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Medulloblastoma is the most common malignant childhood brain tumor that arises in 
the developing cerebellum1. Transcriptionally, medulloblastoma is classified into four 
molecular subgroups, consisting of Wingless (WNT), Sonic Hedgehog (SHH), Group 
3, and Group 4 tumors, with SHH medulloblastoma being the most studied and best 
understood2,3. Constituting approximately 30% of all medulloblastoma cases, it is believed 
that SHH medulloblastoma arises from cerebellar granule neuron progenitors (CGNPs) in 
the developing cerebellum, which harbor germline or somatic mutations in components of 
the SHH pathway leading to constitutive activation of this pathway4–8. Interestingly, besides 
overall deregulation of SHH signaling, there is also marked heterogeneity within these tumors 
related to patient age. This was detailed in recent molecular profiling studies demonstrating 
the presence of up to four SHH medulloblastoma subtypes (SHH-α, -β, -γ, and -δ) that were 
surprisingly confined by age at diagnosis9. Such age-related heterogeneity among SHH tumors 
suggests that a combination of other factors driving tumorigenesis in addition to deregulation 
of SHH signaling is required3. This prompted us to propose that understanding the precise 
pathobiology of the SHH medulloblastoma subtypes is vital for the exploration of novel 
therapeutics designated for specific pediatric patient groups, and because of this we need to 
carefully consider the developmental factors, epigenome landscape, and proteome profiles 
unique to each SHH medulloblastoma subtype10–12. Below, we integrate the key findings of 
this thesis on SHH medulloblastoma pathogenesis and discuss therapeutic opportunities 
from three different perspectives: cerebellar development, epigenetics, and protein signaling.

Dynamic gene expression during cerebellar granule neuron development and the origin 
of medulloblastoma
 Recent single-cell transcriptional analysis of normal, developing cerebellar cells 
and pediatric medulloblastoma cells have confirmed that the developmental origin of SHH 
medulloblastoma lies within the CGNP compartment, something that was already predicted 
from several mouse modeling studies4,5,13–17. In the introductory Chapter 1, we have outlined 
the key stages of CGNP development, from the specification at the cerebellar upper rhombic 
lip (uRL) until maturation in the internal granular layer (IGL), by reviewing studies related 
to cerebellar granule neuron development18–22. We subsequently discussed the aberrant SHH 
signaling and epigenetic dysregulation facilitating SHH medulloblastoma formation3,23–25. 
However, this knowledge cannot yet explain the presence of age-specific heterogeneity within 
the group of SHH medulloblastoma. Thus, in the next chapter (Chapter 2), we performed 
transcriptional analysis on developing murine CGNPs during embryonic and postnatal stages 
isolated from a transgenic mouse model. This allowed us to gain insight into the dynamic 
changes in gene expression related to specific developmental processes that might be
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vulnerable for malignant transformation into SHH medulloblastoma in an age-dependent 
manner. 

 In agreement with earlier studies - showing that during perinatal cerebellar 
development, CGNPs are dynamically dependent on SHH signaling for clonal expansion 
- and more recent single cell sequencing studies, our results highlighted an enrichment for 
distinct biological processes at each stage of CGNP development, and some of these processes 
were also implicated in medullobastoma4,5,26–29. In line, our cross-species comparison between 
a cohort of human SHH medulloblastoma and murine developing CGNPs revealed that 
infant SHH medulloblastomas mostly co-cluster with embryonic CGNPs, while tumors from 
older patients group towards older CGNPs8. This is indicative of a chronological relationship 
between the age of the medulloblastoma cell-of-origin and the tumor subtype, and could mean 
that early arising tumors affecting infants have an earlier developmental origin than tumors 
that manifest later in life. However, further exploration is still required to confirm that such 
gene expression changes also occur in developing human CGNPs. Since the human RL stage 
persists longer through cerebellar development, it is for instance possible that in humans 
there are other, yet unidentified progenitors that contribute to SHH medulloblastoma30. In 
addition, the presence of further temporal heterogeneity within cerebellar granule neuron 
clones, resulting in different developmental timing of each clone, needs to be assessed for 
humans, especially since this might impact the therapeutic regimen21,31. As an example, time-
series modeling of CGNP cell cycle exit has revealed that activity of chromatin remodeler 
Brd4 was downregulated when CGNPs exit the cell cycle at a narrow time frame, in which 
its downregulation resulted in reduced CGNP proliferation21,32. Consequently, in vivo 
conditional deletion of Brd4 resulted in ataxia and cerebellar morphological defect in the very 
early postnatal stage, and pharmacological inhibition of Brd4 using I-BET151 in vitro and 
JQ1 in vivo significantly reduced CGNP proliferation during development, underscoring the 
critical role of Brd4 during cerebellar development32. Based on these results, it is worth noting 
that administration of BRD4 inhibitors to pediatric patients with SHH medulloblastoma 
should be given in a short period of time to reduce potential side effects on normal cerebellar 
development32.

