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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
arefoundto 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 betweetZitie
Finger Translocation AssociatedFTA gene andV-Rel Avian Reticuloendothe$is Viral
Oncogene Homolog MRELA the principal effector of NHkB signallingZFTARELAusion
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 understgritie 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 novéMSEof ZFTARELA
ependymoma as well as the development of candidate compounds as new treatments of this
disease.

Here, we describe the first GEMMsAFTARELApendymoma and their clinical, histological,
transcriptomic and proteomic characteristics. This work revealed the unique susceptibility of
intracranial neural progenitors to oncogenic transformation by ZREAA and stalled lineage
differentiation that urderpins their development. Despite induction of gene recombination

in our GEMMSs, histological evidence of tumourigenesis wasipparentuntil the postnatal
period, implicating additional events including fdientiation crisis and epigenomic
regulation in transformation.

In further work, we increased the repertoire of peinical models using allografting to
increase utilisation in prelinical 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 &FTARELApendymomas.



This work provides insights into the initiation and progression OF8ARELApendymoma,

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

1.1 Paediatric Brairtumours

Approximately 400,000 children and young people (between 0 and 19 years) are
diagnosed with cancer each yéand although death rates have decreased in paediatric
cancers, brain tumours have surpassed leukaemias as the leading cause of childhood cancer
mortality®. Brain tumours are the most common solid tumours in childastounting for 25%
of all paediatric cancetsThe outlook for paediatric brain tumour patients has improved over
the last 40 years, with a 5 year survival raterease of 35% however there are still large
strides to be made in survival for paediatric brain tumour patients. Marttics analysis, in
particular genomic profiling, has revolutionised the classification of paediatric brain tumours,
leading to better stratificatiorof patient$’. For example, the discovery of four subgroups of
medulloblastom&® has led to modifications in treatment approaches, namely the de
escalation of therapies for WNfedulloblastom&® 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 hae improved prognoses for medulloblastothaHowever, for
aggressive tumour types, including diffuse intrinsic pontine glioma (DIPG) and high grade
gliomas(HGG)}he prognosis remains poor with children not often surviving beyond a year
post diagnosi¥<t4, Treatment forbrain tumours varies dependent on tumour type (and
sometimes sulype), location and patient age. With most tumours, a maibdal approach
is taken. The first line of treatment is often maximal resection suf§eoyherwise 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 effeath as hearing Id8s
cognitive declin€ and in some cases secondary malignancies caused by radiation
exposuré®® 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 The role of chemotherapy has been
highly tumour dependent, with successes in medulloblast&iat benefits in ependymoma

have been widely contesté#?6. 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.

1.2 Paediatric Ependymoma

Ependymoma is the third most common type of childhood brain tumour, comprisitZ)/6

of all case¥. 50% of ependymoma cases arise in children under the ag® wfith ten year
overall survival and progression free survival being 50% and 29% respégtivdiys,
ependymomas are relatively common among childhood brain tumours, poorly understood
and difficult to treat.

Ependymomas are glial cell tumours that arseng the ependymal walthat lines the
cerebrospinal ventricular systeth These tumours can also develop in the ovaries, although
this is rarél. 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% o
paediatric ependymomas occur intracranially witt80% arising in the supratentorial
regior’?33 Conversely, most adult ependymomas occur in the spinal®*¢&tdGenomic
profiling of tumours deriving from these different anatomical locations have shown unique
transcriptomic profiles and predicted cells of origh#’.

Brain tumours hd long been thought to develop from dedifferentiated mature brain cells,
but more recently there is increasing evidence that these are actually transformed neural
stem cell$®. Work from the Gilbertson lab had previously hypothesitiest ependymomas
arise from radial glia (RG€Sjuring early embryonic developmerfRadial glia are neuronal
precursors derived from neuroepithelial progenitoi% whichreside in the subventricular
zon€® ¢ a major germinal zone in the forebrain and the site of most supratentorial
ependymomasc¢ which have the ability to differentiate intoneurons, astrocytes and
oligodendrocytes.Transcriptomic analysis of supratentorial ependymomas revealed close
similarity with RGCs, including increased gene expression of genes linked-renseling
capacity (e.g. JAGGEBY1Ependymoma samples also displayed bipolar morphology and an
immunophenotype (CD133, BLBFEESNINand RC2 positive) similar to RGCs. These data,
alongside molecular profilintt 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.



1.2.1 Molecular heterogeneity of ependymomas

The diagnosis and prognostication of ependymomas has previously relied
predominantly on histology. Ependymomasere graded into three categories based on
histologic appearance by the World Health Organisation (WHO): Grade | consists of
myxopapillary and subependymomas; grade Il, classical or conventional ependymomas; and

grade Il anaplastic ependymonia$:

Grade | : Subependymomas are comprised of glial cell clusters in a fibrillary'fatiik
myxopapillary ependymomas most commonly occurring in the cauda equina and filum

terminale**43

Grade Il: Hallmark features of classical ependymomas include a-ldtegrowth with the
inclusion of perivascular true and pseudsettes, with a low mitotic index (<5) and a uniform

nuclear morpholog{f+’.

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

>10 and/or hypercellularity and hyperchromaki&.

Histology has provedan imprecise means to predict the prognosis of patients with
ependymoma with differing molecular subtypes presentingimilarly Therefore, as
previously mentionedgenomic profiling of ependymomas and other brain tumours has
revolutionised disease diagno$isTranscriptome profiling and whole genome sequencing
have provided a new classification tool for diagnosis and prognosis assessment of
ependymomas that has been incorporated into #HOclassification of disea® including

the recognition ofZFTARELA ependymoma as a distinct effityn this regard, each of the

nine ependymoma subtypes h#ds own unique regional, transcriptomic, genetic, epigenetic,
demographic and clinical characteristicssa®wn inFigurel-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 histopathologieatures 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 ependynidmi@ssterior fossa
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ependymomasccur in the hindbrain and are classified as eitheiePINA (PFA), PFEPNB

(PFB) ependymomas or subependymomas and comprise 70% of all intracranial
ependymoma¥®. PFA ependymoma has a poor prognosis and is more aggressive than its
counterpart, with patients more likely to exhibit recurrence and metastasiongsidePFA
ependymoma, SEPNRELA ependymoma also has a poor prognosis and is the only subgroup
in the supratentorial region with poor outcomes. Similarly teElPINYARL these tumours

are characterised by unique fusion proteinéARL is found fused to eitheMAMLD1or
FAM118B?>>3and these tumourstend to have a better prognosis than those fusedZieTA
(previously known as C110RFO9STNEPNRELA has recently been reclassified a&E”Y

ZFTA due to the detection of other fusion partners WAfRT Asuch asVIAML2/3 NCOA1/2

MN1 or CTNNAZ%%6, Despite different binding partners, each of the ZFTA fused tumours
display similarities in their DNA methylation profflésndicating the importance FTAas 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 ZHt8ion negative ependymomas dlaging
different fusions such as YAP1 fusioB®306BCORLDr FOXOASTK24fusions®. Whole
genomein vivoscreens have also identified several other genes involved in oncogenesis of
supratentorial ependymomas includingNK4a ephrintype-B  EPHBE, and retbindin
(RTBDIN"5° The most significant discovery of theseEFN driver genes wése ZFTARELA

fusion oncogene, driving 70% of all supratentorial ependymdé#?ds
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Figurel-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 Pajtigral. 20157)




1.2.2 ZFTARELA fusion supratentorial ependymoma

Parkeret al 52 discovered the ZFFRELA fusion protein, a key oncogenic driver in 70% of all
supratentorial ependymomas (S&PN)Whole genome sequencing of 41-EFPN tumours and
transcriptome sequencing of 77 tumours identified that there were few single nucleotide
variations, but that large structural variations were frequently detecteid(rel-2A). These
large-scale variations were found predominantly on chromosome 11, caused by a
catastrophic event known as chromothripsis, which occurs %2 of cancefs.
Chromothripsis is a shattering and subsequent rearrangement of chromoséigesg1-2C),

which in this case, leads to the fusionZ®TAand RELAboth 11qg genes), which are normally
separated by 73 genes. As chromothripsis does not occur in an identical fashion, seven
variants of these fusions exist, with RE{Abeing the most frequently occurring-igure

1-2B). Spontaneous translocation of the ZFRELA fusion protein to the nucleus drives its
intimated role as a transcription factor, binding promiscuously and driving aberrant gene
expression across the transcriptome alongside itactivato?, driving tumourigenesis.

