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Abstract 
Mainwaring, O. 2022. Of Mice and MYC. Modelling Medulloblastoma. Digital 
Comprehensive Summaries of Uppsala Dissertations from the Faculty of Medicine 1818. 
53 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-1437-2. 

Brain tumours are the leading cause of cancer-related paediatric deaths, with medulloblastoma 
(MB) being the most common malignant paediatric brain tumour. MB is stratified into four 
major subgroups – WNT, SHH, Group 3, and Group 4, nomenclature defined by key pathways 
and drivers involved within each subgroup. Group 3 MB is the most moribund subgroup of MB 
with a 5-year overall survival of less than 50%. It is commonly termed the ‘MYC’ subgroup 
due to focal high-level amplification of the MYC gene in 20% of these patients. 

To investigate the involvement of MYC in MB development, in paper I we generated 
a transgenic murine model of MYC-driven MB (GMYC) where aberrant MYC expression 
is constitutively driven from the Glutamate-transporter-1 (Glt1) promoter. Tumours develop 
spontaneously 3-6 months postnatally and recapitulate tumour histology seen in patients. 
Suppression of MYC in tumour-bearing mice led to clearance of cancerous cells, indicating a 
necessity for MYC in maintenance of GMYC tumours. Our novel GMYC model was compared 
to our previous GTML model (a transgenic model of Group 3 MB driven by MYCN), as well as 
to clinical patient data. GSEA revealed significant differences in the genetic pathways driving 
both mouse models. The Cdkn2a tumour suppressor gene was expressed at significantly higher 
levels in our GTML model compared to our GMYC model. Subsequent investigation of this 
gene revealed a methylation signature seen only on Group 3 patients with high MYC expression. 
Treatment using the HSP90 inhibitor, Onalespib, restored ARF in vitro and promoted increased 
survival in our animal model, suggesting its therapeutic potential for children affected with 
MYC-driven, ARF-silenced brain cancer. 

In paper II, we next investigated the putative cell-of-origin for GMYC tumours by crossing 
the GMYC mouse model with a fluorescent reporter system to track tumour development and 
comparison to normal, developing brains. In this paper, we show GMYC tumours arise from a 
stem/progenitor cell that likely develops in an extra-cerebellar location prior to clonal expansion 
and the full extent of tumour formation. 

Lastly, in paper III, we established transcriptional networks specific for Group 3 and 4 MB 
with a focus on gene interactions involving chromosome 17q genes. KIF18B was identified as 
one such gene located on Chr17q that may have a role in Group 4 MB pathogenesis. These 
transcriptional networks demonstrate a promising means of identifying novel cancer-related 
genes and their link to other regulatory genes known to be involved in tumourigenesis. 
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CFP Cyan fluorescence protein 

ChIP Chromatin immunoprecipitation 

Cre Cre recombinase 

CNS Central nervous system 

CSF Cerebrospinal fluid 

CT Computer tomography 

DNMT DNA methyltransferase 

Dox Doxycycline 

EGL External granule layer 

ETMR Embryonal tumour with multi-layered rosettes 

FISH Fluorescent in situ hybridisation 

GEMM Genetically engineered mouse model 

GEO Gene expression omnibus 

GFAP Glial fibrillary acidic protein 

GFP Green fluorescent protein 

Glt1 Glutamate transporter 1 

GMYC Glt1-cMYC driven model of MB 

GNP Granule neuron precursor 

GSEA Gene set enrichment analysis 

GTML Glt1-TRE-MYCN-Luc1 driven model of MB 

Het Heterozygous 

HSF Heat shock factor 

HSP Heat shock protein 

KO Knock-out 

LC/A Large cell/anaplastic 

Luc Luciferase 

MB Medulloblastoma 

MBEN Medulloblastoma with extensive nodularity 

MRI Magnetic resonance imaging 

MSP Methylation specific PCR 



PB Pineoblastoma 

PNET Primitive neuro-ectodermal tumour 

RB Retinoblastoma 

RFP Red fluorescent protein 

rtTA Reverse tetracycline transactivator 

scRNA-seq Single-cell RNA sequencing 

SHH Sonic hedgehog 

Tet/Tc Tetracycline 

TetO Tetracycline operator 

TF Transcription factor 

TRE Tetracycline response element 

TRN Transcriptional regulatory network 

tTA Tetracycline transactivator 

UPS Ubiquitin proteasome system 

WHO World Health Organization 

WNT Wingless 

WT Wild type 

YFP Yellow fluorescent protein



 

 9 

Medulloblastoma 

Brain tumours are the leading cause of cancer-related deaths in children. Me-

dulloblastoma (MB) comprises around 2% of all primary brain tumour cases 

across all age groups, with a larger preponderance in paediatric cases where it 

comprises around 20% of all primary brain tumour diagnoses – making it the 

most common malignant, paediatric brain tumour1. Incidence of paediatric 

MB (<9 years of age) peaks at 5 children per million with an approximate 

7,000 cases worldwide annually1. MB is an embryonal tumour that originates 

during early embryonic development, forming in the cerebellum or posterior 

fossa, with a high predisposition for tumour cells to spread through the cere-

brospinal fluid (CSF) to other areas of the brain and spinal cord2,3. Recently, 

it has been proposed that MB can also potentially disseminate through the 

blood to metastasise in distant sites, and many patients have circulating tu-

mour cells within their blood at initial diagnosis4. 

MB is classified as one disease entity but the tumours themselves can be strat-

ified into four major molecular subgroups, each with their own unique genetic 

and molecular landscapes, and recently these major subgroups have been fur-

ther subdivided into subtypes5,6. These subgroups are termed WNT, SHH, 

Group 3, and Group 4 – nomenclature identifiers of key pathways and genetic 

drivers in each subgroup (Figure 1). 

Diagnosis of MB begins as an assessment of signs and symptoms the patient 

may be experiencing for a prolonged period. Typically beginning with fre-

quent vomiting and motor problems that worsen over time7. Histopathological 

analysis is the first stage in discriminating MB from other types of brain can-

cer. Gross anatomical analysis reveals that the tumour mass is extremely cel-

lular, where the cells are anaplastic, have abundant mitosis, and nuclei are 

hyperchromatic. However, differences in cellular appearance can vary be-

tween the subgroups as well as tumours within the same subgroup5. It is 

through advanced genomic and transcriptional profiling that these four major 

subgroups have been characterised and stratified into further subtypes6. 



 

 10 

Subgroups of Medulloblastoma 

Wingless (WNT) 
Wingless (WNT)-driven MB is the rarest of the four subgroups, comprising 

only 10% of all identified cases but with the best prognosis of any subgroup 

(>95% survival)8. Peak age of incidence is 10-12 years of age and there is a 

female preponderance with a male:female ratio of 0.5:19.  

Gross histology identifies that the tumours arise in the midline of the brain, 

occupying the fourth-ventricle with dissemination into the brain stem10. Cells 

display classic morphology, are rarely large cell/anaplastic (LC/A), and have 

a low propensity for metastasis, making it the subgroup with the best progno-

sis at 90-100% patient survival following standard therapy11,12. Immunohisto-

chemical identification shows an enhancement of DKK1, Filamin-A, YAP-1, 

and β-catenin13,14.  

As evidenced from the nomenclature, tumours belonging to this subgroup of-

ten exhibit aberrant WNT (10% of cases) and nuclear accumulation of β-

catenin resulting from mutations in the CTNNB1 gene15. While rare, MYC is 

sometimes seen to be highly expressed and patients harbouring this genetic 

alteration have a poorer prognosis9.  

WNT tumours have been shown to originate from BLBP-positive cells of the 

lower rhombic lip in the developing dorsal brain stem10. 

Recently, through more elaborate methylation arrays, the WNT subgroup has 

been divided into subtypes WNTα and WNTβ16. 

Sonic Hedgehog (SHH) 
The Sonic Hedgehog (SHH) pathway plays an important role in normal de-

velopment of the cerebellum by inducing proliferation of neural precursors 

and patterning of the neural tube during early development17. This pathway is 

transformed in 30% of all MB cases – termed SHH MB18. The SHH subgroup 

includes all patients in which mutations are seen in any stage of the SHH sig-

nalling pathway (PTCH1, SMO, SUFU, GLI1, GLI2)19.  

Age distribution for this subgroup is bimodal. Most cases occur in infants and 

there is a slight female preponderance20. 5-year survival is 70% but prognosis 

is worsened if the patient has metastatic disease at diagnosis, increased 

MYCN, increased GLI2, chromosome 14q loss, or mutations in TP539,18. 

