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Introduction 

Children with cancer account for less than 1% of all cancers diagnosed worldwide 

every year, yet it is the leading cause of death by disease in this age-group in the 

developed world1,2. Current research suggests that around 10% of all children with 

cancer harbor a cancer predisposition syndrome with germline mutations3–5. In 

consequence, the remaining majority of childhood cancers cannot be prevented nor 

screened for. Approximately 80% of children will survive five years after diagnosis 

(versus only 20% in low- and middle-income countries)1.  

For a long time, childhood cancers were believed to be similar to their tissue-

related adult counterparts, and were treated as such. Therefore, an important 

milestone has been achieved by fully separating childhood from adult cancers at the 

histological and molecular levels6. This will hopefully in the future lead to the 

development of less damaging and more specific treatments for childhood cancers.  

Of all childhood cancers, brain tumors account for more than 20% of 

malignancies in children and remain the primary cause of cancer related death3. 

Over the past decade, colossal efforts to unfold the genomic landscape of the full 

spectrum of childhood brain cancers revealed a far more complex collection of 

diseases than previously appreciated7–10. Indeed, the field of neuro-oncology has 

experienced a tremendous shift in the understanding of this disease thanks to 

technological advancements in genome- and epigenome-wide profiling8,9,11–14. 

However, to date, 40 to 80 % of children still succumb to the disease within five years 

after diagnosis, and for those who are effectively cured, the long-term sequelae 

resulting from unspecific treatment strategies remain a major source of concern. 

These side-effects greatly impair survivors from efficiently participating in society as 

they reach adulthood15. Hopefully, the current effort to unravel the genetic make-up 

of these cancers will expand the toolbox of therapeutically targetable options and 

bring the first successful omics-based clinical trials to light. In the meantime, 

understanding the molecular and genetic pathogenesis of all brain cancers in 

children will offer better opportunities to develop tailored therapies.   

The most common brain malignancies are  gliomas  followed by 

medulloblastomas (MB) (Fig 1 ; red ; 20% of total brain cancer cases). The majority 

of pediatric gliomas are non-malignant, slow-growing lesions graded I or II by the 
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WHO classification of central nervous system (CNS) tumors (also termed low-grade 

glioma (LGG) (Fig 1 ; black)16. Malignant transformation of LGG is rare. Their 

outcome is typically good as they are effectively managed under current treatment 

strategies17. Nevertheless, an important fraction of gliomas evolves rapidly and are 

therefore classified as WHO grade III or IV high-grade gliomas (HGGs) (Fig 1 ; light 

and dark green ; 16% of total brain cancer cases).  

 

 

 

 
 
 
 
 
 
Figure 1. Distribution of pediatric brain tumors based on histological classification for children 
between 0 and 14 years of age. Figure and data were adapted from Yoko T. Udaka et al.18 
 
 

Most of the underlying etiology of childhood brain cancers remains to be 

unveiled as there are few known risk factors. Contrary to adult cancers, it is not 

believed that environmental cues contribute to the pathogenesis of brain cancer in 

children, with the exception of tumors secondary to radiation therapy in the head and 

neck region19–22. However, the high predisposition to develop brain cancer in several 

inherited genetic syndromes (Ataxia Telangiectasia, Neurofibromatosis, Tuberous 

Sclerosis, Li-Fraumeni syndrome, von Hippel-Lindau, Turcot and Gorlin syndromes 

and constitutional Mismatch Repair (MMR) deficiency, to name a few) suggests that 

specific mutations are strong contributors to childhood CNS tumors5,23. It also 

appears that the study of these heritable disorders helps to uncover new molecular 

oncogenic drivers of none-germline brain cancers and thus helps shaping the venue 

of a genetic based classification. 
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Molecular classification of pediatric brain cancers 

Until recently, the classification and nomenclature of brain cancers was solely based 

on morphological aspects evaluated by pathologists under the microscope. Pediatric 

brain cancers were subdivided into ten major types (Fig 1), depending on cellular 

morphology and the brain area of tumor location24. At the present day, the latest 

WHO brain cancer classification has incorporated genetically informed hallmarks to 

the morphology based classification16. As such, the 2016 WHO classification 

displays major rearrangements in the categories of high-grade gliomas and 

medulloblastomas. It incorporates new entities both defined by histologic and 

molecular features16.  

Here, we will summarize the current state-of-the field in molecular 

characterization of medulloblastoma (MB) and high-grade glioma (HGG). These 

tumors are also the focus of this thesis. 

 

Medulloblastoma 

MB is the most common pediatric brain malignancy18. It localizes to the posterior 

fossa region of the brain including the cerebellum25. Although it can also be found 

sporadically in adults, MB essentially remains a pediatric disease. MBs are 

historically defined as embryonal tumors and therefore incorporated in this general 

category by the WHO classification of CNS tumors16,24. Over the years, and with the 

rise of large-scale genomic sequencing, convincing data ensures that MBs are in 

fact heterogeneous at the molecular level and composed of discrete entities that 

should therefore be subcategorized. From 2008, first Kool et al. followed by Cho et 

al. and Northcott et al., provided the first genetically-informed classifications that 

separate MB into four molecular subgroups, namely: Sonic-hedgehog (SHH), WNT, 

Group 3 and Group 4 (Fig 2A)26–28. This is now a consensus classification and has 

been incorporated in the new WHO grading of brain tumors, is used in routine 

diagnostics, and helps guide clinical trials design and future therapeutic decisions16. 

