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Abstract 

 

Paediatric brain tumours are the leading cause of cancer related death in 

children.  Ependymomas are the third most common brain tumour in children. These tumours 

are found to be incurable in 40% of cases, in large part because of a lack on new treatments. 

Thirty percent of all ependymomas occur in the supratentorial region, of which 70% are by 

chromothripsis of chromosome 11q that results in a gene translocation between the Zinc 

Finger Translocation Associated (ZFTA) gene and V-Rel Avian Reticuloendotheliosis Viral 

Oncogene Homolog A (RELA), the principal effector of NF-kB signalling. ZFTA-RELA fusion 

ependymomas are recognised by the World Health Organisation (WHO) classification of CNS 

tumours as a distinct disease entity with an especially poor prognosis. Although genetically 

modified mouse models (GEMM) of cancers are useful for understanding the biology and 

treatment of cancer, no GEMMs of ependymoma have been generated: current models 

require invasive intracranial injection of cells or gene constructs during embryogenesis. This 

thesis describes research to generate and characterise novel GEMMs of ZFTA-RELA 

ependymoma as well as the development of candidate compounds as new treatments of this 

disease. 

Here, we describe the first GEMMs of ZFTA-RELA ependymoma and their clinical, histological, 

transcriptomic and proteomic characteristics. This work revealed the unique susceptibility of 

intracranial neural progenitors to oncogenic transformation by ZFTA-RELA and stalled lineage 

differentiation that underpins their development. Despite induction of gene recombination 

in our GEMMs, histological evidence of tumourigenesis was not apparent until the post-natal 

period, implicating additional events including differentiation crisis and epigenomic 

regulation in transformation.  

In further work, we increased the repertoire of pre-clinical models using allografting to 

increase utilisation in pre-clinical studies. These models responded to conventional standard 

of care therapeutic modalities, providing a resource for further work.  

Screening of large numbers of candidate compounds enabled selection of molecules including 

a CLK2 inhibitor as potential therapies for further development, highlighting gene splicing as 

a potential therapeutic vulnerability of ZFTA-RELA ependymomas. 
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This work provides insights into the initiation and progression of a ZFTA-RELA ependymoma, 

while providing transcriptomic and proteomic resources to be further investigated.
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1 Introduction 

 Paediatric Brain tumours 

Approximately 400,000 children and young people (between 0 and 19 years) are 

diagnosed with cancer each year1 and although death rates have decreased in paediatric 

cancers2, brain tumours have surpassed leukaemias as the leading cause of childhood cancer 

mortality3. Brain tumours are the most common solid tumours in children, accounting for 25% 

of all paediatric cancers4. The outlook for paediatric brain tumour patients has improved over 

the last 40 years, with a 5 year survival rate increase of 35%5, however there are still large 

strides to be made in survival for paediatric brain tumour patients. Multi-omics analysis, in 

particular genomic profiling, has revolutionised the classification of paediatric brain tumours, 

leading to better stratification of patients6,7. For example, the discovery of four subgroups of 

medulloblastoma8,9 has led to modifications in treatment approaches, namely the de-

escalation of therapies for WNT-medulloblastoma10 which now has an excellent prognosis. 

Nonetheless, challenges still lie in translating leaps in molecular data into clinical trials and 

novel treatments. Concurrently, there have been advances in surgical, radiotherapy and other 

adjuvant therapies that have improved prognoses for medulloblastoma11. However, for 

aggressive tumour types, including diffuse intrinsic pontine glioma (DIPG) and high grade 

gliomas (HGG) the prognosis remains poor with children not often surviving beyond a year 

post diagnosis11ς14. Treatment for brain tumours varies dependent on tumour type (and 

sometimes sub-type), location and patient age. With most tumours, a multi-modal approach 

is taken. The first line of treatment is often maximal resection surgery15, otherwise known as 

de-bulking surgery, followed by adjuvant therapies such as radiotherapy (RT) or 

chemotherapy or combinations of both. Radiotherapy is often avoided for very young 

children (usually under the age of three) to avoid long term side effects such as hearing loss16, 

cognitive decline17 and in some cases secondary malignancies caused by radiation 

exposure18,19. Proton beam therapy has been trialled to reduce radiation exposure to 

surrounding normal tissue, which is particularly important in cerebellar and brainstem 

tumours, however its success has been debated 20,21. The role of chemotherapy has been 

highly tumour dependent, with successes in medulloblastoma22 but benefits in ependymoma 

have been widely contested23ς26. Ultimately, although the future for the successful treatment 
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of paediatric brain tumours is bright, there is still substantial work to be done to both increase 

survival and quality of life for patients. 

 Paediatric Ependymoma 

Ependymoma is the third most common type of childhood brain tumour, comprising 6-12% 

of all cases27. 50% of ependymoma cases arise in children under the age of 528,with ten year 

overall survival and progression free survival being 50% and 29% respectively29. Thus, 

ependymomas are relatively common among childhood brain tumours, poorly understood 

and difficult to treat.  

Ependymomas are glial cell tumours that arise along the ependymal wall that lines the 

cerebrospinal ventricular system30. These tumours can also develop in the ovaries, although 

this is rare31. Ependymomas can arise in all three major subdivisions of the central nervous 

system (CNS) including the spinal cord, infratentorial (or posterior fossa) comprising of the 

midbrain, brainstem and cerebellum) and supratentorial (or forebrain) region. 90% of 

paediatric ependymomas occur intracranially with ~30% arising in the supratentorial 

region32,33. Conversely, most adult ependymomas occur in the spinal cord34,35. Genomic 

profiling of tumours deriving from these different anatomical locations have shown unique 

transcriptomic profiles and predicted cells of origin 36,37.  

Brain tumours had long been thought to develop from dedifferentiated mature brain cells, 

but more recently there is increasing evidence that these are actually transformed neural 

stem cells38. Work from the Gilbertson lab had previously hypothesised that ependymomas 

arise from radial glia (RGCs)36 during early embryonic development. Radial glia are neuronal 

precursors, derived from neuroepithelial progenitors39, which reside in the subventricular 

zone40 ς a major germinal zone in the forebrain and the site of most supratentorial 

ependymomas ς which have the ability to differentiate into neurons, astrocytes and 

oligodendrocytes. Transcriptomic analysis of supratentorial ependymomas revealed close 

similarity with RGCs, including increased gene expression of genes linked to self-renewing 

capacity (e.g. JAGGED1)36. Ependymoma samples also displayed bipolar morphology and an 

immunophenotype (CD133, BLBP, NESTIN and RC2 positive) similar to RGCs. These data, 

alongside molecular profiling.41 which further identified that ependymoma cells express 

genes associated with neural progenitors, support the hypothesis that ependymomas arise 

from a transformed neural stem cell compartment within the brain.  
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1.2.1 Molecular heterogeneity of ependymomas  

The diagnosis and prognostication of ependymomas has previously relied 

predominantly on histology. Ependymomas were graded into three categories based on 

histologic appearance by the World Health Organisation (WHO): Grade I consists of 

myxopapillary and subependymomas; grade II, classical or conventional ependymomas; and 

grade III anaplastic ependymomas42,43.  

 

Grade I : Subependymomas are comprised of glial cell clusters in a fibrillary matrix14, with 

myxopapillary ependymomas most commonly occurring in the cauda equina and filum 

terminale44,45.  

 

Grade II: Hallmark features of classical ependymomas include a sheet-like growth with the 

inclusion of perivascular true and pseudo-rosettes, with a low mitotic index (<5) and a uniform 

nuclear morphology46,47.  

 

Grade III: Characterised by palisading necrosis, vascular endothelial proliferation, mitotic rate 

>10 and/or hypercellularity and hyperchromasia17,18.  

 

Histology has proved an imprecise means to predict the prognosis of patients with 

ependymoma, with differing molecular subtypes presenting similarly. Therefore, as 

previously mentioned, genomic profiling of ependymomas and other brain tumours has 

revolutionised disease diagnosis48. Transcriptome profiling and whole genome sequencing 

have provided a new classification tool for diagnosis and prognosis assessment of 

ependymomas that has been incorporated into the WHO classification of disease49, including 

the recognition of ZFTA-RELA ependymoma as a distinct entity50. In this regard, each of the 

nine ependymoma subtypes has its own unique regional, transcriptomic, genetic, epigenetic, 

demographic and clinical characteristics as shown in Figure 1-1. The central nervous system 

is split into three main compartments, comprising of the supratentorial (ST) region, the 

posterior fossa (PF) and the spinal cord. Each of these compartments have their own 

subgroups of ependymoma, with similar histopathological features but differing molecular 

profiles. Intracranial ependymomas are classified as those which occur in the supratentorial 

and posterior fossa regions and make up 90% of all ependymomas33. Posterior fossa 
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ependymomas occur in the hindbrain and are classified as either PF-EPN-A (PF-A), PF-EPN-B 

(PF-B) ependymomas or subependymomas and comprise 70% of all intracranial 

ependymomas33. PFA ependymoma has a poor prognosis and is more aggressive than its 

counterpart, with patients more likely to exhibit recurrence and metastasis51. Alongside PFA 

ependymoma, ST-EPN-RELA ependymoma also has a poor prognosis and is the only subgroup 

in the supratentorial region with poor outcomes. Similarly to ST-EPN-YAP-1 these tumours 

are characterised by unique fusion proteins. YAP-1 is found fused to either MAMLD1 or 

FAM118B52,53 and these tumours tend to have a better prognosis than those fused to ZFTA 

(previously known as C11ORF95). STN-EPN-RELA has recently been reclassified as ST-EPN-

ZFTA due to the detection of other fusion partners with ZFTA such as MAML2/3, NCOA1/2, 

MN1 or CTNNA254ς56. Despite different binding partners, each of the ZFTA fused tumours 

display similarities in their DNA methylation profiles57, indicating the importance of ZFTA as a 

fusion binding partner. The remaining subgroup in the supratentorial compartment is another 

subependymoma. However, work has shown that these subependymomas may be more 

heterogeneous than previously thought, with ZFTA-fusion negative ependymomas displaying 

different fusions such as YAP1 fusions, EP300-BCORL1 or FOXO1-STK24 fusions58. Whole 

genome in vivo screens have also identified several other genes involved in oncogenesis of 

supratentorial ependymomas including INK4a, ephrin-type-B (EPHB2), and retbindin 

(RTBDN)37,59. The most significant discovery of these ST-EPN driver genes was the ZFTA-RELA 

fusion oncogene, driving 70% of all supratentorial ependymomas58,60. 
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Figure 1-1|Classification of molecular subgroups of ependymoma 
The nine defined molecular subgroups of ependymoma, their characteristics and their segregation amongst the differing 
anatomical regions. (Adapted from Pajtler et al. 201561) 
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1.2.2 ZFTA-RELA fusion supratentorial ependymoma 

Parker et al.62 discovered the ZFTA-RELA fusion protein, a key oncogenic driver in 70% of all 

supratentorial ependymomas (ST-EPN). Whole genome sequencing of 41 ST-EPN tumours and 

transcriptome sequencing of 77 tumours identified that there were few single nucleotide 

variations, but that large structural variations were frequently detected (Figure 1-2A). These 

large-scale variations were found predominantly on chromosome 11, caused by a 

catastrophic event known as chromothripsis, which occurs in 2-3% of cancers63. 

Chromothripsis is a shattering and subsequent rearrangement of chromosomes (Figure 1-2C), 

which in this case, leads to the fusion of ZFTA and RELA (both 11q genes), which are normally 

separated by 73 genes. As chromothripsis does not occur in an identical fashion, seven 

variants of these fusions exist, with RELAFus1 being the most frequently occurring (Figure 

1-2B). Spontaneous translocation of the ZFTA-RELA fusion protein to the nucleus drives its 

intimated role as a transcription factor, binding promiscuously and driving aberrant gene 

expression across the transcriptome alongside its co-activator64, driving tumourigenesis. 

The functions of ZFTA are relatively unknown, but alternative fusions with this gene also play 

a role in formation of chondroid lipoma65. RELA is a principal effector of the NF-kB canonical 

signalling pathway66 which is upregulated in ST-EPN-RELA. This fusion can also co-occur with 

homozygous deletion of CDKN2A in 25% of cases67 which may portend a particularly poor 

prognosis36,62. Viral induction of both RELAFus1 and RELAFus2 into Ink4a ARF-/- (a mouse ortholog 

of CDKN2A) mouse neural stem cells (NSCs) have been shown to cause aggressive tumour 

development when implanted orthotopically into mouse cortices 62. Wildtype mouse neural 

stem cells, ZFTA or RELA transduced cells were not tumour inducing. Mice implanted with 

RELAFus1 show the most aggressive phenotype, with all mice succumbing to disease within 20 

days (Figure 1-3A). These trends are also seen in the human condition, with overall survival 

rates among RELAFus1 patients being <50% (Figure 1-3B). In these models, Ink4a ARF-/ - NSCs 

are more rapidly transformed by overexpression of RELAFus1 than RELAFus2 leading to a 

significant decrease in progression free survival in of RELAFus1 that that seen in of RELAFus2. 

