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Abstract 

Understanding the molecular mechanisms underlying tumorigenesis not only provides 

insights into putative, targeted therapies but also elucidates key elements of normal development. 

Medulloblastoma (MB), the most common pediatric brain malignancy, can originate from 

cerebellar granule cell precursors (GCPs). This neoplastic transformation of GCPs is a multistep 

process, in which sustained activation of Sonic hedgehog (Shh) signaling is a key early event that 

is accompanied by collaborative mutations.  

 In the third chapter of this thesis, I focus on the Shh co-receptor Brother-of-Cdo (Boc). 

Previous work from our lab has demonstrated that Boc is necessary for Shh-induced DNA 

damage and that deletion of Boc drastically reduces tumor incidence in the Patched1 

heterozygous (Ptch1+/-) mouse model of MB. As Boc is strongly expressed in human and mouse 

MB tumors, we wanted to probe the link between high Boc expression and DNA damage in 

GCPs. Specifically, we modeled upregulation of Boc through transient transfection of 

dissociated cerebellar cultures and showed that high levels of Boc in GCPs and non-GCPs are 

associated, at least temporarily, with phosphorylation of H2AX, a marker of DNA damage. Due 

to technical limitations of our experimental paradigm (namely the inefficient expression of Boc 

in GCPs), our efforts to uncover the molecular mechanism upstream of H2AX phosphorylation 

and to describe the activation of the DNA damage response (DDR) network are too ambiguous 

to make firm conclusions. Overall, the data provided suggest that electroporation of Boc in early 

postnatal cerebellar cells is genotoxic, likely leading to cell death; however, further work 

utilizing an alternative method to express Boc in GCPs is needed to verify this finding.  

 While exploring the role of Boc in MB tumorigenesis, our lab performed deep 

sequencing on mouse Ptch1+/- tumors with or without Boc expression. The fortuitous discovery 

of a spontaneous H1047R substitution within the phosphoinositol 3-kinase catalytic subunit 
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(Pik3ca), which encodes a constitutively active kinase, instigated the work depicted in chapter 

four. Hotspot activating mutations of PIK3CA such as the H1047R, known to be oncogenic, have 

been identified in human MB. Shockingly, generating mice with germline Ptch1+/- and spatially 

restricted Pik3caH1047R (Ptch1+/-;Pik3caH1047R) engenders tumors exhibiting elevated expression 

of genes associated with muscle identity and function. The presence of myogenic cells within 

MB tumors is characteristic of the rare variant medullomyoblastoma (MMB), and we show that 

MMB and Ptch1+/-;Pik3caH1047R tumors share transcriptional similarities. The effect of mutant 

PI3K on muscle marker expression occurs independent of Ptch1 loss in the early postnatal 

cerebellum. Intriguingly, deletion of Ptch1 and Enhancer-of-Zeste 2 (Ezh2), the catalytic 

component of polycomb repressive complex 2 (PRC2), also produces a muscular phenotype in 

advanced tumors. Inhibition of Ezh2 enzymatic activity along with Shh stimulation was able to 

trigger muscle marker expression in GCPs in vitro. This phenotype seems to be linked to changes 

in the activity rather than the expression of Myoblast determination 1 (MyoD) – the myogenesis 

regulating factor endogenously expressed in a population of proliferating GCPs. Finally, we 

found that myogenic cells do not express the GCP transcription factor Paired box 6 (Pax6) but do 

express MyoD, implying that muscle marker expression represents a change in identity. In 

conclusion, manipulation of either PI3K or Ezh2 signaling in the developing cerebellum induces 

a myogenic phenotype that signifies a fate change of GCPs, likely the result of MyoD-dependent 

transcription. This work provides both important insights into a cell-of-origin of MMB, a poorly 

characterized MB variant, and novel tools for future work that could reveal therapeutic targets 

for MMB.  
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Résumé 

Comprendre les mécanismes moléculaires responsables de la tumorigenèse permet non 

seulement d’identifier de nouvelles thérapies ciblées, mais aussi d'élucider les éléments clés du 

développement normal. Le médulloblastome (MB), la tumeur maligne cérébrale pédiatrique la 

plus courante, peut provenir de précurseurs de cellules granulaires cérébelleuses (GCP). Cette 

transformation néoplasique des GCP est un processus en plusieurs étapes, dans lequel l'activation 

prolongée de la signalisation Sonic Hedgehog (Shh) est un événement précoce et crucial, et qui 

par ailleurs s'accompagne de mutations collaboratives. 

Dans le troisième chapitre de cette thèse, je me concentre sur le co-récepteur de Shh, 

Brother-of-Cdo (Boc). Des travaux antérieurs de notre laboratoire ont démontré que la 

suppression de Boc, qui est nécessaire à l’induction par Shh de dommages à l'ADN, réduit 

considérablement l'incidence des tumeurs dans le modèle de souris hétérozygote Patched1 

(Ptch1+/-) de MB. Comme Boc est fortement exprimé dans les tumeurs MB humaines et murines, 

nous avons voulu comprendre le lien entre une expression élevée de Boc et les dommages à 

l'ADN induits dans les GCP. Plus précisément, nous avons modélisé la surexpression de Boc par 

transfection transitoire de cultures de cellules du cervelet dissociées et avons montré que des 

niveaux élevés de Boc dans les GCP et les non-GCP sont associés, au moins temporairement, à 

la phosphorylation de H2AX, un marqueur de dommages à l'ADN. En raison des limites 

techniques de notre paradigme expérimental (à savoir l'expression inefficace de Boc dans les 

GCP), nos résultats obtenus pour découvrir le mécanisme moléculaire en amont de la 

phosphorylation de H2AX ainsi que pour décrire l'activation de la réponse aux dommages à 

l'ADN, sont trop ambigus pour établir des conclusions formelles. Dans l'ensemble, les données 

fournies suggèrent que l'électroporation de Boc dans les cellules cérébelleuses postnatales 
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précoces est génotoxique, conduisant probablement à la mort cellulaire. Cependant, des travaux 

supplémentaires utilisant une méthode alternative pour exprimer Boc dans les GCP seront 

nécessaires pour vérifier ce résultat. 

Tout en explorant le rôle de Boc dans la tumorigenèse des MB, notre laboratoire a 

effectué le séquençage de tumeurs de souris Ptch1+/- avec ou sans expression de Boc. La 

découverte fortuite d'une substitution (H1047R) spontanée au sein de la sous-unité catalytique du 

gène de l’enzyme phosphoinositol 3-kinase (Pik3ca), codant pour une kinase constitutivement 

active, nous a conduit à mener les travaux décrits au chapitre quatre. Des mutations activatrices 

de PIK3CA, telles que H1047R, connues pour être oncogéniques, ont été identifiées dans le MB 

humain. De manière surprenante, la génération de la lignée de souris Ptch1+/- associée avec 

l’expression localisée de Pik3caH1047R (Ptch1+/-; Pik3caH1047R) engendre des tumeurs présentant 

une expression élevée de gènes associés à l'identité et à la fonction musculaires. La présence de 

cellules myogéniques dans les tumeurs MB est caractéristique de la variante rare du 

médullomyoblastome (MMB), et nous montrons que les tumeurs issues de MMB et les tumeurs 

issues des animaux Ptch1+/-; Pik3caH1047R partagent des similitudes transcriptionnelles. L'effet du 

mutant PI3K sur l'expression des marqueurs musculaires se produit indépendamment de la perte 

de Ptch1 dans le cervelet postnatal précoce. De façon intéressante, la suppression de Ptch1 et 

Enhancer-of-Zeste 2 (Ezh2), le composant enzymatique du complexe répressif polycomb 2 

(PRC2), produit également un phénotype musculaire dans les tumeurs avancées. L'inhibition de 

l'activité enzymatique d'Ezh2 en combinaison avec la stimulation par Shh déclenche l'expression 

de marqueurs musculaires dans les GCP in vitro. Ce phénotype semble être lié à des 

changements d'activité du facteur de régulation de la myogenèse Myoblast determination 1 

(MyoD), qui est exprimé de manière endogène chez certain GCP en prolifération. Enfin, nous 
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avons constaté que les cellules myogéniques n'expriment pas Paired box 6 (Pax6), un facteur de 

transcription typique des GCP, mais expriment MyoD. Cela implique que l'expression des 

marqueurs musculaires représente un changement d'identité. En conclusion, la manipulation de la 

signalisation PI3K ou d’Ezh2 dans le cervelet en développement induit un phénotype 

myogénique qui signifie un changement de destin des GCP, ce qui est probablement le résultat 

d'une transcription dépendante de MyoD. Ce travail fournit à la fois des informations 

importantes sur la cellule d'origine MMB, un type de cancer extrêmement méconnu, et de 

nouveau outils qui pourraient permettre de découvrir de nouvelles approches thérapeutiques 

contre le MMB. 
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DNA Deoxyribonucleic acid IGF1R IGF1 Receptor 

DOCK Dedicator of cytokinesis IGL Internal granule layer 

DSBs Double-stranded breaks IRES Internal ribosome entry site 

e# Embryonic day # KDM6A Lysine-specific demethylase 

6a 

EGL External granule layer   
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KMT2D Lysine-specific 

methyltransferase 2D 

PR-DUB Polycomb repressive 

deubiquitinase 

MAPK Mitogen-activated protein 

kinase 

PTCH1 Patched1 

Math1 Mouse atonal homologue 1 PTEN Phosphatase and tensin 

homolog 

MB Medulloblastoma PTF1A Pancreatic transcription 

factor 1a 

MBEN Medulloblastoma with 

extensive nodularity 

PWM Prospective white matter 

MEF2 Myocyte enhancing factor 2 RMS  Rhabdomyosarcoma 

MMB Medullomyoblastoma  RNA  Ribonucleic acid 

MRF Myogenic regulatory factor  RPM Rotations per minute 

mTOR mouse Target of rapamycin RT  Room temperature 

MYF5 Myogenic factor 5 SERCA1 Sarcoplasmic/endoplasmic 

reticulum calcium ATPase 1 

MYOD Myoblast determination 1 SFK Src-famliy kinase 

NOS Not-otherwise-specified SHH Sonic hedgehog 

NSC Neural stem cell SMARCA4 SWI/SNF-related matrix-

associated actin-dependent 

regulator of chromatin 

subfamily A member 4 

OTX2 Orthodenticle homeobox 2 SMO Smoothened 

p- Phosphorylated  Sox2 SRY-box 2 

P# Post-natal day # SUFU Suppressor of fused 

PALB2 Partner and localizer of BRCA2 SWI/SNF Switch/Sucrose Non-

Fermentable 

PAX6 Paired box 6 TBR2 T-box brain 2 

PBS Phosphate buffered saline TERT Telomerase reverse 

transcriptase 

PC1 Principal component 1 TNNI2 Troponin I2 

PCA Principal component analysis TNNT3 Troponin T3 

PDL Poly-D-lysine TP53 Tumor protein p53 

PDX Patient-derived xenograft TPM2 Tropomyosin 2 

PFA Paraformaldehyde tSNE t-distributed stochastic 

neighbor embedding 

PI3K Phosphoinositol-3-kinase UBC Unipolar brush cell 

PIK3CA Phosphatidylinositol-3-kinase 

catalytic subunit A 

UV Ultraviolet 

PIP2 Phosphatidylinositol (4,5)-

bisphosphate 

VZ Ventricular zone 

PIP3  Phosphatidylinositol (3,4,5)-

triphosphate 

WNT Wingless-related integration 

site 

PRC2 Polycomb repressive complex 2 γ-H2AX Phosphorylated (serine 139) 

Histone 2A.X 

PRDM6 PR/Set domain 6   



- 21 - 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 1 

Introduction  
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1.1 Exploring tumor initiation: two birds, one stone 

 The study of tumor initiating mechanisms, particularly in pediatric malignancies, lies at 

the interface of developmental and cancer biology. Cancer, a major public health concern, carries 

a lifetime risk of nearly 40% in the United States (Howlader et al., 2019). Given its wide impact, 

the identification of potential therapeutic targets is one important goal of exploring mechanisms 

of tumorigenesis. For medulloblastoma (MB), the most common brain malignancy of childhood, 

current treatments combine surgery, radiation, and/or chemotherapy, and though overall survival 

rates have improved to upwards of 70%, these therapies carry significant sequelae, such as 

secondary malignancies and neurodevelopmental deficits (Hovestadt et al., 2019a). Thus, the 

drive in the field is to cultivate more targeted treatments with less severe side effects. 

 Research into tumor formation can also provide a window into the world of normal 

development. Cancer predisposition syndromes – an umbrella term denoting those congenital 

mutations associated with an elevated risk of developing cancer – account for roughly 8% of 

pediatric tumors and 6% of MBs (Waszak et al., 2018; Zhang et al., 2015). Similar to early work 

in Drosophila, where mutagenesis was used to link genes such as Hedgehog (Hh) with their 

developmental function, the cancer phenotype resulting from germline mutations provides key 

clues about the normal function of those gene products (Nüsslein-Volhard and Wieschaus, 1980). 

For instance, Gorlin’s syndrome, also known as nevoid basal cell carcinoma syndrome, is linked 

to multiple cancer types including MB and is caused by loss-of-function mutations in Patched1 

(PTCH1) (Gorlin, 1987; Hahn et al., 1996; Johnson et al., 1996). PTCH1 is a receptor for and 

negative regulator of Hh and its mammalian orthologue Sonic hedgehog (SHH) (Briscoe and 

Thérond, 2013; Chen and Struhl, 1996; Echelard et al., 1993), and subsequent studies showed 

that SHH signaling is mitogenic for cerebellar granule cell precursors (GCPs), an MB cell-of-
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origin (Dahmane and Ruiz-i-Altaba, 1999; Schüller et al., 2008; Wallace, 1999; Wechsler-Reya 

and Scott, 1999; Yang et al., 2008).  

As illustrated in the example above, one key element in the examination of neoplastic 

transformation is the tumor-initiating-cell because it focuses functional studies through the lens 

of context. While the anatomical location, morphology, and gene expression of tumor cells can 

provide strong evidence for the cell-of-origin, model systems like genetically engineered mice 

are powerful tools not only for delivering direct evidence of tumor-initiating-cells but also for 

documenting the process of tumor development. Contained in this thesis is the tale of how my 

interest in understanding the molecular mechanisms of MB tumorigenesis steered me towards the 

rare variant medullomyoblastoma (MMB) and its cell-of-origin.   

 

1.2 Medulloblastoma 

 Bailey and Cushing originally coined the term “medulloblastoma” to define a specific 

type of brain tumor, often diagnosed in the first decade of life, that was composed of rounded 

cells with scanty cytoplasm – now referred to as classic histology (1925). Because these tumors 

were located in the cerebellum and extended to the roof 4th ventricle, they postulated that 

medulloblastomas derived from the “undifferentiated cells of the developing cerebellum.”  

As additional histology types were described, initial attempts to predict survival 

outcomes based on histopathology had mixed results (Bloom et al., 1969; Chatty and Earle, 

1971; Miles et al., 1970). In general, large cell/anaplastic (LCA) tumors are associated with poor 

prognosis while the correlation of medulloblastoma with extensive nodularity (MBEN) with 

better outcomes depends on context (Cavalli et al., 2017; Eberhart et al., 2002; Giangaspero et 

al., 1999; Giangaspero et al., 1992; Korshunov et al., 2018; Rutkowski et al., 2010). 
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Interestingly, both desmoplastic medulloblastoma and MBEN are linked to SHH signaling and 

its components (Brugières et al., 2012; Garrè et al., 2009; Pietsch et al., 1997; Pomeroy et al., 

2002). 

 Early work into the cytogenetic and molecular information of medulloblastoma revealed 

multiple recurrent events, of which the most common is isochromosome 17q (i17q) and/or loss 

of 17p (Albrecht et al., 1994; Bigner et al., 1988; Cogen et al., 1990). Other alterations include 

gain of chromosome 7, loss of 8p, and loss of 10q (Bayani et al., 2000; Eberhart et al., 2002; 

Nishizaki et al., 1999; Reardon et al., 1997). Of course, there is also loss of 9q, identified in both 

Gorlin’s syndrome and sporadic MBs, which we now know contains the PTCH1 locus (Farndon 

et al., 1992; Gailani et al., 1992; Hahn et al., 1996; Johnson et al., 1996; Schofield et al., 1995). 

In addition to comparative genomic hybridization, focal amplifications were also revealed 

through in situ hybridization for targets like MYC and MYCN (Aldosari et al., 2002; Bayani et 

al., 2000; Eberhart et al., 2002). Studies of the receptor tyrosine kinase ERBB2 (HER2), whose 

gene is located at 17q12, found that increased protein expression correlated with worse outcomes 

resulting in the launch of phase I and phase II clinical trials with the ERBB1 (EGFR)/ERBB2 

dual inhibitor lapatinib (Bautista et al., 2017; Fouladi et al., 2010; Gilbertson et al., 1992; 

Gilbertson et al., 1997; Gilbertson, 2005). Unfortunately, the drug, which had limited side 

effects, did not display any significant anti-tumor activity possibly due to inefficient central 

nervous system (CNS) penetration, so the study was closed midway (Fouladi et al., 2013).   

 Starting in the early 2000s, an outpouring of large scale, deep sequencing studies have 

improved the molecular characterizations of MB from which a consensus of the scientific 

community established four molecular subgroups: Wingless Int-1 (WNT), Sonic Hedgehog 

(SHH), Group 3 (G3), and Group 4 (G4) (Cho et al., 2011; Diede et al., 2010; Jones et al., 2012; 
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Northcott et al., 2012; Parsons et al., 2011; Pugh et al., 2012; Robinson et al., 2012). Recent 

efforts have sought to address heterogeneity within the larger subgroups by further subdividing 

tumors (Cavalli et al., 2017; Northcott et al., 2017; Schwalbe et al., 2017; Sharma et al., 2019). 

To incorporate subgroup information into clinical oncology without abandoning the previous 

histology-based diagnostic system, the current World Health Organization (WHO) classification 

of CNS tumors aimed for an integrated approach (Louis et al., 2016). Ironically for MB, the 

result is two separate classification categories: one molecular – where the SHH subgroup is split 

by TP53 (Tumor protein p53) status – and one histological – where variants other than classic, 

LCA, desmosplastic/nodular, and MBEN are lumped together as not-otherwise-specified. This 

two-tiered organization highlights an open question about the relationship, if any, that exists 

between histology and gene expression in MB tumors, and one way that current research has 

approached this is to analyze whether histology is predictive of outcome when accounting for 

molecular identity. For example, LCA tumors correlate with decreased survival in children with 

SHH-MB but are not prognostically significant in either G3- or G4-MB (Schwalbe et al., 2017).  

 

1.2.1 Medullomyoblastoma 

For more rare tumor variants, the scarcity of human tumor samples has hindered 

researchers’ ability to conclusively extrapolate prognosis and molecular profile generalizations. 

For example, MMB, later re-named medulloblastoma with myogenic differentiation, is a rare 

variant that occurs mainly in the cerebellar vermis of children with a slight bias towards males 

and that is characterized by regions of differentiated muscle cells (Louis et al., 2007). It is most 

often diagnosed by histopathology and immunohistochemistry against muscle-specific antigens 

like desmin, myoglobin, or smooth muscle actin (Table 1-1). First described in 1933 by    
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Table 1-1. MMB case studies since 2004 

No 
Age, 

Sex 

Tumor 

Location 

Histologies 

(subgroup) 
Muscle Marker IHC Cytogenetics Reference 

1 
15y, 

M 

Left CPA; 

auditory canal 
MMB desmin; myoglobin  

(Park et al., 

2004) 

2 7y, M 4th V 
MMB; cartilage; 

tubular/glandular 
SMA i17q 

(Ismail et 

al., 2005) 

3 8y, M 
Vermis  

(4th V) 
MMB myoglobin  

(Jaiswal et 

al., 2005) 

4 2y, M Cb (4th V) 
MMB; focal 

melanotic  

muscle specific actin, 

myogenin, MyoD 
 

(Nozza et 

al., 2008) 

5 
3.5y, 

F 

PF midline 

(4th V) 
MMB; melanotic  desmin  

(Mehta et 

al., 2006) 

6 3y, M 
PF midline 

(4th V) 
MMB 

muscle specific actin, 

desmin 

Trisomy 5 and 13, 

MYC gain, 1:17 

translocation; i17q; 

loss of 9 

(Lindberg et 

al., 2007) 

7 7y, M 4th V 
MMB; 

calcification 
desmin  

(Patel et al., 

2007) 

8 9y, M 
Vermis  

(4th V) 

MMB; 

calcification 
desmin  

(Chaturvedi 

et al., 2008) 

9 7y, F  Vermis* MMB myogenin  
(Er et al., 

2008) 

10 
2.5y, 

M 
Cb (4th V) 

MMB; melanotic; 

focal LCA 
desmin  

(Granese et 

al., 2008) 

11 
49y, 

M 

right Cb 

hemisphere, 

Vermis 

MMB 
SMA (neg); desmin, 

MyoD 
 

(Ke et al., 

2008) 

12 2y, M  Vermis 
MMB; melanotic; 

LCA 

muscle specific actin, 

desmin, myogenin 
MYC amp; i17q 

(Polydorides 

et al., 2008) 

13 
28y, 

M 
PF 

MMB; melanotic; 

cartilage 
SMA, desmin  

(Sachdeva 

et al., 2008) 

14 
0.5y, 

F 
PF 

MMB; melanotic; 

cartilage foci 
SMA (neg), desmin  

15 4y, M PF 
MMB; rare 

melanotic cells 
SMA (neg), desmin  

16 3y, M PF MMB SMA (neg), desmin  

17 4y, M  PF MMB SMA (neg), desmin  

18 8y, M  PF MMB SMA (neg), desmin  

19 4y, M PF MMB SMA (neg), desmin  

20 6y, M Vermis 
MMB; melanotic; 

classic 
desmin, myoglobin  

(Sakata et 

al., 2008) 

21 3y, F 

Vermis; 

spinal 

metastasis 

MMB; LCA 

SMA; muscle 

specific actin; 

desmin; myoglobin 

 

(Kido et al., 

2009; 

Yoshino et 

al., 2011) 

22 4y, M 4th V MMB; melanotic 
muscle specific actin; 

desmin; myogenin 
 

(Borcek et 

al., 2011) 

23 
21y, 

M 
PF MMB SMA; desmin  

(Rattenberry 

et al., 2011) 

24 1y, F Vermis MMB; LCA SMA, myoglobin 
Few cells with 

MYCN gains  

(Smolle et 

al., 2012) 

25 4y, F  4th V 
MMB; focal LCA 

(SHH) 
desmin, myogenin MYC amp, i17q 

(Wright et 

al., 2012) 
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26 7y, M Cb (4thV) 

MMB nodule; 

melanotic; 

cartilage; 

calcification; LCA 

desmin  
(Majumdar 

et al., 2013) 

27 3y, M 4th V 
MMB; melanotic; 

LCA 
 No MYC amp 

(Fathaddin 

et al., 2014) 

28 
3.9y, 

M 

4th V; spinal 

metastasis 

MMB; focal 

LCA; melanotic; 

cartilage; bone 

(G3/4) 

SMA; desmin 

No MYC/MYCN 

amp; No CTNNB1 

mutation; gain 1q, 

17q; loss of 8, 21q 

(Stefanits et 

al., 2014) 

29 3y, F PF MMB; LCA Myogenin 
No MYCN; MYC 

amp (8 polyploidy)  

(Crawford 

and Levy, 

2015) 

30 2y, M  
Vermis  

(4th V) 

MMB; melanotic 

(WNT) 
desmin, myogenin No MYC amp 

(Rajeshwari 

et al., 2016) 

31 3y, F PF MMB desmin myogenin  (Sarkar et 

al., 2017) 32 8y, M PF MMB desmin, myogenin  

33 4y, F  Vermis 
MMB; classic 

(U) 

SMA, desmin, 

myogenin 
 

(Gupta et 

al., 2018) 

34 7y, M  4th V 
MMB; classic 

(U) 

SMA, desmin (neg), 

myogenin (neg) 
 

35 15y, F  4th V 
MMB; classic 

(U) 

SMA, desmin (neg), 

myogenin (neg) 
 

36 5y, M PF 

MMB; classic; 

focal LCA 

(U) 

SMA, desmin (neg), 

myogenin (neg) 
 

37 40y, F  Vermis 

MMB; melanotic; 

desmoplastic; 

focal LCA 

(U) 

SMA, desmin, 

myogenin (neg) 
 

38 2y, M Vermis 
MMB; classic 

(U) 

SMA, desmin, 

myogenin 
 

39 
3.6y, 

M 
4th V 

MMB; classic 

(U) 

SMA (neg), desmin, 

myogenin 
 

40 7y, F 
left Cb 

hemisphere 

MMB; LCA 

(SHH TP53 

mutant) 

desmin No MYC amp 
(Rao et al., 

2020) 

Abbreviations: y, years; Cb, cerebellum; CPA, cerebellopontine angle; PF, posterior fossa; V, ventricle; LCA, 

large cell/anaplastic; U, unknown; SMA, smooth muscle actin; neg, negative; amp, amplification 

, * indicates invasion hemispheres and brain stem 
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 Marinesco and Goldstein, MMB research has mostly been confined to studies of individual or 

small sets of cases (Helton et al., 2004). Thus, the prognosis of an MMB diagnosis is still unclear 

with some groups reporting worse outcome compared to MB while others report no difference 

(Helton et al., 2004; Mahapatra et al., 1998), and in contrast to MB subgroups, almost nothing is 

known about the molecular drivers of the muscle phenotype. 

 In 2004, Helton et al. stated that 47 cases of MMB had been recorded in the literature. 

This number, which does not even include the 6 cases presented in that article, is still the 

standard reference point more than 15 years later (Rao et al., 2020). To fill this lacuna, Table 1-1 

provides a list of case studies since that publication, raising the current number of documented 

MMB cases to 93 (47+6+40).  

 Speculation about the source of the myogenic cells has dominated the discussion of 

MMB case studies, and four main hypotheses have been put forth with varying amounts of 

support. One is that MMBs are actually teratoid tumors, which implies that the cell-of-origin is 

an early multipotent stem cell (Er et al., 2008; Mahapatra et al., 1998). A defining feature of 

teratomas is the existence of cells from all three germ layers, and only rare examples of MMBs 

meet this criterion while most lack an endodermal component (Chowdhury et al., 1985; Ismail et 

al., 2005; Mahapatra et al., 1998). Another theory is that myogenic cells arise from multipotent 

mesenchymal/endothelial-derived stem cells that reside within the tumor; proponents of this 

theory focus on cases where myogenic cells were located near blood vessels (Lewis, 1973; 

Walter and Brucher, 1979).  For others, the co-existence of myogenic and melanotic cells in a 

subset of tumors suggests that these cells derive from neural crest cells, which generate 

oculocutaneous melanin pigmented cells, that improperly migrated to the posterior fossa (Table 

1-1) (Gupta et al., 2018; Rajeshwari et al., 2016).  
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The fourth, and most compelling, hypothesis is that the tumor-initiating-cell is also the 

source of the myoblastic cells (Helton et al., 2004; Kido et al., 2009; Lindberg et al., 2007).  

In those cases where cytogenetic information was extracted including one case with teratoma-

like features, many of the alterations revealed, such as MYC amplifications and/or i17q, are 

typical of MB (Table 1-1) (Ismail et al., 2005). Crucially, MYC amplifications have been 

identified both in the tumor and myogenic cells, suggesting a common origin (Bai et al., 2012; 

Lindberg et al., 2007). Furthermore, in one instance, a subset of myoglobin-positive cells also 

expressed the neuronal marker synaptophysin, implying that the myogenic cells are neuronally-

derived (Kido et al., 2009). The capacity of neuronal cells to undergo myogenic differentiation is 

also supported by examples where MB cell lines, rat cerebellar cell lines, and neural stem cells 

(NSCs) have been induced to express muscle-related genes (Bai et al., 2012; Galli et al., 2000; 

Valtz et al., 1991).  