Since then, the avenue of multi-omics technologies and the enlargement of patient 

cohorts with increasing numbers of tumor tissue from international collaborations has 
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further enriched multi-omics (transcript-, gen-, epigen-, prote-omic) data 

generation10,26,29–35. The latest studies have highlighted further stratification within 

the four consensus subgroups and an even more complex classification emerged 

with up to 12 molecular subtypes 13,30,36. 

Very recently, single-cell sequencing approaches have added to this 

complexity and revealed extensive intra-tumoral heterogeneity in MB (see also 

Chapter 3 of this thesis). Importantly, single cell sequencing allows addressing 

questions on the developmental origins of MB and adds a spatial dimension that 

enables studying genetic intra-tumor evolution37. 

Here, specific attention is given to SHH-MB as it is one of the primary 

interests of the work described in this thesis (Chapter 3 and Chapter 4) (Fig 2B). 

 

SHH medulloblastoma 

SHH-MB is the most frequent subtype of MB (30% of all MB cases). They arise 

mainly on the cerebellar hemispheres in contrast to the three other subgroups that 

are typically found in the midline region of the cerebellum38. Interestingly, their 

incidence follows a bimodal age distribution where SHH-MB is the major subtype in 

infants (up to 3 years of age) and adults (older than 17 years old). They appear to 

be less frequent during childhood28 (Fig 2B). Furthermore, infant and adult 

medulloblastoma display distinct gene expression patterns, as well as differences in 

copy number alterations, mutations, and tumor localization. This patient age-related 

heterogeneity within the SHH-subgroup strongly suggests that developmental cues 

underly tumor biology13,29,30,39–42. Deregulation of the SHH signaling pathway 

characterizes SHH-MB. The presence of mutually exclusive mutations of SHH-

players highlights the importance of this key neuro-developmental pathway in driving 

tumorigenesis39,43. The mutational landscape includes inactivation of Patched 

Homologue 1 (PTCH1) and Suppressor of Fused Homologue (SUFU) (germline or 

somatic), activating mutation of Smoothened Homologue (SMO), and GLI2 

amplifications44. Typical chromosomal rearrangements have also been attributed to 

SHH-MB, such as loss of chromosomes 9q, 10q, 14q and 17p and gain of 

chromosomes 2, 3q and 9p13,29 (Fig 2A). Three independent studies further sub-

stratified SHH-MB into four subtypes segregating by age and mutational status: 
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SHHα and SHHδ corresponding to childhood and adult, respectively, while SHHβ 

and SHHɣ correspond to infants13,30,36. The SHHα subtype associated with TP53 

mutations harbors the worst prognosis and is the most genomically unstable30 (Fig 

2B) (See also Chapter 3 and Chapter 4 of this thesis). 

WNT medulloblastoma 

WNT-MB shows the best prognosis of all MB, with a 5-year survival of 95%. The 

mean age of diagnosis is ~11 years old, however WNT-MB can be seen as early as 

4 years old up until early adulthood. Mutations in the WNT pathway are a hallmark 

for these tumors and CTNNB1 is most frequently affected (85% of patients). 

Germline mutations in the APC gene are also found. The WNT-MB genome is 

deprived of copy number alterations except for a frequent monosomy of 

chromosome 6 (80%)29. The latest molecular stratification identified two subtypes, 

WNTα and WNTβ diverging by age of diagnosis (10 years old versus 20, 

respectively) and the frequency of the monosomy 630. 

 

Group 3 and Group 4 medulloblastoma 

The stratification of Group 3 and Group 4 medulloblastomas is not as obvious as that 

of the SHH and WNT entities. Indeed, no recurrently affected pathway has yet been 

identified, making a thorough subcategorization ambiguous. Thus, it is still in debate 

whether these two groups should be seen as separate entities, as they share many 

common molecular traits. Nonetheless, the WHO and several other studies 

acknowledge the benefit of their distinction. Cavalli et al. identified three subgroups 

in both Group 3 and Group 4 MB: Group 3α, -β, -ɣ, and Group 4α, -β, -ɣ30. Schwalbe 

et al. identified high- and low-risk patients by splitting Group3/4 in four subtypes36. 

