05500 

0,000007

21770 
0,45 

MARCO chr2 
11894216

6 

11899466

0 
+ -1,16 

0,000000

20638 

0,000018

42241 
0,45 

NEURL1B chr5 
17264126

6 

17269154

0 
+ -1,16 

0,000000

42927 

0,000029

96185 
0,45 

SLC2A3 chr12 7919230 7936275 - -1,17 
0,000002

57785 

0,000090

45045 
0,45 
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LMNA chr1 
15608257

3 

15614008

9 
+ -1,17 

0,000004

16269 

0,000121

38404 
0,44 

NMU chr4 55595229 55636698 - -1,18 
0,000002

67615 

0,000091

21138 
0,44 

SNAI2 chr8 48917690 48921740 - -1,18 
0,000050

11199 

0,000686

23214 
0,44 

SEPT9 chr17 77280569 77500596 + -1,19 
0,000000

47320 

0,000031

67999 
0,44 

DNASE2 chr19 12875211 12881468 - -1,19 
0,000000

26075 

0,000021

93347 
0,44 

MRLN chr10 59736692 59756041 - -1,20 
0,000095

55807 

0,001065

22525 
0,44 

ADM2 chr22 50481556 50486440 + -1,20 
0,000000

41939 

0,000029

79226 
0,44 

CTDSP1 chr2 
21839825

6 

21840594

1 
+ -1,20 

0,000001

35031 

0,000059

86075 
0,44 

CACNG6 chr19 53992288 54012669 + -1,20 
0,000001

44369 

0,000063

51949 
0,43 

PLP2 chrX 49171926 49175239 + -1,20 
0,000000

41987 

0,000029

79226 
0,43 

GCH1 chr14 54842008 54902852 - -1,21 
0,000000

24886 

0,000021

20471 
0,43 

SLC28A3 chr9 84275457 84340683 - -1,21 
0,000000

36773 

0,000028

39859 
0,43 

RAB13 chr1 
15398161

7 

15398635

8 
- -1,21 

0,000000

27713 

0,000023

01619 
0,43 

CAV1 chr7 
11652478

5 

11656118

4 
+ -1,21 

0,000001

58140 

0,000066

93900 
0,43 

LGALS1 chr22 37675608 37679806 + -1,22 
0,000000

56878 

0,000036

23051 
0,43 

AXL chr19 41219203 41261766 + -1,23 
0,000001

34706 

0,000059

86075 
0,43 

DDB2 chr11 47214465 47239240 + -1,23 
0,000000

17262 

0,000016

27634 
0,43 
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CARS chr11 3000922 3057613 - -1,25 
0,000000