Treatment opportunities and response to treatment will be dependent on these 

factors. 
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Tumours form in the hemisphere of the cerebellum, thought to arise from 

granule neuron precursors (GNPs) of the external granule layer (EGL) in the 

cerebellum, and typically show nodular/desmoplastic histology21-23. An ap-

pearance of Medulloblastoma with extensive nodularity (MBEN) is exclusive 

to this subgroup21. These tumours can be identified immunohistochemically 

by GAB1, SFRP, and GLI1 positivity5,9. SHH tumours with amplifications of 

MYC/MYCN are associated with an LC/A appearance and have poor progno-

sis11,19. 

Further subdivision of SHH MB has identified four subtypes: SHHα, SHHβ, 

SHHγ, and SHHδ16. 

Group 3 
Group 3 is considered the most malignant and aggressive of the four MB sub-

groups. Arising in around 20% of all MB cases, Group 3 MB is exclusively 

paediatric and is majorly a male predominant subtype of MB (2:1 male:female 

gender ratio)9. Less than 50% of patients survive past 5 years, making this 

subgroup particularly devastating – one such reason being that there is a high 

incidence of leptomeningeal metastasis at diagnosis (1/3 of all patients) and 

the primary tumours are frequently LC/A with a high recurrence rate12,18,24,25.  

Aberrant MYC expression is commonly seen in these tumours (12-17%); as 

such, Group 3 is often termed the ’MYC’ subgroup, but this does not serve as 

a marker for subgroup classification6. OTX2 is another proto-oncogene fre-

quently amplified in many Group 3 tumours (7%)26. Alongside OTX2 ampli-

fication, Group 3 tumours commonly show high activity of other photorecep-

tor-specific transcription factors and pathways, which further aid in defining 

this molecular subgroup27. 

Genomic alterations occur as the tumour genome becomes extremely unstable 

and these alterations accumulate over time. Common alterations seen include 

gains of 1q, 7, 17q (i17q) or deletions of 10q, 11, 16q9,28. Tetraploidy occurs 

in 55% of cases and chromothripsis is common26. Patients with i17q, along 

with increased MYC expression and evidence of metastatic disease have the 

worst prognosis24.  

Further subdivision of Group 3 MB has identified three subtypes: Gr3α, Gr3β, 

and Gr3γ16. 
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Group 4 
Group 4 is the most common MB subgroup, comprising approximately 40% 

of all MB cases, the majority of which are male (3:1 gender ratio)9. Group 4 

MB can afflict people of all ages but is rarely seen in infants5. Despite being 

the most common subgroup of MB, Group 4 pathogenesis remains the most 

elusive and least understood. This is primarily because of the absence of suit-

able animal models or tools to study this subgroup, and early distinction of 

subgroups did not separate Group 3 and Group 4 MB. It was not until later 

methylation and transcriptional profiling that these subgroups were recog-

nised as two separate entities; however, more recent subtyping suggests there 

exists a gradient between subtypes in these two subgroups29. 

The majority of cases show classic histology and overall survival is relatively 

good with an intermediate prognosis9. Prognosis is further excelled if tumours 

exhibit loss of chromosome 11 and presence of i17q, irrespective of any met-

astatic component. In females, Group 4 tumours are typically accompanied by 

X chromosome loss. MYCN and CDK6 are commonly amplified in this sub-

group19,26.  

Further subdivision of Group 4 MB has identified three subtypes: Gr4α, Gr4β, 

Gr4γ16. 

An overview of all MB subgroups and their pathology are shown below in 

Figure 1. 

 

Figure 1. Subgroups of medulloblastoma and their key molecular and genetic drivers. 
Adapted from Taylor et al, 2021 & Cavalli et al, 2017. 
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Diagnosis 

Patient presentation of MB is usually a set of one or more symptoms caused 

by the tumour disrupting normal motor and cognitive functions of the cerebel-

lum, or from an increase in intracranial pressure as the tumour mass grows. 

These can include headaches, vomiting, loss of proprioception, degradation of 

motor skills, and difficulty in maintaining balance. Cancer that has metasta-

sised along the spinal column may include additional symptoms such as lum-

bar pain, loss of bowel and bladder control, and difficulty walking7.  

Diagnosis of MB is confirmed by CT scanning across the midline, where the 

tumour mass will appear as a homogenous, contrast enhancing mass30. Ancil-

lary MRI is required prior to surgery. T1-weighted imaging will show MB as 

a hypointense mass, where addition of gadolinium can be used to stage and 

heterogeneously enhance the cancer31. A tissue biopsy may be required if the 

imaging gives atypical or inconclusive group identification, used to confirm 

that the tumour mass is MB. Once it has been established that the tumour is a 

MB, primary immunohistochemical (IHC) screens will be carried out to facil-

itate subgrouping, followed by additional DNA methylation profiling or 

RNA-expression-based profiling to resolve MB subgroups32. 

Patients are stratified into low-, standard-, and high-risk groups contingent on 

age, tumour burden, extent of metastasis, and genetic risk markers including 

MYC and WNT status. Treatment across all subgroups is largely similar and 

will be modified depending on risk stratification33. 

Treatment 

Treatment for all MB subgroups remains an essential process in improving 

patient survival and quality of life. Over the past half-century, surgical meth-

ods have become more refined and a plethora of new drugs and their deriva-

tives have been added to the arsenal of weaponry used to combat brain tu-

mours. Despite this, standard treatment has remained largely unchanged over 

this period and many of the same limitations that existed in the first patient 

therapies are still obstacles faced today. Surgical intervention remains at the 

forefront of patient treatment and is almost always necessary as a precursor to 

any chemo- or radio- therapy. Standard therapy involves an initial craniotomy 

tumour resection to remove as much gross tumour mass as possible (<15mm2 

remaining), followed by an extensive regimen of radio- and chemo-therapy34. 

Removing as much tumour tissue as possible through resection, and thus min-

imising the amount of residual tissue, greatly increases the success of the fol-

lowing treatment modalities and can greatly reduce the chance of recurrent 

disease. Hydrocephalus may occur in some cases as growth of the tumour 
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mass may obstruct drainage vessels, resulting in build-up of cerebrospinal 

fluid that must be drained and a shunt administered before or during the major 

surgery.  

Once as much tumour mass as possible has been safely resected, patients will 

undergo chemo- and radio- therapies that are specifically tailored for their tu-

mour type and subgroup affiliation. The balance between chemotherapy and 

radiotherapy doses can differ, but the ultimate goal is to administer a com-

bined dose high enough to eliminate any residual disease. This treatment is 

successful in about 70% of all MB cases; however, efficacy of treatment de-

pends on the tumour subtype19,30,24.  

Unfortunately, radiation and chemotherapy directed against the developing 

central nervous system (CNS) is highly destructive and for many children 

long-term sequelae is a common occurrence35,36. Sequelae can vary in severity 

- some children may suffer no long-term side effects; while for others the con-

sequences of treatment are pronounced, including severe neurophysiological 

complications that affect mental function and intellect, hindering their devel-

opment and quality of life for many years to come. There must be a delicate 

balance between reaching the window of effective treatments without causing 

undue harm. Many treatment centres try to minimise extent of sequelae by 

giving a prolonged, but lower dose, of irradiation therapy37. In recent years, 

with the advent of proton therapy, irradiation treatment is becoming less inva-

sive and provides a promising avenue for more tolerable and less destructive 

treatment38. 

An additional limitation to any pharmaceutical agent used for treatment 

against brain tumours is that it must be able to penetrate the blood-brain-bar-

rier (BBB) in order to reach the target site39. The BBB is formed from a com-

plex network of tight junctions encapsulating endothelial cells in order to se-

lectively limit the passive diffusion of exogenous and endogenous compounds 

– acting as a selective interface between capillaries and the brain40. This re-

duces the potential size and functional groups of therapeutic drugs that can be 

administered to patients – requiring compounds to be <400Da and highly lipid 

soluble with fewer than 8 hydrogen bonds to penetrate the BBB and reach the 

tumour site41. Furthermore, tumour cells are able to hijack this machinery and 

form a blood-tumour-barrier (BTB). This BTB surrounds the tumour cells 

with the same selective barrier alongside additional modifications that are ben-

eficial for the tumour, such as increased efflux transporters - reducing perme-

ability to many therapeutic compounds and constituting the basis for acquired 

chemo-resistance42. 
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Recent attempts to overcome this treatment obstacle include novel drug deliv-

ery systems or strategies to temporarily increase permeability of the BBB dur-

ing treatment, such as pulsed ultrasound and laser interstitial thermal therapy 

(LITT)43,44.  

