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General discussion 

Pediatric brain tumors are the leading cause of cancer-related deaths in children. 

The high incidence of brain malignancies in children as opposed to adults is 

suggestive of an important role for deregulated developmental processes in driving 

tumorigenesis. This defines pediatric brain cancers as a disease of development. In 

consequence, elucidating the tumor oncogenic pathways through the lens of 

developmental biology might shed light on two critical questions: where do these 

cancers originate from, and how are they formed?  

Providing answers to these questions will lead to the identification of the 

tumor cells-of-origin and help unravel the developmental pathways hijacked to 

sustain tumor growth. Ultimately, the aim is to discover novel therapeutic targets that 

in the future can be used to develop a precision medicine approach for these deadly 

diseases. The work in this thesis is directed towards these aims and focuses on the 

two most common pediatric brain malignancies: medulloblastoma, a neuronal tumor 

of the cerebellum (Chapter 3 and Chapter 4) and histone mutant gliomas, a glial 

tumor of the brainstem (Chapter 5 and Chapter 6). Below, we integrate and discuss 

the key findings of this thesis: Firstly, by redefining the developmental context in 

which medulloblastoma and high-grade glioma arise, and the key implications this 

offers for clinical management. Secondly, by linking medulloblastoma and high-

grade glioma initiation to specific features of the developing brain - that is - its 

exposure to endogenous genome instability, creating a vulnerability for oncogenic 

transformation at multiple levels. Finally, we discuss what modelling genomic and 

chromosomal instability in neural stem/progenitor cells in vitro and in vivo has taught 

us.  

 

Developmental origins of medulloblastoma and histone mutant gliomas 

Brain malignancies are the most common solid tumors in children. In contrast to 

adults, where mutations observed in most tumors have an environmental etiology, a 

large subset of genomic alterations in pediatric brain cancers takes origin in the 

germline and have been related to a cancer predisposition syndrome (CPS)1,2. For 
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example, patients with Gorlin syndrome are predisposed to sonic hedgehog 

medulloblastoma (SHH-MB), whereas pediatric high-grade gliomas (pHGG) are 

commonly found in several CPS, namely Li Fraumeni syndrome (LFS), constitutional 

mismatch repair deficiency syndrome, and neurofibromatosis 12. In total, almost 25% 

of pediatric HGG or SHH-MB might harbor a pathogenic germline mutation3. This 

highlights the susceptibility of neuronal tissue to genomic alterations acquired in 

early development. However, not all pediatric brain cancers have been linked to a 

CPS and their relation to brain development still remains unclear. In Chapter 1 we 

review the extensive knowledge acquired on the understanding of the 

pathobiological mechanisms of pediatric medulloblastoma and histone mutant HGG. 

We highlight the age restricted anatomical distribution of these tumor types, where 

spatiotemporal tumor distribution strongly suggests a tight link to development. This 

argues towards the existence of a specific time-window in which the cancer cell-of-

origin is more vulnerable to unique oncogenic hits.  

In this line, Chapter 3 aims at unravelling the temporal behavior of the SHH-

MB cell-of-origin, the cerebellar granule neuron progenitor (CGNP), during cerebellar 

development, to identify vulnerable windows for medulloblastoma-genesis. In this 

study, we established the sequential transcriptional programs driving the expansion 

and maturation of the developing CGNP lineage. By performing a cross-species 

comparison between the CGNP transcriptional programs and medulloblastoma 

transcriptomes, we showed specific CGNP age-related gene expression programs 

that are mirrored in human SHH-MB, and may enable further sub-categorization into 

SHH-subtypes (Chapter 1 and ref4). Importantly, we showed that younger CGNPs 

might be more affected by alterations in cell cycle regulation and genome 

maintenance pathways. On the contrary, older CGNPs seem to rely more on primary 

cilia expression, which coincides with increased sensitivity to SMO inhibition (the 

latter being a common strategy in treating recurrent SHH MB). This finding has an 

important implication for disease management, as it argues that infant and adult MB 

should not be treated the same way. Various clinical trials have already addressed 

the effects of SHH pathway inhibition with Vismodegib or Sonidegib (SMO inhibitors) 

in recurrent SHH-MB. Molecular analysis of the responders underscores the 
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importance of performing genomic characterization of the tumors to faithfully identify 

target populations that will benefit from SMO inhibitors, i.e., SHH-MB with upstream 

pathway mutations, namely in PTCH1 or SMO itself5–7. Unfortunately, although 

fundamental research has enabled a significant shift in the understanding of the 

molecular mechanisms driving MB, a shift in clinical trial design remains to be 

completed, where an intelligent construction of inclusion criteria should be based on 

prior interrogation of molecular specificities of the patients. 