Retrospective analysis of patient survival confirmed that ZFTA-RELA fusions in patients lead 

to a 10 year overall survival of 50%61, an extremely poor prognosis for patients, especially 

with the median age of diagnosis being between 6.7 and 8 years54,61. 
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Figure 1-2|Chromothripsis drives the generation of the oncogenic fusion gene ZFTA-RELA 
A Circos plot depicting structural variations (SVs) in both supratentorial (ST, red) and posterior fossa (PF, blue) ependymomas. 
A clustering of SVs frequently occur on chromosome 11 in ST ependymoma. Taken from Parker et al.62  B Depiction of protein 
structure. Chromosomal rearrangements are not identical, seven fusion variants exist with varying segments of C11ORF95 
(ZFTA) and RELA. Taken from Parker et al.62 C Chromothripsis is a shattering of chromosomes resulting in consequent 
rearrangement. The positions of ZFTA and RELA are altered, causing a fusion gene to form. Adapted from Tubio and Estivill63. 
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Figure 1-3| Cross species survival analysis shows the aggressive nature of ZFTA-RELA ependymomas in both mouse models 
and patients 
A Survival curves of mice implanted with transfected NSCs expressing respective proteins (*** P<0.001, log-rank test relative 
to control NSC. Adapted from Parker et al. 62. B & C Kaplan-Meier curves for overall (B) and progression-free (C) survival in 
the differing molecular subgroups of ST-EPN (P values computed by log-rank tests between subgroups). 
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 Standards of care for ZFTA-RELA ependymoma 

Gross total resection (GTR) of tumours has been shown to be the leading factor associated 

with both progression free survival and overall survival for ependymoma patients. Studies 

have reported a poor 10 year OS of 50 ±5% and PFS of 29 ± 5%, however patients that received 

GTR had an OS of 61 ± 7% and PFS of 36 ± 6%, a clear increase29. GTR however is not curative 

for all children, with recurrence rates still high with 74% of these being further ependymomas 

at the primary tumour site. This indicates the clinically unmet need for these patients and 

requirement for new treatment options. Further retrospective multi-centre studies have 

looked specifically at ZFTA fused ependymomas, including ZFTA-RELA, MAML2/3, NCOA1/2, 

MN1 and CTNNA254ς56, which have shown greater than expected overall survival compared 

to previous studies, with an OS of 87% at 5 years and 73% at 10 years68. In addition, the PFS 

is greater with 65% at 5 years and 63% at 10 years. Although this is an improvement with the 

advent of novel surgical techniques as well as refined radiotherapy protocols, clearly there is 

still a way to go. Chemotherapy is a mainstay of treatment in a range of cancers, however 

58% of patients that received multi-agent chemotherapy in a range of protocols including 

Ifosamide, Carboplatin and Etoposide in this study showed no benefit. Chemotherapy also 

has been shown to be ineffective in several other studies69ς71. The best outcomes from this 

study came from patients who had received GTR and RT, however patients with just GTR 

showed no significant difference in PFS over those with GTR and RT, suggesting a ZFTA-fusion 

subgroup for which RT is not effective. This together with GTR displaying a greater PFS than 

subtotal resection (STR)68,72,73 highlights the importance of GTR in this patient population. 

Although significant work has been done in narrowing down the effectiveness of surgical, 

radiotherapy and chemotherapy regimens for some subtypes of ependymoma, it is still likely 

that due to the distinct origins, transcriptomic and proteomic profiles, that these will require 

differing treatments based on these.  

1.3.1 Oncology drug development approaches 

Several clinically available chemotherapeutics have been identified from high throughput 

drug screening approaches74, and as compound libraries continue to grow,75 they provide the 

opportunity for an increasing number of successful candidate compounds for a range of 

cancers. Screening approaches can be either target-specific or target-agnostic. Target specific 

assays are focussed on developing therapeutics that are active against known targets which 
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play a role in malignancy e.g., the amplification of EGFR in non small-cell lung cancer or HER2 

in breast cancers 76,77. The approach to target-agnostic screening is to test large numbers of 

compounds without knowledge of the molecular mechanism of action (MMOA) or target. The 

unknown mechanism of action means that there are no downstream signalling biomarkers 

that can be analysed, therefore these are often tested in phenotypic assays identifying 

outcomes such as cell viability. These viability assays can include those such as the 

CellTiterGlo® or 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) assays 

which measure ATP concentration or mitochondrial activity respectively78ς80. Elucidation of 

these mechanisms of action or binding partners of these compounds is important for 

understanding the tumour biology but also for further refinement of the drug properties for 

enhanced binding to its target81,82. Profiling the absorption, distribution, metabolism, 

excretion and toxicity (ADMET) properties of novel therapeutic agents is essential to ensure 

that drugs are suitable for the clinical phases of testing. Even if a compound is efficacious, 

poor ADMET properties will terminate its progression through the drug development 

pipeline. These properties are often tested in vitro, in vivo and more frequently as technology 

advances, in silico83ς85. Finally, special considerations need to be taken when developing 

compounds for brain tumours, which is the challenge of the blood brain barrier. The blood 

brain barrier remains a major obstacle to delivering systemic therapeutics to brain tumours, 

98% of small molecules and nearly all large molecules, biologics and viral vectors are unable 

to enter the brain86,87. Research into ways in which this can be overcome are vast, in 

determining both invasive and non-invasive methodologies. One which has been investigated 

has been ultrasound to mediate blood brain barrier openings post administration of systemic 

therapeutics88,89. The most common method however is through structural alterations to 

compounds. High lipophilicity of compounds allows them to pass through the blood brain 

barrier90,91, but they often have a high rate of metabolism leading to poor bioavailability92. 

Consequently, developing novel chemotherapeutics for ependymoma is a significant 

challenge. However, as the molecular mechanisms of these tumours are elucidated and more 

tools and models become available, whether in vitro, in vivo or in silico, there is hope for 

development of targeted chemotherapies for this unmet need. 
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 Hypothesis and aims 

ZFTA-RELA fusion 1 ependymoma is a rare and aggressive cancer that has a poor 

prognosis and no effective chemotherapy. Currently no spontaneous mouse models of this 

tumour type exist that might progress understanding of disease biology and treatment. 

Therefore, I will test the hypothesis that neural stem cells in the intact developing forebrain, 

are uniquely susceptible to transformation by ZFTA-RELA fusion-1 that subverts normal neural 

lineage development resulting in ependymoma. I also hypothesise that these tumour cells 

have unique targetable protein aberratƛƻƴǎΦ L ƘȅǇƻǘƘŜǎƛǎŜ ŦǳǊǘƘŜǊ ǘƘŀǘ ǘƘƛǎ ǇǊƻǘŜƛƴΩǎ 

oncogenic functions can be blocked using small molecules that might serve as novel 

therapeutics.  To test these hypotheses, I will complete the following aims: 

Aim 1: Develop and characterise utilising multi-omics approaches, a genetically engineered 

spontaneous mouse model of ZFTA-RELA ependymoma to better understand ependymoma 

tumorigenesis mechanisms. 

Aim 2: Utilise this mouse model to characterise tumour progression with a focus on its 

developmental origins.  

Aim 3: Use patient-derived orthotopic xenograft, allograft and the spontaneous mouse model 

developed in aim 1, to understand radiation response and develop and test the first novel, 

targeted chemotherapy for ZFTA-RELAFus1 ependymoma. 
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2 Building and characterising a ZFTA-RELA ependymoma mouse 

model 

 Attributions 

All methodologies listed in 2.3.1.1, 2.3.1.2 and 2.3.1.3 were performed by Claire King and 

Katherine Wickham Rahrmann. 2.3.2.1 was performed by the pre-clinical genome editing core 

facility at the Cancer Research UK Cambridge Institute. 2.3.3.2 was performed in conjunction 

with Elizabeth Cooper.  

 Introduction 

2.2.1 Pre-clinical models 

With the rise of multi-omics profiling of paediatric brain tumours, our ability to understand 

the molecular basis of these tumours and consequently develop new pre-clinical models has 

been rapidly increasing93ς95. As the understanding of the molecular and genetic underpinnings 

of supratentorial ependymomas continues to evolve, preclinical models play a crucial role in 

advancing our knowledge and developing effective therapeutic strategies. These models can  

be broadly categorised into in vitro and in vivo systems, each offering unique advantages in 

the exploration of these tumours. The rare nature of ependymomas and the prioritisation of 

patient samples for patient-derived xenografts, means that there are few established cell 

lines available for experimentation as further discussed in chapter 5. The landscape of 

supratentorial ependymoma mouse models is reasonably limited which hinders 

understanding of tumour biology and development of novel therapeutics. Allograft models, 

manipulating embryonic NSCs followed by implantation into CD1® Nude mice have been 

generated by transducing Ink4a/Arf-/- NSCs with RELAFus1 or YAP1Fus1 viruses and implanted 

these orthotopically to form tumours in vivo 62. This has also been successfully completed by 

overexpressing RTBDN59 and EPHB237. The tumours generated were histologically 

indistinguishable from human ependymomas of the same type. Although these models are 

extremely useful and have led to understanding of oncogenic NF-kB signalling in RELAFus1 

ependymomas, they do not aid in understanding transformation of cell types to elucidate how 

tumour development is driven. Other models were established by transducing cells with 

Replication-Competent ASLV long terminal repeat (RCAS) vectors containing ZFTA-RELA and 
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delivered intracranially these into newborn Nestin, GFAP, BLBP or Nestin;Ink4a-Arf-/ -;Ptenfl/fl 

tv-a pups (post-natal days 0-3)96. This methodology drives expression of ZFTA-RELA in cells 

expressing these promoters, which are all expressed in neural progenitor cells97,98. These 

models were successful with varying penetrance (40-100%) and latencies between 34 and 190 

days indicating the high oncogenic potential of ZFTA-RELA96. Although these models were 

successful and this work showed that they recapitulated human tumours, the initiation of 

ZFTA-RELA expression during early post-natal development was not reflective of the initiation 

events occurring in endogenous human tumours. This model, although useful for 

understanding and investigating established tumours, provided little insight into 

tumourigenesis mechanisms. However, both models provide no insight into initiating 

mechanisms, nor any understanding of the role the tumour microenvironment plays in 

establishment and maintenance of tumours. In addition to the aforementioned, the 

generation of tumours in both models is both low-throughput and invasive and initiation is 

temporally different from human tumours. Critically, there is a lack of spontaneous 

genetically engineered mouse models (GEMMs) for childhood ependymomas. GEMMs, 

particularly those that utilise Cre-Lox technology have the benefit of both spatial and 

temporal control of tumour development. These models allow the investigation of the 

initiation and progression of tumours and exploration of the interplay between genetic 

factors and the tumour microenvironment, offering insights into the molecular pathways 

driving ependymoma formation. The challenges of these models are that in some cases can 

have a long latency and low penetrance, limiting their use in pre-clinical trials, however this 

can be tackled with a multitude of approaches, including patient-derived orthotopic 

xenografts or syngeneic mouse models as further described in chapter 4.  

2.2.2 Stalled developmental profile of ependymoma 

There are fundamental differences that lie between adult cancers and paediatric 

malignancies. Adult cancers are often the result of long-term exposure to carcinogens; 

however, childhood tumours are predominantly driven by aberrant developmental processes 

or in a small number of cases (~10%) a syndrome that enables a predisposition to cancer99. 

Paediatric cancers therefore also display a lower mutational burden100,101 and are typically 

caused by a single event, in the case of ZFTA-RELA ependymoma, the initiating chromothriptic 

event on chromosome 1162. These events are thought to occur during early development, 
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leading to oncogenic transformation. Consequently, several studies have alluded to the 

stalled developmental profile of paediatric brain tumours102ς105. This understanding of 

paediatric tumours has led to further interrogation of the cells of origin of these tumours and 

the susceptibility of these cells to transformation. Previous work has suggested that radial glia 

are the candidate stem cell for ependymoma36,106, based on the gene expression profile and 

immunophenotype of cultured ependymoma cells.  It has also been suggested that a 

proportion of these cells are able to behave as multipotent, self-renewing cells and behave 

as cancer stem cells which are sufficient to generate tumours in vivo.  
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 Methods 

2.3.1 Generation of constructs 

Constructs were generated using the In-Fusion®HD cloning kit, initially starting with a vector 

for insertion into the Rosa-26 locus (kindly gifted by the Winton laboratory ς Cancer Research 

UK, Cambridge Institute). Each part of the construct was cloned in, and polymerase chain 

reactions (PCR) run to confirm insertion.  