Metastasis 

Metastasis - defined as the spread of cancerous cells from the primary site of 

origin to a secondary location in the body - remains a complication in the 

treatment of many cancers. Disseminated disease prevents efficacious initial 

surgical resection as, without a singular tumour mass, tumour cells remain in 

the body and give rise to secondary and recurrent tumours45. Cancerous cells 

frequently metastasise to other regions of the brain to form secondary tumour 

nodes, or even migrate as web-like tendrils, entwining themselves along 

white-matter tracts within the brain. Other tumour cells may be more predis-

posed to escape the brain and metastasise through the CSF along the spinal 

column, anchoring themselves to new locations where they once again begin 

to proliferate and form secondary tumours46,47.  

In cases such as this, surgical intervention alone is not enough for these pa-

tients – deep-seated tumours are impossible to remove through surgery or the 

surgery may carry too many risks to attempt. Cancer cells entwined with nor-

mal tissue may prove too much of a risk to disentangle, embedded so deeply 

that the healthy tissue acts as a natural barrier preventing any tumour removal 

without the risk of undue complications. This is the first obstacle that doctors 

and patients must overcome, and is the reason why almost all patients must 

undergo subsequent chemo- and radio- therapy even following successful in-

itial resection. In turn, this brings further complications in follow-up treatment 

for patients as they once more receive this ablative treatment against cells that 

have accumulated additional mutations and may be more resistant to addi-

tional rounds of standard therapy25,48. 

Spinal dissemination is a common occurrence in Group 3 MB, where 40% of 

children have metastasis at initial diagnosis5. All children presenting with 

high-risk MB, irrespective of known metastasis, receive a high-dose regimen 

of radiation at the primary tumour site and a lower dose spanning across the 

entire craniospinal axis and this has been proven to be a more effective treat-

ment when combined with chemotherapy than radiation monotherapy49. 

The primary tumour site is monitored through X-ray and MRI spanning sev-

eral years post-treatment, but metastasis clearance is more difficult to assess 

and it is often secondary tumour sites escaping the initial treatment that lead 

to the more moribund recurrent disease. 
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Recurrence 

Tumour recurrence is defined as cancer returning after a period of remission. 

This period can be weeks or years after initial treatment and the recurrent tu-

mour can result from cells within the primary tumour evading the initial ther-

apy, or metastatic cells in a secondary location surviving the radio- and 

chemo-therapy and later forming a secondary tumour mass. Recurrence is the 

result of tumour cells entering a state of dormancy prior-to, or during, treat-

ments – evading destruction or being outright insensitive to ineffective treat-

ments and eventually accumulating into a recurrent tumour mass. 

MB associated with recurrence develops from cells that have survived or 

evaded the primary treatment and have often gained additional mutations as a 

result of selective pressure. Recurrent tumours are often more aggressive than 

the primary tumours and, as is the case for many recurrent Group 3 tumours, 

are unresponsive to further radio- and chemo- therapy24,25. This aggressiveness 

can be attributed to the acquisition of mutations in TP53, an event uncommon 

in initial diagnosis but frequently found in recurrent tumours, especially in the 

case of Group 3 MB6. Unfortunately, in situations such as this, treatment 

moves from curative to palliative care.  

Statistically, only around 10% of patients die from their primary, diagnosed 

tumour – the remaining 90% of patients die from a recurrent, untreatable tu-

mour(s) that is clonally divergent from the original cancer45,50. In a small sub-

set of patients with recurrence, radiation treatment with 36Gy can be effica-

cious, but with worsened neurocognitive sequelae2. 

MB recurrences occur in about 40% of patients within 2 years, with this figure 

varying depending on the subtype, risk, and aggressiveness of the primary di-

agnosis45. Although radiation-induced glioma can occasionally occur as a sec-

ondary tumour following a primary MB diagnosis51, it is extremely rare for 

the secondary tumour to be molecularly divergent from the primarily diag-

nosed cancer and more than half of recurrent cases have presence of dissemi-

nated disease24,52. 
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Medulloblastoma Cell of Origin 

Identification of the cell-of-origin for each MB subgroup is an important stage 

in understanding the pathology of MB as a whole, supporting earlier detection 

of tumours and assisting as a predictor of tumour behaviour, both pathologi-

cally and in response to treatment. Thus, elucidating cell-of-origin has strong 

implications for therapeutic approaches that can be administered to patients 

and the direction of research undertaken to reach this stage. Intratumoural and 

interpatient heterogeneity of MB subgroups adds to the complexity of identi-

fying the cell of origin in each subgroup. In addition to this, originating as an 

embryonal tumour in the earliest stages of development makes this identifica-

tion even more challenging: the microenvironment is constantly undergoing a 

flux of changes, ranging from cell-cycle regulation to an array of epigenetic 

changes that drive precise developmental processes53.  

Located in the posterior cranial fossa, cerebellar morphogenesis in humans 

begins as early as the first trimester of pregnancy yet will continue developing 

until around 2 years of age54. Originating from the metencephalon, the cere-

bellum develops in four main stages that will define the location of the cere-

bellum, establish and differentiate key cell types specific to the cerebellum, 

establish migratory patterns of neuroblasts which ultimately become granule 

cells and define the neuronal layers of the cerebellum, and final structural fo-

liation and circuitry of the cells and connections55. WNT and SHH signalling 

are essential for normal patterning of the cerebellum, thus disruption of this 

balance between proliferation and differentiation of neural stem cells can 

cause many neurodevelopmental disorders, including medulloblastoma56. 

These neural stem cells are early, multipotent stem cells that initially differ-

entiate into neural progenitor cells before differentiating further to form the 

two cell lineage branches within the nervous system:- neurons and glia57. It is 

during this early embryogenesis and cellular differentiation that MB is thought 

to arise, stemming from cells involved in cerebellar development that are 

poorly differentiated and malignantly transformed10. An important prerequi-

site to identifying which cell-of-origin gives rise to the cancer of interest is to 

understand the normal cellular hierarchy in the organ. Any cell that has pro-

liferative potential could potentially act as the cell-of-origin, the first cell 

which becomes malignantly transformed, yet this doesn’t necessarily mean 
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this is the cell which becomes the cancer stem cell population that is the driv-

ing force behind tumour maintenance. Elucidating the cellular lineage in 

which the cell-of-origin is derived from is a simpler feat than identifying the 

precise cell-of-origin. 

All MB tumours develop between the brainstem and the cerebellum close to 

the fourth ventricle, and all are thought to be embryonal in origin, forming 

from developing embryonal cells58.  

Genetically engineered animal models have helped to elucidate the cell of 

origin for many of the MB subgroups: 

 WNT – progenitors in the lower rhombic lip of the brain stem10 

 SHH – Granule neuron progenitors in the External Granular Layer 

(EGL)22,23 

 Group 3 – currently unknown, but proposed to be cerebellar stem 

cells59 

 Group 4 – currently unknown, but proposed to be unipolar brush 

cells/progenitors60 

Identification of cell-of-origin and location-of-origin for Group 3 MB is fur-

ther confounded by similarity of genetic signatures to other paediatric cancers, 

such as retinoblastoma (RB) and pineoblastoma (PB). Photoreceptor pathway 

activation and overexpression is associated with Group 3 MB despite these 

pathways normally expressed in retinal but not cerebellar development. Aber-

ration of these photoreceptor pathways is common in RB and PB and underlies 

the cell-of-origin from which these tumours originate61. 

PB-MYC, a PB subgroup defined by MYC activation that, like Group 3 MB, 

is predominately seen in younger patients, has the poorest outcome of all PB 

subtypes (4 subtypes in total), and through profiling of DNA methylation pat-

terns was seen to cluster close to Group 3 MB patient data, more so than the 

other PB subtypes62,63. Normal pineal cells express photoreceptor genes 

throughout their development and maturation, such as OTX2 and CRX, which 

are commonly elevated in Group 3 MB tumour cells. For MB this only acts as 

identification of subgroup and cannot be used as cell-of-origin due to the 

aforementioned overlap with other cancer types27. This apparent, and perhaps 

unexpected, overlap of genetic drivers between Group 3 MB and other CNS 

tumours confuscates cell-of-origin and drives the necessity of ascertaining key 

differences between tumour and cancer types. 

Continued development of novel animal models that can accurately recapitu-

late human MB tumourigenesis and progression will help to categorise the cell 

of origin for each MB subgroup.  
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One such means of identifying cell of origin and lineage tracing of cell prog-

eny is the Rosa26-Confetti system, in which cell types can be dynamically 

mapped to expression of fluorescent proteins during development and divi-

sion64,65. 