Finally, a large analysis of more than a thousand Group 3 and Group 4 MB identified 

eight types (I-VIII)10 (Fig 2A). Group 3 occurs in infants and children whereas Group 

4 occurs across all age groups. They both associate with poor prognosis and 30-

40% of the patients will have metastatic disease at diagnosis45. At the molecular 

level, MYC amplifications are characteristic of Group 3-MB whereas MYCN and 

CDK6 amplifications are that of Group 4-MB29. Both groups harbor a typical 
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isochromosome 17q (i17q) which is associated with impaired TP53 function and is a 

hallmark for these two groups46 (Fig 2A).  
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Figure 2. Clinico-pathological features of pediatric medulloblastoma and their genomic 
characteristics. (A) Table A) describes the current knowledge on molecular characteristics of pediatric 
medulloblastoma and their associated clinical features. (B) Table B) focuses on the SHH-subtypes and 
the current subtyping characteristics based on Cavalli et al.30. 
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On the origin of Medulloblastoma 

Given the highly inter-tumoral heterogeneous nature of MB, over the years great 

attention has been given to decipher their origin(s). All four subgroups have been 

thought to arise from different neuronal lineages within the cerebellum47,48. Recently, 

two elegant RNA-sequencing studies at the single-cell level confirmed the previous 

finding of Cerebellar Granule Neuron Progenitors (CGNPs) as the SHH-MB cell-of-

origin11,49–51 (Fig 2B). These same studies highlighted the neuronal-like Unipolar 

Brush Cells (UBC) as the putative cell-of-origin for Group 4-MB, whereas Group 3-

MB resembled more undifferentiated-progenitor-like cells, perhaps originating from 

an early Nestin+ progenitor11. WNT-MB are thought to take root either outside the 

cerebellum from a brainstem derived progenitor or from a very early progenitor of 

the lower rhombic lip (LRL)11 (Fig 2A). Further heterogeneity within the SHH-MB 

subgroup itself raises the question of differential origins among the subtypes -α, -β, 

-ɣ and -δ (Fig 2B).  

A corrupted SHH pathway during cerebellar development drives SHH-MB 

The cerebellar granule neuron represents the majority of the cells populating the 

cerebellum52. From late embryogenesis (E13.5 in mice, E57 in humans), successive 

expansion, migration and differentiation waves of the CGNP lineage shape the 

forming cerebellum. These CGNPs are a highly dynamic cell population that 

expands up to three weeks after birth in mice and up to two years over human 

postnatal development52. In mice, early CGNPs become committed to their lineage 

around embryonic day E13.553. They arise in the upper rhombic lip (uRL) region of 

the hindbrain, from where they migrate tangentially over the surface of the cerebellar 

primordium53–55 (Fig 3a.). Here, they form a secondary germinal zone, the External 

Granular Layer (EGL) (Fig 3b.). The proliferative peak of CGNPs occurs around birth 

(Postnatal day 0, P0). At this time, CGNP expansion is driven by the morphogen 

Sonic Hedgehog (SHH) secreted by the underlying layer of Purkinje cells. Between 

P4 and P7, the first CGNPs of the EGL become post-mitotic as they start 

differentiating. Terminally differentiating granule neurons cease proliferation and 

migrate inwards across the Purkinje Cell layer to their final destination until around 

postnatal day P14 (Fig 3c.). This second migratory wave of mature CGNPs forms 



Chapter 1 

16 

 

1 

the Internal Granular Layer (IGL) of the cerebellum54,56–59 (Fig 3d.). It is accepted 

that the mouse cerebellum is fully developed at postnatal day P21 (Fig 3e.). Besides 

the longer gestational period, the development of human CGNPs generally 

resembles that of the mouse60. 

  

Figure 3. Timeline of murine cerebellar development from E13.5 to adult age. Graph depicting the 
key developmental stages of murine cerebellar development from granule neuron lineage commitment at 
E13.5 (a) through expansion and migration at E18.5 (b). Neonatal sustained proliferation in the EGL leads 
to foliation of the cerebellum. CGNP terminal differentiation and migration forms the IGL (c) up to P14 (d). 
In mice, cerebellum is fully developed at P21 when the EGL has disappeared (e). Graph adapted from61. 
E=embryonic, P=postnatal, EGL=external granule layer, IGL=internal granule layer   

 

Developmental transitions within (neural) cell lineages might be related to 

the concept of tumor propagating cells, or cancer stem cells (CSCs), which was 

brought into the scientific community in the 2000s62–65. CSCs have the capacity of 

self-renewal, differentiation and proliferation and thus sustain tumor growth. They 

have been well identified in brain cancers, including medulloblastomas and 

gliomas66,67. CSCs are thought to arise from a stem/progenitor cell that by acquisition 

of a genetic event hijacks normal developmental pathways to sustain growth67,68. In 

theory, at every transitional stage it is possible for a stem/progenitor cell to acquire 

a mutation that locks the (pre-)cancer cell into a transcriptional program, later 

mirrored in the growing tumor48. Various studies have highlighted the correlation 

between cerebellar development and age group of the SHH-MB subtypes, including 

our own (see Chapter 3 of this thesis). A mutation in the SHH pathway might have 

a different effect depending on the developmental stage of the targeted cell, thus 

explaining that age-specific characteristics of the cell-of-origin might be employed 

during oncogenesis and subsequently mirrored in SHH-MB subtypes (Fig 4). 

Therefore, deciphering the dynamics of SHH-MB pathways through the lens of 

cerebellar developmental biology is of utmost importance to better understand the 
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pathways underlying tumorigenesis, and ultimately develop more specific therapies 

(Fig 4). 