Also looking beyond medulloblastoma, it seems that a “cocktail of 

oncogenicity” is required in the central nervous system to promote tumor initiation. 

This cocktail could include the intrinsic transcriptional programs of the cell-of-origin 

coupled to specific oncogenic triggers that would act in concert to help tumor 

initiation and growth. For example, similar findings have been made concerning 

histone mutant gliomas, where a specific oncohistone can only transform a particular 

glial precursor at a specific time point of its development8. However, unlike SHH-MB, 

the precise cellular origins of histone mutant gliomas are still elusive. Therefore, 

tracking down the cell-of-origin from the tumor’s known oncogenic drivers might be 

a way to identify potential candidates.  

Our approach to elucidate the brainstem glioma’s cell-of-origin in Chapter 5 

stems from the idea that the tumor initiating environment may specifically select a 

H3.3 variant mutation (H3.3K27M) in the brainstem, because at the time of 

transformation, a particular histone variant may have a unique and indispensable 

role in the development of this compartment. Thus, looking at the histone variant 

usage over development could point towards a window of time where H3.3 is 

specifically required in the pons or brain midline (thalamus, medulla, spinal cord) and 

therefore more prone to acquire mutations. This idea echoes with findings in 

Xenopus development, where H3.3 seems more required at certain developmental 

stages, highlighting an evolutionary conserved role for H3.3 during development9. 

We and others uncovered the neonatal pontine stem cell as potential cell-of-origin 

candidate for DIPG due to its greater histone H3.3 usage, SHH responsiveness and 

preserved Pax3-dependent transcriptional programs mirrored in H3.3K27M tumors 

as well10–14. However, it remains elusive what role the histone variant H3.3 plays in 
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brain development pathways. Others studied the expression of H3.3 in early cortical 

brain development. They showed histone H3.3 to be detectable already at embryonic 

day 10 (E10) with a gradually increased expression until E13.5. Thereafter, the 

expression waned between E15.5 and birth (P0)15. Thus, it seems that H3.3 exerts 

two peaks of expression, one during embryogenesis and another perinatally 

(Chapter 5). Intriguingly, this finding of a bimodal H3.3 expression may coincide with 

the start of neurogenesis and gliogenesis in the CNS, processes characterized by 

extensive neural stem cell (NSC) proliferation and differentiation.  

NSCs are cells that self-renew and differentiate into two major cell types: 

neurons and glial cells (astrocytes or oligodendrocytes). The shift from self-renewal 

to production of neurons (neurogenic switch) or glial cells (gliogenic switch) is 

accompanied by epigenetic and transcriptional changes16,17. Both neurogenic and 

gliogenic gene promoters undergo histone modifications, which ensure the 

sequential production of each cell type at appropriate stages of development. H3.3 

has been shown to be deposited onto lineage-specific genes to maintain them in a 

poised state; a state whereby genes are silenced but ready for transcription, and 

thus harbor both repressive (H3K27me3) and active (H3K4me3) histone 

modifications18,19. This is thought to confer transcriptional plasticity16,19,20. This 

bivalent state has an important significance in NSCs, where the equilibrium between 

H3K27me3 and H3K4me3 regulates the preference for neurogenesis or 

gliogenesis17. Interestingly, Polycomb group (PcG) proteins mediate the transition 

from neurogenesis to gliogenesis by repressing neurogenic genes and facilitating 

the expression of gliogenic genes17,21,22. Enhancer of Zeste 2 (EZH2), one of the 