Confetti 

Insertion of fluorescent genes into a cell-type of choice allows fate tracing 

during cell growth and renewal. The Rosa26-Confetti system functions by ge-

netically inserting a cassette of genes into a stem cell population that has the 

potential to express four different fluorescent genes: GFP, YFP, RFP, and 

CFP. LoxP sites flank each gene sequence and Cre-mediated deletions and 

inversions enable transcription of one or more of these genes depending on 

the frequency of Cre-recombination events. The fluorescent gene expressed at 

each event is random. Expression of these genes is differentially localised 

within expressing cells, allowing clear identification when visualised under 

spectral confocal microscopy. GFP is localised to the nucleus, YFP and RFP 

are cytoplasmic, and CFP is membranous. Heterozygosity of the Confetti cas-

sette allows for expression of one of these fluorescent genes, but homozygous 

mice containing two alleles of the cassette allow for multiple colour combina-

tions (1022). This number can be further amplified when the confetti mice are 

crossed with other types of genetic reporters64,65.  

Additionally, as this system maps the original cell type and all progeny de-

rived from this cell type, Confetti can also be used to determine clonality of a 

large cell population. For this report, we used the Confetti system to fate trace 

our tumour cells and determine the clonality of the resultant tumour popula-

tion, as well as identify the putative cell of origin for medulloblastoma arising 

in our model. 

     

Figure 2. Confetti reporter system. An event of Cre-mediated recombination causes 
expression of one of four fluorescent genes. Each fluorescent protein is localised to 
individual cellular compartments. 
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Cancer Genes in Medulloblastoma 

The functional role of proto-oncogenes and tumour suppressor genes is vital 

in homeostatic development and maintenance of cells. They are necessary in 

regulating cell growth to ensure cells can enter a proliferative state, but also 

preventing aberrant, uncontrolled cell division. Regulation of these genes is a 

tightly controlled process where alterations of just a few of these genes can 

have cascading negative effects that ultimately lead to cancer66. 

Oncogenes 

Proto-oncogenes and their protein products are necessary drivers of growth in 

every cell throughout the body. They function by facilitating signals to the cell 

nucleus and activate other genes and factors that stimulate cell growth. Muta-

tions in proto-oncogenes (termed oncogenes once altered) lead to continu-

ously activated cell-signalling pathways; resulting in uncontrolled cell growth, 

further genomic instability and, ultimately, cancer. It takes a mutation in only 

one copy of the proto-oncogenes alleles for it to become oncogenic, making 

these types of mutation dominant66. 

MYC is a potent proto-oncogene that is mutated or uncontrolled in an esti-

mated 70% of all cancers67. 

Heat shock proteins 

Heat shock proteins (HSPs) function as chaperone proteins aiding in mainte-

nance of other proteins. This maintenance includes protein formation and sta-

bilisation during events of cell stress – namely elevations in cellular tempera-

ture from which their nomenclature is derived68,69. Conserved across all ani-

mal species, the role of HSPs is vital for many aspects of cell growth – includ-

ing assistance in protein formation, transport, and cell signalling – through 

acting as a chaperone and platform for many other proteins and their pro-

tein:protein interactions70,71.  

While the HSP family members are not oncoproteins themselves, their in-

volvement with maintaining other proteins primes them as potential disruptors 
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of normal homeostasis – facilitating the transformation of cells via stabilisa-

tion of oncoproteins or mutated proteins, including p5372,73. One such action 

is through maintaining degradation of the tumour suppressor ARF74.  

HSP90 is a key HSP that has been implicated in tumourigenesis for many dif-

ferent cancers – primarily through the stabilisation of mutant proteins, disrup-

tion of protein degradation pathways, and facilitating DNMT methylation75. 

Dysregulated HSP90 has strong oncogenic potential when bound to its co-

chaperone HSP70, where this chaperone complex then binds to ARF protein 

and induces ubiquitination-independent, lysosomal degradation of ARF74. 

Targeting HSP90 has therefore become a potential therapeutic option in sev-

eral cancers where there is HSP90 addiction, and its inhibition has been seen 

to reduce tumour proliferation and migration, while enhancing the efficacy of 

cisplatin treatment76,77.  

In this report, we investigated the effects of the HSP90 inhibitor, Onalespib, 

on the growth of tumours in our animal models and patient samples.  

Tumour Suppressors 

Tumour suppressor genes fall into three categories – promoters, caretakers, 

and landscapers78,79. Promoters function as activators of genes that help to 

limit and control cellular activity. Caretaker genes ensure maintenance of 

DNA and that the genome remains intact. Landscapers are less directly in-

volved with activation and maintenance of DNA, instead they cultivate the 

surrounding microenvironment and conditions of a cell. When mutated, they 

help to promote conditions that will instead be beneficial to facilitate growth 

of malignant cells. 

It is important that tumour suppressor genes remain functional so that cells do 

not uncontrollably replicate. Mutations usually must occur in both allelic cop-

ies of the tumour suppressor genes for there to be loss of function – this is 

recessive mutation termed the two-hit hypothesis66.  

In this report, we focused on two major tumour suppressors, TP53 and 

CDKN2A/p19ARF. 

p53 

TP53, often called the “Guardian of the Genome”, is one of the most well-

known and meticulously studied tumour suppressor genes. Found on chromo-
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some 17, the gene encodes for the p53 tumour suppressor protein that has par-

amount importance in cellular maintenance and genetic modulation. During 

events of cell stress and malignant transformation, activation of this gene and 

production of the protein product are elemental for a myriad of anti-tumour 

defence mechanisms in an effort to stabilise cells and prevent further tumour-

igenic growth. These mechanisms include cellular apoptosis, senescence, au-

tophagy, and inducing cell-cycle arrest80. However, while protein levels do 

increase during these moments of cell stress, it has been observed that mRNA 

levels remain largely unchanged, instead there is accumulation of p53 as a 

result of protein stabilisation from reduced ubiquitination and interference of 

the ability of ubiquitin-ligase MDM2 to bind to p5372.  

It is important to note that TP53 is the most frequently mutated tumour sup-

pressor gene in cancer and, most commonly, these genetic point mutations 

lead to production of a stabilised but non-functional protein. Transcriptional 

activity of p53 is lost and ultimately results in reduction of normal anti-prolif-

erative function and refraction to therapy76,81,82. Additionally, mutated p53 will 

bind to the same targets as WT p53, binding for prolonged periods to their 

partners as there is loss of MDM2-mediated ubiquitination, yet exerting no 

functional outcome and disengaging normal apoptotic pathways82,83. 

In Group 3 MB, it is uncommon for patients to have mutated TP53 at initial 

diagnosis, but it is a common event during tumour recurrence and poses an 

additional and untreatable complication. 

Restoration of wild type p53 function is therefore a desirable therapy option 

not only in MB but also across the whole field of cancer. Several potential 

treatment modalities have been proposed for restoring functional TP53/p53: 

either through regulating the regulators of p5384, small molecules that can tar-

get upstream or target p53 itself85, inhibitors of MDM286, or reactivation of 

wild type p5387. 

ARF 

CDKN2A, otherwise known as ARF, is a gene that encodes for the two proteins 

p16INK4a and p14ARF (p16Ink4a and p19arf in mice). These proteins are 

important tumour suppressors that have an imperative role in cell cycle regu-

lation and stabilisation of p5388-90. Modifications of CDKN2A, such as sup-

pression or silencing through promoter hypermethylation or loss of chromo-

some 9p, are seen in many different types of cancers, where loss of p14ARF 

is thought to be comparative to losing TP5391. 
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p14ARF is induced in response to elevated signalling from MYC proteins and 

will inhibit MDM2, leading to stabilisation of p53 and subsequent growth ar-

rest and apoptosis92,93. Without p14ARF there is loss of normal p53 stabilisa-

tion, activity, and cell cycle control94. 

p16INK4a accumulates in cells to reduce the rate of a cells progression from 

G1 to S phase by inhibiting cyclin-dependent kinases (CDKs) and is associ-

ated with cellular senescence89,95,96. 

CDKN2A is considered an important tumour suppressor gene in which its im-

plications within cancer has been studied for many decades now. Involvement 

with MYC is both direct and indirect, where each gene and their protein prod-

ucts tightly regulate the expression and activity of the other. Disruption of this 

pathway is frequently seen in medulloblastoma and is linked to metastasis and 

recurrence97-100. In several types of cancer, there is correlation between ARF 

levels and tumour staging – as the cancer becomes more advanced, so does 

accumulation of ARF protein.  

Following elevated expression of MYC, p53 and p16 levels increase in an 

attempt to halt cell growth and immortalisation caused by MYC, but it has 

been speculated that MYC is able to selectively repress further expression of 

CDKN2A via methylation of the CDKN2A promoter. Restoration of CDKN2A 

inhibited further proliferation of these cells101. 

ARF is now known to interact with several of the Heat Shock Proteins, includ-

ing HSP9074.  

In this report, we investigated the effects of MYC-driven methylation of 

CDKN2A in our models and medulloblastoma patients. 