As mentioned above, some cases have been evaluated for genetic alterations, which led to 

one MMB being defined as a G3/4-MB (Stefanits et al., 2014). However, most attempts to 

classify MMBs into molecular subgroups have relied upon immunohistochemistry (Gupta et al., 

2018; Rajeshwari et al., 2016; Rao et al., 2020; Wright et al., 2012). Although three tumors were 

diagnosed as either WNT- or SHH-MBs, seven other cases – all in the same study – did not meet 

clear subgroup criteria. Like other histology types, it is probable that MMBs appear in more than 

one molecular subgroup although the possibility that MMB is an independent molecular entity 

cannot be excluded. Deeper investigation into the molecular identity of MMBs will shed light on 

the potential heterogeneity of these tumors and be enhanced by the wealth of information 

uncovered in the last decade about MB molecular subgroups.  
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1.2.2 WNT-MB 

 The least frequent subgroup, WNT-MB (~10% of MB cases) is associated with the best 

outcomes and is rarely metastatic at diagnosis, thus encouraging new clinical trials to adopt de-

escalated treatment protocols for this subgroup (Figure 1-1) (Ellison et al., 2005; Hovestadt et 

al., 2019a; NCT01878617; NCT02724579). Most cases of WNT-MB occur in children between 

the ages of 3 and 17 years with an equal distribution between males and females. It is the most 

homogenous of the four subgroups both in terms of histology, which is almost exclusively 

classic, and molecular profile, as it is mostly considered a single subtype (Hovestadt et al., 

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

 Like Gorlin’s syndrome and SHH-MB, early evidence for enhanced WNT signaling in 

MB came from studies of Turcot syndrome patients, specifically those with germline mutations 

in Adenomatous polyposis coli (APC) (Groden, 1995; Hamilton et al., 1995; Turcot et al., 1959; 

Van Meir, 1998). APC functions as part of a complex that retains β-catenin in the cytoplasm and 

triggers its degradation (Polakis, 2000; Taylor et al., 2000). Binding of the WNT ligand to its 

receptor induces release and nuclear translocation of β-catenin where it acts as a transcriptional 

co-activator. In WNT-MB, APC mutations (germline or somatic) are less common than and 

mutually exclusive with mutations in CTNNB1, the gene encoding β-catenin (Northcott et al., 

2017; Zurawel et al., 1998). Together, mutations in these two driver genes account for more than 

97% of all WNT-MBs (Northcott et al., 2017; Waszak et al., 2018). Other common co-driver 

events include mutations in DEAD-box helicase 3X-linked (DDX3X), an RNA helicase; 

mutations in members of the SWI/SNF (Switch/Sucrose Non-Fermentable) chromatin 

remodeling complex, specifically SMARCA4 (SWI/SNF-related matrix-associated actin- 
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Figure 1-1. Overview of MB subgroups  

Infographic of MB subgroups with subtype-specific patient, clinical, and molecular features. OS, 

overall survival. Subtype classifications for SHH are derived from Cavalli et al. (2017) while 

WNT is based on Scwhalbe et al. (2017) and the G3 and G4 subtypes come from both Northcott 

et al. (2017) and Sharma et al. (2019). Figure from (Hovestadt et al., 2019a).  
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dependent regulator of chromatin subfamily A member 4), ARID1A (AT-rich interacting domain-

containing protein 1A), and ARID2; and loss of chromosome 6, which is the only recurrent copy 

number alteration (CNA) in WNT-MB (Hovestadt et al., 2019a; Jones et al., 2012; Northcott et 

al., 2017; Pugh et al., 2012; Robinson et al., 2012). 

 

1.2.3 SHH-MB   

SHH-MB accounts for about 30% of all MBs and is generally considered to be of 

intermediate risk (Figure 1-1) (Hovestadt et al., 2019a). It is the most common type of MB in 

infants, where it is evenly diagnosed in males and females, and in adults, where the male-to-

female ratio is 2:1. Like its variable age distribution, all four major histology types are 

represented in SHH-MB. Age is a key factor in delineating SHH subtypes; SHHα encompasses 

most of the SHH-MBs in young children (3-10 years), whereas adults make up most of the SHHδ 

subtype and infants comprise the patients with SHHβ and SHHγ (Cavalli et al., 2017). 

Interestingly, MBEN tumors have better overall survival compared to other SHH-MBs 

correlating well with the fact that most of these tumors are within SHHγ, a subtype associated 

with better prognosis (Cavalli et al., 2017; Korshunov et al., 2018). However, MBEN is not a 

significant predictor of outcome within SHHγ (Cavalli et al., 2017).  

The role of cancer predisposition syndromes has perhaps been best studied in SHH-MBs, 

yet the extent to which germline mutations drive tumorigenesis is still surprising. In one recent 

study, nearly 20% of all SHH-MBs contained germline mutations, including one infant with a 

germline APC mutation normally associated with WNT-MB and one infant with a germline 

PTEN (phosphatase and tensin homolog) mutation (Waszak et al., 2018). As expected, germline 

mutations in PTCH1 and SUFU (Suppressor of fused), another mediator of SHH signaling, were 
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identified (Taylor et al., 2002; Waszak et al., 2018). In addition, germline TP53 mutations, which 

cause Li-Fraumeni syndrome, are associated with SHH-MB (Rausch et al., 2012). Unlike 

PTCH1, SUFU and TP53, germline mutations in BRCA2 (Breast cancer 2), previously linked 

with MB, and PALB2 (Partner and localizer of BRCA2) were not exclusive to SHH-MB and 

were also discovered in G3- and G4-MBs (Alter et al., 2007; Waszak et al., 2018). Mutations of 

these two genes, both of which are Fanconi-Anemia genes, are associated with deficiencies in a 

specific type of DNA damage repair known as homologous recombination and are linked to 

breast cancer predisposition (Patel, 2007).  

 While germline PTCH1 mutations or deletions are more prevalent in infants, somatic 

alterations occur at all ages (Figure 1-1) (Kool et al., 2014; Schwalbe et al., 2017; Waszak et al., 

2018). Genetic aberrations in other SHH pathway components often occur in a more subtype-

restricted manner; for example, MYCN and GLI2 amplifications are associated with SHHα while 

SUFU and SMO (Smoothened) mutations are more frequent in SHHβ and SHHγ, respectively. 

Similarly, other driver mutations show a subtype preference. TP53 mutations, more common in 

SHHα, are also associated with poor prognosis and as mentioned earlier, define a distinct subset 

of SHH-MBs recognized by the WHO (Cavalli et al., 2017; Louis et al., 2016; Schwalbe et al., 

2017). PTEN deletions occur mostly in infants while TERT (Telomerase reverse transcriptase) 

promoter mutations are frequent in adults (Cavalli et al., 2017; Hovestadt et al., 2019a; Kool et 

al., 2014). Furthermore, KMT2D (Lysine-specific methyltransferase 2D; formerly MLL2/4) 

mutations are associated with SHHβ and BCOR (BCL-6 corepressor) mutations with SHHγ 

(Hovestadt et al., 2019a; Northcott et al., 2017). 

The development of SMO inhibitors, such as vismodegib, presented an exciting 

opportunity to specifically target SHH-MB that was fueled by initial success in preclinical 
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models (Romer et al., 2004). However, prolonged treatment produces premature growth plate 

fusion in young mice and humans, so current trials restrict usage to “skeletally mature” 

participants (Kimura et al., 2008b; NCT01878617; Robinson et al., 2017). Even in these cases, 

drug efficacy is transient often due to acquired resistance through de novo mutations (Robinson 

et al., 2015; Rudin et al., 2009; Yauch et al., 2009).  

 

1.2.4 Group 3- and Group 4-MB  

 Although distinct subgroups, G3-MB and G4-MB share the most molecular overlap, and 

as expected from their generic names, these are the least well understood MB categories. G3-MB 

accounts for ~25% of all cases, is more common in males (2:1), mainly occurs in young children 

(3-10) with some cases in infants, and is the subgroup most frequently associated with LCA 

histology although more G3-MBs have a classic phenotype (Figure 1-1) (Hovestadt et al., 

2019a; Northcott et al., 2012). G4-MB is the most frequent (~35%) yet least understood 

subgroup. It is strongly biased towards males (3:1), is the most common subgroup among 

adolescents (10-17) and is mostly coupled with classic histology.  

 Among the first three seminal papers on subtyping, there was little consensus for G3- and 

G4-MBs (Cavalli et al., 2017; Northcott et al., 2017; Schwalbe et al., 2017). Hence, an additional 

round of analysis on 1501 G3/G4-MBs was conducted and produced an 8-subtype grouping that 

matched those of Northcott and company (Figure 1-1) (2017; Sharma et al., 2019). Although 

slightly counter-intuitive based on the diagram, subtypes II-IV are exclusively composed of G3-

MBs, and subtype VIII is a G4 subtype; on the other hand, subtypes I and V-VII are a mixture of 

the two subgroups composed of more G4-MBs than G3-MBs.  
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 Unlike WNT- and SHH-MBs, there are no clear associations between G3- or G4-MBs 

and cancer predisposition syndromes. Medulloblastoma cases in patients with Rubenstein-Taybi 

Syndrome, caused by deletions in the CREBBP (CREB-binding protein) locus located on 

chromosome 16p, have been reported in the literature (Taylor et al., 2001). More recently, 

germline CREBBP mutations have been identified in G3/G4-MBs, and loss of chromosome 16 

recurrently occurs in subtype IV (Bourdeaut et al., 2014; Northcott et al., 2017; Waszak et al., 

2018). Somatic CREBBP mutations, on the other hand, are more frequent in adults with SHH-

MB (Merk et al., 2018). In general, CNAs rather than somatic mutations drive G3/4 tumors, 

including the highly prevalent i17q (Gröbner et al., 2018; Northcott et al., 2017). Additionally, 

amplification of MYCN and OTX2 (Orthodenticle homeobox 2) drive shared subtypes (Hovestadt 

et al., 2019a). MYC amplifications, however, are restricted to G3-MBs. More recent studies have 

pinpointed structural changes that activate genes such as Growth factor independent 1/1B 

(GFI1/GFI1B) and PR/Set domain 6 (PRDM6) via a phenomenon known as enhancer-hijacking, 

where the coding sequence of an oncogene is placed proximal to active [super] enhancers 

(Northcott et al., 2017; Northcott et al., 2014).  

 

1.3 Cerebellar development 

1.3.1 Cerebellar neurogenesis  

  Medulloblastoma is a disease of neuronal development; therefore, understanding the 

mechanisms fundamental to its formation requires knowledge of normal neurogenesis – 

specifically but not exclusively of the cerebellum. Cerebellar neuronal populations arise from  

two discrete germinal centers: the ventricular zone (VZ) (the source of inhibitory interneurons 

and glia) and the rhombic lip (the source of excitatory glutamatergic neurons) (Figure 1-2A)  
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Figure 1-2. Schematic of embryonic and early postnatal cerebellar development  

A) Embryonic neurogenesis arises from two zones as illustrated in this sagittal view of the 

cerebellar primordium (left) with detailed visualization of discrete pools of cell specification 

(right). The ventricular zone gives rise to glial cell populations and inhibitory neurons, including 

the Purkinje cells and interneurons, of the cerebellum. These cells then migrate along radial glia. 

The rhombic lip is the source of cerebellar glutamatergic neurons: cerebellar nuclei neurons, 

granule neuron progenitors (aka GCPs), and unipolar brush cells. These populations migrate 

tangentially into the cerebellar anlage. NTZ, nuclear transitory zone; EGL, external granule 

layer, RG, radial glia; UBC, unipolar brush cell; VZ, ventricular zone; RL, rhombic lip. Figure 

from (Haldipur and Millen, 2019). 

B) GCP expansion in the EGL at the early postnatal stage. Sagittal view of P7 cerebellum (left) 

color coded to match the lamination schematic on the right. GCPs residing in the outer EGL 

(blue) will proliferate in response to Shh secreted from Purkinje cells (yellow). As the GCPs exit 

the cell cycle (dark green), they will migrate through the molecular and Purkinje layers into the 

IGL where they will reside as granule neurons (light green). ML, molecular layer; PL, Purkinje 

layer; IGL, internal granule layer; PWM, prospective white matter. Figure adapted from 

(Haldipur and Millen, 2019). 
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(Leto et al 2016). Current evidence from single cell RNA sequencing implicates early neural 

stem cells (NSCs) in the formation of G3-MB as the tumor bulk is mostly comprised of cells that 

align transcriptionally with undifferentiated progenitors which are interspersed with rare 

inhibitory and excitatory neuronal populations (Hovestadt et al., 2019b; Vladoiu et al., 2019).  

The two neurogenic zones are specified between embryonic day 8.5 and 9.5 (e8.5-e9.5) 

in mouse via multiple morphogens orchestrated by a transient structure known as the Isthmic 

Organizer (Leto et al., 2016). Proper ventricular zone patterning of the cerebellum requires 

Pancreatic transcription factor 1a (Ptf1a), identified as the causative mutation in the cerebelless 

mouse line (Hoshino et al., 2005; Millen et al., 2014), and homozygous mutations engender rare 

cases of cerebellar agenesis in humans (Leto et al., 2016). Specification of deep cerebellar nuclei 

inhibitory interneurons initiates around e10.5, is brief (ending around e11.5), and partially 

overlaps with early born Purkinje cells (Haldipur and Millen, 2019; Leto et al., 2016). Starting 

around e13.5, the distribution of neurogenesis switches from Purkinje cell dominant production 

towards the generation of local interneuron progenitors. Excepting the earliest born Purkinje 

cells, VZ-derived cells migrate towards the cerebellar anlage along radial glia, the antecedents of 

Bergmann glia (Figure 1-2A).  

 Rhombic lip derived neurogenesis is a hotbed of tumorigenic potential. For example, the 

lower rhombic lip gives rise to dorsal brainstem progenitors, the cell-of-origin for WNT-MB 

(Gibson et al., 2010). The upper rhombic lip is characterized by expression of Math1 (mouse 

atonal homolog 1, ATOH-1 in humans), an essential transcription factor for these lineages (Leto 

et al., 2016). Math1-null mice have smaller rhombic lips and fail to produce glutamatergic 

neurons (Figure 1-2A-B) (Ben-Arie et al., 1997; Englund et al., 2006; Wang et al., 2005); 

whereas, Math1 misexpression in the ventricular zone can induce ectopic expression of 
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glutamatergic neurons (Yamada et al., 2014). Unlike the VZ, where neuronal subtypes are 

generated from a common pool of progenitors, distinct progenitor populations drive specification 

in the rhombic lip (Leto et al., 2006; Machold and Fishell, 2005). First born are the deep 

cerebellar nuclei neurons (e10.5-e13.5) that sequentially express transcription factors Pax6 

(Paired box 6), Tbr2 (T-box brain 2), and then Tbr1, which persists into adulthood (Fink et al., 

2006; Wang et al., 2005). The next cells generated are GCPs (e13.5-postnatal), which express 

Pax6 but not Tbr1/2 (Hovestadt et al., 2019b; Machold and Fishell, 2005; Yamasaki et al., 2001). 

They are followed by unipolar brush cells (UBCs, e14.5-birth) that express Pax6 transiently and 

Tbr2 permanently but do not express Tbr1 (Figure 1-2A) (Englund et al., 2006; Hovestadt et al., 

2019b).  

While a plethora of data exists in support of GCPs as a cell-of-origin for SHH-MB, 

tumors may also emerge from cochlear nucleus progenitors that derive from the lower rhombic 

lip (Grammel et al., 2012; Schüller et al., 2008; Yang et al., 2008). For G4-MB, recent single cell 

RNA sequencing studies of human MB and normal mouse cerebella suggested that this subgroup 

may arise from progenitors of cerebellar nuclei neurons and UBCs, a finding that corroborates 

earlier evidence showing higher levels of TBR1 and TBR2 (aka EOMES) in G3 and G4 tumors 

(Hovestadt et al., 2019b; Jones et al., 2012; Vladoiu et al., 2019). 

Following specification, the deep cerebella nuclei neurons migrate tangentially on the 

surface of the cerebellar anlage and aggregate to form the nuclear transitory zone prior to 

establishing individual nuclei (Figure 1-2A) (Fink et al., 2006; Haldipur and Millen, 2019; 

Machold and Fishell, 2005; Wang et al., 2005). Although GCPs follow a similar migratory route, 

they remain on the cerebellar surface where they form a secondary germinal zone known as the 

external granule layer (EGL) starting around e14.5. UBC migration occurs through the 
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prospective white matter (PWM) into the internal granule layer (IGL) without coalescing in a 

secondary tissue region (Englund et al., 2006; Haldipur and Millen, 2019).  

 

1.3.2 GCP expansion and differentiation 

Around birth, cerebellar cell production shifts to the PWM and the EGL, secondary 

germinal zones (Figure 1-2B left) (Leto et al., 2016; Wojcinski et al., 2017). The PWM gives 

rise to late born interneurons and glial cell populations, and it is comprised of pools of 

progenitors including NSCs that are distinguished by Prominin1 expression, neural progenitors 

expressing Nestin and Sox2 (SRY-box 2)1 among other markers, and lineage restricted 

interneuron and astroglial progenitors (Lee et al., 2005; Leto et al., 2016; Wojcinski et al., 2017). 

The EGL solely drives production of cerebellar granule neurons, which are the most numerous 

neuron type making up more than 50% of the brain’s total neuron population. In addition to the 

rhombic lip-derived GCPs, the EGL contains a small, transient population of less differentiated 

progenitors that express hGFAP-driven DsRed, Nestin, and/or Sox2, markers also present in a 

subset of cells in the Purkinje layer (Li et al., 2013; Selvadurai et al., 2020; Silbereis et al., 

2010). These progenitors support the massive amplification of GCPs that occurs during the first 

two postnatal weeks in mice and that is associated with foliation of the cerebellar cortex.  

Shh, which is released by Purkinje cells starting around e17.5, stimulates the proliferation 

of GCPs through its canonical signaling cascade (Figure 1-3) (Dahmane and Ruiz-i-Altaba, 

1999; Izzi et al., 2011; Wallace, 1999; Wechsler-Reya and Scott, 1999). In the absence of ligand, 

the 12-pass transmembrane protein Ptch1 inhibits the activity of the 7-pass transmembrane  

 
1 Defining multipotent NSCs and more restricted progenitors with single markers is near impossible; for 

example, a subset of cells co-express Prominin1 and Sox2 (Tao et al., 2019). I tried to apply consistent 

naming throughout the thesis, but I acknowledge that cell states fall on a spectrum rather than a binary 

scale.  
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Figure 1-3. GCPs activate 

canonical Shh signaling during 

proliferation 

Model of canonical Shh signaling. 

In the absence of ligand depicted 

on the left-hand side, Ptch1 inhibits 

Smo and Sufu binds Gli preventing 

its nuclear translocation. In the 

presence of Shh, Shh binds a 

receptor complex of Ptch1 and 

either Boc or Gas1, which relieves 

Smo inhibition resulting in 

activation of Gli-mediated 

transcription. Figure adapted from 

(Yam and Charron, 2013). 
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protein Smo while the transcription factor Gli is bound by Sufu, thereby sequestering Gli in the 

cytoplasm (Briscoe and Thérond, 2013). Shh binds to a receptor complex of both Ptch1 and one 

of the two co-receptors expressed by GCPs2: Brother-of-Cdo (Boc), a single-pass transmembrane 

protein, or Growth-arrest specific 1 (Gas1), a GPI-anchored protein (Izzi et al., 2011). While 

deletion of either Boc or Gas1 leads to decreased proliferation in the EGL, loss of both receptors 

completely abolishes the ability of GCPs to respond to Shh stimulation (Izzi et al., 2011; Liu et 

al., 2001).  Ligand-binding impedes Ptch1-dependent Smo inhibition resulting in Gli-mediated 

transcription of genes, such as N-myc, which is necessary for proliferation, Cdk6 (cyclin 

dependent kinase 6), which is central for cell cycle progression, and even Boc itself (Lee et al., 

2010; Oliver et al., 2003).  

 Along with Shh signaling, GCPs rely on Phosphatidylinositol 3-kinase (PI3K) and its 

effectors for proliferation (Figure 1-4). In this cascade, insulin-like growth factor 1 or 2 (IGF1/2) 

binds to the IGF1 receptor (IGF1R), a member of the receptor tyrosine kinase family, initiating 

autophosphorylation and interaction with PI3K (Weinberg, 2007). This interaction occurs via the 

PI3K regulatory subunit p85α (encoded by Pik3R1) and leads to allosteric activation of its 

catalytic subunit p110α (encoded by Pik3ca). PI3K catalyzes the conversion of 

phosphatidylinositol (4,5)-bisphosphate (PIP2) to phosphatidylinositol (3,4,5)-triphosphate 

(PIP3), an action that is opposed by the phosphatase Pten. PIP3 production triggers the activation 

of the serine/threonine kinase Akt (originally named protein kinase B). Akt subsequently 

phosphorylates numerous downstream targets including mouse target of rapamycin (mTOR), an 

important regulator of protein translation; p27Kip1, a Cdk inhibitor involved in the differentiation 

of GCPs; and glycogen synthase kinase 3β (GSK-3β), which phosphorylates many substrates  

 
2 CAM-related/downregulated by oncogenes (Cdo), a third Shh co-receptor is not expressed in GCPs. 
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 Figure 1-4. IGF also acts as a mitogen for 

GCPs 

Model of the IGF/PI3K/Akt signaling 

cascade. IGF1 or IGF2 can bind IGF1R, 

which autophosphorylates and interacts with 

PI3K. Active PI3K converts PIP2 to PIP3 by 

phosphorylation while Pten catalyzes the 

reverse reaction. PIP3 production triggers 

Akt activation which subsequently 

phosphorylates many downstream targets 

including mTOR, p27Kip1, and GSK-3β. 

Figure adapted from (Yam and Charron, 

2013). 
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including N-myc (Fresno Vara et al., 2004; Kenney et al., 2004; Miyazawa et al., 2000; 

Weinberg, 2007). Because phosphorylation of GSK-3β inhibits its activity, PI3K signaling 

results in stabilization of N-myc by preventing it from being phosphorylated by GSK-3β and 

thus targeted for degradation (Kenney et al., 2004).  

Both Shh and PI3K pathways require the activity of N-myc, and to further highlight its 

importance in proliferation, overexpression of N-myc is sufficient to drive GCP proliferation in 

vitro independent of either mitogen (Kenney et al., 2003). In addition, conditional deletion of N-

myc in neural progenitors leads to a smaller cerebellar anlage at e17.5 that includes a thinner 

EGL and obliterates the postnatal expansion of GCPs, producing a cerebellum that is 6 times 

smaller than wildtype by postnatal day 20 (P20) (Knoepfler et al., 2002). This convergence on N-

myc may partially account for the synergistic effect of combined Shh and IGF1/2 administration 

compared to each mitogen individually (Fernandez et al., 2010). Intriguingly, administration of 

an IGF1R blocking antibody impedes IGF1- or Shh-mediated proliferation while inhibition of 

Shh signaling with cyclopamine had no effect when IGF1/2 is administered alone. 

GCP proliferation, which continues until P14, peaks between P5 and P7, correlating with 

loss of the less differentiated progenitors (Li et al., 2013; Selvadurai et al., 2020). At P7, the 

outer region of the EGL contains actively proliferating GCPs, which move into the inner layer as 

they exit the cell cycle and begin to differentiate (Figure 1-2B right) (Haldipur and Millen, 

2019). These inner EGL GCPs express p27Kip1 and NeuroD1, a transcription key for GCP 

differentiation (Miyata et al., 1999; Miyazawa et al., 2000; Pan et al., 2009). Differentiated GCPs 

then migrate past the Purkinje cell layer to the IGL – a process that is completed by P21 

(Haldipur and Millen, 2019). The mature granule neurons will then synapse with and stimulate 

Purkinje cells.  
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Less is known about cerebellar development in humans, whose cerebella are more 

foliated than those of mice. GCP expansion occurs over a prolonged period extending from the 

tenth gestational week until the end of the second postnatal year when no EGL remains 

(Haldipur and Millen, 2019). As a result, humans have more than 10 times as many granule 

neurons per Purkinje cell compared to mice. Uncovering the similarities and discrepancies 

between mouse and human development will facilitate critical analyses of animal MB models.  

 

1.4 Oncogenic drivers derail normal development  

Much of our knowledge about the functional consequences underlying genetic alterations 

of oncogenes and tumor suppressors has come from pre-clinical studies in model systems. 

Cancer cell lines are a cheap, easy, and rapid way to screen potential chemotherapies for 

efficacy, but they lack the complexity of an in vivo model, and long-term passaging fuels genetic 

and epigenetic changes that diverge from the initial sample (Neumann et al., 2017). Patient-

derived xenograft (PDX) models are more expensive and slower than cell lines, but they offer a 

rare opportunity at ‘personalized medicine’ because a patient’s treatment strategies can be 

selected based on the responsiveness of the model tumor.  

Because cell lines and PDX models originate from advanced tumors and the focus of this 

thesis is the neoplastic transformation of GCPs in Shh-MB, a detailed though not exhaustive 

account of MB mouse models follows. Specifically, these are tumors that formed in vivo 

following 1) the manipulation of naïve cells – achieved by initiating tumorigenesis in mouse or 

human cells in vitro – followed by orthotopic transplantation of those cells into mice, 2) the 

direct transfection or viral-mediated transduction of cerebella in embryonic or postnatal mice, or 

3) the use of transgenic mouse lines. These models are often technically arduous, can require the 
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use of immune-compromised mice, and may not fully recapitulate the identity and complexity of 

human tumors, but they provide means to study mechanisms of tumorigenesis in a controlled 

manner (Neumann et al., 2017; Pöschl et al., 2014).  

 

1.4.1 Classical driver genes in MB  

 Juxtaposition of MB molecular profiling with paradigms of normal development were 

critical for the establishment of a Wnt-MB mouse model. The gene expression profiles of WNT 

tumors match that of the lower rhombic lip and the embryonic dorsal brainstem explaining why 

conditional activation of Ctnnb13, the most common significantly mutated gene in WNT-MB, in 

Math1-derived progenitors failed to induce tumors (Gibson et al., 2010; Gilbertson and Ellison, 

2008). Instead, expression of a Ctnnb1-activating mutation in the developing hindbrain (Blbp-

Cre) in combination with either partial or complete loss of p53, an essential tumor suppressor in 

many tissues, produces tumors at low penetrance (Gibson et al., 2010). Rather than effecting 

proliferation or survival, brainstem progenitors with mutant Ctnnb1 displayed deficient 

migration leading to cell accumulation independent of p53. Tumor incidence increased to 100% 

with the addition of hyperactivated PI3K signaling by knocking-in an allele containing the 

E545K mutation of the PI3K catalytic subunit (Pik3caE545K), a mutation identified in human 

WNT-MB (Robinson et al., 2012). The same group has demonstrated that complete loss of 

Ddx3x in combination with mutant Ctnnb1 and p53+/-  had a variable effect on penetrance but led 

to cerebellar rather than brainstem tumors – indicative of a different tumor-initiating-cell 

(Patmore et al., 2020).  

 
3 Conditional transgenic models utilize restricted expression of the Cre-recombinase to excise DNA 

flanked by loxP sites. These models can also be inducible by fusing Cre to an estrogen receptor mutant 

(CreER) (Reviewed in Feil et al., 2009).  
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By and large, there are more Shh-MB models compared to the other subgroups, and most 

of these involve genetically altering mediators of Shh signaling to increase GCP proliferation 

(Neumann et al., 2017; Roussel and Stripay, 2020). Shortly after the identification of PTCH1 as 

the causative gene in Gorlin’s syndrome, two separate groups created Ptch1+/- transgenic lines 

that develop medulloblastoma tumors at a low frequency4 but will induce tumors in 100% of 

p53-null mice (Goodrich et al., 1997; Hahn et al., 1996; Hahn et al., 1998; Johnson et al., 1996; 

Wetmore et al., 2001). Specifically, Ptch1+/- tumors are most alike the Shhα subtype according to 

recently published data from our lab (Tamayo-Orrego et al., 2020). Targeted overexpression of 

Shh in neural progenitors can also induce tumors at a low rate (Rao et al., 2004); however, fully 

activating the pathway in the germline, such as Ptch1-/-, is embryonic lethal, thereby mandating 

selective strategies for most models (Goodrich et al., 1997). Strong activation of Shh signaling 

specifically in GCPs, which retain their tumorigenic potential until P10, will produce tumors 

with high penetrance and can be achieved by homozygous deletion of Ptch1, activation of Smo 

by either a W539L (SmoA1/M2) or S537N (SmoA2) point mutation, or overexpression of Gli1 

(Ayrault et al., 2010; Dey et al., 2012; Hallahan et al., 2004; Schüller et al., 2008; Yang et al., 

2008). While those manipulations are sufficient to drive tumors, neither conditional Sufu deletion 

nor germline heterozygosity can produce tumors without additional genetic alterations such as 

p53 deletion, possibly due to the newly recognized dual function of Sufu in promoting and 

inhibiting Gli activity (Lee et al., 2007; Yin et al., 2019).  