2.3.1.1 Polymerase Chain Reactions 

RNA was extracted from samples using the RNeasy plus universal kit ŀǎ ǇŜǊ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 

instructions and samples eluted in 30ml RNAse free water. Samples treated with DNase with 

TURBO DNase kit as per protocol (ThermoFisher Scientific). Synthesis of cDNA was performed 

using Superscript III RT (ThermoFisher Scientific) as per supplied protocol. Polymerase chain 

reaction run with GoTaq® (Promega) (95̄ C, 3 minutes, 95̄C, 30 seconds, 55̄C, 30 seconds, 

72̄ C, 30 seconds ς repeat for 35 cycles, 72̄C, 2 minutes, 10̄C, ¤). Samples were then run on 

1% agarose gel with a 100bp ladder. Expected size was 150bp. 

2.3.1.2 Immunoblotting 

For protein extraction, cell pellets from transfected HEK-293T cells were mixed with 50mL 

radioimmunoprecipitation (RIPA) buffer on wet ice and samples were lysed using an electric 

pellet pestle (Sigma Aldrich). Eppendorfs containing the lysed samples were then vortexed to 

ensure complete lysis. The lysates were then centrifuged at maximum speed for 10 minutes 

at 4̄ C. The supernatant was then transferred to new tubes and protein concentrations were 

quantified. Protein concentrations were measured using the infrared (IR)-based 

spectrophotometer Direct DetectÑ (Millipore). For immunoblotting, samples were prepared 

with 1x sample reducing agent and LDS sample buffer (NuPage). Samples were then boiled at 

95̄ C for 5 minutes before being loaded. Samples containing 20mg of protein lysate were 

loaded onto a 4-12% Bis-Tris gel alongside Amershamϰ ECLϰ Rainbowϰ Marker (Sigma) and 

PageRulerã Plus Prestained Protein ladder (ThermoFisher Scientific) as molecular weight 

markers. Gel tanks were prepared with 1x MOPS-SDS running buffer (ThermoFisher Scientific) 

and electrophoresis run at 90v for 30 minutes and 120v for 1 hour or until the gel had run to 
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completion. Transfer of proteins to a nitrocellulose membrane was performed using the iBlot 

dry transfer system (ThermoFisher Scientific).  

 

Nitrocellulose membranes were then incubated in Odyssey Blocking Buffer (Licor Biosciences) 

for 1 hour at room temperature before incubation with NF-kB antibody (CST 6956S) and B 

actin (Abcam AB8226) made up in Odyssey Blocking Buffer overnight at 4C̄ on a rocking 

platform. Following incubation, blots were washed 3 times in phosphate buffered saline 

containing 0.1% Tween 20 (PBS-T). Membranes were then incubated in a secondary antibody 

(Donkey anti-rabbit and Donkey anti-mouse IR800) made up in blocking buffer for 1 hour. 

Membranes were again then washed in PBS-T followed by a single wash in PBS. Membranes 

were scanned using the Odyssey CLx infrared technology imager (LiCor Biosciences) and 

images taken using the Image Studio 4.0 software and bands quantified using ImageJ.  

2.3.1.3 Bioluminescence imaging of cells 

HEK-293T (EF1a) or Ink4a-/- mouse neural stem cells (Nestin) were transfected with either the 

Nestin-ZFTA-RELAFus1 or EF1a ZFTA-RELAFus1 using a Fugene®HD transfection reagent. 1mL of 

cre virus was added to plated transfected cells. Plates were then imaged using D-Luciferin 

(Perkin-Elmer) and imaged using a IVIS Spectrum (Perkin-Elmer). 

2.3.2 Mouse models and husbandry 

Sperm from CAGS-ZFTA-RELA mice was kindly gifted by the Taylor laboratory (¢ŜȄŀǎ /ƘƛƭŘǊŜƴΩǎ 

Hospital and Baylor College of Medicine, Texas) and insemination was performed by the 

/ŀƴŎŜǊ wŜǎŜŀǊŎƘ ¦Y /ŀƳōǊƛŘƎŜ LƴǎǘƛǘǳǘŜΩǎ ǇǊŜ-clinical genome editing core facility for 

establishment of the colony.  C57Bl/6J (strain code 027) female mice were purchased from 

Charles River and housed in compliance with UK Home office Licence (Licence no: 

PP9742216). Mice were bred in pairs or trios and breeding stocks rotated once mice reached 

either >3 litters or >180 post-natal days. Female mice were not used for breeding purposes if 

a septum was detected. Mice were monitored for clinical signs such as domed head, hunched 

posture, head tilt, changes in gait, or twitching. More severe clinical signs included seizures, 

immobility, loss of limb function, cachexia, dyspnoea, neurological signs (such as circling) and 

loss of 20% body weight without recovery within 7 days. If mice displayed three or more 

clinical signs or a single severe sign, these mice were humanely euthanised. Animals were 
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housed under pathogen-free conditions and in groups of 2-5 per cage on a 12-hour light-dark 

cycle from 7AM to 7PM. Ambient temperatures were maintained at 19-23̄ C and humidity at 

40-70% in cages ventilated by air-filtered laminar flow racks. Animals had access to food and 

water ad libitum.  

2.3.2.1 Construct targeting into the Rosa-26 locus 

Constructs generated as described in 2.3.1 were linearised and gel purified before being 

nucleofected into into C57BL/6J embryonic stem cells. These cells were expanded into clones 

and underwent G418 sulphate selection. After G418 sulfate selection clones were isolated 

and subjected to genotyping and positive clones selected for karyotyping. Four correctly 

targeted clones consisting of eight to ten cells for the construct driven by the Nestin promoter 

and five for the EF1a promoter were injected into wild type CD1 8-cell stage embryos. The 

microinjected embryos were cultured in KSOM+AA (KCl, enriched simplex optimisation 

medium with amino acid supplement, Zenith Biotech) at 37°C with 95% humidity and 5% CO2 

until the blastocyst stage and then were transferred into pseudo-pregnant recipients. 

Chimeric pups were visually inspected and those consisting of approximately greater then 

70% black coat colour were taken forward for testing of germline transmission. The resulting 

F0 mice were bred to C57BL/6J mice, to prove germline transmission, and to establish the 

colony.  

2.3.2.2 Breeding strategies 

BlbpCre mice homozygous for TdTomato were crossed with either CAGS-ZFTA-RELAFus1, 

Nestin-ZFTA-RELAFus1 or EF1a ZFTA-RELAFus1 mice for tumour generation. NestinCreERT2 mice 

homozygous for TdTomato were also crossed with Nestin-ZFTA-RELAFus1 or EF1a ZFTA-

RELAFus1 mice for tumour generation. 

2.3.2.3 Bioluminescence imaging 

Tumours were identified and measured via bioluminescence imaging once or twice a week. 

To image tumour cells, mice were injected intraperitoneally with 10mL/10g of D-Luciferin 

(Perkin-Elmer) and had their heads shaved whilst under isofluorane induced anaesthesia, for 

visualisation purposes. Six minutes post-injection, mice were imaged. Imaging was performed 
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using a IVIS Spectrum (PerkinElmer). Signal intensity was quantified within a region of interest 

(ROI) over the head that was defined by the Living Image software. 

2.3.2.4 Survival analysis  

Survival analysis was performed using GraphPad Prism 10, using a Log-rank (Mantel-Cox) Test. 

2.3.3 Ex-vivo analysis 

2.3.3.1 Brain collection 

Mouse brains were dissected and fixed in 10% neutral buffered formalin (NBF) for 24 hours 

followed by submersion in 70% ethanol for 24-72 hours prior to processing and paraffin 

embedding, which was performed by the Histopathology core facility at the Cancer Research 

UK Cambridge Institute. 

2.3.3.2 Immunohistochemical staining 

Marker Antibody Cat No. Dilution Serum Fluorophore 

Nuclei DAPI  1:20000 - 460 

ZFTA-RELA fusion Fusion-1 In House 1:500 Goat 488 

Proliferation Ki67 Ab15580 1:500 Goat 546 

Pan Tumour RELA L8F6 IgG2b 6956S 1:200 Goat IR800 

Radial Glial/Stem Cell Sox-2 MAB2018 1:500 Goat 647 

Radial Glial/Stem Cell RC2/Nestin Ab81462 1:100 Goat IR800 

EPN Signature EphB2 IgG2b Sc130068 1:200 Goat IR800 

Table 2-1 | Antibodies used for tumour characterisation 

2.3.3.3 In Vitro cell culture 

Mice were euthanised using increasing concentrations of CO2 and confirmed using schedule 

1 techniques. Brains were dissected and tdTomato positive tumours identified using a 

fluorescence microscope. Tumours were chopped using scalpels and placed into dissociation 

media (1.6ml serum free Neurobasal media (Gibco), 400uL papain (Wothington Biochemical 

Corporation), 20uL DNase I (ThermoFisher)). Tumours were incubated for 15 minutes at 37C̄, 

triturated using a p1000 pipette and passed through a 100mm filter followed by a 40mm filter. 

Post dissociation, cells were cultured in ultra-low attachment 75cm2 culture flasks (Corning) 

in cell culture medium comprised of serum free Neurobasal media (Gibco), supplemented 

with 2% B27 (Gibco), 2% N2 (Gibco), 2% penicillin-streptomycin (Gibco) and 2mM L-Glutamine 
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(Gibco). The media was also further supplemented with 20ng/mL recombinant human 

epidermal growth factor (EGF) and recombinant human basal fibroblast growth factor (FGF) 

(Miltenyi Biotec), and 1% heparin (Stem Cell Technologies).  Cells were cultured at 37C̄ in a 

humidified atmosphere with 95% air and 5% CO2. Media was changed every 3 days, by 

removing 5ml of media and suspended cells, centrifuging at 60g for five minutes and the 

supernatant discarded. The cell pellet was then resuspended in fresh media, and the 

suspension returned to the original flask. Cells were passaged every 7-10 days. To passage, 

spheres were centrifuged at 60g for five minutes and supernatant discarded. Following this, 

spheres were incubated in StemProá Accutase (Gibco) in a 37̄C waterbath for 15 minutes 

and then triturated with a P1000 pipette and passed through a 40mm cell strainer. A further 

centrifuge at 450g for five minutes and resuspension in 1mL media was followed by cell 

counting utilising the Cellometer Auto T4 Bright Field Cell Counter (Nexcelom Bioscience).  

 

2.3.4 Histology 

2.3.4.1 Haematoxylin and Eosin Staining 

Sections of formalin-fixed paraffin embedded (FFPE) samples were at cut at 5mm/ section and 

mounted on slides. Slides were rehydrated and stained imaged using a Zeiss AxioScan Z1 

scanner at 20x. 

2.3.4.2 Histology Analysis 

Scanned images were imported into HALO (Indica Labs) for area and nuclear density analysis. 

Tumour area analysis was performed by generating selection areas of both the tumour and 

the whole brain section. Tumour area in mm2 was divided by whole brain area and multiplied 

by 100 to generate tumour as a percentage of brain area. In order to generate density plots, 

parameters for nuclei identification were set and I![hΩǎ analysis package was used to 

quantify the number of nuclei across the selection area. The number of nuclei was divided by 

the total selection area to generate a density/mm2 plot.  
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2.3.1 Multiomic approaches 

2.3.1.1 Single Cell RNA Sequencing 

Single cell RNA-seq (scRNA-seq) experiments were done in collaboration with the genomics 

core facility at Cancer Research UK, Cambridge Institute. Tumours were macrodissected and 

chopped with a scalpel. The resulting tumour was added to dissociation media (1.4ml 

Neurobasal media, 200mL papain and 40mL DNAse I) and incubated at 37°C for 15 minutes. 

Cells were triturated with a p1000 pipette and passed through a 100mm filter, followed by a 

40mm filter. The resulting cell suspension was counted using a Cellometer Auto T4 Bright Field 

Cell Counter (Nexcelom Bioscience) and centrifuged at 300g for 5 minutes at 4°C. The 

supernatant was discarded, and cells resuspended in PBS at 8.51x105 cells/ml and 47mL of cell 

suspension (4 x 104 cells) was submitted to the Cancer Research UK Cambridge InstituteΩǎ 

Genomics Core Facility. Libraries were generated per standard protocol published by 10X 

Genomics using Chromiumϰ {ƛƴƎƭŜ /Ŝƭƭ рΩ DŜƴŜ 9ȄǇǊŜǎǎƛƻƴ ŀƴŘ ǎŜǉǳŜƴŎŜŘ ǳǎƛƴƎ ŀ 

NextSeq500 with paired-end sequencing (Illumina).  