 In our study on developing CGNPs (Chapter 2), we also found that primary cilia 
are differentially expressed during CGNP development, with younger CGNPs possessing 
fewer and shorter cilia than older CGNPs. This finding could be highly relevant for SHH 
medulloblastoma, since it is known that some but not all SHH components depend on the 
primary cilium for its activity: SUFU activation can occur independent of primary cilia, 
whereas SMO function requires primary cilia33,34. Our observation could therefore be related 
to the patient age-specific mutations found in SHH medulloblastoma, being SUFU mutations
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in infant SHH medulloblastoma and SMO mutations in older tumors: if a tumor arises 
in very early CGNPs that do not yet harbor mature primary cilia, it would be more 
efficient to target SUFU that can provoke constitutive SHH pathway activation regardless 
of primary cilia7,8. Interestingly, these differential mutational profiles were also shown to 
influence therapy response to a SMO inhibitor in SHH medulloblastoma patients. Infant 
SHH medulloblastoma with SUFU mutations or MYCN amplification is resistant, while 
older patients with SMO mutations are responsive35. Together, these findings suggest that 
differential targeting of SHH pathway components based on patient mutational profiles 
and cell-of-origin is beneficial for patient outcome35. Several candidate SHH pathway 
inhibitors that act downstream of SMO are currently in preclinical and clinical trials for 
SHH medulloblastoma, including GLI1 inhibitors that directly bind GLI1, preventing 
its transcriptional activity, known as GLI antagonist (GANT); and modulators of GLI1 
function, such as BRD4 inhibitors, CDK inhibitors, and HDAC inhibitors (HDACi)35,36. It 
would very be interesting to see if these compounds are specifically useful for the treatment 
of infant SHH medulloblastoma, as well as for older (and/or relapsed) medulloblastoma 
resistant to direct SMO inhibitors.

Consequences of mutations in epigenetic regulators 
 Alterations in epigenetic regulators were frequently found in pediatric SHH 
medulloblastoma beside deregulation in SHH signaling7,8,25. Among them, somatic 
mutations in chromatin-modifying genes affecting histone methyltransferases, such as 
KMT2D, and the histone deacetylase complex member, BCOR, are common and believed 
to be driver events in medulloblastoma7,37. In a mouse model study, somatic mutations of 
Bcor alone did not induce tumorigenesis or caused differentiation defects during CGNP 
development, but when combined with loss of SHH pathway component Ptch1, it resulted in 
SHH medulloblastoma mediated by the up-regulation of Igf2. BCOR was reported to likely 
directly regulate Igf2 via the PRC1.1 complex, in which Bcor mutation caused disruption 
of this complex and reduction in repressive histone mark H2AK119 ubiquitination38. The 
role of KMT2D remained less explored for quite some time. In Chapter 4, we started to 
study the role of KMT2D in SHH medulloblastoma and its cell-of-origin, the CGNP. Our 
experiments revealed hardly any phenotypic alterations, nor SHH signaling deregulation 
upon loss of Kmt2d alone. However, together with TP53 loss, loss of KMT2D resulted in 
a mild alteration in the DNA damage response. In line, a preliminary study from another 
group has shown that overexpression of SmoM2 combined with loss of Kmt2d, results 
in aggressive SHH medulloblastoma with high penetrance, suggesting that additional 
oncogenic hits are required to promote malignancy39. Yet another study has shown that 
brain-specific loss of Kmt2d alone in mice did result in spontaneous medulloblastoma. 
Here, Kmt2d loss caused reduction in broad H3K4me3 expression and super-enhancers of
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tumor suppressor genes (e.g., Dnmt3a and Bcl6)40. Downregulation of Dnmt3a-mediated 
DNA methylation caused derepression of Ras activators, while reduced expression of 
SIRT1/BCL6-mediated H4K16 deacetylation resulted in re-expression of Notch pathway 
components. Together, in this model medulloblastoma genesis occurred due to reduced 
expression of tumor suppressor genes DNMT3 and BCL6, leading to activation of oncogenic 
programs involving the Ras and Notch pathways40. It should be noted though that 
whereas some studies have been trying to reveal the role of KMT2D in medulloblastoma, 
complete loss of KMT2D does not occur in human tumors and therefore do these studies 
not fully represent the human situation7,41. Thus, the precise underlying mechanism on 
how the KMT2D (point) mutations collaborate with SHH signaling to drive oncogenic 
transformation, as well as its epigenetic consequences, remain areas under investigation.