The functions of ZFTA are relatively unknown, but alternative fusions with this gene also play
a role in formation of chondroid liponia RELA is a principal effector of the-h8-canonical
signalling pathwaff which is upregulated in SHPNRELA. This fusion can alsecogur with
homozygous deletion oEDKNA in 25% of cas€$which may portend a particularly poor
prognosig®®2 Viral induction of both REEA'and RELAS?into Ink4a ARF (a mouse ortholog

of CDKN2Amouse neural stem cells (NSCs) have been shown to cause aggressive tumour
development when implanted orthotopically into mouse corti€&swildtypemouse neural

stem cells ZFTAor RELAransducedcellswere not tumour inducing. Mice implanted with
RELA'SIshow the most aggressive phenotype, with all mice succumbing to disease within 20
days(Figurel-3A). These trends are also seen in the human condition, with overall survival
rates among REE&Ipatients being <50%Figure1-3B). In these modeldnk4aARF- NSCs

are more rapidly transformed by overexpression of RELgan RELAS? leading to a
significant decrease in progression free survival in of REitlat that seen in of REF&2
Retrospective analysis of patient survival confirmed that ZRERA fusions in patients lead

to a 10 year overall survival of @, an extremely poor prognosis for patientspecially

with the median age of diagnosis being between 6.7 agdaS*6%
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1.3 Standards of caréor ZFTARELA 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%, howevés gaitaeceived

GTR had an OS of 61 + 7% and PFS of 36 + 6%, a clear #hidB&ERenowever 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 optionsFurther retrospective mulicentre studies have
looked specifically aZFTAused ependymomas, including-TARELAMAML2/3 NCOA1/2

MN1 and CTNNAZ<%¢, which have shown greater than expected overall survival compared
to previous studies, with an OS of 87% at 5 yeaus 73% at 10 yedts 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 goChemotherapyis a mainstay of treatment in a range of cancers, however
58% of patients that received muliigent chemotherapy in a range of protocols including
Ifosamide, Carboplatin and Etoposide in this study showed no benefit. Chemotherapy also
has been shown to bimeffectivein several other studi€&’:. 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, suggestinfuai@irTA
subgroup for which RT is not effective. Thisetibgpr with GTR displaying a greater PFS than
subtotal resection (STRY23highlights the importance of GTR in this patient population.
Although significant work has been done in narrowing down the effectiveness of surgical,
radiotherapy and chemotherapggimensfor 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 approach&sand as compound libraries continue to gré¥hey provide the
opportunity for an increasing number of successful candidate compounds for a range of
cancers. Screening approaches can be either tasgetific or targefagnostic. Target specific

assays are focussed on developing therapeutics thatatiee against known targets which
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play a role in malignancy e.g., the amplification of EGFR in nonaghdllng cancer or HER2

in breast cancer$®’’. The approach to targedgnostic 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 beanalysed, 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-@,5Dimethylthiazol2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) assays
which measure ATP concentration or mitochondrial activity respecti®&yElucidation 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 targ&® Profiling the absorption, distribution, metabolism,
excretion and toxicity (ADMET) properties of novel therapeutic agents is essential to ensure
that drugsare suitable forthe 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 testeovitro, in vivoand more frequently as technology
advances,n silicd*®. 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% ofsmall molecules and nearly all large molecules, biologics and viral vectors are unable
to enter the braif®®’. Research into ways in which this can be overcome are vast, in
determining both invasive and nanvasive methodologies. One which has been investigated
has been ultrasound to mediate blood brain barrier openings post administration of systemic
therapeutic$88 The most common method however is through structural alterations to
compounds. High lipophilicity of compounds allows them to pass through the blood brain
barrier?®L but they often have a high rate of metabolism leading to poor bioavaildBility
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, whethervitro, in vivoor in silicq there is hope for

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

ZFTARELA fusion 1 ependymoma is a rare and aggresaiveer 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, | will test the hypothesis that neural stem cellthe intact developing forebrain,
are uniquely susceptible to transformation by ZFRRRLA fusicd that subverts normal neural
lineage development resulting in ependymomaalso hypothesisthat these tumour cells
have unique targetable protein aberdatz y a ® L KeLR2GKSaAasS FdzNIiK:
oncogenic functions can be blocked using small molecules that might serve as novel
therapeutics. To test these hypotheses, | will complete the following aims:

Aim 1:Develop and characterise utilisimgulti-omicsapproache, a genetically engineered
spontaneous mouse model of ZFRELA 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 patientderived 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 foZ FTARELA'Slependymoma.
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2 Building and characterising a ZFRELA ependymoma mouse

model

2.1 Attributions

All methodologies listed i2.3.1.1 2.3.1.2and 2.3.1.3were performed by Claire King and
Katherine Wickham Ramann 2.3.2.1was performed by th@re-clinicalgenome editing core
facility at the Cancer Research UK Cambrldgttute. 2.3.3.2was performed in conjunction

with Elizabeth Cooper
2.2 Introduction

2.2.1 Preclinical models

With the rise of multiomics profiling of paediatric brain tumours, oability to understand

the molecular basis of these tumours and consequently develop newlprieal models has
been rapidly increasifig®°. 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 strateglesse models can

be broadly categosed intoin vitroandin vivosystems, each offering unique advantages in
the exploration of tese tumoursThe rare nature of ependymomasd the prioritisation of
patient samples fopatient-derived xenograftsmeans that there are few established cell
lines available for experimentatioras further discussed in chapteb. The landscape of
supratentorial ependymoma mouse models is reasonably limitetiich hinders
understanding of tumour biology and development of novel therapeutics. Allograft models,
manipulating embryonic NSG@sllowed by implantation into CD1® Nude micave been
generated by transducing Ink4a/ArfNSCs with REEAor YAPTUslviruses and implanted
these orthotopically to form tumouri vivo®2. This has also beeuccessfully completed by
overexpressing RTBBNand EPHBY. 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 oncogenikBIBignalling in REE%A!
ependymomas, they do not aid in understanding transformation of cell types to elucidate how
tumour development is drivenOther models were established by transducing cells with

ReplicationCompetent ASLV long termin@peat (RCAPBvectors containingZ FTARELAand
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deliveredintracraniallytheseinto newbornNestin, GFABLBPor Nestin;Ink4aArf’-;Pteri/
tv-a pups (poshatal days €B)*. This methodtmgy drives expression @FTARELAN cells
expressing these promotersvhich are all expressed in neural progenitor ¢éf% These
models were successful with varying penetrance180%) and latencies between 34 and 190
daysindicating the high oncogenic potential of ZFRBL. Although these models were
successful and this work showed that they recapitulated human tumours, the initiation of
ZFTARELA expression during early poatal development was not reflective of the initiation
events occurring in endogenous human tumourBhis model, although useful for
understanding and investigating established tumours, provided little insight into
tumourigenesis mechanismddowever, both modek provide no insight intoinitiating
mechanisms, nor any understanding thfe role the tumourmicroenvironment plays in
establishment andmaintenance of tumours. In addition to the aforementioned, the
generation of tumoursn both models is both lowhroughput and invasive and initiation is
temporally different from human tumours. Criticallghere is a lack of spontaneous
genetically engineered mouse models (GEMNt®) childhood ependymomas GEMMs,
particularly those that utilise Creox technology have the benefit of both spatial and
temporal control of tumour developmentThese modelallow the investigation of the
initiation and progression of tumourand exploration of the interplay between genetic
factors and the tumour micragvironment, offering insights into the molecular pathways
driving ependymoma formatiorfhe challenges dhesemodelsare that in some cases can
have a long latency and low penetrance, limiting their uspre-clinical trials, however this
can be tackled with amultitude of approaches, including patiederived orthotopic

xenografts or syngeneic mouse models as further described in chépter

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 Kergn exposure tocarcinogens;
however,childhood tumours ar@redominantly driven by aberrant developmental processes
or in a small number of cases (~10%) a syndrome that enables a predisposition tdtancer
Paediatric cancers thereforalso display a lower mutational burd€®f°tand are typically
caused by a single event, in the case of ZRERA ependymoma, the initiating chromothicp

event on chromosome P14 These events are thought to occur during early development,
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leading to oncogenic transformation. Consequentlgyesal studieshave alluded to the
stalled developmental profile of paediatric brain tumot#s'%. This understanding of
paediatric tumours has led to further interrogation of the cells of origin of these tumanus

the susceptibility of these cells to transformation. Previous work has suggested that radial glia
are the candidate stem cell for ependymoth&® 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,-satewing cells and behave

as cancer stem cells which are suffitiemgenerate tumoursn viva
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2.3 Methods

2.3.1 Generation of constructs

Constructs were generated using theRaosion®HD cloning kinitially starting with a vector
for insertion into the Ros&6 locus (kindly gifted kiyhe Winton laboratoryg Cancer Research
UK, Cambridge InstituteEach part of the catruct wasclonedin, and polymerase chain

reactions (PCRYn to confirm insertion.

2.3.1.1 Polymerase Chain Reactions

RNA was extractefiom samplesusingthe RNeasy plus universal kitda LISNJ Y I y dzF I Of
instructions andsamples eluted in 38 RNAse free wateiSamples treated witiDNasewith

TURBO DNase ki per protoco(ThermoFisher ScientijicSynthesis ofEDNAwas performed

using Superscript Il RThermoFisher Scientific) as pipplied protocolPolymerase chain

reaction run withGoTag® (Promegé5 C, 3 minutes, 9%, 30 seconds, 56, 30 seconds,

72 C, 30 secondsrepeat for 35 cycles, 7€, 2 minutes, 1@, o). Samples were then run on

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

2.3.1.2 Immunoblotting

For protein extractiongell pellets fran transfected HER93T cellavere mixed with50mL
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 maximesdsior 10 minutes

at 4 C. The supernatant was then transferred to new tubes and protein concentrations were
guantified. Protein concentrations were measured using the infrared -b@Red
spectrophotometer Diect DetecN (Millipore). For immunoblotting, samples were prepared
with 1x sample reducing agent and LDS sample buffer (NuPage). Samples were then boiled at
95 C for 5 minutes before being loaded. Sansptentaining 20y of protein lysate were
loaded onto a 412% BisTris gel alongside AmershaniEClt Rainbowt Marker (Sigma) and
PageRulét Plus Prestained Protein ladder (ThermoFisher Scientific) as molecular weight
markers. Gel tanks were prepared with 1x MEBEES 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 B antibody(CST 695§%nd B

actin Abcam AB226) made up in Odyssey Blocking Buffer overnight & 4n a rocking
platform. Following incubation, blots were washed 3 times in phosphate buffered saline
containing 0.1% Tween 20 (RBS Membranes were then incubatedarsecondary antibdy
(Donkey antrabbit and Donkey antmouse IR800jnade up in blocking buffer for 1 hour.
Membranes were again then washed in PBf®llowed 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 safevand bands qudified using ImageJ.