 

 

 

 

 

 

 

 

Figure 4. Proposed time line correlation between cerebellar development in mice and age 
incidence of the SHH-MB subgroups. Graph representing a putative correlation between cerebellar 
development and initiation of SHH-MB subtypes. A mutation in the SHH pathway might have a different 
effect depending on the developmental stage of the targeted cell thus explaining that age-specific 
characteristics of the cell-of-origin are employed during oncogenesis and mirrored in SHH-MB sub types. 
The age distribution of SHH-MB subtypes was adapted from Cavalli et al.30. E= embryonic, P=postnatal, 
SHH = Sonic Hedgehog 
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High grade Gliomas 

Within the subgroup of pediatric high-grade gliomas (HGGs), distinct molecular and 

epigenetic entities have been identified9,69,70. Each subtype is defined by recurrent 

oncogenic drivers, presents unique clinical characteristics and specific 

neuroanatomical localizations, raising the hypothesis of a multiplicity of cells-of-

origin for pediatric HGGs as well9. In 2012, the key discovery of a novel oncogenic 

mutation in histone genes in a striking 50% of pediatric HGGs imposed a re-

evaluation of disease classification with addition of  “Diffuse midline glioma, 

H3K27M–mutant” as an entity to the 2016 WHO classification9,16,69,71–74. Since then, 

these histone mutants with deliberate oncogenic features, termed “oncohistones”, 

have drawn much interest from the field of epigenetics and oncology in general. To 

remain within the scope of this dissertation, below we will briefly introduce all HGG 

subgroups with a special emphasis on the subgroup of histone mutant gliomas, as 

this entity is the subject of the research in Chapters 5 and 6 of this thesis.  

Based on the most recently published molecular meta-analysis of a cohort 

of more than 1000 pediatric HGGs, four main subgroups have been identified: 

histone mutant HGG, IDH mutant HGG, BRAFV600E mutant HGG, and finally the 

remaining HGG classified as “wild-type” that deserve further molecular 

characterization in the future9,75.  
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Figure 5. Clinico-pathological features of pediatric high-grade gliomas and their genomic 
characteristics. Table describing the current knowledge on molecular characteristics of pediatric high-
grade gliomas and their associated clinical features. Data is based on Mackay et al.9. OS = Overall 
survival, DIPG= Diffuse Intrinsic Pontine Glioma, PXA = pleomorphic xanthoastrocytoma 

 

Histone mutant gliomas 

The K27M mutation (that substitutes the lysine (K) 27 by a methionine (M) on the 

histone H3 tail) is the first reported histone mutation ever to be associated with 

human cancers69,71,72. Since the original discovery in 2012, it is now known that many 

different tumors carry mutations in histones76. In pediatric gliomas, three histone H3 

genes are found affected: H3F3A encoding histone variant H3.3 and HIST1H3B or 

HIST1H3C encoding H3.1. HIST2H3C mutations (gene for histone variant H3.2) 

have also been reported9. While canonical histones have been reported with only 

one type of mutations (H3.1K27M and H3.2K27M oncohistones), H3.3 is seen 

mutated at two different sites leading to the H3.3K27M and H3.3G34R/V 
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oncohistones (Fig 5). Much attention has been drawn to elucidating the oncogenic 

programs driven by the different oncohistones. The epigenetic and transcriptional 

mechanisms ensuing oncohistone expression begin to be unraveled. Nowadays, 

several hypotheses exist as to how H3K27M exerts its oncogenic effects, while the 

H3.3G34R/V oncohistone is less understood. Later, I discuss some of these 

mechanisms. 

The K27M substitution is the most frequent histone mutation (~80% of 

histone mutant gliomas). While affecting all histone H3 variants, it is predominantly 

found on the histone H3.3 variant (~70% of histone mutant gliomas). The substitution 

of Glycine 34 by a Valine or Arginine (G34R/V) has only been described in histone 

variant H3.3 and accounts for 14% of histone gliomas9 (Fig 5). Interestingly, 

mutations correlate strongly with anatomical localizations of the tumors (Fig 5). G34 

mutant gliomas are selectively hemispheric and affect older children/adolescents 

(median age at diagnosis is 15 years). K27M gliomas arise mostly in the 

midline/brainstem region of the brain (thalamus, pons, medulla, cerebellum) and are 

found in younger patients (8-9 years)9. Within the K27M subgroup, H3.1-K27M is 

localized only in the pons, whereas H3.3-K27M mutations may be found all along 

the midline. H3.1-K27M usually affects younger children (~5 years at diagnosis) (Fig 

5). Gliomas of the pons, also known as Diffuse Intrinsic Pontine Gliomas (DIPG) 

represent 80% of midline gliomas and are the pediatric brain malignancy with the 

worst outcome. Strikingly, the  H3.3-K27M subtype associates with an extremely 

dismal prognosis with less than 5% of patients surviving 2 years after diagnosis, 

regardless of tumor localization9. H3.1-K27M and H3.3-G34R/V gliomas are thought 

to have a slightly better overall survival of ~10% and ~27% respectively (Fig 5). What 

exactly explains the aggressiveness of H3.3-K27M gliomas remains unclear to date.  