2.3.1.2 Single Cell RNA Sequencing analysis 

FASTQ files were aligned to a custom adapted mm10 reference genome including IRES, 

luciferase, tdTomato and ZFTA-RELA fusion-1 sequences using CellRanger v3.1 (10x 

Genomics) Genes that were expressed in in less than 0.1 percent of total number of cells were 

then removed. Barcode filtration was based on the distribution of data (median +/- 3 

deviations) for high percentage of mitochondrial reads, low number of genes, and low 

number of cells. Individual sample normalisation was done using SCTransform through Seurat 

v5. 

Using Seurat v5, we performed clustering, dimension reduction and sample integration, 

followed by data integration with the default settings. Clustering was performed using the 

Leiden algorithm with a resolution of 0.3 and projected using Uniform Manifold 

Approximation and Projection (UMAP)107ς109. Average gene expression per cluster was 

calculated. Individual cell annotations were performed using the package scCatch110 with 

previously curated gene sets of mouse brain cells. Signature UMAP plots were generated with 
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the package UCell with previously published gene sets64,104,111,112 unless otherwise 

mentioned.  

We then performed differential expression analysis using the FindMarkers function in Seurat. 

Genes were classified as differentially expressed if there was a fold change of 1.5 and adjusted 

false discovery rate < 0.05.  

2.3.1.3 Proteome and Acetylome generation and analysis 

Tumours were flash frozen and kept at -80°C, samples were then given to the Cancer Research 

¦Y /ŀƳōǊƛŘƎŜ LƴǎǘƛǘǳǘŜΩǎ tǊƻǘŜƻƳƛŎǎ ŎƻǊŜ ŦŀŎƛƭƛǘȅΣ ǿƘŜǊŜ ǎŀƳǇƭŜǎ ǿŜǊŜ ŜȄǘǊŀŎǘŜŘ ŀƴŘ 

underwent LC/MS analysis.  

 

2.3.1.1 Software Analysis and Statistical Tests 

Analysis of histological staining was performed using Graphpad Prism 10, a one way ANOVA 

with ¢ǳƪŜȅΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎ ǘŜǎǘ. 

 

For proteome and acetylome outputs, data generated underwent quality control and 

differential expression analysis (Limma based statistical analysis) was carried out by the 

/ŀƴŎŜǊ wŜǎŜŀǊŎƘ ¦Y /ŀƳōǊƛŘƎŜ LƴǎǘƛǘǳǘŜΩǎ .ƛƻƛƴŦƻǊƳŀǘƛŎǎ ŎƻǊŜ ŦŀŎƛƭƛǘȅΦ CǊƻƳ ǘƘŜǎŜ ŎƻǳƴǘǎΣ Ȋ-

scores were generated and R Studio and the package PHeatmap were used to generate 

heatmaps and perform hierarchical clustering analysis. 

Statistical analysis and clustering of single cell gene expression was performed in Seurat v5 in 

R Studio113,114. 
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 Results 

ZFTA-RELA fusions have been shown to drive tumour formation when delivered to developing 

embryonic brains62,96. Previous models of ZFTA-RELA fusion ependymomas have involved the 

use of invasive methodologies to initiate tumour development. Our aim was to generate the 

first autochthonous genetically engineered mouse model (GEMM) of ZFTA-RELA fusion 

ependymoma to investigate tumourigenesis mechanisms.  

2.4.1 Generation of CAG-ZFTA-RELA mice  

CAG-ZFTA-RELA mice were generated by the Taylor lab using transgene microinjection as 

demonstrated in Figure 2-1B. The ZFTA-RELA fusion 1 sequence was followed by an mCherry 

fluorescent protein sequence for lineage tracing of recombined cells. The promoter for this 

model was CAG, a strong synthetic promoter often used for driving gene expression in 

mammalian cell lines115. This methodology allowed for multiple copies of the ZFTA-RELA 

fusion transgene to integrate into the genome, increasing its likeliness of expression and 

consequently tumourigenic potential. The construct also contained loxP sites to control 

expression using Cre-lox technology. This enabled expression to be both temporally and 

spatially modified by utilising relevant constitutive and tamoxifen inducible Cre lines.  

 

 

A A graphical illustration of the CAG-ZFTA-RELA construct. B Graphical illustration of random integration of CAG-ZFTA-RELA 
construct into the mouse genome for generation of transgenic mice. Image generated using Biorender.com 

 

Figure 2-1|CAG-ZFTA-RELA mouse model generation 
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2.4.2 Generation of NestinFlxSTOPFlx-ZFTA-RELA and EF1aFlxSTOPFlx ZFTA-RELA 

constructs 

Formation of ZFTA-RELA fusion ependymomas is thought to be caused by chromothripsis, a 

single catastrophic genetic event leading to chromosomal rearrangement62. Patients are 

often found to have this rearrangement on a single copy of chromosome 11116 . Consequently, 

we aimed to generate a model in which we could knock the construct into the Rosa-26 locus 

for a single copy of the transgene within the genome. The Rosa-26 locus is commonly used as 

a genomic location for insertion of constructs, particularly fluorescent reporter lines as it 

shows ubiquitous activity, but loss of the gene is not lethal117. Two constructs were designed 

and generated with two promoters, Nestin and EF1a. The Nestin promoter is endogenous 

throughout the developing brain, with NESTIN thought to be expressed exclusively in neural 

progenitor cells. As seen in Figure 2-2A, Nestin shows high expression throughout embryonic 

development with little variability between brain regions, decreasing over time between 

embryonic day 11.5 and 18.5. Postnatally, a brain wide increase in expression is observed at 

p14, subsiding by p28. The EF1a promoter is similar to the CAG promoter in 2.4.1, it is a strong 

ubiquitous promoter, often used in cell lines to drive overexpression of genes. Figure 2-2B 

shows the expression of EF1a across the mouse brain at P56 indicating its presence 

throughout the brain, in particular in the cerebellum, cortex and ventricular zones. 

Methylation of promoter sequences are common in the developing brain as progenitor and 

precursor cells go through differentiation, switching genes on and off for regulation as cells 

to move through lineages118,119. Consequently, we decided to progress with both promoters 

to avoid failure of a single model due to promoter methylation. Constructs were designed as 

shown in Figure 2-2C with homology arms targeted to the Rosa-26 locus. As previously 

mentioned, it was important to ensure spatio-temporal control of expression, therefore Cre-

lox recombination technology was used with the insertion of loxP sites after the promoters. 

A neomycin cassette, commonly used as a positive selection marker in screening strategies120 

was integrated for clonal selection. Downstream of the ZFTA-RELA sequence, the reporter 

gene Luciferase was co-expressed through the internal ribosome entry site (IRES) to enable in 

vivo bioluminescent monitoring of tumours following injection of LUCIFERIN. LUCIFERIN is a 

substrate of the LUCIFERASE enzyme and bioluminescence is produced by the catalytic 

reaction of LUCIFERASE and LUCIFERIN which can be easily detected through a non-invasive 

in vivo imaging system (IVIS®) in live mice. Use of bioluminescence imaging allows the 
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interrogation of chemo- and radio-resistance, therapeutic response and monitoring small 

tumours and metastases121. Throughout construct generation, PCRs were carried out to 

confirm correct cloning of each sequence into the construct. Once the final construct had 

been generated, a restriction enzyme digest and PCR was carried out to confirm the 

constǊǳŎǘΩǎ digest pattern and integration of all sequences. This was confirmed as shown in 

Figure 2-2D. Suitable constructs were then progressed to transfect both HEK293-T (EF1a and 

Nestin) and Ink4a-/ - neural stem cells (Nestin). Figure 2-2E demonstrates bioluminescence 

signal measured with and without Cre virus induction indicating the functionality of the 

integrated construct by its LUCIFERASE activity as Luciferase lies downstream of the ZFTA-

RELA fusion. In addition to this, we wanted to confirm protein expression via western blot. A 

western blot was carried out for RELA as shown in Figure 2-2F. Wildtype RELA has a molecular 

weight of ~65kDa and ZFTA-RELA ~100kDa. As expected, wildtype RELA was detected in all 

cells, however a higher band at ~100kDa was detected in cells transfected with the EF1a-

FlxSTOPFlx-ZFTA-RELA construct. This band was not detected in HEK-293T cells transfected 

with the Nestin-FlxSTOPFlx-ZFTA-RELA, however it was decided that this was due to a low 

transfection rate in HEK293-T cells with this construct over a failure of the construct as it had 

demonstrated bioluminescence signal when transfected into mouse Ink4a-/ - neural stem cells. 
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A Heatmap of Nestin expression across developing mouse brain (E11.5-P28). RSP - Retrospenial area, Tel - Telencephalon, 
PedHy - Peduncular hypothalamus, P1-P3 - Prosomeres 1-3, M - Midbrain, PPH - Prepeducular (rostral) hypothalamus, PH - 
Pontine hindbrain, PPH - Pontomedullary (retropontine) hindbrain, MH- Medullary hindbrain. Taken from Allen Brain Atlas. 

B Brain RNA expression map of Eef1a1 (EF1a) expression across mouse brain at P56. Taken from Allen Brain atlas. C Graphical 

illustration of Nestin-FlxSTOPFlx-ZFTA-RELA and EF1a-FlxSTOPFlx-ZFTA-RELA constructs. D PCR gel image of restriction digest 

of final constructs. Left gel - Nestin (lanes 2,4-7 show the correct digestion pattern. Right gel ς EF1a (4 shows correct 
digestion pattern and C is the digestion product from the previous step). E Bioluminescence image of HEK-293T cells 

transfected with EF1a-FlxSTOPFlx-ZFTA-RELA constructs and Ink4a-/ - mouse neural stem cells transfected with Nestin-

FlxSTOPFlx-ZFTA-RELA with and without cre virus induction.  F Western blot for RELA with Nestin and EF1a-FlxSTOPFlx-ZFTA-
RELA transfected HEK293-T cells +/- Cre alongside Fugene, media and control.  

Figure 2-2|Validation of NestinFlxSTOPFlx-ZFTA-RELA and EF1aFlxSTOPFlx ZFTA-RELA constructs 
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2.4.3 Generation of NestinFlxSTOPFlx-ZFTA-RELA and EF1aFlxSTOPFlx ZFTA-RELA mice 

Constructs were then progressed to be integrated into the Rosa-26 locus for generation of 

GEMM mice as shown in Figure 2-3. PCR validation of construct integration into embryonic 

stem cells was performed in a stepwise manner, with PCRs for the ZFTA-RELA fusion, the IRES-

Luciferase junction, followed by the promoter (EF1a or Nestin) into the LoxP site. Those that 

were negative for the first PCR were not progressed to the next round of testing. The 

percentage of positive ES cell clones as a percentage of those tested is shown in Figure 2-4A. 

At each stage, the construct with the Nestin promoter shows a higher percentage of 

successful integration. To ensure that constructs were also able to generate ZFTA-RELA 

transcripts, clones were treated with Cre virus and a PCR for ZFTA-RELA was carried out. 

Figure 2-4B and C show the positive result of each clone for transcript once induced with Cre 

virus. Once karyotyping analysis of these clones had confirmed their diploid status, clones 

were integrated into 8 cell stage embryos from CD1® mice. This allowed for assessment of 

integration by assessment of coat colour. From these 8 cell stage embryos, blastocysts were 

grown and transferred to pseudo-pregnant recipients as in Figure 2-3. Litters from each ES 

cell clone were assessed based on their coat colour and its chimerism proportions, F0 

indicates complete integration (single black coat colour). F0 mice from Nestin 56 and F0 and 

a single >70% EF1a 101 were taken forward for genotyping, and as shown in Figure 2-3F, all 

were positive. Finally, Figure 2-3G, shows the breeding strategy taken in order to generate 

tumour bearing mice. Cell-type specific Cre lines with fluorescent reporters were selected to 

cross with our new NestinFlxSTOPFlx-ZFTA-RELA and EF1aFlxSTOPFlx ZFTA-RELA mice. The 

Cre lines selected were BlbpCre and NestinCreERT2. 
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A flow diagram of mouse model generation as described in 2.3.2.1. Image generated using Biorender.com 

 

 

 

 

Figure 2-3|Integration of EF1a and NestinFlxSTOPFlx-ZFTA-RELA constructs into the mouse Rosa-26 locus. 
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A Bar chart of percentage of positive ES cell clones at each stage of genotyping. B Gel image of PCR product from ES cell 
clones 56, 65, 145 and 162 from Nestin clones with positive and negative controls C Gel image of PCR product from ES cell 

clones 18, 93, 101, 103 and 121 from EF1a clones with positive and negative controls. D Bar chart of analysis of chimerism 
proportions from litters generated from Nestin ES cell clones,Percentages in reference to estimated black coat colour. F0 = 

Complete black coat colour. E Bar chart of analysis of chimerism proportions from litters generated from EF1a ES cell clones. 