PcG components part of the PRC2 complex and the moiety inhibited in H3K27M 

gliomas, is responsible for H3K27me3 deposition23. At the start of the gliogenic 

phase, EZH2 becomes highly expressed in NSCs. Through H3K27me3 mark 

deposition, it prevents the expression of neuronal genes at the onset of 

gliogenesis17. This might explain why H3K27M oncohistone is prevalent in younger 

patients, as its functional role takes place early in gliogenesis22,24,25. On the other 

hand, the H3K36me3 modification has been shown to peak later in more committed 

progenitors, which correlates with the older age of H3G34R/V glioma patients25,26. In 
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this context, absence or mutations of H3.3 would exert a greater effect upon exit 

from stemness18. Interestingly, H3.3 accumulates in post-mitotic neuronal and glial 

chromatin with age in order to control cell type-specific gene expression programs 

and physiological plasticity, which underscores the importance of maintaining a H3.3 

pool from neurogenic/gliogenic conversion and therafter27. 

Given the high degree of homology between H3 variants, this raises the 

question of the specific role of histone variant H3.3 over canonical histones during 

cell fate transition. H3.3 differs from canonical histone H3 by only 4–5 amino acid 

residues. Within the N-terminal histone tail, Serine 31 (S31) is the only residue 

unique to H3.328,29. Importantly, a study in mouse embryonic stem cells (mESCs), 

and another in Xenopus, pointed out a unique role for S31. S31 phosphorylation has 

been shown to stimulate acetylation of H3K27 at enhancers via p300 activation, 

providing a chromatin state permissive to the embryonic development program, 

bringing a direct unique transcriptional identity to H3.39,30. Cells lacking H3.3S31 

exhibited reduced capacity to acetylate enhancers involved in differentiation, along 

with reduced ability to reprogram cell fate. Conversely, the phospho-mimetic H3.3 

S31D exhibited an increase in H3.3K27ac and a loss of H3.3K27me3 in cis9. Thus, 

the actual need for H3.3 may be linked to the capacity of its S31 residue to become 

phosphorylated. Moreover, the close proximity of other important histone marks 

might suggest a crosstalk between these marks during cell fate maintenance and 

conversion. Indeed, binding of an H3.3 Lysine 36 reader and elongation factor, 

ZMYND11, has been shown to be negatively affected by Serine 31 phosphorylation 

and by the H3.3 K36M and G34R/V mutations identified in human cancers31,32. As 

an alternative, the H3.3 K27M and G34R/V point mutations seen in pediatric gliomas, 

and H3.3 K36M in chondroblastoma, could themselves impact on H3.3 S31 

modification and the residue’s function(s) thereafter. 

 Yet it remains curious that H3.3S31 is not directly mutated in malignancies, 

but rather the neighboring K27, G34 and G36 residues 25,33–37. This might be 

explained by the embryonic lethality that the H3.3S31 mutant would cause due to its 

pleiotropic roles in transcription, but also its role in maintenance of genome integrity. 

Indeed, knock-out of H3.3 in mESCs led to mitotic abnormalities and embryonic 
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lethality38,39. In this line, H3.3 S31 phosphorylation has been shown to coat lagging 

chromosomes as a radar for suppression of aneuploidy via p53 activation, and 

possibly be part of a chromosome separation checkpoint which role is to sense 

merotelic attachments otherwise unchecked by the spindle assembly checkpoint 

(SAC)40,41 (see Chapter 2  and Appendices).  

Noteworthy, neural stem cell fate conversion dictates a switch in cell division 

modes from symmetric to asymmetric mode42,43. Asymmetric cell division allows less 

committed cell types to self-renew whilst producing differentiated cells of the 

neuronal or glial lineage44. This process also needs to be tightly regulated and the 

mitotic spindle orientation has been shown to play an important role in this45. The 

role of H3.3 in mitotic signaling is interesting, as this histone variant could in one go 

bridge and control two important cell-fate decision mechanisms of 

neurodevelopment: the transcription of cell fate determinants and the determination 

of cell division modes. Studies in Drosophila have shown that disruption of 

asymmetric cell division leads to abnormal proliferation and genomic instability46. 