Ptch1 loss or Smo activation in ventricular zone and/or rhombic lip progenitors that 

express hGFAP, Olig2, Nestin or Sox2 will also fuel formation of MB, whose cellular and 

transcriptional composition is similar to those generated from unipotent GCPs, but it will not 

 
4 MB incidence in Ptch1+/- mice is only slightly increased when the homologue Ptch2 is also deleted (Lee 

et al., 2006).  
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produce other types of brain tumors (Li et al., 2013; Schüller et al., 2008; Selvadurai et al., 2020; 

Yang et al., 2008). Although p53-/- mice are not predisposed to medulloblastoma, knocking out 

p53 specifically in Nestin-expressing cells will trigger brain tumors, half of which are MBs 

(Wetmore et al., 2001; Zhu et al., 2017). Similarly, Shh-MBs can be induced with variable 

penetrance in mice by transplanting neuroepithelial stem cells derived from human induced 

pluripotent stem cells (iPSCs) that were either transduced with MYCN or that originated from a 

Gorlin’s syndrome patient’s keratinocytes (Huang et al., 2019). Overexpression of a stable N-

myc mutant (N-mycT58A) in GFAP+ NSCs from the e16 cerebellum also induced tumors that 

expressed markers associated with Shh-MB when transplanted into nude mice (Swartling et al., 

2012); on the other hand, the same manipulation of P0 cerebellar NSCs, which do not generate 

GCPs in vivo, triggered G3-MBs (Pöschl et al., 2014; Swartling et al., 2012). Collectively, these 

data signify that GCP specification is necessary in Shh-MB tumorigenesis.  

PI3K signaling is important for neoplastic transformation in Shh-MB, but it is not 

sufficient to induce tumorigenesis alone. A study of human MBs showed that 10 of 17 tumors 

were positive for phosphorylated IGF1R (p-IGF1R), a proxy for pathway activation, and that 

tumors displayed higher levels of IGF1R and p-Akt, another marker of PI3K signaling, 

compared to the normal fetal cerebellum but expression of the p85 PI3K subunit was unchanged 

(Del Valle et al., 2002). Moreover, desmoplastic human MBs – a histology type that is 

overrepresented in the SHH subgroup – express higher IGF2 levels compared to classic MBs 

(Hartmann et al., 2005; Pomeroy et al., 2002), and loss of Ptch1 increases Igf2 expression in the 

early murine embryo in a dose dependent manner (Hahn et al., 2000). Shh-MBs cannot form in 

the absence of PI3K signaling components. For examples, deletion of Igf2 prevents tumor 

formation in Ptch1+/- mice without affecting the incidence of preneoplastic lesions (Corcoran et 
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al., 2008; Hahn et al., 2000), and conditional knockout of IGF1R in Ptch1+/-, p53-null GCPs 

increased tumor latency and drastically reduced their size (Yao et al., 2020). Conversely, 

targeted retroviral expression of  IGF2 or activated Akt in combination with Shh increased the 

frequency of tumors compared to Shh alone (Rao et al., 2004), and Ptch1+/- mice that 

overexpressed IGF1 had a higher incidence of advanced tumors without affecting the rate of 

preneoplastic lesions at P21 (Tanori et al., 2010). Likewise, loss of either one or both alleles of 

Pten or constitutive activation of PI3K via an H1047R mutation of the p110α subunit promote 

tumor formation in multiple Shh-MB models (Castellino et al., 2010; Metcalfe et al., 2013; 

Niesen et al., 2020; Zhu et al., 2017). Of note, Pten deficient tumors display increased neuronal 

differentiation and can even present an MBEN histology, features associated with SHH-MB in 

infants where PTEN deletions most often occur (Figure 1-1) (Castellino et al., 2010; Cavalli et 

al., 2017; Metcalfe et al., 2013; Zhu et al., 2017). 

 Many mouse models have exploited dysregulation of cell cycle exit and GCP 

differentiation in boosting Shh-MB tumorigenesis. For instance, combined deletion of p53 and 

the cell cycle regulator Retinoblastoma (Rb) using a GFAP-Cre instigated MB formation in 

100% of mice (Marino et al., 2000). Furthermore, overexpression of Math1, normally expressed 

in proliferating GCPs, increased the incidence and decreased the latency of Gli1-driven tumors, 

and these Math1+Gli1 tumors expressed lower levels of genes associated with cell cycle exit and 

neuronal differentiation (Ayrault et al., 2010). Loss of either p27Kip1, which inhibits Cdk2 and is 

expressed in postmitotic granule neurons throughout adulthood, or p18Ink4c, which targets Cdk4/6 

and is transiently expressed by GCPs as they exit the cell cycle, will collaborate with either 

Ptch1+/- or p53-/- to produce MBs (Ayrault et al., 2009; Lee et al., 2003; Uziel et al., 2005; Zindy 
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et al., 2003). Conversely, conditionally knocking out Cdk6 in a Math1-driven Shh-MB model 

extends the lifespan of mice compared to wildtype controls (Raleigh et al., 2018).  

Nearly all mouse models of G3-MB involve Myc overexpression. Though Myc increases 

proliferation of NSCs, it is a strong inducer of apoptosis, so two groups utilized orthotopic 

transplantation of retroviral-mediated Myc (wildtype or the T58A stable mutant) overexpression 

and p53 loss-of-function (transgenic knock-out or expression of a dominant-negative mutant) as 

a work around to generate tumors (Kawauchi et al., 2012; Pei et al., 2012). Similarly, combined 

overexpression of Myc and Bcl-2, which is an anti-apoptotic protein, can also lead to tumor 

formation (Jenkins et al., 2016). Since 2012, the Myc-p53 model has expanded to include an 

assortment of techniques to upregulate Myc, such as CRISPR-directed endogenous expression 

(Vo et al., 2018). More importantly, selective overexpression of Myc can induce G3-MB tumors, 

with variable efficacy, from a number of different embryonic and postnatal cell types5 – early 

hindbrain (Blbp-Cre), cerebellar ventricular zone progenitors (Ptf1a-Cre), neural progenitors 

(Nestin-Cre), inhibitory interneurons (Pax2-Cre), postnatal NSCs (Prominin1-CreER), and even 

GCPs (Math1-CreER, Math1-Cre) (Jenkins et al., 2016; Kawauchi et al., 2017). The 

downregulation of Math1 expression in Math1-derived Myc-p53 models and the NSC-like gene 

expression profiles of G3-MBs suggest that Myc not only blocks NSC differentiation but can 

also activate de-differentiation during tumorigenesis (Kawauchi et al., 2017; Pei et al., 2012). 

One criticism of the Myc-p53 model is that it does not reflect the reality of human G3-

MBs which lack TP53 mutations in primary tumors. Although Myc alone is insufficient to drive 

tumors in most cell types, lentiviral-mediated gene transfer of Myc in postnatal Sox2+ astroglial 

progenitors produced tumors that have transcriptomes similar to subtype II G3-MBs (Tao et al., 

 
5 Blbp-Cre and Math1-Cre are also expressed in the developing choroid plexus where Myc-p53 can also 

drive choroid plexus carcinomas.  
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2019). Additionally, the overexpression of Myc and Gfi1/1b can generate tumors from multiple 

types of cells, such as NSCs or GCPs, via either orthotopic transplantation or in vivo transfection 

(Ballabio et al., 2020; Northcott et al., 2014; Vo et al., 2017). This year, one group utilized 

cerebellar organoids derived from human iPSCs to drive tumors in mice using either Myc-Gfi1 

or Myc-Otx2, another gene that is amplified in a subset of G3-MBs, and they showed that Myc-

Gfi1 tumors are similar to subtype II tumors while Myc-Otx2 tumors are more like subtype IV, 

although neither MYC nor OTX2 are amplified in subtype IV tumors (Ballabio et al., 2020).  

Generating a G4-MB mouse model has proved the most challenging, such that the first 

and only G4-MB model was created in 2018 (Forget et al.). Proteomic analysis of primary MBs 

identified an enrichment of ERRB4 signaling in G4 (Forget et al., 2018), and high ERBB4 

expression is associated with poor outcomes in G4-MB though the effect is less strong when all 

subgroups are merged, harkening back to older studies (Aldaregia et al., 2020; Gilbertson et al., 

1997). Downstream of ERRB4 in G4-MB lies multiple effectors including MAPK, PI3K and 

SRC, and the expression of a constitutively active truncated SRC along with a dominant-negative 

p53 in both VZ and rhombic lip progenitors by in utero electroporation at e13.5 engendered 

tumors transcriptionally similar to G4-MB in 100% of mice (Forget et al., 2018).  

 

1.4.2 The epigenetic component of MB, a sampling 

 An observation made early in the genomics era was that the mutational burden of 

pediatric cancers was significantly lower than adult malignancies (Parsons et al., 2011), and 

since then it has been repeatedly noted that epigenetic regulators are the most common group of 

significantly mutated genes among pediatric cancer types (Gröbner et al., 2018; Huether et al., 

2014). Together, this hints that deregulation of the epigenome may strongly induce neoplastic 
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transformation by broadly changing gene expression programs and cellular activity, and work in 

model systems have since opened avenues to investigate these possibilities. A few examples are 

detailed in this section.  

 In MB, KMT2D mutations are one of the most frequent events, and these mutants likely 

encode truncated proteins (Parsons et al., 2011). Indeed, KMT2D was altered in 7% of samples 

across all subgroups from a recent analysis of nearly 400 MBs (Northcott et al., 2017). All six 

KMT2 family members are part of a complex comprised of the core subunits (WDR5, DPY30, 

ASH2L, RBBP5) and act to promote transcription via methylation of lysine 4 of histone 3 

(H3K4) (Rao and Dou, 2015). KMT2D along with its paralogue KMT2C, also recurrently 

mutated in MB, interact with Lysine-specific demethylase 6a (KDM6A) – another MB relevant 

gene that removes methyl groups from tri-methylated H3K27 (H3K27me3). KMT2D 

predominantly catalyzes H3K4 mono-methylation, a mark enriched at enhancers, but it is also 

important for broad, rather than sharp, H3K4me3 peaks at the transcription start sites of genes 

associated with cell identity and tumor suppression (Dhar et al., 2018; Rao and Dou, 2015). 

  Specific deletion of Kmt2d with Nestin-cre impairs expression of NeuN, a marker of 

neuronal differentiation, in the cerebellum and is sufficient to cause MBs that express Group 3 

associated genes (Dhar et al., 2018). Kmt2d-deficient tumors and neurospheres display reduced 

activation of super-enhancers and less broad H3K4me3 peaks, and this correlates with decreased 

expression both of key granule neuron genes like Neurod2 and Pax6 and known tumor 

suppressors such as the transcriptional repressor Bcl6. This same group recently reported in a 

published abstract that loss of one Kmt2d allele, which does not generates tumors alone, 

increases MB incidence in Ptch1+/- mice (Dhar et al., 2018; Dhar et al., 2020). This probably acts 

via the same mechanism because mice with GCP-specific deletion of Bcl6 and p53 can also 
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develop MBs (Tiberi et al., 2014). Interestingly, KMT2D and BCOR, an obligate BCL6 co-

repressor, are both recurrently mutated in infants with SHH-MB, though in different subtypes (β 

and γ, respectively), which suggests that these tumors potentially share therapeutic targets 

(Figure 1-1).  

 Studies of human MB genomics have implicated a tumor suppressive role for 

SMARCA4, an ATPase of the SWI/SNF complex that is frequently but not exclusively mutated 

in WNT-MB (Hovestadt et al., 2019a). The SWI/SNF complex acts to both activate and repress 

transcription by utilizing the energy released upon ATP hydrolysis to remodel nucleosomes, 

which are the smallest unit of chromatin defined by 147 base pairs of DNA wrapped around a 

histone octamer that is composed of four distinct core histones H2A, H2B, H3, and H4 

(Armstrong, 2013; Wilson and Roberts, 2011). In MB, SMARCA4 missense mutations, including 

T910M, cluster in either the ATP binding pocket or the downstream helicase superfamily 

carboxy-terminal domain (Dykhuizen et al., 2013). SMARCA4T910M can still integrate into the 

SWI/SNF complex but has diminished enzymatic activity. In vivo overexpression of SMARCA4 

prevented tumorigenesis in a Myc-Otx2 model, and in cerebellar organoids SMARCA4 blocked 

proliferation induced by Myc-Otx2, an effect that could be rescued by co-expression of the 

dominant-negative SMARCA4T910M (Ballabio et al., 2020). Intriguingly, Myc-Gfi1 tumors 

expressed higher levels of SMARCA4 than Myc-Otx2 tumors because MYC amplifications, 

GFI1 activation, and SMARCA4 mutations all occur in subtype II G3-MBs (Figure 1-1), which 

points to the potential necessity of  impeding SWI/SNF activity specifically in these tumors and 

which emphasizes the need to elucidate the molecular consequences of expressing mutant 

SMARCA4 in this model.  
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A crucial factor in designing animal models is knowing how mutations of a gene in 

human tumors affect the expression and/or function of the protein. For example, loss of 

SMARCA4 in a SmoM2 Shh-MB model robustly reduced tumor incidence to near 25% compared 

to 100%, but as detailed above, evidence indicates that SMARCA4 mutations do not alter 

SMARCA4 expression (Shi et al., 2016). Notably, expression of a catalytically dead SMARCA4 

mutant can rescue Shh signaling defects caused by SMARCA4 deletion hinting that SMARCA4 

plays a non-enzymatic role in Shh-MB tumorigenesis (Zhan et al., 2011). Moreover, fewer SHH-

MBs contain SMARCA4 mutations compared to other subgroups suggesting that it might at least 

partially play a tumor supportive role in this context (Northcott et al., 2017).  

Exploration of chromosome 7(q) amplifications in a subset of G3- and G4-MBs 

demonstrated a corresponding elevation in EZH2 (Enhancer-of-Zeste 2) expression (Robinson et 

al., 2012). EZH2 is the enzymatic subunit of the Polycomb Repressive Complex 2 (PRC2), a 

methyltransferase that catalyzes H3K27me2 and H3K27me3 – the latter of which is a mark of 

transcriptional repression at both promoters and enhancers (Kim and Roberts, 2016). 

Chromosome 7 amplifications are associated with strong H3K27me3 staining in human MBs 

(Robinson et al., 2012). As stated earlier, the H3K27me3 demethylase KDM6A is also recurrently 

mutated or deleted in MB, most often in Group 4 (Northcott et al., 2017), and a subset of tumors 

display deletions of KDM6B, which resides on chromosome 17p. Together these genetic 

alterations define what Dubuc et al. deemed an “H3K27-methylator phenotype” within G3/G4-

MBs, suggesting that this mark and by extension EZH2 activity are oncogenic (2013).   

 G3-MB animal models have provided contradictory evidence for the function of Ezh2 in 

tumor development. Xenograft transplantation of an immortalized NSC cell line overexpressing 

Ezh2 and Myc was pro-tumorigenic (Sola, 2019), and inhibition of Ezh2 activity fueled 
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apoptosis in Myc-Otx2 expressing human cerebellar organoids (Ballabio et al., 2020). On the 

other hand, tumors developed more rapidly in a Myc-p53 transplantation model where Ezh2 was 

knocked out (Vo et al., 2017). The consequences of Ezh2 function are also unclear in Shh-MBs. 

Replacing lysine 27 with a methionine (H3K27M) blocks methylation, thus mimicking at least in 

part Ezh2 loss-of-function, and expression of H3K27M in p53-null neural progenitors strongly 

favored the development of Shh-MBs over gliomas (Larson et al., 2019). However, orthotopic 

transplantation of H3K27M-transduced, p53-/- NSCs did not yield tumors (Mohammad et al., 

2017). Ezh2 inhibition in Ptch1+/- tumors concurrently reduced proliferation and increased 

differentiation of tumor cells in vitro and in vivo (Cheng et al., 2020). One potential explanation 

for the differences observed may be the cell-of-origin such that Ezh2 may be a tumor suppressor 

in more differentiated progenitors (Nestin-expressing cells or GCPs) and an oncogene in NSCs, 

but direct evidence is necessary to support this idea.  

 Because PRC2 acts to antagonize the activity of both SWI/SNF and the KMT2D 

complex, which itself can recruit SWI/SNF via KDM6A, the genetic changes to KMT2D 

complex components, SWI/SNF subunits, or EZH2 observed in MB may result in shared 

functional consequences (Brand et al., 2019). In stem cells, balancing the activity of these 

chromatin modifiers is important for modulating self-renewal capabilities, lineage specification, 

and differentiation in a coordinated manner, so it will be critical to uncover how alterations to 

these complexes exploit the various tumor-initiating-cells of MB. It has already been established 

in multiple SMARCB1-deficient cancer models that disrupting Ezh2 can counteract tumor 

growth, which could be a feasible therapeutic option for SMARCA4 mutant MBs and maybe 

others (Kim and Roberts, 2016; Knutson et al., 2013; Wilson et al., 2010).  
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1.4.3 Genomic instability fuels neoplastic transformation 

 As put forth by Hanahan and Weinberg and supported by the many animal models 

described above, alterations in key regulatory genes endow cells with certain features 

fundamental to tumor formation (2000). To acquire these necessary mutations during 

transformation, cells must overcome their intrinsic surveillance system that maintains genomic 

stability. The complex network of intracellular signaling that composes the DNA damage 

response (DDR) pathway represents a bridge between the detection of DNA lesions and 

mechanisms of DNA repair and changes to cell status, such as cell cycle arrest, senescence, or 

apoptosis, and it thus acts as an essential blockade of pro-tumor mutagenesis.  

Because the complexity of the DDR and repair network is beyond the scope of this 

project, a simplified outline of the process is presented here (Figure 1-5). DNA double-stranded 

breaks (DSBs) resulting from agents like ionizing radiation are sensed by Mre11-Rad50-Nbs1, 

which recruit key protein complexes involved in the activation of the apical kinase Ataxia 

telangiectasia mutated (ATM) (Sulli et al., 2012). Among its many substrates, ATM 

phosphorylates the downstream mediator H2AX (a variant of histone 2A) and checkpoint kinase 

2 (Chk2), which can then phosphorylate and activate p53. In the absence of DNA repair, p53 

activation leads to either apoptosis or arrest and possibly senescence. Genotoxic agents that do 

not directly generate DSBs will disrupt DNA replication producing long stretches of replication 

protein A (RPA)-coated single-stranded DNA. This leads to the recruitment of Ataxia 

telangiectasia and Rad3-related (ATR) via ATR-interacting protein (ATRIP) and the 9-1-1 

(Rad9-Rad1-Hus1) protein complex. ATR, like ATM, phosphorylates H2AX and its own 

effector kinase Chk1. To illustrate how the DDR is more complicated than the picture painted in 

Figure 1-5, work from multiple research groups has demonstrated that ATM can also  
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Figure 1-5. The DNA 

damage response pathway  

DNA lesions from sources 

such as ionizing radiation 

and replication stress are 

detected by protein 

complexes like Mre11-

Rad50-Nbs1 or Rad9-

Rad1-Hus1 that then recruit 

apical kinases, ATM and 

ATR. ATM and ATR 

phosphorylate many 

downstream mediators 

including the kinases Chk2 

and Chk1, respectively, and 

they will phosphorylate 

effector proteins p53 and 

cdc25 which can trigger 

cell cycle arrest, apoptosis, 

or senescence. Figure from 

(Sulli et al., 2012). 
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phosphorylate Chk1, ATR can phosphorylate Chk2, and they both phosphorylate p53 (Smith et 

al., 2010; Weinberg, 2007). 

Bartek Jr. et al. showed that DDR activation in MB is widespread using an 

immunohistochemical screen of 25 human samples (2017). One probable reason for this is that 

oncogenes and tumor suppressors can themselves trigger DNA damage (Halazonetis et al., 

2008). Expression of SMARCA4 mutants, like the T910M, in MEFs leads to an increase in a 

specific mitotic defect known as anaphase bridges at levels reminiscent of BRCA1-deficient 

cells, and a similar phenotype was observed in human MB samples containing SMARCA4 

mutations, suggesting that the chromatin remodeler is involved in maintaining genomic stability 

(Dykhuizen et al., 2013). 

In G3-MB, high CHK1 expression seems to be associated with poor outcomes (Prince et 

al., 2016). CHK1 and its upstream kinase ATR are essential factors for normal replication such 

that conditional deletion of Atr in neural progenitors leads to cerebellar hypoplasia and blocks 

tumor formation in SmoM2 mice (Lang et al., 2016). Consequently, CHK1 is currently being 

considered as a therapeutic target in MB. In fact, promising results from Chk1/2 inhibition in 

MB cell lines, where high Myc expression was associated with increased drug sensitivity, and in 

a G3-MB mouse model, where in vivo administration of a pharmacological inhibitor penetrated 

the CNS and activated DNA damage, have prompted St. Jude’s to organize a Phase 1 clinical 

trial with the dual inhibitor prexasertib (LY2606368) (Campagne et al., 2020; Krüger et al., 

2018; NCT04023669, 2019). 

 The importance of DDR and repair genes in genomic stability makes them vulnerable 

targets for neoplastic transformation in many cancers including MB, and though rare, somatic 

and germline mutations of certain components, such as TP53, ATM, BRCA1/2, PALB2, and 
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others, have been identified in human MB samples (Northcott et al., 2017; Waszak et al., 2018). 

In mice, deletion of genes related to DNA repair are not sufficient to cause MBs, yet in 

conjunction with loss of p53, they will instigate tumor development. For instance, conditional 

deletion (Nestin-cre) of Brca2 or Xrrc2, two effectors of homologous recombination, in a p53-/- 

background will lead to tumors that resembles Shh-MBs, yet Brca2 deletion did not collaborate 

with Ptch1+/- to generate tumors (Frappart et al., 2007; Frappart et al., 2009). Like Brca2, mice 

lacking Parp1, a gene important for base excision repair among other functions, will develop 

Shh-MBs when combined with loss of p53 but not Ptch1+/- (Tanori et al., 2008; Tong et al., 

2003). Moreover, p53 deletion and loss of DNA ligase IV, Xrrc4, Ku70, or Ku80, which are 

mediators of Non-homologous end joining (NHEJ), also lead to medulloblastomas and/or 

lymphomas in mice (Frappart et al., 2009; Holcomb et al., 2006; Lee and McKinnon, 2002; Li et 

al., 2009; Yan et al., 2006). Of the NHEJ models, only DNA ligase IV and Xrrc4 were assessed 

for molecular changes, and they demonstrated enhanced Shh pathway activation (Frappart et al., 

2009; Yan et al., 2006) 

  

1.5 DNA damage and tumorigenesis in Ptch1+/- mice 

 The link between loss of genes involved in homologous recombination or NHEJ and Shh-

MB suggests that GCPs, the cell-of-origin, are exquisitely sensitive to DNA repair regulation. 

This is likely due to the elevated baseline levels of DNA damage that proliferating GCPs display 

in vivo even when compared to robustly proliferative tissues like the intestinal epithelia and that 

is a direct consequence of Shh signaling, which triggers a specific form of replication stress 

caused by a high density of active replication origins (Tamayo-Orrego et al., 2020). Moreover, 

the replication-induced DNA damage instigated by Shh leads to an increase in recombination  
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Figure 1-6. Shh-MB tumorigenesis is a multistep process 

 Schematic illustrating the three stages of tumor development in Ptch1+/- mice. In GCPs (pink) of 

the early postnatal EGL, Shh signaling increases proliferation and invokes genomic instability 

through replication stress resulting in loss of the wildtype Ptch1 allele and preneoplasia 

formation. The transition to advanced tumor requires additional genetic alterations to overcome 

tumor preventing barriers such as senescence. Figure from (Tamayo-Orrego et al., 2016a). 
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events, and in the context of Ptch1+/-, recombination events drive loss of the wildtype Ptch1 

allele, known as loss-of-heterozygosity (LOH), thus initiating preneoplasia formation (Figure 1-

6).  

While the incidence of these lesions (and of tumors also) fluctuates among mouse strains, 

some preneoplasia will never transition to fully advanced tumors, suggestive of additional 

impediments to tumorigenesis (Mille et al., 2014; Oliver et al., 2005). Indeed, preneoplasia 

display an elevated number of senescent cells, a known cancer barrier. According to Halsonetis,  

Gourgoulis, and Bartek, this senescence observed in preneoplasia can be explained by “the 

oncogene-induced DNA damage model” where activation of the oncogene (or loss of the tumor 

suppressor) leads to DSBs in the DNA – a result of replicative stress – thus triggering the ATM-

mediated arm of the DDR pathway, which in turn instigates senescence via activation of p53 

(2008). Earlier publications established the ability of ATM inhibition to interfere with oncogene-

induced senescence both in vitro using cell lines and in vivo using animal models of cancer 

(Bartkova et al., 2006). The authors contend that such a model would explain the frequency of 

both chromosomal instability and p53 mutations in various human cancers, both of which are 

features of Shh-MB. In fact, SHH-MBs with TP53 mutations often display a specific form of 

genomic instability known as chromothripsis, which is defined as catastrophic levels of 

chromosomal rearrangement (Rausch et al., 2012). Work from Ptch1+/- mice shows that 

progression to advanced tumor requires senescence evasion achieved via mutations in p53 or 

related proteins, disruption of the p53 signaling cascade, and/or reduced expression of p16ink4a (a 

cyclin-dependent kinase inhibitor) through increased promoter methylation (Tamayo-Orrego et 

al., 2016b).  
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In summary, Shh-MBs occur in a stepwise manner that requires multiple genetic 

alterations where ligand-independent Shh signaling is an early event (Figure 1-6); as a result, 

our lab is now expanding our inquiries into both Shh pathway dependent and independent 

mechanisms of tumorigenesis.  

 

1.6 Rationale and overall objectives 

The identification of recurrent mutations in human patients and the refinement of the 

stepwise progression of tumor development in Ptch1+/- mice have laid the foundation for 

unearthing the molecular mechanics of tumorigenesis. Our lab has previously established a role 

for Boc in the progression of MB where they demonstrated that Boc is highly expressed in 

murine and human tumors, which can occur through gains of the BOC gene (Mille et al., 2014). 

Boc inactivation in Ptch1+/- mice not only led to smaller preneoplasia but also to a reduction in 

tumor incidence that correlated with a decreased incidence in Ptch1 LOH. 

While Boc deletion only has a partial effect on proliferation, it quells the DNA damage 

caused by either Ptch1+/- or Shh stimulation (Izzi et al., 2011; Mille et al., 2014). Therefore, we 

hypothesized that high expression of Boc contributes to MB tumorigenesis by promoting 

genomic instability through induction of DNA damage. Using an in vitro experimental paradigm, 

I sought to determine if Boc is sufficient to induce DNA damage using H2AX phosphorylation 

as an outcome measure. I then attempted to elucidate downstream effectors of Boc-mediated 

H2AX phosphorylation by screening small molecule inhibitors of potential signaling cascades, 

and I tried to characterize the downstream activation of the DNA damage response by 

immunostaining for members of the DDR network. Unfortunately, my ability to further test the 

role of Boc in tumor formation was limited by technical challenges associated with my 
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unsuccessful attempt to establish an in vivo model of Boc overexpression. Moreover, repeated 

failure to disrupt phosphorylation of H2AX following BocGFP electroporation prompted me to 

test if the construct was both being expressed and triggering DNA damage in GCPs, the cells-of-

interest, by generating primary cultures from a reporter mouse line.  

More recently, our lab has established that medulloblastoma formation is a multi-step 

process in which the transition from preneoplasia to advanced tumor requires the acquisition of 

Shh-signaling independent genomic alterations (Tamayo-Orrego et al., 2016b). This finding has 

incited an interest in the lab to identify and characterize other co-driver mutations of Shh-MB. 

Serendipitously, while investigating the role of Boc deletion on MB incidence in Ptch1+/- mice, 

we discovered a tumor containing a spontaneous, oncogenic Pik3ca mutation (H1047R), and this 

tumor displayed higher expression of genes associated with muscle identity and function (Figure 

1-7A, B). The presence of myogenic differentiation in human MB tumors, also known as MMB, 

is a rare but well-documented phenomenon (Helton et al., 2004). Therefore, we postulated that 

combination of germline Ptch1+/- and conditional Pik3caH1047R would create mouse tumors 

resembling human MMB.  