 Notably, the frequent mutations related to chromatin-modifying genes found in 
SHH medulloblastoma underscore the involvement of epigenetic mechanisms contributing 
to tumorigenesis, which provides potential targets for therapy as changes to the epigenetic 
landscape may be reversible42–44. However, in addition to the adverse impact that such 
compounds might have on normal (neural) development of the patient, another important 
aspect for the application of epigenetic modulators in medulloblastoma therapy needs to be 
considered, which is the ability of these compounds to cross the blood brain barrier to reach 
maximum efficacy45. Several preclinical studies have been conducted to assess the therapeutic 
benefit of epigenetic modulators in medulloblastoma treatment, including HDAC, BET, 
EZH2, and DNMT inhibitors42,43,46. Among several HDAC inhibitors (HDACi), only 
few drugs were shown to have activity within the SHH medulloblastoma tumor, namely 
Parthenolide, Entinostat (MS-275), HDiA, and the natural compound curcumin that 
modulates the activity of HDAC enzymes and influences SHH signaling activity47–50. For 
example, selective inhibition of overexpressed HDAC1/2 by HDiA resulted in blockage of 
GLI1/2 activity via acetylation, and thus reduced SHH medulloblastoma cell growth49. Yet, 
only Entinostat and Vorinostat (in combination with Etoposide) are currently being tested 
in clinical trials (e.g., NCT02780804 and NCT01294670) for refractory solid malignancies 
in pediatric patients, including medulloblastoma42. The bromodomain and extra-terminal 
domain (BET) inhibitor JQ-1 was also reported to inhibit BET bromodomain proteins 
that regulate GLI transcription, resulting in reduced GLI1/2 and reduced tumor growth 
in mouse and human models of SHH medulloblastoma51. Another epigenetic modulator 
that is widely studied for SHH medulloblastoma is the histone methyltransferase EZH2 
inhibitor (EZH2i)52,53. Inhibition of EZH2 was shown to impair SHH medulloblastoma 
cell proliferation, self-renewal and promote apoptosis in vitro54. In line, administration of 
EZH2i in a mouse model for SHH medulloblastoma reduced tumor growth and stemness, 
induced apoptosis, and importantly, enhanced tumor cell differentiation mediated by 
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increasing NeuroD1 expression through enhancer and promoter hypomethylation55. 
Currently, clinical trials using EZH2i are ongoing for adult and pediatric malignancies, and 
although these studies have not yet been concluded, they seem promising56.

Proteomic analyses in SHH medulloblastoma: the role of protein signaling
Despite extensive (epi)genetic studies into the molecular basis of SHH medulloblastoma 
biology and classification, its proteomics remain relatively unexplored57. This may be a 
missed opportunity, since proteins are the functional units of normal and cancer cells to 
maintain their cellular processes and are therefore key to all oncogenic mechanisms58. Thus, 
albeit technically more challenging than for instance analyzing (ribo)nucleic acid sequences, 
obtaining the proteome expression and signaling profiles of SHH medulloblastoma tumors 
will render powerful tools to discover novel therapeutic targets by deciphering the actual 
molecular interactions that drive tumorigenesis59–62. For instance, in Chapter 3, using 
previously generated medulloblastoma phospho-protein signaling profiling data from our 
group, we discovered that the phosphorylation status of the transcription factor CREB 
strongly positively correlates with overall survival in SHH and Group 3 medulloblastoma. 
We also found that this is likely related to the differentiation state of the tumor62. This 
novel insight, based on the study of the phospho-proteome, subsequently allowed us to 
chemically enhance medulloblastoma cell sensitivity to chemotherapy by inducing CREB 
phosphorylation using the natural compound Forskolin (FSK). Thus, Forskolin might be 
beneficial as a chemotherapy adjuvant for certain medulloblastoma patients. 