Adding yet a further degree of complexity, the histone mutations also 

associate with specific co-occurring genetic alterations, which may act together to 

promote tumorigenesis9. Association of DNA repair mutations with H3.3-K27M and 

H3.3-G34R/V implies a complex interplay between H3.3, DNA damage and 

tumorigenesis, whereas mitogenic signaling during brainstem development seems 

to act in concert with H3.1 driver mutations9 (Fig 5). Furthermore, H3.3 mutant 
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gliomas associate with specific copy number variations, both focal (amplifications 

and deletions) and structural (gross alterations), therefore they are defined as 

aneuploid9,31. On the contrary, H3.1 gliomas exhibit a more normal karyotype (Fig 

5)9.  

IDH mutant gliomas 

Next to histone mutant HGG, it is also recognized that a subset of HGG (~6% ) 

harbor a driver mutation in IDH1 (isocitrate dehydrogenase 1) gene (Fig 5). 

Interestingly, IDH mutations are frequently found in adult glioblastoma, whereas in 

pediatric settings they are present mostly in young adults (median of 17 years old at 

diagnosis)77. The most common alteration in the IDH gene is an amino-acid 

substitution at R132H9. It confers the IDH enzyme with the capacity to produce 2-

hydroxyglutarate, an oncometabolite78. This oncometabolite inhibits DNA 

demethylases causing a widespread genome hypermethylation on CpG islands, also 

known as CIMP phenotype, conferring oncogenic potential79 (Fig 5).  Pediatric IDH 

mutant gliomas are associated with better prognosis as the 2 years overall survival 

reaches 59%9,69,77. IDH mutant gliomas often co-associate with TRP53 and ATRX 

alterations and these tumors exclusively localize to the cerebral hemispheres9 (Fig 

5).  

 

BRAFV600E mutant gliomas 

About 6% of pediatric HGG harbor BRAFV600E mutations9 (Fig 5). They are 

predominantly localized to the cortical hemispheres and share histologic features 

with pleomorphic xanthoastrocytomas (PXA)(a LGG subtype), hence the 

denomination as PXA-like70,80 (Fig 5). They frequently harbor homozygous 

CDKN2A/B deletions and present a good prognosis (56% overall survival after 2 

years)9 (Fig 5). 

 

Other gliomas 

Within the remaining fraction of H3/IDH/BRAF-wild-type gliomas, various molecular 

subgroups are emerging75. For example, amplifications of MYCN may be a driving 

event for a subset of H3-wild-type brainstem gliomas75,81,82. Other subgroups may 
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be driven by amplifications or mutations in receptor tyrosine kinases such as 

PDGFRA and EGFR 69,82,83 (Fig 5). Current knowledge highlights prognostic 

differences between these subgroups82. Because of the high diversity within HGG 

and the impact that their molecular architecture may have on prognostication, further 

histo-molecular definition is of importance to establish accurate treatment modalities 

in clinical trials. 

 

On the origins of high-grade glioma 

Because HGG subgroups differ from each other in terms of gene expression, 

epigenetic landscape, mutational profile, tumor location, age of onset and prognosis, 

it is very likely that they arise from different cells-of-origin9,70,80,82. These can be 

distinct types of cells, or identical cells but transformed at distinct developmental time 

points. Multiple genetic and epigenetic alterations have been found to initiate 

gliomagenesis9 (Fig 5). However, the identity of the cell-of-origin that acquires this 

primary oncogenic hit during brain development still remains elusive.  

 

Brain development is the result of waves of proliferation of successive neural 

stem and progenitor (NSC) populations. NSCs have the ability to self-renew via 

symmetric proliferative cell divisions84–86. Therefore, before the onset of 

neurogenesis (e.g. production of neurons), a rapid expansion of the neuroepithelium 

occurs to expand the pool of NSCs (expansion phase from E10.5 to E11.5 in mouse 

brain development)87 (Fig 6). From E12.5 in mice, transcriptional switches take place 

and progressively augment asymmetric cell divisions of the NSCs to produce 

committed progenitors, first towards the neuronal lineage87. At this point, NSCs start 

dividing asymmetrically towards an intermediate progenitor cell (IPC) which is meant 

to first expand then generate the majority of the neurons (neurogenesis from E12.5-

E16.5 in mice)87. Close before birth, NSCs switch to gliogenesis and produce 

astrocyte and oligodendrocyte progenitor cells (APCs and OPCs respectively)87 (Fig 

6).  
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Figure 6. Timeline of murine cortical development from early embryogenesis up to birth  
Murine cortical development can be separated in four main phases: from E10.5 to E11.5 where the NSC 
pool expands to prepare for later production of neurons from E12.5-E16.5, called neurogenesis. After 
neurogenesis, NSC switch to the production of glial precursor cells (APCs and OPCs) during a phase 
called gliogenesis, which takes place from E17.5 and extends up to after birth. Postnatally, the brain 
cortex is composed of a basal layer of rarely dividing NSCs and neural progenitors, differentiated neurons 
and glial cells (not shown). E=embryonic day ; PN=postnatal ; NSC=neural stem cell ; IPC=intermediate 
progenitor cell ; NPC=neural progenitor cell ; OPC=oligodendrocyte progenitor cell ; APC=astrocyte 
progenitor cell. Adapted from87 

 

Several cell types have been proven competent to oncogenic transformation 

and therefore suggested putative glioma-cells-of-origin – these include NSCs and 

the more differentiated progenitors OPCs and APCs88–91 (Fig 6). This suggests that 

at any stage of neural development, a given cell, already committed to a lineage or 

not yet, might be susceptible to acquire oncogenic transformation (for more detail, 

see Chapter 2 of this thesis). This also explains the high histologic  diversity within 

HGG, with some subtypes resembling the astrocytic lineage, some others the 

oligodendrocytic lineage and some harboring a more undifferentiated state16. 