 In Chapter 4 of the thesis, I will document our efforts to characterize this putative mouse 

model and assess its similarities to human MMB. Additionally, we have identified other potential 

mediators of the muscular phenotype, which inspired us to assess whether loss of Ezh2 can also 

generate myogenic marker expression in mouse tumors. Finally, we have utilized these model 

systems to better understand the molecular events that instruct the appearance of myogenic cells 

in the central nervous system.  
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 Figure 1-7. Mouse tumor 

with spontaneous PI3K 

mutation displays 

elevated expression of 

muscle genes 

A) Identification of 

H1047R Pik3ca mutation in 

a mouse Ptch1+/- tumor. 

Principal component 

analysis (PCA) of all 

expressed genes from 

Ptch1+/- advanced tumors 

that were also Boc+/+ (black 

dots), Boc+/- (grey dot), or 

Boc-/- (red dots). Sample 

with spontaneous H1047R 

mutation indicated by 

arrow.  

B) Enrichment of genes 

associated with muscle contraction (top plot) and myogenesis (bottom) by Gene set enrichment 

analysis (GSEA) in spontaneous PI3K mutant tumor (n=1) compared to the others (n=10). q, 

false discovery rate adjusted p. NES, normalized enrichment score.  
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Chapter 2: Experimental Procedures 
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2.1 Mouse lines 

 All experiments involving mice were carried out in accordance with the Canadian 

Council on Animal Care Guidelines. Wildtype C57BL/6 mice were obtained from Jackson Labs, 

and all mice were maintained on C56BL/6 background unless otherwise specified. Also obtained 

from Jackson laboratories were the  Ptch1+/- (officially Ptch1-LacZ or Ptch1tm1Mps/J) mice; 

Math1-Cre [Tg(Atoh1-cre)1Bfri] mice; and Pik3caH1047R [FVB.129S6-

Gt(ROSA)26Sortm1(Pik3ca*H1047R)Egan/J] mice, which was the only line maintained on a FVB/129S6 

background (Adams et al., 2011; Goodrich et al., 1997; Matei et al., 2005). Boc-/- 

(Boctm1Aok/tm1Aok) mice were obtained from A. Okada and S. K. McConnell; BocAP2/AP2 mice were 

obtained from B. Allen; and TdTomato [B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J] mice were 

obtained from Y. Zhang (Madisen et al., 2010; Okada et al., 2006; Zhang et al., 2011b).  

 

2.2 Cerebellar dissociation and purification of GCPs 

The isolation of GCPs described here is a modified protocol previously described (Izzi et 

al., 2011). The cerebella of P5-P7 mice were collected and digested with 0.25% Trypsin in 

HBSS for 20 minutes at 37oC. The tissue was titrated with fire-polished glass pipettes into a 

homogenous suspension and GCPs were isolated by centrifuging the cell suspension (3200 RPM 

for 22 minutes at RT with the break removed) on a 30%/65% sucrose gradient. The cells at the 

interface of the two sucrose concentrations were transferred to HBSS, centrifuged at 950 RPM 

for 5 min at RT, and resuspended in Neurobasal supplemented with B27, sodium pyruvate, 

glutamax, and penicillin/streptomycin. Unless cells were further manipulated, 0.5 x 106 cells in 

500 µL of media were plated on PDL-coated coverslips. For Ezh2 inhibitor experiments, 1 µM 

EPZ6438 (Selleckchem) or an equivalent dilution of DMSO and 10 nM Shh (R&D) or an equal 
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volume of media was added at plating while only EPZ6438 or DMSO was added at DIV 2 when 

the media was changed.  

 

2.3 Electroporation of GCP cultures 

 The mBocGFP construct in a pEGFP-N1 vector was a gift from A. Okada. The pEGFP 

was generated by Steves Morin from a SmoGFP construct in a pEGFP-N3 vector, and 

mBocGFPΔcytotail was generated from the pEGFP vector by Steves Morin. Regardless of 

Amaxa electroporation kit, cells suspensions were centrifuged for 5 minutes at 3000 RPM, media 

was discarded, and cells were resuspended in nucleofector solution. For P3 primary kit 

electroporation, each 96-well cuvette contained 1x106 dissociated GCPs in 10 µL P3 primary 

nucleofector solution plus 0.3 µg of plasmid, and the cuvettes were electroporated in the 

Nucleofector II (Lonza) using the DC-100 program (Mille et al., 2014). For the NSC kit 

electroporation, each 100 µL cuvette contained 6x106 dissociated GCPs suspended in 100 µL 

NSC nucleofector solution plus 1.0 µg of plasmid, and the cuvettes were electroporated in the 

Nucleofector I (Lonza) using the A-33 program. Electroporated cells were diluted in completed 

neurobasal media to a concentration of 1x106 cells per 500 µL of media (except Figure 3-1 in 

which the concentration was 0.5x106 cells per 500 µL) and cultured in 24-well plates on PDL-

coated glass coverslips at 37oC. For drug experiments, all small molecules: 134 nM SANT1 

(Calbiochem), 5 µM GANT58 (EMD), 0.2 µM PP2 (Millipore), 0.2 µM PP3 (Millipore), 15 µM 

LY294002 (gift from M. Tessier-Lavigne) or 10 µM SB203580 (Cell Signaling), were added at 

the time of plating, and except for the overnight SANT1 and PP2 experiments, equivalent 

dilutions of DMSO were added to control conditions. Shh (10 nM, R&D) was added 30 minutes 

after SANT1. 
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2.4 In utero electroporation 

 All gRNAs were cloned into the all-in-one CRISPR vector, PX458. The Asxl3, control, 

and Ptch1 gRNAs were custom made through GeneScript; the latter two gRNAs were previously 

described (Zuckermann et al., 2015). The Ezh2-E18 and Ezh2-E10 gRNAs, previously validated 

in a G3-MB mouse model, were originally gifted from Martine Roussell (Addgene) and were 

combined at a 1:1 ratio prior to mixing with the Ptch1 plasmid (Vo et al., 2017). Ptch1+ target 

gene or control plasmid were mixed 1:1 for in utero electroporation. Using a foot-pedal operated 

picospritzer (Parker), 1 ug in 1 uL of plasmid mixture was injected into the rhombic lip of e14.5-

15.5 embryos followed by 5 pulses of 45mV at 950 ms intervals that were applied by an ECM-

830 electroporator (Harvard Apparatus) through platinum electrode tweezers (Protech) placed 

over the embryo’s ears. Embryos were then placed back into the pregnant female, who was 

anesthetized by isofluorane throughout the surgery, allowed to be born, to be weaned, and to 

survive until symptomatic for brain tumors. Animals showing no symptoms by 240 days were 

euthanized.  

 

2.5 Lentivirus preparation and GCP transduction 

Lentivirus production was adapted from a previously described protocol (Tamayo-Orrego 

et al., 2016b). HEK293T/17 cells in 15 cm dishes were switched to DMEM supplemented with 

0.5% FBS, 1% Penicillin/Streptomyocin, and 2 mM caffeine and were transfected using 

Lipofectamine 2000 with 15 µg pLP1, 7 µg pLP2, and 10 µg pVSVG packing plasmids along 

with 15ug of one lentiviral vector:  pPrime-CMV_GFP (gift from M. Tremblay), pLv-CMV-

mMyod (originally from Jeffrey Chamberlain through Addgene),  pLV-GG-hUBC-dsRed 

(originally from Charles Gersbach through Addgene), or pLV-hMyoD-IRES-dsRed (originally 
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from Charles Gersbach through Addgene). 72 hours after transfection, viral media was collected 

then centrifuged, and gravity filtered (0.45 µM) to remove debris. 40 mL of filtered viral media 

and 10 mL of 40% PEG6000-2.4M NaCl were rocked overnight at 4oC; the mixture was then 

centrifuged at 3750 RPM for 1 hour at 4oC to precipitate virus, and the supernatant was 

discarded. The virus was resuspended in 1 mL of neurobasal media and the concentrated virus 

was centrifuged at 12000 RPM for 5 min. 5x106 purified GCPs were spin-inoculated with 250 

µL concentrated virus at 800 g for 30 min at RT, resuspended in supplemented Neurobasal 

media and plated (0.5x106 cells in 500 µL media) on 1 mM glass coverslips coated with PDL in 

24-well plates. Cells were treated 1 µM EPZ6438 or an equivalent dilution of DMSO at plating. 

On DIV 2, media was changed and fresh drug/DMSO was added.          

 

2.6 Immunostainings: 

2.6.1 Dissociated GCP immunofluorescence:  

Cells were fixed by adding an equal volume of 8% PFA in PBS to the cell culture media 

and then incubating plates at 4oC for 15 min (Ch. 4) or 20 minutes (Ch. 3). Coverslips were 

washed in PBS. When necessary (p-Chk1, Chk1, p-Chk2, Chk2, and p-p53), antigen retrieval 

was performed by incubating the coverslips in sodium citrate buffer (10mM sodium citrate, 

0.05% tween 20 in water, pH 6.0) for 13 minutes at 95oC before washing in PBS. Cells were 

permeabilized in 0.3% triton for 15 minutes, washed in PBS, and blocked in 10% serum 

(goat/donkey), 0.1% triton in PBS for 1 hour at RT. Cells were incubated overnight at 4oC in 

primary antibody(s) diluted in 1% serum, 0.1% triton (Table 2-1). Coverslips were washed in 

1% serum, 0.1% triton before they were incubated in diluted fluorophore-conjugated secondary  
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Table 2-1. Antibodies 

Antibody Source (Catalog #) Dilution 

Mouse monoclonal anti-GFP 
ThermoFisher 

(A11120/A11121) 
1:1000 

Rabbit polyclonal anti-γH2AX Cell Signaling (9718S) 1:2000 

Chicken polyclonal anti-GFP Abcam (ab13970) 1:1000 

Rabbit anti-p-Chk1 (S345) Cell Signaling (2348) 1:150 

Mouse monoclonal anti-Chk1 Santa Cruz (sc-8408) 1:100 

Rabbit anti-p-Chk2 (T68) Cell Signaling (26613) 1:150 

Mouse monoclonal anti-Chk2 Santa Cruz (sc-5278) 1:100 

Rabbit polyclonal anti-p-p53 (S15) Cell Signaling (9284S) 1:150 

Rabbit polyclonal anti-p53 Santa Cruz (sc-6243) 1:100 

Mouse monoclonal anti-Ki67 BD Pharmingen (550609) 1:200 

Rabbit monoclonal anti-myoglobin Abcam (ab77232) 1:1000 

Goat polyclonal anti-troponin I FS 
Santa Cruz (sc-8120) 

obtained from J. Drouin 
1:100 

Mouse monoclonal anti-troponin T FS DSHB (JLT12) 1:5 (Tissue), 1:10 (cells) 

Mouse monoclonal anti-SERCA1 ThermoFisher (MA3-912) 
1:100 (Tissue IF), 1:2000 (IHC), 

1:1000 (cells) 

Rabbit polyclonal anti-H3K27me3 Active Motif (39155) 1:500 

Mouse monoclonal anti-TPM2 DHSB (CG1) 1:10 

Mouse monoclonal anti-MyoD BD Pharmigen (554130) 1:100 

Mouse monoclonal anti-myogenin 
DHSB (F5D) obtained from JF 

Coté 
1:50 

Rabbit polyclonal anti-Pax6 Biolegend (901310) 1:1000 

Goat anti-mouse IgG Alexafluor488 
Jackson Immunoresearch (115-

545-166) 
1:1000 

Goat anti-mouse IgG Cy3 
Jackson Immunoresearch (115-

165-146) 
1:1000 

Goat anti-mouse IgG biotinylated Vector (BA-9200) 1:200 

Goat anti-rabbit IgG Alexafluor488 
Jackson Immunoresearch (111-

545-144) 
1:1000 

Goat anti-rabbit IgG Cy3 
Jackson Immunoresearch (111-

165-144) 
1:1000, 1:2000 (γ-H2AX) 

Goat anti-rabbit IgG biotinylated Vector (BA-1000) 1:200 

Goat anti-chicken IgG Alexafluor488 Molecular Probes (A11039) 1:1000 

Donkey anti-mouse IgG Alexafluor488 
Jackson Immunoresearch (715-

545-151) 
1:1000 

Donkey anti-mouse IgG Cy3 
Jackson Immunoresearch (715-

165-151) 
1:1000, 1:500 (Chk1, Chk2) 

Donkey anti-mouse IgG Alexafluor 647 
Jackson Immunoresearch (715-

605-151) 
1:1000 

Donkey anti-rabbit IgG Cy3 
Jackson Immunoresearch (711-

165-152) 

1:1000, 1:2000 (γ-H2AX), 1:500 

(p-Chk1, p-Chk2, p-p53) 

Donkey anti-rabbit IgG AlexaFluor647 
Jackson Immunoresearch (711-

605-152) 
1:2000 (γ-H2AX) 

Donkey anti-goat Cy3 
Jackson Immunoresearch (705-

165-147) 
1:1000 
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antibody(s) for 1 hour at RT and then washed again in 1% serum, 0.1% triton. For sequential 

staining (MyoD then Tnnt3), secondary antibody (goat anti-mouse IgG Cy3) was diluted 1:100  

to achieve saturated binding, and coverslips were washed 1% serum, 0.1% triton before they 

were incubated in Tnnt3 antibody dilution for 1 hour at RT. Coverslips were washed in 1% 

serum, 0.1% triton before a 1-hour incubation in secondary antibody (goat anti-mouse IgG 

Alexfluor488) at RT. Cells were counterstained with DAPI and coverslips were mounted onto 

slides with mowiol.  

 

2.6.2 Cerebellar section immunofluorescence:  

 Mice were euthanized by transcardial perfusion with 0.9% saline followed by 4% PFA in 

PB – except for animals with advanced tumors who were perfused with saline only. Whole 

brains were post-fixed overnight at 4oC in 4% PFA, washed, and cryoprotected in 30% sucrose 

in PBS at least 48 hours at 4oC. Cerebella hemispheres were frozen in OCT and sliced using a 

cryostat into 12 µM sagittal sections. Cryosections were subjected to antigen retrieval in sodium 

citrate buffer (10mM sodium citrate, 0.05% tween 20 in water, pH 6.0) at 98oC for 1 hour except 

for SERCA1 staining which was only for 12 minutes. Slides were then washed in PBS before 

tissue was permeabilized in 0.3% triton for 15 minutes at RT. After washing slides in PBS, slides 

were washed with 0.3M glycine to reduce autofluorescence. The tissue was again washed in PBS 

and then blocked in 10% serum (goat/donkey), 0.1% triton in PBS for 1 hour at RT and then 

incubated in diluted antibody (1% goat/donkey serum, 0.1% triton in PBS) overnight at 4oC 

(Table 2-1). Tissue was washed in PBS, incubated in diluted alexafluor-conjugated secondary 

antibody for 1 hour at RT, washed again, and counterstained in DAPI. Coverslips were attached 

to slides with mowiol. 20X epifluorescence images were acquired on the DM6 (Leica) except for 
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the myoglobin and Tnni2 labeling in Figure 4-1E where the myoglobin images are confocal 

images at 40X from the LSM700 (Zeiss) and the Tnni2 images were acquired on the DM6 at 

63X.  

 

2.6.3 Immunohistochemistry of mouse cerebella or human MMB:  

 Slides containing paraffin-embedded sections of tumor were kindly provided by Dr. C. 

Hawkins and were dewaxed with xylene followed by decreasing concentrations of ethanol.  

Slides of mouse sections were acquired as related above. Tissue was washed in PBS before 

antigen retrieval in sodium citrate buffer (10mM sodium citrate, 0.05% tween 20 in water, pH 

6.0) for 1 hour at 98oC. Tissue was washed with PBS before and after endogenous peroxidase 

inhibition in 2% H202 (diluted in PBS) for 30 minutes at RT. The tissue was blocked in 10% 

serum (goat/donkey), 0.1% triton in PBS for 1 hour at RT and then incubated in diluted antibody 

(1% goat/donkey serum, 0.1% triton in PBS) overnight at 4oC (Table 2-1). Slides were washed 

in 1% serum, 0.1% triton before a 1-hour incubation in 1:200 dilution of biotinylated secondary 

antibody (1% serum, 0.1% triton) at RT. The tissue was washed before and after a 1-hour 

incubation in ABC-peroxidase kit (Vectastain) at RT. Antibody binding was visualized by DAB 

substrate reaction, which was quenched with water. Mouse tissue was counterstained with Nissl 

while human MMB was counterstained with hematoxylin before tissue was dehydrated, and then 

coverslips were attached with permount. Brightfield images acquired at 20X or 63X on the 

DM4000B (Leica) and were processed in ImageJ for figures.  

 

2.7 Image quantification 
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 For fluorescence intensity measurements in dissociated cells, confocal images were 

acquired at 63X on either the Zeiss LSM700 (Ch. 3) or Leica SP8 (Ch. 3 and Ch. 4). Analysis of 

nuclear fluorescence mean intensity was conducted in FIJI (ImageJ software), which was also 

used to process images for figures. Following background subtraction, individual nuclei were 

traced in the DAPI channel before measuring mean intensity in the channel of interest. Averages 

and data normalization were calculated in Excel.  

For cell counts in a defined population (either electroporated or myogenic cells), 63X 

images acquired with the SP8 (Leica) were used to define Ki67/TdTomato/MyoD/Pax6 status by 

hand. For muscle marker cell counts (TPM2, SERCA1, Tnnt3), all positive cells on the coverslip 

were counted by hand at 20X on the DM6 (Leica). The total cell number was extrapolated based 

on the number of DAPI cells, counted using an ImageJ macro, from 20X images (DM6). For 

MyoD percentages in dissociated cells, the MyoD-positive cells were counted from 20X images 

(DM6) using the ImageJ counter feature and DAPI cell counts were made using an ImageJ 

macro. For MyoD counts in P7 sagittal sections, MyoD-positive cells were counted from 63X 

images using the counter feature on ImageJ and divided by the area of the EGL.  

 

2.8 Statistical analysis 

Both graph production and statistical analyses were performed in Prism 8 (GraphPad 

Software). Reported n are recorded in the figure legends. Statistical tests are indicated in figure 

legends and include Mann-Whitney U test, two- or three-way ANOVA with Tukey’s multiple 

comparisons, Kruskal-Wallis test with Dunn’s multiple comparisons, Fisher’s exact test, and an 

unpaired t-test. Significance is defined by p-value, where n.s. stands for not significant, and is 

represented by asterisks: *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001. All error bars 
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represent 95% confidence interval. Kaplan-Meier Curves were used to assess survival in Chapter 

4 and were analyzed by log-rank test.  

 

2.9 RNA sequencing and analysis 

 mRNA was extracted from dissociated P7 GCPs from Ptch1Wt;Boc+/+, Ptch1WT;Boc-/-, 

Ptch+/-;Boc+/+, or Ptch+/-;Boc-/- mice, tumors from Ptch1+/-;Boc+/+,+/-,or-/- mice, and tumors from 

Ptch1+/-;Pik3caWTorH1047R mice. cDNA libraries from Ptch1;Boc samples, tumor or GCPs, were 

prepared using the unstranded polyA RNA Illumina Prep Kit while libraries from Ptch1;Pik3ca 

samples were prepared with the TruSeq Stranded mRNA (polyA) LT Sample Kit. The libraries 

were subsequently sequenced on the Illumina HiSeq2000 using 50bp paired-end reads, and 

quality control of read sequences was implemented with the FastQC algorithm (Andrews, 2010). 

First, adaptor sequences and low-quality score bases (Phred score<30) were trimmed by 

Trimmomatic v.022, and reads fewer than 32-bp long were discarded (Lohse et al., 2012).  

 Gene quantification was only performed on concordant mapped reads. Using HTSeq 

0.6.1p1, gene mapping read counts were obtained based on Ensembl (release 86) gene annotation 

(UCSC genome browser) (Anders et al., 2015; Dreszer et al., 2012). A total of 48526 genes 

resulted from merging single gene transcript isoforms using cufflink (Trapnell et al., 2010). From 

this list, genes containing more than 10 mapping reads in at least a single sample were defined as 

being expressed above background. Gene expression levels were then normalized before 

measuring differential gene expression, all using the R Bioconductor package DESeq2 (Love et 

al., 2014). Exploratory analysis was first performed between the Ptch1+/-;Boc-/- sample 

containing the spontaneous Pik3caH1047R mutations compared to other Ptch1+/- MBs, and 

repeated using the genetically engineered Ptch1+/-;Pik3caH1047R tumors versus the Ptch1+/-
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;Pik3caWT. A gene was considered significantly different if the q-value was less than 0.05 and the 

absolute value of the expression fold-change was at least 2. In total, 1678 genes were differential 

expressed in our exploratory analysis, and 118 genes were differential expression in Ptch1+/-

;Pik3caH1047R tumors compared to Pik3caWT. Gene set enrichment analysis (GSEA) with the pre-

ranked option was applied to identify enriched gene sets among the differentially expressed 

genes.  

 

2.10 Public mouse data collection, processing, and clustering 

 From the Gene Expression Omnibus, data generated using Affymetrix Mouse Genome 

430 2.0 Array was extracted from 19 murine samples that included NSCs, Myc-driven tumors, 

and Ptch1+/- MBs (GSE34126) (Pei et al., 2012). The data (CEL files) was processed using the R 

Bioconductor package affy (Gautier et al., 2004), and the robust multichip analysis (RMA) 

algorithm was applied to the processed data, which include background correction, quantile 

normalization, and median polish through summarization of probes in genes. The final dataset 

contained 17599 genes expressed as a log2 scale. Combining the mouse datasets yielded a total 

of 12422 genes, from which we performed clustering analysis, after applying the empirical 

Bayes’ method ComBat in the sva R package to reduce variability generated by batch and 

platform effects (Leek et al., 2017). 

 

2.11 Public human MB data collection and processing 

 In total, the gene expression data of 901 human MB samples from 4 published datasets 

were downloaded from the Gene Expression Ominibus: data from 138 samples originating from 

three of the studies (GSE12992, GSE67850, GSE37418) were produced using Affymetrix 
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Human Genome U133 Plus 2.0 Array while the 763 sample  from Cavalli et al.  (GSE85217) 

were profiled using Affymetrix Human Gene 1.1 ST Array (Cavalli et al., 2017; Fattet et al., 

2009; Ho et al., 2015; Robinson et al., 2012). Microarray data was processed the same as the 

public mouse dataset described above. 

2.12 Identification of MMB gene signature and mouse sample clustering 

Because the 4 MMBs (GSM324062, GSM918644, GSM918618, GSM1657171) came 

from only 3 of the data sets (GSE37418, GSE12992, and GSE67850), the gene expression 

information from these were merged using the empirical Bayes’ method Combat in the sva R 

package, which would adjust for batch effects. To determine differential expression (q-

value<0.01, |log2(fold change)|≥1) of the 19425 identified genes between the 4 MMBs and other 

MBs with defined subgroups in the original publications (12 WNT, 10 SHH, 16 G3, 39 G4), the 

Bioconductor R package Limma was used (Ritchie et al., 2015). The 219 genes deemed 

differentially expressed were adopted as an MMB gene signature. GSEA with the pre-ranked 

option was applied to identify enriched gene sets among the differentially expressed genes. 

Mouse orthologs were identified for all 219 MMB signature genes and were downloaded from 

Ensembl using the BioMart online tool, and at least one mouse sample contained 10 reads or 

more of 181 of these genes (Zhang et al., 2011a).  
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Chapter 3  

Probing the link between high expression of the Shh receptor Boc and DNA damage in 

GCPs 
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3.1 Summary 

Dysregulated Shh signaling in cerebellar granule cell precursors (GCPs) can generate 

medulloblastoma (MB), the most common brain malignancy of childhood. Although our lab has 

previously shown that loss of Boc, a Shh co-receptor highly expressed in MB, greatly reduces 

tumor incidence in Ptch1+/- mice, we still do not understand how upregulation of Boc contributes 

to tumor formation. The work in this chapter reflects my intention to show that Boc 

overexpression induces DNA damage in GCPs, to elucidate downstream effectors involved in 

this damage, and to characterize the subsequent activation of the DNA damage response 

network. While electroporation of the BocGFP construct mostly targets non-GCPs, I do find that 

overexpression of Boc in GCPs can – at least transiently – trigger phosphorylation of H2AX, an 

event associated with DNA damage. My attempts to identify mediators both upstream and 

downstream of this effect did not account for the paucity of Boc-expressing GCPs and thus do 

not address the function of Boc in GCPs. Consequently, the role that Boc upregulation plays in 

DNA damage induction is largely an open question. The current results suggest that high levels 

of Boc are associated with DNA damage although future work is needed to provide 

corroborating evidence of this effect using an alternative method to express Boc in GCPs. 

 

3.2 Results 

3.2.1 Boc triggers phosphorylation of H2AX in vitro 

 Having previously established that Boc is not only required for Shh-dependent DNA 

damage but is also highly expressed in human and mouse MB, we wanted to understand how 

elevated levels of Boc may enhance tumorigenesis (Mille et al., 2014). To model Boc 

upregulation in vitro and test whether Boc itself induces DNA damage, I dissociated GCPs from  
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Figure 3-1. Boc triggers phosphorylation of H2AX in vitro 

A) Representative images of electroporated cells labeled with DAPI and with antibodies against 

GFP and γ-H2AX. Images cropped and adjusted for brightness/contrast. Scale bar: 5 µM.  

B) Significantly higher levels of γ-H2AX in Boc-expressing cells (n=85). Graph of mean 

intensities after normalization to the pEGFP average for each experiment (pEGFP n=146 cells 

from four independent experiments). Data represented as mean + 95% confidence interval and 

analyzed using a Mann-Whitney U test (****, p<0.0001). 
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P7 c57/B6 mice and electroporated them with either a mouse BocGFP (mBocGFP) fusion 

construct or a GFP (pEGFP) control. After culturing the cells overnight, they were 

immunostained with antibodies against GFP, to label transfected cells, and phosphorylated 

H2AX (γ-H2AX) – the phosphorylation of H2AX at serine 139 is a common marker of DNA 

damage (Figure 3-1A) (Rogakou et al., 1999; Rogakou et al., 1998; Ward and Chen, 2001). 

Although γ-H2AX triggered by double strand breaks (DSBs) creates a pattern of nuclear foci that 

can be counted, many of the Boc-positive cells displayed pan-nuclear staining, a pattern more 

commonly associated with genotoxic agents like ultraviolet (UV) radiation (de Feraudy et al., 

2010; Marti et al., 2006; Rogakou et al., 1999; Ward and Chen, 2001). Therefore, I chose to 

measure the mean intensity of γ-H2AX within the nuclei of electroporated cells (Figure 3-1B). 

Compared to control cells, those expressing Boc displayed roughly four times the level of γ-

H2AX.  

 

3.2.2 Blockade of canonical or non-canonical Shh signaling does not inhibit Boc-mediated 

γ-H2AX 

During cerebellar development, Boc, which is expressed by GCPs, serves in a receptor 

complex with Ptch1 for the mitogen Shh (Izzi et al., 2011). Ligand-binding prevents inhibition of 

Smo by Ptch1 and triggers proliferation via activation of Gli-dependent transcription (Briscoe 

and Thérond, 2013). Importantly, this signaling cascade also leads to DNA breaks, and the 

consequent elevation of γ-H2AX can be blunted by inhibition of either Smo or Gli (Mille et al., 

2014; Tamayo-Orrego unpublished data). Thus, we initially hypothesized that Boc drives DNA 

damage through this canonical Shh pathway. 
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Figure 3-2. Inhibition of Smo, Gli, or SFKs does not reduce Boc-mediated γ-H2AX 

A) 18 hours of 134 nm SANT1, 10 nM Shh, or both unable to significantly alter γ-H2AX. 

Graphs displaying γ-H2AX mean intensities normalized to pEGFP, DMSO (n ≥ 123 cells per 

condition from three independent experiments). Error bars: 95% confidence interval. Data 

analyzed using three-way ANOVA with Tukey’s multiple comparisons (****, p<0.0001; n.s., 

not significant).  

B) No significant change to γ-H2AX after 18 hours of exposure to 5 µM GANT58. Bar graphs of 

γ-H2AX mean intensities normalized to pEGFP, DMSO (n ≥ 81 cells per condition from two 

independent experiments). Error bars: 95% confidence interval. Data analyzed using two-way 

ANOVA with Tukey’s multiple comparisons (****, p<0.0001; n.s., not significant). 