 

       

Figure 3. MYC/ARF/MDM2/p53 pathway and its regulation of cell growth. p16INK4a 
and p14ARF share the same second and third exons; it is splice variants for the first 
exon that determine the final protein product. 
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MYC Gene Family 

The MYC family of genes (MYC, MYCN, MYCL) are a family of genes found 

on chromosome 8, 2, and 1, respectively, that encode the MYC protein tran-

scription factors102. The MYC family of genes are a family of transcription 

factors (TFs) that regulate many aspects of cell growth103. Expression of MYC 

genes and production of their protein products are vital in early, normal de-

velopment of the brain wherein they regulate many aspects of cell growth; 

including cell cycle progression, apoptosis, cellular differentiation, and stem-

cell self-renewal104. Loss of expression of MYC genes is incompatible with 

life105,106. 

Often termed ‘super-regulators’, MYC genes and their products are believed 

to regulate the entire genome and global chromatin structure, not only acting 

as transcriptional activators but also as transcriptional repressors67,107. MYC 

expression and activity depends on their spatial and temporal activation within 

cells108. However, the MYC protein can only temporarily associate to DNA 

binding sites as the protein is short-lived and the total amount of potential 

binding sites is greater than the total amount of MYC molecules at any one 

time109,110. Additionally, not all MYC binding sites will be located within cod-

ing regions of genes, or there may be involvement of additional molecules or 

activation of further signals required in order to onset or facilitate transcrip-

tional activity67. 

Unfettered expression and retention of MYC proteins therefore bypasses these 

restrictions, binding to genetic regions for prolonged periods of time and caus-

ing extended activation and/or repression. Contingency of this regulation will 

depend on the physiological status of the cells108. 

Unsurprisingly, the MYC family of genes has a strong oncogenic potential – 

persistent expression of the MYC genes will lead to unregulated expression of 

many other genes and ultimately result in cancer. Unrestricted cell prolifera-

tion and inhibition of cell differentiation leads to accumulation of stem-like 

cancer cells that are capable of self-renewing and evading destruction medi-

ated by the ubiquitin proteasome system (UPS). Mutation of MYC occurs in 

many different cancers and dysregulation of MYC contributes to various as-

pects of tumourigenesis111. 
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MYC Protein Structure and Dimerisation 

The MYC proteins are a group of phosphoprotein transcription factors con-

taining a basic helix-loop-helix (bHLH) structure to facilitate DNA binding, 

and leucine-zipper-motives to allow dimerisation to its DNA-activation part-

ner, MAX103,112. MYC cannot bind to DNA monomerically but MAX is pre-

sent in excess to MYC113. MYC must bind to MAX in order to induce cell 

cycle progression, and thus this interaction is predominantly found in prolif-

erating cells112. 

MYC can bind to the entire genome through association with many binding 

sequences, the most common consensus sequence is CACGTG; however, 

MYC can also bind to non-consensus sequences when associating with other 

molecules or transcription factors, such as the transcriptional repressor MIZ1. 

This enables MYC to activate genes when bound directly to DNA via MAX, 

or act as a repressor when bound to proteins like MIZ1114. Contingency of this 

activity will depend on the physiological status of the cells – when physiolog-

ical concentration of MYC protein increases, additional MYC is recruited and 

is capable of binding to non-consensus sequences110. 

Involvement with nearly all aspects of cell growth and proliferation means 

MYC has the strong potential to act as an oncogene should its expression and 

stability become disrupted. Many regulators of MYC exist in order to moder-

ate this, including, but not limited to: 

 Phosphorylation of MYC, ubiquitination of MYC, transcriptional re-

pression of MYC, short half-life of MYC, and self-regulation via in-

duction of apoptosis107. 

 Post-transcriptional phosphorylation of MYC is mediated by the Ras 

pathway in which GSK3 phosphorylates MYC at T58, leading to de-

stabilisation and further dephosphorylation at Ras-stabilising loca-

tion S62. Phosphorylation at T58 is recognised by the ubiquitin E3 

ligase, SCFFWB7, which then ubiquitinates MYC for targeted pro-

teasomal degradation115. 

 The PI3K pathway can also control MYC expression through tran-

scriptional repression116. 

 Regulation of MYC may also be achieved indirectly – the FOXO 

family of transcription factors can bind to many of the MYC target 

genes, preventing the MYC:MAX complex from binding117. 

 MYC self-regulates in a feedback loop involving ARF  118. High con-

centrations of MYC will upregulate expression of the 

CDKN2A/p19ARF gene – the ARF protein product sequesters the 

MDM2 E3 ligase, leading to stabilisation of p53 and induction of 

apoptosis93,119. 
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However, these controls are not infallible and are seen to be transformed in 

many cancers, thought to become disrupted through genomic instability in-

duced by MYC directly, or cells with these disruptions have enhanced surviv-

ability facilitated by MYC. 

 

  

Figure 4. MYC binding. When MYC heterodimerises, it can act as an activator or 
repressor of a gene depending on which protein it associates with, contingent on cel-
lular activity. 

MYC Genes in Cancer 

As MYC genes and their protein products are paramount in cell cycle progres-

sion and proliferation, disruption and dysregulation of MYC has such potent 

consequences that dysregulation contributes to the formation and propagation 

of numerous different cancers111. Persistent expression of the MYC genes will 

lead to unregulated expression of many genes and ultimately result in cancer. 

The most common process of MYC-driven tumourigenesis is through unfet-

tered overexpression of MYC. Unlike other protooncogenes, MYC does not 

require any mutations or modifications in order to become oncogenic - MYC 

will continue to interact with known targets, pushing excessive cellular pro-

liferation. Homeostatic, self-regulated, MYC-driven apoptosis is evaded and 

MYC modifies tumour cells to influence their metabolic capacity to facilitate 

growth and survival under conditions of high stress67,120. Furthermore, MYC 

increases expression of factors which aid in tumour growth and invasion – 

angiogenesis produces new blood vessels to supply the ever-increasing tu-

mour mass; cell adhesion is reduced and cells disseminate away from the pri-

mary tumour site; tumour suppressor genes are repressed; quiescent cells are 

forced back into the cell cycle121-124. At high concentrations, MYC binds to 

more E-box sequences than what would canonically be possible at lower con-

centrations – causing further amplification of gene expression and genomic 

instability110.  

The tumour cells are able to evade the previously mentioned regulators in a 

variety of ways beyond simply uncontrollable cell growth. Mutations of T58 

can render GSK3 unable to phosphorylate MYC; MYC is then no longer tar-

geted for ubiquitination by the ubiquitin E3 ligase SCFFWB7 and accumulates 
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in the cells as a long-lived protein125. Mutation of ARF or deletion of p53 al-

lows tumour cells to escape apoptosis. Disruption of pathways controlling ex-

pression of the MYC gene ensures ongoing overexpression of MYC and pre-

vents normal degradation of the MYC protein.  

It is common to see many pockets of cell death in MYC-driven tumours from 

the MYC-driven apoptotic response, but this response is not substantial enough 

to handle the unrestrained tumour growth, putting further selective pressure 

on the surviving cancer cells and making them highly aggressive. 

Many MYC-driven cancers show addiction to ongoing MYC expression and 

genetic inactivation results in tumour clearance where cells are pushed into an 

apoptotic or senescent state, or eventual differentiation with complete tumour 

regression126-128. This makes pharmaceutical agents targeting MYC directly or 

indirectly an exciting avenue for potential treatment options. 

Therapeutic Options for MYC-driven Cancers 

With many MYC-driven cancers necessitating ongoing MYC expression, ex-

ploiting this addiction would be an ideal means of treating these cancers. Un-

fortunately, very few compounds exist which can target MYC directly and 

others may have undesired consequences when trying to moderate MYC sig-

nalling pathways. Transient suppression of MYC would provide patients with 

a less invasive and destructive form of treatment. Currently, these treatment 

options do not exist, or the compounds are in early stages of validation or 

phase trials. Many aspects of MYC-driven cancers have been postulated to be 

targetable, either directly or indirectly targeting MYC and MYC-regulatory 

pathways129-136. Complications arise when considering that, at least in the case 

of Group 3 MB, treatment failure occurs from the presence of leptomeningeal 

metastasis and formation of a treatment-resistant, highly aggressive recurrent 

tumour24. The primary treatment would need to be cognizant of this and sys-

temic MYC suppression may not be feasible in this respect. 

As of 2022, targeting MYC is not yet a feasible treatment option for patients29. 