Therefore, the disruption of asymmetric cell division is one possible mechanism at 

the root of neoplastic transformation, producing daughter cells with increased 

replicative potential and susceptibility to tumorigenic transformation47,48. It might be 

of interest to assess the role of H3.3(S31) in asymmetric cell division, and test if 

mutations in this histone variant disrupt the pathways that could also explain the 

genomic instability observed in these tumors (Chapter 6 and ref3,25). 

Altogether, more insight into the complex interplay between the H3.3S31 

histone mark and other marks during reprogramming, differentiation and CNS 

development might shed light on why specifically H3.3 is mostly affected by point 

mutations in pediatric gliomas. Furthermore, deciphering the histone combinatorial 

code during neural development per brain area and cell-of-origin might help 

understand the obvious selective pressure for H3.3G34R/V oncohistone in 

hemispheric brain and H3.3K27M in the midline brain. 
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Tolerance of aneuploidy in the neural compartment: a potential route to 

cancer? 

Aneuploidy in the brain 

Not all cell types are identically sensitive to CIN nor do they tolerate aneuploidy 

equally49–58. When provoking CIN in vivo, tissues acquire tissue-specific copy 

number gains or losses, indicating tissue-specific tolerance and karyotype selection 

that is also mirrored in the related tumors57,59–61. The brain is here of particular 

interest as highlighted in Chapter 2. Studies identified over 30% of normal neurons 

to be aneuploid, although to date these numbers remain controversial62. It seems 

that normal brain development uses aneuploidy to shape its diversity and implement 

neuronal plasticity56. Many developmental and neuro-degenerative disorders have 

been linked to aneuploidy63–66. Moreover, brain cancers, both in adults or in children, 

are among the most aneuploid ones3. In Chapter 1, we asked the question as to 

why specific age groups of medulloblastoma and HGG are more aneuploid, whereas 

some subtypes are devoid of chromosome copy number alterations.  

H3.3 oncohistone and genome instability 

The latter is for example the case in the group of histone-mutant HGG, where 

gliomas harboring point mutations in the histone variant H3.3 show increased 

aneuploidy. In Chapter 6, we set out to decipher the mechanisms underlying the 

increased chromosomal instability observed in a H3.3 K27M overexpressing cell line. 

Our H3.3 K27M mass-spectrometry interactome analysis led us to investigate the 

response of the histone mutant cell line to replication stress, and uncovered 

hypersensitivity reflected by increased occurrence of DNA ultrafine bridges, a 

potential novel source of genome instability in H3.3 K27M tumors that deserves 

further investigation.  

H3.3 oncohistone, replication and neurodevelopment 

Our study in Chapter 6 identified a cluster of “replicative proteins” enriched in mitotic 

chromatin containing the H3.3K27M mutant. Mechanistic insight into the molecular 

explanation for this warrants further investigation as this defective process could be 

exploited for treatment. Based on the current literature and on the work in this thesis, 
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we can already generate some fundamental hypotheses. First of all, it seems easy 

to conceive that any disruption of the chromatin landscape (e.g. histone post-

translational marks) might affect separately yet simultaneously all of the phases of 

the cell cycle, where especially disruption of mitosis and replication would lead to 

GIN/CIN. Yet few studies have investigated the consequences of, for instance in our 

case H3K27me3 downregulation due to H3.3K27M mutant, on each phase of the 

cell cycle. This is where our work in Chapter 6 appears crucial, as we unveil specific 

interactions of histone (mutant) H3.3 in mitosis that seems to reflect compensation 

from a defect in the pre-mitotic stages, presumably during replication where genomic 

integrity is at stake and needs to be maintained as well. 

Chapter 2 highlights the role of replication stress-dependent DNA damage 

as a neurodevelopmental process shaping neuronal diversity at the cost of 

sensitizing the brain to developmental defects and degeneration56,67–69. Thus, the 

major source of genome/chromosome instability in the developing brain is attributed 

to replicative stress. Replicative stress describes all aberrant events occurring during 

DNA synthesis and leading to replication fork slowing or stalling70–72. Under 

physiological conditions, the MCM complex assembles in G1 as a pre-replisome 

complex on DNA in a process called origin licensing 73. In late G1 and S-phase, 

interaction with the replicative helicase converts the structure into the replicative-

complex that initiates replication, or origin firing 74. The regulation of replication origin 

licensing counteracts replicative stress. Indeed, only a fraction of licensed origins are 

fired, the rest remains dormant and acts as a buffer in case of replication fork arrest75. 