C) Representative images of GFP and γ-H2AX immunostaining of transfected cells cultured for 

6 hours in the presence of DMSO, 134nM SANT1, or 5 µM GANT58. Counterstained with 

DAPI. Images cropped and adjusted for brightness/contrast. Scale bar: 5 µM. 

D) No significant change in γ-H2AX intensity following 6 hours of 134 nM SANT1 or 5 µM 

GANT58. Quantification of average γ-H2AX mean intensities normalized to pEGFP, DMSO (n 

≥ 121 cells per condition from three independent experiments). Error bars: 95% confidence 
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interval. Data analyzed using two-way ANOVA with Tukey’s multiple comparisons (****, 

p<0.0001; n.s., not significant).  

E) Representative images depicting electroporated cells treated with 0.2 µM of either PP3 or PP2 

for 18 hours prior to GFP and γ-H2AX co-labeling. Counterstained with DAPI. Images cropped 

and adjusted for brightness/contrast. Scale bar: 5 µM. 

F) PP2 does not blunt Boc-triggered γ-H2AX. Quantification of γ-H2AX mean intensities 

normalized to pEGFP, PP3 (n ≥ 91 cells per condition from two independent experiments). Error 

bars: 95% confidence interval. Data analyzed using two-way ANOVA with Tukey’s multiple 

comparisons (***, p<0.001; ****, p<0.0001; n.s., not significant). 
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First, I chose to block Smo activity with the antagonist SANT1, which acts by binding 

Smo at high affinity (Chen et al., 2002). Overnight exposure of electroporated cells to a 

concentration of SANT1 (134nM) sufficient to block Shh-dependent γ-H2AX did not 

significantly reduce γ-H2AX levels either alone or in combination with 10 nM Shh (Figure 3-

2A) (Mille et al., 2014; Tamayo-Orrego unpublished data). As Shh stimulation did not 

significantly augment the levels of Boc-triggered γ-H2AX, I opted to perform future experiments 

without Shh for simplicity’s sake. Next, I treated cells with 5 µM of GANT58, a drug that 

interferes with Gli-dependent transcription and at a dose that inhibits Boc-mediated proliferation 

in GCPs (Lauth et al., 2007; Mille et al., 2014). At 18 hours following electroporation, I 

observed no significant difference in the relative γ-H2AX intensity of BocGFP-expressing cells 

compared to the DMSO control (Figure 3-2B). Given the robust elevation of γ-H2AX observed 

18 hours following Boc transfection, I speculated that any influence resulting from the small 

molecule inhibitors may be overwhelmed at this timepoint. Therefore, I also measured γ-H2AX 

in cells cultured for 6 hours after electroporation in the presence of either DMSO, SANT1, or 

GANT58 (Figure3-2C, D). Even at this shorter timepoint, overexpression of Boc was associated 

with a large increase in γ-H2AX; however, neither SANT1 nor GANT58 significantly 

diminished the effect of Boc (Figure 3-2D). 

Second, I wondered if Boc-induced DNA damage may be mediated via a non-canonical 

cascade. Indeed, Boc, in addition to its role in GCPs, is also a co-receptor in a non-canonical Shh 

pathway, where Smo-activation leads to phosphorylation of Src-family kinases (SFKs) (Yam et 

al., 2009). This cascade is critical for the axon guidance of spinal commissural neurons. To test if 

SFK activity is necessary for Boc-triggered γ-H2AX, we utilized the inhibitor PP2, which our lab 

has previously employed to prevent axon turning in response to Shh. Compared to PP3, an 
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analogue of PP2 that does not affect SFK activity, administration of 0.2 µM PP2 did not 

significantly alter γ-H2AX levels in Boc-expressing cells after 18 hours in culture (Figure 3-2E, 

F). Hence, I have showed that H2AX phosphorylation in cells overexpressing Boc is unchanged 

by blockade of either canonical or non-canonical Shh signaling. 

 

3.2.3 Boc-induced γ-H2AX does not require its cytoplasmic tail and is independent of PI3K 

or p38 MAPK signaling 

Boc is a single-pass transmembrane protein of the Immunoglobin (Ig) superfamily, and 

its 1113 amino acids (1110 in mice) yield four IgG domains, three Fibronectin III (FNIIIa-c) 

repeats, a transmembrane region, and a relatively short cytoplasmic tail of 238 amino acids 

(Kang et al., 2002). The FNIII repeats are critical for Shh signaling through their interaction with 

Shh (FNIIIc) and Ptch1 (FNIIIa-b) (Izzi et al., 2011; Okada et al., 2006; Tenzen et al., 2006). On 

the other hand, the cytoplasmic tail is dispensable for canonical pathway activation, although it is 

likely involved in non-canonical signaling via its interaction with the guanine nucleotide 

exchange factor (GEF) Dock and its binding partner ELMO (Makihara et al., 2018; Song et al., 

2015; Tenzen et al., 2006). If Boc directly regulates DNA damage in GCPs, then the interaction 

of the cytoplasmic tail with downstream effectors should be necessary for phosphorylation of 

H2AX.  

To dissect the role of the intracellular domain, we employed a Boc mutant construct in 

which the cytoplasmic tail has been deleted (mBocGFPΔcytotail) and electroporated cells 

dissociated from Boc-null (BocAP2/AP2) cerebella to eliminate signal generated from dimerization 

of the mutant protein with endogenous Boc (Zhang et al., 2011b). At 6 hours post-transfection, 

there was no significant change in γ-H2AX between full-length and cytoplasmic tail-deleted Boc  
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Figure 3-3. Boc-induced γ-H2AX does not 

require its cytoplasmic tail and is 

independent of PI3K and p38 MAPK 

signaling 

A) Representative images of transfected 

BocAP2/AP2 cells cultured for 6 or 18 hours and 

labeled with antibodies against GFP and γ-

H2AX. Counterstained with DAPI. Images 

cropped and adjusted for brightness/contrast. 

Scale bar: 5 µM. 

B) Boc lacking the cytoplasmic tail (Δcytotail) 

induces high levels of γ-H2AX at both 6 (left 

graph) and 18 (right graph) hours post-

electroporation. Quantification of γ-H2AX mean 

intensities normalized to pEGFP (n ≥ 160 cells 

per condition from three independent 

experiments). Error bars: 95% confidence 

interval. Data analyzed using Kruskal-Wallis 

test with Dunn’s multiple comparisons (*, 

p<0.05; ****, p<0.0001; n.s., not significant). 

C) Representative images of GFP and γ-H2AX 

immunostaining on electroporated cells cultured 

for 18 hours in the presence of DMSO, 15 µM 

LY294002, or 10 µM SB203580. 

Counterstained with DAPI. Images cropped and 

adjusted for brightness/contrast. Scale bar: 5 

µM. 

D) No significant changes to γ-H2AX after 

treatment with either 15 µM LY294002 or 10 

µM SB203580. Graph of γ-H2AX mean 

intensities normalized to pEGFP, DMSO (n ≥ 80 

cells per condition from two independent experiments). DMSO conditions (pEGFP and 

mBocGFP) are the same as Figure 3-2B. Error bars: 95% confidence interval. Data analyzed 

using two-way ANOVA with Tukey’s multiple comparisons (****, p<0.0001; n.s., not 

significant). 
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(Figure 3-3 A[top], B[left]). By 18 hours, however, there is a slight reduction of γ-H2AX in cells 

expressing the mutant construct although the levels are still much higher than the control, 

suggesting that the cytoplasmic tail, though not required, modulates Boc-induced γ-H2AX 

(Figure 3-3 A[bottom], B[right]). 

Along with functioning as a Shh co-receptor, Boc plays a ligand-independent role in the 

differentiation of myotubes (Kang et al., 2002). In this process, its cytoplasmic tail is 

expendable, and Boc acts upstream of p38 MAPK and Akt activation (Bae et al., 2010; Kang et 

al., 2002). Notably, both p38 MAPK and PI3K-Akt signaling have been linked to GCP 

proliferation. For instance, p38 MAPK expression is elevated in GCPs following Shh stimulation 

in vitro, and it is also strongly expressed in the EGL (Guldal et al., 2012). Either knock-down of 

p38 MAPK or inhibition of its activity with SB203580 blocked transcription of Shh signaling 

targets and attenuated GCP proliferation. Similarly, PI3K-Akt signaling is important for GCP 

proliferation and survival via upstream activators IGF1 and IGF2 (Dudek et al., 1997; Fernandez 

et al., 2010; Wechsler-Reya and Scott, 1999). In GCPs, impeding PI3K activity with the inhibitor 

LY294002 in the presence of Shh could reduce levels of N-Myc, a Gli transcriptional target 

important for proliferation (Kenney et al., 2004). Nevertheless, culturing electroporated cells 

overnight in the presence of 15 µM LY294002 or 10 µM SB203580 did not significantly 

abrogate the amount of γ-H2AX associated with Boc overexpression (Figure 3-3C, D). Here, the 

DMSO controls are the same as Figure 3-2B. These results suggest that high levels of Boc lead 

to H2AX phosphorylation independent of either PI3K or p38 MAPK inhibition.  
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3.2.4 Boc overexpression leads to activation of the DNA damage response network and cell 

cycle exit 

The phosphorylation of H2AX occurs rapidly following DNA damage and represents an 

early step in the DDR cascade (Fernandez-Capetillo et al., 2004; Rogakou et al., 1998). The 

DDR is a complex signaling network which functions to sense DNA damage, to coordinate cell 

cycle arrest with DNA repair processes, and to modify, when necessary, mediators of cell 

senescence and apoptosis. The serine/threonine kinases Chk1 and Chk2 are key effectors of the 

DDR, and their activation is initiated when they are phosphorylated by ATR or ATM, 

respectively (Bartek and Lukas, 2003; Brown et al., 1999; Chaturvedi et al., 1999; Matsuoka et 

al., 1998; Smith et al., 2010). According to the textbook model, the introduction of DSBs 

instigates ATM-dependent phosphorylation of Chk2 at threonine 68 (T68) (Ahn et al., 2000; 

Matsuoka et al., 2000); whereas, replication stress triggers Chk1 phosphorylation by ATR at 

multiple sites, notably at serines 345 (S345) and 317 (S317) (Capasso et al., 2002; Liu et al., 

2000; Niida et al., 2007; Smith et al., 2010; Wilsker et al., 2008). However, the molecular reality 

seems to be more complicated than this as there is evidence of crosstalk (Gatei et al., 2003; Hirao 

et al., 2002; Smith et al., 2010; Tominaga et al., 1999).  

  To assess the state of the DDR in cells overexpressing Boc, we cultured electroporated 

cells overnight and labeled them with antibodies against phosphorylated Chk1 (p-Chk1, S345), 

total Chk1, phosphorylated Chk2 (p-Chk2, T68), and total Chk2 (Figure 3-4A, B, E, F). 

Compared to control, cells transfected with Boc exhibited a slight increase in p-Chk1 (Figure 3-

4C), but the difference in Chk1 expression, though significant, is negligible (Figure 3-4D). On 

the other hand, high levels of Boc correlate with a heartier elevation of both p-Chk2 and total 

Chk2 hinting at a more active ATM-Chk2 arm of the DDR (Figure 3-4G, H).  
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Figure 3-4. Boc overexpression is associated with activation of the DNA damage response 

network 

A) Representative images of p-Chk1 (S345) and GFP immunofluorescence from electroporated 

cells. Counterstained with DAPI. Images cropped and adjusted for brightness/contrast. Scale bar: 

5 µM. 
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B) Representative images of transfected cells co-labeled with antibodies against GFP and Chk1. 

Counterstained with DAPI. Images cropped and adjusted for brightness/contrast. Scale bar: 5 

µM. 

C) Increased p-Chk1(S345) levels in Boc-expressing cells (n=84) compared to pEGFP (n=121). 

Graph of relative p-Chk1 intensities normalized to pEGFP (two independent experiments). Error 

bars: 95% confidence interval. Data analyzed using Mann-Whitney U test (****, p<0.0001). 

D) Negligible effect on Chk1 expression following mBocGFP electroporation. Graph of relative 

Chk1 intensities from mBocGFP cells (n=132) normalized to pEGFP (n=234 cells from three 

independent experiments). Data analyzed using Mann-Whitney U test (**, p<0.01). 

E) Representative images of p-Chk2 (T68) co-labeling with GFP following electroporation. 

Counterstained with DAPI. Images cropped and adjusted for brightness/contrast. Scale bar: 5 

µM. 

F) Representative images of electroporated cells immunostained with antibodies against GFP and 

Chk2. Counterstained with DAPI. Images cropped and adjusted for brightness/contrast. Scale 

bar: 5 µM. 

G) Elevated expression of p-Chk2 (T68) in Boc-expressing cells (n=69). Graph of relative p-

Chk2 intensities normalized to pEGFP (n=170 cells from two independent experiments). Error 

bars: 95% confidence interval. Data analyzed using Mann-Whitney U test (****, p<0.0001) 

H) Total Chk2 levels increased in mBocGFP-positive cells (n=73). Graphs of relative Chk2 

intensity normalized to pEGFP (n=169 cells from two independent experiments). Error bars: 

95% confidence interval. Data analyzed using Mann-Whitney U test (****, p<0.0001). 

I) Representative images of p-p53 (S15) and GFP immunostaining following transfection. 

Counterstained with DAPI. Images cropped and adjusted for brightness/contrast. Scale bar: 5 

µM. 

J) Representative images of electroporated cells co-labeled with antibodies against GFP and p53. 

Counterstained with DAPI. Images cropped and adjusted for brightness/contrast. Scale bar: 5 

µM. 

K) Higher p-p53 (S15) in Boc-expressing cells (n=93). Graphs of relative p-p53 intensities 

normalized to pEGFP (n=204 cells from two independent experiments). Error bars: 95% 

confidence interval. Data analyzed using Mann-Whitney U test (****, p<0.0001).  

L) Upregulation of p53 following mBocGFP electroporation (n=143 cells). Graphs of relative 

p53 intensities normalized to pEGFP (n=329 cells from three independent experiments). Error 

bars: 95% confidence interval. Data analyzed using Mann-Whitney U test (****, p<0.0001). 
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Figure 3-5. Loss of Ki67 expression in BocGFP-positive cells by 18 hours post-

electroporation 

A) Representative images of Ki67 and GFP co-labeling at 6 and 18 hours after electroporation of 

BocAP2/AP2 cells. Counterstained with DAPI. Images cropped and adjusted for brightness/contrast. 

Scale bar: 5 µM. 

B) Ki67 levels highly diminished 18 hours after mBocGFP transfection. Graphs of relative Ki67 

intensities normalized to 6h pEGFP (n≥160 cells from three independent experiments). Error 

bars: 95% confidence interval. Data analyzed using two-way ANOVA with Tukey’s multiple 

comparisons (**, p<0.01; ****, p<0.0001). 

C) Fewer Ki67-positive cells 18 hours after mBocGFP transfection. Graph depicting that 82.6% 

(190/230) and 72.2% (151/209) of pEGFP-positive cells express high levels of Ki67 (black bars) 

at 6 and 18 hours post-electroporation, respectively. On the other hand, mBocGFP-positive cells 

that express high levels of Ki67 (black bars) drops to 1.9% (3/160) at 18 hours from 46.2% 

(103/223) at 6 hours. Data combined from three independent experiments.  
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Activation of cell cycle checkpoints following DNA damage is vital for maintenance of 

genomic stability and thus represents an essential anti-cancer barrier. Likewise, senescence and 

apoptosis provide more permanent impediments to the propagation of DNA damage. The 

stabilization and activation of p53 is central to regulating these choice points; hence, ATM/ATR 

also phosphorylate p53 at serine 15 (S15), thus disrupting the interaction of p53 with its negative 

regulator MDM2 and leading to protein accumulation (Banin et al., 1998; Canman et al., 1998; 

Khanna et al., 1998; Lakin et al., 1999; Tibbetts et al., 1999; Weinberg, 2007). As a result, loss 

of Atm blocks phosphorylation and accumulation of p53 in murine GCPs following in vivo 

irradiation and renders them insensitive to irradiation-induced apoptosis (Herzog et al., 1998; 

Lee et al., 2001). BocGFP-positive cells express higher levels of both phosphorylated p53 (p-

p53, S15) and total p53 (Figure 3-4I-L).  

 The intense staining of γ-H2AX in Boc-overexpressing cells implies extensive DNA 

damage that is unlikely to be tolerated by the cell; therefore, we aimed to measure the cell cycle 

consequence of Boc upregulation by immunostaining cells for Ki67 at both 6 and 18 hours after 

electroporation. Although there is a modest reduction of Ki67 in GFP-positive cells 6 hours after 

mBocGFP electroporation compared to control, Ki67 levels are drastically lower in Boc-

expressing cells by 18 hours (Figure 3-5A, B). A similar trend is observed when we compare the 

percent of electroporated cells that highly express Ki67 (Figure 3-5C). Together, these results 

suggest that overexpression of Boc is associated with activation of the DDR network which leads 

to cell cycle exit.  

 

3.2.5 Electroporation of mBocGFP targets relatively few GCPs in culture but still triggers a 

transient increase in γ-H2AX 
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Figure 3-6. Electroporation of BocGFP mostly targets Math1-Cre;TdTomato-negative cells 

in vitro but still triggers a transient increase of γ-H2AX in TdTomato-positive cells 
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A) Schematic illustrating transgenes of Math1-Cre;TdTomato mice.  

B) Representative images of Math1-Cre;TdTomato dissociated GCPs labeled with antibodies 

against GFP and γ-H2AX 6 or 18 hours after transfection with either pEGFP or mBocGFP. 

Counterstained with DAPI. Images cropped and adjusted for brightness/contrast. Scale bar: 10 

µM. 

C) Few cells transfected with mBocGFP express TdTomato at either 6 or 18 hours. Assessment 

of TdTomato expression 6 hours (left graph) or 18 hours (right graph) after electroporation with 

neural stem cell (NSC) kit shows that 90.8% (237/261) and 90.7% (284/313) of pEGFP-positive 

cells express TdTomato. Only 28.6% (60/210) of mBocGFP-expressing cells are TdTomato-

positve at 6 hours, which decreases to 7.7% (13/169) by 18 hours. Data analyzed using Fisher’s 

exact test (n=261 and 210 at 6hr; n=313 and 169 at 18 hr from three independent experiments; 

****, p<0.0001).  

D) The percent of TdTomato-positive cells expressing mBocGFP unchanged by primary neuron 

electroporation solutions. Graph depicting that 93.4% of pEGFP-positive cells (226/242) but 

only 8.3% of mBocGFP-positive cells (10/120) are also TdTomato-positive. Data analyzed with 

Fisher’s exact test (n=242 and 120 from two independent experiments; ****, p<0.0001) 

E) Regardless of TdTomato expression, Boc significantly increases γ-H2AX 6 hours post-

electroporation, whereas only TdTomato-negative cells show significant upregulation at 18 

hours. Quantification of γ-H2AX mean intensities normalized to pEGFP, TdTomato-positive. 6 

hours after electroporation (left graph), γ-H2AX is significantly higher in both TdTomato-

positive cells (black bars) and TdTomato-negative cells (white bars) expressing mBocGFP (n=60 

and 150, respectively) compared to pEGFP (n=237 and 24 from three independent experiments). 

18 hours after electroporation (right graph) γ-H2AX is significantly higher in TdTomato-

negative cells (white bars) but not TdTomato-positive cells (black bars) expressing mBocGFP 

(n=266 and 23, respectively) compared to pEGFP (n=45 and 510 from five independent 

experiments). Data analyzed using two-way ANOVA with Tukey’s multiple comparisons (****, 

p<0.0001, **, p<0.01, *, p<0.05, n.s., not significant).  
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Though the change to y-H2AX after Boc electroporation in vitro has been consistent, I 

have been unable to robustly interfere with this effect using small molecules. Furthermore, my 

struggle to model Boc overexpression by in vivo electroporation has been too technically 

challenging to make conclusions regarding H2AX phosphorylation (data not shown). These 

concerns combined with the fact that the overall efficiency of BocGFP expression is drastically 

lower than that of the pEGFP control prompted me to test whether the experimental paradigm is 

actually targeting GCPs.  

Dissociation of dissected cerebella and purification using sucrose gradients yields 

cultures that are mostly GCPs with rare interneurons, astrocytes, and oligodendrocytes 

(Wechsler-Reya and Scott, 1999). To distinguish GCPs from the others, we took advantage of 

reporter mice where strong expression of TdTomato via the CAG promoter is restricted by Cre 

expression – controlled by the Math1-promoter – that drives recombination of loxP sites flanking 

the stop codon inserted upstream of TdTomato in the Rosa26 locus (Figure 3-6A) (Madisen et 

al., 2010; Matei et al., 2005). In the postnatal cerebellum, the Math1-lineage, and thus TdTomato 

expression, is dominated by GCPs and granule neurons (Yang et al., 2008). As expected, about 

90% of the GFP-positive cells in the control are also TdTomato-positive regardless of time in 

culture (Figure 3-6B, C). Contrariwise, 28.6% of the GFP-positive cells express TdTomato 6 

hours after mBocGFP electroporation, and even fewer of the mBocGFP-expressing cells are 

TdTomato-positive at 18 hours (7.7%) (Figure 3-6B, C). These experiments were conducted 

using the Amaxa kit designed for NSCs. Because many of my previous experiments were 

performed using the kit designed for primary neurons (P3 neuron kit), I also electroporated 

Math1-Cre;TdTomato cells with the P3 neuron kit, and as shown in Figure 3-6D, the results are 
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nearly identical at 18 hours post-electroporation compared to the NSC kit indicating that the 

difference observed was not due to the specific reagents (Figure3-6C [right graph]). 

Because the relative number of GCPs that express mBocGFP compared to pEGFP are so 

different, it is possible that this difference is what drives the effect on γ-H2AX. Therefore, I also 

labeled these Math1Cre;TdTomato cells with an antibody against γ-H2AX (Figure 3-6B). At 6 

hours, both TdTomato-positive (black bars) and TdTomato-negative (white bars) cells that 

expressed mBocGFP displayed significantly higher levels of γ-H2AX compared to pEGFP 

(Figure 3-6E [left]). Because of the paucity of mBocGFP-positive cells that express TdTomato 

at 18 hours, I combined the NSC and P3 neuron kit experiments to increase the number of cells 

for quantification and found that Boc expression was only significantly associated with elevated 

γ-H2AX in TdTomato-negative cells at 18 hours (Figure 3-6E [right]). These results indicate 

that while only a few GCPs express mBocGFP, it still – at least transiently – leads to an increase 

in H2AX phosphorylation, a marker of DNA damage.   

 

3.3 Discussion 

 For all these experiments, I employed electroporation to highly express Boc with the aim 

to simulate the upregulation that occurs during the neoplastic transformation of GCPs. The 

intense γ-H2AX levels observed was reminiscent of the expression pattern following UV 

radiation and seemed at the time to indicate that Boc can induce DNA damage in GCPs – a result 

that was supported by immunolabeling cells with other DDR effectors. To identify mediators of 

H2AX phosphorylation, I screened a total of 11 small molecule inhibitors including those 

presented above, none of which significantly altered the intensity of γ-H2AX in Boc-expressing 

cells compared to the control-treated condition (Table 3-1). In what was intended to be a final  
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Table 3-1. Screen targeting Boc-triggered γ-H2AX with small molecule inhibitors 

Drug ([Final]) Target 
Result relative to mBocGFP 

control (# of experiments)  

SANT1 (134 nM) Smo No effect (3 at 18h, 3 at 6h) 

GANT58 (5 µM) Gli No effect (2 at 18h, 3 at 6h) 

PP2 (0.2 µM) SFKs No effect (2) 

LY294002 (15 µM) PI3K No effect (2) 

SB203580 (10 µM) p38 MAPK No effect (2) 

Rapamycin (0.1 µM) mTOR No effect (2) 

U0126 (10 µM) MKK 1/5 No effect (1) 

H89 (10 µM) PKA No effect (1) 

IWR1 (10 µM) TNKS/Axin No effect (1) 

GSK2606414 (100 nM, 500nM) PERK No effect (2) 

NAC (2.5 mM) Glutathione reductase No effect (1) 

LY294002 (15 µM) +  

GSK2606414 (100nM) 
PI3K + PERK No effect (2) 
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control experiment to confirm that electroporated cells are in fact GCPs, I capitalized on a 

reporter mouse line readily available in the lab to label GCPs. Shockingly, the data indicate that 

GCPs are a minority of mBocGFP-positive cells, especially at 18 hours; a finding that hinders 

the interpretation of the previously presented results. Nevertheless, Boc overexpression by 

transient transfection can trigger γ-H2AX acutely.  

Granule neurons and their precursors are overwhelmingly the major cell type of the 

developing cerebellum, representing more than 80% of all cells at P7 (Carter et al., 2018), and 

data generated from whole cerebellum extracts – even without purification using a sucrose 

gradient – reflect mostly this lineage (Frank et al., 2015). Thus, our assumption that the cell-type 

composition targeted by electroporation would mirror the overall distribution was not inherently 

inappropriate. In fact, the GFP expression profile did match expectations (Figure 3-6B-D). In 

retrospect, the results align with multiple instances where transfection of Boc thwarted our 

expectations: (1) the paucity of BocGFP-positive cells following transfection, (2) the presence of 

pan-nuclear rather than foci of γ-H2AX immunolabeling, and (3) the lack of γ-H2AX modulation 

in response to chemical inhibition of canonical Shh signaling. None of these points are proof that 

Boc-expressing cells are not GCPs, but they do indicate that Boc electroporation does not mimic 

our observations about the function of endogenous Boc.  

 While GCPs are a small subset of BocGFP-positive cells, γ-H2AX is higher in these cells 

compared to control at 6 hours (Figure 3-6E). By 18 hours, this effect is diminished and is no 

longer statistically significant. When we compare the distribution of Ki67 staining (Figure 3-5C) 

with the expression of TdTomato (Figure 3-6C), it becomes apparent that the proportion of 

GCPs at each time point is probably the major contributor to the levels of Ki67. Ironically, the 

general conclusion may still be correct because this reduction in TdTomato-positive cells is 
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likely due to a loss of GCPs; I consistently notice fewer Boc-positive cells at 18 hours than at 6 

hours as suggested by the ‘n’ for the above experiments (Figure 3-5C, n=223 at 6h and 160 at 

18h; Figure 3-6C, n=210 at 6h and 169 at 18h). From this data, I think it is probable that Boc-

expressing GCPs with high levels of y-H2AX die between 6- and 18-hours following 

transfection. Although electroporation in cerebellar granule neurons has been successfully 

implemented to study neurite outgrowth and is highly efficient at expressing pEGFP in my own 

experiments, instances of transfection-related toxicity both in the literature and my own 

experience inform my insistence that future experiments need to be done with a second method 

of overexpressing Boc (Hutson et al., 2011; Kim et al., 2002; Rodriguez and Flemington, 1999).  