2.3.1.3 Bioluminescence imagingf cells

HEK293T(EFR) or Ink4a’- mouse neural steraells(Nestin)were transfected witteither the
NestinZFTARELA'S'or EFla ZFTARELASIusing a Fuger@HD transfection reagentni of
cre virus was added to platettansfected cellsPlates were then imaged usigLuciferin

(PerkirElmer) and imaged using a IVIS Spectrum (Pé&ilkner).

2.3.2 Mouse models and husbandry

Sperm fromMCAGSFTARELAnice was kindly gifted by tHEaylor laboratory§ SEI & / KA f RNE
Hospital andBaylor College of Medicine, Texas)d insemination was performed by the

/' FyOSNI wSaSI NOK 'Y /chnica Ndndrigd Rditihgycara fadilidzdid® Q&  LJ
establishment of the colonyC57BI/6Jstrain code 027jemale mice were purchased from

Charles River and housed in compliance with UK Home office Licence (Licence no:
PP9742216Mice were bred in pairsrdrios and breeding stocks rotated once mice reached

either >3 litters or >180 poshatal daysFemale mice were not used for breeding purposes if

a septum was detectedvice were monitored for clinical sigssich aslomed headhunched
posture,head tilt, changes in gait, otwitching.More severe clinical signs includsdizures,

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

loss of 20% body weight without recovery within 7 dayanice displayed three or more

clinical signs or a single severe sign, these mice Wwemanely euthanisedAnimals were
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housed under pathogefree conditions and in groups of2per cage on a XBour lightdark
cycle from 7AM to 7PM. Ambient temperatures were maintained a23% and humidity at
40-70% in cages ventilated by itered laminar flow racks. Animals had access to food and

water ad libitum

2.3.2.1 Construct targetingnto the Rosa26 locus

Constructs generated as described2.3.1 were linearised and gel purified before being
nucleofectednto into C57BL/6J embryonic stem cellbesecells were expanded into clones
and underwent G418 sulphate selectioAfter G418 sulfate selection clones were isolated
and subjected to genotyping angositive clones selectetbr karyotyping. Four correctly
targeted clonegonsisting of eighto ten cellsor the construct driven by thélestinpromoter

and five for the EFla promoter were injected into wild type CD1-8ell stage embryos. The
microinjected embryos were cultured in KSOM+AA (KCI, enriched simplex optimisation
medium with amino acid supplement, Zenith Biotech) at 37°C with 95% humidity and5% CO
until the blasbcyst stage and then were transferred into pseyulegnant recipients.
Chimeric pupsvere visually inspected and thos®nsisting ofapproximately greater then
70% black coat colour were taken forward for testing of germline transmissi@resulting

FO mice were bred to C57BL/6J mitteprove germline transmission, antb establish the

colony.

2.3.2.2 Breeding strategies

BlbpCremice homozygous foTfdTomatowere crossed with eitherCAGZFTARELA'S!
NestinZFTARELRASor EFla ZFTARELA'S'mice for tumour generationNestinCr&R? mice
homozygous forTdTomatowere also crossed witiNestinZFTARELAS! or EFla ZFTA

RELA'SImice 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 witmi¥@0g of DBLuciferin
(PerkirElmer) and had their heads shaved whilst under isofluorane induced anaesthesia, for

visualisation purposes. Six minutes pogection, mice were imaged. Imaging was performed
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using a IVIS Spectrum (PerkinEIm8ignal 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 us@iggphPad Prism 10, using@grank (MantetCox) Test

2.3.3 Ex-vivoanalysis

2.3.3.1 Brain collection

Mouse brains were dissected and fixed in 10% neutral buffered forn(idi#)or 24 hours
followed by submersion in 70% ethanol for-22 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
ZFTARELA fusion Fusionl In House 1:500 Goat 488
Proliferation Ki67 Ab15580 1:500 Goat 546

Pan Tumour RELA L8F6 IgG2b 69565 1:200 Goat IR800
Radial Glial/Stem Cell Sox2 MAB2018 1:500 Goat 647

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

EPN Sigature EphB2 1gG2b Sc130068 1:200 Goat IR800

Table2-1 | Antibodies used for tumour characterisation

2.3.3.3 In Vitrocell culture

Mice were euthanised using increasing concentrations of @@ 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 (GibcOPUL papain (Wothington Biochemical
Corporation), 20uL DNase | (ThermoFisher)). Tumours were incubated for 15 minuteS,at 37
triturated using a p1000 pipette and passed through art@@ilter followed by a 4@m filter.

Post dissociation, cells were cultured in utoav attachment 75craculture flasks (Corning)

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

with 2% B27 (Gibco), 2% N2 (Gibco), 2% penisitiaptomycin (Gibco) and 2mMG&lutamine
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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 culture€an 27
humidified atmosphere with 95% air and 5%>CMedia was changed every 3 days, by
removing 5ml of media and suspended cells, centrifuging at 60§v®minutes and the
supernatant discarded. The cell pellet was then resuspended in fresh mediathand
suspension returned to the original flask. Cells were passaged evHEdyddys. To passage,
spheres were centrifuged at 60g fiive minutes and supernatant discarded. Following this,
spheres were incubated in StemRrd\ccutase (Gibco) in a 3Z waterbath for 15 minutes
and then trituratedwith a P1000 pipettend passed through a At cell strainer. A further
centrifuge at 450g fofive minutes and resuspension in 1mL media was followed by cell

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

2.3.4 Histology

2.3.4.1 Haematoxylin and Eosin Staining

Sections of formalifixed paraffin embedded (FFPE) samples were at cutiat 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

Scannedmages were imported into HAL@Mdica Labdjpr area and nuclear density analysis.
Tumour area analysis was performed by generasialgction areas of both the tumour and
the whole brain sectionTumour area imm? was divided by whole brain aread multiplied
by 100 to generatéumour as a percentage of brain arda.order to generate density plots,
parameters for nuclei identification were seind | ! [ hafalysis package was used to
gquantify the number of nuclaacross theselection areaThe number ofiuclei was divided by

the total selection aredo generate a densityfm? plot.
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2.3.1 Multiomic approaches

2.3.1.1 Single Cell RNA Sequencing

Single cell RNSeq (scRNAeq experiments were done in collaboration with tgenomics
core facility at Cancer Research UK, Cambridge Instifut@ours were macrodissecteohd
chopped with a scalpel. The resulting tumour was addedissociation media (1.4ml
Neurobasal media200nL papain andiOnL DNAse Iand incubated at 37C for 15 minutes.
Cells were triturated with a p1000 pipette and passed throudi®@m filter, followed by a
40mm filter. The resulting cell suspension was counted usi@glbbmeterAuto T4 Bright Field
Cell Counter (Nexcelom Bioscien@)d centrifuged at300g for 5 minutes at 4°C. The
supernatant wasliscardedandcells resuspendeih PB%t 8.51x106 cells/ml and 4% of cell
suspension4 x 10 cells)was submitted to the CancdResearcHJK CambridgénstituteQ a
Genomics Core Facilitiibraries were generated per standard protocol published by 10X
Genomics using Chromium{ Ay 3t S / Stt pQ DSyS O9ELINB&&AZ
NextSeq500 with pairednd sequencing (lllumina).

2.3.1.2 Single Cell RNA Sequencing analysis

FASTQ files were aligned #ocustom adaptednml0 reference genome includindRES,
luciferase, tdTomato and ZFTFRELA fusiodi sequences usingCellRanger v3.1 (10x
Genomic¥Genes that were expressed in in less than 0.1 percent of total number of cells were
then removed. Barcode filtration was basedh the distribution of data (median +/3
deviations) for high percentage of mitochondrial reads, low number of genes, and low
number of cellsindividual sample normalisation was done using SCTransform th®egtat

V5.

Using Seurat %, 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 3.and projected using Uniform Manifold
Approximation and Projection (UMAPY199 Average gene expression per cluster was
calculated. Individual cell annotations were performed using packagescCatch°with

previously curated gene setsmiouse brain cellsSignature UMAP plots were generated with
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the package UCell with previously publishegne set&104111112 ynless otherwise

mentioned.

We then performed differential expression analysis usingRimelMarkers function in Seurat.
Genes werelessifiedas differentially expressed if there was a fold change of 1.5 and adjusted

false discoveryate <0.05.

2.3.1.3 Proteome and Acetylome generatioand analysis

Tumours were flash frozen and kept-80°C samples were then given to the Cancer Research
'Y JFYONRRIS LyadAaddziSQa t NRGS2YA0a O2NB ¥

underwentLC/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
withe¢ dzZl SeQa Ydzf GALX S O2YLI NRaA2ya GSai

For proteome and acetylome outputs,ath generated underwent quality control and
differential expression analysidimma based statistical analysisas carried out by the

/' FyOSNI wSaSFENOK 'Y /I YONRRIS LyadAaiddzisQa . Az
scores were generated and R Stu@iod the package PHeatmap were used to generate
heatmaps and perforrhierarchicaklustering analysis.