From a neurodevelopmental perspective, origin licensing in the developing 

neural compartment is a process that needs tight regulation as any defect has been 

linked to neurodevelopmental disorders such as microcephaly76. Interestingly, the 

time allocated for origin licensing – during G1 phase -- in developing neural cell 

populations dictates their response to RS. During the expansion phase of the 

developing cortex, NSCs exhibit a short cell cycle while the length of the G1 phase 

gradually increases as these cells become more specialized77,78. Thus, early NSCs 

fire a high number of replicative origins due to this short cell cycle to enable complete 

DNA duplication79. In consequence, this restricts the number of dormant origins 
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available to eventually buffer replication defects. As the cell cycle length of NSCs 

progressively increases, more dormant origins become available and NSCs become 

less sensitive to replicative stress.  

At the molecular level, specific chromatin states have been linked to 

replication origin licensing. Indeed, nucleosomes containing H3K27me3 and 

H3K9me3 marks have been found to bind the Origin Recognition Complex (ORC) 

throughout the cell cycle80. ORC is a member of the pre-replicative complex that 

licenses replication origins81–83. This raises the question whether a H3.3K27M 

chromatin would impact ORC binding and therefore replicative origin licensing, 

ultimately impacting the response to RS. In Chapter 6, together with MCMs, we also 

identify Nucleophosmin (NPM), which is required for the initial binding of ORC to 

DNA84, however we do not identify ORC as a direct interactor with H3.3 in mitosis. It 

remains of interest to further investigate the relationship between H3.3-MCM, NPM 

and ORC as it might unveil the molecular mechanism underlying the sensitivity of 

H3.3K27M to replication stress by disrupted origin licensing. 

 

H3.3 oncohistone and DNA repair 

Moreover, the analysis of H3.3 K27M interactors uncovered several other differential 

binding partners that could be of interest for exploration. For instance, Poly (ADP-

ribose) polymerase 1 (PARP1), an important actor in non-homologous-end-joining 

(NHEJ), homologous recombination (HR), and base/nucleotide-excision repair (BER 

and NER) DNA repair pathways, has been shown to loosen interaction with H3.3 

K27M in our mass-spec pull-down data85,86. Interestingly, studies using in vivo 

conditional PARP1 deletion showed the CNS to be particularly vulnerable as PARP1 

knock-out mice exhibited reduced brain weight due to defective neurogenesis87. In 

line, PARP1 was also shown to have a role in stem cell maintenance and 

differentiation, as loss of PARP1 pushed NSCs into differentiation and acquisition of 

a glial lineage87–90. On another line, PARP1 knock-out increases latency of TP53 

knock-out tumors despite the presence of genome instability in those tumors86,91. It 

would be of interest to assess the consequence of the H3.3 K27M – PARP1 loss of 

interaction on PARP1 activity – residual activity or complete loss? -- and define the 
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consequential phenotype. Indeed, 70-100% of H3.3 mutant gliomas have alterations 

in the p53 pathway, thus complete inhibition of PARP1 might be a therapeutic 

strategy to consider25.  