 Another important aspect that can be improved using proteomic profiling is 
medulloblastoma classification, which is currently mostly based on transcriptome and (epi)
genome57. As for SHH medulloblastoma, while epigenetic and transcriptomic profiling 
divided this subgroup into four subtypes, proteomic classification by mass-spectrometry 
divided it into two subtypes: SHHa and SHHb, which are enriched for MYC, DNA repair, 
chromatin remodeling pathways; and G-protein (GPCR), neural plasticity, and CD47 
pathways, respectively57,63. Recent work from our group also highlighted a shift in SHH 
medulloblastoma classification based on phospho-proteome profiling, which showed that 
some SHH medulloblastoma belong to the so called MYC-like protein signaling group 
and are enriched for cell cycle and GPCR signaling62. Pharmacologic inhibition of G2/M 
components ATR and WEE1 using VE-822 and MK-1775, respectively, in MYC amplified 
medulloblastoma cell lines resulted in significant reduction in cell viability62. Together, 
these results demonstrate that proteomics-based classification offers novel targets for future 
therapeutic strategies, because it points directly to associated signaling pathways that can be 
modulated using drugs61,62.
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Concluding remarks
Thanks to the efforts of many research groups, it is now firmly established that deregulation 
of SHH signaling during cerebellar development is fundamental to SHH medulloblastoma. 
However, at the same time, it has become clear that pediatric SHH medulloblastoma is 
also a highly heterogeneous disease, with significant heterogeneity between subtypes and 
even within one tumor3,8,9. The work presented in this thesis aimed at addressing some 
of the complex interplays of the different (molecular) players of this tumor, including 
developmental pathways, the epigenome, and the phospho-proteome. Providing a complete 
and accurate picture of pediatric SHH medulloblastoma from all angles of cerebellar 
development, epigenetic dysregulation, as well as proteomic analysis, will allow for 
improved patient stratification and lead to personalized management therapy (Fig. 1). This 
will ultimately be beneficial for improving outcomes and reducing possible long-term side 
effects in the pediatric patient. 

 To subsequently test new therapeutics, it will be vital to develop new models that 
faithfully resemble the various brain tumor subtypes, and if possible, build models that 
uniquely resemble each individual patient. In the last experimental chapter of this thesis 
(Chapter 5), we report on our attempts to generate primary brain tumor cell cultures as a 
substitute for the patient’s tumor. Such primary cell cultures could for instance be used for 
drug testing in high throughput screens, which would allow identifying compounds that 
effectively kill the patient’s tumor cells. Even more, primary tumor cells could be employed 
for generating patient-derived xenografts (PDX) that are unique to the patient. In principle, 
having a tumor develop in a living organism such as the mouse would further enhance the 
prediction of the treatment response, since in this setup, the role of the tumor niche is also 
taken into account. Unfortunately, as we have shown, rapid clonal selection of tumor cells 
takes place in vitro, and it is likely that this also happens in xenotransplantation models. 

SHH tumor  

Developmental processes

Epi(genetic) landscape

Improved tumor models
Improved tumor classification

Personalized therapy
Targeted therapy

Improved outcome 
Reduction side effect

Protein biology

Figure 1. Taking a multi-angular view on medulloblastoma. A comprehensive understanding of medulloblastoma biology will 
ultimately encourage personalized and targeted therapy, leading to an improved outcome and reduction in side effects. 
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It is therefore crucial that in addition to understanding the complex biology of each 
medulloblastoma subtype, the construction of bona fide tumor models is also further 
advanced. This clearly requires much additional research, yet it is necessary if we are really 
dedicated to curing every pediatric brain tumor patient.
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