 
 

Besides the cellular heterogeneity that governs the brain architecture, all 

brain regions do not develop at the same time. Waves of localized proliferation 

dictated by secreted morphogens (e.g. SHH, FGFs, WNTs) orchestrate brain 

regionalization92. In early embryogenesis, the neuroepithelium can be divided into 3 

main regions (anterior to posterior respectively) : forebrain, midbrain and hindbrain 
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(Fig 7A). Looking at a surrogate marker to trace proliferative cell populations – that 

is the transcription factor E2f1, a key regulator of DNA synthesis genes93 -- in the 

Allen Brain Atlas database, we could identify a proliferative wave that moved 

postero-anteriorly in the mouse embryonic brain: from the hindbrain to the midbrain 

and finally to the forebrain (Fig 7B; regions of interest shown in dashed red squares). 

Interestingly, this postero-anterior temporality of brain development seems to mirror 

the tumors age distribution where hindbrain/midline gliomas are mostly found in 

younger children, rarely in adults, and hemispheric gliomas in older children, young 

adolescents and adults (Fig 5). 

 
 

 
Figure 7. Antero-posterior regionalization of the developing mouse brain is mirrored by pediatric 
histone mutant HGG age incidence and anatomical localization. 
(A) Schematic representation of E11.5, E13.5 and E15.5 (from left to right) mouse embryos and the 
localization of the three main brain regions (Forebrain, Midbrain, Hindbrain separated by dashed lines).  
(B) RNA in situ hybridization images from the Allen brain atlas showing the regional specificity of the E2f1 
transcription factor in embryonic mouse brains over time (E11.5. E13.5 and E15.5 from left to right). 
Regions of interest are indicated in dashed red squares and show high E2f1 positivity. Tissue slides were 
counterstained with Feulgen HP yellow nuclear stain (Anatech Ltd.). 

 

Furthermore, this spatial-temporal connection with brain development 

seems exceptionally prominent in histone mutant gliomas (Fig 8), a finding that we 

will discuss more in detail below. 
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Figure 8. Age distribution of histone mutant high-grade gliomas depending on the driver 
oncohistone. Schematic representation of the anatomical distribution of histone mutant pediatric HGG 
correlated to patient age. Graph shows incidence peak of H3.3 mutant brainstem gliomas, H3.1 mutant 
brainstem gliomas and H3.3 mutant hemispheric gliomas. This correlation argues towards a separate 
cellular origin for these three groups. Data is adapted from Mackay et al.9 

 

Origins of oncohistone-driven-gliomas 

The striking spatial-temporal distribution of histone mutant gliomas suggests that 

oncohistone driven tumorigenesis is highly tied with developmental pathways. 

However, it remains elusive what role each histone variant plays in the 

developmental pathways of the midline or the brain cortex (Fig 8). 

In contrast to SHH-MB, the cell(s)-of-origin for histone mutant gliomas have 

yet to be identified. Recent literature suggests that the transforming ability of each 

oncohistone is highly dependent on the cell-of-origin94. Thus, looking at 

developmental pathways through the lens of histone variant usage and chromatin 

landscape may shed light on potential new candidates for histone mutant gliomas’ 

cell(s)-of-origin (see Chapter 5 of this thesis). 

A number of studies suggest a neonatal pontine progenitor at the root of 

H3.3K27M gliomas, which proliferation peak overlaps with the incidence peak of 

H3.3K27M brainstem gliomas95–98 (Fig 8). H3.1K27M is thought to arise from a 

different cell-of-origin, because DNA methylation profiling and transcriptome data 

comparing H3.1K27M and H3.3K27M gliomas showed significant difference 

between these two groups99. We might speculate that the cell-of-origin for H3.1 

mutant brainstem glioma would have a narrower temporal and spatial distribution 

given the younger age of incidence and the restricted localization to the pons (Fig 5 

and 8). Interestingly, a mouse study from Pathania et al. showed that the embryonic 
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brainstem was only sensitive to H3.3K27M driven transformation in a specific 

window of time during development. Postnatal ectopic expression of this 

oncohistone, in combination with its recurrent genomic alterations, did not give rise 

to tumors, thus challenging previous findings94,100. 

The origins of hemispheric G34 gliomas are far less studied, therefore no 

candidate cell-of-origin has been proposed yet. So far, we only know from the 

Pathania et al. study that no tumors formed when H3.3G34R was injected into 

embryonic hindbrain (E12.5) or cortex (E13.5) via intra-uterine electroporation, 

whether being in combination with Trp53 loss and/or ATRX94. 