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

R Studid!3114
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2.4 Results

ZFTARELAusions have been shown to drive tumour formation when delivecedeveloping
embryonicbraing$?%. Previous modelsf ZFTARELAusion ependymomas have involved the
use of invasive methodologies to initiate tumour developmédtr aim was to generate the
first autochthonousgenetically engineered mouse modeBEMNMN of ZFTARELAfusion

ependymoma to investigateimourigenesis mechanisms

2.4.1 Generation of CAGZFTARELAnIce

CAGZFTARELAmMIce were generated by the Taylor lalsingtransgene microinjection as
demonstrated inFigure2-1B. TheZFTARELAusion 1 sequence was followed by an mCherry
fluorescent protein sequence for lineage tracing of recombined .cEigpromoter for this
model was CAGa strong synthetic promoter often used falriving gene expression in
mammalian cell linés> This methodology allowed for multiple copies of tHETARELA
fusion transgene to integrate into the genommmcreasing its likeliness of expression and
consequently tumourigeni@otential. The construct also contained loxP sites to control
expression usindgXe-lox technology Thisenabkd expressionto be both temporally and

spatially modified by utilisingelevantconstitutive andamoxifen induciblede lines.

Chicken Beta Chimeric SV40 Poly A Beta Globin SVa0 | svaoroiyA |
— N o [ HE IR - W o< oversor [ pamer | st " |

@ Transgene microinjection @ Transgenic zygote transfer into host @ Implanted female pregnancy and delivery

@ Egg collection and fertilisation
o N\
\ / \, -
( ) —— | | o o
\ \ / \ zrmarewa |/
\ / \ / \ Fusion 1 /
= ~—F \\,,A i 4 . Transgenic

zygote
Delivery l

Superovulated female Fertilisation Holding
pipette Ml

Fertilisedegg  Pronucleus

Transgenic
mouse

Figure2-1|CAG-ZFTARELA mouse model generation

A A graphical illustration of th€AGZFTARELAondruct. B Graphical illustration ofandomintegration of CAGZFTARELA
construct into the mouse genome for generation of transgenic nilnage generated using Biorender.com
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2.4.2 Generation ofNestinFIXSTOPREFTARELA and ERFIXSTOPFIx ZFRELA

constructs

Formation ofZFTARELAusion ependymomas is thought to be caused by chromothripsis, a
single catastrophic genetic event leading to chromosomearrangement?. Patients are
often found to havehis rearrangement on a single copy of chromosom&8.Lonsequently,

we aimed to generate a model in which we could knock the construct intdribea26 locus

for a single copy of the transgene within the genofieeRosa26locus is commonly used as

a genomic locatiorfor insertion of constructsparticularly fluorescent reporter lines ag
shows ubiquitous activitybutloss of thegene is not lethal’. Two constructs were designed
and generatedwith two promoters Nestin and EFJa. The Nestin promoter isendogenous
throughoutthe developingbrain, withNESTINhought to be expressedxclusivelyin neural
progenitor cellsAs seernn Figure2-2A, Nestinshows high expression throughout embryonic
developmentwith little variability between brain regionsdecreasing over time between
embryonic day 11.5 and 18.5. Postnatallyprain wide increase in expression is observed at
pl4, subsiding by p28heEF1a promoter issimilar to theCAGQyromoter in2.4.1, itis a strong
ubiquitous promoter, often used in cell lines twive overexpressionof genes Figure2-2B
shows the expression OEFA across the mouse brain at P56 indicating its presence
throughout the brain in particular in the cerebellum, cortex anekentricular zones.
Methylation of promoter sequences are common in the developing braipragenitor and
precursorcellsgo through differentiationswitching genes on and off for regulation @als

to move through lineagé$?®11® Consequentlywe decided to progreswith both promoters

to avoid failure of a single model due to promoter methylati@onstructs wre designed as
shown inFigure 2-2C with homology arms targeted to th&®osa26 locus As previously
mentioned, it was important to ensure spatiemporal control of expression, therefok@e-

lox recombination technology was used with the insertion of loxP sites after the promoters.
Aneomycincassette commonly useas a positive selection marker in screening stratégfes
was integrated for clonal selectiomMownstreamof the ZFTARELAsequence, he reporter
geneluciferasewvas ceexpressed through the internal ribosome entry site (IR&8hablein

vivo bioluminescent monitoring of tumourfllowing injection ofLUCIFERINUCIFERI a
substrate of the LUCIFERASHizymeand koluminescence is producely the catalytic
reaction of LUCIFERA®Rd LUCIFERMhich can be easily detected through a riowasive

in vivoimaging system (IVIS®) inelimnice. Use of bioluminescence imaging allows the
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interrogation of cheme and radioeresistance, therapeutic responsed monitoring small
tumours and metastasé&. Throughoutconstruct generation, PCRs were carried dot
confirm correct cloningof each sequence into the construddnce the final construct had
been generatel, a restriction enzyme digest and PCRwas carried out to confirm the
consNHzQdig€stipattern and integration of all sequencdsis was confirmed as shown
Figure2-2D. Suitable constructs were then progressedransfect both HEK29B (EF1a and
Nestin) and Ink4a’- neural stem cell§Nestin. Figure2-2E demonstrates bioluminescence
signalmeasured with and withouQe virus inductionindicating the functionality of the
integrated constructoy its LUCIFERASELtIvity asluciferaselies downstream of th&ZFTA
RELAusion. In addition to thisye wanted to confirnprotein expression via western bl
western blot was carried out fdRELAs shown irFigure2-2F. WildtypeRELAas a molecular
weight of ~65kDa andZFTARELA-100kDa. Aexpected,wildtype RELA was detected in all
cells, however a higher band at ~100kDa was deteatecklls transfected with th&Fla-
FIXSTOPFBFTARELAconstruct This band was not detected HEK293Tcells transfectd
with the NestinFIXSTOPFBFTARELAhowever it was decided that this was due to a low
transfection rate in HEK29B cells with this construct over a failure of the construct as it had

demonstrated bioluminescence signah@n transfected into mouskk4a’- neural stem cells
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2.4.3 Generation ofNestinFIXSTOPREFTARELA and ERFIXSTOPFIx ZFRELAnNice

Constructs were then progressed to be integrated into B@sa26 locus for generation of
GEMM mice as shown Figure2-3. PCR validation of construct integration into embryonic
stem cells was performed instepwisemanner, with PCRs for tt&TARELAusion, thelRES
Luciferasgunction, followed by the promoterHFa or Nestin) into the LoxRite. 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 sheigur@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 gengRIARELA
transcripts, clones were treated wit@revirus and a PCR f@FTARELAwvas carried out.
Figure2-4B and C show the positive result of each clone for transcript once inducedwith
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 emlolastocysts were
grown and transferred to pseudpregnant recipients as iRigure2-3. Litters from each ES

cell clone were assessed based on their coat colour and its chimerism proportions, FO
indicates complete integration (single black coat colour). FO mice from Nestin 56 and FO and
a single >70% E&101 were taken forward for genotyping, and as showFigure2-3F, all

were positive. FinallyFigure2-3G, shows the breeding strategy taken in order to generate
tumour bearing miceCelttype specifidde lineswith fluorescent reportersvere selectedo

cross with our newNestinFIXSTOPRDETARELAaNd EFRFIXSTOPFIX ZFRELAmMice The

Qe lines selected wer8lbpCreand NestinCr&R?2
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A Bar chart of percentage of positive ES cell claatesach stage of genotyping.Gel image of PCR product from ES cell
clones 56, 65, 145 and 162 fraddestinclones with positive and negative contr@ssel image oPCR produdrom ES cell
clones 18, 93, 101, 103 and 121 fr&hla clones with positive and negative control3Bar chart of analysis of chimerism
proportions from litters generated frorlestinES cell clongBercentages in reference to estimatbthck coat colourF0=
Complete black coat coloudeBar chart of analysis of chimerism proportions from litters generated f#ia ES cell clones.
FGel image of PCR produdotr ZFTARELAusionfrom FO pups. Lanes-2, Nestin Lanes &, EFla. C12, control constructs
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2.4.4 Tumour free survival and penetrancen ZFTARELA mouse models is bothe

and promoterdependent.

Previous work within the lahas shown thaZ FTARELA fusion expressitugnour cellsgrown

as neurospheres from patientdso express NESTIN and BiBPhis alongside evidenteat
the ZFTARELAfusion gene when delivered tearly postnatal brains in utero using the
RCAS/TVA system also dstgmourigenesi®’, ledthe choice of botBlbpandNestindriven
Qelines BLBP is an abundantly expressed protein across the developingrbreaaral stem
cellsin both mice and humans and is expressed as early as embryonit0déy10*%2
Similarly, to BLBP,Nestin mRNA is expressed as early as £%.@llowing ZFTARELA
expression in early progenitor populatianghe Bllp cre mouse line is constitutiveand
therefore Qe expression is driven ond&bpis expressed in its normal developmental timing
in all Blopexpressing cells. Conversellye NestinCrdine is aQeER? line, with expression
temporally driven upon administration of tamoxifeMhis allowed us to target early
progenitor populations within thérain in early neural developmer@rossinghe conditional
allelelines withBlbpCreound that despiteusing the samé€reline, the penetrance of these
models wasseemingly promoter dependentwith the EFla promoter driving only 6%
penetrance CAGoromoter, 43% and\estin 100% penetrance as seenhigure2-5A,C and