13169 

0,000013

93584 
0,42 

AHNAK chr11 62433542 62556235 - -1,25 
0,000000

03856 

0,000005

79095 
0,42 

GADD45G chr9 89605013 89606555 + -1,26 
0,000005

58639 

0,000149

31117 
0,42 

SERINC2 chr1 31409565 31434680 + -1,26 
0,000003

52828 

0,000109

19376 
0,42 

SUSD2 chr22 24181259 24189110 + -1,26 
0,000000

48918 

0,000032

58394 
0,42 

SLC1A5 chr19 46774883 46788594 - -1,26 
0,000000

12692 

0,000013

53988 
0,42 

PARP14 chr3 
12268061

8 

12273084

0 
+ -1,28 

0,000000

03884 

0,000005

79095 
0,41 

PRR11 chr17 59155499 59204705 + -1,30 
0,000002

87927 

0,000096

78767 
0,41 

TP53INP1 chr8 94925972 94949411 - -1,30 
0,000000

09480 

0,000010

72439 
0,41 

PSME1 chr14 24136158 24138967 + -1,32 
0,000000

04349 

0,000006

38677 
0,40 

SPARC chr5 
15166109

6 

15168716

5 
- -1,32 

0,000000

26060 

0,000021

93347 
0,40 

MAN2A1 chr5 
10968936

6 

10986962

5 
+ -1,33 

0,000000

03665 

0,000005

59141 
0,40 

CDCA7L chr7 21900900 21946084 - -1,34 
0,000000

14552 

0,000014

97733 
0,40 

MFAP4 chr17 19383442 19387240 - -1,35 
0,000072

09354 

0,000874

31735 
0,39 

HIST1H4C chr6 26103876 26104310 + -1,36 
0,000046

36542 

0,000645

86739 
0,39 

CTH chr1 70411218 70439851 + -1,36 
0,000000

19193 

0,000017

36874 
0,39 

CDON chr11 
12595579

6 

12606333

5 
- -1,37 

0,000000

00958 

0,000002

61987 
0,39 
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PKP1 chr1 
20128345

2 

20133299

3 
+ -1,38 

0,000000

00821 

0,000002

45278 
0,38 

DAAM2 chr6 39792298 39904877 + -1,38 
0,000000

06625 

0,000008

44014 
0,38 

SSTR2 chr17 73165012 73176633 + -1,40 
0,000000

05784 

0,000007

44101 
0,38 

CAMK2B chr7 44217150 44334577 - -1,42 
0,000000

46146 

0,000031

51012 
0,37 

KCNK6 chr19 38319844 38332076 + -1,43 
0,000000

08253 

0,000009

75598 
0,37 

TNNC2 chr20 45823214 45833745 - -1,44 
0,000000

02548 

0,000004

45756 
0,37 

SLC44A2 chr19 10602457 10644559 + -1,45 
0,000000

01902 

0,000003

70951 
0,37 

TSC22D3 chrX 
10771322

1 

10777734

2 
- -1,47 

0,000000

00855 

0,000002

45278 
0,36 

PSAT1 chr9 78297143 78330093 + -1,49 
0,000000

00860 

0,000002

45278 
0,36 

DDIT4 chr10 72273920 72276036 + -1,50 
0,000000

01724 

0,000003

59182 
0,35 

PHGDH chr1 
11965979

8 

11974421

5 
+ -1,51 

0,000000

03239 

0,000005

21594 
0,35 

GPT2 chr16 46884378 46931297 + -1,52 
0,000000

01828 

0,000003

69128 
0,35 

INSIG1 chr7 
15529777

6 

15531023

5 
+ -1,52 

0,000000

00796 

0,000002

45278 
0,35 

IQGAP1 chr15 90388218 90502243 + -1,54 
0,000000

02022 

0,000003

79132 
0,34 

CDKN1A chr6 36676460 36687339 + -1,54 
0,000000

08250 

0,000009

75598 
0,34 

ERBB3 chr12 56079857 56103505 + -1,54 
0,000000

08918 

0,000010

35643 
0,34 

FBLN1 chr22 45502238 45601135 + -1,57 
0,000000

07493 

0,000009

23372 
0,34 
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MXRA5 chrX 3308565 3346641 - -1,57 
0,000000