In seems that a particular combination of mutations correlate with 

aneuploidy and plays in concert to increase genome instability in H3.3 K27M 

gliomas92. For instance, a loss-of-function mutation in Alpha-thalassemia/mental 

Retardation syndrome X-linked (ATRX) is an obligate partner in most H3.3 mutant 

gliomas25. Besides its H3.3-chaperoning role in deposition on pericentric and 

telomeric regions93, several roles in the maintenance of genome integrity have been 

attributed to ATRX: a role in telomere maintenance94, but also in replication-stress 

response pathways 95–99. Indeed, ATRX was found to localize at stalled forks and on 

common fragile sites (CFS), the latter being late replicating regions that are first 

affected when RS occurs 100. ATRX is thought to deposit H3.3 at CFS in order to 

regulate their stability by facilitating double strand break repair101. In this context, and 

given the results presented in Chapter 6, it would be of interest to draw on the 

existing relationship between H3.3 mutants, ATRX mutants and the replication stress 

response, and investigate if H3.3 and ATRX mutations display an epistatic 

relationship to replication stress in order to induce tumorigenesis. This cocktail of 

mutations might offer the possibility for a synthetic lethality approach to treat H3.3-

ATRX mutant gliomas with a high proliferative index102.  

Facilitating the tolerance of aneuploidy in the brain: a central role for p53? 

Inactivation of the guardian of the genome, p53, synergizes with CIN in malignant 

transformation and aids aneuploid cells to become cancerous103. p53 is activated 

upon DNA damage and results in G1 and G2 arrests at cellular checkpoints to enable 

DNA repair, or if not possible, induce apoptosis104. It remains intriguing that a vast 

majority of histone mutant aneuploid HGG co-alter p53 or other elements of the 

pathway, including PPM1D amplifications, which major function is to reverse the p53 

response25,105. Moreover, the most aneuploid subtype of SHH-MB, type SHHα, is 

defined by TP53 mutations as well, which suggest that in both cancer types, p53 

loss facilitates tolerization of aneuploidy.  
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Perhaps the reason for this prevalence of TP53 mutations in aneuploid brain 

cancers can be found in their neurodevelopmental origin. The developing CNS is 

very sensitive to p53-mediated apoptosis when DNA damage occurs106–108. This 

suggests that stringent control must prevent p53 activation when the amount of 

stressors is absent, or low109,110. It seems that the developing CNS has put on self-

control mechanisms that allow high levels of proliferation during development without 

activating p53 responses. Thus allowing, perhaps at the expense of genome 

integrity, acute proliferation in the CNS. An example can be found in the developing 

cerebellum, where the morphogen and mitogen SHH increases MDM2-mediated 

degradation of p53, thus abrogating the p53-mediated cell cycle arrest and apoptosis 

when SHH secretion is high. This could promote tolerance of replication dependent 

DNA damage, aneuploidy and perhaps even neoplastic transformation111. Moreover, 

there is growing evidence that p53 may have a role in CNS development by 

regulating NSC self-renewal, differentiation, and cell fate determination110,112. It 

would be of interest for future studies to determine if there is a lineage and maturity-

specific effect of p53 loss-of-function in the brain47.  

Modelling chromosome instability in vivo 

In Chapter 4, we show a time point in development where neonatal CGNPs, the 

SHH-MB cells-of-origin, upregulate DNA repair and cell-cycle pathways at the 

transcriptional level, potentially to anticipate a high load of endogenous DNA 

damage that accompanies the surge of SHH-induced cerebellar proliferation that 

takes place around birth. This seems contradictory with the previous remark on SHH 

downregulating p53 via Mdm2111. It has to be noted that the above mentioned study 

was performed in MEFs and looked at protein levels only111. In our study, Mdm2 

mRNA levels in CGNPs suggest stabilized levels from the start of SHH-induced 

proliferation (E18.5) up to P7, when proliferation ceases (data not shown), as 

opposed to Trp53 levels peaking at P0 and decreasing thereafter (Chapter 4, Fig 3). 

Moreover, mRNA levels of the p53 apoptotic (i.e., Puma and Noxa) and cell-cycle 

(i.e., p21) target genes follow Trp53 levels up to E17.5, but when SHH secretion 

starts at E18.5, Puma, Noxa and p21 mRNA levels decrease (data not shown)104. 

This might indeed suggest a lower transcriptional p53-dependent activation of 



General discussion & conclusion 

207 

 

7 

apoptotic and cell cycle target genes despite a high proliferation when SHH pathway 

is active in vivo, which might be due to sustained p53 inhibition by Mdm2 during this 

period. However, this issue requires to be addressed using further functional 

analyses.  