 

Histone H3 variants and their link to cancer 

Histone H3 variants 

To address the effects of histone H3 mutations on tumor growth, it is important to 

first understand the primary functions of the core histones H3 and their variants. Two 

core histones H3 (H3.1 and H3.2), four variants (H3.3, histone H3-like centromeric 

protein A – CENPA – , H3.Y, H3.X) and two testis specific variants (H3.1t and H3.5) 

have been described to date101. At the protein level, the primary sequence may vary 

from one histone variant to the other, with H3.3 remaining the closest related to 

canonical histone H3.1 and differs by only five amino-acids102. Next to their variable 

protein sequence, histone variants differ in their expression patterns. Canonical 

histones H3.1 and H3.2 are encoded by a cluster of ten and three genes, 

respectively, and are therefore the most abundant variant in mammalian cells103,104. 

They are incorporated into chromatin in a replication-dependent manner during S-

phase. On the contrary, non-canonical histone H3.3 is encoded by two separate 

genes, H3F3A and H3F3B. H3.3 is expressed and deposited onto chromatin 

throughout the cell-cycle101.  

Histones are an essential constituent of chromatin. All histone variants 

exhibit core structural roles in the packaging of DNA and in regulation of gene 

expression. Histones represent the platform for many enzymes that modify them on 

specific amino-acid residues.  Many of these chromatin modifiers have essential 
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roles in development, proliferation, differentiation and also described roles in cancer 

development105,106.  

In addition to their canonical role in the packaging of chromatin and 

modulation of gene expression, histones H3.1 but mostly H3.3 carry out functions 

linked to maintenance of genomic integrity. For instance, H3.3 is enriched in regions 

where genome stability is at risk, such as telomeres and pericentric heterochromatin. 

In addition, H3.3 has been implicated in both single- and double-strand DNA break 

repair. Thus, histones are the site of a large panel of possible post translational 

modifications (PTMs) leading to a plethora of possible PTMs combinations regulating 

chromatin processes from transcription to DNA repair. All of which may exacerbate 

the impact of a mutation107. 

Multiple histone H3 mutations have been identified, all somatic, 

heterozygous and mutually exclusive9,69,108–110. It is intriguing that always only one 

allele is affected. This raises the idea of a strong transforming power of the 

oncohistones. Oncohistones have first been reported in pediatric gliomas71,100. Since 

then, multiple other (pediatric) malignancies were linked to oncohistones110–115 and 

notwithstanding that all four core histones have been found mutated in various 

pathologies, histone H3 mutations remain the most common76. 

H3.3G34R/V and its relation with SETD2 

The G34R/V mutation affects the non-canonical histone variant H3.3 at an amino 

acid residue in close proximity to an important site of post-translational modification, 

the lysine (K) 36 on the H3 tail. The H3K36 residue is a target site for methylation by 

the trimethyl-transferase SETD2 and participates in gene activation116–118. It is 

thought that the mutated residue is trapped within the catalytic site of SETD2 and 

thereby inactivates its methylase activity119. This leads to a loss of H3K36 di- and tri-

methyl marks on the nucleosomes harboring the oncohistones87. However, the effect 

of SETD2 inhibition remains local and does not affect the global H3K36 methylation 

landscape121. In consequence, the downstream effect at the gene expression level 

remains subtle and does not explain the oncogenic power of this oncohistone. 

Interestingly, several recent studies have linked the H3K36me3 mark to various DNA 
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repair pathways122–124. Therefore, H3.3G34R/V may be associated with an additional 

effect on genome maintenance, which adds another layer to the understanding of its 

oncogenic potential120,125.  

H3K27M and its relation with EZH2 

By a comparable mechanism, H3K27M is thought to inhibit the methylase activity of 

EZH2, a H3K27 methyltransferase enzyme, constituent of the Polycomb repressive 

complex 2 (PRC2). Although the mutant histone only accounts for 5-15% of the total 

histone H3 pool, its presence leads to a global hypomethylation with a genome-wide 

loss of H3K27me2/3 marks100. Because the H3K27 residue is also a site of acetylation 

by histone acetyl-transferases (HATs), hypomethylation leaves room for installment 

of a hyperacetylated phenotype and in consequence de-repression of normally 

repressed genes100,126,127. Curiously, genome-wide analysis of H3K27me3 

distribution showed loci-specific enrichment of the mark besides the global 

hypomethylation, meaning that residual activity of the PRC2 complex exists that may 

be necessary to sustain tumor growth126,128–130.  

Furthermore, adding another layer of complexity, the differential distribution 

across the genome between H3.3 (located on active genes, heterochromatic regions 

and telomeres) and the canonical histones H3.1 and H3.2 (distributed across the 

whole chromatin) suggests that their oncohistone counterparts H3.3K27M and 

H3.1/.2K27M exert different genome-wide effects depending on their chromatin 

location101,131,132. 

 

Future of oncohistone-driven gliomas in the clinic 

The fundamental knowledge on the origin of the histone subtypes gives important 

insight into future clinical applications in the treatment of these tumors. Much can be 

learned from the Medulloblastoma field where molecular subtyping considerably 

changed how clinicians look at the disease and influenced treatment strategies (See 

Medulloblastoma section). Indeed, various studies, including ours (see Chapter 3 

of this thesis) showed that treatment needs to vary from one cell-of-origin to the next. 