F Gel image of PCR product for ZFTA-RELA fusion from F0 pups. Lanes 1-2, Nestin, Lanes 3-5, EF1a. C1-2, control constructs 

from Nestin and EF1a ZFTA-RELA. G Breeding strategies to drive ZFTA-RELA fusion expression in specific cell types with a 
TdTomato allele for lineage tracing.  

Figure 2-4|ES cell clone validation, chimerism and breeding strategies 
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2.4.4 Tumour free survival and penetrance in ZFTA-RELA mouse models is both Cre 

and promoter dependent. 

Previous work within the lab has shown that ZFTA-RELA fusion expressing tumour cells grown 

as neurospheres from patients also express NESTIN and BLBP 36. This alongside evidence that 

the ZFTA-RELA fusion gene when delivered to early post-natal brains in utero using the 

RCAS/TVA system also drives tumourigenesis96, led the choice of both Blbp and Nestin driven 

Cre lines. BLBP is an abundantly expressed protein across the developing brain in neural stem 

cells in both mice and humans and is expressed as early as embryonic day 10 (E10)122. 

Similarly, to BLBP, Nestin mRNA is expressed as early as E7.5123, allowing ZFTA-RELA 

expression in early progenitor populations. The Blbp cre mouse line is constitutive and 

therefore Cre expression is driven once Blbp is expressed in its normal developmental timing 

in all Blbp expressing cells. Conversely, the NestinCre line is a CreERT2 line, with expression 

temporally driven upon administration of tamoxifen. This allowed us to target early 

progenitor populations within the brain in early neural development. Crossing the conditional 

allele lines with BlbpCre found that despite using the same Cre line, the penetrance of these 

models was seemingly promoter dependent, with the EF1a promoter driving only 6% 

penetrance, CAG promoter, 43% and Nestin, 100% penetrance as seen in Figure 2-5A,C and 

E. Where tumours did develop with these models, median survival could not be determined 

beyond those driven by the Nestin promoter at 31 post-natal days developmentally 

mimicking124 tumour diagnosis of at an average age of eight years old in human patients125. 

The CAG and EF1a promoter, although drive ubiquitous expression, could have their 

expression of ZFTA-RELA hindered by methylation as shown in other mouse models and cell 

lines 126ς128. The endogenous nature of Nestin within the brain during development makes 

methylation highly unlikely. Similarly, it has been observed that brain-specific promoters drive 

transgene expression at the same level as the CAG promoter whilst minimising peripheral 

expression129. BlbpCre;Nestin-ZFTA-RELA mice developed tumours, however the rate of 

development was rapid and therefore the therapeutic window was small for trialing new 

treatments or multi-modal therapies, one of the aims of developing the model. Therefore, I 

decided to trial using the NestinCreERT2 line to reduce recombination levels and hopefully 

provide a greater therapeutic window for pre-clinical modelling. Similarly, with BlbpCre the 

Nestin promoter drove tumourigenesis with 100% penetrance versus 0% with EF1a (Figure 

2-5B and D) with a longer tumour latency with median survival reaching 65.5 days. The 
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complete penetrance of both the BlbpCre;Nestin-ZFTA-RELA and 

NestinCreERT2;NestinRELAFus1  models with a single allele of ZFTA-RELA confirms the potency 

of this oncogenic driver gene. As mentioned in 2.4.2, Luciferase was included in the construct 

for in vivo tumour monitoring. Mice from these models were able to undergo 

bioluminescence imaging, with tumours clearly distinguishable as seen in Figure 2-6C. As 

bioluminescence is unable to be visualised through dark hair, hair removal is required, 

however variations in skin pigmentation can lead to loss of signal and therefore 

bioluminescence quantification130. Therefore, we used bioluminescence as an approximate 

marker of tumour volume to predict when mice would reach humane endpoint, however 

these were not able to be reliably tracked over time. 
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A Kaplan-Meier survival curve demonstrating survival of BlbpCre;EF1aZFTA-RELAFus1 mice. Statistical significance is shown 
between the two genotypes. Log-rank (Mantel-Cox) Test (P=0.0136,*:p<0.05), median survival: undefined, 

BlbpCre;EF1aRELAFus1  n=68, Wildtype n=70, penetrance = 6%. B Kaplan-Meier survival curve demonstrating survival of 

NestinCreERT2;EF1aRELAFus1 mice. Statistical significance is shown between the two genotypes. Log-rank (Mantel-Cox) Test 

(ns, P=>0.9999), median survival: undefined, NestinCrERT2;EF1aZFTA-RELAFus1  n=12, Wildtype n=20, penetrance = 0%. C 
Kaplan-Meier survival curve demonstrating survival of BlbpCre;NestinZFTA-RELAFus1 mice. Statistical significance is shown 
between the two genotypes. Log-rank (Mantel-Cox) Test (P=0.0001,****:p<0. 0001), BlbpCre;NestinZFTA-RELAFus1 median 
survival: 31 post-natal days, n=70, Wildtype n=97, penetrance = 100%. D Kaplan-Meier survival curve demonstrating survival 

of NestinCreERT2;EF1aZFTA-RELAFus1 mice. Statistical significance is shown between the two genotypes. Log-rank (Mantel-
Cox) Test (P=<0.0001;****:p<0.0001), NestinCrERT2;NestinZFTA-RELAFus1  median survival: 65.5 post-natal days, 
NestinCreERT2;NestinRELAFus1  n=70, Wildtype n=50, penetrance = 100%. E Kaplan-Meier survival curve demonstrating 
survival of BlbpCre;CAGS-ZFTA-RELAFus1 mice. Statistical significance is shown between the two genotypes. Log-rank (Mantel-
Cox) Test (P=<0.0001; ****:p<0.0001), BlbpCre;CAGS-ZFTA-RELAFus1 median survival: undefined, BlbpCre;CAGS-ZFTA-
RELAFus1  n=124, Wildtype n=79, penetrance = 43%. ΨWildtypeΩ ǊŜŦŜǊǎ ǘƻ ǘƘŜ Cre line in the absence of a ZFTA-RELA gene. 

Figure 2-5|Tumour free survival of ZFTA-RELA Fusion mouse models is modified by promoter use 
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Bioluminescence image of mice. A BlbpCre;NestinZFTA-RELAFus1 B NestinCreERT2;NestinZFTA-RELAFus1  C BlbpCre;EF1aZFTA-
RELAFus1  mice. 

2.4.5 Tumours are histologically variable between models. 

Tumours varied in location, size, number and histological features across the models. Figure 

2-7 shows representative tumours from across each of the five models (with the exception of 

NestinCreERT2;EF1aZFTA-RELAFus1 which did not develop tumours). BlbpCre;CAGS-ZFTA-

RELAFus1 only developed tumours in the brainstem and consequently presented with clinical 

signs such as hindlimb paralysis, ataxia and a poor righting reflex, explained by brainstem 

functionality in their loss of control of balance and locomotion control. Tumours were 

generally well circumscribed with few infiltrating edges although they were found in the 

contralateral region. No tumours were observed either in other brain regions or other regions 

of the central nervous system (CNS), despite the expression of BLBP in both developing brain 

and spinal cord131, indicating that transformation is not only cell type specific, but could also 

rely on the epigenetic status of progenitor cells.  Tumours had both oval and round nuclei 

throughout in a swirling pattern with a mean cellular density of 0.004 (±0.0003 - SEM) 

cells/mm2 with no significant difference in their cell density compared to NestinCreERT2 

wildtype brains (p=0.5356). Tumours displayed a slight increase in vascularisation as seen in 

human tumours132 compared to normal brain, indicating an increase in their metabolic 

requirements. These tumours were significantly smaller than those in other models (p<0.0001 

compared to all other models) (Figure 2-8A) on average only making up 4.47% (±0.78 - SEM) 

of total brain area (Figure 2-8B). In Figure 2-7B, the exemplar brain from 

NestinCreERT2;EF1aZFTA-RELAFus1 shows normal adult brain histology with no evidence of 

tumour formation, which may have been caused by insufficient recombination or has been 

described previously, methylation of the EF1a promoter133. Figure 2-7C shows a 

representative tumour from BlbpCre;EF1aZFTA-RELAFus1 tumour bearing mouse. These 

tumours were large single tumours present in the forebrain which were generally well 

Figure 2-6|ZFTA-RELA model tumours are able to undergo in vivo bioluminescent tumour monitoring. 
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circumscribed with both round and oval shaped nuclei. Tumours developed in both 

hemispheres although there was no evidence of tumour migration or establishment in other 

regions of the CNS.  These tumours on average covered 39% of total brain area (±3.95 ς SEM), 

although this was not significantly different to BlbpCre;NestinZFTA-RELAFus1 or 

NestinCreERT2;NestinZFTA-RELAFus1 tumours (p=0.02428, p=0.9959 respectively).  Despite no 

difference in their tumour volume, cellular density across the brain was significantly increased 

over BlbpCre;NestinZFTA-RELAFus1 (p=0.0205). Tumours had increased vasculature with large 

vessels throughout in some cases leading to haemorrhagic regions and pockets of dense 

extracellular matrix, also identified in human tumours134. The rapid growth of these tumours 

and their metabolic demands explains the requirement for large vasculature throughout the 

tumour, however due to their rapid development, these can be leaky135. The leaky blood 

vessels aid formation of haemorrhagic regions within the tumour. ZFTA-RELA transcript was 

detected in large quantities throughout the tumour, both within the nuclei and cytoplasm of 

cells, evidence of robust recombination throughout the developing brain. Clinical signs of 

tumour were often domed head and head tilt, closely followed by weight loss. 

BlbpCre;NestinZFTA-RELAFus1 tumours were multi-focal with multiple tumours developing 

across the brain, in the forebrain, midbrain and hindbrain regions, taking up 31.24% ±2.01 

(SEM) of total brain area. Despite tumour multiplicity, there was no difference between these 

and BlbpCre;EF1aZFTA-RELAFus1 (p=0.2428) or NestinCreERT2;NestinZFTA-RELAFus1 (p=0.0810) 

with regard to tumour area as a percentage of brain area. Upon visual analysis of these 

tumours, they had densely packed nuclei with increased extracellular matrix. Mean cellular 

density was 0.004 cells/mm2 (±0.0001) which was significantly lower than 

NestinCreERT2;NestinRELAFus1  (p=0.0004) tumours. Larger tumours tended to have well 

circumscribed edges, however smaller tumours had infiltrative edges, which in some cases 

led to small tumours merging to become larger. Vasculature was increased throughout the 

tumour but with no evidence of haemorrhagic features. Nuclei were both round and oval 

shaped. Transcriptomic expression of ZFTA-RELA was also found throughout these tumours 

in a similar fashion to BlbpCre;EF1aZFTA-RELAFus1, both in the nucleus and cytoplasm, 

implying that transcript levels may not be a deciding factor in tumour growth rate. 