MYC proteins, like other transcription factors, are short-lived proteins that are 

constantly degraded and new molecules transcribed, meaning they are not eas-

ily targetable with current pharmacological agents. Despite this, there are 

many proposed current and upcoming therapies that aim to target MYC di-

rectly or indirectly129-135. The most explored treatment targets include: promot-

ing MAD to antagonise MYC; disabling MYC at the promoter level in order 

to induce growth arrest and senescence; targeting regulators of the UPS sys-

tem to promote degradation of long-lived MYC proteins; targeting the 

MYC:MAX interaction to block transcriptional activity.  
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Epigenetic Modifications in Cancer 

Epigenetic modifications are defined as any modifications that influence ge-

netic activity and expression without altering the primary DNA sequence or 

genetic code137. Epigenetic changes are retained between the original cell and 

any progeny during cell division, meaning they are heritable in both the cellu-

lar progeny and any offspring and contribute to many cancers, including me-

dulloblastoma138,139. 

Several mechanisms of epigenetic modification exist, maintaining homeosta-

sis in immature, developing cells, as well as mature, differentiated cells137. 

Cell potency relies on these programmed epigenetic changes, otherwise 

known as predetermined epigenetics, for cells to appropriately differentiate. 

Epigenetic modifications can occur outside ‘normal’ homeostatic changes be-

cause of DNA damage. Epigenetic modifications include, but are not limited 

to, methylation, histone modification, and microRNA silencing. Methods of 

studying epigenetic changes includes chromatin immunoprecipitation (ChIP), 

fluorescent in situ hybridisation (FiSH), methylation specific PCR (MSP), and 

bisulfite sequencing140.  

Methylation 

DNA methylation is an epigenetic process essential for maintaining normal 

cellular homeostasis, acting as a blockade to repress genetic expression and 

transcription. Methylation and demethylation of genes is a cyclical process 

occurring between mammalian generations – parental methylation is lost dur-

ing early embryogenesis of the offspring, before remethylation occurring in 

later embryonic development to assist in defining cell fate and patterning the 

methylation status of proto-oncogenes and tumour suppressor genes141,142. Al-

tering the methylation pattern of an already-differentiated cell can greatly alter 

cellular function and behaviour, and these alterations can be inherited by the 

daughter cells. 

Methylation commonly occurs at specific regions upstream of gene sequences 

known as CpG sites and CpG islands. Involvement of three DNA methyltrans-

ferases Dnmt1, Dnmt3a, Dnmt3b, are required for maintenance of ‘normal’ 
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DNA methylation patterns143. CpG sites are considered to be methylated in 

their default state, tightly controlling the expression of genes through the pro-

moter regions144. Conversely, CpG-rich areas are known as CpG islands and 

these appear to be unmethylated in their default state145. 

In tumourigenic cells, the normal methylation profile is often reversed, con-

tributing to hyperproliferation – CpG islands upstream of tumour suppressor 

promoters become hypermethylated, while methylation upstream of onco-

genic promoters is decreased146,147. Disruption of these normal methylation 

patterns eventually leads to chromosome instability148,149. Hypermethylation 

of CpG islands is a more common event than mutations in tumourigenesis150. 

Histone Modification 

Histones can be modified in a multitude of ways; for instance, through meth-

ylation, acetylation, phosphorylation, or ubiquitination. Many of these modi-

fications will alter the level of transcription for those genes wrapped around 

the histones affected. Commonly, tumour suppressor genes are affected and 

silenced150. 

Ultimately, global hypomethylation, decreased methylation of oncogenes, and 

increased methylation of tumour suppressor genes leads to genomic instability 

and propagation of tumourigenesis147. These epigenetic events can be few or 

numerous, but are present in many different types of cancer – this purports a 

use for pharmaceutical agents that can minimise or reverse epigenetic changes 

caused by the cancerous cells. However, these must be administered in con-

trolled doses due to the broad effect they have across the entire genome. One 

such agent is the DMNT inhibitor and demethylation agent 5-Azacytidine, 

routinely used in treatment for myelodysplastic syndromes151. In this report, 

we show the potential use for this drug in treating MYC-driven Group 3 MB. 

Bisulfite Sequencing and Methylation-specific PCR 

Bisulfite sequencing is one method of determining the methylation pattern in 

a gene sequence prior to further investigative methods. The basis behind bi-

sulfite sequencing is that a sample is treated with bisulfite, which in turn will 

convert any unmethylated cytosine to uracil. If methylation of any CpG is-

lands or single CpG positions exists within a gene sequence, then bisulfite 

treatment will not convert these cytosines to uracil and leave the DNA se-

quence unmodified152. Routine PCR and methylation-specific PCR can then 

be used to differentiate any nucleotide changes between multiple genetic se-

quences (methylated and unmethylated). MSP takes the bisulfite-treated DNA 



 

 30 

and utilises multiple methylation-specific and unmethylated-specific primer 

pairs to identify if a DNA sequence harbours methylation in a position of in-

terest153.   

 

 

Figure 5. Bisulfite conversion and methylation-specific PCR. 
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Genetically Engineered Mouse Models 

Genetically engineered mouse models (GEMMs) exist for a wide range of dif-

ferent disorders and diseases. They provide an in vivo means of studying a 

disease that would otherwise be difficult to investigate – due to low prevalence 

of the disease itself, or from difficulties in studying the disease in patients or 

in vitro. GEMMs can be utilised as a preclinical tool for testing novel treat-

ments and/or therapeutics. 

Despite advances in in vitro means of studying cells, the in vivo micro- and 

macro-environment can very rarely be recapitulated in an in vitro setting. 

GEMMs provide a means to bridge the ‘bench-to-bedside’ approach between 

the complexity of a disease state within humans and the ease of studying it 

extensively in a controlled laboratory setting. 

Several types of mouse-model exist, each with differing mechanisms of func-

tion, along with unique advantages and disadvantages. Model mechanism of 

choice will depend on the researchers’ needs and investigation requirements. 

Due to the importance of proto-oncogenes and tumour suppressor genes in 

normal development and maintenance of cells, temporal activation/repression 

needs to be carefully considered when designing an appropriate GEMM. Sys-

temic activation and repression of genes can be embryonically lethal or cause 

significant secondary effects in a developed mouse. Our GTML and GMYC 

models lead to spontaneous development of brain tumours through the utili-

sation of a sophisticated Tet-ON system driven in hindbrain-specific Glt1+ 

cells. This constitutive expression of MYC genes and suppression via Doxycy-

cline is tightly controlled and affects only those cells containing this cassette 

of transgenes.  

Three major systems of controllable gene expression in GEMMS are Cre-

loxP, RCAS/tv-a, and Tet-ON/OFF.  
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Cre-LoxP 

Cre-LoxP mouse models utilise site-specific recombination in order to delete, 

insert, translocate, or inverse specific genetic sites within DNA154. Cre-LoxP 

mice are most commonly used as a model of inactivating, or ‘knocking-out’, 

a gene of interest. This genetic knockout can be systemic or within a desired 

cell population. 

The Cre-recombinase protein is a site-specific DNA recombinase that recog-

nises LoxP sites upstream and downstream the gene of interest, dimerising the 

two sites into a loop and cleaving the enclosed gene sequence. Depending on 

the orientation of the LoxP sites, cleavage can result in deletion of the DNA, 

inversion of the DNA, or translocation of the DNA. 

This Cre-recombination can be temporarily controlled through the inclusion 

of an oestrogen receptor on the Cre-recombinase. In the normal physiological 

state, the Cre-recombinase is inactive in the cytoplasm – induction of tamox-

ifen transports the Cre-recombinase back into the nucleus and any LoxP sites 

are cleaved. 

 

Figure 6. Cre/LoxP schematic. 1) Mouse containing Cre-recombinase gene. 2) Mouse 
containing gene of interest, X, floxed by LoxP sites. 3) When mice 1) and 2) are 
crossed, resulting transgenic offspring have the potential to contain both genetic in-
formation. Presence of Cre allows for genetic manipulation and recombination of 
floxed gene. Site-specific recombination can be used to delete, invert, or translocate 
the gene of interest. 
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Tet-ON/OFF 

Tet expression systems are methods of inducing transgenic gene expression 

where gene activity is temporally modulated under an inducible transcrip-

tional activator through exposure to Tetracycline (Tc) or Doxycycline (Dox). 

Expression is readily controlled and reversible, allowing for manipulation of 

genetic expression both spatially and temporally within a model155,156. 

Tet-OFF – The tTA protein is a transactivator that regulates expression of a 

gene that is under moderation by a tetracycline-response promoter element 

(TRE). Many Tet-operator (TetO) sequences are found within the TRE and 

this is found downstream of the promoter for the gene of interest. In the ab-

sence of Dox, tTA binds to the TRE and activates genetic transcription. In the 

presence of Dox, tTA binds to Dox and cannot bind the TRE and there is no 

transcriptional activity. 