Thus, glioma subtypes should be treated as separate entities as the molecular 
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oncogenic drivers differ significantly, and their sensitivity to different treatments will 

vary too. For instance, H3.3 gliomas have a more “cell-cycle/DNA repair” signature 

(Fig 5) which means that genotoxic agents might be more suitable to treat these 

types of gliomas, whereas H3.1 would be more sensitive to growth factor (receptor) 

inhibitors.  
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Concluding remarks 

Although the oncohistones harbor strong oncogenic power, they rarely occur alone 

in gliomas9. It is recommendable to take the recurrent co-occurring alterations 

identified in each histone group into account, since we believe that they give an 

indication of the developmental programs active at the time of oncogenic 

transformation. Such comprehensive insight into tumor biology is, to our opinion, 

crucial in developing therapies that are truly targeting the disease.  

In this context, infantile malignancies (SHHɣ-, SHHβ-MB, and H3.1K27M 

HGG) alter developmental pathways to sustain oncogenesis, whereas DNA repair 

and cell cycle alterations are predominantly affected in older children (SHHα-MB and 

H3.3K27M and H3.3G34R/V gliomas) (Fig 2B and 5). It is intriguing that both 

childhood SHHα-MB and histone H3.3 mutant gliomas display altered DNA repair 

pathways and substantial genomic instability with recurrent copy number alterations 

(Fig 2B and 5). In fact, these two tumor types are categorized as highly aneuploid 

within the sphere of pediatric malignancies, which typically does not exhibit extensive 

genome instability133.  

It would be interesting to fully unravel why DNA repair pathways are 

selectively co-altered at this age in the midline region of the brain, and what role 

genomic instability plays in the oncogenic process of these two malignancies. This 

might help us identify targetable vulnerabilities, as we imagine that interfering with 

increased DNA damage could be used as an Achilles’ heel, especially if these tumors 

exhibit genomic/chromosomal instability.
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SCOPE OF THIS THESIS 

As highlighted in the introductory Chapter 1, we uncover disruption of genome 

maintenance pathways as an under-investigated potential oncogenic facilitator in 

pediatric diseases, despite the acknowledged presence of genome instability in 

some SHH-MB and HGG subtypes. Therefore, Chapter 2 further digs into the role 

of genome instability in tumor development through the lens of developmental 

biology. It describes how fluctuating genome maintenance pathways during central 

nervous system development create intrinsic windows of vulnerability for 

neurodevelopmental disorders and oncogenesis. 

Looking into tumor origins, Chapter 3 elaborates on the transcriptional 

landscape of the SHH-MB cell lineage-of-origin, the cerebellar granule neuron 

progenitor (CGNP). Here, we discover cell-of-origin age-specific transcriptional 

programs reflected in SHH-MB, which further enables to sub-stratify SHH-MB into 

subtypes according to shared transcriptional programs with developing CGNPs. This 

has led to the identification, among others, of an enrichment for processes linked to 

cell-cycle regulation and genome maintenance pathways in neonatal CGNPs, which 

high expression coincided with a subset of older patients’ transcriptomes. This 

finding suggests that a spurt in CGNP proliferation might be a critical event during 

cerebellar development that brings along the risk of developing child- and adulthood 

medulloblastoma due to increased replication dependent genome instability. 

Therefore, in Chapter 4, we set out to investigate the consequences of 

genomic instability during cerebellar development and if this could lead to 

medulloblastoma initiation. By the means of a transgenic mouse model using Mad2l1 

and Trp53 conditional knockout alleles, we were able to specifically target 

chromosomal instability (CIN) to the MB cell lineage-of-origin. Our data provided the 

knowledge that the highly proliferative cerebellum is able to overcome CIN. Indeed, 

mutant mice developed normally seemingly without being vulnerable to CIN-induced 

oncogenesis in the cerebellum. This finding raises an important question concerning 

aneuploidy tolerance in the cerebellum and in the central nervous system in general.  
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In Chapter 5 we investigate the identity of the histone H3.3 mutant pontine glioma 

cell-of-origin. We generated a map of histone variant usage over postnatal hindbrain 

development and uncovered the pons region of the brain to use more H3.3 variant 

at neonatal time points than other brain parts. Based on this map, we were able to 

isolate a pontine neural stem cell that conserved the histone usage landscape upon 

in vitro culturing, as well as core transcriptomic and behavioral characteristics. 

Altogether, this chapter lays the foundation for the identification of the presumptive 

H3.3 pontine glioma cell-of-origin and opens the avenue for better tools to model and 

therefore understand pontine glioma initiation. 

Towards a better understanding of H3.3 glioma initiating pathways, Chapter 

6 uses an in vitro model to look at the consequences of histone H3.3 mutations on 

the maintenance of genome integrity. In this chapter, we uncover a vulnerability to 

replication stress induced genomic instability in an oncohistone chromatin context. 

This chapter clearly shows how disturbing histones (e.g., by mutations) causes 

pleiotropic effects, from transcriptional imbalances to genome maintenance 

disruption. 

Finally, in Chapter 7 we summarize and discuss the results described in this 

thesis. 
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