In Chapter 4, we asked a related question, namely whether this vulnerability 

to genomic instability during acute proliferation in the CGNP lineage could be 

employed for tumor initiation and growth. To test this, we modelled cerebellar CIN in 

vivo by the means of transgenic mouse models that use spindle assembly checkpoint 

(SAC) deficiency to trigger chromosome mis-segregations in CGNPs. The 

combination with Trp53 deletion was supposed to help tolerize the acquired 

aneuploidy. However, to our surprise neither neonatal nor embryonic SAC and Trp53 

allele deletions led to aneuploidy. However, we noted that Trp53 was inefficiently 

deleted in the developing cerebellum. The deletion was however potentiated when 

co-deleted with SAC component Mad2 in neonates. This finding is intriguing, as other 

mouse models have performed Trp53 (co)deletion in the CGNP lineage successfully, 

although this was done constitutively and not using an inducible system like 

ours113,114. We also cannot rule out that the effect seen is merely technical, where 

for some reason the Cre recombinase is more efficient in switching out the Mad2l1 

floxed allele than Trp53. We would need to assess this by increasing the doses of 

tamoxifen and look at the Trp53 switching landscape. 

In vitro tolerance of chromosome instability in neural stem cells 

Because it seems that there is a lineage-effect for the tolerance and adaptation to 

CIN and aneuploidy, we set out to look at how primitive, non-committed neural stem 

cells would respond to CIN (Fig1). To this end, we used a genetic Cre-lox system 

that enables induction of CIN and aneuploidy in NSCs upon 4-hydroxytamoxifen (4-

OHT) induced activity of the Cre-recombinase. This leads to the genetic deletion of 

LoxP flanked alleles of Monopolar Spindle 1 (Mps1), a key element of the SAC, 

and/or Trp53 (Fig 1A and B).  We assessed karyotype compositions of Mps1;p53 

double knock-out NSCs with metaphase spreads and showed presence of cycling 

aneuploid NSCs, which could be cultured, passaged and therefore maintained in 

vitro as aneuploid cells, as shown by karyotyping of these same switched cells at 
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later passages (Fig 1C). We ruled out that aneuploidy was due to Trp53 loss, which 

is also known to induce a subtle amount of genomic instability and aneuploidy (Fig 

1D)115. Genotyping of the NSCs to assess for allele switching over culturing-time 

showed an adaptation at the population level where p53 KO gave a growth 

advantage, however Mps1 homozygous deletion did not. Indeed, at a late passage, 

while Trp53 remains homozygously switched, it seems that cells heterozygously 

switched for Mps1 overtook the culture (Fig 1E), yet remaining aneuploid/tetraploid 

to some extent (Fig 1C; dark red dot plot).  

This brings the idea that unlike CGNPs, NSCs can adapt to an aneuploid 

state. It seems that there is a threshold of SAC inhibition that NSCs can tolerate, as 

in vitro, the population selects for heterozygous loss of Mps1 thereby preserving 

some residual SAC activity, perhaps just enough to give rise to a tolerable amount 

of aneuploidy. Above this threshold, the aneuploidy induced is too high to be 

tolerated and triggers cell death mechanisms, such as Caspase dependent 

programmed cell death, previously described to be particularly active during neural 

development to ensure a proper balance between diversity creation and 

maintenance of the genome (Chapter 2 and ref68,116). In future studies, it would be 

interesting to look at the effect of CIN and aneuploidy on the differentiation power of 

the NSCs and whether their specification to the different lineages is affected. 
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Figure 1. Inducing chromosomal instability and aneuploidy in adult murine neural stem cells 
(A) Schematic overview of the role of Mps1 in the activation of the Spindle Assembly Checkpoint (SAC). The 

SAC is activated upon unattached kinetochores (red) to a spindle microtubule. Mps1 (green) is recruited at the 

kinetochore and responsible for KNL1 phosphorylation, thus promoting the recruitment of Bub3, Bub1 and BubR1. Bub1 

also contributes to recruiting Cdc20. C-Mad2, together with BubR1, Bub3, and Cdc20 constitute the MCC. The MCC 

inhibits APC/C. In consequence, Cyclin B and Securin are not degraded and remain associated with Cdk1 and Separase, 

respectively, leading to mitotic arrest and delayed anaphase transition. Deletion of Mps1 alleviates SAC activation and 

enables anaphase transition and mitotic exit even if unattached or not properly attached kinetochores are present, 

leading to chromosome mis-segregations and aneuploidy (Abbreviations: Mps1 = Monopolar Spindle 1; C-Mad2 = 

Closed Mad2; MCC = Mitotic Checkpoint Complex; APC/C = anaphase promoting complex/cyclosome). 