E Where tumours didlevelop with these modelsnedian survival could not be determined
beyond those driven by theNestin promoter at 31 poshatal daysdevelopmentally
mimicking?* tumour diagnosis of at an average age of eight years old in human patients
The CAGand EFk&a promoter, although drive ubiquitous expressiogould have their
expression oZFTARELAindered by methylatioras shown in other mouse models and cell
lines1?%128 The endogenous nature dlestinwithin the brain during development makes
methylation highly unlikely. Similariyhas been observed that bragpecific promoters drive
transgene expression at the same level as the CAG promoter whilst minimising peripheral
expressiot?®. BlbpCreNestinZFTARELAmice developed tumourshowever the rate of
developmentwas rapidand thereforethe therapeutic window was smafbr trialing new
treatmentsor mult-modal therapiesone of the aims of developing the mod&herefore,l
decided to trialusing theNestinCreER line to reduce recombination levels and hopefully
provide a greater therapeutic window for piinical modellingSimilarly,with BlbpCrethe
Nestinpromoter drovetumourigenesis with 100% penetrance ver€% withEFl (Figure

2-5B and D)with a longer tumour latency with median survival reaching 65.5 daije
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complete penetrance of both the BlbpCre;NestiZFTARELA and
NestinCr&RZNestinRELAS! models with a single allele @ TARELAoNnfirms the potency
of this oncogenic driver genfs mentionedn 2.4.2 Luciferasewas included in the construct
for in vivo tumour monitoring. Mice from these models were able to under
bioluminescence imagingvith tumours clearly distinguishablkes seen inFigure2-6C. As
bioluminescence is unable to be visualisttdough dark hair, hair removal is required
however variations in skirpigmentation can lead to loss of signal and therefore
bioluminescence quantificatid?’. Therefore,we used bioluminescence asm approximate
marker of tumour volumeo predict when mice would reach humane endpgihbwever

these were not able to be reliably tracked over time.
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Figure2-5|Tumour free survival of ZFTRELA Fusion mouse models is modified by promoter use

A KaplanMeier survival curve demonstrating survivalRibpCre;EFAZFTARELASImice. Statistical significance is shown
between the two genotypes.Logrank (ManteliCox) Test (P=0.0136<0.05) median survival: undefined,
BlbpCre;EFARELASI n=68, Wildtype n=70, penetrance = 6BKaplanMeier survival curve demonstrating survival of
NestinCeERZEFRRELA's!mice. Statistical significance is shown between the two genotypestdndg(ManteiCox) Test
(ns, P=>0.9999, median survival: undefinedestirtCERZEFBGZFTARELAS! n=12, Wildtype n20, penetrance $%.C
KaplanMeier survival curve demonstrating survival BibpCre;NestinlFTARELA'sI mice. Statistical significance is shown
between the two genotypes. Lagink (MantelCox) Test (P=0.00,****:p<0.0001), BlbpCre;NestitlFTARELAsImedian
survival: 3Jpost-natal daysn=70, Wildtype n=97, penetrance = 10@KaplanMeier survival curve demonstrating survival
of NestinCeERZEF1ZFTARELA'sI!mice. Statistical significance is shown between the two genotypestadmg(Mantet
Cox) Test (R9.0001;****:p<0.0001), NestinCERZNestiZFTARELA'S1 median survival: 65.5 postnatal days
NestinCeERZNestinRELAs! n=70, Wildtype n=50, penetrance = 100EoKaplanMeier survival curve demonstrating
survival oBlbpCre;CAGE-TARELAsImice. Statistical significance is shown between the two genotypes.dndgMante}
Cox) Test (P=<0.0001; ****:p<0.0001BlbpCre;CAGHTARELAsI median survival:undefined BlbpCre;CAGHETA
RELAs! n=124, Wildtype n=79, penetrance = 43WildtypeQ NXB F S®I&line inzhe db&eSce of AFTARELAyene.
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Figure2-6|ZFTARELA model tumours are able to undergovivo bioluminescent tumour monitoring

Bioluminescencémage of miceA BlbpCre;NestinZFTRELAs1B NestinCreER NestirZ FTARELAs CBIlbpCre;ERIZFTA
RELAs mice.

2.4.5 Tumours arehistologically variablebetween models

Tumoursvaried in locationsize numberand histological featureacross theanodels.Figure

2-7 shows representative tumours from across each offthe models (with the exception of
NestinCreEREF12ZFTARELAS! which did not develop tumours).BlbpCre;CAGETA
RELASlonly developed tumours in the brainsteamd consequently presented wittlinical
signs such as hindlimb paralysa¢axia and a poor righting reflexexplained by brainstem
functionality in their loss ofcontrol of balance and locomotion controfumours were
generally well ccumscribed with few infiltrating edgealthough they were found in the
contralateral regionNo tumours vere observedeitherin other brain region®r other regions

of the central nervousystem (CNSHlespite the expression of BLBP in both developing brain
and spinal cortf?, indicating that transformation is not only cell type specific, but could also
rely on the epigenetic status of progenitor cellfumourshad both oval and round nuclei
throughout in a swirling pattem with a mean cellular density of 0.004 (+0.0003- SEM)
celldnm? with no significant difference in their cell density compared NestinCr&R?
wildtype brains(p=0.5356).Tumoursdisplayed a slight increase wascularisatioras seen in
human tumour$®? compared tonormal brain indicating an increase in their metabolic
requirements These tumours were significantly smalleaththose in other modelg<0.0001
compared to all other modelg)igure2-8A) on average only making up4% (+0.78- SEM)

of total brain area (Figure 2-8B) In Figure 2-7B, the exemplar brain from
NestinCreRZEFlZFTARELA'SIshows normal adulbrain histology with no evidence of
tumour formation which may have been caused by insufficient recombination or has been
described previously, methylation of th&Fla promoter!33. Figure 2-7C shows a
representative tumour from BlbpCreEFlRZFTARELA'S! tumour bearing mouse These

tumours were large single tumous present in the forebrainwhich were generallywell
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circumscribed withboth round and oval shaped nuclefumours developed in both
hemispheres although there was no evidence of tumour migration or establishment in other
regions of the CNSI'hese tumours on average coverg@lo of total brain are@t3.95¢ SEM)
although this was not significantly different toBlbpCre;NestidBFTARELA'S! or
NestinCeERZNestiZ FTARELA'S tumours (p=0.2428, p9.9959respectively) Despite no
difference intheir tumour volume cellular densityacross the braimvassignificantlyincreased
over BlbpCre;NestidF TARELA'S1(p=0.0205).Tumours had increased vasculatwvéh large
vessels throughout in some cases leadinch&®morrhagic regionand pockets of dense
extracellular matrixalso identified in human tumout¥. The rapid growth of these tumours
and their metaboliddemandsexplains therequirementfor large vasculature throughout the
tumour, howeverdue to their rapid development, these can be lesRyThe leaky blood
vesselsaid formation ofhaemorrhagic regions within the tumouZFTARELAranscript was
detectedin large quantitieshroughout the tumour, both within the nuclei and cytoplasm of
cells evidence of robust recombination throughout the developing br&tnical signs of
tumour were often domed head anchead tilt closely followed by weight loss.
BlbpCre;NestinZFIRELA'S tumours were multifocal with multiple tumours developing
across the brainin the forebrain, midbrairand hindbrain regionstaking up 31.24% +2.01
(SEM) of total brain are®espite tumoumultiplicity, there was no difference between these
and BlbpCreEFlaZFTARELA'SY(p=0.2428 or NestinCeERZNestirZ FTARELA'S1(p=0.0810)
with regard to tumour areaas a percentage of brain areblpon visual analysis of these
tumours, they had densely packed nuclei wittisreased extracellular matridean llular
density was 0.004 cellshm? (+0.0001) which was significantly lower than
NestinCreR™2NestinRELAS! (p=00004) tumours Larger tumours tended to have well
circumscribed edges, howewvsmaller tumours had infiltrative edges, which in some cases
led to small tumours merging to become larg€asculature was increased throughout the
tumour but with no evidence of haemorrhagic featur@éuclei were both round and oval
shaped.Transcriptomic expression &@FTARELAvas also found throughout these tumours
in a similar fashion tdBlbpCreEFaZFTARELA'S both in the nucleus and cytoplasm
implying that transcript levels may not be a deciding factor in tumour growth .rate
NestinCreER NestinZFTARELA'S tumours were the most variable in their locatigmwith
some tumours developing solely in the forebrain as demonstratedrigure 2-7E with

evidenceof multiple tumours merging to become a single large massnours on average
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were 40% 2.7 of total brain areaA number of brains also had a second tumour below the
cerebellum in thepons as seen in th8lbpCre;NestitlFTARELA'S! model. During neural
development, NESTIN expressing neural precursor cells are found in the pons in the fourth
ventricle lining®®. It is possible that recombination of these cells leads to additional tumour
cell populationsvhich are able to migrate to the subventricular zone as seen in high grade
gliomag?®’. ZFTARELA ependymomas are known to occur in the supratentorial region of the
brain, however a recent case has shown tumour formation in the posterior fdsaclei
within these tumours tended to benore oval than round with more extracellular matrix
present in these thaany of the other models5ene expression in human ependymomas have
shown a decrease in expression of genes associated with extracellular matrix (ECM)
organisatioft®® indicating that gene programmes controling ECM may also be altered by
ZFTARELA expression leading to alterations in cell densities and ECM compadvieats.
cellular densitywas significantly higher than its matched wildtype @@3019)at 0.006
cellsiim? £0.0004 Although still high, NestinCeER?%Nestirz FTARELA'S! tumours upon
visual inspection had fewedranscripts than those driven bBlbpCre Perivascular pseudo
rosettes are classical histolodgeature of ependymomaften used for diagnosisThese are
sections through papillary structures composed of tumour @llanged radiallyn a spoke
wheel fashioraround a central vesséP, however,to date these have not been observed in
any mouse models of ependymoffia However there have been recent suggestions that not
all ZFTARELAependymomas display this histopathological hallm&tkrhe lack of tumour
development inthe olfactory bulb or cerebellum nany other areas of the CNS outside of
the brain suggests that despite potentiZFTARELAexpression in these cells, oncogenic
mechanisms for transformation of cells is not only lineeggtricted butmay require a specific

epigeneticstate to drive tumourigenesis.
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Figure2-7|ZFTARELA Fusion tumours from models dispiagriablehistological features