01499 

0,000003

27933 
0,34 

C2orf71 chr2 29060976 29074261 - -1,57 
0,000000

01862 

0,000003

70172 
0,34 

B4GALT1 chr9 33104082 33167356 - -1,59 
0,000000

00293 

0,000001

74515 
0,33 

LMO2 chr11 33858576 33892289 - -1,60 
0,000000

62801 

0,000038

50810 
0,33 

APOBEC2 chr6 41053304 41064511 + -1,65 
0,000000

04632 

0,000006

46584 
0,32 

PTRF chr17 42402452 42423517 - -1,65 
0,000000

09323 

0,000010

63782 
0,32 

RP11-

766F14.2 
chr4 99636529 99654648 - -1,68 

0,000000

00695 

0,000002

27904 
0,31 

SMOC1 chr14 69854131 70032366 + -1,68 
0,000000

00626 

0,000002

21304 
0,31 

NES chr1 
15666876

3 

15667739

7 
- -1,71 

0,000000

09716 

0,000010

89697 
0,31 

H1F0 chr22 37805093 37807436 + -1,73 
0,000000

92404 

0,000047

92613 
0,30 

HSPB1 chr7 76302544 76304295 + -1,75 
0,000000

01631 

0,000003

50885 
0,30 

SMYD1 chr2 88067780 88113387 + -1,76 
0,000000

00379 

0,000001

90500 
0,30 

ACOT11 chr1 54542257 54639192 + -1,78 
0,000000

02174 

0,000004

01873 
0,29 

ASNS chr7 97852118 97872542 - -1,81 
0,000000

00538 

0,000002

04595 
0,29 

MYOD1 chr11 17719568 17722131 + -1,86 
0,000000

00530 

0,000002

04595 
0,28 

PCK2 chr14 24094053 24110598 + -1,87 
0,000000

00121 

0,000001

12808 
0,27 

SLC7A11 chr4 
13816409

7 

13824234

9 
- -1,90 

0,000000

00112 

0,000001

12808 
0,27 



	 170	

LITAF chr16 11547722 11636381 - -1,97 
0,000000

01145 

0,000002

78345 
0,26 

VIM chr10 17228259 17237593 + -2,01 
0,000000

07644 

0,000009

28706 
0,25 

TUBB2B chr6 3224261 3231730 - -2,06 
0,000000

00129 

0,000001

12808 
0,24 

ARHGAP9 chr12 57472255 57488814 - -2,07 
0,000000

00027 

0,000000

67963 
0,24 

GDF15 chr19 18374731 18389176 + -2,09 
0,000000

00404 

0,000001

90500 
0,23 

INHBE chr12 57452323 57459280 + -2,09 
0,000000

00049 

0,000000

81155 
0,23 

CHAC1 chr15 40952962 40956519 + -2,38 
0,000000

00632 

0,000002

21304 
0,19 

KIF19 chr17 74326210 74355820 + -2,51 
0,000000

00319 

0,000001

74649 
0,18 

NUPR1 chr16 28532708 28539174 - -2,53 
0,000000

00759 

0,000002

42952 
0,17 

MGP chr12 14881181 14885926 - -2,92 
0,000000

00008 

0,000000

36881 
0,13 

 

Gene 

Name 
chr chr_start chr_stop strand logFC P.Value adj.P.Val FC 

	
 

 

ZBTB17 

(MIZ1) 
chr1 15941869 15976132 - -0,27 0,033 0,079 0,83 
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6.6  Western blot analysis of HD-MB03 crMIZ1 clones 

Following preliminary MIZ1 and MYC protein quantifications in crMIZ1 clones by WB analysis, 

we had difficulties in culturing crMIZ1 n.20 cells, presented here in the original WB. Therefore, 

we decided to disregard this clone from further functional analysis. Raw WB images (below) 

have been cropped where dotted lines are placed to make Figure 54. 
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Research experience, Publications and Conferences  

During the first year, I had the opportunity to join for six months an internationally recognised 

team of experts in microRNA biology (Carlo Croce’s team) at the Ohio State University (USA). 

This experience allowed me to perform the microRNA profiling and validation presented in 

this thesis,  set a new experimental technique, namely the High-throughput sequencing of 

RNA isolated by crosslinking immunoprecipitation (HITS-CLIP, data not shown), and to acquire 

skills to work with animals in research (i.e. animal handling, subcutaneous injection of tumour 

cells, animal autopsy etc.). 

In my last year, I joined for seven months Michela Garofalo’s lab (Transcriptional Networks in 

Lung Cancer) at the Cancer Research Institute (CRUK), Manchester, UK. During this time, I 

conducted few experiments presented in this work, such as the silencing of CDKs and 

assessment of the effects on apoptosis/proliferation. Furthermore, I collaborated with the 

team to complete the revisions for the recently submitted paper “Vulnerability of drug-

resistant EML4-ALK rearranged lung cancer to transcriptional inhibition”.  