(B) Schematic representation of the CreERT2-Lox system used to create Mps1 and p53 knock-out cell lines: 

treatment of the CreERT2Mps1f/f;p53f/f  or CreERT2p53f/f neural stem cells with 4-OHT in vitro enables CreERT2-

mediated switching of the floxed alleles. Mps1 and p53 alleles are flanked with LoxP sites that enable recognition by 

the CreERT2-recombinase endonuclease and removal of the flanked DNA sequence, leading to switched alleles. CreERT-

recombinase needs 4-Hydroxytamoxifen (4-OHT) to be translocated into the nucleus and exert its nuclease activity.  

(C) and (D) Karyotyping of CreERT2Mps1f/f;p53f/f  or CreERTp53f/f neural stem cells with and without 4-OHT at 

different culturing time points. (C) CreERT2Mps1f/f;p53f/f were treated with 4-OHT for 2 days and cultured for up to three 

weeks. Samples were taken for metaphase spreads to assess karyotype composition and aneuploidy at 6 days after 

initial 4-OHT treatment (light pink dot plot), at 13 days (pink dot plot), at 20 days (red dot plot) and at 27 days (dark-red 

dot plot). Un-treated control cells were sampled at the first (light blue dot plot) and last (dark blue dot plot) time points. 

(D) CreERT2p53f/f were treated with 4-OHT for 2 days and cultured for up to two weeks. Samples were taken for metaphase 

spreads to assess karyotype composition and aneuploidy at 15 days after initial 4-OHT treatment (green dot plot). Un-

treated control cells (yellow dot plot) were sampled at this same time point. 

(E) Genotyping of CreERT2Mps1f/f;p53f/f  neural stem cells with and without 4-OHT at different culturing time points. 

CreERT2Mps1f/f;p53f/f were treated with 4-OHT for 2 days and cultured for up to three weeks. Genomic DNA samples were 

taken for genotyping to assess allele switching efficiency at 6 days after initial 4-OHT treatment (early passage) and at 

27 days (late passage). Un-treated control cells were sampled at the latest time point. 
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Concluding remarks 

The work presented in this thesis addresses the contribution of genome 

maintenance pathways to the initiation and progression of the most common brain 

cancers in children, medulloblastoma and histone mutant HGG. Acquisition of 

genome instability during the development of these childhood brain cancers can be 

explained by the specific characteristics of two normal neurodevelopmental 

processes: firstly by the intrinsic predisposition of the highly proliferative developing 

CNS to endogenous DNA damage, and secondly by the evolutionary fluctuation of 

genome maintenance pathways in response to damage during CNS development, 

which allows a basal level of GIN that positively contributes to neuronal 

diversification and plasticity. Nonetheless, at certain time points these processes 

might act at the expense of genome integrity, especially when predisposing 

mutations co-occur (e.g. Histone mutations, TP53 or SHH mutations). Thus, this 

thesis defines genome maintenance pathways as core developmental processes, 

which can be hijacked by the cells when becoming cancerous to accelerate the 

process of tumorigenesis. 

Furthermore, this thesis highlights the importance of accurate models for 

childhood brain cancers, where the intrinsic features of the cells-of-origin need to be 

acknowledged. Therefore, tracking the cells-of-origin and elucidating their core 

behaviors regarding DNA damage control and chromosomal instability will deepen 

the knowledge on how they adapt to genome instability, as well as give insight in 

their aneuploidy-coping mechanisms that can both be employed in the related 

tumors. In the future, this offers new targetable opportunities to improve treatment 

strategies for these deadly diseases.   
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