ARepresentative H&E images from endpoint tumour bearing BlbpCre:ZARGRELAsImiceBRepresentative H&E image
from NestinCreEREFRRELAsImice. GE Representative H&E image from endpoint tumour bearing mice, H&E at higher
magnification of tumour, basescope fa&FTARELAfusion (Positive transcript is indicated by small red punc@).
BlbpCre;ERZFTARELAS! D BlbpCre;NestinZFTRELA'SIE NestinCreERNestinZFTARELAusL
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Figure2-8|ZFTARELA fusion model tumours vary in size and cell densit

A Scatter plotof tumour area as a percentage of brain area measured from a formalin fixed paraffin embedded section from
ZFTARELA fusion mouse mod@iSEM)hyS g1 & | bhzx! 0¢dzl S& Q& BumeNestidRELAFG2 Y LI- NJA &
(n=2]) BlbpCre;NestinRELAFusBlbpCre; CAGBFTARELAFuUs(p=<0.0001****: p<0.0001), BlbpCre; ERIRELAFusths,

p=0.2428) NestinCeER2NestinRELAFughs, p=0.0810) BlbpCre;CAGETARELAFus(n=6) vs BlbpCre; EFRELAFusl

(p=<0.0001, ****:p<0.0001)NestinCr&R 2;NestinRELAFu§i<0.0001, ****: p<0.0001)BlbpCre; ERRELAFush=5)vs
NestinCr&R2NestinRELAFusin=7) (ns, p=0.9959)B Scatter plotof cell density (cell#m2) measured from a formalin

fixed paraffin embedded section from ZFRELA fusion mouse moddisy S 6 @ ! bhx! o6¢dzl S@Qa Ydz (A LI
BlbpCre;NestinRELAFusl 38~ BlbpCre;NestinRELAFusl vs BlbpCre;ZRGARELAFuUsl1 n§p=0.9833) HopCre;

EFBRELAFusl (pf205 *:p<0.03, NestinCrERZNestinRELAFusl1 (p=003!, ***:p<0.005) NestinCr&R?2 (ns, p=0.6082)
BlbpCre;CAGBFTARELAFus1 (n=6) vs BlbpCre;alREL AFusIng, p=0.279)) NestinCrER2ZNestinRELAFusp=0.0353,

*:p>0.05, NestinCr&R4ns, p=0.5356) BlbpCre; ERIRELAFusl (6F vs NestinCieRZNestinRELAFusl @)=(ns,

p=08723, NestinCr&R{p=00196, *p<0.05). NestinCEER?2 (n=3) vs NestinCrERZNestinRELAFus{p=0.0019, **:

p<0.QL).
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2.4.6 Spontaneous recombination ihestinCreER,NestinZFTARELA"S!mice leads to

additional phenotypes

Mouse strainswere crossedas described irfFigure2-4, however whenNestinCreER mice
were crossed with NestinZFTARELA'S! mice they generated pups with brain tumour
phenotypes including domed heaskizuresand unsteady gaitwithout tamoxifen induction.
Following this, Iwanted to identify whetherNESTIN expressing cells were undergoing
spontaneous recombinatioteading to unexpected expression 8FTARELAN this model
Figure2-9A showsa DAPI stained brain section from\eestinCreERmouse with ardTomato
allele underLoxSTOPLe@xpression control. This shows expression of TDTOM&TA3S the
brain without tamoxifen inductionIn addition to brain recombinatignrecombination was
also seen in the pancreass seen inFigure 2-9D alongsideabnormaly largeislets of
Langerhansseen in Figure 2-9C. NESTIN is known to be expressed in the developing
pancrea*’. N~kB activity during pancreatic development has been shown to regulate adult
b cell populations by modulating neonataicell proliferatiort*4. TheincreasedNRkB activity
driven by ZFTARELAexpressiof?-87145therefore is likely to be driving these phenotypes
These pancreatic abnormalities wettgought to be linked to thencreased mouse weight
phenotypeobservedin NestinCreER NestinZFTARELA'S'mice (Figure2-9E). This increased
weight phenotype only occurred in mitleat reached adutioodwithout succumbing to their
brain tumours. A small subset of mice were monitoredvi@ight gain,over time, with66%

of male mice 2/3 mice) showing an increased rate @feight gain over time and00% of
female mice (n#/7 mice as seen irFigure2-9E The regulation ob- cell populations during
development that allows for control of adult cell populations suggests that these are
implications of early recombinatioevents but this upregulation of NdkB activity is not
driving excess weight phenotypes until development is compéatd mice have reached
adulthood This recombination and consequent increasb aell populations without tumour
development despite NFk. Q& NREES Ay@2t @dSYSyl Ay LI yoOl
development?®, alsoimplies the unique susceptibility specific neural stem cell progenitors

to oncogenic transformatioand tumourigenesis
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Figure2-9] Spontaneous ecombination in the pancrea®f NestinCreER NestinZFTARELAS mice leads to arexces:
weight phenotype

A Section of an uninducedNestinCrERTdTomato mouse brainstained with DAPIB Bioluminescence imaging of
NestinCERNestinZFTARELAnice with and without tumour signaC Photomicrograph ofepresentativeH&E section of
pancreas from NestinCERNestinZFTARELA mice. D Photomicrograph of &sescope on pancreas from

NestinCERNestinZFTARELAnice. (Positive transcript is indicated by small red puncBfpPlot of weightgain over time
compared to C57BI/6 WT data from Jax
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2.4.7 Sngle cell RNAequencingrevealstumours derived fromZFTARELAexpression
in Blbppositive cellsconsist of cells across differentiation statedong a radial

glial lineage

| aimed tofurther investigate thecellular makeup and divergent transcriptomes of these
tumours. The aim of the model is to recapitulateuman tumours their tumour
microenvironmens and the intratumoural heterogeneity described in the chifficTo do this,
tumours underwentsingle cell RNA sequencing (SCRMA4) to identify subpopulations and
explore aberrant transcriptomedMice were euthanised at clinical endpoint and tumours
extracted either by bioluminescence or fluorescence guidance. Tumours WweceD
dissected allowing for assessment of both tumour and microenvironmental céNe
captureda total of 20,303 cells representative of cells throughout the tumour and performed
UMAP clusteringand cell type annotations using scCATEKure2-10A). These tumours
were made up of 14 distinct clusterseeminglydriven primarily byZFTARELAdriven
transcriptomic alterationsr cell lineageldertification of marker genes for clusters identified
the presence of B and T lymphocytes, macrophages, micyqugiacytes,haematopoietic
stem cellsand endothelial cellg addition to neural cell type&igure2-10B showshe highest
expressiorlevelsof ZFTARELAN cells identified as glial, neuronal or neural progenitke.
Due to the level osequence crossover between endogen®edaand2700081015Rik(80%
orthologous)the mouse ortholog oZFTAcells were also classifies ZFTARELAeXxpressing

if they expressed._uciferaseor IRESranscripts (Figure2-10D and E) Nestin previously
mentioned as a marker of stefike cells,is expressed across all clusters, with its highest
expression IrFZFTARELAigh clustersindicatingthe maintenance of a sterike phenotype
not usually sustainethroughout the brainnto adulthood outside of the subventricular zone
148 Studies havehown that ependymoma stem cells cultured in differentiation metismlay
significant morphological and proteomic modifications towards glial, neuronal and
oligodendroglial lineages leading to a reduction in their tumour propagating potenial
suggest that partial differentiation or a susceptibility of more than just radialcgimribute

to the intratumoural heterogeneit§f-14°

oCell cyclé genescan demonstrate the proliferative capacity of cells as their presence
dictatesl O pldcé within the cell cyclgGene expression plots were generated Runa,