NestinCreERT2;NestinZFTA-RELAFus1 tumours were the most variable in their location, with 

some tumours developing solely in the forebrain as demonstrated in Figure 2-7E with 

evidence of multiple tumours merging to become a single large mass. Tumours on average 
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were 40% ±2.7 of total brain area. A number of brains also had a second tumour below the 

cerebellum in the pons as seen in the BlbpCre;NestinZFTA-RELAFus1 model. During neural 

development, NESTIN expressing neural precursor cells are found in the pons in the fourth 

ventricle lining136. It is possible that recombination of these cells leads to additional tumour 

cell populations which are able to migrate to the subventricular zone as seen in high grade 

gliomas137. ZFTA-RELA ependymomas are known to occur in the supratentorial region of the 

brain, however a recent case has shown tumour formation in the posterior fossa138.Nuclei 

within these tumours tended to be more oval than round with more extracellular matrix 

present in these than any of the other models. Gene expression in human ependymomas have 

shown a decrease in expression of genes associated with extracellular matrix (ECM) 

organisation139 indicating that gene programmes controlling ECM may also be altered by 

ZFTA-RELA expression leading to alterations in cell densities and ECM components. Mean 

cellular density was significantly higher than its matched wildtype (p=0.0019) at 0.006 

cells/mm2 ±0.0004. Although still high, NestinCreERT2;NestinZFTA-RELAFus1 tumours upon 

visual inspection had fewer transcripts than those driven by BlbpCre. Perivascular pseudo-

rosettes are classical histologic feature of ependymomas often used for diagnosis. These are 

sections through papillary structures composed of tumour cells arranged radially in a spoke-

wheel fashion around a central vessel140, however, to date these have not been observed in 

any mouse models of ependymoma141. However, there have been recent suggestions that not 

all ZFTA-RELA ependymomas display this histopathological hallmark142. The lack of tumour 

development in the olfactory bulb or cerebellum nor any other areas of the CNS outside of 

the brain suggests that despite potential ZFTA-RELA expression in these cells, oncogenic 

mechanisms for transformation of cells is not only lineage restricted but may require a specific 

epigenetic state to drive tumourigenesis.  
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A Representative H&E images from endpoint tumour bearing BlbpCre;CAGS-ZFTA-RELAFus1 mice B Representative H&E image 

from NestinCreERT2;EF1aRELAFus1 mice. C-E Representative H&E image from endpoint tumour bearing mice, H&E at higher 
magnification of tumour, basescope for ZFTA-RELA fusion (Positive transcript is indicated by small red puncta). C 

BlbpCre;EF1aZFTA-RELAFus1  D BlbpCre;NestinZFTA-RELAFus1 E NestinCreERT2;NestinZFTA-RELAFus1. 

Figure 2-7|ZFTA-RELA Fusion tumours from models display variable histological features 
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A Scatter plot of tumour area as a percentage of brain area measured from a formalin fixed paraffin embedded section from 
ZFTA-RELA fusion mouse models(±SEM). hƴŜ ǿŀȅ !bh±! ό¢ǳƪŜȅΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎ ǘŜǎǘύ BlbpCre;NestinRELAFus1 

(n=21) BlbpCre;NestinRELAFus1 vs BlbpCre;CAGS-ZFTA-RELAFus1 (p=<0.0001, ****: p<0.0001), BlbpCre; EF1aRELAFus1 (ns, 

p=0.2428), NestinCreERT2;NestinRELAFus1 (ns, p=0.0810). BlbpCre;CAGS-ZFTA-RELAFus1 (n=6) vs BlbpCre; EF1aRELAFus1 

(p=<0.0001, ****:p<0.0001), NestinCreERT2;NestinRELAFus1 (p<0.0001, ****: p<0.0001). BlbpCre; EF1aRELAFus1 (n=5) vs 

NestinCreERT2;NestinRELAFus1  (n=7) (ns, p=0.9959). B Scatter plot of cell density (cells/mm2) measured from a formalin 
fixed paraffin embedded section from ZFTA-RELA fusion mouse models. hƴŜ ǿŀȅ !bh±! ό¢ǳƪŜȅΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎ ǘŜǎǘύ 
BlbpCre;NestinRELAFus1 (n=38) BlbpCre;NestinRELAFus1 vs BlbpCre;CAGS-ZFTA-RELAFus1 (ns,p=0.9833) BlbpCre; 

EF1aRELAFus1 (p=0.0205 *:p<0.05), NestinCreERT2;NestinRELAFus1 (p=0.0004, ***:p<0.005) NestinCreERT2 (ns, p=0.6082) 

BlbpCre;CAGS-ZFTA-RELAFus1 (n=6) vs BlbpCre; EF1aRELAFus1 (ns, p=0.2790), NestinCreERT2;NestinRELAFus1 (p=0.0353, 

*:p>0.05), NestinCreERT2(ns, p=0.5356). BlbpCre; EF1aRELAFus1 (n=6) vs NestinCreERT2;NestinRELAFus1  (n=6) (ns, 
p=0.8723), NestinCreERT2(p=0.0196, *:p<0.05). NestinCreERT2 (n=3) vs NestinCreERT2;NestinRELAFus1 (p=0.0019, **: 
p<0.01).  

Figure 2-8|ZFTA-RELA fusion model tumours vary in size and cell density 
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2.4.6 Spontaneous recombination in NestinCreERT2;NestinZFTA-RELAFus1 mice leads to 

additional phenotypes 

Mouse strains were crossed as described in Figure 2-4, however when NestinCreERT2 mice 

were crossed with NestinZFTA-RELAFus1 mice, they generated pups with brain tumour 

phenotypes including domed head, seizures and unsteady gait without tamoxifen induction. 

Following this, I wanted to identify whether NESTIN expressing cells were undergoing 

spontaneous recombination leading to unexpected expression of ZFTA-RELA in this model. 

Figure 2-9A shows a DAPI stained brain section from a NestinCreERT2 mouse with a TdTomato 

allele under LoxSTOPLox expression control. This shows expression of TDTOMATO across the 

brain without tamoxifen induction. In addition to brain recombination, recombination was 

also seen in the pancreas as seen in Figure 2-9D alongside abnormally large islets of 

Langerhans seen in Figure 2-9C. NESTIN is known to be expressed in the developing 

pancreas143. NF-kB activity during pancreatic development has been shown to regulate adult 

b cell populations by modulating neonatal b- cell proliferation144. The increased NF-kB activity 

driven by ZFTA-RELA expression62,67,145 therefore is likely to be driving these phenotypes. 

These pancreatic abnormalities were thought to be linked to the increased mouse weight 

phenotype observed in NestinCreERT2;NestinZFTA-RELAFus1 mice (Figure 2-9E). This increased 

weight phenotype only occurred in mice that reached adulthood without succumbing to their 

brain tumours. A small subset of mice were monitored for weight gain, over time, with 66% 

of male mice (2/3 mice) showing an increased rate of weight gain over time and 100% of 

female mice (n=7/7 mice) as seen in Figure 2-9E. The regulation of b- cell populations during 

development that allows for control of adult cell populations suggests that these are 

implications of early recombination events but this upregulation of NF-kB activity is not 

driving excess weight phenotypes until development is complete and mice have reached 

adulthood. This recombination and consequent increase in b cell populations without tumour 

development, despite NF-k.Ωǎ ǊƻƭŜ ƛƴǾƻƭǾŜƳŜƴǘ ƛƴ ǇŀƴŎǊŜŀǘƛŎ ŘǳŎǘŀƭ ŎŀǊŎƛƴƻƳŀ 

development146, also implies the unique susceptibility of specific neural stem cell progenitors 

to oncogenic transformation and tumourigenesis.  

 

 

 



 38 

A Section of an uninduced NestinCrERT2;TdTomato mouse brain stained with DAPI. B Bioluminescence imaging of 
NestinCrERT2Nestin-ZFTA-RELA mice with and without tumour signal. C Photomicrograph of representative H&E section of 
pancreas from NestinCrERT2Nestin-ZFTA-RELA mice. D Photomicrograph of Basescopeϰ on pancreas from 
NestinCrERT2Nestin-ZFTA-RELA mice. (Positive transcript is indicated by small red puncta).  E Plot of weight gain over time 
compared to C57Bl/6 WT data from Jax.  

Figure 2-9| Spontaneous recombination in the pancreas of NestinCreERT2;NestinZFTA-RELAFus1 mice leads to an excess 
weight phenotype 
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2.4.7 Single cell RNA sequencing reveals tumours derived from ZFTA-RELA expression 

in Blbp positive cells consist of cells across differentiation states along a radial 

glial lineage. 

I aimed to further investigate the cellular makeup and divergent transcriptomes of these 

tumours. The aim of the model is to recapitulate human tumours, their tumour 

microenvironments and the intratumoural heterogeneity described in the clinic147. To do this, 

tumours underwent single cell RNA sequencing (scRNA-Seq), to identify subpopulations and 

explore aberrant transcriptomes. Mice were euthanised at clinical endpoint and tumours 

extracted either by bioluminescence or fluorescence guidance. Tumours were micro 

dissected allowing for assessment of both tumour and microenvironmental cells. We 

captured a total of 20,303 cells representative of cells throughout the tumour and performed 

UMAP clustering and cell type annotations using scCATCH (Figure 2-10A). These tumours 

were made up of 14 distinct clusters, seemingly driven primarily by ZFTA-RELA driven 

transcriptomic alterations or cell lineage. Identification of marker genes for clusters identified 

the presence of B and T lymphocytes, macrophages, microglia, pericytes, haematopoietic 

stem cells and endothelial cells in addition to neural cell types. Figure 2-10B shows the highest 

expression levels of ZFTA-RELA in cells identified as glial, neuronal or neural progenitor-like.  

Due to the level of sequence crossover between endogenous Rela and 2700081O15Rik, (80% 

orthologous) the mouse ortholog of ZFTA, cells were also classified as ZFTA-RELA expressing 

if they expressed Luciferase or IRES transcripts (Figure 2-10D and E).  Nestin, previously 

mentioned as a marker of stem-like cells, is expressed across all clusters, with its highest 

expression in ZFTA-RELA high clusters, indicating the maintenance of a stem-like phenotype 

not usually sustained throughout the brain into adulthood, outside of the subventricular zone 

148. Studies have shown that ependymoma stem cells cultured in differentiation media display 

significant morphological and proteomic modifications towards glial, neuronal and 

oligodendroglial lineages leading to a reduction in their tumour propagating potential. We 

suggest that partial differentiation or a susceptibility of more than just radial glia contribute 

to the intratumoural heterogeneity36,149.  

 

άCell cycleέ genes can demonstrate the proliferative capacity of cells as their presence 

dictates ŀ ŎŜƭƭΩǎ place within the cell cycle. Gene expression plots were generated for Pcna, 

Top2a, mKi67 and Mcm6 as shown in Figure 2-11A-D. Both Pcna and Mcm6 are highly 
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ŜȄǇǊŜǎǎŜŘ ŘǳǊƛƴƎ ǘƘŜ ǎȅƴǘƘŜǎƛǎ όΨ{Ωύ ǇƘŀǎŜΣ ǿƛǘƘ Top2a and mKi67 expressed highest during 

the G2M phase. These genes are seen to be highest expressed in the NPC and NPC-like 

clusters, as well as the glial cell, neuronal and microglia clusters. These clusters are also 

highest in their expression of ZFTA-RELA indicating that these cells are undergoing mitotic 

activity at a greater rate than other cells within the tumour. KI67 is used as a common 

prognostic marker for the presence of tumours. High expression of KI67 has been negatively 

correlated with both overall survival and tumour free progression in ependymomas 150, with 

increased levels indicating an aggressive nature, in correlation with the short post-natal 

survival time of these mice. Several genes are associated with ZFTA-RELA ependymomas, 

which include those that are upregulated in canonical pathways, as well as those which mark 

their stalled developmental phenotype which is observed across paediatric brain tumours 

9,36,104,151ς153. Figure 2-11E-H shows a small selection of canonical ZFTA-RELA ependymoma 

markers. Rela has been shown to be upregulated in ZFTA-RELA ependymomas and has been 

used in histopathology as a differential marker for these tumours 116. Rela is expressed in most 

clusters across the tumour, however a high fraction of cells within the NPC, NPC-like, glial cell, 

neuronal and interestingly the embryonic microglia clusters shows high levels of expression. 

Outside of the embryonic microglia cluster, this correlates with ZFTA-RELA gene expression. 