 

Publications: 

• Marta Buzzetti, Sonia Morlando, Dimitris Solomos, Ammara Mehmood, Caroline 

Topham and Gianpiero Di Leva (2020): Pre-clinical efficacy of the CDK inhibitor 

dinaciclib in medulloblastoma, Biochemistry and cell biology. (Under submission) 

 
• Marta Buzzetti, Elisabet Fernandez Potente, Aishwarya Damodaran Nambiar, Caroline 

Topham and Gianpiero Di Leva (2020): Targeting MIZ1 via miR-124 as a new 

therapeutic tool for medulloblastoma, Non-coding RNA. (Under submission) 

 
• Athanasios R. Paliourasǂ, Marta Buzzettiǂ, Lei Shiǂ, Ian J. Donaldson, Peter Magee, 

Sudhakar Sahoo, Hui-Sun Leong, Matteo Fassan, Matthew Carter, Gianpiero Di Leva, 

Matthew Krebs, Fiona Blackhall, Christine M. Lovly and Michela Garofalo (2020): 

Vulnerability of drug-resistant EML4-ALK rearranged lung cancer to transcriptional 

inhibition, EMBO Molecular Medicine. 

 
• Yuri D'Alessandra, Mattia Chiesa, Maria Cristina Carena, Antonio P. Beltrami, Paola 

Rizzo, Marta Buzzetti, Veronica Ricci, Roberto Ferrari, Alessandro Fucili, Ugolino Livi, 

Aneta Aleksova, Giulio Pompilio, Gualtiero I. Colombo (2020): Differential role of 
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circulating microRNA to track progression and ore-symptomatic stage of chronic heart 

failure, European Journal of Heart Failure. (Under review) 

 
• Sonia Gioffré, Veronica Ricci, Chiara Vavassori, Clarissa Ruggeri, Mattia Chiesa, Ivana 

Alfieri, Silvia Zorzan, Marta Buzzetti, Giuseppina Milano, Alessandro Scopece, Laura 

Castiglioni, Luigi Sironi, Giulio Pompilio, Gualtiero I. Colombo, Yuri D'Alessandra 

(2019): Plasmatic and chamber-specific modulation of cardiac microRNAs in an acute 

model of DOX-induced cardiotoxicity, Biomedicine & Pharmacotherapy. 

 
• Clarissa Ruggeri, Sonia Gioffré, Mattia Chiesa, Marta Buzzetti, Giuseppina Milano, 

Alessandro Scopece, Laura Castiglioni, Marta Pontremoli, Luigi Sironi, Giulio Pompilio, 

Gualtiero I. Colombo, Yuri D’Alessandra (2018): A Specific Circulating MicroRNA Cluster 

Is Associated to Late Differential Cardiac Response to Doxorubicin-Induced 

Cardiotoxicity In Vivo, Hindawi. 

 
• Douglas G. Cheung, Marta Buzzetti & Gianpiero Di Leva (2017): miRNAs in bone 

metastasis, Expert Review of Endocrinology & Metabolism. 

 

Conferences: 

- ESMO/EACR Symposium on Signalling Pathways in Cancer 2018: Cyclin-dependent 

kinases (CDKs); Vall d’Hebron Institute of Oncology, Barcelona, Spain. EACR Travel 

Bursary Prize winner. 

 
- Childhood Cancer 2017: Precision Treatment for Childhood and Young Person Cancer 

- Hype or Hope?; Newcastle, UK. Poster presentation. 

 
- Manchester RNA Salon by RNA Society for the academic year 2018/2019. 

 
- RNA Salon activities by RNA Society for the academic year 2017/2018. Sponsorship 

winner to host “Manchester RNA Salon” (three meetings) to foster engaging relations 

among local/regional RNA researchers with diverse scientific backgrounds, 

experiences and/or interests. 
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