Top2a,mKi67 and Mcm6 as shown inFigure 2-11A-D. Both Pcnaand Mcm6 are highly
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SELINBaaSR RdzNA y 3 (K STopRaayidimKiS7exprassed Mighestdurindk 1 &4 S =
the GM phase.These genes arseen to behighest expressed in the NPC and NRE
clusters as well as the glial cell, neuronal and microglia clusters. Ttlesters are also
highest in their expression @FTARELANdicating that these cells are undergoing mitotic
activity at a greater rate than other cells within the tumoll67 is used as a common
prognostic marker for the presence of tumours. High expressidf@®7 has been negatively
correlated with both overall survival and tumour free progressioependymomas®, with
increased levels indicating an aggressive nature, in correlation with the shorinptat
survival time of these miceseveralgenes are associated withFTARELAependymomas,
which include those that are upregulated in canonical pathways, as well as those which mark
their stalled developmental phenotypevhich isobservedacrosspaediatric brain tumours
9,36,104,152153 Ejgure2-11E-H shows a small selection of canoni@ZdTARELAependymoma
markers.Relahas been shown to be upregulated4ir TARELApendymomasnd has been
used in histopathology as a differential marker for these tumadtfrKelais expressed in most
clusters across the tumouhowevera high fraction of cells within the NPC, NIE, glial cell,
neuronal and interestingly the embryonic microglia clus&rows high levels of expression.
Outside of the embryonic microglia cluster, this correlates T ARELAJene expressian
Microglia arerecognised asissueresident macrophagewithin the brainand are often the
first line response to modifications in tissue homeostasis includimginitiation of brain
tumours'>% Embryonic microglia are thought to be present from E8%panding and
undergoing maturation into adulthoo&®. Consequentlytheir presence within tumours
present at adulthood indicates their early engagement with tumour cells driving a
proliferative phenotype, potentially expanding in responsesitgnalling moleculesecreted
by tumour cellsNFkB activation in microglia has been associated with aipflammatory
phenotypée®®, with nuclear accumulation of KB being linked to early inflammatory
response®’. This indicates an engagement of the developing immune system deairlg
tumourigenesis with the persistence of immature microglial populatiddsx2is a gene
regarded as a marker afiulti-potent neural stemcells®8159and is expressed im similar
pattern and the same clusters 28 TARELANdLuciferas€¢the marker we deem synonymous
with ZFTARELAexpressionn our modeld. This multipotent progenitorgene status is also
held byFabp7 otherwise known as BLBPBYain lipid binding proteinrBLBP is a key marker of

radial glia, the early progenitor cell that leadsailtiple differentiated cell lineages including
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astrocytes and neurof%1%% Fabp7expression is shown iRigure2-11G, with expression in

all clustersand cell typesExpression of botlsox2and Fabp7across these tumour clusters
furthers the stalled developmental phenotype profile of these tumours and validates their
similarity to human tumoursFinally GFAP(Glial fibrillary acidic protein)is a protein
expressed in astrocytes, a cell type estimated to be the most abundant cell type in the
brain'®l. GFAPis known to be expressed across paediatric brain neoplasms incldéing
RELAependymoma®1¢2 As expected,Gfap was highly expressed in the astrocyiiee
cluster, but also showed enrichment in every other cluster including those that had high levels
of ZFTARELAexpression. GFAP expressionis also correlated with neural stem cell
populations, although therbavebeen suggestions th&FARositive populations expand in
post-natal and adult forebrain over early embryonic forebf&in Enrichment scorefFigure

2-12) for aZFTARELApecific ependymoma signature of 93 gepesviously identified in our
lab®4, found that the cells expressiad-TARELAhowed the highest level of enrichmefithis
enrichment score, developed by cresgecies, (human and mouse) overlapping analysis of
divergenttranscriptomesdrives confidence in this model as reflective of human tumours and

0 KS Y abiity fo &diunderstanding of early tumourigenesis events.
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2.4.8 NestinCreER,Nestin ZFTARELAtumours are as transcriptionally distinct as
those driven byBlbpCe

As mentioned in2.4.4 the NestinCreER driven mouse model allowed for a greater
therapeutic window for potential assessment of novel treatments. Consequently, despite
likely recombination occurring in the same cell typeBHspexpressing cells, there is some
evidence that during astrocytic differentiation, that a subset of cells may be excluBiNxgly

or Nestin expressingf*. | therefore decided that these tumours should also undergo
scRNASeq transcriptomic profiling, to identify whether the inclusidwestinonly expressing

cells and the removal @lbponly cells modified the transcriptomic profile. In addition to this,

| also wanted to investigate whether a longer tumour latenciNastinCreERNestinZFTA
RELA'Sleads to differences in both tumour microenvironment and cellular make up of these
tumours. In an identical manner to that describe®id.7, tumours were micro dissected and
submitted for sScRNASeq. Total cell capture was 10,330 cells, with UMAP clustering identifying
15 distinct clusters across these tumouFgure2-13A). Cell types were annotated using
SCCATCH, which classified cells in these tumours similarly to those found in the
BlbpCre;NestinZFTRELA'S! model, including endothelial cells, macrophages, lymphocytes
and haematopoietic stem cellZFTARELAexpression as assessed by detection of fusion
transcripts was found to be expressed in astroeljike, oligodendrocytdike and NPdike

cells as shown ifigure2-13B. Luciferaseexpression was seen across a wider range of cell
clusters, with high expression across all clusters except the astrocyte, lymphocyte and
macrophage clusters-{gure2-13E). As expected, Z5TARELAs driven byNestinexpression

in this model, all clusters beyond astrocyte, lymphocyte and macrophage exXjydesss)
showing the same pattern dsuciferaseexpression. When exploring the proliferative capacity
with cell cycle gene expression across clustBaexpression is high across all clusters
expressing FTARELANndMcm6shows a similar expression pattern, with fewer positive cells

in the astrocytelike and haematopoietic stem cell clusteRRgure2-14A and D). This may be
indicative of small populations of slowly proliferating stem cells within the populéfion
Mki67 and Top2aexpression patterns are similar tdcm6 in their expression across most
clusters, but lower expressed in both astrociitee and haematopoietic stem cell clusters.
High expression of botRPcnaand Top2ahave been correlated with poor prognosis, with
shorter overall survival and progression free sur¢i?alCanonical marker expressidfigure

2-14EH), showsRela 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 dis2expression

is high across all clusters except astrocyte, lymphocyte and macrophage clusters. Although
Sox2is expressed in astrocytes, it is restricted to those which are actively prolifef&ting
explaining its lack of expression in the astrocyte cluster. Likewise, fbaiip7 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 ourBlbpCre;NestinZFTRELA'SI model in2.4.7, 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 théestinCreERNestinZFTRELAS!model, indicating that it may

be cells within the dudlbpandNestinexpressing 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
astrocytelike ard preOPC clusters showing the greatest enrichméigre2-15). Previous

work has shown that the 93 gene set signature when compared to developing mouse brain
cell populations, overlaps to varying degrees with early jmasal astrocyte cell populations,

as also observed in our mod@l
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2.4.9 Tumour markers vary in their sueellular location betweer FTARELANouse

models

Both spatial andub-cellular localisation of proteins can provide key details about activity and
co-localisation andherefore potential functionality of proteins involved in tumourigenesis

and maintenance Here | aimed to understand the localisation and proteomic abundance of
ZFTARELA and other key canonical markers across models. FFPE sections were taken from
each model and labelled for ZFRELA'S'with an in house unpublished antibody, SOX2,
NESTIN, BY, NFkBand EPHB2 as shownRigure2-16-21.

It haspreviously been demonstrated that due to its role as a transcriptional regifetor
that ZFTARELA'S!preferentially localises to the nucleus, for regulation of its target genes. As
shown inFigure2-16, localisation of ZFFRELA'S} 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 th€ AGandNestinpromoters. 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. Iboth the CAGriven modeland ourNestinCreER NestinZFTARELAS!
model,the majority oftumour cells were found thave ZFTARELA localised to the cytoplasm.
Where the cytoplasm showed protein expression of ZREAA, it was less intense than
nuclear stained cells. ZFRELA has been shown to be expressed icybtaplasm in previous
studie$* at ~10% in HEK29B cells after transfection witlhaemagglutinin(HA) tagged
proteins. This level of protein localisation is not s@eany of themodels;however, this may

be a result ofn vivoversusin vitro systemslt has been suggested thatlls cultured in stem

cell conditions can drive amplification of stdike genes includingsOX2as shown in
gliomas®8, It is possible thatellsinduced or transfectedvith ZFTARELAehave more like
cancer stem cell populatiorend reflect the highzFTARELAexpressing cells seen in these
tumours. Tumours driverby the EFla promoter, shown in row two ofigure2-16, shows
localisation of ZFFRELA to the golgipparatus, surrounding the nucleus. RELA is known to
undergo postiranslational modifications in order to recruit its transcriptional - co
activatorg®®, although the high abundance of this localisation in these tumours is unexpected.
There are however, similarly to the other tumours, single high nuclear expressingREEPA

cells throughout the tumour, indicating that these may be a sié&w@ population sustaining
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these tumours’® BlbpCre;NestinZFTRELA'S tumours shown in row threeshows ZFTA
RELA expression only in single cells across the tumour within the nucleus, with no observed
protein expression in the cytoplasms previously mentioned, it may be these same stem

like populations driving maintenance of tumoultsis possible thatlevelopmental chromatin
remodelling’*'"?alongsidestalled developmenprogramsmeans that despitéittle/ no ZFTA