The Tet-ON system uses a similar mechanism of action but instead uses an 

rtTA protein that will only recognise the TRE when exposed to Dox. Gene 

expression is reliant on the presence of Dox157.  

Our GTML and GMYC models utilise the Tet-OFF system where there is TRE 

expression only in Glt1-expressing cells of the hindbrain. These cells consti-

tutively express the corresponding MYC-family gene under ‘normal’ condi-

tions and when there is addition of Dox into the system, there is transient sup-

pression of gene expression. 
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Figure 7. Tet system schematic. In the Tet-ON system, addition of Dox causes the 
rtTA to bind to Dox, which then facilitates association to the TetO region – transcrip-
tion then commences. Without Dox, there is no transcriptional activation. In the Tet-
OFF system, tTA must be unbound from Dox in order for transcription to occur i.e. 
there is constitutive expression of the gene. Addition of Dox prevents further tran-
scription. 

 

Models of Medulloblastoma 

Animal models must strive to be faithful reflections of disease seen in humans: 

accurately capturing disease heterogeneity and mimicking the developmental 

and tumourigenic landscapes driving the disease. Transgenic models – animal 

models where the genome has been altered to study the effects of loss or gain 

of a gene function – deliver a robust system to model the tumour initiation 

process in pre-selected cells or with altered genes of interest, while the cells 

remain in their natural environment and within the intact immune system and 
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brain microenvironment158. The first animal models of MB all produced a dis-

ease entity that closely resembled SHH MB and allowed for early elucidation 

of disease mechanisms and cell-of-origin for that subgroup23,159,160. The most 

recognised mouse model of SHH MB is the Patched 1 model (Ptch1+/-) where 

germline deletion of one copy of the Ptch1 gene, encoding the protein receptor 

for Shh, combined with the deletion of Ink4c, a gene encoding a CDK tumour 

suppressor, induces SHH medulloblastoma161,162. Other SHH models have 

been generated or adapted from the Patched 1 model, either through p53 gene 

deletion methods or SHH pathway disruption, yet these models ultimately re-

semble adult SHH tumours and not paediatric cases163-165. Our group recently 

published an iPSC-derived stem-cell model of SHH MB, driven by MYCN 

overexpression that resembles paediatric SHH MB166. 

There exists only one model of WNT MB. Driven by Ctnnb1 mutation in com-

bination with Tp53 loss, tumours derived from this model transcriptomically 

matched WNT human tumours with no overlap to the other subgroups and has 

helped to further elucidate immunoprofiling, cell-of-origin, and genetic 

changes driving this subgroup10. 

Elucidation of key genetic drivers and cell-of-origin for Group 3 and Group 4 

MB delayed the development of murine models for these subgroups, and there 

still remains difficulty in producing models representing Group 4 MB. One 

model of Group 4 MB exists, driven by enforced expression of ERBB4-SRC 

in combination with p53 inactivation167. Many Group 3 models now exist, the 

majority utilising the RCAS-TVA system to drive gene expression while oth-

ers are orthotopically derived59,168,169. Our group previously generated a Group 

3 MB model driven by overexpression of MYCN in Glt1+ cells (The GTML 

model)110. In this thesis, we have developed a new derivative of this regulata-

ble model (GMYC), instead driven by MYC overexpression in Glt1+ cells and 

contrasted tumour development against the older model and human MB data. 
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Present Investigations 

Paper I 

Mainwaring, O., Weishaupt, H., Hutter, S., Zhao, M., Rosén G., Borgenvik 

A., Breinschmid L., Verbaan AD., Sundström A., Holmberg K., Annusver K., 

Kasper M, Swartling F.J. ARF suppression by MYC but not MYCN confers 

increased malignancy of aggressive pediatric brain tumors. Submitted 

 

Background 
Medulloblastoma, the most common paediatric brain tumour, often harbour 

MYC amplifications and this amplification is correlated to poor prognosis. To 

elucidate the mechanisms behind this tumour development and investigate po-

tential avenues of treatment for these patients, we generated an immunocom-

petent, transgenic mouse model of MYC-expressing MB that molecularly re-

sembled Group 3 human MB. 

Here we present a novel transgenic model of Group 3 MB driven by MYC 

overexpression and portray the different levels of genetic regulation MYC ex-

erts compared to MYCN to drive tumourigenesis. 

 

Aim 
To generate a new murine model of MYC-driven MB (GMYC) and compare 

it to our previously developed model of MYCN-expressing MB (GTML) 

driven from the same promoter. 

 

Results and Discussion 
Spontaneous tumours successfully formed in the brains of these mice, con-

firming that MYC expression in Glt1+ cells can generate a model of malignant 

brain tumours that are genetically similar to Group 3 MB. Immunohistochem-

istry and transcriptome analysis confirmed that GMYC tumours are embryo-

nal and resemble human Group 3 tumours – where further subgroup analysis 

confirmed that the tumours resemble the most aggressive MYC-driven Group 

3 subtype, Gr3γ. Cell biopsies can also be taken and grown as neurospheres 

in vitro, while retaining their original cellular identification.  

Doxycycline studies in vivo and in vitro showed that once MYC expression is 

abrogated via the tTA-TetOFF system, tumour cells can no longer survive and 

mice can be cured of these tumours, indicating the necessity of ongoing MYC-

expression for tumour maintenance and tumour cell survival. Embryonic dox 
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studies also revealed that the tumours develop embryonically and embryonic 

dox treatment can prevent future tumour formation.  

Crossing the GMYC mice with the confetti strain resulted in monochromatic 

tumours, indicating a monoclonal population of cells where the tumour arises 

from a single, dominant clone.  

Transcriptome analysis revealed that MYC and MYCN-driven tumours have 

distinct profiles where MYC-driven MBs, both in our model and in patients, 

are potentially suppressing expression of the ARF gene, potentially via meth-

ylation, as we observe Cdk2na to be more highly expressed in our GTML 

model as compared to the GMYC model. When ARF is completely knocked 

out in the GMYC and GTML mouse models, there was an increase in tumour-

igenicity noted by increased tumour penetrance and an increase in metastasis 

in GMYC mice.  

Generation of lentiviral cell lines to introduce overexpression of MYC in our 

MYCN-driven GTML cells revealed that MYC is capable of causing de novo 

methylation of the Cdkn2a promoter and this is independent of MIZ1. 

To try and exploit this event of Cdkn2a methylation in MYC-driven tumours, 

we tested whether demethylation could be a potential therapeutic option for 

these tumours. While successful, the 5-azacytidine demethylation treatment is 

broad and not specifically targetting the Cdkn2a gene, so has the potential of 

causing many off-target side-effects. By generating a predictive model of po-

tential drug treatments for MYC-driven MB, we show that HSP90 inhibition 

can upregulate expression of ARF, as well as synergising with cisplatin ther-

apy in vitro. Additional in vivo experimentation showed promising results in 

mice allografted with cells derived from our GMYC model, indicating a po-

tential therapeutic avenue for patients with MYC-driven ARF-silenced tu-

mours. This was further confirmed through in vitro testing of HSP90 inhibi-

tion on various MYC-expressing and/or ARF-expressing human cell lines. 

We have successfully developed the first spontaneous mouse model of Group 

3 MB driven via MYC-overexpression in Glt1+ cells (GMYC). Our initial aim 

was for this this model to be disseminated to various research groups world-

wide as an exclusive tool to study aggressive Group 3 MB. To date, the model, 

and cells derived from this model, have been shared with many other research 

groups who continue to use the GMYC system in their own research. Within 

this paper, we have shown that the GMYC model can be easily adapted to the 

researchers’ needs and provides a flexible system to study various aspects of 

tumourigenesis. In turn, this will help with understanding patient disease and 

the ramifications of treatments that could be offered to these patients. 
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Our own further investigation revealed a difference in MYC- and MYCN-

driven tumourigenesis, finding a link between MYC-driven CDKN2A suppres-

sion and HSP90 pathway activation that is a potential therapeutic target for 

children affected with MYC-driven ARF-silenced brain cancer. 

Paper II 

Zhao M., Mainwaring O., Rosén G., Rijpkema S., Sundström A., Weishaupt 

H., Swartling FJ. Photoreceptor-positive cells of tumor origin in MYC-driven 

Group 3 medulloblastoma. 

 

Background 
While the cells of origin for several of the MB subgroups have been identified, 

the cell of origin for Group 3 MB remains largely elusive. Our previously 

generated GMYC model of MYC-driven Group 3 MB can be utilised as a tool 

to check tumour-prone and healthy brains from these mice across their devel-

opmental span to identify when the tumours begin to form and in which loca-

tion they appear to arise. 