 As it stands, Boc-expressing cells are almost entirely non-GCPs at 18 hours. Based on the 

elevation of y-H2AX, p-Chk1, p-Chk2, and p-p53, it is tempting to speculate that Boc activates 

the DDR in non-GCPs and that this phenotype is resistant to the small molecule inhibitors we 

tested, which did not attenuate γ-H2AX compared to the mBocGFP control (without considering 

pEGFP). However, there are multiple non-GCP cell types in these cultures (Wechsler-Reya and 

Scott, 1999). For instance, it has been previously reported that a sub-population of Nestin-

positive cerebellar progenitors in the EGL will proliferate following Shh stimulation in vitro, 

though they are mostly quiescent in vivo (Li et al., 2013). Furthermore, these cells exhibit low 

expression of certain DNA repair genes and more DNA breaks than GCPs following Ptch1 

deletion. Future work will be necessary to determine if there is a link between Boc expression 

and DDR activation in other cerebellar cell types. As non-GCPs are such a small portion of these 

cultures, it would be more efficient to apply different purification methods for testing this 

question, and fortunately, specific protocols currently exist for the isolation of NSCs or 

astrocytes (Lee et al., 2005; McCarthy and de Vellis, 1980). 
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 Boc is also expressed embryonically in the ventricular zone, the source of cerebellar 

inhibitory neurons and glia, where it has been demonstrated that Shh is involved in the 

proliferation of radial glia (Huang et al., 2010; Izzi et al., 2011; Leto et al., 2016). Moreover, Shh 

signaling has also been implicated in the differentiation of Bergmann glia at early postnatal 

stages in vitro and in the regulation of astrocyte diversity in the adult cerebellum (Dahmane and 

Ruiz-i-Altaba, 1999; Farmer et al., 2016). It would be interesting both to determine if Boc is an 

obligate receptor for these Shh-related functions and to test if glial progenitors also display Shh-

dependent DNA damage.   
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Chapter 4  

Manipulation of PI3K or Ezh2 signaling in the developing mouse cerebellum induces a 

myogenic phenotype: Insights into a rare medulloblastoma variant 
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4.1 Summary 

The era of molecular profiling has not only enhanced the search for targeted cancer 

therapies but has also highlighted the heterogeneity within various tumor-types, such as the 

pediatric brain malignancy MB. Moving forward, the creation of more preclinical models to 

better reflect the diversity of human tumors will improve the design and testing of novel 

treatments. Here, we describe a mouse model of medullomyoblastoma (MMB), a rare MB 

variant. Ptch1+/- mice that conditionally express Pik3caH1047R in the early cerebellum develop 

brain tumors whose transcriptome resembled that of human MMBs. In addition, mutant PI3K 

produced a myogenic phenotype in the postnatal cerebellum independent of Ptch1. Interestingly, 

tumors caused by targeted deletion of both Ptch1 and Ezh2 also displayed myogenic marker 

expression, and in vitro blockade of Ezh2 enzymatic activity in the presence of Shh triggered 

myogenic marker expression in GCPs, an MB cell-of-origin. A subset of wildtype GCPs 

endogenously express the muscle-specific transcription factor Myogenic differentiation (MyoD), 

and though there are more MyoD-positive GCPs in the EGL of Pik3caH1047R mice, Ezh2 

inhibition did not change the number of MyoD-expressing cells. In both experimental paradigms, 

MyoD colocalized with muscle markers while the GCP transcription factor Pax6 did not. 

Collectively, our results indicate that manipulation of either PI3K or Ezh2 signaling can trigger a 

fate change in GCPs, likely through the activation of MyoD-dependent transcription, to produce 

the myoblast-like cells found in MMB. 

 

4.2 Results 

4.2.1 PI3K H1047R in Ptch1+/- mice induces muscle-related gene expression in advanced 

tumors 
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As documented in Chapter 1, our lab uncovered a murine Ptch1+/- tumor that contained a 

spontaneous H1047R mutation in p110α, the catalytic subunit of PI3K (Pik3caH1047R), and this 

tumor exhibited elevated expression of muscle-related genes (Figure 1-7A-B). The H1047R 

mutation has been reported to induce fate plasticity in a mouse model of breast cancer when it is 

expressed in a lineage-restricted manner, leading us to suspect that aberrant activation of PI3K 

signaling caused the observed changes in the Ptch1+/- tumor transcriptome (Koren et al., 2015; 

Van Keymeulen et al., 2015).  

To test if Pik3caH1047R in combination with Ptch1+/- is sufficient to trigger expression of 

muscle genes, we took advantage of a three readily available mouse lines: the previously 

described conditional Pik3caH1047R knock-in mouse, a Math1-Cre mouse, and the Ptch1+/- mouse 

(Adams et al., 2011; Goodrich et al., 1997; Matei et al., 2005). Crossing the three lines generated 

transgenic mice that were germline heterozygous for Ptch1 and that expressed constitutively 

active PI3K in Math1-expressing cells and their progeny (Figure 4-1A). For simplicity, we will 

henceforth use Ptch1+/-;Pik3caWT and Ptch1+/-;Pik3caH1047R to distinguish Cre-negative from 

Cre-positive animals. 

 In accordance with recently published results, we observed that the Pik3ca mutation 

alone did not drive tumor formation but did collaborate with loss of Ptch1 to increase tumor 

incidence (Figure 4-1B) (Niesen et al., 2020). We collected tissue from Ptch1+/-;Pik3caWT and  

Ptch1+/-;Pik3caH1047R advanced tumors for RNA sequencing to compare the gene expression 

profiles between the two genotypes. To do this, we first utilized the t-Distributed Stochastic 

Neighbor Embedding (t-SNE) algorithm to visualize the transcriptional profiles of these tumors 

along with the previous cohort of Ptch1+/- tumors from our lab, P7 GCPs, and samples from a 

publicly available dataset (GSE34126) that included Ptch1+/- tumors, a G3-MB mouse model, 
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Figure 4-1. PI3K H1047R in Ptch1+/- mice induces muscle-related gene expression in 

advanced tumors 

A) Schematic of transgenic mice genotypes. Ptch1+/-;Pik3caWT (top) refers to mice with a mutant 

Ptch1 allele and Pik3caH1047R transgene but lacking expression of Cre while Ptch1+/-

;Pik3caH1047R (bottom) refers to Cre-positive animals.  
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B) H1047R PI3K increases tumor incidence in Ptch1+/- background. Kaplan-Meier survival 

curve of Ptch1WT;Pik3caWT (blue line, n=0/42), Ptch1WT;Pik3caH1047R (green line, n=0/33), 

Ptch1+/-;Pik3caWT (orange line, n=10/40), and Ptch1+/-;Pik3caH1047R (red line, n=24/41). Data 

analyzed by log-rank test. 

C) Spontaneous and genetically engineered Pik3caH1047R tumors cluster together. t-distributed 

stochastic neighbor embedding (t-SNE) graphical representation of expressed genes derived from 

either post-natal day 5-7 (P5-7) mouse cerebella: granule cell precursors (GCPs, red) or neural 

stem cells (NSCs, orange), or from mouse tumor samples: Group 3 model (G3, yellow), Sonic 

hedgehog (Shh) model (Ptch1+/-, green; Ptch1+/-;Pik3caWT, purple), and Pik3caH1047R 

(spontaneous, cyan; Ptch1+/-;Pik3caH1047R, blue). GSE34126 provided data for NSCs, 4 Ptch1+/- 

MBs, and G3-MBs (Pei et al., 2012). 75% confidence ellipse drawn around each subgroup.  

D) Increased muscle gene expression in Ptch1+/-;Pik3caH1047R tumors. Volcano plot (left) 

illustrating differentially expressed genes between Ptch1+/-;Pik3caH1047R (n=4) and Ptch1+/-

;Pik3caWT (n=4) tumor RNA sequencing Red dots indicate differentially expressed genes (|log2-

fold change (FC) | ≥1 and q value <0.05) and cyan dots indicate upregulated muscle contraction 

and myogenesis genes. GSEA plots (right) depicting a significant muscle contraction (top plot) 

and myogenesis (bottom) gene enrichment. NES, normalized enrichment score. 

E) Representative images of immunostainings on Ptch1+/-;Pik3caWT and Ptch1+/-;Pik3caH1047R 

tumor sections with antibodies against myoglobin (n=2/3 animals per genotype), Tnni2 (n=4 

animals per genotype), Tnnt3 (n=5/4 animals per genotype), or SERCA1 (n=4 animals per 

genotype). Counterstained with DAPI. Images cropped and adjusted for brightness/contrast. 

Scale bars: 25 µM.  
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and NSCs (Figure 4-1C) (Pei et al., 2012). While the Ptch1+/-;Pik3caWT tumors grouped with the 

other Ptch1+/- tumors, Ptch1+/-;Pik3caH1047R tumors, whether spontaneous or genetically 

engineered, clustered closer to each other than to either Ptch1+/- or G3 tumors. Compared to 

Ptch1+/-;Pik3caWT tumors,  Ptch1+/-;Pik3caH1047R tumors differentially expressed 118 genes 

(|log2-fold change| ≥1, FDR <0.05) (Figure  4-1D left). Of the 79 upregulated genes, 38 (48.1%) 

were related to the muscle contraction and myogenesis gene sets denoted by gene set enrichment 

analysis (GSEA) (Figure 4-1D right). We verified that these transcriptional changes were also 

reflected at the protein level by immunostaining tumor sections with antibodies against the 

following myogenic markers: myoglobin, troponin I2 (Tnni2), troponin T3 (Tnnt3), and 

sarcoplasmic/endoplasmic reticulum calcium ATPase 1 (SERCA1) (Figure 4-1E). For 

myoglobin, Tnni2, and Tnnt2, all of the Ptch1+/-;Pik3caH1047R tumors contained positive cells 

compared to zero control tumors. There was one Ptch1+/-;Pik3caWT sample with a few SERCA1-

positive cells, and again, all Ptch1+/-;Pik3caH1047R tumors analyzed contained positive cells. 

These results demonstrate that Pik3caH1047R triggers myogenic gene expression in a 

subpopulation of advanced tumor cells.  

 

4.2.2 Ptch1+/-;Pik3caH1047R tumors present a medullomyoblastoma-like phenotype 

Although we were initially puzzled by this muscular phenotype, we were excited to find 

in the literature that the presence of myoblastic cells within medulloblastoma, often referred to as 

MMB, is an infrequent but well documented phenomenon (Helton et al., 2004). The gene 

expression profile of the Ptch1+/-;Pik3caH1047R tumors made it plausible that these mice 

represented the first genetically engineered mouse model of MMB. Direct comparison of the  
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Figure 4-2. Ptch1+/-;Pik3caH1047R 

tumors present a MMB-like phenotype 

A) t-SNE representation of all expressed 

genes from human MBs obtained from 4 

publicly available datasets (GSE37418, 

GSE67850, GSE12992, GSE85217) 

where all tumors except one unknown 

(green) are defined either by MMB 

histology (black) or by molecular 

subtype: G3 (red), G4 (blue), SHH 

(purple), WNT (yellow).  

B) GSEA of genes upregulated in MMBs 

compared to MBs show a significant 

enrichment in muscle contraction (left 

plot) and myogenesis (right plot) gene 

sets. NES, normalized enrichment score. 

C) Clustering with MMB gene signature 

distinguishes Pik3caH1047R from other 

Ptch1+/- tumors. Consensus clustering 

(left) of Ptch1+/- mouse tumors with 

(n=5) or without (n=14) the PI3K 

H1047R mutation using an MMB 

signature of 219 genes whose expression 

is visualized in the heatmap (right). In 

clustering, blue gradient is proportional 

to frequency of co-clustering.  

D) Images illustrating the presence of 

either elongated strap-like or rounded 

myoblast-like cells in human MMB. 

Immunohistochemistry using antibodies 

against myoglobin, Tnnt3, and SERCA1. 

Counterstained with hematoxylin. 

Images cropped and adjusted for 

brightness/contrast. Scale bar: 50 µM. 
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mouse and human tumor transcriptomes was not a simple task as very little is known about the 

molecular signature of MMB; hence, we first set out to explore the gene expression profile of  

human MMB using four annotated samples (GSM324062, GSM918644, GSM918618, 

GSM1657171) from three publicly available datasets (GSE12992, GSE67850, GSE37418) plus a 

large, more recent dataset (GSE85217) (Figure 4-2A) (Cavalli et al., 2017; Fattet et al., 2009; 

Ho et al., 2015; Robinson et al., 2012). When subgroup classification was not assigned by the 

original publication, we adopted the subgroup provided by a recent re-analysis of human MBs 

(Weishaupt et al., 2019). Although our sample size is too small to determine whether MMB 

represents an independent molecular subgroup or whether it is a histology-type within one or 

more of the existing subgroups, it should be noted that the algorithms generated by Weishaupt et 

al. designated two of the MMBs (GSM324062, GSM1657171) as G3 tumors (2019).  

GSEA analysis of differentially expressed genes (|log2-fold change| ≥ 1, FDR < 0.01) 

between MMB tumors and other MBs revealed an enrichment of genes associated with 

myogenesis and muscle contraction, the same pathways identified in the mouse tumor analysis 

(Figure 4-2B). Employing the 219 differentially expressed genes as an ‘MMB gene signature,’ 

we analyzed the mouse tumors by consensus clustering and found that Pik3caH1047R tumors 

clustered separately from the other Ptch1+/- tumors due to their elevated expression of many 

MMB signature genes as visualized by the heatmap (Figure 4-2C). Moreover, Pik3caH1047R 

tumors split into two clusters, suggesting that the gene expression profiles of these tumors are 

heterogeneous. 

Along with the deep sequencing data, we also obtained formalin-fixed sections of a 

recently diagnosed MMB, which stained strongly with antibodies against myoglobin, Tnnt3, and 

SERCA1 – the same used on our mouse tumors (Figure 4-2D). In addition to an elongated 
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staining pattern associated with strap cells (top), there were many rounded myoblast-like cells 

that resembled those observed in the murine tumors (bottom). Together, these results indicate 

that Ptch1+/-;Pik3caH1047R tumors model human MMB. 

 

4.2.3 Muscle marker expression precedes and is independent of tumor formation 

Having established a mouse model of MMB, we aimed to better dissect the role of 

Pik3caH1047R in driving the myogenic phenotype. Even though we spatially restricted the mutant 

p110α expression, we cannot exclude the possibility that these muscle-like cells arise from the 

stroma because tumors are complex, heterogeneous entities that include aberrant vascularization 

and infiltration of immune cells. Therefore, one important advantage of animal models, 

especially compared to human brain tumors, is the easy access to pre-neoplastic tissue. For 

instance, lineage-restricted expression of Pik3caH1047R drives cell fate changes in mammary 

tissue at early stages (Koren et al., 2015; Van Keymeulen et al., 2015), yet in this context unlike 

MB, it is also sufficient to induce tumors. 

To test if myogenic marker expression occurs earlier than the advanced tumor stage in the 

mutant PI3K cerebellum, we immunolabeled preneoplastic lesions from P21 mice with 

myoglobin, Tnni3, Tnnt3, and SERCA1 antibodies (Figure 4-3A). Every Ptch1+/-;Pik3caH1047R 

sample analyzed contained at least a few positive cells within the lesion; on the other hand, all 

but one of the Ptch1+/-;Pik3caWT lesions were completely negative. At P7, a stage when GCPs are 

actively proliferating in the EGL of the cerebellum, the EGL of every Ptch1+/-;Pik3caH1047R 

sample contained myoglobin-, Tnnt3-, and SERCA1-positive cells which were not found in any 

of the control cerebella (Figure 4-3B). Furthermore, the ability of mutant PI3K to induce 

myogenic marker expression does not require Ptch1 heterozygosity because cells expressing  
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Figure 4-3. Myogenic cells 

in Pik3caH1047R cerebella 

appear prior to and 

independent of tumor 

formation 

A) Example images of 

immunostainings on sections 

of  Ptch1+/-;Pik3caWT and 

Ptch1+/-;Pik3caH1047R P21 

preneoplasia with antibodies 

against myoglobin (n=5/4 

animals per genotype), Tnni2 

(n=2/4 animals per 

genotype), Tnnt3 (n=5 

animals per genotype), or 

SERCA1 (n=5 animals per 

genotype). Counterstained 

with DAPI. Images cropped 

and adjusted for 

brightness/contrast. Scale 

bar: 25 µM. 

B) Example images of 

immunostainings on sagittal 

sections of  Ptch1+/-

;Pik3caWT and 

Ptch1+/;Pik3caH1047R P7 

cerebella with antibodies 

against myoglobin (n=4 

animals per genotype), Tnnt3 

(n=3 animals per genotype), 

or SERCA1 (n=3 animals per 

genotype). Counterstained 

with DAPI. Images cropped 

and adjusted for 

brightness/contrast. Scale bar: 25 µM. 

C) Example images of Ptch1WT;Pik3caWT and Ptch1WT;Pik3caH1047R P7 sagittal cerebella sections 

stained with antibodies against myoglobin (n=4/5 animals per genotype), Tnnt3 (n=3/4 animals 

per genotype), or SERCA1 (n=3/4 animals per genotype). Counterstained with DAPI. Images 

cropped and adjusted for brightness/contrast. Scale bar: 25 µM   
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myogenic markers were observed in the cerebellum of Pik3caH1047R mice that are wildtype for 

Ptch1 (Ptch1WT) (Figure 4-3C). This shows that constitutive activation of PI3K signaling can 

induce myocytic marker expression in a small population of Math1-derived GCPs of the EGL.   

  

4.2.4 Ezh2 loss-of-function also produces a myogenic phenotype  

Our data substantially support a model in which hyperactive PI3K signaling produces a 

myogenic phenotype; however, due to limited human data availability, we have not yet been able 

to identify a direct, statistically significant correlation between muscle gene expression and 

PIK3CA mutations in human MB (data not shown). Little is known about the mutational drivers 

of MMB, further constraining our ability to detect functionally similar alterations. Fortuitously, 

one of the human MMBs (GSM918618) was reported to contain a mutation in ASXL3 

(Additional sex combs-like 3) in an article about mutations of epigenetic regulators in pediatric 

cancer (Huether et al., 2014).  

There are three ASXL proteins in mammals and, according to the epigenetic network 

generated by Huether et al., ASXLs are transient components of PRC2, which acts as a 

transcriptional silencer through the deposition of di- and tri-methyl groups on H3K27 (Di Croce 

and Helin, 2013). However, the totality of ASXL molecular functions is controversial (Micol and 

Abdel-Wahab, 2016). In Drosophila, the orthologue Asx and its binding partner Calypso make 

up the polycomb repressive deubiquitinase (PR-DUB) complex, which hydrolyzes the mono-

ubiquitin from H2AK118 (H2AK119 in mammals) to silence polycomb target genes 

(Scheuermann et al., 2010). Moreover, a screen for mutants with phenotypes referred to as 

‘polycomb syndrome’ revealed both Asx and Calypso (Gaytán de Ayala Alonso et al., 2007). In 

humans, ASXL3 plays an important role in neurodevelopment as ASXL3 mutations cause  
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 Figure 4-4. A subset of tumors express 

muscle markers following in vivo deletion 

of Asxl3 or Ezh2 with Ptch1  

A) Schematic of the timeline for MB 

modeling via in utero electroporation of 

CRISPR constructs.  

B) Example images showing myoglobin-

positive or SERCA1-positive cells from 1 of 

the 5 Ptch1+Asxl3 CRISPR tumors that 

were not found in Ptch1 CRISPR tumors 

(n=5). Counterstained with DAPI. Images 

cropped and adjusted for 

brightness/contrast. Scale bar: 25 µM. 

C) Example images of immunostaining with 

myoglobin, Tnnt3, or SERCA1 antibodies 

illustrates positive cells in Ptch1+Ezh2 

CRISPR tumors (n=2 of 6 animals) but not 

in the Ptch1 CRISPR tumors (n=6). 

Counterstained with DAPI. Images cropped 

and adjusted for brightness/contrast. Scale 

bar: 25 µM. 
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Bainbridge Roper Syndrome (BRPS), which is characterized by microcephaly and/or cerebellar 

hypoplasia among other defects (Bainbridge et al., 2013; Srivastava et al., 2016), and deletion of 

Asxl3 in Xenopus inhibits neuronal specification (Lichtig et al., 2020). Interestingly, loss of Akt3 

(the Akt isoform enriched in the brain) also causes a reduction in brain size in mice and humans 

(Easton et al., 2005; Gai et al., 2015; Tschopp et al., 2005). 

The Q298H mutation identified in the human MMB sample is predicted to interfere with 

splicing, likely leading to truncation at exon 8 that is predicted to be deleterious to ASXL3 

function (Huether et al., 2014). Given the high allelic frequency of the mutation and the paucity 

of copy number alterations in this tumor, we hypothesized that ASXL3Q298H could cause the 

muscle phenotype (Huether et al., 2014; Robinson et al., 2012). To assess the impact of Asxl3 

loss-of-function, we performed in utero electroporation of the e14.5-e15.5 rhombic lip, a 

germinal center for the developing cerebellum, to achieve CRISPR-mediated deletion of Ptch1 

and Asxl3 and mimic the effect of the human mutation although we targeted a different exon 

(Figure 4-4A). Of the five Ptch1+Asxl3 tumors generated, one sample had myoglobin and 

SERCA1-positive cells while all five Ptch1 control tumors were negative (Figure 4-4B).  

Because of the functional connection between Asxl3 and PRC2 and because PI3K 

signaling has also been linked to post-translational modifications of H3K27 (both loss of tri-

methylation and gain of acetylation), we were curious to know if depletion of H3K27me3 in 

mouse MBs would affect myogenic gene expression (Badeaux and Shi, 2013; Cha et al., 2005; 

Huang and Chen, 2005). To do so, we chose to target Ezh2, the catalytic component of PRC2, by 

employing the same strategy outlined above (Figure 4-4A). Compared to zero of six Ptch1 

CRISPR control tumors, two of the six Ptch1+Ezh2 CRISPR tumors exhibited labeling of 

muscle markers (Figure 4-4C).  
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Figure 4-5. Ezh2 inhibition in vitro triggers expression of muscle markers in the presence of 

Shh and occurs in Math1-Cre;TdTomato-positive cells  

A) Timeline outlining the treatment of purified GCPs with DMSO or 1 µM EPZ6438 +/- 10 nM 

Shh at DIV (Day in vitro) 0 and with either DMSO or 1 µM EPZ6438 at DIV2 before fixation in 

4% PFA on DIV4.  

B) Ezh2 inhibition reduces H3K27me3 levels. Representative images of cells labeled with an 

H3K27me3
 antibody. Counterstained with DAPI. Images adjusted for brightness/contrast. Scale 

bar: 20 µM. Graph of relative H3K27me3 mean intensity (normalized to DMSO, No Shh) from 3 

independent experiments. Data presented as mean+95% confidence interval and analyzed using 

two-way ANOVA with Tukey’s multiple comparisons (**, p<0.005; ***, p<0.0005). 

C) TPM2 expression induced by co-administration of Ezh2 inhibitor and Shh. Example images 

illustrating the increase of TPM2-positive cells in GCP cultures treated with EPZ6438 and Shh. 

Counterstained with DAPI. Images adjusted for brightness/contrast. Scale bar: 20 µM. Graph of 

the percentage of TPM2-positive cells from 3 independent experiments. Data represented as 

mean+95% confidence interval and analyzed with two-way ANOVA and Tukey’s multiple 

comparisons (**** p<0.0001).  

D) SERCA1 expressed after Ezh2 inhibition in the presence of Shh. Example images illustrating 

the increase of SERCA1-positive cells in GCP cultures treated with EPZ6438 and Shh. 

Counterstained with DAPI. Images adjusted for brightness/contrast. Scale bar: 20 µM. Graph of 

the percentage of SERCA1-positive cells from 3 independent experiments. Data represented as 

mean+95% confidence interval and analyzed with two-way ANOVA and Tukey’s multiple 

comparisons (** p<0.005). 

E) Example images from Math1-Cre;TdTomato GCP cultures showing an increase of Tnnt3-

positive cells that co-localize with TdTomato following treatment with 1 µM EPZ6438 and 10 

nM Shh. Counterstained with DAPI. Images adjusted for brightness/contrast. Scale bar: 20 µM 

F) Ezh2 blockade and Shh treatment trigger Tnnt3 expression. Graph of the relative ratio of 

Tnnt3-positive cells (normalized to DMSO, no Shh) from 3 independent experiments. Data 

presented as mean+95% confidence interval and analyzed with two-way ANOVA and Tukey’s 

multiple comparisons (**** p<0.0001).  

G) Tnnt3 expression occurs in GCPs. Pie chart showing the relative number of Tnnt3-positive 

cells from the Shh, EPZ6438 condition that are either positive or negative for TdTomato 

expression (n=191 cells from 3 independent experiments).  
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Given the stronger phenotype of those two Ptch1+Ezh2 CRISPR tumors relative to the 

Ptch1+Asxl3 sample, we wanted to extend our search into the role of Ezh2 in muscle-related 

gene expression by testing whether Ezh2 inhibition could generate myogenic cells in wildtype 

GCPs. Therefore, we treated purified GCPs for several days with either DMSO or 1 µM 

EPZ6438 – an efficient Ezh2 inhibitor that competitively interferes with the binding of the co-

factor S-adenosylmethionine (SAM) – in the presence or absence of the potent mitogen Shh (10 

nM) (Figure 4-5A) (Kim and Roberts, 2016). Not only was H3K27me3 greatly reduced in 

EPZ6438-treated cells both with and without Shh, but Shh stimulation also significantly reduced 

H3K27me3 levels on its own (Figures 4-5B). Nevertheless, only cultures exposed to both 

EPZ6438 and Shh significantly generated myogenic cells, as measured by tropomyosin 2 

(TPM2), SERCA1, and Tnnt3 expression (Figures 4-5C-F).  

While passing dissociated cerebellar cells through a sucrose gradient yields cultures that 

are mostly GCPs, rare interneurons, astrocytes, and oligodendrocytes are also present (Wechsler-

Reya and Scott, 1999). Because the percentage of cells that express muscle markers is low, we 

wanted to confirm that GCPs, which express Math1, were the cells responsible for the observed 

phenotype. Accordingly, we performed Tnnt3 immunolabeling on cultures obtained from Math1-

Cre;TdTomato mice and found that about 94% of Tnnt3-positive cells also expressed TdTomato 

(Figure 4-5E,G). Together, the in vivo and in vitro data indicate that Ezh2 loss-of-function can 

drive a myogenic phenotype in a small fraction of cells, and like constitutive activation of PI3K, 

Math1-expressing GCPs are the cell-of-origin.  

 

4.2.5 MyoD transcriptional activation, not expression, likely underlies muscle gene 

expression in GCPs 
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Figure 4-6. MyoD expression is not the rate-limiting step underlying the myogenic 

phenotype induced by either PI3K activation or Ezh2 inhibition 

A) Enhanced Myod1 expression after Shh stimulation without change to target expression. Graph 

of Myod1, Myog, Ckm, Acta1, and Tnni2 expression (FPKM) from RNA sequencing of 
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dissociated GCP cultured in the absence or presence of either Shh or Igf1 for 24 hours. Data 

obtained from GSE147410 (Tamayo-Orrego et al., 2020).  

B) Elevated expression of MyoD transcriptional targets but not Myod1 in PI3K mutant tumors. 

Graph of Myod1, Myog, Ckm, Acta1, and Tnni2 expression (FPKM) from RNA sequencing of 

Ptch1+/-;Pik3caWT and Ptch1+/-;Pik3caH1047R tumors. Data from Figure 4-1D. 

C) Increase in highly expressing MyoD GCPs in PI3K mutant cerebella. Representative images 

of anti-MyoD immunohistochemistry on Ptch1WT;Pik3caWT and Ptch1WT;Pik3caH1047R P7 sagittal 

cerebella sections. Counterstained with Nissl. Scale bar: 50 µM. Graph of the number of robust 

MyoD-positive cells per 10,000 uM2 (n=3 animals per genotype). Data represented as 

mean+95% confidence interval and analyzed with an unpaired t-test (*p<0.05).  

D) Example images demonstrating the presence of myogenin-positve cells in 

Ptch1WT;Pik3caH1047R but not Ptch1WT;Pik3caWT P7 sagittal cerebella sections (n=3 animals per 

genotype). Counterstained with Nissl. Images cropped. Scale bar: 50 µM. 

E) Shh but not Ezh2i stimulates MyoD expression in GCPs. Representative images from DIV2 

and DIV4 GCP cultures treated with either DMSO or 1 µM EPZ6438 +/- 10 nM Shh and 

immunostained with a MyoD antibody (n=3 independent experiments). Counterstained with 

DAPI. Images cropped and adjusted for brightness/contrast. Scale bar: 25 µM. Graph of the 

percentage of MyoD-positive cells from 3 independent experiments. Data presented at 

mean+95% confidence interval and analyzed with two-way ANOVA and Tukey’s multiple 

comparisons (* p<0.05, **** p<0.0001, n.s.- not significant).  

F) No significant change to Tnnt3-positive cells induced by (CMV) MyoD with or without 

Ezh2i. Example images illustrating Tnnt3-positive cells from (CMV) MyoD-transduced GCP 

cultures treated with DMSO or 1 µM EPZ6438 but not control cultures. Cultures were 

immunostained with antibodies against either GFP or MyoD to label infected cells and Tnnt3. 

Counterstained with DAPI. Images adjusted for brightness/contrast. Scale bar: 20 µM. Graph of 

the percentage of Tnnt3-positive cells from 3 independent experiments. Data represented as 

mean+95% confidence interval and analyzed with two-way ANOVA and Tukey’s multiple 

comparisons (n.s.- not significant). 