RELA protein expression, epigenetic modulations are able to pénsmigh ZFTAinked
mechanism&. 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 SRRMted high mobility group (HMG) box (SOX) gene fafatlyat
encodes transcription factors with a single HMG EbWAling domain and functions to
preserve developmental potentidf. SubsequentlySOX2has been deemed a marker of
neural stem celfg®, with all SOX2xpressing neural stem cells alseepressingfNESTINE,
SOXadas been implicated in several paediatric brain tumours, especially those with astroglial,
ependymal and oligodendroglial lineag€sand has been correlatedith poor prognosis
across other paediatric brain tumoudr&17® Exploring X2 expression in the mouse models
was therefore pertinent to proteomically confirm the status of these tumour cells as
conserved in a progenitdike state.As seen ifrigure2-16, D X2expression waglentified in

all models, although its spatial distribution varied amongst thémnormality, SOX2 is
localised to the nucleus to perform its transcription modulating functtéh&iowever inCAG
ZFTARELA BlbpCre;NestinZFTRELAS! and NestinCreERNestinZFTARELAS! tumours
(rows 1, 3 and 4 show widespreadnd intense staining foBOX2, in both the nucleus and
cytoplasm.Over expression ddox2has been found to block mouse neural stem cells from
differentiation*®®18Wwhich 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 diffeeentiat
by altering gene expression progran®0X2 has a large protein interactome with a number
of these proteins being involved in chromatin remodeftig®3and a small increase can
disrupt protein interactions and trigger differentiation pathwasfs From this, we would
expect SOX2 would promote differentiation of these cells, however the presence of SOX2 in
GKS Oedz2L) lay Yire KAIKEAIKG Fy FEGSNYyIlFGAGS

domains can lead to its export from the nucleus ami ithe cytoplasn®®which leads to an
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inhibition of its transcriptional activity. Cytoplasmigccalisationof SOX2 has also been
observed in cancer stem cells withother cancers although further elucidation of its role in

the cytosol is requiret#®187

NESTIN is another neural stem cell marker expressed in the developing nervous system as
described i2.4.4is expressed at E7.5. NESTIN is a type IV intermediate filardentified

as a marker of neural stem céllut its expression has beduarther characterised in several
other cell types including pancreatic epithéf&'®® oligodendrocyte precursot¥ and
endothelial cells of developing blood ves3#id°2 The role of NESTIN is mifHiceted,being
involved in cell sedrenewal and proliferatiof?®1%4 differentiaion'®> and migratian®®®.
NESTIN expression was found to be present in neurospheres formed fromREERA
ependymoma¥® and therefore | 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 functionalifyigure2-17 shows that NESTIN was found in
CAGZFTARELAumours 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 cell$®’, 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 inaling neuroblastora®®, medulloblastoma aah
glioblastoma multiformé&”. The role of NESTIN in malignant cells has not yet been expounded
outside of its role in cytoskeletal formatié!, it has however been suggested that NESTIN
may play a part in the regulation of differentiation due to its presence in dikenand
downregulation in committed cell populatiotfs. In the CAGZFTARELAumours, NESTIN is
co-expressed with ZFTRELA in the lowexpressing cells within the cytoplasm and in the
cytoplasm of cells with high nuclear ZFRBLA expressiorit is possible that ZFTRELA
expression drives upregulation dfestinwithin cells driving maintenance of its progenitor
state and inhibiting differentiationNestinCreERNestinZFTARELA'S! BlbpCre;NestinZFTA
RELAsIand BlbpCre;EFAZFTARELAS! 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 cytoplasenclear aberrant localisation of NESTMESTIN has been
shown to be present within the nucleus in neuroblastoamal interacts with nuclear DNA to

drive regulation of gene express®®f 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 e¥éarsd can function in
chromatin remodelling and gene regulation in malignZA¢yNESTIN 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 maturdffo®therstudieshave suggested that high
levels of phosphorylation of NESTIN can lead to its transport to the nucleus in malignant
cellg9%2%5 The aberrant transcriptome and consequently proteome in ZRERA positive
cells may also see an upregulation of NESTIN trafficking proteins, leading to its localisation to
the nucleusin a similar fashion t€AGZFTARELAumours, NESTIN is-expressed in cells

with low cytoplasmic ZFFTRELA expression, but not in cells with high nuclear -BELAL is
unclear as to why this might be the cadarther investigation of these ZFIRELA high
expressing cells is required in order to understand their mtyoe and contributions to the

tumour.

KI67 is a key marker often used for identification of tumour celit) KI67 indices used as a
biomarker for prognostiémpact®. As evaluated irFigure2-18, KI67 is presenin a high
proportion of cells within the tumour across all modelsdicating the high proliferative
capacity of these tumours. Despite the high numbers of actively proliferating celiaicing

with ZFTARELA found no evidence of-lozalisation of these markeracross any of the
models. This suggests that prolidion is sustained throughouhe tumour through cell to

cell communication, potentially through paracrine signalling mecharfi$f¥,
Understanding of these mechanisms as well as understanding the proximity ofREEPA

high expressing cells to vasculature may help to elucidate how these cells may be propagating

the tumour.

RELA forms a subunit of the4dB signalling complex as part of the canonicakBFsignalling
pathway®’. The formation of this cmplex leads to its translocation to the nuclefsr
regulation ofgenes involved in proliferation, apoptosis abeéhaves as a critical mediator for
inflammatoryresponse$t®211 Upregulation of the NKkB signalling pathway has already been
implicated in ZFTRELA tumouf8145212 The NFkB complex is normally sequestered within
the cytoplasm by. ‘sas a stable cytosolic complekhelL ¢protein within the complex drives

inhibition of its interaction with nuclear import machinery, preventing its translocation to the
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activation through the TN& IL-1 or TLR4 receptors on the cell surfééeleading to nuclear
trafficking and accumulationFigure 2-19 shows the localisation othe NFkB complex
throughout the various tumour modelCAGZFTARELAtumours show a purely nuclear
accumulation of the complex within all tumour cells indicating its activity within the tumour.
This may be down to primflammatory responsés*driven by the immune cells within the
tumour microenvironment and cell stred8 from the repertoire of aberrantly expressed
proteins Much like the other markers previously mentioned, its expression wascadised
with ZFTARELA in the cytoplasm but not-taxalised with ZFT-RELA high expressing calls
any mode] highlighting the unique phenotype of these celidestinCreERNestinZFTA
RELAS! BlbpCre;NestinZFTRELA'S and BlbpCre;EFAZFTARELAS! tumours have both
cytoplasmic and nuclear expression of-RE-throughout the tumour. A number of studies
have suggested thatiFkB expression can drive early differentiation in stem é8lland in
particular neural stem cefi§?18 with its activity being deemed vital for fate decisions of
neural stem cells in oligodendroglio®fs The dual localisation of the NdB complex suggests
activation, potentially from tumouinduced preinflammatory signalling molecules, as well
as upregulation of kkB genes serving as negative regulatory feedback mechatiistis
driving nuclear export of the complex back to the cytopladint only does this drive the
promotion of cell survival gené®, through its activation, but negative regulatory

mechanisms may be able to stall differentiation driven bykiBRargeted genes.

Eythropoietin-producing hepatocellular carcinoma (Egiipteinsplay a role in a number of
cellular activitiesncluding cell attachment, shape and mobility as well as survival, secretion
and differentiatiorf?%2%7, 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 EPHB can be both forward and reverse signallingpdulating cell morphology, motility

and attachment?®. The EPH/ephrin pathways catsoenhance malignant transformation in
multiple tumour types and it is also well established that the EPH/ephrin signals can promote
tumour angiogenes?®230 invasion and metasts?3%233 EPHB2 has also been implicated in
ependymoma featuring in the 93 gene ZFRELAependymoma signatufé and its
overexpression in neural stem cells driving brain tumour formation in phic@ever its role

in this malignantransformation isstill poorly understood’?34 We therefore hypothesised
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that there would be an upregulation of EPHB2 within tumour catioss the models and
wanted to investigate whether is subcellular localisation could shed light on its role within
malignant cellskigure2-20shows immunofluorescence staining of EPHB2 within the tumours
across the various model€AGZFTARELAtumours show EPHB2 localised to both the
cytoplasm and the nucleu€PHB2 is not found in the nucleus in normalitgywever its
cellular localisation has been deemed a prognostic marker, with cytoplasmic localisation
correlating with poor survival in breast cancer patiefdtsit has also been suggested that
EPHB2 could mediate invasion in cells with defective apoptotic maghiheA 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 regulatfSnEPHB?2 is able tmodulate the plasticity

of cell fate through its ability to regulateans-differentiation between cell types within the
neural stem cell nici¥é’. This suggests that the increase in EPHB2 is able to aid maintenance
of the stemilike capacity of tumour cells, not only through its membrane bound activity but
potentially through gene regulatory mechanism®8IbpCre;NestinZFTIRELA'S! and
NestinCreER NestinZFTARELAStumours with varying intensities display the presence of
EPHB2 in both the nuclei and cytoplasm wBibbpCre;EFAZFTARELA'S tumours show a
much greater cytoplasmic presence of EPHBflsmay be die to increased cleavage of its
intracellular domain into the cytosol and consequent detection. Cleavage of EPHB2 is driven
by g-secretasé®, a previously highlighted target famhibition as a therapeutiintervention

in ependymoma, due to its ability to activate the NOTCH signalling patvayytoplasmic
localisation of EPHB2 has also been associated with astrottytaised with the endoplasmic
reticulun?®® and consequently its localisation could be an indicatioprofyressiondown a
differentiation pathway towards becoming more astrocyiiee. All tumours show a small
level of celocalisation with ZFTFRELA 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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Figure2-16| SOX is present ininmunohistochemical analysis of ZFIRELAusion models

Immunofluorescence stainingf tumours with DAPI, ZFFRELA and(®2. Row 14, 1: BlbpCre;CAGBFTARELAS1 2:
BlbpCre; ERIRELAS13: BlbpCre;NestitZ FTARELAS14: NestinCreER,NestinZFTARELAusL
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Figure2-17| NESTIN is expressed across ZIRELA driven tumours

Immunofluorescence stainingf tumourswith DAPI, ZFFRELA and BSTINRow 14, 1:BlbpCre;CAGBFTARELAS12:
BlbpCre; EFRIRELAS13: BlbpCre;NestitZ FTARELAS14: NestinCreER,NestinZFTARELAusL
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Figure2-18| ZFTARELA fusion modeldisplay active proliferation markers throughout their tumours

Immunofluorescence stainingf tumourswith DAPI, ZFFRELA an&I67 Row 14, 1: BlbpCre;,CAGFTARELAFusl 2:
BlbpCre; ERIRELAFus1 BlbpCre;NestifZ FTARELAFus1 4: NestinCréBRestinZFTARELAFus1
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