 

Aim 
To utilise the GMYC model in order to identify the region in which tumours 

initially form and the putative cell of origin from which these monoclonal tu-

mours arise. 

 

Results and Discussion 
By crossing our previously established GMYC mouse model of Group 3 MB 

with a TRE-H2B-GFP reporter system, we are able to follow tumour devel-

opment through fluorescent imaging. Development of a Glt1+ cells in a 

healthy brain can be followed in the same manner by crossing the Tre-H2B-

GFP system into a Glt1-tTA mouse that does not contain the tumourigenic 

TRE-MYC gene. Comparison of development of a healthy developing brain 

to the developing GMYC brain revealed several key differences in brain de-

velopment and maturation. Namely, highly proliferative lesions of cells 

throughout the developing GMYC brain which ultimately lead to a tumour 

forming from a stem/progenitor cell that is likely located from an extra-cere-

bellar location. Further immunohistochemical staining confirmed a dense 

cluster of highly proliferative cells within the pineal gland at 3 months of age 

and prior to complete tumour formation in the GMYC model, indicating a 

putative extra-cerebellar cell-of-origin for Group 3 MB. 

The cell of origin for Group 3 MB remains elusive and is currently a contested 

subject in the field. As developments within the field advance, MB has been 
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established as more than a singular entity; instead, it can be defined by sub-

groups and further subgroup subtyping where each is driven by their own 

unique molecular and genetic landscapes. We have previously developed a 

MYC-driven mouse model that accurately recapitulates patient Group 3 MB. 

By utilising this model and studying various different developmental time 

points and comparing this GMYC brain and tumour development to a healthy 

mouse brain, it was shown that a putative cell of origin for Group 3 in our 

model arises from outside the cerebellum prior to clonal expansion and the 

full extent of tumour formation. This gives us a better pathological under-

standing of the disease in patients and can provide an insight into how these 

patients should be treated. 

Paper III 

Weishaupt H., Johansson P., Mainwaring O., Hutter S., Sundström A., Eng-

ström C., Silvestrov S., Nelander S., Swart-ling FJ. Prioritization of candidate 

cancer genes on chromo-some 17q through reverse engineered transcriptional 

regulatory networks in medulloblastoma groups 3 and 4. Manuscript 

 

Background 
Group 3 and 4 MB carry some of the worst patient prognoses across all MB 

subgroups, with a high propensity for metastasis and tumour recurrence. Am-

plification of isochromosome 17q is a common genomic alteration in these 

patients and is correlated to poorer prognosis. Little is known in respect as to 

how genes located on this chromosome can contribute to tumourigenesis, so 

within this paper we established transcriptional regulatory networks of Group 

3 and 4 MB to identify candidate cancer genes found on chromosome 17q and 

which of these genes could be putative, unknown cancer genes. 

 

Aim 
To develop a transcriptional regulatory network of Group 3 and Group 4 MB 

that can predictively identify genes found on chromosome 17q and which of 

these genes could be putative, unknown cancer genes. Following this, we will 

experimentally test whether knockout of these genes in patient-derived MB 

cell lines has any effect on cell proliferation and survival. 

 

Results and Discussion 
Network inference methods were used on gene expression data collected from 

a cohort of MB patients to identify candidate isochromosome 17q genes with 

increased expression in Group 3/4. Gene networks, with nodes representing 

genes and edges representing a transcriptional association, were established 



 

 40 

from Group 3 and Group 4 expression data and were used to model the rela-

tionship between known MB genes and 17q candidate genes. We identified 

KIF18B as a novel candidate gene and showed that it was associated with poor 

survival in Group 4 patients. 

Large-scale integrative networks are largely lacking for MB. In this paper, we 

have established transcriptional networks specific for Group 3 and 4 MB with 

a focus on gene interactions involving chromosome 17q genes. KIF18B was 

identified as one such gene located on chromosome 17q that may have a role 

in Group 4 MB pathogenesis and its expression levels correlate with poor 

prognosis. These transcriptional networks demonstrate a promising means of 

identifying novel cancer related genes and their link to other regulatory genes 

that are known to be involved in tumourigenesis. 
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Discussion and Future Perspectives 

In this thesis, we have shown that our MYC-driven GMYC model is accurate 

in recapitulating human Group 3 MB and furthermore we have demonstrated 

that this model can be easily adapted and modified depending on the re-

searcher’s requirements.  Distribution of this model and cells derived from 

this model will provide many institutes the ability to undertake their own re-

search with our model as the foundation. Suppression of ongoing MYC-ex-

pression in tumour-bearing mice led to complete clearance of tumour cells and 

cure of these mice, indicating these tumours are oncogene-addicted and there 

is a necessity for MYC in maintenance of GMYC tumours. GSEA comparison 

of the novel MYC-driven GMYC model to our previous MYCN-driven GTML 

model revealed significant differences in the genetic profiles driving both 

mouse models, namely the Cdkn2a tumour suppressor gene was more highly 

expressed in the GTML model compared to the GMYC model. This difference 

was also noted in Group 3 patients with high MYC expression. 

Restoration of the ARF pathway appears to be a valid treatment option of 

MYC-driven MB, both in our mouse model and in patient cell lines, promoting 

increased ablation of tumour cells in vitro and increased survival in our animal 

model. It would be beneficial to follow these studies up further to see whether 

this type of treatment can be used concurrently with standard therapy to im-

prove patient survival.  

Furthermore, by crossing the GMYC model with a fluorescent reporter sys-

tem, we investigated the putative cell-of-origin of these tumours and have 

shown that GMYC tumours arise from a stem/progenitor cell that likely de-

velops in an extra-cerebellar location. 

Lastly, we established transcriptional networks specific for Group 3 and 

Group 4 MB to establish gene interactions involving chromosome 17q genes. 

KIF18B was identified as one such gene that may have a role in Group 4 MB 

pathogenesis and has been associated with poor patient outcome. Further per-

spectives will be to explore whether these transcriptional networks can be ap-

plied to conventional laboratory investigation, and if genes identified in silico, 

such as the aforementioned KIF18B, can be manipulated in an in vitro or in 

vivo setting to observe their effects on tumourigenesis. 
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A Combined Radiation and Demethylation Therapy for 

MYC-driven Medulloblastoma 
In paper I, we developed a MYC-driven mouse model of Group 3 medullo-

blastoma. One key finding was the increased expression of tumour suppressor 

gene, ARF, in MYC-driven tumours as compared to MYCN-driven tumours. 

We later identified that this down-regulation was potentially the result of 

MYC-driven methylation or suppression of the gene sequence and further 

showed that restoration of this gene could be achieved in vitro and in vivo 

through administration of DNMT inhibitor, 5-azacytidine. In an in vitro set-

ting, this treatment decreased overall survivability of tumour cells when used 

independently and had further synergistic effects when used in combination 

with chemotherapeutic agent, cisplatin. Whereas, when tested in vivo, there 

was no discernible effect on survival. Further investigation using the HSP90 

inhibitor and radiosensitiser, Onalespib, showed promising results with resto-

ration of ARF in vitro and promoting increased survival in our animal model, 

suggesting its therapeutic potential. The proposed plan for this project will be 

to test the effects of Onalespib in our GMYC model system in combination 

with a radiotherapy regimen that mirrors patient treatment, to see whether 

these treatment modules are more efficacious and could provide a more effec-

tive treatment with a lower rate of recurrence. 

 

The Impact of ARF Depletion on Metastasis 
In the base GMYC model, tumour metastasis was a rare event (5%) seen only 

in a few of the samples analysed. In comparison, metastasis is a common event 

at patient diagnosis (40%) and often contributes to recurrence in these patients 

as a single, targeted therapy is hard to achieve and disseminated cells are 

harder to target and eradicate. Relapsed disease is often fatal for these patients. 

When the GMYC model was adapted for complete ARF knockout, there was 

a dramatic increase in metastatic events (40-50%), indicating that this model 

is perhaps a more accurate representation of disseminated patient disease. Fu-

ture perspectives will include investigating this relationship between ARF loss 

and extent of metastasis. By further adapting this strain with the Confetti fate-

mapping system, the GMYC/ARFKO/CONFETTI model will be used to iden-

tify if the metastatic cells are the same clone as the primary brain tumour or if 

there is another cellular compartment that more readily disseminates to form 

metastatic lesions. The metastatic cells will be compared to the cells within 

the primary tumour to check molecular and transcriptional differences that 

may explain propensity of some cells to metastasise and identify genes impli-

cated in metastasis and migration. Finally, we can use lentiviral shRNA or 

CRISPR to create cell lines with targeted inhibition of these genes to deter-

mine if loss of these genes abrogates the ability of these cells to metastasise 

or if manipulation of genes in non-metastatic cells causes cell migration. 
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