G) (hUBC) MyoD-IRESdsRed has no effect on Tnnt3 expression. Graph of the percentage of 

Tnnt3-positive cells following (hUBC) dsRed or (hUBC) MyoD-IRESdsRed transduction of 

GCPs and treatment with DMSO or 1 µM EPZ6438. Dots represent an independent experiment 

and line indicates mean.  
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How does a neuronal progenitor express muscle-related genes? Normal myoblast 

specification and differentiation is controlled by the myogenic regulatory factors (MRF) MyoD, 

Myf5 (Myogenic factor 5), MRF4, and myogenin (Berkes and Tapscott, 2005). Tellingly, MyoD  

is expressed in a subset of GCPs within the outer EGL, a region of active proliferation, during 

normal cerebellar development (Dey et al., 2013). The location of the MyoD-positive GCPs 

pointed to a relationship with proliferation, which can be induced in vitro with either Shh or 

IGF1, so we probed the expression profile of GCPs stimulated with each mitogen (GSE147410) 

(Tamayo-Orrego et al., 2020). Shh but not IGF1 triggers transcription of Myod1 (|log2-fold 

change| ≥ 1, FDR < 0.05) (Figure 4-6A). In line with this data, previous studies have shown that 

Gli2 can bind to and activate the Myod1 promoter and also that MyoD, present in a population of 

Shh-MB tumor cells, is associated with Smo-inhibitor resistance (Ocasio et al., 2019; Voronova 

et al., 2013). Neither Shh nor IGF1 led to increased expression of the MyoD transcriptional 

targets myogenin (Myog), creatine muscle kinase (Ckm), skeletal muscle α-actin (Acta1), or 

Tnni2 when compared to control cultures (Figure 6-A) (Bergstrom et al., 2002; Blais et al., 

2005).   

In contrast to the in vitro expression patterns, Figure 4-6B illustrates that Ptch1+/-

;Pik3caH1047R tumors display elevated, though variable, expression (|log2-fold change| ≥ 1, FDR 

< 0.05) of MyoD targets but not Myod1 itself, which is expressed in all tumors. Because neither 

IGF1-treated GCPs nor activated PI3K tumors showed enhanced Myod1 levels, we were 

surprised to find that there were more MyoD-positive GCPs at P7 in the EGL of Pik3caH1047R 

(Ptch1WT) mice compared to Pik3caWT (Figure 4-6C). Again, MyoD is present in both genotypes 

while Myogenin – a MyoD transcriptional target that is necessary for terminal myoblast 
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differentiation – is exclusively expressed in mutant cerebella (Figure 4-6C, D) (Berkes and 

Tapscott, 2005). 

Because H3K27me3 is found at the Myod1 locus of both the embryonic and early 

postnatal cerebellum, we wanted to test whether EPZ6438 could further modulate MyoD 

expression in the presence of Shh (Feng et al., 2016; Pal et al., 2011). As expected, Shh greatly 

increased the number of MyoD-expressing cells at DIV2, an effect that was transient because 

removal of Shh from the media led to fewer MyoD-positive cells at DIV4 (Figure 4-6E). Ezh2 

inhibition, however, did not change the percentage of MyoD-expressing cells either with or 

without Shh.  

Administration of EPZ6438 only generates a myogenic phenotype in the presence of Shh, 

which made us wonder if the role of Shh was to provide a source of MyoD. If so, then ectopic 

expression of MyoD could replace Shh and induce muscle marker expression when Ezh2 is 

inhibited. Using two different MyoD lentiviral constructs, we transduced GCPs and cultured 

them in the presence of DMSO or EPZ648 for 4 days. In both sets of experiments, Ezh2 

inhibition failed to significantly induce Tnnt3 expression compared to DMSO (Figure 4-6F, G). 

The CMV-MyoD construct alone had a variable though insignificant effect on Tnnt3 expression. 

Collectively, the above data show that Shh drives endogenous MyoD, which can be augmented 

by Pik3caH1047R but not EPZ6438. Moreover, physiological levels of MyoD do not trigger 

myogenesis in GCPs, implying that activation of MyoD-dependent transcription rather than 

protein overexpression underlies muscle gene expression when Pik3ca is mutated or Ezh2 

activity is blocked.    

 

4.2.6 Muscle marker positive cells maintain MyoD expression but lose Pax6 
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Figure 4-7. Myogenic cells 

express MyoD but not Pax6  

A) Pik3caH1047R myogenic cells 

co-express Tnnt3 and MyoD. 

Example images of 

Ptch1WT;Pik3caWT and 

Ptch1WT;Pik3caH1047R purified P7 

GCP cultures sequentially stained 

with antibodies against MyoD 

then Tnnt3. Counterstained with 

DAPI. Images adjusted for 

brightness/contrast. Scale bar: 20 

µM. Pie chart showing the relative 

number of Tnnt3-positive cells 

from Ptch1WT;Pik3caH1047R 

cultures that are either positive or 

negative for MyoD expression 

(n=120 cells from 3 independent 

experiments).  

B) Tnnt3-expressing cells 

following Ezh2 inhibition and Shh 

administration co-label with 

MyoD. Example images of 

purified GCP cultures treated with 

DMSO or 1 µM EPZ6438 +/- 10 

nM Shh and sequentially labeled 

with antibodies against MyoD 

then Tnnt3. Counterstained with 

DAPI. Images adjusted for 

brightness/contrast. Scale bar: 

20µM. Pie chart showing the 

relative number of Tnnt3-positive 

cells from the Shh, EPZ6438 

condition that are either positive 

or negative for MyoD expression 

(n=126 cells from 3 independent 

experiments).  

C) SERCA1-positive cells from 

Ptch1WT;Pik3caH1047R  mice are 

negative for Pax6. Example 

images of Ptch1WT;Pik3caWT and 

Ptch1WT;Pik3caH1047R P7 purified 

GCP cultures co-stained with 

antibodies against Pax6 and 

SERCA1(n=4 independent 

experiments). Of 154 SERCA1-
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positive cells imaged, 0 cells also expressed Pax6. Counterstained with DAPI. Images cropped 

and adjusted for brightness/contrast. Scale bar: 20 µM. 

D) SERCA1 expression associated with loss of Pax6. Example images from Figure 4-5D with 

Pax6 labeling to illustrate that SERCA1-positive cells express low or no Pax6 after treatment 

with 1 µM EPZ6438 and 10 nM Shh. Counterstained with DAPI. Images adjusted for 

brightness/contrast. Scale bar: 20 µM. Pie chart showing the relative number of SERCA1-

positive cells from the Shh, EPZ6438 condition that are either highly or lowly express Pax6 

(n=136 cells from 3 independent experiments).  
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 Thus far we have shown that both experimental strategies upregulate muscle markers in 

Math1-derived GCPs, a subset of which express MyoD as a consequence of Shh-dependent  

proliferation. To confirm that it is this MyoD-positive population that expresses muscle markers, 

we purified P7 Ptch1WT;Pik3caWT and Ptch1WT;Pik3caH1047R GCPs and sequentially labeled cells 

with antibodies against MyoD and then against Tnnt3 where we observed many double-positive  

cells in Ptch1WT;Pik3caH1047R cultures (Figure 4-7A). In fact, 92.5% (111/120) of all Tnnt3-

positive cells also expressed MyoD. Likewise, 96.8% (122/126) of Tnnt3-positive cells were also 

MyoD-positive following combined administration of Shh and EPZ6438, demonstrating that 

MyoD expression is sustained (Figure 4-7B). 

This data, however, does not indicate whether upregulation of a myogenic transcriptional 

program in GCPs is accompanied by loss of neuronal identity or whether it is simply 

misexpression of muscle genes. To examine these possibilities, we co-labeled dissociated cells 

with antibodies against the myogenic marker SERCA1 and the transcription factor Pax6, which 

is expressed in proliferating GCPs, post-mitotic granule neurons, and Shh-MBs (Yamasaki et al., 

2001; Zhang et al., 2019). Although most of the dissociated cells expressed Pax6 in all 

conditions, 100% of the 154 SERCA1-positive cells from Pik3ca mutant cerebella did not 

(Figure 4-7C). Similarly, 97.8% (133/136) of the SERCA1-positive cells – arising subsequent to 

EPZ6438 and Shh treatment in Figure 4-5D – expressed low levels of (if any) Pax6 (Figure 4-

7D). These results provide further evidence that these myogenic cells originate from MyoD-

expressing GCPs and suggest that induction of muscle genes signifies a change of cell fate.  

 

4.3 Discussion  
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 Figure 4-8. A myogenic 

conversion model 

Schematic illustrating the fate 

switch activated by either 

Pik3caH1047R or Ezh2 inhibition 

(Ezh2i) plus Shh stimulation that is 

associated with loss of GCP factors 

like Math1 and Pax6, persistence 

of MyoD, and gain of muscle 

markers. This process can occur 

independently or in conjunction 

with tumor formation through loss 

of Ptch1.   
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Aberrant activation of PI3K signaling is known to be oncogenic in many cancers, and 

frequently occurs via PIK3CA mutations, the most common of which is the H1047R substitution. 

Though more rare compared to adult malignancies, recurrent PIK3CA mutations have been 

identified in medulloblastoma and are specifically enriched in the SHH subgroup (Gröbner et al., 

2018; Kool et al., 2014; Niesen et al., 2020; Northcott et al., 2017); therefore, it  

was fitting to find the spontaneous Pik3caH1047R mutation in the Ptch1+/- tumor and to observe its 

pro-tumorigenic effect when combined with a Shh-MB model. On the other hand, the elevated  

expression of genes associated with muscle identity and function was entirely unexpected. 

Notably, these changes in mRNA and protein expression overlap with those displayed in human 

MMB. Constitutive activation of PI3K was sufficient to produce myogenic cells in the EGL of 

mice even when Ptch1 was wildtype, and we could achieve a similar phenotype by in vivo 

deletion or in vitro inhibition of Ezh2 within murine tumors and wildtype GCPs, respectively. 

While MyoD is present in the normal EGL, its transcriptional targets are not, yet manipulation of 

either PI3K or Ezh2 activity results in expression of muscle markers that co-localize with MyoD 

but not Pax6 – a transcription factor expressed by the granule neuron lineage. Overall, we 

propose a model where GCPs that express Math1, Pax6, and MyoD switch their fates by 

concurrently activating a myogenic program and losing their neuronal identity as a consequence 

of either the p110α H1047R mutation or Ezh2 loss-of-function – an effect that occurs in either 

the normal or malignant cerebellum (Figure 4-8). 

 

4.3.1 Ptch1+/-;Pik3caH1047R, a genetically engineered mouse model of MMB 

 Nearly a century after it was first identified, MMB is still poorly understood. Not only 

have the scarcity of human MMBs hindered advances in knowledge, but animal models have 



- 124 - 
 

also been limiting. To date, two MMB-like tumors have been defined based on 

immunohistochemistry after transplacental injection of the mutagen N-ethyl-N-nitrosourea 

(ENU) in cerebellar vermis defect rats, whose cerebellar malformations are probably due to a 

truncating mutation in the netrin receptor Unc5h3 (Kuramoto et al., 2004; Kuwamura et al., 

2000). Another model was generated by xenograft implantation of Otx2-depleted D425 cells, a 

G3-MB cell line, into the forebrain of nude mice (Bai et al., 2012).  

Here, we describe the first transgenic mouse model of MMB, which distinguishes itself 

because myogenic cells are present in every tumor that we tested without relying on a 

transformed cell line. Like the other examples described above, the number of myocytic cells are 

only a small subset of the total tumor population, yet we were able to very clearly detect 

transcriptional changes from bulk sequencing in both the spontaneous and genetically engineered 

PI3K mutant tumors, and this significantly altered the gene expression profiles of Ptch1+/-

;Pik3caH1047R tumors. Multiple factors may account for this effect. For example, the transcript 

levels of muscle-related genes within a positive cell are probably high given how bright the 

staining is by immunofluorescence, and the signal-to-noise ratio is very high because these genes 

are not expressed at all in control tumors. Establishing the Ptch1+/-;Pik3caH1047R line as a novel 

mouse model of MMB is an important advancement not only for the work presented in this thesis 

but also for ongoing and future studies of the molecular mechanisms underlying the myogenic 

switch of neuronal progenitors.  

 PI3K signaling has been implicated in every MB subgroup. In addition to mutations and 

copy number alterations, PI3K pathway components have been identified by gene ontology 

assessment of both transcriptional profiles and DNA methylation patterns in human MBs (Kool 

et al., 2014; Northcott et al., 2017; Pei et al., 2012; Schwalbe et al., 2017), and the PI3K cascade 
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has been revealed using proteomics (Archer et al., 2018; Forget et al., 2018). Consequently, 

PI3K pathway inhibitors have been suggested as therapeutic agents in MB (Gröbner et al., 2018), 

and PI3K inhibitors have been applied in animal models either alone or with other drugs 

(Metcalfe et al., 2013; Pei et al., 2016; Pei et al., 2012). Furthermore, a phase II clinical trial is 

currently underway to test the inhibitor LY3023414 on PI3K pathway mutant tumors from 

pediatric patients, including those with MB (NCT03213678).  

All of this begs the question, “does aberrant activation of PI3K upregulate myogenic 

markers in human MB?” We are currently pursuing this question although we have yet to find a 

strong correlation between mutations and gene expression. Multiple factors, such as the timing of 

the mutation and the cell-type where it occurs, could explain the apparent discord between the 

mouse and human data. The intensity of pathway activation may be a key determinant as the 

H1047R mutation is strongly activating. Our model is produced by knocking the mutant Pik3ca 

into the Rosa26 locus of inbred mice (Adams et al., 2011), so the observed transcriptional 

phenotype may be enhanced both by the constitutive activation of Pik3ca and by a reduction in 

differences caused by inter-patient heterogeneity. The transgene cannot itself explain the 

discrepancies because the spontaneous Pik3caH1047R sample also exhibited a myogenic 

phenotype. Because the number of myogenic cells is low, bulk sequencing of a portion of the 

tumor may not be sensitive enough to detect their presence; even in the transgenic mice, two of 

the samples showed weak transcriptional changes, thus contributing to the variability of MyoD 

target expression observed in Figure 4-6B. Nonetheless, I could identify positive cells by 

immunofluorescence. Hence, it will be worth screening PIK3CA mutant tumors with a panel of 

muscle markers to determine if there are rare myogenic cells in human samples.  
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4.3.2 ASXL3 and EZH2 in MB and MMB 

 When case reports ventured into the cytogenetic alterations of MMB, they mostly 

focused on changes commonly found in MB like i17q and MYC amplifications (Helton et al., 

2004; Wright et al., 2012). Missing from the literature is either a search for potential MMB-

specific mutations or inquiry into the role of MB drivers in the myogenic phenotype. Owing to 

the consistent tumor sample nomenclature adopted by St. Jude’s researchers, we were able to 

connect one of the human MMBs with its ASXL3 mutation (Huether et al., 2014; Robinson et al., 

2012). Mutations in ASXLs have been uncovered in MB at low frequency (Gröbner et al., 2018; 

Huether et al., 2014; Northcott et al., 2017; Zhang et al., 2015), but the function of ASXLs in the 

normal cerebellum or MB tumorigenesis has never been addressed.  

ASXL, most commonly ASXL1, mutations have been described in multiple cancers (Micol 

and Abdel-Wahab, 2016), and germline mutations in ASXL1 are associated with Bohring-Opritz 

Syndrome, which phenotypically overlaps with BRPS (Bainbridge et al., 2013). Regardless of 

disease type or ASXL member, these mutations, which exist as either nonsense or frameshift, 

generate truncated transcripts and occur almost exclusively in exons 11 and 12 (Micol and 

Abdel-Wahab, 2016). Some studies suggest that these transcripts were either loss-of-function or 

triggered RNA degradation (Abdel-Wahab et al., 2012; Matheus et al., 2019; Srivastava et al., 

2016), yet other groups have suggested that these may lead to gain-of-function (Balasubramani et 

al., 2015; Yang et al., 2018). Reports have also claimed a link between Asxl1 and PI3K/Akt 

signaling, but again one proposes a positive relationship where Asxl1 interacts with and is 

important for the activity of Akt while the other supports an inverse connection via regulation of 

Pten expression, which is reduced when Asxl1 is deleted (Cao et al., 2020; Youn et al., 2017).  
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The MMB ASXL3 mutation is striking because it is predicted to cause a truncation at 

exon 8, which is located within the conserved ASXH domain (Micol and Abdel-Wahab, 2016). 

This more strongly indicates loss-of-function as the ASXH domain is necessary for interaction 

with Brca1-associated protein 1 (BAP1), the mammalian orthologue of Calypso (Scheuermann et 

al., 2010). In fact, our collaborator has demonstrated that the truncated ASXL3 protein cannot 

interact with BAP1 and thus impedes BAP1 function (data not shown). Through CRISPR 

targeted deletion of Asxl3 and Ptch1, one tumor did exhibit muscle marker expression, but more 

experimental evidence is needed before drawing strong conclusions.  

We chose, however, to pursue Ezh2 loss-of-function to modulate H3K27me3 because this 

posed a potential link between Asxl3 and PI3K function, because the in vivo CRISPR deletion of 

Ezh2 appear to induce a more robust myogenic phenotype, and because the tools needed were 

easily accessed and well-established. The function of Ezh2 in cancer is context dependent as it 

can act as either an oncogene or a tumor suppressor (Kim and Roberts, 2016), and though current 

evidence implicates Ezh2 activity in MB, its role is still unclear. For instance, human data 

indicate that a subset of G3- and G4-MBs contain chromosome 7(q) amplifications correlating 

with increased EZH2 expression and H3K27me3, suggesting that EZH2 is oncogenic (Alimova et 

al., 2012; Dubuc et al., 2013; Robinson et al., 2012). Supporting this, Ezh2 inhibition reduced 

cell viability in either D425 cells or in human cerebellar organoids overexpressing Otx2 and Myc 

(Ballabio et al., 2020; Natsumeda et al., 2019). Also, xenograft transplantation of an 

immortalized NSC cell line overexpressing Ezh2 and Myc was pro-tumorigenic (Sola, 2019); on 

the other hand, deleting Ezh2 in a Myc-p53 G3-MB mouse model also led to more rapid tumor 

formation, suggestive of a tumor suppressive role (Vo et al., 2017). Although EZH2 expression 

itself has not been associated with human SHH-MB, Ezh2 inhibition blocked the growth of 
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DAOY cells, an SHH-MB line (Alimova et al., 2012). It also reduced proliferation and increased 

differentiation of Ptch1+/- tumor cells in vitro and in vivo (Cheng et al., 2020). Conditional 

expression – using the Nestin-cre – of H3K27M, a methylation-resistant and dominant mutant, 

with p53 deletion strongly favors development of Shh-MBs in mice (Larson et al., 2019; Roussel 

and Stripay, 2020), yet orthotopic transplantation of H3K27M-transduced p53-/- NSCs did not 

yield tumors (Mohammad et al., 2017).  

Along with resolving the impact of Ezh2 activity on MB, future work is needed to assess 

its influence in human MMB. Based on our work, repressing Ezh2 or reducing H3K27me3 could 

contribute to myogenic differentiation within SHH-MBs, such as the two SHH-MB cases 

reported in the literature (Rao et al., 2020; Wright et al., 2012). It is uncertain whether the same 

mechanism would apply to other subgroups, which could explain why the Ezh2 knock-out G3-

MB model does not display changes in muscle gene expression compared to control (data not 

shown) (Vo et al., 2017).  

Cumulatively, one notion to draw from the above is the putative significance of 

Polycomb group proteins in MMB; an idea that could more broadly apply to chromatin 

regulators and is particularly enticing because muscle-like cells are not the only non-neural 

lineage observed in rare MB variants. Not only has melanotic differentiation been described in 

the literature, but there are quite a few examples of MBs that contain both myogenic and 

melanotic cells hinting at a molecular environment permissive to cell identity alterations 

(Rajeshwari et al., 2016; Sachdeva et al., 2008; Stefanits et al., 2014). An interesting question to 

examine in the future is whether modulating PI3K or Ezh2 activity also leads to rare subsets of 

other cell types. 
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It is this concept of a permissive chromatin landscape that partly frames our suspicion 

that altering PI3K or Ezh2 activity stimulates the myogenic conversion of GCPs through an 

overlapping mechanism by regulating histone post-translational modifications. PI3K could act by 

obstructing Ezh2 activity through Akt-dependent phosphorylation of serine 21, thereby 

diminishing H3K27me3 (Cha et al., 2005). I was not able to detect global changes in H3K27me3 

in Pik3caH1047R GCPs compared to controls (data not shown), yet it is possible that changes are 

loci-specific rather than global and would require more sensitive methods to find. Also, we 

cannot exclude the inverse relationship because impeding H3K27me3 via the K27M mutation in 

NSCs or Ezh2 deletion in NSC-derived MB tumors elevates Igf2bp2 (IGF2 binding protein 2), 

which encodes the RNA-binding protein IMP2 and is known to activate PI3K signaling in other 

cancer models (Larson et al., 2019; Mu et al., 2015; Vo et al., 2017; Xu et al., 2019). 

Even if PI3K and Ezh2 do not act in the same pathway, they could regulate a common 

target, such as the acetylation of H3K27. The H3K27M substitution blocks the regionally broad 

spread of H3K27me3 leading to deviant acetylation (Harutyunyan et al., 2019; Krug et al., 2019), 

and in neuroblastoma cell lines, PI3K signaling triggered drug resistance by activating super 

enhancers, as measured by H3K27 acetylation (Iniguez et al., 2018). The histone 

acetyltransferase p300 is another known Akt target (Huang and Chen, 2005); as a result, 

impeding PI3K signaling in myoblasts in vitro decreases phosphorylation of p300, which leads to 

reduced H3 acetylation at MyoD transcriptional targets without changing global levels (Serra et 

al., 2007). Future work aimed at elucidating the specific cascade(s) downstream of PI3K or Ezh2 

responsible for muscle gene expression may support or negate these possibilities.   

   

4.3.3 Regulation of MyoD activity 



- 130 - 
 

We predict from our working model that PI3K and Ezh2 signaling coalesce at some point 

to activate MyoD-dependent transcription. MyoD is a member of the basic helix-loop-helix 

(bHLH) superfamily of transcription factors, like Math1 and NeuroD, and it promotes 

transcription by binding to the DNA consensus sequence CANNTG, known as E-boxes 

(Tapscott, 2005). Due to the large number of bHLH factors and the prevalence of E-boxes in the 

genome, there are many questions surrounding activity regulation within the cell. One 

determinant of MyoD specificity as an MRF is its preferential binding to particular E-box 

sequences, of which CAGGTG is primarily associated with myogenic genes (Cao et al., 2010; 

Fong et al., 2012). In fact, mutating MyoD to change its sequence binding affinity can transform 

it into a neurogenic factor like NeuroD2 (Fong et al., 2015).  

Another straightforward way to limit MyoD activity is through spatially and temporally 

restricted expression. MyoD, the original reprogramming factor, was first discovered because 

aberrant expression by chemically induced DNA demethylation or transfection of C3H10 T1/2 

fibroblasts triggered myogenesis (Davis et al., 1987; Lassar, 2017; Lassar et al., 1986; Taylor 

and Jones, 1979). Even postnatal satellite cells repress MyoD expression in the resting state 

(Lassar, 2017). However, GCPs and MB cells are a glaring exception to this principle as they 

endogenously express MyoD but not its transcriptional targets in vivo (Dey et al., 2013; Ocasio 

et al., 2019). Viral mediated overexpression of MyoD in DAOY cells but not in UW228 cells, 

another SHH-MB cell line, has been shown to induce myogenesis (Gerber and Tapscott, 1996), 

and the effect we observed in primary GCPs was highly variable and therefore not statistically 

significant. Overall, this suggests that naïve and even some transformed GCPs are resistant to 

MyoD reprogramming.  
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 Control of DNA binding is also an important step in MyoD transcriptional activation, but 

it is not necessarily the rate-limiting step. ChIP- and RNA-sequencing data show that many of 

the genes upregulated in myotubes display increased MyoD-binding during differentiation, yet 

MyoD binds tens of thousands of loci without changing levels of transcription (Cao et al., 2010). 

Moreover, interfering with p38 MAPK activity in vitro does not alter MyoD binding at either the 

Myogenin promoter or Ckm enhancer but does delay and reduce recruitment of the SWI/SNF 

complex, thereby blocking transcription of targets and myoblast differentiation (Serra et al., 

2007). In cell types, such as P19 cells, that are resistant to MyoD reprogramming, DNA 

accessibility is a major impediment for MyoD binding at its myogenic targets (Fong et al., 2012). 

Even though the Pik3caH1047R mutation and EPZ6438-treatment are applied broadly to GCPs, 

only rare cells express muscle-related markers, which suggests that the chromatin of muscle-

specific genes is likely in a closed confirmation and that neither condition efficiently triggers 

remodeling.    

 Both Ezh2 and PI3K signaling are involved in regulating normal myogenesis, so it is 

probable that Ezh2 inhibition or Pik3caH1047R affect one or more of these factors to promote 

muscle-specific gene expression in GCPs. For example, ectopic expression of HLH-1, the MyoD 

orthologue in C. Elegans, induces myogenic conversion in the undifferentiated blastomere, an 

effect that is limited by subsequent lineage specification (Fukushige and Krause, 2005). Knock-

down of PRC2 components including the Ezh2 orthologue, mes-2, can overcome these 

limitations (Patel et al., 2012; Yuzyuk et al., 2009). In C2C12 cells, a discrete set of genes with 

higher expression in myotubes show a corresponding loss of H3K27me3, including Myogenin 

and Acta1 (Asp et al., 2011). Depletion of the PRC2 component Suz12, which reduced the levels 

of H3K27me3 at these genes in myoblasts, did not trigger differentiation itself but did  
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Figure 4-9. PI3K signaling and 

myogenic gene expression 

Model highlighting the potential 

mediators of PI3K-dependent myogenic 

conversion. Inhibition of Ezh2, resulting 

from phosphorylation by Akt, and 

activation of p300, a known target of 

Akt, can both enhance transcription of 

muscle-related genes via the post-

translational modification of H3K27. In 

addition, p300 and MEF2 can function 

as co-activators of the myogenesis 

master regulator MyoD. Figure adapted 

from (Yam and Charron, 2013).  
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prematurely induce the expression of target genes and increased the speed of differentiation, 

indicating that other factors contribute to the repression of MyoD transcriptional activity in 

myoblasts.  

PI3K signaling is required for myogenic differentiation in vitro, and constitutive 

activation can strongly enhance myogenin levels upon differentiation (Xu and Wu, 2000). Not 

only is it possible that PI3K could affect myoblast differentiation through Ezh2 inhibition but, as 

mentioned earlier, p300 is an Akt target (Figure 4-9) (Badeaux and Shi, 2013; Cha et al., 2005; 

Serra et al., 2007). Inhibition of PI3K or Akt blocks p300 phosphorylation, thus preventing 

MyoD acetylation and impeding the interaction of MyoD with both p300 and the DNA of its 

transcriptional targets (Serra et al., 2007). In both myoblasts and granule neurons, where it is 

involved in cell survival, the PI3K/Akt cascade is important for activity of MEF2 (Myocyte 

enhancing factor 2), a known MyoD co-activator that can also interact with p300 (Figure 4-9) 

(Sartorelli and Puri, 2018; Tamir and Bengal, 2000; Wiedmann et al., 2005). Modulating MEF2 

activity may also play a role in regulating MyoD binding because one intriguing feature of genes 

where DNA binding of MyoD correlates with transcription is the enrichment of binding motifs 

for MEF2 (Cao et al., 2010). In summary, the totality of material covered in this section and the 

one above conveys a plethora of potential avenues for exploring the molecular mechanisms 

underlying the myogenic fate switch of GCPs.  

 

4.3.4 The multilineage potential of GCPs 

The dominant discussion surrounding the study of MMB is the source of the muscle cells 

within the tumor. Our model affirms earlier theories that the muscular component originates 

from the same cell as the tumor bulk. Earlier work using FISH has found that both cell 
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populations contain the same genomic amplifications (Bai et al., 2012; Lindberg et al., 2007). 

Moreover, our work indicates that myogenic conversion represents a form of reprogramming, an 

idea that is supported by co-labeling with muscle and neuronal markers both in vitro and in vivo 

(Bai et al., 2012; Kido et al., 2009). Because MMB is currently considered a histopathological 

variant that can occur in multiple subgroups and because these subgroups arise from distinct cell 

types, it is expected that these other cells can also undergo a myogenic switch.    