Microglia are recognised as tissue-resident macrophages within the brain and are often the 

first line response to modifications in tissue homeostasis including the initiation of brain 

tumours154. Embryonic microglia are thought to be present from E8.5, expanding and 

undergoing maturation into adulthood 155. Consequently, their presence within tumours 

present at adulthood indicates their early engagement with tumour cells driving a 

proliferative phenotype, potentially expanding in response to signalling molecules secreted 

by tumour cells. NF-kB activation in microglia has been associated with a pro-inflammatory 

phenotype156, with nuclear accumulation of NFkB being linked to early inflammatory 

responses157. This indicates an engagement of the developing immune system during early 

tumourigenesis with the persistence of immature microglial populations. Sox2 is a gene 

regarded as a marker of multi-potent neural stem cells158,159 and is expressed in a similar 

pattern and the same clusters as ZFTA-RELA and Luciferase (the marker we deem synonymous 

with ZFTA-RELA expression in our models). This multi-potent progenitor gene status is also 

held by Fabp7, otherwise known as BLBP, brain lipid binding protein. BLBP is a key marker of 

radial glia, the early progenitor cell that leads to multiple differentiated cell lineages including 
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astrocytes and neurons98,160. Fabp7 expression is shown in Figure 2-11G, with expression in 

all clusters and cell types. Expression of both Sox2 and Fabp7 across these tumour clusters 

furthers the stalled developmental phenotype profile of these tumours and validates their 

similarity to human tumours. Finally, GFAP (Glial fibrillary acidic protein) is a protein 

expressed in astrocytes, a cell type estimated to be the most abundant cell type in the 

brain161. GFAP is known to be expressed across paediatric brain neoplasms including ZFTA-

RELA ependymomas96,162. As expected, Gfap was highly expressed in the astrocyte-like 

cluster, but also showed enrichment in every other cluster including those that had high levels 

of ZFTA-RELA expression. GFAP expression is also correlated with neural stem cell 

populations, although there have been suggestions that GFAP positive populations expand in 

post-natal and adult forebrain over early embryonic forebrain163 . Enrichment scores (Figure 

2-12) for a ZFTA-RELA specific ependymoma signature of 93 genes previously identified in our 

lab64, found that the cells expressing ZFTA-RELA showed the highest level of enrichment. This 

enrichment score, developed by cross-species, (human and mouse) overlapping analysis of 

divergent transcriptomes drives confidence in this model as reflective of human tumours and 

ǘƘŜ ƳƻŘŜƭΩǎ ability to aid understanding of early tumourigenesis events. 
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A UMAP clustering of integrated single cell RNA sequencing data from endpoint BlbpCre;Nestin-ZFTA-RELAFus1 tumours 
(20,203 cells). Clusters labelled by predicted cell type, annotated with scCatch. OPC ς Oligodendrocyte precursor cell, NPC ς 
Neural progenitor cell. B UMAP feature plot of detected ZFTA-RELA transcript.C UMAP feature plot of detected Nestin 
transcript. D UMAP feature plot of detected IRES transcript. E UMAP feature plot of Luciferase transcript. 

Figure 2-10|Single cell RNA sequencing of BlbpCre;Nestin-ZFTA-RELAFus1 tumours reveals complex tumour heterogeneity 
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A UMAP feature plot of Pcna B UMAP feature plot of Top2a C UMAP feature plot of Mki67 D UMAP feature plot of Mcm6 E 
UMAP feature plot of Rela F UMAP feature plot of Sox2 G UMAP feature plot of Fabp7. H UMAP feature plot of Gfap. Gene 
expression levels are shown as normalised log2 counts per million. 

 

Figure 2-11| Cycling genes and canonical ependymoma genes are expressed in ZFTA-RELA expressing cells in 
BlbpCre;Nestin-ZFTA-RELAFus1 tumours 
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Figure 2-12| A 93 gene signature set is enriched in ZFTA-RELA expressing cells 
A UMAP plot of an enrichment signature score of 93 ependymoma genes in BlbpCre;Nestin-ZFTA-RELAFus1 tumours. 
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2.4.8 NestinCreERT2;Nestin ZFTA-RELAFus1 tumours are as transcriptionally distinct as 

those driven by BlbpCreΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦ. 

As mentioned in 2.4.4, the NestinCreERT2 driven mouse model allowed for a greater 

therapeutic window for potential assessment of novel treatments. Consequently, despite 

likely recombination occurring in the same cell types as Blbp expressing cells, there is some 

evidence that during astrocytic differentiation, that a subset of cells may be exclusively Blbp 

or Nestin expressing164. I therefore decided that these tumours should also undergo 

scRNASeq transcriptomic profiling, to identify whether the inclusion of Nestin only expressing 

cells and the removal of Blbp only cells modified the transcriptomic profile. In addition to this, 

I also wanted to investigate whether a longer tumour latency in NestinCreERT2;NestinZFTA-

RELAFus1 leads to differences in both tumour microenvironment and cellular make up of these 

tumours. In an identical manner to that described in 2.4.7, tumours were micro dissected and 

submitted for scRNASeq. Total cell capture was 10,330 cells, with UMAP clustering identifying 

15 distinct clusters across these tumours (Figure 2-13A). Cell types were annotated using 

scCATCH, which classified cells in these tumours similarly to those found in the 

BlbpCre;NestinZFTA-RELAFus1 model, including endothelial cells, macrophages, lymphocytes 

and haematopoietic stem cells. ZFTA-RELA expression as assessed by detection of fusion 

transcripts was found to be expressed in astrocyte-like, oligodendrocyte-like and NPC-like 

cells as shown in Figure 2-13B. Luciferase expression was seen across a wider range of cell 

clusters, with high expression across all clusters except the astrocyte, lymphocyte and 

macrophage clusters (Figure 2-13E). As expected, as ZFTA-RELA is driven by Nestin expression 

in this model, all clusters beyond astrocyte, lymphocyte and macrophage express Nestin, 

showing the same pattern as Luciferase expression. When exploring the proliferative capacity 

with cell cycle gene expression across clusters, Pcna expression is high across all clusters 

expressing ZFTA-RELA and Mcm6 shows a similar expression pattern, with fewer positive cells 

in the astrocyte-like and haematopoietic stem cell clusters (Figure 2-14A and D). This may be 

indicative of small populations of slowly proliferating stem cells within the population165. 

Mki67 and Top2a expression patterns are similar to Mcm6 in their expression across most 

clusters, but lower expressed in both astrocyte-like and haematopoietic stem cell clusters. 

High expression of both Pcna and Top2a have been correlated with poor prognosis, with 

shorter overall survival and progression free survival139. Canonical marker expression (Figure 

2-14E-H), shows Rela expression across all clusters except astrocyte, lymphocyte and 
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macrophage adding to evidence that despite cells being identified as across multiple 

differentiation states along the radial glial lineage, that they are tumour cells. Sox2 expression 

is high across all clusters except astrocyte, lymphocyte and macrophage clusters. Although 

Sox2 is expressed in astrocytes, it is restricted to those which are actively proliferating166, 

explaining its lack of expression in the astrocyte cluster. Likewise, both Fabp7 and Gfap 

expression is across all clusters except macrophage and lymphocyte, with astrocytes 

displaying expression as expected. These markers all correlate similarly to expression patterns 

identified in our BlbpCre;NestinZFTA-RELAFus1 model in 2.4.7, with cells in early progenitor 

states making up the large majority of the tumour, varying proliferation states across clusters 

and high expression of canonical markers. Expression of canonical markers seems to be 

particularly enriched in the NestinCreERT2;NestinZFTA-RELAFus1 model, indicating that it may 

be cells within the  dual Blbp and Nestin expressing radial glial lineage that are responsible for 

driving tumourigenesis. The 93 gene enrichment signature is expressed across the clusters, 

although a small proportion of cells show strong enrichment within each cluster, with the 

astrocyte-like and pre-OPC clusters showing the greatest enrichment (Figure 2-15). Previous 

work has shown that the 93 gene set signature when compared to developing mouse brain 

cell populations, overlaps to varying degrees with early post-natal astrocyte cell populations, 

as also observed in our model167. 
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A UMAP clustering of integrated single cell RNA sequencing data from endpoint NestinCreERT2;Nestin-ZFTA-RELA tumours 
(10,330 cells). Clusters labelled by predicted cell type, annotated with scCatch. OPC ς Oligodendrocyte precursor cell, NPC ς 
Neural Progenitor cell. B UMAP feature plot of detected ZFTA-RELA transcript.C UMAP feature plot of detected Nestin 
transcript.D UMAP feature plot of detected IRES transcript.E UMAP feature plot of Luciferase transcript. 

Figure 2-13| Single cell RNA sequencing of NestinCreERT2;NestinZFTA-RELAFus1   tumours reveals complex tumour 
heterogeneity 
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A  UMAP feature plot of Pcna B UMAP feature plot of Top2a C UMAP feature plot of Mki67 D UMAP feature plot of Mcm6 E 
UMAP feature plot of Rela F UMAP feature plot of Sox2 G UMAP feature plot of Fabp7 H UMAP feature plot of Gfap. Gene 
expression levels are shown as normalised log2 counts per million. 

 

Figure 2-14| Cycling genes and canonical ZFTA-RELA ependymoma markers are seen in NestinCreERT2;NestinZFTA-RELAFus1  
tumours 
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A UMAP plot of an enrichment signature score of 93 ependymoma genes in NestinCreERT2;Nestin-ZFTA-RELAFus1 tumours. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-15| NestinCreERT2;NestinZFTA-RELAFus1 express an enriched 93 gene signature across ZFTA-RELA expressing cells 
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2.4.9 Tumour markers vary in their sub-cellular location between ZFTA-RELA mouse 

models 

Both spatial and sub-cellular localisation of proteins can provide key details about activity and 

co-localisation and therefore potential functionality of proteins involved in tumourigenesis 

and maintenance. Here I aimed to understand the localisation and proteomic abundance of 

ZFTA-RELA and other key canonical markers across models. FFPE sections were taken from 

each model and labelled for ZFTA-RELAFus1 with an in house unpublished antibody, SOX2, 

NESTIN, KI67, NF-kB and EPHB2 as shown in Figure 2-16-21.  

 

It has previously been demonstrated that due to its role as a transcriptional regulator64,96, 

that ZFTA-RELAFus1 preferentially localises to the nucleus, for regulation of its target genes. As 

shown in Figure 2-16, localisation of ZFTA-RELAFus1, was variable amongst models, with a 

singular consistent trait of a small proportion of intensely stained nuclei dispersed throughout 

the tumour. These were seen in different proportions throughout the models, with more seen 

in tumours driven by the CAG and Nestin promoters. These intensely stained cells were found 

both as singular cells as well as in regions where they were more densely packed, towards the 

core of the tumour. In both the CAG driven model and our NestinCreERT2;NestinZFTA-RELAFus1 

model, the majority of tumour cells were found to have ZFTA-RELA localised to the cytoplasm. 

Where the cytoplasm showed protein expression of ZFTA-RELA, it was less intense than 

nuclear stained cells. ZFTA-RELA has been shown to be expressed in the cytoplasm in previous 

studies64 at ~10% in HEK293-T cells after transfection with haemagglutinin (HA) tagged 

proteins. This level of protein localisation is not seen in any of the models; however, this may 

be a result of in vivo versus in vitro systems. It has been suggested that cells cultured in stem 

cell conditions can drive amplification of stem-like genes including SOX2 as shown in 

glioma168. It is possible that cells induced or transfected with ZFTA-RELA behave more like 

cancer stem cell populations and reflect the high ZFTA-RELA expressing cells seen in these 

tumours. Tumours driven by the EF1a promoter, shown in row two of Figure 2-16, shows 

localisation of ZFTA-RELA to the golgi apparatus, surrounding the nucleus. RELA is known to 

undergo post-translational modifications in order to recruit its transcriptional co-

activators169, although the high abundance of this localisation in these tumours is unexpected. 

There are however, similarly to the other tumours, single high nuclear expressing ZFTA-RELA 

cells throughout the tumour, indicating that these may be a stem-like population, sustaining 
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these tumours170. BlbpCre;NestinZFTA-RELAFus1 tumours shown in row three, shows ZFTA-

RELA expression only in single cells across the tumour within the nucleus, with no observed 

protein expression in the cytoplasm. As previously mentioned, it may be these same stem-

like populations driving maintenance of tumours. It is possible that developmental chromatin 

remodelling171,172 alongside stalled development programs means that despite little/ no ZFTA-

RELA protein expression, epigenetic modulations are able to persist through ZFTA-linked 

mechanisms64. A sustained nature of these modifications may lead to tumour proliferation 

without need for protein expression in all cells.  

 

SOX2 is a member of the SRY-related high mobility group (HMG) box (SOX) gene family173 that 

encodes transcription factors with a single HMG DNA-binding domain and functions to 

preserve developmental potential174. Subsequently, SOX2 has been deemed a marker of 

neural stem cells175, with all SOX2 expressing neural stem cells also co-expressing NESTIN176. 