However, our data contradicts the speculation from some groups that the existence of 

multilineage differentiation in MBs is evidence that these tumors arise from multipotent 

progenitors/stem cells (Borcek et al., 2011; Fathaddin et al., 2014). Although GCPs only produce 

granule neurons during normal development, we show that either in vitro or in vivo manipulation 

can convert GCPs to a myogenic fate. Likewise, BMP2 stimulation of GCP cultures triggered 

progressive expression of astroglial markers in a subpopulation of cells that corresponded with 

loss of neuronal markers (Okano-Uchida et al., 2004), and tumors from a murine Shh-MB model 

contain a population of astrocytes generated by trans-differentiation of GCPs (Yao et al., 2020). 

Our experiments also favor a trans-differentiation mechanism because of the endogenous 

expression of MyoD and the relatively rapid cell fate transition in vitro, yet this does not exclude 

the possibility of de-differentiation. Notably, oncogenic transformation of GCPs is not only 

associated with the persistence of transient progenitor population(s) but also with the expansion 

of markers, like Olig2 and Nestin, that corresponds with less differentiated states (Li et al., 2016; 

Selvadurai et al., 2020; Zhang et al., 2019). The possible de-differentiation of GCPs merits future 

exploration in our two experimental paradigms because PI3K and Ezh2 play pleiotropic roles 

during normal development that may delineate their impact on tumor formation and myogenic 

conversion. For instance, aberrant activation of PI3K signaling and deletion of Ezh2 have 
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opposing effects on the cell cycle entry of muscle-specific stem cells (known as satellite cells) as 

measured by thymidine analog incorporation (Juan et al., 2011; Wang et al., 2018; Yue et al., 

2017). On the other hand, the consequence of both leads to depletion of the stem cell pool with 

concomitant upregulation of myogenin expression suggesting that resting satellite cells and 

active satellite cells/myoblasts respond differently to perturbation of PI3K or Ezh2 activity.  

Understanding the functional consequences of PI3K and Ezh2 on the various cell populations of 

the granule cell lineage may provide clues about the prognostic implication of myogenic 

differentiation within Shh-MB.  

In conclusion, GCPs possess an underappreciated multilineage potential that can be 

exploited during tumorigenesis, and in these cells, the activation of PI3K or inhibition of Ezh2 

represent a mode of inducing myogenic differentiation, the defining feature of MMB.  
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5.1 Looking Boc 

  In 2011, ten years after their original article, Hanahan and Weinberg published an 

updated list of cancer hallmarks: sustained proliferative signaling, evasion of growth 

suppressors, resistance to cell death, replicative immortality, angiogenesis, activation of invasion 

and metastasis, reprogrammed energy metabolism, and evasion of immune destruction. To attain 

these characteristics, normal cells mostly acquire genetic alterations, and inherent to this process 

is the breakdown of the mechanisms protecting the integrity of the genome (Hanahan and 

Weinberg, 2011). In part, this is achieved by the stochastic DNA damage that either transpires or 

persists during normal cell division, a fact that accounts for the correlation between the lifetime 

risk of specific cancer types and the overall number of divisions of their respective stem cells 

(Tomasetti and Vogelstein, 2015). Nevertheless, certain oncogenic drivers can fuel genomic 

instability by inducing replication stress; for example, Shh causes replication stress in GCPs 

through which it triggers tumor initiating mutations (Tamayo-Orrego et al., 2020). The resulting 

DNA lesions lie downstream of the canonical Shh signaling pathway and require the co-receptor 

Boc (Mille et al., 2014). 

 Early in my graduate training, I sought to test the hypothesis that Boc enhances tumor 

formation by actively contributing to DNA damage in GCPs. The key result from the third 

chapter is that transient overexpression of Boc via electroporation of GCPs – the identity of 

which was verified by lineage-restricted TdTomato expression – can acutely trigger 

phosphorylation of H2AX, a proxy of DNA damage. Further work to validate this finding and to 

test its relevance in MB development will be essential before drawing strong conclusions. 

Beyond a putative role in DNA damage, clarity in understanding the contribution of Boc to 

tumorigenesis is still needed.  
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 In Ptch1+/- mice, Shh signaling instigates an increase of recombination events resulting in 

Ptch1 LOH, which marks the transition to ligand-independent signaling and is coupled with 

preneoplasia formation, and progression to advanced tumors requires additional alterations of 

driver genes like p53 (Tamayo-Orrego et al., 2016a). Thus, our working model places Boc, 

which acts in conjunction with Ptch1 as a Shh-binding complex, in the early stages of 

tumorigenesis.   

  The role of Boc as a Shh co-receptor is a task it shares with Cdo and Gas1 when their 

expressions overlap. Due to this functional redundancy, Shh signaling phenotypes (or lack 

thereof) in Boc-null mice vary. For instance, loss of Boc alone is insufficient to cause 

holoprosencephaly nor does it disrupt patterning of the neural tube even though ectopic 

expression of Boc can trigger ventralization of cell fates in a ligand-dependent manner (Allen et 

al., 2011; Tenzen et al., 2006; Zhang et al., 2011b). On the other hand, Boc-/- mice exhibit Shh-

related axon guidance defects in both retinal ganglion cells and spinal commissural neurons that 

phenocopy loss of Smo, which acts downstream of ligand-binding (Fabre et al., 2010; Okada et 

al., 2006; Peng et al., 2018). In cerebellar GCPs, Boc is important though not required for 

proliferation in response to Shh, due to compensation by Gas1, and this is reflected by the mild 

phenotype observed in Boc-null mice, in which the reduction of the IGL surface area is less than 

20% (Izzi et al., 2011). However, Boc is required for Shh-dependent DNA damage, and as such, 

deletion of Boc has a stronger impact on Ptch1+/- tumor incidence, which is diminished by more 

than 60% compared to Boc wildtype animals (Mille et al., 2014). 

 One potential reason Gas1 cannot recoup for loss of Boc during tumor development is 

that Boc, unlike Gas1, is a Gli transcriptional target (Lee et al., 2010; Liu et al., 2001). Hence, 

Ptch1+/- could drive increased Boc expression that would further potentiate aberrant Shh 
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signaling, including Shh-dependent DNA damage, to promote Ptch1 LOH. Another possibility is 

that oncogenic transformation is more sensitive to modulation of Shh signaling than normal 

development. For example, low-dose inhibition of Cdc7 (cell division cycle 7), whose activity is 

critical for origin firing during DNA replication, did not alter proliferation levels in the EGL at 

P7 but did reduce Shh-dependent genomic instability and preneoplasia incidence (Tamayo-

Orrego et al., 2020).  

Nonetheless, it is tempting to speculate that other factors may be involved. For example, 

high Boc expression could prompt it to aggregate with itself or other proteins and activate Shh-

independent signaling, potentially through the PI3K/Akt pathway. Recent data generated from 

our lab shows that IGF1, which is known to activate PI3K/Akt signaling and stimulate GCP 

proliferation, does not trigger DNA damage (Tamayo-Orrego et al., 2020).  Therefore, any link 

between Boc and PI3K activation would modulate tumor development by other mechanisms and 

would likely act to drive tumor progression because changing IGF1/2 expression affects tumor 

but not preneoplasia incidence (Corcoran et al., 2008; Tanori et al., 2010). Alternatively, Boc 

expression can be detected by single cell RNA sequencing in early cerebellar progenitors and by 

immunofluorescence in the embryonic ventricular zone of the cerebellum (Carter et al., 2018; 

Izzi et al., 2011). Shh signaling plays a multifaceted role in the cerebellum (Dahmane and Ruiz-i-

Altaba, 1999; Farmer et al., 2016; Huang et al., 2010), so the role of Boc in non-GCPs may 

augment the development of MB in mice with Ptch1+/-, which is also germline and which does 

not lead to tumor formation in all animals. 

One way to assess these suppositions would be to engineer a conditional Boc allele that 

can be selectively deleted via Cre-recombinase. If tumor incidence is reduced in Ptch1+/-;Math1-

cre;Bocfl/fl  mice compared to Boc wildtype animals, then it would indicate that loss of Boc 
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expression in GCPs is sufficient to impede tumorigenesis. Temporal control of Boc deletion with 

a Math1-CreER line could also specifically test if Boc expression is important for tumor 

formation after Ptch1 LOH (Machold and Fishell, 2005). Administration of tamoxifen around 

P10 would likely ensure recombination and loss of Boc expression by P14, an age corresponding 

with the preneoplastic stage and characterized by Ptch1 LOH (Tamayo-Orrego et al., 2016b). 

Digging a little deeper may uncover hidden secrets behind the impact of Boc in cerebellar 

development and tumorigenesis.  

 

5.2 Looking forward – Implications of an MMB model 

Thanks to a corollary and serendipitous discovery initially uncovered while investigating 

the role of Boc in MB, I embarked on the scientific journey detailed in Chapter 4 characterizing a 

mouse model of MMB and exploring the myogenic potential of GCPs. Using transcriptional 

profiling and immunolabeling, we demonstrated that Ptch1+/-;Pik3caH1047R tumors mirror human 

MMB. Moreover, conditional expression of the mutant p110α in the Math1-lineage is sufficient 

to produce myogenic cells in the EGL. Like Pik3caH1047R, obstructing Ezh2 function can also 

trigger muscle marker expression in GCPs and MB cells. This myogenic conversion likely relies 

on the transcriptional activity of endogenous MyoD and corresponds with loss of Pax6 

expression.  

Although MMB was removed as a discrete variant in 2016, the 2007 WHO classification 

of CNS tumors states, “The descriptive term ‘medulloblastoma with myogenic differentiation’ 

may be used for any variant (desmoplastic/nodular, large cell medulloblastoma, etc.) containing 

focal rhabdomyoblastic elements with immunoreactivity to desmin, myoglobin, and fast myosin 

but not smooth muscle α-actin alone (Louis et al., 2007).” This definition does not restrict 
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categorization based on the number of myoblastic cells or the specific morphology, such as the 

presence of striations; therefore, our murine tumors can be considered models of 

medulloblastoma with myogenic differentiation (formerly MMB) based on the myoglobin 

immunolabeling alone. As such, one consideration stemming from this work is the need to 

update how myogenic differentiation is detected in human MBs. In many instances, an MMB 

diagnosis initiates due to unusual histology patterns, such as the presence of strap cells, and is 

confirmed through immunohistochemistry (Sarkar et al., 2017; Wright et al., 2012). In this way, 

more subtle phenotypes like those of the Pik3caH1047R murine tumors are prone to be missed. In 

the literature, there are some examples where the MMB nomenclature was applied as a part of a 

larger retrospective analysis (Gupta et al., 2018; Sachdeva et al., 2008). Because myogenic 

differentiation in MB is a rare event, an antibody screen of every MB diagnosis would be 

inefficient; nonetheless, as we identify MMB-associated mutations, potentially including 

PIK3CA mutations and EZH2 deletions, then targeted immunohistochemistry of select samples 

may complement a bioinformatic approach.  

Both the PI3K and Ezh2 experimental paradigms display subtle histological phenotypes 

where the myocytic population is mostly blast-like and makes up a small percentage of the total 

tumor bulk, and we propose that the human equivalent of these MMBs is currently undiagnosed. 

On the flip side, these animal models do not recapitulate the full spectrum of myogenic 

differentiation because we have not detected tumors containing regions with copious numbers of 

strap cells. In the future, if we can elucidate how Pik3caH1047R and/or Ezh2 inhibition activate a 

myogenic program in GCPs, then we can leverage that knowledge to develop more efficient 

models of myogenic conversion. Of particular interest is the role of histone modifiers and 

chromatin remodelers in this process. Illuminating the molecular mechanisms underlying the 
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myogenic switch will afford us with a golden opportunity to potentially establish myogenic 

differentiation as a biomarker for specific therapeutic strategies, such as BET inhibitors.  

 

5.3 Myogenic conversion, triggering an identity crisis in GCPs 

 Cell fate specification – and by extension cell identity plasticity – is multifactorial. In his 

now famous “epigenetic landscape,” Conrad Waddington attempted to visualize these complex 

factors with a ball rolling down a sloping hill (Figure 5-1A) (1957). As someone who prefers 

words to pictures, I have provided a simpler model of cell fate specification (Figure 5-1B), 

which admittedly is less elegant by virtue of losing some of the symbolism created by drawing a 

three-dimensional space. Although pseudotemporal analysis of single cell RNA sequencing has 

demonstrated that individual cells comprise a continuum of identities, I have chosen to represent 

cell states as discrete entities that better reflect the lexicon applied in situ (Carter et al., 2018; 

Ocasio et al., 2019; Selvadurai et al., 2020). Nevertheless, I have tried to compensate for this 

discrepancy by adopting a four-tier hierarchy: multipotent stem cells, bi- or unipotent 

progenitors, transit amplifying precursors, and terminally differentiated cells. The exact 

terminology, though not universal, applies to the granule lineage reasonably well as the NSCs of 

the early cerebellar primordium, which potentially initiate G3-MBs, give rise to both the 

ventricular zone or rhombic lip progenitors, and this is followed by specification of GCPs (or the 

other glutamatergic neuronal populations) (Leto et al., 2016). Finally, GCPs exit the cell cycle 

and differentiate into granule neurons.  

 Dysregulation of this process is critical not only for tumorigenesis, which I will expand 

upon later, but also for directed cell reprogramming, which is our aim in developing a more 

robust MMB model. Critical barriers to reprogramming, whether through de-differentiation to a  
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Figure 5-1. Cell fate specification and differentiation   

A) Waddington’s classic epigenetic landscape visualizes development as a ball rolling along a 

tilted and “undulating surface” within canals. In this model, change is continuous and gradual, 

and inducers push the ball at choice points towards one canal, indicative of an individual cell’s 

competence (Gilbert, 1991; Waddington, 1957). Figure from (Waddington, 1957).  

B) A simplified two-dimensional representation of the same process broken down into a series of 

boxes that represent the discrete cell states commonly denoted in developmental cell biology, 

where the color gradient represents the gradual change in competence, the arrows give 

directionality, and the fill color of the arrows designates the presence of specification factors that 

instruct shifts in cell identity.  
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pluripotent state or trans-differentiation, are (1) the expression of specification factors, 

specifically transcription factors that regulate gene expression programs, and (2) the intrinsic cell 

competence restricting lineage plasticity, usually defined by the demarcation of specific 

epigenetic modifications (Figure 5-1B) (Zhou and Melton, 2008).  

Here, GCPs present a tantalizing template for myogenesis because a subpopulation 

endogenously express MyoD, the master regulator of myogenesis, thereby circumventing the 

need for ectopic expression with strong promoters impervious to normal modulation (Figure 5-  

2A right) (Dey et al., 2013). In addition, many important co-factors are well expressed, such as 

Pbx1, Meis1, Mef2a, Mef2c, and Mef2d (Figure 5-2A left) (Tapscott, 2005). GCPs even express 

the switch factor Trim28 (Triparte motif-containing protein 28, aka Kap1) and its regulatory 

kinase Msk1 (Mitogen- and stress-activated protein kinase 1), which is encoded by Rps6ka5 

(Singh et al., 2015). On the other hand, FPKM of Six4 is very low and Six1 is borderline for our 

threshold of expression (Figure 5-2A right) (Tapscott, 2005). Although tissue-specific splice 

isoforms, known to be involved in myogenesis, are not accounted for in these graphs, it has been 

previously demonstrated that muscle and brain express the same isoforms of MEF2C (Trapnell et 

al., 2010; Zhu et al., 2005). MEF2Dα2, the key isoform for late myoblast differentiation, is 

absent in brain, but its binding profile largely coincides with the ubiquitously expressed 

MEF2Dα1 (Martin et al., 1994; Sebastian et al., 2013). Moreover, the regulation of these splice 

variants would not explain the inability of MyoD to drive intermediate differentiation genes like 

Myog and Ckm in wildtype GCPs (Sebastian et al., 2013).   

 I predict that the chromatin landscape restricts the competence of GCPs to undergo 

myogenic reprogramming. This is a rather obvious prediction because GCPs are derived from the 

ectoderm while myoblasts are of mesodermal origin meaning that the lineage bifurcation of these  
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Figure 5-2. GCPs express 

many MyoD co-factors 

but lack the competence 

to undergo myogenic 

reprogramming 

A) GCPs express many but 

not all MyoD co-activators. 

FPKMs of RNA 

sequencing from P7 GCPs 

show expression of Pbx1, 

Meis1, Mef2a-c, Trim28, 

and Rps6ka5 with Math1 as 

a reference (left). Six1, 

Six4, and Myod1 are 

graphed separately due to 

their low FPKMs (right). 

Data from 3 animals 

represented at mean + 

standard deviation.   

B) Muscle-specific Atp2a1 

locus is not accessible in 

cerebellum, but 

housekeeping gene Gapdh 

is accessible in all tissues. 

ATAC-seq of adult murine 

tissues and graph adapted 

from (Liu et al., 2019).  

C) Hierarchical clustering 

of transcription factor 

motifs represented in 

Euclidean distance. Image 

from (Liu et al., 2019).  

D) Human embryonic stem 

cells (hESCs) and P7 GCPs 

show low expression of 

SMARCD3 (normalized to 

SMARCD1) compared to 

human skeletal myoblasts 

(husk) and myogenic 

competent fibroblasts 

(hFibro). GCP data from 

same RNA sequencing as A.  Data represented as mean + standard deviation. Graphs adapted 

from (Albini et al., 2013).  
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cells occurs during gastrulation. Indeed, Liu et al. recently created an atlas of chromatin 

accessibility in adult mouse tissues using the assay for transposase-accessible chromatin with 

sequencing (ATAC-seq) where they showed that the cerebellum and skeletal muscle have 

distinct tissue-specific peaks (2019). For example, Atp2a1, whose product SERCA1 is one of the 

muscle markers utilized in Chapter 4, is accessible in skeletal muscle but not the cerebellum 

(Figure 5-2B). Nonetheless, when they performed hierarchical clustering on transcription factor 

motifs that they identified within the tissue specific peaks, the cerebellum was closer to the heart 

and skeletal muscle than it was to the cerebrum reinforcing the theory that these tissues have 

high overlap of specification factors (Figure 5-2C).  

 One way access to transcriptional targets can be cut off is through the presence of 

nucleosomes, which are composed of a single histone octamer around which DNA is wrapped. 

The SWI/SNF complex remodels the chromatin through either nucleosome insertion/exclusion or 

sliding, thereby changing DNA accessibility, and MyoD can recruit SWI/SNF to its target loci 

via interaction with the SMARCD3 (aka BAF60c) subunit (Forcales et al., 2012; Wilson and 

Roberts, 2011). Of the three SMARCD variants, which form mutually exclusive SWI/SNF 

complexes, SMARCD3 is exclusively required for C2C12 differentiation although SMARCD2 

performs an auxiliary role. Furthermore, human embryonic stem cells (hESCs), which are 

resistant to MyoD-induced myogenesis, express low levels of SMARCD3 relative to the other 

variants, whereas SMARCD3 and SMARCD1 are present at comparable levels in human skeletal 

fibroblasts (husk) or human fibroblasts (hFibro) (Figure 5-2D) (Albini et al., 2013). Co-

expression of MyoD with SMARCD3 can significantly enhance myogenic conversion. As GCPs 

not only exhibit diminished SMARCD3 levels but also utilize an alternative promoter to express a 

novel variant, this poses a potential route for boosting myogenesis (Figure 5-2D) (Pal et al., 
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2011). Exposing the critical differences in chromatin regulation between GCPs and myoblasts 

will both assist our understanding and modeling of MMB and may also provide important 

insights for improving MyoD-triggered reprogramming applications in regenerative therapy.    

 

5.4 Dysregulation of cell fate specification: an emerging cancer hallmark?  

Normal developmental hierarchies are unidirectional, which is represented by the incline 

of Waddington’s landscape and by the arrows of the simpler schematic (Figure 5-1). Moreover, 

Waddington opted to place the ball’s trajectory within channels to signify that the system can 

compensate for small disturbances (1957). Yet, the disturbances involved in tumorigenesis are 

anything but small, and the assignment of cancer hallmarks was designed to recognize unifying 

precepts of tumor formation with an eye towards therapeutic opportunities (Hanahan and 

Weinberg, 2011).  Now, as we approach 2021, a decade since the last update, it is time to again 

revisit these hallmarks. In the last version, the authors themselves alluded to cancer stem cells 

and their potential function in primary tumor development and relapse.  Using a few illustrative 

examples, I hope to substantiate that the alterations in cell identity within tumors encompass 

more than just cancer stem cells and so should an additional entry to the list of cancer hallmarks.  

 Cancer stem cells are involved in tumor development and maintenance, where they 

control the persistence of developmental hierarchies (Azzarelli et al., 2018). For instance, Lgr5-

positive stem cells of the normal epithelium can give rise to benign adenomas, a portion of which 

retain both the gene expression profile and the crypt-villus organoid forming function of normal 

stem cells (Schepers et al., 2012). These Lgr5-expressing cells, which are only 5-10% of the 

entire tumor population, maintain growth and generate multilineage progeny in a manner 
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reminiscent of the normal tissue. Additionally, they can be found in malignant colorectal 

carcinomas (Beck and Blanpain, 2013).   

In the first week of murine postnatal life, the EGL contains a small and transient subset of 

cells that express neural progenitor markers Nestin, Sox2, and/or even an hGFAP-driven dsRed 

reporter but do not express Prominin1 (aka CD133) or Olig2 (Lee et al., 2005; Li et al., 2013; 

Selvadurai et al., 2020; Silbereis et al., 2010; Zhang et al., 2019). These cells persist in both 

preneoplastic lesions and advanced tumors, which also include proliferating GCPs and 

differentiated granule neurons (Cheng et al., 2020; Vanner et al., 2014). These less differentiated 

progenitors have heightened tumor propagating properties fueling both relapse and metastasis 

(Singh et al., 2004; Vanner et al., 2014; Zhang et al., 2019). In this case, it is evident that the 

normal hierarchy is present yet aberrant because a subpopulation of tumor cells expresses 

Prominin1 and Olig2 (Ocasio et al., 2019; Singh et al., 2004; Zhang et al., 2019). Deviation from 

the normal hierarchy occurs early in tumor development because there are Olig2-expressing cells 

and more Sox2- and Nestin-positve cells in the EGL of P7 Ptch1 conditional knockout mice 

compared to wildtype (Li et al., 2016; Selvadurai et al., 2020; Zhang et al., 2019). This could 

represent a block in GCP specification from rhombic-lip progenitors as Olig2 is expressed there 

(Schüller et al., 2008), but it could also be the consequence of GCP de-differentiation. 

Importantly for this latter theory, inducing Ptch1 deletion in Math1-expressing cells at P10 

produces tumors while no tumors result when Ptch1 is deleted in Sox2-expressing cells at P7, 

which suggests that the tumor specific hierarchy can be re-established even after it has been lost 

during development (Selvadurai et al., 2020; Yang et al., 2008).   

 This example of how tumorigenesis is marked by the subversion of normal hierarchies is 

not specific to Shh-MB. In G3-MB, most cells are undifferentiated with stem-like characteristics 
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with sparse (if any) differentiated cells (Hovestadt et al., 2019b; Vladoiu et al., 2019). 

Overexpression of Myc, a known reprogramming factor, can trigger tumor formation in NSCs 

and multiple unipotent progenitor cells including GCPs – demonstrative of an oncogene capable 

of both blocking and reverting normal differentiation (Kawauchi et al., 2017; Kawauchi et al., 

2012; Pei et al., 2012). Similarly, Pik3caH1047R, a recurrent mutation in breast cancer (though less 

frequent in triple-negative tumors), can instigate an identity switch when expressed in a lineage-

restricted manner such that luminal-like cells appear when the mutation is activated in basal cells 

and vice versa (Koren et al., 2015; Van Keymeulen et al., 2015). These cell types share a 

common progenitor, and Koren et al. showed that mutant basal and luminal cells displayed 

enhanced mammary repopulating abilities and could produce both lineages, suggesting that it 

acts via de-differentiation (2015).  

 De-differentiation is not the only distortion of normal specification relevant to 

tumorigenesis. During the ageing process, hematopoietic stem cells lose their lymphoid-

generating potential leading to myeloid skewing, which is associated with an increase of myeloid 

malignancies in the elderly (Konieczny and Arranz, 2018). Mutations in ASXL1 and EZH2 are 

associated with myeloid dysplastic diseases and malignancies (Micol and Abdel-Wahab, 2016; 

Triviai et al., 2019), and deletion of Asxl1 in bone marrow stromal cells triggered myeloid 

skewing (Zhang et al., 2018).  

 Finally, there are instances where oncogenic identity changes are so drastic that they 

utterly defy the structure of a hierarchy. Rhabdomyosarcoma (RMS) is the most common soft 

tissue sarcoma in children, and the heterogeneous embryonal RMS (eRMS) subgroup is 

associated with SHH pathway activating mutations (sporadic and germline), TP53 mutations 

(sporadic and germline), and even PI3K activating mutations (Hatley et al., 2012; Kohsaka et al., 
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2014). Although eRMS tumors are composed of mainly myoblastic cells, the cell-of-origin is 

still contested because tumors can arise in regions devoid of skeletal muscle. Driving Shh 

signaling with the SmoM2 allele is embryonic lethal in early myoblast cells (Myf5-Cre or Myod1-

Cre) and does not trigger tumor formation in postnatal satellite cells, the adult muscle stem cell 

(Hatley et al., 2012); however, conditional expression of SmoM2 in cells expressing Myogenin, 

an early differentiation marker usually restricted to postmitotic myoblasts, produced tongue 

tumors in 100% of mice, suggesting that early intervention can revert myoblasts back into a 

proliferative state. Crucially, SmoM2 can also fuel tumorigenesis in the head and neck, a 

common tumor site for eRMS, when expressed in endothelial progenitors using an AP2-Cre 

(Drummond et al., 2018; Hatley et al., 2012). Together, these studies show that strong activation 

of Shh signaling can both impede normal myogenesis and force myoblast-like specification in 

certain non-muscle lineages. Last, but not least, myogenic differentiation in a subset of MBs is 

indicative of oncogenic processes that obliterate normal cerebellar lineage management.  

 Fate plasticity can also play a role in chemotherapy resistance. For example, vismodegib 

has received FDA approval to treat Basal cell carcinoma, another SHH-driven cancer (Biehs et 

al., 2018). In a conditional Ptch1 and p53 double knockout model, a subset of tumor cells can 

evade drug-induced apoptosis by altering their identity. These cells are responsible for the 

residual disease present in vismodegib-treated animals and can then drive tumor relapse upon 

treatment cessation. Overall, I hope I have sufficiently demonstrated that we cannot assume that 

fate choice points are unidirectional in cancer; consequently, it would behoove us to cultivate 

multimodal therapies that target many cell populations in the future to improve initial responses 

and impede relapse.  
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5.5 Conclusions 

Genomic instability is an accelerant of neoplastic transformation, and in this thesis, I 

propose for the first time that high levels of the Shh co-receptor Boc can trigger DNA damage in 

GCPs, a tumor-initiating cell for Shh-MB. I was unable to identify downstream mediators of 

Boc-induced H2AX phosphorylation, so like the GCPs I have studied for seven years, I too 

learned that plasticity is a weapon to wield in the world of cancer biology. Using a fluorescence 

reporter to identify Math1-expressing GCPs, I learned that most BocGFP-positive cells were not 

GCPs, provoking the idea that Boc may trigger DNA damage in other cerebellar cell types. 

Moving forward, it will be important to substantiate my current findings and to inquire further 

into the potential of Boc to promote tumorigenesis in GCPs and other cell (and maybe even other 

cancer) types.  

The second part of the thesis covers the characterization of the first transgenic (Ptch1+/-

;Pik3caH1047R) murine model of MB with myogenic differentiation, also known as 

medullomyoblastoma. In addition, we show, using two different techniques, that blocking Ezh2 

function can induce myogenic marker expression. In summary, our results indicate that the GCPs 

possess the potential to undergo myogenic conversion, thus contributing one small piece to an 

ever-growing puzzle that depicts the significance of upsetting developmental cell fate hierarchies 

in tumor formation. Optimistically looking to the future, I hope that implementing these 

experimental paradigms in ongoing studies can help fill the void in our understanding of MMB, 

replacing the current uncertainty for patients and their families with the reassurance of 

knowledge and potentially uncovering novel therapeutic targets.   
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