SOX2 has been implicated in several paediatric brain tumours, especially those with astroglial, 

ependymal and oligodendroglial lineages177 and has been correlated with poor prognosis 

across other paediatric brain tumours178,179. Exploring SOX2 expression in the mouse models 

was therefore pertinent to proteomically confirm the status of these tumour cells as 

conserved in a progenitor-like state. As seen in Figure 2-16, SOX2 expression was identified in 

all models, although its spatial distribution varied amongst them. In normality, SOX2 is 

localised to the nucleus to perform its transcription modulating functions173, however in CAG-

ZFTA-RELA, BlbpCre;NestinZFTA-RELAFus1 and NestinCreERT2;NestinZFTA-RELAFus1 tumours 

(rows 1, 3 and 4) show widespread and intense staining for SOX2, in both the nucleus and 

cytoplasm. Over expression of Sox2 has been found to block mouse neural stem cells from 

differentiation180,181which correlated with the stalled differentiation phenotype and may be 

one of the drivers of cells remaining in the progenitor state across the tumour. Developmental 

epigenetic remodelling is a mechanism by which neural progenitors are able to differentiate 

by altering gene expression programs. SOX2 has a large protein interactome with a number 

of these proteins being involved in chromatin remodelling182,183 and a small increase can 

disrupt protein interactions and trigger differentiation pathways184. From this, we would 

expect SOX2 would promote differentiation of these cells, however the presence of SOX2 in 

ǘƘŜ ŎȅǘƻǇƭŀǎƳ Ƴŀȅ ƘƛƎƘƭƛƎƘǘ ŀƴ ŀƭǘŜǊƴŀǘƛǾŜ ŦǳƴŎǘƛƻƴκǊƻƭŜΦ !ŎŜǘȅƭŀǘƛƻƴ ƻŦ {h·нΩǎ 5b! ōƛƴŘƛƴƎ 

domains can lead to its export from the nucleus and into the cytoplasm185 which leads to an 
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inhibition of its transcriptional activity. Cytoplasmic localisation of SOX2 has also been 

observed in cancer stem cells within other cancers although further elucidation of its role in 

the cytosol is required186,187. 

 

NESTIN is another neural stem cell marker expressed in the developing nervous system as 

described in 2.4.4 is expressed at E7.5. NESTIN is a type IV intermediate filament, identified 

as a marker of neural stem cells97 but its expression has been further characterised in several 

other cell types including pancreatic epithelia188,189, oligodendrocyte precursors190 and 

endothelial cells of developing blood vessels191,192. The role of NESTIN is multi-faceted, being 

involved in cell self-renewal and proliferation193,194, differentiation195 and migration196. 

NESTIN expression was found to be present in neurospheres formed from ZFTA-RELA 

ependymomas36 and therefore I wanted to explore its expression across these models. 

Similarly, to SOX2, subcellular expression of NESTIN was varied between the models, 

indicating alterations in its cellular functionality. Figure 2-17 shows that NESTIN was found in 

CAG-ZFTA-RELA tumours predominantly in the cytoplasm and a small number of nuclei. In its 

role as an intermediate filament, NESTIN is commonly found in the cytoplasm of stem and 

progenitor cells197, drawing the similar conclusion from SOX2 expression that these cells are 

in a progenitor state. High expression of NESTIN however, has been found in other 

developmentally stalled tumours including neuroblastoma198, medulloblastoma and 

glioblastoma multiforme197. The role of NESTIN in malignant cells has not yet been expounded 

outside of its role in cytoskeletal formation199, it has however been suggested that NESTIN 

may play a part in the regulation of differentiation due to its presence in stem-like and 

downregulation in committed cell populations195. In the CAG-ZFTA-RELA tumours, NESTIN is 

co-expressed with ZFTA-RELA in the low-expressing cells within the cytoplasm and in the 

cytoplasm of cells with high nuclear ZFTA-RELA expression. It is possible that ZFTA-RELA 

expression drives upregulation of Nestin within cells driving maintenance of its progenitor 

state and inhibiting differentiation. NestinCreERT2;NestinZFTA-RELAFus1, BlbpCre;NestinZFTA-

RELAFus1 and BlbpCre;EF1aZFTA-RELAFus1 tumours all show similar localisation of NESTIN 

throughout their tumours, predominantly in the nucleus and a small proportion of cells with 

NESTIN present in the cytoplasm, a clear aberrant localisation of NESTIN. NESTIN has been 

shown to be present within the nucleus in neuroblastoma and interacts with nuclear DNA to 

drive regulation of gene expression200. This may not be a novel mechanism but simply an 
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upregulated one, with studies suggesting that in normality, other intermediate filaments such 

as VIMENTIN, may participate in nuclear DNA and RNA events,201 and can function in 

chromatin remodelling and gene regulation in malignancy200. NESTIN has also been found in 

the nucleus of cells win the vomeronasal organ in mice during development with a suggestion 

that nuclear NESTIN plays a role in cell maturation202. Other studies have suggested that high 

levels of phosphorylation of NESTIN can lead to its transport to the nucleus in malignant 

cells203ς205. The aberrant transcriptome and consequently proteome in ZFTA-RELA positive 

cells may also see an upregulation of NESTIN trafficking proteins, leading to its localisation to 

the nucleus. In a similar fashion to CAG-ZFTA-RELA tumours, NESTIN is co-expressed in cells 

with low cytoplasmic ZFTA-RELA expression, but not in cells with high nuclear ZFTA-RELA. It is 

unclear as to why this might be the case, further investigation of these ZFTA-RELA high 

expressing cells is required in order to understand their phenotype and contributions to the 

tumour. 

 

KI67 is a key marker often used for identification of tumour cells, with KI67 indices used as a 

biomarker for prognostic-impact150. As evaluated in Figure 2-18, KI67 is present in a high 

proportion of cells within the tumour across all models, indicating the high proliferative 

capacity of these tumours. Despite the high numbers of actively proliferating cells, co-staining 

with ZFTA-RELA found no evidence of co-localisation of these markers across any of the 

models. This suggests that proliferation is sustained throughout the tumour through cell to 

cell communication, potentially through paracrine signalling mechanisms206ς208. 

Understanding of these mechanisms as well as understanding the proximity of ZFTA-RELA 

high expressing cells to vasculature may help to elucidate how these cells may be propagating 

the tumour.  

 

RELA forms a subunit of the NF-kB signalling complex as part of the canonical NF-kB signalling 

pathway209. The formation of this complex leads to its translocation to the nucleus for 

regulation of genes involved in proliferation, apoptosis and behaves as a critical mediator for 

inflammatory responses210,211. Upregulation of the NF-kB signalling pathway has already been 

implicated in ZFTA-RELA tumours62,145,212. The NF-kB complex is normally sequestered within 

the cytoplasm by Lˁ.s as a stable cytosolic complex.  The Lˁ. protein within the complex drives 

inhibition of its interaction with nuclear import machinery, preventing its translocation to the 
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nucleus213. !ŎǘƛǾŀǘƛƻƴ ƻŦ ǘƘŜ ǇŀǘƘǿŀȅ ƛǎ ōȅ ǇƘƻǎǇƘƻǊȅƭŀǘƛƻƴ ƻŦ ǘƘŜ Lˁ. ǇǊƻǘŜƛƴ ƛƴ ǊŜǎǇƻƴǎŜ ǘƻ 

activation through the TNFa, IL-1 or TLR4 receptors on the cell surface211, leading to nuclear 

trafficking and accumulation. Figure 2-19 shows the localisation of the NF-kB complex 

throughout the various tumour models. CAG-ZFTA-RELA tumours show a purely nuclear 

accumulation of the complex within all tumour cells indicating its activity within the tumour. 

This may be down to pro-inflammatory responses214 driven by the immune cells within the 

tumour microenvironment and cell stress215 from the repertoire of aberrantly expressed 

proteins. Much like the other markers previously mentioned, its expression was co-localised 

with ZFTA-RELA in the cytoplasm but not co-localised with ZFTA-RELA high expressing cells in 

any model, highlighting the unique phenotype of these cells. NestinCreERT2;NestinZFTA-

RELAFus1, BlbpCre;NestinZFTA-RELAFus1 and BlbpCre;EF1aZFTA-RELAFus1 tumours have both 

cytoplasmic and nuclear expression of NF-kB throughout the tumour. A number of studies 

have suggested that NF-kB expression can drive early differentiation in stem cells216 and in 

particular neural stem cells217,218, with its activity being deemed vital for fate decisions of 

neural stem cells in oligodendrogliosis216. The dual localisation of the NF-kB complex suggests 

activation, potentially from tumour-induced pro-inflammatory signalling molecules, as well 

as upregulation of IkkB genes serving as negative regulatory feedback mechanisms219ς221, 

driving nuclear export of the complex back to the cytoplasm. Not only does this drive the 

promotion of cell survival genes222, through its activation, but negative regulatory 

mechanisms may be able to stall differentiation driven by NF-kB targeted genes.  

  

Erythropoietin-producing hepatocellular carcinoma (Eph) proteins play a role in a number of 

cellular activities including cell attachment, shape and mobility as well as survival, secretion 

and differentiation223ς227. They constitute a part of the family of receptor tyrosine kinases, 

localised to the cell surface for initiation of intracellular signalling cascades, which in the case 

of EPH-B can be both forward and reverse signalling, modulating cell morphology, motility 

and attachment223. The EPH/ephrin pathways can also enhance malignant transformation in 

multiple tumour types and it is also well established that the EPH/ephrin signals can promote 

tumour angiogenesis228ς230, invasion and metastasis231ς233. EPHB2 has also been implicated in 

ependymoma, featuring in the 93 gene ZFTA-RELA ependymoma signature64 and its 

overexpression in neural stem cells driving brain tumour formation in mice; however, its role 

in this malignant transformation is still poorly understood 37,234. We therefore hypothesised 
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that there would be an upregulation of EPHB2 within tumour cells across the models and 

wanted to investigate whether is subcellular localisation could shed light on its role within 

malignant cells. Figure 2-20 shows immunofluorescence staining of EPHB2 within the tumours 

across the various models. CAG-ZFTA-RELA tumours show EPHB2 localised to both the 

cytoplasm and the nucleus. EPHB2 is not found in the nucleus in normality, however its 

cellular localisation has been deemed a prognostic marker, with cytoplasmic localisation 

correlating with poor survival in breast cancer patients231. It has also been suggested that 

EPHB2 could mediate invasion in cells with defective apoptotic machinery235 . A member of 

the same family EPHB4 has been shown to localise to the nucleus in prostate cancer, with 

suggestion that it plays a role in gene regulation236. EPHB2 is able to modulate the plasticity 

of cell fate through its ability to regulate trans-differentiation between cell types within the 

neural stem cell niche237. This suggests that the increase in EPHB2 is able to aid maintenance 

of the stem-like capacity of tumour cells, not only through its membrane bound activity but 

potentially through gene regulatory mechanisms. BlbpCre;NestinZFTA-RELAFus1 and 

NestinCreERT2;NestinZFTA-RELAFus1 tumours with varying intensities display the presence of 

EPHB2 in both the nuclei and cytoplasm with BlbpCre;EF1aZFTA-RELAFus1 tumours show a 

much greater cytoplasmic presence of EPHB2. This may be due to increased cleavage of its 

intracellular domain into the cytosol and consequent detection. Cleavage of EPHB2 is driven 

by g-secretase238, a previously highlighted target for inhibition as a therapeutic intervention 

in ependymoma, due to its ability to activate the NOTCH signalling pathway 106. Cytoplasmic 

localisation of EPHB2 has also been associated with astrocytes, localised with the endoplasmic 

reticulum239 and consequently its localisation could be an indication of progression down a 

differentiation pathway towards becoming more astrocyte-like. All tumours show a small 

level of co-localisation with ZFTA-RELA high expressing nuclei within the nucleus, although its 

role within these cells has not been elucidated but this does begin to provide some insight 

into the phenotype of these cells.  
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Immunofluorescence staining of tumours with DAPI, ZFTA-RELA and SOX2. Row 1-4, 1: BlbpCre;CAGS-ZFTA-RELAFus1 2: 

BlbpCre; EF1aRELAFus1 3: BlbpCre;Nestin-ZFTA-RELAFus1 4: NestinCreERT2;NestinZFTA-RELAFus1. 

Figure 2-16| SOX2 is present in immunohistochemical analysis of ZFTA-RELA fusion models 
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Immunofluorescence staining of tumours with DAPI, ZFTA-RELA and NESTIN. Row 1-4, 1: BlbpCre;CAGS-ZFTA-RELAFus1 2: 

BlbpCre; EF1aRELAFus1 3: BlbpCre;Nestin-ZFTA-RELAFus1 4: NestinCreERT2;NestinZFTA-RELAFus1 

Figure 2-17| NESTIN is expressed across ZFTA-RELA driven tumours 
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Immunofluorescence staining of tumours with DAPI, ZFTA-RELA and KI67. Row 1-4, 1: BlbpCre;CAGS-ZFTA-RELAFus1 2: 

BlbpCre; EF1aRELAFus1 3: BlbpCre;Nestin-ZFTA-RELAFus1 4: NestinCreERT2;NestinZFTA-RELAFus1 

 

 

 

 

Figure 2-18| ZFTA-RELA fusion models display active proliferation markers throughout their tumours 
























































































































































































































































